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Conventional electronic memory hierarchies are intrinsically limited in their ability to overcome the memory
wall due to scaling constraints. Optical caches and interconnects can mitigate these constraints, and enable
processors to reach performance and energy efficiency unattainable by purely electronic means. However,
the promised benefits cannot be realized through a simple replacement process; to reach its full potential,
the architecture needs to be holistically redesigned. This article proposes Pho$, an opto-electronic memory
hierarchy architecture for multicores. Pho$ replaces conventional core-private electronic caches with a large
shared optical L1 built with optical SRAMs. The shared optical cache is supported by Pho$Net, a novel hybrid
MWSR/R-SWMR optical NoC that provides low-latency and high-bandwidth communication between the
electronic cores and the shared optical L1 at low optical loss. Pho$Net’s unique network arbitration protocol
seamlessly co-arbitrates the request and reply sub-networks and facilitates cache requests and replies that
optimize for the common case of cache hits. Through Pho$ we solve the problems that render previous designs
impractical. Our results show that Pho$ achieves on average 1.41× performance speedup (3.89× max) and
31% lower energy-delay product (90% max) against conventional designs. Moreover, the Pho$Net optical NoC
for core-cache communication consumes 70% less power compared to directly applying previously proposed
optical NoC architectures.
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1 INTRODUCTION
It has been nearly 25 years since the performance gap between CPUs and main memory, or the
“Memory Wall”, was identified as the main obstacle in increasing the performance of computer
systems [88]. To mitigate the memory wall, stemming from the high latency of electronic memories
and the limited bandwidth of electronic off-chip memory interconnects, modern chip multipro-
cessors (CMPs) have resorted to deep cache hierarchies. However, on-chip caches can occupy
as much as 40% of the die area [9] and 32% of the processor’s power [68]. As a result, multiple
efforts on the device and architecture levels have focused on mitigating these issues, including
caches based on STT-RAM [30, 37, 72, 75, 87], Phase Change Memory [38, 48, 86], and 3D-die
stacking [6, 36, 45–47, 74, 89].

Alternatively, optical interconnects and nanophotonic technologies have emerged as promising
yet underdeveloped solutions to tackle the disparity between processor and memory speeds. Today,
we appear to have all the ingredients necessary to design novel optical cache architectures supported
by optical interconnects. Optical Networks on Chip (NoCs) demonstrate higher bandwidth and
energy efficiency than the traditional electronic NoCs used in CMPs [21–23, 25, 33, 41, 52, 58, 59, 81–
83]. Optically connected memory (OCM) raises the possibility to switch much of the data transports
between the processor and DRAM chips to the optical domain [5, 31, 32]. Silicon photonic IC
optical interfaces have been integrated with an electronic IC using a 65 nm DRAM, providing a
fast 4× wavelength 10Gbit/s optical interface for HPC applications [11]. Optical Flip-Flops (FFs)
in photonic crystal nanocavities (PhC) [1, 57] can form the building blocks of all-optical memory
cells [2], which have demonstrated both speed and energy benefits over their electronic counterparts
by boasting read/write speeds up to 40 Gbps [57, 78]. Several optical Flip-Flops (FFs) have been
developed with materials like coupled semiconductor optical amplifiers (SOAs) [77], III-V-on-SOI
microdisk lasers [43], polarization bistable vertical cavity surface emitting lasers (VCSELs) [67],
coupled semiconductor optical amplifier-based Mach-Zehnder Interferometers (SOA-MZIs) [44],
and photonic crystal nanocavities (PhC) [1, 57]. The confluence of these technologies seems to be
all we need to develop an optical cache hierarchy.
However, the application of an optical cache is not a simple plug-and-play replacement of its

conventional electronic counterpart. While prior works [49, 50] have tried to explore this topic, the
proposed designs are infeasible for capacities larger than a few kB due to unrealistically high power
consumption, and do not consider the challenges of interconnecting the electronic and optical
domains. They also lack analysis for whole system power and energy, and their performance is
compared against unrealistically weak baselines. In this paper, we address the issues that arise
with the introduction of such optical cache devices, and bridge the gap between device- and
architecture-level designs. More specifically, our contributions are:

• For the first time to our knowledge, we make optical caches practical. We employ a cascaded
two-level row decoder to reduce laser power, active rather than passive components to reduce
off-ring optical losses, and use a new technology for the optical bit cells that dramatically
lowers the static power consumption.

• We propose Pho$1, an opto-electronic memory hierarchy for CMPs. Pho$ replaces all the
core-private levels of a conventional electronic cache hierarchy with a single-level shared
L1 optical cache (split I/D) that utilizes PhC-based optical memory cells [57] operating at
20GHz. Pho$ enables for the first time L1 caches to be high capacity (multiple MB), fast
(2-processor-cycle access time at 3.2GHz), and shared (obviating cache coherence).

1Pronounced “phos”, a word play between the Greek “ϕως ”, meaning light, the word “photonic”, and “$”, the symbol often
used to denote a cache.
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Fig. 1. 8 B optical cache [49] and PhC nanocavity optical SRAM cell [1].

• We propose Pho$Net, a novel hybrid MWSR/R-SWMR optical NoC to connect processor
cores with optical cache banks in Pho$. Pho$Net disaggregates the request/reply paths to
reduce laser power, and co-arbitrates both subnets simultaneously through a novel arbitration
protocol. The optical network extends to the electronic LLC and main memory.

• We perform comprehensive modeling and evaluation of Pho$’s performance, power, and
energy characteristics. Pho$ is up to 3.89× faster (1.41× on average) over a traditional
electronic cache hierarchy, while achieving up to 90% lower energy-delay product (31% on
average). Under realistic assumptions, the Pho$Net optical NoC achieves up to 70% power
savings compared to directly applying previously available optical NoC architectures.

In the following section, we provide the necessary background on optical NoCs and the optical
cache technologies on which Pho$ is based.

2 BACKGROUND
2.1 Optical Cache Operation
Figure 1 shows the layout of an 8 B direct-mapped optical cache with a 2 B cache line, 2-bit index,
and 5-bit tags [49]. Each bit is encoded with two wavelengths.

Read/write operations are controlled by the RW and RW signals. During a write to the cache, a
RW signal representing a logical “0” activates the Write Access Gates (WAG) 1 and allows the
incoming data bits 2 , the taд bits 3 , and their complements data and taд to enter the optical
RAM bank 4 . At the same time, RW represents a logical “1”, blocking the Read Access Gates (RAG)
5 and preventing a read operation. In the case of a read, the RW and RW signals are set to logical
“1” and “0”, respectively. This allows the data from the RAM bank to propagate onto the data reply
channel 6 and blocks the WAG to prevent any data from being overwritten 7 .

The cache line to read or write is designated by the incoming index 8 and index bits which drive
the passive Row Address Selector (RAS) 9 . In Figure 1’s example, the RAS consists of 4 rows of two

ACM J. Emerg. Technol. Comput. Syst., Vol. 1, No. 1, Article 1. Publication date: January 2022.



1:4 Han, et al.

Table 1. Index-RAS truth table.

λ1 λ1 λ2 λ2 Row 00 Row 01 Row 10 Row 11

0 0 1 1 0 λ2 λ1 λ1λ2
0 1 1 0 λ2 0 λ2λ1 λ1
1 0 0 1 λ1 λ1λ2 0 λ2
1 1 0 0 λ1λ2 λ1 λ2 0

Fig. 2. (a) Packaged optical memory. (b) Monolithic InP Flip-Flop.

micro-rings (MRs) each. Each MR is tuned to a specific wavelength such that a pair of wavelengths
λi and λi encode the logical “1” and “0” of the i-th bit of the index . The 2-bit index is encoded with
4 wavelengths: λ1, λ1, λ2, and λ2. As a result, only one of the four rows will have a logical “0” after
the index bits pass through the RAS. For example, when the index bits are “10”, meaning to select
the third line, the corresponding logical values for the wavelengths are: λ1 = 1, λ1 = 0, λ2 = 0,
and λ2 = 1. Only the third set of MRs is capable of absorbing both λ1 and λ2, creating a logical
“0”. For each cache line, two access gates (AGs) 10 are responsible for the data words and a third
AG is responsible for the tag bits. The AGs of the selected cache line now have a control signal of
“0”, which allows either incoming data-to-write and tags to pass through to the optical Flip-Flops
(FFs) for writing 11 , or the contents of the FFs pass through to the tag comparator for reading
12 . Table 1 shows the possible combinations of the 2-bit index and the corresponding rows they
activate. All other lines will have some wavelengths still propagating to their corresponding AGs,
not activating them and blocking any data 13 .
When the data and tag bits enter the optical RAM bank and propagate through the AGs in

the row denoted by the index 10 , the wavelengths are distributed to their corresponding optical
FFs through Arrayed Waveguide Gratings (AWGs) 14 . AWGs act as optical demultiplexers that
retrieve individual wavelengths from Dense Wavelength Division Multiplexing (DWDM) optical
channels [79]. Each pair of wavelengths λi and λi drive the optical FF at the i-th bit in each 8-bit
optical word. For a read, the AWGs multiplex the bits from the FFs into a single waveguide in the
reverse direction 15 .

2.2 Optical SRAM Cells
We experimentally verified and characterized in our lab integrated photonic RAMs and optical FFs
(Figure 2) which adopt the cross-coupled circuit-layout RAM cell architecture presented in Figure 1,
and use technologies of optical gain elements integrated hybridly with InP PhC-on-SOI [1].

The optical SRAM cell can be built using emerging PhC technologies to reap the speed, energy,
and footprint benefits they offer, as previously validated using a hybrid InP/Si PhC laser [1], and
InGaAsP Buried Heterostructure cavities [40, 57]. Figure 1 shows a possible principle of operation
of an optical SRAM cell when energy-efficient and compact hybrid PhC lasers are employed [1].
Two PhC-based nanocavity lasers act as AGs and another laser acts as the optical FF. The AGs are
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Fig. 3. Basic nanophotonic components.

controlled by a pair of Access and Access signals. When Access is a logical 1, AG#1 outputs the Bias
pulse, and AG#2’s output is suppressed. Thus, only the Bias pulse enters the FF, enabling the FF to
output its previous stored value, successfully reading the content of the FF. When the Access is a
logical 0, AG#1’s output is suppressed, and AG#2 outputs the Bit signal. The value of the Bit signal
facilitates a Set/Reset operation, thereby performing a write.
During a read operation, the data and tag bits of the selected cache line pass through the AGs

and propagate to the tag comparator. The tag bits are demultiplexed through an AWG and each bit
is XOR-ed with the corresponding bit of the tag array that the processor sent. The results of all XOR
gates are then multiplexed to form a COMP signal, which is 0 if the tags match and 1 otherwise.
The COMP signal is then used to drive the RAGs along with the RW signal, and allow the data to
be replied to the processor only if there is a read operation and the tags match, i.e., a cache hit.

Both types of optical SRAM cells demonstrate extremely fast switching speeds. PhC nanolasers [1]
exhibit 50 ps switching latency for fast memory operations. Alternatively, the InGaAsP/InP buried
heterostructure PhC [57] has a 44 ps switch-on latency but requires 7 ns to switch off.

2.3 Optical Network-on-Chip
Recent breakthroughs in silicon photonics have propelled researchers to consider optical intercon-
nects for on-chip communications. Optical NoCs provide low latency due to the fast propagation
of light in silicon waveguides, and high bandwidth data transmission through dense wavelength-
division multiplexing (DWDM), making them strong candidates to replace or partially replace
traditional electronic NoCs. We first review the components for building optical NoCs, then briefly
discuss two types of existing optical network interconnects.

2.3.1 Nanophotonic Building Blocks. Figure 3 shows the optical components to perform data
transmission between a sender and a receiver on a chip. An off-chip laser source emits light with
wavelengths λ1 . . . λn , which travels through an optical fiber and is brought onto the chip through
a coupler. A single waveguide is capable of carrying multiple wavelengths in parallel by employing
DWDM. The sender converts electrical signals into optical signals of specific wavelengths and
modulates them onto the waveguide through micro-ring resonant modulators. MRs are placed
next to waveguides and are tuned to modulate a specific wavelength by controlling their radius
and temperature. The modulated wavelengths travel along the waveguide until they arrive at the
receiver. MRs are also used on the receiver’s side as filters to extract individual wavelengths from
the waveguide. Then each wavelength is directed to a photodetector to convert the signal back to
electrical currents, which subsequently go through amplifiers to be strong enough to drive electrical
logic circuits. A DWDM density of n wavelength requires n modulator/filter pairs.

2.3.2 Corona. Corona [82] implements an optical crossbar to interconnect 64 four-core clusters.
The crossbar is formed by 64 Multiple-Writer Single-Reader (MWSR) buses laid out in a serpentine
fashion to connect all clusters. For each MWSR bus, 63 of the total 64 nodes can transmit on the
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waveguide while the remaining one can receive from all others. An arbitration protocol is needed
as multiple source nodes cannot transfer data to the same destination simultaneously. Token-based
optical arbitration protocols [81] employ additional waveguides, in which receivers inject optical
tokens for senders to acquire. A node can only transmit data to a destination when it has consumed
the token on the waveguide corresponding to that destination node, meanwhile blocking other
nodes from writing to the data bus. When the sender finishes transmitting data, it injects a new
token onto the arbitration bus.

2.3.3 Firefly. Firefly [59] introduces an opto-electronic NoC using reservation-assisted Single-
Writer Multiple-Reader optical crossbars (R-SWMR). A single R-SWMR bus involves one sender
and multiple receivers. Arbitration, or reservation, is performed by the sender broadcasting a
small optical reservation packet to all receivers. Upon receiving this packet, all nodes except the
destination receiver turn off their corresponding receiving MRs, allowing only the destination node
to receive the data from the sender. This saves power compared to a broadcast-based SWMR bus
because all MRs on the optical path between the sender and receiver are off and induce minimal
optical losses. An R-SWMR optical crossbar with a total of N nodes has N data channels, each with
a data width ofw bits, and N reservation channels of logN bits each.

3 THE PHO$ ARCHITECTURE
The optical cache prototype presented in Section 2 achieves very low latency. The optical SRAM
cells can perform reads and writes in under 50 ps, and the outside decoding processing time is
100 ps, resulting in 150 ps cache read and write latencies. As long as the core-to-cache optical bus
takes no more than 50 ps, such an optical cache can perform single-cycle cache accesses for core
frequencies up to 5GHz. However, while the InP/Si PhC laser-based optical SRAM cells have fast
on/off switching speeds, each cell requires a pump power of 103.5 µW for storage operations [1].
Considering the number of components needed for a reasonably sized cache, static power quickly
reaches hundreds of Watts, which is unrealistic. Thus, prior designs in this space [49, 50] are not
implementable above 8 kB despite only taking up a physical footprint of 7.89mm2.

To avoid the additional pump power needed for biasing, Pho$ instead utilizes the InGaAsP-based
optical SRAM cells demonstrated by Nozaki et al. [57]. These cells require a static power of only
30 nW, and their switch-on latency of 44 ps is on par with the 50 ps latency of the InP/Si PhC laser,
allowing cache reads to still be completed within one cycle at 5 GHz. Cache writes are slow at 7 ns,
but this can be mostly mitigated by memory-level parallelism (MLP) and a modern core’s store
queue. MLP allows for multiple concurrent memory requests, and store queues allow arithmetic
operations and loads to bypass pending older writes. Thus, both MLP and store queues allow a
core to overlap long write latencies with other work.

We propose Pho$, an opto-electronic cache hierarchy architecture that replaces all the electronic
L1D, L1I, and L2 caches in a traditional CMP with a single, shared, high-capacity all-optical cache.
Due to its high capacity and disaggregation from the cores, it is natural for the optical cache to
be shared among all cores. We envision a shared optical L1D that employs 4 banks to provide
high capacity and parallelism, and a shared optical L1I with one bank. The optical cache banks are
fabricated on separate optical dies, while the processor cores remain on their original electronic
die. The cores and optical caches are 2.5D-integrated on the same package and interconnected by
an optical NoC, which handles arbitration and data transmission between them.

3.1 Pho$Net Network Topology
Figure 4a shows a high-level view of Pho$’s optical network topology, Pho$Net. The electronic
processor die on the left houses the cores (16 cores in a 4×4 mesh layout) and sits atop an interposer
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Fig. 4. Pho$ and Pho$Net architecture.

with photonic waveguides. The dies on the right are 3D-stacked. The L1D and L1I banks are on
optical dies, while the Last Level Cache (LLC) is a traditional electronic cache with its own die.
Each optical cache bank has one input and one output port. We model single-ported cache banks
throughout the manuscript, with the exception of the power investigation shown in Figure 9 where
we analyze the impact of multi-ported caches on power consumption.

Communication between the cores and caches is entirely in the optical domain. Two sets of
optical waveguides are laid between the processor and L1 cache dies. Each waveguide line in the
figure is abstracted to represent multiple sub-networks, each comprising a bundle of waveguides
with DWDM. The blue line depicts the subnets that carry requests from the cores to the cache
banks (one subnet per bank). Within each request subnet, the cores are the writers and only one of
the optical cache banks is the reader. Thus, each request subnet forms a Multiple-Writer Single-
Reader (MWSR) crossbar [82] and uses token-based arbitration [81]. For each individual MWSR
link, the cores are the writers and one of the optical cache banks is the reader. The orange line
represents the reply subnets used by the cache banks to send data to the cores. For each reply
subnet, one of the cache banks is the writer and the cores are the readers. Thus, the reply subnets are
designed as Reservation-assisted Single-Writer Multiple-Reader (R-SWMR) crossbars [59]. Apart
from waveguides for carrying data packets, additional waveguides are needed for both the request
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networks’ token arbitration channels and the reply networks’ reservation channels. In essence,
Pho$Net is a hybrid MWSR/R-SWMR optical network.
For a 16-core processor with 5 optical cache banks (as in Figure 4a), and assuming single-port

cache banks, there are in total 5 hybrid subnets, each comprising an MWSR request and an R-SWMR
reply crossbar with arbitration and reservation channels, respectively. If multi-port optical caches
become possible in the future, we can further break the sub-networks to include only a subset
of the processor cores. Note that with 16 cores, the reservation channel needs 4 wavelengths to
represent the core ID.

The black squares in Figure 4a represent the Electrical-Optical (EO) and Optical-Electrical (OE)
conversion interfaces for the cores to interact with the optical network, including modulators,
filters, detectors, etc. More details are shown in Figure 4b. All cores have a pair of send/receive
interfaces to interact with each cache bank and its corresponding set of waveguides, thus any core
can send and receive on any sub-network. For diagram simplicity, not all connections between
waveguides and the interfaces are shown.

Core-private caches, as employed by traditional multicores, require core-to-core communication
to maintain coherence, which in turn requires full-blown MWSR or R-SWMR crossbars with all-
to-all connectivity. By employing an L1 cache that is shared among all cores, Pho$ physically
decouples the cores from the caches and removes the need for cache coherency and inter-core
traffic. Thus, it is no longer necessary to build physical links between cores. It suffices to implement
separate networks for carrying either requests or reply packets directly to and from caches, and
optimize each for their purpose. The hybrid Pho$Net network capitalizes on this observation to
shrink the network by avoiding full connectivity among all nodes, saving power, area, and cost.

The request and reply subnets are powered by separate off-chip lasers to minimize laser power
(Section 3.4). Finally, the LLC can be connected to the DRAM through an optical interconnect [5]
for low latency, high bandwidth DRAM accesses. The adoption of DWDM enables OCM to send
out the entire cache line in one burst, which decreases the time needed to transmit and receive
data on the memory interconnect. This, along with a higher propagation speed, reduces memory
access latencies and increases bandwidth.

3.2 Pho$Net Arbitration Protocol
For each cache bank, all cores on the same request (or reply) subnet share the same channel, thus it
is important to ensure that requests from (or replies to) different cores do not conflict. As Pho$Net
is half MWSR and half R-SWMR (Section 3.1), it requires a new way to arbitrate packets.
Arbitration in Pho$Net is achieved through a protocol similar to optical token channel arbitra-

tion [81]. A single optical token circulates through each bank’s request-reply subnets. When a core
needs to send a cache request, it turns on its MRs on the arbitration channel to try to consume
the token. If the token reaches the core’s receiving MRs the core absorbs the token, acquiring the
exclusive access to the request channel. The core then is able to send request packets to the optical
cache. After sending a request, the core turns on its receiving MRs and starts listening on the reply
channel without the need for further arbitration.

The cache, upon receiving the request, it processes it in the optical domain. Upon an L1 hit, the
cache injects the data to the reply network followed by a new token. The reservation channel is
not used at this moment because all cores except the original requester have their receiving MRs
turned off (they are not expecting a data packet from the cache). If a cache miss is detected, the
optical cache forwards the request to the electronic LLC after an OE conversion. It also sends out
a Negative-Acknowledgement (NACK) packet on the reply waveguide. The requester core, who
is still listening on the reply channel gets the NACK packet, realizes there is a cache miss, and
turns off its receiving MRs. This mechanism ensures that during cache hits, the cache does not
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need to arbitrate for the reply channel as the requester core and cache have exclusive permissions
to transmit on the request and reply channels, respectively. Regardless of a cache hit or miss, a
new token is injected in the arbitration channel. This new token can be grabbed by any core who
wants to send a cache request. The requester, after consuming the reply packet (be it data from
the cache or a NACK) also turns on its MRs on the arbitration channel so that it can grab the
new token. In both cases, the total latency for the read and reply packets should be constant as
there is always exactly one round trip made from core to the cache and back to the core again:
ttotal = tarbitration + tr equest + tr eply = tarbitration + tRTT + tSERDES (our design does not need
SERDES, but we include it in the equation for completeness).

In the case of an L1 cache miss, the electronic LLC eventually responds with the data requested
by the optical L1. The L1 first tries to arbitrate for the data channel like any other core would; this
ensures that no other data packets are transferring on the data channel and no additional request
can be made to the bank. When it has successfully grabbed the channel, it first broadcasts on the
reservation channel so that the core that sent the original request for this cache access can turn
on its receiving MRs. Then the cache transmits the reply data on the data channel, followed by a
new token on the arbitration channel that all cores can grab to start a new cache request. The data
packet needs to trail the reservation packet by a fixed delay to allow the receiving core enough time
to turn on its data channel MRs. It is also important to note that the core ID needs to be included in
the original request packet so that in case of a cache miss, the L1 knows which core to send the
reply to once it gets the data from the LLC.

Figure 5 shows an example arbitration in a simplified 3-core 1-cache-bank setup. For simplicity,
we have also combined the request and reply data channels in the figure.

3.3 Pho$ Optical Cache Architecture
This section describes the architecture design of the 1MB optical cache banks employed by Pho$,
as well as the components’ optical losses for calculating the optical power budget. In a nutshell,
Pho$ employs a cascaded two-level row decoder to reduce laser power, active rather than passive
components to reduce off-ring optical losses, and uses PhC for the optical SRAM bit cells to
dramatically lower the static power consumption. These design innovations allow Pho$ to be
implementable within a reasonable power budget even for multi-MB cache capacities, in contrast
to prior designs in this space [49, 50] that are not implementable above 8 kB.
Assuming a 64 B cache line, each of Pho$’s five 1MB direct-mapped cache banks has 16384

lines. Row decoding with an MR-based matrix, as in prior work [49], is impractical: the number
of MRs needed for each line increases as the matrix scales up, consuming inordinate amounts of
power. Instead, Pho$ uses a two-level cascaded row decoding process (Figure 6a). The first-stage
demultiplexing uses an active 9-to-512 tree global row selector, implemented with PhC nanocavity-
based resonant switches [56], which activates only one of the 512 5-to-32 passive MR-based row
decoders in the second stage. The second-stage row decoder then selects one line to activate,
allowing a read/write operation to perform on the correct cache line. In this way, we build a
16384-line row selector with only 5 MRs per line instead of 14, drastically lowering laser power.

Active optical devices such as an PhC active tree are estimated to have optical losses of 0 dB.
This is because in order to function, the active components within the device also provide some
small amplification, sufficient to compensate its own losses. As a result, we can lower the laser
power required for light to reach the optical FFs.

For the column decoding optical circuit (Figure 6b), we use 8 1-to-128 AWGs to demultiplex the
wavelengths in the incoming light into their respective optical FFs. Each 1-to-128 AWG serves 64
bits, with 2 complementary channels per FF, so a total of 8 AWG-based column decoders are needed
for a 64 B cache line. For each AWG, an AG controls the direction of data when switching between
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Fig. 5. Arbitration protocol. (a) Token circles the arbitration channel waiting to be grabbed. (b) Core 0 grabs
the token and sends a request packet on the data channel. (c) Cache hit: reply packet sent, followed by a new
token. (d) Cache miss: NACK sent, followed by a new token. (e) Cache has data following the miss, tries to
grab token first. (f) Cache notifies core 0 with reservation channel, sends reply packet followed by new token.

(a) Row decoder (b) Column decoder

Fig. 6. Optical cache peripheral circuit.

Table 2. Optical cache components. See Section 3.3 for an explanation of 0 dB losses.

Component Count Passive/ Active Optical Loss

Tag Comparator AWGs 2 AWGs Passive 3 dB
XOR gates for Tag 52 PhCs Active 0 dB
WAG 9 PhCs Active 0 dB
RAG 8 PhCs Active 0 dB
AG 147456 PhCs Active 0 dB
Global Row Selector 1024 PhCs Active 0 dB
Row Decoder 81920 MRs Passive #MRs × filter drop
AWG Column Decoder 147456 AWGs Passive 3 dB
Optical RAM Bank 8814592 PhCs Active 0 dB

Total PhCs: 8963141 Total MRs: 81920
Total AWGs: 147458 Min power at optical FF: −14 dBm
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Table 3. Optical power source responsibilities.

Laser Source Optical NoC Components Optical Cache Components

Core network
Request network
Token arbitration channel
Reservation channel

Read/write selector (WAGs)
Row decoder, Column decoder
AGs, RAGs

Cache network Reply network Optical FFs, RAGS
Tag comparator

writing and reading the FFs. The AGs are controlled by 8 WAGs acting as read/write selectors. Data
are fed into the reply waveguides through 8 RAGs (Section 2).
For a 48-bit physical address with 14 bits used for the index, 6 bits used for the offset, and 2

bits used for bank selection, the tag field requires 26 bits (28 for L1I). Because our optical cache is
direct-mapped, one 1-to-128 AWG is enough to demultiplex the incoming tag signal into separate
wavelengths. As with the data cells in the above paragraph, an extra AG per line and one global
WAG are needed to control the reading and writing of the tag cells. The tag comparator is built with
26 XOR gates and two 1 × 26 AWGs. The XOR gates and AGs are also implemented using active
PhC resonant switches. The data and tag output of all 16384 cache lines need to be multiplexed
onto one waveguide before the tag bits are passed into the tag comparator and the data bits into
the RAGs. This can be done with active PhC trees acting as multiplexers.
Table 2 summarizes the component counts and the optical loss parameters for a 1MB optical

cache bank in Pho$. They will be used in calculating the laser powers required for the core and
cache optical networks.

3.4 Laser Power Sources and Optical NoC Parameters
The request subnet and the optical cells and reply subnet are powered by separate laser sources. The
laser used to power the request subnet also powers the row decoders, column decoders, read/write
selectors, and AGs before the optical FFs, because additional lasers along the path can overwrite
any data already traveling on the waveguide. The token arbitration and reservation channels
are also powered by the same laser. On the other hand, the FFs in the optical cache cells need a
continuous power source to store data using photons, and the same laser can be used to power the
tag comparators as well as the reply network. Table 3 details the specific components of the optical
system that each of the two lasers is in charge of powering. We call them the “core network” and
“cache network”, respectively.

Pho$ uses off-chip lasers because on-chip lasers may generate a lot of power and heat. The
lasers are brought onto the chip using optical fibers and couplers, and then the light is distributed
onto waveguides using splitters. There is only one splitter per waveguide in our design. We have
a total of 105 waveguides combined across all subnets for the single-port design. We consider a
comprehensive range of parameters for optical components by grouping the parameters of several
seminal optical NoC designs from recent years [24, 25, 33, 39, 41, 52, 58, 76, 83] into two groups,
conservative and aggressive (Table 4), which represent the worst-case and best-case parameters
among these works, respectively. Showing both conservative and aggressive parameters highlights
the spread of possible values for each nanophotonic parameter. We expect each device to exhibit
losses between these two values.

The waveguides of the data channel in the request network feed directly into the input ports of
the optical cache and continue onto the optical FFs after passing various optical components, so
we use the minimum power needed at optical FFs in Table 2 in the calculation of the laser power
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Table 4. Nanophotonic parameters for Pho$Net.

Component Conservative Aggressive Component Conservative Aggressive

Waveguide 1 dB/cm 0.05 dB/cm Waveguide bending 0.005 dB 0 dB
Coupler 2 dB 1 dB Waveguide crossing 0.12 dB 0.05 dB
Nonlinearity 1 dB 1 dB Photodetector 0.1 dB 0.1 dB
Ring-through 0.01 dB 0.001 dB Modulator insertion 1 dB 0.001 dB
Filter drop 1.5 dB 0.5 dB Detector sensitivity −16 dBm −28 dBm
Splitter 0.2 dB 0.1 dB Laser Efficiency 30% 30%

Trimming 20 µW/ring 5 µW/ring Modulation / Demod. 150 fJ/bit 20 fJ/bit

Table 5. Simulated system parameters.

Baseline Pho$ Pho$_OCM

Cores 16 cores, x86 ISA, 3.2GHz, OoO, 4 wide dispatch/commit
224-entry ROB, 72-entry load queue, 56-entry store queue

L1 ICache electronic, private, 64 B line,
32 kB/core, 8-way, 4 cycles

optical, shared, 64 B line,
1MB direct-mapped, 2-cycle read, 23-cycle write

L1 DCache electronic, private, 64 B line,
32 kB/core, 8-way, 4 cycles

optical, shared, 4 banks, 64 B line,
4MB direct-mapped, 2-cycle read, 23-cycle write

L2 electronic, private, 64 B line,
256 kB/core, 4-way, 14 cycles N/A

LLC electronic, shared, non-inclusive, 64 B line, 22MB, 11-way, 50 cycles
Core-L1 Netw. electronic, point-to-point hybrid opticalLLC Network electronic, 4×4 mesh (NUCA)
Memory electrically connected, 49.37 ns optically connected, 41.61 ns

for those data waveguides. For all other waveguides, including those in the reply network data
channel, token arbitration and reservation channels, the detector sensitivity is used instead.

4 EXPERIMENTAL METHODOLOGY
4.1 Performance Simulations
We evaluate Pho$ using the Sniper simulator [12, 13] running workloads from SPEC CPU2017 [10]
(SPECspeed, ref inputs) and Parsec 3.0 [7] (simlarge inputs) benchmark suites. For CPU2017, we
used Pinpoints [62] to collect representative regions. We compare our results with a baseline
electronic multicore whose configuration is similar to a 16-core Intel Skylake [19, 27, 53, 65, 84, 85].
For Pho$, we perform experiments with a per-bank capacity of 1MB. We model both a conventional
DRAM for Pho$, as well as an optically connected one (Pho$_OCM). DRAM bandwidth is modeled,
but not the internals of DDR circuitry. Other non-cache and non-network related parameters are
consistent across all the configurations. Table 5 summarizes the detailed configurations for our
experiments. We run multi-threaded workloads in Parsec by pinning threads to individual cores.
We also use methods introduced by Heirman et al. [35] to construct cycle stacks for better analysis
of experiment results.

We perform physical measurements on a Dell PowerEdge R710 server [20] and estimate a 15 cm
average distance between the LLC and DRAM DIMMs. We estimate the latency for DRAM accesses
over that distance to be 46.7 ps/cm for light propagation in optical waveguides [15], and 50.4 ps/cm
for electrical pulse propagation speed in electronic links[51].
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4.2 Modeling Power, Energy, and Area
To get an insight into the optical NoC’s power consumption, we compare our hybrid optical NoC,
Pho$Net, against three network configurations. The first is a fully connected MWSR crossbar with
21 21-to-1 MWSR links (16 cores and 5 cache banks, a total of 21 nodes) with a token arbitration
protocol. The second is a fully connected R-SWMR crossbar with 21 1-to-21 reservation-assisted
SWMR links. Finally, we also compare against a “one channel” network where requests and replies
share the waveguides as a single data channel, while all other characteristics are the same as in
Pho$Net. For this comparison, we ignore the static power needed for optical FFs to operate as this
depends on the number of cache components and not the network configuration.

Each data packet contains 512 bits of data, 42 bits of address, and 4 bits dedicated to the core ID
(for the full R-SWMR configuration, 5 bits are used because there are 21 nodes in each R-SWMR
link). Each bit is encoded with complementary wavelengths λi and λi to drive the optical cache
circuits. We model a 64-λ DWDM. Because we stay in the optical domain for L1 cache accesses, we
do not employ SERDES. All optical packets are sent in one burst.

To calculate the cores’ die size, we use McPAT [42] to estimate the area of processor cores under
the 14 nm technology node. Parameters are adapted from the International Technology Roadmap
for Semiconductors 2015 Edition [17] and Fincacti [69]. We estimate the core die size to be 59mm2

and assume the distance between the core and cache dies is 1mm. Using the scaling methodology
presented by Maniotis et al. [49], we analyze the area footprint of a 1MB direct-mapped optical
cache by considering different component alignments and determine the optimal area to be 89mm2,
where the distance traveled by the data and tag bits is 34.7mm and that traveled by the index bits
is 24.4mm. We calculated the round-trip time for a cache access by considering EO/OE conversion
latencies of 14.3 ps and 0.2 ps [15], the total distance traveled by the request and reply optical
packets (175 ps roundtrip on the optical network), and the latency to access the optical cache bank
itself (44 ps bitcell latency and 100 ps row/column decoder). This ensures 2-cycle access for up to
5GHz. We calculated the area overhead for EO/EO interfaces of Pho$ to be 11.8% per core tile and
8% for optical dies by scaling numbers from Sun et al. [73]. To calculate the total area consumed
by the NoC on the electronic die we use a waveguide pitch of 3 µm [91] and a micro-ring pitch
of 5 µm [54]. The total area overhead is 0.17mm2 if the waveguides are stacked vertically and
3.32mm2 if laid out on the same plane (0.3% and 5.7% of total die area, respectively).
For every network configuration, we also explore the possibility of multi-port caches. For an

N -port optical cache, each port serves 16
N cores. For each sub-network, the original 16-to-1 request

MWSR link becomes a 16
N -to-1 link and the 1-to-16 reply R-SWMR link likewise. Individual links

can become shorter and need fewer optical components, but more links are needed. In this paper,
we consider 1-port, 2-port and 4-port optical caches in our power analysis.

We estimate the energy consumption of cores, electronic caches, electronic on-chip interconnects,
and DRAM using McPAT [42]. The energy consumption of the optical caches and Pho$Net are
calculated analytically. We used detailed simulation results such as the number of cache loads,
stores, misses, and evictions and calculated each operation’s cache access, network arbitration,
reservation, and data transfer energy. As the request and reply subnet lasers power the passive
optical cache components and there is no need for additional modulation/demodulation within
the optical domain, the optical cache dynamic energy is categorized as part of the NoC. Thus, to
avoid double-counting, we do not include it in the energy of the optical cache, as it has already
been included in the overall energy calculation as part of the NoC. The overall optical cache static
power is calculated by multiplying the number of active components with the static power of
each component. We use the 30 nW reported by Nozaki et al. [57] as the static power needed for
every optical FF. For Pho$Net we model the best configuration determined by our design-space
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exploration (Figure 9). The NoC dynamic power accounts for the modulation/demodulation during
the EO/OE conversions at the cores and LLC.
Finally, we compare Pho$’s performance and energy-efficiency against prior works [49]. For

fair comparison, we scaled important metrics like data cache capacity and processor frequency of
Maniotis et al.’s implementation to the same level as Pho$.

5 EXPERIMENTAL RESULTS
5.1 Benchmark Performance
Figures 7a and 7b summarize the speedup of Pho$ and Pho$_OCM over the baseline running SPEC
CPU2017 and Parsec 3.0. Figures 7c and 7d show the normalized CPI stacks [35], respectively.
Each bar shows the relative values of cycles per instruction that are spent waiting for a particular
component in the system. The “busy” sub-bar denotes the fraction of time spent within the core
itself. For each application, the left, middle, and right bars represent the normalized CPI stacks of
baseline, Pho$, and Pho$_OCM, respectively. Pho$ achieves an average speedup (we use arithmetic
average for all averages in this paper) of 1.34× and 1.41× without and with OCM, respectively. For
CPU2017, we see an improved execution time across all applications, with cactuBSSN having a
maximum of 3.89× speedup. Pho$ is able to significantly decrease instruction fetch delays because
of its fast L1 read latency and large L1I capacity. Similarly, most applications enjoy a decrease in
total L1D and L2 delay, like leela and gcc_1. The increased L1 capacity also means there are fewer
misses that must visit the much slower LLC, and this is indicated by a reduced CPI for mem-llc in
applications like gcc, mcf, and xz. The slow 7 ns L1 write time does not seem to have much adverse
effect. OCM-enabled Pho$ makes an impact in applications like fotonik3d and lbm, providing on
average an additional 5% speedup across the suite.
For the multi-threaded workloads in Parsec, Pho$ is able to speed up the execution of most

applications, obtaining on average 1.37× speedup. Instruction fetch delays are greatly reduced,
which is most prominent in bodytrack and x264. We find that Pho$ does not suffer from high
contention from a shared L1I cache. This is due to Pho$ combining the aggregate capacity of the
individual L1Is in baseline into a larger shared L1I, allowing more of the instruction stream to be
L1-resident. Each fetched cache line also includes multiple instructions, eliminating the need for
fetching on every cycle. The CPI component for L1D in Pho$ and Pho$_OCM is 44% lower on
average than the CPI contribution of L1D+L2 in the baseline. The benefits of a low read latency
and large capacity outweigh the disadvantage of a high write latency. Like in CPU2017, the large
capacity of Pho$’s L1 cache also results in fewer visits to the LLC and thus fewer stalls. For example,
Pho$ in blackscholes almost eliminates the CPI contribution of LLC and in streamcluster reduces it
by about 4×. On average, Pho$ decreases LLC delays by 2.5×. Adding OCM to Pho$ reduces the
average CPI spent waiting for DRAM by 2× and increases the overall speedup to 1.48×.
Pho$ shows a slight performance slowdown in fluidanimate. This is caused by serialization

instructions, which force the processor to flush all pending writes in its store buffer before executing
the next instruction [18], and the long write latency of the optical cache stalls the processor for a
prolonged period of time. This shows up as a significant increase of the “other” component in the
CPI stacks for canneal and fluidanimate. However, OCM helps to outweigh this scenario and allows
Pho$ to attain speedups in all of Parsec’s applications, even in fluidanimate which experiences
slowdown without OCM.
To isolate the source of the performance gains (capacity, latency, sharing), we examine three

additional configurations derived from the electronic baseline ( 1○): a hypothetical private L1 cache
with increased size of 256 kB (8-way set-associative) but latency of a 32 kB cache ( 2○), a 4MB direct-
mapped shared L1 but also with the latency of a 32 kB cache ( 3○), and a 4MB direct-mapped shared
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Fig. 7. Speedup and CPI Stacks for CPU2017 and Parsec. The three bars per benchmark in the CPI stack
correspond to baseline, Pho$, and Pho$_OCM.
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Fig. 8. Sources of Pho$’s speedup. (a) presents the average normalized execution time of the electronic
baseline (blue) and hypothetical electronic caches with zero-cost higher capacity (dark blue), zero-cost higher
capacity plus sharing (grey), and a realistic high-capacity shared electronic cache (yellow) vs. Pho$ (orange).
(b) presents the above results but only for cache-intensive benchmarks ( cacheCP ItotalCP I > 40%). (c) shows the
average normalized L1 DCache miss ratio of all benchmarks.

L1with its respective real-world latency ( 4○). Figure 8a shows the normalized average execution time
of the baseline, the three hypothetical configurations, and Pho$. Pho$ gains 4% performance from
increased capacity, 10% from sharing the L1, and 6% from latency. Designs 2○ and 3○ are unrealistic
but help us isolate the source of gains. Design 4○ is realistic but impractical (2.4× slower than
baseline; Pho$ beats it by 3.1×). Figure 8b shows the normalized average execution time of the same
configurations, but only considering cache intensive benchmarks where the percentage of CPI spent
on the cache hierarchy in total CPI is greater than 40%. The performance gain from more capacity,
sharing, and latency increased to 8%, 12%, and 8%, respectively. Figure 8c shows the normalized L1
DCache miss ratio of all five configurations across all benchmarks. Comparing 2○ and 3○, while an
8-way set-associative cache may lower miss rates compared to a direct-mapped one, increasing
capacity by 16× lowers misses even more. When running single-threaded workloads (SPEC) the
entirety of the 4MB cache is available to the running thread, far surpassing the performance of
a 256 kB 8-way cache, even with the unreasonably fast access of a 32 kB one. In multithreaded
workloads (PARSEC), when this 16× larger L1 cache is shared, the threads act as prefetchers for
one another, both for data and instructions, and also avoid cache-to-cache coherence traffic. As a
result, 3○ has a 14% lower average L1Dcache miss ratio than 2○.

To further validate the need for a larger L1 DCache, we collected the working set sizes of SPEC
CPU2017 and Parsec [8, 71] and found that most applications have working set sizes larger than
32MB, and would not fit within Pho$’s L1D and LLC combined capacity (26MB). Some benchmarks
like canneal and dedup might even be considered to need unbounded cache and memory sizes. This
implies the potential performance benefits that larger and faster cache hierarchies like Pho$ can
bring.

5.2 Optical NoC Power Analysis
Figure 9 shows the normalized optical power consumption of Full MWSR, Full R-SWMR, Pho$Net,
and One Channel normalized to the Full MWSR configuration (normalized separately for the
conservative and aggressive nanophotonic technologies) with 1-, 2-, and 4-port optical banks
(x-axis). Our estimates include the power consumption of the off-chip laser, heating for MRs, and
modulation/demodulation. Table 6 summarizes the different subnet and MR counts for the four
optical NoC configurations with 1-, 2-, and 4-port optical caches.
Under conservative nanophotonic parameters, Pho$Net shows the lowest power consumption

among alternatives and for all port numbers. Laser power constitutes over 99% of optical power
for all configurations. This is due to the high optical loss accumulated along the data path. For
each waveguide with a DWDM of 64 wavelengths, 64 MRs need to be placed at each node as
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Fig. 9. Optical NoC power for a range of nanophotonic parameters. All results are normalized to the 1-port
Full MWSR design.

Table 6. Configuration comparison of different optical networks with 1-, 2-, and 4-port caches.

Nsubnet : Number of sub-networks;
Nr inд : Total number of MRs in the NoC;

Nr inд .data : Number of MRs for each wavelength on the data channel;
Nr inд .arb : Number of MRs for each wavelength on the arbitration channel;
Nr inд .r es : Number of MRs for each wavelength on the reservation channel.

Network Full MWSR Full R-SWMR One Channel Pho$Net

1 port

Nsubnet 1 1 5 5
Nr inд 515970 517293 187390 187390
Nr inд .data 21 21 32 16
Nr inд .arb 42 NA 34 34
Nr inд .r es NA 21 17 17

2 port

Nsubnet 2 2 10 10
Nr inд 395460 396136 187330 187330
Nr inд .data 13 13 16 8
Nr inд .arb 26 NA 18 18
Nr inд .r es NA 13 9 9

4 port

Nsubnet 4 4 20 20
Nr inд 379080 379728 187280 187280
Nr inд .data 9 9 8 4
Nr inд .arb 18 NA 10 10
Nr inд .r es NA 9 5 5
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Fig. 10. Laser power sensitivity to nanophotonic parameters. The sources for each parameter value are noted
in the figure, following the same color coding scheme shown at the legend.

either modulators or demodulators for Full MWSR, Full R-SWMR, and Pho$Net topologies (128
for One Channel). This causes the optical loss incurred by all MRs along one data waveguide to
be high with a conservative ring-through loss of 0.01 dB. Pho$Net gains an advantage over the
other three topologies because it does not need to keep all nodes fully connected, requiring the
fewest MRs along each datapath as well as the fewest data channels, thus reducing its total off-ring
losses. One Channel has the worst optical loss because for each waveguide twice as many MRs are
needed. However, the high optical loss per device under conservative technology parameters still
results in unrealistically high power requirements. For single port optical caches, even the most
power-efficient Pho$Net configuration under the highly conservative nanophotonic parameters
consumes 511W for the network, requiring a 506W laser power.
When we increase the number of ports of our optical cache to 2 and 4, the number of cores in

each sub-network is halved and quartered, respectively, reducing the number of MRs that need to
be placed along each waveguide and the total optical loss. At the same time, more sub-networks
increase the number of waveguides, potentially offsetting the benefit above. All four configurations
obtain lower laser power. However, Pho$Net still consumes the least power. Compared to the other
topologies, Pho$Net saves 64% of total power with 2-port caches and 37–45% with 4-port caches.
We perform the same analysis using the aggressive nanophotonic parameters. The optical

loss for off-resonance rings decreases from 0.01 dB to 0.001 dB. As a result, the total laser power
can be lowered to a reasonable level. For single-port caches, Pho$Net achieves the lowest op-
tical power of 6.52W, requiring 5.43W for the laser, 0.94W for ring heating, and 0.15W for
modulation/demodulation. Compared to the other designs, Pho$Net still benefits from removing
unnecessary links from the network and employing fewer MRs per waveguide. Having fewer MRs
also reduces the MR heating and modulation/demodulation power. As a result, Pho$Net saves 70%
of power compared to the two fully connected topologies and 16% compared to One Channel.

Increasing the number of cache ports under aggressive parameters increases power consumption
for both Pho$Net and One Channel. As technology scales, off-ring losses have smaller weights in
the overall loss. The total loss for a wavelength and even one waveguide does not decrease by much
even if we can halve the number of off-rings. For example, the per-wavelength laser power required
for Pho$Net’s request network under conservative parameters decreases from 16.2mW to 4.0mW
when we compare 1-port to 2-port caches; however, that number only decreases from 0.27mW to
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0.24mW under aggressive parameters. Optical loss is now more sensitive to the number of parallel
waveguides. For Pho$Net and One Channel, 2-port and 4-port cache designs result in twice and
four times the number of waveguides. As a result, their power consumptions increase when we
have multi-port caches. On the other hand, because the MWSR and R-SWMR topologies are fully
connected no matter the number of ports, they benefit from shorter individual links and fewer
off-rings per link. With 4-port caches, Pho$Net has almost the same total power consumption as
the other configurations. However, multi-port caches in theory should provide more performance
benefits by being able to serve multiple requests simultaneously. The optimal performance-power
choice is beyond the scope of this paper.
Overall, the study using aggressive nanophotonic parameters gives us a very promising power

consumption outlook with the lowest power consumption being under 7W.
Figure 10 shows the sensitivity of Pho$Net’s laser power to changes the scaling of optical loss

for each nanophotonic parameter. Each parameter is scaled from its aggressive number up to its
conservative counterpart (for modulator insertion loss, the maximum scaling factor is 1000, so we
plot using the loд2 of the scaling factor on the x-axis). Pho$Net’s laser power is most sensitive to
coupler loss. It is also relatively sensitive to ring-through loss due to the large number of MRs
required. It is relatively insensitive to all other nanophotonic parameters. This demonstrates the
robustness of Pho$Net’s laser power consumption under a wide range of nanophotonic technologies.

5.3 Energy Evaluation
Figure 11 shows Pho$’s normalized energy per instruction (EPI, J/insn) and normalized energy ×

delay product (EDP, J×s). The three bars for eachworkload represent baseline, Pho$, and Pho$_OCM.
By replacing conventional processors’ electrical L1, L2, and mesh network with Pho$’s optical
architecture, the original components’ energy consumptions now become the energy consumed by
the optical L1 cache and optical NoC. Pho$’s L1 static energy is considered to be the total pump
energy needed for optical FF operations to be stable, and it is mostly on the same level with the
combined L1 and L2 static energy in the baseline. We do not consider Pho$’s L1 dynamic energy as
these dynamic energy consuming operations are considered as part of the NoC’s operations. Pho$
also has lower core and LLC energy consumption as there are less frequent core stalls and fewer LLC
accesses. The EO/OE conversion energy overhead for Pho$ is minimal, which is represented by NOC
Dynamic. Overall, Pho$_OCM saves on average 12% EPI and 31% EDP, and is most energy-efficient
in applications such as blackscholes, streamcluster, and cactuBSSN.

5.4 Comparison with Previous Optical Cache Designs
When comparing against Pho$, the advantages of previous optical cache design from Maniotis et
al. [49] are its 2-way associative cache design, fast write latency at 2-cycles, and a Time-Division
Multiplexed (TDM) optical bus. The TDMoptical bus is a less complex design compared to Pho$Net’s
hybrid optical network: 1) it requires just a single set of waveguides that link all nodes in order; 2)
employing a TDM-based bus eliminates the need for network arbitration. However, a number of
practical problems exist in this design. First, it relies on set-associative optical caches, but no optical
cache designs are capable of set-associative replacement due to the lack of a replacement algorithm
in the optical domain that optical set-associativity relies on. Second, its high static power due to
all-passive decoder and power-inefficient PhC cells [1] makes it impractical. Finally, to avoid data
collision, its TDM-based optical bus requires the entire optical system to operate at 50−80GHz, as
1 CPU cycle needs to correspond to 16 optical cycles. To the best of our knowledge this is currently
unattainable for optical interconnects and optical memory [2, 83]. Figure 12 shows the performance
(speedup) and energy comparison (log scale) between Pho$ and Maniotis et al. [49], even under
the assumption that the associativity and TDM challenges are resolved. Pho$ is able to achieve a
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(a) CPU2017 energy per instruction normalized to baseline.
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(b) Parsec energy per instruction normalized to baseline.
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(c) CPU2017 energy×delay product normalized to baseline.
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(d) Parsec energy×delay product normalized to baseline.

Fig. 11. Normalized energy per instruction and energy×delay product for CPU2017 and Parsec. For each bench-
mark, the three bars from left to right correspond to baseline (electronic multicore), Pho$, and Pho$_OCM,
respectively.
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performance increase despite a slower writing speed, while maintaining a two orders-of-magnitude
lower energy consumption.

5.5 Capacity-Power Inflection Point
Pho$’s static power is dominated by the number of optical bit cells. To explore the capacity-power
tradeoff, we compared the average EDP and energy delay squared product (ED2P) of Pho$ with
256 kB, 512 kB, 1MB, and 2MB cache banks, shown in Figure 13. To strike a balance between
capacity and power, 1MB is currently the best design.

5.6 Iso-Area Comparison
We performed iso-area comparisons by giving electronic designs the same area as Pho$. We estimate
that with the additional area each core tile can employ 3MB more cache capacity. This extra cache
capacity can be used either for L2 or for the L3 slice at each tile. We explore this design space
and simulate L2 + NUCA L3 slice configurations of 1+4.375MB, 2+3.275MB, 3+2.375MB and
4+1.375MB, respectively, and adjust latencies. Pho$ achieves 1.27× speedup and 37% lower EDP
over the best iso-area electronic configuration.

6 DISCUSSION
6.1 Cache Contention
While contention for the optical cache does happen, its detrimental effect (increasing the average
cache access latency beyond 2 cycles) is relieved in Pho$. In our system, with 2 cycles per L1 cache
access, even when 3 cores contend for the same bank at exactly the same time and serialize, one
will observe a 2-cycle delay, one will observe a 4-cycle delay, and the third core will observe a
6-cycle delay, bringing the average effective cache access latency to 4 cycles per access. This exactly
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matches the 4–5 cycle delay of modern electronic private L1s [53, 85]. Moreover, each bank has its
own private optical subnetwork in Pho$Net, so requests to different banks do not need to arbitrate
with each other, effectively cutting contention by a factor of 4. This makes severe contention a much
rarer event: for Pho$ to have a 4-cycle average cache delay (i.e., double the Pho$ cache latency), all
4 subnets need to have 3 requests each arriving at the same time (i.e., 12 requests contenting for the
cache each time). Even the most memory-intensive application in Parsec (streamcluster) does not
generate that amount of traffic to the cache, as less than 43% of its instructions are load/stores [8]
and the baseline IPC is a mere 0.579. Thus, cache contention rarely rises to a level that presents a
problem.
Even in the case when the contention is so high as for the average access latency to exceed 4

cycles, the load and store queues on the core act as buffering for cache accesses, which allow the
out-of-order core to continue executing speculatively past these contended memory operations,
and hence most of the time the contention delay will be overlapped with useful computation and
will not increase execution time. This is exactly how modern cores can absorb most of the delay of
L1, L2 and L3 electronic caches, and Pho$ can take advantage of the same mechanism to hide the
latency of severe cache contention, when it occurs.

6.2 Future Technology and Scalability
Higher core counts will require Pho$ to scale capacity and avoid contention. While a proper
scaling study requires physical-level details that are beyond the scope of this paper, we can make
educated guesses by drawing from prior work. Over the last 20 years optical memory cell footprints
decreased by 12 orders of magnitude, compared to 3 for SRAM [2], and are fast converging to their
electronic counterparts. The steep improvement slope shows little signs of a slowdown, and as
this is still a nascent technology, it holds the potential to exceed them in the future as it matures.
Scaling the capacity with a small area footprint can be further addressed by 3D-die stacking: the
optical banks do not need to communicate with each other, only with waveguides, which can be
facilitated by optical TSVs (connected to waveguides through micro-mirrors), stacked multilayer
waveguides or 3D opto-electronic interconnects, which are being developed globally and have been
demonstrated [14, 26, 55, 60, 61, 66, 70, 90, 92]. Optical TSVs are vital in supporting the integration of
3D stacked photonic chips, and optical TSVs that can achieve loss lower than 0.1 dB while carrying
error-free operations at a bandwidth of up to 40Gbit/s have been demonstrated and validated for
fabrication [14].

If Pho$ is to be scaled to a 64-core design, there are several aspects of the design to consider. By
increasing total core count from 16 to 64, there will need to be four times the number of cache
banks, with each bank requiring its own optical subnet. Pho$Net’s optical waveguides will also
need to make four more turns on the core die to ensure all cores are connected. This ultimately
will lead to longer waveguides, increasing both cache access latency and laser power. For example,
with 16 cores in a 4×4 layout, the length of waveguides on the core die is approximately 10× the
length of one core (Figure 4a). With 64 cores in an 8×8 layout, the total length of waveguides on
the core die is 38× the length of one core, an almost 4× increase. Scaling up the total number of
cores might also require a more complicated arbitration protocol, which will need additional optical
components to function. It is also worth noting that a chiplet-based design [25] may fit well with a
high-performance target, while leaving individual chiplets relatively smaller in size.

Other designs are also in principle compatible with Pho$. Pho$’s interconnect can easily connect
chiplets on the same network or separate sub-networks per chiplet, and use multiported optical
caches (Figure 9) to reduce contention or optical losses. Pho$ on SMPs may also be implemented
individually within each socket.
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6.3 Cost and CMOS Compatibility
Estimating the cost of Pho$ is very challenging at this point because, while these devices have
been manufactured and characterized in research lab settings, they have not been manufactured at
volume, so the economy-of-scale benefits and mature yield numbers are unknown. To the best of
our knowledge, PhC cells are research devices that are not commercially available. It is important to
note that in the design of Pho$ we assume separate electronic and photonic dies, which simplifies
the design and reduces the associated costs. We emphasize that photonic/CMOS integration has
been shown in the integration of high-speed optical modulators, optical waveguides, resonators, and
sensitive avalanche photodetectors in bulk CMOS chips [4] and the manufacturing of a photonic-
electronic processor [73]. The latter work adopted a “zero-change” approach to the integration of
photonics. Instead of developing a custom process to enable the fabrication of photonics, which
would complicate or eliminate the possibility of integration with state-of-the-art transistors at
large scale and at high yield, the authors designed optical devices using a standard microelectronics
foundry process that is used for modern microprocessors. Thus, there is proof-of-concept work
showing that the photonic devices required on the logic die can be integrated with CMOS. The
devices needed for the optical cache banks can be developed and optimized separately, as they are
on a separate photonic die.

7 RELATEDWORK
In the 1990s, Guilfoyle et al. [29] first introduced photonic random optical memory for faster and less
power consuming accesses of the main memory and Chiarulli et al. [16] proposed an opto-electronic
memory hierarchy for similar purposes. Pleros et al. [63], Alexoudi et al. [1], and Nozaki et al. [57]
proposed using different materials to build optical SRAM cells with memory operations. Alexoudi et
al. [3], Vagionas et al. [80], Maniotis et al. [49, 50], and Pleros et al. [64] present a series of work that
propose physical-level optical cache architectures and integrating them into processors with simple
interconnects. Fotouhi et al. [28] exploits silicon-photonic interconnects in chiplet-based systems
to build uniform memory architectures. Pho$, in contrast, takes a more all-round perspective in
that we not only re-engineer the configuration and architecture of the optical cache itself, but also
leverage on-chip as well as off-chip optical interconnects to take as much advantage of optical
cache’s low latency, high capacity, and high energy-efficiency as possible.

Several optical NoC works try to integrate photonics into on-chip communication. Corona [82]
implements an MWSR optical crossbar where nodes contend for an optical token before they are
allowed to transmit data, allowing the arbitration of a shared channel. FireFly [59] partitions optical
R-SWMR crossbars to connect clusters of electrical mesh networks. ProLaser [23] segregates the
data channel and the control channel and manages them separately in order to save laser power.
Pho$Net takes a leap by partitioning the network into separate subnets and segregating the request
and reply data channels, which have their dedicated laser source. This makes for a more optimized
and efficient distribution of power.

8 CONCLUSION
Recent discoveries of new materials and research on optical SRAM cells enable us to build fast,
low-power optical cache architectures. In this paper we propose Pho$, an opto-electronic memory
hierarchy architecture for multicores. Pho$ replaces private electronic L1 and L2 caches with a
large shared optical cache, and on-chip electronic mesh networks with a novel optical NoC that
uses a unique network arbitration protocol. We estimate that Pho$ is on average 1.41× faster
and 31% more energy-efficient (in terms of EDP) over purely electronic designs with similar
configurations. Assuming aggressive technology projections, Pho$’s network design, Pho$Net,
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consumes 70% less power than previously proposed optical NoCs. We also solve a number of
problems that make previous optical cache designs impractical, achieving a performance lead and
two orders-of-magnitude lower energy consumption.
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