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COMET: A Cross-Layer Optimized Optical  
Phase-Change Main Memory Architecture  

Abstract— Traditional DRAM-based main memory systems 
face several challenges with memory refresh overhead, high 
latency, and low throughput as the industry moves towards 
smaller DRAM cells. These issues have been exacerbated by the 
emergence of data-intensive applications in recent years. 
Memories based on phase change materials (PCMs) offer 
promising solutions to these challenges. PCMs store data in the 
material’s phase, which can shift between amorphous and 
crystalline states when external thermal energy is supplied. This is 
often achieved using electrical pulses. Alternatively, using laser 
pulses and integration with silicon photonics offers a unique 
opportunity to realize high-bandwidth and low-latency photonic 
memories. But to realize photonic memories, several challenges 
that are unique to the photonic domain such as crosstalk, optical 
loss management, and laser power overhead must be addressed. 
In this work, we present COMET, the first cross-layer optimized 
optical main memory architecture that uses PCMs. In architecting 
COMET, we explore how to use silicon photonics technology and 
PCMs together to design a large-scale main memory system while 
exploring related challenges and proposing solutions at the PCM 
cell, photonic memory circuit, and memory architecture levels. 
Based on our evaluations, COMET offers 5.1× better bandwidth 
(BW), 12.9× lower energy-per-bit (EPB), and 65.8× better 
BW/EPB than the best-known prior work on photonic main 
memory architecture design.  

Keywords—phase change material, silicon photonics, main memory. 

I. INTRODUCTION  
In recent decades, the surge in big data and machine learning 

applications, including large language models [1], intrusion 
detection systems [2], and graph processing [3], [4], has led to a 
demand for terabyte range data storage and memory bandwidths 
that exceed terabytes-per-second (TB/s). Traditional electronic 
memory technologies, such as dynamic random-access memory 
(DRAM) are struggling to meet the increasing bandwidth and 
capacity demands in an energy-efficient manner [4]. Scaling 
DRAM technology down below the 12–14 nm nodes (e.g., 
Micron's 1α/1β nodes) creates charge retention issues, structural 
integrity concerns, and substantial delay and power penalties 
associated with bit lines [4]. Although 3D-stacking can help, the 
growing need for capacity, throughput, and energy efficiency is 
driving the search for new main memory technologies. 

Non-volatile memories (NVMs) offer solutions to DRAM 
data retention challenges and eliminate the need for refresh 
cycles and related latency issues. However, NVMs based on 
ferroelectric (FRAM) [5] and resistive metal oxide (RRAM) [6] 

technologies often face reliability and write endurance 
problems. For improved reliability without sacrificing NVM 
advantages, phase change materials (PCMs) are a promising 
alternative [7]. PCM cells offer greater energy efficiency, bit 
density, and bandwidth compared to other NVM types [11], [8]. 
PCMs can switch between amorphous and crystalline states, 
providing high-resistance contrast for data storage. Electrically 
controlled PCM (EPCM) cells achieve state transitions using 
current pulses, with potential for multi-level cells (MLCs). 
However, PCM resistance depends non-linearly on write voltage 
[9], making intermediate states challenging to achieve and due 
to the resulting resistance drift, limits electrical PCM bit density 
to a few bits per cell [10]. 

One solution to these EPCM limitations is optically 
controlled PCM (OPCM) cells, where PCM layers are deposited 
on photonic waveguides (e.g., silicon-on-insulator (SOI)). In 
OPCM cells, laser pulses induce state transitions by heating the 
material, altering the refractive index contrast between 
amorphous and crystalline states, enabling optical data storage 
and retrieval. High contrast PCM candidates can help realize 
multi-level OPCM cells. Furthermore, OPCM memory can 
leverage high-bandwidth silicon photonic links for data transfer 
and support emerging optical computing [12], enabling high-
speed, energy-efficient fully photonic computing systems with 
minimal electro-optic conversions. 

In this paper, we introduce COMET, the first cross-layer 
optimized optical PCM-based main memory architecture. Our 
novel contributions include:  

 

 We design a low-loss and energy-efficient silicon photonic 
PCM-based multi-level memory cell as a basic building block; 

 We design and optimize a novel all-optical, loss-aware silicon 
photonic PCM-based photonic main memory architecture;  

 We present detailed comparison of our designed photonic 
main memory architecture against state-of-the-art electronic 
and photonic main memory architectures; 

 Lastly, we perform a case study aimed at showcasing the 
effectiveness of COMET within a photonic AI accelerator.  
 

II. BACKGROUND AND RELATED WORK 

A. OPCM: Fundamentals and Key Properties 
PCMs undergo reversible phase transitions, shifting between 

amorphous and crystalline states by the application of thermal 
energy. These phase transitions lead to changes in electrical and 
optical properties. PCM states exhibit different electrical 
resistances, where the amorphous state represents binary 0 
(high resistance) and the crystalline state denotes binary 1 (low 
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resistance). This non-volatile resistance change enables 1T-1R 
EPCM memory configurations (e.g., [22]).  

Optical PCM-based (OPCM) memories rely on refractive 
index changes between material phases, altering optical 
transmission to enable data storage and retrieval. Effective 
OPCM memory implementation requires an understanding of 
the PCM optical properties. High refractive index contrast (Δ݊) 
between amorphous and crystalline states is crucial for 
tolerating optical signal losses and noise, ensuring accurate 
readouts even with multiple intermediate phase-transition 
levels. Additionally, a high extinction coefficient contrast (Δߢ), 
which measures optical power loss through a material, is also 
crucial in OPCM cells, allowing efficient laser power 
absorption for energy-efficient state transitions. The optical 
refractive index profile of Ge2Sb2Te5 (GST) and Ge2Sb2Se4Te1 
(GSST) has been depicted in Fig. 1(a). As GST exhibits higher 
Δ݊  and Δߢ  between amorphous and crystalline states than 
GSST, we have selected GST-based OPCM memory cells in 
our designs.  

B. OPCM Main Memory  
Many different approaches to OPCM cell design have been 

explored in the literature. One such design, introduced in [13], 
employs a straightforward crossbar-based cell with the PCM 
positioned atop waveguide crossings. This design formed the 
foundation for the COSMOS main memory architecture [13]. 
Access to this cell is facilitated through row and column access 
wavelength signals, both of which must be active 
simultaneously to enable write operations. The architecture also 
adopted a subtractive read method. Initially, the entire subarray 
is read, followed by a reset signal applied to the target row to 
erase its contents. Subsequently, the subarray is read again, and 
the memory controller (MC) performs subtraction between the 
two read values to derive the intended row values. This 
approach, combined with the assumption of 4-bits per cell, 
delivers high bit density within the architecture. 

 

 
Fig. 2. Data corruption in crossbar-based OPCM memory from [13] due to 

crosstalk; (left) original image; (right) image after 4 writes to adjoining rows. 

However, the cell design in the COSMOS architecture in [13] 
causes the rows to be susceptible to crosstalk from the write 
operations on the adjacent rows. The crosstalk signal, although 
small, can trigger changes in the OPCM cell due to the thermo-
optic effect [14]. The energy from the write pulses can cause 
temperature changes, and hence refractive-index changes in the 
adjacent cells, causing severe data corruption. This renders the 
proposed read and write approaches in [13] prone to severe 
errors, as illustrated in Fig. 2.  

The crossbar cell design in [13], while attractive for its bit 
density, suffers from severe memory reliability issues. To ensure 
data integrity and retrieval, we need to isolate memory cells and 
implement access control mechanisms. One approach is to 
employ microring resonators (MRs) as access controllers, as 
detailed in [15] and [16]. Additionally, we can use electro-optic 
tuning [17], where MR resonance is controlled through carrier 
injection via a PN junction with nanosecond-scale latencies. It 
is important to note that this approach introduces higher optical 
losses, which we take into account in our design. 

The next section describes our cell design as well as our 
photonic main memory architecture (created by tiling multiple 
cells to create subarray and bank structures) in detail.   

III. COMET OPCM-BASED MAIN MEMORY DESIGN 

A. OPCM Memory Cell Design 
In our OPCM cell design, we consider GST deposited on a 

silicon-on-insulator (SOI) strip waveguide. As shown in Fig. 
1(a), the extinction coefficient of the GST in the crystalline state 
 This leads to .(aߢ) is much higher than its amorphous state (cߢ)
negligible optical transmission due to high absorption of the 
electric field in the PCM. The optical absorption contrast and the 
optical transmission contrast between fully crystalline and fully 
amorphous state for OPCM memory cells of different 
geometries and materials are shown in Fig. 1(b). Note that the 
optical transmission contrast is not only a function of optical 
absorption in the cells but also partially originates from the 
optical-refractive-index mismatch between the PCM and SOI 
waveguide due to high refractive-index contrast between silicon 
and GST. To avoid optical-refractive-index mismatch when 
designing GST-based OPCM memory cells, it is important to 
select a design where both optical transmission contrast and 
optical absorption contrast are maximized. This ensures that the 
optical transmission contrast stems from the optical power 
absorption which is controlled by crystallization of the GST.  

For a 2-µm-long GST cell considered in our study (Fig. 
1(b)), optical transmission and absorption are at 95% when the 
thickness of the cell is at 20 nm. Note that the impact of PCM 

Fig.  1. (a) Comparison of the refractive index (݊) and extinction coefficient (ߢ) between GSST and GST in the optical C-band range. (b) Optical absorption 
contrast (left) and optical transmission contrast (right) of GST cell for different cell geometry (width and thickness) in the COMET architecture. The stars 
represent the geometric configuration selected with values for (width, thickness, absorption or transmission contrast ratio), based on our analysis. 

 (a)  (b) 



waveguide (WG) width on optical transmission and absorption 
is negligible. The SOI waveguide has a width of 480 nm (to 
ensure the single mode transmission of the light) and a thickness 
of 220 nm, where the GST deposited on it has the same width, 
but a thickness of 20 nm (see Fig. 3(a)). We have designed the 
GST cell with a reduced thickness, as a higher thickness makes 
heat transfer over the volume of the cell slower, leading to higher 
write and reset latencies.  

To obtain the optical transmission characteristics of the GST 
cell we designed, we used FDTD simulations from Ansys 
Lumerical FDTD [18]. From these FDTD simulations, we were 
able to obtain the optical transmission levels of the intermediate 
states. To obtain the energy and latency of transitions for 
intermediate states, Ansys Lumerical HEAT [18] was used.  

After finalizing the GST cell design, we designed the OPCM 
memory cell which integrates the GST cell and regulates signal 
access to the cell. This access control provides cell isolation 
between adjacent GST cells and is necessary to avoid optical 
crosstalk and associated thermo-optic-effect based data 
corruption. To ensure GST cell isolation, our memory cell has 
MR-based access control as shown in Fig. 3(b). MRs are 
switched in and out of resonance to enable and disable the signal 
access to the GST cell. We use MR designs from [27] with 6 μm 
radius, for low loss and efficient coupling during EO tuning to 
allow as much of the read/write signal to reach the GST cell from 
the Si waveguides. We opt for electro-optic tuning to tune the 
MRs in and out of resonance for the 2-ns access latencies that 
this mechanism provides [27]. 

B. COMET Memory Bank Architecture Design 
The OPCM memory cells can form an array (see Fig. 3(c)) 

with columns dedicated to accessing GST cells. The cell 
architecture along with wavelength specific column access 
ensures cell isolation, significantly reducing crosstalk. Row 
access is achieved through electrical control of PN junctions in 
the MRs, allowing wavelength access to GST cells. 

The memory bank thus formed has ௥ܰ × ௖ܰ  OPCM cells, 
with a total capacity of ௥ܰ × ௖ܰ × ܾ, where ܾ is the bit capacity 
of the OPCM MLC. This bank is further divided into ܵ 
subarrays, each containing ܯ௥ × ௖ cells, such that ௥ܰܯ = ܵ௥ ×
௥ and ௖ܰܯ = ܵ௖ × ௖ܯ , to enable energy-efficient access. The 

subarray access requires ܯ௖ wavelengths to be modulated, and 
2 ×  ௖ MRs per bank have to be tuned to be in resonance. Theܯ
memory bank requires ௖ܰ  wavelengths to operate which are 
provided by the off-chip laser. Consequently, ௖ܰ  MRs are 
needed to allow access to the columns, and another ௖ܰ MRs are 
needed to allow readout from the columns.  

To access subarrays, we opt for GST-based waveguide 
switching [30], instead of passive splitters, to minimize laser 
power consumption. Note that using passive splitting will incur 
accumulative splitting losses, where each splitter warrants a 2× 
increase in laser power to ensure delivered power. The GST cell 
at the waveguide coupler switches from crystalline to 
amorphous state (Fig. 3(d)-top), incurring a 0.2 dB loss (for 
amorphous GST) and a 100 ns switching time, but significantly 
reduces losses and laser power requirements. Wavelength 
modulation and MR tuning signals originate from the electrical 
control unit, bridging OPCM memory banks with the processor. 

To address data integrity issues, we integrate semiconductor 
optical amplifiers (SOA)-based gain tuning within subarrays 
and at the electrical interface (Fig. 3(c)-bottom). Row-wise 
loss-aware signal amplification compensates for optical losses, 
with SOAs within subarrays providing the needed power. The 
SOA gain required is static, as the losses and tolerances will be 
static. These SOAs counteract EO-tuned MR losses for read and 
write signals, and their power and latency overhead is 
considered in Section IV. 

COMET is designed as a multi-bank OPCM memory (see 
Fig. 3(e)), using mode division multiplexing (MDM) and 
wavelength division multiplexing (WDM). Using MDM and 
WDM together allows COMET to limit the number of 
wavelengths but use their higher order modes as a multiplier to 
the communication channels. This reduces the overall laser 
power requirement. We enable parallel access across banks and 
interleaved cache lines via MDM with an MDM degree (ܤ) of 
4 to minimize overhead. As higher order modes are excited, the 
field will become leakier with higher losses. In addition, to 
support higher order modes, the waveguide width of the links 
and devices also needs to increase. Prior works have shown an 
MDM degree of 4 is achievable on a chip, without notable 
losses or area overhead [19]. 

Fig.  3. (a) GST cell designed and simulated for this work. (b) Our proposed memory cell with MR-based access control. (c) OPCM memory array with intra-
subarray semiconductor optical amplifiers (SOAs). (d) Single bank with multiple subarrays, with inset showing GST based signal switch. (e) Overall multi-
bank architecture of COMET. (f) Steps during read (top) and write (bottom) operations in COMET architecture. 

(c) (d) (e) (f) 

(b) (a) 



C. Read and Write Operations in COMET 
For reads (Fig. 3(f)-top), our isolated memory cells simplify 

the process. Row access is achieved through EO tuning, and 
column access is accomplished by sending readout pulses to the 
subarray. The row ID, obtained from the address, guides EO 
tuning signals to the row's MRs. Depending on the subarray ID 
from the physical address, relevant wavelengths are gain-tuned 
and directed to OPCM banks. Upon reaching the electrical 
interface, data is demodulated using an MR bank and passed to 
the processor for further processing. Likewise, for writes (Fig. 
3(f)-bottom), the row ID from the address enables row access by 
tuning the MRs into resonance. Column IDs, also derived from 
the address, guide gain-tuning and modulation of corresponding 
wavelengths to represent the data to be written and transmit it to 
the OPCM subarray. 

D. COMET Power Consumption 
The COMET memory architecture can achieve a capacity of 

ܤ)  × ௥ܰ × ௖ܰ × ܾ)  bits. With our SOA-based loss mitigation 
strategy, we assume ܯ௖ = ௖ܰ , making,  ௖ܵ = 1. The subarrays 
can be arranged in an array of  ඥܵ௥ ×ඥܵ௥  for layout and 
addressing. The ܯ௥  value would depend on the ܾ value to 
ensure the cache line readout across the ܤ banks. Our intra-
subarray SOAs provide a gain of 15.2 dB to their input signal 
[20]. Given that the EO-tuned MRs have a through loss of 0.33 
dB, there needs to be an SOA array at every 46 rows. This 
necessitates a total SOA count of  ஻×ேೝ×ே೎

ସ଺
. To minimize power 

overhead, we only enable the SOAs within the accessed 
subarrays. Assuming 1.4 mW power consumption for 0 dBm 
i.e., 1 mW output [20], total SOA power consumption at any 
instance during COMET operation will be ቀ஻×ெೝ×ெ೎

ସ଺
× 1.4ቁ mW.  

Apart from these power considerations, we must consider 
power consumption of the photonic links. Our WDM-MDM 
link requires ௖ܰ wavelengths and 2 × ܤ × ௖ܰ MRs to access the 
OPCM arrays. These MRs are completely passive as they need 
not perform any switching operations. The laser power 
consumption can be calculated based on the various losses the 
signal will experience on its way to and from the OPCM arrays,  
as will be discussed in Section IV. Lastly, we need to consider 
the power consumption by the EO tuning mechanism within the 
OPCM arrays. Given that the MRs need to be tuned only within 
the row of the subarray being accessed, the tuning mechanism 
will contribute to (ܤ × 2 ௖ܯ× × ாܲை) W of power, where ாܲை is 
power consumption for EO tuning a single MR. 

E. Address Mapping in COMET 
To access the data within the memory banks, we need to 

perform an address mapping to the cells in our architecture. 
COMET can consider cache lines of various sizes (e.g., 32, 64, 
and 128 bytes), to reflect popular last level cache line sizes, 
interleaved across the ܤ banks. The mapping process should 
perform the following mapping: 

 

ℎ݈ܽ݊݊݁ூ஽ܥ} , ூ஽ݓ݋ܴ , ூ஽݇݊ܽܤ , {ூ஽݊݉ݑ݈݋ܥ →
ℎ݈ܽ݊݊݁ூ஽ܥ} , ூ஽ݕܽݎݎܾܽݑܵ , ோைௐݕܽݎݎܾܽݑܵ , ூ஽݇݊ܽܤ , {஼ை௅ݕܽݎݎܾܽݑܵ (1) 

For our architecture, as described in Section III.B, the 
channel and bank IDs can remain the same. ܴݓ݋ூ஽  must be 
mapped to ܵݕܽݎݎܾܽݑூ஽  and ܵݕܽݎݎܾܽݑோைௐ and ݊݉ݑ݈݋ܥூ஽  to 
ூ஽ݕܽݎݎܾܽݑܵ  and ܵݕܽݎݎܾܽݑ஼ை௅ . The values for these 
parameters can be calculated as follows: 

 

ଵܦܫ = ݐ݊݅ ൬
ூ஽ݓ݋ܴ
௥ܯ

൰ (2) 

ଶܦܫ = ݐ݊݅ ൬
ூ஽݊݉ݑ݈݋ܥ

஼ܯ
൰ (3) 

ூ஽ݕܽݎݎܾܽݑܵ = ଶܦܫ × ඥܵ௥ + ଵܦܫ (4) 
 

ோைௐݕܽݎݎܾܽݑܵ = (௥ܯ%ூ஽ݓ݋ܴ) (5) 
 

஼ை௅ݕܽݎݎܾܽݑܵ = (஼ܯ%݊݉ݑ݈݋ܥ) (6) 

IV. EXPERIMENTS AND EVALUATION 
We employ a customized version of NVMain 2.0 [21], a 

main memory simulator that we heavily modified to 
accommodate 4-bit/cell MLC operation, our photonic memory 
configurations, and the addressing scheme. Our experiments and 
evaluations are based on an 8 GB main memory chip capacity. 
Performance metrics encompass application latency, bandwidth, 
and energy-per-bit (EPB). We benchmark COMET against 
COSMOS [13], EPCM-MM [22], a proposed EPCM main 
memory architecture, and 2D and 3D configurations of DDR3 
and DDR4 DRAMs (labeled as 2D_DDR3, 3D_DDR3, 
2D_DDR4, and 3D_DDR4). Memory traces from the SPEC 
benchmark suite [23] are utilized for architecture evaluation. 
Table I outlines the parameters considered for power modeling 
in the COMET architecture. 

A. Modeling COMET Architecture  
As described in Section III.D, COMET has a capacity 

of ܤ)  × ௥ܰ × ௖ܰ × ܾ)  bits, with the array of ௥ܰ × ௖ܰ  GST 
memory cells divided into subarrays of size ܯ௥  ௖ memoryܯ×
cells for enabling parallel and energy-efficient access. For bit 
density ܾ, there are works which show the GST cell should be 
able to achieve up to 5 bits/cell [11]. However, considering data 
distribution across cells, it is practical to consider bit densities 
in the multiples of 2, which allows for an even distribution of 
data across cells in a row and equal loss and crosstalk 
considerations to be made across all columns. But as discussed 
in Section III.C, at an architecture level, to allow high bit 
density per cell, several considerations must be made. To 
determine the optimal ܾ  value in COMET, we analyze how 
power, latency, bandwidth, and EPB varies for ܾ = {1, 2, 4}, for 
an 8 GB memory. We opt to reduce ܯ௖  (= ௖ܰ) over ௥ܰ  (= ܵ௥ ×
 ௥) as ܾ increases, as reduced ௖ܰ results in a reduction of bothܯ
WDM-degree requirement and significant intra-subarray SOA 
power reduction. Modifying ௖ܰ also allows COMET to retain 
its cache line capacity and bandwidth across the designs.  

The resulting stacked power plots are shown in Fig. 4(a). 
Based on these analyses, we have chosen ܾ = 4  to keep the 
power overhead relatively low. For further comparison studies 

TABLE I: OPTICAL LOSSES AND POWER PARAMETERS CONSIDERED FOR 
COMET POWER MODELING. 

 

Loss parameters Values 
Coupling loss 1 dB [24] 
MR drop loss 0.5 dB [25] 

MR through loss 0.02 dB [26] 
EO tuned MR drop loss 1.6 dB [27] 

EO tuned MR through loss 0.33 dB [27] 
Propagation loss 0.1 dB/cm [28] 

Bending loss 0.01 dB/90° [29] 
 

Power parameters Values 
EO tuning power ( ாܲை) 4 ߤW/nm [17] 
Max. power at GST cell 1 mW 

Intra-subarray SOA power 1.4 mW [20] 



we consider a low EPB configuration of the COMET 
architecture, which was found through conducting a design- 
space exploration for (ܤ × ܵ௥ ௥ܯ× ௖ܯ× × 4). This 
configuration was found to be (4 × 4096 × 256 × 512 × 4), and 
is used in the rest of the studies in this paper. 

 

 
                                 (a)                                                            (b) 
Fig. 4. (a) Power dissipation of COMET with bit density (b) of 1 (COMET-1b), 
2 (COMET-2b), and 4 (COMET-4b); (b) Power dissipation of COSMOS and 
COMET. 

B. Modeling COSMOS Architecture 
We model COSMOS and update its design assumptions to 

avoid the data corruption scenario depicted in Fig. 2. But before 
we address the crosstalk and data corruption issues in COSMOS, 
we must address the energy delivery assumptions. The GST cell 
design in COSMOS is taken from [11], which requires 5 mW 
laser pulses over 50 ns to 150 ns to deliver 250 pJ to 750 pJ in 
energy for phase transitions. Unfortunately, COSMOS reported 
cells needing only 0.5 mW laser pulses while retaining the 
timing parameters from [11].  

To ensure that the energy required for phase transitions is 
delivered to the memory cell, we have remodeled the timing 
constraints and assume 5 mW laser pulse power to ensure that 
the required energy is delivered to the GST cells. We have opted 
to increase the timing parameters as increasing the power value 
would make the total power consumption entirely too high for 
an 8 GB main memory. The modified parameters for COSMOS  
(and also COMET) are summarized in Table II.  

Data corruption in COSMOS is a result of the thermo-optic 
effect and the losses that the optical signals experience as they 
traverse the crossbar. We decided to not re-architect COSMOS 

to enable cell isolation as this will depart too far from the design 
in [13]. We instead opt to change the intermediate level count to 
allow for higher tolerance to thermo-optic effect. This 
necessitates dropping COSMOS bit density ܾ from 4 to 2. This 
results in a memory architecture where (ܤ × ௥ܰ × ௖ܰ × ܾ) 
is  (16 × 16384 × 16384 × 2)  and ܵ௥ ௥ܯ× = ௖ܵ ௖ܯ× = 512 ×
32 . For this version of COSMOS, we make the generous 
assumption that the MDM losses are negligible.  

We analyzed the minimum transmission-level separation 
required to avoid thermo-optic corruption. Our results showed 
that 4 asymmetric transmission levels (0.99, 0.90, 0.81, 0.72) 
separated by 9% transmission can be used to represent the 4 
levels necessary to represent 2-bit data, without errors. Keeping 
the subarray size of 32×32 from COSMOS, the worst-case loss 
of 1.4 dB (from transmission level 0.72) and the 15.2 dB gain 
for SOAs [20], this also requires 6 SOA arrays (when 
considering both row and column losses) per subarray. To avoid 
excessive splitter loss and hence laser power consumption, we 
also assume a PCM cell-based subarray row access control in 
COSMOS (which we proposed for COMET in this work), 
separating the subarray rows. Fig. 4(b) shows the power stack 
comparison between COSMOS and COMET. 

C. Performance Evaluation 
We compare COMET in terms of bandwidth and EPB 

against 2D_DDR3, 3D_DDR3, 2D_DDR4, 3D_DDR4, the 
EPCM-MM, and COSMOS modified from [13], as discussed in 
the previous subsection. The absence of refreshes along with 
higher bandwidth provided by the silicon photonic interconnects 
allow both COSMOS and COMET to outperform their electronic 
counterparts in terms of bandwidth, (Fig. 5(a)). COMET 
achieves 100.3×, 47.2×, 58.7×, 42.1×, 40.6×,  and 5.1× higher 
bandwidth on average than 2D_DDR3, 3D_DDR3, 2D_DDR4, 
3D_DDR4, EPCM-MM, and COSMOS, respectively. 

In terms of EPB, it can be observed from Fig. 5(b) that the 
3D and PCM electronic counterparts are able to outperform both 
fully photonic memory systems. This can be attributed to the fact 
that the entire power consumption depicted in Fig. 4(b) is 
utilized for orchestrating reads and writes for photonic memory. 
This is different from the case in an electronic memory where 
only a very small portion of the overall power is required to 
orchestrate a read/write. However, the high read/write 
bandwidth in comparison, enables COMET to outperform the 
2D DRAM platforms. COMET is able to achieve 4.1×, 2.3×, 
12.9× lower EPB than 2D_DDR3, 2D_DDR4, and COSMOS.  

COMET is able to contribute towards better overall energy 
efficiency of systems it is part of, owing to the combination of 
high bandwidth and comparable EPB performance to other main 

TABLE II: ARCHITECTURAL DETAILS OF PHOTONIC MEMORY SYSTEMS. 
 

COMET 4 banks, 1 rank/channel, 1 device/rank 
bus width = 256 bits, burst length = 4 

max. write time = 170 ns, erase time = 210 ns, read time = 10 
ns, data burst time = 1 ns, electrical interface delay= 105 ns 

COSMOS 8 banks, 1 rank/channel, 1 device/rank 
bus width = 128 bits, burst length = 8 

write time = 1.6 ߤs, erase time = 250 ns, read time = 25 ns, 
data burst time = 1 ns, electrical interface delay= 105 ns 

Fig.  5. (a) Average bandwidth (BW); (b) energy-per-bit (EPB); and (c) BW/EPB, of applications across memory architectures. 

(a)  (b)  (c)  



memory platforms. We showcase this using a BW/EPB metric 
(see Fig. 5(c)), where COMET achieves 6.5× and 65.8× better 
BW/EPB over 3D_DDR4 (best electronic platform) and 
COSMOS, respectively.  

 
Fig. 6. EPB of DOTA accelerator with different main memories. 

D. Photonic AI Accelerator Case Study 
Photonic main memory architectures, such as our proposed 

COSMOS, are an excellent fit for emerging optical computing 
platforms. To quantify the benefits, we analyzed how different 
electronic and photonic main memories impact the operation of 
DOTA [31], a photonic tensor engine-based transformer 
accelerator [32]. For this analysis, we considered the two 
transformer models DeiT-T and DeiT-B, as used in [31]. Fig. 6 
shows the EPB results for the various main memory 
architectures considered. Photonic memory architectures not 
only provide higher bandwidth (Fig. 5) than electronic 
memories, but also have the added benefit of being able to inject 
data directly into the photonic tensor engine, without the need 
for energy-hungry electro-photonic conversion stages. 
COMET+DOTA achieves 1.3× and 2.06× lower EPB against 
3D_DDR4+DOTA and 2.7× and 1.45× better EPB against 
COSMOS+DOTA. These results highlight the promise of 
photonic main memory for improving the performance of 
emerging optical computing platforms. 

V. CONCLUSIONS 
In this work, we presented COMET, a low-loss, low-latency, 

and high throughput OPCM-based main memory architecture 
that makes use of GST material integrated with silicon photonic 
waveguides. We described the cross-layer design and 
optimization of our COMET architecture from the material and 
device level to the architecture level. Our GST cell offered a 
high transmission contrast between crystalline and amorphous 
state of the cell (≈96%), enabling 16 distinctive transmission 
levels which makes COMET tolerant to transmission drift. 
Crosstalk-free, reliable memory operation is enabled with 
various loss-aware optimizations at the architecture level, 
owing to which, COMET consumes only 26% of the power 
when compared to the best-known prior work on OPCM-based 
main memory design. The low power overhead along with 
high-speed GST cell operations enable COMET to offer 5.1× 
better bandwidth, 12.9× lower EPB, and 65.8× better BW/EPB 
than the state-of-the-art. 
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