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Abstract
In contemporary general-purpose graphics processing units (GPGPUs),
the continued increase in raw arithmetic throughput is constrained by
the capabilities of the register file (single-cycle) and last-level cache
(high bandwidth), which require the delivery of operands at a cadence
demanded by wide single-instruction multiple-data (SIMD) lanes. En-
hancing the capacity, density, or bandwidth of these memories can
unlock substantial performance gains; however, the recent stagna-
tion of SRAM bit-cell scaling leads to inequivalent losses in compute
density.

To address the challenges posed by SRAM’s scaling and leakage
power consumption, this paper explores the potential CMOS+X inte-
gration of amorphous oxide semiconductor (AOS) transistors in capac-
itive, persistent memory topologies (e.g., 1T1C eDRAM, 2T0C/3T0C
Gain Cell) as alternative cells in multi-ported and high-bandwidth
banked GPGPU memories. A detailed study of the density and energy
tradeoffs of back-end-of-line (BEOL) integrated memories utilizing
monolithic 3D (M3D)-integrated multiplexed arrays is conducted,
while accounting for the macro-level limitations of integrating AOS
candidate structures proposed by the device community —an aspect
often overlooked in prior work. By exploiting the short lifetime of
register operands, we propose a multi-ported AOS gain-cell capable of
delivering 3× the read ports in 76% of the footprint of SRAM with >70%
lower standby power, enabling enhancements to compute capacity,
such as larger warp sizes or processor counts. Benchmarks run on a
validated NVIDIA Ampere-class GPU model, using a modified version
of Accel-Sim, demonstrate improvements of up to 5.2× the perfor-
mance per watt and an average 8% higher geometric mean instruction
per cycle (IPC) on various compute- and memory-bound tasks.

CCS Concepts
• Hardware→Memory and dense storage; Analysis and de-
sign of emerging devices and systems; • Computer systems
organization→ Parallel architectures.
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1 Introduction
Graphics processing units (GPUs) have become pivotal to server
scaling, as noted by NVIDIA’s 427% increase in data-center rev-
enue from FY24 to FY25 [50]. Though seminal engineering efforts
of the GPU targeted the acceleration of raster graphics and video
workloads [75] (as their namesake implies), their combination of
high-bandwidth Single-Instruction-Multiple-Data (SIMD) execu-
tion units (stream multiprocessors, SMs) and on-chip memories

Figure 1: Scaling of GPU shared memory, registers, L1, and
last level cache (LLC) vs. corresponding SRAM cell in NVIDIA
architectures

have proved ideal for highly parallelized processing of numerically
intensive floating-point arithmetic [17], leading to their ubiquity
in the processing of modern AI/ML training and inference and
large-scale scientific computing.

The performance of a GPU is often bottlenecked by the available
bandwidth, capacity, and die area of on-chip memory subsystems
[68]. In workloads with low arithmetic intensity, SMs frequently
idle while awaiting memory accesses during execution, resulting
in underutilization of execution units [13]. Scaling the SM count
intensifies contention for the shared L2 cache, while the number of
resident warps per SM is capped by the size of its register file (RF)
and the per-thread register allocation. Raising the warps-per-SM
budget within a fixed die area, therefore, trades off against the total
number of SMs that can be integrated [1]. Since modern GPUs
support many registers per thread, the compiler directs operand
spillover into the L1 data cache (L1D) when register file capacity is
exhausted, imposing increased traffic and occupancy pressure on
the slower L1D [19]. Tasks such as backpropagation and blacksc-
holes, which demonstrate low intra-warp divergence, benefit from
higher threads per warp; however, the number of operands de-
manded per cycle (and hence the required ports or banks) scales
linearly with the warp size [45]. The imposition of these memory
requirements has inevitably led to the sharp rise in cumulative
memory capacity (especially that of the register files and the L2)
in modern GPUs by over two orders of magnitude from NVIDIA’s
Fermi (2010) to Blackwell (2024) architectures [51], while the den-
sity of the high density SRAM (HD-SRAM) bit cell has only climbed
by one order of magnitude (Fig. 1). This disparity is the key indi-
cation that GPU memory scaling is driven by architectural
demand, not fundamental SRAM densification, and as such, is
limited by SRAM technology scaling constraints.

Recent advances in semiconductor fabrication have enabled the
integration of active devices, such as non-volatile memories, in
the back-end-of-line (BEOL) stack. By relying on low-temperature
(<400 °C) deposition steps, multiple tiers of memory can be fabri-
cated above the front-end-of-line (FEOL) logic without degrading
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the underlying CMOS transistors [61]. Among the most promis-
ing options are amorphous-oxide-semiconductor (AOS) transistors,
which combine ultra-low off-state leakage (< fA/µm; three to four
orders of magnitude lower than Si MOSFETs) with adequate elec-
tron mobility (∼ 20 cm2/V·s) [76]. Leading research institutes, such
as IMEC, have demonstrated functional prototypes based on AOS
2T0C arrays [64], and major foundries, including TSMC, have also
reportedAOS 1T1Cmacroswith high yield [8]. Priormodelling stud-
ies show that AOS 2T0C memories can outperform SRAM in TPU
buffers [40], boost energy efficiency in digital compute-in-memory
(DCIM) accelerators [38], [32] and deliver ∼4.5× higher density (at
256 MB) with nominal performance improvements when deployed
as a shared CPU L3 cache [73]. We hypothesize that, in gain-cell
configurations (§4.2, §5) with small storage node capacitance and
decoupled read/write paths, the speed of AOS gain cell memories
may be sufficient to serve as single-cycle register memories in
GPUs with lower base clock frequency than their CPU counterparts
[11]. Moreover, to meet the needs of memory-bound tasks, several
AOS-based candidates, such as BEOL-compatible 1T1C eDRAM
and 2T0C/3T0C gain cell topologies, offer a practical avenue to
enhance the overall bandwidth and density of the large shared L2.
To understand the viability of these respective memory candidates,
a critical evaluation of their achievable density, bandwidth, and
energy efficiency is required under constrained design exploration
(e.g., imposed by sneak-path currents, increased parasitic capaci-
tance, IR drop, lower mobility), which must be well-characterized.
In performing this, this paper makes the following contributions:

• Using Accel-Sim [28], we evaluate the lifetime of operands
in GPU register files to determine the retention require-
ments of register memories. Furthermore, we propose a
stacked multi-read port AOS gain-cell (NT0C) that enables
3× the read ports in ∼76% of the footprint of a comparative
8T-SRAM bank.

• Using NS-cache [73], we analyze the limitations in AOS
2T0C array scaling under sneak path and IR drop con-
straints studied in SPICE, 1T1C access time and sense mar-
gin tradeoffs, and 3T0C gate loading and leakage under
read path threshold voltage. We demonstrate that (1) the
5max limitations on peak bandwidth of AOS 1T1C banks
are easily overcome through increased partitioning, (2) the
AOS 3T0C speed vs. leakage tradeoffs make it unfavorable
for high-speed cache.

• We evaluate highly banked AOS L2 caches at iso-footprint
in a modified Accel-Sim integrated on a verified NVIDIA
Ampere RTX 3070 model. Our benchmarking reveals that
AOS 1T1C integration can enable up to ∼5.1× the perfor-
mance per watt and ∼6.1× memory density over a baseline
HD-SRAM L2 cache.

2 Background
2.1 GPGPU Organization
Modern standalone GPUs comprise tens to hundreds of stream-
ing multiprocessors (SMs), each hosting a programmer-controlled
shared memory, private level 1 data (L1D) cache, register files
(operand, last result, andmain), andwide Single-Instruction-Multiple-
Thread (SIMT) execution lanes containing arithmetic (ALU) and

Figure 2: Organization of stream multiprocessor (SM), regis-
ter files, and global memories

Figure 3: Organization of a memory partition, containing L2
slices, and refresh timing model incorporated in Accel-Sim

special-function units (SFU) (Fig. 2). When a kernel is launched,
groups of threads in cooperative-thread arrays (CTA) or thread
blocks are mapped to SMs, which are then partitioned into warps.
Warps are time-multiplexed by the scheduler and executed in lock-
step. To feed these wide SIMT lanes, each SM’s register file contains
tens of thousands of registers (∼65k/SM in Blackwell), which are
highly banked and, in smaller RFs, multi-ported (e.g., NVIDIA’s
Fermi architecture used 3-read/1-write (3R1W) in its operand regis-
ter file (ORF) [19]).

Swaths of on-chip data are interleaved across LLC banks (slices),
which are distributed across numerous memory partitions (Fig. 3).
The memory partitions are connected to SMs through an on-chip
interconnection network; each partition contains L2 slices, request
schedulers, and a memory controller for off-chip DRAM (GDDR6X
or HBM) [3]. In Ampere-class GPUs, there are eight partitions, each
housing two L2 banks [49]. The L2 employs a write-back policy
with respect to global memory [62].

2.2 Organization of a Memory Bank
Memory banks (slices) are topologically organized into a matrix of
subarrays interconnected by global routes that comprise address,
broadcast, and distributed data lanes [59]. These global routes, some-
times referred to as the global data line (GDL), often employ an
H-Tree routing topology in RC-based memory simulators. When a
transaction is received, it is routed over the GDL to a set of ‘active’
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Figure 4: Organization of a monolithic-3D (M3D) bank/slice.
Active subarray rows ( #0BA) and columns (#0B2) often called
a sub-bank

subarrays within each column (#0B2) and row (#0BA), which each
deliver a sub-block of the aggregate block size of the bank. In some
contexts, such as the nomenclature adopted by CACTI [74], this
group of concurrently activated subarrays (#0B2Ö#0BA) is referred
to as a sub-bank. The number of transactions that can be issued to
a bank per cycle is limited by the number of ports (# ?); however,
with pipelining, it is possible to operate sub-banks in parallel if
their activations are tracked, though they cannot be issued concur-
rently if # ? = 1. Each subarray is composed of a pre-decoder and
a set of mats, which operate concurrently. Based on the operation
concurrency, the maximum bandwidth (BWB) for the bank with
split read/write paths in a uniform cache access (UCA) model can
be approximated as:

�, � � # ? � max
�

, Block
Cprecharge¸ Cmat,read

•
, Block

Cmat,write

�
(1)

Where, Block is the block width per bank, andCprechargeis the
precharge latency. This dependence on mat latency makes cell ac-
cess time a critical memory parameter, as discussed in Ÿ5.2. A mat
contains an array of memory cells, and local peripherals used to
drive data in and out of the array, typically decoders, pre-chargers,
write drivers, sense-ampli�ers (SAs), multiplexers (bitline, sense-
amp), and level-shifters (when high-voltage swings are employed).
We adopt a monolithic 3D (M3D) mat design in which each level
is individually accessed using a 3D decoder that drives a set of
transmission gates, allowing access to a speci�ed level in the BEOL
memory through the decoder/level-shifter drivers (Fig. 4). This
3D-decoded access scheme integrates a level-multiplexer and mux-
decoder that allows BL sharing of FEOL SAs. In an M3D design,
peripheral circuits are tucked under the memory array and con-
nected by BEOL MIVs, which o�er higher I/O density than TSVs
[38].

2.3 Oxide Semiconductor Transistors in the
BEOL

Amorphous oxide semiconductors (AOS) such as indium oxide
(In2O3) are a class of semiconducting oxides that exhibit moderate
electron mobility (� 20cm2/V·s), in which conduction is primarily
governed by donor-like defects (# � ) such as oxygen vacancies.
Dopants such as germanium (Ge), tin (Sn), or tungsten (W) are
used whenIn2O3 is employed as a channel material to curb the

Figure 5: Double-gated IWO transistor geometry, active
monolithic 3D integration of devices above the FEOL

formation of defects, thereby improving its stability and increasing
its threshold voltage (+C) [57]. Leading foundries (TSMC, Samsung)
and research institutes (IMEC) are actively working on AOS chan-
nel materials for the integration of BEOL memories [70],[4],[56].
Demonstrations of stacked AOS transistors have been characterized
in up to ten monolithic tiers and scaled to 10 nm gate length (! 6)
[78],[16].

3 Simulation Methodology
To build a cohesive evaluation of the design, technology, and system-
level integration of BEOL-compatible AOS memories (Fig. 5), we
employ a precise quantitative study that utilizes �nite-element
physical models, SPICE simulation, and cycle-accurate GPU simu-
lation. Modeling of lab-measured double-gated (DG) long-channel
W-dopedIn2O3 (IWO) transistors is performed in Sentaurus Tech-
nology CAD (TCAD), from which a scaled 7 nm technology model is
developed (! 6 = 15 nm,! >E= 30 nm), and measured (�3 -+3B, �3 -+6B,
and� 66•� 63•� 6B parameters) for varying donor-defect densities
(# � ). Extracted parameters are utilized to develop ML-assisted
compact models [9] used in subsequent SPICE simulation, while
Si-CMOS reference circuits are built with the ASAP7 PDK [12].
NS-Cache [73] is utilized to conduct an exhaustive search of the
power, performance, and area (PPA) of various bank and subarray
con�gurations presented in this work, using 7 nm FinFET predic-
tive libraries. A baseline HD-SRAM cell of 0.0262` m2 is used based
on the advanced foundry 7 nm platform technology [10]. Accel-
Sim/GPGPU-Sim's veri�ed NVIDIA Ampere RTX3070 model is
used for system performance evaluation. We extend Accel-Sim's
memory-partition timing to incorporate AOS refresh overheads,
enabling cycle-accurate assessment of their impact on kernel exe-
cution (Fig. 3).

4 Scaling Register Files, CTAs, and Warps
4.1 On the Lifetime of Operands
The GPU register �le must be able to deliver up to two source
operands and one destination per thread for each warp-wide in-
struction within a single cycle (� 1 ns in NVIDIA Volta to Hopper
architectures) [43]. Consequently, the underlying register mem-
ories must (1) operate at high speed (� sub-nanosecond), and (2)
be heavily banked or multi-ported to service multiple read/write
requests concurrently. In some cases, (2) is taken to an extreme, as
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Figure 6: Measured reg lifetimes on select Rodinia [ 7] bench-
marks. Nearly all regs are limited to a 105-cycle boundary (b)
register read:write ratio distribution tracked per kernel

illustrated by the Intel Itanium microprocessor's 12R10W register
�le [ 18]. Capacitive memories that require a refresh operation seem
ill-suited as a register memory, as refresh operations temporar-
ily remove a bank from service, thereby hindering the high-speed
requirement. Nevertheless, this has not impeded the proposal of
eDRAM register memories in the literature, as seen in Si 3T1D [27]
and FD-SOI 4T0C [20] cells. GainSight [36] argues that the key to
understanding a persistent memory's suitability for a level in the
memory hierarchy lies in the lifetime of data blocks (i.e., how long
data is retained and utilized). Using Accel-Sim, we track the lifetime
of registers in each SM, as de�ned by GainSight (Fig. 6a), on a set
of randomly selected benchmarks from Rodinia [7]. We �nd that
over 99% of register operands are overwritten or evicted within
105 cycles (� 100 us on a 1 GHz SM clock). Although this may be
beyond the retention of a gain cell on an Si or FD-SOI platform (� 6
` s) [20], it is far below the achievable retention times in AOS gain
cells, which enable retention times of (milli)seconds through low
leakage.

4.2 Alternative Paths to Multi-Porting
Multi-porting, which enables multiple accesses per cycle to a mem-
ory bank, is often employed in register �les in both multi-core
CPUs and GPUs. Multi-porting may be realized through several
means: banks can be replicated [33], time-multiplexed on a faster
clock domain [25], or virtually multi-ported through banking (at the
cost of bank stalls during contention). The following study places
particular emphasis on cell-level multi-porting, as (1) the speed
of AOS memories is lower than Si (lower mobility), (2) the read
and write paths in a gain cell are intrinsically bifurcated, and (3)
leveraging M3D-stacking opens the opportunity for compact means
of multi-porting layout. In SRAM, cell-level multi-porting (MP) can
quickly become unfavorable due to interconnect congestion and
increased transistor counts (� 4T per write port and 2T per read
port) that exponentially in�ate cell size (� O(# 2

%)) [48]; nevertheless,
cell-level MP is still employed in CPUs with modest register counts
to meet high speed single-cycle latency targets, (e.g., IBM Power &
Intel Itanium [18],[34]). Because the GPU ORF employs additional
read ports, and kernel register accesses are read-heavy (Fig. 6b), we
focus on read multi-porting. Although additional write ports in a
gain cell only require one transistor, the overhead of level shifting
on write paths [73] imposes signi�cant area penalties for duplicated
periphery.

In Fig. 7a, we illustrate a conventional SRAM with split read (2T)
and write paths (bidirectional), extrapolated from a 10T-derived
SRAM design in [38], and our proposed AOS (DG-IWO) gain cell
with NR1W ports. Fig. 7c and 7d illustrate the layout of each cell.
For 7 nm BEOL design rules, we adopt the N7 metal-x (MG, 40 nm)
and metal-y (M~, 76 nm) metallization pitches discussed in [47], an
MIV pitch (60 nm) discussed in [41], as well as the CPP (54 nm) and
�n pitch (27 nm) matching the foundry's 7 nm platform technology
[10]. We assume the utilization of up to �veMG and �ve M~ layers.
Because the number of stacked tiers in the AOS gain cell scales with
the port count, Fig. 7c depicts abstract �functional� metal layers,
and metallization limits are analyzed in further sections. Under
these rules, we estimate that an 8T (1R1W) SRAM cell consumes
33.2% more area than a 6T SRAM cell, closely resembling the� 30%
footprint increase observed in IBM's 65 nm PD-SOI process [6]. In
both cells, the transconductance of a read transistor (' 8) is used to
sink current from the pre-charged read-bitline (RBL) based on the
stored value (SN in the gain cell, Q in the SRAM). For the gain cell,
this operation requires applying a di�erential voltage to the+3B of
the selected cell by driving the RWL to+BB. In contrast, in SRAM, a
pulse of Vdd is applied to the gate of the read-gating (' � ) transistor,
allowing the current to sink (Fig. 7b). A challenge posed by each read
port in SRAM is that each read path adds additional subthreshold
leakage from the precharged RBL, as a potential di�erence exists
across each 2T read path. On the contrary, both the RWL and
RBL (attached at the read port source and drain) are peripherally
controlled in the 1T read path of the MP gain-cell; thus, leakage is
suppressed, and static power can be derived from the cell retention:

%static �
� SN� + 2

SN
Cret

;NT0C, 1T Read Port (2)

Where� SN is the storage node capacitance,� +SN is the change
in stored voltage before a refresh is issued, andCret is the retention
period. In [73], the trade-o� between retention and access time is
discussed in an IWO 2T0C using the+C, and the hold/boost voltage
(+hold,+boost), following which we study parameters of a cell with
an optimized' 8 width (, RA) of 150 nm, a write transistor (W) with
a nominal width (, WA) of 30 nm, aiming for a write-access time
(Cwr ) of 400 ps,Cret of 10 ms (� 100Örequirement in Ÿ4.1),+hold of
-0.4 V and+boostof 1.2 V. The� 66 of

Í
' 8 dominates� SN, andCwr

is inversely proportional to write current (�wr ), which scales with
, , � . Therefore, to preserve high write speed as read ports (# PR)
are added,, , � is widened in proportion to# PR, increasing both
cell size and static power (Fig. 8a and 8b). Additionally, since the
pitch of the upper metallization is relaxed (� 18Öthe pitch ofM~),
cell stacking reaches a ceiling with# PR= 3, resulting in a sharp
increase in footprint as two read transistors are integrated into
each level to minimize cell area when the number of �ne-pitch
metallization tiers becomes a limitation. Nevertheless, we �nd that
an NR1W AOS gain cell consumes over four orders of magnitude
less standby power than SRAM, while occupying a smaller footprint.

An additional bene�t of multi-porting AOS gain-cells can be
elucidated from the theory presented for split-gated AOS transistors
[58]. It is posited that the capacitive coupling phenomenon in AOS
2T0C gain cells, which refers to the modulation of the storage node
voltage (+SN) caused by pulsing the BL/WL voltage, is proportional
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Figure 7: (a) Multi-ported AOS gain-cell (GC) and SRAM schematics, (b) cell operation diagrams, (c)-(d) physical layout and
connectivity

to the ratio of all parasitically coupled capacitances to the storage
node, imposed by the charge neutrality condition. This modulation
reduces the sense margin and heightens read disturbance. However,
as# PR is increased, so too is the number of capacitances coupled
to the SN, leading to a theoretical 4Öreduction in read capacitive
coupling in 4R1W over 1R1W:

� +SN /
, WA

, WA ¸ 2, RA# %
� +WWL

=
, RA

, WA ¸ 2, RA# %
� +RWL

(3)

In Fig. 8c, we plot the theoretical reduction in RBL/RWL coupling
and the simulated coupling measured in SPICE as a function of the
number of read ports. In simulation, the reduction measured in
4R1W is closer to 3Ö. Coupled with a split-gated AOS transistor ge-
ometry, the multi-porting of AOS gain cells provides an avenue for
suppressing capacitive coupling without requiring high secondary
gate bias voltages.

4.3 Macro-Level Performance, Power, and Area
Before evaluating the performance of NR1W cells at the bank level,
we �rst examine the intrinsic cell-level limitations imposed by the
single-transistor (1T) read port of the AOS gain cell, which places

Figure 8: (a) Cell size of MP memories, (b) MP cell standby
power, and (c) MP AOS RWL/RBL coupling, as a function of
read ports

constraints on the allowable memory array dimensions. In the
following, a subscript s denotes selected lines/cells, and a subscript u
denotes unselected lines/cells in the same port. (1) IR Drop: Because
the RWLB is used to sink current fromRBLB when the SN stores a
`1', the current must travel through the entireRWLB to the driver
(sink), creating a voltage divider e�ect that reduces the+6Bof Rs,
thus limiting worst-case read speed as the number of columns (# col)
increases. (2) Sneak Path: During the read-out of a `1', theRBLB
discharges over RB onto RWLB; however, eachRWLD is held at
Vdd, thus leading to a reverse polarity� +3B over each RD, which
in the worst case (i.e., when each SN stores `1') causesRBLB to
prematurely settle before a su�cient read margin (RM) can develop
(Fig. 9a), thereby limiting the number of rows (# row). To quantify
these e�ects in the upper limit, we simulate the read port of a 5R1W
cell (for sizing) with an IR drop imposed by# col = 512 over varying
# row and+C, in the worst-case column data pattern of all `1's (Fig.
9b). Read margin is measured as the+RBLdrop between `0' and `1'

Figure 9: (a) Illustration of IR drop and sneak path challenges
using single AOS transistor port, (b) E�ects on read margin
and delay
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