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Abstract—This work introduces a 1T2R (1-Transistor-2-
RRAM) resistive memory with high memory density, stability,
and adaptive in-memory computing capabilities. Enabled by a
parallel current-voltage sensing scheme, the fabricated memory
attains a high cell density with the size of 48.7F2/bit. The scheme
enhances the high/low ratio by 1.29× and ensures stability across
varying temperatures. The 1T2R array enables adaptable in-
memory computing for different operations in vector-symbolic
architectures, supporting both encoding and prediction phases
while achieving 67.5%-71.0% energy savings and 22.0%-49.7%
memory reduction compared to conventional approaches.

I. INTRODUCTION

Neuro-symbolic artificial intelligence models, especially
vector-symbolic architecture (VSA), operate on hyperdimen-
sional vectors and demonstrate effective cognitive and rea-
soning abilities [1]. However, their high demand for memory
capacity and bandwidth, as well as the support for various
operations, including similarity calculation, vector-matrix mul-
tiplication (VMM), vector bundling, and vector binding, leads
to excessive data access and substantial memory requirements.
The growing need to store larger, more complex models
on edge devices while maintaining robust computation poses
significant challenges in developing high-density, adaptive on-
chip memory and in-memory computing solutions.

Prior research highlights that Resistive Random-Access
Memory (RRAM) achieves high memory density via its 1-
Transistor-1-RRAM (1T1R) structure, yet conventional 1T1R
single-level cell (SLC) and multi-level cell (MLC) designs
are limited by transistor size requirements for read/write
operations. While the 1TnR architecture enhances density,
it exacerbates environmental impacts like temperature drift.
Additionally, conventional RRAM arrays must improve oper-
ational adaptability with novel structures to minimize frequent
data loading across functional cores in VSA implementations.

Some recent works propose the 1-Transistor-2-RRAM
(1T2R) cell structure for memory and in-memory comput-
ing [2]. It utilizes the orthogonal BLR and BLL to attach
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Fig. 1. Schematic of the proposed 1T2R resistive memory. (a) The single-bit
mode uses an LRS-HRS pair to store 1 bit, with voltage sensing on SL for
readout. (b) Double-state mode uses 4 states in a 1T2R cell to store 2 bits,
employing voltage sensing on SL and current sensing on BLR for readout.
(c) The 4 states (00, 01, 10, 11) represent HRS as 0 and LRS as 1.

the L-RRAM and R-RRAM separately. It shows a large
improvement in the read margin, compared to the conventional
1T1R scheme. Moreover, it reduces state overlap by applying
the voltage-sensing scheme. However, the former work only
presents this scheme at a theoretical level. Also, it only
supports memory mode and VMM operation.

This work proposes and fabricates a 1T2R resistive memory
for high-density processing. It applies a parallel current-
voltage sensing scheme to provide the double-state mode
of 1T2R memory. It achieves 2bits/cell and 48.7F2/bit. The
voltage-sensing achieves 1.29× improvement in memory win-



Fig. 2. Microscopic photography of the 1T2R RRAM array with peripheral
circuits. (a) The 64Kb array with BLR, WL, SL, and BLL decoders. (b)
Schematic of the proposed scheme. (c) Microscopic photography of the cells.

dow and enhances memory stability against temperature varia-
tion. Programming RRAM with MLC enabled the double-state
mode to achieve a 2 ∼ 2.5× density improvement compared
with 1T1R MLC. The support for locally computing various
VSA operations, including similarity calculation, in-memory
multiplication, bundling, and binding, with high memory den-
sity and bandwidth, provides an advantage for VSA.

II. 1T2R DEVICE, ARRAY, & PARALLEL I-V SENSING

A. Array design and characterization

As shown in Fig. 1a, a 1T2R cell consists of a single
transistor and two RRAM devices (L-RRAM and R-RRAM)
connected to its drain, with BLL and BLR lines arranged
orthogonally. In conventional voltage-sensing, BLL applies the
read voltage, and SL detects the voltage difference. This work
introduces a parallel current-voltage (I-V) sensing scheme
(Fig. 1b), encoding 2 bits per cell. Besides voltage-sensing
via SL, the double-state mode adds current-sensing through
BLR, enabling storage of HRS-HRS and LRS-LRS states. The
scheme accurately identifies all four states (Fig. 1c): current
sensing via BLR detects the states “00”, “01/10”, and “11”,
while voltage sensing via SL distinguishes the states “01” and
“10”. The voltage- and current-sensing can be executed in
parallel to expedite 2-bit sensing latency.

We fabricated a chip-level 1T2R RRAM array with periph-
eral circuits, as illustrated in Fig. 2a, comprising the 1T2R
array alongside BLR, WL, SL, and BLL decoders. The chip
features multiple 1T2R RRAM arrays with sizes of 256×128
and so on. The double-mode memory integrates a voltage-
sensing module to measure SL voltages and a current-sensing
module on the BLR side to monitor currents. The BLL and WL
drivers provide the necessary input voltages for read/write op-
erations. Operating concurrently, these sensing modules double
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Fig. 3. Adaptive storage and operations in 1T2R structure. (a) The schematic
of realizing in-memory similarity computation, in-memory multiplication,
bundling, and binding with 1T2R cell. (b) The detailed computing diagram.

both memory density and word length (memory bandwidth).
Prior work has demonstrated that the 1T2R array design
effectively suppresses the sneak path [2].

The RRAM devices are fabricated with a back-end-of-line
(BEOL) process on a standard 40nm CMOS platform. The
whole 1T2R cell area is 97.8F2, as the layout proved in the
former work [2]. With the help of the proposed double-state
memory scheme, this work reaches the compact 48.7F2/bit, in-
dicating high memory density. The top-view and the side-view
microscopic photos prove the fabricated structure (Fig. 2c).
The 1T2R structure, featuring orthogonal BLL and BLR, en-
ables diverse operations. Current summation on BLL and BLR
facilitates vector similarity and VMM, respectively (Fig. 3a).
The cascade of two RRAM devices implements bundling, with
two bundling matrices stored locally within the same array, and
the double-state read mode inherently supports vector binding.

The 1T2R array programming and resistance measurement
follow the 1T1R methodology. Writing/reading L-RRAM uses
the BLL-SL path (1T1R behavior), while R-RRAM uses
BLR-SL path. Measured 1T1R resistance distributions show
a favorable H/L ratio (Fig. 4a). The voltage-sensing mode
on 1T2R cells significantly enhances the memory window
(Fig. 4b). Furthermore, the resistance states in the 1T2R cells
fully support the double-state memory scheme. As illustrated
in Fig.4c, under a fixed read voltage, the current distribution
of the signal path distinctly separates the HH, LH/HL, and
LL states. Combined with the voltage sensing distribution,
the results confirm that the double-state memory scheme
effectively doubles both memory density and bandwidth.

B. High/Low ratio improvement and stability

The High/Low (H/L) ratio of the conventional 1T1R scheme
is defined as RT+RHRS

RT+RLRS
, where RT represents the effective

resistance of the transistor, and RHRS and RLRS denote
the resistances of the high-resistance state and low-resistance
state, respectively. The transistor resistance diminishes the
H/L ratio. In contrast, the H/L ratio of 1T2R voltage-sensing
mode is defined as 1 + |V−Vmid|

Vmid
. Here, Vmid is VRead/2



(a) (c)

(b)

Voltage sensing

1T1R 
in 1T2R

structure 
H H L L

H L H L

Increased states

Fig. 4. Cumulative distribution function (CDF) of experimental measurements
on 1T2R cells. (a) Resistance distributions of each 1T1R cell in 1T2R,
measured via current sensing, including RRAM (HRS/LRS) and transistor
resistances. (b) Readout voltage distributions of 1T2R cells, demonstrating an
enlarged memory window and sensing range. (c) Readout current states of
the 1T2R double-state mode with assumed ∼ 4kΩ transistor resistance.

Fig. 5. The experimentally measured H/L ratio and its stability. (a) An average
1.29× improvement with using 1T2R cells, compared with conventional
1T1R. (b) The measured voltage-sensing results under various temperature
conditions. (c) The measured H/L ratio with various read voltages.

and V is VRead × RHRS

RHRS+RLRS
or VRead × RLRS

RHRS+RLRS
. This

formulation ensures a H/L ratio of 1 when RHRS = RLRS .
This memory scheme significantly mitigates the impact of
transistor resistance, which otherwise reduces the H/L ratio.
To assess the H/L ratio enhancement of 1T2R memory, RRAM
devices were deliberately programmed to low initial H/L ratios
(1.2-1.6). As demonstrated in Fig. 5, the 1T2R array’s voltage
sensing scheme elevates this ratio to 1.5-1.8, yielding a 1.29×
average improvement over 1T1R configurations.

The resistance states of 1T1R RRAM exhibit temperature-
induced drift [3], introducing errors in RRAM-based edge
devices operating in diverse environments. The 1T2R structure
mitigates this effect by leveraging its dual devices for com-
pensation. Across a temperature range of -50◦C to 100◦C,
the H/L ratio of the 1T2R cell remains stable (Fig. 5b, c),
reducing temperature variation from 37.5%/100K in 1T1R [4]

to 2.6%/100K. These results demonstrate the enhanced robust-
ness of the 1T2R structure under varying thermal conditions.

III. VSA COMPUTATION WITH 1T2R ARRAY

VSA classifies data by assessing the similarity between
queried and stored features. During inference, it encodes input
data into a query hyperdimensional vector (HV), compares
it with stored HVs of various classes, and outputs the class
with the highest similarity. The 1T2R supports VSA through
adaptive in-memory computing and double-state mode for
local memory storage. The encoding phase involves random
basis vector generation, binding, and bundling/in-memory
multiplication, with basis vectors stored in the item memory
(IM). The comparison phase focuses on in-memory similarity
calculation, with HVs stored in the associated memory (AM).

The array generates random basis vectors leveraging in-
herent device-to-device variation. During training, both IM
and AM are stored. Input data are processed locally through
binding and bundling, as illustrated in Fig. 3a. In the compar-
ison phase, the query is sent to AM for in-memory similarity
calculation. The 1T2R RRAM array provides a compact VSA
solution by storing and processing both IM and AM or
other processing data in the same array, reducing memory
overhead (Fig. 6a). Its double-state mode stores IM in the
right RRAM and AM in the left RRAM within a single
cell. This eliminates inter-array communication, significantly
lowering data loading costs for long vectors (Fig. 6b) and
reducing energy consumption for read, bundling, and binding
by 67.5% ∼ 71.0%. In actual applications, VSA may also
require the computation of neural networks, HV permutation,
etc. Considering these facts, graph classification (MUTAG,
PROTEIN) and evaluations on MNIST demonstrate its low
bit-cell area and overall memory cost savings (Fig. 6c, d).

IV. DISCUSSION ON MLC-1T2R CONFIGURATION

Previous studies have employed MLC to increase memory
density in 1T1R RRAM [5]. Integrating the double-state mode
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Fig. 6. Evaluations on vector symbolic architecture. (a) Using 1T2R structure,
this work integrates item memory (IM) and associative memory (AM) into a
single RRAM array. (b) The encode and query happen in the same array. (c)
The energy consumption per bit of read, bundling, and binding with 1T1R and
1T2R structure (40ns). (d) The effective area cost of implementing different
vector-symbolic architecture tasks with SRAM, 1T1R, and 1T2R RRAM.



Fig. 7. Discussion on 1T2R memory with SLC and MLC RRAM devices and
parallel current-voltage sensing. (a) Ideal I-V distribution of 4 states (labeled)
in a 1T2R SLC cell. (b) Measured 4 states in a 1T2R SLC cell, with measured
voltages, and assumed ∼ 4kΩ transistor resistance for currents. (c) Ideal I-V
distribution of 8 states in a 1T2R MLC cell. (d) Simulated 8-state distribution
with RRAM resistance; dotted lines show state separation thresholds. (e)
Ideal I-V distribution of 16 states with two 2-bit RRAM devices. (f) 16
combinations were simulated, supporting up to 10 separable states.

with 2-bit MLC RRAM could further enhance density and
enable more compact VSA computing. Fig. 7a, b compares
the current-voltage distribution of 1T2R cells with binary-
resistance devices, contrasting ideal linear states (negligible
variation) with measured nonlinear states (realistic variation).
This work primarily programs devices to SLC, though the
resistance design space demonstrates 1T2R’s potential for
MLC when simulated with realistic non-ideal 1T1R cells.

The double-state mode, as illustrated in Fig. 7c,d, enables
at least 8 distinguishable states through specific L-RRAM and
R-RRAM state combinations, effectively doubling memory
density. Each state is uniquely identifiable via parallel I-V
sensing of distinct current-voltage pairs. Furthermore, a 1T2R
cell incorporating 2-bit MLC RRAM devices can achieve
more than double the memory density. The total 16 states,
accounting for variation, support up to 10 separable states per
cell (Fig. 7e, f), which is 2.5× states than SLC 1T2R. Enabled
by the parallel sensing scheme, these 10 states can be accessed
simultaneously in a single readout cycle. In an ideal case, all
16 states within a single 1T2R cell could be distinguished,
achieving a 4× enhancement in memory density.

V. CONCLUSION

The 1T2R resistive memory achieves a memory density of
48.7F2/bit, with its double-state mode, enabled by parallel
current-voltage sensing, doubling both density and bandwidth
for binary and multi-level devices (Table I). Voltage sensing
enhances the High/Low ratio by 1.29× and ensures thermal
stability. The 1T2R array is particularly suited for VSA, sup-
porting diverse operations, increasing density and bandwidth,
and reducing computational energy and memory costs.

TABLE I
COMPARISON WITH OTHER RRAM MEMORY AT ALIGNED ACCESS TIME.

[6] [7] [8], [9] [10] This
work

Structure 1T1R 1T1R 1T2R 1T2R 1T2R
Cell Area
(F2/bit) 60.3 172.9 67.0 64.7 48.7

MLC Area
(F2/bit) 30.2 86.5 33.5 - 29.4

Port Single
port

Single
port

Single
port

Single
port

Dual
port

Technology 40nm 12nm 28nm 28nm 40nm
Read Cell

Energy (fJ/bit) - - 23 - 15.5

Sensing Scheme Current Current Current Voltage Parallel
I-V

Adaptive Store No No No No Yes
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