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Outline
p Motivation and Challenges of 3D NAND-based non-Volatile 

Computing-In-Memory (nvCIM) for Similar Vector Matching 
on AI Edge Devices

p Proposed 3D NAND-based nvCIM scheme
n Pooled Sampling 
n 16KB BLs w/ Selective-BL Read Operation
n 1-3-3 Gray Code w/ Buffer-Zone (BZ133)
n Dynamic-Feedback Current Summation (DFCS) Scheme

p Performance and Measurement Results
p Conclusion



7.5 : A 512Gb In-Memory-Computing 3D NAND Flash Supporting Similar Vector Matching Operations on AI Edge Devices
© 2022 IEEE 
International Solid-State Circuits Conference 3 of 27

Motivation and Background(1/2)

Source :
[1] Q. Cao, FG2018
[2] A. Veit, ICCV2015

p Application scenarios using similar vector matching (SVM) operations 

Application 2 – Product-like SearchApplication 1 – Face Search
Similar face images

N face images in 
VGGFace2 dataset [1] Various product dataset [2]

Feature Vector 
Extraction

Similar Vector 
Matching

Feature Vector 
Extraction

Similar Vector 
Matching

p Requirements for SVM operations on cost-effective edge devices:
1. Shorter execution time
2. Better energy efficiency
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Offline

Online

Motivation and Background(2/2)

AI Model

Feature Vectors

Feature Vector Extraction
(AI Model, e.g., FaceNet [3], MobileFaceNet [4])

Similar Vector Matching
(Similarity Computation)

Store the entire 
V!"# dataset

V$%_!"#

p Von Neumann Architecture based Solution: Data movement 
across memory hierarchy from storage to the processor and 
system bus [5] due to the request of the entire V"#$ dataset
• Long search-latency (tSR) w/ significant memory-access energy (EMEM) 

Processor DRAM

V!"# dataset
storage

Info.
Name : Lenna

Gender : Female
… 

Heavy Similarity Computation 
(e.g., Euclidean distance,  

cosine similarity)

Processor DRAM

Source : 
[3] Q. Cao, FG2018
[4] A. Veit, ICCV2015
[5] C. Xue, ISSCC2021 

Move the entire 
V!"# dataset
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Challenge of SVM applications on AI edge devices
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Challenge 1 : Long Search Latency

Proposed Original
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Compute
In-Memory Computing

p Long search latency due to large invalid data movement, e.g.,
moving enormous invalid dataset, and swapping infrequent-
use data because of insufficient main memory capacity.
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*Partial dataset of VGGFace2
(8000 photos w/ 100 people)

Example
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Proposed nvCIM-based Solutions

Info.
Name : Lenna

Gender : Female
… 

Similar Vector Matching
(Similarity Computation)

Store the entire V!"#
and V$%&'( dataset

Less Similarity Computation 
(e.g., Euclidean distance,  

cosine similarity)

nvCIM-based 
Vector Matching

p Nonvolatile computing-in-memory (nvCIM) based Solution [5]
1. Move the similar V!"# dataset

(Reduce the entire data movement across memory hierarchy)
2. Parallel in-memory vector-vector multiplication (VVM) 

(Reduce amount of intermediate data)
3. Co-work (not replace) with processor

Offline

Online
V$%_!"#

V$%*+,

Less Data 
MovementAI Model

Processor DRAM V!"# dataset

V$%&'( dataset Processor DRAM
storage

Feature Vector Extraction
(AI Model, e.g., FaceNet [3], MobileFaceNet [4])

Source : 
[3] Q. Cao, FG2018
[4] A. Veit, ICCV2015
[5] C. Xue, ISSCC2021 
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Challenges of 3D NAND-based nvCIM
Challenge 2 : Low Readout Accuracy

#C
el

ls

VtVREAD

1 1 1 1 0 0 0 0

![ 𝒊 ILVt+ (𝟏𝟑𝟏𝐊 − 𝒊) IHVt ]

IHVt

C
ou

nt
s

ILVt

Current

Challenge 3 : Large Readout Power 
Consumption of Peripheral Circuits 

Summation Current

C
ou

nt
s

Current overlap

Summation Current 

Po
w

er

IKEEP for CSL 
regulation

IARRAY (ISUM)

Extra Power

ICSL = IARRAY(ISUM) + IKEEP

ICSL

p Low readout accuracy caused by wide 
range Vt-level of NAND cells

p Large readout power consumption of
peripheral circuits due to wide range
current summation
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Outline
p Motivation and Challenges of 3D NAND-based non-Volatile 

Computing-In-Memory (nvCIM) for Similar Vector Matching 
on AI Edge Devices

p Proposed 3D NAND-based nvCIM scheme
n Pooled Sampling 
n 16KB BLs w/ Selective-BL Read Operation
n 1-3-3 Gray Code w/ Buffer-Zone (BZ133)
n Dynamic-Feedback Current Summation (DFCS) Scheme

p Performance and Measurement Results
p Conclusion
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Overview of Proposed 3D NAND-based nvCIM
p Pooled Sampling

n Mitigate massive data movement, and reduce
computing latency for filtering invalid data

p 16KB BLs w/ Selective-BL Read
Operation
n Achieve VVM operation and remove peripheral

weighted circuits

p 1-3-3 Gray Code w/ Buffer-Zone (BZ133)
n Support V!"# and V$%&'( storage
n Enhance sufficient signal margin for current

summation

p Dynamic-Feedback Current Summation
(DFCS) Scheme
n Achieve a constant settling time against a wide

range of summation currents
n Reduce power consumption of peripheral circuits

WLD Ø 16KB PB w/ Selective-BL Read

3D NAND Array 
Ø Vector Mapping for Pooled Sampling 
Ø 1-3-3 Gray code w/ Buffer-Zone (BZ133)

Ø Dynamic-Feedback Current Summation 
(DFCS) Scheme + ADC

ISUM

Summation 
Value (8b)

ADC
ISUM

DFCS
VSUM
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p Basic Similarity Computation
• Euclidean distance V" - V$

= V" − V$ = 0
%&'

(

(A%−B%)) = 0
%&'

(

A%) +0
%&'

(

B%) − 2(0
%&'

(

A%×B%)

• cosine similarity V" - V$

=
V" - V$
V" × V$

=
∑%&'( A%×B%

∑%&'( A%)× ∑%&'( B%)

• After feature vector extraction, every feature vector has the same vector length due to 
the normalization procedure (e.g., L2-normalization).

• ∑%&'( A%) , ∑%&'( B%) àThese terms can be ignored
• ∑%&'( A%×B% àCompute the vector-vector multiplication (VVM) only

Pooled Sampling (1/3)

*N: #dimensions

The more significant VVM result means the more similar vector.
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p Mapping multi-VVM in one physical
page for pooled sampling
• 𝑉*+,-. - 𝑉*+/01_3 +⋯+ 𝑉*+,-. - 𝑉*+/01_4
= 𝑉*+,-. - 𝑉*+/01_3 +⋯+ 𝑉*+/01_4
= 𝑜𝑛𝑒 𝑝𝑜𝑜𝑙 𝑟𝑒𝑠𝑢𝑙𝑡 (𝑠𝑢𝑚𝑚𝑎𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒)

• One V!"# (32b floating point) is a 512-
dimension vector using FaceNet or
MobileFaceNet in our case.

• Software (e.g., principal component 
analysis (PCA)) can support to generate 
V5(678 (unsigned 4b unary integer) and 
V5(9:; (unsigned 2b unary integer), 128-
dimension vectors.

Pooled Sampling (2/3)

Summation Value
Page Buffer (PB)

BlockM

WL Driver 
(WLD)

DFCS + ADC

WL0

WL95
…

Block0

…

Input Vector
(V5(9:;)

…Others

GSL

SSL0

……

131, 072 bits (16384B) 

…

A 𝑉*+/01 pool
V$%&'(_- ~ V$%&'(_.

The more significant pool result means the more 
similar pool.
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p Flow Chart of Pooled Sampling
Pooled Sampling (3/3)

Input Query

Dataset

Perform VVM in 3D 
NAND chip

Map 𝑉/0123 in one virtual 
page for pooled sampling Offline : End

End pooled
sampling?

No

Yes

Record top-600 pools
Return 𝑉456 of top-

600 pools Online : End

CIM-based 
Pooled Sampling 

Software

Encode 𝑉456 and 𝑉/0123

Input Vector (𝑉/0789)

Raw Vector (𝑉456)  & 
Index Vector (𝑉/0123)

Offline

Online
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3D NAND-based nvCIM Technique-1

Data of 
V$%*+,

Voltage Stress 
of NAND string

Data of 
V$%&'(

Input x 
Index (ICELL)

0 VCSL - VCSL HVt 0
0 VCSL - VCSL LVt 0
1 VBL - VCSL HVt IHVt

1 VBL - VCSL LVt ILVt

WLD PB

WL95
WL94

WL0
GSL

…

WL94

WL0
GSL

WL95

…

Block0

…

SSL3…

SSL0

CSL
(VCSL)

DFCS + ADC
Pool Value

BlockM…

BL0 BL1

ISUM

VREAD3

…

…

…

Others

BLC1BLC3
SEN

SET

DLL1L2L3

BLC2

Input =1 

BL0 (VBL)

MBLE

ICELL(ILVt)
SA

BLE

p 16KB BLs w/ Selective-BL Read
Operation
• Each BL supports a single-bit multiplication

and generates the cell current accordingly.
• 5760 (15×3×128) BLs can achieve a single

2bIN-4bW VVM [6].
• 131,072 BLs (16KB) can achieve maximum

22× 2bIN-4bW VVM.

BLC1BLC3
SEN

SET

DLL1L2L3

BLC2

Input =0 

BL 
(Floating)

MBLE

SA

BLE

Source :
[6] H.T. Lue, IEDM2019 
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p 1-3-3 Gray Code w/ Buffer-Zone
(BZ133)
• Adds a buffer zone to the TLC cells’ Vt

window
• A tight distribution of ILVt
• A tiny ratio of IHVt/ILVt

• Deploys one VREAD level for VVM and
three VREAD levels for read operation.

3D NAND-based nvCIM Technique-2

V!"#
V$%&'(

Ce
ll C

ur
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nt 
(A

)

VREAD(V)

VtVREAD1 VREAD6 VPASS
VREAD2

VREAD3

VREAD4
VREAD5

1 0 0 1 1 1 0 0
1 1 1 1 0 0 0 0

GFEDCBAEr
1 1 0 0 0 1 1 0

Low Page – LVT (1)      Low Page – HVT (0)

#C
ell

s

VREAD0 
(0V)

Buffer Zone

IHVt/ILVt ≈ 0

H 3VREAD

L 1VREAD

M 3VREAD

Vt

VPASS

#C
ell
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VREAD1

VREAD6VREAD2
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VREAD4
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1 1 0 0 0 0 1 1
1 1 1 1 0 0 0 0

GFEDCBAEr

1 0 0 1 1 0 0 1

H 4VREAD

L 1VREAD

M 2VREAD

Conventional 1-2-4 Gray codeConventional 2-3-2 Gray code

Vt

VPASS

#C
ell

s

VREAD0
VREAD1

VREAD6VREAD2

VREAD3

VREAD4
VREAD5

1 1 0 0 1 1 0 0
1 1 1 0 0 0 0 1

GFEDCBAEr

1 0 0 0 0 1 1 1

H 2VREAD

L 2VREAD

M 3VREAD
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3D NAND-based nvCIM Technique-3 (1/3)
p Dynamic-Feedback Current Summation (DFCS) Scheme

n Achieve a constant settling time (tDESIGN) against a wide range of summation
currents

n Reduce power consumption of peripheral circuits

Current 

ISUM

Po
we

r

ICSLISUM

Conventional Design DFCS Design

Po
we

r

IKEEP

ICSL

Extra Power Current 

ICSL = ISUM + IKEEP , IKEEP = 0

ICSL

t CS
L_

se
ttli

ng tMAX (MIN ISUM )

tMIN (MAX ISUM )tDESIGN

tDESIGN ≈ tMIN
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3D NAND-based nvCIM Technique-3 (2/3)
p Dynamic-Feedback Current Summation (DFCS) Scheme

• Before performing VVM operation, DFCS supports the initialization
of 3D NAND.

REG

CSL

BL
IBL

VSUM

ADC_EN

WL

ICSL

IDIS

Unselected WL

Selected WL

Stable ISUM

VVM operation 

Charge capacitance

feedback regulation

ISUM_MIN

ISUM_MAX

Initialization

CSL Regulation

MBLE On : VBL
MBLE Off : VCSL

Summation Value (8bits)DFCS

DF Detector
IKEEP_MAX

IKEEP

IKEEP_MAX

N1
VREG-MIR0

MMIR0

CSL

MMIR1
VREF

CSL MPDsCOM1
N3 ADC

RTU

+

-

8bit N2IKEEP

MMIR0

DF 
Detector

VREG

ADC_EN

N1

ADC

IKEEP

IKEEP
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3D NAND-based nvCIM Technique-3 (3/3)
p Dynamic-Feedback Current Summation (DFCS) Scheme

• DFCS maintains the equation ICSL = IDIS = IKEEP + ISUM till the end of
the operation.

• Once CSL settles, the 8b ADC quantizes VSUM as a pool result
for pooled sampling.

REG

CSL

BL
IBL

VSUM

ADC_EN

WL

ICSL

IDIS

Unselected WL

Selected WL

Stable ISUM

VVM operation 

Charge capacitance

feedback regulation

ISUM_MIN

ISUM_MAX

Initialization

CSL Regulation

MBLE On : VBL
MBLE Off : VCSL

Summation Value (8bits)ISUM VSUMDFCS

DF Detector
IKEEP_MAX

IKEEP

IKEEP_MAX

N1
VREG-MIR0

MMIR0

β∗IDIS
CSL

MMIR1
VREF

CSL MPDs

ISUM

COM1 IDIS

VSUMN3 ADC

RTU

+

-

8bit 

α∗ISUMN2IKEEP

MMIR0

DF 
Detector

VREG

ADC_EN

N1

ADC

COM1 maintains 
VREG – VREF < VTH_MPD

DF Detector maintains 
IKEEP = IKEEP_MAX – (ISUM + IKEEP)/β.
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Outline
p Motivation and Challenges of 3D NAND-based non-Volatile 

Computing-In-Memory (nvCIM) for Similar Vector Matching 
on AI Edge Devices

p Proposed 3D NAND-based nvCIM scheme
n Pooled Sampling 
n 16KB BLs w/ Selective-BL Read Operation
n 1-3-3 Gray Code w/ Buffer-Zone (BZ133)
n Dynamic-Feedback Current Summation (DFCS) Scheme

p Performance and Measurement Results
p Conclusion
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Simulation Results
p DFCS minimizes the power consumption by 1.3x~1.9x compared to the 

conventional solution
p A combination of pooled sampling and DFCS enable a 7x energy 

reduction compared to the conventional solution.
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Simulation Results
p For system level simulation, the proposed solution reduces the data 

transfer time by 14.3x using 20 𝑉&'()* as a pool & returning the 𝑉+,- of 
top-600

*w/ VGGFace2 dataset (170K) 
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0.43%0.73% 1.89% 93.39%

33.3x
reduction 
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Testchip Photo and Summary 

Technology 512Gb 96-Stacked-WL 3D NAND
Main Array 512Gb (TLC) 
Chip mode Storage/VVM
VCC 2.7~3.6V
VCCQ 1.8V
Array (3644 + 292) blocks/4plane
Page Size 16384 B + 2048 B
Block Size 18432 KB + 2304 KB
tR (TLC/SLC) 107us/50us
VVM Latency 50us (w/ 8bit ADC)

Back side

Plane 0

Plane 2Plane 3

Plane 1

PB 0

PB 2

PB 1

PB 3

DFCS 
+ ADC

WLD
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Measurement Results
p Use FPGA and logic analyzer to measure waveform and BZ133
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Measured Performance & Demonstration
p The proposed solution achieves 47× shorter search latency and 43×

lower energy consumption with the VGGFace2 dataset.
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Conclusion
p nvCIM is a promising candidate to overcome the von Neumann bottleneck.
p Features of proposed 3D NAND-based nvCIM macro

n Pooled Sampling 
• Reduce the computing latency and data movement for filtering invalid data

n 16KB BLs w/ Selective-BL Read Operation
• Achieve VVM operations and remove the peripheral weighted circuits

n 1-3-3 Gray Code w/ Buffer-Zone (BZ133)
• Enhance the sufficient signal margin for current summation

n Dynamic-Feedback Current Summation (DFCS) Scheme
• Reduce extra power consumption of peripheral circuits against a wide range of summation 

currents
p The fabricated 512Gb 3D NAND-based nvCIM macro achieves:

n Measured 50us for VVM operation @ 2bIN-4bW-8bOUT
n Measured 43× energy-efficiency and 47× search latency improvement w/ the VGGFace2 

dataset (170K)


