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Motivation: AI Applications & Edge Computing

Speech RecognitionFace recognition Wearable 
Medical Devices Medical Imaging

Home Robotics VR& GamingAutonomous CarsSmartTVSecurity & 
Surveillance

Huge amounts of data processing in 
real-time.



Motivation: Computing Limitations
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Enhanced Transistors Enhanced Architectures



In-Memory Compute AcceleratorVon-Neumann Accelerator
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Motivation: In-Memory Compute (IMC) 
Accelerator Architecture



Charge Domain Computing
 Compute using capacitive coupling and 

charge sharing.

Current Domain Computing
 Compute using discharging currents 

accumulation.

Compute in SRAM Cells

Bit-wise AND + Accumulate Bit-wise X-NOR + Accumulate
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Multiply analog IN by 1b-weight
  IN is applied to RDWL
  W turns on/off SRAM read port.
  𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜 = ∑𝐼𝐼𝑛𝑛  MAC output
  𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜 discharges RDBL.

RDBL Voltage Sensing
               𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜  ∝ ∑𝑖𝑖=0𝑛𝑛 𝐼𝐼𝑁𝑁𝑖𝑖 ∗ 𝑊𝑊𝑖𝑖

 Energy-Efficient MAC

 Compatible with standard 8T SRAM cell

 Supports analog/ n-bit inputs and weights
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Conventional Current-Domain IMC 8T SRAM 



 Limited Signal Margin at low VDD
 Limits IMC Parallelism.

 Non-linearity with RDBL discharge
 Limits MAC accuracy.

 Non-linearity with input/ output codes
 Limits IMC Parallelism and speed.
 Limits MAC accuracy.

 Process variations
 Limits MAC accuracy.
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Major IMC SRAM Challenges
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  Current-Controlled SRAM Read
 Low-power subthreshold read
  Higher IMC Parallelism

 RDBL Current Sensing with Negative 
Feedback
  Improves MAC linearity
  Lower mismatch and variations

 Time-Domain MAC
  PWM digital RDWL signal 
  Improves linearity with input codes

 Analog Inputs and Outputs
 Supports cascaded layers.
  Higher MAC accuracy
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Proposed Solution



𝑰𝑰𝒓𝒓𝒓𝒓𝒓𝒓 is mirrored to the bit 
cell read current.

Effective bigger length MR for lower mismatches

Fixed RDBL voltage 

𝑰𝑰𝒐𝒐𝒐𝒐𝒐𝒐 pulse width increases with Vin
𝑻𝑻𝒐𝒐𝒐𝒐𝒐𝒐 α Vin*W

Voltage-to-Time Converter
- Analog Input modulates 
   RDWL signal pulse width
- Activates the SRAM read 
  port current 
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Proposed IMC 12T SRAM Cell



 Current-Controlled Read
  Current mirrored from a reference 
  Low-power mode vs high-speed mode

 Low current mismatch & variation
  V_RDBL is regulated.
  VG_RDWL is generated from current mirror.
  𝑀𝑀𝑅𝑅 longer length and bigger area

 Read current is independent of input/ 
output codes
  𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 changes linearly with MAC output
  VG_RDWL is constant 
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Proposed IMC 12T SRAM Cell



 VTC generates RDWL pulses
 Analog Input modulates RDWL 

signal pulse width
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 Low-Power Comparator
 Current-controlled threshold
 High input dynamic range
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Voltage-to-Time Conversion (VTC)

Linear Low-Power Operation
Robust against Process Variations
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 Senses the SRAM output MAC current.
 Regulates the RDBL voltage.
V_RDBL is constant through a negative feedback loop.
 Improves MAC linearity
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Current-Sense Amplifier (CSA)



 Differential Current Sensing  
 Senses and converts differential RDBL 

current to voltage on 𝑪𝑪𝒊𝒊𝒊𝒊𝒊𝒊.
 Cancels mismatches.
 Overcomes SRAM leakage currents.
 Extends output signal margin.
 Ternary weight representation {1,0,-1}
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Proposed Analog IMC SRAM Macro



 Supports multi-bit input precision
 Adjust 𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 , 𝐼𝐼𝑟𝑟𝑟𝑟𝑓𝑓𝑉𝑉𝑉𝑉𝑉𝑉 to change integration time.
 Higher input precision requires slower operation.

 Supports multi-bit weight precision
 Connect multiple SRAM rows to one IN for n-bit W.
 Adjust SRAM rows’ currents for binary W 

representation.

 Current Controlled MAC
 Control MAC Speed.
 Adjust the outputs scaling/ dynamic range.

5b IN

32 ∗ 𝑇𝑇𝐿𝐿𝐿𝐿𝐿𝐿

6b IN

64 ∗ 𝑇𝑇𝐿𝐿𝐿𝐿𝐿𝐿

SRAM Row 1

SRAM Row 2

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟

2 ∗ 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟
IN
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Reconfigurable IMC SRAM Operation



 Proposed IMC architecture supports 
cascading macros without data 
conversion
  Analog inputs and outputs
 Low power and higher MAC Accuracy

 All-Analog Voice-Activity Detection
    (VAD)
 Process analog features directly without 

data conversion.
 Improves overall system performance
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Fully Analog Systems



 3-Layer MLP analog Classifier
 3-Cascaded analog IMC 

macros
 L1=16X32, L2=32X16, L3=16X8
 Voice input features are 

connected directly to the 
classifier inputs.

 Reuse the output capacitors of 
one layer as the VTC capacitors 
of the following layer.
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Analog VAD Classifier



 14-nm FinFET Technology
 1kb IMC SRAM Array

  100µm x 100µm
 VAD Classifier
 230µm x 200µm

 SPI + 6b input DACs
  120µm x 100µm

19

Die Photo
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Measured VTC Transfer Characteristics
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Linear VTC Operation
(-0.4*LSB<DNL<0.3*LSB) 
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Measurements Results (VTC)



2 different IN Values, W=1 

One IN, W=-1/+1

Different 32 IN/ W Values 
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Measurements Results (MAC)
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Measurements Results (MAC)



  𝑉𝑉𝐷𝐷𝐷𝐷 = 0.8V (Analog), 𝑉𝑉𝐷𝐷𝐷𝐷 = 0.5V (Digital), 𝑉𝑉𝐷𝐷𝐷𝐷 = 1.8V (Drivers & Buffers)

  𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 = 1.7μW− 2.4μW at 50 kHz − 100 kHz 
  6b inputs, 2b ternary weights, 6b outputs
  An off-Chip ADC samples analog MAC values. 
  XEM7001 FPGA checks the MAC accuracy. 

MAC Output Error

  Mean = 0.464 

  SD = 1.626 
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MAC Error Mean/Sigma is only 0.5%, 1.6% of the 
Actual MAC Value
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Measurements Results (IMC Macro)



This Work ISSCC’19 [3] JSSC’22 [5] VLSI’21 [1] JSSC’21 [4] VLSI’22 [2]
Technology 14-nm 55-nm 65-nm 14-nm 65-nm 22-nm
Cell Structure 12T (8T+4T(MR)) Twin 8T 8T PCM (8T +4R) 6T 6T
Bit-cell size 1µm x 0.7µm 2*(0.5µm x1.7µm) 1.8µm x 1.8µm - 2.6 µm2 -
Compute 
Mechanism

Current Current Current Current Charge Charge

MAC Out Sensing Diff. CSA + Integrating caps SA+ 5b ADC SA + 1-5b ADC 8b ADC CS caps +7b SAR ADC 8b ADC
Macro Size 32 x 32 128 x 128 64 x 60 128 x 128 64 kb 512 x 128 128 kb
Macro area 100µm x 100µm 200µm x 250µm 229.5µm x 165.6µm 234µm x234µm 0.63 mm2 330µm x 530µm 0.25 mm2

Input/Output 
precision

Analog 
(I:6b, O:6b)

Analog
(I:5b, O:5b) 

Analog
(I:5b, O:5b)

I:1b/2b/4b, 
O:3b/5b/7b

I:1b, O:1b-5b (I:8b, O:8b) Analog 
(I:4b, O:6b)

Digital 
(I:8b, O:8b)

Weight precision Ternary (2b) 2b/5b Binary (1b) Analog (4b) 1b/ 2b 8b
Supply Voltage 0.5V (Digital) / 0.8V (Analog) 1V 0.45V/ 0.8V 0.8V 1.2V 0.7- 1.1V
Bitwise 
operations/cycle

12k
(I:6b, W:2b, 

O:6b)

10 k 
(I:5b, W:2b, O:5b)

160 k 
(I:5b, W:2b, O:5b)

432
(I:1b, W:2b, O:3b)

32 k
(I:1b, W:1b, O:1b)

32k 64 k
(I:4b, W:1b, O:6b)

290k

Access Time 20µs (3) (50kHz) 10µs (2) (100kHz) 10µs (2) (100kHz) 3.2 ns - 128 ns 14.3 ns 4.54 ns
Macro 
Energy/cycle

34pJ (3) 17pJ (2) 77pJ (2) 2.94 pJ - 12.2 nJ 200.4 pJ 249 pJ

Throughput
(GOPS)(1)

0.6 (3) 1 (2) 16.4 (2) 135 6132.7 32768 4587.2 38400-64000

Compute Density 
(TOPS/mm2)(1)

0.06 (3) 0.1 (2) 0.328(2) 3.6 112 (w/. SA) 50.8 27.2 154-256

Energy 
Efficiency 
(TOPS/W) (1) 

330 (3) 

(measured)
580 (2) 

(measured)
2128 (2) 

(simulated) 
144.06 490 336 319.2 992- 2060

24

Measured IMC Macro Performance  

(1) Bitwise metric: normalized to 1b IN & 1b W, 1MAC= 2 ops (1 mult + 1 add) (2)100kHz (I:5b, W:2b, O:5b),  (3) 50kHz (I:6b, W:2b, O:6b)

High Energy-Efficiency with Good Linearity 



Low-Power and Accurate Implementation
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Measured VAD Analog Classifier 
Performance Summary

This Work ISSCC’22 [6] ISSCC’18 [7]
Technology 14-nm 28-nm 180-nm

Network Size 3 FC (2.125 kb) BNN- 4 FC (2.6 kb) BNN- 4 FC (4.5 kb)
Area 0.052 mm2 0.01 mm2 0.6 mm2

MAC Mode Analog Digital Digital
Input precision Analog (6b) 1b Digital (9b)

Weight precision Ternary (2b) BNN (1b) BNN (1b)
Neurons precision Analog 1b 1b

Supply Voltage 0.5V/ 0.8V 0.6V 0.55V
Classification Rate 6.45kHz 100 Hz 100 Hz

Classification Power 3.71 µW 34.8 nW 620 nW*
Classification Energy 0.575 nJ 0.35 nJ 6.2 nJ

VAD Accuracy 
89.8% 

5-dB SNR, White 
Noise

94%
10-dB SNR,
NOISEX-92

85%
10-dB SNR,

Restaurant Noise
* = Total power- (feature extraction / front-end power)



 Current-Controlled SRAM Read
 Low power subthreshold MAC operation
  Controlled MAC speed and extended signal margin
  Robust against process variations

 Reconfigurable Time-Domain MAC
  Support multi-bit inputs and weights 
  Improved MAC linearity

 Differential Current Sensing
  Improved MAC linearity
  Cancels mismatches and SRAM leakage currents.

 Analog Current-Domain IMC
  Supports cascading layers.
  Energy-efficient and accurate computing.
Can be used in all-analog classifier architectures.
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Key Message
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