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AFE-Motivation
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Typical Sensor Front-End

Problems
qLarger ADC power
qData deluge challenge
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Analog-To-Feature Extraction

Reduces data while retaining quality for downstream tasks

qReduction in sensor power
qReduction in output data volume
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AFE Compute-IN-Memory

Analog-Vector Digital Matrix Multiplication (A/D VMM) using 
Compute-In-Memory (CIM) technique.
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AFE Compute-In-Memory (CIM)
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Approach
qThe design employs an 

analog-vector digital-
matrix multiplication (A/D-
VMM) engine to compute a 
weighted linear 
combination of input 
analog signals to generate 
lower-dimension digital 
features.

qThe real time update of 
weight matrix W supports 
adaptive feature extraction
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Circuit Level Motivation - I

Analog 
Input 
(Vin)

Operates in 
Linear RegionIcell ∝ Q*Vin

qUpon varying the A-
WL from 0.4 to 1V 
and storing 1 or 0 in 
the SRAM, we 
observe a highly 
linear on-current 
curve and negligible 
off-current 
respectively.
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Circuit Level Motivation - II
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weighted 

Bit-Current 
Accumulator 

(BCA)

Current Domain ADC

qAccumulated current 
through each bitline
undergoes shift and add 
operation in analog 
domain

qCurrent mirror ratios for 
each column designed to 
reduce the current before 
combination.
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Circuit Level Motivation - III
Current Domain ADC

Stage 1 Stage 2 Stage 8

Iref Iref Iref

D1 D2 D8

MSB LSB

Iin
Iout1

2*Iin < Iref à D1 = 0 and Iout1 = 2*Iin

2*Iin > Iref à D1 = 1 and Iout1 = 2*Iin – Iref

Iref = Imax
[1] B. D. Smith, "An Unusual Electronic Analog-Digital Conversion Method," in IRE Transactions on Instrumentation, vol. PGI-5, pp. 155-160, June 1956, doi: 10.1109/IRE-
I.1956.5007017.
[2] D. G. Nairn and C. A. T. Salama, "Current-mode algorithmic analog-to-digital converters," in IEEE Journal of Solid-State Circuits, vol. 25, no. 4, pp. 997-1004, Aug. 1990, doi: 10.1109/4.58292.
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Architecture
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AFE-CIM Simulation and 
Measurement Results
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Simulation
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Measurement Results –I 

qThe features [𝒚𝒐𝒖𝒕(𝒕)] generated by AFE-CIM are measured considering 
random 𝑾 and/or varying 𝒗𝒊𝒏(𝒕). The ADC output increases linearly 
with 𝑉&'( and with the norm of the input vector 𝒗𝒊𝒏.

Trend:  
More 
Linear the 
better
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Measurement Results –II

qGiven a fixed 𝒗𝒊𝒏 and random 𝑾, the measured ADC output for the 
feature 𝑦)(𝑡) increases linearly with an increase in ||𝑾𝒌 || .

Trend: Lesser 
the computation 
error better the 
linearity

Mean: 7.9%
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Measurement Results –III

qThe maximum AFE-CIM throughput is estimated by switching the 
input between 𝑽𝒎𝒂𝒙 & 𝑽./0 and computing the swing in the ADC 
output.

Trend: If diff  
b/w max and 
min ADC output 
decreases that 
frequency 
determines the 
throughput.
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Physical Design & Area Overhead

qThe AFE-CIM layout and the 
pitch-matching of the BCA and 
ADC across 4 columns of the 
SRAM.

qPeripheral circuits, including BCA 
and ADC occupied only 16% of 
the core area.
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Chip Summary

qThe chip summary, 
die-photo, area and 
power breakdown of 
the AFE-CIM in 28nm 
CMOS.
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20 of 12

Comparison with Prior Works

*One operation ≈ multiplication of an analog input with a 4-bit weight or an addition.
*All power and throughput are measured for inference operation.



AFE-CIM Application – Simulation 
Study from Measurement Data
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Sim. from Measurement Data

Statistical ADC 
output referred 

error model

0 – N(μ0 , σ0)

1 – N(μ1 , σ1)

255 – N( μ255, σ255)

qUse the error model to emulate the 
non-linearity in the VMM computation 
in AFE-CIM
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Beamforming using AFE-CIM

[3] C. DeLude et al., ”Broadband Beamforming via Linear Embedding,” arXiv preprint arXiv:2206.07143, 2022.

Trend: Error Lower the better
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Image Class. using AFE-CIM
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Thank you! Questions?

ssharma497@gatech.edu
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Backup
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Circuit Level Intuition
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Circuit Level Intuition

q108 MHz (measured) operation 
of the digital bit-line (BL/BLB) 
and word-line (WL) peripherals 
enables the real-time update of 
matrix 𝑾.
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Circuit Level Intuition

qDuring A/D-VMM operation, the 
analog vector 𝒗𝒊𝒏 is applied to 
the A-WL (analog word-line) of 
all rows and the 2T-read path of 
8T-cell is used for CIM operation.  
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Circuit Level Intuition
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Circuit Level Intuition
qThe read-currents from all cells 

in an SRAM column are 
accumulated at the A-RBL. The 
column currents from 4 A-RBLs 
are weighted by their bit-
significance and accumulated 
using Binary-weighted Bit-
Current Accumulator (BCA).
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Circuit Level Intuition

qThe output current from the BCA 
represents one element of the 
feature vector (i.e., 𝑦) 𝑡 =
𝒘𝒌
𝑻𝒗𝒊𝒏(𝒕)), which is then digitized 

using an 8-bit current domain 
ADC. 
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Circuit Level Intuition

qThe reference current is 
generated using a redundant 
column of the SRAM array with 
64 number of on cells 
programmed to replicate half of 
the maximum current.

33 of 25



Scalability Simulation

We define linearity error (∆) as: 
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Scalability Simulation

qThe power efficiency and 
compute density are higher for 
AFE-CIMs with more rows, 
thanks to higher parallelism in 
analog computation. 
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Scalability Simulation

qThe normalized error 
distribution increases with 
the scaling number of rows 
due to the non-linearity 
introduced in the 2T read 
path and BCA block. 
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ADC Numerical Example
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Approach
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Architecture
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Architecture
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