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Recent expansions in camera deployments for applications like 
surveillance, healthcare, autonomous vehicles, robots necessitate 
low-power realizations even with large data volume. Standard digital 
video cameras generate ~Gbps data that are usually compressed to 
~10’s of Mbps, often in the camera (e.g. Omnivision 5640) using 
compression schemes, like lossy MJPEG before high energy/bit 
wireless communication. For instance (Fig. 1), a 2K RGB 8b video at 
30fps will generate ~1.5Gbps that is reduced to ~75Mbps (MJPEG: 
per-frame compression) or to ~6 Mbps (H.264: both per-frame and 
inter-frame compression). While H.264 enables lower data rate, it 
suffers from complex decoding (incurs high latency), and poor error-
tolerance, thus MJPEG is preferred for latency-sensitive error-prone 
communication of compressed video with real-time inference needs. 
However, such in-camera ADC with Digital compression suffers from 
1) high data volume (~Gbps) generated, consuming high ADC 
energy; 2) high compute energy required by the in-sensor digital 
accelerator to compress the data, increasing the power consumption 
of the processing modules in these nodes to ~10’s mW. This work 
draws on the recent progress of mixed-signal in-sensor computing to 
address the above challenges in these high-power and high data-
volume nodes and presents a “direct Analog to MJPEG 
Conversion (d-AJC)” technique that (1) compresses the analog 
pixel values from imagers in the mixed-signal domain using Switched 
Capacitor (SC)-based multiply and accumulate (MAC) units, and 
Quantizer, before (2) digitizing them with an event-driven sparsity-
aware ADC with run-length encoding, effectively compressing Gbps 
data in SC domain with 10’s of Mbps ADC, leading to an order of 
magnitude system power benefit. With gaining prominence of low-
power analog camera sensors (e.g., 25mW Omnivision 6946), along 
with the development of low-cost processing schemes, d-AJC, it is 
envisioned to solve issue of high-power imager nodes. 

d-AJC employs SC-based mixed-signal circuits for compression 
before digitization, thereby processing the images at/near the source 
(imager), which is more power efficient than digital implementations, 
due to approximate analog computing like [1]-[2]. Fig. 1 (top-right) 
shows the underlying operations in JPEG compression. It employs 
2D Discrete Cosine Transform (DCT) on an 8X8 block of image to 
transform it to frequency domain, which can also be expressed as a 
matrix multiplication (primarily, a series of MAC operations) of the 
input image block with the DCT matrix (A). The Quantization (Q) 
block takes in DCT output and Q matrix to perform element-wise 
division. The input Q-matrix determines the degree of compression 
of MJPEG (Chosen Q50 to trade-off compression and quality). The 
Zigzag (ZZ) Traversal block reorders and serializes the quantized 
8X8 matrix such that the significant samples occupy the beginning 
while the near zero (insignificant) samples are present at the end. 
Finally, Run Length Encoding (RLE) compresses the image data into 
fewer bits. We utilize the principle of charge redistribution in SC 
circuits to realize low-power MAC and division units that form the 
basis of 2D DCT and Q block, respectively. The values of 
multiplicands and divisors are stored in ratio of capacitors. The 
automatic Q calibration, discussed later, takes care of any variation 
(mismatch/PVT) in these capacitances (used in both DCT and Q), as 
will be shown in Fig. 5. By pushing the MJPEG conversion at/near 
the sensor, the presented work achieves ~4X lower power 
consumption than its digital counterparts and >20X lower ADC 
conversion energy by enabling it for only significant samples 
obtained after processing, which only contribute to <5% of the total 
compressed analog samples. Unlike event driven cameras that can 
be <10mW but only produce data during spiking events, this work 
targets power reduction of general-purpose video nodes from ~10’s 
mW to sub-10mW, while providing continuous MJPEG output. 

The system level implementation of the d-AJC IC is shown in Fig. 2. 
The IC serially takes in analog pixel voltages as inputs (column-wise 

8X8 image block), performs the MJPEG 
compression before feeding to the ADC. The 
2D DCT architecture is realized in two stages, 
comprises of DCT unit cells, using 
charge/voltage mode SC MAC units without 
any active power-hungry integrators operating 
with complex clock phases. Each DCT unit cell 
comprises of eight accumulator slices (P0-P7), 
containing a set of eight capacitors (C0-C7), 
corresponding to each row of matrix A that 
samples the input in non-overlapping phases. 
Once all the capacitors sample the input, they are accumulated at 
CAcc to compute the desired MAC operation, which is then sampled 
by the next stage before resetting. An intentional attenuation (μ), 
introduced due to charge sharing, is utilized to avoid saturation, 
which is later partially compensated using a voltage buffer with gain 
between two stages. Buffers are carefully placed after two sampling 
capacitors to ensure the total accumulated input referred KT/C noise 
remain within limits. Stage 1 DCT takes nine (9) data cycles to 
produce the output for each input column, which is supplied to the 
stage 2 DCT that run on slower clock phases, generated by a digital 
synchronization block, to sample output of the stage 1 DCT. Thus, a 
total of 72 (=9 cycles X 8 columns) cycles are required to compute 
the 2D DCT of the image block. 

The design of key subsystems is shown in Fig. 3, including the Q 
block, ZZ Traversal and control unit of the RLE+ADC. The Q block 
employs the principle of charge redistribution between capacitances 
to divide the output of 2D DCT with the coefficients of Q matrix. The 
division is performed in two phases to limit the range of the required 
Q capacitors (CQij,) to reduce overall area of the chip to < 2.25mm2. 
However, the area can be further scaled down considerably for lower 
technology nodes with higher capacitor densities. Note that the 
intentional attenuation of the stage 2 DCT is already incorporated in 
the Q matrix during design time, avoiding the need for extra gain 
amplifiers for compensation. The output of the ZZ traversal block, 
implemented using 64:1 analog muxes and digital controller is fed to 
Differential Ended to Single Ended (DE to SE) amplifier with a gain 
of 3X to compensate the residual attenuation (from Stage 1 DCT). 
The Strong-Arm latch-based comparator with PMOS input stage 
identifies the significant samples at the output of the DE to SE 
amplifier to enable a 10-bit SAR ADC, while the RLE is activated for 
insignificant samples. 

Power consumption of the d-AJC IC is shown in Fig. 4, for different 
input data rates and supplies. Our architecture consumes 2.02mW 
power for 5MSps analog image data (equiv. to 360p RGB at 12fps or 
480p RGB at 6fps) for 0.95V core supply. d-AJC is scalable to 
operate for prevailing higher resolution and high frame rate (HD or 
4K 30fps) videos with high-BW buffers, and high-speed ADC. The 
bias current of the buffer is limited by the quality of the reconstructed 
image and the input data rate. Fig. 4 also presents the shmoo plot 
for the ASIC for different supplies and data rates. Fig. 5 exhibits the 
performance benefits of the system, and the Q matrix calibration that 
significantly improve (>9dB) the peak signal to noise ratio (PSNR) of 
a reconstructed image. Different set of 8X8 analog image sets, 
obtained from the attributes of Q and DCT matrices are sent to the 
IC for Q calibration. Comparing the actual output from the chip (for 
the custom input image block) with the expected output provides a 
direct estimation of the actual capacitance realized in the chip, which 
is later compensated at the time of decoding to enhance the PSNR 
of the reconstructed image (Fig. 5), as MJPEG allows concatenation 
of Q’’ with the compressed output for decoding. For 480p RGB video 
input at 6fps, the effective data rate handled by the d-AJC IC is > 
50Mbps, limited by the throughput of ADC. 

Fig. 6 shows the measurement setup and compares the test chip 
performance with state-of-the-art JPEG encoders and DCT 
compression engines, exhibiting the lowest total Pixel to JPEG 
(DCT+ADC) Power (2.02 mW, 4X improvement, Fig. 5) and also the 
lowest 2D-DCT core power (148μW) power by 3X compared to [4] 
that uses digital circuits at NTV.  
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Fig 1: (left) Direct Analog to JPEG Conversion (d-AJC) with Sparse-Aware ADC as a 
low power alternative to standard high power VSNs; (right) Flow of the standard JPEG 
with SC-based MAC unit for DCT computation; (bottom) Charge sharing to implement 
division, Sparsity in output of ZZ traversal, functioning of the RLE with key contributions 

. 

 

 
Fig 2: (top) System level block diagram of MJPEG encoding IC with off chip calculations; 
(bottom) implementation of 2D DCT using SC based Charge mode MAC units and non-
overlapping clock phases to perform sampling, accumulation and resetting of charge 
stored in the capacitors.  

. 

 

 

Fig. 3: (left) Circuit level implementation of the Quantization block using SC based 
divisions; (right) Implementation of Zig Zag traversal block with DE to SE amplifier; 

(bottom) Control circuit and Timing Diagram of Run length encoding ADC. 

  

 
Fig. 4: Measurement Results of the test chip: (top left) Overall power consumption for 
different input data rates and supplies, achieving 2mW operation for 5MSps data; (top 
right) Power breakdown of constituent blocks; (bottom left) Quality-power tradeoff for 
2X buffers; (bottom right) Shmoo plot showing operability of the ASIC. 

 

 
 Fig 5 (top) Performance benefit of d-AJC over Standard video sensing node for 480p 
20fps data, achieving >20X lower ADC conversion energy and ~4X low-cost processing 
in SC domain; (bottom) Characterization and Calibration of Q matrix, showing ~10dB 
benefit in PSNR of reconstructed image 

 

 
Fig. 6 (top) Off chip decoding of JPEG encoded image with measurement setup; 
(bottom) Comparison with state-of-the-art JPEG encoders and compression engines, 
showing sub 2mW MJPEG encoder and >3X lower power 2D DCT compression over 
previous implementations 

.  

 

Figure 1: (left) Direct Analog to JPEG Conversion (DAJC) with Sparse-Aware ADC as a low power alternative to 

standard high power video sensing nodes; (right) Flow of the standard JPEG with SC-based MAC unit for DCT 

computation; (bottom) Capacitor Charge sharing to implement division, Sparsity in output of ZZ traversal, 

functioning of the RLE with contributions of the work
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Figure 2: (top) System level block diagram of MJPEG encoding IC with off chip calculations; (bottom) 

implementation of 2D DCT using SC based Charge mode MAC units and non overlapping clock phases to 

perform sampling, accumulation and resetting of charge stored in the capacitors. 

Out

S7

S6

S0

S1

ФReset

ФAcc

Ф7

Ф6

Ф1

Ф0

CLK_IN

Vacc

Input

VReset.

.

.

.

Ø0 

Ø0 

Ø1 

Ø1 

Ø7 

Ø7 

ØAcc 

ØReset 

S0+

S0-

S1+

S1-

S7+

S7-

S0+

S1+

S7+

S0-

S1-

S7-

Out+

Out-

C1,0

C1,1

C1,7

V0+

V0-

V1+

V1-

V7+

V7-

CAcc

C1,0,.., C1,7

System level block diagram of MJPEG Encoding IC

2D DCT Quantization 
ADC

1. Run Length 

Decoding

2. Pre-Processing

3. Inverse 

Quantization

4. Inverse 2D DCT

Analog 

Input

Q’

Off-Chip CalculationMJPEG Encoding IC
JPEG 

encoded Bits

S&H

DCT Matrix (A) Q Matrix (Q)

Zig Zag 

Traversing DE to 

SE

RLE

Comparator

10

EN

Ana Out

Calibrated 

during 

measurements 

to compensate 

variationsValues of DCT matrix and Q matrix are 

embedded in the ratio of capacitances

Enables ADC only for samples 

with significant values

    

          
  
      

 

 = Intentional Attenuation factor introduced in each 

DCT element due to charge sharing (chosen to be 5)

      = Element in the standard DCT matrix

2D DCT 

1

1

64 64

Y2D_DCT = AXinAT

A = DCT matrix

X = Image Block 

1D 

DCT 

Unit 

Cell

1D 

DCT 

Unit 

Cell

1D 

DCT 

Unit 

Cell

1D 

DCT 

Unit 

Cell

……

.

.

.

.

.

.

.

.

2X
 V

o
lt

ag
e 

B
u

ff
er

(8
 n

o
s)

 –
D

ri
vi

n
g

 5
00

fF

Y
2D

 D
C

T
(6

4 
lin

es
)

Input (from 

S&H circuit)

72 cycles required to 

compute 2D DCT of 

image block (8X8)

0
1

6
7

0
1

6
7

0
1

6
7

0
1

6
7

2 3 4

64 64

Single Ended

Differential *Signal lines shown for single ended case

500fF

In
p

u
ts

 a
t 

d
if

fe
re

n
t 

p
h

as
es

All nodes shorted to CAcc

in ФAcc to perform MAC 

operation simultaneously

Timing Waveform for computing one 

column of 1D DCT (9 cycles)

VReset : Resets the accumulated differential voltage to 

zero while keeping VCM = VReset ,thereby maintaining 

the buffer within operating limits.

Non-Overlapping 

Ø-generatorCLK_IN

.

.

.

Ф0
Ф1

ФAcc
ФReset

Stage 1 DCT 

Stage 2 DCT 

C=AXin

Y2D_DCT = CAT

✓ No digital synchronization (Area-Power Trade off )

✓ No analog integrators for accumulation 

✓ Swapping the input terminals performs signed 

operations

Capacitor array (C1,0-C1,7) 

corresponding to each 

row of DCT matrix

P0
P1

P7

i. 480p 6 fps

ii. 360p 12 fps
Modalities

Sampling

Accumulation

Reset

Figure 3: (left) Circuit level implementation of the Quantization block using SC based divisions; (right) 

Implementation of Zig Zag traversal block with DE to SE amplifier; (bottom) Control circuit and Timing Diagram 

of Run length encoding ADC.

Example of ZigZag Traversal

Quantization

YQuantized = Y2D_DCT / Q Matrix

Ø1 Ø2

CA00 CQ00
Cinter

Ø1 Ø2

CA07 CQ07
Cinter

… … …

Ø1 Ø2

CA10 CQ10
Cinter

Ø1 Ø2

CA17 CQ17
Cinter

Ø1 Ø2

CA70 CQ70
Cinter

Ø1 Ø2

CA77 CQ77
Cinter

... ...

...

• Utilizes charge sharing among CAij, Cinter and Cqij for division

• Divisors stored in the value of capacitors (memory)

• Attenuation ( ) of stage 2 DCT taken care in Q matrix at  design

• Two phases (Ø1 and Ø2) to transfer the charge to an intermediate 

lower capacitance (Cinter) to reduce the range of CQij, reducing the area 

of the chip

SEL<5:0>

Yquantized+<0>

Yquantized+<63>

…
.

A
n

alo
g

 M
U

X
 (64:1)

Digital Controller

ZigZag+

ZigZag-

CLK

START
SEL<5:0>

Zig Zag Traversal

DE to 

SE
Buffer

3X 

Gain 

Differential to Single 

ended amplifier

A
n

alo
g

 M
U

X
 (64:1)

… … …

… … …

Run length Encoding Sparse Aware ADC

Ana Out

Ana Out

10b 

ADC

RLE

10

10

Digital 

Controller

(Clocking 

+Serializing 

+ MUX)

EN

CLK ADC
CLK to Encoder

(Duty-Cycled)

Serial Out

10
JPEG Samples

CLK ADC

CLK ADC

V Thresh

EOC*ADC requires 14 

cycles for conversion

Timing Control for ADC 

2 3

4

10b 

Counter

CLK ADC

EN_B

10 • Counts for EN = 0

• Resets otherwise

CLK ADC

Ana Out

CLK to 

Encoder
ENABLE ADC

ADC out

RLE Out

JPEG Samples

D1 D2

D1 D2

01 02 01

02

V Thresh

Duty Cycled Clock
14 cycles for conversion

6 cycles for computation

RLE activated

Compensates the 

residual intentional 

attenuation introduced 

by stage 1 DCT

Ø1 Ø2

CA00 CQ(0,0)Cinter

Solve for CQ00: 
 
Q00 

= 
C 00

C 00 Cinter
Cinter 

Cinter CQ00

CQ00 = 95.45 fF

2021.2

662.8600

800

1000

1200

1400

1600

1800

2000

2200

0.06 0.13 0.25 2.50 5.00

To
ta

l P
o

w
er

 C
o

n
su

m
p

ti
o

n
 (

µ
W

) Supply = 1V

Supply = 0.95V

Supply = 0.9V

Supply = 0.85V

Supply = 0.8V

Measurement Results of the Test Chip with d-AJC + Sparsity-aware ADC

Power Consumption (µW) Pie ChartPower vs Data Rate

Major contributor: 2X 

Buffers between Stage 

1 and Stage 2 DCT

Pass Pass Pass Pass Pass Pass Pass Pass

Pass Pass Pass Pass Pass Pass Pass Pass

Pass Pass Pass Pass Pass Pass Pass Fail

Pass Pass Pass Pass Pass Pass Fail Fail

Pass Pass Pass Pass Pass Fail Fail Fail

Fail Fail Fail Fail Fail Fail Fail Fail

Quality of decoded image taken as a metric for operability (Most Fails are due 

to degradation in image quality, although circuit operates at these VDDs)

10.00

20.00

30.00

40.00

50.00

15 30 45 60 75

P
S

N
R

 (
d

B
)

Buffer Bias Current (uA)

500 kSps

10 MSps

Clock Freq.

Quality Threshold

PSNR vs Buffer Current

PSNR calculated for a set of test images and Quality 

threshold -> 25dB

S
u

p
p

ly
 V

o
lt

ag
e(

V
)

Clock (MHz)

1

0.95

0.90

0.85

0.80

0.75

0.1 0.25 0.5 1.0 2.0 5.0 10 20

Minimum Bias Current for buffer is 

limited by the quality of decoded image

34uA26uA

1534

18

34199
30

2X Buffer Non Overlapping Phase Generator DE to SE 2D DCT ADC

Core VDD = 0.95V

Data Rate = 5MSps

Shmoo Plot: Operability of the ASIC

Power in (µW)

Data Rate(MSps)

Voltage Buffers 

driving 500fF load 

Figure 4: Measurement Results of the test chip: (top left) Overall power consumption for different input data rates 

and supplies, achieving 2mW operation for 20MSps data; (top right) Power breakdown of constituent blocks; 

(bottom left) Quality-power tradeoff for 2X buffers; (bottom right) Shmoo plot showing the range of operating 

supply voltage for different data rates.

KHz

MHz

Figure 5 (top) Performance benefit of DAJC over Standard video sensing node for 480p 20fps data, achieving 

>20X lower ADC conversion energy and >12X low-cost processing in SC domain; (bottom) Characterization and 

Calibration of Q matrix, showing ~10dB benefit in PSNR of reconstructed image

Characterizing and Calibrating for Q matrix

DUT

.

.

.

.

…
8

8

1

2

64

…

…

0.6 …

…

…

…

0.6…

…

0 0… … …

0.6 0.6

… …

0 0…

…

…

…

…

…… …

4

4

0.6

0.6

…

…

…

…
0.6

0.6

…
…

…
…

…
…

…
…

…

…

0.6 0.6… … …

…
…

i/p Image Block for 

Q00

i/p Image Block for 

Q10

0.3

0 … …
0

0

…
…

…
…

…
…

…
…

…

0 … … …

…
…

000000

0

0.15

0.18 … …
0

0

…
…

…
…

…
…

…
…

…

0 … … …

…
…

000000

0

Expected o/p Image 

Block for Q00

Expected o/p Image 

Block for Q10

Different Image test sets 

(Limited to only top left corner 

elements of Q matrix)

Expected: 16

Measured: 20

Expected: 12

Measured: 13
Based on the observed output, we update the Q matrix (Q’) and use it for 

decoding. (Takes care of the variations in caps during encoding)

ADC + Digital MJPEG vs DAJC: Energy Comparison

0.24

Expected : 0.3

Actual : 0.24

Real Q00 = (0.3/0.24)*Ideal(16)

= 20

(due to variations and 

routing parasitics)

0.00

0.20

0.40

0.60

0.80

1.00

480p HD 2K QHD 4K

R
el

. A
D

C
 c

o
n

ve
rs

io
n

 E
n

er
g

y Sparse aware ADC

Standard ADC

>20X

Proposed architecture is digitally synthesized and 

encoding power is calculated in Spice simulations

0.00E+00

2.00E-03

4.00E-03

6.00E-03

8.00E-03

1.00E-02

Encoder Total

P
o

w
er

 C
o

n
su

m
p

ti
o

n
 (

m
W

)

Digital MJPEG DAJC

Input: 480p 6 fps

>3.9 >3.8X

10

PSNR= 33.21 dBPSNR= 24.17 dB

Q’
JPEG 

Encoding

JPEG 

Encoding

DecodingDecoding
Q Q’’

Q’: Q-matrix with 

Capacitor variation (8%-

20%).

Q’’: Calibrated Q-matrix

Q: Ideal Q-Matrix 

Calibration helps in getting ~10dB of PSNR improvement

Sent one-by-one to the ASIC

8

6

4

2

0

Comparison with the State-of-the-Art

* For even comparison with DCT-only architectures, Intermediate Buffer Power 

omitted during calculation (includes DCT, Q, ZZ with DE to SE in the end)

* DC Energy considered as “E” for all encoder architectures

# Without considering ADC conversion and voltage translators power (for NTV) 
that typically consume significant  power at these operating frequencies

* pJ/64 pixels not reported for ISSCC’09 (design specific)
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Figure 6 (top) Off chip decoding of JPEG encoded image with performance evaluation for tuning the encoder 

characteristics; (bottom) Comparison with state-of-the-art JPEG encoders and compression engines, showing  

sub 2mW MJPEG encoder and >10X lower power 2D DCT compression over previous implementations

This Work ISSCC’ 4# ISSCC’09* TCAS for Video'06 ISSCC'97 JSSC'96

Target Application JPEG encoder JPEG encoder JPEG encoder DCT compression JPEG encoder DCT compression

Implementation Style Analog - Charge/Voltage Digital Digital Analog - Current
Analog -

Charge/Voltage
Digital

Clock Freq 5MSps, effective (50 Mbps) 5-275 MHz 2.5 MHz No Clock 760 KHz 150 MHz

Power 

dissipation

Total Pixel to JPEG

(DCT+ADC) Power

2.02 mW 

(with low-noise buffers + 
ADC) @ 480p 6fps

no ADC no ADC no ADC Not Reported no ADC

2D DCT Power
148 uW (SC-DCT core 

power) @ 480p 6fps

30pJ/pixel @41 MHz

35pJ/pixel @ 100MHz

437 uW @ 480p 6fps

[3pJ(for 4 
engines)+1.8pJ]*

Npipeline
(not reported)

2.5mW 10.8 mW- 2 core 10mW

ADC Energy 0.05E E E - E -

Power Supply 0.8-1 0.33
0.4(engine)/0.6 

(Huff)
3 0.9

Area 2.5 mm2 3 mm2 1.96 mm2 0.03mm2 (core) 

total (not reported)
1.1 mm2 4 mm2

Technology 65nm CMOS 40nm 65nm 180nm 350nm 300nm
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