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Background + Architecture



Worcester CMOS Image Sensor – WCIS MQP

TSMC 180nm 1P6M 3v3/1.8V CMOS

2mm

2mm3



High Level Diagram
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Flash ADC (FADC) Circuit Diagram
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Flash ADC (FADC) Circuit Diagram
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Timing Diagram

     

    

   

   

   

    

        

        

Sample & Hold

Comparator Enable

Thermometer to One-Hot 

& ROM Encoder

MUX new data into shift register

Shift serial data out

Latch Parallel Data

Fs = Sampling Frequency
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FADC Layout

1.3 mm

0.1mm

11

4um

FADC on WCIS Chip



FADC Layout

RESISTOR NETWORK

ROM ENCODER

Thermometer to One Hot Encoder

COMPARATOR LADDER

Data Latches
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FADC Layout

RESISTOR NETWORK

ROM ENCODER

S/H OPAMP

S/H CURRENT BIAS

Thermometer to One Hot Encoder

Comparator Ladder

FADC 

Scan-chain
FADC Current Bias

FADC 

Scan-chain
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Test Methods



Test Setup
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Coherent Sampling Setup

The Fast Fourier Transform lets us take a captured 
“epoch” of data and generate a frequency spectrum
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Coherent Sampling Setup

But the “epoch” MUST be coherently sampled to generate 
accurate spectrum data and avoid spectral leakage
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Coherent Sampling Setup

“Sampling of a periodic signal such that there is an integer 
number of signal cycles in the waveform epoch” –IEEE1241

𝐹𝑖𝑀 = 𝐽𝐹𝑆

             

            

𝑭𝒊 Input Frequency

M Number of samples in waveform epoch

J
Integer number of cycles of the signal in the epoch,   
which is relatively prime to M

𝑭𝑺 Sampling Frequency
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Coherent Sampling Setup

𝐹𝑖𝑀 = 𝐽𝐹𝑆

𝑭𝒊 Input Frequency

M Number of samples in waveform epoch

J
Integer number of cycles of the signal in the epoch,   
which is relatively prime to M

𝑭𝑺 Sampling Frequency18



FFT Spectrum Analysis



Initial FFT Measurement

Spectral 

Leakage!

Initial FFT spectrum showing spectral 

leakage around fundamental tone
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Hanning Window

Initial FFT spectrum showing spectral 

leakage around fundamental tone
FFT spectrum after applying Hanning 

window showing less spectral leakage

BEFORE AFTER
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Signal Estimation - Tabei & Ueda Method

(a) 

𝐴 =
−2|𝐺(𝑘𝑚𝑎𝑥)|

𝑁 ∙ 𝐶𝐺

𝜋(𝑓 − 𝑘𝑚𝑎𝑥)

sin(𝜋(𝑓 − 𝑘𝑚𝑎𝑥))
× (𝑓 − 𝑘𝑚𝑎𝑥 − 1)(𝑓 − 𝑘𝑚𝑎𝑥 + 1)

𝑃𝑜 =
1

2𝜋
𝐴𝑟𝑔(𝐺(𝑘𝑚𝑎𝑥)𝑒−𝑗𝜋(𝑓−𝑘𝑚𝑎𝑥))

https://www3.advantest.com/documents/11348/f641a733-fcbe-43e8-b020-7799cd4c82bc
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Breakdown Characterization Calculations

FFT with Hanning Window

Noise + Distortion FFT

Estimated fundamental tone

Noise FFT

• 𝑆𝑁𝑅 = 20log(
𝑉𝑠𝑖𝑔𝑛𝑎𝑙, 𝑅𝑀𝑆

𝑉𝑛𝑜𝑖𝑠𝑒,𝑅𝑀𝑆
)

• 𝑆𝐼𝑁𝐴𝐷 = 20log(
𝑉𝑠𝑖𝑔𝑛𝑎𝑙, 𝑅𝑀𝑆

𝑉𝑛𝑜𝑖𝑠𝑒+𝑑𝑖𝑠𝑡𝑜𝑟𝑡𝑖𝑜𝑛, 𝑅𝑀𝑆
)

• 𝑇𝐻𝐷 = 20log(
𝑉ℎ𝑎𝑟𝑚𝑜𝑛𝑖𝑐, 𝑅𝑀𝑆

𝑉𝑠𝑖𝑔𝑛𝑎𝑙, 𝑅𝑀𝑆
)

• 𝐷𝑅 = 20log(
𝐴𝑠𝑖𝑔𝑛𝑎𝑙

𝑉𝑛𝑜𝑖𝑠𝑒, 𝑅𝑀𝑆
)

• 𝑆𝐹𝐷𝑅 = 20log(
𝐴𝑠𝑖𝑔𝑛𝑎𝑙

𝐴𝑠𝑝𝑢𝑟, 𝑚𝑎𝑥
)

• 𝐸𝑁𝑂𝐵 =
𝑆𝐼𝑁𝐴𝐷−1.76

6.02
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Measured ENOB (Uncalibrated)
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Static Characterization



Static Characterization Capture
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Static Characterization - Histogram Method
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CTL Function (T[k])

ADC Code (k)

V
o

lt
a

g
e

 (
V

)

𝑇 𝑘 = 𝐶 + 𝐺 σ𝑖=0
𝑘−1 𝑯 𝒊 , for k = 1, 2, … (2𝑁 − 1)

𝐺 =
𝑉𝑟𝑒𝑓 ℎ𝑖𝑔ℎ − 𝑉𝑟𝑒𝑓 𝑙𝑜𝑤

𝑆

𝐶 = 𝑉𝑟𝑒𝑓 𝑙𝑜𝑤

where S is the total number of samples
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Static Gain and Offset (IEEE-1241)

“Values by which the input values are multiplied and then to which the 

input values are added, to cause the deviations from the output values 

to be zero at the terminal points”
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Static Characterization - Results

28

𝐷𝑁𝐿[𝑘] =
𝐵𝐼𝑁_𝑊𝐼𝐷𝑇𝐻𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑[𝑘] − 𝐵𝐼𝑁𝑊𝐼𝐷𝑇𝐻𝑖𝑑𝑒𝑎𝑙[𝑘]

𝐵𝐼𝑁_𝑊𝐼𝐷𝑇𝐻𝑖𝑑𝑒𝑎𝑙[𝑘]

𝐼𝑁𝐿[𝑘] =
𝐴 ∙ 𝑇 𝑘 + 𝑉𝑂𝑆 − 𝑇𝑛𝑜𝑚[𝑘]

𝑄 ∙ 𝑉𝐹𝑆



Results & Comparison



Comparison
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Comparison
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Walden Figure of Merit

There are many metrics to 
characterize    ’s:

▪ Power consumption

▪ Aperture Bandwidth

▪ Resolution

▪ Size

▪ CMRR

▪ Yield

▪ Speed

How much energy is used per code step?

𝑃 =
𝑑𝐸

𝑑𝑡

𝑃 =
𝑑𝐸

ൗ1
𝑓𝑠

𝐸 =
𝑃

𝑓𝑠

𝐹𝑂𝑀𝑊 (fJ/conv step)= 𝐸/2𝐸𝑁𝑂𝐵 =
𝑃

𝑓𝑠∙2𝐸𝑁𝑂𝐵
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Comparison
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Schreier Figure of Merit

𝐹𝑂𝑀𝑆 (dB) = 𝑆𝐼𝑁𝐴𝐷 + 10 log
𝐵𝑊𝑛𝑦𝑞𝑢𝑖𝑠𝑡

𝑃

𝐹𝑂𝑀𝑆 (dB) = 𝐷𝑅 + 10 log
𝐵𝑊𝑛𝑦𝑞𝑢𝑖𝑠𝑡

𝑃

FFT with Hanning Window
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Comparison
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Schreier Figure of Merit

(Boris Murmann, University of Hawaii, ADC Survey)
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Conclusions



Reflection

• Why was resolution limited 
but power exceptional?

─ General Flash ADC limitations

─ Resistor ladder

─ Comparator ladder

▪ Skipped codes from offset 
mismatch
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Limitations & Hindsight

─Unaccounted noise 
error

─ Improvements Python 
GUI

─Background/ 
Foreground 
calibration
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Next Steps

Parallel ADC calibration to remove 
thermal or jitter noise from FFT

Characterize image sensor

Associate researcher in WPI CHIPS 
Design Studio

New classes at WPI!

Moving to Boston!

S T U D I O
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Thank you!

Ibrahim Boyzel

Co-Advisor

Suat Ay

Major Advisor
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Any Questions?

Thank you!
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CARRIER PCB
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   F i M = J  F S


   𝑭 𝒊


   𝑭 𝑺


   F i M = J  F S


   𝑭 𝒊


   𝑭 𝑺


  A =   − 2 | G (  k  m a x ) |  N ∙  C G   𝜋 ( f −  k  m a x )  sin ⁡ ( 𝜋 ( f −  k  m a x ) ) × ( f −  k  m a x − 1 ) ( f −  k  m a x + 1 )


   P o =  1  2 𝜋 A r g ( G (  k  m a x )  e  − j 𝜋 ( f −  k  m a x ) )


  S N R = 20 log ⁡ (    V  s i g n a l ,       R M S   V  n o i s e ,   R M S )


  S I N A D = 20 log ⁡ (    V  s i g n a l ,       R M S   V  n o i s e + d i s t o r t i o n ,       R M S )


  T H D = 20 log ⁡ (    V  h a r m o n i c ,       R M S   V  s i g n a l ,       R M S )


  D R = 20 log ⁡ (    A  s i g n a l   V  n o i s e ,       R M S )


  S F D R = 20 log ⁡ (    A  s i g n a l   A  s p u r ,       m a x )


  E N O B =   S I N A D − 1 . 76  6 . 02


  E N O B =   S I N A D − 1 . 76  6 . 02


  T  [ k ] = C + G  ∑  i = 0  k − 1  𝑯  [ 𝒊 ] ,  


  k = 1 ,   2 , … (  2 N − 1 )


  G =    V  r e f   h i g h −  V  r e f   l o w S


  C =  V  r e f   l o w


  D N L [ k ] =     B I N _ W I D T H  m e a s u r e d [ k ] −   B I  N  W I D T H  i d e a l [ k ]    B I N _ W I D T H  i d e a l [ k ]


  I N L [ k ] =   A ∙ T  [ k ] +  V  O S −  T  n o m [ k ]  Q ∙  V  F S


  P =   d E  d t


  P =   d E   1   f s


  E =  P   f s


    F O M W  


  = E /  2  E N O B =  P   f s ∙  2  E N O B


    F O M S  


  = S I N A D + 10   log ⁡      B W  n y q u i s t P


    F O M S  


  = D R + 10   log ⁡      B W  n y q u i s t P

