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Outline

▪ Introduction 

▪ Signal chain overview
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Introduction

▪ Wanted detector for cryo-EM

▪ Direct detection

▪ Single electron counting

▪ High frame rate: desired > 8000fps  

▪ High resolution: > 4k x 4k

▪ …
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▪ Proposed techniques 

▪ Single electron detection

▪ On chip event detection: as early as possible in 

signal chain  

▪ High frame rate 

▪ Current mode circuity 

▪ Event based sparse readout

All 4k by 4k pixels would be read at 8000fps:

➔ 134 Gpixel/s 

Data rate > 1 Tbit/s (8bit)

Follow the proposed methods, 4k resolution and 

8000fps can be reached in sparse mode readout: 

Date rate: 48 Gbit/s 

Data reduction: 20 X



Architecture

▪ 2 by 2 stitching

▪ 2 side readout

▪ Simultaneously 16 rows 

readout at each side 

▪ Segmentation: 4 X 1024 
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Compare 

𝑉𝑜𝑢𝑡 𝑆 − 𝑉𝑜𝑢𝑡 𝑅 + 𝑉𝑡ℎ > 0

R

S

Sample 

Q

R S

Threshold (𝑉𝑡ℎ) 

Signal chain of single pixel  
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𝑖𝑜𝑢𝑡 = 𝑉𝑓𝑑 ∗ 𝑔𝑚

Charge collection Q  → 𝑉𝑓𝑑→ 𝑖𝑜𝑢𝑡

𝑉𝑜𝑢𝑡 = 𝑖𝑜𝑢𝑡 ∗ 𝑅𝑓𝑏 =
𝑄

𝐶𝑓𝑑
∗ 𝑔𝑚 ∗ 𝑅𝑓𝑏𝑉𝑓𝑑 =

𝑄

𝐶𝑓𝑑

𝑖𝑜𝑢𝑡→ 𝑽𝒐𝒖𝒕

𝑖𝑜𝑢𝑡

𝑉𝑡ℎ
R



Signal chain with sparse readout   

Slice (16 rows) copied

• Kernel based (4x16 pixels) event analysis in slice 

processor

• Flag as event when one or more ‘1’ appear in the 

kernel.

• During subsequent readout, only output the event 

kernels and send out its 8-bit kernel address and 

64-bit kernel data.

Patent: US10616521

21/09/2021 7P. Gao, et al."16.7Mpixel 8000fps sparse binarized scientific image sensor ", IISW 2019



Full camera system
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Monolithic active pixel sensor

8μm pixel 

4096 x 4096 array

On-chip event detection

Event address encoding

FPGA

Sensor control

Super-resolution centroiding

Generation of output frames

Data storage

User interface 

TEM automation

Post-processing or network transfer

Detected 

events

Super-resolution 

frames @ 60 fps



True & False Positive Rates
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High quality scientific image

▪ High detection efficient 

→ 100%

▪ Low noise 

False positives rates < 1E-6

200keV primary electron

Image SNR drop

Signal decrease 

Image SNR drop

noise increase



Detection linearity as function of does rate
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Ideal 

>90% linearity  

Linearly drops due to co-incidence loss

i.e. Multiple electrons hit the same pixel 

and the output is saturated to only 1. 

Tolerate higher dose rate



Histogram of event size
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Event size histogram of 
detected primary electron at 
200 keV. 

90% events size < 2 X 2  



Summary of sensor performance

Pixel Array 8µm  4T    4096 x 4096

Frame rate 2500 fps (brute force), 8000 fps (sparse)

Output interface 48 Gbit/s (64channels*750Mbit/s)

Data compression > 20X

Shutter type Rolling readout

Bit error rate < 1E-6  (200/300kV primary electrons)

Sensor Power <5W @ 3.3V & 1.8V

Technology CIS 0.18µm 
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Example image
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Bright ring:

Au (111) spacing of 

~2.35 Angstroms.

A 8k X 8K super resolution image of a carbon 

grating replica with Au/Pd shadowing

92,000x magnification

17.5 e/pixel/s

1.7 seconds

Fourier transform of the left image



Continuous-Rotation Electron Tomography

Courtesy of Zhili Yu & Zhao Wang (Baylor College of Medicine, USA).
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Sum of ~8° tilt range 

Realtime movie



Take home messages

▪ A 4k by 4k, 8000fps sensor, thanks to

▪ Fast row time by current mode circuit

▪ Event based sparse readout, exploiting the properties of the electron radiation

▪ Realizing ~10X higher linear dose rate than competing sensors

▪ High SNR by 

▪ High detection efficiency 

▪ Low false positive rate (<1.E-6) 

21/09/2021 15



Thank you
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For questions or more information, 

please contact:

Peng Gao at peng.gao@caeleste.be

Or scan the QR-code to visit our 

website: www.caeleste.be


