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High frame rate Skipper
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& Physics Applications

Development of Large Area Detectors for Ultra Low noise (< 1le-), High Speed (~ Mfps) and
High Bandwidth Applications (> 100 Gbps) such as:

1. Low mass dark matter searches

2. Soft x-ray spectroscopy

3. Astrophysics: deep measurements of dark energy and dark matter signatures
4

Single-photon quantum sensing

% Tower Semiconductor 180 nm
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| CMOS Image Sensor TSMC 65nm
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5mm

Collaboration

Tower Semi: CMOS and Pixel Technology (CIS 180nm)
Centro Atdmico Bariloche: Pixel and Matrix Implementation
Fermilab: Front End Readout Design

SLAC: Digital blocks and top-level implementation

5mm
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Skipper-in-CMOS Sensor Tower Semiconductor 180 nm

Pushing Noise Limits with Non-Destructive Readout (NDR) CMOS Image Sensor



Overcoming Limitation of Correlated Double Sampling

(3) Slow integration time:

- CDS integrates only flicker noise

- The CDS bandwidth times 1/f noise is constant
- We have reached the limit of the CDS
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source

Skipper CCD for Non-destructive readout " o 51

signal
Floating gate (FG) \

Originally developed for CCD readout technique

pedestal
SG oG
Allow to perform Non-Destructive Readout of the charge “one skipper
___________ ME— sample
Signal is correlated, noise is not; improve SNR by VN o skip %

. . ) : charge packet (Q)
Integrated noise <1 e- is possible! buried channel (BCH)

=>» Allow to do single photon imaging
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Skipping versus Correlated Multiple Sampling

Vdg source
T follower (SF)

.
i| one skipper
sample

signal

SN

pedestal

J

pixel charge
measurement

high frequency
noise

low frequency
noise

Reqular CCD
signal

pedestal ‘ I

1l Il |
i il |

Skipper CCD

i e bt e bt b e b e e e i el e e e e e P Pl e

Final pixel value is pix = avg(signal — pedestal), noise scales as v#samples
Skipper readout is NOT the same as Correlated Multiple Sampling (CMS)

Non-destructive read-out, pedestal and signal are sampled close to each other - filter
low frequency noise too
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2= Skipper CCD-In-CMOS

7/10/2025

oVDD

pinned photodiode (PPD)
(collection area)

Reset g:

0 \/ref

© Output

~=C Summir

= single \, STI

Collected electron |
charge Buried
channel

p-epi

C Transfel

Farah Fahim | 2025 IWoRID

Pin-Photodiode for light
collection

CMOS and Pixel structure from Tower

Expected conversion gain ~100 uV/e-

CCD structure charge-
coupled to PPD

Expected single sample noise <le-

Floating gate

For non-destructive multiple readouts
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Concept Innovation

» Sensor with Pinned PhotoDiode (PPD) for conversion
v"Much higher Conversion Gain than CCD (100uV/e- vs 3uV/e-)
v Low leakage
v’ Lower noise per measurement than CCD

» Skipper CCD for charge manipulation
v High charge transfer efficiency
v Enables Non-Destructive Readout (NDR) capability
v Enables noise averaging feature
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» Co-integrated CMOS process
v Readout parallelization capabilities
v’ Much faster readout time than CCD*
v Finer feature size
v High-Volume capability

7/1 6@ Fahim | 2025 IWoRID Ref: Stefanov, K. D. (2020). Simulations and Design of a Single-Photon CMOS Imaging Pixel Using Multiple Non-Destructive Signal Sampling. Sensors , 20(7)




Non-Destructive Readout Operation

_?Vref
o _TVDD
Operation: L oout
DG vdrain
1. Reset of the PPD and CCD 7 single
PPD charge integration Coaered electron

. charge Buried
3. Pulse Transfer Gate (TG) channel

p-epi

Transfer forward to the Summing Gate (SG)

Transfer forward to the Output Gate (OG)

Transfer forward to the Floating Gate (FG) for first NDR
Transfer back to OG

9. Transfer back to SG

10. Transfer forward to OG

11. Transfer forward to FG for second NDR

12. Transfer to the Drain Gain (DG) to flush the charges

FERMINATIONALACCELERATORLABORATORY
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. - * PIXEL gates control are digital.
# Device and redout system OVErvIEW . pixel controlled thru level-shifers

5mm

Matrix: 200 * 200 pixels, each flavor 200 * 10

ROW_CLK
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Q Pixel Matrix el 2 Matrix control > S S S <
: & o &

= 3 200 x 200 pixels || / bias signals Wﬁf) 3 | 3 e <

0 o 15 pm pitch = (from FPGA and < £ =

- 1 external DACs) | & > o

8 200x Programmable Gain Amplifiers (staggered) |<_(

o COL_CLK =

% COL_RST 10x 20:1 Analog Col Mux E

o

L 11}

Analog 1 10x Off-chip drivers L.

Bias

[] ASIC /O pad

10x Differential Analog Outputs (to off-chip ADC)
1. Demonstrate low noise capabilities for a single measurement (< 2e- RMS including pixel and AFE)

Demonstrate photon counting with micro-second scale readout time capabilities

3. Fabricate and characterize pixel variations and AFE blocks:
- ldentify pixel variant and split with best performance (Quantum Efficiency, Conversion Gain, Transfer efficiency)

- ldentify AFE structures with best performance (noise, power, speed)
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AFE Single Column Readout Chain Overview S

________________ . <

200 pixels/c?dlumn N ‘e ;0— I\:U;/ ______ I %

' v \ A . . I m

| e : PGA Diff track & Hold D'fl‘;efe”t'al : <

Cor | s Ty mes o oRe

! % L [ : : A_Rsli 4@.; f o b i | &
'ppD : : | : ine + nqll +signal . .

i woo et 1] |T|F o e mi : To off-chip test board ﬁ

e : A il: L b ¥ ¥ Will perform readout, CDS and skipper <

! 1 ! Baselifl€ + noise 1 . ~

S %_ Nl ot T . o : operations <

I{ !I olumn : : : M13 C. |: : 9

: ! vbias M5 i Ceol ! 4“%"5 i I" T /:E X : condition }<_(

: ,| : ,l R it \\ ____________ //’ Z

I Column Turient Source “~-----mmmn- o\ ; ) | =

| PTAT Note: This section is shared by 20 | 5

e e e e e e e e e e Columns, _ | o o o e e = = 1 ™

Key Specifications:

1. Small, Fast, Low noise
2. Gain tunable with Cin/Cfb capacitance ratio

- High gain desirable in low light condition to improve SNR
3. Skipper operation effective up to the track & hold

4. Other noise sources (ie: KTC noise from track & hold, or sources
from differential driver) are made insignificant due to the PGA gain

Single-photon Imaging — Peter Seitz/Boyd Fowler

Springer Series in Optical Science 160
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Chip Samples:

ge Testing system overview 20 variants - 5 split

Interface board for LTA (skipper Reaout- system)
Bias, Multiplexing, digital buffers, 4 x 4:1 analog mux

Vacuum chamber
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& Stand-alone pixel structure

<

(o5

o)

o

&

— x

soL- o

70F- E

Charge transfer from PPD 3 i

£ = [T

Ug 40;— (&)

Successfully transfer charge from PPD to floating gate s0E <

through charge-coupled CCD structure " g'

0: I1 n lI‘lJ;'Irl‘—Inl—lnrhl [ mA L 9

i B Signal value (e-) ° |<T:

Non-destructive readout rzof- 2

1002— =

Up to 3000 skips tested g o ™
Sub-electron noise e

3 4
Signal value (e-)

0.15 e rms noise achieved

Stand-alone pixel test structure successfully demonstrate by
Agustin Lapi [https://arxiv.org/pdf/2402.12516]
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3¢ Case 12 » Expected gain 100uV measured

Most promising pixel structure gain ~14uV. Probably transfer
inefficiency from gates to drain. <
e o
8 [ E
3 » EXxpected single skip noise le-, =
Jiy measured noise 4.5e- (might be %
5 caused by higher floating gate S
E capacitance Z
4: |<_(
- Z
=] _ _ s
o » Single measurement time (9ps),  f
- ‘ restricted by off-chip controls
=
0: ]I|||1H1111||||

1045040000 H050 40800 8RO aw pixelvalue IADU] + Issues with fully dumping the

drain was observed

Slot:Flavor Conversion Single skip Mean STD in Average DC level
Gain [uV] noise [e] image [e -] after 80 s [e-]
12:Case1_CTE_Wx0p5 13.82 4.50 0.34 0.08

» We still have 5 other doping splits
to measure
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Collaboration

Fermilab: ASIC Design and Testing
Northwestern University: ASIC Design
TSMC 65 nm

FERMINATIONAL ACCELERAT!
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All I/O Pads

SPROCKET

Accelerating Readout via Massive Parallelization



» Key Specification:

Pixel Electronics

1:16 readout electronics: sensor pixel ratio for highly parallel signal processing

Global shutter for sensor charge collection then approximately 1us charge integration time
10b In-pixel compact serial SAR ADC with 6b trimming @ 100KHz

~10us analog pileup (for small signals); 10us ADC conversion; 10us full frame readout

Source Follower
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Gain Amplifier CDS + Analog PileUp Serial SAR ADC
refbuf
Bootstrapped shieldin CapHi
\/:IJ Pread Cint lﬁ i ’ Qequal \ .
[ /
' r I - = I (L. T
I (i} . \ saas CL CR N ':JFLI_‘.
C Crp T e\ N Pread | I I
. 2 1 - = = =
|| | | || - L DACdr
I/ (f)l} Ceps Vieppur]t CapTrim
o4 .| ADC Control
= k Jk Vrefbt:f J } - Logic _{;é_.' ADC Out
Preamplifier CDS Integrator Comparator Y
Capacitive DAC
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- >
Analog Pile-up .
] - s <
Observations: S
Voltage on 2
* A-to-D Conversion takes time + energy  Csamp (yellow) §
_ Cine (red) =
* In Skipper-CMOS readout, we sample &
the same voltage multiple times; we only_ ixel V. o
care about the average. Bl & <
phi2 __ <z(
Therefore: | 5
- =
. Plle Up mU|t|p|e SampIeS in analog, SPROCKET2 Performance vs Nsamp %
d. t th —8—D.R., High Gain [mV] —8—D.R., Low Gain [mV] E
Igl Ize e Sum' —@— Readout Bandwidth [ksps] —@=— Effective Bandwidth [ksps] E
 For large signals above certain g 10000 o
threshold we skip analog pileup 5 oo i 1000
 Intelligent data compression at the - w £
edge (not included in this prototype). g | E
< 10 T 0 3

Treadoutlts] = 0.5 X Nsamp + 10

1000 1 1
_ 12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
DR [mV Vln] — N Nsamp
samp
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CDS

52_PIX_ANA Integrator |2

(bIOCkS E
highlighted)

Level shifters o

. z

Preamplifier ; —Comparator g

<

5

Vref buffer ~30 um I<ZT:

= s

o

Pixel Decap

-W’F-'-”ml:ﬁfﬂ‘g”i..._gi —o— CDAC

1110 e 1 s - B
s

v
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Results: ADC Linearity

150 Code Density Histogram for Test Pixel ADC for Selected Trim Settings

140
130
120
110
100
90
80
70
60
50

Frequency

0 200 400 600 800 1000
Output Code
CapTrim=63

CapTrim=0 CapTrim=25

FERMINATIONAL ACCELERATORLABORATORY

Midpoint DNL versus CapTrim Code (Comparison of vl and v2 ASICs)

CapTrim 0] 63 SPROCKET2[100 K] SPROCKET 1 [RT]
Value (Min) (Max) 2 = °
10 20 30 40 70

0
s -1 S0 essefite
5.95 0.44 -1 Z o 2 o
3 g » 3 POSSSY
(missing = =
LSB 2 o5 S -4 e esssese
[ 1 codes) © o 5 “n ®
s 0 £ essssnese
o o
Worst 3.30 0.58 1.38 £ o5 20 21 22 2327 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 -
INL [LSB] 2 P > -8 | csessesese
-9
1.5 -10 r
CapTrim Code (20~40) CapTrim Code (0 ~ 63)
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Average Result [Digital Code] vs Vin [mV] per Gain Region

FoM: Gain z
- XF RO.csv Transfer Function (Avg Result vs Vin) XF R2.csv Transfer Function (Avg Result vs Vin) 8
XF RO. » ® XFR2.csv ]
wo) L o - o =
. ’0‘. P 3 O
Design Meas Meas 350 | > = @
& o 5
< '
(Warm) (100K) = 300 “" £ 150 S ad o
E n’. & 01.’. o
~ o .
0 100 98.04 96.00 £ 250 ol % 100 & E
e P
200 ¢ 50 | < ? w
«* o -l
110 9.54 9.88 | o P .
»”* 0l em
L - u
2.0 25 30 35 10 45 50 25 30 35 40 45 50 j
2 10 9.69 10.05 - <
XF R1.csv Transfer Function (Avg Result vs Vin) 1000 - XF R3.csv Transfer Function (Avg Result vs Vin) Z
1000 ® XFRl.csv ® XFR3.csv 9
3 1 1.02 1.03 .. Regression ine ___ Regression Line }&
800 | 800 | <
i i 1 1 £ 5004 = 6001 E
« Within expected variation. / L
H £ oo
400
200
200
01— | | | |
0 20 20 50 50 0 200 400 600 800
Vin Vin

Region 0 Range2=1 (high gain) and the input is small, so autorange integrates 10 samples.

Region 1 Range2=1 (high gain) and the input is large, so autorange integrates 1 sample.

Region 2 Range2=0 (low gain) and the input is small, so autorange integrates 10 samples.

Region 3 Range2=0 (low gain) and the input is large, so autorange integrates 1 sample.
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FOM: Noise (I’mS input_referred) Histogram of Results [Digital Code] vs Vin [mV] per Gain Region

Desigh | Meas Meas
(Warm) (Cryo)

Histo RO.csv: Histogram of Count vs Code

1200 =
[ Histo RO.csv

1000 A

800

600 1

Count

20 uV 63.2 uV 111 uV
(6.2 codes) (10.75 codes) 400 |
1 —- 216 uV 990 uv
(2.07 codes) (9.78 codes) . . | | . . | ‘ .
7| = 690 uV 1.07 mV
(6'69 COdeS) (1 0.71 COdeS) Histo R1.csv: Histogram of Count vs Code
5 | = 1.98 mV 3.71 mV =

3000 4

(2.02 codes) (3.82 codes)

2500 A

2000

Count

1500

« 10-sample modes (RO and R2) show the

expected VN improvement in noise.
« RO value >3x off from design spec.

1000 A

500 4 A|_|_|—I\
oL T T T T

T
410 420 430 440 450 460
Code

« Some reason to believe there are errors due
to Arbitrary Waveform Generator or test pixel
parasitics.
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SPROCKET By the Numbers

Tapeout Sep 2022 Dec 2022 May 2023 Nov 2023 Early 2026
(TBD)
ASIC 5x3 mm 5x3 mm 2X3mm 24 x5 mm ~21x28 mm
Dimensions
ADC Pixels 32x64 32x64 N/A 64 x 320 320 x 384
= 2,048 = 2,048 = 20,480 =122,880

Equivalent 128 x 256 128 x 256 N/A 256 x 1,280 1,280 x 1,536
CIS Pixels = 32,768 = 32,768 = 327,680 =1.97M
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(1:16)

2GB/s 2GB/s N/A 13.6GB/s  ~80GB/s

Readout LVDS LVDS 10.24 Gb/s 1x20.48 5x20.48
Strategy Optical Gb/s SiPh Gb/s SiPh
Link Links
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Collaboration

Fermilab: ASIC transmitter (some IP from CERN IpGBT); System assembly and Testing
University of Washington: Photonic Integrated Circuit (PIC) Design

TSMC 65 nm ; AMF Photonics
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[l & W w e wwww 05
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~1000  -500 0 500 1000 1500 2000

SparkDream
Scaling Bandwidth through Integrated Silicon Photonics
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{& The SParkDream Project

High bandwidth links for data transfer _ Coyostat TRx Module
« SiPh is a must-have technology for future ' ROIC S Photonics ./
detectors: == v | |
. i R | Cronnel |
« 100x bandwidth, 100~1000x lower heat i : e =
load, 10~100x channel density, , g o
EMl/crosstalk immunity . - '
— opcal Y

Key Milestones / Scope:

 Single-Channel SiPh Link

« Multi-Channel (Wavelength Division Multiplexed) SiPh Link
 Single/Multi-Channel SiPh Link at 100 K

* Reach Goal:
« Fermilab PIC with performance to 4 K (AMF Photonics)
» Co-integrated electronics and Photonics (GF 45 SP CLO)

7/10/2025 Farah Fahim | 2025 IWoRiD

Multi-Channel Cryogenic
Optical Interconnect
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- - - >
SParkDream: The PIC (Micro-Ring Modulators) g
=
o
2
. ADC Control ow Contro
The POtentIa| Pattern Genterator ) SSFl’I Pe(r:iphter; < > SPI(Slow contiel 2
. . (e}
« Extremely high bandwidth through WDM ! B
o
« Low power (signaling mirror analogy) v -
ADC Array .| Encoder [ Serializer o MRM Drivers XU (20.48 Gbs 8
(64 x 320 Pixels) > (Based on IpGBT) > (20-48/G0p2) <
|
<
z
o
<
On-Chip Bias E
Generator s
o
_ w
Experimental 10.24 GHz VCO (TH

The Challenges:

) ; . i 11 0101101. .. Drop-port Wavegui
* Improving cryogenic bandwidth S P £5m, i
) i g Rx-1
« Tuning cryogenic MRMs 35
E S
» Electronic/Photonic Co-design 2 %

—
x
o
=
2
)

Bus Waveguide
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3F FY25: Discrete Optics Demo (“SParkDream v0”)

Optical CDR and Scope (Not Connected)

=

: > a
= 14,,_.‘

e

SFP+
Optical
Transmitter

SPROCKET3Al = M
="\
CaR Board ZCU102 FMC FMC Cables 7CU102
Mezzanine

» Goal: Use discrete optics to prototype a readout chain for 10.24
Gbps data stream.

 First time a custom optical readout system has been built in our lab.

» Difference vs ultimate SParkDream objective: Integrated vs
discrete; orders of magnitude of power.
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BER vs Supply Voltage Deviation (from Nom. 1.2V)
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Results: Link fully functional.
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2& FY25: Silicon Photonics Development

* Using UW-PIC1 chip, built an optical loopback demonstrator. , |; Washington completed design and taped out UW-PIC2, which

« Prototyped micro-positioners and demonstrated successful alignmentto  is designed for higher performance + more robust integration.
photonic IC grating couplers.

 Stripped, cleaned, and aligned fibers - Observed light!
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» We designed PCBs and procured test stand equipment to
enable a full-scale demonstrator with this chip.

Laser Return Power Drift Over Time [dB vs sec]
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& Next Steps

Skipper-in-CMOS

« Complete testing all split options (High throughput test setup and data evaluation complete)
« Backside lllumination prototype

* Full reticule Sensor fabrication

Readout Electronics

* Test SPROCKET 3 — (next few months)

« Design and fabricate SPROCKET 3 FR (full reticule)

Photonics Integrated Circuit

« Test PIC2 (Expected in Aug)

System
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Integrate and test the module
« Bump bonding and 3D hybrid bonding planned for sensor + electronics;

* Wire bonding and 2.5D interposer options will be explored for photonic integration

7/10/2025 Farah Fahim | 2025 IWoRiD
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