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Introduction	and	Overview

Progress	and	developments	since	the	first	idea	was	presented	by	Daniel	Muenstermann	at	the	
Oxford	CEPC	workshop	this	year:	

!
https://indico.cern.ch/event/783429/contributions/3379826/attachments/1831027/2998576/
Muenstermann_CMOS-for-CEPC.pdf	

!
In	this	talk:	
1. CEPC	tracker	layouts	and	requirements	from	CDR	
2. Sensors:	ATLASPix3	
3. Sensor	readout:	Flex	&	YARR	
4. Staves:	The	ALICE	experience	
5. Conclusions	and	summary	
!
!
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Physics

H.	Fox

Baseline	tracker	design:	TPC	

and	3	layers	/	5	disks	of	silicon	sensors,	

50	m2	if	built	in	CMOS	pixels	(strips	default)
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CEPC	tracker	designs:	TPC/Si
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CEPC	tracker	designs:	FST	/	FST2

Full	silicon	alternatives:	

FST:	98	m2	in	CMOS	

FST2:	101	m2	in	CMOS	

Alice	ITS:	~10	m2;	ATLAS	upgrade	Pixel	~14m2
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ATLAS/ALICE	concepts	for	the		CEPC

Comparison:	

25ns	bunch	spacing	(Z-mode):	same	for	ATLAS	

O(100	m2)	of	silicon	tracker:	comparable	for	the	ATLAS	ITK	

pitch/resolution:	50	µm	in	φ	

ALICE	ITS:	29µm	x	27µm	monolithic	CMOS	

ATLAS	ITK	Pixel	CMOS:	<	50µm	x	150µm	

!
material	budget	for	tracker	layers:	 
0.65%	(TPC/Si)/~1%	(Full	Si)	X/X0	/	layer	

ALICE:	0.8%/layer	outer	barrel	staves	

ATLAS:	ITK	Pixel	<1X0	total	(standard	hybrid,	Ti	cooling	pipes,	all	supports	&	services)
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ATL-ITK-PROC-2019-008

T. Flick

ATLASPix1

H. Augustin eg. al,, 
Uni Heidelberg

Alpide

L. Musa, ECFA HL-LHC workshop

S. Coli, Forum on Tracking Detector 
Mechanics 2018, Valencia

https://www.unige.ch/dpnc/en/groups/giuseppe-iacobucci/research/slim-mechanics/
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Sensor	proposal:	ATLASPix
ATLASPix	is	a	CMOS	sensor	developed	to	fulfil	the	requirements	for	the	ATLAS	upgrade	

• Not	strictly	an	ATLAS	development	

•Monolithic	CMOS	allows	to	produce	large	areas	fast	and	cheap	

• No	hybridisation	–	wirebonds	or	C4NP	bumps	possible	

• 25ns	timing	compliant	

• Hit	efficiency	99.5%	(ATLASPix1)	

• Pixel	size	150	µm	by	50	µm	(or	smaller)	

• Triggered	or	triggerless	readout	possible	

• 1.28	GBit/s	downlink	

!
!
ATLASPix3	

• Reticule	size:	2.02	cm	by	2.1	cm	

• Full-size	sensor,	ATLASPix3	(TSI,	200Ωcm,	180nm)		just	delivered	

• 132	columns	with	150μm	pixel	

• One	column	contains	372	pixels,	a	configuration	register	block,	372	hit	buffers,	80	trigger	buffers	
and	two	end	of	column	(EoC)	blocks.	EoC1	is	attached	to	hit	buffers	and	EoC2	to	trigger	buffers.	
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ATLASPIX3 has a pixel matrix with 132 columns and 372 rows. Pixel size is x = 150µm, y = 50µm. The 
chip size is x = 20.2mm, y = 21mm. The chip has been implemented in 180nm HVCMOS technology of 
TSI. 200Ωcm wafers have been used. 

Chip layout is in Figure 1. 

 

Figure 1: Chip layout 

 

One column contains 372 pixels, a configuration register block, 372 hit buffers, 80 trigger buffers and 
two end of column (EoC) blocks. EoC1 is attached to hit buffers and EoC2 to trigger buffers. 

The block scheme of the pixel matrix and column circuits is shown in Figure 1B.  

I.	Peric	et.	al.,	NIM	A924	
(2019)	99-103

ATLASPix3
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ATLASPix3:	First	measurements

Sensor:	

Chip	powered	during	measurement.	

Low	leakage	current	of	<	50	nA	@	-20	V	

Breakdown	around	-66	V	

• There	are	ideas	how	this	could	be	increased	if	
necessary.	

!
Configuration	and	Readout:	

SPI	(Serial	Peripheral	Interface	in,	out,	clock,	select)	
configuration	tested	to	work	

RAM	writing	is	working	

Untriggered	readout	tested	to	work	at	400	Mbps	
(DDR,	results	in	25	ns	time	stamp)	

To	do:	High	speed	link	(data-clock-in,	data-out)	at	
full	speed	for	e.g.	YARR;	Triggered	readout;	
Command	decoder;	Clock	recovery
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IV-Curve	for	ATLASPix3	Sample

Institute for Data Processing and Electronics (IPE)
9/17 30.09.19 R. Schimassek – First Measurements on ATLASPix3

Configuration and Readout

● Serial and SPI configuration 
tested to work

● RAM writing is working

● Reference clock output works

● Untriggered readout tested to 
work at 400 Mbps (DDR, 
results in 25 ns time stamp)
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Threshold	and	Noise

Charge	of	increasing	strength	injected	into	the	pixels	

Fraction	of	detected	signals	measured	

Shifted	and	scaled	step	function	convoluted	with	a	
Gauss	is	fitted	to	the	data	points	

!
Using	un-triggered	digital	readout,	a	threshold	scan	
was	performed	for	the	whole	matrix	

Untuned	matrix,	GDAC	setting	
55Fe	signal	equals	a	charge	injection	of	about	300mV	
(measured	on	this	sensor)	

1	σ	noise	value	corresponds	to	80	e−		
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Tuning	of	Pixel	Matrix

Each	pixel	contains	a	3	bit	tuning	DAC	(TDAC)	and	a	
disable	bit		

Writing	of	the	pixel	memories	is	working	and	the	
detection	threshold	changes	linearly	with	the	TDAC	
setting	

Threshold	tuning:	

Detection	thresholds	are	adjusted	to	µ+3σ	of	untuned	
distribution	

Subset:	conducted	for	2	rows	(in	total	264	pixels):	

Distribution	width	~3×	smaller	

σtrimmed	=	9.5mV			↔			~	50	e−		
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All 49104 
pixels work !

Threshold	shiw	vs	TDAC	
sexng

Before

Awer

Threshold	map,	
untuned	sensor
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Signal	Detection

A	55Fe	source	was	held	over	the	corner	of	an	ATLASPix3	sensor.	
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PhysicsChinese	Foundry?
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Module	Flex
Università	and	INFN	di	Milano:	Attilio	Andreazza,	Mauro	Citterio,	Fabrizio	Sabatini	

Purpose	is	to	build	a	pseudo-quad	module	for	ATLAS 
Test	system	functionality	for	large	size	detectors		

Starting	point	is	the	ATLASPix3	single-chip	card	produced	by	KIT	and	used	for	the	tests	

Two	basic	ideas:	
• Connector	
• Integrated	Pigtail	
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• Purpose is to build a pseudoquad
module
– Test system functionality for large size 

detectors 

• Starting point is the ATLASPIX3 single-
chip card: 
– Flex hybrid with minimal connections
– Adapter card using the PCI 164-pins 

connector to KIT MABv2
– Purpose of this presentation is to check the 

approach may work
– Keep geometry similar to RD53A quads

• Two basic ideas:
– Connector
– Integrated pigtails

Module concepts

CMOS Demonstrator 17/06/2019 ATLASPIX Modules                    Attilio A. - INFN Milano 3

To MAB
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Module concepts

CMOS Demonstrator 17/06/2019 ATLASPIX Modules                    Attilio A. - INFN Milano 4
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• Purpose is to build a pseudoquad
module
– Test system functionality for large size 

detectors 

• Starting point is the ATLASPIX3 single-
chip card: 
– Flex hybrid with minimal connections
– Adapter card using the PCI 164-pins 

connector to KIT MABv2
– Purpose of this presentation is to check the 

approach may work
– Keep geometry similar to RD53A quads

• Two basic ideas:
– Connector
– Integrated pigtails

“GECCO” 
MAB v2
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DAQ:				YARR		
	Yet	Another	Rapid	Readout

!
YARR	is	a	small	self-contained	DAQ	system.	

Linux	PC	with	a	x4	PCIe	slot	for	the	FPGA	card		

!
FPGA	card:	e.g.	Trenz	TEF1001,	XpressK7,…	

FMC	cards	for	FE-I4	and	RD53A	

!
Up	to	1.6GBit/s	possible	with	this	setup.	

We	have	used	the	YARR	readout	with	a	digital	RD53A	module	in	
Lancaster	&	Edinburgh.	

Todo:	Adaptation	to	ATLASPix3	necessary:	

• FMC	

• Software

13

https://iopscience.iop.org/article/
10.1088/1742-6596/898/3/032053

https://iopscience.iop.org/article/10.1088/1742-6596/898/3/032053
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2XWHU�%DUUHO�0RGXOH�$VVHPEO\�

��PDFKLQHV�GLVWULEXWHG�WR�GLIIHUHQW�FRQVWUXFWLRQ�VLWHV

(OHFWULFDO�LQWHUFRQQHFWLRQ�
�ZLUH�ERQGLQJ�

$VVHPEO\�7DEOH &KLS�7UD\

6HQVRU�VLGH
�2XWHU�%DUUHO�

/LYHUSRRO�LV�UHVSRQVLEOH�IRU�WKH�FRQVWUXFWLRQ�RI�����PRGXOHV��LQFO��VSDUHV��IRU�WKH�2XWHU�/D\HUV�
�XQWLO�HDUO\��������
&XUUHQWO\�LQ�SURGXFWLRQ�LQ�WKH�/LYHUSRRO�6HPLFRQGXFWRU�'HWHFWRU�&HQWUH�
,Q�SDUWQHUVKLS�ZLWK�%DUL��,7���6WUDVERXUJ��)5���3XVDQ��.5���:XKDQ��&1��

ALICE:	Outer	Barrel	Module	Assembly

Liverpool	(Prof.	Marielle	Chartier)	with	Daresbury	are	responsible	for	the	construction	of	500	
modules	(incl.	spares)	for	the	Outer	Layers	(until	early	2019).	

In	partnership	with	Bari	(IT),	Strasbourg	(FR),	Pusan	(KR),	Wuhan	(CN). 
Production	in	the	Liverpool	Semiconductor	Detector	Centre	finished. 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ALICE:	Outer	Barrel	Stave	Assembly

Daresbury	is	responsible	for	the	construction	of	22	Staves	for	the	Outer	Layers.	

Production	in	the	Engineering	Technology	Centre	finished	well	within	time	this	year. 
In	partnership	with	Torino	&	Frascati	(IT),	NIKHEF	(NL),	Berkeley	(USA).	
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ALICE:	Stave	Assembly	and	Testing	at	Daresbury
Daresbury	Engineering	Technology	Centre	
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system and 
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Left-hand Half-Stave 
under test showing test 

powering scheme 
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Interested	Groups	in	China

Several Chinese institutions have expressed interests in the CMOS out tracker concept, 
including 

• IHEP & Tsinghua – sensor/module assembly & tests, on-going activities on ATLAS ITk-Strip 
and LHCb UT, JadePix design & characterization for CEPC	

• USTC – readout electronics, e.g. FELIX for the ATLAS Phase II upgrade and more	
• SDU – ASIC design, e.g. SUPix, and test system	
• CCNU – module assembly, delivery of ALICE ITS modules	
•  … more 

Explore the synergy with LHCb – “mighty” tracker, on which Chinese groups have expressed 
strong interests 

17



Physics

H.	Fox

Interested	Groups	in	the	UK:	Bristol
Made	significant	contribution	to	the	TimePix3	telescope	

• Online	Data	Quality	monitoring	

• Slow	control	(HV	&	motor	stages)	

Did	a	large	part	of	the	test	beam	data	analysis	for	the	Velo	upgrade	modules	

Did	a	large	part	of	the	bench	tests	for	the	Velo	upgrade	modules	

Ran	successful	test	beam	campaigns	and	bench	tests	for	CMOS	sensors	towards	ILC	(FORTIS,	
TPAC,	ISIS,	HEPAPS4)	

Built	the	Aida	Trigger	Logic	Unit	

Before	performed	testbeams	with	DEPFET,	ATLAS	Diamond	pixel	sensors	and	3D	sensors

18

VELO modules in 
a pre-
commissioning 
testbed 
LHCB, Oxford 

Observed position 
resolution for 

DEPFET 4 
J.J. Velthuis et 
al.,Trans. Nuc. 

Sc., 55, 2008 
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Interested	Groups	in	the	UK:	Liverpool

The	Liverpool	HV-CMOS	work	includes	generic	development	work	for	RD50	as	well	as	our	
involvement	in	the	development	of	the	MuPix	chips	for	Mu3e	and	AtlasPix	and	work	on	HV-CMOS	
for	medical	applications.	Currently,	non	of	these	have	a	particular	focus	on	CEPC.	

!
See	Tim	Jones’	talk	on	Light-weight	Mechanics	in	this	session.	

!
ALICE	colleagues	in	Liverpool	

!
!
!
!
!
!
!
There	is	also	DAQ	experience	in	the	UK	with	interest	in	Bristol,	RAL	(see	Jens	Dopke’s	talk)	and	
RHUL.
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ATLAS ITk Prototyping

• Pixel endcap • Strip Tracker

24th May 2018 Rome CepC Meeting - CFRP Structures Development at Liverpool 10
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TowerJazz 180 nm CMOS technology 

13/11/19	 D.	Bortole.o	 2	

l  Used	in	ALICE	ITS	
l  Small	collec?on	electrode	(3	!m²)	

input	capacitance	(<	5	fF)	�	high	SNR	
l  Small	deple?on	depth	(~20	!m)	
l  Modified	process	to	ensure	full	lateral	

deple?on	
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Sensor R&D and Future Plans 

13/11/19	 D.	Bortole.o	 3	

Characterisa*on	measurements:		
•  I-V,	Noise,	Threshold,	Gain,	Source	Response	
•  Test-beams	at	SPS,	Diamond	RAL,	DESY	&	ELSA.	

Plans:		
•  Engineering	of	new	substrates	(e.g.:	Czochralski)	
•  new	version	of	MALTA	that	will	be	aimed	for	

testbeams,	targeTng	the	AIDA	telescope	framework	

arXiv:1909.11987v1	

DESY	

MALTA	aYer	
1e15	neq/cm2	

miniMALTA	n-gap	aYer	
1e15	neq/cm2	

•  X-Ray	test	beam	measurements	at	
Diamond	Light	Source	with	2	μm	
beam	spot		
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Summary	and	Conclusion

Sensor:		

Functional	ATLASPix3	sensor	available	for	prototyping	

Optimisation	for	a	(Chinese)	e+e−	collider	

• Power	consumption	

• Investigate	and	work	with	Chinese	foundry	

Readout:	

Flex	design	well	progressed	

New	adapter	cards	for	ATLASPix3	needed	

YARR	(DAQ)	available,	needs	adaptation	for	ATLASPix3	

Staves:	

Experience	with	ALICE	(and	ATLAS)	module	staves	

We	need	a	new	stave	design	for	the	ATLASPix	modules,	geometry	and	material	requirements	
We have approached a local (Beijing) company to design & fabricate the truss supporting 
structure with carbon fibre 
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ATLASPIX3 has a pixel matrix with 132 columns and 372 rows. Pixel size is x = 150µm, y = 50µm. The 
chip size is x = 20.2mm, y = 21mm. The chip has been implemented in 180nm HVCMOS technology of 
TSI. 200Ωcm wafers have been used. 

Chip layout is in Figure 1. 

 

Figure 1: Chip layout 

 

One column contains 372 pixels, a configuration register block, 372 hit buffers, 80 trigger buffers and 
two end of column (EoC) blocks. EoC1 is attached to hit buffers and EoC2 to trigger buffers. 

The block scheme of the pixel matrix and column circuits is shown in Figure 1B.  

Nov.	13,	2018� ���

Construction	– Outer	Barrel	Staves�

The	ALICE	ITS	Upgrade	(CEPC2018)	–	Y.	Wang		

Ø  Required	amount	of	staves:	
•	54	Middle	Layer	(ML)	staves,	112	chips	in	2x4	modules,	59M	pixel,	84cm	long	
•	90	Outer	Layer	(OL)	staves,	196	chips	in	2x7	modules,	103M	pixel,	147	cm	long	
•	~	10%	spares,	production	end	in	August	2019	
•	5	stave	production	sites:	Berkeley,	Daresbury,	Frascati,	Nikhef,	Torino	

Excellent	threshold	
&	noise	homogeneity	

across	staves�

ALICE	stave	at	
Daresbury
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10000-li	project



24

10000-li	project

200-li	should	be	easy!
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Backup:	Radiation	lengths	X/X0
CDR:	FST:	5-7%			FST2	7-10%	X0	

!
!
!
!
!
!
!
!
Alice:	0.8%	X0/layer	for	outer	barrel
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ATLAS ITk: Pixel Upgrade

Page 3

Inclined Pixel Layout
(reduce material budget & improve performance)

5 active layers
|η|~4 coverage

10,000 Pixel modules (~14m2)

P
ix

el
S

tri
p

Replaceable Inner 
Layers

Outer 
Barrel

End-Cap
ATLAS ITk Pixel 56˚ Tilt AngleATLAS ITk

Ongoing layout optimisation

See TDR for the ATLAS Inner Tracker Strip Detector, 2017

FULL SILICON TRACKER 175

FST tracker while keeping all other detector elements unchanged. In the simulation, the
silicon tracker was represented by planar structures with each plane consisting of a silicon
layer of 150 µm thick with a pitch size of 50 µm. Each layer was composed of several
ladders which were further divided into multiple sensors. The stereo angles are 7� for the
SOT layers and 5� for the EOT layers.

The amount of material of the whole tracker is about 5% in the barrel and about 8% in
the endcap as shown in Figure 4.26, including breakdowns from individual components of
the tracker. The zigzag structures in the endcap are caused by the alternation and overlap
of layers.

Figure 4.26: The amount of material of the full tracker with the FST option highlighting contributions
from the VXD and SOT in the barrel, and the EIT and EOT in the endcap.

A conformal tracking algorithm developed for CLIC [51] has been adapted for the pat-
tern recognition of the FST. Through the conformal transformation of u = x

x2
+y2 and

v = y
x2

+y2 , where x and y are hit coordinates in the transverse plane, a track in a uniform
magnetic field becomes a straight line in the (u, v) conformal space. Thus the track finding
is reduced to the search of straight lines, significantly simplifying the pattern recognition.
Currently, a cellular automaton is used as pattern recognition for the straight line search-
ing.

4.3.3.2 FST2 TRACKER

For the FST2 option, event simulation and reconstruction were performed using the soft-
ware developed for the ILC [48, 52]. Tracks were reconstructed with the LCSIM 4.0
package [51] using the “seed tracker” algorithm developed for the SiD detector simula-
tion. Track candidates with at least six hits in the pixel and strip layers were considered.

FST option 
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Figure 2.5: Top: Radiation length X0 versus the pseudorapidity h. The figures only show positive h;
negative h is expected to look the same. Bottom: The radiation length X0 versus h for the current
ATLAS Inner Detector (left) and a comparison of the ITk and the current ATLAS Inner Detector
(right).

12 21st December 2017 – 17:03

Outer layer
Stave el Comp Material Thick [um] X0 [cm] X0[%]

Module FPC metal Al 
(Cu)

50 8.896
(1.435)

0.056
(0.348)

FPC insulat Polyimide 100 28.41 0.035

ASIC Silicon 100 
(300)

9.369 0.106
(0.320)

Glue Eccobond 45 100 44.37 0.023

Total (Al and Si 100um)
Total (Al and Si 300um)
Total (Cu and Si 300um)

0.22
0.434
0.726

Everything else Total 0.6

Total (Module Al and Si 100um)
Total (Module Al and Si 300um)
Total (Module Cu and Si 300um)

0.82
1.034
1.326

X0 taken from:
https://cds.cern.ch/record/1279627/files/PH-EP-Tech-Note-2010-013.pdf

CEPC targets:
X0[%] 0.65% (TCP/Si)
X0[%] ~1% (Full Si)

Taken from:
https://indico.cern.ch/event/783429/contributions/3379826/attachments/1831027/2998576/Muenstermann_CMOS-for-CEPC.pdf

ALICE ITS
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ATLASPix3:	Column	and	Pixel	Schematics

Block	scheme	of	the	pixel	matrix	and	column	circuits	
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3 
 

 

 

Figure 1B: Block scheme of the pixel matrix and column circuits.  

The pixel schematics is shown in Figure 2.  

 

Figure 2: Pixel schematics 

 

Schematics of configuration register block is shown in Figure 3. 
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Figure 1B: Block scheme of the pixel matrix and column circuits.  

The pixel schematics is shown in Figure 2.  

 

Figure 2: Pixel schematics 

 

Schematics of configuration register block is shown in Figure 3. 
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Figure 1. HVCMOS sensor structure.
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Figure 2. Threshold scan of the MuPix6 prototype, HV = -60 V. Error bars are too small to be seen.

separately and the noise and crosstalk levels on the PCB can be improved, to achieve a better signal
to background ratio.

In August 2014 a new chip version (MuPix7) with a high speed serial transmission (up to
1.6GBit/s) has been submitted.

3 ATLAS pixels

We are also developing HVCMOS sensors for the ATLAS pixel upgrade. Our first goal is to demon-
strate the possibility to satisfy ATLAS pixel detector specifications with HVCMOS sensors. The
main requirement is a detection efficiency of at least 98% within 25ns time window after 100Mrad
radiation dose. Additionally, we would like to decrease the pixel size with respect to the present one
(50µm× 250µm) and to allow the construction of the pixel sensor without bump bonds. Many
institutes are currently developing CMOS sensors for ATLAS pixels. There are several sensor
concepts: 1) Passive sensors in CMOS technology readout by the pixel readout chip FEI4 [7] 2)
Imaging CMOS sensors or MAPS implemented on a high resistivity substrate bump bonded to
FEI4 (HRCMOS), 3) HVCMOS sensors capacitively coupled to FEI4 (capacitively coupled pixel
detector — CCPD [2]). We will concentrate within this paper on the third type — CCPD.

– 3 –

HV-CMOS	structure	
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ATLASPix3:	Threshold	and	Noise	Measurements

Example	Noise	vs	Threshold	distribution:
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