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2017 ATLAS Muon Desk Shifter Training - General Introduction 2

The ATLAS Muon Spectrometer

Sub-systems:
CSC – Cathode Strip Chambers
MDT – Monitored Drift Tubes
RPC – Resistive Plate Chambers
TGC – Thin Gap Chambers

Precision chambers

Trigger chambers
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Fig. 7. Ratio of the current for the test layer versus the reference layer. At
around 0.8 C/cm, corresponding approximately to 23 years of operation at
the nominal LHC luminosity and including a safety factor of 5, the gas flow
was reduced from the nominal 200 ml/min to 50 ml/min.

After production, strict quality assurance procedures were
carried out including tests of anode wire tension and spacing,
panel flatness and dark current [17]. The chambers and front-
end electronics were transferred to CERN in 2006 and were
tested several times using the on-detector calibration pulser
and cosmic rays prior to their installation in the ATLAS
detector in early 2008.

V. INSTALLATION AND SURFACE COMMISSIONING

The Cathode Strip Chambers are mounted on the two
so-called ATLAS Small Wheels, presented in Fig. 8 and
denoted by Small Wheel A and C hereafter. Each Small
Wheel is approximately 9.3 m in diameter and weighs 100
tons. Unlike other parts of the Muon Spectrometer installation
of the chambers took place on surface, before lowering into
the cavern. Since the spatial resolution of the Cathode Strip
Chambers deteriorates as a function of the incidence angle in
the r�z plane, the chambers were tilted by 11.6� towards the
interaction point to minimize this effect. The distribution of
the inclination angles of the installed chambers is presented
in Fig. 9.

After installation, the Cathode Strip Chambers were com-
missioned on surface using the on-detector calibration system
and cosmic rays. In Fig. 10(a) and Fig. 10(b) the noise levels
for the precision strips of all 16 chambers of Small Wheel
A and C are presented respectively. The noise is found to
be at the design level of O(3000e). Due to the difference in
strip capacitance of Large and Small chambers, a periodicity
is observed. The noise structure within a chamber reflects the
difference in length of the precision strips along each layer.

The on-detector calibration system was used to verify the
functionality of the on-chamber electronics and determine the
relative response of neighbouring channels to a given charge.
The distribution of the reconstructed calibration pulse peaking
time in the precision strips of one layer for different pulse
amplitudes is shown in Fig. 11.

The cosmic ray data permitted the final test of the chamber
functionality and overall condition, although due to technical
constraints the chambers were tested in pairs. In Fig. 12 the hit

Fig. 8. The ATLAS Small Wheels shortly before being moved to the ATLAS
experimental cavern. The Cathode Strip Chambers can be seen at the inner
part of the wheel. Photograph by Claudia Marcelloni - c�CERN.
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Fig. 9. Distribution of the inclination angle for the 32 Cathode Strip
Chambers. The Gauss fit results in a mean value of 11.6� and a standard
deviation of 0.3�.

profiles from cosmic ray induced showers for the four layers
of sector A03 are presented; the horizontal line represents
the mean number of hits per layer, which is consistent across
the chamber. Exposure times of O(1 day) permitted the test
of other aspects of the system, like gas and cooling water
circulation, as well.

VI. COMMISSIONING IN THE CAVERN

Following the surface installation and commissioning, the
Small Wheels were the last ATLAS components to be lowered
into the experimental cavern, during the second half of Febru-
ary 2008. After the required services (low and high voltage,
gas and cooling water) were connected, the condition of the
chambers was tested.

A. Condition of the chambers
The situation in the experimental hall is not ideal as was the

case at the surface. Electric power to the chambers is provided
by 25 m cables which are susceptible to electromagnetic
interference from the high density of electronic equipment in
the region. In order to reduce the increased noise, low pass

• The New Small Wheel 
(NSW) upgrade will 
replace the Small Wheel of 
the current ATLAS Muon 
Spectrometer to handle 
large particle rates 

• Important for Run 3, vital 
for HL-LHC

• The High Luminosity Large Hadron 
Collider will have 2-4x larger peak 
instantaneous luminosity compared 
to LHC Run 2  

• Run 3 will have a factor of ~1.5x 
increase in instantaneous luminosity

New Small Wheel 
mechanical structure

Outer Wheel

Middle Wheel
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• Tracking: Monitored Drift Tubes will lose efficiency at high hit rates due 
to higher instantaneous luminosity 

• Triggering: Lowest unprescaled muon trigger is dominated by fake 
muons in the endcap region

2− 1− 0 1 2
RoIη

0
5

10
15
20
25
30
35
40
45
50

310×

η
dN

/d ATLAS Preliminary
=13 TeVsData 2018, 

L1 MU20
L1 MU20 with Tile coincidence
Offline combined muon

>20 GeV)
T

Offline combined muon (p

Figure 2.3: Current density in the ATLAS muon RPC detector as a function of the LHC instantaneous
luminosity, over four orders of magnitude. The line fitted gives a linear dependence of the
current density to the instantaneous luminosity with a slope of 0.312± 0.001 nA m�2 cm�2 s�1.

Figure 2.4: MDT tube hit (solid line) and track segment efficiency (dashed line, referring to a MDT
chamber with 2x4 tube layers) as a function of tube rate estimated with test-beam data.
Instantaneous luminosity of 1⇥ 1034 cm�2 s�1 is referred in this plot as ‘design luminosity’.
Points on the plots are result of test beam measurements.

Fig. 2.5 (Left) the red points correspond to the Zero bias occupancy in these chambers (averaged
over the sectors and the two end-caps) scaled up by a factor of 10. The black ones correspond to
the result of the overlay with 10 Zero bias events. The total number of hits does not scale linearly
with the background level due to saturation taking place. This saturation effect leads to MDT
hit efficiency losses of about 35% at high luminosities, and compares well with expectations from
Fig. 2.4 based on test beam data. These limitations will severely impact the track reconstruction
and therefore a new detector is required for ATLAS to exploit the luminosity delivered after
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1x1034 cm-2 s-1

New Small Wheel @ 1.3 < η < 2.7
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with the background level due to saturation taking place. This saturation effect leads to MDT
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5 Micromegas detector technology and

performance

In Chapter 2 the requirements for the precision tracking system in the NSW has been defined.
The tracking detectors should provide very good position resolution independent of the particle
incident angle, high efficiency even at the highest background rates, and good two track separation
to reject delta rays accompayining muons. In this chapter the excellent tracking capabilities of
MM detector (better than 100µm for all particle impact angles in the New Small Wheel) will be
demonstrated.

The very fine segmentation of the MM read out strips, together with a reasonably good time
resolution, can also be exploited to complement the trigger scheme based on sTGC, adding in the
robustness and redundancy of the system.

5.1 Detector technology and characteristics

The micromegas (an abbreviation for ’micro mesh gaseous structure’ (MM)) technology was
developed in the middle of the 1990’s [21]. It permits the construction of thin wireless gaseous
particle detectors. MM detectors consist of a planar (drift) electrode, a gas gap of a few millimetres
thickness acting as conversion and drift region, and a thin metallic mesh at typically 100–150µm
distance from the readout electrode, creating the amplification region. A sketch of the MM
operating principle is shown in Fig. 5.1. In the original design the drift electrode and the
amplification mesh were at negative high voltage (HV) potentials, the readout electrode is at
ground potential (the HV scheme has been modified for the MM application in ATLAS, see
following sections). The HV potentials are chosen such that the electric field in the drift region is a
few hundred V/cm, and 40–50 kV/cm in the amplification region. Charged particles traversing the
drift space ionize the gas; the electrons liberated by the ionization process drift towards the mesh.
With an electric field in the amplification region 50–100 times stronger than the drift field, the
mesh is transparent to more than 95% of the electrons. The electron avalanche takes place in the
thin amplification region, immediately above the readout electrode. The drift of the electrons in

!"#
$%&'()*+,
%-%.+/)'%0

1%02

3/45+,
"&+2)'%

!4--&/0

!676,899:

!"#

$%&'()$*+,

-'%./)"0/,(1*

!%220'+

3*014(5/)*2*&/'(1*+
!676)899:

Figure 5.1: Sketch of the layout and operating principle of a MM detector.
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4 sTGC detector technology and

performance

In Chapter 2 the requirements for the triggering system in the NSW have been defined. The
triggering detectors should provide bunch crossing identification, requiring good time resolution,
and good angular resolution, better than 1 mrad, for online reconstructed segments, which in turn
entails fairly good online spatial resolution. The sTGC detector provides both capabilities as will
be demonstrated in this chapter and for this reason is regarded as the main triggering detector
in the NSW. It provides also a fair spatial resolution for the offline tracking that will help the
precision tracking, specially during the HL-LHC phase.

4.1 sTGC

The basic Small strip Thin Gap Chamber sTGC structure is shown in Fig. 4.1(a). It consists
of a grid of 50µm gold-plated tungsten wires with a 1.8mm pitch, sandwiched between two
cathode planes at a distance of 1.4mm from the wire plane. The cathode planes are made of a
graphite-epoxy mixture with a typical surface resistivity of 100 k⌦/⇤ sprayed on a 100µm thick
G-10 plane, behind which there are on one side strips (that run perpendicular to the wires) and
on the other pads (covering large rectangular surfaces), on a 1.6 mm thick PCB with the shielding
ground on the opposite side (see Fig. 4.1(b)). The strips have a 3.2mm pitch, much smaller than
the strip pitch of the ATLAS TGC, hence the name ’Small TGC’ for this technology.

A similar type of structure was used in the past for the OPAL Pole-Tip calorimeter, where 400
detectors were constructed and run for 12 years.

The TGC system, used in the present ATLAS muon end-cap trigger system, has passed a long
phase of R&D and testing. The basic detector design for the NSW has two quadruplets 35 cm
apart in z. Each quadruplet contains four TGC’s, each TGC with pad, wire and strip readout.

(a) a (b) b

Figure 4.1: The sTGC internal structure.
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• Precision tracking 
• small strip pitch (~425-450 microns 

compared to current 3 cm drift tube) 

• short drift time (~100 ns compared 
to ~750 ns for drift tubes) 

• fine pitch and fast drift time allow 
MM to handle high particle rates

Micromegas (MM) detector small strip Thin Gap Chambers (sTGC)

also provides a trigger signal! also used in tracking!

• Fast triggering 
• small strip pitch (3.2 mm) compared to 

TGC wire groups (~10-50 mm) —> ~ 2 
mrad trigger track resolution 

• high efficiency under tests with γ 
irradiation of 20 kHz/cm2 

• will reduce the Level 1 lowest unprescaled 
muon trigger rate by > ~ 7x 
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• A combination of custom frontend and backend boards + chips 
are needed! 

• Need to handle the MM and sTGC readout and trigger paths

Micromegas 
Frontend Board

Address in Real Time 
Data Driver Card

Level 1 Data 
Driver Card

strip Frontend 
Board

photo credit: L. Guan

in sTGC + MM chain

in MM chain
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Micromegas 
Frontend Board ART

Address in Real 
Time Data 
Driver Card

Level 1 Data 
Driver Card

data handling, 
control, etc…

Trigger 
Processor

Trigger Path

Readout Path

VMM

digitizes detector 
signals 


sends trigger 
primitives

ROC

MM 
detector
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Micromegas 
Frontend Board ART

Address in Real 
Time Data 
Driver Card

Level 1 Data 
Driver Card

data handling, 
control, etc…

Trigger 
Processor

Trigger Path

Readout Path

buffers and filters 
data from 8 VMMs to 
match ATLAS trigger 

selection

VMMROC

MM 
detector
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Micromegas 
Frontend Board ART

Address in Real 
Time Data 
Driver Card

Level 1 Data 
Driver Card

data handling, 
control, etc…

Trigger 
Processor

Trigger Path

Readout Path

packs up readout 
data and sends 

forward

VMMROC

M I C R O M E G A S  R E A D O U T  PAT H

MM 
detector
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Micromegas 
Frontend Board ART

Address in Real 
Time Data 
Driver Card

Level 1 Data 
Driver Card

data handling, 
control, etc…

Trigger 
Processor

Trigger Path

Readout Path

VMM packages trigger 
primitives from 32 

VMMs and stamps with 
bunch crossing ID

M I C R O M E G A S  T R I G G E R  PAT H

MM 
detector

ROC
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Micromegas 
Frontend Board ART

Address in Real 
Time Data 
Driver Card

Level 1 Data 
Driver Card

data handling, 
control, etc…

Trigger 
Processor

Trigger Path

Readout Path

VMM

makes a 
candidate “track” 

from trigger 
primitives

ROC

M I C R O M E G A S  T R I G G E R  PAT H

MM 
detector
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VMM
ROC

pad Frontend 
Board Pad 


Trigger

Level 1 Data 
Driver Card

data handling, 
control, etc…

Trigger 
Processor

TDS

strip Frontend 
Board

Router

VMM
ROC

TDS

VMM

detects sTGC pad 
signal and sends 
trigger primitives

key design principle: use 
pad signals to filter out 

which strip signals to send 
—> data reduction

4 sTGC detector technology and

performance

In Chapter 2 the requirements for the triggering system in the NSW have been defined. The
triggering detectors should provide bunch crossing identification, requiring good time resolution,
and good angular resolution, better than 1 mrad, for online reconstructed segments, which in turn
entails fairly good online spatial resolution. The sTGC detector provides both capabilities as will
be demonstrated in this chapter and for this reason is regarded as the main triggering detector
in the NSW. It provides also a fair spatial resolution for the offline tracking that will help the
precision tracking, specially during the HL-LHC phase.

4.1 sTGC

The basic Small strip Thin Gap Chamber sTGC structure is shown in Fig. 4.1(a). It consists
of a grid of 50µm gold-plated tungsten wires with a 1.8mm pitch, sandwiched between two
cathode planes at a distance of 1.4mm from the wire plane. The cathode planes are made of a
graphite-epoxy mixture with a typical surface resistivity of 100 k⌦/⇤ sprayed on a 100µm thick
G-10 plane, behind which there are on one side strips (that run perpendicular to the wires) and
on the other pads (covering large rectangular surfaces), on a 1.6 mm thick PCB with the shielding
ground on the opposite side (see Fig. 4.1(b)). The strips have a 3.2mm pitch, much smaller than
the strip pitch of the ATLAS TGC, hence the name ’Small TGC’ for this technology.

A similar type of structure was used in the past for the OPAL Pole-Tip calorimeter, where 400
detectors were constructed and run for 12 years.

The TGC system, used in the present ATLAS muon end-cap trigger system, has passed a long
phase of R&D and testing. The basic detector design for the NSW has two quadruplets 35 cm
apart in z. Each quadruplet contains four TGC’s, each TGC with pad, wire and strip readout.

(a) a (b) b

Figure 4.1: The sTGC internal structure.

37



!13

VMM
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Board Pad 


Trigger

Level 1 Data 
Driver Card

data handling, 
control, etc…

Trigger 
Processor
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strip Frontend 
Board

Router
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TDS

TDS

serializes + stamps 
pad signals with 

BCID
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VMM
ROC

pad Frontend 
Board Pad 


Trigger

Level 1 Data 
Driver Card

data handling, 
control, etc…

Trigger 
Processor

TDS

strip Frontend 
Board

Router

VMM
ROC

TDS

looks for “tower” 
coincidence of 

pad signals
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VMM
ROC

pad Frontend 
Board Pad 


Trigger

Level 1 Data 
Driver Card

data handling, 
control, etc…

Trigger 
Processor

TDS

strip Frontend 
Board

Router

VMM
ROC

TDS

gets tower from pad trigger, 
serializes + sends 

corresponding strip signals
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VMM
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Trigger

Level 1 Data 
Driver Card

data handling, 
control, etc…

Trigger 
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TDS

strip Frontend 
Board
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TDS

packages strip 
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downstream
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VMM
ROC

pad Frontend 
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Trigger

Level 1 Data 
Driver Card

data handling, 
control, etc…

Trigger 
Processor

TDS

strip Frontend 
Board

Router

VMM
ROC

TDS makes a 
candidate 

“track” from 
trigger 

primitives
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pre-production productionunder review done

sTGC Frontend 
Boards

all ASICs

ART Data Driver 
Card

Level-1 Data 
Driver Card

Pad Trigger

RouterMM Frontend 
Board

Trigger 

Processor

mezzanine card will go 
into pre-production 

soon, pre-series carrier 
cards under test

completely 
tested and 
delivered

deciding on final 
producer
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July 2018 Test beam with 
prototype MMFE8s + VMM3 

on a SM2

• Electronics have been continuously 
tested during their development and 
review chain

Tests VMM, 
MMFE8 • For the readout path, we have 

conducted measurements of 
efficiency, resolution, noise in a 
2018 test beam with pions on a 
full-size chamber (VMM, 
Frontend Board)

different 
MM layers
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• Now evaluating a double 
wedge (1/16 of a MM wheel) 
which is planned for ATLAS 
installation for HV stability 
and electronics noise

photo credit: A. Fortman

• Testing the “full system” with 120 Hz 
of cosmics 

• Have successfully collected data with 
the VMM —> ROC —> Level-1 
Data Driver Card prototype

M I C R O M E G A S  R E A D O U T  C H A I N  T E S T S
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Figure 6: Display of two events with � rays. The black points are MM clusters, the black line is the fit to
the clusters, and the red circles are the hits chosen by the MMTP. We select these events by requiring that
the di↵erence between the ✓ angles reconstructed by the MMTP and o✏ine using MM cluster is larger
than 10 mr.
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Figure 7: Drawings of Micromegas wedges with dimensions as specified by the NSW TDR. The stereo
strips require larger roads than the horizontal strips because they overlap a band of x strips of width from
13 to 58 mm.
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Sep 2017 cosmic track with 
full prototype trigger chain

Tests VMM, MMFE8, 
ADDC board, trigger 
processor firmware

• In the testbeam, the trigger 
path from VMM to the 
ADDC v2 with ART was 
validated

• For the trigger chain, we 
developed and debugged the 
trigger processor firmware by 
taking cosmic muon data with a 
prototype chamber, ART Data 
Driver Card (ADDC) v1 and 
prototype MM Frontend Boards

• Currently developing trigger DAQ with 
the final ATLAS system to test final trigger 
processor hardware



24/10/2018, Liang Guan ATLAS Muon & NSW Week 5

f Given the evident FEAST switching noise pick up due to its close proximity to 
the detector analog ground on the adapter board, FEAST moved back to top 
side for v2.3a FEBs to maximize the separation. 

f Set up and noise measurement at H8

• Detector: QS2 module-1 from WIS.  
(Quad outermost copper skin floating, no 
Faraday cage enclosure)

• All HV/LV PS, DAQ FPGA, NIM crate 
connected to the same wall plug. 
Detector analog ground is essentially the 
same as wall plug ground.

• Twinax cables AC terminated to the 
digital ground on FEB and DC connected 
to DAQ board ground. 

• HV power supply is floating unless 
connected to the crate via copper braid.

S T G C  E L E C T R O N I C S  T E S T S
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• Coincidences between two pads 
was demonstrated using pad 
Frontend Board  prototype with 
VMM, TDS 

• sTGC detector efficiencies, 
charge distributions, 
resolutions, were also 
measured in a test beam

Test beam - tests of pFEB 
and sFEB prototypes with 

VMM, TDS

15/01/2019, Liang Guan ATLAS Weekly Meeting 14

Pad Efficiency (Trigger Chain, ToT mode) 

f Efficiency reaches the plateau @ 2.9 kV -
slightly higher than desired: non-final 
(larger) attenuation setting (“pi-network” 
for VMM high charge operation)

f High (>95%) pad efficiency and a 300V 
plateau achievable with nominal threshold. 

channels!) 

Peaking Time=25 ns

f Timing studies: measured BCID difference 
for correlated hits between layer 1 & 3 pads. 

f 70% correlated pad hits within the same 
BCID (2/2 coincidence. Where we start!).

f Note earlier offline analysis of readout chain 
data derived an average of 93% event within 
25ns with 3-out-4 coincidences. Further 
optimizations needed during commissioning: 
• 3/4 coincidence
• Bunch clock phase adjustment
• HV optimization 

Beam Test Results: Pad Efficiency and Timing (preliminary)  

Pad Timing (Two layer coincidence) 

photo credit: L. Guan
sTGC test beam



03/07/2019, Liang Guan ATLAS Muon/NSW Week 13

▪ Put everything together by 
enabling all 44 VMMs on 4 
pFEBs and 4 sFEBs. Then 
noise is measured for all 
~1600 strips on four gas gaps.

▪ Neglecting the fine 
structures, results of external 
noise coupling, all four layer 
strips show reasonable low 
and consistent noise level: no 
more 2-3 times higher noise 
for some channels affected by 
the FEAST!

▪ Note this is achieved with all 
electronics and gas gaps 
operational.

* Bad grounding due to jumper wire connection 
between cathode strip and strip adapter board.

*

S T G C  E L E C T R O N I C S  T E S T S
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• Digital readout path with VMM and 
ROC also being tested 

• Pad trigger firmware prototype has 
been completed

Preliminary

Tests pFEB and 
VMM

What have been done this week

28/06/2019 NSW Elx Coordination Meeting 4

� We then pushed to the limit to start the operation and demonstration of full 
quadruplet readout.

� We have 44 VMMs, 20 TDS, 8 ROCs and 8 SCAs from 8 FEBs fully configured and 
operational for the first time!

• Currently testing a large sTGC quadruplet 
equipped with latest strip and pad 
Frontend Board prototypes 

• Extensive noise tests conducted, e.g. 
recent tests identified and fixed noise from 
the on-board DC-DC converters

photo credit: L. Guan

sTGC elx integration 
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• NSW + NSW electronics system was designed to handle 
the challenges of increased instantaneous luminosity at 
the High Luminosity LHC 

• High radiation environment, high particle rates  

• Right now is an exciting time! Integration ongoing with 
final chambers and electronics to confirm that the system 
is functional before ATLAS installation of a wheel planned 
in 2020 

• Thank you!
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4 sTGC detector technology and

performance

In Chapter 2 the requirements for the triggering system in the NSW have been defined. The
triggering detectors should provide bunch crossing identification, requiring good time resolution,
and good angular resolution, better than 1 mrad, for online reconstructed segments, which in turn
entails fairly good online spatial resolution. The sTGC detector provides both capabilities as will
be demonstrated in this chapter and for this reason is regarded as the main triggering detector
in the NSW. It provides also a fair spatial resolution for the offline tracking that will help the
precision tracking, specially during the HL-LHC phase.

4.1 sTGC

The basic Small strip Thin Gap Chamber sTGC structure is shown in Fig. 4.1(a). It consists
of a grid of 50µm gold-plated tungsten wires with a 1.8mm pitch, sandwiched between two
cathode planes at a distance of 1.4mm from the wire plane. The cathode planes are made of a
graphite-epoxy mixture with a typical surface resistivity of 100 k⌦/⇤ sprayed on a 100µm thick
G-10 plane, behind which there are on one side strips (that run perpendicular to the wires) and
on the other pads (covering large rectangular surfaces), on a 1.6 mm thick PCB with the shielding
ground on the opposite side (see Fig. 4.1(b)). The strips have a 3.2mm pitch, much smaller than
the strip pitch of the ATLAS TGC, hence the name ’Small TGC’ for this technology.

A similar type of structure was used in the past for the OPAL Pole-Tip calorimeter, where 400
detectors were constructed and run for 12 years.

The TGC system, used in the present ATLAS muon end-cap trigger system, has passed a long
phase of R&D and testing. The basic detector design for the NSW has two quadruplets 35 cm
apart in z. Each quadruplet contains four TGC’s, each TGC with pad, wire and strip readout.

(a) a (b) b

Figure 4.1: The sTGC internal structure.
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• Unique sTGC challenge 
• ~45k sTGC pads, ~280k strips in the 

entire NSW 
• Need fine strip granularity without huge 

amounts of trigger data to process 
• MM sends address of first strip hit in a 

VMM (strip pitch ~425-450 microns, but 1 
VMM covers ~2.7 cm) 

• sTGC pads cover 4+ cm, sTGC strip pitch 
3.2 mm 

• Solution: select which strip trigger signals 
should be processed using pad signals 

• Basis of electronics design 
• using pads to filter which strips are read out 

reduces  data rate by ~ 60-100x



S T G C  T R I G G E R  PAT H

!27

VMM
ROC

pad Frontend 
Board Pad 


Trigger

data handling, 
control, etc…

Trigger 
Processor

TDS

strip Frontend 
Board

Router

VMM

ROC
TDS

VMM

(1) pad TDS: 
serializes + stamps 

pad signals with 
BCID

(3) strip TDS: gets 
tower from pad 

trigger, serializes + 
sends corresponding 

strip signals

(2) pad trigger: 
looks for “tower” 
coincidence of 

pad signals

(4) Router: packages 
strip signals and 

transmits 
downstream

(5) TP: makes a 
candidate “track” 

from trigger primitives



M I C R O M E G A S  E L E C T R O N I C S

!28

Micromegas 
Frontend Board ART

Address in Real 
Time Data 
Driver Card

Level 1 Data 
Driver Card

data handling, 
control, etc…

Trigger 
Processor

Trigger Path

Readout Path

VMM

(1) VMM: digitizes 
detector signals 


sends trigger 
primitives 


(64 channels)

ROC

(2) ROC: buffers and 
filters data from 8 
VMMs to match 
ATLAS trigger 

selection

MM 
detector

(2) ART: packages 
trigger primitives from 
32 VMMs and stamps 
with bunch crossing ID

(3) L1DDC: packs up 
readout data and 

sends forward

(3) TP: makes a 
candidate “track” 

from trigger primitives
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1. 2+ million MM strips need to be read out, ~45k sTGC 
pads, ~280k strips for the sTGC  

2. Radiation intensive environment  

• Total Ionizing Dose ~ 0.5 Mrad 

3. Need low power losses, MM requires 34 kW of power, 
sTGC requires 14.6 kW of power 

4. Everything needs to be fast - < 1025 ns for trigger signals 
to go to ATLAS “Sector Logic” 

5. Reuse as many electronics as possible between sTGC and 
MM
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t

i(t)

(cartoon) 
detector signal

8-bit fine time 
information

10-bit charge 
information

VMM

ASIC

• 64 input channels 
• measures time and 

charge of signal 
• provides fast trigger 

signals 
• used for both MM 

and sTGC 
• radiation hard CMOS 

technology

MM trigger hit:

channel 

address of 
first strip over 

threshold 

Pad trigger 
signal: pulse 
for Time over 

Threshold 
(ToT) 

Strip 
trigger 

signal: 6-
bit channel 
peak value

Trigger pathReadout path

BCID

channel
ASIC

VMM

ASIC
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5VMM - ASIC evolution

L1
H

• VMM2 (2014) 

• 115 mm² 

• > 5M MOSFETs (>80k/ch.)  

• planned deep re-design of  VMM1 

• higher functionality and 
complexity 

• continuous fully-digital readout

• VMM3 (2015-16) 

• 130 mm² 

• > 6M MOSFETs 

• includes L1 handling and SEU-
tolerant logic

• VMM1 (2012) 

• 50 mm² 

• 500k MOSFETs 

• (8k/ch.) 

• mixed-signal 

• 2-phase readout

G. De Geronimo - ‘’VMM2 - An ASIC for the New Small Wheel’’.TWEPP 2014 - Topical Workshop on Electronics for Particle Physics. 

https://indico.cern.ch/event/299180/session/4/contribution/45

pic src

https://indico.cern.ch/event/365380/contributions/1780264/attachments/726473/996928/2015_03_19_VMM2_RD51_Iakovidis.pdf


R O C ,  A R T,  T D S

!31

buffers 
data

Readout Controller (ROC) 
looks for hits matching a desired 

BCID + packages the hits

transmits at ~ 320 Mb/s

VMM

VMM

VMM

VMM

VMM

VMM

VMM

VMM

FIFO

FIFO

FIFO

FIFO

FIFO

FIFO

FIFO

FIFO

sROC

sROC

sROC

sROC

trigger, 
timing 
signals

ASIC

Address In Real Time (ART) 
deserializes VMM MM trigger hits 

stamps them with the BCID

Trigger Data Serializer (TDS) 
serializes VMM data and 
matches pads and strips


