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▪ High Granularity Timing Detector (HGTD)
▪ Silicon detector with coarse spatial resolution but 

precise timing

▪ ~3.6 million 1.3×1.3 mm2 pixels with Low-Gain 
Avalanche Detector (LGAD) technology

▪ 6.1 m2 active area

▪ Pileup rejection
▪ Time resolution at the start (end): 

30 (50) ps per track / 35 (70) ps per hit 

▪ Luminosity measurement
▪ Count number of hits at 40 MHz (bunch-by-bunch)

▪ Goal for HL-LHC: 1% luminosity uncertainty

▪ Detector structure
▪ Two end-caps 

▪ z ≈ ±3.5 m from the nominal interaction point

▪ 110 < r < 1000 mm

▪ Active detector region: 2.4 < |η| < 4.0

▪ Each end-cap
▪ Two instrumented disks, rotated by 15°
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Global view of the HGTD Modules PEBs
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The schematic drawing shows the overlap between the modules on the front and back of 

a cooling disk. There is a sensor overlap of 20% for r > 470 mm, 54% for 230 mm < r < 

470 mm and 70 % for r < 230 mm.

▪ Each instrumented disk:
▪ Double-sided layers mounted on 

a cooling plate

▪ 3 ring layout for front-end modules

▪ Front-end module
▪ Flex PCB

▪ Two LGAD sensors

▪ Two ASICs

▪ ATLAS LGAD Timing Integrated Read-Out Chips (ALTIROC)

▪ Radiation tolerance for modules

▪ Up to 8.3 ⨉ 1015 1MeV neq/cm2, 7.5 MGy

Fig 3. Front-end module 
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▪ On-detector
▪ Front-end modules

▪ Flex tail cables

▪ Peripheral Electronics Boards (PEB)

▪ Off-detector
▪ Data Acquisition System (DAQ)

▪ Luminosity System

▪ Timing, Trigger and Control (TTC)

▪ Detector Control System (DCS) 

▪ Low Voltage (LV)/High Voltage (HV) 
system

▪ Interlock system

Basic functions of PEB

• Control, monitoring & data aggregation and transmission 

• Power-supply distribution: LV & HV

• Thermistor connection between the front-end modules and the interlock system

HGTD electronics architecture
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▪ On-detector

▪ Front-end Modules

▪ Flex PCB: Designed and produced by 
IHEP (100%)

▪ Flex tail cables

▪ Designed by Mainz 

▪ Produced by CERN/MAScIR, Shandong 
University (33.6% of the cost), Mainz, 
JSI

▪ Peripheral Electronics Boards (PEB)

▪ Designed by IHEP, NJU (Nanjing 
University) and Morocco group

▪ Produced by IHEP (50%) and NJU 
(50%)

HGTD electronics architecture
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52 bPOL12v with shielding 

cage

55 FPC connectors 

for modules

9 VTRx+ with clips 

and heat sinks

lpGBT and MUX are

on back side

HV

HV
LV NTC

Top view of PEB 1F
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Basic functions of PEB
▪ Control, monitoring & data aggregation and transmission 

▪ 8032 front-end modules

▪ Clock and fast command distribution

▪ Up to 50k analog monitoring

▪ TOT/TOA data, up to 10 Tbps to TDAQ, on average, 63 Gbps per PEB

▪ LV & HV power-supply distribution

▪ Low noise, heat dissipation, system level shielding and grounding considerations

▪ Thermistor connection between the front-end modules and the interlock system

▪ 896 Negative Temperature Coefficient (NTC) sensors to monitor disk temperature 

▪ Area and height restrictions
▪ Limited surface area for connectors, chips and power blocks

▪ Height < 10 mm, hard to find low-profile air-core inductors and connectors

▪ Radiation tolerance for PEB

▪ Magnetic field
▪ Amplitude: 0.382 T ~ 0.433 T

▪ Angle 23.1° ~ 32.3°

▪ Operating Temperature:
▪ On disk (with front-end modules and CO2 cooling): -35 ℃ ± 5℃

▪ Testing/debugging (with cooling): -40 ℃ to 55 ℃
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From simulation Safety factor Design requirement

Si 1 MeV neutron equivalent < 1.4 x 1015 neq /cm2 1.5 x 1.3 2.73 x 1015 neq /cm2

Fluence of hadrons > 20 MeV < 0.32 x 1015 neq /cm2 1.5 x 1.3 x  2 1.25 x 1015 neq /cm2

TID < 36 Mrad (0.36 MGy) 1.5 54 Mrad (0.54 MGy)



Each lpGBT has a 8 channel 

multiplexed ADC.

With ~7 modules/lpGBT, an external 

64-to-1 MUX is required: MUX64 
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▪ Two LV channels
▪ Each up to 12A @ 12V

▪ Up to 3 modules share two bPOL12v
▪ One for analog power, the other for digital power

▪ One TDAQ lpGBT and 1~2 luminosity lpGBTs share one VTRx+

▪ Control
▪ I2C of lpGBT

▪ Module and VTRx+ configuration

▪ I2C0 of TDAQ lpGBT is connected to the VTRx+ only

▪ Output

▪ Module reset

▪ Module power on/off

▪ MUX64 channel selection

▪ Monitoring
▪ ADC of lpGBT

▪ Module state monitoring

▪ VDDA, VDDD, GNDA, PROBE0/1(internal state and temperature), NTC

▪ PEB state monitoring

▪ lpGBT voltage, temperature

▪ VTRx+ RSSI(average optical power of the received light) and NTC

▪ bPOL12v temperature

▪ On board NTC

▪ Input of lpGBT

▪ bPOL12v power good signal

lpGBT:

Bi-directional slow control and 

monitoring communication between 

the FELIX and the lpGBT is done via 

the IC and EC channels. 

bPOL12V:

provide the 1.2V analog and digital 

voltages for the ALTIROCs
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Bpol12V generates analog and digital 1.2 V to the 
front-end modules
▪ Height limitation in HGTD

▪ < 10 mm (Including PCB and shielding case )
▪ Selection for air-core inductor

▪ Custom solenoid coil

▪ Tested in low temperature (-35 ℃), OK
▪ Tested in magnetic field, up to 4 T, OK

CERN module 

(FEASTMP)
ITK EoS Commercial inductor HGTD

Inductor candidates

BPOL12V test system in magnetic field

Efficiency and ripple with respect to 𝐼𝑜𝑢𝑡 in magnetic field

Thanks to IHEP Accelerator Division for the superconducting magnet
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▪ Green: finished work

▪ Red: on-going work
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▪ Reliability test

▪ High Temperature Operating Life (HTOL)

▪ 32 samples, 85 °C, 16days, All pass HTOL

▪ Temperature Cycle (TC)

▪ 48 samples

▪ -40 °C  to 85 °C

▪ 4 batches launched, more than 100 cycles per batch, pass TC

▪ Irradiation test

▪ Proton beam

▪ Beam energy: 80 MeV. 

▪ Spot size: 20 x 20 mm2

▪ Measured injection rate: 1.89 × 109 pps/cm2

▪ 2 samples, irradiation time: 9.4 days, all pass test

▪ X-ray

▪ Instrument model: MultiRad160 

▪ TID dose rate: up to 5 Gray/s

▪ 5 samples, pass TID test

▪ About 2000 pcs under production

Thanks to CSNS Associated 

Proton Experimental 

Platform (APEP) for beam

Requirement Tested

Si 1MeV 𝑛𝑒𝑞 fluence 2.5 x 1015 𝑛𝑒𝑞/𝑐𝑚
2 3.21 × 1015 𝑛𝑒𝑞/𝑐𝑚

2

TID 0.54 M Gy 0.75 M Gy

Bare dies
Wire-bonding 

test board QFN packaging Test socket Proton beam lineOpen-cavity



▪ TDAQ interface

▪ PEB uses 10.24 Gbps with FEC5

▪ Front-end interface

▪ Up to 28 eclks

▪ Up to 28 elinks for data-up

▪ Up to 16 elinks for data-down

▪ 4 groups

▪ 4 channels in the one group have the same 
data (“mirror” function) at 320 Mbps

▪ Up to 3 I2C buses

▪ Up to 16 GPIOs 10

Data-up 320Mbps 640Mbps 1.28Gbps

EDINy0 √ √ √

EDINy1 √ × ×

EDINy2 √ √ ×

EDINy3 √ × ×

Note: y=0,…,6

lpGBT architecture



▪ Complete the prototype demonstration system

• The full chain readout from the front-end modules to back-end TDAQ system

• Delivered to CERN, Nikhef and KTH
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FELIX Server

FELIX (TDAQ)

@KTH

@CERN

@ Nikhef

5mm 10mm
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▪ Elink Skew and Jitter
▪ 40 MHz for ALTIROC2, 320 MHz for ALTIROC3

▪ Jitter < 9 ps

Elink skew and jitter tests
Optical Eye Diagram tests

@ 10.24 Gbps

FELIX and modular PEB Jitter (ps) Duty
Skew between clk and fast-

cmd (ns)

ECLK 40MHz 320MHz 640MHz 40MHz 320MHz 640MHz 40MHz 320MHz 640MHz

Test points on PEB

(without flex tail)
5.256 6.473 6.291 50.20% 50.95% 51.32% 1.353 1.446 0.020

Test points on bare module flex 

with 70 cm flex tail

(without ALTIROC)

7.314 7.586 7.254 50.19% 50.90% 51.28% 1.498 1.489 0.099

Test points on digital module with 

70 cm flex tail 

(with ALTIROC)

8.052 7.863 7.747 50.19% 50.88% 50.87% 1.550 1.548 0.119

▪ Elink Bit Error Rate Test (BERT)
▪ Down link @ 320 Mbps, BERT < 10-12

▪ Up link @ 1.28 Gbps,  BERT < 5 x 10-13

Elink BER test with long flex tail and module

▪ Optical link
▪ Pre-emphasis parameters in lpGBT and VTRX+

▪ Developed automatic scripts to get the best config

VTRX+ lpGBT

Parameters Range Parameters Range

Bias Current 0~127 LDModulationCurrent 0~127

Modulation enable 0,1 LDEmphasisEnable 0,1

Modulation Current 0~127 LDEmphasisAmp 0~127

Pre-emphasis amplitude 0~7 LDEmphasisShort 0,1

Rising edge pre-emphasis 

enable 
0,1

Falling edge pre-emphasis 

enable 
0,1



Key dimensions

▪ Total thickness: 2.5 mm

▪ 55 FPC connectors
▪ Center to center distance:

6.5 mm

▪ 52 bPOL12v power blocks
▪ Size: 24 mm x 14.5 mm

▪ Height above PCB: 
5 mm

▪ Height under PCB: 
2 mm

PEB 1F prototype is under 
production
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Peripheral

board
Modules lpGBT bPOL12v MUX VTRx+

1F 55 9+3 52 9 9

Top view

Complex PCB

▪ High speed, low loss multi-layer material

▪ Impedance control

▪ Halogen free

▪ EM-890 or IT-170/988 or R-5375(E)

▪ Symbols and nets

▪ 3140 components, 10953 connections

▪ 22 layers PCB for PEB 1F, includes:

▪ 8 layers for signals

▪ 2 layer for HV and HV return ground

▪ 4 layers for ground

▪ 8 layers for power

▪ HDI (High Density Interconnector)

▪ Micro via

▪ VIPPO / POFV: Via-in-Pad Plated Over PCB

                                                                           PCB
bPOL12V

RlpGBTMUX64

VTRx+Inductor

Shielding case: 5.0 mm

FPC connectors: 1.0 mm

Custom-made Aluminum Heat Sink

Connectors: 4.0 mm

PCB: 2.5 mm

Heat sink

Spacer: 2.0 mmC

CR

RR

Cooling plate

Nut: 1.6mm      M
2

M2

Graphene sheet: 0.2mm

Kapton film: 0.1mm
Side view



▪ PEB 1F prototype under production

▪ HGTD on-detector electronics moving 
towards the FDR phase 

▪ Focus on the full demonstrator

▪ Electronics : 54 modules mounted on 
4 support units + flex tails + PEB 1F + LV + HV

▪ Cooling plate prototype

▪ Detector assembly 

▪ TDAQ + Lumi. DAQ + DCS

Many challenges ahead, but 

remarkable technical progress achieved
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FI01DU loaded at LPNHE Paris and send to CERN
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▪ 80 boards per HGTD vessel, thus 160 boards in total.One quadrant of the two instrumented 

disks. The PEBs (in green) are attached 

to the readout rows PEB 1F 2F 3F 3B 2B 1B

Total 

Qty.

32 32 16 16 32 32

▪ Six types of PEB to be designed 
(front and back side)
▪ Board 1F, 2F, 1B and 2B can be 

used both on front and back

▪ According to the optimization of 
mirror structure for module layout

▪ Each board covers three or more 
readout rows in order to have a 
similar number of modules

▪ The front-end modules are 
connected via flex tails, 
arranged in rows, to the PEB @ 
660 < r < 920 mm

PEB Front side Back side

1F 54 modules 55 modules

2F 52 modules 56 modules

3F 39 modules -

3B - 39 modules

2B 52 modules 48 modules

1B 54 modules 53 modules

Number of modules attached to the 

different PEBs at the front and back sides
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▪ Single point connection
▪ The hermetic vessel acts as the Faraday cage, which is referenced to the experiment ground by a single dedicated copper braid per 

end cap.

▪ Each PEB will have be referenced to the Faraday cage by one single low ohmic strap to the conductive layer of the outer ring.
▪ The modules and the PEB shall have thermal conductive connection to the cooling plate but be electrically isolated from the cooling 

plate.

▪ The stage2 LV supplies are referenced to ground by their return lines being connected to the ground planes of the PEB which 
they supply. 

▪ The HV at each module is then referenced to ground through the analog ground plane at the module end.

Flex tail
Module flex PEB

HV

LV

DC/DC
1.2Vd

DC/DC
1.2Va

10nF x 2

Earth

Earth

Earth

1.2V Digital

1.2V Analog

HV

HV return GND

Analog GND

Digital GND

Cable Shield

Faraday cage

Cable Shield

Single point Earth tie

Single point to 
Faraday cage

GND

GND

1K

4.7nF

1K1K

ASICASIC
x2

SensorSensor
x2
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Basic patterns used in PEB, Mix XYZ
▪ X:  number of module run 1.28 Gbps, 

▪ Y:  number of module run 640 Mbps, 

▪ Z:  number of module run 320 Mbps 18

Model ID lpGBT Elinks Mix230 Mix150 Mix310 Mix046(with lumi) Mix00D(with 2 lumi)

M0 ECLK0, EDIN00, EDIN10, EDOUT00 1280, P0, I2C1 1280, P0, I2C1 1280, P0, I2C1 640, P0, I2C1 320, P0, I2C1

M1 ECLK1, EDIN01, EDIN11, EDOUT01 - - - - 320, P0, I2C1, L640

M2 ECLK2, EDIN02, EDIN12, EDOUT02 - - - 640, P0, I2C1 320, P1, I2C2, L640

M3 ECLK3, EDIN03, EDIN13, EDOUT03 - - - - 320, P1, I2C2, L640

M4 ECLK4, EDIN20, EDIN30, EDOUT10 1280, P0, I2C1 640, P0, I2C1 1280, P0, I2C1 640, P1, I2C2 320, P2, L_I2C0, L640

M5 ECLK5, EDIN21, EDIN31, EDOUT11 - - - - 320, P2, L_I2C0, L640

M6 ECLK6, EDIN22, EDIN32, EDOUT12 - 640, P0, I2C1 - 640, P1, I2C2, L640 320, P2, L_I2C0, L640

M7 ECLK7, EDIN23, EDIN33, EDOUT13 - - - - 320, P3, L_I2C1, L640

M8 ECLK8, EDIN40, EDIN50, EDOUT20 640, P1, I2C2 640, P1, I2C2 1280, P0, I2C1 320, P2, L_I2C1, L640 320, P3, L_I2C1, L640

M9 ECLK9, EDIN41, EDIN51, EDOUT21 - - - 320, P2, L_I2C1, L640 320, P3, L_I2C1, L640

M10 ECLK10, EDIN42, EDIN52, EDOUT22 640, P1, I2C2 640, P1, I2C2 - 320, P2, L_I2C1, L640 320, P4, L_I2C2, L640

M11 ECLK11, EDIN43, EDIN53, EDOUT23 - - - 320, P3 L_I2C2, L640 320, P4, L_I2C2, L640

M12 ECLK12, EDIN60, EDIN62, EDOUT30 640, P1, I2C2 640, P1, I2C2 640, P1, I2C2 320, P3 L_I2C2, L640 320, P4, L_I2C2, L640

M13 ECLK13, EDIN61, EDIN63, EDOUT31 - - - 320, P3 L_I2C2, L640 -
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Top
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HV 
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❑ Simulation result

➢ Less than 12 mΩ
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bPol

Plane

FPC

Flex tail

FPC

Output 

Distribution

PEB 

1F

ALTIROC x 

2

R

Required output of bPol12V and R_sel determination 

https://gitlab.cern.ch/atlas-hgtd/hgtd-peb/-/tree/master/design


ASIC designed in 130 nm CMOS from TSMC 

▪ Requirements to match the performance of LGADs: 
▪ Small jitter: 25 ps at 10 fC (< 70 ps at 4 fC) 

▪ Radiation hard (2.5×1015 neq/cm2, 2.0 MGy) 

▪ 2 fC minimum discriminator threshold 

▪ Prototype status: 
▪ ALTIROC 0 and ALTIROC 1: Small prototype for analog 

FE tests (2020 JINST 15 P07007, 2023 JINST 18 P08019 ) 

▪ ALTIROC 2: First full size prototype (15 ×15 pixels, 2 ×2 
cm 2) with full electronic chain (VPA and TZ amplifier 
types) 

▪ ALTIROC 3: Prototype up to specs presently under test 
(only TZ amplifiers implemented) 

Block diagram of the on-pixel electronics 

ALTIROC test system with FPGA
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https://doi.org/10.1088/1748-0221/15/07/P07007
https://iopscience.iop.org/article/10.1088/1748-0221/18/08/P08019


▪ FELIX (Front-End Link eXchange) 
▪ A system provides radiation-tolerant bidirectional communication for the 

front-end electronics and data acquisition (DAQ) of the ATLAS detector. 

▪ It offers clock synchronization, control, configuration, calibration, and 
monitoring capabilities for the front-end chips. 

▪ Additionally, FELIX collects and aggregates data from the front-end chips.

▪ Hardware design of FELIX developed by BNL (Brookhaven National 
Laboratory), while the FPGA firmware designed by Nikhef

▪ This system supports user development of custom functionalities.

▪ HGTD 
▪ 1728 lpGBTs to transmit hit time data from 8032 front-end modules to 48 

FELIX systems. 

▪ Additionally, luminosity data will be transmitted to 32 FELIX systems. 

▪ The total data throughput from the front-end to FELIX reaches a remarkable 
10 Tbps, with an average of approximately 62.72 Gbps per front-end circuit 
board.
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10.24 Gb/s

40/100 Gb/s


