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The High-Luminosity LHC is planned to start the operation in 2026 with the increased luminosity
of about 5×1034 cm−2s−1 in order to provide more precise measurements of the standard model
processes and to extend the reach for new particles. The trigger and readout electronics for the
ATLAS experiment are planned to be replaced by new ones to cope with the higher event rate
at the High-Luminosity LHC. The end-cap muon trigger plans to select the events using the de-
flection angle between the segments before and after the magnetic field. The Thin Gap Chamber
(TGC) provides the segments after the magnetic field with 3 mrad angular resolution. In order
to implement the new TGC trigger, the front-end boards of TGC need to send the hit data for
all channels (∼320,000 channels) to the off-detector electronics. The prototype of the front-end
board with the concept for the upgrade has been developed and demonstrated using muon test
beam line at CERN. In this report, we introduce the prototype of the front-end board and the
results of the beam test.
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1. Introduction

High-Luminosity LHC (HL-LHC) is planned to start the operation in 2026 with the increased
luminosity of about 5×1034 cm−2s−1 in order to provide more precise measurements of the stan-
dard model processes and to extend the reach for new particles. In order to cope with the higher
event rate for HL-LHC, the trigger and readout electronics for all subsystems need to be replaced
by new ones [1]. At the same time, sophisticated trigger algorithm is planned to be introduced to
suppress the events including muons with low transverse momentum. In this report, we focus on
the improvement of the first level muon trigger algorithm in the end-cap regions.

2. Thin Gap Chamber Track Trigger

2.1 Thin Gap Chamber

TGC is a multi-wire proportional chamber [2]. Seven layers of TGC are located in the end-cap
regions of ATLAS detector. Signals from the anode wires and the strips arranged orthogonal to the
wires provide two-dimensional position measurements.

2.2 First Level Muon Trigger Algorithm

The current first level muon trigger algorithm is based on the coincidence of seven layers of
TGC. On the other hand, that for the HL-LHC makes the decision using the difference of the angle
β calculated by the deflection of a muon track at both of after and before magnetic field as shown
in Figure 1. The New Small Wheel (NSW), which will be introduced in 2019-2020 provides the
azimuth angle of the muon track with 1 mrad angle resolution before the toroidal magnetic field.
TGC also provides that with 3 mrad angle resolution after the toroidal magnetic field using the
simple tracking algorithm with hits from all TGC layers. The angle measurements provided by
NSW and TGC improves the transverse momentum resolution of the muon. The performance
studies show that the rate of the single muon trigger with pT theshold of 15 GeV is reduced by 30%
in the end-cap regions.
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• The current TGC trigger and readout electronics need to be replaced by new ones to cope 
with the latency and rate for HL-LHC.

• New small wheel will provide track segments with 1 mrad resolution at the endcap inner 
region after the phase-1 upgrade.

• We plan to provide TGC track segments with 3 mrad resolution at the big wheel. 
• Deflection angle between a NSW segment and a TGC segment can be used for the trigger 
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Figure 1: Algorithm of TGC track trigger

2.3 Concept of Trigger and Readout Electronics

Figure 2 shows the schematic of the TGC trigger and readout electronics for HL-LHC. Signals
digitized by amplifier/shaper/discriminator (ASD) boards are fed into the TGC front-end board
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(PS board). A PS board aligns the timing of the hits and identifies which proton bunch crossing
produces the TGC hit information and transmits all hit data to the off-detector electronics. It allows
us to make a sophisticated TGC track trigger. Moreover, the PS board controls and monitors the
threshold voltage for the discriminator on the ASD board.
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Figure 2: Concept of trigger and readout electronics

3. Prototype of TGC PS Board

A picture of prototype of the PS board for HL-LHC is shown in Figure 3. This board has
8 patch-panel ASICs for the timing alignment and bunch identification, DACs and ADCs for the
control and the monitor of the ASD threshold, and an FPGA. The FPGA sends all TGC hit data
to the off-detector electronics without selections. It configures the patch panel ASICs, DACs,
and ADCs. This board communicates with the Trigger Timing and Controller (TTC) board using
copper cables. The data is transferred to the trigger processor and readout board via two optical
fibers. The prototype board has also an Ethernet interface for debugging.

• Concept of sending hit data, controlling the Patch-Panel (PP) ASIC and ASD threshold, and 
using universal module for all TGC chambers will remain in the final design.
- PP-ASICs need to be replaced by new ones for Phase-2 upgrade.
- Radiation tolerance FPGA need to be selected.

Optical Rx/Tx
2 Tx and 2 Rx
(up to 20 Gbps)

Ethernet 
for debugging 

TTC

For hit data transfer and
control of Patch-Panel ASIC and DAC

For ASD threshold supply and monitoring

For the timing alignment
(old) Patch-Panel ASIC
4 on mother board
4 on daughter board
32 × 8 = 256 channels

FPGA
Xilinx Kintex-7
XC7K325TFFG900-2
256 channel data Tx
PP ASIC control via JTAG
DAC control via I2C

DAC
DAC7578SPW
8 channels × 2
ADC
LTC1289CCSW

Figure 3: Prototype of PS board

4. Besic Performance Test

The data transfer of the PS board is demonstrated using test pulse. The firmware controlling
the ASD threshold is developed and tested.
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4.1 Demonstration of the Data Transfer

A PS board handles 256 channels of TGC. Taking into account 64 bits of headers and trailers
and 8b/10b encoding, a PS board needs to send 400 bits to off-detector electronics in synchroniza-
tion with 40 MHz LHC clock. The PS board is designed to transfer hit data by two optical fibers,
each of which manages the transfer rate of 8 Gbps. We measured the bit error rate of the high-speed
data transfer using Xilinx’s IBERT [3] to be less than 8.91×10−15.

4.2 Demonstration of the ASD Threshold Control

The circuit diagram for the ASD threshold control is shown in Figure 4. The set value and
channel ID of DAC are transferred from the FPGA register on the TGC trigger processor and
readout board to the PS board via an optical fiber. Thereafter, the FPGA on the PS board controls 2
DACs via I2C buses, and then the ASD threshold is provided with an operational amplifier. In this
way, negative and positive voltages are provided for wires and strips, respectively. Additionally
the setting values on DAC can be readout by FPGA via the I2C bus. Perfect linearity between
the set and the measured value is obtained by the measurement of the ASD threshold with digital
voltmeter.
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APPLICATION INFORMATION

DAC NOISE PERFORMANCE
MICROPROCESSOR INTERFACING

Output noise spectral density at the VOUTX pin versus A basic connection diagram to the SCL and SDA pinsfrequency is depicted in Figure 55 for full-scale,
of the DACx578 is shown in Figure 119. Themidscale, and zero-scale input codes. The typical
DACx578 interfaces directly to standard mode, fastnoise density reduces to 104nV/√Hz at 1kHz for mid
mode and high speed mode of 2-Wire compatiblescale code with external reference as shown in
serial interfaces. The DACx578 does not performFigure 55. Integrated output noise between 0.1Hz
clock stretching (pulling SCL low), as a result it is notand 10Hz is close to 3µVPP (midscale), as shown in
necessary to provide for this function unless otherFigure 56.
devices on the same bus require this function. Pull-up
resistors are required on both the SDA and SCL linesBIPOLAR OPERATION USING THE DACx578
as the bus-drivers are open-drain. The size of these

The DACx578 family of products is designed for pull-up resistors depends on the operating speed and
single-supply operation, but a bipolar output range is capacitance of the bus lines. Higher value resistors
also possible using the circuit in either Figure 118. consume less power but increase transition time on
Rail-to-rail operation at the amplifier output is the bus limiting the bus speed. Long bus lines have
achievable using an OPA703 as the output amplifier. higher capacitance and require smaller pull-up

resistors to compensate. The resistors should not beThe output voltage for any input code can be too small; if they are, bus drivers may not be able tocalculated with Equation 2. pull the bus lines low.

(2)

Where:
DIN = decimal equivalent of the binary code that
is loaded to the DAC register. It can range from 0
to 4095 (12 bit), 0 to 1023 (10 bit), and 0 to 255
(8 bit)
n = resolution in bits
Gain = 1

(3)

This result has an output voltage range of ±5V with
000h corresponding to a -5V output and FFFh
corresponding to a +5V output for the 12 bit
DAC7578.

Figure 119. Typical Connections of the DACx578

Figure 118. Bipolar Output Range Using External
Reference at 5V
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Figure 4: Schematic of the ASD threshold control

5. Demonstration with Muon Beams

A full TGC readout chain with the prototype of PS board has been demonstrated using muon
beams at the H8 beam line in CERN. The main items of the demonstration are the ASD threshold
control and the data transfer from the PS board to the off-detector electronics.
The setup of beam test is shown in Figure 5. Hit signals from 256 channels are transmitted with
two optical fibers from the PS board to the TGC trigger processor and readout board (data transfer
rate: 8 Gbps× 2 = 16 Gbps). The signals are then transmitted to PC. The control signals for the
ASD threshold is transmitted from PC to the TGC trigger processor and readout board. They are
thereafter transferred to the PS board by an optical fiber.

In order to verify the data transferred by the prototype of PS board, we checked the efficiency
for each channel. It has been estimated from the events which have one hit for each layer other
than the layer of interest. The result of efficiency study is shown in Figure 6. Most of the channels
in the beam area has almost 100% efficiency. However, the efficiency is lower for some channels
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Figure 5: Setup of the beam test

along the support structure of the wires inside the chamber shown by black lines in Figure 6. It
indicates the validity of the data transferred by the prototype of the PS board. Furthermore, the
ASD threshold control based on FPGA is verified. Therefore, basic functionalities of the PS board
have been demonstrated.
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Figure 6: Efficiency and the TGC support structure

6. Conclusion

A prototype of the PS board for HL-LHC has been developed. The PS board for HL-LHC
is required to manage the hit data transfer to the off-detector electronics with a rate of 16 Gbps
and the ASD threshold control. The data transfer of the PS board is demonstrated using test pulse.
We measured the bit error rate of the high-speed data transfer to be less than 8.91× 10−15. The
firmware controlling the ASD threshold is developed and tested. Perfect linearity between the set
and the measured value is obtained by the measurement of the ASD threshold. In addition, a full
TGC readout chain with the prototype of PS board has been demonstrated using muon beams. We
checked that the data transferred by the prototype of the PS board is correct and the ASD threshold
control based on FPGA is also verified. Therefore, the prototype of PS board has been successfully
demonstrated.
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