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Abstract

The high-luminosity upgrade of the LHC (HL-LHC) brings unprecedented requirements for precision
bunch-by-bunch luminosity measurement and beam-induced background monitoring in real time. A
key component of the CMS Beam Radiation Instrumentation and Luminosity detector system is a
stand-alone luminometer, the Fast Beam Condition Monitor (FBCM), which is able to operate in-
dependently at all times with a triggerless asynchronous readout. FBCM utilizes a dedicated front-
end ASIC to amplify the signals from CO2-cooled silicon-pad sensors with 1 ns timing resolution.
Front-end (FE) electronics are subject to high-radiation conditions, thus all components are radiation
hardened: sensors, ASICs, transceivers, etc. The FBCM ASIC contains 6 channels, each outputting a
high-speed binary signal carrying the time-of-arrival and time-over-threshold information. This signal
is sent via a gigabit optical link to the back-end electronics for analysis. A dedicated test system is
designed for the FBCM FE electronics with a modular setup for all testing needs of the project from
initial ASIC validation test to system-level testing with the full read-out chain. The paper reports on
the design, read-out architecture, and testing program for the FBCM electronics.
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The high-luminosity upgrade of the LHC (HL-LHC) brings unprecedented requirements for
precision bunch-by-bunch luminosity measurement and beam-induced background monitoring in
real time. A key component of the CMS Beam Radiation Instrumentation and Luminosity detector
system is a stand-alone luminometer, the Fast Beam Condition Monitor (FBCM), which is able
to operate independently at all times with a triggerless asynchronous readout. FBCM utilizes a
dedicated front-end ASIC to amplify the signals from CO2-cooled silicon-pad sensors with 1 ns
timing resolution. Front-end (FE) electronics are subject to high-radiation conditions, thus all
components are radiation hardened: sensors, ASICs, transceivers, etc. The FBCM ASIC contains
6 channels, each outputting a high-speed binary signal carrying the time-of-arrival and time-over-
threshold information. This signal is sent via a gigabit optical link to the back-end electronics for
analysis. A dedicated test system is designed for the FBCM FE electronics with a modular setup
for all testing needs of the project from initial ASIC validation test to system-level testing with the
full read-out chain. The paper reports on the design, read-out architecture, and testing program
for the FBCM electronics.
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1. Fast Beam Condition Monitor

Fast Beam Condition Monitor (FBCM) is the next dedicated luminometer being constructed by
the Beam Radiation, Instrumentation and Luminosity (BRIL) project of the CMS experiment [1, 2].
The primary role of the FBCM system is an accurate luminosity measurement in real time and
the monitoring of beam-induced background enabled by its 1 ns time resolution. To meet the
requirements to achieve a final uncertainty on the integrated luminosity of better than 1% for the
best physics exploitation of the CMS data, the FBCM sensors should have a particular area and
distance to the beamline, balancing occupancy, double-hit probability, and acceptance as these
determine the linearity of the measurement and its statistical power. A good compromise between
the area and the position of the sensor in the experiment is provided by 1.7×1.7 mm2 silicon pad
sensors installed at a radius of around 14.5 cm [2]. The radiation environment in this position is
rather harsh, and the detector modules should withstand up to 200 Mrad of total ionizing dose and
particle fluence up to 2.5×1015 cm−2 1 MeV neutron equivalent.

At the core of the FBCM luminometer is the FBCM23 ASIC [3], which is implemented in
CMOS 65 nm process and is designed to withstand the radiation at the installation location. The
FBCM23 ASIC comprises 6 channels of the fast front-end amplifier working in transimpedance
configuration, booster amplifier, and leading edge discriminator. The complete processing chain
provides an overall shaping function equivalent to a CR-RC3 filter.

FBCM23 ASIC has separate digital and analog power rails powered at 1.2 V, consuming around
28 mA and 32 mA respectively at nominal settings. The slow-control communication with FBCM23
ASIC is organized via an I2C bus. In addition, an analog multiplexer output of the ASIC can be
used during validation to evaluate internal analog signals. The internal control registers and bus
logic are protected against radiation-induced single-event upsets using triple modular redundancy.

2. Readout architecture

The binary architecture employed in the FBCM23 ASIC provides simplification of the off-
detector electronics and allows for direct interfacing to the low-power gigabit transceiver [4]
(lpGBT) chip, which is the core of the CERN-standard radiation hardened digital transmission
system. The general read-out architecture of FBCM is shown in Figure 1 and described in more
detail in Ref. [2]. FBCM is built using four identical half-disks, each containing four identical
service quadrants which are independent from each other. Each service quadrant contains three

Figure 1: FBCM readout architecture (one service quadrant).
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identical FE modules, each comprises one FBCM23 ASIC and six sensors. Each of the ASIC’s six
channels has an input connected to a CO2-cooled silicon-pad sensor and a differential scalable low-
voltage signal output for direct interfacing to the lpGBT transceiver. The input signal is compared
to the selectable threshold level and then converted to a binary output signal. The operation of the
FBCM ASIC is asynchronous with respect to LHC clock and triggerless. ASIC output provides
a rectangular pulse corresponding to the processed analog signal received from the silicon-pad
sensors. The time-of-arrival (ToA) and the time-over-threshold (ToT) parameters are later extracted
in the back-end electronics for each particle which generated a signal in the sensors. ToA is
the timing relationship between the LHC clock and the sensor signal crossing the user-defined
threshold. ToA is aggregated in the histogram for per-bunch-crossing luminosity and background
measurement. ToT is used for the sensor stability and performance monitoring over long time.

Because of the limited number of channels on the detector module (6), it is possible to read
each single FBCM23 ASIC channel output by the lpGBT input, which is capable of sampling the
data with 0.78 ns time bin resolution. Encoded gigabit data from lpGBT is then sent to the back
end over an optical link via the versatile link plus transceivers [5] (VTRx+). Finally, the data is
decoded and analysed in the back-end FPGA-based Apollo board developed following the ATCA
specifications [6]. A specialized firmware measures the timing characteristics of the incoming signal
and aggregates them into histograms with a bin corresponding to each bunch crossing identifier in
the LHC orbit and the data integrated over a time period, called lumi word, of about 1 second.

3. Test system

As a new design, FBCM23 ASIC requires validation and qualification of its characteristics
in different conditions. Initially, basic functionality of the ASIC needs to be evaluated, like I2C
communication, digital-to-analog conversion, strobe pulse input and binary signal outputs. At later
stages, the ASIC needs to be tested in the laboratory with a radioactive source or in a beam line
together with the silicon-pad sensors and the full read-out chain.

For the qualification and validation and all other testing stages of FBCM23 ASIC, we have
designed and built a custom test system. Its purpose is to carry an ASIC and sensors, provide con-

Figure 2: Test system schematic. Figure 3: Test system render.
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venient connection options to all relevant signals, provide power, and measure current consumption
on the ASIC power rails.

The block diagram of the test system is shown in Figure 2, and a rendering is shown in Figure 3.
It consists of an ASIC carrier board (green PCB), various interface mezzanine boards (blue PCB),
and an aluminum nitride (AlN) sensor plate (white, under sensors).

The PCBs are manufactured using standard process, with most off-the-shelf components
mounted using automated manufacturing equipment. Afterwards, the ASIC is glued and wire-
bonded to the ASIC carrier board. Similarly, silicon-pad sensors are attached to the AlN sensor
plate for better cooling contact and then wire-bonded to the pitch adapter area of the ASIC carrier
board.

3.1 ASIC carrier board

The ASIC carrier board is a 4-layer 85×53mm PCB. Its main purpose is to host the FBCM23
ASIC and to provide all the necessary connections to it. The main functional parts of the carrier
board are as follow. The ASIC bonding footprint is the location where the ASIC can be bonded with
minimal angle between the bonding wire and the bonding pad longitudinal axis (see Figure 4). The
ASIC power supply requires decoupling and is monitored by a current consumption measurement
of the digital and analog 1.2V power rails using shunt resistors and specialized amplifiers. The
high voltage supply includes input via LEMO 00-series connector and an RC-filter. The pitch
adapter is next to the sensor cut-out which can host two types of silicon-pad sensors (see
Figure 5). The interface mezzanine connector (see Section 3.2) provides flexibility for use in
various environments (see Section 3.2). The I2C bus voltage translator enables communication
between ASIC I2C slave interface at 1.2V supply voltage and external I2C master at 3.3V supply
voltage. The ASIC AMUX output is buffered by an operational amplifier. Finally, wire headers
provide connections for signals like I2C, ASIC reset, GND and power.

Figure 4: FBCM23 ASIC bonding scheme. Figure 5: Sensor options matching the FBCM23
ASIC.
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3.2 Interface mezzanine boards

During the FBCM ASIC testing campaign, several options are required for interfacing to
the external measurement and read-out equipment. For this purpose, the test system includes
replaceable interface mezzanine cards with different connectors. This also allows new interfacing
options in the future without changing the ASIC carrier board. Initially, the mezzanine board types
are: SMA break-out of all fast signals, miniDP for interfacing to KSU FMC board [7] (shown in
blue in Figure 3), and "electrical link" for interfacing to the adapted CMS Inner Tracker portcard [8]
with lpGBT transceiver [4].

4. Test plan

The test system is developed to support all testing needs throughout the project lifetime from
initial ASIC tests to full read-out chain setup.

The ASIC validation and qualification is initially done separately from the other parts of the
system. This involves the measurement of the current consumption and monitoring of the binary
and analog signals using an oscilloscope and other measurement equipment via the SMA mezzanine
board. The input signal for the FBCM ASIC is emulated using a calibration strobe from a lab signal
generator, while capacitors at the ASIC inputs are used for noise measurement. The system is
powered from a lab power supply, and the I2C control of the FBCM ASIC is implemented using a
PC and a development board.

For the initial read-out test, it is planned to use a galvanic interface with a miniDP mezzanine
board for connecting the FBCM ASIC outputs to an FC7 FPGA-based back-end board [9]. This
avoids extra complexity in the read-out chain and validates the reception and processing of FBCM
output signals in the back-end part of the system. The input signal for the FBCM ASIC will be
generated in the laboratory by charged particles from a radioactive source passing through the
silicon pad sensors. There is also an option to inject a known charge directly to the ASIC input,
called a calibration strobe.

Finally, the full read-out chain test targets the validation of the full system used in the final
application, where all other parts of the system are also added. Most importantly, lpGBT and
VTRx+ transceivers are used to send the signals via an optical link from the FBCM to the back-end
FPGA-based board. The firmware will decode the data and analyse ToA/ToT parameters to build
respective histograms. In addition, powering via DC-DC bPOL12V module [10] will be added, as
well as the I2C control of the FBCM ASIC and the calibration strobe generation via the lpGBT
downstream channels. This configuration will be used in the planned validation of the system with
a test beam.

5. Summary

The Fast Beam Condition Monitor is a dedicated luminosity and beam-induced background
monitor based on silicon-pad sensors with a fast front-end designed for the Phase-2 upgrade of
the CMS detector. The FBCM23, a dedicated CMOS 65 nm radiation tolerant read-out ASIC
connected to six silicon-pad sensors is installed in the front-end module of the FBCM system. The
ASIC discriminates the signals from the sensors and sends resulting high-speed binary signals via a
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gigabit optical link to an FPGA-based back-end processing board. The specialized firmware inside
the FPGA analyses the signal timing properties (time-of-arrival and time-over-threshold) and builds
respective histograms, which enable bunch-by-bunch precision luminosity measurements in real
time.

For testing purposes, a specialized system was designed and built to cover validation, quali-
fication and testing needs of the FBCM system throughout all project stages, starting from initial
ASIC tests to final full read-out chain system-level tests.
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