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Abstract: In 2017 a new pixel detector was installed in the CMS detector. This so-called Phase-1
pixel detector features four barrel layers in the central region and three disks per end in the forward
regions. The upgraded pixel detector requires an upgraded data acquisition (DAQ) system to accept
a new data format and larger event sizes. A new DAQ and control system has been developed
based on a combination of custom and commercial microTCA parts. Custom mezzanine cards on
standard carrier cards provide a front-end driver for readout, and two types of front-end controller
for con�guration and the distribution of clock and trigger signals. Before the installation of the
detector the DAQ system underwent a series of integration tests, including readout of the pilot pixel
detector, which was constructed with prototype Phase-1 electronics and operated in CMS from
2015 to 2016, quality assurance of the CMS Phase-1 detector during its assembly, and testing with
the CMS Central DAQ. This paper describes the Phase-1 pixel DAQ and control system, along with
the integration tests and results. A description of the operational experience and performance in
data taking is included.
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1 Introduction

The CMS collaboration has adopted the approach to rely on a highly granular pixel detector as
key element for the reconstruction of charged particle tracks and interaction vertices. A detailed
description of the CMS detector, together with a de�nition of the coordinate system used and the
relevant kinematic variables can be found in ref. [1]. The description of track reconstruction with
the CMS tracker can be found in ref. [2].

The original CMS pixel detector [3] featured three barrel layers and two forward disks on each
end. It was operated during LHC Run 1 (2010�2012) and the �rst part of Run 2 (2015�2016), and
was designed to record e�ciently and with high precision the �rst three space-points of a charged
particle track near the interaction region up to an instantaneous luminosity of 1:0 � 1034 cm�2 s�1,
with colliding bunch crossings (BX) at a spacing of 25 ns. The original pixel detector would not
have sustained a satisfactory performance given the luminosity conditions expected in LHC running
after 2017 due to ine�ciencies in the front-end readout chip (ROC), and because the maximum
throughput rate for the data links of the innermost layer would have been exceeded.

The goal of the Phase-1 pixel detector upgrade project [4] was to perform an evolutionary
upgrade with minimal disruption of data taking and reconstruction by keeping the pixel size, sensor,
and readout architecture the same, while improving the performance through a higher rate capability
of the ROCs and larger data transmission rate, more robust track reconstruction through the addition
of a fourth barrel layer, and a third disk per endcap, as well as a reduced material budget. The
Phase-1 pixel detector was designed to maintain a high tracking performance at luminosities up
to 2:5 � 1034 cm�2 s�1, corresponding to an average of 80 simultaneous inelastic interactions per
25 ns spaced BX, (these interactions are referred to as ‘pileup’). The Phase-1 pixel detector, with
modi�ed data acquisition (DAQ) and control system, was installed during an extended year-end
technical stop at the beginning of 2017. It is expected to deliver high quality data in the high
luminosity environment of the LHC up to Long Shutdown (LS) 3, which is scheduled to start in
2024. Roughly 350 fb�1 of data will be collected until LS 3.

The Phase-1 pixel DAQ and control system has been developed using a combination of custom
and commercial microTCA parts. Custom mezzanine cards on CMS-developed carrier cards
provide a Front-End Driver (FED) for readout, as well as a Pixel Front-End Controller (FEC) for
con�guration, the distribution of clock, fast commands, and trigger signals, and a Tracker FEC for
programming auxiliary electronics. The Tracker and Pixel FECs use the same hardware and di�er
in the �rmware.

This paper describes the Phase-1 pixel detector DAQ and control system. Section 2 gives a
system overview, section 3 describes the front-end ASICs, section 4 outlines the optical components
and section 5 explains the back-end implementation. Sections 6 and 7 describe the Phase-1 pixel
pilot system and laboratory tests, respectively. Section 8 explains the software used for the pixel
detector operation. Section 9 provides an overview of the performance during operation.

2 System overview

The CMS Phase-1 pixel detector has three disks on both ends of the forward regions (FPIX) and
four barrel layers in the central region (BPIX). An overview of the Phase-1 pixel detector DAQ and
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control system architecture, including auxiliary components required to interface with the central
CMS services, is shown in �gure 1. The CMS Phase-1 pixel detector contains one type of sensor,
bump bonded to 16 ROCs [5]. The active area of the module is 16:2 � 64:8 mm2. The pixel size
has remained the same as in the original detector, 100 � 150 µm2. The same n+-in-n technology as
for the original detector is used for the silicon sensors. A high density interconnect (HDI) is glued
on top of the sensor. The HDI provides signal and power distribution for the ROCs, and it carries
the token-bit manager chip (TBM) and decoupling capacitors. The TBM chips are glued onto and
wire-bonded to the HDI. The TBM chip is described in detail in section 3.2. They orchestrate the
transmission of the data from the ROCs to the back-end electronics. The Phase-1 pixel detector
features a fully digital readout system including new back-end electronics. The new ROCs with
digital readout operate on a 40MHz [6] clock1 and have a 160Mb/s serial output data stream. This
stream is encoded and multiplexed by the TBM using a 4b/5b encoding scheme, to reduce the
impact of bit-errors during transmission [7] and for DC balancing. The TBM outputs one or two
400Mb/s data streams. A dedicated ROC was designed for the sensor modules of the innermost
layer of BPIX (layer 1) to cope with the higher hit rates. Layer 1 sensor modules require two TBMs
to manage the higher data rates, while all other modules have one TBM.
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Figure 1. Overview of the microTCADAQ and control system of the Phase-1 pixel detector. The numbers in
parentheses indicate the numbers of the respective installed devices (FPIX and BPIX). Details are explained
in the text.

The sensor modules are connected to the on-detector auxiliary electronics (portcards) via �ex
(FPIX) or twisted pair (BPIX) cables. The portcards are located in the 3m long service cylinders,
which also serve as mechanical support for all detector services (power, cooling and optical links)
routed to and from the outside of the 6m long pixel support tube. There are two di�erent types

1The LHC frequency and clocks derived from the LHC frequency are referred to as 40MHz (andmultiples of 40MHz)
in this paper.
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of optical hybrids on the portcards: the Pixel-Opto-Hybrid (POH) and the Digital-Opto-Hybrid
(DOH), which facilitate communication with back-end electronics via optical links.

The POH converts the electrical signal from the TBM to an optical signal and delivers it to
the FED. The FED handles decoding and deserialization, and builds event fragments, which are
sent to the Central DAQ Front-End Readout Optical Link-40 (FEROL40) card [8], the �rst stage
of the CMS Central DAQ chain, via a small form-factor pluggable (SFP+) 10Gb/s S-Link Express
transceiver (Tx). There are 24 input channels per FED card; two receivers (Rx) with twelve channels
each receive the data from the sensor modules. The FED receives clock, trigger and fast commands
(called TTC [9] for timing, trigger, and control) from the CMS Trigger Control and Distribution
System (TCDS) [10] via a CMS-custom module called AMC13 [11] and the microTCA backplane.
The clock runs at the LHC frequency of 40MHz. The FED also provides a trigger-throttle system [9]
(TTS) signal, which is a 4-bit status word as de�ned in ref. [12], to the AMC13. The AMC13
forwards the TTS signals from all the FEDs in a crate to TCDS. The TTS signal indicates whether
FEDs are ready to accept triggers or not, and if the event counters are still synchronized . The
overall TTS state depends on the status of each FED. At a given moment a FED should either
accept or block CMS level-1 triggers (L1A) [13]. The pixel detector DAQ is able to maintain event
synchronization across all FEDs with this back-pressure system. A total of 108 microTCA Pixel
FEDs are required to read out the Phase-1 pixel detector.

The AMC13 also propagates the received signals to the Pixel FECs, which distribute them
to the sensor modules via the portcards. On the portcards these signals are decoded, after the
opto-electrical conversion in the DOHs, by the Tracker Phase Locked Loop (TPLL) [14] and Quartz
Phase Locked Loop (QPLL) [15] chips. The signals are then forwarded to the sensor modules on
dedicated lines passing through Delay25 chips [16], which provide functionality to delay trigger
signals, sent and received clock and data signals with a granularity of 0.5 ns. Each sensor module
connected to a pixel-control link is identi�ed by a unique, hardwired 5-bit hub address. The
Pixel FEC is also responsible for programming the TBM and the digital-to-analog-converter (DAC)
registers of the ROCs. A total of 16 microTCA Pixel FECs are required to operate the Phase-1 pixel
detector.

Registers on the portcards, including Delay25 chips, and DC-DC converters [17], used for
powering, are programmed by the Tracker FEC via the Inter-Integrated Circuit (I2C) interface and
Parallel Interface Adapter (PIA) port, respectively, of a Control&Communication Unit (CCU) [18].
Several CCUs are arranged in a ring-like topology (referred to as control or token ring) via semi-
redundant connections that carry clock and data signals. A total of 3 microTCA Tracker FECs and
12 token rings are required to control the Phase-1 pixel detector auxiliary electronics.

The number of optical readout links has increased with respect to the original detector from
448 to 672 for FPIX and from 1152 to 1696 for BPIX, resulting in a total of 2368 readout links.
The �rst and second layer of BPIX use four and two links per sensor module, respectively, to cope
with the higher occupancy and data rate. The third and fourth layer of BPIX, as well as the FPIX
disks, use one link per sensor module.
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3 Front-end ASICs

3.1 Readout chips

The ROC used in the original CMS pixel detector, PSI46 [19], was designed for hit rates of
a few tens of MHz/cm2, encountered at BPIX layer 1 for an LHC instantaneous luminosity of
1:0 � 1034 cm�2 s�1 with a 25 ns bunch spacing. This readout chip performed well during the data
taking periods from 2008 to 2016. However, it showed expected ine�ciencies when operated at
higher data rates when the LHC started operating at instantaneous luminosities above the design
value. In addition the innermost layer was moved closer to the beam line. Therefore, new pixel
ROCs had to be designed: an evolutionary update of the original PSI46, the PSI46dig used in FPIX
and BPIX layers 2, 3, and 4, and a dedicated ROC for BPIX layer 1, the PROC600, to cope with
the exceptionally high rates of up to 600MHz/cm2.

The new readout chip evolved from the PSI46 ROC, keeping most of its characteristics: pulse-
height readout, and 52 � 80 pixels organized in 26 double-columns of 2 � 80 pixels with common
data transfer to latency bu�ers in the periphery outside the active pixel region. The digital Phase-1
pixel ROC (PSI46dig) is manufactured in the same 0.25 µm CMOS technology as the PSI46, and
the overall layout and many building blocks remained unchanged. The two main improvements
needed for the upgrade were larger data bu�ers and higher readout speed.

The double-column bu�er sizes have been increased from 32 to 80 cells for the hits and from
12 to 24 cells for the time-stamps. Unlike the analog PSI46 ROC, the PSI46dig ROC outputs digital
data for which an analog-to-digital converter (ADC) has been implemented in the chip. It is an 8-bit
successive approximation register ADC running at 80MHz. Digitized data are stored in a 64 � 23
bit First In First Out (FIFO), which is read out serially at 160Mb/s. The 80 and 160MHz clocks
needed for the ROC operation are generated from the external LHC clock using a Phase Locked
Loop (PLL) circuit.

During the trigger latency of the CMS experiment, currently 4.15 µs, the pixel hit data must
be stored inside the ROC, and only data corresponding to triggered events are read out through the
serial links. The internal transfer and bu�er capacities of the ROC were designed to cope with rates
up to 200MHz/cm2. The rates of data loss have been measured with high-�ux X-ray tubes for pixel
hit rates of up to 300MHz/cm2, and were found to be in excellent agreement with expectations
based on detailed architecture simulations [20].

In addition to the higher rate capacity of the ROC, several other improvements with respect
to the PSI46 have been implemented. An additional metal layer for power distribution was added,
which allows a better decoupling of the power lines from the signal lines, resulting in an improved
pixel response uniformity as well as lower noise and cross-talk. An optimized comparator reduces
the time-walk from about 35 ns [5] to 15 ns [19], resulting in a reduction of the di�erence between
the in-time threshold (within a time window of one clock cycle) and the time-walk independent
absolute threshold from about 800 to 150 electrons. The above improvements reduce the e�ective
operational threshold of the ROC from 3400 electrons in the original detector to 1700 electrons for
the upgraded one. This is important when the amount of charge per hit starts to decrease after
radiation damage to the sensors: a highly irradiated detector will slowly degrade in signal induced
charge. With a lower threshold, the charge sharing among neighboring pixels can be exploited for
position interpolation up to a higher integrated luminosity leading to a higher resolution.
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Based on operational experiencewith the PSI46ROCand irradiation tests, further optimizations
of the internal biasing were made that extend the range of ionizing dose tolerated by the PSI46dig
ROC, reducing the need to re-adjust DAC settings with increasing accumulated dose. The PSI46dig
ROC performed well and without signi�cant performance degradation after irradiation to up to
120Mrad (4 � 1014 cm�2 24MeV protons, at the irradiation facility in Karlsruhe), which is the
maximal dose expected during LHC operations for FPIX and BPIX layers 2, 3 and 4. A detailed
study on radiation tolerance of the PSI46dig ROC can be found in ref. [21].

Despite the improved performance of the PSI46dig, its architecture would lead to unacceptable
data loss rates for the innermost BPIX layer, where pixel hit rates up to 600MHz/cm2 may be
encountered. A dedicated chip (PROC600) was designed for layer 1, with a complete re-design of
the double-column periphery. The PROC600 features a four times higher hit transfer rate of pixels
to the end-of-column bu�ers, and dead-time-free bu�er management. The former is achieved by
changing from single pixel to 2 � 2 pixel cluster transfers and the implementation of a simpler,
handshake-free protocol. A faster and more power e�cient analog bus was developed for the pulse
height transfers. The data bu�er was modi�ed considerably: PROC600 has a ring bu�er with 56
bu�er units, each containing a cluster base address plus four analog storage cells for the charge
pulse heights. The readout is zero-suppressed in order to remove pixels in the cluster with zero
measured signal amplitude. Only hits which are validated by a L1A are read out without stopping
the acquisition of new hits into the bu�er. This avoids an interruption of the data acquisition process
in the double-column or overwriting of data, as is the case in the PSI46dig ROC.

Both ROCs have performed well in the 2017 and 2018 data taking. For the PSI46dig ROC all
targeted improvements, i.e. low noise, lower threshold, and lower ine�ciency at high rates, have
been con�rmed during data-taking. Some shortcomings have been observed for the PROC600, like
a higher than expected noise hit rate and the rare loss of data synchronization in double-columns.
These can be mitigated by operational procedures: the former by an increase of the in-time charge
threshold for layer 1 to 3500 electrons, as compared to 1700 electrons used for other layers. These
issues could partially be mitigated by operational procedures and have been addressed in a revised
design of the PROC600, which will be used in the planned replacement of the innermost BPIX
layer in 2020 during LS2.

Details on the operational performance of both ROCs are shown in section 9.2.

3.2 Token-Bit Manager chip

The Phase-1 pixel detector TBM is a radiation-tolerant integrated circuit that controls the readout
of groups of ROCs. It replaces the original TBM [22]. The TBM chip is mounted as a bare die,
wire bonded to the HDI that is glued on the sensor modules.

The principal functions of the TBM include the distribution of clock, L1As and fast commands
as well as con�guration data from the Pixel FECs to the ROCs. The TBM passes a token around the
group of ROCs it controls to orchestrate the readout of data associated to a given L1A. The TBM
keeps each arriving L1A on a 32-deep stack while waiting for the token to return if the token has
not returned before the next L1A arrives. The TBM adds a header and a trailer to the data stream
on each token pass.

The TBM has one or two cores that output serial data at 160 Mb/s. Two output data streams
are non-return-to-zero-inverted (NRZI) and encoded with a 4b/5b scheme and multiplexed by a
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block called the DataKeeper into a 400Mb/s stream which is transferred to the FED. There are
three versions of the Phase-1 pixel detector TBM (summarized in table 1). The TBM08, used in
FPIX disks and BPIX layers 3 and 4, combines two groups of ROC data, while the TBM09 and
TBM10, used in BPIX layer 2 and layer 1, respectively, combine the output of four groups of ROCs
into two 400 Mb/s data streams. The TBM09 and TBM10 di�er in their timing settings, which are
optimized to match the PSI46dig and PROC600, respectively.

Table 1. Di�erent TBM types.

Groups of ROCs Number of ROCs Number of 400Mb/s Detector
in each group channels part

TBM08 2 8 1 FPIX + BPIX L3, L4
TBM09 4 4 2 BPIX L2
TBM10 4 2 2 BPIX L1

The data format for Phase-1 sensor modules is as follows: TBM Header, followed by ROC
Headers and pixel-level event information, followed by TBM Trailer. Event number and stack count
are included in the TBM Header, ROC Headers are followed by column and row addresses of the
pixels with hits and hit amplitudes, and the TBM Trailer includes the error information.

4 Optical components

The optical readout link starts at the electro-optic POH interface inside the detector and ends at the
opto-electric receiver module interface on the FED. The data coming from TBMs are sent by the
POH at a rate of 400Mb/s. The control optical link system is based on the same components as
used in the original pixel system: a DOH communicating bi-directionally with a FEC, which uses
standard SFP transceivers. The readout and control links are shown in �gure 1.

4.1 Pixel Opto Hybrid (POH)

The POH is a printed circuit board (PCB) mounted on the detector service cylinders. Figure 2
shows the POH4 (left) used in BPIX and the POH7 (right) used in FPIX. The optical characteristics
of the two variants are the same. The overall system requires 424 POH4 and 96 POH7.

The design of the POHs uses the Transmitter Optical Sub-Assembly (TOSA) component
provided by the Versatile Link project [23]. The POH receives electrical signals from the TBM and
converts them into optical signals to be transmitted to the back-end receiver on the FED installed
in the counting room, about 65m away from the detector. Each POH houses single-mode Fabry-
Perot laser TOSAs operating at 1310 nm, as well as Digital Level Translators (DLT) and Linear
Laser Drivers (LLD) [24]. The DLT chips convert the signals received from the TBM to levels
compatible with the LLD and introduce a gain and an o�set to the input signal. The LLD chips
drive the laser TOSAs. They pre-bias the lasers at their working point and modulate them with a
current proportional to the input signal. The modulation gain and pre-bias currents at the LLD are
controlled through an I2C interface. The POHs are used to transmit balanced digital signals at a
maximum bit rate of 400Mb/s. A typical output optical eye diagram is shown in �gure 3.
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Figure 2. Photographs of a fully assembled POH4 (left) and a POH7 (right). The di�erences are the number
of transmitter channels, four in the case of the POH4 and seven in the case of the POH7, and the input
matching that adapts to the signal cables of the BPIX and FPIX system, respectively.

Figure 3. Typical output eye diagram (open and symmetric) measured on a POH. The horizontal scale is
620 ps�div and the vertical scale is 110 µW/div.

4.2 Digital receiver

The digital receiver module used on the upgraded microTCA FEDs is a commercial component.
Since the lasers mounted on the POHs emit light at a wavelength of 1310 nm it was critical to
identify a receiver module based on an InGaAs photodiode. Typically, high-density multi-channel
receivers are based on GaAs photodiodes that operate with light at a wavelength of around 850 nm
and are not sensitive to a wavelength of 1310 nm. One manufacturer was identi�ed being able to
produce fully quali�ed receiver modules [25] with 12-way arrays of InGaAs photodiodes. These
are integrated in pairs on an Field Programmable Gate Array (FPGA) Mezzanine Card (FMC)
board to be mounted on the FEDs. The receiver modules have a diagnostic feature that allows
the DC photocurrent to be measured on each input channel individually. This was used during
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