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Abstract

Alongside the High-Luminosity LHC upgrade, the silicon tracker of the CMS detector will be replaced
within the scope of the so-called Phase-2 Upgrade. The new tracker will consist of an inner part (Inner
Tracker with pixelated modules) and at larger radii the Outer Tracker with two different module types
(PS and 2S modules). One hybrid type used on these modules is the 2S service hybrid. It provides the
optical link connection of a 2S module via the Low Power Giga Bit Transceiver (lpGBT) and a Versa-
tile Transceiver Plus module (VTRx+). It is also responsible for the module power distribution. The
different responsibilities of the hybrid require a complete testing, which is performed by a dedicated
custom made test card. After a hybrid has been installed on the test card, all signal connections can be
tested and verified. The test system is designed to handle a high throughput during mass production.
The requirements and the design for the 2S service hybrid test card are presented together with testing
results of the first final 2S service hybrid prototypes.
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Abstract: Alongside the High Luminosity LHC upgrade, the silicon tracker of the CMS detector
will be replaced within the scope of the so-called Phase-2 Upgrade. The new tracker will consist
of an inner part (Inner Tracker with pixelated modules) and at larger radii the Outer Tracker with
two different module types (PS and 2S modules). One hybrid type used on these modules is the
2S service hybrid. It provides the optical link connection of a 2S module via the Low Power Giga
Bit Transceiver (lpGBT) and a Versatile Transceiver Plus module (VTRx+). It is also responsible
for the module power distribution. The different responsibilities of the hybrid require a complete
testing, which is performed by a dedicated custom made test card. After a hybrid has been installed
on the test card, all signal connections can be tested and verified. The test system is designed to
handle a high throughput during mass production. The requirements and the design for the 2S
service hybrid test card are presented together with testing results of the first final 2S service hybrid
prototypes.
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1 Introduction

The module type used in the outer part of the CMS Phase-2 Outer Tracker (OT) upgrade (at radii
> 600 mm) is the Two-Strip sensor (2S) module (Figure 1, left) [1]. It has two silicon strip sensors
with two rows of 1016 strips each with a pitch of 90 `m and 5 cm in length. The sensors are
placed on top of each other with a spacing of either 1.8 or 4mm depending on the position in the
detector. Application-specific integrated circuits (ASICs) are used on the module. They are placed
on printed circuit boards (PCB) called hybrids. Each strip of a silicon strip sensor is connected with
a wire-bond to an input of a CMS Binary Chip (CBC) to perform the read out. A total of 16 CBCs
are placed on two front-end hybrids (FEH) on either side of the sensor stack-up. The CBCs’ strip
data are routed to a Concentrator Integrated Circuit (CIC) on the FEH, which passes the data on
to the so-called service hybrid (SEH). The SEH (Figure 1, right) is the entry point of all back-end
connections of a 2S module, namely the low voltage input cables, the sensor bias voltage cable and
an optical fiber pair. On the hybrid itself the low power Gigabit Transceiver (lpGBT) serializes
the CIC data and the VTRx+ module performs the opto-electrical conversion. Two point-of-load
DC/DC buck converters (bpol12V and bpol2V5) on the SEH provide the required voltages for the
hybrids’ electronics.

2 Crate based hybrid test system

The production effort of the hybrids for the Phase-2 OT faces a number of quality control challenges
that require a thorough testing of the hybrids. During module assembly, hybrids are glued onto
a module and cannot be replaced later if faulty. Modules and hybrids need to be functional at
temperatures down to −35 ◦C and the time for testing is limited by the production schedule. The
OT will consist of roughly 13,000 modules. Each module carries 3-4 different hybrids and there
are five different electrical hybrid designs.
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Figure 1. Left: CAD drawing of a 2S module, showing the sensor (yellow) arrangement, the two front-end
hybrids, and the service hybrid. The sensors are 10 cm× 10 cm in size (drawing updated from [1]). Right:
photograph of a SEH prototype. The visible ASIC is the lpGBT next to the VTRx+ with fiber. The DC/DC
converters are below the shield on the left hybrid side. The L-shaped tails end with the connectors to the
front-end hybrids (on back-side).

In order to cope with these requirements a common infrastructure for hybrid testing was
conceived. Each hybrid type is tested with its own dedicated test card. The test cards can be inserted
into a crate, which houses three multiplexing backplanes, which in turn can accept four cards each.
The electrical connection between the backplane and test card is realized with a connector compliant
with the VITA 57.1 standard Low Pin Count FMC (LPC) connector definition [2]. By design only
one test card can be active at a time, so the hybrids are tested in series. The multiplexing in the
backplane ensures the correct routing of signals running to and from the active test card. The crate
can be placed inside a climatic chamber to perform functional tests at −35 ◦C.

3 2S service hybrid test card

The design of each test card is driven by the functionalities, input and output signals, connections,
and mechanical design of the corresponding hybrid type.

The main objective of the 2S service hybrid test card is to verify the functionality of all ASICs
on the SEH, of all interfaces between a SEH and the FEHs, as well as all back-end connections. As
introduced in Section 1, the SEH features two DC/DC converters, the lpGBT, and the VTRx+. The
electrical interfaces from the SEH to the FEHs, which are provided by two Panasonic AXE7E5026
narrow pitch (0.35mm) connectors, include the CBC and CIC operation voltage of about 1.25V, two
320MHz differential clock lines, two 320Mb/s differential data lines, two I2C links, and analog
reset signals. In the opposite direction twelve 320Mb/s differential data lines and two analog
voltages are provided by the FEHs. The SEH also filters and distributes the sensor bias voltage and
reads out a temperature sensor, which will be glued to one silicon sensor during module assembly.
In the SEH test system a total of eight individual connections need to be made and tested.

3.1 Electrical design

AUSB-controlledmicro-controller (ATSAMD51P20A-AF) supervises the test card. Analog signals
are measured directly on the test card either by inputs to the micro-controller or by a dedicated
current and power monitor IC. The input voltage (10.5V) is provided from the backplane and
connected to the SEH via a cable pigtail. A load can be applied to the DC/DC converters with two
active MOSFET transistor loads. An attachable PCB hosts a circuit to provide the silicon sensor
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bias voltage and to measure the induced isolation current of the SEH. The lpGBT is controlled via
the optical link connected to a back-end board (FC71) [3]. The outgoing digital signals (320Mb/s
data links, clocks, I2C) are routed through the multiplexing backplane and verified by another FC7
outside the crate, which is connected to the backplane via two ribbon cables. The test card provides
the voltage level translation for these signals. The same back-end board provides emulated FEH
data to the SEH. In addition to the level translators, these signals pass fan-out buffers on the test
card, since not enough individual differential links are provided by the backplane.

The lpGBT’s start-up can be configured via e-fuses to allow configuration via the optical link
without prior I2C configuration. A circuit to perform this task is also implemented on the test card.

3.2 Mechanical implementation

The PCB dimensions, the position of the FMC connector to the backplane, and other mechanical
boundary conditions are common for all test card types (Section 2). Figure 2 shows a picture of
the SEH test card. The hybrid under test is placed on an aluminum fixture screwed onto the test
card. The fixture also serves as a heat sink and has cut-outs for the bias voltage filter and for the
positioning of the hybrid. Two single wire springs in combination with a hook are used to securely
install the hybrid on the fixture. This allows for fast and easy mounting, which is necessary for a
high throughput during mass production. The FEH connectors are mated with a sacrificial adapter
that can be replaced if damaged, which increases the overall lifetime of the test card. The sacrificial
connectors, three flex cables, and a low and a bias voltage cable pigtail connect the SEH to the test
card. The VTRx+ fiber can be fixed on a storage board to avoid damage of the fiber and to ensure
installations into the crate without interference due to the tight spacing. During mass production,
the installation of an MT-to-MPO adapter on the front-panel is foreseen, which eases the process
of fully populating a crate. The front-panel also contains an array of LED indicating the status of
the test card.

Figure 2. Photograph of a 2S SEH test card. The connector to the backplane is on the left side, the front
panel on the right side. A SEH prototype is installed on the card (DC/DC converter shield not mounted). All
cable connections are made and the VTRx+ is plugged in.

1`TCA AMC with Kintex 7 FPGA
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4 Test card commissioning and service hybrid prototype testing

Final hybrid prototypes were developed and produced in parallel with their corresponding test
cards [4]. Prototype 2S SEH test cards were used to qualify a total of 26 SEH prototypes. During
the test card commissioning all required analog measurements were successfully demonstrated.
The signal quality of the differential links from the backplane was measured with an oscilloscope.
Figure 3 (left) shows an eye diagram of one 320Mb/s link. The flanks are steep and the eye is wide
open, which indicates good signal performance.

After installation on a test card, all hybrid prototypes were successfully e-fused. The e-fusing
is vital for the Phase-2 upgrade module prototyping, where only the optical link is available for
configuration. The subsequent testing revealed that all data or clock links on the hybrids were
functional. Testing of the I2C buses uncovered an issue with the lpGBT’s I2C master 0 on about
40% of the hybrids. This is due to a known issue with the version 0 ASICs and will be fixed
with lpGBT version 1. The bias voltage connectivity and isolation current was measured on all
hybrids up to 1000V. A distribution of the leakage current for a 10 minute measurement versus
time for multiple prototypes is shown in Figure 3 (right). After start-up effects (e.g. overshoot
in the regulation of voltage), all currents settle at roughly 35-50 nA, which is compatible with the
expectation from the filter capacitors’ isolation resistance. No breakthrough is observed.

Figure 3. Left: eye diagram of the test card buffer output of a 320Mb/s data line measured at the connector
to the service hybrid. Right: measurement of the leakage current of the sensor bias voltage applied to the
hybrid during the isolation test versus time. Different curves indicate different individual hybrids.

Two important parameters for the performance of the DC/DC converters on the hybrids are
their output voltages and the power conversion efficiency. The output voltage of the bpol2v5 is the
most important, since it is provided to the FEHs and needs to be sufficiently high after accounting
for all voltage drops along the hybrids. A distribution of the output voltage for several hybrids as
a function of output current is shown in Figure 4 (left). The voltage is measured only on the right
side of the hybrid, while the current is drawn symmetrically on both sides. In a module, a current
of about 1000mA will be provided to each FEH. The different hybrids show a spread in the output
voltage of up to 170mV when no load is applied. However, most are centered around 1300mV,
which is the targeted and hard-wired output voltage. The spread is caused by the reference voltage
for the used bpol2v5 version, which is untrimmed. The linear decrease with output current is similar
for all hybrids, which indicates similar Ohmic losses on all hybrids. Part of the voltage drop is
caused by a protective fuse present on the test card (≈ 40 mΩ). On the next version of the test card
the voltage measurement will be performed in front of the fuse. Figure 4 (right) shows the ratio of
the SEH output power provided by the FEH connectors to the total input power for different output
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currents across multiple hybrids. When evaluating this measurement one has to take the power
consumption of the VTRx+ and lpGBT into account. They are active consumers on the board and
contribute to the power intake. This also explains the increase of the ratio with the output current,
since for higher currents the power intake of the ASICs contributes less. Despite the relatively
large output voltage spread all hybrids have a similar output to input power ratio. In addition to the
presented measurements, connection tests of the analog reset signals were performed. The lpGBT’s
I2C connection to the VTRx+ as well as readouts of its ADC inputs were tested. Apart from the
described problems with the lpGBT I2C master 0, all tested hybrids were found to be electrically
suited for module prototyping.

Figure 4. Left: measurement of the output voltage of the service hybrid’s bpol2v5 DC/DC converter
measured on the right FEH connector versus the load current drawn from the DC/DC converter. Different
curves indicate different individual hybrids. Right: measurement of the ratio of the hybrid output power
to input power versus the load current drawn from its bpol2v5 DC/DC converter. Different curves indicate
different individual hybrids.

5 Conclusion and outlook

The design of a test card for CMS 2S module service hybrids has been presented. The produced
cards are compatible with the common testing infrastructure for all hybrids of the CMS Phase-2
Outer Tracker upgrade. The test card allows the testing of all signals and connections of the 2S
service hybrid, while also allowing a high throughput and fast testing. Prototype service hybrids
were tested and qualified with the test card and measurements were presented. The findings of the
test campaign are considered for the design of the next test card version, which will be used during
hybrid mass production.
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