LHCb RICH Upgrade EDR

Nomenclature
The following nomenclature has been adopted to describe the RICH digital board and associated modules.
PDMDB(-R/H)		Photon Detector Module Digital Board (PDMDB). This is the digital board that forms the interface between the elementary cell (EC) front-end and the optical-fibre links to the back-end. Two variants of this board will be used for the –R (small MaPMT) and –H (large MaPMT) versions of the elementary cell. These will be referred to as the PDMDB-R and PDMDB-H respectively.
PDMDB-DTM	PDMDB Data Transmission Module (DTM). This module plugs into the main PDMDB board and is responsible for transmitting experimental data to the back-end over the fibre-optic link using a pair of GBTX ICs and a VTTX optical module. It has previously been referred to as the DB-VTTX module in some documentation and has been renamed to avoid confusion with the versatile link VTTX optical module. For brevity, this module is referred to simply as the DTM in this document.
PDMDB-TCM	PDMDB Timing and Control Module (TCM). This modules plugs into the main PDMDB board and is responsible for slow control, timing and fast control functionality. This functionality is implemented using a VTRX optical module, a GBTX transceiver and a GBT-SCA chip. It has previously been referred to as the DB-VTRX module in some documentation and has been renamed to avoid confusion with the versatile link VTRX optical module. For brevity, this module is referred to simply as the TCM in this document.


PDMDB-DTM (dual optical transmitter) and 
PDMDB-TCM (optical transceiver) modules
Introduction
The connection between the counting room and the RICH detector front-end digital board is implemented using fibre-optic links. Each digital board will require 6 × 4.8 Gbps fibre-optic links to transmit experimental data to the counting room, as well as two 3.2 Gbps fibre-optic links to respectively receive and transmit TFC and ECS data to and from the SOL40 module.
These links will be implemented using the radiation-hard versatile link components developed at CERN. Thus, experimental data will be transmitted using three identical VTTX dual optical transmitter modules, each driven by a single GBTX chip for each transmitter. TFC and ECS data will be received and transmitted using a single VTRX optical transceiver module, in tandem with a GBTX chip operating in transceiver mode and a GBT-SCA to provide a slow controls interface to the digital board.
Since the versatile link and GBT chipsets consist of one-off, radiation-hard custom ASICs, it is imperative that any reliability problems that may be associated with less radiation-tolerant components (such as the FLASH FPGAs used to on the digital board) do not result in the scrapping of these irreplaceable parts. There is also an inherent degree of duplication of data transmission circuitry, due to the need for three pairs of similar optical data uplinks per digital board. 
For these reasons, a modular approach has been adopted. Two plug-in modules have been developed: one containing the GBT and versatile link components for the dual optical transmitter (the DTM) and a second containing the GBT and versatile link components for the optical transceiver (the ECM). They are shown in figures 1 and 2 respectively.
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[bookmark: _Ref452730986]Figure 1: Photographs of the prototype PDMDB-DTM module (v1.0)
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[bookmark: _Ref452730987]Figure 2: Photographs of the prototype PDMDB-TCM module (v1.0)
Communication between these plug-in modules and the main digital board takes place using wired E-links and a small number of single-ended control signals. Additionally, the PDMDB-DTM module receives a clock reference from the PDMDB-TCM module and an I2C bus from the digital board, whilst the PDMDB-TCM module provides reference clocks, GPIOs, ADC inputs, DAC outputs, I2C busses, a JTAG interface and an SPI interface to the digital board, PDMDB-DTM modules and front-end elementary cells (ECs)
As well as the reliability, replaceability and duplication advantages mentioned above, this modular approach also improves improves testability, by making it practical to characterise individual optical link components independently of the digital board. It also follows the approach encouraged in [1], which notes that: “it is efficient to use one duplex GBT link to provide ECS/TFC information to many front-end components”.
This section describes the specification, design, development and future plans for production testing of these modules.
Requirements
The requirements for the modules are based on the requirements set out in previous LHCb upgrade design reports, noteably LHCb-PUB-2011-011 [1] and LHCB-TDR-014 [2]. The requirements set out in these documents that are relevant to the design and production of the RICH-DB-VTXx modules are summarised below:
Radiation environment
From LHCb-PUB-2011-011 [1]
· All electronics systems must be capable of operating at a luminosity of 2 × 2033 cm-2 s-1. 
(pg. 5) – TCM & DTM
· Front end chips should be tolerant to the radiation environment of the detector. (pg. 6) 
– TCM & DTM
· The maximum inefficiency allowed at the maximum instantaneous luminosity of 
2 × 1033 cm-2s-1 is 0.01%. (pg. 8) – DTM only
· Radiation testing is mandatory (pg. 16) – TCM & DTM
· The following radiation effects should be considered for the front-end electronics:
1. Effects from ionising radiation
2. Displacement damage
3. Single-event effects (SEEs): single-event upset (SEU), single-event latch-up (SEL), single-event functional interrupt (SEFI) (pg. 16) – TCM & DTM
· The FE components should be designed and proven to withstand the detector radiation environment. (pg. 16) – TCM & DTM
From LHCB-TDR-14 [2]
· The expected maximum annual radiation doses in RICH 1 and RICH 2 are described in Table 1.
· Assumes 50 fb-1 over lifetime
· RICH 1, worst-case 3E12 /cm^2, RICH 2, worst case 1.8E12/cm^2
· HadronsL RICH 1, 12E12, RICH 2 5E11
· RICH 1 TID: (300) 2000, RICH 2 TID (225) 800 Gy
· RICH 1: TID 
· [bookmark: _GoBack]Mechanics EDRs? Massimiliano
	
	RICH 1
	RICH 2

	
	Low region
	High region
	Low region
	High region

	Neutrons:
1 MeV neq/cm2 (x1011)
	4
	6
	1
	2

	Ionising radiation [krad]
	7
	42
	1.5
	4


[bookmark: _Ref449345160][bookmark: _Ref449345155]Table 1: Expected maximum annual radiation doses in RICH 1 and RICH 2
Timing
From LHCb-PUB-2011-011 [1]
· The front end module must have the capability of phase-shifting the 40 MHz clock to find the optimum timing with respect to bunch collisions. (pg. 7) – TCM only
· The FE module generates the required phase-adjusted clocks for all modes of operation based on the clocks provided by the GBT. (pg. 17) – TCM only
From LHCB-TDR-14 [2]
· The MaPMT readout must conform to the upgraded 40 MHz LHCb electronics architecture. (pg. 9)  – TCM & DTM
Interfaces
From LHCb-PUB-2011-011 [1]
· The front end module should support one of the standard protocols provided by the GBT system.  (pg. 7) – TCM & DTM
· The FE module has an interface compatible with the GBT data interface. (pg. 17) 
– TCM & DTM
· The FE module has an ECS interfaced based on a master-GBT link (bidirectional). (pg. 16) 
– TCM only
· The FE chips drive multiple GBTXs configured in simplex-transmitter mode. These then drive a number of dual-transmitter optical packages connected to fibres that fan into a 12-way fibre ribbon. (pg. 42) – DTM only
From LHCB-TDR-14 [2]
· The overall architecture of the digital board and its position between the front-end boards and read-out boards is shown in Figure 3. The PDMDB-TCM and –DTM modules are not shown separately from the digital board in this diagram. – TCM & DTM
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[bookmark: _Ref449344322][bookmark: _Ref449344318]Figure 3: Schematic of the RICH readout system showing MaPMTs, front-end ASIC boards, digital board and TELL40s [2]
· Transmission of a 4x64-bit hit map requires … three links in wide-frame mode. (This translates to three dual optical links for the 4×½ elementary cells read out by each digital board, which equals a total of 8x64-bit hit maps.) – DTM only
Experiment control
From LHCb-PUB-2011-011 [1]
· To allow the read-back of configuration data, each ECS link must be constructed as a point-to-point link between the GBT system and the FE device. (pg. 7) – TCM only
· The ECS registers are writeable/readable via this link. (pg. 16) – TCM only
· A single GBTX (master) on this FE module is configured in duplex-transceiver mode to accept TFC and ECS data from a SOL40 module. This distributes the master clock to the GBTXs and other FE components. (pg. 42) – TCM only
Power supplies
From LHCB-TDR-14 [2]
· The existing bulk power supplies will be reused for the upgrade. Individual modules are rated at 40 A at up to 7 V[footnoteRef:1] and there are 36 modules currently in use for RICH 1 and 48 for RICH 2 [hence it is preferable to use 1 PSU channel per column] (page 41) – TCS & DTM [1:  Note: There is a discrepancy between the power supply ratings quoted in LHCB-TDR-14 (7 V and 40 A) and the data sheet for the parts (part number 0M22.0003) installed in the pit (8 V and the lower of 55 A or 300 W). The latter is assumed to be correct in this document.] 

Manufacturing 
From IS41 [3]
· Materials [without brominated fire retardants] should be used in preference [to standard FR-4] whenever possible. (pg. 12) – TCM & DTM
Mechanical
From RICH 1 and RICH 2 Mechanics EDRs [4] [5]
· The layout of the two variants of the PDMDB is to be identical between RICH 1 and RICH 2 
– TCM & DTM
· RICH 1 will use only the –R version of the PDMDB (small MaPMTs); RICH 2 will use both the 
–R and –H versions of the PDMDB (small and large MaPMT variants respectively) 
– TCM & DTM
· Two PDMDB-R boards will be placed either side of the cooling plate to serve 4 ECs with small MaPMTs. One PDMDB-H will be placed on one side of the cooling plate to serve 4 ECs with large MaPMTs – TCM & DTM
· Components generating significant amounts of heat must be capable of being cooled by a machine aluminium levelling plate, attached to the cold bar – TCM & DTM
· In RICH 1, only 22 ECs are required per column. Therefore, one PDMDB will be half-populated and only DTMs will be required. – DTM only
Specification
The specification for each of the modules has been developed from the general design requirements for the digital board. To avoid duplication of design effort, the same PDMDB will be used for both RICH 1 and RICH 2
General specifications for both modules
Size and layout
· It is desirable for each module to be as compact as possible for reasons of space and signal integrity.
· It is desirable for both modules to be of similar size and layout, to allow them to be closely packed, mounted in a similar fashion, as well as to reduce design effort.
· Components generating significant heat (> 100 mW) should be mounted on the top side of the PCB to make heatsinking feasible. Consideration must be given to whether such components should be thermally connected to the cold bar to extract this heat.
· Connections between the modules and the digital board should be made with a suitable compact, low-profile connector, with sufficient capacity for all the required signal and power connections. The connector should be capable of multiple mating cycles.
Signal integrity
· Appropriate differential pair transmission lines with suitable termination are to be used for all high speed differential digital signals (≥ 40 MHz).
· Differential pairs of similar signals (e.g. parallel E-links or reference clocks) are to be length-matched to the PDMDB connector to ensure that traces can easily also be length-matched on the PDMDB. This will give negligible phase difference between similar signals.
· Sections of differential pairs that are not impedance matched must be kept to a minimum and the total un-matched length must be negligible compared to the maximum signal wavelength.
· Sensitive signals should ideally be routed between small-signal ground planes on internal layers.
· The length of connections should be minimised in order of signal frequency, from high to low. I.e. the first priority should be to minimise the length of the 4.8 Gbps differential pair connecting the optical modules to the GBTX ICs.
· All unused inputs must be tied to a reference voltage. Unused differential inputs must be tied to references of opposite polarity.
· Where an I2C master is provided on a module, the SDA and SCL lines of that bus will be pulled up locally. For I2C slave devices on modules, no local pull-ups are required.
Power supply
· Power will be provided to the modules through a single connector to the digital board, which also provides the data connections between the modules and digital boards.
· Both modules require two power supplies: a 2.5 V supply for the VTxX optical modules and digital IO supply of the GBT-SCA in the PDMDB-TCM module and a 1.5 V supply for the GBTX transceivers and the analogue and core supplies of the GBT-SCA in the PDMDB-TCM module.
· Each module will have two ground planes and two power planes, with one power plane for each power rail. Additionally, unused areas of copper will, in general, be connected to the ground plane as additional shielding, unless this is undesirable. 
· All ICs on the modules will be well decoupled, to minimise the risk of power supply noise interfering with their operation. As a minimum, each separate power supply on each IC will be decoupled with its own 4.7 μF bulk capacitor and a 100 nF capacitor to mitigate higher frequency noise. 
· Where space allows, 10 nF decoupling capacitors will be placed immediately adjacent to or underneath sensitive power supply pins to ensure effective power supply decoupling over a wide frequency range.
· Decoupling capacitors will be ceramic capacitors using X7R, X5R or C0G dielectrics and operated at below half of their rated voltage, to ensure reliability and reasonable voltage and temperature stability. 
· Capacitors intended to decouple high frequencies (10 nF and 100 nF ceramics) should be in 0402 packages and placed to minimise the high frequency loop area and ensure that stray inductance does not inhibit their performance.
· To avoid interference between different parts of the power supply at the same voltage on the same chip (e.g. between digital and analogue supplies), the power and ground planes beneath each chip will be cut to ensure that power supplies for all areas of the chip are derived from the same point and that current supplying one area of the chip is not made to flow past power pins supplying a different part of the chip. High frequency power supply interference due to the operation of one part of the chip should therefore be mitigated locally by its specific decoupling capacitors.
· Any trace expected to carry more than 100 mARMS must be appropriately sized to avoid excessive resistance and heating.
· It is desirable that a complete column of PDMDBs in either RICH 1 or RICH 2 should be capable of being powered by a single Maraton power supply
Manufacturing
· Halogen-free PCB laminates are to be used for production boards, unless a cost-effective alternative cannot be identified. (Use of standard FR-4 in development is preferable for cost and time reasons)
· To maximise reliability, simplify prototyping and testing and to lower manufacturing costs, conservative layout design rules (i.e. within the capabilities of good-quality prototype PCB manufacturers) are to be adopted. In particular:
· Minimum track and gap of 100 μm
· Minimum drill size of 250  μm
· Minimum pad size of 300/350 μm (external/internal)
· Minimum track to plane spacing of 200 μm
· To minimise space requirements and assembly costs, all components are to be surface mount, with the exception of those that use through-hole posts for mechanical stability that do not require soldering. Through-hole connections may be provided for ease of testing, on the assumption that these connections do no need to be populated in production.
· All pads to be non-solder mask defined, for reasons of reliability (see, for example [4])
· Space to be left on top surface of PCB for a unique barcode ID.
Mechanical
· Plug in modules must be mechanically stable when connected to digital board. Although the connector may provide some of this mechanical stability, it should not be relied upon as the only mechanical connection.
· Mechanical fastenings to digital board should not make it unduly difficult to remove an individual module if necessary.
Configuration and testability
· All configuration inputs should be tied to a defined voltage, even if the digital board is not connected.
· Configuration inputs defined only on the module (e.g. I2C address inputs), may be defined by tying them to appropriate reference voltages, either through resistors or, for convenience during development, using DIP switches. However, production boards must use either resistors or hard-wired connections for reliability.
· Configuration inputs driven from the FPGA must, where possible, be pulled up to the ASIC operating voltage to allow the FPGA to operate as an open-collector driver. This avoids problems arising from the different operating voltages of the ASICs and the FPGAs
· Configuration and control signals relevant to testing should be made available to the user, without the need for routing via the digital board. For convenience, through-hole headers may be used for this purpose, provided they do not need to be fitted on production boards.
PDMDB-TCM specific specifications
· The following connections are to be made available to digital board
· 6 x differential reference clocks (1 per FPGA and PDMDB-DTM module)
· RESETB connections for both GBTX and GBT-SCA ASICs
· GBT-SCA SPI interface
· 4 x GBT-SCA I2C busses (with GBT-SCA as master)
· Connections to the I2C bus between the master GBTX and GBT-SCA
· 32 x GPIO I/Os (for FEBs and FPGA)
· 4 x DAC inputs (for FEBs)
· 30 x ADC inputs (for FEBs and sensors)
· JTAG interface from GBT-SCA
· Versatile Link control signals (i.e. TX/RX data valid, TX/RX ready, RSSI, MOD ABS and TX disable)
· 6 x differential E-link downlinks to send TFC commands to digital board FPGAS
· 3 x differential E-link data clocks to ensure data synchronisation across clock domains
· E-fuse power and program signals for both the GBTX and GBT-SCA
· GBTX reference clock input (which must be enabled on the board by the connecting additional zero-ohm links)
· The main components on the board will be:
· A master GBTX chip operating in transceiver mode with FEC
· A VTRX optical module for bi-directional data transfer with the back-end
· A GBT-SCA ASIC to provide a slow controls interface to the front end.
· These components will be connected by:
· A high speed bi-directional 4.8 Gbps differential serial interface between the VTRX module and the master GBTX
· A dedicated 80 Mbps bi-directional e-link between the master GBTX and the GBT-SCA.
· An I2C bus with the GBT-SCA as master, between the GBTX and GBT-SCA
· A separate I2C interface between the GBTX and VTRX module
· The timing reference will usually be provided via the optical link, but for testing and start-up independent of the optical link, the master GBTX will be a version with an on-board crystal oscillator operating at the LHC clock frequency.
PDMDB-DTM specific specifications
· The following connections are to be made available to digital board
· 14 x differential serial e-link uplinks to each GBTx
· 1 x differential reference clock input
· 1 x I2C serial bus, on which both GBTXs are slaves
· A RESETB connection for each GBTX
· The main components on the board will be:
· Two GBTX chips operating in wide-bus simplex transmitter mode
· A VTTX dual optical transmitter module for sending data to the back-end
· These components will be connected by:
· A high speed dual uni-directional 4.8 Gbps differential serial interface between the VTTX module and the GBTX chips
· An I2C serial bus, connecting the two GBTX chips (as slaves) to the digital board/PDMDB-TCM module.
· An I2C interface between both GBTX chips and the TCM module
· A clock reference output from one GBTX to act as the reference for the second. This means only a single clock reference need be provided to the DTM module.
· The timing reference to the PDMDB-DTM module will usually be provided by the clock manager on the PDMDB-TCM module, via the digital board, to one of the GBTX chips. The clock for the second GBTX is taken from the clock manager of the first, rather than the input clock being split between two devices. This avoids termination problems.
Design overview
This section describes the overall design of the prototype modules.
Mechanical
· The dimensions and layout for the PDMDB-TCM and PDMDB-DTM PCBs are similar, to minimise design effort and space requirements
· Both modules have been designed with dimensions of 62 x 38 mm. This is the smallest area that is able to comfortably accommodate the main components of each board and allow sufficient area for routing. 
· The maximum height from the surface of the digital board of any component on the modules is 11 mm, excluding the VTTX and VTTX plug-in modules. This increases to 15.7 mm when the optical modules are included.
· The body of the optical modules protrude approximately 11 mm from the RICH-DB-VTXX PCBs. This makes it easier for optical fibres to be connected and disconnected with the board in situ, whilst ensuring that the optical modules themselves are securely mounted with screws to the RICH-DB-VTXX PCBs
· Each module has an M2.5 mounting hole, close to the edge from which the optical connector protrudes. This provides mechanical stability when the optical connector is being connected or removed and also prevents the megarray connector becoming disconnected once installed.
· ADD SKETCH DIAGRAM OF MOUNTING HERE
· With the exception of the megarray connector and mechanical fixing points, no components on the underside of the production boards protrude further than 0.7 mm from the surface of the PCB. This permits components of up to 3 mm thick to be used underneath the modules on the digital board without interference from the module. (Note that if DIP switches are to be used during testing, there will not be space under them for any components on the digital board).
Thermal
Ø

Radiation hardness
Both modules are radiation hard by design. The active components used on these boards are all CERN-specific radiation hard parts which have been extensively tested. An increase in power consumption related to TID is expected over the life of the modules, but this effect is expected to be within the capabilities of the power supply. It is described in more detail on page 25. Passive components including film resistors and ceramic capacitors are not known to be sensitive to radiation and are also used in other radiation components such as the FEASTMP modules.
The biggest unknowns for the radiation hardness of the modules will be the choice of PCB substrate and the megarray connector. The authors are not aware of any evidence that halogen-free PCB substrates suffer any serious adverse effects in a radiation environments. Similarly, the liquid crystal polymer used in the packaging of the megarray connector is thought to have good radiation resistance [5] and similar connectors are known to have been used at CERN in previous beam tests [6].
Naturally, the radiation hardness of the complete modules will need to be assessed in a beam test. However, at this stage, the components and materials used are not expected to pose a problem in a radiation environment.
Manufacturing
· The module PCBs consist of 8 layers, of which 4 are ground/power layers.
· Exposed copper on outer layers is coated with NiAu.
· FR-4 has been used for development prototypes, with halogen-free materials likely to be used for production and pre-production boards. Slight design tweaks may be required in the transition between the two materials to ensure differences in relative permittivity are accounted for.
· The stackup of the module PCBs is shown in Figure 4.
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[bookmark: _Ref451934602]Figure 4: Stackup for digital board module PCBs
Signal integrity and layout
The components on the board are arranged primarily to minimise the length of the high speed data links between the GBTX chips and the optical modules. The connector to the PDMDB is then positioned to minimise the length of the data links to and from the digital board and to make routing between the connector and BGAs practicable. Specific signal integrity design features of the modules are described below.
GBTX clocks and data links
The GBTX clock manager and data link outputs are routed to the top edge of the megarray connector to minimise trace length and routing clashes with GBT-SCA signals. 
ADCs and DACs
Although these analogue signals are high impedance, they are also low bandwidth (e.g. <7 ksps for the ADC). These are therefore routed on shielded inner layers from the SCA to the connector, with  conductors in close proximity to save space.
Communications busses
SPI
The SPI bus is capable of operating at comparatively high frequency (CLK, MOSI and MISO can operate at up to 20 MHz) and its traces pass through a very congested part of the board. Consequently, SPI traces run in very close proximity to other signals. To mitigate this, trace lengths are kept to a minimum. As a result, no two traces run parallel to each other for more than 7 mm, hence cross-talk is not expected to be a problem.
I2C
By necessity, several of the I2C busses have long parallel traces of up to 50 mm for the inter-module busses and up to 100 mm for the on-board GBTX-SCA bus. To minimise cross-talk between data and clock lines where traces are parallel for a considerable distance, signal lines are interleaved with a shield ground line.
High-speed differential signals
To ensure data integrity on the, high speed differential signals on both modules are routed on matched impedance transmission lines on internal layers. The general properties of these signals are shown in Table 2. The properties of FR-4 used in these calculations are derived from [7]. 
Note: that the properties of the substrate used in production modules are likely to differ if a halogen-free material is used. This will require slight modifications to transmission line dimensions to ensure the characteristic impedance is maintained.
	Signal
	Data rate (Mbps)
	Fundamental frequency (f0)
	5th harmonic (5f0)

	
	
	f (MHz)
	Typical λ in FR-4 (mm)
	Typical ν in FR-4 (% c)
	f (MHz)
	Typical λ in FR-4 (mm)
	Typical ν in FR-4 (% c)

	TFC data and clocks
	320
	160
	920
	49
	800
	184
	49

	Data uplinks
	320
	160
	920
	49
	800
	184
	49

	GBT-SCA 
E-links
	80
	40
	3,600
	48
	200
	735
	49

	VTxX data links
	4,800
	2,400
	63
	50
	12,000
	13
	50

	Reference clocks
	-
	40
	3,600
	48
	200
	735
	49


[bookmark: _Ref451929821]Table 2: Signal properties of key data links and clocks on DTM and TCM
Differential signals on the module are length-matched to ensure phase errors are small and the unmatched length is minimised to avoid unwanted reflections. Table 3 summarises the typical characteristics of the transmission lines on the two modules. In all cases, phase error is anticipated to be less than 1 %.
The unmatched length of the VTxX data links are slightly higher than is ideal, particularly on the TCM. However, at least 20% of this is due to the design of SFP connector required by the VTRX module, with the rest being due to the spacing of the GBTX pins and the need to swap the order of the P and N traces of the RX connections between the VTRX and GBTX. 
Whilst these unmatched sections are likely to cause some unwanted reflections, the mismatch between the impedances of these sections is not severe, which will help to mitigate undesirable effects. For example, the characteristic differential impedance of the SFP connector pads is estimated to be of the order of 77 Ω, which will result in a reflection coefficient of around 13%, which should still provide acceptable performance.
	Signal
	Typ. Actual differential impedance
(Z0)
	Nominal reflection coefficient
(ρL)
	Nominal (actual) length tolerance (mm)
	Nominal (actual) max. phase error (degrees)
	Max. nominal (actual) unmatched length 
(% λfundamental)

	TFC data and clocks
	99.1
	+0.45%
	4.00 (2.20)
	1.6 (0.9)
	0.5 (0.4)

	Data uplinks
	99.5
	+0.21%
	4.00 (3.59)
	1.6 (1.4)
	0.7 (0.8)

	GBT-SCA 
E-links
	98.6
	+0.70%
	4.00 (1.67)
	0.4 (0.2)
	0.1 (0.1)

	VTxX data links
	101.2
	-0.60%
	0.30 (0.17)
	1.7 (1.0)
	7.9 (5.8)

	Reference clocks
	98.6
	+0.70%
	4.00 (1.73)
	0.4 (0.2)
	0.2 (0.2)


[bookmark: _Ref451930480]Table 3: Transmission line characteristics of key data links and clocks (v2.0 PCB)
Data and power interfaces
The data and power interface between the PDMDB and the DTM and TCM are is through a 4 mm stack height FCI megarray connector. The DTM uses the 100 pin variant of the connector and the TCM uses the 200 pin variant. The pinout of the connector is show in figures Figure 5 and Figure 6. The megarray is rated for up to 200 mating cycles, depending on the variant chosen.
The pinouts of both connectors will change in version 2 of the modules and will make them incompatible with version 1 boards. This is to allow additional connections to the PDMDB that have been found to have been useful in testing to be incorporated as standard. The decision to change these pinouts now is intended to ensure that no additional future changes are necessary.
Data
DTM
The 14 differential data uplinks to each GBTX are arranged around the outer two rows of pins on the megarray connector. This minimises the length of each link and makes routing easier. 
The corner closest to the VTTX module is used for the reference clock input and for VTTX control signals, whilst the opposite corner is used for the I2C bus and reset signals for both GBTXs.
N.B: This pinout is likely to change in the next iteration of the PCB. It is intended to route additional control signals to the PDMDB via the megarray connector. These include: 2 x TX_READY, 2 x TSTCKOUT, 2 x TSTOUT, 2 x EFUSEPOWER and 2 x EFUSEPROGRAMPULSE. MOD_ABS will also be removed. Space for these signals will be found by redesignating the power pins indicated in Figure 5. This will increase the maximum current through 1V5 pins to 142 mA, which still leaves a minimum safety factor of 3, relative to their rated current. 
TCM
The differential data downlinks, reference clocks and e-link data clocks are arranged along the top two rows of the megarray connector, to minimise trace length and routing conflicts with other signals. In general, lower bandwidth signals (DAC, GPIO and ADC) are routed over longer distances. Pins are grouped into distinct regions, arranged by function.
Power
Using the data presented in the “Budgetary quotations have been requested from a range of PCB manufacturing and assembly companies. These have been based on early design data and should be used for estimation only. Furthermore, the capabilities of these manufacturing companies are not identical and have different approaches to outsourcing. This is a particular consideration due to the radiation-hard nature of the boards.
For PCB manufacturing, quotes have been sought for both standard FR-4 and halogen-free laminates, to determine whether halogen-free materials are a cost-effective solution.
The cost distribution for a complete set of each board to be manufactured and then assembled is shown in figures Figure 7Figure 8 respectively. This corresponds to 500 PDMDBs, 1,400 DTMs and 500 TCM, making a total of 2,400 boards. The overall cost distribution for manufacturing and assembling a complete set of all boards is shown in Figure 9, which accounts for the fact that PCBs may be manufactured and assembled by different companies. It is important to note that these figures do not include the cost of any components on the board.
These data suggest that there is no significant cost penalty to using halogen-free substrates and it is therefore recommended that production boards are halogen free. The overall cost for producing the boards is likely to be in the range of £32-62k, excluding any additional testing that might be required.
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	Figure 7: Distribution of PCB manufacturing budgetary quotes for all individual boards and for a complete production run of 2,400 boards in FR-4 and halogen-free variants. (N.B. Assumes boards made in large quantity batches)
	Figure 8: Distribution of PCB assembly budgetary quotes for all individual boards and for a complete production run of 2,400 boards. (N.B. does not include extra test options such as X-ray test of each board, which can double cost. Assumes boards assembled in large quantity batches)
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Figure 9: Distribution of total cost of manufacture for a complete production run with both FR-4 and halogen-free PCB substrates. (N.B. Assumes large volumes and no additional testing. Component costs are not included.)



Power consumption estimates” section, the input power requirements of the two plug-in modules are estimated as follows: (Table 4)
	Module
	Input current at 1.5 V (mA)
	Input current at 2.5 V (mA)
	Total power dissipation (mW)

	PDMDB-DTM
	1276
	200
	2414

	PDMDB-TCM
	1005
	147
	1875


[bookmark: _Ref452470699]Table 4: Power supply requirements of plug-in modules
Since ground is common to both power supplies, a larger number of ground connections will be required than those for the 1V5 or 2V5 rails. A much greater number of connections are also required for the 1V5 rail compared to the 2V5 rail. To simplify routing of signals, it is also desirable for power connections to be made in the centre of the connector.
To meet these requirements, the power connections are made using concentric rectangles of pins, as shown in figures Figure 5 and Figure 6. This also makes it easy for power connections on the digital board to be made from any direction, which simplifies routing. This arrangement gives 20 ground, 12 x 1V5 and 4 x 2V5 pins for the DTM connector and 28 ground, 20 x 1V5 and 12 x 2V5 pins for the TCM connector. The worst-case input current per pin is 106 mA for 1V5 on the DTM, which is a factor of 4 lower than the 450 mA rating for the connector with all its contacts energised [8].
All voltage rails have at least one dedicated power plane connected directly to the megarray connector. All power planes also act as small-signal ground planes for the top, bottom, signal 1 and signal 2 layers (see stackup in Figure 4). To minimise any unwanted interference between components and individual IC power supplies, the ground and power planes are cut to ensure return current flows only where is intended and that all power supplies are properly decoupled locally. (N.B. This feature has not been fully implemented in v1.0 of the DTM and will be included in the next revision of the PCB)
The input voltage to the digital I/Os of the GBT-SCA can be set to either 1V5 or 2V5 using an 0805 zero-ohm link. Although the GBT-SCA is nominally a 1.5 V device, its I/Os are 3.3 V tolerant, allowing it to be used directly with the 2.5 V output of the FPGA and FEBs. It is expected that 2V5 will be chosen as the default value.
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[image: ]Pins expected to change use in next revision

[bookmark: _Ref452559136]Figure 5: PDMDB-DTM interface using 100 pin Megarray connector (expected to change in v2.0)
[image: ]
[bookmark: _Ref452559138]Figure 6: PDMDB-TCM interface using 200 pin Megarray connector (not expected to change further)
Final design
Production readiness
Following this EDR, testing of the modules will continue. An early priority will be the development of a v2.0 PDMDB and DTM to go with the updated TCM. These updated boards will incorporate necessary improvements found during initial testing. The three boards need to be developed together, due to the change in pinouts on the connectors to the PDMDB.
V2.0 modules will then be used as part of a complete v2.0 system for firmware and integration testing, including in beam tests at CERN. Meanwhile, a module functionality test system will be developed in preparation for testing the final production modules (see following section). 
Any further modifications to the design will then be made based upon the results of development and testing activities. It is hoped that any modifications at this stage will be minor revisions. At this point, the results of module test and development will be presented at a production readiness review (PRR) before proceeding to manufacture.
GANTT CHART?
Production, testing and system integration
Production tests
INFORMATION SHARED WITH PDMDB
Production modules will be tested at each stage of manufacturing, to minimise the chance of failures due to manufacturing faults. In addition, a test batch of around 20 of each type of board will be manufactured, assembled and tested before the full production run, to ensure that there are no unexpected problems with the chosen manufacturing processes.
After PCB manufacturing, each board will be tested with a ‘flying probe’ test. This checks the connectivity of all tracks on the top and bottom surfaces against the expected connectivity in the design files and will highlight any broken tracks. This test is unlikely to detect any shorted tracks and these must be tested for during functionality testing.
Following assembly of the PCB, automated optical inspection will be used on each board. This should detect any components that are missing, incorrectly oriented or (in some cases) of the incorrect value. In addition, a sample of assembled boards will be X-rayed to check the quality of the assembly process, particularly the solder joints under the BGAs.
Functionality tests
Certain features of the modules cannot be tested whilst they are connected to the digital board. It is therefore proposed to develop an automated test and measurement setup to test and configure the DTM and TCM boards, before they are connected to the PDMDB for the first time. These tests will include the following actions:
All modules
· Read unique module ID barcode with camera and log to database
· Check voltage and current draw on both power rails
· Burn unique module ID into e-fuse registers
· Perform basic tests of all I2C busses
· Perform basic set-up using I2C as required (e.g. burn e-fuses for desired default configuration)
· Measure conducted EMI emissions from module on 1V5, 2V5 and GND power rails
DTM only
· Check communication of both I2C busses between GBTXs and VTTX module
· Check operation and phase of REFCLK inputs
TCM only
· Check communication on I2C bus between GBTX and VTRX
· Measure accuracy, linearity and offset of all DAC outputs
· Measure accuracy, linearity and offset of all ADC outputs
· Check operation of SPI bus
· Test SCA JTAG interface
· Check operation and phase of all reference and data clocks
· Test all GPIOs
· Test communication between GBT-SCA and GBTX if possible
Each test will check that measurements fall within a defined pass range. All test results will be logged in a database and a summary test report produced for each module. Once a module has passed this stage, it will be used to populate a PDMDB, which will then be tested for data integrity as a complete unit. The procedure for testing complete PDMDB PCBs and integrating them with the rest of the front end modules is described on page ????. REFERENCE TO PDMDB SECTION



Estimated manufacturing costs
[bookmark: _Ref452470524]Budgetary quotations have been requested from a range of PCB manufacturing and assembly companies. These have been based on early design data and should be used for estimation only. Furthermore, the capabilities of these manufacturing companies are not identical and have different approaches to outsourcing. This is a particular consideration due to the radiation-hard nature of the boards.
For PCB manufacturing, quotes have been sought for both standard FR-4 and halogen-free laminates, to determine whether halogen-free materials are a cost-effective solution.
The cost distribution for a complete set of each board to be manufactured and then assembled is shown in figures Figure 7Figure 8 respectively. This corresponds to 500 PDMDBs, 1,400 DTMs and 500 TCM, making a total of 2,400 boards. The overall cost distribution for manufacturing and assembling a complete set of all boards is shown in Figure 9, which accounts for the fact that PCBs may be manufactured and assembled by different companies. It is important to note that these figures do not include the cost of any components on the board.
These data suggest that there is no significant cost penalty to using halogen-free substrates and it is therefore recommended that production boards are halogen free. The overall cost for producing the boards is likely to be in the range of £32-62k, excluding any additional testing that might be required.
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	[bookmark: _Ref452727417]Figure 7: Distribution of PCB manufacturing budgetary quotes for all individual boards and for a complete production run of 2,400 boards in FR-4 and halogen-free variants. (N.B. Assumes boards made in large quantity batches)
	[bookmark: _Ref452727419]Figure 8: Distribution of PCB assembly budgetary quotes for all individual boards and for a complete production run of 2,400 boards. (N.B. does not include extra test options such as X-ray test of each board, which can double cost. Assumes boards assembled in large quantity batches)



[image: ]
[bookmark: _Ref452727594]Figure 9: Distribution of total cost of manufacture for a complete production run with both FR-4 and halogen-free PCB substrates. (N.B. Assumes large volumes and no additional testing. Component costs are not included.)



Power consumption estimates RELEVANT TO WHOLE PDMDB
Estimates of the power consumption and quantity of each components supplied by the PDMDB are summarised in Table 5 below.
	Component
	Estimated total power consumption
	Nº of devices on DB-R
	Nº of devices on DB-H
	Source

	GBTX (simplex transmitter mode)
	957 mW @ 1.5 V
	6
	2
	“GBT power consumption and total ionizing dose effects” [9]

	GBTX (transceiver mode)
	1452 mW @ 1.5V
	1
	1
	

	Kintex-7 FPGA
	1088 mW @ 1.0V
202 mW @1.8 V
2 mW @ 2.5 V
TOTAL: 1292 mW
	3
	2
	Estimated using Xilinx calculator[footnoteRef:2] [10] [2:  Assumes Kintex-7 XCK160T in FBG676 package; 100% usage of BRAM, LUT and FF; logic and BRAM clocked at 80 MHz; 9 LVDS RX lines and 14 LVDS TX lines, clocked at 320 MHz] 


	FEBs (each)
	128 mW @ 2.5 V
	8
	4
	Angelo Cotta Ramusino on behalf of CLARO/FEB team

	VTTX dual optical transmitter
	500 mW @ 2.5 V
	3
	2
	“The versatile link application note” [11]

	VTRX optical transceiver
	350 mW @ 2.5 V
	1
	1
	

	GBT-SCA
	55 mW @ 1.5 V
18 mW @2.5 V
	1
	1
	“GBT-SCA user manual” [12]


[bookmark: _Ref452026358]Table 5: Power consumption and quantity of significant components drawing current from digital board
From these data, it is clear that four separate voltage rails of 1V0, 1V5, 1V8 and 2V5 are required. Each of these rails is to be generated using the radiation-hard FEASTMP non-isolated DC-DC converter modules. This ensures a reasonable power supply efficiency, as well as reliability in the RICH radiation environment. 
The FEASTMP modules are capable of operating with an input voltage range of 5 - 12 VDC and are available in a range of fixed output voltage variants of between 0.9 – 3.3 V. Their output is rated at up to 4 A or 10 W [13]. For the RICH digital board, the low-profile “FEASTMP_CLP” variant of these modules is used. These are electrically identical to the FEASTMP, but are connected to the board with a surface mount (rather than through-hole) connector and have reduced space requirements [14].
The total current required for each power supply rail is calculated based on the figures presented in Table 5 and the operating efficiency of the FEASTMP converters [13]. This is used to calculate the number of DC-DC converters required for both variants of the digital board and to estimate the spare capacity of each power supply rail. These figures are summarised in Table 6 for a PDMDB-R and in Table 7 for a PDMDB-H. These data are presented graphically in Figure 10. Table 6 includes an estimate of the worst-case current requirements after exposure to ionising radiation equivalent to a TID of 1 Mrad. This is described in more detail on page 25.
NOTE: These figures assume that a 3.3 V supply for a linear regulator will not be required by any future revisions of the FEB.
	Supply rail (V)
	Total current required (A)
	Min. nº of FEASTMP
	Approx. efficiency
	Spare DC-DC capacity (A)
	Notes

	1
	3.26
	1
	69%
	0.74
	(19%)
	FPGA core supply

	1.5
	4.83 (7.83 worst-case after 1 Mrad)
	2
	74%
	3.17
	(79%)
	GBTX and GBT-SCA supply

	1.8
	0.61
	1
	80%
	3.39
	(85%)
	FPGA core supply

	2.5
	1.16
	1
	85%
	2.84
	(71%)
	FEB, GBT-SCA & VTxX supply


[bookmark: _Ref452028124]Table 6: Power rail requirements for PDMDB-R
	
Supply rail (V)
	Total current required (A)
	Min. nº of FEASTMP
	Approx. efficiency
	Spare DC-DC capacity (A)
	Notes

	1
	2.18
	1
	74%
	1.82
	(46%)
	FPGA core supply

	1.5
	4.41
	1
	78%
	3.59
	(90%)
	GBTX and GBT-SCA supply

	1.8
	0.11
	1
	80%
	3.89
	(97%)
	FPGA core supply

	2.5
	0.75
	1
	85%
	3.25
	(81%)
	FEB, GBT-SCA & VTxX supply


[bookmark: _Ref452028128]Table 7: Power rail requirements for PDMDB-H
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a) PDMDB-R
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b) PDMDB-H

	

	


[bookmark: _Ref452028212]Figure 10: Power consumption of significant components powered by digital board, by power supply rail
Both variations of the digital board therefore require only 1 FEASTMP module for each of the 1V0, 1V8 and 2V5 rails. For the 1V5 power supply, 2 modules are required for the PDMDB-R variant, but only 1 is expected to be needed for the PDMDB-H variant under normal operating conditions.
The precise distribution of loads on the 1V5 supply remains to be determined. It is not possible to operate FEASTMP modules in parallel, so the two supply rails must be separate. Having separate 1V5 power supplies for the TCM module and all of the DTM modules would give a logical separation between the data transmission and experimental control functions and would allow the DTM modules to be powered down when not required. However, this would result in the DTM power supply operating at close to capacity (3.8 A) with little leeway for any current increases resulting from radiation effects (described on page 25). On the other hand, powering a TCM and DTM with one power supply and two DTMs with the second would give a better current distribution, but no way of powering down all the DTMs.
The arrangement of the 1V5 rails on the PDMDB-H board must also be determined. The lower current requirements of this board compared to the PDMDB-R mean that a single FEASTMP module is capable of supplying the entire 1V5 rail. As the PDMDB-H is likely to need to be physically different to the PDMDB-R in any case, such a modification is straightforward and would reduce the component count and complexity of the board. However, using only a single 1V5 supply would make it impossible to power down the DTM modules independently of the TCM.
Input power requirements
It is intended that LV power to the RICH front end is provided using the existing Wiener Maraton power supplies (part number 0M22.0003). These have 12 channels, each with a rated output of up to 300 W or 55 A, at an output voltage of between 2 and 8 V. In practice, however, the PDMDB input voltage range is limited to between 5 and 8 V due to the minimum input voltage of the FEASTMP modules. This corresponds to a maximum output current per channel of 55 A at 5 V and 37.5 A at 8 V [15]. 
Higher input voltages are associated with slightly lower efficiencies from the FEASTMP DC-DC converters, particularly at lower output currents and lower output voltages [13]. It is therefore preferable for lower input voltages to be used, provided that conduction losses are acceptable and that the current requirements are within the capabilities of the power supplies and cabling. Since changing the input voltage between 5 and 8 V requires no design changes, it is intended that the final value should be selected after testing of the final board design.
The figures of tables Table 6 and Table 7 are used to estimate the input current requirements of both variants of PDMDB in Table 8. Recommended minimum input connector ratings are also suggested. These data are shown graphically in Figure 11.
	
	Estimated input current at 5 V (A)
	Estimated input current at 8 V (A)
	Recommended minimum input connector current rating (A)

	PDMDB-R
	3.86
(5.08 worst-case after 1 Mrad)
	2.41
(3.17 worst-case after 1 Mrad)
	6.0

	PDMDB-H
	2.77
	1.73
	3.5


[bookmark: _Ref452547559]Table 8: Estimated input current requirements and recommended connector ratings for both PDMDB variants
In RICH 1, there will be a total of 12 PDMDB-Rs per column, requiring an estimated maximum of 
46.3 A at 5 V, or 28.9 A at 8 V. In RICH 2, there will be four PDMDB-R and four PDMDB-H boards per column, requiring an estimated maximum of 26.52 A at 5 V, or 16.56 A at 8 V. Provided TID effects are small, these figures are comfortably within the operating capabilities of the Maraton power supply, such that there is a minimum safety margin of 15% for these estimates. Under worst-case radiation conditions, it is possible that the LV current requirement of a RICH 1 column could exceed the capacity of the Maraton power supply. This eventuality is discussed further in the following section. The estimated current requirements for a column of photodetectors in RICH 1 and RICH 2 is shown compared to the operating limit of the Maraton power supplies in Figure 12.
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	[bookmark: _Ref452547759]Figure 11:   Estimated input current and recommended minimum input connector ratings for PDMDB-R and PDMDB-H variants
	[bookmark: _Ref452547882]Figure 12:   Current requirement for each photodetector column in RICH 1 (12 x PDMDB-R) and RICH 2 
(4 x PDMDB-R and 4 x PDMDB-H). The RICH 1 worst case line is based on a dose rate of 100 krad/min and is likely to be lower in reality.


[bookmark: _Ref452028607]Radiation effects
Radiation tests on both the GBTX and GBT-SCA have shown that their digital cores are susceptible to current increases associated with the total ionising dose (TID) experienced by the modules [9] [12]. In the GBT-SCA, this is associated with up to a 75% increase in core current (36 → 63 mA), whilst in the GBTX, this is associated with up to a 350% increase in core current (120 → 550 mA). These core currents typically peak at doses of up to around 1 Mrad, before gradually decreasing as the dose increases further (Figure 13).
[image: ]
[bookmark: _Ref452557066]Figure 13: Effect of TID on GBTX power consumption [9]
A PDMDB-R in the ‘high’ region of RICH 1 could conceivably receive a TID of 1 Mrad after around 23 years of operation. If a current increase of the same magnitude as seen in the beam tests were to be replicated on a PDMDB-R, a total current increase of 3.0 A on the 1.5 V rail could be expected. Such an increase in current would be just within the current capacity of the 1.5 V power supply for a PDMDB-R, provided that current is shared fairly evenly between the two power supplies.
It is possible that the LV current requirements of a heavily irradiated column of PDMDB-R boards in RICH 1 could just exceed the current capacity of the Maraton power supply in the worst case (Figure 12). However, even if the PDMDB-R boards are as sensitive to TID as they are in the artificially high dose rate of a beam test, it is unlikely that these effects would cause severe practical problems in the detector for two reasons:
Firstly, these estimates assume that the entire column receives the ‘high’ region dose rate of 42 krad/year. In reality, only some PDMDB-R boards would receive such high dose rates, while others would receive dose rates closer to the ‘low’ region value of 7 krad/year. As a result, it is more likely that the peak current consumption will be lower than the worst case and also spread over a longer period of time. Secondly, any significant increase in current consumption will only occur after many years of operation. Any TID-induced problems would therefore become apparent slowly, giving plenty of time to assess their severity. In the worst case, it may be necessary to upgrade the LV power supplies. This should be comparatively straightforward, since they are not an integral part of the main RICH assembly.
In RICH 2, the dose rate is much lower – at around 4 krad/year or less. This means that a PDMDB-H should never experience a TID greater than around 100 krad. Based on the figures in [9], no significant increase in core current was detected for a TID of less than around 130 krad. Indeed, over 220 krad of TID is required before a PDMDB-H may be expected to draw more than the capacity of a single 1.5 V power supply (i.e.   ̴80 mA increase from 5 GBTX chips), which is equivalent to over 50 years of operation. Therefore RICH 2 seems unlikely to suffer from TID-induced current increases.
The dose rates experienced by the ICs in these beam tests are far more severe than the radiation environment of the RICH, by a factor of at least 106 when compared to the high region of RICH 1. Furthermore, an annealing effect is also apparent, whereby the core current consumption partially recovers toward its original value over time once the ionising radiation source is removed. These factors strongly suggest that the effects of TID on IC power consumption in practice are likely to be ‘smeared out’ over time and therefore current increases as severe as those seen in radiation tests are highly unlikely.
At the board level, radiation effects are therefore unlikely to cause severe problems with excessive current consumption on either of the PDMDB variants. Even in the worst case, it is expected that there will be sufficient spare capacity in the FEASTMP power supplies to cope with any increase in current consumption induced by radiation effects. Whilst the current capacity of the existing Maraton LV supplies should be sufficient to allow each column in RICH 1 to be powered by a single supply, further studies will be needed to determine whether this is adversely affected by the radiation environment of RICH 1. If it is, a LV power supply upgrade may be required after around a decade of operation. 
Appendix 1: Schematics, layout and change list for PDMDB-DTM PCB (v1.0)
Board view
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	Top view
	Bottom view


Figure 14: Top and bottom rendered views of PDMDB-DTM PCBs (v1.0) (actual size)
PCB layers

Top (component) layer				Top ground plane[image: ]		[image: ]


Top signal layer					1V5 power plane[image: ]		[image: ]

 2V5 power plane					Bottom signal layer[image: ]		[image: ]
Bottom ground plane					Bottom (component) layer
[image: ]		[image: ]
Intended change list for next version (2.0) of PDMDB-DTM board
1. Re-number refdes based on position.
2. Standardise pull-ups to 10k from 4k7.
3. Modify I2C address resistors to account for internal GBTX pull-ups.
4. Reroute REFCLK input signal to only one GBTX. Clock manager on this GBTX to be used to generate REFCLK for second GBTX to avoid termination problems.
5. Fillet component pads.
6. Make pin 1 marking.
7. Leave space for unique QR barcode.
8. Remove I2C pull-ups from board (responsibility of master)
9. Add DIP switches for GBTX I2C address, MODE, REFCLKSELECT, RXLOCKKMODE, CONFIGSELECT.
10. Change all resistors to 0402 from 0603.
11. Change 6-pin test connectors to standard 0.1” pitch headers.
12. Route Efuse power and control connections, TX_READY, TSTCKOUT and TSTOUT for both GBTXs to PDMDB.
13. Remove MOD_ABS connection
14. Add 0.1” headers to GBTX reset connections.
15. Add identification labels on top surface.
16. Improve tolerances of differential pairs, reduced unmatched length and make continuous arcs.
17. Space I2C lines to minimise crosstalk
18. Slice power planes to minimise conducted interference between components
19. Remove JTAG pull-ups where pulled up internally
20. Rename to PDMDB-DTM from VTTX
21. Increase track-plane clearance increased from 0.1 to 0.2 mm.
22. Update megarray pinout to accommodate changes.
23. Remove power plane islands where not defined to avoid antenna effects.
24. Improve clarity of schematic.
DTM schematic
[image: ]

Appendix 2: Schematics, layout and change list for PDMDB-TCM PCB (v2.0)
Board view
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	Top view
	Bottom view


Figure 15: Top and bottom rendered views of PDMDB-TCM PCBs (v2) (actual size)
PCB layers

Top (component) layer				Top ground plane[image: ]		[image: ]


Top signal layer					1V5 power plane[image: ]		[image: ]

 2V5 power plane					Bottom signal layer[image: ]		[image: ]
Bottom ground plane					Bottom (component) layer
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Change list from v1.0 to v2.0 of PDMDB-TCM board
1. Refdes re-numbered based on position.
2. Pull-ups standardised to 10k from 4k7.
3. I2C address resistors modified to account for internal GBTX pull-ups.
4. GBTX I2C lines also routed to Megarray.
5. Component pads filleted.
6. Additional I2C lines routed from GBT-SCA (4 total) and pulled up on board.
7. Pin 1 marking made clearer.
8. Space left for unique QR barcode.
9. GBT-SCA digital IO voltage made selectable between 1V5 and 2V5.
10. Connections added to GBTX REFCLK for Megarray, header pins or pull-ups.
11. DIP switches added for GBTX I2C address, MODE, REFCLKSELECT, RXLOCKKMODE, CONFIGSELECT.
12. All GBTX control inputs pulled-up to allow use of open-collector logic by FPGA. Exception is EFUSEPROGRAM PULSE; tied down to avoid accidental programming.
13. All resistors changed to 0402 from 0603.
14. GPIO ext clock pulled up.
15. I2C pull-up resistors optimised. 4k7 for VTRX bus, 2k2 for all others.
16. 6-pin test connectors changed to standard 0.1” pitch headers.
17. GBT-SCA and GBTX Efuse power and control connections routed to PDMDB.
18. 0.1” headers added for GBTX and GBT-SCA reset connections.
19. 0402 test points added to GBTX/SCA E-link and for GBTX XOSC.
20. XOSC pull-ups removed.
21. Track-plane clearance increased from 0.1 to 0.2 mm.
22. Megarray pinout changed to accommodate changes. 1 pin allocated for possible future use.
23. RSSI resistor values changed to give 
1 V/mA response and 1 V maximum.
24. TFC connections changed to correct output pins, rather than incorrect inputs.
25. Copper power plane islands removed where not defined to avoid antenna effects.
TCM schematics
[image: ]
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Appendix 3: Grounding strategy for PDMDB and front-end
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Info from original upgrade TDR: CERN/LHCC 2013-022
(LHCb Particle Identication UpgradeTechnical Design Report)
· Main aim of upgrade is  to run at an increased operating luminosity of 2E10^33 cm^-2 s^-1
· Figures for radiation values on page 10	
· 2.2.3    Readout electronics: 
The MaPMT readout must conform to the upgraded 40 MHz LHCb electronics architecture.  An overview of the electronics readout is shown in Fig. 2.5. 

The front-end chip will be an ASIC which provides MaPMT-signal shaping and amplification as well as discrimination and digitisation.  We are prototyping a customized readout chip, the “CLARO", tailored for the R11265, and comprised of an analogue pulse shaper amplifier and a binary discriminator.  We have chosen binary readout as baseline, which is the cheapest option and minimizes the off-detector data throughput; the binary choice requires the ability to adjust channel-to-channel gain variations of the MaPMTs prior to discrimination.  The readout will provide baseline recovery of the signal ideally within 25 ns, in order to suppress signal spill-over (which can give dead-time into adjacent bunches for binary readout).  The CLARO prototype, described in Sect. 2.3, has been fabricated in 0.35 μm CMOS technology.  The CLARO chips will be mounted on front-end ASIC cards, which are mechanically mounted to the MaPMT baseboard. The front-end electronics must be radiation tolerant up to the levels given in Table 2.3. 

As a backup front-end ASIC, we are also evaluating the MAROC readout chip, again described in Sect. 2.3, which has been developed by the Omega collaboration specifically for MaPMTs [16]. The MAROC has a significantly longer peaking time (15 ns) than the CLARO (<5 ns). 

Referring to Fig. 2.5, the signals from the MaPMTs feed into the front-end ASIC boards, two MaPMTs per board, and there into the digital boards.  Each digital board serves four MaPMTs and it processes the data, and multiplexes them into a number of high bandwidth fibre-optic serial links.  Up to four radiation-tolerant FPGAs will reside on the digital boards and will pipeline, zero-suppress and format the data for the giga-bit optical link (GBT) protocol, and also provide an interface to the Timing and Fast Control (TFC) system.  The data are transmitted to TELL40 receivers [15] in the counting room, for which the firmware will be RICH specific, before being forwarded to the online computing farm for event building,  filtering and storage. 

We will adapt the current RICH Detector (“slow") Control system (DCS), by using the current “ELMB" boards but replacing the temperature sensors and the monitoring software. The experimental Control System (ECS) of the current RICH system will be re-written for the upgraded detector readout, and for uploading firmware and detector parameters to the front-end cards.
· Also: Electronics Architecture of the LHCb Upgrade: LHCb-PUB-2011-011
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Inner players: 18 um copper
Overall thickness: 1 51 mm
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