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In this manual it is explained the basic functionality of the Read-Out Minicrate and how it should be operated.

1. Minicrate Overview.

The minicrate (MC) is an aluminium structure that allocates the first level of the read-out and trigger electronics of the CMS muon drift tube chambers [1]. This aluminium structure will be attached to the honeycomb of the drift tube chambers, and therefore, will operate inside the wheels of the CMS barrel.

The aluminium structure will provide not only tightness to the boards that will be screwed there but also thermal conduction for refrigerating through a water cooling system, as a fan based refrigeration system is not possible due to the presence of a ~0.08 T magnetic field in the MC region. 

The read-out electronic, mainly conformed by the ROB (Read-Out Boards) is integrated in this system sharing with the muon trigger electronic: wire chamber signals, Timing and Trigger Control (TTC) signals [2], power supplies, cooling and mechanics. The ROBs are in charge of the time digitalization related to Level 1 Accept trigger of the incoming signals from the front-end electronics of the drift tube chambers [3], following a consequent data merging to next stages of the data acquisition chain, the Read-Out Server Boards (ROS).

The trigger system of a MC [4], which will not be described in this document, is basically composed of TRBs (Trigger Boards), which are connected on top of the ROB´s; and a SB (Server Board), on top of the CCB, that collects TRB´s data. 

The CCB (Chamber Control Board) located in the centre of the MC, allows ROB and TRB configuration and monitoring. It works together with the CCB link board, on one of the MC ends, that receives data from the Slow Control and TTC system. Among other tasks, the CCB distributes the LHC 40.08 MHz clock and other TTC signals to every board in the MC.

These are the main elements that constitute a MC, together with the different cables that interconnect all the boards. The MCs are assembled in two levels: firstly, at CIEMAT (Madrid), where all the elements needed for the read-out part will be assembled and tested; secondly, at INFN Legnaro and INFN Bologna, where the remaining elements for the trigger part will be assembled and tested.

A simplified diagram of the MC architecture can be seen in the following figure. It is an example of an MB1-L type minicrate; the different types of MCs will be explained in the following section.
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Figure 1: Simplified diagram of an MB1-L minicrate.

1.1. Minicrates clasification.

The iron yoke of each CMS barrel wheel is organized in four concentric layers around the beam axis, namely MB1 to MB4, with each layer subdivided in 12 sectors. In each of these stations, the different drift tube chambers will be allocated together with the MCs. As can be seen in figure 2, sectors 4 and 10 contain two chambers each, therefore, the total amount of chambers and MCs is 250.
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Figura 2: Transversal view of a CMS wheel where some of the types of chambers and MCs are indicated.
There are up to 20 types of read-out MCs, depending on:

· the concentric layer around the beam axis where they will be located. Accordingly, we can find types MB1, MB2, MB3 and MB4. The MB4 minicrates are also different depending on the sector they belong to: MB4(4,10) for sectors 4 and 10, MB4(9,11) for sectors 9 and 11, MB4(8,12) for sectors 8 and 12 and MB4(s) for the remaining ones. The difference between these types of MCs is mainly related to the size of the chamber, i.e. the number of channels and, therefore, the number of ROBs needed. 
· the position of the service side in the different wheels and sectors. This will determine the position where the low voltage cable should exit from the MC and where the CCB link board and RO link boards should be located. There are left (L) and right (R) MCs.
· special sized chambers, for example, those close to the chimney location on wheels YB+1 sector 4 and wheel YB-1 sector 3. This basically implies different lengths in the TRB clock cables that are assembled during the read-out part.
When the trigger part is assembled on the MC, it is necessary to distinguish also between S+, S- and S0 MCs, depending on the shifts of theta superlayer with respect to the phi superlayers. This distinction depends on which particular wheel and sector the MC is going to be fixed to, and it does not affect the read-out MC assembly.

Each MC is identified with a barcode label attached to three different places of the MC aluminium structure. As the superlayer shift is not distinguished at CIEMAT, there is also a read-out label in one of the sides (the closest to the low voltage cable) that corresponds to the identification of the MC right after the read-out part is assembled. The description and format of both labels can be found on appendix A and B.
In figure 3 it can be seen a scheme of the main different types of read-out MCs (RO-MC), and in the following table 1 it is shown the needed quantity of MCs and its spares (the number of spares is still preliminary). It is worth to say that the only difference in the read-out part between MB4(s) and MB4(8,12) MCs is related to the different length of the DCS cables.

	RO-MC Types
	Qty
	Spares
	Total

	MB1 L
	29
	2
	31

	MB2 L
	29
	2
	31

	MB3 L
	58
	4
	62

	MB4 (s) L
	16
	2
	18

	MB4(8,12)L
	4
	0
	4

	MB4 (4) L
	4
	1
	5

	MB4 (10) L
	6
	0
	6

	MB4 (9/11) L
	5
	1
	6

	MB1 ch L
	1
	0
	1

	MB2 ch L
	1
	0
	1

	MB3 ch L
	2
	0
	2

	MB1 R
	29
	2
	31

	MB2 R
	29
	2
	31

	MB4 (s) R
	13
	1
	14

	MB4(8,12)R
	6
	1
	7

	MB4 (4) R
	4
	1
	5

	MB4 (10) R
	4
	0
	4

	MB4 (9/11) R
	5
	0
	5

	MB1 ch R
	1
	0
	1

	MB2 ch R
	1
	0
	1

	MB4 ch R
	1
	0
	1

	MB4 (4) R ch
	2
	0
	2

	
	250
	19
	269


Table 1: Types of RO-MC and quantities.
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Figure 3: Scheme of the different types of MCs indicating the corresponding types of boards and its location in the MC.
2. Description of the Read-Out Minicrate.

2.1. Mechanical structure

MC lengths vary from ~2 m in MB3 to ~1 m in MB4(9,11), with a fixed width of 10.5 cm and height of 5.5 cm. The average weight of a read-out MC is 8 Kg.

	MC Type
	Nominal length

	MB1
	170.4 cm

	MB2/MB4(s)/MB4(8,12)
	182.4 cm

	MB3
	207.5 cm

	MB4(4,10)
	157.3 cm

	MB4(9,11)
	107.1 cm


The different drawings of the mechanical pieces that compose the MC structure can be found here:

http://wwwae.ciemat.es/cms/DTE/mc_ing.htm#MC_mech.

These pieces have been designed to provide a mechanical support for the different boards that will be screwed in the MC, and also to improve thermal conduction for heat dissipation through a water cooling system. In the following picture it can be seen a transversal section of the MC with the pipes in the bottom part of the aluminium structure. Appropriate elbows for water pipe connections are to be screwed there.
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Figure 4: Transversal view of a MC.
2.2. Power supply

In the MC, we can find the following power supplies with its different requirements described in what follows:

· 3.3V digital power supply. The voltage at chamber input is nominally 4V, as it is followed by low drop regulators. The current at the load can be any value between 0 and 35 A, but the power supply must be designed to provide at least 20% more current than maximum nominally required, i.e. 42 A.
· 5V digital power supply. The voltage at chamber input is nominally 6V, as it is followed by one low drop regulator. The current at the load can be any value between 0 and 1.5 A, but the power supply must be designed to provide at least 20% more current than maximum nominally required, i.e. 1.8 A.
The power consumption of a RO-MC is roughly presented in the following table:

	MC Type
	MB1
	MB2/MB4(s)
	MB3
	MB4(4)
	MB4(10)
	MB4(9/11)

	Nº of ROBs
	5+ROB-32
	6
	7
	5
	4
	3

	I(A) avg. 3.3V
	7.7
	8
	9
	7
	6
	5

	I(A) avg. 5V
	2.2
	2.2
	2.2
	2.2
	2.2
	2.2

	Total Power consumption (W)
	36.41
	37.4
	40.7
	30.3
	30.8
	27.5


In next table, the total MC power requirements are summarized:

	Name
	I avg 
	V@chamber input
	Cable drop
	PS output
	Pw.dis. @chamber
	Pw.dis @cables

	3.3V digital
	31.5 A
	4 V
	2 V
	6 V
	126 W
	62 W

	5V digital
	2.2 A
	6 V
	2 V
	8 V
	13.2 W
	4.4 W


This power is supplied by the CAEN EASY modules at the towers on both sides of the CMS wheels, at a distance of 10-20 m from their loads. The total amount of units needed for power supply are summarized in the following table:
	MODULE
	Quantity

	SY1527
	1

	A1676A (Controller)
	10

	EASY3000 (CRATE)
	60

	A3009 (analog and 5 V digital)
	70

	A3050 (3.3 V digital)
	130

	A3486 (AC/DC)
	30 ~ 60

	A3100 (SC)
	10


2.2.1. Low Voltage Patch Panel Box

A patch panel box fixed to the iron yoke allows interconnection of the MC low voltage pigtail to the cable coming from the EASY modules. Voltage sensors will be placed at the MC LV patch panel to guarantee a nominal voltage of 4V and 6V at MC input. MC side of the LV box there is also a connection for the 5 V power supply of the pressure sensors at the chambers PADC. 

A scheme and a picture of this patch panel box can be seen in following figures as well as a table with the estimated lengths for the MC pigtail provided by the integration group.
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Figure 5: Diagram of the MC low voltage patch panel box.
[image: image6.jpg]Drift Tubes Muon Barrel Mini-Crates. Low Voltage cable position and Nominal length.

Chamber Type MC LV cable position | LV Cable Nominal lenght
B 1. Z Pos. Left Left Side 1010
MB 1. Z Pos. Right Left Side 1010
B 2. Z Pos. Left Left Side 630
MB 2. Z Pos. Right Left Side 630
B 3. Z Pos. Left Left Side 800
MB 3. Z Pos. Right Left Side 800
VB 1. Z Neg. Left Right Side 1010
MB 1. Z Neg. Right Right Side 1010
B 2. Z Neg. Left Right Side 500
MB 2. Z Neg. Right Right Side 500
B 3. Z Neg. Left Left Side 675
MB 3. Z Neg. Right Left Side 960





Table 2: Nominal lengths of the low voltage pigtail cable that will be connected to the LV patch panel box.
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Figure 6: Picture of a low voltage patch panel box.

Inside each MC, the 3.3V power supply is distributed by two copper 25mm2 square bars to minimize voltage drops and simplify connections. In figure 7, it can be seen the MC end of the low voltage pigtail. The two red and two black cables (6 mm2 section) for the 3.3V power supply are screwed to the copper bars in the MC, and the white (or green) cable connected to the shielding is screwed to one of the aluminium pieces of the MC extrusion. Meanwhile, the orange and blue cables (1.5 mm2 section) are connected to one of the power supply filters almost in the middle of the MC, close to the CCB board (fig. 8). At this level there is also a ground connection between the power supply ground and the MC aluminium box.
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Figure 7: Detail of the LV connection at the input of a right type MC.
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Figure 8: Picture of the 5 V low voltage connection in the MC center.

In the following picture the two different types of power supply filter boards are shown. The top one is connected in the center of the MC, close to the CCB (VCC = 5V) and two of the bottom ones are connected on both sides of the MC (VDD = 3.3V).
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Figure 9: Filter boards for the MC power supply.
All units are powered through separated power supply lines (figure 10) to maximize redundancy and minimize propagation of failures. Besides, there is a power supply protection mechanism to protect against over-currents on the power supply lines by precise current monitors with fast shut off capability.
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Figure 10: Image of the independent power supply lines for ROB and TRB.
2.3. Read-Out Boards

The Read-Out boards, developed at CIEMAT, perform the time digitalization of the incoming signals from the chamber front-end electronics. ROBs are built around a 32-channels application-specific integrated circuit, the High Performance Time to Digital Converter (HPTDC) [5]. The HPTDC was developed by CERN/EP Microelectronics group and produced in a commercial 0.25 (m process.

Each ROB has four HPTDCs, i.e. 128 channels. This number was chosen in order to accommodate the amount of channels per chamber while minimizing the multiplication of common components. An image of a 128 channels Read-Out Board can be seen on figure 11. The dimensions of a ROB are 9.8 cm x 22.6 cm, and its schematics can be found here:
http://wwwae.ciemat.es/cms/DTE/idoc.htm#ROB
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Figure 11: View of a Read-Out Board with 128 channels.
The number of ROBs per MC can be seen on figure 3. ROBs connected to phi or theta superlayers are identical, the only difference in the ROBs is related to the terminations of the ROBUS as it will be described later. Also, in MB1 MCs there is a different ROB, ROB32 (figure 12), because the space in MB1 chambers was so limited that a smaller ROB with only one HPTDC had to be produced.
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Figure 12: View of a Read-Out Board with 32 channels.
ROB architecture and functionality has been described in more detail in [6]. 
2.3.1. ROLINK board and ROLINK cable
Inside a ROB, the four HPTDCs are connected in a token ring scheme for read-out. When one HPTDC receives the token and has data to transmit, it participates in a data_ready/get_data handshake protocol controlled by an Altera CPLD in order to merge the data into an 8 bits serializer (National Semiconductors DS90LV11021). This serializer transmits the data through an LVDS link to the ROS boards at the towers. The bandwidth of this link is 240Mbps (200Mbps effective), with an estimated throughput of 16 Mbps.

The ROLINK cable, first step in the connection ROB-ROS, connects the ROB data output to the ROLINK board. It is a twisted pair cable routed in the bottom of the MC, and always comes out from the left side of each ROB, and is connected to pins 1 and 2 of connector J12 in the ROB and is labelled with an L, with the white mark in the connector facing to the right. On its other end, the cable is connected to the ROLINK board, as can be seen in figure 13.
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Figure 13: Picture of a ROLINK board assembled in a MC.

The ROLINK board is screwed in one of the lateral covers of the MC (the opposite to the LV connection and the CCB link board), and it is used as a patch panel to allow interconnection between the ROLINK cable in the MC and the RO cables.

The RO cables that connect the MC and the ROS, are CAT 6 shielded twisted pair cables, with four pairs each, and RJ-45 connectors on both ends. The shielding of the cable will be connected only to the ground of the MC, with an AC connection on the ROS side.

In the following figure 14 it can be seen how the two RO cables (labelled MBX-A and MBX-B) should be connected to the MC, and in table 3 it is presented the number of twisted pairs used per RO cable according to the MC type. 
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Figure 14: Diagram of the main external connections in a RO-MC.
	MC type
	Number of ROBs
	Cable MBX-A
	Cable MBX-B

	MB1
	5 + 1 ROB-32
	3
	3

	MB2
	6
	3
	3

	MB3
	7
	4
	3

	MB4(1,2,3,5,6,7,8,12)
	6
	3
	3

	MB4 (9,11)
	3
	3
	0

	MB4 (4)
	5
	2
	3

	MB4(10)
	4
	2
	2


Table 3: Distribution of the number of ROBs and their data links in the different MC types.
At ROS level, each ROB will be identified with a channel number from 0 to 24 (each ROS reads one full sector of one wheel). In document [7], more detailed information of the interconnection between MC and ROS can be found.
2.4. Chamber Control Board (CCB) and Server Board (SB)
In the centre of the MC are located the Chamber Control Board (CCB) and the Server Board (SB), which is mounted on top of the CCB. We will only describe those aspects of the CCB that concern to the Read-Out. A picture with the main connections of the CCB can be found in figure 15 and of the SB in figure 16.
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Figure 15: Picture of a CCB board.
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Figure 16: Picture of a SB board.
2.4.1. CCB link board
The CCB link board is an interface between the CCB and the TTC and the Slow Control system. It is located in one of the ends of the MC, the one from which exits the LV cable, and is connected to the CCB through a 20 lines parallel cable. In figure 17 a picture is shown.

The TTC system is in charge of distributing global signals to all the subdetectors through an optical interface. The TTC signals needed by the MC are the following: 

· 40.08MHz LHC clock signal,

· L1A trigger signal,

· event counter reset,

· bunch counter reset,

· User commands for test pulse sequence.

The CCB link board translates the TTC optical signals to electrical ones that will input the TTCrx device in the CCB for decoding. With respect to the Slow Control system, the CCB link board allows communication with the CCB through an optical RS232 full duplex connection, a RS485 half duplex connection or a RS232 electrical connection that is used only for testing purposes.
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Figure 17: Picture of a CCB link board.

2.5. Interconnection
2.5.1. ROLINK cable

See section 2.4.
2.5.2. ROBUS

ROB configuration and monitoring is done from the Slow Control system through the CCB, which is connected to the ROBs through a 40 lines parallel bus, so-called ROBUS. In order to minimize reflections of the signals in the bus, ROBs assembled on both ends of the MC have some resistors and capacitors assembled. The ROBs on the MC ends should not be interchanged with any other ROB in the MC.

The ROBUS carries the following signals:

· power on lines: independent power on/off for each board.

· ROB addressing lines (4 lines, up to 16 addressable boards that are shared with the TRBs. ROBs are numbered from 0x8 to 0xF, starting from the ROB in the left end of the MC. This address is selected with switch S1 in the ROB).

· JTAG (TMS, TCK, TDI, TDO) lines for configuration and monitoring, 

· Reset, Rob error and power supply fault flag lines.

· 1-wire interface for voltage, current and temperature on board monitoring.

· the TTC (Timing and Trigger Control) signals described previously. 
2.5.3. ROB clock cable
The CCB also distributes the LHC clock (40.08 MHz) to every ROB through LVDS point to point connections, the ROB clock cable. This clock cable lays in the bottom of the MC and comes out from the right side of each ROB, being connected to pins 1 and 2 of J11. There is also a red mark on clock connector facing to the right. In figure 18 it can be seen these connectors assembled at the ROB, as well as the aluminium tape that covers these cables through all the region close to the chamber signal cables in order to minimize interference.
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Figure 18: ROB clock and ROLINK connectors at the ROB.
ROBs and TRBs receive CLOCK40DES1 signal from the TTCrx on the CCB, while CLK40DES2, with possible skews in 104 ps steps, is distributed to SB. SBs clock phase will be adjusted on each MC to maximize trigger efficiency.

Meanwhile ROBs need a fixed phase with respect to the 25ns TTC signals to guarantee a simultaneous detection at every ROB. Therefore, clock cable lengths have been adjusted to compensate ROBUS skews. In figure 19 an example is presented of some 25 ns width signals at the ROB arriving with proper phase to the LHC clock.
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Figure 19: Oscilloscope image of the Bunch reset, Event reset and L1A signals with respect to the clock.
Other cables that are connected in the MC during the Read-Out part assembly (although not directly related to the read-out) are the following:

2.5.4. RPC and Alignment cable

They are used for communication through an I2C interface between the CCB and the RPC bus and the alignment leds and pressure sensors.
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Figure 20: Image of the RPC and Alignment connections at the MC.

2.5.5. Threshold cable

Through this cable, the CCB sets operational parameters in the Front-End boards (threshold, bias…), located inside the gas enclosure of the chamber.
2.5.6. DCS Slow Control cables

These cables support an I2C interface between the CCB and the Front-End slow control system. This allows, for example, reading the pressure sensors of the gas inside the chamber.
2.5.7. TRB clock cable

TRB clock cable is a point to point twisted pair connection to distribute the LHC clock to the TRBs in the MC. This cable is located also in the bottom of the MC, and exits from the right side of each TRB.
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Figure 21: Picture with some of the cables connected to the CCB.
In figure 21 a RO-MC under test is shown.
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Figure 21: Image of a RO-MC under test.
3. Operation of a Read-Out Minicrate: Slow Control.
The basic elements needed to operate a read-out MC are the power supplies: 3.3V@20A and 5V@3A (note that at least 0.7V more are necessary in both cases due to the regulators); and a TTC system such as a TTCvi module + TTCex module, as well as the rest of the electronics needed for the type of operation expected in the MC (ROS-8, etc.).


The MC can be operated connected to a DT chamber or in stand-alone mode. If time digitalization wants to be checked in stand-alone mode, special electronics should be used to inject signals into the ROBs, such as the PATGEN boards used at CIEMAT. In appendix C it is described the connection scheme between the LVDS signals coming out from the front end electronics of a chamber and the input connectors at the ROB in the MCs.
A program called Monitor has been developed by the Padova electronics group to interface with the CCB and perform the different Slow Control functionality. This program can be downloaded from: http://www.pd.infn.it/~caste/software.htm.
In the same web site, a document called “CCB Commands description” can be loaded. In it, the different CCB commands are described. We will focus here only on those commands that are related to the read-out electronics.

The steps that we suggest to follow to operate a MC are the following:

1) Turn on the power supplies,

2) Run the CCB MINI CRATE program stored on flash.
3) Configure the ROBs:
· Load the HPTDC setup and control bits for your particular test jig and perform the appropriate control sequence to all the devices in the MC.

· Send a ROB reset (common to all the boards).

· Read ROB error flag and HPTDCs status and check they are ok.

· Send bunch reset and event reset commands.

4) Start the data acquisition.

3.1. Step 1:Power on the MC.

It is recommended to turn on first the 3.3V and then the 5V power supply.

3.2. Step 2: Run the MINI CRATE program.


At the CCB there is a flash memory where a program for configuring the MC is stored (MINI CRATE program). This program is a first step in setting up a MC, as it checks how many boards are present, it powers them up, read their addresses, configures them, reads the identification codes of several devices, and in general, performs a full check of the global status of the MC.

The MINI CRATE program is run automatically by the CCB if it doesn´t receive any BOOT command after 30 seconds after power on. It is not necessary to wait the 30 seconds if a Script BOOT command is sent: Script (0xEE) with the argument “mctest” (or 0x08 0x02 0x00). The duration of the MINI CRATE program is ~ 2 minutes, and during this time the CCB will be in a busy status and will answer 0x3F to whatever command it receives. At any time, if the CCB answers with 0xFC 0x00, this will mean that it is an unknown command.

When the MINI CRATE program is over, the CCB is ready to receive any MINI CRATE commands, such as:
3.2.1. Status, code 0xEA.

This command returns the status of the different elements of the MC. More detailed information can be found at [8].

3.2.2. Power On/Off, code 0x2F
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This command allows to power on any board and initializes it. The problem on line fault refers to the FLTB line at the ROB, which is active whenever there is a short-circuit or an over-current at the ROB. If this line is active, the CCB turns off the ROB until a power on command is received.
3.2.3. Write TDC, code 0x44
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This command sends the 647 setup bits and the 40 control bits that the HPTDC needs to be configured. The control sequence (described on page 27 of [5]) is executed automatically by the CCB.

In the following figures and tables it is presented the bits of the control and status registers and the configuration bits suggested for configuring a ROB and a ROB-32. Some parameters of these parameters depend on the test jig that is going to be used; however, every ROB in the MC can be configured with these same bits. The main differences concern to the channels that are going to be enable in each ROB.
CONTROL REGISTER
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STATUS REGISTER
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HPTDC SETUP BITS
	Byte #
	TDC 0
	TDC 1
	TDC 2
	TDC 3

	0
	D8
	D8
	D8
	D8

	1
	FF
	FF
	FF
	FF

	2
	1
	1
	1
	1

	3
	0
	0
	0
	0

	4
	001M 1110 = 2E
	001M 1110 = 2E
	001M 1110 = 2E
	001M 1110 = 3E

	5
	1110 t3t2t1t0 = E0
	1110 t3t2t1t0 = E1
	1110 t3t2t1t0 = E2
	1110 t3t2t1t0 = E3

	6
	r7r6r5r4 r3r2r1r0
	r7r6r5r4 r3r2r1r0
	r7r6r5r4 r3r2r1r0
	r7r6r5r4 r3r2r1r0

	7
	s3s2s1s0 r11r10r9r8
	s3s2s1s0 r11r10r9r8
	s3s2s1s0 r11r10r9r8
	s3s2s1s0 r11r10r9r8

	8
	s11s10s9s8 s7s6s5s4
	s11s10s9s8 s7s6s5s4
	s11s10s9s8 s7s6s5s4
	s11s10s9s8 s7s6s5s4

	9
	m7m6m5m4 m3m2m1m0
	m7m6m5m4 m3m2m1m0
	m7m6m5m4 m3m2m1m0
	m7m6m5m4 m3m2m1m0

	10
	1011 m11m10m9m8
	1011 m11m10m9m8
	1011 m11m10m9m8
	1011 m11m10m9m8

	11
	AA
	AA
	AA
	AA

	12
	AA
	AA
	AA
	AA

	13
	AA
	AA
	AA
	AA

	14
	92
	92
	92
	92

	15
	38
	38
	38
	38

	16
	0
	0
	0
	0

	17
	T5T4T3T2 T1T0 00
	T5T4T3T2 T1T0 00
	T5T4T3T2 T1T0 00
	T5T4T3T2 T1T0 00

	18
	01 T11T10 T9T8T7T6
	01 T11T10 T9T8T7T6
	01 T11T10 T9T8T7T6
	01 T11T10 T9T8T7T6

	19
	70
	70
	70
	70

	20
	0
	0
	0
	0

	21
	0
	0
	0
	0

	22
	0
	0
	0
	0

	23
	0
	0
	0
	0

	24
	0
	0
	0
	0

	25
	0
	0
	0
	0

	26
	0
	0
	0
	0

	27
	0
	0
	0
	0

	28
	0
	0
	0
	0

	29
	0
	0
	0
	0

	30
	0
	0
	0
	0

	31
	0
	0
	0
	0

	32
	0
	0
	0
	0

	33
	0
	0
	0
	0

	34
	0
	0
	0
	0

	35
	0
	0
	0
	0

	36
	0
	0
	0
	0

	37
	0
	0
	0
	0

	38
	0
	0
	0
	0

	39
	0
	0
	0
	0

	40
	0
	0
	0
	0

	41
	0
	0
	0
	0

	42
	0
	0
	0
	0

	43
	0
	0
	0
	0

	44
	0
	0
	0
	0

	45
	0
	0
	0
	0

	46
	0
	0
	0
	0

	47
	0
	0
	0
	0

	48
	0
	0
	0
	0

	49
	0
	0
	0
	0

	50
	0
	0
	0
	0

	51
	0
	0
	0
	0

	52
	0
	0
	0
	0

	53
	0
	0
	0
	0

	54
	0
	0
	0
	0

	55
	0
	0
	0
	0

	56
	0
	0
	0
	0

	57
	0
	0
	0
	0

	58
	0
	0
	0
	0

	59
	0
	0
	0
	0

	60
	0
	0
	0
	0

	61
	0
	0
	0
	0

	62
	0
	0
	0
	0

	63
	0
	0
	0
	0

	64
	0
	0
	0
	0

	65
	0
	0
	0
	0

	66
	0
	0
	0
	0

	67
	0
	0
	0
	0

	68
	0
	0
	0
	0

	69
	0
	0
	0
	0

	70
	0
	0
	0
	0

	71
	1C
	1C
	1C
	1C

	72
	10
	10
	10
	10

	73
	20
	20
	20
	20

	74
	20
	20
	20
	20

	75
	0
	0
	0
	0

	76
	0
	0
	0
	0

	77
	0
	0
	0
	0

	78
	 V4V3V2V1 V0 001
	 V4V3V2V1 V0 001
	 V4V3V2V1 V0 001
	 V4V3V2V1 V0 001

	79
	1 V11V10V9 V8V7V6V5
	1 V11V10V9 V8V7V6V5
	1 V11V10V9 V8V7V6V5
	1 V11V10V9 V8V7V6V5

	80
	0x011p 1110
	0x011p 1110
	0x011p 1110
	0x011p 1110


Table 4: HPTDC setup bits for a ROB-128.
All the fields except those highlighted in yellow, that are binary values, are in hexadecimal. 
M: represents the tdc master bit. If set to “1” that HPTDC will be configured as master. Only one HPTDC per board should have M=1, usually TDC 3.

t: represents the bits of the HPTDC identification field, which is 4 bits long.

r: represents the bits of “reject_count_offset [11:0]”. (clock cycle units, 25 ns)
s: represents the bits of “search_window [11:0]”. (clock cycle units, 25 ns)
m: represents the bits of “match_window [11:0]”. (clock cycle units, 25 ns)
V: represents the bits of “roll_over [11:0]”. (clock cycle units, 25 ns)
T: represents the bits of “trigger_count_offset[11:0]”. (clock cycle units, 25 ns)
p: it is the parity bit (even parity). Depends on how the 647 bits of the setup register have been set.
HPTDC SETUP BITS FOR A ROB-32

	Byte #
	TDC 0 ROB32

	0
	D8

	1
	FF

	2
	1

	3
	0

	4
	001M 1110 = 3E

	5
	1110 t3t2t1t0 = E0

	6
	r7r6r5r4 r3r2r1r0

	7
	s3s2s1s0 r11r10r9r8

	8
	s11s10s9s8 s7s6s5s4

	9
	m7m6m5m4 m3m2m1m0

	10
	1011 m11m10m9m8

	11
	AA

	12
	AA

	13
	AA

	14
	92

	15
	38

	16
	0

	17
	T5T4T3T2 T1T0 00

	18
	01 T11T10 T9T8T7T6

	19
	70

	20
	0

	21
	0

	22
	0

	23
	0

	24
	0

	25
	0

	26
	0

	27
	0

	28
	0

	29
	0

	30
	0

	31
	0

	32
	0

	33
	0

	34
	0

	35
	0

	36
	0

	37
	0

	38
	0

	39
	0

	40
	0

	41
	0

	42
	0

	43
	0

	44
	0

	45
	0

	46
	0

	47
	0

	48
	0

	49
	0

	50
	0

	51
	0

	52
	0

	53
	0

	54
	0

	55
	0

	56
	0

	57
	0

	58
	0

	59
	0

	60
	0

	61
	0

	62
	0

	63
	0

	64
	0

	65
	0

	66
	0

	67
	0

	68
	0

	69
	0

	70
	0

	71
	1C

	72
	10

	73
	20

	74
	20

	75
	0

	76
	0

	77
	0

	78
	 V4V3V2V1 V0 001

	79
	1 V11V10V9 V8V7V6V5

	80
	0x011p 1110


Table 5: ROB-32 HPTDC setup bits.

3.2.4. Write TDC Control, code 0x18
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It may happen, in case of a noisy chamber channel for example, that it is needed to modify the channels that are enabled at the ROB. In such a case, it is recommended to use this command instead of the previous one, as it is faster and the control sequence does not need to be redone. (It is no performed automatically by the CCB in this command). However, it is recommended to send a ROB reset after writing at any time in the TDC control register.
3.2.5. Read TDC, code 0x43
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This command returns the setup, control, status and HPTDC idcode bits. All of them are read from the HPTDC except for the setup bits, as the only way of reading them is by loading new ones. The expected idcode value is 0x8470DACE for version 1.3 of HPTDC.
3.2.6. ReadROBPwr, code 0x5B

[image: image32.png]‘Read ROBs voliage and current. The value retumed are the result of a conversion Executed dy an
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The ROB has a sensor (DS2438) assembled for reading VCC ( 3.3V), VDD (2.5V), total current and temperature (which is given by command 0x3C). All these data are read automatically by the CCB once in a while. It is a low priority process, and it is executed when the CCB is in idle state. The conversion time is ~ 3 s if the CCB does not receive a command meanwhile.
Here follows an example of the data returned by this command. Suppose that we receive from the CCB the array of bytes presented. First byte is char 0x5C, following 4 bytes (A, B, C and D) are float value for VCC of ROB 0, next 4 bytes VCC ROB 1, etc. as described in [8]. A will be the most significant byte of the 16 bit mantissa, etc. 
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3.2.7. RobReset, code 0x32

[image: image34.png]Reset ROBs.
Arguments:
Retur data:
ehar OFC,
char 0x32;





This command sends a reset signal to all the ROBs in the MC. This reset is a global reset of the ROBs, and its duration is ~1 s (40 clock cycles). It has to be taken into account that it is necessary to send, besides a reset, an event reset and bunch reset command before starting data acquisition, because it is the only way to guarantee simultaneous event and bunch counting for all the ROBs in the MC. As can be seen in figure 23, the falling edge of the reset signal is coincident with the rising edge of the clock and sometimes the ROB may include that cycle and sometimes not, therefore, there might be a difference in the bunch counter.
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Figure 22: Oscilloscope image of the reset signal with respect to the clock.
3.2.8. ReadROBs error, code 0x33

[image: image36.png]Read state of the ROBs.
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Retum data:
char 034
char stato.





char statos[7];

This command reads the ROB error line in the ROBUS, it returns 7 outputs, one for each ROB in the MC. If it is “1”, that ROB may be on error. HPTDC status register should be read independently to find the problem.
3.2.9. Read Minicrate Temperature, code 0x3C
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The first 7 float values provide the temperature read by the ROB sensors of each ROB in the MC.
3.2.10. Select TTC Clock, code 0x2A

[image: image38.png]Select CK type.
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There are three basic options to obtain the ROB clock from a CCB: use internal CCB oscillator, which is not recommended; use directly the decoded TTCrx clock that comes from a external TTC module; or use the TTCrx clock after going through a QPLL module that will filter the clock jitter (QPLL clock).

There are two QPLLs at the CCB, for read-out, we are only interested in QPLL1. Also, there is a small difference in the clock phase of some nanoseconds depending if TTCrx clock or QPLL clock is being used, which should be taking into account, for example, when selecting the CPUCkDelay (code 0x26).
Note that the QPLLs at the CCB will only be locked if a proper 40.0786 MHz clock is injected. Therefore, they will not be locked with the 40.08 MHz clock generated by the TTCex module.

3.2.11. CPUCkDelay, code 0x26

[image: image39.png]This command is used to regulate the phase between JTAG CK an ROB CK.
Default celay value s 0.
Arguments:
char delay; Detay unit 15095
Retur data:
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This command is used to regulate the phase between JTAG clock and ROB clock signals exiting from the CCB. There is an interference between JTAG clock and 40MHz clock at ROB level. This will be seen as a “jtag instruction error”, or “setup or control parity error” at the HPTDC status register.

In figure 23 it is presented the phase window of one MC where the configuration of all the ROBs can be done without error. This window is not exactly the same the same for all the MC types.(Values obtained using the CCB QPLL clock).
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Figure 23: Delay windows where there is no interference between JTAG clock an ROB clock. 
4. Operation of a RO-MC: Timing Digitalization.

Any charged particle track going through a cell volume will generate a signal (hit) in its anodic wire that will be processed by the front-end system before being injected in the read-out electronics. Time measurement of these hits related to an L1A trigger, which is the main goal of the read-out electronic, allows later reconstruction of the particle track and momentum measurement.

The hit signal processed by the front-end electronics, is a LVDS signal that will arrive to the J1, J2, J3 and J4 connectors at the ROB. Inside the ROB, these signals will be sent to the TRB boards connected on top, and to the HPTDCs.
HPTDCs are in charge of digitalizing the rising time of hits with respect to the L1A trigger signal received from the TTC system. The L1A signal will arrive to the HPTDC with a fixed delay (latency, due to all the trigger system chain) with respect to the bunch crossing where the particles where generated. Therefore, the HPTDC has to store the data in buffers until the L1A is received and trigger matching is performed.

HPTDC will assign to each L1A all the hits that are inside a programmable time window as can be seen in figure 24. Moreover, the beginning of this window should start a latency time before the arrival of the L1A.This latency is programmed in the HPTDC using the trigger_count_offset variable, as:
trigger_count_offset = roll_over + 1 – trigger_latency
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Figure 24: Description of the different windows and latencies for configuring an HPTDC.

Just as in other LHC experiments, the ROBs are clocked with a sampling clock locked to the bunch interactions. Each interaction has a bunch identification given as its relative position in the LHC machine cycle covering 3564 periods of 25 ns. Each L1A will be identified with the bunch ID corresponding to its arrival for further correct bunch crossing assignment. To enable a correct trigger matching to be performed across machine cycles, the roll-over must be set to 3563 (max bunch ID) and this value has to be taken into account in trigger_count_offset programming as just explained.

Furthermore, the width of the time window in which hits are going to be assigned to a L1A should be large enough to cope with the maximum drift time of a cell. As the drift velocity in the cell is ~55 (m/ns and the half-cell distance is ~2.25 cm, time window should be at least 400 ns. This value is programmed in the HPTDC with the match_window variable, which value is directly the match window width in number of clock cycles (minus 1).
Besides, the search for hits matching a trigger is performed within an extended search window to guarantee that all matching hits are found even when the hits have not been stored in strict temporal order. For normal applications, it is enough to make the search window 8 clock cycles larger than the match window:
search_window = match_window + 8

As the maximum cell drift time is much larger than LHC bunch crossings period (25ns), HPTDC has to manage with overlapping triggers. Accordingly, hits are not removed from the buffers when they are assigned to a L1A, but they are removed by a special reject function. From the user point of view, a reject latency has to be programmed to automatically reject hits older than a specified limit if no triggers are waiting in the trigger FIFO. 
It is recommended to use a reject latency at least one clock cycle larger than the trigger latency, plus the desired safety margin. Accordingly, the reject_count_offset variable at the HPTDC should be programmed as:
reject_count_offset = roll_over + 1 – (trigger_latency+1+safety_margin)

For example, if the LHC machine cycle is 3564 (Bunch ID = 0 to 3563), the maximum drift time is 400 ns (16x 25 ns), the trigger latency is of 3.2 (s (128 x 25 ns) and a reject safety margin of 4 clock cycles is going to be used, the HPTDC variables could be set as:
· roll_over = 3563 = 0xDEB

· match_window = 400/25 – 1 = 15 = 0x00F

· search_window = 15 + 8 = 23 = 0x017

· trigger_count_offset = 3563 +1 - 128 = 3436 = 0xD6C
· reject_count_offset = 3563 + 1 - 128 - 1 - 4 = 3431 = 0xD67
4.1. Operation of a RO-MC: Format of the output data.
As described before, each ROB has 4 HPTDCs in a token ring, where one of them has been configured as Master. This HPTDC will control the token of the read-out ring and is the one in charge of generating a group header and trailer that will enclose the time information generated by all the HPTDCs in the ROB.

This header and trailer will contain information that allows identifying the event number and the bunch crossing the data belongs to. This information comes from internal counters in the HPTDC and not directly from TTC devices. These counters are 11 bits long, so their possible values are between 0 and 4095. If the system is working properly, all the HPTDCs should have the same bunch and event ID values at each L1A.
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Figure 25: Group header and trailer words generated by the master HPTDC in a ROB.


Typically, the HPTDCs are configured to provide the time information of the leading edge of the hits in low resolution mode, that is, in steps of 25 ns / 32 = 0.78125ns. This information is encoded in the leading measurement word [page 22 ref 5] and contains information of the TDC number in the ROB (from 0 to 3) and the channel that received the signal (from 0 to 31). 
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Figure 26: HPTDC word containing the time digitalization of the rising edge of a hit.

It is important to take into account that the two least significant bits of the leading time field are not used in low resolution mode, so the value should be divided by 4 in order to obtain correct timing information. Therefore, calculating the time value of the measurement can be easily made by applying:
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When any HPTDC detects an error condition, i.e. buffer overflow, it signals it to the Slow Control system through the ROB error line, and it also sends an error word within the data flow. The possible error flags are listed in figure 27. Some of the errors indicate loss of data but the electronics may be working properly and it is not obligatory to load again the HPTDC configuration. Nevertheless, if an “Internal fatal error” is detected, the HPTDC should be reprogrammed, and proper resets sent to the system.
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Figure 27: HPTDC error word and possible flags.


Although it is not probable to use it in normal operation mode, the HPTDCs can be programmed to provide other information words such as (see page 21 of [5]): 

· trailing measurement, where it is digitalized the time information of the falling edge of the signal, 

· combined measurement of leading and trailing edge, where the obtained information is the leading time and the width of the input pulse,

· Local TDC headers and trailers, where all the HPTDCs will give headers and trailers besides the master header and trailer. In this mode, the bandwidth of the link is largely decreased.

· and other debugging information that show the occupancies of the different fifos in the HPTDC. 


As it is shown in figures 25 to 27, the first four bits from each 32 bit TDC word identify the type of word generated: header, leading measurement, error word, etc. Each HPTDC will generate these words at each L1A reception and the information from a full ROB will be sent to the ROS. At ROS level is where the data will be identified with the ROB number that generated them.

A snap of the data flow from a ROB could be something like this:

.....

TDC Header: TDC ID=3 Event ID=18 Bunch ID=2186

Time measurement: TDC ID=0 Channel=4 Time=158ns

Time measurement: TDC ID=0 Channel=14 Time=152ns

Time measurement: TDC ID=0 Channel=7 Time=235ns

Time measurement: TDC ID=0 Channel=22 Time=267ns

Time measurement: TDC ID=0 Channel=4 Time=523ns

Time measurement: TDC ID=1 Channel=11 Time=85ns

Time measurement: TDC ID=1 Channel=25 Time=411ns

TDC Error: TDC ID=1 Error flag=Internal fatal error

Time measurement: TDC ID=2 Channel=6 Time=147ns

Time measurement: TDC ID=3 Channel=6 Time=54ns

Time measurement: TDC ID=3 Channel=27 Time=81ns

Time measurement: TDC ID=3 Channel=3 Time=347ns

Time measurement: TDC ID=3 Channel=19 Time=389ns

TDC Trailer: TDC ID=3 Event ID=18 Wordcount=15

TDC Header: TDC ID=3 Event ID=19 Bunch ID=642

Time measurement: TDC ID=0 Channel=4 Time=167ns

Time measurement: TDC ID=0 Channel=14 Time=162ns

Time measurement: TDC ID=0 Channel=9 Time=255ns
.....

It can be seen that after a header, the first data received belongs to TDC 0, afterwards TDC 1, etc. Nevertheless, inside each TDC time measurements are not in strict temporal order and not even follow a fixed channel number order. The reason of this is due to the way the different read-out fifos are organised inside the HPTDC and the arbitration mechanism that is used to perform the trigger matching. For more information, refer to page 11 in [5].


In MB1 Minicrates, the ROB-32 has only one HPTDC, configured as master, that will provide master headers and trailers, but usually, it will be configured with a TDC ID = 0.

5. Operation of a stand-alone RO-MC: Test jig.
However it is the test jig that is planned to use to operate a MC, some modules that generate an LHC clock and a clock synchronous L1A trigger signal will be needed. These signals can be obtained from TTC modules such as a TTCvi + TTCex.
Those TTC modules have a 6U VME interface, so a VME crate with proper VME controller to connect to the PC is needed. In this VME crate a ROS-8 could also be included to perform data acquisition.


The PC can be used also for Slow Control, using for example, the RS-232 interface (secondary port). The serial ports must be configured for data transmission and mark parity for address transmission. The baud rate is 38400.


After that, the only elements needed are the power supplies and the system for signals generation, depending if the MC wants to be operated in stand-alone mode (PATGEN boards for example) or connected to a chamber.
The basic elements needed to operate one RO-MC are shown in figure 28.
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Figure 28: Diagram of a RO-MC test jig.
5.1. TTC broadcast Commands.

Bunch and Event counters resets are obtained from TTC broadcast commands. The structure of a broadcast data packet is [9]:
	Bit #
	Signal name

	0
	Bunch counter reset

	1
	Event counter reset

	<5:2>
	System message

	<7:6>
	User message


The bunch and event reset 25 ns wide signals generated by the TTCrx at reception of this command are synchronous with the CLOCK40DES1 delivered to the ROBs and TRBs, as expected.

5.2. Test Pulse Operation Mode

There is a special operation mode called Test Pulse which is used to test and calibrate the drift tubes electronic chain by emulation of vertical artificial tracks as shown in figure 29. In this mode, ROBs are responsible of enabling groups of four channels in each event, according to a particular pattern sequence. This sequence is controlled by the Altera programmable device at the ROB that receives the test-pulse control signals through the ROBUS from the CCB.
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Figure 29: Diagram of the vertical artificial tracks generated in one superlayer.


The signals involved in the Test Pulse sequence are:

· Test pulse mode: It is a signal with less than 3 (s width (window after each LHC cycle) to indicate to the system that they are in test pulse mode.
· Track advance: It is a 25 ns width signal to move from one stage to the following of the test pulse sequence. In each of these stages, one group of four channels will be enabled at the ROB, therefore, there are 32 stages in each ROB test pulse sequence.
· Track reset: It is a 25 ns width signal that returns the test pulse sequence to the initial stage.
These signals are generated by a broadcast message. They are encoded in the system message field of the broadcast data packet.
	Bit #
	Signal name

	2
	Test Pulse Mode

	3
	Track advance

	4
	Track reset



In the following figure a diagram of a ROB with the different groups of channels that are enabled/disabled is presented. In the table that follows it is detailed the groups of channels that are enabled at each particular track of the test pulse sequence.
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Figure 30: Schematic view a ROB with the different group of channels.

	Track
	R-ena
	CHANNELS ENABLED

	T1
	1
	TDC 0 ch 0 – 3

TDC 0 ch 28 – 31
	TDC 0 ch 0 – 3

TDC 0 ch 28 – 31

	T2
	1-2
	TDC 0 ch 0 – 3

TDC 0 ch 28 – 31

TDC 0 ch 4 – 7

TDC 0 ch 24 –27
	TDC 0 ch 0 – 7

TDC 0 ch 24 – 31

	T3
	2
	TDC 0 ch 4 – 7

TDC 0 ch 24 –27
	TDC 0 ch 4 – 7

TDC 0 ch 24 –27

	T4
	2-3
	TDC 0 ch 4 – 7

TDC 0 ch 24 –27

TDC 0 ch 8 – 11

TDC 0 ch 19 –23
	TDC 0 ch 4 – 11

TDC 0 ch 19 –27

	T5
	3
	TDC 0 ch 8 – 11

TDC 0 ch 19 –23
	TDC 0 ch 8 – 11

TDC 0 ch 19 –23

	T6
	3-4
	TDC 0 ch 8 – 11

TDC 0 ch 19 –23

TDC 0 ch 12 – 15

TDC 0 ch 16 –19
	TDC 0 ch 8 – 23

	T7
	4
	TDC 0 ch 12 – 15

TDC 0 ch 16 –19
	TDC 0 ch 12 – 19

	T8
	4-5
	TDC 0 ch 12 – 15

TDC 0 ch 16 –19

TDC 1 ch 0 – 3

TDC 1 ch 28 –31
	TDC 0 ch 12 – 19

TDC 1 ch 0 – 3

TDC 1 ch 28 –31

	T9
	5
	TDC 1 ch 0 – 3

TDC 1 ch 28 – 31
	TDC 1 ch 0 – 3

TDC 1 ch 28 – 31

	T10
	5-6
	TDC 1 ch 0 – 3

TDC 1 ch 28 – 31

TDC 1 ch 4 – 7

TDC 1 ch 24 –27
	TDC 1 ch 0 – 7

TDC 1 ch 24 – 31

	T11
	6
	TDC 1 ch 4 – 7

TDC 1 ch 24 –27
	TDC 1 ch 4 – 7

TDC 1 ch 24 –27

	T12
	6-7
	TDC 1 ch 4 – 7

TDC 1 ch 24 –27

TDC 1 ch 8 – 11

TDC 1 ch 19 –23
	TDC 1 ch 4 – 11

TDC 1 ch 19 –27

	T13
	7
	TDC 1 ch 8 – 11

TDC 1 ch 19 –23
	TDC 1 ch 8 – 11

TDC 1 ch 19 –23

	T14
	7-8
	TDC 1 ch 8 – 11

TDC 1 ch 19 –23

TDC 1 ch 12 – 15

TDC 1 ch 16 –19
	TDC 1 ch 8 – 23

	T15
	8
	TDC 1 ch 12 – 15

TDC 1 ch 16 –19
	TDC 1 ch 12 – 19

	T16
	8-9
	TDC 1 ch 12 – 15

TDC 1 ch 16 –19

TDC 2 ch 0 – 3

TDC 2 ch 28 –31
	TDC 1 ch 12 – 19

TDC 2 ch 0 – 3

TDC 2 ch 28 –31

	T17
	9
	TDC 2 ch 0 – 3

TDC 2 ch 28 – 31
	TDC 2 ch 0 – 3

TDC 2 ch 28 – 31

	T18
	9-10
	TDC 2 ch 0 – 3

TDC 2 ch 28 – 31

TDC 2 ch 4 – 7

TDC 2 ch 24 –27
	TDC 2 ch 0 – 7

TDC 2 ch 24 – 31

	T19
	10
	TDC 2 ch 4 – 7

TDC 2 ch 24 –27
	TDC 2 ch 4 – 7

TDC 2 ch 24 –27

	T20
	10-11
	TDC 2 ch 4 – 7

TDC 2 ch 24 –27

TDC 2 ch 8 – 11

TDC 2 ch 19 –23
	TDC 2 ch 4 – 11

TDC 2 ch 19 –27

	T21
	11
	TDC 2 ch 8 – 11

TDC 2 ch 19 –23
	TDC 2 ch 8 – 11

TDC 2 ch 19 –23

	T22
	11-12
	TDC 2 ch 8 – 11

TDC 2 ch 19 –23

TDC 2 ch 12 – 15

TDC 2 ch 16 –19
	TDC 2 ch 8 – 23

	T23
	12
	TDC 2 ch 12 – 15

TDC 2 ch 16 –19
	TDC 2 ch 12 – 19

	T24
	12-13
	TDC 2 ch 12 – 15

TDC 2 ch 16 –19

TDC 3 ch 0 – 3

TDC 3 ch 28 –31
	TDC 2 ch 12 – 19

TDC 3 ch 0 – 3

TDC 3 ch 28 –31

	T25
	13
	TDC 3 ch 0 – 3

TDC 3 ch 28 – 31
	TDC 3 ch 0 – 3

TDC 3 ch 28 – 31

	T26
	13-14
	TDC 3 ch 0 – 3

TDC 3 ch 28 – 31

TDC 3 ch 4 – 7

TDC 3 ch 24 –27
	TDC 3 ch 0 – 7

TDC 3 ch 24 – 31

	T27
	14
	TDC 3 ch 4 – 7

TDC 3 ch 24 –27
	TDC 3 ch 4 – 7

TDC 3 ch 24 –27

	T28
	14-15
	TDC 3 ch 4 – 7

TDC 3 ch 24 –27

TDC 3 ch 8 – 11

TDC 3 ch 19 –23
	TDC 3 ch 4 – 11

TDC 3 ch 19 –27

	T29
	15
	TDC 3 ch 8 – 11

TDC 3 ch 19 –23
	TDC 3 ch 8 – 11

TDC 3 ch 19 –23

	T30
	15-16
	TDC 3 ch 8 – 11

TDC 3 ch 19 –23

TDC 3 ch 12 – 15

TDC 3 ch 16 –19
	TDC 3 ch 8 – 23

	T31
	16
	TDC 3 ch 12 – 15

TDC 3 ch 16 –19
	TDC 3 ch 12 – 19

	T32
	16-1
	TDC 3 ch 12 – 15

TDC 3 ch 16 –19

TDC 0 ch 0 – 3

TDC 0 ch 28 –31
	TDC 3 ch 12 – 19

TDC 0 ch 0 – 3

TDC 0 ch 28 –31

	T33
	(1)
	
	

	T34
	(1)-(2)
	
	

	….
	…
	
	

	T63
	16
	
	

	
	
	
	

	T64
	16-(1)
	
	

	T65
	(1)
	
	


Table 6: Description of the different channels enabled at a ROB in each track of the test pulse sequence.
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Appedinx A: Read-Out Minicrate Barcode.


The Read-Out MC barcode format is the following:

	3
	51
	03
	39
	ABC
	XXXXX

	CMS
	BMU
	Prod.Center
	MC
	Specific
	Serial Nº


Specific field:

A = 0 indicates it is RO barcode

	0
	Read Out MC barcode


B for MC type according to the following list

	1
	MB1

	2
	MB2

	3
	MB3

	4
	MB4(1,2,3,5,6,7,8,12)

	5
	MB4(4)

	6
	-

	7
	MB4(9, 11)

	8
	MB4(10)


C for left or right type and also chimney type

	0
	Left

	1
	Right

	2
	Left and Chimney

	3
	Right and Chimney


In all cases, using Code 128 B

For example, an MB1Left for the Chimney will be:

3 51 03 39 012 00001
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7. Appendix B: Final Minicrate Barcode.


The final MC barcode format is the following:

	3
	51
	03
	39
	ABC
	XXXXX

	CMS
	BMU
	Prod.Center
	MC
	Specific
	Serial Nº


Specific field:

A for MC type according to the following list

	1
	MB1

	2
	MB2

	3
	MB3

	4
	MB4(1,2,3,5,6,7)

	5
	MB4(4)

	6
	MB4(8,12)

	7
	MB4(9, 11)

	8
	MB4(10)


B for left or right type and also chimney type

	0
	Left

	1
	Right

	2
	Left and chimney

	3
	Right and chimney


C for SL shift

	0
	 no shift

	1
	Shift +

	2
	Shift -


In all cases, using Code 128 B

For example, an MB1Left for the chimney, (it will be Shift -) will be:

3 51 03 39 122 00001
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