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1.
Introduction

The Compact Muon Solenoid (CMS) is one of the large experiments that will operate at the Large Hadron Collider (LHC) at CERN. The CMS detector includes 10 million channels of Silicon microstrip, which are read out through 80,000 APV (Analogue Pipeline - Voltage) chips. These in turn are readout through APVMUX chips, along 40,000 fibre optic cables, to 440 Front-End Driver (FED) cards. Inside the FED card the optical signals are digitized to 10-bits at 40MHz and passed to 8 Front-End FPGAs, each of which processes 12 fibres.

Inside the Front-End FPGA (FE FPGA) the data is conditioned and processed, and the significant information (the Hit Clusters) extracted. These are then readout via the Back-End FPGA (BE FPGA) to a Data Processing Farm which performs the Final Data Analysis. 

The Back-End FPGA (BE FPGA) receives data from 8 Front-End FPGAs chips. The variable length clustered data fragments are received on one to one links (4 bits @ 160MHz). The BE FPGA builds a FED event for each trigger from the data fragments and formats and stores them in an external memory buffer to cope with fluctuations in the data rate.

The master LHC frequency clock and Level 1 trigger signal are provided by the TTC receiver system. The logic within the BE FPGA uses the TTC information to add bunch crossing and trigger labels to the header of each event, which can be used for verification of FED synchronization by the central DAQ.

The buffered event data from each FED are transmitted to the next stage of the readout via DAQ Front- End Readout Link (FRL), which follow the S-LINK64 protocol.

1.1
Scope

This draft describes the technical aspects and functionality of the Back-End FPGA. Operation of each major block is described and where possible a block diagram has been provided.

This document must be read in conjunction with the technical description documents of the Front End and the VME FPGAs.

The source code is in VHDL, which is produced using HDL Designer software. The Precision Synthesis is used to synthesize and ModelSim for simulation. The place and route are performed using Xilinx Design Manager Software. The target family is Xilinx Virtex-II, and the device is XC2V2000-4fg676. 

Xilinx System ACE Compact Flash system has been used to program all the FPGAs except VME FPGA which is programmed by a serial EPROM. Please refer to Appendix A for full details of all JTAG chains available on the CMS FED V2 card.

Figure 1 shows the main functional design blocks within the Back End FPGA firmware.

The main design blocks are Clock Distribution, VME Interface and Control, TTC Interface, TTS Interface Frame Synch, Readout Synch, Event Data Format, QDR Interface, SLINK Interface, Flow Control.

There are a number of other major design blocks at a lower level of hierarchy within the QDR & SLINK Interface design block. These design blocks deal with data handling and address calculation for the QDR memories, QDR Memory Interface block, and Header insertion into event data format.

[image: image14.bmp][image: image15.bmp]

Figure 1

1.2
Operation

For each event the 8 FE FPGAs first transmit their individual length and header information to the BE FPGA. The BE FPGA calculates how much memory is required for the entire event. Once this has been worked out, the BE FPGA requests data transmission from the FE FPGAs. The event data is stored in external QDR memory while all other relevant information such as header data, bunch crossing count, Level 1 Accept count, start memory address, end memory address, individual FE length, and a number of other information are held in local FIFOs within the BE FPGA ready for read out. 

Using QDR memory allows writing and reading event data at the same time. Data is written/read to/from the QDRs at a rate of 160MHz using double data rate standard.

The event data can be read out either via VME_LINK (VLINK) or SLINK depending on user requirements. 

Appendix B shows the current Event Data Format, which consists of DAQ Header, Tracker Headers, Event Data and DAQ Trailer. 

2.
Clock Distribution

The Digital Clock Managers (DCMs) on the Virtex-II devices are used to generate the required clock frequencies within the BE FPGA see figure 2.
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Figure 2: Clock Distribution Outline

The 40.08MHz input clock to the BE FPGA is provided by the VME FPGA. The source of this clock is selected within the VME FPGA, and can be the onboard crystal clock, the back plane test clock, or the TTC clock.

The three TTC clocks (40MHz clock, 40MHz clock deskew 1 and 40MHz clock deskew 2) are fed to the BE FPGA. Within the BE FPGA one of the three clocks, i.e. 40MHz Deskew 1, is passed to VME FPGA.

There are a number of clocks used within the BE FPGA which are:

CLK1X

This is a 40.08MHz clock, which is used for decode, control and monitor. 

CLK2X

This is an 80.16MHz clock, which is used for data and address handling to/from the QDR memories.

QDR_CLK_K & QDR_CLK_K_BAR

These are 80.16MHz clocks generated form CLK2X, and have a 90 degrees phase shift with respect to CLK2X.

These clocks are used for presenting data and address to the QDR memories during write operations, and for presenting address to the QDR memories during read operations.

QDR_CLK_C & QDR_CLK_C_BAR

These are 80.16MHz clocks generated form CLK2X_90, and have a fixed delay of 1ns with respect to CLK2X_90. CLK2X_90 has a 90 degrees phase shift with respect to CLK2X.

These clocks are used during read operations from the QDR memories, and clock the data out of the memories into the BE FPGA.

SLINK_UCLK

This is an 80.16MHz clock generated from CLK2X. This clock is transmitted along with other SLINK signals to the SLINK transition card. This clock has a fixed 2.94ns (60 steps) phase shift with respect to CLK2X.
FE_LVDS_CLK & FE_LVDS_CLK_B
There are eight pairs of LVDS clocks which are provided to the eight FE FPGAs. These clocks are generated form the 40.08MHz CLK_1X.

VME_LINK_CLK

This is an 80.16MHz clock generated from CLK2X. This clock is used to write the event data to the VLINK memory.  This clock has a fixed -0.97ns (-20 steps) phase lag with respect to CLK2X. This 

The DCM locked signals are used to generate the internal FPGA reset signal.

3.
VME Interface and Control

This design block implements interfacing to the VME FPGA by using a serial command router and a command decoder block. It also implements the control registers, status registers, I2C interface to serial devices, and the back pressure signal.

Commands from the controller are sent through the VME FPGA, which converts the commands into a serial format. The serial router is then responsible for redirecting the incoming serial commands from the VME FPGA to either the BE FPGA or one of the eight FE FPGAs.

The command decoder block decodes the serial commands issued to the BE FPGA.

All set up commands are received via vme_command_in input and obey the following general format:

<1><5-bit FPGA Designator ><1><r_wB><5-bit command Designator><16-bit Length><Argument>

The following table lists the 5-bit FPGA designators.

	5-bit FPGA Designator
	

	00001
	FE 8

	00010
	FE 7

	00011
	FE 6

	00100
	FE 5

	00101
	FE 4

	00110
	FE 3

	00111
	FE 2

	01000
	FE 1

	01001
	Reserved

	01010
	BE FPGA

	01111
	Broadcast to all 8 FEs (for writes only)

	10000
	BE FPGA

	others
	Reserved


3.1
Control and Status Registers

There are a number of registers, which are used to control and configure the BE FPGA functionality. In addition to these, there are a number of status registers, which provide the user with current condition of the BE FPGA.

For a detailed description of the commands refer to the BE FPGA Command List document. The latter document is the Master version of the command list and contains the most up to date information (Appendix C). 

Please note that all undefined bits in these registers are RESERVED for future use.

Serial command register bits are stored in FED memory in Little-Endian order. 

Trigger Select: 

This is a 3-bit register, which selects the Level 1 Accept trigger source that is sent to the FE FPGA in scope mode operation. The reset value for this register is 4.
Write = <1><01010><1><0><00001><00000000000000011><argument[2:0]>

Read = <1><01010><1><1><00001><00000000000000011><anything[2:0]>

	Argument
	Trigger Source

	1
	TTC

	2
	Backplane

	4
	Software 


N.B. only one trigger source can be selected at any given time.

Mode Register = Trk Evt_ty (4-bits):

This is a 4-bit register, which indicate the operation mode of the FED i.e. Scope Mode or Frame Finding Mode. This information is stored in the Tracker Header Event Type field (Appendix B).

The Mode Register value of “0001” indicates Scope Mode Operation, all other values result in Frame Finding operation.

Write = <1><01010><1><0><00010><00000000000000010><argument[3:0]>

Read = <1><01010><1><1><00010><00000000000000010><anything[3:0]>
* NOTE also that we have done away with a distinction between REAL and FAKE data, since for the unpacker the two modes are equivalent
	Bit pattern
	Operating Mode

	0000
	Reserved for Error

	0001
	0001 Scope Mode REAL

	0010
	0010 Virgin Raw Mode 

	0110
	0110 Processed Raw Mode

	1010
	1010 ZS Mode (All packing modes, require packet code to determine the packing method and the Median Values to determine if data are valid)

	
	

	
	The following set of codes do not have a packet code nor Median Value, therefore are required:

	1100
	1100 ZS Lite Mode (8 bit with upper two bits stripped)

	1000
	1000 ZS Lite Mode CM Override On (8 bit with upper two bits stripped)

	0101
	0101 ZS top/bottom Lite

	0111
	0111 ZS top/bottom Lite CM Override On

	1001
	1001 ZS bottom/bottom Lite

	1011
	1011 ZS bottom/bottom Lite CM Override On

	0011
	0011 ZS Lite 10 bit 

	0100
	0100 ZS Lite 10 bit CM Override On

	 
	 

	1110
	1110 Reserved for Spy Data format

	
	

	1111
	Reserved


TTCrx Control Register:

This is a 16-bit register, which is used to communicate with the TTCrx device. Refer to TTCrx User Manual for details of registers. Reset value for this register is zero.
Write = <1><01010><1><0><00011><00000000000010000><argument[15:0]>

Read = <1><01010><1><1><00011><00000000000010000><anything[15:0]>

	Argument
	Description

	Bits 7-0
	Data to TTCrx

	Bit 8
	1 = Read, 0 = Write

	Bits 13-9
	TTC Register Number

	Bit 14
	Not used

	Bit 15
	Reset TTCrx Controller


Test Register:

This is a 32-bit register, which is used for firmware development. Different bits of this register are used to enable or disable specific functions within the BE FPGA in order to test the final firmware. For all bits in this register, 1 = enable and 0 = disable. Reset value for this register is zero.
Write = <1><01010><1><0><00100><00000000000100000><argument[31:0]>

Read = <1><01010><1><1><00100><00000000000100000><anything[31:0]>

	Argument
	Description

	Bit 0
	APV Frame Enable

	Bit 1
	Ignore Throttle ( 1 = ignore back-pressure/throttle signal from SLINK & VME )

	Bit 2
	Counting Test Data to QDRs

	Bit 3
	All 5’s and A’s Test Pattern Data to QDRs

	Bit 4
	Enable FMM Test Register ( 1 = set TTS values to FMM Register Values by s/w )

	Bit 5
	APVE Address MUX Enable ( 1 = set APVE address to ZERO )

	Bit 6
	Software SLINK Control Bit  ( 1 = set slink control bit to ONE )


Front End Enable Register:

This is an 8-bit register, which is used to enable or disable the operation of each individual FE FPGA under normal operating conditions. The reset value for this register is 0xFF.
If bit is not set to 1, then Length for that FE module is forced to zero and no data is stored in QDR, the header should store length zero.

Write = <1><01010><1><0><00101><00000000000001000><argument[7:0]>

Read = <1><01010><1><1><00101><00000000000001000><anything[7:0]>

	Argument
	FE Enable

	Bit 0 
	FE 8

	..
	..

	Bit 7
	FE 1


Back End Readout Control Register:

This is a 2-bit register, which selects the read out path for the stored frames. The read out can take place over either the VLINK or SLINK (or can be disabled for test purposes). 
The reset value for this register is 2.
Write = <1><01010><1><0><00110><00000000000000010><argument[1:0]>

Read = <1><01010><1><1><00110><00000000000000010><anything[1:0]>

	Argument
	Readout Path

	0
	Disable output (for tests)

	1
	S-LINK

	2
	VME LINK (VLINK)


Back End Run Control Register:

This is a 2-bit register, which controls the operation of the BE FPGA. This register enables or disables the Front End Frame data, header information and trigger signals. Reset value of this register is 3.
Write = <1><01010><1><0><00111><00000000000000010><argument[1:0]>

Read = <1><01010><1><1><00111><00000000000000010><anything[1:0]>

	Argument
	Control

	Bit 0
	1 = Accept L1A triggers

	Bit 1
	1 = Accept Data Frames


Software Trigger:

This is a 1-bit write only register. Writing any value to this register generates a software trigger to all FE FPGAs. In scope mode operation the trigger signal enables Raw Data capture into output FIFOs for each channel in the FE FPGA.

Write = <1><01010><1><0><01000><00000000000000001><anything>

Back End Soft Reset: 

This is a 1-bit write only register. Writing any value to this register generates a soft reset to the BE FPGA. It resets internal FIFOs, counters and status registers. But does not affect the DCMs, VME Serial Router, BE Command Decoder and Control Registers, Bunch Crossing Counter or L1A Counter.

Write = <1><01010><1><0><01010><00000000000000001><anything>

FED ID Register: 

This is a 12-bit register with reset value set to 0xFED. The value of this register is inserted in the DAQ header when event data is read out and will be used to label the FED fragment in the DAQ event. Reset value of this register is 0xFED.
Write = <1><01010><1><0><01010><00000000000001100><argument[11:0]>

Read = <1><01010><1><1><01010><00000000000001100><anything[11:0]>

TTCrx Reset:

This register will be removed soon. The same functionality can be achieved using an internal reset via TTCrx Control Register bit 15.

This is a 1-bit write only register. Writing any value to this register generates an external reset to the TTCrx device. 

NB This register will be 
Write = <1><01010><1><0><01011><00000000000000001><anything>

LM82 Control Register (temperature monitoring device):

This is a 17-bit register for communication with the temperature monitor device LM82. Refer to the LM82 Data Sheet for a description of register contents.

Write = <1><01010><1><0><01100><00000000000010001><argument[16:0]>

Read = <1><01010><1><1><01100><00000000000010001><anything[16:0]>

	Argument
	Description

	Bits 7-0
	Data to LM82

	Bits 15-8
	Command Register Address of LM82

	Bit 16
	1 = Read, 0 = Write


DAQ Register:

This is a 32-bit register, which is used for software development. This information is stored in the Tracker Header in Full Debug mode only (Appendix B).

Write = <1><01010><1><0><01101><00000000000100000><argument[31:0]>

Read = <1><01010><1><1><01101><00000000000100000><anything[31:0]>

Header Format Type:

This is a 4-bit register, which is used to describe the type of Tracker Header. This information is stored in the Tracker Header itself (Appendix B).

Write = <1><01010><1><0><01110><00000000000000100><argument[3:0]>

Read = <1><01010><1><1><01110><00000000000000100><anything[3:0]>

“0001” = Tracker Header Full Debug Mode, all APV header information is included.

“0010” = Tracker Header APV Error Mode, headers only contain APV error flags.

Bunch Crossing Offset Register: 

This is a 12-bit read/write register. This register holds the offset value for the bunch crossing counter. Upon receiving a bunch crossing reset, the bunch crossing counter is set to this value. 
Write = <1><01010><1><0><01111><00000000000001100><argument[11:0]>

Read = <1><01010><1><1><01111><00000000000001100><anything[11:0]>
Back End Status Register: 

This is a 32-bit read only register, which provides information on the status of different FIFOs within the BE FPGA.

Read = <1><01010><1><1><10000><00000000000100000><anything[31:0]>

	Argument
	Description (Bit =1 is TRUE)
	Argument
	Description (Bit =1 is TRUE)

	Bit 31
	TTC Reset to FE FPGA (4)
	Bit 15
	TTC reset transmit to FE FPGA (1)

	Bit 30
	Front End FPGA Empty
	Bit 14
	Front End FPGA Full

	Bit 29
	FE Event Length FIFO Empty
	Bit 13
	FE Event Length FIFO Full

	Bit 28
	L1A & Bx FIFO Empty
	Bit 12
	L1A & Bx FIFO Full

	Bit 27
	Tracker Header FIFO Empty
	Bit 11
	Tracker Header FIFO Full

	Bit 26
	Total Length FIFO Empty
	Bit 10
	Total Length FIFO Full

	Bit 25
	Frame Address FIFO Empty
	Bit 9
	Frame Address FIFO Full

	Bit 24
	QDR Empty
	Bit 8
	QDR Full

	Bit 23
	BX Orbit Error (3)
	Bit 7
	Tracker Header Monitor Data Ready 

	Bit 22
	Front End FPGA Partial Full
	Bit 6
	TTC Ready

	Bit 21
	FE Event Length FIFO Partial Full
	Bit 5
	Bunch Crossing error at Orbit reset (2)

	Bit 20
	L1A & Bx FIFO Partial Full
	Bit 4
	Backpressure Flag

	Bit 19
	Tracker Header FIFO Partial Full
	Bit 3
	Slink Link Full Flag

	Bit 18
	Total Length FIFO Partial Full
	Bit 2
	Slink Link Down

	Bit 17
	Frame Address FIFO Partial Full
	Bit 1
	internal freeze

	Bit 16
	QDR Partial Full
	Bit 0
	temp_int_b


(1) This signal is asserted high when a TTC channel B Reset or Resync or a “101” reset command is received. It indicates that the VME communication to FE & DLY FPGAs is terminated immediately for 21us. After 21us a software reset command is transmitted to the FE FPGA. This line is released when the transmission of command is completed and normal VME communication to FE FPGA is restored. 
(2) In order for this flag to operate correctly, the Bunch Crossing Offset Register must be set first then the Bunch Crossing Total Register is accessed. 

Bunch crossing error flag is cleared when the Bunch Crossing Total Register is accessed (read or write).

(3) This flag is set if the Bunch Crossing value in the register does not equal the Bunch Crossing counter at Orbit.

(4) This flag is set when a TTC command to reset the FE FPGA is received. The normal command line from the VME FPGA is disabled and software reset command is transmitted to the FE FPGAs. At the end of this command, normal command route to the VME FPGA is restored.

If one of the BE FPGA buffer overflow flags is set, the status register is frozen. This is to enable the user to determine which buffer has overflowed.

Level 1 Accept Count: 

This is a local 24-bit read only register (not the internal event counter in the TTCrx). This counter holds the number of Level 1 Accept triggers received. This register is reset in two ways: VME FPGA clock change reset signal and external ttc_evt_cnt_rst signal. After reset it starts counting at ‘1’, but after wrap around it restarts at ‘0’ following CMS DAQ convention.

Read = <1><01010><1><1><10001><00000000000011000><anything[23:0]>

Bunch Crossing Count: 

This is a local 12-bit read only register (not the internal bunch counter in the TTCrx). This counter starts counting (from 0) on receiving the 40MHz clock. This register is reset in two ways: VME FPGA clock change reset signal and external ttc_bcnt_rst signal.
Read = <1><01010><1><1><10010><00000000000001100><anything[11:0]>

QDR Frame Count: 

This is a 24-bit read only register. This counter holds the number of unread frames stored in the QDR memories. NB It follows the same reset behaviour as the L1A counter (see above).

Read = <1><01010><1><1><10011><00000000000011000><anything[23:0]>

Firmware Version ID Register: 

This is a 32-bit read only register. This register holds the firmware version ID (or user code) which is fixed during synthesis.

Read = <1><01010><1><1><10101><00000000000100000><anything[31:0]>

QDR Data Count: 

This is an 18-bit read only register. This counter holds the number of unread 64-bit words stored in the QDR memories.

Read = <1><01010><1><1><10110><00000000000010010><anything[17:0]>

Total Frame Count: 

This is a 24-bit read only register. This counter holds the total number of frames written to the QDR memories.

Read = <1><01010><1><1><10111><00000000000011000><anything[23:0]>

TTC Status Register: 

This is a 16-bit read only register. This register holds the data following a read access to the TTCrx device using I2C interface. Information is only valid if there is a TTC clock connected to the FED. 
NB. It follows the same reset behaviour as the L1A counter (see above).
Read = <1><01010><1><1><11000><00000000000010000><anything[15:0]>

	Argument
	Description

	Bits 7-0
	Data from TTCrx

	Bit 8
	I2C Busy

	Bit 9
	I2C Error

	Bits 15-10
	Not Used


LM82 Status Register (temperature monitoring device): 

This is a 16-bit read only register, which holds the data following a read access to the LM82 device using I2C interface (refer to LM82 Data Sheet).

Read = <1><01010><1><1><11000><00000000000010000><anything[15:0]>

	Argument
	Description

	Bits 7-0
	Data from LM82

	Bit 8
	I2C Busy

	Bit 9
	I2C Error

	Bits 15-10
	Not Used


TTC Individually Addressed Command (IAC): 

This is a 39-bit read only register. This register holds the last TTC Individually addressed frame (long format) decoded from TTCrx Channel B. See section 4.1.
Read = <1><01010><1><1><11010><00000000000100111><anything[38:0]>
	Argument
	Description

	Bits 6-0
	Check Word

	Bits 14-7
	Data Word

	Bits 22-15
	Sub-Address Word

	Bit 23
	Set to 1

	Bit 24
	0 = Internal, 1 = External

	Bits 38-25
	TTCrx Address Word


TTC Broadcast Command: 

This is a 13-bit read only register. This register holds the last TTC Broadcast frame (short format) decoded from the TTCrx Channel B. See section 4.1.
Read = <1><01010><1><1><11011><00000000000001101><anything[12:0]>

	Argument
	Description

	Bits 4-0
	Check Word

	Bits 12-5
	Command / Data Word


Tracker Header Monitor: 

This is a 664-bit read only register. This register holds a copy of L1A event counter together with all the APV information for that event extracted from FE FPGA Frame Sync Out packet. See also Tracker Header (Appendix B).

Read = <1><01010><1><1><11100><00000001010011000><anything[663:0]>

	Argument
	Description

	Bits 663 640
	L1A Event ID

	Bits 639-560
	FE 1 Tracker Header *

	Bits 559-480
	FE 2 Tracker Header

	Bits 479-400
	FE 3 Tracker Header

	Bits 399-320
	FE 4 Tracker Header

	Bits 319-240
	FE 5 Tracker Header

	Bits 239-160
	FE 6 Tracker Header

	Bits159-80
	FE 7 Tracker Header

	Bits 79-0
	FE 8 Tracker Header


* FE n Tracker Header Sub Bits: 

	Argument
	Description

	Bits 79-72
	Majority APV Pipeline Address

	Bits 71-66
	Fibre 12 status word

	Bits 65-60
	Fibre 11 status word

	Bits 59-54
	Fibre 10 status word

	Bits 53-48
	Fibre 9 status word

	Bits 47-42
	Fibre 8 status word

	Bits 41-36
	Fibre 7 status word

	Bits 35-30
	Fibre 6 status word

	Bits 29-24
	Fibre 5 status word

	Bits 23-18
	Fibre 4 status word

	Bits 17-12
	Fibre 3 status word

	Bits 11-6
	Fibre 2 status word

	Bits 5-0
	Fibre 1 status word


Bunch Crossing Count at Orbit: 

This is a local 12-bit read only counter. This counter provides the Bunch Crossing value at Orbit. The value of this counter is only available via Back End FPGA Status Register Two (bits 11-0). This counter is reset in two ways: external reset signal from VME FPGA and external ttc_bcnt_rst (BC0) signal.

Status Register Two: 

This is a 32-bit read only register. This register provides the Bunch Crossing counter value at start of orbit and the TTS status.

Read = <1><01010><1><1><11101><00000000000100000><anything[31:0]>


	Argument
	Description

	Bits 31-24
	Bit 31 = Extra Event OOS Flag  (1)
Bit 30 = Front End FPGA Half Full

Bit 29 = FE Event Length FIFO Half Full

Bit 28 = L1A & Bx FIFO Half Full

Bit 27 = Tracker Header FIFO Half Full

Bit 26 = Total Length FIFO Half Full

Bit 25 = Frame Address FIFO Half Full

Bit 24 = QDR Half Full

	Bits 23-16
	Bit 23 = 0

Bit 22 = Front End FPGA Partial Empty
Bit 21 = FE Event Length FIFO Partial Empty

Bit 20 = L1A & Bx FIFO Partial Empty

Bit 19 = Tracker Header FIFO Partial Empty

Bit 18 = Total Length FIFO Partial Empty

Bit 17 = Frame Address FIFO Partial Empty

Bit 16 = QDR Partial Empty

	Bit 15-12
	TTS Status bits 
Bits(15) = TTS Ready

Bit(14) = TTS Busy

Bit(13) = TTS Out of Sync

Bit(12) = TTS Warn Overflow

	Bits 11-0
	Bunch crossing counter value at start of Orbit


(1) This signal is asserted high when an event is received without its associated trigger. At the same time the L1A Counter FE Address Register is also loaded.
Event Type Register: 

This is a 4-bit read/write register. This register holds the event type for default run. Initially this register is set to “0001” which represents physics run. For more information refer to Appendix B.
Write = <1><01010><1><0><11110><00000000000000100><argument[3:0]>

Read = <1><01010><1><1><11110><00000000000000100><anything[3:0]>
	Type
	Name
	Comment

	0001
	Physics trigger
	Final OR (physics algorithms)

	0010
	Calibration trigger
	Calibration cycle

	0011
	Test trigger
	Test cycle

	0100
	Technical trigger
	Technical trigger (external trigger)

	0101
	Simulated events
	Reserved for DAQ usage

	0110
	Traced events
	Reserved for DAQ usage

	1111 
	Error
	others undefined


FOV Register: 

This is a 4-bit read/write register. This register holds the FOV data. Initially this value is set to “0001”. For more information refer to Appendix B.
Write = <1><01010><1><0><11111><00000000000000100><argument[3:0]>

Read = <1><01010><1><1><11111><00000000000000100><anything[3:0]>
Bunch Crossing Total Register: 

This is a 12-bit read/write register. This register holds the value of total bunches in one orbit. Initially this value is set to 3564. 

Write = <1><10000><1><0><00001><00000000000001100><argument[11:0]>

Read = <1><10000><1><1><11111><00000000000001100><anything[11:0]>
FMM Test Register: 
This is a 4-bit read/write register. This register is used to manually test the signals to the FMM card. Initially this value is set to zero. Before using, this register must be enabled by setting bit 4 of the Test Register to ‘1’.

Write = <1><10000><1><0><00010><00000000000000100><argument[3:0]>

Read = <1><10000><1><1><00010><00000000000000100><anything[3:0]>
DAQ Register Two:

This is the second 32-bit read/write register, which is used for software development. This information is stored in the Tracker Header in Full Debug mode only (Appendix B).

Write = <1><10000><1><0><00011><00000000000100000><argument[31:0]>

Read = <1><10000><1><1><00011><00000000000100000><anything[31:0]>

Trigger Scale Down Register:

This is a 16-bit read/write register, which is used to scale down the number of the data events the FED captures. The reset value of this register is zero, which allows all triggers through and captures all events.

Write = <1><10000><1><0><00011><00000000000100000><argument[15:0]>

Read = <1><10000><1><1><00011><00000000000100000><anything[15:0]>

If this register is set to 4, then the FED captures every 5th event.

This register must be used in conjunction with the same register in the FE FPGA.

Spy Arm Register:

This is a 16-bit read/write register, which is used to arm the spy data capture. 
The reset value of this register is 0xCCCC. 

Write = <1><10000><1><0><00101><00000000000100000><argument[15:0]>

Read = <1><10000><1><1><00101><00000000000100000><anything[15:0]>

The register holds the value set by software to generate a Spy Arm command to all FE FPGAs:

The format is: "1111 0001 0000 xxxx"

"1111 0001" = TTCrx SubAddr

"0000 xxxx" = data to generate Spy Arm via TTCrx Long (IAC) Command

"xxxx" = data to generate Spy Arm via TTCrx Short (Broadcast) Command
It is important that “xxxx” is set to a value which is already defined and decoded.

WARNING:

The software team were advised to obtain a predefined value.
Once this register is set to the required value, then a TTC Serial B command can be issued to the FEDs. This command is then decoded and a synchronous SPY ARM command is issued to all DLY FPGAs from within the BE FPGA. This feature ensures that all the Delay FPGAs capture the same event at the same time.
Spy Arm L1A Register: 

This is a 24-bit read only register. This register takes a snapshot of the L1A counter at the time when a TTC Spy Arm Command is received at the BE FPGA. This register is polled by software to determine when a new spy frame has been captured in the Delay FPGAs.

Read = <1><10000><1><1><00110><00000000000011000><anything[23:0]>

Spy Arm Total Event Register: 

This is a 24-bit read only register. This register takes a snapshot of the Total Frame Counter at the time when a TTC Spy Arm Command is received at the BE FPGA. This register is polled by software to determine when a new spy frame has been captured in the Delay FPGAs. This register together with Spy Arm L1A Register are used to determine the event number for the spy channel data.

Read = <1><10000><1><1><00111><00000000000011000><anything[23:0]>

Total Frame 32-bit Count: 

This is a 32-bit read only register. This is a shadow register which holds the value of the Total Frames received from the FE FPGA. This is reset by software reset signal.
Read = <1><10000><1><1><01000><00000000000100000><anything[31:0]>

L1A 32-bit Count: 

This is a 32-bit read only register. This is a shadow register which holds the number of the valid L1 Accept signals received. This is reset by software reset signal.
Read = <1><10000><1><1><01001><00000000000100000><anything[31:0]>

Spy Arm Orbit Count Register: 

This is a 64-bit read only register. This register takes a snapshot of the 64-bit Orbit Counter at the time when a TTC Spy Arm Command is received at the BE FPGA. This register is polled by software to determine when a new spy frame has been captured in the Delay FPGAs. This register together with Spy Arm L1A Register are used to determine the event number for the spy channel data.

Read = <1><10000><1><1><01010><00000000001000000><anything[63:0]>

Orbit Count Reset Code Register:

This is a 16-bit read/write register, which is used to hold the orbit_count_reset_code.  This register is decoded as a TTC Broadcast command to generate an OC0 command. If the value of this register is zero, then the 64-bit orbit counter is reset by EC0 command (Event Count Zero = Event Reset) otherwise it is cleared by OC0 command (Orbit Count Zero = Orbit Reset).

The power-up and reset value of this register is 0x0000. 

Write = <1><10000><1><0><01011><00000000000100000><argument[15:0]>

Read = <1><10000><1><1><01011><00000000000100000><anything[15:0]>

The register holds the value set by software to generate a reset to the 64-bit Orbit Counter.
The format is: "0000 0000 0000 xxxx"

"xxxx" = data to generate OC0 command via TTCrx Short (Broadcast) Command

It is important that “xxxx” is set to a value which is already defined and decoded.

WARNING:

The software team were advised to obtain a predefined value.

L1A Count FE Address Register:

This is 32-bit read only register. It is used to store the 24-bit L1A Counter value and 8-bit FE FPGA event address flag which indicates which FE FPGAs have produced an event address. This register is loaded at the time when the Out of Sync state is activated by receiving an event without a trigger. When this condition occurs, bit 31 of Status Register Two is also set to indicate an extra event has been received.
Read = <1><10000><1><1><01100><00000000000100000><anything[31:0]>

Debug Register One:

This is 32-bit read only register. It is used to store some debugging information for the software engineers. Bits 31:20 = TTC Resync Count
Read = <1><10000><1><1><01101><00000000000100000><anything[31:0]>

	Argument
	Description

	Bits 31-20
	TTC Resync Count (number of resync’s)

	Bits 19-8
	Reserved = 0


	Bit 7-4
	Debug indicator for TTS Status generator



	Bits 3-0
	Debug indicator for Dummy Event generator


3.2
LM82 I2C Interface

This design block is responsible for communication to the LM82 temperature monitor device using an I2C bus standard. See LM82 data sheet for details of the interface bus.

There are two registers implemented for communication with the LM82 device which are:

	01100
	LM82 Control
	17
	Serial interface register to LM82 chip I2C
	RD/WR
	0
	Bits 7-0: Data to LM82 Register, 
Bits 15-8: Command Register address of LM82
Bit 16: 1 = Read, 0 = Write

	11001
	LM82 Status
	16
	Data in on LM82 I2C bus
	Read only
	0
	Bits 7-0: Data from LM82
Bit 8: I2C Busy,
Bit 9: I2C Error,
Bits 15-10: Not Used.


To write to the registers in the LM82, a write command to the LM82 Control register must take place with an argument having the above format.

Write = <1><01010><1><0><01100><00000000000010001><argument[16:0]>

To read from the LM82, a command is written to the LM82 Control register and the data is read from the LM82 Status register.

Write = <1><01010><1><0><01100><00000000000010001><argument[16:0]>

Read = <1><01010><1><1><11001><00000000000010000><anything[15:0]>

3.3
TTCrx I2C Interface

This design block is responsible for communication to the TTCrx device using an I2C bus standard. See TTCrx data sheet for details of the interface bus.

There are two registers implemented for communication with the TTCrx device which are:

	00011
	TTCrx Control
	16
	Serial interface register to TTCrx chip I2C
	RD/WR
	0
	bits 7-0: Data to TTCrx, 
Bt 8: 1 = Read, 0 = Write,
Bits 13-9: TTC register number,
Bit 14: Not used,
Bit 15: Reset TTCrx Controller

	11000
	TTC Status
	16
	Data in on TTCrx I2C bus
	Read only
	0
	Bits 7-0: Data from TTCrx,
Bit 8: I2C Busy,
Bit 9: I2C Error,
Bits 15-10: Not Used.


To write to the registers in the TTCrx, a write command to the TTCrx Control register must take place with an argument having the above format.

Write = <1><01010><1><0><00011><00000000000010000><argument[15:0]>

To read from the TTCrx, a command is written to the TTCrx Control register and the data is read from the TTCrx Status register.

Write = <1><01010><1><0><00011><00000000000010000><argument[15:0]>

Read = <1><01010><1><1><11000><00000000000010000><anything[15:0]>

4.
TTCrx Interface

TTCrx is the Timing, Trigger and Control Receiver ASIC for LHC Detectors (refer to the Data Sheet).

The TTCrx acts as the interface between the Timing, Trigger and Control (TTC) distribution system for LHC detectors and the receiving end users. 

TTCrx receives the 40.08 MHz clock and L1A trigger on channel A and control commands (e.g. bx-reset, resync) on channel B.

For test purposes, and under software control, the clock can be supplied from an onboard Oscillator (40 MHz) or via backplane J0 pins (the selection can be read back from a register and is displayed on front panel LEDs). Similarly the L1A trigger can be supplied by writing to a software register or via backplane J0 pins, and is displayed on front panel LEDs.

Internal logic selects the requested clock and trigger sources.

The logic at present also responds to custom tracker sequences on channel A, e.g. ‘101’ reset. This is a temporary measure, which was requested for the test beam. It will not be used in the final CMS system. The only signal decoded by the FED on TTC-A will be a valid L1A trigger (a 00100).
In scope mode operation the Level 1 Accept (L1A) signal is sent to the FE FPGAs to initiate data capture. In frame finding mode, the Level 1 Accept signal is used as a time stamp, which stores a snapshot of Level 1 Bunch Crossing and Level 1 Accept counters into a FIFO.

The 12-bit Bunch Crossing counter, counts the number of 40.08MHz clock ticks. This counter will be normally reset on each orbit by the appropriate bit in the TTC channel B broadcast command (see below).

The 24-bit Level 1 Accept counter counts the number of L1A signals. The counter is normally reset by the appropriate bit in the TTC channel B broadcast command (see below).

NB After a reset the L1A counter starts at 1 but after each wrap-around the counter restarts again at 0 following the CMS DAQ convention.

4.1
TTCrx Channel B Commands

The TTCrx commands on the serial B channel are decoded to provide the necessary functionality for the broadcast and individually addressed commands.  TTC Channel B commands are required for the correct operation of the FED. Please refer to the note “CMS Tracker Electronics – TTC Interface” by Matt Pearson. The following table shows the decoded commands.

The TTC channel B broadcast commands are sent to the TTCrx chips in the following format:

	0
	0
	8 bits data
	4 bits (error checking)
	1


The 8 bit Data byte has the following format:

	Bit
	Name

	0
	Bunch Counter Reset (BCR) ; 1 = reset

	1
	Event Counter L1A Reset (ECR) ; 1 = reset

	<5:2>
	System message (see below)

	<7:6>
	User message


The Tracker commands are passed in the System message bits as follows:

	Command
	Bit Pattern <5:2>

	RESYNC
	0101

	RESET
	0110

	TEST_ENABLE
	0010

	APV_ENABLE
	1011


The TTC channel B Individually-Addressed commands are sent to the TTCrx chips in the following format:

	0
	1
	14b TTCrx ADDR
	E
	1
	8b SUBADDR
	8b DATA
	7b CHCK
	1


If an individually-addressed command is to be received by all connected TTCrx’s in a system, disregarding the individual values of their IDs, the command can be sent to the generic address 0.

For a complete list of the commands and their description, refer to the TTCrx Reference Manual.
· BCR – Bunch counter reset. 

This is taken from a dedicated pin on the TTCrx chip.

· ECR – Event counter reset.

This will reset both the event counter and the APV frame counter. This is taken from a dedicated pin on the TTCrx chip.


· RESYNC – This is a soft reset. The RESYNC procedure is (see section 4.2):

1. When the FED receives a TTC-B resync command it will assert BUSY on TTS, and stops any VME communication to the FE FPGA. 
2. It waits about 21µs to receive any more data from the APVs. The FED transmits all events stored on the QDR memory to the DAQ system.
3. Once there are no events pending the QDR memory, the FED transmits dummy empty events if the number of events received is less than the number of triggers received.

4. The FED will then clear its buffers, error flags and counters (except bunch counter, event counter and APV frame counter). This applies to DLY, BE and FE FPGAs only.

5. De-assert BUSY.

A RESYNC can be sent at any time by the run control system. However, it was decided that a RESYNC should be sent to the FED whenever the TTS OUT_OF_SYNC is set. This can be set, for example, when the FED buffers are close to overflow.

· RESET – This is a different TTC-B command from RESYNC, but will only cause the FED to perform a RESYNC. If more operations are required, they can be added at a later date.

· TEST_ENABLE – This command will indicate that the next event is a test event. The FED will set a flag in the event header to indicate test. There will be a trigger following the TEST_ENABLE after some pre-defined delay. The L1A counter is not incremented until the L1A trigger is received. If TEST_ENABLE is issued during a physics run, normal physics triggers are inhibited during the above procedure.

Note: Laser alignment calibration could take place during a physics run.

· APV_CALIBRATE – The command will indicate that the next L1A trigger is a calibration event. The FED will set a flag in the event header to indicate calibration. There will be a trigger following the APV_CALIBRATE after some pre-defined delay. The L1A counter is not incremented until the L1A trigger is received.
· APVE Address – The APVE provides a master reference APV pipeline address, for a given TTC partition, which enables the FEDs to verify global Front-End synchronicity. The APVE pipeline address is sent to all FEDs using an Individually Addressable TTC-B channel command with Global generic address 0 as follows:

TTC Addr = 0

Sub Addr = 0 (to be confirmed)

Data = 8 bit APVE PipeLine Address <7:0>

The FED will set a register if this pipeline address disagrees with the observed one. An error flag will also be set in the event header. The pipeline address is stored in a FIFO. The last broadcast address remains in the FIFO. The FED assumes a new pipeline address will be sent for each L1A.

4.2
TTCrx Resync, Reset or “101” Reset

When a TTC channel B Reset or Resync or a “101” reset command is received, the following actions are taken: 

· The BUSY signal is asserted high, and the TTC_rst_tx_to_FE signal is also asserted high when a TTC channel B Reset or Resync or a “101” reset command is received. It indicates that the VME communication to FE & DLY FPGAs is terminated immediately for a minimum of 21us. 
· The state machine stays in this condition until all the events in the QDRs are read out.

· All the input from the FE FPGAs are disabled, and the internal freeze signal activated, to prevent any unwanted data to arrive from the FE FPGAs, and written to the buffers.

· A software reset command is transmitted to the FE FPGA. 
· Check to see if the number of events transmitted to the DAQ system is equal to the number of L1A triggers received. If the number of events is less than the number of triggers, then dummy empty events are created to make up the difference. 

· Once the number of triggers and events are equal, the VME communication path to the FE FPGA is restored and the internal freeze signal is removed.
· The FED will then clear its buffers, error flags and counters (except bunch counter, event counter and APV frame counter). This applies to DLY, BE and FE FPGAs only.
· TTS state is returned to READY.
4.3
TTCrx Initialisation Procedure

Upon power up or when a TTC channel B command goes wrong, the TTCrx firmware goes into an initialisation state. In this state it waits for 40 consecutive ‘1’s on the TTCrx serial B line before normal operation is allowed. If there is a ‘0’ on the line during this time, the count is reset and it waits for another 40 consecutive ‘1’s.

If a command is actually transmitted during initialisation, it is ignored and the state machine stays in initialisation until it sees 40 consecutive ‘1’s on TTCrx serial B line.

5.
TTS Interface

The CMS FED can be in 6 different states. Figure 3 shows the state transitions as expected from the DAQ side. Along with the data, the FED provides fast signals indicating its states to the Trigger Throttling System (TTS). 
For the latest updates to the TTS (DAQ) Interface Guide please go to:

http://cmsdoc.cern.ch/cms/TRIDAS/horizontal/RUWG/DAQ_IF_guide/DAQ_IF_guide.html

The TTS interface block implements these states by monitoring the QDR memory and FIFO status flags. The FIFOs within the BE FPGA have five flags to indicate their occupancy conditions, these are empty, partial_empty (25%), half_full, partial_full (87%) and full flags.

When a FIFO asserts a half full flag, the FED enters Warning Overflow state. When an 87% partial full flag is set, the Busy state is entered. If one of the FIFOs or QDR memory asserts the full flag, then the Out of Sync state is reached and Internal Freeze signal is asserted. Internal freeze signal prevents any data being stored hence there would be no risk of overwriting previously stored data. While writing is prevented, all the stored events can be read out. In this case the BE FPGA must be reset to release the Internal Freeze signal. To initiate a reset, a Software Reset command or a TTC Soft Reset command can be used.
When the TTS interface is in the Out of Sync state, a Resync command must be sent to change the state to Ready.
When in state Busy, the buffer occupancy must fall below 50% for the FED to enter the Warning Overflow state. And when in Warning Overflow state, the buffer occupancy must fall below 25% for the FED to enter the Ready state.
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Figure 3: TTS states

The following table indicates the 4-bit value of each state.

 

	Value (Ready, Busy, Synch, Overflow)
	Name
	Comment

	0000
	Disconnected
	Hardware failure or broken cable

	0001
	Warning overflow
	Imminent buffer overflow

	0010
	Out of synch
	FED is no more synchronized with the TTC values

	0100
	Busy
	Cannot accept triggers

	1000
	Ready
	Ready to accept triggers

	1100
	Error
	Any other state that prevents correct functioning

	1111
	Disconnected
	Hardware failure or broken cable

	All other values are reserved!
	 
	the FED must not use them  


5.1
FMM Card Test Register

This is a 4-bit read/write register provided to test the connection of the TTS interface to the FMM Card.
To use this register, bit 4 of the Test Register must be set to 1 (refer to BE_FPGA_Command_List ). The initial value of this register is zero.

When testing is complete, bit 4 of the Test Register must be cleared in order for the TTS interface to resume normal operation.
The FMM receives and merges states from a given number of FEDs to form an output state. As each FED can be in a different state, the output state must be prioritized. As shown by the state machine, 6 states are defined for a FED and coded on 4 bits (16 possible states): 9 states are hence “reserved”. If a FED generates any reserved state, the FMM output will propagate a new state: illegal
State priorities (decreasing order) in the FMM are as follows: 
disconnect, 
error, 
out_of_sync, 
busy, 
overflow, 
illegal, 
ready.
Please see Appendix B for Common Data Format.
6.
Frame Synch

The FE FPGA generates a Frame Synch Out packet in response to an event. The packet is produced 32-clock cycles (at 40MHz) after the 1st word of the APV Frame Header.

The packet (after stripping off a leading 1) is 80-bits long and consists of the following information:


Bit 80








  

    Bit 0


<majority APV pipe addr[7:0]><fibre 11 status word[5:0]>…..< fibre 0 status word[5:0]>

the bits within each fibre status word have the following meaning*  :


Bit 5











Bit 0

{lock, out_of_synchB, wrong_headerB<APV1>, APVerrorB<APV1>, wrong_headerB<APV0>,APVerrorB<APV0>}

*NB the polarities are such that if everything is ok each status word is ‘111111’

(Refer to the FE FPGA Technical Description for more details)

Upon receiving a Frame Synch Out packet, the header bit which is the first ‘1’, is stripped and the remaining 80-bits are deserialised into an 80-bit word for each front end FPGA. These are termed tracker headers in the Back End FPGA.

As the data words are stored and read out in 64-bit word, each tracker header is extended into a 128-bit word, which is then stored in two consecutive locations in the tracker hdr FIFO.

Depending on the mode of operation different information is added to the tracker headers.

Refer to Appendix B for more information.

In all modes of operation, the first tracker header information is from FE FPGA 8 down to FE FPGA 1.

6.1
Tracker Header Format

The tracker format type register defines which type of the tracker header format is inserted in the event at the time the event is being read out.

There are two types of tracker header formats available:

Refer to Appendix B for more information.

1. Tracker Header Full Debug Mode, which includes one common tracker header word, followed by 2 tracker header words containing the full FE status information for each of the 8 front end FPGAs. The ordering is from FE FPGA 8 down to FE FPGA 1. 

Each FE block contains the full 80-bit FE Frame Sync Out status packet (see section 6).
2. Tracker Header APV Error Mode, which includes one common tracker header word and 3 APV Error header words summarising the APV error flags for each fibre for the 8 front end FPGAs, ordered from FE FPGA 8 down to FE FPGA 1.

In this mode each bit indicate if there is a problem with a particular APV. In normal operation all bits must be set to ‘1’, therefore a ‘0’ indicates an error. To generate an error bit, the lock and out of sync flags are ORed with APVerror and wrong_header for each APV.

FE APV Error Flag: This forms a 24 bit word as defined below:

{Fibre12_APV1, Fibre12_APV0, Fibre11_APV1, Fibre11_APV0, … Fibre1_APV1, Fibre1_APV0}

6.2
Tracker Header in Frame Finding Mode

In frame finding mode, the tracker headers are stored into tracker_hdr_fifo as an 80-bit words. The tracker headers are read out as two 64-bit words, the event length is inserted as bits (127:112) of all eight tracker headers and the BE Status Register is inserted as bits (111:80) in the first tracker header. The two DAQ registers are inserted as bits (111:80) in the last two tracker headers. The two tracker header words are ordered LSB followed by MSB and also from FE FPGA 8 down to FE FPGA 1.

6.3
Tracker Header in Scope Mode

In Scope Mode Operation, no Frame Synch packet is generated in the FE FPGA, but as the events are stored and read in a consistent format, dummy tracker headers are generated for each event.

Currently these dummy packets are identical to frame finding headers except they are filled with zeros.

When the tracker headers are read out, the event length is inserted as bits (127:112) of all eight tracker headers and the BE Status Register is inserted as bits (111:80) in the first tracker header. The two DAQ registers are inserted as bits (111:80) in the last two tracker headers. The two tracker header words are ordered LSB followed by MSB and also from FE FPGA 8 down to FE FPGA 1.

7.
Readout Synch

Each FE FPGA generates a Readout Synch Out packet when all the data from one event has been processed. This packet is 16-bits long and indicates the length (in bytes) of the data fragment, including formatting information, to be transmitted by that specific FE FPGA, and has the following format:


<1><chip_length[14:0]>

When the BE FPGA receives the Readout Synch Out packets, the header bit which is the first ‘1’, is stripped and the remaining 15-bits are deserialised into a 15-bit word for each FE FPGA. These are termed Byte Lengths and are stored in a FIFO to be used later in the process.

In Zero Suppression mode the values of the lengths within an event from each FE FPGA may be different. In Raw Data modes, including Scope Mode, the lengths must all be the same or zero.

The lengths from all non-zero FE FPGAs must all arrive at the same clock interval.

The byte lengths are then divided by 8 to find out the number of 64-bit memory locations needed to store the variable length data fragments from the FE FPGAs and are stored in the frame_address_FIFO. These new word lengths are used to generate eight base address pointers for writing the eight FE FPGA event data fragments into the QDRs. These eight lengths are also added together to find out the total length of the data for the event. The total address is stored in the end_address_fifo.

If the next Readout Synch Out packet is received before the data for the previous event has been received, then the previous end address is used as the first base address for calculating the base address pointers for the new event. Therefore upon receiving a Readout Synch Out packet, the amount of QDR memory required to store the data is reserved.

Once the base address pointers are calculated and stored in a FIFO, a pulse is sent to all FE FPGAs on the FE_readout_synch_in lines. The main data output of FE FPGA is produced at 160MHz in response to the pulse on readout_synch_in.

When the data is read out from the FIFOs in the FE FPGA, it obeys a format as shown below:

<Fibre1 Length><Packet Code><content>

<Fibre2 Length><Packet Code><content>

… etc, up to Fibre 12.

The format of the data depends on which mode the FPGA was in when the event was written. Up to 511 events can be stored on BE FPGA at any one time providing the QDR memory does not overflow. The format of each event is specified by an 8-bit packet code as shown below.

Packet code = <111><pocraw_mode><zerosupp_mode><virgraw_mode><frame_finding><scope_mode>
Upon receiving data from FE FPGAs, the data is deserialised and merged into 64-bit words. In case of data bits being less than 64 bits, then it is padded out by adding zeros, which occupy the higher order bits.

This process is carried out for the eight FE FPGAs simultaneously.

By the time the first batch of 64-bit words are ready to be written to the QDRs, the base addresses and eight event lengths have also been read out of the FIFOs and stored in two 8 stage round robin shift registers. Therefore when the first 64-bit words from eight FE FPGAs is ready to be written to the QDR, the first base address is also available. Then on the next clock cycle, the second base address together with second 64-bit word from the second FE FPGA are presented to the QDRs, and so on.

The base addresses however are returned to the first register after incrementing it by one, and similarly the length associated with the data is decremented by one. Therefore each FE data word has its associated base address and length, which goes round the eight stage shift register. Figure 4 show a simplified block diagram of the process.

While the FE length is non-zero, the write enable signal enables writing to QDRs. When all the data from a particular FE FPGA has been stored the FE length becomes zero, then the write enable signal disables any data from that particular FE FPGA from being written to the QDRs.

When all the data from all the FE FPGAs have been stored, all the FE lengths are zero, at this point the process of writing to QDRs stops and the event storage is complete.

The process starts when another Frame Synch Out packet, in response to an event, has been generated and sent to BE FPGA.

Refer to Appendix D for a diagram of how the event data is written to the QDR memory.
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Figure 4

7.1
Overflow Condition

Up to 255 events can be stored on the FE FPGA at any one time, after which point further events will be ignored. The FIFOs within the FE FPGAs have four flags to indicate their occupancy conditions; these are empty, half_full, partial_full (set at 80%) and full flags.

Up to 511 events can be stored on the BE FPGA at any one time, after which point further events will be ignored. 

The FIFOs within the BE FPGAs have five flags to indicate their occupancy conditions, these are empty, partial_empty (25%), half_full, partial_full (87%) and full flags.

It is required for the FED to continue its operation when an overflow condition occurs.

Within the BE FPGA, under normal Zero Suppressed operation conditions, the first buffer overflow would be due to L1A counter buffer. For this reason, the BE FPGA enters a FREEZE condition after which time it would not store any more data in order to preserve the current events in the buffers. At this time the TTS Out-of-Synch (OOS) flag is also asserted. Access to all the buffers and control registers are available via VME interface. This provides for reading the payload data, as well as analysing the control and status registers to determine the cause of overflow.
Under other operating conditions the external QDR Memory is likely to overflow. Under these circumstances, the BE FPGA also Freezes.

To exit the Out_of_Synch condition, a TTC Resynch command must be transmitted.

It is likely that the FE Buffers go into overflow condition if trigger rates are too high. At this time the buffer wraps round and the previous data is overwritten by new data. 

If this condition occurs, the BE FPGA still accepts the data, constructs and transmits events. The BUSY Flag is also asserted to prevent further triggers from arriving. In this case the events are flagged as corrupt by way of an 8-bit FE FULL Register in the event header, indicating which FE FPGA has generated the buffer overflow. The software must monitor this register to identify the corrupt events. As the BE FPGA can not determine the event during which a FE FPGA overflow occurs, it signals every event corrupt from that moment on until the buffers are emptied.

7.2
Out of Synch Condition

This condition occurs under two different circumstances. 
First one is explained in section 7.1 when one of the BE FPGA buffers is full.

Second one is explained in section 10.2 when an extra event has been received without a trigger.

In both cases a TTC RESYNCH command must be sent to readout the remaining events  and reset the FE, BE and DELAY FPGAs as detailed in section 4.1.

7.3
Test Data

The FED is capable of writing test patterns to the QDR instead of the actual event data received from the FE FPGAs.

This feature is activated by setting bit 2 or 3 of the Test Register, and disabled by clearing the bits, as indicated in the following table.

	Test Register
	Data to QDR

	Bit 0
	APV Test Frame Enable

	Bit 1
	Ignore Throttle

	Bit 2
	Counting Test Data to QDRs

	Bit 3
	All 5’s and A’s Test pattern data to QDRs

	All other bits
	Reserved


8.
Event Data Format

As event data is read out, it passes through a design block, which builds the event data format. This design block first outputs the DAQ header, it then allows the event data through which includes 16 tracker headers, and eventually DAQ trailer is sent. Appendix B shows the current Event Data Format. 

It is possible to readout the event data over the slow VME Link, or the fast SLINK port. There must be at least one complete event in the QDRs before readout is allowed. Readout of partially stored event is not possible until all the event data has been stored in the QDRs.

It is possible to store up to 511 events on the BE FPGA providing the events are not big enough to cause the QDRs to overflow.

In all modes of operation, the order of the payload data is such that the data from FE FPGA 8 is read out of the QDR memory first, followed by data from FE FPGA 7, down to FE FPGA 1. If a particular FE FPGA has been disabled, then there is no data for that FE FPGA. The tracker header contains a field containing information on which FE FPGAs are enabled.

8.1
Common Data Format

For the latest updates to the TTS (DAQ) Interface Guide please go to:

http://cmsdoc.cern.ch/cms/TRIDAS/horizontal/RUWG/DAQ_IF_guide/DAQ_IF_guide.html

When an event fragment is ready to be transmitted to the DAQ, the FED encapsulates the data according to the common CMS data format (see below) and writes the data into the S-LINK64 port. The encapsulation words are control words flagged by the S-LINK64 control bit. Sub-detector payload are data words.
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Appendix B shows the current Event Data Format Field definitions.

8.2
VME Link (VLINK)
When this option has been selected, the event data is sent to the VME FPGA for transmission to the VME controller. There is a 2 Kbyte deep buffer in the VME FPGA, which holds the event data. If the event is bigger than the buffer, the back-pressure signal is asserted when the buffer gets full. This back-pressure signal prevents the BE FPGA from transmitting data to VME FPGA within 8 clock cycles (at 80MHz) of receiving it. The contents of the buffer, containing this event fragment, are then sent to the VME controller. When the buffer is empty the back-pressure signal is removed and the next fragment is sent. This process may be repeated a number of times until the event is fully readout.

There is a simple protocol to control this process in software using registers provided in the VME FPGA.

More details to be put here…

The 64-bit event data is transmitted as 32-bit words @ 80MHz using DDR registers.

NB The content and format of events readout via the VME link is identical to those readout via SLINK described below.

8.3
SLINK

When this option has been selected, the buffered event data is sent to the next stage of the readout via DAQ Front-end Readout Link (FRL), which use the SLINK64 protocol.

If the buffer in the SLINK gets full, the back-pressure signal is asserted. This back-pressure signal prevents the BE FPGA from transmitting data to SLINK within 8 clock cycles (at 80MHz) of receiving it. When the SLINK removes the back-pressure signal, the BE FPGA starts transmission to SLINK.

The SLINK is a high speed link and complete events which are stored on the QDRs are automatically transmitted to SLINK until all data is transmitted or the back pressure signal asserted.

8.4
SLINK Interface

This block provides the SLINK control signals and 64-bit data transmission at 80MHz. The SLINK clock is a free running clock 180 degrees out of phase with the clock used to transmit data. This will ensure the clock is in the middle of the data at destination.

8.5
QDR Interface

For complete information on accessing the QDR memories, the reader should read this section in conjunction with the relevant data sheet for the QDR memories.

This block provides the necessary interface to the QDR memories.

The memories are Micron 9Mb (512 x 18) QDR SRAM 2-Word Burst MT54V512H18A for FED V1 and Samsung 18 Mb (1M x 18) QDR SRAM 2-Word BurstK7Q161862B for FED V2.

Both types of memory appear identical to the software.

The memories are accessed using a burst of two DDR data interface. This means that the memories are accessed on both edges of the clock.

There are two pairs of clocks for writing and reading to/from the memories. Both these clocks are running at 80MHz, and because read and write take place on both edges, the memories are effectively running at 160MHz. 

Clock pair K and K_bar is for writing to the memory and clock pair C and C_bar is used to read data out from the memory. 

The two data words to be written are presented on two consecutive falling and rising edges of clock K_bar, together with write address and write strobe, which are also presented to the memory on the rising edge of the clock K_bar. See figure 5.

The read address and read strobe are presented to the memory on the rising edge of the clock K. The two data words are then clocked out using the clock pair C and C_bar two clock cycles later. See figure 6.

Figure 7 shows simultaneous read and write operations to the QDR memories. The main design blocks to interface to the QDR memories are address_burst_two, write_burst_two and read_burst_two. These blocks provide the data words, read/write address and read/write strobes with correct timing with respect to external clocks to interface with the QDR memories.
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Figure 6
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Figure 7

9.
Critical Timing 

There are a number of critical timing issues which were dealt with in order for the event data to be captured, stored and transmitted correctly. These are identified in the following sections.
9.1
QDR Timing 

Accessing the QDR memories require two pairs of clocks. Clock pair K and K_bar is for writing to the memory and clock pair C and C_bar is used to read data out from the memory. See figure 5,  6 and 7.

Both these clocks are running at 80MHz, and because read and write take place on both edges, the memories are effectively running at 160MHz. 

In order to produce clock pair K and K_bar, a dedicated DCM is used. The clk_2x_90 (80MHz, 90 degree phase shifted) clock is used for writing data to the QDRs.

A separate DCM is used to generate clock pair C and C_bar. In this case clk_2x_90 (80MHz, 90 degree phase shifted) clock is used for reading data from the QDRs. A fixed phase shift of 1ns (22 DCM steps) is applied to clock pair C and C_bar in order to place it in the middle of the incoming data.
9.2
SLINK Readout Timing 

When transmitting data over SLINK, the rising edge of the SLINK clock must be in the middle of the data word. To achieve this timing requirement, a dedicated DCM was used. The SLIK clock is generated from clk2x_B (80MHz) with a fixed phase shift of 2.54ns (52 steps). This ensures the SLINK transmitter card can recover the clock and data correctly.

9.2
VLINK Readout Timing 

The clock for transmitting data on the VLINK path is generated using a dedicated DCM with clk_2x (80MHz) as the input clock to DCM. 

In order for the data to be received correctly at the VME FPGA, the data were clocked out using vme_link_clk which has a fixed phase lag of 0.97ns (-20 DCM steps) with respect to the input clock.

10.
Fault Conditions
10.1
Empty Event Transmission 

Under certain conditions, the FED card receives triggers but APV data is not received. 
This caused the DAQ system to crash due to incorrect number of events transmitted by the FED card.

In this case the firmware was modified to send extra dummy empty events to the DAQ system. These events only have two words, DAQ Header and DAQ Trailer. 

The DAQ Event Type is set to “1111” for the empty events to indicate an error condition.

10.2
Extra Event OOS Condition 

Under certain conditions, the FED card receives an event without a trigger.

This caused the DAQ system to crash due to two events being sent to the DAQ system with the same L1A event number. 

In this case the firmware was modified to only read events out of the QDR when there is a L1A trigger value in the L1A buffer ie the buffer is not empty. The FED is put in the Out of Sync (OOS) condition. A flag is set in the BE Status Two Register bit-31 to indicate the OOS condition is due to an extra event without a trigger.

At the time the extra event is detected the value of the L1A counter (24-bits), together with an 8-bit value which shows which FE FPGAs generated an address are stored in the 32-bit L1A Count FE Address Register.

A TTC Resync command must be sent to clear all the buffers, reset the counters and take the FED to the READY state.

11.
FED Reset Strategy

The operating clock for the CMS FED card is generated in the VME FPGA. This is distributed to all the FPGAs in a daisy chain format. It goes from VME FPGA to BE FPGA, from BE FPGA to FE FPGA, and from FE FPGA to Delay FPGA.
As the clocks are generated using the Digital Clock Manager (DCM) within the FPGA, it is important to consider how the CMS FED card is reset.

As each DCM is locking to the input clock, its lock signal is used to hold the circuits and DCMs in other FPGAs in the chain in reset.

Each DCM can take up to 700us to lock. 
Once the DCM in the VME FPGA has locked to its input, it releases the reset to itself and the BE FPGA DCM. The BE FPGA starts to lock to the clock from VME FPGA, while holding itself and the FE and DELAY FPGAs in reset.

Upon obtaining a lock to the input clock, the BE FPGA releases the reset signal to itself and the DCM in the FE FPGA. This process continues for the FE FPGA and Delay FPGA in sequence.

There are a number ways a reset signal is applied to the FED card:

1. Hardware or power up reset. 


2. VME FPGA software reset.

This would reset all the VME FPGA circuits except the DCMs and clock select control register. Therefore a software reset does not change the operating clock. It also resets the BE, FE and Delay FPGAs.

3. BE FPGA software reset.

This would reset the BE FPGA circuits except the TTS Design Block, L1A Counter and Bunch Crossing Counter. This reset does not affect the FE and Delay FPGAs.
4. TTC Reset/Resync in the BE FPGA. 

This is a reset signal comprising of TTC serial B reset command or TTC serial B resync command or TTC serial A “101” reset command. Any one of these reset commands, would reset the TTS Design block and issue a software reset to the BE and FE FPGAs. 
5. FE FPGA software reset.

This signal resets the FE FPGA circuit, except the ADC Average Thresholds.
Appendix A JTAG Boundary Scan Chains

Configuration chain for system ACE:
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Configuration chain for VME FPGA:
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Test chain for TTCrx and QDR memories:
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Notes:

The buffer in the TEST chain is used to convert the 3.3V 

voltage of JTAG signals to 2.5V I/O standard for the QDR 

memories. 

On the inputs to the buffer the signal is connected to the 

tri-state control of the input signal. So when signal is low 

the output is low, and when signal is high the output is tri-

stated and pulled up by a 220R resistor to 2.5V rail.

This configuration is likely to reduce the maximum 

frequency this chain will operate at.


Appendix B Event Formats

FED events consist of a common CMS DAQ header followed by a Tracker specific Header, Tracker Payload and ending with a common CMS DAQ Trailer.

Tracker Header Full Debug Mode

Provides maximum tracker information, including complete FE Frame Sync Out packet information.


[image: image11.emf]Tracker Special Header 

LV1_id (24) Evt_ty BX_id (12) BOE Source_id (12) FOV H x$ $

63       60 59       56  55                                                      32  31                       20 19           8   7          4   3 2  1 0

DAQ Header

FE 8 Frame Sync Out 

Packet (79:64)

Back End Status Register (32) FE 8 Length (16)

FE 7 

Tracker Header

FE 7  Frame Sync Out Packet (63:0)

FE 7 Frame Sync Out 

Packet (79:64)

BE Status Register Two (32) FE 7 Length (16)

FE 2  Frame Sync Out Packet (63:0)

FE 2 Frame Sync Out 

Packet (79:64)

DAQ Register Two (32) FE 2  Length (16)

FE 1  Frame Sync Out Packet (63:0)

FE 1 Frame Sync Out 

Packet (79:64)

DAQ Register (32) FE 1 Length (16)

FE 8 Tracker Payload Data (63:0)

FE 8 Tracker Payload Data (63:0)

FE 8 

Tracker Payload

Event Length (24) xxxx CRC (16) EOE

Evt_

stat

TTS T R $ $

63        60 59       56  55                                                      32  31                                   1615  12  11     8  7      4  3  2  1  0

DAQ Trailer xxxx

Hdr

Format

APVE Addr

(8-bits)

trkr

Evt_ty

APV Addr

Error

Reserved

8 bits

FE8 Frame Sync Out Packet (63:0)

FED Status Register (16)

FE Overflow 

Reg (8)

FE Enable 

reg (8)

FE 2 

Tracker Header

FE 1 

Tracker Header

FE 7 Tracker Payload Data (63:0)

FE 7 Tracker Payload Data (63:0)

FE 7 

Tracker Payload

FE 1 Tracker Payload Data (63:0)

FE 1 Tracker Payload Data (63:0)

FE 1 

Tracker Payload

FE 8 

Tracker Header

 
Tracker Header APV Error Mode

Provides minimum tracker information with error flags each of 192 APVs. Recommended for use with ZS data.
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Field definitions:

· BOE_n (4 bits): Identifier for the beginning of an event fragment (BEO_1 = hex 5).

· Evt_ty (4 bits): Event type identifier common to all sub-detectors.


	Type
	Name
	Comment

	0001
	Physics trigger
	Final OR (physics algorithms)

	0010
	Calibration trigger
	Calibration cycle

	0011
	Test trigger
	Test cycle

	0100
	Technical trigger
	Technical trigger (external trigger)

	0101
	Simulated events
	Reserved for DAQ usage

	0110
	Traced events
	Reserved for DAQ usage

	1111 
	Error
	others undefined


· LV1_id (24 bits): The level-1 event number L1A. The first event after a reset is labelled ‘1’ but after wrap-around the next event is labelled ‘0’.

· BX_id (12 bits): The bunch crossing number. Reset on every LHC orbit.

· Source_id: Unambiguously identifies the FED data source: 2 bits are reserved for FED internal usage. The following table shows the currently defined source_id fields. Default (power up) value is 0xFED.
	Detector
	Min source_id (decimal)
	Max source_id (decimal) 

	Pixel
	0
	39

	Tracker
	50
	489

	Preshower
	520
	575

	ECAL (Barrel+Endcap)
	600
	670

	HCAL
	700
	731

	Lumi Scalers 
	735
	735

	GCT
	745
	749

	CSC(baseline)
	750
	757

	CSC-TF
	760
	760

	DT
	770
	775

	DT-TF
	780
	780

	RPC
	790
	795

	Trigger GTP
	812
	813

	Trigger eGTP
	814
	814

	Trigger LTC (MTCC)
	815
	815

	LTC for Triggers
	816
	816

	LTC for HCAL
	817
	817

	LTC for Tracker
	818
	818

	LTC for ECAL
	819
	819

	LTC for Totem/Castor
	820
	820

	LTC for RPC
	821
	821

	LTC for CSC
	822
	822

	LTC for DT
	823
	823

	LTC for Pixel
	824
	824

	CSC DDUs
	830
	869

	CSC (contingency)
	880
	887

	CSC-TF SPs
	890
	901


· FOV (4 bits): Version identifier of the common FED encapsulation (header + trailer). This value is determined by DAQ group (currently hex 0). If sub-detectors want to have a version number for their own data, it must be implemented in the payload. 
Currently this is the same as Evt_ty

· H : when set to '0', the current header word is the last one. When set to '1', another header word is following.

· x: Indicates a reserved bit.

· $ : indicates a bit used by S-LINK64 hardware.

· Reserved (8 bits): Currently fixed to $ED. This permits old style headers to be recognised for backward compatibility.

· Hdr Format (4 bits): identifies the header type inserted in the event: full debug mode or APV error mode.

	Type
	Name

	0001
	Tracker Header Full Debug Mode

	0010
	Tracker Header APV Error Mode


· Trkr Evt_ty =Mode Register (4 bits): Event type (i.e. payload type) identifier as used on the FED

	Bit pattern
	Operating Mode

	0001
	Scope Mode REAL

	0010
	Virgin Raw Mode REAL

	0011
	Virgin Raw Mode FAKE

	0110
	Processed Raw Mode REAL

	0111
	Processed Raw Mode FAKE

	1010
	Zero Suppressed Mode REAL

	1011
	Zero Suppressed Mode FAKE

	1100
	Zero Suppressed Lite Mode REAL

	1101
	Zero Suppressed Lite Mode FAKE

	
	

	0100
	Zero Suppressed Mode REAL CM Override On

	0101
	Zero Suppressed Mode FAKE CM Override On

	1000
	Zero Suppressed Lite Mode REAL CM Override On

	1001
	Zero Suppressed Lite Mode FAKE CM Override On

	
	

	
	


· APVE Addr (<7:0>): APVE Address of the event provided through TTC Channel B command. The APVE address must arrive before the tracker header data from the FE FPGAs arrive, for the APV Address Error check to be valid.
· APV Addr Error (8 bits): A register, which indicates the APV address of each FE FPGA is identical to the APVE Address. A ‘1’ indicates addresses are identical and ‘0’ indicates the addresses are different. Register bits (<7:0>) are arranged as follows (ordering needs verifying):
(FE FPGA 1, FE FPGA 2, FE FPGA 3, FE FPGA 4, FE FPGA 5, FE FPGA 6, FE FPGA 7, FE FPGA 8)
· FE Enable Reg (8 bits): Front End Enable register, each bit set to a ‘1’ indicates the associated FE is enabled to receive data. If set to ‘0’ there will be no payload data from this FE. Register bits (<7:0>)  are arranged as follows:
(FE FPGA 1, FE FPGA 2, FE FPGA 3, FE FPGA 4, FE FPGA 5, FE FPGA 6, FE FPGA 7, FE FPGA 8)

· FE Overflow Reg (8 bits): Each bit set to ‘1’ indicates an overflow condition has occurred in the associated front end FPGA and the data from that FE should be ignored. Register bits (<7:0>) are arranged as follows:
(FE FPGA 1, FE FPGA 2, FE FPGA 3, FE FPGA 4, FE FPGA 5, FE FPGA 6, FE FPGA 7, FE FPGA 8)
· FED Status Register (16 bits): The bits are arranged as follows (1 = TRUE):

	Argument
	Description
	Argument
	Description

	Bit 15
	 FE 8 Length is Zero
	Bit 7
	 L1A FIFO Empty Flag

	Bit 14
	 FE 7 Length is Zero
	Bit 6
	 L1A FIFO Partial Full Flag

	Bit 13
	 FE 6 Length is Zero
	Bit 5
	 L1A FIFO Full Flag

	Bit 12
	 FE 5 Length is Zero
	Bit 4
	 QDR Memory Empty Flag

	Bit 11
	 FE 4 Length is Zero
	Bit 3
	 QDR Memory Partial Full Flag

	Bit 10
	 FE 3 Length is Zero
	Bit 2
	 QDR Memory Full Flag

	Bit 9
	 FE 3 Length is Zero
	Bit 1
	 Tracker Header Monitor Data Ready

	Bit 8
	 FE 1 Length is Zero
	Bit 0
	 Slink Full Flag


· Frame Sync Out Packet: 80 bits per FE. See section 5 for full details.

· FE APV Error Flag: 24 bits per FE. See section 5 for full details

· FE Length (16 bits): Length of event (NB this includes formatting information, but does not include payload padding to 64 bits) from the Front End FPGA in bytes.

· Back End Status Register: Copy of BE status register.

· Back End Status Register Two: Copy of BE status register two.

· DAQ Register: Copy of DAQ register.

· DAQ Register Two: Copy of DAQ register Two.

· EOE (4 bits): Identifier for the end of an event fragment (EOE_1 = hex A).

· Event length: The length of the event fragment counted in 64-bit words including header and trailer.

· CRC: Cyclic Redundancy Code of the event fragment, including header and trailer.

· Evt_stat (4 bits): The Event Status (Trailer) fields are still undefined. 

· TTS: Current values of the TTS bits.

· T: when set to '0', the current trailer word is the last one. When set to '1', another trailer word is following.
· R: When set to ‘1’, the CRC value has been modified by the S-Link sender card.

Payload

NB The payload data for each FE is aligned on 64 bit (SLINK word) boundaries.

Refer to FE FPGA Technical Description for details.

Appendix C Master Command Register List

The to view the Back End FPGA command list, please click on the following link:
BE_FPGA_Command_List



Appendix D QDR Event Write Pointers

 SHAPE  \* MERGEFORMAT 



Appendix E FED Front Panel LEDs 
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	2
	3
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	VME Access
	Power Good

	B
	12V Good
	5V_SUP Good
	3V3 Good

	C
	-5V Good
	+5V Good
	+1V5 Good

	D
	FPGAs DONE
	Temp Warn
	Temp Shut Down

	E
	Off
	Off
	Off

	F
	TTS Ready
	Off
	Trigger

	G
	TTS Warn
	TTS Busy
	TTS OOS

	H
	BP clock
	TTC clock
	Xtal Clock
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