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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.

The Delay FPGA sits between the ADCs and Front-End FPGA on the CMS FED cards. The Delay FPGA is made up of four identical data channels that take asynchronous data from two dual ADCs connected to four fibres and brings all four channels into synchronisation. This data is then passed onto the Front-End FPGA (FE FPGA).
Inside the Front-End 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 Delay FPGA firmware. 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 FPGA.

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 XC2V40-4fg144. 

Xilinx System ACE Compact Flash system has been used to program all the FPGAs except the 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 Delay FPGA firmware.

The main design blocks are Clock Distribution, Fine Skew Adjustment, Coarse Phase Adjustment, VME Interface and Control, Data Synchronisation, Spy Data Capture and Readout.
There are a number of other major design blocks at a lower level of hierarchy within the Spy Data Interface design block. These design blocks deal with data handling and address calculation for the Spy Data Memory, Spy Data Memory Interface block, and Data Capture.
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Figure 1: Overview of the Delay FPGA firmware
1.2
Operation

The Delay FPGA sits between the ADCs and Front-End FPGA on the CMS FED cards. The Delay FPGA is made up of four identical data channels that take asynchronous data from two dual ADCs connected to four fibres and brings all four channels into synchronisation. This data is then passed onto the Front-End FPGA.
The synchronisation is achieved by adjusting the phase (relative to the system clock) of the clock fed to the ADCs. The clock phase control, for clocking in the incoming data, is achieved within the Delay FPGA. A variable length shift register is used to delay the incoming data by whole clock cycles. The variable length shift registers in the Virtex II are small and easy to use.
The Xilinx Virtex II was chosen as the target device mainly because of its Digital Clock Managers (DCM) that can manipulate clocks and provide the fine phase control needed. 

In addition to the normal data path there is the ability to capture data into a Spy RAM and then output it serially. This is not a real time operation as the serial link is very slow. This system is called the Spy Data System.
All of the functions mentioned above are configured and controlled by a serial link from the Front-End FPGA. Each Delay FPGA chip has a dedicated serial link to and from the Front-End FPGA so no direct addressing is required for the Delay FPGA chip.
All 24 Delay FPGA chips are identical and each group of three Delay FPGA chips are controlled by one Front-End FPGA. The commands can be sent to each Delay FPGA individually or they can be broadcast either to all 24 or just the three connected to one FE FPGA.
The Delay FPGA has three main functions called fine skew, coarse delay and spy data.

2.
Clock Distribution and Phase Control
The Digital Clock Managers (DCMs) on the Virtex-II devices are used to generate the required clock frequencies within the Delay FPGA, see figure 2.
There are four DCMs which provide four independent clocks to the dual ADCs. The clock skewer control circuit has an input clock, an output clock and a 6-bit control bus. This is used for fine phase shift control. There are four identical clock skew blocks, but Figure 2 shows only one.

Depending on the data put on the control bus, the output clock can be delayed from zero to 360 degrees with respect to the input clock.
The 40.08MHz input clock to the DLY FPGA is provided by the FE FPGA.  There are only 4 DCMs within the Delay FPGA which are used for controlling the clocks to the ADCs. Therefore the internal clock for firmware operation does not go through a DCM.

The clocks to the ADCs have fine skew adjustments, and the data clock has a coarse phase control. The ten fine skew and coarse values are set with one command. If one value needs changing, then all ten values must be updated.

Once the skew and coarse values are set correctly by calibrating the FED card, then the out of sync data from the fibres are synchronised within the Delay FPGA.
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Figure 2: Clock Distribution Outline

2.1
Fine Skew Control
The skew control is a 6-bit bus. This bus is used to skew the clock through 64 software steps. 

The two most significant bits are used to select between the four quadrants i.e. 0, 90, 180 and 270 degrees phase shift which represent 0%, 25%, 50% & 75% period shift. The four least significant bits are used to fine phase shift the clock. 

The DCMs are capable of variable phase shift of +/-128 steps of 97.7ps (i.e. 25ns/256 = 97.7ps). Because these steps are much smaller than the FED requires, they are grouped together in sets of 5 which is 488.3ps. 

Therefore the 6-bit skew control bus is capable of selecting 64 steps, each of which is 488.3ps. A quadrant has 16 software steps, each consisting of 5 DCM steps.

On power up the DCM clock starts up in the middle of the first quadrant.

When the FED is calibrated, the clock to the ADCs is skewed across the 25ns period in steps of approximately 1ns. In order to find the best 25 points within one clock period, the clock was manually skewed from 0 to 360 degrees. The results were recoded and the best 25 points selected for the software calibration. Appendix B contains the result of the tests.

It is important to note that the steps are software selectable, and are not exactly 1ns.
2.2
Coarse Phase Control

The Coarse phase control is a 4-bit bus. This control block consists of a variable shift register, and delays the input signal by a number of whole clock cycles depending on the value placed on the bus.

For example a data signal with coarse value of five will arrive two clock cycles later than a signal with a delay of three.

The Coarse Phase Control and Fine Skew Control are used to synchronise the data across the 96 channels connected to one FED. When the FED card is calibrated these values are set for each fibre such that every data word across 96 channels of the same event is clocked in at the same time.


[image: image3.emf]Fibre Data in (5 bits)

DDR

Register

Channel data

(10 bits)

Coarse 

Delay

Delayed data

(10 bits)

C

l

k

_

i

n

C

o

a

r

s

e

 

c

o

n

t

r

o

l

 

b

u

s

(

4

 

b

i

t

s

)

C

l

k

_

i

n


Figure 3: Coarse Phase Control Outline

3.
Serial Command Interface and Control

This design block implements interfacing to the Delay FPGA by using a serial command router and a command decoder block. It also implements the control registers, including the firmware ID register.
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 the BE FPGA, a FE FPGA, or a Delay FPGA. There are equivalent serial routers within the BE FPGA and FE FPGAs for directing the command to its destination.
The command decoder receives the commands serially and decodes them for the rest of the system. This interface does not have any error detection or correction, and can handle variable length packets. 
A Delay FPGA packet is made up of a header containing two bits (“10” = write, “11” = read). Then a 5-bit designator that defines the operation the data relates to. After the designator there is a single high bit to mark the start of a 16-bit length field, which indicates the number of data fields that follows. The rest of the packet, as defined by the length, is data.






3.1
Control and Status Registers

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

For a detailed description of the commands refer to the Delay 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. 

Load Skew: 

This is a 40-bit register, with designator value “1”. This is a write only register and represents 4 pairs of Coarse Phase and Fine Skew values for the 4 fibres connected to each Delay FPGA. All eight values must be updated if one is to be changed.
Write = <1><0><00001><00000000000101000><argument[39:0]>

The skew and coarse values for each channel are loaded by the load skew/coarse command with a data packet made up of 4 * (4-bit coarse + 6-bit skew) = 40 bits arranged as shown: -

<coarse1><skew1><coarse2><skew2><coarse3><skew3><coarse4><skew4>

	Argument
	Description
	Reset Value

	Bits 39 : 36
	Coarse 1
	0

	Bits 35 : 30
	Skew 1
	4

	Bits 29 : 26
	Coarse 2
	0

	Bits 25 : 20
	Skew 2
	4

	Bits 19 : 16
	Coarse 3
	0

	Bits 15 : 10
	Skew 3
	4

	Bits 9 : 6
	Coarse 4
	0

	Bits 5 : 0
	Skew 4
	4


Phase Shift Done Signal:

This is a 1-bit read only register. This signal is the logical AND of the PSDONE signals from the four DCMs. When the phase change of a clock is complete following a command, the PSDONE signal is asserted. Therefore this indicates the requested clock phase change is complete. 
Read = <1><1><00010><00000000000000001><anything>

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 firmware synthesis.

Read = <1><1><00110><00000000000100000><anything[31:0]>
Spy Arm:

A 1-bit write only command. The ARM command starts the capture of data into 1K block-RAM. The ARM command captures data from all four channels at the same time. The data is continually stored in the memory until a trigger signal is received from the FE FPGA. At this point a further 285 values are stored. 
Write = <1><0><00111><00000000000000001><argument>

Spy Read:

This is a 12000-bit read only register. Spy_Read command starts the readout of the captured data words by the serial link. The data is sent in 10-bit words, MSB first, starting with channel one’s first word then channel two’s first word. After the first word is sent for all four channels the second set of words is sent and so on.



<channelA,word1><channelB,word1><channelC,word1><channelD,word1><channelA,word2><channelB,word2>…Ect.

The data read out takes 12000 (300 words * 10-bits * 4 fibres) clock cycles and starts 43 clock cycles after Spy_Read is received so there needs to be at lest 12043 clock cycles clear on the serial line after Spy_Read is sent or data will get corrupted.

Read = <1><1><01000><00010111011100000><anything[11999:0]>

It is important to note that the captured data can only readout once. 

4.
Busy Signal

This is an output from the Delay FPGA to the FE FPGA. It is asserted high when the Delay FPGA is busy. It is set high by the serial decoder when detecting the header of an incoming serial command, or while the DCMs are moving to a new phase position. It will remain high until all four DCMs have settled to their new values.

5.
Spy Data Capture and Readout
The spy data facility is designed for reading out an image of the tracker event data that passes through the Delay FPGAs.  For complete details of synchronous operation and readout of all spy data please refer to Back End FPGA Technical Description Document.
The Spy channel is designed to capture a copy of the full raw data stream before ZS processing. The Spy data can then be used either to monitor raw data features e.g. link baseline and pedestal variations. In addition, the Spy data can be passed to offline simulation models of the ZS algorithms and by comparison with real event data verify the correct operation of the firmware ZS logic on an event by event basis or averaging over many events.

Before any spy data is captured, an SPY ARM command must be sent. At this stage, the raw data passing through the Delay FPGA is also stored in the memory for all four channels. This continues until a trigger signal is received from the FE FPGA. The trigger signal from the FE FPGA is synchronised to the arrival of the APV frame header. After receiving this trigger, a further 285 data words are captured. In total 300 data words are stored. This ensures that a whole frame plus a few data words before and after it, is captured in the memory.
If another SPY ARM command is issued after data capture is completed but before the data is read out, the first captured frame is lost as new data will be stored in the memory.

The frame is read out serially over the VME by issuing a SPY READ command. This is a slow read out and takes around 12043 clock cycles to complete. The data is sent in 10-bit words, MSB first, starting with channel one’s first word then channel two’s first word. After the first word is sent for all four channels the second set of words is sent and so on.



<channelA,word1><channelB,word1><channelC,word1><channelD,word1><channelA,word2><channelB,word2>…Ect.

The serial line needs to be clear for at least 12043 clock cycles after the SPR READ command is issued otherwise the data would get corrupted. 

It is important to note that the captured data can be read out only once.

After the data has been read out, another SPY ARM command must be sent to enable capturing the raw data. This is done so that all Delay FPGAs will start the capture at the same time.
It is not possible to read just one channel from the Delay FPGA; all four channels must be read out. 
Any SPR ARM command issued during data capture or data read out is ignored.

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. Fine Skew Selection Table
The skew control is a 6-bit bus. This bus is used to skew the clock through 64 software steps. 

The DCMs are capable of variable phase shift of +/-128 steps of 97.7ps each (i.e. 25ns/256 = 97.7ps). Because these steps are much smaller than the FED requires, they are grouped together in sets of 5 which is 488.3ps. 

Therefore the 6-bit skew control bus is capable of selecting 64 steps, each of which 488.3ps. Each quadrant has 16 software steps, each of which consists of 5 DCM steps.

On power up the DCM clock starts up in the middle of the first quadrant, which is the same as the reset position at 0ns, i.e. step 8.

When the FED is calibrated, the clock to the ADCs is skewed across the 25ns period in steps of approximately 1ns. In order to find the best 25 points within one clock period, the clock was manually skewed from 0 to 360 degrees. The results are recoded and the best 25 points selected for the software are shown in BOLD.

	Step
	Delay
	Step
	Delay
	Step
	Delay
	Step
	Delay

	0
	-3.87
	16
	1.43
	32
	8.61
	48
	14.13

	1
	-3.31
	17
	2.05
	33
	9.09
	49
	14.7

	2
	-2.83
	18
	2.61
	34
	9.51
	50
	15.17

	3
	-2.35
	19
	3.11
	35
	10.13
	51
	15.57

	4
	-1.95
	20
	3.57
	36
	10.66
	52
	16.05

	5
	-1.39
	21
	4.05
	37
	11.12
	53
	16.53

	6
	-0.91
	22
	4.53
	38
	11.57
	54
	17.09

	7
	-0.45
	23
	5.09
	39
	12.05
	55
	17.65

	8
	0
	24
	5.49
	40
	12.46
	56
	18.13

	9
	0.51
	25
	5.97
	41
	13.01
	57
	18.53

	10
	0.93
	26
	6.58
	42
	13.57
	58
	19.09

	11
	1.43
	27
	7.09
	43
	14.11
	59
	19.57

	12
	1.89
	28
	7.57
	44
	14.59
	60
	20.05

	13
	2.45
	29
	8.13
	45
	15.17
	61
	20.61

	14
	2.93
	30
	8.61
	46
	15.57
	62
	21.09

	15
	3.42
	31
	9.17
	47
	16.05
	63
	21.57


It is clear from the above table that some values are repeated. This is because the 5 DCM steps are not exactly 500ps. Also the second Multiplexer in Figure 2 makes use to an inverter in order to generate the required quadrant; the delay through the inverter also affects the results.
The figure in bold are selected for automatic software calibration of the FED card.

The measured clock skews obtained with the programmed values based on this selection are shown graphically in the Figure below.
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Appendix C. Master Command Register List

The to view the Delay FPGA command list, please click on the following link:
Delay_FPGA_Command_List



Appendix D. Overview

Overview of the Delay FPGA Firmware

[image: image8.png]



1) The clock skew block. This block takes the requested skew and makes the output clock match it.     
2) Input DDR registers. Used to halve the input latency and avoid set-up and hold problems when clocks are skewed.

3) Variable shift-register. This provides the coarse delay in the data path.

4) DDR output block. Takes the 10-bit wide de-skewed data and DDR’s it onto a 5-bit wide bus for transmission to the FE FPGA.

5) Serial command decoder. A small VHDL version of the serial command decoder used in the FE and BE FPGAs.

6) Busy line generator. Combines all the internal busy lines into one signal for transmission to the FE FPGA.

7) Register selector. Selects witch register in the input DDR block contains valid data.

8) Spy data. This block captures and stores the “spy data”. It also serialises it for transmission. 

The four boxes highlight the four data channels and are exact copies of each other.

Overview of the Delay FPGA Phase Shift Block
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1) Skew pulse generator. Takes the requested skew and monitors the real skew. It then decides how many steps need to be taken and in which direction.

2) DCM controller. For each pulse received from the Skew pulse generator it issues five pulses to the DCM. After each pulse, it waits for the PSDONE signal to come back from the DCM before issuing the next pulse. 

3) The DCM. This is the Digital Clock Manager.

4) Clock Buffer. Buffers the clock so it can be used by the feedback path on the DCM.

5) BUFGMUX. A clock buffer that can select between two clocks. This block and block 6) form the quadrant switching.

6) Clock Inverter. Will selectively invert a clock.  

The DCM is only capable of skewing over about a third of a 40Mhz clock wave. To work round this, the DCM is only made to skew over a quarter of the clock cycle. A combination of using clk0, clk90, a bufgmux and the inverter means all four quadrants can be reached. 
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