BESIII Detector


10.4 Muon Counter Electronics

Muon counter (MC) is constructed with 9088 channels (4992 at the barrel and 4096 at the endcup) by Resistive Plate Chambers (RPCs). The tasks of the MC readout system are to transform the information from strips of the RPCs into digital data, handle the data of the event after trigger signal, store the data into the sub-event buffers with the relative header, and wait for calling by DAQ system. 
The readout system of the MC contains one VME crate and four power supply crates. In the VME crate there is a readout module containing 40 data chains,     each of which is composed of the 256-bit data from the strips of the RPC. The readout system is able to scan 10,240-bit data in parallel in order to satisfy the requirement of the MC.
In addition, the electronics system of the MC contains a test subsystem, which can test the whole readout system online.

10.4.1 Requirement of Electronics Design 

1. Output Signal of Detector

The position information of a particle hit is obtained from the strips of RPCs, whose waveform of the output signal is shown in Fig.10.4-1. 
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Fig.10.4-1 typical output signal of RPC

The features of the output signal of the RPC are listed is the following:

Typical amplitude(50Ω)



700 mV

Minimum signal amplitude(50Ω)

100mV

Maximum signal amplitude(50Ω)

800mV

Typical signal width




 50ns

2. Hit Rate 

The dark rate of the RPC is typically 0.10 Hz/cm2, hence the accidental hit is below 10 per event. A typical physics event generates at most a few tens of hits.  

3. Deadtime 

The readout system of the MC is no deadtime because of the usage of the pipeline in the Front-End Card (FEC). 

4. Threshold

The threshold, which can be adjusted by the software, is the same for all of the discriminators in the FECs. The accuracy of the threshold level is 1%.

5. Trigger

Trigger latency


  6.4μs

Trigger latency jitter
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200ns

Average trigger rate

  4 kHz
6. Test System

All the test signals of the channels have the same amplitude, with an accuracy of 1%.

The optimization for the performance versus the design of the MC readout system must be considered carefully considering the cost for 9,088 channels.

10.4.2 Configuration of Readout System

The readout system of the MC consists of a readout subsystem, a threshold control subsystem, and a test subsystem. The muon readout system, shown in Fig. 10.4-2, constructed by a 9U VME crate located above the detector, which contains a system control module, a readout module, 4 I/O modules, and 14 JTAG control modules. 

1. Control Module
The control module receives the trigger signals (L1, Clock, Check, and Reset) from the trigger system and transmits them to the FECs through the I/O modules. It also receives commands such as setting thresholds testing, etc., and transmits them to the FECs. The control module is also a transceiver which transfers the FULL signal between the readout module and FECs. 

2. I/O Module

The VME crate contains four I/O modules, each of which consists of 12 I/O sockets connected by a data chain, to satisfy 36-40 data chains of the design requirements. The I/O module drives and transmits the signals of the clock and trigger to all the FEC’s, the signal ReadoutBufferFull signal from the readout module to the FEC’s, and the signal FECBufferFull signal from the FEC’s to readout module.  

3. Readout Module

The readout module is responsible for all the operation relative to data readout. It not only reads and suppresses the data from all the data chains, constructs the sub-event data to save into the buffer, and requests the interrupt to the DAQ system to processing the sub-event data, but also communicates the Full signals to the FEC’s to control the data transmission. The readout module checks and resets L1 signal and sends the Buffer FULL and RERR signal to the trigger system. It controls the reading and suppressing of the FEC data, requesting interrupt to DAQ, counting and resetting the trigger number. One readout module can in principle read all the data of the muon event since the event sign is only 600-byte and the total data rate is only 2.4Mbyte/s (refer to paragraph 10.4.3). However, due to the limited area of one VME module, it is possible that multiple reading module are necessary and data have to be transferred to DAQ by the mode of Chained Block Transfer(CBLT). 


[image: image3]Fig.10.4-2 Configure ratios of electronics system of MC

4. Frond-End Card

The 16-bit data from the strips are read and stored in parallel into a 16 bits shift registers, which are connected to a 16-shift daisy chain. A total of 16 FECs compose one FECs Daisy-Chain, which covers 256 strips. The data of each chain as position information, are transferred bit by bit to the readout module in VME crate through the I/O modules using differential LVDS signals. Each data of the chain will be stored temporarily in the relative data chain buffer of the readout module after the data suppression, then all the chain data will be stored into the sub-event data buffer to waiting for the DAQ processing.  

The whole system consists of 36-40 chains, each contains 256-bit. Therefore it can represent position information of 10,240 channels and satisfy the requirement of the muon readout system.
In each FEC there is a DAC chip, which is used to generate the test signal. When a test command goes to the test signal generator located in the system control module in the VME crate, the generator transforms the command into series timing pulses for controlling the DAC, and then sends the timing pulses to FEC through the I/O module. The timing pulses set the DAC chip which deliver a test signal to each input port of the channels’ comparators to test the FEC operation.  

The principle of the threshold setting circuit is the same as the test circuit. The timing pulses are generated by the threshold controller in the system control module, sent to the DAC to generate the threshold level at each of the input ports of the discriminators in the FEC.

5. JTAG Module

The JTAG module gets the FPGA setting command from the VME BUS, transforms the command into the JTAG control timing, and sends to the FECs. The muon readout system contains 14 JTAG modules, each of which has 12 slots on the panel of the module (1 slot for 4 FEC’s JTAG setting). Therefore, the JTAG modules satisfy the requirement of the whole readout system.

10.4.3 Readout System

1. Front-End Card (FEC)
The FECs are located in the RPC detector, whose block diagram is shown in Fig. 10.4-3.

The task of the FEC is to transform signals form the strips into bit map through the discriminator, store the data into the buffer on the FEC for 6.4μs, waiting for a trigger signal. Events with a trigger will be transmitted into the chain event buffer in the VME readout module others will be cleared, the buffer will be filled by the next event input signals.

The analog signal from the strip of the RPC is transformed into digital signal via the discriminator on the FEC through twisted flat cable. The data of 16 channels are stored in the FIFOs of the FPGA waiting for the trigger signal. The output of the shift registers of the FPGA becomes 16-bit serial stream to be connected to the next FEC in the daisy chain mode when the trigger signal occurs. There is also an “OR” gate of 16 inputs to generate a FAST-OR signal for the trigger system (not shown in the Fig.10.4-3).
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Fig.10.4-3 Block diagram of FEC

The block diagram of the FPGA is shown in the Fig.10.4-4, also in this figure it shows that the pipeline technique is used in the FPGA to avoid the deadtime of the readout system.      


Fig.10.4-4 Block diagram of FPGA

There are two buffers in each FPGA. The first buffer is FIFO used as the pipeline buffer, whose depth is equal to the total among of data during the trigger latency including possible jitter. The second buffer is for storing the data and avoiding data loss when the trigger signal occurs again during the time when good event are being transmitted into the VME readout module through the 18 m twisted flat cable using LVDS logic. Please refer to the Appendix A for the estimation of the depth of the second buffer in the FEC. 

The upset of the FPGA may appear due to the huge discharge during the time of the beam loss, sometimes even leads to the physical damage of the FPGA. Meanwhile, the Single Event Upset (SEU) and Single Event Latch-Up (SELU) could appear due to radiation damage. To prevent the FPGA chips in the FECs from the above problem, a reload cable of the FPGA, a monitoring circuit for checking SEU, SELU and operating current of the FPGA are incorporated in the FEC design. The monitoring circuit will have a warning-message in order to reloads the FPGA code or cuts the current of the power supply of the FPGA if the FPGA chips have problems. The current limit for avoiding the FPGA SELU must be studied under the irradiation test of the FPGA chip in order to ensure the reliability of FEC.       

2. VME Readout Module 

Data coming from FECs will be suppressed at first, and then stored into the chain event buffers. One VME readout module, which contains 40 data chains, is able to receive the data from all the channels of the system in parallel. Data in chain event buffers will be stored into a sub-event buffer with a data header, such as the trigger number and the operation number, waiting for the DAQ processing. 


Fig.10.4-5 Block diagram of VME readout module

The block diagram of the VME readout module is shown in Fig.10.4-5. The module works in the test mode when the switch is at the position of test.

(1) Data suppression

The RPC of the MC is a low occupancy detector. A physic event can generate at most a few tens of hits.

There are two methods of data suppression we can think of zero suppression and format, suppression by the FEC. 

As shown in Fig10.4-6, the data suppression by the FEC is to store all the data of 16 channels of a FEC if any of the 16-channel is non-zero. The 10-bit code expresses the address of the FEC; and the 16-bit code expresses the data of 16 channels, one for each channel.


Fig.10.4-6 Two methods data suppression

The method of the zero suppression is to remove all zeros and only the datum 1 is stored. The 10-bit code expresses the address of the FEC and the 4-bit code expresses the channel address in a FEC. 

Let’s now compare data rate for these two suppression schemes. For each physics event, the total number of hits is assumed to be 100 and each hit has 5 channel (strip) signals. In the scheme of data suppression by the FEC the 100 hits of the RPC are divided into two parts: the first part (50 hits) has all the 5 channels for each hit distributed in one FEC, then its compressed data are




4 bytes/FEC x 50 FEC = 200 bytes    

The second part (another 50 hits) has the 5 channels for each hit distributed in two FEC, the compressed data are




4 bytes/FEC x 50 FEC x 2 = 400 bytes

The compressed data for an event is 600 bytes; and the data rate after compressing with a trigger rate of 4 kHz is 2.4 Mbytes/sec.

In the scheme of zero suppression, the data are encoded for individual channels, so the total number of channels for 100 hits is 




100 channels x 5 = 500 channels

The total amount of data is 




2 bytes x 500 = 1 Kbytes
Hence the data rate after compressing with a trigger rate of 4 kHz is 4 Mbytes/sec.

The data rate of the zero suppression is more than that of the suppression by the FEC. We choose the suppression by the FEC in our readout system of the MC.

(2) Depth of the chain event buffer 

The size of the chain event buffer can be a 2 x 4-byte matrix for one bank of event, but more banks are necessary in order to avoid the loss of good data if the trigger signal occurs during the data transmission from the chain event buffer to the subevent buffer. 

The readout system may lose 1.97 event data at a trigger rate of 4 kHz for 8 hours if 6 banks of the chain event buffer are used. This data loss is negligible, and the chain event buffer does not contribute to the deadtime of readout system.

The estimation of the depth for chain event buffer is described in detail in appendix A.

(3) Depth of the subevent buffer

The size of the subevent buffer is a 64 x 4-byte matrix for 16 chains of data, as a bank of the subevent buffer. However, we need more banks in the subevent buffer in order to avoid the data loss if the trigger signal occurs during the DAQ processing.

The readout system will lose 1.13 event data in 4 kHz trigger rate for 8 hours if 12 banks of the chain event buffer are used. This event data loss is negligible.

The estimation of the depth for subevent buffer can be seen in the appendix A.

10.4.4 Test System 

The test system for the readout system consists of a test control module in the VME crate, and a test function generator in the FEC. 


Fig.10.4-7 Block diagram of the test system 

The test control module sends commands to the FEC after receiving them from the VME bus. The test command is transformed into serial control timing pulses by the input timing generator in the test control module through the command decoder and the control register. The timing pulses are sent to the test function generators on the FECs through the I/O module in the VME crate to set the DAC chip, which generates analog signals according to the timing to feed comparators on the FEC. 

The test system has the following commands:

TWE – write the control register to control the output signal (yes/no)； 

TWC– write the control register to adjust the width, the amplitude, and the polarity of the signal.

The block diagram of the test system is shown in Fig.10.4-7.         

In the Fig.10.4-7 the data of the command in the control register generated by the command decoder, are 7-bit width code, 1-bit yes/no code, 7-bit amplitude code, and 1-bit polarity code. These DAC setting cod are sent to DACs on the FEC to generate analog signals.

10.4.5 Threshold-Setting System 

The principle of the test system and the threshold-setting system is almost same. The difference is just that the threshold-setting system offers a level, which is not an analog signal as that of the test system.

The threshold-setting system for the readout system consists of a threshold-setting control module in the VME crate, and a threshold-setting generator in the FEC. 


Fig.10.4-8 Block diagram of threshold-setting system 

The threshold-setting control module transforms the command into the control data and sends them to the FEC after receiving the command from the VME bus. The threshold-setting command is transformed into serial control timing pulses by the input timing generator in the threshold-setting control module through the command decoder and the control register. The timing pulses are sent to the threshold-setting generators on the FECs through the I/O module in the VME crate to set the DAC chip, which generates a level according to the timing for comparators on the FEC. 

The threshold setting system has the following commands:

DWN – write the control register to have the usual threshold level； 

DWC – write the control register to adjust the level of the threshold. 

The block diagram of the threshold setting system is shown in Fig.10.4-8.         

In the Fig.10.4-8 the data of the command in the control register generated by the command decoder, are 1-bit code for usual threshold and 7-bit amplitude code. These DAC setting code are sent to the DACs on the FEC to generate the threshold level.




Appendix A

Estimate of the Buffer Depth

(A) Formula of buffer depth 

For a buffer with 0-k cells, the input data rate to the buffer complies with the Poisson distribution, i.e. 
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where λ is the average input data rate. The data service rate out of the buffer complies with the Poisson distribution too, i.e.
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whereμis the average service rate out of the buffer. A state map of the buffer is shown in Fig.10.4-9.
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Fig.10.4-9 State map of buffer

The probability of cell i at the dynamic balance follows
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then the probability for the appearance of the k state is
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where 
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 is the transferring ratio.

According to the completeness of the probability we have


[image: image16.wmf]1

0

1

1

=

+

+

+

+

-

P

P

P

P

k

k

L


i.e.                   
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We then obtain
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since 
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, the above equation can be expressed as
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that means, if all the cells of the buffer have data and the data arrive to the cell k under input rate
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again, the data loss is 
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The relative data loss in a buffer is
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Using above formula, we can estimate the relative data loss or absolute data loss of a buffer with a depth of k cell. 

If a large buffer consists of several banks with the same number of cells, the above formula is valid because the property of a bank is the same for a cell, whose data input rate and data service rate both comply with the Poisson distribution.  

(B) Estimation of depth for of buffer in FEC

The data flow is shown in Fig.10.4-10. It is from the FIFO on FECs to the chain event buffer after suppression part in the VME readout module through the LVDS transceiver. 

The delay time of the operation, which is the transmitting time for the data from FIFO on the FEC to the buffer of the data chain, is  

25 ns＋LVDS delay＋25 ns＋150 ns＋T01 ＝ 350 ns

where the LVDS delay is the time from TTL to LVDS level, which is negligible; T01 includes delay time of the data compression and data storage into chain event buffer, which is about 150ns.


Fig.10.4-10 Data flow of a readout chain

The delay time of all of the data, moving from a 256-shift daisy chain to a chain event buffer, is

256×25 ns＋350 ns＝6400＋350＝6.75 µs

Using the above formula, the relative data loss of the FIFO on the FEC is estimated to be 1.40 x 10-8 under the condition of 4 kHz trigger rate, 75.76 kHz (1/6.75µs) service rate and 5 banks. This corresponds to a loss of 1.61 event in 8 hours.

(C) Estimation of the depth for chain event buffer

Using the above formula, the relative data loss of a chain event buffer during the transmission from the chain data buffer into the subevent buffer in the VME readout module is estimated to be 1.71(10-8, under the condition of 4kHz trigger rate, 78.1 kHz (1/12.8µs) service rate and 6 banks. This corresponds to a loss of 1.97 event in 8 hours. 

(D) Estimation of the depth for subevnet buffer


If the DAQ data readout rate is 18Mbytes/sec, the event sign is 600 bytes/event, the readout time by DAQ is then about 30μs; the time for sub-event build in the PowerPC is about 20μs; hence the total time for event readout is 50μs.

   Using the above formula, the relative data loss from a subevent buffer to the VME readout module is estimated to be 3.28 x 10-9 under the condition of 4kHz trigger rate, 20 kHz (1/50µs) service rate and 12 banks. This corresponds to a loss of 1.13 event in 8 hours.
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