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1.0 Introduction

This note summaries the status of the ATLAS front-end I/O system Local Monitor Box (LMB). It concentrates on
the experience gained so far and on possible future developments.  The main emphasis is on hardware aspects. The
reader is expected to be familiar with the concept of the LMB1 and with the technical specifications. More than 40
CAN LMB nodes have been produced and have been used at beam tests and in several laboratories since February
1999. The present LMB consists of a CAN module and ADC and Pt100 modules. There are also adapter boxes for
other types of sensors and interfaces for measuring high voltages and currents. The LMB is assembled in an
industrial housing for mounting on a DIN rail. This is convenient especially at beam tests. But it is also foreseen to
use an embedded LMB in an existing system either as plug-in printed circuit boards (PCB) or as components on
existing PCBs using existing power supplies etc. which reduces the cost.

The LMB has been tested for radiation tolerance and fulfils the ATLAS requirements of radiation tolerance in the
ATLAS Cavern outside the calorimeter which is 1012 neutrons/cm2  equiv. 1MeV Si in 10 years of operation. It can
operate at a magnetic field of 1000 Gauss.  Single Event Upsets (SEU) have been observed in EEPROMs and
SRAMS and must be investigated further. The SEU effects are proportional to the area of the silicon chips and
therefore it is of advantage to limit the size of the program and hence the functions in the LMB. The LMB has been
operated over a CANbus of 180m length and remotely powered. The current consumption of a 64 channel ADC and
a CAN module is about 65 mA on the digital power line and 15 mA on the analogue power at 8 to 12 Volts. The
projected system cost is < $2 per differential ADC channel in quantities of 1000 modules or more. The readout
software of the LMB uses the high-level software protocol CANopen with the profile 404.

2.0 The present LMB System

2.1 The CAN module
The LMB CAN node consists of two processors; one CAN interface controller and a CAN bus receiver/driver.  In
addition there are 3 power supply regulators with filters, in-circuit programming socket and components for the
CAN identifier and baud rates. The reason for using a separate interface controller and two microcontrollers instead
of two microcontrollers with built in CAN interfaces is mainly that it gives the flexibility to chose the best suitable
components for a given application. Several CAN controllers are available2 and the SAE81C91 was chosen for the

                                                       
1 see http://atlasinfo.cern.ch/ATLAS/GROUPS/DAQTRIG/DCS/LMB/lmbpage.html
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Figure 1 Catalog prices of AVR processors versus flash memory size (for quantities ~20)
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LMB. There exist a very large choice of microcontrollers optimised for various purposes. The one3 chosen has
features such as 2k of flash memory and in-circuit programmability using 5V power supply.  The price for the AVR
processors versus size is shown in Fig.1. The price of production quantities is ~1/2 of the prices shown in Fig.1.

2.1.1 Software and experience
The software in the LMB is compatible with the CANopen minimal slave implementation. It consists of a state
machine with four states. The structure of the software is the same as for a Programmable Logic Controller (PLC)
with no interrupts. One instruction takes 200ns to perform. The driver routines for the CAN controller, the ADC
chip and the CANopen object dictionary are all in an address space of 1 kwords.  The LMB can be reprogrammed
when it is installed in the experiment via the CANbus using the CANopen SDO protocol.
It has proven to be efficient to program the CAN module using it's in circuit programmable socket together with a
CANbus analyser.  A starter kit and software available on the web from the manufacturer proved to be sufficient.
With these tools custom applications can easily be developed.

2.1.2 Future extensions of the CAN module
Choosing a processor with 4k or 8k memory would not only allow bigger programs but would also increase the
number of digital I/O lines from 7 to 16. In this way a number of components could be eliminated on the PCB. Up to
8 I/O modules of analog or digital type could be connected to a LMB. It is also possible to drive other serial busses
for short distances e.g. I2C, JTAG. The extended software should also include more error checking such as CRC
(Cyclic Redundancy Check) checking of program memory and CAN controller registers.  Also the handling of
CANbus errors by the LMB could be improved and the CANopen implementation could be extended. However it is
always preferable due to risk of SEU to keep the size of the code as small as possible.

2.2 The ADC module
The module is based on a delta-sigma ADC4 optimized for DC measurements below 100 mV. The ADC has a
differential input and contains digital filters. These features are very effective for elimination of noise as compared
to e.g. higher sampling rates or averaging. It is used with a fault-protected (-40V to +55V) analog multiplexer in
order to make a multi-channel system. Up to 64 channels are handled by one ADC. It can be programmed for a wide
range of input signals from 25 mV to 2.5Vand scanning rates from 4Hz to 200Hz. The resolution is dependent on
the speed as shown in Fig. 2. 16 effective bits are available at conversion rates below 60Hz.

                                                                                                                                                                                  
2 MPC2510, MSM9225, SAE81C90/91, SJA1000.
3 The ATMEL AVR family members AT90S1200, AT90S2313, see www.atmel.com.
4 CS5525 from Crystal Semiconductor, see www.crystal.com

Figure 2 The resolution as function of readout speed of the CS5525 ADC.
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2.2.1 Discussion of the ADC module

The absolute precision for each input range is only about ±20% and it is different for each gain setting. This is
presently calibrated by software but could be calibrated with an external reference voltage. Another limitation of the
ADC is that the input impedance is only about 1MΩ for the input ranges > 100mV as compared to 1000 MΩ for
smaller ranges . A change of the ADC chip5 would make it possible to increase the input impedance ~100 times.
The effective readout time for 64 channels varies between 4.9s to 22.5s when the ADC conversion rate is changed
from 200Hz to 4Hz. There is quite a large overhead in time spent on the multiplexer when changing channels
(~0.043s per channel) and for changing the readout card and the re-calibration in a 64 channel module (~0.58s per
card). The overhead time can be reduced by a factor 10 depending on the application, especially if the same ADC
settings are used in all 64 channels and calibration is done less often.
Only a small fraction of the bandwidth of the CANbus is used when reading out one single LMB. Thus even with
the ADC programmed to 200Hz it possible to put a large number (>32) of LMBs on the same bus with little increase
in the total readout time. If each CAN message is handling three channels instead of one as in the present LMB, a
factor three more channels could be put on the same bus without increasing the total readout time. It is also possible
to increase the speed of the readout by changing the baud rate of the CANbus, which is presently 125 kbits/s
allowing a  CANbus length of  up to 500m.

2.2.2 The PT100 module

The ADC PCB can be equipped with high precision resistors (cost ~$1) and bias resistors for applications requiring
4-wire PT100/PT1000 measurements. An absolute accuracy of ± 2.5mK has been achieved at LAr temperatures. For
less demanding applications standard 1% resistors with low temperature coefficient can be used to obtain an
accuracy of ± 50 mK. These applications use two channels of the ADC for each temperature sensor and are therefore
more costly  ($5/channel). Low cost solutions for temperature measurements are described in sections 2.4.

2.3 The Interlock Box - ILB

A universal interlock box (ILB) has been developed6. A typical application is the supervision of a detector cooling
system, as an over-temperature can cause irreparable damages to the detector. Therefore a hardwired signal with the
information of the temperature sensors, which are mounted on the detector itself, should be used to control the
power supplies. If a pre-defined threshold is exceeded a logical signal should be created to interlock the related
power supply channel (emergency stop). Two digital output bits per threshold give the four states: ok, too high, too
low and general error such as not powered.
The ILB can be operated either separately or with an LMB monitoring the same sensors. When using the ILB with
the LMB programmed for 1V or higher input voltages the input impedance of the LMB will effect the thresholds of
the ILB. As discussed in section 2.2.1 changing the ADC chip would solve this problem in the next generation of the
LMB. In the meantime an adapter box of the type as described in section 2.4 with constant input impedance of 10
MΩ will have to be used.

2.4 Adapter and interface boxes

In order to interface resistive sensors of different types to the LMB an adapter box is available7, which can also
provide the bias currents, e.g. for resistive temperature sensors. It can be powered either by the LMB’s reference
voltage 2.5V (<10mA) or by an external voltage. To measure higher voltages than 2.5V with the LMB, a resistive
divider is needed to adapt to the input range of the ADC.

In the next version of the LMB a more general method to provide adapters are foreseen. They will be put on 18 pin
DIP sockets on the ADC PCBs.  Each adapter will handle 4 differential inputs.

                                                       
5 CS5523 from Crystal Semiconductor
6 http://www.uni-wuppertal.de/FB8/groups/Drees/detlab/pdcs.html
7 from BNL takai@bnl.gov
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3.0 Possible Future developments of the LMB system

3.1 Digital I/O
Two types are possible as described below.

3.1.1 Basic low cost 24 channel digital I/O module
The most basic module consists of up to 24 digital inputs or outputs, which are TTL/CMOS compatible. Each I/O
could be programmed as input or output under software control. Each group of 24 channel is isolated with an
optocoupler. This module is compatible with the existing modules. Two modules (or 48 I/O) can be added to an
existing LMB CANnode. The price is about $1 per channel for a 24 channels module (in large quantities).

3.1.2 General digital I/O module
Each input can optionally be equipped with a resistive divider for higher voltages. Outputs could be equipped with
0.5A/50V low side (common ground) Darlington drivers or high side drivers (common voltage). Also each channel
could be optoisolated using a radiation tolerant optocoupler such as HCPL-0731. The power has to be externally
supplied to this module.  The number of channels is 8 per module and price is  $5-$10 channel.

3.2 Analog Output module
Either voltage or current output modules are under study.

3.2.1 Basic Analog Output module
16 channel in a 1U module with analog outputs 0-5V with 12 bits resolution could be developed. Each output is
buffered and can be ramped up or down under software control.  The cost is estimated to be $5-$10 per channel.

3.2.2 Analog Current Output module
Another possibility is a 1U module with 4 channel analog output with 16 bits resolution with an output range
programmed to 4mA-20mA, 0mA-20mA or voltage output 0V to ±10V with an buffer amplifier. The current
outputs can be distributed over large distances with negligible effect on the performance.  External power supplies
of 12V to 32V and eventually -12V would be needed.  Each output could be ramped up or down with software
control. The cost is about $30 per channel.

3.3 User specific programs in the CAN module.
It is possible to write user specific applications in the AVR processor in order to drive its output lines. In this way
protocols such as I2C and JTAG could be implemented.  Software libraries and some examples are available.


