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This report compares data acquisition modules for the CAMAC replacement in the LLR. Three I/O module bus standards are presented and compared in a decision matrix. They are PCI, VME and Ethernet. Important aspects like bus speed, determinism, prices and availability are also examined and differences between serial and parallel busses are presented. Lists of vendors and examples of I/O modules are included in the appendices.
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1. Introduction
HartRAO is in the process of developing a Lunar Laser Ranger (LLR) and will be using the MOBLAS Satellite Laser Ranging (SLR) system as a starting point for the design . As part of this work, the outdated CAMAC crate SLR subsystem needs a suitable replacement standard.
CAMAC, Computer Automated Measurement and Control, is a 1969 IEEE-standard for data acquisition and control systems. It is modular and real-time and was a high-performance system for its time [2]. The SLR uses a CAMAC crate as the major, real time interface between a control computer and the rest of the system. Its modules include; digital I/O’s, ADC’s, DAC’s and a high-speed A/D input multiplexer [3].
Various I/O standards followed, after CAMACs introduction, and many have subsequently disappeared [4]. However, bus standards that have been successful include; VME, PCI, USB, ISA, GPIB and SCSI. All of these support centralized system designs whereas Ethernet is becoming increasingly popular for distributed systems [5].
The most important considerations, for choosing a CAMAC replacement, are bus speed, availability, price and software support. For LLR it is also important that the bus supports a deterministic or “real-time” system. Based on these criteria, three bus standards were selected for comparison. They are; PCI, VME and Ethernet. 
This document presents a comparison between these three bus standards. The importance of the bus feature of; speed, availability, determinism, and software support as well the difference between serial and parallel architectures, are first discussed. Some general system designs are then put forward before the three busses are presented in tern. A decision matrix is included, for ease of comparison, thereafter the results are discussed and finally the report is concluded.
2. Important Bus Features
2.1 Bus Speeds; Latency and Bandwidth 
The speed and capacity of a bus or network are defined by latency and bandwidth respectively. Latency is the amount of time it takes information to travel from its source to its destination and is often quoted in milliseconds. Bandwidth on the other hand is a measure of the capacity of the network and is quoted in bits per second.
Bandwidth can always be increased by increasing the number of data lines whereas latency is more difficult to improve.

For the LLR bus, both latency and bandwidth are important. Inputs and outputs from the control computer need to be as fast as possible, thus high latency is needed, but high data throughput is also important, for example from optical sensors. It is also important to note that a system can only react as fast as its slowest component. Because of this, there is little point in using supper fast I/O components, in the LLR, unless the motherboard can also operate at those speeds. 

Below is a graph comparing latency and bandwidth in different busses. Some of the data points are out of date or quoting only specific subtypes of the busses. For example 10 Gigabit Ethernet can have much improved latency if time triggered switching is used. Keeping that in mind, the graph can be a useful tool for comparison.
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Fig 1: Bus Bandwidth versus Latency [6]
PXI and VXI are form factors of PCI and VME respectively and GPBI stands for General Purpose Interface Bus. For a description of the Ethernet, VME and PCI busses see Section 4. 

2.2 Availability
A feature of any good design is maintainability. For the bus standard, maintainability is dependent on the availability of replacements modules. One way to gauge how easily components will be sourced in future is through the number of current vendors/manufactures offering those components. Care must also be taken that products are inter-vendor compatible.
The range of modules available is another important aspect for the bus selection. Analog and digital I/O boards as well as ADCs, DACs, multiplexers and instrumentation all need to be available. In addition, a range of speeds, prices and software support, is also important. All of these choices facilitate a cheaper, more customized system design.
2.3 “Real-Time” or Deterministic Systems
Loosely speaking, a deterministic system is a system whose state can be predicted. This includes the predictability of the time delays between an input to the system and its output. A real-time system, on the other hand, is a system in which the time delay is specified within limits. Hard real-time systems guarantee that a response will happen before a deadline whereas soft real-time systems tolerate a degree of lateness. For the purpose of this bus comparison, real-time will refer to hard real-time.
The LLR system has both; a controlling subsystem, including for safety equipment, and a precision timing subsystem, to picosecond accuracy. Both these subsystems are time-critical and thus need to be deterministic. As an interface between the controlling computer and the rest of the system, the CAMAC crate replacement must also therefore have a level of determinism in its data transfer capabilities. 

Note: Programmable Logic Controllers, PLCs, are rugged, real-time system controllers used in Industrial Measurement and Control. They have almost all the input/output functionality and software support necessary for the CAMAC replacement. However, traditionally, they have very limited data logging capabilities. That being said, these two fields (Industrial Measurement & Control and Data Acquisition) are steadily converging. 
2.4 Software Compatibility 
For easier implementation, a range of standard software support is necessary for the I/O bus modules. This range often has more to do with the specific manufacturers rather than the bus standard itself. All three bus standards, compared in section 4&5, are sufficiently universal to have a range of manufacturers offering standardised software support. This support includes; Matlab, C, C++, LabView, Visual Studio, etc. 
The I/O module’s software support also needs to be compatible with the chosen operating system, OS. This OS could be a standard type like Microsoft Windows, open source like Linux or even a real-time OS. 
2.6 Serial versus Parallel Busses
Serial communication is the process of sending packets of data down channels, one bit at a time. In contrast, parallel communications send several bits at once, down parallel channels. In addition to this, parallel and serial bus module designs are different in that the parallel bus modules share lines whereas the serial ones have dedicated lines. This point-to-point serial architecture can however cause complexities unless switching is used [7, 8, 9]
Crosstalk and clock skew have limited parallel signalling to 1 GHz. Thus, in order to go faster, manufacturers have migrated to serial busses. These busses also have added advantages arising from the reduced number of signal lines. These advantages include higher system density and lower costs because of the reduced pin count. 
Latency calculations for serial and parallel busses are different. The calculations are more complex for serial busses. The following formula can be applied:
Serial latency = # of clocks to deserialize + deskew + memory latency + # of clocks on the first bit out [10].
3. LLR System Design

The LLR system design could incorporate subsystems with varying degrees of determinism. A selection of different bus standards suited to the specific application could thus also be used. Such a hybrid system design could have cost and flexibility benefits. To find out if this type of system design is viable, the cost of bus to bus interface cards and using more expensive, hard real-time boards for non-critical systems, would have to compared. 
Another design choice is between a distributed system or a centralized one. A distributed system has measurement and control subsystems as close to their sensors and actuators as possible. A centralised system on the other hand has one central control hub. This design choice affects the bus choice in that a distributed system needs a bus that can transport signals over longer distances. Additionally, if the design allows it, a distributed system could handle all time-critical operations at the sensors or actuators allowing a soft real-time bus standard.
4. Three Bus Standards
4.1 VME

Versa Module Europa, VME, was introduced in 1981 [11]. It is an asynchronous, parallel bus, available in 16 to 64 bits and there are more than 300 manufacturers of VMEbus products worldwide [12]. 

VME is a backplane interface bus with three main types of cards; the Controller, which supervises bus activity, a Master which reads/writes data to a Slave board, and a Slave interface which simply allows data to be accessed via a read/write from a Master. [13].
The VME bus has reached its speed limit. Its potential successor, VPX, has moved from a parallel bus backplane to a switched serial backplane. It uses protocols such as PCI Express, Serial Rapid IO and 10 Gigabit Ethernet [14]. 

The open VPX standard is still in development thus there are some interoperability issues between vendors. 
4.1.1 VME Speed

Data travels along a VMEbus in parallel rather than a few bits at a time but transfer speeds top out at around 320 Mbytes/s – some say 500 Mbytes/s [14].

VME features variable speed handshaking protocols so the bus latency is adjustable and each system’s latency is therefore unique [15].
4.1.1 VME I/O Module Availability

VME manufacturers have 30 years of experience and, even though VME has reached its speed limit, new improved modules are still being developed. There are a wide range of VME I/O modules available and, as mentioned before, there are over 300 manufacturers of VME products but, unfortunately, oscilloscopes and timer/counters are only available from a few companies.

Form factors are of the Eurocard design and three card heights are allowed with VME; 3U, 6U, or 9U. Length is either 160mm or 340mm (Norm) [13].
4.2 PCI

The Peripheral Component Interconnect, PCI, bus standard was introduced in 1992. It is an intermediate bus, located between the processor bus and the I/O bus and is used for attaching hardware devices in a computer. These devices can either be integrated circuits or expansion cards [16, 17] 
PCI allows bus mastering which enables devices connected to the bus to initiate transactions [18].
The serial PCI Express, PCIe, bus was created in 2004. It is software backwards compatible with the PCI but allows for much grater speeds. PCIe is particularly popular as a graphics card interface.
4.2.1 PCI Speed

The PCI bus revision in 2002 specified a bandwidth of 264 Mb/s, for the 32 bit and 66 MHz form [16, 17]. 

PCI bus latency is determined by bus transaction protocol. Because PCI’s serial architecture forces devices to share the bus, a function called an arbiter is needed to determine which device will be allowed to master the bus next. The arbiter uses the maximum latency register, present on the I/O modules, to determine priority levels. Each device also has a register, called the latency timer, which specifies the minimum time the device will have control for [19]. 

For a single lane (x1), PCIe 1.0 has a bandwidth of 2 Gb/s (250 MB/s) and PCIe 2.0 has twice that. This was achieved by doubling the base clock speed from 2.5 GHz to 5 GHz. 
PCIe encoding consumes 20% of available bandwidth (already taken into account of 250 MB/s bandwidth) and signal priority is determined by traffic class [20].
4.1.1 PCI I/O Module Availability

PCI and PCIe bus I/O modules are available in a variety of form factors; CompactPCI  Express, Mini PCIe, ExpressCard, ExpressModule, AdvancedTCA and Cable/Socket boards [7*]. Of these the most widely available, for data acquisition, are the Compact PCI (cPCI), PXI and standard PCIe and PCI. Most of the above are also available in U3 (32 bits) or U6 (64 bits).
PCI eXtensions for Instrumentation (PXI), is a rugged PCI form factor that gets plugged into a chasse. It is supported by over 70 manufacturers and has a wide range of modules including controllers with their own OSs. A PXI chasse also has all the standard input ports for computer mice, keyboards and monitors. 
PXI Express is the equivalent form factor for PCIe.
In the most widely available form factors, there is a sufficiently wide variety of I/O modules for the LLR. There are also oscilloscopes available although the PCI forms have a wider range than the PCIe.
4.3 Ethernet
Ethernet is the major local area network technology. Because of this, Ethernet products can take advantage of economies of scale, i.e. low prices. Ethernet bandwidth has also, thus far, followed Moors law. It is now in the 10 Gigabit range and, due to switching, Ethernet has become more deterministic. The use of Ethernet in real-time data acquisition systems is therefore steadily increasing.
Ethernet is also suited to more distributed systems. For instance, a single CAT 5E cable can reach 100 m before needing a switch or router to carry the signal farther [21].
4.3.1 Real-Time Ethernet

Full duplex (bidirectional), switched Ethernet has opened up the possibility of using Ethernet for real-time, critical applications. However, two main concerns remain: 1) the un-deterministic nature of the Ethernet, with does not guarantee the real-time response to a system request and 2) the potential corruption of data, or loss of packets, due to large and sudden increase of traffic [22]. To combat this, the following Ethernet switch specifications are needed:
1. 100Mbps, or above, port speed

2. Full Duplex

3. Priority Queues

4. Virtual LAN

5. Loss of link management

6. Rapid Spanning Tree Protocol

7. Back-pressure and flow control

8. IGMP snooping and multicast filtering

9. Fibre optics port interface

10. Remote monitoring, port mirroring and diagnostics

11. Extended temperature range and EMI hardened [22]
A real-time Ethernet network cannot guarantee an exact latency. However, the worst case latency can be estimated. This is done by adding up all the worst case time delays in the system. For instance, Woven Systems has quoted a worst case latency of 1.5 μs, for a single switch network [23]. 
4.3.2 Ethernet Speed
Ethernet is available in bandwidths up to 10 Gigabits and vendors are preparing to demonstrate 100 GigabitE [24]. 
The latency of an Ethernet network depends on the Ethernet switches used and the amount of data throughput. As an example, see the graph below. Also see the latency calculation example that follows.
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Fig 2: Round Trip Latency vs. Data Throughput [25]
4.3.1.1 Latency Calculation Example

Take latency, in a switched Ethernet network, to be the time from when the first packet bit is clocked out, onto the Ethernet transfer link, until the last bit is clocked in, on the receiver link. In order to calculate this latency, the following need to be added.
1. Time to transmit all bits from the device to the input FIFO of the switch port

2. Time to write the packet data into the switch memory

3. Time to perform a lookup (operates in parallel to data storage therefore not added)
4. Time to read the packet from the data memory

5. Time to transmit the packet [26]

4.3.3 Ethernet I/O Module and Switch Availability

· There are at least 39 manufacturing companies offering Ethernet switches. These companies supply; Data Acquisition and control, Industrial Automation & Control and Data Centres. See Appendix A, table 4, for a list.
· Ethernet I/O modules and controllers have at least 5 manufacturing companies.
· Ethernet cables are freely available.
LXI is a form factor like PXI and VXI but for Ethernet/LAN. It also has all the I/O modules, needed for the LLR, including oscilloscopes. There are over 50 manufacturers supporting this range, see Appendix A, table 2.
5. Decision Matrix

Below is a decision matrix comparing the three busses presented in Section 4. The matrix attempts to compare; the prices, bandwidth, latencies and availabilities of the I/O modules. 

Some of the comparisons, for instance latencies, do not have values included. This is because there is no fixed answer. 

· Latencies are dependent on cable length, system module number, logic type, switches and frequency choice, to name a few.

· Module numbers/ranges are dependent on the form factor chosen

· Prices are dependent on; form factor, ruggedness, vendor, speed, accuracy and input and output number
The manufacture numbers, quote only those that were found. There could be significantly more. Also take into account that an Ethernet solution for the LLR will need switches as well as I/O modules. To see lists of the manufacturers found refer to table 2 and 3, in Appendix A. Manufacturers for Ethernet switches are in table 4.
Bandwidths are specific to the form indicated. VME and PCI are both also available in 64 bits, which has double the bandwidth of the 32 bit forms. Similarly PCIe (×4) has four times as much bandwidth as (×1).

As far as oscilloscopes, the biggest factor is availability. For instance, ZTECH offers a range of oscilloscopes which are offered in PCI, PXI, LXI and VXI, all at the same price.  For a few oscilloscope vendors, see table 5 in Appendix A.
Table 1: Bus Decision Matrix
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For some examples of the I/O modules available, see Appendix B.

6. Discussion
The choice of bus standard is a trade off. Ethernet has the highest bandwidth, PCIe has the lowest latency and VME is the most tried and tested.

All the bus standards compared appear to have enough manufacturer support for maintainability. Similarly good software support is available from the right vendors.
PCI is likely the best choice of bus for the LLR because it is real-time, has the widest manufacturer base and is available at good prices. Unfortunately its bandwidth is not as high as PCIe. 

More work is needed to determine exactly which form factor should be used and will be largely dependent on the choice of vendor. There is a table in Appendix C which lists some issues to look out for from PCI manufacturers.
7. Conclusion

Three bus standards, for the LLR system’s data acquisition boards, have been compared. They were PCI, VME and Ethernet. Important bus features where examined. Thereafter, each bus was presented and then compared in a decision matrix. In the discussion, it was concluded that the PCI bus is likely the best bus for the LLR system. The material collected so far is however inconclusive as to which form factor to use.
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Appendix A
The manufacturers listed in the following tables were found on the internet. There are likely many other manufacturers producing VME, PCI and Ethernet boards.

Table 2: PXI, LXI and Compact PCI Manufacturers
	
	
	

	PXI  
	Compact PCI
	LXI

	 
	 
	 

	ADLINK
	AIM GmbH 
	Agilent Technologies

	Aeroflex
	Alta Data Technologies LLC 
	Pickering Interfaces Ltd

	Agilent Technologies
	Agilent Technologies 
	Rohde & Schwarz GmbH & Co KG

	AIM-USA
	Alpha Data 
	Aeroflex, Inc.

	Bloomy Controls (USA)
	Alphi Technology Corp. 
	AMETEK Programmable Power 

	Chroma Systems Solutions
	Ballard Technology 
	Bruel & Kjaer S & V

	CHROMA ATE
	BittWare Inc. 
	C & H Technologies, Inc.

	Corelis Inc
	BVM 
	EADS North America Defense

	Conduant Corporation
	Carlo Gavazzi 
	Giga-tronics Incorporated

	Data Device Corp
	CES 
	Keithley Instruments, Inc.

	Dow-Key Microwave Corp.
	Computer Modules Inc 
	National Instruments Corporation

	DGE, Inc.
	Curtiss Wright 
	Proft InFocus, LLC

	EADS North America Test & Services
	Diversified Technology 'DTI' 
	Tektronix

	Gage Applied Technologies
	DSS Networks 
	The MathWorks, Inc.

	Geotest
	Dynamic Engineering 
	VTI Instruments Corporation

	GOEPEL electronic
	esd gmbh 
	Wheelwright Enterprises

	Gespac
	Excalibur Systems 
	GOEPEL Electronic GmbH

	Giga-tronics
	Extreme Engineering Solutions 
	TDK-Lambda Americas Inc.

	JTAG Technologies
	GE Fanuc 
	ZTEC Instruments

	KineticSystems
	General Standards Corp. 
	AAI Corporation

	Konrad Technologies
	Gespac 
	Acery Technologies Co. Ltd.

	LeCroy
	Get Engineering Corp. 
	ARC Technology Solutions

	Meilhaus Electronic Gmbh
	Innovative Integration 
	Beijing Control Industrial Computer Corporation

	MEN Mikro Elektronik
	INTERFACE CONCEPT 
	Beijing Aerospace Measurement & Control

	MAC Panel 
	Kontron 
	Bustec

	National Instruments
	Mercury Computer Systems 
	Chroma ATE Inc.

	OpenATE
	One Stop Systems Inc.
	Circuit Assembly Corp.

	Phase Matrix
	PCI Computer Systems
	Data Physics Corporation

	Pickering
	Performance Tech 
	Data Translation

	PLX Technology
	Raytheon {cPCI boards}
	DowKey Microwave

	PXIdirect
	SeaLevel Systems Inc. 
	GE Druck

	Ranatec Instrument AB
	Spectrum Signal Processing
	Good Will Instrument Co., Ltd.

	SP Devices
	Symmetricom
	Hitech Group International, Ltd

	Spectrum GmbH
	Twin_Industries 
	Holding Informtest

	Strategic Test AB 
	Znyx Networks 
	JDS Uniphase Corporation

	Sundance
	 
	Kepco, Inc.

	TEGAM
	 
	Kikusui Electronics Corporation

	Teradyne
	 
	LeCroy

	Tracewell Systems
	 
	LXinstruments GmbH

	Tundra Semiconductor Corporation 
	 
	Magna-Power Electronics Inc.

	Virginia Panel
	 
	Micrel Semiconductor, Inc.

	ZTEC
	 
	NF Corporation

	 
	 
	NPP MERA

	 
	 
	Picotest Corp.

	 
	 
	Rigol Technologies, Inc.

	 
	 
	TEGAM

	 
	 
	Teradyne

	 
	 
	TTi Ltd.

	 
	 
	Tyco Electronics

	 
	 
	Universal Switching Corporation

	 
	 
	Yokogawa Electric Corporation

	 
	 
	 


Table 3: VME, VPX and VXI Manufacturers
	VME
	VPX
	VXI

	 
	 
	 

	Acromag 
	Bustronic Corporation
	AIM GmbH 

	AcQ InduCom 
	Curtiss Wright
	Agilent Technologies 

	Act/Techno 
	Extreme Engineering Solutions
	Bustec 

	AIM GmbH 
	GE Fanuc Embedded Systems, Inc.
	C&H Technology Inc. 

	Aitech Defense Systems Inc.
	General Dynamics, Canada
	EADS North America Defense Test and Services, Inc. 

	Alacron Technology 
	Interface Concept Inc.
	Excalibur Systems

	Alpha Data 
	Mercury Computer Systems
	Frequency Devices 

	Alphi Technology 
	North Atlantic Industries
	Giga-Tronics 

	Ballard Technology 
	PCI Embedded Computer Systems
	GE Fanuc 

	Bi Ra Systems 
	 
	Highland Technology

	Bustronic Corporation 
	 
	Holding "Informtest" 

	CAEN Technologies Inc 
	 
	ICS Electronics 

	CM Computer 
	 
	KineticSystems 

	CompControl 
	 
	National Instruments Corp. 

	Concurrent Technologies Inc. 
	 
	North American Instruments Inc. 

	Control Sciences Inc. 'CSI' 
	 
	Phase Matrix Inc. 

	Curtiss Wright 
	 
	REC Test 

	Data Device Corporation "DDC" 
	 
	Spectral Dynamics, Inc. 

	Dawn VME Products 
	 
	Symmetricom 

	esd gmbh 
	 
	Teradyne 

	Extreme Engineering Solutions 
	 
	Tracewell Systems 

	Frequency Devices 
	 
	Virginia Panel Corp. 

	Galil 
	 
	VXI Technology

	GDP Space Systems 
	 
	VTI Instruments 

	GE Fanuc 
	 
	WIENER, Plein & Baus Corp.

	Get Engineering Corp. 
	 
	ZTEC - Gary Tilley

	Highland Technology 
	 
	 

	Hewlett-Packard Co
	 
	 

	Interface Concept 
	 
	 

	MacroLink Inc. 
	 
	 

	Mercury Computer Systems 
	 
	 

	N.A.T. 
	 
	 

	National Instruments 
	 
	 

	North Atlantic Industries 
	 
	 

	Nyden 
	 
	 

	Robotrol Corp. 
	 
	 

	Sabtech Industries 
	 
	 

	Sky Computers 
	 
	 

	Spectrum 
	 
	 

	Symmetricom 
	 
	 

	Twin_Industries 
	 
	 


Table 4: Ethernet Manufacturers
	Switches
	Controllers
	I/O Modules

	 
	 
	 

	3Com
	Galil
	Acromag

	ACKSYS
	EtherCAT Technology Group
	DataTranslation

	Advantech
	PMC Corp
	Gefran

	Astro-Med
	Scheider Electric
	Mosaic industries

	Atheros
	Performance Motion Devices
	Scheider Electric

	atop
	Parker Hannifin
	ICP DAS

	Bachmann
	Vital Systems
	Contempory controls

	B&B electronics
	Active Robotics
	 

	Comtrol
	Baldor
	 

	Contempory controls
	National Instrument
	 

	Dell
	Turck
	 

	Elma
	Intelligent Instruments
	 

	EKS
	Baldor
	 

	Ethernet Direct
	Data Translation
	 

	Fujitsu
	Intelligent Instrumentation
	 

	Gantner
	Super Logistics
	 

	GE Fanuc
	QSI Corp
	 

	GarrettCom
	Moxa
	 

	Hartings
	PMC Corp
	 

	Hirschmann
	The Vision Depot
	 

	ICP DAS
	Arista
	 

	Innominate
	Moeller
	 

	Korenix
	QSI Corp
	 

	Kyland
	Red Lion
	 

	Luceat
	Beckhoff
	 

	Lutze
	Interweigh systems Inc
	 

	Moxa
	Maple systems
	 

	molex
	Dataq Instruments
	 

	Myricom
	National Instrument
	 

	N-Tron
	Red Lion Controls
	 

	Oring
	G&L Motion control
	 

	Performance Technologies
	GE Fanuc
	 

	red lion
	Nematron
	 

	Ruggedcom
	Acromag
	 

	Siemens
	Mosaic Industries
	 

	Sixnet
	eZE System Inc
	 

	Weidmuller
	Gefran
	 

	 
	Cas Datloggers
	 

	 
	ABSS Co
	 

	 
	Identec solutions
	 

	 
	Schneider Electric
	 

	 
	Pro-Dex
	 


Table 5: Some Oscilloscope Manufacturers

	Company
	Busses

	Aquitek
	USB

	Agilent Technologies
	PCI, PCIe, cPCI, and VME

	Ztech
	PCI, PXI, LXI, VXI

	TiePie
	PXI, USB

	Gage Applied Technologies
	PCI, USB

	Meilhaus Electronics GmbH
	USB

	
	


Appendix B
This appendix gives some examples of I/O Data Acquisition modules available. These tables are not intended to be comprehensive; many thousands of other I/O modules are available.

Table 6: Digital Input Output PC Boards

	Company
	Bus
	Model
	Logic
	P Sup
	Software Support
	I #
	O #
	Features
	Price

	ICP DAC
	PCI
	PIO-D48U
	TTL/DTL
	5V
	"
	48
	48
	0.77us response time and on board timer/counter chip
	 

	UEI
	PCI
	PDL-DIO-64
	TTL
	5V
	PowerDAQ Software for Windows NT/2000/XP and Linux/RTLinux
	64
	
	
	$435.00

	UEI
	PCI
	PDL-DIO-64CT
	TTL
	5V
	"
	64
	
	
	$1,205.00

	UEI
	PCI
	PDL-DIO-64ST
	TTL
	5V
	"
	64
	
	
	$1,205.00

	UEI
	PCI
	PD2-DIO-128
	TTL
	5V
	"
	128
	
	
	$765.00

	UEI
	PCI
	PD2-DIO-128i
	TTL
	5V
	"
	128
	
	
	$765.00

	UEI
	PCI
	cPCI64-HPDI32ALT
	TTL
	5V
	"
	164
	
	
	$435.00

	UEI
	PCI
	PDXI-DIO-64
	TTL
	5V
	UEIDaq Framework: with bindings for all major programming languages and data acquisition / test programming environments including C, C++, C#, VB.NET as well as Excel, OPC, MATLAB, DASYLab, TestPoint, Agilent VEE, LabVIEW for Windows and LabWindows/CVI.
	64
	
	64 digital I/O channels, 3 counter/timers, 2 ESSI ports, 4 high-speed IRQ lines (100 ns)
	$435.00

	UEI
	PCI
	PDXI-DIO-64ST
	TTL
	5V
	"
	64
	
	64 digital I/O channels, high-speed pattern generation and digital streaming
	$1,205.00

	UEI
	PCI
	PDXI-DIO-64TS
	TTL
	5V
	"
	64
	
	64 digital I/O channels, high-speed event counts streaming (2 Mwords/s)
	$2,415.00

	Aquitek
	PCI
	PMC64-HPDI32ALT
	TTL & LVDS
	+5.0 VDC
	Sample code, Vx Works©, Windows 98©, Windows 2000©, Windows XP©, Linux©, Lab VIEW©, and Windows NT© drivers are available
	
	
	
	 

	MEN
	VME
	01a302-ds
	
	(+3.3, +5, +24V)
	Software Support: MEN Driver Interface System (MDIS™ for Windows®, Linux, VxWorks®, QNX®, OS-9®)
	32 I/O
	32 I/O
	1-slot A24/D16 VMEbus slave, 4 optically isolated units, 32 channels for each unit, Individual use of each channel as input or output, Individual edge-triggered interrupts, Input/output load on ground, High-side output switches, Output current 1.9A per channel or 16A per unit, Over-current and over-temperature protection
	 

	MEN
	
	04m011-co
	TTL
	
	Driver software for Windows®, Linux, VxWorks®, QNX®, RTX and OS-9® 
	
	
	16-bit TTL I/O Interface
	 

	EUROTECH
	VME
	Advme1209A
	
	DC5V±5%
	Device driver for VxWorks (option), Sample program 
	64
	
	
	 

	EUROTECH
	VME
	Advme1211
	
	
	
	128
	
	
	 

	GE
	VME
	VME-1111
	
	
	
	
	
	64-bit High-Voltage Digital Input VMEbus Board with Built-in-Test
	 

	GE
	VME
	VME-1150
	
	
	
	
	
	64-bit isolated Coupled Digital Input VMEbus Board
	 

	GE
	VME
	VME-2528
	TTL
	
	
	128 I/O
	128 I/O
	
	 

	Xembedded
	VME
	XVME-240
	TTL
	
	
	64 I/O
	64 I/O
	64 channels (8 ports) of bidirectional TTL I/O, 8 channels of edge-selectable interrupt inputs with programmable mask, 8 channels of flag outputs, High density, low cost-per-channel 
	 

	NI
	PCI
	NI PCI-6503
	
	
	
	24 I/O
	24 I/O
	
	R 1 630

	NI
	PXI
	NI PXI-6608
	
	
	
	32 I/O
	32 I/O
	8.32bits.80MHz counter/timer
	R 24,980

	NI
	PXI
	NI PXI-6508
	TTL/CMOS
	5V
	
	96 I/O
	96 I/O
	
	R 5,460

	NI
	PCIe
	NI PCIe-6321
	
	
	
	
	
	
	R 5,460

	NI
	PXIe
	NI PXI-6602
	
	
	
	32 I/O
	32 I/O
	
	R 8,650

	NI
	PXIe
	NI PXIe-6461
	
	
	
	
	
	
	R 13,210

	NI
	PCI
	NI PCI-6221
	
	
	
	24 I/O
	24 I/O
	
	R 5,460

	NI
	PCI
	PCI-6602
	
	
	
	32 I/O
	32 I/O
	8.32bits.80MHz counter/timer
	R 6,830

	NI
	PXI
	NI PXI-6251
	
	
	
	
	
	
	R 10,930

	NI
	PCI
	NI PCI-6601
	
	
	
	32 I/O
	32 I/O
	4.32bits.80MHz counter/timer
	R 3,370

	Agilent Technologies
	VXI
	E1330B
	TTL
	5V
	Visual Studio®, C, C++, Visual Basic, MATLAB® and LabVIEW™.
	32 I/O
	32 I/O
	• 1-Slot, B-size, register based
• Quad 8-bit input or output data ports
• Interface to industry standard opto-isolator racks
• Standard GPIO handshake modes
• Wide variety of output data types
• Four-port digital input/output module
	US$ 1,103

	Agilent Technologies
	VXI
	E1438A
	TTL
	
	Visual Studio®, C, C++, Visual Basic, MATLAB® and LabVIEW™.
	96 I/O
	96 I/O
	*   1-Slot, C-size, register based * Twelve 8-bit input or output data ports for acquisition * Wide variety of output data types * Data port readback on a per-port basis * Control of interface driver tri-state capability * Block mode transfer to/from memory
	US$ 2,646

	Agilent Technologies
	PXI
	M9187A
	Digital IO
	
	Visual Studio®, C, C++, Visual Basic, MATLAB® and LabVIEW™.
	32
	32
	
Applications* For monitoring digital states and controlling external devices
Functionality* 32 input channels with programmable thresholds of 0.3V to 50V* 32 output channels with 0.5A low sink/0.4A high source
Performance characteristics * 100V input protection* Fully protected outputs* High-quality Dsub connectors
	US$ 1,550

	Geotest
	PXIe
	GX 5292e
	TTL
	
	ATEasy, Microsoft® and Borland® C/C++, Microsoft Visual Basic®, Borland Delphi, and LabVIEW.
	32 I/O
	32 I/O
	•32 input / output channels, dynamically configurable on a per channel basis
•256 MB of on-board vector memory
•Supports 1.5 V, 1.8 V, 2.5 V, 3.3 V, and 5 V TTL/LVTTL interfaces
•Supports LVDS, M-LVDS, LVDM interfaces
•100 MHz vector rate
• x1 and x4 PCI Express interface
•Operates as a stand-alone card or with up to seven additional synchronous slave
boards
	$5,495

	Geotest
	PXI
	GX5641
	
	
	ATEasy, Microsoft® and Borland® C/C++, Microsoft Visual Basic®, Borland Delphi, and LabVIEW.
	64 I/O
	64 I/O
	•64 bi-directional I/O channels
•Bi-directional TTL I/O and RS422 differential I/O ports per channel
•128 digital inputs or outputs with direction control
•Channels can be programmed to operate in conversion or static I/O modes
through software control
•Default direction control per channel via 64 on-board switches
•Each TTL and differential output port can be individually enabled/disabled through
software control
•68-pin VHDCI connectors: two for TTL and two for Differential channels
•100-Ohm terminator for each differential I/O signal
•Compatible with NI PXI 7811R
•GX5641-3 provides 3.3V differential driver
	$1,995

	Geotest
	PXI
	GX5641-3
	
	
	ATEasy, Microsoft® and Borland® C/C++, Microsoft Visual Basic®, Borland Delphi, and LabVIEW.
	64 I/O
	64 I/O
	"
	$3,800

	Geotest
	PXI
	GX5733
	TTL
	
	ATEasy, Microsoft® and Borland® C/C++, Microsoft Visual Basic®, Borland Delphi, and LabVIEW.
	96 I/O
	96 I/O
	• Three 32-bit TTL ports for a total of 96 TTL input or output channels
•One 32-bit configurable port supports 32 TTL channels or accepts one GX57xx I/O module for customized input or output levels
•Available I/O modules include Digital Input Latch, Digital Output Latch, Optically Coupled Digital Power Output, Differential TTL (RS-422), LVDS, and input / output modules with vector memory
	$649.00

	Measurement Computing
	PCI
	PCI-DIO96
	
	
	TracerDAQ®, Visual Studio® and Visual Studio® .NET, including examples for Visual C++®, Visual C#®, Visual Basic®, and Visual Basic® .NET, DASYLab® and NI LabVIEW™
	96 I/O
	96 I/O
	
	$269.00

	"
	PCIe
	PCIe-DIO96H
	
	"
	96 I/O
	96 I/O
	
	$399.00

	"
	PCIe
	PCIe-DIO24
	 
	"
	24 I/O
	24 I/O
	 
	$249.00


Table 7: DAC and ADC

	Company
	Bus
	Model
	DAC or ADC
	Software Support
	Ch
	Features
	Price

	Agilent Tech
	VXI
	E1328A
	DAC
	Visual Studio®, C, C++, Visual Basic, MATLAB® and LabVIEW™.
	4
	• 1-Slot, B-size, register based
• Four isolated voltage or current DACs
• ± 10.92 V or ± 21.8 mA output
• Software calibration
• Remote voltage sensing with no-fault operation
• Multiple channels connected in series/parallel
	US$ 2,210

	Agilent Tech
	VXI
	E1418A
	DAC
	Visual Studio®, C, C++, Visual Basic, MATLAB® and LabVIEW™.
	8 I, 16 O
	    * 1-Slot, C-size, register based
    * 8/16 independent channels, flexible and configurable
    * Individual isolation per channel
    * 16-bit resolution D/A per channel
    * Programmable selectable voltage/current modes
    * Software controlled calibration
	US$ 3,328


Table 8: Counter/Timers

	Company
	Bus
	Model
	Hz
	Res
	Software Support
	Ch
	Features
	Price

	Agilent Technology
	VXI
	E1333A
	1 GHz
	1 ns
	Visual Studio®, C, C++, Visual Basic, MATLAB® and LabVIEW™.
	 
	* 1-Slot, B-size, register based* Six counter functions* 1 GHz frequency measurement * 1 ns time interval/pulse width resolution (avg mode)* Compatible with all Agilent Foundations* Measure time interval between trans
	US$ 1,223

	Agilent Technology
	VXI
	E1420B
	200 MHz
	2 ns
	Visual Studio®, C, C++, Visual Basic, MATLAB® and LabVIEW™.
	 
	* 1-Slot, C-Size, message based
    * 200 MHz frequency range, optional 2.5 GHz channel
    * 9-digit resolution in 1 second gate time
    * 2 ns time interval resolution (200 ps with averaging)
    * Shared memory option configuration
    * Phase measurement and measurement timeout
    * For complete details, click on the Data Sheet link
	US$ 4,302

	Geotest
	PXI
	GTX2210
	225 MHz
	500 mVpk-pk at 5 ns pulse width
	ATEasy, Microsoft® and Borland® C/C++, Microsoft Visual Basic®, LabVIEW, and Borland Delphi.
	2 I
	•14 measurement functions
•DC to 225 MHz
•Fast measurement mode: 2300 readings/sec
•External reference clock input
•External arming signal input
•Gate signal output
•In-system automatic calibration of time base and trigger levels
•Automatic trigger level adjustment
•Software selectable input impedence (1 MΩ or 50Ω) and coupling (AC or DC) for
each input channel
	$ 2,150

	Geotest
	PCI
	GC2230
	2 GHz
	 
	
	 
	•14 measurement functions
•DC to 2.0 GHz
•100 ps resolution without averaging
•Fast measurement mode: 2300 readings/sec
•External reference clock input
•External arming signal input
•Gate signal output
•Self-calibration feature ensures highest accuracy
•Programmable automatic adjustment of board setting to obtain a stable reading
•Software selectable input impedence (1 MΩ or 50Ω) and coupling (AC or DC) for
each input channel
	$4,150

	Keitley
	PCI
	KPCI-3140
	
	 
	
	8 ch
	    *  8 counter/timers (16 bit)
    * 4 interval timers (24 bit) capable of interrupting CPU on timeout
    * Digital pattern recognition on 8-bit (Port D)
    * 32 digital I/O lines for high channel count applications
    * 40MHz clock frequency (max.)
    * 2-bit DriverLINX® drivers plus bundled start-up software Compatible with TestPoint™
	$495

	 
	 
	 
	 
	 
	 
	 
	 
	 


Appendix C

Table 8: Manufacturer Compliance Issues, Adapted from [18].
	Issue
	Importance
	Manufacturer Compliance

	All unused 5V and 3.3V power pins are plated on the connector (goldfingers)
	Better data integrity because high-speed PCI signals use the power pins for return paths
	sometimes, often omitted when "cutting corners"

	All 3.3V power pins are decoupled from ground with capacitors
	Better data integrity because high-speed PCI signals use the power pins for return paths
	rare, ground return path capacitors are often omitted

	All PCI signal lines have one and only one load. (connected to only one pin on one component on the board)
	Better data integrity because the PCI bus is extremely sensitive to signal loading
	usually, but sometimes violated

	JTAG boundary scan chain intact if unused (connect TDI to TDO signals)
	JTAG boundary scan systems can work with the board installed
	extremely rare

	Trace length of 1.5" or less on PCI signals
	PCI signals rely on specific travel times up and down the bus. Proper trace lengths ensure data integrity
	usually, but sometimes violated

	PCI clock trace is 2.5" ±0.1" in length
	The PCI clock signal timing is particularly critical. All other PCI signals depend on accurate clock delivery
	often violated

	Full PCI configuration space implemented
	So that plug-and-play really works
	almost always, but there are some exceptions
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