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In this Issue

VXIbus is a new interconnection standard for modular instruments. It defines an
architecture, communication protocols, and electromagnetic compatibility re-
quirements for a mainframe cardcage and for instrument modules that plug into
the mainframe and work together as a system. The architecture is open to all
manufacturers, so users can mix instruments from different manufacturers in
the same system. The history of the VXIbus begins in 1979, when Motorola
Semiconductor Products Corporation published a description of what came to
be known as the VMEbus. Three years later, the International Electrotechnical
Commission proposed that it become an international standard. In 1987, under
pressure from both military and commercial customers for an open architecture
for modular instruments, a group of instrument manufacturers, including HP, agreed to develop a modular
instrument standard based on the VMEbus. The VXIbus is the result. VXI stands for “VMEbus extensions
for instrumentation.” The VXIbus doesn’t replace the widely used HP-IB standard (IEEE 488, IEC 625). In
fact, it's very common for VXIbus systems to communicate with a computer or other controller over the
HP-IB, and for HP-IB instruments and controllers, VXIbus mainframes, and MMS mainframes (MMS is
another open modular architecture optimized for microwave applications) to coexist in the same measure-
ment system. HP VXIbus products include mainframes, existing HP instruments redesigned to fit on VXlbus
cards, and new instruments designed specifically for the VXIbus. The article on page 6 describes the VXI-
bus standard and gives several examples of VXIbus measurement systems. Details of HP’s implementation
are covered in the articles on pages 15, 24, and 29, which deal with internal HP standards that supplement
the VXIbus standard, the design of HP's mainframe firmware, and the operating system for HP VXlbus
command modules. A library of C functions that helps test programmers create VXIbus applications using
the high-level C language is the subject of the article on page 35. HP VXIbus switching and interconnect
products are described in the articles on pages 41 and 52, and the hardware and software designs of a
VXlbus functional tester for digital electronic assemblies are presented on pages 59 and 69. HP’s own use
of VXIbus instrumentation for manufacturing test is discussed in the article on page 75.

s
&
&

In radar, telemetry, navigation, and communications, microwave signals are typically pulsed rather than
continuous. Engineers designing and testing such systems need to make many measurements on the en-
velope of the microwave pulses, such as peak and average power, rise and fall times, pulse width and
repetition rate, overshoot, and others. Until now, the best way to make these measurements was a micro-
wave detector connected to an oscilloscope. Like many homemade solutions, this arrangement is difficult
to calibrate for accurate measurements. Among the reasons are the nonlinearity and temperature sensi-
tivity of the diode detector, the frequency response of the detector output, mismatch error, and harmonics.
This solution also suffers from slow response and limited oscilloscope sensitivity. Overcoming these prob-
lems was the motivation for the development of a new type of microwave instrument, the HP 8990A peak
power analyzer. Taking a fresh look at the challenges of diode detection, the designers created special
power sensors using gallium arsenide detector diodes. In the analyzer design, they incorporated switched
amplification and processing of the pulse envelope signals, leveraged modern digital oscilloscope
technology, and used microprocessor power to implement a new calibration approach that makes calibra-
tion mostly automatic. The article on page 81 describes the problems of microwave pulsed power mea-
surements and tells how the design of the peak power analyzer addresses them. The contributions of gal-
lium arsenide technology to the sensor and analyzer designs are discussed in the article on page 90. The
calibration approach and firmware design are covered in the article on page 95.
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A more familiar instrument, the network analyzer, measures the response of some device to a stimulus
signal and displays the response as a function of the frequency of the input signal. The device under test
might be a filter, a resonator such as a quartz crystal, a circuit, an integrated function block, or a complex
discrete device. The HP 8751A network analyzer is designed to deliver state-of-the-art performance in its
frequency range of 5 hertz to 500 megahertz, both for testing such devices in production and for evaluating
them in the development laboratory. Its three-processor design achieves a very fast measurement speed
of 400 microseconds per point, which not only improves production throughput but also gives the analyzer
a real-time response that displays the results of adjustments as they are made. The HP 8751A’s accuracy,
resolution, sensitivity, and dynamic range match or exceed those of other comparable HP network analyz-
ers. It has the powerful built-in analysis functions that users have come to expect, and it offers some new
capabilities, such as simulating impedance matching networks for the device under test, making simulta-
neous high-speed and high-accuracy measurements in separate frequency ranges, and simultaneously
displaying the three key parameters for filter applications. The design of this analyzer is described in the
article on page 101.

In the early 1980s, when the HP 9000 Series 200 computer was HP's primary instrument controller, HP BA-
SIC became a widely used instrument control programming language. A few years later, many HP custom-
ers were using personal computers for instrument control but wanted to continue to program in HP BASIC,
and HP responded by offering a plug-in BASIC language processor card for the PC. The third generation of
this card, the HP 82324A measurement coprocessor, is described in the article on page 110. Its contribu-
tions are higher calculation speed, faster HP-IB input/output performance, and data transfer by direct
memory access for better overall system performance. The card also provides more efficient communica-
tion between its own processor and the PC's and makes it possible to develop complex applications in-
volving up to three measurement coprocessors interacting with PC applications such as a spreadsheet.

R.P. Dolan
Editor

Cover

A view of a VXIbus module and the backplane of a VXIbus mainframe. Because the backplane is the embodi-
ment of an industry standard, modules from different manufacturers can communicate over it. Restrictions on
the VXlbus mainframe and modules ensure electromagnetic compatibility.

What’s Ahead

The June issue will feature recent developments in system software for HP 9000 PA-RISC workstations, includ-
ing the latest optimizing compilers, shared libraries, and the HP-UX operating system for the recently
introduced, very fast HP 9000 Series 700 workstations. There will also be three research reports that were pre-
sented at the 1991 HP Technical Women’s Conference. One is on a parallel computing architecture for ray-
traced image generation, one is on the evaluation of printed image quality using spatial frequency methods,
and one is on integration of an electronic dictionary into a natural language processing system.
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VXIbus: A Standard for Test and
Measurement System Architecture

The VXIbus standard defines an open architecture that allows
instrumentation and processors from various manufacturers to operate

together within a single chassis or mainframe.

by Lawrence A. DesJardin

In July 1987, Hewlett-Packard and four other major
electronic instrument manufacturers jointly announced
their support for a new instrumentation standard called
VXIbus.! An abbreviation for VMEbus Extensions for
Instrumentation, VXIbus is an open architecture that
allows instrumentation and processor modules from
various manufacturers to operate together within a single
chassis or mainframe. The VXIbus Consortium was
formed shortly thereafter to develop and maintain the
VXIbus specification, the primary technical document that
describes the mechanical, electrical, and communication
interface requirements for VXIbus products. Since that
time, more than 50 manufacturers have announced
hundreds of VXIbus products encompassing mainframes,
instrument modules, computer modules, interfaces,
fixturing, and software. VXIbus applications range from
research of high-energy physics to computer-aided test
systems for production test of electronic assemblies, and
VXIbus is rapidly becoming a mainstream test and mea-
surement architecture. This article presents an overview
of the VXIbus standard, and describes how the VXIbus
architectural features are used at a system level to create
a VXIbus measurement system.

What is VXIbus?

The VXIbus is based on the VMEbus computer backplane
standard. While VMEbus has two module sizes, A and B,
VXIbus offers four sizes by adding C and D sizes (see
Fig. 1). The C and D-size modules are wider, allowing two
printed circuit boards and enveloping shields to be used.
Mainframes also come in these four sizes and include
methods for accepting smaller modules as well (see “The
HP VXIbus Mainframes,” on page 9). To keep the archi-
tecture flexible for a wide range of applications, the
VXIbus does not specify the amount of power or cooling
a given mainframe must supply, but it does specify the
way in which module and mainframe power requirements
and capabilities must be documented. This allows a user
to select modules and mainframes for a given application,
knowing a priori that a particular product set will work
together. VXIbus defines three backplane connectors,
labeled P1, P2, and P3. Only the P1 connector is required
of all modules and mainframes; the others are optional.
P1 contains the required VMEbus data transfer bus
capability, and can address the A16 (64K-byte) and A24
(16M-byte) address spaces using 8-bit or 16-bit data
transfers. The VXIbus autoconfiguration registers and the
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Standard Module Slot
VME Sizes Spacing VXI Additions
A 10x 16 cm 2cm Mechanical:
(3.9x6.3in) (0.8in) Module Sizes
Cooling
233x16cm 2cm Electrical:
B (9.2x6.3in) (0.8in) Power
Triggering
Clocks
B
) Conducted
¢ 233x34cm 3cm Radiated
(9.2x134in) (1.2in) Communication:
o Autoconfiguration
’ Register-Based
D 36.7x34cm 3cm Message-Based
(14.4x134in) (1.2in)

Fig. 1. The VXIbus standard (VMEbus Extensions for Instrumenta-
tion) includes the two original VMEbus module sizes, A and B, plus
two new modules, C and D. Smaller modules can be inserted into
mainframes designed for the larger sizes.

protocol registers for message-based devices are located
in the Al16 address space, allowing all required commu-
nication to occur using only P1. The P2 connector,
optional on B, C, and D sizes, extends the data transfer
bus to include 32-bit transfers and the A32 (4G-byte)
address space, as in the VMEbus standard. However,
while VMEbus left 64 pins of P2 undefined, VXIbus
defines these remaining pins to be a set of clocks,
identification lines, power supplies, and trigger buses.2 It
also defines a local bus that connects adjacent slots using
these pins. The optional P3 is only found on D-size
modules, and is fully defined as additional clocks, power,
trigger buses and local bus lines.

Electromagnetic compatibility is guaranteed in the VXIbus
architecture by stringent requirements on how much any
module can radiate into the adjacent modules and how
much ac and RF current it creates on each of the power
buses. Likewise, each module is required to meet its
measurement specifications when subjected to radiation
from other modules within the specified VXIbus limits, or
powered within a specified voltage ripple range. If the
sum of the dynamic module currents, which must be
documented for each module in a data sheet, is less than
the specified mainframe dynamic current capacity, then
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Software

Separate Unit
or Embedded H°$fcomroller

HP-IB, LAN, or Direct Connection t
|

Device Under Test

Fig. 2. The measurement system architecture for a typical com-
puter aided test system consisting of HP-IB, VXIbus, and MMS
instruments.

the system is guaranteed to be compatible. The main-
frame is required to limit power supply voltage ripple on
any of its power buses to be within the specified ranges,
even when all modules are producing their maximum ac
and RF currents. This combination of requirements
ensures electromagnetic compatibility.

Finally, VXIbus adds autoconfiguration and communica-
tion protocols. All devices must have a set of registers
available for control and status to perform self-test and
initialization functions. Register-based devices have
additional registers that access the device’s specific
functions. Message-based devices communicate using the
VXIbus word-serial protocol (described later) to transfer
ASCII commands and data between modules. Some
devices include both modes of communication, using
SCPI-based* ASCII commands for easy development and
direct register access for higher speed. SCPI, register-
based instruments, and message-based instruments are
described in detail in the article on page 15.

This range of VXIbus functions provides a very scalable
architecture in terms of size, power, performance, and
cost for addressing a wide range of applications. The
VXlbus standard is also upward compatible, that is,
products that are designed to work with less mainframe
resources in terms of size, connectors, or power will also
work in mainframes that deliver more resources. This
gives the user a breadth of products to choose from,
making it possible to select only the performance needed
for the present applications while preserving an upgrade
path if future applications require more performance.

Measurement System Architectures

One of the most common applications of the VXIbus is
testing an electronic product such as a printed circuit
board. Fig. 2 shows the measurement system architecture

* SCPI means Standard Commands for Programmable Instruments.

of a typical functional test system. It consists of a com-
puter, various instruments, and a switching system con-
nected to the device under test (DUT). The computer can
be any computer with an HP-IB or other interface, and is
commonly called the host controller. The instruments can
be any combination of three formats: HP-IB, MMS, and
VXIbus. HP-IB instruments communicate through the
HP-IB (IEEE-488.1, IEC 625) interface developed by
Hewlett-Packard in the early 1970s. These are often bench
instruments that supply an HP-IB interface port for
command and control, and can be rack-mounted into a
standard EIA rack cabinet. Many products, such as power
supplies, will continue to be controlled primarily via the
HP-IB. MMS, the Modular Measurement System, is anoth-
er open architecture modular instrument system devel-
oped during the same time as VXIbus. Also maintained by
a multimanufacturer consortium, MMS is a modular
architecture optimized for RF and microwave applica-
tions, and works well in unison with HP-IB and VXIbus
instrumentation and control.

The controller, though shown logically as a separate unit
in Fig. 2, may actually be embedded in the VXIbus
mainframe or in one of the other instrument architec-
tures, allowing a direct connection between the instru-
ments and the controller. Likewise, the switching unit
may exist as an HP-IB unit or a group of VXIbus or MMS
modules. Typically, HP-IB cables are used to interconnect
the various instruments and mainframes, though some
applications have used RS-232, LANs, and MXIbus**
cables.

Fig. 3 shows a typical VXIbus system that is controlled by
an external HP-IB controller. Each VXIbus instrument or
instrument set (e.g., a set of switches) acts as an inde-
pendent HP-IB instrument when controlled over an
IEEE-488.1-to-VXIbus interface device installed as a
module within the VXIbus mainframe. The VXIbus specifi-
cation refers to this interface functionality as a 488-VXI-
bus interface device. In Fig. 3 this functionality is in-
cluded on the command module. The command module
owns one primary HP-IB device address, and accesses
each VXIbus instrument or group of instruments through
a unique HP-IB secondary address. HP-IB cables are used
to connect to other external instruments and mainframes.
Signals to the DUT are routed from the various instru-
ments through electronic switches to an interface connec-
tor assembly (ICA) mounted on the rack cabinet. Typical-
ly, for each product to be tested by this system there will
be a removable mating connector assembly that connects
the interface connector assembly and the device under
test. This fixture assembly is often called an interface test
adapter (ITA) and is unique for each electronic product
type tested on the particular tester. This allows one tester
to test different products by changing only the intercon-
nect test adapter and the software program that controls
the instruments. ICAs and ITAs are described in detail in
the article on page 52.

** MXIbus is a flexible interconnect cable like the HP-IB, but represents the VXIbus data

transfer bus on its conductors with only a small loss of performance. MXIbus has also
been used as a high-speed link from VXIbus to an external computer and an extender
link between VXIbus and the instrument mainframes.
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VXlbus
Mainframe
(HP E1400)

_

HP E1405

s> Other VXI Frames

w=)> MMS Frames

w> Power Supplies

HP-IB
SCPI Commands
Host Controller
Typically HP-UX,

DOS, or HP BASIC Signals
to or from
DUT
Interactive Test Generator
Soft Front Panels with Test Executive (ITA)

The test system in Fig. 3 is controlled by test executive
software running on the external controller. Often, the
developer will use the HP interactive test generator or a
similar software package that displays soft front panels
for faceless VXIbus instruments and the other HP-IB and
MMS instruments. This software can be used to generate
the ASCII commands for the instruments automatically, or
the user may develop these /O commands directly. The
industry-standard SCPI language provides commands that
a developer can use to control all instruments, regardless
of the particular instrument architecture. In this example
all VXIbus, MMS, and HP-IB instruments are programmed
exactly as HP-IB instruments.

w==p> Other HP-IB
HP-IB

Interface Connector Assembly

(ICA)

Interface Test Adapter

Device
Under
Test
Fig. 3. A block diagram of a typi-
cal VXIbus test system using the

HP-IB as the interconnection from
the controller.

Fig. 4 shows an example of a system in which the
controller is a VXIbus module embedded within the
VXIbus mainframe. Since this configuration has an em-
bedded controller that allows direct access to the VXIbus
instrument modules, higher speeds are attainable via
direct VXIbus communication. Also, because the control-
ler is embedded, rack space is reduced. The register
interfaces to these instruments can be directly mapped
into the memory space of the controller, allowing ex-
tremely high-speed command and control. Often, an
embedded controller will be operated in a diskless
environment by interfacing through a LAN to a server. As
in Fig. 3, a developer may choose to integrate VMEDbus
(continued on page 10)

LAN
IEEE 802.3

m==p Other VXI Frames

~’ s e MMS Frames
é o =) Power Supplies
E:?] Other HP-IB
vy T HP-IB Instruments
SCPI Commands
Interface Connector Assembly
5 (ICA)
Signals
to or from
@ DUT I /
Device
Under
Test
A
Interactive Test Generator Interface Test Adapter s
Soft Front Panels with Test Executive (ITA) Fig. 4. A VXIbus system controlled
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The HP VXIbus Mainframes

The HP 75000 family of VXIbus products delivers a scalable offering of instru-
ments, switches, and embedded controllers. The HP 75000 Series B mainframe (HP
E1300) provides three A-size and nine B-size (two internal) slots, and a two-line
display and keyboard (see Fig. 1). The mainframe can also be configured to include
embedded hard and flexible disk drives. Command module functionality (HP-IB and
resource manager) is permanently embedded in the mainframe along with two

internal slots. The command module in the HP E1300 mainframe can be upgraded
to an embedded controller with the IBASIC (Instrument BASIC) option. Series B
products deliver a very cost-effective solution for cases in which moderate perfor-
mance is needed.

(continued on page 10)

Fig. 1. HP 75000 Series B mainframe (HP1300
(a) Front view. (b) Rear view showing the
location of the A-size and B-size slots.

Fig. 2. HP 75000 Series C mainframe
(HP E1400) and some of the C-size products

April 1992 Hewlett-Packard Journal =~ 9




(continued from page 9)

The HP E1400 Series C mainframe (Fig. 2) provides a 13-slot C-size mainframe, an
embedded HP-UX* workstation controller, a single-slot command module, and
numerous high-performance instruments and switches. C-size modules are typical-
ly constructed within shielded enclosures and mount vertically within the main-
frame. Module adapters are available that allow convenient insertion of A-size and
B-size modules into the C-size mainframe. Series C products offer the highest-per-
formance capabilities, yet can be intermixed with Series B products to attain the
most economical system solution.

(continued from page 8)

modules into the system or develop custom VXIbus
modules to create unique functionality that cannot be
purchased as a standard product. If high-speed register
access to additional VXIbus mainframes is desired,
MXIbus cables can be used to interconnect to additional
mainframes directly.

VXIbus Electrical Architecture

It is important to understand the basic internal VXIbus
structures so that a system can be configured to take
advantage of the VXIbus architecture. The VXIbus is a
backplane bus composed of the VMEbus data transfer bus
and various power, trigger, and clocking lines added by
the VXIbus specification. For the most part, these lines
are implemented as standard parallel buses, that is,
conductors connect the same pin of each connector in
every slot. For example, pin la of P1 in slot 0 is con-
nected to the same pin in slot 1, slot 2, and so on. Two
other topological structures exist in the VXIbus: local
buses and star buses (see Fig. 5a). The widely-used
VMEbus parallel bus structure has a memory-mapped
architecture that can support data transfer rates of up to
40 Mbytes/s between any two modules. It also includes
the interrupt bus structure and various system control
and bus arbitration functions. The VMEbus data transfer
bus can function using only the required P1 connector,
although the P2 connector is required to use any of the
32-bit modes. VXIbus defines trigger lines on the P2 and
P3 connectors that have parallel connections to all
installed modules. This allows tight synchronization of
instruments without any external cabling.

The second bus topology, known as the local bus, only
connects adjacent slots of the backplane. On a B-size or
C-size system, 12 very short lines connect from the right
row of the P2 connector to the left row of the P2 con-
nector in the adjacent slot. Thus, except for the slots on
the end of the backplane, all slots have 12 local bus lines
coming in on the left and going out on the right (see Fig.
5b). These bus lines can be used by manufacturers to
connect signals or other private communication paths in
one set of modules without interfering with or degrading
the communications occurring in another set. Thus, the
local bus can supply extremely tight coupling between
modules where required, and complete isolation other-
wise. Since the VXIbus allows a wide range of analog and
digital signals on the local bus, there was a potential for
electrical damage caused by accidentally plugging two
incompatible modules into adjacent slots. This was solved
in the VXIbus specification by requiring a unique local
bus mechanical keying scheme on a module’s faceplate
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Parallel Buses
Data Transfer Bus, Triggers, and Power

Local Local Local
N BusL ) Bus Bus

Other
Slots

(a)

—2v 50Q

MODID
Signals

v

(b)

Fig. 5. (a) The parallel, local, and star bus structures used on the
VXIbus backplane. (b) A detailed look at the signals available on
the P2 connector.

that prevents modules with incompatible local bus signal
types from being inserted next to each other.

The third bus topology used in VXIbus is known as a star
bus. Here, signals are routed from one slot in the back-
plane to each of the other slots. A star bus structure is
used on the VXIbus P2 connector to route a 10-MHz
clock signal known as CLK10 from the leftmost slot to all
of the other slots on the backplane (see Fig. 5b). The
CLK10 signal is independently buffered to each slot on the
backplane. Thus the loading characteristics of any slot
have a negligible effect on the signal received at each of
the other slots, allowing a very stable reference frequency
with minimal phase jitter to be distributed to all modules.
A derivative of the star bus structure is also used on the
VXIbus P2 connector by routing a total of twelve different
signals from the leftmost slot to each of the twelve slots
to its right, with one signal going to each slot. These are
known as MODID (module identification) signals and allow
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the system to detect the absence or presence of a module
in each slot, even if it is a failed or nonoperating module.
MODID lines are also used to match each VXIbus logical
device and address with its slot number. In the VXIbus,
the leftmost slot is always known as slot 0. The modules
that receive the CLK10 and MODID signals are sequentially
numbered starting at slot 1 to the immediate right of slot
0, and may number up to slot 12. All slots with common
CLK10 and MODID signals, and the slot 0 module they
connect to, are collectively known as a VXIbus subsys-
tem.

The above description highlights the uniqueness of slot 0
and the module inserted into it. Is slot 0 the only unique
slot? Not necessarily. To support the data transfer bus,
VMEDbus requires that the leftmost module contain a
system arbiter, generate the 16-MHz clock SYSCLK and
drive the interrupt acknowledge chain. This functionality
is known as the VMEbus system controller, and exists on
the P1 connector. Since a VXIbus subsystem typically
starts from the leftmost slot also, slot 0 and VMEbus
system controller functionality are almost always com-
bined on the same module and referred to collectively as
slot 0. Technically speaking, this is not always the case.
Since P2 and P3 are optional connectors, and only P1 is
required by VXIbus, a system may be defined that has a
VMEbus system controller but not slot 0. This may be
implemented in low-cost systems such as the HP E1300A
B-size VXIbus mainframe. In an uncommon but allowed
architecture, a VXIbus subsystem begins with slot 0 to
the right of the VMEbus system controller, allowing a few
slots to be pure VMEbus slots to the left of slot 0. Here,
slot 0 and the VMEbus system controller would be unique
modules. However, in most cases, slot 0 functions and
VMEDbus system controller functions are combined in the
leftmost slot.

VXIbus Logical Architecture

The VXIbus is based extensively on the VMEbus memory
map. VMEbus defines 16-bit, 24-bit, and 32-bit address
spaces that exist independently and simultaneously. They
contain 64K bytes, 16M bytes, and 4G bytes of address
space respectively. VMEbus also has 8-bit, 16-bit, and
32-bit wide accesses to these memory spaces. Each
module presents a block of addresses that allows another
device to access that module’s functionality. A VMEbus
master is a device that has control of the bus, and can
read from or write to any address. A slave is a device
that never has control of the bus, but has registers
located within its address space that are accessed by one
or more bus masters. There can be multiple bus masters
in a system but only one can control the bus at any time.
The bus arbiter on the VMEbus system controller module
decides which device is granted control of the bus.

In a VMEbus system, a user typically has to create a
memory map that shows the address blocks granted to
each device so that one device’s address space does not
overlap another’s. Next the user notes the starting ad-
dresses for each address block and configures jumpers on
each module to set it up. Finally, the user finds the
location and definition of any control and status registers
and writes a driver so that after power is applied, one of
the bus masters can access these registers on each device

to check for proper system configuration, perform self-
test, and then initialize the system. After initialization the
user can proceed with the application.

In VXIbus, this is much simpler. VXIbus requires a stan-
dard definition of the control and status registers for all
devices. Furthermore, the locations of all control and
status registers are standardized. To implement this, the
upper quarter (16K bytes) of the 16-bit address space is
reserved for this information. It is split into 256 blocks of
64 bytes apiece. The lowest eight bytes of a block contain
the control and status information, including the manufac-
turer identification and model code. The 256 blocks are
numbered from 0 to 255. Each block number represents
the logical address of a VXIbus device. Typically, a
VXlbus device has switches that allow a user to set the
logical address to a unique number, although a totally
switchless configuration mode also exists. Thus, setting
the address of a VXIbus module is very similar to setting
the address of an HP-IB device, and the user can remain
virtually unaware of how devices are actually using the
VXIbus address space. A device is free to use the remain-
der of the 64-byte block for operational registers that
access the device’s functions. The article on page 41
shows how these 64-byte blocks are used for matrix relay
addressing.

Of course, some device on the bus must still access each
of the control and status register locations to see if a
device is present, check the self-test results, and perform
a proper system initialization. This functionality, typically
a software or firmware program, is called the resource
manager. The resource manager is defined to be at
logical address 0, and is the only device allowed to
access the bus immediately after power-up and system
reset. It checks for the presence of a device at each
logical address and will synchronize the operation of any
slot 0 functions to identify the slot number of each
device. If a device’s function requires more than the 64
bytes of address space given to it in the 16-bit address
space, the device will list how much additional address
space is needed in its configuration registers, and the
resource manager will assign the base address for this
memory by writing to another configuration register. All
this is done automatically without intervention from the
user. Once the resource manager finishes its tasks, it tells
other bus masters that they may now request use of the
bus and operation can begin.

VXIbus Communication Protocols

VMEbus devices are typically controlled by accessing
registers in the module’s address space. This allows very
high-speed, interactive control. However, HP-IB instru-
ments are typically controlled by sending and receiving
ASCII commands and numbers. Because of the finite time
required by the instrument to interpret ASCII commands
and translate between ASCII and binary numbers, this
mode of operation tends to be slower than direct register
access. However, the speed of the measurement may limit
system speed, so ASCII communications would not
present a speed bottleneck, but could deliver a significant
improvement in ease of use. This is particularly true if
the ASCII commands conform to industry standard SCPI
so that there is a single set of ASCII commands to

April 1992 Hewlett-Packard Journal 11




control instruments, and a single message exchange
protocol to exchange data and status.

VXIbus supports both of the above communication
methods. If a device only supports register accesses, it is
known as a register-based device. If it supports ASCII
communication using the VXIbus-defined word-serial
protocol, it is called a message-based device. Message-
based devices may also support direct register access for
cases in which increased speed is important.

Word-Serial Protocol

The word-serial protocol used by message-based VXIbus
devices provides a standard way to send and receive
ASCII messages between devices of different manufactur-
ers. This is implemented by defining additional commu-
nication registers next to the configuration registers in
the 16-bit address space and standardizing their operation.
Essentially, 16 bits can be sent at a time, with data
represented in the lower 8 bits, and additional control
information in the upper 8 bits.

There is a one-to-one correspondence between any HP-IB
operation and its equivalent word-serial operation. This is
a key feature of the VXIbus. Because of this equivalence,
it is possible to build a device that translates from the
HP-IB at one end to VXIbus word-serial protocol at the
other without any knowledge of the function of the ASCII
commands being sent. This allows a user to program
VXIbus instruments from any computer that has an HP-IB
interface as if they were HP-IB instruments. A translation
module used to translate between the two protocols is
known as a 488-VXIbus interface device. A typical method
of translating between HP-IB addresses (32 primary
addresses with 32 secondary addresses each) and VXIbus
logical addresses (256 total) is to use the HP-IB second-
ary addressing feature. This can be done by assigning
each mainframe’s 488-VXIbus interface device an HP-IB
primary address and each embedded VXIbus instrument a
unique secondary address. The five most-significant bits
of the VXIbus logical address are used to determine the
HP-IB secondary address. In fact, assuming the three
least-significant bits are already set to zero, setting the
five most-significant bits can be exactly the same proce-
dure as setting the five address bits for an HP-IB instru-
ment. Since the three least-significant bits are set to zero,
a single-module instrument always has a logical address
that is divisible by eight. For a single instrument com-
posed of several modules, the modules can be set to
consecutive logical addresses, but controlled from a single
secondary HP-IB address. This allows vendors to deliver
naturally modular instruments, such as switches or
scanning voltmeters, that operate as a single instrument.
If a resource manager is included on the 488-VXIbus
interface module, it will be found at secondary address
zero since, by definition, it must be set to logical address
Zero.

HP-IB translation works well for communicating with
message-based devices, but something else is needed for
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register-based devices. A common method for communi-
cating with register-based instruments using ASCII com-
mands is for a manufacturer to include the instrument’s
ASCII interpreter firmware on a 488-VXIbus interface
device. An instrument’s interpretation firmware is often
referred to as its driver. At power-up, the HP-IB interface #
device would recognize which modules are register-based
and which modules it has drivers for, and invoke the
driver whenever that instrument’s equivalent HP-IB
secondary address is accessed. Using this method, regis-
ter-based modules behave as message-based modules, and
they both appear as independent HP-IB instruments when
accessed from a 488-VXIbus device. If no firmware driver
exists for the module, it can still be accessed by com-
manding the resource manager to perform the proper
register reads and writes.

Since VXIbus is a multiple-master architecture, there must
be some method of determining which slaves belong to
which masters. For this reason, VXIbus has created a
commander-servant hierarchy. A commander is a device
that controls other devices. The devices it controls are
called its servants. A VXIbus device can only have one
commander, but it can have any number of servants.
Since only bus masters can control the bus, a commander
must be a master, and slaves can only be servants. A
commander can also be a servant to another commander,
forming a hierarchial command system. VXIbus has the
additional requirement that commanders must be mes-
sage-based devices. This allows the resource manager to
configure the commander-servant hierarchy with com-
manders from multiple vendors using standard word-serial
commands.

The commander-servant hierarchy is determined by the
resource manager after power-up. Each commander or
potential commander has an attribute called its servant
area. This is a number, which the user typically sets by a
switch, that determines how many logical addresses a
device may own as servants. For instance, if a device is
at logical address 24, and has a servant area of three,
then it has exclusive control over devices at addresses 25,
26, and 27. If there are other commanders at these
addresses, the commander at address 24 can control
those also, but not those commanders’ servants. This
allows hierarchial command structures.

This feature can be used to make register-based devices
appear message-based by configuring a commander to
perform the ASCII command translation and register
access for a set of register-based instruments. A user can
control the set of modules by communicating with the
commander using ASCII messages, while the commander
performs the register accesses required. If a particular
commander doesn't translate for all the modules in a
given system, and there is another commander in the
system that translates for the remaining modules, both
commanders can be configured in the same system
without conflict by setting up the commander-servant
hierarchy correctly.



VXIbus Terminology

The following definitions should be helpful in understanding the terminology used
here and in other VXIbus articles in this issue.

Binding. The process of associating a firmware function (like a VXIbus device
driver) with a particular piece of hardware.

Command Module. This module contains the intelligence (processor) that con-
trols register-based devices, the human interface, and RS-232 resources. In addi-
tion, this module may contain either the VXIbus slot 0 or datacomm functionality.

Console. The human interface port that is used by the system to report power-on
and diagnostic information to the user.

Datacomm. This is the port through which an external host (computer) can control
the mainframe. An example of this type of port is the HP-IB connection, which is
used by the host to send commands to and read data from the instruments in the
mainframe.

Device. A component of a VXIbus system. Normally a device will consist of one
VXIbus module that occupies one slot. However, multiple-slot devices and multi-
ple-device modules are permitted. Some examples of devices are computers,
multimeters, switches, operator interfaces, and counters.

Driver. A firmware or software program that controls a device.

Host. This is typically a computer that contains the test system executive software
and has an HP-IB connection to the test system. However, the host can be an
embedded controller in the instrument mainframe (e.g., the HP E1480A V/360A
embedded controller).

Human Interface. This is the path through which a user interacts with the main-
frame. This path can be implemented via different hardware interfaces such as the
front panel of the HP E1300 B-size mainframe, or a terminal connected to the
mainframe via an RS-232 port.

Instrument. An instrument is a collection of hardware and firmware functions that
are addressable by the host as a complete unit. An instrument has its own HP-IB

address and input and output buffers, and the ability to share system resources
such as the human interface with other instruments. Some instruments have on-
board intelligence (message-based instruments) and some require support from a
command module for intelligence (register-based instruments).

HP Instrument BASIC (IBASIC). A subset of HP BASIC that can reside inside the
mainframe and has the ability to control instruments and other resources in the
system such as the display and keyboard.

Mainframe or Cardcage. The VXIbus cage that contains VXIbus modules.

Module. This is typically a printed circuit board assembly and its associated
mechanical parts, front panel, optional shields, and so on.

Peripheral Control. When the mainframe or one of its instruments is controlling
an external device such as a disk, plotter, printer, or another instrument, it is being
used to do peripheral control. Note that the HP-IB, RS-232, or other physical com-
munication paths can be used to control peripherals, but this functionality should

not be confused with datacomm. One other important note is that peripheral con-

trol is only supported via certain IBASIC commands.

Rack-and-Stack Instrument. This is a traditional stand-alone instrument that
consists of a cabinet, instrument functionality, power supply, user interface, and
computer interface.

Resource Manager. This is a VXIbus device located at logical address 0 (some-
times the command module or embedded controller), which provides configuration
management services such as A24 and A32 address space configuration, com-
mander/servant configuration, power-up self-test, and diagnostic test manage-
ment.

VXI-08. A set of software services that reside on top of the pSOS ™ operating
system. These services consist of interrupt handling, shared data space manage-
ment, and operation of specific hardware features of the command module that
enable instrument drivers to implement the two-task model for handling instru-
ment and user interface 1/0 (see article on page 29).

pS0S is a U.S. trademark of Software Components Group, Inc.

Since the slot 0 module is a special device to begin with,
it is convenient to place all system resources on this
module. This includes slot 0, the VMEbus system control-
ler, the resource manager, the 488-VXIbus interface
device, and the instrument drivers for any register-based
instruments made by the same manufacturer. This com-
bination device will be referred to as a command module
in this series of articles. There is no industry standard
term for this common module, and it is sometimes
referred to by one of its functions such as slot 0 or
resource manager.

Fig. 6 shows the alternate communication paths allowed
in a VXIbus system and the role of the command module
in this system. If the controller is an external computer, it
will typically interface through HP-IB cables since no
direct VXIbus path will be available. The instruments will
be controlled using ASCII commands, typically complying
with the SCPI standard. If the instrument is a message-
based device, instrument commands will be routed
through the command module directly to the message-
based instrument for interpretation and execution. If the
instrument is register-based, the command module will
intercept and interpret the command and then perform
the proper binary register accesses to the device to
execute the function. From the controller, both device
types connected to the command module appear to be
SCPI message-based devices.

If an embedded controller is used, it can still communi-
cate over its HP-IB control port to the command module,
or it can control any or all devices directly from its
VXIbus interface. Contrary to many preconceptions,
controlling a message-based device directly from an
embedded computer will deliver very little or no increase
in speed. This is because ASCII command interpretation
and number building result in delays much greater than
bus handshake time and thus speeds are kept comparable
to HP-IB communication. However, accessing the hard-
ware registers directly on a register-based device can

m SCPI Commands
HP-IB
Command
VXibus Monyin
(Optionally MXIbus)
SCPI . SCPI - :
(ASCH) Bimary (ASCH) Blwary
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Based
Device
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Based
Device

Register-
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Fig. 6. Alternate communication paths allowed in a VXIbus system.
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provide dramatic increases in continuous and interactive
throughput, sometimes approaching three orders of
magnitude. Therefore, the highest-speed path in a VXIbus
system is direct access to the internal registers of a
device, and is the only path that can consistently exceed
HP-IB speeds.

The recently introduced MXIbus interface allows external
controllers access to VXIbus registers by mapping the
VXIbus data transfer bus onto a flexible interconnect
cable. This allows external controllers to access the
high-speed VXIbus architecture with only a modest
degradation of total system performance compared to an
embedded controller. This modest throughput degradation
is still much higher than can be expected from the HP-IB.

Many users choose SCPI ASCII commands to develop
their test systems initially, and then fine tune the identi-
fied bottlenecks by accessing registers directly where
needed. Some message-based devices also support register
access for functions in which speed is important. These
may be registers in shared memory space that hold
blocks of binary data for fast continuous data transfer, or
registers that access the instrument’s configuration
hardware whenever high, interactive throughput is de-
sired.

Summary

The VXIbus offers a high degree of flexibility in module
size, bus structure, and communication protocols for
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high-performance instrument systems. Instrument vendors,
system integrators, and end users have unprecedented
opportunities to address a wide variety of applications
using the VXIbus architectural features. By using the
HP-IB as an interface, users can mix and match VXIbus
products with modular measurement system (MMS)
modules and HP-IB instruments to perform an even wider
range of measurements, while retaining a single model of
interfacing with the instruments. This migration path from
the HP-IB, the compatibility with MMS and HP-IB archi-
tectures, and the high-performance capabilities of the
VXIbus architecture promise to make VXIbus a widely
used architecture.
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The VXIbus From an Instrument
Designer’s Perspective

HP has defined a set of internal standards to compensate for some
missing aspects of the VXIbus standard that are critical to instrument

design.

by Steven J. Narciso and Gregory A. Hill

The VXIbus specification defines a technically sound
modular instrument standard that addresses electrical,
mechanical, EMC/power, and communication requirements
for instrument modules. Although extensive, the VXIbus
standard does not cover certain information that is
critical to an instrument’s design. For this reason, it
becomes necessary for a VXIbus instrument manufacturer
to define an internal standard to supplement the VXIbus
specification.

The internal standards developed by HP enable instru-
ment designers to provide customers with a consistent
“look and feel” and functional interoperability. These
standards also provide designers with common hardware
interface and firmware design guidelines so that they can
focus on specific instrument features and not on system
design.

HP has concentrated its internal standardization efforts in
four areas: a common instrument language, hardware
interface, soft front-panel design, and industrial and
mechanical design. This paper will cover these areas and
other supplemental HP standards.

SCPI: A Common Instrument Language

Until recently a test engineer had to deal with a variety
of instrument programming languages and formats. Data
was transferred in almost every format imaginable, from
ASCII to device dependent compacted binary. When a
new instrument was introduced, the engineer could look
forward to rewriting the majority of the instrument driver
code, even if the new instrument was a direct replace-
ment from the same manufacturer.

In 1987, IEEE standard 488.2 was approved. This standard
provides a level of standardization in message and data
formats, message exchange protocols, and common
commands to be shared among a wide range of devices.
This standard allows computer languages to speak in a
consistent manner to instruments and enables higher-level
instrument test executives to be written.

IEEE 488.2 defines a few common commands that ad-
dress the housekeeping functions of the instrument. The
standard intentionally does not define commands that are
necessary for measurement or signal configuration. This is
the area that the industry’s Standard Commands for

Programmable Instruments (SCPI) addresses. SCPI is used
by all of HP’s VXIbus modules.

Originally HP’s Test and Measurement System Language,
SCPI builds upon existing standards wherever possible,
including IEEE standard 488.2 and IEEE Standard 754.
The result is a language that is orthogonal, powerful,
extensible, and yet familiar and friendly to users. The
language never refers to instrument types, only to instru-
ment functions. Therefore, SCPI applies to a wide variety
of instruments, from power supplies to network analyzers.
We refer to this consistent coverage of all instruments as
horizontal compatibility. The language also offers vertical
compatibility, or consistent coverage of succeeding
generations within an instrument family.

Mnemonics

SCPI uses a formal set of truncation rules to generate
mnemonics. The rules are stated as follows:

If a keyword is four characters or fewer, the keyword
itself is the mnemonic (e.g., AUTO, ON, OFF).

If the keyword is longer than four characters the mne-
monic is the first four characters of the keyword (e.g.,
OUTPut).

If the resulting mnemonic ends with a vowel, the mne-
monic is truncated to three characters, dropping the trail-
ing vowel (e.g., ATTenuator).

If a phrase is used instead of a single word, the keyword
uses the first character of the first words, followed by the
entire last word (e.g., Kaiser BESsel).*

Hierarchical Structure

Keywords are joined to form a compound header element
consistent with IEEE 488.2. This produces a hierarchical
language. Thus, to set the input attenuator the command
would be INPut:ATTenuator. There are several reasons for
choosing a hierarchical structure. First, a four-character
mnemonic becomes quickly overloaded, even within a
single instrument. Collisions often occur that must be
resolved by violating the mnemonic generation rules. By
making the language hierarchical, keywords can have
meaning within the context of their tree position, and
collisions effectively disappear. For example, to set an
output attenuator, the command would be
OUTPut:ATTenuator. Both the input and output subsystems

* The four character rule restricts the keyword to KBES.
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use the keyword ATTenuator without conflict because they
appear in different places in the tree.

Default Node

Some functions are executed more often than others, and
the most common functions need to have short and
easy-to-use keywords. SCPI accommodates this by placing
default nodes at critical points in the tree. Default nodes
do not need to be sent as part of the command. For
example, there are several commands associated with
output conditioning such as attenuator, filtering, offsets,
and output enabling. We determined that output enabling
was the most commonly used function. Therefore, we
added the command OUTPut[:STATe], which enables the
instrument’s output. The application can send either
OUTPut:STATe ON or simply OUTPut ON to enable an output.

Default nodes play an equally important role in allowing
the language to be extensible. For example, if we had a
command in the output section called FlLTer, which
enabled a low-pass filter, and we wished to add a com-
mand that enabled a high-pass filter, a conflict would
exist. The new command creates a further qualification of
the keyword FiLTer. To add the new command, one would
add a default node to the existing command under filter,
describing the additional qualification. Thus, the existing
command would become 0UTPut:FILTer[:LPASs]. We could
then add the new command as OUTPut:FiLTer:HPASs. It is
important to extend by adding default nodes because the
default node allows applications written for the old
instrument to continue to work with the new extended
capability instrument. The application can still send
OUTPut:FiLTer and expect it to function the same as it did
before the extensions were made.

Standard Parameter Forms

SCPI provides several standardized parameter forms and
discourages the use of forms that do not conform to the
standard. These standardized forms include:

Numeric Parameter. In addition to accepting ASCII numeric
input, the numeric parameter also accepts several data
approximations. For example, INFinity is represented in
SCPI as 9.9 E37, and the command NAN, or “not a
number,” is represented as 9.91 E37. All numeric parame-
ters must also accept MAX and MIN which represent the
maximum and minimum values that the function can be
set to, while giving consideration to other settings within
the instrument.

MIN and MAX are also required as parameters to the query
form of a command. This form allows the application to
determine the maximum and minimum legal values that
can be sent without error. For example, if an input
attenuator can be set to values of 0 to 70 dB, then for
the query INPut: ATTenuator?, MAX would return the value
70. Attempting to set a value greater than 70 would result
in an error. Sending any value within the range of 0 to 70
dB would cause the attenuator to be set to the closest
available value. For example, if the attenuator had steps
of 10 dB, receipt of the command INPut:ATTenuator 38
would cause the attenuator to be set to 40 dB, with no
error generated.
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SCPI requires the use of numeric parameters whenever a
parameter can be expressed as a number. Qualitative
terms such as FILTer:CUToff LOW | HIGH are not allowed
because one instrument’s LOW is another’s HIGH.

Boolean Parameter. A Boolean parameter accepts ON, OFF, 1,

or 0 as values. ON and 1 are aliases as are OFF and 0. The ’
query form returns 1 and 0 to be compatible with the

values returned by the IEEE 488.2 common commands.

Discrete Switch Parameter. The discrete switch parameter
allows for selection among several different options.
These selections are specified as character data. An
example would be

TRIGger:SOURce INTernal | EXTernal | BUS | IMMediate
where | indicates alternate selections.

Parameter Couplings. When a function can be coupled to
another function, SCPI controls the coupling through the
AUTO keyword. Turning AUTO on allows the function’s
value to be automatically determined by other settings in
the instrument. AUTO has the parameters ON | OFF | ONCE.
ONCE is an event that has the effect of turning AUTO ON
and then OFF, thus allowing the value to be automatically
determined and then frozen at that value. The AUTO node
is a subnode of the function, producing an unbalanced
tree like that in the following example:

SENSE
:ATTenuator <value>
:AUTO <Boolean> | ONCE

Minimization of Parameters

Most commands that control instrument settings have a
single parameter associated with them. When more than
one parameter is specified, the function tends to become
overloaded and confusing to use. When the two parame-
ters are broken into separate commands, the use be-
comes more obvious and easier to learn. An example is a
proposed command that sets a power level and controls
the output port. The proposed form is POWer:LEVel 5 W, ON.
This is broken into two commands, one that sets power
level (POWer:LEVel 5 W), and one that controls the output
switch (OUTPut:STATe ON).

Signal-Oriented Measurements

When making measurements, the particular type of
hardware has traditionally controlled the specific mea-
surement technique. This meant that the application had
to know how the measurement was being performed in
terms of the hardware. The U.S. Air Force’s MATE/CIIL
program was the first to recognize that measurements
should be performed in terms of the signal being mea-
sured and that the instrument should perform the hard-
ware setup necessary to make that measurement.

A signal measurement is performed through a set of
layered commands. At the highest level the MEASure
command is used. This command configures the instru-
ment, triggers acquisition of data, and then processes the
data into final form. Thus, sending the command
MEASure:VOLTage:PERiod ? would return the period of the
voltage signal.
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There is a need to be able to fine tune the measurement
beyond what the instrument can provide. Therefore, the
MEASure command has two additional associated com-
mands, CONFigure and READ. The purpose of CONFigure is
to perform the static setup of the measurement. The READ
command performs the data acquisition and postprocess-
ing functions. The justification is that the application is
able to configure the measurement, make small device-
dependent adjustments to the setup, and then complete
the high-level measurement process through the READ.

The READ is further broken down into INITiate, which
causes acquisitions to occur, and FETCh, which performs
the postprocessing. This allows several postprocessing
operations to occur on the same acquired data. This
feature is especially valuable when the acquired data is
nonperiodic.

Parameters to all of these commands are described in
terms of the desired measurement. Ranges are avoided,
and replaced with expected value parameters. Accuracy
parameters are expressed in absolute values as opposed
to a percentage of range. For example, MEAS:VOLT:DC? 5, .001
configures the instrument to a range capable of 5 Vdc
with an accuracy of 1 mV.

A Common Hardware Interface

Hewlett-Packard bases its VXIbus instruments on two
different hardware interfaces: message-based and register-
based. Whenever space and cost allow, the message-based
interface is used because it allows the ultimate freedom
in interoperability and independence of commanders*
since the instrument’s language is contained within the
module. For other instruments the register-based design
provides small size and low cost. Both interfaces are
VXIbus revision 1.3 compatible.

The HP E1405 command module (which also provides
slot 0 functions) contains the SCPI language processor for
all HP register-based modules and allows transparent
IEEE 488.2 or SCPI control of register-based and mes-
sage-based modules. Addressing is identical to that used
for rack-and-stack instruments in that there is a primary

* A commander is a device that controls other devices on the VXIbus (see page 12).
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address for each VXIbus mainframe and there are second-
ary addresses for each instrument. Module combinations,
such as HP’s VXIbus switches, can be configured together
as a single instrument. Embedded computers may speak
directly on the VXIbus using SCPI for message-based
modules and register-level instructions for register-based
modules. They may also speak to register-based modules
with SCPI via the HP-IB and the command module. Fig. 1
shows these communication paths for VXIbus instru-
ments.

The firmware for both message-based and register-based
instruments is based on a generic command parser design
which is IEEE 488.2 compatible. For the VXIbus interface
code in a message-based instrument, the parser and the
execution routines all reside in the instrument module.
The register-based instruments have their corresponding
code in the HP E1405 command module or the HP
E1300/1A mainframe’s built-in commander. This multitask-
ing design allocates each HP register-based instrument its
own task, allowing transparent programming of each as
an individual instrument, while substantially reducing
overall cost because the CPU is shared by all register-
based modules. The article on page 29 describes the
multitasking scheme for VXIbus command modules.

The Message-Based Interface

The purpose of the generic HP message-based interface is
to control the operation of the instrument’s hardware
through commands received over the VXIbus directly
from the controller. These commands generally take the
form of IEEE 488.2 ASCII strings using VXIbus-defined
word-serial protocol (see page 12), but can also be simple
register reads and writes. The ASCII strings allow the
user to program the instrument module in the same
manner as its rack-and-stack equivalent. The simple
register reads and writes allow higher-speed communica-
tion for tasks such as moving large blocks of data be-
tween the instrument and a computer.

One of the promises of VXIbus is that by designing to a
common architecture, instrument designers can focus
development efforts on the instrumentation functions
instead of on the digital interface, and therefore be able
to release new products with a lower up-front investment
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and shorter development time. Achieving this goal is not
an automatic by-product of choosing VXIbus as a com-
mon platform. It requires commitment to a single instru-
ment architecture from top to bottom. HP’s family of
message-based instruments is based on such an architec-
ture. Starting with the HP E1410A digital multimeter,
every message-based instrument has been built around a
common core. This core includes a high-performance
SCPI parser, a flexible real-time operating system, and
common VXI driver code, all running in a common
hardware environment.

Control
Registers

At the foundation of this architecture is a 68000 micro-
processor and two gate arrays, which guarantee that the
common functions are identical within the various instru-
ments (see Fig. 2). With this hardware core, designers
can easily concentrate design efforts on the instrumenta-
tion functions, instead of on the microprocessor, VXIbus
interface, and common firmware.

The Processor Interface. One of the gate arrays provides
resources common to most microprocessor-based instru-
ments. In a single 124-pin package, it performs the work
of more than 250 SSI and MSI integrated circuits. Its
functions include address decoding, interrupt conditioning,
various timing functions, and single-bit I/O.

This gate array defines a standard memory map, as
shown in Fig. 3. It has separate output pins for selecting
ROM, private RAM, shared RAM, the VXIbus, several local
peripheral devices, and a 32K-byte address block. It
generates the appropriate VXIbus signals for accessing the
Al6 (64K-byte) and A24 (16M-byte) addressing modes as
well as executing VXIbus interrupt acknowledge cycles.

There is signal conditioning for 16 different interrupt
sources, including three internal timing sources. Each
interrupt can be programmed to one of seven priority
levels. When an interrupt is asserted, the gate array
drives the appropriate priority code onto the microproces-
sor’s three IRQ lines. The microprocessor then executes an
interrupt cycle, in which it fetches a vector from the gate
array. This vector indicates which of the various sources
is interrupting. To provide complete flexibility, each of the
interrupt inputs can be programmed to select the signal
polarity, and whether it is edge or level sensitive (see

Fig. 4).

The processor interface gate array also includes a pacer
function. When triggered either by software or an exter-
nal signal, the pacer generates a series of pulses. The
number of pulses and the pulse frequency are both
programmable as 24-bit values.
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Fig. 2. HP message-based instru-
ment block diagram.

VXlbus Interface. The other gate array provides the inter-
face to the VXIbus. This gate array contains the VXIbus
configuration and communication registers, VXIbus access
control, and support of shared RAM. It resides on a
shared bus between the microprocessor and the VXIbus,
as shown in Fig. 2. The shared bus is accessible to both
the onboard microprocessor and external VXIbus devices.

The configuration registers are the key to identifying a
device within a VXIbus system. In addition, they provide
a standard mechanism for reporting device self-test status
and assigning device addresses. The communication
registers provide the mechanism for SCPI communication
between a commander and its servants.

The VXIbus interface gate array supports the full set of
message-based capabilities defined by the VXIbus specifi-
cation including the various word-serial protocols, the
shared-memory protocol, static and dynamic configura-
tion, shared A24 or A32 RAM, and VXIbus master capa-
bility.

OxFFFFFF
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Fig. 3. Standard memory map for HP message-based devices.
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Fig. 4. Interrupt signal conditioning.

The bus access control capability supports eight different
access modes. The onboard microprocessor can directly
access the gate array registers or the shared RAM. Any
VXIbus master can access the gate array’s registers or the
shared RAM. The onboard microprocessor can access
other VXIbus slaves,* and it can access the gate array or
shared RAM as VXIbus slaves. In addition, the gate array
itself can initiate VXIbus transactions.

To reduce bus traffic, the gate array can be programmed
to send a signal to the device’s commander to indicate
certain events. This mode allows the commander to
attend to tasks other than polling, which is otherwise
required. Similarly, the gate array can interrupt the local
microprocessor to notify it of certain events, including the
arrival of a word-serial command.

The gate array also implements hardware decoding of
common word-serial commands. This feature increases
command processing speed by eliminating the need to
interpret word-serial commands in firmware.

Direct Register Access. HP’s message-based devices are
normally controlled via SCPI commands passed through
the VXIbus interface. The onboard microprocessor inter-
prets these messages and then executes a series of reads
and writes to and from the instrument’s internal control
registers shown in Fig. 2. Some of HP’s message-based
instruments provide a more efficient mode for critical
high-speed operations. In these instruments, the internal
control registers are accessible from the VMEbus (they
are interfaced to the shared bus much like the shared
A24 or A32 RAM). This architecture allows a VXIbus
controller to control the instrument’s operation directly
without the overhead of SCPI command transmission and
parsing. In effect, these instruments can be operated as
register-based devices when the application demands the
highest possible speed.

The Complete Family. This common architecture has been
implemented in more than 15 different HP message-based
instruments. Some of these instruments include:

HP E1405 Command Module

HP E1410A 6-1/2 Digit Multimeter

HP E1445A Arbitrary Function Generator
HP E1416A Power Meter**

* Since the processor can access and be interrupted by other VXIbus modules, it can func-
tion as a commander and as a servant of a commander.

** See "Examples of Message-Based VXI Instruments” on the next page.

HP E1440A Synthesized Function/Sweep Generator®*
HP E1420B Universal Counter

HP E1426A Digitizing Oscilloscope**

HP E1428A Digitizing Oscilloscope

HP 75000 Series 90 Modular SONET/SDH Analyzer

Register-Based Interface

The generic HP register-based interface is controlled by
simple register reads and writes, which allow high-speed
communication to the instrument. ASCII strings can also
be used to program all HP register-based modules through
the SCPI language processor in the HP E1405 command
module or the HP E1300/1 mainframe.

HP’s register-based devices all have a simple, consistent
interface to the VXIbus backplane. Fig. 5 shows a block
diagram of a typical register-based interface. The interface
is ideally suited for any low-cost instrument application
having straightforward control requirements. To simplify
the firmware development tasks, these interfaces have
been designed to have a consistent “look and feel” among
similar types of instrument modules. Each register-based
instrument includes the required VXIbus configuration
registers as well as the device dependent registers needed
for instrument control. The key to both the low cost and
high speed of these devices is their simplicity. Many
functions, such as closing a relay, can be executed by just
a single register write from the VXIbus.

The interface hardware consists of some address and data
buffers, an address decoder, a small gate array, and the
various data registers. The gate array takes care of all the
timing details for the various handshake and control
signals between the VXIbus and the device’s registers.
The interface functions as a VXIbus servant, and provides
the device with the capability of generating interrupts on
the VXIbus. This interface is used in more than 30 as-
sorted HP Series B and Series C modules including
low-cost multimeters, counters, digital-to-analog convert-
ers, and switches. It is also offered in both Series B and
Series C breadboard modules.

The Model D20 digital functional test system described on
page 59 uses register-based interface hardware to achieve
the high I/O speed required to move large blocks of
digital patterns to and from the computer.

VXlbus
Configuration
Registers

Instrument

Control
Registers

Internal Bus ?Q

VXibus

Gate '
Array

Address
Decoder

Fig. 5. Register-based interface.
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Examples of Message-Based VXI Instruments

To incorporate the capabilities of existing non-VXIbus instruments into modules
that could fit into VXIbus mainframes, the designs and features of some instru-
ments were reengineered to make them into VXIbus message-based instruments.
The following sections describe the design considerations that went into creating
these instruments and the benefits derived from their VXIbus implementation.

HP E1426A 500-MHz Digitizing Oscilloscope

To create the HP E1426A, engineers leveraged technology developed for the HP
54503A 500-MHz digitizing oscilloscope. This technology provided an excellent
platform to implement a four-channel, 500-MHz, high-accuracy acquisition system
in a two-slot VXIbus module. A high level of integration created all the elements
necessary to implement the acquisition system on one board and the control and
interface circuitry on the second board. The scope functions were integrated using
the following HP semiconductor processes:

* Preamp: HP-5 integrated circuit process
» Track and hold: LTCMOS

* High-speed trigger: HP-5

* Logic trigger: NMOS 1IIB

* Timebase: HOMOS

* 16-channel DAC: LTCMOS.

The CPU system was designed to take maximum advantage of the existing firm-
ware allowing a high level of compatibility between the HP E1426A and the HP
54503A. The HP E1426A offers the user many advantages over its counterpart, the
HP 54503A. Along with the benefits of standardization of the VXIbus, the user can
configure a single VXIbus frame with up to 24 500-MHz acquisition channels, all
synchronized via the ECL/TTL backplane trigger. The E1426A firmware was cus-
tomized to take advantage of the removal of the display from the traditional oscil-
loscope architecture to optimize the throughput to the VXIbus. This, coupled with
shared memary, has resulted in a significant improvement in throughput compared
to the IEEE 488 (HP-1B) based HP 54503A. In addition to SCPI, the E1426A also
accepts HP 54503A IEEE 488.2 commands.

HP E1440A 21-MHz Synthesizer and Function Generator

The HP E1440A synthesizer circuits are derived from the HP 3324 synthesized
function/sweep generator and the HP 3325 synthesizer/function generator. With
this leverage it was easy to provide a full-featured instrument. Al features
associated with the HP 3325 are available, including AM and PM, plus extra bene-
fits like SCPI programming.
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Fig. 1. The dc-to-dc converter used in the HP E1440A synthesizer and function generator.
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The HP E1440A plug-in module occupies two C-size mainframe slots and has a
standard front panel providing BNC type electrical connectors. SMT (surface mount
technology) was necessary for the signal board to achieve the high-package densi-
ty of the module.

All critical sections of the synthesizer, such as the VCO, mixer, preamp, and refer-
ence oscillator are shielded, each with a two-sided metal cover to reduce any
induced noise, especially from digital frequency dividers and other switching
circuits. Additional shielding of the power supply and microprocessor board area
was necessary to improve the purity of the output signal. To avoid crosstalk from
the switcher of the module power supply to the output amplifier, the whole dc-to-
dc converter with the output filters had to be shielded with a steel box. The printed
circuit board has feedthroughs around the dc-to-dc converter area so that this box
totally encloses all switching circuits. This shield is also necessary to satisfy VXI-
bus specifications for magnetic field radiation on the module surface.

Both boards are mounted with screws (every 3 inches) to the module cover. The
chassis ground and floating ground are coupled with 1-nF capacitors via these
screws. For the same reason, BNC connectors are mounted with ring capacitors
(like a washer). The P1 and P2 connectors are shielded with grounding brackets to
reduce the radiation throughout the connectors and to make a good, low-inductive
digital ground connection from the microprocessor board to the mainframe. With
gaskets on nearly all slots, this module meets the VDE Class-B RFI regulations.

Possible ground loops caused by interconnected instruments are reduced by isolat-
ing signal ground from the VXIbus and chassis ground. All microprocessor-related
control signals are coupled via optocouplers while the analog signals to and from
the VXIbus are coupled by small transformers. The number of optocouplers is
reduced by serializing the connection between the microprocessor and the signal
board. Standard components are used, such as an MC68661 USART on the control
board and standard shift registers on the signal board for serial-to-parallel conver-
sions and vice versa. With a transfer rate of 800 kilobaud, a data rate of about 40
kbytes/s is achieved for random access to the device bus, which has seven ad-
dress, one R/W, and eight data bits.

For generating floating voltages of +5V, 15V, and 30V with very low ripple (< 1 mV),
a new concept for the dc-to-dc converter was needed. It consists of two forward
converters with a duty cycle greater than 50%, running 180 degrees out of phase
(see Fig. 1). The rectified voltages of both converters are connected together re-
sulting in a voltage with 100% duty cycle. For this reason the LC filter does not
need to filter the high-voltage ripple from a single forward converter. It only has to
reduce the switching spikes caused by the rectifier diodes.

HP 1416A RF Power Meter

The E1416A VXIbus RF power meter evolved from the HP 70100A power meter
used in the HP 70000 modular measurement system (MMS) and the VXIbus HP
E1410A voltmeter. The E1416A has a high level of reuse and leverage from the
designs of these two products, which reduced the cost of R&D and the time to
market.

The measurement of power is often made in locations that have high levels of RF
noise, so there is a need for good shielding from RF fields and immunity from noise
conducted into the unit via cables. The VXIbus specification dictates a high level of
immunity to both conducted and close-field radiated interference from within the
VXIbus mainframe. VXIbus also specifies the level of close-field radiated interfer-
ence generated by the instrument.

To handle the RF noise problem in the HP E1416A a decision was made to use two
circuit boards, an analog board for the low-level power meter circuits and a digital
board for the VXIbus interface and instrument controller. This is important for both
performance and manufacturing considerations. There was a potential problem
with the coupling of high-frequency noise generated by the digital hardware into
the measurement signal. This is eased considerably by separating the circuits and
their grounds. In addition, using two boards improves utilization of the printed
circuit panels and allows the analog section to use a less-expensive two-layer
construction.

The board layout and grounding are significant factors in meeting the VXIbus
performance and electromagnetic compatibility specifications. The digital board
uses a ground-plane layer to reduce the inductance of the ground traces. The
analog board is constructed on a two-layer printed circuit board with a gridded
ground system for the digital interface and separate ground systems for noisy and
quiet analog circuits. These grounds are connected together on the digital board at
a star point.

The sensitive analog input circuits have a ground reference that floats at the same
potential as the sensor, which may differ from that of the rest of the instrument
because of long sensor cable lengths. This ground reference is a separate single
point ground system driven by a broadband opamp, supplying all of the ac section
of the power meter up to the synchronous detector. To ensure trouble-free opera-
tion in environments with high levels of RF radiation, the HP E1416A circuit boards
fitinto an aluminum alloy case of high shielding integrity. The number of apertures
and their size were reduced as much as possible and each seam around the case is
either firmly clamped or sealed with a conductive gasket. The case also functions
as runners that slide into the mainframe guides.

500-MHz Digitizing Oscilloscope
Don Smith

Project Manager

Colorado Springs Division

21-MHz Synthesizer and Function
Generator

Harald Mattes and Helmut Sennewald
Project Engineers

Boblingen Instrument Division

RF Power Meter

Tony Lymer

Project Engineer

Queensferry Microwave Division

Front-Panel Design

Since VXIbus instruments lack sufficient front-panel space
for displays and controls, the instrument designer must
turn to a computer for a virtual front panel. HP’s interac-
tive test generator (HP ITG) software allows the program-
mer to control VXIbus and rack-and-stack instruments
interactively and speeds development of test programs.

HP ITG is a program that runs on HP BASIC worksta-
tions, HP BASIC/UX, and MS-DOS. Therefore, it offers the
power and performance of HP BASIC in the development
or execution environment, as well as compatibility with
industry standard operating systems.

The software has two different environments. The first is
the development environment. This is the windows or
panels environment in which instrument panels are used
to generate code that is displayed in the Editor window of
this environment and then stored to a file for execution.
A mouse is used to select from pop-up windows and
pull-down menus (see Fig. 6, page 23). The second
environment is the execution environment. In this run-
time environment, the application is executing, not HP
ITG. No front panels are seen, and the application
executes rapidly.

Instrument States

When the instrument is in a desired configuration, or
setup, the user can save this setup as an instrument state.
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Small, Low-Cost Mainframe with a Register-Based Interface

The HP E1300A/1A VXIbus mainframe is designed for high performance and low
cost. For cost and size reasons, the VXIbus B-size or VMEbus 6U format was cho-
sen. The desire to maximize the number of available card slots with field wiring
brought about the idea of an interdigitated backplane with seven B-size and three
A-size slots for external modules and three internal B-size slots for the built-in
command module and the two-slot HP E1326 multimeter.

The mainframe with the built-in command module is stand-alone. This required the
addition of other features not found in other VXIbus mainframes such as keyboard
and display, dc power operation, and mass storage. Careful design was necessary
to minimize the conducted and radiated noise environment that the shieldless
B-size cards operate in. The power system is able to operate from either ac, or
optionally, dc power with “bumpless” transfer between power sources. There are
two power supplies, one OEM offline switcher providing + 5 and 12 Vdc and an
optional dc-to-dc converter that is connected between the ac main and the first
supply. This second power supply senses when the ac power becomes unusable
and switches to dc power operation transparently.

The mass storage devices were leveraged from the HP 9153C disk drive. The con-
troller board, ruggedized hard disk, and flexible disk drive were integrated into the
mainframe around the internal VXIbus slots and power supplies. Communication
with the disks is accomplished by piggybacking on the built-in command module’s
HP-IB port.

Designing the HP E13XX series of VXIbus cards provided many challenges. Size
was the foremost challenge with only approximately one-half inch of vertical
space and 50 square inches of horizontal space in which to design. Shields in this
limited vertical space were out of the question. Therefore, an extra effort was
made to minimize noise sources by using good ground gridding techniques, mini-
mizing clock and power supply loop areas, and controlling signal rise times. The
register-based interface was chosen for space and cost reasons. An ASIC was
developed to do the handshaking and timing for the register-based interface.

The greatest space challenge was in the development of the field wiring terminal
housing. This housing has to contain screw terminal blocks large enough to handle
250 Vac, support a 35-pound load, and be less than 0.8 inch wide. We did a lot of
20 and 3D modeling to create this design. This housing design has been scaled up
for use in HP's C-size VXIbus offerings.

Cost was also a major challenge in designing the cards. Two-layer printed circuit
boards were the rule rather than the exception, further increasing the noise reduc-
tion challenge. Most of the cards’ backplane interfaces were common, many right
down to the layout of the components. This leverage helped to decrease costs and
time to market.

Von Campbell
Project Manager
Loveland Instrument Division

HP ITG will record this instrument setup in memory as a
list of values for each instrument function or control. The
user gives this instrument state a unique name. The user
can then recall this instrument setup at any time by using
the state name instead of having to set each individual
value separately.

Another feature is called automatic incremental state
programming. This simply means that the software will let
the controller determine the fewest commands necessary
to reconfigure the instrument to the state selected by the
user. When changing an instrument from its current state
to some other state, the list of values for the current
state is compared with the list of values for the next
state. The software then identifies the values that need
updating and sends only the commands necessary to
update those values. This can speed up the execution
time substantially compared to traditional techniques.

Instrument Drivers

The drivers for HP’s VXIbus instruments generate SCPI
commands. These drivers are ASCII text files that contain
the SCPI command information and HP ITG panel layout
information for a particular instrument. These files are
loaded into memory by the development environment.

Instrument drivers are written in an independent language
developed by HP. This means that these drivers are not
tied to a particular operating system. This allowed HP to
bring HP ITG functionality to another operating system
without having to rewrite any drivers.
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HP ITG also allows the creation of application panels, a
panel that represents a group of instruments, unique
subprograms, or both. The task is similar to writing an
instrument driver file. Once this file is created, it can be
used by any person with a development system that has
access to the application driver file.

Industrial and Mechanical Design

In addition to colors and graphic styles, HP has adopted
several other standards for external ease of use. Series C
instruments have at least three LED annunciators (Failed,
Access, and Error) to assist in system configuration and
troubleshooting. Failed indicates an interface failure, Access
indicates VXIbus backplane activity, and Error indicates an
SCPI user programming error. Additional LEDs indicate
instrument-specific activities.

Series C instruments are normally positioned vertically
causing cables to hang down. This can obscure the LEDs
or connector labels. Hence, all LEDs are located on the
top of the module and all labeling must be on the side of
the connectors. In addition, triggering, clocks, and syn-
chronizing signals are located centrally on the panel and
analog signal input and output are on the bottom.

A dual three-wire analog bus standard has been defined
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