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In this Issue
HP's next generationof computersis now under development,with first
productintroductionsexpectedsome time in 1986.The code name givento
this developmentproject is Spectrum,becausethe new computerline will
include a spectrumof models rangingfrom desktop workstationsto mainframe-classmachines,all basedon the samearchitecture.Our cover repeats
the Spectrumtheme,and in the articleon page 4, Joel Birnbaumand Bill
Worley introduceus to the basic principlesof the new architectureand tell
us what HP hopes to accomplishwith it. Their article describesthe new
architecture's
definitionat HP Laboratories,a processthat involvedanalyzing
billionsof instructionexecutionsto determinethe ootimal instructionset for the new machines.
Although the new architeclurefits loosely within the class known as reduced instructionset
computers,or RlSCs, it also takes full advantageof VLSI (very large-scaleintegration)and new
softwaretechnology.lt does not, however,dependon any particularcircuittechnology,so instead
of beingrenderedobsoleteby the inevitabledevelopmentof new circuittechnologiesin the future,
it will allowdesignersto exploitnew technologiesfor furtherperformancegains.The firstcomputers
of the new generationwill extend the high end of the presentHP 3000 businesscomputerand
HP 1000 real-timecomputerlines. For HP customers,migrationto the new models is expected
to be simple. ExistingHP 3000 softwareshould run unmodifiedat about presentspeeds,or can
be recompiledor furthermodifiedto improveperformance.HP 1000 softwarewill transportto the
new machinesusingspeciallydevelopedutilitiesand emulationcapabilities.
Havingglimpsedthe futureof HP computers,we turn to the state of the art in instruments.On
pages11 to 29, the designersof the HP 33264 Two-ChannelSynthesizerdescribeits contributions
to the measurementart. Sourcesof sine, square,and pulsewaveformsare basictest instruments,
and the HP 33264 providestwo of them, both operatingin the frequency range of dc to'l 3
megahertz.A major contributionis an internalphase calibratorthat preciselydefinesthe phase
relationshipbetween the two outputs,eliminatingthe need for extra equipmentto do this. The
same phasecalibrationcapabilitycan be used to set the phase relationshipsbetweenthe outputs
of severalHP 3326Asto providemultiphasesignalsfor testingguidancesystemsor phasedarray
radars,with no extra equipmentrequired.The two HP 3326A outputscan be used separatelyor
added together, or one can modulate the other's amplitudeor phase. An unusual feature is
discretesweep, up to 63 frequenciesproducedin any user-selectedrandomorder with independently programmabledwell times before switchingto the next frequency.The HP 33264 uses
HP's fractional-Nfrequencysynthesistechnique,as describedin the articleon page 11. The
design requiresdown-conversionof a referencefrequencysource,and in the articleon page 25,
projectmanagerBillSpauldingdescribeshow the challengeof designinga high-level
activemixer
for the down-converterwas met successfully.
HP's SemiconductorProductivityNetworkis a family of products,primarilysoftware,intended
to automate and tie together the various steps in the making of integratedcircuit chips. Last
month's issue describedthe processcontrol module, PC-10. On page 30, Reed White tells us
about TC-10,the modulethat addressesthe problemof acquiringdata from equipmentdesigned
by many differentmanufacturerswithoutdetailedstandardsfor data formatand messagecontent.
The designof the modulerequireda touch of prophecyto predictwhich way standardsmightgo,
and a willingnessto risk taking a stand on which way they ought to go.
-R. P. Dolan

What's Ahead
In September,the spotlightwill be on HP medicalinstrumentsand computers,as HP designers
describethe HP 4760 family of intelligentcardiographsand the HP 3000 Series 37 Computer,
the smallestand lowest-costfull-sizeHP 3000.
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Architecture
BeyondRISC: High-Precision
An introductionto scaling, complexity,and HP's new
comp uter architecture.
by Joel S. Birnbaum and William S. Worley, Jr.

HE BRITISH GENETICISTI. B. S. Haldane once remarked that nature is not capriciousabout either the
size or the complexityof its creations.For everycreature there is a most convenient size, and a large change in size
inevitably carries with it a change of form. Consider a typical
small animal, say a microscopic worm, which breathes by
diffusion through its smooth skin, absorbs food by osmosis
through its straight gut and excretes by means of a simple
kidney. If the worm's dimensions are increased tenfold in
each direction, then through simple scaling laws, which
relate surface area to the square of linear dimension and
volume to the cube, the creature's volume (that is, its weight)
is increased a thousand times. This means that if the new
larger creature is to function as efficiently as its miniature
counterpart, it will need a thousand times as much food
and oxygen per day, and it will excrete a thousand times
as much waste. However, if its shape is unaltered, the scaling laws dictate that the surface of the skin, intestine, and
kidney will be increased only a hundredfold. Thus, a natural limit to the size of simple creatures is soon reached. For
larger animals, the ratio of surface area to volume is altered
by the creation of special, more complicated structures,
such as lungs, gills, and coiled, rough-surfaced intestines.
A man, for example, has the equivalent of 100 square yards
of lung. We are led to the surprising conclusion that the
higher animals are not larger than the lower because they
are more complicated, but that they are more complex because they are larger. Nature does not complicate its creations unnecessarily, and it is a general rule of biological
adaptation that function and form are closely related.
Man is not nearly so consistent as nature in controlling
the complexity of his creations, and in the case of the digital
computer may have complicated it unnecessarily. Albert
Einstein once said that things should be made as simple
as possible, but not simpler; this suggests that for a given
size (i.e., performance) computer, there will be a commensurate level of complexity (i.e., concurrency). If a computer
architecture is intended to define a scalable family of
machines, then it follows that it must include provision
for the hardware, software, and system organization compromises that are inevitably involved when the architecture
is implemented.
Computer architecture and implementation are quite
analogous to building architecture and construction. An
architect designs a building to achieve a certain balance of
aesthetics and function; it is up to the construction engineers to realize this concept subject to the structural integrity of materials and the laws of physics. Similarly, computer architects must make design decisions to achieve the
goal of performing useful work within a set of constraints
imposed by product size, range, cost, and usability. Hard-
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ware and software engineers must then translate this architecture into viable implementations, but unfortunately
no comprehensive theory of computation guides their
trade-offs. Modern computers are often the result of od hoc
decisions by these engineers, and tradition has frequently
played too large a role.
In 1981, a group of architects and engineers at HewlettPackard Laboratories, with help from representatives of
HP's computer divisions, began a series of precision measurements about computational behavior under a wide
range of execution scenarios so that these trade-offs could
be made more knowledgeably. The results of those studies
led, through a process of iterative optimization, to the
specification of an unconventional computer architecture,
which defines a unified family of scalable computers offering significant cost/performance advantages over more
traditional designs. Refinements by engineers in HP's product divisions followed, and ensuing implementations of
this architecture have verified its potential over a broad
range of size and function. This paper will discuss the
design objectives and some of the basic principles of the
architecture, emphasizing departures from orthodoxy. It
will serve as an introduction to later papers which will
present detailed treatments of the architecture, engineering
level discussions of some implementations, and the results
of performance analyses.
Design Objectives and Basic Principles
The program to develop implementations of the new
architecture is code-named Spectrum. From the outset, the
objective for the Spectrum program was to develop a microcomputer and minicomputer family with scalable cost and
performance across the full range of product sizes and application areas then addrgssed by all existing Hewlett-Packard computer products. This task was further tempered by
a very important overriding constraint: the new architecture must provide a smooth application migration path
from all of these existing products. It is this albatross of
compatibility that has usually prevented computer manufacturers from unifying their disparate product lines, for
the cost of recoding applications is usually too great to be
borne, and designs that compromise the specific requirements of technical, commercial, and real-time applications
for the benefit of uniformity usually suffer degraded performance when compared with specifically optimized machines.
As a design objective, however, such a scalable unified
architecture offers many incentives. If subsystem and
peripheral interfaces can be consistent across family members and application domains, then the development effort
for the family will be greatly reduced, as will the cost of
maintenance and modification of both the hardware and

Architecture Genealogy
The first von Neumanncomputers(Fig. 1a) were simple,
hardwiredmachinesbuiltfrom vacuumtubes.Theirunreliability
imposedstrictphysicallimitson theircomplexity,
and as a result
they had very few registersin their data paths. Logic speed and
memoryspeedwerein approximatebalance.Whenvacuumtubes
gave way to solid-statedesigns,volumeand power dropped by
two ordersof magnitudeand logicspeed increasedby an order
Thisled to a seriousimbalancebetweenlogicand
of magnitude.
memoryspeeds.The responseof designerswas the microcoded
machine(Fig.1b).Sucha machineexploitsthespeedimbalance
betweenlogic and main memoryto reduce the real logic in the
machineby substitutinga microcodedinterpreter,
runningout
of a small, fast control slore, for the missing hardware.More
significantly,however,this design removes the physical constrainton architecturalcomplexity,since the architectureis now
a functionol software(firmware)in the controlstore.

Since the microcoded machine did not address the central
problem,which was slow memoryaccess,the situationwas ripe
for the inventionof an effectivememory bulfering mechanism
knownas a cache (Fig.1c),whichprovides(almost)the access
speed of a small memory with the capacity of a large, slower
primarymemory.
The success of cache designs and the insightsprovided by
studying the instructiontraces collected to aid in their design
.ld,
led to the proposeddesignshownin Fig.
which providesall
the data memorybandwidthof a cache designwithoutthe overhead of instructioninterpretation.
The new HP architecturethat is now the basisof the Soectrum
program is an optimizedcase of Fig. 1d in which the data path
complexityhas beenminimizedto reducecycletimeand instruction coding has been tuned to preventsignificantcode size exoansion.

(a)vonNeumann(b)microcoded(c)cache(d)proposed.
Fig.1. Computerarchitecturetypes:

the software. There are concomitant customer advantages
in terms of cost of ownership, flexibility of configuration,
and modularity, particularly in networks, where the same
code can now run on workstations, network servers, and
timeshared distributed mainframes. The challenge is to
create a common, simple core, which can be incrementally
enhanced by the addition of functionally specific structures
for particular application execution environments. At the
outset, we established and have adhered to three design
doctrines:
I The architecture must support essentially all systems
and applications programming being done in high-level
languages.
I The architecture must scale in a technology-independent
and implementation-independent way.
I It must be able to support the efficient emulation of or
migration from previous architectures including their
I/O subsystems.
In many ways, the new HP architecture is an architecture
determined from the point of view of the software it must
run. [t was designed by a team of hardware and software
engineers who sat side by side during all phases of its
design. It falls roughly into the class of what have come to
be known as reduced instruction set computers, or RISC
machines. In many ways, as we shall see, the term RISC
is unfortunate, since a reduced instruction set is not the

goal, and is, in fact, only one part of the story. It does no
good, for example, to build an engine capable of rapid
execution if it cannot efficiently support a large virtual
address space, or if it is idle much of the time waiting for
information to arrive from the storage subsystem, or if
execution is blocked by contention with the input/output
mechanisms. It is crucially important to consider the storage hierarchy and the input/output subsystems as integral
to any system design, for it is the taste with which these
elements are combined that determines performance at the
system throughput level and that further determines the
effectiveness with which specific instantiations of the architecture can be optimized.
In many ways, RISC machines in general and HP's new
architecture in particular appear to fly in the face of conventional wisdom about computer design. Many of the conventional axioms were formulated in the pre-VLSI era, and at
a time when software technology, particularly that of control programs and compilers, was far less sophisticated
than it is today. Rethinking of fundamental assumptions
has often been curtailed by the need for compatibility with
an installed product base. HP's new architecture is the
result of a reexamination of these assumptions, aided by
extensive and precise measurements, in the light of the
capabilities of modern integrated circuits and systems software. To highlight differences, the major design principles
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will be presented as a series of paradoxical assertions.

ParadoxicalAssertions
An orchitecture bosed on o primitive hordwired instruction set, constroined to permit implementotions
thot con execute most instructions in a single cycle,
con leod to better cost lperf ormance thon a more complex microcode-bosed architecture,
For many years, the principal limitation to the growth
of computing has been the extremely poor productivity of
software application development. In fact, at least two
thirds of the world's programmers are still involved in the
maintenance and modification of old code. Therefore, it is
not surprising that computer architects for many years have
sought to raise the level of abstraction for the creation of
both systems and applications programs, since programming in high-level languages has been shown to improve
productivity in both the creation and the maintenance
phases.
The principal architectural trend of the 1970s was to
take advantage of the rapidly decreasing costs of hardware,
brought about by increased chip densities, by implementing in hardware as high-level an interface for the instruction
set as possible. The most common way of achieving this
was through microcode interpretation of the architected
instructions into the fundamental machine level. The justification for the microcode was often given in terms of
greater performance, but in fact, this performance depended mostly on the microcode's being resident in highperformance control store.* The effectiveness of this
scheme is then dependent upon the ability of the system
architects to guess in advance which instructions can most
benefit from being resident in the control store. In fact, a
second advantage of microcode was probably more responsible for its pervasive use: system development modifications and tuning could now be done through microprogramming rather than hardware redesign, purportedly improving development costs and schedules because of the
enhanced flexibility. For many machines in the intermediate (supermini) class, the microcode became large and
complex because the architects relegated many complicated decisions relating to the specific execution environments to this interpreter.
During the mid-7Os, far less intrusive and more precise
performance measurements than had been possible before
began to be made in a variety of university and industrial
laboratories. Through the mechanism of instruction tracing
across a wide variety of workloads, these measurements
brought a new level of understanding of what was actually
going on inside the computer execution units. It was discovered that the simple instructions, such as branch, load,
store. and add. dominated the instruction execution frequencies and that the complex instructions were seldom
used. The justification for executing such simple instructions interpretively in microcode is difficult, since a several-cycle performance penalty is usually exacted.
tThe physicaldensityot RANIin the 1970swas much lowerthan that of ROM,leadingto
refresh,and controlwereeasier
inilialization,
lowerspeedsfor RA[,4
thanfor ROM.Similarly,
for RO|V1,
and reliabjlitywas better.
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These observations led to a new breed of machine which
had a reduced number of primitive hardwired instructions-the
ones that were executed most frequentiywhich could be constrained to execute in a single cycle
(with the exception, of course, of instructions that must
access storage, such as loads and branches).
The Spectrum program design team at HP Laboratories
analyzed billions of instruction executions and used the
results to create an instruction set in which the most frequently used instructions are implemented directly in
hardware. While the early literature on so-called reduced
instruction set computers tended to emphasize the distinction between microcoded and hardwired instructions, an
equally important characteristic of the new HP architecture
is that its designers have invested in high-speed generalpurpose registers instead of microcode. A computer whose
highest (fastest) level of the storage hierarchy is generalpurpose registers has several advantages. The obvious one
is that register-to-register instructions are intrinsically faster than those requiring storage access.Another is that modern compilers can analyze data and control flows and can
thus allocate registers efficiently. The reuse of information
held in registers is enhanced dramatically, in most instances producing shorter total path lengths and far fewer
storage accesses.Yet another advantage of simple registerbased instruction sets is that computations can often be
broken into independent portions, which frequently permits greater overlap between the processing units and the
storage hierarchy.
Modern computers typically have an execution pipeline
which permits new instructions to be begun before prior
ones are completed. HP's new architecture acknowledges
this reality by making characteristics of the pipeline architecturally visible; delayed branches and loads are two
consequences that will be discussed later. The effect is that
an instruction can be executed almost every cycle. The
pipeline can be relatively simple, because advances in compiler technology enable the clever scheduling of instructions to take advantage of cycles that would otherwise be
idle.

232Bytes
per Space

I

I

216 ot 232Spaces

{

Fig.1. Thenew HP architectureprovides for up to 2s2 distinct
virtual address spaces, each up to f2 byteslong. lmplementations may limit the number of virtual spaces to zero (real
addressing only), 216,or the fult f2.

Some complex microcode-based machines have writable
control store to permit different complex instruction execution environments to be created to match the task at hand.
This has proven, in general, a very complicated task, and
very few end users have availed themselves of this capability. In one sense, the new HP architecture can be thought
of as having no microcode, but it is equally valid to consider
it as having only microcode. The distinction is that the HP
microstore is the normal dynamically managed storage
hierarchy instead of a special control store. It is thus
dynamically alterable and operates at a far higher level.
This type of microcode can be written using high-level
languages and standard development environments and
can be paged in and out of the system in a straightforward
fashion. In this way, further performance enhancements
often result from the specialized construction of complicated instructions from the primitive hardwired ones, since
these subroutines are frequently a better match for the specific run-time situation than generalized microcoded instruction sets.
The critical question about reduced complexity architectures is whether or not the performance gains that result
from direct execution will be lost through increased path
length resulting from having to formulate complex instructions in terms of the simple ones. This valid question does
not have a single simple answer. In many cases,an optimizing compiler will be able to produce path lengths no longer
than conventional solutions. In other cases,it is ludicious
to add hardware to implement complex facilities; examples
might be floating-point instructions, decimal arithmetic instructions, high-performance multiplications, and array
operations. In general, the applications workload is the
determining factor. More will be said later about the capabilities of the new architecture to permit flexible trade-offs
between the hardware and software. The design philosophy
used throughout is to preserve the performance of the
primitive instructions and not to invest in hardware assists
until both frequency of occurrence and functional need iustify it.
A primitive instruction set is o better motch to high.level longuoges thon o complex one.
Although the dramatic advances in shrinking the size of
computing devices with concomitant benefits in power,
speed, and cost have garnered most of the attention over
the last three decades, there has been steady and important
progress in software technology as well. In particular, compilers have grown far more capable of analyzing and optimizing programs. A modern globally optimizing compiler
can produce code that rivals handcode in all but low-level
routines requiring direct control of machine resources. The
new HP instruction set has been chosen to be the target for
such a compiler. As a result, it is very regular; all instructions are 32 bits in length, opcodes and register fields always occur in the same locations, and there is great symmetry in the functions provided. The result is that with
the exception of a few performance-critical routines such
as the first-level interrupt handler, virtually all programming is done in high-level language. Furthermore, short,
precise instructions serve as an excellent base for interpre-

tation, so languages like LISP can be executed quite effectively, even without hardware assists.
Some insight into why a simple instruction set is a better
match for a high-level language compiler can be gained by
recognizing that human beings are quite good at formulating complex strategiesand data structures to use powerful
instructions. Compilers, however, are most effective at simple repetitive execution with a minimum of special cases.
Compiler accuracy and code performance both suffer
dramatically as the complexity increases. The compilers
for the new HP architecture are designed to maximize register reuse and reschedule instruction sequencesto maintain
pipeline efficiency. By elimination of unused code and
precalculation of many quantities at compile time, further
performance gains are achieved.
A cache shou.ld not be hidden.
The efficiency of the storage hierarchy is crucial to any
high-performance machine, since storage is intrinsically
always slower than logic. The high-speed register set is the
highest level of this hierarchy and has been discussed
above; the next level is the cache or high-speed buffer memory, which helps to lessen the speed mismatch between
the logic units and main memory. Its purpose is to achieve
almost the bandwidth of the cache but with the capacity
of the main store. The cache, as its name implies, is usually
hidden from the perspective of the software, because it is
generally not part of the architecture but an implementation
afterthought. In the new HP architecture, the cache is exposed and the storagehierarchy is explicitly managed. This
is made possible by the careful design of the operating
system kernels, and by disallowing run-time instruction
modification unless responsibility for it is taken in the
software. The architecture allows implementations to buffer information in the high-speed storageto reduce the time
required to translate virtual addresses, fetch instructions,
and fetch and store data. The architecture supports up to
232 virtual address spaces, each 23'bytes long (Fig. 1).
Virtual address translation is done by translation lookaside
buffers, or TLBs. Separate TLBs can be used for instructions
and data, or one can be used for both. The high-speed
caches can also be separate for instructions and data, thus
increasing the bandwidth from memory substantially, or
one can be used for both. Splitting the cache effectively
doubles its bandwidth since it allows us to fetch data and
instructions simultaneously. This departure from the von
Neumann concept of indistinguishability of instructions
and data is achieved through the provision of instructions
to permit the synchronization and management of the
caches when modifications of instructions by stores are
involved.
Several other strategies are employed to minimize the
idle time of the processor while the storage hierarchy is
being exercised. One example is the ability to execute delayed branch instructions, which differ from conventional
branches in that the processor executes the instruction after
the branch while the branch target is being fetched from
storage, often using what would otherwise be an idle cycle
(Fig. 2a). HP's new architecture also contains novel
facilities for performing program logic functions without
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requiring branch instructions. Similarly, code rearrangement can often overlap the execution of other instructions
with instructions that access storage (Fig. 2b)' The registerintensive computation model reduces the number of storage accesses,since only Ioad and store instructions access
main memory, all other computation being performed
among registers or between a register and an immediate
field contained in an instruction. The generous number of
registers ensures that the register allocation scheme of the
compiler can assign the most frequently used variables to
them so as to incur a fraction of the memory references
required by traditional architectures.
HP high-precision orchitecture provides o better bose
for o scoloble ronge of specific product implenrentotions
thon more customized microcoded orchitectures.
The new HP architecture is technology-independent in
the sense that implementers can choose a technology based
only on considerations of size, cost, and performance tradeoffs with the assurance that code written on any member
of the family will execute unchanged on any other member.
This means, for example, that a development system on a
large mainframe can be used to develop code that will run
on a single-chip microprocessor in a personal computer or
workstation, or that code normally executed in the workstation environment can run on a network server or timeshared
mainframe when that is convenient or desirable. Within a
given technology, performance will depend strongly on the
trade-offs between hardware and software that have been
made and on the size and number of caches that have been
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Fig.2. Branch and load scheduling. (a) One-cycle delayed
branches can almost always be used lo eliminate a cycle of
cache delayby permutinginstructionsto occupy the branch's
"delay slot" usefully. (b) Two ways of moving two words from
A,A+1 to B,B+ 1. Thestraightforwardcode on the left incurs
"load interlocks"between each load instructionand its adiacent store instruction,since the cache can be expected to
require a full cycle to respond. The rescheduled code on the
right uses an additional register to oveilap the data fetch
delays, resulting in a two-cycle saving.
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provided, since efficiency for a given application is quite
sensitive to the number and locality of storage accesses'
High-performance hardware in the form of assist processors can be added to any basic high-precision architecture
system to enhance its performance or functionality (Fig' 3).
Three categories of assist processors are differentiated by the
Ievel at which they interface to the memory hierarchy.
Speciol function units interface to the memory hierarchy
at the general register level and can be thought of as alternative processing units or as an alternative path through
the execution unit of the existing processor. Examples include fixed-point binary multiply and divide units, emulation assists, and encryption or decryption hardware.
Coprocessors attach to the memory hierarchy at the level
of the caches. They generally have their own internal registers and hardware evaluation mechanism. Examples of coprocessors are high-performance graphics or floating-point
arithmetic engines. Note that the cache-to-coprocessor
bandwidth can be different from the cache-to-main-processor bandwidth.
The third type of assist processor attaches to the main
memory bus. High-precision architecture supports various
types of multiprocessing with special instructions and control features. Multiprocessing can be homogeneous and
tightly coupled, or the attached processor can be specialized (e.g.,an array processor or an I/O controller). In all cases,
such ottoched processors typically have their own registers
and local storage.
High-precision architecture permits great flexibility in
choosing cost/performance points based primarily on the
choice of technology and secondarily on the configuration
of the memory hierarchy and special VLSI hardware assists.
In this way, implementations can be tuned for specific application domains and the same fundamental architecture can
serve commercial, scientific, and real-time applications.
The I/O architecture of the computers being developed
by the Spectrum program has been designed to permit complete control of I/O devices by privileged or nonprivileged
code written in high-level language. It is based on a memory-mapped addressing structure (that is, all communication with external devices is done through registers that
are addressed using normal load and store instructions).
This conforms with the objective of making it possible to
do all programming in high-level language, since the uniformity of addressing makes it possible to treat device drivers
in a nonspecialized way. Since the I/O devices are addressed
exactly as if they were memory locations, the same protection structure can be used for both, which greatly simplifies
the overall system. We believe that this will protect the I/O
better than many other more expensive schemesand can even
be extended to protect individual I/O devices. The architecture is flexible enough to accommodate adapters that convert the new HP I/O protocol to other protocols and vice
versa, so that foreign devices can be connected to new HP
systems when appropriate. fust as in the storage hierarchy,
the I/O architecture supports several types of interfaces
ranging from sparse, direct control of simple devices to very
rich functional controllers. The direct memory access of
I/O is organized so as to present minimum interference in
the storage hierarchy, which enables the processor to run at
reasonable speed even when the full I/O bandwidth is being

used.
Since some members of the new HP computer family
will be used as instrument and real-time processcontrollers, we have attemptedto optimize the ability of the new
architecture to respond to a wide range of external and
internal interrupt conditions. Here again, the speed and
uniformity of the instruction set and the simplicity and
regularity of the control interfacesyield significant performance and functional advantagesover more conventional
hardware-dependentimplementations.This structure has
also enabledus to build an unusually rich set of hardware
instrumentation into some of the early implementations.
This hasproven valuableduring development,and we think
it will help customersa greatdeal in tuning the performance
of their configurationsfor particular workloads.
A reduced-complexity, high-precision orchitecture
enoblesmoregracefulmigrotion from otherorchitectures thon conventionol opprooches.
This is, of course,the overriding constraint for any new
architecture proposed by a manufacturer with a large installed base of application programs.We believe that migration from existing HP products to the new computers
will be among the least difficult that the industry has yet
seen. There are many reasons for this, but perhaps the

principal one is that the simplicity of the instruction set
and control paths and the inclusion of versatile field-isolation facilities make the new machines extremely good interpreters, and so guarantee that software emulation of previous machines will be unusually effective where time dependencies are not critical, particularly since the system
spends much of its time in the control program and software
subsystems, which run in native mode. The emulated code
can be freely combined with recoded native versions of
the most critical routines, thus providing a continual incremental upgrade path. For many applications, simply recompiling the source code will yield significant improvements in performance. When source code is unavailable,
an optimizing object-code compiler, which treats the object
code of an earlier machine as input, has been found to
produce important performance gains with acceptable code
size expansions in a large percentage of cases. For those
few cases where direct emulation or recompilation is not
effective, migration tools have been developed.
Although the new HP high-precision architecture is very
efficient at software-based emulation, hardware assists in
the form of special function units, coprocessors, or attached
processors can be provided where indicated. The I/O subsystem is designed to permit native and foreign mode device attachments, including adapters from selected previous HP I/O architectures. Future versions of the system
will incorporate features for fault tolerance and high availability. Since the software is able to identify each module
in a particular system, self-configuration without operator
intervention will also be possible.

Gonclusion
The high-precision
architecture
beingdevelopedby the

Fig. 3. High-precision architecture system processing unit
block diagram, showing high-performanceasslst processors
added to enhance the performance or functionality of the
baslc system. Special function units connect directly to the
proces-cor,and can be thought of as alternative data paths
assoclated with the processor'sgeneral registers.Coprocessors, on the other hand, have a control interface with the
processor, but they have a private register set and a direct
data inbrtace with the cache. They are appropriate when
special data types are supported that have little overlap with
main processor data types, such as floating-point data. Attached processorsare a third level of specialized assist.They
have private reglsters,private data paths, and local storage.
Attached processors execute separate instruction slreams
and are best sulted for specialized operations on complex
data types-for example,vector processing.

Spectrum program provides the base for the next-generation family of HP computers. We think it will provide a
cost/performance leadership position for commercial, scientific, and real-time applications and will scale across a
wide range of function and performance. It will enable all
HP computer systems to converge to a single architecture,
with almost all programming done in a consistent way in
a variety of high-level languages and operating system environments. Systems based on the new architecture will
be able to provide compatible execution of application programs written for most earlier-generation HP systems.
When required, attachment of older I/O devices will be
possible.
The Spectrum program does not result from a single new
idea, but rather is the result of the tasteful synthesis of the
enormous progress in semiconductor technology with an
increased understanding of the role of compilers and
operating systems in optimizing an overall system design.
We have tried to learn from nature that simplicity is a
relative term and have added complexity only where usage
justifies it.
Later articles in this series will present greater architectural detail and will chronicle the specific implementations
and their performance.
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Development
of a Two-Channel
Frequency
Synthesizer
Combiningtwo independentsynthesizers,flexible
modulation,and controlcircuitsin a stnglepackage, this
rnstrumentcan generatetwo-phase,two-tone,pulse,
frequencyhopping, and swepf signals.
by MichaelB. Aken and William M. Spaulding

S THE COMPLEXITY of electronic circuits and systems has increased, the need for equally complex,
high-quality test signals has grown. In response to
the need for greater flexibility, Hewlett-Packard has dev e l o p e d t h e H P 3 3 2 6 A T w o - C h a n n e l S y n t h e s i z e r ,F i g . 1 .
This instrument is based on the same fractional-N synthesis
technique used in the HP 3325A Synthesizer/Function
Generator,r which was introduced in 1978. The addition
of a second synthesizer and output channel, all under the
control of a common microprocessor, has resulted in a
high-performance signal source that has operational features extending well beyond the direct combination of two
independent signal sources.
Frequency coverage is from dc to 13 MHz with one-microhertz resolution below 100 kHz and one-millihertz resolution f rom 100 kHz to 13 MHz. Output levels are programmable from 10V p-p into 50f,) (23.98 dBm) to 1 mV p-p
( 56.02 dBm) with 0.01-dB resolution. Independent preattenuator dc offset can be applied to the output signals.
Functions available include dc-only, and there is independent control of the selected function on each output channel. The article on page 19 gives examples of the applications of the HP 3326A.
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Functional Modes
The HP 3326A has four modes of operation: two-phase,
two-channel, two-tone, and pulse.
Two-phase operation. In this mode, high-accuracy phase
control is provided by Hewlett-Packard's implementation
of fractional-N synthesis. Two synthesizers and two chains
of output circuitry are combined to provide continuous
phase control between the output channels over a range of
+72O'wilh 0.01" resolution. An internal calibration system
working through the instrument's controller provides fully
calibrated phase between the output channels across the
full frequency range of dc to 13 MHz. Waveforms may be
sinusoidal, square, or mixed sine and square. The calibration system can be used to provide multichannel phase
operation among several instruments for output frequencies greater than 1 kHz. Multiphase operation at lower frequencies can be achieved with the addition of a time-interval counter and a computer to act as system controller.
Phase is not calibrated when using the HP 3326,\'s optional
high-voltage amplifiers, since they are connected after the
output attenuators outside the calibration path. High-voltage phase accuracy can be enhanced using an external timeinterval counter such as the HP 5334A.
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Fig.1. the HP 3326ATwo-Chan-
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Two-channel phase performance is complemented by
excellent sinusoidal signal purity. Harmonically related
products are more than B0 dB below the carrier from 10
Hz to 50 kHz. Nonharmonically related spurious signals
are greater than B0 dB down below 1 MHz and greater than
70 dB down from 1 MHz to 13 MHz. Phase performance
specifications apply for equal and unequal levels between
channels, for a sine/square waveform mix between channels, and for waveforms with dc offset.
Two-channel operation. In the two-channel mode, the HP
3326A functions as two independently programmable frequency synthesizers. Sweep time and sweep marker are
the only parameters shared by both channels. Channels
can be independently set to sinusoidal, square, or dc-only
waveforms. The same harmonic and spurious specifications apply as in the two-phase mode.
Two-tone operation. In the two-tone mode, the frequency
of Channel B tracks the frequency of Channel A with a
programmable offset of up to 1100 kHz. Using the frequency sweep features of the instrument, tracking swept
two-tone measurements may be made. Independent control
of waveforms, amplitudes, and dc offsets is maintained in
each channel.
Pulse generation. With two channels having precise phase
control, it was a natural extension to provide pulse generation using the equivalent of a seUreset flip-flop triggered
on the rising edges of the two phase-related sinusoids. As
the phase of Channel B is varied with respect to Channel A
over a range of 0 to 360', pulses with precisely controlled
duty cycles from 1 to 99% can be generated with a repetition
frequency equal to the programmed frequency of Channel A.
The complementary outputs of the square modulator are
delivered to the output amplifiers to provide pulses 180
degreesout of phase on the two channels. Independently programmable dc offsets can be applied to the pulse waveforms.

OperatingFeatures
Versatile modulation capabilities are built into the HP
33264 Two-Channel Synthesizer. Rear-panel inputs are
provided for external amplitude and phase modulation of
the two output channels. Internal modulation is provided
by routing the signal from Channel B to the amplitude
and/or phase modulation circuits of Channel A. Amplitude
modulation rates up to 100 kHz and depths from 0 to 100%
are allowed. Phase modulation is accomplished within the
fractional-N phase-locked loops. Rates to 5 kHz and peak
deviations to 1360' are possible. Modulation percentages
and/or deviations are fully programmable in the internal
modulation mode.
The linear frequency sweep capabilities of the HP 3325A
Synthesizer/Function Generator are maintained in the HP
33264. Except for sweep time and frequency marker, all
sweep parameters are independently programmable for the
two output channels. Sweep capabilities have been extended in the HP 3326A with the introduction of discrete
frequency sweep (see box, page 15). In this sweep mode,
up to 63 sequential sweep elements, consisting of frequency
pairs for Channel A and Channel B and the dwell time
before moving to the next element, can be programmed'
All frequency changes are phase-continuous. Simulation
of DTMF (dual-tone, multifrequency) signals, such as those
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used for telephone dialing systems,and FSK (frequency-shift
keyingJ for modem testing can be implemented directly
with the HP 33264.
The power of the internal microprocessor has been used
to provide extensive calibration'and self-test capability.
Internal automatic calibration of amplitude, phase, phase
modulation angle, and dc offset is provided. Fifty tests of
internal circuitry are provided in firmware to verify the
instrument's condition. Many of these tests are performed
at instrument turn-on. Others are accessed during service
and troubleshooting procedures. In addition, calibration
error constants for most parameters are stored internally
and used to correct entered data to enhance the accuracy
of the instrument.
Especially useful in the two-tone mode is an integral
resistive signal combiner, which can be used to provide
both tones on a single output connector. Low-output impedance high-voltage amplifiers for both channels are
offered as an option. These amplifiers provide up to 40
volts peak to peak (into a 1000C),2OO-pF-maximumload) at
frequencies up to 1 MHz with voltage-source drive. A highstability crystal reference oven option is also available.
Block Diagram
The functional blocks of a mix-down synthesized signal
source appear twice in the block diagram of the HP 3326A
Two-Channel Synthesizer, Fig. 2.
Synthesized square waves (ECL levels) from the main
fractional-N synthesizer are routed to the Channel A output
mixer and to the RF switch. The Channel A mixer
heterodynes a level-controlled, fixed Zo-MHz signal from
the reference dividers with 20 to 33 MHz from the main
fractional-N synthesizer in all functional modes. Block diagram flexibility stems from the RF switch, which configures
the Channel B output mixer frequency scheme to provide
the functional modes. Fig. 3 describesthe Channel B mixing
frequency schemes for the four operating modes (two-channel, two-phase, two-tone, and pulse).
In the two-channel mode, the mixing scheme of Channel
B is configured like that of Channel A. Leveled, fixed-frequency 2O-MHz signals are applied to the mixer low-level
port, with the auxiliary fractional-N synthesizer applied to
the high-level port. Channel B can then be programmed to
operate as a separate synthesizer output channel over the
full rg-MHz range. In the two-phase mode, the auxiliary
fractional-N synthesizer is connected to the Channel B
mixer low-level port. The auxiliary fractional-N synthesizer runs at a fixed frequency of. zo MHz, with a phase
angle (with respect to the 20-MHz Channel A signal from
the reference) that is programmable using the phase control
features of the fractional-N synthesis technique. Both channels operate at the same frequency, which is controlled by
the main fractional-N synthesizer across the O-to-13-MHz
output range.
Two-tone operation is provided by programming an
offset frequency in the auxiliary fractional-N synthesizer.
Signals of z0 MHz plus or minus zero to 100 kHz from the
auxiliary fractional-N synthesizer are routed to the Channel
B mixer low-level port. Tones separated by up to 100 kHz
over the 13-MHz range are developed in the output channels. Tone phase can be controlled with the auxiliary frac-
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Fig.2. Simplified HP 3326A block diagram. The functional blocks of a mix-down synthesized
stgnal source appear twice. FractionalNsyntheslsprovrdeshigh-accuracyphasecontrol.
tional-N synthesizer for harmonic relationships.
Pulse mode uses the same mixer configuration as twophase mode. Preamplifier output sinusoids are shaped in
the square and pulse circuits. A set/reset flip-flop, triggered
by the edges of the two channels, generates the pulses,
with duty cycle control established by varying the phase
between the Channel A and Channel B signals. Level-controlled pulses 180" out of phase are then supplied to the
output amplifiers.
Square waves are generated by limiting the sinusoidal
preamplifier outputs and applying them to level-control
modulators. The modulator outputs are routed directly to
the output amplifiers.
Sync circuitry subtracts any programmed dc offset from
the Channel A output waveform. Fast comparators shape
the signal to TTL levels, which are supplied to a front-panel
connector.

Output attenuators provide 0 to 70 dB of programmable
fixed attenuation for both channels. Fine amplitude control
over a 10-dB range in 0.01-dB steps is accomplished with
a 12-bit digital-to-analog converter in the level-control circuits for the individual channels. A resistive combiner is
supplied on the Channel A output attenuator assembly to
provide the convenience of two-tone outputs at a single
front-panel connector. Combiner insertion Ioss is 6 dB and
characteristic impedance is 50O.
External amplitude modulation signals from rear-panel
connectors can be connected to the modulators for both
output channels. Channel A can be amplitude and/or phase
modulated by the signal from Channel B. Modulation signal
switching is controlled by the microprocessor.
During calibration procedures, the attenuator outputs are
disconnected from the front-panel connectors and routed
to the calibration circuirs.
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Fractional-NSynthesizers
Fractional-N frequency synthesis is an extremely powerful technique for signal generation with high-resolution
frequency control.l'2 It is used either directly or as an interpolation oscillator in many of the recent Hewlett-Packard
swept-heterodyne analyzers and synthesized signal sources
to implement local oscillators and/or output signals that
are inherently stable, programmable, and easily swept. The
HP 3326A is an excellent example of the versatility and
adaptability of this synthesis technique.
Standard divide-by-N phase-locked loop synthesis, represented by the block diagram shown in Fig. 4, gives output
frequencies that are integer multiples of the input reference
frequency. High resolution in frequency demands the use
of very large N numbers. However, for most applications
the reference phase noise multiplication associated with
Iarge N is an unacceptable performance limitation.
Fractional-N techniques result in high-resolution frequency synthesis in a single phase-locked loop (Fig. 5, page
16). Here, the output frequency is N.F times the input frequency, where the fractional part (F) of the multiplier is
composed of 12 BCD digits in the HP implementation.
Phase noise multiplication is significant only for the integer
part (N) of the multiplier, resulting in vastly improved
performance over any other single-loop configuration with
similar frequency resolution.
Since the counter output in the fractional-N loop is not
an integer multiple of the reference frequency, the loop
phase detector output contains a phase ramp with a period
proportional to the fractional frequency offset. This ramping phase, if uncorrected, would result in very large phase
modulation sidebands on the output frequency. To correct
these sidebands, a digital phase accumulator in the control
chip (an HP custom MOS chip) is updated with the fractional part of the frequency every reference cycle. The five
most-significant digits of this accumulator feed a multiplying digital-to-analog converter (DAC), which provides a
current ramp to the loop integrator to cancel the effect of
ramping phase at the phase detector output. Sideband cancellation can be achieved to - 130 dBc referred to the phase
detector input.
Another benefit derived from the digital phase ac-
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Fig. 3. HP 33264 ChannelB output mixer RF signal switching.

cumulator is precision control of phase in the phase-locked
loop. By adding a constant to the contents of the accumulator in the control chip, the VCO phase with respect
to the reference frequency can be varied with a theoretical
resolution of 10 parts per million at the output frequency.
This results in a phase resolution of o.ooe0" using the five
most-significant accumulator digits and the multiplying
DAC. Phase control resolution in the HP 3326A is rounded
to 0.01' for convenience.
Frequency sweep features have also been incorporated
in the custom control chip. By adding a programmed frequency increment to the frequency register in the chip
every reference cycle (10 ps), the loop output frequency
can be swept. Flags generated on the control chip with
digital comparators provide frequency marker and sweep
limit indications (e.g., end of sweep).
Spectrally pure frequency systhesis is required for signals to be specified with accurate phase relationships'
Spurious responses, harmonic distortion, and phase noise
alter zero crossings. The HP 3326A implementation of fractional-N synthesis emphasizes spectral purity. Several circuit improvements are aimed directly at establishing performance consistency or improving performance.
Bias and API (automatic phase interpolation) current
source temperature coefficients are stabilized to maximize

Flg.4. Conventional+N phase-lockedloop block diagram

Discrete Sweep
Sincethe days of the firstoscillator,user expectationshave
beenincreasing.
Themostimportantrequiremenls
aref requency
accuracy,speedof frequencysetting,and phasecontinuity.
The
providedthe frequencyaccuracy,whilekeyboards
synthesizer
and the HP-lBbroughtlocaland remoteprogramming.
HP fractional-Nfrequencysynthesisrealizeda glitchJreephase response.Now, the HP 33264 Two-Channel
Synthesizer
with its
discretesweep featuregives the user the abilityto programa
sequenceof frequenciesand the timing associatedwith each
step of the sequence.Signalsnecessaryfor synchronization
are
alsogenerated.Discretesweepin the HP 33264allowsthe user
to programa seriesof 63 elements,each consistingof a frequencypair (ChannelA and ChannelB) and a dwelltime.Once
the frequenciesand dwell limes have been programmed,the
user can recallor changeeach individualelement,sweepcontinouslythroughthe programmed
seriesof frequencies,
or singlesweeptheseries.Dwelltimeisthe intervalbetweenprogramming
the individuallocaloscillators
and the subsequentprogramming
for the nextelement.lt is limitedto a rangeof valuesbetweens
ms and 1000s. Frequencysettlingtime for the HP 33264 dependson the frequencystep size.For largefrequencystepsthe
dwelltime must be adlustedto allowfor settlingtime.Although
lhe techniqueis usefuljn the two-channelmode, its majorcontributionis in the other three HP 33264 modes.There.phase
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Fig. 1. A discrete sweep with timing signalsproduced by
the HP 33264 Two-ChannelSynthesizer.

loop phase stability. Drifts in bias currents translate to drifts
in output phase. Drifts in API currents cause temperature
dependence in phase ramp cancellation.
Monolithic operational amplifiers are used to implement
the loop integrator amplifier and current summer amplifier
to reduce complexity and parts count.
Reverse signal path isolation is important, particularly
in the connection between the VCO and the counter circuitry, and in the counter-output-to-phase-detector connection. If injected into the VCO or phase detector, many
of the counter and control chip signals can cause additional
spurious responses.
An ECL flip-flop at the VCO output divides the synthesizer output frequency for a 6-dB improvement in phase
noise and spurious perfromance, and reduces local oscillator even-order harmonic content to the output mixers to
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Fig. 2. Typical settling time as a function of the size of the
frequency change and allowable frequency error.
continuityrs maintajnedbetweenboth of the local oscillators,
phase repeatabilityis certain,and phase accuracy is exact at
the particularfrequencywhere the Hp 33264 has been cali_
brated.A discretesweep can be made in any of the four modes
of operation.Since amplitude,offset,calibration,and function
parametersare not stored wrth each discrete sweep element,
the parametersused during the sweep are those jn effect when
the sweepis started.The operatingmodechosenwhenthe dis_
crete parametersare programmedis rememberedand cannot
be changedwithoutreenteringthe frequencyand time param_
eters.
Fig. 1 showsa discretesweepwith timingsignalsproduced
by the HP 33264. The Z-blank signal occurs at the start of the
sweep,and the markeroccursat the end of each timingcycle.
The differencesin markerpulsewidth for the first elementand
for the subsequentelementsis causedby softwaretiming.Fig.
2 shows typical settlingtimes for variousfrequencychanges.
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reduce generation of even-order mixer spurious products.
The benefits derived from division of the fractional-N output were viewed as more important than the resulting frequency range restriction.

High-Dynamic-Range
OutputCircuitry
Mix-down signal sources generate output frequencies by
heterodyning the RF from the synthesizer with a fixed frequency. To provide good harmonic distortion and spurious
performance, mixing is usually done at very low levels
(typically 2 to 10 millivolts) resulting in limited signal-tonoise ratios. Large amplifications are then required to provide output levels in the 10V-peak range. The Hp 33264
takes advantage of a high-level active mixer which accepts
100-mV peak-to-peak input levels at the low-level port.
Harmonic distortion and spurious products are typically
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Flg, 5. Fractional-N sYnthesizer
block diagram.
below -85 dBc across the 13-MHz band at the output of
the mixer (see article, page 25). Active circuits also allow
conversion gain, resulting in a mixer output level of approximately 100 millivolts. Subsequent amplification requirements are greatly reduced.
The active output mixer, based on a Gilbert cell multiplier configuration, is implemented with a discrete design
to establish control of circuit parameters. Using this approach, even-order spurious mixing responses, which lie
in-band for output frequencies greater than 7 MHz, are
reduced to imperceptible levels. The active approach also
helps maintain an acceptable signal-to-noise ratio.
The RF switches are implemented using current-controlled diode switches with ECL gates as buffer amplifiers'
Typical switch isolations of zo dB are achieved using standard printed circuit layout techniques' To reduce crosstalk
and channel isolation further, unused signals in various
modes are switched off at the source, again using ECL gate
buffers.
Output amplification in the HP 3326^4 is implemented
using high-performance, wideband operational amplifiers
in parallel with feed-forward discrete ac amplifiers. Excellent distortion performance at low-frequencies is achieved,
with good slew rate performance for higher-frequency rectangular waveforms. Care had to be exercised to tailor the
amplifier frequency responses. Overall loop gain has to be
high as the ac circuit gain increases to avoid aberrations
in phase and amplitude responses of the overall amplifier.
SIew rates better than 1300 volts per microsecond are
achieved, and distortion is below -80 dBc up to 50 kHz
with full scale signal levels of 20 volts peak-to-peak at the
output amplifier (10V p-p into 50.0, 50,f1 back-matched
voltage source).

OutputAttenuationand SignalCombiner
Output attenuation is accomplished with relay-switched
pi network pads. Steps of 10, 20, and q0 dB are provided
for a total of zo dB of fixed attenuation. With the 10 dB of
high-resolution attenuation from the leveling circuitry, a
total attenuation range of Bo dB is achieved.
Relay switches are provided on both attenuator assemblies to transfer signals from the output connector to
the calibration circuits. By disconnecting the output signals
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from the front-panel connector, calibration is accomplished
without being affected by user loads' To maintain source
termination, the 40-dB pad is switched in during calibration.
The Channel B attenuator contains a switch to transfer
Channel B signals from the front-panel connector to the
internal modulation circuitry (PM on the main fractional-N
circuit and AM on the Channel A level control circuits).

InstrumentControllerand PowerSupplies
The instrument microcomputer/controller is based on a
68809 microprocessor. Memory is allocated as follows: 5BK
of ROM for program storage, 2K of nonvolatile RAM for
saved instrument states, 2K of scratchpad RAM for stack
space and program use, and 2K of memory mapped I/O for
instrument control. The clock rate is B MHz. Support circuitry includes a programmable counter/timer to provide
the one-millisecond interrupts for front-panel refresh and
keyboard read, and a 9914 HP-IB interface chip to handle
bus protocol and I/O. Nonvolatile RAM, backed up with a
lithium battery, is included to provide nine saved instrument states. An X-drive DAC, also driven by the programmable counter/timer, provides an X-axis output proportional to sweep rate. Marker and Z-blank functions round
out the sweep signal set.
Because of the interference generated by high-level logic
signals, and the interference conducted as the internal bus
picks up other signals in the instrument, the internal instrument bus is pulled low actively whenever the bus is not
in use. This provides additional isolation by reducing bus
impedance and the pickup of internal electric fields caused
by higher-impedance phenomena.
Very clean, linearly regulated power supplies provide
+ 5, + 15 and - 15 volts to the instrument. A separate * 5V
isolated supply is used to maintain HP-IB ground isolation.
Auxiliary t30V supplies power the optional high-voltage
amplifiers, and an unregulated + 1BV provides standby
power to a separate regulator on the optional reference
oven assembly.
The power supplies are implemented using active linear
regulation based on operational error amplifiers for low
noise and high loop gain. The supply reference voltage is
generated f rom a heavily decou p led,
"-0",::j;::."":Hl""i;

Two-Channel SynthesizerPhaseCalibration
The calibratorof lhe HP 33264Two-Channel
proSynthesrzet
videsnot onlythe amplitudeand offsetaccuracyenhancements
that users have come to expect from Hewlett-packard,
but
throughthe use of phasecalibration,
it alsoprovidesnew tevets
of widebandphase accuracy The combinationof high phase
resolution
and phasecorrectiontechniquesallowsfast,repeatable programming
of in-phasesignalsor phaseolfsetsup to 720"
in 0.01"steps betweenthe oulputchannels.
Fig. 1 showsphaseaccuracyas a functionof f requencyin the
HP 3326A.The accuracyls ljmitedon the low end by phase
noisein the HP 33264 and on the high end by the residualtime
uncertainty
limitations
of the calibrator.
Phasecalibration
accuracyimproveswithidenticalwaveforms
(sine/sine
or square/square),
higheramplitudes,
equalamplitudes,
and midrangefrequencies.
At lowerfrequencies
the resultsare
more susceptibleto noise.This noise djsturbsthe crossover
porntsand makes it more difficultfor the phase algorithmto
converge.Phasecompensation
of the modulators
and attenuator
allowsthe instrument
to calibratephase in the areasof highest
accuracyand thenmodifythe phaseforthefrequency(attenuator
compensation)
and amplitude(modulator
compensation)
thatare
programmed.Phasematchingof all cables,both internaland
external,is necessaryfor high-frequency
phasecalibration.
Theproblemof calibrating
phaseaccurately
overfouroecaoes
of frequencyand 20 dB of dynamicrange is complicatedby
severalconsiderations.
Among these are cable phase marcn,
calibrator
channeland offsetmatch,phasenullaccuracy,
indirect
phase shiftsin attenualorsand modulators,ground loops and
crosstalk,and noise,harmonic,andiorspuriouscontenton the
two waveforms.
The phase calibratoris designedto minimizethe errorsencounteredin phasecalibration
throughboth hardwareand software techniques.The basic calibratorblock diagramis shown
in Fig.2. The techniqueused for phasecomparjsonis not new,
but it is appliedhere to widebandsignalsinsteadof the usual
narrowbandlF signals.The input switchingconnectsthe calibratorinputto ground,or connectsthe ChannelA and Channel
B signalsto measurethe phase of ChannelA with respecrro
ChannelB, or viceversa.Zero-crossing
detectorscombineboth
ac and dc feedbackto producea squarewave with hysteresis
for both highJrequencyand lowJrequencyinput signals.The
phase detectoris alternatelyset and reset by the outputsof the
zero crossingdetectors.Outputsof the phasedetectorhave a
dc levelthat is proportional
to the phase differenceof the two
signals The low-passfilter/comparator
combinesdifferential
filteringwitha presetdetectionpointto determine
whenthe relative
phase passesthrough180'.The gain of the comparatorallows
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Fig.2. Phasecalibratorbasic block diagram.
the calibratorto detect phase changeson the order of 0.003".
A comparatorstatevectorsignalsphasecrossoverto the internal
microprocessor.
TheHP33264f irmwarecontrolsboththesettling
time of the filter/comparator
and the phasestep size.Once the
comparatoris set to a knownvalue,the phase offset is stepped
in smallerand smalleralternating
increments
untilthe exact180"
point is known.The signalsto the calibratorare then reversed
in the switchingnetworkand the procedureis repeated.One
half of the differencebetweenthe two phase offset readings is
the calibratedphase relationship.
Manyof the calibratorphase
errorscancelin this procedure.
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Fig. 3. HP 33264 attenuatorphase shift. Dashedline: uncalibrated. Solid line: corrected.
Verification
of the accuracyof the phase calibrationsystem
requiresthe abilityto measurethe calibratedoutputsof the Hp
33264. This is done with the HP 35774 NetworkAnalyzerand
an HP 9000 Series200 Computer.This testingrequiresthe removalof systematic
errorsthroughmatchedcablesand the substitutionof a power splitter.lvleasured
errorsare cancelledby
the controller.
Resolution
, stability,and accuracyare measured
within0.05".A countermeasuresthe phaserelationships
of the
squarewave so lhat the optimumvaluescan be maintainedin
the presenceof symmetryerrors.
Fig. 3 showsthe uncalibratedand correctedphase shiftsof
the attenuators.
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A: 1Vp-p< Amptitude
<10Vp-p
B:0.1Vp-p< Amplitude
< 10Vp-p

Michael B. Aken
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LakeStevensInstrument
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Fig.1. HP 3326ATwo-ChannelSynthesizerphaseaccuracy
specifications.

r985HEWLETT-PAct<lRo
lounNnr 17

(continuedfrom page 16)

sated Zener diode, Load regulation for the 15V supplies is
typically within 10 pV at the sense point for a 2A change
in load current. Ripple at 1'2OHz is typically no more than
1,Op,Y. Requirements for power supply rejection in the
critical circuits, particularly in the synthesizers and lowlevel portions of the output circuits, are greatly reduced.
Packaging Techniques
Packaging for an instrument with B0 dB of dynamic range
presents a considerable challenge. Circuit isolation demands the use of tightly sealed individual circuit compartments for critical analog functional blocks, and for the digital interfaces to the controller. The HP 3326,{ uses a relatively inexpensive aluminum sand casting. Flash is cleaned
from the casting, and the top and bottom surfaces are
machined, drilled, and tapped for close seals to the sixIayer motherboard and the compartment top covers. Circuits less susceptible to internal EMI, such as the power
supply and controller, are packaged on standard printed
circuit boards with edge-guide mounting and motherboard
connectors. Sensitive RF signals are routed across the top
of the cast card nest in double-shielded cables. Ribbon
cables route digital signals to the front-panel display and
keyboard, and to the rear-panel HP-IB connector.
An additional packaging constraint is imposed by the
requirement for dc isolation between the inner chassis and
the instrument side frames and outer case. Two separate
ground systems are required for the motherboard, and insulators are installed between the card nest and the side
frames. Separate grounds maintain HP-IB isolation and reduce multiple signal current return paths, which lead to
amplitude errors at low levels (classic attenuator problem).
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Applicationsof a Two-Ghannel
Synthesizer
by Michael B. Aken

HE HP 3326ATWO-CHANNELSYNTHESIZERoffers
the user exceptionalversatility with its combination
of two frequency synthesizers,phase calibration,
synchronized sweeping, and a frequency agile discrete
sweep. A few examples of its applications are:

HP3326AFeature
MultiphaseTesting
Discrete Sweep

Two-Tone Mode

Two-PhaseMode

Applications
Three-phasecontrolcircuitdesign
and testing
Sonar testing
Two-tone relection testing
Dual-tone multifrequency generation
Communications scrambling
Illegal tone combination generation
Tone decodertesting
Mixer testing
Intermodulation distortion
Transducer testing
Two-tone jitter generation
Phasemeter testing
Phase locking

MultiphaseTesting
Theabilityto controlandsettherelativephasesof three
or more signals easily is important in the development and
testing of control systems that demand flexible phase requirements on the inputs. The HP 33264 can calibrate,
equalize, or offset its phase with respect to any number of
other HP 3326As in a minimum number of steps. If power
splitters are used, the system can be calibrated without
removing any cables. For more than two HP 3326As, the
user has the choice of either daisy chaining the phase referencc or connecting the phase reference from a master instrument to all of the remaining instruments. The daisy
chain method introduces a cumulative phase error, while
the parallel method decreases the reference amplitude by
6 dB for each additional instrument.
The sources of phase error in multiphase calibration (or
in external calibration) are dissimilar waveforms (square
or sine), the lack of phase matching of cables used in the
system, the amplitude ratio of the two signals used in external calibration, and the absolute amplitude of these
signals.
Maximally accurate phase calibration using the external
calibration ports requires that both the slew rates (dv/dt)
and the harmonic content of the two input signals be closely
matched. At frequencies below 1 kHz it is extremely difficult to provide both dc blocking in a 50O system and
sufficient squaring-circuit hysteresis in the calibrator without affecting higher-frequency phase performance. In multiphase applications below 1 kHz, additional instrumentation is needed to provide calibrated phase performance.

Fig. 1 shows the normal connectionsfor multiphase operation. Fig. 2 shows the additional equipment neededfor
operation below 1 kHz.
Logic Signal Simulation
At first, the use of a precision two-channel function
generator to drive logic circuits may seem like overkill.
Closerinspection revealsthat the capabilitiesfor providing
worst-caseanalog signals or real simulation of spurious
conditions are unmatched. The following are some brief
examplesof using the HP 3326Ato exerciselogic circuits:
I The absolute phase calibration between the two square
outputs suggestsan application for determinationof the
phase sensitivity of two clock systemsto errors in overIap. This feature can also be used to determine setup
times in edge-triggeredsystems.
I Its amplitude resolution and stability along with its dc
offset resolution and accuracy suit the HP 3326A for
worst-casetesting of external TTl-compatible ports for
margin requirements.
r The ability to modulate channel A precisely with channel B allows anotherform of worst-casetesting.The use
of the built-in combiner allows precise phase jitter of
different values and bandwidths to be introduced at a
logic input. The phase jitter in degreespeak is the arc
tangent of the ratio of the two amplitudes.
r The ability to multiphase calibrate two HP 3326As in
pulse or square mode allows generationof either four
External

Phase-Matched
Cable Pairs

6r=
Reference
Phase

6z

Qs

Qa

Fig.1. TheHP 3326ATwo-ChannelSynthesizercancalibrate
Its phase with respect to any number of other HP 3326As in
a minimumnumber of steps. Thenormal connectionsfor such
multiphasecalibrationat frequenciesabove 1 kHz are shown
here for four-phase calibration.
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Measuring Intermodulation Distortion with a Two-Channel Synthesizer
A good exampleof the capabilitiesof the HP 33264Two-Channel Synthesizer
is a sweptmeasurement
of intermodulation
distortion(lMD).Analyzingintermodulation
distortionprovidesinsight into the nonlinearcharacteristics
of a circuitor system.
Commonapplications
are in audioor communications.
The test stimulusor drivingsignalis usuallya compositeof
twoclosely-spaced,
high-level
sinewaves.Fig.1showsthespectrum of the signalas reproducedby the circuit under test. Note
the resultingdistortionproducts.The distortionproducts to be
measuredare offset in frequencyfrom the stimulussignals.
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Fig. 1. Second-order and third-order intermodulation distortion products.
10-MHzReterence

Fig. 2. Setup for swept intermodulationdistortion measurements using the HP 3326A Two-ChannelSynthesizer.
In the past,thesemeasurements
were made withtwo separate
sources,an externalsignal combiner,and a spectrumor wave
analyzerto select and measurethe desired distortionproduct.

well-defined square waves or two pulse trains.
I Discrete sweep allows a sequence of repeatable square
waves or pulses to be used as inputs where repetitive
well-known frequencies are required. An example of this
is the generation of a pseudorandom set of frequencies
to excite a logic system.
The HP 3326A is not limited to square waves in logic
testing. Sine waves can be used to test comparators and
Schmitt triggers. The HP 3326A can be used to test for
amplitude-modulation-to-phase-modulation conversion and
hysteresis. Discrete sweep can be used to characterize the
delay and response time of comparators.
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Fig. 3. Swepl third-order distortion measurement of an lF
amplifier and filter. Distortionlevel is the difference between
the reference trace (upper) and the measurement trace
(lower).Vertical scale: 10 dBldivision.Horizontal scale:S kHzl
divisron.
To characterizea circuit over a frequency range of interest,a
seriesof single-frequency
measurementswere made by successivelysetting both sourcesand the analyzerto the appropriate
frequencies.Evenwith programmableinstruments
under computer control,these measurementswere ratherslow.
Usingthe HP 33264 to producethe stimulussignaland the
HP35854 SpectrumAnalyzerto measurethe response,the measurementsare simplerand faster.The HP 3326A has a two-tone
mode and an built-insignalcombinerto providea sweeping
two{one signalwith IMD as low as -80 dBc.
As shownin Fig.2, the sourceand analyzersharea common
frequencyreference.
The Z-blanksignalfromthe HP 33264causesthe instruments
to starttheirsweepssimultaneously,
withthe desiredfrequency
offsets.Theseoffsetsare maintainedwhilethe instrumentssweep
synchronously
to producea displaylikethat shownin Fig. 3.
Ben Zarlingo
ProductMarketingEngineer
Lake SystemsInstrumentDivision

Communications
Testing
The combination of two sourcesand the ability to calibrate amplitude, phase,and modulation allow the testing
and simulation of a largevariety of communicationdevices.
In the world of low-cost instrumentation, the user's expectation for modulation capability of instruments demands that the modulation port be available,and that some
nominal full-scale input sensitivity and bandwidth be
specified. The HP 3326,\, with its calibrated amplitude
and phasemodulation, offers modulation functions whose
specificationsare exceededonly by extremely expensive
test equipment. Not only is the accuracyexceptional,but
the resolution, frequency flexibility, and remote control
capability of modulation in the HP 3326A make this instru-

10-MHzReterence

Detector

Qz

Qs

Fig.2, Connectionsfor four-phase calibration below 1 kHz,
showing the additional equipment needed.
ment stand out in high-quality systems applications.
The combiner provides the stimulus for intermodulation
tests, and when one or both channels are sweeping , it also
provides unequaled ability to look at real-time intermodulation distortion products (see box, page 20). For phase
litter testing through the use of two tones, the HP 3326A
can provide calibrated sine waves with a known amount
of phase jitter. In this case (two combined tones) the signal
also contains a modulation cornponent, unlike the constant
amplitude of the phase modulated signal.
The combination of linked sweep, phase calibration, and
various output functions can allow previously unavailable
mixer and phase detector testing in noncontroller tinvironments. When both channel synthesizers are sweeping in
the same direction, phase repeatability and single-point
accuracy are maintained. Standard sweep with marker is
available for conventional filter testing. Discrete sweep allows real-time settling-time measurements of filters.

Fi,g.3. HP 33264 simplifiesthe testingof phase-locked loops
and control /oops. Shown here is a setup for frequency and
phase response measure ments.

ControlLoop Testing
Although applicationsin testingof control loops and
phase-lockedloops have existeda long time, the HP 33264
brings simplicity of operationto thesemeasurements.This
is becausethe HP 3326A can generatetwo different outputs
whose phasecan be calibratedand offset.Referringto Fig.
3, this allows the demodulator #2 signal to be generated
and set up with a mininum of effort. The use of the HP
3577A Network Analyzerl as a detector allows both the
amplitude and the phase of the loop to be measured.
Reference
1. R.A.Witte and).W.Daniels,"An Advanced5-Hz-to-200-MHz
NetworkAnalyzer,"Hewlett-Packard
/ournol,Vol' 35' no. 11,
November 1984.

SynthesizerFirmwarefor UserInterface
and InstrumentControl
by David A. Bartle and Katherine F. Potter

I NSTRUMENTFIRMWARE (softwarein read-onlymemI ory) performs three major functions in the HP 33264
I Two-ChannelSynthesizer.First, it implements the user
interfacepresentedby the front panel and the HP-IB (IEEE
488) remote control bus. Second,it provides all of the control algorithmsand signalsfor the internal circuitry. Third,
it enhancesthe instrument's performancewith extensive

self-calibrationand self-testcapabilities.
Running this firmware is a 68809 B-bit microprocessor
with 64K of addressspaceapportioned as follows: 5BK in
ROM, 4K in RAM (including 2K of nonvolatile RAM), and
2K for I/O. The primary language used for the firmware is
Pascal adapted for use in an instrument control environment. Approximately 92% of the firmware (1L,475linesof
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source code) is written in Pascaland the remaining B% is
written in assemblylanguage.
Design Philosophy
The most important objective for development of the
firmware was to implement a friendly and reliable user
interface at the front panel and the interface bus (HP-IB).
Second;during the product development,it was crucial to
support the hardware development effort with firmware
for control of individual circuit boards,systemintegration,
and testing. Third, completing the firmware in a timely
fashion with no known errors (bugsJwas important.
The firmware design task was broken into a sequenceof
design steps,using the conceptsof structured softwaredesign.l The initial task was the generationof a document
detailing the proposedinstrumentfeaturesetand operation
from a user's point of view. This document was used as a
designguide for the firmware development.It clarified the
instrument's proposed operation to everyoneinvolved in
the instrument development effort. This document was
carefully maintainedto ensurean accurate,current picture
of the intended instrument operation.
Next, a software architecture was proposed and expressedgraphically as a hierarchy chart.zThe modules in
the hierarchy chart were defined by their logical function
and data use. Architecture walkthroughs were conducted
to refine the architecture and to ensure that it fit the needs
of the definition.
With the architecture designed, the internal structures
of individual modules in the hierarchy were defined and
designed in a top-down order: the highest-level module
was designedfirst, then the next-highest-levelmodule, and
so on. Each module was further decomposedinto procedures (and/or functions) supporting the defined function
of the module. The internal logic of each procedure was
designedusing the pseudocodetechnique.3Completemodules were subjectedto a design review.
Finally, Pascalsourcecode was generatedfor the procedures containedin eachmodule, againin a top-down order.
If possible,modules were individually testedas the source
code generation was completed. Module integration and
testing began with the completion of the core of the architecture,which included the EXECUTTVE,
KEy,Hp-tB,COMMAND BUILDER,DISPLAY,and EXECUTEmodules fsee

firmware block diagram, Fig. 1). Other modules were initially implemented as dummy or do-nothing modules.
Firmware testing was performed both manually and by
softwaredesignedfor testingthe HP 3326,4'firmware.aThis
software package is written in BASIC and runs on an HP
Series200 Computer,which controls the HP 3326A via the
HP-IB. It is designedto test the entire user interfaceas well
as parameter limits, command syntax, error conditions,
and bus reliability.
Compiler
In addition to a viable design philosophy and plan for a
large firmware development effort, it is important to have
appropriate tools to support the design effort. A Pascal
compiler was developed for the 68809 microprocessor.
This compiler runs on an HP 9000 Series200 Computer.
Severalspecial compiler featuresare included to expedite
the developmenttask. Compilation of individual modules
allows designersto work in parallel and reducescompiler
overhead time. Floating-point math capability simplifies
amplitude control and calibration algorithms. Binarycoded decimal (BCD)math supportsthe necessarydynamic
range for frequency entry and control (1 microhertz to '13
MHz is 14 decadesJ.A first in, first out (FIFO)buffer data
structure, referred to as the messagequeue, allows easier
implementationof communicationbetweenthe EXECUTIVE.
the real-time processes,and various modules.
Design lmplementation
The main program,the EXECUTTVE,
is responsiblefor initializing the instrument at power-on, processing inputs
and events from other processes,responding to programming errors, checking the hardware fault register for
hardware enors, and ensuring orderly state changesin the
hardware.
The INITIALIZE
module is used by the EXECUTTVE
to perform all power-on hardware and software initialization and
to set up the instrument state(frequency,amplitudes,etc.).
After programming the initial instrument state, INIT|ALIZE
performs a self-test and an instrument calibration.
The remaining portion of the EXECUTTVE
is a loop which
checks through an ordered list of potential activities for
the one that hasrequestedprocessing.This ordering causes
eachinput to be completelyprocessedbeforethe next input

Fig. 1. Firmware architecture of
the HP 3326A Two-Channel Svnthesizer.
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is handled.
Several interrupt processes interact with the EXECUTIVE.
These are the HP-IB input process, the keyboard input process, and indirectly, the sweep process and the external
trigger process. The communication between each of these
and the EXECUTIVEis controlled by a special buffer, called
a message queue. These queues provide synchronized exchange of data between interrupt modules and the EXECUTIVE to prevent interaction problems.
When a key is pressed or an HP-IB character is sent, the
input is placed in a message queue. The EXECUTIVErecognizes the input and sends it, with the necessary input history, to the KEY or HP-IB module. These modules use the
BUILDCOMMANDmodule to return the updated input history
and a complete or partial command. An entry state machine
keeps track of the status of the input process.
When a complete command is generated, the EXECUTIVE
where the command
sends it to the COMMANDINTERPRETER
is checked for programming errors. If there are no errors,
a list of tasks used to implement the command is placed
in a task message queue. Otherwise, an error is reported.
finds a task in the task messagequeue,
When the EXECUTIVE
it calls on EXECUTEto perform that task.
If there is an error, the EXECUTIVEsends it to the ERROR
HANDLER,which reports the error via the HP-IB status register and/or displays it and starts an error timer. When the
timeout occurs, the ERRORHANDLERis called again by the
EXECUTIVEto replace the error message with the previous
display.
Calibration Firmware
HP 3326A performance is enhanced by extensive selfcalibration. The output signal dc offset, amplitude, and
phase are measured close to the output connectors. These
measurements are used by the calibration firmware to modify the algorithms controlling those parameters to improve
their accuracy. The HP 3326A calibrates signal amplitude,

dc offset, phase, internal amplitude modulation, and internal phase modulation. Undesirable phase shift caused by
level control circuitry and attenuators is also compensated.
Altogether, the HP 3326A uses 24 calibration correction
factors.

AmplitudeCalibration
The amplitudecontrolfor the HP 3326Aconsistsof a
DAC-controlled dc signal modulating the level of a 20-MHz
signal. This gives a 10-dB range of amplitude control with
0.01-dB resolution. Fixed attenuation of up to 70 dB can
be programmed by combining 1.0, 20, and 40-dB pads.
For an ideal amplitude control system, the output
amplitude equals the programmed output amplitude, as
shown by the solid line in Fig. 2. For an actual system,
gain and loss variations, DAC offset, gain errors, and other
factors yield an amplitude response described by the
dashed curve in Fig. 2. The calibration firmware measures
the actual response and corrects the input to the DAC (digitalto-analog converter) so that the actual response is mapped
more closely into an ideal response. Two points on the
actual response (dashed line in Fig. 2) are measured and
used to compute the slope m and the Y-axis intercept b.
These are used to compute corrections for any programmed
amplitude.
The HP 3326A calibrates the peak amplitude of each
channel for the sine and square functions. This includes
computation of slope and offset corrections for each function, for a total of four calibration correction factors for
each channel.

DC OflsetCalibration
The dc offset of each channel is calibrated by computing
a gain error correcton for each channel. Unlike ac amplitude
calibration, there is only one dc gain correction to be computed for each channel because there is only one signal
path from the dc control circuitry to the output. However,
the ac signal paths contribute unwanted dc offsets that
must be compensated by the dc control circuitry, and therefore several offset correction values are computed, for a total
of six dc offset calibration correction factors per channel.
Phase Calibration
The HP 33264 performs three types of phase calibration:
internal, external, and multiphase. Internal phase calibration calibrates the phase of Channel B with respect to Channel A at the output connectors on the front panel. External
phase calibration calibrates the phase of Channel B with
respect to Channel A at the external calibration connectors
on the rear panel. Multiphase calibration calibrates the
phase of Channel A with respect to another HP 3326A
reference signal at the external phase calibration connectors on the rear panel.

Fig. 2. For an ideal amplitude control system, the output
amplitude equals the programmed amplitude (solid line).For
a real system, the response (dashed line) differs from the
ideal. The HP 33264 firmware measures two points on the
actual response curve, computes the s/ope and intercept,
and cotrects for svstem errors.

Internal Amplitude Modulation Calibration
Internal AM (Channel B modulating Channel A) is calibrated by measuring the peak of the modulation envelope
and comparing it to the expected value. A calibration correction factor, which is the ratio of the expected value to
the measured value, is then applied to the programmed
amplitude of the modulating signal, Channel B.
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Internal Phase Modulation Calibration
A phase modulation constant in degrees per volt is calculated for Channel A by measuring its phase shift when
a dc phase modulation reference is applied. This constant
is then used in programming the amplitude of Channel B
when it is used as the internal phase modulation source
for Channel A.
Modulator Phase Correction
The sine modulator exhibits a side effect of a phase
change when the modulator level is changed. The phase
shift of each modulator is measured at 10 dB below full
scale. This measured phase shift is used as an end point
of a predetermined modulator phase-versus-levelresponse
curve. The phase error at various modulator levels is corrected by applying an opposing phase shift whose magnitude is determined from this curve. The modulator phase
shift is corrected as amplitude is changed. No attempt is
made to compensate for the square modulator.
Attenuator Phase Shift Correction
The attenuators used for level control exhibit a fairly
linear phase shift as a function of frequency. Compensation
for this phase error is achieved by applying an opposing
phase shift whose magnitude is determined by linearly
interpolating average attenuator phase shift values measured at 13 MHz. A value is permanently stored for each
range (0 to 70 dB of attenuation). Each value represents
the combination of one or more attenuators. Whenever an
attenuator is changed for either channel or a phase calibration is performed, a new phase correction value is computed and applied to Channel B. This correction is only
applied in the two-phase and pulse modes.

SweepGontrolFirmware
The sweep control firmware is responsible for starting,
controlling, and stopping sweeps, for generating markers,
Z-blank and X-drive outputs, and for responding to external
triggers. Once the sweep has started, the firmware is interrupt-driven. The sweep firmware can write commands to
both of the HP 3326A's fractional-N frequency synthesizers
simultaneously to provide synchronous sweep starts and
to increase discrete sweep dwell time accuracy.
Sweep programming is table-driven. When the sweep is
reset, all the critical internal frequencies (start, stop, rate,
and markers) are calculated for both the sweep and the
retrace. These values are placed in a table indexed by the
sweep state. The main fractional-N synthesizer generates
an interrupt at each critical frequency to reactivate the
sweep process. At each such interrupt, the sweep state
machine reprograms the fractional-N frequency synthesizers with values from the table and advances to the next
state.
Each sweep type-ramp,
triangle, and discrete-has a
different state machine. Ramp sweep, for example, cycles
through the following states: sweep from start to marker,
sweep from marker to stop, retrace from stop to start. If
there is no marker, then ramp sweep alternates between
sweep from start to stop and retrace from stop to start.
Synchronous sweep start of both the Channel A and
Channel B outputs is possible with a combination of
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hardware and firmware. The hardware provides the capability to send instructions to both fractional-N synthesizers
simultaneously. To start the sweep synchronously, the
firmware enables this synchronous loading, preloads the
start sweep instruction, and at the appropriate time, loads
the instruction to both channels. Because both synthesizers
are operating with the same referenceclock, their responses
are synchronous.
The discrete sweep firmware also takes advantage of synchronous loading. After programming each frequency step,
the firmware prepares for the next step by preloading the
Channel A and Channel B frequency values. Then the synchronous instruction loading is enabled and the frequencyto-output instruction is preloaded. When the dwell time
has passed, the frequency-to-output instruction is immediately executed by both the Channel A and Channel B
fractional-N frequency synthesizers. This overlapping of
programming and simultaneous frequency changing allows
the duration of discrete sweep elements to be very close
to the user-programmed dwell time.
HP-lB Operation
The HP 33264 has two different modes of HP-IB data
transfer, buffered and nonbuffered. In the buffered mode,
each character transferred over the bus is placed in a buffer,
and another character can be transferred immediately. Control is not returned to the EXECUTTVE
until the buffer is full
or no more data transfer is attempted by the controller. In
the nonbuffered mode, after each character is transferred,
control is returned to the EXECUTIVE
and further processing
may occur. The buffered transfer has the advantage of
minimizing the data transfer time between a controller and
the HP 3326A; this is useful if several instruments are being
controlled simultaneously, as in an automatic test system
environment.
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A High-LevelActive Mixer
by William M. Spaulding

O PROVIDELOW-BAND COVERAGE,most synthesized signal sourcesrequire the use of an output
mixer to heterodyneRF signals down to baseband.
The HP 3326A Two-Channel Synthesizer accomplishes
this mixing function with a high-level, active mixer design
based on a standard Gilbert cell configuration.l
Mixer designs based on the Gilbert cell configuration
shown in Fig. t have been used for many years in both
discrete and monolithic forms. Like diode mixers, these
circuits have performance limitations, particularly in the
area of balance. Active approaches also introduce excess
noise, primarily because of base circuit resistances.2't However, when noise considerations are treated appropriately,
active designs have some very distinct advantages.
One advantage is conversion gain. Mixers distribute the
input power among several frequencies. As a result, the
level of the desired sideband (usually the lower sideband
in a source) is 7 to 10 dB below the RF input port level;
this is conversion loss. Active devices amplify these signals
during the mixing process. Conversion gain in an active
mixer is limited by the impedance levels (noise and filtering constraints) at the collectors of the output transistors,
and by the amount of local feedback used for linearization
of the low-level differential pair. Gains of 0 dB are readily
achieved, resulting in an overall sideband level improvement of as much as 16 dB over a diode mixer.
Another advantage of active designs is that LO port Ievels
can be lower than those in a diode mixer. Active bipolar
differential pairs can be fully switched with signal levels
of approximately 100 millivolts peak-to-peak across the
input.a This corresponds to a level of approximately - 10
dBm. Even if the bases are overdriven by 6 dB, LO amplification requirements are eased by as much as 20 dB. For a
fixed port balance, feedthrough of LO power to the output

is similarly reduced.
A third advantageis that active mixers isolate reflected
power, which is always a problem in diode mixers' With
a current-source-drivenresistivestructureat the IF port of
an active mixer, the source match can be very good. The
filter reflectionsare terminated in theseresistors,and little
energy is reflectedback into the active devicesor into the
filter to be rereflected.
For these reasons,and becausethe frequency schemeof
the HP 3326,\ Two-Channel Synthesizeris well-suited to
an active approach, an active mixer was selectedfor the
instrument.
Theoretical Considerations
In the generalizedGilbert cell multiplier shown in Fig.
1, mixing action results from periodically reversing the
currents in the output collectors by switching the crosscoupled differential pairs at the LO rate, so the RF signal
is multiplied by -r1 at the LO rate. Fig. 2 shows a circuit
diagram and a simplified representationof a doubly balanced diode mixer. The action of the LO-driven diodes is
an alternateconnection of ground ffrom the center tap of
the LO transformer)to oppositeends of the RF transformer
T2. Current in the RF transformer is reversed at the LO
r a t e ,a n d t h e R F s i g n a li s m u l t i p l i e db y t 1 . 5 ' 6
In the idealized casefor either mixer, for a perfect LO
squarewave and no dc offseton the RF signal,the following
mathematicalanalysis applies. For an LO squarewave of
unity amplitude and no dc offset:
Local
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F i g . 1 . Basic Gilbert cell multiplier. Bias networks are not
shown

Fig. 2. The c/asslc diode ring mrxer (a) and its equivalent
circuit (b).
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Fig. 4. An asymmetrical LO waveform can be represented
as the sum of the square wave and pulsetrain shown here.
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Equation 4 is the time function for the mixer IF output.
Two observations can be made from this equation. First,
the IF signal contains no components at the LO or RF frequencies or their harmonics for the idealized case. These
signals have been balanced out. Second, the frequency spectrum consists of sum and difference products distributed
symmetrically about the LO frequency and its harmonics
(Fig. 3).
Now suppose that, as is usually the case in real mixers,
the LO square wave is slightly asymmetrical and can be
represented as the sum of the pulse and square waves
shown in Fig. 4. For small asymmetry, the Fourier series
for the pulse waveform is:
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For N harmonics, the modified LO function is the linear
sum of equations 1 and 5:
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60

Fig. 3. Spectrum of the mixer lF
signal in the ideal case (lineal
sca/es).
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Three results are of interest:
1. RF signal feedthrough appears in the mixer output. The
RF signal is transferred to the output attenuated by the
faclor 2rlT.
2. The phase and amplitude of the odd product terms are
modified. This is a particularly critical factor in an instrument in which the phase of the IF signal is important, such as the HP 3326A or a vector analyzer. Local
oscillator symmetry is critical to maintaining performance even in ideal mixers. When the LO signal is
swept over a range of frequencies (as in a source or
swept analyzer), variations in asymmetry can cause ripple in the IF signal phase and amplitude response.
Asymmetry in fixed LO applications results in an error
that can be calibrated out of the system.
3. Quadrature sum and difference products appear around
even-order LO harmonic frequencies, attenuated by the
factor 2rlT. For many applications, the only importance
of the additional product terms is their modification of
the desired sideband, or the additional filter requirements imposed to remove them.
Another complication in real mixers is that the RF signal
usually has a dc offset. This corresponds to transistor baseemitter offset voltage for an active mixer. In the diode
mixer, dc offset can result from either diode mismatch or
from the output of a dc-coupled amplifier on the RF port.
Such dc-coupled ports are often used in instruments that
upconvert from baseband because of the physical size limitations of coupling capacitors, and because of transient
settling times associated with large coupling capacitors.
The RF signal can be represented by:
fRF(t):V,r.. + AR!,cos oRF.t
Multiplying

2A*. i
n;- z.
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sirrno"6t
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Thus, when the RF signal has dc offset, LO feedthrough
terms appear in the mixer output signal. The magnitude
of the feedthrough terms can easily be (and often is) larger
than the desired sideband term.
As a result of these considerations, careful attention to
LO symmetry and to residual dc offsets is required in any
high-performance mixer design.

cosoppt
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Practical Design Considerations for the Active Mixer
Generation of typical source output levels (+25 Io t27
dBm) using a diode ring mixer requires a great deal of
amplification between the mixer, running with an IF level
on the order of - ZOto - 40 dBm, and the output attenuator.
With as much as 60 dB of gain, signal-to-noise ratios at the
output become severely degraded unless extreme care is
used to design amplification with very low noise figures.
When mixing frequencies lie well below the cutoff frequencies (ft) of the devices, well-designed active mixers can
help ease output circuit gain requirements.
Drive configuration. Referring to Fig. 1, there are two obvious choices for driving the LO and RF ports of the active
mixer. Single-ended drive could be used by (ac) grounding
one side of the respective differential pairs and connecting
the other to the signal. Balanced drive generally requires
additional circuitry (i.e., transformers or differential
amplifiers).
If single-ended signals are used, a voltage approximately
equal to half the input level appears at the emitter junctions.
Finite and nonlinear current source output impedances
result in potentially large and harmonic-rich common
mode signals. It has been our experience that any extra
circuitry required for balanced drive pays for itself by keeping these emitter points at virtual ground, thereby minimizing common mode signal generation.
Gain control and linearization. Parameter match in active

EquivalentDC
Offset of Switch

\

(12)

by equation 2 and simplifying:
Fig. 5. Eflects of LO rise time and systemoffset on apparent
LO symmetry.
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devices is always less than perfect. The use of local feedback in the form of emitter degeneration in the RF pair
accomplishes both linearization of the devices and, once
IF port collector impedances have been selected, provides
control of overall conversion gain.
Any harmonic distortion generated by the RF pair is
translated directly to harmonic distortion in the IF signal.
Linearization of the RF pair is extremely important in the
HP 33264, Two-Channel Synthesizer becauseof its specification of - B0 dBc for harmonic distortion through audio
frequencies.
Estimation of distortion levels. A practical approach to
estimation of distortion levels has been developed over the
years. The technique is based on peak variations in the
value of r,, of the transistor. It is based on the familiar
equation:
." :

26
for Ip in milliamperes.
i;

For a bias current level of 10 mA, there is approximately
2.60 of dynamic emitter resistance. Assuming that the
maximum signal current of one milliampere peak is used,
the variation of r. is:

ar: +

ff- o.so

Each side of the differential pair experiences an excursion of 0.5f,) under signal conditions (one side goes up
0.25f), and one goes down 0.250). Assume that the devices
that make up the differential pair are matched within 1%,
that is, the maximum difference in the resistance variation
between devices (Ari) is 0.0050. The change in total resistance in the emitter circuit under signal conditions is, therefore, 0.005C).The distortion can be estimated as follows:

lDl: 2ol"c
+
where Rs is the total emitter resistance.
If a value for R6 of 1000 is used, one might expect to
see distortion products at approximately - 86 dBc. No insight is provided as to the distribution of the harmonic
energy. Although this method probably does not satisfy
the purist, we have found it to be a reasonably effective
predictor for small nonlinearities.
Common mode suppression and overall balance. Try as
one might to avoid them, common mode currents seem to
show up in every design. Common mode products would
be of no concern except for mechanisms that perform common-mode-to-differential conversions. These conversion
mechanisms are usually highly nonlinear, resulting in reinsertion of harmonic energy. Several measures can be in-
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Fig.6. Simplifiedschematicdiagram of the active mixer in the HP
3326A Two-Channel Synthesizer.
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voked to reduce the effect of common mode signals (see
"Mixer Implementation" below).
Local oscillator rise time. Fig. 5 illustrates the effect that
dc offset in switches (diode match in the ring mixer or Vss
match in the active mixer) has on apparent LO symmetry.
For purposes of illustration it is assumed that the switch
changes state at the dc offset level shown by the dashed
line. Even though the zero crossings are symmetrical in
the LO signal, switch toggling at the dc offset level results
in an equivalent LO waveform that is highly asymmetrical.
From inspection it is obvious that as the LO rise time approaches zero, the dc offset no longer alters the times at
which the switches change state,and symmetry is preserved.
Switch devices are often nonlinear as they change state'7
If rise times are short, the influence of these nonlinear
transitions is reduced, since less time is spent in transition
with respect to the period.
For frequencies at which limiter amplifiers can be implemented effectively, rise time reduction should be pursued. At higher frequencies, where the LO port is driven
with a sinusoid, increasing LO power has the effect of
reducing the time from LO zero crossing to switch state
change.

Mixerlmplementation
Fig. 6 shows the schematic diagram of the active mixer
in the HP 3326A. Balanced drive is used on both ports as
the first measure to ensure balance and reduction of common mode problems.
Variable resistor R" is used to adjust the balance of the
linear pair (Q5 and Q6). Because overall circuit balance,
as indicated by minimum RF feedthrough in the IF signal,
does not necessarily occur at equal dc collector currents
in Q5 and Q6, capacitors C1 and C2 are introduced to
prevent a corresponding unbalance in the bias currents of
the LO switches (Q1-Q4).By not disturbing the switch bias,
a reduction in 2fsp - f1e spurious products of as much as
20 dB is achieved. Noting the frequency scheme, this spurious product lies in-band for LO frequencies greater than
27 MHz (output frequencies greater than 7 MHz). The final
measure against common mode signals is the inclusion of
balun T2.
Differential gain is set (approximately) by the ratio of the
sum of the output collector resistors (Rct + R6r) to the
emitter resistance (2r. * 2R" + Rs). The 500O resistors
represent a reasonable maximum value for the combination
of gain, noise, and filter realizability.
Transistors Q1 and Q2, Q3 and Q+, and Qs and Q6 are
matched RF devices with typical ft of t.s GHz. They are

provided with maximum
teed B match of B0%.

Vsp specifications and guaran-

Performance
The following performance is achieved in the HP 3326,t's
active mixer.
Frequency Scheme
LO input: 2O MHz to 33 MHz
RF input: 20 MHz fixed-frequency, level-controlled
IF output: dc to 13 MHz, differential signal
Harmonic Distortion (typical)
All harmonics below -90 dBc, dc to 1 MHz at
mixer collectors
Harmonics below - 76 dBc to 13 MHz
Ultimate performance limited by differential-tosingle-ended converter
Spurious Responses (typical)
All spurious products (notably 2fRF - fr.o)
better than - 90 dBc
Ultimate overall performance limited by output
frequency reinsertion into the mixer, primarily
outprit amplifier current pulses on power supplies
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AutomatedTest DataGollectionfor lC
Manufacturing
Collecting,
storing,andanalyzingdatafromavarietyof fest
equipment and CPUs that use different form ats,Ianguages,
and protocolsis madepossib/eby thissoftwareproduct
for HP'sSemiconductor
ProductivityNetwork.
by Reed l. White

NLIKE MOST OTHER manufacturing operations,
where the quality of a product can be checked at
each step, the ultimate successof a manufacturing
run of integratedcircuits can only be determinedby testing
each die on a wafer at the end of the fabrication process.
Consequently,IC fabrication areasdevote a major proportion of their resources to keeping each parameter of the
processat its specified value. If this objective is met, the
processis said to be stable,or in control. Ifthe appropriate
parametersare always controlled within properly selected
limits, a predictable percentage(or yield) of good ICs will
be fabricated.
Unfortunately, this is not a simple task. Determining
which parametersto monitor and setting cost-effectivecontrol limits aremajor tasks.Oncethe control parametershave
been established,measurementsand tests can createdata
volumes in the order of one to ten million valuesper week.
Processengineerscannot effectively analyze data deluges
of this magnitude without the help of computers.
The needfor global (processthrough test)analysiscaused
IC manufacturers to be among the first users to require
integration of varied software systems.In some cases,an
increasein yield of only a few percent can increaseyearly
profit substantially.With this kind of leverage,IC process
engineers easily justified the purchase of computers to
facilitate global analysis.
Soon, manufacturers discovered the difficulty of coupling different computer systems and software packages.
The application programson their new computerswould
not talk to one another! Incompatibilities existed with hardware, protocol, CPU data representation,and application
program data formats. Even with newly purchased computer systems, IC manufacturers still found it impossible
to do comprehensiveglobal data analysis.
HP's SemiconductorProductivity Network (SPN)products solve many of these problems (seeFig. 1). SPN is a
large systemof integrated software modules for the management of an IC manufacturing environment. Since its introduction several years ago, it has become widely used by
IC manufacturers.The core module, IC-10, tracks wafers
through the manufacturing processand provides statusand
performancereports.CA-10 is the accountingpackage.PL10 provides a meansfor advanceproduction planning. EN1.0allows engineeringdatato be collectedmanually. EA-10
provides a data base for manufacturing and engineering
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data and a number of sophisticated data analysis tools fsee
box on page 32J.All of these modules operate on an Hp
3000 Computer System.
The first SPN product to operate on two different CPUs
was PC-10,the processautomation module discussedin
last month's issue.l PC-10 is tightly coupled to IC-10 on
the HP 3000. It uses HP 1000 Computersto provide realtime interfacesto automatic processingequipment.
The TC-10TesterCollection Systemdescribedhere couples tester data to SPN's EA-10 global engineering data
analysis system and provides hooks for connecting to other
analysis systems(Fig. 2). Since most IC testersare currently
basedon non-HP equipment,the TC-10developmentteam
had to developa spectrumof communications-relatedtools
to allow portions of the product to be ported to any CPU.
This generic set of tools is called NEXUS.
History of TC-l0
Work on TC-10 began at Hewlett-Packard'slargestintegrated circuit manufacturing facility, one of the world's
most automated. Numerous types of computers and application systems were being coupled. Analysis showed that
only 10% of the programmers'time was being spent on
solving the data processingproblem, because90% of their

SPN

. cA-10
. PL-10
Transaction-Oriented
Computers(HP3000)
o tC-10a
,
. EN-10 i
. EA-10+-f-trl
il
. PC-10+-l
Real-Time Computers
(HP 1000)
. PC-10
o TC-104 - -

Fig. 1. HP's SemiconductorProductivityNetwork (SPN) ls a
group of softwareproducts designed to simplifyand automate
complex microelectronic manufacturing areas.

time was spent on devising ways to couple dissimilar systems. It became clear that programmer productivity could
increase significantly if a generic solution to coupling could
be found. The result was a prototype version of HP's Data
Transport Standard (DTS), which defines a data language
and its software.
The concept of a common data language seemed obvious
to the designers at that time. Less obvious was the discovery
that a carefully designed data language allows large complex networks of application programs to be relatively tolerant to change. Since the extreme cost of change has always been one of data processing's major problems, this
has proven to be a most valuable discovery. The benefit is
not unlike the same advantage discovered years ago with
standard high-level programming languages, and more recently rvith standard hardware buses such as IEEE 802 and
IEEE 4BB.
Later, HP's new Manufacturing Productivity Division
brought together engineers representing seven of HP's IC
manufacturing facilities. The fabrication areas ranged in
diversity from HP's highest-volume shop in Corvallis, Oregon, to the R&D laboratories in Palo AIto, California. The
engineers' task was to define the ultimate test area network:
not just to define a local area test network, but to specify
a fully integrated solution. Since data acquisition and
analysis were considered to be of highest priority, this area
received immediate attention.
About the same time, Hewlett-Packard purchased Software Management Corporation, the creators of an integrated software package for use in IC manufacturing environments. With this acquisition, HP gained a foundation
on which to build. The package included an engineering
analysis system, EA-10. Shortly thereafter, work began on
TC-10, the software that would move test results from different types of test equipment to EA-10.
The problem was complex. Numerous types of HP and
non-HP computers could be members of the same network.
At the hardware and system levels, data communications
between CPUs of different manufacture is, at best, difficult.
Numbers and text are represented differently on different
machines. File systems are often incompatible. At the application level, each tester uses a different scheme for encoding data. To be useful, many TC-10 utilities would need
to function on any testing system, and be callable from any

of the following languages: assembly language, Ada*,
BASIC, C, COBOL, Fortran, and Pascal.
To keep the project manageable, and to avoid the mistake
of intermingling application solutions with datacom solutions, the project was divided into two parts: the NEXUS
software tools and TC-10.
The software tools portion dealt with generic communications issues. such as "How does one enable different
application programs, coded in different programming languages, on different machines, with different operating systems, to communicate?" It soon became clear that the design and implementation of a data language would be the
design team's first contribution. Fortunately, a general-purpose data language had been in use since 1980 at HP's
Corvallis IC manufacturing facility. The NEXUS team was
able to use the experience gained from this early prototype
to design a commercially viable product. Meanwhile, engineers on the TC-10 half of the project were developing
the application-specific portion of the solution, dealing
with such issues as transaction design and data base architecture. Like the NEXUS team, TC-10 designers also
benefited from experience. Project members had previously
designed and coded custom interfaces for applications
ranging from test areas to facility-wide engineering data
bases. Armed with their practical experience and wish lists
from the seven HP IC plants, they worked with the NEXUS
engineers and HP's Semiconductor Productivity Network
groups to design a unified solution.

ProductDevelopmentStrategy
TC-10 was being designed to be interfaced easily to a
tester of any manufacture. It becameclear that this difficult
objectivecould be achievedby the developmentof suitable
data standards,and by total commitment to an open system
philosophy. Data languagesof sufficient versatility did not
exist at the time, and no industry-wide test result standards
were in use. Since these were needed for the foundation
of the product, it was decided that an investment in developing a high-quality solution would be justified.
In keeping with modern design methodology, and to
maintain compatibility with the ISO open systeminterconnect (OS! model (Fig. 3),2softwarearchitectureshould be
cleanly layered.The software designproject also was split
'Ada is a registeredtrademark of the U.S. government(Ada Joint Program Office).

WIP Tracking
Stations

Fig.2. The TC-10 TesterCollection Systemfor SPN couples data
from test equipment and process
monitors into the EA-10 global
data basefor accessby other SPN
modules. Ihe NEXUS software
tools included with TC-10 simplify
the task of connecting and programming new equipment to communicate with SPN.fBS ls the SPN
fest Resu/t Standard.
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EA-10 Data Analysis System
EA-10 consistsof two parts:a data basefor storingengineering
and manufacturinginformation,and tools for extracting and
analyzingthe information.
The data base receives informationfrom the lC production
areasvia EN-10.lt receivesdata from lC test areasvia TC-10.
The designof EA-.l0allowsdata from the lC fabricationand test
areasto be correlated.
Data is extracted from the EA-10 data base with the aid cf
Analysis.UsingLEA,a user
LEA,the Languagefor Engineering
can extractdata of interestand move it to a flat-file.The flaffile
facilitatesthe formattingof the data for input to a package of
analysistools.
engineering
The analysistools can report resultsin tabularform, perform
statisticalanalysis,and produce graphic results.When used together,thesetoolsenableengineersto concentratetheirattention
on processproblemsolving,ratherthanon the routinemechanics
of data manioulationand statistics.

into two parts: NEXUS and TC-10. The NEXUS portion
covered generic functions such as the DTS data language
and communicationtools designedto aid usersin connecting and programmingnew equipmentfor usein SPN.TC-10
coveredthe application-specifictester-relatedfunctions.
The NEXUSsoftwaretools were built with a seriouscommitment to having no bugs. (After 16 months of use,at the
time of this writing, these tools still have zero bugs.)This
was achievedby built-in self-tests,and by automatedtesting methodology.(This carealso minimized the bug count
in the TC-10 application code.)
Since testersare basedupon a wide variety of CPUs,the
code is written in ANSI StandardPascaland structuredfor
portability. To facilitate portability, source code is proNetwork
Protocol
Layers

vided, along with a suite of validation programsto verify
proper functionality. Adherenceto documentedprogramming standardsand extensivedocumentationalso streamline the porting process.
NEXUS Architecture
NEXUS, the set of general-purposetools, can be divided
into two major parts: the Data Transport Standard and a
highJevel, guaranteeddelivery network.
DTS defines a high-level, object-orientedlanguagefor
representing numerous data types. The language is designedto permit flexible and efficient movementor storage
of any type of dataacrossany type of communicationslink,
through any type of file, on any computer. DTS includes
formal format specificationsand the software to perform
encoding, changing,and decoding of DTS data records.
Although the NEXUS networking software is in an earlier
stageof developmentthan DTS, its architecturemay be of
interest. It is a transaction-flowarchitecture,with guaranteed transactiondelivery. Specialspool files guaranteerecoverability in the event of a system crash. Since transactions can be safely sent without waiting for acknowledgment, inoperativelinks or computerswill not disableother
links and computersthat continue to operate.Datais routed
according to transaction content, rather than by conventional node address.NEXUS can coexistwith and use conventional networking solutions.It is well suited for loosely
coupled applicationsoperatingin real-timemanufacturing
environmentsthat require 100% uptime.
DTS
HP's SPN Data Transport Standard, or DTS, defines a
high-level data language that functionally falls within
Layer 6 of the ISO open system interconnect model. DTS
provides a standardizedmeansfor encoding data between
application programswritten in different programminglan-

What the layers do
in plain language
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Fig. 3. /SO Open System lnterconnect (OSI) model and coverage of TC-10compared with other
network standards.

guages,on different operating systems,and on different
machines. DTS can be thought of as a software bus for
coupling application modules, analogousto the IEEE-488
hardwarebus (HP-IB)usedto coupleCPUsand peripherals.
Primary DTS design objectiveswere flexibility (extensibility), reliability, and speed.This resulted in a relatively
sophisticatedsolution that would be difficult for different
usersto implement without creatingvariations or dialects.
Hence, HP supplies DTS source code.
In the DTS language,all data is encapsulatedin data
transport records,or DTRs.They are similar to Pascalrecords, in that they have an identifiable type and a number
of data fields. However, the DTR structure does not lock
DTS to any particular programming language.Since the
data transport recordsmust be able to survive outside the
protective envelope of a programming language,they are
designedto be robustand flexible. DTRsarevariable-length
Iogical recordsthat can be convertedto a number of styles,
as appropriate for the environment. For example:
r ASCII DTRs may be used on a link that can transferonly
printable ASCII characters.
r Binary DTRs may be used where number conversion
overheadis to be avoided.
r External DTRs are in transportableform, allowing CPUto-CPU communication.
r Internal DTRs contain data in the form most efficient for
the CPU on which they reside.
r Friendly DTRs carry field identification information
with each data field, and require no format tables.
r Fast DTRs have fixed format, and require the use of format tables.They areusedwhere high-speedrandom field
accessis a requirement.
The above styles can be combined-for example, a
friendly ASCII DTR or a friendly binary DTR.
The generalstructure of a DTR is illustrated in Fig. 4a.
This generalstructureillustratesa DTR'sfour possiblecomponents: header, format table, data, and checksum. The
presenceof each component depends upon system needs
and user requirements.A header is always required, but
format tables are usually not present.A typical DTR may
look like the one shown in Fig. ab.
The DTR headercontainstwo kinds of information: data
identifiers and style identifiers. The data identifiers
uniquely identify the dataand its format.The IDs arehierarchical so that a DTR will never get confusedwith DTRs in
other subsystems.
The style identifiers specify the style, or structural
characteristics,of the DTR. Individual bits in the stylebytes
indicate structural characteristicsand processingoptions:
ASCII or binary, internal or external,with or without checksum, friendly or fast,trace, security,encryption, write protect. etc.
A small percentageof DTRs may contain a format table.
The format table describesthe data fields of a fixed-format,
fast DTR. If sent,the format table will be sent with the first
DTR in a seriesof DTRs.
The data component contains user data in one of two
significantly different styles:friendly or fast. In both cases,
the data component contains fields of data. The identity
of eachfield is implied by its relative position. This method
of field identification is used becauseit is considerablv

more efficient than using a separateID for each field.
The optional checksummay be used to ensure data and
systemintegrity. The checksumalgorithm alwaysgenerates
two printable ASCII characters.
SinceDTRsarelogical records,a meansmust be provided
to keepthem distinguishablefrom one another.For reasons
of efficiency and flexibility, users are encouragedto use
special DTS length descriptorsto delimit DTRs. Physical
variable-lengthrecords or text files may carry DTRs,with
or without length descriptors.A bundle is defined as two
or more DTRs that are glued together in such a way that
they will not get separatedin processing.A bundle should
be able to stand alone without the need for other DTRs to
help define its purpose.For example,it may representan
update to a database,a changein status,or a generalledger
entry. In Fig. 5, the structure DTRs, the left and right
parenthesesat the ends, glue together a number of DTRs
containing related data to form a transactionbundle.
TRS
The SPNTestResultStandard,or TRS,definessemantics
for generalencoding of test results in an IC manufacturing
environment. TRS provides a standardizedmeansfor data
flow between different types of test equipment and data
analysis systems.TRS uses the data languageor data bus
defined by DTS.
Data is sent in bundles of up to 2000bytes.The intertask
communication software is designed such that a bundle
will never getfragmentedin the courseof normal operation,
communications link failure, program abort, or system
crash.TRSbundles are designedto be decodedeasily,even
when mixed with bundlesfrom othertestersor when resubmitted in duplicate after a disaster.The DTS datatransport
record structure and bundling schemeenablestest data to
be sent acrossany communicationslink, through transaction-flow architecture,and through any type of file in a
file-oriented architecture.
The TRSbundles carrytwo major categoriesof test equipment information: test programparameterdescriptionsand
data created during an IC test. The simplest approach
would be to send the program information and test results
together each time a die is tested. However, this is often
impractical since the program information requires two to
ten times as many bytes as the test result itself. Such inefficiency can be avoided if the program information is sent
oncebeforetestingthe first die. When the programinformation is received,it must be savedin a data baseassociated
with the data analysis system. Since the analysis system

Fag.4. Data transportrecords: (a) general structure and (b)
typical structure (format tables are usually not present).
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must also avoid the overhead of storing multiple copies of
the same information, it too will keep a copy of the program
information on file.
To guarantee that data is correctly stuffed in the analysis
data base, program and result data bundles must be logically linked to one another. A header DTR at the beginning
of each bundle provides the required linkage. The following
fields guarantee that the data base will always be correctly
updated: ABEA,WIP-LOCATION,
LOT,TEST-COUNT,
TEST-PROGRAM,and TEST_PGM_BEVIS|oN.
These fields are defined in
the Test Result Standard specification available from HP.3
Program information bundles contain program detail
DTRs after the bundle header DTR. The detail DTRs define
the parameters for each test result. At least two fields are
required: TEST_NUMBERand tESt_l.tRME. TEST_NUMBER
identifies a test result's position within an array and is the
key that eliminates the need to retransmit all this data with
each test result. TEST_NAMEis the alphanumeric name that
corresponds to TEST-NUMBER.A number of other optional
fields, such as unit of measure and limits, may be present
in the detail DTR.
Test result bundles carry the actual test results. A bundle
header DTR is required at the beginning to identify and
link the data to its previously sent program information.
One or more test result DTRs follow. These contain the IC
wafer identification and the test location on the wafer,
followed by arrays of test result values or bin counts. The
test result's position in the array corresponds to the TESTNUMBER previously sent with the program information.
Wafer map and composite map DTRs are also defined in
the TRS specification.
Formatting Data
One of the first questions a TC-10 usermay ask is, "Where
should we format the data? At the tester, at the data reduction nodes, or at the data analysis systems?" The answer
is that the data formatting can be done anywhere. At first,
the user may choose to do all conversions on the HP 3000
Computer. However, for the following reasons, most users
eventually choose to create formats at or closer to the tester
node:
I Tester results are not yet standardized. Every manufacturer uses a different technique. TRS is a general solution
to this problem.
r Test equipment log data is generally not optimized for
communications or for updating global analysis data
bases. TRS and DTS are.
r TRS and DTS routines are designed to be portable. In
most cases, no portable code exists for decoding test
equipment log files.
I The software for the conversion only has to be written
once, at the test system. Otherwise, conversions would
have to occur all over the network.
r Programmers can do a better job on machines with which
they are familiar. When a test engineer adds a new test
system to the network, the engineer is able to do a better
job in a more timely manner at the test system.
If more than one data standard is being used, it is sometimes difficult to identify which standard is being received.
Analvsis svstems are bottlenecks for data flow. It is not

34 HEWLETTPACKARDJoUFNAL AUGUSTi9B5

wise to burden data reduction nodes and analysis systems with the additional overhead of data conversions.
r Existing test equipment log files lack vital work-in-process (WIP) tracking information required for global analysis of in-process and test data. It is easier to get this
information at the test system.
r Although the network may start as several lines to an
HP 3000 Computer, it will likely evolve to include data
reduction nodes and numerous work stations. One data
standard is the only manageable solution in a complex
environment.
Having made the decision as to where the standard TRS
formats will be created, the next step is to port the software.
The average time required for an engineer to port and test
the formatting software using the subroutines included in
the NEXUS tool set has been about one week. Writing the
user program that converts the test equipment log files to
TRS transactions takes somewhat longer. This may involve
simple array operations, additional user screens, and eventually passing the data to a TC-10 formatting routine. Although time can vary depending upon the complexity of
the problem, documentation on the test equipment, and
knowledge of the engineer, one month of development time
is typical.

TransportingData
The DTS portion of the NEXUStool set is designedto
encode data so that it can be handled by many different
CPUs or communication links. DTS routines can cope with
real numbers represented differently, swapped bytes,
ASCII-only links and files, fixed-length records, and variable-length records, to name a few common problem areas.
Although DTS formatting provides a form that is easy to
communicate reliably, DTS routines do not actively move
data from one place to another.
Other portions of the tool set deal more directly with
movement of data. The architecture is optimized for moving transactions through loosely coupled systems in realtime manufacturing environments. NEXUS modules are
concerned with guaranteed delivery, spooling data to prevent bottlenecks, routing transactions according to content,
and reliable disaster recovery. The tool set philosophy encourages the use of available communications links wherever possible. Still at the early stages of evolution, NEXUS
datacom solutions are primarily a methodology.
DTS is the first NEXUS module to be released as an HP
product. For the present, it is the user's responsibility to
move the formatted data from the test equipment to the HP
3000 Computer containing the TC-10 data base stuffer. So
that users can benefit from future releases, they are encouraged to build a test system network that is compatible with
the NEXUS architecture.
Updating the Analysis Data Base
The TC-10 data base stuffer verifies the integrity of in-

Fig. 5. A DTR transactionbundle.

coming data and updates the EA-10 engineering analysis
data base. The stuffer architecture is designed to provide
this service without degrading the response time to on-line
computer users. Architectural components that help meet
this obiective are:
r Transaction flow processing using message files. This
avoids the high overhead of file handling (repetitive
creates, opens, closes, and purges).
r Stuffer modules operating at a lower priority than online, terminal-oriented tasks.
r Spooling with message files. This helps eliminate
bottleneck problems. It also increases reliability and
simplifies disaster recovery.
I An error correction facility that allows errors to be corrected when convenient.
Until fully supported SPN links are available, it is the
customer's responsibility to move the formatted data from
the test equipment to the HP 3000 Computer System. Current TC-10 customers are using the following links: tape,
DS-1000/3000, SECS-9836/r000, and terminal emulator.
Once data has arrived at the HP 3000. the bundles of
data are fed (via the TCRECEIVEprocess) to message file
TCMSGFL,the input to the TC-10 stuffer (see Fig. 6). Since
each individual bundle contains sufficient information for
decoding, bundles from different testers can be mixed and
merged with one another. Consequently, the stuffer's input
messagefile can be fed from a number of sources simultaneously.
The heart of the system is the transaction processor
TCP100E. It reads the bundles being sent to it via the message file TCMSGFL.First, TCP100E checks the validity of
each bundle. The syntax and checksums (if present) must
be valid, or the bundle will be sent to the error file. Some
data fields are checked for existence on the data base. For
example, depending upon the situation, the following
fields may be checked for existence and validity: ABEA,
LOT. TESTCOUNT.etc.
Bundles with potential problems are divided into two
categories: warnings and errors. Bundles without errors are
decoded and stuffed into the EA-10 data base. Warnings
and errors are sent to the error status file TCSTATFL.Bundles
that have errors (and consequently have not been stuffed)
are time-stamped and sent to the TCERRTXfile. At the user's
convenience, bundles in the TCERRTXfile can be corrected
bv the Error Correction Facilitv. ECF. ECF enables the

user to perform on-line corrections. For example, an
operator may have entered an incorrect lot number. ECF
allows mistakes such as this to be corrected easily. ECF
also provides reports that aid in the error correction process. After bundles have been corrected, the operator may
release them for resubmission to the transaction processor.

Dealingwith Unsynchronized
SoftwareUpdates
TC-10 must continue to evolve to provide an efficient
solution in a rapidly expanding technological environment. Key areas of growth are data base technology, data
communications, new testers, and new techniques for
analysis of test data. The older, tightly coupled, integrated
architectures have restricted product evolution, and have
led to unacceptably high maintenance costs. For example,
a number of tightly coupled products must all be tested
and released in carefully synchronized cycles. Since TC-10
will be operating on a multiplicity of CPUs and testers,
such synchronization of update cycles is not practical.
TC-10 uses loosely coupled design and the NEXUS methodology to avoid the requirement for synchronized software updates. Each module is interfaced using fully defined transactions. Direct remote data base updates are not
permitted. Although TC-1.0is currently used primarily with
the EA-10 data base, its design allows it to be used with
any test system or data base. The NEXUS DTS tools allow
variable-size data fields and the addition of new fields and
new records. DTS allows the coexistence of old and new
formats, eliminating the need for troublesome file-conversion programs. These features allows TC-10 modules to be
developed relatively independently of one another.

Growth Strategy
TC-10architecture
hasbeendesignedfar in advanceof
its current implementation. The design is based upon modular, building-block methodology so that the product can
be immediately useful, yet evolve to remain a versatile,
comprehensive solution over the years. This strategy allows
customers to begin automation with released modules,
while enabling them to incorporate new features as future
modules are released. Risk is low since key concepts in
the architecture have been prototyped and implemented
in various HP manufacturing facilities.
The DTS module was coded first since it defines the
product's data language, the foundation of an evolutionary

Fig. 6. TC-10 data base stuffer
processing flow.
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integrated architecture. The next logical step was to write
software to encode, decode, and stuff TRS transactions.
Future modules will concentrate on communications, guaranteed delivery (spoolers), routing according to content,
data reduction, and WIP tracking.

ing incompatible dialects.
Some testers do not support Pascal, but this does not
preclude the use of DTS and TRS. If syntax and semantics
are followed according to specification, DTS and TRS code
can be created directly by the user's program.
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