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In this Issue
This issue continues our coverage of the HP Precision Architecture
hardwarecontributions.In the March 'l 987 issuewe describedthe HP 3000
Series930 and HP 9000 Model840 Computers,which were HP's first realizationsof HP PrecisionArchitecturein off-the-shelfTTL technology.In this
issue we present two more HP PrecisionArchitecturecomputerdevelopmentsthat leveragea commonVLSI effortusing HP's proprietaryNMOS-Ill
integratedcircuittechnology.One of thesesystemprocessingunitshas been
introducedas the HP 3000 Series 950 running HP's MPE-XL commercial
operatingsystem and as the HP 9000 Model 8505 running HP-UX, Hp's
version of AT&T's industry-standardUNIXo operatingsystem environment.These are the new
top-of-the-lineHP 3000 and HP 9000 computers.The other system processingunit, a midrange
computer,has been introducedas the HP 9000 Model825 runningHP-UX both in a single-user
workstationenvironmentand as a multiuserHP-UX system.
The effort describedin this issue dates back to 1982 and has been quite large. The VLSI
developmentinvolved12 deviceswith up to 150 thousandtransistorsper chip and was the largest
multichipcustom VLSI project HP has undertakento date. The two computersdescribedshare
eight common VLSI devices but have quite differentdesign centers. The top-otthe-line SPU
maximizesperformance,memory, and inpuVoutputcapacity in a fairly large data-centerstyle
enclosurewhile the midrange SPU is designed for maximum achievableperformancein the
smallestpossiblepackage.Yet bothare capableof runningexactlythe sameoperatingenvironment
and are compatiblemembersof the HP PrecisionArchitecturecomputerfamily.
Becausethe VLSI developmentwas so significanttowardsthe realizationof the two computers
we have placedthe papersdescribingit in the front of the issue followedby the SPU papers.
-Peter Rosenbladt
Manager, High-PertormanceSysfems Operation

Cover
Processorboards from the HP 9000 Model 825 Computer(smallerboard) and the Hp 9OO0
Model850S/HP3000 Series950 (largerboard),shownwith an unmountedpin-gridarraypackage
housingan NMOS-IllVLSI chip.

What's Ahead
The Octoberissuewill completethe designstory (begunin August)of the HP-18Cand HP-28C
Calculators,with articleson the calculators'thermalprinter,infrareddata link, and manufacturing
techniques.Also featuredwill be the designof the HP 4948A ln-ServiceTransmissionlmpairment
MeasuringSet.AnotherpaperwillrelateHarvardMedicalSchool'sexperiencewithcomputer-aided
trainingin their New Pathwaycurriculum,and we'll have a researchreporton formal methodsfor
softwaredevelopment.
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A VLSI Processorfor HP Precision
Architecture
by StevenT. Mangelsdorf,DarrellM. Burns, Paul K. French,CharlesR. Headrick,and
DariusF. Tanksalvala
HIS PAPER DESCRIBESthe VLSI chip set used in
the processorsof three HP Precision Architecture
computers:the HP 3000 Series950 and the HP 9000
ModelsB50Sand 825.The Series950 and Model B50Sprocessorsare identical. All of the chips are designedin HP's
NMOS-III process.'NMOS-II is a high-performanceNMOS
channellengths(0.95-pmeffecprocesswith '1..7-1tmdrawn
tive channel lengths), 2.5-p,mminimum contacted pitch,
and two levels of tungsten metallization. The chips have
been designedfor a worst-caseoperating frequency of 30
MHz, although with the static RAMs available for caches
at present,the Model B50S/Series950 processoroperates
at 27.5 MHz and the Model 825 processoroperatesat 25
MHz. A 272-pin ceramic pin-grid array packagewas developed to support the electrical and mechanicalrequirements for the chip set (see"Pin-Grid Array VLSI Packaging," page10).

tions which require a virtual-to-real address translation
and permissionchecking.It controlsan arrayof commercial
static RAMs. It generates appropriate traps for illegal
accessesand TLB misses.
The SIU interfacesthe processorto the system bus on
which main memory is located,fetchescacheblocks from
memory during cache misses,and performs other system
interfacefunctions.
The MIU respondsto floating-point coprocessortransactions on the cachebus and controlsthe floating-point math
chips. It also reports exceptionsand trap conditions.
All chips on the cachebus also respondto various diagnostic instructions for system dependent functions such
as self-test.

Overview
Each processorconsistsof a CPU, two cache controller
chips (CCUs),a translationlookasidebuffer controller chip
(TCU), a system bus interface chip (SIU), a floating-point
interface chip (MIU), and three floating-point math chips'
All chips except the SIU are common to both computer
systems.There are two versions of the SIU. The SIU in the
Model B50S/Series950 interfacesto a high-bandwidth 64bit systembus (SMB), and the SIU in the Model 825 interfaces to a medium-performance 32-bit system bus. The
floating-point math chips arethe sameNMOS-il chips that
are used in the HP 3000Series930 and HP 9000Model B+o
Computers.2
Fig. 1 shows the block diagram of the processor.The
diagram is applicable to both computers.The only differencesare in the SIU chips, the systembuses,and the sizes
of the cachesand TLBs (translationlookasidebuffers).All
the chips communicate via the cachebus which consists
of 32 addresslines, 32 data lines, and 63 control lines. The
cache bus protocol is transaction-based;only the CPU or
the SIU can be mastersThe CPU has most of the hardware for fetching and
executinginstructions.It is describedin the paper on page
1,2.
Each CCU respondsto cachebus transactionsfor doing
various cacheoperationsand controls an array of commer950 has atwo-way
cial staticRAMs, The Model BSOS/Series
set-associative128K-bytecache,and the Model 825 has a
two-way set-associative16K-byte cache. The CCUs also
perform instruction prefetchingand correctionof single-bit
errors in the cacheRAM.
The TCU respondsto virtual addresscachebus transac-

The cache speedsup CPU memory accessesby keeping
the most recently used portions of memory in a high-speed
RAM array. The array has a large number of rows called
setsand two columns called groups.Each array entry contains a 32-byteblock of memory and a tag identifying the
block's address.
Cacheoperationis shown in Fig. 2. When the CPUaccesses memory, the low-order addressbits determinewhich of
the many sets the data may be in. The tag of each of the
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Cachennd TLB
CacheFunction

Fig. 1. HP Precision ArchitectureVLS/processor block dia'
gram. The VLS/ chrps are the centralprocessing unit (CPU)'
ihe cache control units (CCU), the TLB control unit (TCU),
the system bus inbrtace unit (9U), the floating-point math
interfaceunit (MN), and three floating-pointmath chips (ADD,
MUL, DIV).
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Fig.2. CacheandTLBoperation.
two entries in this set is compared againstthe address.If
a hit occurs, the data can be quickly transferred to or from
the CPU. If a miss occurs, one of the two blocks in the set
is randomly selectedto be removed to make room for the
new block. This block is written back to main memory if
its tag indicates it is dirty (i.e., it has been modified since
being moved into the cacheJ.The new block is read from
main memory and placed into the vacatedentry. The data
is then transferred to or from the CPU. Cache misses are
managed by the SIU and are not visible to software.
Hits are much more common than missesbecauseprograms tend to accessa cachedblock many times before it
is removed. For example, the expected miss rate of the
Model 85OS/Series
950 is 1.5%. The effectivememory access time is therefore very close to that of the cache itself.
This can be made quite short since the cache is small
enough to be implemented with high-speed RAMs and is
physically close to the CPU. The cache accesstime of the
Model B50S/Series950, for example, is about 6b ns measured at the pins of the CPU.
TLB Function
The main function of the translation lookaside buffer
(TLB) is to translate virtual addressesto real addresses(Fig.
2J. The TLB determines the real page number mapped to
state I

ll

lcK2i

by the spaceID and the virtual pagenumber. The real page
number concatenatedwith the invariant offset field gives
the 32-bit real address.The pagesize is 2K bytes.Hp precision Architecture allows 64-bit virtual addresses.but
these computersimplement only 48 bits to economizeon
hardware. This is more than adequatefor current software
needs.
The TLB alsoverifies that the current processhas permission to accessthe page.Two major types of checking are
defined by HP PrecisionArchitecture.Accessrights checking verifies that the processhas permission to accessthe
pagein the requestedmanner (read,write, or execute)and
that its privilege level is sufficient. ProtectionID checking
verifies that the page's15-bit protection ID matchesone of
the four protection IDs of the process.A trap is issued if a
violation is found.
The TLB cannot possibly store the real page number and
permission information for every virtual page since there
are 237of them. Instead, it stores the information for the
most recently used pagesand operatesmuch like the cache.
The TLB has only a single group instead of two, Each entry
contains the real pagenumber and permission information
plus a tag indicating the page'sspaceID and virtual page
number. Half of the entries are dedicated for instruction
fetchesand half for data accesses.
When the CPU performs a virtual memory access,the
addressbits determinewhich of the many entriesthe page
may be in. This entry's tag is comparedagainstthe address.
If a hit occurs, the real page number is sent to the cache
and the permission checksare performed.If a miss occurs,
the CPU is interrupted with a trap. The trap handler inserts
the required entry into the TLB, replacing the previous
entry. The trap handler returns to the instruction that
causedthe miss; this time, a hit will occur. While misses
are serviced by software,they are not visible to the programmer.
Organization
The cache and TLB system organization is shown in Fig.
1. Each of the two cache controller units (CCUs)controls
one of the two groups in the cache array. Similarly, the
TLB controller unit (TCUI controls the TLB array. The
cache and TLB arrays are implemented with commercial
CMOS static RAMs. These provide excellent speed and
density while eliminating the design effort and risk associated with an on-chip RAM array.
Operation of the cache system is best understood by considering a typical virtual-mode load cache bus transaction
as shown in Fig. 3. The transaction begins with the transstate 3

cKl

I

cK2

cKr

lI i

crz

i

cxr

I

Cache Bus

Fig.3. Typical virtual-modeload
cache bus transaction.
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mission of the spaceregisternumber from the CPU to the
TCU during clock 2 of state 1. The TCU dumps the space
ID out of the selectedspaceregister,and the virtual page
number arrives during clock 2 of state 2. The TCU forms
the TLB RAM addressfrom the spaceID and virtual page
number and drives it out to the RAM array during the same
clock 2. One bit of the addressis set by whether the transaction is for an instruction fetch or data access;this effectively partitions the TLB array into two halvesas discussed
above. At the end of clock 2 of state 3, the RAM data is
valid. The real pagenumber field goesto the two CCUsfor
their tag compare.The other fields go back to the TCU for
its tag compare and for permission checking. A miss or a
permissionviolation causesthe TCU to issuea trap during
clock 1 of state 3.
The CCUs processthe transaction in parallel. They receive the addressduring clock 2 of state2 and drive it out
to their RAM during the next clock 1. At the end of clock
2 of state 3, the RAM data is valid along with the real page
number from the TLB RAM. A tag compare is then performed. If a hit occurs, the CCU drives the data out onto
the cache bus during clock 1 of state 3. If a miss occurs,
all the CCUsallow the bus to float high, which is interpreted
as a miss by the other chips.
It is important to note that the CCUs can addresstheir
RAM with the virtual addressbeforethe real pagenumber
has arrived from the TLB, greatly reducing overall access
time. This is permitted becauseHP PrecisionArchitecture
specifies a one-to-onemapping between virtual and real
addresses,and requiressoftwareto flush pagesbeforetheir
mapping changes.This is a very important contribution of
HP PrecisionArchitecture over other architectures.which
allow only the offset portion of the addressto be used for
efficient cacheaddressing.
For real-mode transactions,the TCU does not read its
RAM. Instead,the TCU receivesthe real pagenumber from
the cachebus and drivesit to the CCUsthroughTTL buffers.
This simplifies the CCUby making real and virtual accesses
look alike. Note that the TCU does not connectto the real
page number RAMs. The CCUs and the TCU cooperate
during transactionssuch as TLB insertswhere the real page
number is sent over the cachebus.
Stores are similar to loads, except that the CCU writes
the new tag and data into the RAM during clock 1 of state
3. Byte mergeis performedby combining the old and new
data words. If a miss occurs,the write is not inhibited, but
the old tag and data are written instead of the new. When
a trap occurs such as a TLB miss, the indication comestoo
late on the cachebus for this. Instead.statesare added to
the transactionto write the old tag and data back.
Instruction Fetch Timing
The load transactiondescribedabove is effectively two
states long since its first state can overlap with the last
state of the previous transaction,and it causesthe CPU to
interlock for one state.This interlock would also occur if
instruction fetch transactions required two states and
would cause an excessiveperformanceloss. Therefore,a
prefetchingalgorithm is implemented by the CCU to shorten fetch transactionsto one state and eliminate the interlock in almost all cases.
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There are three types of fetch transactions:sequential,
branch, and random. They all have one thing in common:
at the end of the transaction,the CCU prefetchesthe next
sequentialinstruction and savesit in an internal register.
A sequentialfetch transactionfetchesthe instruction that
follows the previous one. The CCUscan simply dump out
the prefetchedinstruction from their registers.The transaction is only one statelong and doesnot causean interlock.
A branch fetch transaction fetchesthe target of a taken
branch instruction. The branch target addressis sent from
the CPU to the CCUsin a prefetchtargettransactionissued
on the previous state.This givesthe CCUsa one-statehead
start in fetching the branch target,so the fetch transaction
is only one statelong and doesnot causean interlock. The
CPU must send the prefetchtargetbeforeit knows whether
the branch is taken. Untaken branchesresult in prefetch
targetsfollowed by sequentialfetches.
A random fetch transactionis issuedfor the first instruction after a reset, the first instruction of any interruption
handler, or the first or second instructions after a return
from interruption instruction. The fetch transactionis two
stateslong and causesa one-stateinterlock, but thesecases
are very rare.
The TCU usesa similar prefetchingalgorithm. However,
it is not required to prefetch the next sequential instruction
on every fetch transaction.Since all instructions from the
samepagehave the sametranslationand permissioninformation, the real pagenumber and permissioncheckresults
are simply saved and used for subsequent sequential
fetches.Whenevera sequentialfetch crossesa pageboundary, a one-statepenalty is incurred while the TLB is reaccessedto determine the real pagenumber and check permission for the new page.It is also necessaryto reaccess
the TLB when an instruction is executed that might change
the real page number or permission check results. As a
result of this simplification, the TCU RAM is cycled at
most everyother state(theCCURAM is cycled everystate).
Design Trade-Offs
HP PrecisionArchitecture doesnot require the cacheor
TLB to be flushed after each context switch like many other
architectures. Therefore, it can never hurt performance to
make the arrays larger, provided that the clock rate is not
affected.Each CCU can control 8K, 16K, 32K, or 64K bytes
of data, and each TCU can support 2K or 4K total entries.
Supporting larger arrays would not have been difficult except that pins for additional addresslines were not available. The Model B50S/Series
950 has 64K bytes of data per
CCU (128Kb1'testotalJusing 16K x 4 RAMs, and a 4K-entry
TLB using 4K x 4 RAMs. The Model 825 has BK bytes per
CCU (16K bytes total) using 2Kx8 RAMs, and a 2K-entry
TLB also using 2Kx8 RAMs.
The number of groups (columns) in the cache array is
called the associativity.Increasingthe associativitytends
to decreasethe miss rate. This is becausewider sets(rows)
decreasethe chancethat severalheavily used blocks will
compete for a set that cannot hold them all. The improvement is substantial going from an associativity of 1 to 2,
but further increases bring little improvement. Unfortunately, increasingassociativitygenerallytends to increase
cache accesstime becausedata from the groups must be

multiplexed together following the tag compare. In these
processors, access time is limited by parity decoding,
which is performed in parallel with the multiplexing.
Therefore,we decided to support from one to four groups,
each implemented by a CCU and its associatedRAM. The
Model BSOS/Series
950 and Model 825 both have a cache
associativity of 2. However, the TLB associativityis fixed
at 1 becausethe improvement in miss rate did not justify
the increasein accesstime and cost.
When the cacheassociativityis greaterthan 1, it becomes
necessaryto decide which of the entries in the set is to be
replaced when a cachemiss occurs. The performanceadvantage of a least recently used strategy over a random
strategy was too small to justify the extra implementation
cost. With the random strategy,each group is selectedon
every Nth miss where N is the associativity.
The cache block size is fixed at 32 bytes. Larger blocks
tend to decreasemiss rate up to a limit, but cachemisses
require more time to service. The block size was chosen
to minimize the performance penalty for cache misses,
which is the product of the miss rate and the miss service
time.
The cache uses a write-back store policy. This means
that system memory is not updated on a store until the
block is eventually replaced from the cache or explicitly
flushed by software.Becausea block can be storedto many
times beforebeing replaced,a write-backpolicy minimizes
system bus traffic, which is critical in multiprocessor systems.
The same cacheis used for both instruction fetchesand
data accesses.Separatecachesare permitted by HP Precision Architecture and have tremendous advantageswhen
the CPU can issue both an instruction fetch and a data
accessconcurrently. However, the CPU always interleaves
these operationson the cachebus, and so separatecaches
offered no advantagefor us. One benefit of a unified cache
is that it generally has a significantly lower miss rate than
a split cache of the same size, particularly when the associativity is greater than 1.
For the TLB, however, half the array is allocated for
instructions and half for data. This prevents thrashing, the
situation where a heavily used instruction pageand a heavily used data page competefor the same entry. Also, handling TLB misses in software requires that the TLB be able
to hold an arbitrary instruction and data pageconcurrently.
Address hashing is used to improve TLB performance.
Instead of using the low-order bits of the virtual page
number to select a TLB entry, an XORof virtual pagenumber
and spaceID bits is used. This ensuresthat low-numbered
pages from all the spaces do not map to the same entry.
This minimizes thrashing because these pages tend to be
frequently used. According to preliminary studies performed by our System Performance Laboratory, this improves instruction TLB performance by a factor of 3 and
data TLB performance by a factor of 7.
Error Gorrection
Severalfeaturesareincluded to increaseproduct reliability and availability. The CCU implements detection and
correction of all single-bit errors in the cache array. Each
data word and tag are protected by 16-bit horizontal parity.

The CCU also maintains the reference vertical (column)
parity in an internal registerthat is updated on all writes.
Copy-in transactionsrequire specialhandling becausethey
are write-only rather than read-modifu-write. The CCU accumulatesthe vertical parity of the replacedblock during
copy-out transactions(for dirty misses)or autonomously
(for clean misses)before the SIU issuesthe copy-in transactions.
When a parity error is detectedduring a read, the CCU
hangs the cache bus and initiates error correction. It walks
through the entire array (up to 16K locationsJto determine
the actual vertical parity, and comparesthis with the reference vertical parity in its register. The bit position in which
a mismatch occurs indicates which bit of the data should
be flipped. Error correction occurs without software intervention.
After each conection, the CCU issues a low-priority
machine check to the CPU so that software can log the
error and test the location for hard errors. If a hard error
is found, an individual entry or an entire group of the array
can be mapped out so that processingcan continue (with
degradedperformance)until the machine is repaired.
The TCU provides the sameprotection againstsingle-bit
errorsbut in a simpler way. As in the CCU,16-bithorizontal
parity is used to detect errors.When an error is detected,
the TCU issuesa high-priority machine check to the CpU.
The high-priority machine check handler purges the bad
entry from the TI-8. Upon return from the high-priority
machine check handler, a TLB miss trap will occur, and
the entry will be inserted into the TLB by the normal TLB
miss handler. This simple schemeworks becauseHp precision ArchitectureneverrequiresTLB entriesto be dirty.
The high-priority machine check handler can also log
the error and test the entry for hard errors. If a hard error
is found, one half or threequartersof the TLB canbe mapped
out so that processingcan continue despite degradedperformance.This is implemented by simply freezing one or
two of the RAM addressbits.
Internal Circuits
Internal circuits on the TCU and CCU chips are designed
to run at 30 MHz worst-case.The chips provide Z1-MHz
worst-case operation with 25-ns RAMs and 275-MHz
worst-caseoperation with 22-ns RAMs.
Writes into the cache array require only one state. A
split-phase loop is used to generatetiming edgesfor the
NCEand NWEttAM control signals and for the data driver
enable and tristate fsee "A Precision Clocking System,"
page 1.7).
Not surprisingly, transfersof data and addressesto and
from the RAMs provide some of the tightest timing paths
on these chips. For instance,full 16-bit parity encodeand
decode must be completed in 7 ns without the advantage
of clock edges.This is accomplishedby using a tree of XOR
gatesconstructed from analog differential amplifiers ofthe
type shown in Fig. 4. This circuit requires two true/complement pairs as inputs to produce one output pair. The small
signal swing this circuit requires allows the result to propagate through the parity tree fast enough'to meet its Z-ns
budget. The analog differential voltages at the output of
the tree are converted to digital voltages by a level trans-
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TLB address hashing has been implemented for improved TLB performance,Since the addressdrive time is
in the TLB's critical timing path, the hashing circuits need
to be very fast. Fast hashing is accomplishedby using the
fact that the space ID bits of the virtual address and the
control data are available early to set up transfer FETs' The
circuit simply steersthe late-arriving virtual page number
bit to the positive or negative input of the address pad
drivers, depending on whether the early spaceID bit was
a 0 or a 1. This logically XORsthe spaceID and virtual page
number bits with a minimal delay of only one transfer gate'
Three types of control structures are used to provide
different combinations of speed and density. Dynamic
PLAs (programmable logic arrays) with two levels of logic
and a latency of two clock phasesare used for the majority
of chip control, and smaller two-level static PLAs with one
phase of latency are reserved for more speed-critical control. PLA outputs can qualify each other and be wire-ORed
together, effectively providing third and fourth levels of
logic. It is also possible for static PLAs to generatethe bit
lines for dynamic PLAs to give an extra two levels of logic.
Where speed is essential, a few random logic structures
are used.

The function of the system interface unit (SIU) is to interfacethe processorcache bus to the SPU systembus so
that it can communicate with main memory and I/O. Since
the price/performance goals of the different computers
could only be met with two different system bus definitions, two separateSIUs were designed. SIUF interfaces to
the 32-bit MidBus used in the Model 825. SIUC interfaces
to the 64-bit SMB used in the Model 85oS/Series950. The
two SIUs are very similar except that the SIUC implements
multiprocessorcache coherencyalgorithms.
Most of the functions of the SIU involve block transfers
to and from the CCUsover the cachebus. A typical cache
miss sequenceis shown in Fig. 5. It begins with a load or
store cache bus transaction in which both CCUs signal a
miss. The CCUs send the real address of the requested
block to the SIU so that it can begin arbitrating for a read
transaction on the system bus. The CCU that is selected
for replacement then sends the real address of the block
to be replaced along with an indication of whether the
block hasbeenmodified. If so,the SIU issueseight copy-out
cache bus transactions to transfer the replaced block to its
write-back buffer.
Sometime after this is completed, the requested block
will begin to arrive on the system bus. The SIU issues eight
copy-in cache bus transactions to transfer it to the CCU.
Finally, the-SIU issues a restart cache bus transaction to
end the miss sequence,and the CPU resumesissuing transactions. For a load miss, the requested data is transfetred
from the CCU to the CPU during the restart transaction.
The miss penalty is 27 instructions for the SIUF and 16'5
instructions for the SIUC.
The SIU will arbitrate for a write transaction on the system bus to empty its write-back buffer as long as no higherpriority operation is pending. The SIUC has a two-entry
write-back buffer for maximum performance.
HP Precision Architecture defines an uncached region
of the real addressspacecalled VO space.When a load or
store transaction accessesVO space,the CCUsalways signal
a miss. The SIU issues a single-word read or write transaction on the systembus since no block bansfers are involved.
In systemsusing SIUF, the processordependent code ROM
(which contains boot code) is also uncached. The SIUF
accessesthis ROM in a byte-serial manner to reduce cost.
The SIU contains some of the HP Precision Architecture
control registers. This results in better system partitioning
and reduces CPU chip area' On the SIU chip are the temporary registers, the interval timer, and the external inter-

Cache Bus

System Bus
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Flg. 5. Typical cache rn,ss seouence.

rupt requestand mask registers.
The SIU detectsa power-up or hard reset operation on
the systembus and generatescachebus signalsto initialize
the other chips. It interrupts the CPU when a powerfail is
detected or an external interrupt is pending. Checking is
performed for systembus parity errorsand protocol violations and errors are reported to the CPU through the highpriority machine check.
HP PrecisionArchitecture requiresthe SIU to have a few
registersaccessibleto other deviceson the systembus for
addressrelocation and receivinginterrupts and resets.Additional registers are used for logging system bus emors
and other implementation dependentfunctions.
Many other architecturesrequire the SIU to query the
cache during DMA transfers to ensure consistency with
main memory. With HP Precision Architecture, it is software's responsibility to flush the affectedpartsof the cache
before starting a DMA transfer.This results in a considerable savingsof hardware and complexity.
The processor and memory subsystemsof the Model
850S/Series950 are designedto implement hardware algorithms to ensurefull cacheand TLB coherencybetween
multiple symmetric processorsasrequiredby HP Precision
Architecture. Whenever a memory accessoccurs, all processorsmust ensure that the processordoing the access
acquiresan accuratecopy of the data.
Each 32-byteblock in the cache is marked either clean
and private, clean and public, or dirty. If a block is dirty
or clean and private, this is the only copy of the block and
can be modified without communicatingwith other processors.If the block is clean and public, it can be read but not
written. If the block is absent, it is requestedfrom the
memory subsystem.
During the return operationon the SMB, all other processors check their cachesfor copies of the requestedblock.
If a checking processordiscoversa dirty block, the return
operation is aborted,the dirty block is flushed to memory,
and the return operation is repeated with the correct copy
of the data. If a checking processordiscoversa clean and
public or clean and private copy, it will either delete it or
change it to public depending on whether the requesting
processorwants a private copy. Similar algorithmsareused
to maintain coherency during the load, store, load and
clear, purge cache,and flush cache operations.
To maintain TLB coherency in a multiprocessor system,
the purge TLB instruction is broadcast on the SMB to all
processorsso that all TLBs are purged simultaneously. The
SIU maintains coherency if a purge TLB occurs on the SMB
at the same time that the TLB entry is being used to access
data from the memory subsystem during a cache miss.

Floating-Point Coprocessor
HP Precision Architecture allows coprocessorsto provide hardwareassistfor complicatedoperations.Coprocessorshave their own set of registers,and once a coprocessor
operation is started,the coprocessorcan processthat insbuction concurrently with the CPU. Floating-point operations arewell-suited for coprocessing.In general,floatingpoint operandsnever need to be operatedon by the CpU's
integer ALU, so dedicatedfloating-point registerskeep the

generalregistersfree. Floating-point operationsalso tend
to take many cycles to complete.While the coprocessoris
working on completing a previous operation,the CPU can
continue.
The architecturerequires the coprocessorto implement
full IEEE-compatiblefloating-point functionality. The coprocessorhas sixteen 64-bit registers,of which twelve are
floating-point registersand four are status and exception
condition registers.Single, double, and quad precision operations are defined by the instruction set. The floatingpoint hardware actually implements a subsetof the standard. The coprocessorredirects to software emulation
routines any operations that cannot be handled in hardware. Trapping to softwareonly occurson infrequent operations and exceptionalconditions and thus has a minimal
impact on performance.
The floating-point coprocessoris implemented by four
chips: the math interfaceunit (MIU) and three proprietary
HP floating-point chips. The three floating-point chips are
an adder, a divider, and a multiplier. Thesesamefloatingpoint units are used in the HP 9000 Model bSO,the HP
9000 Model 840, and the HP 3000 Seriesg30 Computers.
Math Interface Unit
Review of the math chips' capabilitiesshowedthe benefit
of a simple MIU design.The math chips can be configured
to allow pipelining on the chips; for example,the add chip
can be configuredto perform up to five simultaneousindependent adds. This increasesthroughput in those special
casesin which many independent adds are needed.However,the penalty for taking this approachis that the overall
latency is significantly increasedand scalaruse of the coprocessor suffers. The determination was made to only
allow one floating-point operationat a time to be executed
by the math chips.This hasthe doublebenefit of decreasing
latency and keeping the MIU simple. The result is a very
clearly defined and well-partitioned chip that needs a
minimum of special circuitry.
The MIU interactswith the CPU over the cachebus. The
CPU processesfloating-point instructions in its pipeline
like other instructions.The CPU determinescacheaddresses, branch and nullify conditions, etc., before issuing the
transactionto the MIU. When the transactionis issued,the
cacheand TLB report trap conditions and the MIU begins
processingthe instruction. The cachebus protocol is very
flexible, allowing data and trap information to be sent during any state of a transaction. Transactions can also be
extendedto any length. This interfaceto the CPUsimplifies
the communication between the CPU and the MIU, since
it removesthe requirementthat the MIU have knowledge
of the CPU pipeline.
The MIU allows operationsto overlapwith independent
loads and stores.Becauseof this feature,the MIU includes
on-chip interlock hardwarethat checksfor interlock conditions and respondsproperly. Interlock conditions that must
be recognizedinclude attempting to start an operationbefore the previous one has completed,attempting to read a
register that is the destination of an executing operation,
attempting to load either the sourcesor destination of an
executing operation, and attempting to read the statusregister while an operation is executing.In each of thesecases,
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Pin-Grid Array VLSI Packaging
A significantpart of the designof the VLSIprocessorfor the
HP3000Series950 and HP9000ModelsB50Sand 825Computerswasthe methodof packagingtheVLSIchips.A singlepin-grld
array(PGA)packagewas designedwith enoughflexibility
and
that all six ol the lCs on the
electricaland thermalperformance
processorboard are able to use lt. This same packagels also
used by threeothercustomVLSIcircuitsin the systems.
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quirementsof all the chips that wereto use the package:
272 pins, some dedicated to a common ground and others
dedicatedto three main powersupplies.Additionalflexibility
for separatingnoisysuppliesfrom internallogicsupplieswas
also required.
A differentchio oadoutfor each of the nine lOs that were to
use the package.
for highassemblyyieldand high
Ceramicpackagetechnology
reliability.
Adherenceto geometriesthat can be manufacturedusing
thickJilmceramictechnologyand assembledusing conventechnology.
tionalwire-bondlng
(12W dissipation)
VLSINMOScircuits.
Supportof high-power
' Consistent
withthrough-hole
mountingtechnologyon conventionalprintedcircuitboards.

the MIU will hang the processor until the interlock is resolved, and then continue. Allowing noninterlocked Ioads
and stores gives the compilers the ability to improve performance significantly with optimized code.
The MIU interacts with the math chips across the math
interface bus. The MIU is a complete master of this bus,
controlling all the load, unload, and operation timings.
Counters control the number of cycles needed before
unloading the result from a math chip. These counters are
available to software through an implementation dependent instruction. Since the floating-point math chips' calculation times are independent of any clocks, the number
of cycles needed for an operation to complete varies with
frequency. Giving software the capability to control the
cycle counts allows the coprocessor to run as efficiently
as possible at any frequency by changing the number of
count cycles as frequency changes. As a debugging feature,
another set of machine dependent commands allows software to take direct control of the math bus to facilitate
system debugging involving math chips.

The six chips in the processor communicate via a collection of 127 signals known as the cache bus. Each chip
connects only to those signals necessary for its function.
The bus operates in a precharge/pulldown manner. Each
signal is designated as either clock 1 or clock z. Clock t
signals transmit data during clock 1.and precharge during
clock 2, and clock 2 signals transmit data during clock 2
and precharge during clock 1. Each cache bus signal transmits one bit of information per state.
During the precharge phase, all chips connected to a
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fhe 272-pinPGA package is shown in Fig. 1. The design
makesfull use of state-of-the-art
multilayerceramictechnology.
layers,threeof whichare ground
The PGA has six metallization
planes.A fourthlayeris a mixedgroundand powerplane (this
planealsoacts much likean ac ground).Two layerscontainall
the signallines.Each of thesetwo lay'ershas a ground plane
environment.
above and below it, ensuringa transmission-line
Connectionsbetweenla;rersare providedby vias punchedin
the ceramic.Thesevias also ensureground plane and power
supplyintegrity.
multilayer
A lew changesin the conventional
ceramicprocess
were required.First,a heat slug made ot 90% copperand 10%
tungstenls providedfor attachmentof the lC. This resultsin a
thermal resistanceof 0.9'CAVfrom junction to heatsink,compared with approximately3 to 5'C/W for conventionaldie attachmentfor the same lC and packagesize.Second,considerable
flexibilityis provided for pad assignmentsbetween ground,
power,and signals.Over 90% of the pads have more than one
bondingoption,and 10% of thesehavethreebondingoptlons
Third,there are three tiers of wire-bondpads on the ceramic
and two staggeredrowsof bond pads on the lC. This provides
notonlyshorter,moredensebondingof the signalsand optional
powersupplies,but alsoa way to achievevery shortwire-bond

signal help drive it to a high value (2.85V nominal). During
the transmit phase, if a chip wishes to assert a zero, it turns
its driver on and pulls the signal low. If it wishes to assert
a one, it allows the signal to remain high. Any chip connected to a signal may assert a zero independently of the
other chips. This wired-AND logic simplifies the functional
protocol.
Because each cache access requires a transfer from the
CPU to the CCUs and back, short cache bus transmission
delays are essential to maximize the processor clock frequency. This was achieved through careful design of the
drivers, printed circuit board traces, receivers, and clocking
system.
The drivers consist of a large pulldown transistor and a
source bootstrapped predriver stage which can apply a full
5V signal to the gate of the pulldown transistor. The delay
through the driver is only 2.6 ns worst case. The precharge/
pulldown bus results in area-efficient drivers, since the
pullup consists only of a precharger. This can be small
because several chips plus the terminating resistor help
pull each signal high and precharge has an entire phase in
which to complete.
The chips are positioned along a linear bus on the board.
There are never more than two traces connected to a pin,
so the driver never looks into an impedance lower than
two parallel traces of 50Ct each when driving the initial
edge. The linear bus also reduces undesirable reflections
by minimizing impedance mismatches. Considerable attention was given to minimizing the length of traces, particuIarly those known to be critical. This resulted in a worstcase pin-to-pin propagation delay of only 5.7 ns.
The receivers are of the zero-catching variety. They consist of bistable latches that are reset during the precharge

Fig. 1. 272-pin pin-grid array
package.
lengths(lessthan 0.045inch)from the pad on the lC directlyto
a ground plane on the PGA. A constrainton the lC designers
was that power supply and ground pads could be locatedonly
at certainprespecifiedlocationson the chip.
Theelectricalrequirements
forthe packagewerequiteaggressive becauseof the largenumberof l/O connectionsand their
high switchlngspeeds. Minimizingpower supply and ground
noise was extremelyimportant.lt was also essentialto provide
a transmission-line
environment
for the signallines.The metallizationthat servesas signalroutingis in a striplineconfiguration.
This configurationminimizessignal{o-signalcoupling(crosstalk). Power supply routingis designedto minimizethe path
inductanceand maximizethe capacitance,therebyproviding
cleanpowersuppliesto the lC. The PGAcan haveup to thirteen
independentpowersupplieswhichare isolatedon the package
and independently
bypassedto ground on the package.The
ground planes are shorted togetherthrough vias to provide a
cleangroundconnectionto the lC.

phase and set during the transmit phase if their input falls
below 1.3V for 2.9 ns or longer. Analog design techniques
were used to raise and tightly control the trip level. Once
tripped, the receivers do not respond to noise or reflections
on the bus. This increases noise margin for receiving a zero
and effectively reduces propagation delay. The delay
through the receiver is only 2,9 ns worst case.
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HP PrecisionArchitectureNMOS-lll
Single-ChipCPU
by Jeffry D.Yetter,JonathanP. Lotz,WilliamS. Jaffe,MarkA. Forsyth,and Eric R. DeLano
IKE ALL OF THE CUSTOM VLSI chips designedfor
the HP 3000Series950 and HP 9000Models B50Sand
825 SPUs,the CPU is designedusing HP's NMOS-III
fabrication process.t NMOS-III was a natural choice not
only becauseit affords the density and speedrequired for
the design,but also becauseof its proven manufacturability. The CPU chip contains115,000transistorspackedonto
a squaredie measuring8.4 mm on a side.
Using the NMOS-III technologyand a variety of high-performance circuit design techniques, the CPU design
achieves a 30-MHz worst-caseoperating frequency. This
exceedsthe systemclock frequencyrequired by the Model
BsoS/Series950 and Model 825 SPUs,allowing the CPU
chip to have high yield and operating margins in those
environments.
The chip implements the entire set of 140 instructions
and 25 trap and interruption conditions of HP Precision
Architecture. Instruction execution is pipelined, and 130
of the 140 instructions executein a single machine cycle.
Instruction sequencingand CPU control are implemented
in hardwired logic, rather than in microcode. Hardwired
control ensuresthat instructions are executedin the fewest
possible cycles and at the highest possible frequency.
The key design goalswere to produce a manufacturable
HP Precision Architecture CPU design optimized for sustained performancein a realistic high-performancecom-

puting environment. Circuit design efforts were concentrated on the critical timing paths. Within the CPU chip,
the executionunit presentedsomeof the most critical speed
design challenges.The execution unit produces 32-bit results for the arithmetic,logical,extract,and depositinstructions (see"Execution Unit," next page).Many critical paths
extend off the chip through its cachebus interface.These
paths are optimized to achieve the highest overall system
performance.2
Fundamental to the performanceof the CPU chip is a
pair of high-drive clock buffers which produce a pair of
nonoverlapping clock pulses (see "A Precision Clocking
System," page L7). Each clock signal supports a fanout of
over 8,000 gateswith a single level of buffering, a feat that
is only possiblewithin the confinesof an integrateddesign.
Each componentof the CPU derivesits timing information
from these clock signals,yielding a tightly coupled synchronous CPU design.
Architecturc Overview
HP PrecisionArchitecture specifiesa register-based
CPU
architecture in which the registers are the source of all
operands and the repository for all results. There are 32
general registers, which are used for local storage of
operands,intermediateresults,and addresses.Instructions
interact with the memory hierarchy via the LOADand STORE
(continuedon Page 14)

Data Bus

Fig. 1. HP Precision ArchitectureVLS/ CPU block diagram
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Execution Unit
The executionunit (E-unit)is the cornputation
engineof the
CPU.As its nameimplies,the E-unitprovidesthe CPUfunctions
pipelinestage.lts primaryfunctionis the compuof the EXEoUTE
tation of resultsfor the data transformationand branch instructions.Data transformationinstructionsact on operandsselected
from the generalregistersand produce resultswhich are stored
back into the generalregisters.Once a resulthas been computed, the E-unit must determinewhetherthe conditionfor
branchingor nullification
has been met.1The E-unrtcontains
special hardwarewhich evaluatesits resultto determlnethe test
condition.The E-unithardwareis outlinedin Fig. 1,
Data transformationinstructionsare of two types: arithmetic/
logicaland shift/merge,The E-unitcontainstwo specializedcomponentsto computeits results:the arithmeticlogic unit (ALU)
and the shiftmerge unit (SMU).
The challengein the ALU designis to providequickexecution
of a 32-bitadd function.This is the ALU functionthat requires
the mostgatedelays.Manytechniques
existto exploitparallelism
to minimizegate delaysfor addition,but thesetend to produce
adderdesrgnsthatare inordinately
large.Sincethe sameessential adder that servesthe ALU is replicatedon the CPUto provide

the branch adder, programcounter,and recoverycounter,such
techniqueswere largelyexcludedfrom this design. A relatively
simpleALU organization
was adopted,and NMOScircuittechniques are employedto providethe necessaryspeed.
The adder is organizedinto eight identical4-bit short carry
stageswhich controlan B-bit-longcarry chain.The intermediate
carriesand the operandsare then combinedby logicto produce
the 32-bit result.Sixteengate delays are requiredto transform
the operands into a resultby this method.Ordinarily,two levels
of logic are requiredto propagateacarry. To speed up the cany
propagation,an NMOS series carry chain is employed(Fig. 2).
This scheme exploitsthe noninvertingANDfunctionprovided by
gates,and replacestwo levelsof logic with a single
transmissron
transmissiongate delay. The resultingadder is capable of producing its resultwithin 10 ns of its receiptof operanos.
Shift Merge Unit
The SMU consistsof three majorcomponents:a double-word
shifter,a mask generator,and mergerlogic.The simplestSMU
operations are the SHTFTDOUBLEinstructions,The source
operandsare concatenatedand then shiftedright by a specified
amount.The shifteris organizedinto five stages,each of which
is hardwiredto performa partialshift.The first stage optionally
shifts16 bits,the secondB bits,and so on. Usingthe shiftstages
in combination,shiftamountsfrom 0 through31 bits are accommodated.
The EXTRACT
instructionsextracta specifiedfieldfrom a single
operand,and place it rightjustifiedin the result.Theseuse the
shifter to perform the justificationof the operand. The unused
bits of the resultare filledwith zeros,or optionaliysign-extended
(filled with the most significantbit of the extractedfield.) The
mask generatoris used to distinguishzero or sign-filledbits of
the resultfrom those containingthe extractedvalue.The merger
logicthenproducesthe resultf romthe maskand shifteroutput.
DEPOSTT
instructions
makeup the remainderof the SMUfunctions. Essentially,DEpoStTis the inverseof the EXTRACT
operation:a rightjustifiedfieldof a specifiedlengthis mergedintothe
result registerat a specified position.Again the shifteris used
to positlonthe specifiedfield intothe result.For oEpoStT,a mask
is producedwhich distinguishes
the depositedfield from the
unaffectedportion.The mergerlogicthen assemblesthe result
from the shifter output and the resulttarget (which is itself an
operandfor DEpostT)accordingto the mask.
The ALU and the SMU share a common resultbus which
carriestheir resultsback to the generalregisters.Once a result
is computed, it is evaluatedby the test conditionhardware.In
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Fig. 1. Execution unit hardware organization.
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Fig.2. (a) NMOSseriescaryslage. (b) Logic gate equivalent.
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general,14 nontrivialtest conditionsmay be specified.To speed
The
all 14 conditionsarecomputedin parallel.
up the evaluation,
conditionspecifiedin the instructionformat has been decoded
in parallelwith the resultcomputation(the code for the condition
has been available since the tNSTRUcIoNDEcoDE pipeline
circuit,
stage.)The properconditionis selectedvia a multiplexer
and the E-unithas completed its operation.40 ns has elapsed
since the E-unitfirst receivedthe operands.
Conditionalbranch instructionsalso rely on the E-unit'soperation to determineif a branch should be taken. The resultof a
conditionalbranchcomputationis used to determinethe branch

this resultis also
instructions,
condition.For noo ANDBRANCH
stored into the generalregisters.For other branch instructions,
the test conditionis computedand the resultis discarded.
Relerence
The Processor,"Hew1. I/.J. Mahon,et al, "HewletfPackardPrecisionArchitecture:
lett-Packatd
Journal,Vol. 37, no. 8, August 1986, pp. 4-21.

Jeffry D. Yetter
ProjectManager
EntrySystems
Operation

(continuedfrom page 12)

instructions.Theseinstructions have addressmodification
mechanismswhich allow code to work on data structures
efficiently.
The architectureprovidesan extensivesetof instructions
for arithmetic, logical, and field manipulation operations.
Primitive operationsserveas building blocks for complex
operations that cannot execute in a single cycle, such as
decimal math and integermultiply and divide. Instructions
are also provided to control coprocessors,which perform
more complex operationssuch as floating-point math. Coprocessorscan perform their operations in parallel with
CPU program execution until data dependencies force an
interlock.
The architecturehas both conditional and unconditional
branches. All branch instructions have the delayed branch
feature. This means that the instruction following the
branch is executed before the target of the branch is executed.This featurereducesthe penalty normally associated
ANDLINKinwith branchesin pipelined CPUs.A BRANoH
struction is provided to supportsubroutinecalls.This saves
the return addressof the calling routine in a generalregister
before control is transferred.
The architecturealso definesa control featurecalled nullification. All branch instructions and data transformation
instructions can conditionally nullify the next executed
instruction. When an instruction is nullified, it executes
as a NOP.The effect is logically the same as a skip instruction, exceptthat no branchis requiredand the CPUpipeline
is spared the branch overhead. The architecture also
specifiesa set of 25 different types of interruptions which
cause control to be transferred to interrupt handling
routines. Upon completion of interruption processing,a
FROMINTERRUPT
RETURN
instruction returns control to the
interrupted routine.
CPU Chip Overview
The maior functional blocks of the CPU are shown in
Fig. 1 on page12 and outlined in the chip photomicrograph,
Fig. 2. The data path circuitry consists of the functional
units required for instruction fetching,operandgeneration,
and instruction execution.All componentsof the datapath
are 32 bits wide.
The ALU, test condition block, and shift-mergeunit make
up the execution unit. The ALU is used to execute the
arithmetic and logical instructions,compute the addresses
of the LOADand STOREinstructions, and compute target
addressesfor generalregisterrelativebranches.In addition,
the ALU computes the result to be used in the condition
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evaluation for most conditional branches.The shift-merge
and DEunit is used to executethe set of sHlFr, EXTRAOT,
POSITinstructions and to compute the result to be used in
ONBITinstruction.
the condition evaluationfor the BRANCH
The test condition block operateson the result generated
by the ALU or the shift-merge unit to determine if the
condition for branching or nullification is true.
The data path blocks for operand generationare the 32
general registers and the immediate operand assembler.
32-bitoperands
The immediateoperandassemblerassembles
for the ALU from the immediatefields in the instruction.
The data path blocks for instruction fetching include the
program counter and the branch adder.Theseblocks compute the addressesfor sequentialand branch targetinstruction fetches,respectively.Also included in this section is
a set of registersto keep track of the addressesand instructions currently in the pipeline.
There is a set of control registersthat have a variety of
specializeduses. Some are accessedonly by software via
instructions. SomeconREGISTER
MOVETO/FROM
CONTROL
trol registers are also controlled implicitly by the CPU
hardware. These include the instruction address queue,
the interruption parameterregisters,the recoverycounter,

Fig.2. Photomicrographof CPU chip.

and the interruption processor status word. Other control
registers control the generation and servicing of traps and
interrupts. The processor status word affects trap generation and other control functions.
The trap logic receivesinterruption requestsfrom various
sourcesboth internal and external to the CPU. Its function
is to determine which (if any) of the 25 traps are valid and
enabled, and generatea vector addressfor the highest-priority interruption. It then instructs the CPU to branch to that
address, saving the return address in a control register.
The cachebus interfaceblock consistsof 32 addresspads,
32 data pads, 57 control pads, and the logic required to
control them. This interface is used to communicate with
off-chip cache,TLB, system interface unit (SIU), and coprocessorchips. Normally, the CPU is the master of the
cachebus. An external controller (the SIU) handles copy-in
and copy-back traffic between the cacheand main memory,
as well as multiprocessor cache coherency algorithms (see
article, page 4).
Two-phase clock generator circuits capable of driving
500-pF loads with 3-ns rise and fall times are included on
the chip. Together, the clock buffers consume nearly 10%
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of the CPU's available silicon area.
The chip is controlled by a number of programmable
logic arrays (PLAs) and a small amount of custom-designed
logic. Three large PLAs control the functions of instruction
sequencingand decoding,and a fourth PLA aids the CPU
in the control of the cache bus interface. Because of the
critical timing at this interface, much of its control is delegated to specializedhand-craftedlogic.
Testingof the chip is accomplishedthrough a serial diagnostic interface port (DIP). The DIP allows serial shifting
of eleven internal scan paths, which access1,366 bits of
internal CPU state.The test logic controls the on-chip scan
paths and interfaces to an external tester for serial testing
of the chip. The details of DIP operation and the test capabilities it provides are described in "VLSI Test Methodology" on page 24.
Instruction Sequencing and Pipeline Performance
The CPU pipelines the fetching and execution of all instructions. This allows execution of different stagesin the
pipeline to occur in parallel, thereby reducing the effective
execution time of each instruction. Fig. 3a depicts the
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Fig.3. Pipelined instructionexecution. (a) Sequential execution.
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pipelined execution of three sequentialinstructions. One
instruction is executedevery two clock periods, resulting
in a machine cycle time of 66 ns. This allows a peak performance rating of 15 MIPS (million instructions per second). The bandwidth of the cachebus allows one instruction fetch and one data access to be completed each
machine cycle.
The pipeline stagesexecuted by each instruction (see
instruction deFig. 3a) include instruction fetch (FETCH),
ALU operation/dataaddress
code/operandselect(DECODE),
(EXEcurE),and data access(DATA).An additional one-half
clock period not shown in Fig. 3a is required to complete
a write to the generalregisters.Execution of most instructions follows this basic pattern. This allows most instructions to execute in a pipelined manner at the peak rate.
Baning pipeline interlocks, 93 percent of all instructions
in the set will execute in a single machine cycle. Those
that require additional cycles include system control instructions for cache/TlB maintenance,systemdiagnostics,
and interrupt handling.
Instruction addressgenerationis done beforethe FETCH
stage.The addressis generatedby the program counter for
sequential fetches, or by the branch adder or ALU for.
branch targetfetches.Other sourcesof instruction address
include the trap logic and the instruction addressqueue
for vectoringto and returning from an interruption routine.
In all casesthe instruction addressis issued to the cache
bus on the phasebefore the FETCHstage.
Sequentialand branch targetaddresses,however, ale actually issued by the cachecontroller to the cachememory
array before the phase preceding the FETCHstage.This
allows for a pipelined two-clock-period cache access.Sequential instructions are prefetchedby the cachecontroller
which maintains a second copy of the program counter.
The sequential instruction address is actually generated
three clock periods before the FETCHstage.This allows
sequentialinstructions to be prefetchedone machine cycle
before they are sent to the CPU.Thus, sequential instruction
fetches are completed every machine cycle without a
pipeline penalty.
The execution of a branch instruction is shown in Fig.
3b. The branch instruction usesits data cycle on the cache
bus to issue the branch target address.This is two clock
periods before the FETCHstageof the branch target instruction. Thus, branch target fetches are also pipelined twoThe cachecontroller receives
clock-period cacheaccesses.
the computed branch condition from the CPU and uses it
to selectbetweenthe prefetchedsequentialinstruction and
the branch target instruction returning from the cache.
Hence, taken and untaken branches execute at the peak
rate without a pipeline penalty.
stage,the instruction and
On the first phaseof the FETCH
its correspondingTLB miss and protection check flags are
driven to the CPU on the cachebus. On the secondphase
of the FETCHstage the instruction is driven into the chip
and set into PLA input latchesand the instruction register.
During the FETCHstage,the cachecontroller prefetchesthe
next sequential instruction.
Instruction decodingand operandselectionaredone during the DECODE
stage.During the first phase of DECODE,
the PLAs decodethe instruction. On the second phase of
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DECODE,control lines fire to send the general register
operandsto the executionunit (ALU and shift-mergeunit).
Also on this phase,the immediateoperandassemblersends
immediate operandsto the execution unit.
The execution unit and the branch adder produce their
results during the EXECUTE
stage.On the first clock phase
stagea data addressor branch addressis
of the EXECUTE
valid on the internal addressbus. This addressis latched
at the addresspad driver and driven to the cache bus at
the beginning of the next clock phase. For conditional
branches,the execution unit does a calculation in parallel
with the branch target addresscalculation by the branch
adder. The execution unit does a compare,add, shift, or
move operationfor conditional branches.The result is then
tested by the test condition block to determine whether
the branch is taken (see"Execution Unit," page 13).
Accessesto the cachebus initiated during the EXECUTE
stageare completedduring the DATAstage.Theseoccur for
loads, stores, semaphore operations, coprocessoroperations, and cacheand TLB maintenanceinstructions. Store
data is driven to the cache bus on the first phase of the
DATAstage.Load data and TLB and coprocessortrap information arereceivedby the CPUby the end of the first phase
of oRtR. Load data is driven to the CPU data path on the
secondphaseof DATA.Control registersare also set on this
state. Load data is set into a generalregister on the next
phase if a trap did not occur.
Execution of LORDand StoRr instructions results in a
degradationof performancebecauseof practical limits on
the accesstimes that can be obtained with large external
cache memories. As shown in Fig. 3c, an additional half
machine cycle is inserted into the pipeline to allow sufficient time for the cache memory to complete its access.
Additional penaltiesof one machine cycle are incurred for
using data that was loaded in the previous instruction, and
for nullification of an instruction.
The total performancedegradationincurred from the instruction pipeline (assumingno cacheor TLB misses)can
be calculatedby summing the products of the LOAD,LOAD/
penaltiesand their respectivefreand trtUtLlFY
USE,STORE,
quenciesof occurrence.Fortypical multitasking workloads
the averagedegradationis 0.39CPI (cyclesper instruction),
resulting in sustainedpipeline performanceof 10.8 MIPS.
The sustainedperformancecan be increasedusing an optimizing compiler. All interruptions and degradationsto
normal pipeline executionare handled completelyby CPU
hardware in a manner that makesthe pipeline transparent
to software.
System performanceis a function of the operating system, user workload, main memory design,and cache and
TLB size and organization.The CPU pipeline and cache
implementationsare designedto maximize sustainedsystem performancefor multiuser computing workloads in a
systemwith a manufacturableand cost-effectivelargemain
memory subsystem.In addition, the on-chip 30-MHz synchronous cachebus interfaceplacesno constraintson external cache and TLB sizes and organizations.Different
main memory systemscan also be used with this CPU.The
HP 3000 Series 950 (HP 9000 Model 8505) and HP 9000
Model 825 Computersuse different main memory, cache
and TLB systemsfor different price/performancetrade-offs

A Precision Clocking System
In high-speedsynchronoussystems,requirementsfor fast interchip communicationare very restrictive.System frequency
can be limitedby driverspeeds,signalpropagationtime,and
chipto-chip clock skew. System-wideclock skew presents a
particularly
ditficultdilemma.To accommodatethe high clock
loadingrequirements
of the NMOSchips,a high-gainmultistage
buffer must be used. Althoughit is possibleto integratesuch a
buffer system efficientlyonto silicon,the buffer delay on each
chip, and thereforethe systemclock skew,can vary widely over
the range of possibleoperatingparameterssuch as supply voltage and temperature.
in the NMOS-IllmanufacSubtlevariations
turing process compound the problem. lt would seem that the
high drive requirementis at odds with a low-skewsystemclock
distribution.
To reducechipto-chip skew,all chips in our processorsystem
have a local phase-lockedclock generator.This circuit ensures
that the clock buffers on each chip have a matched delay to
within3 ns over their specifiedrange of parameters.
This circuit is not a phase-lockedloop. lt does not have a
voltage-controlled
oscillator.Instead,its operationis based upon
a delay elementand a comparator.The delay element(Fig. 1a)
consistsof a capacitor,a precharger,and a pulldownFET.During
the prechargecycle, the capacitor is prechargedto V6.. When
the STARTsignal goes high, the capacitor dischargesthrough
the two series FETs.The rate of discharge is controlledby the
voltageVco*-"o.. The lowerVco"-Ro., the lowerthe gate drive
produces a shorter
and the longer the delay. Higher VcorurRoL
oeray.
The control voltage is generated by the comparator circuit
(Fig. 1b). lts purpose is to move the Vs.rrr.. signal until the
SYNCand CK1(clock 1) edges coincide. lf CKl occurs late,the
drain bootstrap circuit that fires Dtpup is allowed to fire. This
produces a pulse that allows some or all of the charge on the
small dipup capacitor to be shared between the small dipup
capacitorand the big Vsex1p6.capacitor.The voltageVseNlqsl
will rise and the delay in the delay elementwill decrease.This
means CKt will occur sooner.lf cKt occurs too soon,the Dtpup
circuitwill be inactive,and the DTPDN
node will pulse.Thusthe
charge stored on the big Vconrnor capacitorwill equalizewith
the small dipdown capacitor,and the Vco*r"o. signal will decrease slightly,increasingthe delay in the delay element.This
circuit is essentiallya low-passswitched-capacitorfilter.

PrechargeJ

sranr -J
v"o*t"o. --l

(a)

Precharge

_J
SYNC

r-I
--l
crr--{
DIPUP

Vconrnor

Big
Vcorrnor
Capacitor

Precharge

(b)
Other Features
Chip capacitivedriveis scalable.Eachchip hasenoughoutput
buffers to meet its clock reouirements.Each buffer block can
drlve 75 pF and containscircuitryto reduce ringingcaused by
path inductance.
Power-upand power-downfeaturesare included.The clocks
are held low until a circuit detects that the looos are uo and
stable.Then they are released.This ensuresthat all chips in a
system only have clocks when their loops are correctlyplacing
edges relativeto the sYNcsignal.Thiseliminatesdrivecontention

(see article, page 4).

Summary
The designeffort hasresultedin a singleVLSLcomponent
that implements the entire instruction set of a next-generation computer architecture.This CPU can be used in a

Small

Dipup
Capacitol

Small
Dipdown
Capacitol

comparator

Fig. 1. (a) Delay element used to rcduce clock skew. (b)
Comparator circuit adjusts delay element.
on power-up. Similarly,if the clocks fail or sYNc is lost to a
particularchip, the clocks are forced low.
William S. Jaffe
DevelopmentEngineer
Enky Systems Operation

variety of products spanning a broad range of price and
performance by appropriately configuring external cache
memory, TLB, main memory, and coprocessors. In addition, high-performance multiprocessor systems can be built
using this CPU.
The NMOS-III VLSI process was chosen to implement
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this design because of its proven history of high yield and
reliability. Manufacturability is enhanced by a worst-case
design methodology which ensures reliable operation over
the full range of process variation, 0'C-to-110'C junction
temperature range, +10% power supply variation, and
worst-case variation of all external components.
Performance was not sacrificed to achieve manufacturability and flexibility. In addition to implementing an instruction set engineered for high throughput and compatibility with next-generation operating systems and compilers, the CPU employs techniques to minimize instruction
execution time. Pipelined execution, instruction prefetching, branch target prefetching, multiple internal data paths,
and a high-bandwidth external cache interface are some of
the mechanisms used to minimize the number of machine
cycles required to execute each instruction. A low-skew
clocking system coupled with special attention to circuit
optimization in the critical timing paths results in a
minimum operating frequency of 30 MHz under worst-case

conditions.
The design has been proven through extensive functional
and electrical characterization at the chip, board, and system levels. Performance has been verified under multiple
operating systems running real user workloads.
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Design,Verification,and Test
Methodologyfor a VLSI Ghip Set
by Charles Kohlhardt, Tony W. Gaddis, Daniel L. Halperin,Stephen R. Undy, and Robert A. Schuchard

EN CUSTOMVLSI CHIPSareused in the processors
of the HP 3000Series950 and HP 9000ModelsB50S
and Bz5 Computers.The complexity of the design,
integration, and testing required to deliver ten VLSI chips
that meet the functional and electrical requirements for
theseproducts demandedcloseattentionto detail throughout the development program.
The strategy used was to set the expectation that the
initial lab prototype systembuilt with revision 1..0silicon
was to provide a high level of functionality and electrical
quality. A high level of quality implied that the operating
systemswould boot and that there would be no first-order
bugs that would preclude characterizationbeyond them.
With this goal met for revision 1.0 silicon, electrical and
functional characterizationwere to proceed covering all
aspectsof individual chips, boards,and systems.With the
lab prototype characterizationcomplete, the chips would
then be releasedfor production prototyping with the expectation that the chips would be production quality.
Tactics to accomplish this strategywere then defined.
The first aspectwas how to deliver first silicon that would
meet the lab prototype quality level. This was the design
methodology.The lab prototype evaluationtactics were to
define feedbackpathsrequired for completefunctional and
electrical characterizationof the chips, boards, and systems. The production prototyping evaluation tactics were
to repeat those feedback paths where changeshad been
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made or risks of introducing a new bug were present.
Within the design methodology, heavy emphasis was
placed on both worst-casecircuit design and functional
verification. Functional verification included both FET
switch level simulations and behavioral level simulations
at the boundariesof each chip. Systemlevel models were
constructed and behavioral level simulations were performed to verify some of the first-order chip-to-chip transactions.This designmethodologywill be elaboratedon in
a later section of this article.
With the first releaseof the VLSI designsfor fabrication,
the characterizationfeedbackpaths were defined. Project
teams were assignedto thesefeedbackpaths with responsibility for definition of the plans, development of any
specialtools, and executionof the plans.We will elaborate
on three of the specificfeedbackpathsthat were fundamental to the program success.
One of the primary feedbackpaths was associatedwith
the functional verification of the lab prototype hardware.
Since the operating system development was staffed in
parallel with hardware development,the hardware design
team internalized a significant portion of the functional
verification. This allowed the operating system development to proceedrelatively independently of the hardware
verification. Since hardware/software certification was late
in the program schedule,having early functional verification was essential.In addition, special attention could be

placed on corner case(rareevent)testing,where operating
system tests are written and executedwith a different objective. A special operating system called "Khaos" was
developed, along with B7K lines of code which stressed
the corner casesof this chip set.The tools and verification
results will be discussedin more detail in a later section
of this article.
Two other areasof feedbackwere the electrical characterization of the individual chips and the integration and
characterizationof the VLSI at the processorboard level.
A scan path test methodology was developed which was
applicable to both the chip and board level characterizations. The conceptsof that methodologyand the results of
its application will be presented.
Electrical Design Methodology
One of the key aspectsof the designmethodologyfor the
chip set was the ability to designfor performance.Achieving high systemclock rateswas an important contribution
of the design effort. There are three major facets of the
methodologythat addresshigh-performancedesign:structured customdesignapproach,worst-casedesignand simulation, and modeling of the chip set in the packageand
board environment.
The typical chip has a regular structure.This is a result
of the use of separate data path and control structures to
implement the chip's functionality. The data path consists
of registers,adders, comparators,parity trees, and other
regular blocks. The control structuresare implemented as
PLAs (programmedlogic arrays).This approachis typically
referred to as structured custom design.
Each block of the data path, such as a registeror adder,
is designedon the basisof a single bit and then is repeated
to form a 32-bit-wideblock. The global busing passesover
the top of each "bit slice" and is an integral part of the
structure. Multiple instances of the registers and other
blocks are then combined by abutment into the register
stack. This arrangement of blocks gives a high packing
density within the data path.
The PLA sbucture makes it possible to implement random logic and state machines in a regular fashion. The
control of each chip is specified in a high-level language
and is converted into the PLA structure. The control structures were refined and debugged throughout the design
phase of the chips and were typically the last structures
to changeon the chips. This processallowed the PLA structures to changequickly and provided a denseimplementation of the control logic.
Theseregular designstructuresin the datapath and control logic helped maximize density and made it possible
to leverageblocks in casesof multiple instancesof a single
block in the data path. They also offered the capability to
designfor high performance.With such a regularstructure,
it was possibleto setaccuratetiming budgetsfor the critical
paths and design the blocks of the data path and the PLAs
to meet the timing requirements.Other designstyles,such
as gatearrays and standard cells, do not offer these benefits
since they do not have the sameregular structure. By managing the timing on a block level, maximum performance
was obtained.
To guaranteethat maximum performance is maintained

over all operating extremes, it is necessary to use a worstcase electrical simulation methodology in addition to the
structured cu.stom approach. The design of the blocks typically started as a schematic which represented the circuit
before the artwork design. In addition to the MOS transistors, capacitors and resistors were included to estimate the
parasitic effects of the artwork. The schematic was then
electrically simulated, and the sizes of the devices were
adjusted to meet the timing budgets. The circuit was simulated using worst-case models of the devices based on IC
process spread, temperature extremes, voltage margins, and
noise effects.
Once the designer was confident in the design, artwork
was created for the circuit. The worst-case capacitance for
the artwork was extracted and substituted back into the
circuit, and electrical simulations were rerun to verify the
performance of the artwork. This resulted in blocks for the
data path that met performance requirements over the entire range of operation.
The worst-case methodology was effective for the internal blocks of the chip. The pad drivers and receivers were
given an equal level of attention.
Package environment effects include the inductance of
the bond wires and the noise on the power supply planes
caused by the high-current spikes of driver switching. The
board environment behaves like a transmission line at the
frequency of operation. This environment required construction of a complex model of the chip, package, and
board. This model was simulated using the worst-case conditions described above. The effects were accurately predicted and the bus designs met their design specifications.
The structured design approach, worst-case design and
simulation methodology, and careful simulation of the system environment were very effective. The first releases of
the chips worked at the target frequency in the system with
adequate margins using typical parts.

Design Verification Methodology
When a systemconsistingof ten chips is designed,serious functional bugs will adversely affect the integration
schedule. The processof fixing a bug, releasingthe chip,
and fabrication takes on the order of two months. If several
of the chips had had functional bugsthat precludedproduct
integration, then the schedule to having working systems
would have slipped drastically.Therefore,the goal was set
to have first-revision chips that met all of the requirements
of the lab prototype system including booting the operating
systems.Since the ten chips representten individual functional algorithms and there are four major bus protocols
connecting the chips, the verification problem presented
no small challenge.
To meet the goal, behavioral models of the chips were
written to describe their functionality. These models used
the same highJevel schematicsthat were being used to
construct the chips. For each chip, the same source that
was used to generatethe control blocks describedabove
was used to generatethe description of the control logic
for the model. Behavioral descriptions were written for all
of the other blocks based on the schematicsand functional
descriptions.By writing a behavioralmodel it was possible
to have a model for each chip long before the artwork for
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the chip existed.The model alsomadeit possibleto connect
all of the chips into a larger system model.
Because of the difficulty of generating all of the corner
casesfor a system model including all of the chips, a significant amount of simulation time was spent verifying
individual chips. A high-levellanguagewas usedto specify
the corner casesand was compiled into the input source
code for the functional simulator.The high-level compilers
were Pascal programs written by the verification teams to
increasetheir productivity in generatingtests. To ensure
good coverage,numerous reviews were held of the corner
casesthat were executed.
The chip models were put into a completesystemmodel
as soon as they were capableof executingtheir basic functions. The test casesfor the systemmodel were written in
HP PrecisionArchitecture assemblylanguage.A sourceof
tests was the set of architecture verification progtams written at HP Laboratoriesas part of the architecture definition.
These tests covered the functionality of the instruction set.
In addition to thesetests,other codewas neededto provide
coveragefor areasspecific to this implementation, such as
the CPU instruction pipeline, the bus protocols,and error
handling.
To ensure that the artwork would match the behavioral
model. the test casesand results were extracted from the
behavioral simulator and run on a switch-level simulator.
This simulator representedthe transistors as switches, with
each switch given a strength rating for drive contention
resolution. For each chip, the artwork was used to extract
the transistor network for the switch model. When this
step of the testingwas completed,it was possibleto guarantee that the chips would function exactly like the behavioral
models.
In the operating system turn-on and reliability testing,
only five functional bugs were found, and these required
only minor workarounds to complete the testing effort. Fig.
1 is a summary of the resources needed for three of the
chips in the system. As can be seen, the effort required for
verification was substantial. The resulting accelerated
schedule for system integration and time to manufacturing
releaseof the chips morethan paid for the time invested.

Khaos,was defined and written. This systemconsistsof a
set of multiple-priority schedulingqueuesand a set of trap
handlers that were used by code to handle exceptioncases
in a controlled fashion. With Khaos, test suites could be
compiled out of specifictest programsand the queuesmanaged to regulate the interaction of the programs to ensure
random, thorough coverageof the eventsof interest.Khaos
also provides observability functions for debuggingtest
code and diagnosinghardwareerrors.Thesefunctions were
supplementedby the use of logic analyzers.
To test the processorboard, the architectureverification
programsmentioned abovewere used, in addition to other
code. The code was all written in assemblylanguageto
ensurethe control neededof the featuresof the architecture.
One group of code that was written exhaustively covered
areas such as the code and data protection mechanisms
and traps on all instruction classes.Another major group
of code was referredto as the "thrashers." Thesepiecesof
code went into the cacheand TLB subsystemand changed
their statesso that there would be a high level of misses
and traps during the execution of other processes.Still
another group of code coveredthe error recovery capabilities of the cacheand TLB subsystem.The code used diagnostic instructions defined for this implementationto seed
errors which would appear during the execution of other
programs.The programscheckedto ensurethat error cases
were handled properly and that execution resumed normally.
To testthe I/O and memory subsystems,two major groups
of code were written. One group of code was used to create
a high level of traffic through the subsystemsand exhaustively execute the associatedprotocol. HP Precision Architecture assembly code was again used to control the
architectural features. The C drivers from the operating
system were leveraged to test the I/O channel. The other
group of code seedederrors,in addition to using a protocol
verification hardware board that interfaced with the bus.
These individual programs were combined into test
suites and statistics were gatheredto determine a run time
for high-confidencecoverageof the casesthat were being
System Design Statistics

Hardware Functional Characterization
There were several functional areaswhere it was impossible to provide extensivecoverageduringthe designphase
becauseof the speedlimitations of the simulators.Instruction sequencesand systemexceptionssuch ascachemisses
and traps are examples where the combinatorial possibilities were too high to cover all corner casesin simulation. These casestypically would not be tested until substantial operating system qualification was under way. The
schedulemade it unacceptableto wait until operatingsystem testingwas completed,and this testingwould not cover
cases such as error recovery in the system, so a different
approach was required to ensure that the chip set met manufacturing releasequality.
The coveragegoal for manufacturing release required a
methodology that would accelerate multiple occurrences
of corner case events in the system in much the same way
that an operatingsystemwould do under heavyjob loading
conditions. To do this, a test operating system, called
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Flg. 1. Syslem design statistics and resources for three of
the VLSI chips.

tested.A statisticalmodel was used and most of the suites
were run for a period of B to 14 hours on the lab prototype
hardware.The results were very successful.All of the bugs
found during operating systemtesting were also found by
the verification effort. In addition, corner casebugs involving error recoverywere locatedwhich would not havebeen
uncoveredby the operating system qualification effort. In
fact, one of the last bugs found in error recovery was a
result ofthe interactionand sequenceof six distinct events.
After all of the other characterizationwas completed on
the lab prototype and the chip set was releasedwith bug
fixes, the test suites were reexecutedon the production
prototype systems.The results of this testing did demonstratethat the chip setwas of manufacturingreleasequality.
The entire testing effort required 110 engineeringmonths
and B7thousandlines of code.The result greatlyshortened
the time to reachmanufacturingreleaseand provided high
test coverageof features.

The range of operating variables to be covered by this
methodology included characterizationover the system
voltage,frequency,and temperaturelimits with sufficient
margin to ensure operation beyond these limits. In addition, the full range of fabrication processdeviations was
considered.
Voltage,frequency,and temperaturecanbe varied during
the test. To provide the processvariation, characterization
runs were fabricated,with key processparametersvaried
within a single run. Automatic parametric test data collected from parametric devices located on each die provided the process correlation required to identify worstcasecharacterizationparts to be used for electricalcharacterization. This allowed correlation of chip yields with
processparameters.
The test set for each chip was developed and refined
over time to provide tests for all circuits and paths on
silicon. The test set had severaluses betweenfirst silicon
and final production parts. It provided initial screeningof
Electrical Characterization
new silicon to get good lab prototype parts into systemsas
As part of the designof thesechips a comprehensivetest
soon as possible.In general,the time from wafers out of
methodology was developed.This included internal chip
fabricationto assembledand testedpackageswas lessthan
componentsaswell as externaltest hardwareand software.
four days. The test set was instrumental in full characteriThe essenceof the methodology is the use of serial scan
zation of each chip betweenlab prototype and production
paths. The scan paths are placed at the chip I/O pads and
prototyping phases.Finally, it has evolved into the tests
at several other places internal to the chip. Use of this
required for the manufacturing process.
methodologyhasbeenapplied at the wafer,package,board,
The test set for each chip contained several different
and system levels. For a description of the methodology,
types of teststo ensurecomplete coverageand full characthe hardware, and the software,see"VLSI Test Methodolterization. Block tests were generatedto test individual
ogy," page24.
circuit blocks on the chip, for example an ALU or comA wafer and packagetesterwas designedfor chip characparatorwithin the registerstack.Pin vectorswere automatterization and production testing. A board tester was deically extractedfrom full-chip simulation models to prosignedfor initial turn-on, integrationof the subassemblies, vide additional test coveragefrom the chip pads.Ac input
and board level characterization.Systemtesterswere also
timing testswere added to test the speedof input receivers
developed for initial system turn-on in the absenceof a
at the chip pads.Output driver and functional tristatetests
complete operating system and VO assemblies.
completed the tests used to characterizethe pad driver
The following sectionswill elaborateon the application
functions.
of the test methodology and the results for the ten VLSI
Typical chip electricalcharacterizationconsistedof exerchips and processorboard characterization.
cising a statisticallyvalid sampleof partsfrom a characterization run with the chip specific test set over voltage,freChip Electrical Characterization
quency,and temperatureranges.The result was a database
A chip electrical characterizationmethodology was deof failure information for each chip stored off-line to be
velopedto be consistentwith the overall strategyof producanalyzed and manipulated later with a software tool deing production-quality,shippableVLSI partsto meet prodsigned specifically for that purpose.
uct schedules.This methodology was standardized and
Results drawn from the characterization data base were
applied uniformly to the ten VLSI components.
used in locating and diagnosingyieldJimiting circuits on
The final measure of a chip's manufacturability is its
the various chips. Fig. 2 shows a block yield histogramfor
yield in production. The total yield, \, is defined as:
all of the block tests on a given chip. This tool, combined
with detailed test vector output, allows the isolation of a
Y, : Y"Y1
circuit problem down to the offending circuit cell. Fig. 3
showshow circuits that were sensitiveto processvariations
where Y1 is the functional yield, or the percent of all die
were identified. Circuit block failure datais combinedwith
that are functional at the nominal operatingpoint, and y"
the automatic parametric test data to arrive at block yield
is the survival yield, or the percent of functional die that
versusany processparametercollectedfrom chip parametsurvive worst-caseoperating points.
ric devices.
Y1is a manufacturingresponsibility and is closely linked
These electrical characterizationresults for each chip
to defectdensity.Y" is the responsibility of the VLSI design
were carefully evaluatedand circuit fixes included in subteam and goals for survival yield were set at the outset of
sequentchip releasesto meet the production survival goals
the designeffort. The purposeof chip electricalcharacteri- initially set.In terms of the initial survival yields from the
zation is to demonstratethat the chip meets its survival
lab prototype releases,improvements of 1.15 to 2.0 times
goal under worst-caseconditions.
have been observedwith production prototyping revisions
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Block Yield Analysis
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Chip Block Tests

of the VLSI chips.
Processor Board Gharacterization
The basic goal of the processorboard electrical characterization effort was to determine the operating range of
the processorboards over frequency,voltage,temperature,
and VLSI processspreads.In addition, it was desired to
provide feedbackon any chip deficienciesto the VLSI design groups as quickly as possible. This minimized the
possibility of incurring additional VLSI turnarounds to
meet performancegoals.This effort also supplementedindividual chip characterization and provided insight into
the interactionsbetween chips, clocks, and boards.
Two different types of tests were developed to stressthe
VLSI parts during the characterization effort. One type consisted of BVF (block vector file) vectors, which used the
chip's scan paths to stimulate the chips and observe the
results. The secondtype consistedof cache-residenttests.
The cache-residenttests were HP Precision Architecture
code written to test some function, determine if the test
was successful,and store the results in the CPU's general
registers.To executea cache-residenttest,the instructions
were loaded into the cache using the board tester and the
CCUs (cache control units). The code was then executed
by the processorboard and the board tester was used to
observe the state of the registers in the processor to determine if the test had passed.Cache-residentprogramsallow
the processor board to run by itself without interfacing to
the memory and I/O subsystems.
The testswere run under a variety of conditions' Environmental chambers were used to determine the effect of temperature on processorboard performance'A large amount
of the testing was done with socketed performance boards
so that VLSI parts could be changed quickly. Characterization parts used in socketed boards allowed us to study
processorboard performancewith the full spreadof VLSI
parts. Once the worst-casecombination of parts was determined, boards were built with these parts soldered in to
remove the effects of socketsfrom the results. Voltage-versus-frequency shmoo plots were generated to determine
the effects of these parameters on the various tests.

1987
SEPTEI/BER
JoURNAL
22 HewrerT-pncKARD

Fig.2. Typical block yield histogram for all of the blocks on a
singlechip.

Wheneverpossible,theseparameterswere varied until the
board failed.
The cache bus is the backboneof the processorboard,
serving as the path for data and control between the VLSI
parts. Tests were written to test the noise immunity and
speed of the cachebus.
It was determinedearly in the projectthat the worst-case
cache bus noise occurred on a line that was electrically
high while its neighbors were driven low. Therefore,six
BVF tests were written, one test for each of the chips on
the cachebus. The testsare "walking ones" tests,in which
each cachebus line in turn is kept electrically high while
all other cache bus lines are driven low. For each of the
tests,one chip drives the bus and all chips check that their
receivers have the correct value. It is necessaryto write
and read the contents of the scan paths of all the chips on
the cache bus for every vector that is sent acrossthe bus
during the test. This effectively limits the time between
Block Name: XXXX
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Fig. 3. Typical plot showing sensitivityof chip yield to param'
eter variation.

vectors to many thousands of states. A cache-resident test
was written that generated some near-worst-case patterns
on the cache bus. The BVF tests allowed us to determine
exactly which line or lines failed a test and thus provided
good diagnostics. The cache-resident test fired patterns on
the cache bus every state and better tested the ability of
the power supplies to handle changes in load current.
An additional 46 BVF tests were written to test critical
speed paths on the cache bus. For each of the tests, the
path is driven electrically low and the resulting value is
verified at the receiving chip. The speed path tests allowed
us to verify the performance margin of the cache bus. Since
specifications for cache bus speed include clock skew,
propagation delay, and driver and receiver delay, the cache
bus speed tests allowed us to verify the interaction ofthese
specifications.
In addition to testing the chip-to-chip communication
paths of the cache bus, it was necessary to test paths involving asynchronous devices, namely static RAM chips. The
RAM arrays play a large role on the processor board, forming the cache memory and translation buffer memory. Since
the VLSI devices connect to these RAM arrays directly,
electrical characterization of the RAM address drivers,
RAM data drivers and receivers, and various related internal speed paths was essential.
Two methods were used to test these critical paths for
speed and noise margins. The first method used BVF tests
to exercise a chip's data paths and controi structures along
a sensitized asynchronous path. Typically, RAM address
drivers were loaded and directed to drive on the first step
of the test. The data from the previously loaded RAM array
was received and latched in various registers on the clock
cycle immediately following. After the test, the contents
of the receivers and registers were examined to determine
if they were the expected values. The internal paths tested
included comparators, parity trees, and PLAs.
The second method used cache-resident code. Programs
were written to stress the RAM interfaces. These programs
were geared to test either the translation buffer array or the
cache arrays.

Typically, alternating address and data patterns were
issued to and received from the RAM arrays. After execution of the program, registers on the processor board were
examined to determine the results or failure mode of the
program. These tests covered circuitry on all of the processor board VLSI chips.
The lab prototype processor boards were fully functional
over most of the specified operating range with nominal
parts. Nevertheless, fifteen margin problems were uncovered during electrical characterization that could occur
with a worst-case combination of VLSI parts, frequency,
power supplies, and temperature. Six of the problems were
speed problems. The speed problems were evenly divided
between the cache bus and the RAM interfaces. Another
six of the problems were caused by power supply sensitivities. Two of the problems were caused by non-VLSI
circuitry on the processor board. One problem was caused
by the on-chip clock circuit which was shared by all the
chips.
When a problem was discovered, the information was
forwarded to the chip design group. The processor board
characterization team worked with the chip group to make
sure that the cause of the problem was understood. A bug
report was then generated which described the problem
along with any pertinent information so that all groups
were made aware of the problem. The chip group used this
information as well as other feedback paths to ensure that
the next revision of the chip was of manufacturable quality.
Meanwhile, the electrical characterization team made sure
that other problems were not masked by any already discovered problems.
When production prototype boards were available, the
full set of tests run on the lab prototype boards was repeated. The operating margins of the production prototype
boards were significantly improved over the lab prototypes.
Fig. 4 shows an example of the lab prototype electrical
quality and the improvement observed with the production
prototype version of the processor board. In all cases, the
production prototype boards work with worst-case combinations of VLSI parts, frequency, power supplies, and temrued on page 26)
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Fig.4. Typical improvement of production prototype operating margin over lab prototype
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VLSI Test Methodology
An integratedtest methodologywas developedfor the rapid
of the VLSIchips, boards,and systurn-onand characterization
tems describedin this issue.The methodologyprovidessolutions
for each of the threetightlycoupled componentsof the VLSItest
problem-design for testability,test systems, and test vector
generatron.
Design for Testability
The design for testabilitymethodologyis a serialtest method
in which only a subsetof the memoryelementson each chip are
scanned,therebyreducingtestcircuitoverhead.The keyaspects
of the on-chip design for testabilitymethodologyare:
r Commondiagnosticinterfaceport (DlP) to providea uniform
interfacewith the testerindependentof the chip's normalsystem interfaces.
I Access to controland data sectionsusing scan paths placed
only at the key interfaces.
I Single-steptestablecircuits
r l/O oads testablevia the DlP.
Fig. 1 shows a simplifiedblock diagramof a typical chip with
DlP, test PLA,and scan paths.The DIP and the test PLA are the
core of each chip's test circuitry.They multiplexup to 16 serial
scan paths and controlchip operation.The DIP uses four dedicated l/O pads to implementa common protocolfor shiftingthe
on-chipscan pathsand for controllingtestoperations.The important point about the protocolis that one of the pads, the strobe
pad, providesthe clock for shiftingscan paths into and out of
the data pads at a rate determinedby the tester. This means
that the testerdata ratedoes not limitthe systemclock frequency
A scannableregister
and permitslow-costtesterimplenrentation.
within the DIP holds a 9-bit command word which specifiesa
particulartest operationto be performed.
The test PLA has two primaryfunctions.First,it controlsthe
DIP hardware to implementthe interface protocol. Second, it
IITTTTITTI
Datal/O
I

decodes the DIP command and generatesthe control signals
requiredto performthe testoperation.Eachchip mustimplement
basic commandsto shift one of up to 16 scan paths,to halt or
freeze the state of the chip, and to single-stepchip operation.
Since the test PLA is automaticallygeneratedfrom a high-level
description,additionaltest operationsare easily added for a
particularchip.
Most of our chip designs are partitionedinto separatedata
and controlsections.The data section or data path consistsof
customfunctionalblockswhichcommunicatevia localand global
buses. The control section is implementedwith large synchronous PLAs. Complete testabilityof the PLA control section is
achievedby fully scanningall inputsand outputs.This allowsus
to halt or freezethe PLA sequencingand to test the PLA array.
Testabilityof the data path is achievedwith one or more scannable registerswhich provide read and write access to each
bus in the data path. Any functionalblock that is not directly
scannableis testablebecausethe global buses are controllable
from scannableregistersand the block'scontrollinesare controllable from the PLA scan oaths.Controllinesare tired to transfer
data from the scannableregisterto the block undertest, perform
the desiredfunction,and returnthe resultsto anotherscannable
register.
Single-steptesting requiresthat each circuit in the chip be
haltableand steppableso that scan operationscan be performed
withoutalteringthe chip state. In NMOS designs with dynamic
circuits,it is not possibleto stop the clock to haltcircuitoperation.
In this case, each circuitmust have an idle stateor combination
of control inputsthat causesthe valuesof any memoryelement
to remainconstant.In addition,each circuitmustbe able to enter
and exitthat idlestatecleanlyto ensurethatsingle-stepoperation
is the same as free-runningoperation.The resultis the abilityto
halt a free-runningchip or system.Once the chip or system is
in the idle state, the state sequence can be alteredto perform
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Fig. 1. Design fortestability hardware of a typical chip. Black lines
are scan Daths.

Package

Up to
192
DIPs
Fig. 2. fest system family.
a wide varietyof test operationssuch as testingindividualblocks
or simply observingthe currentstate and resumingoperation.
At-speedfunctionaltestingof the pad driver and receivercircuits is controlledby a separatel/O scan path. Duringtest operation,the data from the driver scan latch drives the pad circuits
while the receiverscan latch capturesthe result.In a board or
system, the l/O scan path circuits enable both electricaland
functionalanalysisof systembus transactionsand the emulation
of signal responsesfrom uninstalledchips or subsystems.
The on-chiptest circuitsrequire< l0oloof chip area and <8%
of the chip's power.To ensure that the DIP does not limit yield
or performance,it is designed using conservativedesign techniques and for 45-MHzoperation.
Test Systems
An integratedfamilyof testerswas developedto meetthe test
systemrequirementsfor wafer,package,board,and systemtesting. (Fig. 2). A common tester operatingsystem developedon
an HP 9000 Pascalworkstationorovidesa uniformuser and test
vector interfacewith special emphasison interactivetest and
diagnostics.Any commandcan be executedfrom the keyboard
or compiled into a test program.Test vectorscan be leveraged
at each testing phase.
The test systemhardwareconsistsof an HP 9000 Series200
controller,a set of HP-IB(IEEE4BB/|EC625) instruments,
and
custom DIP and test head circuitry.The simplestversionis the
systemtester. lt consistsof the systemcontrollerand functional
test hardwarefor the serialtest of up to 192 chip systems.The
board tester version provides power and clocks for the board
under test, and the package tester adds a 288-pin test head
with parametrictest capability and timing generatorstor input

testing.Finally,the wafertest systemadds a cassette{o-cassette
wafer prober with optional microprobecapability.The network
interfaceis used to transfervectorfiles and storefunctionaltest
data for off-linestatisticalanalysis.
At the boardand systemlevel,the test interfaceis implemented
by connectingthe DIP signalsfor each VLSIchip to the tester
DIP interfacehardware.Thejob of the DIPinterfaceis to synchronize the DIP operationsto make it possibleto halt or single-step
an entire board or system. This also gives us access to and
controlof all the buses in the svstem.
Test Vector Generation
The test vectorgenerationprocessusesa divide-and-conquer
approachto managethe complexityof the problem.The chip is
partitionedinto independentlytestablefunctionalunitsor blocks.
A register,an ALU plus the operand registers,or a PLA are
examplesof blocks.Blocktestsare the independenttestsgener
ated tor these blocks in terms of the block oorts and are written
in a high-leveltest language.Block tests are generatedin three
ways:manuallygeneratedby the block designer,leveragedf rom
the simulationvectors used in the design phase,or in the case
of PLAs,automaticallygeneratedusing a stuck-atfault model to
ensurefault coverage.A set of tools was developedto compile
the block test into serial DIP commandsin the form requiredby
the tester, These tools also provide translationto and from
simulatorsfor the verificationand oenerationof blocktestvectors.

Don Weiss
ProjectManager
ColoradoIntegrated
CircuitsDivision
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(continuedfrom page 23)

peratureover the fully specifiedrangeof the productswith
significantmargin.The sametestsusedin the board characterization effort are also used in board manufacturingand
failure diagnosis.
Conclusion
The design methodology to achieve the first releaseof
silicon resulted in a designcycle of 10 months or less.Our
cycle time responsefor mask generation,IC fabrication,
assembly,and test was less then five weeks. A processor
board was integrated and running cache-residentcode
within two days of delivery of the last component.
The test methodology allowed partial integration and
turn-on of the processorboard as well as at-speedelectrical
characterization,independentof the rest of the systemcomponents. The level of functionality obtained with the lab
prototypes resulted in completion of the HP-UX boot for
the HP 9000 Model 825 processorin less then one month
from the delivery of the last component. Functional bugs
encounteredin the evaluation phasewere minor, In a few
casesthe operating systems were required to patch these
bugs, but the patches were trivial in nature.
In general, the electrical quality of the lab prototype
hardware resulted in systems that operated with margin
around the nominal operating point. In characterization,
under worse-caseconditions of voltage,temperature,and
normal process variations, some margin problems were
identified. Theseresults were consistentwith the original
sbategy that was set for the lab prototype version of the
VLSI.
The above methodology proved powerful, in that five
chips of the ten were releasedto manufacturing with only
two revisions. The remaining five chips, which required a
third release,provided functional and electrical quality
that allowed the system integration to proceed electrically,

mechanically, and functionally according to schedulerequirements.The CPU chip was releasedto manufacturing
as revision 3.0.The CPU'sfirst revision servedas a vehicle
to demonstratethe design and test tools. This releasewas
beforethe time the cachesystemdefinition was complete,
and as such, required a secondreleaseto achievelab prototype quality. Two of the remaining four chips required
a third revision for improved manufacturingmargins,while
the remaining two required a third revision for functional
bugs.
Acknowledgments
Many people contributed to this effort. The following
list includes those who have not been recognizedin other
papers in this issue: leff Kehoe, Bob Novak, Paul Perez,
Eshan Rashid, Julie Van Gelder, Doug Quarnstrom,fohn
Spencer, Bill Hudson, Bob Naas, Fred Gross, Akshya
Prakash, Chick Webb, Hai Vo Ba, Daryl Allred, Keith
Erskine, Bill Freund, MercedesGil, SusanHartfeldt, Vinh
Nguyen, Gayvin Stong,Leon Cluff, Mike Stahl, feff Rearick,
Marylou Lillis, Tom Walley, JeffBeauprez,Don Novy, Matt
Reprogle,GregHalac, Bob Proulx, Virgil Hebert,John Brewer, Frank Galneder, Mary Mirabel, Mark Stolz, Yeffi Van
Atta, Dilip Amin, Rick Butler, Ray Gratias, Garry Petrie,
Zemen Lebne-Dengel,and Joe Fucetola.
The authors acknowledge Denny Georgfor providing the
management commitment that was essential to achieving
this level of quality. We also acknowledgeMark Canepa,
Bob Headrick, Cliff Lob, and John Wheeler for leadership
in the definition and execution of this program.
There was a tremendous effort by many other divisions
within HP. This includes those that provided the design
and verification tools and support, and the manufacturing
divisions,which provided maskgeneration,silicon fabrication, testing, and packaging prototyping.

A MidrangeVLSI Hewlett-Packard
PrecisionArchitectureComputer
/t'sdesignedformechanical
andelectricalcomputer-aided
design,computerintegratedmanufacturing,
real-time
control,and general-purpose
technicalapplications.
by Craig S. Robinson,Leith Johnson,RobertJ. Horning,RussellW. Mason,MarkA. Ludwig,
HowellR. Felsenthal,ThomasO. Meyer,and ThomasV. Spencer
HE GOAL ESTABLISHEDfor HP PrecisionArchitecture computers was to provide a scalable set of
hardware and software with the flexibility to be configured for many different applications in a wide variety
of market areas.The HP 9000 Model B2b (Fig. 1) is a mid-
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range, compact, high-performance NMOS-il VLSI implementation of HP Precision Architecture. The wide range
of systemcomponentsavailablein this architectureare all
compatible with the Model 825. These include operating
systems,languages,graphics, networking, and a wide vari-

Fig.1. The HP 9000 Model 825
is a midrange, compact, NMOS
VLSI implementationof HP Precision Architecture. lt is designed
for both single-user workstation
and multiuser applications running the HP-UXoperating system.
The SPUis the middle unit at left.

Nine card slots are available.The first two hold the processorand system boards.The remaining seven slots can
be used for systemmemory, I/O interface cards,interfaces
to high-performancebit-mapped graphicsdisplays including the HP 9000 SRX Solids Rendering Accelerator,and
adaptersfor I/O expansion.
UserRequirements
A memory card (BM bytes) and an I/O interface card are
The definitionof the Model825was drivenby requirea
high-perforhalf-width
cards, and together fill one card cage slot.
As
areas.
application
ments from several
mance graphics workstation for mechanical engineering Graphics interfaces and I/O expansion adapters are fullwidth cards. The following are possible configurations:
and electrical engineering computer-aided design, small
size coupled with high floating-point computational pervo
vo
MemoryCards Graphics
formancefor computationally intensive technical applicaDisplays Expanders Interfaces
tions was required. The size of the configured system
number bytes
needed to be relatively small, since in CAD applications,
o7
756M0
the SPU is often in the immediate work area of the user'
'1,4
L
64BMO
For the samereason,minimizing the level of audible noise
1.
06
6
4BM
was important. As a general-purposetechnical computer
13
1
1.
5
40M
running the HP-UX operatingsystem,the productrequired
a flexible range of I/O configurations.
The Model 825 is rated at 3.1 MIPS supporting multiple
Additional requirements were presented by computer
users in technical HP-UX applications and at 8.2 MIPS in
integrated manufacturing and real-time control applicasingle-userapplications.
tions, where battery backup of main memory is a requirement. The battery backup option provides at least 30 minModel 825 Processor
utes of backup po!\'er during power outages.Also required
was the ability to operateover the rangesof temperature,
The Model 825 processorconsists of two boards. The
humidity, electricalinterference,and mechanicalvibration
main processorboard contains the core CPU function, intypically encounteredon the factory floor.
cluding a 16K-bytecache,a 2K-entry translation lookaside
buffer (TLB), clock circuitry, and severalbus interfacecirOverall Design
cuits. The secondboard containsmost of the floating-point
Fig. 2 showsthe major assembliesof the Model 825 Commath subsystem,the I/O channel,and the processordepenputer, and Fig. 3 shows how the product is organizedto
dent hardware. These two boards plug into adjacent
meet the userrequirements.The enclosureis 325 mm wide
motherboardslots and communicatevia the math bus and
by 230 mm high by 500 mm deep, compatible with other
the MidBus.
HP stackableperipheralcomponents.Within this enclosure
is a seriesof card cage slots capableof accommodatinga
Main Processor
wide range of user configurations.
The Model 825 processoris highly integrated,consisting

ety of peripherals. Also, because adapting to established
environments and easy porting of existing applications are
of vital import, the Model 825 has been designed in accordance with international standards wherever possible.
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of six high-speed VLSI circuits communicating via the
cache bus. These six chips are the CPU, which contains
the core CPU function and implements the HP Precision
Architecture instruction set, the translation control unit
(TCU),which performs virtual-to-realtranslationsand access protection, two cache control units (CCU), each of
which controls a static RAM arraythat makesup a "group"
of the cache memory, a math interfaceunit (MIU), which
implements the floating-point math coprocessorfunction
and controls the floating-point math chips, and the system
interface unit for the Model s25 (SIUF),which interfaces
the cachebus to the main memory bus,the MidBus. Details
of these chips are discussedin the paper on page4.
Processor Board

TheseVLSI chips are built using Hp's high-performance
NMOS-il process.They are packagedin 272-pin pin-grid
arrays,and consumefrom 7 to 12 watts depending on the
chip type. The basicsystemfrequencyis 25 MHz. providing
an environment in which these chips can operateis a sig_
nificant design challenge.
Cache Bus
Details of the operation of the cachebus are coveredin
the paper on page4. In the Model BZ5implementation of
the cache bus, special attention was paid to propagation
delays along printed circuit board traces. For maximum
performance,propagationdelayswere minimized by using
System Board

Math Bus
Stable Store
Control Panel
lnterface
Real-TimeClock
PDC ROM

Cache Bus

CIO Bus (7 Slots)
HP-IB

LAN

l/O IntertaceCards
To l/O Expander
(8 Slots)
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Fig.3. HP 9000 Model 825 system processingunitblock diagrcm.

transmission line techniquest and minimum trace lengths.
In addition, considerable effort went into minimizing
electrical noise for increased system reliability, as discussed in the next few paragraphs. When worst-case output
levels and input thresholds are considered, the noise margin on the cache bus is about 0.5V for both low and high
levels. This is similar to noise margins in TTL systems, but
because of the high signal transition rates and the receiver
characteristics, careful design was necessary to achieve a
workable noise budget.
The largest contribution to the noise budget, outside the
pin-grid array, is trace-to-trace crosstalk. Typical printed
circuit design rules allow traces to be routed with 0.016-in
center-to-center distances. Spacing this tight can result in
crosstalk oI 4Oo/"or more. The Model 825 processor board
construction and design rules were defined so as to limit
trace-to-trace crosstalk to less than 10%.
The next largest possible noise contribution depends on
the method by which the bus is terminated. The NMOS-III
receivers and drivers are designed such that the bus can
operate with no termination at the ends. However, this can
effectively double the magnitude of transitions on the bus
and therefore double the amount of coupled noise.2 Terminating the end of the bus effectively reduces the magnitude of reflections, resulting in lower coupled noise. This
also helps to absorb the noise that is coupled onto a victim
line.
Each cache bus line is terminated by a resistor close to
the characteristic impedance of the board traces. Most lines
are bidirectional and are terminated at both ends. Some
lines are unidirectional and are only terminated at the receiving end to save power and reduce part count.
Special resistor packs are used to terminate the cache
bus. These packs are designed for low inductance and low
common lead resistance to reduce crosstalk internal to the
resistor pack.
One disadvantage of resistor terminators is increased
power dissipation. For the Model 825 design there is
another problem. Power consumed by the bus depends on
bus activity. Under some processing conditions, bus power
can change from essentially no load to full load, or vice
versa, in one machine cycle, Power supplies are typically
not capable of responding to transients of this speed. Power
supply droop affects precharge level and consequently reduces noise margin. This was solved by mounting a lowseries-resistance, high-valued aluminum electrolytic capacitor directly on the main processor board.

MathSubsystem
The Model 825 has a floating-point math coprocessor.
Its interface to the main processor is the math interface
unit (MIU) chip, which connects to the cache bus and controls the three floating-point math chips. Ideally, the floating-point math chips should be on the same board as the
MIU. However, board space constraints would not allow
this. Instead, the floating-point math chips are located on
the adjacent system board, and the math bus is run to them
through the motherboard. The extratime necessaryto transfer data across the motherboard is minimal and does not
cause a performance loss at the Model 825's frequency of
operation.

An additional constraint on the design of this part of the
system was that power supply considerations and power
dissipation on tire boards made it impossible to terminate
this bus. There was also no room on either board for the
terminator components. A workable system was devised
by building a detailed Spice model of the entire interconnect system. NMOS-I driver sizes were selected such that
speed is sufficient, but transition time is maximal. Special
treatment was given to critical clock lines that run from
the MIU to the floating-point chips.

CacheArray
The Model 825 has a 16K-byte cache organizedas two
BK-bytegroups. Each group is implemented with a cache
control unit (CCU)and eight 2K x B 25-nsstaticrandom-access memories (SRAMs).Five of the SRAMs are used for
data and data parity and three are used for tag, status,and
tag parity.
The cache accesstime is in the critical path that determines the clock period for the CPU, which is directly proportional to the performance,The Model 825 clock period
is 40 ns. The addressis driven on a clock edge, and the
CCU must determine if there is a cache hit by the next
clock edge. It takes the CCU 7.5 ns to compare the tag to
the real address.With 2S-nsSRAMs, this leaves7.5 ns for
the addressto be driven to the SRAMs and data to be driven
back to the CCU. The timing has been verified by the use
of Spice simulations and experimentation.
Each RAM address line is a single line with a Schottky
diode at the end to clamp undershoot.There is also a 150O
resistor to 2.85V. The undershoot is clamped mainly to
prevent the voltage on the line from ringing back up above
0.7V. The resistoris not for transmissionline termination.
Its main purpose is to limit the high-level output voltage
of the driver. As a result, the high-to-low voltage transition
is smaller, giving less ringing in the fast caseand making the
slow casefaster.The slow casemodel is dominatedby the
capacitive effects and the limited current that can be provided by the driver, and so a smaller voltage transition will
be faster.This can be seenin the basiccapacitorequation:
IxdT : CxdV.
Simulations were done to determine the optimal value
of resistorto use.A smaller resistoralways helps improve
the low-to-high transition time becauseit increasesthe
current. For the high-to-low transition a smaller value helps
decreasethe transition time by making dV smaller, but also
causesan offsetting increase in the transition time because
it decreasesthe current available to change the voltage
across the capacitor. The termination voltage could also
have been optimized, but this was not necessarybecause
the timingbudget was met usingthe alreadyavailable2.85V
supply.
Clock Gircuit
To meet the systemskew budgetfor the Model 825,each
chip must receive a master clock (clock SYNC)that transitions from 0.9V to 4.1V in less than 3 ns. There must be
less than 600 ps skew from any chip to any other chip.
There are additional specifications for low and high levels,

lounNnl 29
19e7HEWLETT-pAcxeRo
sEprErvBEB

duty cycle, etc.
To put 600 ps in perspective, electromagneticwaves
travel through glass epoxy printed circuit board material
at roughly 200 ps/inch.600 ps is the delay of about 3 inches
of printed circuit boardtrace.Sincetherearesix VLSI chips
that require this signal, and each chip is about 2.2 inches
on a side, it is not possible simply to connect the clocks
in a daisy-chainmanner.
The solution is to supply the masterclock to eachVLSI
chip with a separate,equal-lengthtrace.All of theseclock
supply lines emanatefrom a single drive point.
It is also desirablethat the rise time of the masterclock
be the same at each VLSI chip. This is a problem because
the nominal master clock input capacitanceis somewhat
different for each chip type. The rise time at the chip receiver is roughly the no-load rise time plus ZoC, where Zo
is the characteristicimpedance of the master clock line
and C is the input capacitance.This problem is alleviated
by adjustingthe masterclock line impedancefor eachchip
such that ZoC is constantfor all chip types. Additionally,
so that these impedancestrack as closely as possible,all
clock tracesare run on the same trace layer.
Since it is important for the chips to receive a clean
masterclock signal,termination is necessaryto reduce re-,
flections.Sourcetermination was chosenfor its low power
and reasonabledrive current levels.
Clock Buffer Circuit. The single drive point impedanceis
about 7O. Combined with the level and rise time requirements of the VLSI chips, this dictatedthe need for a special
clock buffer circuit. The circuit can be split into two pieces:
the front end, which generatesa signalwith the appropriate
rise time and high and low levels, and an output section
capableof driving 7O.
This circuit is implemented in discretehigh-frequency
transistors.Great care is taken to bias the collector-base
junctions to minimize the Miller effect.
The front-end stage takes the TTl-level input signal,
sharpensthe edge, and produces the correct level for the
output stage.The output stageconsistsof several emitter
followers that transform the front end's high-impedance
signal to the low impedancenecessaryto drive the distribution lines.
Printed Circuit Board Construction
Since cache bus designrequires transmissionline techniques,the printed circuit board itself must be constructed
in a controlled-impedancemanner. The characteristicimpedanceof a printed circuit trace is determined primarily
by the width of the trace, the dielectric constant of the
insulating material, and the geometry of the trace in relation
to its adjacentreferenceplane(s).For reasonsrelated to the
board fabrication process,all Model 825 traces are of the
stripline variety, that is, the traces are on one board layer
(signal layer), and this layer is sandwiched between two
boardlayerswith conductiveplanesonthem (planelayers).
High-pin-count, high-speed VLSI created a significant
problem for the printed circuit board construction. The
two planes that form the stripline configuration should be
perfectly ac coupled. If they are not, the signal trace and
the planesform what can be viewed as a capacitivedivider.
When a signal propagatesdown a trace, some voltage is
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induced in one plane with respect to the other. Typically,
one of the two planes doubles as a power supply distribution layer. The result is noise in the power supply that is
also coupled down onto other victim traces.
Normally this problem can be neglected because the
plane-to-plane capacitance is much greater than the traceto-plane capacitance, and transitioning lines are spatially
and temporally far enough apart so that the net effect is
small.
On the other hand, the high-pin-count, high-speed VLSI
used in the Model 825, in combination with relatively high
logic swing levels fas much as 3V), is capable of causing
as many as 62 closely spaced lines to transition nearly
simultaneously. This can result in significant noise
coupled into the planes and signal lines.
The obvious solution is to use ground planes between
all signal layers. The ground planes would be much closer
to the ideal situation, since they are tied together by a large
number of vias. Unfortunately, this is not feasible because
of board thickness and cost considerations. Careful analysis
yielded a board construction with sufficient noise decoupling and reasonable overall thickness:

Layer

Purpose

Top
2
3
4
5
6
7
B
9
Bottom

+ 2.BsvPlane
GroundPlane
Signallayer
GroundPlane
Signallayer
GroundPlane
Signallayer
+ 5VPlane
SignalLayer (Uncontrolled)
- 2VPlane

All signal layers except for layer I have 0.008-in traces,
impedance-controlledto 50 to 70 ohms. All cache bus
traces are on layers 3, 5, and T.Layer g has slightly lower
impedance and is used for TTL and other miscellaneous
signals.
Printed Circuit Board Layout. One of the most significant
challengesof the Model 825 processorwas the trace layout
of the main processorboard. Almost every trace on the
board had a length restriction. Cachebus topology had to
be rigorously controlled.Clockbuffer performancewas layout dependent.Thermal and interconnect considerations
restrictedparts placement.The board containsthree major
busesand three distinct static RAM arrays.It was extremely
important to limit the number of layersand the boardthickness for reasonsof cost and manufacturability.
Autorouting was out of the question.It also becameclear
that previously used systemswere inadequate.Since we
knew that board complexity would require hand layout,
what we needed was a powerful graphics editing system.
HP's EngineeringGraphicsSystem(EGS)is such a system,
and it was readily available.The flexibility of EGS,combined with speciallywritten macrosand programs,allowed
us to build a system tailored to the needs of this layout.

l/O Channel
The I/O system used in the HP 9000 Model 825 is HP's
CIO. The system board contains a single VLSI chip that
converts from the MidBus to the CIO bus. Details of it are
described in the paper on page 38.
Processor Dependent Hardware
HP Precision Architecture allows implementation dependent computer functions, such as the Model 825's control panel interface, stable store, and time-of-day clock, to
be realized in a way that is convenient for the particular
design. Details of operating these functions are hidden from
higher-level software by a layer of firmware called processor dependent code. This code is stored in ROM and begins
execution immediately upon power-up.
A primary goal of the processor dependent hardware
design was low cost. This hardware communicates with
the processor using a special simplified protocol and only
the low-order byte on the MidBus. The architecture reserves a certain area of the real address space for processor
dependent use. The SIUF chip decodes references to these
locations, assembling the bytes into words if necessary for
the CPU.
The processor dependent code ROM is simply a large
byte-wide ROM. It contains self-test code, boot code, the
processor dependent firmware, and other information specific to the Model 825 implementation of HP Precision
Architecture.
The processor dependent hardware includes a batterybacked CMOS real-time clock for keeping the correct time
and date while the computer is turned off. The batteries
are the same as those used in many watches, cameras, and
calculators and provide up to a year of backup time.
A stable store is implemented in an EEPROM. Boot path,
system serial number, and other similar information is
stored here. Constants kept in stable store also assist in
more accurate timekeeping and help reduce factory cost.
During system operation, real time is kept by software,
using timing derived from the 25-MHz main system clock.
During power interruptions, real time is kept by the batterybacked CMOS clock circuit. The CMOS clock circuit has
its own independent, low-power, low-frequency crystal.
The availability of stable store means that crystal conection
factors can be stored for both the main system crystal and
the backup clock crystal. This allows the use of less expensive crystals and provides more accurate timekeeping. In
board manufacture or service, a highly accurate time base
is used to measure the crystal frequencies and correction
factors are written to stable store. To take full advantage
of this scheme, both the 2ilMHz main system clock and
the real-time clock crystals are located on the system board.
This way the correction factors and the correctable devices
are installed and replaced as a unit.
Also in the processor dependent hardware is a latch the
processor can read to determine the status of the secondary
power and other resources. There is also a register the
processor can use to control the state of the front-panel
LEDs.

boards. Each board contains an BM-byte memory array
which is interfacedto the MidBus by a memory controller.
The block diagramof the memoryboardis shown in Fig.4.
The memory controller is a custom integrated circuit
implemented in HP's NMOS-II technology.It is designed
to provide the following features:
r Provide all signals to control 120-ns 1M-bit dynamic
random-accessmemory chips (DRAMs)
I 19-Mbyte/stransfer rate on the 8.3-MHz MidBus
r Error logging
r Correct single-bit errors and detect double-bit errors
r Provide a mechanism to correct double-bit errors with
a known hard error
r Support of memory board test and diagnosticfeatures
r Refresh
r Battery backup
I Compactsizewhich, combinedwith surfacemount technology,allows a boardsizeof lessthan 50 squareinches.
Memory Bus Interface
The Model 825 memory board supports 16-byteand 32byte block read and write operationsand a semaphoreoperation. High-bandwidth data transfers are provided by the
3z-bytetransactions,The memory bus interfaceconsistsof
a 72-bit-wide data bus. a 1o-bit-wide addressbus, two row
addressstrobes(RASJ,four column addressstrobes(CAS),
and one write enable signal (wE). Multiple RAs and cAS
lines are used to reduce the delays and meet the timing
requirements while driving these heavily loaded signals.
The memory array is organized as one row of DRAMs with
1M words of zz bits each. Each memory word is packed
with two 32-bitwords from the MidBus and eight Hamming
check bits.
Fig. 5 shows the timing for memory read and write operations. The 20 addressbits required to addressthe 1M-bit
DRAMs are multiplexed onto the 10-bit memory address
bus and latched into the DRAM address latches by two
negative-goingstrobes.The first strobe, RAS,latches the
row address.The secondstrobe,CAS,subsequentlylatches
the column address.For a write operation, WE is brought
low before CAS,and the data is strobed by CAS.The setup
and hold times for data to be written to the memory array
are referenced to the falling edge of CAS.For a read operation, WE is held in the high state throughout the memory
transaction, and data read from the memory array is avail-
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Memory Subsystem
The Model 825 supports up to seven memory array

Fig.4. Btock diagram of the Model 825 memory board
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Fig.5. Tining for memory read and write operations

able within the accesstime from CAS.The semaphoreoperation reads 16 bytes from the memory array and clears
the first four bytes without affecting the other 12 bytes.
The fM-bit DRAMs support a feature known as nibble
mode. Nibble-modeoperationallows high-speedserial access to more than one word of memory. By packing two
32-bit words from the MidBus into each memory word,
only two serial accessesare required for a 16-bytetransaction and only four serial accesses
are required for a 32-byte
transaction.The first word is accessedin the normal manner with read data being valid at the CASaccesstime. The
sequential words are read or written by toggling CASwhile
RASremains low. The row and column addressesneed to
be supplied for only the first access.Thereafter,the falling
edge of CASincrements the internal nibble counter of the
DRAMs and accessesthe next word in memory.
Address Strobe Signal Quality
DRAM RASand CASinputs function as clock signals and
must have clean transitions.The assertionof thesesignals
is also in the critical timing path for accessingdata, so
minimizing timing skew is important. To ensure that the
transitions will be smooth, the clock signals are routed to
the DRAMs in a star configuration.
There are four CASdrivers for every 72 DRAM chips and
so each CASdriver must drive 18 DRAMs. The CASline is
routed to a location central to the 18 DRAMs. From here
it is split into six signals. Each of these is routed to a point
central to the location of three of the DRAMs. The six lines
are all made the same length to keep the star balanced.
Three DRAMs are connected to each of these six signals.
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Again to keep the star balanced,the lines connecting the
DRAMs are all the samelength. The four CASsignals coming
from the memory controller are routed electrically identically. The CASsignals are all driven directly by the VLSI
controller and so eachDRAM seesalmost exactly the same
signal. This allowed the drivers and series termination to
be optimized to give a smooth low-skew signal at a single
point to ensure that the CASinput signal at all 72 DRAMS
would be optimized. There is very little CAStiming skew
between DRAMs.
The timing for the RASsignal is less critical than for the
CAS signals, but it is important that the transitions be
smooth and glitch-free. The signal is connected in a star
configuration but there are only two RAS drivers, so the
last star connects to six DRAMs instead of three.
Delay Line
To conform to MidBus timing, some cards are required
to have a delay line. The value of the delay line depends
on the delay and timing of the bus interface circuits and
the MidBus buffers.
The delay line for the Model 825 memory array board
must be between 21 and 27 ns. At the time of the design,
reliable surface mount delay lines were unavailable, so
alternatives were investigated. Lumped LC circuits were
tried, but it was hard to guaranteethe delay with the wide
tolerances on the parts (mostly the TTL drivers and receivers).The secondalternativewas to use a single TTL buffer
and a long trace to get the needed delay. It was found that
this was feasible.
The signal propagation delay for a long printed circuit

trace between two ground planes is:1

1.017x \E

ns/ft

where e"is the dielectric constanto{ the insulating medium.
The dielectric constant of the printed circuit board material
is between 4,4 and 4.8, which gives a delay of 2.1,3to 2.23
ns per foot. The trace was made 115.5 inches long to give
a delay of zO.s to 21,5 ns. The TTL driver for the delay
line has a delay of 1 to 5 ns, giving a total delay of 21.5 to
2 6 . 5n s .
Two of the potential problems with the long trace are
RFI and the signal coupling into itself. To avoid this the
trace is sandwiched between two ground planes and runs
are spacedat least 0.045 inch apart with a 0.015-inground
tracebetweenruns (sectionswhere the traceloops back on
itself).
Powerfail Backup
The power failure backup system in the Model 825 is a
RAM-only backup system. If line voltage is lost, the RAM
is powered from a backup battery supply while the rest of
the systemis shut down. Since the dynamic RAMs require
little power to retain data, only a relatively small battery
and backup regulator are needed to keep the memory system alive. When power is restored after an outage there is
enough information available in the memory to resume
normal processingafter a recovery period.
To support powerfail backup,the RAM boardis designed
to power down its interface to the rest of the computer
cleanly when the failure occurs and to keep the contents
of memory refreshed during the outage. Power drain on
the backup supply has been minimized for maximum
backup time.
To retain the data, each of the 512 row addressesof the
DRAM cell matrix must be refreshed within every B-ms
time period. During normal operation the MidBus clock is
used to provide the timing for the refresh state machine.
However, during a power failure, the MidBus clock is undefined and a secondary refresh clock must be provided
on the memory board. This secondary refresh clock is generated with a CMOS 555 timer with a maximum period of
7.5 microseconds.
The powerfail sequence is initiated by the falling edge
of pow rnt L, which indicatesthat the input to the MidBus
power supplies has failed and a powerfail routine should
be entered. The power supplies remain regulated long
enough after the falling edge of Pow FAILL to guarantee
that the cache will be flushed to main memory before the
falling edge of Pow oN. After Pow oN falls and any refresh
cycle in progress is completed, the memory controller
switches into the battery backup mode of operation.
While in the batterybackup mode of operation,the memory controller holds wE and CnShigh to preventinadvertent
destructionof the memory contents.In addition, the battery
backup circuits are isolated from spurious inputs from the
primary control section which occur while power is in
transition.
DRAM Error Handling
The memory controller chip incorporateserror handling

circuits based on Hamming codes to protect the system
from errors in the DRAMs on each memory board. The
32-bit words on the MidBus are packed into 72-bit words
when written to the DRAMs. The 72 bits consist of two
words from the MidBus and eight check bits generated by
the Hamming circuit.
On a read from memory, the 72-bit word is presented to
the Hamming circuits. If the syndrome word generated is
zero, the word from the DRAMs is uncorrupted and the
data corrector is told to pass the word unaltered. If the
syndrome word generated is nonzero, the condition of the
error (recoverable/unrecoverable, mappable/unmappable)
will be reported in the STATUSregister, the cache line address will be saved in the ERR ADD register, and the syndrome word will be stored in the ERR SYN register. If the
syndrome word equals one of the 72 valid patterns, a singlebit error has occurred, and the data corrector flips the bit
indicated by the syndrome pattern to recover the data. Detection and correction of single-bit errors are transparent
to the system.
If a nonvalid error condition exists, a double-bit (or more)
error has occurred. The memory controller has circuits for
recovering from many double-bit errors. To use t\is feature,
the system software needs to have identified a trdublesome
bit (usually a hard failure) in a bank of memory. After
identifying it, the system writes the syndrome word of that
bit into the MAPSYNregister, and by issuing a CMD MAP
signal, notifies the memory controller to suspect that bit
as bad in a double-bit error. Knowing this, when the nonvalid condition occurs, the memory controller will order
its data corrector to flip that bit and recheck the word. If
a valid syndrome word is now calculated, the single-bit
error routine will be invoked. If the syndrome is not valid,
the memory controller will notify the system of an unrecoverable error condition.

lnternal Clocks
The internal phaseclocksof the Model 825 memory controller are generatedby the circuit describedin "A Precision Clocking System" on page 1.7.The SYNCinput that
circuit requiresis generatedby an on-chip circuit that effectively doubles the 8.33-MHz MidBus clock frequency to
L6.67 MHz. This doubles the number of well-controlled
clock phasesper bus statefor better control of DRAM timing. Fig. 6 is a diagram of the 2 x clock generator.
The basic building block of the 2 x clock generatoris
the delay elementshown in Fig. 7. The delay elementmakes
use of the voltage-controlled resistance characteristic of
MOSFETs. A capacitor in the delay element is precharged
when the delay element's input is low. This causesthe
ARMsignal to go high. This ARMsignal is NANDedwith the
input to generate the output. When the input goes high,
the output goeslow and the capacitor is discharged.When
the capacitor voltage drops below the threshold of the sense
FET fpulldown of the first inverter following the RC node
in Fig. 7), the ARMsignal goeslow, causingthe output to
go back high. The capacitor's dischargeFET is in series
with a FET controlled by a variable voltage (Vs6l.l),so the
length of time the output is low can be varied.
If the variable voltage is set such that the discharge time
plus the delay to disarm the output is one quarter of the
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two preliminary delay element pulses. These pulses have
a width of T14-D12, where T is the MidBus clock period
and D is the delay in generating SYNC.Thus one SYNCpulse
is placed at T/2 and the next one is aligned with the falling
edge of the input clock.

SYNC

A
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S"*gJI_TL-TL

B
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Fig. 6. 2x clock generatorgeneratesa syncsignalattwice
the MidBus clock freouencv.
MidBus clock period, the inverted outputs of alternate elements within a series of delay elements can be ORed together to provide a SYNCsignal at twice the MidBus clock
frequency.
An advance/retard circuit looks at the inverted (positive
pulse) output of five delay elements connected in series.
When the output pulse of the second element (B) starts
within the output pulse of the fifth element (E), the pulses
are longer than desired. The advance/retard circuit increasesthe variable voltage VcoN, which decreasesthe pulse
width. When 1nT!J[-a q- exists, the pulses are shorter than
desired, and VcoN is decreased, which increases the pulse
width.
A position adjust circuit looks at the rising edge of SVttC
compared to the falling edge of the input clock. When SYNC
is late, the position adjust circuit raises a secondary variable
voltage (Vco*r) which acts in parallel with V6sp to shorten
lnverted
Output

Power for the HP 9000 Model 825 Computer, up to 435W
total, is provided by a switching mode power supply
operating at 29 kHz and using bipolar technology. The
basic design of this power system has evolved over the
past several years and has been employed with increasing
sophistication in a number of products.3 In each stage of
this evolution, improvements have been made in selected
areas to increase reliability while reducing complexity and
costs. This incremental approach has allowed the crucial
compromise between using well understood parts and technology while still exploiting new ideas and developments
in the industry.
Six outputs are provided, including an optional batterybacked five-volt output, + sVS. This secondary output provides power to the main memory during a primary power
failure, allowing the product to recover and resume operation. The 12-volt batteries and their charger are housed
in a separate unit and are cabled to the computer.
Dc fans are used to cool the product and they are controlled by the power supply. The fans are operated at low
speed to minimize audible noise in a typical office environment but their speed is increased as external temperatures
rise above 30'C. To maintain critical cooling, the fans are
also operated while the unit is running on batteries.
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VLSI-BasedHigh-Performance
Hp
PrecisionArchitectureComputers
The samesystemprocessin
g unitpowerstwo computer
sysfems,one runningthe MPEXL operatingsystemfor
commercialdataprocessingand one runningthe Hp-t-lx
operatingsyslemfor technicaland real-timeapplications.
by Gerald R. Gassman,Michael W. Schrempp, Ayee Goundan, Richard Chin, Robert D. Odineal,and
Marlin Jones

HE HP 9000 MODEL Bb0Sand the HP 3000 Series
950 are currently the largestHP technical and commercial computer products, respectively,to use the
new Hewlett-Packard Precision Architecture,l and along
with the HP 3000 Model 825 described in the paper on
page 26, are the first to realize the architecture in proprietary VLSI technology. The first technical and commercial
HP Precision Architecture systems were the Hp g000 Model
840 and the HP 3000 Series 930, which use commercial
TTL technology.2
The HP 9000 Model B50S and the Hp 3000 Series g50
are both based on the same system processing unit (SpU),
which consists of processor, memory, I/O, power, and packaging subsystems. The Model B50S/Series g50 processor
uses the NMOS-U VLSI chip set described in the papers
on pages 4 and 12.

The differences between the Model B5OS and the Series
950 are primarily in the areas of software and configuration.
The Model B50S is configured primarily for technical applications. It runs HP-UX, HP's version of AT&T's UNIXo
System V operating system with real-time extensions. The
Series 950 is configured for business applications. It executes MPE XL, a new version of HP's proprietary MpE
operating system. This provides compatibility as well as a
performance upgrade for the current HP 3000 customer
base.
The Model B50S/Series950 SPU has a single processor,
up to 12BM bytes of memory supported from a single memory system, and up to four channel I/O buses. In this paper,
references are made to larger memory and I/O capacity,
and to the support of multiple processors. The hardware
has been designed to support processor, memory, and I/O

Fig.1, Systemprocessingunitof
the HP 9000 Model 8505 and HP
3000 Serles 950 Computers.
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extensionsbeyondthoseannouncedto date.Thesefeatures
are describedhere solely to illustrate why certain technical decisions were made. No implication is made regarding any eventual product that may offer these hardware
features.
Delivering 7 MIPS of processingpower, the Model B50S/
Series950 SPU (Fig. 1) is the highest-performingHP Precision Architecture SPU developed to date. Containing a
single-boardVLSI processorcapableof running either the
MPE XL or HP-UX operatingsystems,the SPU is designed
to fit both commercial and technical computing applications. Performance,userfriendliness,systemgrowth, reliability, supportability, and manufacturability were the key
design focal points.
SPU Bus Structure
The key to the performance and growth capabilities of
the SPU is the bus structure. This determines how and
how fast information is passed from one part of the SPU
to another.The Model B50S/Series950 SPU uses a hierarchical three-tier bus structure, as shown in Fig. 2, to achieve
high performance and allow for future growth. On the first
tier is the fastest bus, a 64-bit-wide bus called the system
main bus (SMB).. The second tier in the bus structure
consists of a pair of zo-Mbyte/s 3z-bit-wide buses called

MidBuses.* The third tier in the bus structure is made up
of four s-Mbyte/s HP-standard channel VO (CIO) buses.*
The Model 850S/Series950 SPU, as currently released,
has four modules connected to the SMB. These are a stateof-the-art NMOSJII VLSI processorwith hardware floatingpoint coprocessoron one board, a memory contoller, and
two identical bus converters. The SMB is designed to support up to eight modules, leaving room for future product
releases.The two bus converters connect the SMB to the
MidBuses, providing six slots on each of them. Channel
adapters connect the MidBuses to the CIO buses.The main
SPU bay supports four CIO buses with five device slots on
each.
The hierachical three-tiered bus structure has the power
and the flexibility to support higher-performanceand larger
configurations that may be released in the future. The bus
structure also allows the currently released Series 950 and
Model B50Sconfigurations to be different, each tailored to
its own market requirements. This two-for-one design is a
direct result of HP Precision Architecture, which allows a
flexible bus structure to be implemented in an architecturally transparent way, and of a well-thought-through design
that made flexibility of configuration and smooth growth
a very high priority.
5 ulisysl em
Prel( t.-"scun

*Otherbus names used in some product literatureare centralbus (CTB)for MidBus,system

The Model S50SiSeries950 processoris a single-board

memory bus for system main bus (SMB), and CIB for channel l/O (ClO) bus.
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Flg. 2. Model S50SlSeries
hierarchicalsystembusstructure.
Thesystemmain bus(SMB)is on
the highestlevel.Moduleson this
busare the processorboards,lwo
whichconnectthe
bus convefters
SMB to the two MidBuses,and
memorycontrcllerswhichconnect
the memorysystemfo the SMB.
Channelllo (CIO)busesare connectedto the MidBusesby channel adaDters.
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CCUs(cachecontrol units), one SIU (systeminterfaceunit),
and one MIU (math interfaceunit). The math functions are
implemented using the floating-point math chips developed for the HP s000 Model 550: ADD (add/subtractJ,
MUL (multiply), and DIV (divide). The Model Bs0S/Series
950 processoris equipped with a two-set unified data and
instruction cache that has a total capacity of tzBK bytes.
The addresstranslation lookasidebuffer (TLB) is split into
an instruction TLB with 2K entries and a data TLB with
2K entries. The details of the functional operation of the
processorboard are describedin the paper on page 4.
Processor Buses
Fig. 4 shows the organizationof the various functions of
the processorboard. Three buses are associatedwith the
processor:the math bus, the cache bus, and the system
main bus (SMB).The math bus is completelyself-contained
in the processorboard and interfacesthe MIU to the math
Fig.3. Model85OS/Serles
950 processorboaro.
chips. The cachebus ii also containedwithin the processor
implementation of the CPU, cache, TLB, and bus interface
board and interconnectsthe SIU, CCU1,CCU0,TCU, CpU,
functions of the level-one HP Precision Architecture proand MIU. The SMB connectsthe SIU to the memory and
cessor.tA level-oneprocessorsupports 16-bit spaceregisI/O subsystems.The SMB is provided on the SMB connecters for a 48-bit virtual addressspace.The processoropertor, which also supplies the power, the systemclocks, and
ates at a frequency oI ZZ.SMHz and provides an average the interfacesto the support hardware.
execution rate of 7.0 MIPS. The Model Bs0S/Series950
The cachebus and the SMB areboth precharge-pulldown
processorboard also contains a floating-point math subsysbuses.That is, there are two phasesto the bus operation.
tem capable of providing an averageexecution rate of 2.g
Each signal is prechargedto a nominal 2.85V in one phase
million WhetstoneBlDs and 0.21million double-precision
(CK2)and conditionally pulled down, or discharged,in the
Linpacks per second.
following phase (CK1)(seeFig. S). All VLSI chips on the
Fig. 3 is a photographof the Model Bb0S/Series
9b0 probus participate iir prechargingeach signal line. Then one
cessorboard.The board achievesa high level of functional
or more chips will drive the signal line low (logical 0 or
integration and performanceby making use of VLSI tech1, depending on the signal sense).The prechargedbuses
nology, state-of-the-artcommercial RAMs, and precisionprovide high performancebecausethe NMOS-II drivers
tuned clock distribution circuits. The board uses six
can rapidly drive a signal line low, therebyminimizing the
NMOS-II VLSI chips developedfor the Model BS0S/Series data transfer time on the bus. The senderneeds get
to
the
950 project: one CPU, one TCU ITLB control unit). two
bus data ready only just before the drive phase and the

Fig.4. Block diagram of processor board functions.
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receiver will have the data immediately after the drive
phase. Consequently, the precharge phase causesno performance degradation. To propagate an electrical high value,
a signal is allowed to float at its precharge value. The receiver uses a zero-catching design, which latches a logical
zero when the signal input falls below the 1.3V minimum
trip level for at least 2.9 ns. This receiver is described in
the paper on page 4.

ProcessorStartup
The Model B5OS/Series950 processor uses a diagnostic
support processor (DSPI to launch itself at power-up or
after a reset. The DSP is implemented using an off-the-shelf
microprocessor, and interfaces to the CPU and CCUO serial
ports as shown in Fig. 4. The DSP receives its own clock
(the processor clock divided by four), A key challenge for
the DSP design was how to synchronize data transfers between the DSP and the CPU or CCUO. Synchronization is
achieved by using a double-level clocked register design'
The synchronization clock is received from the CPU (DSP
SYNCin Fig. a).
During a processor reset, the DSP sets up the CPU so
that the CPU will halt immediately after its internal reset
is complete. After successfully completing its internal selftest, the DSP loads part of the processor dependent code
(which consists of processor self-test and initialization)
into the cache 0 RAMs via scan paths into CCU0 and starts
the CPU. Successful completion of the processor self-test
transfers control to the rest of the processor dependent
code which is located on the processor dependent
hardware board. This code completes the self-test and initializes and boots the system.
Locating the DSP on the processor board allows localized
self-test that can identify a failing processor board uniquely.
Failures in the path from the processor board to the processor
dependent hardware board can also be identified. This significantly increases supportability by decreasing the mean time
to repair (MTTR).

ProcessorBoardElectricalDesign
The Model B50S/Series950 processor printed circuit board
consists of 12 layers: three ground, three voltage, four signal,
and top and bottom pad layers. The clock distribution area
has extra layers of ground and voltage planes to provide
better noise filtering. The signal layers are always placed

between ground or voltage planes to provide consistent
characteristicimpedance. Signal traces are 0.008 inch wide
and have 0.025-in pitch to minimize crosstalk.Manual placement and routing were used to route the signals in iust four
iayers, reducing crosstalk and minimizing impedance and
propagation delay mismatches on the clock signals. Signal
traces typically exhibit about 50O of characteristic impedance on an unloaded board. The characteristic impedance is
lower on loaded boards because of the input capacitances of
the components.
The electrical design of the processor was first based on
worst-case circuit simulation using Spice, which provided
the initial data for timing budgets and noise margin. The
board design was later refined by experiments conducted on
revisions of the actual board.
A key challenge was the design of the Vo" supply (2.85V
nominal), which powers the internal VLSI clock circuitry,
all the bus drivers, and the cache bus termination. The
processor, memory controller, and bus converter boards
have individual Vp1 regulators.
Vss bypassing was especially a concern on the processor
board, where the noise was particularly severe. Several
types and sizes of bypass capacitors are used to bypass
various frequency bands: 0.001-pF, 0.01-pcF,and 0.t-pF
ceramics, 22-p.F and 6B-pF tantalums, and 1000-pF electrolytics. The voltage plane area on the printed circuit board
was also maximized.
Since the processor, memory controller, and bus converter boards have separate Vp1 regulators, any significant
offset between the outputs (greater than about 150 milIivolts) forces the regulator with the highest value to source
the other boards' requirements. Having the clock board
supply a common voltage reference for all the local regulators keeps the nominally 2.85V VDL supplies within 50
mV from board to board.
One of the initial design concerns had to do with noise
coupling on the cache bus signal lines' The worst-case
situation involves an undriven victim trace surrounded by
driven traces. Additional coupling is introduced by the
cache bus termination scheme which uses a resistor network in a dual in-line package for board density reasons.
The effect of the termination resistor package is reduced
by mixing signals of different phases in the same package
and by using a part that has multiple power and ground
pins and built-in bypass capacitance.
2.85V

SMB Signal
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Chipl Driving
DRlvEr=Datax EnablexcKl
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Fig. 5. Prechargelpulldownstructure of the SMB.
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The worst-casedesign was verified by the construction
of slow and fast boards. The slow board was constructed
using characterizedparts (VLSI chips, RAMs, etc.) whose
performance was within specification but close to the
minimum acceptable.Similarly, the fast board was con_
structedusing parts that performednearthe maximum performancespecification.The slow boardwas usedprimarily
to resolve timing and performanceissues,while the fast
board was primarily used to verify noise margins and EMI
performance.Theseboardsprovedto be extremelyvaluable
in establishingconfidence in the design,which had very
aggressivedesign goals.
The processorboard designincorporatesseveralfeatures
to minimize EML The outer boundary of the board is pro_
vided with window frames which make electrical contact
to the chassisthrough wiping contacts.This helps corrtain
the noise within the board and processorcompartment.
Processor Thermal Design
The thermal designof the Model B50S/Series
g50 processor board and its integration into the SpU cooling iystem
posed somevery challenging designproblems.The design
parameterswere to cool nine VLSI ICs dissipating up to
12 watts eachon a single board with a worst-caseenviron_
ment of 1b,000-lootaltitude and 40"C,plus designmargins.
It was desirableto use the same airflow used to cooi the
rest of the electronics in the SpU, components with an
order of magnitude lower power than the VLSI ICs. To
meet this requirement,the thermal resistanceof the VLSI
packageneeded to be an order of magnitude lower than
that of the typical package.
The design was started at the chip level, by designinga
metal heat spreaderinto the ceramic package.The VLSI
chip is bonded directly to this heat spreader,and a heat
sink is attached to the other side. Theoretical and finite
element analysis methods were used in the design of the
heat sink, and a wind tunnel was designed to test pro_
totypes and correlatethe theoreticalanalysis.
Once the component level designwas fully understood,
the development was expanded to the board level. The
large heat sinks required to cool the VLSI components pre_
sent enoughback pressureto the moving air and their dis_
tribution on the board is irregular enough that a uniform
airflow acrossthe board could not be assumed.A wind
tunnel large enough to hold a single board was built and
the airflow studied to determine the exact amounts of cool_
ing air that each VLSI IC would receive. A thermal test
board was also designed and built so that the junction
temperaturesof all the ICs could be directlv measured.
Once the design was confirmed at the board level, the
thermal test board was put into a completeprototype SpU
to confirm the airflow at the system level, and system
airflows were measured. This test set was finally p,rt i.rto
an environmental test chamber and tested at elevated tem_
peratures to verify the complete thermal design.

System Main Bus
Up to four processorslots, two memory subsystemslots,
and two I/O subsystem slots are available for connection
to the high-performance system main bus (SMB). The SMB
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consistsof 64 bits of multiplexed address/dataand 1Z bits
of control signals.SMB transactionsare split into request
and return phases.This allows interleaved requestslrom
multiple mastersto be servicedin parallel. The SMB oper_
atesat 27.5 MHz and is capableof sustaininga 100-mega_
byte/sdata bandwidth.
Both the processorand the bus converters(which connect the SMB to the two MidBuses)can initiate SMB transactionsas masters.The memory controller is alwaysa slave.
Upon winning arbitration,a mastermodule assertsa 32-bit
address,seven bits of command/sizeinformation, and a
6-bit tag that identifies it as the master.SMB read transactions are initiated by a master module to transfer4, 16, or
32 bytes from the slave to the master.Table I shows all of
the SMB transactions.The processorissuesa 4-byte read
during a load to VO space and a 32-byte read during a
load/storecachemiss. The bus converterissuesa readwhen
the CIO bus channel requires data from memory. Cleartransactions are initiated by the processoror the bus converter
to gain accessto a semaphore.During a semaphoreoperation, the memory controller clearsthe first word of the half
line and returns the old half line to the master.Return and
return clear transactionsare driven by a slave device,sreturning data following a read or clear operation, respectively. Read or clear transactionsthat are .,smart,'are initiated by the processorduring a cachemiss and require a
cachecoherencycheck by any other processorsduring the
return transaction from the memory controller. Read or
clear transactionsthat are "dumb" are initiated by the processoror the bus converter during I/O or DMA operations
and do not require a cache coherencycheck.
During SMB write transactions,the master sends4, 16,
or 32 bytes of data to the slave. Purge cache,flush cache,
and purge TLB transactions are broadcast on the SMB to
implement these instructions. Five virtual indexing bits
areinsertedinto the 32-bit SMB real addressto allow indexTable I
SMB Transactions

Transaction
Type
Read(dumb)
Readshared(smart)
Readprivate (smart)
Clear (smart)
Clear (dumb)
Write
Return (dumb)
Return shared (smart)
Return private (smart)
Return clear (smart)
Return clear (dumb)
Purgecache
Flush cache
Purge TLB

Size
(bytes)

Initiated
By

Received
By

4,t6,32
32
32
16
16
4,76,32
4,76,32
32
32
16
16

SIU,BC
SIU,BC
SIU,MC
SIU
BC
SIU,BC
BC,MC
MC
MC
MC
MC

BC,MC,
SIU,MC
MC
MC
SIU,BC,MC
SIU,BC
SIU
SIU
SIU
BC

Sru
Sru
Sru

Sru
SIU
SIU

SIU = System Interface Unit
BC : Bus Converter
MC = Memory Controller
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ing into a 64K-byte cache during cache coherency checking.
To ensure fair access to the SMB for each module, the
SMB has a circular arbitration scheme based upon a priority
chain with a lockout. The arbitration hierarchy is derived
from the SMB backplane wiring that connects the arbitration request output signals (NARB)to the arbitration inhibit
input signals (NINHJof the lower-priority modules.
If a module is performing a write, a return of read data,
or a purge TLB transaction, data is transfened on subsequent bus cycles. The NBUSYsignal locks out arbitration
to tie up the bus for multicycle transactions, and the NOK
signal is asserted to indicate that the bus address and data
are valid. NACK(acknowledge) and NRETRY(retry) are used
to indicate acceptance or refusal of transactions. Either
NACKor NRETRYis asserted by a cache coherency checking
processor during a return transaction if a clean or dirty copy
of the line is detected, respectively. The SMB modules log
and report parity, addressing, or protocol errors. The SMB
address and data are protected by a single odd parity bit.
SMB Electrical Design
SMB electrical design was extensively modeled to predict the interactions of the chips, pin-grid array packages,
connectors, and boards. Signal coupling, oscillation, di/dt
noise, power supply noise, and maximum frequency of
operation were simulated. Worst-case SMB simulations
and measurements verified 27S-MHZ operation and an
adequate precharge level.
The interconnect model is a complete, unscaled representation of the longest trace path. Propagation delay and
impedance values are based on worst-case length and thickness variations. The chip models and power supply net
impedences are scaled as a compromise between detail and
Spice simulation time. The model is limited to seven signals, two ground pads, and a single power pad. Detailed
pin-grid array signal models and inductive coupling are
included only in the driving chip.
A new connector and backplane design was required for
the 27.5-MHz SMB. The design goals were to maintain a
good impedance match between printed circuit boards
through the SMB connector, minimize signal crosstalk, and
minimize the SMB length for high-frequency operation.
The new connector was developed using proven pin and
socket technology and our current qualified vendor to reduce program risk. Press-fit technology allows us to load
connectors (and therefore boards) from both sides of the
backplane to implement a ten-inch-long, 27.5-MHz SMB.
The design goal for the connector impedance was 50f,1
to match the 30O VLSI package impedance to the 50O
circuit board and backplane impedanc'e. Impedance matching is important to minimize signal reflection and oscillation. However, typical pin and socket connectors exhibit
B0-to-100-ohm impedances. To reduce connector impedance and signal crosstalk, the number of ground pins was
increased, resulting in a l,:1 ground-to-signal pin ratio.
Also, a low-impedance ground return path was added: a
fifth row was added to the 4-row, 440-pin connector in the
form of small plates and flat spring contacts. This creates
a very short, low-inductance path with a relatively wide,
flat surface area. The new connector's impedance of 60 to
65 ohms allows the SMB to run at 27 .5 MHz and prevents

excessive crosstalk during multiple switching operations.

Memory SubsYstem
950
The main memory system of the Model B50S/Series
is designedfor high bandwidth, large maximum memory
size, and reliable operation. The main memory controller
can support from 16M to 12BMbytesof memory. Provision
has been made to allow the addition of a secondmemory
controller with its own memory bus and 16M to 128M
bytes of memory; however, this configuration is not supported at this time.
Memory Controller Board
The memory controller board provides the interfacebetween the systemmain bus (SMB)sharedbetweenthe processor and I/O and the memory array bus shared between
the memory controller and the memory array boards.The
memory controller communicates with from one to eight
16M-byte memory array boards over the ASTTL memory
array bus.
The heart of the memory controller board is the memory
controller chip, a proprietary HP VLSI IC fabricated in
NMOS-il. This IC incorporates the logic to interface the
SMB to the memory array bus, provide error detection and
correction, conform to HP Precision Architecture requirements, and generateDRAM control timing, all in one 272pin pin-grid array package.The high density of this controller contributes to the reliable operation of the memory
system.
During power failures, data in memory is maintained by
external batteries for at least fifteen minutes. To maximize
the amount of battery backup time available, the memory
controller IC is not battery-backedand TTL on the memory
controller board handles all memory refresh operations.
Memory Array Boards
Each memory array board provides the basic control logic
and buffering to drive 144 dynamic random-accessmemory
(DRAM) ICs. The DRAMs are arranged as two banks, each
1M words by 64 bits (plus B bits for error conection).Memory data accessinterleaves between these banks and uses
the nibble-mode function of the DRAMs. The combination
of bank interleaving, nibble-mode DRAMs, and a wide data
bus provides the high bandwidth of the memory system'
Memory can be accessedin either 16-byte or 32-byte
transactions.A 32-bytetransaction can come from either
a processorcache miss or the I/O system and requires 17
cyclesfor read operationsand 16 cyclesfor write operations
from the memory controller to the selectedarray. A 16-byte
transaction comes from the VO system and requires 12
cycles for either read or write operations.This timing allows a maximum sustained performance of 51 megabytes
per second during 3z-byte read cycles and 55 megabytes
per secondduring 32-bytewrite cycles.
To maximize performance, careful attention was paid to
board and backplane layout, the choice of TTL devices
used, and the internal designof the memory controller IC.
Spice simulations were done on the backplane and DRAM
drivers to minimize both delay and skew. Careful analysis
of the DRAM and bank switching control signals was done
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to optimize performancewhile still permitting a largemem_
ory size of 128M bytes per memory controller.
Memory Controller Chip
The memory controller chip employsa data path organization with a central registerstackcontaining the address/
data path of the controller. The design,implemented with
80,000transistors,consistsof two I/O bus interfaces,three
control PLAs, and a register stack containing nine circuit
blocks. OI the 2ZZ pins in the package,84 are used for the
SMB interface,93 for the memory array bus interface,four
to connect to nine serial scan paths, and g1 for power,
ground, and clocks.
A number of circuit blocks are unique to the memory
controller.Therearecomparatorsto map incomingaddresses
to various addressranges,queuesto buffer addressesand
data, and error detection/correctioncircuitry for the SMB
and memory array bus addressesand data. To sustain
maximum throughput to memory, 64-bit busesare widely
employed in the data path and interfaces.
The memory controller servicesreadsand writes to main
memory as initiated on the SMB. In addition, the memory
controller respondsas an I/O device to configure memory
and return status.The controller can buffer two read transactions and one write transaction.Eachtransactioncan be
either a 16-byte or a 32-byte data transfer.The controller
buffersthe data for one read requestand one write request.
The controller's write queue is logically an extension of
the processor'scache. Internally, the controller initiates
memory refresh sequencesto main memory.
The memory controller operates as two independent
units controlling the SMB and memory arrav board interfaces,respectively.Internally, the coniroller arbitratesfor
use of the queuesand buffers within the chip. The controller can simultaneously process an SMB read/write request
or return read data while processing a memory aray bus
read/write to memory or memory refresh sequence.
This partition ideally maximizes memory throughput
during heavy traffic conditions. When two -"-o.y i"id,
are buffered, the controller is able to start the second memory read even though the first memory read's data is still
in the internal data buffers. The second transaction is allowed to proceed if the first read transaction is able to
return data to the SMB before the second read,s data becomes available. If the read buffer remains occupied, the
secondread is abortedand restarted.
In any computer, data integrity is paramount. Each O+_bit
memory word has eight check bits associatedwith it. These
bits allow the memory system to detect and correct all
single-biterrorsin any word of memory.Should a single-bit
error occur, the incorrect data and location are stored in a
memory controllerregisterfor operatingsystemuseor diag_
nostic logging.These eight extra check bits also allow for
the detection of all double-bit errors in anv 64-bit word.
Double-bit errors are not correctable.
Parity is generated and checked between the memory
controller and the selected memory array on -"-o.y
uddresses.This will detect otherwise unreported transient
errorsthat could destroy data at random memorv locations.
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IiO Subsystem
The Model B50S/Series9s0 I/O subsystemis designed
to the specificationsof Hp precision I/O Architecture.fThe
main designfeatureof this architectureis its transparencv
at the architected level. To software, the I/O system is a
uniforni set of memory mapped registersindependent of
which bus they are physically located on.
Although the architectureprescribesa simple and uni_
form I/O systemsoftwareinterface,the hardwareis allowed
tremendous flexibility. In particular, the I/O system can
include any number of dissimilar busesinterconnectedby
transparentbus converters.The transparentbus converters
make the boundary between adjacent buses invisible to
software, automatically compensating for differences in
bus speedor protocol. The mapping betweenbuseson the
Model B50S/Seriesg50 is accomplishedprimarily through
the use of bus converters.
The architecture differentiates between Hp precision
Architecture buses and other buses.An Hp precision Ar_
chitecturebus supportsthe Hp precisionArchitecture stan_
dard transactionsand can be connectedto other Hp preci_
sion Architecture busesthrough transparentbus convert_
ers. Other busescan be connectedto an Hp precision Ar_
chitecture systemthrough foreign bus adapters,which are
not transparent,but instead have an architectedsoftware
gS0 takes advantageof
interface. The Model B5OS/Series
bus converterswhere an interfaceto an existing bus fsuch
as HP's CIO bus) is required.
The I/O systemof the Model B50S/Series
g50 reliesheavi_
ly on the same custom NMOS-II VLSI technologyused in
the system'sprocessor.Two custom ICs were developed
for the VO subsystem:a bus converterchip, which implements a subset of the bus converter functionality, and a
CIO bus channel adapterchip, which implements the com_
plete translation of the MidBus protocol to the CIO bus
protocol. The use of NMOS VLSI technology in these circuits made possibletheir implementation in a reasonable
sizeand at a much lower costthan alternativetechnologies.
Bus Gonverter
The function of the SMB-to-MidBusbus converter is to
convert transactionsbetweenthe SMB and the TTl_signal_
level MidBus. The bus converterconsistsof a single board
containing one custom NMOS-II VLSI bus converterchip
and several TTL buffer chips.
As the first bus converter to be implemented in an Hp
PrecisionArchitecture system,the Model B50S/Series950
bus converterhad a large influence on the developmentof
the bus converter definition for the architecture. Much of
the bus converter architecturewas developed in parallel
with the bus converter design, and the architecture bene_
fited from the insights and experience of the bus converter
implementation team.
Since transactions can originate on either the SMB or
the MidBus, there are two sets of control centers within
the bus converter chip, each of which is associatedwith
one of the two bus interfaces.Communication between the
two interfacesis facilitated by data/addressqueuesand an
array of transaction state latches. The algorithms of the bus
converter are designedto maximize throughput of the most

frequent operations,especiallywrites from I/O modules on
the MidBus to memory on the SMB.
Testability is an important aspect of the bus converter
design, and the test engineer was an integral member of
the design team. The bus converter follows the conventional NMOS-il VLSI test methodologyusing shift chains,
single-step,and a debugport to allow diagnosticaccessto
almost every storagenode within the chip. The bus converter is capableof scanning 977 bits of stateinformation
from sevenscanpaths routed through the functional blocks.
Channel Adapter
The channel adapter is a bus adapter module that interfacesthe MidBus to the CIO bus, which is a standardHP
I/O bus. The channel adapter performs all the necessary
protocol conversionsbetween the MidBus and the 16-bit,
five-megabyte/secondpeak bandwidth CIO bus. The channel adapterconsistsof a singleboardcontainingone custom
NMOS-III VLSI channel adapter chip, severalTTL buffer
chips, ROMs containing code for I/O drivers and self-test,
and miscellaneoussupport logic.
The channel adapter allows full compatibility with all
existing HP CIO I/O cards, as well as additional HP CIO
cards presentlyin development.Although the CIO bus protocol differs from HP Precision I/O Architecture in many
ways, the foreign bus adapter maps all of the necessary
CIO functions into the standard register interface through
which it communicateswith the I/O system.In accordance
with the CIO bus protocol, the channel adapter servesas
a central time-shared DMA controller on the CIO bus. The
channel adapter is the initiator of all CIO bus transactions,
and it is the arbitrator that maximizes the efficient use of
the CIO bus bandwidth. The channel adapter provides data
buffering and address translation as it transfers data between the I/O modules on the CIO bus and the memory
modules on other buses within the system. The channel
adapter also translates interrupts and error messagesinto
the protocol used by the HP Precision Architecture I/O
system. By handling all normal DMA transfers and the
majority of error conditions in complete autonomy, the
channel adapter can greatly reduce the processoroverhead
required to operate the CIO bus. Except in the rare error
casethat requires software intervention, the channel adapter appears to the system as a set of standard DMA adapter
modules conforming to the HP Precision Architecture specifications for an I/O module.

on many aspectsof the design.
The system clock originates on the clock board at TTL
levels. A single hexadecimal NoR TTL buffer is used to
drive the discrete transistor clock sync circuits and the
TTL refresh clocks. The use of a single buffer minimizes
skew between the VLSI memory controller and TTL logic
on the memory controller board which provides batterybacked refresh signals. The discrete clock sync circuitry
provides the signals that become the main system clock.
Conversion between the the TTL clock levels and the
analog levels of the clock sync circuitry is done by an npn
differential amplifier (Fig. 6). The output of the differential
amplifier is then fed to an emitter follower, which drives
three npn/pnp push-pull pairs which drive the clock SYNC
signals out to receiver circuitry on up to eight different
boards on the SMB. The emitter follower's output is the
one absolutetime referencepoint for the clock generation
and distribution system.
The clock SYNCsigrrals enter the 50O backplane traces
through source-terminatedtransmission lines. Each re-

SystemClock
The accurate generation and distribution of a 27.l-MHz
clock signal is crucial to the performance of the Model
850S/Series950. The clock signal originateson the'clock
board and is shaped, amplified, and distributed to eight
individual slots on the systemmain bus (SMB).While the
Model 850S/Series950 can use up to four SMB slots, the
clock distribution network must support the full eight SMB
slots to provide for future expansion. Each SMB board has
its own local driver circuitry which then distributes the
clock signalto individual VLSI ICs on the board.The reduction and control of skew in the clock system was a major
challenge to the desigrr team and required tight tolerances

Fig. 6. C/ock distribution system
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ceiver board has an npn emitter follower receiver which
then drives an npn emitter follower predriver. The predriver controls an npn/pnp push/pull pair which drives
the clock signal through a termination and deskewingnetwork to each IC.
The clock deskewing network minimizes circuit variationsand increasesperformance.Eachnetwork is adjusted
at the factoryby adding or subtractingdelay lines by means
of jumpers. All boardsare set to the samestandard,so the
customer can expect a clock system that is optimized for
high performancebut will not require periodic field tuning
and will accept boards manufactured at any HP site.
EachVLSI IC has its own internal circuitry that develops
two phasesof nonoverlappedclock signalsfor internal use.
The SYNCsignal from the discrete clock circuitry is only
used as a timing reference;hence the name "clock SYNC."
gS0 clock systemonly the rising
In the Model B50S/Series
edgeof the SYNCsignal has any significance.
For a given IC process and machine layout many variables, such as device and backplane propagation delays,
are fixed. Thus the difference in time between the clock
seenat one point in the systemand the clock seenat another
point, or clock skew, can limit a given machine'smaximum
frequency of operation. In the Model Bs0s/Series950 the
limiting effects of clock skew showed up on both the cache
bus and the system memory bus. Reduction of this skew
was crucial to system performance.
Skew was reduced by careful design,layout, and testing
of backplanes and printed circuit boards. Time intervals
of tensof picosecondswere calculatedand measured.Highfrequency second-order effects such as the effects of via
capacitancehad to be understood to minimize the differencesbetweenclock circuits on different boards.The solution has resulted in a clock system that can route a clock
SYNCsignal to three to eight SMB boards and a maximum
of 28 differentVLSI ICswith a total skewof lessthan 800ps.

Control, Diagnostic, and Power Subsystem
One of the CIO bus channel adapter slots has been customized to allow the installation of the accessport card.
This card provides operatoraccessto the SPU,remotesupport of the SPUvia modem connection, and remote operator
accessto the SPU.Operatorcontrol of the SPU is provided
through an operator'sconsole.This consolecan be located
away from the SPU for efficient computer room layout. A
control panel located on top of the SPU contains a subset
of the operator controls and provides a keyed switch for
operatoraccesssecurity.
The control panel provides a visual indication of the
SPU's operational status and an uncomplicated, physical
interface to start and control the system.It provides system
self-test information during the boot process and system
functionality during normal operation through a four-digit
hexadecimal display. Power system diagnostic information
is supplied by LEDs. All diagnostic information is combined into three basic machine conditions (normal operation, operation with an operator warning, and nonoperating) which are displayed through three indicators (green,
red, and yellow) visible from all sides of the SpU. An additional high-visibility display indicates whether remote
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operator accessis enabled.
Designof the control panel for electromagneticcompatibility was especiallydifficult since the control panel must
contain any electromagneticinterference(EMI) generated
in the high-performancelogic system,and must protect the
circuitry from electrostatic discharge (ESD).Mechanical
and electrical design teamsworked togetherto meet these
stringent requirements.Interfacecircuits are filtered to remove normal-mode noise before cabling to the control
panel. The filters also guard the internal circuits against
ESD-inducedtransients.The mechanicaldesignminimizes
the control panel's ESD entry points by using light pipes
and a molded plastic enclosure.The inner surfaceof the
enclosureis zinc-coatedand electrically connectedto the
chassisto act as an EMI shield and a conductive path for
ESD.
gbO power system delivers 2,4
The Model BSOS/Series
kilowatts of dc power to the processor,memory, I/O, and
support subsystems.Ac power is filtered and convertedto
300Vdc in the ac unit. This 300V dc power is then used
to power eight dc-to-dc switching power supplies, which
provide the dc voltagesrequired by the electronics.Highcurrent power is delivered through a solid copper bus bar,
and lower-current voltagesare supplied via cables.Some
critical voltages are regulated on the boards where thev are
needed.

SPU Product Design
Packaging
The Model B50S/Seriesg50 is packagedfor the international EDP room environment, where operators work on
the SPU from remote terminals and have only intermittent
contact with the SPU itself. When there is contact with the
SPU, the operator is usually standing.For this reason,the
SPU height and control panel location were designedto
be a good fit for the middle 90% of the international population. Additionally, the primary statusindicators and the
SPU itself are designedto be viewed from all sides.
The enclosures(front and back doors, side panels, and
top covers)of the SPU are made of injection molded structural foam plastic. This provides an excellent appearance,
with crisp lines and consistentdetailing.The useof molded
plastic also allowed the design of featuresfor quick, easy
accessto the machine, aerodynamicventing for more efficient cooling, elimination of sightlines into the machine,
and sound absorption.
The processorand VO cardcagesincorporateRFI shielding, fixtureless backplane assembly, air filter, fan plenum
attachment features, and space for the maximum number
of boards to be installed. Similarly, the molded fan plena,
system frame, and power supply rack all integrate many
functions. This level of integration allows very efficient
manufacturing and simple field installation and access.
The packageis key to providing the growth and upgrade
potential of the product. Using two back-to-backcardcages
allows the devices on the SMB to be placed close enough
together that spaceis left for additional SMB devices to be
added in the future. All the major subsystemsin the SPU
are near other similar subsystems.This allows the use of
common cooling and EMI shielding systems, and

minimizes the number of parts required in the package.
Cooling is simplified by the dual-cardcagedesign.All of
the boards in the system, including the processors'are
arrangedvertically and side by side, like books on a bookshelf. Theseare in the middle of the SPU and cooling fans
are underneath. The fans are mounted in plastic fan trays
and pull cool, clean air acrossthe componentsin the system. The plastic trays and simple card arrangement combine to provide easy manufacturing and servicing of the
cooling system.
This complex integrated package design was possible
because of extensive interaction between the packaging
engineersand the electrical engineersearly in the development of the product. The result is an integrated package
that minimizes floor space and complexity, without sacrificing manufacturability or serviceability.
System Growth
950
A design goal was that the basic Model BSOS/Series
SPU hardware design be able to support at least two substantial performance upgrades, including larger memory
and VO configurations, for possible future HP product releases.The electrical, firmware, and product design elements have been designed to support this goal without
adding a significant factory cost burden to the initially
releasedproduct.
The performance levels of the buses (Fig. 2) and their
support capabilities are key to providing growth potential.
The high SMB bandwidth can support four additional modules of equal or higher performance, ensuring possible processor performance and memory expansion growth paths.
The two MidBuses can support high-performance VO devices or additional VLSI channel adapters, allowing the
possibility of external VO expansion. The bus structure
was thoroughly analyzed,modeled, and margin tested to
ensure the long-term stability required for growth.
Careful attention to configuration and bus length requirements produced an internal configuration that is logical
and supports upgrade goals.The SMB has to be short for
performancereasons,so SMB devicesare on both sides of
the CPU/memory backplane, cutting the maximum bus
length in half. The bus converters distribute the MidBuses
on a separate UO backplane parallel to the CPU/memory
backplane. A power distribution bus bar is sandwiched
between the two backplanes.This efficient basic layout
provides a very robust configuration with minimum space
and costpenalties.Slotsfor three possiblefuture additional
SMB devices are found on the CPU side of the cardcage.
Slots for a secondmemory controller for a secondmemory
bus supporting eight more memory arrays are there for
possiblefuture releases.This designmeetsthe high performance and upgrade goals important to our customers.
Reliability
950 SPU is exThe reliability of the Model B50S/Series
pected to be greatly improved over previous SPUs. The
VLSI technologycontributesto this improvementby a large
reduction in the number of parts in the CPU area alone.
For comparison,the HP 3000 Series70 takes eight Model
950-sizeboardsfor the processor,whereasthe
B50S/Series
950 uses only one. The VLSI memory
Model BSOS/Series

controller and bus converter greatly reduce parts count.
Parts counts are also reduced in other areas.
The design also includes featuresto improve reliability
further as the product matures. An excellent example is
that the memory system was designed to take advantage
of 1M-byteDRAMs for performanceand reliability reasons
from the beginning. By the time the cost of those chips
made a 16M-byteboard economical,the board designwas
alread-rrdone. There are many other areas in the current
design that will enablefurther reliability improvements.
Supportability
SPU support is composedof two categories:initial and
add-on installation, and on-going support. Both of these
categoriesare addressedby the design.
Supportability goals were set early in the development
processand reviews were conducted during all phasesof
the development cycle to evaluate the ability of an HP
CustomerEngineerto isolateand replacefailed assemblies
quickly and accurately. For example, there are no configuration switches or jumpers on any assemblies,Instead,
all assembliesare configured automatically during powerup and those required for initial system boot are tested
automatically during the boot process.Captive fasteners
are used extensivelyto speedup unit removal and replacement. Where captive fastenerscould not be employed,the
number of screw sizeswas minimized to simplify the reassembly process. Front connectors have been eliminated
from all assemblies,and cablingis reducedto a minimum.
Fault diagnosis uses a four-level approach, with each
level capableof diagnosingall hardware necessaryto load
the next level of diagnostics.At power-on, the processor
board initiates the first level by running a self-teston itself.
After this test is passed,a second level of self-testis invoked, testing all the hardware in the boot path. The third
level of diagnosticscan now be run, and all the boards in
the system can be tested. After this, the operating system
can be loaded. Then the fourth level of diagnostics,a set
of on-line diagnostics,can be run.
Manufacturability
Throughout the development of the Model B50S/Series
950 SPU, design engineersand manufacturing engineers
worked together to optimize the manufacturability of the
SPU. Early in the project, the SPU design team set goals
for part count, part number count, number of vendors, assembly time, and percentautoinsertabilityof components.
These goals were chosen to minimize overhead cost and
cycle time and increasequality. In addition, standardshipping packagesand shipping methods were targeted and
used to help set the external size constraints for the
machine.
Design for manufacturability guidelines were used by all
engineers,and design reviews were conductedto improve
the design. As the development of the SPU progressed,
these critical parameters were tracked and the designs reviewed with the intent of improving the performance in
these areas.Progresstoward the goals was reviewed and
tracked on a monthly basis, and a complete assembly
analysis was performed before each major design phase of
the project. The result is a product with high manufacturing

..IOURNNI47
1987 HEWLETT-PACTNNO
SEPTEIUBER

efficiency, which translatesinto lower prices and better
value to the customer.
Shipment methods and their effect on installation time
were important considerations.Two methods of shipment
were developed. For shipments within the continental
United States,the Model BSOS/Series
950 is shipped as a
single unit in a padded van. For overseasshipments, the
Model B50S/Series
SS0SPUis put on a single pallet which
fits into standard aircraft cargo containers. This twomethod shipping strategy reduces shipping costs for
domestic shipments by eliminating parts.
Installation is now very simple. No mechanicalor electrical assemblyis required at the customer's site. The installation time is reduced to less than half that of the Hp 3000
Series70.
This commitment to designing for manufacturability resulted in a significant improvement over existing products.
All measures show improvement over current high-end
products. Part count, part number count, and assembly
time have been reduced by S0%. Manufacturing cost has
been reduced by zS%, and autoinsertabilitv has been increasedby 33%.
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