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1 Abstract

The M cr oVAX 3100 Model 90 and VAX 4000 Model 100 systems were designed to
nmeet the grow ng demand for | ow cost, high-performnce desktop servers and
ti mesharing systens. Both systens are based on the NVAX CPU chip and a set
of VLSI support chips, which provide outstanding CPU and 1/ O perfornmance.
Housed in |ike desktop enclosures, the two systens provide 24 tinmes the CPU
performance of the original VAX-11/780 conputer. Wth over 2.5 gigabytes

of disk storage and 128 negabytes of main nmenory, the conplete base system
fits in less than one cubic foot of space. The system design was highly

| everaged from existing designs to help neet an aggressi ve schedul e.

2 Introduction

The demand for |ow cost, high-performance desktop servers and tinesharing
systems is increasing rapidly. The M croVAX 3100 Model 90 and VAX 4000
Model 100 systens were designed to neet this demand. Both systens are
based on the NVAX CPU chip and a set of very large-scale integration (VLSI)
support chips, which provide outstanding CPU and I/ 0O performance. [ 1]

Each nmenber of the M croVAX 3100 family of systems constitutes a | ow

cost, general -purpose, multiuser VAX systemin an enclosure that fits

on the desktop. This enclosure supports all the required conponents of

a typical system including the nmain nmenmory, synchronous and asynchronous
comuni cation lines, thick-wire and ThinWre Ethernet, and up to five snall
conputer systeminterface (SCSl)-based storage devices.

The M croVAX 3100 Model 90 system replaces the Mddel 80 as the top
performer in the line; the new nodel has considerably nore than tw ce

the CPU power of the previous nodel.[2] The Mddel 90 system al so includes
performance enhancenents to the Ethernet and SCSI adapters, as well as an

i ncreased mexi mum system nenory of 128 nmegabytes (MB). The CPU not her board
for the McroVAX 3100 Model 90 systemis called the KA50.

The VAX 4000 Model 100 systemis housed in the sane desktop packagi ng as
the M croVAX 3100 Model 90 and provides the same base functionality. The
VAX 4000 Model 100 adds two key features found in all previous VAX 4000
systems, i.e., Digital Storage Systens |Interconnect (DSSI) storage and

Q bus expansion. The CPU nother board for the VAX 4000 Model 100 systemis
call ed the KA52.

The KA50 and KA52 CPUs are built froma comon CPU nother board design; the
base CPU not her board is configured to create either the KA50 or the KA52



product modul e. The DSSI and Q bus optional hardware is added to the CPU
not her board to convert a KA50 to a KA52. Also, to provide the additiona
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superset functionality found on the KA52 CPU, the different systemread-
only nenories (ROVs) are added during the manufacturing process. In this
paper, the KA50 and KA52 CPUs are referred to as the CPU not her board or
nodul e, except where di fferences exist.

The system design was highly | everaged from exi sting designs to help neet
an aggressive schedul e. This paper describes the design and inplenentation
of these systens.
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3 Design Coals

The design teamis primary goal was to develop a CPU nother board that would
provi de at |east twice the CPU performance of the M croVAX 3100 Mddel 80,
whil e supporting all of the same I/0O functionality of the previous systens.
This new system woul d | everage the core CPU design fromthe VAX 4000 Movde
500 system thus delivering the high performnce of the NVAX CPU chip to

t he desktop. [ 3]

The team set additional goals to increase systemcapability and
performance. These goals were to

1. Increase the maxi mum system nmenory from 72MB to 128MB

2. Provide error correction code (ECC) protection to nenory using menory
arrays that previously supported only parity

3. Increase the performance of the Ethernet adapter
4. Increase the performance of the SCSI adapter

Early in the project, the team proposed creating a second CPU design that
woul d have the features of the |arger VAX 4000 systens. This proposa
resulted in the design of a DSSI adapter option for the CPU nother board,
as well as a Q bus adapter to provide a nmeans to upgrade the CPU power of
ol der @Q bus{-}based M croVAX systens.

The project to design, inplenment, and field-test these systens was
acconpl i shed under an aggressive schedul e. Both designs were ready to
ship to custonmers in just over nine nonths fromthe official start of the
proj ect.

4 System Overvi ew

The M croVAX 3100 Model 90 system supports the sane |/ O functionality as
the previous generation of systems, the M croVAX 3100 Mbdel s 40 and 80.
The features include a SCSI storage adapter, 20 asynchronous communi cation
ports, two synchronous conmuni cati on ports, and an Ethernet adapter

The VAX 4000 Model 100 includes the sanme 1/0O functionality as the M croVAX
3100 Model 90. In addition, the systemprovides the |I/O functionality of
the | arger VAX 4000 systenms, that is, a high-performance DSSI storage
adapter and a Q bus adapter port that connects to an external Q bus

encl osure.

Both systens provide 24 tines the CPU performance of a VAX-11/780 system
The nmenory subsystemuses Digital's M544 single in-line nenory nodul es



(SI M) and thus provides 16MB, 32MB, 64MB, 80MB, or 128MB of main nmenory.

As shown in Figure 1, the system enclosure used to house both systens,
nanmely the BA42B, provides nounting for the CPU nother board, up to five
| ocations for disk and tape devices, a 166-watt power supply, and fans
for cooling the systemelenents. In addition, the enclosure shields the
system fromradi ated enm ssions. All |1/0O connections are filtered and exit
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the encl osure through cutouts in the rear panel. The system encl osure
is conpact and neasures 14.99 centinmeters (5.9 inches) high by 46.38
centineters (18.26 inches) wi de by 40.00 centinmeters (15.75 inches) deep

The system encl osure contains two shel ves that support the mass storage
devices. In the McroVAX 3100 Model 90, these storage |locations are cabled
to support SCSI disks and tapes. The upper shelf supports three SCSI disks,
whereas the | ower shelf supports two SCSI devices (any conbi nati on of
renmovabl e or 3 1/2-inch disks) with access through a door in the front

of the enclosure. In the VAX 4000 Model 100, the top shelf is configured
to support three 3 1/2-inch DSSI disks; the bottom shelf supports two SCS
devices, as in the McroVAX 3100 Mbdel 90.

The VAX 4000 Model 100 DSSI support is provided by a high-perfornmance
DSSI adapter card based on the shared-host adapter chip (SHAC), i.e., a
custom VLSI design with an integrated reduced instruction set conputer
(RI'SC) processor.[3] The systemis configured with DSSI as the primry

di sk storage. The DSSI bus exits the encl osure by nmeans of a connector on
t he back panel. This expansion port can be used to connect the systemto
addi ti onal DSSI devices, or to forma DSSI-based VAXcluster with a second
VAX 4000 Model 100 or any other DSSI-based system

The Q bus support on the VAX 4000 Model 100 is provided by the VLSI adapter
chip, i.e., the CVAX @2-bus interface chip (CQBIC).[4] There are no Q bus
option slots in the systemenclosure. The Q bus connects to an expansi on
encl osure through a pair of connectors at the rear of the system enclosure.
Two shi el ded cabl es and the H9405 expansi on nodul e are used to connect the
Q bus to the expansion enclosure. The near end of the Qbus is term nated
in the system encl osure.

5 CPU Mt her Board Design

The design goals presented engineering with constraints that forced

design trade-offs. Some key constraints were (1) fitting the required
functionality on a single 10-by-14-inch nodule; (2) designing the systemto
adhere to the system power and cooling budget; and (3) mininzing changes
to the functional view of the nodul e over previous designs, to decrease the
nunber of software nodifications required for operating system support.

The primary way the design team ninim zed system devel opnent was to

| everage as much as practical from existing designs. The CPU not her

board desi gn used conponents fromthe VAX 4000 Mbdel 500, M croVAX 3100
Model 80, and VAXstation 4000 Mbdel 90 systens. Using proven design
conmponents allowed for a shorter devel opment cycle, smaller design teans,
and consequently, a higher-quality design, while neeting an aggressive
schedul e.



The design is structured so that both CPU nother boards can be built
using the same printed wiring board (PWB). The added functionality for
the KA52 is provided by a daughter card, additional hardware and cabling,
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and different system ROVs. The shared desi gn hel ped reduce the conplexity
in testing and qualifying the system design

The CPU nodul e contains three major sections: the CPU core, the nenory
subsystem and the |/ O subsystem Figure 2 is a block diagram of the basic
CPU nodul e for the VAX 4000 Model 100 and M croVAX 3100 Mbdel 90 systens.
Figure 3 is a photograph of the nodule, including the DSSI daughter card
opti on.

The CPU not her board includes a |linear regul ator that generates |oca
3.3-volt (V) current for the CPU core chip set. The voltage is stepped
down fromthe 5-V supply. The regulator is necessary because the 3.3-V
direct current (DC) of the systemis not sufficient to neet the +3 percent
tol erance regulation or to supply the required maxi mum current.

NOTE
Figure 3 (CPU Mother Board) is a photograph and is unavail abl e.
CPU Core

The CPU core consists of three chips: the NVAX CPU chip, the NVAX data and
address lines (NDAL) nmenory controller (NMC) chip, and the NDAL-to- CVAX
pin (CP) bus adapter (NCA) chip. The NVAX chip directly controls the 128-
kil obyte (KB) backup cache. The core chip set is interconnected by neans
of the NDAL pin bus, as shown in Figure 2. The NDAL bus is 64 bits wi de,
has a 42-nanosecond (ns) cycle tinme, and supports pended transactions.[1]
The peak bandwi dth of the NDAL bus perform ng 32-byte operations is 152
nmegabyt es per second (MB/s).

NVAX CPU Chi p. The NVAX CPU chip is an advanced inpl enentation of the

VAX architecture in Digital's fourth-generation conpl enentary netal -oxi de
sem conductor (CMOS-4) technol ogy. The NVAX device consists of 1.3 million
transistors on a die approximately 0.6 inch on a side.

The NVAX CPU chip contains the VAX CPU, a floating-point unit, and backup
cache controller logic. Sone NVAX features that enable it to increase
performance are the use of a pipelined architecture, a 2KB virtua

i nstruction cache (VIC), a 96-entry translation buffer, an on-chip 8KB

pri mary cache, and an on-chip backup cache controller. The CPU cycle clock
and NDAL bus cl ocks are generated with an on-chip clock generator supplied
by a 286-negahertz (MHz) oscillator

The NVAX CPU i s based on a hi gh-performance macropi pelined architecture
simlar to that of the VAX 9000 CPU.[1,5] The VIC allows the caching of
i nstructions that have already been translated to virtual addresses. Having
t he backup cache controller on the chip decreases backup cache access tine



because no external logic, with the resulting delays, is required.

NVAX Menory Controller Chip. The NMC is the NVAX nenory controller
implemented in Digital's third-generation conpl ementary netal -oxi de

sem conductor (CMOS-3) technol ogy.[6] The NMC consists of 148, 000
transistors and is the high-speed interface to the system main nenory. The
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NMC is the arbiter for the three chips on the NDAL bus, nanely, the NVAX,
the NCA, and the NMC. The NMC chi p manages the array of ownership bits
that correspond to each 32-byte segnent of nenory. Each of these segnents
corresponds to a cache line. The ownership bit indicates whether the valid
copy of the data is in nmenory, in the CPU wite-back cache, or in an |I/O
devi ces buffer.

The NMC has four command queues that accept read, wite, and renmove wite
privilege transactions fromthe NDAL bus. Buffers hold the read data to
be returned to the node that requested the data. The NMC and the nenory
subsystem provi de the 95MB/s of bandw dth shared by the NVAX and the |/0O
devi ces.

NDAL-t o- CP Bus Adapter Chip. The NCA chip, also inplenented in Digital's
CMOS- 3 technology, is the interface fromthe NDAL to the CP bus.[6] The NCA
consi sts of 155,000 transistors and supports two CP buses. The CP bus used
on the CVAX mcroprocessor famly is also used on many of Digital's custom
I/ O adapter chips, such as the CQBIC, the SHAC, the second-generation

Et hernet controller (SGEC), and the system support chip (SSC).[3,4,7, 8]
Thus, the hardware and software designs for these I/O functions could be

| everaged from previous efforts. The NCA performs direct nenory access
(DMA) fromthe 1/0O devices and supports the cache consi stency protoco

requi red for the NDAL bus.

The NCA was designed to optimze DVA traffic from CP bus devices. In the
KA50 CPU, the CP bus devices include the SGEC Et hernet adapter, the SSC,
the field erasabl e programmabl e read-only nmenory (FEPROM) subsystem the
CP-t o- EDAL adapter chip (CEAC), and the SCSI quadword first in, first out
(SQAF) chip. In addition, the asynchronous comruni cation option is attached
to the CP bus. The KA52 CPU al so attaches the CQBI C Q bus adapter chip and
t he SHAC DSSI host adapter chip

Menory Subsystem

The nmenory subsystemis controlled by the NMC chip. The main nmenory is

i mpl emented usi ng Ms44 SI M and | owcost gate array (LCGA) chips to
provi de an interface between the NMC and the SIMVs.[9] The SIMVs are
used in groups of four to provide two interleaved banks, each with a 64-
bit data path and eight bits of ECC. This interleaving schene increases
the bandwi dth of main nenory by alternating data between both banks of
menory. The ECC provides single-bit error correction and double-bit error
det ecti on.

The individual SIMVs are available in either 4MB or 16MB variants. Since
four SIMM forma conplete functional set, sets can be 16MB or 64MB in
size. Therefore, because the system supports up to two sets of SIMVs, the



total system nenory size can be either 16MB, 32MB, 64MB, 80MB, or 128MB,
dependi ng on the conbi nati on of SIMM size and the nunber of sets.
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To coincide with the cache coherency schene used in the NVAX CPU chip, the
NMC keeps track of the cache lines that have wite privilege reserved by
the CPU or 1/0O devices. This state is stored in separate dynam ¢ random
access nenories (DRAMs). These DRAMs interface directly to the NMC by neans
of a private bus. The ownership bits are protected by ECC.

I/ O Subsystem

Because the M croVAX 3100 Mbdel 90 was intended as an upgrade for the Mde
40 and 80 systens, the |/ O subsystem of the earlier systens dictated the
design of the new Mbdel 90. In addition, the I/O subsystem of the KA52

CPU nodul e for the VAX 4000 Model 100 supports two functions found in the
ot her VAX 4000 systens, the DSSI adapter and the Q bus adapter.[9] The 1/0O
subsystemincludes a ThinWre and thick-wi re Ethernet adapter, four built-
i n asynchronous terninal |ines, a connector for the asynchronous option,
and the CEAC and SQW chi ps.

A bus interface was incorporated in the I/O subsystemto support the DSW2
synchronous contmuni cati on option, the SCSI adapter chip, and the QUART
four-port asynchronous controller chip. The CEAC and SQAF chips, which are
gate arrays designed for the VAXstation 4000 Mbdel 90, are used to create
t he EDAL bus.

Support for the SCSI bus is provided by the 53C94 SCSI adapter chip.[10]
The 53C94 chip is interfaced to the systemon the EDAL bus and uses the
SQWF chip to increase its DVA performance. The SQAF chip nakes it possible
to buffer data noving to the CP bus. The SCSI bus operates in synchronous
node for high-performance storage access of 5MB/s.

The QUART gate array supplies the logic for four built-in serial ports.

The QUART, originally used on the DZQL1l Q bus device, provides the sane
software interface as that device. The third port provides nmodem contro
functions by nmeans of additional logic; the first, second, and fourth ports
are data | eads only.

The SGEC Et hernet adapter chip was chosen because it provides higher
performance than the Ethernet adapter used on the M croVAX 3100 Model 80.
The SGEC is the adapter chip used on all VAX 4000 systenms. |In addition,
this chip directly interfaces with the CP bus.

The limted size of the CPU nother board required the DSSI adapter to
be added by neans of a daughter card. The Q@ bus adapter chip and bus
term nation are provided directly on the nother board.

6 Consol e and Di agnostics

The M croVAX 3100 Models 80 and 90 differ in their consol e designs and



di agnostics. Because the basic CPU core of the M croVAX 3100 Model 90 and

t he VAX 4000 Model 100 systems is very sinmilar to that of the VAX 4000
Model 500 system the design team decided to adopt the console of the

Model 500 and add the required commands and functionality. Borrow ng proven
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desi gns, such as the consol e of another NVAX-based system significantly
shortened the product devel opment schedul e.

One enhancenent to the CPU nother board was the addition of a FEPROM
subsystem |f an update is required, the console and diagnostic code on

the CPU can be reprogrammed in the field. In contrast, previous systens
required the nenories to be in sockets and the parts to be replaced in the
field. Wth FEPROVs, a programis |oaded from any bootabl e device. This
program erases the FEPROVs and reprograms themw th the new ROM i nmage. This
enhancenent serves as an easy nechani smfor updating the ROVs in the field
to provide new features or to fix bugs that may be di scovered.

On power-up, the CPU starts executing fromthe FEPROM nenmory and runs the
power-up self-test to help verify that the systemis fully operational
Upon conpl etion of the execution of this test, the systemtransfers contro
to the consol e program Depending on the values configured in nonvolatile
menory, the console program either boots the systemw th the correct
paraneters or stops for console input.

In earlier systens, the speed of executing from ROM could be nore than

an order of magnitude slower than running from cached main nenory. The
NVAX CPU chi p added the virtual instruction cache, which allows the caching
of instruction streamreferences froml/O space. This feature greatly

i ncreases the performance of the ROM code

Consol e

The consol e program gai ns control of the CPU whenever the processor halts
or perforns a restart operation such as power-up. The consol e provides the
foll owi ng services:

1. Interface to the diagnostics that test conponents of the CPU and system

2. Autonmatic/manual bootstrap of an operating system follow ng processor
hal ts

3. An interactive command | anguage that all ows the user to exam ne and
alter the state of the processor

There are mnor differences between the KA50 and KA52 consol es. Largely,
these differences relate to the KA52 CPU not her board support for the DSSI
bus and the Q bus. Although the console is simlar to that found on the VAX
4000 Model 500, sone new comrands were inplenmented to provide functionality
that exists on previous M croVAX 3100 systens. These commands include LOG N
and SET PSWD (set password), which give support for a secure consol e; SET

/ SHOW SCSI _| D; SHOW CONFI GURATI ON; SHOW ERROR; and vari ous comrands to



support a system exerci ser.

On the KA52 CPU, the consol e supports the DSSI bus and the Qbus with a
set of commands. These commands all ow polling of the DSSI bus to deternine
what devices are present and to configure the internal paraneters of each
devi ce. The system can be booted from devices on the SCSI, DSSI, or Q bus
chips, as well as over the Ethernet port.
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Di agnostics

Di agnostics help isolate faults in the systemdown to the |evel of the
field-replaceable units. Significant effort was expended on the devel opnent
of onboard di agnostics. However, as for the console, the philosophy used in
devel opi ng these di agnostics was to | everage as much of the software design
as possible from existing designs.

Wth the advent of |arger boot and di agnostic ROVs, the diagnostic coverage
of the power-up self-tests greatly increased, including extensive testing
of the cache, the nenory, and the CPU core. These tests help assure the
custoner that a failed conponent will be detected and reported upon
power-up. I n many cases, the new tests can help isolate failures in

the individual SIMM or cache chip. This feature is used extensively in
manuf acturing, as well as by field service.

During the power-up sequence, an instruction exerciser (HCORE) is run to
test the floating-point hardware. This test provides very good coverage of
the floating-point unit. In the past, HCORE has been run as a standal one

di agnostic in manufacturing before a systemis shipped. The design team

for the two new desktop systens believed that this test should run on every
system power-up self-test.

The CPU core is designed to function over a wi de range of environnmenta
conditions. Sone variables of the environnent are tenperature, voltage,
and m ni mum maxi mum conponent paraneters at a given clock frequency.
Exceedi ng the worst-case design envel ope can cause unpredictable results.
For exanple, to avoid problenms caused by a defective main clock oscillator
that may be running too fast, the diagnostics neasure the speed of the CPU
cycle clock to determine if it is within the accepted tolerance. |If the
cycle is faster than the design nmargin dictates, an error is reported.

7 Design Tools

The design of the CPU nother board uniquely nmerged conmponents from severa
designs. The success of this approach relied on the use of design tools to
performthe nmerge and to verify the correctness of the nerge.

The normal design process is to create a set of design schematics and to
verify these through sinulation. Once the design is logically verified,

the | ayout process begins. The | ayout process includes the use of the SPICE
simulator to give direction to the physical |ayout structure and to check
the integrity of the layout.[11l] After the layout is conplete, the database
is fed back into logic simulation, which again verifies the correctness of

t he desi gn dat abase.

The CPU not her board designers took a different approach. Since the



physi cal placenment of the connector portion of the nodul e was the sane

as for the McroVAX 3100 Model 80 nodule, this design el enent was used as
the starting point for the overall design. The database was edited using
the VAX | ayout system (VLS), and the only conponents saved were those that
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were to be used in the new CPU nodul e. This procedure provided the correct
pl acement for all 1/0O connectors that exited the system encl osure.

In addition, the VAX 4000 Mbdel 500 CPU core was used as the basis for the
CPU not her board etch | ayout. The Model 500 design has proven to have very
good signal integrity due to its well-thought-out circuit board | ayout.

To | everage Mbdel 500 work in the |ayout of the CPU nother board, the
designers extracted the printed circuit board signal routing fromthe Mde
500. This signal routing included the CPU core and cache treeing, the npst
critical areas. This approach elimnated the need to nodel critical signa
i nterconnect in the design and guaranteed that the signal integrity and
connector |ayout would be identical to that of the proven Mddel 500.

Dat abase conparison tools were used to guarantee that the schematics

mat ched the physical |ayout database. As a final step, the physical |ayout
dat abase netlist was used to create a sinmulation nodel. DECSIM Digital's
simul ation tool, was used to verify the final correctness of the design
dat abase.

8 Performance

The CPU I/ O subsystens on both the M croVAX 3100 Model 90 and t he VAX 4000
Model 100 provi de exceptional performance. The DSSI bus on the KA52 CPU was
tested under the VMS operating system perform ng single-block (512-byte)
read operations from RF35 disk drives. The read rate was neasured at nore
than 1,200 1/ OGs per second. The SCSI adapter on both CPUs was neasured at
nore than 500 |/ OGs per second for single-block reads.

The Et hernet subsystem used on both the KA50 and KA52 nodules is very

ef ficient and has been neasured transmitting 64-byte packets at a rate

of 14,789 packets per second. The neasured receive rate for 64-byte packets
was 14, 785 packets per second.

The performance of the CPU subsystem has traditionally been neasured
using a suite of 99 benchmarks.[12] The results are scal ed agai nst the
performance of the VAX-11/780 processor, and the geonmetric nean is taken
This cal culation yields the VAX unit of performance (VUP) rating. The
processor VUP rating for both the KA50 and KA52 CPUs is 24 VUPs-nore than
twice the performance of the M croVAX 3100 Model 80. Table 1 presents

a summary of the performance results for the VAX 4000 Mbdel 100 and the
M croVAX 3100 Model 90 systens.

The performance of the systemin nultistreamand transaction-oriented

envi ronnents was nmeasured with TPC Benchmark A.[14] This benchmark, which
simul ates a banking system generally indicates performnce in environnents
characterized by concurrent CPU and 1/0O activity and in which nore than one



programis active at any given tinme. The performance netric is transactions
per second (TPS). The neasured performance of the VAX 4000 Mbdel 100 is

50 TPS tpsA-local; that of the M croVAX 3100 Model 90 is 34 TPS tpsA-

| ocal . The difference in performance between the VAX 4000 Model 100 and
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the M croVAX 3100 Model 90 is a result of their different disk subsystens,
i.e., the DSSI and SCSI adapter support.
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