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~ Build the Circuit Cellar
MPX-16 Computer System

" Part1 |
ned to be installed in the IBM

" Any peripheral device desig
Personal Computer can be plugged into t

Let's see. What's next? A computer-
controlled bird bath? An early-warn-
ing radar transponder? How about a
satellite-tracking system? Something
simple. '

~ After this series of articles is over, |
am going to write about uncompli-
cated construction projects for a
while. You'd think that after doing 50
or'so projects over the past four years
I'd have learned to recognize when
uncontrolled invention was getting
the upper hand;-as it “did in this
month’s project.

" 1 was caught up in the fervor that
resulted from the introduction of the
IBM Personal Computer. As I had
already written two articles on the

Intel 8088 microprocessor used in the .
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~IBM machine, 1 quickly decided to

jump on the bandwagon and pur-
chase the first IBM PC (as it's called
by its owners) that I could get my
hands on. I've found myself in agree-
ment with the prevailing opinion that
the IBM PC is a solid design and well
supported, but it’s relatively expen-
sive to upgrade. s

‘The design of the

MPX-16 had to be a

- team effort.

#

Somewhere along the way I had the
absurdly ambitious idea of presenting
a Circuit Cellar construction project
on building a full computer system
based, like the IBM PC, on the Intel
8088 microprocessor. (After all, I've
done many microprocessor projects
before.) And somewhere further
along the way I decided to do it.

his 8088-based system.

Design Concepts
Certain questions
dressed, of course. Should I try for a
10-chip design or splurge and make it
20 chips? What kind of expansion-bus
scheme should the system use? What
about supporting software? Could I
design a small 8088-based computer
and call it a development system? -
The initial stages of design moved
very quickly, and in a few weeks 1
had put together a prototype of a

.64K-byte 8088-based trainer or devel-

opment system. it was a compact
design with limited input/ output
(I/O) capability but with relatively
little expansion potential, lacking an
expansion bus. It could have served
well as a Circuit Cellar project. How-
ever, owning a so-called development
system has come to mean that you are
on your own: you won't get much

_support for either software or hard-

ware. If the project was to have any
real significance, support had to be
available, and the burden of provid-
ing support would have been mine.

had to be ad;
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,Photo 1: The Circuit Cellar MPX-16 smgle-bourd computer system whzch uses the latest technology to pro‘mde lots of
Iow-cost complftmg power. The five-layer printed-circuit board contains 120 mtegmted circuits including most common
peripheral-device interfaces; furthermore, any peripheral-device card intended for use with the IBM Personal Computer
can be plugged into one of the I/ O-expansion slots There are nme slot positions, but only fzve sockets are installed lmtzally

There was only one answer: com-
patibility. The project would have to
be compatible with peripheral-device
expansion boards and software de-
signed ‘for some popular computer
system. The logical choice, given that
I intended. to use an 8088, was to
make my project compatible with the
1/0O-expansion bus of the IBM Per-
sonal Computer. (The only real alter-
native was the S-100 bus, but some-
how in my fervor the IBM PC route
seemed more natural. S-100 fans
should look up reference 1.) Conse-
quently, IBM PC memory and 1/0-
expansion boards, available from
numerous sources, could be used to
expand this new computer.

But in making this choice, I opened

Pandora’s box. I was already commit-
ted to producing the article, but mak-
ing my little prototype bus-compat-
ible with the IBM PC was like fitting
the Queen Mary into a bathtub.
Scratch one prototype; start thinking
about the “system board.”

Ten minutes later, 1 realized that
this would have to be a team effort. I
would need assistance in developing
the design, the documentation, and
the software, so I enlisted help from a
few friends and other engineers to
form the design team.

At that point, team (or rather,
committee) dynamics came into play.
If you give a committee 3 square
inches of empty space on the printed-
circuit board, they’ll want to increase

performance by packing 10 more in-
tegrated circuits into it. Essentially
that’s what happened to my little
trainer board. Not only would the
resulting system be bus-compatible

with the Personal Computer, but it .

would overcome some of the expan-

sion weaknesses of the IBM machine’

by incorporating many peripheral
devices as part of the basic design. In-
stead of a board that could be ex-
panded into a system, this new com-
puter would be a complete system
that had been shrunk to f1t on a single
board.

Design Characteristics

The result of our effort is called the |

Circuit Cellar MPX-16 Computer
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1. 5-MHz Intel 8088 main processor,

2. optional Intel 8087 numeric copro-
cessor

3. 256K-byte on-board-user-memory ca-
pacity, with parity

4. two RS-232C serial input/output ports

5. three parallel input/output ports

6. on-board controller for either 5%4-inch
or 8-nch single- or double-density
floppy-disk drives (up to four)

7. supports the CP/M-86 operating sys-
tem directly, with BIOS in EPROM -

8. nine expansion slots (five connectors
provided), bus-compatible with |BM
Personal Computer :

9. sockets for 84K bytes of 24- or 28-pin
EPROM

10.four independent DMA channels

11.sixteen levels of vectored interrupts -

Table 1: Features of the MPX-16 com-

puter system.

System, shown in photo 1. Consiéting
of a single 9- by 12-inch five-layer
printed-circuit board containing 120

. .integrated circuits (ICs), the MPX-16

is completely compatible with the ex-

pansion bus of the IBM Personal
‘Computer and contains the following
features: provision for an optional
Intel 8087 math coprocessor, 256K
bytes of RAM (random-access read/
write memory), serial -and parallel

" 1/O ports, floppy-disk controller, ex-

pansion slots, and support for Digital
Research’s CP/M-86 operating sys-
tem. (A more detailed list of features
appears in table 1.)

The MPX-16 constitutes a com-
plete, single-board computer system,
‘using the latest technology to provide
lots of low-cost computing power. It

_is designed to utilize all the expansion
peripherals that are available for the
IBM machine, and because it has so
many capabilities built in, you don't
have to use up expansion slots for

- simple jobs like interfacing a printer.
will un-
- doubtedly want more memory. To

Programmers, however,
meet this demand, additional mem-
ory boards can be plugged in to pro-
vide the system with one full mega-
byte of user memory. A hard-disk
drive can be added easily, and an

8087 mathematics coprocessor can be
inserted to multiply the system’s raw
computing power by a factor of 10 to
100. . A v

The MPX-16 is designed initially to
use CP/M-86, but it will ultimately |
accommodate Microsoft's MS-DOS
and any other software that does not
use unique features of the IBM Per-
sonal Computer. The greatest dif-

ference is this: as a stand-alone sys-

tem, the MPX-16 communicates with
the user through a serially interfaced
display terminal instead of through a
memory-mapped video display and
separate keyboard. The BIOS (basic
input/output system) module of
CP/M-86 is contained in a set of
EPROMSs (erasable programmable
read-only memories) on the board. '
The MPX-16 is almost complete on
a single .board._In addition, you need
merely a power supply, a serial ter-
minal, and one floppy-disk drive. To
start operation, you just turn on-the
power, insert a CP/M-86 disk, and
start the bootstrap operation. For the

~ sake of appearance, though, you may
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want to wrap up the whole thing in a
“suitable enclosure; one should be
available by the time you read this.

Pragmatic Considerations
Obviously, it is impossible to
describe the construction of such a
powerful computer in detail in a
single article. Even dividing it into
three parts, as I plan, will be a diffi-
cult task; it will take us three months
- to print schematic diagrams of the en-
. tire computer in the magazine. I'll try
to be as explicit as I can concerning
how the circuitry works, but you
must understand from the outset that

 this is no beginner’s project.
The condensation of information

here is ‘counterbalanced by the sup-
port available from The Micromint,
' . where you can get assembled and
h ! aided destgn) machine used to lay out the MPX-16's fwe-luyer prmted- irc tested systems, blank: prmted—CIrcult
e ' board ~ ‘ - boards, and complete documentation
e ~ . : ' . - containing all-the circuit diagrams
; ‘ ‘ . plus much more detail than can be in-
, ‘ | N cluded in these brief articles,
diag| o , - Finally, before I start the details, I'd
neofl| ' — like to say something about the
%’::L;r ¢! B155H-2 8088 ocEssOR| ﬁgmgcs . ‘MPX-16’s circuit board. Printed-
wers 170 + TIMER (cPU) 'ngg) R o circuit boards are available for
e : building most recent Circuit Cellar
rocon v t ' : i ' projects, and this project is no excep-
50 as! < . LOCAL BUS T ' > tion. The only departure from the
%’in co , B . . norm this time is in the complexity of
i \ ¥ the board.
Iﬁ)‘% E%SJLER %é%, ;533,3: nce | - EE%}? ATION ) Th(?T MEX-16 contains 120 IC pack-
L Lo . C : ges. To keep its size manageable, we
f;é’:t‘ —— , 7 S— —F ~ had to use a multilayer printed-circuit
e : v v Lo board instead of the relatively simple
pincle SLAVE : 8284 AND L double-sided boards used in smaller-
’Préo_ . B259A _ SYSTEM-TIMING S ~ scale projects. With the aid of .a
€ pro¢ i A ' t SN Gerber Scientific Instrument Com-
I{P(f::; : S : v — y‘> pany PC-800 CAD (computer-aided
i oi " <‘ﬁ ] . szTEM BUS — : design) machine, shown in photo 2,
ut it ~ . 1 N we eventually arrived at a 9- by
QESO o i - Y Y — 12-inch board with five layers of con-
GR Camner oon Soes 3281 8272 ;E?\nngY B necting traces. This is significant
n hal . CONNECTORS |’ 1/0 DEVICES (ROM AND RAM) because multilayer boards cost about
graphi || | o \ 10 times as much as standard double-
L. Yo | ! : R sided boards. But even with an expen-
E’adsth‘:f . DA;FA-BUS— sive circuit board, I believe that the
res | 1] | inTerFace | R . MPX-16 has unbeatable performance
‘ SR COMPONENTS ’ no for its cost.
‘ S : e : MPX-16 Overview
<ﬁ\ RESIDENT DATA BUS 4‘> o " The functional organization of the

‘ ' ‘ MPX-16's onboard components is il-
I Figure 1: Szmpltfzed high-level block diagram of the Circuit Cellar MPX 16 computer lustrated in two levels of detail.
system. The abbreviation "PIC" stands for progrummable interrupt contro]ler v Figure 1 shows a simplified, high-

82  November 1982 © BYTE Publications Inc




S —
*
16.0MHz
14.31818MHz d bx ocneen
D NMI NMI -LOGIC PARERR L,
!7 __ENNMI ]
8284A READY ) o
CLOCK Ton peLke £ CLKO
GENERA — o
— RESET SYSROY/WAIT DMAHLDRQST
RES CLK1
AENDMA
. WAIT STATE - | omacik
J— AND B ==
SYSRDY/WAIT ARBITRATION DMARDY/WAIT
I : CLKO LoGIC BBAEN
‘| svsres 8088
AR cPU ADO-AD7, AB-A19
a D%
INTR
—]
RQ/GT1 _TEST :
*NUMBER OF LINES IN 9 8288
SYSTEM CONTROL BUS 2 By ROLLER
VARIES. dbs ) 3 —
B RQ/ET0  BUSY iggm%, A
OCAL STATUS ety R
| cLko
| _svsres ﬁ%y
"|__READY . ]
741.8373
P NDPINT ADDRESS
LATCHES
22

'22 170 LINES
? PA,P8,PC
CLK1 T DIR
‘| svsace - ?};55';'2 7415245
T ,| cspiol AND DATA 8
116 4] SYSRES r/AgALLEL BUFFER
8 BIT PARALLEL SI0R0 >
170 PORT 1 SYSIORD.
| SYSIOWR TIMER
PORT A gl
d b+ _ —
_ | __REFRQST | REFRESH
| CSINTRI . ES.QUEST
SYSIORD "4 8259A ADO-AD7 GIC
SYSIOWR MASTER -
= »| INTERRUPT T
A INTA CONTROLLER ADDRESS/DATA GBREN —
| 1rasT7 - - 8
. IR7 ; . .
p '2%2;‘; IR6 - |/0 CHIP SELECTS i -
Al RS 170 - F
4| LRSS IR4 DECODE SYSA5—SYSAS °
| 1rQsT3 RS LOGIC T T
' 1rosT2 o 1r2
—| IR1 SYSAD
1 TiMENTR . SP/EN
IR0 caso-3
INTR i
.| CsinTRO ] t
SYSIORD 8259A )
SYSIOWR e lsNLTAgRERUPT . : CSTIMER
— . A 8253-5 SYSIORD
L i CONTROLLER | - GATED 82535 | SYSIORD
PIOINT . wyn GATEL INTERVAL ~ | SYSIOWR
1R7 /
NDPINP IR6 SYSAO ! GATE2 TIMER SYSAO
’ :Icr::;nv IRS SYSDATO-7 SYSAL
- T oorr e o ouro L UoT
" sio1txroY \R3 ouT1 [BAUOL
1 q . ::22;::2: \R2 CLK2 ouT2 TIMEINTR /
2 Vee e s orxRoY IR1 SF/EN .
N AR 1RO l
4
J10 1 I
POWER LS | j-}»lzv L A
SUPPLY 6 s o
CONNECTOR | 7 4.9152MHz H—
| 81— 1 :
S -8—1 GND
10 —»—T rh
| 19 | 1.2288MHz
KEY [ 11 CLOCK db.
— | . GENERATOR o
L2 MY 1 LogIC 2.4567MHz e
13 12V
|13 | - P
14 r :
REGULATOR
_Sv N

Figure 2: Complete, detailed flow diagram of
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Figure 2: Continued from page 85.
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Figure 3b: Second half of section 1 of the schematic diagram of the MPX-16. Here are shown the direct-memory-access contro

control-signal latches, registers, and transceivers; and various logic gates. Note the large number of bus lines for addresses, data,
control signals. Sections 2 through 5 of the schematic will appear in December’s and January's articles. Many connections to 0
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level block diagram, while figure 2 on
pages 84, 85, and 86 contains a full
flow diagram for all parts of the
system. ,

We'll look at each constituent sub-
system separately, beginning with the
processor and cOprocessor; arrange-
ment of data, address, and control
signal buses; clock signals; the NMI
(nonmaskable interrupt); and the
DMA (direct memory access) subsys-
tem. Section 1 of the schematic dia-

- gram, which appears as figures 3a
and 3b on pages 88, 89, 90, ‘and 91,
contains most of these subsystems,
although I do mention some things
that will show up in schematic-dia-
gram sections to be published in parts
2 and 3 of this series.

Intel 8088 Processor

The new 16-bit microprocessors are
more powerful than their 8-bit pre-
decessors. Not only do they operate
at faster speed, but the 16-bit chips
manipulate ‘numerical quantities in
larger chunks, directly address more
memory, and offer the programmer
expanded instruction sets. But along
with the greater capability comes a
new set of computer-design con-
siderations. o

An alternative to complete com-
mitment.to 16 bits is embodied in the
heart of the MPX-16: the powerful
Intel 8088 microprocessor. The 8088
uses a 16-bit internal architecture and
instruction set and possesses a
1-megabyte memory-addressing ca-
pability and a 64K-byte I/ O-address-
ing capability, but communicates
through an 8-bit external data bus
(sort of like putting its data flow
through a funnel). The 8088 has a
common internal architecture and
complete software compatibility with
the pure-16-bit Intel 8086 micropro-
cessor. As a result, the 8088 provides
an excellent way for designers, engi-
neers, hobbyists, and students to ease
into the world of 16-bit computing by
taking advantage of its 8-bit-compat-
ible bus structure.

The 8088 can be used in low-cost
systems that employ a few multi-
plexed-bus support chips such as the
Intel 8155 (2K-bit static RAM with
1/0 ports and timer), 8755A (16K-bit
EPROM with 170 ports), and 818¢

Circle 469 on inquiry card. ey
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Figure 4: Functional block dlagram of the Intel 8088 microprocessor. Its pzpelmed archi-
tecture, shared with the 8086, increases speed by overlapping the execution of mstruc—
tions with memory-access’ opemt:ons

~

(1K-byte static RAM). That was the
approach I took in my previous arti-
cle series (see reference 2, listed on
page 114). But the power of the 8088
can best be exploited when it serves as
the nucleus of a fully expanded sys-
tem, using its full address space and
coprocessing capabilities. '

The 8088 microprocessor can be
set up to interact with other com-
ponents_in the system in either the
maximum or minumum mode. Cer-
tain control and status signals differ
between the two modes. The selection
is made by connecting the MN/MX
pin on the 8088's package to ground
or to +5 V (volts). In - the minimum
mode, the 8088 functions as a stand-
alone processor, interacting with pe-
ripheral devices somewhat like the
8-bit 8085 processor. In the maximum
mode, other integrated circuits per-
form certain specialized functions

such as bus control,” numeric data

processing, and input/output conitrol.
In the MPX-16, the 8088 is configured
for maximum-mode operation.

I/

ECC?

ECC (Error Correctlon Code) is a poly-
nomial derivative which is used to detect

- and correct errors. In simpler terms, this
means that the computer will detect and
automatically correct data. errors sometlmes "generated
spuriously in the eqmpment

VR Data’s HARD DISK Il has this feature.
~ If your system will abend or die during a
" data error or if you must always have the
correct data for your functions, ECC is a
necessity. This feature has filtered down from the larger
computer systems and is now used by manufacturers of
superior micro computer products.

Imagme a 5 meg \ﬂhnchester Hard Dlsk with the following features'

ALL

ONLY

From “Rdal'a

777 Henderson Boulevard N-6 Folcroft, PA 19032
© (2151461-5300 (BDDlBQS-BI_DE
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FOR $1 899 Complete

o ECC—onboard buffer '
e FCC approvaI—Heavy Duty Power Supply
¢ Automatic power on with system
o Heavy duty linear power supply -
o Gold plated contact on all connectors -
o Heavy-gauge aluminum chassis
» 115/230 VAC 60/50 HZ Standard
o State-of-the-art controller
~» 2 pass forced air cooling system

Interfaces to: Radio Shack TRS 80 Model | ¢ Radio Shack TRS 8C
Model il e IBM Persona! Computer e Others to be announced




Architecture of the 8088

The internal architectures of the
8088 and 8086 processors are iden-
tical. A diagram of their internal
structure is shown -in figure 4. The*

Wor[h $100-00’ 8088 contains two logical functional

Special FactOl’V Rebate our 5va”" floppy Tandon, divisions—the bgs-interface’ unit
S disk from (PC)2 and rem[&)y (BIU) and the execution unit (EU)—
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"The 8088 uses instruction queuing
to increase computing speed. A

$1895%
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6M Bytes tents of the four bytes in memory that

consecutively follow the instruction

| (PC)?'s Add-In Winchester Disk System is housed within the- ;. £ .
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| reducing deskiop space. Also available in 12 and 18 M Bytes * - . ‘ unit. These four bytes of instructions
capacity. When you order our PCM-100-2 our DS-DISK software : : or data are brought into the processor

is offered at no extra charge. before they are to be executed; there-
_fore, when the EU is ready to execute
the next instruction, frequently it or
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8088 REGISTER MODEL: (8080 -REGISTERS SHADED)

7 : 07 0
AX AH AL ' (A ACCUMULATOR
BX BH - BL ‘ (HL) BASE
cX CH cL | Bed COUNT
DX DH DL (DE) DATA
15 0
{ , "~ SP L | (sP) STACK POINTER
BP BASE POINTER
Y . . SOURCE INDEX
DI DESTINATION INDEX
15 .0
{ L "] (Pc) - INSTRUCTION POINTER
[ 1 folo [ [T [s]z] [a] [p[ [c]psw) sTatus FLAes
15 . B 0 o
cs . CODE SEGMENT -
DS ’ DATA SEGMENT
L—————> sS STACK SEGMENT
ES EXTRA SEGMENT

.Figure 5: Programmer’s model of the 8088's: fourteen 16-bit registers. The shaded
registers are the 8080-register subset, that is, the registers that are common to the 16-bit
8088 and its 8-bit predecéssors.

7 0

— FFFFFH

64 KB CODE SEGMENT

XXXXOH

2 2

STACK SEGMENT

+OFFSET

SEGMENT MSB
REGISTER FILE . WORD LsB N DATA SEGMENT

cs r— ‘ BYTE

SS >

DS > —

ES z X

EXTRA DATA SEGMENT
vf—————i‘/ooooon

Figure 6: Memory organization in the 8088. Memory segmentation is used to address up
to 1 megabyte (1,048,576 bytes) in segments of 64K bytes. The 8088 creates a 20-bit ad-
dress by combining a 16-bit offset value with a segment-boundary value stored.in'one of
the segment registers. -
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relocation, and bus control. (These
actions of the BIU leave the EU free to
concentrate on processing data and
carrying out instructions.)

Figure 5 shows the programmer’s
model of the 8088's fourteen 16-bit
registers.- The shaded registers are the
8080-register subset, that is, the
registers that are common to the 8088
and its 8-bit predecessors.

The general registers, also called

‘the HL group because they can be
.subdivided into high and low bytes,

include the accumulator (AX), base
register (BX), count register (CX), and
data register (DX). The two bytes in

_ any of the general-purpose: registers

can be operated on separately; for in-
stance, the AX register can be ad-
dressed as a 16-bit register, AX, or the
high-order byte can be addressed as
the register AH and the low-ofder
byte as AL. The same holds true for
BX, CX; and DX.

Another group of registers is the
pointer and index (or P and 1) group.
This set contains -the stack-pointer
(SP), base-pointer (BP, an extra
pointer into the stack), source-index
(SI), and destination-index (DI) regis-
ters. Generally speaking, these regis-
ters hold offset addresses used for ad-
dressing within a segment of mem-
ory. They can also participate, along
with the general-register group, in the
arithmetic and logical operations of
the 8088. '

The 8088 uses memory segmenta-
tion to address this large memory
space efficiently; it deals with
memory as a set of four 64K-byte seg-
ments simultaneously defined (possi-
bly overlapping) within the memory-
address space, which is organized as a
linear array of 1,048,576 bytes, ad-
dressed as hexadecimal 00000
through hexadecimal FFFFF. The 8088
creates a 20-bit address by combining
a 16-bit offset value with a segment-

‘boundary value stored in one of the

segment registers. Figure 6 shows
how this works. ’

Each of the 16-bit segment regis-
ters, the code-segment (CS) register,
the stack-segment (SS). register, the
data-segment (DS) register, and the
extra-data-segment (ES) register, con-
tains a value that can be combined
with the 16-bit offset address speci-
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Figure 7: Programmer’s model of the 8088/8087 Coprocessdr combination. The 8087

" adds eight 80-bit registers to the architecture and 68 operations to the instruction set.

The 8088/8087 combination can operate on BCD (binary-coded decimal) numbers up to
18 digits long without round-off errors and: perform arithmetic on 64-bit integers.
(Figure provided courtesy of Intel Corporation. ) -

fied by the instruction operand to low-order 16 bits of the offset ad-
form the 20-bit address. For instance, dress. When the 8088 fetches an in-

the 16-bit value in the code-segment struction or data byte from memory, .

register first has four low-order zero ? jt comes from the location at the ab-
bits appended; it is then added to the " solute address thereby formed.

The memory is thus divided into
four segments: the code segment,
where instructions are stored; the
stack segment, where the pushdown
stack is located; the data segment,
where data to be operated on is
found; and the extra segment, a
64K-byte data area assignable for any
data-storage use. Which code-seg-
ment register is used to form the ad-
dress varies according to what pro-
cessor instruction is being executed.

The 8088 has both relative and ab-
solute control-branching instructions.

. When all branch instructions within a
given segment of memory are speci-
fied in relation to the instruction
pointer and the program segment

- does not modify the value of the |
code-segment register, that program "

segment can be relocated dynamically
‘ anywheré_ within the entire address
space simply by moving the code, up-
dating the value of the code-segment
register, and resuming execution.

The 8087 Numeric _Procéssor
The Intel 8087 numeric processor
extension (NPX) is an integrated cir-

FEATURES ‘ Hanle : ;

e Typewriter operation with nothing to disconnect ® 10, 12 Or 15 characters p!
inch switch selectable ® Portable with carrying case @ Entire interface mou
internally in the Olivetti Praxis 30 typewriter @ Underlining @ Cables availabl
most computers e Service from Olivetti dealers @ Centronics compatible paral
input e Built in self test @ cartridge ribbon e 2nd keyboard switch select

125 NORTHVIEW RD, ITHACA, N.Y. 148
= omerznz2
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cuit designed for use with the 8086 or
8088 (serving as the central-process-
ing unit, or CPU) to form a-high-
performance numeric-data-process-
ing system (called the iAPX 86/20
NDP or iAPX 88/20 NDP 'in Intel
jargon). Its use is optional in the
MPX-16. : .
_The 8087 is designed to coordinate
its functions with other processors in
a coprocessing or multiprocessing en-
vironment. As a coprocessor, the
8087 adds 68 machine instructions to
the system; these operate on its eight
80-bit floating-point registers, which
function alongside the 8088’s register
set. The 8087 is designed to handle
very large numbers; its internal tem-
porary-storage format for floating-
point quantities is 80 bits: 1 bit for
sign, 15 bits for exponent, and 64 bits
of mantissa. A programmer’s model
.of the resulting architecture is shown
| in figure 7. ‘ o
Capable of executing arithmetic,
trigonometric, exponential, and
logarithmic instructions, the 8087
conforms to the proposed IEEE (In-
stitute of Electrical and Electronics
Engineers) floating-point standard

Circle 210 on inquiry card. m==>
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and prov1des 100 times the perfor-

mance of the 8088 working alone. It's.

a real number cruncher.

The 8087 uses its own instruction
queue to monitor the 8088's instruc-
tion stream, operating only on those
instructions intended for it. When a

_pumeric instruction appears in the
code, it is treated as an “escape’’ from
the normal sequence by both the 8088
CPU and 8087 NPX; the NPX pro-
cesses it while the CPU finishes " its

current task. Concluding. that, the’

CPU either does nothing (if the NPX
requires no further data) or it

calculates an address and reads a byte.

of memory which is used by the NPX
(the CPU ignores this value in its own
computations). -
The 8087 is only an extension pro-
cessor and cannot run by itself. It
needs a separate CPU to operate the
‘data, address, and control ‘buses,
which provide it with instructions
and operands. Once the NPX has

started its operatlon the CPU may

USER-FRIENDLY
COMMUNICATIONS

IO mpts atall levels of command entry the

dem Il makes data
plus* e

communications

v on even a bare bones compus

yboard dialing akescommuni
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continue executing the main program
while the NPX “crunches.” This
parallel operation of the NPX and

'CPU can continue until the NPX.

needs to reference memory. Only
then will the processor give the NPX
access to the bus (the'main processor
may, however, continue to process
instructions from its 1nstruct10n
queue). A special request/ grant line,
RQ/ GTO, is used to pass control of
the buses shared between the NPX
and the CPU. The relationship be-
tween the CPU and the NPX is similar

‘to the master/slave scheme used in

less complicated computers while the
protocol is somewhat like hold and
hold-acknowledge signals, although -
more complicated. (Additional pro-
cessors or coprocessing devices can be
attached to the NPX/CPU combina-
tion through - another signal line,
RQ/GT1, although no- provision for
this has been made in the MPX-16.)
The amount of time that the pro-
cessor actually waits to get back on
the bus is very small. If it were not for

processor’s operation would be essen-
tially invisible to the host processor;
it's a small price to pay for the great
increase in performance for numeric
computation. As'a comparison, even
‘though it’s quite a powerful micro-
processor, the pure-16-bit 8086 takes

| about 20 milliseconds to compute a

square root, using a ﬂoatmg-pomt
subroutine. Eliminating the sub-
routine and using the 8087-instead,
the result can be calculated in less
than 40 microseconds (the speed-up is
similar for the 8088). Such speed is an
undeniable asset to high-level lan-
guages such as BASIC and Pascal.
They not only run faster, but the
memory space devoted to floating-
point subroutines is saved.

MPX-16 Bus Structures

The MPX-16 system supports two
major 51gnal-bus structures, the pro-
cessors’ local bus and the global sys-
tem bus, as you can see clearly in the
simplified block' diagram of figure 1
and somewhat less clearly in the de-
tailed diagram of figure 2. Most of the
signals in the MPX-16- pass on one or
more of the several buses.

The local bus is shared by the 8088

a few stolen memory cycles, the co- '

B

—

—




CPU and the 8087 NPX (if it is in-
stalled), either of which can be the
local-bus master. The system bus can
 be driven either by the local bus
under the control of the 8288 bus con-
troller or by the 8237A-5 DMA con-
troller.

The local bus consists of 8 multi-
plexed address and data lines (ADO
through AD7), 12 address lines (A8
through A19), and 3 status and con-
trol lines (SO, S1, and S2), which are
connected with the global system bus
through three-state buffers. Several
other signals, including system- clock
signals and reset lines, are-directly
-common with -the system bus. The
local bus can be controlled by either
the CPU or the NPX, both of which
have on-chip arbitration logic to
determine which processor has con-
“tro] of the bus.

The CPU acts as a host processor to
the NPX coprocessor. For example,
when the 8087 NPX requires use of
the local bus to return the result of an
' operation, it notifies the CPU by

placing a series of handshaking sig-

nals on its bidirectional request/grant
arbitration line RQ/GTO . A ready/
wait control line is used to lengthen
bus cycles on the local bus, which
may be necessary to meet the access-
‘time requirements of slow memory
and peripheral devices, or to accom-
modate a DMA cycle already in prog-
ress on the system bus. .
The system bus consists of 20 sys-
tem address lines, 8 bidirectional sys-
tem data lines, and’ several system
control lines. The system data bus
drives the system-board memory
arrays and the 1/O-expansioh con-

~ nectors and is buffered again to pro-

duce a “resident” data bus to which
most of the on-board peripheral de-
vices are attached. The system con-
trol bus consists of all timing signals,
bus-cycle-control signals, interrupt-
request lines, DMA-request/ac-
knowledge lines, and system-bus-
arbitration-control lines. .

Control of the system bus is deter-

mined by a sequential-logic system-.

bus-arbitration circuit. The bus is
always being controlled either by one

of the two coprocessors via the local
bus and the 8288 bus controller (with
the 88AEN control line active), or
by the 8237A-5 DMA controller (with
AENDMA active). The simple bus-
arbitration circuit isolates the local

_bus from the system bus whenever

system-bus access is given to the
DMA controller for direct access to
memory by one of the peripheral
devices. For the DMA controller to
gain access to the system bus in
response to its HOLD request, a
“locked” 8088 - instruction (which
must have continuous bus access for
the 8088) must not be in execution,
and the local bus must be in an idle
state. The LOCK signal is also
active during interrupt-acknowledge
sequences, -preventing the occurrence
of a DMA cycle in the middle of the
acknowledge sequence. Since neither
of the coprocessors is involved in this
bus-request/grant-arbitration se-
quence, a low input to the RDY1 line
on the 8284 clock generator is used to
force contlnuous wait states to be in- -
serted in the local-bus timing cycle
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Figure 8: Timing diagram showing the relationship of the four major system clock

and 15.0-MHz crystals in nanoseconds.

until access to the system bus has
been restored to the local bus.

Reset and Clock-Generator

Circuits ,
The power-on reset pulse and all

major system clock signals for the

MPX-16 system and I/O-expansion

slots are generated by an. Intel 8284
clock generator and driver (IC34 in
figure 3a). The 8284 is designed to

- provide the optimum clock signal,

with a 33 percent duty cycle, at the
voltage levels and transition times re-
quired by the 8088 CPU (IC36) and
the 8087 NPX (IC37).

The 5-MHz 8088 used in the
MPX-16 must operate with a clock
rate between 2 and 5 MHz. (The
8088-2 version can run at 8 MHz.)
The standard MPX-16 operates at a
frequency of 4.77 MHz, which is
derived from a 14.31818-MHz crystal
oscillator. This crystal frequency pro-
vides compatibility with IBM Per-
sonal Computer color-graphics adapt-
ers, which use the 14.31818-MHz

~ OSC clock output of the 8284 to pro-

duce a 3.58-MHz color-burst signal.
The variable trimmer capacitor C9 is
used to make minor adjustments in
the clock frequency. An optional
15-MHz crystal can be substituted to
operate the MPX-16 at its maximum

“clock rate of 5 MHz.
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_signals. The table shows qlock—high and clock-low periods for both the 14.31818-MHz

The 8284 divides the 14.31818-MHz
oscillator frequency by 3 to provide
the 33-percent-duty-cycle CPU clock,

SYSCLKO. This clock signal is used-
_ by many parts of the MPX-16, includ-

ing the 8087, the 8288 bus controller,
the system-bus-arbitration circuit,
and the 1/O-expansion channels.
SYSCLKO is also used to provide a
clock signal (DMACLK) for . the
8237A-5 DMA controller. Some
Schmitt-trigger inverter sections
(IC24, which will appear next month
in section 2 of the circuit) lengthen the
level-high duration of SYSCLKO so
that the clock requirements of the
8237 will be met. Deriving the

DMACLK signal from SYSCLKO has 4

the obvious advantage of maintaining
synchronization between the local

bus masters (the 8088 and 8087) and -
the alternate system-bus master, the

DMA controller (the 8237).

In addition to the processor clock
signal, the 8284 provides a periph-
eral-device clock signal, which is one-
half the frequency of the processor
clock and has a 50 percent duty cycle.
“The oscillator clock, SYSCLK1, is not
used on the MPX-16 circuit board but
is routed to the I/O-expansion con-
nectors. : .

The peripheral clock, SYSCLK2, is
used to drive the timer input of the
8155H-2 component (IC47, “which

" the RES

will appear in January in section 4 of
the circuit). The 8155's timer output is
used to generate periodic memory-
refresh requests for the dynamic

- memory on the system board, using

the DMA controller (which we'll

‘discuss further presently). The rela--

tionship of the four major system
clock signals is illustrated in figure 8,
which also contains a table of clock-
high and clock-low periods for both
the 14.31818- and 15.0-MHz crystals.

The 8284 clock generator is also
used to generate the power-on reset
pulse, SYSRES, which is active high.
When power is first turned on, the
rising supply voltage activates the
Schmitt-trigger input pin RES on the

8284, which has approximately 0.25
'V of hysteresis; as a result, the

SYSRES pulse remains active until a

~ voltage level of 1.05 V is reached on

input. The resistance/
capacitance time constant set by R16
and C10 provides the necessary
minimum reset pulsewidth of 50 ps
(microseconds). The 1N4148 diode
D1 provides a discharge path for C10
when power has been removed.

Nonmaskable-Interrupt Logic

~ The nonmaskable interrupt (NMI)
input of the 8088 CPU is used for
handling parity errors in the system-
board memory and I/O-channel errors,
which are typically also parity errors
occurring in expansion-memory
modules. . :

- Although the NMI signal is non-
maskable once it gets to the 8088,
logic is provided to externally mask
the signals that would normally gen-
erate an NMI, if desired. Two input
lines, PC4 and PC5, of the 8255A-5
PPI (programmable peripheral inter-
face, 1C60, to appear in section 4 of
the circuit) are used as active-low
enable signals. The ENNMI signal
either enables or prevents NMI
signals from reaching the 8088.

One source of interrupts is the
PARERR signal, which is generated
by the system-board circuit that cal-
culates parity values for memory and
detects errors. The second source of
interrupts is the IOCHNLERR signal,
which comes from the I/O-expansion
slots. The latter signal can be masked
by the ENIOC control line in such a
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way that only system-board parity
errors will cause an interrupt. The
NMI input of the 8088 CPU is edge-
sensitive but must rémain active-high
during two consecutive CPU clock
cycles to guarantee recognition of the +
interrupt. ' .
The NMI condition is predefined to

be a “type 2" interrupt for the 8088,

the highest-priority hardware inter-
rupt. Since the vector (control-
branching) location has been pre-
assigned to locations hexadecimal
00008 through 0000B, no interrupt-
acknowledge sequence is needed in a

program.

DMA Controller and Bus

‘ Arbitration

Direct memory access has long
been known as a way to improve the
performance and 170 speed of a com-
puter system by allowing 1/0 devices
to directly transfer data to or from
system memory without processor in-
tervention, but until recently it has
rarely been found' in microcomputer
systems. However, more widespread
use of DMA has been made possible
by semiconductor manufacturers, ;

‘which have developed new ICs that |

make DMA much more easily pro-
vided. The MPX-16 employs one such
integrated circuit, the Intel 8237A-5

| DMA controller (IC48 in flgure 3b on

page 90).
Four -independent channels of
20-bit-address direct memory access

‘are supported by the MPX-16 system.

Two of the DMA channels are avail-
able on the I/O-expansion bus to sup-
port high-speed. data transfers be-
tween external peripheral devices and
memory. A third channel, used by
the floppy-disk-drive controller, is
connected to the 1/O-expansion bus
for compatibility with the IBM Per-
sonal Computer.

_ The fourth DMA channel is used to
provide the periodic refresh signal for
the on-board dynamic-memory array,
as well as any expansion .memory
boards, in which each row address of
the dynamic-memory chips must.-be
accessed. During system initializa-
tion, the TIMER OUT output of the
8155H-2 is set up to trigger a dummy
DMA transfer approximately every
15 ps. The DMA channel is pro-




grammed for a memory-read cycle; it
automatically increments the row-

~address counter for memory after

each refresh cycle.

When no DMA requests are pend-
ing, the DMA controller is in an idle
state (S1) and can be programmed by
the CPU. If a DMA channel requeésts

service for a peripheral device and

that channel has been enabled by the
system software, the DMA controller
sends -the signal DMAHLDRQST
(DMA hold request) to the system-

‘bus-arbitration circuit and enters the
active state SO. Thé 8237 remains in
the SO state until it has received the
signal DMAHLDACK (DMA hold
acknowledge) from the bus-arbitra-
tion circuit, indicating that it has been
granted control of the system bus.
At this time the system-bus-
arbitration circuit isolates the local
bus from the system bus by activating
the control signal 88AEN. When this
signal becomes inactive. again, the

8288 bus controller (IC51) places the

i
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system-bus command-line buffers
into a high-impedance state and dis-
ables the 7415245 data transceiver
1C43. In addition, the 88AEN . signal
places ‘the system-bus-address
latches, IC50, 1C38, and 1C44, into a
high-impedance state so that the
local-bus. master can drive. the local
bus during a DMA cycle without af-
fecting operations on the system bus.

After one system-clock cycle fol-
lowing the arrival of the hold-
acknowledge signal, the AENDMA
control signal from IC24 enables the
DMA bus-interface components. One
of the 7418373 latches, 1C43, drives
system address lines SYSAS8 through
SYSA15. The eight low-order address
lines, SYSAO through SYSA?7, -are
driven by lines AO through A7 on the
8237 through a 7415245 transceiver,
IC49 (shown in figure 3a on page 89).
The data-flow-direction input of IC49
is controlled by the AENDMA sig-
nal such that data flow is from 1C49
to the system address bus when a
DMA transfer is in progress.

During processor memory trans-
fers, the AENDMA - signal is high,
and address information flows from
the system "address bus through 1C49
to the 8237. The four high-order
system-bus-address - lines, SYSA16
through SYSA19, are driven by three
4-bit latches (IC40, 1C41, and IC42).
These latches are loaded by e€ither the
operating system or application soft-
ware and allow each DMA channel to
operate in a separate 64K-byte section
of memory if desired. Since DMA
channel 0 is used for memory refresh
and only the eight low-order address
lines are significant, the latch for
DMA channel 1 is used to drive the
upper four address lines for both
channels 0 and 1. The three address
latches are enabled when both the
“AENDMA signal is active-low and
the appropriate acknowledge signal is
active.

Once the transfer of a smgle byte
has been completed, the. DMA con-
troller turns off the DMAHLDRQST
line.- As a result, the DMAHLDACK
signal goes inactive almost im-
mediately. On the next clock cycle,
the system-bus-interface components
and 8288 bus controller are reac-
tlvated by a low state on the 88AEN



line, and the DMA bus-interface com-
ponents are disabled by a high state
on the AENDMA line. After the
88AEN signal goes active-low, the
8288 does not drive the control bus
until at least 105 ns (nanoseconds)
and not more than 275 ns have elapsed,
if a local-bus master has a bus cycle
pending. A section of the 74LS10
three-input NAND gate IC30 -and

. some flip-flops (in section 2) guar—

antee this by delaying the 84AEN

signal by two clock periods from the .

time the 88AEN line goes low.

The DMAHLDRQST signal goes
inactive after the transfer of each
byte, even if the channel requesting
service has not dropped the request.

This provides at least one machine .

cycle between successive DMA trans-
fers.

To Be Contmued

- Since it may take you a month to-

digest this much information, I'll stop
the first installment of this series here.
(Besides, I don't want to take up the
whole magazine, though I could
easily do it.in descnbmg this complex
project.)

Next Month and Thereafter:

In Part 2, I'll concentrate on the
MPX-16's memory section, interrupt
logic, and 1/O-expansion bus (in-
cluding a detailed definition of each

signal). The third installment will

discuss the serial and parallel 1/0
ports, floppy-disk-drive controller,
and operating-system BIOS, plus any
other facts needed to summarize the
project. B

To receive a complete list of Ciarcia’s
Circuit Cellar project kits available from the

Micromint, circle 100 on the reader service
inquiry.card at the back of the magazine.

Editor’s Note: Steve often refers to previous
Circuit Cellar articles as reference material for
each month's current article. Most of these past

articles are available in reprint books from =

BYTE Books, McGraw-Hill Book Company,

* POB 400, Hightstown, NJ] 08520. Ciarcia’s

Circuit Cellar, Volume I, covers articles that
appeared -in BYTE from September 1977
through November 1978. Ciarcia’s Circuit
Cellar, Volume II, contains articles from
December 1978 through June 1980. Ciarcia’s
Circuit Cellar, Volume III, contains the articles

that were published from July 1980 through

December 1981.
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In OEM quantities of 100...$1200 each.

‘in. " Includes 64K bytes of RAM,

MPX-16 Technical Reference and -

4. Complete MPX-16 disk-based
system: includes MPX-16 single-board
computer, assembled, tested, and
burned-in, with 256K bytes of RAM
installed, CP/M-86 operating system
on 5Y-inch floppy disk, CP/M-86
BIOS in EPROM, power supply, one
5Y-inch floppy-disk drive, connecting
cables, MPX-16 Technical Reference
and User’s Manual. (Enclosure sold
separately.) k
 Single-quantity price. . ... ... $2895.

5. Unpopulated (blank) printed-
circuit board for the MPX-16 computer
system: five-layer, screened, and
solder-masked. Includes CP/M-86
BIOS in EPROM, MPX-16 Technical
Reference and User's Manual.

Single-quantity price. . ....... $300.

6. Digital Research CP/M-86 User's
Manual (three-volume set), sold sep-
arately. ... .. %60.

7. MPX-16 Technical Reference and
User’s Manual, sold separately . . . $50.

8. Enclosure for MPX-16 circuit
board . .. .. - call for price.

When it becomes available for the
MPX-16, Microsoft's MS-DOS operat-
ing system may be optionally substi-
tuted for CP/M-86. -

The MPX-16 is available to OEMs m‘
large quantities either as a circuit board
or as a complete system with floppy-
disk drives and enclosure. Call The
Micromint for prices and delivery in-
formation. Sellers reserve the right to
limit the number of units sold to a
single customer.

For orders within the continental
United States, please include $10 for
shipping; overseas orders please in-
clude $30.

Residents of New York please in-
clude 7 percent sales tax.
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