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[45]

functions of an electronic calculator or digital proces-
sor includes a data memory, an arithmetic unit for
executing operations on data, and a control arrange-
ment for defining the functioning of the machine in-
cluding a ROM for storing a large number of instruc-
tion words, and control decoders for receiving instruc-
tion words from the ROM and producing various com-
mands for the control arrangement. Separate X and Y
address registers are provided for selecting the location
in the ROM for the next instruction. Input and output
terminals are provided, as for keyboard input, and
display output. A test mode of operation is provided for
quality control upon completion of manufacture of the
chip. The test mode allows the entire ROM to be tested
by reading in addresses to the address registers from
external, loading the resulting instruction word into the
Y address register, and reading out the instruction
word from the Y register, all under control of simulated
keyboard inputs using the standard terminals. Further,
normal operating sequences can be initiated by simu-
lating a branch to the desired location and allowing the
system to continue under its own control for a selected

operation.

11 Claims, 37 Drawing Figures

=

65

N7

S¢ S5 S& S7 58



6w O
O > =0
%_.. N S S m o
u . < ~>—D
- ~ @
< . Sos o .
_ .. a3 ~|
. - o= Q)
N . _
: ﬂm___________m
% MIINNNIEReSS
= e es
s
~ ——
1 e
Tl 1[I S 008N
DI
S U111
. 09—
2 =l T



U.S. Patent May 17,1977  Sheet20f23 4,024,386

- D12
™ D11
") D10
= D9

-l DB
- D7

a
= D5
"] D&

4 D3

6/ ]} D2
:3/r ] D1

] DO
T 70 86 /8
RAM WRITE
T
6/
—1‘ 53
CKB
g0 51 AR
INPUT SELECT

PATHD:;.;TROL *}ﬂg/ 58 1-1‘ -5 7

@
“ .

RAM 25

256 BITS

ROM 24

8192 BITS
ORGANIZED AS 1024 8-BIT
WORDS 64 x 16 x 8

ROM/RAM
WORD DECODER

ORGANIZED

D - OUTPUT
REGISTER

®
W
OUTPUT BUFFERS

COUNTER ’I

PROGRAM

kOM PAGE
BUFFER
NE

6/~ S
KIE::;::D gm  STAT 52 59
K4 . 10G
/6 ] x2 '3 69 JLATOR

\ [] «a ’d —AcCC. 53 4/
[ xc 62~ gorrn
.. REGISTER

64— 65

ACCUMULATOR & STATUS
OUTPUT BUFFERS

J L J LU N u B
s1 S2 S3 84 S5 S6 57



U.S. Patent May 17,1977  Sheet 3 of 23 4,024,386




U.S. Patent May 17,1977 Sheet 4 of 23 4,024,386

(e} ~108” ~108~

Al5 !

PR o
) He . "I "l s

-| 4 |
—[‘g'e: E’:' l

.-J.=1.J"- ..'|.:|"-

26-0 r

IO0I-16 1O1-13
rooness r” -M
’ - T e

104, 106; 107 104, : 07
21
V 05 & |-32-8 V L |-32-
¢3 —————
103 |03
Csto oal T o 5.0 G

6111 .-ﬁwm‘- :______ _ mrﬁ-

4 | ¥ el L M Jie]
__—é:____f_'.__'_? I N des 1 Jis
61-19 |
~Vad v \V/
53-8 55-1 53 5-1
ACCB CKBS | o ACC1 CKB1 _ .

—Vdd



4,024,386

"Sheet 5 of 23

U.S. Patent May 17, 1977

SAWYY & a-0c _ PT- Eﬁzﬂ
T L el __ L2
.c_“__ .““H < r—-0% “ y—is _@ﬂnvﬂ WO
e T T . N T -0 raw
cAWNYH ‘N‘llRNl—.v Tﬂ‘l:— — . .
. nﬂIllullIIEI-
sl o
1L ise-ss
il
--_—_ N mm ZEMD
. III Emz
2-6G R
rgote) ol\ - N-ﬂ@\ ____
FANVYYME % N_..._ ._.\_..I{E . wm_/ od LA
89 e = T8
Sl
| Jr-
8EI . JIHREED b&S”
= --- -19 -
J— 9-19 22
-- ¢I_w NL1S!
-- bas
.' MLVYN

OOV




U.S. Patent May 17,1977  Sheet6of23 4,024,386

3
|
3
2
d
al
in

I
CORAX = ....'.'.'......
sk aDasa eV EDERINED
Sl gD EDEDO ADEND AN
N EDORSRANOERAERD
i idmeine
6I
LODS 3 . 3 i
St =) GHEDEDOADOENED o
33 ' | 6I-9 I:UTA
61-10+ \ury
2 STSL
14€ ap! 140 . l48‘fﬂcv
RiDoCEPSNANNNNENEDAINDUS0000a0UD R 1M
.i...".'.lll.lll“'...‘“...lll'l CMIY

PASOERSUDUBUBEDNGUPLS G000 GRS DY~
APEDOCEPENEREICRAMAADIRI0000ARIVA I
ﬂll..ll.llll.Hl“lltll....‘l'tll RMY
RADEPOEARDEDEDOEAPN=GERDAFV 000G HD G i
RAPEDOEEPEDSRASUIGENDEIDLHC0OGRD AT YN
Bl DEPOERPEDOERPONGERDOAEDSOO GV G AN
hlDdPOdEDEDOEDRAIERDIOEFVOOO TR A A1 it
@b odEDEDOEREPUAMERDGEDASOOASR AN Nty
RAEMEDOCEDORASRSRIGERDOED IV SO ED €D €N e
IRAVEDOEEDOCEDEDOAMENDAS 00 AN ER AN AN
RAEPEDOCEDOGHDSNAFGERDEDCOOED ANV L 1w ean
REDEDOEYPOADNASAITEEDEDG004 A EDUD (N
RbEDOCEDOEDENRAI:E UGG S GO OGRSV G N ERN
114 é !!!!!ﬂ!l!....!l!!!!!!l!!!l CLA
RhEbaDED :!!!!!“'I!.IIII TILITITIL o,
ii!!!.!“!!l!l“l!!l”“'““l"ll STA
RAMEDEDEPEDCUASRANDEDC0C00S GNP NI =R
Tl a1 AL LIAT L " TITAITILLL QL]  aean
hEPEDEDED AR OGP EPUASGEEDCEDOOOED AP G N EN,
KADEDEDEPSRASRSLIGEREPOCOOC OGRSV Gl e
KilbEPEPEDCEEDEDINMEREDNGOOO00GUDAAN N
BAPEDEREROIRILEAITERL 400004 0R 71N,
a8 V(L g SIS T T
w7 5818182180218 G .
0S4 O vdd

33 0 148 149 602

RO RI R2 R3 R4 R5 R6 R7 33 |



U.S. Patent May 17, 1977 Sheet 70f23 4,024,386

Fig. 8 P o Vdd
6/—14
- CARS
' dd L7/
‘1 66—/ 6113
T C ¢
: COMP
. 67-2
/99 79
$ ¢
q57
TOOUTPUT
* Xy N
b L
b o STSL
6/ —15
5, /=14
Py
ouT
| = =
c8 —F —{[ CAR8 ‘
¢| ]
_l_' coy 11980
NE — [ comp —|
KC —— o



4,024,386

Sheet 8 of 23

U.S. Patent May 17, 1977

7
R6
5
R4
R3
2

1

0

163

N~ O ¥ o X0 o O x_ & O
i
tea e - - 1—415 21— 15 10— y >
® 3
r-—————"=—————~ ~q— -t~ —Ft—~rr —l=v =/,
| oo _ * _ _ _
| S
| _ | o b
_ ‘ | |Z T
| | | 7 _M _H i _ U
_u _u _m | < | < | 2 _ x m
| o
0| -5 | | _ S
O T~ _ _ 7 B | ﬂw
s 0 - _ | | | | | a
G = — . - | | | | _
m.l..l.ll.l. IIIIIII wIIII_!:..II...-,I_II...I.|_|||.|..|.*|II_l IIIIII . —
Xt D M%‘m_ | | | L
< | AN .m.“ - | “ o e : :
g O T
mw__._,. sz T © 2 _ _ | | | - o
3_% 3 - q _ _ | S ©
| | | | | |
| ° 0w M | | | _ _2 |
J > © 9 T __.ﬂ _A_., _ﬂ __ | __afb
Qo - = | © O © O © ()
L o e I I I AR RN AN ENPN S (.
O
z

BRNCAL

165

(TEST)

MM T TS S oehekieSE—— __IJ

. ROM OUT



U.S. Patent May 17, 1977

Sheet 9 of 23

4,024,386

33

184, °)

CARX

KC
199

¢2

[
— L

V1 /i85

—

83

i
A
' 46

1I80¢
'”F?E; D1
182 u
| MT T 187
< 181
G178
92
35-8

-
— | | 183
A

' 46 |
180y =
|79

~+ 18I
S \AL178

}—r—éz

~35-4




4,024,386

Sheet 10 of 23

U.S. Patent May 17, 1977

XHED

XMZO
X1

617 ] |
or—s] | (20507

_ 2 eol
e

+ - J}-Pooz ol ol
2027
1 L " ") B

IV ONMY

snavas [TITL L L[ 162 [(IQRfffE)] U 1 |snlvis
ox [ (11~ — “ff — 11t veer A U D -
8y | |} B IR D 8-G. [ e
v [, i IR0 1 I I t-CL ] v et
2 -_-I-I_I----“ 2-G/ H
I T I-GL ~ I
o ITIT ™1 "t THHH B 0y
o |l 1 L M oy
s ) 15010 X
e M T, 2y
(4] 111k _ ey
z 110, ca
£y 11 €8 Lee
23] - vy
pH - 1 vy
SN 3 =
55 ’ sy

—




8N | |
sLq P
rd

4,024,386

0N HI - r oN
E B -II!III- e
1 B i I'-'—III.'-“.I.'- 13
2N HIEEN N 1N l-!.l.'- HIEENE ey
n T I D { I N ) A 0 I A ¢ I N1 I D 0 % I A A 0 D f O
o £y .-I-.'--I-.-.'-—— B INEBRIIIEEEEEN RN IR :
o ced EY -- il -- i 1L IBREERIIEREIN IBEPERIIE NI £y
I ICINE il il IRRERIE I IR IHERAMIEEI vy
— v T HIBEINEERIIAEERIIIENI fIREEEIIEEIINERIEEEEINNEEIn 4
- sd 11 --“--I-..I--..-_-I-....--.l--l-....--..-- M.w_
3 ¥ 11 il -_I--H--..-_- HHEREEINIENEI HERRRIIIEEII L]
2 s T I T - IINEERI .
v e (1P VL THD Tt e e e -..I.--E- il IR EE
311 T -‘... I ) Ty e
Lo 1
| NSRRI BB EIER IRBIREIRES IR
- ¥ JUUNTI U UNTU TUOUNNTU T UU
-~ *
= izf_, v v v
=
S 022 J U J U gy Uyl
Lo ‘ .mﬂ _ 19 ‘ Z9 | 14 ‘ 4
.4m e ...Iwm ® lem , ¢ _Iwn
e ) 9
; < )
=¥ o< eaT<
. zZaMO 1END
)
- ANIE,



U.S. Patent  May 17, 1977 Sheet 12 of 23 4,024,386

¢z—j22 -
77 /-'/g. [2a
“H
2/4\ {213

2// |

28
i 23‘0 225 RAX |
72—1
COMRAX
51— 3.5/~ 22
28
RAX O

b2



Sheet 13 of 23 4,024,386

May 17, 1977

U.S. Patent

250

HEEEEEN 2
_ o .IIIII.__ . ”
I EEEEEEN -IH
.Il-n“ -.r_..-ﬂ-“

e ____.. | .M..m“_

Firg, 14

260

qbz

R

R -.H
.“_ £ ._j

241

247

- 247

-
“

Fr——=——————
~——— ————

32|
e
358

— “$|ow 3
ST . —-_ -.H ,M,_ :
™ NN -H.
-.m I_
& 3
S\

296



U.S. Patent May 17,1977  Sheet140f23 4,024,386

N
Q0
Od
=
N
O
O

é
.
R
i

.. N
N AR ANz
3 | 280 |280"| | | T1290287

Messtl] 4] K

¢2 ¢ vt Y1 |v2lv2lvy3 Y3 [va |Y¥4 |v5 |YS {Y6 |Ye

A A
280 280 280 = b4
v /

| Q A o . .
274 . A A A 274 I o Ev“

- 270< | 42704527052 o-.... 0z
o, ol Bl

27’2 273

{
a4 \41-2\ 41-4 \ 41-8 \ e vdd J
42-0 42-1 42-2 42-3 42-4 42-5



4.024.386

U.S. Patent May 17, 1977 Sheet 15 of 23

Ydd
P2
- TR de_l_ vad 1 'op2
| 85-12 , ,
26-12 -
o é5 h ’ ’ D12
| 1 1 / \ | h 86—12
| | ]
| $1 |
| Vdd ’_]dn '_ti:s |,43I0
IR o ot
| # l |
: : : |
| l | a4-2 |
A S v
Al
/ \
| . |
| 61 ]
| y b1 Jp-os 1310
d
— =g ————
| |
| | .
| ‘ | ¢2
| 84-0 | Vj‘il_ Vdd
26-0 | ' il U '
| sie |3l 2 A ' 200
| 313 . 57 |
320 | K1V4
l 325 AT
| : o~ Bt J.;T; |—~310
| e _1_ P
- 324 ,
< Vad - F/g. /6

TR

322 ¢2—| ~32| 1323
K
v, o

61-16 617

SE

KC+PUC



4.024.386

! -9

]
Ty
Ty
By
@O
—
>
¢)’
M W

ST 1| HEEER
ALEENEREE

¥S
!
[ 95
LS -

85

AL

SEEREw
HEEREE
HEEREE
BENEE
HEEEE
.II.
HNE
ol T Tl

9
q.
O
1\
o
-

Sheet 16 of 23

M)
0

- | [pe-es
*umwxnnnHlL *

9¢¢
| B
Tw _ E —
559 |
_ ,
G4l €6 ““

s

—-£9 -
EEEEEE EEEEEE — | L3
BEEEEENEEEEENEEE 2 o< o =

EEEESEEESEEEESE NS 2 —— * | =
HEEEEEEEEEEEEEN v 1€¢
54

ey BT v,
s

|
|
| | savon
_

U.S. Patent May 17, 1977



U.S. Patent May 17, 1977 Sheet 17 of 23 4,024,386

TO 58

OUTPUT
BUFFER

KC+PUC q

J24 _
338

P




U.S. Patent | May 17,1977  Sheet 18 of 23 4,024,386

DECODER

b o< KO A
¢, —o<}—

¢2 o _ 367

$, —o<

¢5 ¢ 368



U.S. Patent May 17, 1977 Sheet 19 of 23 4,024,386

-Vdd

™™ OUT OUT

IN OUT

-Vdd




U.S. Patent May 17, 1977 Sheet 20 of 23 4,024,386

380

|IIIIHHIIHHI|HHIIHHIIHEIIIiIlHiI
Fig.224 ] = - o
. RAM PAGE
' ' IV - ARITHMETIC &
OP3 SPECIAL OP.

Fig.23

ll[--.W---] 10[---“--#];"

CALL BRNC
1 of 64 ROM 1 of 64 ROM
Locations Locations

0011XX[.B. ]
BIT & LDX
16 Locations

0111(..C..]
ALEC

0110[..C..]
CM1Y. |

001OXXXX
16 Locations

0000XXXX

ARITHMETIC
&
SPECIAL

32 Loéétions

16 Locations

0001[..C.. ]

LDP
16 TL.ocations

0101([..c..] | o100[..C..]
YNEC TRCY

16 Locations | 16 Locations




U.S. Patent May 17,1977  Sheet 21 of 23 4,024,386

R
ROM Y D2¥A°UT
ADDRESS

ROM Y C&RRY
ADDRESS| RAM' Y
VALID ADDRESS

VALID ADDER
J8s5 ROM TO ACC.
STATUS OUTPUT
3

VALID 83

355 RAM Y
ADDRESS

OUT

A+a+ca




4,024,386

Sheet 22 of 23

U.S. Patent May 17, 1977




4,024,386

Sheet 23 of 23

U.S. Patent May 17, 1977

25

27

24

86

86

1 :
_r H
- -

B o ol B v o e - oy e e e o ||-.|m

o -y
el Mw.u.w__.# .
N

ok ko

—_

: )

) 1

. - L} _ —- - —

- A T = --

W_J.w 2 R B ES
ok

[
M -
: -
1 - —
) F

"N 'R X N F W FE R R 12

S LA S S N N A

.‘. ;

Fig 26



4,024,386

1

ELECTRONIC CALCULATOR OR DIGITAL
PROCESSOR CHIP HAVING TEST MODE OF
~ OPERATION

RELATED CASES

This application discloses subject matter related to
that disclosed and claimed in the following U.S. Patent
applications, all filed herewith and assigned to Texas
Instruments Incorporated, the assignee of this inven-
tion: (now U.S. Pat. No. 3,991,305 (now U.S. Pat. No.
3,991,306) (now U.S. Pat. No. 3,988,604) (now U.S.
Pat. No. 3,989,939). | |

BACKGROUND OF THE INVENTION

The invention relates to calculator or digital data
processing systems, and particularly to an improved

MOS/LSI semiconductor chip for use in such systems.

Electronic calculator systems of the type having all of
the main electron functions within a single large scale
integrated (LSI) semiconductor chip, or a small num-
ber of chips, are described in the following prior apph-
cations of patents assigned to Texas Instruments Incor-
porated: U.S. Pat. No. 3,819,921, by Kilby et al., for
“Miniature Electronic Calculator”, based on an appli-

cation originally filed Sept. 29, 1967; Ser. No. 163,565,

~ filed July 19, 1971 by Boone and Cochran, for “Vari-
able Function Programmed Calculator’” and now aban-
doned, (now Ser. No. 420,999, filed Dec. 3, 1973); Ser.
No. 400,473, filed Sept. 24, 1973, by Bryant for “Digt
Mask Logic In Electronic Calculator chip” now U.S.
Pat. No. 3,892957 issued July 1, 1975; Ser. No.
400,437, filed Sept. 24, 1973, by Vandierendonck,
Fisher and Hartsell for “Electronic Calculator with
Display And Keyboard Scanning” now U.S. Pat. No.
3.987,416; Ser. No. 397,060, filed Sept. 13, 1973 by
Cochran and Grant, for “Multi-Chip Calculator Sys-
tem” now U.S. Pat. No. 3,900,722 issued Aug. 19,
1978: and others.

These prior inventions have made possible vast re-
ductions in cost and size, and increases in functions, In
electronic calculators. Many millions of such calcula-
tors have been produced. The efforts to reduce manu-
facturing costs and increase the functions available to
the user are continuing. Particularly, it is desirable to
provide a basic chip structure that is quite versatile and
can be used for many different types of calculators and
similar digital processing equipment. This permits a
single manufacturing facility to produce large quanti-
ties of the same devices, differing only in a single mask
change, to produce dozens of different variations, while
still maintaining large volume cost advantages.

The previous MOS/LSI calculator chips as referred
to above were generally register organized in that a
single instruction word operated on all of the digitsin a
~ given register. A more versatile approach is to make
the machine “digit organized”, operating on one digit
at a time. For example, it may be desired to test or set
a particular one bit flag. In a register machine an entire
thirteen digit register must be addressed and masked to
implement this, whereas a digit organized machine may
access only the needed digit or bit. An example of a
calculator chip of such nature is referred to at pages
31-32 of “Electronics”, Sept. 25, 1972, by Rockwell.

SUMMARY OF THE INVENTION

In the manufacture of calculatpr'chips, testing of the
devices to assure that every device, interconnection
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. 2
and other points of possible failure on the complex unit

is perfect can require excessive amounts of time, thus

adding to the cost. In this invention, testing of the chips
is greatly facilitated.

The chip contains a large read-only-memory or ROM
which stores the program of the calculator or proces-
sor. In the example shown, the ROM contains 8192 bits
organizeed as 1024 words of eight bits each. Also, the
chip contains a RAM for data storage, an adder, and
complex control circuitry. The invention pertamns to
the facility for testing all of the circuitry and all of the
bits stored in the ROM in a minimum time.

In a prior application Ser. No. 400,299, filed Sept.
24. 1973, now U.S. Pat. No. 3,921,142, entitled “Elec-
tronic Calculator Chip Having Test Input and Output”,
now U.S. Pat. No. 3,921,142, an arrangement for test-
ing the ROM of a calculator chip was shown, but this
was of more limited capability. -

According to this invention, a calculator chip 1s pro-
vided in which the ROM is addressed by separate X and
Y address registers, and a test address may be read
serially into the Y register while being read in parallel
into the X register in time multiplex manner, since the
inputs are valid on different clock phases. The resulting
ROM word is loaded into the Y register by a simulated
branch operation, and may be read out serially for
checking. The addressed word in the ROM may also be
used to initiate a program sequence for testing the
other parts of the system. This is permitted by using
separate control inputs to implement reading in and
reading out.

In addition to use in the test mode of operation, these
capabilities may be used for operational functions in
some applications, thus expanding the versatility of the
device.

BRIEF DESCRIPTION OF THE DRAWINGS

The novel features believed characteristic of the
invention are set forth in the appended claims. The
invention itself, however, as well as other features and
advantages thereof, will be best understood by refer-
ence to the detailed description which follows, read in
conjunction with the accompanying drawings, wherein:

FIG. 1 is a pictorial view of a small hand-held calcula-
tor in which the system of the invention may be uti-
lized;

FIG. 2 is a block diagram of the system of the calcula-
tor of FIG. 1; .

FIG. 3 is a detailed block diagram of an electronic
system using the invention, in particular the digital
processor chip 135 of FIG. 2;

FIG. 4 is a timing diagram in the form of a graph of
voltage vs. time for clock voltages used in the system of
FiG. 3;

FIG. § is a detailed electrical diagram of the RAM
25, RAM page decoder 29 and RAM write control 70
of FIG. 3;

FIG. 6 is a detailed logic diagram of the adder 50,
adder input select §1, accumulator $2 and RAM Y
register 40 of FIG. 3;

FIG. 7 is a detailed logic diagram of the control PLA
60 of FIG. 3; |

FIG. 8 is a detailed logic diagram of the status logic
66 of FIG. 3;

FIG. 8a is a detailed electrical diagram of a complex
gate 66-1 of FIG. 8;
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FIG. 9 18 a detailed logic diagram of the program
counter 36 and subroutine register 43 of the system of
FIG. 3; -

FIG. 10 is a detailed logic diagram of the page ad-
dress register 46 and the address buffer 47 of FIG. 3;

FIG. 11 is a detailed logic diagram of the address
controls 48 and keyboard input 75 of the system of
FIG. 3; | - o

F1G. 12 is a detailed logic diagram of the CKB logic
56 of FIG. 3; | - |

FI1G. 124 is a detailed electrical diagram of one of the
complex gates 56-8 of FIG. 12; |

FIG. 13 is a detailed logic diagram
address register 73 of FIG. 3; |
~ FIG. 14 is a detailed electrical diagram of the ROM
24 and the ROM page decoder of FIG. 3; -

FIG. 15 is a detailed electrical diagram of the ROM/-
RAM word address decoder 27 and the data select 39
of FIG. 3

of the RAM page

FIG. 16 is a detailed electrical diagram of the output 20

register 84 and output buffers 86 of FIG. 3;
FI1G. 17 is a detailed electrical diagram of the output
register 62 and the output buffers 65 of FIG. 3;

FIG. 18 is a detailed logic diagram of the power up
clear circuit 82 of FIG. 3

FIG. 19 is a detailed logic diagram of the feedback
circuit for the program counter 36 of FIG. 3;

- FIG. 20 is a block diagram of the clock generator 80
of FIG. 3;

FIGS. 21a to 21/ are detailed electrical
logic circuits used in FIGS. 5-20; |

FIG. 22 is a representation of the instruction wo
used in the system of the invention; o

FIG. 23 i1s a Karmaugh map of instruction words typi-
- cally used in the system of the invention;

FIG. 24 is a timing diagram showing several instruc-
tion cycles in the operation of the system of FIGS.
1-21; |

FIG. 25 is a schematic representation of timing of
various events in the system of FIGS. 1-21; and

FIG. 26 18 a top view, greatly enlarged, of an MOS/-

LSI semiconductor chip incorporating all of the cir-
cuitry of the system of FIGS. 3 and 5-21. .

DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENT

The Overall System

‘Referring to FIG. 1, a small electronic calculator in
which the digital processor of the invention can be used
is shown, comprising a housing 10 of molded plastic or
the like, with a keyboard 11 and a display 12. The
keyboard includes number keys 0-9, a decimal point
key, and several standard operation keys such as +, —,
=, X, =+, C (clear), etc. In a preferred embodiment, the
calculator system is designed to perform scientific
functions, so keys such as EE (enter exponent), Vv x,
X% {7y, Y5, SIN, COS, TAN, LOG, etc., may be
included in the keyboard 11. Many other functions may
be included, depending upon the programming. The
display 12 can be, for example, from six to 12 digits of
the seven segment type, with provision for decimal
point and perhaps commas, as well as two digits on the
right hand side for exponents or scientific notation. The
display may comprise light emitting diodes (LED’s), or
a gas discharge panel, or liquid crystal devices, for
example. The calculator is a self-contained unit having
a power supply in the form of a battery or batteries
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within the housing 10, although an AC
attached, as well as a battery charger. - |
Essentially all of the electronic circuits of the calcula-

adapter may be

tor system are contained within a large-scale-integrated

semiconductor chip which is typically packaged in a 28
pin plastic package and mounted on a printed circuit
board within the housing 10. The general organization
of the calculator system is seen in block diagram in
FIG. 2, where the keyboard 11 and display 12 are
shown connected to the semiconductor chip 15. Inputs
to the chip are by four “K lines” 16 which are desig-
nated K1, K2, K4, K8, a clear key mput KC. Out-
puts from the chip inc eight segment outputs 17
which are connected to common segments of the dis-
play 12. All like segments in each of the digits of the
display are connected together, so only eight segment

.-outputs are needed. The digits of the display 12 are

~dniven by outpu

25

diagrams of 30

35

40

45

30

33

60

65

t lines 18 which are labelled DO, to
D11, with digit drivers 19 being used to provide suit-
able voltage and current levels for the particular dis-
play. Depending upon the number of digits in the dis-
play, the number of output lines 18 could be any num-
ber up to 13. As will be seen, the number of digits in the

display 12, the number of K lines 16 needed for the

keyboard, and whether or not hardware clear key KC is
used, as well as the desired number of pins for the
package, are optimized for a specific design. The lines
18 are also connected to the matrix of key switches
which make up the keyboard 11. Assuming there are
13 output lines 18, the matrix contains a maximum of
13 imes 4 or 52 crosspoints so there are 52 possible
key positions (plus KC), not all of which are used for a
given design. A minimum function calculator with only
a [X], [+], [+], -], =, [C], [.], [0-9 keyboard would
need only 17 keys. Other input/output pins for the chip
15 include a clear key input KC which can be used for
the C or clear function, a single voltage supply or Vdd
line 20, a ground or Vss pin 21, and two oscillator input
and output pins 22 and 23 which control the various
options for the on-chip oscillator. Usually the pins 22
and 23 are connected together and a resistor connected
to Vdd from the pins for setting the frequency of an
internal clock generator. More accuracy is provided by
having a capacitor connected to ground. To have one
of the chips 15 synched by another, the pins 22 and 23

~are not connected, but the external synch from the

output pin 23 of the other chip is connected to the
mput pin 22 of the driven chip. A typical clock fre-
quency s 500 KHz. o

A standard 28 pin integrated circuit package may
thus be employed for an 11 digit display. It is apparent
that the 44 key switches, eleven digits and cight seg-
ments per digit would require an excessive number of
pins if all input/output connections were made directly,

80 time-multiplexing of the keyboard and display input-

/output in the manner set forth in application Ser. No.
163,563 is vital. Twenty-four lines in the groups 16, 17
and 18 provide the equivalent of 44 4+ 11 X 8 or 132
connections. o |

The chip 15 can provide a variety of functions as a

-general purpose digital processor. When used as a cal-

culator as in FIGS. 1 and 2, the unit accepts keyboard

nputs on the lines 16, performs functions such as add,

subtract, multiply, divide, square root, etc. on the input
data as selected by operation keys, and outputs the
results to the display 12. The electronic system needed
to perform these functions is implemented in a MOS/-
LS1 semiconductor chip containing over 8,800 MOS
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transistors on a wafer of silicon less tha 0.2 X 0.2 inch
in size. The chip can be manufactured in volume for a
unit cost of a few dollars, making possible a calculator
having very sophisticated functions yet selling in the
twenty or thirty dollar range. |

The _SyStcm Block Diagram

A block diagram of the system implemented on the
~ chip 15 is shown in FIG. 3. The system is centered

around a ROM (read-only-memory) 24 and a RAM
(random-access-memory) 25. The ROM 24 contains
1024 instruction words of eight bits per word, and 18
used to store the program which operates the system.
The RAM 28 contains 256 memory cells software orga-
nized as four 16-digit groups with four bits per digit.
Numerical data entered by the keyboard is stored in the
RAM 25, along with intermediate and final results of
caculations, as well as status information or “flags”,
decimal point position and other working data. The
RAM functions as the working registers of the calcula-
tor system, although it is not organized in a hardware
sense as separate registers as would be true if shift
registers or the like were used for this purpose. The
RAM is addressed by a word address on lines 26, i.e.,
one out of sixteen word lines in the RAM is selected, by

" means of a combined ROM and RAM word address
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decode circuit 27. One of four “pages” of the RAM is

selected by an address signal on two lines 28 applied to
a RAM page address decoder 29 in the RAM. For a
given word address on lines 26 and page address on
lines 28, four specific bits are accessed and read out on
RAM 1/O lines 30, via input/output circuit 31, to RAM
read lines 32. Alternatively, data is written into the
RAM 25 via the input/output circuitry 31 and the lines
30. The same 16 lines 26 used as RAM word address
are also used to generate the display and keyboard scan
on the lines 18; to this end the lines 26 pass through the
RAM 25 and are connected to output registers and
buffers as will be explained. |
The ROM 24 produces an eight bit instruction word
on ROM output lines 33 (the bits of the instruction
word being labeled RO-R7) during each instruction
cycle. The instruction is selected from 8192 bit loca-
tions in the ROM, organized into 1024 words contain-
ing eight bits each. The words are divided into 16
groups or pages of 64 words each. To address an in-
struction in the ROM requires a one-of-64 ROM word
address on lines 34 and a one-of-16 ROM page address
on lines 35. The ROM word address on lines 34 i1s
generated in the same decoder 27 as used to generate
the RAM word address on lines 26. The ROM word
address is a six-bit address produced in a program
counter 36 which is a six-stage shift register that may be
updated after an instruction cycle or may have a six-bit
address loaded into it via lines 37 from ROM output
lines 33 for a call or branch operation. The RAM and
ROM word address decoder 27 receives a six-bit en-
coded address on lines 38 from decode data select unit
39 which has two inputs. The unit 39 receives a four-bit
address from RAM Y register 40 via lines 41, and re-
_ceives a six-bit address from the program counter 36
via lines 42, during each instruction cycle. A six-bit
subroutine register 43 is associated with the program
counter 36 to serve as temporary storage for the return
word address during subroutine operations. A six-bit
address is stored in the register 43, via lines 44 when a
call instruction is initiated so that this same address
may be loaded back into the program counter 36 via
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lines 45 when execution of the subroutine which begins
at the call location has been completed; this conserves
instruction words and makes programming more flexi-
ble. The ROM page address on lines 35 is generated in
a page address register 46 which also has a buffer regis-
ter 47 associated with it for subroutine purposes. The
register 46 will always contain the current page address
for the ROM, and directly accesses the ROM page
decoder. The buffer register 47 is a multifunction buf-
fer and temporary storage register, the contents of
which can be the present ROM page address, an alter-
nate ROM page address, or the return page address
during subroutine operations. The program counter,
subroutine register and ROM page addressing are all
controlled by control circuitry 48 which receives inputs

‘from the ROM output lines 33 via lines 49. The control

circuitry 48 determines whether branch and call on
“status” or subroutine operations are performed,
causes loading of an instruction word into the program
counter and/or page address register, controls transfer
of bits to the subroutine or buffer registers and back,
controls updating of the program counter, etc.

Numerical data and other information is operated
upon in the system by a binary adder 50 which is a
bit-parallel adder having a precharged carry circuit,
operating in binary with software BCD correction. The
input to the adder 50 is determined by an input selector
51 which receives four-bit parallel inputs from several
sources and selects from these what inputs are applied
to the adder. First, the memory read or recall lines 32
from the RAM 25 provide one of the alternatives. Two
registers receive the adder output, these being the
“RAM Y register 40 and an accumulator 52, and each
of these has output lines separately connected as inputs
53 and 54 of the selector §1. A fourth input 55 receives
an output from “CKB” logic as will be explained. Thus,
the adder input is selected from the following sources:
data memory or RAM 25§ on lines 32; accumulator 52
via lines 53; RAM Y register 40 via lines 54; constant,
keyboard or “bit” information from CKB logic 56 on
lines 55. Positive and negative inputs to the adder 50 on
lines 57 and 58 are produced from the selector cir-
cuitry S1. | -

The output from the adder 50 is applied to either or
both the RAM Y register 40 and the accumulator 52
via lines 59. All of the operations of the adder S0 and
its input selector 51, etc., are controlled by a data path
control PLA 60 which is responsive to the instruction
word on lines 33 from the ROM. Control outputs 61
from the control PLA 60 are indicated by dotted lines.
The four-bit output from the accumulator can be ap-
plied via lines §3 to an accumulator output buffer 62
and thus to a segment decoder 63 for output from the
system. The segment decoder 63 is a programmable
logic array like that disclosed in application Ser. No.
163,565, and produces up to eight segment outputs on
lines 64 which are applied to a set of eight output buf-
fers 65. The output arrangement contains memory in
the buffer 62 so that an output digit can be held for
more than one machine cycle. Output is under control
of the data control logic PLA 60 which is responsive to
the instruction word on lines 33 from the ROM.

A status logic circuit 66 provides the function of
examining for carry or compare from the adder 50, and
determining whether to branch or call. To this end,
inputs from the adder 50 via lines 67, and input from
the control PLA 60 via lines 61 are provided. The

status logic 66 includes a latch which produces an out-
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put 69 to the output buffer register 62; this can be
decoder out via segment decode 62 in many different
ways. It can be used to indicate decimal point DPT, and
used to select two digit code sequences such as seven-
segment or BCD out of the same PLA. For DPT, a BCD
code of the desired DPT place would be stored in a
location in RAM 25, and this would be compared in
adder S0 with the current D line 18 being actuated
which is defined in RAM Y register 40, and if they are
the same, status latch is set and DPT is shown on the
display for that digit. Further, the status latch can be
used to delineate between BCD data out on certain
Ilmes 17, and control outputs on other lines 17.

A control circuit 70 determines what and when data
18 written into or stored in the RAM 25 via input/output
control 31 and lines 30. This RAM write control 70
receives inputs from either the accumulator §2 via lines
33 or the CKB logic 56 via lines 55, and this circuit
produces an output on lines 71 which go to the RAM
I/O circuit 31. Selection of what is written into the
RAM is made by the instruction word on lines 33, via
the data path control PLA 60 and command lines 61.
An important feature of the system is that constants or
keyboard information, from CKB logic 56, as well as
the adder output via the accumulator, may be written
into the RAM, via the write control 70, and further the
CKB logic 56 can be used to control the setting and
resetting of bits in the RAM, via the write control 70.

The RAM page address into which data is written is
determined by two bits of the instruction word on lines
33, as applied via lines 72 to a RAM page address
register 73 and thus to lines 28 which select the RAM
page. The RAM word or Y address is of course selected
by the contents of RAM Y register 40, select circuit 39
and decoder 27. | |

The four keyboard inputs 16 appear on lines 75, from
which an input to the CKB logic 56 is provided. In
normal operation, a keyboard input goes via CKB logic
36 to the accumulator 52 or RAM Y register 40, from
whence it is examined by software or ROM program-
ming. In manufacture of the chips, a test mode is possi-
‘ble, where the keyboard input on lines 75 can be en-
tered directly into the ROM page buffer address regis-
ter 46, as will be explained. Also, during hardware clear
using the KC input, the K lines can be entered into the
page address register, or a K line can be used as an
mterrupt, in non-calculator applications.

Also included within the chip 15 is a clock oscillator
and generator 80 which generates internally a basic
clock frequency of about 500 KHz or less, and from
this produces five clocks 01 to 05 used throughout the
system. A power-up-clear circuit 82 produces controls
which clear the calculator when the power is turned on.
This may be also supplemented by the KC input with an
external capacitor.

The outputs 18 from the chip 18, used for keyboard
and display scanning, are generated from the RAM
word address on lines 26 by an output register 84 which
is loaded under control of lines 61 as addressed by
RAM word lines 26. The output from the register 84 is
connected via lines 85 to a set of output buffers 86.
Sixteen outputs are possible, but only perhaps nine to
thirteen would be provided as outputs in a typical cal-
culator design; for example eight digits for mantissa,
two for exponents, and two for annotators such as
minus sign for mantissa and exponent. f

It is important that the register 84 is a random access
register, where all bits are separately, independently,
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and mutually exclusively addressed. In this embodi-
ment, only 13 stages are provided in the register 84, so
only the first thirteen of the 16 address lines 26 are
used. When one of the 13 bits in the register 84 is
addressed from decoder 27, this bit may be either set or
reset as determined by controls 61 from the control
PLA, 1.e., from the current instruction word. The bit
will remain set or reset until again specifically ad-
dressed and changed; meanwhile any or all of the other
bits may be addressed and and set or reset in any order.
Thus, it is possible to have any combination of D regis-
ter bits either set or reset, providing 23 or 8192 code
combinations on the output lines 18. During power up
or hardware clear, all the bits of the register 84 are
unconditionally reset.

Similar to the register 84, the other output register 62
is static in that the contents once entered will remain
until intentionally altered. The output register 62 func-
tions as an output data buffer while the accumulator
52, and status latch 66 are being manipulated to form
the next output. The output register 84 is a similar
buffer for outputting the contents of the Y register 40,
but has the additional feature of being fully random
access. The data sources for the Y register 40 are the
following: a four-bit constant stored in the ROM 24 as
part of an instruction word; the accumulator 52 trans-
ferred to the Y register 40 via the selector 51 and adder
50; and data directly from the RAM 25, Once data is in
the Y register 40 it can be manipulated by additional
instructions such as increment or decrement.

System Timing

A timing diagram for clock voltage waveforms used
in the chip 15 of FIG. 3 is shown in FIG. 4. The basic
machine cycle, also referred to as an instruction cycle,
18 an interval 90 made up of six intervals labeled 91-96,
each of which is nominally 2 or more microseconds in
length, so the machine cycle 90 is 12 microseconds or
more. The phase 01 exists during intervals 92 and 93,
02 during 95 and 96, 03 during 93, 94 and 95, and 05
during interval 94, as seen in the drawing. The basic
clock 0 from which the clocks 01-05 are derived in the
clock oscillator generator 80 is shown for reference.

The Data Memory

Referring to FIG. §, the RAM 25 and its input/output
control circuitry is illustrated. The RAM 2§ is com-
posed of an array of 256 cells 100, each of which is a
self-refreshing memory cell a seen in FIG. 214, and as
described in copending U.S. Pat. applications Ser. No.
454,349, filed Mar. 24, 1974, now U.S. Pat. No.
3,876,993 or Ser. No. 525,245 filed Nov. 19, 1974,
now U.S. Pat. No. 3,955,181, both assigned to Texas
Instruments Incorporated; such applications are incor-
porated herein by reference. The array is organized 16
X 4 X 4, wherein 16 address lines 26 provide the “RAM
Y” address function; that is, the four-bit indication
usually contained in RAM Y register 40 is decoded in
the decoder 27 to select one of the 16 lines 26. These
lines are labeled 26-0 to 26-15, representing the A0 to
A1lS signals, 13 of which also correspond to the DO to
D12 signals. The array of RAM 28 also includes 16
data input/output lines 101, these being labeled 101-1
to 101-16; these are arranged in four groups of four,
101-1 to 101-4 being one group, etc. The two-bit RAM
Y address on lines 28 selects one-of-four of the lines
101-1 to 101-4, etc., in each group, and causes the four
selected lines, one from each group, to be connected to
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four input/output lines 30-1, 30-2, 30-4 and 30-8 which

correspond to the 1, 2, 4 and 8 lines for a four-bit BCD

code. Note that for simplicity only some of the cells
100 and representative address and input/output lines

are shown in FIG. §; also, the 01 and 0S5 lines needed
for each cell in the array are not shown in the Figure.

The RAM page decoder 29 comprises four like
groups of transistors 102 which receive the true and
inverted RAM Y address signals from lines 28 and
“enable paths such that only one of the lines 101 in each
group of four is connected to the respective one of the
lines 30. If a code 01 exists on lines 28 then lines 101-1,
101-5, 101-9 and 101-13 would be connected to the
lines 30-1, 30-2, 30-4 and 30-8 respectively. A code 11
would select lines 101-2, 101-14, etc. |

10 ,
duce 1 and O (Vss and Vdd) voltages, respectively.
Transistors 117 in series with transistors 115 and 116,

" controlled by CKB outputs 55, provide the set and reset

10

15

The RAM 1/O circuitry 31 comprises four like groups

31-1... 31-8, each of which controls read or write for

one bit. Each of the lines 30 is connected to one of the

write lines 71 through one of four series transistors 103

which are clocked on 03, so that data reaches the lines
30 for write in during the significant interval 05, when
it must exist on the selected line 101. Phase 03 is wider
than needed for this purpose as may be seen in FIG. 4.
The lines 30 are shorted to Vss during 02 by devices
104 which are clocked on 02, so that all 1/O lines 101
are at Vss or logic 1 at the beginning of each cycle.
Data is read out of 16 selected cells 100 onto lines 101
during, then four selected lines 101 are read onto the
four lines 30-1 . . . 30-8 at this 01 time. For read out,
the data goes through devices 105 which are clocked
on 04 during 01 time, into the gates of transistors 106.
Transistors 107 precharge the output lines 32-1 to 32-8
during 02, and the output lines are conditionally dis-
charged via deviceds 106 during the next 04 (01) ime.
Thus the selected data will appear on read-out or recall
lines 32-1 . . . 32-8, valid during 04 (01) time interval
92. The gates of transistors 106 will be shorted to Vss
through devices 104 and 105 during the interval 95 of
04, when 02 is also on.

The lines 101 are shorted to Vssduring 02 by devices
108 during intervals 95 and 96, since it is necessary for
the lines to be at Vss before read-out which occurs
during interval 92 of the next cycle. All the address
lines 26 are at Vssduring 02; this is implemented in the
address decoder 27 such that an address or —Vdd exists
on only one of the lines 26 only during 02, and at all
other times all of the lines 26 are at Vss. Only one

address line 26 can be on at a given time.
The RAM write control 70 includes four like circuits

70-1, . . . 70-8, only two being seen in FIG. §, which

receive data inputs §3-1, §3-2, 53-4 and 53-8 from the
accumulator 52, and also receive four data or control
inputs §5-1 to 55-8 from the CKB logic 56. Transistors
109 are under control of the voltage on a control line
110 when a “STO” command appears on an output line
61-12 from data path control PLA 60. This can be vald
only when 02 is not at —Vdd as implemented in a gate
111. Transistors 112 are under control of the voltage
- on a control line 113 when a “CKM” or CKB-to-mem-
ory command appears on another output line 61-11
from PLA 60, also rendered valid only when 02 1s not
at —Vdd by a gate 114. By these devices 109 and 112,
the accumulator outputs 53 or the CKB data outputs 55
can be inputs to the memory. The other CKB function
is also implemented on the control 70. Output signals
SETB and RSTB appearing on command lines 61-17
and 61-18 as outputs from the control PLA 60 are
applied to the gates of transistors 115 and 116 to pro-
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“bit functions. Device 115 produces a
on input line 71 to the RAM of

und or logic 1
18 at —Vdd, for
the one of four bits selected by the CKB lines 55. Like-

‘wise, device 116 produces a logic 0 on input line 71 if

RSTB is at —Vdd, for the selected bit. Only one of the
CKB lines 55 can be at —Vdd when CKB is functioning

in the bit mode, the others are at ground which turns

off transistors 117 for unselected bits. This permits
setting or resetting a specific bit in the RAM 25. This
function is typically used for setting and resetting flags
in calculator operation; a digit may be designated for
flags, with one bit each as the add flag, minus flag,
multiply flag and divide flag, for bookkeeping. Later, a

specific flag bit is accessed via masking the adder in-

puts, again with CKB. Testing flags is by the compare

function in the adder. This mechanism simplifies the

structure in that the same controls and select that are
used in arithmetic functions are used in the test bit
functions. |

The Adder

The binary adder 50 consists of a set of four parallel

adder stages 50-1, 50-2, 50-4 and 50-8 of conventional
form. All four of the stages are basically the same; two
are shown in FIG. 6. Considering the stage 50-1, each
adder stage consists of a first complex gate 120 and a
second complex gate 121, a carry input 122 and a carry
output 123. The complex gate 120 receives two inputs
§7-.1 and 58-1, sometimes identified as negative and
positive inputs, and produces an output on line 124
which is the “exclusive or” or “equivalence’ function
of the inputs on §7-1 and 58-1. A carry output 18 pro-
duced on the line 123 by first precharging the line 123
to a 0 or Vdd on 01, then conditionally discharging
when 01 goes to Vss, depending upon the output of a
gate 125; when both inputs 57-1 and 58-1 are 1, one
generate condition for generating a carry is satisfied, so
the output of gate 125 causes a device 126 to be con-
ductive after 01 ends, discharging line 123 to Vss or 1.
A carry signal is produced on line 123 going to the next
stage if both inputs §7-1 and 58-1 are 1, or if either of
these is 1 and “carry in” on line 122 is 1, or if both
inputs 57-1 and 58-1 are 1 and “carry” in on line 122
is 1, for all other situations, the line 123 remains at O or
~-Vdd after 01 ends since neither the path through
device 126 or through a device 127, nor the next stage,
permits a discchzﬁ?e. The carry input for the first bit
comes from a command from the control logic 60
via a line 61-0; the line 122 is also precharged with 01.
Carry output from the stage 50-8 appears on line 128,
is gated on 03 and inverted, and provides a CARS
signal on line 67-1 which goes to the status logic 66.
- The adder 50 provides a “compare” function,
wherein a COMP output is produced on a line 67-2
which also goes to the status logic 66. This signal is
produced on a line 239 which is precharged by 01 then
conditionally discharged on 01 when any of the devices
130 are turned on by the outputs 124 of the gates 120.
Conditional discharge occurs if line 124 goes to —Vdd,
which occurs if the inputs to complex gate 120 at §7-1
and 58-1 are not the same. When all of the inputs §7
are the same as the inputs §8, COMP will be 1, other-
wise 0. |

Outputs from the adder stages 50-1, 50-2, etc., ar
produced on lines 59-1, §9-2, 5§9-4 and §9-8, which are
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the outputs of the complex gates 121. The gates 121
receive inputs 124 and carry in for that bit on lines 122,
etc. The gates 121 produce an “equivalence” function
of the outputs 124 and carry in. During 01, these out-
puts 59 are not valid, because the carry circuit is being
precharged. Carry is not valid, so the outputs 59 are not
valid, until after 01 ends. The adder output 5§9-1 is an
input to either the accumulator register stage 52-1 or
the RAM Y register stage 40-1, depending upon inputs
61-9 and 61-10 from the control PLA 60 referred to as
AUTA and AUTY. These controls go through inverting
gates 132 which also have 01 inputs, providing control
lines 133 which can be at —Vdd only during 01.

The Adder Input Select

As shown in FIG. 6, the adder input select 51 in-
cludes four similar sets of complex gating arrangements
51-1, 5§1-2, 51-4 and 51-8 each consisting of complex

NAND/NOR gates 135 and 136. The gate 135 receives
control inputs 61-4, 61-5, 61-7 and 61-8 from the con-

trol PLA 60, referred to as I5TN, MTN, NATN and
ATN, which determine whether the input 57-1 will be
either unconditional 1, or MEM1, or , or ACC1,
respectively. The data from the RAM 25 appears on
lines 32-1, 32-2, etc., from FIG. 8, and is referred to as
MEM1, MEM2, etc. The data from the accumulator 52
appears on lines 53-1 and 83-1' in true and inverted
form, ACC1 and ACC1 as inputs to the selector 51, so
either the accumulator data or its complement may be
the adder input. The inputs from the CKB logic 56 are
provided on CKBI, C&T‘, et seq., lines 55-1, 5§5-1’,
“etc., which bypass the gates 135 and 136.

The CKB inputs are controlled by CKP and CKN
through devices 137 and 138. The controlled signals
YTP and MTP on lines 61-1 and 61-2 select either
RAMY from a line 139 or MEM1 from line 32-1 as the
input §8-1 via gate 136. -

The Accumulator and RAM Y Registers.

FIG. 6 also shows the accumulator register $2 which
contains four like stages 52-1, §2-2, 5§2-4 and 52-8, as
well as the RAM Y register which has four like stages
40-1 to 40-8. Each stage of these registers is a conven-
tional one-stage shift register which recirculates upon
itself via paths 140, so bits entered into ACC or RAM
Y will stay until new data is entered. The stages each
consist of two inverters and two clocked transfer de-
vices, clocked on 02 then 01, of conventional form.
Selection of whether the adder outputs 59 go to ACC
or RAM Y is made by AUTA and AUTY commands on
lines 61-9 and 61-10, which produce controls on lines
133 for devices 141, Data is valid at the outputs 59
from the adder 50 after 01 goes to Vss, so the lines 133
do not go to —Vdd until after 01; this is the function of
gates 132, ' |

The outputs 41-1, 41-2, etc., and 139 from RAM Y
are valid after 01 ends. The true outputs 53-1, 5§3-2,
etc., and inverted outputs §3-1’, etc., from the accumu-
lator are valid starting at 02. .-

The Data Path Control PLA |
The control PLA 60 is shown in detail in FIG. 7. This
device basically consists of a programmable logic array
of the type described in U.S. Pat. No 3,702,985, Prob-
esting et al., assigned to Texas Instruments Incorpo-
rated.

The current instruction word from the ROM 24 is
applied in true and inverted form to the first section
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60-1 of the PLA. These are the outputs 33 from the
ROM, corresponding to RO, RO, R1, R1, etc. The lines

‘33, etc., are metal strips. Inverters 146, precharged on

02, produce the inverted RO, etc., signals. Thirty lines
146 in the first section 60-1 are eclongated P-diffused
regions, and each is connected to Vdd through a sepa-
rate load device. All of the lines are clocked on 01.
Between adjacent lines 146 is a Vss line, also a P-diffu-

“sion. The circles represent thin oxide gate areas, so

where a circle is present a line 146 is connected to Vss
when the overlying metal line 33 is at —Vdd, otherwise
it stays at —Vdd. The coding of the PLA section 60-1 by
gates or circles is such that only one line 146 is actu-
ated or at —Vdd for a given instruction code on lines 33.
The lines 146 become metal strips 147 in the second
section 60-2 of the PLA. Another set of 16 P-diffused
lines 148 underlie the metal strips 147, along with Vss
lines (not shown). Again, the circles represent thin
oxide gates under the metal strips. The coding is such
that for the one-of-thirty lines 147 which is actuated, a
selected set of lines 148 will be actuated with the
proper 1 or O logic level. The coding shown is for one
example calculator operation. Both sections 60-1 and
60-2 are mask programmable in manufacture, so many
different instruction sets are possible. The lines 148
contain the same commands as lines 61-0 to 61-185.
Note that for any instruction word where RO=], a
branch or call is being implemented, 30 none of the
lines 147 will be actuated because no elements in the
entire system controlled by lines 61 should be exer-
cised. The RO line 33 in first section 60-1 has gates for
every line. All of the output lines 148 or 61-0 to 61-15
from the second section 60-2 are precharged to —Vdd
by devices 149 clocked on 02; these lines 61-0 to 61-15
are diffused regions while within the section 60-2 and
then become metal strips for connection to the adder
select, etc., on other parts of the chip. A third section
60-3 of the control PLA 60 is a simple decoder rather
than a PLA. This decoder produces register and bit set
and reset commands, load or clear segment commands,
and load or complement RAM X address commands,
all on hines 61-16 to 61-23 which are P-diffused re-
gions. Loads, not shown, are connected to those lines.
Particular ones of these lines are selected according to
the gate coding and the current instruction word.

- The Status Logic and Status Latch |

In FIG. 8, the status circuitry 66 is shown in detail,
including a complex gate 66-1 for resetting status line
79, and a status latch 66-2. Status is normally a logic 1,
so the machine normally branches, unless status line 79
is reset to logic 0 or —Vdd. The latch is a conventional
circuit with two clocked inverters and a feedback path.
The output 69 from the status latch 66-2 is connected
to the output register 62. The latch may be set or reset,
1.¢., the line 79 is connected to the latch input via de-
vice 157 under control of an STSL command on line
61-15 from the control PLA 60, and 01. The output of
status logic 66-1 (valid beginning at the last half of 02)
18 applied to device 157 via line 79, which is also con-
nected to various gates in FIG. 11. Status logic 66-1 is
a dynamic OR gate clocked on 03, and produces an

“output under three situations. One is ‘‘clear”’; when the

clear key is closed, KC occurs on line 199, status signal
is produced on line 79, meaning that the line remains at
—V for one instruction cycle. Another is the occur-
rance of a CARS signal on line 67-1 from the adder 50,
FIG. 6; this, coupled with a C8 command on line 61-14
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from the control PLA 60 generates *‘status’ on line 79.
In either case the status latch can be set if STSL occurs
on the same instruction cycle. Thus, a carry output
from the 8 bit of the adder can be used to generate
status on line 79 and/or set status latch. Likewise, a
COMP output from the adder 50 on line 67-2 can be
used to generate status if a NE command also occurs on
line 61-13 from the control PLA 60, so if the adder 1s
used to compare two data inputs then the result can be
used to generate *‘status’ on line 79, and/or to set the
status latch. --

FIG. 8a shows the complex gate 66-1 in schematic
diagram form rather than as a logic diagram. Note the
output is precharged to —Vdd during 03, and will condi-
tionally discharge depending upon the logic inputs after
03 goes to Vss, during which 02 is at —Vdd.

Generating the ROM Address

The ROM word and page addresses are generated in
several alternative ways, employing the program
counter 36, the subroutine register 43, the ROM page
address register 46 and buffer 47, as well as the con-
trols 48 and the ROM output itself on lines 33. These
elements will now be described.

The Program Counter

Referring now to FIG. 9, the program counter 36
includes eight stages 36-0 to 36-7, each of which is a
register stage having two inverters 160 and 161, clock-
ing being at 01, 02, with precharge on 03 for power
saving. Only six stages of the program counter are used
in the normal operation of the unit, these being stages
36-2 to 36-7 which receive the R2 to R7 ROM outputs
from lines 33 via lines 37-3 to 37-7. The six-bit address
on R2 to R7 is gated into the stages 36-2 to 36-7 by
devices 162 when a BRNCAL “branch or call” signal
appears on line 163 coming from controls 48. This
means that a successful branch or call operation is
being performed so the part of the instruction code
which defines the branch address is loaded into the
program counter by the path just described.

The two extra stages 36-0 to 36-1 in the program
counter unused in regular operation, are employed for
test purposes. All eight bits of the ROM output on lines
33, inverted and appearing as RO to R7, may be loaded
into all eight stages of the program counter via lines
37-0 to 37-7 by gates 162 under control of a BRNCAL
signal on line 163, to appear on nodes 164, from
whence the eight-bit word is read out senally via a
terminal 165 during the next eight instruction cycles.

All of the stages 36-2 to 36-7 may be set to zero for
power-up-clear by devices 166 which are turned on
when a PUC command appears on a line 167, thus
connecting a node 168 in each stage to Vdd. In this
manner, 2 ROM word address of 000000 is generated
on lines 42.

The six outputs from the program counter stages

36-2 to 36-7 to the ROM address decoder are via six
lines 42-0 to 42-5, representing PCO to PCS signals.
These are obtained at nodes 169 in each stage. Note
that an address R2 to R7 on lines 33, when gated
through devices 162, passes immediately through
nodes 164, inverters 161, and nodes 169, to lines 42-0
to 42-5 without clocking delays. |

The Subroutine Register

In FIG. 9, the subroutine register 43 cdmprises six
identical stages 43-2 to 43-7 corresponding to program
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counter stages 36-2 to 36-7. Each subroutine register
stage includes two inverters 170 and load and a feed-
back loop 172, with gates clocked at 02 and 01. A bit,
once entered, will recirculate continuously. When a
“CLATCH” command is generated on a line 173 from
control 48, the contents of the program counter 36 as
appearing on nodes 174 will be loaded into the respec-
tive stages of the subroutine register 43 via devices 175;
this must occur on 02. Normally, the control line 173 1s
always on, so the contents of the program counter as
normally sampled into the subroutine register via de-
vices 175 on every machine cycle. But when a CALL 1s
executed, the command is “don’t load”, so the last
address is kept. The six bits thus loaded into the sub-
routine register will thereafter continue to recirculate
individually within the stages 43-2 to 43-7, until such
time as a “RETN” command appears on a line 176
from control 48. This would cause devices 177 to load
the six bits back into nodes 164 of the program counter
stages 36-2 to 36-7, and thence immediately through
inverters 161 to nodes 169 and output lines 42. At the
same time, CLATCH goes negative so devices 175
thereafter load address bits into the subroutine register
until another CALL mode is reached.

The ROM Page Address Reg'mer and Buffer

Referring to FIG. 10, the ROM page address register
46 comprises four stages 46-1, 46-2, 46-4 and 46-8,
each of which includes a complex gate 46’ and an in-
verter 178, along with a recirculate path 179 and de-
vices clocked at 01 and 02. Output from the register 46
is via four lines 35-1, 35-2, 35-4 and 35-8 from nodes
180, going to the ROM page decode in the ROM 24,
valid during 02. For power-up-clear, all of the nodes
181 may be connected to Vss by devices 182 under
control of the PUC command on line 167 as previously
mentioned. This ultimately produces a 1111 page ad-
dress on lines 35. Input to the gates 46’ can be from
lines 183 which are outputs from the buffer register 47,
when a C4RX command appears on a line 184 from
control 48. Normally, however, the page address is
recirculating. The command, normally at Vss,
blocks 02 from driving line 185 to —Vdd.

The buffer register 47 includes four register stages
47-1 to 47-8, each stage including a complex gate 47°
(precharged at 03) and an inverter 187, with transfer
gates clocked at 01 and 02, and a recirculate path 188.
As before, a power-up-clear command on line 167 will
connect all nodes 189 to Vss via devices 190, to clear
the buffer register. - |

Inputs to the buffer register stages 47-1 to 47-8 via
complex gates 47’ may be from several sources. First,
the ROM outputs R4, R5, R6, R7 on lines 33 may be
loaded into the buffer via lines 78-1 to 78-8 when a
CIRX command is produced on line 191 from the
controls 48 (an instruction word of 0001XXX), both of
these inputs to the gates 47’ being gated in on 01. Sec-
ond, the output from the ROM page address register
46, appearing on lines 192, will be the input to gates
47’ when a command appears on line 193 from
control 48, gated on 01; this occurs for a CALL when
status is at logic 1. Third, the buffer stages may be
caused to recirculate upon themselves by loops 188
when a C3RX command appears on line 194 from
control 48; this occurs whenever CIRX or C2RX are
both at Vss, i.e., the register 47 usually recirculates
except when an address is being loaded from R4-R7, or
a successful CALL is being implemented. In the test
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mode A KC signal on line 199 can cause the keyboard
input lines K1 to K8 to be input to the gates 46’ via
transfer devices 196 and lines 192; this is used for test
or in functions other than calculator functions. Also,
—Vdd on the clear key line KC produces an input to
gates 197 which are parts of the complex gates 47', to
essentially disable any control by the command
on line 193, breaking the path that loads the outputs 35
mto 47 via lines 192; this provides a hardware clear
function and other alternatives. .-
Generally, the registers 46 and 47 contain the sam

data, meaning addresses are being used which are on
the same “page” in the ROM. All the branches are to
the same page. However, to go to a different page, i.e.,
a long branch, a new page address is loaded in from
R4-R7 to register 47. This resuits in the current ad-
dress being in register 46 and on lines 35, and the new
page address to go in register 47. If the branch is true or
status condition satisfied, register 47 is transferred to
register 46 and thus to lines 35. At this point, the same
data 1s again in registers 46 and 47, so the machine is
set up to do short branches again on the new page. If a
CALL is executed, register 47 is transferred to register
46, and vice versa. Of course, if the call is on the same
page, the data is the same in each register anyway. But
if it 18 a long call, to a different page, then register 47
functions to store the address of the page existing at the
time the CALL is initiated. So, when a return is exe-
cuted, register 47 is transferred to register 46, the two
registers again have the same data, and the machine is
at the initial address, set up for short branches.

The Address Controls

Referring to FIG. 11, the control 48 for the ROM

addressing circuitry includes several separate complex
gates 48-1, 48-2, etc., for generating the various com-
mands. The gate 48-1 produces the CIRX command
on line 191 in response to the presence of R0, R1, R2
and R3 on lines 33, along with the KC input on a line
199 being at Vss. This loads in a new page from R4-R7
on lines 33 for a long branch or call. A gate 48-2 pro-
duces the C3RX command on line 193, in response to
the presence of RO, R1 on lines 33, KC on line 199, and
a “status’ signal on line 79 from status logic 66; all
these must be at Vss for CIRX to be at —Vdd. This
means that a 11XXXXXX instruction word is on lines
33 and status is at logic 1. This is a CALL. The KC
input to gates 48-1, 48-2 and 48-3 functions to disable
all these gates when the clear key is pressed. A gate
48-3 produces the CIRX command on the line 194 in
response to KC on line 199 and the CIRX and C2RX
commands at the outputs of gates 48-1 and 48-2 all
being at Vss. This says recirculate the register 47 via
Imes 188, i.e., save the address in the buffer register. A
gate 48-4 produces the C4RX command on the line
184 as a function of “‘status’ on line 79, R0 from the
lines 33, the RETN signal on line 176, and a signal
derived from CLATCH, appearing on a line 200.
Whenever a return is executed, C4RX should go to
Vss, so register 47 can be loaded into register 46 via
lines 183. The RETN command 178 is produced by a
gate 48-5 in response to RO, R1, R2, R3, R4, RS, R6,

R7 on lines 33; that is, an instruction code of 00001111

results in a RETN command, recalling the address in
the subroutine register 43 to the program counter 36
and thus to the lines 42 going to the decode select 39,
as well as loading register 47 into register 46. The
CLATCH command is produced from a complex gate
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48-6, which is responsive to “‘status” on line 79, R0 and
R1 from lines 33, RETN on line 176, KC on line 199,
and the power-up-clear signal PUC on line 167. A
function of CLATCH is to disable the path 183 from
register 47 to register 46 when a CALL is executed.
This is done by line 200 gomg to gate 48-4, which is
also responsive to RO and status being at Vss. By line
184, and line 1885, the recirculate path 179 for register
46 1s enabled in gates 46’ while the path 183 is dis-
abled. RO and status being 1 are a successful branch or
call, and would cause transfer of register 47 to register
46, but CLATCH says don’t do it. CLATCH is nor-
mally in the non-CALL mode, saying that the machine
is not calling but is branching. If R0, R1 and status are
| mto gate 48-6, it means a valid CALL, so the latch is
set into CALL mode. The RETN instruction says leave
the CALL mode, and reset the latch. KC or PUC also
reset the latch. The inverter and gate between node
201 and the line 200, along with the gate 48-6, provide
a feedback loop and thus a latch function, so that when
CLATCH is produced it will subsist until return RETN,
hardware clear KC, or power-up-clear PUC occurs.
The BRNCAL command on line 163 is produced in a
gate 48-7, which is responsive to R0 and “status”. The
gate 48-7 looks for a successful branch or call; the word
address transfer is always implemented when RO is 1
and status is 1.

In the test mode, the KC and K2 inputs to gate 48-7
are functional. Normally KC is negative so K2 is out of
the circuit. If KC is at Vss, then K2 can control
BRNCAL. In test mode, after serially loading in an
address on the K1 line, then if K2 is grounded a
BRNCAL command is produced. This forces all eight
ROM bits from lines 33 into the program counter 36
via devices 162 in FIG. 9, from whence the bits are
transferred out via line 165 for testing. BRNCAL is
grounded on 02 in gate 48-7, so it is valid during 02.

The Keyboard Input

Also shown in FIG. 11 are the keyboard input lines
75 which come from the inputs 16. Schmidt. trigger
circuits 205 are used between the lines 16 and the lines
7S to impose a threshold and hysteresis effect. While
referred to as a keyboard input, and used as such for
calculators, it is understood that BCD or binary data
may be entered directly into the lines 16 from any
source when the digital processor chip of the invention
18 used for other purposes. Note that true dataisa 1 or
Vss level, and at other times the lines 16 and thus lines
75 will be held at 0 or Vdd by depletion load devices L.
The KC line 206, used for hardware clear or the
“clear” key in calculator applications, is connected
through an inverter to the line 199; when the clear
key is up, KC will be at Vss or 1, and when the clear key
1s depressed, line 206 will be grounded and line 199 will
g0 t0o —Vdd. An external capacitor 207 may be used
with the chip to provide a delay and smoothing or de-
bounce function for the KC input.

Generally, in using the processor chip as a calculator,
numerical data is not entered via the keyboard inputs in
the form of numerical data; that is, when a 7 key is
depressed, a BCD 7 or 0111 is not generated on the K
lines, but instead typically a sequence of programming
steps i8 employed to detect that a key is down, then
store the K line information in the accumulator 52
while the identity of the line 18 which is actuated is
stored in the Y register 40. This data may then beused
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to identify the key by software and enter a BCD num-
‘ber in the RAM 28§ or execute an operation.

An advantage of this input system is that numbers
and operations may be intermixed on the K lines, and
~ the numbers need not be in numerical order. Also, two
keys might be pushed at the same time, and one may be
~ rejected by software. Further fixed switches as for DPT
" position may be intermixed with momentary switches.
None of these could be done in prior machines.

. Except for testing mode, the keyboard mnputs go to
" the CKB logic 56 only. From there, the keyboard can
be loaded into the accumulator or RAM Y registers.

"The Coﬁ'&ol-Keyboard-Bit Logic

The CKB logic 56 shown in FIG. 12 consists of four
identical complex gates 56-1, 56-2, 56-4 and 56-8
~ which produce the CKB1 to CKB8 outputs on lines

8§5-1 t0. 55-8. The CKB outputs are applied to the adder
input select 51 and to the RAM Write control 70, as
explained. Each of the four complex gates 56-1 to 56-8
contains three separate gating arrangements 210, 211
and 212, each of which will produce a CKB output
 under certain conditions, dependent upon the current

instruction word on lines 33. ﬁ&fat&nzg arrangements
211, in each case, receive RO, R1, R2, R3, R4 from

lines 33 into AND gate 213, and either K1, K2, K4 or

K8 from lines 75-1 to 75-8 into AND gate 214; this
serves to place the keyboard or external data on the
CKB lines 58, when the instruction word is 00001 XXX,
The gating arrangements 210 function in setting and
resetting bits in the RAM 25, and receive RO, R1, R2
and R3 from lines 33 into AND gate 216, so this part
will be responsive to an instruction word 0011XXXX,
while the remaining parts of the gates 210 are respon-
sive to two of the R6, R6, R7 or R7 lines via OR gates
217 so that only one of the four gates 56-1 to 56-8 will
produce a CKB output. This serves to select one of the
four bits for a bit operation. The gating arrangements
212 include an AND gate 218 in each case, responsive
to R2, R3, R4 from lines 33. The output of gate 218 is
OR’ed with R1 in gate 219, which in turn is connected
to AND gate 220 along with RO and either R4, RS, R6
or R7. Thus, complex gates 212 serve to place all four
bits R4, RS, R6 and R7 on the CKB outputs 55 when
the instruction code is 01XXXXXX and any one or
more of R2, R3 or R4 is a 0. For some constant opera-
tions, R4 or the first bit in the constant field is always a
| —this is a necessary limitation on the constants which
may be employed in this case. R1 is actually a “don’t
care” bit, if R2-R4 are 0, in that code of 00000XXX
also applies the constant field R4-R7 to the CKB lines
55, B - .-
Referring to FIG. 12a, one of the complex gates 56 is
shown, this being gate 56-8. The other gates 56-1, 56-2,
5§6-4 would be the same except for changes in the R6,

R7 and K inputs as shown in FIG. 12. On 02, the output

line 5§5-8 is precharged to —Vdd through device 222,
then during 01 of the next cycle the output line §5-8 is
conditionally discharged via the gate arrangements
210, 211 and 212, and device 223. It is seen that if the
instruction code on lines 33 is 0011XXXX, gate 210
will be controlling because gate 212 will be shorted b

R1 and R2, R3 while gate 211 will be shorted by ﬁ;

and R3. Thus, for 0011XXXX, one of the four CKB
ates 217 which receive

gates 56 will be selected by .
combinations of R6, R6, R7, R7. If the instruction on

lines 33 is 00001XXX, gate 211 will be controlling

because gate 210 is shorted by R2, R3, while gate 212
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is shorted by R1, R4, so that K8 will determine whether
line 5§5-8 is shorted to ground. If the instruction on lines
33 is 01XXXXXX, the gate 212 is controlling because
gates 210 and 211 are shorted by R1, so R7 (or R4, RS
or R6 in the other gates 56) will determine discharge of
line 55-8. Gate 212 also controls if the code 1is
00000XXX, because gate 210 is shorted by R2, R3 and
gate 211 is shorted by R4, while gate 219 is not con-
ducting because R2, R3 and R4 are all 1’s.

" The overall function of the CKB logic 56 is thus seen
to be threefold. First, a constant appearing in a field of
the instruction code may be applied to the lines SS.
Second, the keyboard or external inputs on lines 75
may be applied to the lines 55. Third, one of the four
lines §5 may be selected, as for addressing one of four
bits of a digit in the RAM 25. All of these functions are
under control of the current instruction word.

The RAM Page Address

In FIG. 13, the RAM page address register 73 is
shown. The RAM page address consists of two bits,
RAXO0 and RAX1, which appear on lines 28. The regis-
ter consists of two identical stages 73-0 and 73-1, each
of which has an input 225, two inverters 226, and two
separate feedback paths 227 and 228. Each stage 18
thus a recirculating register, clocked on 01 and 02. A
two-bit RAM page address may be loaded into the
inputs 225, if devices 230 are turned on by a LDRAX
or “load RAM X" command on line 61-23 from the
control PLA 60. The address, once loaded, will recircu-
late indefinately via path 228. The RAM X address in
the register is complemented when devices 231 are
turned on by command on line 61-22 from
the control PLLA 60 if it is a 0 or —Vdd. This causes
recirculation via paths 227, and the address will be
complemented. When COMRAX is a 1, the bits will
recirculate via paths 228, and the address will remain
the same. |

The RAM page address is contained in the two-bit X
register 73 which is used to directly address the RAM
page decoder 29 via lines 28. The register 73 may be
modified in two ways. First, R6 and R7, from the ROM
24 as part of the instruction word can be loaded, as
described. Second, the address stored in the regster 73
can be complemented bit for bit. No other mechanism
including power-up-clear and hardware clear have any
affect on the X register 73. Modifications that do occur
in the register 73 are not valid until the next instruction
cycle. - | | |

The ROM and ROM Page Address Decoder

Referring to FIG. 14, the ROM 24 and the ROM page
decoder are shown. The ROM consists of an array of X
lines 240 which are elongated P-diffusions in the semi-
conductor substrate, and Y lines 241 which are metal
strips over a field oxide coating on the substrate, made
in conventional manner. Sixty-four of the Y lines are
provided in the array, although only a few are seen in
FI1G. 14, and 128 X lines. The ROM is of the virtual
ground type, and so only one ground line 242 is needed
for each eight X lines 240; interior ground lines are
shared with adjacent groups, so actually only nine
ground lines are needed rather than 16. Virtual ground

- ROM'’s are disclosed in copending U.S. patent applica-

tions Ser. No. 396,901, filed Sept. 13, 1973, now U.S.
Pat. No. 3,916,169, and Ser. No. 400,471, filed Sept.
24, 1973, now U.S. Pat. No. 3,934,233 assigned to
Texas Instruments. A data bit is formed between adja-
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cent ones of the lines 240, or between a line 240 and a
groundlmcuz,bymcansofthmondearenwasset
forth in U.S. Pat. No. 3,541,543, to Texas
Instruments. Apattemofthethmoxldemum
define the | or 0 stored for each data bit, as they will
eachdeﬁnethepruenoeorabuenceofanMOSu'mu-
tor. TthOantmmSWZdatabnlocauomorpo-
tential locations for the thin oxide areas 243. The loca-
tions are organized as 1024 words containing cight bits
each. TheetghtbltlcmfromtheROMmelghtlm
33 (only one of which is shown in FIG. 14) which cor-
respond to bits RO to R7 of the instruction word. The
1024 words are divided into l6groupsorpapsof64
words each.

tors 248. Only two arrays 244 are shown, but there are
16 exactly alike. Each array contains only 14 transis-
tors 245, and one transistor 246, which is a great im-
provement over decoders for prior virtual ground
ROM’s. The decoder receives the four bit ROM page

themysZM.TluelmZSOprovudeXl X1, X2,
X2, X4 and ﬂmpuutotheptesoftramm_m
mdxsandx'ﬁmpuutothegatuoftram'utonm
The selected lines 250 are

251, with bootstrapping by gated capacitors 252. An

putlmeo254and255 which are also X lines 240 in the
ROM array; the X8, X8 address bit selects only one of
these output lines via transistors 246. The one selected
18 connected to the input of an inverter 256, to ground
the output line 33 via device 257 if the selected one of
the lines 254, 255 is at Vss when 02 occurs, or to con-
nect the output line 33 to —Vdd (through 02) via device
258 if the sclected one of the lines 254, 255 is at —V
when 02 occurs. A gated capacitor 259 serves to boot-
strap the output to a high level. The page address se-

transistors 245 in each array 244; the 1, 2 and 4 bits,
e, X1, X1, X2, X2, X4, X4 lines are actuated in a
pattern wluch connects one X line 240 to ground line
242 and the next adjacent X line 240 to line 254 or 258.
For example, a ROM page address of 1010 (listed X1,
X2, X4, X8) connects line 240a to a ground line 242 via
devices 2454 and 245b, and connects line 240b to out-
puthne254mdem 245c¢, while the device 246 on
theXBlmeconnectslmeZ“tothenodeMandﬂlm
to the output. Any thin oxide gate 243a between lines
240a and 240b will thus be determinative, for the par-
ncularYlmeulselectedbytheYdecodez‘?tobe
later described.

An important feature of the ROM is the manner of

precharging the lines 240. All of these lines 240 are 60

connected to a common line 262 by devices 263 which
are clocked on ¢1. The common line 262 is connected
to the —Vdd supply 264 by two enhancement mode
MOS transistors 2635, sothatthelmezﬁzchargeato

ThepagedecodercomtsoflGamysMofm |

5

10

on 02 via devices 30

33

20
discharge fast, compared to the perfomance if the

Imesareprechargedto\/dd

The ROM/RAM Word Decoder

Referring to FIG. 185, the word decorder 27 for the
ROM 24 and RAM 25 is shown in detail, along with the
data select circuit 39. The decoder 27 receives a twelve
line address (six bits and their complements) on lines
38, and selects one of the 64 output lines 34 for the
ROM or one of 16 lines 26 for the RAM. The lines 34
are the metal stripes or Y lines 241 in the ROM. The
sclect circuit 39 receives a four-bit RAM Y address on
four lines 41-1 to 41-8 from the RAM Y register 40,
gated m on 02 by devices 270. The circuit also receives
the six-bit program counter output 42 on lines 42-0 to
42-8, gated in on 01 by devices 271. During every
machmecycle a2 ROM address is delivered on 01 and

‘2 RAM address on 02. Since the RAM Y address is only

four bits (24 = 16), while the ROM address is six bits
(2°= 64), the extra bits are connected to Vss and Vdd
at points 272 and 273, respectively, for the RAM ad-
dress. With inverters 274, trues and complements are
pmvﬂedtoﬂ:edwodermtwelvelmumaamas
lines 38), these being labelled YO, YO, Y1, Y1.

Y6. The lines 280 are metal strips, overlymgl’-dﬂfuwd
lines 281, tofmmanamymmlartoaROM Thin
ondemuare in selected bit positions under
the lines 280 to create MOS transistors 280, between
adjacent ones of the lines 281. A given six-bit code
sclects one of the lines 281. All of the lines 281 are
connected to the gates of devices 282 on 01 via devices
283. ledcapacmmmetoboowapﬁlegate
voitage on 282 to a higher level. The lines 241 are all at
ground until one is driven negative during 02 from line
288, duetomwofﬂneﬂnmutonﬂlhavmgmgate'
dnvenneptwedurm;lll The lines 281 are charged by
04 twice during each machine cycle. 04 is applied to

" lines 281 from line 286 via devices 287 and 288. Dur-

40

lects one of eight lines 240 in each group of cight by the 45

35

—(Vdd = 2Vt) where Vi is a threshold voltage for the 65

devices 265. Typically, Vdd is 15.0 volts and V¢ is 2.0
volts, So, the lines 240 charge toward a lower voltage,
meaning that the lines will be precharged fast and will

ing the first part of 01, all of the lines 281 and gates of
devices 282 charge from 04, then during the
last half of 01, 04 togroundandallbutoneofthe
lines 281 mdpwsofde\ndum back to -
ground, depending on the pattern of thin oxide areas
connechnglnmﬂltogeﬂleranddependlngonwhlch
mmofthehnesMareneganve Devices 289 and 290
sclect alternate paths for di of the lines 281.
These devices 289 and 290 are gated by Y6 and Y6, so
one will always be on and the other off, during 01 and
OlTlnlmnlnhoclmrgenegmvefrmnMdurmg
50 interval 98, the first half 02, then during the last half of
OZaﬂbutoneduchargenogroundmtotheumm

The output from the decoder 27 to the lines 26 of
occurs on 02, via devices 292, through which 16 of the
64 lines 281 are connected to gates 294 of devices 295
in address output circuits 300, of which there are 16

identical circuits—only four are shown. The selected

RAM address line 26 is driven to —V during 82 from
line 301, by device 295. Bootstrap-gated capacitor 298,
mumahlghnegamelevelonselectedImeZG.The
umelectedhnu%mheldatgrwndbyaum-keep-
mgmmmtmchldmgdevmmmandMDunng

02, while gate 294 is being charged for the one selected

output,thedevwemmtsanddnmthegate
305 negative, turning on transistor 302 and thus con-
necting all the lines 26 of Vss line 306. Then, when 02
goes to ground, andﬁgoesnegamﬁ,nodemofthe
selected address line 26 starts negative, tuming on
‘device 303 and discharging node 308, thus disconnect-
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ing the selected address line from ground. The unse-
lected address lines will stay at ground because node
305 will remain negative, keeping device 302 on. The
effect of this output circuitry 300 is that lines 26 will all
be ground during 02, and during 02 they will all be at
ground except the selected one which will at —Vdd.

- The D Output Register |
~ Tumning now to FIG. 16, the output register 84 and
output buffers 86 are shown in detail. This register

consists of 13 identical stages 310, only three being
illustrated. Each stage 310 is a self-refreshing RAM

cell. generally the same as used in the RAM 25, but

with added controls. The cell includes fur transistors
311, 312, 313, 314 and 315. The capacitance of node

316 and the capacitance of the gate 317 of transistor
311 are important. If a negative voltage is stored at

node 316, it will charge gate 317 during 0S via device

314. Then during 01, the negative voltage on gate 317
turns device 311 on, and device 312 will be on, so node
‘316 will change more negative, refreshing the stored
charge. If the node 316 is at Vss, gate 317 will not be
charged during 05, device 311 will not turn on during
01, so node 316 will remain at Vss. Input to the node
316 is via device 313 which is turned on or off by one
of the address lines 26. All of the devices 313 of the 13
cells 310 are connected to a line 320, which 1s
grounded during 02 by device 321. Lines 61-16 and
61-17 receive and RSTR commands from con-
trol PLA 60, which connect the line 320 to ground or
Vdd, respectively, via devices 322 and 323. The nodes
315 are forced to —Vdd upon power-up-clear or by the
clear key via command lines 324 upon which +
PUC is applied from clear circuit 82. A negative volt-
age on line 324 turns on device 325, applying a O or
—Vdd to node 316. All of the cells 310 will remain in
this O state until a SETR command occurs and one of
the lines 26 goes to —V, which occurs during 02. Only
one of the cells 310 can be set during one instruction
cycle because only one RAM Y address line 26 goes
negative. Once set to 1 to Vss, a cell will remain in that
condition until specifically addressed and reset by actu-
ating RSTR command and addressing the cell by a line
26. The stages 84-0 to 84-12 can be set and reset in any
order, and several or all can be in the set condition at
the same time. For example, if it is desired to test for
_ “any key down”, all of the outputs 18 may be actuated
by setting all of the stages 84 (requiring one instruction
cycle for each stage) then the K lines would be read in
and tested. Also, leading zero suppression may be 1m-
plemented by various routines because all D outputs
need not be actuated, and they may be actuated MSD
to LSD, or LSD to MSD. S

The output buffers 86 function to provide either Vdd
or ground potential to the terminals 18, according to
the bits stored in the various stages of the register 84.
The circuitry shown is adapted to assure full voltage

sSwing.

Output Register énd_SEgment'
Decoder

In FIG. 17, the accumulator and status output regis-
ter 62 is shown in detail along with the segment de-
coder PLA 63 and the output buffers 65. The register
62 consists of five identical recirculating register stages
62-1, etc., each of which includes a NAND gate 330, an

The Accumulator

inverter 331, and a recirculate path 332. The stages are

clocked at 03 and 02 by lines 333 and 334. Input data
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22 -
is applied to stages 62-1 to 62-8 from the accummula-
tor output lines ACC1 to ACC8 (53-1 to 53-8) from
FIG. 6. Input data is applied to the status buffer 62-5
from the status latch output line 69 of F1G. 8. These

inputs are loaded via devices 335 upon the ocurrance

of LODS command on line 61-20 from the control PLA
60. All of the stages of the register 62 may be cleared
by a CLRS command on line 61-21 from the control
PLA 60, which is an input to all of the gates 330. Also,
the stages of the register 62 are cleared, that is zeros
are loaded, by a KRC + command on line 324. True
and complement outputs from the states 62-1 to 62-5
are applied by Al, A1, A2, A2.. .S, S lines 336 to 10
inputs to the first section 63-1 of the PLA 63, which
causes one of twenty lines 63-2 to be actuated in the
usual manner of coding PLA’s. The second section
63-3 of the PLA is coded to actuate one or more the
lines 64 for inputs on the lins 63-2. The PLA 63 may be
added to convert the BCD information on the accumu-
lator output to standard seven-segment display drive
signals for typical calculator operation, or BCD may be
sent out on four of the lines 64, or any other desired
code. Decimal point placement may be the status latch
output on S8. - |

The eight output buffers 65-1 to 65-8 are all ali-
ke—only two are shown in FIG. 17. These buffers func-
tion to apply Vss or —Vdd to the output terminals 17 for
driving the segments of the display or other output such
as data lines or a printer. , |

The Power-Up-Clear Circuit

In FIG. 18, a circuit is shown for generating power-
up-clear command PUC on line 167 of FIGS. 9 and 10,
and generating the ““hardware clear or power-up-clear™
command [(é 4+ PUC on line 324 of FIG. 17. An OR
gate 338 receives the clear key signal from KC on line
199 and an inverter. PUC is generated by a latch 340
and a capacitor 341. When power is first turned on, the
capacitor 341 is not yet charged, and the input 342 is
essentially at ground, so latch 340 is in one state, pro-
ducing an output via line 343 to produce PUC on line
167 and KC + on line 324. After the capacitor has
charged, the latch 340 flips, and PUC goes back to
ground to the calculator can operate in its usual mode.
Feedback loop 344 assures that the capacitor dis-
charges, or that the latch 340 is in the proper state,
when power comes on. If an external capacitor 1s used,
KC inverted, on line 348, serves to stretch PUC. The
remainder of the circuitry is for testing the chip. The
output 165 of the last stage 36-0 of the program
counter 36 is connected to the device 346, which is
turned on by KC line 199. The output of the device 346
is connected by line 347 to the input of the S8 output
buffer 65-8. So, when KC is negative, the contents of

the program counter 36 can be read out senally on a

terminal 17-8, via buffer 65-8. When KC is at ground,
device 348 is turned on, and line 64-8 is connected to
the S8 output buffer for the usual operating mode.

The Program Counter Feedback

~ Referring to FI1G. 19, a feedback circuit for the pro-
gram counter of FIG. 9 is illustrated. This logic ar-
rangement examines the six individual outputs 42-0 to
42-5 of the program counter 36 and determines
whether a 1 or 0 is to be fed into the first stage of the
program counter via line 350. An exclusive OR circuit
351 examines lines 42-4 and 42-5 which are the outputs
of the last two stages of the counter 36, and generates
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an equivalence; if both are 0 or both 1, a 1 is fed back
to input 350, and if they are different, then a 0 is fed
back. This permits a count up to 63 in a random man-
ner, but some means must be provided to break out of
a situation of all ones in the shift register 36. With all
ones, the term fed back would be 1, and the counter
would remain at all ones. To avoid this, the gate 352 is
responsive to 012345 and forces a count of 111111,
where the counter would be stuck, but AND gates 353
and 354 are together responsive to 0123485, forcing a
as the next feedback. This arrangement causes the six
stage shift register to count to 64 in a pseudorandom
manner, ie,, in a set repetitive order but not in regular
order. The gating arrangement 3585 is for testing; when
KC appears on line from FIG. 11, the usual path from
gate 351 is broken, and the Kl input on line 75-1 is fed
serially into the program counter input 350. '

The Clock Generator

Referring to FIG. 20, a block diagram of the clock
generator 80 is illustrated. The clock generator consists
of three conventional counter stages 360, each of
which is clocked by 0 and 0 which are obtained from a
clock oscillator 361. The clock 0, at a frequency of
about 500 KHz, may be synched directly from the ex-
ternal pin 22, or the external pins 22 and 23 may be
tied together and to —Vdd through a resistor 362 which
sets the frequency. The frequency may be set more
precisely by using a smaller resistor and a capacitor 363
connected to Vss. In any event, the oscillator 361 may
be of various forms. To generate the six intervals 91-96
of FIG. 4, from the clock 0, counter stages are con-
nected to count to six in conventional manner, using a
feedback circuit 364. A decoder 368 selects from the
three outputs 366 from the counter, representing the
six distinct states of the counter, to produce 01, 2, 03
and 035 on output lines 367, and these inverted to pro-
duce 01, 02, 03 and 05 on outputs 388, to be used
thro‘l;?hout the system. To generate 04, the outputs 367
for 01 and 02 are connected to an OR gate 369, the
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of four bits contained in field C at R4 to R7; here the
three-bit OP2 field at R1 to R3 defines the operation

performed with the constant. Format IlI is for bit and

RAM page operation, where field B is the bit or ad-
dress, field F defines the operation, and field OP3 1s
characteristic of the 011 code for bit or RAM page
operations. Format IV is for anithmetic or special in-
structions defined by fields OP3 and A.

A Karnaugh map of the general classes of instruc-
tions 18 shown in FIG. 23. An eight-bit instruction word
permits 2° or 256 possible combinations or unique
instructions. One fourth of these, the 64 in the upper
left 11 quadrant, represent 64 possible CALL opera-
tions. Another one fourth, the 10 quadrant, represent
64 possible branch operations, i.e., each being a branch
to one of 64 possible ROM locations. The lower left 01
quadrant contains 64 possibilities for constant opera-

- tions, with each quadrant of this containing 16 possible
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output of which is delayed one interval by one counter

stage 370, producing 04. The inverted 04 output pro-
vides 04 on line 371.
Details of Logic Blocks

In FIG. 21a to 21j, the logic gates, inverters, etc.
which are used in the system of FIGS. 3 and 5-20 are
shown in detail. Note that all of the inverters are of the
ion implanted depletion load type, which minimies
power consumption. The gates use either depletion
loads or gated loads, or are of the precharge type, again
for power savings.

The Instruction Set

- The eight-bit instruction words contained in the
ROM 24 and read out onto the lines 33 are of the
format shown in FIG. 22, where block 380 represents a
word containing eight bits R0 to R7. This word may be
considered as having certain fields and subfields, which
are different for various functions. The RO bit always
distinguishes between branch or call (logic 1) and op-
eration (logic 0); this is the OP1 field. The instruction
set has four basic formats I, I, Il and IV, and the field
OP1 appears in all. Format I is for branches or calls,
and includes a field CB at R1 which distinguishes be-
tween the two, along with a field W at R2 to jR7 which
R7 a six-bit address for the location of the branch or
call. Format Il is that of instructions involving constants

45

constants in the four-bit constant field C. The 00 quad-
rant, lower right, contains 16 possible page addresses
for long calls or long branches in the C field of the 0001
portion, and contains 16 “bit” and RAM page opera-
tions in the 0011 portion. All of the arithmetic and
special instructions are contained in the 32 possibilities
in the 0010 and 0000 parts. S

A detailed description of one instruction set is set
forth in the attached Table. Other instruction sets are
possible by reprogramming the control PLA and the
ROM. The one described in the Table is useful for
calculator functions.

Note that the mnemonics for the various instructions
in the instruction set are identical with most of the lines
147 and 61-16 to 61-23 of the control PLA of FIG. 7.

It will be noted that operation of the program counter
36 and the subroutine register 43 depends on the mode
(or machine state) of the system. Two states are possi-
ble, the normal state and the CALL state which signi-
fies entry into a subroutine. Machine state is deter-
mined by the status of the CALL latch 201 which is
controlled by successful CALL or RETURN instruc-
tions.

At the beginning of each instruction cycle during
which the machine is in the normal mode of operation,
the word address present in the program counter 36 is
updated via the circuit of FIG. 19 to generate the next

ROM word address and this next ROM address is un-

conditionally stored in the subroutine register 43. Upon

execution of a successful CALL instruction, the ma-
chine enters the CALL state preventing further data

50 transfer into the subroutine register 43. The contents of

55

65

the subroutine register 43 are not held at the word
address of the CALL instruction, but instead at the
word address of the next sequential instruction.
Executing a RETURN instruction will return the
machine to the normal state and transfer the contents
of the subroutine register 43 into the program counter
36, thereby returning to the proper word address.
The program counter 36 is not affected by the ma-
chine state or CLATCH. The program counter will
generate the next word address every instruction cycle
unless the contents are altered by the execution of a

‘successful CALL, a successful BRANCH or a RE-

TURN instruction. :

The machine state will alter the function of the ROM
page buffer register 47. During the normal mode, the
register 47 serves as a source for new page information
when executing a successful CALL or a BRANCH. A

‘successful BRANCH when executed in the normal
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mode will always copy the contents of the register 47
into the ROM page address register 46. Therefore,
unless the contents of the register 47 are modified, any
and all subsequent successful branches will be within
the same page. BRANCHES of this type are called
short branches. To branch to a different page, a long
branch, the contents of the register 47 must be modi-
fied to the desired page address by performing a load
ROM page register instruction. Execution of a success-
ful BRANCH will not copy the new page address nto
the address register 46, and set the hardware to per-
form short branches within the new page. -

‘The data transfer from the buffer register 47 to the
address register 46 operates in the same manner when
executing a successful CALL instruction. Long CALLS
can be executed by performing a load ROM page regis-
ter instruction prior to the execution of a CALL in-
struction. Omitting the Load P-register instruction
would result in a short call. |

After executing either a long or short call, the con-
‘tents of the address register 46 which contained the
pre-CALL page address is copied into the buffer regis-
ter 47. Data transfer between the buffer register 47 and
address register 46 is inhibited. Thus, the buffer regis-
ter is used to store the desired page address upon re-
turning from a subroutine. Because of the above fea-
ture, it is not possible to perform long branches while
the machine is in the CALL mode. Likewise, a subrou-
tine cannot contain more than 64 instructions (one full
page). It is permitted, however, to modify the contents
of the buffer register 47 when in the CALL mode by
executing a load ROM page register instruction. This
would permit the modification of the return page ad-
dress when exiting a subroutine. Execution of a RE-
TURN instruction copies the buffer register 47 con-
tents into the address register 46, sets the hardware to
perform short branches and returns the machine to the
normal state.

An unsuccessful CALL or BRANCH will have no
effect on either the machine state or the contents of the
registers 46 and 47. Any data present in ¢ither of the
two page address registers will remain unchanged. That
is, if a short CALL or BRANCH was to be performed,
the hardware will be set to perform short operations; if
a long CALL or BRANCH was initiated, the hardware
will be set to perform the long operation. In addition,
executing a RETURN in the normal mode is a no-op.

Supplementing the instruction control of the ROM
addressing logic, an external input in addition to a
power-up circuit are included for circuit initialization.
Circuit initialization will set the machine state to nor-
mal, set the page addresses to perform short branches,
set the page address contents to the complement of
data applied on the four K lines, and senally copy the

data present on the K1 line into the program counter
With no external inputs applied, the program counter
36 will be set to hex word 00 (O) and the page address
register 46 set to hex address F (15). |

In regard to the instruction set, it will be noted that
the adder 50 is capable of performing two separate,
simultaneous functions and providing three outputs.
The two, four-bit inputs 57 and 58 can be added and
compared to each other providing a true binary sum

output, a carry out of the MSD and a comparison indi-
cating if the two binary numbers are equal in magni-
tude, that is, identical bit for bit. Compare and carry
information can be used for setting up call or branching
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conditions. The sum provided can be stored in either or
both the accumulator and RAM Y register or it may
not be used at all. » .

‘Instruction Word Execution Timing

The timing sequence of execution of instruction
words may be understood by reference to FIGS. 24 and
25. In F1G. 24, a series of instruction cycles A, B, C.,
etc., are shown, with the system clocks 01, 02, 03, 04,

10 05. Consider that in cycle C, the contents of a digit in

the memory or RAM 285 are to be transferred to the
adder 50 and output to the accumulator 52. A sche-
matic representation of the operation is seen in FIG.
25. The adder 50 input is valid during 01 of instruction

cycle C, shown as 01C. The bit from the RAM 25

comes valid at 0401C at device 106, the output line 32
having been precharged on 02B by device 107. The
on line 61-5 becomes valid after 02B
when devices 149 come on the control PLA 60. The
lines 146 of the control PLA are valid after 01C starts.
The instruction word on lines 33 is valid during 02B
coming out of the RO, at output circuit 253. The out-
put decode for the ROM at devices 245 and 246 also 1s
effective at 02B, from devices 251, 248 and line 35-1.
In the ROM, the lines 240 are precharged at 01B, and
contain valid data at 02B. The Y lines 241 are valid at
02B, the device 282 having been set up at 01B. The line
281 in the Y decode 27 was precharged at 04(01)B and
became valid at the last part of 01B. The ROM Y ad-
dress from the program counter was gated in by device
271 at 01B. Assuming that the operation was a
result of a branch, then the BRNCAL command on line
163 became valid after the end of 02A, in gate 48-7.
The RO branch command from lines 33 was gated in
here on 02A, and status was valid on line 79 during the
last half of 02A, after the precharge of gate 66-1 on
03A ended. Meanwhile, the branch address comes into
the progr

am counter from lines 33 which contained the
branch address valid at 02A from output 253 of the
ROM. |

Thus, for an instruction as defined to be executed in
cycle C, the data starts out at point 381 in FIG. 24, the
RAM Y address for the data is valid at point 382, and
the ROM instruction starts out on lines 33 at point 383.
The ROM Y address for this work goes into the de-
coder 27 at point 384. This address became vahd at
point 385, Status became valid for a branch to this
address at point 386, and the branch address was also
valid at the ROM output at this point 386.

The MOS/LSI Chip

The entire system described above ‘18 fabricated in a
single MOS/LSI chip as seen greatly enlarged in FIG.
26, wherein all of the major parts are labelled with the
same reference numerals as used in the block diagram
of FIG. 3. A P-channel metal gate process is used, with
ion implant for depletion loads. The chip contatns more
than 28 bonding pads, because it is possible to use it in
a package of more than 28 pins if more digits of display
are to be used. Note that the ROM, RAM, and control
PLA occupy the major part of the area of the chip. The
chip is about 200 mils on a side. - |

The Chlp Test Funbt:ions

* The facility for operating the chip in a test mode has
been referred to. This mode would ordinarily be used in
manufacture, either before or after the chips are sealed
in the typical 28 pin plastic packages. The chips are
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made in batches of perhaps 100 all at one time on a
silicon slice of 3 inch diameter; many slices would be
processed at the same time. After all of the processing
steps are complete, the slice is scribed and broken into
mdmdualchrpsasweanIG 26. The yield of good
devices from this process is sometimes considerably
less than 100%. Tests must be made to find out which
slices are good, whlchchlpsonashcemgood then
which final packaged devices are good, since there can
be attrition at each process step. This testing could
become very time consuming and expensive, because
to be absolutely certain that every one of the 8800
transistors plus the associated connections are all per-
fect, all of the routines of the calculator would have to
be mplemented. For this reason, the testing mode has
been included. The procedure would be to check each
of the 1024 instruction words in the ROM, then exer-
cise several instructions which are sufficient to check
the remainder of the clrcultry

The operations available in the test mode are as fol-
lows:
First, a ROM word address may be senally loaded
into the program counter 36 via the Kl pin 75-1, which
goes into the gate 355 in FIG. 19 and thence into the
program counter of FIG. 9 via line 350. This is under
control of KC on input 206; when KC is at Vss, KC on
line 199 disables the feedback circuitry through gate
351 and enables the Kl input to the program counter.

- Thus, in eight machine cycles, or 8 X 2 or 16 microsec-

onds, a word address is presented. Each bit is loaded on
O] time, as this is when the program counter can accept
mew data to mode 168.

Second, a ROM page address may be parallel loaded
into the ROM page address register 46 via K1 to K8
lines 75, devices 196, lines 192 and gates 46’ of FIG.
10. This path is also enabled by KC being at —Vdd, and
the bits are loaded on 02. Since the word address
comes in serially on 01, and the page address in parallel
on 02, these may be time multiplexed, so no additional
time is needed to laod both. Recognizing that an entire
new cight-bit word address is not needed to generate a
new ROM address, but instead it may be advanced by
one bit, it is seen that all 1024 locations could be ad-
dressed in much less than 1024 X 16 or 16000 micro-
seconds.

Third, the eight-bit instruction word from the ROM
at the defined address, can betransferredmtothepro-
gram counter 36 from the lines 33 by external control.
This is implemented by enabling the devices 162, to
load RO to R7 into nodes 164 of stages 36-0 to 36-7 as
seen in FIG. 9. The devices 162 are controlled by
BRNCAL on line 163, which can be generated by KC
andKngate48-7asseean'lG 11. This occurs in
one machine cycle.

Fourth, theprogramcounterﬁcanbeshlﬁedout
serially via line 165 of FIGS. 9 and 18, line 347, and
segment output buffer 65-8, again under control of KC
on line 199. This may occur one step ahead of, but at
the same time, as a new ROM word address is being
loaded in via Kl and line 350 of FIG. 19. .

In order to test some or all of the ROM locauons,the
steps one, two, three and four just described would be
implemented in order. All of the bits in all 1024 loca-
tions could be verified by a suitably designed test ma-
chine in less than about 20 milliseconds, which is much
less than needed for some complex calculations in nor-
mal operation. Thus, vast savings in test time are pOGSI-
ble. | o
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-Another test procedure is to load in a word and page
addrmaccordmgtotheﬁrstandmondstcpsde-
scribed above, then allow the machine to execute the
sequence of instructions begining at that location, then
obuervethereslﬂt:attheoutputtemmalsl‘?andls
and/or read out the last ROM output or address from
the program counter after a certain number of cycles.
This permits testing selected increments, which are
mﬂ’ictenttoverlfythemtcmtyoftheumt.lnatypncal
complex operation, there are housekeeping routines
which would be used again and again, perhaps hun-

dreds of times, e.g. normallizing. These need not be
checked but once. This pmcedure allows repetmve

routines to be skipped.
It is understood, of course, tlntwrmngmandreadmg

outROMaddlmandcontenucmbempplcmemed

Although the invention has been described with ref-
erence to a specific embodiment, this description is not
meant to be construed in a limiting sense. Various
modifications of the disclosed embodiment, as well as
other embodiments of the invention, will become ap-
parent to persons skilled in the art upon reference to
the description of the invention. It is therefore contem-
plated that the appended claims will cover any such
nwd:ﬁcatlomorembodnnenuasfallmﬂmﬂietrue
scope of the invention.

Table oflnstmct:om

CALL: 11XXXXXX
Conditional on status; ﬁ'mumhne”ualoglco
thentheCA.LLuutrucnonunotperformed If status is
1, the machine goes into the CALL mode, as indicated
bysettmgtheCAl..LlatchMtoaloglcl The pro-
gram counter 36 is stored in the subroutine register 43.
The page address is stored in the buffer 47. The con-
tents of the buffer register 47 are used as the page
address. The W field R2 to R7 of the instruction word
uloadedmtothepmgramcounter%mdevmlﬁz
All mstructions executed while in the CALL mode
perform their normal functions, except for the CALL
and branch mstructions; execution of a CALL within a
CALL mode is not vahd branches executed within a
callmodemmtbemu'apage

Branch (BRNC): 10XXXXXX'

Conditional on status; if status is a logic 0, then the
branch instruction is not performed. If status is 1, then
theWﬁelduloadedmtotheprogramcounterSGand
the contents of the buffer register 47 become the new
page address in the register 46, except when in the
CALL mode. Branch (as well as CALL) can be uncon-
dmonalbecauseofthcnamreofstamsloglc“ Status
is normally in logic 1 which is the proper condition for
wccemfully performing a branch or CALL. If the in-
struction immediately preceeding the branch or CALL
does not affect status, then the operation will be suc-
cessful. Status is valid for only one instruction cycle. It
18 therefore invalid to perform multiple tests before a
branch operation. Only that instruction immediately
preceedmg the branch instruction determines whether
branching is successful. Status always returns to Iognc 1
after a branch instruction. .

Load Y Regnte_r with a Constant-(TRCY): OIODXXXX
The C field of the instruction word, bits R4 thru R7,
1s transferred into the Y register 40. This is uncondi-
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tional, and neither carry nor compare go to status logic
66. | -

Compare Y Register to a Constant (YNEC):

0101XXXX

The contents of the Y register 40 are compared to
the C field of the instruction word. Compare informa-
" tion on line 67 is input to the status logic 66. lnequality
will force status to a logical 1. This mstruetlon is not
conditional on status

Constant Store,
0110XXXX

The contents of the C ﬁeld is stored directly into the
memory location addressed by the X and Y registers 73
and 40. The Y reglster 40 is then incremented by one.
The instruction is not conditional on status, and carry
and compare do not go to status. |

Increment Y Register (CMIY)-

Accumulator Less than or Equal to Constant (ALEC):
0111XXXX

The accumulator 52 is subtracted from the C field of
the instruction word, using 2’s eomplement addition.
Resulting carry information on line 67 is input to the
status logic 66. If the accumulator is less than or equal
to the constant, status will be set to a logic 1 The in-
struction is unconditional.

Load P Register (LDP): 0001XXXX |

The buffer register 47 is loaded with the contents of >
the C field in the instruction word. This is uncondi-
tional and neither carry nor compare go to status.

- Bit Set (SBIT): 001100XX

The contents of the memory location addressed by
and X and Y registers 73 and 40 is selected. One of the
four bits, as selected by the B field of the instruction
word, is set to a logic 1.

Bit Reset (RBIT): 001101XX
The contents of the RAM 25 memory location ad-
dressed by the X and Y registers 73 and 40 is selected.

One of the four bits, as selected by the B field of the
instruction word via CKB logic 56, is reset to a logic 0.

Bit Test (TBIT): 001110XX |

The contents of the memory location addressed by
the X and Y registers 73 and 40 is selected. One of the
four bits, as selected by the B field of the instruction
word via 'CKB 86, is tested in the adder 50. A logical 1
in the selected bit will set status to a logical 1, via com-
pare output to status on line 67.

Load X Register (LDX): 001111XX |

The X or RAM page address register 73 is loaded
from the B field of the instruction word. This is uncon-
ditional, and neither carry nor compare go to status
logic 66.

Store and Increment (STlN) 00100000

The contents of the accumulator 52 are stored in the
RAM memory location addressed by the X and Y regis-
ters 73 and 40. After completion of the store operation,
the Y register 40 is incremented by one. Unconditional;
status is not affected.

Transfer Memory to Accumulator (TRMA): 00100001
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The contents of the RAM memory location ad-
dressed by the X and Y registers 73 and 40 is uncondi-
tionally transferred into the accumulator 52. Memory
data in the RAM is unaltered. Unconditional, and carry
and compare do not go to status.

Transfer Memory to Y Register (TRMY) 00100010

The contents of the RAM memory location ad-
dressed by the X and Y registers 73 and 40 is uncondi-
tionally transferred into the Y register 40. Memory
data in the RAM is unaltered.

Transfer (TRYA):

00100011
The Y register 40 is unconditionally transferred into

the accumulator 52. Contents of the Y register 40 are
unaltcred

y Register to Aecumulator

Transfer Accumulator to Y Reglster (TRAY)
00100100

The accumulator 52 is unconditionally transferred
into the Y register 40. Accumulator contents are unal-

tered.

Memory and Accumulator Add (AMAA): 00100101

The contents of the accumulator 52 are added to the
contents of the RAM memory location addressed by
the X and Y registers 73 and 40 with the resulting sum
stored into the accumulator 52. Resulting carry infor-
O mation on line 67 is input to the status logic 66. A sum
that is greater than fifteen will set status to a logic 1.
The contents of the memory Iocauons n the RAM 2§
are unaltered.

Compare memory to Zero (MNEO): 00100110 |

The RAM memory contents addressed by the X and
Y registers 73 and 40 are compared to zero. Compari-
son information on line 67 is input to the status logic.
Inequality between memory and zero will set status 66
to a logic 1.

Memory and Accumulator Subtract (SMAA):
00100111

The contents of the accumulator 52 are subtracted
from the contents of the RAM memory location ad-
dressed by the X and Y registers 73 and 40 usmg 2’8
complement addition with the difference stored mto
the accumulator 52. Resulting carry information is
input to status 66. Status will be set to logic 1 if the

accumulator is less than or equal to thc memory.

Load Incremented memory (INMA): 00101000 |

The contents of the RAM memory location ad-
dressed by the X and y registers 73 and 40 is incre-
mented by one and stored into the accumulator 52. The
original contents of the RAM memory are unaltered.
Resulting carry information is input via line 67 to the
status logic 66. Status will be set to a logic 1 if the sum
1S greater than 15.

Accumulator Less then or Equal to memnry (ALEM):
00101001

The accumulator 52 is subtracted from the contents
of the RAM memory location addressed by the X and
Y registers 73 and 40 using 2's complement addition.
Resulting carry information is input via line 67 to the
status logic 66. Status equal to a logic | indicates that
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the accumulator is less than or equal to the memory.
Memory and accumulator contents are unaltered.-

Load Decremented Memory (DCMA): 00101010
The contents of the RAM memory location ad-

dressed by the X and Y registers 73 and 40 are decre-

mented by one and loaded into the accumulator 52.

Memory contents are unaltered. Resulting carry infor-

mation is input to the status logic. If memory is greater
than or equal to one, status will be set to log 1

Increment Y register (INY)
The contents of the Y register 40 are incremented by

one. Resulting carry information is input to the status
will set status to a !5

logic 66. A sum greater than fifteen
logic 1.

Decrement Y Register (DCY): 00101100
The contents of the Y register 40 are decremented by

one. Resulting carry information is input to the status
logic 66. If Y is greater than or equal to 1, status will be
set to a logic 1.

2's Complement of the Accumulator (CIA): 00101101

The contents of the accumulator 52 are subtracted
from zero using 2's complement addition. The result is
stored in the accumulator 52. Resulting carry informa-
tion is input to the status logic 66. This operation is
equivalent to complementing and incrementing the
accumulator. If the accumulator contents are equal to
zero, then status will be set to a logic 1.

Exchange Memory and Accumulator (EXMA):
00101110 |

The contents of the RAM memory location ad-
dressed by the X and Y registers 73 and 40 are ex-
changed with the accumulator 52. That is, the accumu-
lator is stored into memory and memory is transferred
into the accumulator.

Clear Accumulator (CLA): 00101111
The contents of the accumulator 52 are uncondition-
ally set to zero.

Add Eight to the Accumulator (ASAA): 00000001
The constant eight (8), as determined by bits R7 thru
R4 of the instruction word, is added to the accumulator
52. Resulting carry information is input to the status
logic 66. A sum greater than fifteen will set status to a

logic 1. . |

Compare Y Register to the Accumulator (YNEA):
00000010

The contents of the Y register 40 are compared to
the contents of the accumulators 5§2. Comparison infor-
mation is input to the status logic 66. Inequality be-
tween the Y register and the accumulator will set status
to a logic 1. The logic state of status 66-1 is also copied
mto the status latch 66-2

Store Accumulator (STA): 00000011 ,

The contents of the accumulator 52 are stored into
the RAM memory location addressed by the X and Y
registers 73 and 40. Accumulator 52 contents are unaf-
fected. |

Store and Clear Accumulator (STCLA): 00000100
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- The contents of the accumulator 52 are stored into

the RAM memory location addressed by the X and Y
registers 73 and 40. The accumulator 52 is then reset to
Zero. -

Add Ten to the Accumulator (A10AA): 00000101
The constant 10, as determined by bits R7 and R4 of
the instruction word, is added to the accumulator 52.

Add Six to the Accumulator (AG6AA) 00000110
The constant 6, as determined by bits R7 and R4 of the
Instruction word, is added to the contents of the accu-

mulator 52. Resulting carry information in input to the

status logic 66. A result greater than fifteen will set
status to a logic 1. 7
Decrement Accumulator (DCA): 00000111

The contents of the accumulator 52 are decremented
information is input to the
status logic 66. If accumulator is greater than or equal
to one, status will be set to a logic 1.

Increment Accumulator (INA): 00001110
The contents of the accumulator §2 are incremented
by one.

Complement X Register (COMX): 00000000
The contents of the X or RAM page address register
73 are logically complemented.

Load External Inputs (TRKA): 00001000
'Data present on the four external K input lines 75 is
transferred into the accumulator §2.

Test External Inputs (KNEO): 00001001

Data on the external K input lines 75 is compared to
zero. Comparison information is input to the status
logic 66. Non-zero external data will set status to a
logic 1.

Load Output Register (LDO): 00001010

The contents of the accumulator 52 and the status
latch 66-2 are transferred to the output register 62. The
register 62 can be decoded in 62 to supply data to as
many as eight output lines 17 and is a primary register
used in data output external to the chip. The contents
of the Y register 40 are also decremented by one.

Clear O Output Register (CLRO): 00001011
The contents of the output register 62 are set to a

Zero.

Reset D [Y] Output (RSTR): 00001100

If the contents of the Y register 40 are between 0 thru
12 inclusive, then one of the D outputs will be reset to
a logic 0. Selection of the D output is determined by the
decoded contents of the Y register 40. For values
greater than 12 in the Y register, the instruction is a
no-op to the user. -

Set D {Y JOutput (SETR): 00001101

If the contents of the Y register 40 are between 0 thru
12 inclusive, then one of the D outputs will be set to a
logic 1. Selection of the D output is determined by the
decoded contents of the Y register 40. For values
greater than 12 in the Y register, the instruction is a
no-op to the user. |

Return (RETN): 00001111
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When executed in the CALL mode, the contents of
the subroutine register 43 are transferred into the pro-

34

- in parts of said specific address senally tothe Y register

gram counter 36. Simultaneously, the contents of the

buffer register 47 are transferred into the ROM page
address register 46. This operation will return the sys-

tem to the proper point after a submutmc has been

executed.

When a return mstructnon 1s executed 1n the non-

CALL mode, that is, when not executing a subroutine,

it is a no-operation.

10

INSTRUCTION CODE MNEMONIC
| \ w CALL
l 0 W BRNC 1S
0 100 C TRCY
0 101 C YNEC
0 110 C CMI1Y
0 11 C ALEC
0 011 00 B SBIT
0 0l1 Ol B RBIT
0 011 108 TBIT 20
0 011 1t B LDX
0 010 0000 STIN
0 010 000} TRMA
0 010 0010 TRMY
0 010 001 TRYA
0 010 0100 TRAY
0 010 0101 AMAA
0 010 0110 MNEO 25
0 010 Ol11 SMAA |
0 010 1000 INMA
0 010 1001 ALEM
0 010 1010 DCMA
0 010 1011 INY
0 010 1100 DCY
0 010 1101 CIA 30
0 010 1110 EXMA
0 010 111} CLA
0 00! C LDP
0 000 0000 COMX
0 000 000] ASAA
0 000 0010 YNEA
0 000 0011 STA 35
0 000 0100 STCLA
0 000 0101 A10AA
0 000 0110 AGAA
0 000 O11t DCA
0 000 1000 TRKA
0 000 1001 KNEC
0 000 1010 LDO 40
0 000 1011 CLRO
0 000 1100 RSTR
0 000 1101 SETR
0 000 1110 INA
0 000 1111 RETN
45

What is claimed is:

1. In a semiconductor chip for pmvndmg the func-
tions of a digital processor of the type having a read-
only-memory for storing a large number of instruction
words, control means connected to receive the instruc-
tion words from the read-only-memory and produce
commands for defining operating sequences, address
register means for defining a location in the read-only-
memory, a plurality of input terminals and output ter-
minals for entering and reading out numencal and
operational information, the improvement comprising:
means for providing a test mode of operation for the
semiconductor chip, including coupling means for con-
necting at least one of said terminals to the address
register means for reading in a specific address, and
means for loading the instruction word from the read-
only-memory for such address into at least part of the
address register means and for reading out such in-
struction word via one of said terminals.

2. A semiconductor chip according to claim 1
wherein the address register means includes separate X
and Y address registers for the read-only-memory, and
means are included in the coupling means for reading

30
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via one terminal and for reading in other parts of said
specific address to the X address register in parallel via
a plurality of said termmals.

3. A semiconductor chip accordmg to claim 2
wherein the means for reading in parts of the specific
address includes time multiplex means.

4. In a semiconductor chip of the type providing the
functions of a digital processor, the chip having a read-
only-memory for storing a large number of instruction
words, control means connected to receive the instruc-
tion words from the read-only-memory and produce
commands for defining operating sequences, address
register means for defining a location in the read-only
memory, a plurality of input and output termmals for
entering and reading out numerical and operational
information, the improvement comprising: means for
providing a test mode of operation including means for
connecting at least one of said terminals to the address
register means for reading in a specific address, the
resulting instruction word being coupled to the control
means, and means for selectively causing the instruc-
tion word in the control means to produce processor
operations and in the alternative loading the instruction
word back into part of the address register means and
reading out such instruction word via one of said termi-
nals.

S. In a semiconductor chip according to claim 4, the
means for providing a test mode of operation including
means connected to the address register means for
updating the address in said adddress register means
when each instruction word is read out of the read-
only-memory, and including disabling means con-
nected to such means for updating via one of sax ter-
minals when in the test mode of operation.

6. In a semiconductor chip according to claim §, the
means for providing a test mode of operation including
means connected to the address register means for
branching to a new address contained in an instruction
word, and separate controller means are connected to
the disabling means and the means for branching the
controller means being separately controlled from said
terminals.

7. A method of testing a digital processor which is in
the form of a semiconductor integrated circuit device
including a read-only-memory for storing a large num-
ber of instruction words, control means connected to
receive the instruction words from the read-only-mem-
ory and produce commands for defining operating
sequences, address register means for defining a loca-
tion in the read-only-memory, and a plurality of input-
/output terminals for entering and reading out numen-
cal and operational information, comprising the steps
of:

a. connecting one of the terminals to the address
register means and reading a specific address into
the address register means from such terminal,

b. loading the instruction word from the read-only-
memory for said specific address into at least part
of the address register means, and

c. reading out such instruction word via one of said
terminals. '

8. A method according to claim 7 including the step
of providing a control signal on at least one of said
terminals to disable normal operation of part of the
control means while reading in a specific address.
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9. A method to clamm 8 including the steps
of executing a simulated branch operation for loading
the instruction word from the read-only-memory into
part of said address register means and inhibiting a
bnnchm;ﬁmctmnofmotherpnnofﬂwaddluregu-
ter means.

10. Amethodaccordmgtochm‘!wheremthemp
ofconnecnn;andthestepofloadmgmnepantely
conuﬂledbymputstolelectedonuofnldtennmah
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11. A method according to claim 7 wherein the inte-
;nwdcu‘cundemmhdmmmforbnnchmgtoa
new address contained in an instruction word, and
ﬁwthermdudmgthenepofmuplmganelectncal_
signal from at least one of said terminals to the means
for branching to thereby cause said instruction word to
be loaded from the read-only-memory into the address

mmem
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