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1. A Logic for High-Speed Addition
A. Weinberger and J. L. Smith

1. Introduction

The development at the National Bureau of
Standards of the diode capacitor memory [1,2],!
which is capable of being read or written into
randomly at the rate of one word per microsecond,
has made it worth while to build devices capable
of processing information at comparable rates.
Since the basic microo-peration common to most
arithmetic processes is the adding of two numbers,
it seemed desirable to design an adder baving a
cycle time no greater than 1pusec. :

The major speed limitation in any adder is in
the production of carries, and in this paper the
problem is attacked from the standpoint of logical
organization. Although work is being done else-
where on this subject, using newer and faster
basic circuit elements, the analyses to be described
show that it is both feasible and economical to
achieve l-usec addition times for 53-bit words,
using the 1-Mec circuitry that has been success-
fully utilized in SEAC [3] and DYSEAC [4, 5].

The increased complexity of the logic of this
adder necessitated the extensive use of Boolean
algebra in arriving at the design itself. Because
the procedure used in developing the final design
is an interesting example of the practical applica-
tion of Boolean algebra, the actual logic of the
design process is described in considerable detail.

Before discussing the adder, a brief description
of the logical capabilities of the SEAC circuitry {6]
will be presented. As shown in figure 1.1, the
basic electronic unit consists essentially of three
levels of diode gates in an OR-AND-OR logical
array followed by a transformer-coupled pulse
amplifier. The rate at which successive pulses
pass through such a stage is determined by the
clock frequency, which is, in this case, 1 Mc/sec.
The transit time of a pulse through a stage, how-
ever, is much less than 1 usec. For this reason,
the clock pulses are made available in several
phases. The way in which different stages are
_controlled by clock pulses of different phases is

_illustrated in fiqure 1.2. In SEAC, for example,
1-Mc clock pulses are available in 3 pbases,
% psec apart. In DYSEAC, 4-phase clock pulses
_ are used, whereas for reasons that will be developed
later, in"the adder to be described a 5-phase clock
Isused. Figure 1.3 shows graphically these timing
relationships for SEAC. Signals emitted from

erent stages clocked at different times must be
synchronized by means of electric delay lines
M are gated in a common stage, as shown

! Figures in brackets indicate the literature ceferences on page 12.

in figure 1.4. Both positive and negative signals
are available from a stage, the negative signals
being used for inhibiting (see fig. 1.5).

The logical gating required in any stage of the
adder to be described is essentially of the same
complexity as that required in the packaged
building blocks used in_ constructing DYSEAC,
and in the OR-AND-OR gating configuration of
a stage up to 4 AND-gates and up to 6 inputs in
the largest AND-gate are permitted.

Boolean notation of the sort described by
Richards [7] will be used hereafter to describe the
gating configurations. In figure 1.6 are shown a
typical eating stage and the corresponding Boolean
expression for the output in terms of the inputs.
There are three terms in the expression, each one
corresponding to an AND-gate; the first term,
(A+B)CDEF, corresponds to the top AND-gate;
the second term, (G-+H) I, corresponds to the mid-
dle AND-gate; and the last term, J(K+L+M)N,
corresponds to the bottom AND-gate. The fac-
tots of a term represent the inputs to the corre-
sponding AND-gate. For example, the five
factors of the first term, (A-+B), C, D, E, and F,
correspond to the five inputs to the top AND-gate:
Whenever a factor consists of more than one term,
it is represented by an OR-gate. For example, the
factor (A-+B) of the first term corresponds to the
2-input OR-gate of the top AND-gate. A factor
could also be a negative or inhibit signal, and in
this case it is denoted by a bar on top; e. g., C'and
D are two factors of the first term corresponding
to the two negative signals, which may inhibit
the top AND-gate. For the sake of simplicity in
the discussion of the Boolean expressions that
follow, no distinction is made between delayed
and undelayed signals. ' ,
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Ficure 1.1. One stage of SEAC-type circuitry.
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Figure 1.4. Synchronizing by means of electric delay lines.
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Ficure 1.6. Typical gating stage and corresponding
Boolean expression.

2. Sequential Carry Generation

The analysis leading to the design of the parallel  pressed in Boolean notation as follows:
adder will now be described in detail.

Let Sp= EcEch—l +}TchkC_Yk—1 + Aka_U_k—x + AkBkOk—l(-l)
A= augend= A2 A, ok24 4 A12°, TasLe 1.1. Function fable for binary addition
B=addend=B2% 1+ B,_2¥ 2+ . . . + B2, Augend. _._| A, ojo0jo0}j0j 11111

_ Addend_.__| B, Jlolo|1|1|o0]0|1]1
S=Sum =Sk2""1-}—8k_12""2+ . +Sl20’ .
Provious C’. 011701701 |]0]1
Cy=the carry resulting from the addition in earty- =
the kth digit position.

The well-known rules for binary addition are Sum...._. o 0111140110101

given in the form of a function table (table 1.1). Carry_.. . Cs ololol1lol1!l1l1

From these, the binary sum and carry can be ex-
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Cy=AByCr s+ ABi i+ A B0y + A, By Cos
= A, Byt A0y + B0, |
= (At By) (A4+ Ciy) (B Coy) @)
= A, B+ (As+ By) Cpy.

The carry function, Cy, has been reduced from 4
terms of 3 factors each (corresponding to 4 AND-
gates with 3 inputs each), as shown in the top line
of eq (2), to 3 alternative forms, each involving
fewer terms and factors. ,

Since the expression for S; in eq (1) can be
implemented in one gating stage, any sum digit
can be made available during the clock phase
immediately following the formation of its cor-

responding carry, C,_;. However, if the carries
are generated according to eq (2), each carry digit
would have to await the formation of the next
lower-order carry. As a result, the sum digits
could be obtained at the rate of only one per clock
phase, for if C, is available during the first clock
phase, C; could be generated during the second
clock phase, (; during the third clock phase, etec.
For numbers having n binary digits, n— 1 possible
carries would have to be provided for, requiring
n—1 clock phases for their complete determina-
tion. If a 4-phase, 1-Mc clock were used, 4 suc-
cessive sum digits could be obtained during 1 usec.
Such an arrangement, using sequential carry
generation, would provide an increase in speed of
a factor of only four over the addition speed of a
completely serial adder.

3. Simultaneous Carry Generation

The limitation on the sequential method of
forming the carries stems from the use of eq (2),
which specify C, as an explicit function of Cp_,.
It can be shown that a carry need not depend
explicitly on the preceding one, but can be ex-
pressed as a function of only the relevant augend
and addend digits and some lower-order carry. A

considerable gain in speed may be obtained as a
result of this.

Using the functional form given by the last
equation in (2), successive carries are shown to be
expressible in terms of the same lower-order carry
by a miethod of substitution.

01 = AIBI
+ (Al + Bl) Gy
02= Az.Bg = AZBZ
+ (A4 Bx) Oy + (A2 +B;) A, B,
+(As+Bo) (A +B) Gy
032“; AaBg = A3B3
+(ds+By) +(4s+ By) A4;B,
+ (ds+Bs) (Ay+ By) A By
+ (As+Bs) (Ax+By) (A4 B) O 3)
04"‘—‘ A4B4 = ADB,
+(A+B)C + (A4t Bi) AsBs
+(As+By) (As+B;) A: B

+(As+By) (As+ Bs) (A2 +B2) A, By

+ (At B) (As+ Bs) (A2 + B) (A1 +B1) o
= AB,

+(A+B,) 43 B;

+ (Ast By) (As+B3) 4. B,
+ (A4 By) (As+ By) (Az+By) (A1 4 By) (A, Cy) (B +-Cy).




* Equations (3) show how as many as 4 successive
carries can be expressed as functions of the same
carry, with all expressions consisting of no more
than 4 terms and with the largest term consisting
of no more than 6 factors. These 4 carries can
therefore be generated simultaneously by means
of only 4 gating stages.

Similarly, the next more significant four carries,

. C; through (%, can be formed simultaneously dur-

ing the next clock phase as functions of the appro-
priate augend and addend digits and C;. In short,
four successive carry digits can be formed simul-
taneously every clock phase. One gating stage
per carry is required.

To summarize, if (; is available in the first clock
phbase, C; through C; ean be generated during the
second clock phase, J; through C; during the third
clock phase, etc. Each group of sum digits can
be obtained omne clock phase after the corre-

sponding group of carries has been formed. Figure
1.7 illustrates in block-diagram form an adder
utilizing this principle of simultaneous carry
generation,

Ist. 987654321
cLock [A[ATATATATATATAIA] }AUGEND

PHASE [B|B[B[B[B[B|B|B[B|Co)[ADDEND

2nd.
GLOGCK
PHASE

CARRY
GENERATION

3rd.
GLOCK
PHASE [

4th, 2
cLocKk JZ1B1E il ol Bl
PHASE [S]Sis[s[s] SUM

Fraure 1.7. * Nine-bit parallel binary adder.

4. Use of Auxiliary Carry Functions

Of signal importance is the use that can be
made of the second clock phase to further speed
up the addition process. This time can be utilized
to form certain auxiliary carry functions, which
enable additional carries to be generated during
the third clock phase simultaneously with the
carries (s through C;. More specifically, Cy, Clo,
etc., can be formed during the third clock phase as
functions of O if some of the terms involving only
the augend and addend digits in the expanded
relations for Cy, Ciy, ete., are combined as auxiliary
carry functions in separate stages during the
intervening clock phase.

For example, the expression for (} is shown in
the first equation in (4) expanded as a function of
C,. Because of limitations on the gating com-
plexity, it is not possible to form C, directly even
if it were reduced to four terms. Instead, the
function is implemented by parts.

Ci=|4:B,
+|(4s+By).45B;

“+|(Ao+By) (As+By) 4:B;
+|(As+By) (As+ By (Ar-+B)) AsBy
+

-

@

(Ao+By)(As+Bs)(Ar+Br) (As+Bo) As By

(Ag+Bo)(As+ By)(Ar+Br)(As+ Bs)( A5+ By) | Cs

g=k

+| Yy |Gy

(The outlines drawn around the various parts of
eq (4) serve merely to correlate the corresponding
parts of the two equations.) The 5 terms en-
closed within the triangle can be reduced to 4
terms by combining the first 2 terms. This re-
duced 4-term expression can then be implemented
in 1 gating stage during the second clock phase,
and it is then designated by X,. -The single factor
enclosed within the rectangle can also be im-
plemented during the second clock phase in one
gating stage. It is designated by ¥,;. By means
of these 2 auxiliary carry functions, X, and Y5,
the actual carry C, can be formed quite handily
in 1 gating stage during the third clock phase,
according to the second equation in (4).

The next 4 carries, Cjy through Cy3;, can also be
formed during the third clock phase by utilizing
these same auxiliary carry functions. The most
complicated of these expressions, the one for (i,
is given in eq (5), where further combinations are
made to reduce the number of terms to four.

Cis=A13B3
+(Ass+ Bis) A Bys
+ (Ais+Bia) (12 +Bio) Au By
+(Ass+Bis) (Asp+Bio) (A +-Bry) AreBio
+ (Ais+ Bia) (Arz+ Big) (A -+ Bur) (Aw+Buo) X,
+ (A5t Bis) (AretBio) (Au+ Byy) (Ap+Bio) Y0,

, (5)
013= (AIS +B13) (A13+A12) (A13 +B12) (Bl3+A12)
(Bis+Buo)
+ (A13+B1a) (A12+B12)A11311 i
+ (A13+Bl3) (A12 +B12) (All +Bll) AIDBIO
+ (Ais+ Bis) (Asz+ Bia) (Aus + Bui) (Aro+ Buo)
(Xo+Yo) (Xo+0y).
L



_ TFigure 1.8 illustrates a parallel adder that will
somplete an addition on 14 binary digits in 4
clock phases, using 1 pair of auxiliary carry
netions.

By means of additional auxiliary carry functions
is possible to extend still further the sequence
of carries that can be formed in the same clock
phase. For example, as shown in eq (6), Ciy can
e expressed as a simple function involving C,
and another pair of auxiliary carry functions, X
and Y, which are defined implicitly in eq (6).

Cu= m

(A1t Bi) AisBis

Ist. 41321109 8T 654321
CLocK [A[AJA[ATATATATATAJATATATATA] [ AUGEND
PHASE |[BIB[G|B|B|B|B|B B B B B|B|BlCo]| ADDEND
|":
2nd. b
GLOCK Finines
PHASE Y clolcle
GARRY
GENERATION
3rd. .
GLOCK T (INESS
PHASE clclelclGlcle
ﬁ/&}A Ak hchh(RAAAARA
e HHHHAHAL L
PRASE [S[S[sls|sls|s|s|s[s[s]s[s]s] SUM

Tigurz 1.8. Fourteen-bit parallel binary adder.

(—A14+Bl4) (A13+ Bl3) A12BIZ
(AM + Bli) (A13+B13) (Al2 +B12)AIIBII

+
+
+
+{(Au+Bi) (Ais+ Biy) (At Buo) (Au+Bu) AxBuo
+
+

(A14+-B14) (A13+B13) (Al2+-B12) (All +B11) (A10+B10) X9
(A14+B14) (Al3+Bl3) (A12+BIZ) (A11+Bll) (A10+B10) Y904 (6)
Cu=|X1
+ Y14 X 9 .
+ YH Y904
Cis, Cs, and Cy; can also be implemented in single ,
stages as functions of C, by using the same two et o B e S TATATATATATA T A TATATATE] ) AUGEND
%alrs of auxililsﬁ'y carry functior%s. 61118, Cy,, and PRASE [p]p [0 [slnis ae|sale(e e|als |6 |o]s]6l6]slco] ADDEND
Cw require still a third pair of auxiliary carry ==
functions in order that they be generated during  2foc ! . i
the same clock phase as functions of C.. PHASE Y Y clclcle
If it were desired, a total of 25 carries could be
generated simultaneously as functions of Cy dur- CARRY
g the} third clock phase without exceeding the 3rd, - Tﬁ‘(ﬂ : [E= ATION
mitations on gating complexity. However, if gLocK it e e

the number of simultaneous carries is limited to
16, only 3 pairs of auxiliary carry functions are
required. Figure 1.9 illustrates a parallel adder
that can add numbers of 21 binary digits in 4
clock phases, utilizing this scheme.

444675—58——2

-

PHASE cjcjclc
o A AR50
cLock L8 13215 .1 I]S']’ 5|8]8:8/B|BI1B]B§ID }

PHASE [s[s[s]s[s SISISISISISESISISISISIs'ISIS'IS‘] SUM

Froure 1.9. Twenty-one-bit parallel binary adder.w



5. Two Levels of Auxiliary Carry Functions

To extend the parallel adder to accommodate
53 binary digits, it will be shown that only 1 addi-
tional clock phase is necessary, and that during
the fourth clock phase the carries Oy through Cj,
can all be generated as functions of Cy. The en-
tire parallel array of sum digits, S; througb Sy,
can then be formed during the fifth clock phase.

The ability to generate all of the carries Cy
through O, during the fourth clock phase stems
from the fact that two clock phases are available
between these carries and the input digits. This
permits the formation of two levels of auxiliary
functions. The first level consists of sets of X’s
and Y’s, which are functions of the relevant

032 =A32332
-+ (Asz + Baz) A31B31

augend and addend digits only, as was the case
previously. The second-level auxiliary carry func-
tions are generated by sets of stages labeled Z and
ngand are functions of certain first-level functions
only.

Figure 1.10 illustrates in block-diagram form
the complete 53-bit adder, which makes use of
first-level and second-level auxiliary carry stages.
As in the case of the preceding carries, C;, through
Cy, are generated as functions of the appropriate
augend and addend digits, some of the first-level
auxiliary carry stages, and Cyp. For example, the
most complicated of these, Cj,, is shown in eq (7)
to be reducible to four terms.

+ (Ass+ Bss) (Ag1 +Bay) Az Bxo

+ (Aso+ Bsg) (Agi + Byy) (Aso+ Byo) X

+ (Asp+ Bsy) (Asi + Bsy) (Ao 4 Bao) Yop X

4 (Ags+ Bis) (Agi+Byy) (Ago+ Bag) Yao YasCoo

Cyy=(As+ Bu) (As+Asr) (A + Bar) (Bsa+Asr) (Bsa+Bay)
4+ (Ase+ Bag) (As1+ Byy) Az Bao
+ (Ase+ Bsz) (As1+ Bar) (Aso+ Bao) (Xzo+ Vo) (Xig+ Xis)
+ (Ase+ Ba) (As+Byy) (Aso+ Byo) Y30 Y 25C.

53 52 51 50 49 48 47 46 45 4443 42 41 4039 38 37 36353433 3231 30292827262524232221 2019 18 7 16151413 1211 109 8 7 6 5 4 3 2 |

st.
“trook |
PHASE |B|e|e|s|elslels|s |alslslelalsle|slelelslelals sle6lsle

AlAIA]A{A'AIA|A|A|AHIA]AIA Alala]a[alalalalalalalalalajalalA]ala]alA]A]A|A]A]AIAIA A A]A[A]AA]A]A]A]A]A]

Blelals|sle|e|e(Ble slplele|Ble e 6|elels|B|B|B]

AUGEND
[Ee1¢ aopeno

2nd,
CLOCK
PHASE

— —1 g»—- 2t
- oo

Ja]
| £ = el | e R
i i

ls]
Y
L9
z
w

5

(o a

GARRY
GENERATION

il ] { I
11 [T 111 Il
C

!

|
cicic

I
c|ciciCiC

4th,
CLOCK

PHASE clcjcicicicic cicicicicicleclclcic|c

L] | o| o o oo of o L] @l of @ ]
RS | ) o] ) | T < < | <
| LLL UL L] T

of o o|o| o
<| | <| <| <]
[IRENEREE]

7

73

FEREFEREEEEELEL!

5th,
clock |s|s|s|s|{s|s]s]|s
pnlxse”lll]lil

[s[sls|s|s]s[s[s][s]s]s[s[s[s[s]s][s[s]s]s][s]s[s[s[s]s]s[s]s]ss]s]s]s[s[s]s[s[s]s]s]s]s][s

Ficurz 1.10. Fifty—three—bit parallel binary adder.




The next higher-order carry, Cs, requires a third
vair of auxiliary carry functions, X and Y, as
hown in eq (8). Also, at this point it becomes
conomical to form a pair of second-level auxiliary
arry functions, Zs;, consisting of the terms within
he solid-line triangle, and Wi, consisting of the
actors within the solid-line rectangle. Cj; can
hen be simply generated by means of Zg; and Wi,
s shown in the last of eq (8).

(A33 + B33) A32B32
(A33 + B33) (A32 + B32) A3IB31

(A33 + B33> (A32 + B32) (A31 + B31) A30B30

The subsequent carries, Cy, Css, etc., are simi-
larly generated by means of these and, when neces-
sary, other second-level auxiliary carry functions.
Tor example, for the carries up to Cy, the same
pair of second-level functions, W and Zsg, is
sufficient, whereas Cys requires the use of another
pair of first-level and second-level auxiliary carry
functions in & manner exactly analogous to the
formation of Cs.

(A33 + B33) (A32 + B32) (A31 + B31) (A80 + B30) -X29

(Ass+ Bas) (A + Ba) (Asi+ Ba) (Aot B0) i Yoo X

(Ass+Bag) (Asz+ Ban) (Ao~ Bar) (Aso+ Buo) | Yo Yoy O




poo

The last digit position where auxiliary carry
functions are mtroduced is at 48. The carry at
this position, Cj, is shown in eq (9) to be a simple
function of the last pair of second-level auxiliary
carry functions.

Y48 Y43 Y38 Y33X 29
Y48 Y43 Y38 Y33 YZQX 25

+ Y48Y43Y38Y33Y29Y25 020 (9)

Y48 Y43(X38+ Y38) (X 38+ X 33)
Y48 Y43 Y38 Y83 (XZQ + YZQ) (X29 + X25)

+ Y48 Y43 Y38 Y33 YZQ Y25 020

04g= Z48

+ HC’m

The collected Boolean expressions for the
auxiliary carry functions and for the carry func-
tions themselves for this particular 53-bit adder
are given in tables 1.2 and 1.3.

The number of gating stages required to imple-
ment this design can be seen by examining figure
1.10. Each square box in the diagram represents

one gating stage. Of the 238 stages used in the

whole adder register, note that only 26 are used
to create the auxiliary carry functions. The
other 212 stages are needed irrespective of how

10

the carry digits are formed, because they comprise

53 sets of 4 stages for the augend, addend, carry,
and sum digits.

Tasre 1.2. Auziliary carry functions

Fy represents (A -+ Br)(Ast-Ar-){ArtBi-1)(BrtA 1) (Bt Bi-1).
Di represents AyBi. Ry represents (AxBz).

Xy =Fyo+ RoReDy+ RyRy Ry Dy
+ RyRsR;Re Dy

Xy =Fy+ RyR;3Dp+ RuRy R Dy
+ RuRsR Ry Dy

X13=Dig+ RigDyz-+ RigRiz Dy
8B RisDis

Xis =Fo+ RyyRoy Dag+- RosRouRo3 Doy
+ Ros Ryy Rys R Dy '

X9 == Dyy+ RypDg+ RogRes Doy

2940284027L7%8

X33 == Dygg+ Ras Dgp+ Rag Raa Dy
salt3s 051 Dy

Xog =Fyg+ RssRyr Dys 4 RysRyr Bag Dyg
+ RasRar Rgs B35 Day

X3 =F+ RgRysDyy+ RysRioRuy Dyg
+ RygRys R4 RoDyg

Xyg =Fyg+- RisReDyg+ RisRiyRugDys
+ BylRyRigRasDu

Zyy = Xag+ V3 X9+ V33 V2 X5
Zgg = X+ YasXas+ Yag YasXog+ Vg Vas Voo X5

Zy =X+ YisXas+ Yia Yas Xss
+ Y3 Vs Yis( X0+ Yao) (Xgp-+ X25)

Zig =X+ YisXg
‘ + Yis Yo ( X+ Vie) (X a5t Xga)
+ Yis Y43V 35 Vg (Xg+ Yop) (Xao+ Xos)
Yy, =RyRsR:ReR;s
Yu =BuRyuRpRuRy
Yis =RigRuRRis
Yy =Roys Ry Ry Roy Ry
Yy = RogRogRarRog
Yy =Ry Ry Ry Ry
Yy = RyRyr RayRos Ry
Yy =RyuRyuRyRyRy
Y =RRyuRuRiRu
Wa=YuYuYs
Wgz= Y33 Va3 Y39 Vs
Wi=YuYY5Y5 Y
Wi=YYuYuYuYyYs




TasLe 1.3. Carry functions
F represents (Ax+Bi) (Axt-Ax-1) (Ar+Bi-1) (ButAx1) (But-Be-1).. D represents AxBr., Ry represents (4x+Bx).

Cy =D+ RiGy
Cy =Dy4-RyDi+ RyR:iCo
C; =Dy+ R3D,y+ R3R3Di+ RaRszoo
Cy =Dy+ RyDs+ RiRaDy+ RyRy Ry R1 (As+ Co) (B +Co)
Cs - D5 + R5C'4
Cs == D¢+ Ry D5+ ReR5Cy
C; = Dy+ Ry Do+ By ReDs-+ Ry Ry B5Cy
Cs = Fy+ RyRy Dy By Ry Ry D5+ RoRrRo s Cy
Cy =X+ Y,Cy
Cio= D1+ Ri(Xo+ Yo) (Xo+ Ci)
Cyi= Du~+ Ry Dyt BuRo(Xe+ Yo) (Xo+ Cy)
Cio= Dy RizDu+ RisRiDiot BiaRuRyo (Xo+ Yo) (Xo+ Co)
Cis=F+ RisRi: D+ RisRuRu Dot RisRu Ry R (Xo+ Yo) (Xo+ C)
- Cu=Xu+ YuXot+ YuYsCy
Cis=Dis+ Ris X1+ Ris Yiu (Xo+ Vi) (Xo+ Cy)
Cio=D1s+R1sD1s+ RisRisX 14+ RioR15 Y1u(Xo+ Y) (Xo+ Co)
Ciy=F+ RyRisDis+ RiuBuRis Xu+ RuRisRis Y1a(Xo+ Y5) (Xo+ Co)
Cis= X+ YisXu+ Yis Y1 Xo+ Y1s Y14 Y9Gy
Cio= Do+ Rip(X 15+ Yis) (Xs+ X1s) + Ris Y1 Yia(Xo+ Yo) (Xo+ C)
Cho=Ds+ BooDio+ RaoRio(Xis+ Yie) (Xaat+ X1s) + RaoR1s Yis Via (X ¥o) (X0 +C)
Cu=Dn~+ B Co
sz == D22 + R22D21 + R22R21 Czo
Chs= Dy+ Ry Dya+ RysRas Doy + Ras Rop Ry Co
Copy=Foy+ RosRos Dop+ RyuRos Roa Doy + RosRysRaa Roi C
Cos= X5+ YasC0
Cas= Dipg+ B2 X5+ Ras Vo500
Cy= Dyy+ By Dys+ RerRn X o5+ B Ros Y25C0
Cag=Fa+ RogRor Dyg+ RogRor Roe X o5+ RosRorRos VasCoo
Choo= X+ Y20 X5+ Yo Y C0
Cao= Do+ Rao(Xao+ Yag) (X 2o+ Xs) + Rao Ve YosCo
Cs =D+ Ry Dyt ReRao (X oo+ Yao) (Xas+ Xos) + BarRao Yoo Y5Co0
Cho=Fyy-+ RysRsi D+ RaaRas Rao (X oo+ ¥2o) (X oo+ Xs) + RanRyi Rao Vs YasCo
Cay=Zg3+ WCoo
Cou==Dygs+ Rss(Zs3+ Was) (Za+ Coo)
Cas= Dy Rys D+ RasBosy (Z53+ Wea) (Zaz 1 Cao)
Cys== Dy RasDss+ RagRas D+ RygRasRas(Zaa+ Was) (Zg3+ Cn)
Cyr== -+ By Rys D5 Rz RagRas Do+ RerRaoRas Ras(Zss+ Ws) (Zas+- Ci)
Cas=Zz+ WaCxn
Cio= Dyt Rag(Zas-+ W) (Zss-+ Coo)
Cho= D+ RuDy+RuRas(Zss~+ Was) (Zag+ Cao)
Ci = Dy~ RuDu+ Ry RuDy+ RuRaRa(Zss+ Wis) (Zss+ Cm)
Cis=Fu+ RiuRiy Dyt RuRuRiDay+ RuaRa RBaRao(Zas+ Wig) (Zs+ Co)
Ciy=Zgu+WyCy :
Cu=Du+ Ru(Z5+ Wis) (Zss+ Ca)
Cis=Dis+ RisDus+ RisRus(Z s+ W) (Zia+ Cro)
Cis=Dig+ RisDss+ RisRus Dis+ RusRusRus(Z s+ W) (Zas+ Coo)
Cy=Fy+ RyRisDis+ RuRuRisDu+ RuRiuRuBu(Za+ Wa) (Zs+ Cu)
C4S= Z4s+ W48020
Cyy=Dyy+ Riy(Zss+ Was) (Zas+ Cho)
Cio=Dso+ BsoDag+ ReoRug(Zas+ Wis) (Zss+ Co)
Cs.= Dyt Rs1 Do+ Ry R Dag+ R BsoRus(Z s+ Ws) (Zas+ Co)
Cy=Fs3+ RssRsiDso+ Ry R RsnDig+ R R BsoRag(Zss+ Wig) (Zas+ Co)




As indicated previously, five clock phases are
occupied, starting with the input digits and ending
with the sum digits. As the adder is to be used
for multiplications and divisions in a repetitive
fashion requiring the recirculation of the sum
digits back into one of the inputs with appropriate
shifts, the clock pulses must occur in five phases
to allow an addition cycle to be completed in 1
usec.

The top line of table 1.4 gives some statistics
on the number of components required for the
adder represented in figure 1.10. Two other
slightly different versions have been worked out
in which fewer gates need to be driven by the
most heavily loaded tube. As the table shows,
these variations also require different proportions

of components. Approximately 10,000 germanium
diodes are required in each of these versions.

TasrLe 1.4.  Number of components required

Maxi- | Number Delay
mum | of stages| Tubes lines
load 1
psec
25 238 238 300
19 253 253 250
14 285 285 150

L Unit of load =one gate-load.
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