4

~ Reprinted from Nat. Bur. Stand. Circ. 591, pp. 3-12 (1958)

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 having a
cycle time no greater than 1usec. .

The major speed limitation in any adder is in
the Yroduct,ion 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 1-usec addition times for 53-bit words,
using the 1-Mec circuitry that has been success-
fully utilized in SEAC??:] and DYSEAC [4, 5].

he 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 determinedl\gy the
clock frequency, which is, in this case, 1 Mc/sec.
The transit time of a pulse throu%l 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 fieure 1.2. In SEAC, for example,
1-Mc clock pulses are available in 3 pbases,
% usec 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
different stages clocked at different times must be
synchronized by means of electric delay lines
before they are gated in a common stage, as shown

1 Pigures in brackets indieate the literature references on page 12.

in figure 1.4. Both positive and negative signals
are available from a stage, the negative signals
being used for inhibitinga%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 ating 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 AN D-Eate; and the last term, J(K+L+M)N,
corresponds to the bottom AND-gate. The fac-
tors 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 AN D-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 & 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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Figure 1.1.  One stage of SEAC-type circuilry.

47




Fiours 1.2. . Galing stages with different clock phases.
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Fiaure 1.8. Time relationships among SEAC clock phases. Fiaure 1.6. Use of negative signals for inhibiting. ‘ !
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Fiaure 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 Sk=&‘—1—b§;ox—l+/-1;Bka—l+At§kﬁk-l+AkBkol-l(-l)
A=augend=4,2""1+ A4, 23+ . . . + A2, TasLp 1.1.  Funclion table for binary addition
B=addend=B.2H+B,,_,2"’+ ... +B2°, Augend._._| 4, olojof(o]1]j1|1}1

Addend....| B, ojo|1]1}10|0}1}1
S=sum =8,2""148,.,2**+ . +8:2
Py c of1|o0[rjo|2{0]1
C,=the carry resulting from the addition in oarry: ol
the kth digit position.
Sum.......| Si ol1{1}j0}1]0|0]|1

The well-known rules for binary addition are

iven in the form of a function table (table 1.1). Carry..--..| Cs ololol1lo]1l1]1
rom these, the. binary sum and carry can be ex-
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Ci=A,B:Cr_1+ A B,Cs 1+ AB\Ci 1+ ABiCry
=A,;By+ AyCi1+BiChoy
= (As+ By (Ar+Cr) (Bt Cry) @
= A:By+ (A +B2) Cry. ,

The carry function, C;, 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, C; during the third clock phase, etc.
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 C,-;.
It can be shown that a carry need not depend
explicitly on the precedinlﬁ 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 &
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 method of substitution,

01 = A131
+(4,+B,)Cs
03 = AnBz = Ang
+ (4:+B;) +(4;+B:) A, B,
+ (4:+ B;)(4,+By)Ci
C= AB, = AB,
+(4:+B;)C, - +(As+By) A3 B,
+ (As+ Bs) (4 +By) A, B,y
+ (434 B;) (A3 +B;) (A, + B,) o | (3)
Ci= AB, = " AB
+(A+B) G + (Ai+B,) A;sBs
+ (Ai+ B (As+Bs) A, B,

+ (Ai+BJ) (As+ Bs) (431 B:) Ay By

+ (Ai+By) (As+ By) (4s+ By) (4,1 + B) o
AB,

+ (A+B,)AsBy

+ (Ai+B)(As+By) A: B,

+ (A4t B (As+By) (As+ By) (A1 + By) (41 + Co) (By+C).




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 C;, can be formed simultaneously dur-
ing the next clock phase as functions of the appro-
?nate augend and addend digits and C,. Inshort,

our 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
phase, C, t.hrough C, can be generated during the
second clock phase, C; through C; during the third
clock phase, etc. Each group of sum digits can
be obtained one 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,

cLock [A
PHASE |B]

378064321
AJATATATATATAIA] LAveEND
BiB]8]8|8]6{B]8Col[ ADDEND

GARRY
GENERATION

3rd.
CLOGCK 1
PHASE

B
Pinee [SIS[SISIS[s]eIs]s] sum

Fiaune 1.7. Nine-bit parallel binary adder.

4. Use of Auxiliary Carry Functions

of sifnal importance is the use that can be
made of the second clock phase to further speed
up the addition process. 1is 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 C; through C;. More specifically, C;, C,
etc., can be formed during the third clock phase as
functions of C, if some of the terms involving only
the augend and addend digits in the expanded
relations for C;, Cy, etc., are combined as auxiliary
carry functions in separate stages during the
intervening clock phase.

For example, the expression for C, 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.

Co=|4:B,
+|(A4s+Bi) A Bs
+(Ao+Bs) (Au+Bi) A, B,
+|(Ao+Bs) (As+Bi) (Ar+ By) Ay By
+

+

4

(Aot By As+ Bi)(As+ By) (As+By) A, By

(Aot B)(As+Ba)(Ar+B)(As+ B)(As+B))| C,

N

(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 durir(xig 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 Y;. By means
of these 2 auxiliary carry functions, X; and Y,
the actual carry C; can be formed quite handily
in 1 (iat.mg stage during the third clock phase,
according to the second equation in (4).

The next 4 carries, Cyo through Cj,, 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 C,,
is given in eq (5), where further combinations are
made to reduce the number of terms to four,

Cu=A,B),

+(Au+By)AuBis

+ (At Byy) (43t Biw) 4By

+(An+Bu) (Ais+Big) (Au+ Bu) AwBuo

+(4u+ Bia) (Au+Bi) (Au+By) (At B X,

+ (At Bi) (AistBuo) (Au+Bu) (A +Bu) Vi 0,

%
Cu= (Ais+By) (Au+41) (A3t By) (Bu+An)
(Bis+Bys)
+(Ais+By) (A Ba) Ay By

+ (All+BlI) (A12+Blﬁ) (AII+BH)AWBI°

+ (Au+Bu) (Ais+Bu) (Au+Buy) (Aw+Bu)
(Xo+ Yo (Xo+Co).
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By means of additional auxiliary carry functions 2"§§gg§ » n
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e expressed as a simple function mvoiving C, 3rd. 1 e
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Fiaure 1.8. Fourieen-bit parallel binary adder.
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(All + Bl‘)All-Bl‘
(Au+B1)(A+Bys) ABye

(Ay+ By) (Ais+ Bry) (A1g+ Bis) (Aiy +Bu) AreBio

(At B (Asy3+ Bya) (Ass+ Big) (An+ Byy) (Ase+ Bho)

+
+
+{(Au+Bi)(Au+ Byy) (Ais+ By) An By,
+
+
+

(AN+BM) (All +Blﬂ) (A12+B12) (All +Bll) (Al°+Bl°)

Cys, Cis, and Cy; can also be implemented in single
stages as functions of C; by using the same two
pairs of auxiliary carry functions. Cy, Ci, and
Cx require still a third pair of auxili CAITY
. functions in order that they be generated during
the same clock phase as functivns of C,.

f it were desired, a total of 25 carries could be
generated simultaneously as functions of C, dur-
ing the third clock phase without exceeding the
limitations on gating complexity. However, if
the number of simultaneous carries is limited to
16, only 3 pairs of auxiliary carry functions are
required. Kigure 1.9 illustrates a parallel adder
that can add numbers: of 21 binary digits in 4
clock phases, utilizing this scheme.

ciLook
PHASE

Xo
¥iCy (®)
I s 1 43
Alalafala Alajaja]l |aveeno
sjejelsln 818 |88 [ce]| ADOEND
()]
CARRY
GENER-
- - ATION

cLocK
PHASE (S8 sis/s[s[s|sis(s/s[s|s[s[s[s[sia[s]s]s SUM
Fraurr 1.9, Twenty-one-bit parallel binary adder




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 C;; through Cj,
can all be generated as functions of Cy». The en-
tire parallel array of sum digits, S, through S,
can then be formed during the fifth clock phase.

The ability to generate all of the carries Cy
through Cj; during the fourth clock phase stems
from the fact that two clock phases are available
between these carries and the input digits. This

ermits the formation of two levels of auxiliar
unctions. The first level consists of sets of X’s
and Y’s, which are functions of the relevant

Cls"'—"AazBaz
+ (An+ Byu) AnBy

5. Two Levels of Auxiliary Carry Functions

augend and addend digits only, as was the case
previously. Thesecond-level auxiliary carry func-
tions are generated by sets of stages labeled Z and
Wland 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, Cz through
Cy, are generated as functions of the appropriate
augend and addend digits, some of the first-level
auxiliary carry stages, and Cp. For example, the
most complicated of these, Cy, is shown in eq (7)
to be reducible to four terms.

+ (Asa+ Baa) (A + Bay)) Aw By
+ (Asst+ Bag) (Au+ Byy) (Ap+ Bw) Xa

+ (At Bag) (As -+ Bsy) (Aset+ Byo) Yae Xis

)

+ (Ag+ By) (As+ Byy) (Ase+Bio) Y2 Y s Cao

Cua=(Au+Bu) (Au+ An) (Au+Bu) (Bua+ An) (Bu+ By)
+ (Asu+ Bi) (Au+ By) AwBu
+ (Au+ Bi) (Aa+ Bay) (Aswo+ By) (Xae+ Yao) (Xzo+ Xs)
+ (Asat+ Bag) (A + Bu) (Aso+ By) Y13 V35O
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siase [elalale]els]n ale sloloalslalslelofslalo]slsiplolels slefajelels]els ?mnmo
-~ 1 > -1 - -
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]
= >3 ’GMﬂ'
3rd. 3 ] F3 1 1[ SENERATION
SLoo v w w w ciclclclele]clc[ele[c]eie]ee]e
n i 1
% oex
cock | felclefefelclelelcleelclciclelelcicicleiclelclclelelelelcleic]e
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8th.
2"\-2%: s|s|s|s]s[s|s]s]s{sis]s|s|s|sis[s]s|[sis[sls[s]s]s]/s|s[s{s[sis/s[sis|s|s[s]s[ais[os|s/s]s]s]s|S][6]8]S|8i5]S

Figure 1.10. Fifty-three-bit parallel binary adaer.




The next higher-order carry, Cy, requires a third
pair of auxiliary carry functions, Xy and Yy, as
shown in eq ?g Also, at this point it becomes
economical to form a pair of second-level auxiliary
carry functions, Zy, consisting of the terms within
the solid-line triangle, and Wi, consisting of the
factors within the solid-line rectangle. C; can
then be simply generated by means of Z; and Wy,
as shown in the last of eq (8).

I

Cy

Az Bis
+{(Ass+ Bys) Ays By

+|(Ass+ Bss) (Asa+ By) Ay By
+

(Ass+ Bys) (Ass+ Bu) (Agi + Byy) AseBao

The subsequent carries, Cy, Cyy, etc., are simi-
larly generated by means of these and, when neces-
sary, other second-level auxiliary carry functions.
For example, for the carries up to Cj;, the same
pair of second-level functions, Wy and Z, is
sufficient, whereas Cj; requires the use of another

air of first-level and second-level auxiliary c
unctions in a manner exactly analogous to the
formation of Cy.

+|(Ass+ By) (As+ Byy) (Asi + Bay) (A + Byo) Xao

+|(Ass+Bus) (Asa+ Bus) (An+ Bur) (Aso+ Buo) | Ve X

(At Bus) (Ass-+ Bu) (An-+ Bu) (Aso-+ B)




The last digit position where auxiliary carry
functions are introduced 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.

Ca

YY Y5 Xu
YuYaYiuYuXn
YuYaYssYsuY2Xas

+ + + + +

+|Y ¥ 0¥ 367 56Y 3Y 25| Co )

Ca

-+

Y Yiu(Xast Yaa)(Xast Xus)
+]Y Y Yas Via(Xao+ Yo) (Xno+ Xi)

+{YuYuYuYu VYO0

0“= le

+|WalCoo

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 auxifiary carry functions. The
other 212 stages are nceded irrespective of how

the carry digits are formed, because they comprise
53 sets of 4 stages for the augend, addend, carry,
and sum digits.

TabLe 1.2. Auziliary carry functions

F t3 (A s+ Ba)(As+As-1) (At Ba1) (BytAx-1) (Bat-Ba-r).
O anisanis A1s R oprasane CAvv BN, T

Xy = zﬂ' RoRs Dy RoByR: Dy

9iVadbyitelsy

Xu=Fy+ RécRuDu'l' RuRyRuDy,
+ RuRuRuRuDi -

X _T D+ RyuDy+RyRiu Dy

1wl B Dy

X =Fy+ RyRayDys+ Ry Ry Ras D
.+R:Rué:aé‘nD:n whRTs

X9 = Day+ RyyDas+ Ry Rss Dy

RDRﬂRﬂ Dll

X3 =Du+ RuDs+ RyuRyuDy
+ RyRyRy Dy

X =Fy+ Rﬁ'Rﬁ Dy + RysRyRsyDys
+ RuRyRyuRy Dy

Xa=Fa+RaRuDy+ RBuRaRaDyw

4+ RuRgRReyDyy

Xa=Fu+RuRqDu+ RuRgRuDy
+ RRyRyRi Dy

Zy =Xu+ YuXn+ YuVuXy
Zw =X+ YuXaut YuYuXn+ YuYuYnXy

Zg =X+ YuXut YaYuXy
YaYiYaa (Xt Yao) (Xt Xa)

Zy =XutYeXa
+ Yo Yu(Xsut+ Vi) (X3t Xu)
+ YuYaYuYu(Xnt Vi) (Xaot Xa)
Yy =RiRyR:RiRy
Y =Ry RuRuRiRy
Yu=RuRuRuRy
Yy =RuRuRyRuRa
Yy =RyRuRyuRy
Ya =RuRuRuRx
Y34 = RyRyRaRasRaq
Yy =RuaRaRuRwRy
Yu =RuRaqRuRuRu
Wy=YuYnYy
Wiu=YuYuYuYs
Wa=YaYuYuYuly
Wo=YuYuYuYuYuYy




TasLe 1.3. Carry functions ‘
h Fu represonts (Ax+By) (Ax+-Ar-1) (Ax+ Bt} (Brt-Ax-1)(Bed-Bu-1). Dy represents AvBy. Ry represents (AvtBy). i I

C, =D+ R\Cy

C; =D;+ RyD1+ RyR,C,

C; = Dy+ R3Dy+ RyRy Dy + RyR, R, C)y

Ci =D+ RiDy+ R(Ry D1+ R(RyRs R\ (A, + Co) (By+ Co)

Cy = D+ RsC,

Cys =Dy+ RyDs+ RyRsC,y

Cr = D1+ Ry D¢+ Ry Ry Dy+ Ry Ry R Cy

Cs =Fy+ RyRyDy+ RyR: Ry Ds+ RyR: Ry RsC,

Cy =X+ Y,Ci

Cio=Dro+ Rio(Xy+ Vo) (Xo+ Cy)

Cu=Dy+ RyDy+ RyRio(Xs+ Vo) (X0 + C)

Cia=Dys+ R13Dy+ RisRy1 Dio+ RyaRys Rio( X+ Vo) (X4 C)

Cu=Fi3+ RisR1sDy + RyRis Ry Dyo+ RiaR1s R R1o( X+ Yy) (Xo+ Co)

Cu=Xu+ YuXo+ Y1 Y,C,

Cis=Dy+ Ris X+ Ris Y (Xo+ Yo) (X4 C))

Cie= Dys+ R1sDis+ RisRus X1+ RisRis Yie( X+ ¥3) (X4 Ch)

Ci1=Fy+ RyRyDis+ R Ry Ry X 14+ RiRyoR1s Y (X o+ Yo) (Xy+ Co)

Cis= X+ Yis X+ Yis YiXo+ Y Yu Vi G

Cr=Dy+ Rip(X1s+ Y1a) (X1 -+ X10) + Ry Yis Vie( Xy 4 Vi) (X + Co)

Cy= Dy Ry Dyo+ RoRis(X1s+ Y1e) (Xia+ X14) + ReoR1s YVia Yiu(Xo+ Vi) (X0 4 Co) :
Cy1= Dy + Ry, Cxo

Ciy=Duy+ RuDay+ Ry Rs1Cno

Cy=Dy+ RDy+ RyyRasDsy + R R1aR3 Co

Cu="Fu+ RuRuDs-+ RyRyyRas Dy -+ RuR1s Ry R31 Cro

Cas= X+ YasCo ]
Cis =Dy~ R Xps+ Ry Y2y Co |
Cy= D+ Ry D+ Ry Ry X35+ Ry Rys Y3sCro

Cu=Fyu+ RuRyDy+ RuyRuRyuXss+ RusRe R YasCoo ]
Co=Xn+ YXs+ Y5 Y2sCro !
Cow=Dy+ Ra( X9+ Yo) (Xso+ X35) + Rpo Y30 Y2sCio

Cy=Dy+ Ry Dy+ Ry Rao( X290+ Vo) (Xa9+ Xas) + Ryt Rao Yo Y3sCo

Cy=Fs+ RyRy1 D+ RysRy1 Rao ( Xas+ Vo) (X e+ Xag) + RpsRy1 B30 Y30 Y35C0

Cu=2Zn+ WuCn

Cu==Dyu+ Rs(Zys+ W) (Z33+ C0) |
Cys= Dy + RysDy+ Ry Ru(Zys+ Wa) (Zss+ Cro) i
Ci= Dys+ Ry Dys+ RysRas Dy -+ RisRas Rai(Z s+ W) (233 + Coo)
Cy=Fy+ RyRwuDss+ Ry RyuRys Dy + Ry RyRss Rso(Zss + W) (Za3 -+ Co)
Cu=Zs+ WiCxn

Cyw= Dy Ryy(Zss+ Wys) (Zss+ Co)

Ciw= D+ RuDs+ RisRs(Zss+ Was) (Zss+ Ca)

Cuy=Dy+ RyDy+ RuRuDx+ RuRwRsw(Zy+ W) (Zss+ C)
Co=Fy+RuRuDw+ RuRyRuwDn+ RaRuRwRyw(Zss+ Was) (Zss+ Cu)
Ca=Zy+WyCxn

Cu=Du+Ru(Za+ Wa)(Zu+Cxn)

Cu= D+ RuDu+ RuRu(Za+ Wa) (Zis+ Cw)

Ci=Di+ RisDis+ RsRisDu+ RuRsRu(Zua+ Wa) (Za+ C)
Ca=Fu+ RqRyDiy+ RuRisRisDu+ RoRuRuRu(Zu+ Wa) (Zis+ Cy)
Co=7Zu+ WauCa

Ciw=Duy+ Ru(Zu+ W) (Zu+ Cx)

Cso= D+ RwDi+ RoR(Zu+ W) (Zis+ Cy)

Cs1== Dy + Ryy Do+ Ry Ro Dis+ RuyReoR o (Z s+ Wis) (Zes + Cro)
Css=Fy3+ Ry Ryy Dyo+ RsRss RssDio+- RaRusRsoRis (Zas+ Waa) (Z s+ Cro)
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As indicated previously, five clock phases are
occupied, starting with the input digits and endin,
with the sum digite. As the adder is to be use
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.

TaBLk 1.4. Number of components required

Maxi- | Number | Delay

mum | of stages | Tubes lines

load ?
. usec
25 238 238 800
19 253 253 250
14 285 286 150

1 Unit of load =one gate-load. .
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ERRATUM

Page 3, line 7 of the left-hand column should read: “Since the basic micro-operation. . .”




