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METHOD AND APPARATUS FOR DIGITAL
.MULTIPLICATION BASED ON SUMS AND
DIFFERENCES OF FINITE SETS OF POWERS OF
TWO

BACKGROUND

1. Field of the Invention

The invention relates generally to digital circuitry.
The invention relates more specifically to an improved
method and apparatus for digital multiplication based
on shifting of binary-coded data.

2. Description of the Related Art

Use of multiplication is widespread in digital elec-
tronic circuits.

The basic AND gate inherently performs a 1-bit by
1-bit, binary-coded multiplication. Larger sized multi-
plications in which an n-bit wide multiplicand signal (A)
is multiplied by an m-bit wide muitiplier signal (B) to
produce a binary-coded result signal (C=A-B) that is
k-bits wide, where the number of result bits k can be
substantially greater than 1, are also ubiquitous. (In
most cases, k=m-+n. Sometimes the result can be ex-
pressed with less than m-+n bits through the use of
truncation with or without round-off error correction.)

Examples of reliance on digital multiplication may be
found in fields such as digital signal processing (DSP)
and neural networks. Different proportionality
“weights” are routinely assigned in these fields to vari-
ous parameter signals in order to provide a desired DSP
filter function or mneural net pattern. Parameter
weighting is typically performed by digitally multiply-
ing a parameter signal by a corresponding weight coef-
ficient signal. In the case of real-time adaptive filtering
operations and the like, input signals arrive at real-time
speed (which can be quite fast). Weighting coefficients
may have to change at real-time speed in response to
rapidly changing input or other conditions. As a conse-
quence, parameter weighting operations may also need
to complete in relatively short time.

Digital multiplication is, of course, also found in the
field of general purpose computers. Phrases such as
“scaling by a factor”, “modulating with another signal”
and “attenuating by a factor” are often used in the field
of signal processing as equivalents for the operation of
generating a result signal that is coded to represent the
mulitiplication of values represented by two or more
input signals.

Quite often, one or more of the multiplicand (A), the
multiplier (B), and the result signal (C=A.B) represent
a physical quantity such as, but not limited to: (a) X-ray
or other tomography measurement signals that are
being digitally processed as they are gathered in real
time, or after collection, for purposes of improving
image quality; (b) heartbeat or other medically-related
measurements that are being collected in real time and
digitally processed for purposes of providing immediate
diagnosis and treatment; (c) audio or ultrasonic signals
that are being pre-processed in real-time prior to their
production as physical sound waves or that are being
post-processed after reception of physical counterparts;
(d) video signals that are being pre-processed in real-
time prior to production as physical light images or
post-processed after reception of physical counterparts;
and (e) digital telecommunication signals, such as used
in modems and facsimile machines, where the digital
telecommunication signals pass through a digital multi-
plication process as part of a pre-emphasis (modulation)
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operation or post-emphasis (de-modulation) operation
or as part of an error-detection and/or error-correction
operation or as part of a data compression or decom-
pression operation.

In many instances, several multiplication operations
need to be carried out in a mass-produced circuit. Pref-
erably, such a circuit should be of low cost, compact
and composed of one or as small a number of integrated
circuit (IC) chips as is economically and technologi-
cally practical. It is often desirable to squeeze one or
more multiplier circuits onto a single monolithic inte-
grated circuit (IC) chip in a manner which minimizes
circuit size, complexity and cost, and gives each IC chip
a relatively high level of functionality and performance.
Smaller circuit size and simpler circuit topology usually
go hand in hand with fewer mass-production defects,
increased reliability, reduced power consumption,
faster performance, and reduced costs.

Ideally, each on-chip multiplier circuit should be of
minimal size so that it can be squeezed economically
into the limited space of an IC chip together with like
and other functional circuits of the IC. Each on-chip
multiplier circuit should also be very fast. It should
complete its multiplication operations in minimal time.
Moreover, each multiplier circuit should be relatively
accurate; meaning that it can produce a correct, or
approximately correct, result signal (C=A-B) even
when given an n-bit wide multiplicand signal (A) and
m-bit wide multiplier signal (B), where n and m are
relatively large numbers.

Unfortunately, conventional approaches to muitiplier
design fail to attain ideal combinations of these charac-
teristics without making substantial compromises. Mul-
tiplication speed and the number of bits handled can be
increased through the use of conventional parallel de-
sign (e.g., a Wallace tree multiplier), but this tends to
increase circuit size dramatically. Large circuit size is
undesirable because it leads to decreased mass produc-
tion yields, reduced per unit reliability, increased per-
unit costs and higher levels of power consumption.
Circuit size can be minimized through the use of a
highly serial design, but then multiplication speed is
disadvantageously reduced.

SUMMARY OF THE INVENTION

The invention overcomes the above-mentioned prob-
lems by providing an improved method and apparatus
for digital multiplication based on sums and differences
of finite sets of powers of two.

It is observed that the values O through 8 can be each
expressed as a sum or difference of two terms, where
each of the terms is set equal to a power of two or to
Zero.

. Multiplication of an n-bits wide, multiplicand signal
(A) by a multiplier signal (B) is realized in accordance
with the invention by a multiples generating system
comprised of: (a) a plurality of barrel shifting units for
providing bit significance translation; (b) a summing
unit operatively coupled to the barrel shifting units; and
(c) a mapping control unit operatively coupled to the
barrel shifting units and the summing unit for control-
ling the barrel shifting units and the summing unit. The
multiplicand signal (A) is applied in paraliel to the plu-
ral barrel shifting units. Each barrel shifting unit re-
sponds to a shift control signal (1,J) supplied to that
shifting unit from the mapping control unit and outputs
a corresponding term signal (T) representing either a
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zero or the multiplicand signal (A) shifted by a number
of bits defined by the shift control signal (I,J). The map
control unit responds to a supplied, m-bits wide, multi-
plier signal (B). Resulting term signals (T;, Tj) are ap-
plied to the summing unit (adder/subtractor unit) for
producing a result signal (C) representing sums and/or
differences of the term signals. The mapping control
unit determines whether the summing unit will perform
an addition or a subtraction for each term signal. Ap-
propriate mapping logic within the mapping control
unit causes the result signal (C) to be a binary-coded
signal representing a product of the multiplicand signal
(A) and the multiplier signal (B).

BRIEF DESCRIPTION OF THE DRAWINGS

The below detailed description makes reference to
the accompanying drawings, in which:

FIG. 1 is a schematic of an n-by-3 bit multiplier mod-
ule (or “graduator” module) in accordance with the
invention;

FIG. 2 is a detailed schematic showing a pass transis-
tor implementation for the barrel shifters and adder/-
subtractor unit of FIG. 1;

FIG. 3 is a schematic of an n-by-4 bit pseudo multi-
plier module (or “graduator” module) in accordance
with the invention;

FIG. 4 is a block diagram of an n-by-7 bit true multi-
plier module or, alternatively, an n-by-8 bit pseudo
multiplier module in accordance with the invention;

FIG. 4B is a plot showing the gain and error of the

Math side
A-2=4-4-2)
A2=4.-2-0)
A4-2=A4.-(1+1
1 1 1 1
A'2=A‘(1+T+T+T+_16—

n-by-8 bit pseudo multiplier module of FIG. 4A for
values of B equal to 0 through 255;

FIG. 5 is a block diagram of an n-by-m bit true multi-
plier system or, alternatively, an n-by-(m--1) bit pseudo
multiplier system composed of plural graduator mod-
ules in accordance with the invention; and

FIG. 6 is a block diagram of another n-by-m bit true
multiplier system or, alternatively, an n-by-(m+-1) bit
‘pseudo multiplier system composed of plural graduator
modules in accordance with the invention.

DETAILED DESCRIPTION

The invention takes advantage of a set of mathemati-
cal truths to provide a multiplier circuit (or a signal
modulating circuit) that can be made smaller and/or
faster and/or less expensive than conventional multi-
plier/modulator circuits.

The workings of the invention are perhaps best ex-
plained by first going through a set of mathematical
exercises.

It is to be understood that although the exercises are
initially mathematical in nature, each exercise has physi-
cal consequences when carried out by corresponding
physical circuit elements; as will be explained in more
detail below. The physical consequences include the
establishment of physical circuit size, of physical circuit
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4

speed, physical power requirements and of physical
interconnect requirements.

Consider first, a given multiplicand, A, that is to be
multiplied by a multiplier value of B=2 to produce the
result, C=A.B=A-2. The bullet symbol “’ is used here
to denote pure mathematical multiplication.

In distinction, an asterisk “*” followed by a power of
two, as in the notation “A*2, is generally used below
to denote the physical act of shifting a representative
binary-coded signal such as A by i bit positions to the
left, if i is positive; or i bit positions to the right, if i is
negative; to obtain a corresponding result signal repre-
senting multiplication by the stated power of two. Trail-
ing bit positions are padded with zeroes. Leading bit
positions are padded with zeroes or ones depending on
the sign of the shifted signal A. (The latter operation is
referred to as sign extension.)

The expression A*2~! therefore indicates that a rep-
resentative signal, A, is physically shifted by i bits to the
right to produce a result signal representative of the
mathematical expression A-2—%. (An exception to this
usage is the expression A*0, which is used here to mean:
replace the A signal with a zero result signal.)

The arrow symbol “—” is used below to indicate
transition from the purely mathematical domain to the
domain of physical implementation.

Given this, it is observed that the mathematical oper-
ation C=A-B=A.2 can be physically implemented in
many ways, including but not limited to one or more of
the following operations:

Physical implementation

— A2 _ 4%} (Op1)
- 4%l ©p2)
— A%20 4+ 4%0 (Op3)
31—2+... ) — AY20 4 2-1 4224 2-3 4 2-4_ y (Opd)

The physical implementation side (right side) of oper-
ation Op2 is the conventional approach. One simply
shifts the multiplicand signal A left by one bit position,
sets the resulting least significant bit to zero (“0”"), and
does nothing else. Such shifting can be carried out seri-
ally or in parallel. Parallel shifting can be implemented
by hardwired routing of bus wires from a source regis-
ter to a result register, and by hardwiring trailing bit
positions to have zero values, thereby providing a very
fast and economical solution.

The physical implementation sides of above opera-
tions Op1 and Op2 could be alternatively used, but they
have the disadvantage of consuming more resources.
Two shifters and a subtractor are used by Opl. Two
shifters and an adder are used by Op3. It is worthy to
note nonetheless, that a desired result for the computa-
tion, A-2, can be obtained as a sum or difference of
signals provided by two shift operations.

The mathematical side of Op4 provides a precisely
correct answer only when carried out to infinity. Thus
it is not possible to carry out an exactly equivalent oper-
ation on the physical implementation side. It is worthy
to note, however, that one can quantize the distance
between a starting point (the number 1) and an end
point (the number 2) to any level of finite precision by
considering ever more negative powers of two. The
precision of the result on the physical implementation
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side increases as one adds more stages and the result
error decreases.
A more generic representation of Op4 is the follow-

ing Op5:

(Op5)

—

1 1

—— e ———

16 7] *...

1 1 i
A-B—A-(lizt4i‘8—i
A*@Px£2-1+2-222-3 24 )

B can be any value in the range 0 to 2. With appropriate
selection of a plus or minus for each “” operation, one
can converge on any value of B in the range 0 to 2.
Certain values (rational values) can be precisely
reached with a finite number of + operations while
others (irrational values) require an infinite number of
such operations. Even for values that require an infinite
number of == operations, one can provide a usefully
close approximation with a finite number of such opera-
tions. It is to be noted as an aside, that for certain appli-
cations, such as found in many DSP or neural network
or “fuzzy logic” systems, a certain level of imprecision
in the less significant bits of a result may be tolerable.

The above observations appear to have little rele-
vance until coupled with the following.

Consider a number line extending from x=0 to x=1.
Divide the line into eight equal segments, or “quan-
tums”. The division points fall at x=0, 0.125, 0.25,
0.375, 0.50, 0.675, 0.75, 0.875 and 1.00. The positional
values of the segment end points can be expressed as
fractions of the form P/Q, where Q=38, and P steps
over the range of integers, O to 8. The same values can
also be expressed in terms of sums or differences of
integral powers of two as shown in the below Table-1A.

TABLE-1A

Ti =

Two to
Frac Pwr — i Tj = Two to
P/Q Dec = or zero Op=+/— Pwr — j or zero
0/8 0.000 = 2-3 - 2-3
1/8 0.125 = 0- + 2-3
2/8 0.250 = 21 — 22
3/8 0375 = 2-1 — 2-3
4/8 0.500 = 2-1 + -0
5/8 0.625 = 21 + 2-3
6/38 0.750 = 20 - 22
7/8 0875 = 2-9 - 2-3
8/8 1.000 = 2—© - 0

The columns of Table-1A represent, in left to right
order, the target value expressed as a fraction P/Q, the
target value expressed as a decimal, an equal sign, a first
term T; that is equal to either a first negative power of
two (2—9) or a zero value (—0—), an addition or sub-
traction operation (4-or —), and a second term T;that is
equal to either a second negative power of two (2—) or
a zero value (—0—). Table-1A therefore shows how
each fraction P/Q, for P=0 to Q, can be formed of a
sum or difference (+/—) of a first term T;and a second
term signal T; where each term is equal to a negative
power of two (2—{or 2—J) or a zero value (—0—).

Note that the values, 0.125, 0.25, 0.5 and 1.00 can be
expressed in terms of a singie integral-power of two
(plus or minus a zero value), but the values 0.375, 0.625,
0.75, and 0.875 are expressed as differences or sums of
integral-powers of two. In other words, to get to the
value 0.750, one starts at the integral-power of two
value, 21, and one steps up by another integral-power
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6
of two value, 2—2. To get to the value 0.875, one starts
at an integral-power of two value such as, 2—9, and one
steps down by another integral-power of two value,
2-3,

The combination of sums or differences of powers of
two and the constant, zero, that are expressed above in
Table-1A are not necessarily the only ways to reach the
target values. The value P/Q=0.750 for example can be
obtained by the summing operation 2—!+2—~2instead of
the illustrated difference operation, 2—0—-2—2. The
value P/Q=0 can be obtained by adding zero plus zero
or by subtracting any equal pair of values. Table-1A is
merely illustrative of the concept. Values that are not
themselves powers of two, can be constructed from
sums and differences of powers of two. Preferably, one
starts at a power of two that is closest to the target
value, and then graduates up or down by a smaller value
that is also a power of two in order to reach the target
value. For ail cases of P equals O to 8, the fraction P/8
can be constructed as a sum or difference of just two -
terms, T;and Tj, where each term is equal to a negative
power of two (2—7or 2—J) or a zero value (—0-—).

Table-1B (below) shows how a physical implementa-
tion can be constructed according to IF-THEN rules.

TABLE-1B

Then: Then Then:

If —Pwri Op —Pwrj

P = or zero +/— or zero
0 — ? —
1 — + 3
21 - 2
31 - 3
41 ? —
51 + 3
60 - 2
70 - 3
80 ? —

The columns of above Table-1B represent, in left-to-
right IF/THEN order, the target value expressed by
the numerator portion (If P=) of the fraction P/8§, a
consequential first negative power i for two 2—9) or a .
consequential zero value (expressed as “- - - ), a corre-
sponding addition or a subtraction or a don’t care opera-
tion (+ or — or ?), and a consequential second negative
power j for two (2—J) or a zero value ( - - - ). Table-1B
therefore shows how each fraction P/8, for P=0to 8,
can be constructed of a sum or difference (+/—) of two
selected terms, where each term is picked with repeti-
tion allowed, from a group consisting of zero and the
finite set of powers of two: 20, 2—1, 2—2 and 2-3.

FIG. 1 shows an apparatus 100 that is structured in
accordance with the invention for carrying out the
IF/THEN operations specified in Table-1B to produce
a desired result signal C=A-(P/8) for each integer
value of P in the range O to 7, or 1 to 8; where P is
mapped from a supplied multiplier signal, B.

Input signal A can have a word width of any number,
n, of parallel bits. The width number, n is preferably
equal to or greater than 4 to enable nibble-wide multi-
plication, and more preferably equal to an industry
standardized data-word size such as 8-bits wide, 12-bits
wide, 16-bits wide, 24-bits wide, 32-bits wide, 64-bits
wide, and so forth.

Input signal B is preferably restricted to 3 bits and the
corresponding eight binary bit patterns of B equals 000
through 111, are preferably mapped on a one-to-one
linear basis to cover the cases of either P equal to zero
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through seven or P equal to one through eight. When
this is so, apparatus 100 produces a result signal C repre-
sentative of either C=A.(B/8) for each integer value of
B in the range 0 to 7, or C=A-((B-+1)/8) for each inte-
ger value of B in the range 0 to 7. In such a case, appara-
tus 100 is accordingly referred to as an n-by-3 bit multi-
plier module 100. If desired, B can be expanded to be 4
or 5 bits wide so that it can cover a wider range of
values for P.

In the n-by-3 bit multiplier module 100 of FIG. 1, a
first multiplexer 110 is provided having three input
ports respectively denoted as 110z, 1105 and 110c, each
having an effective port width of n or more bits. First
muitiplexer 110 is further provided with a selection
control port 110x for selecting one of the three input
ports 110a, 1105 and 110c. First multiplexer 110 is fur-
ther provided with an output port 1100 for outputting
the signal applied to the selected one of the three input
ports 110e, 1105 and 110c. For reasons that will become
apparent shortly, output port 1100 is shown to have a
bus width of n+3 bits.

A first 2 or 3-bits wide control signal, I, is applied to
the selection control port 110x of first multiplexer 110
for selecting one of input ports 110g, 1105 and 110c, as
the input port whose signal will be output on multi-
plexer output port 1100.

Input port 110z receives a signal representing the
value zero (0). This input port 110z can be thought of as
being n-bits wide although it is just one wire carrying
the same zero bit to many places. The effect of selecting
a zero can be realized in some multiplexer designs by
de-selecting both of the other input ports, 1105 and
110c.

Input port 1105 receives an n-bits wide signal repre-
senting the value of the multiplicand A times a first
power of two. The illustrated case shows A times one
(A*1 or A*29). In this particular case, the n-bits wide A
signal is simply fed directly into input port 110a. A
symbol 90 representing a times-one multiplier (*1,
which could also be represented as *20) is shown inter-
posed between the bus 109 that supplies the multipli-
cand A signal and input port 1106 for illusirating a
general relation with other power of two multipliers
101, 102 and 103 of FIG. 1.

Input port 110c receives an n+1 bits-wide signal
representing the value of the multiplicand A times a
second power of two (2—1) which is one less than the
first power of two (20) used at input port 110b. A sym-
bol 101 representing a times one-half multiplier (*3,
which could also be represented as *2—1) is shown
interposed between the multiplicand A signal supply
bus 109 and input port 1105 for carrying out this multi-
plication by a power of two.

It is understood that, for binary-coded representa-
tions of numerical values, multiplication of the multipli-
cand signal A by a power of two can be realized in FIG.
1by a hardwired parallel shift with the more significant
bits in the n-bits wide A signal being padded with zeroes
in the case where A is positive. (A string of leading ones
would be used in the case where A is negative.) The
symbol “*2?” js used in FIG. 1 to denote a shift opera-
tion performed to effect multiplication by the indicated
power of two, i.

The combination of first multiplexer 110, shift units
90 and 101, and the zero value supplying input (110q) is
referred to here as a first “or-zero” barrel shifter 115
because it functions either as a barrel shifter for output-
ting a signal representative of A shifted by one of a
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consecutive sequence of shift amounts (0, 1) or as a unit
for outputting a signal representing the zero value.

In similar fashion, a second multiplexer 120 is pro-
vided having three input ports respectively denoted as
120qa, 1205 and 120c, each having an effective width of
n or more bits, a selection control port 120x, and an
output port 1200 which is n+4-3 bits wide. A second
control signal, J, is applied to selection control port
120x to select one of input ports 120q, 1205 and 120c, as
the input port whose signal will be output on multi-
plexer output port 1200.

Input port 120c receives a signal representing the
value zero (0). Input port 120z receives an n-2 bits-
wide signal representing the value of the multiplicand A
times a third power of two (2—2) which is one less than
the second power of two (2—1) used at input port 110c.
A symbol 102 representing a times one-quarter multi-
plier (*1, which could also be represented as *2-2) is
shown interposed between the multiplicand A signal
supply bus 109 and input port 120z for carrying out
multiplication by this power of two. Input port 1205
receives an n+ 3 bits-wide signal representing the value
of the multiplicand A times a fourth power of two (2—3)
which is one less than the third power of two (2—2) used
at input port 120a. A symbol 103 representing a times
one-eighth multiplier (*3, which could also be repre-
sented as *2—3) is shown interposed between the sup-
plied multiplicand A signal and input port 1205 for
carrying out multiplication by this power of two.

The combination of second multiplexer 120, shift
units 102 and 103, and the zero value supplying input
(120c) defines a second “or-zero” barrel shifter 125
which functions either as a barrel shifter for outputting
a signal representative of A shifted by one of a consecu-
tive sequence of left shift amounts (2, 3) or as a unit for
outputting a signal representing the zero value.

With appropriate settings of control signal I, the first
“or-zero” barrel shifter 115 can be controlled to output
a first term signal, T, that is n+3 bits-wide and repre-
sents one of the values: 0, A*2—0or A*2—1. With appro-
priate settings of control signal J, the second “or-zero”
barrel shifter 125 can be controlled to output a second
term signal, T}, that is n+ 3 bits-wide and represents one
of the values: 0, A*2—2 or A*¥2-3,

The n-by-3 bit multiplier module 100 further includes
an adder/subtractor unit 130 having first and second
input ports 130z and 130b respectively coupled to re-
ceive the first and second term signals, T;and Tj, from
the output ports 1100 and 1200 of the first and second
multiplexers. Input port 130a receives the T; signal for
summing T;into the result signal C that is produced by
output port 1300 of the adder/subtractor unit 130. Input
port 130b receives the T;signal for either summing T;
into or subtracting T; out of the result signal C.
(C=T;=T;) A sign-control signal, K is applied to a
sign select control port 130x of the adder/subtractor
unit 130 to determine whether the addition or subtrac-
tion of second term signal T;is performed. Output port
1300 therefore produces a result signal C equal to (0,
A*2-0or A*2—1) plus or minus (0, A*2—2or A*2—3).
Output port 1300 is either n+3 or n+4 bits-wide, de-
pending on the range of values selected for P (0 through
7, or 1 through 8).

It is to be understood that even though the effective
bit widths of n+1 through n+3 are shown for the sig-
nal carrying paths between the n bits-wide, multiplicand
A signal supply bus 109 and the n+3 bits-wide, output
port 1300, each such path does not necessarily have a
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full compiement of n+x physical wires (x denotes here
1, 2 or 3). A physical wire is not required for a bit posi-
tion that is always stuck at logic low (“0”) or logic high
(“1”). The effective bit widths of n+1 through n4-3 are
shown for the purpose of indicating the logical align-
ment of bits on parallel paths. For instance, there are
only n+1 variable input bits at input port 130a of the
adder/subtractor unit 130. These align with the most
significant n+1 bits of the n+3 bits output at output
port 1300. Similarly, there are only n+1 variable input
bits at input port 1305 of the adder/subtractor unit 130.
These align with the less significant n-+1 bits of the
n+3 bits output at output port 1300.

Control signals I, J and K are produced by a mapping
control unit 150 (a decoding unit) in response to a multi-
plier signal (B) supplied to a control input port 150x of
unit 150. Mapping control unit 150 conceptually per-
forms two successive mappings, first from B to P, and
then from P to I, J and K. In practice, these two map-
pings can merge into one.

Mapping control unit 150 is preferably formed as a
combinatorial logic circuit which has the 3-bits wide B
multiplier signal as its input (150x) and control signals 1,
J and K as its outputs. The combinatorial logic of map-
ping control unit 150 performs its P to I, J, K mapping
in accordance with above Table-1B or an equivalent.
The combinatorial logic of mapping control unit 150
additionally performs a liner mapping of B to P and
thereby drives the result signal C equal to the product
A-B/8, where B can represent any one of eight sequen-
tial values selected from the series of integers zero to
eight (0, 1,2,..., 8)..

Actually, with some minor modifications to the cir-
cuit of FIG. 1; the 3-bit wide codes for B can be mapped
over to any eight P values for P selected from the series
of integers, minus ten to plus ten (—10, —9,...,0, 1,2,
.+« 10), as will be explained shortly. The number of
values allowed for P is preferably limited to eight in
order to limit the number of B input bits to 3 bits and
thereby minimize circuit size and complexity.

If a larger number of values for P is desired, the con-
trol input port 150x of mapping control unit 150 can be
expanded to 4 bits wide to permit a selection of as many
as sixteen values for P in the range —10 to + 10. If both
negative and positive values of P are to be supported, an
additional line should be added to output port 1300 of
the adder/subtractor unit for indicating polarity.

If even a larger number of values for P is desired, the
control input port 150x of mapping control unit 150 can
be expanded to 5 bits wide to permit a selection of any
values for P in the range —10 to +10. The 5-bit wide
implementation of control input port 150x is less pre-
ferred than the 3 or 4 bit implementations because it
does not make optimum usage of all 5-bit wide patterns
that could be applied into the control input port 150x of
mapping control unit 150.

The eight or sixteen chosen values for P do not even
have to be sequential. Any arbitrary set of values for P
can be picked from the range —10 to + 10. Given this,
module 100 is more correctly defined as a signal “modu-
lator”, or a signal “scaler”, or a signal “graduator”
rather than merely as an n-by-3 bit multiplier because
module 100 can be designed to output selected gradua-
tions, C=A-P/8, of the input A signal, for a predefined
subset of P’s selected by a supplied index signal (B) from
the integer set —10 to +10; the graduations being in
increments of A/8. Module 100 might be more properly
referred to as a “sum/difference of two terms” gradua-
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tor module since its main architectural limitation is the
formation of the result signal C from a sum or difference
of two term signals (T; and T;) where each term signal
represents either zero or A multiplied by a power of
two. Arbitrary mappings of B to P may be used, if de-
sired, to provide an encrypting function. But this is
perhaps too premature a point in our discussion to raise
these concepts.

The combinatorial logic circuitry of mapping control
unit 150 can be designed to be of minimal size and/or
maximum speed using well-known Karnough mapping
techniques or the like. Alternatively, mapping control
unit 150 can be formed from an appropriately pro-
grammed ROM, PROM, EEPROM, or other suitable
random access memory means.

In yet another alternative embodiment, a sequence of
settings for control signals I, J, K can be produced by a
one or more sequential signal generators, and the value
for B or P can be inferred by selecting a corresponding
one of the generated settings for control signals I, J, K.
There is no time delay for going from B to I, J, K be-
cause I, J, K are generated immediately and P or B are
hypothetically inferred from the generated values of I,
J, K. This inferential embodiment is particularly useful
in applications where the settings for control signals I, J,
K turn out to be periodic over time. An example is a
case where the multiplicand A signal is to be used to
modulate a carrier frequency signal (B) having a fre-
quency that is a subharmonic of the data sample rate of
the multiplicand A signal. (The sample rate of the A
signal is equal to the carrier rate multiplied by an integer
greater than one.) Calculations of the settings for con-
trol signals 1, J, K do not necessarily need to be done in
real-time at high speed. The sequence of settings for
control signals I, J, K over a single period can be gener-
ated by a slow but compact-sized logic circuit; stored
thereafter in a circulating shift register, and cycled
through over and over again as carrier modulation later
proceeds in real time.

The combinatorial logic implementation for mapping
control unit 150 is generaily preferred over a ROM or
like mapper. The signal propagation time of the combi-
natorial logic implementation, from the B input port
(150x) to the I, J, X output ports, is generally shorter,
and the circuit size of the combinatorial logic imple-
mentation is generally smaller than that realized with
the ROM approach. Note that for the inferential ap-
proach, there is no delay in going from B to I, J, K
because the latter signals are generated directly, with-
out translation from a supplied B or P value.

One advantage of the n-by-3 bit multiplier module
100 is that signal propagation delay from the multipli-
cand A input port to the result signal C output port is
relatively small. The power of two shifting units 101,
102 and 103 (*}, *1, *}) can be constructed as hardwired
parallel bit shifts that have insignificant delay. First and
second multiplexers, 110 and 120, can be constructed to
also have relatively small signal propagation delays.
Adder/subtractor unit 130 can be made to have a rela-
tively short delay when designed, for example, accord-
ing to a well known “carry look-ahead” approach. Al-
ternatively, an equaily well-known “carry-ripple” ap-
proach could be used. Although the carry-ripple design
is slower than the carry look-ahead design, the carry-
ripple design has the advantage of requiring less circuit
space to implement. In cases where propagation time is
not very critical, and small circuit size is more critical,
the slower but smaller carry-ripple design is preferred
















































