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(57) ABSTRACT

A low-error reduced-width multiplier is provided by the
present invention. The multiplier can dynamically compen-
sate the truncation error. The compensation value is derived
by the dependencies among the multiplier partial products,
and thus, can be analyzed according to the multiplication type
and the multiplier input statistics.
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METHOD FOR CARRY ESTIMATION OF
REDUCED-WIDTH MULTIPLIERS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This is acontinuation-in-part of pending application
Ser. No. 11/787,716, filed Apr. 17, 2007.

FIELD OF THE INVENTION

[0002] The present invention relates to a method of a mul-
tiplier operation, and in particular relates to a method of
operation of a low-error reduced-width multiplier.

BACKGROUND OF THE INVENTION AND
PRIOR ART

[0003] Multiplier is one of the most common basic opera-
tions for digital signal processing. When performing a digital
signal processing, in order to prevent data’s bit width from
overflow as the operation burden increases, therefore multi-
plication operation usually incorporates a reduced (or fixed)
width characteristic so as to prevent the occurrence of the case
of the numerical overflow during the process of the operation.
Generally speaking, the reduced-width characteristic is com-
monly realized by employing a post-truncated multiplier,
where the truncation operation is executed at the output of the
multiplier in order to maintain the fixed width of bits. In
contrast to the post-truncated multiplier, the direct-truncated
multiplier only executes a partial product accumulation on the
portions that are willing to preserve the output bit of the
multiplication so as to reduce the computation complexity;
but, however, usually it will result in a relatively large error.
[0004] For the direct-truncated fixed-width multiplier, the
bit width of input/output is the same; and for the fixed-width
multiplier, the error is compensated by adding a number.
However, error compensation methods proposed in prior arts
are only applicable for multipliers that utilize a single partial
product generating approach, and most of them need to be
accompanied with an acquisition of a large amount of simu-
lation auxiliary compensated terms. Because of the lack of
effective analysis method, it is difficult to further apply to the
system-level analysis. Therefore, a direct-truncated multi-
plier of the known art only realizes the partial product accu-
mulation corresponding to the remaining parts after trunca-
tion.
[0005] Figure depicts a circuit block diagram of a well-
known multiplier, in which the bit width of an input data A is
1,, and the bit width of an input data B is n,. The product of
these two inputs has a bid width of (n,+n,) bits. This product
must be truncated by the truncator (denoted by T) in order to
keep the bit width at n (n£n, +n,) bits and therefore to prevent
overflow.
[0006] Although there are many kinds of method being
proposed in the literature to compensate for this error, how-
ever, they all are applicable for those multipliers which utilize
a certain partial product generating method. Hereafter a sur-
vey of patent literature and non-patent literature relevant to
the present invention will be given and analyzed as follows:
[0007] 1.R.O.C. Patent No. 396321, Jul. 1, 2000, “Low-
Error Fixed-Width 2°s Complement Parallel Multiplier.”
This patent application only provided a compensation for a
2’s complement fix-width multiplier, which may dynami-
cally generate a quantity of compensation in accordance
with the input value of the multiplier, but, however, due to
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the lack of theoretic analysis, itis not able to mitigate errors

in accordance with the statistical characteristics of the

input data, and furthermore it is not applicable for the
multipliers that adopt different partial products generating
methods.

[0008] 2. R.O.C. Patent No. 484092, Apr. 21, 2002, “A
Reducible Bit Length Low-Error Multiplier.” This patent
application provided a dynamic compensation method for
a 2’s complement and modified Booth multipliers. The
mechanism for generating an amount of compensation is
simple, but is not able to efficiently compensate for errors.

[0009] 3.K.K.Parhi,J. G.Chung, K. C.Lee, and K. J. Cho,
“Low-Error Fixed-Width Modified Booth Multiplier,”
Dec. 20, 2005, U.S. Pat. No. 6,978,426B2. This patent
application provided a dynamic compensation method for
the modified Booth multiplier, which is able to effectively
compensate for errors; but, however, the hardware com-
plexity for generating a quantity of compensation may
increase as the width of the input of the multiplier become
larger.

[0010] 4.Y. C. Lim, “Single-Precision Multiplier with
Reduced Circuit Complexity for Signal Processing Appli-
cations,” IEEE Trans. Computers, Vol. 41, pp. 1333-1336,
October 1992. This non-patent literature proposed gener-
ating a constant of compensation via a preliminary analy-
sis, and also pointed out the concept of dynamic compen-
sation, but, however, is lack of a detailed and concrete
analysis and realization method.

[0011] 5. M. J. Schulte and E. S. Jr., “Truncated Multipli-
cation with Correction Constant,” in Workshop on VLSI
Signal Processing, October 1993, pp. 388-396.

[0012] 6. S. S. Kidambi, F. El-Guibaly, and A. Antoniou,
“Area-Efficient Multipliers for Digital Signal Processing
Applications,” IEEE Trans. Circuits Syst. 11, Vol. 43, pp.
90-95, February 1996.

[0013] (A) The non-patent literature, item 5 and item 6
mentioned above, both proposed a constant compensa-
tion method, which is not able to effectively compensate
for errors.

[0014] (B) The non-patent literature, item 4 to item 6
mentioned above, put a special emphasis on the constant
compensation method, which, besides being not able to
effectively compensate for errors, it is also difficult to
change the way of analysis in accordance with different
generating method for partial products.

[0015] 7.T. B. Juang and S. F. Hsiao, “Low-Error Carry-
Free Fixed-Width Multipliers with Low-Cost Compensa-
tion Circuits,” IEEE Trans. Circuits Syst. II,Vol. 52, No. 6,
pp- 299-303, June 2005. This non-patent literature pro-
vided a dynamic compensation mechanism only for
signed-magnitude modified Booth multiplier, and did not
provide any other multiplication compensation method for
different partial products generating methods.

[0016] 8. L.D. Van and C. C. Yang, “Generalized Low-
Error Area-Efficient Fixed-Width Multipliers,” IELE
Trans. Circuits Syst. I, Vol. 52, No. 8, pp. 1608-1619,
August 2005. This non-patent literature can be treated as a
derivative of the above-mentioned patent literature item 1,
but these two methods were designed only for 2’s comple-
ment fixed-width multipliers, and are not appropriate for
other multipliers employing different partial products gen-
erating method.

SUMMARY OF THE INVENTION

[0017] One of the objectives of the present invention is to
provide an operational method of a low-error reduced-width
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multiplier for reducing computational complexity and com-
pensating for truncation errors, which is applicable to differ-
ent types of multipliers.

[0018] Another objective of the present invention is to pro-
vide a low-error reduced-width multiplier for reducing com-
putational complexity and compensating for truncation
errors.

[0019]  Another objective of the present invention is to pro-
vide a method for carry estimation of truncated-width multi-
plier, comprising: (a) processing a n-bit Baugh-Wooly 2’s
complement multiplier and an input multiplication of AxB,
where A=-a,_,2""'42_ "%, B=-b,_,2"7'+2,_*b2",
witha,, b,€{0,1}), to generate a first group of n partial prod-
ucts and a second group of n partial products; (b) associating
each partial product of the first group with a most significant
part (MSP) and associating each partial product of the second
group with a least significant part (LSP); (¢) dividing the least
significant part (LSP) into two groups, a first least significant
group of

n-1
B= Z Pipict
0

P, =ab,, whichcontains a plurality of elements (P, ) of partial
product of P, =ab, depending cn input information (a,, b,),
and a second least significant group containing n-1 bits; (d)
truncating the second least significant group and using a

compensating circuit to generate a estimated group of

n=2n=i-2

A=) % P

=0 j=0

in accordance with the input information implied in the first
least significant group (B); (e) generating a carry estimation
value of

'BJ’

0_=2nfz+1|‘5 +A

where | x|, is a round operation for rounding x to its nearest
number, for the most significant part (MSP) in accordance
with the first least significant group (f) and a estimated group
(A); and (f) using an adder circuit to accumulate the most
significant part (MSP) and the carry estimation value.

[0020] Another objective of the present invention is pro-
vided with a method for carry estimation of truncated-width
multiplier, comprising: (a) processing a Booth-encoded mul-
tiplier and reducing the number of row in partial product ofan
input of B={b, |, b, 5,...,b,} whereb_, is equal to 0, into
|n/2=; (b) converting an input multiplication of AxB into an
another multiplication of Axy, where y={y|,.a|_1» Yjuaj-2s - -
-, Yo!), to generate a first group of n partial products and a
second group of n partial products; () associating each par-
tial product of the first group with a most significant part
(MSP) and associating each partial product of the second
group with a least significant part (LSP); (d) dividing the least
significant part (LSP) into two groups, a first least significant
group of B={P,,_,. P, , 5. .. .. P, }> which contains a
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plurality of elements (P, ) of partial product (P,=ay,)
depending on input information (a,, y;) and a second least
significant group containing n-1 bits; (e) truncating the sec-
ond least significant group and using a compensating circuit
to generate a carry estimation value of

o=2"[§+AJ,

where |x] s a round operation for rounding x to its nearest
number, for the most significant part (MSP) in accordance
with the input information implied in the first least significant
group () and a estimated group (A) and (f) using an adder
circuit to accumulate the most significant part (MSP) and the
carry estimation value in accordance with the first least sig-
nificant group (B) and the estimated group (A).

[0021] To achieve the above-mentioned objectives, in
accordance with a firstaspect of the present invention, there is
provided an operational method of a low-error reduced-width
multiplier for reducing computational complexity and com-
pensating for truncation errors, comprising the following
steps: dynamically generating a compensation term by using
an input value of a multiplier; and an accumulating operation
for which the part that is set to be the truncated part in the
multiplier is omitted, while the compensation term is used for
compensation, in order to reduce the width.

[0022] Furthermore, to achieve the above-mentioned
objectives, in accordance with a second aspect of the present
invention, there is provided a low-error reduced-width mul-
tiplier, in which the multiplier can reduce the width by an
accumulating operation for which the part that is set to be the
truncated part in the multiplier is omitted, while the compen-
sation term dynamically generated by an input value is used
for compensation.

[0023] Therefore, because of the utilization of an accumu-
lating operation that use a dynamically generated compensa-
tion term to compensate for the part that is set to be a truncated
part, the present invention is able to reduce the computational
complexity and compensate for truncation errors, and is also
applicable to different types of multipliers.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] For the purpose that the said and other objectives,
characteristics, and advantages of the present invention can
be clearly seen, and be easily and obviously understood,
preferred embodiments of the present invention are subse-
quently described by referring to the enclosing drawings,
wherein:

[0025] FIG. 1 depicts a circuit block diagram of a prior art
multiplier.

[0026] FIG. 2 depicts a circuit block diagram for an n-bit
low-complexity reduced-width multiplier 200 proposed in a
preferred embodiment of the present invention.

[0027] FIG. 3 depicts a partial product generating diagram
for an n-bit low-complexity reduced-width multiplier 200.
[0028] FIG. 4 depicts another partial product generating
diagram for an n-bit multiplier 200.

[0029] FIG.5and FIG. 6 depict, respectively, three kinds of
diagrams of compensation generating formulae for used in
different bit-width 2°s complement multipliers.
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[0030] FIG. 7 depicts three kinds of diagrams of compen-
sation generating formulae for different bit-width modified
Booth multipliers.

[0031] FIG. 8 and FIG. 9 depict a first preferred embodi-
ment for estimating a carry-in of a truncated-width multiplier,
wherein FA indicated a full adder, HA indicated a half adder,
ay~a; and by~b, indicated multiplier’s inputs and p ,~p, indi-
cated final multiplication results.

[0032] FIG. 10 depicts a second preferred embodiment for
estimating a carry-in of a truncated-width multiplier, wherein
FA indicated a full adder, HA indicated a half adder, a, ~a; and
b,~b; indicated multiplier’s inputs and p,~p, indicated final
multiplication results, wherein FA indicated a full adder, HA
indicated a half adder.

[0033] FIG. 11 depicts a third preferred embodiment for
estimating a carry-in of a truncated-width multiplier, wherein
FA indicated a full adder, HA indicated a half adder, P07, P15,
P23 and P31 indicated the information included in the first
least significant group (B).

[0034] FIG. 12 depicts a fourth preferred embodiment for
estimating a carry-in of a truncated-width multiplier, wherein
FA indicated a full adder, HA indicated a half adder, P07, P15,
P23 and P31 indicated the information included in the first
least significant group (B).

[0035] FIG. 13 depicts a simplified circuit diagram for an
orthogonal frequency division multiplexing (OFDM) system.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0036] In the following, preferred embodiments of the
present invention are subsequently described by referring to
the enclosing drawings.

[0037] The present invention discloses a dynamic genera-
tion of compensation and estimation analysis method that is
applicable to different bit-width and different parts of prod-
ucts generating procedure of a multiplier. By utilizing this
analysis method, it is able to further provide a system level
analysis so as to provide a design choice while considering
the design cost such as complexity and compensation accu-
racy. In accordance with the present invention, to achieve low
complexity, adirect-truncated multiplier together witha com-
pensating circuit for dynamically generating a quantity of
compensation are adopted, where the mechanism for dynami-
cally generating compensation still fulfills the low-error and
low-complexity requirements. In connection with those
requirements, distribute the correlations among the elements
of the products, and observe parts of the partial products to
calculate and arrange the state expectation value of the partial
products to serve as a quantity of compensation needed in the
dynamic compensation. Therefore, the analysis method in
accordance with the present invention has a low complexity,
and is applicable to the multipliers employing different kinds
of partial products generating methods. Hence, under the
condition that the statistical characteristics of the input sig-
nals to the multiplier are known, it offers much more accurate
compensation, and can further provide a system-level trunca-
tion error analysis.

[0038] The present invention can be used in LANYWAN,
DVB-T/H, xDSL and high-speed low-power signal proces-
sors (such as the kernel processor of fast Fourier transform
(FFT) or digital filter, equalizer).

[0039] FIG. 2 depicts a circuit block diagram for an n-bit
low-complexity reduced-width multiplier 200 proposed in a
preferred embodiment of the present invention. As shown in
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FIG. 2, a direct product of an A having n, bits and a B having
n, bits results in a product of n bits; in the mean time, a
compensation C is added to the product in order to correct the
induced error while decreasing the complexity. The compu-
tational complexity and hardware cost of a low-complexity
reduced-width multiplier 200 can be reduced by omitting the
partial products accumulation corresponding to the last part
of the bits. FIG. 3 depicts a partial product generating diagram
for an n-bit low-complexity reduced-width multiplier 200.
Taking the product of AxB as an example, if

n-2 n-2
A=—a 27+ a2’ B= by 27+ a b,
£

and P,=ab,. Then the result of the multiplication can be
represented as the following equation:

B

AxB=MSP+ 2"([5 +/1] ‘J ~ MSP+ 2"([%(2[“2‘1 - 11,]

where [ |, denotes round-off.

[0040] The multiplier 200 provided by the present inven-
tion is able to reduce the complexity by omitting the partial
products accumulating operation of A, while adding an esti-
mation of A to compensate for the error induced by this
simplification. Because any two elements Pijlzajbil, P =ab,
that construct the partial product are both related to a;, and
P, '=a'b, P,=ab, are related to b,, therefore, by observing
the partial product accumulation value of the nth bit

n-2 n=2

B=Pop1+Ppyo+ Z Pip-i-t = Pop-1 + Ppo10 + Z Poj-1,j |
i=1 i=1

and by substituting P, which constitute A, with E[PIP, .

1], or by substituting P, which constitute A, with B[P IP,,__
1], it is possible to estimate the value of A that has been
omitted to further compensate for this error. The quantity of
compensation provided by the present invention is obtained
by observing f, which corresponds to a quantity of compen-
sation that changes dynamically in accordance with the input
to an multiplier.

[0041] The multiplier provided by the present invention is
capable of changing its omitting ratio of the partial product in
accordance with the requested amount of error and complex-
ity requirement of its applications or systems. FIG. 4 depicts
another partial product generating diagram for an n-bit mul-
tiplier 200, where the number of percentage occupied by A
can be determined by the parameter z. The compensation
estimation method proposed by the present invention can be
used with different numbers of the parameter z. The present
invention also takes the 2’s complement multiplier and the
modified Booth multiplier as illustrating examples and pro-
vides respectively three types of compensation estimation
methods for each of the multipliers. FIG. 5 and FIG. 6 depict,
respectively, three kinds of diagrams of compensation gener-
ating formulae for used in different bit-width 2’s complement
multipliers. FIG. 7 depicts three kinds of diagrams of com-
pensation generating formulae for different bit-width modi-
fied Booth multipliers. The present invention further provides
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an analysis method for analyzing the compensation C in
accordance with the statistical characteristics of the input
signals A, B of the multiplier.

[0042] According to the present invention, a method for
carry estimation of a truncated-width multiplier is provided
and comprising: (a) processing a n-bit Baugh-Wooly 2’s
complement multiplier and an input multiplication of AxB,
where A=-a,_ 2""'42 "%, B=-b, 2" 4%, b 2",
with a,, b,e{0,1}), to generate a first group of n partial prod-
ucts and a second group of n partial products; (b) associating
each partial product of the first group with a most significant
part (MSP) and associating each partial product of the second
group with a least significant part (LSP); (¢) dividing the least
significant part (LSP) into two groups, a first least significant
group of

n-1
B= Z Pip-i-1s
20

P, =a;b,, which contains a plurality of elements P, ; of partial
product P, =ab, depending on input information a,, b,, and a
second least significant group containing n—1 bits; (d) trun-
cating the second least significant group and using a compen-

sating circuit to generate a estimated group of

n=2n-i-2

1= Y P

=0 j=0

in accordance with the input information implied in the first
least significant group f; (e) generating a carry estimation
value of

r=27+4,

where x|, is a round operation for rounding x to its nearest
number, for the most significant part (MSP) in accordance
with the first least significant group { and a estimated group A.;
and (f) using an adder circuit to accumulate the most signifi-
cant part (MSP) and the carry estimation value.

[0043] According to abovementioned method and referring
to FIGS. 8~9, the compensating circuit including: a first cell
81 that comprises a half adder and a NAND logical gate
receiving the input information (a, , by); a plurality of second
cells 84, each of the second cells 84 comprises a full adder and
an AND logical gate receiving the input information (a,_,,
a, 5, ...4,0,b,...b, ) athird cell 82 that comprising a
full adder and a NAND logical gate receiving the input infor-
mation (a,, b,); and a fourth cell 85 that comprises a plurality
of half adders for receiving the input information and respec-
tively outputting the estimated group (A) composed of
27'%,_,"%a, to the second cells 84 and the third cell 82. A total
number of the first cell, the second cells and the third cell are
equal to n, and the second cells 84 are connected between the
first cell 81 and the third cell 84. The carry estimation value o
is estimated as
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when conditional expectation values are B[P, la=0]=0 and

1
E[Pjlaj=1]= 7

where P is generated from axb, and estimated as

a
a; ElPyla; =11+ (1 -a)) E[P;|a; = 0] = 2.

[0044] Alternatively, referring to FIG. 10, according to a
second preferred embodiment of the present invention, the
compensating circuit includes a plurality of second cells 84,
each ofthe n-2 second cells 84 comprising a full adder and an
AND logical gate receiving the input information (a,,_,, a,,_5,
...a,b,b, ...b,_,) and an expectation value ‘1°; the
estimated group Ais composed of

n-2
SN(% D ey,
2 %(3 ey

and the carry estimation value o is estimated as

n-2
o= Zaj + 141,
)

i

when conditional expectation values of any partial product
conditioned on o, are

1
E[Pjla; =0]= < and E[P;|a; =1]

6 =

where =P, _,_

and a conditional expectation P, is determined as

. o3 1
a;-ElP;jla;=1]+(1-a;)-E[P;|a;=0]= 7“’6'

[0045] Furthermore, the present invention is provided with
an another method for carry estimation of a truncated-width
multiplier, the method comprising: (a) processing a Booth-
encoded multiplier and reducing the number of row in partial
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product of an input of B={b,,_;, b, _,, . .., b,}, where b_, is
equal to 0, into |n/2 |; (b) converting an input multiplication of
AxB into an another multiplication of Axy, where y={y/,, >
1 Yiwal-zs - - - » Yoy, t0 generate a first group of n partial
products and a second group of n partial products; (c) asso-
ciating each partial product of the first group with a most
significant part (MSP) and associating each partial product of
the second group with a least significant part (LSP); (d) divid-
ing the least significant part (LSP) into two groups, a firstleast
significant group of f={P,,,_;, P, ,,_s, .. .. P|,yo _1 1}, which
contains a plurality of elements P, - of partial product P, =ay,
depending on input information (a;, y,) and a second least
significant group containing n-1 bits; (e) truncating the sec-
ond least significant group and using a compensating circuit
1o generate a carry estimation value of

o= ng ¥ /\Jr,

where |x], is a round operation for rounding x to its nearest
number, for the most significant part (MSP) in accordance
with the input information implied in the first least significant
group f and a estimated group A; and (f) using an adder circuit
to accumulate the most significant part (MSP) and the carry
estimation value in accordance with the first least significant
group P and the estimated group A.

[0046] FIG. 11 depicts a third preferred embodiment for
estimating a carry-in of a truncated-width multiplier, wherein
FA indicated a full adder, HA indicated ahalf adder, P07, P15,
P23 and P31 indicated the information included in the first
least significant group .

[0047] Inthis preferred embodiment, the compensating cir-
cuit 111 includes: a plurality of AND logical gates for receiv-
ing an input information of the first least significant group fp
and outputting the estimated group A composed of

{5503}

and n/4 full adders for receiving the information of the first
least significant group f and the estimated group A, and
outputting the carry estimation value to the Booth-encoded
multiplier, where P, is estimated by conditional expectations
of B[P, IB,], where

3
E[Pijl,B;=0]=E-,E[Pglﬁi=1]=

5

21— o —

3
Eln; | B =0]= E’E[n‘l’B" =1]=

and n, in Booth encoding equals to 1 only when y,<0

[0048] FIG. 12 depicts a fourth preferred embodiment for
estimating a carry-in of a truncated-width multiplier, wherein
FA indicated a full adder, HA indicated a half adder, P07, P15,
P23 and P31 indicated the information included in the first
least significant group f.

[0049] In this preferred embodiment, the compensating cir-
cuit 121 includes n/4 full adders for receiving the input infor-
mation of the first least significant group f§ and the estimated
group A composed of
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and outputting the carry estimation value to the Booth-en-
coded multiplier, where P, is related to o, and estimated by
conditional expectations of E[P, |a,=a y,|, where

3
E[Pjla; =1]1=E[Pjla; =0] =E[n] = 3

and n, in Booth encoding equals to 1 only when y,<0. FIG. 13
depicts a simplified circuit diagram for an orthogonal fre-
quency division multiplexing (OFDM) system, where the
information source is inputting to the modulator 1301, pass-
ing through an IFFT (Inverse Fast Fourier Transform) unit
1302, transferring from RF (radio frequency) unit 1303
through the channel 1304 to RF unit 1305, and further input-
ting to FFT (Fast Fourier Transform) unit 1308 through the
digital filter 1306 and the synchronizer 1307, and then gen-
erating received data by adjusting the signal frequency using
the equalizer 1309 and further processing by the demodulator
1310, in which a great amount of complex nultipliers needed
in the required correlation calculation of the synchronization
of the timing sequence and the calculation and compensation
of the frequency offset of the digital filter, equalizer, and
synchronizer in the above-mentioned system can all be imple-
mented by the low-complexity, low-error multipliers pro-
vided by the present invention.

[0050] To sum up, from the previous description, the low-
error reduced-width multiplier and it operation method pro-
vided in the present invention, because of the utilization of an
accumulating operation that use a dynamically generated
compensation term to compensate for the part that is set to be
atruncated part, is able to reduce the computational complex-
ity and compensate for truncation errors, and therefore is also
applicable to different types of multipliers having different bit
widths and using different partial products generating meth-
ods.

[0051] Although the present invention is disclosed in a
plurality of preferred embodiments described above, the
inventive idea should not be limited only to those. It will be
understood by those skilled in the art that various other
changes in the form and details may be made without depart-
ing from the spirit and scope of the present invention. It is to
be understood that various changes may be made in adapting
to different embodiments without departing from the broader
concepts disclosed herein and comprehended by the claims
that follow.

1. A method for carry estimation of a truncated-width

multiplier, comprising:

(@) processing a n-bit Baugh-Wooly 2’s complement mul-
tiplier and an input multiplication of AxB, where
A=-a, 24X %Y, B=-b, ,2"43,_7°b2,
with a,, bie{O,lé, to generate a first group of n partial

products and a second group of n partial products;

(b) associating each partial product of the first group with
a most significant part (MSP) and associating each par-
tial product of the second group with a least significant
part (LSP);
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(c) dividing the least significant part (LSP) into two groups,
a first least significant group of

el
p= Z P i1, Pij = ajb;,
=0

which contains a plurality of elements (P, ;) of partial product

of P, =ab, dgpe{ldmg on input 111f9@at10n (a.j, b,), and a
second least significant group containing n-1 bits;

(d) truncating the second least significant group and using

a compensating circuit to generate a estimated group of

n=2n=i-2

A= Z Z P20

=0 j=0

in accordance with the input information included in the first
least significant group (p);

(e) generating a carry estimation value of

azznlgmj ,

where | x|, 1s a round operation for rounding x to its nearest
number, for the most significant part (MSP) in accordance
with the first least significant group (f) and a estimated group
() and
(D) using an adder circuit to accumulate the most significant
part (MSP) and the carry estimation value.
2. The method for carry estimation of a truncated-width
multiplier in accordance with claim 1, wherein:
the compensating circuit including:
a first cell that comprises a half adder and a NAND
logical gate receiving the input information (a,,, by);
a plurality of second cells, each of the second cells
comprising a full adder and an AND logical gate
receiving the input information (a,,_,,a,_», ...a,, by,
by, b,y
a third cell comprising a full adder and a NAND logical
gate receiving the input information (a,, b,); and
a fourth cell that comprises a plurality of half adders for
receiving the input information and respectively out-
putting the estimated group () composed of 27%; "
2a; to the second cells and the third cell;
wherein a total number of the first cell, the second cells
and the third cell are equal to n, and the second cells
are connected between the first cell and the third cell;
and
the carry estimation value (o) is estimated as
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when conditional expectation values are B[P, a,=0]=0 and

1
E[Pjla;=1]= 7

where P, is generated from a;xb, and estimated as

a;
aj-E[Pjlaj=1]+(l-a;)-E[P;j|a;j=0]= 7f

3. The method for carry estimation of a truncated-width
multiplier in accordance with claim 1, wherein:
the compensating circuit includes a plurality of second
cells, each of the second cells comprising a full adder
and an AND logical gate receiving the input information
(@, 54,5 ...a,b,b,...b, _,)andan expectation
value ‘1°; the estimated group (A) is composed of

and the carry estimation value (0) is estimated as

U:Za'j+[(5]r

n=2
=1

when conditional expectation values of any partial product
conditioned on a; are

1 1
E[P;j|ll'j=0]=g and E[P;j|ll'j=1]=§,
where a=P

n=1-jy>

§=

ay  a,-1
5+

and a conditional expectation P, is determined as

@ 1
aj-E[R-jmj:1]+(1—aj;.-E[P;j|aj:0]:?f+g.

4. A method for carry estimation of a truncated-width

multiplier, comprising:

(a) processing a Booth-encoded multiplier and reducing
the number of row in partial product of an input of
B={b, 1, b, 5 ..., by}, where b_, is equal to 0, into
[n/2];

(b) converting an input multiplication of AxB into another
multiplication of Axy, where y={Y 21> ¥,2)2s - - - »
Yo}, to generate a first group of n partial products and a
second group of n partial products;
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(c) associating each partial product of the first group with a
most significant part (MSP) and associating each partial
product of the second group with a least significant part
(LSP);

(d) dividing the least significant part (LSP) into two
groups, a first least significant group of p={P,, ,_,, P, ,,_
3,5 P} 1,1 }» Which contains a plurality of elements
(P, of partial product (P,=ay,) depending on input
information (a,, y,) and a second least significant group
containing n-1 bits;

(e) truncating the second least significant group and using
a compensating circuit to generate a carry estimation
value of

0'=2"[§ +/\J

5
r

where | x|, is a round operation for rounding x to its nearest
number, for the most significant part (MSP) in accordance
with the input information implied in the first least significant
group () and a estimated group (A) and
(D) using an adder circuit to accumulate the most significant
part (MSP) and the carry estimation value in accordance
with the first least significant group () and the estimated
group (L).
5. The method for carry estimation of a truncated-width
multiplier in accordance with claim 4, wherein:
the compensating circuit including:
a plurality of AND logical gates for receiving an input
information of the first least significant group (f3) and
outputting the estimated group (A) composed of

=[5+ 515 1)
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and
n/4 full adders for receiving the information of the first
least significant group () and the estimated group (1),
and outputting the carry estimation value to the Booth-
encoded multiplier,
where P, is estimated by conditional expectations of

E[P,If,], where

5

3
E[P; | B =01=—

o EP;|g=11=

[SF I NS Y

3
Elmi| fi=01= 15 Elmi|Bi=1]=

and 1, in Booth encoding equals to 1 only when y,<0.
6. The method for carry estimation of a truncated-width
multiplier in accordance with claim 4, wherein:
the compensating circuit includes n/4 full adders for
receiving the input information of the first least signifi-
cant group () and the estimated group (A) composed of

and outputting the carry estimation value to the Booth-en-
coded multiplier,
where P, is related to o, and estimated by conditional
expectations of [P, |3,=a)y,], where

3
E[Pjla; =1]=E[P;|a; =0] =E[n] = 3

and n, in Booth encoding equals to 1 only when y,<0.

ko sk ok %



