WO 96/ 28774 PCT/ US96/ 00955
EXRONENTLATI ON-CLRCUIT UTI LI ZING-SH-EIFNEANS-~ ' AND
METHOD OF USI NG SAMVE . Rel ated I nventions 5

The present invention is related to the following  inventions which are
assigned to the same assignee as the present invention: (1)
“Neur al Net Woyckegidghd4l zi Ng Logarithm c Function 10 and Met hagrnisesteso
Sanme", having Serial No. 08/176, 601, filed on January 3, 1994.

(2) "Logarithm Inverse-Logarithm Converter Utilizing Second- Order Term
and .Met hod of Using Sane" haviqg Seri al No. 08/382,467, filed on
January 31, 1995. 15  EXPONENTIAPION, GIRCUBT WBLIZING SHAFT nWEANRjari t hii ¢
Conversi on and Method of Use Ther anb"MET®OD raF BSING| SAME 08/ 403, 158,
filed on March 13, 1995. The subject matter of the
above-identified rel ated i nventions is hereby incorporated by reference
into the 20 disclosure of this invef@lgsed Inventions

Technical Field

The present invention is related to the following
inventions which are assigned to the same assignee as the
present invention: _

(1) "Neural Network Utilizing Logarithmic Function
10 and Method of Using Same”, having Serial No. 08/176,601,

filed on January 3, 1994.

{2) T"Logarithm/Inverse-Logarithm Converter Utilizing
Second-Order Term and Method of Using Same", having Serial
No. 08/382,467, filed on January 31, 1995.

15 ~(3) "Computer Processor Utilizing Logarithmic
Conversion and Method of Use Thereof", having Serial No.
08/403,158, filed on March 13, 1995,

The subject matter of the above-identified related
inventions is hereby incorporated by reference into the

20 disclosure of this invention.

Technical Field

The present invention relates generally to electronic
25 circuits and, in particular, to a circuit for generating an
exponential signal in response to an input signal.

Béckground of the Invention

30 It is quickly becoming a common task in digital
computers to compute exponential values, x9. Exponential
values are used in a wide variety of computer applications,
such as non-linear control, digital signal processing,
simulation, and encryption. However, conventional

35 techniques for computing exponential values present several
disadvantages.
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The present invention relates generally to electronic 25 circuits and, in

particular, to a circuitfor_generating an . exponential signal in
response to an input signal. ' Background of the

Il hvent'i on 30 It is quickly becomng a coomon task in digital
conputers to conpute exponential values, xg. Exponenti al val ues are
used in a Welesetds ety of conputer applications, such rCIrUS96IODSSNEar
control, digital signal processing, sigrul ati on, and encryption.
However, conventional 35 techniques for conputing exponential val ues
present several di sadvant ages. WO 96/ 28774

PCT/ US96/ 00955 One approach commonly used for cdmputing exponeéimtsialdpproach

commonl y used éﬁué@WEbngr%m%wialary muyeimsef TikBuPt 0¥ Purd Risnary
mul tiplier circult of today's

as par
ni cr opr ocessorEhe c°%ﬂ#%¢ﬁde Bﬂef?ﬁtrnﬂﬁngBEt??ﬁ?¥H§sWlﬁr?ﬁﬁ??g%§ﬂ5§I ogic. 5
Typical |y, theimeludeploner sramere aprlitlipléerauin i hejiimgorraologicoper ands at a

time. To Cqm%fpf&ﬁ&pmaﬁet haityﬁil&sXh%rl:apable f&iemumeu%wﬁi woX

r n h i i er. r [ i r
Brgzﬁcégdaaoog zﬁﬁyts of tSme. To compuge gh exponéﬂtgal value tdl) e

the input value, x, is presented to both inputs of the
multiplier. 1In turn, the multiplier produces an output of -
x2. If a higher order exponential value is desired, for

10 instance, x9, the output of the multiplier is fed back to
one or both of the multiplier inputs and the
multiplication-feedback cycle is repeated until the desired
exponential value is computed.

This approach has several drawbacks. First,

15 conventional binary multiplier circuits requ}re relatively
large amounts of space in an integrated circuit.
Furthermore, they are typically slow, in some cases
requiring a large number of clock cycles to complete a
single multiplication, and they usually consume a large

20 amount of power when compared to other arithmetic circuits,
such as adders. Another limitation of this approach is
that it requires additional multiplication cycles to
compute exponential values having a power greater than two,
For example, computing an exponential value of x16 would

25 regquire a minimum of four multiplication cycles using a
single multiplier circuit. Consequently, such a
computation would dramatically decrease the throughput of a
computer.

Another known technique for computing exponential

30 wvalues is to provide an analog circuit which determines an
exponential value from an analog input value. Typically,
:the exponential value is also an analog signal which must

;be converted to a binary word by an analog-to-digital
converter before being used by a computer. Although analog

35 exponentiation circuits usually require less time to
compute an exponential value than the above-described
technique of recursively multiplying binary words, they
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x[err]. If a higher order exponential value is desired, for 10 instance,

X[ etJ+—theoutput—of—the mitipliecr js-fgdback to one or both of the
mul tiplier inputs and the mul tiplication-feedback cycle is repeated
until the desired exponenti al value is computed. Thi s approach
has several drawbacks. First, 15 conventional binary nultiplier circuits
require rel ajyoiRizNria | ar ge anmobunts of space i n an integrapelusoaoonsst .
Furthernore, they are typically slow, in some cases requiring a |large
nunber of clock cycles to conplete a single multiplication, and they
usual |y consunme a | arge 20 anmount of power when conpared to ot her
arithnmetic circuates generas.ugzhea;semsjtitar andAddEfibcult tia dntegratetwith a
approach is & dit dbﬁﬂﬁié?s additional multiplication cycles to
conput e exponentl| & va ues havin ower greater tha

exanmpl e, computing anTeERSEEREY g %’aé) %QFQrFTrvﬁ)LFF‘?YLfS F@qﬁ?‘f’%u'%f an

m ni mum of four expdrentiiaat vehueycwblmeisn nheadevicesicompatesl énpli er

circuit. h ti se
Choew L Oonseaueildnentidivaiue 1 Y ARE QLIPS ARE | £obkind s

known techni que
conputi ng” exponetRacq 288 P&P’E\Es‘“i‘ St &’%F@VPH%da‘FF'%FrV&ItOQa firtﬁ??g’\?ﬁﬁ
determ nes an momxEmoacMmichl iyl witch mokiightahatagputeruthanl tike Typical ly,
t he exponential Qé%ﬂf%néhsee@ﬂhfﬁﬁﬂéoQF§EQQﬁ£dV!deé must be converted
to a binary word by an analog-to-digita converter before being used by
a conputer. Although anal og 35 exponentiation circuits usually require |ess
time to 0onput e an exponédiiesfl Deatnipt ivm cfthehabbyvawidescri bed
techni que of recursively multiplying binary words, they

The invention is pointed out with particularity in the
appended claims. However, other features of the invention
will become more apparent and the invention will be best

15 understood by referring to thé following detailed
description in conjunction with the accompanying drawings
in which:

FIG. 1 illustrates a block diagram of an
exponentiation circuit in accordance with one embodiment of

20 the present invention. '

FIG. 2 illustrates a block diagram of an
exponentiation circuit in accordance with another
embodiment of the present invention.

FIG. 3 is a table illustrating examples of exponent

25 codes which can be used with the exponentiation circuit of
FIG. 2. _

FIG. 4 is a second table illustrating alternative
examples of exponent codes which can be used with the
exponentiation circuit of FIG. 2.

30 FIG. 5 illustrates a block diagram of an
exponentiation circuit in accordance with a further
embodiment of the present invention. '

FIG. 6 illustrates a block diagram of an
exponentiation circuit in accordance with a preferred

35 embodiment of the present invention.
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are generally expensive and difficult_to integrate with a
dlgltal conput er. In essence, there is a need for a device to
donput e an exponential value, wherein the device conputes an 5
exponential value in substantia{ly |l ess tine, require |ess space and
power on aggdghegated circuit, and integrates nore eperDsishssy W th a
digital conputer than the conventlonau t echni ques descri bed above. 10
Brief Description of the Draw ngs The invention is pointed out
with particularity in the appended cl ai ns. However, other features of
the invention wigd. bes:sne tayle dppasenat byl et:dampnayeafiarpomddt be best

15 under St00d {udo L8 ol d N OULOW e ASIRRERD 1ar oA SSGIAL! B 1

conjunctlon Wi anylng
illustrates a EAGclé- d| agram of an exponentiation circuit in accordance
with one enbodi mentrief, 80ilhestrstednta blyektdidyram of an FIG 2

1 1ustrates & Basledi a0Lal Ofrdllle wnt BPONEAICH bORGHLEHY g7 accor dance

w t h anot hér resent 1 nvent FIG 3 is a
tabl e |Ilustreﬁqmﬂthxshﬁﬂeet%ﬁ exponent 25 codes which can be used with the
exponentiation ci rcmjd of illusttdtes?a block diadran of hScempeend table

1 ustrating QliSabhyBh incRNAIP RS ehoRERIIRTbnoRES D Blkeoan be sed

with the onentla Ion CIrcul
confo:ms with an embodiment of the present invention.

10 FIG. 10 illustrates a flow diagram of a method of
generating an exponential signal from an input signal.

FIG. 11 illustrates a flow diagram of a method of
generating a term which includes a plurality of exponential
signals generated from a sequence of inputs.

15
Detailed Description of the Preferred Embodiments

It is an advantage of the present invention to provide

an exponentiation circuit having a high data throughput

20 rate. Another advantage of the present invention is to
provide an exponentiation circuit which requires
substantially less power and space on an integrated
circuit. A further advantage of the present invention is
to provide an exponentiation circuit which is economical to

25 implement and easy to integrate with a microprocessor core
or other digital logic on a single chip.

Generally, the present invention provides circuit for
computing an exponential signal from an input signal. This
is accomplished by using a logarithm converter to generate

30 a binary log value from an input signal. A shift register
then shifts the bits of the binary log value to generate an
intermediate value. The shifting operation is equivalent
to multiplying the binary log value by a factor which is a
'power of two. The intermediate value is then combined with

35 a stored value, and the exponential signal is generated by
performing an inverse-logarithmic conversion on the
combined value.
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30 FIG 5 illustrates a bl ock diagram of an exponenti ation
circuit in accordance with a furtheg eobadinent of the present

i_nventi on. FIG 6 illustrates a block diagram of an
eéxponentiation circuit in accordance with a preferred 35 enbodi nent of the
present invention. WO 96/ 28774

PCT/ US96/ 00938 96128774 : 4 PCT/G89G00985 1 s a
table illustrating exanpl es of exponent scodes which can be used with

t he exponentiation circuit of FIG 6. FIG 8 illustrates a

bl ock di agram of an 5 exponentiation circuit which includes a plurality of
conput e el enents. FIG. 1 RXust¥atkbustbiias diabkankofliargr am of a conputer

system whi ch i nelydfsnelb RORANLEL T B £ TdcdolabBiel with G ShBBalihddt an

enbodi ment of t gresent I nvention, FIG 10 1)]lustrates a flow
di agram of a nePRoBh@iPresenfc ABVENtheP an e SHBREPRY LG AT CiFCHAF a0 i nput
si gnal . colpfisdd 4 llogsiciatast ad f laowothpate aelaterst %t hod ah

generating %te&ﬂwééh%é‘@ﬁ%ﬁit%ﬁ".“r é'te‘bm%tsxﬁé}ﬁé}féﬁ includbgng! s
generated from a sequence of inputs. 1 talled Description of
the Preferred ESbBbEt ¥egister 8, a P/I unit 12, an adder circuit 24, a
register 28, and a control unit 16. The log circuit 4
receives input signals on its input 2 and converts each
input signal to a binary log value 6 which has a plurality
10 of bits. Upon receiving a binary log value 6, the shift
register 8 performs an arithmetic shift on the input to
generate an intermediate value 10. The distance of the
shift is determined by a shift signal 18 which is produced
by the control unit 16. After receiving the intermediate
15 value 10, the P/I unit 12 either passes the intermediate
value 10 to bus 14 or inverts the intermediate value 10 and
then passes the inverted value to bus 14. The function of
the P/I unit 12 is determined by a control signal 20 which
is provided by the control unit 16. The adder circuit 24
20 sums a stored value, recelved across feedback path 30, the
value provided on bus 14, and a carry bit 22 to produce a
combined value on output 26. The combined value is stored
in the register 28. The register 28 provides the combined
value on a bus 32 to the inverse-log circuit 34 and as the
25 stored value on the feedback path 30. The inverse-log
circuit 34 produces the exponential signal on output 36 by
taking the inverse-logarithm of the combined value.
The log circuit 4 may be any means which converts an
input signal to a binary value representing the logarithm
30 of the input signal. For example, the log circuit may be
an analog circuit which includes an amplifier having a
logarithmic transfer function and an analog-to-digital
converter which converts the output of the amplifier to a
binary word. 1In such an example, the input signal could be
35 a current or voltage which varies continuously over the
dynamic range of the amplifier. However, in a preferred
embodiment, the log circuit 4 includes a log converter as
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It is an advantage of the present invention to provide an
exponentiation circuit having a high data throughput 20 rate. Another

advant age of the present invention is to provi de an exponentiation
circuit which requires substantially | ess power and space on an

I nt egrated ~circuit. A further advantage of the present invention is

to provide gdgppmpentiation circuit which is econom cal tpcrpsdeisyssent
and easy to integrate with a mcroprocessolg core or other digital logic
on a single chinp. General ly, the present invention provides :
circuit for conputing an exponential signal froman input signal. This

I s acconpl i shediisylosedgin amme-ident foie®Relatied gaventdien Id.a2bi nary | og
vaLue from an iy 185008hvelt bblei 0L Shilur. s1ohBE0 Slibidsee BU! s, of

the binary |og value I"fate va fting
operation is ed@ﬁ@a?&ﬂ?dard QQTQ%EIFﬂﬁ??*?&)RQﬁthWﬁ%P9SI%RF\kﬂﬂ%@msytﬁ #act or
which is a mﬂ-oi-demoIﬂrmmianewreghmé:mt\eabmaarg ldganramebl ned with

35 a storedsvaliGn g é@?ﬁ%@@%kﬁéoﬂ%'edéﬂ%%ﬂ ional

perform ng an |nver hm ¢ Jconver sion on val ue.
WO 96/ 28774 portion. e sign bit of each input SFQ§§{Eg%ﬁ§@g§§ (not
5 Fishowh) i Hivett i & ahkl dnvexBerdicyncikcait 34 wherengnt igti on

circuit 40 in %%&BrQQESEbEEéJ‘Jy%i Eﬁgogéfgggponding exponential signal,
which is also represented by an IEEE standard 32-bit
10 floating point value.

The inverse-log circuit 34 may be any means which
receives as input a binary word and produces as output the
inverse-logarithm of the binary word. However, in a
preferred embodiment, the inverse-log circuit 34 includes

15 an inverse-logarithm converter as disclosed in above
identified Related-Invention No. 2. This inverse-log
converter receives both the fractional and integer portions
of the combined values and, in turn, generates exponential
signals that are represented by IEEE 32-bit floating point

20 values. Such an inverse-log converter includes a means
(not shown) for recombining a floating point exponential
signal with its respective sign bit.

In a preferred embocdiment, the log circuit 4, compute
element 9, and inverse-log circuit 34 are implemented on a

25 single integrated circuit. However, one of ordinary skill
in the art will realize that either the log circuit 4 or
the inverse-log circuit 34 may be implemented in many other
ways and still conform to the teachings of the present
invention. For instance, either circuit may be implemented

30 as software running on a general purpose processor, such as
a microprocessor, or either may be implemented as a stand-
alone analog circuit. Furthermore, one of ordinary skill
will appreciate that the logarithmic and inverse-

‘ logarithmic conversions may be based on any number system.

35 The shift register 8 is used to shift the values it
receives in a bit-wise fashion. The shifting operation is
equivalent to either multiplying or dividing the binary log
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of the present invention. The exponentiation circuit 40 conprises a Iog

circuit 4 _a conpute elenent 9, andeghe—boipvwerse-l0g-Cir ctHt+—34—Fhe———

conpute element 9 includes a shift register 8 a P/l unit 12, an adder
circuit 24, a regi ster 28, and a control unit 16. The | og C|rcuit 4
receives input signals on its input 2 and converts each I nput signal to
a binary | oow¢eierr® Which has a plurality 10 of bits. UponpCrussansss a
binary |l og value 6, the shift regi ster & perforns an arithmetic shift
on the input to generate an internedi ate value 10. The di stance of the
shift is determined by a shift signal 18 which is produced by the

control unit 16.vaduec bpcaifackpx whicht ésnediener 05 twbue T shifted] unit

12 either passesddifitl EEeﬁﬂ@diﬁéeﬁ-mediaEé' Vv&1dd 1N bﬂitﬂéu?ﬂ zawtnvelr3 ts a Qe "
O _DUs . e

i nternmedi ate val u passes_t he .Jnverted

function of - - SHRSCPERE pf tbe FreRBRE, MXGHEARP SoE8nPPbI LA 50 whi ch
is provided by tltmict@nbnothurbtt Yistahceawlich G value Ray Age sshifftedst ar ed
val ue, receiy Eeéﬁb@&isn&&t Brsoiaébe:nat t¥e! URi BE oMdghad &3 gbisin 14,
and a carry b|t 22:l§tt jo_duc g val ue on outlgut 26. T?,

conbi ned val ue ¥ oraeH na’fylln"c—{ I’félf’@g?s’? v distapge 1808 Fange 0500 des

t he conbi ned to/dl béten arheisiidancet bhat reamts bihegyclegwalied éang as the

25 stored val ue &3 ¢elg §8eaDAKiRRW L gosniff'@ 1G4 &ssslaﬂich 1§'ﬂz%WiHe§4
produces the ex nentlal signal on ou

i nver se- | ogari t I GPPERBLC ngughiftPng the ‘?fll |6€%§?“r &ﬁ“ﬁrx MY be
any neans wifch vadmwee 6t tomrd the most sigmbficdamtablit ndM§Bl) adfiaheeyrduent i ng

the logarithm 30(t9fpihamyn9&tu§é QRak) , Feﬁeeeﬁrml Segl BEet 08 ﬁdd?uwefs PRY be
an anal og C|rCU|twh|cg|ncIu ra jer qct arith
transfer functidRterBedhats sy etg d?’g}?iﬂél is mu &ng?gel?yv%l%%t&FWEF’Es t he
output of the adsl iaf Peweroof two. bOnarhewethir handuchy ashiitaimd shet biétsnput
signal could be o35theCHLASH) Wig VaLLBJE Mﬂa \('.Qalé' Qéasensigum%a&stouﬁﬁ the
dynam o rongg ol SIPLAL St IEEECAD & R SULRD, n I N the
register 8 produces the intermediate value 10 which is
divided by a factor that is a power of two. Thus, when the
shift register 8 shifts a value to the left, the
exponentiation circuit 40 produces an exponential signal
20 having an integer exponent, such as x2, x4, etc., where x
represents the input signal; while shifting to the right
produces an exponential signal having a fractional
exponent, such as x1/2, x1/4, etc., where x represents the
input signal _
25 The P/I unit 12 inverts the intermediate value 10 in
response to the control signal 20 from the contrecl unit 16.
By causing the P/I unit 12 to invert the intermediate wvalue
10 and by providing a carry bit 22 corresponding to the
inverted value, the control unit 16 converts the
30 intermediate value 10 to its two's complement form, thus
allowing the adder circuit 24 to subtract the converted
intermediate value, available on bus 14, from the stored
value.
The adder circuit 24 and the register 28 function
35 together to allow a sequence intermediate values to be
accumulated. In addition, the register 28 can be pre-
loaded with a value, such as coefficient value. The adder
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di scl osed in above-identified Related Inventian No. 2. —This | og
converter receives input signals represented by | EEE standard 32-bit
fil oating point values and inplenents a second-order polynomal to
generate binary log values 5 having an 8-bit integer portion and a 23-bit

fractional wo%mﬁ‘%t ion. The sign bit of each input signal pegrgssiasd (not
shown) directly to the inverse-log circuitg 34 where it is t hen

reconbi ned with the correspondi ng exponenti al signal, which is al so
represented by an | EEE standard 32-bit 10 floating point val ue. '
The inverse-| girduituk Sdmephd almgsntanfecdives on thedmus/dxst andi nput a

binary wor d ang,P'AdupeakSath R ol Beneratd Wfiiificho0a{bdd Tftlen BEebi Nary
word. However, i h’'a preferred enbodrnent, the inverse-Tog circurt 34
includes 15 ap [tWFSr SEOFedatn (the agadsterr2ts & sembined VAl ls

ibdeﬂt i L i e]g Relﬁrnqiilyl ﬁmgnkwrbf\ktheZvaIbés prowEided bAgthe twi® NMtRULSr ofecgi ves
oth the fractj.on ' er, por ti on e ' Y es and, in
turn, gene?at eéshee%&?%gnf:‘l}lg{’@ 242.i gtrll'%l1 s%%%‘?d g‘*‘é"?eB?@?@%ﬁﬂ“%? EEE 32-bit

floating poi ntfeEsibagk| gath 3& i the FRyEeRES |y thgnvegieser il -udes a neans

(not shown) for reamgbicohbgoR dnitatiengypicalle qrorest aapluralitygred w th
i ts respect i Veex?ogl@ngi Eo?es (r{ot:9 shloggf1 p{,ﬁé&[ir e%a‘éﬂb@%&@é}&t éola% I og
circuit 4, conpute el enen , an fnverse}1og circurt 34 are
i npl enent ed orFFIESPORARGER dthiidPus: 84982} cuiS eApBWAIRNE HHANadf 18r di nary
skill 10 received by the exponentiation circuit 40, the control unit
16 decodes a corresponding exponent code to generate the
shift signal 18, the control signal 20, and the carry bit
22, all of which correspond to the input signal. However,
in another version of the present invention, the exponent
15 codes are provided by a means of generating the codes which
is connected to the control unit 16 and yet separate from
the exponentiation circuit 40, such as a separate memory
for storing the exponent codes or a host processor, e.g. a
microprocessor connected to the circuit.
20 In operation, the exponentiation circuit 40 can
compute an exponent signal for a single input signal or a
term which includes a plurality of exponent signails
computed from a sequence of input signals. In either case,
computing an exponent signal from a single input signal may
25 require one or more addition cycles. This is accomplished
by providing an additional storage means {(not shown) for
storing the binary log value 6 while the addition cycles
execute and providing the stored binary log value to the
P/I unit 12 during each cycle. Such a storage means may be
30 incorporated in either the log circuit 4 or in the shift
register 8.

The operation of the exponentiation circuit 40 may be
illustrated by considering an example of computing an
exponential signal of x!, where x represents an input

35 signal. The computation of x7 requires two addition
cycles. During each cycle, the shift register 8 provides a
different intermediate wvalue 10.
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inthe art will realize that either the log circuit 4 or t he

| nverse-1og-clrouit-34 may be i-ApherBRietnit—pmay other —  vays and -stil]

conformto the teachings of the present i nvention. For instance, either
¢ircuit may be inplemented 30 as software running on a general purpose
processor, such as a mcroprocessor, or either may be inplenmented as a
st and- aWwowngal og circuit. Furthernore, one of ordi naPgTAKEAI09SS

will appreciate that the logarithm c and i nwerse- | ogarithmc
conversions nmay be based on any nunber system 35 The shift register
8 is used to shift the values it receives in a bit-w se fashion. The
shifting operation i Duringeghevfixstt aduitibhecydis.t itpleyingubrsignaldi g t he
bi nary | og is conVer?8428d 74 binary log value 6 by the log circuit 4

PCT/ US96/ 00955 %

] . 7 al ye .6 by .
factor which is 2Ph&ROVigrd; tR the,additippal stoxagg, means ?Wg the e%ﬁ%&i ate
val ue 10. Althourgdyimter 8.enDinelicremtirodf uhhe geresmtesi bhenshbft doignalofl8d
place any s |48 ehatchBeshi by defidies Wbnleds (RIS HRYy Pfog Vil 2 5
preferred. enbodi nent provides that the shift regjster 8 can dS,hIft a
bi nary | og val ué 84FtangesPLtlares, hiks,  thye ppogpcing gg anppnedipte
di stance that eaiue A8rvhich ismlaauitiple of siidhtedfi thedbimamndadoby shift

signal 18 which 3,0 @/i defle contPb1CUBLEC 6URdo encBYrabi 8d NbritRibi ts oOf
the binary log 10 val 6 toward . the nost nificant bi{ (MSB) of the
val ue (typi%?'gnla? 55 FRethalk (hhe g‘ﬂ&%ﬁ?éi&%d’i&gﬂ"@rlg bF t he
10 unaffected through the P/I unit 12 to the adder circuit 24
via bus 14. The adder circuit 24 then sums the
intermediate value 10 with the value stored in the register
28, which value is provided by feedback path 30.
Initially, the stored value may be set to zero or a
15  coefficient value. The contents of the register 28 are
then updated to the combined value which is provided on the
output 26 of the adder circuit 24.
buring the second addition cycle, the control unit 16
generates the carry bit 22 and the shift signal 18 so that
20 the shift register 8 passes the stored binary log value
without shifting it. The control unit 16 also generates
the control signal 20 so that the P/I unit 12 inverts the
intermediate value 10. As a result of the inversion, the
adder circuit 24, in effect, subtracts the intermediate
25 wvalue 10 from the stored value provided on the feedback
path 30 to produce a final combined value which is a
multiple of seven of the binary log value 6. The final
combined value is then stored in the register 28 and
provided to the inverse-log circuit 34 on bus 32. The
30 inverse~log circuit 34 produces the exponential signal, x7,
by performing an inverse-logarithmic conversion on the
Stored value.
FIG. 2 illustrates a block diagram of an
exponentiation circuit 100 in accordance with another
35 embodiment of the present invention. The exponentiation
circuit 100 performs the same function as the
exponentiation circuit 40 shown in FIG. 1 in that it
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I nternmedi ate value 10 which is nultiplied by a factor that 1S a power
of two. On the other hand_hy shifting the bits. of the binary | og
value 6 toward the |least significant bit 15 (LSB) of the value (typically
tb the right), the shift regi ster 8 produces the internedi ate val ue 10
which is divided by a factor that is a power of two. Thus, when the
shift regi Siveroglspi fts a value to the left, the eXponPOT/USH6H09SS Ci I CUi t
40 produces an exponential signal 20 havi pg an integer exponent, such as
X2, x4, etc., where X represents the input signal; while shifting to
the right produces an exponential signal having a fractional

exponent, such compitesr p, teferyllichetipcludperens arepersseexronential | nput

si gnal 25t . siHiﬁlB/.ll Hai'wével'tﬁ, %mﬁékﬁ?%éﬁtié\%iﬁnr&dké?ﬁi \émme..nkguhas _
response to the coniyr.ol, _sign roQ e control unit.16, y causing
the P/1 unit 12% (?‘H’rgéf’f‘a? h%”r‘ﬁ‘t &PﬁéglFﬁf & %4] (JBUs TeBLELY 3RS ovi di ng a
carry bit 22 coadddgondcngles than the enpenentiatdionecirtieit ot ol Fdfi-t 16

converts thg 30, | Rh@r BREbAGK: Matliee £9rb@it LFod WRompresd®! £NEsY Jigtict hus

al l owi ng the adder CIFCU&% gf totfﬁggracé t he converigg circdfv: rimedi ate

val ue, avail abl® &h SGHEY TTh sPBPAP 1°VERFREG He adder

circuit 24 and Theec comglteceleamernt 9o innlades tp@tThapito?2i |aW/& sddtence
internedi ate vajgjea E@rbe shiftiGegTetatess, |4 saddinki QRi £t heedidlest €8, 28 can
be pre- | WM RuBe Yl M SN 2280 SOSE Tt SRhe¥EE s, THe S3AET
VO 96/ 28774 2 P ’ BLeFeEO S s
10 circuit 80, a de-multiplexer 84, a first register 94, a
second register 90, and a control unit 104.

The log circuit 4 receives one or more input signals
on its input 2 and converts each input signal to a binary
log value which has a plurality of bits. The binary log

15 wvalue is then distributed by bus 54 to the first shift
register 56 and the second shift register 68. Upon
receiving a binary log value, the first shift register 56
performs an arithmetic shift on the value to generate a
first intermediate value on bus 58. The distance of the

20 shift is determined by a first shift signal 106 which is
produced by the control unit 104. The second shift
register 68 performs an arithmetic shift on the binary log
value to generate a second intermediate value on bus 70.
The distance of the shift is determined by a second shift

25 signal 108 which is produced by the control unit 104. Both
the first shift register 56 and the second shift register
68 may shift binary log values either to the right or left.

After receiving an input on bus 70, the P/I unit 72
either passes the second intermediate value to bus 74 or

30 inverts the intermediate value and then passes the inverted
value to bus 74. The function of the P/I unit 72 is
determined by a second control signal 120 which is provided
by the control unit 104. The P/Z unit 60 either passes the
first intermediate value or zero to bus 62, depending on

35 the value of a first control signal 110 which is provided
by the control unit 104.
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circuit 24 sums the values it receives on the bus 14 and the feedback

path-30 to generate-conbined

regi ster 28. A conbined value is sinply the sum of the val ues provided
on the two inputs of 5 the adder circuit 24. The stored val ue provi ded on
t he f eedback path 30 is the contents of the register 28. The
control unitwé@skspacally stores a plurality of _ exponenPCT/USISO0YS8 0t
shown), wherein each exponent code corrggponds to an input signal. As
each input signal is 10 received by the exponentiation circuit 40, the
control unit 16 decodes a correspondi ng exponent code to generate the

shift signal 18, the Xdimstl mulgipdexdy, GAngovhles 4 \itlsi putput 266 &g | of

whi ch corresponde fthe"@nkNBYS 62 INRIfecdBYBK Chus 96, o BRE! Hgtpwersd @F of
the present invention, the exponent 15 flodes areée%ro? ggd ’E% g nmeans of
generating the CofeSaRPENTeILSter A lPECTPY IS FBF tHTI® 16 and yet
separate from mulittiplexponehtistdaserginediby 40 figsthmus aigrphridiZe nenory

for storing tshe ;%Qfm?at b?oﬁlﬁ éxnta.ealotam% P6£5SQA ise%oﬁd ﬂlftl_.tipletxﬁr 76

m Cr oprocessor connecte e circui n.opecati on, e
exponenti ation cch'”é’fl}iels g@ g’é °Utpué:on‘3uf‘8 ﬁ?ﬁtl@%%’gﬂf’ugi ré%’alg? P& si ngl e
i nput signal or eutput 8@r afvkhesdaqendudegister A&l | TheoputRponthtosityeal s

conput efl from ?féamanﬁm@iﬁaim 1:6 g@ahé};ehmx@% IH9" aC868ond musf WIwbLNg an
exponent signal f.roma single input sign require one or nore _
addi tion cycl es.llﬁﬁfgv?gegc%n%% ﬁ?@&gc’il u’g%yp]r%o i di ng an addi ti onal
storage meard® (not sifpenpdfier circwitoBiOngumhetitd rutputsgétarne T Wi fthet he
addi tion cycles girste¥f@8UsEcEME MI19\MpdRErs hee,st7.ed rhkN@s Ymd NG pi)de t O

e e por ot e ' FROVEHRE FRE RHGl R, SE o, AGRITETRRIE S8Ry
The operation ofthehgesrpdnregistiern$0ciorcthe Arstayegdster 94, wapemdddgby
considering an emEpeevaiug PPWHGetBux sifrPONAB| alrnéi Swdt Hegibrewhere
X representﬁsanddﬁ %%vides its contents, which is a sum, on feedback bus
96 and output 98, while the second register provides its
contents as a combined value on its output 92. The
inverse-log circuit 34 generates a term, which represents
one or more exponential signals, on output 36 by taking the
20 inverse-logarithm of the sum.

The control unit 104 typically stores a plurality of
exponent codes (not shown), where each exponent code
corresponds to an input signal. As each input signal is
received by the exponentiation circuit 100, the control

25 unit 104 decodes a corresponding code to generate the first
and second control signals 110, 120; the first and second
"shift signals 1oq, 108; the first and second mux signals
112 and 116, de-mux signal 118, and a carry bit 114.
However, in other versions of the present invention, the

30 exponent codes are provided by a means of generating the
codes which is connected to the control unit 104 and yet
separate from the exponentiation circuit 100, such as a
separate memory for storing the exponent codes or a host
processor, e.g. a microprocessor connected to the circuit.

35 In operation, the exponentiation circuit 100 can
compute an exponent value for a single input signal or a
term which includes a plurality of exponent signals
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35 signal. The conputation of x7 requires two addition cycles. During
each cycle, the shift register 8 provides a ——different.internedi ate
val ue 10. WD 96/ 28774

PCT/ US96/ 00955 9 During the
first addition cycle, the input signal, x, I's converted to a binary |og
val ue 6 by 36/*13?‘& circuit 4 and provided to the addi tpcansossobss age
means and t I ft register 8. The cqgntrol unit generates the shift
signal 18 5 so that the shift register 8 shifts the binary |log value b

a distance of three bits, thus producing an internedi ate val ue 10 which

Is a multiple computeud fﬁbm:bestuemqeIadginputvaignali The edbhevl|cass,t 16
al so generatesg &Iﬂ?\? Y T al $2ohhatsi e‘ nheheedigts val ue 10
I s passed 10 unaffect ecfmt ﬁ?‘g éﬂ %/ i ° rhﬁ P &

[ un|t 12 he adder CIrCUIt 24
vi a bus 14. ThEegﬂiﬁﬁs(ﬂQAguPPeZﬂ e Gyslendn a pHQHﬁﬁr dpEbedimgnte 10

wi th the val ueHewevex), iconplutinggastexm which8inoiwndds \aalpleradipy oof ded by
feedback pagh éonnem; wyl%aue&ui{-&e aid)ra%imﬁecmsb%o%e&v&py ZHgueor 2

15 coefficlent, val ue. he ,cont e | ster are t hen
updated to thesﬁﬁﬂﬁnec?l’\}a?l d& ﬁﬁ?gﬁﬁﬁg &%%P&ggw%h t"ﬂ’«?n an Pt 26 of the
adder circuit 8idgnal is recebwedngthdrcresmitndfatioe tfiorstcpddét iomecyaie r ol

unit 16, (JCRS Bigred NS SAE! Kobbha RocitlelSy Y ines\aRBAndd S 20

the shift reglsger 8 passes_th tore I nar qg
is is accompllshed by the control unit 104 asserting the

10 first and second mux signals 112, 116 so that the outputs
of the P/I unit 72 and the P/Z unit 60 are provided to the
adder circuit 80. 1In addition, the control unit 104
asserts the de-mux signal 118 to select the second register
90.

15 During the second cycle, a stored value and the
combined value are provided to:the inputs of the adder
circuit 80 wvia the feedback bus 96 and the output 92,
respectively. The sum produced by the second addition
cycle then updates the stored value in the first register

20 94. The second cycle is accomplished by the control unit
104 asserting the first and second mux signals 112, 116 so
that the output 292 and the feedback bus 96 are provided as
inputs to the adder circuit 80. The control unit 104 then
asserts the de-mux signal 118 to select the first register

25 94 so that the result of the cycle is placed in the first
register 94,

In operation, the stored value in the first register
894 is typically the sum of the intermediate values
generated from preceding input signals in a sequence.

30 1Initially, however, the stored value may be a coefficient
value which is the logarithm of a constant. The first and
second registers 94, 90 may also be preset to zero.

FIG. 3 is a table illustrating examples of exponent
codes which can be used with the exponentiation circuit 100

35 of FIG. 2. The table lists the codes and their
corresponding control and shift signals which are used in a
preferred embodiment of the present invention. The table
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wi thout shifting it. The control unit 16 al so generates t he control
si ghal—20-so that—the P/l unit 12 lnverls Lhe— Lnternediate value 10, As

a result of the inversion, the adder circuit 24, in effect, subtracts
tthe i ntermediate 25 value 10 fromthe stored val ue provi ded on the

f eedback path 30 to produce a final conbined value which is a

mul tiple of wowess®i the binary log value 6. The final POTYDS9sMO0SS al ue
is then stored in the register 28 and pipvided to the inverse-|og
circuit 34 on bus 32. The 30 inverseé-log circuit 34 produces the
exponential signal, x[err], by perform ng an inverse-logarithmc

conversion on tleso ilsustratesithe. operations fCthd abidlestciatesita 8Dl and
diagram of an  cne®¥RORENSE AU RATLYCHL 2DP df r%%fa%gé“&? thd leaiiobRer 35

enbodi nent of the present 1nvent e exponentTat| on circurt 100
perfornms the sat®ef BKEPRERL Lodafe EachFommdift ithe bAPLE EiNes FpesNadhHeF n
FIG 1 in that idf the signald\arfdbAR87¢4drry bit corresponding to one of

PCT/ US96/ 00985 ¢pe exponent codes 10 conputes aterm
whi ch i ncludés one or nore ex onentlal nal s, However, "
exponenti ation circufPr1 nudds the féﬁs% Wi Shel e¥pPRent é@dﬁ poog

thus requires famﬂicatesamhhﬁlxﬂi d;ctesbergandﬁazeexppnemponﬂnurauipncU|t 40
of FIG 5 1. caég%@@tlaff %ecéfcg&'\%ntl%d%o'ﬂi" 8651 ApdtO B gLk
4, a conpute elene and an 1 nver clrcult
000", then the second intermediate value is equated to the
10 Dbinary log value, the first intermediate wvalue is set to
zero, and the combined value is produced by subtracting the
second intermediate value from the first intermediate
value.
In the second row, the exponent code "001" indicates
15 that x! is to be generated. If the exponent code is "001"
for an input signal, then the second intermediate value is
equated to the binary log value, the first intermediate
value is set to zero, and the combined value is produced by
adding the second intermediate value to the first
20 intermediate value.
In the third row, the exponent code "010" indicates
that x2 is to be generated. If the exponent code is "010"
for an input signal, then the exponent code indicates that
x2 is to be generated, then the second intermediate value
25 is generated by shifting the binary log value a distance of
one bit to the left, the first intermediate value is set to
zero, and the combined value is produced by adding the
second intermediate value to the first intermediate value.
In the forth row, the exponent code "01l1" indicates
30 that x3 is to be generated. If the exponent code is "011"
for an input signal, then the second intermediate wvalue is
generated by shifting the binary log value a distance of
one bit to the left, the first intermediate value equated
to the binary log value, and the combined value is produced
35 by adding the second intermediate value to the first
intermediate value.
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The conpute elenent 99 includes a P/1 unit 72, a P/Z unit 60, a first

shift register 56, a_second shift reqgister 68, _. a first_multiplexer 64,
a second multiplexer 76, an adder 10 circuit 80, a de-nultiplexer 84, a
ftrst register 94, a second register 90, and a control unit 104.

The log circuit 4 receives one or nore input signals on its input 2 and
converts quag&ﬂﬁ“g signal to a binary | og val ue whi chpd@gsogroddksir al ity
of bits. The binary log 15 value is then qhstributed by bus 54 to the first
shift regi ster 56 and the second shift register 68. Upon receiving
a binary log value, the first shift register perfornms an arithmetic

shift on the val ue t@ Qeé\eﬁqttex il'ow, the réﬁdnaherambatmmaliuaiaat&ws 58.

The di stance o [ r h sk gn 06
which is FBHE rl:t é’ c%ﬁ?gf)%éugmt fb ﬁhgT%’lte‘%:&eecno%n ogﬁ #’g aiOdL
regi ster 68 peberm HFP\Er isdgnali ctken fthepsecpad piprpeddgte value Us t o
generate a secgéflerdieéd Bisali€t YAy Uthe bikiagy/og valuha distance of the

The controls anfroToRs it FRe"18rRe e RaBP EftediebiliIa e gIREC
shift registerto zesy mngd $hef conpingd wﬁgwésm@qqﬁebn édﬁlh@g r¥hght or

I efL sﬁébﬁd {rﬂ.@,&lniékiﬁﬁtégvawttd)&hhuilﬁ& i?h:%rﬁ/ehauﬁétvgﬁxe.
e e v e S ASRCER ol bl S SatglAR I
function of thth@t|xris tP2besgenerakady mIﬁeﬁthelaDMnGOéanﬁmlafsl gnal
120 whi CE 16 pifpatiesignal Iaxsdt'lnewprﬁuéﬂ thel ted&ra iﬂt@ragaluaetvéﬁ:eel t Eeg .
PRses n%or ath, el BEALE UL IRk tRED 180 A2 AEREDALIG S
control unit 1bWe bits to the 1e t, the first intermediate value 1s
equated to the binary log value, and the combined value is
produced by adding the second intermediate value to the

1§ first intermediate value.

In the seventh row, the exponent code "110" indicates
that x6 is to be generated. If the exponent code for an
input is "110", then the second intermediate value is
generated by shifting the binary log value a distance of

20 two bits to the left, the first intermediate value is
generated by shifting the binary log value a distance of
one bit to the left, and the combined value is produced by
adding the second intermediate value to the first
intermediate value.

25 In the eighth row, the exponent code "111" indicates
that x7 is to be generated. If the exponent code for an
input signal is "111", then the second intermediate value
is equated to the binary log value, the first intermediate
value is generated by shifting the binary log value a

30 distance of three bits to the left, and the combined value
is produced by subtracting the second intermediate value
from the first intermediate value.

FIG. 4 is a first table illustrating alternative
examples of exponent codes which can be used with the

35 exponentiation circuit of FIG. 2. The table lists the
codes and their corresponding control and shift signals.

The table also illustrates the operations of the adder
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11 A first miltiplexer —L4asoudpas—io-tts—out-put 66—+6—
either the bus 62, a feedback bus 96, or the output 92 of t he second
rregi ster 90. The output 66 of the first mul tipl exer 64 is determ ned

by a first nmux signal 112 5 provided by the control unit 104. A second

mul tipl exer wesmgrrgoupl es to its output 78 to either the bper/s9s009sst he
out put 92 of the second register 90. The oujgput 78 of the second

mul tiplexer 76 is determ ned by a second nmux signal 116 provided by the
control unit 104. 10 The adder circuit 80 sunms the outputs 66 and 78
of the firstcixcgite8dnahdnthel vhinersf dhe tarryhbiteliliin plesponse 84

prOV'?eS gge OUFBUEPﬁzeQéht$¥3§y®d%k 5h%ﬁ@'éod£& tOEﬁbﬁh§§$]1n tFEetﬁ?Q?Ed
register or the fir ister on_the.value o e

de- nux si gnal Pg"e?hﬁﬁ?lY%ﬁ“’rseé’f ? ﬁgg‘?}spla%\ﬂ ke £&F 1E(S’r‘f't%ents which is
a sum on feedbaokresponding@cawteoat ptite Sxponentecodes second regi ster
provides itsg conggpt éxﬁ:ﬁp.?e CQQibtﬂédﬁ!f‘éﬁ'erdm ithe Qﬂﬁ&kﬁntg%od'éh@om"

| 34
o onerti o §l ¢ e cagad SR 3, 25, €6 The Hinarat S8 PR RS IaFReRm of the
sum ThﬁrcuhtrbOOL”NIf thé eyponent \cosleofer anpinpudl istignef is

exponent codes (-Ia@hnshem i YeRoRACINEARRRARE eCOLue is QRUaRERA0RISLAE an
i nput signal . each %g ut signa

receiv xponentlatlon
i Pouit 500, "+ nBABBRY P8 p s LhouEiEy JI SrmbaLrEs pttiHa G 208t T
gener at e t hd0f i rzero, andntche aombdnednvable sisypaodutdd, bﬂm;bttrhetﬁngsthand

second shi f%eébﬂaalﬁtéﬂﬁadij&% vh e £ f&& t%@df§§§9nﬂ1ﬂ59ﬁleﬁ'13€@| S 112
and 116, de-nux shgg 8, and a carry 114. However, in other
ent

versions of the"p |nvent|on t he 30 exponent codes are provided by a
means of generating Thethe second row, the exponent code "001" indicates

that x~1/2 is to be generated. If the exponent code is
15 "001" for an input signal, then the second intermediate
value is generated by shifting the binary log value one bit
to the right, the. first intermediate value is set to the
binary log value, and the combined value is produced by
subtracting the first intermediate wvalue from the second
20 intermediate value.

In the third row, the exponent code "010” indicates
that x1/2 is to be generated. If the exponent code is
"010" for an input signal, then the second intermediate
value is shifted one bit to the right, the first

25 intermediate value is set to zero, and the combined value
is produced by adding the second intermediate value to the
first intermediate value.

In the fourth row, the exponent code "0l1" indicates
that x1 is to be generated. If the exponent code is "011"

30 for an input signal, then the second intermediate value is
equated to the binary log value, the first intermediate
value is set to zero, and the combined value is produced by
adding the second intermediate value to the first
intermediate value.

35 - In the fifth row, the exponent code "100"” indicates
that x2 is to be generated. If the exponent code is "100"
for an input signal, then the exponent code indicates that
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codes which is connected to the control unit 104 and yet separate from

t he exponentiation circuit 100, _such as a separate menmory for storing

t he exponent codes or a host processor, e.g. a nicroprocessor connected
to the circuit. 35 In operation, the exponentiation circuit 100 can
conpute an exponent value for a single input signal or a term whi ch

i ncl udes a Wgy of exponent signals WO 96/ 2Bcrés96/0095s

PCT/ US96/ 00 16 12 computed froma
sequence of input signals. In either case, conmputi ng an exponent si gnal
froma single input signal requires only one addition cycle in a

plref elrr;ed e][moqgizrr&at to rt>e d@ﬁ@é@.@a.ceﬁmt&w sa%cbﬁanlﬁ\féﬁﬁédﬂ&%leudﬁu@ t
plurality o onen ue r re ion cycles every.inpu
signal . This |§ e%f‘ﬁfﬂfe g&@ %%%‘r? ¥nphf Vatu&d gr‘f{'}ISEP %%I ved,
the result of tone bntstoamnhtheﬁt-09UEefirst|h§tsrmeéua¢¢1Waiyese§oﬁdtr@g|ster
90 as the conbizaed, Vahdethe conmlnsdl $aﬁ6é01f§3|pr%hﬁde@>’b§ fwdm,t ERL unit 104

asserting tpe 10 first_and s X SI 6.S0 t the outputs
of “the b1 8ni Eersni it remedlatl vilie LI M rple dotetipditte yRfug:

circuit 80. In addi ﬂnonhetmiamiomoml thei expanent codes®iqk” tmi@étaax si gnal
118 to sel ect &harsgBond t¢HeSig@heratedV. MO the expbhéntGddee igeepptcycle,

a stored value aad the . ” o nedval Ue, 4% PhOVASthAA o1 Ie vh1gut 5, O the
generated by shifting the binary log value a distance of
10 one bit to the left, the first intermediate value equated
to the binary log value, and the combined value is produéed
by adding the second intermediate value to the first
intermediate value.
In the seventh row, the exponent code "110" indicates
15 that x4 is to be generated. If the exponent code is "110"
for an input signal, then the second intermediate value is
generated by shifting the binary log value a distance of
two bits to the left, the first intermediate value is set
to zero, and the combined value is produced by adding the
- 20 second intermediate value to the first intermediate value.
In the eight row, the exponent code "1l1ll" indicates
that x2 is to be generated. If the exponent code for an
input signal is "111", then the second intermediate value
is generated by shifting the binary log value a distance of
25 two bits to the left, the first intermediate value is
equated to the binary log value, and the combined value is
produced by adding the second intermediate value to the
first intermediate value.
FIG. 5 illustrates a block diagram of an
30 exponentiation circuit 192 in accordance with a further
embodiment of the present invention. The exponentiation
circuit 192 performs the same function as the
exponentiation circuit 100 shown in FIG. 2 in that it
computes a term which includes one or more exponential
35 signals. However, exponentiation circuit 182 includes an
second adder circuit 166, and thus requires only one
addition cycle per input signal. Although the
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circuit 80 via the feedback bus 96 and the output 92, respectively. The
sum-produced by the second addition  _cycle.then updates the stored-value
in the first register 20 94. The second cycle is acconplished by the
control unit 104 asserting the first and second nux signals 112, 116 so
that the output 92 and the feedback bus 96 are provided as Il nputs to

t he adder ciwewshe®9. The control unit 104 then assert s PCRaSeb®098s X
signal 118 to select the first register 25 P so that the result of the
cycle is placed in the first regi ster 94. In operation, the
stored value in the first register 94 is typically the sumof the

i nter nedi at e vakexpenent igeier atieduit o9 reek &1iGng 5i maytba i fastesr thaa the
sequence. 30 1 Netdbghed %%m}*/]&%y%&rcwe PAOIEA 24Y. UG, MY L dnfeRChbk 61 €Nt

val ue which is constant., The St and second
registers 94, 96PRE§ wren fwlemented t%ﬁiﬁ?dntegrate cHEits j5 a table
illustrating exanple?hefequnnnﬁﬂatxon ciximsi twiseh comprbgesisedog chirchit
exponenti atlgn Ql rgu&g !;19& %‘i Fi% Zand a];hgr‘;,g% jhdétéizfc%&tcgﬁ’es and

their corres ondlng contro are used .in a,

preferred enbod? n?°%?“§?u?ﬁﬁm§§§n? }n¥%ﬁﬁq - aTREI Ut 160, a P/2 ypit

96/ 28774 150, a first shift register 146,P€TbéE@ﬁdOﬂﬁ&& register
13 al so i hb&Stéaﬂgﬁsé Q%&E‘e&i‘{éw 1@yt Qeﬁaé&% ﬁ&&“'éxr@gﬁnﬁss,
the value of the carr In response to t e each

a register 170, and a control unit 180.

10 The log circuit 4 receives one or more input signals
on its input 2 and converts each input signal to a binary
log value which has a plurality of bits. The binary log
value is then distributed by bus 144 to the first shift
register 146 and the second shift register 156. Upon

15 receiving a binary log value, the first shift register 146
performs an arithmetic shift on the input to generate a
first intermediate value on bus 148. The distance of the
shift is determined by a first shift signal 182 which is
produced by the control unit 180. The second shift

20 register 156 performs an arithmetic shift on the input it
receives on bus 144, whereby generating a second
intermediate value on bus 158. The distance of the shift
is determined by a second shift signal 189 which is
produced by the control unit 180.

25 After receiving an input on bus 158, the P/I unit
either passes the binary log value to a bus 162 or inverts
the binary log value and then passes the inverted value to
the bus 162. The function of the P/I unit 160 is

"determined by a second control signal 188 which is provided

30 by the control unit 180. The P/Z unit 150 either passes
the binary log value or zero to bus 152, depending on the
value of a first control signal 184 which is provided by
the control unit 180.

The first adder circuit 154 sums the outputs of the

35 P/Z unit 150 and the P/I unit 160 which are provided on the
buses 152,162. The output 164 of the first adder circuit
154 is fed to the second adder circuit 166. The second
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t.he exponent codes. Each rowin the table gives the val ues of the
signals and the carry_bit correspanding to one_af 5 the . exponent codes.

For exanple, in the first row, the exponent code "000" i ndi cat es t hat
x[err] is to be generated by exponentiation circuit 100. If the
exponent code for an input signal is "000", then the second

i nt er medi atygy ;@[ﬁﬁ Is equated to the 10 bi nary | og val ue, ﬂdmsﬁéldoSSs
intermedi ate value is set to zero, anggthe conbined value is produced
by subtracting the second internediate value fromthe first

I nternmedi ate val ue. In the second row, the exponent code "001"

indi cates 15 Aadwér XWiricaitolbe gpseneicedves!thé mtpupobenthe atwyister001”
for an input sjgngly f%%ﬁﬂa%i@%??%ﬁ{%e’ ahn! §£{I§Pé€é£ aVQJeB.ﬁlt&nt sx%n?%%ﬁd to

the binary | og valu zéro, and
t he conbi ned v%ﬁtR?QW§dﬁﬂoﬂec€@B¥ﬁFer 179dGPn@P%HH§-§é@0ndThﬁt%ﬂYRQEQm%99value
to the first 28tddier mdgaherwéslea term repreééhﬁﬂi@ bher 8rrmyte t he exponent

code 100" § UGS 121 bISReI & hfolp SET Usormiha! LiF SrAGRRN code

i's 010" f?ﬁpan Ipat ~s |nd|cat t hat
x2 is to be gelrreg‘ae!t%miFhéﬂnYwis@:Mdthﬁt%‘cha'tléeﬁapﬁet% !resgigéﬁe'r at ed
by shifting tfmﬂdndhaﬁﬁtbﬁﬂ ya4 pe a di stance of one bit to the left, the

St eLntermedi at e wal Ugnk3oselal? 100 c4810a AP bR LCATBIIRAIA) U3 1o

produced by addin Secon ue to
i nt er nedi at e v%ﬁHR?ent codes (¢¢Ftﬁh?“ﬂévtHh¢¥ﬁweqﬂheeéfﬁéﬁéﬁtCQﬁﬁka"011"
i ndi cat es 180 ctdnte@p%nus to ae ppwy atiefal. | fad kachxpapedt siqaa iis "011”

for an i nbut Signalved RGN LOC S50 (WDY SATERIALE. Y3RUCEhS coneigNEr aled by

shifting the blnary "eft, the
first internmediftite 188 decedentdForrespgndieg (Fade o 63”95?'%1%,1’—%1@1?-’%
conbi ned val uearics sgiceddceonSbob)sizfhalegi8he BEEOtthel Fiesteahditisedsadue to

the first éﬂEé?’EﬁQhﬁlE ¥§§}“&89; and carry bit 186.
15 In operation, the exponentiation circuit 192 can
" compute an exponent signal for a single input signal or a
term which includes a plurality of exponent signals
computed from a sequence of input signals. In either case,
computing an exponent signal from a single input signal
20 requires only one addition cycle.

FIG. 6 illustrates a block diagram of an
exponentiation circuit in accordance with a preferred
embodiment of the present invention. The preferred
exponentiation circuit 218 performs the same function as

25 the exponentiation circuits 100, 192 shown in FIGS. 2 and 5
in that it computes a term which includes one or more
exponential signals. Moreover, like the exponentiation
circuit 192 shown in FIG. 5, the exponentiation circuit 218
of the preferred embodiment requires only one addition

30 cycle per input signal. However, in contrast to the
exponentiation circuit 192 of FIG. 5, the preferred
exponentiation circuit 218 uses multiplexers instead of
shift registers and thus requires less power and silicon
space than the exponentiation circuit 192 of FIG. 5.

35 The exponentiation circuit 218 comprises a log circuit
4, a compute element 217, and an inverse-log circuit 34.
The compute element 217 includes a first multiplexer 189, a
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14 lo—thefifth row the experent-cede-——100" |ndicates ——t-hat———
x[err] is to be generated. |If the exponent code is "100" for an input
si-gnal , then the second internediate value is generated by shifting the
binary I og value a distance of 5 two bits to the left, the first

I nt ermedi at e wgspst»a Set to zero, and the conbined val ueCTSIsSy09SCed

by addi ng the second internedi ate value 19 the first intermedi ate

val ue. In the sixth row, the exponent code "101" indicates

that x5 is to be generated. If the exponent code for an 10 _input_signal is
"101", then the ssesend muibiniexen 202a| aethird multdpderesd2by, shifihstg t he

bi nary Idog val ule Adérstcareaief20s, at\é%ﬁbhﬁ_sa&@eif lhﬁ.ﬂc&ﬁ’lt,zlh,e % iﬂ‘?isterl;b_ .
i nternedi ate va s equat ed to inary | og val ue, and the conbine
value is progﬁégdaﬂﬁ 3dg?$Ef§iu¥F§ cgﬂg'internediate value to the 15
first internediate valThe log circuit f mecedwesmne ywmorgeipRpordfmadsde
"110" indicat@s on itRAinpti 3 dny RRnveREEAESEh irpuitheignaDnesta aadarkor an

input is "110", then_the second .internedi val i erated by
shifting the bi na{'ﬂ? M) usarﬁg&é rtﬁsstaaﬁ@grg#f% ?%iﬁ?t‘s ?%gtelgfe'{%éﬁ‘ ﬁ,o%t he
first internedi atwalugl d& then distaridugeddbyya s tli%gtenehe Krst | og val ue
a di stance of mARe phieket 0149 @arLithe 88dohdamOdIR1BRErV2H3E iFadh oduced

D) e, 29170 MRS LIRS R P S Shbiks. agfl B0 €
that x7 is td0be fjassr anddsecond pmlsipdasers cavk rrevidad a pass input
193a-b and a zero input 194a-b. In addition, the first
multiplexer 199 receives a 1l-bit shift left input 195 and a
1-bit shift right input 196; while the second multiplexer
203 receives an inverted input 197 and a 2-bit shift left
15 input 198. The inputs to the first and second multiplexers
199, 203 are respectively selected according to a first mux
signal 200 and a second mux signal 202.
The various inputs to the first and second
multiplexers 199, 203 comprise different bit slices of the
20 binary log value. For instance, the pass input 193a-b is
simply the binary log value, whereas the zero input 194a-b
is a binary word with all of its bits set to zero. On the
other hand, the 1l-bit shift left input 195 effectively
provides the binary log wvalue having been shifted one bit
25 to the left. This is accomplished by connecting the right-~
most n-1 bits of the bus 192 to the left-most n-1 bits of
the multiplexer input, where n is the number of bits in the
binary log value. Zero is provided to the least
significant bit {(right-most bit) of the multiplexer input.
30 The 2-bit shift left input 198 effectively provides the
binary log value having been shifted two bits to the left.
This is accomplished by connecting the right-most n-2 bits
of the bus 192 to the left-most n-2 bits of the multiplexer
input. 2ero is provided to the two least significant bits
35 of the multiplexer input. The 1l-bit shift right input 196
effectively provides the binary log value having been
shifted one bit to the right. This is accomplished by
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ILnput signal is "111", then the second internedi ate val ue is equated to
the binary log value, the first internmediate ___value is generated by
shifting the binary | og value a 30 distance of three bits to the left, and

tthe conbi ned val ue i's produced by subtracting the second internediate
val ue fromthe first internediate val ue. FIG 4 is a first
table illu lﬁg alternative exanpl es of exponent cepgppsvsebss® can be
used with the 35 exponentiation circuit ojg FIG 2. The table lists the
codes and their corresponding control and shift signals. The table al so
Il lustrates the operations of the adder WO 96/ 28774

PCT/ US96/ 0095ronnecting the left-most n-1 bits of thé bus 192 ¢ior thet 80 and
the value of tigneapb¥e thiy it B  PROMME 1plexel Otk CaGa Al 15he exponent

codes. Each row’in e ues of the si nals and t he
carry bit Pr@UliFiéngﬂo"rl‘r&; nostof g’ai*f%‘l’?é‘te)?ﬁ&néﬁ?f"cdﬁb"st bi theg,
exanpl e, i n tlﬂmlfth.pfhéxéﬁvﬁ,n;idte exphaeivenrtdel 'i@PGL 197 is m:heaatedsby hat

xeerrl s 50 g %fﬁgteﬂ? DL RENERL BiAAY 1 359 vs% g41 k0 prblrsbbe

exponent code r_an second

i nt er medi at e FReud'ssc @ER%&@ﬁﬁ%t5°Fﬂe°f the hinary igg ¥%ﬂqﬁ3 the first
I nternmedi ate val ueThe $itst cadder zdronitanzD8 lsamsotthe neukpstisue@fi £hpr oduced

ib%t Z;’Pé &f‘;t ie“‘htrQ% and SECHY niut SPTELEAL 8 962 ¥831 T OfRd A Ak’ abider

154 is also responsive to a carxry bit 206 and an adder

10 enable signal 205. The output of the first adder 208 is
fed to the third multiplexer 210. The third multiplexer
210 selects either the output of the first multiplexer 199,
second multiplexer 203, or first adder circuit 208
according to a third mux signal 204 which is generated by

15 the control unit 201,

The second adder 212 sums the outputs of the third
multiplexer 210 and a stored value which is provided on a
feedback path 216. The output of the second adder circuit
212 is stored in register 214. Initially, the register 214

20 can be pre-loaded with a value, such as a coefficient value
or zero. The output of the register 214 is provided to the
feedback path 216 and the inverse-log converter 34. The
inverse-log circuit 34 generates a term representing one of
more exponential signals on output 36 by performing an

25 inverse-logarithmic conversion on the sum provided by the
register 214.

The control unit 201 typically stores a plurality of
exponent codes (not shown), where each exponent code
corresponds to an input signal. As each input signal is

30 received by the exponentiation circuit 218, the control
unit 201 decodes a corresponding code to generate the
first, second, and third mux signals 200, 202, and 204; the
adder enable signal 205; and the carry bit 206. However,
in another version of the present invention, the exponent

35 codes are provided by a means of generating the codes which
is connected to the control unit 201 and yet separate from
the exponentiation circuit 218, such as a separate memory
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I.n the second row, the exponent code "001" indicates that x[err] is to

be_generated__LL_Lhe_exponenL-gode—'° 160 Ql-—f0r—an i nput—si-gratl—then --

t he second internediate value is generated by shifting the binary |og
val ue one bit to the right, the first internediate value is set to the
binary | og value, and the conbined val ue is produced by subtracting the
first interngdodhgryal ue fromthe second 20 internedi ate vecnwssnosss

In the third row, the exponent code "010" i pglicates that x[err] is.to
be generated. If the exponent code is "010" for an input signal, then

t he second internediate value is shifted one bit to the right, the

first 25 internéak ateriaguthe sexminent rodes emd tl'kostcpm'bbasslt?malw- a i|s
produced by addifg idizoraseBy EOhAIdERN Bhorha! dirdfiel bgs. TSt

i nternmedi ate valu ourt g w, . t he exponent code "011"
i ndi cat es that x[¥Y Operatignp it GPPERt 13 iqm, &1 heAt8coP is "o011"
30 for an inputconpiital ant BRpohéret gnad Ffar es neihigilec implitesignal ore@uat ed

tothe binary | qeeplidon' Bickidsd 4 RGEHBELAIE expot@calsnafd 1O ZorO.

and the conbi ne ue is second” I nter medi at e
val ue to the fireqmputed; ﬁF@Wnﬁo#%f\Fﬂ Q€. input Signéﬁlﬁ t hen f$¥4hen GASer he
exponent code " lddmputidigc aheexponerithatigndli frém desimeier dhpdt sidnalhe

exponent codelf%éauy¥és °&%&8@?§§¥#§Eﬁ5ﬁs&9£ﬁé‘ t hen the exponent code

I ndi cat es t hat { . .
PCT/ US96/ 00955 In one embodiment of the presenfg invention, the

10 exponentiation circuits 40, 100, 192, or 218 may be used to
implement a term of which the general form is represented
by Equation 1 as follows:

y= w*x191 * %292 ., . . xn9 Equation (1)
15

where x§ represent the input signals received on input
2 and can be a function such as xj = fi({zj), where z4 is
any arbitrary variable, and where the indices i and j may
20 be any integers; where y represents the output 36 of the
exponentiation circuit; where w represents the coefficient
value; where g1, . . ., gn represent the exponents for the
term; and n is the number of inputs.
FIG. 7 is a table illustrating examples of exponent
25 codes which can be used with the exponentiation circuit of
FIG. 6. The table lists the codes and their corresponding
mux signals which are used in the preferred embodiment of
the present invention. The table alsoc illustrates the
values of the carry bit 206 and adder enable signal 205
30 generated in response to the each of the exponent codes.
Each row in the table gives the values of the signals and
the carry bit corresponding to one of the exponent codes.
For example, in the first row, the exponent code "000"
indicates that x~1 is to be generated by exponentiation
35 circuit 218. If the exponent code for an input signal is
“000", then the first mux signal 200 is a don't care, the
second mux signal 202 is set to select the inverted input
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X2 is to be generated, then the second internedi ate val ue I S gener at ed
by shifting the binary log value a distance_aof . one_bhit to the left, the
first intermediate value is set to zero, and the conbined value is
pfoduced by adding the 5 second internediate value to the first

I nt er medi ate val ue. In the sixth row, the exponent code "101"

indicates wwoosAgdigx[€rr] is to be generated. If the exponp@inssemeesss " 101"
for an input signal, then the second interggpdiate value is gener at ed by

shifting the binary |og value a distance of 10 one bit to the left, the
first internedi ate val ue equated to the binary | og value, and the

conbi ned val ue 19 ,ptheéuadder endblenddgnglt e s=rcaedzendberyhd atisabaling to
the first i it er. La I I e t exponent
code "110" indiégIeaet efsqﬁ.%g &gﬂéfl %(k%'i §hteot jér%e!ﬁ]e’;r }?fggsy ?@bt%sgvgee% (tg'(ra?ent code
is "110" f FeLEFi KBt OWERMalof thenserend dRbidPLRERT nglf atadd 2PGe i s
gener ated by shidridynpith206i isirset! @9 vAklue In Gffeghcethé 2's-dompllemeatt o
the left, tke fdJrst Alen | I ' t z conbi ned
val e 1 s pradudSPby gl BEELF 16 YE1hE B qenershBurfl hnddtadif, COTP) Tt
i nt er nedi at e vAd§er circuit 232, the ejght row, the exponent code "111"

i ndi cat es t hat Xn ithet Sebéndatar,athd. ekpordrt @odenendl T adriifoatesn

[ t si | 1 Spatll- h ' [ ' ted
by shi T ng t neEnk s/ Fofb oo e §RARERLRATT (THsBC e LR codelad®0) 1 ©

the first interPO3"afervan drrut signad, thep ithe f4r6r By $isPpatarfl, Land

t he conbi nd0 valete tosselecpriditidetiby shilfit neighre inpoonlioé hiteradicoha valkue
to the fir I di e ' t a c

di agram of an %’J %& é%gn??%ﬁ%;gegi rtguf?lel@% tiﬂr?e| gg}‘;’gf %%;%Hvl\ﬁt ﬁgg'fgirlgher
enbodi nent of Addey 88ahte; AL $R5 FRSK fvhORer athes enabldingchbe 192
perfornms the s@testuadiennz@es, tthe thiréxpwoesiignatli 204cis et tb0GegBowvn in

FIG 2 in that gy out?ﬁz?”@'f'_é&fe FirSE TLYAL £ D ddIcly Qeén«Qné?P{fr g&%ezps is
exponential 33 3 Jo%tne for the Firet adder 208 and zovo for rhe secomd:
adder 212.

In the third row, the exponent code "010" indicates
that x1/2 is to be generated. If the exponent code is
"010” for an input signal, then the first mux signal 200 is
20 set to select the 1-bit shift right input 196, the second

mux signal 202 is a don't care, the adder enable signal 205
is set to zero, the third mux signal 204 is set to select
the ocutput of the first multiplexer 199, and the carry bit
206 is set to zero.
25 In the fourth row, the exponent code "011" indicates
that x1 is to be generated. If the exponent code is "011"
- for an input signal, then the first mux signal 200 is set
to select the pass input 193a, the second mux signal 202 is
a don't care, the adder enable signal 205 is set to zero,
30 the third mux signal 204 is set to select the output of the
first multiplexer 199, and the carry bit 206 is set to
zero. :
In the fifth row, the exponent code "100“ indicates
that x2 is to be generated. If the exponent code is "100"
35 for an input signal, then the first mux signal 200 is set
to select the 1l-bit shift left input 195, the second mux
signal 202 is a don't care, the adder enable signal 205 is
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second adder circuit 166, and thus requires only one addition cycl e per

I nput _signal Al though the AR08/ 28774,

PCT/ US96/ 00955 17 exponenti ati on
circuit 192 of FIG 5 may be faster than the exponentiation circuit 100
of FIG 2, it consunes nore space when inplenented as an integrated
circuit. wo 9sr2s774N€ exponentiation circuit 192 conprises FCTIUSI69STUI t

5 4, a conpute elenent 191, and an inverse-lpgg circuit 34. The conpute
el ement 191 includes a P/1 unit 160, a P/Z unit 150, a first shift

regi ster 146, a second shift register 156, a first adder circuit 154, a

second adder cirsetttd6Gfisaro, the thixdtmrx 5i@naidn204 icometokouseledag(:hel

The 1og circuit BGE! NgjRLt LR igikkerst 893l sna theOkakk§ HiPUlol2 and
converts each ingﬂ{' SI drgl%ht%o é t|"nary iple Igg val ue whi ch ﬁasy‘a plurality .
of bits. The bi nd#y3¢od© 2€XPal ue is then distributed by bus 144 to the

first shift  regislerthsliGixtt rbe, sdeorkpoheht cedg ST 156didhtes 15
receiving a bgnagya{ am val ‘t‘éi bEh&eﬁéféécetcﬁh' T Eﬁ?'&fc{nel-@code peréQg® an

arithnmetic shift _on the 1 np enerate_a

] to g irst 1nter m;g'baie val ue on
bus 148. The di sE@R@? JMPWe signalyifhen $hgo£Arst MBI (RioRaL i 8t
signal 182 whi chtbsselectpithdutedibyshiift Qeftr dhpuni195,8kheThecernd amuk shi ft

20 register 156 Q%&ﬂ %z”"ls%&%té&g%%i theOBaldCiddiRul ohb, the &ddiiVes
on bus 144, mherghabfgngﬁgﬂglngog f§K§£L to one, thus enabling the first
’

10 adder 208, the third mux signal 204 is set to select the
output of the first adder 208, and the carry bit 206 is set
to zero.

In the seventh row, the exponent code "110" indicates

~ that x4 is to be generated. If the exponent code is "110"

15 for an input signal, then the first mux signal 200 is a
don't care, the second mux signal 202 is set to select the
2-bitlshift left input 198, the adder enable signal 205 is
set to zero, the third mux signal 204 is set to select the
output of the second multiplexer 203, and the carry bit 206

20 is set to zero.

In the eighth row, the exponent code "111" indicates
that x° is to be generated. If the exponent code for an
input signal is "111", then the first mux signal 200 is set
to select the pass input 193a, the second mux signal 202 is

25 set to select the 2-bit shift left input 198, the adder
enable signal 205 is set to one, the third mux signal 204
is set to select the output of the first adder 208, and the
carry bit 206 is set to zero.

An exponent code may also be provided to indicate that

30 x0 is to be generated. Although such a code is not shown
in FIG. 7, it could be easily implemented by providing an
additional exponent code, such as "1000", which when
decoded causes the first mux signal 200 to select the zero
input 194b, the adder enable signal 205 to be zero, the

35 third mux signal to select the output of the first
multiplexer 199, and the carry bit to be zero. The second
mux signal 202 is a don't care.
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i-ntermedi ate val ue on bus 158. The di stance of the shift is determ ned
by a second shift signal 189 which_is produced by the control unit 180.

25 After receiving an input on bus 158, the P/I unit ei t her
passes the binary log value to a bus 162 or inverts the binary |og
val ue and then passes the inverted value to the bus 162. The function

of the P/l wisbdngtRO i S determ ned by a second control PoTHS4/00888 Whi ch
is provided 30 by the control unit 180. Thg P/Z unit 150 either passes

the binary | og value or zero to bus 152, depending on the val ue of a
first control signal 184 which is provided by the control unit 180.

The first adder cirelgs 8134 lgshsatés ologksdbagxdame cF5ak/ Z unit 150 and the

P/ unit 160 WolSdn&Hed 18K e@gcm tvhﬁ.ch inBYSdss Jasgnwahirpeoput put 164 of

the first  addel EEECUTL onio® Likd W Sthlf SSRNLANeL clggui t 165 The

PCT/ US96/ 00955present. invention, the exponentiation xgrcuit o§dPEF. B rcuit 166

al so recei s Ehmnaidd |l thrmt bﬁié}?&xﬁ:‘l@a&es oné7& drlecedpaskntin 172 and
generates a res ter 170 on out put

nt sum,wh re
168. The |nver§£§4{if h&PrEﬂP?d%ﬂfﬂiaﬁ gPﬁse¥P?Qﬁqﬁ 3&3?858 one or
nore 5 exponeinc¢hides gndbg convemtrit 220,bg p@n#aﬁimwngfaqommwgase-

| ogarithm c copy&hetQn 2213, t BRdSan iHversdetolYcditfertee 26 The lidy ON
output 174. converter 220 receives one or more input signals on its
10 input and converts each input signal to a binary log value
which has a plurality of bits. The binary log value is
then distributed by a bus 222 to each of the plurality of
compute elements. The outputs of the compute elements are
then passed across a bus 224 to the inverse-log converter
15 226. The inverse-log converter 226 generates a term
representing one or more exponential signals on output 36
by performing an inverse-logarithmic conversion on the
outputs generated by the plurality of compute elements 223,
The plurality of compute elements may include any of
20 the compute elements 9, 99, 191, 217 depicted in FIGS. 1,
2, 5, and 6.

The exponentiation circuit of the present invention
and its various embodiments, which are shown in FIGS. 1, 2,
5, 6, and 8 are preferably implemented with integrated

25 circuits. However, one of ordinary skill in the art will
recognize that a programmable logic array or other digital
logic device, such as a microprocessor executing software,
could also be used to implement the functions performed by
the various embodiments of the exponentiation circuit of

30 the present invention.

FIG. 9 illustrates a block diagram of a computer
system which includes an exponentiation circuit which
conforms with an embodiment of the present invention. The
computer system 230 comprises a memory+*232, a processor

35 236, and an exponentiation circuit 239. The memory 232
stores programs and data which are used by the processor
236. 1In operation, the processor 236 fetches program
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The control unit 180 typically stores a plurality of exponent codes

(nQL_shnmn;__thLe_each_expnnenL_cnde.uuscaanaspgnds_Lg_an—anuL—s+gnaquA&————

each input signal is recei ved by the exponentiation circuit 192, the
cont r ol unit 180 decodes a correspondi ng code to generate the flrst

and second control signals 184, 188; the first and second shift signals
182, 189; angygsgpgigbit 186. 15 I n operation, the expPoEASI0ISSN
circuit 192 can conpute an exponent sigpgl for a single input signal or
a termwhich includes a plurality of exponent signals conput ed from
a sequence of input signals. In either case, conmputi ng an exponent

signal from a siimgteuctpon fromathe2 emoygmi 232 using dus 2adi t idh ayesplt

FIG 6 illustratgs eﬁ:e%e% dtﬁgrﬁfaéifama@nstru&(m&emthét pﬁac@sé&zwztasl n
accordance with a pref errig %i I ment. of th eﬁﬁesg |nvent|o%3 The

preferred e%ﬁﬁﬁ@ﬂﬁlét BﬂuE|${ﬁﬂ S8 phereFRAnendabife FiFtHbA32s 25
t he exponenti at iand cubsegtentily, rekddevieswat i heddtGone2 expdnént value tirom |t

conputes a tar meﬁu Gutbie! Hﬂeéh&%‘c#&heﬂ’@i&ion denentiel sagnal s.
Mor eover, |ike the exponenti rcuit 192 ﬁ%%own in FIG 5, the

exponentlatlon & c3%3 °n%etd‘fe%§hﬁr81:%??%§?re dPRENtRS equires only.
one addition 30 expoinenpéationpu?3sitgkel placecoesrs a BugodBBastThe t he

exponent '2?% i on Cé,{pfalﬁt@ht;g@lsa EH:%ui? 2§§em9§eir?c*1ﬁﬁé any EEPggentiation
fia{:]ﬁ:“res Iesgsgiﬁﬁg’fu‘m&hg gi‘(fﬁr”goﬁ"fmﬁ@pgbe %ﬂ%rstgr?e ré’)%ggiéﬁ‘ﬁés%’?‘fqﬁ# gf‘rcwt
192 of FIG 18, FIGS. 1, ZheSexarohdnt respectivelguit 218 conprises a | og
circuit 4, a CoMpYie ebeﬂfms&ﬂg}lesaadf%wlawgm b29aChétibd o
The compute el en;;r}}er%%xnlgnglgxpeosnentlalSts:.gHL{Ipzl'o?nxea% 1nput signal. Such
a method could be used in an exponentiation circuit having
an input signal x and generating an exponential signal x9.
15 In box 240, a binary log value having a plurality of
bits is generated by performing a logarithmic conversion on
the input signal.
In box 242, a plurality of bits of the binary log
value are shifted to generate an intermediate value. The
20 shifting operation is equivalent to multiplying the binary
log value by a factor which is a power of two.
Next, in box 244, the intermediate value is
arithmetically combined with a stored value to produce a
combined value. The two values may be combined by either
25 adding the intermediate value to the stored value, or
subtracting the intermediate value from the stored value.
In box 246, the stored value is equated to the
combined value. 1In decision box 248, a check is made to
determine whether the input signal has been raised to the
30 power of a predetermined exponent. The predetermined
exponent is an exponent, g, which is based on an exponent
code stored in a control unit of an exponentiation circuit.
If the input signal has been raised to the predetermined
exponent, the method proceeds to box 250. If not, the
35 method returns to box 242,
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19 second multiplexer 203, a third nultiplexer 210, a first adder
circuit 208, a second adder circuit 212, a register 214, and a control

unit 201. The log circuit 4 receives one or nore input signals 5
on its input 2 and converts each input signal to a binary | og val ue

whi ch has %&b 4ty of bits. The binary |og val ue i pcrfifeboss ri but ed
by a bus 190 to the first mul tipl exer 9699 and the second mul tipl exer

203. Each mul ti pl exer selects fromone of four inputs. Both the 10 -
first and second nultiplexers are provided a pass input 193a-b and a

TP DAY, TFan b s sk ewbadgle o spphis ek sisscsans <

-bit shi e npu and a - hi t _shi [ i nRU ; ile the
second nultipIB§€#°£hln%Hf? #888?6%&9%§?4%E§Q%Fe83?Yéﬁﬁl°f9ggaﬁﬁéa 2-bit shift
left 15 input ¢o8bimed vadwet.s to the first and second nultipl exers 199,

203 are respectivel yrgel ectiaduaceaeds 0 £1owA dibgeim BEK a methodngf 200 and a
second nux the first aqs. econd

[ | 202, T t
il {1 pl oxert 19enesng, MEezm WH T iitRe 8 PREEIEY, A SPOREAARY og
val ue. For inssigmals tdeneratedi fpon a Eesuence of inputpisjigrhdshi nErds | og

val ue, wher easpéfifod My HePuked IR dh exponenfili{6H eivudtWhhPinglaof its
bits set to zero. O

the . her _han 1-Qit s eft_dJ t, . 195
of foct vel y SOt dE dppuBh sy £ ganskffe 5 Yot Rathns 4 il D,
25 to the |eftof Texronentdadomponake iy, cdmracti 4§ aneintqpar. most n-|
bits of thgybus 19214 ad:h2dogl b- EDSét NMnbutl ©E Bhe seqidiReTdlet ERbEXErid NPUL,

where n is the_nunper,of bits in fh inary,lo al ue. .Zero | rovi ded
EoCthe | east | TSSERGEA 1 2B Eghy {‘Piebg%?r?gstab’?gﬁa‘g?\it e VRAPEi BALRAS & nput .
30 The 2-bit skhiwralitfy afhpits1dg gdrenatiedeby pexfonmdfa Relogarithmic
conversion on the first input. _
In box 264, an exponent code is decoded to produce a
15 first shift signal and a second shift signal. 1In box 266,
the first shift signal is applied to the binary log value
to produce a first intermediate value. The first
intermediate value may be produced by either shifting the
plurality of bits of the binary log value, or by equating
20 the first intermediate value to the binary log value.
~ In box 268, the second shift signal is applied to the
binary log value to produce a second intermediate value.
The second intermediate value may be produced by either
shifting the plurality of bits of the binary log value; by
25 equating the second intermediate wvalue to the binary log
value; or by setting the second intermediate value to zero.
Next, in box 270, the first intermediate value is
arithmetically combined with the second intermediate value
to produce a combined value. The combined value is
30 produced by either adding the first intermediate value to
the second intermediate wvalue, or subtracting the first
intermediate value from the second intermediate value. The
combined value is then added to a stored value to produce a
sum.
35 In decision box 272, a check is made to determine
whether all of the sequence of inputs have been received.
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bi nary | og vaI ue having been shifted two bits to the left. This is

acconplished by connecting the right-—Aosi=—pm2—pits— ofthe—-bus—192t+to—

the left-nmost n-2 bits of the nultiplexer i nput. Zero is provided to
the two least significant bits 35 of the nultiplexer input. The 1-bit shift
right input 196 effectively provides the binary | og val ue having been
shifted onewyégsfqt Ne right. This is acconplished by PCT/US D96/ 28774
PCT/ US96/ 00955 27 20 connecting the

|l eft-most n-1 bits of the bus 192 to the right-nost n-1 bits of the

mul tiplexer input. Zero is provided to the nost significant bit

(I eft-nost bit) I6f sbhethe methiod preceesds npubox 2The Tl éotedthapuethay | s

created by 5 hg¥g&%é§g 2§k b 40f the b|nary | og value. This provides
the 1's-conple orm of the bi nar i rst adder

circuit 208 suns thelBUPPhitE! %of & H@" Fg'?trﬁs §ﬁﬁe§‘é%%n§f%lt?ﬁep138%?% 999,
203. The first afidénput siknéliss afben; ddjorfirst foput cia egusted208 thrl an

adder 10 e bl e {:9 but? Ghd tﬁQGSQ&é&'tvﬂf\Jet |9.§ bistedddLtnd08ums The fed
210. The third t| pl exer 210 sel ects either

to the thir £$ r
t he out put of tﬂﬁ Pe sk ‘?ﬂllrteltb‘F'QierW 2. second mul tipl exer 203, or
first adder CIrCUIt ROBally, docbodi 276+ the ttiermdisugenrexpteld g4 which is

gener ated by 15 S&ﬁiﬁy'éﬂ iPetséliogarithm conVés St ¥adtaddetm212 suns
t he out puts of th
summary, the present invention as herein-disclosed
10 provides an exponentiation circuit which uses at least one
shift register to obtain a power of two multiple of a
binary log value. This significantly increases the data
throughput rate of the circuit.

Also, the present invention provides an exponentiation

15 circuit whiéh uses an adder circuit, thereby reducing the
power and space required by the exponentiation.

A further advantage of the present invention is to
provide an exponentiation circuit which uses all digital
circuitry, thus making it economical to implement and easy

20 to integrate with a microprocessor core or other digital
logic on a single chip.

While specific embodiments of the present invention
have been shown and described, it will be apparent to those
skilled in the art that the disclosed invention may be

25 modified in numerous ways and may assume many embodiments
other than the preferred form specifically set out and
described above.

Accordingly, it is intended by the appended claims to
cover all modifications of the invention which fall within

30 the true spirit and scope of the invention.

What is claimed is:
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mul ti and a stored val ue which is provided on a f eedback path
216. E} ﬁyﬁ"ﬂqumgsecond adder_circuit 212 is stored in register
214. ister 214 20 can be pre-loaded with a val ue, such
as a coefficient val ue or zero. The output of the register 214 is
provided to the f eedback path 216 and the inverse-log converter 34. The

I nverse-| ooweoslst7k 34 generates a termrepresenti ng one OPCT/USICVOISS
exponential signals on output 36 by perforpgng an 25 inverse-logarithmc

conversion on the sum provided by the regi ster 214. The
control unit 201 typically stores a plurality of exponent codes (not
shown), where each exponent code corCesIMinds to an input signal. As
each input signal is 30 received by the exponentiation circuit 218, the
control unit 201 decodes a corres ondi p cod tQ generate the

first, second, and thirdAfuK¥RIRAREISL3E C© E’G ;3R pput ang;ap

enabl e si gnal Z@&puandth@ecinnui¢ prbdﬁefng}tnmewppnentzalrsignmlhen ke si on
of the presgnt du'%¥>ﬁ€t 19%#1&&5@%“%8&.3&351 Ogc%eanaﬁe SLed1dep) Byea means of

generating the co es I S conpe to the control unit 201 and yet
separate from p“FhetE?ﬁ%HEHPFaFPUﬁrE? Rdit 218, such as a separate nenory
WO 96/ 28774 a logarithm converter for performPflg/ LiIRgEr i30GS

21 for @oﬁ%?gi$ﬁ'eo:?>%9%‘9.9puﬁogfénﬂ 2 Beskbuls og%awpy 208 @
m cr opr ocessor cqnnecte '
value having a plurality of bits,
10 shift means for receiving the binary log value and
shifting the plurality of bits a distance of n-bits to

generate an intermediate value as an output thereof,

wherein n is an integer;
. means for arithmetically combining the intermediate
15 wvalue and a stored value to produce a combined value; and

an inverse-logarithm converter for performing an
inverse-logarithmic conversion on the combined value to
produce the exponential signal, the inverse-logarithm
20 converter generating the exponential signal on the output
of the circuit.
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I n op nentiation circuit 218 can conpute an exponent
S|g_n HI L put _si gnhal of—Swebetga-whi-ch—i-ncl udes—a—pltali-typ———

expﬁnentLS|gna S * conputed froma sequence of input signals. In
elther case, conputing an exponent signal froma single input signal
requires only one addition cycle. I n one enbodi nent of the
present i nverjd syheriahe 10 exponentiation circuits 40, 100, IA/UNDe008483 nay
be used to | npl ement a term of which thgggeneral formis represented .
by Equation 1 as foll ows: is [err] where Xi represent the
I nput signals received on input 2 and can be a function such as Xi =
fi(zj), where zj is 2. amheaekponentiatdonabliecutincoivMedadm he Fuxthers | and
j may 20 be an%xh@ﬁggghgg where y represents the output 36 of the
exponentiation circuit; gre MIéﬁfreigth the oeffhﬁlent val ue; where

g f

gl, . ., gn represeﬂPaPﬁe Efpﬁ Bary 9%"Y8Ad n is the nunber
of inpute B @ontrod umitﬂﬂanrBtmgelmt¢unL§danplGbeo$h¥ﬁQM3nent 25
codes whi ch @an ntl-f‘adése%w ﬁpimge&oﬁﬁﬁéhé’ﬂé Ubded keUtheOfhift nFéa(ﬁs,G The
table lists the codes and t

elrr corres ondi n nux S|%$als ch are
used in the preferredPEFE4Ri FRASHKEE meaf‘ﬁeg KRS AnFEALERTE She tabl e
al so il ustrat esintiermediatval velhuax inheesponsge id a2@6ozad himkry drogbl e

signal 205 30 at gflel entftsrm%e Eﬁi?@fné’% eflutah dypeﬁq;tttsceées

Each row in the tapl e glves values 0 e carry bit

correspondi ng t $a5Re o8 t ﬁes%%ﬁﬂﬁ?nf’ c B'é%rmediat va Pﬁ? &I SR Bhe
first row, tlBe ecrordihgcbdetlid@Xponenti addeatarsi that x[err] is to be

generated by exponen%hQQEQH gﬁk éadyy%uhg2ﬁ§ansIjnéja@egxponent code for an
i nput signal is " 000", {%Féi& | rst nal 200 is a_don't care,

t he second nux sPﬁnéPdﬁﬁzc fog § PEIUEPER hput

intermediate values and the stored value to produce the
combined value.
15
3. The exponentiation circuit of claim 2, wherein
the control unit converts at least one of the segquence of
intermediate values to a signed two's complement form
before the at least one of the sequence of intermediate
20 values is received by the adder circuit, the control unit
performing the conversion by inverting the at least one of
the sequence of intermediate values and providing a
corresponding carry bit to the adder circuit.

25 4. The exponentiation circuit of claim 1, wherein
the shift means includes a shift register.

5. The exponentiation circuit of claim 1, wherein

the shift means includes a multiplexer.
30
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UM SO RV oot siamalis st rozeron thus disabling
the f| third nux signal 204 is set to sel ect the

out put Of £he second mul ti pl exer 203, and the

one. In effect,

the 2's-conplement 5 formof the binary log value is

carry bit 206 is set to

gener at ed byvdms-mcond adder circuit 212. | mcrivsgaosssnd row,
t he exponent code "001" indicates thats3g[err] is to be generated. If
t he exponent code is "001" for an input signal, then the first nmux

signal 200 is 10 set to select the 1-bit shift right input 196, the second

mux signal 202

i s séi. to2lseksponedtiativer cddcubputecedringha sequenfirerof

enabl e signal gt s38halg £Af i HeBpeHsk! pidiRg as btpit ¥ldRim208,

third nux sign

of ,the, first ad er

208, and the ca{'fl?‘sfgéliltn%éls‘} t tolél‘k"?ﬁif'g SEee‘f%cfnel"%é'a?‘l PLI e S350

zero for the sethenéxponeatiiial iighals correspéndirige tohpne ¢iw%hQImQP@%ponent

code "010" igndi

£ s, théhéiréﬁiﬂ’ﬁbmbSiEQnQe generated. |f the exponent

t he

code "010™ f t f t 200 20
set tlossel ect the 10%|1t%g§k?£#’"r' eﬁtﬁﬁu?gg%eeft h‘iggc%gag S|g|n:1I

202 is a don't

conversios aodehe cseswencei ghialn@0s signails tetpraducer @, t he

third mux si gnaéeq’é’%cbso%esiﬁ& qo‘g%aluest F@a&ﬂfo&%nefbm@rillr&}

mul ti pl exer 199, and the, carry 96 |S set,to ze

10

15

20

35

values having a’p urallty of bits and correspondlng to one
of the input signals;

a first shift register responsive to the seguence of
binary log values and generating a sequence of first
intermediate values as an output thereof, the first shift
register receiving each of the binary log values and
shifting the plurality of bits a distance of n-bits to
generate a first intermediate value, wherein n is an
integer;

& second shift register responsive to the sequence of
binary log values and generating a sequence of second
intermediate values as an output thereof, the second shift
register receiving each of the binary log values and
shifting the plurality of bits a distance ¢of n-bits to
generate a second intermediate value, wherein n is an
integer;

a control unit, operatively coupled to the first shift
register and the second shift register, the control unit
storing a plurality of exponent codes, each of the
Plurality of expoﬂent codes corresponding to one of the
sequence of input signals, the control unit applying the
pPlurality of exponent codes to the first shift register and
the second shift register;

wherein the first shift register and the second shift
register shift the plurality of bits of each of the
sequence of binary log values a bit distance according to
the corresponding exponent code; and
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>2i[594:-L.}_i Jll*nﬂrmﬁm:m? the exponent code "011" i nd| (‘iat es t hat P

signal, thenhé flfrst nux signal 200 is set to sel ect the pass input
193a, the second mux signal 202 is a don't care, the adder enable
signal 205 is set to zero, 30 the third nux signal 204 is set to select the
out put of tIhwo96:28784 rst nultiplexer 199, and the carry bit RCOBUSSSHO8SS t O

zero. In the fifth row, the expone3t code "100" indicates t hat
X2 is to be generated. If the exponent code is "100" 35 for an input
signal, then the first nux signal 200 is set to select the 1-bit shift

left input 195, the Beapadfoparithmetigallypmombiningohne seguenceh@fsdder

enabl e signal 2@3rks intermediat@Ov@9h@S7ard the sequence of second
PCT/ US96/ 00955 ' set to zero, the

. 23
third mux signaﬁnﬁﬁﬁm?%l%&a wa}9§g|ggtpf$gyce a gﬁFbu?n%f the first
mul tipl exer 199, andaphénverssrliggaribhm convertext foy perfprming an In the
sixth rO\C/iv, tilafe axPpepset 1 sndla thidt" cbﬁdéﬁﬂl&ﬁ ond théhéém 6o ipﬁ:o_rd%ceetheh ]
gener at ed. ex e e, "%9 N [ npUt _si_gna en the
first mux si gna%ggﬂo tlgggsig{ve%%% tl 8825 att ¢ nge%ggf{w %%Yﬁ#qgeftg iJﬁSﬁ'E' TSS,
the second nux an outpwaloDthe expepentiafdianccirgeipass i nput 193b, the

adder - enabl e signal 205 is set to one, thus enabling the first 10 adder
208, the third mux signal 204 is set to select the
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out put rst adder 208, and the carry bit 206 is set to zero.

In the gﬂmﬁu” ex_pgnent cade "110" indicates __that x4 is to be
gener at € ent code is "110" 15 for an input signal, then the
first nux S|gnal |s a don't care, the second nux signal 202 is set
to select the 2 bit shift left input 198, the adder enable signal 205
i's set oéBgM@q the third nux signal 204 is set to sel pctrusdsoooss

out put of the second nultiplexer 203, and gpe carry bit 206 20 is set to
zero. In the eighth row, the exponent code "111" indicates

that x[err] is to be generated. If the exponent code for an I nput

signal is "111", then thanki espomentisatdonl c206uits cfetclaim 6p wdwxin t he
pass i nput 193 [ 2 is 25 set to select the 2-bit
ei-[hé *gkgmﬁ‘iﬁ%g Jgée'.ir‘né ig:@alud%P

shift left inpu enabl e signal 205 is set to one, the
third nux signal 204 firsgsregister §\§’IreEF°Yh%”EﬁJtt}5‘ﬁt SYP 2ReAR | FEPYdder
208, and the thexmoity bit 206 is set to zero. An exponent code
may al so begprovi deg, acbhd fﬁafséélafféopm{azlnd 2 Tc%mBanﬁn@iﬁIee(is an

Al t hough such a code i's not own I'n t cou e eas

i npl ement ed by PHPPEILRETEAE?  additional exponent code, such as "1000",

whi ch when decogedicstsnal il ders foruprarighialy QQOOquueleiﬂhe&heheero
i nput 194b, theg I o8N g P Pa LRt {,{:_le 85 fdigid-ggux si gnal
to select the ou % o? éﬁéefﬁ&ﬂ eg%g e%tcl:'ple“'exero %nd t elcasrry bit to

be zero. The sé%ﬁﬁﬁ regiff&®rsi gnal 202 is a don't care
10 a second multiplexer for providing as output either

the output of the second register or the output of the
second shift register;
an adder circuit having a first input responsive to
the output of the first multiplexer and a second input
15 responsive to the output of the second multiplexer, the
adder circuit generating an output;
de-multiplexing means for providing the output of the
adder circuit to either the first register or the second
register; |
20 wherein the first multiplexer and the second
multiplexer are responsive to a mux signal from the control
unit and the de-multiplexing means is responsive to a de-
mux signal from the control unit;
the control unit asserting the mux signal during a
25 first addition cycle so that the output of the first shift
register and the output of the second shift register are
provided to the adder circuit;
the control unit asserting the de-mux signal during
the first addition cycle so that the output of the adder
30 circuit is provided to the second register;
the control unit asserting the mux signal during a
second addition cycle so that the output of the first
register and the output of the second register are provided
to the adder circuit; and
35 the control unit asserting the de-mux signal during
the second addition cycle so that the output of the adder
circuit is provided to the first register.
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24 | I labust r at.es a-blogk—di-agat-of—an—. —exponentiation
circuit m’mmmmnﬂtkl plurality of conpute el ements. Like the other
enbodi nemt set oL s =«present invention, the exponentiation circuit of
FIG 8 5 conputes a term which includes one or nore exponenti al

signal s. Thiwooghees nent of the exponentiation circuit POT/USIBR0958 | 0OQ
converter 220, a plurality of conpute e3rnments 223, and an inverse-|og
converter 226. The |og converter 220 receives one or nore input signals

on its 10 input and converts each input signal to a binary |og value
which has a pluralit$¢.of Thesexfirentiation| oirauituefi slaim ¢hevhetiednri but ed

by a bus 222 totgaCBombidilfy Medndl Lh¥1ades: conpute elenents. The outputs
of the conmpute el enent ggare thenggassed a bus 224 to

s h
i nverse-1og convertef 15F9%FegiRter, ¥ o9 %’%ﬁggﬁﬁ?’“ﬁ% el gfelgs a

term repr eséheregfpne or nore exponential signals on output 36 by

perform ng ag inversg- ks i 4dHB:C cAPBYSE ShAVEMY ol Berst 1MitDWespenrevat ed
by the plural |.t¥ of . conput e el er‘r_snt§ 223. . _The g)rlggrallt\é gf conput e
el ements may i nEPURS PNERHE BF thReILEHH AR EREHFLSD 3R 2 FEFONY 7
depicted i n Fl Ginptt respéhsiye &ndtBe output of The sepwrbrghifti on circuit

of the present | Wa]y i rd 4 NNty i g shown
in FIGS. 1, 2, 5:@&@%“% thed fg'r}%?: es&riée( eé 1%@8{4& “Z%%Pﬁ‘hf’ﬁfegi at ed

, 6, an rably inplepent
25 circuits. HowevarSegerd fddsrge EFW%IJF}‘%’H%%%E’:%H%‘FI TespopatBni ze
that a progl@mubl ehé ogitgpowr refy the Sihstr atidgint alircuit |ay @ ¢eeond, ispath as
a micropr ocessoszesﬁs&a\beg@cé%fewaﬁeput_of G ¢i2kEOrdRi 1307 Rel GRESHEN!

t he functions perfor rrefl variqus enbodi nents of

Y, t he dt he
exponenti ati on 8PPEE; F1RAUt SERETAFLRE fhS AL AP oRutPut and prpyédigg
illustrates a btheksumdip theoffizstorpaister:; system which includes an

exponenti ation circujhe¥diftne £i¢80f 8ader Wikl §EROLATEYa RombliRedr eSeNt
I nvention. Ig] € value in response to receiving one of the sequence of first |
intermediate values and one of the sequence of second
intermediate values corresponding to the same one of the
sequence of input signals; and
the second adder circuit generating the sum in
20 response to receiving the combined value from the first
adder circuit.
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corrputer mmbses a nenory 232, a processor 35 236, and an
exponentlmm@mﬂml“ The nmemory 232 —stores prograns and data

whi ch are 4isaed by #he®processor 236. In operation, the processor 236
f et ches program WO 96/ 28774
PCT/ US96/ 00955 25 I nstruction from
the menory wededsizg bus 234. As a result of executi ngpCiressanosss am
i nstructions, the processor 236 transmg4s input signals to the
exponentiation circuit 239 and subsequently retrieves at |east one
exponent value from 5 the output of the exponentiation circuit 239. All
comuni cati on betweé®n tha pomﬂsa;orsyssémamhtcﬂe compragednenti ati on 239 take

pl ace over a bus 23§. ndhry fop@%%gﬂ gtﬂ, Yan;Cui t 239 may include any of
t he exponenti ation CI rcuit ? icted in 10 FIGS.

1 ,qr 218 de
1, 2, 5, and 6, resfBcEIR ?Ptiatmn ¢ r(ﬁ”é" M9 88t ’r%é)‘érs an% 28w di agr am
of a nethod of outpugenehatexgytmn&ipbhemttﬁa#ct&ﬂ:gRabdtﬁq—'-mg @an iexpanestimbl .

Such ~ — a set hag ns@.uaﬂ aee u'tniﬁanE'anéQQiﬂr{éﬂ&d mautng an
I nput si gnal ener %an ex onent i al

240, a binary 3gne b8 appropenc1aioy, {Liud, shduaipe, "

performng a |logari Bh%gammmrbﬁr for peefonmping & doglarithmic In
box 242, a pl ue:ahbays.@&n b Su@‘ ihP8t bi G @0 produdél 41 idla2yShbgt ed to
generate an |nteaggd£ f%g a ﬁiur Ety of bits;

10 a shift register for receiving the binary log value
and shifting the plurality of bits a distance of n-bits to
generate an intermediate valué as an output thereof,
wherein n is an integer;

means for arithmetically combining the intermediate
15 value and a stored value to produce a combined value; and
an inverse-logarithm converter for performing an
inverse-logarithmic conversion on the combined value to
produce the exponential signal, the inverse-logarithm
converter providing the exponential signal on the output of

20 the exponentiation circuit; and

a processor, operatively coupled to the memory and to
the input and the output of the exponentiation circuit, the
processor retrieving the program from the memory and
executing the program, and as a result of executing the

25 program, the processor transmitting the input signal to the
input of the exponentiation circuit and subsequently
retrieving the exponential signal from the output of the
exponentiation circuit.
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20 Shlf s equivalent to multiplying the binary | og value
wﬂﬂ lﬂﬂ “lpnv\pr of _twe MNeste—1-Nn—box—244—+he- —

|nter arithnmetically conbined with a stored value to
produce a conblned val ue. The two val ues may be conbined by either 25
adding the internedi ate value to the stored val ue, or subtracting the

I nt er medi at Qu¢yad/a8874f r om t he stored val ue. I n box POTUSHEHWISH or ed
value is equated to the conbi ned val ue3sl n deci sion box 248, a check is
made to determ ne whether the input signal has been raised to the 30
power of a predeternined exponent. The predeterni ned exponent is an

exponent, g, which i30baskd am expopgpbiation cirgyie hawined abniaPebnt rol
unit of an expogeghipli,on Gekhba! for gedé‘rai:b'!ﬁgl &Dtéxpvr@hahahasldmaan A%i sed

(0, he e T g oAt Ui BLSGRACHRE, © PO 200 1T ot

PCT/ US96/ 00955 (a) generating a binary log vajlee hav;ng a plygakiby 250,
the exponentsal ogigiad vyl ]Eokﬁiﬂ?’r@rl@‘g%@i@ﬁm.c cdiffdr@ibhnN@n athe input
i nverse-logarithpmc conver sion on conbi ned val ue. FIG 11

illustrates a ff W%I}r'agram of a method of 5 generating a term which
includes a plurality(kf estpditdmgi the plumaldtal 9fgehies fledher BiParselience

of input signal gaiddi o gentRhbedaiBdhtiemeagdté Nnvaliuegxponentiation circuit
having a (c) arithmetically combining the intermediate value
10 and a stored value to produce a combined value, wherein the
step of combining is selected from the group consisting of:
(i) adding the intermediate value to the stored
value to produce the combined value; and
(ii) subtracting the intermediate value from the
15 stored value to produce the combined value;
and
(d) generating the exponential signal by performing
an inverse-logarithmic conversion on the combined value.
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sequence of inputs xi to generate a termhaving a plurality of
expenentis e S o} N i 10 I n box 260+——a————

ALE

first input of the sequence of inputs is received. In turn, in box
262, a binary |og value having a plurality of bits is generated by
performng a logarithmc conversion on the first input. I n box
264, an expowgvsngrde i s decoded to produce a 15 first shifpcwroswssbosand a
second shift signal. In box 266, the first shift signal is applied to
the binary | og val ue to produce a first internediate value. The first
i nternedi ate val ue may be produced by eitQﬁy,Bhifting t he plurality of
bits of the binary |og value, or by equatirfg 20 the first internedi ate
value to the binary |og val ue. In box 268, the second shift signa
is applied to the binary | og value to produce a second internedi ate
val ue. The second internedi ate vabud nay be produced by either
shifting the plurality of bits of themaisaigy | 0g val ue; by 25 equating the
second internediate value to the bingry | og val ue; or by setting the
second internedi ate value to zero. Next, in box 270, the first
internmediate value is ari t hmet e mbi ned with the second

i nternedi ate val ue to produce a ¢o ngd val ue. The conbined value is

dr nedi ate value to t he second
St i nternedi ate val ue from
5t mred val ve- rs—themadded to a

I n decision box 2¥2, a check is
equence of inputs hdve been

30 produced by either adding the firgt
i nternedi ate val ue, or btracting the
the second internedi ate vatoe— fhe~~~
stored value to produce a sl suf
made to determ ne whether all} of
recei ved.
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27 lf so _the net hod.praceeds to hox.276 1f not_ the nethod— )
proceeds to box 274. In box 274, a next input is received fromthe
sequence of input signals. Then, the first input is equated to the 5
next input and the stored value is equated to the sum The met hod t hen
returns to Qﬂﬁﬁaiﬁu Finally, in box 276, the termpcryseeoessed by
perform ng an i'nverse-|logarithm conversion on the sum In sumary,
t he present invention as herein-dis¢closed 10 provides an exponenti ation
circuit which uses at |east one shift getpgeter to obtain a power of two
mul tiple of a binary log value. This significantly increases the data

t hroughput rate of the circuit. Al so, the present invention

provi des an exponentiation 15 circuit whi g #ses an adder circuit, thereby
reduci ng the power and space required Qe exponenti ation. A

further advantage of the present |nvent|on Lg; provi de an
a
qoFat

exponentiation circuit which uses all di "o circuitry, thus naking it
econonmi cal to inplenment and easy 20 to int Wi th a mcroprocessor core

or other digital | ogic on a single chip: Whi |l e specific
enbodi ments of the present TmeEMroT T T Tha d HEen ShowT and déscr] bed, it
will be apparent to thode skilled in the alds t hat the discl ose

i nvention nay be 25 nodilfi g T MUMETOUS Wa and nmay assune naﬁ?l

enbodi nment s ot her tHhanlthe pref&@red fd gecifically set out asF
descri bed above. ccordingly, it i

| ended by the appen
clains to cover all ;nmodifications ofs . whi ch fall wnthln 30

the true spirit and scoée f the invention.
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Wiat is clainmed is: WO 96/ 28774

PCTLLISA6/ 0095 28 :
CLAI M5 1. An exponentiation circuit having an input and an
output, the circuit producing an exponential signal on the 5 output in
response to receiving an input signal on the I nput, the circuit
conprising:  waoogagr4d | 0garithmconverter for perform ng | ogefabiivesss
conversion on the Input signal to produce'§/?@pary | og val ue having a
plurality of bits; 10 shift nmeans for ceiving the binary |og val ue
and shifting the plural ity pf _hits a distance of pn-hits to generate
an i nternedi ate val ue as anjoutput |t hefeof erefn I s ]lan integer;

means for arithnetically cogfin}ng{thelintprngdi aje 1p vaj ue jand a stored

val ue to produce a conbi ned|@gEdhbe: lagd| o | o | © |aB | e sel ogarithm
converter for performng an|s inqers -Io;arithnﬂc cpnvegrsign on the
conbi ned value to pr oduge the gxpoment { al {signpal ,{thg i njerse-|logarithm
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20 converter generating the exponentlal signal on the out put of the
circuit WD 96/ 28774 S

PCT/ US96/ 00955 29 2. The
exponentiation circuit of claim1, further conpri si ng: means
for storing the binary | og val ue; a control unit, operatively

coupl ed to th@odghéte S neans,

nmeans,

for applying an exponent codeptTrusdsmosshi ft

wherein the shift nmeans generates a sequence of

i nt er medi ate val ues in response to a stomﬁﬁiﬂlnary | og val ue, the shift
means shifting the pluralit eﬂ -eaeh—gi—t-re—segtgnce of
I nternedi ate values a bit dijstapce 10 gccofdin tj t hg expongnt code; and
wherein the conbi ni ng neans : antadder cprcdit for summ ng
t he sequence of i nterne | veqd @ng Phlesstjomefl ®a] &= {t 0 produce the
combi ned val ue. 15 he ¢xpohenti atijon gircuit Jof claim 2,
wher ein t he control uni s at | past] onqd of |t hé seduence of
i nternmedi ate values to a si s—gorptemeprt u beffore t he at
| east one of the sequence o digte PO vial ugs ip recei Jed by the
adder circuit, the control E? form ng thd co1versiow by inverting
the at | east one of = Slele|ele|ele
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t he sequence of internedi ate val ues and provi ding a correspondi ng carry
bittao the adder circuit 25 i Ihe.oxponent. at i op—cireut—ot

claiml1, wherein the shift neans includes a shift register.

5. The exponentiation circuit of claim1, wherein the shift neans

I ncludes a nultiplexer. 30 W) 96/ 28774

PCT/ US96/ 009530 96128774 30 PCTAIS96/00955
exponentiation circuit receiving a sequence of i nput signals and in
response producing as output a term whi ch includes a plurality of
exponential signals, each of t he exponeg%yfb signals corresponding to
one of the input 5 signals, the circuit conprisSing: a logarithm
converter for performng a logarithmc conversi on on the sequence of

i nput signals to produce a sequence of binary |og values, each of the
bi nary Iog val ues having a plurality of bitg and corresponding to one
10 of the input signals; a first shi®tJregi ster responsive to the
sequence of ~binary | og val ues and generati sequence of first
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i nt ernedi ate val ues as an output thereof, the first shift regi ster

recelving each of the hinary Lng_MaLuas_apd 15.shifting theplurality of

bits a distance of n-bits to generate a first internediate val ue,
wherein n is an - i nt eger; a second shift register responsive to
t he sequence of binary | og val ues and generating a sequence of second
20 i nternedi apy ﬁgs as an out put thereof, the second shif pcrusesegssst er
recei ving each of the binary |og val ues and shifting the plurality of
bits a distance of n-bits to generate a second internedi ate val ue,
wherein n is an i nteger; 25 a congﬁ unit, operatively coupled
to the first shift regi ster and the sec shift register, the control
uni t storing a plurality of exponent codes, each of the plurality
of exponent codes corresponding to one of the sequence of input

signals, the control unit applying the 30 pluyality of exponent codes to
the first shift register and the secones~shift register;

wherein the first shift register and the se o shift regi ster shift
the plurality of bits of each of the ~se e of binary |og values a
bit distance according to 35 the correspond bxponent code; and

WD 96/ 28774 PCT/ US96/ 00955
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means for arithmetically conbining the sequence of first internediate

val ues and the sequence of second —__internediate values to produce a sum

and an inverse-logarithmconverter for performng an 5
I nfverse-1 ogarithm c conversion on the sumto produce the term the
I nverse-logarithmconverter providing the termon an out put of the
exponentiatiogmﬁkhgﬂgt. WO 96/ 28774 PCT/US96/00955
PCT/ US96/ 0095 32 7. The
exponentiation circuit of claim®6, wherein ~the conbining neans
I ncl udes: a first register for proz a9 the sum as an out put
thereof; 5 a second register for pro I'ng a conbi ned val ue as an
out put thereof; a first nmultiplexer for providing as output either
t he output of the first register or the output of the first shift
regi ster; 10 a second multiplexer for providing as output either
the output of the second register or the output of the second shift
regi ster; an adder circuit having a first input responsive to
the output of the first nultipleXer ind seiconqd 1 nput |15 nfesppnsive to the
out put of the second nultipleﬁgr, th aager cirguit gerjeraji ng an
out put; ]~ |~ |lole|leoleole|o
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de-nmul ti pl exi ng nmeans for providing the output of the adder circuit to
either the first register or the second St 20 ——heret—the——
first nmultiplexer and the second mul ti pl exer are responsive to a mux
sirgnal fromthe control unit and the de-nultiplexing neans is
responsive to a de- mux signal fromthe control unit; t he
control unit YrrRikiM0 the nux signal during a 25 first addi PCIVUSEs00958 SO
that the output of the first shift regi ster and the output of the
second shift register are provided to the adder circuit; t he
control unit asserting the de-mux signal dugi the first addition
cycle so that the output of the adder 30 cir€uit is provided to the second
regi ster; the control unit asserting the nmux signal By a

second addition cycle so that the output of the first r and the
out put of the second register are provided to the addeg ; and 35
the control unit asserting the de-nux signal during tY addi tion
cycle so that the output of the adder circuit is providqd®@ ghe first
regi ster. WD 96/ 28774 S
PCT/ US96/ 00955 33 The
exponentiation circuit of claim®6, wherein t he conb|n|n§§ vans
i ncl udes: :
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s

a,first register for providing the sumas an out put thereof; 5 a
first _adder circuit-having a first ippul—responsinve  to-the output of

the first shift register and a second i nput responsive to the output of
t He second shift register, the first adder circuit generating an

out put ; a second adder circuit having a first input responsive 10
to the out putwefeghbmsfirst adder circuit and a second input PCT/USIHEHPIBSS| Ve
to the output of the first register, the second adder circuit
generating the sum an output and providigg/ 0 the sumto the first

regi ster; wherein the first adder glrcuit generates a conbi ned 15
val ue in response to receiving one of the sequence of first

i ntermedi ate val ues and one of the sequence of second i nternedi ate

val ues corresponding to the same one of the sequence of input signals;
and the second adder circuit generating the sumin 20 response to
recei ving the conbi ned val ue fron1the1ﬁ l; adder circuit. WO
96/ 28774 ]S o’GCT/ US96/ 00955

34 9. A conputer system whi conpri ses: a nmenory
for storing a program an ex ion circuit having an input

and an out put, the exponentiati on Cluinsd pr oduci ng an exponenti al

GENERATE A BINARY LOG VALUE BY PERFORMING
A LOGARITHMIC CONVERSION ON AN INPUT SIGNAL

SHIFT THE BINARY LOG VALUE IN A BIT-WISE
FASHION TO PRODUCE AN INTERMEDIATE VALUE

ARITHMETICALLY COMBINE THE INTERMEDIATE VALUE AND
A STORED VALUE TO PRODUCE A COMBIBED VALUE

EQUATE THE STORED VALUE TO THE COMBINED VALUE

HAS THE
INPUT SIGNAL BEEN
RAISED TO THE POWER OF
A PREDETERMINED
EXPQ)NENT

PYes

GENERATE AN EXPONENTIAL SIGNAL BY TAKING THE 50
INVERSE-LOGARITHIM OF THE COMBINED VALUE

248




v

3 signal on the output in response to rece|V|ng an i nput signal on the
i no ePlHdlnﬂ a Inﬂanjthn1rnnveffpr
for perfornlng a Iogarlthnlc conversi on on the I nput S|gnal to produce
a binary | og val ue having a plurality of bits; 10 a shift

regi ster for receiving the binary |og val ue and shifting the plurality
of bits a di sigsgmraf n-bits to generate an internedi at @CTAISA008SS an
out put thereof, wherein n is an integer; means for

~arithnetically conbining the |nterned|ay /1 value and a stored value to
i

produce a conbi ned val ue; and

perform ng an

produce the exponential signal, the
provi di ng the exponential signal on th

circuit; and

the input and the output of the expone
retrieving the programf
as a result of executi
I nput signal to the

retrié
exponentiation circuit.

subsequent |y

PCT/ US96/ 0955

nverse-| ogarithm converter for
i nverse-logarithmc n on the conbined value to
Fepg S’ogari t hm converter

of 20 the exponentiation

coupled to the nenory and to

CIrCUIt t he processor

L the program and

gt heREBETYE K ¢mn1upuh¢nou qcsmmztrans tigpng the
|nput of theope;mmeﬂmﬂgl on ci rcwt agd

WO 96/ 28774

GENERATE A BINARY LOG VALUE “BY PERFORMING
A LOGARITHNIC CONVERSION ON THE FIRST INPUT

a processor,

DECODE AN EXPONENT CODE TO PRODUCE A FIRST SHIFT
SIGNAL AND A SECOND SHIFT SIGNAL

APPLY THE FIRST SHIfT SIGNAL TO THE BINARY LOG
VALUE TO PRODUCE A FIRST INTERMEDIATE VALUE

APPLY THE SECOND SHIFT SIGNAL TO THE BINARY LOG
VALUE TO PRODUCE A SECOND INTERMEDIATE VALUE

268

COMBINE THE FIRST INTERMEDIATE VALUE AND THE SECOND
INTERMEDIATE VALUE TO PRODUCE A COMBINED VALUE. ADD THE
COMBINED VALUE TO A STORED VALUE TO PRODUCE A SUM

HAVE ALL
OF THE INPUTS BEEN
RECEOIVED

RECEIVE THE NEXT INPUT FROM THE SEQUENCE AND EQUATE

THE FIRST INPUT TO THE NEXT INPUT. EQUATE THE
STORED VALUE 1O THE SUM

TAKE THE INVERSE-LOGARITHIM OF THE SUM
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I'n an exponent iation circuit having an i nput
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plurality 5 of bits by performng a | ogg
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Iog value ha |ng a
versi on on
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is provided. The circuit includes a logarithm converter (4) which

converts an input signal to binary word that represents the logarithm of an input signal x. A first shift register shifts (8) the binary word
in a bit-wise fashion to produce a first intermediate value; while a second shift register (28) shifts the binary word in a bit-wise fashion to
produce a second intermediate value. The shift registers may be implemented vsing multiplexers. The shifting operations are equivalent
to multiplying the intermediate values by a factor which is a power of two, The first intermediate value is either added to or subtracted

inverse-logarithm converter (34) converts the combined value to the




