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NulLtiplier and squaring circuit

i 0 be used cy;t ]
This invention relates to a multiplier and/& S d&?i g@my".
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for the sane and nore particularly, to a multinpl |Manmts) udi peged uf%lFPqQP e
of squaring circuits having differential input tighmHHahg®ad ‘sa%e@na’adapawd 7
to be arranged on a bipolar integrated circuit a arj | 7@Ukd ndRd 47...
be wused for the sane. Conventional multip §"%‘r 5% ﬁb{:r pace 7 :

multiplier in general. The Glbert nmultiplier-as such a structure that
' Multiplier and squaring circuit

to 'be used fo; the same

This invenfion relafes to a multiplier énd a squaring
circuit to be used for the.same and more particularly, to a
multiplier including a plurality of squaring circuits having
differential inpuf terminal pairs and adapted fo be arranged

‘on a bipolar integrated circuit and a squaring circuit to be

used for the same.

Conventional multipliers are a Gilbert multiplier in
general. The Gilbert}Jmuifiplier has Such a2 structure that
t:ansistor pairs are provided in a two-stage stack manner
and a conStant electric current source 10 zs shown in Fig.l.
The operation thereof will be explained below.

In Fig. 1, an electric current (emitter current) IE of
a junction diode forming a transistor can be expressed by
the following equation (1), where Is is saturation current,

k is Boltzmann's constant, q is a unit electron charge, VBE

is voltage between base and emitter- and T is absolute




transi'stor pairs are provided in a two-stage stack nmanner, and a constant
electri¢ current source 10 as shown in Fig.l. The operation thereof will
be expl ai ned bel ow. In Fig. 1, an electric current (emtter current)
|E of a junction diode formng a transistor can be expressed by the
follow ng equation (1), where Is is saturation current, k is Boltzmann's
constant, q is a unit electron charge, VBE is voltage between base and

emtter antemperature.apsol ute tenperature. IE = 1Is
exp(q. VBE/KT) - 1 ..... (1) Here, if VT = kT/q, as VBE >> VT, when
exp( VBE/ VT) >> . -

IE = Is * exp(q-VBE/KT) = 1 cecees (1)

Here, if VT = kT/q, as VBE >> VI, when exp(VBE/VT) »
1 in Eq. (1), the emitter current IE can be approximated as

follows;
IE = Is.exp(VBE/VT) ............ (2)

As a result, collector currents IC43, IC44, IC45, 1C46,
IC41 and 1C42 of the tramsistors Q43, Q44, Q45, Q46, Q41 and
Q42 can be expressed by the following‘equations (3), (4),

(5), (6), (7) and (8), respectively:

: aF-IC41
1C43 = e (3)
1 + exp(-V41/VT)

aF-IC41 -
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1*in Eq. (1), the emtter current |E can be approximted as foll ows;
| E IS.exp(VBE/VT)  ........... (2) As a result, collector
currents 1C43, 1C44, 1C45, 1C46, 1C41 and 1C42 of the transistors (43,
A4, 45, 46, A1 and ° 42 can be expressed by the foll ow ng equations

(3), (4, (5, (6), (7) and (8), respectively; akF
| C41 - | C43 = afF-I1C42 ......... (3) 1+
exp(-V41/ VT) 1C45 = a b lC4l  ..JAA S ()
......... ( 4) 1 +1 e‘ip?)ﬁ(l\ﬂll/)\/—r)
aF-1C42
IC4 = ——————————— tcrcecres (6)

1 + exp(-V41/VT)

: aF-I0
JC4] = ————————————————— ettt (7)
1 1 + exp(-V42/VT)
aF-10
1C42
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1 + exp(-V42/VT)

In the above equations, V41 is an input voltage of the
transistors Q43, Q44, Q45 and Q46, V42 is an input voltage
of the transistors Q41 and Q42, aF is current amplification

rfactor thereof designated by the large signal forward gain
for the common base configuration.

Hence, the collector currents IC43, IC44, IC45 and I1C46
of the transistors Q43, Q44, Q45 and Q46 can be expressed by
the following equétions (9),- (10), (11) and .(12),

respectively;



-P- - a F. 142 | 45 =
......... (5) ' 1 + exp(V4l/ VT) K a F.1C42
| C46 = (6) 1 + exp(-V41/VT)
aF. 10 |41 = L (7) 1+
exp(-V42/ VT) aFIl0 | C42 = '
........ (8) 1 + exp(-Vv42/ VT)
aF?-10
Ic4 = ——o o teeeees (9)
i {1texp(-V41/VD)} {ltexp(-V42/VT)}.
aF2-10
0 T R R R (10)
{l+exp(V41/VT)} {liexp(-V42/VD)}
aF2-10
O T e ——— R R (11)
{1+exp(V41/VT)} (1+exp(V42/VT)}
aF2-10
icd¢ = —m——os——o-—— e (12)
{1texp(-V41/VT)} {ltexp(V42/VT)}
As a result, the differential current A I between an

output current 1C43-45 and an output current

expressed by the following equation (13);

—
]

[1C43-45 - I1C44-46

(1C43 + IC45) - (IC44 + IC46)

(IC43 - IC46) - (IC44 - IC45)

[IC44-46 can be

a F2-10- {tanh(V41/2VT)}

« {tanh(V42/2VT)} ----(13)

Here, tanh x can be expanded in series as shown by the

—_— 4 —



In the-above equations, V41 is an input voltage of the transistors 43,
44, Q45 and" 46, V42 is an input voltage of the transistors Q41 and 42,
a Fis current anplification factor thereof designated by the |arge signal
forward gain for the conmon base configuration. Hence, the collector
currents 1C43, 1C44, 1CA5 and 1C46 of the transistors (43, 44, Q45 and
Q46 can be expressed by the fol |l ow ng equat i ons (9), (10), (11D

and (12)followingtéequdtion (14) as; - 3-

[err]

tanh x = x - (X3/3_)""" cscses (14).

so that if x << 1, it can be approximated as ténh X = X.
Accordingly, if V41 << 2VT and V42 << 2VT, " the
differential current A I can be approximated by the
following equation (15); From Ed. (15), it can be found that
the circuit shown in Fig. 1 becomes a multiplier for the

input voltages V41 and V42 as a small signal.
I = (1/8) (@F/VT)%+ VAL-V42 =veeoe- (15)

In this case, however, the. conventional Gilbert
multiplier as explained aﬁove has transistor pairs stacked
in two stages, so that there arises such a problem that the
éource voltage cannot be decreased. |

Next, a conventidnal squaring circuit formed on a C-MOS

integrated circuit obtains a squaring characteristic by -

. using a MOS transistor at the source follower as shown in
Fig. 2. The drain current Id thereof can be expressed by

the following equation (16) in the saturatibn region, Wwhere

— 5 —



As a result, the differential current Al between an output current

| C43-45and an out put current | C44-46 can be expressed by the follow ng
equation (13); | = 1C43-45 - | C44-46 = (IC43 + 1C45) - (144 +
| C46) = (1C43 - 1C46) - (1C44 - 1C45)

¥ is gate width, L is gate length, VGS is voltage between
gate and source, Vt is threshold voltage, - uzn is mobility

of electron, and COX is unit gate oxide film capacity;
Id = mn-(COX/2) (W/L) (VGS-VE)? -++-- (16)

According to Eq. (16), the drain current Id changes
with the threshold voltage Vt. The threshold voltage Vt has
a variation on a production basis. This means that with the
conventional squaring circuit using MOS transistor at the
source follower, the drain current Id c;hnot be made
constant even by applying the same gate voltage VGS. As a

~result, there arises such a problem that the conventional
squaring circuit is difficult to be integrated on a large-
scale basis:

In consideration of +the above-mentioned problems, an
object of this invention is to provide a multiplier capable
of reducing a source voltage.

Another object of this invention is to provide a
squaring circuit which is easy to be integrated on a large-

scale basis and which is adapted to be used for a multiplier.



[err] =~ Here, tanh x can be expanded in series as shown by the

-4- ! "foll owi ng equation (14) as; [err] so that if x << 1,
it can be approximated as tanh x = x. Accordingly, if V41 << 2VT
and V42 << 2VT, the differential <current [err]l can be

appr oxi mat ed by the follow ng equation (15); FromEq. (15), it can be
found that ' _ '
SUMMARY OF THE INVENTION

(1)' In a first aspect of this invention,  a multiplier is
providéd which comprises a first and second squaring
circuits each having a differential input terminal pair and
whose outputs are connected in common. A first input
terminal of the first squaring circuit is applied witha
first input voltage and a second input terminal thereof is
applied with a second input voltage which is opposite in
phase to the first input voltage. A first input terminal of
the second squaring circuit is applied with the seqond input
voltage and a second input terminal thereof is apﬁlied with
the first input voltage. The first and seconé sqﬁaring

" circuits each includes two sets of unbalanced differential
transistor paris which are arranged so that their inputs are
opposite in phase and their outputs are connected in common.
Said unbalanced differential transistor pairs have different
emitter sizes from each other.

In the preferred embodiments of this aspect, two
squaring circuits are provided whose input signals are
opposite in phase from each other an& applied to respective
differential input terminal pairg. Thése two squaring

circuits are forméd of two sets of différential transistor

_ 7 —



the ci¥cuit shown in Fig. 1 becones a multiplier for the input voltages
V41 and*V42 as a small signal. [err] In this case, however,
the conventional G lbert nultiplier as explained above has transistor
pairs stacked in two stages, so that there arises such a problemthat the
source vol tage cannot be decreased. Next, a conventional squaring

circuit forned on a CGMOS, integrated ci ' bt ai. I Ng .
characteﬂnﬁiﬁﬁtnﬂhQﬁﬁr@PbﬁF&EﬁtFan§9598$§§%£?ae Zﬁﬂé@@mgﬁrggégglsé &lown

in Fig; 2. The drain current Id thereof can be expressed by the follow ng
equation (gifdtter t heizat uration o€gi kol WOEXE) . The. two sets of

differential transistor pairs are arranged.sp that fhe bases
of the transistors which are respectively unequal in emitter

size are connected in common for making a differential input

terminal pair. The four sets of .differential transistor
pairs are arranged so that the collectors of four
transistors which are respectively equal in emitter size are
connected in common for making respective differential
outputs. -

Two transistors having di}ferent emitter sizes
constituting each differential tr;nsistor pair may be
connected with an emitter resistor with a resistant value
inversely proportional to the emitter size ratio to the both
or one of them.

Two - transistors constituting = each differential
transistor pair may be made equal in emitter size to each
other. In this case, only one transistor thereof has an
emitter resistior to be connected. Also, 1in case of being -
equal in emitter Size. one transistor thereof may have a
Darlington connection. .

(2) In a second aspect of this invention, similar to the

— 8§ —



Wis gate width, L is gate length, VGS is voltage between gate and
source,”™ Mt "is threshold voltage, an is nobility of electron; and COX is
unit gate oxide filmcapacity; [err] According to Egq. (16), the
drain current 1d changes wth the threshol-d voltage Vt. The threshold
voltage Vt has a variation on a production basis. This neans that with the
conventional squaring circuit using MOS transistor at the source

follower, fihst dspect,cuarenltipdieranist plrevidedewhdehst gomnpeicesbn

appl ying the same gate voltage VGS. As a result, there arises such a
problemth e n Lan Is Ult I culs .
integratedf%%ép g¢g§§862§a$guB§QH ﬁgcﬁl& mﬁag ggfloﬁko%BPﬁglses

above-nmenti oned_probl ens, an . . . .
the first squaring circuit including a first and second

unbalanced differential transistor pairs whose outputs are

connected in common and the second squaring circuit

transistor pairs whose outputs are connected in common, and
“the outputs of the both squaring circuits are connected in
common. A first input voltage is applied between one inpuf
terminal of said fir;t unbalanced different;al transistor
pair and one input.terminal o f said secohd unbalanced
differential transis%or pair, and a second input voltaée is
applied between the other input  terminal of the first
unbalanced differential transistor pair and the other input
terminal of the second unbalanced differential transistor
'pair‘\ The second input voltage is applied between one input
terminal of said third unbalanced differential transistor
Pai; and one input terminal of said fourth unbalanced
differential transistor pair, and the first input voltage is
applied between the other input terminal of said unbalanced

differential transistor pair and the other input terminal of

said fourth wunbalanced differential transistor pair. Two

—_g —



obj ect of this invention is to provide a nultiplier capable of reducing a
source Vol tage. Anot her object of this invention is ‘to provide
a squaring circuit which is easy to be integrated on a Iarge- scal e basis
and which is adapted to be used for a nmultiplier.

- 6- SUNNARYCFTHEINVEI\ITIO\I (1) In a first
aspect of this invention, a nmultiplier provi ded .which conprises a
first . andtr§8§®ﬁ§0r5quarHHQIUdunGU|tsee&hh hanbagaacadffedeﬁieabnmapdt
termnal pair and whose outputs are connected in comon. A first

input - tergraasistort paiki haveSayFFeddnt ehiditter 8iz8BPEIBH e¥chNother
as in the first aspect. |
.In the prefgrred embodiments of this aspect, a first
and second differential input terminal pairs whose input
s{gnals are opposite in phase to each other and four sets of
differential transistor pairs whose emitters to be connected
in common are with an emitter size ratio of K:1 (K>1). In
the four sets of differential transistor pairs, the base of
the transistor having an emitter size ratio of K of the
first Jifferential transistor pair and fhat of the
transis{or having an emitter size ratio of 1 of the third
differential transistor pair are coAnected in common to one
input terminal (one polarity) of said first differential
input terminal pair. Also, the base of the transistor
having an emitter size ratio of 1 of the first differential
transistor pair and.that of the transistor having an emitter
size ratio of K of the fourth differential +transistor paif
are connected in common to one input terminal (one polarity)
of said second input terminal ﬁair. The base of the
transistor having an emitter size ratio of K of the second

differential transistor pair and that of the transistor

—_ 10—



first ‘i nput voltage and a second input terminal thereof is applied with a
second i nput voltage which is opposite in phase to the first input
voltage. A first input termnal of the second squaring circuit is applied
with the second input voltage and a second input term nal thereof is
applied with the first input voltage. The first and second squaring
circuits each includes two sets of unbalanced differential transistor

paris whi arrange at _t.heir _inputs e osi te and
their outﬁgy%ﬁgre égnnegngtgg n. ragé% S%Laﬂ &Pﬂpere&g (i
transi stor g irs have different en1tter Si zes fron1each ot her . In
the prefedi Eﬁﬁééaheﬁfgﬂ§ﬂ3¢ﬁrsP&QﬁecﬂretﬁQHHQGG&dtng cionmont. £ oarthe
provi ded whose input signals are opposite in phase fromeach other and

applied tgthespetapye dethenenti dthei Bl@ﬁbr penairnal) paFszaiEh?&‘i—stt"‘D
squaring circuits are fornmed of two sets of "differéential transistor

-7 input terminal pair. The base of the transistor having an

emitter size ratio of 1 of the second differential
transistor paif and that'df”thé'frénsistor having an emitter
size ratio of K of the third differential transistor pair
are connected in common to the other input terminal (the
other polarity) of said second input terminal pair. In
‘addition, the collectors of féur transistors which are
respectively equal in emitter size are conneéted in common
for making respective differential outputs.

As in the first aspect, two transistors different in
emitter- size from each other, which constitutes each
differential transistor pair, may be connected respecti#ély
with emitfér resistors having a resistant value invefsely
proportional to the emitter size ratio, or only one of them
may be connected with an emitter resistor having a resistant
value as above. In addition, two transistors constituting

- each differential transistor pair may be made equal in
emitter size, but, onli one transistor thereof is connected

With an emitter resistor in this case. 1In case of being

—_ 11 —



pai rs*whose emtters to be connected in conmon are with an emtter size
ratio of K1 (K>1). The two sets of differential transistor pairs
are arranged so that the bases of the transistors which-are respectively
unequal in emitter size are connected in comon for nmaking a differential
input termnal pair. The four sets of differential transistor pairs
are arranged so that the collectors of four transistors which are
respecti vghga quih emidrtietrt &ize ze aree ofc dmoe dirah s irs torarwonfsdri ki ngy
respective differential outputs. Two transi stors havi ng

di ff erent. agg‘i ttég%ﬁer%ingq%lt q:q.rﬁ{g itslitdtng paqq_ch na¥ H@Lﬁ\at iaa"Daztlrﬁ‘fgSﬂ or

pair may® gcte h™an emtter ‘resisto resi stant” val ue

connection.

(3) In a third aspect of this invention, a multiplier is
provided which comprises a first, second and third squaring
circuits each having a-differenfial input terminal pair and
which is arranged so that the output of said first squaring
circuit is opposite in phase to those of said second and
third squaring circuits. In this multiplier, a first input
voltage 1is applied to one input terminal of said first
squaring circuit and a second input voltagé'is applied to
the other input terminal thereof. The first input voltage
is applied across an input terminal pair of saidléecond
squaring circuit and the second input Voltage is applied
across an input terminal pair of said third squaring
circuit. " The two transistors constituting each differential
transistor pair have different emitter sizes from each other
as in the first and second aspects.
In the preferred embodiments ofl this aspect, the -
- multiplier comprises a first and second input terminal pairs
whose input signals are equal in phase to each other and

whose one input terminals are made as a common input

_— 12 —



i hversely proportional to the enmitter size ratio to the both %ﬂgu&hmwd
them ' Two transistors constituting each di f By
transi stor pair may be nade equal in emtter size to each ulﬂl!
this case, only one transistor thereof has an emtter r
connected. Also, in case of being equal in emtter size, one transistor -
t hereof may have a Darlln ton connection. (2) In a second aspect of this
i nventi on, termingd t @mdhe three squaring - circuits, -&irst, second ramd
aspect, a nultiplier is provided which conprises a first and second
squaring cighquidt,s. whikd are drraQsy | Wiwddie 'd4id HHA | Hhd iSddbd
including a first and second : : :

input terminal pairs. The three squaring circuits each

includes two sets of unbalanced differential transistor
pairs whose emitters to be connected in common are with an
emitter size ratio of K:1 (K)l);"and~in'whichjthe collectors
of the transistors which are respectively equal in emitter
size are connecfed in common and the bases of the
transistors which are respectively unequallin emitter size
are connected in coﬁmon. In addition; one bases of the first
and second squaring circuits are connected in common to the
other input terminal of said first input terminal pair, and
the other bases of the first and third squaring circuits are
cbnnected in common to the other input terminal of said
second input terminal pair, and the other bases of the
second squaring circuit and one bases of said third squaring
circuit are connected in common to the common input
terminal. In addition, the collectors of the transistors
which are respectively equal in eﬁitter size of said second
and third squaring circuits are connected in common to be
connected respectively to the collectors which are

respectively unequal in emitter size of éaid first squaring

—_ 13 —



unbal anced differential transistor pairs whose ottputs are connected in
common *© and *~ the .second squaring circuit including %his $hesét Hds BeamBeplaced
fourth unbalanced differential transistor pairs whose
connected in comon, and the outputs of the both squari i
connected in comon. A first input voltage is applied between one 1 nput
termnal of said first unbal anced differential transistor pair and
one inputcirewital o f said second unbalanced differential transistor
pair, and-a second input voltage is applied between the other input
termnal of the fthiss mubbiphbeed dasfeimntthe t fansitstasppeitr andwbhe
other input termnal of the second unbal anced differential transistor
pair. The ' t eq ke en; ' t r pi of
ot 0 i r AR B NPYLREral£7BPEht cOnpELUETRIBE EROH eathl BLREr P ha
of said fourth unbal anced differential transistor pair, and the first
i nput vol teykch scongbl fete et deln i%@eﬁ?ﬂ #afngﬁﬁnﬁéﬁﬁPﬁaPaéF:samaY
unbal anced '

connected respectively with emitter resistors .having a

resistant value inversely proportional to the emitter size
ratio, or only one of them may be connected with an emitter
resistor having a resistant value as above. In addition,
two transistors constituting each differential transistor
pair may be made equal in emitter size, but only one
transistér.thereof is connected with an emitter resistor in
this case. In case of being equal in emitter size, one of
‘the transistors of each differential transistor péir may
have a Dariington'connection.

(4) In a fourth aspect of this invention, additionally to
the multiplier of the third aspect, a multiplier is-provided
which is obtained by addingly provided one squaring circuit
to the mnultiplier of the third aspect. This multiplier
comprises a first, second, third and fourth squaring
circuits each having a differential input terminal pair, in
which the output of the first squaring circuit is opposite

in phase to and connected with the outputs of the second,

—_ 14 —



differential transistor pair and the other
unbal anced differential transistor pair. Two

-0-

transistors including each  unbal anced

L

transi stor pair have different emtter sizes fromeach other as

first aspect. In the preferred enbodi nents of this aspect, a fir
and second differential input termnal pairs whose input  signals are
opposi te thiphasrdt founth sqnariagdciconiésts &5 iai ther $hdirdl aspasdi st or
pairs whose enmtters.to be connected in commobn are with an emtter si

rati o

base o

said first squaring circuit, and a second input voltage is
aﬁplied to the other inppt terminal thereof. The first
input voltage is applied across an input terminal pair of
said second squaring circuit, and the~second'ihput'voltage
is applied acroés an input terminél pair of said third
squaring circuit. Across an input terminal pair of said
fourth squaring circuit, the first or second input voltage
is applied. The +two transistors constituting each
differential transistor pair have different emitter sizes
ffom egch other as in the first, second and third aspects.
fn the preferred embodiments of this aspect, the
multipliér comprises a first and second input terminal pairs
whose input signals are equal in phase to each other and
whose one' input terminals are made as a common input
terminal, and four squaring circuits, first, second, third
and fourth, which are arranged between said first and second

input terminal pairs. The four squaring circuits -each

- includes two sets of unbalanced differential tfansistor'

pairs (driven by respective constant current sources) whose

emitters to be connected in common are with an emitter size

e
st

ze

I nput t er m nal T Shea diagBeeit Raplatdd

gf K 18{£38) inpBt VDEthger 38!Sapp1dblf eocBhbalinpuenteeninanaots. the



the transistor having an emtter size ratio of K of the T $h3d Has Been R

. . . . laced
differential' transistor pair and that of the tran magen
emtter size ratio of 1 of the third differential ‘transi. [E ;nuzm r .
connected in comon to one input term nal (one polarity) i

differential input termnal pair. Also, the base of the transistor
having an emtter size ratio of 1 of the first differential transistor

pair and thatjof gfhe Rrians(BXDr, haand'g i widh ertheicel redtorofoK the t he-
fourth differential transistor pair are connected in common to one input

base o trensirtnd ihicH A7 e aRreite L By, S Uheed fine 2ET,

?izg?rentgﬂn;2:¥gﬂsnfg éggﬂoéﬂgkéru%héﬁbggggtJf”?ﬂgtfgansistors which
are respectively unequal in emitter size are connected in
common. In addition, one bases of the first and second
squaring circuits are connected in common to the other input
terminal of said first input terminal pair, and'the other
bases of the fist and fourth squaring circuits are connected
in common to thg other input terminal of said second ;gput
terminal pair, the other bases of said second squaring
circuit and one bases of said third squafing.bases are
connected in common to said common input terminal, and the
other bases of said third squaring circuit and one bases of
said fourth squaring circuit are connected in common. In
addition, between the first and third squaring circuits and
between the second and fourth squaring circuits, the
collectors of the transistors which are respectively equal
in emitter size are connected in common, and the collectors
of the transistors which are respectively unequal in emitter
size are coﬁnected in common. |

As in the first aspect, two transistors having

different emitter sizes from each other, which constitute



havi ng an emtter size ratio. of 1 of said foupth differential
transi stor pair are connected in common to the other ot lagedhe
other polarity) of said first input terninal pair. TheL H 1 '
transi stor having an emtter size ratio of 1 ‘of t

differential transistor pair and that of the transistor having an emtter

size ratio of Kof the third .differential transistor pair are connected in
other polarity), of said sec

comon to the othgarednput, termnal_ (ih ond _

i nput ter@ pﬁiﬁ‘%n 'tiwnéjn%{e%l B Tr s J3% olhe ¢ ré?%}%%#%cpm ch

are respectively equal in emtter size are connected.in common for making

respect i veresipefcdrigielivalwidin emist ter resimtarns thaviig « résisttant walue

transistors different in emtter size from each other, which

consti tut ej]%ve%@ly dipifodortiiciall 61 SHHY S t'te FTEE 20 1TREC G only
ersely

respectively wth emtter resistors having a resistant value inv
one of them may be connected with an emitter resistor having

a resistant value as above. Two transistors constituting
each differential transistor pair pay be made equal in
emitter size, but only one of them is connected with an
emitter resistor in this case. In case of being equal in
emitter size, one of such two transistors may have a
Darlington connection.

Each of the multipliers showQ.in the first to fourth
aspects as above does not have a plurality of differential
transistor pairs arranged in a stack manner as of the prior
art, but has them arranged so-called in a iine t;ansversally
to be driven by a constant voltagelsource. As a result, it
can be opérated at a lower-sourge voltage than that in the
prior art.

(5) In a fifth aspect of this invention, a squaring circuit
is provided which is adapted to be'used for éach multiplier
shown above. This squaring circuit comprises a first
differential transistor pair including a first MOS

transistor having a gate width (W) and gate'length (L) ratio

7 —



proportional to the emtter size ratio, or only one of them na be
connected with an emitter resistor having a resistafhisS 1n
addition, two transistors constituting each dlffer El mll or palr
may be nade equal in emtter size, but, only one tr

connected wth an emitter resistor in this case. In case of being

equal in emtter size, one of two transistors constituting each

Chi T e oot LQI/LY AP G (PR dnd™Va NeEodd TROS | £PAREISEORTBEVIAR 2 L1141 2

third aspe of this 1nvention, rplier 1's conp ’ses a
first, sec and. t sguar i ircuits, each having.a djfferential input
t er m nal éﬁzl)ré% Q&#ﬁ%? ' arqgﬁﬁédag% FiYeR heb¥ut H 003 tant qcurrent

squari ng

source 10, and a second differential transistor pair

inéluding a third and fourth MO0S transistors having such a

ratio (W/L) as:
(4H-H¥7% / (H+1)?}

which is driven by a constant current source of
(2-H*7% / (H+l)}}10.

The drains of the first and third transistors are
connected in common, and the drains of the second and fourth
transistors are connected in common, and the gates of the
first and'fourth transistors are connected in common and the
gates of the second and third transistors are connected in
common.

This squaring circuit comprises two sets of

- differential transistor pairs including 'MOS transistors
each having a gate width and gate length ratio (W/L)

appropriately selected for making a differential input. This



circuit is opposite in phase to those of said secgpd,ang,gthig.d sguaring
circuits. I'n this nmultiplier, a first input. volt ' - &l. to one
input termnal of said first squaring circuit anaw %H"ﬂﬂﬁiﬁmut vol t age
is applied to the other input termnal thereof. put vol t age
I's applied across an input termnal pair of said second squaring circuit
and the second input voltage is applied across an input termnal pair of
said third ri fRatCi ht. gTh sheangk c Itk

G e ont | ApanSy PaRL 0 ROk 8 SgUARIRERCEIFLALE, COnEY 35 BOMPIERETY her
as in the firgst ecQpd aspects. .. .In the prefterred, enbodi,nents of
this aspec%?é?ﬂﬁﬁgﬁﬁftigfie coRpiRtion, %Pr§$f§ﬁ8°gécoﬁegﬁﬁgst fuenitaa
pairs whose input signals are equal in phase to each other and whose one
i nput ternmagtfacturingndéisperaiosonndn trapsistors and adapted to be -
12 - . .

integrated on a large - scale basis can be realized.
Consequently, this squaring circuit can be preferably used
instead of those used in these multipliers shown in the

first to fourth aspects as above.

BRIEF DESCRIPTION OF THE DRAVWINGS

Fig. 1 is a circuit diagram of a conventional
multiplier. )

Fié. 2 1is a circuit diagram of a convenfional squaring
circuit using.a MOS transistor.

Fig. 3 is. a block diagram of a multiplier according to
first to sixth embodiments of this invention.

Fig. 4 is a circuit diagram of a multiplier according
to a first embodiment of this invention.

Fig. 5 1is an output characteristic diagram of a
squaring circuit to be used for the multiplier shown in Fig.

4. |
Eig. 6 is an . output characteristic diagram of the

multiplier shown in Fig. 4.



end pafrrbeing applied with said first input signal voltage, and a second
out put end being connected opposite in phase to said first output end; a
third squaring circuit having a third differential.input .end pair and a .
third output end, said third input end pair being applied-with said second
i nput si gnal voltage and a third out put end being connected opposite in
phase to said first output end; and an output signal showing a result of

mul tiplication ff sajﬁ Li§|rsénpu&1§g99ﬁl fd 5 'doﬁ g@ﬁd 'EPHﬁsbeﬂ@f

bei ng derived f sai sepo d and thlr out put _

i TTor ent | condpea tange 1 1S AATaGEeLhebhE of ancherBrLELR ﬁ“”eaﬂ&'sﬂ??& 8- ore

different fromeach other and whose enitters are coupl ed together, and a

second differential pair of third and fourth transistors whose emtter

sizes are different from each other and whose emtters are coupled

together; said secong sou@rify chhepht |drdeferistic diagram of the
pmultiplier shown in Fig. 4.

Fig. 9 is a circuit diagram of a squaring circuit to be
used for a multiplier according to a second embodiment of
this invention.

Fig. 10 is. an output characteristic diagram of the
squaring circuit shown in Fig. 9.

Fig. 11 1is an output characteristic—diagram of the
multiplier according to the second embodiment of this
invention.

Fig. 12 1is a circuit diagram of a squaring circuit to
be used for a multiplier according to a third embodiment of
this invention.

Fig. 13 1is an output characteristic diagram of the
squaring circuit shown in Fig. 12.

Fig. 14 1is an output characteristic diagram of the
multiplier- according to the third embodiment of this
invention. |

Fig. 15 is a circuit diagram of a squaring circuit

— 20 —



athird differential pair of fifth and sixth transistors whose emtter
sizes are different fromeach other and whose emtters are coupled
together, and a fourth differential pair of seventh and eighth transistors
whose emitter sizes are different fromeach other and whose emtters are
coupl ed together; said third squaring circuit includes a fifth

differential pair of ninth and tenth transistors whose enitter sizes are

di fferent §¢obe castd Hohea mulitipdiereaccoedingr éocaufburnthogabndimeatd a
sixth diffgrential pair of eleventh and twelfth transistors whose emtter

sizes are @i f n &§ach other and whose enitters are coupl ed
t oget her; tigﬁ§$r%?$%€g%s?étor having a larger enitter size and said

third transistogr, havi a,smaller epitter size have baseg.connected,in
conmon to form¥Ehe eﬂg olSsafl fPPEPU npﬁﬁaﬁﬁﬂtﬁgﬁﬁ?lﬁnal§§Fam38§oﬁhe

transi stor having a smaller emtter
squaring circuit shown in Fig. 15.

Fig. 17 1is an output characteristic diagram of the
--;muléiplier ~according to the fourth embodiment of this
invention.

Fig. 18 1is a circuit diagram of a squaring circuit to
be used for a multiplier according to a fifth embodiment of_
this invention.

Fig. 19 1is an output characteristic diagram of the
squaring circuit shown in Fig. 18.

Fig. 20 1is an output characteristic diagram of the
multiplier. according to the fifth embodiment of this
invention.

Fig.” 21 is a circuit diagram of a multiplier according
to a sixth embodiment of this invention.

Fig. 22 is a block diagram of'a multiplier according to
a seventh and eighth embodiments of this invention.

.Fig. 23 1is an output characteristic diagram of a
multiplier according to a sevepth embodiment of this

invention.
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size and said fourth transistor having a |larger emtter size have bases
connected in conmon to formone end of said second-input end pair; said
fifth transistor having a larger emtter size and said seventh transistor
having a smaller emtter size have bases connected in common to said one
end said first input end pair, and said sixth transistor having a smaller
emtter size and said eighth transistor having a larger emtter size have

bases connect edrjg cogdrols saciroubt hdidgrsmsobrahmulbgphiear gecoedinger.
size and said eleventh transistor having a snaller emtter size have bases

connected in comp 0 e § econd input end pair, -
and said t%Qu@Ft%%éh#%t%ﬁﬁgéaﬁﬁgga&Ps%§F$e$ﬁg§?F?8?'size and said twelfth
transistor having a larger emtter size have bases  connected in _co nto
sai d bases of <Higl sid@h b%d %ﬁgh@%tpﬂﬁnéh%¥69g?réﬁtﬁcco ﬁfamceﬁnggged
bases of said sixth, eighth, tenth and twelfth transistors formthe other

ends of %ﬁ’df’tifﬂrﬁér Fhowechmdr igpudend pairs. According to still-
anot her aspect ‘of the present invention there is provided a multiplier

conprising: a first ar § Cj it+hayi er gt <fi N FRp end
pair and a firé&gdif re%??%lé£ﬁ€%£¥ @%%E%%@r§fs§i3epégg?§d???g?%2t?gl

i nput end pair being applied ,with differepnce of a fLrih ingua.si naIf
vol t age artit arsmtofar i nputukt iphieyopee@edingsteopqninth embodimenit o

this invention.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The preferred embodiments of this invention will be
described below while referring to Figs. 3 to 26.

Fig. 3 schematically shows a multiplier according to
fi?st to sixth embodiments of this invention. In Fig. 3, as
each squaring circuit has a differential input terminal
pair, a differential input voltage of a first squaring
circuit becomes (V14V2), and that of a second squaring
circuit becomes (V2-V1). As a result, the outputs of these
two squaring circuits are subtracted to génerate an output
voltage VOUT, which 6an be expressed as follows;

VOUT = (VI4V2)? - (V2-V1)?

aVI-vZ e wee (2D
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squartng- circuit having a second differential input end pair and a second
differential® output end pair, said first differential input end patr being
applied with said first input signal voltage, and said second differential
out put end pair being connected opposite in phase to said first
differential output end pair; a third squaring circuit having a third
differential input end pair and a third differential output end pair, said
third differential input end pair being applied with said second input
signal voltage, and said third differential output end pair
bei ng connected opposite in phase to said first differential output end

pait: and an outhdhk i§gndhesuknimt voktage HOUMI taan imatexpressediby first
input signal and said second input signal being derived fromsaid first,
second anghghiprédudit! f fVNMVE @4 Pilie efidsti ifputisEidpesaivl fdddtthe
squaring circuit contains a first

second input voltage V2, which means that such a circuit

that comprises two squaring circuits as shown in Fig. 3 has

a multiplier characteristic.

[First Embodiment]

Fig. 4 shows a multiplier according to a first
embodiment of this invention. This multiplier.basically
comprises four sets of differential tranéistor pairs
respectively consisting of differential transistor pairs
(Q1 and Q2), (Q3 and Q4), (Q5 and Q6), and (Q7 and Q8) whose
emitters are .connected in common. Iﬁ this case, if the
emitter size of each of one transistors Q2, Q3, Q6 and Q7 of
respective four sets of them is made one (1), that of the
other transistors Ql, Q4, QS and Q8 is made K times (K>1).
Also, two sets of differential transistor pairs consisting
of the transistors Q1 and Q2 and the transistors Q3 and Q4,
.and the two sets of differential transistor pairs consisting
of the transistors Q5 and Q6 and the transistors Q7 and Q8

form squaring circuits, respectively. 'These squaring

—_ 23 —



differential pair of transistors whose emtter size ratio is K 1°(K> 1)
and a second differential pair of transistors whose emtter size ratio is
K:1; said second squaring circuit contains a third differential pair of
transi stors whose emtters size ratiois K 1 and a fourth differential
pair of transmtters whose emtter size ratiois K 1; said third squaring
circuit contains a fifth differential pair of transistors whose enitter
size rati gjrcuifsl ark a sipghied fvttlentd e qbive dlaotri ursentesin
emtter size ratio is K'1; between said first and second differenti al
pairs, bas f1e3ai d | . ) | 2 1
are conne %quilrgdomfag{](?rh?ie?p@:ﬁ mmoc%rﬁksiw %.ﬁ%'tb%di flgir]éérﬁia

i nput end pair,, 1 tters of, said trangi stors, each hayj an emtter, size of
K and t hosReod i EEATeNtLAk RIS terhitnk iR Tn GridbrlsiLe APROSH &
connected in comon, respectively, <collectors of said transistors each
havi ng an jgiphlasre dioze aof iiputd sigmeel ofvaltiage tWBInsicst dres apphidtvitg an

emtter size of 1 are connected in comopn, respectively, to formsaid

first di fftzll%erattihglr %Libtﬂ?éggs { aolaij_r q‘pteﬁyﬁq.n @aiﬂl& hg')rd and fourth

differenti pairs, sai ransi'stors each ‘having an enmitter size
of Kand 1 are _connected in comon,, respectively, to formsaid second
differential iAfuttBend®eaiSqUaTIRE &Hid S 1S Wh icde s int TesRac Ve Wput
end pair being connected to said one end of said first differential input

teﬂgsgai)][, ofnithieetwoofsedsd dft taevissistor eadirshaviQlg and Q) tand s{Q3* arfd K and
Q4) and two sets of transistor pairs (Q5 and Q6) and (Q7 and
Q8), the bases of the transistors whose emitter sizes are
different frbm each other, that is, of fhe transistors, Ql
and Q3, Q2 and Q4, Q6 and Q8, and Q5 and Q7 are connected in
common, and the bases of the transistors Ql and Q3 are
connected to one input terminal 1 of the differential input
terminal pair (1 and 2), and the bases of the transistors
Q2 and Q4 are connected to the other input terminal 2
thereof. In addition, the bases of the transistors Q5
and ,Q7 are connected to one input terminal 3 of the
differential input terminal pair (3 and 4), and the bases of
the transistors Q6 and Q8 are connected to the other input
_ terminal 4 thereof. Also, the collectors of the transistors

whose emitter sizes are equal to eaqh other, that is, of the

" four transistors Q1 and Q4, Q6 and Q7.‘and of the four



sai d transistors each having an enitter size of 1 are connected in common,
respecti'vely,” collectors of said transistors each having an enmitter size
of K and those of said transistors each having an emtter size of 1 are
connected in comon, respectively, to formsaid second differential output
end pair; between said fifth and sixth differential pairs, bases of said
transi stors each having an emtter size of Kand 1 are connected in
conmmon, r%gaﬁﬁ‘ibters, Q8@ fand s§3d tnd dQSi faer @8t i @rel nponnerctedhi rin one
end of sai third differential input end pair being connected to the other
end of said firstsdif nt | I ts .qnd Lk ¢bei ne d. t ot her
end of saf@B®88on gingﬁgﬁengqggﬁf?mgéﬁﬁtepg%gpt 559%9??§ns?§foﬁéﬁ%§2ﬁ
having an emtter size of g ang t hose of saidq transistors eac Vi an
enitter sresPOEtiVALE.conhB8t edTARSASHOSN, PAdLSect RFE y COAGE rs sai d
transi stors ’
respective constant electric current sources I0.

In the multiplier thus obtained, the collector currents

1€l and IC2 of the differential transistor pair Ql and Q2 - -~ -

can be expressed as follows;

afF-I10
I¢if = —mm—————————————————  ccscnse (22)
1+(1/k) -exp(-VA/VT)
aF-10
ICZ = —,——— e sses s s s (23)
1+k-exp(VA/VT)

where, aF-10 can be expressed as follows;

aF-I10 = IC1 + IC2  ~vcvvevens (24)

-Hence, the difference between the collector currents,

(IC1 - IC2), can be expressed as follows:

IC1 - IC2.



each having an enitter size of K and those of said transistors each- having
an emtter size of 1 are connected in conmmon, respectively, to formsaid
third differential output end pair; between said first,.second, third,
fourth, fifth and sixth differential pairs, one end of said first
differential output end pair whose transistors each has an emtter size of
K, one end of said second differential output end pair whose transistors
each has an enitter sizet/#- éx;aﬂdvp;‘eavppd- of 1 Ale) degp (-eMWZV'E} enti al

out put end pai r= WRgSH § has an emitter size of 1 are
connected in comon, and,ihe, IS ! d out put
end pair whose transi stors eacIt h ‘éﬁ;zr:ygm ttagrj/]{sjl zéei%f{ if/m end of said
second differential output end pair whose transistors each has an emtter
size of K and one end of said third differential output €nd paiy (Wse
transi stors each has an emtter size of K are connected in conmmon.

‘Here, supposing that VK is expressed as;

VE = VI-1n(K) cevceececceees (26),
K can be obtained as follows;

K = expe (VK/VT) ccecrevecens. (é?)

Thus, Eq. (25) showing the difference between the

collector currents ICl and IC2 can be expressed by the

following equation (28);

IC1 - IC2 |
exp {(VA+VK)/2VT} - exp- {(-VA+VK)/2VT}
= qF-I0
exp- {(VA+VK)/2VT} + exp- {(~VA+VK)/2VT}
= gF-10-tanh{(VA+VK)/2VT} seeserene (28)



Accordlng to still another another aspect of the present inventi-on-there is
provided a nultiplier conprising: a first squaring circuit haV|ng a first
differential input end pair and a first output end; a secohd squaring
circuit having a second differential input end pair and a second out put
end; a third squaring circuit having a third differential input.end pair
and a third output end; a fourth squaring circuit having a fourth -
differential inplext ertheaifferencé cbetweentthe collectan cirsentiss&¢€and
and third output ends being connected in common to said first output end

so as to be " 1OIPRF 4% \Vétd‘lfféf’eﬁtiﬂ t AP tHP pa APIQIF kA Q&lrth

out put end e| ng connect In common to sald first output end so as to be

in the sane phase th sajd first output end aid fi,rst differential input
end pair beﬂaﬂg%&ﬁ\ﬁ kP tHhe 53 r‘%?l’(:ea%fﬁ};?‘?q rasl?mf%pu{hégﬁﬁr vol tage

and a second i nput S|gnal vol tage; said second differential input -end pair
being supplied with said first ' .

IC4 - IC3:

aF-10-tanh{(-VA+VK)/2VT}
~@F-10-tanh ((VA-VE)/2VT} «+++-- (29)

Here, if the sum of Eq. (28) and Eq. (29) is IA, it

can be expressed as follows;

IA = 1K - 1U = (IC1-IC2) + (IC4-1C3)

@ F-10-[tanh ((VA+VE)/2VT} - tanh{(VA-VK)/2VT}]

N 1),

Then, tanh x can be expanded as shown iﬁ Eq. (14) when
| x| << 1, so that when | VA+VK | << 2VT and | VA-VK | << 2VT,
Eq. (30) becomes as shown by the following equation(31),
resulting in being obtainable a differential electric
current proéortional to the square of the input voltage VA.
Accordingly, it can be found that a squaring circuit can be
obtained by combiningly using two sets of unbalanced

differential transistor pairs having an emitter size ratio

—_— 97 —



i‘nput “signal voltage; said third differential input end_pajir being-supplied
with sdid se€cond input signal voltage; said fourth differertial i nput end.
pair being supplied with one of said first and second input. signal
vol t ages;- wherein; each of said first, second, third, and fourth squaring
circuits includes a differential pair of transistors whose emtter sizes

are different fromeach other. BRI EF
DESCRI PTI @¥ @ ITHE DRAW NGS Fig. 1is acircuit diagramof a
conventional multiplier. _ Fig. 2 is acircuit diagramof a
conventional SGAANG pfEFLEaystNLIE4MFES) e .

a F-10-[{(VA+VK) /2VT-(1/3) {(VA+VEK)/2VT}?} ---

- {(VA-VE)/2VT-(1/3) ((VA+VK)/2VT)®}] ---

czF'IO°{(VK/VT)-(VK/SVT’) VA’—(1/3)(VK/2VT)3 e}

Fig. 5 is' an output characteristic diagram of the

squaring ciréuit shown in'Fig. 4, in which SPICE simulation

. values are graphically shown with the K as a parameter.

From Fig. '5. it can be found that good squaring
characteristic -is provided;

Similar to the above explanations, for the tranmsistor
pairs (Q5 and Q6) and (Q7 and Q8), the following equatioms
(32), (33) and (34) can be established, and the differential
electric current A IB between both the differential
transistor pairs can be found to be proportional to the

square of the input voltage VB as;

IC5 - IC6

~a F-10-tanh {(VB-VK)/2VT} ¢ecc--: (32)

IC8 - ICT = aF-10-tanh((VB+VK)/2VT} ~eecerene- (33)
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tran5|stor Fig. 3 is a block diagramof a nultiplier according to
first to sixth embodi ments of this invention. Fig.m4"i.s a circuit
diagramof a nultiplier according to a first enbodi nent of this invention.
Fig. 5 is an output characteristic diagramof a squaring circuit to be used
for the nmultiplier shown in Fig. 4. Fig. 6 is an out put
characteristic diagramof the nmultiplier shown in Fig. 4.

Fig. 7 is a diagram of an output transforner conductance
characteristic of the multiplier shown in Fig. 4. Fig. 8 is an

out put characterlfhlc q&@gr?gk)ou %ﬂ%s T%Hslpller sh@mn in Fig. 4.
= - ch-IO-{(VK/VT)—(VK/8VT‘)-VB’-(1/3_)(VK/ZVT)3 <o}
| cessceses (34)

As a result; if the sum of the differential electric

currents, AIA + AIB, 1is expressed Al, the following

equation can be established as;

Al =- AIA+ AIB
= { -(aF-10-VK)/8VT)}-(VA2-VB2) «cccce-- (35)

And, if the input voltages VA and VB are expressed as;

VA

]
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ceeee (36)
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Eq. (35) can be éxpressed by the following equation (38),
which means that a differential current I proportional to
the product of the voltages V1 and V2 can be obtained, thus

being obtainable a multiplier.



'Fig. 9 is a circuit diagram of a squaring circuit to be used for a

mul tipl+ier according to a second enbodi nent of . thi.s invention. Fig.
10 is an output characteristic diagramof the squaring crrcuit shown in
Fig. 9. Fig. 11 is an output characteristic diagramof the

mul tiplier according to the second enbodi nent of this invention.: Fi g.
12 is a circuit diagramof a squaring circuit to be used for a multiplier
according to a third enbodi nent of this-invention. Fig. 13 is an

out put characteristic diagramof the squaring circuit shown in Fig. 12.
Fig. 14 is an quiput charagcteri-stia,di mof .the, n I plier according
to the third n%bd' ﬁ?ﬁ'g?kikkﬁg v?gygntion. ng?g. 15 is a circuit

di agram of a squaring circuit

Fig. 6 is a characteristic diagram of a differential
wutput current 1 using a hyperbolic tangent function. From
&hié, it can be found that good multiplier characteristic is
EObtainable in the range of an input voltage smaller than VK.

Fig. 1 is a gain characteristic diagram of the
@ultiplier which is obtained by differentiating the
%ifferential output current AI using a Hyperbolic tangent
%unction with respect to the first input voltage V1. From
gthis, it can be found that good multiplier characteristic is
goﬁtainable in the range of an input voltage"smaller than VK.
| Fig. 8 shows the result.obtained from a multiplier
2whose individual components were produced as K = 7. The
gtransistof used was of 2SC2785 produced by NEC. From this,
git can be found that though an offset is appeared in the
zoutput because these components are realized on an
individual basis, good multiplier characteristic is
=0btainable;.ln addition, this diagram was prepared in such a

manner that V2 was éhanged as a parameter from zero (0) to

100 mV in a step manner at an interval of 20 mV, and



¥

20 to be used for a nultiplier according ta a fourth

enbodi nent f this invention. Fig. 16 is an output characteristic

di agram of the squaring circuit shown in Fig. 15. Fi'g. 17 is an

out put characteristic diagramof the nultiplier according to the
fourth enbodinent of this invention. - Fig. 18 is a circuit diagram

of a squaring ciycpiy to be used fo multiplier according to a fifth
enbodiwemFQﬁ%eﬁqﬁ 3 rﬁ?fﬁﬁge as ?ilﬁwig is an output characteristic
di agram of the squaring circuit shown in Fig. 18.

VM1

VCC - RL-Ip

VM2

VCC - RL-Iq

i[Second Embodiment]
| Fig. 9 shows a squaring circuit to be wused for
a multiplier according to a second embodiment of this
invention. This multiplier comprises two squaring“bircuits
as shown in Fig. 4. The squaring circuit to be used for this
embodiment is substantially equal in structure to that in
the first embodiment shown in Fig. 4. What 1is different
from the first embodiment is that respective transistors (Ql
and Q2) and (Q3 and Q4) forming two sets of differential
transistor pairs have emitter resistors. The transistors Q2
and Q3 with an emitter size of 1 have emitter resistors
With a resistant value of R, and the transistors Ql and Q4
With an emitter size of K have emitter resistors with a
~ Tesistant value of (R/K) which is inversely proportional to
be the emittef size ratio.

The operational characteristic of this squaring circuit



'Fig.iZO I's an output characteristic diagramof the nultiplie
to the' fifth enbodinent of this invention. Fig.

r according
21 is a -

circuit diagramof a multiplier according to a sixth enbodinent of this

i nventi on. Fig. 22 is a block diagramof a multiplier a
seventh and ei ghth enbodi nents of this invention. Fig.
out put characteristic diagram of a nmultiplier according

seventh enheditmbel andflytifvaslly WeSYIv¥H because of includin
Fig. 24 is acircuit diagramof a nultiplier according to a

ccording to
23 is an
to a

emitter -2

embodi ment of 4BYY ! MY A ferential transistor pairs. - As a result,

SPICE simulation values were obtained using the product

(R-10) of the resistant wvalue R of the emitter resistance

and the current value I0 of the driving current source as a

parameter, which is shown in Fig. 10. From Fig. 10, it can

be found that the range of input voltage can be expanded and

yet good squaring characteristic can be obtained by

appropriately selecting the value of the-product(R-IO).

Next, with K = 3, and R-10 = 8.6VT, exberiments were

carried out using individual components, the reéult

is shown in Fig. 11. The transistors used was of

of which
2SC21785.

From Fig. 11, it can be found that though an offset is

appeared in the output because these components are

realized

on an individual basis, good multiplier characteristic is

obtainable. In addition, this diagram was prepared in such

a manner that V2 was changed as a parameter from zero (0) to

400 mV in a step manner at an interval of 100 mV.

wWith the result shown in Fig. 8, it can be found

Compared

that the

_input voltage range in Fig. 11 is expanded approximately

three times. As a result, a multiplier using the

Circuit having emitter resistors as shown in Fig.

squaring

9 makes

a



ﬁig.r25 I's an out put characteristic diagramof the nultiplier show in

Fig. 24  Fig. 26 is a circuit diagram,of a squaring circuit to be
used for a nultiplier according to a ninth enbodinent of this invention.
DESCRI PTI ON OF THE PREFERRED EMBODI MENTS The preferred enmbodi nents of

this invention will be described below while referring to Figs. 3 to 26.
Fig. 3 schematically shows a nmultiplier according to first to sixth

enbodi ment sy of : £ iy e i NVgBbHONCchhRratiteridties apdchysquar adyanitageousiys a
differentigp Imput termnal pair, a differential 1nput voltage of a first

cirou t “beesnunded TRERT Rol kBE EhREef e oL puts of ‘These. v squarng
circuits are subtracted to generate an output voltage VOUT, which can be
expressed as foll ows;

[Third Embodiment]

Fig.12 is a circuit diagram of a squaring circuit to be
used for a multiplier ‘according to a third embodiment of
this invention, which compri;es tw6 squaring circuits
combinedly arranged as shown in Fig. 4.' This squaring
circuit is substantially equal in structure to that in the
first embodiment shown in Fig. 4 eicepting ?héi respective
transistors (Ql and Q2) and (Q3 and Q4) forming two sets of
differential transistor pairs have emitter resistors on
their one transistors. That is, the transistors Q2 and Q3
with an emitter size of 1 each has an emitter resistor with
a resistant value of R and the transistgrs Q1 and Q4 with an
emitter size of K each does not have an-emitter resistor.

The 6perationa1 characteristic of this squaring circﬁit
éannot be analytically resolved because of including emitter
resistors info differential transistor pairs. As a result, _
SPICE simulétion values were obtained using product (R-10)

of the resistant value R of the emitter resistor and the

current value I0 of the driving current source as a



jhatifs,_the out put vol tage VOUT can be expressed by,  the product-(Vl,VZ}
.of the first*input voltage V1 and the second input-voltdge V2, ‘which
freans that such a circuit that conprises two squaring. circuits as shown
i'n Fig. 3 has a multiplier characteristic. [ First Enmbodi nment] '
Fig. 4 shows a mltiplier. according to a first enbodinment of
this invention. This nultiplier basically conprises four sets of
di fferent ipdrame bewsj svkichpasr showasiacFigel ¥3conEremi nfigf. d3f,f dtertanal
transistor pairs (QL and @), (@B and 4), (@ and @), and (Q7 and @)
whose be found that the range of the input voltage can be expanded
‘and yet good squaring characteristic can be obtained by
appropriately selecting the value of the product (R-I0).

Next, with K =3 and (R-10) = 8.6 VT, experiments were
carried out using individual components, the result of which
is shown in Fig. 14. VWhat was used for this purpose was
258C21785 transistor. From Fig. 14, it can be found that
though an offset 1is appeared in the output because these
components are .individually realized, good multiplier
characteristic is obtainable, In addition, this diagram was

. prepared in such a manﬁer that V2 was changed as a parameter
from zero (0) to 400 mV in a step manner at an interval of
100 mV. Compared with the result shown in Fig. 8, it can be
found that the input voltage range in Fig. 14 is expanded
approximately four times. As a result, a multiplier using
the squaring circuit having emitter resistors as shown Fig.

12 makes obtainable good characteristic and yet

advantageously expanded input voltage range.

[(Fourth Embodiment]

Fig. 15 shows a squaring circuit. to be used for a



ehitters are connected in comon. In this case, if the enitter size of
each of ‘one transistors @2, B, QG and Q7 of respective four sets of them
is made one (1), that of the other transistors QL, 4, & and B is made K.
times (K>1). Also, tw sets of differential transistor pairs consisting.
of the transistors QL and @@ and the transistors @B and 4, and the two
sets of differential transistor pairs consisting of the transistors @ and
Q6 and t hguiitapdieror 8cQPTdiage ta or @ Jounting emboddmend, afspddiisvel y.

These  squaring - 23 - circuits are
suppl i ed ‘i’PEEntféﬁe‘St whechl eebhpy ives oS slqlilarﬁ%rgmc'l@*cmﬁn‘éoﬁibﬂﬂw{ty
vO

si gnal tage VA) to be applied to

arranged as shown in Fig. 4, and substantlally equal in
structure to that in the first embodiment shown in Fig. 4
excepting that respective transistors (Ql and Q2) and (Q3
and Q4) forming two sets of differential transistor pairs -
have the same emitter size and yet only the transistors Q2
and Q4 have emitter resistors, respectively. |

The operational characteristic of this squaring circuit
cannot be analytically resolved because including emitter
resistors into differential tramsistor pairs: 'As.a result,
SPICE simulation values were obtained using the product
(R-10) of the resistant value R of the emitterlresistor .and
the current value I0 of the driving current source as a
parameter, which is shown in Fig. 16. From Fig. 16, it can
be found that the input voltage range can be expanded and
vyet good squaring characteristic can be obtained by
approximately selecting the value of the product (R-10).

Néxt, with K = 3 and (R-I0) = 8.6VT, expefiments were
carried out using individual components, the result of which
is shown in Fig. 17. The transistor used in the experiments

was of 25C2785. From Fig. 17, it can be found that though

1



one differential input termnal pair (1 and 2) is opposite in phase to an
i nput- si‘gnal ‘(voltage VB) to be applied to the other. differential input
pair (3 and 4). In the two squaring circuits which consi st
respectively of the two sets of transistor pairs (QL and @) and (@ and
) and two sets of transistor pairs (@ and ) and (Q7 and @B), the
bases of the transistors whose emtter sizes are different from'each

other, thatpbge OhppBerkr aami soffsed®l iandt§e GQutpyat Qbec@usnd Ghesend 6
and Cﬁ are connected in comon, and the bases of the transistors QL and

are connecte I I Ifferen r na
pair (1 an§9 9$°h§ﬂgg hgggaseéﬁdgwqﬁgaﬁr3%3%??&33% #3%84 giﬁﬁﬁi te

to the other input termnpal , 2 _ther In addltlon the bases of the
tranS|storsh@ﬁacﬁﬁﬂliﬁléréscﬁhﬁééﬂ@@lﬁo oﬁ@ addit 108y, nithdis diggnam was
differential input termnal pair (3 and 4), and t he bases of the
transistorgrghapned €8 suchcanmaaned thath&2owasr chapged as a parameter

from zero (0) to 400 =mV in a step manner at an interval of
100 mV. Compared with the result shown in Fig. 8, it can be
"found that the input voltage fange is expanded approximately
three times. As a result, a multiplier using the squaring
circuit having emitter resistors as shown in Fig. 15 makes
obtainable-good multiplier_characteristic and advantageously

expanded input voltage range.

[Fifth Embodiment]

Fig. 18 §hOWS- a squaring circuit to be used for a
multiplier according to a fifth embodiment of this
innention; which comprises two squaring circuits combinedly
arranged as shown in Fig. 4, and substantially equal in
structure to that in the first embodiment shown in Fig.
4 excepting that 1{two sets of differential transistor pairs
respectively have transistors (Qla and Qlb) and (Q4a and

-Q4b) having a Darlington connection. The transistors Qla,

Qlb, Q2, Q3, Q4a and Q4b are equal in eﬁitter size and the

— 36 —



¥

ﬁérninél‘4 thgreof. Al so, the collectors of the transistors
sizes are equal to each other, that is, of the four transistors QL and 4,

whose emtter

@ and Q7 and of the four - 24 -

transistors @2 and @B, and @ and (B are connected in comon to form
differential output signals Ip and 1q, respectively. The transistor
pairs are connected to respective constant electric current sources

| 0.

IC2 of the differential transistor pair QL and @ can be expressed as

, foll ows;

transistors Q2 and Q3 each has an emitter.resistor with a

resistant value of R.

The operational characteristic cannot be analytically

resolved because of including emitter resistances into

" differential transistor  pairs. As  a result, “SPICE"

simulation values were obtained using the product (R-I0) of
the resistant value R of the emitter resistor and. the
current value I0 of the driving current source as a
parameter, which“is shown in Fig. 19. From Fig. 19, it can

be found that the input voltage range can ﬁe-expanded and

yet good squaring characteristic can be obtained by

appropriately selecting the value of the product (R-I0).
Next; with K = 3 and (R-10) = 8.6VT, experiments were
carried out using individual components, the result of which
is shown 'in Fig. 20. The transistor used for the experiments
was of 2SC2785. From Fig. 20, it can be found that though
there appears an offset in the output because these
components were individually reélized, good multiplier
characteristic is obtainable. In addition, this diagrém was
prepared in sucﬁ a manner that V2 was chéﬁged as a parameter
from zero (0) to 400 mV in a step mannér at an interval of

100 mV. Compared with the result shown in Fig. 8, it can be

In.the multiplier thus obtained, the collector currents IClL and

.



Perrr? where, aF.10 can be expressed as foll ows; [err] Hence, the
difference between the collector currents, (IClL - IC2), can be expressed
as fol lows; - ICl - IC2 - 25 - :

found that the input voltage range is expanded ap?roximately

five times. As a result, a multiplier-using the sqﬁaring
circuit having emitter resistors as shown in Fig. 18 makes
obtainable good multiplier characteristic and yet

advantageously expanded input voltage range. .

[(Sixth Embodiment]

Fig. 21 shows a multiplier according to a sixth
embodiment of this invention, which is structured basically
in the same manner as in the fifst eﬁbodiment in.that four
sets of differential transistor pairs (Q21 and Q22), (Q23
and Q24), (Q25 and Q26) and (027 and Q28) having emitters

connected in common are combinedly structured. In this

" embodiment, the differential transistor pairs are

respectively supplied with electric current in parallel, and
if the émitter size of each of one transistors Q22, Q23, Q26
and Q27 is made one (1), that of each of the other
transistors Q21, Q24. Q25 and Q28 is made K (K>1).

In addition, in this embodiment, the differential input
terminal pair (1 and 2), and differential input terminal
pair (3 and 4) are applied with input signals (voltages vzl

and V22), respectively, which are equallin phase.



Eg. (25) showing the difference between the

Here, supposing that VK is expressed as; - VK = VT.1n(K)

can be expressed by the follow ng equation (28);

The four sets of differential transistor pairs as éhown
above are combinedly arranged in sucﬁ a manner that the
pases of the transistors (Q21 and Q27), (QZZ anq 025), (Q23
and Q28) and (Q24 and Q26), which are respectively unequal
iﬁ emitter size to each other, are respectively connected in
COmmdn. and the base of the transistor Q21 and that of the
transistor Q27 are connected to the input terminal 1 of the
differential input terminal pair (1 and 2) and _the base of
the transistor Q24 and that of the transistor Q26 are
connected to the input terminal 2 of the differential input
terminal péir (1 and 2). In addition, the base of the

transistor Q24 and that of the transistor Q25 are connected

to the input terminal 3 of the differential input terminal

pair (3 and 4), and the base of the transistor Q23 and that
of the transistor Q28 are connected to the input terminal 4
of the differential input termiﬁal pair (3 and 4). On the
other hand, the collectors of the four transistors Q21, Q24,
Q26 and Q27 and those of the tramsistors Q22, Q23, Q25 and
Q28 are connected in common to form differential outputs.Ip
and ‘Iq, respectively. In addition, each differential
transistor pair 1is connected to the constant current source

I10.

v (26), - K can be obtained as foll ows; [err] Thus,
collector currents 1Cl and |

c2



i

[err] : “*  Next, the difference between the collector currents |1C3
and I C4 of respective differential transistor pair B and Q4 can be
obtained in the sanme way as 'shown above, that is, [err]

Here, if the reference' volfage is e#pressed'as' VR,
respective base voltages VB21, VB2Z, VB23, VB24, VB25, VB26,
VB2T and VB28 of the transistors of a figsf differential

'5 transistor pair Q21 and Q22, a second differential
.transistor pair Q23 and Q24, a third différential transistgr

| péif Q25 and Q26, and a fourth differential transistor pair

QZ? and Q28 can be expressed as follows;

VBZ1

= VB27 = VR + (1/2)V21  +eeeen. (39)
.f : -
= VB22 = VB25 = VR + (1/2)V22  ---- -+ (40)
VB23 = VB28 = VR - (1/2)V22  «eeee-- (41)
VB24 = VB26 = VR - (1/2)V21 «-e--e (42)

Here, the inter-base voltage of the first differential
transistor pair Q21 and Q22, and the inter-base voltage of
the second differential transistor pair Q23 and Q24 can be
expressed by the following equations (43) and (44), and the

both are 'equal to each other as shown by.the following

equation (45), which is defined as VA for matching the first



Mere, "if the sumof Eg. (28) and Eq. (29) is IA it can be expressed as
o Jerr] -+ (30)
Then, tanh x can be expanded as shown in Eq. (14) when 1 x [err] < < 1,
that when [err] VA+VK [err] << 2VT and [err] VA-VK [err] << 2VT, Eq. (30)

fol |l ows*

becones as
obt ai nabl e
of the input
circuit carf
unbal anced

- 27 -

d

shown by the follow ng equation(31), resulting in bei ng

SO

a dlfferentlal electric current proportional to the square
6H Accordingly, it can be found that a squarlng
QRa talned by conmbiningly wusing tw sets of

‘“fff§f¥“lfﬁaiiafstf7f5 (qurfzzﬁaV|ng,aq&?n?(&fj size ratio .

VB23 - VB24 = (1/2) (V21-V22)  «cecoeee (44)

VBZI - VB22 = VB23 - VB24 = VA = (1/2) (V21-V22)

In addition, the inter-base voltage of the third

ifferential tramsistor pair (Q27'and'Q28), and that of the

fourth differential transistor pair (Q25 and Q26) can be

expressed by the following equations (46) and (47), and the

both are equal to each other as shown by the following

equation (48), which is defined as VB for matching the first

embodiment;

VB26 - VB25 = (-1/2) (V21+V22)  eecee-- (46)
VB28 - VB2T = (-1/2) (V214V22)  eeve-- (47)
VB26 - VBZS =

VB28 - VB2T7 = VB = (-1/2) (V21#V22)

-~



of K1 —- lerr] - (31)
5

Fig. is an output characteristic diagram of the squaring circuit
shown in Fig. 4, in which SPICE sinulation values are graphically shown
with the K as a parameter. From Fig. 5, it can be found that
good squaring characteristic is provided. - Simlar to the above

expl anations, for the transistor pairs (@ and @) and (Q7 and B), the
fol |l owi ng equati ons ‘

Then, substituting VA and VB into. Eq. (35), the
followiné equation (49) can be obtained, which means that a
differential current proportional to the product of the
input voltages V12 and V22, thus being obtainable a

multiplier circuit;

[ = (~aF-10-VE/8VT) X
i C{(1/2)(V21-V22)}?% — ((-1/2)(V21-V22)} 2]

= aF-10-(VK/4VT)-V21-V22  ceve-. . (49)

In addition, the differential current Al can be
expressed as Al = Ip-Iq in Figs. 4 and 21. In this case,
'howevef, due- to the fact that the currents Ip and Iq are
| opposite " in phase to gach other, each of them includes such
! a current component as the product of the voltages V1 (V21)
and V2 (V22). However, the magnitude thereof will become
only half the differential current ATI. .
Even in thié embodiment, such squaring circuits as
shown in thé second through fifth embodiments (see Figs. 9,

12, 15 and 18) can be used instead of each squaring circuit

— e VA At & 4 e



(32), (33) and (34) can be established, and the differential electric
current [err[ IB between both the differential -transistor pédirs
can be found to be proportional to the square of the i-nputvoltage VB as;
[err] - 28 - [err] -

shown in Fig. 21. As a result,” the input voltage range.can
be expanded. ey

| As explained above, according to thg first through
sixth embodiments, four sets of differential transistor
pairs are not so arranged in a stack manner as in the prior
~art, but arranged so-called in a line transversally thereby
allowing them to be operated at the same source voltage, so

that the multipliers shown above can be effectively operated

at lower source voltage than those in the prior art.

[Seventh Embodiment]

Fig. 22 schematically shows a multiplier according to a
seventh embodiment ‘of this invention. In Fig. 22, three
squaring circuits each has a differential input terminal
pair, and a differential input voltage of a first squaring
circuit becomes (V1-VZ), a differential input voltage of a
second squaring circuit becomes V1 and a differential input
voltage of . a third squaring circuit becomes V2. As a
result, an output voltage VOUT of the three squaring

circuits can be expressed as follows:

VOUT = -(V1-V2)2? + V1% + V22



As afesult, if the sumof the differential electric currents, [érT]

A+ [err] IB, is expressed [J[err]l, the follow ng  equation can be _
establ i shed as; [err] And, if the input voltagés VA and VB are
expressed as; [err] Egq. (35) can be expressed by the follow ng
equation (38), which neans that a differential current | proportional
to the product of the voltages V1 and V2 can be obtained, thus

= 2V1-V2 _ cesesse (50)

This means that the output VOUT can_be expressed in
serms of the product (V1-V2) of respective output voltages
¥l and.VZ of the first and second squaring circuits, and it
;un be found that the circuit shown in Fig. 22 has a
wultiplier characteristic as the case of the two squaring
;jrcuits shown in Fig. 3.

Fig. 23 is a circuit diagram of the multiplier of this
gahodiment. This multiplier basically comprises six
ynbalanced differential transistor pairs (éi and Q2), (Q3
snd Q4), (Q5 and Q6), (Q7 and Q8), (Q9 and Q10) and (Ql1 and
012)- whose emitters are connected in common, respectively.
fjere, if the emitter size.of each of one transistors Q2, Q3,

-6, Q7, Q10 and Q11 is made one (1), that of each of the
nther transistors Ql, Q4, Q5, Q8, Q% and QlZ is made K
(K>1). In addition, two sets of the transistor pairs (Ql and
Q2) and (Q3 and Q4), two sets of the tramsistor pairs (Q5
and Q6) and (Q7 and Q8) and two sets of the transistor pairs
(Q9 and Q10) and (QI1 and Q12) respectively —constitute
squaring circuits and supplied with electric current

in parallel to be-driven by a constant current source I0.



beind‘obtainable a nultiplier. o - 29 - [err]

Fig. 6 Ts a tharacteristic diagramof a differential output current |

using a hyperbolic tangent function. From this, it can be found that good -

mul tiplier characteristic is obtainable in the range of an input voltage

smal | er than VK Fig. 7 is 'a gain characteristic di agram  of
I S _obtajned by, differentiatin t he -

Ejih:‘afe?lejlnt : 2: ! iﬂpﬂ{gg TehtSTRITING GLTGIHL &S 1SARTBADRVE antERtSets of
unbalanced differential transistor pairs of each squaring
circuit are structured so that the .coilectors of the
transistors (Ql and Q4), (Q2 and Q3), (Q5 and Q8), (Q6 and

- . Q7). (Q9 and Q12) and (Q10 and Ql1), which are respectively
equal in emitter size to each other, _are  connected in
common, and the bases of the transistors (Q1 and Q3), (Q2
and Q4), (Q5 and Q7), (Q6 and Q8), (Q8 and Q11) and (Ql0 and
Q12), which are respectively unequal in emitter size to each
other, are ‘connected in common.

In addition, referring to the inter-rélation between
the three squaring circuits, the bases of the transistors Q1
and Q3 of the two sets of unbalanced differential transistor
pairs (Ql and Q2) and (Q3 and Q4) as the first squaring
circuit and the those of the transistors Q5 and Q7 of the
two sets of unbalanced differential transistor pairs (Q5 and
Q6) and (Q7 and Q8) as the second squaring circuit are
connected in common to the first input terminal 1, the bases
of the transistors Q2 and Q4 of the first squaring circuit

- and those of the transistors Q9 and Ql1 of the two sets of
the unbalanced differential transistor pairs (Q9 and Q10)

~and (Q11 and Q12) are connected in common to the input



fiunctton with respect to the first input voltage V1. From this,-it can

be found that good multiplier characteristic is obtalnabte
an input voltage snmaller than VK Fig. 8 shows the.

in the.range of
.result -obt ar ned

froma nultiplier whose individual conponents were produced as K= 7. The

transi stor used was of 2SC2785 produced by NEC. . Fromthis,
found that though an offset 1is appeared in the .Qutput
conponent s te#inaled,i Zghd the %&séd“df“ has 0
characteristic is obtainable 1In addrtrgﬁ%lﬁprs J%tOﬁg)(b
such a nmanper that VQ was .chan %edqii %a ﬁgeter r m zer o

in a step ﬁnéPCQP ﬁﬁqﬁﬁénﬁar Seé o1 iae tran
30 -

it can be
because these

6 Nand @8 i 6F

agram was prepared in

é‘ogtdf’s &ﬁp mV

and Q12 of the third squaring circuit are connected in

common to the common input terminal 3.

- In addition, the collectors of the tramsisto
Q9 and Q12) 'and (Q6, Q7, Q10 and Q11), which a
_emitter size .to each other 1in respective second
squaring circuits, are connected in common,
connected to the collectors of the transistors n
emitter size to each other of the first squari
respectively, thereby making the different

currents Ip’ and Iq’.

rs (Q5, Q8,
re equal in

and third
which are
ot equal in
ng circuit,

ial output

Also, the input terminal 1 and the common input

terminal 3 makes a first input terminal pair to
with one input signal voltage V1 and the input

and the . common input terminal 3 makes a s

be applied
terminal 2

econd input

terminal pair to be applied with the other input signal

voltage V2, and as shown in Fig. 23, to the inpu

1 and 2, the polarity of one of two input

t terminals

signals is

applied, and to the common input terminal 3, the polarity of

the other thereof is applied.

With the structure as shown above, the d

— 46 —
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converted intqQ voltage as foll ows; VML = VCC - RL.Ip - . VMR =
VCC - RL.Iq [ Second Enbodi nent ] Fig. 9 shows a squaring circuit- to
be used for a nultiplier according to a second enbodinment of. this
invention. This multiplier conprises two squaring circuits as shown in
Fig. 4. The squaring circuit to be used for this enbodinment is
substantially equal in structure to that in the first enbodinent shown in
Fig. 4. WesrrentsfI4rand IBrof the unbadascedddidfereatdnd: tragsdsitiore
transistors (QL and @) and (@B and 4) formng two sets of differenti al

transistorggff S bgyeaﬁaiggy[ (ggighgrg4)ThQQ5rgﬁaiQ@grgngﬂ(qanqngsqmmth an
emtter size o 1 have emtter resistors _ A ]
can be obtained in the same way as in the first embodiment
(see Egqs. (30) and (34)). Next, those of the unbalanced
differential transistor pairs (Q9 and Ql10) and (Ql1 and Q12)
"'can be obtained similarly by -the fqllowing.equations (51) .
and (52), so that the differential current IC of the both

pairs can be expressed by the following equation (53),

showing that it is proportional to the square of the input

voltage V2.
I1C9 - IC10 = aF-I0-tanh {(V24VE)/2VI}  +«---- (51)
IC12 - ICl1 = - aF-10-tanh {(V2-VK)/2VT} «++---- (52)
AIC = (IC9+IC12) - (IC10+IC11)

(IC9-1C10) + (IC12-ICI11)

aF-10-[tanh {(V2+VK)/2VT} - tanh{(VZ-VK)/2VT}]

@ F-10+ {(VE/VT) - (VE/4VT3)V2? - (2/3) (VE/2VT)? - )

As a result, in Fig. 23, if the difference (Ip'-Iq’) of

— 47 ";.



wWth a resistant value of R and the transistors Cﬂ-and-cn wi.th an emtter
size of 'K have enmitter resistors with a resistant” value of (R'K) which is

i nversely proportional to be the emtter size ratio. - "The oper ati onal
characteristic of this squaring circuit - 31 -
cannot be analytically resolved because of including emtter resistors
into diffefentia tran airs. As ul,t SRl CE.si nul ati on .val ues
wer e obt ai ‘E#f@r?“ ﬁoBH put( RuF'é')e“@\s ﬁﬁe 2ag; éﬁantlsvglxgé' sgd @se

emtter resistance and the currerit value 10 of the driving current source
as a paratel er, thei followingwequatiiog. widl beoobmagnedo it can be found
that the range of input voltage can be expanded and ) :

AT’

Ip’ - Iq”
- AIA+ AIB + AIC

aF-10-X
C(VE/VT)-(2/3) (VK/2VT) ®-(VK/4VT?) {(V12+V22-(V1-V2) 2%} --.]
= - aqF-10 X

C(VE/VT)-(2/3) (VK/2VT) 3-(VK/2VT?)-V1-V2 ---]

Here, as VA = V1-V2, VB = V1 and VC = V2, the following

equation (55) can be obtained;

Al’= gF-10-[(VK/2VT3)-V1-V2 - {(VK/VT)-(2/3) (VK/2VT)2}]

This means that the differential current Al
proportional to the'product (V1-V2) of the input voltages VI

and V2, resulting in obtaining a multiplier circuit.

{Eighth Embodiment] -



yet good squaring characteristic can be obtained by appropriately
sel ectihg the value of the product(R 10). Next, with K =3, and RI0 =
8. 6VT, experinments were carried out u5|ng i ndi vi-dual.: conponents, the
result of which is shown in Fig. 11. The transistors used was of 2SC2785.

FromFig. 11, it can be found that though an offset is appeared in the
out put becausegt.hese ogonpQnent s Jealized 0 an I ndi vi dual , good
mul tiplier char["&gterl % % ];lré‘lﬂ GG Of ot t i diCddr Slhﬁ%
prepared in such a nanner that V2 was changed as a paraneter fronlzero

(0) to eabodimenta ofep thdsnerdnaenddonnt emhdichof compridesComsmaraadng Wit h
the result shown in Fig. 8, it can be found that the input voltage range

in Fig. 1%jrsu$teanded nzreneXisqaading fcfi&%eltt' Wed 40 the Hditl gr’:i r

mul tiplier using the squaring 'circult aV|ng emtter resistors own in

Fig. 9 mak?Sthe seventh embodiment, and for the sake of convenience

of explanations, the transistors are indicated by the
sequential reference numerals.

The multiplier of this embodiment basically comprises
eight unbalanced differential transistor pairs (Ql and Q2),
(Q3 and Q4), (Q5 and Q6), (Q7 and Q8), (Q9 and Q10), (QlI
and Q12), (Q13 and Q14) and (Q15 and Q16) respectively
having the emitters connected in common. .Here. if the
emitter size of each of one tramsistors QZ, Q3, Q6, Q%, Q10,
Ql1, Q14 and Q15 of the eight pairs is made one (1), the
emitter size of each of the other tramsistors Q1l, Q4, Q5,
Q8, Q9, Q12, Q13 and Q16 is made K (K>1). In addition, tdo
sets of the pairs (Ql and Q2) and (Q3 and Q4), two sets of
the pairs (Q5 and Q6) and (Q7 and Q8), two sets of the paire
(Q9 and Q10) and (Ql1 and Q12), and two sets of the pairs
(Q13 and Q14) and (Ql5 and Q16) respectively form squaring .
circuits and supplied with source currents in parallel to be
driven by the constant currenf source [0.

In the four squaring circuit shown above, two sets of



obt ai nable good characteristic and yet advantageously expanded input
vol t age*range. [ Thi rd Enbodi nment ] Fig.12 is.a circuit .diagiam of a
squaring circuit to be used for a nultlpller accordlng to a.third
enbodi ment of this inventicon, which conprises:.two--squaring Tcircuits
conbi nedly arranged as shown in Fig. 4. This squarlng circuit is
substantially equal in structure to that in the first enbodi nent shown in

Fig. 4 exqgiid dhdddt dffﬂ@ﬁéﬁfﬁaltr€f§h§i§t6r(C§aﬁﬂ§ 68)egoH §qlagiflg )

formng two sets of differential transistor pairs have emtter resistors

on their ong d{@nsifd O Serdlfirsd §5° {ﬁ§P5'§ﬁ8r5c8¥138905§ of the
transistors (Ql and Q4), (Q2 and Q3), (Q5 and Q8), (Q6 and
Q7), (Q9 and Q12), (Ql0 and Q11), (Q13 and Q16) and (Ql4 and
Q15), which are respectively equal in emitter size to each
other, are connected in common, and. fhe bases of the
transistors (Ql and Q3), (Q2 and Q4), (Q5 and Q7). (Q6 and
08), (03 and QI1), (Q10 and Q12), (Q13 and QI5) and (Q14 and
QIS), which are not equal in emitter size to each other, are

connected in common.

In addition, referring to the inter-réiation of the
four squaring circuits shown above: the bases of the
transistors Q1 and Q3 of the two sets of unbalanced
differential transistor pairs (Ql and Q2) and (Q3 and Q4) as
the first squaring circuit and those of the transistors Q5
and Q7 of the two sets of unbalanced differential transistor
pairs (Q5 and Q6) and (Q7 and Q8) as the second squaring
circuit are connected in common to the input terminal 1, the
bases of the transistors Q2 and Q4 of the first squaring ~

- circuit and those of the transistors Q9 and Q11 of the two

sets of unbalanced differential transistor _pairs (Q9 and

Q10) and (Q11 and Ql2) are connected in édmmon to the input
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witlh an emitter size of 1 each has an emitter resistor-with ‘a resistant’
value of 'R and the transistors QL and 4 with an enitter size of K each
does not have an emtter resistor. The operational characteristic of
this squaring circuit cannot be anal ytically resol ved because of including

emtter re5|stors isnt o di f.ferentia tran5|stor airs. r SPI CE
si mul at i obeFRLHEd wgr-e ilse S, Qg e dransd QQ}')S Qﬁqsac‘?%e fiﬁ tlha
value R of the emtter resistor and the current value 10 of the driving

current seecondasqaaring circuit and ‘those of the&33ransistors Qlat aamd er,
which is shown in Fig. 13. From Fig. 13, it can be.found that the range

o o e LS, Y U AT ¢ e e N Tommon
the common input terminal 3, and the bases of the
transistors Q13 and Q15.of the third squaring circuit and
those of the transistors Q12 and QIO of the fourth squarlng

IC1rcu1t ere connected in common to each other The bases of
the transistors Q13 and Ql4 are connected in common to each
other..

Further, the collectors of the tfansistors_(Ql and Q4),
(Q13 and Q16), (Q3 and Q2), (Ql4 and Q15), (Qs_and Q8), (QI12
and Q9) , (Q6 and Q7); and (Ql10 and Q1l1), which are
respectively equal in emitter size to each other, are
connected in common, and the collectors of the transistors
(Q1, Q4, Q13 and Q16); (Q6, Q7, Q10 and Q11), (Q3, Q2, Q14
and Q15) _and (Q12, Q8, Q5 and Q9), which are respectively
not equal in emitter size to each other, are connected in
common, thereby forming the differential output currents Ip”
and Iq". |

Also, similar to the case of the seventh embodiment,
the input terminal 1 and the common input terminal 3 makes

a first input terminal pair to be applied with one input
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appropriately selecting the value of the product (R10)}. - Next, with K
= 3 and " (R 1'0) = 8.6 VT, experinents were carried out-using ‘individual
conponents, the result of which is shown in Fig. 14. "What was used for
this purpose was 2SC2785 transistor. From Fig. 14, it can be found
that though an offset is appeared in the output because these conponents

are indi Véﬂg:?%lgévbfﬂhkéeﬂ) %gﬂd themi{?/?gﬁ' t@rminRd" 2ct @nidStthe icommon

obt ai nabl e. dition, this diagram prepared in such a manner that
V2 was chapnged, as_a_par ter, fromzero, ((0) to .,400.nV.in a _step nner
at an inte*&%?to?erﬂgﬁaisg Eﬂ#ﬁﬁrédsﬁﬁpﬂdt&g%PésuﬁﬁrE&&®4 PﬁlﬁigioB, can
be found that the inﬁgt voltage range in Fig. 14 is expanded . T

appr oxi mat 2ppliedrwithesthesodhessinputasighailpl i(yoldagegV20he amdariasg
circuit having emtter resistors as shown Fig. 12 nmakes obtainable

?ggge' chgnewherifgtFeg. 244 tbetth@dviﬁbﬁgeo!ékhiﬁé@%”dqdahﬂpUQ,VQ%bage.
polarity of one of two input'signals is applied, and to the
common input terminal 3, the polarity of the other thereof
is applied.

With the structure as shown abéve, in the fourth
squaring circuit additionally provided, that is, the two
sets of wunbalanced differential transistor pairs (Ql3 and
Q14) and ~ (Q15 and Q16), the collector currents (IC13 and
IC14) andi(ICIS and IC16) and their differential currents
(IC13-IC14) and (IC16-IC15) can be obtained as follows and
the differential current AID between the both can be

expressed as follows;

IC13 - IC14 = aF-10-tanh (VK/2VT) ------ (56)
IC16 - IC15 = aF-I0-tanh (VE/2VT) -v---- (57
AID = 2 aF-10-tanh (VK/2VT)

2 aF-10- {(VE/2VT) - (1/3) (VE/2VT)® «-+-- }
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[ Fourt’h Enmbodi nent ] Fig. 15 shows a squaring circuit.to be used for a
- 34 - ° ’ multiplier according to a fourth -enbodi nent of this
i nvention, which conprises two squaring circuit conmbinedly arranged as
shown in Fig. 4, and substantially equal in structure to that in the first
enbodi mrent shown in Fig. 4 excepting that respective transistors (QL and
@) and (B and ¥) formng two sets of differential transistor pairs
have the sane enmtter size and yet only the transistors @ and 4 have

emtter resistors, respeRi]Ve{{VK/VT) - T0E/IPEVRL2IVIR? charafteristic of
this squaring circuit cannot be analytically resol ved.because including

emtter RN 1)

As a result, in Fig. 24, if the difference (Ip"~Iq") of
the differential output currents Ip” and Iq” is expressed as

Al", it can be expressed by the following equation (59);

AI™ = Ip” - Iq”
- AIA+ AIB+ AIC - AID

a F-10-(VE/2VT2)-V1-V2 --.-- cesenen (59)

As a result, the direct currént term of Eq. (55) that
is, ~aF-10-C(VK/VT)-(2/3)(VK/2VT)%], can be cancelled, thus
being capable of being approximated by, the following

equation'(BO);
Al' = aF-10-(VK/2VT?)-VI-V2 coeces (60)

Therefore, 1in the same way as in the first embodiment,
the differential current AI" proportional to the product
(V1-V2) of the input voltages V1 and V2 can be obtained,

which means that a multiplier circuit can be obtained. In
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_re5|stors into differential transistor pairs. As a result, SPICE
si mul ation val ues were obtained using the product - (R I0) of t he reS|stant

value R of the emtter resistor and the current value 10 of the dr|V|ng .

current source as a paraneter, which is shown.in Fig. 16. FromFig. 16,
It can be found that the input voltage range can be expanded and yet

good squarin characherlstlc can be obt ai.ned by Rpr oxi mat.el y

sel ecting adéltépﬂe of ﬁhﬂuéﬁé@&dﬁr(Rch@faCterlsméﬁt°fw¢gHsKeﬂb9d1&ﬁ@t
(R10) 8.6VT, experiments were carried out using individual conponents,
the r35U|tw9§ vwahabyzed Sﬁﬁ“@eknst&-h&%eerleramangbnt faadtiont, hehe

experinents was of 2SC2785. From Fig it can be found that though -
3 result of which is shown in Fig. 25.

Even in thé seventh and eighth embodiments of this
invention, the squaring circuits described in the second
through fifth embodiments can be used instead of those shown
in Figs. 23 and 24 (see Figs. 9, 12, 15 and 18). As a
result, the input voltage range c¢an be advantageously
expanded.

As explained above, in case of the multipliers shown in
the seventh and:eighth embodiments, six or eight unbalanced
differential téansistor pairs are not arranged in a stuck
manner as in the prior art, but arranged so-called in a lina
transversally, thereby allowing them to be operated at the
same source voltage, so that the multipliers shown above can

be effectively opefated at lower source voltage than those

in the prior art.

{Ninth Embodiment]
Fig. 26 shows a squaring circuit to be wused for a
multiplier according to a ninth embodiment of this

inbention. which comprises four MOS transistors. In Fig. 26,
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t here “appears an offset in the output because these conmponents were
individually Tealized, good nultiplier characteristic is obtainable. In
addition, this diagramwas prepared in such a nanner that V2 was changed
as a paranmeter fromzero (0) to 400 nV in a step manner at an interval of
100 mV. Conpared with the result shown in Fig. 8, it can be found that the

I nput vol e range . s expa d a oxidrat gl threg. tipes,. aresujt, a
mul ti pl i-emgsi r?d’aﬁﬁés?tﬁ}'aﬁ?i ﬂ&e ci‘ﬁg‘iji iﬂﬁ\f?%“ erft t t4 fsrfesi%‘tﬁ%f%&&#)m in
Fig. 15 makes obtainable good nultiplier characteristic and advantageously-

_expanded itmans isdlorage padme.to hdi f tdrivgmodibentd constfity. cairsémtvs a
squaring circuit to be used for a multiplier according- to a fifth

ggbng?inggp%ou%e thigs  igh@NMOT t MU STs VDT IBPS 4P WHFIAD £1d&bid
differential transistor pair to be driven by a constant

current source in conformity with the following equation

(61):
{2-H*72% / (H+1)}-10 cesseccces (1)

Referring to the inter-relation between the both
differential transistor pairs, the drains of the transistors
M1 and M3 and those of the transistors MZ and M4 are
connected in common, and the gates of the transistors M1 and
M4 ahd and those of the transistors M2 and M3 are connecfed
in common respectiveiy.

Here, in the first transistor pair, the transistor Ml
has a ratio of a gate width Wl and gate length L1, or Wi/L1,
of one (1), and the transistor M2 has a ratio of gate width
¥2 and gate length L2, or W2/L2, of H. Namely, H can be exp

ressed as follows;

(M/LD)/(FI/LD) = H (H # 1) +ereeee (62)
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arranged as shown in Fig. 4, and substantially equal in structure to that
in the first ‘enmbodi ment shown in Fig. 4 excepting that two sets of _
differential transistor pairs respectively have transistors (Qla and Qlb)
and (M4a and b) having a Darlington connection. The transistors Qla,
Qlb, @, B, a and Ub are equal in emtter size and the

- 36 - transistors @ and B each has an emtter.resistor with a
resi stant value of R The operational characteristic cannot be
analytically resolved because of including emtter resistances into
differential t@ansthéorothpei rhand, Asina theul secofl CEdifferential

transistor pair, the transistor M3 has a ratio of gate width
and gate length, or W3/L3, and the transistor M4 has a
ratio of gate width and gate length, or W4/L4, which are

equal to each other as shown below;
(V3/L3) = (W4/L4) = 4H- HY/3/(H+1)2  eevev-- (63)

Thus, respective - dréin currents Idl and [d2 of the

transistors M1 and M2 of the first differential transistor

pair can be expressed as follows;

Idl = pn-(COX/2) (W1/L1) (VGS1-VT)?  ecev--: (64)

1d2 = g n-(C0X/2)-H-(W1/L1) (VGSZ-VT)?% cev---- (65)

In addition, the constant current source [0 and the

input voltage VIN can be respectively expressed as follows;

1d1 + Id2 = 10  cecveee. (66)
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H

srnulatron val ues were obtai ned using the product (R 10) of the resistant
value R of the emitter resistor and the current value 10 of the driving
current source as a paraneter, which is showmn in Fig. 19. FromFig. 19, it
can be found that the input voltage range can be expanded and yet good
squaring characteristic can be obtained by appropriately selecting

t he val ue of. e pr ct ( hbxt h K=3 and (R 10) -= 8. 6VT,
experlrrentswvg‘e ‘&%2 m usi ng Tndi Vi d'ua&borrponents the result of
which s shown in Fig. 20. The transistor used for the experinments was of
2S5C2785. FromFig. 20, it can be found that though there appears an
offset in the output because t hese conponents were individually
realized Al i ANdRIs A Sty dife %mm edd £ L1 O,
this di agram was prepare in such a manner t was C an as a

paranet fromzero (0) to 400 mV in a step nanner at an |nterval of 100
nv. 4@ red with the result shown in Fig. 8, it can be

Aldp = Id1 - Id2 e (68).

it can be obtained as follows;

Aldp =

S(1-1/H) {(141/H)10-2 8 1-VIN?} +4 B 1 {(1+1/H) (10/ B 1)-VIN?)} 17

(1+1/H)2 -'

where,

Bl = pn (COX/2) (W1/L1)  ~<---- (70)

Similarly, 1in the second differential transistor pair,

respective drain currents 1d3 and 1d4 of the transistors M3

and M4 can be expressed as follows:



-'57‘-3 found that the input voltage range i s expanded

approxinﬁtely' five tines. As a result, a nultiplier using the squaring
circuit having emtter resistors as shown in Fig. 18 nakes obtai nable

good mul tiplier characteristic and yet advant ageously
expanded i nput vol tage range. [ Si xt h Enbodi nment ] . Fig. 21 shows a

mul tiplier accogdjng a sl enqdi t,..of .thigkgvention, I.gh is
structured basii&bl? ﬁgﬁ'tﬁé>g2ﬁg+53%gég¥gévﬁ§3tﬁeﬁgb?st'éﬁﬁdd?n&ﬁﬂ i n that
four sets of differential transistor pairs (@1 and QR2), (Q23

~

1d4 = {4H- H'/2/(Ht1)2)- BL(VGS4 - V)T +ovveen (12)

In addition, the constant current source and the input

voltage VIN can be respectively expressed as follows;

1d3 + 1dd = (2-H'/2/(HED)}-10  -evees (13)
VOSE - VGSE < VN eeeen. (10
Here, if

1dQ = 1d3 - 1d4  +eeee- (15),

it can be obtained by the following equation (76):

1dQ = (-4H- H73/(H+1)%}- B 1-VIN X

[4 {H*7%-10/(H+1)}- {(H+1)%/4H- H*/2.- 81} - VIN?]'/?
= -(4- 8 1-(1/H*7%)/(H+1) %} - VIN X
({4 H*2-10/(H+1)}- ((H+1)%/4H- H*/%- B 1} - VIN?]*/?
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and Q@4), (@5 and @6) and (@7 and ®8) having enmitters connected in
common are ‘conbinedly structured. In this enbodinent,: the

di fferenti al transi stor pairs are respectively supplied
with electric current in parallel, and if the enitter size of each of one
transistors @2, @3, 26 and Q@7 is made one (1), that of each of
the other transistors Q1, Q4. @5 and @8 is made K (K>1). “ In
addition, in this enbodinment, the differential input termnal pair (1 and
2), and differential input termnal pair (3 and 4) are applied with input

signals (voltages ¥lesPf V2the b3FRBTERYIAY olpER BUPrgftal I' RaBDERE,

- 38- erential “transistor pair shown

calculated by the following equation (77);

Al = 11 - 12 = AIdP - AldQ
(1-1/H)- {2 B 1-VIN® - (1+1/H)-10}

(1+1/H)?

(2H- (H-1)- 8 1/(H+1) 2} -VIN? - {(H-1)/(H+1)}-10

That is, the differential output current proportional
to the square of the input voltage VIN can be obtained, thus
being obtainable a multiplier circuit.

As explained above, according to this embodiment, a
squaring circuit comprises two sets of differential
transistor pairs having gate width and gate length ratios
appropriately selected for making a differential imput, so
that such a squaring circuit can be realized that is
completely independent of variation in threshold voltage due

to manufacturing dispersion of transistors. Consequently,



H

above are conbinedly arranged in such a manner that the bases of the '
transistors (21 and Q7), (@2 and @5), (@3 and @8) and (R4 and Q@6),
whi ch are respectively unequal in emtter size to each other, are
respectively connected in common, and the base of the transistor @1 and
that of the transistor 27 are connected to the input termnal 1 of the
differential input termnal pair (1 and 2) and the base of the transistor
Q4 and thatsqdatbegtc ansuitoadapbedr o benbptegdatedt br anpargeessaial 2
of the differential input termnal pair (1 and 2). In addition, the base
of the tr ¢t St o nget Pat nof [ e to

t he i nput er%?na s%@%}?t % g?f?grgﬁg?g é?g u?gggr%?ﬁa??hgé??a?gggngaﬂ),
and the bﬁge qggéhe,trfnsistor C&S and that of the transistor 28 are
connect ed R® eFECGHINRLY PFOVEM€d. of the differential input terninal pair
(3 and 4). On the other hand, the collectors of the four transistors
@1, @4, @6 and @7 and those of the transistors @2, @3, @5 and



C28 are connected in comon to formdifferential outputs Ip and Iq,

respectivel yr "In addition, each differential transistor pair is
connected to the constant current source 10. R -
39 - Here, if the reference voltage is expressed ast VR,
respective base vol tages VB21, VB22, VB23, VB24, VB25, V828
of the transistors of a first differential transr st or ”ﬂﬂ" ”mmilmgm
@2, a second differential transistor pair and Q®4, ta ahi
differentﬁgﬁs?&ﬁnsistor pair 25 and @26, and a fourth dlfferentlal

transistor pair Q7 and @8 can be expressed as follows;. [err]

1. A multiplier comprising a first squaring circuit and é
second squaring circuit each having a differential input
terminal pair, in which an output of said first squaring
circuit and an outpﬁt of said second squaring circuit _are
connected in common to each other, a first input terminal of
said first squaring circuit is applied with a first input
voltage, a second input termiﬁél'fhefeof is applied with a
second input voltage opposite.in phase to ;ei¢ first input
gvoltage, a first input terminal of said seeqnd squaring
aécircuit is applied with sa;d second input voltage, and 2
:%second input terminal thereof is applied with said {first
.%input voltage, wherein |
each of said first and second squariné4cifeuits comprises
two sets of unbalanced differential transistor fairs each
being arranged so that the inputs thereof are opposite in
phase and the outputs thereof are connected in common, and

the transistors thereof have different emitter sizes from -

each other.

2. A nultiplier as clzimed in claim 1, .wherein'said each

61 — is Sheet Has Been Replaced
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ﬁere the inter-base voltage of the first differential

and Q2|

- 40 -

transi stor pair

@1

and the inter-base voltage of the second differential transistor..

pair 23 and @4 can be expressed by the follomnng e
(44), and the both are equal to each other amﬂllmﬂ l)vm ng
equation (45), which is defined as VA for matching Ihe firsstr ®

~differential transistor pair has two transistor emitters

respectively connected to resistors, and -a. ratio of a-

resistant value of a resistor connected to a transistor
having a large eﬁitter size and that of a resistor connected
to a transistor having a small emitter size 1is inversely
propéftional to én emifter size ratio of éaid each

differential transistor pair.

3. A multiplier as claimed in claim 1, wherein only one
transistor of said each differential transistor pair has an

emitter connected to a resistor.

4, A multiplier comprising a first squaring ci;quit and a
second squaring circuit each having a differential
transistor pair, in which an output of said first squaring
circuit and an output of said second squaring circuit are
connected in common to each other, a first input terminal of
said first squaring circuit is applied with a first input

voltage, a second input terminal thereof 1is applied with

~ second input voltage opposite in phase to said first input

voltage, a first input terminal of said second squaring

circuit is applied with said second input voltage, and a
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enbodlnent ' [err] Jdnaddition;-the. .. __

i nter-base voltage of the th|rd differential transistor 7 and -
@8), and that of the fourth differential transistor gm' %ﬁ E,"ﬁﬂ)
can be expressed by the follow ng equations (46) .and ( ) h
are equal to each other as shown by the following equation (48), mhlch IS
defined as VB for matching the first enbodi nent;

pecond input terminal thereof is applied with said first
{uput vdltage, wherein

each of said first and second squaring ci;cuits comprises
two sets of unbalanced differential transistor pairs whose
transistors have the same emittef size and only one

tvansistor of each pair has a resistor.

n A mnmultiplier as claimed in claim ¢, wherein said
wabalanced differential transistor pairs each includes two
tvansistors having a Darlington connection.

& A multiplier comprising two squaring circuits having two
waput signals applied to respective differential inpui
serminal pairs thereof so as to be opposite in phase to each
~trer, in which said two squaring circuits comprises two
s2ts of ‘differential transistor pairs whose emitters to be
soanected in common have an emitter ratio of K:1 (K>1),
wherein said two sets of differential transistor pairs
a2 mutually_arranged so that the bases of the transistors
viich afe unequal in emitter size to each other are

~ianected in common to form a differential input terminal

xir and yet the collectors of the four transistors having
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=41 -

Then, substituting VA and-"VB——rﬁto—Eq—-—685

t he follomﬁng equation (49) can be obtained, which

differential current proportional to the product of Wﬂilmlﬂimm""”m

the same emitter size forming said four sets of differential
transistor pairs are connected in common for making

respective differential outputs.

7. A mnultiplier comprising a first squaring circuit
including a first differential tfansistor pair and a second
differential transistor pair whose outputs are connected in
common and a second squaring circuit including a third
differential transistor pair and a fourth differential
transistor pair whose outputs are connected iﬁ common,
outputs of said first and second squaring circuits being
connected in common, wherein

a first input voltage is applied between one input
terminal of said first differential transistor pair and one
input terminal of said second differential transistor pair,
a second ‘input voltage is applied between the other input
terminal of said first differential transistor pair and the
other iﬁput terminal of said second differential transistor
pair, said second input voltage being applied between one
input terﬁinal of said third differential transistor péir
and one input terminal of .said fourth differential

transistor Pair, and said first input vdltage being applied
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fhput"voltages V12 and V22, thus being obtainable - a nultlpller

circuit; [err] In additio ntlal curre
Al can be expressed as f[err]l =1Ip-Iq | n F| gs ﬁﬂﬁj” " umn s
case, however, due to the fact that the current

opposite in phase to each other, each of then1|ncludes such a current
conponent as the product of the voltages V1 (V21) and V2 (V22). Fbmever

Lorr i Bé¥kadlt! She “4ihel “GRERH flrdinil o hs?%ﬂ%f PR fhesTenttat coun

in the second through fifth enmbodi nents (see FI? 9 .
transistor pair and the other input ermlnal.qf said fourth

differential transistor pair, and two transistors
constituting said each differential transistor pair having

different emitter sizes from each other.

8. A multiplier as claimed in claim 7, wherein said each
differential transistor pair has two transistor emitters
respectively connected to resistor, and a ratio of the
resistant value of the resistor connected to the emitter of
said transistor with a large emitter size ahd that of the
resistor connected to the emitter of said transistor with a
small emitter size is inversely-proportional to an emitter

size ratio of said each differential transistor pair.

9. A nultiplier as claimed in claim 7, wherein only one
transistor of said each differential transistor pair has an

emitter connected to a resistor.

10. A multiplier comprising a first squaring <circuit
including a first differential transistor pair and a second

differential transistor pair whose outputs are connected in
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12, 15'apd 18) can be used instead of each squaring circuit

- 42 - showmn in Fig. 21. As aresult, the inp “ l
can be expanded. As expl ai ned above, according to r ljm" lEﬂl”ﬂHﬂ"l -
si xth enbodi nents, four sets of differential transistor paifs lare nét so

arranged in a stack manner as in the prior art, but arranged so-called in
aline transversally thereby allowng themto be operated at the sane

ShonSeos” TOMaTO AR 4 ISodud! ST HnSPPY cLRELAL 8!tk
| differential transistor pair and a fourth differential
transistor pair whose outputs are connected in common,
outputs' of said first and second squaring circuits being
connected in common, wherein
a first input voltage is applied between one input

terminal of said first differential transistor pair and one
input terminal of said second differential transistor pair,
a second input voltage 1is applied between the other input
terminal of said first differential transistor pair and the
other input_terminal of said second differential transistor
pair, said éecond input voltage being applied between one
input terminal of said third differential transistor pair
and one input terminal of said fourth differential
transistor pair, and said first input voltage being applied
between the other input terminal of said third differentiall
transistor paif and the other input terminal of said fourth
differential transistor pair, and two traﬁsistors of each
differential tramsistor pair respectively having the same

emitter size and emitters only one of which has a resistor.

11. A multiplier as .claimed in claim.‘IO. wherein said
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[Seveﬁth Enbodi nment | Fig. 22 schematically shows a nultlpller'
according to'a seventh enbodinent of this |nvent|on

three squaring circuits each has a differential p““'“lrml “mﬂm III‘
and a differential input voltage of a first squaring cirtclit tbetonk

(V1-V2), a differential input voltage of a second squaring circuit: becones
V1 and a differential input voltage of -a third squaring circuit

becones. VAdiffedential estirdansistort ppdire! tregspetdively t imclude satwsi ng
circuits can be expressed as foll ows; [err]

transistors having a Darlington connection.. -

12. A nmultiplier comprising a first input terminal pair and
second.input terminal pair whose input signals are opposite
in phase, and four sets of differential transisftor pairs
whose emitters to be connected in common are with ag_emitter
siée ratio of K:1 (K>1), wherein

said. four sets of differential transistor pairs are
arrénged such that the base of a transiﬁtor with an emitter
size of K of a'first differential t:ansistor:pair and that
of a transisto; with an emitter size of 1 of a third
differential transistor pair are connected in common to one
input terminal of said {first differential input terminal
pair, the base of the transistor with an emitter size of 1
of the first differential transistor pair and that of the
transistor with an emitter sizg of K of a fourth
differential transistor pair are connected in common to one
inpuf terminal of said sécond differential input te;minal
pair, the base of a transistor with an emitter size of K of

a second differential transistor pair and that of the

transistor with an emitter size of .1 of the fourth

— 67 — his Sheet Has Been Replaced
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Thi s ﬁeans that the output VOUT can be expressed in arns of the product
(V1.V2) ~ of ‘respective output voltages V1l and.V2 of the first and second

squari ng CIrCUItS and it can’ "be found that uml EE"”

Fig. 22 has a rrultl plier characteristic as the. casﬂmm m“m ring
.circuits showmn in Fig. 3.  Fig. 23 is acircuif dfag%ad\oﬁ t he
multiplier of this enbodi nent. This nultiplier basically conprises

fng a‘r‘lgb%g?%?%;eﬁ'tgﬁ&?%k‘%dsttoga%?d)ﬁlOra Achh ne@?edv\?% FPhmonto dg O
are connectgggln common, respectiyvel em.tter size of each

A th
of one traf$heroispug tegmi 75%90%5'&%(3}%“% Eﬁé’@’-&ﬁ ( PR1TnhAndof

each of the other tran5|stors Q, 4, &b, B, P and QL2 is made K (K>1).
I n additi obhet basecof dhet heansdisdiost owithi an e@itded size of 1 of the

second differential transistor pair' and that of the
transistor with an emitter size of K of the third
differential transistor pair are connected in common to the
other terminal of said second differential input terminal
pair, and the collectors of the four trﬁnsistors having the
same emitter size of said four sets of differential
transistor paifs are. connected in common for forming

respective differential outputs.

13. A multiplier comprising a first squaring circuit, a
second squaring circuit énd a third squaring circuit each
having a differential input terminal pair, in which said
first squaring circuit has an output connected so as to be
opposite in phase to said second and third squaring
circuits, wherein |
a first input voltage 1is applied to one input termimal .

.of said first squaring circuit, a second input voltage is

applied to the other input terminal_ of said first squaring

circuit, the first inbut voltage being applied across the

is Sheet Has Been Replaced
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tﬁ) and (B and 4), two sets of the transistor pairs (.. and.Q5) and (Q7
and B)' and two sets of the transistor pairs (Q and QL0) and (QI and-

Ql2) respectively constitute squaring circuits

electric current in parallel to be driven by a conmﬂwmumlﬂémusl rce
10. , - 44 - n the threé s§uaring
circuits shown above, two sets of unbalanced differential transistor pairs

of “each squari ng CIrCUIt are, structurge so t hat t he colleciors of
transi st ordthudy derrdpal (@2 dnd Q£)§a’( )SY A3 i ﬂlt(cfgb%nd
QL2) and (QLO and Q11), which are respectlvely equal |n emtter size to
each ot hersecoml igputeataltage beibmgmappl odl adrosmstdhe ainpude termiialk or s
(QL and @B), (@
pair of said third squaring c1rcu1t and the two transistors
constituting said each differential pair have different

emitter sizes from each other.

14. A multiplier as claimed in cldim 13, wherein said each
differential .transistor pair has two transistor emitters
respectively conuected to resistors, and a ratio of a
resistant value of the resistor connected to.the emitter of
said t;ansistor with a large emitter size and that of the
resistor connected to the emitter of said transistor with a
small emitfer size is inversely proportional to an emitter

size ratio of said each differential transistor pair.

15. A muitiplier as claimed in claim 13, wherein only one
transistor of said each differential transistor pair has an

emitter connected to a resistor.

16. A multiplier comprising a first squaring circuit, a

second squaring circuit and a third squaring circuit each

having a differential input terminal pair, whereln an output

heet Has Been Replaced
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and Q%), (G and Q7), (B and GB), (B and QL1) and'(CﬂO“and aL2), mhich

are respectively unequal in emtter size to each QIh

conmon. In addition, referring to the inter- lﬂlm mﬁﬁﬁmﬂ t he
three squaring circuits, the bases of the transistors e two
sets of unbal anced differential transistor pairs (QL and ) and (@B and

) as the first squaring circuit and the those of .the tranS|stors

00 T o 1Be ShiB Spidat sHRERLBRCHIgRaiic AL PphtpBOt B 8895, ()

connDn to the first input termnal 1, the bases of the transistors 52 and
Q4 of the fPPROSEbRaringPbapeui FesargtiNeds ofot hsaidaRerondrsand 4hdr
of the two sets of the wunbalanced differential transistor pairs (CE and

Cﬂg% and ¢&ddrang &iteénits’ewheeeidacted in comon to the input

a first input voltage is applied to one input terminal
of said first squaring circuit, a second input voltage is
applied to the other input terminal of said first squaring
circuit, the first input voltage being applied acrdss the
input terminal pair of said second squaring circuit, and the
second input voltage being applied across the input terminal
pair of said third squaring circuit,uand two tfansistoré
constituting 'the differential transistor pair of said each
squaring circuit have the same emitter size and only one of

which has an emitter connected to a resistor.

17. A multiplier as <claimed in claim 16, wherein said
differential transistor pairs respectively include two

transistors having a Darlington connection.

18. A multiplier comprising a first input terminal pair and .
a second input terminal pair whose input signals are equal
in phase and whose one input terminals are made as a common

input terminal, and three squaring circuits including first,

I
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Eernihél 2, and the bases of the transistors @ and (8 “the second

squaring circuit and those of the transistors QLO a
squaring circuit are connected in common to the- comﬂlﬁi@jl D’m[
In addition, the collectors of the transistors (@b and
(B, Q7, QL0 and Q1), which are equal in emtter size to each other in

respective second and third squaring circuits, are connected in conmon,

o oh 2"  soROMACCREN LA S il VR S S A,

thereby naking the dlfferentlal output currents Ip' and |Iq'.

Al so, thefimptt andr secondl impatt Herminadn padgs, in ~'which said' three
squaring circuits each includes two sets of unbalanced
differential transistor pairs whose emitters to be connected
in common are with an emitter size ratio of K:1 (E>1), and
the collectors of the transistors whiéh are equal in emifter
size and the collectors of ‘the transistors which are unequal
ih emitter size are respectively connected in common,
wherein

one bases of the first and second squaring circuits are
connected in common to the other input terminal of said
first input terminal pair, the other bases of the first and
third squaring circuits are connected in common to the other
input terminal of said second input terminal pair, the other
bases of the second squaring circuit and one bases of the
third squaring circuit are respectively connécted in common
to said common input terminal, and the collectors of the
transistdrs which are equal in emitter size of the second
and third squaring circuits are connected in commdn thereby
to be connected respectively to the collectors of the
transistors which are unequal in emitter_size of the first

squaring circuit. .
Sheet Has Been Replaced
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term ha

3 makes a first input ternminal pair to be applied with one

signal voltage V1 and the input termnal 2 and the ¢
nmakes a second input termnal pair to be applied wi tﬁlﬂ“ﬂ"lﬂ[ﬂﬂﬂﬂmm

si gnal

2, the paolarity of one of two input signals is

I nput termnal 3, the polarity of the other thereof is applied.
the structure as shown above, the differenti al '

46 -

currents 1A and 1B of the unbal anced di fferential transi

pairs (Qjgand Qﬁulﬁﬂ§ﬂ£§t1(Ebmpti§hngﬂidlﬂffwsﬁ(Sﬁhiwmhéﬁ)01tﬁmlb¢ a

obtained in the same way as in the first enbodi nent

second squaring circuit, a third squaring circuit and a
fourth squaring circuit each having a differential_input
terminal pair, in which an output of said {first squariﬂg
circuit is connected so as to be opposite in phase to said
second, third and fourth squaring circuits, wherein

a first input voltage 1is applied t§ one.input terminal
of said first squaring circuit, a second input voltage is
applied'fo the other input terminal of said first squaring
circuit, the first input voltage being appiied across aﬁ
input terminal pair of said second squaring circuit, tée
second input voltage being applied across an input terminal
pair of said fhird squaring circuit, the first input voltage
or the second input‘voltage being applied across an input
terminal - pair of said fourth squaring circuit, and two
transistors constituting each of the differential transistor
pairs of séid each squaring circuit have different emitter

sizes from each other.

20. A multiplier as claimed in claim 19, wherein said each

differential transistor pair has two transistor emifters

72 — - This Sheet Has Been Replaced
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(seé}Eqs. (30) and (34)). Next, those of the unbalanced differential
transistor pairs (@ and QLO) and (QlL1 and Ql12) canmnulﬂmmnﬂmﬂun\ larly
by the follow ng equations (51) and (52), so that

current |C of the both pairs can be expressed by the f omnn eduat i on
(53), shomnng that it is proportional to the square of the I nput _ vol t age
V2. respectxvely[fﬁédnected to resistors, and a ratio of a

resistant value of the resistor connected Ep the emitter of
said transistor with a large emitter size éﬁd\ that of the
resistor connected to the emitter of said transistor with a
small emitter size is inversely proportional to aﬁ emitter

size ratio of said each differential transistor pair.

21. A multiplier as claimed in claim 19, wherein only one
transistor of said each differential transistor pair has an

emitter connected to a resistor.

22. A nmnultiplier comprising a {first squaring éircuit, a
second squaring circuit, a third squaring circuit and a
fourth squaring circuit each having a differential input
terminal pair, in which an output of said first squaring
circuit 1is connected so as to be opposite in phase
respectively to said second, third and fourth squaring
circuits, wherein
a first input voltage is applied to one input términal
- of said first squaring circuit, a second input voltage is
applied to the other input terminal of said.first squaring

circuit, the first input voltage being applied across an

eet Has Been Replaced
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As a ?esult, in-Fig. 23, If the difference ( |
as [err]1®, the followng equation will CEQ 38% Z. 'nEd wmm Ui llﬂﬂlﬂlﬂlllfsed

input terminal pair of said second squaring circuit,'the
sécond input voltage being applied across an input terminal
pair of said third squaring circuit, the fifst\input voltage
or the second input voltage being applied ;cross an input
terminal pair of said fourth squaring circuit, and two
transistors constituting each of the differential
transistor pairs of said each squaring circuit have
different emitter sizes from each other and only one
transistor of said each_differeﬁtial transistor pair has an

emitter connected to a resistor.

23. A multiplier as claimed in claim 22, whérein said
differential transistor pairs respectively include two

transistors having a Darlington connection.

24. A multiplier comprising a first input termiﬁal pair and
a second input terminal pair whose'input signals are equal
in phase and whose one input terminals are made as a common
input terminal, and four squaring circuits comprising first,
second, third and fourth squaring circuits provided between
said first and second input terminal pairs, wherein

said four squaring circuits each includes two sets of

— T4 — This Sheet Has Been Replaced
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ferr]!

(54) Here, as VA = VI-V2. VB

s “means tnai the aifierential currem fort) INBIPANL RN

the product (V1.V2) of the input voltages V1 and V2, res@lting"in’
obtaining a multiplier circuit. [ Ei ghth Enbodlnent]

- 48 -

unbalanced d1fferent1a1 transistor pairs whose em1tters to
be connected in common are with an emitter size ratio K:1
(KE>1), the collectors of the transistors wﬁicﬁ are equal in
emitter size and the collectors of the transistors which are
unequal in emitter size are respectively connected in
_common, one bases of the first and second squaring circuits
are cgnnect;d in common to the other input terminal of said
first input terminal pair, the other bases of the first and
fourth squaring circuits are connectéd in common to the
other input terminal of said second input terminal pair, the
other bases of the second squaring circuit and one bases'of
the third squaring éircuit are connected in common to said
common ;nput terminal, the other bases of the third squafing
circuit and one bases of the fourth squariqg circuit are
connected in common, between the first and third squaring
circuits -and between. the second and fourth squaring
circuits, the collectors of the transistors which are equal
in emitter size are connected in common, and the collectors

of the transistors which are unequal in emitter size are

connected in common.

25. A squaring circuit comprising a f irst differential

—_ 75 — "+ This Sheet Has Been R,
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Fig. ‘24 is a multiplier according to an eighth enbodinent of this

I nvention, which conprises squaring circuits havingLﬂn cuit
added to the nultiplier of the seventh enbodi nent mﬁm mué"mnm

conveni ence of explanations, the transistors are indfcated by tlie * '
sequential reference nunerals. The multiplier of this enbodi nent

basically conprises eight unbalanced differential transistor pairs (QL

and @), {fBnedgte&}).palicd and Eﬁbecoh@mdiﬂiegﬁht1aQC9t@Bﬁs€%Qbr @Gﬁ% and
QL2), (Qt3-and Q14) and (QL5 and QL6) respectlve y having th

emtters ct [ ter of each of
one transigﬁg Cﬁ?eCB&rEg, CVPYCEEF%néifPt gigﬁggék P§f§§teF8HFcﬁalrs
is made one (1), the emtter size of each of the other transistors Q, 4,
B, 8, whergPn Q13 and Q16 is made K (K>1). In addition, two sets of
the pairs (QL and @) and (B and 4), two sets of

said first differential transistor pair is driven by a

cohstant electric current source I0 and said second
differential transisfor pair is driven by such a constant

electric current source as;
{2-H*72/(H+1)} - 10

said first differential transistor paif- including a
first MOS transistor whose gate width (W) and gate length
(L) ratio (¥/L) is onme (1), and .a second MOS transistor
whose gate width (W) and gate length (L) ratio (W/L) is H
(H#1), ~and said second differential tramsistor pair
including 'a third MOS transistor and a fourth MOS transistor

whose gate width (¥) and gate length (L) ratios (W/L) are as

follows;
{4H-H‘/2/(H+1)2}

and the drains of said first and third transistors, and

— 76 — This Sheet Has Been Replac
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‘%he-pérrs (B and Q@) and (Q7 and B), two sets of the alrs CﬂO)
and (Ql1 and- @Q2), and two sets of the pairs (QL3 a H“I“j! @

QL6) respectively formsquaring circuits and suppl | y rents
in parallel to be driven by the constant current sour ce 1 In the
four squaring circuit shown above, two sets of

49 - the utwimsicedf dséidresecahd taagsi ibnrthpatransfisee@ls SGHRT | ng

circuit are structured so that the <collectors of the transistors

QL and & @€} d and . QO7), .| n 2)ers 0
i~ QL1) @%ﬁ d‘?%ﬁ%) %%%ﬁ%iga gﬁ) Eﬁégnm £hes %@tégﬁgcgfﬂ%l ?1 al in
emtter size to eac other, are connected in comon,. 'and the bases of the

and fourth transistors and the gates of said second and

third transistors are respectively connected in common.

26. A mnmultiplier having at least two squaring circuits as

claimed in claim 25.

— — ¢ This Sheet Has Been Replaced




{FaﬁsfSiors (QL and B), (R and 4), (B and Q7), (Qb-and - B), (P and
Ql), (Q0 and Q12),, (A3 and Q15) and (Q14 and Q16), W(H"s ﬁ‘ﬂ ot egl

in emtter size to each other, are connected in conmon.

referring to the inter-relation of the four squaring C|r H

the bases of the transistors QL and (B of the two sets of

differential transistor pairs (QL and Q) and (@B and 4) as the first

squaring circuit and thoseABRSTRAETt ORN$HEt DISCLOSURRd Q7 of the two sets of

unbal anced differential transistor pairs (& and Q) and (Q7 and ) as

the second squaring circuit are connected in common to- the input term nal

1, the bases of the transistors @@ and 4 of the’™f-irst squaring

circuit and those of the transistors @@ and_Ql1l of the two sets of

unbal anced di fiisehosed isaaswuléippiprsceEPrifdngaofinsd aodisasondi2)

are connected in common to the input - 50 -
squaring circuits each having a differential input terminal
pair whose outputs are connected in common. A first input
terminal of the first squaring circuit 1is 'applied with a
first input voltage and a second input terminal thereof is
applied with a second input voltage opposite in phase to the
first input voltage. A first input terminal of the second
squaring circuit is applied with the second input voitage
and a2 second input terminal thereof is apﬁligd with the
first input voltage. The first and second squaring circuits
each includes two sets of unbalanced differential transistor
pairs which are arranged so that their inputs are opposite
in phase and their outputs are connected in common. Said
each unbalanced differential transistor pair has a different
emitter size from each other. Two transistors having
different emitter sizes constituting each differential
transistor pair may be connected with an emitter resistor
having a resistant value inversely proportional to the

emitter size ratio to the both or one of them. The two

transistors constituting said each differential transistor
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AN Y E -

ternlnal 2, the bases of the transistors @ and B of the second
squarlng ‘circlit and those of the transistors Q4 and QL6 of the third
squaring circuit are connected in conmon to the comon input termna
3, and the bases of the transistors QL3 and QL5 of the third
squaring C|§§ggtm@¢dbetgeﬁglo§ tgﬁlg&ggsbg%grs C%ﬁ qsc%gﬁgf t% fourth

squaring circuit are connected Irn"common to eac € 'bas J ofPn€t he
transi stors re.connected i,n, conmon .t each ot her.

Foether Ot ey 1 Efen e PG cRET an, enitterCRoaiater, connaiednd dlsp, (B
and @), (Qp4 and Q15), (X and @8), (QAA2 and Q) , (G and Q7), and

(C%O and 1migase ohi cheimgeequatpeini venytteanal sineeri oher traasigteach
ot her, are

thereof may have a Darlington connection.

Sheet Has Been Replaced
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cahnect’ed in comon, and the collectors of the transistors (QL, 4, QL3
and QL6)," (@6, Q7, QL0 and QL1), (B, @, QL4 and QL5) and (QL2, B,
Q@ and @), which are respectively n fqual inemtter size to each
ot her, are connected in conmon, thereﬁ%/2 ormng the differential output
currents Ip" and Iq". . Also, simlar to the case of the seventh

enbodi nent, the input termnal 1 and the common input termnal 3 nakes a
first input termnal pair to be applied with one input :

51- signal (voltage i) @pd t{e input termnal 2 and the conmon
input termnal 3 nmakes a second I nput tern%&gl pair to be applied with
the other input signal (voltage V2), .andlfag lor ATt),

'L]caa—4s rlcaa-as
lcascas  YicasVicas
e g fesog

ylca Icez

. Q41 Q47
Va4

g?}lo

Vai

N

FIG&G 2

(Prior Art)
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sh“own_"i“niFig. 24, to the input termnals 1 and 2, the polarity of one of
two input signals is applied, and to the comon input termnal 3, the
polarity of the other thereof is appl?é%l‘.* Wth the structure as shown
above, in the fourth squaring circuit additionally  provided, that is,"
the two sets of unbalanced differential transistor .pairs (QL3 and  Ql4)
and (Ql5 and Q16), the eollector currents (1C13 and [1C14) and (I1Cl5 and

| C16) and their differential currents (1C13-1Cl14) and (1C16-1Cl5) can be
obtained as follows and the differenti rrent AID between the
both can be expressed as foll o%gef] é %

Vi o—— 2

V

—\p O—— | |
3+

FIG. 4
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[err]™ - 52 - [err] As a result,
in Fig. 24, if the difference (Ip"-1qg") of the differential output
currents Ip" and 1 q" is expressed as [err]l", it can be expressed by the
fol l ow ng equation (59);

3/24
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[err] ¥ As a result, the direct current termof Eq. (55) that 1is, -
[err], can bé cancelled, thus being capable of being approxinmted by
the .following -equation (60); [err]. Therefore, in the sanme way
as in the first enbodinent, the differential current [err]I" proportional
to the product (V1.V2) of the input volyages VI and V2 can be obtained,
whi ch neans that a nmultiplier circuit can be obtained. In

- B3 -

Tl (K=e2=7389)
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addi t ¥on, the nultrplrer characteristic of this enbodi nent was anal yzed in
terns of hyperbolrc tangent function, the result of which is shown in Fig.
25— _Even in the seventh and erghth enbodi ments of this invention,
the squaring circuits described in the second through fifth enbodi ments
can be used instead of those shown ¢ijgy Figs. 23 and 24 (see Figs. 9,
12, 15 and -18). As a result, the (nput vol tage range can be
advantageously expanded. As expl ai ned above, -in case of the .

mul tipliers shown in the seventh and eighth embodi nents, six or eight
unbal anced differential transistor pairs are not arranged in a stuck
manner as in the prior art, but arranged so-called ina line

transversally, thereby allomnng t he e operated at the sane source
vol tage, so that the nultiplidrs sh 6£$ e can be effectively operated
at | ower source voltage than those

(K=6%=7.389)




in the prior art. [ Nl nt h Enbodi nment ] Fig. 26 shows a squaring
circuit to' be ‘used for a nmultiplier according to a ninth

enbodi ment  of this invention, which conprises four MOS transistors. dn
Fig. 26, -6 M - MOS transistors M
and M2 form a first differential transistor pair to be . driven
by a constant current source 10, and MOS transistors M and M
forma second differential transistor pair to be driven by a constant
current source in conformty with the follow ng equation (61);

FIG 8
VM4 VM2
(V) (V)
T T T T T T T ]
5.000L . df L L. 15.000
|
.2000 .2000
/div /div
E
: i i |
s T
-3.000 l i | 3.000
2.250 ' 2.750

Yi .0500/div (V)



-

[err] - ) Referring to the inter-relation between the both
differential transistor pairs, the drains of the transistors: ML and MB .and
those of the transistors M2 and-M4 are connected in ¢om®n, and the gates
of the transistors ML and M and andjybqse of the trgpsistors M2 and M .
are connected in comon respectively. Here, in the first transistor
pair, the transistor ML has a ratio of a gate wwdth WL and gate | ength L1,
or W/L1, of one (1), and the transistor M2 has a ratio of gate width W
and gate length L2, or W/L2, of H Nanely, H can be exp ressed as

fol | ows; [err] - '

FIG. 9
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o~

55 - ~ On the other hand, in the second differenti al
transistor pair, the transistor M3 has a ratio of gate width and gate

|l ength, or WB/L3, and the transistor M has a ratio of gate width
and gate length, or W/ L4, which are equal to each other as shown bel ow,
[errq Thus,. respective drain currents 1dl and 1d2 of the transistors

ML and M2 of the first differential8£2&nsistor pair can be expressed as
fol | ows;

FI1G. 10O

Ik.ly

120l

} . : t : —\/x
-30vy -20Vr  -10vy 0 1Ovr  20vy 30V




1erf?~ In addition, the constant current source 10 and the
I nput vol tage VIN can be respectively expressed as foll ows; [err]
- 56 - : [err] ' S

9/24
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Her e, }‘rf [err] Idp is expressed by the follow ng equation (68);
[err] it can be obtained as foll ows; wher e, [err]
Simlarly, in the second differential transistor pair,

10/24

FIG 12




respective drain currents 1d3 and I1d4 of the transistors M3 and M4 can be
expresséd as ‘fol | ows; - 57 - [err] I n
addition, the constant current source and the i nput voltage VIN can be
respectlvely expressed as foll ows;

11/24
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ferr]s Here, if [err] It can be obtained by the follow ng
equation (76); [err] - 58 -

12/24
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As ‘a result, the differential output current | can be calculated by the
followi ng equation (77); [err] That is, the
differential output current proportional to the square of the input
voltage VIN can be obtained, thus being obtainable a nultiplier circuit.
As-.expl ai ned above, according to this enbodinent, a

13/24
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squaring circuit conprises two sets of differential transistor
pairs having'gate width and gate length ratios appropriately selected for
making a differential input, so that such a squaring circuit can be
realized that is conpletely independent of variation in threshold
voltage due to manufacturing dispersion of transistors. Consequently,
-..59- a squaring circuit adapted to be integrated on a | arge-scale
basis as well as to be preferably used for a nultiplier can be effectively
provi ded. g

14/24
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61 * ¢ CLAIMS 1. A nultiplier
conprising: a first squaring circuit having a first differential
input end pair and a first output end; a second squaring circuit
having a second differential input end pair and a second output end, said
second out put end bei ng connected in Qgﬁgﬁn to said first output end so as_
to be opposite said first différ al input end pair being applied
with the difference of a first input signal voltage and a second i nput

si gnal vol tage; sai d second differential input end pair being applied’
with the sumof said first input signal voltage and said second i nput
signal voltage; and an out put signal show ng a result of

mul tiplication of said first input signal and said
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secddnd i nput signal being derived fromsaid first and said second out put
ends comtmon-* connected; wherein said first squaring circuit
includes-a first differential -pair of first and second transistors whose
emtter sizes are different fromeach other, and a second differenti al

pair of third and fourth transistors wpsg emtter sizes are different from
each ot her; said first and second transistors have entters
connected in comon to a first constant current source, and bases between
whi ch said difference of said first input signal voltage and said second

i nput signal voltage is applied,; said third and fourth transistors
have emtters connected in common to a second constant current source, and
bases between which said difference of said first input signal voltage and
sai d second input signal voltage ¥ appld®d; 1 © collectors of said
first and fourth transistors are connected in comon, and collectors of
said second and third transistors are connected in conmon; sai d
second squaring circuit includes a third differential pair of fifth and
sixth transistors whose emtter sizes%@Ie different fromeach other, and a

fourth differential pair of seventh an Aéﬁghth transi stors whose emtter
sizes are different fromeach other;

>Va
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.62, 5 ' said fifth and sixth transistors have enmtters connected in

“common to a third constant current source, and bases between which
said sumof said first input signal vol tage and said second input
signal voltage is applied; Sf?ﬁd seventh and ei ghth transistors
have em tters connected in comon to a fourth constant current source,
and bases between which said sumof said first input signal vol t age
and said second input signal voltage is applied; _ col l ectors of
said fifth and eighth transistors are connected in common, and

col.l ectors of said sixth and seventh transistors are connected in comon;

and sai d commpn-connected coll ectors of sdaird.first and fourth
transi stors and si xth and seventh transistors are connected in conmon
to formsaid first output end, and said comon- connected col | ectors of
said second, third, fifth and eighth transistors are connected in |
common to form said second out put end. 2. A nmultiplier as clained in
claim 1, wherein each of said first, second, third, fourth, fifth,

si xth, seventh and eighth transistors has a resistor at its emtter, and is

FIG. 20
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connécted through said resistor to said correspondi ng constant current
source; 'wher€in aratio in resistance value of said two

resi stors connected to said transistor having the larger emtter size
and to said transistor having the sngglgf emtter size belonging to

each of said first, second, third and fTourth differential pairs is

i nversely proportional to a ratio in emtter size value of said
correspondi ng two transistors. 3. A multiplier as clained in claim-
1, wherein the one of said two transistors bel ongi ng to each of said

first, second, third and fourth differential pairs, which has the
smal ler emtter size, has a resistor at its emtter, and _is connected

through said resistor to sai d correspondi ng constant current source;
and the other of said two transistors belonging to each of said
differential pairs, which has the larger emtter size, has no
resistor at its emtter. 4, A nmultiplier as clained in claim1l
wherein said two transistors form ng each of said first, second,

third and fourth differential pairs have emtter size ratio of K1
(K> 1), respectively.
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63¢5.* A multiplier conprising: a first squaring circuit having a
first dffferéntial input end pair and a first output end; a second
squaring circuit having a second differential input end pair and a second
out put end, said second output end being connected in conmon to said first
output end so as to be opposite in phase; said first differenti al

i nput end pair being applied with the Qb}ﬁ@rence of a first input "signal
"vol tage and a second input signal voltage; sai d second differential
i nput end pair being applied with the sumof said first input signal

vol tage and said second input signal voltage; and an out put - sirgnal
showing a result of nultiplication of said first input signal and said
second i nput signal being derived fromsaid first and second output ends;
wher ei n said first squaring circuit includes a first differential
pair of first and second transistors whose emtter sizes are equal to each
other, and a second differential pair of third and fourth transistors
whose enmitter sizes are equal to each other; said first and second
transi stors have emtters connected in conmon to a first
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cohstdnt current source, and bases between which said difference of said
first ihput “signal voltage and said second input signal voltage is

appl i ed; said third and fourth transistors have emtters connected
in.common to a second constant current source, and bases between which
said difference of said first input Zéléﬁal vol tage and said second i nput
signal voltage is applied, collectors of said first and fourth
transistors are connected in common, and collectors of said second and
third transistors are connected in common; - sai d second squaring
circuit includes a third differential pair of fifth and sixth transistors
whose emitter sizes are equal to each other, and a fourth differential pair
of seventh and eighth transistors whose enmtter sizes are equal to each
ot her; ' © 64 sai d
fifth and sixth transistors have emtters connected in common to a third
constant current source, and bases between which said sumof said first

i nput si gnal
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valtage and said second input signal voltage is applied; sai d seventh
and ei ghth t ansistors have emitters connected in common to a fourth
constant current source, and bases between which said sumof said first
i nput signal voltage and said second i nput signal voltage is applied;
collectors of said fifth and eighth transistors are connected in conmon,
and collectors of said sixth and se¢@Ah transistors are connected in
conmon; sai d common-connected collectors of said first and fourth
transistors and sixth and seventh transistors are connected in comon to
formsaid output end of said first squaring circuit, and said
conmon- connected col l ectors of said second, third, fifth and eighth
transi stors are connected in-common to formsaid output end of said second
squaring circuit; and one ofNlsai d tawo transistors bel onging to each
of said first, second, third and f iffexential pairs has a resistor
at its emtter, and is connected thrpugh said fesior to said
correspondi ng constant current ggurce 6 multiplier as clained in

t

claim5, wherein one of said t woy Pz -istbrs bel onging to each of said
first, second, third andfet+tph—eiffE ' ppirs, which has no resistor
at its emtter, has an égd&&ionil;}kgi_Lito ;
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£

~said additional transistor has an emitter connected through said resistor
to said em?tter of said transistor with said resistor at its emtter

bel onging to the same differential pair, and connected directly to said
ce+ espondi ng constant current source; said additional transistor has
a base connected to said emtter of 32%? transistor wthout said resistor
at its emtter belonging to the sané ferential pair; and " said
additional transistor has a collector connected to said collector of said
transi stor without said resistor at its emtter belonging to the sane

differential pair; wher eby said additional transistor and said
transistor without said resistor-at its emitter forms-a. Darlington
connecti on. 65 7. A
mul tiplier conprising: a first squaring circuit having a first
differential input end pair and a first output end; a second

squaring circuit having a second differential input end pair and a second
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3

Gufput end said second output end being connected in comon so as to be
oppesite in “phase to said first out put end, said first differential

i nput end pair being applied with difference of a first i nput signal

vol tage and a second input signal voltage; sai d second differenti al
input end pair being applied with thegsgum of said first input signal

vol tage and said second input signal voltage; and an out put signal
showing a result of multiplication of said first input signal and said
second i nput signal being derived fromsaid first and second output ends;
wher ein said first squaring circuit contains a first differential
pair of transistors whose enitter sizeratiois K 1 (K> 1) and a second
differential pair of transistors whose emtter size ratiois K 1,

said second squaring circuit contains a third differential pair of

transi stors whose emtter sizeratiois K1 and a fourth differential pair
of transistors whose enitter size ratiois K1; bet ween said first-
and second differential pairs, bases of said transistors each having an
emtter size of Kand 1 are connected in common, respectively, to formsaid
first differential input end pair,
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em fters of said transistors each havi ng an emtter size of K and those. of
said transistors each having an emtter size of 1 arergoeReGled. /R

0 n,
respectively, and to be connected correspondi ng consta erEge“s);
between said third and fourth differential pairs, basesJWﬁ” , ’stors

each having an emtter size of Kand 1 connected i
respectively, to formsaid second differential input end pair,
66 emtters of said transistors each having an emtter size of K and

those of said transistors each having an emtter size of 1 are connected

i n common, resPMULMPLYERAND SQUARINGWIRCEIT TOrBE S[SEDIFOR THESAME
current sources; and bet ween sai.d first, second, third and fourth

differential pairs, collectors of said transistors of said first and
second di fABSERACA] pairs, each having an enmitter size of K, and
collectors of said transistors of said third and fourth differential pairs,

eachhavir}g - - o : . o

multiplier comprising a forst and second squaring circuits each having a differential input
terminal pair whose poutputs are connected in common. a first input terminal of the first
squaring circuit is applied with a first input voltage and a second input terminal thereof is
applied with a second input voltage opposite inphase to the first input voltage. A first input
terminal of the second squaring circuit is applied with the second input boltage and a second
input terminal thereof is applied with the first input voltage. The first and second squarihg

Y circuits each includes two sets of unbalanced differential transistor pairs Q1. Qp), and

(Q3, Qq) which are arranged so that their inputs are oppostie in phase and their outputs are
connected in common. The transistors each unballanced differential transistor pair (Qq, Q;)
or (Q3, Q4) bave a different emitter size from each other.

Fig. 4
N
REPLACED SHEETS  SG | REPLACEMENT SHEEIS  SG
[ Description : paged-...==. to paged .7.... K Descriztion : paged
{0 Claim(s) :paged ..7.... to paged ... i[:'j g!:‘ijj ()
. — - aving(s

i O Drawing(s) : paged ....... to paged -...... .D/Abs;:r"c%\ :

[ Abstract  : paged .74 to paged ...

i LTS —— L b N et ey sim e s DATE OFI RECE}:




anzenitter size of 1, are connected in conmon to formsaid first output
end, and collectors of said transistors of said first and second
differential pairs, each having an emtter size of 1, and collectors of
said transistors of said third and fourtiy diffeThistis ahe rmémag{“paw ng
an emtter size of K are connected in common to formsaid second out put
end. 8. A multiplier conprising: a f|r squar n9£ ﬂrCUIt
including a first differential pair of transist a9 W d J mtters are
coupl ed toget her and whose emtter sizes are different fromeach other, and
a second differential pair of t+ansistors whose emtters are coupled

toget her and whose emtter sizes are different from each ot her; sai d
base of said transistor having the larger emtter size belonging to said

Shot | er e paR teie Aiied 3 G54 it A5ty Sigodlluagh ai%é’q%a&%vmﬁ?eaﬁemg
d f. .
cold base Y Biboste iff SBA D Ciid et bibbut Phd " CHARE iackn Riicui
sai d f'rsmu&uiff&éﬁﬁg.ﬁ%ngm aﬁwgn@a':guggﬁl%fe&ag%ﬂdtm ﬁk%nd*@‘& Bsmghe

Iarger emtter size to sal ! _ erentl pair
connect ed ahplicdOWE salid sédnl ihp& AR vothgd Mrd 4 ithifd output end being connected

opposit¢ in phase to said first output end; and an output signal showing a result of
multiplication of said first input signal and said second input signal being derived from
said first, second and third output ends commonly-connected; wherein Said first squaring
circuit includes a first differential pair of first and second transistors whose emitter sizes
anzdﬂimentﬁmnnmmh«ﬁhu'mml“mmﬁ:mmh&msan:cmqﬂmiuuxﬂmm,andaléaxmd
differential pair of third and fourth transistors whose emitter sizes are different from
emﬂloﬂmxandvﬂnmegnﬁummzuecoummdtogﬁmx;sﬁdsmxmdsqumim;chcuhindhdcs
a third differential pair of fifth and sixth transistors whose emitter sizes are different
from each other and whose emitters are coupled together, and a fourth differential pair of
seventh and eighth transistors whose emitter sizes are different from each other and
whose emitters are coupled together; said third squaring circuit includes a fifth
differential pair of ninth and tenth transistors whose emitter sizes are different from each
other and whose emitters are coupled together, and a sixth differential pair of eleventh
and twelfth transistors whose emitter sizes are different from each other and whose
emitters are coupled together; said first trapsistor having a larger emitter size and said
third transistor having a smaller emitter size have bases connected in common to form

one end of said first input end pair, and said second transistor having a smaller emitter




dif,ferential input end pair; a second squaring circuit including a
third differential pair of transistors whose enmtters are coupled together

and whose emtter sizes are different from each otV is 3l re éé?Hér‘tkbh .
differential pair of transistors whose emtters are coupl ed'é}%get er aeﬁﬁ

whose emtter sizes are different fromeach other, P _
67 sai d base of said transistor having the 'P%ﬁﬁger-“»‘ér{i%[‘W size
belonging to said third differential pair and said base of said transistor
having the smaller emtter size belonging to said fourth differential pair
are connected in common to formone of a second differential -i nput end
pair; sai d base of said transistor having the smaller emtter size
belonging to said third differential pair and said base of said transi stor
havi ng t heblfeaABe rsaidhfourth tnsistopdiaying Aglarges esifter Sigarhave dhaséx comdctdd jmi r
are connected in. c n to formthe other of said second differential
i nput end on 10, form one end of said second nput end pair; said fifth transistor having a
larger emitter size and said seventh transistor having a smaller emitter size have . bases
connected in common to said one end said first input end pair, and said sixth transistor
having a smaller emitter size and said eighth transistor having a larger emitter size have
bases connected in common; said ninth transistor 'having a larger emitter size and said
eleventh transistor having a smaller emitter size have bases connected in common to
form said one end of said second input end pair, and said tenth transistor having a
smaller emitter size and said twelfth transistor having a larger emitter size have bases
connected in common to said bases of said sixth and eighth transistors; said common-
connected bases of said sixth, eighth, tenth and twelfth transistors form the other ends of

said first and second input end pairs.

According to still another aspect of the present invention there is provided a
multiplier comprising: a first squaring circuit having a first differential input end pair
and a first differential output end pair, said first differential input end pair being applied
with difference of a first input signal voltage and a second input signal voltage; a second
squaring circuit having a second differential input end pair and a second differential
output end pair, said first differential input end pair being applied with said first input
signél voltage, and said second differential output end pair being connected opposite in
phase to said first differential output end pair; a third squaring circuit having a third
differential input end pair and a third differential output end pair, said third differential

input end pair being applied with said second input signal voltage, and said third



col,l ectors of said transistors having the larger emtter sizes respectively

belonging to said first and second differential pairs and col

| ectors of

said transistors having small enitter sizes respecthigdd sheoesdplagintghttshesfti d

third and fourth differential pairs bei ng connected in comobn to form one
of output ends, and col lectors of &3id transiﬁé{;ﬁ[s ha -ight{le smal | er
emtter sizes respectively belonging to said first u ﬁ%ghd I'¥ferenti al

pai rs and

coll ectors of said transistors having large emtter sizes

respectively belonging to said third and fourth differential pairs being

connect ed

In comon to formthe other one of said output ends, wherein

the difference of a first input signal voltage and a second input signal

voltage is applied between said first differential input end pair, and the

sum of sai differensial output end ipgirabeing Iconmpetednoppositel ins phasectoi sajidifirsti differential
voltage is applied between said second _differential input end pair;

an out put tBHANdNaiKiiangd ap quiy signal showing p reselitaf gnpltiplicatipn of isaidtfirahinput
second inpyt _signal.s is derived. fr sai d qQutput ends. _ 9. A multiplier
as cl ai medsignl 'ﬁpa,“ﬁﬂ%fémﬂné%ﬁﬁﬁgkmgh griy s sgid sfirshs peoond \andy third
bel ongi ng

pairs has

iR Shef S 5l PSR salohe SRkl ekl LEESM e
differential pair of transistors whose emitter size ratio is K:1 (K>1) and a second
differential pair of transistors whose emitter size ratio is K:1; said second squaring
circuit contains a third differential pair of transistors whose emitters size ratio is K:1 and
a fourth differential pair of transmitters whose: emitter size ratio is K:1; said third
squaring circuit contains a fifth differential pﬁ of transistors whose emitter size ratio is
K:1 and a sixth differential pair of transistors whose emitter size ratio is K:1; between
said first and second differential pairs, bases of said transistors each having an emitter
size of K and 1 are connected in common, respectively, to form said first differential
input end pair, emitters of said transistors each having an emitter size of K and those of
said transistors each having an emitter size of 1 are connected in common, respectively,
collectors of said transistors each having an emitter size of K and those of said
transistors each having an emitter size of 1 are connected in common, respectively, to
form said first differential output end pair; between said third and fourth differential
pairs, bases of said transistors each having an emitter size of K and 1 are connected in
common, respectively, to form said second differential input end pair, one end of said
second differential input end pair being connected to said one end of said first differential

input end pair, emitters of said transistors each having an emitter size of K and those of



a ratio_of resistance value of said two resistors connected, respectively,
to said transistor having the larger enitter size dhi BQ“Q@M@?&\&F&L&«(
transistor having the smaller emtter size belonging to each of said '
first, second, third and fourth differepii al S .

68 pairs is inversely proportional to gératio I n eﬂﬂet’erlglli‘elc\/‘lal ue of
said corresponding two transistors. 10. A nultiplier as clained in claim
8, wherein one of said two transistors belonging to each of said first,
second, third and fourth differential pairs, which has the smaller emtter
size, has a resistor at its emtter; and the other of said two
transistors belonging to each of said differential pairs, which has the

| arger emtter size, has no resistor at its emtter. 11. A multiplier as
clainmed in claim210, wherein said two, transistors form ng each of said
first, sectdhiransistorsseaghhaving an.cmiticr size of ilare [SanRestedia CopmaoR, iresnectyely,

ratio of clgll%:ctors of said transistors each having an emitter size of K and those of said

transistors each having an emitter size of 1 are connected in common, respectively, to
form said second differential output end pair; between said fifth and sixth differential
pairs, bases of said transistors each having an emitter size of K and 1 are connected in
common, respectively, to form said third differential input' end pair, one end of said
third differential input end pair being connected to the other end of said first differential
input end pair being connected to the other end of said second input end pair, emitters of
said transistors each having an emitter size of K and those of said transistors each having
an emitter size of 1 are connected in common, respectively, collectors of said transistors
each having an emitter size of K and those of said transistors each having an emitter size
of 1 are connected in common, respectively, to form said third differential output end
pair; between said first, second, third, fourth, ﬁfth and sixth differential pairs, one end
of said first differential output end pair whose transistors each has an emitter size of K,
one end of said second differential output end pair whose transistors each has an emitter
size of 1 and one end of said third differential output end pair whose transistors each has
an emitter size of 1 are connected in common, and the other end of said first differential
output end pair whose transistors each has an emitter size of 1, one end of said second
differential output end pair whose transistors each has an emitter size of K and one end
of said third differential output end pair whose transistors each has an emitter size of K

are connected in common.



(K>1). ,12. Anmultiplier: a first squaring circuit having a first
differential input end pair and a first output end; a second, .
squaring circuit having a second differential i npu't'hierisjthﬁatﬁplaﬂf?ﬂ‘ﬁi“sﬁﬁgﬂhd
out put end, said second output end bei ng,£onnect ed in comopn to said first
output end so as to be opposite in phase; . Sajd g4t
differential input end pair being applied with theoﬁﬁf'eﬂéhgeﬁo a first.

i nput signal voltage and a second input signal voltage; sai d second
differential input end pair being applied with sumof said first input
signal voltage and said second input signal voltage; and an out put

signal showing a result of nultiplication of said first input signal and
said second input signal being derived fromsaid first and second out put
ends; wherein . said first squaring circuit includes of a first.
differential pAseordmgstpstill angther apother aspeet fithe prosenipeention; thergis provddedir e
equal to each other, and.a second differential. pair of third.and fourth
transi st or® THIRIET Somprisings ja, st squaring, picuit hayinga {}[qqéllﬂfferentlaq inpu £nd Pair ¢

and second, 1 203 5bo A% Elosd Sifarkg Bicid B9 &' Steond WerdEhdar' fpuc e
pair and a second output end; a third squaring circuit having a third differential input end
pair and a third output end; a fourth squaring circuit having a fourth differential input
end pair and a fourth output end; each of said second and third output ends being
connected in common to said first output end so as to be in opposite phase with said first
output end, and said fourth output end being connected in common to said first output
end so as to be in the same phase with said first output end; said first differential input
end pair being supplied with the difference of a first input signal voltage and a second
input signal voltage; said second differential input end pair being supplied with said first



fourth tran5|stors have em tters coupl ed together; : said
first aid third transistors have bases connected in cﬁM@n&uhéqﬁhgajd second
and fourth transistors have bases connected in comon, said ment sheet
conmon- connected bases formng said fir?% differemwga |nput end pair;

said second squaring circuit includes a ird differ TP nb{aﬂ fifth
and sixth transistors whose emtter sizes are equal to each ot her, and a
fourth differential pair of seventh and eighth transistors whose emtter

sizes are equal to each other; said fifth and sixth transistors have
emtters coupled together, and sard seventh and eighth transistors have
emtters coupl ed together; said fifth and seventh transi stors have

bases connected in comon, and said sixth and eighth transistors have
bases connected in common, said common-connected bases formng said second
di f f er ent i put sigoal veltage said third differential inputend paiy heing suppliedwith gaidesecondh
transi stors have collectors connected in

input signal voltage; said fourth differential input end pair being supplied with one of

said first and second input signal voltages; wherein; each of said first, second, third, and
fourth squaring circuits includes a differential pair of transistors whose emitter sizes are
different from each other.



conmon to formsaid first output end, and said seconmcglr,ﬁ third, fifth and
eighth transistors have collectors connected in combhisti9 the. | d second
out put end, and; said second, third, sixth and sevent hggéﬁé%%'%?'g@‘et
each has a resistor at its emtter, and said second,,third, |xt(% and

ei ghth transistors are connected through'®aid resi stcgite'to’%iia ilr st
fourth, fifth-and eighth transistors, respectively. 13. Anultiplier as
claimed in claim112, wherein one of said two transistors belonging to each
of said first, second, third and fourth differential pairs, which does not
have a resistor at its emtter, has an additional transistor; sai d
additional transistor has an emtter connected through said resistor to
said emtter of said trBREEF!DESCRIPTIONOF THE DRAWINGS emitter

bel onging to the same differential pair; said additional transistor
has a base conRigctdslatcircainidihgeamtdf arconVertional multiplerst or W t hout said
resistor at its emtter belonging to the sane differential pair; and

70 Fig. 2 is a circuit diagram of a conventional squaring circuit using a MOS

transistor.

Fig. 3 is a block diagram of a multiplier according to first to sixth embodiments of
this invention.

Fig. 4 is a circuit diagram of a multiplier according to a first embodiment of this
invention.

Fig. 5 is an output characteristic diagram of a squaring circuit to be used for the
multiplier shown in Fig. 4.

Fig. 6 is an output characteristic diagram of the multiplier shown in Fig. 4.



sai d "additional—transistor has a coll ector connected to said collector of

sgﬁd ' it hout said resistor at its emtt efy; | t he, sane
di ffer%ﬂnmwi&)mnmlml wher eby said additional t r:";]hs'#)gét g‘?g'lgﬁgcgﬁ]%t shee
transi SkOl¢ scay® resistor at its emtter forma Darljngto
connection. 14. A nultiplier conprisi nd? a fiDate: sqaa‘\i ﬁﬁi rcuit
having a first differential input end pair and a first output ‘end, said.
first differential input end pair bei ied with difference of a first
i nput signal voltage and a second input signal voltage; a second

squaring Sﬂ~rc%§‘“§§§‘§é}%°ﬁ‘?§ﬁ%@d differential input end pair and a second

out put end, sai nd 1 nput end pair being applied with said-first input

si gnal vol t age, firdRduaiseeRadt Batingta £Rt diffsragial dipue ehé pairpamisa st outpbiase
to said first output end; a third squaring circuit having a third

di fferentiend; i nput end pair and a third output end, said third input end
pair being applied with said second input signal voltage, and a third
out put end beimsecond squaring cippidishaving a Smmdéﬂff@egﬁﬂdnﬂtr@ﬂ paik pad asgeendand
an out put signal showing a result of multiplication of saiq, fjrst input
si gnal andutputcends saidrrgcondhoutpus epdbeipg i o i commenas 3aid fJFFtr%th“ Abhngd
and third output ends
so as to be opposite
said first differential input end pair being applied with the difference of a first input
signal voltage and a second input signal voltage;
said second differential input end pair being applied with the sum of said first input
signal voltage and said second input signal voltage; and )
an output signal showing a result of multiplication of said first input signal and said
second input signal being derived from said first and said second output ends common-
connected; wherein
said first squaring circuit- includes a first differential pair of first and second
transistors whose emitter sizes aré different ﬁoﬁ each other, and a second differential
pair of third and fourth transistors whose emitter sizes are different from each other;
said first and second transistors have emitters connected in common to a first
constant current source, and bases between which said difference of said first input
signal voltage and said second input signal voltage is applied;
said third and fourth transistors have emitters connected in common to a second
constant current source, and bases between which. said difference of said first input
signal voltage and said second input signal voltage is applied; |
collectors of said first and fourth transistors are connected in common, and
collectors of said second and third transistors are connected in common;
said second squaring circuit includes a third differential pair of fifth and sixth

transistors whose emitter sizes are different from each other, and a fourth differential

pair of seventh and eighth transistors whose emitter sizes are different from each other;



corrfrbril y- connected; wherein ' said first squari MBisGhf él | ncl udes a

ool Iﬂllllflﬂllﬂlﬁﬂlm.llml e ot e e, Dot e ar 5 gl e

t oget her,* afid & s®tcohd differential pair_of third aﬁéﬂtﬁbuﬁt‘ﬂ\b anki stors
whose emtter sizes are different fromPach other and whose emitters are
coupl ed together; sai d second squaring circuit includes a third

differential Rl afth fid Wik Hhrsisited habé 2liss ObchnbHaP dn SBnich6h 161 £ Ahird" ©

different fromeac ose emtters are coupled together, and

fourth di fcgﬁs;t.?rﬁt buitter Rolirc] aB8MABL batiers ivilidH sdifl aed SF Qai ﬂfl@ﬁﬁputeﬁgﬁdler

sizes are rent from each other and whose emtters are coupled

t oget her; yoltage andSshiid! sédohd Gapd sighalnepleape duippliedicl udes a fifth differenti al
pair of ni nth and tenth transistors whose enmtter sizes are different from
each ot her andaidseventhnintteighth aragsistors have emitters connected in common to a fourth

71 coupled together, and a sixth differenti al pair of eleventh and tvvel fth
transi st oKconstmiSEIrTenti sOuLse, gnééyls%& betwieen avhich said ovwm: 9F Faig: HEst iBpRE

emtters are coupl ed togethe sai¢d first transistor having a Iarger

emtter sivollagmandssaid) sqqqpqi annut sigoakyoltage 8, ApRlied;

collectors of said fifth and eighth transistors are connected in common, and
collectors of said sixth and seventh transistors are connected in common; and

éaid common-connected collectors of said first and fourth transistors and sixth and
seventh transistors are connected in common to form said first output end, and said
common-connected collectors of said second, third, fifth aﬁd_ eighth transistors are
connected in common to form said second output end.
2. A multlpller as claimed in claim 1, wherein each of said first, second third,
fourth, fifth, sixth, seventh and eighth transistors has a resistor at its emltter, and is
connected through said resistor to said corresponding constant current source; wherein

a ratio in resistance value of said two resist(;rs connected to said transistor having
the larger emitter size and to said transistor having the smaller emitter size belonging to
each of said first, second, third and fourth differential pairs is inversely proportional to a
ratio in emitter size vaiue of said corresponding two transistors.
3. A multiplier as claimed in claim 1, wherein the one of said two transistors
belonging to each of said first, second, third and fourth differential pairs, which has the
smaller emitter size, has a resistor at its emitter, and is connected through said resistor to
said corresponding constant current source; and

the other of said two transistors belonging to each of said differential pairs, which
has the larger emitter size, has no resistor at its emitter.
4. A multiplier as claimed in claim 1, wherein said two transistors forming each of
said first, second, third and fourth differential pairs have emitter size ratio of K:1

(K > 1), respectively.



| er emtter si ze have bases connected in comon to formone end of said
and said second transistor W&N ller emtter
qumﬂtﬂmjﬁmum transistor having a larger eni té'EFegr;j m%gﬁﬁﬁmnbsbm
connecte in conmon to formone end of said secong I nput end pair;
said fifth transistor having a larger erfftter size 84 s& |&4ﬂe_hth
tragsi st or gavi ng a smaller emtter size have bases connected in commopn to
sai d one SQi ' end pair, and said sixth transistor having a
smal Iﬁr eer{ttegng‘flzéﬁ 8@’9 |ghth transi stor having a | arger em tterg
si ze have bas Pm I ¢ a
| arger em ttefasslli:ze an gilrEdPle eve %tahﬁﬁ ghfg‘f?%t%rl mﬁ‘%?ﬁg p%gsiﬁflﬁggag%ﬁﬁ er
si ze have fases connected in comon to formsaid one end of said second
i nput end pair, and said tenth transistor having a smaller enmtter size and
said twelfth 4 5etohd Shedringesirouit Baving gaecoxdi differentialziapitsens g end @ secmxk ed
In common to said bases of said sixth and eighth transistors; sai d
conmon- connepiteshd) asidsseodnds entguts end heing icghndgted: inrcommenita said first outputsénsk or s
formthe other ends of said first and second input end pairs. 15. A
mul ti pl i ersoeas tolbgigppasiteninphasen 14, wherein each of said first to twelfth

transistors has a resistor_at its emtter;
said first differential input em(la pair be 1rng appﬁede with the difference of a first input

signal voltage and a second input signal voltage;

said second dlfferentlal input end pair being applied with the sum of said first input
signal voltage and said second input signal voltage; and

an output sxgnal showing a result of multiplication of said first input s1gnal and said
second input signal being derived from said first and second output ends; wherein

said first squaring circuit includes a first differential pair of first and second
transistors whose emitter sizes are equal to each other, and a second differential pair of
third and fourth transistors whose emitter sizes are equal to each other;

said first and second transistors have emitters connected in commdn to a first
constant current source, and bases between which said difference of said first input
signal voltage and said second input signal voltage is applied;

said third and fourth transistors have emitters connected in common to a second
constant current source, and bases between which said difference of said first input
signal voltage and said second input signal voltage is applied;

.- collectors of said first and fourth transistors are connected in common, and

collectors of said second and third transistors are connected in common;

said second squaring circuit includes a third differential pair of fifth and sixth
transistors whose emitter sizes are equal to each other, and a fourth differential pair of

seventh and eighth transistors whose emitter sizes are equal to each other;



\J Ll“ having a larger enitter size and to sard"
tter size belonging to e h of g irst to SIXth
dlfferentlal paIrS I's inversely proportignal t ra%a? [n mtter size
val ue of said corresponding two transi st®rs. 16. A mltiplier as clained
in claim14, wherein the one of said two transistors belonging to each of

said first, seggng fthtﬂL glxﬁp(irafngﬂ otrg' lﬂ\/@f &?(J,{ng@&é({ Sig Mtitifn 18Sa &hird

a t|o of resi stgi‘ce val ue of said two resistdhs :eqnélegﬂg %tsﬁ ctlvely,

smal ler emttéer s reS|s s em
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differential pairs, whi has a |arger emtter size, has no reS|stor at

its em ttgbltagelahd saldrsécbhmnpﬁt sigaAlvolepe i applied; a first squaring circuit
having a fi rst differential input end pair and a first output end, said

first differeshideseventhwund eightip aransisersbavemmhitters conhéctedin chinihen do acfoaftha
first input signal voltage and a second input signal voltage;

constant current source, and bases between which said sum of said first input signal
voltage and said second input signal voltage is applied;

collectors of said fifth and eighth transistors are connected in common, and
collectors of said sixth and seventh transistors are connected in common;

said common-connected collectors of said first and fourth transistors and sixth and
seventh transistors are connected in common to form said output end of said first
squaring circuit, and said common-connected collectors of said second, third, fifth and
eighth transistors are connected in common to form said output end of said second
squaring circuit; and

one of said two transistors belonging to each of saici first, second, third and fourth
differential pairs has a resistor at its emitter, and is connected through said resistor to
said corresponding constant current source. -
6. A multiplier as claimed in claim 5, wherein one of said two transistors belonging
to each of said first, second, third and fourth differential pairs, which has no resistor at
its emitter, has an additional transistor;

said additional transistor has an emitter connected through said resistor to said
emitter of said transistor with said resistor at its emitter belonging to the same
differential pair, and connected directly to said corresponding constant current source;

said additional tr.émsistor has a base connected to said emitter of said transistor
without said resistor at its emitter belonging to the same differential pair; and

said additional transistor has a collector connected to said collector of said
transistor without said resistor at its emitter belonging to the same differential pair;

whereby said additional transistor and said transistor without said resistor at its

emitter forms a Darlington connection.



a second squaring circuit having a second di ff(laé,en_tial I nput end pair.and a
secoF " H’E}MILMHMal d second input end pair 'B€ilAdhepeplacsmunt dheapi d
first'y ! | tage, and a second output end signal being connected
opposite in pflasé tb said first output rgd; Datg: & t%i d uaring circuit
having a third differential input end p%r and a thir )’L‘L?tl%??t end, said
third input end pair being applied with said second i nput signal voltage,
and a thi7.(d %Mﬁplﬁggoglghgﬁg_connect ed opposite in phase to said first

out put end; and an output signal showing a result of nultiplication
of said first al fiRtsqedrigadircuitchfdhg a faeCaiffdréntiliinpat giBpaieindta diesti oteputl r om
said first, second and third output ends; wherein said first squaring
circuit ieadudes a first differential pair of first and second transistors
whose emtter sizes are equal to each other and whose emitters are coupl ed
t oget her, and assesemxbsqhatingfoircuitthaxingpmsecond diffsrential input ¢od tpain andha isecomds
whose enmitter sizes are equal to each other and whose emtters are coupled
t oget her ; output endasaid speond euiputiand, being eonaceted i CABMONLIOsASStoc bR FPROSIE iin
comon, said commpn- connected bases form ng one end of said first

di f f er ent PRpseitqsatd Exsyoppptendsng said second and fourth transistors have

oai 0 second. dstiActeh Atesal dnbur e B SRR Sobicy AR Eeietelet of AT gEPEL
circuit i gfg'nﬁﬂ@(ﬁw%etaghﬁ%egéﬁﬁbﬁ%kﬂl vBﬁéée; of fifth and sixth

said second differential input end pair being applied with the sum of said first input

signal voltage and said second input signal voltage; and

an output signal showing a result of multiplication of said first input signal and said
second input signal being derived from said first and second output ends; wherein

said first squaring circuit contains a first differential pair of transistors whose
emitter size ratio is K:1 (K>1) and a second differential pair of transistors whose
emitter size ratio is K:1; |

said second squaring circuit contains a third‘ differential pair of transistors whose
emitter size ratio is K:1 and a fourth differential pair of transistors whose emitter size
ratio is K:1;

between said first and second differential pairs, bases of said transistors each
having an emitter size of K and 1 are connected in common, respectively, to form said
first differential input end pair,

. emitters of said transistors each having an emitter size of K and those of said
transistors each having an emitter size of 1 are connécted in common, respectively, and
to be connected corresponding constant current sources;

between said third and fourth differential pairs, bases of said transistors each
having an emitter size of K and 1 are connected in common, respectively, to form said

second differential input end pair,



tra tter sizes are equal to each ofThirisang ) 1S
are mmmummmnt ﬂn‘ and a fourth differential pair of se\l/%ﬂtgﬁéna? %f%ﬁth
transi stors whose enitter sizes are equal to each ther and %STe emtters
are coupl ed toget her; sai %gfifth and §t§rent5h> ’:f stors

have bases connected in commpn to be connécted in commopn to said one -eRd.
of said first differential input end pair; and said sixth and eighth

transi stors hagmilas st SaNRALSOrd BadPHIMARg aaNéhitter sizeSGt & Eﬁﬁ rtﬁ’os%%f"éztlor .

circuit includes a fifth differential pair of ninth and tent transi
a4 ed

whose emn t transistoresachravagusl emitte 3t ¢ft hefe coRdeDELcRRbhA Efeipetii®
together, and a sixth differential pair of eleventh and twel ft% tranS| stors

whose eni t tebe caineeted woerespprding nsaohcurtdne somoes; ahdse emitters are coupl ed
t oget her; said ninth and el eventh transistors have bases connected in
conmon to for mbetaegn sgiske figstdl sefond aithird and fowitin gifferentinl pmiins, collettarsi of satdt h
and twel fth transistors have bases connected in common to said bases of
sai d si xt htranustersypk said fgplsand spcend differential pairs, each having an emitter size of K,

and collectors of said transistors of said third and fourth differential pairs, each having
an emitter size of 1, are connected in common to form said first output end, and
collectors of said tramsistors of said first and second differential pairs, each having an
emitter size of 1, and collectors of said transistors of said third and fourth differential
pairs, each having an emitter size of K, are connected in common to form said second
output end.

8. A multiplier comprising: .

a first squaring circuit mcludmg a first differential pau' of transistors whose
emitters are coupled together and whose emitter sizes are different from each other and
a second differential pair of transistors whose emitters are coupled together and whose
emitter sizes are different from each other; -

said base of said transistor having the larger emitter size belonging to said first
differential pair and said base of said transistor having the smaller emitter size belonging
to said second differential i)air are connected in common to form one of a first
differential input end pair;

said base of said transistor having the smaller emitter size belonging to said first
differential pair and said base of said transistor having the larger emitter size belonging
to said second differential pair are connected in common to form the other of said first
differential input end pair;

a second squaring circuit including a third differential pair of transistors whose
emitters are coupled together and whose emitter sizes are different from each other, and
a fourth differential pair of transistors whose emitters are coupled together and whose

emitter sizes are different from each other,



sai d o ' d bases of said sixth and ei ght B Bnfhg rgRiRceNIent sfreet
tranfmz,!mlﬂuiﬂﬁ"ﬁﬂ,ﬁﬂ ot her ends of said first and second i nput end pairs;
said' s y , at fth, eighth, ninth and twel ftrb%tagnshggqgﬁthv_e
collectors connected in conmon to formsaid first output end and said
first, fourth, sixth, seventh, tenth and®®leventh transistors have

col l ectors connected in commopn to formsaid second output end; and

one of said t ' : 140Q:4,0 f . L yd
and fourth di 1T BEL0F 813 BRR0Y BB IeHef e ine hbngiif 58y tuikd
mul tiplier 'ppgr' ;@ , lidloPRR ' j :
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additional transistor; said additional transistor has an emtter
connect ed tdifferegtialsinpok endspait;or to said emtter of said transistor with
said resistor at its emtter belonging to the sane differential pair;

sai d addi ti onalsaid basei aftsaid trassistobhaeing dhensmalied emitterasize belonging tofsaiiathird
transistor wthout said resistor at its emtter belonging to the sane

di f f er ent i #liffgrential pgiriand said bage; pfisaid drapigten having the larger amiten size belonging

connected to said coll ector of said . .
to said fourth differential pair are connected in common to form the other of said second

differential input end pair; and

collectors of said transistors having the larger emitter sizes respectively belonging
to said first and second differential pairs and collectors of said transistors having small
emitter sizes respectively belonging to said third and fourth differential pairs being
connected in common to form one of output ends, and .

collectérs of said transistors having the smaller emitter sizes respwﬁvely belonging
to said first and second differential pairs and collectors of said transisto;:s having large
emitter sizes respectively belohging to said third and fourth differential pairs being
connected in common to form the other one of saic{ output ends, wherein |

the difference of a first input signal voltage and a second input signal voltage is
ai:plied between said first differential input end pair, and the sum of said first input
signal voltagé and said second input signal voltage is applied between said second
differential input gnd pair; -

aﬁ output signal showing a result of multiplication of said first and second input
signals is derived from said output ends.
9. A multiplier as claimed in claim 8, whereih each of said transistors respectively
belonging to each of said first, second, third and fbur_th differential pairs has a resistor at
its emitter; wherein

a ratio of resistance value of said two resistors connected, respectively, to said
transistor having the larger emitter size and connected to said transistor having the

smaller emitter size belonging to each of said first, second, third and fourth differential



tran |stor W|thout ‘said resistor at its enmitter ben'gsgsrtaetr@plhb@méﬁtnmeet

d' ff lﬂ"iﬂ! “gﬂu””“lml transistor and said transi

r with
reS|stor at emtter forms a Darlington connec E‘oquiﬁltlpller
conpri si ng: a first squaring circuf® having a fi rst differenti al
I nput end pair and a first differential output end pair, said first
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circuit hay. ?&gs‘?r ssecond differential input end palr and a second
differential output end pair, said first differential input end pair bei ng

appl i ed wiid SAl guitiplies hs LRARKS B BRh 8/ QlHeRdf ond Wt shRll ShoSRaifod Beldigang | al

out put end pair being connected opposite in phase to said first
di f f er ent i @l eaeltdfUdaic Midstp@édond, third aAd fhirtd differetiah paies, which Hasthegnalleni r d

differential input end pair and a third differential output end pair, said
third diffeanittet sizk, hasputesistod ap dts entitemgndippl i ed with said

the other of said two transistors belonging to each of said differential pairs, which
has the larger emitter size, has no resistor at its emitter. |
11. A multiplier as claimed in claim 10, wherein said two transistors forming each of
said first, second, third and fourth differential pairs has an emitter size ratio of K:1
K>1).

12. A mmitiplier:

a first squaring circuit having a first differential input end pair and a first output
end; .

a sec;ond squaring circuit having é second differential input end pair and a second
output end, said second output end being connected in common to said first output end
5o as to be opposite in phase; "

said first differential input end pair being applied with the difference of a first
input signal voltage and a second input signal voltage;

said second differential input end pair being applied with sum of said first input
signal voltage and said second input signal voltage; and

an output signal showing a result of multiplication of said first input signal and said
second input signal being derived from said first and second output ends; wherein

said first squaring circuit includes of a first differential pair of first and second
transistors whose emitter sizes are equal to each other, and a second differential pair of
third and fourth transistors whose emitter sizes are equal to each other;

said first and second transistors have emitters coupled together, and said third and

fourth transistors have emitters coupled together;



econd I nput si gnal voltage and said third differ lin® YéRaserment et
bei “m Mﬁmmﬂﬂuamom te in phase to said first d?ﬁ%é?ént | a‘ln out put end
pai ut put signal showing a result of nulti 3@\( on of said
first i npu S| gnal “and said second i npué%si gnal baatng, dei v om sai d

first, second and third differential output end pairs; wherein said
first squaring circuit contains a first differential pair of transistors

whose emi tterggd #Rst fid MirddStrinsistors ﬁﬁv&%a&@%oﬁn&@&?ﬁfjc&hﬁl A aAd 's?’h f2bhg of

transistors whose emtter size ratio Is K sal Secon squari ng

Circuit comidafousthatrhmisicrshave asdd catinedtad fin esnﬁxmn $4id! CNSMYA 06 neCBd! BRES
sizeratiois K 1 and a fourth differential pair of transmtters whose

em tter sifoemingaidfirst differéntial input esdipdirf hi rd squaring circuit contains a
fifth differential pair of transistors whose emtter size ratio is K 1
and a sixth dusaﬁtbrsecmdaisqqaang aifcuity welides or thirdhdifferantint pair ofi fifth angk sixth s

L transistors whose emltter sizes are equal to each other, and a fourth differential pair of

seventh and eighth transistors whose emitter sizes are equal to each other;

said fifth and sixth transistors have emitters coupled together, and said seventh and
eighth transistors have emitters coupled together;

said fifth and seventh transistors have bases connected in common, and said sixth
and eighth transistors have bases connected in common, said commdn—connected bases
forming said second differential input end pair;

said first, fourth, sixth and seventh transistors have collectors connected in
common to form said first output end, and said second, third, fifth and eighth transistors
have collectors connected in common to form said sc;cond output end, and;

said second, third, sixth and seventh transistors each has a resistor at its emitter,
and said second, third, sixth and eighth transistor-s are connected through said resistors
to said first, fourth, fifth and eighth transistors, respectively. |
13. A multiplier as claimed in claim 12, wherein one of said tWo transistors belonging
to each of said first, second, third and fourth differential pairs, which does not have a
resistor at its emitter, has an additional transistor;

said additional transistor has an emitter connected through said resistor to said
emitter of said transistor with said resistor at its emitter belonging to the same
differential pair;

said additional transistor has a base connected to said emitter of said transistor

without said resistor at its emitter belonging to the same differential pair; and



between said first -.ar.\d second differential pairs, es.of said transistors
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res 1 8 msaid first differential input end pair,
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said transistors each having an emtte %ize of 1 are connected in common,
respectively, collectors of said transistors each having an emtter

size of K and Lhp %ﬁdﬁifonﬁlait&nsigﬂb?nﬂssaoéoige@f% heditwddd BNsf EdIRELoR ! éﬁ_sﬁilcd 1

are connected 1 n comon, respectively, t ormsaid first differentia

out put endrRRistor without sBi8iréfiibr afitslerhitief BeloNging @ tHehsateldifférentialglaimai r s,
bases of said transistors each having an emtter size of Kand 1 are

connected i n opREFEHY shidSadditionat ltsansistor fand neakh trdnsister evithouli f4idrresistonlatiitsput
end pair, one end of said second differential input end pair being
connect ed engittenfotmonDasingtord comiectidri.r st di fferential input end pair,
emtters of said transistors each having an emtter size of K and those of
sai d trankl.stAmsultpldr doayiristpgan enitter size of 1 are connected in common,

respectively, collectors of said transistors each havin emtter
size of K and & fisetsquaring Figcuit haying 2 frst dE&éﬁltwgw%e&ﬁ Pém%ng? %g'?tz%“tB‘f“ 1
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signal voltage and a second input signal voltage;

a second squaring circuit having a second differential input end pair and a second
output end, said second input end pair being applied with said first input signal voltage,
and a second output end being connected opposite in phase to said first output end;

- a third squaring circuit having a third differential ihput end pair and a third output
end, said third input end pair being applied with said second input signal voltage, and a
third output end being connected opposite in phase to said first output end; and

an output signal showing a result of 'nmltiplication of said first input signal and said
second input signal being derived from said first, second and third output ends
commonly-connected; wherein

said first squaring circuii includes a first differential pair of first and second
transistors whose emitter sizes are different from each other and whose emitters are
coupled together, and a second differential pair of third and fourth transistors whose
emitter sizes are different from each other and whose emitters are coupled together;

.. said second squaring circuit includes a third differential pair of fifth and sixth
transistors whose emiti:er sizes are different from each other and whose emitters are
coupled together, and a fourth differential pair of seventh and eighth transistors whose
emitter sizes are different from each other and whose emitters are coupled together;

said third squaring circuit includes a fifth differential pair of ninth and tenth

transistors whose emitter sizes are different from each other and whose emitters are
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transistor having a larger emitter size have bases connected in common to form one end

4

of said second input end pair;
| said fifth transistor having a larger emitter size and said seventh transistor having a

smaller emitter size have bases connected in common to said one end said first input end
pair, and said sixth transistor having a smaller emitter size and said eighth transistor
having a larger emitter size have bases connected in common;

said ninth transistor havmg a larger emitter size and said eleventh transistor having
a smaller emitter size have bases connected in common to form said one end of said
second input end pair, and 'said tenth transistor having a smaller emitter size and said
twelfth transistor having a larger emitter size have bases connected in common to said
bases of said sixth and eighth transistors;

said common-connected bases of said sixth, eighth, tenth and twelfth transistors
form the other ends of said first and second input end pairs.
15. A multiplier as claimed in claim 14, wherein each of said first to twelfth transistors
has a resistor at its emitter; wherein

a ratio of resistance value of said two resistors connected, respectively, to said
transistor having a larger emitter size and to said transistor having a smaller emitter size
belonging to each of said first to sixth differential péirs is inversely proportional to a
ratio in emitter size value of said corresponding two transistors.
16. A multiplier as claimed in claim 14, wherein the one of said two transistors
belonging to each of said first, second, third and fourth differential pairs, which has a

smaller emitter size, has a resistor at its emitter; and



size of 1 andagﬂmwd of said third differential output end pair whose
L

tr r‘mmmg‘ an emitter size of 1 are cohiéct &k replacement shastl
tha A\ sald first differential output end pair whose transistors

each*haS an ‘enitter size of 1, one end of said sgagnd difflesdati al out put
end pair whose transistors each has an Bnitter ?l%z:tg of %f}g‘ndetone end of
said third differential output end pair whose transistors each has an

em tter size Qe KRt b SARNGK! Ethsldors Y8TBRBme 18 Bactfofid WltdrEiriaf QRS Fhidy

a first squaring circuit having a first t _ I nput end palr and a
first out gk a 1903€F emitter size@hSLHS Pedishstiat fits Renikdr Cui t having a second

differential input end pair and a second output end, athird
squari ng a7 c W imukipliergompirisiogd di fferential input end pair and a third
out put end; a fourth squaring circuit having a fourth differenti al

i nput end pai ra firstl squdring ¢incuithaving achindt differentiabinphit efid pairchndex finst @utplt
third out put ends being connected in comon to said first output end so as
to be in epdosdid &irsstdiffereptialhinput endspaisbeing, apnlied svith thesdiffergnep elow first isputput
signal voltage and a second input sigﬁal voltage; |
a second squaring circuit having a second differential input end pair and a second
output end, said second input end pair being applied with said first input signal voltage,
and a second output end signal being connected opposite in phase to said first output end;
a third squaring circuit having a third differential input end pair and a third output
| end, said third input end pair being applied with said second input signal voltage, and a
third output end being connected opposite in phase to said first output end; and
an output signal showing a result of multiplication of said first input signal and said
second input signal being derived from said first, second and third output ends; wherein
said first squaring circuit includes a first differential pair of first and second
transistors whose emitter sizes are equal to each 6ther and whose emitters are coupled
together, and a second differentia} pair of third and fourth transistors whose emitter sizes
are equal to each other and whose emitters are coupled together;
said first and third transistors have bases connected in common, said common-
connected bases forming one end of said first differential input end pair; and said second
and fourth transistors have bases connected in common, said common-connected bases
forming one end of said second differential input end pair; '
said second squaring circuit includes a third differential pair of fifth and sixth
transistors whose emitter sizes are equal to each other and whose emitters are coupled
together, and a fourth differential pair of seventh and eighth transistors whose emitter

sizes are equal to each other and whose emitters are coupled together;



end Being connected in commn to said first outputwerdigoegiacesent sheek he
same mﬂm\“lm\mﬁl first output end, said first differential
[ nput\ 8 upplied with the di fferenceD@é_._a g;ii%éq'gnput si gnal
vol tage ahd a Secdnd i nput signal voltags, Td sec ifferential
I nput end pair being supplied with said first input signal voltage;
said third differential input end pair being supplied with said second
i nput signal suid fifillyand seventh transistors have dasks foonndckeddinfdosmeon taabe comectednd
pair being supplied with one of said first and second input si nal
vol t ages; incommion to said onezend off saidiifisstf diffexentisleinpuidend pairidandssaid fsixthtand
squaring circuits includes a differential pair of transistors whose
enitter sicighth faasighors kaverhasesrcomnesied ingosymon; and
said third squaring circuit includes a fifth differential pair of ninth and tenth
transistors whose emitter sizes are equal to each other and whose emitters are coupled
together, and a sixth differential pair of eleventh and twelfth transistors whose emitter
sizes are equal to each other and whose emitters are coupled together;
said ninth and eleventh transistors have bases connected in common to form said
one end of said second input end pair, and said tenth and twelfth transistors have bases
connected in common to said bases of said sixth and eighth transistors;
said common-connected bases of said sixth and eighth, tenth and twelfth transistors
form the other ends of said first and second input end pairs;
said second, third, fifth, eighth, ninth and twelfth transistors have collectors
connecited in common to form said first output end and said first, fourth, sixth, seventh,
tenth and eleventh transistors have collectors connected in common to form said second
output end; and
one of said two transistors belonging to each of said first, second, third and fourth
differential pairs has a resistor at its emitter.
18. A muitiplier as claimed in claim 17, wherein one of said two transistors belonging
to each of said first, second, third, fourth, fifth and sixth differential pairs, which does
not have a resistor at its emitter, has an additional transistor;

. said additional transistor has an emitter connected through said resistor to said
emitter of said transistor with said resistor at its emitter belonging to the same
differential pair;

said additional transistor has a base connected to said emitter of said transistor
without said resistor at its emitter belonging to the same differential pair; and

said additional transistor has a collector connected to said collector of said

transistor without said resistor at its emitter belonging to the same differential pair;



.Arrultl I|er as clalrredlnclalmzo \/\herelneachoft tr.ansi,s
formumll mn ,'lﬂmmlal pairs of transistors ofifisHg the repi C%E@n‘ﬂ"ge?hl rd,
and f rcuits has a resistor at its emtte erein,;

the ratio of the fesistance val ue of the7two respaidy s oon éc

respectively to the transistor having tte | arger emtter size and to the
transi st or havi ng the snaller emtter size belonging to each of the first,

second, third, r?{ Q4G tdaaftionb P baRdibel ahdishii irﬁxés‘léi&e(ﬁtﬁbﬂt sdil GB&5tok %'E'al{szt OA

the ratio of th1 tter sizes o e corresponding two transistors

mul tipli erenﬁﬁepfoﬁnggmamngﬂoﬁlc%ﬁ’éeuomera n the one of said two transistors
bel onging to each of said first, second, third and fourth differenti al

pai rs whi @9, haa multipliet teih ﬁsmgter size has a resi'stor connected to its
emtter, the other of saldp transi stors belonging to each of said
first, second,a finstr squeanihgf omculh havinge n efitst alifferential inplut cdndhpairt avel laafigstr
emtter size has no resistor connected to its emtter. 23. A nultiplier
conpri si nglifferential eutputr end P@irarsaidy fisstr érﬁfererﬂal/ innyt englj pajr beingr applied; with

I nput endgﬁ% r and a _first output end a second sciuarl ng circuit
having a sklferamcapfs ’ér%mnummanabmltasﬁa%a.sm&ﬁdn@@ ¥eltagi put end;

a second squaring circuit having a second differential input end pair and a second

differential output end pair, said first differential input end pair being applied with said
first input signal voltage, and said second differential output end pair being connected
opposite in phase to said first differential output end pair;

a third squaring circuit having a third differential input end pair and a third
differential output end pair, said third differential input end pair being applied with said
second input signal voltage, and said third differential output end pair being connected
opposite in phase to said first differential output end pair; and

an output signal showing a result of multiplication of said first input signal and said
second input signal being derived from said first, sécond and third differential output end
pairs; wherein

said first squaring circuit contains a first differential pair of transistors whose
emitter size ratio is K:1 (K'> 1) and a second differential pair of transistors whose
emitter size ratio is K:1;

said second squaring circuit contains a third differential pair of transistors whose
emitters size ratio is K:1 and a fourth differential pair of transmitters whose emitter size
ratio is K:1;

said third squaring circuit contains a fifth differential pair of transistors whose
emitter size ratio is K:1 and a sixth differential pair of transistors whose emitter size

ratio is K:1;



a thitd squaring circuit having a third different] .1 nput air and a
11,4t e Fepiidanien'sne

é?”ﬂﬂl}t“ “I“mm"l“lm paa fgﬁ(rjtg fsgﬂ?'[ Ihngoﬁ!t [)ﬁ't“ end, each of said

seco t herds ot put ends being connggted in cOgRKN V\MOH fid first
out put end so as to be in opposite phase with said first output. _end.and

said fourth 78 out put
end bei ng conbemieet daid drsiand tsecal differémial gairpubases dofs said Stramsisbors i eachhe
sanme phase with said first output end; said first differential

i nput endhpeing anesmitfes siapof &I and tlhare teennictedeineenremon, respectively, tnfirm saignal
vol tage and a second input signal voltage; sai d second differenti al
i npgt ﬁndgqﬁglilﬁf@@nﬁﬁ iBpWANAPIN th said first i nput si gnal voI t age;

sai ir

i nput t si gnal ! en&trteerg tolfaslauli ! alljzgl-st%?sd egﬁx ixavnelé r;g Lls?z% é% H] os%egfo said

transistors each having an emitter size of 1 are connected in common, respectively,

collectors of said transistors each having an emitter size of K and those of said
transistors each having an emitter size of 1 are connected in common, respectively, to
form said first differential output end pair;

between said third and fourth differential pairs, bases of said tramsistors each
having an emitter size of K and 1 are connected in common, respectively, to form said
second differential input end pair, one end of said second differential input end pair
being connected to said one end of said first differential input end pair,

emitters of said transistors each having an emitter size of K and those of said
transistors each having an emitter size of 1 are connected in common, respectively,

collectors of said transistors each having an emitter size of K and those of said
transistors each having an emitter size of 1 are connected in common, respectively, to
form said second differential output end pair;

between said fifth and sixth differential pairs, bases of said transistors each having
an emitter size of K and 1 are connected in common, respectively, to form said third
differential input end pair, one end of said third differential input end pair being
connected to the other end of said first differential input end pair being connected to the
other end of said second inp_ut end pair,

emitters of said transistors each having an emitter size of K and those of said
transistors each having an emitter size of 1 are connected in common, respectively,

collectors of said transistors each having an emitter size of K and those of said
transistors each having an emitter size of 1 are connected in common, respectively, to

form said third differential output end pair;



vol tage; 'said fourth differential input end..pair_being supplied with

one o ' ' second input signal vol t age's’s {hitecieplacement spaet, of
sai d “mmmlusmmm”ml rd, and fourth squaring circuits includes a
differéntfFalt pair ot transistors whose itter sigag:.are;di‘fl ht from
each other, and wherein one of the two transi stors belonging to each
of said first, second, third and fourth differential pairs has a resistor
connected to iBeswedt $did first, sécond, Mitd,ifolriter fiflls afd SixfediffeferftlaRiplirs,Sons &Rl €i n
the one of the two transistors belonging to each of said first, second,
third, andffsaid fitst diffférentialtousput pad rpninvivhesde tesistoro eachhimseancemitiet sizerof K,
connected to its emtter has an additional transistor; sai d

addi t i onalonerendsdfssaist sécand differgntial oufriut €nd paiowhese erdnsistorsigaioh has dn reasiitet or
to the emtter of the other transistor of the corresponding differential
pair, size ofz] andiene endpkfaid thipd diffesentisl outputend paitwhese tsansistors eaehe hagdi ng
a base connected to t? emtter qQf the trangistor without a resistor
connect ed A FTUHEr §ize O irar?)f""?qegteéd?rc@@&ﬂ%ﬁ?fg differential pair, and
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to its emddgl: Ge df 31, one end of said second differential output end pair whose transistors

each has an emitter size of K and one end of said third differential output end pair whose
transistors each has an emitter size of K are connected in common.
20. A multiplier comprising:

a first squaring circuit having a first differential input end pair and a first output
end; __

a second squaring circuit having a second differential input end pair and a second
output end;

a third squaring circuit having a third differential input end pair and a third output
end; h

a fourth squaring circuit having a fourth differential input end pair and a fourth
output end;

each of said second and third output ends being connected in common to said first
output end so as to be in opposite phase with said first output end, and said fourth output
end being connected in common to said first output end so as to be in the same phase
with said first output end;

said first differential input end pair being supplied with the difference of a first
input signal voltage and a second input signal voltage;

said second differential input end pair being supplied with said first input signal
voltage;

said third differential input end pair being supplied with said second input signal

voltage;



corresponding differential pair, wher eby_sai d L Ll nt stdeti st or
and mum“ln mm“;mt/vithout a resistor connect ea'?"st'é'tﬁggbé%e??gr of each
diffl Wrns a Darlington connection. 25. A quTg&ng circuit
conpri si‘ng* s 77 Date:' )Zﬂ\} 79 a
first differential pair of first and second MOS transistors driven by a
first constant current_ source;, a second differential pair of third
and fourth MoSaidr fgwsthsdiffesentisl dppusrendqpaiy, baingysupplied withdors HE tsaiek fieshrandnt
sour ce; dr ai ns ofl said first.and third MOS transistors being
connect ed SPHPISRRAM S8R 8 esoWée’i?fn’out put end pair, and drains of said

other of "sai o Sah BlEd i aepn Rl AL PRELAG chPyECTCRGe] § il Totid”
transi st org; R Pths 0 WioSletnttet SFED Brel Aiftli2hf From each other.

21. A multiplier as claimed in claim 20, wherein each of the transistors forming the

differential pairs of transistors of the first, second, third, and fourth squaring circuits has
‘a resistor at its emitter, wherein;
the ratio of the resistance value of the two resistors connected respectively to the
transistor having the larger emitter size and to the transistor having the smaller emitter
size belonging to each of the first, second, third, and fourth differential pairs is inversely
proportional to the ratio of the emitter sizes of the corresponding two transistors.
22. A multiplier as claimed in claim 21, wherein the one of said two transistors
| belonging to each of said first, second, third and fourth differential pairs which has a
smaller emitter size has a resistor connected to its emitter, the other of said two
transistors belonging to each of said first, second, third and fourth differential pairs
which has the largef emitter size has no resistor connected to its emitter.
23. A multiplier comprising:
a first squaring circuit having a first differential input end pair and a first output
end;
a seﬁond squaring circuit having a second differential input end pair and a second
'output end;
a third squaring circuit having a third differential input end pair and a third output
end;.
a fourth squaring circuit having a fourth differential input end pair and a fourth
output end;
each of said second and third output ends being connected in common with said

first output end so as to be in opposite phase with said first output end and said fourth



oné of input end pair, and gates of said second aftistikithel ref@acenanissiaedr s
are ' ' n to formthe other of said input end pair; and
SOU"Immmmuﬂlwm“mmnd second MOS transistors b &r],g cg qg ad] in conmon
to said ftrst cobnstant current source, d sour cE&t th| rd antae.

fourth MOS transistors being connected in conmon; \/\herel n a
gate-width (W and gate-length (L) ratio (WL) of said first MOS transistor

is one (butpud egdttRing eirmeétédl inREmaeIEtol AR Fifst (dulput @hd %o(a‘évtb)beofn thei sdme
second MOS transistor is H (H noteq.1) gate-wi dth (W and

gat e- | engtphasel with agiddrs{ SMtp)it exkd; sai d third MOS transistor and said fourth
MOS transi stor are equal to each other and said ratios are :
{4H. mul ti dot . Isfidr fifst 2iffgnemtial ispug $nd paid being supplied: veith ther differanee 1of ofirstai d
first constant current source is |[err], a current value of said second
const ant duputsignakyelfage and a $Qonmmpu6sssnal+[vekageﬁ 2 /(H+ 1)}.nultidot.I[err].
i eront i al . SARuReoRY dTRial dugsty Fkaic beipa:soppire it said A mpit Sgnal’
voltage;
said third differential input end pair being supplied with said second input signal
voltage;
said fourth differential input end pair being supplied with one of said first and
second input signal voltages; wherein;
each of said first, second, third, and fourth squaring circuits includes a differential
pair of transistors whose emitter sizes are different from each other, and
wherein one of the two transistors belonging to each of said first, second, third and
fourth differential pairs has a resistor connected to its emitter.
24. A multiplier as claimed in claim 23, wherein the one of the two transistors
belonging to each of said first, second, third, and fourth differential pairs which does not
have a resistor connected to its emitter has an additional transistor;
said additional transistor including an emitter connected through said resistor to the
emitter of the other transistor of the corresponding differential pair,
said additional transistor of each differential pair including a base connected to the
emitter of the transistor without a resistor connected to its emitter of its corresponding
differential pair, and
said additional transistor of each differential pair including a collector connected to
the collector of the transistor without a resistor connected to its emitter of its
corresponding differential pair,
whereby said additional transistor and said transistor without a resistor connected

to its emitter of each differential pair forms a Darlington connection.

25. A squaring circuit-comprising:



a second squaring circuit having a second di f f eTiagtis die 'fen:é):lﬁaﬁefﬁﬁ'sﬁi‘ﬁﬂ and a

secﬂr'mlmmummmﬂmﬁal d second out put end being connected in common to
sai d [y so as to be opposite in Bhase_; >-‘(>—\‘\7 wa
80 Y "Dater said first diffgrenti atq=anﬁ lend pai r..haied

applied with a first input signal voltage; said second differenti al
I nput end pair being applied with a second input signal voltage equal in

phase to said d ifirsit diffeperitiasif@nalof ilst A6@; sedsfll MOS traRistith Ritivenl BPad first
showing a result of nultiplication of said first input signal and said

second i npebstantppuatenbsourge;deri ved from said first and said second out put
ends commonl y- connected; wherein said first squaring circuit

contai ns a fi rasseced diffesentiahpaip of thivd and fourthdMO@SSeansistdrs whichsire doiven yas e
emtter sizes are different fromeach other and whose emtters are coupled
t oget her , S&fRNdCODNSEBLENIERTLBAMISRL | al pair of third and fourth transistors

whose emtter, sjze e_differen m each ot her whose emtters are
coupl ed t oget iirains o sgird first ancf tl?lr& lVI(Sé) transaistors beQng connectedein common to form

one of output end pair, and drains of said second and fourth MOS transistors being
connected in common to form the other of said output end pair;

gates of said first and fourth MOS transistors being connected in common to form
one of input end pair, and gates of said second and third MOS transistors are connected
in common to form the other of said input end pair; and

sources of said first and second MOS transistors being comnected in common to
said first constant current source, and sources of said third and fourth MOS transistors
being connected in common; wherein

a gate-width (W) and gate-length (L) ratio (W/L) of said first MOS transistor is
one (1), a gate-width (W) and gate-length (L) ratio (W/L) of said second MOS transistor
is H (H.noteq.1) h |

gate-width (W) and gate-length (L) ratios (W/L) of said third MOS transistor and
said fourth MOS transistor are equal to each other and said ratios are
{4H.multidot.H!/2 /(H+1)2 }; and

when a current value of said first constant current source is Iy, a current value of
said second constant current source is
{2.multidot. H/2 /(H +1)}.multidot.L,.
26. A multiplier comprising:

a first squaring circuit having a first differentiai input end pair and a first output
end;

a second squaring circuit having a second differential input end pair and a second
output end, said second output end being connected in common to said first output end

S0 as to be opposite in phase;



sai d second squarlng circuit contains a third differential pair of fifth

andJﬂlmmwulmr"mm“ s whose enmitter size are dif R ther eplatementisheet and

oupI ed together, and a fourth differential pair of
seventh ‘and efghth transi stors whose ergot ter si zg%are g|3f gt from each
ot her whose emtters are coupled together; B fi rst t ansi st or
having a |arger emtter size and said seventh transi stor having a snaller
emtter size aiddirsadifferemiahinpueend paic being applieddvitiaa dirgdnputdignahnelitageor
having a smaller emtter size and said fifth transistor having a |arger
emitter size Haidesecandlifferentinlcinput end paimhsing applied with & second inputnsigsalor
having a smaller emtter size and said_ eighth transistor having a |arger
em tter sivolagegmuabisphnse i said fisst 1PPP‘ yoltageandai d f ourt h tran5| st or

having a larger emtier. gize and s si xt ansis havi n

o tor i ve ARG sigtal Hofind f sest ot BfiHeation o saléifrww b 308 s gna
voltage is_a I|e e necked .base sai,d first.and
seventh ¢ secHBRng Tl BERe 3t ek BT i BRLB64 g 3550 Qlpws ¥t eomiihy
sixth tra s Hpdpsai d second input signal voltage is applied between
sai d commopn- cohnécted bases of said second and fifth transistors and said

common- connecisgd fit Sfuifing SHctit! Snitain? AdfiRk WiftbrehiANpAiF LI first and second
transistors whose emitter sizes are different from each other and whose emitters are
coupled together, and a second differential pair of third and fourth transistors whose
emitter sizes are different from each other whose emitters are coupled together;
said second squaring circuit contains a third differential pair of fifth and sixth
transistors whose emitter size are different from each other and whose emitters are
coupled together, and a fourth differential pair of seventh and eighth traﬁsistors whose
emitter sizes are different from each other whose emitters are coupled toge’iher;
said first transistor having a larger emitter size and said seventh transistor having a
smaller emitter size have bases connected in common, and said second transistor having
a smaller emitter size and said fifth transistor having a larger emitter size have bases
connected in common;
said third transistor having a smaller emitter size and said eighth transistor having
a larger emitter size have bases connected in common, and said fourth transistor having a
larger emitter size and said sixth transistor having a smallér emitter size have bases
conm;cted in common;
said first input signal voltage is appiied between said common-connected bases of
said first and seventh transistors and said common-connected bases of said fourth and
sixth transistors, and said second input signal voltage is applied between said common-
connected bases of said second and fifth transistors and said common-connected bases of

said third and eighth transistors;



col | ectors of said first and fourth transistors 2}?’ ving larger emtter sizes

and \L “I d sixth and seventh transi stbtis iha\m ller .
em tmmm‘mtn‘t@ \! nected in comon to formsaid f| rst out pﬁH"EMet'and
col | e¢tofs bf aid second and third tramdistors b ;rjg:,u ] emtter

or a

sizes and collectors of said fifth and eighth tran5| st ving | arger
emtter sizes are connected in ﬁlil(iZ)m"mn to formsaid second output_end. 27.

A nulti pI i er selleqtosnel spid first and Jousgh transistory, aving {arger PF%‘[‘“ sizep and

third, ransi stors

Fesi-ot or - Gotscpirs g et nd: g iR Hansis B ha i el 8RR oBS oS Frhester, e
of the tm@*{:@rﬁh%h%?oﬁx@@@ﬁﬁrgtdoqtﬁﬁpe%ﬁt P(&al y to the transistor having the

| arger emtter size an nS|S or having the smaller emtter size

bel ongi ng t0 @afLkes 61“§a1&'§e§6nd SRE M thdhSTstdes %Qﬁnéoéﬂﬁéﬂér QrhibtF bkl aalnd

pairs is inversely proportional to the ratio of the emtter sizes of the
cor r espongdbnéttdrédftsafNGHE afid Sight!? Gransistots! Havig 18Fgep Smittel! sHRE alré cOhricBdZa,

wherein, the one of the two transistors

common to form said second output end.

27.. A multiplier as claimed in claim 26, wherein each of the first, second, third,

fourth, fifth, sixth, seventh, and eighth transistors has a resistor at its emitter, wherein;
the ratio of the resistance value of the two resistors connected respectively to the

transistor having the larger emitter size and to the transistor having the smaller emitter

size belonging to each of the first, second, third, and fourth differential pairs is inversely

proportional to the ratio of the emitter sizes of the corresponding two transistors.

28. A multiplier as claimed in claim 26, wherein, the one of the two transistors

belonging to each of said first, second, third, and fourth differential pairs, which has the

smaller emitter size has a resistor connected to its emitter; and

the other of said two transistors of said differential pairs, which has the larger

emitter size, not being connected to a resistor.



bel ongi ng to each of said first, second, third, and fourth differential _
pairs, “which has the smaller emitter size has a resistor connected to its
emtter; and the other of said two transistors of said differential
pairs, which has the larger emtter size, not being connected to a

resi stor.
82

MULTIPLIER AND SQUARING CIRCUIT TO BE USED FOR THE SAME
ABSTRACT

A multiplier comprising a forst and second squaring circuits each having a differential input
terminal pair whose poutputs are connected in common. a first input terminal of the first
squaring circuit is applied with a first input voltage and a second input terminal thereof is
applied with a second input voltage opposite inphase to the first input voltage. A first input
terminal of the second squaring circuit is applied with the second input boltage and a second
input terminal thereof is applied with the first input voltage. The first and second squaring
circuits each includes two sets of unbalanced differential transistor pairs (Q;, Q,), and

(Q3, Q) which are arranged so that their inputs are oppostie in phase and their outputs are
connected in common. The transistors each unballanced differential transistor pair (Q1, Qo)
or (Q3, Q4) have a different emitter size from each other.

Fig. 4

This is the replacement sheet
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