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Multiplier and squaring circuit

to 'be used fo; the same

This invention relates to 2 multiplier and 2 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
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;émperature.
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-1C41
I1C43 = — et et sssess (3)
1 + exp(-V41/VT)
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1C45 = cesesssns (5)
1 + exp(V41/VT)
aF-I1C42
IC4 = ——————————— tcrcecres (6)
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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;



aF2-10
4 = —————————————————— ..ee, (9)
- {1texp(-V41/VT)} (ltexp(-V42/VT)}

@ F2-10
144 = —m—————— ... (10)
{l+exp(V41/VT)} (ltexp(-V42/VD)}
aF2-10
145 = —mm— ... (11)
{1+exp(V41/VT)} (1+exp(V42Z/VT)}
aF2-10
4= —m L (12)

{1+exp(-V41/VT)} {ltexp(V42/VT)}

As a result, the differential current A I between an
output current I1C43-45 and an output current IC44-46 can be

expressed by the following equation (13);

[1C43-45 - I1C44-46

—
]

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

(IC43 - IC46) - (IC44 - IC45)

a F2-10- {tanh(V41/2VT)}- {tanh(V42/2VT)} ----(13)

Here, tanh x can be expanded in series as shown by the
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following equation (14) as:
tanh x = x - (X3/3) ............ (14).

so that if x <K< 1, it can be approximated as tanh 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 conventional 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 5e expressed by

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

—5 —



¥ 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 = un-(COX/2) (W/L) (VGS-Vt)2? s+« (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.



SUMMARY OF THE INVENTION
(1)' In a first aspect of this invention, - a mult;plier 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
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pairs whose emitters to be connected in common are wifh an
emitter size ratio of K:1 - (E>1). 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
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first aspect, a multiplier is prpvidéd which comprises a
first and second squaring circuits. Thatfls; it comprises
the first squaring circuit including a first and second
unbalanced differential trénsistor 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 voltage 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
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transistors ° including each unbalanced differential
transistor pair have different emitter Sizg§~from egch other
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
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having an emitter size ratio of 1 of said fourth
differential transistor pair are connéctedffn‘common.to the
other input terminal (the other folarity)_ of said first
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 connected 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
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'edual in emitter size, one of two transistors constituting
‘each differential transistor pair may have a Darlington
cﬁﬁnection.
(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
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terminal ‘and three squaring circuits, first, second and
third, which are arranged between said first apd 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
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In thlS multiplier, as in the first aspect, ' two
transistors having different emitter sizeé from each other,
which constitute each differential transistor pair, may be
connected respectively with emitter resistbrs .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,
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third and fourth squaring circuits. As in the third aspect,

a first input voltage 1is applied to one input terpinal of
said first squaring circuit, and a second ;nput 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 across an input terminal 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
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ratio of K:1 (K>1), and in which the collectors of the

transistors which are respectively equal in”emitter;size are
connected in common and the bases of the t;ansistors 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 input
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
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each differential transistor pair, may be connected
respectively with emitter resistors having érreéistant value
inversely proportional to the emitter sizg ratio, or only
oﬁe of them hay 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 line 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 —



This Sheet Has Been Replaced

RMRG

(¥/L) of one (1) and a second MOS transistor having a ratio

(W/L) of H (H#1), which are driven by a constant current
source 10, and a second differential transistor pair

inéluding a third and fourth MO0S transistors having such a

ratio (W/L) as:
{4H-H*72 / (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
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peans thai sucﬁ a squaring circuit that is completely
iridependent of a variation in threshold voltage- due to
manufacturing dispersion of transistors and adapted to be
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. |
Fig. 6 1is an.output characteristic diagram of the

multiplier shown in Fig. 4.



"Fig. 7 is a diagram of an. output transformer
conductance characteristic of the multipliér shown in Fig.

4.

Fig. 8 1is an output characteristic diagfam 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
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fo be used for a multiplier according to a fourth embodiment
!f this invention.

Fig. 16 is an output characteristic diagram of the
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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Fig. 24 is.a circuit diagram of a multiplier according
to an eighth embodiment of this invention.
Fig. 25 is an output characteristic diagram of the
multiplier shown in Fig. 24.
| Fig. 26 is a circuit diagram of a squaring circuit to

be used for a multiplier according to a ninth embodiment of

this invention.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The preferred embodiments of this invention will be
described below while referring to Figs. 3 t0126.

Fig. 3 schematically shows a multiplier according to
first 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-V2  eeees wee (21)
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That is, the output voltage VOUT can be expressed by
the product (V1-V2) of the first input voltage V1 and the
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
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circuits are supplied with respective electric currents in
parallel, and an input signal (voltage VA) to.be applied to
one differential input terminal pair (1 and“2) is opposite
in phase to an input signal (voltage VB) to be applied to
the other differential input pair (3 and 4).

In the two squaring circuits which consist respectively
of the two Sets of transistor pairs (Ql and Q2Z) and (Q3 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 Q1 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 each other, that is, of the

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



transistors Q2 and Q3, and Q5 and Q8 are connected. in
common to form différential output signals. Ip and Igq,
respectively. The +transistor pairs are connecfed to
respective constant electric current sources_IO.

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;

aF-10
I¢if = —mm—————————————————  ccscnse (22)
1+(1/k) -exp(-VA/VT)
aF-I0
ICZ - ———— e s sts s s (23)
1tk-exp(VA/VT)

where, aF-10 can be expressed as follows;

@Fe10 = ICI + [C2  wevvevsens (24)

-Hence, the difference between the collector currents,

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

IC1 - IC2.
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k*/2-exp- (VA/2VT) - (1/k)-exp-(-VA/2VT)
k*7%-exp- (VA/2VT) + (l/k)-expf(-VA/ZVT)

= aF-I0

‘Here, supposing that VK is expressed as;
VK = VT'ln(K) .............. (26),

K can be obtained as follows;

K = expe (VK/VT) ccecrevecens. (?7)

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)



Next, the difference between the collector currents IC3
and IC4 of respective differential transiéter_pair Q3 and Q4

can be obtained in the same ﬁay as shown above, that is,

IC4 - 1C3-= aF-10-tanh{(-VA+VE)/2VT}

~ @ F-10-tanh {(VA-VE)/2VT}. ++-v-~ (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}]

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
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of K:1.
ATA = (IC1-IC2) + (IC4-IC3) . )
a F-10-[{(VA+VK) /2VT-(1/3) {(VA+VEK)/2VT}?} ---

| - {(VA-VK)/2VT-(1/3) ((VA+VK)/2VT)?®}] ---
a F-10- {(VE/VT)-(VE/8VT?) VA®-(1/3) (VE/2VT)? ---}

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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~AIB = (IC5-IC6) + (IC8-ICT) '::""‘*' : -
= - ch-IO-{(VK/VT)-(VK/8VT‘)-VB*-(1/3_)(VK/ZVT)3 <o}

As a result; if the sum of the differential electric
currents, AIA + AIB, 1is expressed AIl, the following

equation can be established as;

Al =-AIA+ AIB

i

{ -CaF-10-VK)/8VT}+(VA2-VB2) +-cv--- (35)
And, if the _input voltages VA and VB are expressed as;
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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.



Al = aF-10-(VK/2VT) V1:V2 ccvvv--- (38).

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. T 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
étransistof used was of 2SC2785 produced by NEC. From this,
git can be found that though an offset is appeared in the
éoutput because these components are rtealized on an
individual basis, good multiplier characteristic is
ZObtainable;.In addition, this diagram was prepared in such a

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

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



ponverted into voltage as follows;

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



cannot be analytically resolved because of including emitter
resistors into differential transistor paifél~ As a result,
SPICE simulation values were obtained using the product
(R-10) of the resistant value R of the emitter resistance
and the current value IO- 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, experiments were
carried out using individual components, the result of which
is shown in Fig. 11. The transistors used was of 2SC2785.
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. Compared
With the result shoﬁn in Fig. 8, it can be found that the
_input voltage range in Fig. 11 is expanded approximately
three times. As a.result, a multiplier using the squaring

Circuit having emitter resistors as shown in Fig. 9 makes



obtainable  good characteristic and yet advantageously

expanded input voltage range. -

[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 théf 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 transistors Q1 and Q4 with an
emitter size of K each does not have an-emitter resistor.

The 6perationa1 characteristic of this squaring circﬁit
cannot 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
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parameter, which is shown in Fig. 13. From Fig. 13, it can

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

‘and yet good squaring characteristic can be obtained by

appropriately selécting the value of the product (R-I10).
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
25C2785 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 vyet

advantageously expanded input voltage range.

[(Fourth Embodiment]

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



pultiplier according to a fourth embodiment of fhis
invention, which comprises two squaring pi{fuit combinedly
arranged as shown in Fig. 4, and substaﬁti#ily 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



there appears an offset in the output  because tﬁese
components were individually realized, .good multiplier
characteristic is obtainable. In addition, this diagram was
prepared in such a manner that Vi 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 fange is expanded approximately
three times. As a result, a multiplier usipg 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
inQention; 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
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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 ﬁound tﬁat the inﬁut voltage range can ﬁe-expanded and
yet goodl 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

.



found that the input voltage range is expanded ap?roxiﬁately
five times. As a result, a multiplier-using the sqﬁaring
circuit having emitter resistors as showﬁ ip' Figl 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) haviné emitters
connected in commdn 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.



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 is connected to the constant current source

I10.



Here, if the reference' volfage is e#pressed'as' VR,
respective base voltages VB21, VB2Z, VB23, VB24, VB25, VB26,
VB27 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 t?ansistgr

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

QZ? and Q28 can be expressed as follows;

VBZ1

= VB27 = VR + (1/2)V21  «---eeo (39)
VB22 = vsés = VR + (1/2)V22  --ee a0
VB23 = VB28 = VR - (1/2)V22  -eeeee (41)
VBZ4 = VBZ6 = VR - (1/2V21  ceeeees (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



embodiment;

VB21 - VB22 = (1/2) (V21-V22)  «+--exv (43)
VB23 - VB24 = (1/2) (V21-V22)  «-v---- (44)
VB21 - VB22 =

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

In addition, the inter-base voltage of the third
-differentiai transistor pair (Q27'and'Q28), and that of the
fourth differential transistor pair (Q25 ;nd 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 f&r 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)

-~
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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;

I = (~aF-10-VE/8VT) X
C{(1/2)(V21-v22)}® — {(-1/2)(V21-V22)} *]

= 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,

‘however, 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



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



= 9V1-V2 L eeeeees (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.



In the three squaring circuits shown above, two sets 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



terminél 2, gnd.the bases of the transistoré Q6 and Q8 of
the second squaring circuit and those of the transistors Q10
and Q12 éf the third squaring circuit are connected in
common to the common input terminal 3. |

In addition, the collectors of the tramsistors (Q5, Q8,
Q9 and Q12) ‘and (Q6, Q7, Q10 and Q11), which are equal in
_emitter size .to each other 1in respective second and third
squaring circuits, are connected in common, which are
connected to the collectors of the transistors not equal in
emitter size to each other of the first squaring circuit,
respectively, thereby making the diffefential output
currents }p’ and Iq’.

Alsq, the .input terminal 1 and the common input
terminal.s makes a first iqput terminal pair to be applied
with one iﬁput signal voltage V1 and the input terminal 2
and- the . common input terminal 3 makes a second input
terminal pair to be applied with the other input signal
vdltége V2, and as shown in Fig. 23, to the input terminals
1 and 2, the 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 above, the differential
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currents IA and IB of the unbalanced differential transistor
pairs (Q1 and Q2), (Q3 and Q4), (Q5 and Q6) and (Q7 and Q8)
can be obtained in the same way as in.the.first emﬁodiment
(see Egs. (30) and (34)). Next, those of the unbalanced
differential transistor pairs (Q9 and Ql10) and (Qll-and Q12)
can be obtained similarly - by -the following 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
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the differential output currents Ip'_and Ig® is expresséd as

Al', the following equation will be obtained;~

Al = Ip” - Iq”
- AIA+ AIB + AIC

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

= - agF-I0 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] -



Fig. 24 is a mnultiplier according to an eighth
embodiment of this invention, which comprises squaring
circuits having one squaring circuit added fo the muitiplier
of the seventh embodiment, and fqr 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), (QI1
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, tﬁo
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 pairé
(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 supplie& with source currents in parallel to be
driven by the constant currenf source [0.

In the four squaring circuit shown above, two sets of



unbalanced differential trangiétor pairs of each squaring
circuit are structured -so that the coiiectors 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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terminal 2, the bases of the transistors Q6 and Q8 of .the
second squaring circuit and ‘those of the-transistors Q14 and
Q16 of the third squaring circuit are conpec;éd\in common to
the commdn input terminal 3, and the bases of the
transistors Q13 and Q15.of the third squaring circuit and
those of the transistors Q12 and Q10 of the fourth squaring
.;ircuit éré édnnected in éomﬁdnlto-éééﬁwaﬁer. The baseé.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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signal (voltage V1) and the input terminal 2 and the common
input terminal 3 makes a second input termgﬁal pair to be
applied with the other input signal (volfageNVZ).' an& as
shown in Fig. 24, to the input terminals 1 and 2, the
polarity of one of two input'signals is apﬁlied, 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) and '(IC15 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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@ F+10+ {((VE/VT) - (2/3) (VE/2V)? +++-+)

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 (60);

AT’ aFeI10-(VK/2VT3)-V1-V2 = cecces (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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addition, the multiplier characteristic of this embod iment
was analyzed ih terms of hyperbolic tangegt function, the
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 used for a

multiplier according to a ninth embodiment of this

invention, which comprises four MOS transistors. In Fig. 26,
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. MOS transistors M1 and M2 form a first differential
‘transistor pair to be driven by a constant current
source [0, and MOS transistors M3 and 'M4-form a second
differential transistor pair to be driveﬁ by a constant

current source in conformity with the following equation

(61):
{2-H72 / (H+1)}-10 = cecoscnees (61)

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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On the other hand, in thé seconq differential
transistor pair, the transistor M3 has a rafio-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;
(W3/L3) = (W4/L4) = 4H- H/2/(Ht1)%? eeeeces (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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VGS1 - VGSZ = VIN  --eeo (1))

Here, if Aldp is expressed by the folldwing equation

(68):
Aldp = Idl - Id2 L teseseen (68),

it can be obtained as follows;

Aldp =
-(1-1/H) {(1+1/H)10-2 8 1-VIN’}‘+4'B”1 {(1+1/H) (IO/B 1)-VIN2)} 172
(1+1/H)2
........ (69)
where,
Bl = pn (COX/2) (W1/L1)  ecesevs (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:



1d3

(4H- H'/2/(H41)%)- B1(VGS3 = VD)3 coveen 1)

(4He H2Z3/(HE1)T)- B L(VGSE - VI)E =ovvees (12)

1d4

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):

(-4H- H72/(H+1)%)- B 1-VIN X
[4 (H172.10/(H+1)}- {(H+1)?/4H- H7%- 81} - VINZ2]i/2

IdQ

= -(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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As a result, the differential output cur;ent I can be

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,



a squaring circuit adapted to be integrated on a large-scale
basis as well as to be preferably used for a multiplier can

be effectively provided.
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CLAIMS:

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 _aré
connected in common to each other, a first input terminal of
said first squaring circuit is anplied with a first input
voltage, a second input termlﬁal thereof is applied with a
second input voltage opp051te in phase to sa1d first input
gvoltage, a first input terminal of said secqnd 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 squariné4ciféuits 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 multiplier as clzimed in claim 1, .wherein'said each
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~differential trénsistor pair has two transistor emitters
respectively connected. to resistors,  and“~a\ ratio of a-
resistant value of a resistor connectéd' to a transistor
having a large eﬁitter size and that of a resistor connected
to a transistor having a small emitter size is inversely

proportional to an emitter 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 is 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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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.

» A mnultiplier as claimed .in claim ¢, wherein said
wabalanced differential transistor pairs each includes two
tvansistors having a Darlington connection.
& A multiplier comprising two squar}ng 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
wviich 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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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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between the other input terminal of said third differential
transistor pair and the other input terminal of 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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common, and a second squaring circuit including a tﬁird
différential 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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differential transistor pairs respectively include two

~

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
input terminal of said sécond differential input terminal |
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
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‘differential transistor pair are connectéd in common to the
other input terminal of said first input terminal pair, and
ihe base of the transistor with an emitter 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
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input terminal pair of said second squaring circuit, the
second input voltage being applied across the input terminal
pair of said third squaring cifcuit. 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
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of said first squaring circuit is conneéted S0 as to be
opposite in phase respectively to said second and third
squaring circuits, wherein

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 acréss 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,
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second and third-équaring circuits provided between said
first and second input terminal pairs, 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. o
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- 19. A multiplier comprising a first squaring circuit, 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 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
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_respectively connected té- resistors, and a ratio of a
resistant value of the resistor connected to the emitter of
said transistor with a large emitter size and that of the
resistor connected to the emitter of said transistor with a

small emitter size 1s inversely proportional to an 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
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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

LT




* [ L M S *

unbalanced differential trﬁnsistor pairs whose emitteré 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
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_?{ansistor pair and a second¢4i{ferentiél transistor pair
which are driven by a constant electric-.current source,
wherein

said first differential transistor paif is driven by a
constant 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
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the drains of said second and fourth transistors are
respectively connected in common, the gates of said first
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.
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