Chapter 2
Voltage and Current Multiplier Circuits

2.1 Mathematical Analysis for Synthesis of Multipliers

The synthesis of multiplier circuits [1-60] is based on the utilization of some
elementary principles, each of them representing the starting point for designing a
class of multiplier circuit.

Referring to the input variables, it can be identified two important classes of
multiplier circuits:

— Voltage multipliers, having as input variables two single or differential voltages
and generating an output current proportional with the product of these input
voltages;

— Current multipliers, receiving as inputs two currents and producing an output
current proportional with the product of the input currents.

Because the multiplying function uses the characteristic of MOS transistors
biased in saturation region, most of mathematical principles are derived from a
linear relation between squaring terms (having voltages or currents as variables).
The notations used for revealing these principles are: Vi, V,, V3 and V, represent
the input potentials, while, usually, a constant voltage, Vo, is introduced for
modeling a voltage shifting; for current multipliers, /;, I and I3 are the input
currents and /p represents a reference current. In both cases, Ipyr denotes the
output current of the multiplier circuit.
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2.1.1 Mathematical Analysis of Voltage Multiplier Circuits

2.1.1.1 First Mathematical Principle (PR 2.1)

The first mathematical principle used for implementing voltage multiplier circuits
is based on the following identity:

(Vi+Va+ Vo) = (Vi = Va+ Vo) + (Vi = V2 + Vo)
— (—Vl +V, + Vo)z = 2V2(2V1 + 2V0) — 2V2(—2V1 + 2V0) =8ViV, (2.1)

The voltage multipliers based on the previous relation computes a current
proportional with the product of two input voltages, V| and V5.

2.1.1.2 Second Mathematical Principle (PR 2.2)
The mathematical relation that models this principle is
(Vi+Vs+ Vo) — (Va+ V3 + Vo) + (Va+ Vs + Vo)

— (Vi +Va+ Vo) = (Vi = Vo) (Vi + Vo +2V3 + 2Vp)
— (Vi =V2)(Vi + Vo +2V4 +2Vp) = 2(Vi = V) (V3 — Vy) (2.2)

The circuits that use this principle generates a current proportional with the
product between two differential input voltages, V; — V, and V3 — V4.

2.1.1.3 Third Mathematical Principle (PR 2.3)

This principle is illustrated by the following mathematical relation:

(Vi = V3 + Vo) = (Vi = Va+ Vo) + (Va — V4 + Vo)
— (Vo= V3+ Vo) = (V4 — V3)(2Vy — V3 — V4 +2Vp)
— (Va—=V3)(2Va = V3 = V4 +2Vo) =2(Vy — V3) (V4 — V3) (2.3)

The multiplier circuits that implement this principle compute, also, an output
current proportional with the product between two differential input voltages,
V] - Vz and V4 - V3.



2.1 Mathematical Analysis for Synthesis of Multipliers 91

2.1.1.4 Fourth Mathematical Principle (PR 2.4)

The fourth mathematical principle is based on the following mathematical relation:

lour = a\/To(Vi — V2)
= loyr = aVb(Vy — V1) (V3 — Vy) (2.4)
Io =b(V3 — Vu)?
or
lour = a(VIi = Vh) (Vi = V2)
5 5 = loyr = a\/E(Vl — Vz)(V3 — V4) 2.5)
(VI = VE)" = b(Vs — Vi)

a and b represent constant coefficients, depending on the particular implementation
of the multiplier circuit based on this mathematical principle.

2.1.1.5 Fifth Mathematical Principle (PR 2.5)

The fifth mathematical principle represents the cancellation of a nonlinear depen-
dence of an output current, Ipyr, on the input voltage, V;:

Io +KV?/4  V?
Tour = KV, % 2k = VKoV, (2.6)
2.1.1.6 Sixth Mathematical Principle (PR 2.6)

The mathematical relation that models this principle is

ViV 2 % A ?
(g (10 (o oo

2.1.1.7 Seventh Mathematical Principle (PR 2.7)

The identity representing the basis of this mathematical relation is

(Vi +Va)? = (Vi = Vo) =4V V, (2.8)
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2.1.1.8 Different Mathematical Principles for Voltage
Multipliers (PR 2.Da)

A class of multipliers can be designed starting from different mathematical
principles, that are useful for linearizing the behavior of the multiplier circuits.

2.1.2 Mathematical Analysis of Current Multiplier Circuits

2.1.2.1 Ninth Mathematical Principle (PR 2.9)

The ninth mathematical principle uses two square-rooting circuits in order to
implement the multiplying function:

lo1 = av/Iolour
L1

loy = avih :>10UT:[—
0

Io1 = Io2 (2.9)

2.1.2.2 Tenth Mathematical Principle (PR 2.10)
The identity representing the basis of this mathematical relation is

(L + 1)
alo

AL

I
o+ aly

(2.10)

[ (I + 1)
— |1y —
alp

2.1.2.3 Eleventh Mathematical Principle (PR 2.11)

In order to implement the eleventh mathematical principle, the circuits use only
MOS transistors biased in weak inversion region, the translinear loops that contain
gate-source voltages generating the product between the input currents.

2.1.2.4 Different Mathematical Principles for Current
Multipliers (PR 2.Db)

A class of multipliers can be designed starting from different mathematical
principles that are useful for linearizing the behavior of the current multiplier
circuits.
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Fig. 2.1 Multiplier circuit (1) based on PR 2.1

2.2 Analysis and Design of Multiplier Circuits

2.2.1 Design of Voltage Multiplier Circuits

Based on the previous presented mathematical analysis, the voltage multipliers
can be clustered in eight important functional classes: circuits using PR 2.1-PR
2.7 elementary principle and a class containing multipliers based on different
functional relations.

2.2.1.1 Multiplier Circuits Based on the First Mathematical
Principle (PR 2.1)

The multiplier structures using as functional basis PR 2.1 present the important
advantage of using a symmetrical structure that minimizes the intrinsic linearity
error of the designed circuits.

A circuit that implements the product between two input voltages using the PR
2.1 mathematical principle is presented in Fig. 2.1 [1].

The output current of the voltage multiplier can be expressed as a linear function
of the currents, Ioy7; and Ipyrs:

lour = loury — lour2 = (Ip> + Ipa) — (Ip1 + Ip3) (2.11)

The drain current of M1 transistor is

K
Ipi =5 (=Vi—V - Vr)? (2.12)
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The V potential is imposed by V, potential and by the gate-source of M5
transistor (that is biased at a constant current, /p) to be equal with:

21
V=-V,-Vgss=-Vo—Vr — 70 (2.13)

Replacing (2.13) in (2.12), it results the following dependence of Ip; current on
V1, and V; input potentials:

2
K I,

Inn=—|-Vi+V — 2.14

p1 =7 ( 1+ Vo + e ) (2.14)

Similarly, the drain currents of M2—M4 transistors can be expressed as

2
K 21,
Ipp == Vi+Vy4+4/=2 2.15
p2 =7 ( 1+ Vo + K) (2.15)
K A%
_ A . o0
Ips = > <V1 Vo) + —K> (2.16)
K )\’
Ipy =7 (—v1 ~Vo+ \/70) (2.17)

The expression of the output current as a function of input potentials can be
obtained using relations (2.11) and (2.14)—(2.17):

K 2o\ K 2
lour =52V <2v2+2,/70> +5(=2v1) <—2v2+2\/70> —4KV,V, (2.18)

Another multiplier structure based on the first mathematical principle (PR 2.1) is
presented in Fig. 2.2 [2]. Its output current can be expressed as

Tour = (Ip1 +1p3) — (Ip2 +Ipa) = (Ip1 — Ip2) + (Ips — Ipa) (2.19)

For M1-M4 transistors, the gate potentials are imposed by the common-mode
voltage V¢ and by the differential components + V;/2 and + V,/2.
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Fig. 2.2 Multiplier circuit (2) based on PR 2.1

Replacing the expressions of the previous drain currents with their quadratic
dependence on the gate-source voltages, it results:

K (Vi+V 2
10UT=10U71—10UT2:2( 12 2+VC—VS—VT>
K[ Vi+V 2 K(V,—-V 2
+=| - ! 2+VC*V57VT - — ! 2+VC*VS*VT
2 2 2
K(V,-V 2
_§<22 ]+VC—V5—VT) (2.20)

So, the output current will be proportional with the product between the differ-
ential-mode input voltages:

K
loyr = Evl (Vo +2Ve — 2Vg — 2V7)

£ 2 (=V))(=Vy +2Ve — 2V — 2Vy) = KV, V, (2.21)

ol >

An alternate realization of a voltage multiplier circuit based on the first
mathematical principle (PR 2.1) is presented in Fig. 2.3. In order to reduce the
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Fig. 2.3 Multiplier circuit (3) based on PR 2.1

circuit complexity, a part of classical MOS transistors have been replaced by
FGMOS active devices with identical inputs.
The output current can be expressed as follows:

K (Vi+V 2
lour = (Ipy — Ip2) + (Ips — Ip3) = 2< ! 5 2_ VT)
K (Vi—V, K Vi+V, 2
2 ( 2 T) 2 ( 2 T)
K(V,-V 2K K
_ E( 2 5 I VT) = EVZ(VI - 2VT)§V2(—V1 — 2VT> =K1V, (222)

2.2.1.2 Multiplier Circuits Based on the Second Mathematical
Principle (PR 2.2)

The multipliers based on PR 2.2 can be used in a large area of applications that
require the implementation of the product between two differential voltages.

A voltage multiplier having as functional relation the second mathematical
principle (PR 2.2) is presented in Fig. 2.4 [3].

All MOS transistors are biased in saturation region and Vy represents a constant
voltage that is summed with V3 and Vj4 voltages. The expression of differential
output current is

Tour1 — lour2 = (Ips + Ipie) — (Ips + Ip13) (2.23)
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Fig. 2.4 Multiplier circuit (1) based on PR 2.2
where the previous drain currents can be expressed as follows:
K 2
Ips == (Vx +Vpp — V1) (2.24)
K 2
Ipis = 3 (Vz+Vpp —Vr) (2.25)
K 2
Ipg = 7 (Vw + Vop — V1) (2.26)
K 2
Ipi3 = b} (Vy +Vop = V1) (2.27)

As a consequence of the circuit configuration, the gate-source voltages of M2
and M3 transistors are equal, resulting Ip, = Ip3. But Ips = Ips and Ip; = Ipy, so
Ip1 = Ips. In conclusion, because M1 and M4 transistors are identical, it results
Ves1 = Vsca, equivalent with:

Vi+Vo+Vpp=Vx -V, (2.28)
Thus, the expression of Vy potential will be
Vx =Vi+V3+Vo+Vpp (2.29)

Replacing (2.29) in (2.24), the drain current of M5 transistor will have the
following expression:

Ips == [(Vi +V3) + (2Vop + Vo — Vp)* (2.30)

| >

Similarly, the expression of drain currents of M8, M 13 and M16 transistor will be

K
Ips = [(V2+Va) + (Voo + Vo = Vi) (2.31)
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Fig. 2.5 Multiplier circuit (2) based on PR 2.2
K 2
Ipi3 = ) [(Vi+V4)+ 2Vpp + Vo — V7)) (2.32)
K 2
Ipis = ) [(Va+Va) + (2Vpp + Vo — V1)) (2.33)

Replacing (2.30)—(2.33) in (2.23), it results:

K
Tour1 — lour = E (Vl — Vz)(V1 + Vo 4+2V3 +4Vpp + 2V — ZVT)
K
- E (Vl - Vz)(Vl + Vo +2Vy +4Vpp + 2V — 2VT) (234)

So
Tourt — Ioura = K(Vi — Va) (V3 — V) (2.35)

A possible implementation of a voltage multiplier based on the second mathemat-
ical principle (PR 2.2), using FGMOS transistors is presented in Fig. 2.5 [4].

Considering identical inputs for all FGMOS transistors, the differential output
current of the voltage multiplier presented in Fig. 2.5 can be expressed as follows:

K (Vi+V 2 K (Vi+V 2
IOUT:IOUTl_IOUT2:§( ]2 2—VT) +§< 32 4_VT)

K (V,+V 2 K/(Vi+V K
( 2 3VT> (1 4VT) :Z(vl—vg)(vz—w)

2 2
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Fig. 2.6 Multiplier circuit (3) based on PR 2.2

An alternate implementation of a voltage multiplier using the second mathemati-
cal principle is presented in Fig. 2.6 [4].

The differential output current of the voltage multiplier shown in Fig. 2.6 will
have the following expression:

K (Vi+V :
Lour = lour1 — lour2 5( ! 2 Vs VT)

2
K (Vi+Vy 2 K (Va+ Vs 2
- Vg — _= B VA v
+2( 2 § VT> 2( 2 S T)
K(Vi+V 2K
_E( 12 4—VS—VT> =5 (V1= V3) (V2= Vi) (2.37)

The multiplier circuit presented in Fig. 2.7 [5] is based on the second mathematical
principle (PR 2.2).

The output current of the voltage multiplier is implemented (using an additional
current mirror, not shown in Fig. 2.7) to be the difference between lpyr> and Ipyr;
currents and it can be expressed as follows:

Tour = Iovr2 — lovrs = (L + 1) — (I, + I5)
K (Vi +V;+ Vg 2K (Vat Vit Vg 2
=- (LG vy S (26
2< 3 T) 3 3 !
K(V1+V4+VG v>2 K(V2+V3+VG

NitVatVe . Va+Vs+Ve

2 3 3

> VT)2 (2.38)
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Fig. 2.7 Multiplier circuit (4) based on PR 2.2

resulting:

KVs—Vy (2Vi+ V3 4+ V4 +2Vs
IOUTZE 3 3 —2Vr

K V3=V (2Vy+ V3 4+ V44 2Vs
- = —2Vr

2.39
2 3 3 ( )

So, the output current is proportional with the product between the differential
input voltages:

lour = = (V3 = V4) (Vi = Va) (2.40)

o =X

2.2.1.3 Multiplier Circuits Based on the Third Mathematical
Principle (PR 2.3)

Alternative implementations of multiplier circuits designed for differential input
voltages uses the mathematical relations described by PR 2.3.

A combination of two differential amplifiers, M1-M2 and M3-M4, can implement
the multiplying function (Fig. 2.8), the functional equations of this circuit being
obtained using the third mathematical principle (PR 2.3) [6].

The gate-source voltages of M1 and M5 transistors are equal because they are
identical and biased at the same drain current, resulting:

Vpop — V3=V -V, (2.41)
equivalent with:

V=V, —Vs+Vpp (2.42)
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The drain current of M9 transistor can be expressed as follows:
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Fig. 2.8 Multiplier circuit (1) based on PR 2.3

K K K
Ipy = 5 (Vaso — Vr)* = 2 V-V = 2 (Vi = Va) + (Vop — V)] (243)

Similarly, the expressions of drain currents for M10, M11 and M12 transistors are:

K

bm:EKm—Vn+U@D—wﬂ2 (2.44)
K

bu=5W@—W%HWm—WW (2.45)
K

banWQ—W%HWw—WW (2.46)

The output current /oy of the multiplier will be expressed by

Tour = Ipo + Ip11 — Ip1o — Ip12 (2.47)
resulting:
mwzgw—wmm—w—w+ww—Wﬁ
+§@3—wﬂma—w—wq+m@D—mq) (2.48)
or

Lour = K(Va — Vi) (Vs — V) (2.49)
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Fig. 2.9 Multiplier circuit (2) based on PR 2.3

The voltage multiplying function can be implemented using the third mathematical
principle (PR 2.3) by the structure presented in Fig. 2.9 [7].

The circuit contains four pairs of transistors (M1-M5, M2-M6, M3-M7 and
M4-MS8) that implement voltage subtraction functions. Because M1 and M5
transistors are identical and biased at the same drain current, their gate-source
voltages will be equal, so that:

Vop = Vi =V5s—-V;3 (2.50)

resulting that Vs potential is given by the differential input voltage, V3 — V;:
Vs =Vpp + (V3 — V1) (2.51)
The Vs potential is applied on the gate of M9 transistor, its drain current

being expressed using the squaring characteristic of the MOS transistor biased
in saturation:

Ipg =

Slia

g

(Vs —Vr)2 = 5 (Voo = Vi) + (Vs =V, ) (2.52)

Similarly, the drain currents of M10, M11 and M12 transistors are

K K

Ipio =5 (Vs = Vi) = 5 (Vo = Vi) + (Vi — Vo)) (2.53)
K K

Ipn = 5 (V7 — VT)z = D) [(Vpp = Vr)+ (V4 — Vl)]z (2.54)
K K

Ipi == (Vs = Vi) = 5 (Vo = V) + (V3 — Vo)) (2.55)
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Fig. 2.10 Multiplier circuit (3) based on PR 2.3

The output current of the voltage multiplier presented in Fig. 2.9 can be
expressed as a linear relation using the previous currents:

Tour = Ipo + Ipio — Ip11 — Ip12 (2.56)

resulting:

K
Ioyr = §(V3 —V4)(2Vpp — 2Vy + V3 + V4 — 2V))

K
+5 (Va = V3)(@Vip = 2Vr + V3 + Vi = 2V2) (2.57)

So, the circuit implements the voltage multiplying function:
IOUT = K(V3 — V4) (V2 — V]) (258)

A multiplier circuit using exclusively MOS transistors biased in saturation region,
based on the third mathematical principle (PR 2.3), is presented in Fig. 2.10 [8].

The M1 and M2 transistors form a difference circuit that generates Vy,
potential. Considering identical transistors and because they are biased at the
same drain current, it results equal gate-source voltages for these transistors.
Thus, Vi, potential will have the following expression:

Vu=Vi=Ves1 =Vi—=Ve2=V1 = Vp (2.59)
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The gate-source voltage of M5 transistor can be obtained using the equality
between gate-sources of M5 and M6 transistors:

Vi — Viy = 2Vgss (2.60)
resulting:

V3=V, Vi —=Vi+V,

Vess = ———2 = 22 1+ Yo (2.61)
2 2
Thus, the expression of /; current will be
K K (Vi—Vi+V 2

I = B} (Vass — Vr)* = 3 <3210 - VT) (2.62)

Similarly, it is possible to determine the expressions of I, I3 and 4 currents:

K (V,—V,+V, 2
]25(4%—%0‘@) (2.63)

K (Vs—V,+V, 2
[3:5(%2—&_0_‘@) (2.64)

K (Vi—Vy+V, 2
1425(%”_%) (2.65)

The output current can be expressed as a linear function of the previous currents:

loor=hL+1i—1 -1 (2.66)
resulting:
KV, -V, [2V3 =V =V, +2Vy
I = -2V
ouTt ) ) ( ) T)
KV, =V, (2Vy =V =V, +2Vy
- = -2V 2.67
2 2 ( 2 T) (2.67)
So
K
lour =7 (Va=V1) (Vs —=Vy) (2.68)

The multiplier circuit presented in Fig. 2.11 [9] implements the same mathematical
principle PR 2.3 and it is composed from two differential amplifiers, M1-M4
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Fig. 2.11 Multiplier circuit (4) based on PR 2.3

and M5-MS. For obtaining a low impedance in the common-source points,
each differential amplifier uses a flipped voltage follower (M3—-M4 and, M7-MS8,
respectively). The M4 and M8 transistors absorb current variations of M1-M2
differential pairs and M5-M6.

The differential output current of the first differential amplifier, M1-M2 can be
expressed using the squaring law of MOS transistors biased in saturation region:

K K
Ipi = Iy = o (V= Vi = Vp)? = (V= V2 = V7)*

=

=5 (V2= Vi) @V = Vi = V2~ 2Vy) (2.69)

Similarly, the expression of the differential output current for the second
differential amplifier, M5-M6 is

K
Ips —Ips =5 (Vi = V2) V' = Vi = V2 = 2V7) (2.70)

The differential output current of the entire multiplier circuit presented in
Fig. 2.11 will have the following expression:

Touri — loura = (Ip1 +1Ips) — (Ip> + Ips) = (Ip1 — Ip2) + (Ips — Ips)  (2.71)

Replacing (2.69) and (2.70) in (2.71), it results:

lour1 —loura = K(V2 = Vi) (V= V') (2.72)
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Fig. 2.12 Multiplier circuit (5) based on PR 2.3

Because M3 and M7 transistors are biased at a constant current, /o, imposed by
external current generators, the V and V' potentials can be expressed as follows:

)

lo

V=V3+Vsgz =V3+Vr+ e (2.73)
and
! 2IO
Vi=Vi+Vsgr=Va+Vr+ va 2.74)

From (2.72), (2.73) and (2.74), it results the multiplying function implemented
by the circuit from Fig. 2.11:

lour1 — lour2 = K(V2 = V1) (V3 = Vy) (2.75)
A possible realization of a voltage multiplier, based on the third mathematical
principle (PR 2.3) is presented in Fig. 2.12 [10]. The core of the circuit is

represented by the group of M1-M4 transistors. Using identical devices, their
drain currents will have the following expressions:

K
h:ﬂ%—W—wf (2.76)

L==(V,—-Vi —Vy)? (2.77)

v >
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I =

Sl

(Vo — V4 —Vr)? (2.78)

L==(V, =V = Vp)? (2.79)

Sk

As a result of using additional current mirrors, the output current of the
differential structure will have a linear variation with respect to Iy — I currents:

TIovr = (b — 1)+ (Is — I3) (2.80)
resulting:
K !
loyr = E(Vz = Vi) (Vi +V, =2V5 —2Vy)
K
+ E (V] — Vz) (V] +V, — 2V4/ — 2VT) = K(Vl — Vz) (V_gl — V4/) (281)

Because M5 and M6 transistors are biased at the constant current, Iy, they will
introduce a voltage shifting between V3 and V3’ and, respectively, between V4 and V,’
potentials, as follows:

21,

V3/ =V3+Vsgs =V3+Vr+ ? (2.82)
and
/ 210
Vi=Vi+Vsgs6 =Vsa+Vr+ Ve (2.83)

From the previous relations, it results the following expression of the output
current:

lour = K(V1 — Vg) (V3 — V4) (2.84)

A voltage multiplier can be designed using 4 v squaring circuits (Fig. 2.13).

Considering that the output current of the voltage squaring circuits is equal with
KAV?/2 AV being its differential input voltage, the differential output current of
the multiplier presented in Fig. 2.13 will have the following expression:

K K
Tour1 — lour2 = E(Vl — V) =V, = V3)?

2
K K

ﬂw—wf %w—wf (2.85)
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Fig. 2.13 Multiplier circuit (6) based on PR 2.3 — block diagram
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Fig. 2.14 Multiplier circuit (7) based on PR 2.3
resulting:
Tour1 — lour2 = K(Vi = V3) (Vo — V4) (2.86)

A voltage multiplier that illustrates the third mathematical principle PR 2.3 can
be implemented using the symmetrical structure presented in Fig. 2.14 [11].

The circuit is derived from the core shown in Fig. 2.15 [11].

For this circuit core, the Ip; — Ip, differential output current can be com-
puted replacing the expressions of drain currents by their squaring dependencies
on the gate-source voltages (all MOS transistors are supposed to be biased in
saturation region).

| X

K
Ipi —Ipy == (Vgs1 — Vr)* — E(VGS3 —Vr)? (2.87)
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The expression of the gate-source voltage of M1 transistor can be obtained using
the equality between the gate-source voltages (if M2 and M3 transistors are
identical and biased at the same drain current), resulting:

Vst = V3 —=Vgso =V3 = Vgs3 = V3 =V (2.88)

Replacing (2.88) in (2.87), the expression of the output differential current for
the circuit presented in Fig. 2.14 can be expressed as follows:

K K
Ip1 —Ipy = §(V3 — Vi = V) - E(Vl —Vr)?
K
= (Vs =2Vr)(Vs = 2V1) (2.89)

In order to implement a voltage multiplier circuit, two identical cores from
Fig. 2.15 have to be used (Fig. 2.16 [11]), the input voltages for each of them
being V; and V3 and, respectively, V, and V3.

For simplifying the analysis of the circuit presented in Fig. 2.16, (2.89) relation
can be used, the differential output current of the circuit from Fig. 2.16 being,
practically, the difference between two differential output currents of two identical
cores, excited using different input voltages:

I —Ig = (Ip) +1p2") — (Ip2 + Ip1') = (Ip1 — Ip2) — (Ip1" — Ip2') (2.90)
Particularizing (2.89) relation for each circuit core, it results:

s

K
I—Ip =3 _K

V3 —2Vr) (V3 —2Vy) > (Vs =2Vr) (V3 —2V3)

=K(V2—Vi) (Vs —2Vr) (2.91)
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Fig. 2.16 Half-circuit of the multiplier circuit (7) based on PR 2.3

So, for the voltage multiplier presented in Fig. 2.14, the expression of the
differential output current will be

loury — lour2 = Ips + Ipoa + Ip1d’ + 1oy’ — Ipas — Ipia
—Ipod —Ipw’ = [(Ipws — Ip2s) — (Ip1s' — Ip2s')]
— [Ip1a — Ip2a) — (Ip1p' — Ip2d)] = (IL — Ir),, — (I — IR),
=KV, —=V)(V4 =2V7) =KV, = V)(V3 = 2V7) = K(V, = V)(V4 — V3)
(2.92)
A modified circuit that implements the multiplication of two differential input
voltages is presented in Fig. 2.17 [12] (a four-quadrant multiplier that does not
require balanced inputs).

The difference between the gate-source voltages of M2 and M9 transistors can
be expressed as follows:

2
Vesa — Vgsg = V4 —V3 = \/%(\/12 - 10) (2.93)
It results
K 2
B = lo+ (Vs = Va)’ +/2Klo(Vs = Vs) (2.94)

Similarly, for M3-M5, M1-M4, M6-M9, M5-M7 and M1-M8 differential pairs,
the differences between their gate-source voltages have the following expressions:

2
Vess — Vgss = V3 = Vo = \/I;(\/i; - \/170> (2.95)
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Fig. 2.17 Multiplier circuit (8) based on PR 2.3
2
Vass = Vasi = Vi = Va = \/;(VT ~VIo) (2.96)
Vese — Vaso = Vi — \/7(\/[_6 — 1 ) (2.97)
2
Ves1 —Vgss =Va—Vy = \/I:((\/E - 10) (2.98)
and
2
Vess = Ves1 = V3 — V4 = \/I:{(\/I_S -/ 10) (2.99)
resulting:
K 2
=10+ (Va=V2)* + V/2KIo (Vs = V2) (2.100)
Li=Ip+= (m Va)> + /2Klo (Vi — Vi) (2.101)
K 2
lo =10+ (Vi =V3)* + V2Kl (Vi = V3) (2.102)

h—b+(w—%) 2Kl (Vs — V) (2.103)



112 2 Voltage and Current Multiplier Circuits

Fig. 2.18 Multiplier circuit CM
(1) based on PR 2.4 — general

block diagram ] Iour

louri {V Y loum2
Vio | DA o V2

!
V3O SQ o V4
and
K

Iy=1lo+> (V3 — V) + V2Kl (V3 — Vi) (2.104)

The differential output current for the multiplier circuit presented in Fig. 2.17
will have the following expression:

lour =lovrt —lovro =L + 13+ 14 — I — 17 — Iy
—K(Vi — Vo) (V3 — V) (2.105)

2.2.1.4 Multiplier Circuits Based on the Fourth Mathematical
Principle (PR 2.4)

This class of multiplier circuits presents the important advantage of generating,
using the same circuit core, multiple circuit functions: amplifying, multiplying,
squaring or simulating both positive and negative equivalent resistances.

A method for designing a voltage multiplier using the fourth mathematical
principle (PR 2.4) is illustrated by the block diagram presented in Fig. 2.18,
the biasing current of the first differential amplifier (with V; — V, differential
input voltage) being generated by a voltage squaring circuit having as input
another differential voltage V3 — V4. Supposing that the G, transconductance of
the differential core is proportional with the square-root of the biasing current,
Ip (an usual relation for a large class of differential amplifiers), the output current
of the multiplier circuit will be proportional with the product between the input
voltages of the differential amplifier and voltage squarer circuit.
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Fig. 2.19 Multiplier circuit CcM
(1) based on PR 2.4 — block

diagram with SQ circuit u Iout
implementation |
lour {V Y loum2
Vio—|  pAar |0V
Iy’ “
——
20,
Ioutt’ {} ‘ Tout?’
Vie— |  pAanm  |——oV4

The implementation of a voltage multiplier circuit can be simplified for a
particular realization of the differential amplifier, having the transfer characteristic
linearized using the method of constant sum of gate-source voltages. In this case,
the squarer circuit from Fig. 2.18 can be implemented using the same differential
amplifier, the sum of its output currents being proportional with the square of
the differential voltage applied on the input pins. The block diagram presented in
Fig. 2.18 can be re-drawn replacing the general voltage squarer with its particular
implementation based on a differential amplifier (Fig. 2.19). The Iy current from
Fig. 2.18 has been replaced with a Iy’ current, linearly dependent on the output
current of a squaring circuit from Fig. 2.19, having as input the V3 — V, differential
voltage, as follows:

Io'=1,,"+1,," —2l (2.106)

— Toun

A possible realization of the differential amplifier linearized using the previous
principle is shown in Fig. 2.20 [13].

Considering a biasing in saturation of MOS transistors, the Ipoyr and Ipyr:
output currents of the differential amplifier from Fig. 2.20 can be expressed as
follows:

TIovr == (Vasi — Vr)? (2.107)

Sl
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Fig. 2.20 Multiplier circuit (1) based on PR 2.4 — principle implementation of DA block

Tour2 = = (Vas2 — VT)2

o] >

The expression of the V| — V, differential input voltage is
Vi—=Vo=Vo—Vss2 =Vgs1 — Vo
resulting:
Vesi =Vo + (Vi —V2)
and

Vesa =Vo — (Vi = Va)

Replacing (2.110) and (2.111) in (2.107) and (2.108), it results:

lovr = = [(Vo = Vi) + (Vi = Vo)

K
2
and

lovr2 = = (Vo — Vi) — (Vi = Va))?

v >

(2.108)

(2.109)

(2.110)

@2.111)

(2.112)

(2.113)

So, the differential output current of the circuit presented in Fig. 2.20 will be

Tour = lour1 — lours = 2K(Vo — Vr) (Vi — Va)

(2.114)
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In the particular case of implementing each V, voltage source from Fig. 2.20
using a gate-source voltage of a MOS transistor biased in saturation region,

it results:
21
Vo=Vr+4/22 2.115)
K
SO

Tour = V/8Klp (Vi — V2) (2.116)

The sum of the output currents of the differential amplifier will have the
following expression:

Lourt +lovrs = K(Vo = Vi)* + K(Vy = Vo) =2Ip + K(Vy — Va)? (2.117)

In conclusion, using in the block diagram of the voltage multiplier from Fig. 2.19
the particular implementation of the differential amplifier shown in Fig. 2.20, it is
possible to write:

Tour = lour1 — lour> = V/8Klo' (Vi — V) (2.118)

where I’ current is linearly dependent on the sum of the output currents of the
second differential amplifier:

1o’ = Iouri' +Iour) — 210 = K(V3 — V4)° (2.119)
Replacing (2.119) in (2.118), it results:

Lour = V8K (V1 — V) (V3 — Vy) (2.120)

The complete implementation of the principle illustrated in the block diagram
presented in Fig. 2.19 and the utilization of the method of realization shown in
Fig. 2.20 allows many possible configurations.

The differential amplifier presented in Fig. 2.21 [14] is realized using M1 and M2
transistors and implements the V voltage sources from Fig. 2.20 using the gate-
source voltages of M3 and M5 transistors, biased at the same constant current, /.
So, the differential output current of the differential structure from Fig. 2.21,
IOUT = ]OUTI — IOUT27 will be expressed by (21 16)

The realization of the multiplier circuit based on the block diagram from Fig. 2.19,
using the differential amplifier presented in Fig. 2.21 [14] is shown in Fig. 2.22,
the expression of the output current of the voltage multiplier shown in Fig. 2.22 being
given by (2.120).
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Fig. 2.21 Multiplier circuit (1) based on PR 2.4 — first implementation of DA block
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Fig. 2.22 Complete circuit of the multiplier from Fig. 2.19 using the first implementation of

DA block



2.2 Analysis and Design of Multiplier Circuits 117

lof) o
4“1 louri lout2 t]L_{

JMI MZL

Vie L IGM3 Ma|

Vo Ay
AENEIN AL

s 4 $od

Fig. 2.23 Multiplier circuit (1) based on PR 2.4 — second implementation of DA block

The second possible implementation of the previous presented principle uses as
differential amplifier the circuit presented in Fig. 2.23 [14], the V voltage sources
from Fig. 2.20 being realized using the gate-source voltages of M3 and M4
transistors, biased at the same constant current, /o, while the differential amplifier
is realized with M1 and M2 transistors. The output current of this differential
amplifier is expressed by (2.116).

The complete realization of the voltage multiplier is shown in Fig. 2.24,
the expression of its output current being given by (2.120).

The third implementation of a differential amplifier based on the principle
shown in Fig. 2.20 is presented in Fig. 2.25 [13, 15], the V voltage sources from
Fig. 2.20 being realized using the gate-source voltages of M3 and M4 transistors,
biased at the same constant current, /o. The output current of this differential
amplifier (which is implemented using M1 and M2 transistors) is expressed
by (2.116). The disadvantage of this realization of the differential amplifier
comparing with the other proposals consists in a biasing of transistors M3 and
M4 at variable currents.

The complete realization of the voltage multiplier is shown in Fig. 2.26 [15],
the expression of its output current being also given by (2.120).

The fourth implementation of a differential amplifier based on the principle
shown in Fig. 2.20 is presented in Fig. 2.27 [16], the V, voltage sources from
Fig. 2.20 being realized using the gate-source voltages of M3a and M3b transistors,
biased at the same constant current I, (because I and I’ currents are zero as a result
of the circuit configuration). The output current of this differential amplifier is
expressed by (2.116).
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Fig. 2.24 Complete circuit of the multiplier from Fig. 2.19 using the second implementation of

DA block

The fifth implementation of a differential amplifier based on the principle
shown in Fig. 2.20 is presented in Fig. 2.28 [17], the V voltage sources from
Fig. 2.20 being realized using the gate-source voltages of M3 and M4 transistors,
biased at the same constant current, I, (because I and I’ currents are zero as a
result of the circuit configuration). The output current of this differential amplifier

(realized with M1 and M2 transistors) is expressed by (2.1

16).
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Fig. 2.25 Multiplier circuit (1) based on PR 2.4 — third implementation of DA block
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Fig. 2.26 Complete circuit of the multiplier from Fig. 2.19 using the third implementation of
DA block

° Vpp
Ms5a j|‘|M6a:]U_|[: M7a M7b2| [ EM(,ﬂ [ Msb
lout1 ¥ lour ’ Ioyr Y loum
v, °_T'“; M}a_ll; M2a lJ[; M3a M3b ZII_| Mzb;ll_‘Mlb:JI_T_o v,
Io
A I \E\ o ’/Vo B
- r
1 21 -
OUTI 2oyt OUTI I I 2oyt 2out Ioum
M10a ]| M9a [: MS8a Mgb:] [; M9b M10b
~ v

Fig. 2.27 Multiplier circuit (1) based on PR 2.4 — fourth implementation of DA block
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Fig. 2.28 Multiplier circuit (1) based on PR 2.4 — fifth implementation of DA block
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Fig. 2.29 The core of the multiplier circuit (2) based on PR 2.4

Both fourth and fifth implementations of voltage multipliers (derived from
differential amplifiers presented in Fig. 2.27 and Fig. 2.28) are based on the principle
illustrated in Fig. 2.19.

The core of another voltage multiplier using the fourth mathematical principle is
presented in Fig. 2.29 [18] and it is represented by a self-biased differential amplifier.

The V| — V, differential input voltage of the multiplier core can be expressed as
a function of the difference between the gate-source voltages of M1 and M2
transistors:

Vi =V ="Vgs1 — Vis2 (2.121)
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Fig. 2.30 Replicated core of
the multiplier circuit (2) Ips Ip3
based on PR 2.4 louT2

Vlo—l M3 M4 |_OVZ

M5 :]|_

N4

Replacing the square-root dependence of the gate-source voltage on the drain
current for a MOS transistor biased in saturation and considering identical

transistors, it results:
2Ip; 2Up
Vi—Vy=/——\/— 2.122
1 2=V Vx ( )

equivalent with:

K
Vipy = VIp1 — \@(vl —Va) (2.123)

Squaring the previous relation, it can be obtained that:

S

Ipy = Ipy — \/2KIp (V1 — V) + S5 (Vi- V,)? (2.124)

Thus, the output current of the differential core presented in Fig. 2.29, Ioyr;, will
have the following expression:

K
Tour1 = Ipy —Ipy = —/2KIp1 (V1 — V2) +E(Vl - Vz)2 (2.125)

In order to implement the multiplying function, the first linear dependent on
the differential input voltage term from the previous relation will be used. The
same core permits to realize also the squaring function using the second term from
the same relation. The simplest way to remove the last quadratic term is to use a
similar structure with the circuit from Fig. 2.29 (presented in Fig. 2.30) [18]
and having the Ip; current replaced with another current, /p3. As the quadratic
term from (2.125) does not depend on Ip; and Ip; currents, the consideration
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Fig. 2.31 Differential o Vpp
amplifier for generating Ip3
and Ip; currents
Vv
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of the difference between the output currents of these similar structures will
cancel out the undesired term.

Similarly with the previous analysis, the output current of the circuit from
Fig. 2.30 will have the following expression:

K

lors = Ips = Ips = =/ 2KIps (Vi = V2) + 2 (Vi - Va)? (2.126)

The difference between the output currents Ipyr; and Ipyry will be
lour = lour1 — lour2 = \/2K(\/1D3 — vlm) (Vi —=Va) (2.127)

The Ip3 and Ip; currents are generated by another differential amplifier M5-M6,
having V3 — V, as differential input voltage (Fig. 2.31).

For this structure, considering that its composing transistors are biased in
saturation, it is possible to write:

K K
VIos —VIpr = \/;[(VDD V3= Vi) = (Vop —Va—Vy)| = \/;(w —Vy) (2128)
Replacing (2.128) in (2.127) it results the multiplying function:
Tour = K(Vi — V3) (V4 — V3) (2.129)

The complete circuit of the multiplier is presented in Fig. 2.32 [18]. The differen-
tial amplifier from Fig. 2.31 is replaced with two parallel-connected differential
amplifiers M5, M5'-M6, M6’ because Ip; and Ip; currents must be duplicated for
biasing the differential amplifiers, M1-M2 and M3-M4.

Another possible implementation of a voltage multiplier uses the symmetrical
structure presented in Fig. 2.33.

The multiplier is composed from two self-biased differential amplifiers
(M5-M6 and M8-M9, respectively), their active loads being represented by
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Fig. 2.33 Multiplier circuit (3) based on PR 2.4

M1-M2 and M3-M4 current mirrors. Analyzing the M5-M6 differential amplifier,
the V3 — V4 differential voltage can be expressed as a difference between two gate-

source voltages:
Vi3 — V4 =Vscs — Vscs (2.130)

Replacing the square-root dependence of the gate-source voltage on the drain
current for a MOS transistor biased in saturation and considering identical

transistors, it results:
21 21
Vi — Vg =220 208
K K

(2.131)
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The Ipg current can be expressed from the previous relation as follows:

K
VIps = Vi1 + \@(w — Vi) (2.132)

resulting:

K
Ipe = Ip1 + /2KIp (V3 — V) + 5 (Vs = Vi)? (2.133)

The differential output current of the M5-M6 differential amplifier will be:

K

Iour1 = Ips — Ip1 = \/2KIp (V3 = V4) + > Vi —Vy)? (2.134)

Similarly, the differential output current of the M8-M9 differential amplifier
will have the following expression:

K
lours = v/2KIpa(Vs = Va) + (Vs — Vy)? (2.135)

The M11-M12 current mirror computes the /oyr output current of the entire
multiplier structure from Fig. 2.33:

lour = lour> — lour1 = V2K (V3 — V4) (VIps — VIp1) (2.136)

Using the squaring dependence of the drain current on the gate-source voltage
for a MOS transistor biased in saturation, it is possible to write:

\/E(v+v —V)—\/E(V +Vop — V1)
) 2 DD T ) 1 DD T (2137)

= K(Vs—Va)(Va— V1)

lour = V2K(V3 — Vy)

A voltage multiplier based on the compensation of the squaring characteristic
of the MOS transistor biased in saturation region using two square-root circuits is
presented in Fig. 2.34 [19].

The differential input voltage can be expressed as follows:

2
Vi—=Vy=Vgs3 = Vgsa = \/%(\/1—2 - \/17> (2.138)
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Fig. 2.34 Multiplier circuit (4) based on PR 2.4

resulting:
K
L'=0L+ £} (Vi — V2)2 —V2K(Vy = Vo)W (2.139)

The output current of the square-rooting circuit is:

K
lovrs =l =1 = =2 (Vi = V2)* + V2K(Vy = Vo)V (2.140)
Similarly:
K
Tour1 = 1 —11/2—5(‘/1 — Vo) + V2K (V, — Vo)V, (2.141)

SO:

Lour = lour2 — lourt = V2K(Vi = V) (VI = V) (2.142)

The differential input voltage of M1-M2 differential amplifier will have the
following expression:

2
Vi —=Vi=Vseo —Vgs1 = \/;(\/1_2 —vh) (2.143)
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Fig. 2.35 Multiplier circuit (5) based on PR 2.4 — block diagram

resulting:
loyr = K(Vi = V3) (V3 = V4) (2.144)

A possible implementation of a voltage multiplier has the block diagram
presented in Fig. 2.35. The “DA” block represents a classical active-load differ-
ential amplifier, having the common-sources point biased at a V potential fixed by
the circuit “M”. This circuit computes the arithmetical mean of input potentials,
having the goal of obtaining a very good linearity of the entire structure, with the
contribution of “T” blocks (which are used for introducing a translation of input
potentials). A squaring circuit, “SQ”, is used for generating the biasing current of
the two translation blocks, /.

The “DA” (Differential Amplifier) block

The “DA” block is implemented as a classical active-load differential amplifier,
having the concrete realization presented in Fig. 2.36 [20].

Considering a biasing in saturation of the MOS devices from Fig. 2.36, the output
current of the differential amplifier can be expressed as follows:

lToyr =L -1 =

v >

K
(Vsga — Vi) — 5 (Vsar = Vr)? (2.145)
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Fig. 2.36 Multiplier circuit AV
(5) based on PR 2.4 —
implementation of DA block
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equivalent with:
Toyr = g (Vse2 — Vs1) (Vsg1 + Vsg2 — 2Vr) (2.146)
Because:
Vsg1 =V = Vir (2.147)
and:
Vsgo =V = Vor (2.148)
it results:
Tour = g(VIT —Var) 2V = Vig = Vor — 2V7) (2.149)

In order to obtain a linear transfer characteristic Joyr(Vir — Var), it is necessary
that the second parenthesis from (2.149) to be constant with respect to the differen-
tial input voltage, Vi — Vor:

2V —Vig = Vor =2V =A =ct. (2.150)
resulting the necessity of implementing a V' voltage equal with:

Vir + V. A
it r oy A 2.151)

Vv
2 2
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Fig. 2.37 Multiplier circuit | i
(5) based on PR 2.4 —
implementation of T block

Vit Vor

The “T” (Translation) Block
The translation of the V potential by V7 4+ A/2 (relation (2.151)) can be obtained

using “T” block, having the implementation presented in Fig. 2.37 [20].
Because the same /) current is passing through all transistors from Fig. 2.37, it is

possible to write that:
21
Vi=Vir+Vr+ \/7" (2.152)

21
Vo= Vor+Vr + \/70 (2.153)

So, both V; and V, input potentials are DC shifted with the same amount,

Vr + /215 /K.

and:

The “M” (Arithmetic Mean) Block

In order to obtain the arithmetic mean of input potentials expressed by relation
(2.151), the circuit from Fig. 2.38 [20] can be used, having the advantage of using
only MOS transistors, biased in saturation region.

The expression of the V potential is:

i+

Vv
2

(2.154)

Replacing (2.152) and (2.153) in (2.156), it can be obtained:

Vi 4 V. 21
v:%ﬂ/ﬁw/fo (2.155)
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Fig. 2.38 Multiplier circuit (1) based on PR 2.4 — implementation of M block
Comparing relations (2.151) and (2.157), it results that A = 2+/2Ip /K, so:

21,

K
I == — 24— 2.1
our =7 (Vir = Var) X (2.156)
or:
lour = \/2Klo(Vir — Var) (2.157)

equivalently (using (2.152) and (2.153)) with:

Iour = \/2KIp(V1 — V3) = G, (V1 — V2) (2.158)
resulting:
Iour = \/2KIp(V1 — V3) = G, (V1 — V2) (2.159)

G = v2Klp being the equivalent transconductance of the differential
amplifier.

Because [, biasing currents of the translation blocks “T” from Fig. 2.37 are
generated by a voltage squaring circuit having as input a differential voltage,
V3 — V4, it results a multiplier circuit with a very good linearity. So, replacing in
(2.159) the expression of Iy current:

Ip =— (V3 —Vy)? (2.160)

K
4
it results:

Tovr =—=V1 = V3) (V3 — V4) (2.161)

Sk

2
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Fig. 2.39 Multiplier circuit
(1) based on PR 2.5 Iout1 ] Y loum
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2.2.1.5 Multiplier Circuits Based on the Fifth Mathematical
Principle (PR 2.5)

A method for linearizing the characteristic of a voltage multiplier using the
fifth mathematical principle consists in the extension of the linearization tech-
nique designed for the CMOS differential amplifier, based on the biasing of the
differential structure at a current that is the sum between a constant current and a
component proportional with the square of the differential input voltage. The
relatively simple implementation of multiplier circuits based on this mathematical
principle impose them for a large area of applications in VLSI designs.
The expression of the differential output current of the classical CMOS differen-
tial amplifier is:

Iss  V?
1, =KVj\|——— 2.162
our Ngx =2 ( )

V representing the differential input voltage and Igg being the biasing current of
the differential amplifier.

The multiplier with linear characteristic based on the previous presented
principle is presented in Fig. 2.39 [21].
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The output current of the previous voltage multiplier can be expressed as:

Tour = lour1 — loura = (Ips + Ips) — (Ipa + Ipe)
= (Ips — Ips) — (Ips — Ips) (2.163)

The differential output currents of the differential amplifiers M3-M4 and
M5-M6 can be obtained using the general relation (2.162):

Ipr+1o V3
Ips —Ips = KV{\| ——— — — 2.164
p3 — Ipa 1 X n ( )
and:
Ipp+1o V3
Ips —Ips = K _ 2.165
p6 — Ips Vi X 1 ( )

The linearization technique is based on the utilization of a current /, propor-
tional with the squaring of the differential input voltage V:

2
Io = I% (2.166)

Replacing (2.164), (2.165) and (2.166) in (2.163), it results the following
expression of the output current of the voltage multiplier:

Lovr = VKV (Vip1 — VIp2) (2.167)

Analyzing M1-M2 differential amplifier, the V, differential input voltage can be
expressed as follows:

21, 21,
Va=Ves1 = Vo2 = (VT + \/E) - (VT + \/?)
2
= \/%(vlm —Vin) (2.168)

From (2.168) and (2.167), it results the expression of the oy output current as a
function on the differential input voltages, V; and V;:

K
lour = 751/1 Vs (2.169)
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A similar method, useful for low-voltage operation, is presented in Fig. 40 [21].
In order to reduce the minimal value of the supply voltage, the stacked architecture
is replaced with a folded structure.

The Ipoyr1 — lour: differential output current of the folded voltage multiplier is:

Tour1 —Iour2 = (Ips + Ips) — (Ips + Ipe)

2.170
= (Ip3s — Ipa) — (Ips — Ips) ( )

The differential output currents of the differential amplifiers M3-M4 and
M5-M6 can be obtained using the general relation (2.162):

Iss +1p — Ipy Vlz
Ips — 1 _KV\/i—— 2.171
D3 D4 1 K 4 ( )
and:
I +1p —1 1%,
IDﬁ—IDsszl\/W—T‘ (2.172)

The linearization technique is based on the utilization of a I, current, propor-
tional with the square of the differential input voltage V:

Ip=— (2.173)

Replacing (2.171), (2.172) and (2.173) in (2.170), it results the following
expression of the output current of the voltage multiplier:

lour = VKV, (\/lss —Ip1 — \/Iss — 102) (2.174)

The M1-M2 differential amplifier is biased at the constant current, Iss, so
Ip1 + Ipy = Iss. The previous relation can be rewritten as:

Lour = VKV (ViIp2 — VIpi) (2.175)

Similarly with the previous voltage multiplier, it results the following expression
of the /pyr output current as a function on V; and V; differential input voltages:

K
Ioyr = —=V1V> (2.176)

V2
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Fig. 2.40 Multiplier circuit (1) based on PR 2.5 — circuit core of the folded version
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Fig. 2.41 Multiplier circuit (1) based on PR 2.5 — complete implementation of the folded version

The complete implementation of the folded voltage multiplier from Fig. 2.40 is
presented in Fig. 2.41 [21].

The M1 and M2 transistors from Fig. 2.40 have been replaced in Fig. 2.41 with
MQ5 and MQ6, while the differential amplifiers, M3—M4 and M5-M6 from Fig. 2.40
were renamed MQ1-MQ2 and MQ3-MQA4, respectively. Noting with /s, the drain
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currents of transistors M11-M20 and considering that the cascode current mirrors
implemented using M11-M20 transistors are not affected by the channel-length
modulation, the Igp current will have the following expression:

Iso = Ipyst + Ipus> (2.177)
For simplifying the computations, the differential input voltage V|, = V4 — V3,

can be expressed using a linear relation between the common-mode and the
differential-mode input voltages, V¢ and v;:

Via =V —% (2.178)
and:
i
Vie =Vei1 + > (2.179)

Using this expression of V; voltage, the Iso current can be expressed as follows:

K K
Iso = 0 (Via — Vi) + 5 (Vig — Vr)?

K Vi 2 K Vi 2
=2 (v, ———v) —(v ——v) 2.180
> ( a5 T)] + > \Va + 5 T ( )

resulting:
2 K,

Iso :K(VC] —VT) +ZV1 (2.181)

Comparing Fig. 2.40 with Fig. 2.41, it results that /5y current from Fig. 2.41 must
be equal with a sum between a constant current, Iss and a I current, proportional
with the squaring of the input voltage:

Iss = K(Ver — Vr)? (2.182)
and:
K
Ip = Zv% (2.183)

For a proper operation of the folded multiplier, the Iss’ biasing current of
the differential amplifier MQ5-MQ6 must be equal with Igs. This Igs" current is
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Fig. 2.42 Arithmetical mean circuit

generated by the MS3—MS4 pair, each transistor being biased at the common-mode
component of the input voltage V;:

Iss' = Ipmss + Ipusa (2.184)

resulting:

K
I = 25 (Ver = Vi) = K(Vey — Vi) = Igg (2.185)

The M9 and MI10 transistors are used for transferring the differential input
voltage, Vi, on the input of cross-connected differential amplifiers MQ1-MQ2
and MQ3-MQ4:

AV = (Vig + Vseo) — (Via + Vscio) (2.186)

The M9 and MI10 transistors being identical and working at the same drain
current, it results Vgg9 = Vgi0. So:

AV =Vig —Via = -V, (2.187)

Concluding that the circuits presented in Fig. 2.40 and Fig. 2.41 are functionally
identical, the Ipyr output current of the complete implementation of the folded
voltage multiplier circuit can be obtained replacing in (2.176) V; with — V;:

K
Tour = lour1 — lour2 = —ﬁvlvz (2.188)

An arithmetical mean circuit (Fig. 2.42) [22] must be used for extracting the
common-mode component V¢ of the input voltage V.
The V output voltage for this circuit will be:

_ Via+Vip

Vo 2

=Va (2.189)
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Fig. 2.43 Multiplier circuit

(2) based on PR 2.5 lour lout2
Vi o_._J I_._o Vs
|
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The voltage multiplier presented in Fig. 2.43 [23], using the fifth mathematical
principle (PR 2.5) is derived from a differential amplifier with linear transfer
characteristic.

The differential output current, /oyr, for the circuit presented in Fig. 2.43 will
present a strong nonlinear dependence on the V| — V, differential input voltage,
that can be expressed as:

K(Vi—Vy)* K2(Vi—V,)*
lour = loutr1 — lour2 = Io 4 2) K 5 2) (2.190)
10 4[0
equivalent with:
Vi—V,
Tovr = — 5 2 \/4K10 —K2(V, = V) (2.191)

Ip being the biasing current of the differential structure. So, superior-order
distortions will characterize the behavior of this structure, imposing the design
of a linearization technique for removing the superior-order terms from the transfer
characteristic. The method for obtaining a linear transfer characteristic is to obtain
the Ip bias current of the entire differential structure as a sum of two terms: /1,
proportional with the squaring of the V| —V, differential input voltage and
134, proportional with the squaring of another differential voltage, V3 — Vy:

K K
Io=Iyp+Is=—~—V,— Vo)’ + 7 Vs Vy)? (2.192)

4
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Fig. 2.44 Multiplier circuit (1) based on PR 2.6

Vi

resulting, in this case, a perfect proportionality of the output current on the
differential input voltages:

Tour == (Vi = V3) (Vs — V) (2.193)

Sl

2.2.1.6 Multiplier Circuits Based on the Sixth Mathematical
Principles (PR 2.6)

The area of applications of multiplier structures based on PR 2.6 is restricted to the
circuits that do not require the multiplication of differential input voltages.

The following voltage multiplier circuit is based on the sixth mathematical
principle. In order to obtain a linear characteristic of the circuit, a perfect
symmetrical structure with respect to the two input potentials is presented in
Fig. 2.44 [24, 25].

Considering an operation in saturation for all MOS devices, the output current
can be expressed as:

lovr = (L + 1) — (Is + 1) (2.194)
where:
K (Vi+V, 2
Iy =— — 2.1
1= < > VT) (2.195)
K
Q:Eﬁ (2.196)

K 2
I; = £} (Vl - VT> (2.197)
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Fig. 2.45 Multiplier circuit (2) based on PR 2.6

K [V, 2
li=7 (7 - VT> (2.198)

For the previous mathematical relations, it results a perfect linear dependence of
the output current on the input voltages:

K
loyr = 5V1V2 (2.199)

Another possible implementation of a voltage multiplier circuit using the sixth
mathematical principle (PR 2.6) is presented in Fig. 2.45.
The output current of the voltage multiplier can be expressed as follows:

Tour = (Ip1 + Ip2) — (Ips + Ipa4) (2.200)
where:
K (Vi+V 2
Ipi =5 ( ! 5 2 VT) (2.201)
K
Iy = 5 vz (2.202)
K[V 2
Ips == (7‘ - VT) (2.203)

K[V 2
Ins =7 <—2 - VT> (2.204)
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Fig. 2.46 Multiplier circuit (1) based on PR 2.7 — block diagram

From the previous mathematical relations it results a perfect linear dependence
of the output current on the input voltages:

K
Tour = EVI Va (2.205)

2.2.1.7 Multiplier Circuits Based on the Seventh Mathematical
Principles (PR 2.7)

Practically derived from the implementation of voltage squaring circuits, the
multiplier structures that use as functional basis PR 2.7 find many applications in
analog signal processing.

A similar approach of a voltage multiplier uses 2 v squaring circuit, connected as
it is shown in Fig. 2.46.

Considering that the squaring circuits have an output current proportional with
KAV?/2, AV being the differential input voltage, the output current of the circuit
presented in Fig. 2.46 will have the following expression:

K

K
—( S (Vi- Vo)? =2KViV,  (2.206)

lour = lour> — lour1 = > Vi+Va)
In order to obtain the multiplying function using two squaring circuits, a similar
method is proposed in Fig. 2.47. The squaring circuits from Fig. 2.46 have been
replaced in Fig. 2.47 with two particular implementations of a differential amplifier
(presented in Fig. 2.20).
The implementation of the voltage multiplier is shown in Fig. 2.28 [13].
The Ipyr output current will have the following expression:

Tovr = 210 + K(Vi + vz)z} _ [210 YKV, — vz)z} —4KV\V,  (2.207)
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Fig. 2.47 Multiplier circuit (2) based on PR 2.7 — block diagram

Two complete realizations of the previous circuit, using specific
implementations of Vy sources from Fig. 2.48, are shown in Fig. 2.49 [13] and
Fig. 2.50 [13], respectively.

A multiplier circuit can be designed starting from a squaring characteristic
implemented using a classical differential amplifier (Fig. 2.51) [18].

The differential input voltage for the circuit presented in Fig. 2.51 can be
expressed as follows:

Vi—V, = \/z(\ﬁ - \/TO) (2.208)

resulting:
K 2
I1=1p+ E(Vl — Vz) + 2K10(V1 — Vz) (2.209)

In order to obtain the multiplying function, four differential amplifiers from
Fig. 2.51 can be connected as it is shown in Fig. 2.52.
The output current of the multiplier circuit will have the following expression:

lovr =1+ 1L —13—14 (2.210)

resulting:

K K
loyr = 5 (~Vi — Vo) + SVt Va)?

K K
-5 (=" +V,)? -5 —V,)? = 4KV, V, (2.211)
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Fig. 2.48 Multiplier circuit (2) based on PR 2.7 — principle implementation
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Fig. 2.49 Multiplier circuit (2) based on PR 2.7 — first implementation

The circuit presented in Fig. 2.53 [12] represents a four-quadrant multiplier with
balanced inputs.

The difference between the gate-source voltages of M1 and M3 transistors can
be expressed as follows:

Vi—=V2=Ves1 — Ves3 (2.212)



142 2 Voltage and Current Multiplier Circuits

VDD
y L
| IOUT !
. t IOUTI, Iou‘rz’j '
:]d—o VZ
i N e
Fig. 2.50 Multiplier circuit (2) based on PR 2.7 — second implementation
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Fig. 2.51 Multiplier circuit (3) based on PR 2.7 — circuit core
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Fig. 2.52 Multiplier circuit (3) based on PR 2.7 — block diagram

For a biasing in saturation of all MOS transistors from Fig. 2.53, it results:

2
Vi -V, = \/;(\/IT ) (2.213)
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Fig. 2.53 Multiplier circuit (4) based on PR 2.7
So, the expression of /; current will be:
K
Ii=Io+75 (Vi - Vo) + /2Kl (Vi — V) (2.214)

Similarly, computing the difference between the gate-source voltages of M2—-M3
transistors, it results:

K
L=lo+5(=Vi- Va)? + V2Kl (=Vy — Va) (2.215)

The I; — I, differential current will have the following expression:
I — I, =2V+/2Klp — 2KV V, (2.216)

Similarly, for the structure implemented using M4-M6 transistors, the differen-
tial output current can be expressed as follows:

Iy — Is = =2V \/2Klp — 2KV, V, (2.217)

The differential output current for the entire multiplier structure presented in
Fig. 2.53 will be:

Tour = lour1 —lour2 = I +1s — I} — 14 = 4KV, V, (2.218)

2.2.1.8 Multiplier Circuits Based on Different Mathematical
Principles (PR 2.Da)

Alternate implementations of the previous presented multiplier circuits are based on
different mathematical principles. The utilization of the bulk as an active terminal
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Fig. 2.54 Multiplier circuit
(1) based on PR 2.Da — circuit Iy \E Ir

N o lp— fﬂw

i

gives the possibility of reducing the complexity of a multiplier circuit. The core of
the following presented multiplier is presented in Fig. 2.54 [11].

A model of the MOS transistor biased in saturation that includes the dependence
of the drain current on the bulk-source voltage is expressed by the following relation:

K 2
Ip == (Vas = Vr = AVps — BVj) (2.219)

A and B being constants. The differential output current of the multiplier core
from Fig. 2.54, I; — I, will be:

K K
I~ Ip =75 (Vi = Vr —AVs - BV3)® — 5 (Va—vr—av; - BV3)?  (2.220)

resulting:

I —Ig = > (Vi = V2) (Vi + V2 — 2Vy — 2AV5 — 2BV3) (2.221)

Slie

In order to obtain the multiplying function, two circuits from Fig. 2.54 can be
cross-connected, resulting the multiplier presented in Fig. 2.55 [11].

For this circuit, the differential output current can be expressed as the difference
between the differential output currents of each core:

Touri —Ilour2 = (I +Ig1) — (I + ko) = (Ip — Ir) — Iy — Ir1)  (2.222)
Replacing (2.221) in (2.222), it results:
K 2
lour1 — lour2 = E(Vl —Va) (Vi + V2 — 2V — 2AV4 — 2BVj)

K

5 (Vi = V2) (Vi + Vo — 2Vp — 24V5 — 2BV3) (2.223)

equivalent with:

louri — loura = K(Vi = V2) [A(V3 = V4) + B(V; — V3)]
= K(V = Vo) (Vs — V3)[A + B(V3 + V)] (2.224)
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Fig. 2.55 Multiplier circuit (1) based on PR 2.Da — complete implementation
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If the Vi, V>, V3 and V4 input voltages contain common-mode terms (V1, and V34)
and differential-mode terms (vi, and v34) as follows:

Vi=Vi+ % (2.225)

V12
Vo= Vi - (2.226)

Va4
Vi =V + 5 (2.227)
Va= Vi — % (2.228)

it results:

Touri — lourz = Kvi2v34(A 4 2BV3,) (2.229)

so, the differential output current of the voltage multiplier presented in Fig. 2.55
will be proportional with the product of the differential-mode components of
input voltages.

An alternate approach of a voltage multiplier, based on bulk-driven MOS
devices using another model for the dependence of the threshold voltage V; on
the biasing of the bulk (Vpg), is shown in Fig. 2.56 [26].

The differential output current of this multiplier can be expressed as follows:

Tour1 — loura = (Ipr + Ip3) — (Ip2 + Ipa) = (Ip1 — Ip2) + (Ip3 — Ips)  (2.230)

where it is considered that the drain current of a MOS transistor depends on the
gate-source voltage following a quadratic law (2.231) and on the bulk-source
voltage as a consequence of the bulk effect using the mathematical relation (2.232):

K
Ip == (Vs — Vr)? (2.231)
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Fig. 2.56 Multiplier circuit (2) based on PR 2.Da

Vi = Vo + y(\/zcbp Vs — \/2c1>F) (2.232)

Vr being the threshold voltage of the MOS transistor biased at a bulk-source
voltage equal with Vgg, 7 is a model parameter and ®p represents the
Fermi potential. Replacing (2.232) in (2.231) and using the fact that Vy; = Vi
and V3 = Vpy (because Vg1 = Vpso = V3 and Vg = Vgsa = V4), it results the
following expression of the output current:

K K
loutr1 —lout2 :E(Vl Vo) (Vi+V,=2Vy) +§(V2 —Vi)(Vi+V,—2Vr3)
(2.233)
so:
lour1 — lour2 = K(Vi = V2) (Vi3 — Vi) (2.234)

Using the (2.232) relation that models the bulk effect, the previous expression of
the output current can be rewritten as follows:

lourt = lour2 = K(Vi = Va)y (/206 = Vi = \/20r V)

Va V3
— ® - .
K(Vl—[/z)v 2 F(\/l_—le_\/l_—Z F) (2235)

For V3 and V4 input signals much smaller than the Fermi potential, it is
possible to use the first-order Taylor expansion v/1 +x = 1 4 x/2, for x<<1,
the expression of the output current becoming proportional with the product
between the differential input voltages:

Vs V4
1, —1 =K — Vo)y\/ 20 —
ourt — lour (Vi—Va)y F<4q) 4(DF)
YK

= 2\/@ (Vl - VZ)(V?) - V4) (2.236)
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Fig. 2.57 Multiplier circuit (3) based on PR 2.Da

A symmetrical implementation of a voltage multiplier circuit is presented in
Fig. 2.57 [27]. In order to improve the frequency response, all MOS transistors are
biased in saturation region.

The differential output current of the voltage multiplier can be expressed as
follows:

lour = lour1 — lour2 = (Ipi1 + Ip12) — (Ip13 + Ip14) (2.237)
resulting:
K K
Tour = £} (Vop — Vp1 — Vr)* — B} (Vop — Vo1 — VT)2
K K 2
+ £} (Vop — Ver — Vr)* — 0 (Voo — Voo = Vr) (2.238)
or:
K
lour = 0} (Vo2 = Vp1) (2Vpp — Ve — Vo — 2V7)
K
+ E (VQl — sz) (2VDD —Vpy — VQ] — 2VT) (2.239)

As a result of the connections between circuit transistors, the gate-source
voltages of M7 and M10 transistors are equal. Additionally, because the same
current / is passing through M3, M6, M7 and M10 transistors, all their gate-source
voltages will be also equal. The identity Vg3 = Vse can be written as:

v v
Vot == Vpi=Vo———

Vv 2.240
> ; Vo ( )
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It results:

and, similarly:

2 Voltage and Current Multiplier Circuits

Vei = Vo2 =

Voir = Ve =w

(2.241)

(2.242)

Replacing (2.241) and (2.242) in (2.239), the expression of the output current

becomes:

K
Tour = Evz(Vm —Vpr+ Voo — Vor)

(2.243)

For evaluating the linear expression Vp; — Vpy + Vo — Vo, it is necessary to
consider the squaring dependence of the drain current on the gate-source voltage for
M3 and M5 transistors:

[ =
and:

' =
resulting:
and:

K K 1%
2 (Voss — Vr)* = > (Vz + 72 — Vpi

=X

K V
(Vgss — VT)2 =5 (Vz + 52 —Voi

%) 21
Z_Vpy — — =

Vo + > r1—Vr X
A% 20

V. — Vo1 = Vr=1/—
2+ > 01 T K

Summing (2.246) and (2.247), it results:

2
_ Vr)

2
_ VT)

2
2Vo +vy = Vpr = Vo1 = 2Vr = \/];(\/iJr \/I_’)

A similar analysis for M4 and M6 transistors will conclude to:

2
2Vy —vy = Vpp — Vo —2Vp = \/%(\ﬁjL \/1_1)

(2.244)

(2.245)

(2.246)

(2.247)

(2.248)

(2.249)
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Because Ip; = Ip3 + Ips and Ip3 = Ipg = I, it results Ip; = 2 and, similarly,
[DZ =2I'. So:

\/?((\[I * ﬁ) = \/2(\/10_1 +Vip) = \/g\/lg(Vscl ¥ Vsgr — 2Vr) (2.250)

The source-gate voltages of M1 and M2 transistors can be expressed as
Vsci = Vpp — Vi —v1/2, and Vsga = Vpp — Vi +v1/2, so:

\/%(\[I + ﬁ) = V2(Vpp = Vi = V1) (2.251)

Replacing (2.251) in (2.248) and (2.249), it results:

2Vy + vy — Vpy — VQ] =2V =2Vy — vy — Vpy — VQ2 —2Vr
_ \/E(VDD -V, - VT) (2.252)

The M1 and M2 transistors form a differential amplifier, its differential output
current having the following expression:

K v 2 K V) 2
IDI_IDZZE(VDD_VI_E]_VT) _E(VDD_V1+51_VT)
= —Kvl(VDD — Vl — VT) (2253)

As function on V, and v, input voltages, Ip; and Ip, currents could be expressed
as follows:

K V 2 K y 2
It =Ips+1pe =7 (Va+ 2=V =Vr) 45 (Va=2 =V —Vr)  (2254)

2 2 2 2
and:

K v 2 K v 2

Ipy =1Ips+1Ips = £} (Vz —32— Vpy — VT> +5 (Vz +?2_ Voir — VT) (2.255)
resulting:
K
Ip1 —Ipy = > (VQl — VP]) (2V2 +v2 = Vp1 = Vo1 — 2VT)
K

+ E (sz — VQz) (2V2 —vy —Vpy — VQ2 — 2VT) (2.256)
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Fig. 2.58 Multiplier circuit (4) based on PR 2.Da — half circuit

Replacing (2.252) in (2.250), it results:
K
Ipy —Ipy = NG (Voo = Vi =Vr) (Vo1 = Vp1 + Ve — Vi) (2.257)

Comparing (2.253) with (2.257), it can write:

VQ] —Vp1 +Vpy — VQ2 = —\/§V1 (2.258)

Replacing (2.258) in (2.243), the output current of the multiplier will depend on
the product between v; and v, voltages:

K
IOUT = 72.\/1\/2 (2259)

A voltage multiplier using MOS transistors biased in linear region is presented
in Fig. 2.58 [28].

The symmetrical structure shown in Fig. 2.58 has the following expression of the
output current:

K
oyt =14 — Ip = 3 [Z(Vcsm —Vr)Vbsia — V[2)51a]
K
-5 [2(Vasiy — Vr)Vpsis — Vésw} (2.260)

Drain-source voltages of Mla and MIlb transistors are equal because
M3a-M3b and M4a—M4b pairs contains identical transistors, biased at equal
drain currents (for each pair):

Visia = Vosin ™= Vst = Vasia — Vscaa = Vasw — Vsca (2.261)
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Vey +vi/2 Voo + Vo2 Ve - vo/2 Vep - vi/2
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Fig. 2.59 Multiplier circuit (4) based on PR 2.Da — block diagram

As M3a and M5a and, respectively, M4a and M6a transistors are identical and
biased at the same drain current, their gate-source voltages are equal, Vg3, = Visisa
and Vsgaa = Vsgea, $0:

Vst = Vsasa — Vscea = (Voo — V1) — (Voo — Vi)

A%
= Ve — Vi =Ver + 32 — Vi (2.262)

From (2.260), (2.261) ad (2.262), it results the following expression of the output
current for the circuit presented in Fig. 2.58:

Vv
Tour1 = K(Vgsia — Vasip) Vosi = KviVpsi = Kv (ch + 52 - VBl) (2.263)

because VGSla = VC] + V1/2, VGS]b = VCl - V1/2.

In order to obtain the multiplying function, two similar circuits from
Fig. 2.58 must be used, the difference between them being the value of Vp, potential:
Vpa = Vo + v2/2 for the left structure from Fig. 2.59 [28] and Vg, = Ve — v, /2
for the right structure.

The expression of the output current of the multiplier circuit presented in
Fig. 2.59 will be:

v y
Iour1 —Iours = Kvy (ch +32— VB]) —Kv; (ch —32— VBI) =Kviv,  (2.264)

Another possible realization of the voltage multiplier circuit is designed with the
main goal of reducing the total harmonic distortions coefficient (THD).

Because of the quadratic characteristic of a MOS transistor biased in satura-
tion, the linearity of the basic multiplier presented in Fig. 2.60 [29, 31] is rather
poor. The core of this circuit is a modified Gilbert cell, extended to implement
with good linearity the multiplication function.



152 2 Voltage and Current Multiplier Circuits

( o Vbp

" T

Iour

I
Vll N
1y Iy
[:‘ M5 M6 |:]L
Vzl Io}

VCO_J[;‘N”

o-Vpp

Fig. 2.60 Multiplier circuit (5) based on PR 2.Da

Considering a biasing in saturation of all transistors from Fig. 2.60,
the expressions of the drain currents for M1-M4 transistors are:

I [KV?  K2v4 I KV?  K2v4
Lo==|1+4/—L— Ll I, ==(1+ L_ 1 2.265
1,2 ) < ] 4[2 >v 2,1 2 ( I 4(1/)2 ( )

The output current expression is:

K> K2
loor = —hL)+ (I} - 15,) =V, (\/KI - TV% - \/KI’ - TV‘Z) (2.266)

Similarly, the drain currents of M5 and M6 transistors will have the
following expressions:

I K 2 Kz 4
1=—0<1+ Kvi _ V2> (2.267)

I KV2  K2VA
1"’(1 KVs _ V2> (2.268)
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All transistors from Fig. 2.60 are supposed to be identical. Considering the
limited expansion /1 +x 21+ x/2, from the previous relations, it results
the approximate expression of the basic multiplier output current:

K2 ;

K
Tour = 7§V1 V, — WV] V2 (2.269)
o

Thus, the total harmonic distortions coefficient introduced by the circuit
(approximated with the third-order one) will be expressed as:

KV? 1 Vs 2
THDy ~—2 =" — = 2.270
3 81p 4 (Vc +Vpp — VT> ( )

In conclusion, THD; is directly proportional with the ratio between V, input
signal amplitude and the effective gate-source voltage of the biasing transistor.

In order to improve the circuit linearity, the modified multiplier presented in
Fig. 2.61 [29] replaces the differential amplifier M5-M6 from Fig. 2.60 with a
cross-connected one, M5-MS8 from Fig. 2.61. The output current expression for the
multiplier with improved linearity has the same form (2.266), but the expressions of
[ and I currents become:

I=1,+1), (2.271)
I'=lp+1, (2.272)
where:
I KV KV
Iy, =2 1+, /=2 =122 (2.273)
2 Ion 42,
Ion KV K3V3
I =22 - 2.274
ne = ( Vo 48, (2.274)

Similarly with the basic circuit analysis, considering the more accurate expan-
sion /1 +x = 1 4 x/2 — x? /4, the output current of the multiplier from Fig. 2.61
will have the following expression:

K
Lour =V, \/;(sz +cV3 +dV3) (2.275)
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Fig. 2.61 Multiplier circuit (6) based on PR 2.Da

where b, ¢ and d are constants, expressed as follows:

1/2,1/2 1/2,1/2
Kl/ 10/1 _Kz/ 10/2
2

b =

K;/zlgzl/z _Kf/zrl/z

. 01
. 16

5/2,-3/2 5/2,-3/2
d:Kl/ 101/ _Kz/ 102/

128

(2.276)

(2.277)

(2.278)

Because the main nonlinearity from the output current expression is caused by
the third-order term of relation (2.242), the proposed linearization technique is
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referring to the cancellation of the third-order distortions (¢ = 0), equivalent with
the following design condition:

Ioz <K2> :
loo _ (K> (2.279)
Io1 K

and, in consequence:

([(1101)1/2 K\’
b=—"|1—-(= 2.280
> X ( )

K1) %
=—|1—- (= 2.281
4=""18 (Kz) (2:281)

The total harmonic distortions for the multiplier circuit with improved linearity
(Fig. 2.61), approximated with the fifth-order one, will be:

K \° K>\’ 4
THDs = L) vi= 1 V2 (2.282)
8K>1p1 4K>K o1 Ve+Vpp —Vr

Considering the particular case that K, = Koy and K, /K, = 1/2, it results:

1 Vs N
THDs = — [——> 2.283
> 256 (vc + Vop — VT) (2:283)

Thus, the linearity improvement from the circuit presented in Fig. 2.61 with
respect to the basic multiplier presented in Fig. 2.60 is about two orders of magnitude:

THD Ve + Vop — Vi) 2
364( c+Vbp T> (2.284)

THD:s Vs

For the multiplier circuit presented in Fig. 2.62 [32], the expression of the output
current is:

lovr=h+L—1—14 (2.285)
or:
lour = g(vél —Vx—=Vr) +§(V3 —Vy = Vr)
- § (V3 —Vx — V)’ — § (Va—Vy —Vr)? (2.286)
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Fig. 2.62 Multiplier circuit (7) based on PR 2.Da
resulting:
K
Toyr = 2 (V4 —V3)(V3 + V4 —2Vx — 2V7)
K
+5 (V3= Va)(Va + Vi —2Vy = 2Vr) (2.287)
So:
Tovr = K(V3 — Vy) (Vx — Vy) (2.288)

Because of the current mirrors from the circuit, /4 = Iz = 0, so between the
currents from the circuit will exist the following linear relations:

I +1s=1, (2.289)
I +1Ig=1p (2.290)
and:
Is+1s=1p (2.291)
resulting Is = Iz and I = I7. So:
Vi—Vx=Vs—Vy (2.292)
and:
Vo=Vy=Vs —Vx (2.293)

equivalent with:

Vx =Vy =V, = Vs (2.294)
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Fig. 2.63 Asymmetrical
differential structure I, I,

M1 M2
Vi | K nK | Va

Io
and:
Vx —Vy=Vsg—V, (2.295)
It results:
V V.
ye =Lt Y2 (2.296)
2
and:
V V. Vi—-V
Vy—Vy=V Atz _Ni— W (2.297)

2 2

Replacing (2.297) in (2.288), the output current will be proportional with the
square of the differential input voltage:

K

Tour = > Vi =Va) (V3 —Vy) (2.298)

A possible realization of a voltage multiplier circuit is based on a particular
implementation of a voltage squaring circuit. The method for designing such a
voltage squaring circuit uses a differential amplifier (Fig. 2.63) [17, 33] having a
controllable asymmetry between the geometries of its two composing transistors.
This difference between the aspect ratios of MOS transistors will introduce in
the output currents of the differential amplifier a term proportional with the square
of the differential input voltage.

Noting with V = V| —V, the differential input voltage, it can be expressed
as follows:

2, 200 —1))
V= Vet — Verey — 12 j2Ho = 1) 22
cs1 — Vas2 7 K (2.299)
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resulting:

lo—1i | [h(lo—1)

n

K
5 Vi=1 + 2 (2.300)

The expression of the unknown current, /1, can be obtained solving the following
second-order equation, derived from (2.300):

~“1\* 4 —1/I, KV?®\ 4l I, KV2\*
2" ol en 2o (2 ) T2 (22 =0 (2301
n n n n 2 n n 2

So:

I —1 %
= fo )szz + 0 2Klp(n+ 1) — K2nVE (2.302)
n+1l 2(n+1) (n+1)
and:
I 1 %
helg—p =M _mn=1) po WV ST TR (2303)

n+l 2(n+1)>° (n+1)?

The complete realization of a voltage squaring circuit uses a cross-coupling of
two differential amplifier having controllable asymmetries between their
geometries, M1-M2 and M3-M4 (Fig. 2.64) [17, 33].

Using (2.302) and (2.303), it results:

n+1 2n+1) (n+ 1)

nlp  nn—1) KV nV

lour = Ip2 +Ips = V2KIp(n 4 1) — K2nV?

+

I —1
nlo =) pyo MV Rl 1)~ KoV
n+1 2(n+1) (n+1)

_ 2nlo _n(n— 12) K12
n+l (n+1)

(2.304)

An application of the previous presented voltage squarer circuit is represented by
a voltage multiplier with linear characteristic (Fig. 2.65).

The method of designing the multiplying function is to use two cross-connected
MI1-M2 and M3-M4 differential amplifiers, each of them being biased at a drain
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Fig. 2.64 Voltage squaring circuit
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Fig. 2.65 Multiplier circuit (8) based on PR 2.Da

current equal with the difference between a drain current of another differential
amplifier, M5-M6 (I5 and, respectively, /) and a current, /, which must have a term
proportional with the square of the first differential input voltage, in order
to compensate the intrinsic nonlinearity of the differential amplifiers. Because
MI1-M4 transistors are identical, the dependencies of their drain currents on
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V) differential input voltage, can be obtained particularizing relations (2.302)
and (2.303) for n = 1:

CIs—1 KVi [4(s—1)

Iy == i " (2.305)
Is—1 KVi [4(I5s—1
Ipy = 52 +T‘ s 1) 51( )_ V2 (2.306)
-1 KV, [4ls—1) _,
Ips==5—+= " \— Vi (2.307)
Ie—1 KVi [4(ls—1
Ipg =2~ 21 Als —1) V2 (2.308)

2 4 K

The expression of the differential output current of the entire structure will be:

Tour1 —Ioura = (Ipr +1Ip3) — (Ip2 +Ips) = (Ip1 —Ip2) — (Ipsa — Ip3) (2.309)

resulting:

KV, [4(Is—1 KV, [4(ls —1
10UT1—IOUTzz—Tl\/(ST)—V%JrTI\/%—Vf (2.310)

In order to cancel the nonlinear dependence of the differential output current on the
differential input voltage, the I current must be proportional with the squaring of
the differential input voltage:

K
1:—Zv;‘ (2.311)

For this particular current, /, the expression of the differential output
current becomes:

Louri — Iour» = VKV, (\/E— \/I_s) (2.312)

Considering the squaring dependencies of the drain currents of M5-M6
differential amplifier on the gate-source voltages of their composing transistors,

it results:
K 1
E(VGS6 —Vass)| = —=KViV; (2.313)

lovri — Tours = VKV, 7
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Fig. 2.66 Multiplier circuit (9) based on PR 2.Da — circuit core

So, the differential output current is proportional with the product between the
input voltages. The implementation of the / current having the (2.311) expression is
realized using M7-M10 transistors, representing a voltage squaring circuit, similar
with the structure presented in Fig. 2.64. Comparing (2.304) with (2.311), it results
the following condition that must be imposed to the constant #:

-1 1
”(”72) == (2.314)
(n+1)y 4
Son =2.15 and:
K
Iso = 1.361p — va (2.315)

Because I = Igp — alp, the expression (2.311) of I current can be obtained for
a = 1.36.

Another possible implementation of a multiplier circuit is based on the
differential amplifier presented in Fig. 2.66 [34].

The expression of the first output current is:

K K
I == (Vass = Vi)" + 5 (Vass = Vr)* (2.316)
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(9) based on PR 2.Da —
symbolic representation of
the circuit core

Fig. 2.67 Multiplier circuit
I] 12

VB +V1/20— DA —OVB-V1/2

equivalently with:

K K
I = > (Ve = Vass — Vr)* + E(VGSS V) (2.317)

Because M1 and M3 transistors are identical and biased at the same drain
current, their gate-source voltages will be equal, so:

K K
=5 (Ve ~Vasi V) + 5 (Vass — Vr)? (2.318)

or:

K Vl 2 K Vl 2
! 2( ¢ 5 T 2> 2(B T 2> ( 39)

Similarly, the second output current, /pyr2, will have the following expression:

K Vvi\? K Vi)’
12=5<Vc—VB+V—VT+71) +§(VB—V—VT+71> (2.320)

The differential output current can be expressed as follows:
L—1I1=KV{(Ve—=Vg+V—=Vr)+KV (Vg =V =V7)=K(Vc—2Vr)V; (2.321)

The symbolic representation of the circuit is shown in Fig. 2.67.

A voltage multiplier can be realized using two previous presented differential
amplifiers having the V¢ voltage sources replaced by two voltages that are depen-
dent on a second input voltage, V,. The complete multiplier circuit is shown in
Fig. 2.68.

The differential output current of the voltage multiplier presented in Fig. 2.68
can be expressed as follows:

Iovri —Iovro = L+ L) — (L + L) = — L)+ (I3 — 1) (2.322)
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Fig. 2.68 Multiplier circuit (9) based on PR 2.Da — block diagram
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Fig. 2.69 Multiplier circuit (10) based on PR 2.Da
resulting, using (2.321):
Vs
lovr1 — lour2 = K| | Ve + 2~ 2Vp| Vi
Vs
+K||{Ve— 5 ) 2Vr| (=V1) = KV, V, (2.323)

A possible realization of a voltage multiplier circuit is presented in Fig. 2.69 [35].
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The differential output current of the structure is:

lour1 —loura = Ipa +Ips — Ip1 — Ip3 (2.324)
equivalent with:
loury — lour2 = g(vz —Va—Vr)’+ g (Vi — Vg —Vr)
- g (Vi = Va4 =Vp)* = g (Vo — Vg — Vr)? (2.325)
So:
lour1 — loura = K(Vi = V2) (Va — V) (2.320)

The V4 — Vj differential voltage can be expressed as follows:
Va—=Ve = (Va—Vgs1) — (Vs — Vgsi2) = (Va = V3) + (Vgsiz — Visr)  (2.327)

Because Ip7; = Ipg and Ipjp = Ipy3, it results Vg = Vegs and Vgsio = Vsgis.
So:

Va—Vg=Vs—V3)+ (Vsc13 — Vsgg) =Va — V3 (2.328)
Replacing (2.328) in (2.326), it results:

Tour1 —Ioura = K(Vi = V2) (V4 — V3) (2.329)

2.2.2 Design of Current Multiplier Circuits

Another class of multiplier circuits is represented by the current multipliers,
the output current of these circuits being proportional with the product
between two input currents. The current-mode operation of the multiplier circuits
has the important advantage of increasing the frequency response of the
designed structures.

2.2.2.1 Multiplier Circuits Based on the Ninth Mathematical
Principle (PR 2.9)

A possibility of designing a current multiplier uses as circuit cores two current
square-root circuits (Fig. 2.70) [36].
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Fig. 2.70 CMOS square-root ‘ o Vpp
circuit for the multiplier I
circuit (1) based on PR 2.9 :] ]
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For a biasing in saturation of all the MOS transistors from Fig. 2.70, it is possible

to write that:
1214 21 121
A )1 =2 = 2.
<VT + X > + <VT + X ) (VT + 4K> (2.330)

equivalent with:

=14+ 1 + 2Vl (2.331)

Implementing the following linear relation between the previous current of the
square-root circuit:

lovri =1 —1I, — Iy (2.332)

the output current of the circuit from Fig. 2.70 will be proportional with the square-
root of the input current:

Toury = 2V 14lp (2.333)

The multiplier circuit can be obtained using two square-root circuits from
Fig. 2.70 connected as it is shown in Fig. 2.71. The computed functions are

lour1 = 2\/Ipyrlp and Ilpyrr = 2+/I11,. Because Ipyri = Ioyrs, the function
implemented by the circuit from Fig. 2.71 [36] will be:

LI
lovr = 22 (2.334)
Io
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Fig. 2.71 Multiplier circuit (1) based on PR 2.9
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Fig. 2.72 Multiplier circuit (2) based on PR 2.9

The design of a multiplier/divider circuit can be done using two square-root
circuits, as it is shown in Fig. 2.72 [37].

The square-root circuits have the implementation presented in Fig. 2. The output
currents of these circuits have the following expressions:

Toyr1 = 2V 11, (2.335)
and:
Tour2 = 2/ 1314 (2.336)

Imposing by design Ipyr1 = loura, it results:

I

L= (2.337)
I;
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Fig. 2.73 CMOS squaring circuit for the multiplier circuit (1) based on PR 2.10

2.2.2.2 Multiplier circuits based on the tenth mathematical
principle (PR 2.10)

The following multiplier structure (Fig. 2.74) is derived from the squaring circuit
presented in Fig. 2.73 [38].
The characteristic equation of the translinear loop including M 1-M4 transistors is:

Vsc1 + Vsc2 = Vsgs + Visca (2.338)
resulting:
2v/Ip1 = \/Ip3 + Vlpa (2.339)
equivalent with:
2v/1o = \/Iour + Iy + \/Tour — Iy (2.340)

The expression of the output current will be:

2

I
I =7 ZIN 2.341
our =1Io +410 ( )

Using the squaring circuit presented in Fig. 2.73, it is possible to design a current
multiplier structure (Fig. 2.74) [38].
The output current of the multiplier circuit can be expressed as follows:

(I +12)2
41y

LI
=12 (2.342)

I =
o+ Iy

Tour = lout2 — lour1 = o
0

_ [[0_(11 +12)2
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Fig. 2.75 Multiplier circuit (2) based on PR 2.10

Fig. 2.74 Multiplier circuit (1) based on PR 2.10

The multiplier/divider circuit presented in Fig. 2.75 [39] uses two translinear
loops implemented with M1-M4 and M3-MG6 transistors, respectively.
The characteristic equation of the first translinear loop is:

Viss + Vsca = Vist + Vs (2.343)

Considering a biasing in saturation of all MOS transistors from Fig. 2.75,
it results:

23/1o = Tour1 + (I + 1) + Vovri — (I + 1) (2.344)
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Fig. 2.76 Multiplier circuit (2) based on PR 2.10

The Ipyr) current will be expressed as follows:

(h +[2)2

2.345
41y ( )

Toyr1 = 1o +

Similarly, analyzing the characteristic equation for the second translinear loop,
it results:

2V 1o = VIour + (Ii — L) + Iour — (I — ) (2.346)

So, the expression of Ipyr, current will be:

(h — L)

2.347
41y ( )

Toyr2 = 1o +

The output current of the multiplier/divider circuit presented in Fig. 2.75 will
have the following expression:

L
Tour = Iour1 — lour2 = 11_ (2.348)
0

The most important advantage of the multiplier is the independence of the circuit
performances on technological errors.

A current multiplier circuit (Fig. 2.76) [40] can be designed using four current
squaring circuits.

Because:

Vop = Vas(Ia) + Ves(Ia — I — 1) (2.349)

it results:

K
VIa+VIh— (L + L) = \/;(VDD —2Vr) (2.350)
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Thus, 14 current can be expressed as follows:

I _hL+h +K(VDD’2VT)2 (h+ 1)’ (2.351)
> 8 2K (Vpp — 2Vr)?
Similarly:
Iy = _11 + 1 JrK(VDD - 2VT)2 + (11 +12)2 (2.352)
> 8 2K (Vpp — 2Vr)?
I —L K(Vpp—2Vy)? I —b)
o-limh (Voo T) (h — 1) > (2.353)
2 8 2K (Vpp — 2Vr)
L~ K(Vpp—2Vy)? I - L)’
= — 1—h (Vbp T) n (I —b) > (2.354)
2 8 2K (Vpp — 2Vr)

The output current of the multiplier circuit presented in Fig. 2.76 will have the
following expression:

411,

lovyr =Ip+1g—Ic—Ip=———""——
K(Vpp — 2Vr)?

(2.355)

Comparing with the previous circuit, the operation of this multiplier structure is
affected by technological errors (both K and V7 technological parameters appear
in the expression of the output current).

The current multiplier circuit presented in Fig. 2.77 [41] contains two current
squaring circuits.

The expressions of the output current for these circuits are:

I + 1)
Tour: = 2Io + % (2.356)
and:
I — L)
lovrs = 210 + % (2.357)

The output current of the multiplier circuit presented in Fig. 2.77 will have the
following expression:

LI

lour = lour1 — lour2 = 57~ (2.358)
20,
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Fig. 2.77 Multiplier circuit (4) based on PR 2.10

2.2.2.3 Multiplier Circuits Based on the Eleventh Mathematical
Principle (PR 2.11)

The following multiplier structures are designed for low-power applications, the
reducing of their current consumptions being obtained by a biasing in weak inversion
of all MOS active devices.

A current multiplier/divider wusing bulk-driven subthreshold-operated
MOS transistors is presented in Fig. 2.78 [42, 43]. The double drive of the MOS
devices (on gate and on bulk) allows the reduction of the computational circuit
complexity. Unfortunately, the possibility of implementation in silicon is limited to
CMOS technologies with independent wells. Imposing a weak inversion of all MOS
transistors from Fig. 2.78, it is possible to write:

V - 1)V,
Tourt = Ino exp< Gs1 +’(1’:/ ] ) BSl) (2.359)
th
V — 1)V,
IOUTZ = [DO exp( o 1 Elr‘l/h ) BS2> (2360)
1

So:

Loyt Vx2 — Vra n—1
= _ Vi =V, 2.361
Tour2 exp( nVy, ) exp [ nVp, (Vi " )} ( )
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Fig. 2.78 Multiplier circuit (1) based on PR 2.11

Because Vcs3 = VSGS and V054 = VSG6’ where VSGS = Vscg = VT + v/ ZIO/K
it results V53 = Vigsa, sO:

(Vess — Visa) (2.362)

Ix] _I’l —1
— =exp
Iy Y

Similarly, because Vg7 = Vs, it results:

(VBs7 — Vass) (2.363)

Ix2 _I’l -1
2 —ex
Iy, P RAZ

Knowing that Vx; — Vy; = Vgsa — Vg3, Vxo — Vyr = Vgs — Vg7 and using
(2.361) and (2.362), it can write that:

1

1 I Iy \n—1
oun _n (£>" (2.364)
Tovr2  Ix1 \Ix2

A generalization of (2.364) relation for different values of Iy current sources
(71, Iy1 and Iz, Iy, respectively) allows to obtain a more complex relation
between the circuit currents:

1
Tovr1  In Iz (Iyz 122)”‘

(2.365)

lovra I Iwi \Ix2 Iwa

Another implementation of a current-mode multiplier/divider is referred to
a bulk-driven active-load differential amplifier from Fig. 2.79 [42]. Considering a
weak inversion operation of all transistors from Fig. 2.79, the ratio of /; and I,
currents will be:

I Ves1 — V.
ourt _ exp< GS1 GS2> (2.366)

Tour> nVy,
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Fig. 2.79 Multiplier circuit (2) based on PR 2.11

For the active-load differential amplifier, it can write:

Ip: Vst — Vasz n—1
—=1= Ves1 =V, 2.367
Ins exp( Vo ) exp { Vo (VBsi Bs2) ( )
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From the two previous relations, it results:

Tour: {1 —n }
=ex Vi1 =V, 2.368
Tour> P nV, (Vi x2) ( )

Similarly, the ratios of Iy, Ix» and Iy, Iy, are, respectively:

1 Vsge — V. Voss — V,

La _ exp( SG6 SGS> _ exp( Gs3 GS4) (2.369)

IX2 nV,h nV,h

and:
Iy Viss — Visa n—1
— = —_— Vess — V) 2.370
Tra eXP( Vo ) exp { o (Vas3 BS4):| ( )
So:
V Iy, 1
Vis3 — Vpsa = T g (X2 (2.371)
n—1 Iys Ixy

From (2.368) and (2.371), using that Vyx; — Vx» = Vgsa — Vg3, the relation
between the currents from Fig. 2.79 will be:

lour1 _ Iy Ix2

- (2.372)
lIovry  Iy2 Ixi

The current multiplier circuit presented in Fig. 2.80 [44—46] uses MOS
transistors biased in weak inversion region. The translinear loop containing
M1-M4 transistors has the following characteristic equation:

Vst +Ves2 = Vass + Viosa (2.373)

The biasing currents of these transistors are: I; for M1, I, for M2, I, for M3
and Ipyr for M4. The previous relation can be written as:

I I
Valn|——| + nVyln|—2—
" “[(W/L)lpo] . “[<W/L>IDJ
I Tour
= nVyln|—2 | + nVyln| 29T 2.374
W “LW/L)IDO] v “[(W/L)IDJ 3379
resulting:
Ll
lour = 2% (2.375)
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Fig. 2.80 Multiplier circuit o Vpp
(3) based on PR 2.11
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A four-quadrant multiplier derived from the circuit presented in Fig. 2.80 is
shown in Fig. 2.81 [44].
Similarly with the previous circuit:

lo+1)(lo+1 L
Iy = Yoot h) gy, DD (2:376)
10 10
resulting the following expression of the output current:
I
lour =Ip1 —lo —Ii —ly ==~ (2.377)
0

The circuit presented in Fig. 2.82 [47, 48] represents a current multiplier
implemented using MOS transistors biased in weak inversion region. Using the
exponential dependence of the drain current on the gate-source and bulk-source
voltages for a subthreshold-operated MOS device, the ratio between I and Ipyr
currents can be expressed as follows:

I e | V862 (1= DVspo
Lo poexp nVu, ~ex <Vscz - VSG4) (2.378)
lour I |:VSG4 + (n— 1)VSB4] nVy :
DO €Xp
nVi
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Fig. 2.81 Multiplier circuit (4) based on PR 2.11
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Fig. 2.82 Multiplier circuit (5) based on PR 2.11

Using the exponential dependence of the drain current on the gate-source voltage
for a MOS transistor biased in weak inversion region, it can be obtained:

1
VSGQ = VSG3 = I’IV,}, In (ID—OO) — (n — l)VSBS (2379)

and:

i
Vsc1 = Vsga = nVy In (1—1) — (n—1)Vsp (2.380)
DO
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Fig. 2.83 Multiplier circuit (6) based on PR 2.11
Because Vg3 = Vsp1, from the previous relations, it results:
LI
lour = —2 (2.381)
Io

A four-quadrant multiplier and two-quadrant divider is presented in Fig. 2.83 [47].
The M2, M4, M5 and M6 transistors form the multiplier presented in Fig. 2.82.
The output currents Ipyr; and Ipyr, can be expressed as follows:

Ipel, 1, 1) (1, I
Tour1 = Ipy +Ips = 1o + -2 D4=IO—|—(0+ V) o +12) (2.382)
D2 Io
and:
Tour2 = 1Ips +1Ip7 =Ips +1Ips = (o + 1) + (Ip + 1) (2.383)
resulting:
11
Tour1 — lour2 = % (2.384)
0

The circuit presented in Fig. 2.84 [49] implements the current multiplying
function.

The characteristic equation of the translinear loop realized using the gate-source
voltages of M1A-MS5A transistors can be written as follows:

Visia + Vesaa = Vesza + Vsaa (2.385)

For a weak inversion operation for all MOS devices, it results the following
expression of the first output current:

I
Tour1 = i (Irer + 1) (2.386)

2
0
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Fig. 2.84 Multiplier circuit (7) based on PR 2.11

Fig. 2.85 Multiplier circuit
(8) based on PR 2.11 I louTt I, Io
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I + Io Y L+ Iour

and, similarly, for the translinear loop implemented using the gate-source voltages
of M1B-MS5B transistors:

I
Toyrs = I_;(IREF -h) (2.387)

The expression of the differential output current of the entire structure will be:

L1
Tour = lour1 — lour2 = 2% (2.388)
0
A possible realization of a current multiplier is presented in Fig. 2.85 [50].
The translinear loop implemented using M1-M4 transistors has the following
characteristic equation:

Vst + Vess = Vasa + Vsa (2.389)

For a biasing in weak inversion of the circuit transistors, the previous
relation becomes:

LI
Iour = 2 (2.390)
Io
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Fig. 2.86 Multiplier circuit (1) based on PR 2.Db

2.2.2.4 Multiplier circuits based on different mathematical
principle (PR 2.Db)

The circuit presented in Fig. 2.86 [51] represents a current multiplier, having a
principle of operation based on four translinear loops. The first loop contains
MI1-M4 transistors, M1-M2 pair being biased at the reference current, /o,
M3 transistor — at Iy — I} — I, drain current, while M3 transistor is working at
I current.

The characteristic equation of the translinear loop can be written as follows:

Vest + Vasa = Vess + Vesa (2.391)
resulting, for a biasing in saturation of all MOS transistors:
2/Io =VIh+VIh—1 - I (2.392)
Squaring the previous relation, it can be obtained:
Ao =20y — 1) — I, = 2+\/Ip(Is — I — L) (2.393)
So, the I4 current will have the following expression:

L L L I? I?
Li=lp+=+2+ 2+ 2

Lt S NI 2.394
2 "2 "8I, "16l, 16l (2.394)
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Fig. 2.87 Multiplier circuit (2) based on PR 2.Db

Similarly, considering the translinear loops implemented using the gate-source
voltages of M1, M2, M5, M6 and M1, M2, M7, M8 and, respectively, M1, M2, M9,
MIO transistors, it results the following expressions of the other three output
currents:

L L LI, PP P

Ip=Ilp————4+—+——+— 2.395
i 22 81, T6ly 6l (2399)
L L LL P L
Ice=lp+—-—=———4+—+—" 2.396
c=loF 372781, T T6ly | 16l (2.396)
L L §LbL I 15
pb=lp——=+=-——+——+— 2.397
p =105 TRl T T6ly | 16l (2397
The output current can be expressed as follows:
L1,
lour = (Ia +1g) — (Ic +1p) = 2o (2.398)

The independence of the circuit performances on technological parameters and,
as a result, their immunity with respect to technological errors, represents an
important characteristic of the previously presented multiplier circuit.

The circuit presented in Fig. 2.87 [52] implements the current multiplying
function. Transistors M5 and M6 form a voltage divider with an input current, /,
that will modify the divided potential V. The current balance in this point can be
quantitatively evaluated by the following relation:

K K
> (Vpp — Vo — VT)2 +1 = £} (Va+Vpp — VT)2 (2.399)
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resulting:

I

Vo=t
> 7 2K(Vpp — V)

(2.400)

The output current of the circuit will linearly depend on the following drain
currents:

Tour = Ip1 +1Ip2 — Ip7 — Ipg (2.401)
the previous currents having the following expressions:

K

5 (Voo — Vr)? (2.402)

Ip) =

K » K L+ 2
Imm==(Vi+Vpop—Vi)? == |— 1t "2 4 Vpp—V 2.403
P2 =7 (Vi+Vop —Vr) 5 |:2K(VDD T + Vob T:| ( )
I —K(v +V, V)Z—K ! +Vpp — V- : (2.404)
D7 — 2 2 DD T - 2 ZK(VDD — VT) DD T .
and:
I —E(V +V, V)Z*E b Ly, v 2 (2.405)
D8 — ) 3 DD T - 2 ZK(VDD — VT) DD T .

So, the output current will be proportional with the product between the input
currents:

L,

S — (2.406)
4K (Vpp — Vi)?

Ioyr =

The disadvantage of this circuit is represented by the dependence of the output
current on the supply voltage and on the threshold voltage.

2.3 Conclusion

Chapter describes the principle of operation of CMOS multiplier circuits and, starting
from their functional principle of operation, it presents many implementations in
CMOS technology of these computational structures. There were analyzed multiplier
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circuits having both current-input and voltage-input variables. Depending on the
power consumption imposed to the designs, two important classes of multiplier
structures have been presented. For improving the frequency response, circuits
using exclusively MOS transistors biased in saturation region have been used,
while low-power multipliers have been designed based on subthreshold-operated
MOS active devices. The linearity of multiplier circuits has been improved by
applying specific design techniques.
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