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ABSTRACT

This thesis presents the design and application of CMOS voltage-mode analogue
multiplier circuits. On the basis of the square-law of the MOS transistor in the saturation region
and quarter-square algebraic identity, the proposed multipliers achieve the output signal in
voltage form without resistors. By using the voltage-mode design technique, the threshold
independent analogue multiplier, the multiplier using basic differential pair, and the CMOS
diode-connection pair multiplier are introduced. The proposed circuits have been simulated with
PSPICE. The experimental results with discrete transistor array (MC14007) are obtained. The
new multiplier circuits and a novel design technique will be useful in analogue signal processing
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V, =-800mV
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—-800m —400m 0 400m 800m
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Wi 613 dlumsiarannuAananaiFaduvesisesga lasmssodaga
d' a Y o ' [ Y o
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a v & [y Y o Y 1w @ a
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a a 9y 9 ' LY a @ LY o @
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L] -7 A ay = ' (%]
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N 619 uamImsiaguanlamssniasdoIvednsgu lnomsswdyyiu

= a Y A a v a o
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a o A (4 :
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Time: 250ps/div 3U7 6.20 uaaamsilszgnaldaunssgauiuisesadsnnuiasun Tau
' v a @ d { @ J

mstousauduya ¥, uaz ¥, Wudyanalsniving 1v anwd 1kHz usaduednail
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W TV CREZ00mvA— W T00ps  CRT 7 60mY
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@ o @ " a Py
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~ 70 Y a @ o @ '
i 7.2 nanamsilszgnaldausesgauFassduiduissenhidenes Tasmsie
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(7.1) 3 1dus aduedna v, Iawiiy
V.(0)=G.V, () (7.2)
ieussfuduna v, (f) =V, sinot w14
V,(1)=G,(V,sinwt)
= —;—GFVGZ (1-cos2wt) (7.3)

= 9 a @ d P ' A @ a ' =3
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= %GFV,,2 (sin 20,1) . (7.4)
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A
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V., (t) = A, cosm,t
3 A d 2 > -9
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& (t) = A, cosm,t
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ad oy 2 ia & o 0 4
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NANYBYAT INUNA cosfcosd = Loee 0+¢ i i 0 -¢) wlddyanaeiana V()
q > > !

i

V,(t)= EG A, A4 [cos(w, +, )t +cos(w, - o, )] (7.5)
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Ref., Year | Process v, (V) /. (Hz) THD Vo (V)| Pp(W) R (Q)
[21,1982 | Spm | #700m | 15M | -60dB - - 1k
[3],1985 | 6um +10 1.2M - 22 - 80k
(41,1997 | 1.2um +1.5 100M | -40dB 5 4m 600
(51,1987 | Sum +2.5 5M 0.73% 5 1om | iszy
[6], 1990 - +2 30M 0.6% +5 8m 12k
(71,1993 | 3pm +2 40M - - - 100k
[8],1994 | 3um +4 20M 2.5% +5 - 10k
[9],1996 | 0.8um +0.8 M <2% 2.5 - 100k
(10,1998 | 0.8um | +250m | 22M 1.1% 12 | 2.76m 4k
[111,2008 | 0.5um | #500m | 600M - +2.5 Im 4k, 2k
[121,2005 | 0.8um | +300m | 175M | 0.395% 2 80 2k
[13],2006 | 0.35um | +200m | 719M 2.5% 1.5 47p 10k
[151,1994 - +50m <IM - <3 | 024m 24k
[16], 2008 - - 114M 5% +2.5 | 3.82m 520
VMA | 035um | #800m | 230M | 042% | #1.5 | 09m -
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A CMOS CURRENT-MODE SQUARER/RECTIFIER CIRCUIT

Boonchai Boonchu and Wanlop Surakampontorn

King Mongkut’s Institute of Technology Ladkrabang,
Ladkrabang, Bangkok 10520, Thailand.
Phone: (662) 326-9968, Fax: (662) 739-2398
Email: $4610008@kmitl.ac.th, kswanlop@kmitl.ac.th

ABSTRACT

In this paper, a new current squarer and precision full-wave
rectifier based on a CMOS class AB amplifier that modified
to receive a differential input current has been presented.
The proposed circuits are simulated with HSPICE level 49.
From a +£1.5V supply voltage, the power consumption of the
rectifier and the squarer at the quiescent point are about
210nW and 120uW, respectively. The total harmonics
distortion of the squarer is Jess than 1%, with a input signal
of 24pA.

1.. INTRODUCTION

Squarer and full-wave rectifier-are useful importance basic
building block for the design of many analog signal
jprocessing  applications, communications, frequency
itranslation and instrumentation systems.

‘Usually, a squarer circuit can be realized by through the use
of the square-law characteristics of MOS transistor
{1]{2]{3]. For a full-wave rectifier circuit, it can be realized
by some arrangement of diode-operational amplifier, diode-
current conveyor, CMOS class AB amplifier and translinear
current conveyor [8][6][4][5]). The main disadvantages of
the mentioned methods are that they require a large power
supply voltage, high power dissipation and large circuit
implementations. Another problem is the accuracy. For the
rectification, an interesting circuit, which is based on the
class AB amplifier has been proposed [4], where it needs a
large magnitude of the input current supplied by the input
voltage and a resistor that cause an error for very low input
current.

In this paper, a low voltage, current-mode and compact
circuit structure precision squarer/full-wave rectifier have
been introduced.

2. CIRCUIT DESCRIPTION

2.1 Class AB Amplifier

Consider a CMOS class AB amplifier formed by transistors
M;, M;, M; and M, shown in Fig.1, where the current
source Ipp provides the bias current for the circuit.
Assuming that all transistors M,, M;, M; and M, are

0-7803-7761-3/03/$17.00 ©2003 IEEE

1-405

matched and are biased in saturation region with individual
wells connected to their sources to eliminate the body effect
[3]. Connecting the input node Y to a constant voltage and
applying the input current I, we can express the drain
currents of the transistors M; and M, as [4][7]

4 A 2
n= fi;’-g]—]-‘—)— for 1,'54100 m
oD
2
4 = M for ,les‘”w )
16IDD

The expressions (1)-(2) are valid when the four transistors
stay in saturation mode. However, if we apply the
magnitude of the input current |, | > 4lpp, the drain current
Ips close to zero and the transistor M; will be cut off. Then,
the input current flows through the transistor Ms. This
means that this circuit functions as a half-wave rectifier.

Fig. 1 CMOS class AB amplifier.

2.2 Current-Mode Squarer/Rectifier Circuit

Fig. 2 shows the. current squarer/rectifier circuit. The
proposed circuit consists of the CMOS class AB amplifier
which is modified to receive the differential input current
+[;,. The current gain of the p-type current mirror M;-Mg is
unity. Assuming that the complementary pair of transistors
M,-M,, M;-M; and Ms-M; are identical. Neglecting the
body effect and if all of the transistors are biased in

Authorized ficensed use limited to: Mahanakorn Univ of Technology. Downloaded on June 11, 2009 at 04:34 from IEEE Xplore. Restrictions apply.



98

saturation region, by applying eqns.(1)-(2), we can express
the drain currents I and g5 as

s e @)
s . SR TR

1 F
Iy =Ipp +2 40 4
as =lop + 5+ 151 ‘)

The summation of the drain currents 1y and Iys is copied by
the p-type ¢urrent mirror M7 and Mg, then the output current
1, can be written as X

I, 5(1;+1,5)=2p ’ ©)
2

=2 for lhls‘t 1 (6)
81,,

It is clearly seen that the output current I, is related to the
square of the input current L,, where the squarer factor can
be controlled by the bias current Ipp, as indicated by
eqn.(6).

On the other hand, if we select the bias current Ipp < [i/4,
then the circuit will operate in class B mode. This means
that [4] : ’ ‘ ‘

for 1, >0 (@)
for I, <0 - (8
Therefore, the output current / becomes

1, =] ©

In this case, the circuit represents a current full-wave
rectifier.

VD

T~

e,
FEp

‘——
-I ¢»ol

in o

O

The complete current-mode squarer and full-wave rectifier
circuit is shown in Fig.3. Where, the current sources lpp and
2lpp were replaced by the transistors Mg, M,;; and M,,,
respectively. The transistors M;;-M,s and M, generate the
bias current for the class AB cell M;-Mg.

From the proposed circuit of Fig.3, the squarer and rectifier
functions can be achieved by connecting or by opening the
drain-to-source of the transistor M,s. If the drain-to-source
of M,; is not connected together and (Vpp-Vss) < (Vs +
[Vrpial + |Vapistt [Vapisl), where Vry and Vrp are the
threshold voltage of NMOS and PMOS transistors,
respectively. The-circuit works as a full-wave rectifier.

Finally, by connecting the drain-to-source of the transistor
M,s together, the value of (Vpp-Vss) < (Vs + [Vreie| +
|Vp7)), and all the transistors are biased in saturation region,
the proposed circuit becomes a squarer. .

Fig. 3 Complete current squarer/rectifier circuit.

MOS transistor W(um) . L(um)
M, M M 10 e 0
M, M M, 32 5

= 60 5

M, 73 5
M, .M, 40 5
M, M, 30 5

Table 1. Transistor sizes used in the squarer/rectifier circuit.

3. SIMULATION RESULTS

The proposed squarer/rectifier circuit of Fig.3 was
simulated by HSPICE using the model parameter of HP

Fig. 2 Current squarer/rectifier circuit. : : 3
% 0.5pm CMOS process level 49. The transistor dimensions

1-406
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are given in Table 1. To cancel out the dc output offset
current, the aspect ratio of the transistor M;, must be
adjusted. The bulks(body) of all transistors are connected to
respective power supply Vpp and Vs, that is +£1.5V.

Currents(A)

— —

. ' » i » » ' ' . »
B . A A e LEL LI T ST LR

25u

=
150
wuj
e
0 3

“benabes
v
.
.
.
v
'

: Fig. 4 Triangular differential input current.
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Fig. 5 Simulated current squarer response.

Fig4 shows the response for the use of rectification
function, by applying the triangular differential input
current with peak amplitude of 25pA and the frequency is
1kHz, the drain of M5 is not connected to source. The bias
currents of the transistors M,-Ms that the value of 12nA
have been measured and the power dissipation at the bias
point is about 210nW.

1-407

By connecting the drain-to-source of M;s, the bias cumrents
of M;-Mg is set to 6.6pA and, the power consumption is
about 120pW, respectively. Now the circuit works as a
squarer and the output current waveform can be observed in
Fig.5.

The total harmonics distortion (THD) against a 1kHz input
current is shown in Fig.6 and has been calculated as the
harmonic content of the fundamental frequency at 2kHz (1].
THD value less than 1% is achieved for the input current
<24pA. The THD versus the output frequency with a 24pA
input current signal is shown in Fig.7. It is lower than 1.1%
up to IMHz.

THD(%)

£
/
/

N

0s

0.4

0.2

25
lin(uA)
Fig. 6 THD igninst input current.

THD(%)

28

24

2.2

Frequency(Hz)
Fig. 7 THD against output frequency.
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4. CONCLUSION

The realization of cumrent-mode squarer and full-wave
rectifier in the same circuit based on the use of a modified
CMOS class AB amplifier has been proposed. Their
performances have been demonstrated by the HSPICE
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Abstract— A novel circuit configuration for a CMOS
voltage-mode four-quadrant analog multiplier is described. It
is based on square law characteristic of MOS transistor and
class-AB amplifier. The multiplier achieves a linearity of
1.1%, -3dB bandwidth of 35MHz, and a total harmonic
distortion of 0.76%. The power consumption is 1.5mW.

Keywords: multiplier, class-AB

I INTRODUCTION

An analog multiplier provides useful importance basic
building block to design many analog signal processing
systems, for example, adaptive filter, and curve-fitting
generators. It is also applied to amplitude modulation,
frequency translation, automatic gain control, squaring,
square rooting and neural networks. Usually, the variable
transconductance technique which operates on Gilbert’s
translinear circuit is widely used for the design of
multiplier-circuits in Bipolar and CMOS technologies [1],
[2].

The other approaches are based on square-law
characteristics of MOS transistor. The square-based MOS
multiplier  can be realized easily since the squaring
function can be obtained from the inherent square law of
the MOS transistor operating in the saturation or triode
region [3], [4].

The multiplier proposed in this paper also uses the
square law of the MOS transistor, but the circuit structure
is applied”from the basic class-AB amplifier. The output
voltage of the multiplier appears directly from the MOS
active load transistors without the use of passive resistors

[5].

II.  CIRCUIT DESCRIPTION

A. Class-AB Amplifier

Fig. 1 shows a CMOS class-AB amplifier formed by
M;-M; and active load Ms. The current sources Ipp
provide the bias currents for the circuit and all transistors
operated in the saturation. Assuming that the transistors
M;-M, are matched with the transconductance parameter
K, and let the transconductance parameter of Ms is Ks. The
relationship of the input 7, and the drain current /;, can be
expressedas [6].

0-7803-9538-7/05/$20.00©2005 IEEE

Vss
Fig. 1. CMOS Class-AB amplifier.
2
j 1 oo — 1,
= (1
161,

where|11| <41, . The output voltage V, in the form of the
input voltage V| is given by

K 1
V. =V, =V, |- = . [22+V, )
0 DD ' 7 | K, K, Y
where V7, is the threshold voltage of PMOS transistor Ms.

B. Basic Multiplier

The simplified version of the proposed multiplier is
shown in Fig. 2. Considering from Fig. 1, a pair of diode-
connected NMOS and PMOS are added. Assuming that
the transistors M;-Mg are matched with the
transconductance parameter K;. By applying the input
voltages V, and V,, the drain currents of the MOS devices
M,-M, in-the saturation is given by

1, =K1(V33—V|_Vrn)2 3
1, = Kn(vgs =¥y = Vo )2 4

and
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VSS

Fig. 3. CMOS voltage-mode multiplier.

VSS

Fig. 2. Class-AB voltage multiplier.

Ly +14, =1y, ®)
where Vi, is the threshold voltage of the NMOS transistor.
Substituting (3), (4) into (5), the gate voltage of transistor
Mj; V3 can be expressed as

S fuds +Vy
IDD Kl

g3
+ 1+
(i

If the apbroximation of the form ~/1+ x for |xl <<1 is

employed; then equations (6) can be approximately written
as

(6
(2V1V2 e Vlz % sz )

1490

A

g3

+Y

0]
IDD e KI
2K, 41,
By following as (3) to (7), the gate voltage of transistor Mg
Ve is given by

+

(2V1 Vz i VIZ o sz )]

V4V
Vo=~ 3 2 —|V,p|
= (8)
Top HuﬁL&mn-mhwq)
WA

where V7, is the threshold voltage of the PMOS transistor.
Considering from Fig. 2, the output voltage V,,, is written
in the form of Vi3 and V¢ as

Via Vo —|VTp|

—1‘4[{717(‘133

Therefore, by substituting V,3 and V4 from (7), (8) into (9),
the output voltage of the multiplier V,,, can be obtained as

A
Ip et

(10)
i {H' (2V|Vz —V|2 "sz )}
BaICT A e

Equation (10) shows that the multiplication of V, and V,
can be achieved. However, the output voltage V,, also
includes the components that are proportional to the square
of the input voltage V, and V,.

©
_Vg() _VTn _’VTp|)




C. CMOS Voltage-Mode Multiplier

The second order terms of the. input voltage in (10)
cause the error of multiplier. For reducing this effect, the
complete circuit diagram of CMOS voltage-mode
multiplier is shown in Fig. 3. In this circuit, the same
structure can also be obtained from the class-AB voltage
multiplier shown in Fig. 2. Transistors M;-Mg and Mg-M 3
are matched with the transconductance K, M, and M, are
identical with the transconductance K;. Following .from
(10), the output voltages of each class-AB multiplier V,,,,
and V,,, can be obtained as

K
Vo =Vpe ———==2V\V, - V2 -V} (11)
1 DC 32K7IDD ( 172 1 2 )
K,
Voo =Vpe ———==1-2V\V, - V> -V}) (12)
e 32KIDD( 2).
where V. = ( ’ DD/ZK ) Finaf]y_, by

subtracting between V,,, and V,,,, the output voltage V,,,
of the proposed multiplier is achieved by

Vout = Voml = Vom'l
= _I(_____V V

b o (5
which is a complete multiplier function without the second
order component of the input voltages V; and V,. Thus, the
circuit represents a four-quadrant analog multiplier with
output signal in voltage. The multiplication factor can be

controlled by K, K7 and Ipp, as indicated by (13).

(13)

III.

The proposed multiplier circuit of Fig. 3 has been
simulated with SPICE using the model parameters of
HPO.5y, level 7 CMOS process. For matching transistors,
the aspect ratios of NMOS transistors (M;-Ms, Mg-M,;)
are 5/15 and PMOS (M;-Msg, M|;-M,3, M5, My,) are 5/5.
The power supply voltage is +2.5V, the bias current Ipp =
50pA. The dc transfer characteristics of the multiplier are
shown in Fig. 4. The output voltage swings between
-88mV to +88mV for the input range of £500mV.

To measure the error voltage [7], a dc voltage is applied
to V, and the external gain stage with adjustable gain is
used at the output so that V,,/V,=1 for small V,. The error
voltage (V,-V,,,) is measured within the range of +400mV
for V. The maximum error voltage to the input range for
V) is 7.5mV/0.8V, indicating that the error is 0.94% and
increasing to 1.1% for +500mV of V.

Fig. 5 shows the application of the multiplier as an
amplitude modulator. The modulation is performed when
the input voltage V; and V, are the 1kHz and 18kHz
sinusoidal input signals with peak amplitude of 250mV.

SIMULATION RESULTS

1491
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Fig. 4. Transfer characteristic curves of the multiplier.
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Fig. 5. Amplitude modulation of sinusoidal signals.
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Fig. 6. Multiplication for two sine waves.
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Fig. 7. Frequency response of the multiplier.

Fig. 6 shows the application of the multiplier to operate
as a frequency doubler, where 1kHz sinusoidal input
voltages V; and V, of the same magnitude of 250mV are
applied at the inputs. The result shows that the output
voltage is a sine wave of twice the input frequency.

The frequency characteristic of the multiplier is
measured, where a dc voltage of 250mV is applied to V,
while V, is the variable frequency. From the result, the
-3dB bandwidth of 35MHz is achieved.

The total harmonic distortion of multiplier is about
0.76% for the input voltage 500mV and the frequency is
1MHz. The power consumption is 1.5mW.

IV. CONCLUSIONS

A new CMOS voltage-mode four-quadrant multiplier
based on the square-law characteristic of MOS transistors
that achieves an output signal in voltage form without
using resistors has been presented. The multiplier
achieves about 1.1% linearity error when input voltage is
500mV. The total harmonic distortion is less than 0.76%
and the -3dB bandwidth is 35MHz. The performances
have been demonstrated using PSPICE simulations.
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In this article, a new threshold-independent four-quadrant analogue multiplier is
designed and developed. It is based on the square-law of the MOS transistor in
the saturation region and quarter-square algebraic identity. The circuit structure
uses voltage summing and voltage-mode squaring stages. By applying the
reference voltage to the voltage summing stage, the threshold-independent
multiplication function can be achieved. On the basis of the voltage-mode circuit
structure, the proposed multiplier produces an output signal in voltage form
without resistors. The performances of the proposed circuit have been simulated
with PSPICE. Simulation results show that the multiplier has a wide band
capability, where a —3dB bandwidth of 160 MHz is achieved. The circuit has
0.75% linearity error and 0.47% total harmonic distortion under the maximum
input voltage of 500 mV at both multiplier inputs. The power consumption is
about 0.5 mW with a +1.5 V power supply voltage. To verify the performances
of the proposed multiplier, experimental results with discrete transistor arrays are
obtained. The results will be useful in analogue signal processing applications.

Keywords: squaring circuit; voltage-mode multiplier; quarter-square algebraic
identity; threshold voltage independent; analogue integrated circuit

1. Introduction
The analogue multiplier is an important basic building block in the design of
analogue signal processing and communication systems. There are applications in
automatic gain control, phase lock loops, frequency translation, waveform
generation, amplitude modulation and neural networks. The variable transconduc-
tance technique which operates on Gilbert’s tranlinear principle is the most popular
type in bipolar and MOS technologies. Several analogue multipliers based on
variable transconductance have been reported (Soo and Meyer 1982; Babanezhad
and Temes 1985). Recently, MOS analogue multipliers based on the quarter-square
technique (Bult and Wallinga 1986; Pena-Finol and Connelly 1987) and the square-
algebraic identities (Song and Kim 1990; Demosthenous and Panovic 2005; Sawigun
and Mahattanukul 2008) have been proposed. The square-based MOS multiplier can
be realised from the square-law of the transistor operating in both the saturation and
linear regions. : :

The multiplier proposed in this article also uses the square-law of the MOS
transistor. The circuit structure is based on the quarter-square technique

*Corresponding author. Email: s4610008@kmitl.ac.th
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implemented by using NMOS voltage summing and voltage-mode squaring circuits.
The output voltage of the multiplier appears directly from the squaring circuits since
the output voltage can be obtained without passive resistors.

2. Principle of operation

The basic principle of the proposed multiplier is well known and can be written as
Vo=V, + V2)2-— Vv, — V2)2 = 4V, V,. The multiplication is achieved in three
steps. First the sum and difference of two input signal voltages are formed. Then
these results are squared. Finally the difference of the squares is obtained to get the
desired result. In the following subsections, the design and operation of the
multiplier circuit- will be described. For CMOS analogue multiplier design,
the transistors are biased to operate in the saturation region where the drain
current Iy of the device is given by

Ig = K(Vgs — VTH)2 : (1)

where K = pu,Cox W/2L is transconductance parameter with pu, as the carrier effective
surface mobility in the channel, C,x as the gate oxide capacitance per unit area, W
and L as the channel width and length, respectively, Ves as the gate-to-source
voltage, and Vpy as the device threshold voltage.

2.1. Summing circuit

The voltage summing circuit and its symbol are shown in Figure la and 1b. The
circuit structure is modified from the fully differential summing circuit (Boonchu and
Surakampontorn 2005). Where the reference voltage V.. is applied to the gates of
active loads Ms—M and Isg are the bias current sources of the circuit. Assume that
all MOS transistors in Figure la operate in their saturation region. The differential

s M % ’ Vsnm

+O0—+
Fo—1
it

(a) (b)

Figure 1. (a) Voltage summing circuit. (b) Its symbol.
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pairs M—M, and M;-M, are matched with transconductance parameter K,, and
active loads Ms—M are matched with Ks. The output voltage V., can be written as

K,
Vam = /7= (V
m 4K5( fio VZ.) (2)

and the dc common-mode voltage Ve at the drains of M, and M, is

Ve = Ve — (VIss/2Ks + Vn).

2.2. Voltage-mode squaring circuit

The voltage-mode squaring circuit and its symbol are shown in Figure 2a and 2b. Let
the MOS transistors M;—Mjg be identical with transconductance parameter K and the
transconductance parameter of My being twice that of M,—Msj. If the differential
input voltages V;q with the same common-mode V¢, i.e. V¢ + Viaf2 and Vc —Viaf2,
are applied. The drain currents of M;—M, are given by

14 %
Iy = K<Vc +T'd— Vos — VTH) (3)
Via *
Iig = K( Vc - e S Vos — Vi (4)
Lag = 2K(Vos — Vss — Vu)’ (5)

By solving the above equations, the output voltage V,, can be written as

wVeg+¥Fe £ A

Vs = 6
; 2 8(Vc — Vss — 2Vh) (6)

Equation (6) indicates that the output voltage V is related to the square of input
voltage V4 based on the large-signal square-law behavior in MOS transistors
without the use of passive resistors.

vid S Q =0 V’us

(@ (b)

Figure 2. (a) Voltage-mode squaring circuit. (b) Its symbol.
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2.3. Voltage-mode multiplier

By employing the voltage-summing and voltage-mode squaring circuits, the
proposed voltage-mode analogue multiplier can be realised as shown in Figure 3.
The sum and difference of input voltages from the summing stages are applied
to the squaring circuits. According to Equation (2), the input voltages
Vami = VK1 /4Ks(V1 + V>) and Vamz = /K /4Ks(V) — V3) of the voltage-mode
squaring circuits can be found. From the transfer function of voltage-mode squaring
circuit in Equation (6), the output voltage V, of the proposed multiplier can be
written as

K, /4K

oo [ K\ /Ks
o 8(Ve — VSS_ = 2V1H)

5 8(Vc —.Vss — 2Vm)

ViV

(7

J [(Vl + V2)? & (¥ — Vz)z]

where V¢ is DC common-mode voltage of the squaring circuit. By substituting
Ve = Vier — (\/Iss /2Ks + VTH) into Equation (7), the output voltage V¥, becomes
K

v 1

o 8K5(Vrer —iVss — V= n/ Iss/2K5>

V\ V. (8)

Equation (8) indicates that the output voltage V, is in the form of a multiplication
function of the input voltages, and depends on the power supply Vss and the
threshold voltage of the transistors. To eliminate these effects, the reference
voltage Vi from the identical transistors M;o—M;, has been generated and applied
to the voltage summing circuit. Substituting the reference voltage

Voari= 3(\/IDD/K10 + VTH) + Vss into Equation (8) gives

K,

V= ViV, (9)
8Ks (3\/1DD/K10 = \//ss/ZKS)
+0 + O
Vl SM 1 e Vsnml SQ[ ‘ l
+ O +
VZ \!(_I
_O -
i 55 s + +o—
SM, LV SQ,

Figure 3. Complete four-quadrant analogue multiplier.
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Thus, the circuit represents a threshold-independent four-quadrant analogue
multiplier with output signal in voltage. Although other multipliers use resistors,
resistors and op-amp or linear MOS resistors to obtain an output voltage, the
proposed circuit provides a differential output signal in voltage form without the use
of resistors. However, for a single-ended output voltage application, an external
differential to single-ended converter circuit can be used to produce an output signal
voltage which relates to ground.

3. Input range

Input range is an important performance measure for an analogue multiplier. In this
section, the input range of the voltage summing and voltage-mode squaring circuits,
and the input range of the proposed multiplier will be discussed.

3.1. Input range of summing circuit

The maximum input voltage range of the voltage summing circuit has been derived
by assuming that the transistors M,;—M, are biased in the saturation region. By
applying the input voltages V) and V5, as |V; + V,| increases, the drain currents of
transistors M, or M, and M3 or M, enter to /ss while the others are turned off. The
value of the input voltage which is full switching of M,—M, or M;—M,, is given by
(Babanezhad and Temes 1985)

[Vi£ V3| < 24/Iss/Ky (10)

3.2. Input range of voltage-mode squaring circuit

The relation between the output voltage V,, and input voltage V;y as shown in
Equation (6) is valid only when all transistors are operated in the saturation region.
The input range limitation of a voltage-mode squaring circuit is reached when the
drain currents /47 or Iyg are close to zero. At this point, if the transistor Mg is turned
off, M7 and M, function as two transistors connected in series as shown in Figure 4.
The drain current of transistor My is close to zero, and can be expressed as

Lﬂ
Ids%'Ks(Vc—T'—Vos—VTH> (11)

Substituting the output voltage Vs from Equation (6) into Equation (11), the
maximum input range of the voltage-mode squaring circuit can be expressed as

Vial <2(V2=1)(Vc - Vss — 2Vm) (12)

3.3.  Input range of multiplier

For the maximum input voltage range of the proposed multiplier, the voltage
summing and voltage-mode squaring circuits should be designed at the same input
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voltage range. By combining Equation (10), Equation (12) and V., the multiplier
input voltage range can be given by

!VliVZlgz(\/i—l>(3\/IDD/K1é_\/ISS/2K5) (13)

4. Simulation and experimental results

The proposed multiplier circuit of Figure 3 has been simulated by PSPICE using the
model parameters of MOSIS 0.35 p,, CMOS process. The aspect ratios of transistors
M,~Mg are 2/3, MMy are 3/3, My is 6/3 and M,o—M; are 3/3. The power supply
voltage is + 1.5 V. The bias currents Iss and Ipp are set to about 25 uA. The DC
characteristic curves of multiplier are shown in Figure 5, indicating that it will

100m
V, =05V
v, =025V
& V,=0
>o
V, =-0.25V
V, =05V
—100m
05 0 0.5

Figure 5. Simulated dc transfer characteristic curves of the multiplier.

112



[Boonchu, Boonchai] At: 16:07 16 April 2009

Downloaded By:

International Journal of Electronics 463

perform as a multiplier for an output voltage swing of +66.4 mV, for the input
voltages V, and V5 in the range + 500 mV.

For the linearity error, the voltage gain of the external gain stage is adjusted to
Vo/Vy = 1 (Song and Kim 1990). The maximum error voltage of about 7.53 mV is
measured for V, = 0.5V and V, is varied from —0.5V to 0.5V and vice versa.
Because the ratio of maximum error voltage to the input voltage range for V), is
7.53 mV/1V, it is indicated that the linearity error is about 0.75%.

To measure the frequency characteristic of the multiplier, ¥, is set toa 0.5 V DC
and V, is the sinusoidal voltage with peak amplitude of 0.5 V. The —3 dB
frequency is about 160 MHz. The same — 3 dB frequency is achieved for the case of
V, is set to a 0.5V DC and V), is sinusoidal input voltage with peak amplitude
of 0.5 V. v

By applying the input voltage V; of 0.5V DC and the input ¥, of 0.5V
sinusoidal waveform with the frequency of 1 MHz, the total harmonic distortion
(THD) of the multiplier about 0.47% is measured. Finally, the power consumption
of multiplier is simulated to be about 0.5 mW.

To verify the functionary of the proposed circuit, the multiplier in Figure 3 has
been implemented and tested by using discrete transistor arrays MC14007. For the
transistors of squaring circuit which K; = Ky and Ky = 2K, My is formed by using
two transistors connected in parallel as shown in Figure 6. The power supply voltage
is +5 V. The current sources Iss = 1.2 mA are formed by using the simple current
mirrors. The reference voltage V. was measured about 2 V.

Figure 7 shows the multiplier performing the function of the squarer in which
2V, 1 kHz triangular wave is applied to the both inputs.

Figure 8 shows an application of the multiplier to operate as a frequency doubler
(Surakampontorn and Riewruja 1992). The input voltages V; and V, are 2V,
sinusoidal inputs and the frequency is 1 kHz. The. result shows that the output
voltage is a sine wave of twice the input frequency.

Figure 9 shows the application of the multiplier as an amplitude modulator. The
input voltage signals ¥, is a 2 kHz triangular and the input ¥, is a 50 kHz sinusoidal
input, both with peak amplitudes of 2 V..

Figure 10 shows measured of the worse-case linearity error. Input voltage V; is a
100 Hz ramp swinging between +1 V, and input ¥, isa 1 V DC voltage. Using the
range for input voltage ¥, of 2 Vpp produced the error voltage of 21.72 mV_,.

J
\DD

My,

\%S

Figure 6. Squaring circuit implemented by using MC14007.
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.........

WX TVR TR TToomva M 230ps Ch1 7 80mV

Figure 7. Squaring characteristic of the multiplier at 1 kHz. Upper trace input ¥, and V5: 1
V/div. Lower trace output V,: 100 mV/div. The horizontal scale is 250 us/div.

o]

@i TVRTTChZ TToomyn M 250ps CR1 7 80mV

Figure 8. Frequency doubler with the same 1 kHz sinusoidal inputs. Upper trace input V,
and V5: 1 V/div. Lower trace output ¥,: 100 mV/div. The horizontal scale is 250 us/div.
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.........

W TVR T ChZ T Z00mvn M 100s Ch1 7 60mv

Figure 9. Product of a 2 kHz triangular and a 50 kHz sinusoidal wave. Upper trace input V;:
1 V/div. Lower trace output ¥,: 200 mV/div. The horizontal scale is 100 pus/div.

100mv 2.5ms

Figure 10. Linearity error of the proposed multiplier. Upper trace input ¥; and middle trace
output ¥,: 500 mV/div. Lower trace output ¥, —V,: 100 mV/div. The horizontal scale is
2.5 ms/div.
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Thus, the ratio of the error voltage to the input for ¥, is 21.72 mVo5/2 Vo st is
indicated that the linearity error is 1.08%.

5. Conclusions

A new circuit configuration of the threshold-independent four-quadrant analogue
multiplier has been presented. The circuit is based on the quarter-square algebraic
identity and uses the voltage summing and voltage-mode squaring circuits. The
squaring stage is based on the inherent square-law characteristic of the MOS
transistor that achieves an output signal in voltage form without using resistor. The
performances of the proposed multiplier have been demonstrated using PSPICE
simulations and experimental results.
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