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Abstract. Implementation of CMOS current-mode analog
computational circuits are presented in this paper. A new
Linearly Tunable OTA is employed in a modified structure
as a basic building block for implementation of the circuits
either linear or nonlinear functions. The proposed trans-
conductance amplifier provides a constant G,, over a wide
range of input voltage which allows the implementation of
high precision computational circuits including square
rooting, squaring, multiplication and division functions.
Layout pattern of the proposed circuit confirms that the
circuit can be implemented in 102 um x 69 um active area.
In order to verify the performance of the circuits, the post
layout simulation results are presented through the use of
HSPICE and Cadence with TSMC level 49 (BSIM3v3)
parameters for 0.18 um CMOS technology, where under
supply voltage of 1.8 V, the maximum relative error of the
circuits within 500 uA of input range is about 11 uA (2.2 %
error) and the THD remains as low as 1.2 % for the worst
case. Moreover, the power dissipation of the complete
structure is found to be 0.66 mW.
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1. Introduction

Analog computational circuits are very useful build-
ing blocks finding various applications in the signal pro-
cessing domain. These circuits realize several functions
such as multiplication, division, squaring, square rooting
and etc. which are widely used in disk drives [1], hearing
aids [2], medical equipment [3], modulators [4], artificial
neural networks [5] and fuzzy control systems [6]. There
are a lot of techniques to implement analog functional
circuits [7—18] which can be roughly categorized in three
main groups.

The first group is based on the trans-linear (TL) prin-
ciple introduced in [7]. This group is also classified in two
subgroups including BJT and MOS trans-linear circuits. In
bipolar transistors, it employs the exponential characteristic

DOI: 10.13164/re.2016.0297

of current and voltage [7], [8]. In this method the cause of
error originates from the nonzero values of the base cur-
rents and of the temperature dependence of the bipolar
transistor parameters (the thermal voltage is linearly in-
creasing with temperature and the saturation current has
an exponential dependence on temperature). In CMOS
technology, TL principle relies on the exploiting of loop
transistors operating either in weak inversion [9], [10] or
strong inversion [11], [12]. For weak inversion, although it
leads to circuits offering low power consumption, the dy-
namic range and the operation speed turn out to be limited.
For the TL principle in strong inversion, the body effect is
a serious problem in a way that this effect causes mismatch
in the threshold voltages which in turn, influences the line-
arity and accuracy of the circuits, however in some studies
this effect was properly discussed and a few techniques
were proposed [13], [14].

The most important aspects of computational circuits
include power consumption, operation speed, design cost,
simplicity and area efficiency. Although in practice, most
of these parameters trade with each other and several de-
sign techniques have been proposed [15], [16] to satisfy the
compromise between these characteristics, but the main
challenge in designing computational circuits is how to
implement with minimal effort a large number of these
functions [17]. One possible technique to do this is to de-
sign a multifunctional computational structure which is
based on the possibility of a multiple use of the same
structure as a core of the design. On the basis of this tech-
nique, if the design effort being mainly focused on the
improving of the core performances, all of the functions
which will be implemented through the use of the core
structure will automatically be improved. From this point
of view, the second and third groups can be also classified.

The second group emphasizes on the use of piecewise
linear approximation method [18-20], expansion of the
functions using Taylor series [21], [22] and presenting
anew approximation [23], [24] in which each term of the
approximated series is realized using a current-mode
[18-21], [23], [24] or voltage-mode [22] basic building
block. In order to make the realization of the functions
simple, some of these approximations have used only sec-
ond-order [21], [22] or third-order [18], [24] terms which
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leads to low-precise implementation of computational
circuits. Following this, the higher order approximations
[20], [23] have been proposed to achieve higher accuracy
at the expense of complex structure and consequently
higher consumption of power. The complex structures
reported in [25], [26], but not based on the piecewise linear
approximation method or expansion of Taylor series or not
CMOS-based circuits can be located in this group, owing
to the fact that they also consume more power.

The third group deals with the structure based on the
Operational ~ Trans-conductance ~ Amplifier  (OTA).
Although these structures can implement slightly less
functions rather than the second group, but the advantages
of reconfigurability, lower power consumption and higher
accuracy encourage the designers to utilize this method.
There are limited number of literatures on the use of OTAs
for designing these circuits [27-30], while some of them
do not allow multifunctional operation [27], [28] and some
others suffer from having constant trans-conductance and
not having entire linearity over the input range [29], [30].
This problem in turn influences the performance of the
implemented computational circuits in terms of accuracy
and efficiency.

The objective of this paper is to examine the applica-
bility of a new Linearly Tunable OTA (LTOTA) as a basic
building block which is employed in a modified structure
to implement computational circuits either linear or nonlin-
ear functions. The proposed trans-conductance amplifier
provides a constant G, over a wide range of input voltage
which allows the implementation of high precision com-
putational circuits. In addition, the proposed LTOTA be-
haves as a bipolar OTA in which its trans-conductance is
linearly tuned by the bias current, therefore all of the bipo-
lar based OTA configurations can be easily replaced by the
CMOS LTOTA, while their performance nearly remains
the same. Due to the simple and compact structure, the
power consumption of the implemented circuits is compar-
atively low.

2. Circuit Description

In order to realize computational circuits, a CMOS
based trans-conductance circuit is employed as a basic
building block of the design. The proposed structure is
shown in Fig. 1, where I;, is the input current. The trans-
conductance gains of OTA; and OTA, can be varied by
adjusting an external DC bias current of /; and /,, respec-
tively. According to the figure, the input current of /j, is
injected into the OTA,, which is employed as a current
controlled grounded resistor. The voltage across the OTA,
is then utilized as the input voltage for the OTA,. Consid-
ering G,,; and G, as the trans-conductance gains of the
OTA, and OTA, respectively, one can find the input-out-
put relationship as follows:

G .V, =1
i " = Iout = sz Iin . (1)
G VX :]out G

m2 ml

Iin

—_—
—

Fig. 1. Proposed structure for implementation of computa-
tional circuits.

If the trans-conductance of OTA, (G,,) has the
square-root proportion to its current, by keeping /;, and Gy,
constant, the square-rooter circuit can be achieved. In the
case of direct proportion of G, and Gy, to the current, the
multiplier and divider circuits will be obtained. Also if
Iy = Iy the squaring circuit is implemented. The imple-
mentation of these functions will be thoroughly discussed
in Sec. 3.

2.1 Proposed CMOS OTA Circuit

Figure 2 shows the trans-conductance circuit which is
the basic building block to implement computational cir-
cuits. The differential input voltage of V, is applied in the
form of Vi, =V — V>, and I, and [ represent the bias and
tail currents, respectively. The operation of circuit is as
follows:

Since the drain current of M; is constant (Ipg; = 1),
neglecting the body effect, Vgs; also has to remain con-
stant; as a result any variation in the voltage of V;, will be
reflected to the source terminal (V) level-shifted by Vgs;.
Supposing M, operates in saturation region, the voltage of
this node is given by:

1=KV, =V, =V), (2)
Va=V Vi - L 3)
K
Vbp
M1e I I M18
M M17va1
M
M2 |} 13:" |I:M14 I_°>
I, “: Mo M11:I|—'
= Van1 O—I Ms Mg I_.VBn1
V1 O—I-l_:—M1I Mz M4EI M3 VZ
Vbp B
A
Iss
M i

Hi"'“ Il’lms

Fig. 2. Proposed OTA circuit.
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where K = 0.5 uoCox(W/L) is related to trans-conductance
parameter and Vry is the threshold voltage of MOS tran-
sistor. The transistor M; works in saturation region as well,
thus its current can be written as:

1DS3:K(V2_VA_VTH)2' (4)
Replacing (3) in (4) yields:
1
Iy, =KW, -V, +\/Z)2. %)
K
Similarly, one can find the current of transistor M, as:
I,
Iy, =KV, =V, + E) . (6)

Transistors M;, and M;; sink extra currents of nodes
A and B, respectively. This is due to the fact that /s, and
Ips; change with input voltage and since M; and M, have
the constant current of 7,, in order to prevent M, and M;
being in linear region, M,y and M, are considered. Also
M; and Mg are employed as a cascode stage to provide
high output impedance at the output node. Vg, is chosen in
which these transistors operate in the saturation region.

The transistors M;5-M;g act as a current sub-tractor
which form the output current as follows:

10:1D52_IDS3:4\]K[a (VI_VZ) (7
or.
I, =4JKILV, . ®)

a’ in

From (8), it is obvious that G, of the circuit is

4,J0.514,C, (W /L),,1, which can be adjusted via the bias

current of /, and also aspect ratio of transistors M, and Mj.
In addition, it implies that 7, has the square root proportion
with the trans-conductance gain. In order to have linearly
tunable OTA, a current squaring circuit is employed in
which its output will be applied as the bias current of the
proposed OTA. Therefore, the next section will deal with
current squaring circuit.

2.2 Current Squaring Circuit

The modified current squaring circuit which is based
on the Translinear Loop (TL) principle is shown in Fig. 3
[31]. Supposing trans-conductance parameters of all tran-
sistors are well matched, considering translinear loop com-
posed of M, to My, we have:

\/1D51+\IIDS2 :\][Dss+\/1Ds4 : )

Writing KCL at nodes C and D:

I

I, =%+1x+zb, (10)
I

I, =%—1x+zb (11)

where I, is bias current and /; and /sq represent input and
output currents, respectively. Considering Ips; = Ipsy = Iy,
substituting (10) and (11) into (9) and squaring both sides
twice, the output current is given by:

[2

lg ="
b

(12)

It is seen that the squaring of /, is appeared at the out-
put. Note that the bias current of 7, recognizes the input
range of the circuit (/,<2/,) as thoroughly discussed in
[31].

2.3 Proposed Linearly Tunable OTA

The complete circuit of LTOTA is shown in Fig. 4,
where the right side (M;-M,g) specifies trans-conductance
circuit where its Gy, can be adjusted via /gq fed to transis-
tors M3 and My4. Transistors Mg;-Mgy form the core of
squaring circuit and M;9-M36 provide required signals in
a way that M 9-M,, produce the current of 2/, and M,s-M3
yield I +l,. Finally, the squaring current is mirrored
through M;,-My, to the trans-conductance circuit. Consid-
ering (12) and (8) as the output of squaring and trans-con-
ductance circuits respectively, the final output can be writ-

ten as:
Iout :41x EI/m ° (13)
V[b

Equation (13) indicates that the trans-conductance
gain can be linearly tuned by the current of /;, while K and
1, are constant values. Note that this linear relationship is
the same as the trans-conductance gain in the bipolar-based
OTA which is very useful in many applications [32]. Since
the proposed LTOTA is realized by MOS transistors all in
saturation region, therefore it is very suitable and efficient
for fabricating in CMOS process.

VDD
Ms[:l Mg
L® P
b1, |V
) c——
M :—I?_“-—»Nh 21,
D <

Fig. 3. Modified current squaring circuit.

3. Post Layout Simulation Results

In this section, post layout simulation results of the
proposed circuits and their applications are presented
through the use of HSPICE and Cadence with TSMC level
49 (BSIM3v3) parameters for 0.18 um CMOS technology
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output current versus the differential input voltage (V- 1)
show that by changing the DC bias current of 7,, the OTA
can linearly convert the input voltage in the range of =1 V
to 1V into output current with nonlinearity less than 1%.
Figure 7(b) proves the high linearity of the OTA circuit

where the constant value of trans-conductances are clearly
shown.
200 | [ 200 0
£
—. 1501 1150 ©
< 8
=3 [=4
@ 1001 ~F 100§
;
E 50 L 50§
@] 2
Fig. 5. Layout pattern of the proposed LTOTA. é 0 | Lo 2
5 |
so as to verify the performance of the circuits. Layout 9 504 ;
pattern of the proposed LTOTA is illustrated in Fig. 5 g 100 | 3
which confirms that the circuit can be implemented in g ;
102 pm x 69 um active area. The aspect ratios of transis- = -150 1
tors are given in Tab. 1 and the power supply voltage is set 2004l |
to VDD: 18 V I : i : : :
2 -1 0 1 2
Figure 6 shows the linear output current resulted from Differentaial Input Voltage (V)
subtraction of two nonlinear input currents (/psy and /Ipg3) i
which were formulated in (5)’ ©6) and (8) The constant G, Fig. 6. Input anq qutput currents along the trans-conductance
. . . . . characteristic of OTA for a typical value of parameters.
in the corresponding range of the input voltage is shown in
the figure as well. For this simulation, the bias current of /, Transistor name W/L (um/pm)
which determines the trans-conductance is 100 pA and the M, My, M5, My 20/0.18
tail current of [ is set to 300 pA. It should be pointed out Ms, M >/0.18
that the high linearity of G,, comes from symmetrical con- M, Ms My 3/0.18
. : . . . . Mio, My 8/0.18
figuration of the circuit which provides the symmetric Mo Myo Mo 2018
currents of Ipg, and Ipgs as proved in (5) and (6), in which MIS, MIG, M, Mo 10/0.18
their subtraction is entirely linear. Mo, May, Mar. Moy, Mas, Mg, Moy, Mo 2/0.18
Figure 7(a) shows the simulated transfer characteristic Mz, Mas, Mas, Mo, M1, Maz, Mss, Mag, Mas, Mss 6/0.18
of the OTA of Fig. 2 in which I, sweeps from 10 pA to Mi1, M) My, Mys 1.8

200 pA and I is kept constant as 300 pA. The plots of the Tab. 1. Transistors aspect ratio for LTOTA circuit.
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Fig. 7. (a) The output currents of OTA when 7, sweeps from

10 pA to 200 pA. (b) Trans-conductance characteristic.

The plot of the relation between the trans-conduct-
ance gain and the bias current of /, in the circuits of Fig. 2
and 4 are simultaneously measured by fixing V;,= 100 mV
and changing 7, from 0 to 100 pA where the simulated
conversion error found to be 1.3%. The simulation results
are shown in Fig. 8 in which for the circuit of Fig. 2 since
G, = 4\/0.5;10Cm w/ L)ZV3 I,, SO the trans-conductance

changes with the square-root proportion of 7,, while for the
LTOTA circuit because G, =41,,/K /1, , therefore G, line-

arly varies by changing the bias current of /,.

In order to demonstrate the feasibility of the designed
OTA and LTOTA, they are employed in the structure of
Fig. 1 for realization of some functional circuits. Replacing
LTOTA in the structure leads to implement a multiplier/di-
vider circuit. Since the bias current has a linear relation
with G, we have:

1=y Ly (14)
G I

out
ml 1

Considering [, and I, as the input currents and /; as
the normalized current (Z,,;m), so the multiplier function is
achieved. Also, supposing /, and /; as the input currents
namely 7, and 4, respectively and [;, as the normalized
current, the output current will be proportional to Zyym/Zgen-
Thus the structure performs as a divider circuit.

Figure 9 shows how the structure works as a multi-
plier circuit. The figure depicts DC transfer characteristic
of the analog multiplier, where the output current swings
between —250 pA to +250 pA and the normalized current is
set to 125 pA. The simulation result of the structure when
it employs as a divider circuit is depicted in Fig. 10. The
characteristic between /I, and denominator current (Zy)
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soffp - -l lAL Lo L]

40

30

Transconductance Gm (uS)

+  Gmof LTOTA

| | Fitted Curve |
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Fig. 8. Relation between the trans-conductance gain and the
bias current in OTA and LTOTA circuits.

250
200-{] A

150

100

lout(HA)
L
=3
lina (HA)

250

T T T
150 200 250‘

T T T T T T
‘-250 -200 -150 -100 -50 0 50 100

lint (HA)

Fig. 9. Simulation result for DC transfer characteristic in the
multiplier circuit.

for swept currents of numerator (/,,,) between +125 pA
and —125 pA with 50 pA per step is plotted while /o, is
set to 125 pA.

I — [num 1

out norm
I

(15

den

In the case that [;, and I, are equal and /; being con-
sidered as a normalized current, a squaring function will be
realized. In this case, the output current is given by:

— I in2

I, =" 16
o =7 (16)

norm

By applying a triangle waveform with the frequency
of 100 kHz to the input, the squaring function as well as
the error value are appeared at the output (Fig. 11). It can
be clearly seen that the simulated result is in a close agree-
ment with the expected output, and the maximum error is
173 nA.

Let us consider the structure of Fig. 1. Replacing the
OTA in this structure, one can find the output current as:

I
I = =2 17
out [1 in ( )
In the case that [, = I;,,, we have:
1. =~11, . (18)
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Fig. 10. DC transfer characteristic of the divider circuit.
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Fig. 11. Transient response of the squaring circuit and its error.
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Fig. 12. Simulated transient response of square-rooting circuit
and its error.

Considering /; as the input current, by applying /,=
125 pA as a normalize current the square-rooter function is
implemented. To prove the efficiency of the circuit, a tri-
angle waveform similar to the squaring circuit is applied;
then the output current is achieved as shown in Fig. 12.

In order to examine the effect of temperature variation
on the circuit, threshold voltage variation in the presence of
temperature which is the most important parameter for this
issue is considered which can be derived as [33]:

%: a¢ms +2%+L%
or 24, oT

or oT
where ¢, is the gate-substrate contact potential, yis a body
effect constant and ¢ is the Fermi energy.

(19

Considering NMOS and PMOS current mirrors in the
circuit (M;-My and M|,-Mse), because they work on the
principle that identical transistors with equal gate-to-source
and drain-to-source voltages carry equal drain currents and
since these voltages of corresponding transistors are equal
in all conditions, any variations in the threshold voltage are
automatically compensated. Therefore, probable tempera-
ture variations do not affect the performance of the current
mirrors. For the complete circuit and also rest of the tran-
sistors, the simulations are carried out based on the condi-
tions of Fig. 6 in different temperatures for transconduct-
ances, and relative errors are shown in Fig. 13(a) where the
maximum error occurred at —40 °C with 0.63%.

Moreover, the body effect and channel length modu-
lation affect the threshold voltage of the transistors [33].
Considering the mismatch for equality of threshold volt-
ages in pair transistors of M; and M; and also M, and M,
and subsequently rewriting (5) and (6) we have:

r [El
IDsz:K(Vl_Vz"'\/;'i'VTm_VTHz)Z’ (20)

! [a
[Ds3:K(Vz_Vl"'\/E"‘VTﬂl_VTm)2- (21)
Supposing VTHI — VTH3 = AVTI and VTH4_ VTHZ :AVTz,
ignoring the terms of AVyP and AVp)’ (since AVqy,
AV, <<1), the output current can be derived as:
I =

o

K|:(4\/%+2AVTI +2AVT2)(V1 _I/Z)J'_z\/%(AV[Z _AVTI):| .

(22)
From (22), the mismatch values are subtracted in the
second term (AVr;—AVt,), and consequently they cancel
each other or minimize the error quantity. Considering the
first term of the equation, the mismatch leads to a small DC
offset in the output current which can be regarded as
an error in the bias current of 7, or a DC compensated cur-
rent at the output. In order to show the effects of these non-
idealities, Monte Carlo analysis is carried out by applying
+5% Gaussian distribution at 3o level in the variation of
threshold voltage and the result is shown in Fig. 13(b).

The Monte Carlo analysis for total harmonic distor-
tion (THD) is shown in Fig. 14. The same conditions and
distribution of simulations in Fig. 13 are applied for both of
OTA and LTOTA circuits. The results show that most of
the samples occur in the ranges of 0.6% to 0.8% and 1.0%
to 1.2% for OTA and LTOTA circuits, respectively.

Distortion analysis of the OTA circuit is carried out
for different input amplitudes as well as signal frequency.
The amplitude dependency of HD3 and IM3 are plotted in
Fig. 15(a). In the worst case, HD3 and IM3 components
are —68 dB and —67 dB for 2 V,,, differential input voltage
at 10 MHz signal frequency. Variation of distortion com-
ponents with frequency are also simulated and plotted in
Fig. 15(b).
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Fig. 13. a) Relative error of the circuit vs. different temperatures.
b) Transconductance variations from Monte Carlo
simulations for threshold voltage.
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Fig. 14. Monte Carlo simulation for THD of (a) OTA circuit
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IM3/HD3
2
P
«$

Vine-p (V)
(a)

0 04 08 12 6 2

IM3/HD3

«851

76

auj"‘*f‘*._

oo
-

--~==- I3
O—aX
s

\

",

1w
Frequency

(b)

A
A
\r\
b

“ico1a0c 10000
(MHz)
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This
[12] [28] [29] [30] Work
MLTP*
MLTP b
. MLTP | MLTP SQ
Functions S(S)(I%T DVR SQ MLTP SQRT*
DVR*
Power
dissipation (mW) 0.31 20 0.588 3.5 0.66
Relative error
(%) 4 12 1.6 1 2.2
-3dB
Bandwidth 200 155 3960 120 670
(MHz)
THD (%) 3.1 0.25 NA NA 1.2
Supply
voltage (V) 33 +10 +1 +5 1.8
Input Ran +0.1 +] +0.1 +200 +250
put Range \ mA v LA LA
Technology (um) 0.25 0.5 0.18 2 0.18

a: Multiplier, b: Squaring, c: Square-rooter, d: Divider

Tab. 2. Comparison and performance summery of the circuit.

Input and Output Voltages (V)
=

Time (us)
Fig. 16. Step response of the OTA for slew rate simulation.

A 2V,, step waveform is applied to unity-gain
closed loop OTA whose response shown in Fig. 16. I and
1, are set to typical values of 400 pA and 150 pA respec-
tively, and the output load is a capacitance with 10 pF
capacity.

Measuring the slope of output response gives both
positive and negative slew rate as 5.7 V/us. The compari-
son of the proposed circuit with previous works is shown
in Tab. 2.

4. Conclusion

The major intention of this paper was to present a
new method to implement computational circuits using
linearly tunable CMOS OTA circuit. The proposed method
enjoyed these attractive features: 1. Use of CMOS transis-
tors, compatible with the current digital signal processing
CMOS technology; 2. New tunable OTA proposed which
could be linearly tuned by a bias current, therefore could be
used as a bipolar OTA; 3. Could realize several linear and
nonlinear functions with high precision performance;
4. The bipolar based OTA configurations could be easily
replaced by the CMOS LTOTA; 5. Current-mode realiza-
tion provided simple and intuitive configuration.

It should be pointed out that the main objective of the
paper was that multiplier, divider, squarer and square-
rooter functions could be simultaneously available using
two designed OTA. Although each function could be
separately found in the literature, without the new proposed
OTA, they cannot be realized by one circuitry.

References

[1] KI, H. J., SONG, Y. S., PAIK, W. H., et al. A low power adaptive
equalizer for PRML disk-drive read channels. Analog Integrated
Circuits and Signal Processing, 2003, vol. 34, no. 3, p. 211-220.
DOI: 10.1023/A:1022501600665

LL F., YANG, H., LIU, F., et al. Dual-mode gain control fora 1 V
CMOS hearing aid device with enhanced accuracy and efficiency.
Analog Integrated Circuits and Signal Processing, 2012, vol. 72,
no. 2, p. 495-504. DOL: 10.1007/s10470-012-9844-5

PINI, F., MCCARTHY, K. Capacitive instrumentation amplifier
for low-power bio potential signal detection. In IET Irish Signals
and Systems Conference (ISSC 2010). Cork (Ireland), 2010,
p. 54-58. DOI: 10.1049/cp.2010.0487

YUCE, E. Multiplier, frequency doubler and squarer circuits based
on voltage controlled resistors. International Journal of



304

A. NADERI SAATLO, HIGH-PRECISION CMOS ANALOG COMPUTATIONAL CIRCUITS BASED ON A NEW LINEARLY ...

[12

[13

[14

[15

[16

[17

[18

[19

[20

[21

]

—

]

[t}

[}

]

[}

]

]

—

Electronics and Communication, 2011, vol. 65, no. 3, p. 244-249.
DOI: 10.1016/j.aeue.2010.02.016

COU, D., WILSON, G. A four-quadrant subthreshold mode multi-
plier for analog neural-network applications. /EEE Transactions
on Neural Networks, 1996, vol. 7, no. 5, p. 1212-1219. DOI:
10.1109/72.536315

NADERI, A., KHOEIL A., HADIDI, KH. Circuit implementation
of high-resolution rational-powered membership functions in
standard CMOS technology. Analog Integrated Circuits and
Signal Processing, 2010, vol. 65, no. 2, p. 217-223. DOL
10.1007/s10470-009-9443-2

GILBERT, B. Translinear circuits: A proposed classification.
Electronics Letters, 1975, vol. 11, no. 1, p. 14-16. DOL
10.1049/el:19750011

SEEVINCK, E., WIEGERINK, R.J. Generalized translinear circuit
principle. [EEE Journal of Solid-State Circuits, 1991, vol. 26,
no. 8, p. 1098-1102. DOI: 10.1109/4.90062

ANDREOU, A., BOAHN, A. Translinear circuits in subthreshold
CMOS. Analog Integrated Circuits and Signal Processing, 1996,
vol. 9, no. 2, p. 141-166. DOI: 10.1007/BF00166411

FARSHIDI, E., NEJAD, T. A new two-quadrant squarer/divider
circuit for true RMS-to-DC converters in MOS technology.
Journal of Measurement, 2012, vol. 45, no. 4, p. 778-784. DOI:
10.1016/j.measurement.2011.12.009

NADERI, A., MOJARRAD, H. GHASEMZADEH, H. et al. Four-
quadrant CMOS analog multiplier based on new current squarer
circuit with high-speed. In /EEE Eurocon. St. Petersburg (Russia),
2009, p. 282-287. DOI: 10.1109/EURCON.2009.5167644

SEON, J. Design and application of precise analog computational
circuits. Analog Integrated Circuits and Signal Processing, 2008,
vol. 71, no. 1, p. 55-66. DOI: 10.1007/s10470-007-9119-8

CHAISAYUN, I., PIANGPONG, S., DEJHAN, K. Versatile
analog squarer and multiplier free from body effect. Analog
Integrated Circuits and Signal Processing, 2012, vol. 71, no. 3,
p. 539-547. DOI: 10.1007/s10470-011-9701-y

IBARAGI, E., HYOGO, A., SEKINE, K. A CMOS analog
multiplier free from mobility reduction and body effect. 4nalog
Integrated Circuits and Signal Processing, 2000, vol. 25, no. 3,
p- 281-290. DOL: 10.1023/A:1008377914605

PANIGRAHI, A., PAUL, P. A novel bulk-input low voltage, low
power four-quadrant analog multiplier in weak inversion. Analog
Integrated Circuits and Signal Processing, 2013, vol. 75, no. 2,
p. 237-243. DOI: 10.1007/s10470-012-9951-3

LIU, W., LIU, S.I. Design of a CMOS low-power and low-voltage
four-quadrant analog multiplier. Analog Integrated Circuits and
Signal Processing, 2010, vol. 63, no. 2, p. 307-312. DOI:
10.1007/s10470-009-9382-y

POPA, C. R. Synthesis of Computational Structures for Analog
Signal Processing. 1st ed. New York: Springer publisher, 2009,
p. 363-364. ISBN 978-1-4614-0403-3.

ABUELMATTI, M. T. Universal CMOS current-mode analog
function synthesizer. /EEE Transactions on Circuits and Systems
I: Fundamental Theory and Application, 2002, vol. 49, no. 10,
p. 1468-1474. DOI: 10.1109/TCSI1.2002.803356

BHAT, M.S., REKHA, S., JAMADAGNI, H.S. Extrinsic analog
synthesis using piecewise linear current-mode circuits. In /9th
International Conference on VLSI Design, 2006, p. 6. DOI:
10.1109/VLSID.2006.88

ABUELMATTI, M. T., ABUELMATTI, A. A new current mode
CMOS analog programmable arbitrary nonlinear function
synthesizer. Microelectronics Journal, 2012, vol. 43, no. 11,
p. 802—-808. DOI: 10.1016/j.mejo.2012.07.003

CARLOS, A., MARTIN, A. Novel low-power high-dB range
CMOS pseudo-exponential cells. ETRI Journal, 2006. vol. 28,

no. 6, p. 732-738. DOI: 10.4218/etrij.06.0106.0121

[22] CHANG, C., LIU, S. Pseudo-exponential function for MOSFETs
in saturation. /[EEE Transactions on Circuits and Systems II, 2000,
vol. 47, no. 11, p. 1318-1321. DOI: 10.1109/82.885141

[23] POPA, C. Low-voltage CMOS current-mode exponential circuit
with 70 dB output range. Microelectronics Journal, 2013, vol. 44,
no. 12, p. 1348-1357. DOI: 10.1016/j.mejo.2013.09.005

[24] POPA, C. Improved accuracy pseudo-exponential function
generator with applications in analog signal processing. /EEE
Transactions on Very Large Scale Integration Systems, 2008,
vol. 16, no. 3, p. 318-321. DOI: 10.1109/TVLSI.2007.915495

[25] ZARABADI, S., ISMAIL, M., HUNG, C. High performance
analog VLSI computational circuits. Journal of Solid-State
Circuits, 1998, vol. 33, no. 4, p. 644-649. DOI: 10.1109/4.663572

VLASSIS, S., SISKOS, S. Design of voltage-mode and current-
mode computational circuits using floating-gate MOS transistors.
IEEE Transactions on Circuits and Systems I, 2004. vol. 51, no. 2,
p- 329-341. DOL: 10.1109/TCSI1.2003.822401

[26

—_

[27

—

RIEWRUIJA, V. Simple square-rooting circuit using OTAs.
Electronics Letters, 2008, vol. 44, no. 17, p. 1000-1002. DOI:
10.1049/e1:20081739

[28] KAEWDANG, K., FONGSAMUT, C., SURAKAMPNTORN, W.
A wide-band current-mode OTA-based analog multiplier-divider.
In Proceedings of International Symposium on Circuits and
Systems (ISCAS 2003). Bangkok (Thailand), 2003, vol. 1, p. 349—
352. DOI: 10.1109/ISCAS.2003.1205572

[29] HIDAYAT, R., DEJHAN, K., MOUNGNOUL, P., et al. OTA-
based high frequency CMOS multiplier and squaring circuit.

Intelligent Signal Processing and Communications Systems, 2009,
p. 1-4. DOL: 10.1109/ISPACS.2009.4806748

[30] KAEWDANG, K., SURAKAMPONTORN, W. On the realization
of electronically current-tunable CMOS OTA. International
Journal of Electronics and Communications, 2007, vol. 61, no. 5,
p- 300-306. DOI: 10.1016/j.aeue.2006.05.011

[31] NADERI, A., KHOEI, A., HADIDI, K. H., GHASEMZADEH, H.
A new high speed and low power four-quadrant CMOS analog
multiplier in current mode. International Journal of Electronics
and Communications, 2009, vol. 63, no. 9, p. 769-775. DOLI:
10.1016/j.aeue.2008.06.002

[32] PARVEEN, T. Textbook of Operational Transconductance Ampli-
fier and Analog Integrated Circuits, New Delhi: International
Publishing House, 2009, p. 16-41. ISBN: 9380026552

[33] FILANOVSKY, I. M., ALLAM, A. Mutual compensation of
mobility and threshold voltage temperature effects with
applications in CMOS circuits. /[EEE Transactions on Circuits and
Systems I: Fundamental Theory and Application, 2001, vol. 48,
no. 7, p. 876-884. DOI: 10.1109/81.933328

About the Author ...

Ali NADERI SAATLO was born in Urmia, Iran, in 1982.
He received his B.Sc. degree in Communication Engi-
neering from Urmia Azad University, in 2005, the M.Sc.
degree in Electrical Engineering from Urmia University,
Urmia, Iran in 2008, and the Ph.D in Electronics Engi-
neering from Istanbul Technical University, Istanbul, Tur-
key in 2014. Since 2011, he has been a faculty member of
the Electrical Engineering Dept., Urmia Azad University.
His research interests are analog and digital integrated
circuit design for fuzzy applications, fuzzy sets and sys-
tems, high performance analog circuits, and digital signal
processing.





