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Due to its nonlinear behavior, operational transconductance amplifier causes substantial distortion in transfer
conductance that weakens the intended signal. Analyzing Taylor series, this paper proposes a method to estimate third-
order harmonic distortion. As a result, an equation to calculate output current is proposed. Moreover, third-order
harmonic distortion is explained in an equation in terms of different parameters. Behavioral simulation was used to
investigate harmonic distortion characteristics for the purpose of investigating the validity of the results. Final results
show that analytical relationships and the simulation results are perfectly matched.
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1. INTRODUCTION

OTA is an important part of the analog circuits and
systems whose most important utility is in receiver
filters [1] — [3]. OTA main properties are lower noise
level and power consumption, better linear behavior,
and wider dynamic range; and the nonlinear behavior
still needs improvement [4]- [5]. Nonlinear conditions
cause substantial distortion of transconductance. In this
context, some research is performed on promoting good
linearization practices for circuits made of nonlinear
active elements [1][6]- [10]. Therefore, a more
comprehensive analysis is needed. In [1]- [6][10],
linearization is analyzed using source degeneration
model. In [6][7] [9][11], linearization is provided using
the linear area transistor along with variable bias. On
the other hand, focus is on the combination of two
methods of source degeneration linearization and
variable bias in [9]. Linearization through using op-
amp and linearization. by fixing drain current and
source - drain voltage are offered in [6][7]. Since
mathematical analysis of the circuit characteristics is
very important among designers, we perform a third-
order harmonic distortion analysis using equations
dominating transistors.

This paper is organized as follows: In Section I, the
OTA architecture discussed in references is briefly
reviewed. The third section describes the third-order
harmonic distortion. In the fourth section, Taylor series
are used for extracting features of the third-order

harmonic distortion. Accuracy of the proposed analysis
is evaluated in the fifth section.
Finally, conclusions are made in section six.

2. OTA INTRODUCTION

Since the proposed circuit is expressed based on the
OTA, an overview of it is given in this section.

OTA is a differential amplifier with input voltage and
output current. In OTA, the output is a function of input
voltage difference. If OTA is ideal, its input and output
impedance will be infinite. By changing the current of
input transistors (their Gm) [and] amount of
transconductance (Gm), we can control the OTAs. For
an ideal OTA, it can be written [12]:

o = GmVi M)
Zi=0  Zg=o (2

Where i, and V; respectively represent the output
current and input voltage. OTA equivalent circuit and
symbol are also shown in figure 1.
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Fig. 1. Simp-le single-output OTA

OTA transconductance values vary from tens to
hundreds of HA/V.

OTAs can also be single, double or multi-output [12].
OTA is one of the active components and is available
as an integrated circuit.

Among various OTAs, the simplest and most
commonly used method is based on source
degeneration. Linearization using source degeneration
method is in shown in figure 2.
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Fig. 2. OTA linearization using source degeneration

Source degeneration causes conflict among linearity,
noise, power and efficiency losses. Degeneration
reduces the swing between the gate and transistor
source and thereby linearizes the input-output
characteristic. For the output current and third order
harmonic distortion we have [6]:

. _ fBmiz LITh
to = () ¥e 1 - (26vesy) @)
2
N
HDy = Iimmj 4)

Where a=1+gm;,,Rs It is therefore seen that the
nonlinear factor under the radical decreases with the
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coefficient 1/0” ; i.e. the linear range is increased and
this increase in linear range is specified in relation (4).
It means that the third-order distortion is decreased
with the coefficient 1/a? Using source degeneration
method reduces the Gm with the 1/o factor. Simulation
shows that relation (4) has not sufficient accuracy [9].

3. THIRD ORDER HARMONIC DISTORTION
random, but it mostly appears in it periodically. This
means that consecutive cycles are almost identical and
may slowly change. This concept describes the
harmonic term. Harmonic distortion is caused by
nonlinear elements transforming the system into a
nonlinear one. A Linear System is the one whose
output can be expressed as the linear combination of its
response to the individual inputs. Specifically, if we
have for the inputs x(t) and x,(t):ss

X1(-=>Y1(1) , Xa(t)>y2(t)

For all constant values of a and b, we have:

axy(t)+bxa(t)—>ay:(t) +by,(t) ®)

Any system that does not meet the above condition is
nonlinear.

Nonlinear property often leads to important and
interesting phenomena. Harmonic distortion is one of
them. If the system is introduced with the equation (6):

y(t)=ax(t)+a,x’(t)+asx’(t) (6)

We can also determine the nonlinear effect by applying
a sinusoidal signal to the input and measurement in the
output. In equation (6), if we have X(t)=Acoswt then

Y (t)=a;Acosw+a,A’cos’ wt+azA’cos’ ot = (7

242 Af
alACOS(x)t+1‘T(l+COSZ(x)t)+ 534 (3coswt+cos3coswt)=

ma Al

3 3
- +[a1A+%]coswt+coswt+%cos$m
In equation (7), we see that high-order sentences
produce higher harmonics. Phrases with even
exponents make even harmonics, and the odd-exponent
sentences produce odd harmonics. It is notable that
range of the n™ harmony is increased almost
proportional to the n™ exponent of the input. This is
called the harmonic distortion effect [6].
HDy can be calculated from the expansion of equation

(7):

Tam3
HD, = 4= tog ®)
3 oy A 40y

4. THE PROPOSED METHOD FOR
CALCULATING HD;
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In this paper, the OTA in figure 3 is used which is
based on the source degeneration.
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Fig.(3). The Proposed OTA circuit

Regarding figure (3), gate voltage of the transistors M;
and M, are V,, and V,; . V, and V,; can be obtained
[13].

Ver = V2 = (%0 —Yges ) — (%0 — Ygas) ©)

V1~V =V —Vgss , because drain current of My, Ms
and drain current of Mg, M, are the same.

(Vos =¥ ). = (Yo =% )= 0% =%y = %) (10)
I:"i;sﬁ - Vf)z = I:‘i;.sz - FT:I P= ':Vz -V - FT:IE (11)
Vaes = Vger = W-¥a (12)
%35 = Vész =V - (13)

In equations (12) - (13), supposing Ips > Ipg and current
through Reg, Al is:

Vor = Voo = (Vo = Vo) — (W — 15, (14)
=Y =W )Y =¥ )=(Vo -V )+ R, A7

M —Ve) = (Ye2 —Voi) + R, AT 15)

For the current through M5 and M6 transistors, we may
have:

K

Ip, =lg, +hl =7 (Vg = )° 16)
K

IDs = IC1 + Al = ;[Ugaz - ]2 A7)

Where p,Cox(W/1) and L, W are respectively the width
and length; C,, is the oxide capacitance per channel and
Mo is the mobility. Therefore:

From equations (12) and (13), we can conclude:

2¢Ip, +4Iy
Ve, =, E1T +i (18)
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Voo = [FIEE (19)

V.?z 21 932 li.ﬂ&] = (20)

|'2(r,_-1 +ar:. 2 rfz+ar b=

J; (JTe, T 21— fI;, + M] =

g, nl nl
= (J1+I -J1—1E1

Supposing that Al / Igi<< 1 And Al<< I¢y;

21

I:1 _al _i_ 2
Vg, — - (J1+2151 ) 2, WKl 4l

By placement of (21) in (15), we have:

Vy =Wy = A+ Rggal ||m @2)
Cq

Hence:
Al = ——— 23)
fﬁ-'-R!q'
Kip
sz - vz1 = _—-‘-; le —vg (24)
Kig, o

For obtaining the output differential current, i.e.
lo = Ips — Ips, We also know that Ips + Ip3 = I, and by
writing KVVL, we have:

K 4l
Ip =Ip, —Ip, = J4¥ (== — AV (25)
avy = [
K ||4IC
__9 —;M.fz EID _II:I; ID_'_

By placing AV in the output current equation, we

obtain the following:
lpz— 2 I

'l:j Feg |zic
Iy

The proposed HD; .OTA can be roughly obtained by
analyzing the Tailor series:

® W —

HDy = = —— > (1, — ,)? 26)

16
[RNI"' m,:1] IeyIe,

If we consider the channel length modulation, the
harmonic distortion is obtained as follows:
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4. SIMULATION RESULTS

The proposed OTA in figure 3 is simulated using
HSPICE software.

In Table 1, the values of OTA parameters designed for
simulation are given. For obtaining the third-order
harmonic distortion through simulation, different
domains and resistances of 1K to 5K are applied, and
the harmonic distortion is measured in each resistor. In
figures (4) - (6), the theorized and simulated harmonic
distortion for designed OTA is depicted. Comparison
between simulation results and the theory shows the
appropriate accuracy of the proposed analysis. As the
analysis predicts, the third-order harmonic distortion
decreases with increased resistance. Harmonic
distortion values for various domains and resistances
are given in table (2) — (4).

HD, =5

W, -2 @7

Table 1. Proposed OTA parameters

Unit Simulation Parameters
\Y/ 1.8 Voltage source
u 0.18 Technology

mA 300 IC

mV 120 Vett

uM 65/0.5 (WIL),,

Input range

0

10 005 01 02 03 04 05 06 07

-20
-30

-50
-60
-70
-80

—t—theory -—l=—Simulation

Fig. 4. simulation and theory HD; for 1k resistance and
different domains
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Table 2. Parameter values for R = 1K and G,, =3x 10*

Vi a as HD;

Theory | Simulation

0.1 32.09u 24.08n | -51.96 -62.49

0.3 94.31u 764.40n | -32.86 -41.82

0.5 148.55u | 4.67u -23.98 -30.05

0.7 187.37u 13.78u | -18.14 -22.66

Input range

0.05 0.1 0.2 03 04 05 06 0.7

-10

-20

o yor
0 g

-90

—e—theory —®— Simulation

Fig. 5. simulation and theory HD; for 3k resistance and
different domains

Table 3. Parameter values for R = 3K and
G =1.3x 10"

Vi -0 a3 H D3

Theory | Simulation

0.1 13.58u 3.07n -67.70 -72.91

0.3 40.60u 66.73n -48.62 -55.68

0.5 66.71u 558.16n | -39.74 -41.54

0.7 89.56u 2.52u -33.90 -31.01

Input range

005 01 02 03 04 05 06 07

a0 —
50 /

-80 /

—e—theory —®—Simulation

Fig. 6. simulation and theory HD; for 5k resistance and
different domains
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Table 4. Parameter values for R = 5K and G, =9x 10®
Vi a; as HD3
Theory | Simulation
0.1 |8.81u 4.96n -75.83 -64.98
0.3 | 26.41u 19.35n | -56.74 -62.70
0.5 | 43.67u 209.70n | -47.87 -46.37
0.7 |59.33u 1.19u -42.03 -33.95
5. CONCLUSION
One of the simplest methods of linearization is to use

source degeneration resistance. In this paper, the third
order harmonic distortion is given using analysis of the
Taylor series to give a precise analysis relation for it.
Simulation is done using different values of the circuit
parameters and HSPICE software and is given in

vario
math

us curves. Effort is made to provide a proper
ematical relation for calculating HDs such that

designers can use it for achieving an optimum
characteristic.
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