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ABSTRACT

A novel approach for triangle-to-cosine wave approximation is presented. The cosine
wave is generated by the method of squaring the triangular wave and then passing through the
exponential amplifier circuits. This fashion is based on the Taylor’s series for sinusoidal function.
The superior points of this method to the existing ones are low distortion cosine wave output and
the simple circuit realization. We propose this techhique in current mode circuits which are more
advantages than their voltage-mode counterparts. The computer simulation and experimental

results are showed to verify the proposed technique.
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K,V, = arcsin L (2.23)
1
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Loyr =1, sin {%—:ﬁ—’”—} (2.33)
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Jat) =1 (2.38)
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(counterclockwise element :CCW) Iﬂﬂmﬁbﬂgui aﬁwmma%{%aﬂﬂ (Kirchhoff’s voltage law)
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M EYT, (3.5)

neCCW neCWw
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A54(forward current gain : 5, ) gaune 9218

Vee =Vr ln(j—c) 3.6)

N

A A [ 1 aa I'd 3
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I'd
I A9 NIZUANDAAANDT (collector current)
wae I fio ATZUABUAITOUNAY (reverse saturation current)

unumaNn1sn 3.6) asluaumsi (.5) v 'lédn
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(geometry-independent saturation current-density)
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/1___ neCW

l—[ I(n ’

neCCW
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ilo Vi =V, In=CL (3.15)
Si
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n+l1

B+ (n+1) p+(n+1)
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*NR10ON-1X NPN Transistor

.MODEL NX1 NPN RB=524.6 IRB=0 RBM=25 RC=50 RE=1
+IS=121E-18 EG=1.206 XTI=2 XTB=1.538 BF=137.5
+IKF=6.974E-3 NF=1 VAF=159.4 ISE=36E-16 NE=1.713
+BR=0.7258 IKR=2.198E-3 NR=1 VAR=10.73 ISC=0 NC=2
+TF=0.425E-9 TR=0.425E-8 CJE=0.214E-12 VJE=0.5
+MJE=0.28 CJC=0.983E-13 VJC=0.5 MJC=0.3 XCJC=0.034
+CJS=0.913E-12 VJS=0.64 MJS=0.4 FC=0.5

*NR200N-2X NPN Transistor

.MODEL NX2 NPN RB=262.5 IRB=0 RBM=12.5 RC=25 RE=0.5
+IS=242E-18 EG=1.206 XTI=2 XTB=1.538 BF=137.5
+IKF=13.94E-3 NF=1 VAF=159.4 ISE=72E-16 NE=1.713
+BR=0.7258 IKR=4.396E-3 NR=1 VAR=10.73 ISC=0 NC=2
+TF=0.425E-9 TR=0.425E-8 CJE=0.428E-12 VJE=0.5

+MJE=0.28 CJC=1.97E-13 VIC=0.5 MJC=0.3 XCJC=0.065
+CJS=1.17E-12 VIJS=0.64 MJS=0.4 FC=0.5

*PR100ON-1X PNP Transistor

.MODEL PX1 PNP RB=327 IRB=0 RBM=24.55 RC=50 RE=3
+IS=73.5E-18 EG=1.206 XTI=1.7 XTB=1.866 BF=110
+IKF=2.359E-3 NF=1 VAF=51.8 ISE=25.1E-16 NE=1.650
+BR=0.4745 IKR=6.478E-3 NR=1 VAR=9.96 ISC=0 NC=2
+TF=0.610E-9 TR=0.610E-8 CJE=0.180E-12 VJE=0.5
+MJE=0.28 CJC=0.164E-12 VJC=0.8 MJC=0.4 XCJC=0.037
+CJS=1.03E-12 VJS=0.55 MJS=0.35 FC=0.5

*PR200N-1X PNP Transistor

.MODEL PX2 PNP RB=163.5 IRB=0 RBM=12.27 RC=25 RE=1.5
+IS=147E-18 EG=1.206 XTI=1.7 XTB=1.866 BF=110
+IKF=4.718E-3 NF=1 VAF=51.8 ISE=50.2E-16 NE=1.650
+BR=0.4745 IKR=12.96E-3 NR=1 VAR=9.96 ISC=0 NC=2
+TF=0.610E-9 TR=0.610E-8 CJE=0.36E-12 VJE=0.5

+MJE=0.28 CJC=0.328E-12 VJC=0.8 MJC=0.4 XCJC=0.074
+CJS=1.39E-12 VJS=0.55 MJS=0.35 FC=0.5
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Triangle-to-Cosine Wave Technique Based on Exponential Approximation
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Abstract

A new approach for triangle-to-cosine wave approximation
is presented. The cosine wave is generated by the method of squaring
the triangular wave and then passing through the exponential amplifier
circuits. This fashion is based on the Taylor’s series for sinusoidal
function. The superior points of this method to the existing ones are low
distortion cosine wave output and the simple circuit realization. We
propose this technique in current mode circuits which are more
advantages than their voltage-mode counterparts. The simulation result

of MATLAB and SPICE are agree well.

Keywords : taylor’s series , exponential approximation , triangle-to-

cosine wave
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time=0:1e-06:3e-03;
f=1000;
A=sawtooth(2*pi*f*time,0.5);
tril=(22/7).*A;
ri2=tril./2.2223;
w=exp(-(tri2."2));
final=w+((tri1.#2).*(0.023));
subplot(2,1,1),plot(time,tril);

subplot(2,1,2),plot(time, final);
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Abstract : A novel approach for triangular-to-cosine wave approximation is presented. The cosine wave is
generated by the method of squaring the triangular wave and the passing through the exponential amplifier
circuits. This approach is based on the Taylor’s series for sinusoidal function. The superior point of this
method to the existing ones is the simple circuit realization and low distortion cosine wave output. Besides
that, the proposed circuit can generats the square, trianguiar wave. The section of square wave and
triangular wave generating uses relaxation oscillator with feeding back in current mode that produce the
triangular and square wave in the same circuit.Furthermore, the squaring and exponential amplifier circuit
can be configured based on another principle such as translinear in current mode which can be developed to

suit IC implementation.

1. INTRODUCTION

A function generator is the one of the necessary
" instruments in the engineering laboratories,
instrumental equipment, communication and
electronic fields. The elementary signal waveform
should be square wave, triangular and sinusoidal
wave. Precise square and triangular wave can easily
be generated over a wide range of frequencies by
relaxation oscillators while the directly sinusoidal
wave generating oscillator is more difficult to control
stability. From both reasons, in practice and well-
. known approach, sine wave is generated by feeding a
triangular wave through a triangle-to-sine wave
converter [1-9]. Meyer et al. has presented the
performance of a differential pair with emitter
degeneration as a triangle-sine wave converter
approached by approximating a nonlinear equation of
natural logarithmic function to be as close as possible
to arcsine expansion [2]. Although the circuit is very
simple, the output waveform is a function of too
many parameters. Recently, a conservative sine wave
oscillator based on parabolic function that derives
from squaring the triangular wave has been proposed
by Siraruam et al.[8].The circuit of that oscillator can
be simply realized and generate very low THD sine
wave; however, the cross over distortion arises from
the use of analog switch to convert the parabolic
wave into the positive and negative side of the sine
wave.

Hence, this paper presents the new method
for approximating sinusoidal wave from triangular
wave by the use of exponential function based on -
Taylor’s series expansion for sinusoidal function. The
superior points of the proposed method to the existing
ones are that the output waveform is a function of
only two parameter and the circuit is not employed
analog switch which is the cause of cross over
distortion. Besides that, the proposed circuit can
generate the square, triangular wave by using
relaxation oscillator with feed back in current mode
that produce the triangular and square wave in the
same circuit without integrator[10]. After that the
squaring function of triangular wave is fed through
the exponential circuit to approximate the sinusoidal
wave. Computer simulation and circuit realization
have been made to verify the developed algorithm.
The cosine wave approximation with 0.0561% of
THD can be obtained; moreover, the circuit
configuration is so simple that it is attractive for
integrated circuit fabrication.

2. PRINCIPLE

Taylor’s series expansion for cos(X) is given by
2 4 6
X ‘X X
cos(x)=l—-—+——-—+... (1)
20 4 6
where X =! repetitive with time. So we can -
represent X by sawtooth or triangular function with

[¥|x =7 and period of T. In the case of



representing @ with triangular function, the result is
the cosine function with double frequency of input

triangular function. The above relation is illustrated

in Fig.1.
f@
e
-T2 o T1/2; 2t _°T 3772 sT12
T T T
fft)
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-4 o 174 l?x T/AN_ 3T/4 T ST/a :
/2 : 772 7i3=—"3
/T\ 7\
-T2 0 T2 3T/2 2T \ST/2 !
/ Pt \/ \/ \/

Figure 1 Transformation of ramp and triangular
to cosine wave.

We consider that a cosine wave produced by
equation (1) using truncated Taylor’s series to the
first eighth order term must deal with at least 4
multiplier circuits as shown in Fig.2

NALS Sy

Figure 2 A built-in cosine wave using first
8 order term Taylor’s series expansion.

Consider the series of exponential function
2 3 4

Fonln et i, 2)
2 3 a4
Therefore
x2 2 4 6 8
P 2 Al
T et e T e ®

By comparison of (3) and (1) we can make them
as close as possible by equating the coefficients of
fourth- and sixth-order terms in (3) and (1), thus we
obtain k in the range which is expected that the best
performance of the approximation will occur.
However the error in the coefficient of second-order
term still occurs which we can reduce it by adding the
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squaring function of triangular wave to equation
(3).Consequently, we can convert the triangular to
cosine wave by this new method as shown in the
diagram of Fig.3.

AALE= Ll )

J
>

cos(x)

Figure 3 Block diagram of the proposed method.

Equation(3) is analyzed into its Fourier
components and the total harmonic distortion is
defined as the ratio in equation (4) [6].

© - 2 2
> (a,’+b,%)
= n=2
1HD = 2 @)
a. +b,
where @,andb, are coefficients of trigonometric
. fourier series
7 Uy
R,z |Va
a5
/\/\qu oltage to Curreat | —
C = Counverter
| am R
- R3R)
Figure 4 Block diagram of the square and
triangular wave generating.

In the section of square and triangular wave
generation, we use of schmitt trigger circuit operating
with voltage to current converter{10]. The output of
schmitt trigger (V,,) is square wave with amplitude
of (V) and the output of voltage to current
converter (V,, ) is triangular wave with amplitude of
(xaVg,;). The edge or the slope of square and
triangular wave are in positive side while the
capacitor is charged and negative side while the
capacitor is discharged.

3. PRACTICAL DESIGN

The illustration of the previous section can be .
implemented as the circuit in Fig.5.



The section of generating square and triangular
waveforms use relaxation oscillator that is the

operating of the operational amplifier A, and
voltage to current converter which employs the
second generation current conveyor (CCII+) as the
positive feed back circuit. This oscillator circuit has a
generalized frequency expression of the form

+
A R +R, ®)
4RR,C .
R
| JOk
v,
Lok *Vage Ry Lo, LM3086N I=lo
«IsV 30k Q Ry 10k
Vor Y Cifoop 23 R, 41007
iz @ =
(oF 3 X R R, .
B 15.7% |V,
1 i Ry330k . R Rjlok

1k

ml ~ R,

kl S .
vad

Figure 5. Experimental circuit.

the output of the relaxation oscillator v, is the square

wave of amplitude '
Voip-p) = 2Vsur

and the output of the current conveyor Vo, is the

triangular wave of amplitude

)

Vor( p-p) = 2@Vsyr

1
R +R,
T VSAT+ =Vsur

From equation (5), (6) and (7),it follows that
the frequency of oscillation can be controlled by
varying R, and C and the amplitude of the
waveform is independent of this varying.

In the following, the squaring function of the
triangular signal v,, from multiplying circuit 7l
pass through the exponential amplifier which is the
collaborating of Q,0,, 4, A,and R,—R,,,
C,,C;. The relation of I, and ¥, can be
expressed as

F, -
where a= and Vg ==Fg, or

©)
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Io  =Iexp(V;/K,)

R 8
K, ={1+Z‘)V, ®)

Then, the cosine wave output is the result of
summing the output from exponential amplifier with
the squaring function of triangular wave as the
suitable proportion. :

4. SIMULATION RESULT

In the section of approximating cosine wave
from triangular wave, the solution of equation (3)
was obtained by computer simulation for the various
values of k. The onme which obtain the best
performance of output cosine wave is k =2.2223
and - by adding the second order term as
k1=0.0237. Analyzing the fourier series of
equation (3) to the first eighth order term adding with
k1 can obtain the optimum THD as low as 0.0561%.

Fig.6 shows the MATLAB simulation result
of the proposed cosine wave approximation with
input triangular wave of 1kHz and 27V peak-to-

peak and output cosine wave of double frequency of
input wave.

05 1 15 2 25

w

x10°
Figure 6 Matlab simulation result .

5. EXPERIMENTAL RESULT

The test circuit of Fig.5 employs a commercial
LF351 opamp, an AD844 as the second generation
current conveyor and ICL8013 as the multiplying
circuitt @ =0.5 of the schmitt trigger and +12V
supply voltage. Fig.7 shows the experimental result
of the proposed circuit
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Figure 7 The output signal from experimental circuit.

In addition, the measured characteristic of
cosine wave output THD with frequency variation of
5-200 kHz is shown in Fig. 8 which is less than 0.4%.
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Total Harmonic Distortion (%)
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4
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Frequency (kHz)

Figure 8. Sine wave distortion vs. frequency.
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6. CONCLUSION

This paper presents the scheme of three
output waveform generator that are square, triangular
and sinusoidal wave generator. The circuit for
generating square and triangular wave employs
schmitt trigger with feed back in current mode. The
other part of triangular-to-cosine wave converter
utilizes exponential approximation which contributes
to a simple analog realization circuit and low THD

From the experimental results, even though
it has been seen that the proposed circuit are well
operating in some range of frequency, the theoretical
analysis underlines the presented approach to be
capable of function in higher frequency. Furthermore,
the principle of the proposed technique that compose
of the cument conveyor circuit, multiplier and
exponential amplifier is fascinated to fabricate for
integrated circuit.
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