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ABSTRACT

This article is about mixed-mode multiphase sinusoidal oscillators that are made up of differential
voltage current conveyor transconductance amplifier (DVCCTA) and use all the grounded passive
components. The proposed multiphase sinusoidal oscillators provide a single DVCCTA, a single
grounded resistor and a capacitor for each phase which is suitable for integrated circuit implementation.
In addition, the sinusoidal outputs generate currents and voltages simultaneously. The current signals
from the outputs have high impedances, which make it easier to connect them directly to the next circuit
or stage. The proposed circuits can generate multiphase sinusoidal signals that are both equally phased
and in amplitude. The oscillation can be adjusted simultaneously of the frequency of oscillation by the
electronic method. A simulation with the PSPICE program and an experiment with commercially
available ICs (AD830, AD844, and LM13700N) demonstrated. The results show the efficiency of the

High Impedance

circuit is completely consistent with the theory.

doi: 10.5829/ije.2023.36.05b.18

1. INTRODUCTION

The multiphase sinusoidal oscillator (MSO) has come to
be part of electrical and electronic engineering; which
makes it an important component. MSO is widely used in
many fields, such as communications, where it is used in
phase modulators, quadrature mixers, and single-
sideband generators [1, 2], in power electronics systems
for work related to a three-phase induction motor drive
[3], and in measurement systems, where it is used for the
selective voltmeters and vector generators [4]. From
research and reviews of the literature, many researchers
and publishers have suggested different ways to design
the MSO, such as by using a low-pass filter, high-pass
filter, and all-pass filter, which used active building
1blocks at high performance in development [5-24].
Table 1 summarized the various MSOs have different
advantages: a single active building block is used per
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phase of [7-11, 13-24], which makes it easy to assemble
for simulation and experimentation, the passive elements
that have been used in minimal numbers in the literture
[5-12, 14, 16, 19-24]. MSOs are all grounded, where a
grounded capacitor is attractive for integrated circuit
implementation. The design techniques of MSOs in
literture [5, 6, 9, 10, 13, 15, 17-24] do not require
additional amplifier circuit for sinusoidal oscillation. The
condition of oscillation (CO) can easily be adjusted
electronically by a microcontroller or microcomputer
[25, 26]. In addition, some research has shown the results
of experiments with commercially available integrated
circuits (1Cs) [5, 7-9, 15, 18]. However, in various MSQOs,
it was also found that there were various weaknesses as
follow. Jaikla et al. [5], Thongdit et al. [6] and Tangsrirat
et al. [12] reported that more than one active building
block is used per phase. Skotis and Psychalinos [8], Wu
et al. [9] Jaikla et al. [13], Klahan et al. [15], Pandey et
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TABLE 1. Comparison between various MSOs
Ref. (@) (b) (© (d) (e) ®) (@) (h) ® O
Jaikla et al. [5] OTA 2 High-pass filter Yes 1+1 No Yes Voltage - Yes
Thongdit et al. [6] OTA 2 High-pass filter ~ Yes 0+1 No Yes Current Yes No
Prommee and Dejhan [7] OTA 1 Low-pass filter Yes 0+1 Yes Yes Voltage - Yes
Skotis and Psychalinos [8] CcCll 1 Low-pass filter Yes 2+1 Yes No Voltage - Yes
Wau et al. [9] CcCll 1 Low-pass filter Yes 2+1 No No Voltage - Yes
Abuelma‘atti and Al-Qahtani [10] Cccll 1 Low-pass filter Yes 0+2 No Yes Current Yes No
Loescharataramdee et al. [11] Cccll 1 Low-pass filter Yes 0+1 Yes Yes Current Yes No
Tangsrirat et al. [12] CDTA 2 All-pass filter No 0+1 Yes Yes Current Yes No
Jaikla et al. [13] CDTA 1 All-pass filter No 2+1 No Yes Current Yes No
Tangsrirat and Tanjaroen [14] CDTA 1 Low-pass filter Yes 0+1 Yes Yes Current Yes No
Klahan et al. [15] CDBA 1 Low-pass filter No 2+1 No No Voltage - Yes
Sagbas et al. [16] CBTA 1 Low-pass filter Yes 0+1 Yes Yes Voltage - No
Pandey et al. [17] OTRA 1 All-pass filter No 3+1 No No Voltage - No
Pandey and Bothra [18] OTRA 1 Low-pass filter No 2+1 No No Voltage - Yes
Jaikla and Prommee [19] CCCDTA 1 All-pass filter Yes 1+1 No Yes Current Yes No
Kumngern [20] CCCDTA 1 Low-pass filter Yes 0+1 No Yes Current Yes No
Kumngern [21] CCCDTA 1 High-pass filter ~ Yes 0+1 No Yes Current Yes No
Uttaphut et al. [22] CCCCTA 1 All-pass filter Yes 0+1 No Yes Current Yes No
Gupta and Pandey [23] DO-VDBA 1 All-pass filter No 0+1 No Yes Voltage - No
Pitaksuttayaprot et al. [Y £] VDCC \ Low-pass filter Yes Y+) No Yes Current Yes  Yes
This work MSOs DVCCTA 1 Low-pass filter Yes 1+1 No Yes  Current/Voltage Yes  Yes

Remarks: (a) Active element (b) No. of active element per phase (c) Design technique (d) All grounded passive elements
(e) No. of R+C per phase (f) Additional amplifier (g) Electronic tune CO (h) Output type

(i) High output impedance for current-mode (j) Experimental results

al. [17], Pandey and Bothra [18] reported a large number
of resistors and capacitors are used, making the area of
the integrated circuit (IC) larger. A floating capacitor has
been used in literature [12-13, 17-18, 23], which are
unsuitable for fabrication in an integrated circuit. The
circuits reported in litertaure [7-8, 11-12, 14, 16] required
additional amplifiers for sinusoidal oscillation. The
stated conditions of oscillation in litertaure [8-9, 15, 17-
18] cannot be adjusted electronically.

The aim of this paper is to propose the use of three
MSOs using a single differential voltage current
conveyor transconductance amplifier (DVCCTA), a
single resistor, and a single capacitor per phase, and to
make use of all the grounded passive components. The
current outputs have a high impedance and are directly
connected to loads. The proposed circuits provide
multiphase signals that are equally spaced in phase and
of equal amplitude. It does not need additional amplifiers
for oscillation as it can be adjusted electronically. In
addition, the proposed MSOs show that the simulation
results with the PSPICE program and experimental

results with commercially available ICs agree well with
the theoretical analysis.

2. PRINCIPLE OF OPERATION

This topic presents the electrical characteristics of the
differential voltage current conveyor transconductance
amplifier as an active building block. It was used as the
basis for the design of the proposed MSOs. Next is
analysis of the various working operations of MSOs, and
last is a non-ideal case analysis of the proposed circuits.

2. 1. Differential Voltage Current Conveyer Trans-
conductance Amplifier The differential voltage
current conveyor transconductance amplifier
(DVCCTA) was used in the synthesis of the proposed
MSOs. The DVCCTA was published by Jantakun et al.
[27]. It shows the details of the electrical symbols and
equivalent circuits in Figure 1, which has various
terminals as follow: terminals (Y1 and Y) are input
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voltages, the voltage (Vx) at the X terminal is the
difference between the input voltages Vvyi and Vv, the
current (Iz) at the Z terminal is obtained by mirroring the
current (Ix) which is of equal amplitude, the output
current (lo) at the O terminal is caused by multiplying the
transconductance (gm) and the voltage (Vz). In addition,
these terminals have high impedance except for the X
terminal. The characteristics equation of DVCCTA can
be written by the relative voltage and current as follows:

lyy) (0 0 0 0 0)Ix
lyo| [0 0 0 0 0|V,
Ve [0 1 -1 0 0w, 1)
b [|1 0 0 0 o0fv
lo ) L0 0 0 g 0)lVg

The DVCCTA of the proposed circuit is implemented
by BJT technology. The transconductance (gm) can be
written as follows:

_ IB
Om = Ny : )
From Equation (2), the transconductance (gm) can be
adjusted electronically with the DC bias current (Ig). The
thermal voltage (V7) is equal to 26 mV at room
temperature.

2. 2. DVCCTA-based Gain-controllable Low-pass
Filter The gain-controllable lossy integrator,
which is also known as the gain-controllable low-pass
filter is shown here since the proposed MSOs are based-
on these integrators. The DVCCTA-based gain
controlled low-pass filters are shown in Figure 2. The
current transfer function of Figures 2(a), 2(b), and 2(c)
can be found in Table 2, which can be derived from the

Is
ly1 i lo
| DvCCTA | |
Y2 A
VYZ o—p Y2 X Z j+—o0 VZ

(b)
Figure 1. DVCCTA (a) electrical symbol (b) equivalent
circuit

lino - Yl +0 —DOIO
DVCCTA
Y, X z
[P
FoT
(@)
lino—» Y, +O oo
DVCCTA

|—Y2XZ

Y1 +O»olo
DVCCTA
oY, X Z

|||—|

R:CI

(©
Figure 2. Gain-controllable low-pass filter

TABLE 2. The current transfer function of Figure 2

Figure Transfer function
2@ lo(s) _, _29mR
lin(s) ~ 2sRC+1
IO(S)7+i
20 I(5) SRC/2+1
- lo(s) _, R
lin(s) ~sRC+1

DVCCTA features. The current output can be constructed
to work with non-inverting or inverting signals, as the
current transfer function can act as either non-inverting or
inverting gain-controllable low-pass filter.

Itis clear that all three circuits of the gain-controllable
low-pass filters have the same capability. This capability
is that the circuit consists of one DVCCTA, one grounded
resistor, and one grounded capacitor. Additionally, the
circuit can be electronically tuned by adjusting the
transconductance gain gm of the DVCCTA, making it
appropriate for IC implementation [28-30]. Furthermore, it
has high output impedances, allowing for simple cascading
in current-mode configurations.
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2. 3. The Proposed Mixed-mode Multiphase
Sinusoidal Oscillator The proposed three mixed-
mode multiphase sinusoidal oscillators, which are odd-
phase MSO, in Figures 3(a), 3(b), and 3(c) are
implemented. They are cascading the N identical stages
(N=3, 5, 7....) of the DVCCTA-based inverting gain-
controllable low-pass filters for each phase. The
sinusoidal signals are simultaneously generated for both
the current and the voltage-mode. The sinusoidal current
outputs are high impedance that can be cascaded directly
to load or the next stage without any additional current
amplifiers. However, the voltage outputs must be used
with voltage buffers to make it connect to the next stage.
Also, the even-phase MSO can be constructed by
cascading non-inverting and inverting gain-controllable
low-pass filters, as explained and reported in literature
[31]. The transconductance and passive components in
MSOs satisfy the equality conditions gm, C, and R. The
parameters of MSOs can be then analyzed, and the results
are summarized in Table 3. They provide the loop gain
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of the system, the characteristic equation, the CO and FO,
and the phase relationship. When the CO and FO are set
up, the steady-state magnitude ratios of the sinusoidal
signals for voltages and currents show the same
magnitude, as presented in Table 4. The output amplitude
level of each gain-controllable low-pass filter may be
easily stabilized using an optocoupler and photoresistor
that is described in literature [32].

It is clearly seen that the three mixed-mode MSOs
have the same ability, which is the CO can be tuned
electronically/simultaneously of the FO by adjusting the
DC bias current of DVCCTASs. Furthermore, when the
CO and FO are archived, the ratio of output signals are
close to unity. Consequently, the output signals are
equally in amplitude and spaced in phase with respect to
all oscillation frequencies.

2. 4. Non-ideal Case Analysis of The Proposed
Circuits The non-ideal analysis of the proposed
circuits is important to take the non-idealities of

Yq -0 Yq OoF—----- Y1 -0
DVCCTA, | DVCCTA, || DVCCTA, ||
1 ] 'o1 02 N ] lon
Yo X Z -Op»o Yo X Z -Op»o Yo X Z -Op»o
Vos R%CI Vop R%CI Von R CI
(a)
Y1 -0 Y1 OF—----- Y1 -0
DVCCTA, | DVCCTA, | DVCCTA, |
FYQ X Z -Op»o FYZ X Z -Op»o PYQ X Z -Op»o
Vou CTRg Vor CTRg Voo “T"
(b)
IO]. IOZ ION
J___ Yq -0 o J___ Y1 -O»o J___ Y1 -Op»o
= | bpvcera, = | DpvccTa, =| bvecra,
Y, X Z -0 Y, X Z -OF——----- Yo, X Z -O
VOl VOZ VON
RsC ji RSC j: RSC ji

©

Figure 3. The proposed MSOs
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TABLE 3. The MSOs parameters

Figure (@) (b) (© (d) (e)

N

-2gmR . N N+1 N 27 1 V4 s

3 (a) [2RC?+J =1 (jwesc2RC+1)" +(-)N**(2gR)" =0 2g,R > /1+tan N s = 5ot ¢_W
N

b —OmR . RC N N+1 N R> N+t 27 2 tan” _272'

10 | (B MR 0 aaRz Lt o gD 9=

2

gmR N N N o 1 T 27

- ; N+1 1 _2r

3(c) {Wmu} =1 (jescRC+1)" + (=D " (guR)" =0 gmR > /1+tan N Opse =2t #=

Remarks: (a) The system loop gain (LG) of the MSO circuits. (b) The frequency of oscillation @y, =27f

osc - the Barkhausen’s condition. (c) The

condition of oscillation (CO) .(d) The frequency of oscillation (FO) for N=3, 5, 7, ...(e) The phase relations of output sinusoidal signals.

TABLE 4. The ratio between the output sinusoidal signals

Figure The ratio of outputs

@ Loz (1) - [ on (1) - [ Yor(iuse) | [Voz(iss)| - Von (1) - [Vorioms) | - | 20nR | _ 4
IOl(onsc)‘ IOZ(onsc)‘ lon (onsc)‘ VOl(Ja)osc)‘ Vo2 (Jose) Von (J@se) ‘ZRcwosc + l‘

3 (b) ‘Ioz(ja)osc)‘: ION(jwosc)‘: IOl(jwosc) = VOZ(jwosc)‘: ‘VON(jwosc) = VOl(jwosc) = ng =1
‘|01(jwosc)‘ IOZ(ja)osc)‘ Ton (J@esc) VOl(jwosc)‘ ‘VOZ(ja)osc) Von (J@5sc) M+1

2

- loo(i%se) _ [ Ton (Gse)| - | ToaCicse) | - Vo (e - Vo Uese)| - [Vorlieese) |- | 8uR |4

IOl(jwosc)‘ IOZ(jwosc)‘ Ton (Jnse) VOl(jwosc)‘ VOZ(ja)osc)‘ Von (jwosc)‘ RC @y + 1‘

DVCCTA, which consist of the voltage and current
tracking errors and the effects of the parasitic
conponents, with details as follows:

2. 4. 1. The Voltage and Current Tracking Errors
The voltage and current tracking errors of DVCCTA
must be occurred by the mismatch of internal BJT which
can be written with the characteristics equation as
follows:

) (0 0 0 0 0y
ol [0 0 0 0 oV,
Vx |5/ 0 1 =72 0 0}V, ®)
l, [ la 0 0o o oy
o) L0 0 0 8g, 0J\Vg

where the voltage tracking errors from Y; and Y:
terminals to the X terminal are the y; and y,. The
current tracking error from X terminal to Z terminal is the
« , and the voltage tracking error from Z terminal for
transfer to O terminal is the g. The ideally values of «,

S, and y parameters are equal to unity. However, the

influence of the voltage and current tracking errors can
be examined for the proposed MSOs, as stated in Table
5.

2. 4. 2. The Effects of Parasitic Conponents The
parasitic resistances and capacitances of DVCCTA are
presented in Figure 4. The parasitic elements are
connected to the ground at terminals Y4, Y2, Z, and O due
to the presence of high impedances composed by
parasitic resistances (Rvi, Rv2, Rz, and Ro) and parasitic

TABLE 5. The CO and FO of MSOs by tracking errors effected

Figure FO

CO
3(@a) 2y, BgMR > ’1+tan2% Wose = Zy};ZRC tan%
3(b) 72BIMR > [+ tanzﬁ Dpse = %tan%
3(c) BYmR 2 f1+tan2% Bose :é’_étan%
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Figure 4. Non-ideal DVCCTA model

capacitances (Cvi, Cy2, Cz, and Co). Simultaneously, the
X terminal has low impedance and has parasitic
resistance (Rx) connected in series. In Table 6, the effects
of parasitic resistances and capacitances on the
performance of the proposed MSOs are evaluated and
explained in detail. It can be observed that both the CO
and FO have been influenced by parasitic elements. It is
clear that these parasitic elements have downgraded the
performance of the proposed MSOs.

TABLE 6. The CO and FO of MSOs by the parasitic elements effected

Figure CO FO

Settings of parasitic elements

/ 1 Vg
3 2£ Wy, = —tan—
3(a) 20 1 Y1y 1+ tan N losc Ve, 1 Yry N

, 2Y. Vs
Zz = Jtani
3(b) Om /YTl 3|1+ tan N Wosc Yo, N
{ 1 Vs
3 2T Oy. = —tan—
3(c) Om /GR 1+ tan N losc YT1 /GR N

G;= 5 Gr=5 6=

1 1 1 1
-Gz =
Rvi

R," "R Ry

Gr1= Gz + Gy, Grp = Gg + Gy,,5Cr = s(Cz + Cyy + C),
Y11= Gry* 8Cr, Yrp = Grp + Gy,

1 1 1 1
= ?'GR: E’GYl: ?vazz R
z Y1 Y2

Gry= Gz + Gyy + Gg,SCpy = 5(Cz + Cyy), 5Crp = s(C+ Cyp),
Y11= Gry+ 8Cry, Yr2 = Gyp + 8Cpyp

1 1 1
Gz=-Gr=5.Gy2= o,

Rz R Ry
Gri= G, + Gy,, SCr = 8(C; + Cy,+ C),
Y11= Gy + Gy

3. RESULTS OF SIMULATION AND EXPERIMENTAL

To prove the validity of the theoretical analysis, the
proposed mixed-mode MSO circuit in Figure 3(c) was
chosen as a simulation example. For example, N = 3 or
three phase sinusoidal oscillators have been simulated
through the PSPICE program. Figure 5 shows the internal
construction of DVCCTA which is created by the PNP

and NPN transistors using the parameters of the PR200N
and NR200N bipolar transistors of the ALA400 transistor
array from AT &T [32]. The setting of the condition of
oscillation must have a value about of 2. In this
arrangement, the resistors in the circuit have a standard
value of R =2 kQ and DC bias current of  Ia = 50 HA
and Is = 50 YA has been specified. The capacitor chooses
a standard value of C = 1 nF and the power supply voltage

Q12 Q13

e
~~
QlO

ETX

o Vee

Y
2 Qs Q7 — Qs
Ia
-
IS

Qg
|/
& 4

Figure 5. The internal construction of DVCCTA
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is set at £1.5 V. The proposed MSO waveforms of log,
lo2, and losz have been simulated and plotted with two
states, including: the transient-state at 0 to 1000 us of
time simulation, as shown in Figure 6, and the steady-
state, as shown in Figure 7. The frequency spectrums of
the sinusoidal signals which have a frequency of 137 kHz
are presented in Figure 8. When compared to the
theoretically determined frequency of 137.83 kHz, the
sinusoidal signals have a frequency error of 0.60 % which
may have been caused by a voltage and current tracking
error, as well as by the parasitic components described in
the previous section. The total harmonic distortions
(THD) of sinusoidal signals lo1, loz, and loz have values
of 0.793%, 0.726%, and 0.799%, respectively. The
Lissajous patterns in Figure 9 show the phase
relationships between output signals lo1 - loz, loz - los,
and loz- log.

In addition, the sinusoidal waveforms of voltage
outputs are depicted in Figures 10 and 11, which are
transient and steady state, respectively. Figure 12 depicts
the THD and spectrum frequencies of the sinusoidal
signals, where THD is defined as 0.343 %, 0.324 %, and
0.298 % of Vo1, Voo, and Vos, respectively.

20

104

o
T

Current (uA)

-10

-20

0 0.5 1.0
Time (ms)

Figure 6. The current waveforms of proposed MSO during
transient-state

20

|03 IOZ |01
10+

3
2 0
g
5
o

-10 4

-20 + + T

900 905 910 915 920
Time (us)

Figure 7. The current waveforms of proposed MSO during
steady-state

100p

10 foe =137kHz
_ —— THD(l,)=0.793%
g 1.0u- —— THD(l52)=0.726%
: —— THD(I53)=0.799%
3

0 05 1.0 15 2.0
Frequency (MHz)

Figure 8. Frequency spectrum of loz, loz and lo3
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10+

<
2 0
-104
-20
-20 20
20
104
ER)
-104
-20 T T T
-20 -10 0 10 20
los (WA)
(b)
20
104
<
3 0
-104
-20 T T T
-20 -10 0 10 20
loi (A)
(©

Figure 9. The Lissajous patterns (a) lo,~lo, (b) lo>-los and
(€) los- lo;
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20

104

Voltage (mV)
<

=104

-20

0 0.5 1.0
Time (ms)

Figure 10. The voltage waveforms of proposed MSO during
transient state

20

10+

Voltage (mV)
o

-10 4

-20 t + +
900 905 910 915 920

Time (us)
Figure 11. The current waveforms of proposed MSO during
steady-state

100nT
o] foc =137kHz
—— THD(V1)=0.343%

A —— THD(V,2)=0.324%
% 1.0m —— THD(V,3)=0.298%
g
S 100u-

10p

1.0u T J !

0 05 1.0 15 2.0
Frequency (MHz)

Figure 12. Frequency spectrum of Vo1, Vo2 and Vos

The phase relation of Vo1 - Vo2, Vo2 - Vos, and Vos -
Vo1 are plotted in Figure 13. As demonstrated in Figure
14, the simulation results and theoretical calculation of
the oscillation frequency can be plotted by adjusting the
resistor values between 400Q and 2k while keeping
the ratio of resistor-to-DC bias constant. The simulation
frequencies range between 137 kHz and 612 kHz, which
are close to the theoretical calculation.

20

104

N
E o
>
_10,
20
-20 20
20
104
N
E o
>
_10,
20
20 20
20
10
S
E o
>
_10,
-20 . . .
20 -10 0 10 20
Vo (MV)
(c)

Figure 13. The Lissajous pattern (a) Voi-Vor, (b) Voz-Vor,
and (c) Vor- Vo

700

600‘2 : : ——— Theoretical b
o o Simulation

500f--© 4
~
<
2 o
§ 400 o 4
g
[

3001 B

200} B : : 4

100400 600 800 1k 1.2k 1.4k 1.6k 1.8k 2k

Resistor (€2)
Figure 14. The oscillation frequency adjustment
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However, in practice, the tolerance errors of passive
conponents affect the performance of proposed MSO
circuits. These tolerance errors can be analyzed by using
the Monte Carlo Analysis. The Gaussian probability
distributions were set with 100 trials, which had a 1%
tolerance error for each resistors and a 10% tolerance
error for each capacitors. The simulation result can be
plotted on the histogram of spread space FO as shown in
Figure 15. The minimum and maximum of FO are
121.558 kHz and 157.007 kHz, respectively. The mean
and median of FO are 136.054 kHz and ¥5.789 kHz,
respectively.

To confirm the performance of the proposed MSQO so
that it conforms to the theory and the simulation, the
circuit in Figure 3(c) is chosen as an experimental
example for N = 3. The DVCCTA has been constructed
using commercial 1Cs: AD830, AD844, and LM13700N
as shown in Figure 16. The setting for the CO was set by
a value of gmR greater than 2 which is set by configuring
a value of R = 2 kQ and bias currents are about Iz = 50
MA. The capacitors are chosen with a value of C = 1 nF.
The input bias currents were tested with a Keysight
34461A and using a Siglent SPD3303C power supply
was used to power the circuit by =5 V. The Keysight
DS0X3024T oscilloscope is used to display and measure
sinusoidal waveforms parameters. The experimental is
set up by the hardware used in Figure 17. The
experimental results in Figure 18 are show the sinusoidal
output waveforms of Voi, Vo2, and Vosz which can
generate a frequency of oscillation at 131.24 kHz. The
calculated FO yields 137.83 kHz, while the FO of
experimental had a 4.78% error frequency. The phase
relationships between Vo1 - Voz, Vo2 -Vo3, and Vos- Vou
are 118.36°, 121.46°, and 120.24°, respectively, which is
in accord with the theory proposed. The frequency
spectrum of Vo1, Voo, and Vos are displayed in Figure 19
and the total harmonic distortions were measured at
0.56%, 0.44%, and 0.78%, respectively. In addition, the
experimental results in Figures 19(a), 19(b) and 19(c)
show the the magnitude of the first harmonic was higher

15
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Figure 15. The histograms of the possible spread of FO
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Figure 18. The output waveforms of the MSO
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Figure 19. Spectrums frequencies of the MSO (a) Vou, (b)
Voz, and (c) Vos

than the second harmonic by about 46 dB, 46.4 dB and
42.8 dB, respectively. It is pleasing that simulation and
experiment results correspond well with theoretical
analysis.

4. CONCLUSION

The three circuits of mixed-mode MSO using DVCCTA
have been presented. They consist of a single DVCCTA,
a single grounded resistor, and a single grounded
capacitor for each phase. The proposed MSOs are both
equally phased and of equal amplitude, which do not
require additional amplifier for sinusoidal oscillation.
Moreover, high impedance output currents are cascaded
to the load without current buffers. Also, the oscillation
can be adjusted simultaneously by the oscillation
frequency using the electronic method. Finally, to
confirm the validity of the proposed MSQOs theory, it has
been simulated with the PSPICE program and
experimentally with commercially available ICs. The
simulated and experimental results are completely
consistent with the theory.
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