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Abstract. This paper presents a new mixed-mode third-
order quadrature oscillator based on new modified
current-controlled  current follower transconductance
amplifier (MCCFTA). The proposed circuit employs one
MCCFTA as active element and three grounded capacitors
as passive components which is highly suitable for inte-
grated circuit implementation. The condition and frequency
of oscillations can be controlled orthogonally and elec-
tronically by adjusting the bias currents of the active de-
vice. The circuit provides four quadrature current outputs
and two quadrature voltage outputs into one single topol-
ogy, which can be classified as mixed-mode oscillator. In
addition, four quadrature current output terminals possess
high-impedance level which can be directly connected to
the next stage without additional buffer circuits. The per-
formance of the proposed structure has been verified
through PSPICE simulators using 0.25 um CMOS process
from TSMC and experimental results are also investigated.

Keywords
Third-order quadrature oscillator, —mixed-mode
oscillator, modified current-controlled current

follower transconductance amplifier (MCCFTA)

1. Introduction

At present, current-mode technique is very interesting
approach due to the fact that it is easy as operating of
arithmetic such as addition and subtraction signals, multi-
plication and division signals by a constant signal and po-
tential to operate at lower supply voltage compared their
voltage-mode circuits [1]. Regarding to a current-mode
building block, the current differencing transconductance
amplifier (CDTA) [2] is a really current-mode active
building block, due to its input and output signals are cur-
rent forms. The structure of this device is consisted of
a unity-gain current source controlled by the difference of
two inputs and an output transconductance amplifier
providing electronic tuning capability through its transcon-
ductance gain (g,,). Therefore, CDTA is highly suitable for
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realizing current-mode analog signal processing and
CDTA-based circuits can also reduce number of passive
resistors.

A quadrature oscillator (QO) usually provides sinus-
oids having a phase difference of 90° that is useful in
communication and measurement systems such as quadra-
ture mixers and single sideband generators for communi-
cation system [3], vector generators and selective voltme-
ters for measurements system [4]. Several QOs using
CDTAs as active element have been proposed in the liter-
ature; see, for example [5—12]. However, some structures
do not exploit the full capability of the CDTA where typi-
cally one of two input terminals of the CDTA is floated and
not used [8—12]. Unfortunately, floating terminal may in-
crease the area of chip when these CDTA-based QOs build
as IC’s forms and also may cause some noise injection into
the monolithic circuit.

Recently, a new concept of active building block with
one current input and two kinds of current outputs, the so-
called “current follower transconductance amplifier
(CFTA)”, has been introduced [13]. This device is modi-
fied from an original CDTA by removing the negative
terminal. When subtraction current circuit as input stage is
absent, the structure of CFTA is simple. Compared with
CDTA, the number of transistor used for CFTA is lesser.
Therefore, several CFTA-based analog signal processing
circuits are reported [14—19]. The CFTA has been already
used to realize QOs [20-26]. They, in conjunction, exhibit
high potential for bring drown the number of components.
However, all structures are second-order QOs. This work
focuses on the third-order QOs, which enjoys the require-
ment of QOs such as orthogonal adjustability and elec-
tronic tunability of the condition of oscillation (CO) and
frequency of oscillation (FO), and uses grounded capacitors
and minimum number of active elements. Because of high-
order network the circuit provides better frequency re-
sponse and quality, compared with lower-order network
[27]. This mention has been expressed in [28] by mathe-
matical formulation, especially, to confirm phase noise
reduction. Compared with a second-order oscillator, the
third-order oscillator (three-stage oscillator) also offers
lower phase noise [29]. As a result, a number of third-order
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QOs based on different active building blocks have been
proposed [30-52]. The early system using operational
transconductance amplifier (OTA) [30] enjoys electronic
tuning capability, but its CO and FO are not decoupled and
difficult to control. The QOs using active building blocks
such as operational amplifier [31], second-generation cur-
rent conveyor (CCII) [32-34], differential voltage current
conveyor (DVCC) [35], operational transresistance ampli-
fier (OTRA) [36], [37], [50], offer orthogonal control of
CO and FO, but these structures lack the electronic tuning
capability. A number of electronic-controlled third-order
QOs have been reported using active building blocks such
as current-controlled CCII (CCCII) [38], [39], current dif-
ference transconductance amplifier (CDTA) [40], [41],
current-controlled CDTA (CCDTA) [42], current-con-
trolled current conveyor transconductance amplifier
(CCCTA) [43], [44], OTRA and MOS-C [45], DDCC and
VDTA [46], [51], [52], differential voltage current con-
veyor transconductance amplifier (DVCCTA) [47]. They
exhibit high potential for enjoying up the electronic tuna-
bility. However, they require an excessive number of active
components and the structures are not compact. The third-
order oscillator QO based on log-domain technique is pro-
posed in [48]. However, this structure is suitable only in
bipolar technology. The structure in [49] proposed third-
order QO using a single current-controlled current con-
veyor transconductance amplifier (CCCCTA), but the cir-
cuit does not exploit the full capability of the CCTA when
y-terminal of CCTA is not used and attached to ground.
Until now, there is no CCCFTA-third-order QO available
in open literature.

Therefore, this paper presents a new mixed-mode
third-order QO employing a modified current-controlled
current follower transconductance amplifier (MCCFTA)
and three grounded capacitors. The concept of MCCFTA is
similar to conventional CFTA [13], except f~terminal pro-
vides parasitic resistance Ry that can be controlled by the
bias current [53]. Identical z-copy terminal can be obtained
using current-mirrors [13] and connecting transconduct-
ance amplifiers in parallels connection are available [54],
[55]. Thus, MCCFCTA is an active building block that
provides the possibility for utilizing its resistance simulat-
ing element and its transconductance gains that can be
electronically controlled through adjusting the bias cur-
rents. Therefore we have input parasitic resistance and
transconductance gains (TAs) into a single MCCFTA for
realizing a third-order QO with orthogonal control of the
CO and FO. The proposed structure provides four quadra-
ture current outputs and two quadrature voltage outputs.
PSPICE simulation results are given to confirm the perfor-
mance of the proposed structure. The comparison between
the proposed third-order QO and previously third-order
QOs is expressed as Tab. 1.

2. Proposed Circuit

The circuit symbol and the equivalent circuit of the
MCCEFTA are shown in Fig. 1 and CMOS implementation

of MCCFTA is shown Fig. 2. The ideal port relations of
Fig. 1 can be expressed by

LY (1 0 0 0001
L1 o o o000,
Ll |1 o o oo o|r,
v, IR, 0 0 00 of¥ (1
1,0 |0 g, 0o 00 0|,
1) Lo 0 g, 00 o)lr,

where R;is the parasitic resistance at f~terminal and g, and
g are two TAs. The z;-, x;-terminals and g, are existing
terminals and TA of conventional CCFTA [50]. The z,-
and z.-terminals are the z-copy terminals [13] of CCFTA
that can be obtained by adding current mirrors in conven-
tional CCFTA. By cascading g, in parallel connection, X,-
terminal in CCFTA can be obtained and hence the name
MCCEFTA. It should be noted that connecting n TAs in
parallel connection of MCCFTA is also possible. From the
CMOS implementation of MCCFTA in Fig. 2, assuming
that transistors M, to My are matched and operated in satu-
ration regions, the parasitic resistance at f-terminal (Ry) can
be given as

Rf ~ —1 (2)

w
Slucox (f) Ibl

where u is the carrier mobility, C,, is the gate oxide capac-
itance per unit area, W and L are the channel width and
length, respectively, of MOS transistor. From (2) and
Fig. 2, the parasitic resistance Ry can be controlled by ad-
justing the bias current /,;. This property makes it different
from a conventional CFTA [13].
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Fig. 1. MCCFTA: (a) electrical symbol, (b) equivalent circuit.
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Tab. 1. Comparison of the proposed third-order QO with those of previous third-order QOs.
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Fig. 2. CMOS implementation for MCCFTA.

The transconductance gains g,; and g,, can be
obtained by assuming the transistors Ms-Mg and M;-Mjg are
matched and operated in saturation region, g,; and g, of
MCCFTA can be expressed, respectively, as

w
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Fig. 3. Proposed third-order QO: (a) circuit symbol,
(b) equivalent circuit, (c) block diagram.

w
Em2 = fucox (fj 1b3 : (4)

From (3) and (4), transconductance gains g,,; and g,,»
can be controlled by adjusting the bias currents /,, and 3,
respectively. The z..- and z.-terminals (z-copy CFTA) can
be obtained by adding current mirrors and cross couple
current mirrors in CCFTA as shown in Fig. 2.
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The third-order oscillator can be realized from the
third-order polynomial equation as

N(s)=a,s’ +a;s’ +a,s+a, . 5)

Letting N(s) =0 and s =jw, (5) becomes the third-order
oscillator characteristic as

0=-jw’a,—w’a + joa, +a,. (6)

Considering the coefficient of real and imaginary parts, we
have:

a,—w'a =0, @)
wa, —w'a,=0. (8)

From (7) and (8), the CO and FO can be given
respectively [30] by
a,a, = a,a, , 9)

[a la
w= == |2,
al aO

The proposed mixed-mode third-order QO is shown
in Fig. 3. It is continuously developed from the circuit
proposed in [56] by expanding text, simulation results and
adding experimental results. The circuit is consisted of only
one MCCFTA and three grounded capacitors. The use of
grounded capacitors makes the proposed circuit ideal for IC
implementation [57]. The characteristic equation of pro-
posed circuit can be expressed using Fig. 3(b). To easy
following, the proposed QO can be shown as block dia-
gram in Fig. 3(c). Considering currents /, and /¢, current
transfer function between /¢ and /5 can be given by

(10)

Iy - SZCICZRf +5C,8,,R, +8,, '

In addition, considering currents Iz and /,, current transfer
function can be given by

I_B: _gmlng . (12)
I, s3C1C2C3Rf + SZC2C3gm1Rf +5C,g,,

Letting [Ip/Ix=1 (nodes A and B are closed), the
characteristic equation of proposed QO in Fig.3 can be
expressed as

Emi S2 +s 8t

C, C,C,R,

gmlng :O.
C,C,C,R,

s+

(13)

Compared with (5), the coefficients can be expressed as:
a, =1

According to (9) and (10), the CO and FO are obtained,
respectively, by

gmlC3
—Sms 14
ng Cl ( )
w, = Eml . (15)
ClCzRf

It is evident from (14) and (15) that the CO can be
controlled using g,,» by keeping C;=Cj; and g, constant
and the FO can be controlled by R, by keeping C,=C,
(C1= C,= () and g, constant. Therefore, the CO and FO
can be orthogonally controlled. From Fig. 3, the relation-
ship between I, and /; can be expressed by

- (16)
I, sGR,

while the relationship between voltages V; and V, can be
expressed as
V. 1

2= 17
Vi sCGg,, 4

where the phase difference is ¢ = /2. This guarantees that
the proposed QO provides the quadrature output currents /;
and [, and quadrature output voltages V7 and V,. Also the
uses of multiple-output MCCFTA that provides inversion
of the output currents, thus it leads to 5 = —/; and I, = —1,.
Moreover, all current output terminals are at high imped-
ance of MCCFTA, thus ensuring insensitive current outputs
that require no additional current followers to be sensed.
However, if quadrature output voltages V; and V, are used,
loads cannot be connected directly, the buffer circuit is
needed. This problem can be solved easily using voltage
follower circuit.

3. Non-Ideal Analysis

To consider the non-ideal effect of a MCCFTA by
taking the non-idealities of the MCCFTA into account, the
relationship of the terminal voltages and currents can be
rewritten as

LY (¢4 0 0 00 01,
I, e, 0 0 00 0|V,
L.l la 0 0 00 o0fr,
|| % (18)
v, [, 0 0 00 o0|r,
Ix] O igml O 0 0 0 Vx]
I,) Lo o =+g, 00 o)y,

where a1=1-¢g; and &(g,<<1) is the current tracking
error from f-terminal to z;-terminal, a,=1-g, and
&(&,<<1) is the current tracking error from f-terminal to
Z,-terminal and .= 1- g, and g.(g.<<1) is the current
tracking error from f-terminal to z.-terminal, R is the para-
sitic resistances at f-terminal. At high-frequency operating,
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non-ideal model of MCCFTA can be shown in Fig. 4. R, C'C'C'R R
) . . . 172538 i (20)
R, and R, are respectively the high parasitic resistances at + R R R onna
Z1-, Zp- and z.-terminals, R,; and R,, are respectively the EmEm2 P27 p3TIT2
high parasitic resistances at x;- and x,-terminals, C,;, C,, 3 1 B 1
and C,. are respectively the low parasitic capacitances at gm&mBR R 000, g,R om0,

Z1-, Zp- and z.-terminals and Cy; and Cy, are respectively
the low parasitic capacitances at x;- and x,-terminals.

Taking into account the non-ideal MCCFTA charac-
teristics, current transfer function between Iz and I, can be
rewritten as
Ly
IA

22,28, 820 050,
(ZIZngl + Zlngml +Z,+ R/ +22,8,0,—~2,2,8,,0— Zzal)

(19)

where
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The modified characteristic equation of Fig. 3 can be
rewritten as

Letting, parasitic parameters R,, R, Ry are very high
resistance values and C,, C,, C. are very low capacitance
value, (20) can be approximated as

28m g 8m  Bm8mNM g oy
o ac R,/ ac C3'Rf

S+

In this case, the CO and FO are modified, respectively, as:

gnCs
m2 = CIY 2 ala2ac s (22)
C()” — gml%mfallazac . (23)
C/CJCiR,

The various passive sensitivities of w, of the proposed
QO can be obtained as

@y __ @y — @y __ @y __ @y __
ngl - ngz - Sa] - Saz - Sas =05

SR;' =S8 =84 =8z =-05
Thus, the proposed QO has low active and passive
sensitivities.

4. Simulation Results

To verify the theoretical prediction of the proposed
third-order QO, the circuit in Fig. 3 was simulated using
PSPICE simulators and the MCCFTA in Fig. 2 was used.
The model parameters for nMOS and pMOS transistors are
taken from 0.25 um CMOS process from TSMC. The
power supply was given as 1 V. From Fig. 2, I,; was
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initially designed for 100 pA while 7, and I; were initially
designed for 150 pA. Transistors around trans-linear loop
(M, to M,) were designed to obtain g,,mmos) = gmpmos) and
differential transistor pairs (Ms-Mg and M;-Mg) were de-
signed to obtain guow) = (uevs) + Gmave)/2 OF Gutotal) =
(gmm7) T Emeusy)/2. For 0.25 pm CMOS process used in this
case, (,u,,Cox)nMos = 2422 l.hA/\/2 and (,u(,Cox)pMos =
51.8 MA/VZ, VthO(nMOS): 037V and VthO(pMOS) =049V
were given. Therefore, the aspect ratios of MOS transistors
for MCCFTA in Fig. 3 were W/L =5 um/0.5 um for M;-
M,, W/L = 15 pm/0.5 pm for M3-My, W/L = 5 pm/0.5 pm
for Ms-Mg, W/L = 5 um/0.5 pm for all M, transistors and
W/L = 15 um/0.5 pm for all M, transistors. PSPICE simu-
lations have verified that when /,; was varied from 1 to
100 pA, achieved R, was in the range of 12 to 2.19 kQ as
shown in Fig. 5 whereas I, and I; were varied from 5 to
150 pA, achieved g, and g,, were in the range of 107 to
472 pA/V as shown in Fig. 6. Both simulated R, - and g,,-
value were compared with (2) and (3), respectively. Simu-
lated performances of MCCFTA were summarized in
Tab. 2.

The voltage outputs and current outputs were shown
respectively in Figs. 7 and 8, when Fig. 3 was designed
with the following values: C; = C, = C; = 20 pF, I, =
20 pA, I, = 80 pA and I; = 75 pA. The [;-value was
varied for g,, so as to satisfy the CO in (14). In this case,
(Rs = 1/g,1), each current output and each voltage output
were almost equal of magnitude. The magnitudes of the
quadrature signals will not be equaled in case of R, was
varied (R; # 1/g,1) in (15). For applications requiring equal
magnitude quadrature outputs, additional amplifying cir-
cuits were needed. From Fig. 7, the simulated THD of V;
and V, were about 0.26 % and 0.17 %, respectively, the FO
was 2.7 MHz. From Fig. 8, the simulated the FO was found
to be 2.7 MHz, the results of the I, I,, Iz and I, total har-
monic distortion (THD) analysis were obtained as 0.56 %,
0.37 %, 0.85% and 0.38 %, respectively, and the power
consumption was about 1.43 mW. This low THD was ob-
tained for the output signals Vy, V5, I}, I, I and I, of
204 mVp_p, 198 mVp_p, 70 HAP_P, 70 l.,lAp_p, 70 HAp_p and

Parameters Value
Technology 0.25 pm CMOS
Power supply +1V
R¢ (I, = 1-100 pA) 12 t0 2.19 kQ
gm (I, = 5-150pA) 107 to 472 pA/V

Input and output range (I, = 5-150 pA)
Bandwidth (-3dB) @ I,;= 50 pA,
Ibz = Ib3 =100 ]J.A

+40 to £250 mV

Current follower (/15 42.84 MHz
Current follower (I/1p) (R, =2.23 kQ)) 39.9 MHz
Current gain

@ Ib1= 50 MA, Ib2 = Ib} =100 ]J.A

- L/ 1.034
Parasitic parameters

@ Ib1: 50 ].lA,Ibz = Ib3 =100 },lA

-R, C, 116 kQ, 25 fF
- Rx; Cx 96 kQ, 25 fF
Power consumption @ I,;= 50 pA,

Ib2:Ib3: 100 }.lA 2.12 mW

Tab. 2. Simulated specifications of MCCFTA.
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66 nApp, respectively. THD will be increased if output
signal level was increased which can be obtained by in-
creased CO. However, increasing CO may be increased
nonlinear behavior of the system which is results in high
THD output signal that should be avoided.

The electronic tuning of the oscillator was shown in
Fig. 9. The result gives a variation of the FO from 1.1 to
3.25 MHz with I, in the range of 1 to 50 pA that was con-
firmed by (15). This FO was achieved without adjusting the
CO. It shows that the simulated FO was consistent with the
theoretical values. At fy; = 50 pA, the error of FO between
the simulated and theoretical values was 4.9 %. The bias
current /y; can be continuously varied high up to 100 pA,
but the g,,, must be adjusted via I3 to satisfy the CO. How-
ever, it was also found that there was a deviation between
the theoretical and simulated values in large bias current
value region over the value of 50 pA. From Fig. 9, output
signal levels of Vi, V3, I, I, I;, and 14 versus f, have been
obtained as shown in Fig. 10. It should be noted that the
output signal level is not equal and constant when /,; was
varied. This problem can be solved by using automatic gain
control (AGC) circuit. There are oscillators with AGC
available in literature [58—61]. These techniques use AGC
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circuit including into the loop of the system for controlling
the amplitude of signal. Usually, AGC is suitable for ap-
plying to linear control of CO and FO oscillator, if nonlin-
ear control of CO and FO such as this work (adjusting CO
and FO in square-root domain), current squaring circuits
[62], [63] are required to compensate the square-root form
to obtain linear current control of CO and FO.
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Fig. 7. Simulated two voltage output waveforms.

B0

40

Current, uA
S
_— >§

N
o

~——
T
e rd
C "
T~

Yo |l HTEUUTINE PUUTIUTUTE FEVITETETI FEVITEUTET IPRUETETET IOUUUTTENT IUTTUTINT FOTRRTTTN
199.2 199.3 1994 1995 1996 199.7 1998 199.9 200.0
Time, us

Fig. 8. Simulated four current output waveforms.

35
_.-",", o
L

N 3.0 4
T ‘,0'
= &5
< 0
o [0S
T 25 o
o [ox4
— 13 : -
S, 20 I ¢ Simulation |
g~ o4 ---- Theoretical
@ J
=] ‘
g I
w154

[

f

1.0
0 10 20 30 40 50 60

Bias current lyq, LA

Fig. 9. Electronic frequency tuning with the bias current /.

800
0OV,
700
5 A Vs, o
> O
€ 600 A
<
S 500 =
é—
g 400 A5
s 8
§ 300 &
m] A
200 BBy FB
[][]DD gg
A A A AAAAAR R
100 4
0
1.0 15 2.0 2.5 3.0 35
Frequency of oscillation, MHz
(@)
160+ S
i § 80 A
< E ol Il
- o I 8"
g 120% Al
= o 4
e :
280 8
- a°
: 8
E RAARDR
40 + A BB 33 88
E o g 8
1.0 1.5 2.0 25 3.0 3.5
Frequency of oscillation, MHz
(®)

Fig. 10. Output level versus f;: (a) V; and V5, (b) 1}, I, I5 and L.

Total harmonic distortion (THD) and phase error were
shown in Figs 11 and 12, respectively. From Fig. 11, THD
was increased when I, (R)) was varied far from satisfying
condition.
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5. Experimental Results

The proposed oscillator was experimentally tested
wherein the functionality of the MCCFTA was imple-
mented using CFOA AD844 and OTA LM13600 as shown
in Fig. 13. The supply voltage £10 V was used. The non-
instrument of oscilloscope as measurable currents is avail-
able to the authors. However, for sake of experimental
results, the current outputs, /;, I, I3 and I, can be obtained
by connecting the external resistors. In this experiment,
current outputs /;, /;, I3 and I, were connected to the resis-
tors 50 k2 and voltage across these resistors will be meas-
ured. To obtain the experimental results, Tektronix MSO

_ AD844

AD844

ADB844
R

Zc

2
1z
Zes
N Z
N

T AD844

~ LM13600

Fig. 13. Possible realization of the MCCFTA using commercial
active devices (AD844 and LM 13600).

Fig. 14. Amplitude-automatic gain control circuit [61].
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Fig. 15. Measured waveforms
(b) current outputs.

for: (a) voltage outputs,
4034 oscilloscope and Keysight N9030A spectrum ana-
lyzer were used. The capacitors were designed with C, =
C, = C; = 51F . The resistors Ry, R,, R; and R4 in Fig. 13
were given as 1 kQ. The variable resistor was used to ob-
tain the effect of variable g,, and R,

To control the output amplitude of signals to be con-
stant, the amplitude-automatic gain control (AGC) circuit
in Fig. 14 was used. This circuit was adopted from [61].
From our pretest on the proposed circuit, it was found that
Vi (I, and I5) was dependent on tuning of FO, thus V; will
be used for the input of AGC circuit (Viyacc). CFOA
AD844 and R,, were used to work as voltage-to-current
converter (V-I converter). The current output Iyyace) of
AGC circuit will be supplied additionally to bias current /i3
for compensating CO. The active device and passive-value
used in Fig. 14 were tabulated in Tab. 3.

The quadrature sinusoidal voltage and current output
waveforms with resistor R, = 500 €, bias currents fy, =
50 pA (gmx = 1 mA/V) and [; = 61.8 pA were shown in
Fig. 15, (a) and (b), respectively. It should be noted that the
quadrature sinusoidal signal was almost equal of amplitude.
The FO was found as 53 kHz. From Fig. 15, the THDs for
Vi, Va, I, I, I3 and I, were about 1.2, 0.9, 1.2, 1.1, 1.3 and
1.1 %, respectively. The quadrature relationship was fur-
ther verified through the X-Y plots of the two output forms
in Fig. 15 as shown in Fig. 16, (a) and (b), respectively.
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Fig. 16. X-Y plots for: (a) voltage output, (b) current output.
Device Value
OA OPA2650
Dy, Dy 2xBAT42
Ci, G 1 pF
Cs 10 nF
Ry, Ry 1 MQ
Ry, R 100 kQ
Rs 200 Q
R,i and Ry, 100 kQ (variable resistor)

Tab. 3. Active and passive components used in Fig. 1
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Figure 17 shows the experimental results of the FO by
changing the value of the resistor R, with C, = G, = G5 =
5nF, I,y = 50 pA and I,; = 61.8 pA. The tuning of the
oscillator gives a variation of the FO from 2.9 to 90 kHz
when R, -value was decreased from 50 to 0.15 kQ. In this
case, FO was obtained by adjusting CO via AGC. The plots
for theoretical value were also included for comparison.
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From Fig. 17, output signal level of V| and V, versus
/o and output signal level of [}, I, I; and I, versus f, were
shown in Fig. 18 and 19, respectively. It should be noted
that the amplitude was not fluctuated; thanks to AGC for
obtaining this result. THDs for voltage outputs and current
outputs versus f, were measured and shown in Figs. 20 and
21. Finally, phase errors versus f, were also measured and
shown in Fig. 22.

Compared between the simulation and experimental
results, setting of FO-value and working capacitor-value
were different. Actually, this work focuses on the QO
which should be implemented as IC form. Unfortunately,
the obstruction for fabricating was the cost. Although,
higher FO for experimental results was possible, but our
test was investigated the circuit which builds on perfboard.
Using printed circuit board and high quality active devices
the operation band of the circuit [59-61] will be increased.
Therefore, this experimental result was used only to con-
firm the workability of the proposed structure.

6. Conclusions

In this paper, a mixed-mode third-order QO based on
new MCCFTA has been presented. The proposed circuit

uses only one MCCFTA and three grounded capacitors.
The use of grounded capacitors is ideally interesting from
an integration point of view. The proposed structure pro-
vides four high output impedance current sources with 90°
phase difference, thus these output terminals can be di-
rectly connected to the loads without additional follower
circuits. In addition, voltage with 90° phase difference can
be obtained without changing any topology. Also the CO
and FO can be controlled orthogonally and electronically
by adjusting the bias currents of MCCFTA. The active and
passive sensitivities are no more than unity of magnitude.
Simulation and experimental results, which confirm the
theoretical analysis, are included.
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