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Abstract—This paper presents a new electronically tunable 
differential difference current conveyor (DDCC) using 
operational transconductance amplifiers (OTAs). Unlike 
conventional DDCC, the proposed DDCC offers current gain 
between z- and x-terminal that can be controlled 
electronically by bias currents. The DDCC-based OTA can be 
investigated both simulation and experiment tests. The 
proposed DDCC is used to implement a quadrature oscillator 
to confirm workability.

DDCC

Fig. 1. Electrical symbol of conventional DDCC.

Keywords—differential difference current conveyor,
operational transconductance amplifier, analog circuit

I. In t r o d u c t io n

Second-generation current conveyor (CCII) is a popular 
active building block for application to analog signal 
processing circuits [1]. Conventional CCII is the device that 
has three terminals: y-, x-, and z-terminals. The relationship 
of voltage and current of CCII can be explained as follows: i f  
an input voltage is applied to y-terminal, an equal potential 
w ill appear on the x-terminal ( Vx = Vy ) and i f  an input 
current is forced into x-terminal, this current w ill be 
convoyed to z-terminal (Iz = Ix). It should be noted that 
conventional CCII is a single ended active device, namely 
single input voltage terminal and single output current 
terminal. Moreover, the transfer characteristic between z
and x-terminal is unity. To increase the performance of 
conventional CCII, the CCII that provides current gain 
between z- and x-terminal have been reported [2]-[5]. The 
current gain (k) between z- and x-terminal can be given by

f c = r  (1)‘X

This current gain offers advantages for analog signal 
processing applications [6] - [8]. The electronically tunable 
CCIIs in [2]-[5] implemented using either bipolar or CMOS 
technology.

OTA is the active device that offers several advantages 
such as electronic tuning ability, resistorless realization and 
simple circuitry. The OTA discrete component integrated 
circuits (ICs) such as LM13600 are commercially available. 
Thus the performance of OTA-based circuits can be 
investigated both simulation and experiment. The
electronically tunable CCII using OTAs has been reported in
[9], [10]. It should be noted that a conventional CCII has a

single-input voltage y-terminal which limited for some 
applications such as negative and positive feedbacks. To 
achieve addition and subtraction voltage capability of CCII, 
DDCC has been proposed [10]. This device offers three- 
input y-terminals and the electrical symbol can be shown as 
Fig. 1. The voltage and current relationship can be expressed 
as

f t l 0 0 0 0 0 / ¡ h
Iy2 0 0 0 0 0 Vy2

Iy3 = 0 0 0 0 0 ¡y3 (2)
vx k ßl ß3 0 0 Ix

\ 0 0 0 a 0) \ v z )

where f t  is the voltage gain between x- and y1-terminal, f t  
is the voltage gain between x- and y2-terminal, f t  is the 
voltage gain between x- and y3-terminal and a is the current 
gain between z- and x-terminal (ideally: f t  = f t  = f t  = 
a = 1). It should be noted that property of DDCC is similar 
the conventional CCII, except addition and subtraction 
voltage capability can be obtained at y1, y2 and y3-terminals. 
However, conventional DDCC is still not provided the 
current gain between z- and x-terminals.

This paper a new electronically tunable DDCC has been 
proposed. It is realized using OTAs discrete component ICs. 
The current gain between z- and x-terminals can be 
controlled electronically. The proposed electronically tunable 
DDCC has been implemented using LM13600 discrete 
component integrated circuits (ICs). The proposed DDCC is 
used to realize a quadrature oscillator to confirm workability.

II. Pr o p o s e d  Ci r c u i t

Fig. 2 shows the electrical symbol of electronically 
tunable DDCC (EDDCC) and its characteristics can be given 
by

978-1-6654-4122-3/21/$31.00 ©2021 IEEE
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Fig. 2. Electrical symbol o f EDDCC.

Zz 3 m 4 ^ V in  Vx#

From (4), it can be rewritten as Vin — Vx = Ix/ g m3 and 
replacing it into (3), the relationship between currents Iz and 
Ix can be given by

r  __ d m 2  j

ZZ ~  _ ZX
d m  3

The current gain k is:

k _ d m2

d m3

Thus the current gain k  can be controlled by adjusting gm4 
while gm3 is fixed to constant and it should be given as 

(m i = gm2 = g)3  for achieving addition and subtraction 
voltage property VX = Vyi -  Vy2 + Vy3 of DDCC.

From Fig. 3, it can see that z-terminal is provided a 
positive current output (EDDCC+). If a negative current 
output z-terminal (EDDCC-) is required, it can be obtained 
by adding additional OTA and its input terminals connect 
interchange with input terminals of OTA4.

The resistance at x-terminal is:

1

d m 3

Finally, the resistances at y -  and z-terminals of EDDCC 
equal to the input and output resistances of LM13600 OTA 

which possess high-impedance level.

III. Si m u l a t i o n  a n d  Ex p e r i m e n t a l  Re s u l t s

The proposed EDDCC has been implemented using 
LM13600 OTA discrete component ICs. The power supplies 

were given as ±5 V. The bias currents of OTA1 to OTA3 
were fixed by using the resistance of 150 kQ (I = 24.8 

|J,A: gm = 0.48 mS) while the bias current of OTA4 was used 
to adjust current gain. Both simulation and experiment tests 
have been investigated. Fig. 4 shows the simulated DC 
curves Vx versus Vyi and the voltage error (Vy2 and Vy3 were 
grounded). From this figure, when Vyi was varied in range of 
-120 to 120 mV, the simulated voltage offset at Vyi = 0 was 
0.76 mV and the voltage error was less than 0.14 mV when 
Vy1 = ± 50 mV and less than 5.5 mV when Vy1 = ± 100 mV. 
The simulated DC curves Iz versus Ix and the current error 
was shown in Fig 6. Simulated result shows that when Ix was 
varied in range of -25 to 25 gA, the simulated current offset 
at Ix = 0 was 0.4 gA, the current error was less than 0.5 gA 
when Ix = ± 15 gA and less than 0.65 gA when Ix = ± 25 gA.

Fig. 4. DC characteristic between Vx and Vy1 and its voltage error.

Fig. 3. Proposed EDDCC using OTAs.

Zy l 0 0 0 0 0 A l
Zy2 0 0 0 0 0 Vy2

Zy3
_ 0 0 0 0 0 Vy3

Vx - f t 0 0 Zx

4 / \ 0 0 0 k 0/ \ i x

where k is the current gain of EDDCC.

The proposed EDDCC is shown in Fig. 3. It consists of 
four OTAs. Assume that OTA1 to OTA3 are identical, the

Vy 2 Vy3 can bevoltage relationship between Vx and Vy i , 

expressed by

V   (9m 29m 'jRin Rl #$y l ~(dm ldm 3Rin Rl #$y2 + (&m l9m 3Ri n fil )$y 3 (o)

X 1+flm 3 s l +flm 2 i m 3 fi inRl

where gm* is the transconductance of OTA,, Ri is the given 
resistor and R*n is the input resistance of OTA3: for 

LM13600 OTA, resistance R*n is approximately 130 kQ. 
The voltage transfer ratios p* are:

f t  _  

f t  _  

f t  _

dm 2 dm 3 ^i n ^l
(4)

1+dm 3 fîl +dm 2 dm 3 fîi n Rl

dm i dm 3 ^i n ^l
(5)

1+dm 3 fîl +dm 2 dm 3 fîi n Rl

dm i dm 3 ^i n ^l
(6)

1+dm 3 ^l +dm 2 dm 3 fii n fil

From (4)-(5), assume that gm (m R*nRx 1 + gm3+i, the
relationship of VX ~  Vy1 -  Vy2 + Vy3 can be achieved when 

gmi ~  gm2 ~  gm3 are given. From Fig. 2, the output 
current of OTA3 equaled to current Ix which can be given by

Zx ( m 3 (Vin Vx#

The input terminal of OTA4 is parallel connection of OTA3: 
hence the output current of OTA4 can be given by

OTA3 OTAs
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TABLE I. Summa r ized Per f o r ma nces of  EDDCC.

Parameters Value
Supply voltage ±5 V
OTA LM13600
Bias current (IABC) (IABC = 150 kQ) 24.8 pA
Vx/Vy1 and Vx/Vy2 (no load) -100 mV to 100 V
Vx/Vy3 (no load) -500 mV to 500 mV
DC current range -25 pA to 25 pA
-3dB bandwidth (Vx/Vyi) 4.5 MHz
-3dB bandwidth (Iz/Ix) 6.6 MHz

R i: C i 411 kQ: 3.07 pF
Rx: Lx 20.5 Q: 9.68 pH
Rzi: Czi 73 MQ: 0.76 pF

Fig. 7. Proposed voltage-mode quadrature oscillator.

S2C1 C2+ i +2+3 + 342+3 (+1 ^ 1+ 2# + ^ 1 ^2+ 2 _  0 ( l2)

1 0 -

cs
U -10 r

-20 r

4 - 4 -
1.0k 10k 100k 1.0M

Frequency, Hz

Fig. 6. Frequency responses o f  different current gains.

100M

The frequency response of different current gains Iz/Ix 
was simulated and shown in Fig. 6. In this case, gm3 was 

fixed as 0.48 mS (Ia bc  = 24.8 pA: Ra bc  = 150 kQ) and gm4 
was varied as 0.79 mS (Ia bc  = 40.67 pA: Ra bc  = 91 kQ), 

1.39 mS (Ia bc  = 71.98 ]dA: Ra bc  = 51 kQ), 2.35 mS (Ia bc  = 

121.5 pA: Ra bc  = 30 kQ). Summarized performance of 
proposed EDDCC was shown in Table I.

IV. Ap p l i c a t i o n  Ex a m p l e

The proposed quadrature oscillator is shown in Fig. 7. It 
is composed of two EDDCCs, two grounded capacitors and 
three grounded resistors. The characteristic equation of Fig. 
7 can be expressed as

The condition of oscillation (CO) and the frequency (FO) of 
oscillation can be obtained as

+ 1  _  +2 (13)

It can see from (13) and (14) that the condition of oscillation 

can be controlled by adjusting R2 and the frequency of 

oscillation can be controlled by k2 or R3 without disturbing 
the condition of oscillation. It should be noted that 
electronic control of circuit can be obtained.

From Fig. 3, EDDCC2 along with C2 and R3 form of the 

lossless integrator. Hence, the phase difference ^ between 

Vo1 and Vo2 is given by

:  _  ;  — tan- i (<yC2R3) (15)

At m=mo, (15) can be obtained as ^=rc/2, ensuring that the 

currents Vo1 and Vo2 are in quadrature.

The quadrature oscillator in Fig. 7 was designed with C1 
= C2 = 0.01 gF, R1 = R3 = 1 kQ, k2 = 1 and using proposed 
EDDCC in Fig. 3. The resistance R2 (variable resistor) is 
used to control the condition of oscillator. Fig. 8 shows 
measured output waveforms for k2 = 1. The frequency of 
oscillation of 15.2 kHz was obtained while theoretical value 
should be 15.9 kHz. Fig. 9 shows the quadrature output 
waveform in Fig. 10 that was verified through the XY mode. 
Thus, it can be confirmed that the quadrature oscillator 
provides output voltages Vo1 and Vo2 with 90° phase 
different.

\Cv Agilent Technologies Fri Jan 291739472021
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Fig. 8. The experimental output waveforms Vo1 and Vo2.
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Fig. 9. The experimental result for XY plot o f  outputs in Fig. 8.

Fig. 10. FO against current gain k2.
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The experimental result of the FO by changing the value 
of the current gain k2 was shown in Fig. 10. It can be used to 

confirm that EDDCC-based circuit provides an electronic 
tuning capability. However,

V. Co n c l u s i o n s

In this paper, a new electronically tunable DDCC based 
on OTA is proposed. Unlike, conventional DDCC, the 
proposed electronically tunable DDCC provides electronic 
tuning capability. It can be shown that electronically tunable 

DDCC-based circuits, both simulation and experimental 
tests can be investigated. The proposed circuit has been used 
to realize a quadrature oscillator to confirm electronic tuning 
capability and workability of new circuit.
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