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Abstract A new electronically tunable current-mode

multiphase sinusoidal oscillator based on translinear cur-

rent conveyors is presented. The proposed oscillator cir-

cuit, which employs only one translinear current conveyor

and one grounded capacitor for each phase, can generate

arbitrary N output current equal-amplitude signals that are

equally spaced in phase (N being even or odd), all at high

output impedance terminals. The frequency of oscillation

and the condition of oscillation can be controlled elec-

tronically and independently through the bias current of the

translinear current conveyor. The proposed structure also

has simple circuitry, low-component count, and is highly

suitable for integrated circuit implementation. The theo-

retical results were verified by PSPICE simulation. In

addition, the modification of the N sinusoidal oscillators to

construct a programmable multiphase oscillator is also

discussed.
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1 Introduction

Multiphase sinusoidal oscillators (MSOs) have a wide

range of application in communication, signal processing,

power controlled systems, instrument control, and mea-

surement system. As a result, a number of MSO circuits

based on different design techniques have been developed

in the literature [1–13]. The early systems by Kaplan and

Bachar [1], Rahman and Haque [2], Ramamurti and

Ramaswami [3], and Mikhael and Tu [4] exhibit good

performance, but these circuits suffer complex circuitry

from using a large of both active and passive components.

Simpler circuits are available in the MSO based on the

active-R technique [5, 6], but it lacks the electronic tun-

ability. Although the OTA-C realization [7] enjoys elec-

tronic tunability, it suffers from limited output voltage

swing and temperature sensitivity. Additionally, the volt-

age-mode OTA-based MSO generally needs buffer to

reduce the high output impedance associated with trans-

ductance amplifiers which make the circuits limit to OTA

that on chip buffers are already available with some

OTAs, e.g., LM13600, LM13700. In [8, 9], two MSO

circuits, using a second-generation current conveyor

(CCII) as an active component, have been proposed.

However, a junction field-effect transistor (JFET) and

three current conveyors are required for each phase in

order to achieve electronically tenability. The current

feedback operational amplifier (CFOA)-based MSO cir-

cuit is described by Wu et al. [10] exploits the internal

pole of the device to operate at relatively high frequen-

cies, but this approach requires access to the amplifier

compensation terminal. This requirement is very restric-

tive since only one such device (AD844) is current

available. The techniques to realize a MSO using opera-

tional amplifiers (op-amps) have been proposed [11, 12].

However, the drawback of these circuits is the well-know

limitations of the op-amps. Moreover, they utilize too

many external passive components and a number of

them float.

Recently, a new technique for realizing MSO by using

second-generation current controlled current conveyors
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(CCCIIs) is proposed by Abuelma’atti and Al-Qahtani

[13]. The circuit exploits the parasitic resistance (Rx) of the

CCCIIs which make electronic tunability possible through

the bias current. The advantages of this circuit identified by

the authors are the following:

(1) The circuit enjoys simple structure which can be

easily configured to realize either odd- or even-phase

output currents using the minimum number of active

and passive components per phase.

(2) The circuit uses grounded capacitors with no exter-

nally connected resistors; this would be attractive for

integration.

(3) The circuit possesses independent controls of the

frequency of oscillation. Thus, the frequency of

oscillation can be controlled by adjusting a current

without disturbing the condition of oscillation and the

condition of oscillation can be controlled without

disturbing the frequency of oscillation; this would

pave the way for electronic tunability.

(4) The circuit provides high output impedances.

With respect to (1)–(4) above, the circuit of Abuelma’atti

and Al-Qahtani [13] is a good current-mode current-

controlled MSO circuit for IC fabrication. However, it

suffers from two disadvantages. First, the circuit employs

two grounded capacitors for each stage. Second, its

condition of oscillation is adjusting by tuning the ratio of

external grounded capacitors, which is not well controlled.

In integrated circuits, controlling the circuit parameters

electronically is much easier to realize that changing the

values of passive components.

In this paper, we pursue the objective of developing a

current-controlled MSO that is suitable for IC fabrication.

We propose a new circuit that improves on the advantages

of the circuit of Abuelma’atti and Al-Qahtani [13] while

overcoming the disadvantages. In particular, the circuit has

the following features:

(1) It utilizes a multiple-output CCCII with controlled

gain and a grounded capacitor for each stage.

(2) It can realize either odd- or some even-phase output

currents using the minimum number of passive

components per section.

(3) It provides the condition of oscillation by adjusting

the bias currents without disturbing the frequency of

oscillation.

(4) It uses grounded capacitor with no externally con-

nected resistors and hence is very suitable for IC

fabrication.

(5) The frequency of oscillation can be controlled by

adjusting a bias current.

(6) It possesses high output impedance current sources.

2 Circuit description

The CCCII can be used to implement several applications

such as amplifiers, filters, oscillators and non-linear cir-

cuits. The well-known schematic implementation for

CCCII, implemented with bipolar technology is shown in

Fig. 1 [14]. According to Fig. 1, it can be seen that CCCII

has an unity voltage gain between terminal Y and X, then

has an unity current gain between terminal X and Z, and

also has an high impedance level between terminal Y and Z

that in ideal is equal to infinite, whereas the X terminal has

a RX. The parasitic X-input resistance, RX can be obtained

as [14]

RX ¼
VT

2Io
ð1Þ

The RX is an inner resistance of a translinear mixed loop

(Q1 to Q4) with grounded resistor equivalent controlled by

dc bias current Io, where VT is the thermal voltage. The

multiple-output translinear bipolar CCCII with controlled

gain can be obtained by modifying the original circuit of

the CCCII in Fig. 1 and adding additional current mirror

with adjustable gain as shown in Fig. 2 [15] to obtain the

required current gain at Z terminal. Also, the multiple-

output translinear current conveyor can be obtained by

adding additional current mirrors and cross-coupled current

mirrors to obtain the required plus and minus type

outputs [13]. Figure 3 shows the schematic diagram of

the multiple-output tranlinear plus/minus CCCII with

controlled current gain. In this figure, a CCCII with

controlled current gain has an unity voltage gain between

terminals Y and X and tunable k current gain between

terminals X and Z. The latter property makes it different

from a current conveyor. The schematic of the CCCII

o

CC

EE

Fig. 1 Schematic implementation for plus-type CCCII
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with controlled gain in Fig. 3 is characterized by the

relationship

IY

VX

IZk

0
@

1
A ¼

0 0 0

1 RX 0

0 �k 0

0
@

1
A

VY

IX

VZ

0
@

1
A ð2Þ

The current gain k of the current conveyor can be

expressed by [15, 16]

k ¼ Ia

Ib
ð3Þ

We can note that the signal current is amplified by the

factor k and this factor can be varied linearly controlled by

varying Ia or Ib. Figure 4 displays the basic building block

of the proposed multiphase oscillator. It consists of one

translinear current conveyor and one grounded capacitor.

The basic current transfer function of this circuit can be

given by

Iout

Iin

¼ �k

1þ sCRX

ð4Þ

The proposed odd-order MSO is shown in Fig. 5. The

system consists of N cascaded translinear current conveyor-

VSS
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Iin Iout
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in out

Q4

(b) 
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Fig. 2 Current mirrors with adjustable current gain: a positive-type;

b negative-type
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Fig. 3 Multiple-output plus/minus CCCII with controlled gain: a bipolar implementation; b circuit symbol
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based current-mode lossy integrators of Fig. 4 with the

output kZ- of the Nth stage being fed back to the input of

the first stage. Each stage uses two minus-type output ter-

minals and one plus-type output terminal of translinear

current conveyor, provides an additional 180� phase shift.

Using (3)–(4), the loop-gain of the proposed structure in

Fig. 5 can be expressed as

L sð Þ ¼ �Ia=Ib

1þ sCRX

� �N

ð5Þ

The system can be set to provide a sinusoidal oscillation,

if the loop gain is unity [17]:

�Ia=Ib

1þ sCRX

� �N

S¼jxo

¼ 1 ð6Þ

That is

1þ jxoCRXð ÞN þð�1ÞNþ1 Ia=Ibð ÞN¼ 0 ð7Þ

Equation 7 is the characteristic equation for an Nth-order

(N = odd integer) multiphase sinusoidal. By rearranging

(7) and equating the imaginary and real parts to be zero, the

frequency of oscillation and the condition of oscillation

will have a solution only if the value of N is odd (N C 3).

The results are obtained in Table 1. Using (4) and the

results of Table 1, it is easy to show that the outputs at each

of the sections of the scheme are symmetrical at the

frequency of oscillation, i.e. equal in amplitude and equally

spaced in phase at the oscillating frequency [5]. According

to Table 1, it can be seen that the frequency of oscillation

and the condition of oscillation can be orthogonally

controlled. The condition of oscillation can be adjusted

the bias currents Ia or Ib while the frequency of oscillation

can be varied by the resistors RX through the bias currents

Io. The use of multiple-output CCCII provides an inverted

version of the output current, hence there are 2N = 6, 10,

14,…, even-phase available output currents. This shows

that the scheme in Fig. 5 can generate odd-phase and some

even-phase MSO into a single circuit. Since the output

impedances of the CCCIIs are very high, the MSO current

outputs can be directly connected to the next stage without

requiring the additional current follower circuits.

Furthermore, it can note that the proposed MSO can also

be realized even/odd order multiphase oscillator in a single

system as same as recent work [13]. It is formed of an odd-

order of basic building blocks. While the transfer function

of the CCCII3 block, which uses three minus-type

Z-outputs and one plus-type Z-output, provides an

addition 180� phase shift, the other blocks are identical,

with each block using two plus-type Z-outputs and one

minus-type Z-output. Namely, the new system consists of

one inverting lossy integrator and N-1 non-inverting lossy

integrators. From the realization of the system explained,

using (4), the loop-gain for Nth order can be expressed by

LðsÞ ¼ � Ia=Ib

1þ sCRX

� �N

ð8Þ

The system can be set to provide a sinusoidal oscillation, if

the loop gain is unity [17]:

� Ia=Ib

1þ sCRX

� �N

S¼jxo

¼ 1 ð9Þ

or

1þ jxoCRXð ÞN þðIa=IbÞN ¼ 0 ð10Þ

Equation 10 is the characteristic equation for an Nth-order

(N = even/odd integer) MSO. By rearranging (10) and

Z

Z

Z

Z

out

outo
in

Fig. 4 Basic building block of the proposed multiphase oscillator

o
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o
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o

No2

o2

oN

oN

Fig. 5 Proposed N-phase

sinusoidal oscillator

Table 1 Condition and frequency of oscillation of the odd-phase

oscillator

Number of

phase (N)

Condition of

oscillation

Frequency of

oscillation (xo)

3 Ia = 2Ib 1.732/CRX

5 Ia = 1.237Ib 0.728/CRX

7 Ia = 1.11Ib 0.482/CRX

9 Ia = 1.063Ib 0.364/CRX
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equating the imaginary and real parts to zero, the frequency

of oscillation and the condition of oscillation can be

obtained. The results are shown in Table 2. It clears that

the multiphase oscillator for odd-number and/or even-

number of phase can be achieved into a single system. The

use of multiple-output CCCII provides an inverted version

of the output current as the same the system of Fig. 5.

Typically of oscillator circuit, two characteristics must be

considered. The first is the condition of oscillation and

second one is the frequency of oscillation. From Tables 1

and 2, one finds that the proposed multiphase oscillators

use the output current gain of CCCII to control the con-

dition of oscillation and the RX to vary the frequency of

oscillation. From (3), it shows that the current gain of

CCCII also is independent of temperature. This means that

the varying of temperature can not change the condition of

oscillation. Again, from (1) it can be seen that the value of

RX is the ratio between VT and 2Io, where VT is the thermal

voltage. The thermal voltage is the temperature-dependent

parameter of bipolar junction transistor (BJT). Thus, the

thermal voltage of BJTs directly affects to its frequency of

oscillation. However, this problem may be improved by

using the method in [18].

3 Effect of CCCII non-idealities

The previous realization has been based on the assumptions

that the CCCIIs have ideal characteristics. However, in a

practical realization, the non-ideal current transfer and

voltage transfer that contribute to error from the ideal

performance are presented. Taking into account the non-

idealities of a CCCII, Eq. 2 can be modified as

IY

VX

IZ

0
@

1
A ¼

0 0 0

a RX 0

0 �bk 0

0
@

1
A

VY

IX

VZ

0
@

1
A ð11Þ

where a = 1 - e, |e| � 1 represents the voltage tracking

error, b = 1 - d, |d| � 1 represents the current tracking

error. The non-ideal current transfer function for the circuit

of Fig. 5 becomes

Iout

Iin

¼ �bk

1þ sCRX

ð12Þ

The non-ideal loop gain for the circuit of Fig. 5 becomes

�bIa=Ib

1þ sCRX

� �N

S¼jxo

¼ 1 ð13Þ

or

1þ jxoCRXð ÞN þð�1ÞNþ1 bIa=Ibð ÞN¼ 0 ð14Þ

From Eq. 14, it implies that the CCCII non-idealities will

affect only the condition of oscillation. This problem can

be easily improved by increasing the current gain of

CCCII.

4 Programmable MSO

From the realization of the N-phase (N = odd/even inte-

ger) sinusoidal oscillator discussed in Sect. 3, the N-phase

sinusoidal oscillator can be easily extend to the realization

a programmable MSO. Figure 6 shows the programmable

N-phase (N = odd/even integer) sinusoidal oscillator. The

programmable oscillator uses the switches to select the

phase and the condition of oscillation. It can see that the

number of phase and the condition of oscillation can be

programmed by SW1 to SW7, where 1 indicates a closed

switch and 0 indicates an open switch. The operation of

programmable MSO is summarized in Table 3. Figure 6a

shows a current-scaling programmable current source.

Each reference current is established by following each the

condition of oscillations of oscillator. Let Ib is a constant

current source. Starting from the SW1, the reference cur-

rent should be more than 2 times of Ib. The current mirrors

put out a current equal to the reference value for bias the

CCCIIs. Moving to the SWN, the reference current should

be more than h times of Ib and mirrored by current mirror

to bias the CCCIIs.

5 Simulation results

To the theoretical analysis of the proposed MSO, a three-

phase sinusoidal oscillator design example has been sim-

ulated through PSPICE simulation program. The PSPICE

model parameters for NPN and PNP transistors are simu-

lated that be taken from AT&T ALA 400-CBIC-R [19] as

listed in Table 4. The CCCII with controlled current gain

as shown in Fig. 3 is simulated using the BJT. The power

supply is VCC = -2.5 V, VEE = 2.5 V. The proposed

method was simulated for N = 3 and N = 5 with

Table 2 Condition and frequency of oscillation of the odd/even-

phase oscillator

Number of

phase (N)

Condition of

oscillation

Frequency of

Oscillation (xo)

3 Ia = 2Ib 1.732/CRX

4 Ia = 1.414Ib 1/CRX

5 Ia = 1.237Ib 0.728/CRX

6 Ia = 1.154Ib 0.577/CRX

7 Ia = 1.11Ib 0.482/CRX

8 Ia = 1.082Ib 0.414/CRX

9 Ia = 1.063Ib 0.364/CRX
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C = 5 nF and Io = 50 lA. Figure 7 presents the simula-

tion results of a three-phase sinusoidal oscillator (N = 3)

with Ia = 220 lA, Ib = 100 lA where Ia was designed to

be larger than 2 times of Ib to ensure the oscillation will

start. The design frequency using these values for N = 3 is

220.5 kHz while the results obtained simulations show a

frequency of 210 kHz. Figure 8 shows sinusoidal wave-

form for six-phase sinusoidal oscillator. Figure 9 presents

the simulation results of a five-phase sinusoidal oscillator

(N = 5) with Ia = 150 lA and Ib = 100 lA. The design

frequency using these values is 92.69 kHz. The results

obtained simulations show a frequency of 95 kHz. Fig-

ure 10 shows sinusoidal waveform for ten-phase sinusoidal

oscillator. It can be confirmed from Figs. 8 and 10 that the

multiple-output plus/minus CCCII-based MSO can provide

2N-phase output currents.
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Fig. 6 Programmable MSO: a N-phase (N = even/odd integer) oscillator, b a current-scaling programmable current source

Table 3 Operation of the

programmable multiphase

oscillator

Number of phase (N) SW1 SW2 SW3 SW4 SW5 SW7 SW8 Bias current Ia

3 1 0 0 0 0 0 0 2Ib

4 0 1 0 0 0 0 0 1.414Ib

5 0 0 1 0 0 0 0 1.237Ib

6 0 0 0 1 0 0 0 1.154Ib

7 0 0 0 0 1 0 0 1.11Ib

8 0 0 0 0 0 1 0 1.082Ib

9 0 0 0 0 0 0 1 1.063Ib

Table 4 Model parameters of NR100N and PR100N transistors

NR100N-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

PR100N-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
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6 Conclusions

In this paper, a new electronically tunable MSO circuit has

been presented. The proposed MSO has a simple configu-

ration which uses a CCCII with controlled current gain and

a grounded capacitor per phase. The MSO circuit can be

configured to provide an arbitrary number of N with

equal-amplitude equally special in-phase output current by

digital controlled switches. The condition of oscillation and

the frequency of oscillation are independent controlled.

The proposed MSO enjoys simple structure, an electroni-

cally tunable and suitable for IC implementation. The

proposed rectifier yields advantages as following:

(1) The proposed oscillator using the number of active

devices is roughly equal to the MSOs from Abu-

elma’atti and Al-Qahtani [13]. However, the proposed

MSO uses one grounded capacitor whereas the

previous MSO uses two grounded capacitors, there-

fore the proposed MSO is more suitable for IC

fabrication than the MSO in [13].

(2) The proposed MSO is more easily control the

condition of oscillation than the MSO in [13].

(3) The proposed MSO is more suitable for IC fabrication

and easier control the condition of oscillation when

compared with the other electronically tunable MSOs,

e.g., OTAs-based structure in [7], CCIIs-based struc-

tures in [8, 9].

Simulation results are also used to confirm the charac-

teristics of the proposed circuits. Finally, the extension of

the MSO structure to implement a programmable MSO

structure is also discussed.
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