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Abstract. In this paper, a new Voltage-Mode (VM) �rst-order All-Pass Filter (APF)
topology composed of only a grounded capacitor is proposed. The proposed APF uses a
single, minus-type, second-generation, current conveyor (CCII-), which can be constructed
by only �ve MOS transistors. It has low power consumption. The resonance frequency of
the proposed APF can be adjusted by changing only a resistor value. However, it needs
a single matching condition. As an application, a quadrature oscillator example is given.
A non-ideality analysis for the proposed APF is also given. A number of time domain
and frequency domain simulation results and an experimental test result are included to
con�rm the theory.
c
 2015 Sharif University of Technology. All rights reserved.

1. Introduction

All-Pass Filters (APFs), namely, phase shifters, are
widely used in modern communication and instrumen-
tation systems to change only the phases of electrical
signals, while keeping their amplitudes constant at
all frequencies. Previously, APF circuits were real-
ized using Operational Ampli�ers (OAs) [1-3], which
have some drawbacks, such as slew-rate limitations.
Afterwards, active building blocks, such as second-
generation current conveyors (CCIIs) [4], were em-
ployed in many �lter con�gurations, oscillators, in-
ductor simulators, etc. A Voltage-Mode (VM) �rst-
order APF circuit reported by Salawu (1980) employs
only one plus-type CCII (CCII+) and four passive
components [5], but a resistor and a capacitor are
connected in series to the X-terminal of the CCII+
in this con�guration. Also, all three resistors of [5] are

oating. The VM APF circuit in [6] using a single
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minus-type CCII (CCII-) has high input impedance,
but employs a 
oating capacitor. Other CCII+ based
VM APF circuits employing one CCII+ and three
passive elements are reported in [7], and they do not
use a grounded capacitor. In [8], the CCII- based
VM APFs are composed of a grounded capacitor,
while the grounded capacitor is connected in series to
the X-terminal of the CCII-. A VM APF realized
by Pandey and Paul (2004) uses a single CCII- and
three passive elements [9], and employs a 
oating
capacitor. A recent paper has reported APF con�gu-
ration employing only grounded passive elements [10].
Nevertheless, it uses two CCII+s and two capacitors.
A �rst-order VM APF circuit with a variable voltage
gain CCII has been proposed in [11], which has high
input impedance, and employs a grounded capacitor.
However, CCII is not standard and the APF has
three critical passive component matching conditions.
A �rst-order APF con�guration using a Dual-Output
CCII (DO-CCII) has been reported in [12]. This
con�guration includes a grounded capacitor, but the
internal structure of the DO-CCII is complex. Another
example of a �rst-order VM APF circuit with high
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input impedance and a grounded capacitor uses a
modi�ed CCII- (MCCII-)[13]. Nonetheless, the current
gain of the MCCII- is -0.5, which is di�erent from a
standard current conveyor, and, moreover, the internal
structure of the MCCII- is complex. A �rst-order
VM APF circuit employing three MOS transistors,
two resistors, and a grounded capacitor, is proposed
in [14]. However, this circuit uses two bias voltages.
Also, the resonance frequency of the circuit can be
adjusted by the simultaneous change of two matched
resistors. Two VM APF con�gurations in [15], respec-
tively, include single DO-CCII and MCCII-, but, the
internal structures of the DO-CCII and MCCII- are
complex.

A single, dual-X, second-generation, current con-
veyor (DX-CCII) based VM APF has been proposed
in [16]. However, the internal structure of the DX-
CCII is complex. A �rst-order VM �lter containing
a Di�erential Di�erence Current Conveyor (DDCC) is
reported in [17], wherein the internal structure of the
DDCC is also complex. APF con�gurations using two
Di�erential Voltage Current Conveyors (DVCCs) and
having high input and low output impedances have also
been reported in [18,19], while the internal structure of
the DVCC is complex. The circuits of [20] and [21]
are, respectively, composed of DDCC(s) and DVCCs.
The APF structure of [22] employs a single Invert-
ing Current Di�erencing Bu�ered Ampli�er (ICDBA)
whose internal structure is also complex. Recently,
a dual output VM APF [23] using a single Voltage
Di�erencing Inverting Bu�ered Ampli�er (VDIBA) has
been proposed, but it uses a 
oating capacitor.

In this work, a new VM �rst-order APF con�g-
uration, using only a grounded capacitor, is proposed.
Only a resistor, but no capacitor, is connected in series
to the X-terminal of the CCII-; thus, the proposed
circuit can be operated at higher frequencies [24].
The resonance frequency of the proposed APF can be
adjusted by changing only a resistor value. It dissipates
low power, and needs a single matching constraint.
As an example, a quadrature oscillator application
employing only two grounded capacitors is given. A
non-ideality analysis for the proposed APF is also
given. A number of time domain and frequency domain
simulation results and an experimental test result are
accomplished to verify the claimed theory.

This paper is organized as follows: The introduc-
tion is given in Section 1, and CCII- is treated in Sec-
tion 2. The proposed VM APF structure is presented
in Section 3, and, in Section 4, parasitic impedance
e�ects on the proposed APF are investigated. As an
application example, a quadrature oscillator is given
in Section 5. Simulation and experimental test results
for the proposed circuits are given in Sections 6 and 7,
respectively, and some concluding remarks are given in
Section 8.

Figure 1. Electrical symbol of the CCII-.

2. Circuit description

The electrical symbol of the CCII- with three terminals
is depicted in Figure 1. The CCII-, ideally de�ned by
VX = VY ; IY = 0 and IZ = �IX , can be presented
with the following matrix equation:24VXIY

IZ

35 =

24� 0
0 0
0 ��

35�VY
IX

�
: (1)

In Eq. (1), � and � are, respectively, frequency de-
pendent non-ideal current and voltage gains, which are
ideally equal to unity. At su�ciently low frequencies,
� and � can be presented as � = 1 � "�(j"�j << 1)
and � = 1 � "�(j"� j << 1), where "� and "� are,
respectively, current and voltage tracking errors, and
are ideally equal to zero.

The internal structure of the CCII- [25] used in
simulations of the proposed circuits is given in Figure 2.
It includes only �ve MOS transistors, M1 �M5, and a
bias voltage, VB . M1 and M2 transistors are used to
create a current mirror. It is assumed that all MOS
transistors in Figure 2 are operated in a saturation
region. The bulk of all MOS transistors are connected
to the relevant sources to prevent a body e�ect.

3. The proposed voltage-mode, �rst-order,
all-pass �lter

The proposed VM �rst-order APF circuit, shown in
Figure 3, employs only one CCII-, three resistors (one

Figure 2. Internal structure of the CCII- [25].
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Figure 3. The proposed �rst-order voltage-mode APF
circuit.

of them is grounded) and a grounded capacitor. In
this circuit, R1 = 2R2 must be chosen to obtain the
proper APF Transfer Function (TF), which can be
ideally derived as:

Vout

Vin
= �1� sCR

1 + sCR
: (2)

Here, the phase response is evaluated as follows:

'(!) = � � 2 tan�1(!CR); (3)

where the phase changes from 180� to 0� as the
frequency varies from zero to in�nity. In Figure 3, if R
and C are interchanged, the proposed APF, employing
a single 
oating capacitor and two grounded resistors,
has the following TF and phase response, respectively:

Vout

Vin
= �1� sCR

1 + sCR
: (4a)

'(!) = �2 tan�1(!CR): (4b)

Then, its pole frequency can be controlled via an
electronically tunable grounded resistor, as the con�g-
urations given in [26,27].

Routine analysis of the circuit in Figure 3 with
non-ideal gains gives the following TF:

Vout

Vin
= ���

R1
R2
� 1� sCR

sCR+ 1
; (5)

where the phase response of the proposed APF can be
obtained as:

'(!) = � � tan�1

 
!CR

��R1
R2
� 1

!
� tan�1(!CR): (6)

It is important to note that one can reduce non-ideal
gain and parasitic impedance e�ects using the methods
discussed in [28].

4. In
uence of the parasitic impedances

A non-ideal CCII- model, with only parasitic
impedances, is depicted in Figure 4. The TF of the

Figure 4. CCII- model with parasitic impedances.

proposed APF with the in
uences of the parasitic
elements can be derived as:

Vout

Vin
= �

R1
R2

(1+s(C+CY )R)
�

1+RX
R2

+ sLX
R2

� � 1

1 + R1
RZ + sCZR1

: (7)

If R1 and R2 in Eq. (7) satisfy the following conditions:

R1 <<
RZp

1 + !2C2
ZR2

Z
; (8a)

R2 >>
q
R2
X + !2L2

X ; (8b)

the proposed APF operates properly.
Likewise, the operating frequency of the proposed

APF is evaluated as follows:

f � 1
2�

min

8<:p0:01R2
Z �R2

1
CZRZR1

;

q
R2

2
0:01 �R2

X

LX

9=; : (9)

5. A quadrature oscillator application

The quadrature oscillator in Figure 5 is designed as an
application of the proposed APF. It consists of the
proposed APF block, a CCII- element, a unity gain
inverting ampli�er, an extra grounded resistor, and
an additional grounded capacitor. A Common-Source
(CS) stage with diode-connected load, in Figure 6, is
used as the unity gain inverting ampli�er [29,30]. The

Figure 5. A quadrature oscillator circuit employing the
proposed APF.
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Figure 6. Unity gain inverting ampli�er [29,30].

bulk of both transistors in the CS stage are connected
to the relevant sources to prevent a body e�ect. The
internal structure of the unity gain inverting ampli�er
is given in Figure 6. Further, Vo1 and Vo3 can,
respectively, be de�ned by:

Vo1 =
j!C2R3

�2�2
Vo2; (10a)

Vo3 = ��3Vo2; (10b)

where �2 is the non-ideal voltage gain of CCII- and �3
is the voltage gain of the inverting ampli�er, which is
ideally equal to unity [29,30]. Also, the aspect ratios of
the NMOS transistors are selected equal to each other.

The characteristic equation for the proposed os-
cillator is evaluated as:

D(s) = s2CC2RR3 + s (C2R3 � �2�2�3CR)

+�2�2�3

�
�1�1

R1

R2
� 1
�

= 0: (11)

The Oscillation Condition (OC) of the circuit can be
expressed by:

C2R3 = �2�2�3CR: (12)

The Oscillation Frequency (OF) of the proposed oscil-
lator is calculated as:

f0 =
1

2�

vuut�2�2�3

�
�1�1

R1
R2
� 1
�

CC2RR3
: (13)

Here, the OF can be controlled via R1 or R2 without
disturbing the OC. Apart from this, �1�1R1 > R2 must
be chosen in Eq. (13).

6. Simulation results

Simulations of the proposed APF are accomplished by
the SPICE program. The proposed circuit is simulated

Table 1. Aspect ratios of the MOS transistors.

Transistor type W=L

NMOS transistors 17.55 �m/1.3�m

PMOS transistors 3.9 �m/1.3�m

using 0.13 �m IBM CMOS technology parameters [31].
Symmetrical DC power supply voltages are chosen as
VDD = �VSS = 0:75V. The bias voltage, VB , in
Figure 2 is chosen as -0.07 V.

Aspect ratios (W=L) of the MOS transistors in
Figure 2 are given in Table 1. The X-terminal parasitic
resistor of the CCII- is found to be about 242.6
, and
the value of LX is very small. Passive components of
the proposed APF in Figure 3 are chosen as R = 5 k
,
R1 = 2 k
, R2 = 1 k
 (e�ect of RX is included) and
C = 20pF, which also yield a pole frequency of fo �=
1.59 MHz.

Voltage and current gain characteristics of the
CCII- given in Figure 2, versus frequency, are drawn
in Figure 7, where DC voltage and current gains are,
respectively, �o �= 0:58 and �o �= 0:57. Also, variations
of the X-terminal parasitic impedance of the CCII- in
Figure 2, against frequency, are drawn in Figure 8.

The gain and phase response of the proposed APF
in Figure 3 is shown in Figure 9. The gain of the
VM APF is approximately equal to �1:5 dB, which
is acceptable.

A sinusoidal input voltage with a peak value of
100 mV at 1.59 MHz is applied to the proposed APF.
Further, only the channel widths of M3, M4 and M5
transistors, in Figure 2, with a step of 0.13 �m, are
changed from 16.9 �m to 18.2 �m. The input and cor-
responding output voltages are given in Figure 10. It
is seen from Figure 10 that the variations of parameter
W a�ect the o�set voltages of the proposed �lter.

Figure 7. Variations of non-ideal voltage and current
gains of the CCII- versus frequency.
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Figure 8. Variations of X-terminal parasitic impedance
of the CCII- versus frequency.

Figure 9. Gain and phase response of the proposed APF.

Figure 10. Analysis of the proposed APF circuit by
changing W of the transistors M3, M4 and M5.

A Monte Carlo analysis with �fty runs for 20%
variations of the capacitor value of the proposed APF
is achieved in which a sinusoidal input signal with peak
value of 100 mV at a frequency of 5 MHz is applied.
Figure 11 shows the input and corresponding output
voltages. It is observed from Figure 11 that the change
of the capacitor values slightly varies the resonance
frequency of the proposed APF.

The total power dissipation of the proposed APF

Figure 11. Monte Carlo analysis of the proposed APF
circuit by changing C value.

Figure 12. THD against peak value of the applied
sinusoidal signal at 5 MHz frequency.

is calculated as 0.83 mW in simulations. The Total
Harmonic Distortion (THD) variation, with respect to
the peak value of the applied sinusoidal signal, at a
frequency of 1.59 MHz, is depicted in Figure 12.

The quadrature oscillator in Figure 5 is simulated
by choosing passive elements as R = R1 = 2 k
,
R2 = R3 = 1:2 k
 and C = C2 = 20 pF. The W=L
ratios of NMOS transistors of the unity gain inverting
ampli�er in Figure 6 are chosen as 130 �m=1.3 �m.
Output signals of Vo1, Vo2 and Vo3 at 4.54 MHz are
depicted in Figure 13. Also, the change of the OF
a�ects the peak value of the oscillator signal (Vo3), as
drawn in Figure 14. It is seen from Figure 14 that if
the OF increases, the peak value of the oscillator signal
decreases.

The THDs of Vo1, Vo2 and Vo3 are, approximately,
found as 2.8%, 2.04% and 3.45% at 4.54 MHz.

7. An experimental test result

The CCII- is realized using two commercially available
active devices, such as AD844s [32]. The proposed
APF constructed with two AD844s, three resistors,
and a capacitor, is depicted in Figure 15, where
input voltage with 1 V peak to peak at a resonance
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Table 2. Comparison of the CCII based VM �rst-order all-pass �lter circuits.

References Number
of CCII

Number of
grounded
resistors

(number of
total

resistors)

number of
grounded
capacitors
(number of

total
capacitors)

Technology Power
supplies

[5] 1 0 (3) 1 (1) | |

[6] 1 2 (3) 0 (1) LF351 |

[7] 1 0 (2) 0 (1) AD844 �12 V

[8] 1 0 (2) or 0 (1) 1 (1) or 2 (2) | |

[9] 1 1 (2) 0 (1) AD844 �12 V

[10] 2 2 (2) 2 (2) AD844 �12 V

[11] 1 1 (4) 1 (1) 0.35 �m �3 V

[12] 1 0 (2) 1 (1) 0.35 �m �1.5 V

[13] 1 0 (2) 1 (1) 0.35 �m �2.5 V

[14] 1 0 (2) 1 (1) 0.35 �m �1.5 V

[15] 1 0 (2) 1 (1) 0.13 �m �0.75 V

This work 1 1 (3) 1 (1) 0.13 �m �0.75 V

-: Not available.

Figure 13. Output signals of the proposed quadrature
oscillator.

frequency of 159 kHz is applied. Also, the symmetrical
DC power supply voltages of the AD844s of Figure
15 in experimental tests are chosen as �12V. The
passive component values are also given in Figure 15.
Hence, the experimental test is achieved and the time
domain response of the proposed APF is given in
Figure 16.

It is observed from Figures 9-14 and 16 that
simulation and experimental test results agree quite
well, whereas the di�erences among them can be

Figure 14. Peak value of Vo3 versus frequency.

Figure 15. The test circuit con�gured using two AD844s.

attributed to the non-idealities of the active devices
mentioned in the text.

The �rst-order, CCII based, VM �rst-order, APF
circuits in related open literature and the one proposed
are compared in Table 2.
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Figure 16. Time-domain experimental test results.

8. Conclusion

In this study, a new VM, �rst-order, APF topology,
including three resistors, a grounded capacitor and only
a single CCII-, is proposed. The resonance frequency
of the proposed APF can be adjusted by changing
only a resistor value. The proposed circuit consumes
low power. Nevertheless, it needs a single matching
constraint. Also, it does not have high input and low
output impedances. A quadrature oscillator using only
grounded capacitors is treated as an application exam-
ple. Non-ideal gain and parasitic impedance e�ects for
the proposed APF are also given. A number of time
domain and frequency domain simulation results and
an experimental test result included verify the claimed
theory well.
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