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Abstract
Firstorder allpass filter circuits, both noninverting and inverting, could be the focus of this article, which could include the 

design and implementation of first-order all-pass filter circuits. Using a standard integrated circuit (IC): AD830, as well as a single 
resistor and a single capacitor, the proposed first-order all-pass filters could well be built. The AD830 is an integrated circuit (IC) 
manufactured by Analog Devices Corporation that is available for purchase. The pole frequency and phase response of the proposed 
allpass filters could well be directly modified by attuning the resistor in the circuit. Aside from that, the output voltage has a low 
impedance, making it appropriate for use in voltagemode circuits. In addition, the proposed firstorder allpass filter is used to 
design the multiphase sinusoidal oscillator, which serves as an example of an application wherein the oscillation condition can be 
adjusted without impacting the frequency. The gain and phase responses of the proposed allpass filters, as well as their phase re-
sponse adjustment, timedomain response, and total harmonic distortion of signals, are all shown via computer simulation using the 
PSPICE software, as well as their experimental results. For the proposed circuits, a statistical analysis is coupled with a Monte Carlo 
simulation to estimate the performance of the circuits. In accordance with the results of this study, a theoretical design suitable for 
developing a worksheet for teaching and learning in electrical and electronic engineering laboratories has already been developed.

Keywords: lowoutputimpedance, highinputimpedance, noninverting, inverting, firstorder, allpass filter, multiphase 
sinusoidal oscillator, frequency of oscillation, oscillation condition, difference amplifier.
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1. Introduction
An allpass filter is used to convert an input signal to a constant amplitude output signal at all 

frequencies. The phase of the output signal, on the other hand, will be shifted relative to the frequen-
cy of the input signal. Several publications on the implementation of the allpass filter (APF) circuits 
have appeared in the last few years [1–29]. With this feature, the APF circuit is then applicable to 
a variety of applications such as phase shifters [1–29], single phase oscillator [1], quadrature oscil-
lators [1–9], multiphase oscillators 1, [10–13], and highQ bandpass filters [14]. The voltagemode 
firstorder allpass filters have been presented in the literature, using a variety of active build-
ing blocks. They are constructed with active elements such as current feedback ope rational ampli
fiers (CFOAs) [1, 13], current controlled conveyors (CCCII) [2, 14, 20], LT1228 [3], secondgenera-
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tion current conveyors (CCII) [4, 8, 26], differential voltage current conveyors (DVCC) [5, 12, 22], 
voltage differencing inverting buffered amplifier (VDIBA) [6], differential voltage current con-
veyor transconductance amplifier (DVCCTA) [7], fully differential second generation current 
conveyors (FDCCII) [9–10], operational transresistance amplifier (OTRA) [11], a fully balanced 
voltage differencing buffered amplifier (FBVDBA) [15], current controlled conveyor transcon-
ductance amplifier (CCCTA) [16], operational transconductance amplifiers (OTAs) [17, 18, 21], 
voltage differencing transconductance amplifier (VDTA) [19], current controlled thirdgener-
ation voltage conveyor (CCVCIII–) [23], controlled current conveyor transconductance ampli 
fier (MO-CCCCTA) [24], current-controlled current differencing buffered amplifier (CCCDBA) [25], 
Current controlled current conveyor transconductance amplifier (CCCCTA) [27], differential dif-
ference current conveyor transconductance amplifier (DDCCTA) [28], and current differencing 
buffer amplifier (CDBA) [29]. Most APF circuits can be adjusted for the pole frequency and phase 
response by electronic adjustment [4–6, 10–12, 25, 27, 28]. The APF presents the output port at 
a lowimpedance [1, 4–6, 9–13, 15, 25, 27] or provides both inverting and noninverting out-
puts [1, 7, 13, 26]. Furthermore, the advantage of a single active element of APF [3] is that it can 
be easily constructed and implemented in experiments. A review of the literature on reported volt-
agemode APFs reveals the following weaknesses:

– they have a high output impedance [2–4, 6–8, 11, 14, 16–19, 21–24, 26, 28, 29] that cannot 
be directly cascaded to load or next stages, which require the use of a voltage buffer for cascading;

– they cannot be implemented from a commercially available IC [2, 4–7, 9–12, 14, 16–19, 
21–25, 27–29] that has not been experimentally tested;

– they require matching conditions [1, 2, 4, 7–10, 13–16, 19, 22, 24–26, 29] that are incon-
venienced for operation;

– they need an active building block which contains multiple current output terminals [6, 19] 
used in producing integrated circuits with high cost.

A summary and comparison of the previous publications and researches in the literatu
res [1–29] can be reported in Table 1.

The purpose of this article is to present a design idea for all-pass filters based on the com-
mercially available IC:AD830. Both the noninverting and inverting firstorder allpass filters have 
low output impedance as well as have no need for the constraint matching condition of active or 
passive elements. A noninverting allpass filter is applied to a multiphase oscillator as a sample. 
To confirm the performance of the first-order all-pass filter and a multiphase oscillator circuit  
is shown with PSPICE simulation and experimental results according to the theories.

Table 1
The summary and comparison of previous allpass filters

Ref.

Type of 
Active 

Building 
Block

Commercially Available IC                   Type of APF High 
I/P

Low 
O/P

Require 
extension 
of port/

terminal

Require 
match-
ing con-
dition

Appli-
cation

Verifica-
tion

1 2 3 4 5 6 7 8 9 10
1 CFOA Yes (2 AD844) Both ü ü û ü Osc. Sim./Exp.

2 CCCII No Noninverting û û û ü Osc. Sim.

3 LT1228 Yes (1 LT1228) Noninverting û û û û Osc. Sim.

4 CCII Yes (1 AD844) Noninverting û û û ü Osc. Sim./Exp.

5 DDCC No Inverting û ü û û Osc. Sim.

6 VDIBA Yes (2 OPA860) Both û û û û Osc. Sim./Exp.

7 DVCCTA No Noninverting ü û ü ü Osc. Sim.

8 CCII Yes (2 AD844) Noninverting ü û û ü Osc. Exp.

9 FDCCII No Noninverting ü ü ü ü Osc. Sim.

10 FDCCII No Inverting ü ü ü û Osc. Sim.
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1 2 3 4 5 6 7 8 9 10

11 OTRA No Inverting û û û û Osc. Sim.

12 DDCC No Noninverting ü ü û û Osc. Sim.

13 CFOA Yes (2 AD844) Both ü ü û ü Osc. Sim./Exp.

14 CCCII No Noninverting û û û ü High-Q Sim.

15 FB-VDBA Yes (1 MAX435, 1 OPA860) Inverting ü ü ü ü û Exp.

16 CCCTA No. Noninverting û û û ü û Sim.

17 OTA No Noninverting û û û û û Sim.

18 OTA No Inverting ü û û û û Sim.

19 VDTA No Noninverting û û ü ü û Sim.

20 CCCII+OP Yes (1 OPA860, 1 AD8130)  Inverting ü ü û û û Sim./Exp.

21 OTA No Both ü û ü û û Sim.

22 VDCC No Inverting û û û ü û Sim.

23 CC-VCIII No Inverting û û û û û Sim.

24 MO-CCCCTA No Noninverting ü û ü ü û Sim.

25 CDBA No Noninverting û ü û ü û Sim.

26 CCII Yes (1 AD844) Inverting û û û ü û Sim.

27 CCCCTA No Noninverting ü û ü û û Sim.

28 DDCCTA No Noninverting û û û û û Sim.

29 CDBA No Noninverting û û û ü û Sim.

Prop. 
APFs 

Fig. 4, a
AD830 Yes (2 AD830) Noninverting ü ü û û û û

Fig. 4, b AD830 Yes (1 AD830) Noninverting û ü û û Oscillator Sim./Exp.

Fig. 6, a AD830 Yes (2 AD830) Inverting ü ü û û û û

Fig. 6, b AD830 Yes (1 AD830) Inverting û ü û û û Sim./Exp.

Remarks : Sim. = Simulation, Exp. = Experiment

2. Materials and methods
2. 1. The details of AD830
The AD830 is a difference amplifier in an 8pin package produced for commercially avail-

able by Analog Devices Corporation [30]. Fig. 1 shows the electrical symbol, and pin configura-
tion of AD830. The input voltages (pin 1, 2, 3 and 4) of the AD830 are highimpedances and the 
output voltage (pin 7) is lowimpedance. The supply voltage of AD830 can be operated from ±5 V  
to ±15 V. The following mathematical function can be used to describe the electrical characteris-
tics of the AD830:

 V A V V V VX O Y Y Y Y= -( ) + -( ) 1 2 3 4 .  (1)

Ao ≌ ∞ is the voltage gain in the open loop.
Fig. 2 demonstrates how easily the AD830 may be set up to create the difference between 

three signals, VY1, VY2, and VY3, in which the applied differential signal is precisely replicated at  
the output. The voltage output of the circuit in Fig. 2 can be written as:

 V V V Vout Y Y Y= - +1 2 3.  (2)

Сontinuation of the Table 1
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Fig. 1. AD830 [30]: a – Electrical symbol; b – Pin configuration

Fig. 2. AD830 as a Difference Amplifier 

2. 2. Concept voltage-mode first-order all-pass filters
2. 2. 1. Non-inverting first-order all-pass filters
The method for synthesizing allpass filters as presented in Fig. 3 is a conceptual design 

of the noninverting firstorder allpass filter (APF+) on a circuit block diagram that consists  
of the first-order high-pass filter, the amplifier at defined k1 = 2, and the summing. The circuit of 
the proposed noninverting APF is schematically designed as in Fig. 4, a and Fig. 4, b.

Fig. 3. Conceptual design of the noninverting firstorder APF

Fig. 4. The proposed noninverting allpass filter: a – Two AD803; b – Single AD830

The proposed noninverting APF is shown in Fig. 4, where a uses a single capacitor,  
a single resistor, and two AD830s, where the first AD830 acts as an amplifier of the input sig-
nal (k1) at high-input-impedance without resistors. The second AD830 connects a capacitor and 
a resistor as a firstorder highpass filter and sums the input signal, with the output voltage of the 
circuit being lowimpedance. Additionally, the proposed noninverting APF is shown in Fig. 4, 
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where b is simply designed with a single AD830, a single capacitor, and a single resistor. Fig. 4, b,  
shows the AD830 connected to a capacitor and a resistor to create a high-pass filter. It can be seen 
that the AD830 in Fig. 4, b can function as both an amplifier and a summing amplifier. Further-
more, the voltage output port of the circuit is lowimpedance, so it can be conveniently cascaded 
or connected to other stages or circuits. The electrical properties of AD830 in equation (2) of the  
circuits in Fig. 4, a, b can be analyzed and presented by the voltage transfer function of the pro-
posed APF circuit as follows:

 
V

V

sC R

sC R
o
APF

in

+

=
-
+

1 1

1 1

1

1
.  (3)

The pole frequency and voltage gain of the proposed noninverting APF are the same that 
can be analyzed in equations (4), (5), respectively.

 ω p C R
=

1

1 1
,  (4)

 f ω ω( ) tan .= - ( )-180 2 1
1 1C R  (5)

The voltage gain of the proposed noninverting APF can be analyzed and written as:

 G
V

V
o
APF

in
( )ω = =

+

1 .  (6)

According to equation (6), the input and output voltages are equal. From equations (4), (5), 
the adjustment of the pole frequency and the phase response can be controlled via R1 and C1.

2. 2. 2. Inverting first-order all-pass filters
Fig. 5 shows the design concept of the inverting firstorder allpass filter (APF–) that con-

sists of a first-order low-pass filter, an amplifier defined as k2 = 2, and summing. From this concept, 
the circuit in Fig. 6, a is then designed with two AD830s, a single capacitor, and a single resistor. 
The first AD830 is an amplifier of the input signal (k2). The second AD830 connects a capacitor 
and a resistor to be the low-pass filter and sums the signal from pin Y2. This design is for high- 
inputimpedance and lowoutputimpedance. The inverting APF in Fig. 6, b is designed with only 
a single AD830, a single capacitor, and a single resistor. The output port of the inverting APF is low 
impedance. This design can reduce the amount of equipment required from the circuit in Fig. 6, a.

The voltage transfer function of the proposed inverting APF circuit in Fig. 6, a, b is written 
as follows:

 
V

V

sC R

sC R
o
APF

in

-

=
-
+

1

1
1 1

1 1
.  (7)

From equation (7), the pole frequency, voltage gain, and phase response of the proposed 
inverting APF can be given as:

 ω p C R
=

1

1 1
,  (8)

 f ω ω( ) tan ,= - ( )-2 1
1 1C R  (9)

and

 G
V

V

APF

in
( )ω = =

-
0 1 .  (10)

From equation (10), the input and output voltages are equal. The pole frequency and phase 
response can be modified with equations (8), (9), respectively, by adjusting R1 and C1.
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Fig. 5. Conceptual design of the inverting firstorder APF

Fig. 6. The proposed inverting allpass filter: a – Two AD803; b – Single AD830

The nonideal of the voltage in practice is partly caused by parasitic components. They can 
be found at the input ports and output port of the AD830. The high-impedance ports are the Y1, Y2, 
Y3, and Y4 ports. These parasitic elements of the ports have resistors and capacitors connected to 
the ground as well as the output port X and they are in a series of resistors with lowparasitic values. 
Fig. 7 shows the details of the parasitic elements. It can be described as follows.

Fig. 7. AD830 with the parasitic elements

2. 2. 3. Non-ideal study of non-inverting APF
The parasitic elements of AD830 are included in the characteristic equation of the proposed 

noninverting APF in Fig. 4, b. Thus, the new features when R1>>RX were studied and analyzed  
as follows:
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T T
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=
+ -
+ +

( )

( )
.

1

1
 (11)

The pole frequency and phase response of noninverting APF circuits are modified  
to (12), (13), respectively.

 ω p
T
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G

C C
=

+1
,  (12)
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and

 f = -
+





-180 2 1 1
tan ,

C C

G
T

T
 (13)

where 

G
R R RT

Y Y
= + +

1 1 1

1 1 3
 and C C CT Y Y= +1 3.

2. 2. 4. Non-ideal study of inverting APF
The non-ideal study of AD830 are incorporated into the characteristic equation of the pro-

posed inverting APF in Fig. 6, b. As a result, the new transfer functions at R1>>RX were ana-
lyzed as follows:

 
V

V

G G sC

G G sC
o

APF

in

T T

T T

-

=
- +
+ +

( )

( )
.

1

1
 (14)

From equation (14), the pole frequency and phase response of inverting APF circuits are 
modified as

 ω p
T

T

G G

C
=

+1
, (15)

and

 f = -
+

-2 1

1
tan ,

C

G G
T

T
 (16)

where 

G
R RT

Y Y
= +

1 1

1 3
,  G

R1
1

1
= ,

and

C C C CT Y Y= + +1 1 3.

Parasitic elements have an effect on the performance of the proposed noninverting APF 
and inverting APF. The impact of the pole frequency and phase response is caused by equa-
tions (12), (13), (15), and (16), which can be resolved by slightly adjusting the resistance. The multi-
phase sinusoidal oscillator (MSO) is an example of the application of the proposed APF. The MSO 
is designed by cascading three proposed noninverting APFs and positioning them in a feedback 
loop to show an application example in Fig. 8. The output voltage at the lowimpedance of the MSO 
is at nodes Vo1, Vo2, and Vo3. It can be cascaded or connected to other stages or circuits without the 
need for a voltage buffer. The system loop gain of the proposed MSO can be written as follows:

 LG K
sC R

sC R

n

(s) =
-
+







1 1

1 1

1

1
 .  (17)

The phase of the system loop gain can be expressed in equation (18). 

 ∠ = = - ( )( ) = --H n n C R(s) tan .2 2 2 21
1 1f ω π  (18)

Equation (17) can be used when n is an odd number. The output signals have a phase of 
360/n, which is in accordance with equation (18). An oscillator circuit can generate sinusoidal  
signals if the oscillation requirement is achieved, as in:

 K
R

R
G

G
= + ≥2

1
1 1 .  (19)
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Fig. 8. Multiphase sinusoidal oscillator

The frequency of oscillation (FO) is given by:

 ω
π

osc C R
=

1

61 1
tan  . (20)

As can be observed in equations (19), (20), by adjusting K, the oscillation condition can  
be easily changed without affecting the frequency. Also, the frequency of oscillation can be  
adjusted by C1 and R1.

3. Results and discussion
A simulation of the proposed first-order all-pass filters used sample circuits as in  

Fig. 4, b; 6, b by verifying the circuit performance and theoretical validity using the PSPICE 
program. To simulate, the AD830 macromodel was adopted. Both proposed APFs used passive  
elements with values of R1 = 1 kΩ and C1 = 1 nF. The supply voltage chosen for use was ±5 V.

Fig. 9, a, b show the gain and phase responses of the noninverting and inverting APFs, 
respectively, when compared to a theoretical model. The simulation results represent the phase  
response from 180° to 0° of the noninverting APF and the phase response from 0° to 180° of the 
inverting APF. The voltage gain of both APFs was approximately 0 dB. The pole frequencies of the 
noninverting APF and the inverting APF were about 157 kHz and 156 kHz, respectively. When cal-
culated using equations (4), (8), it deviated from the theoretical figure by about 1.35 % and 1.97 %. 
Thus, it will be seen that the simulation results were greater compared to the theoretical analysis.

The results in Fig. 10, a, b followed adjustments in the phase response of the noninverting 
APF in Fig. 4, b and the inverting APF in Fig. 6, b which adjusted the value of R1 in both circuits 
to 250 Ω, 500 Ω, 1 kΩ, and 2 kΩ, respectively. The phase responses at 90° of the noninverting 
APF were transformed to 79.04 kHz, 157.73 kHz, 314.25 kHz, and 623.93 kHz, respectively, with 
the inverting APF transformed to 79.43, 159.56, 316.22, and 630.54 kHz, respectively. The results 
agreed with the theoretical analysis when equations (4), (8) were compared.

Fig. 9. Gain and phase responses of the proposed APF: a – APF+; b – APF–
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Fig. 10. Phase response for different values of R1: a – APF+; b – APF–

The Monte Carlo (MC) method was utilized to examine the tolerance error of the passive 
device since this has an effect on the proposed APF. The MC was set to a Gaussian distribution 
for 100 samples, and the tolerance errors of the resistor and the capacitor were 1 % and 10 %. The 
MC analysis of both the proposed APFs is illustrated in Fig. 11, a for the gain response of the 
noninverting APF, in Fig. 11, b for the gain response of the inverting APF, Fig. 11, c for the phase 
response of the noninverting APF, and Fig. 11, d for the phase response of the inverting APF.

Fig. 11. The Monte Carlo analysis: a – Gain response of APF+; b – Gain response of APF–;  
c – Phase response of APF+; d – Phase response of APF–
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The histogram of the gain and phase at frequency 159.15 kHz of both APFs is illustrated  
in Fig. 12, and Table 2. The noninverting APF has a mean gain response of –0.0052 dB, a median 
of –0.0052 dB, and a standard deviation of 0.000087. The noninverting APF has a mean phase 
response of 89.62°, a median of 88.53°, and a standard deviation of 5.84. The inverting APF has  
a mean gain response of –0.0048 dB, a median of –0.0048 dB, and a standard deviation of 0.000092. 
The inverting APF has a mean phase response of –90.57°, a median of –90.62°, and a standard  
deviation of 5.36.

Fig. 12. Histograms of the proposed APF at frequency 159.15 kHz: a – Gain response of APF+; 
b – Gain response of APF–; c – Phase response of APF+; d – Phase response of APF–

Table 2
Statistical outputs of MC analysis

No. APF Response
Statistical components and their values

Number of simple Mean Median Standard deviation

1 Noninverting
Gain 100 –0.0052 dB –0.0052 dB 0.000087
Phase 100 89.62 Degree 88.53 Degree 5.84

2 Inverting
Gain 100 –0.0048 dB –0.0048 dB 0.000092
Phase 100 –90.57 Degree –90.62 Degree 5.36

The total harmonic distortion (THD) of the output noninverting APF and inverting APF in 
simulation is shown in Fig. 13 when sweeping the input signal from 0.1 Vp-p to 2 Vp-p. The percent-
age THD of both APFs was a minimum of 0.01 % and a maximum of 0.30 %.

The simulation results of the proposed multiphase sinusoidal oscillator were obtained using 
the circuit in Fig. 8 by configuring the supply voltage of ±5 V, the passive elements as R1 = 470 Ω 
and C1 = 0.47 nF. The MSO was able to generate sinusoidal signals when K ≥ 1, RG1 = 10 kΩ and 
RG2 = 100 Ω were configured to conform to equation (19). Fig. 14, a shows the simulation of the 
initial state signals, and Fig. 14, b shows the steadystate signals of the sinusoidal output wave-
form. The output spectrum of multiphase signals in Fig. 15 shows an output frequency of about 
400.0 kHz, which deviated from 415.97 kHz by about 3.83 % from equation (20), and the total 
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harmonic distortion (THD) of Vo1, Vo2, and Vo3 were about 3.41 %, 1.58 %, and 2.90 %, respec-
tively. The simulation results were analyzed using the MC because the tolerance error of the pas-
sive device affected the MSO. The MC was set to a Gaussian distribution for 100 samples, and 
the tolerance errors of each resistor and capacitor were 1 % and 10 %, respectively. Fig. 16, a, b 
demonstrate the spread of the frequency domain and histograms of the output (Vo1). The mean, 
median, and standard deviation of the frequency oscillation were 410.87 kHz, 407.63 kHz, and  
24.48 kHz, respectively.

Fig. 13. %THD of the proposed APF

Fig. 14. The simulation of output waveforms: a – Initial state signals; b – Steady state signals

Fig. 15. Output spectrum of multiphase oscillator
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Fig. 16. The Monte Carlo analysis of the oscillator:  
a – the spread of the frequency domain of the Vo1; b – histograms of the FO at Vo1

To verify the circuit performance and theoretical validity of the proposed firstorder allpass 
filter circuit by the experimental noninverting APF in Fig. 4, b and the inverting APF in Fig. 6, b. 
The experiment was conducted by using the commercially available IC: AD830. The proposed 
APF in Fig. 4, b; 6, b was connected to a supply voltage of ±5 V by the Siglent SPD3303C power 
supply. The passive elements are chosen as R1 = 1 kΩ and C1 = 1 nF. The performance of the circuit  
was measured using a Keysight DSOX3024T oscilloscope. The frequency response analyzer  
was set at 200 mVp-p amplitude and sweep frequency from 1 kHz to 10 MHz.

The gain and phase responses of the noninverting APF and the inverting APF are shown in 
Fig. 17, a, b, respectively. It was found that the gain responses were about 0 dB for all frequencies 
of both APFs, which is consistent with the theoretical analysis results in equations (6) and (10). The 
phase responses of noninverting APF varied from about 180° to –17°. The pole frequency was about 
158.5 kHz with a 90° phase shift. The phase responses of the inverting APF ranged from approxi-
mately 0° to –195°. The pole frequency was about 154.88 kHz with a –90° phase shift. These results 
are consistent with equation (5) of the noninverting APF and equation (9) of the inverting APF.

Fig. 17. Gain and phase response of experimental results: a – APF+; b – APF–

Fig. 18, a shows the experimental results of output voltage in timedomain waveforms when 
the input voltage of the noninverting APF is a sinusoidal signal with a frequency of 158.54 kHz 
and an amplitude of about 200 mVp-p. These results are consistent with phase response and volt-
age gain in equations (5), (6). Fig. 18, b shows the gain and phase response of experimental re-
sults from inverting APF when the input has a frequency of 158.55 kHz and an amplitude of  
about 200 mVp-p. The results correspond with the following equations (9), (10). The phase relation-
ship between waveforms Vin and Vout of the noninverting APF is about 90.06° at the frequency 
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of 158.4 kHz, and the phase relationship between waveforms Vin and Vout of the inverting APF 
is about 90° at the frequency of 158.55 kHz. Both results are shown in Fig. 19, a, b, respective-
ly, which agree with the theoretical analysis in phase response equation (5) of the noninverting  
APF and phase response equation (9) of the inverting APF.

The results in Fig. 20 demonstrate the adjustment in the phase response of noninverting 
APF in Fig. 4, b by adjusting the value of R1 to 500 Ω, 1 kΩ, and 2 kΩ, respectively. It is evi-
dent that the phase responses at 90° of the frequency transformed to 77.62 kHz, 158.48 kHz, and 
309.02 kHz. The results of the phase responses agree with the theoretical analysis in equation (5).

The proposed multiphase sinusoidal oscillator in Fig. 8 was set with a voltage supply at ±5 V.  
Moreover, passive components were defined using C1 = 0.47 nF and R1 = 470 Ω. When the oscilla-
tion condition was set as RG1 = 10 kΩ and RG2 = 100 Ω to define K = 1.01, which corresponds to the 
conditions in equation (19), then the circuit generated sinusoidal signals.

Fig. 18. The time-domain response of APF: a – APF+; b – APF–

Fig. 19. Lissajous figure of the sinusoidal waveforms: a – APF+; b – APF–

Fig. 21 shows the results of the multiphase sinusoidal waveforms. The oscillation frequency 
was 402.25 kHz, which inaccurate was about 3.29 % of the theoretical value of the equation (20). 
Additionally, the phase relationship between Vo1, Vo2, and Vo3 output voltages was 119.20°, 
120.90°, and 120.10°, respectively. This error may occur as a consequence of passive element to
lerance issues. The tolerance errors of the MSO were about 3 % for three passive resistors and  
30 % for three passive capacitors. However, the resulting frequency and phase of the MSO are still 
consistent with the theoretical.

The example relationship between the waveforms of the MSO in Fig. 22 is about 120° 
at output Vo1 and Vo2 when measured by using the XY-mode which the result agrees with  
equation (18).
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Fig. 20. Phase response of APF+ for different values of R1

Fig. 21. The MSO output waveforms

Fig. 22. Lissajous figure of sinusoidal MSO waveforms

The THD of the output voltage MSO (Vo1) in Fig. 23, a is approximately 0.240 %, and the 
amplitude of the other harmonic is 56.8 dB greater than the first harmonic. The THD of the output 
voltage MSO (Vo2) is about 0.351 %. As shown in Fig. 23, b, the magnitude of the first to other 
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harmonic is 53.2 dB, while the THD of the output voltage MSO (Vo3) in Fig. 23, c is about 0.283 % 
and the magnitude of the first to other harmonic is 54.0 dB, respectively.

Fig. 23. The frequency spectrum of the output signals MSO:  
a – The output (Vo1); b – The output (Vo2); c – The output (Vo3)

It can be seen that a commercially available integrated circuit used in the proposed APFs 
makes lab tests simpler and cheaper. The pole frequency and phase response of noninverting and 
inverting APFs are in line with the theoretical analysis and MC analysis as presented in Table 2.  
It is interesting that the proposed APFs are appropriately used in electrical and electronic engi-
neering study. However, the proposed APFs are still limited because the AD830 can operate at  
a maximum frequency of about 10 MHz.

4. Conclusions
In the proposed noninverting and inverting APF creation concepts, each kind of APF can 

be constructed with a commercial IC AD830, a single capacitor, and a single resistor. The APFs can 
adjust the phase response by adjusting the resistance. Additionally, the voltage output ports of both 
first-order APFs are low-impedance, so they can be cascaded or connected to other stages or circuits. 
The multiphase sinusoidal oscillator was used to prove the proposed noninverting APF. The sim-
ulation and experimental results confirmed the performance of the circuit. Also, the results agree 
with the theoretical analysis. The experiment results can be described as an example that the nonin-
verting and inverting APF had a pole frequency of about 158.54 kHz and 158.55 kHz, respectively, 
which is an error of 0.383 % and 0.377 %, respectively. The adjustment of phase responses of 90° 
was experimentally demonstrated by changing resistors by 500 Ω, 1 kΩ, and 2 kΩ. After changing 
these, the pole frequencies were 77.62 kHz, 158.48 kHz, and 309.02 kHz, respectively. In applying 
APF, the multiphase sinusoidal oscillator can be generated an oscillation frequency of 402.25 kHz 
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with an error of 3.29 %. From these, the APFs then are appropriate for developing a worksheet  
for teaching and learning in electronic laboratories.
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