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[T I N

Abstract: This paper presents four new designs for a first-order voltage-mode (VM) all-pass filter
(APF) circuit based on two single-output positive differential voltage current conveyors (DVCCs).
The first two proposed VMAPFs with unity-gain, high-input (HI) impedance and low-output (LO)
impedance use two DVCCs, a grounded capacitor, and a grounded resistor. The last two proposed
first-order VMAPFs with HI impedance and variable-gain control are two resistors added to each of
the first two VMAPFs. The last two proposed first-order VMAPFs with variable-gain control use two
DVCCs, one grounded capacitor, and three grounded resistors and provide HI impedances, so that
VMAPFs can be directly cascaded to obtain high-order filters without additional voltage buffers. The
four implementation circuits based only on grounded passive components are particularly applicable
for integrated circuits (ICs). To confirm the cascading characteristics, an application example of
a fully-uncoupled quadrature sinusoidal oscillator (FQSO) is also proposed. PSpice simulation
results have confirmed the feasibility of the proposed structures. VMAPF and FQSO circuits are also
constructed from commercial AD8130 and AD844 ICs, and their experimentally measured time and
frequency responses are compared to theoretical values. The supply voltages for both the AD8130
and AD844 ICs were +5 V. The measured power dissipation of the proposed first-order VMAPF
and second-order FQSO circuits is 0.6 W. The measured input 1-dB compression point for the four
VMAPFs is about 19 dB. The measured total harmonic distortion of the four VMAPFs is less than
0.67% when the input voltage reaches 2.5 Vpp,. The calculated figures of merit for the four VMAPFs
are 628.2 x 103, 603.06 x 103,516.53 x 103, and 496.42 x 10, respectively.

Keywords: first-order filter; oscillator; active circuit; voltage-mode filter; current conveyor

1. Introduction

Voltage-mode (VM) all-pass filters (APFs) are one of the most important components
in many sensors, communications, test circuits, and analog signal generation/processing
circuits, producing a 180° phase shift and acting as a phase corrector [1-5]. In addition, a
quadrature oscillator can be easily implemented by cascading an inverting VMAPF circuit
and a non-inverting VMAPF circuit [6]. Many VMAPF circuits have been created in the
literature using a single active building block [7-20] or two active building blocks [21-24].
The single active component reported in [7-20] can provide VMAPF circuits, but they
require passive component matching conditions to achieve VMAPF circuits. VMAPF
circuits based on two active components have also been reported in [21-24], but they do not
offer variable-gain control. Four HI impedance VMAPEF circuits based on fully differential
current conveyor (FDCCII) have been proposed in [25,26], but they still do not offer variable-
gain control. In addition, the port relationships of the FDCCII are arithmetically equivalent
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to that of two differential difference current conveyor (DDCC) configurations. DDCC-
based VMAPEF circuits were proposed in [27-32], but they do not provide cascadable
fully-uncoupled quadrature sinusoidal oscillator (FQSO) characteristics without adding
additional different circuit structures. The circuits proposed in [33-35] have variable-gain
control capability, but they require passive component matching conditions to achieve
VMAPFs. Some single-output positive and negative differential voltage current conveyor
(DVCC+/DVCC—) were reported in [36—40], but they do not offer variable-gain control.
To avoid loading issues when cascading VMAPFs into larger systems or to make it easier
to connect within a system without additional voltage buffers, VM circuits need HI and
LO impedance characteristics. In 2022, two VMAPFs based on single-modified negative
DDCC (DDCC—) were proposed in [41]. The first proposed VMAPF in [41] uses a modified
DDCC—, two grounded capacitors, and a floating resistor, while the second one uses a
grounded capacitor, a grounded resistor, and a floating resistor. Both proposed VMAPFs
have HI impedance, but they require passive component matching conditions to achieve
the VMAPFs and do not offer variable-gain control and LI impedance. In this paper, four
new first-order cascadable VMAPFs with unity/variable-gain control are proposed. The
first two VMAPFs employ two DVCCs, one grounded capacitor (GC), and one grounded
resistor (GR), while the other two VMAPFs employ two DVCCs, one GC, and three GRs.
Positive DVCC configuration is simpler than the dual/negative-type DVCC configuration
or the modified DDCC— configuration. Both the first two proposed VMAPFs have HI
and LO impedances. Two additional first-order VM APFs with variable-gain control are
also demonstrated by adding two GRs to each of the first two VMAPFs. In addition, the
application of cascading two variable-gain control VMAPFs to realize FQSO is also given.
An overview of the proposed four VMAPF circuits compared to previously reported circuits
is shown in Table 1, which compares their use of active and passive elements, use of only
grounded passive elements, unconstrained elements matching, HI impedance, variable-
gain control, LO impedance, and cascadable synthesis FQSO characteristics without adding
additional different circuit structures. In addition to using only grounded passive and
unconstrained element matching, the first two circuits have HI and LO impedances, while
the latter two circuits have HI impedance and variable-gain control. Furthermore, the last
two circuits discussed in this paper for the variable-gain control VMAPFs can be cascaded
to synthesize the FQSO without adding another different circuit structure.
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Table 1. An overview of the proposed circuits compared to previously reported VMAPF circuits.

Use of Only Unlimited Synthesis of
Reference Use of Active and Grounded Passive HI/LO Variable-Gain FQSO without Simul/Meas. Supply Voltage Power
Passive Elements Passive Matching Impedance Control Adding Different Dissipation
Elements Conditions Structures
[7] 1 CCII—, 2R, 1C no no no/no no no yes/no NA NA
[8] 1 CCII+, 2R, 1C no no no/no no no yes/yes +12V NA
[9] 1 CCII—, 2R, 1C no no no/no no no yes/yes +12V NA
[10] 1 CCII—, 2R, 1C no no no/no no no yes/yes +12V NA
[11] 1 DO-CCII, 2R, 1C no no yes/no no no yes/no +15V NA
Figure 3 in [12] 1 DO-CCILL 2R, 1C no no yes/no no no yes/no +0.75V Simul. 1.8 mW
[13] 1UVC, 2R, 1C no no yes/yes no yes yes/yes £25V Simul. 5.84 mW
[14] 1UVC, 2R, 1C yes no yes/yes no yes yes/yes +£1.65V NA
[15] 1 ICCII, 2R, 1C no no yes/no no no yes/yes +25V NA
[16] 1 DCCII, 2R, 1C no no no/no no no yes/yes 25V Simul. 14.3 mW
[17] 1 DXCCII, 3R, 1C yes no yes/no yes no yes/no +£125V Simul. 2.1 mW
[18] 1 DXCCII, 2R, 1C no no yes/no no yes yes/no +1.25V Simul. 1.8 mW
[19] 1 CDBA, 3R, 1C no no no/no no no yes/no +25V NA
[20] 1 EX-CCIIL2R, 1C no no yes/no no no yes/no NA NA
[21] 1 CCII+, 1 CCII—, 4R, 1C no no no/no no no yes/no NA NA
[22] 2 CCII+, 2R, 2C yes no yes/no no no no/yes +12V NA
[23] 2DVB, 1R, 1C no yes no/yes no no yes/yes 075V Simul. 1.77 mW
[24] 2 OTA, 1R, 1C yes no yes/no no no yes/yes +04V Simul. 47.2 uW
[25] 1 FDCCII, 1R, 1C yes yes yes/no no yes yes/no +13V NA
[26] 1 FDCCI], 1R, 1C yes yes yes/yes no yes yes/no 3V NA
[27] 1 DDCC, 2R, 1C no no yes/no yes no yes/no +09V NA
Figure 1 in [28] 1DDCC, 3R, 1C no yes no/no yes no yes/yes £1.25V NA
Figure 3 in [28] 2DDCC, 3R, 1C yes yes yes/no yes no yes/no £125V NA
[29] 1 DDCC, 1R, 1C no yes no/no no no yes/no +1.3V NA
[30] 1 DDCC, 1R, 1C no yes no/no no no yes/no +1.25V NA
[31] 1DDCC, 1R, 1C no yes no/yes no no yes/no £33V NA
Figure 1a in [32] 1 DDCC, 1R, 1C no yes no/no no no yes/no +1.5V NA
Figure 1b in [32] 2DDCC, 1R, 1C yes yes yes/no no no yes/no +15V NA
Figure 2 in [33] 2 CFOA, 5R, 1C no no no/yes yes no yes/yes 10V 0.26 W
Figure 3 in [33] 3 CFOA, 5R, 1C no no yes/yes yes no yes/yes +10V 0.39 W
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Table 1. Cont.

Use of Only Unlimited Synthesis of
Reference Use of Active and Grounded Passive HI/LO Variable-Gain FQSO without Simul/Meas. Supply Voltage Power
Passive Elements Passive Matching Impedance Control Adding Different ) ) Dissipation
Elements Conditions Structures
[34] 2 CFOA, 3R, 1C no no yes/yes yes no yes/yes +8V NA
[35] 1LT1228 no no no/yes yes no yes/yes 5V 57.6 mW
[36] 2 DVCC, 2R, 1C yes no yes/no no no yes/no +25V NA
[37] 2DVCC, 2R, 1C yes no yes/no no no yes/no +25V NA
[38] 2DVCC, 1Rx, 1C yes yes no/yes no no yes/no 25V NA
[39] 2 DVCC, 1R, 1C no yes yes/yes no no yes/no +15V Simul. 0.3 W
[40] 2DVCC, 1R, 1C yes yes yes/no no no yes/no +1.25V NA
Figure 2 in [41] 1DDCC, 2C, 1R no no yes/no no no yes/yes £125V Simul. 4.2 mW
Figure 3 in [41] 1 DDCC, 1C, 2R no no yes/no no no yes/yes +1.25V Simul. 4.21 mW
gellrisri f;?spv?iii 2DVCC, 1R, 1C yes yes yes/yes no yes yes/yes 5V 0.6 W
5;: f}?sp\?vieri 2DVCC, 1R, 1C yes yes yes/yes no yes yes/yes 5V 0.6 W
Second
proposed 3a in 2DVCC, 3R, 1C yes yes yes/no yes yes yes/yes 5V 0.6 W
this work
Second
proposed 3b in 2DVCC, 3R, 1C yes yes yes/no yes yes yes/yes 5V 0.6 W
this work

Note: NA: no answer; Simul.: simulation result; Meas.: measurement result; CCII+/CCII—: positive/negative-type second-generation current conveyor; DO-CCII: dual-output
second-generation current conveyor; UVC: universal voltage conveyor; ICCII: inverting second-generation current conveyor; DCCII: differential current conveyor; DXCCII: dual-X
second-generation current conveyor; CDBA: current differencing buffered amplifier; DVB: subtractor; OTA: operational transconductance amplifier; FDCCILI: fully differential second-
generation current conveyor; DDCC: differential difference current conveyor; CFOA: current feedback operational amplifier; DVCC: differential voltage current conveyor; HI: high-input;
LO: low-output; R: resistor; Rx: X terminal resistance; C: capacitor.
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2. Circuit Description
2.1. Basic Concept of Non-Inverting and Inverting VMAPF Functions

One way to implement the non-inverting and inverting VMAPF functions is to gener-
ate the difference functions Vy(s) = Vin(s) — 2V1(s) and Vy(s) = 2Vi(s) — Vin(s), respectively,
where V,(s) and Vi, (s) are the output and input voltages, and Vi (s) is the internal node
voltage. If the node voltage V(s) realizes the non-inverting first-order low-pass filtering
function with the minimum resistor R and capacitor C

1
Vi(s) = SJI:Cl Vin(s) (1)
RC

then the form of the non-inverting and inverting VMAPF functions can be realized as follows:

_ 1
Non-inverting VMAPE : Vo(s) _s RC )
Vin(s) s+ RC

Vols) _ —(s— )
Vin(s) s+%

Inverting VMAPEF : 3)

In Equations (1)—(3), the product RC is the time constant of the non-inverting and
inverting VMAPF functions. Based on Equations (2) and (3), when the frequency domain
s =jw, and w is the angular frequency, the gain and phase responses are given by

Non-Inverting VMAPF : Vo (]'w) ‘ =1, Zgn = m— 2arctan(w RC) 4)
Vin (]w)
I 3 . VO (](U) _ —
nverting VMAPF : - =1, Z¢; = —2arctan(w RC) (5)
Vin (]LU)

Based on Equations (4) and (5), the VMAPF functions maintain a constant gain while
shifting the phase of the input signal. The phase characteristic in Equation (4) provides
a phase shift between 180° and 0° as the input frequency increases and has a phase shift
value of 90° at the pole angular frequency of w,. The phase characteristic in Equation (5)
provides a phase shift between 0° and —180° as the input frequency increases and has a
phase shift value of —90° at the pole angular frequency of w,. Hence, the non-inverting
VMAPF characteristic of the phase shift is a leading phase shifter, and the inverting VMAPF
characteristic of the phase shift is a lagging phase shifter. The pole angular frequency w, of
the non-inverting and inverting AP filtering functions can be expressed as

1

= o= ©)

Wo

2.2. Proposed Four VMAPF Circuits and Application Example

The circuit symbol of the DVCC+ and its behavioral model are shown in Figures 1a and 1b,
respectively. DVCC+ can be used for a differential voltage and is a variant of current
conveyor with a low impedance current input port X, a high impedance current output
port Z+, and two high impedance voltage input ports Y1 and Y,.
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Iy2i-==-===============----
Iy, Yzoii—:
Vy20—Y2 I, L Vw2 o7+
Iyi]
. DVCC+ Z+[~oVz y . ? :
Vyioo—Y1 | Vv
X K]
é Ix o=
Vx

(a)
Figure 1. (a) Circuit symbol and (b) Equivalent circuit of DVCC+.

DVCC+ with differential input impedances is suitable for processing differential
signals because it has two HI impedance terminals. The port relationships of the single-
output DVCC+ is characterized by the following matrix [42]:

Iy1

0O 0 O
Vvi

I,| |0 0 0
I 0 0o 1|t

According to Equation (7), the voltage Vx = Vy; — Vy, means that the voltage on
port X is the differential sensor voltage for the input ports Y; and Y;. The current Iy = Ik
means that the output current of port Z+ equals the input current of port X. The proposed
circuits utilize two DVCCs and two/four grounded passive components. Figures 2a and 2b
show the first two proposed VMAPF circuits, respectively, with HI impedance at the input
voltage terminal and LO impedance at the output voltage terminal. In Figure 2a,b, the
symbol Vi, is the input voltage; the symbol V; is the internal node voltage; the symbols V
and V, are the output voltages, and the symbols C;, Cy, R;, and Ry are the capacitors and
resistors. Each proposed VMAPF employs two DVCCs, one GC, and one GR, which can be
directly cascaded for a higher-order filter without additional voltage buffers. Considering
the proposed VMAPF in Figure 2a, the nodal equations can be obtained as:

(SC1R1 + 1)V1 =Vin (8)
Vo1 = Vin — 2V )
v I
L Y2 7+ L va Y2 71—y
) e @ ZH ) =C; @ ZH—
l_ Y1 X = |— Y1 X J.:_ Y1 X = |— Y2 X
Vin ? ) Vin ? S
Ry Vo1 $R4 Vo2
(a) (b)

Figure 2. Proposed VMAPFs with HI and LO impedances. (a) Non-inverting APF circuit.
(b) Inverting APF circuit.

Solving Equations (8) and (9), the non-inverting APF transfer function can be obtained as:

1
Vor ST TR _ s—wp
. 1
Vm S"‘m s+ wo

(10)
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Based on Equation (10), the non-inverting APF has a pole angular frequency w,

as follows: .

T OR
When the capacitor C; = C and resistor R; = R, the gain and phase responses of the
non-inverting APF are the same as given in Equation (4).
Considering the proposed VMAPF in Figure 2b, the nodal equations can be obtained as:

Wo

(11)

(sCoR4 + 1)V, = Vi (12)
Vo2 = 2Vy — Viy (13)
Solving Equations (12) and (13), the inverting APF transfer function can be obtained as:
1
V02 o (S - m)

= —F3 (14)
Vin s+ %1{4

According to Equation (14), the pole angular frequency of the inverting APF is
wo = 1/CyRy4. When the capacitor C; = C and resistor R4 = R, the gain and phase responses
of the inverting APF are the same as given in Equation (5).

According to Equations (10) and (14), both the non-inverting APF and the inverting
APF have unity-gain. By adding two GRs to the first two VMAPFs in Figures 2a and 2b,
respectively, two other first-order VMAPFs with HI impedance and variable-gain control
were realized, as shown in Figures 3a and 3b, respectively. In Figure 3a,b, the symbol Vj, is
the input voltage; the symbols V3 and V4 are the output voltages, and the symbols Cy,
Cy, Ry, Ry, R3, Ry, R, and Ry are capacitors and resistors.

L Y2 Z+ Y2 b L Y2 7 Yi Yod
1) TC‘ @ 7+ o TG @ Z+
[ Yi g = |— Yiog R3 [ Yioy - i Y2 oy _R6
> [ = ' } B
Vlll EE R] Rz Vlll EER“ R5
(a) (b)

Figure 3. Proposed VMAPF with HI impedance and variable-gain control. (a) Non-inverting APF
circuit. (b) Inverting APF circuit.

The analysis of Figure 3a leads to the non-inverting APF transfer function as follows:

1
S— &7 —
V03 :<&) C]Rl) :k (S (,U])

1
Vin  ReTs+ e s+ wq

(15)

Based on Equation (15), the non-inverting APF has the following pole angular fre-
quency wi and variable-gain control k;:

L R

W1=GERy ki = R,

(16)

Similarly, the analysis of Figure 3b leads to the inverting APF transfer function
as follows:

1
Vois __(Rey ST GRiy_ ) 5= way
Vin Rs s+ﬁ s+ w2

(17)



Sensors 2022, 22, 6250

8 of 30

Based on Equation (17), the inverting APF has the following pole angular frequency
w3 and variable-gain control kj:

1 _R
CRy 2 Rs

Thus, each structure proposed in Figure 3a,b has variable-gain control without affect-
ing the pole angular frequency. Since the circuits of Figure 3a,b have HI impedance, the
VM FQSO can be easily implemented by cascading the proposed non-inverting VMAPF
and inverting VMAPF circuits without adding additional different circuit structures. To
confirm the cascading characterizing of Figure 3a,b, the VM FQSO is implemented using
variable-gain control of the proposed non-inverting and inverting APFs. Figure 4 shows
the application of the proposed VMAPFs to synthesize a VM FQSO by cascading a non-
inverting APF transfer function and an inverting APF transfer function with variable-gain
control into the feedback loop.

Wy = (18)

(k, ><S ““) (kz)( (”2> :

Vin O] Vo1 05 Vo2

Figure 4. Block diagram of a FQSO by cascading a variable-gain control non-inverting APF transfer
function and an inverting APF transfer function.

Based on the cascaded non-inverting and inverting APF transfer functions of Figure 4,
the characteristic equation (CE) can be obtained.

1-kk
E: s+ + W) () + = 1
CE: s*+s(w; wz)(l k1k2) wiwy =0 (19)
where wy = —Rllcl S W2 = C Lk = R S and kp, =

According to Equatlon (19), the frequency of oscillation (FO) and the condition of

oscillation (CO) are
1 1
FO: fo= —|=—=+— 2
O: fo 21|/ RiRyC1C (20)

R3, Rg
DR

Examining Equations (20) and (21), FO and CO are fully decoupled. Therefore, FO can
be independently adjusted by R; and Ry, and CO can be independently adjusted by Ry, Rs,
Rs, and R¢. Using the oscillator building blocks in Figure 4, Figure 5 shows how the non-
inverting and inverting APFs of Figure 3a,b can be cascaded to synthesize the VM FQSO, CE,
FO, and CO derived from Figure 5 are the same as Equations (19), (20), and (21), respectively.

CO:1< (=2 (21)
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Y2
Ci @) Z+

|—Y1 X R3

)

[
s
N
+
——e——
<

w9 ¢
z
7z
S

—Y2 7+ ‘{ Y1
3) l(32 4 Z+

Y1 |—Y2 X i

X
%R4 Rs

Figure 5. The quadrature sinusoidal oscillator based on cascading a non-inverting APF and an
inverting APF with variable-gain control.

Re¢

3. Simulation Results

To validate the theoretical analyses, simulations were performed using PSpice, and
experimental measurements were performed using AD8130 [43,44] and AD844 [45] com-
mercially available components to determine the feasibility and accuracy of the proposed
first-order VMAPFs and second-order FQSO. The supply voltages for both the AD8130
and AD844 were £5 V. Figure 6 shows a possible equivalent implementation using Ana-
log Devices AD8130 and AD844 ICs instead of DVCC+. To obtain f, = 62.41 kHz, a
grounded capacitor of 510 pF and a grounded resistance of 5 k() were chosen in Figure 2a,b.
Figures 7 and 8 show the simulated gain and phase frequency responses of the first two
proposed circuits for the unity-gain of the non-inverting VMAPF and the inverting VMAPF
in Figures 2a and 2b, respectively. For the non-inverting VMAPF pole frequency with a
theoretical phase shift of 90°, the simulated pole frequency in Figure 7 is 60.81 kHz with an
offset of —1.6 kHz. For the inverting VMAPF pole frequency with a theoretical phase shift
of —90°, the simulated pole frequency in Figure 8 is 60.95 kHz with an offset of —1.46 kHz.

Figure 6. A possible implementation of the DVCC+ using AD8130 and AD844 ICs.
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We=— , ! 180
BOF 3
. N
S 0 N i e 8
5 o 1 2
< :‘i‘( : Lo P
-10 NG 145
 NAPFGaimsim. . N
— - NAPFPhaseSim. | oG N
=20 i HE S A A | i HE S T S A | i i oioiiaiil0
3 4 5 6
10 10 10 10

Figure 7. Simulated gain and phase frequency response of the non-inverting VMAPF of Figure 2a.

W=7 ™ 0
Dt :
SRR D
N\
10 :—- -_45
m -]
= &
-Eﬁ 0 4 -9(0 @
3 ! z
10 Gq-ss
IAPF Gain Sim. i
— * IAPF Phase Sim. : - L
-20 I J 3180
3 4 5 6
10 10 10 10

Figure 8. Simulated gain and phase frequency response of the inverting VMAPF of Figure 2b.

A single grounded capacitor of 510 pF and three equal grounded resistors of 5 k(},
and the last two proposed variable-gain control non-inverting and inverting VMAPF
circuits, shown in Figure 3a,b, were designed for f, = 62.41 kHz. To verify the last two
proposed variable-gain control non-inverting and inverting VMAPEF circuits in Figure 3a,b,
Figures 9 and 10 show the frequency domain simulations of the non-inverting and inverting
VMAPFs with an ideal pole frequency of 62.41 kHz, respectively. For a non-inverting
VMAPF pole frequency with a theoretical phase shift of 90°, the simulated pole frequency
in Figure 9 is 60.3 kHz with an offset of —2.11 kHz. For an inverting VMAPF pole frequency
with a theoretical phase shift of —90°, the simulated pole frequency in Figure 10 is 60.5 kHz,
and the offset is —1.91 kHz.
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2 g . . 180
: °
g . .
“10f I
NAPF Gitlll Stm. Do \ .
—  NAPF Phase Sim. R SN
=20 i i il i [ A i i iiiimid()
3 4 5 6
10 10 10 10

Figure 9. Simulated gain and phase frequency response of the variable-gain control non-inverting
VMAPF of Figure 3a.

20 T T T . —— 0
: '-\ . . Ll . . P
10p - —45
-]
2 A
- | 1
g 0 2
3 =
-10f S q-13s
~ IAPF Gain Sim.
— - [APF Phase Sim. E
-20 S el 180
3 4 5 6
10 10 10 10

Figure 10. Simulated gain and phase frequency response of the variable-gain control inverting
VMATPF of Figure 3b.

4. Experimental Results

To measure the gain and phase responses of the first-order VMAPF in the frequency
domain, the receiver resolution bandwidth of the Keysight E5061B-3L5 network analyzer
was fixed at 100 Hz. To measure circuits in time-domain input/output waveforms, the
Tektronix AFG1022 signal generator applied 2.5 Vpp to the first-order VMAPF circuits and
used an oscilloscope Tektronix DPO 2048B to measure. The Keysight-Agilent N9000A signal
analyzer evaluated third-order intermodulation distortion (IMD3), third-order intercept
(TOI), phase noise (PN), total harmonic distortion (THD), spurious-free dynamic range
(SFDR), and 1-dB compression point (P1dB) analysis. Figure 11 shows photographs of the
top and bottom views of the non-inverting and inverting first-order VMAPFs or FQSO
printed circuit board (PCB) hardware implementation. Figure 12 shows the photograph
of the hardware setup used to experimentally verify the performance of the proposed
circuits and shows the gain and phase responses in the frequency of the non-inverting
VMAPF as a test case. The supply voltages for both the AD8130 and AD844 are &+ 5 V. The
measured power dissipation of the proposed first-order VMAPF and second-order FQSO
circuits is 0.6 W.
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(b)

Figure 11. Photographs of the PCB hardware (a) top view and (b) bottom view for the non-inverting
and inverting first-order VMAPFs or second-order FQSO.

~ Signal generator
Tektronix AFG1022 .
= Oscilloscope
Tektronix DPO 2024B
m n\,

Network Analyzer

= Signal Analyzer
4 Agilent N90OOA KEYSIGHT E5061B

Figure 12. The photograph of the hardware setup used to verify the performance of the proposed
non-inverting VMAPE.

To obtain f, = 62.41 kHz, a grounded capacitor of 510 pF and a grounded resistance
of 5 k() were chosen in Figure 2a,b. Figures 13 and 14 show the measured gain and
phase frequency responses of the first two proposed circuits for the unity-gain of the non-
inverting VMAPF and the inverting VMAPF in Figures 2a and 2b, respectively. For the
non-inverting VMAPF pole frequency with a theoretical phase shift of 90°, the measured
pole frequency in Figure 13 is 65.29 kHz with an offset of 2.88 kHz. For the inverting
VMAPEF pole frequency with a theoretical phase shift of —90°, the measured pole frequency
in Figure 14 is 65.09 kHz with an offset of 2.68 kHz. Figures 15 and 16 show the measured
time-domain input/output waveforms of the non-inverting and inverting VMAPF circuits
of Figures 2a and 2b, respectively. At the pole frequency shown in Figure 15, the theoretical
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phase shift of the first-order non-inverting VMAPF is 90°; the measured phase shift is 89.81°,
and the phase error is —0.19°. At the pole frequency shown in Figure 16, the theoretical
phase shift of the first-order inverting VMAPF is —90°; the measured phase shift is —88.15°,
and the phase error is 1.85°.

Trl T/R Log Mag 10.00 dB/ Ref 0.000 dB
20 [5165.294357 kiiz -0.4387 d&

10

i ¥
0 V. 4

-10

—20
MIE# T/R Phase 90.00 °/ Ref 90.00 °
270 [T 65.294357 kWz| 90.000 °

180
1
90 L
0 2
-90 =
1 Start 1 kHz IFBW 100 Hz Stop 1 MHz Bl !

Figure 13. The frequency domain of the non-inverting VMAPF in Figure 2a with the starting
frequency range from 1 kHz to 1 MHz.
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0
i
—90» «
-180 2
-270 =
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Figure 14. The frequency domain of the inverting VMAPF in Figure 2b with the starting frequency
range from 1 kHz to 1 MHz.
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Figure 15. The time domain of the non-inverting VMAPF in Figure 2a with an input signal of 2.5 Vp
at 62.41 kHz. (a) Input/output signals. (b) X-Y plot.
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(a) (b)
Figure 16. The time domain of the inverting VMAPF in Figure 2b with an input signal of 2.5 Vp, at
62.41 kHz. (a) Input/output signals. (b) X-Y plot.

A single grounded capacitor of 510 pF and three equal grounded resistors of 5 k()
and the last two proposed variable-gain control non-inverting and inverting VMAPF
circuits shown in Figure 3a,b, are designed for f, = 62.41 kHz. To verify the last two
proposed variable-gain control non-inverting and inverting VMAPF circuits in Figure 3a,b,
Figures 17 and 18 show the frequency domain measurements of the non-inverting and
inverting VMAPFs with an ideal pole frequency of 62.41 kHz, respectively. For a non-
inverting VMAPF pole frequency with a theoretical phase shift of 90°, the measured pole
frequency in Figure 17 is 62.22 kHz with an offset of —0.19 kHz. For an inverting VMAPF
pole frequency with a theoretical phase shift of —90°, the measured pole frequency in
Figure 18 is 63.78 kHz, and the offset is 1.37 kHz. Figures 19 and 20 show input/output
waveforms in the time domain for the non-inverting and inverting VMAPF circuits of
Figures 3a and 3b, respectively. At the pole frequency shown in Figure 19, the theoretical
phase shift of the first-order non-inverting VMAPF is 90°; the measured phase shift is 88.48°,
and its phase error is —1.52°. At the pole frequency shown in Figure 20, the theoretical
phase shift of the first-order inverting VMAPF is —90°; the measured phase shift is —93.26°,
and its phase error is —3.26°.

Trl T/R Log Mag 10.00 dB/ Ref 0.000 dB
20 57 67.775886 knz| 071353 8
10
1
0 v‘r\—_i
-10
-20 s
MIEP T/R Phase 90.00 °/ Ref 90.00 °
270 51 62.273886 knz| 90.063 "
180
1
90 ]
¢ 2
—-90 L
1 Start 1 kiz IFBW 100 Hz Stop 1 MHz [IE1

Figure 17. The frequency domain of the non-inverting VMAPF in Figure 3a with the starting
frequency range from 1 kHz to 1 MHz.
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Figure 18. The frequency domain of the inverting VMAPF in Figure 3b with the starting frequency
range from 1 kHz to 1 MHz.
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Figure 19. The time domain of the non-inverting VMAPF in Figure 3a with an input signal of 2.5 Vpp
at 62.41 kHz. (a) Input/output signals. (b) X-Y plot.
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Figure 20. The time domain of the inverting VMAPF in Figure 3b with an input signal of 2.5 Vp, at
62.41 kHz. (a) Input/output signals. (b) X-Y plot.

To evaluate the THD, SFDR, IMD3, TOI, PN, and P1dB analysis of the proposed VMAPFs,
the proposed paper investigated linearity, dynamic range, harmonic content, mixed, intermod-
ulation linearity, phase noise analysis, and input power range. Figures 21 and 22 show the
frequency spectrum of Figures 2a and 2b, respectively. In Figure 21, the calculated THD and
measured SFDR values are 0.23% and 57.73 dB, respectively. In Figure 22, the calculated
THD and measured SFDR values are 0.29% and 55.59 dB, respectively. Figures 23 and 24
show the THD analysis measured by the operating frequency of 62.41 kHz and the vary-
ing input voltage in Figures 2a and 2b, respectively. As shown in Figures 23 and 24,
the measured THD is less than 1.13% when the input voltage signal reaches 3.5 V.
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Figures 25 and 26 show the frequency spectrum of Figures 3a and 3b, respectively. In
Figure 25, the calculated THD and measured SFDR values are 0.5% and 49.81 dB, respec-
tively. In Figure 26, the calculated THD and measured SFDR values are 0.67% and 46.7 dB,
respectively. Figures 27 and 28 show the measured THD analysis at an operating frequency
of 62.41 kHz versus the varying input voltage in Figures 3a and 3b, respectively. As shown
in Figures 27 and 28, the measured THD is less than 1.6% when the input voltage signal
reaches 3.5 V. Figures 29-32 show the intermodulation linearity of the two-tone tests
with f; = 61.41 kHz for the low-frequency tone and f; = 63.41 kHz for the high-frequency
tone, respectively. In Figure 29, the measured IMD3 and TOI of Figure 2a are —57.42 dBc
and 33.18 dBm, respectively. In Figure 30, the measured IMD3 and TOI of Figure 2b are
—63.91 dBc and 35.18 dBm, respectively. In Figure 31, the measured IMD3 and TOI of
Figure 3a are —65.69 dBc and 36.45 dBm, respectively. In Figure 32, the measured IMD3
and TOI of Figure 3b are —52.12 dBc and 31.1 dBm, respectively. Figures 33-36 show the
PN analysis of approximately 11.6 dBm input carrier power. In Figure 33, the PN measured
of Figure 2a at an offset of 100 Hz is —88.61 dBc/Hz. In Figure 34, the PN measured
of Figure 2b at an offset of 100 Hz is —89.07 dBc/Hz. In Figure 35, the PN measured
of Figure 3a at an offset of 100 Hz is —84.38 dBc/Hz. In Figure 36, the PN measured of
Figure 3b at an offset of 100 Hz is —82.68 dBc/Hz. Figures 37-40 show the input power
range for P1dB, respectively. In Figure 37, the input P1dB of Figure 2a is 19.6 dBm. In
Figure 38, the input P1dB of Figure 2b is 19.4 dBm. In Figure 39, the input P1dB of Figure 3a
is 19 dBm. In Figure 40, the input P1dB of Figure 3b is 19.6 dBm.
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Figure 21. Fourier spectrum of Figure 2a with an input signal of 2.5 Vy,;, at 62.41 kHz.
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Figure 22. Fourier spectrum of Figure 2b with an input signal of 2.5 Vp, at 62.41 kHz.



Sensors 2022, 22, 6250

17 of 30

THD, %

0 . . . . .
1 15 2 25 3 35
Input voltage, Vpp

Figure 23. THD measured analysis versus the varying input voltages applied in Figure 2a.
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Figure 24. THD measured analysis versus the varying input voltages applied in Figure 2b.
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Figure 25. Fourier spectrum of Figure 3a with an input signal of 2.5 V,;, at 62.41 kHz.
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Figure 26. Fourier spectrum of Figure 3b with an input signal of 2.5 Vpp, at 62.41 kHz.
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Figure 27. THD measured analysis versus the varying input voltages applied in Figure 3a.
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Figure 28. THD measured analysis versus the varying input voltages applied in Figure 3b.
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Figure 29. Output spectrum of the two-tone intermodulation distortion test of Figure 2a.
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Figure 30. Output spectrum of the two-tone intermodulation distortion test of Figure 2b.
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Figure 31. Output spectrum of the two-tone intermodulation distortion test of Figure 3a.
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Figure 32. Output spectrum of the two-tone intermodulation distortion test of Figure 3b.
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Figure 33. PN analysis of Figure 2a at approximately 11.64 dBm input carrier power.
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Figure 34. PN analysis of Figure 2b at approximately 11.68 dBm input carrier power.
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Figure 35. PN analysis of Figure 3a at approximately 11.3 dBm input carrier power.
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Figure 36. PN analysis of Figure 3b at approximately 11.3 dBm input carrier power.
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Figure 37. P1dB analysis of Figure 2a.
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Figure 38. P1dB analysis of Figure 2b.
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Figure 39. P1dB analysis of Figure 3a.
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Figure 40. P1dB analysis of Figure 3b.

To evaluate the performance of the proposed VMAPEF, the figure of merit (FoM) is
defined as [42]
Dynamic Range x f,

F pr—
oM Power Disspation x Supply Voltage

(22)



Sensors 2022, 22, 6250 23 of 30

According to Equation (22), the FoM of the VMAPFs presented in Figure 2a, Figure 2b,
Figure 3a, and Figure 3b are 628.2 x 10%, 603.06 x 103, 516.53 x 103, and 496.42 x 103,
respectively. The summary performance of the proposed VMAPFs is given in Table 2.

Table 2. Performance parameters of the proposed VMAPFs.

Parameter Figure 2a Figure 2b Figure 3a Figure 3b
in This Work in This Work in This Work in This Work
Power supply 5V 5V 5BV 5V
Power dissipation 0.6 W 0.6 W 0.6 W 0.6 W
Pole frequency (@ frequency domain) 65.29 kHz 65.09 kHz 62.22 kHz 63.78 kHz
Phase error (@ time domain) —0.19° 1.85° —1.52° —3.26°
THD (@Vin = 2.5 Vpp) 0.23% 0.28% 0.5% 0.67%
SFDR 57.73 dB 55.59 dB 49.81 dB 46.7 dB
Input P1dB 19.6 dB 19.4 dB 19 dB 19.6 dB
TOI 33.18 dBm 35.18 dBm 36.45 dBm 31.1 dBm
IMD3 —57.42 dBc —63.91 dBc —65.69 dBc —52.12 dBc
PN (@100 Hz offset) —88.61 dBc/Hz —89.07 dBc/Hz —84.38 dBc/Hz —82.68 dBc/Hz
FoM 628.2 x 10° 603.06 x 103 516.53 x 10° 496.42 x 10°

To confirm the cascading characteristics, an application example of FQSO in Figure 5
was also studied. The FQSO in Figure 5 was designed with equal capacitor of value
510 pF, Ry = Ry = Ry = R5 = Rg = 5 k), and R3 = 6.2 k(). Figure 41 shows the time
domain measurements of the quadrature sinusoidal outputs V41 and V;, and the measured
oscillation frequency is 59.05 kHz, which is close to the theoretical value of 62.41 kHz. The
Fourier spectrum of the quadrature outputs is shown in Figures 42a and 42b, respectively.
In Figure 42a, the calculated THD and measured SFDR of V; output value are 0.8% and
42.88 dB, respectively. In Figure 42b, the calculated THD and measured SFDR of V,
output value are 0.5% and 45.6 dB, respectively. The PN measured of FQSO is shown in
Figures 43a and 43b, respectively. At an offset of 100 Hz, the measured V,; and Vy, PN
are —32.32 dBc/Hz and —32.98 dBc/Hz, respectively. Figure 44 shows the experimental
results of the oscillation frequencies of Figure 5 by varying the values of Ry = R4 with the
equal capacitor of value 510 pF, Ry = R5 = Rg =5 k(}, and R3 = Rg = 6.2 k).

Tek Prevu e —  — — Moise Filter 0ff Tek stop 1]
T T T T : 4 T T T T T T T 1

. . . :. Pk : : : : (.F'b:;F'b:
(ETE ][:_:2 ng km ¢
(a)

Figure 41. Time domain of FQSO. (a) quadrature sinusoidal outputs V; and V. (b) X-Y plot.
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Figure 42. Fourier spectrum of quadrature sinusoidal output signals. (a) V1 output spectrum. (b) Vo,
output spectrum.
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Figure 43. The measured PN of the proposed FQSO. (a) V41 output terminal. (b) V, output terminal.
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Figure 44. The experimental results of the oscillation frequencies of Figure 5 by varying the values of
R1 = R4 with Cl = Cz =510 pF, Rz = R5 = R6 =5 kQ, and R3 =6.2kQ.

5. Comparison of VMAPF Theoretical, Simulation, and Experimental Results

To demonstrate the theoretical study of the four VMAPFs, the theoretical analysis of
Equations (10), (14), (15) and (17) was performed using Matlab version R2014a software. To
evaluate the feasibility of the four VMAPFs, Figure 2a,b and Figure 3a,b were simulated
using Cadence OrCAD PSpice version 17.2. To confirm the utility of the four VMAPFs,
measurements of the four VMAPFs were performed in Figure 11. Figures 45 and 46 show
the theoretical analysis in Matlab and the simulated and measured responses of the first
two proposed non-inverting and inverting VMAPF circuits, respectively. Figures 47 and 48
show the simulation and measurement responses of the last two proposed variable-gain
control non-inverting and inverting VMAPF circuits, as well as the theoretical analysis in
Matlab. In order to illustrate the adjustable features of circuits in Figure 3a,b, R3 and R¢
were changed to 3.15 k(), 6.3 k2, 10 k(}, and 15.8 k() to obtain —4 dB, 2 dB, 6 dB, and 10 dB
corresponding gains, while maintaining C; = C; = 510 pF and Ry = Ry = Ry = R5 = 5kQ).
Figures 49 and 50 show the theoretical analysis in Matlab and the simulated and measured
variable-gain control without affecting the phase responses in Figures 3a and 3b, respec-
tively. In order to illustrate the adjustable characteristics of the structure displayed, R; in
Figure 3a and Ry in Figure 3b were changed to 2.5 k(}, 4 k), 7.5 k(}, and 15 k() to obtain
124.82 kHz, 78.43 kHz, 41.6 kHz, and 20.8 kHz corresponding to f,, while maintaining
Cy =Cy =510 pF and Ry = R3 = R5 = Ry = 5 k(). Figures 51 and 52 show the theoretical
analysis in Matlab and the simulated and measured tunable phase response without af-
fecting the gain in Figures 3a and 3b, respectively. These results show that each structure
proposed in Figure 3a,b has variable-gain control without affecting the pole frequency.
The experimental and simulation results show that Figures 45 and 52 are in good agree-
ment with the predicted theory, confirming the feasibility of the four proposed VMAPF
configurations. However, the differences among the theoretical, simulated, and measured
results of the four proposed VMAPFs mainly come from the parasitic impedance effects of
active components, passive component tolerances, and PCB circuit layout. To evaluate the
difference in the phase shift results of the active and passive components, the sensitivity
of the pole angular frequency w, and gain k parameters of the VMAPF with respect to
the passive components of R and C were analyzed using the sensitivity definitions. The

sensitivity is defined as [28]
F_ X oF
S = F ox (23)
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Figure 45. The theoretical analysis in Matlab and the simulated and measured responses of Figure 2a.
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Figure 46. The theoretical analysis in Matlab and the simulated and measured responses of Figure 2b.

20 180

10 1 135
[=-] °
= <
s 0 BEBARAAR 90 £
S A i

NAPF Gain Theo.

NAPF Gain Sim.
-10f A&  NAPF Gain Exp. 45
— NAPF Phase Theo.

o NAPF Phase Sim.

A [e)
o L NATTEhpse B . . .8.0m

3 4 5
10 10 10 10

Frequency, Hz

Figure 47. The theoretical analysis in Matlab and the simulated and measured responses of Figure 3a.
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Figure 48. The theoretical analysis in Matlab and the simulated and measured responses of Figure 3b.
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In Equation (23), F represents one of the pole angular frequencies w; the gain is k, and
x represents the passive component of resistor R or capacitor C. Based on Equation (23),
the low passive sensitivity of the four VMAPFs is calculated as

Non-inverting unity-gain VMAPF : Sp° =Sg° = —1 (24)
Inverting unity-gain VMAPF : S = Sg° = —1 (25)
Non-inverting variable-gain VMAPF : Sp'° =S¢ = —1, Sk, = —1, S§3 =1 (26)
Inverting variable-gain VMAP : S’ =S¢ = —1, S§ = —1, Sy =1 (27)
According to Equations (24)—(27), the four proposed VMAPFs have a low passive sensitivity.

6. Conclusions
In 2022, Abaci et al. proposed two VMAPFs based on single-modified DDCC—. The
first proposed VMAPF uses a modified DDCC—, two grounded capacitors, and a floating
resistor, while the second one uses a grounded capacitor, a grounded resistor, and a floating
resistor. Both proposed VMAPFs have HI impedance, but they require passive component

matching conditions to achieve the VMAPFs and do not offer variable-gain control and
LI impedance. In this paper, four new designs for a first-order VMAPF circuit based
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on two DVCCs are presented. The four proposed VMAPF circuits offer the following
attractive features simultaneously: (i) Only GC and GR are used to absorb shunt parasitic
capacitances and resistances. (ii) The HI impedance is easily cascaded with other VM
circuits without the need for an input voltage buffer. (iii) Inverting APF and non-inverting
APF functions do not require matching conditions for passive components. In addition, the
first two proposed VMAPFs with LO impedance are beneficial for output cascading, and
the latter two proposed VMAPFs with variable-gain control are beneficial for filter-gain
controllability. Furthermore, the application as FQSO by cascading the inverting APF and
non-inverting APF techniques is discussed. The measured input 1-dB compression point
of the four VMAPFs is about 19 dB. The measured THD of the four VMAPFs is less than
0.67% when the input voltage reaches 2.5 Vp,,. The calculated figures of merit for the four
VMAPFs are 628.2 x 103, 603.06 x 10°,516.53 x 10%, and 496.42 x 103, respectively. The
simulation and measurement results are consistent with theoretical predictions.
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