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Abstract: This paper presents the high-output-impedance current-mode multiphase sinusoidal
oscillators (MSO) using voltage differencing current conveyor (VDCC)-based lossy integrators, which
consist of one VDCC, one grounded capacitor, and two grounded resistors. The proposed oscillator
can provide an odd-phase and even-phase system without the use of an additional amplifier. The
frequency of oscillation (FO) is electronically tuned via the bias current without affecting the condition
of oscillation (CO). The proposed oscillator is designed to obtain three-phase sinusoidal waveforms
(n = 3). The effect of non-idealities of VDCC on the lossy integrator section is also investigated.
The validity of the proposed circuit is demonstrated by PSPICE simulation using 0.18 um TSMC
CMOS process parameters with £0.9V power supply. The frequency of oscillation obtained from the
simulation is 1.43 MHz. The total harmonic distortions of the sinusoidal output currents Ip1, Iop, and
Ioy are 1.22%, 1.18%, and 0.57%. The Ip;—Ip, and Ipy—Ip3 phase differences are approximately 121
and 119 degrees, respectively. The feasibility of the proposed MSO is also verified with experimental
results using the VDCC constructed from the commercially available ICs (LT1288 and ADS844)
with +5 V power supply. The results of PSPICE simulations and experiments are closely consistent
with the theoretical expectation.

Keywords: high-output impedance; MSO; current mode

1. Introduction

The multiphase sinusoidal oscillator (MSO) has received a great deal of attention in
many fields, such as telecommunications, where it is used for phase-shift keying (PSK)
modulation [1], measurement systems, and power electronics systems [2]. Nowadays,
there is a trend of synthesizing analog signal processing circuits using active building
blocks (ABB) to reduce the complexity of the circuit configuration. Using an active building
block requires a minimum number of passive elements. The voltage differencing current
conveyor (VDCC) is significant and well-known as an active building block, being designed
for the electronic circuits in analog signal processing and emphasized by electronically
controllable tuning, which provides more fine-tuning than adjusting the passive-element
value in both current mode (CM) and voltage mode (VM). Attracting substantial research
attention, VDCC is a versatile ABB that is reported in analog signal processing publications.
It is found from the literature review that many analog circuits have been realized from the
VDCC. For example, PID controller [3,4], quadrature oscillator [5-7], universal filter [8-10],
first-order all-pass filter [11,12], ladder filter [13], passive element simulator [14-17], and
square and triangular wave generator [18,19].
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Many ABBs have been employed to realize MSOs, such as operational amplifiers
(OPA) [20,21], second generation current conveyors (CCII) [22-24], second generation
current-controlled conveyors (CCCII) [25], current differencing units (CDU) [26], cur-
rent amplifiers (CA) [27], operational transresistance amplifiers (OTRA) [28], dual-output
voltage differencing buffered amplifiers (DO-VDBA) [29], current-feedback amplifiers
(CFA) [30], current differencing transconductance amplifiers (CDTA) [31,32], current dif-
ferencing buffered amplifiers (CDBA) [33], voltage differencing differential difference
amplifiers (VDDDA) [34], current-controlled current differencing transconductance am-
plifiers (CCCDTA) [35] and current-feedback operational amplifiers (CFOA) [36]. The
MSO proposed in [31] requires two CDTAs per phase. In [22,28,30-33], the frequency of
oscillation (FO) and the condition of oscillation (CO) are not independently controlled. The
FO of the MSOs proposed in [20-24,26,28,30,32,33,36] is not electronically adjustable on
the FO. The capacitors in [28,29,31,32] are not grounded capacitors. Requiring additional
amplifiers [20,21,23,26,28,31,33] complicates circuits. A comparison table for the proposed
MSO with other MSOs [20-36] is given in Table 1.

In this paper, the VDCC-based multiphase sinusoidal oscillator is proposed. The
gain-controllable lossy integrators are used to realize the proposed multiphase sinusoidal
oscillators. The lossy integrator consists of one VDCC, one grounded capacitor, and two
grounded resistors. Using only one VDCC and grounded passive elements per phase
is ideal for integration. The FO and the CO are independently controlled. Additionally,
the frequency of oscillation is electronically tuned. Finally, the PSPICE simulation and
experimental results are given to verify the performance of the proposed MSO.
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Table 1. Comparison of relevant MSO.
. No. of Active ies Electronic FO and CO Independently Mode of Output
Ref TD}e131.gn ABBs Element ?\ddltll.(;inal Glgun;i ed No. olf,lll{ +C Control of FO/ Adjustable/Percent Error (CM/VM)/Simulated U Tg/cél nolqu ¢
echnique per Phase mpiier only perthase Simulated FO of Simulated FO THD Output sed/Experimen
[20] Lossy integrator OPA 1 Yes Yes 3+1 No/NA Yes/NA VM/NA HA2544/Yes
[21] All pass OPA 1 Yes Yes 3+1 No/NA Yes/NA VM/NA LF351/Yes
[22] Lossy integrator CCIt 1 No Yes 3+1 No/NA No/NA VM/NA 0.35 pum CMOS/No
Yy mnteg
[23] Lossy integrator CCIL 1 Yes Yes 2+1 No/NA No/NA VM/NA AD844/Yes
[24] Lossy integrator ccn 1 No Yes 2+1 No/NA No/NA VM/NA ADB844AN/ Yes
. Bipolar PR200N and
[25] Lossy integrator cccl 1 No Yes 0+2 Yes/NA Yes/NA CM/NA NR200N/No
[26] All pass CDU 1 Yes Yes 1+1 No Yes M OPA860/No
. o o AMS CMOS
[27] Lossy integrator CA 1 No Yes 0+1 Yes/0.459 MHz Yes/12.57% CM/1.98% 0.35 1im/No
[28] Lossy integrator OTRA 1 Yes No 2+1 No/2.838 MHz No/2.93% VM/NA ADB844AN/ Yes
[29] All pass DO-VDBA 1 No No 0+1 Yes/3.5 MHz Yes/2.77% VM/0.78% 0.18 um CMOS/No
[30] Lossy integrator CFA 1 No * 2+0 No/NA No/NA VM/NA AD844/Yes
Bipolar
[31] All pass CDTA 2 Yes No 0+1 Yes/180 kHz Yes/1.64% CM/1.4% PR100N and
NP100N/No
Bipolar PR200N and
[32] All pass CDTA 1 No No 2+1 No/375 kHz No/6.25% CM/1.032% NR200N/No
[33] Lossy integrator CDBA 1 Yes Yes 2+1 No/26.76 kHz No/N/A VM/N/A AD844/No
) . o o o TSMC CMOS
[34] Lossy integrator VDDDA 1 No Yes 2+1 Yes/2.5 MHz Yes/NA VM/0.87%, 0.86% 0.78% technology (level 7)/No
. 0.25 wm TSMC CMOS
[35] All pass CCCDTA 1 No Yes 1+1 Yes/1.033 MHz Yes/NA CM/0.519% technology/No
[36] Lossy integrator CFOA 1 No * 2+0 No/NA No/NA VM/NA ADB844/Yes
Proposed 0.18 um TSMC CMOS
I\/I[DSO Lossy integrator VDCC 1 No Yes 2+1 Yes/1.43 MHz Yes/7.74% CM/1.22%,1.18%, 0.57%  technology and AD844,
LT1228/Yes

* No use of external capacitor. NA: information not available/shown.
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2. Principle of Operation
2.1. Basic Concept of VDCC

A voltage differencing current conveyor (VDCC) is a six-terminal active building block.
The P and N voltage input terminals have high impedance, the Z current output terminal
has high impedance, the X current input and voltage output terminal have low impedance,
and the Wp and Wy current output terminals have high impedance. The magnitude of
current at Wp and Wy terminals is the same, but they are in opposite directions. The VDCC
is an active device operating both current and voltage mode systems. The electrical symbols
and equivalent circuits of the VDCC are shown in Figures 1 and 2, respectively. Using the
hybrid matrix form, we can describe the electrical properties of VDCC as follows [37]:

Iy 0 0 0 0
Ip 0 0 0 0 Vp

Iz | _|gn —gm 0 0 || Vy @
Vy 0 0 1 0 vy |

Twp 0 0 0 1 Ix

Iwn 0 0 0 -1

where g;; denotes the transconductance gain, which is controlled by the DC bias current Ip
for CMOS VDCC as follows [37]:

gm = VIpunCoxW/L, ()

where Ip is bias current, y, is the mobility of the carrier for MOS transistors, Cpx is the
gate-oxide capacitance per unit area, W is effective channel width, and L is effective channel
length, respectively. The internal construction of the CMOS VDCC employed for the
realization of the proposed MSO is presented in [37].

Iy
V.o 1r
po—»| P M—»o[wp
vpcc | W
Vieltil N 7 x Wil g

‘/WN WN
VY v
I, I

Figure 1. Circuit symbol of VDCC.

Figure 2. Equivalent circuit of VDCC.
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2.2. Design of MSOs Using Lossy Integrator Circuit

The generalized structures of MSOs are realized from the principle proposed
in [23,24,36], which contains the lossy integrator (first-order low-pass filter: LPF) for each
phase by cascading the n identical stages (n > 3). The input of the first stage is provided
by the feedback output from the nth stage, and the last section is inverted for odd-phase
systems and non-inverted for even-phase systems. Each system, without any additional
external amplifier, can give one phase per one lossy integrator. The system loop gain for
the odd-phase system can be written as follows:

_k n
Lis) = (sa+1> ' )

and the system loop gain for the even-phase system is given by:

1) = 0 () @

sa+1

where the variable k is the voltage gain, and the variable a denotes the time constant of
each integrator section. The system loop gain for the odd-phase system and even-phase

system is given by:
k n
L(s) __(sa+1> =1 ®)

At oscillation frequency (s = jwosc), the system loop gain is given by:
(jwosca + 1)” + (k)i’l = 0, (6)

The Barkhausen’s condition of the magnitude and phase of the system loop gain are
given as:

|L(jwose)| =1, )

and
LL(jwose) =n¢p =m—n tan_l(wosca) =2, (8)

where ¢ is the phase shift of each lossy integrator. Considering Equations (7) and (8), the
frequency of oscillation (FO) and the condition of oscillation (CO) are expressed as [34-36]:

FO : wpse = %tan(%), )
and -
CO: k> sec(;), (10)

Considering Equations (9) and (10), the FO can be controlled independently of the CO
by the time constant «, while the CO can be changed by the gain k without affecting the FO.

2.3. Implementation of n-Cascaded Lossy Integrator-Based Multiphase Sinusoidal Oscillator

The proposed MSO is based on lossy integrator sections, as mentioned in the pre-
ceding section. Figure 3 depicts a potential VDCC-based inverting and non-inverting
lossy integrator implementation where the output voltage nodes of the inverting and
non-inverting integrators are at nodes Wy and Wp, respectively. The input voltage node is
high impedance. The proposed lossy integrators consist of 1 VDCC, 1 grounded capacitor,
and 2 grounded resistors. The voltage transfer function of the lossy integrator is given by:

+R,
v,

T(s) = ‘}’4‘”2 CR1 , 11)
m Si‘i_l
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V| P We Vi | P Wy
VDCC VDCC
Vou Vou
[ N Z X Wy ! [ N Z X W !
C— R; R, C= %Rl R;

(a) (b)
Figure 3. VDCC-based lossy integrators (a) inverting configuration (b) non-inverting configuration.

Based on Equation (3), the k = Ry/R; and & = C/gy,. According to Equations (9) and (10),
the FO and the CO are as follows:

) _ 8m T
FO: wose = 2 tan(n), (12)
and R
2 7T
= > — ).
CcO R, = sec(n) (13)

Considering Equations (12) and (13), the FO can be electronically and independently
tuned from the CO by the bias current Iz, while the CO can be controlled by the resistors Ry
and R, without affecting the FO. For amplitude stabilization, each gain-controllable lossy
integrator uses a resistor R; that is readily constructed from a photoresistor to stabilize
the output amplitude level. The 3WK16341 optocoupler with photoresistor [38] contains
this component. Additional information on amplitude stabilization using 3WK16341 is
provided in [39,40].

Using the identical inverting lossy integrator in Figure 3a yields the proposed odd-
phase MSO shown in Figure 4. For connecting the output terminals to the load or other
circuits without using an additional buffer, the output is the current (Ip) flowing out from
the Wy terminal. Using the inverting lossy and non-inverting integrators in Figure 3a,b
yields the proposed even-phase MSO as shown in Figure 5. Using all grounded passive
elements is ideal for integration. Moreover, two grounded resistors R; and R, can be
implemented from two MOS transistors [41] which will be voltage-controllable.

GI @f Iy

1°" stage I, 2" stage I n" stagej Ion

[P Wr >0 —[P W0 [P W0
VDCC VDCC | VDCC

Nz xWy Nz XWye-—--1INzZ XxWy

Figure 4. Proposed odd-phase MSO with high impedance at current output nodes.
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Figure 5. Proposed even-phase MSO with high impedance at current output nodes.

2.4. Non-Ideal Analysis

The effect of two non-ideal VDCC properties on the performances of the proposed
MSO is studied in this section. These non-ideal cases include parasitic elements and
voltage/current tracking errors. The parasitic elements of the parallel-RC impedance
appearing at the high impedance input and output terminals are as follows: Rp, Cp, Ry,
and Cy are at the voltage input P and N terminals, respectively; Rz and Cz are at the
current output Z terminal; and Ryp, Cwp, Rwn, and Cyyy are at the current output Wp and
Wy terminals, respectively. The Rx appears in series at the low-impedance X terminal. The
B parameter is the voltage tracking error from the Z terminal to the X terminal, and the &
parameter is the current tracking error from the X terminal to the Wp and Wy terminal. The
model of the proposed non-ideal lossy integrator circuit with parasitic elements is shown
in Figure 6.

Figure 6. Model of non-ideal lossy integrator with parasitic elements.

The two-pole model [30,36] is employed to investigate the effect of the proposed
non-ideal lossy integrator, which can be written in the normal form of the two-pole

model as:

Vin(s ’
S CEICE
where K is the voltage gain, w, is the dominant pole, and w; is the second pole. Based

on the circuit in Figure 6, the transfer function of the non-ideal lossy integrator can be
expressed as:

RiR%
Vour(s) _ —0pgm—xs (15)
Vinls)  (RgCis +1) (RyCrps +1)
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where R* = Ry || Rz || gim =CN+Cz+C, Ry = Rp || Rwn || Ro, Cp = Cp+ Cwn
and R} = Rx + R;. Based on Equatlon (14), the voltage gain, the dominate pole, and the
second pole can be expressed as:

_ [aB(Rp || Rwn || R2)
S (TS S "
- . (17)
(RuIRZ I &) (Cn+Cr+0)
and
1
Wp2 = (18)

(Rp || Rwn || R2)(Cp 4+ Cwn)

From Equation (18), the transfer function of the non-ideal lossy integrator provides
an additional pole called the second pole, which is derived from the parasitic parame-
ters. This pole mainly causes the limitation at high frequencies. According to CMOS
VDCC construction, the parasitic parameters are as follows: Rp =4.38 T(), Cp = 0.034 pE,
Ry = 4.3875 TQ), Cy = 0.0344 pE, Rz = 229.426 kO, Cz = 0.025 pE, Ryyp = 186.658 k),
Cwp = 0.0105 pF, Ryyy = 175.278 kQ), Cyyn = 0.022 pE. At R, = 2 k(), the frequency of the
second pole is approximately 1.44 GHz. From Equation (18), Ry should be set to a low value
to enhance the second pole’s frequency. If the w,; is much higher than w, (w2 >> wy), the
second pole has a slight effect on the performance of the proposed MSO system. Therefore,
the Barkhausen criterion yields the FO and the CO as:

1 e
Wose = N tan(;), (19)
(Rn | Rz || &) (Cn+Cz+C)
and 1\ (Rp || Rwy | R
P WN 2 7T
- I AP\ TS b B I ).
o R I Rz [ o ) (Fpe 22 ) > sec(5) (20)

It is found from Equation (19) that the affected dominant pole by the Ry, Rz, Cy;,
and Cy parasitic parameters reduces the performance of the FO. The CO is also affected
by voltage/current tracking errors and parasitic elements, as shown in Equation (20).
Moreover, it is found that the transconductance, g;;, will slightly affect the CO due to the
parasitic resistance Ry and Rz. The parasitic resistance Rz can be varied by adjusting I.

3. Simulation Results

A PSPICE simulation simulated the proposed multiphase sinusoidal oscillator’s per-
formance with TSMC 0.18 um CMOS process parameters [7,37]. The simulation was
performed using the CMOS VDCC structure proposed in [37] with £0.9 V power supply.
The MOS aspect ratios are given in Table 2 [37]. Based on the circuit in Figure 4, the three-
phase sinusoidal oscillator was designed. The three-phase sinusoidal oscillator was used
to directly produce the generator magnetomotive forces [42]. The bias currents were set
as Ip =50 pA (gm =282 pA/V) and Iy = 100 pA. The values of the passive elements were
setas Ry = 1kQ), Ry =2.05 k(}, and C =50 pF. The theoretical FO calculated from Equation
(12) was 1.55 MHz. Figure 7a depicts the simulated transient current-output waveform,
and Figure 7b shows the steady-state current-output waveform where the simulated FO
is 1.43 MHz with a 7.74% error. Figure 7c shows the simulated output spectrum, with the
Io1 having a THD of approximately 1.22%, the I, having a total THD of about 1.18%, and
the Ip3 having a THD of about 0.57%. The phase difference between Ip; and Ip, was about
121 degrees, and the phase difference between I, and Ip; was about 119 degrees.
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Table 2. Transistor aspect ratios and component values.

W/L [um/pum]

Component
M-My 3.6/1.8
M;5-Mg 72/1.8
M;-Mg 24/1.8
Mo-Myg 3.06/0.72
M;i1-My; 9/0.72
Mi3-My7 14.4/0.72
Mig-Mz, 0.72/0.72
80
501
<
~0
<
-501
-80 ' ' ' ' ' ' ' ' ' ' ' |
40 50 60 70 80 90 100 110 120 130 140 150 160
Time (us)
(a)
80
lo; lo; lo; /_\ /\
507
<
20
<
_50. \_/ \\/
-80 ' ' ' ' ' ' ' ' '
120 120.2 1204 120.6 120.8 121 121.2 1214 121.6 121.8 122
Time (us)
(b)
-80
~ lo;
s ¥
S 03
-1207
-160 . . . . . .
0 1 2 3 4 5 6 7 8 9 10
Frequency (MHz)
(c)

Figure 7. Simulation of the current-output waveform (a) initial-state (b) steady-state (c) output spectrum.
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As illustrated in Figure 8a, varying the biased current (Ip) with different capacitance

values yields good results of FO from the proposed MSO circuit. Figure 8b shows the
magnitude of the current output waveforms during frequency tuning. The phase difference
between current outputs (Ip; and Ipy) and the phase difference between current outputs
(Io2 and Ip3) are depicted in Figure 8c. By adjusting the FO, the THD values in Figure 8d
varied from 0.57% to 7.09%. The power consumption of the proposed circuit obtained from
the simulation was approximately 2.36 mW.

Frequency (kHz)

Current Outputs  (uA; p)
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110

100

90

80

70

60

50

—&— Theoritical with C=100pF
®- - Simulated with C=100pF
v - Theoritical with C=50pF
A — Simulated with C=50pF

— - Theoritical with C=20pF
0O Simulated with C=20pF

__ —m
_ _—m—
E
] =
./
[m} - .
0 10 20 . " - |
Iy (UA)
(a)
0.0 5 1.0 1.5 20 o5 o N
Frequency (MHz)
(b)

Figure 8. Cont.
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Frequency (MHz)

()
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Frequency (MHz)

(d)

Figure 8. Simulated results of (a) FO by varying Ip, (b) magnitude of current outputs, (c) phase
difference of current outputs, (d) THD values of current outputs.

4. Experimental Results

For the experiment, the inverting and non-inverting lossy integrators were built up, as
shown in Figure 9. The VDCC was constructed from the commercially available ICs LT1228
and AD844. For inverting the lossy integrator in Figure 9a, the resistor R; was connected
in a floating configuration between the output of the voltage buffer in LT1228 and the X
terminal of AD844. Nevertheless, all passive elements were grounded in the non-inverting
lossy shown in Figure 9b. This VDCC structure contains only one W terminal. Therefore,
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when the lossy integrator is constructed as the multiphase oscillator, the output waveforms
for the experiment are the voltage dropped on the resistor Ry. The g;; for this construction
is given as:

gm = 10Ip. 1)
Iy
VDCC T
4% +
gm

Ip
VDCC i

LTI228

Vii £
© ‘/(mt
I c R R;

Figure 9. Commercially available ICs-based lossy integrator (a) inverting configuration (b) non-
inverting configuration.

To validate the functionality of the proposed MSO, a three-phase system (n = 3) was
designed using the inverting lossy integrator in Figure 9a with +5 V power supply. The
value of the bias current was set as Ip = 368 LA (g, is 3.68 mA /V). The passive elements
were chosen as R| =1 k), R, =2.2 k), and C = 10 nF. The theoretical FO calculated from
Equation (12) was 101 kHz. Figure 10a shows the voltage output waveform where the
experimental FO is about 95 kHz. Figure 10b, 10c and 10d show the experimental output
spectrum, with the Vo7 having a THD of approximately 0.76%, the V5, having a total THD
of about 1.15%, and the V3 having a THD of about 1.82%.

Figure 11a shows the results of the FO by adjusting Ip with different capacitance values.
The magnitudes of the voltage output waveforms in Figure 11b range from 136 mVyp_p to
275 mVp_p, which are similar to their magnitudes at the same frequency. As a result of
maintaining the linear region operation of the operational transconductance amplifiers
(OTAs), when the FO or I increases, all of the magnitudes tended to decrease. The phase
differences of voltage outputs in Figure 11c are close to 120°. The THD values of the voltage
outputs varied from 0.76% to 4.57%, as shown in Figure 11d. The power consumption of
the proposed circuit obtained from the experiment was approximately 0.38 W.
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Figure 10. Experimental voltage output waveforms: (a) three-phase sinusoidal signals; (b) spectrum

Vo1, (¢) spectrum of Vyy; (d) spectrum of V3.
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Figure 11. Experimental results of (a) FO by varying I (b), magnitudes of voltage outputs, (c) phase
difference of voltage outputs, (d) THD values of voltage outputs.

5. Conclusions

The proposed multiphase sinusoidal oscillator based on a lossy integrator structure has
been presented. As it is composed of n-cascaded lossy integrators, the proposed oscillators
provide even-phase or odd-phase sinusoidal waveforms without using an additional
amplifier. The oscillation frequency is electronically tuned without affecting the oscillation
condition. The proposed concept has been evaluated using PSPICE simulations with TSMC
0.18 um CMOS process parameters. The simulated FO is 1.43 MHz with a 7.74% error. The
THDs for Ipg, 1oy, and Ip; are 1.22%, 1.18%, and 0.57%, respectively. The phase difference
between [p; and Ip; is about 121 degrees, and the phase difference between Ip; and Ip3
is about 119 degrees. The power consumption of the proposed circuit obtained from the
simulation is approximately 2.36 mW. Additionally, the hardware implementation based on
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the commercial ICs LT1228 and AD844 was tested. All fundamental mathematical analyses
have been included, such as ideal, non-ideal, and parasitic parameters.
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