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ABSTRACT In this paper, a method of realizing voltage-mode (VM) non-inverting high-pass filter (HPF),
band-pass filter (BPF), low-pass filter (LPF), and inverting low-pass filter (ILPF) transfer functions structure
with two grounded capacitors and four resistors through an analytical synthesis method is presented. The
synthesis structure of the VM biquadratic filter consists of a voltage proportional block and two voltage
lossless integrators based on the use of current feedback operational amplifiers (CFOAs). It is demonstrated
that the derived biquadratic filter structure can simultaneously realize VM HPF, BPF and ILPF transfer
functions or VM BPF and LPF transfer functions at a high-input impedance terminal. The VM biquadratic
filter can independently adjust the resonance angular frequency and quality factor. By slightly modifying
the proposed biquadratic filter, a VM quadrature sinusoidal oscillator can be achieved. The proposed
biquadratic filter and quadrature oscillator have been simulated by OrCAD PSpice and appropriate hardware
has been implemented with AD844-type CFOAs. In order to reduce power consumption, reduce chip area,
reduce costs, and improve system integration, integrated VM CFOA-based biquadratic filter circuits and
quadrature oscillator circuits are very important. The proposed filter and quadrature oscillator have been
further fabricated in 0.18 zm 1P6M CMOS process technology. The entire chip area is 0.974 mm?2, including
a filter chip cell and an oscillator chip cell. Under the supply voltage of £0.9 V, the total power dissipation
of the filter chip cell is 5.4 mW, and the figure-of-merit (FOM) of filter chip cell is 66.7%. The measured
value of the third-order intermodulation distortion of the filter chip cell is —55.29 dBc and the third-order
intercept point is 19.9 dBm. The measured phase noise of CFOA-based filter chip cell at 1 kHz offset is less

than —99.76 dBc/Hz.

INDEX TERMS CMOS, filter, oscillator, integrated circuit, current conveyor.

I. INTRODUCTION

Due to the flexibility and versatility of active filters [1]-[7]
and oscillators [8]-[14] in practical applications, people
are increasingly interested in their design. Active compo-
nents have been recognized by circuit design researchers
and have drawn great attention in realizing filters and
oscillators [15]-[25]. Many studies in the literature have
focused on improving the performance of voltage-mode
(VM) biquadratic filters based on current feedback oper-
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ational amplifier (CFOA) [26]-[40]. Of particular inter-
est here are VM multifunction biquadratic filters based on
CFOA [41]-[46]. In [41], a VM biquadratic filter is pro-
posed, which includes three CFOAs, two grounded capacitors
and three resistors. The circuit cannot enjoy high-input
impedance at its input terminal, so that it is not suitable for
cascading in VM operation. In [42], another VM biquadratic
filter is proposed, which includes three CFOAs, three
grounded capacitors and four resistors. The filter has high-
input impedance, which makes the filter suitable for cascad-
ing in VM operation. However, the X ports of the CFOAs are
not directly connected to the resistors, so that its performance
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is not good at high frequency. In [43], a VM biquadratic
filter is proposed, which includes four CFOAs, two grounded
capacitors and four resistors. In [44], another VM biquadratic
filter is also proposed, which includes three CFOAs, two
capacitors and four resistors. However, the characteristic
parameters of resonance angular frequency (w,) and quality
factor (Q) of these two filters cannot be controlled indepen-
dently. In [45], a CFOA-based VM biquadratic filter is pro-
posed, which includes three CFOAs, two grounded capacitors
and three resistors. The filter can simultaneously obtain three
transfer functions, but the characteristic parameters of w, and
Q are not independently controllable. In 2020, a satisfactory
VM multifunction biquadratic filter is proposed. The filter
includes three CFOAs, two capacitors and four resistors.
The characteristic parameters w, and Q are independently
controllable. The previously works [41]-[46] did not provide
a systematic and structural method for realizing CFOA-based
VM multifunction biquadratic filter, and did not implement
the filter on a chip.

This study developed a method of realizing VM multifunc-
tion biquadratic filter structure based on three CFOAs, two
grounded capacitors and four resistors. The proposed circuit
simultaneously realizes VM non-inverting high-pass filter
(HPF), band-pass filter (BPF) and inverting low-pass filter
(ILPF) transfer functions or VM BPF and non-inverting low-
pass filter (LPF) transfer functions, employs two grounded
capacitors attractive for integrated circuit (IC) technology
implementation and able to absorb shunt parasitic capaci-
tances, has high-input impedance suitable for cascading, and
converts into a VM quadrature sinusoidal oscillator easily.
The proposed VM biquadratic filter and quadrature oscillator
have been simulated by OrCAD PSpice and the appropriate
hardware has been implemented with AD844-type CFOAs.
Since AD844-type CFOA devices and the discrete passive
components on breadboard will generate a lot of power
consumption, it is important to integrate VM CFOA-based
filter and oscillator on a CMOS IC, which can lower the
power consumption, speed up the circuit, and improve the
figure-of-merit (FOM) of the proposed filter and oscilla-
tor. Therefore, the proposed VM CFOA-based biquadratic
filter and quadrature oscillator were implemented on Tai-
wan Semiconductor Manufacturing Company (TSMC) using
0.18 pum level-49 1P6M CMOS processing technology. The
CFOA-based chip has been verified by a network analyzer
and a spectrum analyzer. Table 1 compares the proposed
filter with recently reported VM CFOA-based multifunction
biquadratic filters [41]-[46]. As Table 1 indicates, the pro-
posed biquadratic filter enjoys all the main advantages and
realizes the biquadratic filter on chip using 0.18 um 1P6M
CMOS process technology.

To the best knowledge of the authors, there is no high-input
impedance biquadratic filter based on using 0.18 um 1P6M
CMOS process CFOA-based IC, with ILPF, LPF, BPF and
HPF transfer functions [26]-[46]. Multifunction filter circuits
that use LPF, BPF and HPF transfer functions simultaneously
have been applied in the high fidelity 3-way speaker sys-
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FIGURE 1. The first block diagram based on two-integrator loop
VM multifunction biquadratic filter.

tems, touch-tone telephone systems and phase-locked loop
frequency modulation stereo demodulators etc. [16], [30],
[32], [38], [47]. An attractive feature of VM CFOA-based
circuit with high-input impedance in this research is that the
biquadratic ILPF, BPF and HPF transfer functions or the
biquadratic BPF and LPF transfer functions can be simulta-
neously implemented on-chip. Compared with using the off-
the-shelf CFOA-type AD844 ICs, the realization based on the
CMOS CFOA biquadratic filter chip cell has obtained better
characteristics verification.

Il. ANALYTICAL SYNTHESIS

A. VM BIQUADRATIC HPF TRANSFER FUNCTION FOR
ANALYSIS AND SYNTHESIS OF SYSTEM STRUCTURE

The VM transfer function of a biquadratic HPF can often be
described by

Vo3 _ ks? 1
s sy g

where 71 and 1, are the integrator time constants, k is a
proportional gain, V;; is the first input signal and V3 is the
third output signal.

Equation (1) can be simplified as follows:

k 1 1
[1+ — 4+ () ()3 =kViy 2
ST) ST ST
Equation (2) can be equivalent to
1 —1_1
Vo3 + k(—)Vo3 = (—)—)Vo3 = kVj 3)
ST ST1 ST
Let
1
Voo = — Vo3 (4)
A\ %)

Equation (3) is then simplified as

-1
Vo3 + kVor — (—)Vo2 = kVi ©)
ST
Let
-1
Vor = —Vn (©6)
ST

Equation (5) can be simplified again as
Vo3 + kVor — Vo1 = kVi (N

13331



IEEE Access

S.-F. Wang et al.: Analytical Synthesis of High-Pass, Band-Pass and Low-Pass Biquadratic Filters

TABLE 1. Performance parameters of the previously reported CFOA-based filters.

This work filter

Parameter [41] [42] [43] [44] [45] [46] Using Using CFOA-
ADg44 based filter chip
1Cs cell
Number of CFOAs used 3 3 4 3 3 3 3 3
Passive components used 3R+2C 4R+3C 4R+2C 4R+2C 3R+2C 4R+2C 4R+2C 4R+2C
Klnds' of filter functions 3 3 4 3 3 3 3 3
simultaneously
Only two grounded capacitors used yes no yes yes yes yes yes yes
All the X ports of CFOAs directly
connected to resistors yes no yes no yes yes yes yes
Input voltage at high-input
impedance no yes yes yes yes yes yes yes
Independent tunability of w, and O no no no no no yes yes yes
Easily transform into a quadrature
oscillator none none none none yes yes yes yes
Analytical synthesis structure none none none none none none yes yes
Technology AD844 ADg44 ADg44 AD844 AD844 AD844 AD844 CMOS 0.18
ICs ICs ICs ICs ICs ICs 1Cs pm
Power supply (V) N/A N/A N/A +12 +6 +6 +6 +0.9
Power consumption (mW) N/A N/A N/A N/A 180 168 168 5.4
Simulation or/and Measured results Measured  Simulation Both Simulation Both Both Both Both
Center frequency (kHz) 1591 3.18 7.96 5.68 39.79 102 117.9 757.88
Input P1dB (dBm) none none none none 12 22 21 6
FOM none none none none none none 47.3% 66.7%
Chip area without pads none none none none none none none 0.22 mm?
Equation (7) can be rearranged as B. VM BIQUADRATIC BPF TRANSFER FUNCTION FOR
ANALYSIS AND SYNTHESIS OF SYSTEM STRUCTURE
Voz = k(Vit — V2) + Voi (3)

Equations (4), (6), and (8) can realize a VM multifunction
biquadratic filter structure, which consists of a non-inverting
lossless integrator, an inverting lossless integrator and a pro-
portional gain block, as shown in Fig. 1.

Referring to (4), (6), and (7), the matrix equation of
Fig. 1 can be rearranged as

1
1 N
ST| 0 Vol 0
ST Vo3 kVi
-1 k 1

According to (9), the biquadratic ILPF and BPF transfer
functions at different nodes can be obtained, respectively.

k
Vol _(Tlfz)
77 S 10)
S L
k
\% S
02 _ 12 1 (11)

Vib s+ sf—z +

un

In summary, the first proposed synthesis method has
decomposed the transfer function (1) into the other two trans-
fer functions (10) and (11). As indicated in the (1), (10) and
(11), a HPF was obtained from V,3, a BPF was obtained
from V,; and a ILPF was obtained from V,;. Thus, the first
block diagram based on two-integrator loop VM multifunc-
tion biquadratic filter realizes HPF, BPF and ILPF transfer
functions simultaneously.
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The VM transfer function of a biquadratic BPF can be given
by

1

V. ST
Jo3 _ zk% (12)
Via §° + S4 + o
where Vj, is the second input signal.
Equation (12) can be simplified as follows:
k 1
A+ —+5—")Wos=—Va (13)
STy SCTIT) ST]
Equation (13) can be equivalent to
1 k 1
Vos = —Vio— —Vo3 — 5— Vo3 (14)
ST NS %)
Equation (14) can be rearranged as
1 1 k
Vo3 = ——(—Vo3 = Vi2) = — Vo3 15)
ST ST2 ST
Let
1
Voo = — Vo3 (16)
ST
Equation (15) is then simplified as
1
Voz = —— (Voo — Vio) = kVi 17)
ST
Let
1
Vor = =—— (Vo2 — Vi2) (18)
ST
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FIGURE 2. The second block diagram based on two-integrator loop
VM multifunction biquadratic filter.

Equation (17) can be simplified again as
Vo3 = Vo1 —kVp (19)

Equations (16), (18), and (19) can realize another VM mul-
tifunction biquadratic filter structure, which consists of a non-
inverting lossless integrator, an inverting lossless integrator
and a proportional gain block, as shown in Fig. 2.

Referring to (16), (18) and (19), the matrix equation of
Fig. 2 can be rearranged as:

1 ! 0 1
ST Vo1 e
ST Vo3 0
—1 k 1

According to (20), a biquadratic LPF can be obtained at
V2 output terminal.

1
Vo2 . T2

Vo 2455+

In

2

In summary, the second proposed synthesis method has
decomposed the transfer function (12) into another transfer
function (21). As indicated by (12) and (21), a biquadratic
BPF function was obtained from V,3, and a biquadratic LPF
function was obtained from V,». Thus, the second block dia-
gram based on two-integrator loop voltage-mode biquadratic
filter realizes BPF and LPF transfer functions simultaneously.

By applying the statement superposition theorem to the
combination of (9) and (20), the matrix equation can be
rearranged as

1 ! 0 1
ST | Vo1 il
0 1 o “;02 = 0 (22)
ST 03 .
-1 k1 kv

Thus, the block diagrams of Figs. 1 and 2 will be combined
into a new system block as shown in Fig. 3.

C. VM CFOA-BASED BIQUADRATIC FILTER STRUCTURE
REALIZATION

CFOA active components have been recognized by circuit
design researchers and have drawn great attention in realizing
filters and oscillators. Assuming ideal conditions, the input-
output relationship of a CFOA is described by Iy = 0,
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FIGURE 3. The combinations of Figs. 1 and 2 based on the superposition
theorem.

FIGURE 4. VM CFOA-based biquadratic filter configuration based on
two-integrator loop structure of Fig. 3.

Vx = Vy,I; = Ix and Vo = V7 [45]. The block
diagram of Fig. 3 is realized by the CFOA-based topology
shown in Fig. 4. The matrix form of (22) can be used to
implement a VM biquadratic filter that has two inputs and
three outputs and uses three CFOAs as active elements,
two grounded capacitors and four resistors. The CFOA can
be commercially available and the IC AD844AN is avail-
able from Analog Devices. CFOA has several advantages,
such as constant bandwidth independent of closed-loop gain,
higher slew rate capability, lower sensitivity, greater dynamic
range and lower power dissipation compared with traditional
VM operational amplifier [27]. Moreover, CFOA has a low-
output impedance, which makes the circuit to be cascaded
without the need for additional buffers.

Based on Fig. 4, by setting V;; = Vj, as input signal and
leaving Vjp as ground zero in Fig. 4, the biquadratic ILPF,
BPF and HPF transfer functions are obtained by

R3 1 _(_k
Voo @) gorr) (%) 23)
Vin 245 B 4 1T o4k 1
CoRyRy ' C1CaR IRy T
R3 k
v02 _ SC2R2R4 _ S'[z (24)
% o 52+SL+; _52+SL+L
CoRyRy ' C1CaR 1Ry TN
R3\.2
Vo3 (R_z)s ks?
Vo 2 R3 L 2.k 1 (25)
o sSHSeprmtoonr S Tn Tan
Ry

where 11 = R|Cy, 70 = RyCy and k = R

Equations (23) to (25) show that the matrix equation
of (22) can be achieved employing three CFOAs, two
grounded capacitors and four resistors, thereby obtaining a
new VM multifunction biquadratic filter.
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By setting Vi = Vj, as input signal and leaving Vi as
ground zero in Fig. 4, the LPF and BPF transfer functions
can be obtained from the two voltage outputs V,» and V,3 as
follows.

1 1
Voo CiIGRIR, nn

= (26)
7 2 R; 1 24 ok 1
! § +SC2R2R4 + Ci1CaR 1Ry s +ST2 + (252
1 1
V03 SC1R1 ST_1
Vo 2 R 1 =2,k 1 @7
oSSR TooRR YT n g

The control factors for the filter parameters w, and Q can
be obtained from the denominator polynomial of the transfer
functions as follows:

1 1
= [— = | — 28
“ \/ C1CaR1R \/ T 28)

Ry |CRy [
== |—=k /= 29
0 R3\ Ci1Ry T1 29

According to (28) and (29), techniques for obtaining
independent control of filter parameters w, and Q can be
suggested as follows. The filter parameter Q can be indepen-
dently adjusted without disturbing w, by changing R3 and/or
R4. For fixed-value capacitors, the filter parameter w, can
be independently adjusted without disturbing Q by changing
R; and R, simultaneously while keeping the ratio of R»/R;
constant. Thus, the circuit has independent tuning capability
for the filter parameters Q and w.

D. INFLUENCE OF CFOA PARASITIC ELEMENTS OF THE
CFOA-BASED BIQUADRATIC FILTER STRUCTURE

For an evaluation of the non-ideal performance of Fig. 4, for
kth CFOA, k = 1-3, X port has a finite input resistance Ry,
the parasitic components Ry connects with 1/sCyy in parallel
at the Y port, and the parasitic components Rz, connects with
1/sCz in parallel at the Z port [37]. Since a resistance is con-
nected to the X terminal of the CFOA, the parasitic resistance
at X terminal of CFOA can be regarded as a part of the main
resistance. Since the Z terminal of CFOA is connected to a
grounded capacitor, the parasitic capacitance at Z terminal
of CFOA can be regarded as a part of the main capacitance.
According to Fig. 4, the parasitic resistances Ry, Rx> and
Rx4 can be regarded as a part of the external resistances Ry,
R and Ry, respectively. The parasitic capacitances Cz; and
Cz> can be absorbed into the external capacitances C and Ca,
respectively. The only parasitic elements that affect the circuit
operation are Rz, Rz», Rz3, Ry2, Cyz and Cz3. In order to
reduce the effects of parasitic impedance, the values of the
external capacitors should be restricted to (30), (31) and (32).

m < Rz (30)
1
_ R 31
(Gt o) S22 Gh
1
Ry K Ry2//Rz3/| ————F—=—) (32)

s(Cy3 + Cz3)
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E. MODIFICATION OF PROPOSED CFOA-BASED FILTER AS
QUADRATURE OSCILLATOR
Based on the VM BPF transfer function shown in (12),
one way to obtain a quadrature sinusoidal oscillator from
the transfer function is to connect the V,3 output signal of
the filter to the Vi, input signal. According to the feedback
theory and the Barkhausen criterion [48], [49], a biquadratic
VM BPF transfer function in (12) of the loop transmission for
V,3 = Vi connection is
1
*o =1 (33)

2 ko4 1
§ +S‘L’2 + 172

Based on (33), the characteristic equation of the proposed
quadrature oscillator is expressed as
) k 1
P As(———)+—=0 (34)

LS| 172

In the design of the quadrature oscillator after applying
Barkhausen’s principle, from the real and imaginary parts
of the complex number solution, the condition of oscillation
(CO) and the frequency of oscillation (FO) are given by (35)
and (36), respectively.

ko1
co: — <— (35)
nT T
1
FO: wy= |— (36)
(1342

Equations (35) and (36) prove that the biquadratic filter of
Fig. 4 can be converted into a VM quadrature oscillator by
making the input signal V;; to ground and connecting the third
CFOA Z terminal of the filter to the Vj; input terminal. Thus,
a VM quadrature oscillator circuit is further realized in Fig. 5.
By routine analysis of the circuit in Fig. 5, the equation of the
quadrature oscillator characteristic is expressed as

R3 1 " 1
CrRoR4 CiR; C1CR 1Ry
1

= 4s5(———)+—=0 (37
T 1T

5% + s(

where 11 = R1Cy, o, = Ry G and k = %'

Hence, the CO and FO of the propoged VM quadrature
oscillator in Fig. 5 can be expressed as follows:
R3 1

=<

(38)
CrRoR4 CiR;

/ 1
FO: = |— 39
@o Ci1CR 1Ry (39

According to (38) and (39), the following techniques can
be proposed to obtain independent control of parameters CO
and FO. Taking C; = C; = C and Ry = R, = R,
the recommended design equations for the specified CO and
FO are as follows:

CO: R3 <Ry (40)
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FIGURE 5. Proposed VM quadrature sinusoidal oscillator based on
modification the filter of Fig. 4.

1

~ CR

Based on (40) and (41), the CO can be independently
controlled without disturbing FO by adjusting R3 and/or R4.
The FO can be controlled without disturbing CO by adjusting
R. Thus, the VM quadrature oscillator enjoys the advantage
of independent control of CO and FO.

The VM quadrature oscillator output voltages V,; and V3
of Fig. 5 are as

FO: w, (41)

1
- sCrRy o3
The relationship between the two voltage outputs in the
steady state are as

Vo2 (42)

Voo = eij(p Vo3 43)

woC2Ry
where the phase difference is ensure that the voltages V,, and
V,3 are quadrature, ¢ = 90°. Restated, the filter can be con-
verted into a VM quadrature oscillator, and two quadrature
voltage outputs can be proven by modifying one connection
appropriately.

Ill. SIMULATION AND EXPERIMENTAL RESULTS

A. PROPOSED AD844-TYPE CFOA-BASED FILTER

To prove the performances of the proposed circuits, PSpice
simulations were used for examination and experimenta-
tion. For the simulations, the proposed filter was constructed
from the built-in library AD844/AD. For the experiments,
the proposed filter was constructed in the laboratory using
commercially available AD844AN ICs. The supply voltage
of simulated and experimental results were £6 V. To obtain
a pole frequency of f, = 1179 kHz at 0 = 1, set the
component values to Rf = Ry = R3 = Ry = 3 kQ
and C; = C; = 450 pF. Figures 6 to 8 represent the
simulated and measured frequency responses of ILPF (V,),
BPF (V,;) and HPF (V,3) by choosing V;; = V;, and V) =
0, respectively. Figures 9 and 10 represent the simulated
and measured frequency responses of LPF (V,,) and BPF
(Vp3) by choosing V;1 = 0 and Vi = Vj,, respectively.
The power consumption of the simulation and measurement
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FIGURE 6. Simulated and experimental ILPF with the theory responses.

5 120
— BPF Gain Theo.

----- BPF Gain Sim.
BPF Gain Exp. |

Gain, dB
Phase, o

20} BPF Phase Theo. 3. 4-80
BPF Phase Sim.
------- BPF Phase Exp.

10 10° 10
Frequency, Hz

FIGURE 7. Simulated and experimental BPF with the theory responses.

results are approximately 255 mW and 168 mW, respectively.
Figures 11 and 12 show that the filter parameters Q and f,
can be specified recommended independently controllable,
respectively. In Fig. 11, the Q changes (0.67, 1 and 1.67)
when f, is maintained at 117.9 kHz. The component values
used in Fig. 11 are Ry = R, = Rz = 3 kQ, C; =
Cy = 450 pF, and change resistor R4 = 2, 3 and 5 k€2,
resulting in Q@ = 0.67, 1 and 1.67, respectively. For fixed-
value capacitors, Fig. 12 shows the parameter f, was tuned
without disturbing Q by simultaneously changing R and R;
while keeping the ratio of Ry/R; constant. In Fig. 12, the
parameter f, varies (176.8, 117.9 and 88.4 kHz) when Q
remains at 1. The component values used in Fig. 12 remain
C1 = C; = 450 pF, R3 = R4 = 3 k€2, while changing
R = R, at different values of 2, 3 and 4 k€2, resulting in
fo = 176.8, 117.9 and 88.4 kHz, respectively. In Figs. 6 to
12, the simulation and measurement results were found to be
consistent with theoretical analysis. However, the non-ideal
characteristics, parasitic resistances and capacitances of the
ADB844AN ICs, the printed circuit board layout issue, and the
tolerances of the working resistors and capacitors will have
effects on circuit accuracy.

Regarding the input dynamic range of the AD844-type
CFOA-based biquadratic filter, the passive component values
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FIGURE 9. Simulated and experimental LPF with the theory responses.
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FIGURE 10. Simulated and experimental BPF with the theory responses.

were chosen as R; = 3kQ (i = 1to 4), C; = C; = 450 pF,
and the center frequency of f, = 117.9 kHz can be obtained.
The time-domain BPF response of the proposed AD844-type
filter was investigated by applying a 5.68 Vp,, (peak-to-peak)
sinusoidal input voltage at a frequency of 117.9 kHz. Fig-
ure 13 shows the measured BPF output response waveform
at the V,3 output terminal when V;; = 0 and Vi = V.
The dynamic range is expended to an amplitude of 5.68 Vp,
resulting in a phase shift of approximately 5.3-degrees. The
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FIGURE 12. Gain responses of the BPF (V,,) by varying fo while keeping
Q when Vj; =V;, and Vi, = 0.

200 : : Tipkq: ::gnv°
FIGURE 13. The input (channel 1, blue line) and output (channel 2, cyan
line) time-domain experimental waveforms of BPF.

following FOM is shown in (44), which is based on the
ratio of the input voltage to power supply voltage, Vi, / Vaq
[2]. Based on (44), the FOM of AD844-type filter is 47.3%.
Figure 14 shows the measured output spectrum of Fig. 13.
The dependence of the output harmonic distortion on the
input voltage amplitude is illustrated in Fig. 15.

FOM = 100 x (Vin/Vaa)% (44)

The linearity of the proposed AD844-type biquadratic fil-
ter is evaluated by examining the 1-dB power gain compres-
sion point, P1dB. To represent the linearity of the proposed
filter, the P1dB is the measured value of the BPF output
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FIGURE 14. The experimental AD844-type BPF frequency spectrum of
Fig. 13.
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FIGURE 15. The THD measurement analysis results of AD844-type BPF at
V,3 output terminal with input voltage signal at 117.9 kHz.

voltage V,3 with V;; = 0 and Vi = Vj, by applying
the input power at the center frequency of 117.9 kHz. The
measured value of the input P1dB is about 21 dBm, and the
ADB844-type biquadratic filter input/output (I/O) power curve
is shown in Fig. 16. To represent the nonlinearity of proposed
filter in Fig. 4, a two-tone intermodulation distortion (IMD)
test has been used to characterize the nonlinearity of BPF
response at V3 output terminal when V;; = 0 and Vjp = Vj,.
Selecting R; = 3kQ (i = 1to4)and C; = C; = 450
pF results in an angular frequency of f, = 117.9 kHz. Fig-
ure 17 shows the BPF response spectrum described through
intermodulation characterization by applying two-tone sig-
nals, fi and f>, near the angular frequency of f, = 117.9
kHz. In Fig. 17, a low-frequency tone at fi = 116.89 kHz
and a high-frequency tone at f, = 118.89 kHz are used,
and the input amplitude is 4.6 V. As shown in Fig. 17,
the measured value of the third-order intermodulation dis-
tortion (IMD3) is around —43.42 dBc and the third-order
intercept (TOI) point is around 30.72 dBm. Figure 18 shows
the phase noise performance of the proposed filter using the
Agilent phase noise measurement. In Fig. 18, the phase noise
of measured input of the BPF on the V,3 output terminal
when V;; = 0 and V = Vj,, where 5.68 V,, sinu-
soidal input voltage at 117.9 kHz is applied to the AD844-
type biquadratic filter. The measure phase noise of the
ADB844-type biquadratic filter is less than —98.75 dBc/Hz at
1 kHz offset.
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FIGURE 17. The AD844-type BPF output spectrum for a two-tone
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FIGURE 18. The phase noise measurement of the proposed AD844-type
BPF.

B. PROPOSED AD844-TYPE CFOA-BASED QUADRATURE
OSCILLATOR

To obtain the sinusoidal output waveform with the theoretical
oscillation frequency of f, = 117.9 kHz, the component
values used in Fig. 5 were chosen as C; = C, = 450 pF,
Ry = Ry = Ry = 3 kQ and R3 = 2.95 k. Figure 19
shows the measurement of quadrature sinusoidal waveforms.
The result confirms the function of the quadrature sinusoidal
waveforms and shows that the measured oscillation frequency
is 118.2 kHz and the phase difference between the two output
waveforms is 86.1 degrees. The output spectrum, V,3, of the
proposed oscillator is shown in Fig. 20. The verification result
is that the measured oscillation frequency (117.5 kHz) is close
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FIGURE 19. The measurement of the quadrature voltage outputs V,,
(blue) and V3 (cyan) in Fig. 5.
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FIGURE 20. The experimental frequency spectrum of V5.
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FIGURE 21. The phase noise measurement of the proposed AD844-type
oscillator.

to the theoretical value (117.9 kHz). Moreover, the second
harmonic noise power is 55.48 dB lower than the fundamen-
tal harmonic signal power, and the THD of the proposed
oscillator is about 0.17%. Figure 21 shows the phase noise
performance of the proposed oscillator. The measured results
show that the phase noise is less than —96.77 dBc/Hz at a
1 kHz offset.

C. IMPLEMENTATION AND MEASUREMENT OF
CFOA-BASED FILTER AND OSCILLAOTR IC

The filter presented in Fig. 4 and Section III-A have been
verified through PSpice simulations and hardware implemen-
tations based on AD844-type CFOAs and +6 V DC power
supplies. Because the circuit is implemented in Section III-A
using commercial AD844-type CFOAs and discrete passive
components on the breadboard, the highest applicable operat-
ing frequency of the proposed filter only demonstrates tens of
kilohertz to megahertz, as shown in Figs. 6 to 12. In addition,
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TABLE 2. Aspect ratio of the MOS transistors in the proposed CFOA.

Transistors L (um) W (um)
M1, M2, M17, M18 0.8 13
M3 - M6, M19 - M22 0.4 26
M7 - M16, M23 - M28 0.4 75

the power consumption of the AD844-type filter is high
and the FOM of AD844-type filter is 47.3%. To overcome
this problem, high-speed, low-power consumption and the
highest FOM value of CMOS CFOA components can be
used to increase the operating frequency, thereby decreasing
power consumption and increasing the FOM value. There-
fore, the proposed IC based on CFOA filter and oscillator is
implemented in the chip by adapting TSMC 0.18 pum level-49
1P6M CMOS process. Figure 22 shows the chip photograph
and layout of the proposed CFOA-based filter and oscillator.
In Fig. 22, the passive components used in the filter design
are chosenas C1 = C, = 15pFand Ry =R, = R3 = R4 =
14 k2. The passive components used in the oscillator design
in Fig. 22 are chosenas C1 = C, = ISpF Ry =Ry = R3 =
14 k2 and R4 = 14.4 k<2. In chip fabrication, polysilicon is
used for passive components of resistors, and metal-insulator-
metal (MIM) is used for capacitors. The CFOAs of the chip
developed in Fig. 22 is based on the novel CMOS structure
illustrated in Fig. 23. The aspect ratio of MOS transistors
in Fig. 23 is given in Table 2. In Fig. 22, the center frequency
of the proposed chip is designed as f, = 757.88 kHz for
the CFOA-based filter and oscillator IC. The supply voltages
are Vpp = —Vss = 0.9 V, and the biasing voltages are
Vg1 = 0.6 V and Vp, = 0.3 V. The total power dissipation
of the filter/oscillator chip cell is approximately 5.4 mW. The
chip area without pads of the filter/oscillator cell is 0.22 mm?.
To verify the effectiveness of the CFOA-based filter chip cell,
the on-chip function of the proposed filter chip cell has been
verified by the measurement results of the network spectrum.
Figures 24 to 26 represent the chip frequency responses of
ILPF (V,1), BPF (V,;») and HPF (V,3) by choosing V;; = Vi,
and Vi = 0, respectively. Figures 27 and 28 represent the
chip frequency responses of LPF (V,3) and BPF (V,3) by
choosing V;; = 0 and Vj = Vj,, respectively. As shown
in Figs. 24 to 28, the experimental results are close to the the-
oretical values. Moreover, when the supply voltage changes
from & 0.8 V to £ 1 V, the measured BPF center frequency
changes from 782.6 kHz to 735.9 kHz, which affect the center
frequency in a range of +3.26% to —2.9%, respectively. The
simulation results show that when the temperature changes
from 0° to 80°, the BPF center frequency changes from
714.1 kHz to 816.8 kHz, which affect the center frequency
in a range of —5.78% to +7.77%, respectively.

Regarding the input dynamic range of the CFOA-based
filter chip cell was also investigated. Figure 29 shows the
input dynamic range of the BPF measured on the V,3 output
terminal when V;; = 0 and Vi = Vj,, where a 1.2 V,,
sinusoidal input voltage at 757.88 kHz is applied to the
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FIGURE 22. Chip photograph and layout of the proposed CFOA-based
filter and oscillator.
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FIGURE 23. CMOS realization of the CFOA.
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FIGURE 24. The magnitude and phase response measurements of ILPF
based on the filter chip cell at V,; output terminal.

CFOA-based filter chip cell of Fig. 22. The dynamic range
is extended to an amplitude of 1.2 V;,, without signification
distortion. Based on (44), the FOM of CFOA-based filter chip
cell is 66.7%. In Fig. 29, the measured angular frequency is
about 757.6 kHz, which is very close to theoretical value of
757.88 kHz. Figure 30 shows the measured output spectrum
of Fig. 29. As shown in Fig. 30, the THD is about 3.18%,
when the input signal increases to 1.2 Vp, sinusoidal voltage
at 757.88 kHz. Figure 31 shows the dependence of output
harmonic distortion on input voltage amplitude.
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FIGURE 26. The magnitude and phase response measurements of HPF
based on the filter chip cell at Vo3 output terminal.
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FIGURE 27. The magnitude and phase response measurements of LPF
based on the filter chip cell at V,, output terminal.

To represent the linearity of the proposed CFOA-based
filter chip cell, the P1dB is the measured value of the BPF
output voltage V3, which is obtained by applying the input
power at the center frequency of 757.88 kHz when V;; = 0
and Vj» = Vj,. The measured value of the input P1dB is about
6 dBm, and the I/O power waveform of the CFOA-based filter
chip cell is shown in Fig. 32. Figure 33 shows the filter’s
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FIGURE 28. The magnitude and phase response measurements of BPF
based on the filter chip cell at V3 output terminal.
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FIGURE 29. The input (channel 1, blue line) and output (channel 2, cyan
line) time-domain experimental waveforms of BPF based on the filter
chip cell at V3 when input voltage signal at 757.88 kHz.
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FIGURE 30. The frequency spectrum measurement of Fig. 29.

output spectrum for two tones applied at 756 and 758 kHz
with an amplitude of 0.7 Vp, each. As shown in Fig. 33,
the measured value of the IMD3 is around —55.29 dBc and
the TOI point is around 19.9 dBm. Figure 34 shows the phase
noise of the BPF measured on the V3 output terminal when
Vit = 0 and Vi = Vi, where a 1.2 V,,;, sinusoidal input
voltage of 757.88 kHz is applied to the CFOA-based filter
chip cell. The measured phase noise of the CFOA-based filter
chip cell is less than —99.76 dBc/Hz at 1 kHz offset.
Consequently, Table 3 summarizes two technical verifi-
cation methods for the proposed filter specifications with
commercial AD844-type ICs and CMOS CFOA-based filter
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FIGURE 31. The THD measurement result of BPF based on the filter chip
cell at V3 output terminal.
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FIGURE 32. The P1dB measurement of BPF based on the filter chip cell
with input power at V3 output terminal.
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chip cell. As Table 3 indicates, the proposed CFOA-based
filter chip cell has low power consumption, the highest FOM
value and a small core area, which makes its performance
better than the filter implemented by AD844-type IC and is
suitable for system-on-chip applications.

The paper also investigates the CFOA-based oscillator
chip cell. To obtain the sinusoidal output waveform with
the theoretical oscillation frequency of f, = 757.88 kHz,
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FIGURE 34. The phase noise measurement based on the BPF filter chip
cell at V3 output terminal.

TABLE 3. Comparison of performance specifications of the proposed

filter with commercial IC and chip implemented.

Proposed CFOA-based

Parameter Commercial IC filter chip cell
Technology ADBg44 0.18um 1P6M CMOS
Power supply 6V 09V
Power 168 mW 54mW
consumption
Chip area none 0.22 mm?
Center frequency  117.9 kHz 757.88 kHz
Input voltage
range 5.68 Vi, 1.2V,
THD 32% (@freq.= 117.9 3.18% (@freq.=757.88
kHz, V;, = 5.68 V) kHz, V;, = 1.2V,,)
P1dB 21 dBm 6 dBm
TOI 30.72 dBm 19.9 dBm
IMD3 —43.42 dBc —55.29 dBc
. —98.75 dBc/Hz (@l —-99.76 dBc/Hz (@l
Phase noise kHz offset) kHz offset)
FOM 47.3% 66.7%

the component values used in Fig. 22 are chosen as C; =
Cy, = 15pE Ry = Rp = Rz = 14kQ and Ry =
14.5 k. Figure 35 shows the measurement of the CFOA-
based oscillator chip cell quadrature sinusoidal waveforms.
The result confirms the function of the quadrature sinusoidal
waveforms and shows that the measured oscillation frequency
is 744.2 kHz and the phase difference between the two output
waveforms is 86.2 degrees. The output spectrum, V,,3, of the
CFOA-based oscillator chip cell is shown in Fig. 36. The
verification result is that the measured oscillation frequency
(746 kHz) is close to the theoretical value (757.88 kHz).
Figure 37 shows the phase noise performance of the CFOA-
based oscillator chip cell. The measured results show that
the phase noise is less than —40.77 dBc/Hz at 1 kHz offset.
The excellent performances in terms of phase-noise FOM is
defined as follows [50].

N Ppc
— 101
Aa)) og( lmW)

(45)

FOM(Aw) = —L(Aw) + 201og(

where L(Aw) is the phase noise at the offset frequency to the
carrier, Aw is the offset frequency relative to the carrier, w, is
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FIGURE 35. The quadrature voltage outputs V,, (purple) and V3 (green)
measurements of the oscillator chip cell in Fig. 22.
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FIGURE 36. The experimental frequency spectrum of the oscillator chip
cell in Fig. 22.
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FIGURE 37. The phase noise measurement of the oscillator chip cell
in Fig. 22.

the oscillation frequency, and Ppc is the power consumption.
According to (45), the FOM of the CFOA-based oscillator
chip cell is 90.9 dBc/Hz.

IV. CONCLUSION

In this paper, an approach for the systematic and structural
method of two voltage lossless integrators and a voltage
proportional block based on the use of CFOAs has been pre-
sented. The proposed VM biquadratic filter with two inputs
and three outputs uses three CFOAs, two grounded capacitors
and four resistors. The filter can simultaneously generate the
VM HPF, BPF and ILPF transfer functions or the VM BPF
and LPF transfer functions. The filter parameters w, and
Q are independently controllable by adjusting the values of
resistors. The filter has high-input impedance and is suit-
able for cascading in VM operation. By slightly modifying
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the proposed filter, a VM quadrature sinusoidal oscillator
is easily achieved. The CO and FO can be independently
controllable. The theoretical results are confirmed by simula-
tion and experimental results. In addition, the proposed VM
biquadratic filter and oscillator were fabricated with TSMC
0.18 um CMOS 1P6M process technology. Compared with
the off-the-shelf CFOA-type AD844 ICs, the realization of
the CMOS CFOA-based filter chip cell has obtained better
characteristics verification. An attractive feature of CFOA-
based biquadratic filter with high-input impedance is that the
VM HPF, BPF and ILPF outputs or the VM BPF and LPF out-
puts can be implemented on-chip simultaneously. The power
consumption of the filter chip cell is 5.4 mW with a power
supply of £0.9 V. The core area without pads of the CFOA-
based filter/oscillator chip cell is 0.22 mm?. The measured
value of the IMD3 is around —55.29 dBc, and the TOI point
is around 19.9 dBm. The measured phase noise of the CFOA-
based filter chip cell is less than —99.76 dBc/Hz at 1 kHz
offset. The FOM of CFOA-based filter chip cell is 66.7%.
The measured phase noise of the CFOA-based oscillator chip
cell is less than —40.77 dBc/Hz at 1 kHz offset. The FOM of
CFOA-based oscillator chip cell is 90.9 dBc/Hz.
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