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Abstract: This study presents an electronically tunable configuration for the design of a voltage-mode
(VM) biquad with four input terminals and three output terminals. The proposed circuit employs
four operational transconductance amplifiers (OTAs) and two grounded capacitors. Depending on
the selections of the four input voltage signals, all the standard filtering functions can be realized. The
proposed configuration simultaneously provides VM inverting band-pass, non-inverting low-pass,
and non-inverting band-reject filtering functions without any component-matching choices. It offers
the features of a resistorless structure, high-input impedance, electronic control of the pole frequency
and quality factor, and low active and passive sensitivities. The measured power dissipation of the
biquad is 0.96 W under 32 mA constant output current. The measured 1 dB power gain compression
point of the output inverting band-pass filter is —7 dBm. The measured value of the third-order
intercept point is 5.136 dBm, and the measured value of the third-order intermodulation distortion is
—50.83 dBc. Moreover, the measured value of the spurious-free dynamic range is 53.49 dB, and the
figure-of-merit of the biquad is 268.75 x 10%. In addition, an electronically controllable quadrature
oscillator (QO) with amplitude of output current can be realized using the proposed biquad. The
proposed electronically controllable QO can provide an amplitude modulation signal or an amplitude
shift keying signal, and is widely applied in signal processing systems and electronic communication
systems. PSpice simulations and experimental results are accomplished.

Keywords: filters; oscillators; circuit design; modulation; voltage mode

1. Introduction

With increasing emphasis on voltage-mode (VM) biquads and oscillators, there is still
a need to develop active components for VM biquads and oscillators. Oscillators [1-6] and
biquads [7-14] are the most crucial circuit blocks in numerous applications, such as elec-
tronic communications, signal processing systems, and measurement systems. Especially in
communication modulation systems, the sinusoidal oscillator is utilized to generate the car-
rier signals for amplitude modulation (AM) and amplitude shift keying (ASK) modulation.
Most VM continuous-time biquad designs require the following features: (a) Achievement
of five generic filtering signals, that is, low-pass filter (LPF), band-pass filter (BPF), high-
pass filter (HPF), band-reject filter (BRF), and all-pass filter (APF) responses. (b) Utilization
of grounded capacitors, which is attractive for absorbing shunt parasitic capacitance of the
active component and suitable for integrated circuit (IC) implementation. (c) High-input
impedance, which is suitable for easy cascading in VM operation without needing any
extra voltage followers. (d) Orthogonal tunability of resonance angular frequency (w,) and
quality factor (Q). (e) Low w, and Q sensitivities with respect to the active and passive
components. On the other hand, most quadrature oscillator (QO) designs require the
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following features: realization of two quadrature sinusoidal voltage outputs with 90°
phase difference, independent control of frequency of oscillation (FO) and condition of
oscillation (CO), electronic controllability, employment of grounded capacitors, and so
on. However, the electronically controllable QO with amplitude of output current should
also be considered. The amplitude of output current can be electronically adjusted by
fine-tuning the direct-current (DC) bias current (Ig), which is suitable for signal processing
systems and AM/ASK systems.

The VM electronically tunable, high-input impedance configurations used in the
design of operational transconductance amplifier and capacitor (OTA-C) biquads are
worthy of study, because they are suitable for the cascade in VM operation and the fine-
tuning of the deviation of conventional electronic components. OTA provides highly
linear electronic controllability and has a wide tunable range of transconductance gain
(8m), which is an attractive feature for circuit designers [15-23]. OTAs are commercially
available ICs, and LT1228 from Linear Technology Corporation [24] has been widely used to
implement OTA-based circuits. The transconductance of LT1228 is electronically controlled
by an external DC bias current Iz. The OTA-C biquad does not require a resistor, so it
is very suitable for IC compared to other conventional active elements. Recently, some
types of electronically tunable VM OTA-based biquads have been developed [25-30]. The
circuits in [25,26] employ six OTAs, but the proposed circuits cannot simultaneously realize
LPF, inverting BPF (IBPF) and BRF responses from the same structure. In 2019, three
interesting VM electronically tunable OTA-C biquads were proposed, which employ five
OTAs along with two grounded capacitors [27-29]. The circuit proposed in [27] cannot use
the same structure to realize LPF, IBPF, and BRF responses. The circuits proposed in [28,29]
can realize LPF, IBPF, and BRF responses with the same configuration, and can be simply
converted to QO. However, none of the circuits proposed in [25-29] can be transformed into
an electronically controllable QO with high-output impedance and amplitude-controllable
sinusoidal current output signal. In 2020, another VM biquad using one dual-output OTA
(DO-OTA), three OTAs, and two grounded capacitors was proposed [30]. The proposed
circuit can realize LPF, IBPF, and BRF responses with the same configuration, and can
be simply transferred to QO. However, the proposed circuit cannot electronically control
the amplitude of the high-output impedance sinusoidal current signal. The amplitude of
electronically controlled high-output impedance sinusoidal current signals can be applied
in AM/ASK systems.

In this study, a new electronically tunable VM biquad with four inputs and three
outputs is presented. The biquad has the following advantages: (i) using one DO-OTA,
three OTAs, two grounded capacitors, and resistorless realization, which is suitable for
integration, (ii) simultaneously realizing LPF, IBPF, and BRF responses without changing
the circuit structure, (iii) realizing all the standard biquad functions from the same circuit
structure, (iv) high-input impedance, (v) orthogonal electronic-tuning the characteristic
parameters of w, and Q, (vi) easily transformed into a QO with high-output impedance
and amplitude-controllable sinusoidal current output signal, and (vii) easily realizing
AM/ASK of the oscillator. Table 1 summarizes the performance comparison between the
proposed biquad and the previously reported biquads [25-30]. Regarding the OTA-based
circuits proposed in [25-30], the proposed circuit has electronically controllable amplitude
of sinusoidal current output with high-output impedance and can be used in an AM/ASK
systems. Table 2 compares the additional performance of the proposed biquad and the
previously reported biquads [25-30].
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Table 1. Comparison of the proposed biquad and the biquads previously reported in the literature [25-30].

Features [25] [26] [27] [28] [29] [30] Proposed
Active and passive 6 OTAs, 6 OTAs, 2 5 OTAs, 5 OTAs, 50OTAs, 1 DO-OTA, 3 1 DO-OTA, 3
elements and 2 C Rmos, and 2 C and 2 C and 2 C and 2 C OTAs,and2C OTAs,and 2 C
Resistorless structure yes no yes yes yes yes yes
Component-matching no os no no no no no
condition (R=1/gm) y
Using grounded passive
clements yes yes yes yes yes yes yes
No mvertslir(lgi—;?/p e nput yes yes yes yes yes yes yes
High-input impedances yes yes yes yes yes yes yes
Orthogonal control of w,
and Q yes yes yes yes yes yes yes
Versatile input/output
functions no no no yes yes yes yes
Simultaneously realizing no no no os os os os
three filtering functions y y y y
Offering five standard
filters yes yes yes yes yes yes yes
Easily transformed into a
QO with output current no no no no no no yes
amplitude
Easily realizing oscillator
with AM/ASK signals no no no no no no yes

Note: QO: quadrature oscillator; AM: amplitude modulation; ASK: amplitude shift keying.

Table 2. Characteristic comparisons of the proposed biquad with the biquads previously reported in the literature [25-30].

Features [25] [26] [27] [28] [29] [30] Proposed
Power supply +15V +5V +15V +15V +15V +15V +15V
Verification of es/yes es/yes es/yes es/yes es/yes es/yes es/yes
simulation/measurement yes7y yesry yes’y yesry yes/ry yesry yesry
Snmlﬂa.t ed t he power none none none none 0.86 0.92 0.92
dissipation (W)
Mea.su.red Fhe power none none none 0.86 1.2 1.23 0.96
dissipation (W)
Central frequency of the filter (kHz) 10 32.9 238.7 159.15 217 144.7 144.7
Maximum output noise (nV/+/Hz) none none none none none none 7.937
Measured the output P1dB
. none none none —-9.2 none —-59 -7
point (dBm)
Measured the TOI point (dBm) none none none —5.66 none —2.597 5.136
—-30.03 (@ —4235(@ -3l.16(@ —48.67 (@ —50.83 (@
Measured the IMD3 (dBc) none none 80mVpp) 60mVpp) 90mVpp) 63 mVpp) 126 mVpp)
FoM (x10%) none none none none none none 268.75

Note: P1dB: 1 dB power gain compression; TOL: third-order intercept; IMD3: third-order intermodulation distortion; FoM: figure-of-merit.

2. Proposed Electronically Tunable VM OTA-C Biquad

OTA offers a high linear electronic controllability and its transconductance gain
has a wide tunable range [19]. The electrical symbol of the OTA is shown in Figure 1.
According to Figure 1, the single-ended output OTA consists of an input differential pair,
an output current mirror, and a gm control unit. The output current of a single-ended OTA
is characterized by Ip = gm(V+ — V—), where V+ and V — are the input signals applied to
the non-inverting and inverting terminals, respectively [19]. The gn, value is electrically
controllable by an external DC bias current Ig, which leads electronic controllability to the
design biquad or oscillator parameters. The DO-OTA has two identical current outputs,
which can be described by Ip = Ig = gm(V+ — V—). Figure 2 shows the proposed biquad
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with four inputs and three outputs. It is configured by only one DO-OTA, three OTAs,
and two grounded capacitors. Routine analysis of the proposed electronically controllable
OTA-C biquad in Figure 2 yielded the following three-output voltage signals.

1
Vo1 = D(s) (8 m18m28m3 Vil + 8m18m38ma(Vio = Via) +5C28118m3Vis] M)
Vo2 = ﬁ[fsclgmlngVﬂ* SC18m18ma4 (ViZ — Vi) )
+(5C18m28m3 + 8m18m28m3) Vi)
Vo3 = ﬁ [(s 2ClC2gml + 8m18m28m3) Vit — 5C18m38ma (Viz — Via) 3)
—52C1Cag,3 Vis]

where the denominator D(s) is:

D(S) = SZC1C2gm1 + SclnggmB 1 8m18m28m3 (4)

I I

?
e

Vio—+ Io Vo

8m -+ Vo 8m VQ
e - To
(@) (b)
Figure 1. Symbol of the OTA. (a) Single-ended output OTA and (b) DO-OTA.

+

Figure 2. Proposed VM OTA-C biquad.

From Equations (1)—(4), the VM transfer functions can be obtained according to input
and output conditions as follows:

Part I: If only Vj; is applied to the input voltage signal, Vi,, the output voltage
functions V1, Vop, and V3 can be simultaneously obtained, as shown in Equations (5)-(7):

V01 — 8m18m28m3 (5)
Vin D(S)
Voo _ =5C181m18mo ®)
Vin D(S)

Vo3 _ s’ C1Co8m1 + Bm1Bm2Bms @)

V]'n D(S)
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Equations (5)-(7) show that the LPFE, IBPF, and BRF signals can be simultaneously
implemented.

Part II: According to Equation (3), the proposed biquad can realize six different generic
filtering signals. Assuming that gmn; = gm3 and gm> = gma = kgms, where k is the scale
factor, Equation (3) can be rewritten as:

(SZ + %)Vil - S%(Viz - Vi4) - s2Vi3

2 X 1
s +ST2 + T1T2

®)

Vo3 =

where in Equation (8), T1 = (C1/gm2) and 1 = (Cy/gm3) are the realized time-constants.
Examining Equation (8) shows that the LPF, BPFE, IBPF, inverting HPF (IHPF), BRF, and APF
signals can be implemented by appropriately applying the input signals without the need
for an inverting-type input signal. According to Equation (8), the following six different
generic filtering signals can be obtained as:

(1) LPF: ViZ = Vi4 =0and Vil = Vi3 = Vin-

(2) BPF: Vil = Viz = Vi3 =0and Vi4 = Vin~

(3) IBPF: Vil = Vi3 = Vi4 =0and Vi2 = Vin-

(4) IHPF: Vﬂ = ViZ = Vi4 =0and Vi3 = Vin-

(5) BREF: Viz = Vig = Vi4 =0and Vil = Vin-

(6) APE: Vi3 = Vi4 =0and Vil = Vi2 = Vin-

From Parts I and II, the biquad structure can be applied as a single-input and three-
output VM multifunction biquad, and the LPF, IBPF, and BRF functions from the three
output terminals can be realized without any component-matching conditions. It can also
be applied as a four-input and single-output VM universal biquad, and can realize six
different generic filtering signals in the same structure. The characteristic parameters w,
and Q of the biquad can be calculated as:

— )
G Bm28m3

3. Proposed Electronically Tunable VM QO with Amplitude of Output Current

The biquad in Figure 2 can be used as the proposed QO with output current amplitude,
when Vj; and Vj; are connected to the ground while Vi3 and Vi, are connected to V,; and
V2, respectively. The current output terminal of gn4 in Figure 2 can be the AM/ASK
modulated current output terminal, as shown in Figure 3. The characteristic equation of
the electronically controllable OTA-C QO with amplitude of output current can be obtained
as in Equation (10).

SZClCngl + S(Clng - ngml)ng t 8m18m28m3 = 0 (10)

Vl

|||—I

ICz

Iam/ask

-

Figure 3. Proposed VM OTA-C QO with amplitude of output current.
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Thus, CO and FO of the electronically controllable OTA-C QO are as follows:

CO: Cigp < Cogg (11)
e 1 /8mo8m3
FO: f, = 3\ GGy (12)

From Equations (11) and (12), CO can be controlled independently from FO by varying
gm1, and FO can be controlled by g,3. Hence, the proposed QO in Figure 3 has independent
electronic control of CO and FO. The two output voltages, Vo1 and V3, of the proposed
QO can be expressed as:

Vo &mi
_ol _ _5ml 13
Vog SC1 ( )
For sinusoidal steady state, Equation (13) becomes:
Vo1 _ 8mi _jooe
Voz  wo(q (19

Based on Equation (14), the proposed QO has two sinusoidal signal voltages with 90°
phase difference. Furthermore, the output current Iy, ask can be obtained as:

Iam/ASK = 8maVo2 (15)

The amplitude of the sinusoidal signal Ixn/ask can be independently controlled by
the OTA’s g4 transconductance gain. The value of g4 can be varied through its Ig4. This
means that the value of gn4 can be tuned by Ips without affecting CO and FO. Therefore, if
a modulation signal is applied to Is, the AM/ASK signals can be realized from Iy ask-
In addition, the output current I/ ask port has high impedance. The load can be easily
driven without using a buffering device.

4. Effect of Non-Idealities Analysis

In this section, the non-ideal circuit model of OTA will be considered. The non-
ideal terminal effects of OTA are considered, including non-ideal current transfer error
parameters and non-ideal finite input and output parasitic elements. Figure 4 illustrates
a non-ideal OTA model with various parasitic elements [19], where Rpj, Ry, Roj, Ry,
Cp]-, an, Coj, and qu represent the finite parasitic resistances and capacitances of the
input and output terminals of the jth OTA, respectively. In Figure 4, the non-ideal dual-
output currents of OTA are given as Ip = ygm(V+ — V—) and I = Ngm(V+ — V—), where
Y=1—-¢yjandn =1 — gy;. Here, ey (leyil«1) and en; (| eni | «1) indicate the non-ideal
dual-output currents of OTA current tracking errors. Taking the non-ideal OTA model into
account, the biquad shown in Figure 2 can be modified to become the biquad presented
in Figure 5. The effect of the non-ideal current transfer error parameters and the parasitic
impedance elements on the characteristic parameters of w, and Q has been investigated to
indicate the performance of the proposed biquad. Accounting for the parasitic elements
in Figure 5, the non-ideal characteristic equation, D;(s), of the equivalent circuit model in
Figure 5 becomes:

Dy (S) = Blszcllcégml (1 + qugégml) + 0(20‘3scllgm2gm3(1 + ‘XZOCSC?gngmg) (16)
R
+0002%38 11 8m28m3 (1 + o oczoc3gm1gm2gm3)

where P = C/1C/2G3P + C/1C3PG2p + CéCnglp, Q= CllepG:),p + [51C5G2pgm1 + C/2G1PG3P +
f?)lCéGlpgml + C3PG1PG2P + SZC/1C/2C3P, R= GlpGZpG3p + Blclpcngml + “3gm2gm3G1p’
Cll =C 4+ C1p, C’z =Cy+ Czp, Clp =Co1 + sz, Czp =Cp+Cos+ Cpg, Cgp = Cq1 +Co3 +
Ch1 +Cn2, Gip = Rilp’ Gyp = Rizp/ Gap = RL3P/ Rip = Ro1//Rp2, Rop = Rop/ /Roa/ /Rp3, and
R3p = Rq1//Ro3//Rn1/ /Rna.
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Figure 5. The influence of parasitic components on the proposed VM biquad.

According to Equation (16), non-ideal parasitic elements and non-ideal current transfer
error parameters influence w, and Q. Neglecting the third-order effects, the biquad can
operate as an ideal case by satisfying the following conditions:

1
E << Rgp (17)

1
@ << Rgp (18)
sCsp + Gap << g1 (19)

Hence, D (s) of Figure 5 can be approximated as:

D, (S) = Blszcllcégml + “2“3scllgm2gm3 + X100038118m28m3 (20)

In this case, w, and Q were modified as:

[ X1X2%38m28m3
21
o B1C1Ch @

C/
Q= gml\/ — (22)

Broz “3C/l &m28m3

The sensitivities of the parameters w, and Q in Equations (21) and (22) were not larger
than unity in magnitude. Therefore, the proposed biquad can be classified as an insensitive
circuit.

5. Simulation and Experimental Results

To demonstrate the feasibility of the proposed OTA-C configurations, the proposed
biquad and QO were simulated in PSpice using the macro-model of LT1228 IC and were
measured in the laboratory using commercially available IC from Linear Technology
Inc., LT1228. The power supply was £15 V. The transconductance gain is given by
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gm = 10 Ip [24]. This feature makes it possible to electronically control the transconductance
gain.

5.1. The Electronically Tunable VM Biquad

As shown in Figure 2, the capacitors C; and C; were chosen as 2.2 nF and the bias
currents were set to Ig; = Igy = Ip3 = Igs = 200 pA (that is, gm = 2 mS). This setting has
been designed for LPF, BPF, IBPF, IHPF, BRF, and APF responses, with f, = 144.7 kHz and
Q = 1. Hence, the simulation and measurement functions of the LPF (V,), IBPF (V,),
and BRF (V,3) in Part I are depicted in Figures 6-8, respectively. Figures 9-13 represent
the simulated and measured functions of the LPF, BPF, IBPF, IHPF, and APF in Part II,
respectively. The power consumption for simulation and measurement is 0.92 and 0.96 W
under £15 V of supply voltage, respectively.

5 \___ﬂ\ T 0
il 1-45
9 g
e =15 ™ §
.a =
3 o
— LPF Gain Theo.
_og|. eeeeee LPF Gain Sim. -135
LPF Gain Exp.
= LPF Phase Theo.
----- LPF Phase Sim.
=4 LPF Phase Exp. :
- " 180
v 10° 108

Frequency, Hz

Figure 6. Comparison of LPF experimental response, simulated response, and theoretical response in

Part 1.

5 -90

ok -120

-5} -150
% G
£ =10 -180 &
[ o=
® o

— IBPF Gain Theo.

------- IBPF Gain Sim.
IBPF Gain Exp.
-20p —— IBPF Phase Theo. =210
''''' IBPF Phase Sim. .
==~ |BPF Phase Exp. o
-25 s 270
104 10° 108

Figure 7. Comparison of IBPF experimental response, simulated response, and theoretical response

in Part L.

Frequency, Hz
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5 T 100

-5 60
-15 20
m % o
©° [
> "
£ g
S8 -20

— BRF Gain Theo.
==sss++ BRF Gain Sim.

=35} BRF Gain Exp.  {-g0
— BRF Phase Theo.
"""" BRF Phase Sim.
=+« BRF Phase Exp.
-45 + -100
10° 108

Frequency, Hz

Figure 8. Comparison of BRF experimental response, simulated response, and theoretical response
in Part L.

-5

Gain, dB
L
o

= LPF Gain Theo.
05| sevesee LPF Gain Sim.

-130
LPF Gain Exp.
= LPF Phase Theo.
"""" LPF Phase Sim.
w«=+«LPF Phase Exp. S
=35 . =ed-180
104 10° 108

Frequency, Hz

Figure 9. Comparison of LPF experimental response, simulated response, and theoretical response in

PartII.
" . 920
8 4 60
N
3 N { 30
2 N
g -10 1° &
§ o
-15 ——— BPF Gain Theo. %
------- BPF Gain Sim.
BPF Gain Exp.
-20 —— BPF Phase Theo. 14
------- BPF Phase Sim.
=+ BPF Phase Exp. b
-25 . e
10 10° L

Frequency, Hz

Figure 10. Comparison of BPF experimental response, simulated response, and theoretical response
in Part II.
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. . -90
5 41-120
kY
5 \\ 1-150
.&n
m b |
- k 3
» g8 1-180 &
.a o
5 o
-15 — IBPF Gain Theo. A
------- IBPF Gain Sim.
IBPF Gain Exp.
=20} — IBPF Phase Theo. |
------- IBPF Phase Sim.
=+« IBPF Phase Exp. NI
25 7 £4-270
" 10° 108

Frequency, Hz

Figure 11. Comparison of IBPF experimental response, simulated response, and theoretical response

in Part II.
" -5
’(.-w- e N e —
-5k T
. il 4-75
] o
£ g
s T
_os| ’ 4{-110
F 4 IHPF Gain Theo.
+=sseee IHPF Gain Sim.
a5l IHPF Gain Exp. -145
—— IHPF Phase Theo.
------- IHPF Phase Sim.
««=+« [HPF Phase Exp. -
i 2 —=1-180
104 10° L

Frequency, Hz

Figure 12. Comparison of IHPF experimental response, simulated response, and theoretical response

in Part IL.
20 °
i -90
m I
o o
¥ 2 180 ©
.a &
5 o
— APF Gain Theo.
—1o] " APF Gain Sim. -270
APF Gain Exp.
——— APF Phase Theo.
------ APF Phase Sim.
===« APF Phase Exp.
24 A 360
104 10° ¥

Frequency, Hz

Figure 13. Comparison of APF experimental response, simulated response, and theoretical response
in Part II.
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To illustrate the tunable property of natural frequency, f,, without affecting the Q, the
bias currents Ig; = Igp = Igz were given as 100, 200, and 300 pA respectively, while keeping
Cy =Cy =22 nF and Ip4 = 200 pA. The simulation and measurement responses of the
BPF on the V,; output terminal corresponding to different DC bias currents are shown
in Figure 14, where Vi3 = Vi, and Vj; = Vjp = Vig = 0. As depicted in Equation (9), Q can
be used to adjust the transconductance gain, gm1, without affecting the f,. The feature of
varying the Q without affecting the f, is shown in Figure 15. Q varies (Q =1, 1.5, and 2)
when {, is maintained at 144.7 kHz. In Figure 15, the Ig; was given as 200, 300, and 400 pA
respectively, while keeping C; = C; = 2.2 nF and I, = Ip3 = Ig4 = 200 pA.

5
0 -
-5}
g
¢ =10 X
< .
£ / y, Theo.(fo=72.3k)
§ =16} / Y AL Sim.(fo=70.8k)
= g 4 - Exp.(fo=73.7k)
—20k mememe Theo.(fo=144.7k)
— Sim.(fo=141.3k)
- * Exp.{fo=142.7k)
-25 * Theo.{fo=217k)
—semsme) Sim.(fo=212.3k)
Exp.(fo=218.1K
- Exp{ )
10¢ 10° 108

Frequency, Hz

Figure 14. Gain characteristics of the BPF with different f,.

5
° -
.6 -
o
< =10}
@
°
€ 15} / G seenenenens Sim.(Q=1)
'zu o L e Exp.(Q=1.17)
y C L ermmem Theo.(Q=1.5)
20 . s S, (Q=1.4)
........... Exp.(Q=1.56)
25k 27 s Theo.(0-2)
------- Sim.(Q=1.8)
Exp.(Q=2.04
ok - P )
e 10° 108

Frequency, Hz

Figure 15. Gain characteristics of the BPF with different Q.

To verify the dynamic range, the proposed biquad was tested by repeating simulation
of the sinusoidal input signal at f, = 144.7 kHz. Figure 16 shows the input dynamic range
of the BPF on the V3 output terminal when only V4 is applied to the input signal, which
indicates an amplitude of 60 mVy,, (peak-to-peak) without signification distortion. The
total harmonic distortion (THD) result for the BPF response is shown in Figure 17. From
Figure 17, it can be obtained that the THD is about 3.92% when the input signal increases to
80 mVpy,. Figure 18 shows the measurement of the BPF response, which can be extended to
an amplitude of 60 mVy,, without signification distortion. Figure 19 shows the simulation
output noise of the BPF versus frequency. As shown in Figure 19, the maximum output
noise reaches 7.937 nV/+/Hz. Hence, the output noise was small and did not affect the
proposed filter.
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Figure 19. Noise simulation results of BPF against frequency.

To show the linearity of the biquad proposed in Figure 2, a 1 dB power gain com-
pression point (P1dB) of the IBPF response has been measured. Figure 20 shows the
measured output P1dB of the IBPF response on the V; output terminal when only Vj; is
applied to the input signal, which indicates that the measured output P1dB point is about
—7 dBm. The spectrum of the IBPF response is illustrated in Figure 21. The measured
angular frequency is about 144.64 kHz, which is very close to the theoretical value of
144.69 kHz. To represent the nonlinearity of the biquad proposed in Figure 2, a two-tone
testing of intermodulation distortion (IMD) has been used to characterize the nonlinearity
of the IBPF response on the V, output terminal. Figure 22 shows the spectrum of IBPF
responses obtained by applying two-tone signals, f; and f,, near the center frequency of
fo, = 144.69 kHz for intermodulation characterization. In Figure 22, a low-frequency tone
with f; = 143.69 kHz and a high-frequency tone with f, = 145.69 kHz are used, and the
input amplitude is equal to 126 mVpp. The measured value of the third-order IMD (IMD3)
is about —50.83 dBc, and the measured value of the third-order intercept (TOI) point is
about 5.136 dBm. The figure-of-merit (FoM) of the biquad was defined as [14]:

Dynamic range x f,
Power dissipation x Supply voltage

FoM = (23)
where f, is the central frequency. According the measured IBPF frequency spectrum in
Figure 21, the dynamic range between the fundamental tone and the largest spur of the
spurious-free dynamic range is approximately 53.49 dB. Hence, the FoM of the proposed
IBPF is approximately calculated as 268.75 x 10°.
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5.2. The QO with Amplitude of Output Current

To demonstrate the theoretical study, the behavior of the proposed electronically con-
trollable OTA-C QO with amplitude of output current has been verified by simulations
and experimental measurements. The QO, as shown in Figure 3, was designed for the
fo = 72.3 kHz, with g1 = 1.18 mS, g2 = 8m3 = gma = 1 mS, and C; = C; =22 nF As
mentioned earlier, g1 was designed to be greater than the theoretical value to guarantee
start-up of oscillation. Figure 23 shows the simulation quadrature output voltage wave-
forms. It can be seen from the simulation results that the FO is approximately equal to
71 kHz, close to the theoretical value, and the error rate is —1.8%. Figure 24 represents the
experimental quadrature outputs V1 and V3. According to the experimental results, the
measured FO is equal to 73.78 kHz, which is close to the theoretical value, and the error
rate is 2%. Figure 25 shows the simulated and experimental results of the FO by varying
the values of gn3. Figure 26 shows how to calculate the phase noise using the Agilent
phase noise measurement solution. The phase noise in the proposed electronically con-
trollable OTA-C QO is lower than —74.93 dBc/Hz (at 1 kHz offset). To show the usability
of the electronically controllable OTA-C QO in Figure 3, the applications of AM and ASK
generators are confirmed in Figures 27-32, where Ip4 is sine wave, triangle wave, and pulse
signals respectively, with a frequency of 7.4 kHz. These simulation and experimental mea-
surements are close to the theoretical prediction, confirming the feasibility of the proposed
electronically controllable OTA-C QO.

20mv

10mv

-10mVv

-20mv
2.250ms 2.260ms 2.270ms 2.280ms 2.290ms 2.300ms

s V(Vol)e V(Vo3) Time

Figure 23. The steady-state simulation waveform of the quadrature voltage outputs.
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Figure 24. Measured result of quadrature voltage waveforms.
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Figure 26. Measured result of the phase noise.
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Figure 27. The simulation result of the AM signal generator using sine wave input signal.
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Figure 28. The simulation result of the AM signal generator using triangle wave input signal.
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Figure 29. The simulation result of the ASK signal generator using pulse wave input signal.
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Figure 30. The measurement result of the AM signal generator using sine wave input signal.
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Figure 32. The measurement result of the ASK signal generator using pulse wave input signal.

6. Conclusions

This paper presented an electronically tunable biquad and an output current ampli-
tude, electronically tunable QO. The proposed circuits employed three OTAs, one DO-OTA,
and two grounded capacitors. The single-input three-output VM multifunction biquad or
the four-input single-output VM universal biquad can work in the same configuration. The
proposed biquad can simultaneously realize LPF, IBPF, and BRF responses. By choosing
the appropriate input terminals, the proposed biquad can realize all standard filtering
functions without inverting-type voltage input signals. The characteristic parameters w,
and Q are orthogonally controllable. The measured value of the power dissipation was
0.96 W, under 32 mA constant output current. The measured P1dB value of the output IBPF
was —7 dBm, and the measured IMD3 and TOI values were —50.83 dBc and 5.136 dBm,
respectively. The measured value of the spurious-free dynamic range was 53.49 dB, and
the FoM of the filter was 268.75 x 10%. The proposed biquad configuration can be used as a
type of electronically tunable QO with high-output impedance and amplitude-controllable
sinusoidal current output signal. The proposed electronically tunable QO generated two
sinusoidal output voltages with 90° phase difference, and CO and FO can be adjusted inde-
pendently by adjusting the Ig of the OTA. Moreover, the proposed QO with electronically
controllable amplitude of the sinusoidal current output signal can provide an AM signal
or ASK signal, and is widely utilized in modulation systems. The proposed circuits have
been verified by experiments and verified by OrCAD PSpice simulations to confirm the
theoretical and expected assumptions.
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