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Abstract: This paper introduces a mixed-mode biquadratic
circuit employing operational trans-conductance amplifiers
(OTAs) and grounded capacitors. The biquadratic circuit
can perform mixed-mode operation by selecting the input
and output terminals. Additionally, the circuit enables to
realize low-pass, band-pass, high-pass, band-stop and all-

pass transfer functions suitably choosing the input terminals.

The circuit parameters g and Q can be tuned orthogonally
through adjusting the trans-conductance gains of the OTAs.
The biquadratic circuit enjoys very low sensitivities with
respect to the circuit active and passive components. The
achievement examples are given together with simulation
results by PSPICE.
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1. Introduction

High performance active circuits have received much
attention. It is well known that the OTA provides highly
linear electronic tunability and wide tunable range of its
trans-conductance gain. Additionally, OTA-based circuit
requires no external resistors, hence it is very suitable for
monolithic integration. The current-mode and voltage-mode
biquadratic circuits using the OTAs have been discussed
previously [1]-[6]. It is much desirable for the biquadratic
circuit design that various circuit characteristics can be
realized with no component matching conditions.
Additionally, it is required to set the circuit parameters o,
Q and H orthogonally or independently. In applications to
analogue signal processing, it may be desirable to
synthesize mixed-mode biquadratic circuit with input
current or voltage and output current or voltage. The
mixed-mode biquadratic circuit using six OTAs and two
grounded capacitors has already been reported in the past
[1]. However, the mixed-mode biquadratic circuit with
above-mentioned performances has not yet been studied
sufficiently.

This paper introduces a mixed-mode biquadratic circuit
employing five OTAs and two grounded capacitors. The
biquadratic circuit can perform the current-mode, voltage-
mode, trans-admittance-mode and trans-impedance-mode
operations by selecting the input and output terminals.
Additionally, the circuit enables to realize low-pass (LP),
band-pass (BP), high-pass (HP), band-stop (BS) and all-
pass (AP) characteristics suitably choosing the input
terminals. The circuit parameters w, and Q can be tuned
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orthogonally through adjusting the trans-conductance gains
of the OTAs. It is made clear from sensitivity analysis that
the circuit enjoys very low sensitivities to the circuit active
and passive components. The achievement examples are
given together with simulation results by PSPICE.

2.0OTA

Figure 1 shows the symbol for the OTA. This shows dual
current output OTA.

Figure 1. Symbol for OTA.

The current output I, is given by:
I, =g, (V, -V.) )

where g, denotes the trans-conductance gain.

Figure 2. OTA with MOS transistors.

In (1), the sign “+” shows the polarity of the current output.
The OTA [2] with MOS transistors is shown in Fig.2. The
trans-conductance gain gy, can be characterized by:

/ w
On = l"lncoxflb (2)

where w, Co, W/L and I, are the electron mobility of
NMOS, gate oxide capacitance per unit area, transistor



aspect ratio and bias current, respectively. The
transconductance gain g, is adjustable by a supplied bias
current Iy,

3. Circuit configuration and analysis

Figure 3 shows the mixed-mode biquadratic circuit
configuration. The circuit is constructed with five OTAs
and two grounded capacitors.

i C]_

Vinl

Iout
Figure 3. Mixed-mode biquadratic circuit configuration.

Routine analysis yields the voltage and current outputs
(Vout(s) and | out(s)) given by

N, (s) N, (s)

Vout (S) = D(S) (3) Iout (s)= D(S) (4)
where

O LSO R AVANO), S 3 (WO

m3 2 (5)
+ 01 Vin1 (8) = 9a Vins ()35 + %{I n1(8) + U 1ns Vina (5)3]
N;(8) = 95N, (5) (6)
D(S):SZ+gngm4 S_,_gmlgngmS (7)

ngm3 Clczgm3

It is found from the equations above that the circuit can
perform the mixed-mode operation by selecting the input
and output terminals. And various circuit transfer functions
can easily be realized choosing the input terminals suitably.

In current-mode operation, the way to realize the low-pass,
band-pass, high-pass, band-stop and all-pass transfer
functions is as follows:

Current-mode operation (Vini=Vin=Vins=Vins=0)
LP: ling=lin, linz=1in3=0

Iout (S) _ gmlg m2 /C1C2
WO DE ®)

BP: linz=lin, ling=lins=0

1 () (@0 /C,)s
I, D@ ©)

TLP (S) =

TBP (S) =
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HP: ling=lin, lin1=lino=0

lou (5) _ s

T =
#0710 0 10
BS: Iin1:|in3:|ina Iin2:0
I, s*+9.,9,.,/C.C
T _ _out — mldm2 1~2
== o (1
AP: Iin1:|in2:|in3:|in
2
T (s)= Ioul(s) — s _(gmz /CZ)S+gmlgm2 /CICZ (12)

lir (8) D(s)

The circuit parameters mg and Q can be expressed as:

. = gmlgngms Q_ 1 C29mlgm39m5
0 _‘ ! - 1
Clczg m3 gm4 Clg m2

(13)

The circuit parameters wg and Q are tuned orthogonally by
adjusting the trans-conductance gains of the OTAs.

The sensitivities with respect to circuit active and passive
components (i.e. trans-conductance gains and capacitors)
are shown in Table 1. We can find from these values that
the biquadratic circuit enjoys very low sensitivities to the
circuit components. It noted that the sensitivities do not
depend on the circuit component values.

Table 1. Sensitivity to circuit components.

X Sy Sy
U1 0.5 05
G2 0.5 0.5
Oma -0.5 05
Uma 0.0 -1.0
s 0.5 05
C -0.5 05
C, -0.5 05

Next, we consider to realize the voltage-mode circuit
transfer functions. In voltage-mode operation, the low-pass,
band-pass, high-pass, band-stop and all-pass transfer
functions are obtained by selecting the input terminals as
follows:

Voltage-mode operation (ljn;=lin2=lins=0)
LP: Ving=Vin, Vin=Vinz=Vinz=0

Vou (S) gmlngg m5 /C1CZg m3
T =t 14
=0V, 6 D) 4
BP: Vinlzvin: \/inzz\/inSZ\/iM:0
Vour () _ (m2 /Cy00ms)S
T — _out — _\ImiYIm2 29m3 15
=00 D) =
HP: Vins=Vin, Vini=Vins=Vins=0
Vo 8) _ Gz S°
Tl du S (16)
TEUVL6) g DO



BS: Vino=Vins=lin, Vini=Vin3=0

T.(5) = Vou () :gizsz +9m9ns/C,C, (17)
5TOVe® 9 DB

AP: Vinlzvinzzvin4:Vim Vin3:O

T (S) — Vout(s) :hsz _(gmllcz)s+gmlgm5/C1C2 (18)
* \/in (S) gm3 D(S)

In addition, the trans-admittance-mode or trans-
impedance-mode operation is obtained from selecting the
input terminal 1;,(S) or Vin(s) and output terminal Vqy(s) or

I OUI(S) "

4. Design examples and simulation results

As a design example, we consider a realization of the
current-mode circuit characteristic with the cut-off
frequency fy (Fwo/2)=1MHz, quality factor Q=1.0 and gain
constant H=1.0. In this simulation, we have used a macro
model of the OTA shown in Fig 2.

To realize the circuit characteristic above, we have
determined that the bias currents and capacitors were
Ibl:|b2:|b3:|b4:|b5:40uA and C;=C,=17pF, reSpeCtively.
Also, we have set the supply voltages and input current at
VDD:_VSS:1-85V and Iin210uA.
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Figure 4. Simulation results (current-mode circuit).

Figure 4 shows the frequency responses simulated with
PSPICE. Figure 4 (a) shows the low-pass, band-pass, high-
pass and band-stop responses. The all-pass response is
shown in Fig.4 (b). The simulation responses are favorable
enough over a wide frequency range. The power dissipation
was 4.83mW.

Figure 5 shows the simulation responses with f,-tuning (i.e.
fo=500kHz, 1MHz and 2MHz), keeping Q=1.0 and H=1.0.
In this case, the capacitors and bias currents were
C1:C2:17p|: and |b3:|b4:|b5:4OHAa Ib1:|b2:9~6HAa 4OHA
and 210pA, respectively.
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Figure 5. fo-tuning responses (current-mode circuit).

Figure 6 shows the simulation responses with Q-tuning
(i.e. Q=0.707, 1.0, 2.0 and 5.0), keeping fo=1MHz. In this
case, the capacitors and bias currents were C,=C,=17pF and
Ibl:|b2:|b3:|b5=4OuA: Ib4=80}/lA, 40uA, 10pA and 16}/lA,
respectively. It is found that the circuit parameters f, and Q
can be tuned electronically adjusting the bias currents of the
OTAs.
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Figure 6. Q-tuning responses (current-mode circuit).

Next, we have considered about the voltage-mode
biquadratic circuit. The circuit parameters f,, Q and H are
same as the current-mode ones. Also, we have set that the
values of the bias currents and capacitors were all the same
as the current-mode circuit.

Figure 7 shows the simulation responses. You can see that
the simulation responses are good enough as well as the
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current-mode ones. Here, we have set the input voltage
Vir=100mV. The power dissipation was 4.83mW.

In this simulation, the size of all the MOS transistors have
W=4pm and L=2pum. And we have used the parameters of
MOSIS 0.5um for other device parameters.
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Figure 7. Simulation results (voltage-mode circuit).

5. Conclusions

A mixed-mode biquadratic circuit employing five OTAs
and two grounded capacitors has been proposed. We have
demonstrated that the circuit can perform the mixed-mode
operation by selecting the input and output terminals, and
that the circuit enables to realize the low-pass, band-pass,

high-pass, band-stop and all-pass transfer functions by
suitably choosing the input terminals. Additionally, the
circuit parameters o and Q can be tuned orthogonally
through adjusting the trans-conductance gains of the OTAs.
It has been made clear that the biquadratic circuit has very
low sensitivities to the circuit active and passive
components.

The achievement examples have been given together with
simulation results by PSPICE. The simulation responses
have been appropriate enough over a wide requency range.
The circuit configuration is very suitable for
implementation on both bipolar and CMOS technologies.

The non-idealities of the OTA may affect the circuit
characteristics. The solution on this will be discussed in the
future.
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