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Simulation of Voltage Controlled Tunable All
Pass Filter using LM 13700 OTA
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Abstract—In recent years Operational Transconductance
Amplifier based high frequency integrated circuits, filters and
systems have been widely investigated. The usefulness of OTAs over
conventional OP-Amps in the design of both first order and second
order active filters are well documented. This paper discusses some
of the tunability issues using the Matlab/Simulink® software which
are previously unreported for any commercial OTA. Using the
simulation results two first order voltage controlled all pass filters
with phase tuning capability are proposed.
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I. INTRODUCTION

lectronically tunable circuits attracted considerable

attention in the design of analog integrated circuits
because different values of resistance, inductance or
capacitance can be obtained by the same device.
Programmability is one the most attractive features of the
Operational Transconductance Amplifier (OTA), since this
makes it possible to tune analog devices such as; filters,
oscillators etc, electronically. OTA is a differential voltage
controlled current source (VCCS) where the output current is
controlled by an applied input voltage signal. This tunability is
obtained by varying the transconductance (g,) of the OTA
which in turn is controlled by the bias current or voltage.
However, tunability is restricted by the limited bandwidth of
gm, Which depends on the bias current.

OTA is a commercially available active component which
has been used widely in many applications. The first example
of electronically tunable filter circuit using OTA was
proposed in [1]. OTA circuits have been shown to be
potentially advantageous for the design of many first and
second order high-frequency analog filters [2]-[6]. There is
another active component known as Current Conveyor which
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provides a wide range of tunability [7] but there is a difference
in the internal structure and the OTA uses a lower number of
transistors compared to a current conveyor. All pass filters
have been exhaustively investigated using OTA particularly,
where the design consideration includes phase delay [8]-[9].
This work simulates the commercially available LM13700
OTA using the Matlab/Simulink®. A voltage controlled all
pass filter using LM13700 is proposed. Programmability is
achieved by using an OTA based floating programmable
resistor. Also, a second improved version is obtained by
adding the grounded programmable capacitance multiplier
[10] which gives it a wider tunable range.

II. OTA FUNDAMENTALS

An ideal OTA is defined by I, = gy (Vinr - Vin.) where the
input and output resistances are infinite. The transconductance

gm 1s given by:
g L | )
m 2V-|- bias

where Vr: thermal voltage =26 mV at room temperature
Ipias: bias current.

As voltage is the more easily controllable, a bias circuit is
used to convert the voltage to current.

V+

~ lbias

e

Fig. 1 Circuit symbol of OTA.

A simulink block is created based on the parameters specified
n [11] for the commercial LM13700 OTA and the PSPICE
model [12] from National Semiconductor. The maximum bias
current variation is between 0 to 2 mA.
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Fig. 2 Small signal model of OTA.
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Fig. 3 Developed Simulink model of LM13700.

ITII.  SIMULATION OF FLOATING RESISTOR

Fig. 4 (from [13]) shows the circuit for simulating a floating
resistor. Here,

1

Fig. 4 Circuit for simulating floating resistor.

Iol =gm1><(V2 _Vl) )
loy = Gy x(V,=V,) (3)

But, the output currents are:
I, =-land 1, =-1,

gmlzgmzzgm:h:_lz (4)
Then, effective resistance as seen by terminals at V| & V,:
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Fig. 5 Simulink model of floating resistor.

Fig.’s 6 and 7 show the variation of bias current with
control voltage and variation of effective resistance with
control voltage respectively. As can be seen, a wide range of
effective resistance can be obtained, from 20 Q to 7 kQ.
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Fig. 6 Variation bias current with control voltage.
Simulated Effective resistance Vs Control Voltage
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Fig. 7 Variation positive grounded resistance with control voltage.

IV. PROPOSED TUNABLE ALL PASS FILTER

Utilizing the above circuit, the realization of a voltage
controlled programmable all pass filter is feasible. The
programmable phase shifter proposed is shown in Fig. 8
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which utilizes the floating resistor described in section III.

The phase shift between the input and output is given by:

0 =-2tan '(wx R4 xC) (6)
From Section III,
R, = 2xV; _ 1 @)
g m 19 2 X Ibias

where V1 =26 mV at room temperature. From Fig. 6, the
equation of the straight line is obtained as:

y = 0.0332 X + 0.4638
y = 0.0332 (x +13.96)
_ 1 (x+13.96)

2 15
Again from Fig. 6 it can be seen that at V. =-13.9 V, Ij,s =
0 mA for Ry, = 15 kQ. Thus, the relationship between V. and
Ibias Wlth Rbias in (kQ), iS:

y

o = x Vet 13:96) mp (®)
* 2 Rbias
From (5)
1 1 2x Ry, ©

R, =— = -
g, 192x1,,, 19.2x(V,+13.96)
Substituting (9) into (6) gives the tunable phase shift as:

6 =-2tan (o x 2 X Rias x C) (10)
19.2x(V, +13.96)
R
R
S
v, +
Re'l'f
| 91 Yz

Ml
il
9]

Fig. 8 All pass filter based on floating resistor.

V. SIMULATION RESULTS

The all pass filter was simulated with R = 10 kQ, C =1 pF
for a voltage signal at 1 kHz. The simulation results are in
good agreement with the calculated phase shift obtained from

(10).

Phase shift Vs Control Voltage for LM13700 based all pass filter

at 1kHz
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Fig. 9 Simulated and calculated result obtained from circuit of Fig. 8.

VI. GROUNDED CAPACITOR MULTIPLIER [10]

The analysis of the circuit shown in Fig.
effective impedance as:

10, gives the

;v (n
Il SC X gml
gm()
From (11), effective capacitance is:
Ceﬁ :ngml :cxlbiasl :cxvcl+13'96 (12)
gmo IbiasO VCO +13.96
+
Gm1 l
I
V] - +
+
+— 9mo
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Fig. 10 Circuit for simulating grounded Capacitor.

VII. MODIFIED ALL PASS FILTER

Incorporating the grounded capacitor multiplier in circuit,
the realization of a voltage controlled programmable floating
resistor and a programmable grounded capacitor is depicted in
Fig. 12. The equation for phase shift is now, given by:
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Variation of effective capacitance Vs Ib/Ibo with C=10nF
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Fig. 11 Variation of effective capacitance for grounded Capacitor
with Ipjaso= 500 pA. Iy varied from 50 pA to 2 mA and C=10 nF.

Substituting (12) in (10) gives:

2xRyy  Vy+1396

0=-2tan" (wx
192x(V, +1396) V., +13.96

xC) (13)

Keeping Tyias0= 500 pA i.e Voo=-6.4 V fixed

2XRyss  Vu+1396
192x(V, +13.96) 7.5

2><Rbias XGXC) (14)
19.2x (V. +13.96)

f=-2tan" (wx 0)

0 =-2tan"' (wx

The all pass filter is simulated with R =10 kQ, C =1 pF for
a voltage signal at 1 kHz. The phase shift variation is from 38’
to 177" for V, variation from 15 V to — 13.7 V for circuit in
Fig. 12. Using G = 0.25 i.e V., = 12 V, a wider tunable phase
shift is obtained as shown in Fig. 13.

It is evident from Fig. 13 that for same control voltage, a
wider phase shift from 10" to 176 is obtained in the proposed
circuit as compared to the one in Fig. 8 where the lower limit
starts at 38" for a 1 kHz signal. This wider phase shift
variation has been obtained due to the grounded capacitance
multiplier added in the circuit of Fig. 8. This circuit has been
simulated for 100 Hz, 1 kHz and 10 kHz.

VIII. CONCLUSION

In this paper, electronically tunable resistors and capacitors
are simulated in MATLAB/Simulink® using the LM13700
model developed. Both grounded and floating configurations
are discussed. Tunability issues for these circuits with respect
to the control voltage are presented. Most of these follow an
exponential relation with the control voltage. A simple voltage
controlled all pass filter is proposed where the phase shift
depends on the applied control voltage.
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Fig. 12 Proposed modified wider tunable all pass filter.

Phase shift Vs Control voltage for LM13700 based all pass filter
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Fig. 13 Comparison of simulation results for the proposed circuit and

the circuit in Fig. 8.

The electronically tunable grounded capacitor multiplier
using two OTAs and one Op-Amp is used. This configuration
is capable of both enhancement and attenuation gains. Based
on this capacitance multiplier, the simple all pass filter
proposed here obtains a wider phase shift. A continuous phase
can be obtained with a proper choice of capacitance and
biasing resistance.
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