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Abstract—This  paper  introduces a  third-order
reconnection-less electronically reconfigurable filter
constructed of operational transconductance amplifiers

(OTASs) and a current amplifier with individual gain control
of its outputs. All capacitors in the filter structure are
grounded. The filter offers thirteen transfer functions based
on the configuration of current gains without a necessity of any
manual reconnection or modification. The design is verified
by PSpice  simulations  alongside with  experimental
measurements using available active elements.

Keywords—electronic  controllability, higher-order filter,
multifunctional filter, reconnection-less filter

1. INTRODUCTION

In recent years, it is possible to come across the research
dealing with a topic of reconnection-less electronically
reconfigurable filters [1-6] due to their ability to change the
resulting output response without any manual switching
of the input and/or output nodes of the filter, or structure
modification. Other possible advantage of mentioned
structures is the fine tuning (gain level adjustment) of stop-
band/pass-band area if the function does not meet our
demands. The idea of reconnection-less filters is based

onusage of active elements offering the electronic
controllability =~ of  their  parameters, usually the
transconductance gm in case of an operational

transconductance amplifier (OTA), or voltage or current gain
A/B assuming usage of voltage/current amplifiers. These
controllable parameters (typically controlled by DC control
voltage/current) can cancel chosen terms of the numerator
of the transfer function of the proposed filter resulting
in different output responses based on the parameter(s)
setting. This approach can be beneficial in case of on-chip
implementation when we do not possess the possibility
to modify the structure or switch between the nodes of the
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When it comes to the filters of higher-order (higher than
2"_order) [7-13], these filtering structures are usually
designed to operate as one-purpose filters offering only one
specific function [7-10], or if they offer more than one
function [11-13], they are designed in similar manner as the
2"d.order filters (not offering the ability of the electronic
reconnection) requiring switching between the specific nodes
of the circuit topology. To the best of author’s knowledge,
there was no report of the reconnection-less electronically
reconfigurable filter of higher order and this area is worth the
investigation. A possible theoretical approach to this issue,
specifically for filters working in the current mode, has been
provided in [14]. The first suggested approach lies in the
distribution of the input current into individual structure
nodes by means of current gains. These current gains are
controlled electronically and they can be set depending
onthe output response we want to obtain. The other
presumed method is consisting of the summation
of responses taken from individual structure nodes again
based on the setting of specific current gains in order
to obtain a desired function. The first mentioned procedure
from [14] was used in the proposal. Tab. I gives
a comparison of above-mentioned higher-order filters and the
reconnection-less 3"-order filter proposed in this paper.
Table II, on the other hand, compares previously introduced
reconnection-less filter (all of the second-order) with the
proposed filter.

The filter introduced in this paper is a 3"-order filter
based on Inverse Follow-the-Leader feedback (IFLF)
topology offering 13 transfer functions (low-pass (LP)
function of the 3™, 2™ and 1% order, high-pass (HP) function
of the 3" and 2™ order, band-pass (BP) function of the 2™
order, asymmetrical BP 20/40 dB per decade and 40/20 dB
per decade, two band-stop (BS) functions, all-pass (AP)
function of the 2" and 1% order and inverting direct transfer

filter, for instance. (IDT)) all obtainable by electronic means.
TABLE L. COMPARISON OF RELEVANT HIGHER ORDER FILTERS

Reference [71 [8] [9] [10] [11] [12] [13] Fig. 3
Number of activelpassive |, 2/8 33 4/8 5/4 1/8 33 453
elements
Order of the filter 5t 3rd 3rd 4h 4h 4t 3rd 3rd
All capacitors grounded Yes No Yes No Yes No Yes Yes
Number of available
functions 1 (LP) 1 (LP) 1 (BP) 1 (LP) 2 (LP, HP) 2 (BP, AP) 2 (LP, BP) 13
Simulations/Meaurement Yes/No Yes/No Yes/No Yes/No Yes/No Yes/No Yes/No Yes/Yes

For the research, infrastructure of the SIX Center was used.



TABLE IIL COMPARISON OF PREVIOUSLY REPORTED RECONNECTION-
LESS RECONFIGURABLE FILTERS
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[1] 4/4 Yes 7 Yes/No
[2] 4/2(3) No 7 Yes/No
[3] 4/2 No 6 Yes/No
[4] 2/3 Yes 5 Yes/Yes
[5] 52 No 9 Yes/No
[6] 4/2 No 6 Yes/Yes
Fig. 3 4/3 Yes 13 Yes/Yes

II. CIRCUIT DESIGN

The proposed filter has been designed directly based on IFLF
topology. Subsequently, the appropriate output polarity
combination, in order to ensure the filter stability, has been
achieved using Symbolic Network Analysis Program
(SNAP) software [15]. The main building block used for the
design is an operational transconductance amplifier [16]
following relation loue = *gm'(Vin+ — Vin-), where gm stands
for the transconductance of given element. Its schematic
symbol (for the OTA with four outputs) and its
implementation employing the universal current conveyor
(UCC) [17] are shown in Fig. 1 a), b). The UCC has been
implemented in CMOS 0.35 pm process. The implemented
chip is labeled as UCC-N1B_0520 device. Since each UCC-
NI1B 0520 chip contains one UCC together with a second-
generation current conveyor with two outputs (CCIIt), the
OTA elements in the filter structure requiring only one
output were implemented using the CCII+ from the chip.
This implementation does not directly offer the electronic
control of the transconductance nonetheless, commercially
available devices with the electronic control of their
transconductance usually possess only one output while
OTA; in the proposed structure requires four outputs.
To implement the OTA with the electronic control of its
transconductance, it would be possible to use LT1228 device
[18], for example, in combination with the UCC (where the
LT1228 provides the electronic control  of the
transconductance (by DC control current) and the UCC is
used as a current follower to obtain copies of the output
current).
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Fig. 1. Operational transconductance amplifier (OTA):
a) schematic symbol, b) implementation using the UCC.

To provide the input current distribution, a current
amplifier with individual gain control of each output
introduced in [19] (in text referred to as individual output
gain controlled current amplifier (IOGC-CA)) has been used.
The proposed current amplifier from [19] is simplified
removing the input part providing the controllable intrinsic
resistance because it is not necessary for the particular filter
design. Fig. 2 a) depicts a schematic symbol of the IOGC-
CA element while Fig. 2 b) introduces the inter structure
of this element implemented by one UCC acting as a current
follower and four adjustable current amplifiers (ACAs) made
by EL2082 devices [20] (B is controlled by DC control
voltage in case of this device) in case of this active element
realization. The function of the IOGC-CA is described
by relation Jours=+Bi(/iv), where i = {0, 1, 2, 3} based
on specific output.
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Fig. 2. Independent output gain controlled current amplifier (IOGC-CA):
a) schematic symbol, b) implementation by the UCC and EL2082 devices.

The proposed filter, depicted in Fig. 3, comprises three
OTA elements (two with one output and one with four
outputs), one IOGC-CA element and three capacitors (all

grounded). The transfer function is given
as K(s) = Iout/In = N(s)/D(s) where:

N(s)=s’B,C,C,C, +

+52(33C1C2gm3 -B,C\C,g,3) + (1)

+5(B;Cg,,8,;: — B Cig,,8,3)+
B:2,18m28ms — Bo&m1&n2&m3

D(s) = S3C1C2C3 + S2C1C2gm3 +5C 8,08, +
+gm1gm2gm3
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Fig. 3. Proposed 3™-order reconnection-less electronically reconfigurable
filter.
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From (1), it can be seen that resulting output response
will be depending on setting of current gains Bo to B3
(controllable by DC control voltages Vser o to Vser B3
in case of used implementation). A list of available functions
based on the setting of Vser o to Vser 3 is given in Tab III.
Since it is common that some functions obtained from
higher-order filters have their pass-band shifted in gain into
positive values (not having a unity gain of 0 dB), the values
stated in Tab IIl are already adjusted in order to offer
functions with their pass-band being equal to 0 dB since the
gain level of each function can be easily controlled. It could
be also possible to obtain other functions if the current gains
were settable in both polarities, or some current gains were
set higher than one.

TABLE III. AVAILABLE TRANSFER FUNCTIONS IN ACCORDANCE WITH
THE CONTROL VOLTAGES CONFIGURATION
Vserms | Vserm2 | Vserm | Vserso function

oV oV (AY% 1v LP (3"-order)
ov ov 0.75V ov BP (20/40 dB/dec)
ov ov 025V 1V LP (2"-order)
ov 075V oV oV BP (40/20 dB/dec)
ov 05V 05V oV BP (2"-order)
ov 0.5V 05V 1V LP (1%-order)
1V ov (\A% (\A% IDT

1V ov 0.8V oV BS (2"-order)
1V oV 1v 1v HP (2™-order)
1V 0.8V oV oV BS (2"-order)
1V 1V 1V oV AP (2™-order)
1V 1V 1v 1v HP (3"-order)
1V 1V 1V 2V AP (1%-order)

III. NUMERICAL DESIGN AND VERIFICATION

The first step of the numerical design was using the NAF
tool [21] designed to calculate individual coefficients of the
transfer function in dependence on the desired order of the
filter and used approximation. The following parameters (for
Butterworth approximation) were used: the pole frequency
Jfo= 47 kHz, transfer in pass-band Kp = -3 dB, the stop-band
frequency fs = 470 kHz, transfer in stop-band Ks = -60 dB.
The calculated denominator coefficients for this
configuration are as follows:

b, =1,
b, =5.995-10°,
b, =1.797 -10",

b, =2.694-10'".

Applying the coefficients from (3) into (2) while
selecting the values of capacitors to be C1 = C; = C3 = 1 nF
results in values of transconductances gm3 = 52C3 = 150 puS,
gm = (b1C2C3)/gms = 300 uS and gmi = (boC1C2C3)/(gmagms)
=600 pS.

The simulation results were carried out in PSpice
software using CMOS models in 0.18 um TSMC
technology. Used transistor-level models of a current

3)

follower, current amplifier and operational transconductance
amplifier can be found in [22], [23] and [24], respectively.
The supply voltage of all simulation models is £1 V. The
filter has been implemented in form of a printed circuit board
(PCB) in order to perform experimental measurements with
help of a network analyzer Agilent 4395A and V/, I/V
converters. The convertors were constructed by OPA860
[25] and OPA861 [26] devices. The active elements, in case
of the experimental measurements, are implemented
as suggested in section II.

The simulation results compared with the experimental
measurements of chosen available transfer functions in case
of the magnitude and phase characteristics are depicted
in Fig. 4 and Fig. 5. Fig. 4 shows output responses of the 3™-
order HP, 2"-order BP and 1%-order AP while Fig. 5
displays functions of inverting direct transfer, 2"-order LP
and 1%-order LP. The differences between the simulation and
experimental results as well as the non-idealities of the
output responses in both cases are mainly given by the
parasitic characteristics of used simulation models, real
characteristics of chips used in case of implementation,
respectively. It can be seen that responses start to deviate
at around 5 MHz due to bandwidth limitations of used active
elements. The expected characteristics of the UCC are
Rin=2 Q, Cin = 1 pF, R =1 MQ, Cin 1 pF and
Routr =100 kQ, Cour = 1 pF. Characteristics of the EL2082
stated in its datasheet are Riv = 95 Q, Cin = 2 pF,
Rin=1MQ, Con =2 pF and Rout = 500 kQ, Cour=5 pF.
The parasitic capacitance of the PCB is expected to be 30 pF.
Thus, the effect of parasitic capacitances should be negligible
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Fig. 4. Transfer functions 3"-order HP, 2"-order BP and 1-order AP:
a) magnitude characteristics, b) phase characteristics.



in comparison to the used value of the working capacitors
(1 nF). Any possible significant frequency shift caused
by parasitic capacitances can be easily compensated by the
adjustment of the values of transconductances (in case of the
implementation of the OTA elements with the ability of the
electronic control of its transconductance, combination
of LT1228 and the UCC as mentioned before, for example)
as long as the ration between the transconductances remains
unchanged. The effect of real part of input and output
impedances (that they are not high or low enough
in comparison to the ideal impedances which are infinite
or zero based on specific input/output) will affect the level
of the band-stop area of available transfer functions. This can
be most noticeable in case of the 3"-order HP function
in Fig. 4. This can be partly compensated by the suitable
selection of used active elements with their input/output
impedances closer to the ideal characteristics.
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Fig. 5. Transfer functions IDT, 2"-order LP and 1*-order LP:
a) magnitude characteristics, b) phase characteristics.

The pole frequency of the filter can be easily controlled
by changing the values of the transconductances gmi, gm2 and
gm3 as long as the ratio between them is kept unchanged.
This ability is demonstrated by the 3™-order LP function
in Fig. 6 for three different settings (gmi 75 uS,
gm =150 uS, gm3 = 300 pS, the second setting is
gm1 = 150 uS, gm2 =300 puS, gms = 600 uS and the third one
is gm1 =300 pS, gm2 = 600 puS, gm3 = 1200 uS resulting in the
theoretical pole frequency of 23.8 kHz, 47.4 kHz and
94.6 kHz). Obtained simulated and measured frequencies are
compared in Tab IV. All tested frequencies are close to the
theoretical expectations.

TABLE IV. SUMMARY OF THEORETICAL, SIMULATED AND MEASURED
POLE FREQUENCIES
Theoretical f; [kHz] 23.8 47.4 94.6
Simulated f; [kHz] 20.7 453 93.8
Measured f; [kHz] 23.4 46.1 95.9
0 serssrreeees _fo=93.8 kHz i
20l ! fo=95.9 kHz
L » s\
o =20.7kHz~
S. .40 —fo /
< fo=234kHz" -
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Fig. 6. Possibility of f; control in case of the 3"-order LP function for
three different configurations of the transconductances.

IV. CONCLUSION

The simulation results and more importantly
experimental results support the design of the proposed 3™-
order reconnection-less electronically reconfigurable filter.
All supposed transfer functions are available depending
on the setting of current gains By to Bs. The proposed filter
offers thirteen functions in total. The control of the pole
frequency is operating as intended and closely follows the
theoretical presumptions. The future work should consist
of the further analysis of the filter in order to possibly obtain
even more transfer functions from given structure.
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