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A first-order mixed-mode multifunction filter utilizing a Current Follower Differential Input Transconductance
Amplifier (CFDITA) and a grounded capacitor is introduced in this paper. It can be configured to provide first-order
high-pass (HP), low-pass (LP) and all-pass (AP) responses in current-mode as well as a HP response in
transadmittance-mode. The filter offers advantages such as suitable impedances in both current-mode and transadmittance-
mode, facilitating simple cascadability in either mode, ease of integration, minimal use of active and passive components,
explicit current outputs to drive current-mode devices and the employment of a grounded capacitor that assists in parasitic
absorption of the active element used. Additionally, it has a higher operating frequency (10.3 MHz), low
power consumption (1.5 mW), electronic tunability of pole frequency and no need for matching passive components.
A thorough analysis considering ideal, non-ideal, and parasitic effects is provided. The study also examines the use
of the suggested filter as a quadrature oscillator. Post-layout simulations utilizing the Cadence Virtuoso tool with a 180 nm
GPDK (Generic Process Design Kit) technology have confirmed the developed circuits. The layout of CFDITA measures

an area of 28.4 um x 26.5 pm.
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1 Introduction

Current trends in analog signal processing focus on
enhancing performance, energy efficiency and
miniaturization through advancements in circuit
design, materials and the incorporation of artificial
intelligence and these developments have been
complemented over recent decades by progress in
current-mode (CM) active building blocks that
significantly advance the implementation of active
filters and oscillators. These blocks can function at
greater frequencies, consume less power and exhibit
superior linearity compared to voltage-mode (VM)
active blocks'?. This approach is particularly relevant
for complex circuits and various applications where
speed and efficient power usage are crucial. Due to
the simpler and compact designs, low cost and power
saving features, first-order filters are very popular.
The low-pass (LP), high-pass (HP) and all-pass (AP)
filtering responses can be accomplished in first-order
filters>. LP, HP, and AP filters are essential tools
in analog signal processing. LP filters smooth signals
by allowing low frequencies to pass while reducing
high-frequency noise, whereas HP filters remove
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unwanted low-frequency components such as
DC offsets and slow drifts. AP filters preserve signal
amplitude while adjusting phase, enabling precise
phase correction without altering magnitude.
These filters can be implemented in four operating
modes: VM, CM, transadmittance-mode (TAM), and
transimpedance-mode (TIM). VM filters process
voltage signals at both input and output, CM filters
operate with current signals, TAM filters convert
input voltages into output currents, and TIM filters
convert input currents into output voltages. The
choice of active building blocks used to realize a filter
is critical, as it directly determines the filter’s overall
performance and significantly affects key parameters
such as bandwidth, linearity, and noise behavior.

The literature has documented a number of first-
order filters employing different modes of operation,
including CM* ", VM"? TAM?**?"| and mixed-mode
(MM)**, implemented with a wide range of
active building blocks. The CM filters employ the
active elements such as Dual X Current Conveyor
Transconductance Amplifier (DX-CCTA)*® !, Current
Controlled Second-generation Current Conveyor
(CCCII)*, Multiple Output Current Differencing
Transconductance Amplifier (MO-CDTA)’, Extra-X
Current Conveyor (EXCCID® '°, Extra-X Current
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Controlled Current Conveyor (EXCCCII), CCIP,
Differential Difference Dual-X Second-generation
Current Conveyor (DD-DXCCII)'? and Multi-Output
CCII (MO-CCID)".
The VM filters are based on active elements such
as Differential Difference Current Conveyor
(DDCC)", Voltage Differencing Inverting Buffered
Amplifier (VDIBA)', MOS Transistors'">, Voltage
Differencing Current Conveyor (VDCC)', Second-
generation Voltage Conveyor (VCII)", Dual-X
Second-generation Multi-Output Current Conveyor
(DX-MOCCII'®, Dual-X Second-generation Current
Conveyor (DXCCII)'’, EXCCII*’, Fully Differential
Second-generation Current Conveyors (FDCCII)*,
Dynamic Threshold Voltage MOSFET (DTMOS)?,
Current Feedback Operational Amplifier (CFOA)™" %,
and DD-DXCCII™.
In TAM, the first-order filters are designed
with Voltage Differencing Voltage Transconductance
Amplifier (VDVTA) and Operational Transconductance
Amplifiers (OTAs)**?’.
In MM, filters are based on Multiple-Output
DXCCTA (MO-DXCCTA)®, Extra X Current
Conveyor Transconductance Amplifier (EXCCTA)*,
VCII*, Voltage Differencing Gain Amplifier
(VDGA)*' and Dual-X Current Conveyor Differential
Input Transconductance Amplifier (DXCCDITA)*.
The limitations observed from the study of the
above-mentioned filters are given as follows
i. Requirement of different kinds of active blocks,
which increase complexity and area®®?’.

ii. Use of floating passive components and/or more
passive componentsé’ §11.14-19. 22,31

iii. Absence of all basic filtering responses in a single
structureg'l 1, 14-27, 30, 32.

iv. Lack of electronic tunability

v. Only single-mode operation, which limits the
flexibility” .

vi. Inappropriate input/output impedances, which
affects the cascadability® ' '°.

In this context, this study seeks to add to
the existing research on multifunction filter
development by introducing a first-order mixed-mode
multifunction filter (FO-MMMF). The suggested
design realizes a compact and effective circuit
implementation through the use of a Current Follower
Differential Input Transconductance Amplifier
(CFDITA) along with single grounded capacitor. The
suggested filter is easily cascadable and works well in
two different modes. It provides direct current

9,12, 13,15, 17-20, 22-24, 30

outputs, which makes it suitable for driving other CM
circuits. The use of grounded capacitor helps absorb
parasitic of the active block. The circuit offers
electronic tuning of pole frequency and does not
require any matching constraint; has good operating
frequency and consumes low power. Theoretical
study and simulation findings demonstrate the
effectiveness of the suggested architecture, suggesting
its utility for real-world signal processing
applications. Table 1 presents an overview and
comparison of first-order filter performance metrics.

2 Materials and Methods

2.1 Suggested Mixed-mode Multifunction Filter

CFDITA is a basic analog block widely used in
signal processing, particularly in CM circuits®>". It
combines the characteristics of a differential input
transconductance amplifier and a current follower.
Due to its broader bandwidth, better linearity and low
power operability, CFDITA is helpful in the design of
diverse applications like analog filters, oscillators,
rectifiers, instrumentation amplifiers, multi-vibrators,
etc. In the proposed filter architecture, a Zc CFDITA
is utilized. The symbol of CFDITA used in the
proposed filter architecture is depicted in Fig. 1 (a),
and its CMOS implemented circuit’® is depicted in
Fig.1 (b). The port relationships of CFDITA are
described in the following matrix.

I, 0 0 0

M o o 1w

I =| 0 o0 1j A (1)
o “YIm Im 01LIp

Ip- 9m —Gm O

where g, = knlg, (k, = u,CoxW/L is the physical
parameter of NMOS transistor) is the
transconductance of CFDITA, I, I I;c, Io+ and . are
the currents at terminal F, Z Zc, O+ and O-
respectively; Vi Vz Ve, Voo and Vo are
the voltages at terminal F, Z, Z, O+ and
O- respectively.

The implemented FO-MMMF circuit is shown in
Fig. 2. It may be configured to produce an HP
response in TAM and HP, LP, and AP responses in
CM. The suggested multifunction filter architecture
employs minimum active and passive components as
it uses a sole CFDITA along with a single grounded
capacitor only. The incorporation of a grounded
capacitor aids in the absorption of parasitic elements
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Table 1 — The comparison of first-order filters' performance metrics

Ref. ABB/Count  No. of All  Availability Appropriate  Mode of Configur- Electronic Technology Power Power Post
Passive Grounded of LP,HP inputand operation ation Tuning Used Supply Consumption Layout
elements Passive  and AP output (um) ) (mW)  simulations
elements impedances
[3] DXCCTA/1 2C YES YES YES CM SIMO YES - +1.25 1.75 NO
[4] CCcC112 2C YES YES YES CM SIMO YES - +2.5 2.72 NO
[5] MO-CDTA/1 1C YES YES YES CM  MIMO YES 0.13 +1 25 NO
[6] EXCCII/1 IR,1C NO YES YES CM SIMO YES 0.25 +1.25 - NO
[7] EXCCCII/1 1C YES YES YES CM SIMO YES 0.18 +125 044-44 NO
[8] DXCCTA/1 1C NO NO YES CM MISO YES 0.18 +1.25 - NO
9] CCII2 IR,1C NO NO NO CM SISO NO 0.18 +0.2 0.00053 NO
[10] EXCCIV/1 IR,1C NO NO YES CM SISO YES 0.18 +0.75 0.568 NO
[ DXCCTA/1 1C NO NO YES CM SISO YES 0.18 +1.25 - NO
[12] DD-DXCCI/1  1C YES YES YES CM MIMO NO - +1.25 25 NO
[13] MO-CCI/2, IR,IC  YES YES YES CM MISO NO 0.18 +1.25 3.71 NO
DDCC-2 IR,IC  YES YES YES VM MISO NO 0.18 +1.25 3.71 NO
[14] VDIBA/1 1C NO NO YES VM SIMO YES IC +5 - NO
[15] MOS IR,1C NO NO YES VM SISO NO 0.18 +0.9 0.54 NO
Transistor/4
[16] VDCC/1 2R,1C NO NO NO VM SISO YES 0.18 +0.9 0.492 NO
[17] VCII/1 2R,1C NO NO YES VM SISO NO 0.18 +.9 0.069 NO
[18] DX-MOCCI/1 2R,IC NO NO YES VM SISO NO 0.25 +1.25 - NO
[19] DXCCIV1 IR,1C NO NO NO VM SISO NO 0.25 +1.25 - NO
[20] EXCCI/l  2R2C  YES NO YES VM SISO NO 0.25 +1.2 0.7 NO
[21] FDCCII/'1 1C YES NO YES VM SISO YES 0.18 +1.25 2 NO
[22] DTMOS/1  1R,IC NO NO YES VM SISO NO 0.18 0.2 - NO
[23] CFOA/2 3R,1IC  YES NO YES VM SISO NO 0.18 +8 - NO
[24] CFOA/2 3R,1IC  YES NO YES VM SISO NO IC +10 - NO
[25] DD-DXCCI/1  1C YES NO YES VM SIMO YES 0.18 +1.25 - NO
[26] VDVTA/1, 1C YES NO YES TAM SISO YES 0.18 +0.85 1.6-4.76 NO
OTA/2
[27] VDVTA/1, 1C YES NO YES TAM SISO YES 0.18 +0.85 - NO
OTA/1
[28] MO- 1C YES YES YES CM/TAM SIMO YES - +1.25 14 NO
DXCCTA/1

[29] EXCCTA/l IRJIC  YES YES YES CM/VM/  SIMO YES 0.18 +1.25 - YES

TAM/

™M
[30] VCII/2 3R,IC  YES NO YES CM/TIM SISO NO 0.18 +0.9 1.22 NO
[31] VDGA/1 IR,1C NO YES YES CM/VM/  SIMO YES 0.18 +0.9 1.31 NO

TAM/

TIM
[32] DXCCDITA/1  1C YES NO YES CM/VM/ SISO YES 0.35 +1.5 - NO

TAM
Proposed CFDITA/1 1C YES YES YES CM/TAM MIMO YES 0.18 +1.25 1.5 YES

within the device. The input current signal, [;, is
applied at terminal F, which operates as a low
impedance terminal; this allows the proposed filter to
be cascaded in CM and TAM, with output signal
currents, /; and I, explicitly accessible at high
impedance terminals for easy driving of CM blocks.
The input voltage signal, Vi, is applied at the high
impedance terminal V, facilitating the cascading of
the proposed filter in VM and TIM. Therefore, the
recommended filter's input and output impedances are
appropriate for both CM and TAM applications. The
standard circuit analysis is conducted using CFDITA's

ideal terminal relationships, as described in Eq. (1).
The output current, /; obtained at terminal Z¢ is given
as follows.

I = _[sCIin—ngmvin] )
1 SC+gm

If v;, = 0 in Eq. (2), then the transfer function
(TF) of the filter will be given as follows.

Tout I sC

=1=_ .. 0)

sC+gm

Iin Iin
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Fig. 1 — (a) Symbol of CFDITA; and (b) CMOS implementation
of CFDITA
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Fig. 2 — Proposed first-order mixed-mode multifunction filter

It is observed from Eq. (3), that the proposed filter

realizes an inverting CM HP filter. If /;,= 0 in Eq. (2),
the filter's TF will be as follows.
fout _ I _ SCYm_ (4)

Vin Vin sC+gm

It is observed from Eq. (4), that the proposed filter
realizes a non-inverting TAM HP filter. The output
current, [, obtained from terminal O- of the suggested
filter is given as follows.

Iin+tsCgmv;
12 — Imlin ImVin (5)
sC+gm

If v;;, = 0 in Eq. (5), then the TF of the filter will
be as given below.

lout I Im
Iin lin  SC+gm - (6)
It is observed from Eq. (6), that a non-inverting
CM LP filter is realized with the suggested circuit.
Under the condition, /;,= 0 in Eq. (5), the realized TF
of the filter will be a non-inverting TAM HP filter
and its expression will be the same as expressed
in Eq. (4).
If the output signal currents, /; and /, are connected
together, the expression of the combined current
signal will be given as follows.

L+1l,= ‘(sc‘gf';)c’fgjscgm”in )

An inverting CM AP filter TF can be obtained as
follows under the condition that v;;, = 0 in Eq. (7).

lout _ htly _ _ [sC—gm] (8

Iin Iin sC+gm

The realized AP filter's phase
calculated as follows.

response is

¢(w) = 180° — 2 tan™* (£5) .. (9)

Im
Based on Eq. (9), the AP filter is capable of phase
shifting from 0° (at ®=0) to -180° (at ®=w).
Under the condition, [;;; =0 in Eq. (7), a non-
inverting TAM HP filter TF with a gain of 2 can be
realized as given below.

Iout _ 11+12 _ ZSCgm

Vin Iin SC+gm
The pole frequency, fo of all the realized TF is
expressed as given below.

fosz"; .. (11)

The transconductance of CFDITA may be readily
adjusted by bias current I to electronically tune the
fo. The cut-off frequency’s sensitivities with respect
to g, and C are found to be unity in magnitude, as
given below.

sp =—slo=1 .. (12)

.. (10)
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2.2 Non-ideal and Parasitic Analysis

Considering non-ideal aspects of CFDITA, the port
relationships of CFDITA are modified and described
in the following matrix.

/ 0 0 0

[ 1; ] 0 0 aq VV

Il=] © 0 a2 ||v, .. (13)
[§O+J —Y19,, V19m 0 [LIF

0- Y29m ~Y29m O

where a,, a, are non-ideal current transfer gain
from terminal F to terminal Z and Z respectively; y4
and y, are non-ideal inaccuracies in transconductance
from terminal Z to O+ and O- respectively. The
CFDITA also exhibits several parasitic elements,
including a series resistance Rr at the F terminal and a
parallel combination of a resistance R; and a
capacitance C; at the i" terminal, where 7= Z, Z¢, V,
0+, O—. Considering the parasitic effects alongside
the nonidealities of (13), the constructed FO-MMMF
filter circuit is reassessed. The expression of the
current signal, /; is now revised as given below.

- _ I:aZSC,Iin_QZYISC,gmvin:I (14)
sC'+a1y19m
where C' = C + C,. The capacitance Cyis the

parasitic capacitance of Z terminal. The CM TF given
in Eq. (3) is now modified as follows.

Iout____[

a,sC’ ]
SC'+a1¥19m

. .. (15)
The TAM TF given in Eq. (4) is now changed as
given below.

lowr _ I _ @2v15C"gm. ... (16)

sC'+a1y19m

Vin Vin

The output current, /; can now be expressed as
below.

I, = 1Y29mlintY25C’ GmVin (17)
2 sC'+a1¥19m o

The CM LP filter TF given in Eq. (6) is now
modified as follows.

lowte _ Iz _

_daV29m ... (18)

Iin Iin sC'+a1y19m

The TAM HP filter TF obtained from Eq. (17)
is expressed below.

low _ T2 _ _725C'0m . (19)
Vin Vin sC'+a1¥19m

The AP TF given in Eq. (8) is now modified as
follows.

Io_ut — 11+12 — I:aZSC,_aIVZ‘gm (20)
Iin Iin sC'+a1y19m
The TAM HP filter TF, obtained by combining
current signals /; and /,, expressed in (10), is now
revised as follows.
lout _ hitlz a2¥15C" gm+v25C" gm 1)
sC'+a1y19m

Vin Iin

As a result, the suggested filter's pole frequency is
updated as follows.

_ a1V19m
fo= S - (22)

The pole frequency is affected by the non-ideal
gains and parasitic of CFDITA. However, the effect
of parasitic can be minimized by selecting external
capacitor value such as C >> Cy.

3 Simulation Results

Post-layout simulations utilizing the Cadence
Virtuoso tool with a 180 nm GPDK (Generic Process
Design Kit) technology are included to verify the
proposed circuit. Post-layout simulations take into
account the parasitic of the active block used, making
them closely aligned with the experimental resul‘[s38 o
The aspect ratios of MOS are given as follows:
Ml—Mz’ MS-MQ M7; WIL = 036/018, M3—M4:
WIL = 144/018, Mg—M”I W/L :162/018, M12—M17,
M22—M233 WIL = 9/018, M]g—M21Z W/L = 1/0.18. The
layout of CFDITA, which occupy an area of 28.4 um
% 26.5 um, is illustrated in Fig. 3. The supply voltages
of £1.25 V and biasing current /3 = 90 pA are used to
verify the proposed CM filter. The capacitor value of
15 pF is selected for the intended pole frequency of
10.6 MHz. Figures 4 (a) and (b) depict the simulated
gain responses of the CM LP filter and HP filter,
respectively. The transient response of the LP filter at
100 kHz and the HP filter at 100 MHz are presented
in Fig. 5 (a) and (b), respectively. Fig. 5 confirms that
the realized LP filter is an inver ting type and the HP
filter is a non-inverting type. The suggested CM filter
is now configured as an AP filter, and its gain and
phase plots are depicted in Fig. 6. It is also discovered
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that the simulated pole frequency is 10.3 MHz, which 180 90
is nearly identical to the intended value. Furthermore, 160 | 60
. K .. . 140 i
by simulating the phase response at three distinct bias 3 120 20
current values, Fig. 7 illustrates the essential feature S 1001 L3
. . . . QO —d
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Fig. 6 — Gain and phase plot of CM AP filter
180
160—|
140
2 120—
o
% 100
& 80—
~ -
o 60
40
20—
0 T II|HH| T IIIHIIl T Illlllll
100k 1M 10M 100M 1G
Frequency(Hz)
Fig. 7 — Phase variation with /3 for CM AP filter
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Fig. 4 — Gain responses for CM LP and HP filters
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Fig. 5 — Transient responses of CM (a) LP at 100 kHz frequency; and (b) HP at 100 MHz frequency
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of the pole frequency by bias current, /3. At bias
current / = 30 pA, 60 pA and 90 pA, the pole
frequency is determined to be 4.9 MHz, 7.9 MHz and
10.3 MHz, respectively. Figure 8 shows the time
domain responses of the AP filter for currents, /;, and
1,., at pole frequency. At pole frequency, a quadrature
relationship between currents, /;, and /,,, is seen. The
performance of the implemented circuit against
process variation and MOS transistors’ mismatch is
examined using Monte Carlo simulation (MCS)
analysis. A total of 100 runs of MCS with random
sampling are carried out. Figure 9 illustrates the MCS
outcomes shown as a histogram of oscillation
frequency, while Fig. 10 presents the MCS results as a
histogram of the peak output current values,
considering process variation and mismatches in
MOS transistors. The average frequency in Fig. 9 is
10.42 MHz, whereas mean value of peak current in
Fig. 10 is 99.92 pA. Figures. 9 and 10 confirm that
the suggested filter has good performance against
process variation and MOS transistors’ mismatch. We
also investigate the temperature effects on the

1200+ ——Tn——Tout
80 —
< 40u —
‘(Q —
s O
3 -40p—
_80“_
-120u L I R S IR N IR B
0 50n  100n  150n 200n 250n 300n
Time (sec)
Fig. 8 — Transient plots of /;, and /,,, for AP filter
100
80—
8 60
a
5 40
8 40+
20
I
0 T | T I T I T
9 10 " 12 13 14
Frequency(Hz)
Fig. 9 — MCS results depicting a histogram of oscillation

frequency

proposed filter. Figures 11 and 12, respectively
illustrate the phase responses and transient responses
at various temperatures ranging from 0 to 75 °C with
a step size of 25 °C. Figure 11 and 12 confirm that the
suggested circuit is less affected by the temperature
variation. After the successful simulation of CM
filters, the suggested filter is configured as a TAM
filter. The gain plot of the TAM HP filter is shown in
Fig. 13. Its transient response at 100 MHz is depicted
in Fig. 14.
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Fig. 10 — MCS results depicting a histogram of the peak of
output current
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Fig. 11 — Phase variation of AP filter with temperature
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Fig. 12 — Transient plots of /;, and 1,,, at different temperatures
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Fig. 14 — Transient response for TAM HP filter

4 Application of the Proposed Filter as Oscillator
The suggested CM filter can be effectively
configured to function as a sinusoidal quadrature
oscillator, as depicted in Fig. 15 (a) and (b). The
suggested oscillator circuits employ two CFDITA
blocks along with two capacitors, C; and C,. The
implemented oscillator circuits have the benefits of
use of grounded capacitors only (2™ structure),

resistorless realizations, and quadrature output
currents, one of which is available -explicitly
via high impedance terminals. The CFDITA,

realizes an inverting integrator, and it provides
a positive feedback signal to CFDITA,. Both
oscillator circuits' conventional circuit analyses
provide the same characteristic equation, which is
shown below.

§2C1Cy + 5(gm1Ca — Gm2C1) + Im1Gmz =0 ... (23)

where g,,; and g,,, are the transconductances of
CFDITA;, and CFDITA, respectively. The
characteristic equation of (23) can be simplified as
follows for equal capacitor values, C;= C,= C.
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@) I lziz
VA
F z l 0- = c,
CFDITA; G CFDITA, ]:
T Zet——>1
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F z j—c O+ Z __LC2
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o+ O- F Ze[—>1,
Vv Zc |4 O-—>1,
Fig. 15 — CM sinusoidal oscillator
22 —
s°C° + SC(gml - gmz) + 9m1Gmz = 0 (24)

From Eq. (24), the condition of oscillation (CO)
and the Frequency of oscillation (FO) are obtained as
given below.

CO: gm1 < 9m2 ... (25a)
FO: f, = ¥omint .. (25b)

While taking gm1 = gmz = gm in Eq. (23), the
modified equation is as follows.
SZC1C2 + ng(CZ - Cl) + ng =0 (26)

Equation Eq. (26) gives the following CO and FO.

CO:C, <¢ ... (27a)
L f = Im
FO: f, = v ... (27b)

The implemented sinusoidal oscillator circuits are
simulated with capacitor values of C; = C, = 150 pF,
and transconductances are chosen as g,; = 0.65 mS
and g,» = 1 mS. The simulated output waveforms and
their frequency spectrums are illustrated in Fig. 16.
The simulated steady-state oscillation frequency is
measured as fo = 0.84 MHz. Figure 17 depicts the
transient waveforms and frequency spectrums at
fo =8.4 MHz when capacitor values are changed to
Ci1= C,= 15 pF. The simulated output waveforms for
currents /; and /, have total harmonic distortions of
0.81 % and 0.93 %, respectively.
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Fig. 16 — Simulation results for currents, /; and /, (a) Transient
plots; and (b) Frequency spectrums at 0.84 MHz
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Fig. 17 — Simulation results for currents, /; and /, (a) Transient
plots; and (b) Frequency spectrums at 8.4 MHz

5 Conclusion

A FO-MMMF has been presented, which consists
of a single CFDITA and one grounded capacitor. This
filter design is capable of providing CM LP, HP, and
AP filter functions, along with a TAM HP filter
function. The study has addressed the ideal and non-
ideal analyses of the proposed circuit. The filter
design demonstrates excellent accuracy and effective
electronic tunability through modulation of bias
current. Monte Carlo simulations and thermal analysis
have confirmed the circuit's resilience against process
and thermal fluctuations. Additional notable features
of the proposed FO-MMMF filter include a compact
circuit design, reduced sensitivity to device parasitic,
the capability to drive loads efficiently in both CM
and TAM, ease of cascading, and operation at low
voltage (+ 1.25 V), higher operating frequency (10.3
MHz) and low power (1.5 mW), An application of the
designed filter is a sinusoidal oscillator, which shows
stable oscillations with a total harmonic distortion
within 1% only. The performance of the
suggested filter and oscillator circuits has been
validated through post-layout simulations conducted
using Cadence Virtuoso. The results indicate
outstanding performance, making the proposed design
appropriate for various analog signal processing
applications.
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