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1 |  INTRODUCTION

Field programmable analog arrays (FPAA) are integrated 
circuit devices with a programmable platform for imple-
mentation of analog signal processing units. The general 
architecture is based on configurable analog blocks (CABs) 
that are arranged in certain structures with interconnec-
tions between them [1]. Different FPAA architectures were 
proposed over the years owing to the various analog blocks 
available for use in the CAB. Based on the application and 

the specifications of the FPAA, multiple designs were pre-
sented and developed. Some designs were based on the cur-
rent conveyor (CC) as the active block for the CAB [2–5], 
operational amplifiers (op-amps) [1,6–9],current feedback 
operational amplifiers (CFOAs) [10]. and operational 
transconductance amplifiers (OTAs) [11–16]. Another 
difference in the FPAA architecture is the interconnection 
between CABs wherein most connections use switches, 
such as transmission gates [10],or basic metal-oxide semi-
conductor (MOS) switches for switched capacitance (SC) 
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circuits [8,9]. Recent studies have eliminated the use of 
switches with direct connections between the CABs, and 
have thus decreased the parasitic effects [2,15].

The available FPAA architectures are mostly targeted to-
ward high-frequency applications. However, the first objec-
tive of this study is to implement a FPAA for low-frequency 
applications and map analog signal processing units that deal 
with biopotential signals. Given that one of the major analog 
signal processing blocks is the filter, the FPAA architecture is 
designed to accommodate the specifications required by the 
analog filter circuits. From all the available active filter real-
ization methods, the OTA-C technique is chosen (that uses 
OTA and capacitors) to build integrator stages for filter re-
alization. Compared with other filter circuit realization tech-
niques, the OTA-C filters have better frequency responses, 
consume less power, and use a smaller die area. Therefore, 
OTA-C filters are chosen to be mapped on the FPAA, while 
the basic building block of the FPAA CAB is the OTA.

The second objective of this work is the active circuit re-
alization of high-order filters. Several synthetic methods are 
used for the implementation of OTA-C filters, one of which 
is the cascading approach that uses first- and second-order 
filters [17].

This is one of the oldest known methods and has vari-
ous attractive features, such as simple implementation and 
tunability. However, for high-order filters, cascading biqua-
dratic sections increases the sensitivity to component value 
variation, as opposed to the LC ladder. Conversely, OTA-C 
filters based on the LC ladder design are known for their low 
sensitivities to component values, and the likelihood of using 
identical transconductors, thus making this approach conve-
nient. However, this method uses a large number of active 
elements that reflect on the die area and power consumption. 
Another direct synthesis for OTA-C filters is based on mul-
tiple loop feedback (MLF) [17], thus providing a large num-
ber of possible filter topologies using a minimum number 
of components, and all grounded capacitors. The drawback 
of this synthetic method is the mathematical analysis based 
on the matrices used in the generation of the filter structure. 
As the filter order increases, it becomes more complicated 
to deal with matrices with larger sizes. Therefore, this work 
presents a simplified, direct synthetic method for the realiza-
tion of the high-order OTA-C filters with a minimum number 
of components for a symmetric balanced structure using all 
grounded capacitors.

The study is organized into six sections, wherein the 
proposed FPAA architecture is discussed first in Section 2. 
This is followed by the OTA-C elliptic nth-order filter cir-
cuit realization with a simplified and generalized direct filter 
design method in Section  3. The integration between both 
proposed designs of the FPAA and filter generation is cov-
ered in Section 4 based on the mapping of high-order filters 
onto the FPAA. The design of both the FPAA and filters are 

examined based on simulations and the results are reported in 
Section 5. Finally, the work is concluded in Section 6.

2 |  PROPOSED OTA-BASED FIELD 
PROGRAMMABLE ANALOG ARRAY 
ARCHITECTURE

The objective of this work is to present a FPAA structure for 
use in low-frequency applications with low-power consump-
tion, high-order filter implementation, ease of use, and re-
configurability without the use of switches in the signal path. 
The proposed FPAA architecture is therefore based on OTA 
as the basic building block for the design of the CAB. The 
proposed architecture is designed such that switches in the 
signal path are eliminated and replaced by direct connections 
between CABs of the FPAA. In cases in which the path signal 
adheres to the mapping of systems on the FPAA, the over-
all operation depends on the CABs that are switched “on,” 
thus allowing signal flow. Thus, this will avoid the disad-
vantages of switches, including their degrading signal power 
responses, increased die area, and higher power consumption 
compared with the directly connected CABs architecture. 
The use of switches in the signal path degrades the signal 
along the route it follows owing to parasitic interference. It 
also requires switching the MOS on/off that consumes power 
and affects the accuracy of the time constant reflecting on 
the implemented filter performance. In addition to these, the 
implementation of switches between CABs will require both 
a local and global switching network, thus increasing the die 
area.

The proposed architecture is built based on the use of a 
rectangular architecture [18] that allows the placement of 
CABs next to each other with direct connections in between 
for efficient area use. The CAB structure is designed based on 
OTA-C integrator stages that can be used in the implementa-
tion of different analog functions, such as filters [19–22]. The 
proposed CAB structure is shown in Figure 1, wherein two 
adjacent CABs are directly connected to one another with 
each of them composed of its corresponding OTA-C integra-
tor stage. The external balanced input signal ±Vinp is admitted 
at CAB 1 composed of G1, and G1-2 to perform integration 
such that the output is V1 =(2∕sC)

(
G12Vinp−G1Vnth

)
. The 

balanced output of the first CAB ±V1 is then fed directly as 
the input to the CAB 2 integrator composed of two G2 OTAs 
to provide an output V2 =

(
2G2∕sC

) (
V1−Vnth

)
. Similarly, 

this output is fed as the input to the next CAB, and so on. 
This arrangement simplifies the mapping of filters directly 
onto the FPAA, as an nth-order filter requires n integrators, 
and thus n CABs.

Arranging the proposed CAB structure into a rectangu-
lar architecture presents the proposed structure for FPAA, 
as shown in Figure 2. It is divided into three main sections, 
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namely, A, B, and C, wherein each section can be divided 
into two subsections composed of the integrator CABs and 
an “order-selecting network.” The “order-selecting network” 
as reflected by its name, is used in the configuration of 
the mapped filter order. This is used in place of switches. 
According to the “on” OTAs in each section (A, B, and C), a 
certain function is implemented by the path that is provided 
for the signal.

The CABs used in the design of each of the three sec-
tions are similar in structure, based on the OTA-C integrator 
sections that can map filters. Each of the three sections con-
tains a variable gain amplifier (VGA). Section A provides 
the VGA at the input in case the input signal requires ampli-
fication before processing. Additionally, sections B and C 
have the VGA at the output to achieve an amplified option 
of the processed output signal. Section A is different than 
both sections B and C as its selection network is designed 
for the implementation of notch filters, if needed. Sections 
B and C are similar in design, and thus allow the imple-
mentation of low-pass filters (LPFs). All three sections can 
either implement independent filters or have sections that 
connect to one another by cascading filter sections. The 
cascading option between sections provide various advan-
tages, such as the implementation of full systems composed 
of multiple signal processing units, and the implementation 
of higher-order filters through cascading. Moreover, the 
selection of networks operate in such way that only OTAs 
corresponding to the required filter order are switched “on,” 
while the rest are “off.”

The proposed FPAA architecture provides various advan-
tages, such as ease of use and implementation. The proposed 

architecture is practical and can offer the expansion of the de-
sign easily. The FPAA can be expanded in two different ways. 
First, by adding extra CABs and their corresponding selec-
tion network OTAs for each section to increase the maximum 
possible filter order. Second, by adding full sections above or 
below, thus increasing the number of possible independent/
dependent sections of either design section A or B/C.

Most of the FPAA architectures found in the literature 
are based on the classical topology of a check-board pattern 
that uses global switching networks. Although these archi-
tectures provide flexibility, they require large spaces for the 
global switching channel that degrade the signal. Therefore, 
the trend of eliminating switches from the signal path in 
the design of FPAA was adopted extensively, especially in 
the studies of [2,14,15]. Some of the most relevant work is 
summarized and compared with the proposed FPAA archi-
tecture in Table  1 in terms of the FPAA architecture, the 
use of switches, the number of independent nodes for input/
output, and the total number of active elements used in the 
structure. In addition, the maximum filter order that can be 
implemented on the FPAA architecture with the possibility 
of mapping single or multiple independent filters as the case 
in the proposed FPAA. Lastly, the technology used for the 
FPAA and the application area, most FPAAs are designed 
for higher frequency applications, while the proposed FPAA 
is used for low-frequency applications in biomedical signal 
processing, as mentioned earlier.

3 |  PROPOSED GENERALIZATION 
OF BALANCED OTA-C ELLIPTIC 
FILTERS CIRCUIT REALIZATION

The design of a filter with certain specifications is a chal-
lenging task as its design and performance is reflected in the 
overall performance of the system. There are various filter ap-
proximations that can be considered during design, such as the 
Butterworth, Chebyshev I, Chebyshev II, and Cauer-elliptic. 
Each approximation method has features that characterize the 
filter response. Choosing the suitable approximation takes 
various factors of application into consideration, such as the 
stopband attenuation, transition band rolloff, design complex-
ity, and power consumption of filter-circuit realization.

The Butterworth and Chebyshev approximations are known 
to have poles at finite frequencies and transmission zeros at in-
finity. These justify their names as “all-pole filters.” Regarding 
the elliptic filter, it differs from the all-pole filters by having 
poles as well as zeros at finite frequencies. The presence of 
both poles and zeros at certain finite frequencies results in an 
equiripple behavior in both the passbands and the stopbands, 
wherein the transmission zeros in the stopband result in a 
sharp roll-off between the passband and stopband that reduce 
the transition region. The introduction of transmission zeros 

F I G U R E  1  Design structure of two adjacent configurable analog 
blocks (CABs)
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F I G U R E  2  Proposed field programmable analogue array (FPAA) architecture with sections for variable gain amplifier (VGA) and notch 
filter

T A B L E  1  Comparison of proposed FPAA architecture to previous studies

This work Mahmoud et al [2] Becker et al [15] Hasler et al [16]

Architecture Rectangular Hexagonal Hexagonal Rectangular

Switches No No No Yes

No. nodes 20 7 7 8

Active elements 108 60 330 200

Maximum filter order 8 (extendable) 7 7 Eight bi-quad filters

Mapped filters 3 1 1

Technology 90 nm 90 nm 0.13 μm 0.25 μm

Application Biomedical application Multistandard receiver Multistandard receiver High frequency



538 |   DIAB AnD MAHMOUD

theoretically allows the steepest roll-off for a given filter order 
[17,23–28], such that for a certain set of filter specifications 
the elliptic filter requires the lowest order compared with the 
Butterworth and Chebyshev filters. Implementing filters with 
lower orders means that the circuit design has lower circuit 
sections that require a smaller chip area and consume less 
power. However, the use of elliptic filters with sharper transi-
tion regions, lower order, and improved performance comes at 
a cost of filter complexity, forcing a trade-off between the filter 
response and its realization. Therefore, this study focuses on 
the design of elliptic filters, and proposes a general OTA-C el-
liptic filter structure that can simplify the design process with 
a minimum number of components for lower power consump-
tion, while maintaining the desired response.

Correspondingly, a generalized nth-order OTA-C elliptic 
filter structure based on voltage-mode is proposed inspired by 
the circuit realization methods published in the literature for the 
development of high-order filter structures. In this section, the 
development of a proposed filter structure is demonstrated, and 
the generalized OTA-C elliptic filter design of odd/even nth-or-
der is derived through a series of lower order filter designs to 
provide a common ground for a generalized circuit realization.

3.1 | Odd-nth-order elliptic LPFs

The study of the general network function for an elliptic filter 
of both the odd and even orders can be directly used by filter 
designers interested in the synthesis of the filter. The elliptic 
odd-order filter general network function is expressed in [23] 
as follows:

where the zeros are located on the j� – axis at s=±jΩi. When 
n is odd, the degrees of the numerator and denominator polyno-
mials are n − 1 and n, respectively. The term |H (j�)| will have 
(1∕2) (n−1) peaks in the passband plus the peak at �=0, and 

(1∕2) (n−1) transmission zeros in the stopband, with a zero at 
�=∞.

To develop a generalized circuit realization for an OTA-C 
odd-nth-order elliptic filter, two odd-order filters are first ex-
amined to check for commonalities and hence derive a sim-
plified active filter circuit realization. Third and fifth-order 
elliptic filters are designed to have a symmetric balanced 
OTA-C structure as examined below.

Using the given general network function for odd-order 
elliptic filters, an OTA-C filter circuit is needed to be realized 
for a third-order elliptic filter. The initial transfer function de-
rived from (1) for a third-order filter is given by,

For the OTA-C implementation, the given transfer function is 
rewritten in terms of transconductance Gi and capacitance Ci. The 
new transfer function describing third-order elliptic filter becomes

where a0 =
(
4G31G2G11

)
∕
(
C3C2C1

), a1 =
(
2G31G2

)
∕
(
C3C2

),  
a2 =

(
G31

)
∕
(
C3

)
, a3 =1, Ho =

(
G32

)
∕
(
C3

)
, and 

HoΩ
2
i
=
(
4G31G2G12

)
∕
(
C3C2C1

)
.

Translating the transformed transfer function given in 
(3) to allow circuit implementation can be achieved by 
breaking the transfer function in simpler equations for the 
implementation of integrator stages. The decomposition of 
(3) into integrator stage equations is completed as follows:

and can be rewritten as follows:

that can then be used to formulate the nodal voltage equations 
for the integrator,

(1)Ho (s)=
Ho

∏(n−1)∕2

i=1

�
s2+Ω2

i

�

a0+a1s+⋯+an−1sn−1+ansn

(2)H3rd (s)=
Ho

(
s2+Ω2

i

)

a0+a1s+a2s2+a3s3
.

(3)
Vout

Vin

=

G32

C3

s2+
4G31G2G12

C3C2C1

s3+
G31

C3

s2+
2G31G2

C3C2

s+
4G31G2G11

C3C2C1

(4)
Vout

(
s3+

G31

C3

s2+
2G31G2

C3C2

s+
4G31G2G11

C3C2C1

)

=Vin

(
G32

C3

s2+
4G31G2G12

C3C2C1

)

(5)

Vout =
G32

sC3

Vin

+
G31

sC3

(
−Vout+

2G2

sC2

(
−Vout+

2G12

sC1

Vin−
2G11

sC1

Vout

))

(6a)V1 =
2G12

sC1

Vin−
2G11

sC1

Vout,

(6b)V2 =
2G2

sC2

(
V1−Vout

)
,

(6c)
Vout =V3 =

G31

sC3

(
V2−Vout

)
+

G32

sC3

Vin.

F I G U R E  3  Third-order OTA-C elliptic filter with a symmetric 
balanced structure



   | 539DIAB AnD MAHMOUD

Notice the simplicity of the first-order equations that can be 
directly implemented using differential input balanced output 
OTA. The circuit realization provides a symmetric structure with 
balanced input balanced output design as shown in Figure 3.

Similarly, a fifth-order elliptic filter can be designed 
using the general network function in (1) to be rewritten in 
terms of transconductance and capacitance according to (7).

Using algebraic decomposition on (7) for cross-multiplica-
tion and simplification using common factors, as done for the 
third-order filter, yields the following first-order equations,

These equations are translated into the implementation of 
a circuit realization of the OTA-C fifth-order elliptic filter, as 
shown in Figure 4.

After examining both the third- and fifth-order filter cir-
cuit realization, the even order filters are also examined be-
fore generalizing the design equations.

3.2 | Even-nth-order elliptic LPFs

Similar to the odd-order elliptic filter, the even-order filter 
is analyzed. The general network function for even-order el-
liptic LPF is given by [23] as follows:

where both the numerator and denominator are polynomials of 
degree n. Therefore, ||Ha (j�)

|| is expected to have (1∕2) n peaks 
in the passband, (1∕2) n transmission zeros in the stopband, as 
well as a nonzero value at �=∞.

It was shown in [19] that the magnitude response of the 
even-order elliptic filter has a constant gain in the stopband 
that is an undesired trait. Therefore, a modified even-order 
elliptic LPF function was presented that provides a degrading 
gain at the stopband by shifting the position of a finite zero 
to infinity. Therefore, in this work, the modified even-order 
elliptic filter function is used to derive a generalized circuit 
realization, based on the fourth- and sixth-order filters.

The modified fourth-order elliptic filter function de-
scribed using transconductance and capacitance for OTA-C 
circuit realization is given by

Following similar steps for decomposing the transfer 
function into a set of nodal voltage equations that can be im-
plemented using integrators results in

(7)Vout

Vin

=

G52

C5

s4+
2G5G4G32

C5C4C3

s2+
8G5G4G3G2G12

C5C4C3C2C1

s5+
G5

C5

s4+
2G5G4

C5C4

s3+
2G5G4G3

C5C4C3

s2+
4G5G4G3G2

C5C4C3C2

s+
8G5G4G31G2G11

C5C4C3C2C1

(8a)V1 =
2G12

sC1

Vin−
2G11

sC1

Vout,

(8b)V2 =
2G2

sC2

(
V1−Vout

)
,

(8c)
V3 =

G3

sC3

(
V2−Vout

)
+

G32

sC3

Vin,

(8d)V4 =
2G4

s4

(
V3−Vout

)
,

(8e)Vout =V5 =
G5

sC5

(
V4−Vout

)
+

G52

sC5

Vin.

(9)He s =
Ho

∏n∕2

i=1
s2+Ω2

i

a0+a1s+⋯+an−1sn−1+ansn

(10)
Vout

Vin

=

2G4G32

C4C3

s2+
8G4G3G2G12

C4C3C2C1

s4+
2G4

C4

s3+
2G4G3

C4C3

s2+
4G4G3G2

C4C3C2

s+
8G4G31G2G11

C4C3C2C1

.

(11a)V1 =
2G12

sC1

Vin−
2G11

sC1

Vout,

(11b)V2 =
2G2

sC2

(
V1−Vout

)
,

F I G U R E  4  Fifth-order OTA-C elliptic filter with a symmetric 
balanced structure

F I G U R E  5  Fourth-order OTA-C elliptic filter with a symmetric 
balanced structure

–
+

+
G11 –

C1
–

+

+
G2 –

–Vout

C2

C1

Vout

–
+

+
G12 –

–Vin

Vin

–
+

+
G2 –

C2

–
+

+
G3 –

C3

–
+

+
G32–

C3

–
+

+
G4 –

C4

–
+

+
G4 –

C4

F I G U R E  6  Sixth-order OTA-C elliptic filter with a symmetric 
balanced structure
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The proposed OTA-C filter design is shown in 
Figure 5.

The sixth-order elliptic OTA-C filter is realized with the 
same design procedure, wherein the OTA-C transfer function 
is given by (12).

The algebraic decomposition yields the following 
equations:

The circuit realization based on the derived first-order integra-
tor stage equations for the sixth-order filter is shown in Figure 6.

3.3 | Generalized design

It is clearly noticed that with the proposed symmetric bal-
anced structure, both odd- and even-order OTA-C elliptic 
filters share the same first-order linear equations for the 

integrator. The only difference is in their output stages where 
Vout =Vn in both cases. Therefore, the design can be general-
ized using the following set of first-order equations that cor-
respond to “n” integrator stages.

(11c)V3 =
G3

sC3

(
V2−Vout

)
+

G32

sC3

Vin,

(11d)Vout =V4 =
2G4

s4

(
V3−Vout

)
.

(12)
Vout

Vin

=

2G6G52

C6C5

s4+
4G6G5G4G32

C6C5C4C3

s2+
16G6G4G3G2G12

C6C5C4C3C2C1

s6+
2G6

C6

s5+
2G6G5

C6C5

s4+
4G6G5G4

C6C5C4

s3+
4G6G5G4G3

C6C5C4C3

s2+
8G6G5G4G3G2

C6C5C4C3C2

s+
16G6G5G4G3G2G11

C6C5C4C3C2C1

(13a)V1 =
2G12

sC1

Vin−
2G11

sC1

Vout,

(13b)V2 =
2G2

sC2

(
V1−Vout

)
,

(13c)V3 =
G3

sC3

(
V2−Vout

)
+

G32

sC3

Vin,

(13d)V4 =
2G4

s4

(
V3−Vout

)
,

(13e)V5 =
G5

sC5

(
V4−Vout

)
+

G52

sC5

Vin,

(13f)Vout =V6 =
2G6

sC6

(
V5−Vout

)
.

(14a)V1 =
2G12

sC1

Vin−
2G11

sC1

Vout,

(14b)Vi =
2Gi

sCi

(
Vi−1−Vout

)
i=2, 4, . . . , n (even) ,

(14c)
Vj =

Gi

sCi

(
Vj−1−Vout

)
+

Gj2

sCj

Vin for j = 3, 5, . . . , n (odd) ,

F I G U R E  7  Generalized even-order 
OTA-C elliptic filter with a symmetric 
balanced structure

F I G U R E  8  Generalized odd-order OTA-C elliptic filter with a 
symmetric balanced structure

F I G U R E  9  Second-order OTA-C notch filter with symmetric 
balanced structure
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The output voltage for the nth-order elliptic filter is given 
by (14b) when n is even, and by (14c) when n is odd. The ad-
vantage of this generalized structure is that it can implement 
both odd and even nth-order OTA-C elliptic LPFs, wherein the 
order of the filters simply depends on the assigned Vout signal. 
The proposed design uses 2n differential input balanced output 
OTAs, and 2n grounded capacitors. The overall generalized 
structure is shown in Figures 7 and 8 for even- and odd-order 
cases, respectively. It is worth noting that the resultant filter 
structure based on the proposed decomposition resembles 
the structure produced by inverse follow-the-leader feedback 
based on the multiple loop feedback synthesis matrix method 
[24]. This generation method avoids the complexity of dealing 
with matrices associated with high-order filters and provides 
repetitive sections that simplifies the circuit realization.

(14d)Vout =Vn.

F I G U R E  1 0  Fourth-order OTA-C notch filter with a symmetric 
balanced structure

F I G U R E  1 1  Generalized notch OTA-C filter with a symmetric 
balanced structure

F I G U R E  1 2  Proposed FPAA architecture mapping the VGA, sixth-order notch filter, and the cascaded seventh- and eighth-order low-pass filters
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3.4 | Notch-nth-order elliptic filters

Inspired by the undesired constant gain at the stopband 
of the original even-order elliptic LPF response, a notch-
filter response can be implemented. The transfer function 
of the even-order filter can be used for the design of a 
notch filter, and is examined using second- and fourth-
order even-order unmodified elliptic filters. The OTA-C 
second-order elliptic filter response is described with the 
following function:

which is decomposed as done previously to other filter equa-
tions to provide the following nodal voltage equations,

The proposed implementation of OTA-C elliptic filter is 
shown in Figure 9. As indicated, an extra output stage can 
be noticed compared with the previously proposed filters. 
The last stage is basically an adder used to realize the third 
first-order linear equation deduced above, where Gadd =0.5 
nA/V and GR =1 nA/V.

(15)
Vout

Vin

=
s2+

4G2G1

C2C1

s2+
2G2

C2

s+
4G2G1

C2C1

(16a)V1 =
2G1

sC1

(
Vin−Vout

)
,

(16b)V2 =
2G2

sC2

(
V1−Vout

)
,

(16c)Vout =Vin+V2.

F I G U R E  1 3  Proposed FPAA architecture mapping the analog front-end (AFE) (VGA-fourth-order notch filter--fourth-order low-pass 
filter) 
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Similar analysis is pursued for the fourth-order notch-fil-
ter response. The transfer function for the circuit realization 
analysis is given by

The decomposition of the transfer function provides the 
nodal voltage equations used to implement the circuit reali-
zation shown in Figure 10.

It is clearly observed that the notch filter circuit reali-
zation is very close to the circuit realization of the odd/
even nth-order elliptic filter with the exception of the out-
put stage. Therefore, the same general equations proposed in 
(14) apply to the notch filter with the only difference being 
the output signal which is described by Vout =Vin+Vn for the 
notch generalized filter design. Compared with the general 
circuit implementation provided in the previous subsection 
with LPFs, the proposed circuit realization for the notch fil-
ter adds an output stage that provides the feedback signal as 
shown in Figure 11.

4 |  IMPLEMENTATION AND 
MAPPING OF PROPOSED FILTERS 
ON FPAA

In the previous sections, the proposed FPAA architecture and 
the proposed filter generalized generation method were dis-
cussed. In this section, the implementation and application 
of the proposed FPAA architecture is examined according 
to the mapping of the proposed OTA-C filters based on the 
generalized circuit generation method. Examples of the odd, 
even, and notch filters are used to demonstrate the simplicity 
and flexibility of the design for both nth-order filters and the 
mapping on the proposed FPAA.

The utilization of the proposed FPAA architecture is 
shown in Figure  12 where a sixth-order notch filter is 
mapped in section A by amplifying the signal at the input 
followed by the notch filter that is implemented using the 
generalized OTA-C symmetric balanced structure proposed 
in Figure 11. On the same FPAA, sections B and C imple-
ment the seventh-order elliptic LPF based on the proposed 
generalization depicted in Figure 8 (section B) cascaded with 
the eighth-order elliptic LPF using the generalized method 
depicted in Figure 7. The cascaded output of the seventh-or-
der filter cascaded with the eighth-order filter is amplified 
through the VGA at the output CAB, and both amplified and 
preamplified output readings are acquired in the forms of 
±Vout2, and f2, respectively.

Another demonstration of the capability of the proposed 
FPAA is shown in Figure 13, wherein only sections A and B 
are used for mapping an analog front-end (AFE) for biopo-
tential signal detection. The AFE requires amplification of 
the input biopotential signal using the VGA of section A, fol-
lowed by a fourth-order notch filter for the elimination of the 

(17)
Vout

Vin

=
s4+

2G4G3

C4C3

s2+
8G4G3G2G1

C4C3C2C1

s4+
2G4

C4

s3+
2G4G3

C4C3

s2+
4G4G3G2

C4C3C2

s+
8G4G3G2G1

C4C3C2C1

.

F I G U R E  1 4  Complementary metal-oxide semiconductor 
(CMOS) architecture of the differential input balanced output OTA

T A B L E  2  Aspect ratios of the CMOS OTA transistors in 
Figure 14

Transistor Aspect ratios

OTA W (� m) L (� m)
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0.09 50

M
7
, M

8
0.09 51.488

M
9
, M

10
0.09 25

M
11

, M
12

0.09 31.112

M
13

0.09 9.7

F I G U R E  1 5  Magnitude response of fourth-order LPF with 
variable gain
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power line interference signal at 50 Hz. Finally, a fourth-or-
der LPF is used to limit the signal to its bandwidth and disre-
gard high-frequency additives.

5 |  SIMULATION RESULTS OF 
PROPOSED FILTERS AND FPAA 
ARCHITECTURE

This study presents a new OTA-based FPAA architecture for 
use in low-frequency applications, and a generalized simple 

OTA-C filter circuit realization with direct implementation. 
Both proposed designs are investigated based on simula-
tions in LTspice using a 90 nm CMOS model (version 4.3, 
BSIM4 level 54) with a ±0.6  V voltage supply. The OTA 
CMOS realization used in the design of the filters and the 
FPAA is based on a simple differential pair with current mir-
rors to provide balanced output [29] as shown in Figure 14, 
with the given transistor aspect ratios listed in Table  2. 
The simplified structure chosen for the OTA is based on 
the application of low-frequency systems that require low-
transconductance values and small dynamic ranges for low 

F I G U R E  1 6  Magnitude response of fourth-order LPF for 
use with variable bandwidth for electroencephalographic (EEG), 
electrocardiographic (ECG), and electromyographic (EMG) signals

F I G U R E  1 7  Magnitude response of fourth-order LPF with 
variable notch frequency

T A B L E  3  Proposed fourth-order filter performance comparison

Parameters Technology Supply Filter Signal Bandwidth IRN (μV/
√

Hz) Power

This work 90 nm ±0.6 V Fourth-order EEG 133 Hz 19.6 4.5 nW

Elliptic ECG 273 Hz

LPNF EMG 467 Hz

Elamien et al [30] 90 nm ±0.6 V Fourth-order EEG 107 Hz 10 1.12 mW

Butterworth ECG 257 Hz

LPF EMG 527 Hz

Alhammadi 
et al [31]

0.25 μm ± 0.8 V Fifth-order EEG 38 Hz 13.42 51.8 �W

DNLPF

Costa et al [32]  0.13 μm 1 V 5th-order EEG 2.17 kHz N/A 583 nW

Elliptic

LPNF

Wang et al [33] 0.13 μm 1.2V 5th-order Elliptic 
LPNF

EEG 47.7 Hz 170.3 9.2 μW
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amplitude, low-frequency biopotential signals. The transcon-
ductance (gm) of the OTA is controlled by the tail current of 
the transistor M13 that is biased by the gate voltage bias. The 
power consumption depends on the tuned transconductance 
value that varies between a minimum of 0.09375 nA/V and 
maximum of 3 nA/V, based on low-frequency applications. 
Therefore, the power consumption ranges between 0.159 nW 
(as the minimum power consumption) at a transconductance 
of 0.09375 nA/V and 2.11 nW (as the maximum power con-
sumption) at a transconductance of 3 nA/V.

The characteristics of the proposed filter circuits are 
quantified by simulating the filter circuits separately. 
Additionally, the FPAA architecture is validated by map-
ping the same filters on the FPAA tested individually. 
Furthermore, the simulation results obtained from FPAA 
simulations (on FPAA) is cross-compared with the sim-
ulation results obtained from the independent filter cir-
cuit simulations (circuit alone). This was achieved by 

F I G U R E  1 8  Magnitude response of implemented AFE for EEG 
signal with variable gain

F I G U R E  1 9  Magnitude response of AFE with variable 
bandwidth

F I G U R E  2 0  Magnitude response of fourth-order filter mapped 
on FPAA subject to process corner variation

F I G U R E  2 1  Magnitude response of fourth-order filter mapped 
on FPAA subject to voltage supply variation
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first simulating a fourth-order elliptic filter [21] shown in 
Figure 5, and then mapping it onto the FPAA and re-simu-
lating. The reconfigurability of gain, bandwidth, and notch 
frequency are all investigated and compared, and the simu-
lation results are shown in Figures 15-17, wherein the filter 
consumes a power of 4.5 nW. The summary of the pro-
posed filter's performance with other similar filters found 
in the literature is listed in Table 3.

Moreover, the full AFE system mapped in Figure  13 is 
also simulated as a stand-alone circuit and on FPAA, and 
the simulation results are compared. The AFE magnitude re-
sponse with a) a variable gain throughout the electroenceph-
alographic (EEG) bandwidth and b) a variable bandwidth 
are both reported in Figures 18 and 19, respectively, with a 
power consumption of 14.5 nW. It is clearly observed that the 
magnitude response achieved by the mapping of the circuits 
on the proposed FPAA agree closely with the simulation re-
sults obtained by the circuit alone. This reflects the capability 
of the proposed FPAA architecture, with its flexible and ex-
pandable structure and its performance.

Furthermore, a PVT analysis for the fourth-order filter 
with variable bandwidth mapped on the proposed FPAA 
was conducted. The simulation results for the four process 
corners along with the typical process were demonstrated 
in the magnitude response of the filter in Figure  20. The 
response shows an acceptable variation with the worst case 
being the SS corner. Regarding the voltage supply varia-
tion, the supply is varied between ±0.588 V, ±0.6 V, and 
±0.612 V, with the magnitude response showing an accept-
able change in the bandwidth, a decrease in bandwidth for a 
lower supply voltage, and a higher bandwidth for a greater 

supply voltage, while maintaining the direct current (DC) 
gain constant, as shown in Figure 21. The temperature anal-
ysis is conducted for 10°C, 27°C, and 40°C, as shown in 
Figure 22.

6 |  CONCLUSION

This work proposed an OTA-based FPAA architecture for 
use in low-frequency applications. It provided a flexible 
architecture with no switches in the signal path. Instead, it 
used an OTA-based selection network to direct a signal and 
implemented a function. The proposed architecture was ex-
pandable in two ways, either by the addition of CABs and 
their corresponding selection network, or by the addition of 
complete sections. The first increased the maximum pos-
sible filter order implemented per section while the latter 
increased the number of possible sections/signal process-
ing units per FPAA. Moreover, a direct method for OTA-C 
based circuit realization of both odd and even nth-order 
elliptic LPFs was presented. The proposed method simpli-
fied the direct active filter realization with a set of first-
order integrator equations. This method avoids the use of 
more complex passive-to-active filter transformation meth-
ods. Additionally, a notch nth-order elliptic filter general-
ized OTA-C design is proposed with a similar symmetric 
balanced structure. Both the FPAA architecture and the fil-
ter generation method were examined based on simulation 
in LTspice with the use of 90-nm CMOS technology. The 
results of the filter circuit simulations were compared with 
the simulated results obtained with the same filter mapped 
on the FPAA. Good agreement was observed that validated 
the proposed work.
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