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This paper presents the design of a Bandpass filter (BPF) using chained even and odd mode admittance poly-
nomials for 5G sub-6 GHz C-band applications. The filter will offer a reduced sensitivity to fabrication tolerance
and still maintain its response in comparison to traditional Chebyshev filters. A new transfer function based on
chained filtering functions (CFFs) for fourth-order filters is derived in even and odd mode admittances and the
synthesis methods are presented. To demonstrate the feasibility of the proposed approach, a 4™ _order chained-

Chebyshev
Seleci,ivity function filter (CFF) operating at the center frequency of 3.5GHz with a bandwidth of 40MHz is designed,
Stability synthesized, and fabricated. The circuit simulation is carried out in advanced simulation software (ADS). The

filter prototype is fabricated in parallel-connected topology using an open-loop microstrip resonator, the size of
the filter is 2.5cm x 4cm. The simulation and measured insertion/return loss are 0.40dB / 20dB and 2.5dB/
18.08dB, and the achieved selectivity is 87.5. Considerable Sensitivity analysis to prove the filter fabrication
tolerance is conducted and its reliability is proven by theoretical analysis. The prototype result in this work is
validated and agrees well with the theoretical results. In terms of practical implementation, this design technique
will serve as a very useful mathematical tool for filter design engineers.

1. Introduction millimeter and microwave BPF being developed and produced are made

up of the traditional Chebyshev class [7,8]. This family of filters has a

Manufacturers are under constant pressure to reduce the time and
cost of developing microwave hardware devices for 5G applications [1,
2]. Designing a filter with high performance requires superior materials,
precise assembly, and post-production tuning. Significant efforts have
been made resulting in enhanced electromagnetic (EM) simulation tools
to design such filters [3,4]. The challenges have been shifted to
manufacturing processes due to improvements in simulation tools.
Therefore, to completely leverage and benefit from the enhanced
modeling of precision, the hardware must now be designed and manu-
factured with a very low tolerance level [5,6]. Currently, most of the
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specific order and gives the best rejection for an equiripple response. The
frequency distribution of return-loss (RL) zeros is one of the critical
factors in obtaining a good filter response [9,10]. The relative frequency
separation of RL zeros for higher-order filters becomes extremely small,
which requires high accuracy in the manufacturing process.
Post-manufacturing turning technique is required to reconfigure the
filter response back to its original response [11,12]. To solve this
problem, the constraint of the existing production technologies and the
filter sensitivity to fabrication processes must be addressed at the design
preliminary stage of the approximation [13]. To achieve this, the

E-mail addresses: Mehwishhanif1991 @gmail.com (M. Hanif), ahmedjamal@ieee.org (A.J.A. Al-Gburi).

https://doi.org/10.1016/j.rineng.2024.103614

Received 16 August 2024; Received in revised form 19 November 2024; Accepted 2 December 2024

Available online 10 December 2024

2590-1230/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


https://orcid.org/0000-0002-3303-929X
https://orcid.org/0000-0002-3303-929X
mailto:Mehwishhanif1991@gmail.com
mailto:ahmedjamal@ieee.org
www.sciencedirect.com/science/journal/25901230
https://www.sciencedirect.com/journal/results-in-engineering
https://doi.org/10.1016/j.rineng.2024.103614
https://doi.org/10.1016/j.rineng.2024.103614
https://doi.org/10.1016/j.rineng.2024.103614
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rineng.2024.103614&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

F.E. Chinda et al.

Fig. 1. CF characteristics compared to Butterworth and Chebyshev fil-
ters response.
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Table 1
Theoretical separation distance of return
loss frequencies for n = 5.
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Fig. 2. Theoretical plot to demonstrate the frequency separation distance of
chained RL.

required filter specifications are simulated using a transfer function that
is of higher order and reduced sensitivity. The new class of filtering
function known as chained is formed by multiplying the low-order
function of traditional Chebyshev polynomials [14,15]. The chained
filtering function polynomials can be found as a compromise between
Butterworth and Chebyshev approximations [6,16]. The technique
provides different transfer functions to choose from, each with unique
characteristics and implementation requirements. The chained transfer
functions can reduce filter design complexity, fabrication tolerance, and
post-manufacturing tuning processes [17,18]. Hence, they have the
potential to extend the current state-of-the-art production of
higher-performance tuning-less filters to higher operating frequencies
and narrow bandwidth implementations [8,19].
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This paper presents a new technique to design, synthesize, and
implement the chained function filter using even and odd mode ad-
mittances for 5G sub-6GHz C-band applications. To prove the feasibility
of this technique, a fourth-order filter prototype is fabricated and
measured results are included.

This paper is structured as follows. Section 2 presents a clear theory
and chained filtering function characteristics. Section 3 presents the
filter synthesis procedure and results respectively. Section 4 presents the
circuit simulation and results Section 5 presents the filter physical layout
design. Sections 6 and 7 discussed the filter prototype, measured results,
and sensitivity analysis results, and finally, Section 8 concluded. The
main contributions of this paper are as follows:

a) This work introduced a new filtering function called chained for even
and odd mode admittance, that can effectively place multiple RL
zeros at the same frequency. The function can be used to design both
symmetrical and asymmetrical filters across a broad range of fre-
quencies and technologies. The filtering function offers the advan-
tage of producing compact filters with reduced sensitivity to
fabrication tolerance for 5G sub-6GHz C-bands. This polynomial will
serve as a valuable mathematical tool for filter design engineers to
improve performance and simplify design.

b) This work introduced a technique to realize a CFF prototype using
open-loop microstrip resonators in parallel-connected structures.
This will further improve the filter tuning processes for faster pro-
duction at low- cost. The enhanced tolerance properties and compact
size of the filter make it a potential candidate for integration into
front-end subsystems and deployment in 5G sub-6GHz C-bands
applications.

2. The chained filtering functions characteristics

The characteristics of the chained filtering function polynomial are
presented in Fig. 1. The figure demonstrates that the passband ripple of
the chained function (CF) is a compromise between the ripples of But-
terworth and Chebyshev polynomials [20,21]. The Chained ripples tend
to overlap and form two poles spaced apart [22,23]. The Chebyshev
model is the closely spaced four-pole equiripple response, which ne-
cessitates higher manufacturing tolerance while the Butterworth
response has only one pole in the passband. The chained CFF can be
determined by properly choosing the suitable seed function in the order
of {2,2} combination [18]. The filter selectivity will result in less
sensitivity to manufacturing error in comparison to the Chebyshev
counterpart [24]. Its rejection performance is better than Butterworth’s
but slightly less than Chebyshev’s. This filter family is not only limited to
reducing its sensitivity but will lead to enhanced design complexity
[20].

2.1. The chained filtering function return-loss zeros characteristics

The CFF reflection zeros are not evenly spaced in the passband. The
zeros closest to the cut-off frequency will have the smallest separation
distance [25,4,26]. Thus, the separation distance for chained RL can be
determined using Eq. (1).

Table 2
The seed function combination for fourth order chained function.

No. of Seed Function Seed-Function Order Polynomial Function

4 {1,1,1,1} o

3 {1,1,2} 20* 02

2 {2,2} 40* 40% +1
2 {3,1} 40* 30>

1 {4y 8n* 8w? +1
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Fig. 3. The fourth-order CF theoretical plot.

SOmin = 25in( il )sin( d ) 6}
T() 21

Swmin Represent minimum frequency distribution distance while ng,
represents the filter order.

To demonstrate the feasibility of this equation, the values of (ns(k))
are chosen from 1 to 5. The outcome proves that the highest possible
separation distance for CFF can be achieved from N =2. Thus, by
increasing the filter order (N) the frequency separation distance of re-
turn loss decreases [27,28]. This approach can effectively position
multiple RL for CFF at the same frequencies, thereby enhancing its
fabrication processes and reducing sensitivity. Table 1 displays the
chained minimum separation distance values obtained to prove Eq. (1)
while Fig. 2 illustrates the theoretical plot.

2.2. Seed filtering function formation

The CFF is formed by multiplying the lower-order product of the
traditional Chebyshev polynomial called seed function [29,30]. Table 2
presents the fourth-order chained combinations formed from
lower-order seed function polynomials of conventional Chebyshev [31].
In the Table, the first row represents the approximation of Butterworth
polynomials while the last row represents the approximation poly-
nomials for conventional Chebyshev of the same order [32].

2.3. The selection of seed function polynomial

The transfer and reflection functions response are theoretically
plotted for all possible seed functions combinations for the fourth-order
filter to predict its optimum performance within the passband in terms
of transmission and reflection powers while maintaining an RL of 20 dB
and a specific ripple factor (¢) of 0.1005 [33]. Based on the expected
results, the seed function polynomial in Eq. (2) is selected for the syn-
thesis of fourth order filter [34]. This response provides the expected
behaviors of the filtering under ideal situations and based on the
response, the polynomial in (2) is chosen for the synthesis of the filter.
Fig. 3 presents the theoretical plot for fourth fourth-order chained
function filter.

Pla + Jox e +

Chain
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Table 3
The forth-order LP circuit parameters.

Components Low-Pass Values
C=C 1.09F
C3=C4 2.16F
Js1 = Jar, 1
Jsz = Jar, 1
Ji2 0.83
Ja4 -3.3023
Fy = 40" —40* +1 @)

3. The filtering function synthesis technique

The synthesis technique for the parallel chained function filter is
based on the use of even and odd-mode admittance expression of a low-
pass (LP) prototype network [9]. These expressions are divided into
sub-networks connected from source (P1) to load (P2). The sub-branches
exhibit similar characteristics as ladder networks when combined [35].
The network can be synthesized by solving the functions Fy;, S11, and Sp;
in Fig. 4. Illustrate the LP inverter coupled network for chained function.

G 1k 4 (1R (1R
Fu—ﬁ (H{ k—kr }>
+H{lJrkk,_ [(;jllj)(l +kf)}2} 3)
IS11 ()| = 1 ii?P('gj()w) )
1821 (@) ; .

T1+ 2 F%(w)

Where U represents the filter order, k, j, and k; are the locations of
transmission zeros (TZ), The Y. (even-mode) and Y, (odd-mode) ad-
mittances polynomials can be derived by solving the roots of function
S11(k) as described in [36], while the ABCD transfer function matrix can
be formed using appropriate expressions described in [37], and by
employing partial fraction expansion will results in placement of the
resonators into parallel network [38].

Y.—- Y,
Sa(p) = (ESALESA) (6)
(1-Y.Y,)

ESAESS @

Su(p) =

3.1. Synthesis of fourth-order CF filter using even and odd mode J-
admittances

The complete synthesis technique of the fourth-order CFF using even
and odd-mode J-admittances is presented. The filtering function is
formed by chaining the polynomial of the Chebyshev seed function of
the first kind [11]. The synthesis technique involves deriving the even

JuNa Cx J—Pz
_____ - LT,
Chain

Fig. 4. LP inverter coupled chained function network.
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Fig. 5. Fourth-order LP circuit layout.
and odd mode admittances of the filter from Eq. (1). The synthesis steps N(K)
follows: = el

are as follows 1+Y,.=1 +D(k) 12)

First Step: The zeros can be derived from the S-parameters as pre-
sented in equation (8)

k® + 2k +1.5k* 4+ 0.5k* + 6.25 =0 (8)

Second Step: The polynomials in the left-hand plane are defined by
equations (9) and (10)

k = —0.4168935436 +j1.337545733 9

k = —0.9718282536 +j0.5737785234 (10)

Third Step: The transfer function of the chained filtering can be ob-
tained by representing the network as two- -parallel branches is first
determined, and the roots of S;; and S;; are used to formulate the
polynomial P(p), as presented in Eq. (11).

k(k) =k*+1.388721797k +j0.7637672 +1.172603940 — j1.060660172
1D

Fourth Step: The zeros of P(p) are identical to the zeros of 1+Ye(p)
and can be calculated using the expression in Eq. (12)
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Fig. 6. Fourth-order LP S-parameter response.

Fifth Step: The polynomials for complex even and odd modes are
derived from Egs. (8) to (15).

N(k) = k® — j0.7638k + 1.1726 13

D(k) = 1.3887k — j1.06066 a4
By using equation (13)

N(k) k> —j0.7638k + 1.17260
Y. (k) = —~2 — 1
(k) D(k) 1.3887k + j1.06066 (15)

Sixth Step: By applying Eq. (15), a unity even-mode admittance
inverter can be inserted before the network, allowing Ye to be expressed
as.

~ 1.3887k — j1.06066
" k2 +j0.7638k + 1.17260

Y, (k) 16)

Seventh Step: The denominator can be decomposed into simpler
components using partial fraction expansion, and Ye can be divided into
two distinct parts, as described in reference [57].

1 1

Yelk) = 1 5807k + jo.8282 © 21578k —j3.3017 a7
Y, - : a9

~1.0807k —j0.8282 + 2.1578k +j3.3017

Eight Steps: This approach can be similarly applied to the odd-mode
admittance network, yielding identical outcomes.

Ye and Y, can be further split into four parallel branches by dividing
Egs. (17) and (18) by 2.

Table 4
Fourth-order chained BPF circuit parameters.

Parameters Band-Pass Values
L =L, 0.002nH

Ly=L4 1.015nH

C; =0GCy 991.4pF

C3=Cy4 748.4pF

Jiz 0.828

J34 -3.302
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Fig. 7. Fourth-order chained BPF layout.
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2 2
Y, (k) = 19
(k) 2(1.0807k —j0.8282)  2(2.1578k +j3.3017) (19)
2 3
Fig. 9. Fourth-order chain filter routing structure Y, (k) = 2 + 2 (20)
T ’ oY 7 2(1.0807k +j0.8282) ' 2(2.1578k —j3.3017)
The numerator values formed J-admittance, while the denominator
Tabl? S ) form the capacitance values. The potential advantage of this technique is
The filter design parameter. that it gives flexibility in the choice of multiple parallel branches as it
Parameters Specifications allows filter designers to freely place resonators in the network. This
Filter order (1) 4 technique can be applied in the design of higher-order odd-mode sym-
Center frequency (f,) 3.5GHz metrical filter networks.
Bandwidth (BW) > 40 MHz
Return Loss (RL) 20
Insertion Loss (IL) <3dB
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Fig. 11. The fourth-order CFF physical layout.
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Fig. 12. Fourth-order CFF simulation response.

Fig. 13. The microstrip prototype of CFF.
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Table 7
Summary of impacts on 4™ order Cff.
S/No 4th Order CFF Applied Tolerance RL Change (%)
1 -0.5% 1.09%
2 +5% 2.14%
3 -1% 1.12%
4 +1% 2.18%
5 -2% 1.14%
6 +2% 2.22%
0
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Fig. 15. + 0.5% Tolerance impacts on the filter.
4. The circuit simulation of chained function filter

The J-admittance and capacitance values obtained in Eq. (17) are
transformed into a schematic low-pass parallel network for the fourth-
order chained filter to assess its low-pass performance. The simulation
is carried out in advanced simulation software (ADS). Table 3 provides
an overview of the low-pass parameters of the network. The schematic
low-pass network is presented in Fig. 5, while Fig. 6 shows the S-
parameter response.

This technique can serve as a guide to simulate any two-port even
and odd mode chained filter networks sub-divided into branches and
connected in parallel from source (S) to Load (L). This network. This will
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provide the same properties as ladder networks when combined [39].
Filters with a specified order can have similar configurations regardless
of the number of transmission zeros used in the transfer function [30].
This will serve as a useful tool in synthesizing multiple parallel branch
filter networks simultaneously.

4.1. The chained function BP transformation

The low-pass (LP) parameters of the filter are converted into a BPF by
using the suitable capacitive transformation equations in equations [13]
and [40] to determine its performance in BP networks. The inductance
and capacitance parameters of the BPF are summarized in Table 4.

Results in Engineering 25 (2025) 103614

Fig. 7, presents the BPF schematic layout while Fig. 8 shows its
S-parameter response.

The Fourth-order chained BPF network has generated two poles at
the center frequency of 3.5 GHz and an RL of 20dB as expected. This
confirms narrowband and excellent response in terms of signal reflec-
tion. The spacing of RL frequencies further apart confirms that the filter
is less sensitive to fabrication variations that may occur during the
manufacturing processes. The response aligns with the theoretical one,
demonstrating consistency between the actual result and the expected
outcomes.

4.2. The filter coupling matrix extraction

The procedure to obtain the coupling matrix of the filter involves
mapping and extracting it from the derived filtering function by using
the appropriate equations in [21,41]. The transmission and reflection
coefficients S;; and Sy; are used to derive the filter coupling matrix of
the network [42]. A reduction method is used to derive the coupling
matrix structure in which the row of the matrix is achieved [43]. Sim-
ilarity transformation and matrix element annihilation are carried out to
obtain the overall coupling matrix, M, as described in [44,14]. The
synthesized coupling matrix is then sub-divided into networks and a
series of configurations are performed for the entire matrix until suitable
coupling is achieved. The complete coupling matrix, M for the
fourth-order chained filter is presented in Eq. (21) which translates to
N+2 configurations and routing topology is shown in Fig. 9. Letters S
and L represent the input and the output of the filter while numbers from
1 to 4 correspond to resonator positions.

0 068 0.96 0 0 0
068 0 0 0 1.53 0
09 O 0 0.77 0 0

M=1"%" 0o o077 o 0 -09 @D
0 153 0 0 0 068
0 0 0 -09 068 0

5. Chained BPF design and simulation procedures

This section presents the general overview of CFF realization. The
synthesized network can be realized on a microstrip resonator if the Q-
factor is 300 or lower [21,22]. The filter’s initial design parameters are
presented in Table V. An open loop microstrip resonator is selected for
this work due to its simplicity in tuning and inherent properties of
reduced sensitivity [14]. The ideal circuit is converted into a microstrip
physical layout by specifying the length (L) and width (W) of the reso-
nators alongside the loss and the other specifications defining the
microstrip properties. At this stage, an excellent coupling between the
resonators is achieved by extracting the external quality factor (Qe) and
filter coupling coefficient (K) [45]. The initial filter design specifications
are presented in Table 5.

Table 8

Comparison of the design filter with related publications.
Study fo (GHz) Filter order e h (um) IL 2 (dB) IL 3 (dB) Selectivity 3
[9] 2.45 4 9.5 635 1.7 13 83
[14] 2.2 5 10.8 1.27 0.9 19.2 5
[20] 2.4 4 2.2 787 1 15 8.3
[23] 0.96 6 2.2 787 4 16 24
[31] 2.65 5 3.38 580 2 12.6 8.4
[32] 0.9 6 3.6 508 2.8 14 60
[33] 2.4 4 2.55 800 5.2 10 68
[49] 3.98 3 3.55 0.813 10.52 0.86 7.24
[50] 6.55 3 1.524 0.813 22.5 1.15 3.7
This Work 3.5 4 2.2 787 2.5 18.08 87.5
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5.1. The filter inter-resonators coupling

The inter-resonator coupling can be achieved by adjusting the dis-
tance or gap between the resonators. The coupling setup between the
adjacent resonators is mixed-coupling [24]. The values of (K) in Table VI
are obtained using the line calculations technique in ADS and Eq. (22).
Inter-resonator coupling can be achieved by carefully adjusting the gap
or distance between the resonators and recording the resonant fre-
quencies. Table 6 presents the coupling coefficient values of the reso-
nators, while Fig. 10 shows the plot of coupling coefficients (K) versus
the gap (S) between the resonators. The (K) decreases as the distance or
gap (S) increases and vice versa. This implies, that smaller coupling
coefficients mean weaker resonator coupling.

_fo B-F

K=
BW ' fi+f7

(22)

Where f, represents the center frequency, BW is the filter bandwidth,
while f; and f; are the frequencies of the first and second eigenmodes
and K is the coupling factor.

5.2. The filter physical layout design

The proposed CFF layout is developed using open-loop microstrip
resonators connected in parallel following the structure in Fig. 9. The
filter layout simulation is conducted on advanced design simulation
(ADS) software with the filter layout and simulation performances
presented in Figs. 11 and 12. The filter layout design has produced 2-
poles as expected for the chained function at the center frequency of
3.5GHz. The achieved simulation return loss is better than 20dB with a
minimum insertion loss of 0.4 dB. The layout BW and FBW are
46.79MHz and 1.33%. These findings have been validated and are in
good agreement with the theoretical performance. This outcome dem-
onstrates the main advantage of the CF polynomial which efficiently
positions multiple return loss zeros at the same frequency, Thus,
resulting in producing filters with reduced sensitivity to manufacturing
tolerance while still preserving its response within the specified pass-
band. Theoretically, the filter has proven to offer good rejection levels
compared to Chebyshev filters provided the appropriate seed functions
are selected.

6. The filter prototype and results

The prototype of the filter is fabricated on RT/Roger duroid 5880
microstrip substrate, with a thickness of 787 uym and a copper-clad
thickness of 17.5 pm, the dielectric constant (er) of 2.2, a loss tangent
(tan 8) of 0.0009, and an electrical length of 180° which is A/2 are used
[46]. The dimensions of the resonator’s width and length are 2.45 mm
and 3.15 mm. The input/output ports of the filter are connected to 3.5
mm SMA connectors. The feed lines between the resonators are 10mm.
The filter’s overall circuit size is 2.5cm x 4cm. The prototype of the filter
is shown in Fig. 13, while the simulation and measured performances are
presented in Fig. 14. The ability of the filter to produce two poles within
the desired bandwidth at the center frequency of 3.5GHz is achieved and
proven. The simulated and measured values of IL/RL achieved are
0.4dB/20dB and 2.5dB/18.08 dB, a BW of 40MHz and FBW of 1.14%. A
shift of 0.217% is observed in the measured bandwidth. The shift is a
result of calibration cable loss, discontinuities in the microstrip line
junctions, package parasitic effects, dielectric loss effects of the material,
SMA soldering port, and ground effects. The filter transmission zeros
(TZs) can be controlled by changing the values of source capacitors and
the load coupling. This result agrees well with the theoretical analysis.
The shift in the measured bandwidth should be considered for a specific
application.
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7. Sensitivity analysis

Sensitivity analysis is performed on the CFFs to prove that the filter
can be fabricated with better tolerance and still preserve its response in
specified bandwidth compared to traditional Chebyshev counterparts
[47,48]. To validate the effects of manufacturing tolerance on the filter,
various experiments are conducted in which the initial component
values are modified to have a difference of & 0.5%, £+ 1%, and + 2%.
The distribution variance was selected according to the filter fabrication
machine’s specified maximum tolerance of approximation. Table 7
summarizes the tolerance parameters of the filter while Figs. 15-17
presents the S-parameter performance of the filter when tolerance is
applied. These results prove that CFFs connected in parallel are less
sensitive to fabrication tolerance and preserve selectivity compared to
Chebyshev filters. This is demonstrated by the reduced percentage shift
in return loss when random error is applied. The wider spacing of filter
poles confirms improved manufacturing tolerance.

8. Comparison with related work

Table 8 compares the realized filter in this work with related
research. This filter has demonstrated a significant improvement in
terms of insertion loss (IL), return loss (RL), and size compared to the
previous work considering the filtering function and topology setup. The
compact size and enhanced selectivity of our filter make it a promising
candidate for integration into 5G sub-6GHz C-bands applications.

9. Conclusion

A Fourth-order prototype of a chained function filter in a parallel
structure was designed and fabricated. The overall circuit size of the
filter is 2.5cm x 4cm. The achieved measured IL/RL is 2.5 dB/18.08 dB
while the selectivity is 87.5. The theoretical and measured results were
validated and in good agreement with each other. Extensive sensitivity
analysis was performed and the results have proven the fabrication
tolerance of the filter. The advantage of this filter prototype is that it
offers reduced sensitivity to fabrication tolerance and still preserves its
response within a specific bandwidth comparable to Chebyshev filters.
The filter-reduced sensitivity to fabrication error is fully demonstrated
using open-loop microstrip technology and its reliability is proven. The
implementation of this filter is not limited to microstrip technology and
parallel structure but can be applied to any given technology and to-
pology available. Lower and higher-order filters can easily be imple-
mented using CFF polynomial, thereby serving as a very beneficial
mathematical tool for filter design engineers.
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