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Abstract

The design of compact parallel-connected chained function filters is presented in this paper. The proposed filters will offer reduced sensi-

tivity to manufacturing tolerance within the specified bandwidth in comparison to conventional Chebyshev filters for C-band applications.

A new filtering function according to a chained configuration is derived for fourth-order filters, and the synthesis procedures are present-
ed. To demonstrate the feasibility of this approach, the circuit simulation based on parallel-connected topology is performed in an ad-
vanced design system, while the design and simulation of a fourth-order filter in dielectric technology are carried out in high-frequency

simulation software. The prototype of fourth-order microstrip topology is fabricated using open-loop resonators. The overall circuit size of
the filter is 2.5 cm X 4 cm. The achieved simulation and measured insertion/return loss are 0.409 dB/20 dB and 2.674 dB/18.074 dB,
respectively. Extensive sensitivity analysis is conducted to prove the fabrication tolerance of the filter. The reduced sensitivity of the pro-
posed filter to manufacturing tolerance is fully demonstrated using an open-loop microstrip technology, and its reliability is proven by

theoretical analysis. The prototype results in this research are validated and agree with the theoretical results. In terms of implementation,

this design technique will be a very useful mathematical tool for any filter design engineer.
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I. INTRODUCTION

Manufacturers are constantly under demand to minimize the
time and cost of developing front-end millimeter-wave and
microwave hardware for terrestrial and space applications [1].
High-performance filters are among the costliest components
for such hardware, as they require high-quality materials, precise
assembly, and, more importantly, post-manufacturing tuning [2].
Significant efforts have resulted in enhanced electromagnetic
simulation tools in the context of such filters [3]. However, the
improved simulation precision has shifted the focus of the prob-

lems to the manufacturing process [4]. To fully appreciate the
benefits of enhanced modeling precision, the hardware must
now be designed and produced with extremely low tolerance
levels. Thus, the cost can rise [5]. Most millimeter-wave and
microwave filters currently being developed and produced are
made up of the conventional Chebyshev family [6]. This filter
class has a specific filter order and offers the best rejection for an
equiripple response [7]. The frequency distribution of return loss
(RL) zeros in traditional Chebyshev filters is a crucial element for
obtaining a good filter response [1, 8]. The relative frequency
separation of RL zeros for narrow-band high-order filters becomes
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extremely small, necessitating a high accuracy in the manufactur-
ing process [6]. Post-manufacturing tuning technique is applied
to transform the filter response to the desired response [9]. To
solve this issue, the filter’s sensitivity to the fabrication process
and the constraints of existing production technologies must be
addressed at the preliminary stage of approximation [10]. The
desired filter specifications are simulated using a transfer func-
tion with higher order and reduced sensitivity. A new class of
filtering function called chained is formed by combining the
low-order functions of conventional Chebyshev polynomials
[11]. The chained function polynomials can be found as a
tradeoff between Butterworth and approximations of Cheby-
shev [12]. The technique offers several transfer functions to se-
lect from, each with unique properties and implementation re-
quirements. Chained transfer functions can reduce filter complexity,
manufacturing tolerance, and post-manufacturing tuning processes
[3, 12]. Thus, they have the potential to extend current state of the
art in higher-performance less-tuning filter production to higher
operating frequencies and narrow bandwidth implementations.

This paper presents a new technique to design and imple-
ment the chained filtering function using a parallel-connected
filter network. A fourth-order microstrip filter prototype is fab-
ricated, and the measured results are included to prove the feasi-
bility of this technique. The paper is sequenced as follows. Sec-
tions II and III present a clear theoretical analysis and chained
function polynomial characteristics, respectively. Sections IV and
V discuss the filter synthesis procedures and results, respectively.
Section V presents the filter design and simulation using dielec-
tric resonator technologies. Section VI presents the microstrip
filter simulation results. Sections VII and VIII respectively dis-
cuss the filter prototype measured results and sensitivity analysis
results. Finally, Section IX concludes.

II. CHAINED FUNCTION CHARACTERISTICS

Fig. 1 demonstrates the characteristics of the chained func-
tion polynomial. The figure illustrates that the chained function
passband ripple is a tradeoff between Butterworth and Cheby-
shev polynomial ripples. The ripples tend to overlap one another
to form two poles spaced apart [12]. The closely spaced four-

-150

[— Butterworth — — {2.2} Chained Chebyshev |

Fig. 1. Chained function characteristics in comparison to the response
of Butterworth and Chebyshev filters.
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pole equiripple response is the Chebyshev model, which re-
quires higher fabrication tolerance, while the Butterworth re-
sponse has only one pole in the passband. The chained filtering
function response can be achieved by selecting the appropriate
seed-function order of {2,2} combinations. The selectivity of
this filter will result in reduced sensitivity to fabrication toler-
ance compared to its Chebyshev counterpart, and its rejection
performance is better than that of Butterworth but slightly less
than that of conventional Chebyshev filters [13]. This filter class
is not limited to sensitivity reduction but will lead to reduced
complexity of filter design.

III. CHAINED FUNCTION POLYNOMIAL

A new polynomial generating function according to chained
configuration can be defined using Eq. (1). This function is
formed by multiplying the conventional Chebyshev product of
lower-order functions called seed function. Each seed function
has a selectable variety and provides ranges of transfer functions
of the same degree, bandwidth, and RL level with different fre-

quencies and implementation properties [11].

Yar(w) = Gy(w). @

Eq. (1) is produced by multiple numbers of seed functions, each
with a unique feature that allows it to fit within the predefined
manufacturing constraints, thereby reducing the filter fabrication
tolerance and production cost. Gu(w) is formed by the combina-
tion of the p-seed function of Sy k) and can be written as

Gy(w) = Hllé = 1(Sns(k) (w))ms(k), @)

where 75, is k" order seed function with a M(k). N Trepre-

sents the degree sum of constituent functions as defined in Eq. (3).

ny = Yk 1 NsioMso- ©)

Table 1 illustrates chained combinations formed from the con-
ventional Chebyshev lower-order seed-function polynomials for
the fourth-order filter. The first row in Table 1 represents the But-
terworth polynomial approximations, while the last row represents

the conventional Chebyshev polynomial of the same order [14, 15].

Table 1. Chained function polynomial combinations for nt

# of seed-function Seed-function Chained function

combinations (nr) orders, Py (w) polynomials
4 {1,1,1,13 w?
3 {1,1,2} 2w* — w?
2 2,2} 4w* — 4w? + 1
2 3,1 4t — 3w?
1 {4} 8w?* — 8w? + 1
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IV. PARALLEL CHAINED FILTER SYNTHESIS PROCEDURES

Consider the parallel chained connected coupled low-pass in-
verter network in Fig. 2.
The inverter network can be synthesized by solving the filter-
ing function Fy and Si;, S,q,defined as [2, 4]:

e Fy (w)

2 —
|511((l))| - 1+£2F1%,(w)’ (4)
1
|521((U)|2 = 1+£2FI\2,((U)’ (5)

where w is a frequency variable, Fy is the filtering function,
and ¢ is the ripple constant of 0.100503781.

atwt+alw?+a, ©)
BZw?+pB,

FN=

The resonators are set up in parallel configurations by split-
ting using the partial fraction expansion in [2]. The even-mode
admittance polynomial Y, can be derived by solving Si;(p)
roots as in [9, 10]. This function Y, is used to synthesize mul-
tiple branch resonators distributed across parallel-connected
networks [4]. If the chosen circuit is symmetrical, then it is pos-
sible to solve any degree-ladder network, and for lossless net-
works, the even/odd mode reflection coefficients S,, S, are
expressed as [7, 8].

Seven = S11 — S21, (7)
Soaa = S11+ S21 ®

Y, and Y, can be further written as 5, 6]:

— Seven+seven
Yeven - > (9)
Seven—Seven
S +S
Ydd — odd odd‘ (10)
o Sodad—=S
odd™odd

Eqgs. (7) and (8) can be split by using partial fraction expansion
to place the resonators in parallel configurations [1-4]. The paral-
lel-connected chained transfer function can be written in terms of
admittances based on the odd/even-mode reflection coefficients
Se and S, as expressed in [3, 13] to yield the following:

Ye=Yo

S21(p) = IFTATCITAY 11)
— (1_YeYo)
S11(p) = REAREA) (12)

The matrix ABCD of the filter transfer function can be
formed by choosing the appropriate expressions in [16, 17] and
splitting them into partial fraction expansion, resulting in the
placement of the resonators into a parallel network, [12, 18].

Pla== Jor == IxNa ox==P.

(%]

Chain Chain

Fig. 2. Parallel chained coupled low-pass inverter network.

1. Fourth-order Parallel Chained Filter Synthesis

Fourth-order chained filtering function is formed by multi-
plying the {2,2} Chebyshev seed-function polynomial of the
first kind. The synthesis technique is carried out first by deriving
the even mode admittance [11,19].

Fy = 40* — 4w? + 1. (13)
Step 1: The S-parameters are used to derive the zeros as follows:
p® + 2p® + 1.5p* + 0.5p% + 6.25 = 0. (14)

Step 2: The left-hand plane polynomials are chosen as
p = —0.4168935436 + j1.337545733, (15)
p = —0.9718282536 * j0.5737785234. (16)

Step 3: Y, the chained filtering transfer function, can be derived as
a two-branch parallel network, and then the roots of S
and S, are used to form the polynomial, P(p) as [3-5]:

P(p) = p? + 1.388721797p + j0.7637672096p
+1.172603940 — j1.060660172. (17)

Step 4: The zeros of P(p) are the same as the zeros of 1 +
Y.(p) [2] and can therefore be derived using the for-
mulas in [1, 6].
1+Ye=1+%. (18)
Step 5: The complex even/odd mode polynomials are obtained
from Eqs. (15)(18).

N(p) = p® —j0.7637672096p + 1.172603940,  (19)
D(p) = 1.388721797p — j1.060660172. (20)

By using Eq. (15),

N(p) _ p?-j0.7637672096p+1.172603940

Ye(p) = D(p)  1.388721797p+j1.060660172 @1)

Step 6: From Eq. (18), an even-mode admittance inverter of 1

can be positioned before the network. Thus, Y, can be
written as

Yo(p) =

Sep 7: The denominator is factorized using a partial fraction
expression and Y, is split into two parts as follows:

Y.(p) =

1.388721797p—j1.06066017
p2+j0.7637672096p+1.172603940

(22)

1 1
+ .
1.080737547p+j0.8282225677 2.1578335886p—3.301737005

(23)

Step 8: The same technique can be extended to generate the same

results in the odd-mode admittance network as follows:

' _ 1 1
Yo (P) - : + i .
1.080737547p—j0.8282225677 2.1578335886p+;3.301737005

(24)

The numerator values are the J-admittance, and the denomi-
nator is the capacitance values [1]. Y, Y, can be further split
down to a four-parallel network branch by dividing (24) by 2.
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Hence,
’ _ 2 2
Ye(p) = —i + i >
2(1.080737547p—j0.8282225677) | 2(2.1578335886p+)3.301737005)
(25)
, _ 2 2
Yo(p) = - + — .
2(1.080737547p+j0.8282225677) 2(2.1578335886p—;3.301737005)
(26)

The parallel network in Fig. 3 is formed using the admittance
values derived for the even mode in Eq. (24). The circuit simula-
tion S-parameter response is shown in Fig. 4.

The low-pass filter network can be transformed into a band-
pass filter by applying the appropriate transformation expres-
sions in [5, 15, 20]. The transformation network is shown in Fig. 5,
and the S-parameter response is presented in Fig. 6.

This design technique is useful for synthesizing circuits in
different parallel configurations, such as four- and six-branch
parallel networks [19].

2. Parallel Chained Filter Coupling Matrix Synthesis
The filter coupling matrix is mapped by chaining the seed

functions generated from the polynomial function Yy (w) [20].

The transmission and reflection coefficients S;; and Sy,
which are used to derive the coupling matrix for the filter net-
work, are as follows:

Su(@) = &2, 27)
P
Su(0) = 52 9)

Js1 51% T E JoL

Chain Chain Chain

—
—

I

N ca -l— Jao

Is2 a

——

Chain Chain Chain
Fig. 3. Fourth-order two-branch parallel chained low-pass network
(C1=C2=1.0807 F, C3=C4=21578 F, Jss =Ja. =1,
Jsi=Ja=1,]12=0.8282, Jss = —3.3023).

S11,821 (dB)
=
=]

T T T
-1.0 0.5 0.0 0s 1.0

Normalized Frequency (rad/s)

Fig. 4. Fourth-order low-pass filter S-parameter response.
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Js1 cl—Lu$ I L‘."LL2$ Joo
Chain Chain _Jv

Chain

Is2 CZ—LL3$ T3 (4J—l4$ T

Chain Chain Chain 1

Fig. 5. Fourth-order two-branch parallel chained band-pass network
(C1=C2=991.423 pF, C3=C4=74835 pF, L1=12=
0.0021 nH, L3 =L4 = 1.014).

11,821 (dB)
3

Freq (GHz)

Fig. 6. Fourth-order parallel chained band-pass S-parameter response.

where w is the complex frequency parameter s = jw, and
Fy(w), Ey(w) are the N*"-order filter polynomials of the
chained functions [21]. The polynomials Eg, F; are applied to
derive the even/odd-mode polynomials [22]. The parameters for
short-circuit admittance y,;, Y22 can be derived from (29),
and N which represents the even/odd mode.

) TniT
y21(8) = ]Zg=1—gi£f’

, TZ
Va2(s) = j legzlwz_w;k, 29)

where A, represent the pole for eigenvalue, and Ty and Ty are
the respective orthogonal first and last rows of the matrix 7" The
orthogonal rows can be generated by using the Gram-Schmidt
orthogonalization technique [21]. Similarity transformation and
matrix element annihilation are performed and the complete
coupling matrix M is obtained [22, 23]. To synthesize the cou-
pling matrix of two pole parallel networks, the matrix is divided
into subnetworks and a series of configurations are carried out
for the entire matrix until the right coupling is achieved [14].
The full coupling matrix (M) for the fourth-order parallel
chained filter is shown in Eq. (30), and the /V+2 configuration
routing structures are in Fig. 7.

0 068 096 0 0 0
068 0 0 0 1.53 0
096 0 0 0.77 0 0

0 0 0.77 0 0 -0.96

0 153 0 0 0 0.68

0 0 0 —-096 0.68 0

M =

(30)
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2 3
Fig. 7. Fourth-order filter coupling routing topology.

V. SIMULATION RESULTS OF PARALLEL CHAINED DIE-
LECTRIC RESONATOR FILTER

1. Dielectric Resonator Configurations

Fig. 8 shows a single resonator mounted inside a squared cav-
ity assumed to have a parameter defined as cavity width (C,, C)),
cavity length (C,), resonator diameter (D;), resonator height (L),
low permittivity dielectric support diameter (Ds), and support
height (Ls). The chosen dielectric resonator is cylindrical and
has a low dielectric permittivity. The design parameter values

are defined in Table 2.

2. Dielectric Resonator Mode Chart

The eigenmode solver window in High-Frequency Simula-
tion Software (HFSS) is used to generate the mode chart as
proof of the design idea. By increasing the resonator puck diam-
eter to height ratio, the simulation is run multiple times. The
diameter remains constant while the size of the resonator puck
is reduced by half. It can be observed that as the ratio of D/L
increases, the resonant frequencies of each mode will increase
accordingly. This effect demonstrates that the resonant frequency
can be designed to the desired frequency by adjusting the ratio of
D/L [1]. Fig. 9 shows the resulting mode chart diagram for the
first four modes of the dielectric resonator obtained using HFSS.

Ds
Dr

.. I
|

L

Ls

Cx, Cy

Fig. 8. Dielectric resonator configuration inside an enclosure.

Table 2. Dielectric resonator dimensions

Parameter Dimension

Resonator puck &=34, D=14.4 mm, L,=5.89 mm
& =10, D;=6.87 mm, L,=9.88 mm

C.=C,=2488, C,=2455

Resonator support

Resonator enclosure

Frequency (GHz)

Fig. 9. Mode chart of the first four dielectric resonator modes.

3. Dielectric Inter-Resonator Coupling

Achieving good coupling between resonators is based on ex-
tracting the external quality factor (Q.) and coupling coefficient
(K) to form a parallel-connected network using Egs. (31) and
(32). We begin by investigating the coupling between two reso-
nators that are symmetrically divided into separate resonators
and terminated by either an electric wall or a magnetic wall. The
coupling is determined by using the resonance frequency of the
two distinct resonators [23, 24]. The coupling matrix (M) ele-
ments are normalized to the fractional bandwidth. Matrix M is
a coupling element between two adjacent resonators. Fig. 10
shows the two coupled resonators together with their corre-
sponding plot of coupling coefficient K versus W. The original
cavity dimensions can be used to find the resonant frequencies
for both even and odd modes in HFSS.

_ _Jo
Qe - BWXRl’ (31)
_ fo Pt
K = 2w X s (32)

The first eigenmode frequency is f1, the second is /3, the cen-
ter frequency is fo, and Ryis the coupling resistance. The nor-
malized coupling coefficient K and the filter bandwidth (BW)
are all defined.

It can be observed in Fig. 9 that the coupling gap (W) in-
creases as the coupling coefficient (K) increases, and vice versa.
The weaker coupling results in a lower coupling coefficient and
a strong coupling in a higher coupling coefficient.

0.010
0.009 \’ﬂ
0.008
0.007
0.006
0.005
0.004
0.003

0.002

0.001

T T T T 1
2 4 6 8 10
W (mm)

Fig. 10. The coupling K plot against the width iris W.
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Fig. 11. Fourth-order parallel chained dielectric resonator 3D topology.

S11.821 (dB)
5 [
2
i

g
0

ap 4

50

T T T T
32 33 34 3.5 36 3.7 38
Freq (GTT7)

Fig. 12. Simulation S-parameter response of the dielectric filter.

4. Fourth-Order Dielectric Filter Simulation

The filter design and simulation are carried out using the AN-
SYS HFSS driven-model approach. The chained function poly-
nomial Yy (w) = 4w* — 4w? + 1 with the seed function of
order {2,2} is transformed into a parallel network using dielectric
resonators. The target center frequency of the filter is 3.5 GHz,
with an RL of 20 dB and a fractional bandwidth of 0.67%. Fig.
11 shows the 3D-designed structural setup of the bandpass filter.
The Iris thickness is maintained at 3 mm for all irises. The design
is achieved by adjusting the dimension of one resonator branch
with the connecting irises and the input probe until the desired
response is attained. The process is repeated by inserting the out-
put probe and the branch of the next resonator at the same time.
The final parameters of the topology after the tuning process are
D1=D2=D3=D4=14.602 mm, W12 =W34 =5.01 mm,
and W14 =W23 =51 mm. The S-parameter response of the
filter is shown in Fig. 12. The center frequency is 3.5 GHz with a
fractional bandwidth of 0.5%, and an RL level of 20 dB is
achieved. The results are in good agreement with the theory.

VI. SIMULATION RESULTS OF PARALLEL CHAINED
MICROSTRIP FILTER

1. Microstrip Filter Inter-Resonator Coupling

The initial filter design parameters are the center frequency of
3.5 GHz, a bandwidth of 200 MHz, an insertion loss (IL) of <3
dB, and an RL of 20 dB. The microstrip substrate of Rogers
RT/duroid 5880, with a thickness of 787 pum and a relative die-

lectric constant & of 2.2 is used for the filter implementation
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[25-27]. The open-loop resonator is selected for this design
because of its simplicity of manufacturing. The suitable electri-
cal length at resonance is 180°. The coupling configuration be-
tween the adjacent resonators is a mixed coupling [24, 25]. The
coupling coefficient (K) values in Table 3 are obtained using the
line calculation approach in an Advanced Design System (ADS)
simulation software.

Fig. 13 illustrates the plot of the coupling coefficient and gap
or distance between resonators. The gap or distance (S) increas-
es as the coupling coefficient (K) decreases. Smaller coupling
coefficients mean weaker resonator coupling.

2. Fourth-Order Parallel Chained Microstrip Filter Design and
Simulation

The polynomial function according to chained G,(w) =
4w* — 4w? + 1 and seed order {2,2} is chosen. This function is
transformed into a physical parallel network for optimum realiza-
tion. The design is achieved via an ADS using open-loop mi-
crostrip resonators [28, 29]. The resonators are all connected in
parallel and chained to the filter output. The simulated IL/RL
achieved is 0.409 dB/20 dB. The out-of-band rejection observed is
better than 18 dB. The final physical layout of the filter is shown in
Fig. 14, and the corresponding S-parameters response is in Fig. 15.

Table 3. Coupling coefficient versus the resonator gap (S)

S (mm) #1(GHz) £ (GHz) K
0.5 3.4490 3.6200 0.00674
1.0 3.5060 3.5940 0.03450
1.5 3.5320 3.5770 0.01760
2.0 3.5480 3.5630 0.00590

007
00eq N\
"

0.04 4

0.03
0.02 \
0.01 \.

1

0.00

T T T T T
04 06 08 10 12 14 16 18 20 22

S(mm)

Fig. 13. Filter coupling coefficient (K) versus the resonator gap (S).

Fig. 14. Fourth-order parallel chained filter physical layout.
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-20 -

S-parameters (dB)

-25

-30

-35

34
Frequency (GHz)

Fig. 15. Filter simulation S-parameter response.

From the S-parameter responses achieved, the filter produced
two poles as expected for chained function implementations.
This outcome serves as the main benefit of chained function
polynomials, which efficiently place multiple RL zeros at the
same frequency, resulting in filters with reduced sensitivity to
manufacturing error while preserving their response within the
specified passband [27, 30]. In terms of theoretical analysis, the
filters have proven to offer good rejection levels comparable to
the Chebyshev filters, which are dependent on the proper seed-

function selections.
VII. PROTOTYPE DESIGN RESULTS

Rogers RT/duroid 5880 microstrip substrate with a thickness
of 787 pum and 2.2 relative dielectric constants is used [31, 32].
The width and length of the resonator are 2.45 and 3.15 mm,
respectively. The input/output ports are attached to an SMA
3.5 mm connector, and the feed lines between the resonators
and connectors are 10 mm long. The filter prototype is shown
in Fig. 16. The overall circuit size of the filter is 2.5 cm x 4 cm.
The measured and simulation responses are shown in Fig. 17.
The filter has proven the ability to produce two resonance poles
within the desired bandwidth with a center frequency of 3.5
GHz achieved. The values of simulated and measured IL/RL
achieved are 0.409 dB/20 dB and 2.674 dB/18.074 dB, respec-
tively. There is a shift in the center frequency of the measured
result compared to the simulation result. The shift is caused by

Table 4. Comparison with related work

Fig. 16. Microstrip prototype of parallel-connected chained function
filter.

S-parameters (dB)

() P—

Measured 11|
1}

— ed 11|
‘ll |~ — Simulated 21/

T
34 35 36

Frequency (GHz)

Fig. 17. Simulated and measured transmission and reflection responses
of parallel-connected chained filter.

discontinuities in the microstrip line junction, radiation, pack-
age parasitic, and dielectric loss of the material [26]. The trans-
mission zeros of the filter can be controlled by changing the
source capacitor values and the load coupling. This finding agrees
with the theoretical analysis. Table 4 compares the results in this
work with state-of-the-art implementations [17, 27, 30-33].

VIII. SENSITIVITY ANALYSIS

Sensitivity analysis is conducted on parallel-connected chained-
function filters to prove that the filters can be fabricated with
better tolerance and their response preserved within a specified
bandwidth in comparison to Chebyshev filters. To assess the
effects of manufacturing tolerance, several experiments are con-
ducted where the initial component values are changed to have

Study A (um) & f(GHz) FBW (%) IL (dB) RL (dB)
Chuan and Sovuthy [27] 787 2.2 2.4 15 1 15
Cheab et al. [17] 787 22 0.96 5 4 16
Chang and Chang [30] 580 3.38 2.65 4.6 2 12.6
Khajavi et al. [31] 508 3.6 0.9 21 2.8 14
Ma et al. [32] 800 2.55 24 3 52 10
Liu et al. [33] 635 9.5 2.45 4.6 1.7 13
This work 787 22 3.5 0.67 2.67 18.074
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differences of + 1% and * 2%. The distribution’s variance is cho-
sen to provide a maximum error of approximately 5 pm, speci-
fied as the maximum tolerance of filter fabrication machines.
The shifts in the passband for parallel chained function filters
are recorded to be *0.025% and +0.07% compared to their
original values and the Chebyshev counterparts, and the RL
shifts are +1.5% and + 2.5%. In all cases, the RL remains at 20
dB and is maintained. Figs. 18 and 19 show the result of this
analysis. These findings greatly prove that parallel-connected
chained function filters are less sensitive to manufacturing error
and can preserve selectivity. This finding is demonstrated by the
reduced percentage shift in RL distributions when random tol-
erance is applied. The further apart placement of the filter poles is

evident, confirming higher manufacturing tolerance.

1. Comparison of Fourth-Order Parallel-Connected Chained Filter
to Fourth- and Third-Order Chebyshev Response

Compared to Chebyshev’s third- and fourth-order filters, the
chain function filter rejection is proven to be higher than that of
the third-order Chebyshev but slightly lower than the fourth
order. The passband of the chained function has only two poles
placed further apart than those of the third-order Chebyshev
response. The ability of the chained function polynomial to
place multiple RL zeros at the same frequencies will result in
the filter being less sensitive to fabrication error and still retain-
ing the desired out-of-band rejection [5, 33]. Fig. 20 shows the
theoretical comparison plot.

S11,21 (dB)
! !

Original values| |
——Original values

T T :
10 0.5 00 05 1.0
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Fig. 18. £0.025% and £0.07% tolerance applied on fourth-order parallel
chained function filter.
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5 .
3
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Fig. 19. £0.025% and £0.07% tolerance applied on the fourth-order
Chebyshev filter.
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Fig. 20. Comparison response of the chained function {2,2} order
compared to Chebyshev’s third and fourth order.

IX. CONCLUSION

Fourth-order parallel-connected chained function filter pro-
totypes are designed and fabricated. The overall circuit size of
the filters is 2.5 cm X 4 cm. The filter achieves a measured
IL/RL of 2.674 dB/18.074 dB. The theoretical and measured
results are in good agreement with each other. Extensive sensi-
tivity analysis is conducted, and the results prove the fabrication
tolerance of the filter. The advantage of this filter prototype is
that it offers reduced sensitivity to manufacturing tolerance
while retaining rejection performance that is comparable to a
conventional Chebyshev filter. The reduced sensitivity to manu-
facturing tolerance is fully demonstrated using an open-loop
microstrip technology, and its reliability is proven. In terms of
implementations, the filter is not limited to microstrip technol-
ogy but can be applied to any given technology available. Low-
er- and higher-order filters can be easily implemented using
chained function polynomials, thereby serving as a very useful
mathematical tool for any filter design engineer.
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