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Microstrip filters on 
half-wave hairpin  
resonators  a re 

widely used in different 
microwave applications be-
cause they are very compact 
structures and do not con-
tain short circuit elements, 
characteristics that make 
them relatively easy to man-
ufacture and use over a wide 
frequency range. In this class 
of microstrip filters, three 
basic structures can be de-
fined: one based on hairpin 
resonators with alternating 
orientations [Figure 1(a)], 
another based on codirectional hairpin resonators [Fig-
ure 1(b)], and a third based on filters using hairpin reso-
nators with supplementary electromagnetic couplings 
between nonadjacent resonators [Figure 1(c)]. These 
structures are fundamentally different both in their op-
erating principles and in their achievable characteristics 
despite layouts that, for two of them, seem similar.

Among these three basic 
filter structures, microstrip 
filters based on hairpin reso-
nators with alternating ori-
entations are characterized 
by the lowest f requency 
selectivity. The basic ele-
ments of such structures use 
multiple coupled quarter-
wave microstrip lines with 
diagonal connections that 
limit the number of attenu-
ation poles close to the filter 
passband [1]. The formation 
of attenuation poles close to 
the filter passband can be 
achieved using the coupling 

between nonadjacent resonators [2]–[4], a dual-plane 
filter structure based on conductor-backed coplanar 
waveguides [5], a quasi-hairpin filter based on sepa-
rated coupling paths [6], a cross-coupled wiggly-line 
hairpin resonator filter [7], or a third-order hairpin 
filter with weak signal-interference coupling between 
the input and output nodes [8]. By optimizing the sup-
plementary magnetic and electrical couplings in an 
N-resonator microstrip structure, it is possible to form  
(N – 2) attenuation poles at certain frequencies close 
to the passband. For example, in a four-resonator 
microstrip filter structure similar to that shown in Fig-
ure 1(c), only two attenuation poles can be created [9].

The operating principle of microstrip filters with 
codirectional hairpin resonators is based on nonequal 
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even- and odd-mode wave velocities in an inhomo-
geneous dielectric structure for pairs of coupled 
microstrip lines when it is potentially possible to form 
(N + 1) attenuation poles at certain frequencies close 
to the passband without creating any special couplings 
between nonadjacent resonators [10], [11]. In these 
microstrip filters with codirectional hairpin resona-
tors, the attenuation pole typically occurs below the 
passband. The position of this attenuation pole can 
be controlled by the addition of capacitive coupling 
between the open ends of adjacent resonators when 
the attenuation poles move upward in frequency and 
cause the passband to narrow [12].

The potential high-selectivity capability of these 
structures is limited because the number of created 
attenuation poles does not usually exceed the number 
of nonadjacent resonators in a microstrip bandpass- 
filter structure. Therefore, an improvement of the 
selectivity properties of these microstrip filters can be 
achieved only by using more resonators. Because of the 
limited quality factor of the microstrip resonators, a 
substantial increase in their numbers will result in a 
significant increase in the passband insertion loss and 
overall filter size, without any improvement in the fil-
ter roll-off factor.

This limitation becomes problematic when suf-
ficiently thin dielectric substrates with thicknesses 

.H 0 25 mm#  are used. Such substrates are widely 
employed to prevent the excitation of higher-type 
waves in microstrip structures intended for use at high 
microwave and millimeter-wave frequencies and to 
minimize the overall circuit size. They are also used in 
monolithic microwave integrated circuits. When used 
in such circuits, the quality factor of microstrip resona-
tors declines. As a result, the frequency-selectivity limit 
of the microstrip bandpass filter will occur with a sub-
stantially lower number of resonators, typically .N 4#

This raises an important question: Is it possible to 
increase the number of attenuation poles in a microstrip 
bandpass filter while simultaneously decreasing the 
number of resonators close to their limited number 
when the filter structure contains no more than two to 
four resonators? This is possible only when the basic 
filter two-resonator structure has the properties of the 
multiresonant microwave circuit.

Nontraditional microstrip bandpass-filter struc-
tures with a limited number of codirectional hairpin 
resonators are capable of forming a significant num-
ber of attenuation poles at certain frequencies, often 
exceeding the number of resonators in a filter struc-
ture. This provides a much higher frequency selec-
tivity of the microstrip bandpass filter by combining 
different wave properties of the microstrip lines and 
different design methods to control the wave pro-
cesses in them.

Two-Resonator Structures and Their 
Operation Principle
The basic structure of a two-resonator microstrip filter 
is represented by two electromagnetically coupled 
half-wave codirectional hairpin units. The topology 
of this structure is shown in Figure 2(b) with the cor-
responding cross section in Figure 2(a), where W is 
the width of the microstrip line, S is the spacing be-
tween the microstrip lines, H is the substrate thick-
ness, and rf  is the effective dielectric permittivity. 
The basic two-resonator filter structure is composed 
of a central two-line lattice section [Figure 2(c)] and two 

(a)

(b) (c)

Figure 1. The basic structures of microstrip filters based 
on (a) hairpin resonators with alternating orientations, 
(b) codirectional hairpin resonators, and (c) filters using 
hairpin resonators with supplementary electromagnetic 
couplings between nonadjacent resonators.
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Figure 2. A two-resonator microstrip filter and its 
elements. (a) A cross section and (b) the topology of the 
structure corresponding to (a). The basic two-resonator 
filter structure is composed of (c) a central two-line lattice 
section and two K inverters implemented in the form of (d) a 
T-type, open-stub microstrip section.
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K inverters implemented in the form of a T-type, open-
stub microstrip section [Figure 2(d)]. The frequency prop-
erties of these two-resonator microstrip filters can be 
investigated based on the distribution of the attenu-
ation poles of the filter amplitude response along the 
frequency axis.

To define the frequency properties of a two-res-
onator microstrip filter, first consider the formation 
of the amplitude response of a codirectional quar-
ter-wave lattice unit. Figure 3 shows a step-by-step 
process for the equivalent transformation of such 
a quarter-wave lattice section into a fully balanced 
bridge-type structure in the form of an equivalent-
mode representation using the method of mirror 
images [13]. In this equivalent-mode representation, 
each normal (even and odd mode) wave propagated 
in a system of two coupled microstrip lines corre-
sponds to its own resonator with wave parameters 
according to the corresponding type of excitation in a 
system of two coupled lines.

In the case of an inhomogeneous, lossless coupled-
line structure, the four-port impedance Z matrix for a 
single lattice section [Figure 3(a)] can be written as
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where Za  is the impedance of the series two-terminal 
network [Figure 3(b)], defined as the input imped-
ance of the original two-port network under its odd-
mode excitation,
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and Zb  is the impedance of the diagonal two-termi-
nal network [Figure 3(b)], defined as the input im-
pedance of the original two-port network under its 
even-mode excitation,
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where Z0e  and Z0o  are the even- and odd-mode char-
acteristic impedances, 0ei  and ,0oi  are the even- and 
odd-mode electrical lengths of a system of two coupled 
transmission lines [Figure 3(c)], and f0e  and f0o  are the 
frequencies at which the lattice section is a quarter-
wavelength long electrically under even and odd exci-
tation modes, respectively [13].

The resonant frequencies of a quarter-wave section 
of length l defined from conditions ( )X f 0a 0o =  and 

( )X f 0b 0e =  are equal and written as
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where c is the speed of light in a vacuum, v0e  and v0o  
are the phase velocities of the even- and odd-mode 
waves, and 0ef  and 0of  are the effective dielectric per-
mittivities of a system of two coupled microstrip lines 
under even and odd excitation modes, respectively.

In this case, the coefficients of a magnetic (induc-
tive) coupling KL  and an electrical (capacitive) cou-
pling KC  in a system of two coupled microstrip lines 
can be defined through the wave parameters as
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From (6) and (7) it follows that K K KL C= =  under 
the condition of the phase synchronization of the 
even- and odd-mode waves when v v0 0e o=  and 

,f f f f0 0a o e b= = =  thus resulting in degeneration of the 
characteristic passband f f f 0c a bT = - = , where the 
image impedance of the equivalent two-port network 
Z X Xc a b= -  is real. The lattice section represents an 
all-stop circuit under the condition of the phase syn-
chronization, for example, in a homogeneous dielectric 
medium where the electrical lengths for even and odd 
modes are equal.

In an inhomogeneous dielectric medium (air sub-
strate) with unequal phase velocities v0e  and v0o  when 

,f f0 0e o!  the image impedance Zc  of a lattice section 
becomes real in a frequency region f f f 0c a b 2T = -  
with boundary frequencies f0e  and ,f0o  and the reac-
tances Xa  and Xb  have different signs in this region. 
As a result, the all-stop filter circuit represented by the 
lattice section transforms to the bandpass-filter section 
under the condition of unequal phase velocities. This 
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Figure 3. The equivalent-mode representation of 
the lattice section. (a) A single lattice section. (b) An 
illustration showing that Za  is the impedance of the 
series two-terminal network and Zb  is the impedance 
of the diagonal two-port network. (c) An illustration 
showing that Z e0  and Z0o  are the even- and odd-mode 
characteristic impedances and that e0i  and o0i  are the 
even- and odd-mode electrical lengths of a system of two 
coupled transmission lines.
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means that the unequal phase velocities of the even- 
and odd-mode waves in an inhomogeneous dielectric 
medium cause a change in the frequency characteristic 
of the filter section.

The attenuation Ap  of a lossless, fully balanced 
bridge-type circuit (in decibels) is defined as
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where S21  is the insertion loss of the equivalent two-
port network and X ;a b

t  are the corresponding reactanc-
es normalized to the load impedance. From (8), when 
the frequency of the real image impedances degener-
ates to ,f f fa b= = 3  the balanced condition of the partial 
two-terminal impedances ( ) ( )Z f Z fa b=3 3  is satisfied 
with the attenuation pole at this frequency. In this case, 
the greater the values of KL  and ,KC  the closer the at-
tenuation pole is to the filter passband.

Note that the ratios of the even- and odd-mode 
phase velocities /v v0e 0o  and the ratios of the coef-
ficients of magnetic and electrical couplings /K KL C  
insignificantly depend on the width W and spacing S  
of two coupled microstrip lines in a homogeneous 
system. Consequently, the passband bandwidth of the 
microstrip filter can be changed within very narrow 
limits. It is important in this case to investigate the abil-
ity to control the filter passband bandwidth. Consid-
ering the character of voltage and current distribution 
in a quarter-wave lattice section, it is possible to dis-
tinguish two regions with dominant magnetic M and 
electrical C couplings in its structure [Figure 4(a)]. Such 
a spatial separation of these types of couplings leads to 
a simple passband control of the lattice filter section.

In this case, the passband can be extended by increas-
ing the ratio of the magnetic and electrical couplings 
when K KL C2  to provide the attenuation pole at fre-
quencies below the passband at the frequency axis. This 
can be achieved, for example, by reducing the electrical 
coupling at the ends of the open-circuit lattice section 
[Figure 4(b)] when the condition f f fb a113  is satis-
fied. Reducing the magnetic coupling by increasing 
the length l0  of the noninteracting line segments [Fig-
ure 4(c)] results in a bandwidth narrowing. A further 
increase of the length l0  of noninteracting line segments 
will balance the electromagnetic coupling, and the pass-
band degenerates with .f f fa b= = 3  However, for much 
longer length l0  when the condition f f fba 1 1 3  is satis-
fied, the electrical coupling dominates and provides the 
attenuation pole of the lattice filter section at frequen-
cies above the passband. Thus, both the characteristic 
passband f f fc a bT = -  and the location of the attenua-
tion poles relative to the characteristic passband can be 
effectively controlled by varying the coefficients of the 
electrical and magnetic couplings along the length of 
the lattice filter section.

T-type, open-stub microstrip sections operating as 
impedance transformers can also represent the stop-
band filter sections with the attenuation poles at higher 
frequencies. However, in a compact implementation of 
both T-type and lattice sections in the structure of a 
microstrip filter, the undesired electromagnetic cou-
pling between them becomes stronger, resulting in 
degeneration of the attenuation poles formed by each 
of these filter sections. Note that, in a multicoupled 
microstrip filter structure, the most prominent attenua-
tion poles can be created only after they have been split, 
and any superposition or interleaving of the attenua-
tion poles leads to their partial or full degeneration.

Figure 5(a) shows the two-resonator microstrip filter 
structure with a combination of the T-type and lattice 
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(a) (b) (c)

Figure 4. The structures of a lattice section with unequal 
phase velocities. (a) A structure with two regions having 
dominant magnetic M and electrical C couplings. (b) A 
structure with reduced electrical coupling at the ends of the 
open-circuit lattice section when the condition f f fb a113  
is satisfied. (c) A structure having reduced magnetic 
coupling by increasing the length l0  of the noninteracting 
line segments, resulting in a narrowing of bandwidth. 
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Figure 5. (a) The structure of a two-resonator microstrip 
filter. (b) A graph showing its insertion and return loss 
response.
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sections, where the degeneration is seen with accurate 
electromagnetic 3D simulations [Figure 5(b)] using a 
ceramic substrate with effective dielectric permittiv-
ity .10 6rf =  and thickness H = 1.27 mm, a distance 
between the substrate and top cover of 5 mm, and 
minimal spacing between adjacent microstrip lines  
S = 0.15 mm. As seen in Figure 5(b), the attenuation 
pole of a quarter-wave lattice section with dominant 
magnetic coupling between the microstrip lines is 
formed below the passband. The attenuation poles of 
the T-type, open-stub microstrip sections formed at 

higher frequencies above the passband have degener-
ated, which is the result of electromagnetic coupling 
between these T-type and lattice microstrip sections. 
Note that the dominant coupling between these ele-
ments is magnetic coupling when K KL C2  due to the 
microstrip structure where .v v0e 0o1

To provide the dominant electrical coupling between 
two resonators, 180° bended half-wave resonators 
can be used. Figure 6(a) shows the structure of a two-
resonator microstrip filter with dominant electrical 
coupling between the branches of each half-wave reso-
nator and its insertion and return loss response of up to  
2.5 GHz, shown in Figure 6(b). In this compact struc-
ture, the four (N + 2) split attenuation poles at certain 
frequencies are created, where the first and fourth 
attenuation poles are formed by the lattice filter section 
while the second and third are formed by the folded 
T-type, open-stub microstrip sections.

To form the attenuation poles at frequencies above 
the passband with dominant electrical coupling, the 
lattice section in a two-resonator microstrip filter 
structure should be a quarter wavelength [Figure 7(a)]. 
The filter insertion and return loss response is shown 
in Figure 7(b), where the splitting of the attenuation 
poles formed by the T-type, open-stub microstrip sec-
tions is achieved by strengthening the electrical cou-
pling between branches of each resonator at their ends. 
In such a structure, the electrical coupling is dominant 
between all microstrip lines.

Castling of Attenuation Poles
One method to redistribute the attenuation poles is called 
castling. Here, the attenuation poles formed by the 
T-type, open-stub microstrip sections should be located 
at frequencies below the passband, while the attenuation 
pole formed by the lattice filter section should be shifted 
to frequencies above the passband. This can be explained 
because both T-type and lattice sections contain series 
microstrip-line sections, l0  for the lattice section shown in 
Figures 2(c) and 4(c) and l{  with electrical length i{  for 
the T-type section shown in Figures 2(d) and 8(a), which 
are connected within the common filter structure. Physi-
cally, both microstrip lines have positive electrical lengths 
when considered separately. Theoretically, each length 
can be negative, taking into account that the overall length 
is positive and physically realizable, i.e., .l l 00 2+ {  For 
example, assuming that i{  is negative, then the attenua-
tion pole in such a hypothetical T-type impedance invert-
er will be formed below the passband, i.e., the position of 
the attenuation pole changes relative to the passband. In 
this case, the negative length l{  is compensated for by the 
positive length l0  of the lattice section, with overall posi-
tive length to be physically realizable. 

Let us now define the conditions under which imple-
mentation of such a distribution of the attenuation 
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Figure 7. (a) The structure of a microstrip filter with 
improved single-side selectivity. (b) A graph showing its 
insertion and return loss response.
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poles becomes possible. Because each T-type open-stub 
microstrip section represents a symmetrical circuit, 
an equivalent, fully balanced bridge-type circuit can 
be obtained by using the method of mirror images 
[Figure 8(a)]. Figure 8(b) shows the frequency depen-
dences of the corresponding two-terminal reactances 
Xa  and Xb  of such an equivalent circuit for the physi-
cally realistic case when the electrical length i{  of the 
microstrip line of length l{  is positive. At the same 
time, Figure 8(c) shows the frequency dependences of 
the corresponding two-terminal reactances Xa  and Xb  
for the case when .01i{

From an analysis of these reactance dependences, 
the following conclusions can be drawn.
1)	 For a traditional T-type, open-stub microstrip sec-

tion with ,02i{  the stopbands (frequency band-
widths where the reactances Xa  and Xb  have differ-
ent signs in this region, positive for Xa  and negative 
for )Xb  and passbands (frequency bandwidths 
where the reactances Xa  and Xb  have the same signs 
in this region, negative for both Xa  and )Xb  alter-
nate, thus providing a band-stop filter performance 
with the second attenuation pole between the third 
and fourth harmonics and ( ) ( ).X f X fa b=3 3

2)	 For a hypothetical T-type, open-stub microstrip 
section with ,01i{  the passbands and stopbands 
alternate, thus providing a band-pass filter perfor-
mance with the first attenuation pole at frequencies 
below the passband and the second additional at-
tenuation pole between the second and third har-
monics, which is sufficiently close to the passband.
From the circuit theory for high-order microwave cir-

cuits, the problem of negative electrical lengths of trans-
mission lines can be easily eliminated when they can be 
fully absorbed by the positive lengths of the other trans-
mission lines [14]. In the proposed structure, the nega-
tive electrical length i{  of the microstrip line of length 
l{  can be absorbed by the positive electrical length 0i  of 
the microstrip line of length l0  of the lattice structure. 
As a result, ,00 2ii +{  and the entire filter structure 
becomes physically realizable and very compact.

Such a distribution of the passbands and stop-
bands of the constituent sections of a two-resonator 
filter on the frequency axis determines its substan-
tially higher selectivity properties. Figure 9(a) shows 
the structure of a two-resonator microstrip filter 
with castling of the attenuation poles, where two 
attenuation poles are formed at frequencies below 
the passband by the T-type, open-stub microstrip 
section (poles ➀ and ➁). Splitt ing of the attenu-
ation poles is provided by the dominant magnetic 
(not electrical) coupling between each branch of 
the half-wave resonators, with the filter insertion 
and return loss response shown in Figure 9(b). The 
minimal spacing between the adjacent microstrip 

lines of .S 0 15 mmmin =  enables the realization of a 
filter structure using any existing substrate tech-
nology process. The maximal and minimal widths 
of the microstrip lines are equal to .W 1 8 mmmax =  
and . ,W 0 6 mmmin =  respectively. At the same time, 
five attenuation poles are created at frequencies 
above the passband, thus contributing to a spectrum 
free of undesired parasitic passbands. In this case, 
the first two poles, which are close to the passband 
(poles ➂ and ➃), are formed by the lattice section, 
and the other split auxiliary attenuation poles are 
formed by the T-type, open-stub microstrip sections 
[Figure 8(c)] in the frequency range corresponding 
to the second harmonic. The total number of attenu-
ation poles formed in such a multicoupled compact 
two-resonator structure is equal to N + 5, which 
determines the improved frequency selectivity of 
this structure due to castling of the attenuation poles 
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Figure 8. (a) An equivalent, fully balanced bridge-type circuit 
for a T-type, open-stub microstrip structure. (b) A graph 
showing the frequency dependences of the corresponding two-
terminal reactances Xa  and Xb of such an equivalent circuit 
for the physically realistic case when the electrical length i{  of 
the microstrip line of length l{  is positive. (c) A graph showing 
the frequency dependences of the corresponding two-terminal 
reactances Xa  and Xb for the case when .01i{
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when compared to Figures 6 and 9. The substrate size 
for the entire filter structure shown in Figure 9(a) is 

. .11 2 23 0 mm2#  or . ,0 02 2m  where m  is the length of 
the quasi-T wave.

Figure 10(a) shows the structure of a two-resonator 
microstrip filter with additional coupling between its 
branches. The insertion and return loss response of 
this structure [Figure 10(b)] results from electromag-
netic 3D simulation of the two-resonator microstrip 
filter with a central passband frequency f 40 GHz0 =  
implemented on a ceramic substrate with thickness H = 
0.25 mm and effective dielectric permittivity . .8 9rf =  
Here, the size of the substrate is . . ,1 1 1 2 mm2#  with a 
minimal width of the microstrip lines of W 60 mmin n=  

and minimal spacing between the adjacent microstrip 
lines of .S 60 mmin n=  The weak electromagnetic cou-
pling between two T-type, open-stub microstrip sec-
tions defines the level of splitting of the attenuation 
poles at frequencies below the passband. Note that this 
operation mode for both two-resonator filter structures 
shown in Figures 9(a) and 10(a) is caused by the domi-
nant electric or magnetic coupling between the adjacent 
microstrip lines and is changed when compared with its 
prototype structure [Figure 6(a)] when the electric cou-
pling between the microstrip-line elements is replaced 
by the dominant magnetic coupling and vice versa.

The proposed filter structures based on two half-
wave codirectional hairpin resonators in this opera-
tion mode exhibit the properties of the multiresonant 
microwave circuits, which can open up new opportu-
nities in the design and development of high-selectiv-
ity microstrip bandpass filters using structures with a 
limited number of resonators.

Four-Resonator Microstrip Filters and  
Their Practical Implementation
The effectiveness of this approach in designing high-
selectivity microstrip bandpass filters with a limited 
number of resonators can also be demonstrated by 
comparing the electrical parameters of four-resonator 
microstrip filter structures on codirectional hairpin 
resonators with and without castling of the attenuation 
poles. These filter structures were selected because 
they could provide substantially more attenuation 
poles compared to filter structures with additional 
couplings between nonadjacent resonators, as shown 
in Figure 1(c).

Figure 11(a) shows the symmetrical structure of 
a microstrip bandpass filter without castling of the 
attenuation poles. The filter is composed of three 
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quarter-wave lattice sections, with dominant mag-
netic coupling between adjacent microstrip lines in 
the left- and right-hand sections and dominant elec-
trical coupling between microstrip lines in the central 
lattice section.

Here, the left- and right-hand lattice sections pro-
vide attenuation poles at frequencies below the pass-
band (poles ➀ and ➁), and splitting is the result of a 
magnetic coupling between these lattice sections [Fig-
ure 11(b)]. At the same time, the central lattice section 
provides the attenuation pole closest to the passband 
at frequencies above the passband (pole ➂). Splitting 
of the attenuation poles formed by the T-type, open-
stub microstrip sections at higher frequencies (poles ➃ 
and ➄) is achieved by marginal electrical coupling 
between nonadjacent resonators. When this coupling 
is absent, the attenuation poles formed by the T-type, 
open-stub microstrip sections coincide and degenerate. 
However, when coupling is significant, the attenuation 
poles split and interleave with the attenuation poles 
formed by the central lattice section, which also leads 
to their degeneration. To form the pronounced attenu-
ation poles, it is necessary to distribute them across the 
frequency axis in a certain way. In a current implemen-
tation of the four-resonator microstrip bandpass filter, 
the corresponding five basic and two additional split 
attenuation poles at higher frequencies are formed by 
the left- and right-hand lattice sections in the frequency 
range corresponding to the second harmonic.

As a practical example, a four-resonator filter struc-
ture was implemented on a ceramic substrate with 
thickness H = 1.27 mm, effective dielectric permittivity 

. ,10 9rf =  strip metallization thickness of ,17 mn  and 
minimal spacing between adjacent microstrip lines 
of . .S 0 2 mmmin =  The maximal and minimal widths 
of the microstrip lines are equal to .W 3 45 mmmax =  
and . ,W 0 5 mmmin =  respectively. Figure 12(a) shows 
the test board of a four-resonator microstrip filter, 
with its return and insertion loss response shown 
in Figure 12(b). The test board is in good agreement 
with the corresponding simulation results shown in 
Figure 11(b). In this case, the insertion loss at the cen-
tral passband frequency is not more than 1.4 dB, and 
the relative 3-dB passband bandwidth is equal to 
13%. The substrate size for the entire filter structure  
[Figure 11(a)] is . ,0 045 2m  which is only twice as large as 
the filter structure shown in Figure 9(a).

The number of attenuation poles in a four-resonator 
structure can be increased by applying the castling 
approach. Figure 13(a) shows a helicopter-like structure 
of a three-resonator microstrip bandpass filter based 
on codirectional hairpin resonators supplemented by 
a fourth half-wave resonator connected in parallel to a 
central resonator of the original structure. This supple-
mentary resonator forms two additional attenuation 

poles (poles ➂ and ➃) located near the passband at the 
left- and right-hand sides [Figure 13(b)]. The symme-
try of these attenuation poles relative to the passband 
is provided by the corresponding selection of the elec-
trical and magnetic couplings between the branches 
of the supplementary resonator. The T-type, open-stub 
microstrip sections create the basic attenuation pole at 
frequencies below the passband (poles ➀ and ➁), and 
their splitting level is provided using a magnetic cou-
pling between the branches of the left- and right-hand 
resonators of this structure. The partial compensation 
for this magnetic coupling is achieved by the electrical 

0
–10
–20
–30

–60
–50

–40

S
11

,
 

S
21

 
(d

B
) 

0.
2

0.
4

0.
6

0.
8 1

1.
2

1.
4

1.
6

1.
8 2

3.
2

2.
2

2.
4

2.
6

2.
8 3

Frequency (GHz)

(a)

(b)

1 2 3 4
5

Figure 11. (a) The structure of a four-resonator microstrip 
filter. (b) A graph showing its quasisymmetrical amplitude 
response.
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Figure 12. (a) The test board of a four-resonator microstrip 
filter. (b) A graph showing its return and insertion loss response.
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coupling between two open-circuit stubs, and this weak 
electrical coupling contributes to the splitting of the 
attenuation poles (poles ➆ and ➇) formed by the T-type, 
open-stub microstrip sections at frequencies above the 
passband in the range corresponding to the second har-
monic, according to Figure 8(c).

Both lattice sections with dominant electrical coupling 
between the microstrip lines create attenuation poles 
(poles ➄ and ➅) at high frequencies as well, when split-
ting of the attenuation poles is achieved by electrical cou-
pling between the branches of the central resonator. Here, 
the minimal spacing between the coupled microstrip 
lines is . ,S 0 1 mmmin =  which can be easily realized using 
any thin-film technology. The minimum and maximum 
widths of the microstrip lines are equal to .W 0 5 mmmin =  
and . ,W 1 82 mmmax =  respectively. The total number of 
the created attenuation poles in a helicopter-like, four-
resonant structure of the microstrip bandpass filter is 
equal to 9, i.e., 2N + 1, and the number of the attenua-
tion zeros is equal to N + 1. In this case, the roll-off factor, 
defined as the ratio of filter passbands at the attenua-
tion levels of –40 and –3 dB, respectively, is equal to 1.67. 
The substrate size for the entire filter structure shown in  
Figure 13(a) is . .0 085 2m  For comparison, the substrate 
size of the microstrip filter structure based on four hair-
pin resonators with additional electromagnetic cou-
pling between nonadjacent resonators [Figure 1(c)] 
is 0.0625 2m  [9]. Note that only two attenuation poles 
are formed in this four-hairpin resonator structure, 
similar to the resonator-embedded, four-pole, cross-
coupled filter structure [15].

The proposed helicopter-like, four-resonator micro
strip bandpass filter shown in Figure 13(a) exhibits  
an insertion loss more than two times lower with 
more attenuation poles, a higher roll-off factor, and 
a more compact structure than that of a four-resona-
tor microstrip bandpass filter based on the parallel- 

coupled quarter-wave microstrip lines and a six-order 
hairpin bandpass filter [16]. At the same time, having a 
similar level of insertion loss across the passband and 
out-of-band spurious suppression, the helicopter-like, 
four-resonator microstrip bandpass filter based on the 
castling approach offers a significantly steeper roll-off 
factor and a much smaller size compared to the par-
allel-coupled microstrip bandpass filter based on the 
four-stage, stepped-impedance-coupled resonator [17].

The comparative analysis of the proposed four-reso-
nator structures shows that, under the same conditions, 
a microstrip bandpass filter with castling of the attenu-
ation poles provides both a steeper roll-off factor of the 
filter amplitude response and a significantly higher 
attenuation level of stopbands in a very compact size.

Conclusions
Based on theoretical predictions and accurate 3D elec-
tromagnetic simulations, nontraditional microstrip 
bandpass-filter structures with a substantially limited 
number of codirectional hairpin resonators can create 
a significant number of attenuation poles at certain fre-
quencies, often exceeding the number of resonators in a 
filter structure. This will provide much higher frequen-
cy selectivity of the microstrip bandpass filter by com-
bining the effects of using different wave properties of 
the microstrip lines and particular design methods to 
control the wave processes in them. These methods are 
based on 1) an effect of the normal waves’ nonequal 
phase velocities, corresponding to even and odd opera-
tion modes in a system of coupled microstrip lines; 2) 
setting the certain degree of the magnetic and electri-
cal couplings at sections of different lengths, between 
both adjacent microstrip lines and nonadjacent resona-
tors; and 3) using a castling approach for the attenua-
tion poles. It is important during the design procedure 
to pay close attention to the distribution of attenuation 
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poles along the frequency axis because their superposi-
tion or interleaving can result in degeneration.
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