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ABSTRACT: Conventional hairpin band-pass filters (BPFs) typically have poor stopband performances. Therefore, this paper proposes a
BPF with a center frequency of 24GHz that employs a novel hairpin-coupled structure. An enhanced hairpin-coupled resonator topology
is also introduced to improve the stopband suppression characteristics. Specifically, the proposed resonator and filter are configured
through a hairpin structure and source-third resonator coupling, which afford a miniaturized size and coupling of the transmission zeros.
Then, an equivalent circuit model is simulated to conduct loss analysis of the millimeter-wave (mm-wave) BPF, and the corresponding
analytical parameters and result data are extracted. Furthermore, fast synthesis is achieved for the high stopband suppression mm-wave
filter. The compact BPF developed is fabricated using quart glass process, with the corresponding measurements revealing that the
insertion Loss (IL) is less than 4.5 dB, and the return loss (RL) exceeds 9 dB within the passband. Meanwhile, the stopband suppression
at 20.6GHz and 28.6GHz can reach 43 dB and 35 dB, respectively. Those advanced performances demonstrate the promising prospect
of the proposed filter for its application in biological radar life feature monitoring.

1. INTRODUCTION

In recent years, with the increasing demand for heart rate de-tection, millimeter wave radar noncontact vital sign detection
technology has drawn extensive attention [1–5]. However, pas-
sive and active devices are strongly integral to the chip, with
band-pass filters (BPFs) contributing to one of the most essen-
tial device parts [6]. In a wireless communication system, BPF
averts interference signals from complicated surroundings. Ex-
pansive stopband suppression is crucial as it dramatically in-
creases the mm-wave communication operation, which BPFs
can realize. Commonly, a 24GHz detection frequency of the
window region is used.
Recently, with the increased application of millimeter wave

technology, low-loss planar millimeter wave filters have be-
come a research hotspot. Compared with the waveguide genre,
hairpin-coupled microstrip line genre BPFs exist in circuit inte-
gration. In addition, the hairpin-coupled microstrip band-pass
filter has strong virtues in frequency selection and frequency
separation function and is widely used in radar, microwave
communication, and other fields.
However, high stopband suppression is a big challenge for

the performance of mm-wave filters. Many microstrip line
BPFs work under low frequency, exhibiting weak stopband
suppression and poor return loss within the passband. Further-
more, further chip packaging requires more mm-wave RF chips
due to a complicated RF front-end structure. Thus, a valid setup
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for a traditional hairpin-coupled microstrip line band-pass fil-
ter is challenging. In addition, to achieve a wide stopband and
high passband selectivity, a higher order of BPF is required,
resulting in a poor IL.
Generally, a small circuit size and high stopband suppres-

sion lead to poor BPF filtering performance. Moreover, small
circuit size and high stopband rejection are difficult to obtain
simultaneously; thus, a trade-off during the design procedure
is inevitable. Hence, this paper develops an improved hairpin-
coupled structure for high stopband suppression BPF. Unlike
conventional hairpin filters, capacitance and inductance param-
eters are given within the filter design circuit. A compact size
and two transmission zeros (TZs) are generated to couple a
source-third resonator.
The proposed filter places a band-pass filter forward in the

24GHz center frequency with a 4.5GHz bandwidth to monitor
the biological radar. Based on the traditional hairpin-coupling
filter, an improved circuit structure is proposed for the hairpin-
coupled bandpass filter. For experimental verification, a high
stopband suppression filter with a compact size is designed and
fabricated using quart glass technology. Compared with exist-
ing literature, the proposed design reduces the area, increases
the stopband attenuation, and improves the filter selectivity
without accurately degrading the filter’s performance, cover-
ing the K-band. The proposed band-pass filter can be applied
in monitoring systems for biological radar life characteristics,
significantly promoting circuit integration and system minia-
turization [7, 8].
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TABLE 1. Parameters of the seventh-order hairpin resonator.

Parameter Value/mm Parameter Value/mm Parameter Value/mm
W1 0.12 L3 1.53 S3 0.08
W2 0.12 L4 1.60 S4 0.08
W3 0.12 L5 1.60 S5 0.05
W4 0.12 L6 1.53 S6 0.02
W5 0.12 L7 1.42 S7 0.05
W6 0.12 L8 1.25 S8 0.05
W7 0.12 L9 1.45 d1 0.16
W8 0.12 L1 1.45 d2 0.12
L1 1.25 S1 0.02 L11 0.51
L2 1.42 S2 0.05

2. OVERVIEW OF THE PROPOSED FILTER
When being used for BPFs, the hairpin-coupled resonator
demonstrates sound isolation and broad bandwidth character-
istics. A half-wavelength resonator is an appropriate structure
to design, although it cannot restrain harmonics. Nevertheless,
the hairpin filter is essential as it affords a super option and
high stopband suppression. Meanwhile, strengthening a plan’s
filtering manifestation and theoretical knowledge can be
fundamental.
Next, the filter circuit structure is presented, and then the

hairpin structure of the mm-wave BPF is introduced and simu-
lated. The proposed enhanced source-third resonator coupling
topology will promote the stopband suppression characteristic.
Furthermore, the lossy filter circuit structure is presented, and
how it contributes to designing a high stopband suppression
BPF is discussed. The improved hairpin-coupled microstrip
band-pass filter comprises a resonator of the seventh order.
Meanwhile, high selectivity and stopband suppression are re-
alized using a source-third resonator and two TZs for good se-
lectivity.
The magnetic coupling between the upper stopband and the

source and the electric coupling between the lower stopband
and the third stage resonator are both one-quarter wavelength
(λ/4) in length. The length between the connecting two trans-
mission lines is (S1+S2+S7+S8+W1+2∗W2+2∗W3+2∗
L11)mm. The parameters are listed in Table 1. According to
the microwave transmission line theory, a one-half wavelength
microstrip line with an open terminal is equivalent to a series
resonant circuit. When the length of the transmission line is
λ/4, the filter has the characteristics of bandpass filtering. In
addition, the parallel coupled transmission line can use parity
model analysis. Since this property produces transmission zero
points, the length of the two improved transmission lines is λ/4
wavelength.

3. THE FILTER CIRCUIT MECHANISM FOR HAIRPIN
BPF
Initially, the conventional and proposed structures of mm-wave
hairpin BPF are provided, with its lossy equivalent circuit

model allowing its analysis. This is important, as according
to Section 1, the demanding specifications cause relevant prob-
lems for mm-wave BPFs.

3.1. Lossy Equivalent Circuit for Conventional Hairpin Res-
onator BPF
Hairpin band-pass filters have a compact structure, which can
be theoretically obtained by parallel line coupling or a half-
wavelength resonant structure unit bending into a “U” shape.
This structure is called hairpin resonator, and its 3D model and
equivalent circuit are illustrated in Fig. 1(a). From the mi-
crostrip theory, a half-wavelength series resonance circuit with
two ends at the microstrip line is equivalent to two capacitors.
The conventional hairpin integral circuit is depicted in Fig. 1(b).
Using full-wave electromagnetic (EM) simulation soft-

ware [9], the initial capacitor and inductor can be acquired,
which aligns with its equivalent circuit. Therefore, the circuit
parameters, Cqj(j = 1 . . . 13), Lqj(j = 1 . . . 7) can be
calculated as follows [10]:

Lqj |j=1···n =
1

ω2
0Cb

(n = 1 · · · 7) (1)

Cqj |j=1···n =
1

ω2
0Lb

(n = 1 · · · 7) (2)

Cqj |j=8···n =
1

ω2
0Lqj

(n = 8 · · · 13) (3)

Kj,j+1 |j=1···n−1 =
wω0

ω
′
1

√
LqjLqj+1

gjgj+1
(4)

Mj,j+1 |j=1···n−1 =
Kj,j+1

ω0
(5)

w =
ω2 − ω1

ω0
(6)

where Cb and Lb are the normalized capacitors and inductors
of the low-pass filter circuit;Kj,j+1 is theK-inverter;Mj,j+1

denotes the mutual coupling parameters; w is the fractional
bandwidth; ω0 is the passband center frequency; and ω1 and
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FIGURE 1. Hairpin resonator and conventional hairpin filter. (a) Hairpin resonator 3D model and equivalent circuit. (b) Traditional filter of the
hairpin circuit.
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FIGURE 2. Conventional seventh-order hairpin resonator. (a) Structure. (b) Structure and circuit simulation of the filter.

ω2 are the upper and lower sideband frequencies. Moreover,
g0, g1, gj , and gj+1 are low-pass archetype filter elements.
Fig. 2(a) presents the structure of the conventional hairpin fil-
ter. Fig. 2(b) presents the S-parameters of the traditional hair-
pin filter using the EM software simulator. Table 2 reports the
capacitance and inductance parameters, calculated using Eqs.
(1)–(6), which exploit the Advanced Design System (ADS).

3.2. Lossy Equivalent Circuit for Improved Hairpin Resonator
BPF

The proposed BPF circuit illustrated in Fig. 3 aims to improve
stopband suppression. It comprises seven hairpin resonators,
a source-third resonator, and two feeding lines. E3,new in
Fig. 3 represents the electric coupling to the third resonator, and
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FIGURE 3. Improved structure and circuit interdigital. (a) Schematic layouts. (b) Lossy equivalent mechanism.

TABLE 2. Extracted circuit parameters for the hairpin resonator.

Parameter Performance Parameter Performance

Cq1 37.96 fF Cq11 281.2 fF

Cq2 44.46 fF Cq12 259.6 fF

Cq3 40.59 fF Cq13 175.3 fF

Cq4 40.41 fF Lq1 1.409 nH

Cq5 40.59 fF Lq2 1.409 nH

Cq6 4.46 fF Lq3 1.409 nH

Cq7 37.96 fF Lq4 1.409 nH

Cq8 175.3 fF Lq5 1.409 nH

Cq9 259.6 fF Lq6 1.409 nH

Cq10 281.2 fF Lq7 1.409 nH

Msource,new is the magnetic coupling to the source. Fig. 3(a)
reveals that two terminals of the microstrip wire are equivalent
to capacitive ground. Thus, the hybrid electromagnetic cou-
pling [11] structure of the improved hairpin resonator structure
is utilized, as depicted in Fig. 3(b). The simulation parameters
of the proposed BPF are calculated using the Advanced Design
System (ADS). Fig. 4 demonstrates that a favorable response
is perceived, certifying the practicality of the proposed hybrid
electromagnetic coupling circuit mechanism.
Due to the hairpin resonator, the BPF is realized through

an applicable coupling structure. As depicted in Fig. 4(a),
the mixed electric and magnetic coupling is generated between

the source and the third resonator, represented by an electric
coupling to the source and the magnetic coupling to the third
resonator (Fig. 4(b)). Consequently, the S-parameters of the
filter structure and lossy circuit mechanism can be calculated
(Fig. 4(c)).
As discussed, an excellent S-parameter response can be re-

alized within the band of 10 ∼ 40GHz, thereby generating pre-
cisely two stopband TZs. In this study, the two TZs produced
consider the electric and magnetic coupling impact between the
source and the third resonator. To summarize, unmatched EM
and circuit simulations are obtained within the out-of-band re-
gion, as illustrated in Fig. 4(c). Therefore, the proposed hairpin
circuit improves the stopband suppression of the enhanced hair-
pin resonator filter.

3.3. Two TZs Based on Circuit Analysis

The improved filter circuit overcomes the challenge of low
stopband suppression for the new-coupled BPF. Indeed, ini-
tially, high suppression is achieved by adding TZs. According
to Fig. 4, the filter circuit model of the improved hairpin filter is
simulated, and its stopband suppression can be used for various
capacitance and inductance values of the new-couple resonator.
The stopband suppression augments fast with larger capaci-
tance and inductance parameters, particularly the capacitance
parameters. Besides the resonators, selecting a high-selectivity
coupling topology is also crucial. Similarly, the hairpin res-
onator remains unchanged, with fixed capacitance and induc-
tance parameters. Good impedance matching is achieved by
appropriately modulating the inter-resonator coupling and the
coupling between the source and the third resonator.
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FIGURE 4. Seventh-order hairpin BPF using source-third resonator couple. (a) Proposed structure of the BPF. (b) The equivalent filter circuit
mechanism. (c) EM physical structure and circuit calculations.

4. DESIGNOF TWOTZSNEW-COUPLEDHAIRPIN BPF
Based on the above analysis, this section designs, fabricates,
and measures a 24GHz BPF with two TZs.

4.1. Hairpin Resonator Design

The length of a transmission line connected to the load at one
end and the input impedance at the other is λ/2, where λ is
the wavelength. Moreover, the reciprocal impedance between
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FIGURE 5. Coupling unit.

the coupled transmission lines exists in semblable character-
istics. The improved filter conforms with the odd-even mode
impedance analysis, which generates transmission zero points.
As illustrated in Fig. 5, it comprises a coupled transmission line
segment. The voltage equation is:[

vI
vII

]
=

[
zII zIII
zIII zIIII

] [
iI
iII

]
(7)

In addition,

[vI] =
[
v1 v2

]t
, [vΠ] =

[
v3 v4

]t
[zIII] =

[
z31 z32
z41 z42

]
, [zΠΠ] =

[
z33 z34
z43 z44

]
(8)

When ports 3 and 4 are loaded, the impedance matrix of the
novel ports 1 to 2 is:

[Z] = [zII] + YL [zIΠ] ([U ]− YL [zΠΠ])
−1 [zII] (9)

where [U ] is a 2× 2 identity matrix. Provided that ports 3 and
4 are open, the self-impedance and mutual impedance of ports
1 to 2 are derived as follows:

Z11 = z11 = − j

2
(Z0e + Z0o) cot θ

Z12 = z12 = − j

2
(Z0e − Z0o) cot θ (10)

where θ = βl and β = ω
√
µε represent the propagation con-

stant, coupled with the length of the branch, acquired from the
impedance specification Ze and Zo which are on behalf of the
impedance in odd and even modes, respectively.
Figure 6(a) illustrates the equivalent circuit of a second-order

band-pass filter with equal resistance parameters R1 = R2 =
R at the source and load ends. Assuming that the frequency
change reactance M(ω) represents the coupling between the
resonators, the voltage loop equation in Fig. 6(b) is [12]:[

es
0

]
=

[
R+ ω0L · p −jM(ω)
−jM(ω) R+ ω0L · p

]
·
[

i1
i2

]
(11)

In addition,

p = j

(
ω

ω0
− ω0

ω

)
(12)

When the electric and magnetic coupling quantities in cou-
plings are approximately similar, the coupling reactanceM(ω)
should be reflected simultaneously, given these two types of
coupling. Therefore, the electric and magnetic couplings can
be expressed in the form of reactance:

M(ω) = ωLm − 1

ωCm
= ωmLm

(
ω2 − ω2

m

ωωm

)
(13)

whereLm andCm are the coupling inductance and capacitance,
respectively.
When the reference planes A-A and B-B can be opened,

C1 = (C · Cm)/(Cm − C)C2 = Cm/2 (14)

If electric and the magnetic walls are inserted on the symmetric
plane T-T,

Lodd = L− LmLeven = L+ Lm (15)

Converting it to the odd mode frequency provides:

ωodd =

√
1

Lodd · Codd
=

√
Cm − C

(L− Lm) · C · Cm

(odd-mode) (16)

ωeven =

√
1

Leven · Ceven
=

√
Cm + C

(L+ Lm) · C · Cm

((even-mode) (17)

Dividing Eq. (13) by ω0L yields:

k =
M(ω0)

ω0L
=

ω0Lm − 1/ω0Cm

ω0L

=
KM

ω0L0
− KE

ω0L0
=

Lm

L0
− C0

Cm
= MC − EC (18)

where EC is the electric coupling coefficient, and MC is the
magnetic coupling coefficient. The extraction formula of the
electromagnetic coupling coefficient is derived from Eqs. (16),
(17), and (18):

EC =
ω2
m(ω2

odd − ω2
even)

2ω2
oddω

2
even − ω2

m(ω2
odd + ω2

even)
(19)

MC =
ω2
odd − ω2

even

ω2
odd + ω2

even − 2ω2
m

(20)

From Eqs. (18), (19), and (20), it is evident that when the elec-
trical coupling coefficient EC = 0, Cm = ∞,

k = MC − EC = MC =
ω2
odd − ω2

even

ω2
odd + ω2

even

,

when EC = 0 (21)

When the magnetic coupling coefficientMC = 0, Lm = 0,

k = MC − EC = −EC =
ω2
odd − ω2

even

ω2
odd + ω2

even

,

when MC = 0 (22)

From the electromagnetic coupling coefficient,

MC

EC
=

Lm/L

C/Cm
=

LmCm

LC
=

ω2
0

ω2
m

(23)
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FIGURE 6. Second-order order bandpass filter circuit. (a) Equivalent circuit of a second-order bandpass filter with frequency-varying coupling
M(ω); (b) Reference surface A-A and B-B open circuit equivalent circuit.

4.2. Two TZs Coupling Topology for Hairpin BPF

The electric andmagnetic coupling coefficients can be acquired
between the improved resonator structure and the source-third
resonator. Eqs. (11)–(23) account for the improved hairpin
band-pass filter generating transmission zero in the upper and
lower stopbands, thus improving the filter’s stopband suppres-
sion. The TZ of the upper stopband can be generated using
the magnetic coupling between the proposed structure and the
source. Accordingly, the magnetic coupling coefficient is cal-
culated from Eqs. (14)–(20). The TZ of the lower stopband can
be produced through the electric coupling between the proposed
structure and the third-stage resonator. The electrical coupling
coefficient is calculated from Eqs. (14)–(19).
In line with Section 3, the stopband suppression of hairpin

BPF is increased by choosing a proper coupling method. The
coupled structure is illustrated in Fig. 7(a), where S and L rep-
resent the source and load of the filter, respectively. As illus-
trated in Fig. 7(b), the external coupling is modulated through
the coupling gap S4. Meanwhile, external coupling hinges
on the source-third resonator, which can generate two TZs.
Notations 1 to 7 indicate the hairpin resonator, and the S-
parameters can be simulated by appropriately choosing a differ-
ent combination of d2 and L9, as shown in Fig. 7(c). As illus-
trated, the stopband suppression points are located at 17.64GHz
and 30.66GHz, which reach 70.4 dB and 91.9 dB, respectively.
Therefore, higher stopband suppression is generated by choos-
ing the appropriate coupling structure of the newly-coupled
hairpin BPF. Fig. 7(d) compares the improved and traditional S
parameters. It was found that the conventional hairpin-coupled
structure could only suppress −40 dB at 30.66GHz, and no
TZs were generated. Besides, the coupled mode for the source-
third resonator has been varied to create TZs on the stopband
response. In response, the filter generated TZs and produced
return loss (RL) within the passband. Thus, we investigate a
source-third resonator structure to improve the stopband.
The influence of S and L on the passband is also simulated

and analyzed. It is found that L4 is the most influential param-
eter, with Fig. 8 revealing the frequency transforms of the filter
with diverse L4. Fig. 8(a) highlights that by increasing L4, the
passband shifts to a lower frequency. Fig. 8(b) presents the in-
fluence of S4. By increasing S4, the bandwidth of the filter is
broadened accordingly. Fig. 8(c) illustrates the impact of d2.

By increasing d2, the lower barrier band TZ moves to a high
frequency.
To avoid cavity resonance of higher-order LSM, the width

of the rectangular cavity of band-pass filters in K-band seg-
ments is designed to be 5 and 1.7mm, respectively. Fur-
thermore, the E-plane waveguide-to-microstrip line transition
mechanism [13–17] was accommodated by coupling the en-
ergy to the microstrip line from the rectangular waveguide. The
waveguide-to-microstrip structure is depicted in Figs. 9(a) and
(b).

4.3. Implementation of Two TZs Hairpin BPF
Based on the analysis of the filter circuit structure and TZs, the
design flow of an mm-wave high stopband suppression newly-
coupled hairpin BPF can be summarized as follows:

1) Process 1: Obtain the circuit parameters (Cqn (n =
1 . . . 13), Lqn (n = 1 . . . 7)) following the design criteria
of the initial hairpin BPF using ADS.

2) Process 2: Calculate the initial electrical and magnetic
coupling coefficients based on the empirical Eqs. (7)–(23).

3) Process 3: Calculate the coupled resonator.

4) Process 4: Calculate the new-coupled hairpin BPF in
HFSS.

5) Process 5: Optimize the hybrid electromagnetic coupling
parameters obtained in step 4.

6) Process 6: Duplicate steps 2–5 to the indicator require-
ments are demanded.

7) Process 7: Acquire the ultimate structure and physical pa-
rameters for the hairpin BPF.

According to the design process, a hairpin BPF with two TZs
are established spelling out vital signs detection radar, whose
filter indicators can be designed as follows:

1) f0: 24GHz

2) BW: 4.5GHz

3) RL: > 20 dB
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FIGURE 7. Proposed dual TZ high stopband suppression hairpin BPF. (a) Theoretical coupling. (b) Schematic layout. (c) Simulated responses of
dimensions. (d) Improvement over the traditional S parameters calculation.
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FIGURE 8. Variations when L4, S4, d2 increase. (a) Calculated results of BPFs with tuned L4. (b) Calculated results of BPFs with tuned S4. (c)
Calculated results of BPFs with tuned d2.
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FIGURE 9. Waveguide-to-microstrip transition. (a) Side view. (b) 3D view.

4) IL: < 2 dB

5) Stopband attenuation: @30GHz > 40 dB;@18GHz >
40 dB

4.4. Discussion
This study designs and fabricates a microstrip-type bandpass
filter using a 0.127mm thick quartz-glass substrate with an in-
terrelated dielectric constant of 3.78. The quartz glass is con-

nected to the cavity by conductive silver. The machinable
model is mounted in a rectangular cavity. Figs. 10(a), (b), and
(c) depict patterns of the BPF module and its circuit.
Besides, the physical parameters of the designed filter are

obtained, and the Agilent E8364B network analyzer is used
to measure our filter’s technical specifications, as illustrated
in Fig. 11. The measured nuclear frequency is 24GHz with a
passband from 22.8 to 25.2GHz, and the measured IL is 4.5 dB
within the passband. Additionally, two TZs are located at 20.6

19 www.jpier.org



Gao et al.

(a) (b) (c)

FIGURE 10. Proposed source-third resonator BPFs with the waveguide-to-microstrip transition. (a) 3D model. (b) Waveguide test model. (c) Cavity
structure.

FIGURE 11. Measured response of the proposed source-third coupled resonator.
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FIGURE 12. Measured and simulated responses of the proposed source-
third coupled resonator.

and 28.6GHz, reaching 43 dB and 35 dB, respectively. Fig. 12
illustrates the group delay results of the simulated andmeasured
filters. The passband’s group delay variation (GDV) is±0.8 ns,
which is very small. Thus, it is faster than the previously pub-
lished papers.
Regarding the insertion loss and slope characteristics outside

the passband, the stopband suppression of the Chebyshev func-
tion at 18GHz is about 60 dB, and the stopband suppression of

the Elliptic function at 18GHz is about 112 dB. Hence, the stop-
band suppression of the Elliptical function form filter is much
higher than that of the Chebyshev filter under the same parame-
ters, and the transition zero is steeper. Therefore, we adopt the
Elliptic function form for filters with high stopband rejection
requirements. The hairpin resonator can be further improved
by using a ring-coupled filter in the form of an Elliptic function
to enhance stopband rejection without introducing additional
transmission zeros. At the same time, the greater the order is,
the greater the insertion loss is, and the number of resonators
can be appropriately reduced to ensure stopband suppression
requirements.
The center frequency corresponds to the desired frequency of

24GHz. The return loss was at 9 dB, which was not in accor-
dance with the specification, i.e., ≥ 10 dB. Hence, this perfor-
mance is poor. The insertion loss was also 4.5 dB, which was
lower than the specification of ≤ 3 dB. Thus, the insertion loss
value was not in accordance with the specification. The differ-
ence between the electromagnetic simulation and the measure-
ment results is due to the following reasons: 1. The thickness of
the quartz glass substrate made by the manufacturer of the fil-
ter board is biased. 2. During themeasurements, the waveguide
production is not integrated but is divided into two modules for
assembly. Thus, as the application frequency increases, the im-
pact on the performance of thewaveguide becomesmore signif-
icant. 3. When designing the microstrip-waveguide transition,
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TABLE 3. Extracted circuit parameters for hairpin resonator - A comparison between the proposed hairpin-coupled microstrip BPFs and previously
published designs.

Reference f 0/(GHz) FBW (%) RL (dB) IL (dB) TZs Num Group Delay (ns) size (λ2
g)

[18] 10–11.2 1.13 > 10 < 2.65 0 NA 0.38× 0.28

[19] 4.42/7.2 2.1/0.1 > 17.56/17.9 < 0.5/0.86 0 < 2.4/2.2 0.23× 0.11

[20] 5.7/6.5 3.66/2.33 > 35/30 NA 0 < 1.6/2.5 0.22× 0.11

[21] 1.57/2.38 9.9/6.5 NA < 1.21/1.95 2 < 10/11 NA
[22] 2.45/5.2 7.7/7.1 > 10/20 < 1.4/1.2 1 3.5/2.2 0.15× 0.09

[23] 2.45/5 NA NA < 2.2/1.6 2 NA 0.18× 0.2

[24] 9.3 3 > 19 < 3.7 0 NA 0.08× 0.11

This work 24 18.75 > 9 < 4.5 2 < 1.1 0.032× 0.058

the impedance transformation is biased. The above-mentioned
reasons lead to a nonuniform electromagnetic field energy dis-
tribution that affects the filter’s selectivity.
Additionally, dielectric loss and conductor loss significantly

influence the insertion loss, return loss, and transmission effi-
ciency of the filter. Even if the selected dielectric material has
a low dielectric loss, energy loss is inevitable at higher frequen-
cies. Therefore, the filter’s insertion loss is increased by various
factors, and the return loss is inevitably reduced.
Table 3 reports the contrasting results between the proposed

filter and the reference design. Notably, all BPFs for MMW
frequencies have a waveguide configuration, and all microstrip
linear BPFs are designed for low-stopband suppression appli-
cations. Unlike the existing band-pass filters, the proposed
hairpin BPF performs well with a high stopband suppression
enough to be used at millimeter wave radar frequencies.
A vital sign radar sends radio waves to the body through non-

contact means and analyzes the reflected signals to monitor the
body’s heartbeat and breathing. Given that newborns require
good protection, the new technology radar can be used to locate
and monitor infants, where the vital signs monitoring radar can
monitor the breathing rate and heartbeat of the infants in cribs.
During the detection, the heartbeat of the infants cannot be de-
termined during the test due to the signal instability in the sys-
tem. Therefore, filters must discard unnecessary signals. The
front end of the monitoring radar comprises a transmitting an-
tenna and two receiving antennas, and a band-pass filter and
ground floor are placed on each antenna feeder. Therefore, a
mm-wave filter with high stopband suppression is proposed to
overcome the problem of signal instability in vital signs moni-
toring radar systems.

5. CONCLUSION
This article designs a high stopband suppressed BPF using a
source-third resonator for monitoring biological radar life fea-
tures. The proposed BPF using lossy filter circuit modeling is
presented based on theoretical analysis. Furthermore, this ar-
ticle delves into the enhanced source-third coupling resonator
topology to achieve a high stopband suppression. For experi-
mental corroboration, the BPF is designed with an IL of 4.5 dB,
20.6GHz, and 28.6GHz stopband suppression, reaching about

43 dB and 35 dB, which are simultaneously obtained. The spu-
rious suppression can be enhanced by utilizing a source-third
coupled structure, and a wide rejection band can be obtained. In
addition, a 40% size reduction and 18.75% relative bandwidth
are realized for the BPF. High stopband suppression, high se-
lectivity, and miniaturization can be achieved, demonstrating
the improved hairpin BPF as an appealing candidate for vital
signs detection radar.
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