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Abstract—An ultra-wideband bandpass filter formed by cascading of a novel high-pass filter (HPF) and a
low-pass filter (LPF) on suspended substrates with a two-sided pattern of strip conductor has been investi-
gated. The high selectivity of the HPF is ensured by the transmission zeros near the passband, the number of
which is equal to the filter order. A second-order HPF has been designed on a 0.5-mm-thick substrate with
a permittivity of € = 9.8 using the numerical electrodynamic analysis of a 3D model of the filter. The experi-
mental HPF prototype has a cutoff frequency of f;, = 0.25 GHz at a level of —3 dB and a passband that extends
to 5 GHz. The ultra-wideband bandpass filter formed by cascading of the LPF and the designed HPF has a
fractional bandwidth of Af/f, = 150% with a central frequency of f, = 1 GHz. It has the broad and deep high-

frequency stopband, which extends to a frequency of 7.8f; at a suppression level of —100 dB.
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Frequency-selective microwave devices, including
bandpass filters (BPFs), are among the most import-
ant components of communication, radar, and radio
navigation systems and various types of measuring and
specialized radio equipment [1, 2]. In recent years,
much attention of radio engineers has been paid to
ultra-wideband (UWB) filters. The use of ultra-wide-
band signals increases the data transmission rate,
which, as is known, is directly related to the working
frequency bandwidth.

A well-known approach to designing UWB filters is
based on the enhancement of couplings between reso-
nators via partial removal of metallization in the
grounded base [3]. In addition, UWB filters based on
short-circuit stubs [4] and multimode resonators [5]
are widely used. The common drawbacks of these
approaches are, first, the complexity of implementing
filters with relative bandwidths of more than 120%
and, second, a relatively narrow high-frequency stop-
band of these devices, which extends, at best, to a fre-
quency of ~4f, at an attenuation level of merely
~40 dB. It should be noted that the overwhelming
majority of the available UWB filter designs cannot be
screened because of the occurrence of spurious vol-
ume resonances to the housing near the passband. The
unscreened filters can interfere with other compo-
nents of the radio modules, which causes electromag-

netic incompatibility. The above-mentioned difficul-
ties can be overcome, to a certain extent, by cascading
of a high-pass filter (HPF) and a low-pass filter (LPF)
in the UWB filter design [6, 7]. Obviously, to obtain a
high BPF performance, it is necessary to ensure a high
selectivity of LPFs and HPFs. In particular, the LPF
should have not only steep slopes of its frequency
response, but also a broad and deep stopband, as, for
example, in the filter proposed in [8]. At the same
time, the HPF should have a broad passband at the
steep low-frequency slope of the frequency response.

This Letter reports on the creation of a high-selec-
tivity UWB BPF on the basis of a novel HPF designed
on a dielectric substrate suspended in a metal casing
with a two-sided pattern of strip conductors. To
understand the operation principle of this HPF, we
consider the simplest filter design (Fig. 1). It consists
of two identical rectangular strip conductors on the
upper side of a substrate with length /, and width W
with the connected input and output filter ports. On
the substrate downside, exactly beneath it, there is a
rectangular strip conductor the center of which is con-
nected to a narrow strip conductor with length /, and
width w, which is closed to the screen on its opposite
end (Fig. 1). The proposed design differs from the
known solutions by an additional coupling between its
input and output, which is ensured by narrow capaci-
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Fig. 1. Design of the stripline high-pass filter and its frequency response (solid and dash-and-dot lines) and equivalent circuit of
the first-order high-pass filter and its frequency response (dashed lines).

tive gap .S between the conductors on the upper side of
the substrate.

Figure 1 (solid line) shows the filter frequency
response calculated using the numerical electrody-
namic analysis of a 3D model of the filter. The design
parameters used in the model are a substrate thickness
of 1; = 0.5 mm, a substrate permittivity of € = 9.8, a
distance of 4, = 5 mm between the upper and lower
screens and the corresponding substrate surfaces, strip
conductor widths of w = 0.12 mm and W = 6.5 mm
and lengths of /;, = 19 mm and /, = 7.22 mm, and a gap
of §= 0. 25 mm between the wide conductors. The
frequency response contains an attenuation pole
(transmission zero) near the passband at a frequency
of f,, which significantly increases the slope of the
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HPF response. It is convenient to analyze the origin of
this feature in the frequency response using the equiv-
alent circuit of the investigated filter with lumped ele-
ments (see Fig. 1). The circuit consists of an induc-
tance and three capacitors. The validity of the equiva-
lent circuit is proved by the almost complete
coincidence of the frequency dependence of its trans-
mission loss S, (dashed lines) with the characteristic
obtained by the electrodynamic calculation of the fil-
ter 3D model. Note that the values of elements of the
HPF equivalent circuit (L, = 20.88 nH, C, = 9.41 pF,
and C|, = 0.5 pF) were obtained by analyzing a one-
dimensional model of the filter in the quasi-static
approximation.
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The presented HPF design corresponds to a first-
order filter, which is confirmed by the presence of the
only minimum in the frequency dependence of reflec-
tion loss S, in the equivalent circuit passband. This
minimum coincides with the first minimum in the fre-
quency dependence of S}, in the passband of the filter
3D model. The two additional minima in the S};(f)
dependence of the 3D model are obviously caused by
resonances of the higher oscillation modes of the strip
structure. The analysis of the equivalent circuit shows
that transmission zero frequency f, in the stopband is
independent of the wave impedance of the input and
output ports and determined by the expression

2nf, = 0K, (1)

where ®, = 1/4/2L,C, is the eigenfrequency of the
oscillatory circuit at the grounded input and output of

the equivalent circuit and K- = /2C),/(C, + 2C),) is
the coefficient of the capacitive coupling between the
input and the output. It follows from formula (1) that
frequency f, is proportional to K, i.e., can change in
a wide range upon variation in capacitance C),,
depending on gap size .S. This fact allows the filter to
deeply suppress noise at a specified frequency. It is
worth noting that the origin of the attenuation pole at
frequency f; is related to the mutual compensation of
antiphase modes of the same amplitude passing from
the input to the output of the device through two
“channels” [9]. In this design, one of the channels of
signal transmission between the ports is obviously
formed by capacitance C;, and the other, by the
chain C,, L, and C,.

Figure 2 shows the design of the proposed second-
order HPF and its equivalent circuit. This filter has a
higher selectivity. In the frequency response of its 3D
model calculated in the electrodynamic analysis pro-
gram (solid line), there are already two transmission
zeros at frequencies f and f, which are caused by
the inductive coupling between narrow strip conduc-
tors. Indeed, analysis of the equivalent circuit (Fig. 2)
yielded the expression for the transmission zero fre-
quencies:
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where K; = L,,/L, is the inductive coupling coefficient
of the circuits. It can be seen that, in the absence of the
inductive interaction (K; = 0), the frequencies of zeros
degenerate and the frequency response of the circuit
contains one transmission zero, the frequency of
which coincides with Eq. (1). At K; > 0, the transmis-
sion zero frequencies split; the splitting increases with
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the K; value. The investigations showed that the num-
ber of gain zeros in the higher-order HPF designs cor-
responds to the filter order. Figure 2 shows the fre-
quency dependence of the reflection coefficient of the
filter (dash-and-dot line) and the same characteristic
for the equivalent HPF circuit calculated at element
ratings of L, =20 nH, C, = 12.2 pF, C;, =0.28 pF, and
L, =0.044 nH (dashed line). The frequency response
for the equivalent circuit is not shown, since, on the
figure scale, it does not differ from the dependence
obtained using the electrodynamic analysis of the 3D
model (solid line) up to the upper limit of the pass-
band.

Note that the parametric synthesis of the investi-
gated stripline HPF (Fig. 2) was performed using the
numerical electrodynamic analysis of its 3D model in
the CST Studio Suite program by selecting the sizes of
the topology of strip conductors of the structure on
alumina ceramic substrate with a permittivity of € =
9.8 and a thickness of #; = 0.5 mm. The parameters of
the synthesized filter are strip conductor widths of w =
0.12 mm and W= 10.8 mm and lengths of /; = 17.5 mm,
l, = 8.42 mm, and /; = 15.3 mm; gaps of S = 0.4 mm;
a distance of /;, = 19.53 mm between narrow conduc-
tors; and a distance of 4, = 5 mm from the upper and
lower screens to the substrate surfaces.

The synthesized HPF was fabricated by photoli-
thography to experimentally test the operability of the
design. A photograph of the filter is shown in Fig. 2.
The filter dimensions are about 38 X 28 x 11 mm?.
The measured frequency dependence of transmission
loss S,,(f) of the experimental HPF is shown by the
dashed line. The filter has a passband cutoff fre-
quency of f, = 0.25 GHz at a level of —3 dB and the
high-frequency passband edge of at a level of —3 dB
extends to a frequency of 20f,. It can be seen that the
calculated frequency dependence of transmission
loss S5, (f) of the HPF is in good agreement with the
measured one.

Using a cascade connection of the developed HPF
design and the LPF design proposed in [8], we fabri-
cated a UWB BPF with a passband central frequency
of f = 1 GHz and a passband fractional bandwidth of
M/fy = 150% (see the characteristics in Fig. 3). The
solid line in Fig. 3 shows the calculated frequency
dependence of filter transmission loss 5,,(f), and the
dotted and dashed lines show the 5,,(f) dependence
and the frequency dependence of reflection loss 5, (f)
measured on an R&S ZVA40 vector network analyzer
with a dynamic range of over 150 dB. It can be seen
that the developed BPF has an ultrabroad passband, a
large slope of the frequency response, and an extended
deep stopband, which reaches a frequency of almost
8f, at a suppression level of 100 dB. The minimum
insertion loss in the passband of the fabricated filter is
only 0.25 dB at a maximum reflection level of —20 dB
in the passband.
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Fig. 2. Design and equivalent circuit of the second-order HPFs and their frequency responses. The solid line corresponds to the
S51(f) dependence calculated for the filter 3D model and the dotted line corresponds to the measurement results. For more

detailed explanations, see text.
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Fig. 3. Frequency response and photograph of the ultra-wideband BPF. The solid line corresponds to the calculation; the dotted
and dashed lines correspond to the experiment (see text for more details).
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Thus, the investigated new miniature HPF design
with a two-sided pattern of strip conductors on a sus-
pended substrate makes it possible to create the high-
selectivity BPFs with a fractional bandwidth of up to
150% using simple cascading of the designed filter and
a LPF. Such BPFs, due to the presence of transmission
zeros near the passband, have steep slopes of the fre-
quency response and a record deep and broad stop-
band, in comparison with the available stripline
designs.
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