Russ Phys J

OPTICS AND SPECTROSCOPY

Protection against UWB pulses in hybrid quasi-reflectionless
structures based on coupled lines and t-Resonators

I. A. lvantsov -S. V. Vlasov - Y. S. Zhechev - R. S. Surovtsev

Received: 15 February 2026 / Revised: 7 April 2026 / Accepted: 6 May 2026
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2026

Abstract

This paper presents the experimental and numerical study of a hybrid electromagnetic protection device de-
signed to suppress ultra-wideband (UWB) pulses. The device combines modal filtration and frequency-selective
absorption based on T-resonators on broadside-coupled coplanar transmission lines. The proposed hybrid struc-
ture with two pairs of resonators attenuates the peak voltage by 4.2 times of UWB pulses with a 300ps rise
time and Gaussian pulses by 7.15 times, while maintaining the quasi-reflectionless behavior and supporting the
data transmission rate up to 250 Mbps. The paper confirms the effectiveness of combining the modal dispersion
with resonant structures to improve the electromagnetic compatibility without a significant signal degradation.

Keywords Electromagnetic compatibility - Ultra-wideband pulse - Modal filtration - Modal decomposition -
Broadside-coupled coplanar transmission line - T-resonator - Quasi-reflectionless protection - Signal integrity

Introduction

The electromagnetic compatibility of radio-electronic systems remains a fundamental challenge in modern
science and engineering [1-3]. The protection of sensitive equipment against ultra-wideband (UWB) electro-
magnetic pulses of nanosecond and sub-nanosecond durations is a critical issue. Due to their broad spectral
content, such pulses can penetrate shielding and propagate along conductive paths, disrupting the operation of
high-speed digital interfaces [4-6].

Conventional protection methods often rely on reflective filters, e.g., lumped L and C elements. While
effective in the frequency domain, these devices usually demonstrate high reflection coefficients in the stopband.
This leads to the reflection of the interference energy back toward the source or other parts of the system,
potentially causing secondary malfunctions or standing waves. Consequently, there is a growing interest in
quasi-reflectionless or absorption protection devices integrated into a printed circuit board [7, 8].

Modal filtration is a promising approach to the implementation of such devices [9-11]. Physical principle of
modal filtration are based on the modal dispersion in coupled transmission lines with inhomogeneous dielectric
filling. When a pulse enters the coupled section, it excites multiple propagation modes (typically even and
odd) that propagate with different phase velocities. This difference induces an input pulse decomposition into
a sequence of pulses with lower amplitudes at the output. Since the energy redistributes in the time domain and
partially dissipates in matched terminations of the passive line, the device exhibits a low reflection coefficient
over a wide frequency range.

However, physical dimensions of classical modal filters (MF) significantly reduces their application. In order
to achieve a sufficient time separation of the modes, the coupled line must have a considerable length [12,
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13]. Various approaches are proposed to enhance the modal decomposition efficiency while reducing physical
dimensions. They include electromagnetic absorbers [14], reflection-symmetric structures [15], and hybrid
combinations with TVS diodes [16], RLC-circuits [17], or UWB absorbers [18].

Microstrip resonators represent another class of integrated protection elements. While they act as stopband
filters, their combination with modal filtration offers a unique mechanism for the pulse suppression. The
integration of T-shaped resonators into an MF structure introduces additional signal paths. The interference wave
reflection from the resonator ends with the main propagating modes can lead to a further pulse decomposition
and attenuation [19, 20].

Zhechev and Zabolotsky [19] demonstrated that parametric optimization of quarter-wave resonators doubled
the attenuation coefficient. In our recent research [20], we proposed an MF theoretical model with multiple
T-resonators demonstrating a potential 13-fold reduction in the pulse amplitude. However, these studies were
primarily theoretical and lacked the comprehensive experimental verification of the quasi-reflectionless property
and signal integrity in real prototypes.

The aim of this work is to experimentally investigate the UWB pulse suppression capability of the hybrid
protection device combining a modal filter with T-resonators. The full-wave electrodynamic analysis is per-
formed for the structures, focusing on the time-domain decomposition of UWB pulses, the frequency-domain
scattering parameters (the reflection loss in stopband filters), and preservation of the signal integrity for a high-
speed data transmission.

Structure description and theoretical analysis

The cross-sectional views of the structures are shown in Fig. 1. The basic element is the MF formed by
two broadside-coupled coplanar transmission lines locating on opposite sides of a dielectric substrate. The
T-resonator is implemented as a coplanar line segment with a reference conductor.

Geometric parameters were chosen to provide a strong electromagnetic coupling between the lines with
1500 um signal conductor width wi, 500um ground gap si, and Swy total width di of the ground plane. For
the second line, w2=800 um, s>=500pum, and d>=5w>. The substrate material is FR-4 510 um thick, and 35um
copper thickness, 4.5 relative permittivity, and 0.018 loss tangent. Top and bottom ground planes are connected
by a series via holes along signal traces to ensure the potential equalization and suppress parasitic parallel-
plate modes. Figure 2 illustrates equivalent circuit models of the three prototypes. The low-pass filter (LPF) is
a reference MF without resonators (LPF;), LPF> is a hybrid structure with one pair of T-resonators, and LPF3
is a hybrid structure with two pairs of 7T-resonators.

The circuits are symmetric to provide identical return loss characteristics for Ports 1 and 2. Resistors R3 and
R4 (50Q) at the ends of the passive line are critical for the quasi-reflectionless operation. They dissipate the
energy of decomposed modes, preventing reflection back to the input port.

The operation principle is based on the decomposition of the input UWB pulse with s duration into a sequence
of pulses with lower amplitudes. In the coupled line section of length /,,, the pulse splits into modes propagating
with different per-unit-length delays tmin (fast mode) and tmax (slow mode). The condition for a complete time-
domain separation of modal pulses is given by

a dy W, d, b dh ) W dy

& tand h &. tand h

GND GND GND

Fig. 1 Cross-sectional view of broadside-coupled coplanar transmission lines: a coplanar waveguide for the 7-resonator,
b transmission lines forming the MF
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When the condition (1) is met, two distinct pulses appear at the MF output. The integration of T-resonators
introduces the additional multipath interference. A portion of the signal energy enters the resonator, reflects
from its open end, and returns to the main line with a time delay determined by the resonator length.

In order to maximize the peak voltage suppression, resonator lengths (/1 and /,2) are synthesized such that the
reflected pulses arrive at the output at time intervals between the main modal pulses, avoiding the superposition.
The synthesis is performed using the following equations derived from the transmission line theory:

lrl = lm . (Tmmax - Tmmin) / (4Tr) s (2)
lr2 = lm : (Tmmax - Tmmin) /Tr’ (3)

where T, is the per-unit-length delay of the fundamental mode in the 7-resonator line.

Preliminary simulation was performed in the TUSUR.EMC computer simulation system [21]. The calculation
was based on the method of moments, which allowed computing matrices of per-unit-length electrostatic induc-
tion (C) and electromagnetic inductance (L). The modal delay t; was obtained as square roots of eigenvalues
of the matrix product M=LC.

Using Egs. 1-3 and the calculated per-unit-length parameters, the best geometric length was determined, viz.
Im=500mm for the main line, /;1 =39 mm for the first resonator pair, and /,2= 156 mm for the second pair.

Experimental prototypes and measurement technique

Three experimental board prototypes were fabricated based on the calculated geometric parameters. Each board
was 100x100mm? in size, as shown in Fig. 3. SMA connectors for the surface mounting were installed at
input and output Ports 1 and 2 for measurements. For the quasi-reflectionless operation, the ends of passive
conductors were terminated with 50Q chip resistors (0804 package), which acted as matched loads for even
and odd modes propagating in coupled lines.

The frequency characteristics of the prototypes were measured using a Panorama P4226 vector network
analyzer (VNA). The block diagram and the photograph of the experimental setup are presented in Fig. 4. The
setup included the VNA, the device under test (DUT), and a personal computer (PC) for the data acquisition and
processing. Prior to measurements, a full two-port SOLT (Short-Open-Load-Thru) calibration was performed
using the HKMM-13-13P calibration kit to eliminate systematic errors associated with the test setup, specifically
those introduced by cables and adapters. The measurements were conducted in the frequency range from 10 MHz
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Fig.3 Top and bottom
views of the fabricated pro-
totypes: a LPFi, b LPF»,
¢ LPF;3

Fig.4 Experimental setup
for S-parameter measure-
ments: a full view, b VNA,
DUT, and PC connections

—| Port 1 |—

DUT VNA H PC

—| Port2 I—

to 18 GHz. The upper frequency limit was determined by the operating range of the coaxial-to-microstrip
transition. The measurement accuracy for the transmission coefficient magnitude was not over +0.05dB.

Frequency-domain analysis and validation

The measured and simulated frequency dependencies of scattering parameters (S-parameters) are presented in
Fig. 5. The finite-difference time-domain (FDTD) method was used for full-wave simulation in the range of
0 to 20 GHz. For the reference structure (LPF), the transmission coefficient IS21| monotonically decreased with
a characteristic comb-like pattern, typical for transversal filters based on coupled lines. The cut-off frequency
(defined at a—3dB level) was f. &~ 171 MHz. The introduction of T-resonators (LPF> and LPF3) modified the
frequency response through a superposition of the modal interference and the resonance absorption of resonators.

The addition of resonators increased the suppression efficiency. The mean attenuation in the stopband (cal-
culated up to 18 GHz) increased from 17.9dB for LPF; to 21.6dB for LPF; and 24.3dB for LPF3. This 6.4dB
increase corresponded to more than a two-fold reduction in the transmitted voltage amplitude averaged over the
spectrum. In the passband, all prototypes demonstrated good matching with |S11| generally below —10dB. In
the stopband, the behavior was quasi-reflectionless. Unlike conventional reflective filters, where |S11| — 0dB
(total reflection), the proposed structures maintained relatively high return loss. Although local resonant peaks
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Fig. 5 Frequency dependences of S-parameters obtained by the FDTD simulation (dashed lines) and VNA measurements
(solid lines): a LPF1, b LPF2, ¢ LPF3

of the reflection (up to —5dB) were observed near the band edges (e.g., 0.5-2 GHz range for LPF> and LPF3),
the average return loss in the stopband remained at 10 to 12dB. This confirmed that a significant portion of the
stopband energy was dissipated in matching resistors R3 and R4, rather than reflected to the source.

Figures 6 and 7 illustrate the transmission coefficient and the group delay in the low (0—1GHz) frequency
range. While the group delay is a critical metric for the signal integrity primarily within the passband, its
behavior in the transition and stopbands serves as an indicator of physical resonance phenomena. For LPF, the
characteristics are linear and flat. For LPF; and LPF3, strong nonlinearities and group delay peaks (reaching 8
to 10ns) appear in the range of 300 to 600 MHz. These singularities correspond to the resonant frequency
of T-resonators and destructive interference between the modes. The presence of these peaks confirms the
dispersive mechanism required for the time-domain decomposition of pulses.

In order to quantify the agreement between the FDTD model and VNA measurements, the feature selective
validation (FSV) method was employed [22]. The FSV analysis (see Fig. 8) decomposed the difference between
datasets into amplitude and feature components. The resulting diagrams for |S21| showed a predominance of
Excellent and Very Good ratings across the entire frequency range up to 18 GHz. Discrepancies observed in the
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Fig. 6 S21 phases within 0—1 GHz obtained by FDTD simulation (dashed lines) and VNA measurements (solid lines): a LPFj,

b LPF,, ¢ LPF3
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Fig. 7 Group delay within 0—1 GHz obtained by FDTD simulation (dashed lines) and VNA measurements (solid lines):
a LPFi, b LPF,, ¢ LPF3
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Fig. 8 FSV validation diagrams comparing simulated and measured |S21| up to 10 GHz (dashed lines) and 18 GHz (solid
lines): a LPF1, b LPF,, ¢ LPF3

high-frequency region could be attributed to the manufacturing tolerance of the FR-4 substrate and parasitic
effects of the SMA connector soldering, which were not fully captured in the numerical model.

Time-domain analysis

Based on the obtained S-parameters, the time-domain analysis was performed to evaluate the protection effi-
ciency against the transient interference. The output voltage response Uou(?) was calculated using the inverse
fast Fourier transform of the product of the input signal spectrum Uin(w) and the complex transmission coeffi-
cient S21(w). According to Fig. 9, two standard excitation signals were used such as the Gaussian pulse within
0.1-6 GHz, representing a generic wideband interference [23], and the UWB pulse with 1V peak voltage and
300ps duration at half-maximum, representing the intentional electromagnetic interference.
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Fig.9 Input excitation signals: Gaussian pulse a waveform and b spectrum, UWB pulse ¢ waveform and d spectrum
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Fig. 10 Output responses to the Gaussian pulse: a LPF;, b LPF2, ¢ LPF3. Solid and dashed lines indicate measurement and
simulation results, respectively

Figure 10 presents the voltage waveform and spectral density (VSD) at the prototype output under the
Gaussian excitation. In the case of LPFi, the input pulse is decomposed into two main pulses (even and odd
modes) with the peak amplitude of 224 and 167mV. In the case of LPF, the response consists of four pulses
with the amplitude not exceeding 139mV. In the case of the LPF3, the response is further fragmented into
eight pulses due to additional reflections from T-resonators. The maximum amplitude drops to 128 mV. The
attenuation factor, defined as the ratio between the input and output peak voltages, grows from 3.25 for LPF;
to 4.6 for LPF; and 6.2 for LPFs. This confirms that T-resonators effectively redistribute the pulse energy over
a longer time interval.

As shown in Fig. 11, the decomposition effect is even more pronounced for the shorter (300ps) UWB
pulse. Specifically, LPF; decomposes the input pulse into 2 components (191 and 153 mV), and LPF; generates
a sequence of four pulses, reducing the peak voltage to 132mV. The last structure produces a complex waveform
of eight overlapping pulses with the peak level below 120mV. In terms of the spectral density reduction, the
average attenuation increases from 2.2 (LPF) to 3.65 times (LPF3).

The results clearly demonstrate that the integration of T-resonators significantly enhanced the MF protective
properties. While the frequency-domain analysis showed the moderate attenuation improvement (by ~6dB),
the time-domain analysis revealed the true physical mechanism, i.e., the multipath interference. T-resonators
acted as delay lines that created additional signal paths. By optimizing their lengths, the reflected pulses were
timed to arrive within the time intervals separating the primary even and odd mode pulses. This minimized the
constructive interference (superposition) of the signal components, leading to a decrease in the instantaneous
peak power of the interference without requiring a proportional increase in the physical length of the device.
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2.5 4.5 6.5 8.5

I, ns 7, ns 1, ns

Fig. 11 Output responses to the UWB pulse: a LPF;, b LPF>, ¢ LPF3. Solid and dashed lines indicate simulation and
measurement results, respectively
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Fig. 12 Eye diagrams obtained for a LPF1, b LPF2, ¢ LPF3 at 250 Mbps data rate
Signal integrity analysis

Let us analyze the eye diagrams in Fig. 12 obtained for LPF;, LPF>, and LPF; to evaluate the impact of the
proposed protective structures on the transmission of useful high-speed digital signals. A pseudo-random binary
sequence with a length of 10* bits is used as the excitation source, and the structures are simulated at the data
transmission rate of 125 and 250 Mbps and 0.1-Tpic (Where Tyit is the bit duration) rise and fall time. Table 1
summarizes the quantitative parameters extracted from the diagrams (Eye Height, Eye Width, and Signal-to-
Noise Ratio (SNR)).

Comparative analysis with state-of-the-art solutions

Let us compare the proposed hybrid structures within the current state of the art against analogous protection
devices reported in [24-29]. The comparison metrics includes physical dimensions (area), cut-off frequency (f;),
insertion loss (IL), and return loss (RL) in both the passband (PB) and stopband (SB). The data are summarized
in Table 2.

The proposed prototypes (LPF; and LPF) occupy a relatively large (4754 mm?) area compared to compact
microstrip filters (e.g., [29] with 319 mm?). This is an inherent trade-off of the modal filtration technology. The
length of the coupled section (/m) determines the time difference (At) between modes and, consequently, the
suppressed pulse duration. However, unlike lumped-element filters, the proposed structure is planar and can be
integrated into the internal layers of a printed circuit board as part of the signal routing.

The most significant advantage of the investigated hybrid structures lies in their quasi-reflectionless behavior
in the stopband. As shown in works [24] and [29], standard reflective filters provide the high (IL >20dB)
attenuation, but extremely low RL in the stopband (RL ~ 0.5dB). This indicates that nearly 90—-100% of the
interference energy reflects back to the source, potentially damaging sensitive driver circuits. In contrast, LPF3
demonstrates the mean return loss of 10.75dB in the stopband. Although local resonant peaks of reflection
(reaching —5 dB) occur near the transition band due to T-resonators, the integral energy absorption remains high
across 0 to 18 GHz range. This confirms that the device functions mostly as a dissipative element, converting
the interference energy into heat within the matching resistors, rather than reflecting it.

Ta.ble 1 Extracted Eye Bitrate (Mbps) Structure Eye height (V) Eye width (ns) JitterRMS (ps) SNR
Diagram Parameters for

125 and 250 Mbps Data 125 LPF1 1.13 7.40 0.08 6.98
Rates LPF2 1.12 7.52 0.05 7.20
LPF3 1.71 7.49 0.07 13.1

250 LPF1 1.07 3.18 0.29 4.76

LPF2 1.16 3.33 0.21 9.15

LPF3 1.29 3.11 0.21 6.74
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Table 2 Compgrison of the Refer-  Area, mm®  fe, PB SB

5/ ri(t)l’II) ‘iﬁgﬂgg&%ﬁﬁ%ﬁrﬁs ences GHZ MeanRL,dB  MeanIL,dB  MeanRL,dB  Mean IL, dB
LPFI  61.5x642  0.17 167 1.83 11.70 17.9
LPE2  71.5x66.5  0.19 18.1 1.63 11.66 216
LPF3  71.5x66.5 015 124 132 10.75 243
[24] 2296 0.87 256 0.30 120 25.3
[24] 590 100 193 0.40 0.50 232
26]  27x13.7 0.82 102 0.90 2.00 38.5
[27]  404x234 090 155 0.50 3.20 29.4
[28] 24562 050 16.4 0.30 1.40 26.3
[29]  11x29 0.12 227 0.30 0.50 315

IRL values for the proposed structures represent the mean return loss averaged over the frequency range

It is important to note that dimensions and the frequency response of the proposed LPFs are scalable (depend
on the size). For instance, reducing the MF length to 150 mm and scaling resonators accordingly, shift the cut-
off frequency to ~560 MHz, making the device suitable for protecting against shorter pulses while significantly
reducing the footprint.

Conclusions

This paper presented the comprehensive experimental study of electromagnetic wave propagation and interfer-
ence in a hybrid protective structure based on broadside-coupled transmission lines and T-shaped resonators.
The work focused on modal decomposition mechanisms and multipath interference as a means to suppress
UWB pulses. Research findings can be summarized as follows.

— It was demonstrated that the integration of T-resonators into the MF structure significantly altered the time-
domain response. Due to the additional signal paths created by the resonators, the input pulse was decomposed
into a train of lower-amplitude pulses. For the 300ps UWB pulses, the hybrid structure with two pairs of
resonators reduced the peak voltage by 4.2 times. For the Gaussian pulse, the suppression factor reached 7.15.
This confirmed that the proposed topology effectively redistributed the interference energy over time.

— Unlike conventional reflective filters, the proposed prototypes maintained the high return loss in the stopband.
The measured mean return loss at 18 GHz, ranged between 10.8 and 11.7dB, indicating that the interference
energy did not reflect back to the source but was largely dissipated in matched terminations of the passive line,
which was critical for the stability of sensitive radio-electronic systems.

— The introduction of resonant elements led to an increased group delay dispersion and phase non-linearities near
the cut-off frequency. The eye diagram analysis showed that while these effects caused some inter-symbol
interference, the “eye” remained open for 250 Mbps data rate, thereby providing a reliable transmission of
useful digital signals.

— The comparative analysis showed that while the proposed structures occupied a larger area than lumped-
element filters, they offered a unique combination of the high stopband absorption and planar integration
capability. The design was scalable, allowing the cut-off frequency to be optimized for specific pulse durations.

In conclusion, the hybrid combination of modal filtration and T-shaped resonators proved to be a robust
method for the UWB protection, offering a significant advantage in terms of the energy dissipation compared
to standard reflective solutions.
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