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ABSTRACT

As elastic electrical connectors, fuzz buttons provide a vertical and solderless electrical interconnection in microwave modules
to enhance the integration. However, prolonged use in harsh environments poses a risk of potential failure in electronic
components, potentially compromising communication system reliability. This work studies the impact of fuzz button degra-
dation in harsh environments on analog modulation (AM) and pseudo random binary sequence (PRBS) signal transmission
using theoretical analysis and experimental testing. Accelerated tests are designed to obtain the fuzz button samples with
different degradation levels. The surface morphology observation and elemental analysis are conducted to analyse the degra-
dation mechanism. In addition, a transmission channel with fuzz button interconnections is designed and the corresponding
equivalent circuit model is developed. Based on the proposed circuit model, the effects of fuzz button degradation on the
integrity of both AM signal and PRBS signal are investigated by analysing the metrics such as waveform, eye diagram and bit
error rate (BER) of the output signal. In addition, the effects of the carrier frequency of AM signals, and the transmission rate of
the PRBS signals on signal transmission are also investigated. The simulation results of the circuit model show good agreements
with experimental tests. The research results provide a better understanding regarding the potentially corrosive effects of harsh
environments on fuzz button connectors and the negative effects on the signal integrity. Moreover, the research results provide
comprehensive data support for identifying key features that are used for the development of machine learning models for fault
diagnosis and localisation in radio frequency (RF) circuits with fuzz button interconnections.

1 | Introduction

Fuzz button connectors have become integral components in
industries requiring reliable separable three-dimensional in-
terconnections such as aerospace, electronics and automotive
fields. They provide a vertical and solderless electrical

interconnection solution that enhances the integration of com-
plex electronic systems. Despite the growing application of fuzz
buttons, existing studies primarily focus on their application and
electrical/mechanical properties under standard operational
conditions. For instance, Su etal. [1] proposed a 3D multi-channel
amplifier module with fuzz buttons based on LTCC technology,
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where fuzz buttons are used as input and output ports to transmit
RF signals. Lu et al. [2] used fuzz buttons to make elastic
connection with low temperature co-fired ceramic (LTCC) sub-
strate and mother board to transmit power, control signals and RF
signals in the design of a frequency synthesiser based on system in
package (SIP) technology. Mechanical force was utilised to
establish and maintain connections involving the fuzz buttons.
For example, in the press-pack SiC MOSFET packaging, a
clamping block was used to apply symmetrically distributed
pressure, ensuring stable electrical contact between the fuzz
buttons and the connected modules [3]. Similarly, in a four-
channel T/R module design, alignment pin structures were
incorporated at the corners of both the LTCC substrates and the
fuzz button interposers, and mechanical pressure was applied to
stack the submodules tightly [4]. Hauhe and Wooldridge [5] used
the three-wire fuzz button in the design of X-band active array
radars because of its very little voltage drop and excellent ground
connection when compressed, making it well-suited for airborne
environments where vibration does not induce modulation on the
microwave carrier. Pan et al. [6] applied a quasi-static approach to
find the distributed capacitance and inductance of the fuzz but-
tons. Furthermore, he established an equivalent non-uniform
transmission line model for the fuzz button and conducted
waveform simulation. Carter [7] proposed an equivalent circuit
model of fuzz buttons, composed of resistance, capacitance and
inductance, which is applicable across the frequency range from
DC to 3.05 GHz. Harris and Pecht [8] studied the relationship
between load, displacement and contact resistance using fuzz
buttons with different materials, diameters and filling densities
that provided technical support for the assembly and manufac-
ture of electronic modules. Based on instantaneous estimation of
wear rate, Lall et al. [9] proposed a wear simulation model for
fretting of reciprocating curved spring-loaded contacts.

However, when subjected to prolonged operation in harsh envi-
ronments, fuzz buttons will experience degradation due to envi-
ronmental stresses such as temperature fluctuations,
atmospheric corrosion and mechanical wear which could affect
the reliability and performance. Previous studies on environ-
mental impacts are limited in scope. For example, Wang, Gao,
Flowers et al. [10] showed that long-time compression on fuzz
buttons leads to an increase in resistance because of stress
relaxation, but had little effect on high frequency transmission
performance. Guarin and Longenbach [11] found that the contact
resistance of fuzz-button based z-axis socket assemblies signifi-
cantly increased after mating/un-mating cycles during high
temperature operation, caused by the formation of an oxide layer
on the substrate pad metallurgy. Almquist [12] showed that fuzz
buttons had sufficiently low resistance to meet signal and power
requirements in liquid nitrogen environment while also demon-
strating that the resistance did not increase in high temperature/
humidity environments. In addition, electronic materials are
susceptible to corrosion when used in harsh environments for a
long time, particularly in environments that contain moisture,
dust and atmosphere pollutants, which brings significant chal-
lenges to safety and reliability. For example, Xiao et al. [13]
investigated the corrosion mechanism of gold-plated printed
circuit boards (PCBs) in atmospheric environment with high
salinity, which revealed that microporous corrosion was the pri-
mary form of degradation affecting PCBs and the corrosion
products consisted of oxides, chlorides, sulphates and carbonates

of copper and nickel. Zhang [14] summarised the mechanism and
characteristics of mobile phone connector contacts failure
because of particle contamination. Based on multi-conductor
transmission line theory and electrical properties of dendrite-
like electrochemical migrated silver, Wang et al. [15] developed
a distributed parameter circuit model for the circuit board with
silver migration to analyse the high frequency behaviour.

The broader impact of environmental stress on signal trans-
mission and the associated degradation mechanisms in fuzz
buttons remain insufficiently addressed. Previous research
analysed the effect of long-time compression and corrosive
degradation of fuzz button on S-parameters from frequency
domain perspective [10, 16]. Based on the previous findings, the
current work further investigates the impact of fuzz button
degradation on amplitude modulation (AM) and pseudo
random binary sequence (PRBS) signal transmission from the
time domain perspective. Fuzz buttons with different degrada-
tion levels were produced by accelerated tests, and the degra-
dation mechanism was analysed by morphological observation
and elemental analysis using a scanning electron microscope
(SEM). Additionally, a transmission channel with fuzz button
interconnections before and after degradation was designed and
the corresponding parasitic electrical parameters of the imped-
ance network in the model were extracted. Based on the pro-
posed circuit model, the key metrics of the output signal such as
modulation index, sideband and carrier components were ana-
lysed when the excitation source was AM signal. The output
waveforms, eye diagrams and bit error rate (BER) were also
analysed when the excitation source was the PRBS signal. The
simulation results are consistent with the experimental test re-
sults. The current work is an extension and further refinement
of the previous study, expanding the scope of the investigation.
The multi-perspective analysis across the time and frequency
domains provides more comprehensive data support for subse-
quent research of fault diagnosis and localisation [17, 18]. By
analysing the impact of fuzz button degradation on waveforms,
eye diagrams ands BER, combined with S-parameters from
previous studies, the key features can be selected from both time
and frequency domains which is useful for developing the ma-
chine learning models for automated fault diagnosis and local-
isation of fuzz button interconnections in radio frequency (RF)
circuits.

2 | Experimental Testing

Degradation mechanisms of fuzz buttons under harsh envi-
ronments are essential for evaluating the degradation behav-
iours of fuzz buttons. Accordingly, accelerated tests were
conducted using corrosive gas and nitric acid vapours to simu-
late the atmospheric corrosion. The following section describes
the experimental setup and procedure of the accelerated tests as
well as the discussion of the results.

2.1 | Experimental Setup

The fuzz buttons with a diameter of 0.5 mm and a height of
2.6 mm were selected as test samples. The diameter of the metal
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wire was 0.045 mm and its gold plating thickness was 0.3 um.
The base material of the metal wires was copper-beryllium
alloy, and the cladding materials were nickel and gold that
aimed to improve electrical conductivity and oxidation resis-
tance. The new fuzz button samples were exposed to the nitric
acid vapour with 65%-68% concentration for 20, 35 and 45 min,
respectively, and they were defined as degraded Level-1,
degraded Level-2 and degraded Level-3 samples, respectively.
The degraded samples were then dried in a drying oven at 150°C
for 20 min and then at room temperature for 72 h. The surface
morphology and composition analysis of the fuzz buttons before
and after degradation were measured using a SEM. In addition,
the thickness of the corrosion products was typically measured
using a metallographic microscope.

As shown in Figure 1a, the device under test (DUT) was spe-
cifically designed to analyse the impact of fuzz button degra-
dation in harsh environments on signal transmission. The DUT
consists of sub miniature version A (SMA) connectors, two
coplanar waveguide PCBs, a dielectric block and the fuzz but-
ton connectors before and after degradation. Two coplanar
waveguide PCBs served as the transmission path for electro-
magnetic waves to simulate practical application scenarios.
SMA connectors were welded in the PCBs to connect the
transmission channel to the test equipment. The fuzz buttons
were placed within the drilled holes of the dielectric block. As
shown in Figure 2, the DUT featured a stacked structure with
the test fixture providing the necessary mechanical force. The
initial length of the fuzz buttons exceeded the height of the
dielectric block. When the test fixture applied a normal force,
the fuzz buttons were compressed, aligning their height with
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Gap L T
(Before Compression)

Fuzz Button
(Initial State)’

Plastic fixture

Upper
Contact Surface

Lower

Drilled Holes <=

Before Compression

FIGURE 2 | Schematic diagram of compression process.

] Contact Surface

that of the dielectric block. The fuzz buttons were elastically
deformed, ensuring consistent contact with both the upper and
lower PCBs, effectively realising stable electrical in-
terconnections between the modules. The DC resistances of the
samples were measured using a RIGOL DM3061 digital multi-
meter. The testing points were fixed to ensure that any differ-
ences in measured resistance values are due to differences in
the fuzz buttons degradation. The high-frequency parameters of
the transmission channel were measured using an Agilent
N5230C vector network analyser (VNA) with the number of
sampling points set at 201. The VNA was calibrated through a
short/open/load/through (SOLT) procedure before each mea-
surement to eliminate the impacts of cables on the experi-
mental tests.

2.2 | Experimental Results

Figure 3 shows the SEM images of the fuzz button samples, and
the main chemical composition of test locations in weight per-
centage (Wt%) are summarised in Table 1. The elements include
carbon (C), oxygen (O), gold (Au), nickel (Ni), and copper (Cu).
The main elements of Spotl are copper, nickel, and gold with
33.4%, 32.6% and 25.1% in weight, respectively. The main ele-
ments of Linel are oxygen and copper with 18.7% and 52.9% in
weight, respectively. The results indicate that exposure to cor-
rosive environments leads to fuzz button degradation and the
corrosion products mainly consist of copper oxides with trace
amounts of unoxidised metals. The corrosive products are
attached to the metal wire surfaces of the degraded fuzz buttons
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FIGURE 3 | SEM morphology of fuzz button samples. (a) SEM morphology of an undegraded sample. (b) Magnified SEM image of undegraded
sample. (c) Cross-sectional morphology of degraded Level-3 sample. (d) Cross-sectional morphology of degraded Level-3 sample with element

distributions along the green line.

TABLE 1 | Main chemical composition of test locations (wt%).

Elements C o Au Ni Cu
Spotl 7.3 1.7 25.1 32.6 334
Linel 19.9 18.7 3 1.1 52.9

caused by microporous corrosion. When fuzz buttons are
exposed to corrosive environments, the nickel and copper layers
are in direct contact with the external environments through the
micropores on the gold layer that serve as the active areas for
the microporous corrosion. In this process, the corrosive gases
act as the electrolyte, while gold functions as the cathode and
nickel and copper act as the anodes. Over time, corrosion
products accumulate within the micropores and gradually
migrate from these pores to the surface of the metal wires. The
amount of corrosion products increases as the exposure time
increases. As a result, the pores are filled with corrosion prod-
ucts, forming mound-like clusters on the surface that eventually
interconnect.

As shown in Figure 4, the actual distribution of corrosion
products on the metal wires of the degraded fuzz button is non-
uniform and complex because of uneven thickness of the gold
layer. The corrosion products thicknesses at points 1-8 were
measured to obtain the average thickness of the corrosion film.
The average corrosion film thicknesses for degraded Level 1-3
are 12.02, 14.59 and 22.61 pm, respectively. The measurement
results of the total resistance for degraded Levels 1-3 samples are
0.73, 1.28 and 3.33 Q, respectively. The measured S parameters

Corrosion

2 products 3
*

l | Metal wire l
!

A
|
I
1
'

FIGURE 4 | Enlarged image of a cross-section of a degraded fuzz
button.

for the transmission channel with the fuzz button before and
after degradation are shown in Figure 5. For each degradation
level, the experimental tests were repeated three times, and the
results demonstrated good repeatability. The frequency range is
from 10 MHz to 4 GHz. The S parameters values are related to
frequency and degradation level. S;, values at high frequency
are higher than those at low frequency, and S, values at high
frequency are lower than those at low frequency. Under a given
point, most of the S;; values increase while S,, values decrease
with the increase of degradation level, respectively. In addition,
the reflected voltage and time domain reflectometry (TDR) re-
sults are obtained by post-processing the two-port S-parameter
(S2P) data of the transmission channel obtained from the
experimental tests. As shown in Figure 6, the impedance peaks
in the TDR curve occur at 0.303 and 0.563 ns, corresponding to
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the locations of two fuzz button transition areas. Fuzz button
transition structure displays an inductive characteristic.
Compared to the undegraded case, the impedance discontinuity
increases when the fuzz buttons degrade with a clear difference
between the curves starting from the first peak P. This is
because the accumulation of corrosion products and thickening
of corrosion film alter the electrical parameters in the imped-
ance network of the fuzz button interconnection. Compared to
the undegraded ones, the reflected voltage values of the trans-
mission channel with degraded Level-3 fuzz buttons increase by
0.057, 0.145 and 0.075 V in peak M, N and final voltage,
respectively, indicating fuzz button degradation aggravates
electromagnetic waves reflection. The curves in Figure 6a,b
exhibit similar trends over time, with variations only in the
vertical axis parameters.

3 | Model Development

To better understand the effect of fuzz button degradation on
signal transmission, the equivalent circuit model is developed
for the DUT with fuzz buttons before and after degradation as
shown in Figure 7a. The material of the signal and ground
conductors of the PCBs is copper. The dielectric layer of PCB is

S11 (dB)

0 —e—S,, Undegraded = @= S,, Undegraded 20
- —#—S,, Degraded Level-1 = %= S, Degraded Level-1 7|
45 ~—&—S,, Degraded Level-2 = A= S, Degraded Level-2
S|, Degraded Level-3 = ¢~ §,, Degraded Level-3
-50 1 1 1 1 1 1 1 25
0.0 0.5 1.0 1.5 2.0 25 3.0 35 4.0
Frequency (GHz)

FIGURE 5 | S parameters of transmission channel obtained from
experimental measurements.

FR4 and its thickness is 0.61 mm. The dielectric block provides
both alignment feature and physical protection for the fuzz
buttons. The length and width of the dielectric block are the
same as the PCB2. The material name of the dielectric block is
Alumina Ceramics with a relative dielectric constant of 9.28 and
a loss tangent of 5.4 x 1072 (at 1 GHz). The fuzz buttons in the
transition area serve as vertical electrical interconnects between
the PCBs, designed as a three transmission-line (GSG) structure
to enhance signal transmission reliability and stability. As
shown in Figure 7a, in the equivalent circuit model, the SMA,
PCB 1 and PCB 2 parts are simulated using the electromagnetic
field simulation software, and the corresponding S2P files are
extracted.

For the undegraded fuzz button interconnection with GSG
structure, it is modelled as 7 impedance network composed of
equivalent inductance and equivalent capacitance as described by
Wang, Gao, Flowers et al. [10]. For the degraded fuzz button
interconnection, corrosive products attach on the metal wires
within degraded samples because of the porous structure, leading
to a majority of contact points being in metal-corrosion film-metal
contact states. When the signal flows through the degraded con-
tact points, the corrosion spots have an inductive effect at high
frequency band, and the conductivity of the corrosion spots is low,
resulting in an increase in the contact inductance L. and bulk
resistance Ry, of the degraded samples. Because of corrosion
effects, the reduction in the height of the fuzz button conductor
also leads to a reduction in the self-inductance Ly As shown in
Figure 8, the contact surface between the fuzz button and the
copper plate is not perfectly smooth on the microscopic scale, and
only contacts at some convex discrete spots on the two rough
surfaces. The current flow path narrows as it passes through the
discrete points, which causes the currents to bunch together and
creates constriction resistance. In areas where no contact occurs,
high-frequency current passes through the contact interface via
capacitive coupling, resulting in contact capacitance. When
corrosion products cover some areas of the contact surface, the
equivalent resistivity and the equivalent dielectric constant of the
contact interface change, affecting contact resistance and the
contact capacitance [19]. Based on the electrical contact theory, a
degraded contact surface can be modelled as a parallel network of
contact resistance R s and contact capacitance C.. The contact
impedance and contact capacitance can be expressed as follows:

—e— Undegraded

—— Degraded Level-1
~—&— Degraded Level-2
~&— Degraded Level-3

——————

Voltage (V)
=3

0.0

1 1 I

I'Q —&— Undegraded
80 1 f : —— Degraded Level-1
P 1) —&— Degraded Level-2
. iy o »— Degraded Level-3
z EVI N
L}
LI R
3 gt
¢ )
2 if \ 1
g ] 1
é_(x() .
50
L L s L s L
0.2 0.4 0.6 0.8 1.0 1.2
Time (ns)
(a)

L
0.6 0.8
Time (ns)

(b)

FIGURE 6 | TDR results and reflected voltage for different degradation levels. (a) TDR results. (b) Reflected voltage.
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where w = 27f, f is signal frequency. ¢ is the relative dielectric
constant of the corrosion film. H is corrosion film thickness.
For different degradation levels samples, the values of wC.¢R.s at
4 GHz are 0.045R.y, 0.037R.¢ and 0.024Ry, respectively. As noted
above, the overall resistance values (2R + Rpux) of the
degraded level 1-3 samples are 0.73, 1.28 and 3.33 Q, respec-
tively. Accordingly, the values of wCR.s are much less than 1,
and Z, can be approximated by R.. The parasitic parameters of a

degraded fuzz button are shown in Figure 7b which is modelled
as contact resistance R, self-inductance Ly, contact inductance
L. and bulk resistance Ry, in series. C; is the equivalent
capacitance between the signal fuzz button and the ground fuzz
button  As shown in Figure 9a, when fuzz buttons degraded, the
corrosion products attached on the surface of the sample,
altering the dielectric material between the signal fuzz button
and ground fuzz button from an air gap-dielectric block
configuration to a corrosion film-air gap-dielectric block
configuration. To facilitate research, the complex and non-
uniform distributed corrosion products on the fuzz button sur-
face are simplified to a uniform corrosion film.

The equivalent impedance network for the fuzz button inter-
connection is as follows:

Zr = (2Rt + jo(Lst — My) + jwLes + Rouik)

1 . .
+ E(ZRd + jw(Lss — 2M; + Mp) + jwLes + Ryulk)

3)
. (3 1 3 3 (
= jo( SLst = 2 + M + >Lat) + >R

2 3 3
= ]w(Lto!aI + ich ) + ERtolal
where the resistance values Ry, are measured by RIGOL
DM3061 digital multimeter. The equivalent contact inductance
L is extracted by fitting the simulation results with the
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experimental results and the values for different degradation
levels are 0.4, 0.45 and 0.53 nH, respectively. Ly is the
equivalent inductance of the fuzz buttons interconnection. Ly is
the self-inductance of degraded samples. M; and M, are mutual
inductances between the signal fuzz button and ground fuzz
button, and between the ground fuzz button, respectively. The
inductance values and the equivalent capacitance between the
signal fuzz button and the ground fuzz button C,; were obtained
by electromagnetic field model simulation. The voltage of the
signal conductor is set as 1 V, and the voltages of the two ground
conductors are set as 0 V. As mentioned before, the main
corrosion products are copper oxides. The relative dielectric
constant of copper(II) oxide (CuO) aries between 25 and 10°,
whereas that of copper(I) oxide (Cu,0) is about 7 [20]. The
relationship between equivalent capacitance and relative
dielectric constant of the corrosion products is shown in
Figure 9b. Increases in both degradation level and relative
dielectric constant result in an increase in equivalent capaci-
tance. However, compared to the effect of degradation level on
capacitance, changes in relative dielectric constant have a very
small effect on the equivalent capacitance. The equivalent ca-
pacitances for the three degradation levels are set as 0.0625,
0.0635 and 0.0660 pF, respectively. In addition, the parasitic
capacitance C, in the top and bottom transition area is consid-
ered, which is similar to a plate capacitance, which can be
calculated by the following equation:

&€,
c.=2%2 @
where A and h are the overlap area and the separation distance
of the top and bottom transition surfaces, respectively.

&p is the relative dielectric constant of the dielectric block. The
value of parasitic capacitance is 0.15 pF. The impedance
network of the vertical structure for the transmission channel is
shown in Figure 7b and the corresponding parasitic electrical
parameters are shown in Table 2.

4 | Results and Discussion

AM signal and PRBS signal are employed to evaluate the impact
of fuzz button degradation on signal transmission from the
time-domain perspective. Since the AM signal is highly sensi-
tive to changes in the integrity of the transmission path, it can
be used as an effective indicator to evaluate the overall per-
formance, thereby indirectly reflecting the degradation of key
components such as the fuzz button. Meanwhile, the PRBS
signal, widely used for assessing the communication quality of
high-speed digital transmission systems, is particularly effective
in detecting signal integrity issues caused by component
degradation. By comparing the key electrical metrics before and
after degradation, this section provides a comprehensive eval-
uation of signal quality deterioration caused by fuzz button
degradation and identifies potential failure modes in RF cir-
cuits. The following analysis presents detailed results and
discussions.

41 | AM Signal Transmission

The block diagram of the amplitude modulation is illustrated in
Figure 10a. The baseband modulation signal is m(t) = m,Aesin(27f,,t),
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FIGURE 9 | Analysis of equivalent capacitance of the degraded fuzz button interconnection. (a) Schematic diagram of the equivalent capacitance
between signal fuzz button and ground fuzz button (fuzz button radius in compression states r, = 0.28 mm and radius of drilled hole ry;, = 0.5 mm).
(b) Relationship between the equivalent capacitance C; and the relative dielectric constant of corrosive products.

TABLE 2 | Parasitic electrical parameters of fuzz button interconnection.
Hee (pm)  Rioa1 (@) Ly (mH) M, (nH) M, (nH) Ly mH) G, (pF) L (nH)
Undegraded —_ 0.02 0.727 0.228 0.125 0.697 0.060 —_
Degraded Level-1 12.02 0.73 0.714 0.224 0.122 0.684 0.0625 0.40
Degraded Level-2 14.59 1.28 0.711 0.223 0.122 0.682 0.0635 0.45
Degraded Level-3 22.61 3.33 0.703 0.220 0.120 0.675 0.0660 0.53
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where m, = 0.1 is the modulation index, and f,, = 10 MHz is the
frequency of the baseband modulation signal. The carrier signal
is c(t) = Aocos(27f.t), where f. MHz is the frequency of the
carrier signal and ¢ is time. A, is the amplitude of the carrier
signal with a value of 1 V. The transmission channel is the
equivalent circuit shown in Figure 7. V,,, is output signal. R;, is
circuit load. The AM signal Vau(f) in the time domain is as
follows:

Vam(®) = [Ao + m(t)]cos(2rf.t) (5)

ﬂ’ Transmission ‘ Voul(’)
|_- MOD IN | Vay(7)]  Channel
Ry,
(1) ym(r)
= i | |
(a)

The output waveforms of the AM signal transmitted through the
channel with undegraded and degraded Level-3 fuzz button
interconnections are illustrated in Figure 11, respectively, when
f-is 100 MHz. A,, represents the sideband component amplitude
and U, represents the carrier component amplitude. The mod-
ulation index, m,;, is defined as the ratio of A,, to U.. For all
degraded output waveforms, the modulation index remains
approximately 0.1, consistent with that of the undegraded sig-
nals. This indicates that the fuzz button degradation does not
change the modulation characteristics. Furthermore, compared

FIGURE 10 | Block diagram. (a) AM signal transmission. (b) PRBS signal transmission.
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Level-3 case (f. = 100MHz). (c) Amplitudes of carrier component and sid

eband component. (d) Maximum amplitude of output waveforms.
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to the undegraded ones, the carrier frequency of the degraded
output waveforms remains stable with no frequency shift. In-
spection of Figure 11a,b reveals that the shapes of the output
waveforms remain similar but the amplitudes are different. To
further quantify the impact of degradation, the values of U, and
A, for output waveforms under different degradation levels and
frequencies are analysed and presented in Figure 11c. The re-
sults demonstrate that, for a given degradation level, the am-
plitudes of both the carrier component and the sideband
component decrease as the frequency increases. Consequently,
the maximum amplitudes of the output waveforms also exhibit
a decreasing trend. This is mainly because the wavelength of an
electromagnetic wave is long and the effect of transmission
channel structural discontinuity on signal transmission is small
when the carrier signal frequency is low. The wavelengths of the
electromagnetic waves become increasingly shorter with the
increase of frequency, and therefore any small change of
transmission channel may result in an obvious effect on the
electromagnetic wave reflection, leading to a higher amplitude
attenuation. In addition, for a given frequency, the amplitudes
of the carrier component and the sideband component decrease
with the increase of degradation level. Because the structures of
the PCB 1 and PCB 2 remain unchanged in all simulations and
measurements, the differences in waveform amplitudes are
mainly due to vertical interconnection variations caused by the
degradation of fuzz buttons. As shown in Figures 5 and 6, fuzz
button degradation results in more severe impedance mismatch,
more electromagnetic wave reflection, and greater transmission
loss. Consequently, for a given carrier frequency, the amplitude
of the output waveforms decreases with the increase of degra-
dation level. The comparisons between the output waveforms
obtained from the equivalent circuit model and experimental
tests show overall good agreements. The experimental values
are slightly smaller than the simulation results in the high fre-
quency band which is mainly because of circuit model simpli-
fication, the minor variations between the model and actual
physical samples and measurement error.

4.2 | Digital Signal Transmission

The block diagram is illustrated in Figure 10b. The single-
polarity PRBS signal with 13-order is selected as the excitation
signal. The rise time of the PRBS signal is set to 48 ps and the
transmission rate is 4 Gbps. The high voltage level is set to 1 V
and the low voltage level is set to 0 V. The transmission channel
is the equivalent circuit shown in Figure 7. Ry, is circuit load.
Vourz is the output signal.

To illustrate the effect of fuzz button degradation in the trans-
mission channel on high-speed digital signal transmission, the
cases of undegraded and degraded Level-3 are analysed as ex-
amples. The output waveforms of signals passing through the
transmission channel for the cases of undegraded and degraded
Level-3 are shown in Figure 12a,b. A comparison of the results
obtained from the equivalent circuit model and experimental
tests shows good agreements, confirming the validity of the
proposed model. The amplitudes of output waveform for the
transmission channels decrease with the increase of degradation
level. The output waveform amplitudes of the transmission

channel with Degraded Level 1-3 samples are 0.973, 0.949 and
0.850 V, respectively, which are lower by 0.024, 0.048 and
0.147 V than the value for undegraded voltage. This is because
the waveform amplitude is mainly determined by low-frequency
components of the signal, whereas the rising/falling edge is
mainly determined by high-frequency components. As indicated
in Table 2, both the resistance and the sum of inductance in the
equivalent impedance network of the fuzz button in-
terconnections increase as the degradation level increases, and
therefore the low-frequency component loss of the signal in-
creases as it transmits through the channel, leading to a decline
in output waveform amplitude. In addition, there is approxi-
mately 372.3 ps delay between the output signals and the orig-
inal input PRBS signal, attributed to the propagation time of
electromagnetic wave in the transmission channel.

Eye diagram is an important characteristic to evaluate trans-
mission channel quality. The eye diagrams corresponding to the
undegraded and degraded Level-3 cases are presented in
Figure 12c,d. The eye diagram of the undegraded channel is of
good quality as evidenced by the smoothness of Level 0 and
Level 1, and the good overlap of the rising edges and the falling
edges. The eye diagram deteriorates as the degradation level
increases, reflecting in the smaller eye opening, greater average
rise time, noise amplitude and peak-to-peak jitter (jitter PP).
Specifically, compared to undegraded case, the corresponding
height and width of the eye diagram for the degraded Level-3
case decrease by 0.172 V and 7 ps, respectively. Additionally,
the eye diagram data for other degradation levels are summar-
ised in Table 3. The eye diagrams from experimental measure-
ments have the same trends as those from the circuit models.

Bit error rate (BER) is another pivotal parameter in communi-
cation. The BER values for the undegraded and degraded Level-3
cases are investigated through timing bathtub and voltage
bathtub as shown in Figure 12e.f. For the undegraded case, the
timing bathtub curve shows a wide flat region where BER re-
mains below 1 x 107'® which suggests the system can tolerate
substantial sampling timing variations without a significant rise
in BER. For the degraded Level-3 case such a flat region narrows
slightly. The voltage bathtub curve for the undegraded case
shows a wide flat region (0.03-0.95 V) with BER consistently
maintained below 1 x 107'¢, demonstrating a high noise margin.
However, for the degraded Level-3 case, the BER rises signifi-
cantly at low-voltage (from 0.03 to 0.07V) and high-voltages (from
0.95 to 0.78 V) regions. It is clear that the degradation of the fuzz
buttons leads to an increase in the BER of the output signal that
can be explained by the observed rise in the average rise time and
jitter PP with increasing degradation. The increase in rise time
leads to inter-symbol interference (ISI) primarily. In high-speed
communication systems, where the symbol width is short, an
increase in rise time results in current symbol interfering with the
sampling point of the subsequent symbol. This reduces the sig-
nal's discernibility and increases the BER. In addition, a greater
jitter affects the accurate location of eye crossing, leading to
misjudgement and misinterpretation of signals.

Eye diagram parameters corresponding to different trans-
mission rates of the PRBS signal are also summarised in Table 3.
The results indicate that for the same degradation level, the eye-
opening decreases significantly and jitter PP increases as the
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FIGURE 12 | Analysis of the effect of fuzz button degradation on 4 Gbps PRBS signal transmission from waveforms, eye diagram and BER.
(a) Output waveforms for the undegraded case. (b) Output waveforms for the degraded Level-3 case. (c) Eye diagram for the undegraded case.
(d) Eye diagram for the degraded Level-3 case. (¢) Timing BER bathtub curves of the undegraded case and degraded Level-3 case. (UI is Unit
Interval). (f) Voltage BER bathtub curves of the undegraded case and degraded Level-3 case.

data rate increases. Additionally, under higher degradation
levels and faster data rates, the rise time of the output signal
increases significantly. For instance, when an 8 Gbps PRBS
signal is transmitted through a transmission channel with
degraded Level-3 fuzz buttons, the rise time obtained from
experimental tests increases to 71.78 ps which is 23.78 ps longer
than that of the input signal. The degradation in rise time can be
attributed to severe high-frequency attenuation in the trans-
mission channel that is clearly reflected in the S,, parameter.
Figure 5 illustrates that S,, decreases as frequency increases,
indicating greater attenuation at higher frequencies. In addition,
S,; in the high frequency band becomes more significantly
lower as the degradation level increases. Because of the wider
main lobe of high-speed transmission rate (e.g., 8 Gbps) PRBS
signals, greater signal loss occurs when passing through the
transmission channel because of high-frequency attenuation.

This high-frequency attenuation slows down the signal edges,
leading to an increase in the rise time of the output signal. In the
current work, for the transmission channel with undegraded
and low degradation levels, the S,, value varies less between
high and low frequencies, indicating that the high and low
frequency components are attenuated to a similar degree.
Consequently, although the main lobe of an 8 Gbps PRBS signal
is wider than that of a 1 Gbps PRBS signal, the rise time of the
two do not show a significant difference. However, as the
degradation level increases (e.g., degradation Level-3), S,, in the
high frequency band declines significantly compared to the low
frequency band. As a result, under such conditions, compared to
the PRBS signal with 1 Gbps, the rise time of the signal with 8
Gbps shows a significant increasing trend. The combined
analysis of increased jitter, reduced eye opening and increased
rise time at higher data rates highlights the challenges of
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TABLE 3 | Specific corresponding parameters for the eye diagram.

Simulation Measurement
Rate Eye Eye Jitter Rise Eye Eye Jitter Rise
(Gbps) height (V) width (ps) PP (ps) time (ps) height (V) width (ps) PP (ps) time (ps)

Undegraded 1 0.991 998 2.4 52.67 0.981 998 2.4 54.73
4 0.952 238.5 11 53.94 0.912 244.0 6.5 53.26

8 0.88 107.95 184 51.58 0.73 107.55 17.55 51.84

Degraded 1 0.939 998 2.8 56.31 0.93 998 3.6 55.83
Level-1 4 0.887 236.5 13 61.14 0.876 242.7 7.8 57.27
8 0.67 89.3 19.8 55.97 0.56 94.55 19.95 59.41

Degraded 1 0.916 1000 1.6 55.84 0.906 997 3.2 56.89
Level-2 4 0.861 236 13.5 61.87 0.822 241.2 9.3 59.14
8 0.62 87.35 234 57.52 0.51 91.65 24 61.35

Degraded 1 0.805 998 2.0 57.93 0.846 998 32 60.25
Level-3 4 0.765 235.5 14.5 64.93 0.740 237 13 63.63
8 0.50 87.8 18 62.61 0.35 97 20.05 71.78

maintaining signal integrity in degraded channels, especially for
high-speed communication systems.

5 | Summary and Conclusion

This work demonstrated the mechanism of fuzz button degra-
dation in harsh environments and the effect of degradation on
AM and PRBS signal transmission from a combined time and
frequency domain perspective. Exposure to a corrosive envi-
ronment led to microporous corrosion in fuzz buttons and the
corrosion products mainly consisted of copper oxides with trace
amounts of unoxidised metals. A transmission channel with
fuzz button interconnections before and after degradation and
the corresponding equivalent circuit model were proposed. Fuzz
button degradation altered the parasitic electrical parameters of
the equivalent circuit, affecting the impedance matching per-
formance and the signal integrity of the transmission channel.
Both simulation and experimental results consistently demon-
strated that fuzz button degradation led to the signal integrity
deterioration which is reflected in waveform distortion, smaller
eye opening and increased BER of the output signal. The results
of this investigation provide a better understanding of the in-
fluence of fuzz button degradation on signal transmission and
validate modelling and analysis tools to evaluate such effects.
Additionally, based on the waveforms, eye diagrams and BER
from the current work, combined with S-parameters, the multi-
angle analysis across time and frequency domains provides
more comprehensive data support for identifying key features.
These key features enable the development of machine learning
models for fault diagnosis and localisation in RF circuits with
fuzz button interconnections.
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