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Abstraet — The article shows the possibility of suppressing fira-
wideband {LWEB) putze effects @ structures using the example of
a meander ime of bwo segments with different cross-sectional
paramaters. The proposed structures suppress UWE excitations
by their modal decomposition and reflection. As a result of pralima-
nary simulations, we chose twa trecing options. The first ong uses
alignment of the magnitudes of the main interfening modes and
thair refiections from the juncton of the segments. The second
oplion uses sEmisttaneaus amival and mstoal compensation af the
main and reflectad companents of interference. The obtained con-
ditions afowed choosing optimal geametnic parameters and mmpla-
menting bath structeres. The structeres were simalated wsing two
appioaches quasi-static and electrodynamic; their results demaon-
sirated good consistency. The first structure attepuates the intar-
ference impact by about 3.5 times, and tha second by 39 times.
The cebcudated eye diagrams allewed evalusting tha tegrty of
useful signals whan a pseudo-random binary bit seguence [PRES)
wias propagating throwgh the strectures. The second structure
was found more preferable becasse it provides igher sttenuation
rates and is less harmifid 1o the usehd signal at higher bit rates.

Finzlly, an example of proposed approach is given.

Imdex Tevms— Electromagnetic compatahility, ultra-wideband
grcitation, protection, refections, signal integrity, eye dizgram.

L. Introduction

Ensuring protection af radioelectronic equepment [REE} against
conductive pulsed electromagnetic interference (EMI) of nanosec-
ond disratin is an uwgent task of electromagretic compatibility (11
The evolutian of REE kas made them more compact and function-
al, bt a0 more susceptile o EMI [21 This is explained by the
fact that kagh speed of REE cperation requires increasing the
upper frequencies of the signal spactra, which together with the
high density of PCB tracing in mod=rn REE leads fo 8 decrease m
the noise immumity and an increase in the susceptibslity to EMI
impact In addiian, the danger of using generators of powerful
ultra-wideband {WB] excitation for intentional destabilization of
REE has alzo significantly increased in recent years [3-5] A wide
specirum of IWE excitations afimws part of thair frequency com-
ponents to oeercame the protection devices, penelrate inside the
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REE, and disturh the digital exchange. Additionally, their high
power contribisies to REE failere by causing electrical breakdown
of semiconductors and dielectrics |6, 7]. This happens because
high energy density of UWE excitation during its action does not
have time to be ranslemed to the surrounding elements. As & con-
sequence, thera sppear defects in the sensitive areas of heat gen-
eration. The development of technodogies of generating UWB
excitations evolved into high power electromagnatic systems
{HPEMS). Thesa systems can send directad destructive pulses o
the ohject by contralling its wiork [3]. Many methods and dewices
hiawe been proposed to protect important systems agamst EMI
[8-12]. Despite this, the search and research of new ways of pro-
tecting REE from wariows types of EMI are stll relevant.

&n important component of PCBs & microstrip ines (MSLs).
These structures have found wide appSication for transmission of
infarmation signals and power betwesn the functional unéts of
AEE electrical cercuits [13]. M3Ls aliow dasigning a wide range
of microwave devices, so thewr research now is currenthy topical,
ne of ML appEcations is filtering and protection from EMI [14-
18]. The remarkeble approach and devices that protect against
U'WB excitations, proposed in [17, 18], are based on the phenom-
enon of modal decompasition. The protection prancipde of thesa
devices is based on the decomposition of interfering signals into
companents {modes) of lower amplitisdes. This decompaosition is
possible because of the difference in phase velocity of their
propagatian in the coupled MELs. Dptimizing the coupling
betwaen the conductors allows minmizing the amplitisde of the
companents at the autput of the sinp protection device. Reflec-
tions of signals from mhomogeneibes in the stracteres of several
segments of such coopled fines together with modal decomposi-
tigns are an additional resource for attenuating the ampliteds of
the UWB excitations.

In this paper, we consider @ meander lima {ML) that consists of
twn segments with different parameters of the signal conductors
and the spacing between them. Presumably, such configuration
will allow for the additional atteruation of the U'WE amalitude by
means of signal reflections from a junction between the ML seg-
ments. Tha purpose of this work is o demonstrate the possibiity
of using signal reflections to additionally suppress the UWE exci-

tation ampltsde.
IL. Proliminary Simulation
To demonstrate the effect of reflections on the decomposition of

the pulced excitation, we consider Mls of one and two seg-
ments. The cross section of each segment is a8 coupled two-con-
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ductor line (Fig 1). The connection disgrams of thesa Mls are
shown in Fg 2 (the routing of the dizgram from Fig. 2b will be
shanwn in Section VL
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Fig. 2. Circuif diagramy & the MY, morn of sar (g} ond two (B sepmeais.

In the czse of 8 symmetrical cross-section of the ML turmn, the
prcitation can be decomposed just into two pulses: even and odd
modes. For UIWE pulse decompaositian in the M5L structure. it was
nacessary o ensure the condition

1) >t 83
where 1, mq.r, are the per-undt-length delays of the even and odd
modes and | is the sum of the rise {1, fat-iop (i), 2nd fall (]
durations of the UWE pulse.

For the teo-segment ML turn, we hawee the condition

ot T} = i {2}
where sushindexes 1" and *F are mbroduced to define the rumber
of the ML tum seqment.

Simultansously with conditions {12}, it was necessany to mini-
mize the reflections at the near end of the turns in Fg. X The con-
dition fior such & minmization is s folows:

R1=R1=':E}E'.! {31
where ¥, and #, are the charscteristic impadances of the even
and odd modes. Mate that to minemize reflections at the near end
of the turn in Fig. 2&, it was necessary to ensure the fulfillment of
condition (33 just in segment 1. Alzo note that in this tem, since the
conductors of segments have diferent parameters, part of the
miode pulse energy is reflected fram the junction between the seg-
ments and come to the tum owtput. The smplitudes of the reflected
components are determined by the reflection coefficient for even
and odd modes. They depend on the geometric mean of the char-

acteristic impedance of the modes of the second segment. This
happens becawpse the first segment parameters are chosen o
ersure condition {31 To clearly demonstrate reflections, the cross-
section parameters of the second segment were chosen so thad
the amplitude of the reflected componerts is half of main mode
camponent amplitudes.

To preliminzrily simulate the urns in the tims domain, we gsed
B quasi-static approach in the TALGAT system [19]. This
spproach assumes that only transwerse T-waves propagate i
the structure and does not corsider kigher types of waves [20].
Thus, the Maxwell' s eguatons ars reduced to Poisson’s equa-
tion. Conseguently, the simulation task was reduced to finding
the matrices of per-unit-length BLCG-paramaters. Based on
them, the response of 8 structure of finite length was calculat-
ed using telegraphic equations. In the czse when losses in
camductors and dizlectnic were not taken into account, only
matrices L and C were calculated. This allows quasi-statc
analysic to be carried oot mach faster than a full-wave jar

electrodynzmic] approach.

A3 8 substrate for the ong- and ‘wo-segment turns, we chose the
material with core thickness k=250 mm, fail thicimess =005 mm,
and relative parmittivity =, =11.2 To ensure condition {3), we chose
the follawing width of the signal condociors and distznce between
them: w=0.17 mm and s=02 mm. The parameters of segment 1 of
two-segment temn were chosen the same a< for the twmn in Fig. 28
o ensure condition {31, Parameters of segment 2 were tha follow-
g wy=09 mm and =1 mm. The calculated matrices L and C for
such sate of turn parameters sre summarnized in Tabds L The calcw-
lated per-umit-length delays of even and cdd modes of the ML on
Fig. 25 and segment 1 of & turn on Fig. 2b 8re ©,,=T 63 nsfm and
=2 nsim_ And for the segment 2 they are ;=906 ns/m and
tﬂ=1m 11'5.|'rl1.

TARLE |
Calrniated [. ead  Mainces
L, nilm= C,pFm
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poccad spment)) | 283 11315 ~L71 mm_l

First, consider the case when conditions (1) and (2} are not ful-
filled. For this purposs, we took the totsl length of the ML from
Fig. 2 of =15 mm. and the length of seqments 1 and 2 of T0 and

& mem, respectively. s an excitation, we used 8 traperoidal pulse
with the slectromotive force (e.mf) with an amplitude of 2 W and
the fromt. fall, and flat top durations of 100 ps (Fig. 31 The mazin
energy of excitation is concentrated in the frequency range wp o
10 GHz Fig. 4 shows the voltage wawefarms at the input and outpat
of the ML turns when conditions [1] z2nd {21 are niot met. The signal
at the ML outpet in each cate is distorted, and the excitaton does
not decompose into componants. The signal amplitude st the out-
put of the one-segment ML is 512 m\. and that of the two-s=gment
ML iz 563 mi

i enSad wea Hmelod o Tead Liser - T ¥ Sisha Ly Combro Sys & o n Ewhaﬁ on May 232084 at 03:531 41 UTC fom EEE Xplorn. Resincions apoky
Jhﬁﬂd I:“.r‘;g-?ill.'.'l ﬁlltl ﬁnthmmh:mmum i | il:uar-lm 1



300
o g 150
05 =100
B
,E b
i o
i P ™ D 5 W-B WD
Time(m) Frequency {GHz)
(=) ]

Fig. 1. W pufve: emf. wereform (o) oed rolfage spectnal densily (B)

1
LT
S 03
F 1 . , - — —
i s 1 Uu 1 15 3
i Tima(as)
(2]
1
B
L
AN
D
= s o 1 x 1 15 3
-07% Tims[ns)
(&)

Fig. 4. Yoltege wareforms af the inpat (- and owdpmd (— ) of the ML
turms of ome (o) and feo (B repments whee coadifioar () and (1) are
ank et

To enswre condition (11, the length of one-segment tem was cha-
sen a5 I=118 mm. The lengths of segments of the two-segment
turn were chosen f=ip=100 mm to ensure condrtion 2. Fg. 5
chowrs the voltage wavelorms at the input and output of the ML
turns under study. Fig. b2 demonstrates that at the output of the
one-segment fum, only bam main decompaosition pulses of smaller
smplitudes are abserved. They are pulses Py and #, of odd and
even modes, respectivedy. In the fwo-segment turn, pulses #, and
P, are decomposed nta six main pulses due 1o the influence of
reflections from the junction bebween the segments (Fig. 581, The
first bwo puises [#,, and .} are the odd and even mode palses
reflected froam the junction and armved at the output. The second
tweo pulses [, and ) are the main mode puelses that armived &t
thie output. The lzst two pulses [P, and Pp,) are the mode puls-
s reflected twice from the junction and arrived at the outpul. The
cignal amplitude 2t the output of the ML from Fg. 23 was 405 mW,
amd that of the ML from Fig. 2bwas £33 m\.

We propose two cases of using the reflected companents to
reduce the amplitude of the output signal. Sanca the components

reflected from tha junction (P, and P, and the main {7 and P}
hiave the largest amplitudes, the first case is their aignment by
choosing tha reflecton coefficient between the segments. For
this punpose, it is necessany to obtain the conditions of equality of
componsnt amphhsdes and perform parametric optimization of
the ML In the second case, the reflected pulses of negative
polzrity (P 8nd Fop) aerive simultaneoushy and are offset by
biasic mode pulses {F; anrd P} For this case, itis al=o necessary
to obtain the conditians for sech armval Brd perform parametsic
oiptmization of the cross-sectans and lengths of the ML segmeants.
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Fig. 5. Visllage woveforms of the inpnt (- ) aad oofgar (- of fke M1
I @ ane () aed bee (B9 repesenty whew condifionr | [} and (2) are s

lll. Criteria for Optimizing Cross-Section Paramotors

A Signal Propagation Analysis Using Lattice Diagrams
First, let s consider the case of choosing the optimal matching
betareen the segments to algn the amplitudes of components Py,
P, and 1, . For this purpose, we present latbce disgrams for
each mode, which take mto accoont only one reflection from the
far and of the struchare (Fig. 6l. Based on these diagrams, we

obtained the conditions that prowsde polse stenuatian for each of
the proposed cases of ssing reflections in the two-segment ML

B. The Condition of Equality of Amplitvdes of the Main and
Reflected Components

Based on the diagrams from Fg. b, we obtzined expressions
defining each of the main components at the ML ostput

U, =T, T, i4)
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Fig_ 6. Fattice diggrams of the add (o) and even (b} mede in the MY
tura of hea regmeRis

U =Ul. 1 =)
['-a- I [':-rn::anMI::T (5]
U, -UL.LT T, %

wifiere Lo @nd Lfe= are the amplitudes of the incident wave of even
and odd modes at the junction behween the source and the first
line segment, T, , and T, , are ransmission and reflection coeff-
cients for even and odd modes at the junction, and I‘w=1.

T ype=—1 faor the far end of the ML turn.

We obtained T, , and T, , coefficients at the fsm junctions using
the mode decomposition 1=chnigue in time domain from [32]. Now
wie need ko equate expressions (4} and (6] first, and then axpras-
sions {5} and (7). Since the even mode pulse reflectad from tha
junction bebwesn the segments has negative polanty, expression
{5 should be multiplied by —1. After all substitutions and algebraic
transformations, we ohisin two sdeatical quadratic eguations

E—4k—1=0 (&)

where k=F, 7 and k=2, /7, for the first and second equations,
respectively, charactarizing the relstionshap between the mpad-

ances of odd and even modes of segments 1 and 2

Equation {2} has one physical root i=2+5. Then, the refatonship
between the geometnic mean mpedances of even and odd modas
of sagments 1 amd 2 will be determined by the following relation

=2t o5 (%)

which ansures equality of modistes of the ampitsdes reflected
from the juncton of segments and the ma@n pulses of odd and
even modes &t the cutput of the tem-segment ML

L. Conditions for Muteal Compensation of the Marn and
Reflected Components

in ordar for the reflected pulses of negative polarity to offset the
putses of modes, it is necessary to ensure their simultanecus
arrival. Therefore, let us consider the conditions for selecting the
lengths of segments 1 and 2. The opismizabon criteria was the
simultaneous arrival of pulses P, and P, and P, and ;. We
determined the arrival Gme of each main pulse in Bg. 5b by

=2, (10
LTt 2T, {11}
P et (12}
T e | (13)

For pulses P,_and P, to arrive simuitaneously, we need o ensure
the equality of {10} and {111, and for pulses #, and P, —the
equality of (12} and [13]. Moreower, their equality must be ensured
simultaneoushy. Alter transiorming the equality of equatans {10
@nd [11], we obained the condition

ElTa—Ta Pl (14}

#nd from the equality of equabions (12} and {31 we obtained

B to—Te {2 Ta—Ta). {15}
A= we can see from conditions (14) and [15), their simultaneous
fulfillment is possible only i <, and 1, are equal. in inhamoge-
nieous diedactric filling, the equality of [14] and {15) is possible, for
examplz, by applying & vamish layer of high refative permitteaty to
the M5L surface. Then, for the M3L structure without varnish
layer by choosing the segmeant lengths, we needed ko ensure the
spproximate equality of the right sides of {14] and {15}

V. Simolation Results

A Equality of the Companent Amplitudes

First, we consider the case when the smplitsdes of reflected |,
Pl and main {1, P} components are equal. As a result of para-
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metrical optimization sccording to critenia (2}, {31 and (9], we
obtzined the following cross-sectional parameters for segments |
and & w018 mm, w=1.8 mm, =005 mm, £ =04 mm, 55=015 mm,
A={.25 mam, and 5 =11.2. The lengths of segments were I,=125 and
=15 mm. The set af the cross-sectional parameters produces
matrices L €, and Z, which are sumsmasized in Table 1L

TARLE I¥
Calculwted [, C. amd X Matrices for dhe Firet Caze
E-:-:-:l h:mﬂl:i
L s 41978 &7.10 11859 182
§7.10 42078 182 11234
C.pFm lﬁf..-l'.'l —TH BXi s —3ﬁ.]-_3
-T00 1667 749 El33:
Ia |G T 1185 118
| 118 1184

Ta check the fulfillment of condition (2], we calculated per-unit-
lemgth delays of even and odd modes of segments 1 and 2:

T,y =0 507 mesfm and <« =T 937 nesfim; ©,,=104 nsfm and 1,;,=9.3 nsfm.
The left part of expression {23 is 0.287 ns; therefore, condition {2} is
fulfilled with an error of 0.1%. in crder to check the fulflimert of
condition {33, we calculated the value of the geometric mean o
the wawe impedances of even and odd modes of segment 1, whach
wizs B4R <. Thus, candition (3] is satisfiad with 2 deviation of less
than 1%. In order to check condtion (9], the lett part of {3) was
calculated, which was 11.8 2. Then the ratio of geometmic mean
products of even and odd modes of segments 1 and 2 is 4.24. This
value is quite close o the valee of the right part of (B), which is
423, The value is optimal, since it provedes the alignment of the
amplitude modules for the foer main decompositon polses at the
fine cutput

Ouazsi-static and electrodymamic simidations were camied ouwt in
the teme damain (Fig. 7). For full-wave snalysis, we empéayed the
finite difference method in the time domain [FOTO} [22] realoed
in the EMPro software. Losses in conduciors and dielectrics
were taken into account. Fig. T shows the voltage wavelooms at
the output of the two-segment ML when the parameters of seg-
ments 1 end 2 are optimal @nd ensure fulfillment of condiians (2],

{31, and {B1.
Fu
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Fig. 7. Yoltege wergforms af fhe M. onpat olvwined by quoesisisdic (-
wad electrodinamic (- ) approaches witew cowdifisas (23, (T, and (¥} are
JFulfilied

The vodtege wavelorms obtzined by different methods illestrate
good agreement. The voltage waveiomnm =t the ML ootput is repre-
sented by a sequence of four basic pulses with close amplitudes.
Shight differences in amplitudes and delays can be explained by
differences in the numerical methods underfnng the simulation
approaches. Anather reason for the differences can be radiation
lusses, which are not taken into account in the quasi-stabc simu-
lation. The total losses lead to a delay in the rise and fall imes of
the response components, which lesds to s decrease in the dura-
tion of the flat top. For & more detailed quantitative evaluation,
Table il summanies the ampltodes and delays (51 half the amgli-
tude levell of the decomposition pulses at the ML ootput.

TARLE iy
Puive Amplitmdes (¥} oad Debayr () for Fig. 7
ETE[E|£_'L[n[n:nTn

(huend-srafc
206 | 2722 | 2745 | 2R [ 2073 [o003 | 2533 | 2775

T963 | 2560 | 258 i 300.3 i 7013 i 1555 | 1563 | 285

Tahble 1l shows that the maximum difference bebaean the amph-
tudes and delays of the components does ot excesd 176 mV and
005 ns, respectwely, which can be considered acceptable. The
gtteruation of the output signal ampliede sccording to the results
of the quasi-static simulation was 353 times [relative to kalf of the
source e.mf. amplitude], and the electrodynamic — 3.3 imes.

To-assess the danger of mput and decomposed voltage wave-
Forms, we used Anorms (231 Tabde IV shows the names, jormudas,
&nd descrptions of each morm reproduced from {241

TARLE IV
V-morms of @ Wareform
—_ T Application

Cirenit gt

N |Pekvalue (dbsobms) | fer(ef | slectric brsskdcmn
mcover it

. Posk dacizative |¢L‘{r]| Cremromant arcing

INr [\lm] Fi 'Eﬂ'l:{l.ltm

Ny | Prak pulse (abocims) FL—U@L (’iE.r_'l:I.n.muE figld)

3 :g_im?iinml _[F-"-'rfl*i Egxipment demsage

R Sqnamn roct y l
M| ot acsom il *l[]?'l.']""]' S
=L%1 is the voltage waraform

In Teble ¥, we summanze the N-noem velues for the input and cutput
of the turn of two segments calculated from the results of different
approaches. Additiorally, we inclede the results of M-norm caloule-
tions based on the gquask-static simulation results of the turn of one
seqment with inial parameters {like those of segment 11.

From Table ¥ we can see that the walues of all norms obtzaaned at
the output of the devices are significantly lower than for the indtial
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excitation at the inpot. The decrease m &, for one turn {withoot
reflections] was 21 times, and A, — 224, There is no reduction of
in &y, while AV and & decreace by 1.8 Smes. By comparing
N-norms obizined for the ML of one apd feo seqgments by guas-
static approach, we can see that reflections sllow & decreace in
the waelee of &) by 166 Gmes, but 2t the same time lead to B0 insig-
nificant growth of A and more significant growth of &y Note that
in the case of 5 and Ay, no attenuation was observed, snce the
energy of 2 pulses [in the turn of one segment] is distributed owar
4 pulses {in the turn of two segments). The toted reduction n &) 85
a result of decompaosition and the ese of refllactions was 1.5 fmes.
Also note that the decrease in A is not so significent and is andy
14 tmes Zimilar values were obtsined for the responses caloolat-
ed as & result of electrodynamic smelaton. Thas indicates the
consistency and correctness of the results obtaimed by the twa
epproaches. Howsver, the values of the norms obtained based on
the resuéts of electrodynamic ssmulation turned ot to be higher

it can be seen from Fig. & that the waveforms obtzined by different
approaches are in good qualitatee agreement; they both consist
of four main pulses. However, the waveforms differ quantitatvely
because of differences in the approaches. Deviations in the
results can be explained by the effect of radiation lozses. The
expansion of decomposition polses, as well as the increzase n the
amplitude of the ootput voltage in the elecirodynamic approach
can be caused by the superposition of polzes.

For a3 detziled quantitative evaluation, Tahle V] summarizes the cal-
culated amplitedes and delays of the decompaosition pulses. The
emplitude of the outpet voltage in the quasi-static approach corre-
sponds io the fourth pulse and equals 2205 mV, while o the electro-
dynamic approach it corresponds to the third pulse and equals
3505 m\ Dewistions in the emplitedes and deleys do not exceed

30 m\ and L4 ns, respectively. Thus, the proposed approach
makes i posshile i addtionally suppress the UWE pulse ampituds.
This suppression is twice a5 big a5 in the tum of one segment.

TARLEV
Codemlated V- msrms for Fig. 7 TARLE ¥
Sourcedmm | N | Ao 107 | A0 | A, 100 | A0 Pl Rumpibilacki: (¥} s Diclnys (] fov Fig. &
- oree oo (A I R | L& |

T 05w | 9866 | 1015 | 3807 | 150 : : 5 a
Cugra Ul B e A W e = L L BT TR i'i?ﬂ' T 2553 [ 9833 | 2113 | 3595

aasi-nrc Gumrseck (pe0 SPMEnDT : e
Frgrae 0997 | 5066 | 2007 | srm | 1S X [ IET | 15 iEJ"%.E i ki fiuﬁ- R EE
Chamur 0154 3.234 L.o%T 3.527 {.77E
? 3 7 = In Table VI, we summarize the &-norm vahies for the input and
o o sk LS j'_slﬁ‘ B output of the two-segment turn calcolated from the results of dil-

L2 S 109 L L] ferent approaches, as well as quasi-static smulsbon results of the

B. Mutual Compensation of Besponse Components

Now, we consider the case of mutual compensation of the main
ard reflected components. We use the per-unit-length delays of
even gnd odd modes of the segments fraom Section IL Thus, we
optimize only segment lengths. They are {;=100 mm and

Iy = 14.80 mm. They ensure sppromimate equality of the right sides
of conditsans (14) and {150 Ouasi-stetic and electrodynamics simu-
lations were cemied oot @ the me domain [Fig. 8).
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Fig. & (gt volioge wirreforms sdtained by qumesidatic (— ) and elec-
trodimemic (— | approaches whea approcimating equality of ngth sdes
of comditions (F4) aed (130

one-segment mirm

TARLE Vil
Calculated N-Norms for Fig. B
" Somrcednma | Ny | Mol | N0 | AL | ALIP
Tapie 0005 | 0028 | 2015 | 4005 | 1520
Cugpur 0472 | 447 | 1987 | 13 | o3s
Type 0005 | 9988 | 2010 | 3419 | L3
Crupur 0221 | -2175 | 1983 [ 23m | ouse

it can be seen from Table VIl that the caiculated Anorm valees for the
tum of bwo segments are in good agreement and confirm the: conclesions
made earfier. Deviaions in e results of Anorm caleulafions migh hawve
been cawsed by ncomplete decomposition of the excitstion. By compar-
ing) thee results ohtainad for the tumns of ane and fwo segments, we can
see that the values of ¥, and N, decreased by about 7 fimes. The cumu-
lative results suggest the passitility of addiional suppressionof UWE
puise ampiiudes by using reflechons. Note that information sonals,
biecause of their relatively iong duration, do not undergo distortions.

V. Signal Integrity Analysis

The signal integrity analysis is performed for the cases thet use
reflections. For each of the cases, as a result of electrodynamic
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simulation, we obtsined frequency dependences af the transmis- rate increases ta 125 Mbgps, the jitter is a5 high as 400 ps.

sion and reflection coefficients magnitudes (15211 and 15T, &= SEmilar results were found when analyzing the SNR. By

wiell as eye diagrams. increasing the bit rate from 100 to 125 Mbgs, the SNR
decreases from &6 to 3.5, A further increase in the bit rate
leads to an even greater decrease in SNA. Meanwhile, even

A The Case of Equality of the Component Amplitodes at 150 Mbps the eye remains open, indicating a low probabifs-
ty of bit errors in signal transmission. However, due to 8 sig-

Fig. 9 shows frequency dependences of I5,, and 15,1 obtained by nificant distortion of the signal waveform, the ML usa at this

the electrodynamic approech. They show thet the cutodf frequency  speed is limited.

is 111 MHz. This suggests that useful signats with frequency up fo

111 MHz will be subject 1o minimal distortions. The dependen- 1 =
cias also show a degradation of the twrn matching at higher B
frequencies, 05 e
< %
Freqaeecy (E5) By
il B3 1 Ly rd E
o 4 i . 3
e
=10 4
— 0 o -1 v T T T ¥ v T
Z) r
= -30 4
=& I 7
50

&=
Fig. % Froqueacy depeadences of T5a,] (- ol B, 17 ) wp fe 2 Gz ofdaioed = 04
Jor the cove of equakization of e rexponse componcal opindes. E
Eye diagrams were calculated when & pseudo-random binary
sequence [FRBS) was propagating with transmission rates of -1
T8, 100, 125, and 150 Mbps {(Rg. 10). These rates wers chosen
=0 that the height of the eye was at least 1707 of the level of
the useful signal at the ML output. The figures show & tempera-
ture view of the three-dimensional eye diagrams. The eyes are
automatically centered and displayed &t 2T on the horizontal
axis. The calors of the eye diagram indicate the frequency of
paint crossings in the time-voltage plane. Frequent point cross-
ings are characterized by lighter shades, and rarer ones by
darker shades. In addition, constant error probability conbours
were estimated and superimposed on the disgrams in the form
of BERContowr. In sddition to the graphical representation of -1
the eye diagrams, their main parameters were estimated o
{Takle V). The obtained results allow us to evaluate the fields
of application of the proposed approach. 15

Wl gp (V)
e B W

&

TARLE VIl

Usefud Signal Parameiers for the Case of Equalizing the Amplitudes of

the Maia and Reflected Components

Aibpy) | ¥ ve hei V) | Eve width (uz) | JursrPP
M‘iigﬂ'_n ELH ERE

160 a5 5

123 B2 430
) T8 &.E7

4

k2 =

§ i
From the diagrams in Fig. 10, we can see that the ML under 1.'1::;:;,1-.]
study provides the best transmission quality at the rates of up '
to 100 Mbps. A further increase in the rates of op to 125 and Fig. 1. Eye diagrams for the case of equaliziag the amplitudes of dhe
150 Mbps leads to & deterioration of the eye characteristics. muia and reffected components for 75, 10, 125, and 158 Mbps bitrotes
oo, for example, at 100 Mbps, the jitter is 50 ps, and when the  fa—fi
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B. The Case of Mntnal Compensation of Besponse Components

Fig. 11 shows frequency dependences of 15,1 and 15101 it can be
seen that the useful signals with bosndsry freqguency less than
2335 MHz will be subtjected to minemad distortsans.

anm.l:'.l"ﬁ'Il"

T\

Fig. 1. Frequency depeadences of 15,0 (- ) and 15| (-} =p fe 2 GHz
wivaimed for the cove of mmtual compensation of the maie amd reflected
COMPORCN.

Fig. 12 shows the eye diagrams at PRES for rarsmission rates of
150, 175, 200, and 225 Mbps. As before, these rates were chosen
wiith the consideration that the height of the eye is at least 0707 of
thie bevel of the usehs signal. The results of processing snd inter-
pretation af the diagrams are summarized in Tabda DL

TARLE IX
Usefal Spand Porometeny for the Case of Mmeal Comprasafion af the
Maoia and Reflected Componenrs
_EE?*_‘.EE.'{J’?_EE_EE.E.“HE‘ Eye wideh (nx) | JitrerPP (pu) | SNE
150 | 6333 10 [63T9
175 ﬂ"" 1571 1143 5034
-1 a%E 43 175 49
e | EG2 41 oo e !3.:'.49

& comparison of the results presented in Tebles VIl and X for
150 Mbps shows thal all parameters of the eye disgram (except
for the width| obtained for case 2 sre significantly beter. The jit-
ter is only 10 ps, and the SNA value is 688, A further increase in
the bt rate leads to 3 detenoration of the eye perameters, but
ewen at 225 Mbps they are quite high. Note that when the bit rate
is increased from 150 to Z25 Mbps, the jitter does not increass
signific anthy {from 10 to 22 psl, but the MR valee decreases iy
mare than 2 Bmes. Meanwhile, such results at fairly high speeds
can be considered acceptable. Even at 225 Mbps, the eye is
open, which indicates a low probability of bit errors. The aggre-
gate af the results suggests that the second case is preferahle,
hoth i terms of attenuation and operating bandwidth, snd in
terms of sagnal integrite

VI. Example of Practical Application of the Approach

A5 an exampée, we chose 8 PCB based an the Aaspherry Pi 2040
(AP0} microcontraller {Fg. 131 Since we anly gimed to dem-
onstrate an example of kow to place an ML-tam-based protec-
tian device on & PCE, we do not prowide & detailed description of

the device and the PCE. The device is shown in red color in the
right upper part of the PCB, snd the case involves mutual com-
pensatian of response components. To protect against UIWE
interferance, the ML tum occupying & free space of a PCB is
connected in the power supply circuit, batween the USB-C con-
rector and the microcontroller power subsystem. The cross-sec-
tion parameters of the turn correspond o those used above

{Fig. 8], and the total length of the twm is assumed to be half as
lomg (55.44 mmL

1 150 Mg
-
Et:-.s~ T = .
24
r:-u: E= -
i ~
-0 T T T T T i
o 3 4 g B 14
Tims {nx)
=)
1 175 Afbrs
-~ -
(k] o E ?’ﬁ-r
= ;
= 4
% 0
SR Re
3 “h__? ™
-f 4 - 1
o 2 £ . & E I iz
Taimsa{ns)

L V)

Fig. I2. Epe dizgrosms for the case of mminal compennation &f (be moie
and reffected compomemts af {50, [75, 200, and 225 Mbps iitraies (a-d).
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Electrodynamic smulation was performed fo obksin tha time
response at the output of a fwrn. Fig. 14 shows the woltsge spectral
density and woltzge waveloom of a8 Gaussizn UWE pulse with em.f
amplitude of 2 W and duration of 67 ps by 05 Yevel [25], and woltzge
wiaveform at the outpud of the ML tsm based protection desice.

Fig. 14z shows that the spectral density of the interference has sig-
nificantly decreased, especially in the frequency range of 27 GHz.
Fig. 186 shows that the interienng excitztion is decomposad imto 8
sequence of companents with the amplitades of less than 20 mi
Since the turn is twice as short, the full effect of superposition of the
main and reflectsd components is not obsened.

Ir_l':r_:r:.:;::t:_:II_:' |_-'!

il z o

|q_l_f¢lq-'?? 16
E=n=aty T

) C16

=) &2

13, Example of practical agplication of the refleclinns

Fig.
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Fig. I4. Ganrsian puive vellape woveferme and volage qpectnal dianiy
o e dapm (— ) mad owiput {— | of ML fure

When designing such devices, it is necessany 1o have enocgh free
space an the PCE. In addition, in thewr design it is necessarny 1o
teke imto account additionz] signal delay. These two factors can
limit the use of dewices in high-speed circuits, but allows their uce
in poweer supply circuits for pre-filtering and minemizEng the nfu-
ence of UWB interference

VIL Conclusion

Ini this paper. the possibifity of suppressing the amplitude of
pulsed UWE interference have been considered in strip
devices in the form of MLs of two segments. These devices
are based on the phenomenon of decomposition of the inter-
fering signal into components due to the difference in propa-
gation velocities of these components. The use of reflactions
between segments caused by their mismatch has been pro-
posed. For this purpose, two possible cases of reducing the
interfering signal emplitude were considered. The first one is
based on the afignmant of amplitudes of the main and reflect-
ed componants at the ML ostput. For this, we obtained the
conditian datermining the relaticnship between values of geo-
metric mean of wave impedances of even and cdd modes for
segments | and L The second case is based on simultansous
arrival and mutual compensation of the main and reflected
components. For this case, we obtained the conditicns in tha
time domain, which provide the simultaneaus arrival and
superposition of the components.

The vodtage waweformes at the output of the stedied ML have been
simulated for each case. As 3 result, itwas found that case 1 pro-
wides attenusatan up to 3.5 fimes, and case 2 — op to 39 times. This
confirms the possahility of an additional decrease in the amplituda
of the IWE excitation by means of reflectians from the junction
betaeen the sagments.

M-norms, charactenzing the susceptibility of REE 1o UWE excita-
tion, were evaluated. The evaluaton results zlse confinm the pos-
sibility of using reflections.

Finally, eye diegrams were calculated for the PRES propagat-
ing in the turm to assess the integrity of the uselul signal. As 2
result, it was found that casa 1 can be used for signal trans-
mission at the rates up to 150 Mbps. However, dee to signifi-
cant distortions of the signal waveform, the use of the BL at
this speed is limited [SMA was 2.5). For case 2, the best
paramaters of the eye disgram were obtained at 150 Mbps
[SMR was 6.8). tis shown that case 2 is applicable st bit rate
up to 225 with rather low jitter and acceptable SNR radusction.
The comparative anahysis of eye diagrams for the two cases
indicates the preference of the case of mutual compansztion
of the response components. It provides mare significant sup-
pression of IWWB excitations and ensures signal integrity at
higher data rates st & fairly small degradation of the charac-
teristics of the eye diagram.

To wisually demonsirate how the device can be implemented on a
real PCB, we provided an example of the proposed spproach.
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