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Electromagnetic Cavity Resonance Equalization
with Bandpas:NegativeGroup Delay

Blaise RaveloMember, IEEE, Sébastien Lalléchérklember, IEEE, Wenceslas Rahajandraibe,
Member, IEEE and Fayu Wanylember, |EEE

Abstract—This paper deals with an original equalization
method of 3-D electromagnetic (EM) cavity resonancéy using
bandpass negative group delay (NGD) function. Basedn the
equivalent circuit, the S-matrix model of the equaked EM cavity
is introduced. The design equations of the NGD fution are
established in function of the cavity physical parmeters. The
feasibility of the equalization method is validatedvith a 42x28x3.8
cm rectangular cavity containing two communicatingmonopole
antennas. By considering the TE110-mode, a signifint
equalization is realized with improvement of transnission
coefficient flatness from 4-dB to less than 0.3-dBn addition to the
magnitude, the NGD equalization method enables taitstandingly
reduce spikes of 3-D EM cavity group delay. With te proof of
concept, the GD is reduced from more than 4-ns intt-ns.

Index Terms—Bandpass negative group delay (NGD), 3-D
Electromagnetic cavity, EMI, Equalization method, Equivalent
circuit, Synthesis equation.

|I. INTRODUCTION

HE performances of modern electronic
communication devices suffer from unintentionaliaset
electromagnetic interreferences (EMIs) [1-7]. Thieiference
issues were found at different scale of electrey&tems. For
example, the wireless system quality of servicefseiguently
victim of propagation channel multipaths [1], cgctielay [2]
and group delay (GD) mitigation [3]. The EMI effsavere
emphasized in different systems as medical equipmpn6].
More frequently, EMI effects decrease printed dirboard
(PCB) performances due to the enclosure cavitynasces [7-
8]. The characterization of metallic cavity resotes[9-10] by
using TEM cells is one of the most attractive atitis of
electromagnetic compatibility (EMC) research engise But
because of the EMC characterization test costégltine two

emergence of circuit and 3-D EM full wave commdrtimls
[14-19] was helpful for the EMC engineers to sinteleertain
EMC effects as the cavity-based structures. Howetler
simulation results of commercial tools are not alsvaasy to
interpret for many engineer users. Therefore, EM@ty effect
analytical formulations [20-29] were developed aradlel for
the mathematical understanding of EMC performances.
Different approaches were suggested for the magedi EM
shielding for example by using coupling with metalvires
[21] or by placing a receiver antenna [22, 29] esetl in the
cavity. So far, these modelling methods enableréalipt with
significant accuracy the EM field inside the shie¢denclosure
under computation speed generally faster than dhetercial
tools and/or measurements.

Nevertheless, most of enclosure EMC problems cabaot
completely solved with the simulators despite thecess of
popular full wave commercial tools [15-19]. To fagp the
issues related to the EMC resonances emanated \bty ca

anenclosures, few tentative techniques of resonanppression

were initiated in [30-32]. An improvement of shiiglg
effectiveness was presented in [30] by using airgatell
structure. An introduction technique of lossy restons is
proposed in [31] to suppress the PCB power busnessze.
Then, a PCB EMI reduction technique was develoged hy
using EM bandgap structures. However, those resenan
suppression techniques are limited to very narrawdvidth
and requires quite expensive design and fabricatishielding
structures. Furthermore, the mechanism of thedeigges is
particularly hard to translate analytically.

To overcome these limitation challenges, a complete
original technique of 3-D EM cavity resonance effieg using
the unfamiliar bandpass negative group delay (N@Dgtion

last decades more and more modelling and simulatigf initiated in the present paper. The basic ppiecof NGD

approaches of metallic enclosure EM
developed [11-27]. The successful popularity of pataer-
aided design tools favors the development of allgavic and
iterative solvers for the modelling of EM cavitigd-13]. The
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resonances wegqualization based on the cascading with positreeg delay

(PGD) circuit as a transmission line (TL) was iutineed briefly
in [33-35]. The algebraic principle is ideally tleldition of
PGD and NGD that should generate GD equal to ZEne.
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NGD equalization method was exploited to designoatbband A. Formulation of Cavity Resonance Problem

phase shifter with constant phase independentlythie The cavity EM resonance effects was investigatgdleely
frequency [34], for compensation of microwave datiirs and by electronic engineers with metallic cavity encies [7-14,
filters [35], for expansion of bandwidth of tunallspersion 20-32]. To represent the resonance problem, weid@enthe
compensator based on ring resonators [36], andgig equal- rectangular metallic enclosure inspired from thendestrator
ripple filter [37]. A typical signal integrity expltation of the introduced in [22]. This enclosure is assumed defirby
NGD equalization technique was proposed in [38]datralize dimensions I(xLy,L;) containing two-monopole antennas with
the RC- and LC-interconnect effects. But, so fachsa type of physical lengthsl; which are placed at Nx.,y:=L,/2,0) and
NGD application is strictly limited to planar RFcamicrowave Mz(d+x.,y1,0). These two antenna terminals are supposed
circuits. In other word, in the best of the authkmewledge, Cconnected to two-port vector network analyzer (VNg) S-
because of its counterintuitive interpretation, @D function ~Parameter extracton. ~
remains an unfamiliar concept for EMC engineers aod [SEM'(jw)]=[S§M,(’,“’) 51534,(’,‘“) (1)

At e ; So1 (Jw) Sz (jw)
appllcatlon_l_s invoked. To b_reak this roadblock, expect that with jo the complex angular frequency variable and theiamg
the unfamiliar NGD function should be a good caatid

. ; frequency variablew=277f . This metallic cavity is connected
against EMC problems as the cavity resonance efBafbre
the elaboration of this original idea, it is worttih describe to the reference ground of the VNA. We assume that

. . monopole antennas are not connected to the cahity, are
quickly a recent state of the art on the bandpa3B Ifunction. linked to ports® and®.
Recent studies confirm the feasibility of the NGizrastrip

and lumped circuit designs [39-44]. With passiveui, the
apparition of NGD effect is naturally accompanieg b
absorption [39] and/or reflection. To face up thanstraint,
challenging design of low-attenuation NGD circyd9] was
achieved. In addition to loss reduction, compactDN€Rcuits
were also designed [40-41]. In contrary to the reve
questions about the existence of NGD topologies, NiGD
function can be generated with any diverse eletroincuits,
as presented in [42], by means of interferencenigcie, an
NGD circuit was proposed. To compensate the losssive
NGD circuits, for example, based on field effecnsistor L
(FET) is proposed in [43]. Despite this progresslesign, the  x
NGD function remains an unfamiliar aspect for maSEMC
engineers and requires further illustration for thasic
understanding. In this way, an alternative apprabstrating
the analogy between the NGD and filter functions peposed VW% M B He o |84

z

9 O

Fig. 1. Scenario of metallic enclosure with two coamicating dipole antennas.

in [44]. Depending on the NGD frequency band positig, the
concept of low-pass and bandpass NGD functions w
introduced [44]. In the present paper, we are etiptp the A Ta
bandpass NGD function to deal with the cavity Elgoreance. |
The paper is organized in four main sections. Sact o N GO
introduces the basic principle of the resonanceeceff s o ‘ ‘ |
equalization by means of S-matrix modelling of éindime- o = =
invariant (LTI) system. Section 1l develops theabical Fig. 2. Resonant system: (a) transient and (b)lepeeresponses, and TF (c)
equations of the cavity resonance suppression atidpass magnitude and (d) GD.
NGD function. The design and synthesis equatione@NGD
equalizer are established with respect to the \sortircuit
parameters. Section IV is focused on the validatiesults.
Then, Section V is the final conclusion.

e 0D

Fig. 2(a) illustrates a black box response of theonant
enclosure. As result of EM resonance, the owpuihdergoes
spreading effect compared to corresponding inpit as
illustrated by the increase of envelope pulse watthdepicted
in Fig. 2(b). By takingV,(jw) andV,(jw) the spectra of
signals at points Mand M, referred as port® and @,

) ) ) ) ) respectively, the resonant cavity transfer func{ibR) can be
This section describes the analytical mechanis@8BfEM  gefined by:

resonance suppression. After the specification exfomant

EMI ¢ & — H H
system, the equations for calculating the bandN&® circuit T (ja) _VZ(Ja))IYl(Ja)) (2
parameters will be established. with the magnitude and phase written as:

Il. ANALYTICAL THEORY OF3-D EM CAvVITY RESONANCE
SUPPRESSION
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T (@) = [T (jo)| In the frequency banfky, )| defined in Figs. 2(c) and 2(d),
6 (@) = arg[T B (] w)] (3) this reference system .can be m%delglted with S-matrix
The associated GD is analytically defined by: [Sa”(”‘ﬂ = Lc O} 7
GD™ (&) =-0¢™" () / . 4 with ¢ is the transmission loss assumed to be constaht an

To analyze the cavity resonance response, the $tersyis frequency independent. With well-matched antennlasepl
assumed to operate in the frequency band with ceniaside the cavity as shown in Fig. 3(b), we cansuer that the

f, = ay/ (2m) over bandwidthAf = Aw/ (277) defined by: resonant system is equivalent to the S-matrix:
Aw=w, -, %) SEMI(-w _ ElMI(jw) Sﬂ’“(ja)) 8
ith: |: J )J_ EMI / ; EMI ( ; : (8)
with: L (Jo) Sy (jw)
L =|TEM' (jcq)| =|TEM' (ja)2)|. (6)  The main problem of the present study is to fitd@ological
For example, aiwo, the dispersion system TF present th(?olutlo]n allowing to generate S-matrix, in the fregcy band
u,a):

magnitude  T_ =T (w) =|TEM' (ja)o)| and GD

GD,., =GD™ («) . The resonance problem can be [Seq(ja))}:{sﬁl(jw) ng(ja))} (9)

ot - : Si(io) Si(jw)
graphically illustrated by typicalA” shape curve of magnitude ) ) ) 7
and GD behavior shown in Fig. 2(c) and Fig. 2(elspectively. With reflection and isolation coefficients:
StieAj@)=0 (10)

B. Topological Solution of the Cavity Resonance Problem o et
and transmission coefficient independent to fregyen

The principle of the BP NGD equalization of thepoeisly

introduced 3-D EM cavity will be described in theléwing Si(jg=1. (11)

paragraph. We emphasize that:

1) SMatrix Description of the Cavity Effect Equalization » The term isolation coefficient here, is relatedite use of
Fig. 3 gives an overview of the problem statement, unilateral active circuit, for example, using FBR. the

considering free-space antennas communication &a)), ideal case of such circuli is close to zero.

presence of a cavity (Fig. 3(b)), and use of BP N&Btem <+ The justification of relation (11) is due to thetfahat we

(Fig. 3(c)). Thus, Fig. 3(a) depicts the block dayg of the want to restitute the distorted signal in ordegéoerate an

dipole antennas communicating in free-air. The ldipean be output as similar as possible to the correspontfipgt.

assumed as a two-port system connected to Soasd®. 2) Justification of Bandpass NGD Function Equalizer

Against the EMI Effect
The proposed analytical solution consists analljyican

identifying an equalizer transmission coefficie®}( jc) (the
symbol “?” standing for the searched term) allowiogealize
the operation:

Si(jw) = S5 (jw) xSy jw) (12)
By supposing the equalized transmission coefficdetuation
(11), we can derive the solution of previous equrati

Si(jw) =1/S3" (jw). (13)

This unknown S-matrix can be identified by considgrthe
resonant characteristic of the cavity response®dnted in
Figs. 2(c) and 2(d). Therefore, the correspondiragmitude
and GD must verify, respectively:

Dipcle
<
o

M,

Sh(iw)|=1/[s5" (jw)|>1 (14)
GD*(w) :w=—GDEM' (w)<0. (15)

This last equation explains that the unknown systetation
operates with NGD function. For this reason, thgotogical
solution of block diagram illustrated in Fig. 3(s)developed
in the present paper. However, it is noteworthy blyaadopting
solution implemented with equation (15), the phase,

¢51(w) =arg S5} (jw)], is not equal to zero. However, in this

Fig. 3. Block diagram description of two-dipole emba in (a) free-air, (b) ) i o )
inside a 3-D rectangular cavity and (c) in the tasind dipole connected to  case, we still can realize the equalization whennttagnitude

NGD circuit. and GD of the EMI effect are reduced to be clogsedetro. In
general, the NGD S-matrix can be written as:
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. - S : . .
o _ (jo) SN(jw) simplicity, the methodology is presented with a quei

[5'(160)]:[SN(JCU)J:{Sﬁ(.w) f“l('a)) . (16) propagative mode. These results might be extenaleduti-

) ) ) Sl Si(] _ ~modal propagation. Finally, the proposed FET edaiva

ports® and® are well-matched: resistance) is classically met, e.g. for NGD agpians [43].
{ 0 (jo) =S (jo) <<1 (17) Based on the EM cavity theory, the 3-D structuteoiiuced
SN (jw) = Sy(jw) <<1 in Fig. 3(b) is equivalent to the circuit shownHig. 5(a). The

model is relying on the developments proposed %) {dr the
modeling of EM cavities. The principles were apglia [46]
with electrical simulator tools to the simulatiod multi-
dimensional mode stirred reverberation chambers. ddtess
ports with subscript&k=1,2 are connected to transformers
* The NGD value, Tk(ne1l) which are specified by transform ratio,. The
GDnN :GDN(@):min[GDN(w)J<O, considered propagative mode is equivalent to the/®-

) S parallel network mounted in parallel. The resondneguency
* And the NGD bandwidthBW, =af' —af' which is s given by:

3) Specifications of Bandpass NGD Function

As initiated in [44], a bandpass NGD function i€sified
by:

* The NGD center frequencyf, = w, / (27),

associated to the cut-off angular frequenciek, 2 2 2
ted by the oot of equation: | ay =, | o Do) o[ D) (20)
represented by the root of equation: L, L L,
GD"(df,) =0. (18)

. . with myy; are integers corresponding to the propagation sjode
As reported in [39], the bandpass NGD function besa 1g/r\(m,m,m,). The equivalent circuit of equalized cavity
similar to the bandpass filter but the analysisdsrelying on proposed in Fig. 3(c) is depicted in Fig. 5(b)sltomposed of

the gain. We must focus on the behavior of: the cavity equivalent circuit (Fig. 5(a)) in caseadth the NGD
Ny s —aarg[gNl (jw)} active cell. This later one consists of an RLCesmetwork
GD™(«) T dw . (19)  mounted in parallel connected between the gatesantte of

In graphical representation, the BP NGD responsksed to an FET with drain and source connected by a shesi$tance

the magnitude and GD behave generally as idealesuas Based on the principle of the BP NGD equalizatigplzined
ketched in Fig. 4 d Fig. 4(b) by taki inci ualz
sketehe n g (@) an 'g (b) by ta mgln the previous section, the design method of NGDt®N in

T (@) = 20|09[Sle @ W)] : function of the 3-D EM cavity will be describedthre following
subsection via S-matrix modelling of equalized uwitrc
: T presented in Fig. 5(b).
. T ) BWyeo _m BWyan —

Cavity equivalent circuit

G T.(n 151 Mg
: ',_‘v e 3 B ® ) i

\ : " D g 7[Rl )
Fig. 4. NGD TF (a) magnitude and (b) GD responses. |
I1l. NGD DESIGNEQUATIONS FROM EQUIVALENT CIRCUIT [ @ |
ANALYSIS Cavity equivalent circuit
. . _— MIT ) Tona) | Me  NGDcicuif M
Based on the general solution evoked in the prevsegtion, ﬁ—l ’—| O :
design equations of the NGD circuit are establishddnction el 1] ! r | RLJ L ‘ l
1 )i B YR, LSl B -

of the cavity structure parameters. : Hj o e | '

A. Equivalent Circuit Description _ :_A,:_..I, ....... e o *-I 5__“,&___._____':___&? G
. . .. Fig. 5. E alent circuits of (a) simple an equalized ca .
For the sake of analytical simplicity and better 9 au reu (@) simp (bG8 equaliz vity

understanding, we adopt the following hypotheses:
e The internal impedances of dippland dipole are

B. SMatrix Model of the NGD Equalized Circuit

neglected, By denoting the Laplace variable= jw , the two-port S-
* Only one of TRn or TMm: propagative modes is matrix model, [Seq(s)] , of the NGD equalized circuit
considered,

presented in Fig. 5(b) can be determined from tHRCB

¢ And the FET equivalent circuit is constituted byg it ) ) )
matrix, [ABCD*”(S)] Because of the cascade configuration,

transconductanogm and drain-source resistaneg.

The proposed assumptions are relevant with theexturr we have:
work. First, the antennas internal impedances amakw [ABCDeq(S)}=|:ABCDEM'(S)]X[ABCDN(S):| (21)
considering Hertzian dipole, compliant with the ealent

here:
circuit model [45] used in this work. Then, for tkeke of W
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» The cavity equivalent circuit ABCD matrix is writte with:

as:

1
nn,
.Y, (s)
n2

[ ABCD™(s) | = (22)

nn,

X(@) = afaf - ) FRRR, +LafL (R +R,) | (32)
Y(w):{af[LdeleRo[LdmRj(zL+n2Ld)]]} )

-RR,Ln{(af) + &)
The Taylor series limited expansion of this trarssiun

* The NGD equivalent circuit ABCD matrix is given by: coefficient|:S§i(a)):|2 with respect to variabley=wo, enables

Rn+ R

N __1 RmRis
[ABCD (s)]_g—m R+R, 1

R.ReZ(s) Z(9)

(23)

where:
Y, (9) :i+i+Cds
R, Ls ) (24)
Z(s)=R+Ls+1/(Cs)
By means of ABCD-to-S matrix transform, with theersfnce

impedance,Ri=50 Q, we have equalized cavity S-matrix

elements:
_Z(9 R[S +Y,(9Z(9) ]
YTz R eze]
- _2n1 anongsz (S)
3(s) = 26
SO R R AR(R, +R.) (20
{z9+nR [ +Y,(92(5) ]
s(g = RRe~R(R.#Ry) @

RuRs + Ry(Ry + Rys)

C. Design Equation of the NGD Circuit Equalizer

As introduced in Section I, the initial data of theoblem
corresponds to the 3-D EM cavity parameters. Thatiso of
the problem is the NGD circuit design. The nextagaaphs
develop how the NGD design equations are estalishe
1) Equalization Hypothetical Equation

The design equation of the NGD circuit equalizex Hre
expression of the parametd®s, R, L andC in function of the
EM cavity onedy, Lq andCq.

C, =1/(L«). (28)

The elaboration of the equations is based on tpethgses:

to write:
[59(@)] =[S ] +¥(R Lw)( - %) +O(a) (34)

where:

(e = 20,RRR0,R,

[R.Re+Ry(R, +Ry)][ RR+NR(R+NR,) |

IRRIRORI W+ W 0D RRRY (o
L [RyRs + Ro(Ry + Ry)]

[RR+MR(R+NZR,) |

(39)

W) =

with:
W, =2n’n2RR,RL,L
{% =n’L;[nfRy(2nJR, +R )+ 2R,R]’ 37)
Consequently, equation (11) can be rewritten as:
{S?f(wo) =1 (38)
YR La)=0

The solutions of this equation system are the N@Dabzer
parameters expressed as:
2.2
nl|: 2n2R0Rdngds _nli|_Rd
R.Re + Ry(R, +Rg)
— [{2| RiR +n/R, ("R, +R)
anZ RoRj \/ [ 2 :|
L= "NV RRy . (40)
nL,ah[ 2R,R +niR,(n‘R, + 2R)]
The existence condition of the resistance relateth¢ FET
parameters is defined by:
_ (RN} +R)[RyRs * Ry(Ry + Ry)] .
2nn,RR,R,R,

» the NGD center frequency should coincide with thg) Synthesis Equations of Ry

cavity resonance frequency:

w=a' =1/JLC. (29)

by inverting this equation, we can write the cafmaci

value:
C=1/(Laf).
e The equalized cavity input/output
transmission coefficients obey equations (10) drig. (
2) Synthesis Equations of Rand L

The magnitude of the transmission coefficient givian
equation (26) is equal to:

o 2NNRG R R + L (0 - &)’
Sﬂ(w)_ 2 2
[R.Re +Ro(Ry *+ Ro)|V X2 (@) +Y2(c)

(30)

(31)

reflection and

The resistancBn, serve to the NGD circuit output matching.
In function of the matching constrainfor example better than
-10 dB), it can be determined from equation:

S =r. (42)
It yields the equation:
(1_r)R0Rds
r(Re +R)+ R~ R
= ) 43
"7 WnRR, )

MR *R)+R — R,
To verify the feasibility of the developed equaliaa
method, a proof-of-concept will be examined in thext

section.
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IV. PROOFOFCONCEPT OFCAVITY RESONANCE
EQUALIZATION

6

2) Frequency Domain Demonstration of Equalized Cavity

The present section deals with the validations h t RESonance Responses

developed NGD equalization method for minimizing #ffect
of 3-D EM cavity resonance. The numerical applaadi in
both frequency and time domains were performed atldb
environment.

A. Frequency Domain Validation of the EM Cavity NGD
Equalization Method

After the proof-of-concept, description, validatioasults
based on transmission coefficient and GD are pteden this
subsection.

1) Proof-of-Concept Description

The proof-of-concept circuits of the 2-D lower reaace
frequency of the rectangular cavity designed in Ai2S®
schematic environment are presented in Fig. 6.ofatlg
works in [45-46], the proof-of-concept physical agldctrical
parameters are addressed in Table I. The resohaheior of
this structure was reported in [22]. The intereseatier may
find the equivalence between cavity parametershidiefin and
equivalent circuit design, developed
methodology, in [22]. The cavity is assumed to bastituted
by Copper enclosure and wire antennas. The NGDligqua
parameters were calculated from equations (39), 440 (43)
by taking r=-10 dB. The minimal value of FET
transconductance to realize the equalizatiamjg.=22 mS.

PRIC
c1 PRLCA" | C2
a ReRd - >~

L=Ld
c=cd

SRC3
T SHTY - 3
SRLC2r1 B2 = Term4
a R=R e Num=4
L-L L L Z=R0
B Y =

Fig. 6. Simulated schematic of cavity and cavitysD&juivalent circuits.

uctor1="L1

= Ind
Inductor2="14" Inductor2="L2"

TABLE |
CONSIDEREDPARAMETERS OF THE3-D EM CAVITY

Type Description Name Value

Ly 42 cn

Length d; 3cm

Geometrical d 2cm

Width L, 28 cnr

Heighi L, 3.8 cn
Resonance frequer fo=f11¢ 646 MHz

. Resistanc Ry 47 kQ
e(i?\\//;ém Induct_anc Ly 0.93 nk
circuit Capacitanc Cy 65.5 pt

Transformer coefficient n, 1
ratio n, 0.7

O 70 m<

FET Rae 200Q

o . R, 185Q

NGD circuit Resistance R 10
Inductanc L 5.98 ni

Capacitanc C 10 pF

through Kron’s

The present frequency domain analysis is baseherst
parameter simulated from 0.4 GHz to 1 GHz. Theibd#y of
the NGD equalization can be understood with resofi&m|”
in red dashed line) and equalized (“Eq.” in blaokdsline) of
S1 and GD plotted in Figs. 7. The bandpass NGD foncts
shown by the dotted blue curves with NGD centegudency
fi=fo and NGD value about -0.85 ns.

S, (dB)

GD (ns)

i
0.7
Frequency (GHz)

i i
0.6 0.8

Fig. 7. EMI (dashed red line), NGD (dotted blue)iand equalized (solid black
line): (a) magnitude and (b) GD frequency responses

The EM cavity resonance effect manifests with ceaca
response arourfd with peakS:(fo)=-0.72 dB andsD(fo)=4.47
ns. The dispersion due to the resonance over thdwidth
BW=0.1 GHz can be estimated with the ranges of adtigmu
AS1=-6 dB and1GD~4 ns. Thanks to the introduction of NGD
circuit, a significant reduction ofSand GD fastnesses into
ASine<-1 dB and 4GDnep<0.3 ns can be observed
respectively with black curves of Fig. 7(a) and .Fib),
respectively.
3) Equalized Resultswith Parametric Analysiswith Respect to
the Cavity Equivalent Circuit Parameters

In addition to the previous validation, for the teet
understanding on the NGD equalization method rotass,
parametric analyses were performed with differesities of
Rs={0.1 to 100 IQ}, Ls={0.9 to 1 nH} andCs={50 to 90 pF}.
Mapping $1 andGD results in the frequency band 0.5 to 0.8
GHz with respect toRq in logarithmic scale, is introduced in
Figs. 8. It can be emphasized that the equalizatfact is still
confirmed by the improvement of flatness 48{iemi, AGDemi)
compared 10 ASi, 4GDe). This flatness reduction
robustness is also verified with the other paraimetnalyses
with respect td_4 andCy as seen in Figs. 9 and in Figs. 10,
respectively. However, in these two last casesavhpetric
analyses the cavity resonance frequencies are tioneily
shifted while the NGD center frequency was Kep646 MHz.
More rigorous illustration of the resonance cavMGD
equalization method is discussed in the followinlgsection by
considering a Gaussian pulse modulated with sineewganal
carrier withfo.
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B. Time Domain Results of Bandpass NGD Equalization

A single pulse signal presenting a Gaussian wakrefaith
about 17 ns time width and 1 V amplitude was assumse test
signal. The time domain analysis was performetlims time
window with 0.25 ns time step. This input signalswajected
to the cavity and equalized cavity circuits by takinto account
the source and load impedan&es50Q. Therefore, we obtain
the transient input "), resonance circuit {&w”), and
equalized signal ("), results respectively depicted in Figs.
11(a-c). The corresponding signal envelopes (“Bnare
shown in Figs. 12. Fig. 11 and Fig. 12 rigoroustyfirm the
effectiveness of the bandpass NGD function equ#izan the
time-domain.

1

10 15 20
Time (ns)
Fig. 11. Transient plot results of (a) input, (MEand (c) equalized signals.

-
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Fig. 12. (a) Natural and (b) normalized envelopev(eplot results of input,

EMI and equalized signals.
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As expected in the previous frequency analysis, EMd
signalvem of Fig. 11(b) illustrates the time spreading duée
resonance from the cavity. The coherence betweeringut
and output signals can be assessed with correlatiefiicient
comparisons [47]. This correlation can be estimatdth
discrete signals, for example, giving the numbesahpling,
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kmaxz and the time stepht=t_. /K, .. We can denote the
sampled signals and the associated average vakpeatively:

Analysis of Distributed Single Carrier Systems Wilistributed Cyclic
Delay Diversity,” IEEE Trans. Comm, vol. 65, no., Ti®c. 2017, pp. 5514-

K) = KAt 5528.
VK( )_VK( ) [3] C. Gao and X. Cao, “Effect of Group Delay on ChdnEstimation
(44) Performance in OFDM System,” in Proc. 2009 Firsteinational

Kmax
Vi ave = ka(k) / kmax Conference on Information Science and EngineeNagjing, China, 26-28
k=1 Dec. 2009, pp. 2618-2621.
where the subscripk={in, EMI, eq.}. Accordingly, we have [4] P. M. Mariappan, D. R. Raghavan, S. H. E. A. Aleaml A. F. Zobaa,
considered the correlation coefficient, between the initial  “Effects of electromagnetic interference on thectiomal usage of medical
and signal envelope subscripted{ EMI, eq.}: equipment by 2G/3G/4G cellular phones: A reviewgtithal of Advanced
Kopa Research, vol. 7, no. 5, Sept. 2016, pp. 727-738.
Z[Vin(k) _Vin,ave:H:VK (k) _VK,aVe] [5] K. Ishida, T. Fujioka, T. Endo, R. Hosokawa, T.i&aki, R. Yoshino and M.
X, = k=1 . (45) Hirose, “Evaluation of Electromagnetic Fields ifaspital for Safe Use of

K 2 Electronic Medical Equipment,” Journal of medicgstems, vol. 40, no. 3
JZ{[vm(k) Ve J[ Ve () =V e |}
k=1

Mar. 2016, pp. 46/1-11.
. . [6] E. Hanada, K. Kodama, K. Takano, Y. Watanabe andlose, “Possible
T,he calculgted Cross coirela}tlon between the igput EMI electromagnetic interference with electronic medeguipment by radio
distorted S|gnals pIOtFed ,In Figs. 12 was equat,EWZGG,'Z%' waves coming from outside the hospital,” J. MedstSyol. 25, no. 4, Aug.
After the NGD equalization, the cross correlatioaswvidely 2001, pp. 257-267.
improved toxe=99.5%. [7] R. Azaro, S. Caorsi, M. Cosso, G. M. Costini, M.nBti, R. Ene, G. L.
Gragnani and M. Pastorino, “A semi-analytical agpgtofor the evaluation
of radiated immunity on a printed-circuit board rimetallic enclosures,”
Microwave and Optical Technology Letters, vol. 8@, 3, Nov. 2000, pp.
204-207.
8] M. Bertocco and A. Sona, “Analysis and Mitigatioh BMC Effects of
Electric Resonances in Circuits”, in Proc. 2018 8¢mp. On EMC, EMC

V. CONCLUSION

An original equalization method of 3-D EM cavity Elsind
resonance effect by using bandpass NGD functianitiated.
The developed NGD method presents a considerabj#isity.
The method is based on the S-matrix modelling efaavity Europe 2018, Amsterdam, The Netherlands, 27-30 2088, pp. 930-934.

and NGD equivalent circuit. The equalization anajit [9] X. T. I. Ngu, A. Nothofer, D. W. P. Thomas and ChriStopoulos, “A

meCh?nism as a funCtiO'n of the NGD key pgrameters I Complete Model for Simulating Magnitude and PhasEraissions from a
described. The NGD function synthesis approacbtatished  puT Placed Inside a GTEM Cell,” IEEE Trans. Eleatagn. Compat., vol.

as a function of the EMI effect. 49, no. 2, May 2007, pp. 285-293.

The relevance of bandpass NGD equalization istitisd [10] D. Hansen, D. Ristau, W. A. Radasky and K. S. Srtburces of problems
with both frequency and time domain applicationsca\/ity in the GTEM structure and recommended solutions,Pioc. Symposium
proof-of-concept corresponding to a rectangular &idlosure on Electromagnetic Compatibility, 1996, Santa Cl&xa, USA, 19-23 Aug.
was performed. The frequency and time domain asslyere 1996, pp. 48-51. ,
realized by considering equivalent circuits simedatin a 12114 L- Wang, O. Wada, Y. Toyota and R. Koga, "Cogesrce acceleration
commercial tool environment. The NGD equalization and accuracy improvement in power bus impedanailegion with a fast

f ibili ified with i f . algorithm using cavity modes,” IEEE Trans. Electegm. Compat., vol. 47,
easliol |ty was quantl led wit |mprovement of teamission ho. 1, pp. 2-9, Feb. 2005.

coefficient and GD flatness around the resonaneelmncy' [12] M. Luo and K.-M. Huang, “Prediction of the Electragnetic Field in

Furthermore, time domain analyses rigorously camfihe
feasibility of the EMI equalization effect. The tiged signal

Metallic Enclosures Using Artificial Neural Netwa@R Progress In
Electromagnetics Research, vol. 116, pp. 171-1841 2

envelope was clearly improved with the correlatoefficient [13]V. Rajamani, C. F. Bunting, M. D. Deshpande anéZ<han, “Validation

increasing from 66.2% to more than 99.5%.

of Modal / MoM in Shielding Effectiveness Studie$ BRectangular

As ongoing research, the proposed NGD EMI equatiaat enclosures with Apertures,” IEEE Trans. Electromagpmpat., vol. 48, no.
method will be validated by measurement and algiegpto 2 May 2006, pp 348-353. o , _
multiple EMI source effect reduction. In the futurthe [14]J3. M. Lu, Y. S. Li and‘M. S.‘Zhang," ‘An efficienP8CE-compatible cavity
developed NGD equalization method can be poteptiall resonant model for microstrip lines,” IEEE Tranenipon. Package. Manuf.

. . . Technol, vol. 1, no. 4, Apr. 2011, pp. 574-585.

exploited to correct complex EMIS as_ in the revm_{ben https://www.3ds.com/products-services/simulia/padicst-studio-

chamber (RC) [48, 49From both simulation and experimental = it/ accessed 2020.

point of views, the proposed methodology (noiseigatton [16] nhitps://www.ansys.com/products/electronics/ansgs;tdccessed 2019.

through NGD equalization) might also be helpful whiealing [17] nhttps:/altairhyperworks.com/product/FEKO/Applicats-Antenna-

with EMC issues involving printed circuit board<Bs), as for Design, accessed 2020.

numerical [49-51] EMC susceptibility and/or emissi{SO] [18] https://www.keysight.com/us/en/assets/7018-02348Hures/5990-

problems. 4819.pdf, accessed 2020.

[19] EM/EMC Simulation Software, https://www.emcos.copnftluct-

types=em-simulation-software, accessed 2020.

[20] M. P. Robinson, T. M. Benson, C. ChristopoulosF.JDawson, M. D.
Ganley, A. C. Marvin, S. J. Porter and D. W. P. s, “Analytical
formulation of the shielding effectiveness of esc@s with apertures,”
IEEE Trans. Electromagn. Compat., vol. 40, no. 3g AL998, pp 240-248.
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