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Chapter

Waveguide Port Approach in EM
Simulation of Microwave Antennas

Faik Bogdanov, Irina Chochia, Lily Svanidze and Roman Jobava

Abstract

This chapter generalizes a recently proposed MoM-based approach to waveguide
port excitation (WPE) problems on arbitrary conducting and composite geometries.
This approach combines the canonical aperture coupling approach with the EFIE-
PMCHWT formulation for composite structures. Each WPE problem in this approach
is divided into equivalent sub-problems for internal and external regions, which are
solved using the MoM. Internal WPE problems are solved using waveguide modal
expansion in the port plane, while external problems are solved using the equivalence
principle to reduce these problems to the systems of algebraic equations for unknown
electric and magnetic currents. The developed approach is validated on radiation and
coupling problems for coaxial ports by comparing simulated results with those
obtained by other approaches and measurements. An excellent agreement between
the simulated and measured results is demonstrated. Finally, this approach is applied
to practical EMC problems for microwave antennas fed by coaxial ports.

Keywords: coupling problem, coaxial port, equivalence principle, method of
moments (MoM), waveguide modal expansion, waveguide port

1. Introduction

The excitation problem is of increasing importance at microwave frequencies [1].
Microwave antennas and other microwave devices are often fed by waveguides (rect-
angular, circular, and coaxial) or transmission lines (such as microstrips). In general,
these devices are composite structures consisting of both conductive and dielectric
elements. Therefore, the appropriate modeling of the waveguide excitation of such
structures is of great interest. Such modeling in numerical methods is usually done by
truncating the feed waveguide to create a waveguide port and formulate suitable
boundary conditions (BC) imposed on the port. Such BCs should be able to launch an
incident wave into the waveguide and absorb the reflected (in active mode) or
received (in passive mode) wave without spurious reflections [2].

To date, most approaches to solving the waveguide port excitation (WPE) problem
are based on volume discretization methods, such as the finite-element method
(FEM) [1, 2], finite difference time domain (FDTD) [3-5], discontinues Galerkin
time-domain (DGTD) [6], contour integral method (CIM) [7], etc. Most of these
works use various modal absorbing boundary conditions (MABC) [4, 5], developed
for time-domain methods as termination conditions imposed on the port.
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At present, many electromagnetic (EM) problems are solved using surface integral
equations (SIE) together with the method of moments (MoM) [8]. Within the frame-
work of SIE, the WPE problem was first formulated as an aperture coupling problem
for a conducting geometry, and the MoM solution for magnetic currents was obtained
in the presence of a short-circuited conductive sheet [9]. This approach was then
modified using the pseudo-image method for magnetic currents in addition to electric
currents [10]. Further, MoM was applied to the waveguide port problems [11] and
antenna radiation problems with aperture port excitation [12]. However, until
recently, a MoM-based solution to the WPE problem for arbitrary geometries has been
poorly represented in the literature. In our recent works [13-15], such a solution was
obtained for radiation and coupling problems for various types of geometries.

This chapter generalizes the recently proposed MoM-based approach to WPE prob-
lems [13-15] on arbitrary conducting and composite geometries. The obtained approach
combines the canonical aperture coupling approach with the EFIE-PMCHWT formula-
tion for composite structures [16-22]. Each WPE problem in this approach is divided
into equivalent sub-problems for internal and external regions, which are solved using
the MoM. The internal WPE problems are solved using waveguide modal expansion in
the port plane, while the external problems are solved using the equivalence principle to
reduce these problems to the systems of algebraic equations for unknown electric and
magnetic currents. The obtained solution also considers the problem of material junc-
tions between adjacent surfaces, considered in [19-22].

The developed approach is validated on radiation and coupling problems for coaxial
ports by comparing the simulated results with those from other approaches and mea-
surements. In addition, this approach is applied to practical EMC problems for micro-
wave antennas fed by coaxial ports. The MoM calculations were performed using the
TriD numerical code incorporated in the EMCoS Studio software package [23].

2. Waveguide port approach for conducting geometry
2.1 Dividing the original problem into equivalent problems

Figure 1a illustrates a canonical waveguide port problem for conducting geometry.
This geometry consists of a semi-infinite waveguide 1 with perfect electric conducting
(PEC) walls and a microwave structure 2, which is yet supposed to be conductive. We
intend to create port P in waveguide 1 to divide the geometry into two regions (A and
B) to truncate the mesh in the region A and impose appropriate termination
conditions in the port plane.
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Figure 1.

(a) Waveguide port problem for conducting geometry; (b) Equivalence for the internal region A; (c) Equivalence
for the external region B.
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For this purpose, we follow the classical approach for the aperture problem [9] to
divide the original problem into two equivalent problems, as shown in Figure 1b and
c. We introduce a perfectly conducting surface S into the port plane P to separate
regions A and B and consider two equivalent sub-problems: internal (for region A)
and external (for region B). In addition, we introduce equivalent magnetic currents
and M on both sides of S to restore the tangential electric fields on the boundary
surface S”. Let us consider these equivalent problems separately.

2.2 Formulation of the internal equivalent problem

Consider an internal equivalent problem for the region A. The total EM field in the

region A is composed of the incident field E™, H™ and the reflected field E"/, H"Y
generated by magnetic currents in the presence of a conductor. According to the

equivalence principle [24], these currents are related to the total electric field Eff on
the port surface S” by the relation:

~M = -nxE =ng x E§ (1)

where n is the internal normal in the region A, and np = —n is the propagation
direction of the incident wave.

Equation (1) relates the total electric field at the port surface S* to magnetic
currents depending on the geometric and material properties of the external region B.
The internal equivalent problem is to find the modal expansion of the total EM field at
the port surface S” through these currents.

2.3 MoM solution of the internal equivalent problem

The total EM field in the region A on the port surface S” can be generally written as
the sum of the incident (+) and reflected (—) TEM (if exists), TE, and TM modes
[2, 13]:

NTE NTM
E; = (ag +a5) TEM+Z a; +a;) e+ (b +b;)e™ 2)
1 NTE iy
Y = o —ai) (o %) 4 > s o ) = )

(3)

NTM

1
+ZZW(@+ —b,) (no x &™)

where a* and b, are the mode amplitudes, e]*™, e¥ and e™ are the transverse modal

functions of TEM, TE and TM waves with wave impedances Z = \/u/e, Z1* = wu/y,
and Z™ =y, /we, respectively, € and y are the permittivity and permeability of the
medium, I is the propagation constant, and N'* and N™ are the numbers of
accounted TE and TM modes, respectively.

Next, we use the MoM to relate the mode amplitudes of the reflected fields in (2),
(3) to the magnetic currents M. The port surface S” is discretized into planar patches,
and the unknown magnetic currents are approximated as
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NG

where f,, are linear independent basis functions (BFs), M, are unknown expansion

current coefficients, and N is the number of these BFs on the surface S”. Substituting

now (4) and (2) into (1), multiplying both sides by ng x el®™, ng x el and ny x eI,
respectively, and integrating over the port surface S%, we relate the amplitudes of the

reflected waves with those of the incident waves and magnetic current coefficients:

N* N* /
M,T M, T
(1; = —ﬂj - ;12 = 5 bS_ = _b:r - Z% (S = 0) 1’ 2) ) (5)
n=1 $ n=1 s
where

ns

Too = an . (110 X egEM)dS', T, = an . (no X eTE)dS/, T = an . (no X esTM) ds'

Sa Sﬂ Sﬂ
(6)
Ry = J (ng x eg®™) (ng x ef™)dS’, R, = J (no x €[*) (no x €/*)dS,
x x )
R = J (no x ™) (no x e/™)dS’.
Sa

Substitution of (5) into (2), (3) determines the total electric and magnetic fields on
the port surface in region A through the still unknown magnetic currents.

2.4 Formulation of the external equivalent problem for conducting geometry

Consider now an external equivalent problem for conducting geometry. The
scattered EM field in the external region B in Figure 1c of the conducting geometry is
produced by electric currents J flowing over surfaces S” and S° and equivalent
magnetic currents M at the surface S?, which can be written as:

ES(J,M) = LYy + L*MM (8)
H:(J,M) = L7y 4 LPMM 9)

where L¥, L*™ L and LM are the linear integro-differential operators of electric
and magnetic fields applied to the electric and magnetic currents, respectively.
Applying the boundary conditions for the tangential electric and magnetic fields on
the surfaces S” and S°, we obtain the following system of integral equations for the
unknown electric and magnetic currents J and M

NS

E;(J,M) =0 just outside S* (10)

tan

Hg (J, M)

oSS =Hj |, justinside S (11)
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2.5 MoM solution of the external equivalent problem for conducting geometry

To obtain the MoM solution to the BC (10) and (11), we consider, along with
Eq. (4), the following expansion for an unknown electric current J:

N*+N*

J= > Lf, (12)

n=1

where f,, are the BFs taken the same as for the expansion of magnetic currents in (4), I,
are the unknown expansion current coefficients on the surfaces S” and S, and N* and
NF¢ are the numbers of these BFs on these surfaces. Substitution of expansions (4) and
(12) in (8) and (9) gives the following expressions for the EM field in region B:

N4 N
E-;BC(L M) = Z InLE]fn + ZMnLEMfm (13)
n=1 n=1
N4N° N
HE(J,M) = Y LLYf,+Y M,L"™f,. (14)
n=1 n=1

Substituting now (3), (5), (13) and (14) into (10) and (11), introducing the bound-

inside ~ MM
and. =LAM

M _ LEM outside

~J] E]‘ -], ~ MJ H
ary operators L™ = L L L =L
Y op S448¢ ’

) and
S48 N
testing the resulting equations with appropriate weighting functions wy (r), wy(r), ...,

W, (r) leads to the following system of linear algebraic equations

A T T o) s
zw) [z ) L]
with elements defined as:
. ~ 1
Z{,{m — —<Wm,L]]fn>a Z% = _<Wm) (L]M +§nX)fn>, (16)
- 1 ~
M _<wm, <LM] +§n><>fn>, 20 = (w, ™) + QY (a7)
A TE A TM ~/
To Tuo N~ Ty Tos S~ T, T
Qx\l; _ im0 + ms ns , (18)
W R ; W R, ; wiM R,

VW= _2

m

(19)

’j" NTE 7\_' NTM j\_‘/
mo 4 ms_ o+ ms_p+
ag + v ils |

where I and 1" are the regular parts of the boundary operators ™ and f,M], the
notation (w, f) = ['w - fdS is used for the scalar product, and

TmO _ me ] (110 v egEM)dS’,Tm; _ me . (no % eSTE)dS/,.IZ/mS _ me . (no % eSTM)dS/
Sﬂ Sa Sﬂ
(20)
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In the case of Galerkin’s procedure w,, = f,,, and coefficients (20) and (6) become
the same. The MoM system (15) determines the solution to the waveguide port
problem in the conducting geometry.

2.6 Validation of the developed approach for conducting geometry

The developed approach has been validated to simulate the scattering characteristics
of a flanged coaxial line as proposed in [25-27]. Such structures are frequently used in
biomedical engineering for non-destructive testing of various materials [25-27].

When modeling a coaxial line, it is convenient to choose the port plane at the output of
the line to provide fast damping of evanescent waves. In this case, it can be assumed
NTE = N™ — 0 in (2) and (3) to take taken into account only fundamental, TEM mode
with the modal function el*™ = e, /[p - In (D/d)], where p is the radial distance, e, is the
unit radial vector, and D and d are the outer and inner diameters of the coaxial waveguide.

Figure 2 shows a flanged coaxial line consisting of a coaxial waveguide section with
an outer radius D/2 = 4.725 mm, an inner radius of d/2 = 1.4364 mm, and a length L =
10 mm, ended with a circular disc with a diameter 2R = 200 mm. The bottom plane of the
waveguide is accepted as a waveguide port, and the structure is excited in this port by
TEM mode. To validate the developed approach for conducting geometry, we analyze
the case when both the waveguide and outer space have the same permittivity &, = 2.05.

Figure 3a and b show the magnitude and phase of the reflection coefficient at the
end of the coaxial line used as the reference plane. We compare the simulation results
obtained using the developed approach, the mode-matching technique [25], and the

Reference Plane

Figure 2.
Geometry of open-ended coaxial line flanged with a civcular disc: D/2 = 4.725 mm, d/2 = 1.4364 mm, L =
10 mm, 2R = 200 mm, &, = 2.05 inside and outside the line.
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Figure 3.
(a) Magnitude and (b) phase of the reflection coefficient versus the frequency of excitation at the end of the flanged
coaxial line, calculated for various approaches.
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matrix pencil method [26] with measurement data [27]. Note that infinite flanges are
assumed in [25, 26]. Phase data conforms to the time convention exp (—iwt).

Comparison of various results shows excellent agreement between them. How-
ever, the phase characteristics obtained by our approach agree somewhat more accu-
rately with the measurement data. Thus, the obtained results validate the developed
approach to modeling a coaxial waveguide port for conducting geometries.

3. Waveguide port approach for composite geometry
3.1 Equivalent problems for composite geometry

Figure 4 shows the geometry of the problem, consisting of a composite structure
composed of k-1 homogeneous regions D;, i = 1,2, ..., k—1, located in the free space
region Dy and exposed to waveguide excitation from the waveguide region B, which
will be considered as k-th region of the problem. The region Dy, is a finite section of the
waveguide, confined by the PEC walls, the port surface %, and the dielectric surface

S¢, through which the structure is fed. The port surface S, separates the region D;, (B)
from the semi-infinite waveguide region A with incident waveguide excitation. In
addition, each region D; is excited, in general, by the incident field E/*, H™.

To formulate the waveguide port excitation problem through the port surface %,
we first consider the aperture coupling problem between the waveguide regions A and
B [9]. Thus, we cover the port surface S” with a PEC sheet and introduce equivalent
magnetic currents —M and M on both sides of S to divide the excitation problem into
two different equivalence problems: the internal problem for region A, and the exter-
nal problem for region B (Dy), as done in Section 2.1. Then, the internal equivalent
problem is identical to that formulated in Section 2.2 and solved in Section 2.3. The
external equivalent problem requires consideration of equivalent problems for each
boundary surface in regions D;, i = 1,2, ..., k, including the port surface S*.

3.2 Formulation of the external equivalent problem for composite geometry

An external equivalent problem for composite geometry is reduced to a set of
equivalent problems for each conducting and dielectric boundary S¢ and S? of free
space region Dy (i = 0), composite structure regions D; (i = 1,...,k-1), and finite

So
Do ’r’ ________ T==J
\
- D; l' \
...'x \
Ti S5 e TN
N
— | / i Sc Sg 1
§ ”B(Dk)l‘ D1 n'J - l'
-M M \ /.I, S ] / i
S,q UMI Y4
S . L7 a-_:\ D 7
e ;i J— Sjii M\ 5
o D i\ ’
R v L7
~ >

N e — -

Figure 4.
Waveguide port problem for composite geometry with waveguide excitation.

7



Microwave Technologies

waveguide region Dy, (i = k). In turn, each surface S/ comprises a set of boundary
surfaces s; = D;ND; (i # j), being the interfaces between the regions D; and D;.

Per the equivalence principle [24], the total EM field inside the i-th region D; can
be expressed as the sum of the incident field E/, H" and that induced by the total
surface currents distributed over its boundary surface S; and radiating into a homo-
geneous medium with constitutive parameters ¢; and y; of the region D;. The total
electric currents J; on the boundary surface S; consist of conducting currents J¢,
flowing on the inner sides of conducting boundaries S;, and equivalent electric cur-
rents J7, flowing on the inner sides of dielectric boundaries S7. Magnetic currents in
the region D; are equivalent currents M?, flowing on dielectric boundaries S%. In
addition, in the waveguide region D, there are equivalent magnetic currents M on the
port surface S.

Unknown electric and magnetic currents can be found using the boundary condi-
tions at the conducting boundaries of the composite structure:

tan

dielectric boundaries of regions D; (i,j = 0,1, ..., k,i #j):

. ; . Sij
B+ B (00,1, MY, M) ][ = [ B9+ B (5,0, MY, Ma)]| (22)
tan
j Sij inc c Si
[H B (0,07, MY, M) [ = [F 1 (35,04 MO M)l |, (23)
and on the port surface S, and the conducting boundary S, of the k-th region:
P g Y Ok g
inc sc (¢ 14 d S8, . . a
[ +E; (Ji, Je, M, M) || ™ =0 just outside S (24)
[Hy + Hy (05,05, ME, M) |5, = H | just inside $°, (25)

where 0, is the Kronecker delta, which shows that magnetic currents M radiate only
in a waveguide region D;. The magnetic field on the right-hand side of (25) is
expressed by Eq. (3). The scattered EM fields in (21)-(25) can be expressed in terms
of electric and magnetic currents J; and M; in the dielectric region D; as

E‘(J:,M;) = —Lf]( i) — LPM (M) (26)
HY (J;, M) = —L;” (J;) — L™ (M) (27)

where L, LP, L and LM are linear integro-differential operators of EM fields
applied to currents radiated in the i-th region. It can also be shown [19-22] that the
equivalent currents on opposite sides of the dielectric boundaries are related as:

)¢ = _]?, M? = —M;i. on sj; (28)
Equation (21)—-(25) together with relations (26)—(28) and expansions (3) represent

the general (EFIE-PMCHWT) form of integral equations for a composite structure
with an arbitrary excitation, including the waveguide port.
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3.3 MoM solution of the external equivalent problem for composite geometry
To solve the coupled system of integral Egs. (21)-(28), we use the MoM to

discretize the geometry of all boundary surfaces of the regions D; (i=1, ... ,k) into the
planar patches and to consider the following expansions for the unknown currents:

N"+Nj, N, NC€

o= S Ef, M= M, []0=Y 1, (29)
n=1 n=1 n=1
Il lico Zldfn, [Md ZMdfn, (30)

where f, are the suitable BFs, I, M,,,IS, I and M are the unknown expansion current

coefficients, and N*, N%, N© and N? are the numbers of BFs on the surfaces

5%, 8 [S L »» if any, and [Sd} , respectively. Expansions (29) and (30) take into
account relations (28) for unknown equivalent currents on opposite sides of the
dielectric boundaries. They also consider the ratios for adjacent currents at material
junctions, which are the boundaries between several media [22].

Substituting (29) and (30) into (21)—(25) taking into account (3), (5), (26)—(28)
and testing the resulting equations with weighting functions w;(r), w(r), ..., Wy, (1),
defined in the range of the respective boundary operators, we obtain the following
MoM system of linear algebraic equations:

R 0 [z”] [sz] lem1 1 e o
¢ d d
2] Z2eQul o [22] 22| [y | | s v
o o [r] ) ||| =] e
2] [z 2] [ [ || V3]
) : ) : d
[ZMW} [ZMdM} [ZM‘UC} [ZMde} [szmd] LM L v
(31)
where the matrix elements are defined as an@ = —<wm, f,aﬁfn>, f,aﬁ is the respective

boundary integral operator, superscripts a, f = {]“,M, JC, ]d,Md}; Ve = <wm, ’”C>
M _ C A1 _ j ' Hd]

Vm _ <Wma mc> [V } _ <Wm,Emc> [VmL] = <Wm,E;."C _ E’]?"C>, [Vm L] —

<wm, Hﬁ"” — H’j”“> are the voltage elements due to the incident wave in i-th and j-th

media, and the elements QXIVW and VZIV are the same as those expressed by (18) and
(19) and determine the additional inclusions in the matrix and voltage elements due to
the waveguide ports.

The MoM system (31) generalizes the solution (15) of the canonical waveguide
port problem to the case of composite geometry. In the structure of the MoM matrix
of this solution, blocks of waveguide excitation, complex structure, and couplings
between these objects through dielectric interfaces are clearly seen.

9
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3.4 Validation of the developed approach for composite geometry

The developed approach has been validated to simulate the scattering characteris-
tics of a single monopole antenna, fed by waveguide excitation from a flanged coaxial
line with dielectric filling. Figure 5a shows a schematic view of such antenna with a
height s, = 10 mm placed above a square metallic plate of 20 mm x 20 mm, which
serves as a reflector. The coaxial line has an outer diameter D = 6.98 mm, an inner
diameter 4 = 2 mm, and a length %, = 15 mm. The line bottom end is accepted as a
waveguide port, and the input impedance of the antenna at this port is simulated for
various dielectric fillings of the line.

Figure 6 shows a comparison of the input impedances, calculated by the developed
approach for the model of Figure 5a with ¢, = 1.0001, by the WPE approach for the
conducting model of Figure 5b, and by discontinuous Galerkin time-domain (DGTD)
method [28]. An excellent agreement between the obtained results is seen, which
confirms the equivalence and correctness of both WPE approaches (for conducting
and composite geometries) for very low dielectric fillings of coaxial lines.

d
________________ S

Figure 5.
Single monopole antenna fed by a flanged coaxial line: (a) with dielectric filling; (b) without dielectric filling.

- MoM Empty Re fosmacas {

800
I | II I I 1 | :
: : : : ‘ : : E
R e SR O e
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04
w ¥ L b MoMepeLo00
[~ MoM Empty Im
: ; : : : |¢ oD m
-400 I | | | I I | |
1 2 3 4 5 6 7 8 9 10

Frequency [GHz]
Figure 6.
Comparison of the input impedances of a monopole antenna in the port plane, calculated by the MoM for €, =
1.0001 and &, = 1 with DGTD method.
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Figure 7.
Comparison of the input impedances of a monopole antenna in the port plane for the dielectric filling of a coaxial
line €, = 2.25 calculated by MoM and DGTD method.

Figure 7 shows a comparison of the input impedances, calculated for the model of
Figure 5a with &, = 2.25 using the developed approach and DGTD method. An excel-
lent agreement between both results is seen, which validates our approach to treat
arbitrary dielectric and geometric parameters of composite structures with waveguide
port excitation.

Comparison of Figures 6 and 7 shows that the use of dielectric filling of the coaxial
line shifts the resonances of the input impedance to lower frequencies. In addition,
this leads to a change in the line’s characteristic impedance from 75 Q in Figure 6 to
50 Q in Figure 7. Thus, the developed WPE approach for composite geometries covers
a wider area of geometries and provides more control over the characteristics of the
analyzed structures.

4. Waveguide port approach in coupling problems
4.1 Problem formulation

Consider the coupling problem between several composite structures fed by wave-
guide excitations. Although each structure can be formed from an arbitrary number of
dielectric regions, for simplicity, we will consider only one-region structures with
composite (dielectric and conducting) boundaries. Figure 8 shows the geometry of the
problem consisting of N waveguides W; radiating into dielectric regions D;, i = 1,2, ... N,
surrounded by closed surfaces Sp, with partially conducting boundaries Sy, and inward
unit normal np,. Waveguides W; are filled, in general, by dielectrics with permittivities
¢; and permeabilities y;, and the regions D; are filled by dielectrics with parameters ¢p,
and yp, . An outer space region Dy is a free space with material parameters g, y.

The waveguide ports P; in cross-sections S; divide the waveguides W; into
semi-infinite regions A; and finite regions B; to truncate the mesh in regions A; with
incident waveguide excitation and act as excitation sources of composite regions D;
through the dielectric boundaries Sj’éi p, between the regions D; and B;. Each region B,

D; and Dy is also excited, for generality, by the impressed EM field EZ’C, HZ’C,
a = B,‘, D,‘ 5 Do .

11
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Figure 8.
Geometry of the problem.

To formulate the waveguide port excitation problems through the port surfaces S?,
we consider the aperture coupling problems between the regions A; and B; to divide
an original problem into two sets of equivalence problems: internal problems for
regions A; and external problems for regions B;, D; and Dy. For this purpose, we cover
the port surfaces S with PEC sheets and introduce equivalent magnetic currents —M;
and M; on both sides of S7 to restore tangential electric fields on the port surfaces S;.

4.2 Solution of the internal equivalent problem

The internal equivalent problems for the considered geometry are similar to those
formulated in Section 2.2 and implemented in Section 2.3. According to the equiva-
lence principle [24], the magnetic currents in the regions A; are related to the total

electric field Ei?i on the port surface S? by the relation:
~M; = —n; x E =ng x E} (32)

where n; is an inward normal in the regionA;, and no; = —n; is the propagation
direction of the incident wave. Thus, the solution of the internal problem is expressed
by formulas analogous to those obtained in Section 2.3 with adding the index i, when
necessary.

4.3 Formulation of the external equivalent problem

When considering the external equivalent problem, let Sp be the conducting

boundary of the region B;, including the inner sides of the waveguide walls and the
conductive part of the boundary surface between the regions B; and D;; Sp, is the

conductive part of the boundary surface Sp,, and Sj, is the conducting boundary of the
region Dy, including the outer sides of the waveguide walls and all conducting
boundaries between the regions Do and D;. Further, SdDiBi is the dielectric boundary

between the regions D; and B;, and SdDi p, is the dielectric boundary between the

regions D; and Dy. Per the equivalence principle [24], the dielectric boundaries
between different regions can be replaced by oppositely directed equivalent electric
and magnetic currents flowing on both sides of the dielectric interfaces.

The EM field in the waveguide region B, is created by electric currents J; flowing

along the port surface S; and conducting surface Sj , equivalent electric and magnetic
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currents —]fl)iBl, and —Mfl)isi flowing along the dielectric interfaces Sfl)i p,» and equivalent
magnetic currents M; flowing along the port surface S;. The EM field in the region D;
is created by electric currents J;, flowing along the conducting surfaces S}, , equivalent
currents ]%i p, and M%l, p, flowing on dielectric boundaries SdDi p, between the regions D;
and B;, and equivalent currents ]%i po and M’éi p, flowing on dielectric boundaries S‘éi Dy
between the regions D; and Dy. The field in the free space region Dy is created by
electric currents S, flowing along the total conducting boundary of the region D,
and equivalent currents —]%i po and —M”Li)i D, at dielectric boundaries between the
regions D; and D,.

The unknown currents J , Mi’JCDi’JdDi B> M%,- o ,]‘éi Dy> Mgi p,can be found from
the boundary conditions on the port surface and the conducting boundaries of the
waveguide region B;:

' d Sﬂ+SC
|:Emc E:c ( s za JD B> MD B, )] =0 juSt outside S? (33)
[Hinc + e < < M, —J¢ ., —M? )} S HY just inside S? (34)
B, B; \JB;» ™l —Jp.B;> DiB; ) | |tan = TRA; | ) i

and the boundary conditions on the conducting and dielectric boundaries of the
regions D; and Dy:

[Elglc + E—g, (Ji)i’JdDz‘Bi’ Mle_Bi’JdDiDoa M%;‘Do)] o =0 on SCDZ (35)
[Egic + ESBC: ( %i’ Mi, _]dDiB" _MdDiBi)] t - 4
d d an on SDiBi (36)
[EW + Ej, (JD ’JDB > Mp 3, Jb, 00> Mp,p, ] tan
[Hmc-i—Hsc (JDaMl JDB’ M%Bﬂ t d
. d d d an on SDiBi (37)
[Han,c + HSDCI' (JCDi’JD,-Bi’ MDiBi’JDiDO D DO>] tan
N
. d d I
Eglg + Z ES[C)O (JCDO’ _JDiDo’ _MDiD()):I Ias SDO o
= tan
[Egllc + ESDCi (ED{}J%{B,’) M%,'Bi’JdDiDo’ MdDiDO)] tan -
| | on Shp. (39)
B+ E5, (Jb,) + D E5, (Tho, —Mbp,)
Py tan
|:H%l1€ + ng (JCDi’JdDiBi’ M%;Bi’ JdDiDO’ MdDiDO)] tan -
on SdDiDO (40)

N
Hg -+ H5, (15, ) + Y HS, (Th0, —Mbp,)]
i=1

tan

The scattered EM fields in (33)-(40) are related to the equivalent electric and mag-
netic currents by Eqs. (26) and (27). After substituting (26) and (27) into (35)-(40),
Egs. (35)—(40) represent a coupled system of integral equations in terms of unknown
currents for solving the coupling problem between several composite structures.

13
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4.4 MoM solution of the external equivalent problem

To solve the boundary problem (35)-(40), we use the following MoM expansions
for the unknown currents:

c
N*+Ng Nb,

N¢ Nf, D
) = 3 MY =Y Mg 5] = E T, = Y B0, ()
n=1 n=1 n=1 n=1

N N* N N* N“
[JdDiBi’JdDiDo]i,1 - lef”’ |:MdDiBi’ MdDiDo]i,1 AN ZMZf"’ [Mi]fil 7\ ZM"f” (42)
B n=1 B n=1 n=1

where £, are the suitable BFs, I'?, I'?, LY, I;l,Mi and M, are the unknown expansion
current coefficients, and N*, N, Np, N, and N7 are the numbers of these BFs on the

N N N p PR
surfaces [Sﬂiil, [SJCS,} . [Si),} .71,830 and [S DiB;> 5D, Do:| . respectively. Substituting
now (41) and (42) into (35)-(40) with an accounting of (3), (5), and (26) and (27) for
each i-th region and testing the obtained equations with weighting functions w;(r),

W3 (), ..., Wy, (1), defined in the range of the respective boundary operators, we obtain

the following MoM system of linear algebraic equations:

[ 7/ Z/sM 0 o zZV ZM]
ZM]i3 ZMM + QW 0 0 ZM]d ZMMd 6B ] - \Va -
M v v
0 0 Zo)b 0 70 M| | e Ve
0 0 0 Dodee gt AuM | [ TP | | V™
d d
dqe de dqe d e gdjd dnsd I 14
Z]]B Z]]D Z]]D Z]]DO ZZ Z]M Md VHd
| M ZM'M oM, MG oMt oMM |

(43)

where the elements of the block matrices are defined as: Z;"fn =< —<wm, I:?ﬁfn>, LY is

the respective boundary integral operator, superscripts a, f = {]CB,M JD3s Dy ]d,Md},

voltage elements are defined in the same way as in Eq. (31), and the elements of the
block matrices Q" and VW are expressed by (18) and (19) for each i-th feeding
waveguide and determine the additional inclusions in the matrix and voltage elements
due to the waveguide ports. The MoM system (43) defines a solution to the coupling
problem between several composite geometries. In the structure of the MoM matrix of
this solution, blocks of waveguide excitations, complex geometries, and couplings
between them are clearly seen.

4.5 Validation of the developed approach for coupling problems

The developed approach has been validated on a two-element antenna array fed by
coaxial waveguide ports by comparing the simulation results obtained using the
developed MoM approach and the DGTD method [28]. Figure 9 shows a schematic
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view of two identical monopole antennas flanged over the PEC plate and fed by
coaxial waveguides with generally different diameters and dielectric fillings. The
monopoles located at a distance L, = 40 mm from each other have the same height 4,
=10 mm above the PEC plate with a width W = 40 mm and a length L = 80 mm,
which serves as a reflector. Coaxial waveguides have the same inner diameter d; = d,
=2 mm, but generally different outer diameters D, and D, and relative permittivities
€1 and ¢,. The depth of each coaxial waveguide under the flange is %, = 15 mm, and its
end is taken as the reference plane of the waveguide port.

Figure 10 shows the real and imaginary parts of the transmission coefficient Sy =
ay,/a}, between waveguide ports 1 and 2 with the same radii and dielectric fillings:
D4/2 = D,/2 = 6.65 mm, and ¢,; = ¢,, = 5.17, which leads to the same characteristic
impedances: Z,; = Z, = 50 Q. The developed MoM approach and the DGTD method
are compared. The first antenna in these simulations is considered active, and the
second is passive. Comparison of these results shows very good agreement between
them over a wide frequency range from 1 GHz up to 10 GHz. This validates the
developed approach in modeling coupling problems for coaxial waveguide ports with
the same characteristic impedance.

d, d,
S

Figure 9.
Schematic view of an array of two identical monopole antennas fed by coaxial waveguides and flanged above the
PEC plate.

Transmission Coefficient

Frequency [GHz]

Figure 10.
Transmission coefficient between the of the antenna array waveguide ports with the same parameters of the feeding
coaxial waveguides.
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Figure 11.
Transmission coefficient between the waveguide ports of the antenna array for the same permittivities €., = €,, =

2.25, but different outer vadii: D,/2 = 3.49 mm, D,/2 = 6.52 mm.
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Figure 12.
Transmission coefficient between the waveguide ports of the antenna array for the same outer radii D,/2 = D,/2 =
5.3 mm, but different permittivities: €., = 4 and €., = 1.78.

Figures 11 and 12 show a comparison of the transmission coefficient S»; =

ag,/asi\/ Zea | Z> between waveguide ports 1 and 2, calculated by the MoM and DGTD
method for different parameters of coaxial waveguides. Figure 11 is made for the
same fillings of waveguides: ¢,1 = ¢,, = 2.25, but with different outer radii: D,/2 =

3.49 mm and D,/2 = 6.52 mm, while Figure 12 is performed for different fillings: ¢,1 =
4 and ¢,, = 1.78, but with the same outer radii D;/2 = D,/2 = 5.3 mm. Both cases result
in characteristic impedances of waveguides Z,; = 50 Q and Z,, = 75 Q. Comparison of
the MoM and DGTD results again shows very good agreement between both simu-
lated results, which validates the developed approach to modeling coupling problems
for coaxial waveguide ports with different characteristic impedances.

5. Application of waveguide port approach

The obtained approach has been applied to practical EMC problems for microwave
antennas fed by coaxial waveguides. Such waveguides are the most commonly used to
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excite microwave antennas and electronic devices. This excitation usually uses micro-
wave coaxial connectors, such as BNC and SMA.

5.1 Modeling of two branches feeding large printed UWB antenna

First, based on the measurement data [28], a printed ultra-wideband (UWB)
antenna is considered. Figure 13 shows a schematic view of a large printed UWB
antenna with a two-branch-feed, the bottom of which is connected to the core of a
50 Q SMA connector with waveguide excitation, the covering of which is connected to
a metal plate serving as a reflector. The bottom end of the connector is accepted as a
waveguide port, and the input impedance of the UWB antenna at the waveguide port
is measured and simulated.

The model of a printed UWB antenna is a square metal patch with a length L, = 40
mm and a width W,, = 40 mm, printed on a dielectric substrate with a length L, = 43
mm, a width W), = 47.5 mm, a thickness ¢ = 1.5 mm and material parameters ¢,, = 4.4
and tand, = 0.02. The antenna is connected to a two-branch-feeding strip with a total
width #; = 15 mm, a distance between the branches ¢, = 11 mm, and a height of the
branches /; = 3.5 mm. The UWB antenna is placed at a height /2, = 3 mm above a
metallic plate of a length L = 275 mm and a width W = 207 mm and is connected to the
SMA connector. The model of the SMA connector is represented by a coaxial wave-
guide with an outer radius D/2 = 2.125 mm, inner radius 4/2 = 0.635 mm, and a length
Lcon = 6.8 mm, filled with a polyethylene dielectric with relative permittivity ¢, = 2.24
and loss tangent tan 6 = 0.005.

Figure 14 shows a comparison of simulated input impedances of a printed UWB
antenna at the waveguide port with measurement results [28]. Comparison of the
simulated results with measurement data shows a good agreement between them in a
wide frequency range from 1 to 10 GHz. This validates the developed approach to
modeling the composite antenna geometries fed by coaxial waveguides with dielectric

filling.
5.2 Coupling problem between GPS and SDARS antennas
In conclusion, based on the measurement data [28], the coupling between the GPS

and SDARS patch antennas was analyzed in the frequency range from 1 GHz to 3 GHz.
Figure 15 shows the measurement setup (a) and its schematic view (b) for studying

Ly

Figure 13.
Schematic view of a large printed UWB antenna with two branch feed connected to a coaxial waveguide port.
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Figure 14.
Comparison of the simulated and measuved input impedances of a printed UWB antenna.

GPS patch antenna

1

SDARSantenna

| L |

(a) (b)

Figure 15.
Measurement setup (a) and its schematic view (b) for the coupled GPS and SDARS patch antennas.

the coupling between active GPS and passive SDARS antennas, separated by a dis-
tance of 4 = 4 cm. Both antennas are fed by 50 Ohm coaxial lines with standard SMA
connectors with parameters described in Section 5.1.

The parameters of the setup are the following. The SDARS antenna is a square
metallic patch of 32 mm x 32 mm size with two opposite cut corners, printed on a
dielectric substrate with dimensions 34 mm x 34 mm x 3.25 mm and ¢, = 4.1. The
GPS antenna is constructed by a square metallic patch of 21 mm x 21 mm size with
truncated corners, printed on a 25 mm x 25 mm X 4 mm dielectric substrate with €,; =
20.34. Both patch antennas are mounted on a 190 mm x 145 mm metal plate.

Figure 16 shows a comparison of the transmission coefficient between active GPS
and passive SDARS patch antennas, obtained by the developed MoM approach and
measurements. A pretty good agreement between the simulated results and
measured data in the frequency range of 1-3 GHz is observed. This comparison
validates the developed waveguide port approach with measurements to model
coupling problems between different composite geometry antennas with coaxial
waveguide ports.
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Figure 16.
Transmission coefficient between GPS and SDARS patch antennas.

6. Conclusion

The MoM-based waveguide port approach was developed to model waveguide
port excitation problems on arbitrary conducting and composite geometries. The
developed approach was validated for modeling radiation and coupling problems for
coaxial ports by comparing the simulated results with those obtained by other
approaches and measurements. The approach has been applied to practical EMC
problems for microwave antennas fed by coaxial connectors. A good agreement
between the simulated and measured results has been demonstrated. The efficiency of
the developed approach for solving various complex problems with waveguide exci-
tation has been verified.
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