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Abstract—in this paper, the full-wave analysis and experimental Amplifiers
verification of a waveguide-based aperture-coupled patch ampli-
fier array are presented. The spatial power-combining amplifier Inpyt Patch Antenna Layer SinosEutch AnfennalLayer
array is modeled by the decomposition of the entire system into sev-
eral electromagnetically coupled modules. This includes a method
of moments integral equation formulation of the generalized scat-
tering matrix (GSM) for an IN-port waveguide-based patch-to-slot
transition; a mode-matching analysis of the GSM for the receiving
and transmitting rectangular waveguide tapers; and a finite-ele-
ment analysis of the waveguide-to-microstrip line junctions. An
overall response of the system is obtained by cascading GSMs of
electromagnetic structures and theS-parameters of amplifier net-
works. Numerical and experimental results are presented for the
single unit cell and 2 x 3 amplifier array operating at X-band.
The results are shown for the rectangular aperture-coupled patch  ransmit Horn
array, although the analysis is applicable to structures with arbi- Amplifying
trarily shaped planar electric and magnetic surfaces. Lagees

Receive Horn

Slot Apertures

Index Terms—Amplifier network, dyadic Green’s functions, , ) B
generalized scattering matrix (GSM), integral equations, method Fi9- 1. A waveguide-based aperture-coupled patch amplifier array.
of moments (MoM), patch, slot arrays, spatial power combining,

waveguide transition. [6]-[14], are characterized by the placement of the amplifier

array inside an oversized waveguide or in close proximity to
I. INTRODUCTION a hard-horn antenna. The waveguide-based systems are more

HE DEMAND for high-power and efficient solid-state cOMpact when compared to the free-space fed arrays, and can,

millimeter-wave amplifiers has initiated extensive thelherefore, be analyzed more efficiently.

oretical and experimental research in the area of spatial and Nere is agreatneed for the electromagnetic modeling of spa-
quasi-optical power combining arrays. Free-space power-coft@l Power-combining systems in order to increase the general
bining systems were first developed nearly a decade agiderstanding of the system behavior and to aid in the design
beginning with a grid amplifier [1]. This and other amplifierg?rocess. To avoid the complexities of using only one electro-
to follow [2]-[5] were developed with the intent of excitingMagnetic modeling technique, the spatial power-combining am-
the array either by Gaussian beams or by locating the art@iifier array is decomposed into several modules. Each module
in the far field of a feeding antenna, thereby minimizing thi$ Simulated using the most appropriate (efficient) and conve-
interaction between the antenna and the amplifier array. In cgHent numerical technique. An overall response of the system is
trast to free-space power-combining systems, waveguide-bat@ obtained by cascading the responses of the individual mod-
quasi-optical amplifiers, developed in the past few yeal%es-
Fig. 1 represents the spatial power-combining system to be
analyzed here. Recently, the amplifier array has been designed,
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through the use of a unique antenna-feed first developed in

an aperture-coupled patch antenna, and then collected by the re- ty
ceive horn. Sm ‘ Sg

This particular system has the benefit of isolating the &1 Sdl £2 — &
microstrip circuitry, which may include amplifiers, matching Sl —
networks, and biasing networks, from the radiating elements T | si Ss‘i — v

[15]. In addition, the feed isolates the radiating element from Jimp N
the microstrip circuit by way of the dielectric-filled waveguide. v r~ % i
This isolation is beneficial for both circuit design and simula- 0 T z
tion by separating the amplifier circuit from the antenna array. Patch Layer | Slot Layer
In this paper, the complete model of the power-combining .

system is based upon cascading characterizations of individual
components of the system. A full-wave integral equation
formulation is proposed for the electromagnetic modeling
of a waveguide-to-aperture-coupled patch array, resulting
in the generalized scattering matrix (GSM) of tié-port
spatial power divider/combiner. The coupled set of electric-
and magnetic-field integral equations (with dyadic Green’s
functions obtained for semiinfinite layered waveguides) is
discretized via method of moments (MoM) for the induced
electric and magnetic surface current density. This provides @ 2.  Geometry of atV -port waveguide-based aperture-coupled patch array
accurate model of the patch-to-slot coupling at each port for Sft"s"°"

propagating and evanescent TE and TM modes. Note that due '

to the complexity of the problem, general-purpose commerc@ipns V) is filled with the same dielectric materiads). The
electromagnetic packages based on volumetric gridding, suegident electric and magnetic fields in the large waveguide (re-
as the finite-element method (FEM) and the finite-differencgion V1) are generated by an impressed electric current source
time-domain method (FDTD), are unable to model the fields dfunp (V X Jimp for the magnetic field). It should be noted that a
large waveguide-based arrays as encountered with spatial pogi@tilar treatment has been applied to each of the waveglides
combiners. The work presented in this paper is a generalizatirihe multiport transition. The construction of the MoM matrix
of results obtained in [16] and [17] for the GSM of interactivéloes not depend on the excitation, since the MoM matrix is a
arbitrarily shaped strip and slot discontinuities in a two-pottansfer function of the structure. The consideration of the ex-
waveguide transition. The GSM for a rectangular waveguidéation at each particular waveguide (andV;/) becomes im-
taper is obtained using a mode-matching technique, wher@gaftant when obtaining reflection and transmission parts of the
linear taper is approximated by double-plane stepped junctida&M associated with each port.

similar to [18]. A waveguide-to-microstrip line transition was Next we will consider the rectangular waveguide taper
modeled using a three-dimensional (3-D) commercial FEr both feeding and collecting. The taper, approximated
program [19]. All modules within the power-combining systeny double-plane stepped junctions, is modeled using a
including the amplifier networks, are then cascaded to obtaitode-matching technique in conjunction with the GSM cas-
the overall response (return loss and gain). The structure vé@sling scheme. Finally, each of the waveguide-to-microstrip

simulated and tested for a single unit cell anck 8 element transitions and the amplifying circuitry are modeled as two-port
amplifier array. networks. The GSMs of each module are then cascaded using

Agilent ADSto simulate the overall system response.

Il FULL-WAVE SYSTEM MODELING B. Integral Equation Formulation for amv-Port

A. Introduction Waveguide-Based Aperture-Coupled Patch Array Transition

The electromagnetic model of the spatial power-combining Our goal is to develop a GSM for avi-port waveguide transi-
amplifier presented here (Fig. 1) is based on the decompasin containing an aperture-coupled patch array. A detailed pro-
tion of the system into modules, including rectangular waveedure resulting in the GSM of closely spaced electric- (strip,
guide tapers (feeding and collectingy-port aperture-coupled patch) and magnetic-type (slot, aperture) surfaces in a two-port
patch array waveguide transitions (divider and combiner), wawgaveguide was presented in [17]. The same methodology is
guide-to-microstrip line junctions, and amplifier circuits. Eacldopted here for the modeling of tié-port waveguide transi-
of these modules must be rigorously analyzed in order to action shown in Fig. 2. This new geometry requires certain mod-
rately obtain the response of the system. ifications of the formulation presented in [17]. These modifica-

We first consider théV-port waveguide-based aperture-coutions mostly affect the field representations in the waveguides
pled patch array transition shown in Fig. 2. Rectangular patéff and the procedure of deriving the GSM, since the Green’s
antennasS?, and slot apertures? in a ground plané, are lo- function for each of the waveguides coupled to corresponding
cated on the opposite interfaces of the dielectric layer with pestots is different and the procedure requires the consideration of
mittivity 2. Note that each of the slot-coupled waveguides (rgort-to-port coupling for all TE and TM modes.
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Similar to [17], a coupled set of integral equations is obtained lot d ty
by enforcing the boundary condition on the tangential com- S/O /""a"eﬁﬂ’_ €
ponents of the electric field on the conductive surfaces (patch - b
array)S: atz = 0and the continuity condition on the tangential
components of the magnetic field on the magnetic surfaces (slot
apertures)s’ at » = 7. The integral form of the electric-field 4Ny .
boundary condition is obtained using the second vector-dyadic 'H B
Green’s theorem with appropriate boundary and continuity con- o B

~
e
=
~
Z

T -~ 1
ditions Lo ¥
B gy
11 : 4 g
— jono? XZ / (7) - GLO G, 7y ds’ _
H s
—3x Z/ " x G(Ql)( _)} ds’. Fig. 3. Cross section of a slot-to-waveguide interface at 7.

(1) dent electric and magnetic field (with the excitation in the re-
gion V1) are given in [17].
The electric dyadic Green’s functions of the third kind, The MoM discretization for the electric and magnetic cur-
G 7y andGEY (7, 7'), are obtained as the solution ofrents enables the reduction of a coupled set of functional equa-
the boundary-value problem for a semiinfinite partially filledions, (1) and (2), to a matrix system of algebraic equations with
waveguide (region¥; andV;) terminated by a ground plane atrespect to the unknown coefficients in the currents expansion.
z = 7. They satisfy boundary and continuity conditions for th&he xz- and y-directed overlapping piecewise sinusoidal basis
electric field on the surfaceS,; and S, and on the interface and testing functions are used for the electric and magnetic cur-
Sy (details are given in [17]). rents expansion. A matrix system of linear equations is obtained
The continuity condition for the tangential components of the the form similar to [17]

magnetic field atz =  results in the magnetic-field integral e
equation AX =F" 3)

—inc where A is the total MoM matrix of all self- and mutual in-
Zx Hy (7) teractions of electric and magnetic field components with the
—(12) electric and magnetic current components associated with each

€
= ——7 X Z/ { x Gy (7 ?)} ds’ waveguide port

_ |wpoZ(w)  Uw)
— JwepZ X Z A= { W(w) —JWCOY(W)} .

@2 —) ) X is the vector of unknown current coefficients afd® repre-
: [ezG (7, ™) + Gy (7 ?)} ds’. (2) sents tested incident electric and magnetic fields
. . . . . J inc A\
The electric dyadic Green’s functions of the third kind, X = M| Fe = Il

GUI (7, 7y andG32 (7, 77), have been derived for a semiin-
finite partially filled waveguide (region®; and V) satisfying Note thatF'*™° is obtained in terms of magnitudes of all prop-
boundary and continuity conditions for the magnetic fieldgating and evanescent TE and TM modes in the eigenmode
vector (formulation of the boundary-value problem is giveexpansion for the incident electric and magnetic field. The ele-
in [17]) The electric dyadic Green'’s functions of the seconehentsZ, U, W, Y of the MoM block-matrixA are associated
kind Gef2 (7, 7') are obtained for the semiinfinite waveguidesvith the electrlc or magnetic field due to electric or magnetic
(regions VJ) terminated by a ground plane at = 7. The current, respectively, generated at each waveguide dftpert
slot-to-waveguide interface at= r is shown in Fig. 3. Note transition. Inverting the MoM matriA results in the solution
that each slot is associated with the corresponding single-madd3) for the magnitudes of electric and magnetic currents
waveguide. Green'’s functions are obtained in terms of double 3 v
series expansions over the complete system of eigenfunctions [M} A~ [ I }
of the Helmholtz operator (see the Appendix).

The incident electri®, " (7) and magneti#, (7) fieldsare  In this section, we summarized the integral equation formu-
expressed as a series eigenmode expansion for all propagdtitign for an aperture-coupled patch array in fiigport wave-
and evanescent TE and TM modes. The electric and magnetitde transition. The main goal here was to express the magni-
vector functions in this expansion satisfy the unity power notudes of the electric and magnetic currents in terms of the in-
malization condition [20]. Complete expressions for the incirerted MoM matrix and the magnitudes of the incident TE and

(4)
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TM modes. This result is used for the further development of magnitudes of incident TE and TM modes. Substituting (4)

the GSM of the transition. into (5) and (6) results in a matrix representation relating the
magnitudesa,,,, of incident modes and the magnitudis,,
C. Scattering Parameters and c¢,,,,; of reflected and transmitted modes, respectively.

The GSM of theN-port waveguide transition relates magni—ThiS matrix represents the r_e_flected and tre_ms_mitted_ parts of
tudes of incident and scattered (reflected and transmitted) prdff GSM of the/V-port transition when the incident field is
agating and evanescent TE and TM modes. The integral foffgnerated in regiof;. _ _
representation and eigenmode expansion for scattered fields erl.N€ next step in 'Fh's procedurells to obtam th_e GSM for re-
ables one to express the magnitudes of scattered modes in tdffieed and transmitted modes with the excitation at each of
of electric and magnetic currents induced on the surfaces {Bf Waveguides;. The integral form representation and eigen-
patch and slot arrays. This was implemented in [17] for tHBOde_ expansion of reﬂected and incident modes vyield _the ex-
two-port waveguide transition. In tH§-port transition with the Pression for the magnitudes,,.; of reflected and transmitted
incident field in the regiofV, the magnitudes,,,,, of reflected (coupled taV, — 1 waveguided’/) modes at = 7

TE and TM modes at the interfaee= 0 can be obtained in the ¢ ;+TE &t TE
. j mnj _ mnj nNT. . raitl;
following form: {b*TM } = —jwepes /sj /sj {§+TM } x [M] GEQ}
b—TE mnjg w s mnjg
{ mn } a—TE
b, TM 2dS"dS — b8 Ty @
Npw o . - =) H—TE Cnk
= —JWHho Z /s /57_ [Ji -Gy {E—TM H where
=L T e ;. Kronecker delta;
N _ €,.n; €electric vector functions of the waveguidgg;
A ~ =21 mnj !
(—2)dS"dS + Z/S /sj [Mj : [V/ x G4 )} amni Magnitudes of incident modes in tigh waveguide
g=17 2w s _ (k =1, ..., Ny).
h P The magnitudes,,,,;, of TE and TM modes transmitted into
h ™ the waveguidé/; (the incident field is generated in the waveg-

LTE TR uidesV?) are obtained at = 0 in terms of induced electric and
a R .
(=2)dS" dS + { mn } { mn } (5) Mmagnetic currents

a-i—TM RTM

where —t™ [ T / / {——TM}

+  waves propagating in the positi¢¢ ) and negative<{) Crmnk i=1 /S IS L Cmn

z-directions; x7J, - [V’ % 6(121)} (=2)dS" dS

Sw V1 waveguide cross section; ‘

h,., magnetic vector functions; N, e Tk

R,,, total reflection coefficients at = 0 (obtained in [17]); + Jweoer Z bjk / / _ {_"’;},I }

amn Magnitudes of incident modes. J=1 Su /55 L Cmn
The expressions for the electric and magnetic vector funct!on % [Mj _agl)} (=2)dS' dS ®)
components for TE and TM modes normalized by the unity

power have been derived using the procedure described in [3Qheres,,,,, are the electric vector functions of the waveguide
The magnitudes,.,,; of TE and TM modes transmitted intoy; | The electric dyadic Green’s functions of the third kind,
the waveguide%’? with the excitation in the regiofr; are ex- ﬁ(ll)(F 7

! _ _ , V@ ), GEV(F, i), have been derived for a semiinfinite
pressed in terms of induced magnetic currents at the 'nterf%tially filed waveguide (regiond; and Vs with the point

=T source located in regiovi ) satisfying boundary and continuity
HTE o Lt conditions for the magnetic field vector. '
{ v } = —/ / [Mj . [v’ X Ci{)} X { mn H In the case of excitation from the waveguidés, the MoM
c:,’%\{ 5%, V8] H:;R\I procedure results in the following representation for the magni-
.3ds’ ds (6) tudes of induced electric and magnetic currents:
whereSJ, andE,,mj are the cross-sectional area and magnetic {1;]/[} = A"t [(ﬂ . (9)

vector functions, respectively, associated with the waveguides

V.. The electric dyadic Green’s functions of the first kindThe result (9) together with (7) and (8) leads to the GSM repre-
aﬁ,{)(ﬁ ), are obtained for semiinfinite waveguidé¥ of sentation for reflected and transmitted modes for the case when
dielectric permittivitye; terminated by a ground planeat= 7, the incident magnetic field is generated at each of the waveg-
which are similar t(ﬁgé) shown in the Appendix except for theuidesV/, one at a time. It should be noted that in this formula-
boundary conditions of the first kind. Note that the magnitude®n, a coupling of all propagating and evanescent TE and TM
of electric and magnetic currents in (4) are obtained in termsodes from all ports is taken into account.
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Short-length waveguide sections Aperture

Waveguide

Microstrip Line
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Input Port
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Microstrip and
Waveguide Dielectric

Patch Antenna  Groundplane

Fig. 4. A double-step junction of two rectangular waveguides. Fig. 5. A waveguide-to-microstrip line junction
In this section, we described a procedure to construct the
GSM of an aperture-coupled patch array in fNeport wave- 1. N UMERICAL AND EXPERIMENTAL RESULTS

guide transition. This was developed to obtain an overall re-The above-mentioned procedure for cascading the individual
sponse of the system by cascading GSMs of the waveguide trafydules is implemented using a commercial circuit simulator,
sitions, rectangular waveguide tapers, Waveguide-to-microst;{gi|ent ADS where both waveguide modes and physical ports
line jUnCtionS, and thS-parameters of amplifier circuits. are treated as circuit ports_ Even though the measﬂ.rpdram-
eters of the amplifiers were incorporated into the circuit simula-
tion, any nonlinear model can be used to characterize the ampli-
The feeding and collecting waveguide tapers, approximatfiers. Hence, the initial goal of modeling the interaction between
by double-plane stepped junctions, are analyzed using #give devices and electromagnetic environment is achieved.
mode-matching technique similar to [18]. The mode-matching In order to verify the accuracy of the full-wave modeling, two
technique is known to be an efficient method for calculating thexperiments were to be performed on a previously published
GSM of horn antennas and tapered waveguides. The two igmplifier array at X-band [15], [19]. The two experiments
portant parameters in the discretization are the number of stgpssist of the measurement of a unit cell and a 3 array,
and the number of waveguide modes, which both depend on ¢t shown in Fig. 1. Each unit cell of the two experiments
flaring angle of the transition and the frequency of operatiogontained an input aperture-coupled patch antenna, a wave-
A double-step plane junction is shown in Fig. 4, whe¥e guide-to-microstrip transition, a two-stage amplifying circuit,
andY; are the smaller waveguide dimensions agdandY> a second microstrip-to-waveguide transition, and an output
are the larger waveguide dimensions. At the double-step plagserture-coupled patch antenna. In the single unit cell mea-
discontinuity, the total field can be expressed as a superpositgtement, a WR90 waveguide was used to feed the input and
of an infinite number of evanescent and propagating TE apdtput antennas. The waveguide was placed in contact with
TM modes. The GSM for each junction is then obtained e ground plane, and the dielectric of the patch antenna was
matching the total power of all modes at both sides of tHi within the waveguide walls. The patch antennas have 340
junction. Finally, the overall GSM of the whole waveguidenil width and 320 mil height; the slots are of 250 mil width
taper is obtained by cascading the individual GSMs. In order&md 15 mil height; and the substrate thickness is 31 mil with
make the simulation more accurate, higher order modes weksrmittivity of 2.2. The dielectric-filled waveguide has 450 mil
included while internally cascading the double-step junctiongidth, 15 mil height, and 100 mil length. The total length of
However, due to the symmetry of the structure, only evane microstrip circuit including two amplifiers is 1800 mil, and
modes are excited. In addition, there is no need to include many width of the microstrip line is 45 mil. The numerical model
higher order modes in the overall cascading procedure, singfethe dielectric-filled waveguide-to-patch antenna-to-WR90
most of the energy is in the first few modes. waveguide was combined with measured data of the amplifier
circuit and simulated microstrip-to-waveguide transitions. The
results for the complete numerical model and experiment are
The waveguide-to-microstrip-to-aperture-coupled patch ashown in Fig. 6. The numerical model for the single unit cell
tenna (shown in Fig. 5) was designed usigjlent HFSSThis predicted the behavior of the circuit well and compares better
consists of microstrip-to-waveguide and waveguide-to-apevith measured results than a commercial 3-D FEM program.
ture-coupled patch antenna transitions. The design of theshould be noted that the FEM commercial programs are not
microstrip-to-waveguide transition was performed first bgapable of modeling the overmoded spatial power combining
matching the impedance of the waveguide to that of ttearay presented in this paper due to the excessive memory
microstrip line. The entire antenna feed was then simulategjuirements.
to obtain a resonant frequency of 10 GHz and a 10-dB returnThe second experiment was performed in the same manner as
loss bandwidth of 400 MHz [15]. A more detailed discussiothe first experiment. For the 2 3 array, a horn 1200 mil high,
of the design process can be found in [19]. The simulation @811 mil wide, and 1633 mil long was used to feed the array at
the antenna feed has been incorporated in the simulation of Huth the input and output. Unit cells in the array are separated
array discussed earlier. by a distance of 600 mil. The array was placed within the center

D. Rectangular Waveguide Taper

E. Waveguide-to-Microstrip Line Feed Junction
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20 . . , : [V. CONCLUSION

Electromagnetic modeling and experimental verification
were presented for the accurate analysis of a complete
waveguide-based spatial power-combining array. This is
accomplished by decomposing the system into electromag-
netically coupled modules, including rectangular waveguide
tapers, aperture-coupled patch array-to-waveguide transitions,
waveguide-to-microstrip line junctions, and amplifier networks.
The overall response of the system was obtained by cascading
GSMs of passive elements and tReparameters of the am-
plifier networks. Numerical and experimental results were
shown for a single unit cell and 8 3 amplifier arrays. This

. methodology can be effectively used for the electromagnetic
— f;fgnfﬁ;esrg Simulation modeling of various waveguide-based spatial and quasi-optical
15 ; i : . power-combining systems containing planar transverse patch
° 9.5 ,‘:?equency [GLOZ-]5 " "5 and slot amplifier arrays, leading to a better understanding of
multimoding and surface-wave coupling effects and field-cir-
git interaction mechanisms.

(3]

‘‘‘‘‘‘‘

o

,,,,,,,,

Return loss and Gain{dB]

]
(4]

_1ok- o =N\ | = = Experiment

Fig. 6. Numerical and experimental results for the return loss and gain of tﬁ
single aperture-coupled patch amplifier waveguide transition.

APPENDIX
ELECTRIC DYADIC GREEN'S FUNCTIONS OF THESECOND KIND

20 ! ! ! r __The electric dyadic Green’s functions of the second kind,

: ‘ GY(7, i), are obtained for semiinfinite rectangular waveg-
uides of dielectric permittivitys and terminated by a ground
plane atz = 7. The cross section of waveguide-to-slot interface
is shown in Fig. 3. The functions determined as the solution of
dyadic differential equations with a point source positioned in
the waveguided’’

VXV x GYF 7)) - B2GHF, 7) =T16(F — 7),
F’FIGVSj’j:]_’...’NS (10)

subject to boundary conditions of the second kind on the wave-
guide surfaces,, surface of the ground plartg,, and surfaces

Return loss and Gain [dB}

_os}| == Experiment T ............. N SO i of slots.S?
—— GSM System Simulation : R =) = =
_a0 ; ; ; ; AXVxGHF7)=0,
9 9.5 10 10.5 11 1.5 _ '
Frequency [GHz] i GYF,7)=0, TeSyUS,USs! (11)

. . . . ﬁnd the radiation condition at infinity.
Fig. 7. Numerical and experimental results for the return loss and gain of the , . .
2 x 3 waveguide-based aperture-coupled patch amplifier array. Components of the Green’s dyadic are expressed in terms of

a double series expansion over the complete system of eigen-

] functions of the Helmholtz operator
of the horn so that the ground plane of the array was in contact

with the aperture of the horn. The numerical and experimental ~ G%) | = 3= 3" 92D (@, )@ (!, o) f5)
results for the return loss and gain for the B array are shown ’ m—0 =0 ’

in Fig. 7. The numerical model of the array favorably predicts pr=g,y (12)
the change in the resonant frequency and gain caused by the () i ) )
cascading of the horn and waveguide-to-antenna GSMs. THEere ¥mx (, y) are orthonormal eigenfunctions of the
behavior is not apparent when only considering the domina}mo-dmensmna_\l_Helmholtz operator subject to the sec_ond kind
mode coupling from the waveguide-to-aperture-coupled patggundary conditions on the metal surface of waveguide cross

array. ction

The authors believe that some disagreement between theas§%) (z, y) = , [ 222 sin(k,,; (z — 19)) cos(ky, (y — )
and experiment was due to lack of precision in the experimental @50
setup. In the experiment, the excitation waveguide or hard-horn , . o€ . .

i | st (. ) = | “2 0 cos(hj (@ — 1) sin(ky; (v — )
antenna does not provide a continuous contact between its&lf (€ ¥) = by NI\ T ) S Ty
and the array, as was assumed in the simulation. Also, the simu-
|§t|0n do_es not include conductor and dielectric losses. In add!/;;(]g;/) (z, y) = €omcon cos(kj(z — lﬁ;)) cos(ky; (1 — li))
tion, the interface between the slot ground plane and that of the a;b;

dielectric filled waveguides was not continuous. (13)
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Here [12]
mm nim
kzj = — ky; = B
% j [13]
andeg,.., €0, are Newman indexes such thgt = 1, andeg,,, =
2, m # 0. [14]

The characteristic Green'’s functioﬁé{%,p,,(z, Z') are ob-
tained as the solution of a one-dimensional scalar wave equas)
tion forced with as(> — »') function and satisfying boundary
conditions (11) reduced to the one-dimensional ones using Of1g]
thonormal properties of eigenfunctions

e (k% - ka%) y—s (242 —2
FAC RN R [e—wlz—z e r)}
’ 27;k3 [17]
1 1 k"r"k'z J i z—2 vy (s —
F AR €) . e e e B )
Y Y Z’ijg |: :| (18]
. k2 —k2)
G TR T e e -2
mn, yy 2%, k% |:6 te :| (14) [19]
where; is the propagation constant defined as 201

2 2 2 2 2 2
W ks — ki — kg, k3> ki +ky,
.2 .2 .2 2 2 2
Ve +ky = ks, ks <kg kg

Note that the transverse components of the Green’s functions
@82) are primarily of interest, as they appear in the integr:
equation formulation for planar transverse magnetic-type st
faces.

Y =
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