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% 10* m /s, and group velocity = 8.4 X10° m/s at frequency = 3.5
GHz for the case of d=20 pm, ¢=10 pm, and w=100 pm.
The potential in this case decays below 10 percent of its peak
when it is away from the wall by 0.2 wavelength. This represents
the extent of the energy concentration and at the same time the
extent of nonreciprocity of the waveguide. The knowledge about
the mode treated here immediately gives us an idea that the
proposed structure is effectively available for isolators, circula-
tors, and so forth in a way similar to the edge-guided mode in a
ferrite loaded stripline [8].

As mentioned in Section I, the authors would like to have
made clear not only that the proposed waveguide is promising in
the field of MSW devices, but also that the BEM is useful for the
analysis of structures for which analytical solutions are not
obtained simply or easily. It may be worthwhile to point out that
the computer program developed by the authors makes complex
computations possible in such cases as a disc and periodically
corrugated waveguides.
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A New Recurrence Method for Determining the
Green’s Function of Planar Structures with Arbitrary
Anisotropic Layers
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Abstract — A method to determine the Green’s functions in the spectral
domain is developed. It is suitable for solving the matrix Green’s function
numerically for an arbitrary anisotropic N -layered dielectric structure. The
method is suitable for computation of the characteristic parameters of MIC
lines having anisotropic multilayered substrates or superstrates. As an
application, the phase velocities of single and coupled microstrips, with a
constant gradient of anisotropy along the normal to the interfaces, have
been calculated.
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1. INTRODUCTION

During the last several years, the conventional planar struc-
tures embedded in anisotropic dielectrics—single [1]-[4], coupled
[51-[8], covered [9]-[11], shielded microstripline {12], [13], slotline
[14], and coplanar waveguide [15]—have been analyzed exten-
sively.

The most commonly used anisotropic substrates, such as sap-
phire and boron-nitride, or some glass- and ceramic-filled poly-
meric materials, e.g. Duroid and Epsilam, have well-known ad-
vantages over the isotropic substrates used largely in microwave
integrated circuits. The introduction of anisotropic substrates
having tilted principal axes has recently made it possible to
manipulate some characteristic parameters of the structure in a
range depending on the substrate anisotropy. For instance, it has
been shown that the phase velocities can be equalized by varying
the tilting angle in the coupled microstriplines {7].

The propagation characteristics study of such structures has
been made using various procedures. Nevertheless, the methods
utilizing the Green’s potential function are used extensively. For
instance, if the Green’s function in the Fourier domain is known,
the unknown quantity becomes the charge density and the prob-
lem of estimating the characteristic parameters is easily solved by
using the moment approach [5] or variational techniques [4].

The Green’s function is generally calculated for each structure.
In this paper, a recurrence algorithm is presented to evaluate the
transform of the Green’s function for planar open structures
having multilayered substrates or superstrates with arbitrary ani-
sotropy. The method is useful, for instance, in calculating the
capacitance of planar structures with single or coupled strips in
one or more interfaces embedded in multilayered anisotropic
dielectrics, including an arbitrary gradient of anisotropy in the
normal direction to the interfaces, requiring very little modifica-
tions in the programs already existing.

II. RECURRENCE FORMULAS FOR THE POTENTIAL AND
FIELDS IN AN ANISOTROPIC LAYER

Let us first consider a layer of perfect and homogeneous
dielectric of finite thickness h. The permittivity tensor at the
x—y plane is given by

6y
Then the bidimensional equation for the electrostatic potential
in the Fourier domain has the form
» 0%
ay?
The general solution of this differential equation is
$(B,y) = e ™% (Asinh(BSy)+ Bcosh(BSy))

€ +2j612B% —~ 8% = 0. (2)

()

where
R=— (4)
iy €2 2
(B, y) is the potential Fourier transform y-coordinate and A4

and B are arbitrary coefficients which must be determined from
the boundary conditions.
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This way, the y-component of the electrical displacement vec-
tor in the Fourier domain can be expressed

D.(B,y) = — Be*? exp(— jBRy)( A cosh(BSy)+ Bsinh(BSy))
(6)

where
€9=Se2, @)
If the new variable is defined
yei =Sy (8)

a relation between ¢ and D, can be expressed as follows:

3(B.y+Ay) =e""“y{cosh(BAy“’)&(B,y)

—(#)sinh(BAy“’)bv(B,y)} 9)
by(B,y+Ay) = e B*{cosh(BAY*) D, (B, »)
— Bestsinh(BAy*?)$(B,y)}. (10)

III. CONSTRUCTION OF THE GREEN’S FUNCTION AT THE

INTERFACES

Lét us consider a more general structure now (Fig. 1). It is

composed of N layers of anisotropic substrates having arbitrary

tilted principal ‘axes of finite thickness k,. The upper and lower
bounds of the structure are perfect conducting plates. One or
more of those layers can be made of isotropic dielectrics or air,
and the upper or the lower conducting plates can be shifted to
infinity.

If there is no charge densny at the interfaces, the recurrence
formulas (9) and (10) and the boundary conditions are used to
find the following expressions:

(11a) 

550(.3)=0
D,(B)=4 (11b)
{ L
JSL(B)=CXP(—1'B X_: R,h, | FF(B)4 (11c)
Dv.z.(ﬁ)=eXp( JB Z R,h, Ff(B)A (11d)
n=1

where ¢, (B) and D, D, ;(B) are the potential and the y-compo-
nent of the electric dlsplacement vector at the Lth interface.
Similarly it is found that

;i’N(B) =0
by.N(ﬁ) =C

(12a)
(12b)

‘}‘N—K(B)‘_’CXP(J;B i Ry_ by | FX(B)C (12¢)

n=0

K-1

}N K(B)—exp(JBE RN n N n

n=0

EE(B)C (12d)
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Fig. 1.

General N-layered anisotropic structure.

where F/ functions can be determined using the recurrence
algorithm

= thn (13)
€Zq = S,,C,, ' (14)
e
R,= ;2’—2 (15)
a A\ V
Sn ( 63 - Rn) (16)
F} = —sinh( Bh) /(Bef?) (17a)
Fy =sinh(BR%7) /(Bess (17v)
El= cosh(,Bhf") (17¢)
E} = cosh( Bhsf) (17d)
F*!=cosh(Bhj{,) Ff — Bf Smh(lih.u)in (17¢)
Eji*Y = cosh( BhSf_,) Fi + B o smh(ﬁh ) F (179
F*' =cosh(Bh{) Fi - 1+1$1nh(:theil)Fl (17g)
Fi*'=cosh(Bh%y_;) Fi + Besf_; sinh(BrS_,) Fi. (17h)

Expressions (11), (12), and (17) permit one to calculate the
potential and electric displacement vector across any interface,
when A4 and C are specified.

Let us consider a free-charge density sheet at the Lth interface
p;. (x).The boundary conditions at this interface are

L L . v
. L mo] =3[ Lo )

~o)+pl‘(ﬂ)=by(ﬁ, > h,,+o) (19)

n=1
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Fig. 2. Variation of normalized phase velocities of coupled microstriplines
with a linear variation in the y-direction of €.

where §,.(B) is the Fourier transform of p, (x). Using the rela-
tions (11) and (12), the recurrence formulas (17), and the boundary
conditions (18) and (19), the coefficients 4 and C in (11) and
(12) can be determined

: - L FLEN-L -
A=p.(B)exp| jB X R,h, {*“7_‘;"—1’31‘} (20)
n=1 FZ
. : . N LpN—-LY
FIF,
C=r),.(ﬁ)exp(—jﬁ z Rnh,,{ AR L}
n=L+1 Iy

(21)

After ‘ca]culatihg A and C, the Green’s function G, Which
relates the potential ¢ (B) at the Kth interface with the source
charge density p, (8) at the Lth interface

8 (B) = Gr1.(B)p(B) (22)
can be easily calculated

L LpN—L Ly
. i : FLE, F.
GK,_=eXP(Jﬁ » Rh){———}

i=K+1
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Fig. 3. Variation of normalized phase velocities of coupled microstriplines
with a linear variation in the y-direction of €¥.
for K<L

-1

- F:tN -K FK
Gy { EV K F1 } (23b)
and, using the reciprocity Green’s theorem for electrostatics [16],
which can be easily extended to anisotropic lossless media, and
after expressing it in the Fourier domain through the Parseval’s
theorem

GKL(B) =Gfx(B) (23¢)

where the superscript * indicates the complex conjugate; that is,
the [ Gy, | matrix is a Hermitian matrix.

When B increases (B — o), the expressions (23a) and (23b)
become inadequate for computation. In order to avoid that,
rescaled expressions can be used for high values of B (see
Appendix).

The recurrence character of relatlons (23) makes them suitable
for direct computation. Without further modifications, we can
use the already existing programs to calculate the characteristics
of multilayered related structures, introducing those relations in
these programs, where the number of layers can be treated as an
input in the programs.

Iv. APPLICATION

As a numeric application of thls techmque the normalized
phase velocities of coupled microstrips on an anisotropic sub-
strate with a y-directed gradient of its permittivity tensor have
been calculated (Figs. 2-4). This tensor is assumed to be, in the
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i (11 ‘12
c12 €22

P=eo(e2(y)cos?0(y) + ex(y) sin*8( y))
2=eo(er (Y)—é*(Y)) sind( y)cos0(y)
(

2= ef(y)sir® 0(y)+es(1)eos?0(y))  (24)

where ¢ and ¢ denote the values of the relative permittivity
along the pnn01pal axes of the dielectric, and @ the angle of
tilting between the £ and x-axes.” - s

To achieve this, we have subdivided the substrate thickness

into N homogencous layers of ‘constant permittivities, equal to

those of their middle points. Then, applymg the trial function for
the charge den51ty
1,2
p(x)=ag+ay(d/h=x/h)""+b(x/h~s/(2h))

172

(29)
where d=w+s5/2, when s/2<x<w+s/2, and p(x)=0 in
other cases, the lower bound of the structure capacitance can be
calculated. The coefficients a,, a,, and b, are vananonal param-
eters to be determined as in [4].

Assuming a constant gradient in the y-direction of €f,
@, the numerical studies have shown that a good convergence is
.achieved when N = 20. The normalized phase velocities of the
quasi-static modes in a structure having constant € =¢€5 =235,
0 = 0 atits ground plane, and a constant gradient of €} is plotted
in Fig. 2. Changing ¢} by ¢¥, Fig. 3 is obtained. Fmally, in Fig,

N .
€, or
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4, a constant €f =3.4, ¢X=75.12, and a linear variation of the
tilting angle from its value at the ground plane (8 = 0) to its value
at the interface (8 = @(4)) have been assumed.

Despite their thebrétical_ character at the moment, those studies
can be a good starting point to further studies on the deformation
or doping of a dielectric substrate, and other phenomena that
imply a gradient of anisotropy. On the other hand, in Fig. 3, it is
shown how high values of -e} near the interface air-dielectric
allow us to find equal values for the phase velocities of the even
and odd modes, in agreement with [17].

V. CONCLUSIONS

With the help of the recurrence formulas (17) and (23), the
transformed matrix Green’s function (22) for any planar structure
having arbitrary anisotropic substrates or superstrates can be
easily constructed.

These simple recurrence formulas perrmt an easy computation
by their direct insertion in the already existing programs. Fur-
thermore, this method provides a suitable technique to calculate
the characteristic parameters of structures having an arbitrary
and smooth y-directed gradient of anisotropy. . ‘

APPENDIX

If the new variables

= Bﬁ" ‘(nli([l Sinh(ﬁhf;")) (Ala)
ot (T amin )] o
wf = FX / ( ill sinh( Bhs ) (ALo)
Wi = B / m sinh(ﬂ‘h%"‘_n)) (410

are defined, the following recurrence algorithm and fmal expres-
sions can be obtamed

1
1o 1
Wi=-= (A2a)
L
wi=— (A2b)
3 .
W3 = coth( Bhg7) (A20)
Wy = cpth(th’v") (A2d)
W1+1 — COth(ﬂh +1)VVI El fo (A2e) ‘
S o
W’“ - coth(,Bh Wi+ L W} (A21)
- )
Wit = coth(Bhet,) WA — 4, (A2g)
Wit = coth(Bh3f_;) Wi + €5 W3 (A2h)
1 L
Gy =% (csech(,Bhf")
Bk ‘
wiwd-t wE)
-exp(JBR;h )){ —L =3 } (A3a)
VI/IKW}V L VI/lK .
“1
1 VV4N-K WK .
Grrw == { —— A3b
KK '3{ H_/ZN_ WK ( . )
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Theoretical and Experimental Study of a Novel
H -Guide Transverse Slot Antenna
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Abstract —Transverse slots in the “upper” plate of a dielectric-loaded
parallel plane waveguide (H-guide) operating in the dominant mode (zero
cutoff frequency) are proposed as slot antennas.

A new theoretical approach to the analysis of a single-slot antenna is
presented, leading to explicit expressions for the antenna input impedance
and radiation efficiency. The computed values of the VSWR and radiation
efficiency are in good agreement with laboratory measurements. The
radiation efficiency of a single slot exceeds 10 percent in the 8—11-GHz
frequency band, reaching a 50-percent theoretically predicted maximum at
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Fig. 1. (a) The H-guide cross section. (b) Geometry of the slot radiator.

the slot resonance frequency, when the guide is terminated by a matched
load. ’

Experimental checks prove that the leakage, or parasitic, radiation power
level is less than —40 dB relative to the measured radiated power.

I. INTRODUCTION

Microwave conformal antennas are widely used in many
airborne and spaceborne systems. The conventionally used micro-
strip resonator antennas are mostly narrow band, have a poor
radiation efficiency, and the parasitic radiation from the feeding
microstriplines [1] interferes with the radiation from the reso-
nator. .

-The H-guide proposed by F. J. Tisher [2], [3], or the parallel
plane waveguide partially filled with a dielectric [4], can be
fabricated as thin as a microstrip board, and successfully used for
conformal mounting. M. Cohn showed [4] that “the dominant
mode TE,,” of this guide (zero cutoff frequency) can be used for
wide-band applications. The electric field of this mode is per-
pendicular to the metallic plates (Fig. 1), and neither the propa-
gation constant, nor the wave impedance of this mode depend on
the thickness of the guide. The fringe fields of the H-guide can be
reduced to 60—80 dB by choosing the right width of the plates,
thus excluding any leakage side radiation.

A theory of a single transverse, symmetrically spaced slot
antenna (Fig. 1) is presented in Section II. Closed-form expres-
sions for the normalized input impedance, the VSWR, and the
radiation efficiency of a single-slot antenna are obtained. It is
shown that 50 percent is the upper theoretical limit of the
radiation efficiency of a single series slot radiator in any wave-
guide structure términated by a matched load.

Laboratory measurements of the VSWR and radiation ef-
ficiency of a single slot (Figs. 5 and 6) are presented in Section
III, and the measured values are in good agreement with the
developed theory. The experiments confirm the theoretically pre-
dicted 50-percent radiation eff1c1ency at VSWR = 3.0 of a single
slot at resonance.

- No significant change in the values of the reflected and trans-
mitted waves has been detected when the measurements were

repeated with metallic screens mounted across the side gaps of
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