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Abstract—This paper presents an original circuit model that  rather difficult (e.g., reduction of computational efficiency, lack
furnishes an efficient description of the impedance and of the of an intuitive mathematical and physical description of the
radiation performance for typical printed-circuit leaky-wave electromagnetic phenomena, etc.).

structures. In particular, referring to a junction between slot-cou- . LT

pled feeding and radiating microstrips, we have developed an .In this _paPer' the attention is focused O_n the usual types of
unconventional equivalent transmission-line formulation, in- Printed-circuit leaky-wave antennas for which the development
volving the propagation of the dominant mode for the feeding line of a simple, but accurate, model is searched with the aim of
and of the first hlgher mode for the radiating line, which is Ieaky. efﬁcient]y describing the relevant Coup”ng and radiation phe_
The quantification of the relevant scattering matrix, achieved with nomena. The approach is primarily based on the fact that, in

spectral-domain techniques, suitably summarizes the coupling . . . S
effects and, consequently, the radiative features. Various antenna practical situations, the radiative features of these structures can

configurations have been tested, and the relevant results have beenPe described in a convergent way through only a leaky mode
validated through comparisons with heavier full-wave numerical supported by the line [2], [6], [8] (e.g., a sufficiently long sec-
approaches. In addition to substantial computational advantages, tion of a microstrip line). On this ground, here we investigate
this innovative approach gives the possibility of treating printed 1,4 oxcitation of such a leaky mode by developing an equivalent
leaky-wave structures in a convenient fashion by means of a . . L9
network formalism similar to that used in standard microwave network also involving a properly coupled feeding line (e.g., an-
circuits. other section of microstrip line with a coupling slot). This model
Index Terms—Equivalent circuits, feeds, leaky-wave antennas, is unconventional because a transmission line has to be associ-

microstrip antennas, planar transmission lines. ated suitably to the bound mode of the feeding line and also to
the leaky mode of the radiating line, which, as is known, is im-
proper or nonspectral (it does not satisfy the radiation conditions
since it diverges exponentially on the transverse plane) [2].

HE use of leaky-wave antennas as a possible alternativé/Ve will show that, with appropriate conditions, a particular

to conventional radiating systems has been proposgehttering matrix can nevertheless be found, which quantifies
for many years also in microwave integrated-circuit (MICyhe coupling effect between the feeding and radiating lines. As a
applications [1]-[3] even though, in this case, various practicednsequence, itis thus possible to reach all the basic information
aspects still need careful investigation. Among the crucitir an efficient and accurate description of the radiation features
aspects in this type of structures, we mention, in particular, tigiven in terms of admittance, radiation patterns, etc.), as occurs
problems related to the simple design and characterizationimthe usual nonleaky structures.
the feeding network, and also to an efficient description and The main aspects of the proposed theoretical formulation
prediction of the radiation phenomena [4]-[6]. The developvill be described in Section II, while Section 1l will provide
ment of numerical codes and/or commercial software based@umantitative results for different printed leaky-wave antenna
full-wave techniques, such as the finite-element method (FEMgpologies. Suitable comparisons will be presented to validate
method of moments (MoM), etc. [7] has given, in recent timet)e model and emphasize the advantages with respect to
undoubted improvements for the analysis of a large variefyll-wave numerical techniques.
of microwave structures also involving antennas. However, if
compared to simpler models appropriately conceived to solve
more specific problems, these general-purpose techniques
present serious drawbacks that can make the design procedéreReference Structure: Slot-Coupled Guiding and Radiating

Microstrips

I. INTRODUCTION

Il. FORMULATION OF THE CIRCUIT MODEL
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Fig. 1. Reference structure with coordinate system and geometrica ok,
parameters for the derivation of a circuit model describing the excitation
and coupling in printed-circuit leaky-wave antennas: a length of radiating
microstrip (upper line) coupled to a length of feeding microstrip (lower line)
by means of a slot etched on the common ground plane.

0.25

it is convenient to consider a reference topology that is com
monly employed in printed-circuit leaky-wave antennas. The
structure under specific investigation is shown in Fig. 1, with the
coordinate system and geometrical parameters involved: it cor
sists of a junction between two orthogonal microstrips placec 1
on opposite sides with respect to their common ground plane
on which a narrow rectangular slot is etched. In this configura:
tion, the lower strip feeds (through the slot) the upper one, whict 0057
acts as a leaky-wave radiating line.

In the feeding microstrip (the lower one, with related quanti-
ties identified by the letted), it is, therefore, supposed that the
dominant quasi-TEMKH,;) mode propagates [it has an even
symmetry with respect to thex-plane, which is a perfect mag-
netic conductor (PMC)]. (b)

. AS_ _Concems the upper microstrip (with related quan_““q!?’g. 2. Dispersion characteristics of the first higher mdgH; of the
identified by the letter:), we recall that, by properly choosingmicrostrip line: (a) Normalized phase constant vergus(b) Normalized

the relevant physical parameters involved (permittivity amgitenuation or leakage constant versfis Parameters: strip width: 1 cm,
height of the dielectric, strip width, frequency), it is possib|(§,‘UbStrate height: 0.508 mm, substrate relative permittivity: 3.05.

to find a range where the propagation constant of the first

higher order mode of the microstriftH;) becomes complex for which the line can effectively act as a leaky-wave radiator.
[2]. A representative example of thi&H; dispersion behavior As is known, the frequency region for a convenient use of such
of the propagation complex wavenumber for a microstrip 8 structure as a leaky-wave antenna is where the normalized
illustrated in Fig. 2, with a fixed choice of the parameters for phase constant decreases below the unit value and the normal-
microwave application. Fig. 2(a) gives the phase constant amdd leakage constant assumes rather “low” values [2] (see the
Fig. 2(b) the attenuation or leakage constant (both normalizesbults shown in Fig. 2). In this case, it is seen that, if properly
to the free-space wavenumbky) as a function of frequency excited, such a leaky mode can describe in a highly convergent
in a “useful” leaky range. (We have obtained these results yay the radiation features of the line [2], [6], [8].

means of a spectral-domain MoM analysis [7], with proper The slotis then placed to mainly excite such aleaky mode that
deformation of the integration path in the complex plane fdras on odd symmetry with respect to the-plane [which is a

the transverse spectral variable [9], [10].) perfect electric conductor (PEC)] so that the excitation of the

We, therefore, suppose that, in our case, the physical paragnided dominant mod&H, in the upper strip is avoided. All
eters are chosen to have a condition of spatial leakage [8]-[1ibe other higher modes can be seen as below cutoff or giving

8 8.2 8.4 8.6 8.8 9
f (GHz)
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@ of defining a characteristic impedance can be overcome here
by simply linking the scattering parameters to the amplitude of
TN the modal leaky-wave current excited on the strip.
In order to evaluate the scattering-matrix coefficients of the
@ |- junction under investigation, we have employed suitable formu-
| e S N E—— lations based on the spectral domain and solved by means of
Bk @ MoM method. Due to the symmetries of the structure, it is ev-
idently sufficient to solve the electromagnetic problem in two
different situations only: one case of excitation in the lower strip
P e (e.g., considering the presence of the incident nitHg at port
@ 1), and another case of excitation in the upper strip (e.g., con-
X sidering the presence of the incident mai&; at port 4). How-
ever, distinct approaches have to be used in connection with the
different nature of the problem in the two cases since, as already
said, in the lower structure, the incident mode has a “conven-
tional” behavior (since it is spectral), while in the upper struc-

Kegm ture, the incident mode has an “unconventional” behavior (since
it is nonspectral).
In Sections 1I-B and 1I-C, we will furnish a description of
S — 4 I these two different approaches, which lead to the derivation of
the basic scattering coefficients of the junction. Hence, we will
keo |1 [S] 2 KyeHo . . i .
. - show in Section 1I-D how to derive the complete scattering ma-
] 3 i trix and the related quantities (input impedance, current distri-
butions, radiation patterns) that are useful for a practical design
of the circuit.
kxEHl

I H B. Excitation from the Lower Structure (Port 1)
B B As said, in this case, the incident field is the quasi-TEMl,
(b) mode, having a current distribution on the strip that can be ap-

Fig. 3. Generalization of the junction of Fig. 1. (a) Numbering of the fouPrOXImated as (refer to Fig. 1 for the parameters of the structure)

ports for the two microstrip lines. (b) Equivalent four-port circuit model of the

slot junction. J(z,y) = IjT(x)c_jkyoyyo
2 1
() = — : M
a negligible leakage effect, mostly contributing to reactive phe- N (a_w)
&

nomena. Under these conditions, it is justifiable to suppose that,
in particular, the currents excited along the radiating microstrjp, o .

) 40 IS the real propagation constant of the dominant mode
can be well approximated by the currents of the dils leaky ot the jower microstrip line, easily known from the dispersion

mode on a significant length of the strip (we recall that the "”e%havior of the guiding structure, adg is the amplitude of
dimensions of practical traveling-wave antennas are typicallyﬂzfe incident current wave flowing along the strip (which wil
several wavelgngths). Thus, thg radiative features can reasol-assumed equal to unity and omitted in the following de-
ably be associated to the contribution of the leaky-mode ClU'élopments). The quasi-TEM incident field, therefore, has the

rents. one-dimensional spectral representation of the following type
Since under these conditions the pair of microstrips can e “tilde” describes spectral quantities)
considered in a unimodal range, we intend to describe the slot-

coupled junction with a 4x 4 scattering matrix, after intro- E™(z,y, 2)
ducing a suitable equivalent transmission line for each mode. L ipny too .
In Fig. 3, we show a generalization of the structure of Fig. 1 =53¢ /_ Gy (ko kyo, 2 —(di + du))

with the numbering of ports for the junction [see Fig. 3(a)] and

. (L \o—Jdkex J1.
the relevant network scheme [see Fig. 3(b)]. Yol (ka)e ke

The proposed approach, therefore, follows the traditional H™(z,y,7) +
. . . . . . 1 _— e
chargctenzatlon of microwave junctions through the scattering — _e—]kyoy/ Qi (Ka kyo, 23 —(di + du))
matrix, but a fundamental difference is that, as noted above, in 27 —oo
the upper line, the mode diverges in the transverse plane yol (ks )e 7%+% dk, 2)

and it could not be treated with conventional transmission-line

methods (for instance, the assumption that a leaky modewhkere, as is typical, the superscript in the spectral dyadic
flowing along the strip makes it difficult to define a characterGreen’s function describes the contribution to the electric or
istic impedance [11]). Actually, we will see how the problenmagnetic ¢ or ) field due to the electric source)( and the
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subscript represents the transver§ecomponentgr, ») with  sions extended to the slot aperture) and of the fadtgiinked

respect to the symmetry directign to the incident power, which equals the characteristic impedance
The presence of the slot aperture (of width, lengthL,, of the dominant mode of the lower microstrip line when a unit-

and areaS, ), etched in the ground plane, is schematized witstrength incident current is considered.

an equivalent magnetic current on a PEC, given in terms of theAn additional link betwee®; andV; is derived by imposing

electric field on the apertud* according to simple expressionsthe continuity of the tangential magnetic field on the slot aper-

[12] ture. The fields in the upper half-space can be calculated once
the electric current on the radiating strip excited by the equiv-

M, = —z0 x E?, for z = —df alent magnetic current on the slot in the case of unit strength

M; = 2 x E* = —M,, forz=—d, (3a) Vy = lis known. To this purpose, we have assumed that such a

currentJ™ can be expressed in the spectral domain as a linear
combination ofk,-dependent basis functions, with amplitude
coefficients that are functions of the longitudinal spectral vari-
ablek, according to the procedure described in [6], [8]

with

Ea(.’lj',y) = ‘/OGZ(xvy)YO
sinfk.(L,/2 — |z|)] . { |z] < Lg/2
=W with -
O sin(k Ly ° ol < wa/2

M
Jz%(kwa ky) = Z A (k) T, (ky)

(3b) m=1
N
and the effective wavenumbgy can be calculated as z =
' Ty (kayky) = 7 Bu(ka)TE (ky)- (6)
o ke K n=1
T2 After some analytical arrangements, we can obtain the fol-
o eupt +1 . eupt — 1 10 o a0 lowing relationships, which lead to determing
© 2 2 W s11 =R
whereVj is an unknown amplitude coefficient. The approxima- LT OAVZ D 242(Y, + V) )

tions for the analytical behavior of the slot field are valid since, N o ) )
as is typical, the coupling aperture is assumed electrically smdlfl€ quantities’s; andY’ (describing the reactions of the equiv-
i.e., the slot is “narrow” (with respect to the guided wavelengtfl€nt magnetic current on the aperture with itself and with the
w, < \) and relatively “short” (with respect to the effectiveglectric current on the upper line, respectively) are given by
wavelength\, = 27 /k. : L, < A./2). spectral expressions as follows:

In the presence of the equivalent impressed magnetic current 1 o0 ptoo
on the slot, the field in the space below the ground plane can Y e / / Ey(—kz, —ky)
now be expressed as TTee e
x (G,’”L + G ) & (ke k) b dl,

—ikyoy 4 R ejkyoy) <0 U, Lz
Bt (g, y, ) = § S8 AT 4+ By o YS too ptoo
(&%) {Tle(w,Z)e‘”‘wy, y>0 Y, = 1 / / & (—ky, —ky)
HtOt(,’L' 7) B h(x’z)(e—jkyoy _ Rlejkyoy)’ y<0 (27()2 o oo Yy y
AT Db(e, 2)e oy, >0 x (G,mejj‘i + é{z;ngg) dk, dk, ®)
(4)

where the spectral Green'’s functions related to the upper/lower
where R; and1; are the reflection and transmission coeffiregions have been introduced.
cients, respectively, referred to the feeding at port 1 edndz), Thus, itis possible to calculate the total current present on the
h(z, =) are the electric and magnetic modal components of ta@per strip when fed by port 1 once the amplitude coefficignt
incident quasi-TEM field. In order to determine this field, it iSs obtained
possible to use an approach such as the one described in [13],

o . . ) 242AV
which is based on the reciprocity theorem. Rephrasing such a Vo = AV oAV 4T (9a)
procedure, it is possible to express the reflection coeffickant —243(Y + )
in terms ofV} and
Rl = —% / hmeg dx dy ju(kacv ky) = Vojﬁi(kwv ky) (gb)
Vi ‘ For a suitable characterization of the coupling with the upper
= —@AV radiating microstrip due to the slot, it is necessary to find a con-
venient relationship that appropriately describes the excitation
AV = /S hecy dx dy. (5)  of the fundamental contribution for the leaky mddH; .

Since in our situation th&H; leaky mode is supposed to
The R; parameter is expressed as a function of a “couplindgfe dominant and its propagation constant is a solution of the
qguantity AV (represented by an integral of fixed field exprestransverse problem for the upper microstrip line, its value has
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to correspond to a pole for the Fourier transforms of the ampii the upper part, there is an additional contribution related to
tudesA,,, B, of (6). To evaluate such amplitudes, a recentlihe current due to the field incident from port 4. The relation-
developed technique for the calculation of the modal-excitatiahips become
coefficients in planar structures has been used [6], [8]. Fixing

the spectral variablé, at the propagation wavenumbef V= — 2421

of the leaky-wave pole of thEH; mode, from the residue the- AVZ —2A42(Y; 4+ Yu)

orem, we have (10), shown at the bottom of this page. 4= — IAV (12)
While the fields related to the leaky mode are improper (since AVZ —2A%(Y; +Yy)

they diverge transversely), the relevant current is instead "mit\?v%
everywhere and allows for a characterization of the structure as
regards the radiation features. Therefore, to quantify the amount 1 too pheo
of the wave outgoing from port 3 when port 1 is fed, we make 1= W /Oo /Oo Cy(—ka, —ky)
the choice of taking the most significant part of the current den-

sity on the upper strip, represented by the first coefficient of the x [
series (10) for the transverse component. Therefgiecan be 4 Gte
defined as WY

ere the additional contributiohis given by

Gihe (ks, ky, —du; O)j;f;f(kq;a /%y)

(Ko, by, —do; 0T (k. ky)} dk, dk,.
13)
s31 = —jVo Res[B1(kz); ke tw]. (11)
The evaluation off has been reached as an asymptotic value

It is worth noting that such a component has the same syf8r increasing distanc® of the reference plane of the incident
metry of the transverse electric field and then of a usual equiyave (see Section I1I-A for further discussion on the evaluation
alent voltage. of this term).

OnceV; is calculated, it is possible to determine the current
on the radiating strip again through (9b) with instead of,.

The aim of analyzing a leaky-wave radiator with a circuifs already seen, the currents can be expanded in the spectral
model based on transmission lines should require the presedoeain and by operating the inverse transform; with the residue
of an incident leaky mode in the upper structure. Such an intveorem, it is possible to extract the leaky-pole contribution for
proper mode, however, cannot be considered as incident attan= k,tyw. In connection with the choice of the first term
ideally infinite distance (e.g., at = —oo for port 4) since the of the expansion of the transverse current on the upper strip,
field should diverge both in the longitudinal and transverse dit-is possible to calculate the scattering parametgmwith the
rections, and also the use of Fourier transforms would not kelationship
possible. On the other side, the leaky mode is practically useful
to represent, in a convergent way, the continuous spectrumsef = JjV1 Res [B1(kz);—korw]| =—5Vi Res [ By (ks); bz 1w] -
the open structure in a suitable space region that is related to the (14)
location of a source at a certain finite distance. In our case, we
consider on the upper Strip the |eaky mddd; that is excited Also, s44 IS suitably related to the first coefficient in the expan-
in a certain section at a finite distance, let us say; —D. sion of the transverse component of the upper strip current. The

The determination of the field in the lower region is achievel@sic parameters required for the complete circuit description of
again with an approach based on the reciprocity theorem. The junction are thus determined.
field on the slot has the already-shown form with a different am- ) ) ]
plitude coefficient; instead ofV; in (3a)—(3c). We can expressP- Complete Scattering Matrix and Relevant Design
the s1. parameter as a function & and, by applying the con- Parameters
tinuity of the magnetic field on the slot, it is now possible to Based on the assumed hypotheses and symmetries for the
obtain the additional relation between, andV;. In this case, junction, the determination of the four parametefs, ss1, s14,

C. Excitation from the Upper Structure (Port 4)

( M
—iVo Y Res[An(kn) kerawle T2 (y), 220
Ban=] o=
]VO Z Res[Am(kw); —k‘m LV\r]C—'—jkI LWmT:l(y), <0
\ m=1

4 N
—iVo Y, Res[Bu(ke)ikorwle 2" TY(y), >0
n=1

T (a,9) = (10

N
Vo Z Res[By, (ks ); —kz LW]C—HkI VI (y), z<0
\ n=1
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s44), according to the procedures outlined in the previous su
sections, is sufficient to completely derive the scattering matri
From symmetry considerations it is easily seen that results

I;

KyEno
S22 = S11  $33 = S44. (15) y

From symmetry it derives as welljo = so;, s43 = s34. Forthe

. . 2
Ipwer structure, from the continuity of the transve_rs_e magnet I Keemn 4 8] > ke I
field on the narrow slot ay = 0 [see (3a)—(3¢)], it IS} = 1

1 — Ry, while for the upper structure, from the continuity of the T T
«—> T- 5 «—»

transverse electric field, it is3, = 1 + s44; therefore, Ly
1—‘in
$21 =1 — 811 =812 834 = 1 + 544 = 543. (16)

Due to the symmetries of the structure with respect tacthe0 @)

(PMC) and they = 0 (PEC) planes when fed from ports 1 and Syl
4, respectively, it comes out that

S41 = 831  S24 = —S14- (17) dB

It is also interesting to note that, due to the combined effects ¢
the PEC/PMC symmetry planes, the transmission coefficient
from lower to upper structures (and vice-versa) change their sic
when the structure is rotated by I8 fact, it can be seen that
it results in

S42 = —S831

513 = —524 = S14

$23 = —S14

$32 = —841 = —S31. (18)

The final expression of the scattering matrix for the junction is
therefore, f(GHz)

S11 1—s11 S14 S14 ®)

o1 — 1—s13 $11 —S14 —S14 19 i o ) .
[ ] = s —s s 1+s . ( ) Fig. 4. (@) Circuit model of the slot-coupled leaky-wave antenna with a single
31 31 44 4 feeding line. (b) Results for the scattering parameters as a function of the

531 —331 1+ 8544 S44 frequency for a basic junction as in Fig. 1: magnitudeSef calculated with

. . L. .. our model (circles) and with a commercial software (solid line). Parameters
Itis interesting to note that th§ matrix is not symmetric Since (see also Fig. 1): for both the upper and lower substrates, relative permittivity

the input lines are not normalized to the same characteristi@5, and height/;;, = 0.508 mm; lower strip: characteristic impedance

impedance [14]; in fact, for the leaky-mode lines correspondi@ o ;rt]‘t’?nf d”eg)ﬁhf;pefstﬁé;ﬁu(’\:'sltg;;rg'f"i”z‘ivaf's‘*’;?:‘ S‘I’;tﬁﬁfh

to the two arms of the upper microstrip, the characteristiGnm and length 5 mm.

impedance is not defined at all. We would stress again the

point that, for such ports, the scattering parameters are not . NUMERICAL RESULTS

related directly to a voltage or a current flow, but they are . ,

just the ratios between amplitude coefficients of a particuldr 'MPlementation and Computational Features of the Code

basis function used to represent the most significant part of theThe above-described analytical formulation has been imple-

current on the strip, which are associated to the incident amgnted in a Fortran code whose main features are summarized

reflected waves. here. The calculation of the quantitied’, Y, Y, andl, by
Once the scattering matrix describing the junction has beemich the scattering coefficients on the junction can be derived,

evaluated, it is possible to easily determine the input impedaneguires the evaluation of integrals mainly in the spectral do-

seen by the feeding ports when all the other ports are suitabiain. The integration ranges can be reduced by exploiting the

terminated. In particular, ports 2—-4 (Fig. 3) can be closquhrity properties of the integrands; in the spectral domain, it is

with different lengths of open transmission lines (see, e.g., thiso necessary to properly deform the resulting integration path

schemes and the results of Figs. 4-7). from the origin of the compleX%,- or k,-plane to infinity in
Moreover, the radiated field can be derived by considerirggder to avoid the singularities of the integrands. The evaluation

the contribution of the currents of th&; leaky mode having of the single integral for thé\ V' parameter does not present any

the incident and reflected waves calculated through the dwarticular difficulty. For the calculation of th&;, Y;,, and !

scribed circuit model (the relevant results will be presented parameters, we have followed an approach such as in [15], per-

Figs. 8-10). forming a double spectral integration in rectangular coordinates
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Fig. 5. (a) Geometry of a double-fed antenna. (b) Relevant circuit model. (c) Results for the scattering parameters as a function of the fréectay: ref
coefficientS., = S2. and transmission coefficiest,. = S.,. Parameterstsn = Lap = Lzg = 7.5 cm,L.4 = Lop = A/4, other parameters as in Fig. 4.

by means of an adaptive integration routine (Romberg methquirsion characteristics. As already observed, since this mode

[16]. cannot be considered as incident from an infinite distance, the
The evaluation of thé parameter deserves some additiongjuantity/ has been calculated for increasing finite value®of

comments since it is directly related to a suitable contributioFhe results thus obtained show that mostly independent of

on the junction due to the incideBH; leaky mode excited at a D as soon a®) is greater than about half a guided wavelength.

finite distanceD from the center of the slot. The currents of thé&or distances) greater than some wavelengths, however, the

incident mode have been written as calculation shows numerical instability due to the exponential
amplification of the incident mode. A typical value of one wave-
va Z ATVVTT [ —ike Lw (m+D)u_l(x+D) length for D has then be_en used in our simulations.
v’ As far as the computational aspects of the code are concerned,

typical calculation times for the determination of the scattering
parameters of a slot junction at a fixed frequency are of the order
of a few minutes on a standard personal computer.

_ ejkn‘, W (-"L‘-l-D)uil(_:L. _ D):|

]lnc (,7) ZBLVVTy |:efjkw LW(m+D)u_l($+D)
B. Scattering and Impedance Parameters in Various
1 ke L\V(m+D)u_l(_x_D):| Configurations

(20) In order to check the validity of the model, we have consid-
ered various simulated structures, also analyzed with a software
where the propagation constantryy and theAXY and BLW  (i.e., Ensemble) that uses a full-wave spatial-domain MoM.
coefficients relevant to th&H; mode have previously been The first numerical tests have regarded the evaluation of the
determined with a spectral-domain analysis of the modal diszattering parameters for various configurations of leaky-wave
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having reflection coefficientd’s, I's, and I'y, which model
] #La the open-end termination of the microstrips and whose value
ch ¥ | has been assumed equal to unity as a first approximation. We
ble—» present in Fig. 4(b) the results of the magnitude of ¢hepa-
Las Lpc Lac rameter for a frequency range and a choice of the physical
guantities where the radiating microstrip can have a leaky
behavior. (In all these simulations, the physical parameters
(a) have been chosen for microwave applications.) The agreement
between our results and those of the compared method is
satisfactory, but it is seen that the computing times of the
[S1] & [Sx] commercial software are more than one order of magnitude
greater. Our approach, therefore, strongly reduces the efforts to
-2 3 : : 3 i reach an efficient design of such structures.

: | '3 ‘ Lot The proposed model also allows for analyses of more compli-
cated structures, where, for instance, several radiating strips can
be excited to form an array, or multiple feeding lines can also
excite a length of a microstrip leaky radiator. In these cases, the
circuit model is easily achievable by connecting the four-port
networks associated to each slot with suitable lengths of trans-

; ‘ | mission lines equivalentto the leaky mode. In Fig. 5(a), we show
R R B o Og%f ((h%g;z‘;)‘ble) """"""" the configuration of a double-slot leaky-wave radiator having
5§22 (Model) | the circuit scheme of Fig. 5(b). In Fig. 5(c), both the reflection
3 : ,3 ‘ and transmission coefficients (input at the first and output at the
IR | B SRR RO SO b o second feeding strip) are calculated and compared with the re-
3 f | ﬁ sults of the commercial software (due to the symmetries, these
'107‘8 8 812 814 816 sis 5 92 are actually the only two_characterizing parameters of the struc-

£ (GHz) ture). The agreement still appears to be very good.
Finally, we illustrate the results for a microstrip fed by three
(b) different lines, according to the configuration of Fig. 6(a).
Fig. 6(b) presents compared results for the reflection coeffi-
cients for the first and second feeding strips (the third one has

"
(=
>
e
N

Laa

dB

|——s11 (Ensembe)

812 & [Sy3] X : X :

il & 1S5 the same properties of the first due to the symmetries). Fig. 6(c)

-10 : : 3 3 ; 3 presents compared results for the transmission coefficients,
dB : | i with input at the first strip and outputs at the second and third

207 strips. In these cases, while good accuracy is maintained,

the economy in memory storage and computing times of our
approach becomes more and more conspicuous.
A different result for the basic network parameters is given in

-304

40+ . L
: ' ‘ 1 ‘ Fig. 7. In the case of a structure as the one shown in Figs. 1 and
T o i| =——s12 (Ensemble) | 4, a Smith chartis presented where we have calculated and again
[ S$13 (Ensemble) compared with Ensemble the values of the series impedance

o S12 (Model)

601 s S13 (Model) |7 that, in the equivalent circuit, resumes the contribution of the
: ; 1 : ; 1 discontinuity on the feeding strip due to the coupling slot. Both
A A B e o for the real part (which describes the radiative contribution) and
| | : the imaginary part (which takes into account the reactive effect),

e % g2 84  ss 88 o 92 it is seen that the accord is fully adequate.

f (GHz)

C. Currents and Radiation Patterns

(©) _ . .
, _ _Quite encouraging results have further been obtained as con-
Fig. 6. (a) Geometry of a triple-slot antenna. (b) Results for the scatteri

parameters as a function of the frequency: reflection coefficignts= S35 and E’L%ms the explicit description of the _radia_tionl features of the
S.z. () Transmission coefficient$,. = S.1 = S=3 = S32 andS15 = S5, Structures. In fact, as said, once the junction is represented by
ParametersLys = Lap = Lpc = Lsc =7.50m,L2a = L2z = L2c = the scattering matrix, it is possible to derive the proper amount
A/4, other parameters as in Fig. 4. . .
of the currents on the upper microstrip, and then to calculate the
radiation pattern of the antenna.
microstrip structures. For a configuration of the type shown A typical distribution of the currents on the radiating mi-
in Fig. 1, we have the circuit scheme of Fig. 4(a), in whickrostrip is presented in Fig. 8 for a structure as in Fig. 1. To
the upper and lower transmission lines are closed on loagfstimize the behavior as a leaky-wave antenna in these cases,
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-1

Fig. 7. Smith-chart representation of the series impedance that models the :
discontinuity on the lower feeding microstrip line for a single slot leaky-wave
antenna: comparison between the values calculated with our model (circles) ¢
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those obtained with the commercial software (triangles) in a frequency ran

from 8 to 8.5 GHz. Parameters: as in Fig. 4.
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Fig. 9. Radiation patterns of the single-slot leaky-wave antenna in the

elevation plane, for the frequency range of 8-9 GHz. Parameters (see Fig. 1):
Lz = 2.5 mm, Ly = 16 cm, other parameters as in Fig. 4.

the slot is placed near one end of the upper strip. It may be seen
that the assumption for which the current distribution can be re-
sumed by the only contribution of ti&H,; leaky mode appears
to be quite valid. The calculated current—density contributions
on the radiating upper strip are presented in Fig. 8(a) in vector
form as arrow plots (real and imaginary parts); the results of our
approach show a significant similarity with the configuration of
the current derivable by the compared software. It is seen that
the dominant current component is transversely directed with
the proper symmetries. Both the phase and amplitude current
behaviors are globally well predicted. (Just around the coupling
slot element, the full-wave approach can well represent discon-
tinuity effects, which are rather localized and do not affect the
current behavior after a short distance.) In particular, it can be
seen in Fig. 8(b) that the amplitude of the current on the upper
strip tends to decrease along the line with an appropriate expo-
nential amount, according to a pattern dominated by the com-
plex propagation wavenumbgy, 1 of the EH; leaky mode.

Finally, from the determination of the radiating currents, we
have calculated the radiation patterns as well. In Fig. 9, for a
structure as in Fig. 1, we show, in a polar form, the typical be-
havior of the radiation pattern that is scanned by varying the
frequency in the elevation plandi¢plane of the antenna), as
is usual in leaky-wave antennas. The presence of just one main
lobe is related to the fact that the radiating microstrip is now fed
near one of its ends.

InFig. 10, for fixed frequencies in the leaky range of the upper

Fig.8. (a) Vector plots of real and imaginary part of the current densityexcitqﬁicrostrip, we show the entire comparisons between the radi-

on the final portion of the radiating strip. (b) Surface plot of the magnitude of
the current density on the whole radiating strip. Parameters (see Fig; &

2.5 mm, L4 = 16 cm, other parameters as in Fig. 4.

ation patterns calculated through Ensemble and our approach.
Fig. 10(a)—(c) gives the radiation patterns as a function of the
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Fig. 10. Comparisons between the radiation patterns vérsuthe elevation plane, calculated with our model and with Ensemble, for the frequency: (a) 8 GHz,
(b) 8.5 GHz, and (c) 9 GHz.

angled in the elevation plane, at the frequency of 8, 8.5, anithe present formulation, which requires unusual associations
9 GHz, respectively. A valid prediction is globally achieved foof equivalent transmission lines, allows us to characterize a
the pointing angle, beamwidth, and behavior of the sidelobesoupling junction between feeding and radiating lines through
The general good agreement of the numerical results ca@nparticular scattering matrix. A quantification has been derived
firms the validity of the hypotheses and of the formulation oxpressly for slot-coupled microstrip antennas, both with single
our approach. It results that, under suitable conditions, the radird multiple feeders and/or radiators.
ation performance of a finite-length microstrip line can be ap- The significant and original aspect of this innovative theo-
proximated in a valid way by the current contribution of theetical approach is represented by the fact that a simple circuit
leaky wave, and the coupling phenomena due to the slot-canedel is achievable to describe types of problems for which
pled feeding strip are quantified in the appropriate fashion. transmission lines could not be associated in a conventional

fashion. It is shown that equivalent scattering parameters can
IV, CONCLUSION be _used to evaluate the cqupling effect betwe.en. a fgeding I.ine
acting on a usual propagation mode and a radiating line, which
We have investigated the possibility to develop a circu@tan support a leaky mode having an improper (nonspectral) na-
model that can efficiently describe the excitation and radiatidare.
features in typical printed-circuit leaky-wave structures, in The advantageous implications of such a circuit model are
order to reach straightforward analysis and design procedunesnifold. As in conventional microwave circuits, a convenient
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scattering matrix also gives immediate information for the[16] W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery,
behavior of printed-circuit radiating structures employing ~ Numerical Recipes in Fortrarznd ed.  Cambridge, U.K.: Cambridge

traveling waves. Moreover, the achievement of the scattering

Univ. Press, 1992.

parameters in a numerical form is very economic and efficient;
the computational efforts are limited since the typical required

spectral-domain integral calculations need rather limited
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matic problems related to memory requirements, computation

time,
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