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Analysis and Design of Large Leaky-Mode Array
Employing the Coupled-Mode Approach

Cheng-Nan HuMember, IEEEand Ching-Kuang C. Tzuangellow, IEEE

Abstract—This paper presents the coupled-mode approach N parallel lines are present above the common ground plane,
to the analysis and design of a large leaky-mode array, in which whereN is a positive integer. These bound modes are usually
an N-element microstrip array above a common ground plane o meq dominant or quasi-TEM modes although they are hybrid
supports IN coupled leaky modes (leakyEH; modes) at the first desi t ie th i fTE and TM 7
higher order. Following a brief description of a conventional IMOGES IN NALUTe, I.e., esuperpQS| |onq arl waves [7],
full-wave nonstandard eigenvalue problem for solving the complex [8]- The well-known bound dominant microstrip mode can be
propagation constants, we present the detailed formulation of the designated agrder zerq followed byfirst (odd),secondeven),
coupled-mode approach, clearly showing the transformation of third (odd), .. ., higher ordermodes, possessing either odd or
the nonstandard eigenvalue problem into a standard one. Thus, even field symmetries. Adopting this notation, the dominant

all the eigenvalues (complex propagation constants) and eigen- . .
vectors (modal current distributions) are solved simultaneously, modes of theV parallel lines are essentially the results of the

regardless of the size of the array V). Two key issues pertinent N mutually coupled microstrip modes ofder zero This paper,
to the successful implementation of the proposed coupled-mode however, departs from the conventional results and investigates
approach are addressed: the determination of the coupling coef- the less known, but useful guiding properties of the coupled mi-

ficients and the uniqueness of the isolated uncoupled leaky mOde’crostrip modes obrder one from which similar results can be
which represents the leaky modal solution of a single microstrip, btained f . tri d fder t th t
but is derived from a system of coupled leaky-mode solutions obtained for microstrip modes order two, three. . ., etc.

provided the coupled microstrips have equal width and spacing. T he open microstrip modes of order greater than zero belong
Closed-form expressions for obtaining the coupling coefficients of to the class leaky modes. A single open microstrip has been
orders two, three, and four are presented. Theoretical studies of known for supporting leaky modes in various ways [9]-[13], in
closely coupled microstrip arrays of two, three, and four elements \yich the first higher order microstrip mode leaks in the form of

show that the magnitude of the coupling coefficientC; ;. ; be-
tween elements and  + 7 decreases at the order of 107, These SPace wave or surface wave. Coupled leaky modes of order one,

theoretical case studies also lead to the same isolated uncouplediowever, had been reported for a two- and a 20-element array,
leaky-mode solution as predicted. Furthermore, the dispersion respectively, of which the leaky modes are tightly distributed
characteristics of the microstrip array at the first higher order ob-  in the dispersion characteristics [14]. Whah the number of
tained by the coupled-mode approach and the full-wave approach qjements, is increasingly larger, the solutions for leaky modes

agree excellently for all the case studies. Error analyses indicated e .
that at least two coupling coefficients Ci.ir1 and Cjiyz) are are more difficult to obtain by full-wave methods [15], [16],

required for obtaining accurate complex propagation constants Which result in the nonstandard eigenvalue problem [7]. Imme-
with rms errors less than 1% for most of the leaky region of the diately after the complex propagation constaig obtained, the

particular array under investigation. An example of applying the  modal corresponding currents on each of Mecoupled lines
proposed coupled-mode approach for analyzing a corporate-fed 5.q readily known. Thus, eaghcorresponds to a modal current

leaky-mode array of eight elements is reported, revealing that only L R .
four out of the eight leaky modes are excited. The coupled-mode vector, describing the modal current distributions of Hieni-

theory predicts the far-field radiation pattern in the main beam ~ Crostrips. Thus, fo/V coupled leaky modes afrder one there
region in excellent agreement with the measured results. are N independent current vectors.
Index Terms—Coupled microstrip lines, coupled-mode ap- Section Il of_this paper transforms the nonstandard eiggn—
proach, coupling coefficients, leaky-mode antenna, leaky modes. Value problem into a standard eigenvalue problem by adopting
the coupled mode approach [17], [18] mingled with the rigorous
full-wave formulation of theV parallel lines supporting max-
|. INTRODUCTION imally V coupled leaky modes, wher€ is also a positive in-
UTUAL coupling of guided modes has been an impotteger. With this notationy becomes the complex eigenvalye
tant phenomenon widely applied in various microwavand the modal current vector is the complex eigenvetcasithe
circuits such as directional couplers and filters [1]-[6]. A systeigenvalue problem. This paper extensively expands the work of
of parallel coupled microstrips placed on a substrate with an iii-4] by showing how to obtain the adjacent coupling coefficient
finite ground plane, for example, suppofs bound modes if and the coupling coefficients of nonadjacent lines in Section Il1.
Substituting these coupling coefficients into the coupled-mode
. . o _ fc&rmulation described in Section Il, the solutions for eigenvalue
Manuscript received Ocyober 8, _1998, rewseq Oct_ober 14, 1999. This W(§ﬁ and eigenvector& fori — 1.2.3..... andNN. are obtained
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Fig. 1. GenericN-element microstrip leaky-mode antenna array, includin Fraquency (GHe)

a CPW corporate-fed network, CPW-to-slotline transitions, and slotlines

excite the higher ordeEH,; modes of the microstrip lines [21]®: CPW

corporate-fed network followed byV CPW-to-slotline transitions on the Fig. 2. Normalized dispersion characteristics of the symmetrical coupled

backside of the substrat@: Microstrip leaky-mode antennas with length of microstrips at the higher ord&H, mode. The data obtained by the full-wave

L, width of W, and gap ofS on the top side of the substrate. nonstandard eigenvalue approach (in solid lines) and those by the standard
eigenvalue approach (in circle symbols) agree excellently. The parameters for
the coupled microstrips are also shown in the inset.

guiding properties of complex waves in a variety of waveguides

(18], [20], [21]. region can be expressed in terms of current distributions. One
One important application of this paper is to analyze the mign then write

crostrip array from the leaky-mode perspective, as described in () . (5) . (s) .

Section IV. As shown in Fig. 1, this array may consisfotou- LEHU (z,y]= )} — [GW (z,y[2) Gez(z,y|z )}

pled microstrip lines printed on the top surface and a coplana®.” (z, y | =) G&(zyla) G

waveguide (CPW) feeding network on the backside of the sub- I8 ()

strate. After a continuous wave (CW) signal source is applied ) [Jz(fr)l(x’)

to the CPW input end, the CPW T-junction splits the signal

into two paths of equal amplitude and phase. Such power #heres = 1,2, and3 designates regions (1)-(3), respectively

viding sequence continues until, finally, each radiating elemel®€€ Fig. 1). Integrating (1) along all the metal strips, the gen-

receives equal amount of power and phase. Followed by #@l dyadic Green’s impedance functidfi[can be obtained as

CPW-to-slotline transitions, the uniformly divided signals arfollows:

cqupled_to the slot_lines to_ excit(_e tlﬁﬁil modes of the coupled Eg(f) 2] Zé;)($7y) Zﬁ;?(a:,y) . ja(f)

microstrips [22]. Since microstrip lines can be placed closely to (s) =\ (s) 2)

orm a compact linear array, strong mutual couplings between

N coupled lines will alter the dispersion characteristics of thghere

leaky modes. Eventually, a large lingsirelement array that si-

multaneously supportd coupled leaky modes is established. Je) :/Jgg;)l(a;/) COS < ) !

The quest for obtaining all the complex dispersion character-

istics considering these mutual coupling effects is essential for

the first-pass design of the array. Section V describes how to Je) = / J) (') sin <%>x’ dz’. (3b)

apply the novel technique to accurately predict the far-field ra-

diation pattern of an experimental corporate-fed eight-element

LstribUt s) (s)
microstrip array [22], demonstrating excellent agreement in thé! the unknown current distributiong,” and J="" be ex-

main-lobe region between the simulated and measured resff§ssed in terms of a complete set of basis functions. Following
Conclusions are finally made in Section VI. the Galerkin procedure to solve (2), a system of homogenous

linear equation can be obtained. The nontrivial solution for
the unknown current coefficients can be found by equating
the determinant to zero. The roots (y = « + j3) of the
determinant are the propagation constants for microstrip modes
of order zero, one, two, three. ., etc.
Fig. 2 shows the normalized complex propagation constants
When considering the microstrip array with fewer eleef a two-element coupled microstrip ofder one namely, the
ments, e.g., two- or three-element, the leaky properties 6H; even mode+.) and theEH; odd mode {,), wherek,
the coupled microstrips can be characterized by invoking the free-space wavenumber equal2te/Aq and Aq is the
the rigorous full-wave integral-equation method using thieee-space wavelength. The inset of Fig. 2 also shows that the
Green’s impedance function approach [16]. By applying tHeéH; even mode (odd mode) can be obtained by inserting an
appropriate boundary conditions at the interfaces, the tangené&glivalent electric (magnetic) wall at the symmetry plane. An-
electric-field components at the interface of each adjacesther view for distinguishing the two leaky modes is based on

[Il. MODAL ANALYSIS AND EIGENVALUE PROBLEMS

A. Full-Wave Approach: Nonstandard Eigenvalue Problem
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the eigenvectors of the modal current distributiosis ¢f (3a)] exponentially. Therefore, (8) is never used for computing cou-
on the strips, either in-phase for thél; even mode or out-of- pling coefficients. Equation (7) is viewed phenomenologically
phase for thé&cH; odd mode. These in-phase and out-of-pha$25]. Section Il describes in detail how to obtain the coupling
modal current distributions are two orthogonal eigenvectors obefficients for the coupled-mode equation (7). Using a matrix
the two-element microstrip array from the perspective of theotation, (7) is abbreviated as

coupled-mode approach, which will become apparent in sub- aI
sequent discussions within this paper. I =

S]]

I )

B. Cogpled_—Mode Approach: Standard Eigenvalue Problem whereB — diag(v) - [Ci ;]| and] = [I1, o, ..., In]t. When
By invoking the coupled-mode theory [23], [24], theall the coupled microstrips are in equal width,must be equal

transversal and longitudinal electric and magnetic fields can fe~, where~ is the complex propagation constant of #iH;

expressed as follows: leaky mode of a single microstrip. On the other haiNd¢ou-
N pled leaky-mode solutions should exist in tNeelement array,
E Et +E.a, = ZZ Ii(z (/) (z,y)e"* denoted as\i, A», ..., andAy. For a specific mode with com-
) i plex propagation constant, the modal solution mandates
—i—ZZI Pz, y)a e iE 4) dj:)\wf. (20)
dz t
N Substituting (10) into (9) fof = 1,2,..., andV, we obtain
H=H,+H.a. =Y L(z)§(z,y)e "
p [aiag()) — diag(y) +[Cijl] - T=0. (D)
+ Z L(D) ¢ (z,y)a.e 7. (5) The source-free modal solutions require the nontrivial solutions

for the modal current vectaf(z). Therefore, (11) leads to a

. . standard eigenvalue problem by solvin
where N denotes the number of microstripg, represents the g P y 9

complex propagation constant of tfi& microstrip in a single det(j) —0. (12)
isolated conditiong. is the unit vector irx (longitudinal) direc-
tion, ¢ (=, ) and ¢’ (x, ) are the normalized eigenfunction inwhere A = [diag(A) — diag(v;) + [C; ;]]. The procedure for
the transversal (denoted Byand longitudinal (denoted by) obtaining the complex propagation constants is transformed to
directions, respectively, anfj(») and Z, represent the corre- a classical eigenvalue problem of which the eigenvalug} (
sponding modal current and wave |mpedance respectively. Sake the complex propagation constants and the eigenvedors (
stituting (4) and (5) into Maxwell’ surlH equation and taking represent the modal currents flowing at the microstrips. The te-
the transverse part will lead to dious root-finding process in the full-wave nonstandard eigen-
value problem is eliminated.

>[4 —mz)} 6. x Gite.w)]
—~ dz e ~ e I1l. COUPLING COEFFICIENTS OF THEN PARALLEL
COUPLED MICROSTRIPS

=- ZI [Vﬁ/f T,Y) X Gy — jkiﬁi(%y)} - (6) A. Formulas for the Coupling Coefficients

Combining (11) and (12) fo’v = 2, one may deduce the

Applying the orthogonality relationship to (6) allows us to obcoupling coefficient of the two symmetrical microstrips at the
tain a system of linear first-order differential equations for thgigher ordei£H, leaky mode as

modal currents [23], [24] as follows:

Ae — Ao
dI;(2) Cl2 —Ae— ) 5 ) (13)
CZZ - 77 7 Z C ,jI (7) )\e =y —+ 0172 (14)
Ao =y —Cl2 (15)

wherej = 1,2,..., andV, butj # <. EssentiallyC; ;, the
mutual coupllng coefficient between tit element and theth Wherel..,) denotes the even-mode (odd-modi], solution.

element, can be expressed as The corresponding normalized eigenvecforand I, are, re-
spectively,
Ci”:/ Vit (w,y) % 1 (@,y)| - Gads _
i= [ [Vt < 8 @) Ie:%’ %} )
it [ ey 3 @ )ds. @ YT .
=l -4 0

Notice that the conversion of Maxwell's equations into the cou-
pled-mode equations (7) is referred as the classical methdgd,, implies that the leaky modal current distributions
When dealing with the leaky modes, the transverse fields grélwing at the symmetrical coupled microstrips are in-phase
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-20 pled EH; modes. Such observation can be generalized by the
\ following expression:
<30 [
N \s
— [ Qe O 0——0= — ot
Qo T T T =N (20)
= / \ =1
5 LI Gy e \ —n o _ )
2 50 e e o N =Gz Similarly, for N = 4, one may derive a system of equations
é o0l CLd as follows for solving the coupling coefficient », C; 3, and
0174, noticing thatCLQ = 0273 = 0374, andCLg = 0274:
[ w=68mm
iy 67730 — 2075 — C1 4
g =508 mm : : = At d2 + A A+ A d Ao ds 4 Ay (21a)

10.9 1.2 1.5 11.8 121

Frequency (GHz) 47° =401 C1 3C 4 — 40127201:3 - 2(3012,2 + 2012,3 + 012,4)

= ()\1)\2)\3 4+ At Aoy + At As Ay + )\2)\3)\4) (21b)
Fig. 3. Magnitude (in decibels) of the coupling coefficiént; ;. ; obtained by 74_(3012 ,+ 2012 s 012 4)72

the cases oV = 2,3, and4, respectively. ) . . o
—4(C12C1 3014+ CL oC13)7 + C s + CL 5 + C1 0T 4

(out-of-phase) with equal amplitude. Therefore, a perfect elec- —2CF yCF 3 — 2C7 5C1,4 — 2C1 2CF 3C1 4

tric conductor (PEC) and a perfect magnetic conductor (PMC) = X\ My A5y, (21c)

can be inserted along the symmetry plane, as shown in the

inset of Fig. 2, for the even and odtH; modes, respectively. , ) -

Applying the full-wave data already shown in Fig. 2, we obtaiff: Assessment of the Magnitudes of the Coupling Coefficients

the coupling coefficient’; » using (13). Applying the full-wave  Applying (13), (19), and (21), we obtain distinct coupling co-

analyses again for a single identical isolated microstrip, tiefficients for’V =2, V = 3, andV = 4, respectively. Assume

complex leaky-model{H ) propagation constantis obtained. that a system of tightly coupled microstrips of width 6.8 mm

Substituting this valuey) and the coupling coefficienty; ») (W = 0.26),) and spacing 3.4 mn(= 0.13X) with number

into (14) and (15), i.e., the complex propagation constarm$ elements equal to two, three, and four are under investiga-

obtained by the standard eigenvalue problem [see (14) dreh. The magnitude of the coupling coefficients in decibel scale

(15)], we find excellent agreement between both approachagginst frequencies of interests is plotted in Fig. 3fos, € 3,

as shown in Fig. 2. andC 4, respectively(; o values of the coupling coefficients
We can generalize the above discussions for a two-eleméoit the case study aV = 2, coincide with those forv = 3.

case study to a large coupled microstrip array. Given a systéims, one of data of the coupling coefficients for the case study

of N coupled microstrips of equal width¥() and spacingg), of N = 3, also coincide with those for the case study\of= 4.

we may rewrite (12) as Notice that the magnitude @f, 3 (C1 4) is one order of magni-
. tude less than that &, » (C; 3). This implies that the magni-
det(A) =AY +an ANV 4 g M +ao tude ofC; ;; decreases very rapidly in the order of (0 as
N jincreases, foj = 1,2,...and (v — 1). When computing the
= H()\ - \i). (18) eigenvalues (complex propagation constants) of a large array,
i=1 the coupling coefficients obtained by assumiNg = 4, i.e.,

where); is the complex propagation constant of ttie leaky Cij = 0for |i —j| > 3, are adequate for practical accuracy.
mode, fori = 1to N. Expanding the determinafdlet(4)), . Numerical Results and Validity Checks

and comparing order by order at both sides of (18)¥or- 3, The data shown in Fig. 2 have validated the eigenvalue ap-

we obtain the following equations for solving the unknown cou—r h for obtaining th molex br tion constants of th
pling coefficients ofC; » and C; 3, representing the coupling P oacl 0 Ot a gt e ;:o ple dp o_page; 10 CIO t?fa S Ot' €
coefficients of the adjacent elements and other-than—adjac%’j?‘u(t)'e ement symmetrical coupled microstrips. in this section,

elements, respectively (see the inset of Fig. 3). Notaply e confirmation of the proposed coupled-mode formulation is
N = 2 _ 3 andCy 5 = Cs 5 since each coupled micros’tripextendgd to.the cases 6f = 3 and 4. Si_nce the microstrips
has identical widthW) and is positioned at equal spacir) are all identical and placed an equal distance apart, the solu-

: . . . tion for ~, i.e., the complex propagation constant of a single
Thus, we obtain the following system of equations for solvm%on 7 1 : i
gsy q olated microstrip of first higher order, must be the same for

Cr2 andCys: N = 2,3,.... N is an arbitrary positive integer. Fig. 4 plots
73— 201 2201 5 — (2C12% + C132)y = A Aods the results obtained by (20), the arithmetic mean of the coupled
{372 _ 20’1722 _ Cy 5 = Mo+ As + Aoz, (19)  complex propagation constants, showing excellent agreement

for all frequencies of interests in the cases\of= 2,3, and4.
wherey = (A1 + A2 + A3)/3. Invoking the full-wave nonstan- Notice that the full-wave solution for a single microstrip line
dard eigenvalue approach for solving the solutionsXpri,, is almost indistinguishable from the plots obtained by the cou-
andAs, respectively, we obtain the value-gfwhich is the arith- pled-mode approach. Such finding is important for conjecturing
metic mean of the three complex propagation constants of caliat the particular coupled microstrips system can be viewed as
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Fig. 4. Plots of the complex propagation constant of a single isolated

microstrip at first higher order obtained by (20) using the data of the coupl&dg. 6. Validity of the proposed coupled-mode approach is confirmed by

mode solutions of the two-, three-, and four-element coupled microstrips $$fidying a four-element array; data obtained by the full-wave analysis agree

identical width and spacing. excellently with those by the coupled-mode approach considering all the
coupling coefficients.

0.8 0.8
o o o :Bycoupled-mode approach 24 [ 24
0.7 8 1 0.7 e Considering Cii+1 only 1
: By full 22 ¢ —m— Considering all coupling coefficients 422
06 | 106 ° 2L —o— Considering Ci,i+1 and Ci,i+2 only 12
. w=6.8 mm - N 18 18 =
s =3.4mm £ : 17 3
05| £,=3,38 105 K 1.6 416 o
= N = o
2 oal h = 26 mii 04 9\ = 14 114 3
< 0 4 = 5 12| 112 8§
Q. ° [ o
03} {03 g 1r 1t >
: s 08l Jos &
02} 102 “E’ 0.6 [ Joe 6
< 04 Jo4 3
0.1 704 02 Joz ®
0 0 0f p—u—=u—u—=n - P o Jo
10.9 1.2 1.5 1.8 121 0.2 -0.2
Frequency (GHz) 10.9 1.1 1.3 11.5 1.7 11.9
Frequency (GHz)

Fig. 5. Validity of the proposed coupled-mode approach is confirmed by )

studying a three-element array; data obtained by the full-wave analysis agié 7- Percentage of the rms error defined by (22) for the four-element array
excellently with those by the coupled-mode approach considering all tH&NG one term @ ;.1), two terms (' ;1 and € ;12), and all coupling
coupling coefficients. coefficients, respectively.

the mode coupling of a single leaky modéH; ) at each mi- study contain the following term§} >, Cy 3, andC} 4. Mean-
crostrip. while, the percentages of rms errors for the normalized phase

Figs. 5 and 6 validate the coupled-mode approach tHg@nstantand normalized attenuation constant are defined as fol-
transforms the conventional full-wave nonstandard eigenvall@vs:
problem into a standard eigenvalue problem fr= 3 and %3
N = 4, respectively. The three (four) sets of data of the complex 0Bems
propagation constants obtained by the coupled-mode approach S 1(Bi/ ko) coupled—mode — (Bi/ko) tull—wave |
are virtually indistinguishable from those by using full-lwave = N
gnalyses, as shown in Fig. 6 for the eqtire leakage regime of % 100% (222)
interests. The coupled-mode approach is not only accurate foy
obtaining the modal solution, but also explicit for providing 7°“rms
physical insights on the coupled lines behavior in terms of their \/211 (v / ko)

coupled—mode — (Oéi/I{/'O)fullfwave|2
N

corresponding propagation constants (eigenvalues) and modal =
current distributions (eigenvectors). % 100%. (22b)
D. Error Analysis for Cases with Fewer Number of Coupling g resyits of the coupled-mode approach assuming one term
Coefficients (Cy.2), two terms ; » and () 3), and three termg({ o, Cy 3,
Section l1I-C shows the nearly error-free solutions of the coandC; ) are plotted in Fig. 7, which shows the nearly error-free
pled leakyEH; modes obtained by the coupled-mode approasilutions for% 3. ... and%ca....s, when all coupling coefficients
provided that all coupling coefficients are considered. This sg€ », C1 3, and C 4) are considered. The worst rms errors
tion investigates the percentage of rms errors if the term of conecur at the lowest frequency near 11.0 GHz on the left-hand
pling coefficients is intentionally reduced. Given a system afide of Fig. 7, where 1.7% (1.86%) and 1.4% (1.55%) errors
a coupled four-element microstrip array, as studied in the prre observed fo¥ 3,.,s (Yoaums) When coupling coefficients of
vious section, the coupling coefficients of the particular casme and two terms are considered, respectively. For a typical
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leaky-wave antenna design of this study, the normalized attevihere
uation constant is usually chosen to be about 0.1 [21]. Corre-
sponding the frequency of operation of the presented coupled Y =kohsinf sin ¢
microstrips is near 11.7 GHz (see Figs. 5 or 6). Notice that Z; =j(kocos @ — ;) — oy
the two-term approximation results in a significant reduction
in %0,.ms against one-term approximation, i.e., from 0.96% to
0.48% near 11.7 GHz. For practical use of the coupled-mode ) )
approach, at least two terms of coupling coefficients are recoliferé/%: anda; are the propagation constant and attenuation
mended for obtaining solutions for all the coupled leaky mode2nstant of theth _coupTIe_d leaky mode, respectively. The total
What follows is an array design example described in the fJRT-20ne electric fieldz; is the superposition of th¥-element
lowing section, in which we apply three coupled coefficients t&lICrostrip leaky-mode array written as
ensure accuracy. N
E} = EJ exp(jkoz; sin 6 cos ¢) (28)
IV. MICROSTRIPLEAKY-MODE ARRAY DESIGN SUBJECT TO j=1
ARBITRARY EXCITATIONS—THEORY

2 .
ko :)\—7r (Ao is the free-space wavelength
0

wherez; is the center location gfth microstrip in thex-direc-
Given a microstrip leaky-mode array, the radiation fields atfn. Equations (27) and (28) explicitly relate the excited modal
characterized by the modal current distributions (eigenvectorgyrrents against the known current soure®(0) to the far-field
I;(z), fori = 1,2, ey andN. Considering an arbitrary input radiation pattern.
current excitationg™<(0) at the incident plane, where = 0,
(11) can be modified as V. EXAMPLE OF A CORPORATEFED MICROSTRIPLEAKY -MODE

ARRAY DESIGN

A 1z) =(0) (23) Fig. 1 shows a typical corporate-fed microstrip leaky-mode

array. A proof-of-concept design of an eight-element array
with W = 3.304 mm, L = 115 mm, andS = 13.38 mm

was fabricated on a 25-mil-thick Duroid 6010 substrate with
= L i §&¥tive dielectric constant 10.2. Careful designs were exercised
P, formed by applying’” as thejth column, can be used tofq, obtaining the input voltage standing wave ratio (VSWR)

Notice that the square matrix is diagonalizable. i, As, ...,
and \y are the eigenvalues of and "), 1@ ... andI®™)

diagonalizeA. That is, less than 1.2 at microstrip input feed and isolation better than
= ===, —17 dB at divider outputs (made of a CPW T-junction) at the
A=P-D-P~ (24) operation center frequency. Therefore, the mutual coupling

_ due to the feeding network, as shown in Fig. 1, is minimized
where D is the diagonal matrix in the form afiag[e*'*] and and can be neglected when a signal of a CW source is applied
P~listhe inverse matrix aP. Upon substituting (24) into (23), to the input port of the array during the measurement. The
one derives the excited current vector coupled-mode approach will explicitty show what coupled

leaky modes contribute the radiation subject to a particular

N
7N B T-1 " — N\ 25ine form of excitations. An eight-element leaky-mode array should
Hz)=P-D7- Q= z_; Qi (25)  have eight sets of eigenvectaf¥), fori = 1,2,..., ands.

= Each represents the modal currents of a specific leaky mode

and the coefficient vector with respect to an eigenvalug; (the complex propagation
. constant), as shown in Table I. Since the corporate-fed network
Q=P L.im(0). (26) results in signals of equal amplitude and phase reaching each

microstrip, the incoming current source vectd®® can be
Given a known arbitrary signal*¢(0), the coefficient vector expressed ad/v/8[1,1,1,1,1,1,1,1]F. By invoking (26),
2 can be obtained by (26) and, therefore, the resultant currgve obtain the coefficient vecta®, as tabulated in Table I,
distributions/(z) over the entire array are fully determined bywhich explicitly shows that leaky modes numbered 2, 4, 6,
(25). Applying the Fourier transform to the equivalent curreratnd 8 are not excited. Only four leaky modes numbered 1, 3,
sources on aperture, we obtain the far-zone electric field cdn-and 7 are presented in the corporate-fed leaky-mode array.
tributed by thejth microstrip of lengthl [26], [27] as follows: The leaky mode denoted as determinates the corporate-fed

array since the magnitude 6f; is much greater than that of

E.=F; =0 Q3, Q5, and$27. Substituting the computed coefficient vector
i kohe=dkr © and the eigenvalues of the excited leaky modes into (27) and

By =-— JEOT (28), we obtain the far-field radiation as shown in Fig. 8, which
sin(Y) N oZiL _q also plots the measured radiation pattern and that obtained by

. {sin9 [T} ZQiPij [T}} the unit-cell approach described in [9] and [22]. Notice that

i=1 v the H-plane (—=-plane) far-field patterns are normalized and

kow sin € cos ¢ 27 plotted at the observation angle off broadside fror 8565
Heos 2 (27) for close comparison. Although the unit-cell approach shows
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TABLE |
EIGENVECTORSI(?) AND EIGENVALUES (COMPLEX PROPAGATION CONSTANTS) OF AN EIGHT-ELEMENT CORPORATEFED ARRAY
(W = 3.304 mm, S = 13.38 mm,h = 25 mil, ¢ = 10.2, AND f = 12.16 GHz

ie.No| Element | Element | Element | Element | Element | Element | Element | Element Eigen-
1 2 3 4 5 6 7 8 values

J® (i=aitipi)
TP [0.1620° [03020° [0.4120° [0.4620° [0.4620° |0.41£0° [0.30£0° [0.1620° | .153+0.710
TP |0.30278° [0.46Z78° [0.41278° [0.16278° |0.16Z-102°[0.412-102°[0.462-102°|0.302-102°| .146+j0.733
J%  10.41£-102°]0.41.£-102°}0.00£0° 0.41£78° 10.41£78° |0.004£0° 0.41£-102°[0.41 £-102°] .159+j0.687
TP [0.462-23° [0.162-23° [0.41Z157° [0.30£157° [0.302-23° [0.41£-23° [0.16Z157° [0.46Z157° | .140+j0.756
TP [0.46278° [0.162-102°|0.412-102°|0.30278° [0.30278° [0.412-102°[0.162-102°[0.46278° | -164+0.669
TP [0.162-102°[0.30L78° [0.412-102°[0.46£78° [0.46Z-102°|0.41£78° |0.30Z-102°]0.16278° | .134+j0.773
T7  |0.302-43° [0.46Z137° |0.414-43° [0.16£137° [0.162137° |0.412-43° [0.46Z113° [0.302-43° | .167+0.658
T9 [0.412-160°[0.41220° [0.0020° [0.412-160°[0.41220° [0.0020°  [0.412-160°|0.41220° | .131+]0.785

TABLE I
COEFFICIENTVECTOR([{2] OF THE PARTICULAR EIGHT-ELEMENT ARRAY UNDER STUDY

i 1 2 3 4 5 6 7 8
Q, [0.943£0°] 0.000£0° [0.29£106°] 0.00£0° [0.14£-74° | 0.00£0° | 0.062-72° | 0.00£0°

VI. CONCLUSION

This paper has presented and validated the coupled-mode
approach for the analysis and design of the large leaky-mode
array from the perspective of mode coupling of the leaky modes
of higher order. Detailed formulation is derived to transform
the well-known nonstandard eigenvalue problem using the
full-wave approach to the standard eigenvalue problem by the
coupled-mode approach, which simultaneously obtains all the
eigenvalues (complex propagation constants) and eigenvectors
(modal current distributions) regardless of the size of the
‘ array (V). Consequently the proposed coupled-mode approach
26 30 35 40 45 50 56 60 65 greatly reduces the tedious root-searching process of the

Observation angle from broadside (degrees) nonstandard eigenvalue problem, which may become unman-

ageable for a large array problem. Closed-form equations for
Fig. 8.  An almost replica of the measured radiation pattern in the main be

from 33 to 65’ is obtained by the coupled mode analyses of the eight-elemen taining the _COUpImg coefﬁuents_ |nher|ng m_ th? microstrip
leaky-mode array. The well-known unit-cell approach [9], [21], howeveRITay are derived and the theoretical results indicate that the

predicts a narrower bandwidth with a slight shift in the beam-pointing angle. magnitude of the coupling coeﬁicie@7i+j between elements

i andi + j decreases at the order of ¥0as; increases. Exten-
close agreement with the measured data, the coupled-méte study for validating the new approach is conducted both
approach, which accounts for all the contributing coupled leakymerically and experimentally, clearly indicating that at least
modes, offer further improvement. An excellent agreement o coupling coefficients are required for obtaining accurate
observed for the radiation pattern in the main beam region fraf@mplex propagation constants with rms errors less than 1% for
33 to 65 at the H-plane cut, between the measured data amaost leaky region of the particular array under investigation.
those obtained by the coupled-mode approach. Importanffynally, the investigation of a corporate-fed eight-element array
the mutual coupling affects the array on the radiation pattew§ing the coupled-mode approach explicitly shows which leaky
by slightly shifting the beam pointing direction from 43 modes are excited at what levels and demonstrates that the
44.7 and increasing 3-dB beamwidth from 13t6 14.7. The effect of mutual coupling on the array performance can be
latter effect can be attributed to the contribution of the excitéfcurately determined.
leaky modes, possessing slightly different phase propagation
constants. This effect cannot be predicted by the unit-cell REEERENCES
approach (a single leaky-mode analysis) but, however, can be _ _ _

] G. L. Matthaei, L. Young, and E. M. T. Jonebicrowave Filters,

. . 1
accyrately predicted by using the coupled-mode approach (foup Impedance-Matching Networks, and Coupling Structurésorwood,
excited leaky-mode analyses). Mass.: Artech House, 1980.

-5 Frequency: 12.16 GHz

: By coupled-mode approach
/ —=— : By unit-cell approach \
X / —o— : Measured-data

Normalized far-field Pattern (dB)
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