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Upper Cutoff Frequency of the Bound Wave
and New Leaky Wave on the Slotline

Jan ZehentnerSenior Member, IEEEJan Machg, and Maurizio Migliozzi

Abstract—Printed-circuit lines exhibit interesting behavior due in the line dispersion equation having the appearance of
to leakage of power. We have attempted to work toward a more determinant.

profound understanding of uniplanar circuit properties when it When speaking about leakage into surface waves on the
comprehends planar transmission lines. Our work has focused . . .
on the slotline. We realized that the solution of its dispersion Slotline, we have to take into account earlier research results
equation is multivalued. This enabled us to identify and report a [7]. On a slotline with a relatively narrow slot, the guided

new leaky wave on the slotline. The leaky wave brings down the dominant mode is purely bound at frequencies below the so-
upper cutoff frequency of the bound wave propagating over the called spectral gap. The propagation constant of the bound

slotline due to overlapping of the bound- and leaky-mode regions. o i real. Within the spectral gap, solution of the dispersion
For this case, we present some simple closed-form formulas ) ’

providing this frequency limit when there is a frequency gap or €guationis either real or complex, but in any case nonphysical.
when simultaneous propagation of the bound and the first or Above the spectral gap, the leaky mode can propagate, and its
second leaky wave occurs. Propagation of the bound and leaky propagation constant is complex. Continuous increase of the
wave at the same time is a straightforward consequence of the g|otwidth dramatically alters the dispersion curves within the

multivalued nature of the solution of the dispersion equation. . .
Evolution of the real and complex improper solutions of the spectral gap, and for a sufficiently wide slot, the bound mode

equation in dependence on slotline dimensions demonstrates thisand the leaky mode prqpagate simultaneously. Consequently,
clearly. We believe that conclusions drawn for the slotline also the spectral gap now disappears. The frequency band of this

hold generally for other printed-circuit lines. simultaneous propagation may be fairly wide. The recently
Index Terms— Cutoff frequencies, electromagnetic surface Qiscovered new improper .real solution. of the dispersiqn equa-
waves, leaky waves, operation modes on slotlines, printed-circuit tion serves to explain continuous passing from the regime with
lines, slotlines. a spectral gap to simultaneous propagation of the bound and
leaky wave due to the change of slotline dimensions [6].
|. INTRODUCTION _ _In this paper, we will deal vyith a new pr_eviously uniden-
o ) . . tified leaky wave on the slotline, with its influence on the
LA_‘I\,'AR transmission Imes .used in .mlc.rowave,upper limit of the dominant bound-wave frequency band,
mylhmet_er—wavg, anc_i optical integrated circuits haveny present closed-form formulas for this limit suitable
been |n_vest|gated intensively over the last 15_years [1]_[%r computer-aided design (CAD). The new leaky wave is
These lines are mostly fully or partly open. Their qpen natu?ssociated with the leakage into both thal, and TE,
may cause leakage of power. For_ this reason, be§|des attenpis, ce waves propagating over grounded dielectric slab. We
to minimize natural losses, attention has been paid to leakag@e iqer our finding that this wave brings down the upper

that can result in cros;ta!k betwgen neighporing.componeetﬁoﬁ frequency of the dominant bound wave, especially on
or portions of the circuit, in lowering of their quality factors,the narrow slotwidth slotline, to be a contribution to the

or in outright loss of power. Leakage of power strong| eneral discussion on the characteristics of the open slotline.

depends on the cross section of the line, its d.'m‘?F‘S"’”S' 4H%his case, the regime with simultaneous propagation of
the frequency. In any case, leakage has a significant eff bound wave and new leaky wave dominates over the

;)hn C|r'c|:|l.1|t p;erformange, (;Nh\'/sh Cﬁn” det(ir!o:ate, eISpeC'.aHBt/hf@gime with the spectral gap. First of all, this concerns slotlines
€ mltlmle ekr-wa\{et an f € shall res rt'ﬁ ourse Vﬁl.m With lower characteristic impedance, particularly on the higher
paper fo leakage Info surtace waves on the open siotline. iEermittivity substrate. Additionally, evolution of both the real

Shlge.sawa_, Tsuji, and OI|.ner have summarlzed earl.ler nd the complex improper solutions of the dispersion equation
vestigations into effects which may occur in open printe -orresponding to the new leaky wave in dependence on the
circuit lines and have explained in detail their comprehensivc]:,- ) . ) _

L . ) slotline dimensions shows changes of the nonphysical and
conception in [7]. Essentially, all treatises about leakage effectﬁ

. ; ) ) ysical solutions. On a slotline with a wider slot, the new
are based on proper integration of the matrix elements involv . . .
eaky wave has a frequency gap in which the solution is

_ _ _ nonphysical. Physical improper complex leaky-mode solutions
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Fig. 1. Cross section of the slotline. 1.25 g
into the higher surface waves. Whether such leakage is worth 1.00 r X 2nd ]
taking into consideration is a question of each particular case, 0 0' ' '6'1' ' '(')'2' = (']'3' ' '6'4’ - 6 5
specified by the geometric and material parameters of the ’ ' ' ' - h/, .
line. The factor that controls this thinking from the practical °
viewpoint is the magnitude of the frequency at which the AR RS RSN LN RN
respective leaky wave sets in. Generally, it is important to & 0.2 - w/h=0.4
know the dispersion characteristics of planar transmission lines 3 0.1 i€r=2'25
in order to suppress or remove their unwanted leakage while I f,
making an appropriate choice for their geometrical dimensions 0.0 bt i
and material parameters. 00 01 02 03 04 05
h/a,
Il. THE NEW SECOND LEAKY WAVE ON THE SLOTLINE Fig. 2. The normalized phase and leakage constants for the slotline with

. . . . .w/h = 0.4 ande, = 2.25 as a function of normalized frequen¢t/\.).
A cross section of the investigated slotline, the denotatiQn. 15t and 2nd improper complex. (- - - -): 1st and 2nd improper real.

of its dimensions, and the placement of the axis are depicted

in Fig. 1. We have analyzed the open slotline by the method of ) ) ) o
moments, modified as in the Galerkin testing procedure in theatrix notation), controls the dispersion characteristics of

spectral domain with successive complex root searching. Ti€ line. The solution of this determinantal equation by a
integration path in the spectral domain was deformed frof®mplex root-finding routine provides the propagation constant
the real axis to include the residue contributions associatéd= ~ — j searched for wherg and « are the phase and
with propagation of the corresponding surface waves. TH?_—ze attenuatlon c_onstant, respectively. The matrix element of
accuracy of our calculation was checked by comparing tiféSPersion equation has the form
normalized phase constafifky, and the normalized leakage . oo . .
constantv/ko as a function of the normalized frequenieyo, Yo = / Grn (&) Emi(§)Enj(€) dE (1)
whereky = w/c and Ay = ¢/f, respectively, computed for o
w/h = 0.4 and 1.0 whene, = 2.25 with their plotting first where Enli(g’),Enj(S) are Fourier transforms of the basis
published in [8, Figs. 3, 4] and with additional relevant [7functionsE,,;(x, k), E,;(x, h) while m,n stand forz and/or
Figs. 5, 10-16]. Within the readability of these figures, ne, and¢,j distinguish particular functions from each other.
differences were found between those results and our owkle have used customary basis functions fulfilling the edge
Thus, the program provides us with all solutions known argbnditions in accordance with [9K¥mn(£) is the Green’s
published until now [7]. function in a spectral domain comprising two terms. The first
Let the field be expressed in terms of the electric artdrm corresponds t@¢ and the latter ta)™ potential. Both
magnetic Hertz vectors parallel to thgaxis and propor- terms may have poles. In dependence on the choice of poles
tional to e=97* where v is the propagation constant in thetaken into consideration, we obtain a corresponding solution
z-direction. Thus, corresponding electti¢ and magnetie)™ of the dispersion equation [10].
potentials describe the TM and TE fields with respect to Several distinct situations can occur on the lossless slotline.
the y-direction, superposition of which represents the tot&Vhen poles ofémn(g’) lie only at the imaginary axis of the
field. Taking their Fourier transforms with respect to theomplex plane = &, + j&;, and the integration path i¥,,,,
z-coordinate and substituting them separately into the likewigeidentical with the real axis, the solution of the dispersion
transformed Helmholtz equation, we obtain an ordinary oneguation is proper real and belongs to the dominant bound
dimensional wave equation. Its solutigri(¢,) or ¢ (¢,y) wave, as is seen in Fig. 2. The frequengy at which the
is known in the spectral domaéh Satisfaction of the boundary dispersion curve of the bound wave touches the curve of the
conditions in the plane of the metallization results in a couplEM, surface mode and = k1), determines the upper cutoff
of equations which are solved by the Galerkin method. THreequency of pure dominant bound-wave propagation over the
procedure leads to a system of linear homogeneous equatisiotline. The propagation constant of ti&/1, surface wave
for unknown amplitudes of the basis functions modeling the &y, .
field within the slot. A nontrivial solution is obtained by When the path of integration in (1) is again equal to the
setting its determinant to zero. The determinantal equatiogal axis, but thel'M, pole ofémn(g) lying at the imaginary
(known as the dispersion equation, and usually written axis is considered by its residue, the improper real solution
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occurs. It starts aff,, then grows, and later turns back tahan to theTM, surface wave. The corresponding leakage
lower frequencies. The higher improper real solution, denotednstanta, is greater thany;.

in [6]-[8] as “a new improper real solution” is obtained in the To get a better insight into the second leaky wave, its field
same way as the first solution, but has a greater magnituddll be investigated in detail. The eIectriEy(g,y, z) and

It is the second term of a double-valued solution, the firsuagneticﬁly(g, y, z) fields perpendicular to the substrate can
term of which is the previous lower improper real solutiorbe written in the spectral domain in terms of two tangential
Within the spectral gap quantified b and f;, the improper electric-field component&,o(£), E.o(¢) defined within the
complex solution corresponding to the leaky mode splits affot and specified by proper basis functiabs,;(¢), E,;(£),

from the improper real solution. The pole éfmn(ﬁ) is now asin (1). The subscripts 1-3 now indicate the respective space,
complex. Its residue contributes to the integral taken along the., 4 > h, 0 <y < h, andy < 0. Accordingly,

real axis. However, within the spectral gap the solutions are

nonphysical. At frequencys when 3 begins to be lower than Eyl(g,% z) = _Me—m@—h)e—jw )
kTm, . the physical improper complex solution joined with the N T
leaky wave sets in. Int'egrat|0n in (1) is performed in the same ﬁyl(ﬁ, y,2) = YEz0 — {0 o~ y=h) —ivz 3)
way as in the preceding case. Wit

However, besides the solutions quoted above, the dispersion G(EEw0 +vE.o)
equation of the slotline also has a further solution that is new  £y2(&,%,2) = (4252 + 112,Ca )7
and interesting. Let us denote the already known complex L ! L —iv: (4
solution as the first leaky mode, and the new complex solution, ' [5”718 (WQ) +72¢h(721)]e (4)
which we are reporting here, as the second leaky mode. 7 W&,y 7) = YEz0 — L0
Subscript 1 will denote the real improper solution related e wp(y1S2 + 12C2)
with the associate@M, surface wave and, consequently, also - [nsh(v2y) + v2ch(ey)le™*  (5)
with the first leaky wave. Similarly, subscript 2 will indicate ~ B0+ vEu0 '
quantities related with the associat@dl, and TE; surface By, 2) =je,—————"—Me 07 (6)
waves and with the corresponding second leaky wave. 292 + 116rC2

The behavior of the second leaky wave is also illustrated 7 (¢ o ) = 2 ’VEJ«‘O — ¢ MY =iz 7)
in Fig. 2, and belongs to the slotline taken over from [8]. g wit 7152 +72Cs
The solution for the second leaky wave is obtained whghere
the integration path of’,,, in (1) again lies at the real axis,
but both theTM, and theTE; poles of G,.,(¢), which are Sz =sh(y2h) (8)
now complex, are accounted for in terms of their residues. Cy =ch(y2h) 9
This solution sets in alfz, the frequency when the second V2 =g 442 k2 (10)
improper complex solution splits off from the second improper B P P PP (11)

real solution. The second improper real solution occurs first at
frequencyf;, identical with cutoff of theTE; surface mode. and e, is substrate permittivity. The fields in the substrate
Now the poles ofG,,,(£) are imaginary. It is seen that thef,», H,, and in the airE,3, H,3 have complex poleg, i,
second improper real solution associated with the second leaky, associated withy™ and* potentials, respectively. Their

wave breaks off from the improper real solution belonging tgositions follow from (12) foré,rv and from (13) foré,rr
the first leaky wave. Then the solution goes down, crossgpen

the bound-wave curve, and touches the phase constant line of

the TM, surface wave. Up to this point, the imaginary poles th(h\/’yQ + &2, — k) ~v2 + £§TM — ek -0
TM, and TE; have been accounted for. Afterwards, when PIM Y2+ & — K

only the imaginary polél'E; is captured, the solution turns (12)
back upward and ends at the bound-wave solution, again at 2y 2
frequency f1. The solutions keep their nature when passingth(h,/+2 + &2 »TE — erk )+5,\/ . 2onE 02 —0
from the first to the second leaky wave. The second higher v JFSonE —erkg

improper real solution breaks off from the first higher improper (13)
solution again at the cutoff frequency of theE; surface
mode. Betweery, and f3, at which point the phase constan
of the second leaky wave becomes equal to that ofltHe krav = + Eru (14)
surface wave, the leaky wave is nonphysical in the sense of the 2 2, g2

generalized condition of leakage [11]. By changg,0.2695) e =7+ Gire (19)

is here only slightly lower tharf,(0.2780), the upper cutoff After substituting (14) and (15) into (12) and (13), dispersion
frequency of the pure dominant bound wave. The conventioreuations of the TM and TE surface waves propagating over
frequency gap fromfs to f; now disappears due to thea grounded dielectric slab are obtained [12]. Note thgt,
presence of the second leaky wave. At frequencies higher tlﬁgl are poleless functions.

f3, energy can leak into th&M, and TE; surface waves. Far aside from the slot, the field must have the character
Leakage to thel'E; surface wave occurs at a lower angl®f a surface wave. A grounded substrate supports TM and

!_et us denote
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TE modes [12]. Their propagation constartgy; and krg 3
are the common solution of (12) and (14) and (13) and (15), ——t—
respectively. Assuming propagation in thedirection, then ’ ~C
H,, E,, E, constitute TM modes whilé,,, H,, . constitute 1 X
TE modes. Regardless of the direction of propagation, TM é(l) '
surface modes can be describedfy and, similarly,H, can
describe TE surface modes.

To get the field in the space domain, the backward Fourier a
transform

1 [ . . &,
Bywws) =5 [ Biewadtd () ®

2 J_ oo . .

of (2)—(7) is necessaryEy(g,y, z) can be decomposed into NG ’
three terms as follows: S~-l-~-"¢C

ReS(—é}ny) +R€S(£p7y) G—j’yz b

E+& £=& 17) Fig. 3. Integration path for (18) in the plarge

Ey(g, Yy, Z) - |:Ey1(§7 y)+

assuming thatE,(¢,y,z) has only one pair of poles substrate is real. After decomposition and rearrangement, (14)

+¢,. E,(&y) is a regular function, Res(¢,,y) and and (15) gives

Res(—¢,,y) are residues of the functioﬁy(g’, y) at the poles

+¢, and at a given position. B+ =+ +&, (21)
Poles¢, are either complex or imaginary. Let us substitute af = Epnlpi. (22)

(17) into (16). Integration in (16) along the real axis in the

plane results in the field always decaying with increagir|g

i.e., we get the bound wave. To get an improper wave wi

increasing amplitude in the-z-direction, the integration path

must be modified, as seen in the contguin Fig. 3(a) and

aj]he phase constant &,z and £y, in the z- andz-directions
IS 3 and ., respectively, so that the phase constant in the
direction of their propagation is

(b). Now
by =B+ =[R2+ a2+ &2 (23)
Ey(xv Y, Z)
_ 2i Ey (£.y, 2)S® de Both these waves propagate at angleead from thez-axis
T Jc
1 < . .
— {% / Ey (€, )’ dE +jsgn(z) © = arctan(&, /) = arccos(B/(/k2 + a2 +&2)).  (24)

. [Res(—gp,y)e—jfpl‘ + Res(gp,y)ejfpl‘]}e—ﬂz. Equation (24) removes the approximation sign in [4, eq. (2)].
Mostly o and&,,; are considerably less tha@n. Consequently,
(18) the difference betwee® calculated according to (24) and
according to [4, eq. (2)] is insignificant. However, for our
The first term provides the bound wave whereas the secafihmples shown in Figs. 4, 7, and 8, this difference amounts to
term represents the superposition of two waves. One of _th%O’, 0.7#, and 1.68, respectively. Readability in the origi-
with decreasing and the second one with growing amplitudg, |arger size figures is better than @.Fhus, the transversal
when|z| tends to infinity. The latter is an improper wave SinC@g|q distribution shown in Figs. 4, 7, and 8 confirms the

it does not fulfill the radiation condition at infinity. Far fromvalidity of (24). The idea quoted above holds analogously for
the slot, the field can be approximated by a wave Hy(z,y, 7).

) Eys(&,y,2) with complgx polest&, v represents alleaky
wave that at a great distance from the slot continuously
propagating obliquely to the right from the slot and by anothdfodifies and passes on the TM surface wave. Similarly,
wave Hys(€,y, %) has polest{,rr and passes on the TE surface
wave when is sufficiently far away from the slot. On the
E,p = —j Res(&,, y)c/éree=i7 (20) other hand.E,: (¢, y, 2) and Hy: (¢, y, ) have no poles. Con-
sequently, this field decays in any case with growjirjgsince
propagating obliquely to the left from the slot. Their propagdhe metallization screens the field on its opposite side.
tion constants in the-direction are equal to the pole location A theoretical reason for an existence of the first leaky wave
+&,. Propagation constan{s = &,.+j&,; andy = 3—ja are has been given above. It is related with the polegr,
complex. Let us denotk, askry or kg, which for a lossless corresponding to th8'M, surface mode. It leaks at an angle

Eyr = j Res(=&,y)e e (19
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Fig. 4. The first leaky-wave contour lines of the electric-field componertig. 7. Contour lines of£,> similar to those in Fig. 4, but now for the
E,> perpendicular to the substrate surfage= 0 plotted in thexz-plane second leaky wave on the same slotline.

for the slotline withw/h = 0.5, &, = 2.25, andh/\, = 0.45. O is the

angle of leakage.
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00 25 50 75 10.0 125 Fig. 8. The second leaky-wave contour linesif> perpendicular to the
x (mm) substrate surfacg = 0 plotted in thexz-plane for the same slotline as in
Fig. 4.

Fig. 5. The first leaky-wave components of the elecHig, and magnetic
H,., field perpendicular to the substrate surface= 0 in the planez = 0

for the same slotline as in Fig. 4. . . . .
9 and &g, , are taken into consideration. Besides the bound

term, the total field consists of th&M, and TE; surface
100 waves. They both have the same propagation constant
' E the z-direction, but different propagation constants in the
r z-direction. Their amplitudes are proportional to the residues
r at the &, and &,rr, poles. The corresponding angles of

5.0 \ propagation also differ as follows:
\ O2rm = arccos(3/ \/ Ky, + 0 + i) (25)

lll,Ll_l_l_l_I_l_l_Ll
o =3 3/ ./ k2 2 2 ) 26
00 25 50 7.5 10.0 2TE mjcos(//\/ e+ O+ i) (26)

z (mm) as is seen in the contour plots in Figs. 7 and 8. The magnitudes
Fig. 6. The first leaky-wave contour lines of the magnetic field componeff these angles agree with those read in Figs. 7 and 8 when
H,» perpendicular to the substrate surface= 0 plotted in thexzz-plane for |eakage constant is accounted for in (25) and (26). Fig. 9
the same slotline as in Fig. 4. confirms a feeling that now botiM, andTE; surface waves
could occur far away from the slot.
Whenw/h increases (e.g., to 0.5j is distinctly lower than
O, according to (24) wheré; = k1. The contour plot of £, (see Fig. 10), and within the frequency gap frggto f;
its electric field perpendicular to the substrate surface 0 the phase constant of the second leaky wave is lower kjan
is shown in Fig. 4. The greater the line density, the highefere, the solution is nonphysical singeloes not comply with
the field strength. Sinc€,rw, is the pole ofEy,, and not the generalized condition of leakage [11]. Now the influence
the pole of H,2, the componentH,,, perpendicular to the of the first leaky wave can assert itself. Above the frequency
substrate surface, decreases with growjing as is seen in gap, i.e., abovef;, the second leaky wave is again physical
Fig. 5, and as documented again by the contour plot in Fig. &nd may exist simultaneously with the first leaky wave.
As we have mentioned above, the second leaky wave occurfhe newly revealed characteristics of the second leaky
when poles related ta)® and ™ potentials, i.e..{,;rv, Wave are more expressive on the higher permittivity substrate,
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Fig. 11. A plot similar to that in Fig. 2, but for a narrower slotwidth
w/h = 0.236 and higher substrate permittivity,, = 10.8. (—): 1st and
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2nd improper complex. (- - - -): 1st and 2nd improper real.

surface wave demonstrates the multivalued nature and the
completeness of the solution of the dispersion equation.
The dispersion characteristics of a slotline vary with increas-

PRI B I LT B B

00 01 02 03 04 05
h/x,

ing relative dimensiom/h. The sequence of charts in Figs. 2,
10, and 12-15 demonstrates this objectively. Their common
feature is that the second solution (either improper real or
improper complex) always sets in #t, the cutoff frequency
of the TE, surface wave, and has the same value as the first
solution at this splitoff point. When the solution associated
f, m with the first leaky wave has an improper real solution at
00 Lo b I bbb 1y frequency f1, the second solution also breaks away like the
00 01 02 03 04 05 improper real (see Figs. 2, 12, and 13). Similarly, the improper
h/A, complex solution of the second leaky mode splits off from the
complex solution of the first leaky wave, i.e., this concerns
both the phase and leakage constant (see Figs. 14 and 15).
Figs. 10 and 12-15 give evidence that the second leaky
wave does not make itself useful on wide slotwidth slotlines.
e.g., whene, = 10.8, w/h = 0.236 (w = 0.15 mm and The first leaky wave dominates and controls their dispersion
h = 0.635 mm) (see Fig. 11). Now the overlapping intervtharaCte”St'CS' A narrow slot offers a greater chance to excite

of simultaneous propagation of the bound and the secom§ Second leaky wave, as in Fig. 2 and 11. This particularly
leaky wave from f; — 46.0 GHz to f, = 59.9 GHz is concerns circuits made on higher permittivity substrates.

sufficiently significant for practical purposes. The second IeakyTranSItlon from the regime with the spectral gap to simulta-

wave has much greater influence on the behavior of the slotlifgous propagation of the bound wave and the first leaky wave

of a narrower slotwidth (see Figs. 2, 11), while for a Widerr"leliating into theTM, surface wave (which has a zero cutoff

slotwidth its influence is negligible sincés and f, are too Teduency) is explained in [6] and [7] in terms of occurrence
close together (see Figs. 10 and 12-15) of the same number of solutions of the dispersion equation at

all frequencies. However, the same account is not applicable

in the case of the second leaky mode, the presence of which
IIl. D EPENDENCE OFSECOND LEAKY-WAVE is possible only abovef;, the nonzero cutoff frequency of
SOLUTIONS ON SLOTLINE DIMENSIONS the TE, surface wave. Whery; is crossed toward higher

It is interesting to observe how the dispersion characteristiitequencies and the second leaky mode is considered, the total

of the second leaky wave change with the normalized slotlimember of solutions doubles in comparison with the case when

dimensionw/h. Their coupling to characteristics of the firstonly the first leaky mode is taken into account. This figure

leaky wave at and above the cutoff frequency of thE; holds up to théI'M; cutoff frequency, above which the total

0

Frror T rrrrrorrr

0.2 - w/h=0.5

a/k,

o
A Y SN

01

Fig. 10. A plot similar to that in Fig. 2, but for a wider slotwidtky 2 = 0.5.
(—): 1st and 2nd improper complex. (- - - -): 1st and 2nd improper real.
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Fig. 12. A plot similar to that in Fig. 10, but for a wider slotwidth Fig 14. A plot similar to that in Fig. 13, but for a slotwidth increased to
w/h = 0.535. (—): 1st and 2nd improper complex. (- - - -): 1st and,,/, = 0.6. (—): 1st and 2nd improper complex. (- - - -): 1st and 2nd
2nd improper real. improper real.
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Fig. 13. A plot similar to that in Fig. 12, but for a slightly wider slotwidth

h = 0.552. (—): 1st and 2nd improper complex. (- - - -): 1st and 2nd 19 15- A plot similar to that in Fig. 14, but for a very wide slot with
ilrl1)"|/proper sgal. =) prop P ( ) w/h = 0.8. (—): 1st and 2nd improper complex. (- - - -): 1st and 2nd

improper real.

number of solutions again doubles in comparison with the .
: . o fopagates. To avoid the trouble caused by surface leakage,
number of solutions below this frequency. In principle, th

) . . . i . ial (ljs necessary to know the upper frequency cutoff of the
dispersion equation can provide additional solutions associa 2 inant bound wave. In case of a spectral gao. this is given
with TM;, TE,, etc., surface modes. Unfortunately, the’i‘g ) P 9ap, 9

cutoff frequencies are very high. Therefore, application of t eyf4 in Figs. 2 and 11714’ and denoted hereaftefcaw_hen

slotline at such frequencies would be senseless. simultaneous propagation of the bound wave and the first leaky
wave occurs, the upper frequency cutéff is equal tofs, as

shown in Fig. 15. If the regions of the bound and the second

IV. UPPERCUTOFF FREQUENCY OF THEBOUND WAVE leaky waves overlap, the cutoff frequengy; is given by fs

A role that the first and the second leaky waves play de.g., Figs. 2, 10, 11).

the slotline has been shown in Section II. Basically, if excited The normalized upper frequency cutdfi/).) instead of
they limit the frequency band in which only the bound wavg. depending on the relative dimensiaryh and permittivity
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Fig. 16. The normalized upper frequency cutoff of the dominant bound wad- 17. A plot similar to that in Fig. 16, but the normalized upper fre-

determined by the spectral g&p/A.) and by simultaneous propagation ofquency cutoff of the dominant bound way&/X.) is now determined by
the first leaky wave(h/Acy ). simultaneous propagation of the second leaky wave.

er is shown in Fig. 16. The figure is based on a set @fefining the boundary line separating the left pure bound-wave
data calculated for Var|OUB}/h and Ep combinations. Their region from the r|ght region of simultaneous propaga’[ion of
subsequent manipulation by the least-squares method resgfés bound and the second leaky waves (see Fig. 17).

in the closed-form formula The normalized upper frequency cutdff/)..) instead of
(h/Xe) = A1[As + As(w/h)1]4s 27) fe2 is also drawn in Fig. 17 and
where (h/Ae2) = [C1L + Co(w/h) =] + Cs (39)
Ay =1+ 0.045¢ 003191 (28)
—0.285 29 where
Ay =0.27251¢ 025295 4 017645 (29)
_ = 0.580 52\41.995 .
Az =(0.93985 — 0.003 685? %, ) (30) Cy = (5,,—1.928)0'899/(2.0+1.25},'3)+0.016_1'3|5*_3'2|3 0
Ay =(0.742 — 0.0064£0-375)1-94 (31) (40)
Az =(1.0031 + 0.026 035¢; 220 42)0:280% (32) (o, —9.395/e1 782 _ 04360518
are simple functions of,. Equations (27)—(32) hold when — 0.008¢™0-091e-=6.51"" _ g 1 o= 15-0ler =471
0.01 S w/h S 1 and2 S Ep S 16. +0 ()1@_|5T_4~0|10'0 (41)
The following equation: ' 0.605 0.03len 8,012
) Cs =0.0794(e, — 1.73)°695 — 0,012~ %03l =807 (42)
(h/Xep1) = [0.76388 + 0.20999(w/h — 0.493)0-08212)24.589 Cy =1.95+75.0/£52 (43)
B3) 5 =0.012¢7 100020, (44)

satisfies the conditiorf, = f.; and controls the boundary
line separating the left pure bound-wave region from the righigquations (39)—(44) hold whew/h ande, lie in the same
region of simultaneous propagation of the bound wave aitervals as they do for (27). Formulas (27)—(44) can easily be
the first leaky wave. implemented into CAD. They determine the desired operation
Similarly, the normalized frequendy./\.;) instead off.; frequency band in which only the bound wave can propagate.
is also plotted in Fig. 16. The formula
(h/Aer) = By + Bo(u/h) PP 34) v CoNCLUSIONS N
We have reported the discovery of a new previously uniden-
describesf.;. B, B, Bs, thee, dependent functions, are agified leaky wave on the slotline. Its occurrence is a direct
follows: consequence of the multivalued nature of the solution of the
By =e,/(1.85 + 1-445115375) — 0.024¢—0-065]2,—6.5] (35) dispersion equation with respect tq individual _surface waves
s supported by a grounded dielectric slab. This new second
By =(0.002+ 0.5/e71%)%92 — 0,011 %2271 (36) |eaky wave is associated with leakage into thHal, and
B =2.59(e, — 1.75)%-25 — 0.86¢~0-0075l=- —18""* TE; surface waves. Their directions of propagation differ.
— 0.0860-Le- 81" (37) We have presented plots of contour lines for the already
) ) known first leaky wave and also for the new second leaky
Equations (34)—(37) have the same interval of validity as (2%yave. They confirm the correct value of the angle at which
The conditionf, = f.» produces the equation a particular leaky wave radiates from the slot when both
. its propagation and leakage constants are taken into account
(h/Ae2) = [0.0081636+0.14095(w/h—0.037) > SSHE044L5 5 yp e " alculation. Their influence is more expressive for
(38) the second than for the first leaky wave. The second leaky
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