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Abstract—In this paper, an original closed-form approximate cently been studied for the three-dimensional case of a stripline
evaluation is performed for the continuous-spectrum field excited excited by a gap source in [10]. The residual-wave contribution
by an infinite line source in a dielectric substrate—superstrate to the field typically becomes strong in the neighborhood of the

configuration, optimized for leaky-wave radiation. By means t it . h the leak d | f h
of a suitable approximate asymptotic representation obtained YaNSIion region, where the ieaky mode evolves from a pnys-

via Watson’s lemma, the continuous-spectrum field has been ical to nonphysical mode [11], [12]. As the leaky mode moves
expressed as the sum of the contributions of two leaky-pole into the nonphysical region, the degree of correlation between
singularities, each weighted by a transition function that depends the LW field and continuous-spectrum field gradually decreases
on both the frequency and observation distance. The validity of 113] A guantitative description is sought for this progressive
these results is shown in the near and far fields at different fre- . L . .
quencies, including the frequency range in which the leaky wave !OSS of _phy_smal S|gr_1|flcance of a leaky mode; thus far, empir-
is physical and the entire transition region through the spectral ical weighting functions have been proposed, based on power
gap. This new closed-form result explicitly shows the nature of the considerations [14], but, to our knowledge, no analytically de-
continuous-spectrum field in the transition region, and provides rived results are as yet available.

insight into the nature of the fields on more complicated structures

in microwave integrated circuits. In this paper, we consider a simple two-dimensional configu-

ration, i.e., a substrate—superstrate dielectric waveguide excited
by an infinite line source and optimized for LW radiation [15],
[16]. This structure is chosen for its simplicity. However, the
conclusions obtained are expected to be valid for more compli-
|. INTRODUCTION AND BACKGROUND cated structures such as sources on microwave-integrated-cir-
(géjit lines. Hence, the analysis and results presented here should
ovide insight into the nature of the continuous-spectrum ra-

tinuous part of the modal spectrum of the relevant transvefL@tion at high frequencies on practical integrated-circuit lines,
operator (see, e.g., [L]-[4]). Such a description is exact, but yghlch is often responsible for uereswabIe §pur|0us effects. .
quires the numerical determination of the continuous-spectrumBY Mmeans of an asymptotic evaluation performed via
modes, which is a quite cumbersome task. Watson'’s lemma [17], we present an approximate closed-form
In many cases, the exact modal representation can be corfgRression for the residual-wave field on the air-dielectric
niently replaced by an approximate one in terms of leaky wavi§erface, which leads to a closed-form expression for the
(LWSs), i.e., modal solutions with a complex propagation corsontinuous-spectrum field in terms Qf the contribgtiontwb
stant that propagate and simultaneously leak energy throl§fes of the spectral Green's function, each weighted by an
waves supported by the background environment of the wa@RPropriatetransition function The results thus obtained,
guide (e.g., plane waves in free space or surface waves ifegorted here for both the near and far fields, explicitly show
planar-stratified structure). Such leaky modes do not satisfy tie nature of the continuous-spectrum field in the neighborhood
radiation conditions at infinity in the waveguide transverse cro8§ the transition region of the substrate-superstrate dielectric
section; nevertheless, when a leaky mode is physical, its fiskgveguide. _ .
can give an accurate representation of the continuous-spectrurhhis paper is organized as follows. In Section I, the analyt-
field excited by a given source [5]-[8]. ical derivation of the approximate closed-form expression for
The part of the continuous spectrum that is not representé§ RW is derived for a substrate-superstrate dielectric wave-

LW radiation. In Section Ill, the results thus obtained are used

. . . _ to derive an approximate representation of the continuous-spec-
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Fig. 1. Substrate—superstrate configuration treated here, excited by an infin ke A
line source that may be electiid*) or magnetiq M*). Branch cut Cuo
Il. APPROXIMATE EVALUATION OF THE RESIDUAL-WAVE FIELD
The two-layer substrate—superstrate planar waveguide cons. _.

eredhereis showninFig. 1, whéns the substrate heigltisthe _ _ . . ) .

. . Fig. 2. Location of the singularities of the Green’s function in the
Su_p_er_S_trate height, a@d:_l! Hor1 ande,2, ur2 are the relative per- complex k. -plane. krg,: proper (TE,) surface-wave polek.iwi: LW
mittivities and permeabilities of the substrate and superstrate, f€E.) improper complex pole k. w2: improper complex pole (the

spectively; the infinite line sourceis directed alonggkeexis, and  cOmPplex-conjugate of the..w. pole), kq: branch point. The SDR, lies
partly on the improper Riemann sheet (dotted line), and partly on the proper

is placed at = 0 at a distance, above the ground plane. ThiSRiemann sheet (solid line), which are separated by a branch cut (dashed line).
structure was proposed as an antenna geometry capable of pro-
ducing narrow radiated beams, when the dimensions and congfere £,, = KE— k2, ko1 = +/erikZ— k2, and
. z z
tutive parameters of both the substrate and superstrate are ch%gzn = ook — k2 kZ — k2 are the transverse wavenumbers in
z

properly [15]. Its behavior has subsequently been interpretedigs air, substrate, and superstrate, respectively, assuming
due to the excitation of LWs supported by the structure [16]. onmagnetic layers.

The invariance of both the structure and excitation with re- The gpectral Green’s functio&,, has pole singularities,
spect to they-direction allows us to study the TE and TM poyyhich correspond to the discrete modes of the substrate—su-
larizations separately. In this paper, we will be concerned Wiliyrstrate structure, and branch-point singularitiels, at +k
the TE polarization (due to an electric-line-source excitation)z] These branch points are due to the square-root function
however, the same approach can be used to treat the TM cas§@girring in the definition of the transverse wavenumber in
well (due to a magnetic-line-source excitation). _ -air. The choice of the square root with a negative imaginary

Inthe TE case, an electric line source is present, which exciiegt corresponds to waves attenuating at infinity, and is termed
an electromagnetic field with nonzero componefifs H., and - proper, while the other determination is termedproper The
H.. The following high-gain conditions [15] are chosen t0 Opgyiginal path stays on the proper sheet of theplane. By
timize the design: deforming the integration path in (2) in the lower half-plane

koby\/ pir1em —sin? 6, =m (for z > 0) around the Sommerfeld branch cut that separates
the proper fop) and improper ljotton) Riemann sheets (see
kot\/ piroers — sin® 6, =

Fig. 2), the total field (TF) on the interface can be expressed
as the sum of the following terms: the residue contribution of
To = (1) the captured proper poles on the real axis, which constitutes

wherek is the free-space wavenumber ang > 1 in order the bound-mode field (in our case, the field of th&; mode)

to obtain a directive beam at an angjg due to radiation from a@nd the contribution of the integral around the branch cut,

the first higher order TE model, leaky mode) [16]. which constitutes the continuous-spectrum field. By further
The electromagnetic field at each point in space can be dieforming the integration path to the steepest descent path

rived from the knowledge of the electric field on the air—dieled>SDP) (the vertical patit’y, that goes around the, branch

tric interface(x = h); the latter can be expressed as an inver§int in Fig. 2) [6], the continuous spectrum can be expressed
Fourier transform as as the sum of the residue contribution of the captured (phys-

1 [T . Cips ical) leaky poles (in our case, tHEE, mode, neglecting the
E(h,2) = yoEy(h, 2) = Yoo - / Gyy(h;k=)e™""2dz higher order leaky modes) and the contribution of the integral
T (2) aroundCy, which constitutes the residual-wave field [9], [10]
where the integral is performed along the real axis, assuming (galled the space-wave field in [14]). The above-described field
finitesimal losses. The spectral Green’s functigy, occurring decomposition can be written as (for> 0)

NS NN

in (2) is known in a simple closed form [7]: E,(h,z) = — jRes [éyy(h; kz)] e—dkre, =
a k:=krg,
Gyy(h; k2) . ) . .
kyo Sln(k‘mllo) + —jRes [ny(h’ kz):| e—JkLwlz
_ ko sin(kz1b) cos(kyat) + k1 cos(kz1b) sin(k.ot) k.=k.1w1
- Ho Foo 4 ik ko tan(kxlb) — kal COt(k’mQt) X {1 —U_1 [§R6 [k‘z — ko]] } + Eva(h, Z) (4)
@0 T ]2 ky1 + kyo tan(k,1b) cot(kaot) where ktg; is the TE; surface-wave polek.iw: is the

(3) TEs LW pole; the unit-step function:._; is equal to zero
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when k.w1 is captured (the leaky mode is physical wittwhereA,., is a suitable complex coefficient, while ands- are
B.tw1 = Re[k.owi] < ko) and is equal to one when itthe locations of the poles of the approximate layered Green’s
is not (the leaky mode is in the nonphysical region wheffenction in the two-sheetegtplane, corresponding to the poles
B.uw1 > ko), and the residual-wave fiellgyy is given by k.tw1 andk. w2, shown in Fig. 2, respectively, as

1 . . -
ERVV(}L'/ Z) - 2_/ GZIZI(}“ kz)e_]kzzdk% (5) kZLWl =ko — js1
T JCi ks Zko — jsa. (11)

Later on, the dependence bwill be omitted in all the relevant By inserting (10) in (6), we obtain

symbols.
By performing the change of variable = ky — js in (5), B ~_ia ekoz e [ /s Vs —_—
after some manipulations, we obtain Rw(2) = —jAres—5 /0 s—s; s—s2)° OO
e—jkoz +o0
Buv(e) = -5 [ Feeds @) (12)
m Jo

The integral in this expression can be evaluated analytically in

where the resulting integranbl(s) = F'*(s) — F'~(s) isthe g closed form (see the Appendix). The result is
difference of the originat+,,, calculated on the two parts of the

Cy, path, the propefF*(s)), and the impropefF~(s)) parts. ERW(Z)

To achieve an approximate analytical expression for the ~ “res —jkoz{ =512 [Qon [ L Erf(j /52
residual-wave field, we let tend to zero in order to obtain an 2 © Ve [ gu[Smlsi] tt() 812)}
asymptotic approximation for large Based on this assump- oz .
tion, the following approximate form for the Green’s function — Vs2e [1 + Erf (jy 82’2)} (13)
can be obtained:

N where the imaginary part of thg pole changes its sign when
A 0

éyy(k'z) =Gyy(ko —js) = —— (7) thek.iw: pole crosses th€,, path in thek.-plane.
D(s) Through the asymptotic expansion of thaf function
whereN, does not depend on andD(s) is given by for large values of its argument, it can be shown that the
D(s) = s+ A2 4+ A, ®) residual-wave approximate expression of (13) has an algebraic

decay for largez, which is proportional to:~3/2 if both poles
whereA; and A, are complex coefficients that depend on thg, and s, are different from zero; if one of the two poles is
involved physical parameters, including frequency. The choiggual to zero, the algebraic decay is instead proportional to
of the square root depends on the Riemann sheet on which the/2 The |atter case occurs at cutoff of thi&, mode. These
evaluation of the approximate Green’s function is performed. Bbnclusions are in agreement with those obtained by applying
particular, the approximate transverse wavenumber in air canljitson’s lemma to (6) [10].
written ask,o = (1 + 5)v/kos'/2. Therefore, by examining the

sign of the imaginary part df, o, it is found that, if the following |||, A PPROXIMATE CONTINUOUS SPECTRUM(ACS) HELD AND
condition holds: LEAKY-WAVE TRANSITION FUNCTIONS
s 3
-5 < Arg(s) < 5 )] On the basis of the results derived in Section Il it is pos-

. . , L s(i]ble to obtain an approximate expression forehére contin-

the evaluation of the approximate Green’s function is performé . : .

on the improper (bottom) Riemann sheet. Hence, the branch uSFs-spectrunﬁeld on the air—superstrate interface. The ACS
: ' ﬁe d can be obtained by summing the LW field of thg w1

in the s-plane is chosen to be along the negative imaginary axis. . .
The prirl?cipal square rogyf's is theng defineég to be thegvalu?a/ onpOIe (when captured) and the approximate residual wave (ARW)

; field of (13).
the bottom sheet, corresponding to (9). Hencé? = +/s, . o
where the plus sign corresponds to the bottom sheet and thd N€ LW field Epwy of thek.pw, pole is given by (for: > 0)

minus sign corresponds to the top sheet. Erwi(z) = —jRes [éw(/ﬁz)} e~ihwiz(14)
Based on (7) and (8), the integrand in (6) can then be ex- = =k-1w1
pressed as Now, by assuming that (11) is valid, i.e., that the poles of the

approximate algebraic expression accurately represent the ac-

—Ft(s)— F~ 4
Fs) =F7(s) = F~(5) tual poles of the exact Green'’s functiohy,,, the residue contri-

~N [ 1 1 bution from thek.rw1 pole can be expressed as
= 0 -
- A A A A N
:s 1Ws+Ay s+ A/s+ A —jRes [ny(kz)} =~ — Res [F~(s)] s
2A1\/§ k.=k-Lw1 R [F( )] (15)
= N = _ .
01521 5 (24, — 42) 1 A2 LA le=s
- From (10), we then have
N 2414/ . .
-0 (s —51)(s — s2) —JjRes [ny(kz)]kazl,Wl & Ares\/51. (16)
1 1 Therefore, the LW field of thé. w1 pole can be written as
= Ares - \/g (10) (ko—i
5—51 85— 8 Eiw1(2) & Apegy/s1e 7 Fomis0)z, 17)
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With similar steps, the LW field of thi, 12 pole can be written function, will be compared with the ACS field obtained by

as summing the exact LW field (when captured) and the ARW
Frwo — — jRes |G, (k. —jkatw2z field calculated through (13), which uses the approximate

w2 (2) J es[ uy )]k::k:mz ¢ (closed-form) expressions; and s, for the pole locations.
2 Apegy/spe Romis2)z, (18) The ACS field is calculated using (13) and the exact LW field

‘jﬂstead of using (19) (which approximates the LW field) in
order to improve the calculation of the ACS.
Although the above derivation has assumed that 0, the

Using (4), (13), (17), and (18), and taking into account th
Erf is an odd function, the complete ACS field-s is then

obtained as : . : .
ihemien)s result may be generalized to arbitrarypy replacingz with |z|
Ecs(2) 2 Aresy/s767 7077 (this generalization is important for the calculation of the far
11 field).
_ Cx T Qon [Cx
% { [1 -t [\;m [s1] ] + QSgn [\;m [81” As is well known, the total radiated far field can be obtained
1 . by means of the Fourier transform with respect tof the total
+§Erf(-7v 517) } aperture field of (2) as
—j(ko—js2)z 1 1 - ar JkO e dkor A .
— Apegy/soe I (Fo=is2) B + 5Erf(g,/—st)} Ef2(r,0) = PR cos 8G,, (ko sin 6) (22)
_ Ares\/ae—j(ko—jsl)z [1 + lErf(j\/sl_z)} where the polar cogrdinate& 6) in thexz-plane have been in—_
2 2 troduced. The continuous-spectrum component of the near field

- - 1 1 ) gives rise to a far-field component, which can again be obtained
_ —j(ko—js2)z | = - , - . b
Ares/s2e7/0 {2 T gErf(JV SQZ)} " through its Fourier transformics(k.) as

(19)

far jk(] e_jkOT ad .
. . . - =1/ E ; .
All of the square roots in this equation denote principal values Ecs(r.0) 2\t cos § Fics (ko sin ) (23)
defined according to (9), as previously mentioned. This eXPrefre difference betweel!%: and E&: is due to the far-field
sion holds under the assumption that the peleands, of the T s

. . ) contribution of the bound-wave field, which radiates because of
approximate functiorf'(s) accurately represent [via (11)] theits discontinuous derivative at the source.

polesk.1w1 andk.rwo of the exact Green'’s function, and also By means of [20, eq. 7.4.19], one obtains

that the relevant approximate residues accurately represent the oo

exact ones. Under these hypotheses, it is then possible to per- o d(ko—jsi)|z| [l + lErf (]m)} edk=7
form the calculation by using the exact values of the poles and /- 2 2 :

their residues in (19). By introducing the transition function 1 { 1 { S; }
=5 . \/ 3 —J
1 1 . 2 | ko—jgsi — k. j(ko — k.
Trw (kzuwi — ko, z) = 3T EErf |:j J(katwi — ko)z} . 0= J$ : 3 (ko : )
P — u —jlr. (24

(19) can then be written in terms of tegactpole contributions e Foyrier transform of the continuous-spectrum field can then
Erwi and Erws as be approximately evaluated in a closed form as

Ecs(2) =Euwa (2)Tiw (kzuwi = ko, 2) Ecs(k.) 2 Wiwi (k:) + Wiwa (k=) (25)
+ Erw2(2)Tuw (k-Lwe2 — ko, 2) where
=Wiwi1(z) + Wiwa(z). (21) 1 N
We have thus obtained an approximate closed-form expregy Lwi(k=) = g ftes [G““J(kZ)] k.=k.pw

sion for the continuous-spectrum field, as a sunnafweighted 1 JA——

. . . . . z2LW1 0
poles contributionsiVwi andWrw2, each involving the stan- X lﬁ (1 W)
dard transition function in which thirf function occurs [7]. It = el 0 =
should be observed that the same transition functign oc- 1  kawi — ko
curs forboth poles, includingk. w1, which may be captured - m J W

in the integral-path deformation (it is captured when the pole is 26)
physical), and:.1w-, that is never captured. However, the sign
difference between the imaginary parts of the two poles makagh i = 1,2 are the Fourier transforms of the weighted LW
the two factorSTLw(kzmq — ko./ Z) andTLW(kszz — ]CO, Z) aperture fieIdSI/VLW,L-(z).
very different, as functions of both frequengwand longitudinal It can be finally observed that, although the derivation has
abscissa. The consideration of the nonphysical palews is been carried out by assuming that both of the peleand s,
necessary, due to the fact that it is close toithdéranch point are improper, the same approach can be used to treat the case
and, therefore, influences the asymptotic evaluation [18], [19} which one of the poles is proper (this situation occurs above
In the results presented below, the weighted LW expressithe cutoff frequency of th&8'E,; mode). This allows us to also
(21), which approximates the continuous-spectrum field kaccurately represent the radiative effects wheriltRe surface
using the exact pole locations in the evaluation of the transitiovave is excited.
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Bz/ko ----- SDP ',"CO O'z/ko r : L2
el r H .
1.006 B : 0.0025 1210°
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—S—ECS
4000 || 7 E¥° b |
1.002 --3--ACS
0.0010 | e WLWTWLW2 ]
1.000 ! 0 b e
0.0005 0 50 100 150 2/ 200
- . \ . I | b
0.998 Leaky-waye range” | | Transition \Region : Bound-wave range 0.0000 ( )
19.46 19.48 19.50 19.52 Fig. 4. Electric-field magnitude on the air—dielectric interface as a function of
Hz) the normalized distance/ A for the structure in Fig. 3 at the cutoff frequency
feo = 19.5 GHz. (a) Exact RW and ARW. (b) ECS, ACS, and the weighted LW
ield (WLW1 + WLW2). In the inset figure, the location of the relevant poles
(b) field he inset fi he location of the rel |

Fig. 3. Comparison between the exact and approximate poles of the Greérr]l’%he steepest descent plane is shown.

function, as a function of frequency, for a structure as in Fig. 1 with= 2.1,
ftr1 = 1,600 = 108, uro = 1, optimized foré, = «/2, at a frequency

of 19.5 GHz. (a) Comparisons between exact and approximate values forfh% exact poleg: and k.1w- and the approximate poles
normalized phaség. /k,) and attenuatioricv. /ko) constants. (b) Detail of P 2LW1 2LW2 PP P

the transition region between tH&, LW and TE. bound-wave ranges. Point $1 andss [see (11)] in a frequency range centered on'It&
labels: CP: crossing point; SP: splitting point; CO: cutoff. Curve labels: I.Ccutoff frequencyf., = 19.5 GHz. In particular, in Fig. 3(a), the
improper complex; |.R.: improper real; P.R.: proper real. In the inset figure, ”é%(act and approximate normalized phié,@g/ko) and attenu-
relevant pole locations in the steepest descent plane are also shown; the arrows

on the axes indicate the direction of pole migration as frequency increases. ation (a2 /ko) constants are reported bet\’_‘/een 18 and 21 _GHZ
for both poles, wheré, = (. — ja.. In Fig. 3(b), a magni-
fied scale is used, and the leaky- and bound-wave regimes of
the TE> mode are explicitly indicated, separated by the transi-

To demonstrate the validity of the proposed formulation, difion region. The relevant pole locations in the steepest descent
ferent numerical results will be presented for the structure Bf2ne [6] are also reported in the inset figure. _
Fig. 1, with parameters as in the caption of Fig. 3, in the pres- 1 N€ transition region begins at the frequency for which the
ence of an electric source, optimized according to (1) for ragiomplex improper leaky pol&. 1y is no longer captured by
ation at endfirg(6, = r/2) at a frequencyf = 19.5 GHz. For the integral-path deformation [the crossing-point frequency la-
this scan angle, th€E, mode is exactly at cutoff. beleo_l CP in Fig. 3(b)]. By i_ncr_easing the frequ_ency, the com-

In Section IV-A, results are reported for the near field: variodd€x iIMproper polek.rw: joins its complex gonjggatészg
frequencies are considered, both inside and outside the trafhe splitting-point frequency, labeled SP in Fig. 3(b)]; at the
tion region of the involved'E, mode. In Section IV-B, the cor- SP frequency, a double improper real pole exists, which splits

responding results for the far field are considered. into two distinct improper real poles at higher frequencies. At
the cutoff frequency [labeled CO in Fig. 3(b)], one pole becomes

proper, thus entering a bound-wave regime, while the other pole

remains improper real; here, the transition region ends. It can be
To assess the accuracy of our approximate representatiomb$erved that, as expected, the agreement between exact and ap-

the Green'’s function, we show in Fig. 3a comparison betweenoximate dispersion curves is very good in a significant neigh-

IV. NUMERICAL RESULTS AND DISCUSSION

A. Near Field
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Fig.5. Sameasin Fig. 4, atthe frequerfcy: 19.493 GHz, which is between Fig. 6. Same asin Fig. 4, atthe frequerfcy: 19.484 GHz, which is between
the splitting-point and cutoff frequencies. the crossing- and splitting-point frequencies.

borhood of the transition region. In fact, the exact and approxdame can be observed in Fig. 6(a) and (b), at a lower frequency

mate curves are essentially coincident in Fig. 3(b). f = 19.484 GHz, still inside the transition region, for which
In Fig. 4, different results are reported for the electric fielthe polesk.iwi1 andk.iwe2 are a complex-conjugate pair, but
on the air—dielectric interface at the cutoff frequenty = k.owi is not yet captured.

19.5 GHz. In Fig. 4(a), a comparison is shown between the exactBy further lowering the frequency, thekl, leaky pole is cap-
RW, calculated according to (5) by a numerical integration alorigred and directly contributes to the TF. In Fig. 7, comparisons
the Co path, and our ARW formulation, calculated accordingre made aff = 19.46 GHz. It can be observed in Fig. 7(a)
to (13). The agreement is excellent, fof\ () is the free-space that the ARW is still very accurate. In Fig. 7(b), a comparison
wavelength) values down to unity, confirming that our approxis shown among: 1) the ECS; 2) the ACS, which, in this case,
mate asymptotic representation is accurate and even close tashtbe sum of the exact LW field and the ARW field; 3) the re-
source. In Fig. 4(b), a comparison is shown among: 1) the exaait (WLW1 + WLW2); 4) the exact leaky field alone (LW);
continuous spectrum (ECS), calculated by subtractingiie and 5) the ARW field alone. In this case, neither the LW, nor the
bound wave from the numerically evaluated TF; 2) the ACARW accurately represents the ECS; however, the ECS, ACS,
evaluated according to (19) (using the approximate pole loaad WLW1+ WLW?2 results are almost completely superim-
tionsss; andss), which, in this case, is equal to the ARW aloneposed.
and 3) our weighted LW formulation (WLWZ WLW?2), cal- Finally, in Fig. 8, the frequency = 18.5 GHz is considered,
culated according to (21) (using the exact pole locatiang,1  for which the leakyl'E5 pole is well captured and is far from the
andk.rwe). Again, the agreement among the three curves is @xansition region. Once again, the RW is accurately represented
cellent. In the inset figure, the relevant location of the poles loy the ARW, even though its contribution to the total continuous
the steepest descent plane is reported. spectrum ECS is negligible. In fact, in this case, the ECS is well
In Fig. 5(a) and (b), the same comparisons are shown at a frepresented by the LW (LW) alone, as can be seen in Fig. 8(b).
quencyf = 19.493 GHz, for which the pole. w1 andk.we  The result WLW14+ WLW?2 is still in very good agreement with
are both real and improper [see the inset in Fig. 5(b)]. The agrélee ECS, even slightly better than the LW field alone.
ment between the exact RWs and ARWSs is again excellent, andn the basis of the results presented thus far, it can be ob-
our transition-function formulation (WLWH# WLW?2) again served that the proposed representation of the continuous spec-
accurately represents the exact continuous-spectrum field. Them is very accurate over a wide frequency range, from fre-
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Fig. 7. Same as in Fig. 4, at the frequenty= 19.46 GHz, which is below Fig. 8. Same asin Fig. 7, at the frequerfcy: 18.5 GHz, considerably below

the crossing-point frequency (the leaky-mode pole is physical). In (b), the ex@§é crossing-point frequency (the leaky-mode pole is well within the physical
LW field and ARW are also reported. region).

quencies where the LW is the dominant contribution to the co(PBLW) transition function of [14]. In particular, Fig. 9(a) is
tinuous spectrum up to frequencies near cutoff, where the Rt a frequency inside the transition regiofi = 19.484 GHz),
is instead the dominant contribution. In particular, it should bghere the leaky pole is not captured, while Fig. 9(b) is for a
pointed out that, in the entire transition region, our formulatiofiequency at which the leaky pole.1w; is captured(f =
is an excellent representation of the continuous spectrum on {916 GHz). It can be observed that, in Fig. 9(a), none of the
interface. reported curves LW, WLW1, and PBLW agree with the ECS,
It must be stressed that, to obtain such a good agreement,tthes confirming that, by taking into account just one leaky pole
contribution oftwo poles had to be taken into account in the ag.e., thek.ryw1 pole), it is never possible to achieve an accurate
proximate representation of (21), where each téfixy; and representation of the continuous-spectrum part of the near field
Erwe is weighted by a transition function, which depends owhen the leaky-mode pole is in the nonphysical region. When
both the frequency and longitudinal distanceThe contribu- the leaky-mode pole is physical [see Fig. 9(b)], the fields LW
tion of both poles is important even thoughyy» always corre- and PBLW are in a reasonable overall agreement with the ECS.
sponds to a nonphysical pole that is never captured by the SBBwever, the agreement is not nearly as good as the agreement
deformation, and¥; w1 may or may not correspond to a physbhetween the ECS and the sum of the WLW1 and WLW?2 fields,
ical pole, depending on frequency. which has been demonstrated previously.
Itis interesting at this point to compare our formulation with It is interesting that the agreement between the ECS and the
a different empirical transition function, which is derived on th&VLW!1 field in Fig. 9(b) is not very good (although there is no
basis of power considerations proposed in [14] to accurateason why there should be agreement between these two fields
represent the radiated far field of the LW in the transition resince the ECS is approximated in our formulation as the sum of
gion. The transition function of [14] is real and independenhe WLW1 and WLW?2 fields, and not the WLW1 field alone).
of z; moreover, it is identically zero when the polésiw1 By displaying the absolute value of the continuous-spectrum
and k.rwo are real and, therefore, it can be used only up f@ld as a function of the normalized distancg\ in a loga-
the splitting-point frequency. In Fig. 9, a comparison is showithmic scale at different frequencies (see Fig. 10), it can be seen
among the ECS, exadtE, LW, weightedTE, LW (WLW1), that its asymptotic trend is always algebraic, with&/2 be-
and LW weighted by the empirical power-based leaky wav®vior at all frequencies, except at cutoff, where the behavior



BACCARELLI et al. EVALUATION OF CONTINUOUS SPECTRUM IN SUBSTRATE-SUPERSTRATE DIELECTRIC WAVEGUIDE 2697

[E | (V/Im) dBW
y
1.6 10° 120 ;
1o | = AN S ]
B -l - acs o — e ]
1210 | 100 | L7 WLW1+WLW2 ]
8000 | O S L s St P St
‘ 80 |
4000 70 r
ol 60 L
|Ey| (V/m) dBW
210 120 ———Y———————1———7———
‘ 3 L |—e—TF '
1.6 10° 110 [ --=--ACS
7 L[ e WLWA+WLW2
1.210% [ 100 [ b
8000 | R et SR
4000 | 80 3 -
ol 70 L i i . | . i [P
60 65 70 75 80 85 o\ 90
0 (°)
(b) (b)
Fig. 9. Comparison of the magnitudes for the ECS, exact LW field, weightedg. 11. (a) Power radiation patterns as a function of the afigreeasured
LW field of the k.rw: pole (WLW1), and PBLW field of [14] at: (af =  from broadside) for the structure in Fig(4 = f.., = 19.5 GHz). Legend:
19.484 GHz (between the crossing- and splitting-point frequencies) and€b) TF: total field; ACS: approximate continuous spectrum; WLWIWLW2:
19.46 GHz (below the crossing-point frequency). weighted LW form of the ACS field. (b) Detail of the angular range near
endfire.
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10° : B. Far Field

The same comparisons already shown for the electric field on
the air—superstrate interface are reported in the subsequent fig-
ures for the radiated far field. In Fig. 11(a), the power radiation
‘ » ‘ ‘ pattern atf = f., = 19.5 GHz is shown for the TF, calculated
10" || ——F=195GHz |.. > S ______________ ) by Fourier transforming the total aperture field, the radiation

—=—1=19.493 GHz pattern obtained from Fourier transforming the ACS, and the
—— f=19.484 GHz

10° | 219,46 GHz U S radiation pattern obtained from Fourier transforming the field
H e #=18.5 GHz ISR HORRSRR SUSRO (WLW1 + WLW?2), according to (25). The agreement is excel-
10° - - — is -~ . lent near the main-beam direction, which occurs in this case at
10 10 10 10 107 2/, 10 endfire(# = 90°), as is more clearly visible in the enlarged plot
of Fig. 11(b).

Fig. 10. Magnitude of the ACS field as a function of the normalized distance In Eia. 12 d (b). th . h
z/ X\ at different frequencies (corresponding to those considered in Figs. 4-9), n Fig. (a) an ( )' the same comparisons are shown at

plotted on a logarithmic scale. f = 19.493 GHz andf = 19.484 GHz, respectively, both in-
side the transition region. Again, the agreement is excellent near
is proportional toz—1/2. Further, it can be noticed that, wherthe main-beam direction, which, in these cases, is very close to
the LW pole is captured (fof = 19.46 GHz and 18.5 GHz), the endfire(d = 88°). In Fig. 13(a) and (b), the same com-
the field has an exponential decay near the source; at 18.5 Gpirisons are reported gt= 19.46 GHz andf = 18.5 GHz,
after the LW field has decayed to values comparable to thasmspectively, both below the crossing point; in this case, we also
of the residual-wave field, the two fields interfere giving rise tshow the radiation patterns of the exact LW field. It can be seen
oscillations; however, for higher/ A values, the residual-wavethat, atf = 19.46 GHz, the LW pattern does not accurately
field is always dominant, determining the algebraic asymptotiepresent the TF pattern, while both ACS and WLWWLW?2
decay of the total continuous-spectrum field. do; in this case, the main-beam direction occur® 2¢86°. At
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Fig. 12. Same as Fig. 11(b) at: ()= 19.493 GHz (between splitting-point rjg 13, Same as Fig. 11(b) at: ()= 19.46 GHz and (b)f = 18.5 GHz
and cutoff frequencies) and (i) = 19.484 GHz (between the crossing- a”d(both below the crossing-point frequency, where the leaky-mode pole is

the splitting-point frequencies). physical). For these frequencies, the radiation pattern of the exact LW field is
also reported.

f = 18.5 GHz, the LW pattern is now in good agreement wit
the TF pattern; again, however, our formulation is even mo
accurate over a wide angular range around the main-beam
rection, which, in this case, occurséagz 67°.

In all the examined cases, our formulation yields accurate
sults for the far field, with the exception of the broadside re- . :
gion. However, in the latter angular range, the radiated powetnfgjlat'o.n can be used (_)nly in the presence of c_:omplex leaky
considerably less than that radiated in the main-beam directi Jes, i.e., for frequencies up to the splitting point, as it does

the discrepancy between the TF and our formulation (WLV\RI.dt provide any useful result in that part of the spectral-gap re-

+ WLW?2) is due to three distinct effects, i.e., the bound-wa jon where the poles are improper real mades (corresponding

contribution, higher order leaky-pole contributions, and the di“9 a main-beam direction very close to endfire). In contrast, the

ference between the exact and ARW fields, which is apprecial][g |at|lo? pa;ternlobte:jlr;]ed from the proposidt\r/]VW\MéLV\gh
for 2/ values below unity. ormulation developed here remains accurate throughout the en-

In Fig. 14, acomparison is shown among the far-field patterHEe spectral-gap region.
based on the TF, exa@t, LW, weightedTE, LW (WLW1),
and weightedI'E, LW using the empirical power-based for-
mulation of [14] (PBLW) atf = 19.484 GHz [as shown in  An original closed-form approximate expression for the
Fig. 14(a)] and [as shown in Fig. 14(b)] At= 19.46 GHz. As continuous-spectrum aperture field has been formulated for a
for the corresponding results in the near field (see Fig. 9), at bdtho-layer dielectric leaky-mode waveguide excited by an elec-
frequencies, neither LW, nor WLW1 agrees with the TF. Howtric line source. The continuous-spectrum field is represented
ever, the PBLW field accurately represents the radiated far field,the form of a weighted sum of two leaky-pole contributions:
as already observed in [14]. Therefore, although the PBLW fashe corresponds to the leaky mode that forms the physical
mulation is not a good (or even a reasonable) approximaticadiating beam, and the other corresponds to the nonphys-
to the aperture field, it nevertheless provides a good approiial complex-conjugate pole. Numerical results show that the
mation to the total radiated far field. This is not surprising. lelosed-form approximation is accurate for the field on the

ct, the transition function in [14] was thought of as the neces-
Sary weighting factor that, when multiplied by the leaky-mode
pole residue, yielded a leaky-mode aperture field whose trans-
If rm matched well (as well as possible) with the total far field.
eléﬁ\l)owever, it is worth pointing out that the PBLW far-field for-

V. CONCLUSIONS
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whereQ2 = s,z. Through the variable substitutian = Vi,
where the square-root function is assumed to be evalu-
ated according to the principal-value determination (with
—m/2 < Arg[t] < 37/2), we have

rtoo u _u?
T(Q) = /0 2-q° 2udu

(b)

+oo
Fig. 14. Comparisons of the radiation patterns for the TF, exact LW field, — 2/ [1 + Q } e_uz Ju
0

weighted LW field of thek. w, pole (WLW1), and PBLW field of [14] at: uz —Q

(8 f = 19.484 GHz (between the crossing-point and the splitting-point

. . . +oo —u2
frequencies) and (bj = 19.46 GHz (below the crossing-point frequency). _ \/— _ 29/ € . du. (A.4)
0 Q — U
aperture in theentire transition regionof the relevant leaky By means of [20, eq. 7.1.4], we can write
mode. This new approximate closed-form expression for the too  —u?
continuous spectrum provides the opportunity to analytically T1(Q) =7 — (2w)w / ——du
explore the nature of the fields produced by a practical source o 0. wo
in the transition region, as the leaky-mode pole moves through =/ — 2w2—je_“’ Erfe(—jw) (A.5)

the spectral-gap region.

A closed-form approximate expression for the far field of theherew = Q'/2 with Sm[w] > 0, and
source was also obtained by analytically Fourier transforming o [+oo
the new closed-form approximate expression for the aperture  Erfc(w) = —= / ede =1 - Erf(w). (A.6)
field. The approximate far field was seen to be in excellent VT Ju
agreement with the exact far field. This new approximate fom accordance with our previous definition (9) of the principal
mula for the far field was compared with one derived prevbranch of the square-root function (denoted\43, we have
ously, which had been based on an empirical weighting of the= +./2, where the minus sign is choser}fis located in the
leaky-mode aperture field. Although both approximations wotigurth quadrant on the complex plane; otherwise the plus sign
well for a complex leaky mode, the new formula derived herig chosen.
works well throughout the entire spectral-gap region, including From (A.5) and (A.6), we then have
the region where the leaky mode has become an improper real

W _ .
mode. Furthermore, the formula developed here has been ob- T (92) =V~ e “[1+ Erf(jw)]
tained from rigorous calculations, and not from empirical con- . _ .
siderations. 9 P =7 + jrwe™? [1+ Erf(jw)]. (A.7)

Although formulated for a simple two-layer dielectric strucTaking into account the relation betweerand(2, and the fact
ture, many of the conclusions should remain valid for sourcesat theErf function is odd, we obtain

on practical microwave-integrated-circuit structures that sup- . .
port leaky modes. Ti(Q) = V7 + jrVQe [il + Erf (J\/ﬁ)} (A.8)
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