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4 0.4 Abstract—This paper compares partial waves approximating a surface
2 / leaky wave on a uniplanar transmission line with substrate surface waves
- supported by its substrate. It is shown that their field distributions and the
115 U 2 v 25 3 115 U 2 25 3 propagation constants differ. These differences increase with rising leakage
celV] celV] constant, and with the growing distance of the corresponding pole of the
. . Green function from the real axis on the spectral variable complex plane.
S(Bo) using F1—F} S(bo) using F1—F5 The reported findings are demonstrated on the slotline.
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Leaky waves considerably deteriorate the behavior of planar mi-
crowave and millimeter-wave circuits and transmission lines due to in-
creased losses, occurrence of crosstalk between neighboring parts of

1 15 2 25 3 15 2 o8 the circuit, and pulse distortion. For these reasons, leaky waves have
Uce V] Uge V1 been intensively studied in recent years [1]-[4]. There are two kinds
of leaky waves supported by open planar transmission lines. Surface
Fig. 4. Bias dependence of th€,., 7, and 3, insignificances using leaky waves take power away into the dielectric substrate, while space
S-parameters onlyH,—F) and using the5-parameters and the current gainleaky waves radiate into space and may also leak power into the sub-
term B (£1-F5). strate. In this paper, we discuss only surface leaky waves.

There is a general understanding that partly or entirely open planar
transmission lines can suffer from loss of transmitted power leaking
into the surface leaky waves, which, far away from the line axis, pass

Several techniques for numerical parameter extraction have bé&gnthe TM or TE waves supported by the dielectric substrate [1], [2],
evaluated. The significance of small-signal element values extracteli A leaky wave can be interpreted as a superposition of two or more
by numerical fitting to measure$-parameters was considerably bettenonuniform partial waves propagating at some angle to the line axis,
than fitting to Z-parameters and was further improved by adding Rlus the remaining field bound to the line [2], [5], [6]. The propagation
function that emphasizes the most unreliable elements. The cho§eRstants of these partial waves are assumed to be equal to the propa-
B-function does not need to be the best choice, but it also significangi§ition constant of the substrate surface wavgp], which is real for a
supports the physical relevance of these elements, thereby improvigggless line. Assuming sufficiently weak leakage, when the imaginary

the usefulness of the extracted model for process monitoring. part of a leaky-wave propagation constant is negligible in comparison
with phase constarit, the angle under which the partial wave propa-

gates is [2], [3]
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V. CONCLUSIONS
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Fig. 1. Dispersion characteristics and the Green function pole position of the
lossless slotline whew = h = 1 mm ande,. = 2.25.

. . . . Fig. 2. Sketch of the leaky-wave field distribution approximated by the
A comparison of the partial waves approximating the leaky wav@nuniform wave (2) represented by solid lines of constant amplitude and by
with the substrate surface waves made in this paper reveals that thies®ed lines of constant phase together with the decomposition of the wave
waves generally differ from each other, both in the propagation constang the field vectors. The angt,; represent®” defined in (7).

and field distribution. The stronger the leakage is, the higher this dif-

ference. The presented conclusions, which are not in conformity with <5l A @,'Bm' T a0 -

the concept of power leakage into substrate surface waves [1], [2], [5], < T ] &

follow from an investigation of leaky-wave propagation on the slotline. I 330 &

Il. LEAKY-WAVE REPRESENTATION =0 4 20

First, let us recall and then extend surface leaky-wave representation 1k ]

on an open planar transmission line, e.g., on the slotline. The slotline, L . R 10

the cross section of which is shown in the inset of Fig. 1, has been in- [ ‘\ ]

vestigated by the spectral-domain method. The normalized phidse 0 0 — 50 100 150 0

and leakyn/ ko constants of the bound and first leaky waves are shown
in Fig. 1, together with the position of the normalized pole of the Green
function¢, /ko = &y /ko+j &pi/ ko [6]. TheTM, surface-wave prop- rig. 3. phase constant and angle of propagation of the partial waves
agation constant i8ru1, , andko denotes the free-space wavenumbegpproximating the first leaky wave on the slotline from Fig. 1.

According to [2], [5], and [6], the two nonuniform partial waves
given by they-orientedE-field components, » andE, . onthe sub- . — /.. .- The modulus 0B, determines the partial-wave phase
strate surface where = 0 represent the field of the first leaky wave constants,. Using (4), we get
far away from the slot. Accordingly,

f (GHz)

hy = 18,] = \/,32 ez = \/kz kL +ar4€ (6)

. . ) which corresponds to [7, eq. (16-8c)]. Now the direction of the phase
propagates obliquely to the right-hand side from the slot, and vectorg, in Fig. 2 determining the propagation direction of the partial

Eyr(x, z) = j Res(—£&p, 0)e IS¢ 77 (2

Eyi(x, 2) = —j Res(&,, 0)e/sP7e 7977 (3) Wwave is, in accordance with [5], defined by the angle
YyloA\% - ” & P - -
. g])l' 8 . fpr
propagates at the same angle to the left-hand side from the slot. ©p = arctan 3 = arccos -— = arcsin ——. (7
vp 'p

Res(%é&,, y) is the residuum of the Fourier transform of fielg), [6, o o ) ) ) .
eq. (4)] at the polet¢, and at positiory. The propagation constant Similarly, the dlrectl(_)n ofap, in which the amplitude of the partial
along the liney = 3 — j «, i.e., in thez-direction, is complex. wave grows, determines angte,

The partial-wave field distribution, together with the corresponding Epi
wave vectors, is sketched in Fig. 2. At the beginning, a lossy substrate O = arctan <_T> :
is assumed. The partial-wave propagation constant in-ttieection is | .\
determined by the complex palg so thatk, = ¢,. Both constants, The values of angle®}, defined by (1), an®';”, defined by (7),
and~ are coupled with the propagation constant of the correspondiatf Plotted in Fig. 3 for the lossless line from Fig. 1. These angles are
surface wavek, = k., + j k«i, which is eitherkry or ki, [7], [5], generally different. At frequency:, where the solution of the disper-

[6] and, in this manner, sion equation starts to be complex (Fig. 1), the Green function pole
lies on the imaginary axis of the spectral variable complex plane and
k2=+%+¢. (4) & = 0. Equation (6) now provides, = S and from (7)(—)537) = 0.
On the other hand, from (1), we g@fﬁl) = 0 at frequencyf., where
the leaky wave starts to be physical. Between frequengiemnd f-,
the first leaky wave is slow with respect to the §Murface wave, as
Eyr(z, z) = j Res(—&p, O)e_(‘“_‘gpf”e‘jmzﬁwﬂ 3 > krm,. Such a wave cannot radiate into the substrate and is non-
= j Res(=&,, 0)e®? T~ T (5) physical. The extent to yvhich this wave is physically meaningful must
be determined by examining the total field produced by an actual source
wherea, = zop; — zoaw andB, = xo&,r + 203 are the attenuation [4]. The functions describing the field distribution, however, also exist
and phase vectors of the partial wave, respectively, shown in Fig. 2, andhe frequency range fronfy to f2, and the nonphysical angle of

8)

Inserting complex values &, = &, + j &y andy = 3 — j« into
(2), we get
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Fig. 4. Field distribution of the first leaky wave and th&1, surface wave
across the substrate at the paint 7.5 mm, z = 0 mm and at a frequency of:
(a) 120 GHz and (b) 63 GHZ ' 34, denotes thé”;, -field component of the
TM, surface wave.

propagation of the wav@(;)

585

mm andz = 0 mm is compared with th&8M, surface-wave field

[8]. The fields are recalculated in such a manner fighas the same
magnitude for both waves. The lossless slotline from Fig. 1 serves for
demonstration. The field in Fig. 4(a) is plotted foe= 120 GHz, where

v = 321577 — j182.44 m™', ¢, = 1507.63 + j389.12 m~" and
kram, = ko = 3525.54 m™'. Accordingly,a < 3, &, < 3, and

the ratio|E.|/|Er| = 8.23. Thus,E7 is small in comparison t&’, .

The distributions of the&;, fields of the first leaky wave and tHEM,
surface wave are almost equal. Therefore, the partial wave at 120 GHz
corresponds to th&M, surface wave. A different situation is at 63
GHz, just above frequencys, (Fig. 1). TheE; -field components of
both the partial and surface waves considerably differ an@thdield
component of the partial wave cannot be neglected at this frequency
[see Fig. 4(b)].

Conclusions derived here for the first leaky wave are also valid for
the second and higher leaky waves. In such cases, the leaky wave
should be decomposed into a corresponding number of partial waves
[6], which ought to be compared separately with either TM or TE
surface waves.

IV. CONCLUSIONS

Partial waves representing the surface leaky wave far from the line
axis have been compared with the substrate surface wave propagating
in the substrate in the same direction as the partial wave.

Until now, the literature has commonly stated that the leakage of
power from open uniplanar transmission lines goes Hid,, TE,
and contingently into the higher substrate surface waves. Our anal-
ysis concludes that this is the case for weak leakage only, when the
leakage constant and the Green function pole distance from the real
axis of the spectral variable complex plane are small with respect to the

# 0. The exact calculation of the field |eaky-wave phase constant. Concerning the first leaky wave on the slot-

distribution confirms that lines of constant phase far from the slot aXige, this takes place at high frequencies only. At frequencies just above

are really determined by anglk(ﬁ7

). Atsufficiently higher frequencies the leakage cutoff, the partial waves approximating the leaky wave

thanf2, the two valueﬁ-)g) and(—)f:) are nearly identical (see Fig. 3). differ remarkably from the corresponding substrate surface wave, both

11l. COMPARISON OFLEAKY AND SURFACE WAVES

Fig. 3 shows that the partial-wave phase constgnt6) generally

in the propagation constant and field distribution. Consequently, it is
not possible to generalize that power leaks into substrate surface waves.
Measurement of the angle of propagation of a partial wave above, but
close to frequency:, When@([;) and@f;) are sufficiently different,

differs from the propagation constant of the corresponding surfagguld provide confirmation of these findings.

wavek,, represented here byrn, . It is evident that, the higher the

magnitudes of,; and « are in comparison withs, the greater the
difference betweeh, andk...
significant in the case of more intensive leakage.

Let us now compare field distributions of the first leaky wave ap-

The conclusions given above result from slotline analysis, and are
valid for both lossless and lossy lines. They are also applicable to the

This means that the difference is morey; ta e jeaky waves on other uniplanar transmission lines.
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