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Short Papers

Radiation and Leakage Characteristics of Transverse Slot
in NRD-Guide Operating in LSEq, Mode

Xiang-yin Zeng, Kwai-Man Luk, and Shan-jia Xu

Abstract—Characteristics of a transverse slot in the upper plate of a (a
nonradiative dielectric guide operating in the dominantLSE 4, mode have
been analyzed. A fundamental radiation phenomenon due to the open prop- » >
erty of the guiding structure is observed theoretically. It is found that the |=|‘W =1lmm
propagation direction of the leakage covers the whole angular spectrum in
the plane parallel to the metallic plates. Explanation to its physical exis- (b)
tence is given. A simple, but efficient method is developed to determine its y
angular power density. Numerical computation shows that the leakage is *
substantially high when the slot is near resonance.

Index Terms—NRD-guide, slot antenna, transverse radiation. Electric wall

|. INTRODUCTION

Slots have been widely used in antenna applications and integrated ©
circuits (ICs). Design of slot antenna or array fed by open/semiopen 1 Geometries of the NRD-quide and the corresponding boxed
guiding structures, e.g., .nonrz.adiative dielectric (NRI?) guide slot aﬁgb-ghideéo(a) Cross section of tﬁe NRD-guide. (b) Tog viewgof the
tenna and array [1], [2], is mainly based on the previous work of SIRRp_guide. (c) Cross section of the boxed NRD-guide.
arrays in a closed rectangular waveguide. However, a major difference
between them did not attract much attention before, i.e., only the dom-
inant mode is assumed to propagate in a closed rectangular waveguidéiation, the structure is boxed by symmetrically placing two electric
while it is not true for an open guiding structure. When feeding by \&alls far from the dielectric slab. The continuous angular power spec-
closed guide, the incident energy will be converted to the reflecteifiim of the transverse radiation is obtained from the discrete angular
transmitted, and slot radiation part on encountering the slot discorPwer spectrum of the boxed NRD-guide after a reasonable discretiza-
nuity, while the situation is more complicated in the case of an opd&@n-to-continuation procedure.
guiding structure. Firstly, it is difficult, if not impossible, to make all
the other modes below cutoff, except the operation mode. Secondly, @n-T RANSVERSERADIATION PHENOMENON AND | TS DETERMINATION
ergy leakage along the transverse direction may exist due to the pote

tial excitation of radiation modes. Thirdly, for an NRD-guide operatin nTo analyze the transverse radiation due to the slot cut, a moment-

gnethod formulation is established, taking the wall thickness into con-

i M i E . - . ; o
n th? commonly usetSMo, T“Ode’ the domlne_mt modé$ 00.) ar_1d sideration. Details can be found in [6] and [7]. The electric fields on the
the first higher order modd.GE,1) may be excited when an inclined - -

slot apertures are then used to calculate the reflection coefficient and

slqt Is cut, and thei_r intensities may accumulate in slot arrays. The e)&%l_e radiation efficiency of the slot in Section II-A. Computational re-
tation of the undesirable modes may degrade the array performance dL\?shows that new leakage phenomenon occurs, with the explanation

to their different phase velocities from the operation mode. On the othar . . . . - .
S . of its physical existence given in Section II-B. The total energy carried
hand, today, the slot is widely used to couple energy between guidin L . . -
S S the radiation modes is calculated in Section II-C, where the angular
structures in millimeter-wave ICs. When an NRD-guide is concerne d ver density is determined by boxing the auide. Einally. a further dis
in such circuits [3], [4], the above phenomenon may occur, which ma y y 9 9 ’ y:

cause crosstalk or energy loss. To the best of the authors’ knowle ges,Slon is presented in Section II-D.

no paper has reported on the transverse radiation phenomenon caused i .

by the slot in either antenna applications or ICs of NRD-guides. A. Computational Point-of-View
In this paper, characteristics of a transverse slot cut in an NRD-guideWith the electric fields in the two apertures of the slot cavity ob-

shown in Fig. 1, operating in the dominal$Eq, mode are investi- tained, the reflection coefficient of the dominant mode can be obtained

gated (designated as thleguide in [5] and [6]). Emphasis is placed on[8] as follows:

the discussion of the physical existence of the transverse radiation and

its evaluation. To determine the detailed information of the transverse L <El < gz> ids [, <El < ﬁr) Cids
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: = 7 > 3 )
Manuscript received April 13, 2000. This work was supported by the 2/, (Et X Ht) - Zds 2 )79 J., fA@)ds
Research Grant Council, Hong Kong, under Competitive Earmarked Research “Ho
Grants Grant 9040371 (CityU 1145/98E). . - .
X. Zeng and S. Xu are with the Department of Electrical Engineering arﬁpd the formula of the slot radiation efficiency is
Information Science, University of Science and Technology of China, Hefei, .
China. o ~ = N N
K.-M. Luk is with the Department of Electronic Engineering, City University Jo Eux <G“ ’ <E u X ")) rnds
of Hong Kong, Kowloon, Hong Kong. Nslot = — = )
Publisher Item Identifier S 0018-9480(02)05224-9. fs E,x H, -z ds

0018-9480/02$17.00 © 2002 IEEE



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 6, JUNE 2002 1637

60
Q —&— experiment [5]
total loss
50 F Q e —9—slot radiation
....... ]eaky
& ? A leaky (boxed)
40 : s
4 ¥

< X X
og) 5 N o
'g 30 o 4 N S
>
E Q . R !

20 r z S

o—o S
) , Z N ; o
10 F % NN
A-eea T
AT A “ 4 TA - A-- . A
0 Az A---vB- ) . oA LERE R Beeen A- e
8 9 Frequency (GHz) 10 11

Fig. 2. Plot of the calculated normalized power of the total loss, slot radiation, and side leakage with a comparison to experimental results.

whereG, is the dyadic Green’s function in the half free spatés the radiation modes that cauge., to be slightly smaller than,. In the
normal direction of the upper slot aperture toward the outside xandollowing, we will try to find out the angular power density of the ex-
denotes the complex conjugate. The total power lost on encountergigd LSE radiation modes.

the slot discontinuity is the difference between the incident power and

the sum of the power carried by reflected and transmitted dominant Evaluation of the Continuous Radiation Modes

modes so the total lost power normalized by the incident one is First, let us determine the total power carried by the excited LSE ra-
) ) diation modes, which will obviously cover the whole angular spectrum.
n,=1-|B]"— |1 -BI". (3)  Similar to the calculation of the slot radiation, the total scattered power

between the two parallel plates can be formulated as

The computed frequency-dependent&andy.; are plotted in Fig. 2,

where experimental data [5] is also shown. From [5, eq. (36a)], we 1 r = _ *
know that the experimental result is the total lost powerather than Pa = 3 / E; x <G (? X E:)) : (—
1.0 - 1he experimental result is calculated using the measured reflec- s

tion coefficients, which were found not to have as good an accuracy as

one can see from the measured voltage standing-wave ratio (VSWR)ith G, given in [6]. The transverse radiation between the two par-
[5, Fig. 5]. That makes us fail to get a good agreement betwee theg|le| metallic plates, propagating away from the dielectric slab, can be
curve and the experimental data. Unlike the case of the closed waygtained by subtracting the scattered power carried by the dominant
guide-fed slot radiator, however, Fig. 2 shows thats not equal to syrface mode from the total scattered power between the parallel plates.
7.0+ INStead, it is slightly larger than.,... The difference between Thys, the ratio of the transverse radiation power to the incident power
them clearly indicates that power is being coupled to higher order legky

modes of the NRD-guide.

7)ds @

Psca
Meaky = 1 *

- = —2|BJ’. (5)
§fsE,,><HI- z ds

B. Physical Point-of-View

First, let us have a look at the modal property of an NRD-guide. Itis
known that the modes in an NRD-guide, similar to a layered dielectfi@om the view of energy conservation, one can deduce that
slab, can be divided into LSE and LSM modes [9]. Both the LSE and
LSM modes consist of some discrete surface modes and continuous
radiation modes. When a slot is cut in the upper plate, an equivalent
magnetic current is established in the slot apertures. From the mecha-
nism of mode excitation [10], we know that this equivalent magnetfig. 2 shows the plot of, , 1, , andn,,,, , and a calculation confirms
current with a cosine-like distribution near resonance will excite nttie above energy conservation relation. However, detailed characteris-
only some surface modes, but also some continuous radiation modies. of the transverse radiation cannot be obtained in this way.
For the present case, only LSE modes can be excited due to the ofAs is known, it is very difficult to handle the continuous spectrum
thogonality of LSE and LSM modes. Apparently owing to the condisf the radiation modes from both a mathematical and physical
tiona < X\ /2, the leakage (transverse radiation) arising from the slpbint-of-view [9]. Here, a boxing technique is used, i.e., two metallic
in the NRD-guide is in the form of a TEM parallel-plate mode in the@lates are placed symmetrically far away from the dielectric slab to
air-filled regions. Thus far, we know that it is the excitation of the LSElose the NRD-guide. This procedure will then convert the continuous

Nt = MNslot + Meaky - (6)
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Fig. 3. Normalized power carried by each forward propagation modeandtha parameter, with the angle formed by the mode’s propagation vector in the air
region and ther-axis.

LSE radiation modes of the NRD-guide into discrét®E., prop- wherelN, is the normalization factor for theth propagating mode
agation modes of the boxed one. With the increase of the distart=fined by

between the dielectric slab and the two additional plates, we expect

the characteristics of the slot in the boxt_ed_ NRD-guide tp approach N, = 1 / (Ez % ﬁm) . Zds (10)

the actual one. To calculate the characteristics of the slot in the boxed 2 /.,

NRD-guide by use of the moment method, a suitable Green'’s function

is derived, following the procedure in [6]. It has the same formula @$1d Vi is for the incident surface mode. The propagating angle for

[6, eq. (9)], but with a different expression 6, as follows: eachLSE,, mode is defined as the angle formed by the propagation
vector in the air region and the-axis, i.e.,f,, = arcsin(3,./ko).
G = —U Ue™%2m% cos gop(x — 20) — U €08 qam (2 + 20) Fig_. 3 plots the_normglized forV\_/ard power_carried by differ_ent propa-
T i dom U2c—idzma — [J2eiq2ma gating modes, identified by their propagating angle as defined above,

@) with ¢ being 120, 320, 420, and 620 mm, and the frequency is fixed
on 9.2 GHz near resonance. Apparently, to get useful information for
the continuous radiation modes, a procedure should be established to
convert the discrete power to a continuous angular power spectrum.

a a From coupled-mode theory, we can expect that the continuous radia-
U =qim COSqim <— — c) + jqom SN ¢1m <— — c)

with

tion modes caused by the slot discontinuity, which have propagation
directions near that of a discrete LSE mode (say,IiBE.,o mode)
T = g1m COS Gim <ﬁ _ C) g2 S0 g1 <ﬁ _ C) will ha\_/e_astrong coupling with thESE,,; mode in the t_)oxed guide.
2 2 Thus, it is very natural to expect that the power carried by the con-
tinuous radiation modes in the actual NRD-guide will be converted
Calculated efficiency for the boxed NRD-guide is also plotted in Fig. Zg the discrete LSE mode in the boxed one having a nearest propa-
No significant discrepancy exists between results of the ideal and boxggion direction. Considering this, we assume, without loss of gener-
cases, as long as the two added plates are too far away to influencesifig, that the power carried by the forwardh propagating mode of
operation surface mode. For the boxed NRD-guide when the dimensifg boxed NRD-guide is the total power in the actual continuous radia-
c (half of the distance between the two added metallic plates) is largien angular spectrum at the directién with an angular width equiv-
many propagating mode&.§E.o) can exist, and the backward andalent toAd,, = ((8,, — #.._1)/2) + ((ns1 — 6.,)/2), thus the nor-

forward scattering coefficients of theth propagating modes are malized power density in the directiagh, becomesP,, /Af,. With
the increase of the parametgmore propagating modes in the boxed
fslot (El % ﬁzn) - hds NRD-guide will occur, and the maximum angular widi#,, will de-
B, =-C, = — — — . (8) crease. This decrease makes the above assumption more reliable and,
2 f&,l (Em X th) - Zds therefore, makes the normalized power density approach to the actual

one. Fig. 4 presents the convergent property. Whtmnds to infinity,
Thus, the normalized forward and backward power by the incideffte boxed NRD-guide tends to the actual one, which makes it reason-

power can be obtained as follows: able to say that the convergent normalized power density is the actual
one we want. It shows that wheris greater than ten wavelength, the
_ P, |B,.|>N., calculated normalized power density will be a good approximation to

Py = Poe  Nie ) the actual one. However, a very largshould be chosen in order to
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Fig. 4. Convergence behavior of the calculated normalized forward angular power density after a discretization-to-continuation procedoeasiith-dis a
parameter, with the angle defined by the propagation direction in the air region anehitie.

plot the angular power spectrum in the range frohto01C. Since the
power in that range is minor compared with the total transverse radia-[l]
tion power, a curve fitting will be better than choosing a very large

Due to the symmetry of the structure, the normalized backward power
density is the same as that for the forward. Thus, the normalized powe[z]
density in the whole angular spectrum is obtained.

[3]
D. Further Discussion

The mechanism for higher order leaky-mode loss in NRD-guide con-
taining a radiating slot has been identified and explained. However,
Kisliuk and Axelrod failed to find it in their experiment [5]. In [5], they
pointed out that no significant change in the values of the reflected and5s]
transmitted waves was detected when the measurements were repeated
with metallic screens mounted across the side gaps of the guide. Ou[rG]
computation for the VSWR in the actual and boxed NRD-guide (not
shown here) also confirms this. The calculation in Fig. 4 shows that
most energy of the excitedSE,,, radiation modes propagates with [7]
a large angle with the-axis, forming a zigzag path between the two
added electric walls. Therefore, the energy that can return to the S|OE8]
position after boxing the guide and, thus, interacts with the slot dis-
continuity, is insignificant. This explains why there is no significant [9]
change for the reflected and transmitted dominant modes after boxing
the guide. Also, the small power density of the continuous radiation
modes will make them hard to detect. [10]

Ill. CONCLUSION

The transverse radiation due to a transverse-center slot cut on an
NRD-guide upper plate has been investigated by using the method of
moment. Physical existence of the new phenomenon is explained and
a boxing technique used to determine the angular distribution of the
normalized power carried by the transverse radiation modes has been
presented. Angular power distribution of the unwanted radiation power
will be helpful for both the antenna design and circuit design when such
a guiding structure is involved.
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