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The Nature of the Spectral Gap for Leaky Waves
on a Periodic Strip-Grating Structure

Swati Majumder, David R. Jackso8enior Member, IEEEArthur A. Oliner, Life Fellow, IEEE,and Marco Guglielmi

Abstract—The nature of the spectral gap at forward endfire x
for a periodic leaky-wave structure consisting of an infinite array
of metallic strips on a lossless grounded dielectric layer is studied
and compared with that for a simple grounded dielectric layer.
The conclusions reached are expected to be valid for a general
class of open periodic structures. One of the interesting features
of the periodic structure is that a different branch choice is
possible for each of the infinite number of space harmonics
(although most of these will be nonphysical). This leads to an
infinite number of steepest descent planes (SDP’s) for the modal
solutions, instead of only one as for the dielectric layer. As a
result, one finds some interesting differences in the spectral-gap rig 1. Leaky-wave guiding structure consisting of an infinite array of
behavior, compared with that for the dielectric layer. One basic metallic strips over a lossless grounded dielectric layer.
difference is that the nature of the spectral gap depends on
whether or not a second space harmonic begins radiating before ) ) )
the main radiating harmonic is scanned to forward endfire. The Such an understanding is reasonably complete for simple
spectral gap resembles that for alossy dielectric layer when a structures such as a grounded slab waveguide, the spectral gap
second space harmonic is also radiating, and resembles that for js understood relatively poorly fareriodicstructures. The goal

a losslessdielectric layer otherwise. In addition, for the latter of this paper is to obtain a basic understanding of the nature
of these cases, the purely bound solution (which has a real L

propagation wavenumber and which occurs at the high-frequency of the SpeCt_rf""I gap _for a periodic Struct_ure. )

end of the spectral gap) is physical only over a small frequency ~ The specific guiding structure that will be analyzed is the
range, in contrast to the dielectric layer case, where that solution periodic strip-grating structure, shown in Fig. 1. It consists

is present and physical at all higher frequencies. These behavioral of g periodic array of infinitesimally thin perfectly conduct-
differences are explained in detail in this paper. ing strips on a lossless grounded substrate. Although this

Index Terms—Leaky-wave antennas, leaky waves, periodic one-dimensional (1-D) structure is chosen for simplicity, the
structures. conclusions reached here are expected to be valid for a general
class of open periodic structures, for which radiation may
occur from one or more of the space harmonics.

) ) One of the interesting features of the periodic structure is
HE STUDY of spectral gaps in the propagation of Ieak}hat a different branch choice for the transverse wavenumber

modes on various guiding structures has been the subjecCh, aihematically possible for each of the infinite number of
pf con&dergble regent mterest [1], [2]. Thg spec_tral-gap r,eg'QBace harmonica.,, = f, — ja. That is, each wavenumber
is a transition region in freguency W|th|n which a gwdeq%n may be chosen to be proper (so that the space harmonic
mode changes from a physically meaningful leaky mode [0, ovq"in thes-direction) or improper (increasing in the
a bound surface-wave mOde' This transition region typlcal&y-direction). This leads to an infinite number of SDP’s for
occurs as the beam radiated by the leaky mode is scanneglo o g solutions, instead of only one as for the simple

endfire. In the transition region, the leaky mode loses physiggleciric |ayer. Although all of the solutions obtained from

meaning while a surface-wave solution becomes physicallyy jifferent branch choices are mathematically valid, most

meaningful. An understanding of the spectral-gap region i§ yhe solutions are completely nonphysical. For the space
|mportqnt in or(_je_r to obtain a physical description of ho"l‘ﬁarmonics that are well into the slow-wave regigB.{ > ko),
the various radiating modes on a structure evolve. AIthoug}tpe solution will only have physical meaning provided that

i . ) the proper branch choice is taken. On the other hand, for a
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Fig. 2. Dielectric-inset waveguide leaky-wave antenna. The analysis method
used for the simple structure of Fig. 1 applies for this practical antenna @)
structure as well (see text).

harmonic is improper to one where it is proper. This transition

region in frequency is the spectral-gap region. Y
The spectral-gap behavior of the periodic structure is com- _

plicated by the fact that there may be two space harmonics that™”

simultaneously radiate, depending on the frequency and the AF

strip spacing (it is assumed in the treatment here that two is the

maximum number of space harmonics that can simultaneously 15 |

radiate, since this would cover almost all practical cases). 2 ; \5GHz. ‘

Because of this, there afeur modal solutions that participate 0 0.5 1 1.5 3
in the spectral gap, as opposed to two for the dielectric layer. Cr

One of the interesting conclusions from this study is that the (b)

nature of the spectral gap is different, depending on whethg§ 3. steepest descent plot showing the solution forfie mode of a
or not a second space harmonic £ —2) begins radiating grounded dielectric slab with, = 2.1 and thickness. = 1.29 cm, as the

before the main radiating harmonic reaches forward endfirdf€quency is scanned from 5 to 20 GHz. (a) Lossless case. (b) Lossy case
Although the analysis is performed for the idealized 1-5‘"”‘ fand = 1077

strip-grating structure, the analysis also directly applies to

the dielectric inset waveguide leaky-wave antenna shown in

Fig. 2. This structure is, in essence, a leaky rectangular wavdd- 3(&) shows the solution locus for a lossless layer, while

guide (the polarization of the electric field in the waveguidEid. 3(b) shows the locus for the same layer with a nonzero

region is labeled in the figure). If the baffle lengtfs infinite, 10ss tangent. In both figures, the extreme SDP (ESDP) curves

the analysis is exactly the same as the one for the structiftat cross the poin{,. = 7 /2, (; = 0 are shown as a pair of

in Fig. 1; otherwise, a simple modification is necessary ®@ashed lines. These pathes separate the slow- and fast-wave

account for the discontinuity at the baffle—air interface [3]egions. Those regions adjacent to the vertical fpe= 7/2

The baffle allows the higher order modes excited by the gratiage slow-wave regions and the others are fast-wave regions.

to decay before reaching the aperture, which results in bettdustrative designations are shown in Fig. 3(a).

polarization purity of the radiated beam. This structure is As seen in Fig. 3(a), for a lossless dielectric layer, the leaky-

a promising candidate for millimeter-wave applications dumode solution crosses the ESDP as the frequency increases

to its mechanical simplicity, low-loss behavior, and flexibl¢see direction of arrows) and enters the spectral-gap region

radiation characteristics [4]. where the solution becomes a slow wave. Eventually it merges
with the conjugate solutiot,, = k¥ on the(,. = «/2 line.
Il. BACKGROUND The two solutions then split to become a pair of improper

In this section the basic properties of the spectral g@yrface-wave solutions. One solution travels up on e
for a simple grounded dielectric layer are reviewed. A mofée and crosses the real axis to become a proper surface wave.
complete discussion may be found in [2], [5]. This backgrounthe other solution continues down as a nonphysical improper
material is included here only to provide a comparison witBurface wave. Below the splitting frequency, the conjugate
the spectral-gap behavior for the periodic structure. solution grows exponentially in the direction of propagation,
Fig. 3 shows a steepest descent plot (SDP) of the progad is thus regarded as completely nonphysical.
gation constant for thd'E, mode of a grounded slab (the When loss is added to the dielectric layer, these two
geometry is the same as in Fig. 1 without the strip gratinggolutions no longer meet on the'2 line, as shown in Fig. 3(b).
The steepest desceftplane is defined by the transformatiorinstead, the original leaky-wave solution continues downward
k. = kosin ¢, wherek. is the complex propagation constantafter crossing the ESDP and approaches, but never exactly
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reaches, the /2 line. The trajectory of the second solutib, A
which is no longer the conjugate of the leaky-mode solution, c o
bends upward as the solution approachestfi2 line. This
second solution crosses the real axis and shortly afterwards =
enters the slow-wave region, where it becomes a physically 0
meaningful surface wave. Thus, the surface-wave solution is \
the continuance of the nonphysical solution.
The spectral-gap behavior of the simple grounded dielectric 0 444
slab is typical of that usually seen for more complicated
nonperiodic leaky-wave structures [2]. The purpose of this
paper is to investigate the spectral-gap region gfeaiodic
guiding structure, using the strip-grating structure in Fig. 1 as
the model. -g -t

G+jB

2(1) 2(2) coupling matrix
] —1,5— -1.s

(1
/o 7
r s

I1l. DESIGN CONSIDERATIONS Fig. 4. TEN representation of the structure shown in Fig. 1. The grating is

The structure in Fig. 1 is designed so that the fundamen{%‘fresemed by a mutual coupling network, as described in [6].
(n = 0) space harmonic (which resembles a perturtidtj
parallel-plate waveguide mode) is a nonradiating slow wawsherek., is the propagation wavenumber of the= 0 space
Radiation occurs from the = —1 space harmonic, which harmonic that corresponds to a perturbation of the dominant
allows beam scan from backward to forward endfire. TE; mode of a parallel-plate waveguide structure. A different
In order to have single-beam operation over the entibganch choice of the transverse wavenumbers
scan range from backward endfire to forward endfire, the

permittivity must be chosen large enough so that [3] - /kg — k2, 3)
2
e > 9+ (B) . (1) is possible for each of the infinite number of space harmonics.
a

This contrasts with the two different branch choices for the
If e, is less than this value, the = —2 space harmonic will Single wavenumber:, in the nonperiodic case. The most
become a fast wave (and, therefore, radiate) before the mgfifivenient way to study the different solutions obtained by the
beam can be scanned to forward endfire. different choice of branches is to introduce a steepest descent
variable for each of the space harmonics, so that

IV. SOLUTION PROCEDURE
kzn = ]{}0 sin Cn (4)

A. Network Representation kun = ko cos (. (5)

The analysis used here to obtain the propagation constant of
the structure is based on the transverse-resonance procedurghis procedure is useful because no branch choices for the
The key element of the structure, namely the metal-strifgnsverse wavenumber are necessary in the SDP, since both
grating at the air—dielectric interface, is described in terms 8heets of thé:.,, plane get mapped onto the single-sheejed
a novel multimode equivalent-network representation [6], gdane. Both possible choices for the transverse wavenumber
that the transverse equivalent network (TEN) of the antennakis, are automatically included by allowing, to assume all
easily obtained. The TEN for the structure is shown in Fig. #ossible locations in the SDP.
Each transmission line connecting to the network represent8ecause there is an infinite number of space harmonics,
the z-dependence of the fields of a particular space harmoniigere is an infinite number of solutions that are mathematically
The elements,,,,, of the coupling matrix in the TEN are givenpossible, corresponding to different branch choices for the
by closed-form expressions, which are derived in [7]. See [#}» wavenumbers. However, most of these solutions will not
for detailed description. have any physical meaning. For space harmonics that have
A simple transverse-resonance equation (TRE) based |6h| > ko, the only physical choice for the wavenumbgs,
the TEN in Fig. 4 is formulated and numerically solved tis theproperone, for whichlm(k.,) < 0. Therefore, to keep
obtain the complex propagation constant of the leaky wawfe investigation tractable, the steepest descent representation

The detalils, discussed in [3], are omitted here. will be used for onlytwo of the space harmonica:= —1 and
—2, since two is the maximum number of space harmonics
B. Branch Choice for the Space Harmonics that are likely to be in (or close to) the fast-wave region. The

The strip grating excites an infinite set of space harmoniégeepest descent representation for these two space harmonics

with wavenumbers IS

kzn = kzO + 27r_n7 n= :l:]-v :l:27 T (2) kZ7 -t :ko i C_l (6)
p kz, —92 I/{Jo sin C_Q. (7)
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Fig. 5. The SDP, labeled to show the various characteristics in each of 0.3 — T —
different strip regions.
0.2
The —1 and—2 space harmonics are allowed to migrate free i )
in the corresponding SDP'’s, so that all possible branch cho g = 57.0
for these space harmonics are automatically included in w0 — =
investigation. All other space harmonics are chosen to ail 7 H‘ml.
proper (decaying in the transversedirection). J 1 aaliber
0.2
C. Properties of the SDP 0.3 NEF IR A N i i |
. . . . 38 28 A5 !
The solutions obtained from the numerical procedure will o S ma
=

plotted in the SDP for each of the two space harmonics that

given steepest descent representations-(—1 and —2). To (k)

aid in the physical interpretation of the results, a generic SDV Is

first shown in Fig. 5, with labeling to indicate the nature of thEig- 6 (a) Steepest descer_]t pI_ot showing the four diffe_rent solutions that are

. . . obtained from the structure in Fig. 1, as the frequency is scanned from 46 to

region. The notatiorB1 means the mapping from the bottomsg G, o, = 9.4 = 0.14 cm, p = 0.338 cm, andd/p = 0.2. The solid

(improper) sheet of quadrant one of the plane; 7’1 denotes curves represent the solutions for the= —1 space harmonic and the dashed

the mapping from the top (proper) sheet of quadrant orfélves represent the solutions for the= —2 space harmonic. (b) The same

etc. Each region is labeled to indicate whether the solutior:%t‘ where only the physical solutions are shown.

decaying or growing in the direction of propagation, a forward

or backward wave, a proper or improper wave, and an outgoing/When part of a region corresponds to physically meaningful

or incoming wave transversely. The regions between the ES¥@ves and the other part does not, the physical significance

curves (dashed curves) and the vertical lineg,at /2 and of a mode is gradually lost as the mode crosses from the

—m/2 are the regions that represent slow waves, while tipdysically meaningful part to the nonphysical part. This loss

regions outside the ESDP curves represent fast waves. in physical meaning is a central feature of the spectral gap.
The four regions that correspond to growing waves are

clearly nonphysical regions. Of the remaining four regions, V. NUMERICAL RESULTS

additional criteria must be used to ascertain the physical

significance of the modes. Regidi4 has physical signifi- Using the analysis technique mentioned in the previous

r§8{:tion, the propagation constants for the different guided-

cance inside the slow-wave region, since this region does wave solutions that were found to exist have been obtained
rr n radiation. RegiaB4 h hysical significan . n
correspond to radiatio egiai4 has physical significance For all of the results shown here, the substrate thickness is

in the fast-wave region, since this is an improper region tha . S
can support physical leaky modes. Regi®i has physical ¢ = 0'.14 cm, th? gra‘upg per|o.d ip = 0.338 cm, and the
significance throughout the strip, since physical backwa arlp—w@th.-to—perlod ratlo(d/p.) Is 0.2. Then = —1 space
waves are proper, regardless of whether they are fast or sl rmonic 1s taken as the main radiating harmonic.
Region B3 is not physical in any region, since a physical . ,
backward wave should be proper. The shaded regions in Fighs TWo Radiating Space Harmonics

correspond to the regions where the waves are physical (all oFig. 6(a) first shows results for the casg = 9.0 as the
T3, and parts ofB4, and74). In order for a mode to be frequency is scanned from 46 to 58 GHz. In this case, (1) is
regarded as physical, all of the space harmonics must resid satisfied and the = —2 space harmonic enters the fast-
in the physical regions of the SDP. wave region before the = —1 space harmonic is scanned
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to forward endfire. Four different solutions were found frorstay within the nonphysical growing regions of the SDP, where

the numerical search: the waves increase in the longitudinal direction of power flow.
1) red; The magenta (reddish purple) solution corresponds to the
2) green; second solution in the lossy dielectric layer of Fig. 3(b).
3) magenta; This solution starts in the nonphysical growing regions, for
4) blue. both the—1 and -2 harmonics, at lower frequencies. As the

frequency increases, the harmonics cross the real axis at the

The solid curves show the solutions for thel space har-
1acurv W - P me frequency of 56.6 GHz, and then entertheand 7°3

monic (1) while the dashed curves show the correspondir? ) . o
solutions %_2) for the —2 space harmonic. The ESDP curve regions, respectively. When thel harmonic first enters the

which denote the boundaries between the fast-wave and SIZE\Z}— region, it corresponds to a fast surface-wave solution which

wave regions, are also shown with dashed lines (see Fig. %? nonphysical. At a higher frequency of 57.0 GHz, thé

. . . . armonic enters the slow-wave region ’B# and the modal
One feature of the solutions is that they come in conjugate, ' . . .
. . : : . . Solution then corresponds to a physical surface-wave solution
pairs, provided the dielectric layer in Fig. 1 is lossless. That i

if (k.n, kzn) IS a valid solution for the set of space harmonic

thall-tdcorrp;psez modfal fs:)r:ytl(.)n, .théh%"’takwg) IS ZI.SO '?h The blue solution, the conjugate of the magenta solution,
valid solution. A proot of this 1S given In the AppendiX. 1€ o yhe > harmonic in a nonphysical regiad3, since this

(red, green) and (magenta, blue) solutions form two conjug%ei

s In the SDP. th . . X ; b ion corresponds to an improper backward wave (physical
pairs. In the » the conjuga.te pairs are mirror images abgiiliward waves should be proper). Hence, the blue solution is
the (, = n/2 and ¢, = —7/2 lines.

NG ) ) not regarded as being physically significant at any frequency.
The re.d solution in Fig. 6(a) is the_ SO|Ut.IOI’.1 that, at lower |, summary, the red and magenta solutions are the only ones

frequencies, corresponds to the main radiating mode of g\ hich portions of their curves lie in physically meaningful

structure. This solution exhibits the characteristics of the Iea‘%’gions of the SDP, and these two solutions exchange physical

mode solution for théossydielectric layer in Fig. 3(b), even meaning as the frequency increases and the modal solution
though the dielectric in Fig. 1 isossless This is because changes from a leaky mode to a surface-wave mode.
radiation from the—2 harmonic introduces the equivalent of Fig. 6(b) is the same plot as Fig. 6(a), except that only

a loss mechanism. At higher frequencies thk harmonic of the physically meaningful solutions are plotted. The green
this solution in regionB4 crosses the ESDP path (at 57.0 GHz}nq plue solutions are omitted, since they correspond to
and enters the spectral-gap region. As the frequency increasgsphysical solutions for all frequencies. For thg harmonic,
the —2 harmonic emerges from the slow-wave region near tige red solution is plotted only up to 57.0 GHz, since this
— /2 line in regionT’3 (crossing the ESDP at 51.7 GHz) andp|ution becomes nonphysical after thel harmonic enters
moves toward the origin, corresponding to a beam that scafg slow-wave region irB4. The magenta solution is plotted
from backward endfire toward broadside. At the frequency 8hly after 57.0 GHz, since this is the frequency at which the
which the—1 harmonic crosses the ESDP (57.0 GHz), ## _1 harmonic enters the slow-wave regiondi to become
harmonic is well within the fast-wave region (outside of thg physical surface-wave solution. For th@ harmonic, the
spectral gap near therr /2 line) and, hence, there is significanied solution is similarly plotted only for frequencies below
radiation from this space harmonic even though the “mai®7.0 GHz. The magenta solution is plotted for frequencies
radiating harmonic is entering the spectral gap. above 56.6 GHz instead of 57.0 GHz, since the length of
A noticeable bump in the solution occurs at approximatetfie curve is so small. The spectral-gap jump in the solutions
53.6 GHz, before the-1 harmonic reaches the ESDP. Thisor these two space harmonics is seen to be much larger for
bump corresponds to mode coupling between a set of spage —1 harmonic; for the—1 harmonic the solution changes
harmonics of a forward-propagating mode (power flow ifrom leaky to bound across the spectral gap, whereas-the
the positive z-direction) and a suitably related set of spacharmonic remains leaky on both sides of the spectral gap.
harmonics of a backward-propagating mode (power flow in the
negativez-direction). In particular, the mode coupling occurs
between the—2 harmonic of the forward mode and thel B. A Single Radiating Space Harmonic
harmonic of the backward mode. It also occurs simultaneouslyAs the permittivity of the substrate is increased:to= 20,
between all space harmonics which differ by unity, such as th& frequency characteristics of the four solutions change
—1 harmonic of the forward mode and the2 harmonic of significantly, as shown in Fig. 7(a). In this case, (1) is satisfied
the backward mode. The mode-coupling frequency can easilyd the—2 harmonic of the red solution stays within the
be predicted approximately from thEE; -mode parallel-plate slow-wave region ofl’3 (and very close to the-7/2 line)
waveguide formula. From this simple waveguide formula, iintil the —1 harmonic reaches forward endfire at 34.15 GHz.
can also be proven that the bump will occur before #ie The behavior of then = —1 harmonic in the spectral gap
harmonic is scanned to forward endfire if the2 harmonic resembles that of thiwsslessdielectric layer in Fig. 3(a). A
enters the fast-wave region before thd harmonic reaches splitting point now occurs at 34.15 GHz, where the red and
forward endfire. green solutions merge, as do the blue and magenta solutions.
The green solution, which is the conjugate of the red onAfter the merging of the-1 harmonic solutions, two pairs of
is a nonphysical solution since both thd and—2 harmonics improper surface-wave solutions emerge. Tk harmonics

E\Nhich is complex due to leakage from the= —2 space
armonic).
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Fig. 7. (a) Steepest descent plot for the same structure as in Fig. 6, but with a higher substrate permittivit(). The frequency scan is from 30 to
38 GHz. The behavior is seen to be different from that shown in Fig. 6. (b) The same plot, where only the physical solutions are shown.

of the red and green solutions travel down th& line, and One interesting point in connection with Fig. 7(b) is that
the magenta and blue solutions travel upfi& line and cross there is a noticeable frequency region of about 3 GHz (between
the real axis to become physical surface-wave solutions. TB&.15 and 37.4 GHz) over which none of the previous four
pairs of solutions are not distinguishable on the plot until theolutions have physical meaning. This initially surprising
mode-coupling bump occurs, at which the solutions separateservation led to a closer investigation of the solutions near
momentarily. the spectral-gap region for high-permittivity substrates. It was
In Fig. 7(b) the plot is repeated with only the physicalound, after careful examination, thatnaw solutionexists in
solutions being plotted. As in Fig. 6(b), the green and blube frequency range where none of the previous four solutions
solutions are omitted, and the red and magenta solutions hexe physical meaning. This new solution is shown in the
plotted only in the frequency ranges for which the solutions acelor cyan (light blue) in Fig. 8, which presents a magnified
physical. The red solution is physical for frequencies beloplot of the spectral-gap region for the = 20 case of Fig. 7
approximately 34.15 GHz, where thel harmonic enters (the blue solution is omitted in this figure to enhance the
the slow-wave region i34 (almost immediately before the clarity). The new solution exists between 34.15-37.4 GHz. At
splitting point). The magenta solution is physical above 373%4.15 GHz, the new solution merges with the green solution,
GHz. Below 37.4 GHz, the-2 harmonic of the magentaand at 37.4 GHz it merges with the magenta solution. The
solution is in an improper region (above the real axis nearl harmonic of this new solution lies on top of that of
the ¢, = —= /2 line) even though it is a slow (and backwardihe magenta solution between 34.15-37.4 GHz. However,
wave. the —2 harmonic of the new solution is a physical wave
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Fig. 8. A magnified plot of the spectral-gap region for the same structure as in Fig. =(20), showing the different solutions that interchange

physical meaning as the frequency increases. The color cyan (light blue) is used to show a new solution, which does not exist for lower permittivity
substrates. The blue solution is omitted for clarity.
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Fig. 9. A magnified plot of spectral-gap region for the same structure as in Fig. 7, but with a lower substrate permaittiwity4). The frequency range
over which the new solution (cyan color) exists has decreased from the case in Fig. 8.

(backward and proper) while the2 harmonic of the magentawhich the new solution exists decreases as the permittivity is
solution is not physical in this frequency range (it is backwarldwered. The frequency range becomes vanishingly small as
and improper). Hence, only the new solution is physical ithe permittivity of the substrate approaches a critical value,
this frequency range, and the red and magenta solutions predicted approximately by (1) when the leakage rate is
physical outside this range, as discussed above in connectomall. For the lower permittivity case of Fig. 9, a noticeable
with Fig. 7(b). mode-coupling bump is also seen in the cyan solution, where
the solution momentarily departs from tije = —=/2 and
) ) ) ) ¢ = 7/2 lines, for then = —2 andn = —1 harmonics,
C. Results for Other Dielectric Constants and Strip Widths respectively. In this mode-coupling region, the cyan solution
Fig. 9 shows the same type of result as in Fig. 8 for tHeas a conjugate solution (mirror image about the= +7/2
casez, = 14, and demonstrates that the frequency range overes) which is not shown.
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Fig. 10 shows the spectral-gap behavior for two differen’

ratiosd/p of strip width to period, for the, = 20 case. Only 005
the region near forward endfire for the= —1 harmonic is
shown in this figure, corresponding to a frequency scan 0.025

32-37 GHz. As the amount of metal in the unit cell increase:

the four solutions come closer together [see Fig. 10(a)]. I

particular, the red and blue solutions move closer togethe ** @ — ]

as do the magenta and green solutions. In the limit, as tl

strip width increases so that the structure becomes a perft -n.a2s

parallel-plate waveguide, the four solutions merge together

become two distinct solutions. 005 L | e
The transition in the spectral-gap behaviokass increased o 0.5 1 1.5 5 3.5

from 9 to 13.5is shown in Fig. 11, to examine how the spectr:

gap changes character from the type shown in Fig. 6 to tt

type shown in Fig. 7. The plots clearly indicate thatzass i)

increased, the mode-coupling bumps in the solution are slow

pushed out of the visible scan range. As the bumps move fro  I.O& . . o

the leaky regions to the/2 line, they draw together the four :

solutions so that the conjugate pairs meet onstfi2 line. 0.095

i e —

L]

Cr

D. Explanation for the New Solution Using v O
the ko Versus Diagram

For the case, = 20, discussed in Section V-B, we found =0-025 IR _]_'_'f
that for frequencies immediately above the spectral-gap regit

for the n = —1 space harmonic, none of the four solutions _p,gs IS | A
shown in Fig. 7 is physically valid. Instead, a new solution 0 0.5 1 1.5 2 25 a
called the cyan (light blue) solution, is the physical solution Ir
This new solution is purely real (except in the mode-couplin

. L [l
region) and transversely bound, but it is present for onl
a Sma” frequency range, a.fter which the magenta SOll.Jtlgrgl]_ 10. Steepest descent plot showing the effect of changing the
(having a complex propagation constant) becomes phySK:QJJB( -width-to-period ratial/p on the spectral-gap behavior of the structure
valid. This behavior is different from that for a dielectrion Fig. 1. All parameters are the same as in Fig. 7 except that the strip width
layer, where a purely real and bound solution is present ahd ‘]{f‘;aeude;c’c;zt:;?] ?S'ﬁfergem”’ég trgt[o?féaH)g/lf]’ o :S”eds.(b)d/ p=02.
physically valid (as a surface wave) for all frequencies above
the spectral gap. In this section, the finite range in frequency
for the existence of the cyan solution for the periodic structuvgth a purely real propagation wavenumber. These triangles
is explained in terms of th&, versusg diagram, where the may, therefore, be called “bound-mode triangles.” If, on the
need for such behavior becomes immediately evident. other hand, a space harmonic is located in the central region

The k, versus/ diagram, which is a modification of the bounded by thet 45° lines (the region that looks like a large
versuss diagram for closed guides (traveling-wave microwav¥), the space harmonic corresponds to a fast wave. In this
tubes, primarily), and is also related to Brillouin diagramggegion, the space harmonic possesses a complex propagation
takes the form seen in Fig. 12 when applied to open structuresnstant and corresponds to a radiating leaky wave. This V-
The quantitiesk, and 3 are normalized to the periog in  shaped region is called the “radiation region.” Lastly, if a space
Fig. 12, so that the abscissa is expressed simply in multiplegrmonic is located in a region outside of either the bound-
of w /2. The diagram is periodic iBp = 2=, but only the first mode triangles or the radiation region, that harmonic is a slow
two sections are shown here. The plotted values in Fig. 8¥&ve with a complex propagation wavenumber (due to the
correspond to thes, = 20 and e, = 9 cases, and the fact that another space harmonic lies in the radiation region);
dimensional parameters, which are the same for each casetar&ransverse field behavior is decaying, but power is coming
those presented in the caption for Fig. 6. Only those solutioiméo the structure.
that are physical are included in Fig. 12. For thee,. = 20 case, it is seen that at lower frequencies the

If the solution for a particular space harmonic is located im = —1 harmonic of the red solution is in the radiation region.
any of the triangles (only two of which, centered@t= +#, As the frequency is increased to 34.15 GHz, the spectral gap
are shown in Fig. 12), all of the other space harmonics amereached; the red solution then loses physical significance
also located within the triangles, since thg values for the and the cyan solution emerges as the physical surface-wave
different space harmonics differ from each other2yr, with  solution. Over this same frequency rangesthe —2 harmonic
n as an integer. In this case, all the space harmonics areli@s first in the region outside of either the bound-mode
the slow-wave region, and the physical mode is purely bourtdangles or the radiation region; the harmonic is slow, but
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Fig. 11. Steepest descent plot showing the transformation in the spectral-gap behawvjoisashanged in the structure of Fig. 1. All parameters are
the same as in Fig. 6 except fer. (@) & = 9. (b) & = 13. (¢) & = 13.2. (d) & = 13.5. The frequency scan is from 39 to 46 GHz for all
parts except (a), where it is from 46 to 58 GHz.

its propagation wavenumber is complex becausentke —1  frequency range over which the cyan solution exists becomes
harmonic is radiating. At 34.15 GHz, the = —2 harmonic significantly reduced (from greater than 3 GHz to less than
also reaches the spectral gap, after which the solution chanfjgSHz). We can see from Fig. 12 that lowering the dielectric
from red to cyan and lies within a bound-mode triangleonstant raises the curves (comparing the cases, fet 20
Similarly, all the space harmonics will then be located withiande, = 9), so that the curves far,, = 14 would rise higher
the bound-mode triangles, and the complete modal solutiorvighin the bound-mode triangles, thereby reducing the cyan
thus totally bound and real (not complex) except for a smathnge within these triangles.
range of frequencies corresponding to mode coupling. (ModeFor thees, = 9 case, the dispersion plot in Fig. 12 is very
coupling occurs atlp = +m, where a small bump, hardly different. As before, the—1 harmonic of the red solution
noticeable, in the cyan solution is observed.) If we continug in the physical radiation region at lower frequencies. As
the curve for then = —1 solution, it is seen that it goesthe frequency is increased to 51.7 GHz, th2 harmonic of
out of the bound-wave triangle at 37.4 GHz, meaning th#te red solution also enters the physical radiation region at
the physical solution is one that is now complex, becaubackward endfire. At about 53.6 GHz, i.e., 8t = 7, a bump
the n = —2 harmonic is now radiating. At 37.4 GHz, theoccurs in the red solution (hardly noticeable in this figure, but
n = —2 harmonic enters the radiation region at backwardearly visible in the SDP) due to mode coupling, as explained
endfire. For frequencies above 37.4 GHz, the magenta solutinonSection V-A. As the frequency is further increased to
is the physical one. 57.0 GHz the—1 harmonic reaches the spectral gap and then
It is seen that the cyan solution represents the range leaves the physical radiation region; the magenta solution then
frequencies for which all the space harmonics lie within theorresponds to the physical mode. Th& harmonic of the
bound-mode triangles, and that the range is finite because mh@genta solution is complex, but not radiating, while the
n = —2 harmonic begins to radiate after 37.4 GHz. corresponding-2 harmonic is radiating. Above 57.0 GHz, the
The &k versusg plot also readily explains the behavior in—1 harmonic of the magenta solution has the same character
Fig. 9, which holds fors,. = 14. It was shown in Section V- as that for the—1 harmonic in thes, = 20 case beyond
C that for the smaller value of, (14 instead of 20) the 37.4 GHz.
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Fig. 12. kqp versusgp diagram for the structure in Figs. 6 and&. (= 9 ande, = 20). Only the physical solutions are shown in each frequency region.
The £ 45° lines show the physical radiation region, and the two lower triangles show the regions in which a physical solution is purely bayng. Haor
the plot readily shows why the cyan (light blue) solution is physically valid over only a finite frequency range.

VI. CONCLUSIONS more complicated for the periodic structure, and of course the

The spectral-gap behavior at forward endfire for a periodﬂpysics is rather different. This is the first time this case has

strip-grating leaky-wave structure has been studied ahaen rt}reated '? therl]l_tehratrl].lre. h ic is th
compared with that for a simple grounded dielectric slab. " the case for which the, = —1 space harmonic is the
The present study has revealed a number of new & ly radiating space harmonic when it reaches forward endfire

interesting features. First of all, the nature of the spect en the spectral gap occurs), there is also an important

gap itself depends on whether a second space harmol %erence from the dielectric layer behavior. For the dielectric

(n = —2) does or does not begin to radiate before tHaver. the mode is leaky on the low-frequency side of the

. L ; spectral gap, but it is purely bound (with a real wavenumber)
main radiating space harmon{a = -1) reaches forward , . . .
. ) . on the high-frequency side. Furthermore, this bound solution,
endfire. In the first case, when it does, the spectral ga : .
. : ; : in"the form of a surface wave, remains for all higher frequen-
resembles in form that of dossy dielectric layer; in the

second case. it resembles that ofoaslessdielectric laver cies. In the above-mentioned periodic-structure case, similar
: ' ) Yl hehavior occurs in the immediate vicinity of the spectral
Numerical calculations were made to cover both cases

Ap, but this type of bound solution exists only for a small
detail, and also to follow the changes in behavior as o b yp y

‘ h her. Th lculati quency range, until the = —2 space harmonic reaches
goes from one case to the other. The calculations were made,. a4 endfire and then radiates. Above this frequency,

using a rigorous equivalent-network representation for ”ﬂﬁen — _1 space harmonic remains a slow wave, but has

strip-grating structure, which permitted rapidly convergenf .ompjex wavenumber with power coming in transversely.

results to be obtained. The results were calculated agfain, this behavior does not have a counterpart in a simple
displayed on the SDP so that all possible solutions co

. . - : lectric layer.
be obtained without requiring branch-cut choices to be aj of these considerations, and others, were discussed and

made beforehand. - o illustrated in detail in this paper.
The presence of the additional space harmonics introduced

by the periodicity of the periodic structure leads to certain

very important new features in the dispersion behavior. We APPENDIX

should first recognize that there is no counterpart in the simplein this appendix the conjugate property of the modal so-
losslessdielectric layer for the case for which the = —2 |ution for the periodic strip-grating structure is proved. That
space harmonic is already propagating when the= —1 s, if the wavenumbergk.,,, k.,,) represent a valid solution,
space harmonic reaches forward endfire. The resulting specthain a second valid solution will be the set of wavenumbers
gap resembles in form that found forl@ssydielectric layer, (k%,,—k%, ). This establishes that a second valid solution is
because the additional radiating space harmonic supplies the mirror image of the first one about ther/2 lines in the
equivalent of “loss” to the system, but the overall behavior SDP.
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In the SDP, the wavenumbers can be represented as

ky =ko cos ¢ (A1)
k. =kg sin ¢ (A2)
where
¢ =G+ 46, (A3)
Using (A3), (A1) and (A2) can be expanded as
ky = ko[cos { cosh (; — j sin ¢ sinh g] (A4)
k. =kolsin ¢ cosh ¢; — j cos ¢. sinh (] (A5)

In order to prove the conjugate property of the solution, it is
required to show thatk*,, —kZ,,) satisfies the original TRE,

given by
1

| — Yo cot K1 =
ZO

(A6)

~ 7net
Zin

where the reference plane (at= 0) is located immediately
outside the mutual coupling network on the port correspondingy]
ton = 0 (see Fig. 4)Z2¢ is the input impedance looking into

the mutual coupling network at that location.

For a TE mode, the characteristic impedance of the structutél

in the air region is given by
Z) =2k,
0 kac
Hence, the transformatioh, — —kZ leads to the following
transformation of the first term:

(A7)

*

1 1
pres) i Iy (A8)
0 0
The second term gets transformed to
—5¥5? cot (k1] — —j[-Yg V) cot [k (A9)

which is equivalent to—j[YO(Q)]* cot *[kffo)t] sincetan (z*) =
tan*(z). Hence, the second term becomes

Y3 cot (k3] — —{=i(Ys?) cot K54}, (AL0)

All of the elementsZ,,,, of the mutual coupling network
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