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Parallel-Plate Ridge Gap Waveguide Realized by
Bed of Nails

A. Polemi,Member, |IEEE, S. Maci,Fellow, |IEEE, P-S. Kildal,Fellow, |EEE

Abstract—The newly introduced parallel-plate ridge gap waveguide on-
sists of a metal ridge in a metamaterial surface, covered by metallic plate
at a small height above it. The gap waveguide is simple to maracture,
especially at millimetre and sub-millimetre wave frequenées. The metama-
terial surface is designed to provide a frequency band wheraormal global
parallel-plate modes are in cut-off, thereby allowing a cofined gap wave
to propagate along the ridge. This paper presents an approriate analyt-
ical solution for this confined quasi-TEM dominant mode of the ridge gap
waveguide, when the metamaterial surface is an artificial mgnetic conduc-
tor in the form of a bed of nails. The modal solution is found bydividing
the field problem in three regions, the central region abovette ridge and the
two surrounding side regions above the nails. The fields with the side re-
gions are expressed in terms of two evanescent TE and TM modebtained
by treating the bed of nails as an isotropic impedance surfag and the field
in the central ridge region is expanded as a fundamental TEM prallel-plate
mode with unknown longitudinal propagation constant. The feld solutions
are linked together by equalizing longitudinal propagation constants and
imposing point-continuity of fields across the region intefaces, resulting in
a transcendental dispersion equation. This is solved and psented in a dis-
persion diagram, showing good agreement with a numerical $ation using
a general electromagnetic solver. Both the lower and uppenut-off frequen-
cies of the normal global parallel-plate modes are predicta, as well as the
quasi-TEM nature of the gap mode between these frequencie¥he evanes-
cent fields in the two side regions decay very rapidly away frm the ridge,
being in the order of 100d B per lower cut-off wavelengths over most of the
single-mode bandwidth.

Keywords—bed of nails, waveguide, metamaterials, EBG, artificial sur
face

I. INTRODUCTION

ization of the more general ridge gap waveguide introduoed i
[1] [2]. It is composed of a pin surface, so called "fakir'sde

or "bed of nails”, surrounding a metallic ridge, and eveiyth
covered by a metal plate. The bed of nails can be immersed in
dielectric substrate to reduce the size and the followirgjyan

sis will account for it. However, in applications at millitne
wave frequency, the better solution is avoiding any dielect
The fakirs bed is designed in such a way to create an artificial
magnetic surface [4], over a certain frequency range. WWi¢h t
metallic top cover, it forms a PEC-PMC parallel plate wavdgu
which will have a cut-off for all modes when the gap heighs
smaller than a quarter of a wavelength (PEC = Perfect Etectri
Conductor, PMC = Perfect Magnetic Conductor). This implies
that a quasi-TEM mode can propagate in the gap along the ridge
without spreading into the cut-off region above the pin acet

The large bandwidth of the high impedance of the pin surface
allows a quasi-TEM mode propagation over a large frequency
band without significant dispersion.

The ridge gap waveguide is a result of research on so calfed so
and hard surfaces [5], which in their simplest form are peali

by corrugations. They can in the ideal form be represented by
a PEC/PMC strip grid, as explained in [6]. A hard surface cov-
ered by a PEC was in [7] and [8] shown to suppress higher order
parallel plate modes. Instead there exist several degeniera

cal quasi-TEM waves following the ridges, as studied in idleta

’ I \H IS paper deals with the modal analysis of a new typology, numerical simulations in [9]. Related surface waves ierop
of metamaterial-based waveguide, particularly suitable fharg structures were detected already in [12] but thesevioll

millimetre and sub-millimetre realizations [1] [2]. The dia

individual grooves of corrugated surfaces rather tharviddal

structure is shown in Fig. 1. In the above-mentioned range @figes, which is the case for the gap waveguides. The new ridg
frequencies, this solution presents advantages comparext t yaveguide is a direct consequence of the local waves stadied
isting technologies like hollow rectangular waveguide WR merically in [9]. The present paper represents the firstrgitéo

and microstrip lines. Indeed, HRW can be manufactured in t%@ an analytic solution to the modal fields. The gap waveguid
parts and joined together, but not without consequent prodl ¢4 also be understood as a miniaturized hard waveguide hav-

of good electrical contacts. On the other hand, microsinigs|

ing two PEC walls and two PMC walls [10], where the vertical

suffer from losses with increasing frequency, limited poi@n-  ppC walls of the present ridge gap waveguide are realized by
dling capat_)lllty, gnd spurious resonances when _encambla&he cut-off between two parallel plates which gives a vergewi
Other solutions like Substrate Integrated Waveguide (SBY) [pand solution compared to the narrow-band dielectric stab a

exhibit undesired losses due to substrate at increasiggdre

FSS wall realizations in [10] and [11], respectively.

cies. Therefore, there is still needs to find new technoigicrie main purpose of the present paper is to model the dispersi
solutions for waveguides abowGH» that have low 10SSes characteristics of the quasi-TEM mode in an analytical fGmm
and are cheap to manufacture. The structure analyzed in $jiger to take under control the dispersion effects and tigdes
paper is shown in Fig. 1 and can be seen as a particular regk structure in the appropriate frequency band. The fiedds a
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sociated with this mode are mainly transverse to the doecti
of propagation, but small longitudinal components of thkl§e
are also anticipated and included in the formulation in Bact
II. The field is expected to have an exponential decay later-
ally away from the ridge into the region above the pins. In the
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present formulation, we will not describe the field inside ied is the plasma wave number accounting for the local spatial di
of nails itself, but instead represent the latter by a sppatis- persion [13], only dependent on the geometrical latticeppro
persive anisotropic homogeneous medium characterizedh byti@as. The mathematical model described by (1) arises from an
equivalent homogeneous reflection coefficient accordirig]to evolution for the wire medium model, which accounts for spa-
The assumed field expressions in the region above the ridfe dal dispersion. In [4] it is shown that the homogenized medi
the two side regions above the surrounding pin surfacessa@ ucan support three different modal solutions: a transvelese e
to establish point matching continuity at the interfacesvieen tromagnetic (TEM) mode, a transverse magnetic (F)Mnode,
the regions, and thereby to obtain a dispersion equation. and a transverse electric (Tlg-mode. Imposing the continuity
of all the possible fields at the air-medium interface (idahg
vertical component of induced fields), allows one to caleula
the reflection coefficients. For an impinging plane TM wavi [4
we obtain

T B knk? tan(knd) — k’ﬁVTM tanh(yrard) + epyo(k2 + kz)
|||||||I||l||||||||||Q||||| k2 tan(Jond) — Kvrar tanb(yrard) — env0 (k2 1 17)
/

W a wherek = k2 +k2 = [k — k2, v =

Fig. 1. Geometry of the ridge gap waveguide embedded in a beailsf n ™M = kz% + kH — k?. The reflection coefficient in (4) ac-
counts for the penetration of TM mode inside the bed of nalil
through the attenuation constant gamma TM. This constarg go

Il. BED OF NAILS PHENOMENOLOGY to infinity when the nails are densely packed. In ¢4),is dic-

As a fist step we analyze the phenomenology associated vitked by the impinging direction of the plane wave on the sur-
the bed of nails shown in Fig. 2. The nails are constituted ifgce. For a TE polarized incident plane wave, the reflectmn c
small metallic cylinders of height, with radiusb, and spacing efficientis that associated with a bare grounded slab, Isedhe
a in bothz andy directions. For completeness, we assume tigéectric field, perpendicular to the surface of the pins, sduet
nails to be embedded in a host medium with permittigity in ~ significantly interact with them. This is consistent witle ths-
practical application however, it is better to have naileiensed sumption of very small radius; this assumption can be reghove
in free space. In [4] the same geometry has been studiedthyusing the approach in [14]; this will be subject of a future
assuming a plane wave with wave vectglincident on the tex- investigation. Within the hypothesis of TE not-perturbimals,
tured surface. Following [4], the bed of nails is regardech aswe obtain

S k2 j\/k2 k? tan( \/k2 kfd) o
! 1/k,%+k — /W — k3 tan(, [k} — kid)

X In (4) and (5) we have maintained the definition in [4], whére t
reflection coefficients are are those associated with thenateg
field; thus, whend = ), /4 we havel' TM(TE) — _1(+1).
Finally, the validity of this coefficient is given in [4] foralues
of k,a comparable withr.

As mentioned above, when the metallic pins are closely phcke
which means:/d << 1[15], one hasyrar — kp — 1/a — oo

Fig. 2. Bed of nails basic geometry. (left) 3D-view; (righiptview. (while b/a is kept constant), and

kp, tan(khd) + E€nY0
kp, tan(khd) — EnYo

ll'l"u' [l 1','1"|'1||,|

=
_@I

OO O 0|0 O O O
O OO0 OO0 OO O

spatial and frequency dispersive medium whose permittisit FTM(ky) ~I'=—
characterized by the tensor

(6)

which is the solution of the reflection problem when only the

(W, ky) = coen (T + 22 + eyy (W, Ky )99) - (1) TEM mode is considered, as expected. Thus, when the pins are
In (1) densely packed, the wire medium behaves approximately as an
' anisotropic material witle,, = €., = ¢, ande,, = oco. Its
Eyy(w,ky) =1 — ki/k% — k; (2) equivalentimpedance is
wherek;, = ,/ek is the wave number of the host medium and 7, = j\/i tan (ky,d) (7)
€h

- 1 2—77 A3) and it behaves as an inductance whend(ix A,/4, and as a
g In(57) + 0.5275 capacitance when (i), /4 < d < A\, /2. Whend = )\, /4, the
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equivalent impedance represents a PMC. The same cond#iongq 7sc (k,) = jka%*k%} tan (k2 — k2d) are the TEM
in [15] is in [16] referred to as an asymptotic boundary ctindi i F Py
when dealing with corrugations and strip grids. Theref¢rg,

represents also an asymptotic boundary condition of a bed

and TM modal impedances seen from the nail's top surface
t%\{yards the short circuited nail’s medium, respectivelgtén
that the TM mode feels the pins with a characteristic dispers

metal nails. ST 2 2
impedanc{%). In (9),n(ky) = kz’jrk_izkjkz is a parameter
Ill. DISPERSION EQUATION FORPECPLATE COVERED BED P v
OF NAILS pec
The guiding phenomenon on the bed of nails surface is B n
strongly modified by the presence of a metallic plate. They ™
form together a parallel plate waveguide where one face & PE 0
and the other is reactive through the homogenized surface de  Zgni(k))|| A
scribed in Section Il (see Fig. 3). For simplicity, hereteaf = R e e -
we consider free-space embedded nails € 1). The same ZTEM(ky) ZTM(ky)
y TEM 2 ™
i
, |
[ T T
h'“’ll‘\lNl 1 pec pec
& - B l-i!-!x-' ; Fig. 4. Equivalent resonant circuit associated with th@elision equation of
h i il 1 (ofl the bed of nails surface covered by a top metal plate at hight

dl
- which weights the TM mode relative to the TEM mode inside
Fig. 3. Reflection phenomenology supported by the bed of saiface covered the bed of nall_s, gnd it can be easily derlyed from the coittinu
by a PEC plate. of the magnetic field at interface, or equivalently of therent
in a series resonant circuit. In particular, WH(%“I>> k? — ki
v\;ﬁ%rresponding to the densely packed bed of nails,) — 0;
t

has been done in [17], but one of the parallel-plate faces -
us, the resonance condition becomes

there constituted by an anisotropic hard/soft surfacecatbe
direction of prqpagatlon, obtalneq 'as a periodic strgctuaele Z5erar(ky) + Z50s = 0 (10)

up of corrugations. Here, the fakir's bed homogenized serfa

is completely 3D, and then the modal field configuration sufhus leading to the conventional dispersion equation wtere
ported is more complicated. The wave bouncing in the gap BEEM mode is the only one considered inside the bed of nails.
tween the two faces can still be described by the reflectief- coEquation (8), or possibly (10) can be solved numericallyre;le
ficientsT 7™ (k,) andI'" ¥ (k,), where now thek,, value is the the intrinsic MatlabFSOLVE routine is employed, which finds a
solution of the eigenvalue problem obtained by imposing tlmeot of a system of nonlinear equations, given a certaitistar
vanishing of the tangential electric field at the upper wiadl, point [18]. Results in terms of frequency are shown in Fig. 5
[e7hvy 4 TTMTE (| )e=ikvy] ,—n = 0. Inabsence of the di- for a reference geometry (see Fig. 3) with= 1mm (height
electric background in the bed of nails, TE mode solutiohdg t of gap),d = 7.5mm (height of pins),a = 2mm (periodic-
associated with the resonance between the upper and lovzer P of pins) andb = 0.5mm (radius of pins). Eigenvaluels,
walls, i.e. k, = =/(h + d). For TM modes, the equation to beof the complete TM resonance equation (8) and of the approx-
solved can be conveniently rewritten by employing (4), whidmated TEM resonance equation (10) are reported as solid and

leads to dashed lines, respectively. The two solutions agree wesll, e
9 5 pecially in the low frequency regime, where the bed of nails

@tan (kyh) + [1— u tan (kd) + appears more closely packed with respect to the wavelength,

k Y kp+ k> — kj and then the surface acts like the surface impedance in (7).

s o 2 12 In Fig. 5, the TEk, eigenvalue is also shown (dashed line),
k= —Fk » "y r— which is constant in frequency and dictated by the PEC-PMC
Yy 2 _ 1.2\ —
+k12) + k% — k2 k tan ( K kyd) 0 (8) resonance, i.ek, = w/(h + d). As the frequency increases,

The ab . b v d . ...__the two solutions slightly tend to veer. Let us discuss thpety
e above equation can be easily interpreted as a CIrcidssefc \\1ve in the various frequency region. FBr< fia_x /).
resonance equation of the kind

k, is found to be purely imaginary (see Fig. 6); there, a TM
Z55rp (ky) + (1 — nky)| Z5% 0 +1(ky) 255, (ky) =0 (9) surface wave propagate along the interface without beibg su
) ] o stantially affected by the top cover. In the frequency ragio
there, referring to the equivalent circuit in Fig. "'TM(ky) = between the two resonance frequendigs. /1) and f(4—» /2,
J&€+* tan(kyh) is the TM modal impedance seen at the pin suk;, is real and a bouncing wave is standing in the gap as de-
face towards the PEC cover plate, whité>,,, = jétan(kd) picted in Fig. 3. In this range, we identify two regions; thstfi
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observe the stop band (shadowed area) where no propagation i
permitted. As expected, there is a surface wave propagating
the low frequency up td0G H z, corresponding tgf@ 4 /4).

The dispersion diagram is in the same graph compared with re-
sults from a commercial software (CST Microwave Studio, di-
amond line), where the basic cell of the periodic structgre i
depicted in the inset of Fig. 6, and phase shifts alorand z
directions have been imposed. The agreement is found to be
overall good.

IV. DISPERSION EQUATION FOR A BED OF NAILSBASED
RIDGE GAP WAVEGUIDE

We can realize a gap waveguide by inserting a conducting
ridge of widthw into the bed of nails structure in the geometry
in Fig. 3, thus leading to the structure in Fig. 1. From an-intu

Fig. 5. TM dispersion equation of the complete (8) form (sdiiés) and ap-
proximated (10) (dashed lines). The eigenvalue solutioeakar imaginary
in three frequency regions, separated by vertical dashed.liTE eigenvalue
is also shown (constant short-dashed line). The light lnalso depicted
(long dashed line). These results have been obtained fdeenee geom-
etry (see Fig. 3) witth = 1mm (height of gap)d = 7.5mm (height of
pins),a = 2mm (periodicity of pins) and = 0.5mm (radius of pins).

itive point of view, we expect that the fundamental modalkfiel
will be propagating along the ridge, with a mechanism vemy-si
ilar to that of the narrow standard parallel-plate waveguwdth

a quasi-TEM behavior. This mode will match the evanescent
modes supported by the surrounding cut-off structure, iithvh
we assume that only the first TM and TE modes (with respect
to y) will be present. In particular, in order to achieve the field
(ftaa/2); fiasn=n/2)), Wherek, is real and greater than that confinement in the ridge region, the cut-off modes must decay
implies attenuation along any direction along the surfacej laterally away from the ridge (along directior). In order to
the second regioff 44 n—»2); f(a=»/2)) where the propagation Prove this approximation, we have run a S|mula_t|0n g CST Mi-
is admitted along the surface. The first range is the stop bang-rowaveStudio in order to get the transverse field distiout
the structure, whose upper bound is the cut-off frequentigeof This result is plotted for a few frequencies in Fig. 7, where t

first TE mode. The upper cut-off of the stop band, corresponﬁg‘p_”wde of the vertical e_Iectric field is shown. Itis gasyec—
to the lower cut-off frequency. In order to better identifiet 09nize that the bed of nails surface stops propagation atung
stop band, a dispersion diagrahversusk, is shown in Fig. 6 lateral direction and keeps the desired confinement of the fie

wherek, — \/m with &, — Ey for TM solution (dotted in the ridge reg|0n_for f_requenues within the stop band_.
v : ¢ Under the approximations used above, we can now write the ex-

line), andk, = k, for TE solution (dashed line). The light linePressions for the fields. In particular, the TMy evanescesden
fields in the region above the bed of nails are,

. kz ~ [+ T
H, = jAry———— §(, z) cos |ky(y — h) (11a)
30 — [k2 — L2 L —
- Y
275 7 o ~ 1
25 .z z Hz = —AT]W z — E(I, Z) COS ky(y - h) (1lb)
e o v/ k2 — k2 ) )
225 _z A ........l‘. Yy
’,;l\ 20 _ -7 e Pl ® ) 5 aa)’]\f/y _ o~ .
T DL E, = —jAry>———=— g(x,z)sin |k,(y — h (11c)
17.5 . kZ(TM) k‘ \/m ( ) I y( )_
~ 15 | = = k.(TE) v
12.5 csT o~ [+ T
' — Light line B, = —jArn >\ k* — k% g(x, z) cos |k, (y — h)|  (11d)
10F - .
5L L aimoeo k f];( ~ . 7
757 ."..--'l"ia')-- Ez :AT]\/[% z J~ g(]),Z) Sin [ky(y—h)} (118)
° .-'--""" i k2 k§
250 e’
/“»‘.@' L L L L L L
0 100 200 300 400 500 600 where
k, (m”) gz, z) = e k=2 a(zl—w/2) (12)

Fig. 6. Frequency versus real part/of for TM (black dots) and TE (dashed
line) solutions of the pertinent eigenvalues problems. Tdi line is also

cal parameters used for Fig. 5.

The reference system is centered in the middle of the width
shown (solid line). These results have been obtained fosahee geometri- Of the ridge. In equations (1141, is an unknown coefficients
while Ey is the eigenvalue solution of equation (8). Thus, the
dispersion relation for this mode i¢ = (—ja,)? + 755 + k,

is shown. From the dispersion diagram in Fig. 6 it is posdible where the attenuation constant and the propagation constant
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v v k. are unknowns.
h I I I I D I I I I H f=3GHz In the central region above the ridge, we assume a quasi-TEM
mode, propagating alongaccording to the phase faciori*:#,
of the kind

.""D""I JETOHE E, = Eocos(Rua)e "> (152)
H, e (kgx)e 7%= (15b)

= —FEy—=cos

fk

.““I:Iﬂ". e e He = cifagsinfeaet (5

whereEO is a constant related to the incident power at the input

mlﬂllm f=13GHz (band gap) port, andk, is a propagation constant alomgandk2 = k2
k2. The overall unknowns are si¥izys, Arg, Gy, Az, km, k.
Therefore six equations are required to uniquely solv@thb-
lem. Three of these equations are provided by the dispersion

ml I I EI I I I‘ﬂ f=17GHz (bandgap)  'elations in the three media, reported below for convergenc
2 2 72, ~2
B o= -k +a (16a)

x

~2
Bo— Pk +d (16b)

f=20GHz 2 "y
k2 = K2k (16c)

To find the remaining three equations, we enforce a razoeblad
continuity of the three field components across the separati
walls x = +w/2. The matched field components,, H,, are
namely all those belonging to the quasi-TEM mode. The non-
matched components,, £, and H, (only present in the bed

of nails regions) are very weak, since the boundary comntio
at the top cover impose vanishing of them. Thus, we obtain the

Fig. 7. Normalized amplitude of the vertical (aloppelectric field for different
frequencies calculated through CST Microwave Studio

k. are also unknowns. A secondevanescent TEy mode is as-
sumed to be excited in the bed of nails region, whose exmneSS|

's give by three matching field equations
k ~ (= |
E, = jArp———— g(z,2)sin |k,(y — h)| (13a)
=2 L i . I3 9  To9 _ -~
k2 —k, —jATME\/ k? — k2 = Ey cos(kyw/2) (17a)
a. = = ] i 1 k.k
B. = —App——t G(x,2)sin | ky(y — k)| (13b) A At Feky
, L ] k2 — k2 &k , 3
k? -k, Y k2 —k,
1 :m: ~ B i _ . /k?z .
H, = —jATEg—k&y2 g(x,z)cos |ky(y —h)| (13c) = _JEOk_g sin(kyw/2) (17b)
k2 — k ) } ~ =
Y . k. ) 1 ayk
- ) JATM ——— — jArp— ——— =
1 2. [z k2 — 32 &k =2
JATEf_k k? —k, g(z,2)sin |ky(y —h)| (13d) Y k? —k,
= i ] kz n
~ = —Fyp— cos(k,w/2 17c
H ATEfik hzky - g(z, z) cos {k (y — h)] (13e) " e (z10/2) (t7e)
k2 — Ey that, added to the ones in (16), allow us to find the dispersion
equation
where ~
~ L =R tan [ViZ - k22 (K2 R2) +
g(z,2) = e k=2 om0 (Jzl—w/2) 14) 2
~ P :2
: - = k2k2 — K2\ k2 — k2 + K2\ k2 — k% + K,
In (13), Arg is an unknown coefficient, while, = 7/(h + d) =0 (18)

is the eigenvalue solution for the assomated TE roblema Th =2
g o k2 k2 1k,

dispersion equation for this modeis = ( jOéx) + k + k.,
where the attenuation constant and the propagatlon constanthat relates:, to frequency.
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A. Numerical results s ! ‘ M
The solution is found numerically and plotted as the disper- - -

PEEEVEIEN
25m—0—O0—90—9¥ ——

sion diagram in Fig. 8, where the ridge widthis = 5mm. R PR R
Again, the MatlabFSOLVE routine is employed [18]. The ge- o — == = = —_—,’:— - : - |
ometry is the same as that used in the previous results (peeca y | - - -~ S S

tion of Fig. 6). The curve has been successfully compared L [~ ~

with the dispersion diagram obtained by a CST Microwave Stu- O, 15 ‘ ' 1

dio simulation (diamond line). The CST reference structare 4«
shown above the graph in Fig. 8. Our approximated solution 10

tends to fail when the frequency is larger than the uppeile&ra C-Z==Z2 S — T —
plate cut-off frequency, because we have only included one f s : s : ,
damental mode for each region, and this is not sufficienthetig C - A~ 4

order modes could be accounted for at higher frequencies.

0 I Il I Il I I I Il I Il I

0 50 100 150 200 250 300 350 400 450 500 550 600
-1

k,(m™)

Fig. 9. Dispersion diagram obtained by CST Microwave Studauding all
modes due to enclosure resonances. The diamond marked lirtbs aegne
as in Fig. 8. The light line is also shown.

30

o apparently strange fact is readily explained: this modessna
ciated with an odd transverse variation along the ridgeciwhi
is large enough at that frequency. The cut-off frequencyisf t
20r mode is actually the one which sets the upper bound of the uni-
e Disp Eq. modal region, for ridge width not so small. It is worth notigi
| —e— CST that the stopband predicted in Fig. 6 for the parallel-pkitec-
—— Light line ture without ridge still holds approximately when lookinga
101 i the dispersion diagram with ridge in Fig. 8.
We stress the fact that in the lower frequency regime bel@w th
lower bound of the bed-of-nails band gap, thénfinite struc-
ture supports a slow wavé( > k). This means that in the tran-
sition region of the bed of nails, attenuation constantsléaj
90 50 100 150 200 250 300 350 400 450 500 550 600 and (16b) become propagation constants, and, as a conseguen
k (m-1) the surface of nails cannot confine the field in the ridge megio
z This can be easily inferred from Fig. 7.
Fig. 8. Dispersion diagram for the ridge waveguide (dotiee)l The geometry In order to validate the modal field expansion approximation
is the same as that reported in caption of Fig. 6, but includimgnserted (11), (13) and (15), the amplitude of the vertical,| electric
a_5mg"bﬂ\:vide EdQ%STThﬁﬂ%rSgﬁ;igr;?Jz?éasTmiaI;gg;]paé;?nvgiézm tohﬁee ofield is plotted, in the same way as done in Fig. 7. Results
f’glfg?enc;(;l:?uctire inserted above the graph. The Iigd(aﬁstilalso s)hown. a_re §h0\_/vn I_n Flg' 10. We have for SlmphCIty drawn the _fleld
distribution inside the gap only, according to the assuomptif
homogenized surface. In Fig. 11, the normalized amplitdde o
In the most interesting frequency band betwekhand £, and H, (in dB) are compared with the same components
20GH z, the approximations used work well, and the modebtained through CST, gt = 13GHz (inside the band gap)
propagating along the ridge is really quasi-TEM, as exgkcténd at a heighty( = h + d/2), just in the middle of the gap
Oncek. is found, all the remaining quantities in (16) can be dégegion. The field distribution shows, as expected, a discont
termined as well. Notice that the CST eigenmode solver giviég at the region interfaces when the fields are evaluateten t
many more modes than the curves shown in Fig. 8 due to théddle of the gap. The reason for this is that the fields’ conti
equivalent boundary conditions setiat= +w/2 (in the present nuity has been enforced only at the top cover. There, thdtsesu
casew = 5mm). This modes have been left out in Fig. 8appear quite similar due to the small dimension of the gap, th
Therefore, to avoid misunderstandings, we present the letenponly difference being the continuity of the approximatetliso
multimode dispersion diagram in Fig. 9 to give an idea abotien. However, the agreement between the numerical and ana-
the multiplicity of modes that can be found in a practicalkpac lytical solutions looks reasonable, also in consideratbthe
aging. We see that there are severattenuated modes belowfollowing comments.  Firstly,F;, and H,, from our approxi-
the lower bound of the bed of nails stopband. Other modes staated modal solutions show a different degree of decay. This
appearing at7G Hz. This first of these modes seems to haveia due to the fact that the decay of those components is associ
cut-off within the parallel-plate stopbarid — 17.5GHz. The ated witha, for £, and botho, andea, for H,. In particular,
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~2

) a, = \/k§+7%§—k2 anda, = \/k;§+75y—k2 are plotted

] in Fig. 12 in the stop band of the parallel-plate region, eorr
1 f=3GHz sponding to the working bandwidth of the ridge gap waveguide
‘ While &, is strongly varying with frequency and has a value

greater tharl00d B/ Ao almost over the entire bandwidtﬁ,c is
almost a constant in the same bandwidth. Indeed, dince £,

f=7GHz Qy — Ey = w/(h + d), and the resulting value is smaller over
the bandwidth. This implies tha, component has a weaker
decay, dictated by the attenuation faciqr. Secondly, regard-
ing the CSTH, component, we see oscillations in the nails re-
gion which are due to the actual periodicity of the pins, that
we neglect in the surface impedance model. It is evident from
Fig. 11 that the CSTE, component does not show the same
ripples. IndeedF, has a stronger decay alonghan 7, and
this prevents€r, from being influenced by the periodicity of the
pins. The results are given itB /)y, where) is calculated at

f=10GH:z (band gap)

f=13GHz (band gap)

_— =
=E
A

TR
T

f=17GHz (band gap)

100 |

rm—

; IFFI
1I

u} 0.1 0.z 0.3

04 05 06 07 08 09 1 R I [ CST l : : ‘ B

— @, (eq.15a)

Fig. 10. Normalized amplitude of the vertical (aloppelectric field for differ- - —  0,(eq.16b)
ent frequencies calculated by the expressions in (11),448)(15) % 11 12 13 14 15 16 17 18 19 20

Fig. 12. Transverse attenuation constant-direction plotted agB /Ao versus
frequency compared with the one obtained through a CST siinolahere
the field decaying is captured by a couplede$paced probes located as
shown in the inset.

y=d+h/2, f=18GHz

fo = 13GHz, the same frequency used in Fig. 11. The CST
curve (dashed) in Fig. 12 has been obtained from the computed
field values at a couple of field probes located at the wall ef th
smooth PEC plate, and spaced apart 2a (see inset of Fig.
12). This procedure is valid in the limit where only one masle i
present, and it seems to hold in our case. Indeed, resulis are
a good agreement, and they highlight that the attenuatisraha
value greater thah00d B/ )\, almost over the entire bandwidth.
The same result has not been generated for: tbemponent of
the magnetic field, because of the strong ripple due to the per
odicity of the pins.
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normalized fields (dB)

250

-30

X [(w/2) V. CONCLUSIONS

Fig. 11. Normalized amplitude (in dB) d, (solid line) andZl,, (dashed line) VW€ have presented an analytical solution for the fundarhenta
field distributions atl 3G H z, computed along the middle of the gap regiorquasi-TEM mode of a ridge gap waveguide where the parallel-
(y=d+h/2) plate cut-off is realized using a bed of nails. The modaltsmtu

has been obtained by matching plane wave modal expressions i
three regions; the region above the ridge and the two sidenreg
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above the bed of nails. The dispersion diagram so obtainéld we using an artificial dielectric,JEEE Trans. Antennas Propag., vol. 31, no. 3,
matches the one numerically predicted by a full-wave eige 16] pl54glylg/illzgllggsKishk Z.Sipus, "Asymptotic boundanomditions for
solver and catc_hes the main physical features of the SPRICIU" "~ gtrip-loaded and corrugated surfacedjcrowave and Optical Technology
such as the rapid lateral field decay away from the ridge, show Letters, Vol. 14, pp. 99-101, Feb. 1997
; ithi 17] Z. Sipus, M. Bosiljevac, P.S. Kildal, "Local Wave Grégirunctions of
ing values overl00dB per wavelength V.VIthm the stop ban.d of Parallel Plate Metamaterial-Based Gap Waveguide with Orrel Méall,”
the n_ormal parallel-plate r_nOdeS_- Th? S_mgle'mOde bandvatit IEEE International Symposium on Antennas and Propagation (IEEE AP-
the ridge gap waveguide is mainly limited by the cut-off band 9, Charleston, June 2009

; ; il _ _ [18] www.mathworks.com
W.Idth of _the_surroundlng bed O_f nal_ls type parallel plaw [19] E. Rajo-lglesias, P.-S. Kildal, "Numerical studies afraiwidth of parallel
U'_de- Thls.smgle mode bandW'Fdh IS seen 'tolbeh _17GHZ_ in plate cut-off realized by bed of nails, corrugations and musin-type EBG
Fig.6, but it can also be larger if the gap size or ridge width a  for use in gap waveguides”, submitted to IET Microwaves, Angs &
reduced. The cut-off bandwidth of parallel-plates witffetént Péofzgﬁt'lglnés'\gasy 2 0. L. Inclan-Sanches. arg.Aidal. "Com.
metamaterial-type loadings of the lower surface are stligie parison of bandgaps of mushroom-type EBG surface and coeuigatd
[19], showing bandwidths up to two octaves. This has no rela- strip-type soft surfaces’|ET Microwaves, Antennas and Propagation, Vol.
tion to the surface band gap of the corresponding open sgfac 1 NO- 1. Pp. 184-189, Feb 2007.
except for the lower cut-off frequency being approximatbiy
same, which is clear by comparing results in [19] with result
in [20]. The dispersion lines of the global parallel-platedss,
not included in Fig. 8, are then reported in Fig. 9, showing ho|
they are affected by the enclosure having parallel-plateffu
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