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Abstract—Surfaces act as perfect magnetic conductors (PMC) if PMC surfaces are receiving more and more attention in antenna
the phase shift of the reflection of an electromagnetic wave amounts applications since they offer advantages that cannot be accom-
to 180° compared to the reflection at a perfect electric conductor plished by utilizing traditional PEC reflectors. Hence, the anal-

PEC). One possibility to create PMC surfaces artificially is an . . .. . L
grray)of closgly spacteyd patches. In this paper, based on )’ihe rela- YSIS and design of a PMC is important, especially for shrinking

tion between PMC surfaces and patch antennas, an explanation the size of antennas.

for the functioning of this artificial PMC is given. An equivalent One possibility to design an artificial PMC is to use periodic
Petworkdis derivetd thfét a|_|0W? to UnderStfiﬂ? thft!_ fU_nCii_OHifE)g af}éj structures. High-impedance electromagnetic surfaces have been
O proviae a startin esign 1or a numerical optimization al . . . . . .

of fFl)JIIwave methodsg. A plgnar PMC is used forpthe first timeyas a studied by SI?V?nplper [1]. In hls. approach, high-impedance
reflector for a large aperture coupled patch antenna array, espe- surfaces consist in general of a lattice of metal plates, connected
cially in order to reduce the parallel-plate modes that are usually to a solid metal sheet by vertical conducting vias. However, vias

presentin traditional aperture coupled patch arrays. Anadditional  are difficult and expensive to fabricate. To overcome this short-

sidelobe suppression of over 6 dB has been achieved by the planar, ;
PMC reflector in comparison to a traditional reflector. coming, other planar structures [2], [3] have been proposed that

do notincorporate vias. These alternative surfaces are composed

mégiexpatggm:r;:‘ﬁﬁgu;irf%%:p;?gctﬁgtggnggg%r E’;Eacufl'gé?;gct of patches, one or more host substrates and ground planes. At a
magngtic conductors. (PMC), reflection coefficient, sidelobe firstlook, these various proposed structures seem to be different
suppression. from each other. A careful examination however reveals, that
they have a common point: the basic element is a patch, either
square or rectangular. The different sized and shaped patches are
repetitively positioned at a certain period, forming the different

HE reflection coefficient of a plane TEM wave incidencetructures.

on a perfect electric conductor (PEC)lis= —1. The  The purpose of this paper is twofold: first, to provide further
electromagnetically dual surface to a PEC surface is a perfegbwledge on the functioning of artificial PMCs, and second, to
magnetic conductor (PMC); it exhibits a reflection coefficienresent the practical application of an artificial PMC to a large
of I' = +1, which means that the phase of the reflected waygerture coupled patch antenna array as a reflector. The aim is
is 0” compared to the phase of the incident wave. In analogy reduce the parallel-plate modes that propagate between the
to the theory of lines, these two reflecting surfaces could bgyne with the coupling apertures and the backside reflector.
call_ed_ “short circuit” and “open circ_uit” where the latter is non- To understand the performance of various planar PMC struc-
radiating. However, so far no physical PMC surfaces have begfos it is suitable to investigate as a test structure a simple

found that operate over a wide frequency band. patch array hosted on a substrate with a ground plane. In Sec-
Reversely, a surface that shows a1@base shift compared | the field distribution on a patch array is computed for a

to a PEC surface and, at the same time, completely reflects ne wave normally incident with a finite-difference time-do-

Yhain (FDTD) method. Founded on the insight into the field dis-
?rli'bution, atransmission-line model is then derived that helps the
understanding of the functioning and the starting of the design

PMC surfaces ShOV.V mterestln_g p“’pef“.es- First, the MalRase for developing PMC surfaces. Further, the functioning of
currents for PMCs are in-phase with the original current. This g[-. . . . .
is planar PMC is explained with the behavior of a patch an-

lows to utilize PMCs as reflectors in antennas and to place radi- . ) : )
ating elements very close to the PMC, which results in low pr(gqnna. In Section lll, this planar PMC is applied as a reflector to
file antennas. Second, PMCs provide high-impedance sun‘si'j‘cgél'e'ement aperture coupled patch antenna array.
conditions and, hence, suppress surface waves. This way the in-

terference of surface waves with the main radiation, and the as- Il. FUNCTIONING OF PLANAR PMC

sociated edge effects can be reduced. To date, planar artificiaHere, we explore the basic principles of artificial PMCs, using
a simple patch array on a substrate backed by a ground plane as

Manuscript received September 27, 2002; revised December 3, 2002.  an example. The investigated artificial PMC has the following
The authors are with the Institut fir Hochstfrequenztechnik und Elektrongimensions:

IHE), Universitat Karlsruhe (TH), D-76128 Karlsruhe, Germany (e-mail: . .
i(he@)ihe_uka_de)_ () a » The structure consists of square patches with an edge

Digital Object Identifier 10.1109/TAP.2003.817550 length of W = L. = 9.5 mm.

|I. INTRODUCTION

tering properties, is then called an artificial PMC.

0018-926X/03$17.00 © 2003 IEEE



ZHANG et al. PLANAR ARTIFICIAL MAGNETIC CONDUCTORS 2705

EEEEmE
PML
EEnEmE
PEC i PMC
PMC E
ﬁ-ﬂ" Cird ]
, ] O
e L
5 B CCO O]
z
£ | |Ey|  main gaps
Y substrate ¥
s/2 K 1

patch 8/2

¥ PEC(ground plane) +

L

+

Fig. 1. FDTD model for an infinite patch array surface. Yoogn2 0
N
i sid S
» The patches are situated on a homogeneous epoxy s S BT W 5| side gaps

strate with a permittivity ofs, = 3.5 and a thickness
hsubs = 1.57 mm.

* In the periodic structure, the patches have a separations@f 2. Normalized field distribution of a patch array surface excited by

s = 0.5 mm. The resulting period of the structure isa y-polarized normal TEM incident wave. Top is the patch array with the
hence,P = 10 mm. dashed line showing a single element taken as modeling element during the
. simulations. Bottom left are-directed fields of an enlarged element; bottom
In order to compute the structure, an FDTD method is emght arey-directed fields. The big white surface is the surface of a single patch

ployed. For the modeling, it is unnecessary to simulate an iplement of the top figure (zero field). The field is zero everywhere except in
finite structure. By the application of mirror boundary condit"® Small slot regions.

tions around the single patch, the model of a single element can

be used to simulate an infinite structure. A similar approagd applied. This method allows to obtain the exact resonant fre-
is used in [4]. Fig. 1 shows the FDTD model. Due to a g&yuency. For the above defined structure, the simulated resonant
ometrical and electrical symmetry of each single element, thequency isf. = 5.45 GHz. At this frequency, a further cal-
sidewalls can be replaced by appropriate boundary conditioglation is performed in the second step with a sine wave exci-
This results in a correct modeling of an infinite structure conation. Comparing the incident and the reflected wave results in
sidering only one single element, as the boundary conditiofie reflection phase information. Measurements demonstrated a
correctly reproduce the effects of all other elements. The iQood agreement to simulations [6].

cident electric field is polarized in the direction, hence, the  |n the following, the field distribution is computed, which
boundariesy = ymin @ndy = ymax are set to PEC so that|eaqds to the equivalent circuit model. The equivalent model in

the E-vector is normal to the boundanyin andzmax are set compination with the functioning of a square patch antenna ex-
to PMC so that the magnetic field is normal to the boundanyjains the operation principles of the artificial PMC.

Zmin 1S Set to PEC due to the ground plane. The wave is inci-
Qent frqmz = +o0 direction, the reflecte_d wave is propaggtin%_ Field Distribution
in +z direction and should be propagating with no reflection at
the borders of the computational domain. Hengg., is set With the sine wave excitation at resonance, the field distri-
to perfectly matched layer (PML) to rule out an interferenceution of the patch array under a normally incident plane wave
caused by the reflected wave at a distance.gf,,.. = 8 mm. is computed and shown in Fig. 2. The tangential fieltisand
The computational domain is limited by the patch size plus dA, are normalized to their maximum valugsEy .. | and
5/2 wide strip around the patch at the two sides, in this caséiy,max|, respectively. The field on the patch is zero as expected
Teomput = Yeomput = 5/2+ L+ 5/2 = 10 mm, see Fig. 1. ~ fora PEC. The leading and trailing edge of the patck-(ymin
The determination of the reflection properties of the period@ndy = ymax) Show very high field values with a uniform dis-
structure is a two-step process. In afirst step, the reflection prdpibution. At the side edges:(= 2 win andz = zmax), the field
erties are computed over a wide frequency band in order to @¢&ows a typical cosine distribution, with a zero in the middle of
tect resonant frequencies. In a second step, the reflection codffe edge.
cient at each resonant frequency is computed in magnitude an@he field distribution in this patch array is very similar to the
phase. fields of a single patch antenna [7]. The field is mainly polarized
In the first step, the waveform of the incident wave shoulith the direction of the incident wave and exhibits a resonance
excite as many frequencies as possible, which is done usingreenomenon. Based on the equivalent circuit model of a single
raised-cosine pulse excitation. To extract the resonant frequeatch antenna, the following section derives an equivalent cir-
cies at which the patch array acts as PMC, Prony’s method [&]it model for the array.

X
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Fig. 3. Gap discontinuity and its-network.

T The transmission-line model for the patch array is finally ob-

jB jB :jB jB tained in Fig. 4. The admittance of one element is
|—[ |_"—[ ll_"—l |_| : . G+ j(B+Y.tanSL)
. i Y=G+jB+Y, - 4
_—L Id :Iljj Q._ tIb+ Y. — Btan L + jG tan L “)

G G G G wheref is the propagation constant aids the length of the
! ; transmission line, in this situation equal to the patch lengtls
i ' the characteristic admittance of the transmission line, neglectin

c— 7 — ! 9 9

______________ i any influence of the side gaps. The element resonates, when the

imaginary part of the admittance vanishes. This occurs when the
Fig. 4. Transmission line network (equivalent T-network is within the dotteﬁatch length satisfies
rectangle).

2Y.B
G2 + B2 — Yc2 :

According to [8], the equivalent circuit model of a Singlel'he values of the parameters in (5) are functions of the physical

patch antenna consists of two parallel RC circuits representi@&nﬁguration, namely substrate permittivity, thickness, patch
the slot conductance and the radiation resistance that are ¢apg, patch length, separation width, and frequency. The gen-
Egﬁted by a transmission line representing the patch metalh@al analysis of microstrip line gap discontinuities is described
) . ) o in [10].
Based on the prewou_sly computed field distribution a_nd the Unfortunately, in the literature reference values are available
assumed PEC boundariesjat 4, andy = ymax, the major

contribution to the overall capacity in this resonant structu
comes from the gap discontinuity at both ends of the patch. T ﬁly up to frequencies of a few GHz. For a complete character-

patch itself with the current flow produces an inductance. The,tion of discontinuities, the frequency dependency of various

9ap dishcontinuiti):/_ Is r;o?]eled asan (E)dd-modehdiscont;]nuity(/j[ hrameters is often determined by the more rigorous full-wave
as Is shown in Fig. 3: the capacity between the patch an alysis. Still, the transmission line model offers a simple way

ground plane i€’s, the conductance accounting for radiation ig, - e4te an initial design as a starting point for a numerical op-
G, the interpatch capacity at the main gaps of two patCheSti'I%ization using a full-wave method

C_‘g and G, is an additional cond_uctance for losses and radia- 5o 4 example, we first design a single patch resonating at
tion. Ther-network for the gaps is changed to a T-network fotrhe operating frequency of the intended PMC surface, fiere
an easy treatment. The conversion frero T is possible asthe = 4= =11, For the chosen substrate kaf,.. = 1.57 mm and

boundary conditions in the middle of the gap is a PEC or sthrt = 3.5, the effective dielectric constantis ¢ = 2.974, the

circuit to ground: the electric field is normal to a surface norm%rﬂe_ctive wave length is thed.s = 31.89 mm. For a single
et = 31. .

to the ground plane in the middle of the gap. The adm'ttancﬁﬁtch antenna, the starting point for an optimization process

G, andd, are divided into two series elements with vall€, 4 pe a patch length half of the effective wavelength [12],
and2C, which are parallel to the slot impedanadgs andCs. hence Lesign = 15.95 mm. For a single patch, the slot capac-

The final network is shown in Fig. 4 within the dotted rectanglt?tance of a patch on a substrate with heigfis given by [12]
The admittance® andG are given by [9]

tan AL = (5)

B. Transmission-Line Model

only for a fixed set of parameters [11]. Furthermore, results
sed on quasi-static analysis are valid, with sufficient accuracy,

€0 )
B =wCS, = w(Cy +2C,) @) Cs = 5 (1-0.6361n (koh)) (6)

G =G, +2G, () with the wavenumbetk,. According to (6) the slot capacitance
amounts toC; = 9.27 pF/m.
The equivalent capacitance of a microstrip-gap-discontinuity

with a separatior and an odd field distribution is given by [9]

A A+1
In24+In|{ —— .
n —|—n<A_1+ A—l)

wherew is the angular frequency. For a given substratg,
is proportional to the patch widti. If the gap capacitance
per meter isCy in F/m and the patch width i& in m, then
C¢, = WCy, which inserted into (1) gives

Coy = 5

9
™

()

B =wCg, = wWC. 3)
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Fig. 6. Patterns of a single patch antenna.

with A = cosh(sm/2h). Strictly speaking, this capacitance idt can be seen that,. is quasi-proportional to the transmission
the static approximation of the electrodynamic capacitance, tiae’s width W, corresponding here to the width of the patch.
it is used here within the validity range given in literature. FaB is also proportional to the patch width from (3). Thus, from
the chosen patch-to-patch separation ef 0.5 mm, the equiv- (5), it can be seen that the resonant frequency mainly depends
alent capacitance (7) i6¢, = 16.03 pl"/m, hence a factor on the patch lengtih. and is insensitive to the patch width.
of 1.73 higher than that of the single patch. To account for tiéis property of the PMC is similar to that of a patch antenna.
higher gap capacitance, the length of the patch should be shorteédther characteristics can be deduced from the transmission
by this factor. The patch lengthin this caseistlies 9.22mm line model. For example, an enlargement of the gap width
which is very close to the physical value of 9.5 mm. increases the resonant frequency; increasing the patch length
To further verify the above transmission line model, the fodecreases the resonant frequency; increasing the substrate
lowing two cases are calculated using the FDTD. The substragermittivity decreases the resonant frequency; and an enlarge-
permittivity, thickness, patch length, and gap width are fixedhent of the substrate thickness makes the resonant frequency
values given at the begin of Section Il, but the patch width decrease, etc. These characteristics have been verified by
varied: 1)W = 9.5 mm; 2) W = 4.75 mm. The calculated FDTD simulations.
resonant frequency in both casesfis = 5.45 GHz. That is o
to say, a modification of the patch wid®#¥ with the patch C. Functioning of a Patch Array Surface
length L remaining constant conserves the resonant frequenfor experimental verification, an artificial PMC array of
cies of the patch array surface. The same result can be evolged 20 square patch elements has been fabricated. The dimen-
from (5). In (5),G represents the radiation resistance, which ilons and physical properties are chosen in accordance to the
often much smaller tha® or Y, [8]. For example, fo).1 < above numerical model with its values given at the beginning
(W/Xp) < 0.3, the radiation resistance can be approximated lp§ Section II.
G =~ 1/90 (W/Xo)”. This case is most often applicable to PMC The reflection properties of the specimen have been measured
surfaces. Therefore; can be neglected. According to [12], ifin an anechoic chamber. The specimen is illuminated by a wide
W/h > 1, whereh is the height of the substrate, the charactepand horn antenna whose gain is known over frequency. The re-
istic admittance of a transmission line is flected field is measured and normalized to the reflected field of
a PEC surface previously mounted at exactly the same position
VErert [ +1.39340.667In (Y- 4+1.444)] \/eeg W as the specimen.
1207 ~120% K- The patch array is now illuminated by a normal TEM wave
(8) with the electric field parallel to the plate and to one edge of

Y. =
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the patches. The reflection coefficient in amplitude and phaaetenna. Second, at the resonances, the patch array shows
is measured and normalized to a PEC reflector. Thus, & 18@flection properties that are in analogy of PMC surfaces.
phase shift compared to a PEC reflector implies an in-phaéé conclude that the patch array effectively acts as a PMC
reflection. From 4 to 20 GHz, two resonance phenomena avéhin a certain bandwidth whose width is to be determined.
found. At the corresponding frequencies, the image currentTiberefore, it can be used as a reflector in an array antenna.
in-phase compared to the original current as revealed by thelhe bandwidth of PMC surfaces may be evaluated with two
phase curve Fig. 5(a) and (b). criteria. The first is a common criterion in literature that the
The first resonant frequency is 5.45 GHz. The reflection cghase should bes0° + 45°. With this criterion, the patch array
efficient is close to 0 dB [Fig. 5(a)], i.e., the complete power i Fig. 5 acts as a PMC in the frequency bands of 5.2 to 5.7
reflected in specular direction. The second resonant frequerteiz (approximately 9.3%) and 17.4 to 17.5 GHz (approxi-
is at 17.5 GHz, a frequency about three times the first one. mately 0.6%). Another criterion is to evaluate the PMC surface
this frequency the reflection coefficient exhibits a 14 dB deﬁounted in a structure taking advantage of the functionality of
dip [Fig. 5(b)]. No resonance at a frequency double of the firdi€ PMC surface. . _ .
resonance is detected. For a high impedance surface, the powd? the patch array, the interpatch coupling arises at the gap

dip phenomenon of the reflected power for certain resonant fliScontinuity, but the patches operate in principle as a single

quency is also observed in [13] patch, therefore, the main statements on the functioning of a

: %@gle patch are also applicable to PMC surfaces. The first and

tion characteristics of a single patch antenna are used for comQSt important resultis that the resonant frequency depends on

. o - tﬂz?' size of each patch. Furthermore, when increasing the thick-
parison. The radiation characteristics have been measured wi ; o

inal tch antenna in th me anechoic chamber usin nt ss of the supporting substrate, the bandwidth increases. The

::mgrisssﬁre;eit dgviceseazaabf)va(‘a Eizr?tr?isccasac‘a wi?h tLrI1Se Sgis e holds if the permittivity of the substrate is decreased. Other

fements are similarly applicable.
patch antenna as radiating element. The radiation characteris- y app

tics, shown in Fig. 6(a)—(c), have been normalized to the max-
imal radiated power for the first mode, so that the radiated power
of each mode may be compared to the others. At the first res-
onant mode (the length of the patch is about half the guidedThe PMC surface is now used as a reflector for a large aper-
wave length of the substrate), the pattern of the patch antenoge coupled patch antenna array. Aperture coupled microstrip
has a single and very broad lobe with the main radiation dirgeatch antennas are attractive candidates for many phased array
tion being normal to the patch surface [Fig. 6(a)]. At the secomgbplications because of their light weight, low profile, easy fab-
mode (the patch length is about one guided wave length), tligation and high efficiency. They exhibit an excellent polariza-
radiation pattern has two lobes with a zero in a direction normign purity, making them suitable for high resolution imaging

to the patch surface [Fig. 6(b)] where previously the first mod@dar systems [15]. Furthermore, by applying an amplitude taper
showed a maximum. The third mode [Fig. 6(c)] has three lob@¥er the array aperture, provided by a dedicated feed network,
with one lobe in normal direction. This middle lobe is smalleleW sidelobe levels can be achieved.

than the other two lobes and about 15 dB weaker than the mairn the backside of the array, a reflector shields the back-radi-
lobe of the first mode [Fig. 6(a)]. When comparing these radiélion to protect i'ns_truments on the'backside of the antenna and
tion characteristics with the reflection behavior of the PMC, tHcrease the gain in the forward direction. Usually, a PEC re-
correspondence becomes apparent. At the first mode, the rd@Ster is used and placed a4 separation to the antenna to
ation of the patch array is in normal direction, hence, a stroﬁ’&t a constructive radiation normal to the refiector.

resonance phenomenon is measurable. At the second mode, r;lgwe backside reflector and the slot layer build a parallel plate

radiation in normal direction exists. The third resonance Shog@vegwde [16] with parallel-plate modes and surface waves

Ill. PARALLEL-PLATE MODES REDUCTION BY
PMC REFLECTORS

a dip in the reflection coefficient, which amounts to about 15 d eing excited on both plates, Wh'Ch is a general phenom_enon
or aperture coupled antennas with reflectors. The parasitic ra-
for the patch array measurement.

diffltion from the edges and the modified excitation of the slots

h Comp?rmg th? p[jopertu;s of aIS|ng!e pa;cr;] a?d th_e ones Aused by the parallel-plate modes and surface waves degrade
the patch array leads to the explanation of the functioning g, performance of the antenna.

the patch array as PMC. Outside the resonant frequencies 0%, o ercome the excitation of the parallel-plate modes, elec-
the patches, it reflects the power just like a PEC reflector. %magnetic bandgap (EBG) substrates have been proposed for a
the resonances of the patch, it first absorbs the energy from Wigy|e radiator [17]. There, by inserting periodic dielectric rods
incident wave, causes itself to resonate, and then reradiatesgBgveen the slot plate and the PEC reflector, the propagation
energy. The radiation pattern and the magnitude of the reflectigphigher order modes is reduced, whereas the dominant mode
coefficient are determined by the different modes of the patgirni, mode) is unaffected. However, the inclusion of periodic
[14]. dielectric rods into a patch antenna array is complicated and in-
For the present patch array, two properties have been shogtigsases costs and weight.
both by simulations and measurements: first, the reflectionHere, a different approach is proposed: the excitation of sur-
coefficient exhibits resonance phenomena that approximatéyge waves and parallel plate modes is reduced by utilizing a
correspond in their field distributions to resonances of a patetMC reflector.
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A. Parallel Plate Mode Reduction

2709

By inserting (9) and (10) to the boundary conditions (12) we
getCs = 0. To satisfy the conditions (13), the phase constant
3. should be:

_(nt3)m

0, = ; n=0,1,23,.... (14)
)

The cutoff is defined whep = 0 in (11). Thus, the cutoff
frequencies are obtained as follows:

1
n+§

e

n=0,1,23,... (15)

wherep ande are the permeability and permittivity of the di-
electric separator, respectively. For thid1*> mode, the same

The parallel-plate modes with two PEC parallel plates atgjuation can be obtained. In contrast to a traditional parallel
analyzed in [18]. In application here, the PMC reflector changgsate waveguide, which has a cutoff frequency at 0, the struc-
the boundary condition of the parallel plates and thus reduagse here has cutoff frequengy > 0. The cutoff frequencies

the parallel-plate modes.

of both the dominant TE and the dominant TM mode are the

The structure considered consists of an upper PEC (sé2ime and proportional to/h. Therefore, if a PMC reflector is
layer), a dielectric separator and a lower artificial PMC (arrgylaced close enough to the slot plate so that the operating fre-

reflector), as shown in Fig. 7.
For theTE” modes, theél,, component andl, component
are given by [18]

10F,
e dp

.1 0°F,
HP(ﬁ:d):Z) = _Jw—ue apaz

Ey(p,d,2) =

)
where the potential functiof’, is

Fup.$.2) = [CLHSD(Bop) + Dy (5,0)]
-[Cq cos(me)+ Do sin(m¢){[Cs cos(B.z)+Ds sin(5.2)]  (10)
with

B+ B2 =5 (11)

In (10),H7(,,1,)(ﬁpp) and H? (B,p) represent the Hankel func-
tions of the first and the second kind, respectively. The coeffi-
cientsC} » 3 and D1 » 3 should be derived by the application of  *

the appropriate boundary conditions.

The upper plate is a PEC, with the boundary conditions ex-

pressed in cylindrical coordinates

E,(0<p<00,0<¢<2m,2=0)

=0
Eg(0<p<00,0<¢<2m,2=0)=0. 12)

The lower plate is a PMC and shows the following conditions

H,(0<p<00,0<¢<2mz2=—h)

=0
Hy(0<p<o00,0<¢p<2m,2=—h)=0

(13)

whereh is the separation between the two plates.

quency of an antenna array is below the cutoff of the first TE
and TM mode, no parallel-plate mode exists [19]. If the oper-
ation frequency of the antenna jg, the condition for a total
suppression of parallel-plate modes is

1
Afo /i

h < (16)

or in terms of wavelength, should be smaller than a quarter of
the guided wavelength of the medium between the plates.

In the following section, the described principle to suppress
parallel plate waveguide modes is verified by measurements.

B. Measurements

For testing purposes, anx88 aperture coupled microstrip
patch array has been designed. The antenna operates at
13.5 GHz and has a bandwidth of 7.4%. The array antenna
configuration is itemized as follows:

« The patches for the antenna array are rectangular and have
a size ofiW,,q = 10 mm and L,,q = 7.2 mm.

The patches are on a Rohacell substrate withq = 1.06

and a thickness df,,q = 1.2 mm. On top of the radiating
patches, a superstrate Withgyper = 2.32 andhgyper =

0.5 mm protects the radiating patches from environmental
influences.

The feed network is on a substrate wWitfgeea = 2.32
andhgpeq = 0.5 mm. The coupling slots have a size of
Wilot = 5.6 mm andLgo; = 0.35 mm.

The distances between patches are 0(9vavelength of
13.5 GHz) and 0.73 in = andy directions, respectively.
The complete array has a size of 165 mrhi45 mm, i.e.,
7.4\ x 6.5\,

The required sidelobe level is realized by an amplitude taper
in the feed network with, in this case, a parabolic distribution
on a pedestal. When multiplying the element pattern with the
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Fig. 8. Measured reflection properties of a PMC surface optimized for an
operation from 13 to 14 GHz. Within the target bandwidth, the phak&0is £+
30°.

L . . E& 9. Exploded view of a single element of the fabricated patch array
array factor, this gives a calculated sidelobe suppression be Enna with reflector. On the backside of the superstrate, the radiating patches
than—23 dB. This suppression can be used as reference for the located. The spacer ensures a correct distance between radiating element
realized antenna. and coupling aperture. On the backside of the feed substrate, the feed network

. . epsures the correct amplitude taper. The reflector finally is mounted on a
A PMC surface is designed for the center frequency gﬁmnd spacer.

the array. As substrate, RT Duroid 5880 with a thickness of

h = 1.57 mm and a relative permittivity of, = 2.2 has been 0
chosen to obtain a sufficient bandwidth. By estimating the
size of the patches by (5) and by the initial process outlined
earlier, a starting value for a numerical optimization procedure
is obtained to bd, = W = 4.75 mm ands = 0.37 mm (value

that has been chosen for starting the design). The subsequent
empiric optimization process is based on the experience with
the optimization of patch antennas. During the process, the
length L and the widthiW of the patches are modified simul-
taneously in order to obtain the correct resonant frequency
at 13.5 GHz. With modifying the inter-patch distangethe
correct bandwidth is obtained. This process results in a patch
size for the PMC surfac_e 67 x L = 3.43 mm x 3.43 mm, gap . Fig. 10. E-plane radiation patterns at 13.5 GHz. The calculated curve shows
s = 0.37 mm, and a period of 3.8 mm. The measured reflectiofie element pattern multiplied with the array factor, the PEC and PMC curves
properties of the resulting PMC surface are shown in Fig. &e actual measured values.

Within the target bandwidth from 13 to 14 GHz the phase is

— — - calculated
--------- PEC d=5mm
PMC d=1mm

-15

normalized pattern / dB

angle / degree

180> with a maximum variation of£30°, the amplitude of d = 1 mm Rohacell layer. This distance ensures that no
the reflection coefficient is smaller than 1.5 dB. Hence, the para||e| p|ate Waveguide mode exists, since the resumng
structure is useable as PMC surface in the frequency band. cutoff frequency from (16) is 73 GHz.

The antenna array with the exploded view of a single con- 3) Asreference, the copolarized pattern without reflector has
stituent element shown in Fig. 9 has been measured irkithe been measured.
plane in three configurations: At f = 13.5 GHz, the normalizedt-plane radiation patterns

1) A PEC plate is used as a reflector and placed at a dege shown in Fig. 10. The theoretical sidelobe suppression,
tance ofd = 5 mm to the feed lines. The dielectricagain calculated by multiplying the element pattern with
spacer is a 5-mm-thick Rohacell with = 1.06, the elec- the array factor with the appropriate amplitude taper, for the
trical distance between the feed lines and the spaceraisay without reflector iDsy, theory < —23 dB. In practice,
then a quarter wavelength at 14.4 GHz. The quarter wawbe measured suppression f%g, no—ref < —18.1 dB. It
length phase difference between 14.4 and 13.5 GHzvi®rsens taDg;, prc < —12.8 dB when using a PEC reflector.
only 0.4 mm or 18, which cannot account to a seriousThe PMC reflector increases the sidelobe suppression to
degradation of the PEC reflector at the target frequendysi, pvic < —20 dB. At other frequencies in the operating
of 13.5 GHz. band, similar improvements are achieved as reported in Table I.

2) The PMC surface described above is used as a refleciihe PMC reflector shows a higher sidelobe suppression than
In theory, the distancé between PMC and feed linesboth the antenna with no reflector by about 2 dB and the
should be zero, which is electrically not possible. At thantenna with PEC reflector by about 6 dB.
same timed needs to satisfy (16). Therefore, the PMC An improvement of the sidelobe level compared to PEC
surface and the feed lines are chosen to be separated tpaeked array antennas should always be experienced when
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TABLE | [5]
MEASURED SIDELOBE SUPPRESSION FOR AN8 X 8 APERTURECOUPLED
MICROSTRIPPATCH ARRAY WITHOUT REFLECTOR WITH A PEC REFLECTOR
AND WITH A PMC REFLECTOR (SZES ARE GIVEN IN THE TEXT) [6]
flector t frequency

reflectorype 13 GHz 13.5GHz 14 GHz 7]

without reflector -18.2 dB -18.1 dB -18.0dB
with PEC reflector -13.0 dB -12.8 dB -13.1 dB [8]

with PMC reflector -19.1dB -20.0 dB -16.0 dB
[l

using PMC reflectors. The actual height of the sidelobes[10
is caused by the feeding coefficients of each antenna array
element. If the coefficients are modified by parasitic coupling,[11]
parallel plate modes or reflection phenomena, the sidelobe
level is increased considerably. Suppressing the parallel pIaE@Z]
modes is, hence, an efficient means to improve sidelobe level
compared to PEC-backed antennas. [13]

In the band, the best sidelobe suppression with a PMC is
Dsp,puvc < —30dB, measured at 13.25 GHz. Due to the addi-[14]
tional phase delay caused by the 1 mm separation of the PMC
with the feed lines, the center frequency for an in-phase reflec-
tion has been shifted downward. Designing a PMC for a inghtI)J15
higher center frequency can compensate this effect.

]

IV. CONCLUSION [16]

A patch array consisting of square patches has been devel-
oped and its PMC properties at certain frequencies have been
verified by measurements. The relation between the PMC patdh?]
array and a single patch antenna has been investigated. The
structure has been described using an equivalent transmission
line circuit, which includes the contributions of the patches, theisg]
substrate, and the intermediate gaps. The circuit model allows
to design simple PMC surfaces. By comparing the reflection®
properties of the PMC with the radiation pattern of patches,
a novel explanation for the functioning of the PMC surface is
given.

PMC surfaces can be used as reflectors, e.g., in aperture cou-
pled patch array antennas, to suppress parallel plate waveguide
modes. Additionally, PMC surfaces can be placed with a smaller
separation to the feed lines of the patch array compared to a PEC
reflector. Thus, the antenna array has a smaller profile and is
potentially lighter. For the presented test case, the PMC surface
shows a 6 dB higher sidelobe suppression than with a PEC re-
flector, and still 1 to 2 dB than with no reflector.
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