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Abstract—In this paper, the transverse equivalent network (TEN)
model based on the transmission line theory is employed to analyze
and calculate the far-field radiation properties of the Fabry-Perot
Resonator (FPR) antenna with perfect magnetic conductor (PMC)
ground plane in detail, then the comparative study of the radiation
property of FPR antenna with PMC and PEC ground plane is
presented. The closed-form expressions for the radiated fields, field
peak values, pattern beamwidths and pattern bandwidth of this type of
antenna in the E- and H-planes are derived, respectively. The results
demonstrate that in theory the radiation property of FPR antenna with
two kinds of ground plane is not the same unexpectedly. An interesting
characteristic of this type of antenna is that when the PMC acts as the
antenna ground plane, the beamwidth and bandwidth of the antenna
is increased by a factor of two in general cases, while its peak value of
far field is the same as that of the conventional antennas of this class
having PEC ground plane. Some results are validated through full-
wave simulations of an actual antenna. The original results obtained
here lead to a design method for getting the maximum directivity and
keeping the bandwidth of this kind of resonant antenna, which is of
great significance for antenna designing.
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1. INTRODUCTION

Fabry-Perot Resonator (FPR) antenna generally consists of a primary
radiator backed with a metal ground plane and a partially reflective
covered plate [1]. Tt essentially provides the benefit of high directivity
without requiring the complex network, as the conventional antenna
arrays. It has aroused more and more attention [2-4] for several
years, which results in some interesting conclusions based on different
viewpoints and analysis models such as leaky wave model [5-10],
EBG defect model [11-16], FP cavity model [1,2,17,18], equivalent
refractive lens model [19,20] have been attained and proposed. A
summary of this type of antenna is also presented in [19, 21].

In addition, artificial magnetic conductor (AMC) [22-24] has also
been proposed to act as ground plane of FPR antenna to improve its
performance such as reducing resonant cavity profile [3,4,15,25-27]
due to its property to fully reflect incident waves with approximate zero
phase shift. It is referred to as a perfect magnetic conductor (PMC),
which is complementary to a perfect electric conductor (PEC). But
to our knowledge, other far field radiation properties such as radiated
fields, field peak values, pattern beamwidths, etc. have not been studied
in detail. In this paper, the general expressions are obtained firstly
for radiation properties of FPR antenna with PMC ground plane by
using simple TEN model [9-10,27] based on reciprocity theory and
transmission line theory. This provides design guidelines and a physical
insight into the function of PMCs. In addition, the comparison results
of radiation properties between FPR antenna with PMC and with PEC
ground plane are also performed in detail, and some part of which have
been present in [28].

2. ANALYSIS AND DESIGN

2.1. TEN Model

The transverse equivalent network (TEN) model is a simple method
for evaluating the far field radiation properties of resonator antennas
such as the directivity and radiation patterns [9]. Its accuracy has also
been compared with the numerically exact results obtained from the
method such as MoM in [9]. It also provides an excellent agreement
with other complicated methods based on Green’s function calculations
in [5] or leaky-wave analysis in [6, 7]. The biggest advantage of the TEN
model is its extreme simplicity compared with those of the full-wave
analyzers, while giving the peak directivity and resonant conditions
with adequate accuracy.
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Figure 1(a) shows the geometry of the proposed FPR antenna.
The resonant cavity is composed of a completely reflecting surface
PMC or PEC, a partially reflective surface (PRS) and a dielectric
substrate with permittivity €,1 (¢,1 can also be equal to 1, which means
air substrate). They are all assumed to be infinite in the transverse
direction. The distance between two parallel planes is D. An z-
directional primary dipole source is placed at a distance h from the
ground plane. The PRS is assumed to be a homogeneous surface in
the analysis.

According to reciprocity theory, the calculation of the far-field
can be reduced to a plane-wave excitation on the structure. This
is done by placing a testing dipole in the far field (kr > 1) at the

observation point, in 6 or ¢ direction. The far field Ey or E, at
(r,0, ) due to a source dipole at z = h is by reciprocity the same
as F, at z = h due to testing dipole at (7,0, ¢) in 6 or ¢ direction,
which may be taken as a plane wave due to the far-field location of
the testing dipole. Hence, reciprocity indicates that the electric field
at z = h due to an incident plane wave is proportional to far field
radiated by a source electric dipole at z = h. Therefore, the TEN
model can be used for calculating the radiation pattern of such a kind
of antenna, which is applicable to any general class of that consists
of a PMC or PEC grounded slab covered with a PRS and excited by
a simple source. Using the TEN model, this antenna is simplified to
the structure consisting of sections of transmission lines terminated by
a load. The transmission line analogy for PMC and PEC ground is
shown in Fig. 1(b) and Fig. 1(c), respectively. In this model, a shunt
admittance is used to represent the PRS.

For the FE, component, the corresponding incident wave is

vertically polarized with the incident voltage V;ZE given by [9]:

me ?

Vine' = —Egsin g = (jwpo/4mr)e " sinp. (1)
For the Ey component, on the other hand, the incident wave is of
horizontal polarization with the incident voltage V;LM expressed as [9]:
VTM

inc

= Fycosfcos o = (—jwpg/4mr)e k0" cos 6 cos o, (2)

where Ej represents the magnitude of incident field with either unit
vector 0 or ¢ for TM, or TE, incidence.

2.2. Radiation Properties of Antenna with PMC Ground

When the ground plane is PMC in Fig. 1(b), the load impedance in
the transmission line model is imaginary infinity. In [4], it is indicated
that the disparities among reflection phases of PRS corresponding to
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Figure 1. Fabry-Perot resonator antenna with PMC or PEC ground
plane. (a) Geometry. (b) Transmission line model for PMC. (c) For
PEC ground plane.

different oblique incident angles up to +60° range are small enough to
be ignored. Therefore, although PRS shunt susceptance varies with
the angle of radiation, for narrow-beam regions of interest, it may be
assumed to be constant. Assuming no transmission losses for PRS,
thus we can express PRS shunt susceptance by Y;, = jBr. According
to the transmission line theory, the voltage Vj, at z = h is derived as
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following:
Vie=n) = Vie=p)cosk.1(D —h) — jZ1Isink,1(D — h)
Y k.1h
s __0COR T : (3)
Yocosk.D + j(Byr cosk,1 D+ Y sink,1 D)

and the current [ is expressed as

D ()
—jZl cot kZ1D7
where the admittances Y and Y7 for TE and TM polarizations have

the following expressions in terms of the vertical wave numbers kg and
k.1 in the air and slab regions, respectively

I =

yIM _ ko  sect VTE _ k.o  cosf
0 koo om0 00 komo mo
2 2
yTM _ koer1 i Erl yTE _ k.1 i ny — s 0
1= = D & = 5
Faamo o /n? — sin? ¢ komo o

where 7 is the free-space characteristic impedance, and n; is index of
refraction in the dielectric slab with n% = &p1.

2.2.1. Far-Field Pattern in H- and E-Planes

H-Plane (¢ = 90°): Simplify the formula (3), and replace the
admittances Yy and Y7 with corresponding Y/ ¥ and Y{'¥. So the
far field E, component is
cosk.1h seck,1 D
EO D Z} TE 1 ) (5)
1+ j(Br +Y{ " tank,1 D)sect

where the symbol “-” indicates normalization with respect to g,

YIE = nY{E = \/n?— sin?f, By, = noBr. Because the resonant

condition of
k1D = koDy/n? —sin? 0 ~ /2 (6)

is met near the peak of beam when PMC acts as ground plane, the far
field may be approximated as

E, =

cos k,1hseck,1 D
» = Eo s TE :
1+ j(Br + Y{ " seck,1 D) sec

E (7)

E-Plane (¢ = 0°): Similarly, in formula (3), replacing the
admittances Yy and Y; with corresponding YOTM and Y{™ the far
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field Ey component can be simplified as:

ky1hseck,1 D
Ey ~ Eycosf , _co8 flTMsec 21 ) (8)
1+ j(Br + Y] " seck,1D)cosf

2.2.2. Maximum in H- and E-planes

H-Plane: In order to obtain the maximum of far field E, and
FEy components, respectively, the first item of the numerator in
formulas (7) and (8) should be equal to 1, then k. h = 0. It
means that for PMC ground plane case the primary source should
be located directly on its surface. On the other hand, the term
(cos k,1 D cos0)% + (By cos k.1 D + Y{'#)? should be in the minimum,
then let its derivative function with respect to cos(k.1 D) equal to zero,
and the solution of cos(k,1 D) is

cos(k,1D) = —BrY{ ¥ /(cos®>0 + B}) ~ -Y'E /B 9)
Hence, the maximum of E, is
1 —-By, —-By,
E ~ F ~ Fy—= =Fy—. (10)
p|max 0 0STE 0
cos kz1 D Yy n% —sin%0

At the broadside, the maximum can be expressed as

EJjouts ¥ = Eo(=By/n1). (11)
E-Plane: Similarly, let cos(k,1D) = —BrY{™/(sin?0 + B2) ~
_371TM /Br,, the maximum field of E, component is obtained as:
1 —By,
E0|max ~ Eycos em ~ FEjcos ‘9}71TM
ey
= FEycosf . (12)

Erl

At broadside, due to n? = £,1, the maximum can be expressed as (10).

2.2.3. Pattern Beamwidth

H-Plane: The pattern beamwidth can be calculated by determining
the angle at which the radiated power density is one half of its value
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at broadside. Applying a Taylor expansion to (5) and (7) at near
broadside,

seck,1 D ~ sec <l<:0D\ /n? — sin? 90> +Ad sec’ (koD\ /n? — sin? 0) lo=0,
1 .
—|—§(A0)2 sec” (koD\ /n? — sin? 0) lo=0, (13)

where 0y = 0. Substituting it into formula (5), the E,, expression is

EgagEO

sec (koD\/m> + % (A6)? sec? <k0D\/m> (-1’272D>
o [ 777 (s (D)
+%(A0)2 sec? <k‘0D\/m> (—Z?D> )] sec 6

At the peak, the resonance condition By, —|—}71TE sec koD / n% —sin? 6y =
0 is satisfied. So formula (14) can be simplified as

(-##)
-] 2 YIB 2/ _wD\’ (15)

L+ 35 (80 (=) (52°)
At the angle of A6, the absolute of the imaginary and real parts of the

denominator of (15) are equal, so |%(A9)2(—Y%LE)2(%)| = 1. The
1

(14)

EKPZEO

pattern beamwidth at broadside is

4n3
0 :2A9:2,/7—1. 16
3dB B%T{' ( )

For general case (when the maximum of radiation field is not in
broadside), the Taylor expansion to (6) is written as

seck,1 D

~ sec <k:0D\ /n? —sin? 90) +A0 sec’ <k:0D\ /n? —sin? 9> lo=g, » (17)

where 6y # 0. Substituting it into the formula (5), then the E,
expression is given as
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sec <k0D \/M)
+Af sec? <k0D\/m> <W>
Ecp ~ EO 1
b [BA T fec(iuD o —sin® 0
nij—sin< o

The pattern beamwidth for general cases is obtained from

v koD sin 6
Af - YE sec? <k0D\/n% — sin? (90> R (19)
2

n? — sin?

(18)

Hence, the result is

4(n? — sin? 9)3/2

O34 = 2A0 = ——
Brmsinf

(20)
E-Plane: From (8), performing the similar analysis process the

explicit expressions of beamwidth in F-plane can be derived as shown
in Table 1.

2.2.4. Pattern Bandwidth

H-Plane: The antenna bandwidth for radiation is defined as the
frequency range where the level of power density radiated is 3 dB lower
than its maximum. Applying a Taylor expansion to (7) and (8) with
regard to f respectively,

27 foD 27 foD
seck,1 D= sec( mfo n% — sin? 90> zsec< ™ fo n% — sin? «90)
c c

- <27Tf0D\/729) 7D\/m’f =, (21)

Substituting it into the formula (7), the E, at broadside is expressed
by

sec <27”;°D n? —sin? 90>

+A fsec <2ﬂf°D \/n3—sin? 00> (272[)\ /n? — sin? 90>

1+j [BL + Y sec (Q“JLOD n? — sin? 90>

+Y{'EA fsec? <27”; oD \/n? —sin290> (2”0 \/n?— Sin290>]

E@ ZEO (22)
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Because the condition of

- 27 foD 21D
Af-YE sec? (F‘ZO n? —sin? 90> (72 n? —sin? 90> =1 (23)

needs to be meet. Substituting formula (7) into (23), the result of
pattern bandwidth of E, is derived as
A 4
BWsap = fo = #
fO BL7T
For general case, according to the relation ship between the A6 and
Af, the results of pattern bandwidth of E, can be obtained by

(24)

A 4D si 4y/n? —sin% 0
BWi qp = 27f _ fo sin 6 cos Af — 721 (25)
Jo ¢ n? — sin® 0 Brmsect

E-Plane: From (8), performing a similar analysis process the explicit
expressions of bandwidth in FE-plane can be derived as shown in
Table 1.

2.3. Radiation Properties of Antenna with PEC Ground

When the ground plane is PEC in Fig. 1(c), the load impedance in
the transmission line model is zero. The far field can be determined
analogously. The expressions for radiation property such as the
field peak values, pattern beamwidth and pattern bandwidth are the
same as the results in [9], which are also validated by comparing
with numerically exact results obtained from an accurate pattern
calculation. The results are also demonstrated in Table 1. The
accuracy of these formulas in PEC case indicates that the results in
PMC case obtained from TEN model method are creditable in theory,
although the existing structures achieve PMC condition that the phase
of the reflection lies in some range about zero only at a particular
frequency.

2.4. Comparison of Radiation Properties of Antenna with
PEC and PMC Ground

Figure 2 shows the far field radiation pattern of F- and H-planes for
PMC and PEC ground cases with dielectric substrate permittivity
er1 = 2.2, respectively. Due to the infinite ground, the angle range
of 6 is limited within £90°. In Fig. 2, the peak value of far field in
E- and H-planes is the same at broadside direction for two kinds of
ground plane. It is obvious that the difference between E-plane and
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Figure 2. Radiation pattern of E-, H-plane for (a) PMC and (b)
PEC cases (e,1 = 2.2, B, = —2.31).
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Figure 3. Radiation pattern of E-, H-plane for (a) PMC and (b)
PEC cases (e,1 = 1, B, = —9.14).

H-plane radiation patterns of PMC case is less than that of PEC case,
and the half power beamwidth of PMC case is much large than that
of PEC case when dielectric substrate permittivity is larger than 1.
On the other hand, when dielectric substrate permittivity is equal
to 1, air is assumed as the medium to fill the parallel-plate region,
which is in most case in practical application. And then the normalized
admittances Y; for TE and TM polarizations can be simplified as:

_ , 1 :
YIM =poy M = 26 ! =g V' =\ /n?—sin? 0 =cos 0 (26)

n? —sin’ 6
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Figure 3 shows the far field radiation patterns of E- and H-planes
for PMC and PEC ground cases with dielectric substrate permittivity
er1 = 1 and By, = —9.14, respectively. In Fig. 3, the fact that the peak
value of field in F- and H-planes is the same at broadside direction for
two kinds of ground plane is also observed. But the difference between
FE-plane and H-plane radiation patterns of PMC case is almost the
same as that of PEC case.

The comparison result of bandwidth vs. angle for PMC and PEC
cases is shown in Fig. 4. It demonstrates that the trends of bandwidth
varying with angle in E-plane and H-plane are reverse. The largest
bandwidth occurrs in broadside direction in H-plane, while the reverse
result is found in F-plane. At broadside direction, the bandwidth of
E-plane is equal to that of H-plane. It is obvious that the bandwidth
corresponding to the angle for PMC case is twice of that for PEC case
in F- and H-planes, although the bandwidths are very narrow.

14 BandWidth of E- and H-plane for PMC and PEC ground Case

1.2 O  H-Plane of PMC case] 1
\ == = = [-Plane of PMC case /
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Figure 4. Pattern bandwidth of £-, H-plane for PMC and PEC cases
(g1 = 2.2, B, = —2.31).
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Figure 5. Fabry-Perot Resonator antenna with metal strip as PRS.
(a) PEC. (b) AMC case.
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3. DISCUSSION

A summary of radiation properties for FPR antenna with PMC or PEC
ground plane is shown in Table 1. It is interesting to indicate that the
radiation property of FPR antenna with two different ground plane is
not always the same.

Firstly, as shown in Table 1, for the same ground plane, either
PMC or PEC, at broadside the peak field, the beamwidth and pattern
bandwidth in E- and H-planes are identical, whereas at other scan
directions, the maximum field, beamwidth and pattern bandwidth in
FE- and H-planes are not the same. This means that the radiation
beam at broadside is symmetrical, which is independent of the type
of ground plane. Moreover, radiation beam at other scan directions is
nonsymmetrical. It is also indicated that at broadside, the peak fields
are equal for all cases. In general scan state, for PMC and PEC the
peak field value increases with angle 6 in H-plane, while in E-plane, the
trend is the opposite. Hence, the larger is the scan angle, the greater
is the difference between the peak field values in H- and E-planes.

Secondly, for a different type of ground plane, at broadside the
beamwidth in the F- and H-planes of PMC case is the square root
of 2 times that of PEC case, whereas at other scan directions the
beamwidth in the F- and H-planes of PMC case is 2 times of that of
PEC case.

Table 1. Comparative results of radiation property for FPR antenna
with two different ground.

E-Plane H-Plane
kr1hseck,1 D coskyihsecky1 D
PMC| Ep cos 0 ——="=2% z1 Eo—="=2 z1
Farfield 0 1+](BL‘+leT1: seckkzl’?)cosﬂ 0 1+J(BL'+ZlTi seclljzlg) sec 6
. sinkyihcsckyy sinkyihcsckyq
pattern PEC Eo COba1-@—‘7'(BL4—Y/1T]u csc k.1 D) cos @ Eo 1+.7'(BL+§71TE csc k.1 D) secf
Eo|B |BL|l\/n?—sin2 6 Eo|B B
PMC| Z0lBLL. 5, cos 0LV olBrl, gy —LBLl
Peak value 1 ny 1 y/n3—sin2 9
broadside; 5 B 2 _gin2 5 5
Eq|B |Br,|/n$—sin? 6 Eo|B B
ST -
scan 1 2_
PMC 9 4n"f X 4n% n%fsin2 0 9 41'1,115 . 4(n§—sin2 0)3/2
Beamwidth Eiﬂ ’ Ei 7 sin 0 cos? 6 F% o’ Eiw sin 6
(broadside; PEC 9 [ 2n3  2n}\/nZ—sinZ0 9, [ 208 . 2(nf-sin® )3/
w2 1 /2 . 2 w2 =2 .
SC&H) Brm’ Bpmsinfcos? 6 BT B7 msin 6
PMC 4nq 4n% sec 6 4ng | 4\/n%75in2 0
. B2 /2 2 ) =2 w2 sec 0
Bandwidth Bym By my/n{—sin?6 By B7 7w sec
(broadside; PEC oy 2n2 sec 0 ony | 2/nI—smZ0
SC&H) Biw7 Eiﬂ'\/nffsinQG B%ﬂ" B%Trsecé
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Thirdly, the bandwidth, including at broadside and at other scan
directions, in the E- and H-planes of PMC case is 2 times of that of
PEC case. As illustrated in Fig. 4, the trends of bandwidth varying
with angle in F-plane and H-plane are reverse for two kinds of ground
plane, and at broadside direction the bandwidth of E-plane is equal to
that of H-plane.

4. VALIDATION

In order to validate our approach, a simple prototype of antenna with
PEC ground plate and air filling, as shown in Fig. 5(a), referred
to [2,29], was simulated by CST Microwave Studio. The height of
Fabry-Perot cavity, the distance between two parallel plates, is D. A
metal strip FSS-type cover constructed by 26 columns strip elements
with period p = 3.0mm and size w = 0.52mm, L = 80mm is acted
as PRS. For the purpose of comparison with TEN model, a x-directed
(parallel to the strip axis) electric dipole placed in the middle of cavity
(h = D/2) is used as the source. The radiation patterns would not be
significantly different when using a practical feed such as a slot or a
patch antenna inside the cavity.

According to the resonant condition, the height of Fabry-Perot
Resonator antenna is determined by [1, 16, 19, 30]

D = (g1 + s — N2m)A /4w, N =0,1,2... (27)

where A is free space wavelength of operating frequency, and ¢ and
o are reflection phases of the cover and base, respectively. When
D is 12.5mm, the resonant frequency occurs at about 12 GHz. In this
situation, an approximate By, can be derived from generalized Sakurai-
Vainshtein-Sivov boundary condition [29, 31]

21k
p (k% — k2) Incsc (%)

where k;, = kosinfcosy. With indicated values for p and w, the
normalized susceptance of PRS is By, = —9.14 at resonant frequency
12GHz. The far field radiation pattern of E- and H-planes of
prototype of antenna with PEC is calculated with TEN model by
substituting the value of By into the formula, which is shown in
Fig. 3(b). Compared with the results calculated by TEN model, the
simulation results of far field radiation pattern at 12 GHz calculated
by CST Microwave Studio are shown in Fig. 7(a) and Fig. 8(a). It is
indicated that the beamwidth calculated by TEN model agrees well
with the one simulated by software.

By (kg ko) = (28)
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Figure 6. Reflection characteristics of AMC Surface. (a) Periodic
cell with square patch. (b) Reflection phase vs. frequency at different
patch size.

A prototype of antenna with artificial magnetic conductor (AMC)
ground plate [30, 32] is also proposed. The only difference between the
prototype of antenna with PEC ground and that with AMC ground is
that a 13 rows x 13 columns uniform patch of elements with square-
cell (period p; = 6.0mm) and square-patch (size wy = 4.2mm)
is printed on the upper side of substrate with permittivity 3.2 and
thickness 1.57mm to act as AMC ground plate. In order to perform
the parametric study of different patch sizes with the same unit cells,
a normally incident plane wave is considered. The reflection phase
is then measured while varying the values of different patch sizes. To
analyze the AMC behavior, the frequency at which the reflection phase
is zero has to be analyzed. Fig. 6 shows the frequency corresponding
to reflection phase when varying the patch size. According to the
results shown in Fig. 6, with the decrease of the patch size, the in-
phase reflection point moves to high frequency, and in-phase reflection
behaviour is observed for a frequency value of 12 GHz when the patch
size is equal to 4.2mm. The corresponding optimized D is 6.06 mm,
then the thickness of antenna is obviously reduced to half. The distance
between dipole source and AMC surface is 0.26 mm, which is equivalent
to put dipole on the surface of AMC directly.

The far field radiation pattern of E- and H-planes of Fabry-Perot
Resonator antenna with PMC ground calculated by TEN method is
shown in Fig. 3(a). On the other hand, the simulation results of far
field radiation pattern at 11.8 GHz, frequency shift due to the effect
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Figure 8. Radiation pattern (3-Dimension) for two types of ground:
(a) PEC and (b) PMC.

of source location, calculated by CST Microwave Studio are shown
in Fig. 7(b) and Fig. 8(b). It is also illustrated that the beamwidth
calculated by TEN model agrees well with that simulated by full wave
simulated software.

The peak values of far field for two types of ground at broadside
almost all occur at 12 GHz at which the reflection phase is zero for
AMC case as shown in Fig. 6. As shown in Fig. 8, the maximum of the
field at broadside for PEC case is 16.96 dBV/m, while for AMC case
is 16.71dBV/m, and they are almost the same. It is validated that
at broadside the peak fields are equally derived by TEN model for all
cases. In addition, it can be observed that, in Fig. 7 and Fig. 8, the
beamwidth of AMC case is a little wider than that of PEC case, which
is coincident with results also shown in Fig. 3.
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5. CONCLUSION

The closed-form expressions for the radiated property of FPR antenna
with PMC ground plane are derived from a simple transverse equivalent
network model. The comparative results for Fabry-Perot Resonator
(FPR) antenna with PMC and PEC ground planes are also presented.
An interesting characteristic of this antenna is that in theory the
radiation property of FPR antenna with two kinds of ground planes is
not the same. Theoretically, the pattern bandwidth of FPR antenna in
FE- and H-planes with PMC ground is twice as much of that with PEC
ground plane. The beamwidth in the FE- and H-planes of PMC case
is square root of 2 times that of PEC case at broadside, whereas at
other scan directions the beamwidth in the E- and H-planes of PMC
case is 2 times of that of PEC case. Although in practice the pattern
bandwidth of FPR antenna with PMC ground is much less than its
theoretical value due to the bandwidth of PMC over which the PMC
property can be achieved, which also limits the application of PMC in
practice, some original results obtained here is of great significance for
antenna designing.
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