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Abstract. In this paper we present a technique for design-
ing antenna/superstrate composites to produce enhanced 
directivities. As a first step, we study the underlying 
mechanism that governs the performance of theses anten-
nas by studying the canonical problem of a line source in a 
rectangular waveguide. The above problem is solved by 
constructing the Green’s function corresponding to the line 
source in the rectangular guide, one of whose walls is 
partially reflecting, that is can leak electromagnetic energy 
into the space external to the guide. The Green’s function 
for this problem can be constructed by aggregating the 
multiple reflections from the two walls. Although the above 
model is only two-dimensional, we show that it can be used 
to predict the performance of antenna/superstrate com-
posites. We demonstrate this by modeling several highly 
directive antennas and show that indeed the required 
characteristics of this type of antennas can be determined 
from the analysis of the cutoff behavior of the rectangular 
guide. 

Keywords 
Highly directivity antennas, frequency selective sur-
faces. 

1. Introduction 
In recent years the design of highly directive cavity-

type antennas has drawn considerable attention of re-
searchers in the field of antenna technology [1-3]. These 
composites comprise of low gain antennas, such as micro-
strip patches or printed dipoles, covered by Electromag-
netic Band Gap (EBG) structures or Frequency Selective 
Surfaces (FSS), to achieve a high directivity. In contrast to 
parabolic reflectors, for instance, these composites are low 
profile as well as compatible with the integrated circuits. 
The underlying mechanism of the directivity enhancement 
of such composites has been interpreted from different 
perspectives, such as defect modes in photonic crystals, 
low index metamaterials, leaky wave antennas and cavity 

resonator modes, [1-3]; however, a clear and unified ex-
planation of the performance of composite is yet to be 
found. We investigate several examples of such antennas in 
this paper that not only provide us a clear understanding 
but also help us develop improved designs. Furthermore, it 
is helpful to gain an understanding of the fundamental 
limits of these antennas, and this is facilitated by the analy-
sis presented herein. For instance, without a theoretical 
understanding of the gain-enhancing phenomenon, many 
practical design issues such as controlling the losses 
(ohmic and dielectric), impedance matching and achieving 
the frequency bandwidth cannot be addressed. Once the 
analysis alluded to above has been carried out, the design 
and optimization process of efficient and practical antennas 
can follow.  

We first analyze a two-dimensional model of two 
parallel plates, excited by a line source located inside the 
plates, as illustrated in Fig. 1. Though simple, this model 
provides us an insight into the physical phenomenon that 
describes the field behavior inside the cavity formed by the 
ground plane of the microstrip patch antenna and the 
superstrate. It should be noted that the only way power can 
leak out of the cavity is through the Partially Reflective 
Surface (PRS). Furthermore, the far-field pattern of an 
aperture is related to the Fourier transform of its field dis-
tribution; consequently, the spectral solution of the Green’s 
function, sampled on the surface, above the superstrate can 
be used to predict the far-field pattern of the antenna. Al-
though, we will ignore the issue of input impedance of the 
source for the time being, we will show later that the power 
reflected from the superstrate into the feed line of the di-
pole or microstrip patch can produce a high standing wave 
ratio and large impedance mismatch.  

Following the study of the 2-D model we turn now to 
the investigation of practical antennas and study the field 
distributions and far-field patterns at frequencies in the 
vicinity of the resonant frequency of the composite. The 
objective of this study is to develop a systematic technique 
for designing an efficient - as well as practical - highly 
directive antenna-FSS composite, based on the under-
standing of the directivity enhancement phenomenon we 
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have gained from the simpler 2-D model. Toward this end, 
we begin by studying the existing designs that have already 
been found successful, they were based on either numerical 
modeling or measurements. After carrying out the simula-
tions, we extract the parameters of interest such as gain, 
return loss, far-field pattern, etc. Furthermore, we study the 
field distribution inside the cavity, which is formed by 
antenna ground plane and the superstrate, to understand the 
behavior of this type of antennas. Our studies have led us 
to conclude that the simple 2-D model provides us valuable 
clues for the understanding the general performance of the 
3-D configurations. To model the 3-D antenna composites, 
we use the Finite Difference Time Domain (FDTD) 
method [4], which has been used extensively for the simu-
lation of antenna configurations [5]. The FDTD obtains the 
response across the frequency of interest band in a single 
simulation rather than running the simulation one fre-
quency at a time, as is the case of the frequency domain 
methods. A modification to the basic FDTD algorithm also 
enables us to analyze the frequency-independent (disper-
sive) material that we might employ for the superstrate. In 
particular, the FDTD method provides an efficient way of 
handling infinite periodic structures when the periodic 
boundary condition [6] is implemented in it. 

 
Fig. 1. Illustration of an infinite line source exciting the 2-D 

cavity-type antenna covered by FSS superstrate with 
reflection coefficient of Г(θ)=-0.95.  

2. Green’s Function of Line Source 
in a Rectangular Waveguide 
We start with a 2-D model of excitation of a rectan-

gular waveguide by an infinite line source. This model (see 
Fig. 1) can also be viewed as a 2-D cavity-type antenna 
with PRS, if the upper wall is not a perfect electric con-
ductor (PEC) and, hence, can leak out electromagnetic 
fields into the space above. Let an infinite line source along 
the y-direction, located at x=x’, excite the 2-D cavity-type 
antenna covered by an FSS superstrate with a reflection 
coefficient of Г(θ). The Fourier transform of the Green’s 
function for this geometry, with respect to the z-coordinate, 
i.e., f(x, kz) is calculated by adding the contributions of the 
multiple reflections of the primary fields, as an infinite 
series, following the procedure given in [7], assuming that 
both the plates above and below are PEC. It has also been 
shown in [7] that the series can be summed up in a closed 
form [7]. Next, we modify the series by assuming that the 
upper plate has the reflection coefficient slightly less than  

-1, Г=-.095 in our example, and reevaluate the series nu-
merically. After the convergence has been achieved, which 
requires the inclusion of approximately 600 terms, we 
argue that the spectral representation of the Green’s func-
tion at the top surface of the upper plate f(x=a,kz), is re-
lated to the far-field pattern of the antenna.  

 
Fig. 2. Normalized far-field pattern at the resonant frequency for 

the superstrate with Γ=-0.95. 

Fig. 2 shows the normalized far-field pattern at the 
resonant frequency of the cavity f0=c/2a, where c is the 
speed of light in free space and a is the separation between 
the plates with Г=-0.95. For this aperture size, we estimate 
a directivity of 23 dBi by using the Krauss formula for a 
square aperture with equal distribution in both planes. The 
far-field pattern exhibits the corresponding aperture 
distribution with a tapered amplitude and uniform phase.  

 
Fig. 3. Normalized far-field pattern at 0.8 of the resonant 

frequency for the superstrate with Г= -0.95. 

If we decrease the frequency of the operation, the far-field 
pattern becomes wider, as shown in Fig. 3 for 0.8f0, and the 
estimated directivity falls to 11.5 dBi. The far-field pattern 
exhibits the aperture distribution with an increased taper in 
the amplitude though the phase is still uniform, as we 
surmise from the fact that the maximum of the pattern 
points toward the zenith. On the other hand, the main lobe 
of the pattern splits and the directivity deteriorates along 
the zenith (θ=0) if we go above the resonant frequency f0, 
as is evident from Figs. 4 and 5. The patterns now 
correspond to an aperture distribution with a progressive 
phase taper, since the beam scans with an increase in the 
frequency. Further increase of the frequency leads to an 
excitation of the higher-order harmonics, TE3 mode for 
instance, and the pattern now becomes a combination of 
the scanned lobes of the lower harmonics (TE1 mode) that 
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are still in the visible range. This may be seen from Fig. 6 
for a frequency of 3f0, with the TE3 mode still contributing 
to the main lobe while the TE1 lobes are pushed back 
toward off-center angles. This trend exists for all the higher 
harmonics and therefore only the first harmonic contributes 
to the single-lobe that has a high directivity. 

 
Fig. 4. Normalized far-field pattern at 1.01 of the resonant 

frequency for the superstrate with Г= -0.95. 

 
Fig. 5. Normalized far-field pattern at 1.04 times the resonant 

frequency for the superstrate with Г=-0.95 

 
Fig. 6. Normalized far-field pattern at 3 times the resonant 

frequency for the superstrate with Г=-0.95. 

To study the bandwidth of this cavity, we plot in Fig. 7 the 
far-fields at zenith (θ=0) for different frequencies. The 3dB 
bandwidth of 8% is evident from the -3dB border values of 
0.96 and 1.04 of the resonant frequency f0. 

To study the effect of the variation of the reflection 
coefficient of the superstrate with the angle of incidence, 
we consider a simple dielectric layer (εr=7.8, thickness 
d=0.75cm) as the superstrate. Fig.8 plots the reflection 
coefficient Г(θ) vs. frequency at normal incidence as well 
as the variation as a function of the incident angle at 
4.7 GHz. The variation of the far-field pattern vs. the inci-
dent angle is essentially the same as that of the constant 

reflection coefficient case. We have carried out extensive 
simulations of similar configurations, and have found that 
the reflection coefficient at normal incidence plays a key 
role in generating patterns with high directivities. 

 
Fig. 7. Normalized fields along the zenith for different 

frequencies. The 3dB bandwidth is 8 %. fmin=0.96 and 
fmax=1.04. 

 
Fig. 8. Illustration of the simple dielectric layer superstrate. Top 

left: geometry. Top right: reflection coefficient for 
normal incident. Bottom left: magnitude of the reflection 
coefficient at 4.7 GHz. Bottom right: phase of the 
reflection coefficient at 4.7 GHz 

3. Parallel Plate Waveguide 
Interpretation  
The results predicted in the previous section can also 

be obtained by using an alternative approach, which is 
based on a study of the wave propagation inside the 
parallel plate waveguide, shown in Fig. 9.  

 
Fig. 9. Illustration of the parallel plate wave guide with TE 

modes (Ey, Hx and Hz).  

The TE1 excitation inside this waveguide with Ey, Hx and 
Hz components is similar to the one in the cavity problem 
depicted in Fig. 1. The behaviors of the electric and 
magnetic fields along the guide are quite similar for both 
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the TE1 and TM1 modes [7]. Their field distributions have 
tapered magnitude and constant phase behaviors below the 
cutoff frequency f0=c/2a, while these distributions become 
uniform in magnitude and progressive in phase above the 
cutoff frequency. The tapered magnitude along the z-
direction at a frequency slightly below cutoff, namely 
0.96f0, as well as the behavior of its Fourier transform vs. 
angle θ, are shown in Fig. 10. If this field distribution leaks 
out of the guide, as for instance it would if one of the walls 
is PRS, it would generate a pattern similar to that of the 
cavity aperture at the resonant frequency, which is shown 
in Fig. 2. On the other hand, if we go to a frequency 
slightly above the cutoff, say 1.04f0, we find that the 
magnitude of the field along the z-direction remains 
constant but its phase exhibits a progressive change. The 
phase of the field along the z-direction at 1.04f0 as well as 
the Fourier transform of the field at the same frequency are 
plotted in Fig. 11. 

 
Fig. 10. First mode (TE1 or TM1) magnitude distribution at 0.96 

of the cutoff frequency inside the waveguide (left) and its 
Fourier transform (right). 

 
Fig. 11. First mode (TE1 or TM1) phase distribution at 1.04 of 

the cutoff frequency inside the waveguide (left) and its 
Fourier transform (right). 

Once again, when the waveguide walls have a leakage, the 
Fourier transform of the field distribution indicates that the 
far-field pattern points to the same direction, namely 18 
degrees, as that for the pattern shown in Fig. 5. Note that 
there is only one lobe in the pattern plotted in Fig. 11 
(right), because we have considered only a single traveling 
wave inside the guide. It appears that a high directivity is 
achieved in this structure when it operates at a frequency 
which is in the close vicinity of the cutoff frequency 
(resonant frequency in the cavity interpretation), and drops 
off immediately after that, while the main lobe splits. The 
magnitude distributions at frequencies below the cutoff 
have sharper tapers, hence their patterns are wider. The 
results also show that relatively narrow band widths are 
associated with this type of antennas that achieve high 
directivities. On the other hand, in order to allow the 
leakage a reflection coefficient of the superstrate, should be 
close to –1. 

In the following sections we study the practical 
designs of highly-directive cavity-type antennas and show 
that indeed they must operate near-the-cutoff regime, and 
must have superstrates with high reflection coefficients.  

4. Numerical Modeling of Practical 
Cavity-Type Antennas  
We start with the example of a woodpile EBG 

antenna [2], whose geometry is shown in Fig. 12, and 
which we simulate via the FDTD method. The rectangular 
waveguide radiates into a superstrate comprising of 19 
woodpile unit cells made from a dielectric medium, with 
εr=9.6. The separation between the woodpiles and the 
conducting plate (30x30 mm), which serves as a flange for 
the feeding guide, is 1.5 mm. The E-plane far-field patterns 
for several frequencies are shown in Fig. 13. It is evident 
that the high directivity (26 dBi) is obtained at the resonant 
frequency of 95 GHz, and that the main lobe splits at 
100 GHz. It is also noted from Fig. 14 that the reflection 
coefficient, as seen by the waveguide, increases as the 
operating frequency moves closer to the resonant 
frequency of 95 GHz, and this, in turn, causes a large 
standing wave pattern inside the guide, consequently, the 
return loss of this antenna is high and its gain can be quite 
low despite its high directivity, unless we utilize a 
matching circuit to mitigate this problem. We also simulate 
the woodpile EBG alone when it is illuminated by a 
normally incident uniform plane wave, and plot its 
reflection and transmission characteristics in Fig. 15. The 
figure clearly shows that its reflectivity is high around 
95 GHz. 

 
Fig. 12. FDTD simulation of the woodpile EBG (19 unit cells 

εr=9.6) and rectangular waveguide mounted in the 
conducting plate 30x30 mm and d=1.5 mm. 

 
Fig. 13. E-plane far-field pattern of the woodpile EBG antenna at 

several frequencies. Directivity of 26 dBi is obtained at 
95 GHz.  
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Fig. 14. Reflection coefficient measured inside the rectangular 

waveguide vs. frequency. 

 
Fig. 15. Reflection and transmission coefficients of the woodpile 

EBG surface vs. frequency obtained by the periodic 
FDTD.  

For the second example we study the Photonic Band 
Gap (PBG) antenna described in [1], whose transmission 
coefficient is shown in Fig. 16 along with the dimensions 
of the PBG in the inset of the figure.  

 
Fig. 16. Transmission coefficient of the PBG surface vs. 

frequency. 

 
Fig. 17. E- and H- plane far-field patterns of the PBG antenna at 

2 frequencies. Directivity of 20 dBi is obtained at 5 GHz. 

The operating frequency is 5 GHz, at which the transmis-
sion is quite low. A dipole antenna above the conducting 
plate is covered by this PBG surface [1] and the separation 

is adjusted for resonance at 5 GHz. The far-field patterns 
for the frequencies of 5 and 6 GHz are shown in Fig. 17. 
We note that a maximum directivity of 20 dBi is obtained 
at 5 GHz, and the behaviors of the pattern follow the same 
trend described earlier. Figs. 18 to 21 display the co-polar 
electric field distributions on the surface just above the 
PBG antenna for several frequencies that span the cutoff 
and propagating mode regimes inside the antenna. The 
behaviors of the amplitude and phase distributions are 
consistent with the interpretations that we have provided 
previously in the last section.  

 
Fig. 18. Co-polar component of electric field on top of the PBG 

antenna at 1 GHz amplitude (left) and phase (right). 

 
Fig. 19. Co-polar component of electric field on top of the PBG 

antenna at 4 GHz amplitude (left) and phase (right). 

 
Fig. 20. Co-polar component of electric field on top of the PBG 

antenna at 5 GHz amplitude (left) and phase (right). 

 
Fig. 21. Co-polar component of electric field on top of the PBG 

antenna at 6 GHz amplitude (left) and phase (right). 

Next, to increase the directivity while keeping the size 
of the PBG antenna, we use four dipoles that are symmetri-
cally placed in the centers of four squares in the region 
between the PBG and the conducting ground. The far-field 
pattern of this four-element array, shown in Fig. 22, 
achieves a directivity of 22 dBi, which is 2 dB above that 
of the single- dipole-feed case. It is interesting to note that 
although the spacing between the dipoles is on the order of 
2 wavelengths, the array/superstrate composite has no 
grating lobes. The field distribution on top of the PBG 
superstrate is shown in Fig. 23. We observe that the super-
strate acts to smooth the amplitude distribution as com-
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pared to the corresponding one above a four-element array 
in the absence of the superstrate, which has peaks and 
valleys, and whose radiation pattern clearly has grating 
lobes. 

 
Fig. 22. E- and H- plane far-field patterns of the array of the 4 

dipoles inside the PBG antenna at 5 GHz. Directivity of 
22 dBi is obtained at 5 GHz. 

 
Fig. 23. Co-polar component of electric field on top of the PBG 

antenna with 4 dipoles at 5 GHz amplitude (left) and 
phase (right) 

For the last example, we turn to the composite antenna 
with a dipole-FSS [3] type of superstrate. First, we simu-
late the FSS alone by illuminating it with a normally inci-
dent uniform plane wave via the Method of Moments 
(MoM), as well as with a periodic FDTD code. The reflec-
tion coefficient of the FSS, thus obtained, is shown in 
Fig. 24 and we note that this surface has a high reflectivity 
at 11 GHz.  

 
Fig. 24. Reflection coefficient of the dipole FSS surface vs. 

frequency obtained by the periodic FDTD and MoM 

Next we simulate a short radiating dipole placed above a 
ground plane and covered by the FSS [3], by choosing a 
separation distance between the ground and the superstrate 
so as to achieve a resonance at 11 GHz. Finally, we 
compute the far-field patterns of the composite by using 
the FDTD method, and plot them as various frequencies in 
Fig. 25. The maximum directivity of 16 dBi is realized at 

11 GHz, and once again we note that the patterns show the 
trend that we described earlier. In addition, we note that the 
field distributions above the FSS, shown in Figs. 26-28, are 
consistent with those predicted by studying the transition 
behavior as we go from the cutoff to propagating modes.  

 
Fig. 25. E-plane far-field pattern of the dipole FSS antenna at 

several frequencies. Directivity of 16 dBi is obtained at 
11 GHz. 

 
Fig. 26. Co-polar component of electric field on top of the dipole 

FSS antenna at 10 GHz amplitude (left) and phase (right) 

 
Fig. 27. Co-polar component of electric field on top of the dipole 

FSS antenna at 11 GHz amplitude (left) and phase 
(right). 

 
Fig. 28. Co-polar component of electric field on top of the dipole 

FSS antenna at 12 GHz amplitude (left) and phase 
(right). 

5. Conclusion 
The 2-D cavity and parallel plate waveguide models 

have been used in this work to develop an understanding of 
the mechanism that leads to the design of highly directive 
cavity-type antennas. The analysis shows that the highly 
reflective behavior of the superstrate at normal incidence 
plays a major role in determining the performance of the 
antenna composite. The maximum directivity is obtained 
close to the resonant/cutoff frequency which realizes 
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a uniform phase and smooth amplitude taper in the surface 
distribution above the superstrate. The split in the main 
lobe above the resonant frequency is explained in terms of 
the excitation of the first propagating mode. The results 
obtained from the simulation of three highly directive an-
tennas show that their behaviors are uniformly consistent 
with the above interpretations. The patterns of these anten-
nas all become more directive as the frequency approaches 
the cutoff, though the return loss of the feed line may dete-
riorate at these frequencies owing to the high reflection 
into the line from the superstrate. In all of these cases, the 
propagation mode is launched and the pattern splits into 
two lobes that scan away from the center as we increase the 
frequency. The field distributions above the superstrates of 
these antennas exhibit the same behaviors as those pre-
dicted from the simple models of a 2-D cavity and a paral-
lel plate waveguide.  
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