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Fig. 2. Simulated broadside directivity versus frequency of the field radiated from the traditional RCA (the first cavity alone).

A. Design of the First Cavity

We design this cavity to obtain a resonance at the design fre-
quency fo (i.e., f;1 = fo) by following the conventional design
rules of the traditional single superstrate RCA [13]. This im-
plies that the cavity thickness (¢.1) is half a wavelength and the
superstrate thickness (.;) is quarter a wavelength. For max-
imal directivity of the primary radiator, the Hertzian dipole is
located very close to the PEC plane [36] at a hundredth-wave-
length distance (i.e., d = Ay/100). Last, a maximum directivity
of 17.5 dBi is achieved by setting the superstrate relative per-
mittivity (e,1) equal to 10.2.

It should be mentioned that in a realistic antenna, both the di-
rectivity and return loss should be considered for a complete
performance evaluation. For this purpose, the absolute gain,
which is a combination of directivity and return loss, will be
used to evaluate the antenna performance of a practical example
in Section 1V-D. However, the focus of the current discussion is
to enhance the bandwidth of high-directivity radiation (i.e., the
pattern bandwidth), and this is why only the directivity is being
considered in the investigation of the radiation performance of
the whole cavity and also in determining the location of the
Hertzian dipole radiator.

Fig. 2 shows the broadside directivity versus frequency of the
radiated field from the first cavity. The maximum broadside di-
rectivity is 17.49 dBi (at 0.99 fy) and the 3-dB bandwidth is 9%
(0.925 fu—1.015 f). We will refer to the aforementioned perfor-
mance by the traditional RCA (first cavity alone) to evaluate the
performance of the enhanced-bandwidth two superstrate RCAs
to be designed in the next sections.

B. Physical Concept and Design of the Second Cavity

When a second superstrate is placed in front of the designed
first cavity, a second cavity is formed (see Fig. 1). The wave ra-
diated out of the first cavity encounters that second cavity, which
affects the overall radiation of the RCA as a whole. Accord-
ingly, the first cavity can be considered as the primary feed of
the second cavity.

The first objective is to maintain the high directivity perfor-
mance obtained from the first cavity in the frequency band from

0.925 f; to 1.015 fy. In other words, the performance of the first
cavity should not be affected by inserting the second superstrate
in front. Hence, the second superstrate should have low reflec-
tion magnitude in this band. This can be achieved by setting
the second superstrate thickness ts> to be an integer multiple of
half wavelengths [37] at the frequency of maximum directivity
by the first cavity (0.99 1, ). For lowest superstrate thickness, the
integer is set to unity, and #42 is calculated as

(5'59) Ao
teo = 0.5-222 = (.505 . )
Er2 Er2

This step is essential to continue the design, but its outcome
is not necessarily the final (fine-tuned) value. Performing a fine
tuning of ¢, after completing the initial design can be beneficial
as to be discussed in Section I11.

The second objective is to design the remaining parameters
of the second cavity (.2 and ¢.2) to enhance the directivity at
an adjacent band (0.835 f,—0.925 f). This requires both a suffi-
ciently high reflection magnitude of the second superstrate [1],
and also a cavity thickness .o properly designed to produce res-
onance in this band.

Fig. 3 shows the reflection magnitude of the second super-
strate for different values of =.5. As &,2 increases, the reflec-
tion magnitude increases in the band from 0.835 f, to 0.925 f;.
We require a reflection magnitude that is sufficient to increase
the directivity level in this band to be within a 3 dB difference
from the maximum directivity (>14.49 dBi). From Fig. 2, it is
noticed that the directivity of the radiated wave from the first
cavity varies from 11.76-14.49 dBi, which concludes that only
2.73 dB enhancement of the directivity is required by the ef-
fect of the second cavity. Accordingly, a relative permittivity
.2 equal to 10.2 is initially selected. The effect of higher and
lower values of .2 will be discussed in Section I11.

Lastly, the cavity thickness .2 is to be designed to enforce
resonance of the second cavity in the band from 0.835f, to
0.925 fy. The entire structure of the first cavity (PEC, Cavity
1, and Superstrate 1) is recognized as the ground of the second
cavity, whereas the second superstrate is recognized as the PRS.
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Fig. 3. Calculated magnitude off$ection coelpcient versus frequency for a uniform plane wave impinging normally into the second superstrate with different
values of its relative permittivity,». Forz,» = 10.2, reBection magnitude is minimized at the bandwidth of tet cavity (thin shading) but has satisfactory
levels at the bandwidth of the second cavity (wide shading).

Fig. 4. Calculated phase off$ection coelbcient versus frequency for a uniform plane wave inside Cavity 2, impinging normally into the ground (thebndtole
cavity) and the PRS (second superstrate).

By referring to the rBection phase plots of the ground and th€. Antenna Performance

PRS in Fig. 442 can be calculated by using (1) as The initial design of the second cavity, and the entire two

superstrate RCA, is now complete. The antenna structure and
\ broadside directivity are shown in Fig. 5. The maximum direc-
0 .. . . o . .
ter = UIL(151.5° + 114.5°) x T 0406},  (3) tivity is 17.4 dBi (at0.99f;) and the 3-dB bandwidth is 17%
m

180° (0.845 fy—1.015 fy). This bandwidth is more than 88% larger
than that of the traditional RCA of a single superstrabes{

) cavity alone) shown in Fig. 2. The two-resonance behavior of

where the resonance frequengy is chosen to be equal 106 1o superstrate RCA can be clearly observed from the di-

0.91fo, andN = 0. This value off,, is initially chosen based (gcyjvity curve,where the upper part corresponds to the reso-

on a careful observation of the band provided byrtet cavity. nanceof the brst cavity and the lower part corresponds to the

The purpose is to create a seddband that combines witrst  resonance of the second cavity. The resonances become more

band before crossing the 3-dB limit (according to thémle poticeable as,» and f,» vary, which will be discussed in the
tion of bandwidth). This is more likely to occur if the differencenext section.

between thebrst and second resonances does not exceed theig. 6 shows thek- and H-plane radiation patterns of the
bandwidth provided by therst cavity(BW; = 9%). Hence, designed two superstrate RCA at the edge and center frequen-
fe2 = (1 = 0.09) fi1 is selected (wherg,; = fo). However, cies d its operational band. Thegam splitting appearance at

it is benddcial to vary f.» slightly to Pne-tune the bandwidth, the upper edge frequen¢y.015f) is similar to the pattern be-
which will be discussed in Section Il. havior of the traditional RCA [3]. This similarity is expected
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Fig. 5. Simulated broadside directivity versus frequency of the elrgidradiated from the designed two superstrate RCA. The obtained 3-dB bandwidth is about
88% larger than that of the traditional RCA in Fig. 2.

Fig. 6. Simulated E-plane (left) and H-plane (right) radiation patterns at the edge and center frequencies of the designed two superstrate RCA in Fig.

because therst cavity of the two superstrate RCA, which corfor a second superstrate with relative permittivity equal to
responds to the upper resonance, is designed by following @2 and thicknes, equal to 0.505 of a wavelength. As

conventional design rules of the traditional RCA. increases, the curve in Fig. 3 disito lower frequencies, which
decreases the Rection magnitude of the second superstrate at
IIl. TUNING OF THEINITIAL DESIGN the lower band (frond.835 f t00.925 fy) and, hence, the direc-
) ] tivity at that band. Consistently, the shift of thé3eztion mag-
A. Tuning ofthe Second Superstrate Thickness nitude curve affects the directivity at the upper band as well.

The thickness of the second supersttatavas thebrst deter- However, the nature of this effect relates jointly to the change
mined parameter in the design process of the second cavityirage3ection magnitude and in theftection phase of the second
presented in the preceding sectid@he initial design of the two superstrate. Accordingly, it is d#€ult to predict that the direc-
superstrate RCA has an 88% enhanced bandwidth comparetivity at the upper band increases{as increases, as shown in
that of the traditional RCA. Concurrently, the maximum diredsig. 7, without performing the investigation by simulation.
tivity was minimally reduced (less than 0.1 dB). In this part, we From Fig. 7 and Table I, it can be seen that the bandwidth of
perform abne tuning oft,, and discuss its effect on the broadihe two superstrate RCA is bettenhanced by the performed
side radiation of the RCA. For each value gf, the thickness of Pne tuning oft,,. For example, when,; is equal to 0.475 of a
Cavity 2., will be calculated by using (1) assuming a seconwavelength, a bandwidth equal to 19.7% and a maximum broad-
resonancd,» equal to0.91 f,. side directivity equal to 16.7 dBi are achieved. This is 119% en-

Fig. 7 shows the broadside directivity versus frequency ftvanced bandwidth compared t@tlof the traditional RCA, with
a varyingt. from 0.46 to 0.52 of a wavelength. Table | listsonly 0.8 dB reduction of the maximum directivity.
the PRS and ground Bection phases as seen by Cavity 2, the ]
calculated cavity thickness,, and the bandwidth of the de-B- Tuning of the Second Resonance Frequency
signed two superstrate RCA for each valuetgf It is found In the design process preseniadhe previous section, the
that asls» increases, the directivity decreases in the lower battickness of Cavity 2., was the last determined parameter of
and increases in the upper baidich behavior agrees with ourthe two superstrate RCA structure by using (1). This parameter
presented approach of the two superstrate RCA functionalityas designed to provide a resonance suitable to enhance the
We refer to the curve of feection magnitude shown in Fig. 3directivity of thepeld radiated from thérst cavity at the band
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Fig. 8. Simulated broadside directivity versus frequenicthe two superstrate RCA as the second resonance freqyeneyvaried from0.89f, t00.93f5. As
f.2 increases, the lower band becomesrencombined with the upper band.

TABLE Il B. Increasing Phase With Frequency
PRSAND GROUND REFLECTION PHASES (AS SEEN BY CAVITY . .
2), CALCULATED t.,, AND BANDWIDTH OF THE DESIGNED TWO In this part, the analogy between the designed two super-
SUPERSTRATERCA OF FIG. 8 FOR A VARIED f.o strate RCA and the increasindection phase with frequency of

the PRS is investigated. Spbcally, we examine the designed
structure to be comprised of a single ground plane (PEC), a
single cavity (Cavity 1), and a single PRS plane (Superstrate
1, Cavity 2, Superstrate 2). The analysis of the structure from
this prospective should be in agreement with the well-known
re3ection phase explanation ohbdwidth enhancement [21].
Thatis, the rBection phase of the PRS increases with frequency
to compensate for the naturally decreasing total phase that is
the original reason for the narrow bandwidth of the traditional
RCA. Consequently, the obtained total phase restores the reso-
nant condition for maximum broadside radiation over a wider
bandwidth.

Fig. 10 shows the calculated 3ection phase versus fre-
values ofz,» so that the second superstrate has a loguency for the PRS, consisting of Superstrate 1, second cavity,
refection magnitude at the edge frequency between thed second superstrate, of thestyned enhanced-bandwidth
bands(~ 0.93f;). However, this latter choice leads totwo superstrate RCA (shown in the inset). The phase increases
lowered directivity at the lower band and prevents frorwith frequency indeed. This cénms the compliance between
achieving a much larger bandwidtkeif; is very low (see the two-resonance explanatiothi§ paper) and the increasing
g2 = 4in Fig. 9 and Table III). phase explanation (Fig. 10) of the enhanced-bandwidth two
superstrate RCA.

Here, it should be emphasized that the two-resonance expla-
nation is a systematic design method that has no iterative steps.
On the contrary, the increasing phase explanation is an outcome
A. Antenna Prole that is predicted to develop arglot effective as a design tool.
The main drawback of the presented enhanced-bandwidih the best of our knowledge, before this paper, the only ap-
two superstrate RCA is its increased pi® For example, the proach in literature to produce the wanted phase behavior was
total z-direction préle of the designed two superstrate antenn@ perform a lengthy and iterative study of the PRS parameters.
in Fig. 5 is equal tal .14y, which is 97% larger than the pro- ) ) )
ble of the traditional single superstrate RCA of Figi238),). C- Generalized Design Algorithm and Summary
Such disadvantage is more likely to be a reasonable tradeoff tarhus far, we have presented an example of bandwidth en-
enhance the high-directivity bandwidth of the traditional RCAancement of the traditional gile superstrate RCA by placing
by simply placing a second superstrate in front. This can la@other superstrate of specithickness and permittivity, at a
much more dfcient than using an array of primary radiatorspechbc separation distance in front of the antenna. The en-
in a single superstrate RCA. More speally, the presented hancement was demonstrated fdr7a5-dBi directivity antenna
technique is capable of enhancing the bandwidth for an existingth no spedpc antenna features and, therefore, can be general-
traditional RCA with no need to modify its primary feeding oiized as a proper method to enhance the bandwidth of the RCA
prst superstrate. of any directivity level. Furthenore, the presented approach is

IV. DISCUSSION ANDGENERALIZATION
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Fig. 11. Simulated broadside absolute gain versus frequency of the traditional RCA (top left) and the fine-tuned enhanced-bandwidth RCA (top right) based on
a design frequency fo = 14 GHz. A practical situation is considered: the primary radiator is a Ku-band waveguide aperture, the ground is aluminum plate, the
superstrates are lossy, the background is air, and the ground and superstrates are squares of finite sizes. All dimensions on structures are in millimeter.

values that were calculated in the second and third steps above.
Moreover, it would be more efficient to vary these parameters
with suitable background knowledge of their effects on the
performance of the antenna as discussed in Section I11.

D. Practical Example

In this part, we apply the presented bandwidth enhancement
technique into a realizable RCA structure. That is, the primary
radiator is a standard Ku-band waveguide (WR-62) aperture (in-
stead of a Hertzian dipole), the ground plane is a finite-size alu-
minum plate (instead of an infinite PEC plane), the superstrates
are finite-size lossy dielectric slabs (instead of infinite lossless
slabs), and the background space is air (instead of free space).
The purpose of this study is to verify that the presented band-
width enhancement technique is valid for practical situations.
CST Microwave Studio 2011 is used to examine the performance
of the designed RCAs.

With a design frequency fo(= f.1) equal to 14 GHz (Ao =
21.42 mm), the traditional RCA is initially constructed as il-
lustrated in the inset of Fig. 11 (top left). The absolute gain at
broadside shows a maximum gain of 16.84 dBi at 14.5 GHz,
and a 3-dB bandwidth of 9.3%.

Based on the performance of the traditional RCA and by
following the bandwidth enhancement technique presented in
Section Il, a second superstrate of 3.24 mm thickness (half-
wavelength at 14.5 GHz) is placed at 9.13 mm distance above
the first superstrate [ f,2 = 12.7 GHz is applied in (1)]. The ab-
solute gain of the resulted structure (not shown here) exhibits
only a 21.5% enhancement of bandwidth compared to that of
the traditional RCA, with 0.2 dB increase of the maximum gain
value.

As the last step, the second superstrate thickness and its sep-
aration from the first superstrate are fine-tuned within £5% of

their initial calculated values (3.24 and 9.13 mm, respectively).
Fig. 11 shows the fine-tuned structure (top right) and its abso-
lute gain at broadside. The maximum gain is 16.98 dBi at 14.75
GHz, and the 3-dB bandwidth is 19.3%. This bandwidth is 107%
enhanced compared to that of the traditional RCA and, yet, the
maximum gain is slightly increased (by 0.14 dB). Although the
frequency of maximum gain is shifted from 14.5 to 14.75 GHz,
probably due to some complications related to the finite size of
the structure, the enhanced bandwidth outcome verifies the suit-
ability of the technique presented in this paper when applied to
practical RCA structures.

V. CONCLUSION

A novel technique to enhance the bandwidth of the RCA by
using two dielectric superstrates was presented. The technique
is based on creating two adjacent high directivity bands corre-
sponding to the two cavities of the antenna. In a representative
example, the design of the two superstrate RCA has advanced
from a traditional RCA with a single superstrate by placing
a second superstrate in front, where the parameters related to
this addition were determined in a methodical and non-iterative
manner. The bandwidth was approximately doubled whereas
the maximum directivity was insignificantly affected. In gen-
eral, the presented technique can be applied to enhance the band-
width of any traditional RCA regardless its maximum direc-
tivity and type of primary feeding.
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