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Wide-Band Directional Cavity Antenna with Low Scanning Loss
for WLAN
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Abstract—In this paper, a wide-band cavity antenna with low scanning loss for 20% antenna bandwidth
as well as having a wide 20% 1-dB gain bandwidth over the antenna beam scanning angle is proposed.
The antenna operates in the 5GHz band of IEEE 802.11 ac wireless local area network (WLAN)
applications. A beam scanning of 20◦ is demonstrated by varying the height of a slider within the
antenna cavity. The broadside peak gain of 9.6 dBi is maintained for 20% of the antenna bandwidth
with a gain reduction of only 0.3 dB throughout its operating frequency range. Besides, the scanning loss
suffered by the antenna when scanning from the broadside to the maximum scanned angle is only 0.8 dB.
The proposed scan performance is verified for a single element antenna and a two-element antenna array.

1. INTRODUCTION

The evolution of various wireless communication systems has given rise to a necessity to design wide-
band antennas with high-gain and stable radiation patterns across the operating band for base stations
to receive and transmit signals. The IEEE 802.11 ac WLAN has the bandwidth necessary to meet excess
demand and high data rates [1]. Now, adequate angular coverage is necessary making beam scanning
an important feature of the antenna systems. There are two scanning losses associated with antennas:
first, the fall in gain when the beam is scanned from broadside to the scanned angle and second, the fall
in gain when the frequency of the antenna is varied from the resonant frequency within the bandwidth.
In this paper, we propose a design that reduces these scanning losses to the lowest possible level. It is
important in antenna designs to reduce these losses so that the signal strength is maintained throughout
the desired range.

Conventional beam scanning methods can be broadly classified into electronic and mechanical
beam scanning. In electronic scanning, a phased array enables fast and continuous beam scanning
within certain angular space. But they require phase shifters to control the phase of each element which
in turn is limited by the bandwidth [2]. When an array is scanned with fixed units of phase shifters,
the main beam position changes with frequency. The bandwidth of the phased array antenna is limited
by the phase shifters [3]. The scanning of the phased array is accomplished by using diode or ferrite
phase shifters. [4] has reported a scanning loss of 2.26 dB for a 45◦ scan. So, the coverage of the phased
array antennas with pattern integrity is limited. Instead of using phase shifters to steer the radiation,
pin diodes [5], varactor diodes [6], RF-MEMS switches [7] can also be used to steer the beam. But
the extra bias lines needed for their operation make the antenna design more complex. Despite having
high-speed beam scanning, these antennas suffer from design complexity, high fabrication cost, and high
losses resulting in low efficiency. Conventional mechanical beam scanning antennas consist of moving
reflector antennas [8] that are massive in size. An alternate solution to reduce the cost and weight of
the antennas is to use transmitarray [9] or reflectarray design [10]. The lenses are flexible and offer some
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flexibility to the antenna design [11]. However, its performance declines for wide scan angles due to
high scanning losses, and the lens makes the antenna bulky. In [12], a waveguide antenna is presented
where the beam scanning is achieved by rotating a dielectric slab. In [13], beam steering is obtained by
independently rotating the metasurfaces around the antenna axis. However, for the antennas mentioned
in the literature, the bandwidth for which the beam scanning is sustained is very limited and for the
most part varies within the bandwidth.

The proposed design in this paper uses 3-D printing technology for antenna fabrication over the
traditional photolithographic process. This is considering the fact that the proposed antenna has a
3-D structure and not a planar one. 3-D printing is a sought-after technology today as it allows rapid
development of robust, compact, and light-weight objects at an affordable cost [14]. This technology
is now widely used for antenna fabrication as well. 3-D printing allows more complex antenna designs
like intricately shaped substrates as in [15], the inhomogeneous substrate as reported in [16], or using
multiple materials in antenna designs as reported in [17]. After 3-D printing, different metallization
processes like electroless plating [18] and conductive paints [19] are used to create the conductive parts
of the antenna. In this paper, the metallization of the 3-D printed substrate is done by pasting copper
tapes at the necessary locations. This is a very low-cost method compared to other metallization
processes adopted in the literature.

The impact on system performance due to the antenna tilt in GSM is examined in [20]. It is
seen that to enhance angular coverage on the ground, the base station antenna is tilted, mechanically.
A power coupler comprising an electromechanical phase shifter that can adjust phase by the relative
motion of components is claimed in [21]. This technique is widely being used commercially in
many mobile systems. Even though it applies to wide frequency bands, this type of phase control by
the phase shifter circuits results in higher losses and needs extra circuitry as well. Traditionally, the
beam tilt of base station antennas is controlled by ensuring that the antennas have sufficient tilt to reach
the intended users. The antennas are tilted downwards physically along with required phase shifts [22].
But these are low-frequency Global System for Mobile Communications (GSM) band antennas where
such techniques provide expected beam tilts. The proposed beam tilting technique is a much simpler
solution for high-frequency antenna beam tilts. In this method, we shift the height of a slider inside
an antenna cavity, while avoiding the use of any phase shifters throughout the design. This technique
is much more robust than the standard antennas that are connected to feed networks and physically
supporting networks.

In contrast to previous works, where researchers have proposed numerous wide-band antennas
with omnidirectional radiations [23, 24], the proposed design is a wide-band unidirectional antenna with
scanning loss of only 0.3 dB throughout the bandwidth. In previous works like [25], a wideband antenna
with directional radiation, in just 1GHz of antenna bandwidth, the antenna suffers from 1.1 dB scanning
loss. The antenna design also lacks the beam scanning ability. [26] proposed a wideband cavity antenna
with a large ground plane where the gain varies from 0 to 6.8 dB within a 28% fractional bandwidth
at 2.3GHz. The antenna has wide beamwidth making it poorly directional. The proposed antenna
has a large ground plane and a unidirectional pattern that gives the opportunity to mount back-end
electronics. When antennas are integrated with other back-end electronic devices, its performance is
significantly affected by the ground plane structure [27]. This occurs due to the field coupling between
the antenna and the device ground plane. In such instances, an electrically large ground plane would
act as an isolating shield against the potential interference from the active electronic circuitry. The
proximity to a conducting ground plane makes the bandwidth of a patch antenna deteriorate [28]. To
increase the bandwidth of the antenna, we can increase the height or reduce the dielectric constant of
the substrate. However as mentioned in [29], this approach can be used for h < 0.02λ only. [30] reports
that when a rectangular plate is placed over a ground plane, as the height of the plate is varied from
0.125λ to 0.25λ there is a reduction of Q factor by a factor of 2. In the proposed design, the height of
the antenna is fixed at 0.1λ making it an electrically compact design, and at the same time the antenna
is wideband in nature. Besides, the proposed design, having the benefit of being unidirectional, allows
for easy integration with ceiling mounted back end electronics without any influence on the performance
of the antenna. The proposed antenna scans the beam from broadside to 20◦ with scanning loss of only
0.8 dB. So the proposed design is also able to maintain wide 20% 1-dB gain bandwidth throughout its
scanning range. Phase shifters used in conventional array designs result in high insertion loss. The
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absence of any phase shifters or active devices in the proposed design consequently eliminates any
insertion loss associated with the antenna.

2. CAVITY ANTENNA DESIGN

2.1. Narrow-Band Cavity Antenna

Consider a conventional patch antenna. The bandwidth of a patch antenna can be increased by
increasing the thickness of the substrate or by reducing the dielectric constant of the substrate [29]. To
achieve finer characteristics than a conventional patch, a cavity antenna as shown in Fig. 1 is considered.
The chosen substrate for the antenna design is polylactic acid (PLA) with ϵr = 2.58 and tan δ = 0.015.
PLA is a user-friendly thermoplastic for 3D printing performed by the Fused Deposition Modelling
(FDM) method. The height of the cavity antenna is 5mm. Here, from the 5mm PLA block, 4mm
of the substrate is removed to make the cavity. Now, the cavity consists of air as the substrate with
a dielectric constant of 1. A 0.5mm thickness of PLA substrate is used at the top and bottom to
make the cavity antenna as shown in Fig. 1(b) as walls of the cavity antenna. A 4mm thickness was
considered at the sides of the cavity walls to adequately support the antenna structure. This lateral
support is necessary and can be obtained only through 3-D printing as it will be attached firmly to the
other sides as well which is only 0.5mm in thickness. Using other dielectric substrates sections to build
the cavity cannot ensure the stability obtained through the 3-D printing method. Consequently, 3-D
printing using PLA was chosen even though the PLA substrate has a relatively high loss tangent, which
could affect the radiation efficiency of the antenna.

(a) (b)

(c)

Figure 1. Schematic of narrow-band cavity antenna. (a) Top view. (b) Side view. (c) Isometric view
(Unit: mm).

The cavity antenna has a square structure with its edge lengths at 32mm (0.6λ). The bottom of
the cavity antenna body consists of a 59mm ground plane. The input port is connected to the top layer
of the antenna through a coaxial feed. The return loss of the cavity antenna is depicted in Fig. 2(a)
with the bandwidth of the antenna from 5.58GHz to 6GHz. The radiation pattern at 5.8GHz is shown
in Fig. 2(b). The gain of the antenna at the resonant frequency of 5.8GHz is 5.8 dBi.

2.2. Wide-Band Cavity Antenna

The narrow-band cavity antenna is further modified to realize a wide-band cavity antenna. The
schematic view of the wide-band cavity antenna is shown in Fig. 3. To increase the impedance
bandwidth, various slots are introduced at specific positions as shown in Fig. 3(a). The narrow band
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(a) (b)

Figure 2. (a) Return loss of the narrow-band cavity antenna. (b) Radiation Pattern of the narrow-band
cavity antenna at 5.8GHz.

(a)

(b)

(c)

Figure 3. Schematic of wide-band cavity antenna. (a) Top view. (b) Top view of the substrate. (c)
Isometric view.

cavity antenna has a single opening in the cavity that aids in radiation. This is seen in Fig. 1(b)
where the front part of the cavity is removed. To increase the bandwidth, slots were made in the metal
and substrate, which increased the openings through which the radiation will occur. This increased
energy loss reduces the quality factor of the cavity increasing the bandwidth of the antenna. At first,
the slots are introduced at the top metal part of the antenna with a slot width of 1mm throughout.
Fig. 5(a) shows the return-loss variation of the antenna with the introduction of each circular slot.
Slot 1 indicates the circle with a radius of 10.2mm and a 1mm slot towards the edge of the circle.
Slot 2 is the circle at the center with a radius of 3mm. Finally, two circles with a radius of 8mm are
introduced at two sides, referred to as slot 3. The slots introduced in the metal layer are sufficient
for a wide-band cavity antenna. However, it was observed that the slider that has to be placed inside
the antenna cavity causes severe detuning of the antenna. To overcome this detuning effect, just like
the slots in the metal layer similar slots were created on the substrate as well. To ensure continuity
in the substrate, some segments of the slots were closed strategically such that it does not affect the
results considerably. The slots also increase the electrical length of the antenna. The surface current
distributions of the cavity antenna without and with various slots are shown in Figs. 4(a)–(d). The
slots force the surface currents to meander, artificially increasing the electrical length of the antenna
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(a)

(b) (c)

(d) (e)

Figure 4. (a) Wide-band cavity antenna. (b) Surface currents of antenna without any slots. (c) With
slot 1. (d) With slot 2. (e) With slot 3.

without changing the physical dimensions. This increased electrical length makes the cavity antenna
to also resonate in lower frequencies. By appropriately designing the slots, the cavity antenna starts to
resonate in multiple frequencies which increases the bandwidth of the antenna. The final configuration
of the substrate placed at the top part of the cavity is shown in Fig. 3(b). This substrate is then covered
with metal to complete the cavity.

The simulated impedance bandwidth for the antenna is 2.4GHz (5.05GHz–7.45GHz) as shown in
Fig. 5(a). The gain of the wide-band cavity antenna is shown in Fig. 5(b). The simulated bandwidth
has increased from 7.3% for narrow-band to 40% for wide-band cavity antenna. The radiation pattern
of the antenna is shown in Fig. 6. The half-power beamwidth (HPBW) is 96◦, and the front-to-back
ratio is 13 dB.

(a) (b)

Figure 5. (a) Return-loss characteristics of wide-band cavity antenna. (b) Gain of wide-band cavity
antenna.
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(a) (b)

Figure 6. Radiation patterns at 5.2GHz and 5.6GHz. (a) Simulation. (b) Measurement.

2.3. Wide-Band Cavity Antenna with Slider

Now, the objective is to introduce a beam tilt in the designed wide-band cavity antenna. The beam
tilt must also ensure that the scanning loss is minimum at the scanned angle, and the tilt is stable
for a wide frequency range. The component of the antenna responsible for beam tilting is the slider
that is designed and placed within the cavity of the antenna as shown in Fig. 7. The slider is designed
using a PLA substrate with a thickness of 0.5mm. It is then placed in the cavity space between the
wall at the rear end of the cavity and the coaxial input pin as shown in Fig. 7(b). Initially, the slider
shown in Fig. 7(c) is placed at the bottom of the cavity and then moved towards the top. For various
heights of the slider from bottom to top, the beam tilt of the antenna increases from 0◦ to 20◦. This
tilt remains for frequencies from 5.2GHz to 5.8GHz or 10% of the bandwidth. Fig. 7(d) depicts the
design evolution for the slider design. It was observed that a slider with a rectangular pattern imparts
maximum beam tilt, and a slider design with a circular pattern imparts beam tilt for a wide frequency
range. So combining the patterns to form an elliptical pattern results in maximum beam tilt for a wide
frequency range.

The simulated impedance bandwidth for the antenna is 1.72GHz (5.18GHz–6.9GHz) as shown

(a)

(b) (c)

(d)

Figure 7. Schematic of wide-band cavity antenna with slider. (a) Front view. (b) Top view. (c) Top
view of the slider. (d) Design evolution for the slider.
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(a) (b)

Figure 8. (a) Return-loss characteristics of wide-band cavity antenna with slider. (b) Gain of wide-
band cavity antenna with slider.

(a) (b)

Figure 9. Radiation patterns at 5.2GHz and 5.6GHz. (a) Simulation. (b) Measurement.

in Fig. 8(a). The gain of the wide-band cavity antenna after the placement of the slider is shown
in Fig. 8(b). The radiation patterns for the antenna for 5.2GHz and 5.8GHz are shown in Fig. 9. A
similar tilted radiation pattern is maintained for all frequencies in this range. The half-power beamwidth
(HPBW) of the antenna is 72◦, and the front-to-back ratio is 17.5 dB.

2.3.1. Theoretical Analysis of the Slider

The slider inside the cavity influences the radiation pattern of the antenna resulting in a beam tilt. To
better understand this phenomenon the slider was modeled as a dielectric block with a high dielectric
constant. Fig. 10(a) shows the slider inside the cavity, and Fig. 10(b) shows the dielectric constant
model inside the antenna cavity. This dielectric model has the same length and width as the slider, and
the height is the same as the cavity height. As the slider moves inside the cavity air gap from bottom
to top, the dielectric constant of the air cavity is affected. To verify this premise, the dielectric constant
of the model was varied. It was observed that for dielectric constant variation from 1 to 4.39 the beam
tilting of the antenna was comparable to the beam tilting that materialized while the slider moved from
the bottom to the top of the cavity. The beam tilt of the antenna increases when the slider is moved
from bottom to top inside the cavity. In the dielectric model of the slider, the beam tilt increases when
the dielectric constant of the model is increased. The data are tabulated in Table 1.

The radiation patterns for both the sets are shown in Fig. 11 for beam tilting from 0◦ to 20◦. As
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(a) (b)

Figure 10. Wide-band cavity antenna with (a) slider, (b) varying dielectric block in the place of slider.

(a) (b)

Figure 11. Radiation patterns at 5.2GHz. (a) When height of the slider is varied across the cavity.
(b) When the dielectric constant of the block is varied.

Table 1. Antenna beam tilt.

h ϵ beam tilt

0.00 1.00 0◦

2.15 4.12 5◦

2.40 4.19 10◦

2.58 4.30 15◦

2.68 4.39 20◦

seen in Figs. 12(a)–(b) the E-field distribution along the mid-section of the antenna indicates the slider
causing a field disturbance inside the cavity resulting in a deflected main beam. Figs. 12(c)–(d) shows
the electric field distributions inside the cavity without and with the slider. For a cavity antenna, there
is a uniform distribution of the electric field at both edges of the cavity making the antenna to radiate
at the broadside. When the slider is introduced, there is a concentration of electric field towards the
right edge of the antenna. As a consequence, the field intensity gets shifted which generates the tilted
radiation beam.

2.4. Fabrication and Measurement

A prototype of the proposed antenna has been fabricated as shown in Fig. 13 to validate the simulation
results. The cavity structure for the antenna is 3D printed. The 3D printing was performed using a
Raise 3D RxP2200 3D printer a widely used commercial low-budget 3D printer. The lower part of the
cavity antenna and ground plane is completed by pasting copper tape of 80µ thickness. For the top
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(a) (b)

(c) (d)

Figure 12. Electric-field of the cavity antenna. (a) Without slider. (b) With slider at 5.2GHz.

(a)

(b)

(c)

(d)

Figure 13. (a) Fabricated wide-band cavity antenna. (b) Side view. (c) Side view of the antenna after
placing the slider. (d) Slider to be placed inside the antenna cavity.

part of the cavity, the copper was pasted, and the copper at the slots was removed by making proper
incisions at slot positions. The slider design was fabricated by the photolithographic process. The
slider is extended outside in order to assist in controlling the slider height from outside the cavity. 3-D
printed blocks of required heights are then placed inside the cavity to keep the slider in position. The
beam tilt is achieved from 0◦ to 20◦ by varying the height of the dielectric blocks that will keep the
blocks at their required heights. Anritsu MS2028C VNA was used to measure the reflection coefficient
of the antenna. The far-field measurements were conducted inside an anechoic chamber where ETS-
Lindgreen 3115 Model double ridged waveguide horn antenna was used as the standard gain antenna
for the measurement.
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3. CAVITY ANTENNA ARRAY DESIGN

3.1. Two-Element Cavity Antenna Array

With the proposed element in Section 2 a linear two-element cavity antenna array is adopted as shown
in Fig. 14. The array elements are arranged linearly on a ground plane of size 2.1λ×1.2λ. The distance
between the two elements is 1mm, and the center-to-center distance between the elements is 0.8λ. The
simulated impedance bandwidth for the antenna array is 2.43GHz (5.07GHz–7.5GHz) as shown in
Fig. 15(a), and the gain of the antenna array is shown in Fig. 15(b).

(a)

(b)

Figure 14. Schematic of two element cavity antenna array. (a) Top view. (b) Front view.

(a) (b)

Figure 15. (a) Return-loss characteristics. (b) Gain of wide-band two-element antenna array.

3.2. Two-Element Cavity Slot Antenna Array with Slider

As shown in Fig. 16, in a two-element cavity array, the slider is placed inside the cavity of the antenna
to the right. In this phase-shifter-less method of beam scanning, beam scanning occurs when the slider
is moved from bottom to top inside the cavity. When the slider is placed in the right side cavity antenna
and moved inside the cavity vertically the beam gets tilted towards +20◦. When the slider is placed in
the left side cavity antenna and moved inside the cavity vertically the beam gets tilted towards −20◦.
By using two sliders in both cavity antennas the beam can be scanned from −20◦ to +20◦ by keeping
the slider at required heights inside the cavity.
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(a)

(b)

Figure 16. Schematic of two element cavity antenna array with slider. (a) Top view. (b) Front view.

The simulated impedance bandwidth for the antenna is 2.4GHz (5.12GHz–7.52GHz) as shown in
Fig. 17(a), and the gain of the antenna is 9.6 dB as shown in Fig. 17(b). The gain of the antenna in
Fig. 17(b) is at 20◦ scanned angle. It is clear from the graph that for 20% fractional bandwidth the
gain of the antenna varies from 9.6 dB to 9.3 dB limiting the scanning loss for wideband antenna within
0.3 dB. The radiation pattern for the two-element antenna array is shown in Fig. 18(a). The half-power
beamwidth (HPBW) of the antenna is 33◦, and the front-to-back ratio is 19 dB. The radiation pattern
for the two-element antenna array with slider is shown in Fig. 18(b) where the beam-tilt for wide
frequencies is visible. The half-power beamwidth (HPBW) of the antenna is 35◦, and the front-to-back
ratio of an antenna is 26 dB. The side lobe levels can be further reduced by increasing the ground plane
dimensions. The electric field distributions of the array with and without the slider are shown in Fig. 19.
The field shown in Fig. 19(b) is at 20◦ beam scanning of the antenna array when the slider is at 3.25mm
from the bottom of the antenna cavity.

(a) (b)

Figure 17. (a) Return-loss characteristics. (b) Gain of wide-band two-element antenna array with
slider.

Comparisons of the bandwidth, scanning range, scanning loss along with the scanning technique
of the proposed cavity antenna and some reported designs are described in Table 2. As observed from
the table, the proposed design has only 0.3 dB scanning loss while scanning from broadside to 20◦ for
a 20% fractional bandwidth. The frequency range of the proposed antenna considered is the range
that yields the beam tilt. For the proposed antenna the beam tilt does not vary for a 20% fractional
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Table 2. Comparison of the proposed antenna.

Ref. [12] [13] [31] [32] [33] PA

Frequency

Range

(GHz)

9.05–9.65 11 8.86–9.84 8–12 16–18 5–6.2

Fractional

Bandwidth

(%)

7 - 10.5 40 8.8 20

Size (λ) λ× 9.7λ× λ 6λ× 6λ× 0.5λ 5λ× 1.2λ× 0.5λ 3.23λ× 3.1λ× 0.27λ 5.6λ× 1.6λ× 8λ 2.1λ×1.2λ×0.1λ

Scan

Directions

(◦)

36◦ ±51◦ 14◦ ±37◦ ±26◦ ±20◦

Gain (dBi) 12.64 19.4 19.11 13.5 13.4 9.6

Gain

variation

through

scan

angle (dB)

1.3 3 0.8 2.1 1.5 0.8

Scanning

loss

through

bandwidth

(dB)

beam-tilt

only at

9.35GHz

beam-tilt only

at 11GHz

beam-tilt only

at 9.35GHz

Beam scanning

varies within

the frequency

range

Beam scanning

only at 17GHz
0.3

Beam

scanning

technique

rotating

dielectric

slab inside

wave-guide

rotation

of the

metasurface

pair

rotating two

dielectric

slabs inside

wave-guide

physically

rotating

antenna

elements

insertion of

tuning screws

into waveguide

Varying the

height of the

slider inside

the cavity

Radiation

efficiency

(%)

61 89 79 51 90 91

∗PA=Proposed antenna

(a) (b)

Figure 18. Simulated radiation patterns at 5.2GHz, 5.8GHz, 6.2GHz. (a) Without slider. (b) With
slider.
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(a) (b)

Figure 19. Electric-field distribution of two element array. (a) Without slider. (b) With slider.

bandwidth, and the beam is very stable at the scanned angle of 20◦. From Table 2 it is evident that
the previous studies have achieved beam tilt only at the design frequency, and the scan angle varies for
different frequencies within the bandwidth. The proposed design has a high radiation efficiency of 91%
resulting from the presence of air cavity and absence of any phase shifters and active devices. Hence,
the proposed antenna shows great potential for directional wide-band antennas for WLAN applications.

4. CONCLUSION

Scanning loss reduction of a cavity antenna throughout the bandwidth as well as the scanned angle
using a slider is presented. By shifting the slider from bottom to top inside the air cavity the beam is
scanned from 0◦ to 20◦. Considering the scanning range of the antenna, it has the ability to provide a
total 3-dB coverage of 60◦. The beam tilt of the antenna is sustained for 20% of antenna bandwidth
with gain reduction of only 0.3 dB throughout the bandwidth. This bandwidth for which the beam tilt
is sustained by the antenna is more than the reported bandwidth in the literature. Along with this high
bandwidth, the gain variation while scanning the beam is also limited to only 0.8 dB. The proposed
antenna thus ensures high signal strength for its 3-dB antenna beam width. Proper care must be taken
to ensure that the appropriate slider height is maintained. The proposed design is validated for a single
element antenna and for a two-element antenna array.
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