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Abstract: This paper investigates the performance of an all-dielectric planar Mikaelian lens
based on ray transfer matrices and full-wave analysis for 1-D beam-steering application. This new
lens concept has its intrinsic flat shape characteristic allowing for a simple low-cost planar feed
technology. To verify the design concept, a lens prototype excited by five rectangular microstrip
patch antennas with perforated structure (21×24 holes) is fabricated using stereolithography
(SLA) 3-D printing. The simulated and measured results of the proposed lens prototype, operating
at 10 GHz, shows that the switched-beam coverage over a certain range of beam-steering angles
can be obtained. The intrinsic phase error of lens resulting from comatic aberration exhibits
obvious increase as the off-axis angle of beam increases, which leads to further deterioration
of the corresponding radiated beam. The beam-steering capabilities from −20° to +20° with
around 13.2 dBi of realized gain and side-lobe level (less than −11.5dB), and up to potential
steering angles (±30°) with around 10 dBi of realized gain can be steadily achieved. Moreover,
the realized gain, efficiency and side-lobe level can be further improved to get better radiation
performances by using other materials with lower loss tangent. Due to its intrinsic flat shape
characteristic, this lens concept could be a potential alternative to develop a low-cost, low-profile
and easy-to-fabricate beam-switching array antenna for microwave communication applications.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Beam-steering antennas have played an essential role in next generation wireless communications
(5G) systems for high data-rate, flexible coverage capability and multipoint communications
[1]. Traditionally, three main and popular configurations for beam-steering have been put forth
namely electronically phased array antennas (EPAA), mechanically steerable reflector antenna
(MSRA) and lens antenna. Although the beams with high gain can be quickly steered across a
certain angular scope, the EPAA requires masses of active antenna modules and phase shifters
to be active simultaneously for electronic beam steering [2], making the EPPAA high cost.
Additionally, these large-scale antenna modules and phase shifters consume significant amount of
electrical power. On the other hand, steerable beams can be simply obtained by using mechanical
moving or rotating device to change the reflector antenna toward the desired direction or move the
source feed along the focal plane [3]. Nevertheless, the MSRA makes the overall systems bulky
and vulnerable to interference due to its physical dimensions constraint and the feed blockage.
Similar to the reflector antenna, the beam-steering capability of traditional lens antenna is also
limited especially for the off-axis steering. Although their high efficiency and large bandwidth in
very wide-angle region [4], traditional lens are usually cumbersome and high profile.

Compare to the EPAA, MSRA and traditional lens antenna, gradient index (GRIN) lens
antenna can flexibly achieve wide beam-steering angles with competitive efficiency, broadband
and less deterioration of the beam, which has received significant attention in recent years.
There have been several well-known GRIN lenses, such as Luneburg lens [5,6], Maxwell fisheye
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lens [7,8], Gutman lens [9] and Eaton lens [10]. Although these GRIN lenses have various
refractive index distributions, a common feature among them is the spherical characteristic of
their shapes that poses a challenge for fabricating and integrating the standard planar feed sources
such as waveguides and patch antenna arrays to the lens’s surface. To eliminate the limitation
of its spherical or hemispherical shape, additional complex approaches such as transformation
optics (TO) [6] and quasi-conformal transformation optics (QCTO) [11] are required to modify
the profile of the refractive index. Besides, these conformal mapping transformations lead to
a reduction of beam-steering angle range [12]. Unlike these GRIN sphere lenses, Mikaelian
lens, also called hyperbolic cosine lens or hyperbolic secant lens, has a unique intrinsic flat
shape characteristic, which has attracted a lot of interest in the application field of microwave
and millimeter wave [13–17] in recent years. Due to the cylindrical symmetry of its refractive
index distribution, Mikaelian lens can be easily fabricated. However, all these previous studies
are mainly focused on the focusing properties analysis that the suitable feeding source can be
placed at the focal point of lens to achieve good radiation performance. As one of the most
fundamental and important properties, the beam-steering capability of Mikaelian lens has not
been investigated in the literature of microwave or millimeter wave applications. Besides, the
GRIN lens presenting desired graded permittivity profile can be manufactured by metamaterials,
foam and ceramic materials, which requires the complicated, expensive and special process
techniques. Compared to the dielectric structures, metamaterials consisting of sub-wavelength
metallic resonant structures have also the inherent drawbacks of large loss and narrow bandwidth.
However, the perforated dielectric material structures avoid using metal structure can be easily
and quickly fabricated by easily accessible 3-D printing technique at a low-cost.

In this paper, to the best of our knowledge, the capability of beam-steering for an all-dielectric
planar Mikaelian lens is first explored based on ray transfer matrices and full-wave analysis. The
proposed lens prototype excited by five rectangular microstrip patch has been evaluated at 10
GHz. These patch antennas are placed at the focal plane of lens to obtain switched-beam coverage
over a certain range of beam-steering angles. Benefiting from the 3-D printing technique, the
proposed lens can be easily fabricated, which provides a potential alternative to develop a low-cost,
low-profile and easy-to-fabricate beam-switching array antenna for microwave communication
applications.

2. 1-D Beam steerable Mikaelian lens antenna design

2.1. Design theory of Mikaelian lens using ray transfer matrices

Mikaelian lens has unique characteristics of self-focusing that the rays oscillate in a sinusoidal
way along the optical axis (z-axis) [18] as shown in Fig. 1(a). The oscillation period of the
rays inside lens is defined as pitch (p). Both the pitch and width (w) of lens can be also easily
adjusted to achieve the focusing phenomenon on the lens surface as illustrated in Fig. 1(b).
Hence, it provides a potential way to apply this lens concept to design integrated lens antennas
configurations by just selecting the appropriate the pitch and width of lens.

The transverse refractive index profile of Mikaelian lens varies with radial direction (x) as
defined in the following equation.

n(x) = n0sech
(︃
2πpx

w

)︃
, (1)

where n0 is the central refractive index along z-axis.
It is well known that the ray tracing theory is a very useful tool to deal with the electromagnetic

wave propagation in GRIN lens. The ray equation can be mathematically determined by the
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Fig. 1. The unique self-focusing properties of Mikaelian lens. (a) The rays oscillate in a
sinusoidal way along the optical axis inside lens. (b) Schematic of integrated lens antennas
configurations with appropriate the pitch and width.

following equation.
d
ds

[︃
n

dr
ds

]︃
= ∇n, (2)

where r is the vector form of position (x, z), and ds =
√

dx2 + dz2 is the differential arc length
along the ray trajectory.

Here, we define ẋ = dx/dz. The ray propagation inside lens can be further described by
2-by-2 ray transfer (ABCD) matrices. In other words, the distance (xi) from the optical axis
(z-axis) and by the slope (ẋi) in any plane perpendicular to z-axis can be used to describe the
ray trajectory. i represents the different points along ray trajectory. Let us first consider the
generalized propagation form of a ray from air into lens and back into air, as shown in Fig. 2(a).
The ray propagates in the xoz plane, and the z-axis is the optical axis.

Fig. 2. (a). The generalized propagation form of a ray from air into lens and back into air.
(b). The transverse refractive index profile of lens.

Under the paraxial approximation, the 2-by-2 ray transfer (ABCD) matrices can be written as
follows (details of the derivation can be seen in [17])

⎛⎜⎝
A B

C D
⎞⎟⎠ = ⎛⎜⎝

1 zd

0 1
⎞⎟⎠ · ⎛⎜⎝

1 0

0 n0/nair

⎞⎟⎠⎛⎜⎝
cos(αz) sin(αz)/α

−α sin(αz) cos(αz)
⎞⎟⎠ · ⎛⎜⎝

1 0

0 nair/n0

⎞⎟⎠ · ⎛⎜⎝
1 za

0 1
⎞⎟⎠ ,

(3)
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where α = 2πp/w is the gradient parameter of lens.
After performing matrix operations, we can obtain the corresponding parameters from Eq. (3)

respectively. ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

A = cos(αz) − αn0zd sin(αz)

B = za cos(αz) − αn0zazd sin(az) + 1
n0α

sin(az) + zd cos(αz)

C = −n0α sin(αz)

D = −n0αza sin(αz) + cos(αz)

. (4)

The ray trajectory from a point a to d can be determined as follows.

⎛⎜⎝
xd

ẋd

⎞⎟⎠ = ⎛⎜⎝
A B

C D
⎞⎟⎠ ⎛⎜⎝

xa

ẋa

⎞⎟⎠ = ⎛⎜⎝
Axa + Bẋa

Cxa + Dẋa

⎞⎟⎠ . (5)

Then, substituting (1) and (4) into (5), we can obtain the ray position (xd) and slope (ẋd) in a
general form respectively.

2.2. Structure realization of proposed Mikaelian Lens

Traditionally, metamaterials [9] consisting of metallic resonant structures, porous foam [13],
dielectric material with air-hole structure [17] and ceramic materials [19] are utilized to achieve
intended permittivity profile with different manufacturing techniques. Benefiting from the 3-D
printing technology, the proposed all-dielectric lens with air-hole structure can be easily fabricated
at a low-cost.

Figure 3 illustrates the implemented design the procedure of Mikaelian lens operating at
10 GHz. Using staircase approximation, the continuous relative permittivity profile of lens as
shown in Fig. 3(a) is discretized into 24 layers. In order to achieve the desired discrete relative
permittivity distribution, the different sizes of perforation are utilized for simplicity based on
the effective medium theory as shown in Fig. 3(c). The dielectric constant of the material used
for manufacturing is about 2.8. Considering that the SLA 3D printing is more accurate than
FDM (fused deposition modeling), the perforation structure (21 × 24 holes) of lens in our case is
fabricate by using SLA 3-D printing. The air hole sizes for different layers of lens are listed in
Table 1. It is noted that only half of layers is shown in Table 1 owing to the axial symmetry of
relative permittivity profile of lens.

Fig. 3. (a) Staircase approximation of continuous relative permittivity profile of Mikaelian
lens. (b) Discretization of 2-D relative permittivity profile (c) 2-D perforated structure of
Mikaelian lens (24 layers).
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Table 1. The air hole sizes for different
layers of Mikaelian lens

Layer Number Diameter of air hole (mm)

No.1 0.512

No.2 1.136

No.3 1.818

No.4 2.494

No.5 3.150

No.6 3.778

No.7 4.373

No.8 4.932

No.9 5.451

No.10 5.931

No.11 6.370

No.12 6.500

2.3. Ray tracing and beam-steering capability

To illustrate the beam-steering performance of ideal Mikaelian lens, a ray tracing algorithm
based on above-mentioned ray transfer matrices is applied. Considering that the proposed lens is
axially symmetric, Figs. 4(a), (d), (g) and (j) only give four examples of ray trajectory inside lens.
The steering angles of beam is 00, 100, 200 and 350 respectively in these cases. Here, in order to
further evaluate the steering capability of proposed lens with air-hole structure, a single patch
antenna operating at 10 GHz is placed at the different positions of focal plane (x= 0mm, 10mm,
21mm, 40mm). The corresponding simulated 2-D electric field distribution is respectively shown
in Figs. 4(b), (e), (h) and (k) by using the electromagnetic field full-wave simulation in CST
Microwave Studio. Obviously, the results of these two methods are in reasonable agreement,
which indicates the good phase transform function of lens converting a spherical wave into a
plane wave. Figures 4(c), (f), (i) and (l) illustrate the different 3-D radiation patterns in different
directions can be realized by selecting different feed positions at the focal plane of lens. It is to
be noted that the loss tangent of lens material is not considered temporarily in this section.

However, it does not mean that the proposed lens can achieve the maximum steering angle of
±350 in practical application of antenna engineering. For beam-steering application, the feeding
source need to be displaced from the focal point on the central axis to produce an off-axis beam.
But it leads to various types of lens aberration including spherical aberration, coma, astigmatism,
curvature of field, and distortion. Among these aberrations, the coma aberration is the most
undesirable effect that causes severe asymmetrical side lobe distortion [20].

The design of proposed lens is based on above-mentioned ray tracing theory. The parax-
ial approximation is a key prerequisite in the design theory, which allows an important
approximation:θ ≈ sin θ ≈ tan θ. Thus, as can be seen from the Fig. 4(a), (d), (g) and (j),
comatic aberration shows obvious increase as the off-axis angle of beam increases. It means that
higher steering angles lead to higher phase error and deterioration of the corresponding radiated
beam. Although the scan (gain) loss is about ∼3dB with steering angel up to ±35°, the side-lobe
level (SLL) is not much lower, as shown in Fig. 5.

2.4. Beam-switching concept for 1-D beam steerable lens antenna

The schematic view of proposed lens antenna excited by five rectangular microstrip patch antennas
placed at the focal plane of lens is shown in Fig. 6. Different beam steering angles can be
achieved by simply switching on or off different patch antennas. It should be noted that the patch
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Fig. 4. Ray tracing analysis of ideal Mikaelian lens for different steering angles. (a) 00. (d)
100. (g) 200. (j) 350. Corresponding simulated 2-D electric field distribution for different
feed positions. (b) x= 0 mm (e) x= 10 mm (h) x= 21 mm (k) x= 40 mm. The different 3-D
radiation patterns in different directions (c) 00. (f) 100. (i) 200. (l) 350.
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Fig. 5. (a) Simulated H-plane (xoz plane) radiation patterns for different feeding source
positions of proposed lens operating at 10 GHz. (b) Simulated maximum realized gain and
SLL versus steering angle.

spacing (d) is equal to 21 mm for reducing the mutual coupling (MC) between two microstrip
patch antenna elements.

Table 2 lists the specific design parameters of lens antenna structure. The patch antenna is
etched on the dielectric substrate with a relative permittivity of 2.55, loss tangent 0.001 and a
thickness of 0.6 mm. And the polarization of the patch antenna is linear in z0-axis direction. The
lens focuses the radiation of patch antennas, which allows for beam-steering in the x0oy0 plane.
Each position on the focal plane of lens corresponds to the radiation in one defined direction. In
our case, the pitch, length, width and thickness of proposed lens is 0.25, 168.8mm, 147.8mm and
25mm respectively.

Table 2. Geometry dimensions of Mikaelian lens
antenna structure

Element Parameter Values (mm)

Lens
Length l 168.8

Thickness h 25

Width w 147.8

Patch
Patch_length p_l 8.56

Patch_width p_w 11.25

Patch_spacing d 21

Feed line
Feed_line_length f_l 5.16

Feed_line_width f_w 1.68

Ground plane
Group_plane_length gp_l 25.68

Group_plane_width gp_w 22.50

Matching line
Matching_line_width ml_w 1.1

Matching_line_length ml_l 5.35
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Fig. 6. Schematic of proposed Mikaelian lens antenna excited by five rectangular microstrip
patch antennas in a 3-D model. (a) Perspective view. (b) Front view.

3. Measurement results and discussion

3.1. Prototype fabrications

A prototype of the proposed perforated Mikaelian lens with a total of 21 × 24 holes (minimum
hole diameter 0.51mm) has been fabricated using SLA 3D printing (dimensional accuracy
0.1mm). Here, the SLA resin (C-UV 9400E) is utilized to construct the lens, which has a relative
dielectric constant ∼2.8, and loss tangent tan δ ≈ 0.02[21]. Five patch antennas are glued to the
rear surface of lens with equal distance of 21mm. Figure 7 shows the fabricated prototype of the
Mikaelian lens antenna.

3.2. Experimental results

The measured reflection coefficient magnitude for each port is given respectively in Fig. 8(a).
In our case, the common patch antennas operating at 10 GHz are utilized to be the feeding
antenna, which has intrinsic limitations such as narrow bandwidth and low gain. Hence, the
measured −10 dB impedance bandwidth is given instead of gain bandwidth. The measured
−10 dB impedance bandwidth is about ∼4%, which is limited by the feeding source (microstrip
patch antenna). The frequency shift can be observed from the measured results, which could
be attributed mainly to the presence of the perforated lens structure. It means that the certain
amount of the frequency shift should be related to the equivalent permittivity for different air
hole sizes where the patch antenna is placed. Besides, because of the limitation of 3-D printing,
the phenomenon of warping or shrinkage would be observed that leads to unsmooth surface. The
air gaps between patch antenna and lens caused by the unsmooth lens surface and gluing process



Research Article Vol. 29, No. 18 / 30 Aug 2021 / Optics Express 29210

Fig. 7. Photographs of the fabricated Mikaelian lens antenna prototype. (a) Perspective
view. (b) Front view.

a small impact on on the reflection coefficient magnitude. For coupling between these patch
antennas, the coupling coefficients magnitude are shown in Fig. 8(b). The suitable patch spacing
(d = 21mm) is selected to make the coupling coefficients magnitude less than −30 dB.

Fig. 8. (a) Measured reflection coefficient magnitude of proposed lens antenna for each
port. (b) Measured coupling coefficients magnitude.

In our case, the measured center frequency of 10GHz is used for the experimental characteri-
zation of the radiation performances of proposed lens antenna. Considering that the proposed
lens is axially symmetric, the measured normalized H-plane radiation pattern of the lens antenna
at three feeding status are respectively illustrated for brevity in Fig. 9, which indicate that we
can achieve beam-steering capabilities from −20° to +20° with around 13.2 dBi of realized gain
and side-lobe levels (less than −11.5dB), and up to potential steering angles (±30°) with around
10 dBi of gain, by simply switching on or off different patch antennas. It is to be noted that
the values of realized gain, HPBW, SLL and steering angles for different feeding status are all
measured results. The complete set of measured H-plane radiation patterns for five different
ports is shown in Fig. 10.
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Fig. 9. Comparison between simulated and measured normalized H-plane radiation patterns
at 10 GHz for different feeding status. (a) Port 1 on. (b) Port 2 on. (c) Port 3 on. Noted that
the values of realized gain, HPBW, SLL and steering angles for different feeding status are
all measured results.
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Fig. 10. Complete set of measured H-plane radiation patterns at 10 GHz for different port
status.

3.3. Limitation and discussion

When the steering angel is up to ±35°, the side-lobe level deteriorates further, and could be
considered not acceptable (−6.51dB). This phenomenon occurs mainly due to the intrinsic phase
error of lens (comatic aberration) resulting from displacement of the feeding source from the focal
point on the central axis, as described in Section 2.3. Moreover, although the SLA 3D printing
is more accurate than FDM (fused deposition modeling), the loss tangent of SLA resin used in
our case is higher compared to the commonly used materials such as PLA (∼0.011 at 10GHz)
for FDM. Considering the loss tangent of SLA resin, the measured maximum realized gains
with different steering angles are much lower than their simulated ones with lossless material
(simulation in Section 2.3). Here, for the sake of brevity, the performance degradation for only
feeding port 1 in the realized gain, total radiation efficiency, and SLL due to the high loss tangent
is shown in Fig. 11(a), and (b) respectively. It means that the performance of proposed lens
antenna can be further improved by using other materials with lower loss tangent. Besides, the
total radiation efficiency is calculated by the following equation

η = Geλ
2/(4πA), (6)

where Ge is the realized gain, A is the physical aperture size of the lens and λ is the wavelength
at the designed frequency. The physical aperture size of proposed lens is little larger, considering
that the common patch antenna at 10 GHz is utilized as feeding antenna. The aperture size can
be further optimized to get good radiation efficiency. If the feed antenna with a higher directivity,
the unwanted backside radiations would be suppressed, which can also improve the radiation
performance.

Furthermore, the radiation performance of the lens system is both determined by the lens
and the feeding antenna. The common patch antenna is utilized as feeding source in our cases,
which has some drawbacks such as narrow-band. Thus, the proposed beam-switching lens
antenna is also narrow-band. Despite the imperfections of the radiation performance (e.g., high
side-lobe levels) with high steering angles and above-mentioned limitations, the simulation
results are almost consistent with the measurement results considering uncertainties due to
fabrication and measurement, as shown in Fig. 9. This proposed lens concept could be applied
in the beam-steering applications for allowing a low-cost, low-profile and easy-to-fabricate
beam-switching planar array antenna for microwave communication systems.
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Fig. 11. The performance degradation for feeding port 1 in the gain, total efficiency, and
SLL due to the loss of material. (a) Simulated H-plane radiation pattern at 10 GHz versus
loss tangent (b) SLL and total radiation efficiency versus loss tangent respectively.

4. Conclusions

In this paper, the performance of an all-dielectric planar Mikaelian lens for 1-D beam-steering
application was investigated. This new lens concept has its intrinsic flat shape characteristic,
which allows for a simple low-cost planar feed technology. Based on ray tracing analysis and
full-wave electromagnetic simulation, the performance of proposed lens prototype excited by
five rectangular microstrip patch has been evaluated at 10 GHz. The simulated and measured
results showed good agreement, demonstrating that we can achieve beam-steering capabilities in
H planes from −20° to +20° with around 13.2 dBi of realized gain and SLL (less than −11.5dB),
and up to ±30° with around 10 dBi of realized gain. Moreover, higher steering angles lead to
higher phase error resulting from comatic aberration and deterioration of the corresponding
radiated beam. Most importantly, the realized gain, efficiency and SLL can be further improved
to get better radiation performances by using other 3-D printing materials with lower loss tangent
or more advanced manufacturing technology. Due to its intrinsic flat shape characteristic, this
proposed lens concept could be a potential alternative design for developing a low-cost, low profile
and easy-to-fabricate beam-switching array antenna for microwave communication applications.
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