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Design of Low-Index Metamaterial Lens Used for Wideband Circular
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Abstract—A novel low-index metamaterial lens (LIML) used for wideband circular polarization
antenna is proposed. With gradual spaces between metamaterial elements of the LIML, a much wider
bandwidth can be achieved than that of the LIML with equal element space. A planar equiangular
spiral antenna with reﬂector is used to demonstrate the design idea of the proposed LIML. By using
the specially designed LIML, the ultimate antenna can achieve an obvious gain improvement of 2 dBi
and a wide axial ratio bandwidth of 44% (from 6.9 GHz to 10.8 GHz). A prototype is fabricated, and
the measured results agree well with the simulated ones.

1. INTRODUCTION
Owing to the huge development of wireless technology, applications like wide-band point-to-point
communication system are highly demanded in people’s routine life. However, antenna design for such
a system is quite a challenge because of the tough requirements such as wide operating band, circular
polarization (CP) and high gain. Additionally, compact size is also preferred to ensure the mobility
of the device. A planar antenna is well known for its features of low proﬁle, compact size and easy
fabrication, which make it a common choice for these applications. However, low gain of the antenna
element is a drawback which limits the system performance. Conventional way of gain enhancement is
to use several antenna elements to construct an antenna array, but it needs complex feed system and
will cause extra loss. Moreover, the much larger volume of antenna array is usually not accepted.
In recent years, many research groups have realized low/zero-index metamaterial (LIM/ZIM)
through experiments [1–3]. According to Snell’s law, when the ray is incident from inside the LIM/ZIM
into free space, the angle of refraction will be close to zero, so the refracted rays will be normal to
the interface [3]. This feature provides an eﬀective method for gain enhancement. Essentially, it is a
resonant structure which can improve the gain of speciﬁed antenna in some frequency band. However,
most of the published LIM or ZIM structures can only be applied to linearly polarized antenna and act
in narrow bandwidth. In [4], to broaden the frequency band of ZIML adaptive for the linearly polarized
antenna, a Z-shaped element has been proposed. By combining the electric and magnetic constitutive
elements in a volumetric metamaterial unit cell, the collimating lens in [5] produces directive radiation
with dual linear polarizations, and potentially, with circular polarizations, yet the structure of its
metamaterial slab is rather complex and its performance in CP antenna is untestiﬁed. To realize an
unidirectional pattern and keep the CP characteristic of spiral antenna in a wide frequency band, a
metamaterial absorber is designed in [6], but the antenna gain is relatively low since the backward
radiation has been absorbed. As we all know, many of the wideband antennas, such as spiral antennas
and log-periodic antennas, have gradual structures so that diﬀerent parts are corresponding to diﬀerent
resonant frequencies. So we hope to verify whether this type of structure can be used to expand the
bandwidth of LIML.
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In this letter, we present a LIML which can improve the gain of wideband circular polarization
antenna. A metamaterial structure competent for circular polarization is used as the element to design
the LIML adaptive for wideband and circular polarization antenna. A planar equiangular spiral antenna,
with a metal plate as reﬂector to realize unidirectional radiation, is selected as the object to expand
our design process of LIML. To verify our design, a comparative experiment is carried out and will be
presented in the later sections.
2. DESIGN AND THEORY
2.1. LIML Unit Cell
A metamaterial unit cell in Fig. 1 is used as basic element to create the proposed metamaterial lens. This
unit cell is a type of special resonant structure, and its dimensions are optimized delicately to ensure
that the metamaterial lens can enhance the antenna gain without deteriorating the circular polarization
performance. The unit cell consists of a metallic patch and an FR-4 substrate with thickness of 1 mm
and relative permittivity εr = 4.4. Fig. 1 shows the model in simulation software. Due to the periodicity,
one unit cell with master and slave boundary conditions on the side faces is suﬃcient to simulate the
characteristic parameters of entire metamaterial array.

(a)

(b)

Figure 1. Geometry and current distribution of the simulated LIML unit cell: (a) Horizontal excitation
and (b) vertical excitation, master and slave boundary conditions are conﬁgured on the side faces.
It is known that one of the basic requirements for achieving circular polarization is that the
magnitudes of the two orthogonal ﬁeld components are similar. So, when a plane wave passes through
LIML, the magnitudes of the two orthogonal ﬁeld components should keep the same. Here are some
deﬁnitions: when the E component of plane wave is parallel with the metal strips in the center of the
unit cell, it is called horizontal excitation (HE, Fig. 1(a)); when the E component of plane wave is
vertical to these strips, it is called vertical excitation (VE, Fig. 1(b)). Fig. 1(a) and Fig. 1(b) show the
current distribution when the unit cell is illuminated by HE and VE, respectively. It can be observed
that strong surface current (dashed line with arrows) ﬂows through the upper and lower edges of the
metal patch when HE is imposed, whereas the strong surface current appears on the left and right edges
of the metal patch if VE is imposed. Just as depicted in Fig. 1, by delicately adjusting the structure of
this unit cell, the magnitudes of excited current under the two above mentioned excitations are almost
identical, and then the CP characteristic of LIML is realized.
2.2. Wide-Band Metamaterial Slab and Antenna Configuration
Referencing the broadband mechanism of the planar equiangular spiral antenna, we suppose that, to
improve the performance of this antenna in a wide band, the metamaterial unit cells should obey a
similar rule. That is, their sizes and spaces should also be gradual from the center to the outside. In our
simulation, it is found that the gradual cell sizes contribute no obvious positive eﬀect on the antenna
performance. Hence, in the subsequent design process, all the unit cells are kept the same in shape and
size, and only the spaces between them are considered as the optimization parameters.
The optimization goal is that, by using the LIML, the original antenna will have an obvious
improvement on the gain and bandwidth, especially the axial ratio (AR) bandwidth. This procedure is
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carried out by using trial and error in EM simulation software HFSS16.0. The optimized spaces between
LIML cells and other detailed structures are shown in Fig. 2(a). The total height is 26.4 mm, which is
only 0.6 times of the wavelength of the lowest frequency. The spiral antenna is composed of two printed
radiation patches and backed with a metal reﬂector. The whole system is fed by a coax taper balun on
the bottom.
Since the extraction of equivalent refraction index of gradual structures is much more diﬃcult, as
an alternative measure, we just extract the equivalent refraction indexes of several diﬀerent equal-space
structures to illustrate their variations with frequency. The extraction algorithm presented in [8] is
employed and the calculated refraction index curves are shown in Fig. 2(b). Note that DX indicates
the distance between adjacent elements in the equal-space LIML. As it can be seen from Fig. 2(b), for
these four distances, it has some frequency ranges in which |n| < 1 is satisﬁed. According to Snell’s law,
a lens with low index, typically when |n| < 1, has the ability to achieve gain enhancement. Moreover,
as shown in Fig. 2(b), with the element spaces becoming wider, the range |n| < 1 shifts to lower ends
of the frequency band. It implies a trend that the gain enhancement ability of the equal-space LIML
shifts to lower frequency when the element space becomes larger. Therefore, when we introduce the
gradual spaces between metamaterial elements and make their locations corresponding to the gradual
radiation parts of antenna, the antenna gain can be improved in a wide frequency range.

(a)

(b)

Figure 2. (a) Structures of spiral antenna with proposed LIML (Unit: mm). (b) Eﬀective material
index for diﬀerent unit cell spaces.

3. SIMULATED AND MEASURED RESULTS
3.1. Performance Comparison
A prototype of spiral antenna with optimized LIML is fabricated to validate our idea, which is shown
in Fig. 3. The input impedance measurement is performed by using Agilent vector network analyzer
E8363B. The measured and simulated results have the same trend, but there are some little diﬀerences
between them. This may be attributed to the fabrication precision of the antenna and the loss of coaxial
cable.
For the simplicity of descriptions, the conventional LIML with equally-spaced elements is denoted
as CLIML, and our presented LIML with nonuniform element spaces, which can be adaptive for the
wideband circular polarization antenna, is denoted as WLIML. In order to evaluate the performance of
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(a)

(b)

Figure 3. Prototype of spiral antenna with optimized LIML: (a) perspective view, (b) top view.

(a)

(b)

Figure 4. Comparisons between diﬀerent conﬁgurations: (a) VSWR, (b) gain and AR.
the proposed metamaterial lens, comparisons that include VSWR, axial ratio (AR) and gain are made
between the following three conﬁgurations, they are (1) spiral antenna with reﬂector, (2) spiral antenna
with reﬂector and CLIML, (3) spiral antenna with reﬂector and WLIML.
The simulated VSWR curves of all the three conﬁgurations are demonstrated in Fig. 4(a), and only
a small shift is observed in the higher frequency band when the antenna is conﬁgured with CLIML and
WLIML, respectively. The measured VSWR curve has a similar tendency with the simulated one, which
is lower than 2 from 6.6 GHz to 12 GHz and has a wide impedance bandwidth of at least 60%. So, it
can be concluded that the addition of LIML does not deteriorate the impedance bandwidth obviously.
Next, the AR performance is compared and shown in Fig. 4(b). Inﬂuenced by the PEC reﬂector,
the AR bandwidth of the spiral antenna with reﬂector is much narrower (only 21.3%) than that when
it is located in free space. We can see that the AR of antenna with CLIML is higher than 3 dB in center
region of the frequency band (7.8 GHz–9.1 GHz). For antenna with WLIML, an obvious improvement
on AR bandwidth, up to 44% (from 6.9 GHz to 10.8 GHz), is achieved.
Figure 4(b) also shows the gain at boresight direction (+z axis) over the frequency band. The
spiral antenna with reﬂector has an average gain of 9.0 dB in the most part of the working band. When
CLIML is conﬁgured above the spiral antenna, an obvious gain enhancement is obtained from 6 GHz to
10 GHz. Compared with CLIML, the gain of WLIML is slightly lower in 6.9 GHz–9.7 GHz but higher
in 9.7 GHz–11.4 GHz, so the LIML with gradual space provides a more stable gain improvement over
the entire working band. However, it is also found that the gain falls at around 10 GHz when LIML
is conﬁgured. According to the theory in [7], the resonance distance l of the presented LIML can be
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determined by the following relation:
λ
 ϕ
λ
0
+ N , N = 0, 1, 2, 3, ect.
− 0.5
l=
360◦
2
2
where ϕ0 is the phase of the reﬂection coeﬃcient. The ideal height l for the maximum gain enhancement,
with ϕ0 ≈ 180◦ and N = 1, is 0.5λ. As for our conﬁguration, the actual height of WLIML is 18.7 mm,
which meets the resonance condition and the maximum gain is obtained at around 8.2 GHz (18.7 mm is
equal to 0.5λ of 8.2 GHz). When frequency gets higher, the above condition is no longer satisﬁed and
it causes the gain degradation at around 10 GHz.
3.2. Radiation Patterns
As is shown in Fig. 5, the simulated and measured radiation patterns of the antenna with optimized
WLIML are taken at 7 GHz, 8.5 GHz and 10.5 GHz, and stable radiation pattern is achieved in the
whole frequency band. The antenna radiation pattern is almost invariably symmetrical along the z axis
and the peak gain of co-polarization is higher than 8.5 dB. It can be seen that, by the loaded WLIML,
the radiation beam is well focused, with suﬃciently low side lobes and cross-polarization level.
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Figure 5. Measured and simulated radiation pattern at (a) 7 GHz, (b) 8.5 GHz and (c) 10.5 GHz.

4. CONCLUSION
By optimizing the dimensions of LIML element and the spaces between them, the function of LIML
is extended and can be used to improve the gain while still preserves the AR bandwidth of wideband
circular polarization antenna. A planar equiangular spiral antenna with reﬂector is selected as the object
to expand our design process of LIML. Both simulated and measured results validate the eﬀectivity of
our design. The design idea of the proposed LIML can also be extended to the design of many other
types of wide band CP antennas.
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