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A novel conical beam antenna with dual band filtering response is proposed by utilizing a metamaterial 
(MTM). The dual band filtering characteristics are inherently derived from the MTM and achieved 
through the coaxial feed and the probe coupling. Meanwhile, the conical beam is realized by using the 
cylindrical probe within the antenna aperture. Notably, the antenna exhibits remarkable compactness: 
firstly, the transverse size of the MTM is only ~ λ1/7 or ~ λ2/5, where λ1 and λ2 are the free space 
wavelength of central frequencies of the MTM’s two modes, respectively. Secondly, extra filters are 
circumvented owing to the filtering performance of the MTM. To substantiate the aforementioned 
characteristics, the proposed MTM antenna is designed, fabricated, and measured. The measured 
results show a good agreement with the simulated ones, indicating that the proposed conical beam 
antenna has two operating bands around 3 GHz and 4.3 GHz, respectively. Additionally, the excellent 
filtering performance is confirmed by the out-of-band gain suppression level of ~ 30 dB outside the 
two passbands. It is feasible to use the MTM to develop the dual band filtering antenna with conical 
radiation.
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Recently, conical beam antennas have attracted much attention to target tracking, local-area network, ground 
satellite communication terminals, and other areas due to the ability to produce a specific radiation pattern 
with omnidirectional radiation in azimuth and a null in zenith1–3. At present, there are several approaches to 
construct conical beam antennas. Typically, open-ended coaxial waveguides excited by TEM mode could be used 
to produce the conical beam4,5. Z. Shen, et al. demonstrated that a top-hat monopole is an excellent candidate 
for generating conical beam6. H. Nakano, et al. proposed the spiral conical beam antenna by utilizing a two-arm 
round spiral structure7. In8,9, the conical beam antenna is constructed by the slotted circular waveguide with one 
short-circuited terminal. Furthermore, the conical beam can also be achieved through array antennas10,11, or 
planar antennas with distinct radiation patches12–14.

In order to contribute to system miniaturization as well as improve system performance, numerous attempts 
have been undertaken to incorporate extra functionalities15–20 such as high gain, frequency configurability, 
circularly polarized antenna, fixed linear and circular polarization into conical beam antennas. To achieve the 
dual-band operation for conical beam antennas, one approach involves the utilization of nested horn antennas21, 
while another approach relies on the dual-mode cross-slotted cylindrical waveguides22. Furthermore, to 
simultaneously achieve the dual-band operation and filtering response, one can introduce the extra filter into 
the nested horn antenna23. While this approach effectively ensures dual-band filtering capability, it does increase 
the complexity of the conical beam antennas.

Metamaterials (MTMs), which refer to artificial composite subwavelength structures, have been extensively 
used in designing antennas24,25. For example, Li et al. proposed a novel miniaturized magnetoelectric dipole 
antenna by using the magnetic metamaterial26. Rajanna, et al. introduced the zero-index metamaterial into 
microstrip patch antenna for gain enhancement27. Li et al. achieved the bow-tie antenna with high gain and 
miniaturization based on artificial magnetic conductor and MTM lens28. Additionally, MTMs can also be 
utilized to improve bandwidth29, reduce the radar cross section of antennas30, enhance the isolation in multiple-
input–multiple-output antennas31, and achieve dual band antennas32.

Here, leveraging the metamaterial (MTM)33, we present a novel approach for constructing conical beam 
antennas that exhibit dual band operation, filtering response, and miniaturization. The dual band operation is 
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derived from the two modes of only one kind of MTM, avoiding the utilization of two different MTMs. Also, 
the filtering performance originates from the inherent stopband of the MTM, thus eliminating extra filters. 
Moreover, the MTM demonstrates compactness as its transverse size is significantly smaller than that of a hollow 
waveguide at the same frequencies.

Methods
Characteristics of the MTM
As we know, the hollow square waveguide with the transverse sizes of 14.5 mm × 14.5 mm, as shown in Fig. 1a, 
has a cut-off frequency of ~ 10.34 GHz according to the waveguide theory34. Commonly, when the filled dielectric 
of air keeps unchanged, the transverse sizes must be enlarged to reduce the cut-off frequency. For example, the 
square hollow waveguide such as WR-284 waveguide operating at 2.6–3.95  GHz has the transverse sizes of 
72.14 mm × 34.04 mm.

Here, a complementary electric split ring resonator (CeSRR) shown in Fig. 1b is inserted into the center 
of the hollow square waveguide to form the MTM33, as shown in Fig. 1c. The dispersion curves of the MTM 
are obtained by using the eigenmode solver in HFSS35, as shown in Fig. 1d. As we see, the MTM exhibits two 
distinct modes with central frequencies of approximately f1 = 3 GHz and f2 = 4.3 GHz, respectively. The two 
distinct modes correspond to two separate passbands, providing the precondition to the dual band operation. 
The inherent stopbands outside the two operating frequency bands can provide the filtering response. According 
to the effective medium theory, the CeSRR can be characterized by the effective permittivity tensor33

	
ε = ε0

[
εxx 0 0
0 1 0
0 0 εzz

]
� (1)

The empty square waveguide, which can be considered as a one-dimensional magnetic plasma for TM-mode36–38, 
offers the effective permeability µ = µ0µeff = µ0

(
1 − f2

c /f2)
. Here, ε0 and µ0 are the permittivity and the 

Fig. 1.  (a) Hollow square waveguide, (b) CeSRR, (c) MTM unit cell, (d) dispersion curves for two modes of 
the MTM, (e) surface current distribution for two modes on the CeSRR, effective constitutive parameters for 
(f) mode 1 and (g) mode 2.
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permeability in vacuum, respectively, εzz  and εxx are the relative permittivity parameters, µeff  is the relative 
permeability, f  is the operating frequency, and fc is the cutoff frequency. As a result, the obtained effective 
constitutive parameters are shown in Fig.  1f,g. The MTM exhibits left-handed characteristics in the two 
frequency bands corresponding to the two modes, in which CeSRRs offer negative effective permittivity and 
the empty square waveguide operating below the cut-off frequency offers the negative effective permeability38.

Furthermore, the surface current distribution of the two modes on the CeSRR is shown in Fig. 1e. According 
to the method in Ref.39, the resonant frequency of the CeSRR fs can be calculated by fs = c0/lcir , where 
c0 and lcir  are the speed of light in the vacuum and the circumference of the inner wall of the long slot-line, 
respectively. As a result, the CeSRR has two resonant frequencies of  ~3.33 GHz and ~4.55 GHz, corresponding 
to the Lorentz-like response frequencies of the two distinct modes33. The resonant characteristics of the CeSRR 
offer the foundation for the MTM operating below the cutoff frequency of the hollow square waveguide. As a 
result, we can enlarge or decrease lcir  by adjusting the parameters of the MTM and thus the operating frequency 
bands of the MTM antenna would be correspondingly changed. As a comparison, the MTM has the similar 
operating frequency with the WR-284 waveguide, but the former has less than one-tenth cross sectional area of 
the latter. The results clearly indicate that the MTM exhibits the advantage of miniaturization. The MTM offers a 
novel approach to the realization of the miniaturized antenna with multifunctionalities including the dual band 
operation and the filtering capability.

Design of the MTM antenna
As shown in Fig. 2a, the proposed MTM antenna includes three parts, that is, an MTM, a coaxial feed, and a 
square aperture. The MTM with eight unit cells offers the dual band operation of the antenna due to its two 
distinct modes, as shown in Fig. 2b. The two ends of the MTM are connected by the coaxial feed and the square 
aperture, respectively. The former facilitates the propagation of the electromagnetic wave from the coaxial line 
into the MTM, while the latter guarantees its radiation from the MTM into the free space.

The coaxial feed consists of the standard Sub Miniature version A (SMA), the matched block, and the first 
CeSRR with two blended edges, as shown in Fig. 2c. The SMA is used to feed the proposed antenna and its inner 
conductor is directly inserted into the CeSRR. As shown in Fig. 2d, the matched block is integrated onto the first 
CeSRR and aligned precisely with its center. This matched block between the SMA and the MTM is beneficial for 
the impedance matching. Meanwhile, the two edges of the first CeSRR should be blended to enhance the match 
at the second operating passband40.

At the terminus of the antenna, the last CeSRR, the square aperture and the cylindrical probe together 
constitute the transition between the MTM and the free space. Here, part of the last CeSRR is inserted into the 
square aperture and a cylindrical probe is extended from the end of the CeSRRs, as shown in Fig. 2e. The radiation 
characteristics of the proposed antenna are determined by the square aperture as well as the cylindrical probe. 
The square aperture radiating the electromagnetic wave from the MTM into the free space can be considered 
as the open-ended waveguide. Meanwhile, the cylindrical probe within the square aperture contributes to the 
formation of the conical beam.

The antenna match in the MTM’s two operating passbands depends on both the coaxial feed and the 
square aperture with the cylindrical probe. Here we analyze the effect of the square aperture parameters on the 

Fig. 2.  Configuration of the proposed MTM antenna. (a) Overall perspective view of the antenna, (b) side 
view of the MTM, (c) side view of the coaxial feed, (d) zoomed-in section of first CeSRR and the matched 
block, (e) zoomed-in section of the last CeSRR and the cylindrical probe in the square aperture.
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reflection coefficient |S11| of the proposed antenna by using CST Microwave Studio41. The corresponding results 
are presented in Fig. 3.

Figure  3a shows |S11| for different probe length l. It is clear that the absence of the cylindrical probe 
significantly improves |S11|. Meanwhile, the antenna exhibits a mismatch when l = 25 mm which approximates 
to the quarter-wavelength in free space at 3 GHz. The results highlight the significant distinction between the 
probe coupling in the proposed antenna and the monopole antenna. As is known, the length of the monopole 
antenna is associated with the wavelength or the operating frequency. Figure 3b shows |S11| for different le. As 
we see, it is beneficial for improving the match by inserting the last CeSRR into the square aperture though |S11| 
is not sensitive to le. Figure 3c,d show |S11| for different lg and h. The results indicate that the square aperture as 
the open-ended waveguide is crucial for enhancing the impedance match at the two operating bands.

The proposed antenna has a radiation mechanism that combines the open-ended waveguide and the 
monopole antenna. On one hand, the transition between the MTM and the free space, that is the square aperture 
within the cylindrical probe, shares some structural similarities with the open-ended waveguide. Meanwhile, the 
two operated modes in the MTM are TM-dominated modes, as shown in Fig. 4. Hence, it can be regarded as a 
novel open-ended waveguide excited by the TM-dominated mode. On the other hand, the proposed antenna 
exhibits part of the radiation characteristics of the common monopole antenna, that is the conical beam. The 
difference is that the monopole antenna operates within a single band6 and the operating frequency is dependent 
on its length. While the cylindrical probe in the proposed antenna is used to ensure the good match at both of the 
two operating bands and is not directly correlated with the frequency. Furthermore, the TEM electromagnetic 
wave in the coaxial line would be transformed to TM-dominated mode in the MTM. Then, the TM-dominated 
wave would be selectively radiated into the free space due to the MTM’s dual band operation. Meanwhile, TM-
dominated wave would be transformed to the TEM one in the free space. Here, the coaxial feed and the transition 
serve dual roles as the mode converter as well as the impedance transformer.

Based on the aforementioned analysis, we have obtained the optimized parameters of the proposed MTM 
antenna, as listed in Table 1. It is worth mentioning that other detail parameters of the MTM unit cell can be 
found in Ref. 38. Consequently, the reflection coefficient |S11|, realized gain, efficiency, and the 3D far field 
radiation patterns are shown in Fig. 5. It is clear that the antenna exhibits two operating bands with 260 MHz 
and 330 MHz, corresponding to the two passbands of the MTM shown in Fig. 1. Typically, the realized gains 
are 2.69 dBi, 2.83 dBi, 4.6 dBi and 4.54 dBi at 2.95  GHz, 3  GHz, 4.3  GHz, and 4.35  GHz, respectively. The 

Fig. 3.  |S11| for (a) different l, (b) different le, (c) different lg, and (d) different h.
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Fig. 5.  (a) Optimized |S11|, (b) realized gain and efficiency, 3D far field radiation patterns at (c) 2.95 GHz, (d) 
3 GHz, (e) 4.3 GHz, and (f) 4.35 GHz.

 

Parameter Value (mm) Parameter Value (mm) Parameter Value (mm)

a 14.5 h 80 le 2.5

t 1.2 hc 1.5 lg 16

zc 5.5 xc 13 ls 5

yc 0.5 gc 3.5 l 17

ri 0.65 ro 2.1 R 4

Table 1.  Optimized parameters of the MTM antenna.

 

Fig. 4.  (a) Electric field and (b) magnetic field distribution at 3 GHz in yoz plane, (c) electric field and (d) 
magnetic field distribution at 4.3 GHz in yoz plane, (e) Electric field and (f) magnetic field distribution at 
3 GHz in xoz plane, (g) electric field and (h) magnetic field distribution at 4.3 GHz in xoz plane.
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maximum efficiencies at the two operating bands are ~ 83%. The realized gains at the two passbands are not 
symmetrical due to the following reasons. First, the two modes have different theoretical bandwidth as shown 
in Fig. 1d. Second, the strongest reflection null in the first passband is closer to the lower cutoff frequency of 
mode 1 and the one in the second passband is closer to the upper cutoff frequency of mode 2, as shown in 
Fig. 5a. This is because the two modes share the common structure but have different electric field distribution, 
as shown in Fig. 4. Third, the sizes of the antenna relative to the wavelength are also different for the two modes. 
Furthermore, as we see from Fig. 5c–f, the obvious nulls in zenith of the patterns confirm the conical radiation 
characteristics of the MTM antenna.

Results
Reflection measurement of the MTM antenna
We have fabricated the prototype antenna to measure its predicted performance. The components of the MTM 
antenna are displayed in Fig. 6a, consisting of the SMA, the square waveguide, the CeSRRs with the matched 
block and the cylindrical probe, and the square aperture. The SMA filled with Teflon has a 50 Ω impedance. The 
matched block and the cylindrical probe are integrated on the CeSRRs. The square waveguide is fabricated to 
two split parts for being easily inserted into the CeSRRs. The SMA receptacle is mounted on the matched block 
of the MTM to construct the coaxial feed. The antenna assembly is completed by fixing the square aperture on 
the other end of the MTM. The completed antenna assembly is shown in Fig. 6b. Here, low-speed wire electrical 
discharge machining with a fabrication tolerance of 0.005  mm is utilized to fabricate the CeSRRs with the 
matched block and the cylindrical probe, and the antenna material is aluminum with conductivity 2.3 × 107 S/m.

A vector network analyzer has been utilized to measure |S11| of the prototype antenna, as shown in Fig. 6c. 
The measured |S11| as well as the simulated one is plotted in Fig. 7. The measured results align well with the 
simulated ones, affirming that the proposed antenna exhibits two passbands, approximately at 3 GHz and 4.3 GHz 

Fig. 7.  Measured |S11| with respect to the simulated one.

 

Fig. 6.  (a) Fabricated components, (b) prototype antenna, and (c) reflection experiment set.
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respectively. While it should be noted that slight discrepancies exist between the measured and simulated results, 
which is derived from fabrication tolerances.

Measurement of the far field radiation patterns
Two standard horn antennas are utilized to measure the realized gains and far field radiation patterns of the 
prototype antenna in a microwave anechoic chamber. One is a 15-dB standard gain horn antenna ranging from 
2.6 to 3.95 GHz and the other is a 10-dB standard gain horn antenna ranging from 3.9 to 6 GHz. Figure 8 shows 
the comparison between the simulated and measured realized gains. It is clear that the measured realized gains 
align well with the simulated ones though there is a little difference between them for inevitable machining 
and measured errors. Furthermore, the realized gain sharply decreases outside the operating frequency bands. 
The antenna demonstrates the out-of-band gain suppression level (OBGSL) of approximately 30 dB and 32 dB 
with respect to the gains at the first and second operating frequency bands, respectively. The facts confirm the 
excellent filtering response of the proposed dual band antenna using the MTM.

Furthermore, the measured and simulated far field radiation patterns for 2.95 GHz, 3 GHz, 4.3 GHz, and 
4.35 GHz are shown in Fig. 9a–h, respectively. As we see, the measured results closely match the simulated ones. 

Fig. 9.  Normalized radiation patterns for 2.95 GHz (a) at xoz plane and (b) at yoz plane, for 3 GHz (c) at xoz 
plane and (d) at yoz plane, for 4.3 GHz (e) at xoz plane and (f) at yoz plane, for 4.35 GHz (g) at xoz plane and 
(h) at yoz plane.

 

Fig. 8.  The measured and simulated realized gain.
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The main beam directs at approximately ± 41 degrees at frequencies 2.95 GHz and 3 GHz, and ± 29 degrees at 
frequencies 4.3 GHz and 4.35 GHz. Additionally, the beam gain at 0 degree is much smaller than that at the main 
beam directions, indicating a null depth from − 22 dB to − 50 dB. These observations confirm that the proposed 
MTM antenna exhibits the conical radiation at two frequency bands.

Discussion
A comparison between this work and the reference antennas is presented in Table 2. The proposed antenna 
exhibits the following merits. Firstly, the proposed antenna eliminates extra filters while demonstrates remarkable 
filtering response with the OBGSL of approximately 30 dB. Secondly, the null depth of − 22 to − 50 dB confirms 
the outstanding conical radiation characteristics. Thirdly, with respect to the current conical beam antennas, this 
work has lower gain mainly due to two reasons. On one hand, the radiating element is the monopole. On the 
other hand, the effective aperture area of the antenna is limited by small transverse sizes of the MTM. Hence, 
the proposed antenna achieves the miniaturization advantage and dual band filtering response from the MTM 
and thus sacrifices the gain. In the future, we will explore methods to enhance the gain of this antenna, such as 
using arrays, among others.

In this paper, an MTM conical beam antenna with the dual-band filtering response is reported. The reflection 
experiments reveal the low reflection characteristics for the proposed antenna around the frequencies of 3 and 
4.3 GHz respectively and thus verify the dual band operation. While the gain measurements demonstrate that 
the antenna has good filtering response outside the above two passbands. Furthermore, the conical radiation 
with a null depth of − 22 dB to − 50 dB, achieved by the probe coupling within the antenna aperture, is confirmed 
by the far field radiation pattern measurements. The work presents a novel approach for constructing conical 
beam antennas that exhibit dual band operation, filtering response, and miniaturization.

Data availability
The data that support the findings of this study are available from the corresponding authors upon reasonable 
request.
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