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Abstract— In this communication, a novel nonresonant metamaterial
(MTM) structure is proposed to enhance the gain of the clamped-mode
planar log-periodic dipole array (CMPLPDA) antenna fed by substrate
integrated waveguide. The proposed MTM structures composed of a
series of metallic semiring patches are printed on both sides of the
antenna substrate, featuring low loss, broadband, and easy integration.
Different arrangements of the nonresonant MTM with respect to the
dipoles of the CMPLPDA antenna are investigated and compared. The
proposed gain-enhanced method based on the nonresonant MTM has
been studied through both numerical simulations and experiments. Com-
pared to the original CMPLPDA antenna without any MTM inclusions,
the proposed CMPLPDA antenna fully loaded with nonresonant MTM
inclusions exhibits a gain enhancement of at least 1.6 dB (up to 4 dB
at 27 GHz) within the operating band of 26–40 GHz in the simulations,
which is also validated by the experiments.

Index Terms— Clamped-mode planar log-periodic dipole array
(CMPLPDA) antenna, gain enhancement, nonresonant metamaterial
(MTM), substrate integrated waveguide.

I. INTRODUCTION

Recently, more and more attention has been paid on the wideband
directional antenna designs because of the pervasive application
of modern wireless communications. The log-periodic dipole array
(LPDA) antenna has occupied considerable applications with the
characteristics of low profile, stable radiation, and wideband [1]–[3].
However, the traditional LPDA antenna suffers from low directivity
and large dimensions. Therefore, there has been of great interest
in realizing high gain planar LPDA (PLPDA) antennas [4]–[8].
A conventional effective way of enhancing the antenna gain is to
form an array, which might pose the drawbacks of enlarged size,
high cost and losses, and design complexity [5]. Besides, the linear
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directors were added into the PLPDA antenna to improve the gain [9],
which could only take effect at the high frequencies. Furthermore,
the clamped-mode PLPDA (CMPLPDA) antenna was proposed for
the gain enhancement with a similar radiation property of a 1 × 2
PLPDA antenna array [10]. However, the gain-increasing methods
discussed above have little effect on the PLPDA antenna at low-end
frequency band, which degrades the gain flatness of the antenna
within the whole operating band. Thus, it is necessary to develop
novel technologies for broadband gain enhancement, especially for
the low-end frequency band.

The isotropic near-zero index metamaterial (NZIM) structures have
been applied to embed into the antenna for gain enhancement. Several
meander-line structures were reported to improve the gain of direc-
tional antennas, e.g., the Vivaldi antenna and the antipodal tapered
slot antenna [12]–[14]. In addition, I-shaped resonant structure was
utilized to enhance the gain of the quasi-Yagi antenna [15]. However,
the resonant metamaterial (MTM) structures might limit the antenna
bandwidth and introduce more losses due to the strong dispersions.
In order to lower the losses, a nonresonant MTM was considered in
a highly efficient broadband PLPDA antenna [16].

In this communication, to further enhance the gain of the super high
gain CMPLPDA antenna [10] within a wide bandwidth, a novel non-
resonant MTM structure is proposed and loaded into the CMPLPDA
antenna while keeping all other performances almost intact. Featuring
low loss and broadband, the nonresonant unit cell consisting of a
semiring patch is first proposed, designed, and optimized. In the
whole operating Ka-band, the real parts of the retrieved refractive
index and relative permittivity are almost constant and greater than
unity, respectively, while both the imaginary parts approach zero.
Then, the effects of the proposed MTM structure with different
locations on the CMPLPDA antenna are first studied by numerical
simulations. It is demonstrated that the gain of the optimized MTM-
loaded CMPLPDA antenna could be increased by 1.6–4 dB within the
operating Ka-band with the identical size of the original CMPLPDA
antenna. Accordingly, the gain flatness of the CMPLPDA antenna is
greatly improved. Then, a conventional CMPLPDA antenna and two
MTM-loaded CMPLPDA antennas are fabricated and characterized.
The measured results agree very well with the simulated results,
which validates the effectiveness of the proposed gain enhancement
method by using the nonresonant MTM structure. In the end, a short
conclusion is provided.

II. NONRESONANT METAMATERIAL

To realize a nonresonant electrical and magnetic response, nonres-
onant MTMs are generally engineered by simple structures, such as
metal blocking lines and metal thin circular rings [15], [16]. For sim-
ple design and easy fabrication, a novel planar nonresonant MTM unit
cell composed of a semiring patch printed on a substrate is proposed,
the schematic of which is shown in Fig. 1(a). The width and radius
of the semiring patch are denoted as w and r , respectively, and Lg
and Wd are the periodicities in the z- and x-directions, respectively.
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Fig. 1. Two simplified situations for the wave propagating in the z-direction
and the E-field parallel to the semiring patch. (a) Situ. 1. (b) Situ. 2.
(c) Retrieved relative permittivity for both Situ. 1 and Situ. 2. (d) Retrieved
refractive index for both Situ. 1 and Situ. 2.

In order to characterize the proposed MTM, an air-filled waveguide
with a unit cell placed at its center is modeled. As the incident wave
propagating along z-direction is the main interest in this design, two
simplified situations (i.e., Situ. 1 and Situ. 2), as shown in Fig. 1(a)
and (b), can occur. In the unit cell simulations, the ports are
perpendicular to the propagating z-direction. Fig. 1(a) and (b) demon-
strates Port 1 on the top surface, which is one of the two ports.
In order to make the E-field in the xoz plane, the left and right
surfaces of the waveguide are assigned as perfect electric walls and
the other two sides as perfect magnetic walls, as shown in both
Fig. 1(a) and (b).

The proposed nonresonant MTM structure is printed on a single-
layer Rogers RT5880 substrate with a thickness of 0.5 mm and
a permittivity of 2.2. For working at Ka-band, the dimensions are
chosen as (unit: mm): w = 0.14 (0.15 λ0, λ0 is the free wavelength
at the center frequency of 35 GHz), r = 0.47 (0.52 λ0), Lg = 0.67
(0.73 λ0), and Wd = 1.14 (1.2 λ0). The retrieved refractive index
and effective permittivity with respect to the frequency for both
situations are shown in Fig. 1(c) and (d), respectively. The effective
electromagnetic parameters of the nonresonant MTM unit are cal-
culated from scattering parameters using the inversion method [17],
and Kramers–Kronig relationship is adopted to solve the problem
of fuzzy solutions and confirm the uniqueness of the solution [18].
As seen from the results, the values of imaginary parts of these
constitutive parameters are approximately zero from 26 to 40 GHz,
which indicates that the loss of the MTM is negligible. Within the
operating band of 26–40 GHz shown as the shadow areas in Fig. 1(c)
and (d), the real parts of the effective permittivity and refractive index
for Situ. 1 (Situ. 2) are almost constant being about 2.1 (1.8) and 1.5
(1.34), respectively.

III. GAIN-ENHANCED CMPLPDA ANTENNA LOADED

WITH METAMATERIAL STRUCTURE

As mentioned in [10], the performance of the SIW CMPLPDA
antenna is similar to that of the 1 × 2 parallel PLPDA antenna
array, but the CMPLPDA antenna only poses half size of the
1 × 2 array. Fig. 2(a) shows the geometry of the SIW CMPLPDA
antenna including the tapered microstrip transition. Similar to the
PLPDA antenna element, the CMPLPDA antenna has two feeding
lines distributed on both top and bottom layers, which are inclined to

Fig. 2. (a) Geometry of the CMPLPDA antenna. (b) Top and bottom surfaces
of the CMPLPDA antenna without SIW. (c) Theoretical model of the proposed
nonresonant MTM.

form a clamped angle between them. Thus, the antenna in Fig. 2(a)
is shaped to be a clamp, which is called a clamped-mode PLPDA
antenna [10].

In this communication, an SIW CMPLPDA antenna is designed
and optimized to work at the Ka-band, which is printed on both sides
of a single-layer Rogers RT5880 substrate with a thickness of 0.5 mm.
According to the design principle in [10] by using the full-wave
software HFSS, the detailed dimensions of the SIW CMPLPDA
antenna are optimized as (unit: mm): W1 = 0.3, W2 = 0.3, W3 = 1.1,
W4 = 0.15, L1 = 0.8, L2 = 0.63, L3 = 1.75, L4 = 2.17, S1 = 0.55,
S2 = 1.35, S3 = 2.09, S4 = 1.64, t0 = 1.4, t1 = 0.4, t2 = 2.6,
t3 = 1.92, d = 0.3, Wi = 4.8, Wm = 1.5, and Ws = 1.3.

Fig. 2(b) shows the top and bottom surfaces of the CMPLPDA
antenna without the SIW part, which are mirror images to each
other along the centerline. As seen from the sketches, the proposed
unit cells can be arranged on the side and/or the top of the log-
periodic dipoles. The theoretical model of the proposed nonresonant
MTM can be simplified in Fig. 2(c). According to Snell’s law, the
relationship between the incident angle α1 and refraction angle α0
upon an interface is given by

n1 × sin α1 = n0 × sin α0 (1)

where n1 > 1 and n0 = 1 are the refractive indexes of the dielectric
and air, respectively. From (1), it can be seen that the refraction
angle α1 is mainly determined by the refractive indexes of the
two media when illuminated by a plane wave. As discussed earlier,
the refractive index of the proposed MTM structure is around 1.5 for
Situ. 1 (1.34 for Situ. 2) across the whole operating Ka-band, thus
the refraction angle α0 is larger than the incident angle α1, which
makes the transmitted wave bend toward the centerline, and therefore,
the gain of the CMPLPDA antenna can be enhanced.

To investigate the gain enhancement capability of the proposed
nonresonant MTM, the CMPLPDA antennas loaded with/without
MTM are simulated and compared. Fig. 3 shows the top layers
of six different CMPLPDA antennas for gain enhancement study.
The electric field distributions could have strongly interfered nearby
the dipoles, such as in Regions A and B in Fig. 3. In considering the



Fig. 3. Configuration of the top layer of the antenna prototypes with different
distribution of the MTM inclusions.

arrangement of the MTM inclusions in these two regions, we tried
to place as many unit cells as possible to mimic the periodic
boundary condition for an infinite array. Besides, as indicated in
(1), the MTM inclusions possessing a higher refractive index are
preferred. Therefore, the distributions of the MTM inclusions in
Regions A and B are finally determined as shown in Cases 2 and
3 of Fig. 3, respectively. Case 4a is the fully loaded case, which is
the combination of Cases 2 and 3. In addition, different arrangements
in Region A are also investigated (i.e., Cases 4b and 4c).

The six cases shown in Fig. 3 are defined as follows.

1) Case 1: The original CMPLPDA antenna prototype without
MTM.

2) Case 2: The MTM is situated on the left (right) side (i.e.,
Region A) of the top (bottom) dipole of the CMPLPDA
antenna. The MTMs on top and bottom surfaces are inserted
between the two dipoles of the CMPLPDA antenna.

3) Case 3: The MTM is situated above the top dipole (i.e., Region
B) of the CMPLPDA antenna, which could be used to guide
the transmitted wave to the propagation direction.

4) Case 4a: The MTMs are situated on both the sides and
above the dipoles of the CMPLPDA antenna, which is the
combination of Cases 2 and 3.

5) Case 4b: Similar organization of the MTM inclusions as that in
Case 4a with a reduced number of the unit cell in the second
row of the MTM inclusions in Region A.

6) Case 4c: Compared to Case 4a, the MTM inclusions in Region
A are rotated by 90◦, clockwise.

Fig. 4(a) and (b) shows the simulated |S11| and gains of the six
CMPLPDA antennas, respectively. It can be seen that the simulated
|S11| for all six cases except for Case 4c are less than −10 dB
within the operating band of 26–40 GHz. Compared to the original
CMPLPDA antenna (Case 1), the |S11| of the five MTM-loaded
CMPLPDA antennas except Case 4c demonstrate very slight dif-
ferences. Meanwhile, over the frequency band of 26.5–40 GHz,
the simulated gain profile of Case 1 is 4–11.3 dB, which is the
reference for the gain-enhancement comparisons. For Case 2, i.e.,
the MTMs are situated on the sides of the dipoles of the CMPLPDA

Fig. 4. Simulated (a) |S11| and (b) gains of the four different cases of the
PLPDA antenna.

antenna, obvious gain enhancement can be observed at low-end
frequency band while slight improvement is obtained at high-end
frequency band. Compared with the antenna gain of Case 1, not only
is the antenna gain of Case 2 enhanced but the gain fluctuation is
also improved. In addition, compared to Case 2, the antenna gain for
Case 3 is a little smaller in the frequency band lower than 27.5 GHz
and then is increased up by 1.8 dB in the frequency range from
27.5 to 40 GHz. For Case 4a, i.e., the combination of Cases 2 and 3,
the gain enhancement is around the superposition of the two cases,
which is verified by simulation as shown in Fig. 4(b). For Case 4b,
as shown in Fig. 4(b) that the gain enhancement is reduced a little at
low-end frequency band (from around 26–34 GHz) compared to that
for Case 4a. While for Case 4c, the matching is not well as shown
in Fig. 4(a). Besides, Fig. 4(b) shows that the gain enhancement for
Case 4c is less than that for Case 4a (down by at least 1 dB over the
whole operating frequency range). Therefore, in the following study,
Cases 1, 2, 3, and 4a are considered.

In summary, for Case 2, the MTM exhibits significant influence on
the antenna gain at a lower frequency from 26 to 29 GHz. For Case
3, the gain is uniformly enhanced within the whole operating band.
For Case 4a, the antenna enhancement varies from 1 to 4 dB, and
the gain fluctuation is improved from 5.3 to 3.4 dB across the band
of 26–40 GHz, which could benefit the efficiency of the wireless
system.

Fig. 5 shows the E-field distributions of the above-mentioned four
cases. For simplicity, two typical frequencies of 28 and 38 GHz
are chosen. It is clearly shown that the E-field distributions become
uniform and intense by loading the designed semiring patches on the
antenna.

IV. FABRICATION AND EXPERIMENT

In this section, the proposed gain enhancement method using the
novel nonresonant MTM is validated through experiments. For proof
of concept demonstrations, the prototypes of the CMPLPDA antennas



Fig. 5. E-field distributions of four cases at 28 and 38 GHz for comparison.

Fig. 6. Top view of the photographs of the CMPLPDA antennas for Cases 1,
2, and 4a, and the CMPLPDA antenna for Case 4a with the end-launcher.

for Cases 1, 2, and 4 are fabricated on the substrate of Rogers
RT5880 with a thickness of 0.5 mm. Fig. 6 shows the photographs for
these three cases. The parameters of the three antennas are identical
with each other except the distributions of the MTM, which are
listed in Section III. The overall size of the PLPDA antenna is
15 mm × 22 mm × 0.5 mm.

At high frequency, especially millimeter-waves, the increase in
both the signal leakage and connector losses will greatly disable the
measurement when using traditional SMAs. In order to achieve a
precise and reliable test, the end-launch connector is a good choice for
the measurement of planar circuits and antennas, which could enable
the measurement setup up to 110 GHz. As shown in Fig. 6, a simple
feeding microstrip-to-connector transition is designed according to
the principle proposed in [19]. It comprises a tapered microstrip,
ground pads, and vias. The tapered microstrip is used to match
the impedance between the connector and the antenna. The ground
pads and vias contribute to the protection of the inner pin of
the connector and the reduction of the RF signal leakage. As an
example, the CMPLPDA antenna (Case 4a) with the end-launcher for
measurement is presented. All the following measured results include
the losses of microstrip lines, the feeding microstrip-to-connector
transition, and the end-launch connectors.

The measured |S11| of the three antennas are shown in Fig. 7(a).
As shown in Fig. 7(a), the measured results agree very well with
the simulated results in Fig. 4(a) and the |S11| are less than
−10 dB within the band of 27–40 GHz. The slight frequency
shift may be caused by the effects of the measurement environ-
ment, the end-launcher connectors, and the frequency-dependent

Fig. 7. Measured and simulated (a) |S11| of the CMPLPDA antennas for
Cases 1, 2, and 4a, and (b) gain and efficiency of the CMPLPDA antennas
for Cases 1 and 4a.

permittivity of the substrate, which is not considered in the full-wave
simulations.

The measured gains of the antennas are shown in Fig. 7(b), which
once again agree very well with the simulated results in Fig. 4(b).
It is further verified that the MTM inserted between the dipoles of
the CMPLPDA antenna has an obvious effect on the antenna gain at
low-end frequency band (lower than 31 GHz). Compared to Case 1,
the antenna gain enhancement of Case 2 is up to 2.5 dB, while
a maximum gain increment of 4 dB can be obtained for Case 4a.
Based on the modified Wheeler Cap method [20], the simulated and
measured radiation efficiencies of the antennas for Cases 1 and 4a
across the band of 26–40 GHz are also shown in Fig. 7(b), which
are about 80%.

For all three fabricated antennas, the far-field radiation patterns in
both E-/H-planes (xoz/yoz planes as shown in Fig. 2) are recorded
across the band of 26–40 GHz with a step of 1 GHz. The CMPLPDA
antennas loaded with the MTM still feature the endfire radiation
patterns within the operating frequency band, which is confirmed by
the measurement. For simplicity, only the measured far-field patterns
at 30, 34, and 38 GHz are presented in Fig. 8. The measured front-to-
back ratios are lower than 15 dB in both E-plane and H-plane within
the whole operating frequency band.

The half-power beamwidth (HPBW) and sidelobe level (SLL) of
the antennas for both Cases 1 and 4a are shown in Fig. 9. Over
the band of 27–40 GHz, the SLL of the antenna for Case 4a
becomes better at both the lower-end and higher-end bands and
poorer in the middle. The maximum SLLs in the E-/H-planes will
be lower than −10 and −8 dB, respectively, which can be further



Fig. 8. Normalized copol/cross-pol patterns of the CMPLPDA antennas
with/without MTM. (a) E-plane. (b) H-plane. (E/H_co: copolarization in
E-/H-planes, E/H_cross: cross polarization in E-/H-planes.)

Fig. 9. Comparisons of the HPBW and SLL for the PLPDA antennas for
Cases 1 and 4a.

TABLE I

COMPARISON BETWEEN THE PROPOSED ANTENNA AND

PREVIOUS REPORTED PLPDA ANTENNA DESIGN

improved by optimizing the width of the ground working as a
reflector [5]. By loading with the MTM, the cross polarization of the
CMPLPDA antenna is slightly improved by about 1.8 dB at boresight
as the MTM improves the current purity along x-direction for the
dipoles.

Several PLPDA antennas reported in past years are summarized
in Table I with respect to the working band, gain, and size. As shown
in Table I, the proposed antenna can be considered as a high
gain directional antenna compared to the reported PLPDA antennas,
especially the antenna in [10] which is claimed to be “super high
gain.”

To summarize, the gain of the CMPLPDA antenna can be fur-
ther enhanced within the whole operating Ka-band by loading
with the proposed MTM structures. Specifically, the maximum
gain increment of the CMPLPDA antenna fully loaded with MTM
(Case 4a) is about 4 dB compared with the original CMPLPDA
antenna (Case 1) at 27 GHz. Therefore, the loaded MTM inclu-
sions could overcome the limits of both the printed Log-Yagi
dipole array antenna [9] and CMPLPDA antenna [10], which could
effectively enhance the antenna gain only at higher frequency
band. Accordingly, the proposed MTM can greatly improve the
gain flatness of the planar-type LPDA antennas within a broad
bandwidth, which could bring benefits of high efficiency, reliabil-
ity, and low power consumption for the wireless communication
system.

V. CONCLUSION

To conclude, a novel nonresonant MTM structure composed of
semiring patches is proposed to further enhance the gain of a super
high gain CMPLPDA antenna without sacrificing any other critical
performances. The retrieved material properties of the proposed
MTM unit cell have indicated that the real part of the effective
refractive index is larger than unity and almost constant over the
operating band of 27–40 GHz, while the imaginary part of the
effective refractive index approaches zero in the operating band. The
proposed nonresonant MTM structure can improve both the gain and
gain flatness of the CMPLPDA antenna within a broad bandwidth.
The CMPLPDA antennas loaded with different distributed MTM
structures are investigated through both simulation and experiment,
and three CMPLPDA antennas prototypes (labeled as Cases 1, 2,
and 4a) are fabricated and characterized. The measured results of the
three antennas agree very well with the simulated ones. Compared
to the original CMPLPDA antenna (Case 1), the proposed antenna
(Case 4a) presents a gain enhancement of at least 1.6 dB (up to 4 dB
at 27 GHz) and a gain-flatness improvement of 2.1 dB over the whole
operating band. The proposed method could be of great interest to
the wireless communication systems.
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