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ABSTRACT
A multilayer log-periodic metasurface patch antenna (LPMPA) operating in the 4–9-GHz frequency range with broadside radi-
ation is presented. This antenna array is characterized by its compact size and low profile. Each element of the LPMPA consists 
of a 2-D periodic structure of 4 × 4 square patches, which can be viewed as a metasurface. The array is excited through aperture 
coupling in the ground plane beneath the radiators. The proper phase progression of the currents for a broadside radiation of the 
LPMPA's elements in the active region is obtained by increasing the length of the feed line placed between adjacent radiators. 
The structure's stop-band caused by the excess of length between radiators is eliminated by increasing the characteristic imped-
ance of the feed line to 70 Ω in the proximity of each slot. A prototype of the proposed antenna, consisting of four 2-D periodic 
structures, is fabricated and tested. The obtained results show a 76% fractional bandwidth with gain ranges between 8 and 13 dB.

1 | Introduction

Log-periodic (LP) antennas are typically used for broadband 
applications where moderate gain is required [1]. Printed LP 
antennas can be designed for broadside radiation and nearly 
frequency-independent operation. The conventional method 
for designing a broadside printed LP antenna is to employ 
patch antennas as radiators [2–8]. Combining side-by-side 
patch antennas in an LP configuration results in wideband 
broadside radiation, but this comes at the expense of a large 
physical footprint. This is due to the large number of patches 
required to cover the desired frequency band, as patch anten-
nas are inherently narrowband [2–8]. There are several papers 
in the literature discussing the size reduction of log-periodic di-
pole antennas (LPDAs); however, only a few have focused on 
the miniaturization of log-periodic patch antennas (LPPAs). 

Researchers have employed wideband antennas like bow-tie 
antennas [9] and fractal geometries [10, 11]. In [4], the authors 
used fractal-shaped patches for the LPPA size reduction, where 
23% miniaturization was achieved. Several other types of LPPAs 
have also been proposed and are mainly distinguished by their 
feeding mechanism. The feeding mechanism can be either an 
inset feed [2, 3], a proximity feed [4–6], a gap coupling [7], or 
an aperture-coupled feed [8]. In these configurations, the scale 
factor is chosen large enough so that each array will have a large 
number of elements in order to overcome the disadvantage of the 
narrowband performance of microstrip patches.

Several techniques have been reported to overcome the nar-
row bandwidth of a single-patch antenna [12–15]. Most of these 
techniques cannot be easily applied in the design of an LP array. 
A broadband and low-profile patch antenna design based on 
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composite right-/left-handed (CRLH) capacitors or mushroom 
periodic structures has been proposed in [16, 17]. These periodic 
structures are easily implemented in an LP configuration, which 
consists of several two-dimensional metamaterial structures 
and can be viewed as an LP metasurface (MS). Recent research 
has highlighted the emergence of MS-based LP antennas as an 
innovative and effective category. These designs leverage fre-
quency-scaled unit cells, modulated impedance, and multilayer 
MS architectures to achieve both compactness and broad oper-
ational bandwidth [18–22]. For instance, Amini et al. [20] intro-
duced a modulated MS leaky-wave antenna that was optimized 
through interpretable AI methodologies, whereas Pang et al. [21] 
showcased a grounded dielectric MS antenna that features an ex-
pansive field of view and significant gain. These studies provide 
evidence that MS-based LP configurations can successfully ad-
dress the challenges associated with narrowband patch antennas.

The antenna proposed in this paper builds on these advance-
ments by integrating four 2-D MS structures with a scale factor 
of 0.88, presenting a compact and highly efficient solution. The 
design presented herein consists of a sequence of side-by-side 2-D 
periodic structures based on a series of capacitor unit cells. In an 
LP patch configuration, it is not possible to add 180° phase to the 
terminal of each patch by crisscrossing the feed line as in an LP 
dipole array. The effect of crisscrossed feed can be accounted for 
by using longer feed lines, which results in a structural stop-band 
[23, 24]. This nonpropagation region is eliminated by modulating 
the characteristic impedance of the feed line in the proximity of 
each radiator [23]. The LP design, presented in this paper, is made 
of four 2-D structures or four MS, and is fed through aperture 
coupling using a modulated microstrip line and four slots etched 
in the ground plane. The antenna is designed to work in the 4–9-
GHz frequency range. A scale factor �  of 0.88 is used, resulting in 
a compact design. The overall dimension of the proposed antenna 
is 40 × 110mm2 . The results demonstrate a stable broadside radia-
tion pattern, with a gain range of 8–13 dB and an efficiency of 87%. 
The examples presented in [2–8], where the scale factor is large, 
use more radiators, a more complex design, less compact, and a 
lower efficiency. To highlight the novelty of the proposed antenna, 
we will compare it with the recent works in the literature where 
the size reduction of an LPPA is discussed. In [4], an LPPA is pro-
posed with a bandwidth of 7.5 GHz; the feed is a proximity type, 
and fractal patch squares are used to reduce the antenna dimen-
sions. Fifteen patches are employed with a scale factor � = 0.92 , 
resulting in overall dimensions of 173 × 70mm2. The large num-
ber of patches required to cover the desired frequency band leads 
to beam squint in the radiation pattern. The reported gain ranges 
between 8 and 10 dB, with a radiation efficiency of about 80%. In 
comparison, our proposed antenna achieves a higher midband 
gain, peaking at 13 dB.

In [5], an artificial magnetic conductor (AMC) is used as a 
ground plane to reduce the size of the LPPA. Eleven patches are 
employed with � = 0.93 , covering the band from 5.3 to 8 GHz. 
The patches are fed by a proximity type, and the overall size of 
the antenna is 50 × 122.5mm2. However, the AMC concept re-
sults in a very complex structure. The antenna presented in [8] 
is similar to our design, where an aperture-coupled feed is used. 
The structure contains 20 square patches that cover the band 
from 7 to 10 GHz, with overall dimensions of 50 × 280mm2. 
The measured gain ranges from 9.83 to 14.54 dB, with a peak of 

16.42 dB at midband, showing a trend consistent with the gain 
behavior observed in our work.

The multilayer LPMPA (log-periodic metasurface patch antenna) 
introduced in this paper offers superior impedance matching and 
extended frequency coverage without compromising size or effi-
ciency. Compared with the antenna presented in [8], the proposed 
LPMPA is considerably more compact, even though it operates 
over a higher frequency band (4–9 GHz). Its performance sur-
passes earlier designs in terms of bandwidth, compactness, radia-
tion pattern stability, and efficiency.

The remainder of this paper is organized as follows: Section 2 de-
tails the design methodology of the multilayer LPMPA. Section 
3 describes the feed network design. Section 4 presents the mea-
surement results and discusses both theoretical and experimen-
tal findings. Finally, Section 5 concludes the paper.

2 | Multilayer LPMPA Design

The structure of the multilayer LPMPA antenna is illustrated in 
Figure 1. The detailed dimensions will be defined later. This an-
tenna is based on three metal layers separated by two dielectric 
substrates, which are both Rogers RO4003C with a relative per-
mittivity of 3.45 and a loss tangent of 0.0027. The top metal layer 
consists of four 2-D structures, each formed of m ×m unit cells, 
where m = 4 is the number of capacitors along the x-axis and y-
axis directions. The 2-D periodic structures are printed on the top 
substrate, which has a thickness of 3.04 mm.

Four slots are etched in the full ground plane of this first sub-
strate. A modulated microstrip feed line with 50-Ω input im-
pedance is printed at the bottom of the second 0.812-mm-thick 
substrate. Each m ×m  capacitors group is excited through a slot 
etched in the ground plane right beneath. The dominant mode 
TM10 and the second-order mode TM20 are simultaneously ex-
cited in each 2-D periodic structure, leading to broadband di-
rective radiation [23]. Numerical simulations demonstrate that 
the fractional bandwidth of each 2-D periodic structure an-
tenna is almost 28%, as in [23]. This large bandwidth allows the 
use of a small scale factor and have a few radiating elements, 
unlike several works in the literature where a huge number of 
elements are used. In this work, the resonance frequencies of 
adjacent TM10 and TM20 modes of all 2-D structures and other 
parameters are related by the scale factor ∬ , where

wn  and sn  are the lateral dimensions of the n th 2-D structure (TM10 
mode) and the m th capacitor (TM20 mode), respectively. ln  is the 
slot length located right beneath the n th 2-D structure, ws  is the 
slot width and is not subject to the scale factor. pn  is the period 
of the unit cell in the n th 2-D structure and is equal to sn + g , 
where g  is the gap width between unit cells; g  is not subjected 
to the scale factor. dn  is the length of n th cell, which contains the 
m ×m  patches, and d  is the length of the subcell feed line, which 
will be discussed in the next section. The proposed LP antenna 
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structure is intended to work in the 4–9-GHz frequency range. 
The dimensions of the smallest 2-D periodic structure (n = 1 ) are 
determined for the higher frequency limit of the band (9 GHz) as 
follows: s1 = 5mm , w1 = 23mm , and g = 1mm  (see Figure 1a). 
The dimensions of the first slot are: length l1 = 18mm , and width 
ws = 2mm  (see Figure 1b). The length of 1st cell is d1 = 30mm , 
and of the 1st subcell d = 3.5mm. More details of the design are 
shown in Table 1.

In [16] and [17], authors demonstrate that the transmis-
sion-line model applies to the mode analysis, and here is an-
other advantage of using these CRLH capacitor structures in 
an LP configuration. Practically, it is possible to predict the 
resonance frequencies for the TM10 and TM20 modes of all the 

2-D structures in the array, and this happens once the scale 
factor is applied to the first chosen element. In our case the 
highest frequency element is chosen as the 1th. We can use 
the equations below as in [16] and [17] to predict the reso-
nance frequencies of the dominant mode TM10, and the sec-
ond order mode TM20 of each 2-D periodic structure that form 
the multilayer LPMPA:

(2)�cup
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=

1−2�effΔL∕�

m
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FIGURE 1   |   Multilayer log-periodic metasurface patch antenna (LPMPA) (dimensions in mm, and � = 0.88): (a) top view: log-periodic 2-D periodic 
structures; (b) middle metal layer: aperture coupling feeding structure; (c) bottom view: modulated microstrip.

TABLE 1   |   Dimensions of 2-D structures (MS) and their distances from the feed point.

MS number (n)
Dimension of MS 
wn ×wn (mm2)

Dimension of unit 
cell sn × sn (mm2) Slot length: ln (mm)

Distance from the 
center of MS (or slot) 

to the feed point(mm)

n = 4 31.85 × 31.85 7.21 × 7.21 25.92 21.93

n = 3 28.53 × 28.53 6.38 × 6.38 22.98 56.13

n = 2 25.6 × 25.6 5.65 × 5.65 20.34 87.2

n = 1 23 × 23 5 × 5 18 116
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where p , w , and m  represent the same parameters defined before 
for the multilayer LPMPA: period of the unit cell, width of the 2-D 
structure, and the number of capacitors in each 2-D structure. In 
our case, m = 4 . h  is the height of the first substrate and is equal to 
3.04 mm. k0 , f  , and c represent the wavenumber in free space, the 
operating frequency, and the speed of light in vacuum, respectively.

The propagation constants are defined as follows:

•	 �cu denotes the propagation constant of the capacitor unit 
cell, which can be extracted from the S-parameters and the 
ABCD matrix.

•	 �eff represents the effective propagation constant when the 
patch dimensions are extended due to the fringing field 
effect.

This extension introduces an additional length ΔL at each end 
along the resonant direction, which in this case corresponds to 
the y-direction.

By using the simulation model included in Figure 2, we can 
calculate numerically the dispersion curve of the capacitor 
unit cells. The resonant frequencies of the dual modes of all 
antennas in the LP structure can be estimated by plotting the 
right-hand side expressions of 2 and 3 as in Figure 2, where we 
have analyzed the dispersion curves of the higher and lower 
frequency antennas (n = 1 , 4) in the LP structure. We can note 
that in Figure 2 the dominant TM10 and the second-order mode 
TM20 are located on the right-handed dispersion branch of the 
CRLH in case (n = 1 , 4). Consequently, the two 2-D structures 
(n = 2 , 3) in the middle have the same properties. Thus, the 
resonant peaks will sum up, leading to broadband operation of 
this type of periodic structure. The scaling factor (� = 0.88) is 
applied to all the remaining 2-D structures. Table 2 shows the 
predicted resonant frequencies for all antennas in the LPMPA 
structure, where very close resonant peaks appear between 
different modes of the four 2-D structures.

3 | Feed Network Design

Figure 2 shows the dispersion curve or the relationship be-
tween (βcuρ)/π and the frequency, where it can be readily 
seen that the stop-band is located between the lower and the 
upper bands, delimited by the two frequencies fc1 and fc2. It 
can also be noticed from Figure 2a,b that fc1 is almost equal 
(= 4.45 GHz) in the two cases of the elements of higher and 
lower frequencies. The frequency fc2 is larger for the higher 
frequency element, and this causes a larger stop-band. In the 

stop-band, no wave can propagate along the structure. The 
energy flows at the input point, causing an appreciable im-
pedance mismatch. As a result, the LPMPA should be excited 
at the low-frequency end. Simulations demonstrate that by ex-
citing the antenna at the high-frequency end, the lower cut-off 
frequency of the LPMPA is 6.5 GHz. Instead, if it is excited 
at the lower frequency end, the cutoff frequency is 4.25 GHz. 
Now, let us consider the radiating LP structure in Figure 1 as a 
cascade of n = 4 single cells that are related one to the other in 
a LP manner. Each unit cell of the LPMPA structure consists 
of a length dn of the feed line, m ×m patches fed by the energy 
coupling through the slot with length ln beneath the patches of 
the cell (see Figure 1c). A numerical optimization procedure 
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FIGURE 2   |   Dispersion diagram of the capacitors unit cell. (a) High-
frequency element and (b) low-frequency element.

TABLE 2   |   Predicted resonance frequencies for all antennas in the 
LPMPA structure.

2-D structure (1) (2) 
(

1∕�
)

(3) 
(

1∕�2
)

(4) 
(

1∕�3
)

TM 10 (GHz) 7.58 7.03 6.51 5.98

TM 20(GHz) 8.73 8.07 7.45 6.83
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involving the fine-tuning of the characteristic impedance and 
the length of the modulated section leads to the value and the 
length of the subcell transmission line d′n (see Figure 1c where 
d�
1
= 3.5mm). The impedance of the 50-Ω microstrip feed-

ing line is increased to 70 Ω in the proximity of each slot to 
approximately match each m ×m section of patches to 50 Ω. 
Furthermore, we noticed that the relative impedance between 
cells and the feeding line is easily adjusted by offsetting the 
position of the modulated part of the feed line from the center 
line of the slot (see Figure 1b,c).

4 | Measurement Results and Discussion

Figure 3a,b show the multilayer LPMPA prototype after its 
fabrication. The total antenna size is 40 × 110 × 3.852mm2. 
The 50-Ω matched load is not necessary because most of the 
power we pump in is radiated; it only helps to perfect the re-
flection coefficient at some frequencies. The simulated (dashed 
line) and measured (solid line) magnitudes of S11 for multi-
layer LPMPA with and without the 50 Ω matched load are 
compared in Figure 4. This reveals a good agreement and im-
pedance matching with a −10-dB fractional bandwidth of 76%. 
The antenna operates over a frequency range from 4 to 9 GHz 
with realized gain ranging from 8 to 13 dB (see Figure 4), and 
the numerically computed efficiency is around 87% in all the 

operating bands. The measured E-plane and H-plane patterns 
at several frequencies within the operating band are plotted 
in Figure 5. It is observed that the maximum beam is slightly 
tilted away from the broadside direction (z-axis) at certain fre-
quencies (see Figure 5a,c). The peak gain direction is confined 
within 10° from the z-axis due to the pattern tilting, which is 
< 5° within the 5.5–7.5-GHz frequency range. The measured 
peak gains of the multilayer LPMPA are much higher than 
would be expected from an LP dipole or patch of the same 
parameters; it is > 10 dB in the ranges of 5–8 GHz and around 
8 dB outside this range (see Figure 4). The far-field is almost 
linearly polarized, since the measured cross-polarization com-
ponents are always 25 dB smaller than the copolarization com-
ponents. A discrepancy is observed between the simulated and 
measured results, which can be attributed to several practical 
factors. First, fabrication tolerances introduced during manual 
assembly in the university laboratory, particularly in the align-
ment and bonding of multilayer structures using adhesive ma-
terials, may lead to deviations from the ideal design.

To enhance the understanding of the proposed antenna perfor-
mance, a comparative analysis is provided in Table 3, focusing 
on the evolution from conventional LP designs [1] to the pro-
posed multilayer LPMPA. The proposed antenna integrates 
MS wave manipulation with LP scaling to achieve a superior 
trade-off between fractional bandwidth (76%), stable broadside 

(a) (b)

FIGURE 3   |   Prototype of the proposed antenna: (a) top view and (b) bottom view.
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gain (8–13 dB), and a compact electrical size of 2.38 × 0.87 �0 
Compared directly with standard LPPAs [2–8], which typically 
exhibit significantly larger radiating apertures or lower gain 

profiles within similar microwave frequency ranges, the pro-
posed LPMPA maintains high performance while achieving 
substantial miniaturization.
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FIGURE 5   |   Measured radiation patterns of the broadside multilayer LPMPA array. The green line shows the measured cross-polarization compo-
nent. The display scale is from −40 to 0 dB (5 dB per division). (a, c) E-plane: Angles are measured starting from the z-axis towards the y-axis; (b, d) 
H-plane: Angles are measured starting from the z-axis towards the x-axis.

TABLE 3   |   Comparative analysis of the proposed LPMPA with log-periodic designs.

Ref. Frequency FBW (%) Gain (dB) Antenna type Size 
(

�0

)

[4] (3.1–10.6) 110% 8–10 LPPA (one layer) ∼ 3.95 × 1.6

[5] (5.3–8) 40.6% 4.53–7.57 LPMA + AMCpacking ∼ 2.71 × 1.11

[8] (7–10) 35.3% 9.83–14.54 (16.4 pk) Reconfigurable LPPA 
(aperture-coupled, 

planar array)

∼ 7.93 × 1.42

[20] 18 ∼60 6–10 Single-layer 
metasurface antenna

∼ 0.65 × 0.65

[21] 10 N/A 16.5 Multilayer metasurface 
antenna (lens-based)

∼ 0.1 × 7

[22] (4.1-5.4) ∼50 7–11 Dual-layer metasurface 
antenna

∼ 0.6 × 0.6

[25] (12, 13, 15, 16, 18, 23, 24) 60.0 6–10 Single-layer 
metasurface antenna

∼ 0.65 × 0.65

[26] (4.7–6.4) 45.0 Up to 9.9 Multilayer metasurface 
antenna (review)

Flexible (≥ 0.7 × 0.7)

This Work (4–9) 76.0 8–13 Multilayer log-periodic 
metasurface patch 
antenna (LPMPA)

2.38 × 0.87
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Although various existing MS designs provide unique wave ma-
nipulation capabilities—such as AI-optimized modulated struc-
tures at 18.0 GHz [20], lens-based dish equivalents at 10.0 GHz 
[21], circularly polarized designs across 4.1–5.4 GHz [22], Ku-
band aerospace phased arrays at 12.0–18.0 GHz [25], and du-
al-layer miniaturized configurations (DUMA) operating across 
4.7–6.4 GHz [26]—they generally lack the combined extreme 
wideband performance (76.0%) and LP scaling advantages 
demonstrated in this work.

Our proposed antenna, however, achieves a much larger FBW 
of 76% and a gain between 8 and 13 dB, all within a compact 
multilayer design measuring only 2.38 × 0.87 �0. The multi-
layer MS configuration offers multiple advantages: broader 
bandwidth, improved impedance matching, and higher radi-
ation efficiency, while supporting complex geometries like LP 
MSs without increasing overall size. Nevertheless, multilayer 
designs pose challenges such as fabrication complexity, higher 
costs, and alignment difficulties during assembly. Despite these 
challenges, the significant benefits in bandwidth and gain make 
our multilayer design an excellent choice for advanced micro-
wave applications needing compact, wideband, and high-effi-
ciency antennas. This comparison highlights the innovation 
and importance of our design relative to existing state-of-the-art 
solutions.

5 | Conclusions

A compact LPPA was developed based on the concept of a CRLH 
capacitor unit cells. The capacitors' unit cells are easily imple-
mented in an LP configuration, which consists of several two-di-
mensional metamaterial structures and can be viewed as an LP 
MS. The transmission-line model integrated with the dispersion 
relation of the capacitor unit cells has been applied to perform 
the feed line and to predict the dual operating modes for each 
2-D structure. The proposed antenna exhibits a 76% fractional 
bandwidth. The reflection coefficient and far-field patterns were 
numerically calculated and experimentally measured, showing 
good agreement. The multilayer LPMPA exhibits a higher gain 
than would be obtained from an LPDA or LPPA of the same pa-
rameters. This compact broadband radiator can be employed in 
radar and wireless communication systems.
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