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Millimeter-wave beam-steering high gain
array antenna by utilizing metamaterial
zeroth-order resonance elements and
Fabry-Perot technique
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Millimeter-wave (mm-wave) beam-steering antennas are preferred for reducing the disruptive effects, such as those caused by
high atmospheric debilitation in wireless communications systems. In this work, a compact broadband antenna array with a
low loss feed network design is introduced. To overcome the short-range effects on mm-wave frequencies, a feed network –
with a modified Butler matrix and a compact zeroth-order resonance antenna element – has been designed. Furthermore,
the aperture feed technique has been utilized to provide a broadside stable pattern and improve the delivered gain. A
Fabry-Perot layer without the height of the air layer is used. Taking advantage of this novel design, a broadband and
compact beam-steering array antenna – capable of covering impedance bandwidths (from 33.84 to 36.59 GHz) and scanning
a solid angle of about �948, with a peak gain of 17.6 dBi – is attained.
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I . I N T R O D U C T I O N

In recent times, Millimeter-wave (mm-wave) antennas, where
they play the role of a key element in mm-wave communica-
tion systems, have proved to be of interest to researchers.
Microstrip antennas have been worthy candidates in normal
wireless systems because they have low profile, low cost, and
easy to integrate. Designing antennas in the mm-wave band,
which have to deal with high atmospheric debilitation,
causes other serious problems such as short-range effect. To
overcome this problem, the beam-steering technique and
high gain antenna have been used [1–9]. The first step in
implementing a beam-steering antenna is by designing a radi-
ation element that is smaller in size and possesses stable char-
acteristics. To provide point-to-multipoint and short-range
applications like indoor wireless personal area networks
(WPAN) without considering the position of the users, the
mm-wave antennas are required to have a wide beamwidth
[2–4]. As is well known, the rectangular patch antenna has a
relatively narrow half power beamwidth (HPBW) at a half
wavelength (TM010) mode which makes it difficult to attain
a stable performance with an indoor WPAN. To solve this

problem, a high dielectric substrate can be used; however,
this leads to other problems including a narrow bandwidth
(BW) and low radiation efficiency. Basically, a beam-forming
network (BFN) provides the amplitudes and phases to the
radiating elements to deliver the desired beams. Different
techniques have been offered to achieve BFN, such as the
Blass matrix, the Nolen matrix, the Rotman lens, and the
Butler matrix [6, 7]. Theoretically, it is a loss-free structure
and its employment of minimum number of components
make the Butler matrix more popular than the others [6, 7].
In fact a number of works have focused on designing micro-
strip Butler matrix feed networks at mm-wave frequencies
[8, 9]. An integrated Butler with patches is introduced in
Ref. [8]. The operating frequency was 60 GHz, providing a
BW of 3 GHz. The system was built on an RT/Duroid 5880
substrate, with a dielectric constant of 2.2 and a thickness of
0.127 mm. The gain of the antennas was between 7 and
8.9 dBi. Most of the antennas for these systems were based
on patches or quasi-Yagi antennas in a linear array setup. In
[9], the first version of the system contains a 2 × 4 slot
antenna array, integrated with its Butler feed network, while
the second version is a 4 × 4 array. The measured
(≤210 dB) impedance BWs were at least 0.8 and 0.7 GHz
for the 2 × 4 and the 4 × 4 arrays, respectively. In addition,
the measured gain values for the two designs varied from 5
to 7 dB. Another most important problem of a beam-steering
antenna is the reduction in gain while the beam of the antenna
steers. Despite the high gain of reflector antennas, their appli-
cations are limited by their three-dimensional structures [10].
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To solve this problem, the use of a Fabry-Perot structure
is suggested. The Fabry-Perot structure was originally recom-
mended to be applied in antenna design in 1956 [11]. In recent
dedications, various Fabry-Perot antennas in mm-wave appli-
cations have been reported [9–16]. A comparison between
these works is shown in Table 1. As seen, in all of them
[12–15] except [16], air layer is presented above radiating ele-
ments. It is difficult to perfectly fix the height of the air layer in
mm-wave band designs. As a result, antenna performance is
severely affected. In order to improve lower profile problems
of the Fabry-Perot antenna, the dielectric layers were replaced
for the air layers in some projects [16]. To address this issue,
we present a stable broadside pattern which was produced by
designing an antenna element with an aperture-coupled feed
into a hybrid antenna with a wide beamwidth, via combining
the zero-order resonance (ZOR) mode with TM010 mode[1–
3]. Despite reducing the distance between antenna elements
to increase the HPBW, elements are isolated from each
other, which is suitable for the smaller sized mm-wave anten-
nas. To optimize the widest beam antenna, TM010 and ZOR
mode are synthesized. In addition, a modified network with
a broadband 458 phase shifting and a 908 patch coupler is
used to improve the Butler matrix. To improve the gain of
the proposed beam-steering antenna, a novel mm-wave
Fabry-Perot antenna is designed at 35 GHz. The
Fabry-Perot resonator cavity is composed of the partially
reflective surface (PRS) cover. The performance of the pro-
posed antenna undergoes a trade-off among high gain,
broad BW, and low profile. Table 1 illustrates a comparison
between the reported Fabry-Perot antennas and this work.

The details and results of the proposed antenna are dis-
cussed in the following section.

I I . A N T E N N A E L E M E N T S

Figure 1 displays the geometry of the proposed single antenna.
The antenna consists of two substrates, separated by a ground
with an aperture. The top substrate is RT/Duroid 5880 with a
relative permittivity of (1r ¼)2.2, a loss tangent of (tand ¼ )
0.0009, and a thickness of (h1 ¼) 0.508 mm. It contains the
radiating elements. The other substrate is the Rogers 3010
(1r ¼ 10.2, tand ¼ 0.0035), connected to a microstrip feed
line. Each radiating element includes a mushroom antenna
and a parasitic ring patch. The antenna produces a TM010

mode with a directional radiation pattern and a ZOR mode
with an omnidirectional radiation pattern, respectively. The
two modes are then synthesized to make a wide E-plane
HPBW. The equivalent circuit of the antenna is demonstrated
in Fig. 2 [1–2]. It comprises an aperture (C1, Ca, La, and Ra),

a parasitic ring patch antenna (Cp, Lp, and Rp), and a mush-
room antenna (CR, LL, and Rm). Gm, Gp, and Gpm are the coup-
ling coefficients between an aperture and a mushroom, an
aperture and a parasitic ring patch, as well as between a mush-
room and a patch, respectively. The equivalent elements of the
antenna are extracted as follows:

C1 ¼ 8.82 fF, Ca ¼ 139.54 fF, La ¼ 160.99 nH, Ra ¼

2295 X, Cp ¼ 52.61 pF, Lp ¼ 765.08 nH, Rp ¼ 905 X, CR ¼

92.22 pF, LL ¼ 206.01 nH, Rm ¼ 778 X, Gm ¼ 0.132, Gp ¼

0.123, and Gpm ¼ 0.085.

The first step is to model the mushroom with a resistor–
inductor–capacitor network. The formulas to represent a res-
onator as a parallel resonant circuit, when the resonator is
coupled to the excitation source, can be found in [1–4] and
[17]. The equivalent sheet inductance denoted by LL, and
the equivalent sheet capacitance denoted by CR are given in
[17]. The properties of the parasitic patch characteristic can
be obtained by using:

LP = m0/2lavg

4
[Ln

lavg

w

( )
− 2], (1)

Table 1. Performances of the published FP antennas ([i] is this work).

Ref Frq
(GHz)

Height of
air layer

Substrate layers/
antenna height

HPBW,
%

Gain

[12] .60 l0/2 3/0.52 l0 0.5 15.2
[13] 94 l0/2 Non-planar/1.02 l0 1 13
[14] 35 l0/2 3/0.67 l0 7.1 16.1
[15] 63 3 l0/10 2/0.52 l0 4.3 11
[16] 44 no 1/0.23 l0 1 14
[i] 35 no 3/0.25 l0 6.2 17.4

Fig. 2. Equivalent circuit of single element.

Fig. 1. Configuration of proposed ZOR antenna element: (a) perspective view
and (b) side view.
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m0 is the vacuum permeability and lavg is the average strip
length calculated over all of the rings.

The second step is to find the input impedance of the slot,
which is calculated by the method suggested in [17]. The
impedance of a microstrip is introduced as follows:

Zslot = Zc
2R

1 − R
, (2)

where Zc is the characteristic impedance of the transmission
line and R is the voltage reflection coefficient; and Wa, La,
and h are the slot width, slot length, and the substrate
height, respectively. The mutual inductance between the
microstrip patch and parasitic patch can be introduced as:

M = m0x1

2p
0.467 + 0.059w2

x2
1

[ ]
, (3)

where w is the patch width (Wp) and x1 is the effective para-
sitic patch length. Finally, by optimizing results by Agilent
advanced design system (ADS), the values of the equivalent
circuit are attained. Figure 3 illustrates the comparison
between the proposed antenna with the simulated mutual
coupling and a simple patch in the 0.35 l0 distance. Clearly,
this structure (with more than about 15 dB lower coupling
of elements) is superior to the simple patch. Figure 4 shows
the simulated S11 and pattern at 35 GHz. As can be seen
from the figure, the simulated frequency resonance occurs at
34.9 GHz. The simulated E-plane HPBW and peak gain are
1388 and 7.21 dBi, respectively. Compared with a simple
patch at 0.35 l0 antenna, an advantage of the proposed
antenna is the low mutual coupling between its elements.
The optimal dimensions of the antenna are as follows:
Wp ¼ 2 mm, Wh ¼ 1.3 mm, radius of the via (Vr) ¼
0.1 mm, La ¼ 2 mm, Wa ¼ 0.1 mm, h1 ¼ 0.508 mm, h2 ¼

Fig. 3. Comparison between simulated mutual coupling of proposed antenna
with simple patch at 0.35 l0 distance.

Fig. 4. The simulated results of proposed antenna elements at (a) S11 and (b) pattern at 35 GHz.

Fig. 5. The proposed PRS structure and result: (a) dimensional of proposed unit cell and (b) reflection phase diagram of PRS unit cell.
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0.25 mm, and Lstub ¼ 1 mm. The parameters are obtained
from full wave simulation (ANSYS HFSS). The size of the
patch antenna (Wp) and hole (Wh) are determined to
achieve the resonance frequency at 35 GHz. Size of the aper-
ture (La) and radius of via (Vr) are set to optimize the radi-
ation efficiency of the mushroom antenna [2].

I I I . P R S C E L L D E S I G N

The PRS is embedded on the top layer of the antenna. The
electromagnetic wave in this cavity is excited by the dual
ZOR antenna element. A simple optical ray model can be

used to analyze the antenna [8]. The resonant condition of
the Fabry-Perot antenna can be written as:

wg + wr −
4ph
l

= 2Np, (4)

N = 0, +1, +2, . . .

where h is the height between the PRS and the ground, wg is
the reflection phase of the metal ground plane, wr is the reflec-
tion phase of the PRS, and l is the operation wavelength in the
substrate. The structure of the proposed PRS unit cell is dis-
played in Fig. 5(a). As shown in Fig. 5(b), and comparison
with (4), the proposed unit-cell structure has a resonance con-
dition at 35 GHz. In this structure, the ground of the middle
layer plays its role as a ground PRS, which must be considered
in simulation.

I V . M O D I F I E D B U T L E R M A T R I X
A N D 4 5 88888 P H A S E S H I F T E R

The proposed Butler matrix is simulated and optimized by the
Agilent ADS. The configuration of the modified Butler matrix
feed network consists of four 908 patch couplers and two novel
broadband 458 phase shifters, printed on a Rogers 3010

Fig. 6. The configuration of modified Butler matrix feed network with
broadband phase shifting.

Fig. 7. The structure and results of broadband 458phase shifter: (a) structure and (b) phase shifting.

Fig. 8. The configuration proposed 908 patch coupler and result: (a) configuration and dimension, and (b) magnitude of scattering parameter.
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substrate with a 0.25 mm thickness. This result is presented in
Fig. 6. The proposed Butler matrix includes four input ports
and four output ports, and the distance between the output
feeding lines (at 0.35 l0) is 35 GHz (l0–35GHz – wavelength
in free space at 35 GHz). One of the most important steps
in designing a modified Butler matrix is the creation of a
broadband 458 phase shifter. Its structure and results are
shown in Fig. 7. As illustrated in Fig. 7, the proposed phase
shifter comprises two L-shapes and a rectangular stub. This
design creates a phase constant and it can change the size of
phase shift. Use of this method leads to a broadband phase
shifter from 33 to 36.8 GHz. Error of the phase shifter is
+58. The structure of a 908 patch coupler is illustrated in
Fig. 8. The advantage of this design, compared to the
regular 908 branch line coupler, is its small structure. This
powers the structure in reducing fabrication error and its inte-
gration. As shown in Fig. 8(b), the magnitude of the scattering
parameters shows a resonance and 23 dB power, dividing at
35 GHz. By selecting each input (of four ports) as a driving
input, the Butler matrix delivers four output signals with
equal amplitude (26 dB) and phase differences of 45, 90,
135, and 1808. As a result, matrix can arrange beam steering

at different broadside angles in a transverse plane perpendicu-
lar to the substrate.

V . R E S U L T S A N D D I S C U S S I O N

The proposed beam-steering array antenna was fabricated and
measured. The multi-layered configuration and fabricated
antenna are illustrated in Fig. 9. The scattering parameters of
the proposed antenna were performed with an Agilent
8510XF (E7340A) network analyzer. As displayed in Fig. 10,
the measured results for Sii (Fig. 10(a)) are in a reasonable
agreement with the simulated ones [6–7]. From the Butler
matrix feed network structure, it can be concluded that the
antenna acts as a nearly symmetrical structure. Hence, only
the simulated results of ports 1 and 2 are presented. From the
measured results, a good impedance BW over the frequency
range of 33.84–36.59 GHz can be attained (as shown in
Fig. 10(a)). The isolation of the input ports is shown in
Fig. 10(b). From this figure, it can easily be understood that a
good isolation (,212 dB) is available. The simulated upper
hemisphere gain patterns at 35 GHz are presented in Fig. 11.

The simulations proved that the presented array has good
results in four-port beam-forming applications. The compari-
son between simulated and measured patterns at 35 GHz is
presented in Fig. 12. In order to measure radiation patterns,
an MI Technology anechoic chamber is used. In this
method, a horn antenna is used to provide a plane wave
toward the antenna under test. This antenna is located at
the focal point of the reflector [1–7]. To ensure clear judg-
ment, the patterns are correspondingly normalized by the
measured peak gains. The normalized measured radiation
pattern of the planar microstrip antenna at 35 GHz with a
4 × 4 Butler matrix is shown in Fig. 12. As clearly presented
in the figure, the pattern direction varies by changes in
input ports. The beams were successfully steered from broad-
side, with peak gains ranging from 15.4 to 17.6 dBi. The mea-
sured gains at 35 GHz for ports 1, 2, 3, and 4 are 16.2, 17.4,
17.3, and 15.9 dBi, respectively. The whole triangular array
grid dimension is optimized to maximize the single-element
performance in an array radiating environment.

V I . C O N C L U S I O N

In this work, a novel compact broadband beam-steering
antenna has been introduced. A new Butler matrix is used

Fig. 10. Scattering parameters of proposed antenna array: (a) comparison between simulated and measured Sii, (b) measured Sij.

Fig. 9. The configuration and a sample of fabricated proposed beam-steering
antenna: (a) multi-layered view and (b) fabricated antenna.
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for feed network. In order to have a high gain and broadside
pattern, the ZOR antenna elements were set at 0.35 free space
wavelength. A novel feed network was designed using a 908
patch coupler and broadband 458 phase shifters, which are
optimized to achieve a compact size and wide BW perform-
ance. The obtained results introduce a beam-steerable
antenna which uses a Fabry-Perot layer without the height
of the air layer, which correct the gain features of the delivered
beam, with an acceptable gain in the desired impedance BWs.
This antenna can be used in many applications such as the 5 G
mobile and automotive radar applications.
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