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Abstract—In this letter, a high-gain dual-beam antenna with
large beam tilt angle is proposed as a cost-effective solution for
through-wall fiber-to-the-room (FTTR) applications. The dual-
beam radiation is realized by the anti-phase currents distribution
on the antenna, and two pairs of parasitic elements are loaded
to significantly elevate the beam tilt angle and improve the
bandwidth. The measured bandwidth of the proposed antenna is
1100 MHz (4.88-5.98 GHz), well covering the FTTR operation
bands. Besides, the maximum tilt angle for the symmetrical
dual beams reaches 53°, and the peak gain is 10.05 dBi at 5.3
GHz. Moreover, received signal strength indicator (RSSI) and
throughput experiments are conducted to verify the efficacy of
the proposed antenna in terms of through-wall functionality. The
experimental results demonstrate that the proposed antenna ex-
hibits superior through-wall and multi-room coverage capability
in comparison to the conventional monopole antenna.

Index Terms—Dual-beam antenna, FTTR antenna, high gain,
large beam tilt angle, multi-room coverage, through-wall.

I. INTRODUCTION

IN scenarios where rooms are arranged closely, such as
dormitories and hotels, the propagation of electromagnetic

waves will be greatly attenuated across the walls of adjacent
rooms, leading to a wireless access point (AP) equipped
per room for better communication service. Therefore, the
deployment of a single AP to cover multiple rooms has
received considerable interests due to the significant reduction
of network construction cost [1]. Dual-beam antennas are well-
suited for wireless systems that require the coverage of multi-
ple areas simultaneously [2]. As illustrated in Fig. 1, a ceiling-
mounted dual-beam antenna with large beam tilt angle and
high antenna gain can effectively extend the signal coverage
area from one room to three rooms. However, achieving signal
coverage over such an extensive area is quite challenging for
antenna design: 1) The dual beams of the antenna need to have
a large beam tilt angle (approximately 50° to 55°) to cover
rooms on both sides of a wall; 2) It is imperative that the
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Fig. 1. Schematic of multi-room coverage utilizing high-gain dual-beam
antennas. (Adjacent rooms are separated by a wall)

antenna possesses high gain over a wide beamwidth for better
through-wall coverage [3], [4], specifically the beamwidth with
gain > 4 dBi should be greater than 40°; 3) The bandwidth
of the antenna needs to cover the fiber-to-the-room (FTTR) 5
GHz band while the antenna structure needs to be as simple
as possible for cost and compatibility purpose.

Usually, dual-beam radiation can be achieved by elabo-
rately designed back-to-back end-fire antennas [5]-[8], phased
array antennas [9]-[13], leaky-wave antennas [14]-[18], and
microstrip antennas [19]-[24]. For back-to-back end-fire anten-
nas, the dual beams pointing to opposite directions are inca-
pable of covering multiple rooms when the antenna is installed
on the rooftop. Phased array antennas are not suitable for
ceiling-mounted applications due to their complex and costly
system architecture, while leaky-wave antennas are incompat-
ible for FTTR scenarios where the spectrum resources are
quite limited for each channel. Although microstrip antennas
have been widely used to generate dual-beam radiation, they
suffer from drawbacks of narrow bandwidth, small beam tilt
angle and low antenna gain. A dual-beam antenna with large
beam tilt angle was reported in [25]. However, the antenna
is comprised of six independent steel plates and a feeding
network on the ground plane, which renders it disadvantageous
in terms of design simplicity, fabrication cost, and assembly
accuracy, and not applicable to practical applications.

Based on the above discussion, this letter proposes a high-
gain, broadband, dual-beam antenna with large beam tilt angle
for through-wall FTTR applications. The dual-beam radiation
is realized by exciting two anti-phase currents, then two pairs
of parasitic elements are introduced to further elevate the beam
tilt angle and extend the bandwidth. The measured results
show that the antenna can achieve symmetrical dual beams
with a beam tilt angle greater than 50° and the realized gain
exceeding 9 dBi within the 5-5.9 GHz band. Comprehensive
system experiments including the received signal strength indi-
cator (RSSI) and throughput measurements verify the antenna
as an excellent solution for through-wall FTTR applications.
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Fig. 2. Illustration of two anti-phase electric currents array.

Fig. 3. Configuration of the dual-beam antenna. (a) Top view. (b) Side view.
Design parameters (unit: mm): Lp = 96, Wp = 21, W0 = 0.8, W1 = 6.2, W2

= 9.5, W3 = 15.8, W4 = 4.6, W5 = 5.6, W6 = 15.5, Wg = 126, L0 = 19.3, L1

= 15, L2 = 20, L3 = 5.5, L4 = 7, N0 = 15.2, N1 = 7.6, D = 3.4, H = 14.5.

II. ANTENNA DESIGN AND PRINCIPLE

Let us consider a two-element array made up of two anti-
phase electric currents placed along the y-axis direction, as
shown in Fig. 2. The far-field pattern of a single electric current
is defined as [26]

E0(φ) = jη
kI0l cosφ

4πr
e−jkr (1)

where η is the wave impedance, k = 2π/λ is the free-space
wavenumber, I0 is the current amplitude, l is the current
length. Then, the array factor for the two elements array with
the same magnitude and phase difference β is

AF = cos

[
1

2
(kd sin θ cosφ+ β)

]
(2)

where β = π. For the xz- and yz-plane, φ equals 0 and π/2,
respectively. Thus, the total far-field patterns for the anti-phase
currents in the two main planes are

E(θ, φ)xz = −E0 sin

(
kd

2
sin θ

)
, E(θ, φ)yz = 0 (3)

If d ≈ λ/2, then the maximum radiation is obtained in the x-
axis direction (denoted by kx), while the radiation in the y-axis
direction is canceled out. Once an electric conductor is placed
underneath, the reflected waves induced by the conductor
will be oriented along the z-axis direction (denoted by kz)
according to the image theory. Thus, the total wave vector
ktotal is superposed by kx and kz , generating a tilted dual-beam
radiation. By adjusting the radiation intensity along vector kx
and kz , the beam tilt angle can be altered.

Based on the aforementioned principles and inspired by the
horizontally polarized antenna presented in [27], a dual-beam
antenna with improved bandwidth and gain is proposed. The

Fig. 4. (a) Simulated |S11| of Ant. I, II, III and Proposed. (b) Simulated
radiation patterns in xz-plane for Ant. I, II, III and Proposed at 5.1 GHz.

Fig. 5. (a) Current distributions of the proposed antenna at 5.2 and 5.86 GHz.
(b) Simulated |S11| for different L0, (c) Simulated |S11| for different L1.

configuration of the proposed dual-beam antenna is shown in
Fig. 3, which consists of a meander line, a notch radiator, two
symmetrical rectangular strips, two symmetrical trapezoidal
directors, and a ground plane. All elements are printed on a
FR4 substrate (εr = 4.4) with a thickness of 0.762 mm. The
ground plane is printed on another FR4 substrate, while two
dielectric substrates are separated by an air gap with a height
H, and a coaxial cable is used to feed the antenna directly.

The meander line provides differential excitation to the
notch radiator, creating anti-phase electric currents on the
radiator. Therefore, radiation nulls along the y-axis occur,
while high-gain dual-beam radiation is generated in the x-axis
direction. To illustrate the role of the trapezoidal directors,
the antenna with only the notch radiator and the meander line
is denoted as Ant. I. Ant. II refers to Ant. I plus a pair of
trapezoidal directors, while Ant. III refers to Ant. I plus two
pairs of trapezoidal directors. The trapezoidal shape is chosen
over the rectangular one because its gradual taper can expand
the operating bandwidth of the directors. As shown in Fig. 4,
both Ant. I, Ant. II, and Ant. III resonate at 5.1 GHz, and
the tilt angle of the symmetrical dual beams in the xz-plane
is 42° for Ant. I, 52° for Ant. II and 60° for Ant. III. This
indicates the trapezoidal directors can enhance the radiation
intensity along vector kx, thus elevating the beam tilt angle
effectively. Similarly, the magnitude of kz can be adjusted by
changing the antenna height H to fine-tune the beam tilt angle.
Meanwhile, loading the trapezoidal directors enhances the end-
fire radiation, thereby improving the gain by about 1 dB. Since
Ant. II has a suitable beam tilt angle that satisfies the system
requirements, a single pair of trapezoidal directors is chosen.
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Fig. 6. Photographs of the fabricated dual-beam antenna.

Fig. 7. Simulated and measured results of the proposed dual-beam antenna.
(a) |S11|. (b) Realized gain and total efficiency.

As the bandwidth of Ant. II is too narrow to cover the
FTTR 5 GHz band (5.15-5.85 GHz), a pair of rectangular
strips is added on either side of the notch radiator, which can
introduce an additional resonance at 5.86 GHz (fh) while the
resonance generated by the notch radiator only shifts slightly
from 5.1 GHz to 5.2 GHz (fl). As shown in Fig. 5(a), the
surface currents at 5.2 GHz are predominantly concentrated on
the notch radiator, indicating that the radiation mainly comes
from the notch radiator. Whereas at 5.86 GHz, the surface
currents on the rectangular strips are significantly enhanced,
indicating both the rectangular strips and the notch radiator
contribute to the radiation, thus significantly expanding the
bandwidth from 340 MHz (4.96-5.3 GHz) to 1000 MHz (5-6
GHz). It is necessary to note that the rectangular strips have
a limited effect on the radiation pattern and the antenna gain.

The proposed antenna is, in principle, similar to the Yagi
antenna. Thus, the initial dimensions of the antenna can be set
as follows: L0 ≈ λl/2, L1 ≈ λh/2, N0 + W4 × 2 ≈ λ0/2,
W6 ≈ λ0/4, W2 < 0.4λh, W3 > 0.4λl, L2 ≈ 0.4λ0 (λl

and λh are the guided wavelength at fl and fh, respectively,
while λ0 is the free-spcae wavelength at f0). Fig. 5 shows
a further study on the length of the notch radiator (L0) and
the rectangular strips (L1). As L0 increases, the resonance of
the notch radiator is shifted to lower frequency, while the
resonance of the rectangular strips is almost kept unchanged.
Similarly, the resonance of the rectangular strips is moved to
lower frequency when increasing L1, while the resonance of
the notch radiator remains essentially stable.

III. ANTENNA MEASUREMENT RESULTS AND DISCUSSION

An antenna prototype is fabricated and measured as shown
in Fig. 6. Fig. 7(a) shows the simulated and measured re-
flection coefficients, demonstrating bandwidths of 1000 MHz
(5-6 GHz) and 1100 MHz (4.88-5.98 GHz), respectively.
The difference between the simulated and measured reflection
coefficients is caused by the fabrication and measurement
errors, especially the possible reflections of the coaxial cable
(25 cm long) and IPEX-to-SMA transition. As depicted in Fig.

Fig. 8. Simulated and measured normalized radiation patterns of the proposed
antenna in (a) xz-plane and (b) theta = 52° plane at 5.2, 5.5, and 5.8 GHz.

TABLE I
COMPARISON WITH PREVIOUSLY REPORTED DUAL-BEAM ANTENNAS

Ref.
BW
(%)

BTA
(°)

Gain
(dBi)

Beamwidth (°)
Ele./Azi.

Dimensions
(λ3

0)
[20] 13.2 32.5 8.87 ∼45/N.A. 1.83×1.28×0.1
[21] 12.7 31 7.7 ∼45/N.A. 1.14×0.7×0.17
[22] 23.5 30 6.8 ∼38/N.A. 1.13×0.42×0.09
[23] 7.3 33 9.6 ∼40/N.A. 1.63×1.63×0.05
[24] 6 46 7.3 ∼35/N.A. 2.27×2.27×0.05

[25]* 16 54 8.9 48/64 1.76×1.11×0.24
Prop. SG* 18.2 53 9.8 57/72 1.76×1.11×0.24

Prop. 20.3 53 10.05 49/72 2.3×2.3×0.27
*: simulation results; BW: bandwidth; BTA: beam tilt angle; SG: small ground;
∼: approximately equal to; N.A.: not available; Ele.: elevation plane; Azi.:
azimuth plane; Beamwidth refers to the beamwidth with gain > 4 dBi.

7(b), the realized gain exceeds 9 dBi within the 5-5.9 GHz
band, with a maximum gain of 10.05 dBi at 5.3 GHz. The
total efficiency surpasses 70% within the 5-5.85 GHz band,
with a maximum efficiency of 80.62% at 5.05 GHz.

The simulated and measured normalized radiation patterns
at 5.2, 5.5, and 5.8 GHz in the xz-plane (elevation plane)
and theta = 52° plane (azimuth plane) are shown in Fig. 8.
The measured results demonstrate that the tilt angles of the
symmetrical dual beams are all greater than 50° at various
frequencies, with a maximum tilt angle of 53° at 5.2 GHz.

In addition to the beam tilt angle, beamwidth is also a criti-
cal metric for practical application. The measured beamwidths
for gain > 4 dBi in the xz-plane at 5.2, 5.5, and 5.8 GHz are
49°, 45°, and 43°, respectively, satisfying the requirements
delineated in Fig. 1. For the theta = 52° plane, the measured
beamwidths are all greater than 72°. A comparison of the
proposed and previously reported dual-beam antennas is tabu-
lated in Table I. As revealed by Table I, the proposed antenna
is superior to previous designs in terms of beam tilt angle,
gain, and beamwidth. Although the proposed antenna has a
large ground plane due to the system requirement, the antenna
performance remains essentially unchanged except for a slight
decrease in antenna gain under the same size as in [25].

IV. RSSI AND THROUGHPUT EXPERIMENTAL RESULTS

A conventional monopole antenna with conical-beam ra-
diation is fabricated and selected as the reference antenna
for system experimental results comparison. The impedance
bandwidth and the radiation patterns of the monopole antenna
are shown in Fig. 9. Within the operation band of 5-6 GHz,
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Fig. 9. Measured results of the monopole antenna. (a) |S11| and realized
gain. (b) and (c) normalized radiation patterns in xz- and yz-plane.

Fig. 10. Experimental scenarios for RSSI and throughput. (a) Room 1. (b)
Room 2. (c) Top view of the testing scenario.

the measured |S11| is less than -20 dB. Conical beams with
a maximum gain around theta = 40° in both main planes are
observed. The measured realized gain of the monopole antenna
is greater than 4 dBi from 5.2 to 5.95 GHz.

The scenario shown in Fig. 10 is chosen for RSSI and
throughput experiments. To better characterize the experimen-
tal results, each room is divided into 12 square cells. Due to
the symmetry of the experimental site, only the left half is
selected for results demonstration (Room 1 and Room 2). The
AP, located at the center of Room 2, is placed 3 m above the
ground and 1.5 m from the 25 cm-thick reinforced concrete
wall. A mobile phone placed 1.2 m above the ground functions
as a station (STA) to connect to the AP. The mean RSSI value
over a one-minute period is measured at the center of each
cell in Room 1 and Room 2, while throughput is measured at
seven sampling points, as indicated by red dots in Fig. 10(c).

The distribution of RSSI in Room 1 and Room 2 is
illustrated in Fig. 11. The omnidirectional radiation of the
monopole antenna with a small beam tilt angle ensures effec-
tive signal coverage in a single room, therefore the RSSI levels
of the dual-beam antenna within Room 2 is slightly lower than
that of the monopole antenna due to the large beam tilt angle.
Whereas in Room 1, the RSSI levels of the monopole antenna
drops dramatically, particularly at the room corners, while the
dual-beam antenna can still maintain the RSSI levels above -58
dBm throughout the room for better communication service.
The RSSI of the proposed dual-beam antenna exhibits slight
asymmetry within Room 2 due to its non-static nature, which
can be modeled as a Gaussian random variable [28], as well
as the beam pointing errors caused by the possible non-ideal
placement of the antenna.

The modulation and coding scheme index selected for
throughput measurement is 11, which corresponds to 1024-

Fig. 11. RSSI distribution in Room 1 and Room 2 for (a) the proposed dual-
beam antenna and (b) the monopole antenna.

Fig. 12. Throughput results tested in one minute (D for the dual-beam antenna
and M for the monopole antenna).

QAM modulation, as defined by the wireless network protocol
IEEE 802.11ax. In this case, the maximum code rate is 5/6,
the number of subcarriers is 2 × 980, and the maximum
bandwidth is 160 MHz (one spatial stream), corresponding
to a theoretical maximum throughput of 1201 Mbps. Usually,
the actually measured throughput typically falls short of the
theoretical limit, due to factors such as antenna performance,
polarization mismatch, and ambient noise. The throughput
measured at each sampling point is shown in Fig. 12. Although
the throughput of the dual-beam antenna is slightly lower
than that of the monopole at P1 and P2, it still exceeds 736
Mbps. In Room 1, the throughput of the dual-beam antenna
are all greater than 414 Mbps, whereas the throughput of the
monopole antenna gradually declines with distance and is less
than 150 Mbps at P7. Overall, the proposed antenna demon-
strates strong through-wall performance even under such high-
attenuation conditions. For low attenuation environments such
as plywood walls, using the proposed antenna would further
enhance coverage, especially in multi-room or corner regions,
due to the improved signal penetration capability.

V. CONCLUSION

This letter proposes a high-gain dual-beam antenna with
large beam tilt angle and broad bandwidth for through-wall
FTTR applications. By generating two anti-phase electric
currents within a single notch radiator, the dual-beam radiation
is realized. Subsequently, two pairs of parasitic elements
are introduced to achieve large beam tilt angle and broaden
the bandwidth. The antenna performance is validated by
impedance bandwidth and radiation pattern measurements.
Furthermore, RSSI and throughput experiments are also con-
ducted, demonstrating that the proposed antenna has excellent
through-wall and multi-room coverage capabilities.
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