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Abstract — This paper presents a beam-reconfigurable
antenna design adopting distributed inductors, Mn-Zn
ferrite, and static magnetic fields. The proposed antenna
consists of one driven patch, two parasitic patches, and a
full ground plane. Each parasitic patch is loaded with a
distributed inductor with positive inductance. The patch
antenna has a symmetric configuration and a broadside
pattern. A Mn-Zn ferrite slab is added to one inductor to
reduce its self-resonant frequency and change its induc-
tance from positive to negative which results in unsym-
metric field distributions and a tilted radiation beam. A
static magnetic field is applied to the ferrite material fur-
ther to adjust the tilted angle of the radiation beam. The
proposed antenna works at five modes with reconfig-
urable beams of 8 =0° (¢ =0°), 15° (¢ =90°, 270°) and
28° (¢ =90°, 270°).

Index Terms — Magnet, Mn-Zn ferrite, negative induc-
tances, reconfigurable beams.

L. INTRODUCTION

Beam-reconfigurable antennas provide interference-
free, power-saving, and highly secured end-to-end
communication making them attractive in 5G and satel-
lite communication systems [1-4]. Extensive research
has been conducted on beam reconfigurable antenna
design [3—13], in the design of which PIN diodes [3-9],
varactors [10, 11], and phase shifters [12, 13] are adopted
to control feeding networks, connections among metallic
portions, or phase shifting between antenna elements.
Table 1 compares the published beam reconfigurable
antennas. A common characteristic of these designs is
the need to introduce a DC power supply for control. This
requires the design of DC bias circuits, which involves
a large number of lumped components, increases design
complexity, occupies space on the circuit board, and
potentially introducing losses that lead to gain reduction
during the soldering of these lumped components.

To address these issues, this article presents a novel
technique of beam reconfiguration using tunable induc-
tors. The inductors are loaded with magnetic material
and controlled by a magnetic field to tune both the induc-
tance and the antenna beam. Compared to traditional
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beam reconfigurable antennas, the proposed design does
not require a DC bias circuit, and the fabrication only
involves grounding the inductor, simplifying the manu-
facturing process, and reducing design complexity. Mag-
netic materials and magnetic fields have been adopted in
inductors to improve [14—-19] and tune [20-23] induc-
tance. To the best of the authors’ knowledge, this arti-
cle presents the first design of a beam-reconfigurable

antenna by using magnetic field control.

Table 1: Comparison of the published beam reconfig-

urable antennas

Ref. | Freq. Tunable and Beam | Gain
(GHz) | Lumped Components | States | (dB)
[3] 35 4PIN,4L,4R, 4P 8 4.9
(4] 3.8 |8PIN,16L,32C, 8R, 3 3.8
8P
[5] 36 |8PIN,8L,8C,8R,8 5 11.85
P
[6] 3.7 12PIN, 4L, 12P 12 | 4.61
[7] 53 | 8PIN,9L, 12C, 1R, 4 7.04
8P
[10] 3 2 Var,2C,2P 5 N.A.
[11]| 58 |3Var,3L,3C,3R,3 3 6.5
P
[12] | 11.75 Phase shifter 6 20
[13] | 4.8 28 PIN, 12C, 28 P 9 7.8%
This | 2.4 0 5 6.02
Work

PIN is PIN diode, L is inductor, C is capacitor, R is resis-
tor, P is power, Var is varactor, Sunit is dBic

The proposed antenna is a patch antenna with two
parasitic patches. Two tunable inductors are loaded in the
two parasitic patches. A Mn-Zn ferrite slab and magnet
are adopted to tune each inductor’s inductance. The pro-
posed antenna beam works at five states with main beam
points to 8 =28° (¢ =270°), 15° (¢ =270°), 0° (¢ =0°),
15° (¢ =90°), and 28° (¢ =90°), respectively.

II. ANTENNA DESIGN
Figure 1 shows the configuration of the proposed
antenna. The antenna consists of three rectangular
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radiation pattern. A piece of Mn-Zn ferrite slab, with a
thickness of 0.5 mm, is mounted on top of one inductor
to realize negative inductance, while the other inductor,

W & which has no ferrite slab, exhibits positive inductance.
LP P1 .,\g P2 Ly The discrepancy in inductance values between the two
:E’y 0 inductors results in a tilted beam. Furthermore, applying
L1/ fim lﬁ“;KWg L2 a magnetic field with a magnet results in a larger scan-
Port ning beam. The proposed antenna operates at a resonant
_ frequency of 2.4 GHz. The antenna dimensions are listed
. W, W in Table 2.

\)f\fkq b H/W,c Table 3 shows the radiation patterns of the proposed
antenna. At Mode 1, both inductors are without a fer-
58 fi H. ».jj rite slab or magnet, resulting in equal inductance values
—A W and broadside patterns. At Mode 2, the inductance on the
VV’,‘ S I right side is loaded with a ferrite slab, resulting in a beam
@) tilted 8 =15° and ¢ =90°. At Mode 3, the antenna beam
Magnet o tilts to the opposite direction of Mode 2 (6 =15° and
7z ~. Ferrite ¢ =270°) with the ferrite slab loaded on the left inductor.
L\, — At Mode 4/5, the ferrite slab on the right/left inductor is
} GND subjected to a magnetic field from a magnet, and a larger

(b) tilted beam is obtained at 8 =28° and ¢ =90°, 270°.

Fig. 1. Configuration of the proposed antenna: (a) top
view (without magnet) and (b) side view (with magnet).

patches and a full ground (GND) printed on a 0.8
mm thick Rogers RO4003 substrate with €, =3.55 and
tand =0.0027. The three patches are identical in size
and shape. The center patch is directly fed through a
microstrip line, while the other two patches (P1 and P2)
are fed by coupling, with each loaded with a meander-
shaped inductor shorted to the ground plane. The antenna
configuration derives from the one in [10] by replacing
the varactors with tunable inductors. The patch antenna
is symmetric along the y-axis, resulting in a broadside

Table 2: Dimensions of the proposed antenna

A. Reconfigurable beam design with lumped inductor

Two lumped inductors are used to replace the two
meandered line inductors (L1 connected to P1 and
L2 connected to P2) to evaluate the inductance values
required to obtain beam reconfiguration. Antenna per-
formance was simulated using the Ansys high-frequency
structure simulator (HFSS) software.

Table 4 presents 14 states with different beams and
Fig. 2 illustrates the corresponding radiation patterns. As
shown in Table 4 and Fig. 2, at State 1, L1=L2=10 nH,
the antenna beam points to the +z direction (6 =0° and
¢ =0°). At State 2, L1 and L2 are both positive with a
great difference in value (9999 nH), and a small tilted

Parameter Wb Lguwp Wp Lp Wy W, Yo Iy S
Value (mm) 150 53 41.5 32.8 1.8 3.7 10.6 11 5.5
Parameter H er LFe HFe WL LL SL Wf Wk
Value (mm) 0.8 5 9 0.5 0.4 3 0.5 5.5 1.9
Table 3: Radiation patterns of the proposed antenna
. Measurement Simulation
Mode | Left Inductor) Right Inductor -gp e "0 0V T Gain (dB) | Main Beam (0,¢) | Gain (dB)
1 - - (0°,0°) 6.82 (0°,0°) 6.84
2 - With ferrite (15°,90°) 6.22 (15°,90°) 6.58
3 With ferrite - (15°,270°) 6.22 (15°,270°) 6.58
4 - With ferrite and (28°,90°) 6.07 - -
magnet
5 With ferrite - (28°,270°) 6.07 - -
and magnet




angle of 1° is obtained in the elevation plane. This indi-
cates that loading inductors with different values in the
two parasitic patches introduces a beam tilted to the side
of the smaller inductor. However, a minimal tilted angle
is obtained when both inductors are positive. In the cases
of States 3-6, one of the two patches is directly shorted
to the ground plane without loading an inductor, while
the other patch is loaded with an inductor. A negative
inductor (-10 nH) achieves a larger tilted angle com-
pared to a positive inductor (100 nH), indicating that
negative inductors are more effective in achieving larger
tilted beams than positive ones. The comparison of States
7-10 indicates that when the inductance values of the
two inductors have opposite signs, a smaller absolute
value of the negative inductance leads to a larger tilted
angle in the radiation pattern. In States 9-10, a signifi-
cant tilted angle was achieved, 8 =32°, where one induc-
tor is a positive inductance of 260 nH and the other is a

Table 4: States of proposed antenna with lumped induc-
tors

State| L1 (nH) | L2 (nH) | Beam direction (0,p)
1 10 10 0°,0°
2 1 10000 (1°,270°)
3 0 100 4°,270°)
4 100 0 (4°,90°)
5 -10 0 (10°, 270°)
6 0 -10 (10°, 90°)
7 -20 260 (13°,270°)
8 260 -20 (13°,90°)
9 -3 260 (32°,270°)
10 260 -3 (32°,90°)
11 160 -3 (30°,90°)
12 360 -3 (32°,90°)
13 460 -3 (33°,90°)
14 260 -1 (33°,90°)

4 Statel

@ State2

160 State3

State4

| “WF StateS

| % 90—y

“\ /r‘“ < State6
\ / =Je State7
120 120 <= State8

\\ 4@ Stated
150 ~_  __—150
180

<~ Statel0
Fig. 2. Normalized radiation patterns for different states
of yoz.
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negative inductance of -3 nH. Comparing State 10 with
States 11-14, it can be seen that the titled beam angle
increases with the increase of the positive inductor’s
inductance value or the negative inductor’s inductance
absolute value. It seems that the beam angle reaches a
stable value at State 9-10, since the beam angle only
increases by 1° when the positive inductor increases
from 260 to 460 nH or the negative inductor decreases
from -3 to -1 nH. In section IIB, a distributed inductor
with an inductance around 260 nH will be designed using
meandered lines, and the inductance is tuned to a nega-
tive value around -3 nH by loading a ferrite slab.

B. Design of distributed inductors

Based on the discussion above, different tilted
beams are obtained by loading different inductors in P1
and P2. Meandered lines are utilized to design a posi-
tive inductor, avoiding the need for via holes or metal-
lic bridges that would be required for a spiral-shaped
inductor [17]. In the proposed inductor, shown in Fig. 1,
one terminal is directly connected to the parasitic patch,
while the other terminal, located at the edge of the
board, connects to the ground plane via a soldered cop-
per wire. Figure 3 shows the inductor’s characteristics
varying with dimensions. As shown, the inductor reaches
its maximum positive value at its self-resonant frequency
and decreases to a negative value dramatically with the
increase in frequency. Furthermore, the inductor’s reso-
nant frequency decreases with the increase of the line’s
length of L, width of Wy, and spacing of S;. The induc-
tor resonates at the working frequency of 2.4 GHz when
Ly =3 mm, W; =0.4 mm, S; =0.5 mm, with its peak
inductance of 260 nH which meets the requirement of
positive inductor’s inductance value at States 9-10 in
Table 4. A negative inductor with an inductance around
-3 nH is required based on the meandered line-shaped
configuration working at States 9-10.

Based on the inductors designed above, this paper
presents an approach of using magnetic material to
change the inductance from positive to negative by
reducing the inductor’s self-resonant frequency [17, 24].
Mn-Zn ferrite is chosen to be loaded onto one inductor as
shown in Fig. 1 (a), due to its high magnetic permeability
and sensitive response to magnetic fields. Figure 4 shows
the inductor’s inductance with/without the ferrite slab
with W; =0.4 mm and S; =0.5 mm. When L; =3 mm,
with a loaded ferrite slab, the self-resonant frequency of
inductors decreases from 2.4 GHz to 2.1 GHz, while its
inductance changes from 260 nH to -20 nH. When L; =2
mm, both resonate frequencies are higher than 2.4 GHz,
resulting in two positive inductances of the cases with-
out/with ferrite slab. When L; =4 mm, both resonate fre-
quencies are lower than 2.4 GHz, resulting in two neg-
ative inductances of the cases without/with ferrite slab.

334



335

600 600
300 300
g0 s o
5 -300 —=— L, =2mn § 2300 W, =0.3mr

—o— W, =0.4mr
a1, =4mn -600 Lo W, =0.5ms
-900 —v—L,=5mn | —¥— W, =0.6mr

15 20 25 30 35 15 20 25 30 35

8L, =3mn

-600

Frequency(GHz) Frequency(GHz)
(a) (b)
1000
4
= 0 g < =
%_500 —o—S.=0.4mm
== S =0.5mm
-1000 ~w~SL=0.6mm
- SL=0.7mm
-1500 . -
1.5 20 25 30 35
Frequency(GHz)

(©)

Fig. 3. Impact of parameter dimensions on inductance:
(@) Lz, (b) W, and (¢) S.
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Fig. 4. Changes of inductance by adding ferrite slab.

In conclusion, an inductor resonating at its working fre-
quency (2.4 GHz) is an ideal choice to obtain negative
inductance by adding a ferrite slab.

Figure 5 gives a simulated magnetic field distribu-
tion on the inductor with/without ferrite slab. As shown,
the magnetic fields increase significantly with the loaded
ferrite slab, which leads to a decrease in self-resonant
frequency and an increase in inductance at frequencies
below resonant frequencies, which agrees with the trend
shown in Fig. 5.

C. Reconfigurable beam design with distributed
inductors

By adopting the two distributed inductors with
meandered line shapes and loading with a ferrite slab (as
shown in Fig. 1), beam reconfiguration is obtained with
three modes given in Table 2. At Mode 1, both inductors
are unloaded with a ferrite slab, resulting in the same
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H(A/m) H(A/m)

50.4733 225.4830

45.4782 203.0989

404831 1807148 ———
35.4880 | | 158.3308’

30.4929 ‘ 135.9467 ‘
254978 W8 1135627 ‘
20.5026 91.1786 —n
15.5075 68.7946 7 ‘
10.5124 46.4105 Ferrite

25179 I 24.0265
05222 1.6424

(a) b)

Fig. 5. Simulation of H-field distribution of the proposed
inductor: (a) without ferrite and (b) with ferrite.

inductance and broadside pattern. At Mode 2, the right
inductor has negative inductance by loading with a ferrite
slab, and the left one has positive inductance without fer-
rite loading, resulting in the main beam being tilted 15°
to the negative inductor. At Mode 3, the antenna beam is
tilted to the left side when a ferrite slab is loaded on the
left inductor.

Si1 plots of the proposed antenna in the three
modes are given in Fig. 6. The antenna resonates at
2.4 GHz with an overlapping bandwidth of 2.39-2.42
GHz in the three modes. Figure 7 presents the proposed
antenna’s simulated electric field distributions and radia-
tion patterns at different modes. At Mode 1, the electric
field distributions and radiation patterns show symme-
try about the antenna’s middle axial due to its symmetric
configuration. At Mode 2/3, the electric field is more
concentrated around the patch loaded with a ferrite slab,
resulting in the antenna beam being tilted to the same
side.

Table 5 illustrates the impact of varying the fer-
rite slab’s dimensions on the antenna’s radiation pattern.
Specifically, as the thickness (Hpe) of the ferrite slab
increases, the tilted beam angle increases while the gain
decreases. To achieve an optimal balance between the
beam angle and gain, an Hpr, of 0.5 mm was selected.

230} - Model
-8 Mode2
40 . . = Mode3
20 22 24 26 28 30
Frequency(GHz)

Fig. 6. Sy plots of the proposed antenna.
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Fig. 7. E-field distribution and radiation pattern: (a)
Mode 1, (b) Mode 2, and (c) Mode 3.

Additionally, the maximum beam angle and gain were
observed when Wg, =5 mm and Lg, =9 mm.

Table 5: Ferrite slab’s size influence on antenna pattern

Parameter Value (mm) | Beam (0,¢p) | Gain
(dB)
Hp, 0.45 (13°,90°) 5.0
0.5 (18°, 90°) 4.9
0.55 (20°, 90°) 4.6
Wre 4.5 (13°,90°) 4.8
5 (18°, 90°) 4.9
5.5 (15°,90°) 4.6
Lr. 8.5 (15°,90°) 4.7
9 (18°, 90°) 4.9
9.5 (16°, 90°) 4.6

Based on the discussion of section IIA, an increase
in the value of negative inductance will lead to a larger
tilted beam angle. A permanent magnet was adopted
to enforce static magnetic fields on the Mn-Zn fer-
rite. Magnetic fields distributions in the ferrite slab
with/without the magnet have been simulated by using
ANSYS Maxwell and are given in Fig. 8. As shown, by
applying static magnetic fields, the magnetic induction
intensity increases more than two times. The effect of
the magnet on the inductor’s inductance and the tilted
beam cannot be simulated by ANSYS Maxwell or HFSS
directly due to the limitations of each software. Maxwell
can only model the impact of static magnetic fields on the
magnetic properties but cannot account for the dynamic
behavior of the inductor or antenna at higher frequencies.
HESS can accurately model the inductor’s inductance
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Fig. 8. Simulated B-field distribution of the magnet: (a)
with ferrite and magnet and (b) with magnet.

and antenna patterns. However, it does not support the
simulation of static magnetic field’s effect on the induc-
tor. The enhancement of tilted beam angle through the
use of a magnet will be validated through measurement
in section III.

III. FABRICATION AND MEASUREMENT

The proposed antenna was fabricated and measured
to validate the simulation results. Figure 9 shows pho-
tographs of the fabricated antenna. Figure 10 shows mea-
sured and simulated S plots. As shown, measurements
agree well with the simulation. The overlapped measured
bandwidth of the five modes covers 2.39-2.42 GHz.

Figure 11 shows the measured and simulated radia-
tion patterns. As shown, measurements agree well with
the simulation except for a slight reduction of measured
gain which the mounting of the ferrite slab might intro-
duce.

" )
151617 18
1 ! ! : m

(© (d)

Fig. 9. Photographs of proposed antenna: (a) top layer of
Mode 1, (b) top layer of Mode 3, (c) top layer of Mode
5, and (d) bottom layer.
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The measured angles align closely with the simu-
lated angles. Specifically, Mode 1 shows a steering angle
of 0° with a measured gain of 6.82 dB, while Modes 2/3,
with steering angles of 15°, both display nearly identical
measured gains of 6.22 dB. In Modes 4 and 5, the deflec-
tion angles induced by the magnetic field attain 28°,
with both configurations demonstrating nearly equiva-
lent measured gains of 6.07 dB. There is little differ-
ence in the maximum gain of Modes 2 and 3 between
measurement and simulation. The measured gain is a bit
lower than the simulated one. This might be caused by

-10+
E 220 =~ Model-Sim.
= =@~ Model-Mea,
s 30 =~ Mode2-Sim.
2 =S ~—Mode2-Mea)
), =@®—Mode3-Sim.
40 +F * Mode3-Mea.
=P~ Mode4-Mea
50 i ; ~®— Mode5-Mea,
20 22 24 26 28 30
Frequency(GHz)
Fig. 10. Measured and simulated S;; of the proposed
antenna.
$=180" , o, 6=0 $=210" 5 4 9=90
30 30 30 4 30
60 60 60 1 60
92 90-—-v90 90—

—=— Simulated
—8— Measured 120

—&— Simulated

120  —®— Measured . 120 120

150 180 150 150 180 150
(a) (b)
¢ = 270° 9679,,¢35=90° ¢:270°qi(‘]94’¢=90“

30 0 307, 30
60 60 60 60
90 90190 90—

—=— Simulated —&— Mode 4

120 —®— Measured 120 120 —o— Mode 5 120
150 180 150 150 180 150
(©) (d)

Fig. 11. Measured and simulated radiation patterns for
different modes of yoz: (a) Mode 1, (b) Mode 2, (c)
Mode 3, and (d) Modes 4 and 5.
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the errors introduced in fabrication, such as dimension
errors of ferrite slab and roughness at soldering points.

IV. CONCLUSION

This paper presents a beam-reconfigurable antenna
based on a patch antenna loaded with two distributed
inductors with the same positive inductances. Adding
a ferrite slab to one inductor changes its inductance to
negative, resulting in a radiation beam tilted to the neg-
ative inductor’s side. A larger tilted beam is obtained
by applying static magnetic fields on the ferrite slab.
The proposed antenna works at five beam states with
the largest tilted angle of 28°. Compared with traditional
beam reconfigurable antennas using switches or phase
shifters, our design doesn’t involve DC power or lumped
components. It has the potential to find applications in
several specialized fields, such as implantable devices
with low/no DC power supply. It can also be used in a
high-power system since the distributed inductors have
higher power capacity than switches and the lumped
components.
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