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ABSTRACT This paper proposes a wearable reconfigurable antenna which can be operated in sub-6GHz,
V-band and D-band. In the sub-6GHz band, the dual loop antennas are combined with a diode switch to
achieve multi-mode switching. In the V-band, a controllable beam from O to 360 degrees is achieved by using
six combined Vivaldi antennas with a diode switch to switch between beam directions. The diamond-shaped
monopole antenna designed for the D-band achieves extremely high transmission rates at close range and has
upward-facing directional radiation. The antennas are available in the sub-6 GHz bands such as 2-2.4,2.9-3,
4.3-4.7, 5.75-6.05, and 6.6-6.9 GHz. The antenna design in the V-band can cover 19.78% (41-50 GHz) of
the fractional bandwidth with a reflection coefficient below the —10 dB standard. In the D-band diamond
monopole antenna, the reflection coefficient can reach —10dB standard covering 16.25% (139.6-164.3GHz)
of the fractional bandwidth, and with directional radiation, the maximum radiation can reach 12dBi.

INDEX TERMS Sub-6GHz, V-band, D-band, loop antenna, reconfigurable antenna, wideband antenna, PIN

diode switches, multiband antennas.

I. INTRODUCTION
In recent years, the popularity of mobile communication
applications in routine life shows that this technology is one
of the most important areas [1]. To address this need, millime-
ter wave antennas are one of the solutions [2], as the demand
for data transmission in wireless communication systems is
increasing. Millimeter wave applications can be used in areas
such as medical, industrial, scientific, and mobile communi-
cations, and to achieve information integration through the
Internet of Things [3]. The key technologies required are
equipment with different communication bands, controlled
beam directionality and integrated sub-6 GHz and millimeter
wave communication [4], [5], [6], [7], [8], [9].

To cover the demand of sub-6GHz and millimeter wave
bands, it is made to have high gain and multi-band capability.
The antennas in the sub-6 GHz and millimeter wave bands
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will be designed independently, and higher isolation will be
achieved through different placement locations, as in [1] by
placing the antennas in different bands separately to achieve
2.4, 5.2 and 60 GHz application bands. In [10], a multi-layer
stacked antenna covering the sub-6 GHz and millimeter wave
bands is proposed by designing three metal layers to achieve
two antennas for S-band and Ka-band respectively. In [11],
a curved monopole antenna for sub-6G GHz is designed in
a mobile communication device and combined with a Patch
antenna for millimeter wave to integrate dual-band antennas
on the same structure.

To meet the objectives of multi-band [12], [13], [14], [15],
[16], [17], beam switching [18], [19], [20], [21], [22], [23],
[24], [25], and compactness, the most common approach is to
design with reconfigurable antenna structures [26], [27], [28],
[29], [30], [31], [32], [33], [34], [35], [36], [37], [38], [39],
[40], [41], [42], such as the Fabry-Pérot (FP) cavity antenna
proposed in [26], [27], and [28] for dual-band antenna
designs. In [26], a dual-band aperture antenna is designed for
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FIGURE 1. Geometry of the multi-frequency wearable reconstructed
antenna. (a) 3D view. (b) Side view. (c) Exploded view. (H = 9mm).

X-band and Ka-band. The FP antenna is designed for X-band
and the array antenna is designed for Ka-band, and the two
antennas can be controlled independently for optimization
and efficiency enhancement by sharing the aperture. In [27],
a shared surface dual-band antenna design is proposed. The
FP resonator is designed by substrate-integrated waveguide
(SIW) and achieves a 10-dB fractional bandwidth of 23.45%
(3.2-4.05 GHz) in S-band and 9.76% (26.8-29.55GHz) in
Ka-band. In [29], [30], [43], [44], [45], and [46], MIMO
techniques are used to design for more directional variations.
As in [29], the 12 x 12 antenna design achieves 360° omni-
directional radiation with good isolation. In [30], a tri-band
shared antenna is introduced, which can achieve a common
radiation aperture in three bands, and consists of an inverted-F
antenna and a SIW leaky wave antenna. The overall gain can
reach 12.29 dBi with £36° beam coverage. In [31], a stack
of patch antennas and SIW structures is proposed to achieve
7.3 dBi at low frequencies and 24 dBi at millimeter waves.
In [32], the antenna gain in both bands is improved by sharing
the radiation aperture. The literature [33] has designed an
aperture sharing structure for 2.4, 5 and 60 GHz. It is mainly
designed by stacked patch antennas at low frequencies and
magneto-dipole antennas in the millimeter wave band, and
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(a) (b)
FIGURE 2. Double-layer loop antenna structure. (a) Top view. (b) Bottom
view. R; =24 mm, Ry = 24 mm, Ry = 24 mm, and R; =24 mm.

Feed poﬁ -

FIGURE 3. Height between baseboards and placement of diodes for
Sub-6 band antennas.

can achieve good isolation. In [34], the proposed dual-band
antenna consists of a four- cell structure and a dipole antenna,
and reaches the operating bands of 3.5 GHz and 28 GHz.

In this paper, a multi-band wearable reconfiguration
antenna is proposed for sub-6GHz, V-band and D-band
applications. The sub-6GHz antenna is constructed by
double-layer substrate on top and bottom, and the frequency
band is switched by 15 diodes. The V-band antenna consists
of six quasi-Vivaldi antennas between sub-6GHz substrates,
with six diodes to switch at the feed end to control the
beam direction. The D-band antenna is radiated from the top
diamond antenna, allowing for high power transmission at
close range.

Il. GEOMETRY OF PROPOSED ANTENNA
CONFIGURATION

Fig. 1 shows the multi-layer structure of the multi-band wear-
able reconfigured antenna. Two types of dielectric coefficient
substrates are used in this structure, namely FR4 glass fiber
substrate for sub-6GHz band with dielectric coefficient of 4.4,
tangent loss of 0.02, and substrate thickness of 0.8mm. The
V-band and D-band are based on Rogers 5880 substrates with
adielectric coefficient of 2.2 and a tangent loss of 0.0009. The
Sub-6GHz antenna consists of two FR4 substrates stacked
on top and bottom, the distance between the two substrates
is 5.4mm, and the antenna structure consists of two ring
antennas. The V-band antenna is placed in the middle of two
FR4 substrates and the antenna consists of six quasi-Vivaldi
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TABLE 1. Diode switches in 8 modes.

State Dis Dis Diz Diz D Do Dy

Ds Dy Ds Ds D4 Ds D> D

A 0 0 1 1 1 1 0 0 0 0 0 0 0 0
B 1 1 0 1 0 1 1 0 0 1 1 1 0 0
C 0 1 1 0 1 1 1 0 0 1 1 1 0 1
D 0 1 0 1 0 1 0 0 1 0 1 0 1 1
E 0 0 0 0 0 0 1 1 0 0 0 0 0 0
F 0 1 0 0 1 1 1 1 0 0 0 1 1 0
G 0 0 0 0 1 0 1 1 0 0 0 1 1 1
H 0 0 0 0 1 0 1 1 0 1 1 1 1 1
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FIGURE 4. Antenna structure analysis. (a) Single-layer loop. (b) Dual-layer
loops. (c) Triple-layer loops. (d) Reflection coefficient.

antennas. The D-band antenna is bonded to the top FR4
substrate, and the antenna structure consists of a diamond-
shaped antenna.

A. DUAL LOOP ANTENNA DESIGN FOR SUB-6 BAND

Fig. 2 shows the dual loop antenna structure for Sub-6GHz.
Fig. 3 shows the relationship between the antenna and the
diodes. The main structure consists of two loop antennas
and is reconfigurable through seven controllable ground
diodes and 8 diodes between the loops. Diodes Di-D7 can
be sorted into 128 modes. These modes can be varied by
changing the diodes Dg-Djs between the loop antennas to
produce 256 controlled changes in each mode. Due to the
symmetry of the antenna structure and the analysis of the
applicable frequency bands by the simulation software, eight
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FIGURE 5. Current distribution of the dual loop antenna at (a) 2.52,
(b) 2.88, (c) 4.46, and (d) 6.22 GHz.

reflectance coefficient modes are finally listed for discussion,
and the used modes and diode switches are organized in
Table 1.

Fig. 4(a)-(c) shows the analysis of the three antenna
structures, and Fig. 4(d) shows the reflection coefficient.
In simulated reflection coefficients are shown for the —6 dB
standard, covering 2.37-2.66, 4.03-4.4, and 5.75-6.07 GHz.
Fig. 4(b) adds a second layer of loop structure, which will
add a resonant frequency band at 2.81-2.95 GHz. In Fig. 4(c),
when the loop structure is increased to the third layer, more
resonant bands are generated under the —6dB standard, but
the bandwidth performance is not great. The double-layer
loop structure has the best resonant band, and it is finally
chosen as the final design. Fig. 5 shows the current dis-
tribution of the dual loop antenna at each frequency band.
Fig. 5(a) shows the current distribution at 2.52 GHz, and the
current is concentrated at 60 degrees and 330 degrees of the
peripheral loop antenna. The 2.82GHz current in Fig. 5(b) is
mainly distributed between the two loops at 60, 120, 210 and
330 degrees. At 4.46GHz, the currents are concentrated at
60 and 330 degrees of the inner loop antenna, as shown in
Figure 5(c). Fig. 5(d) shows that the current at 6.22GHz is
equally distributed among the loop antennas.

VOLUME 12, 2024
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FIGURE 6. Detailed structure of the V-band antenna. (a) Dimensions of
the front of the antenna. (b) Ground structure. (c) Diode distribution.

(L; =4.9mm, L, = 1.6mm, Ly = 7.5mm, L; = 0.2mm, L5 = 0.4mm,

Lg =0.15mm, L; = 0.2mm, Lg = 0.4mm, W, = 0.725mm, W5 = 7.25mm,
Wy = 3.3mm, W5 = 7.25mm, Wg = Tmm, W; = 0.325mm, Wg = 10mm).

TABLE 2. Diode switches in 8 modes.

State Dws Dws Dwma Dws D2 Dwmi
1 0 0 0 0 0 1
2 0 0 0 0 1 1
3 0 0 0 1 0 1
4 0 0 1 0 0 1
5 0 0 0 1 1 1
6 0 0 1 0 1 1
7 0 1 0 1 0 1
8 0 0 1 1 1 1
9 0 1 0 1 1 1

10 0 1 1 1 1 1

B. VIVALDI ANTENNA DESIGN FOR THE V-BAND

Fig. 6(a) and (b) show the designed reconfigurable V-band
antenna top view and ground plane, and the diode distribution
as in Fig. 6(c). The antenna structure consists of six identical
quasi-Vivaldi antennas with six diode switches at the feed
point to switch the current flow, allowing for 360 degree-
controlled beam-switching and the ability to turn on the
required diodes simultaneously to obtain the desired beam
direction. The back of the antenna is made up of a hexagonal
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FIGURE 7. Analysis of the antenna GCPW structure. (a) CPW structure.
(b) GCPW structure. (a) Quasi-GCPW structure. (d) Reflection coefficient.
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FIGURE 8. Vivaldi antenna current distribution at (a) 43.4 and (b) 47 GHz.

patch with an internal pin at the center of the feeding end,
which transmits the feeding signal to the antenna. Table 2
shows all the listed modes, which can be divided into 11 dif-
ferent modes due to the symmetric structure.

Fig. 7 shows the effect of the grounded coplanar waveguide
(GCPW) structure on the reflection coefficient. In Fig. 7(a),
no GCPW exists between the ground plane and the trans-
mission line, and the reflection coefficients can be seen to
be higher than —10 dB. In Fig. 7(b), the coplanar waveguide
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Feeding
via

(b)

FIGURE 9. Detailed dimensions of the D-band diamond-shaped
monopole antenna structure. (a) Antenna structure. (b) Detailed
dimensions of the feed-in structure. (Lg = 0.855mm, Wg = 0.4mm,
W;o = 0.2mm, W;; = 0.4mm, Wy, = 1.651mm, R; = 2.8mm, Rg =
1.6mm, Ry = 1.2mm, Rg = 0.6mm, R; = 0.4mm).

(CPW) structure is added between the transmission lines, and
the result shows that the reflection coefficient is resonant at
high frequencies, but the reflection coefficient is higher than
—10 dB as in Type 2-1. In Fig. 7(c), the GCPW structure
near the antenna is modified so that the shape is close to the
Y-shaped structure, and the best bandwidth of 42-50 GHz can
be achieved in Type 2-3. Fig. 8 depicts the current distribution
of the Vivaldi antenna at 43.4 and 47 GHz. The current at
43.4 GHz is concentrated in the GCPW structure and at the
top of the Vivaldi antenna, and there is a slight leakage of
current at ground level. At 47 GHz, the current distribution is
concentrated in the center of the Vivaldi antenna, and there is
less current leakage at ground level.

C. D-BAND MONOPOLE ANTENNA

Fig. 9(a) shows the structure of the front of the diamond
antenna, which is composed of two rings of progres-
sively increasing diameter and surrounded by a diamond
ring at the outermost circumference. Fig. 9(b) shows a
1.651mm x 0.8255mm rectangular slot etched into the center
of the ground plane. A 0.4mm diameter via was added in the
center of the rectangular slot. To simulate the real environ-
ment, only the thin copper shell was removed from the center
of the via. Fig. 10(a)-(c) shows the evolution of the antenna,
and Fig. 10(d) shows the change of reflection coefficient.
As shown in Fig. 10(a), the antenna structure consisting of a
cross, and a center ring does not resonate at a reflection coef-
ficient of —10 dB. In Fig. 10(b), adding a second circular ring
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FIGURE 10. (a) Evolution of D-band monopole rhombus structure.
(b) Reflection coefficient.
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FIGURE 11. Current distribution of diamond-shaped monopole antenna
at 144 GHz.

to the antenna, a bandwidth of 130-134.2 GHz can be seen at
the —10 dB standard, but only about —12 dB at the deepest
point of resonance, which shows a poor matching effect.
In Fig. 10(c), the Type3-3 of the outermost diamond ring
structure is added so that the bandwidth at —10dB standard
can reach the bandwidth of 138.9-148GHz and the deepest
—22dB resonance depth at 144GHz. The current distribution
of the rectangular monopole antenna at 146 GHz is shown in
Fig. 11, and the maximum current is concentrated in the cross
structure from O degrees to 180 degrees and spreads to both
sides of the structure.

D. ANALYSIS OF HAND EFFECT
Fig. 12 shows the performance of the sub-6 GHz, V- and
D-Band antennas in hand and free space. From Fig. 12(a)-(c),
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FIGURE 12. Hand effect of (a) Sub-6 GHz, (b) V-, and (c) D-Band antennas.

the reflection coefficients of the sub 6GHz antenna are similar
in the wrist and free space, and the V- and D-Band antennas
also have the same results with the sub 6GHz. Therefore, the
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FIGURE 13. Radiation efficiency of (a) Sub-6 GHz, (b) V-, and (c) D-Band
antennas.

structure of the sub 6GHz, V- and D-Band antennas is not
affected drastically by being worn on the wrist.
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FIGURE 14. Antenna structure configuration on Sim4life simulation
software.

E. ANALYSIS OF RADIATION EFFICIENCY

Fig. 13 shows the radiation efficiency of sub-6 GHz, mil-
limeter wave and D-Band antennas. The radiation efficiency
of sub-6 GHz antennas is in the range of 84.9-98.6%.
The millimeter-wave antennas have radiated efficiencies in
67.9-99.9%, and the D-Band antennas have radiated efficien-
cies of 95.6%.

Ill. BODY RADIATION EFFECTS

The effects of antenna radiation on the human body need
to be evaluated if the antenna is used in a wearable device.
Excessive or prolonged absorption of radiation may cause
damage to human body tissues. Therefore, wearable devices
are required to meet the international or local standards of
electromagnetic energy absorption ratio (Specific Absorption
Rate, SAR) [47], which indicates the ratio of radio frequency
power absorption rate per unit mass of tissue per unit time.
The commonly used SAR value range includes 10 kHz
to 10 GHz, and the SAR value calculation is expressed by (1).

o-|EP
Pm

where o is the human conductivity, E is the electric field in
the tissue, and p,, is the mass density of the tissue.

The SAR values and distributions evaluated in this paper
are based on the Federal Communications Commission
(FCC) standard of not exceeding 1.6 W/kg per 1 gram of
tissue on average. Fig. 14 shows the antenna placed on top
of the hand model. The distribution of SAR values for the
eight modes is shown in Fig. 15. The designed antenna can
be seen to be below the standard of 1.6 W/kg for 1 gram of
tissue, which is well suited for wearable applications.

The next step is the effect of millimeter wave antennas on
the human body. The time-averaged power(S) in the millime-
ter wave band is analyzed by (2), where Re is denoted as

SAR =

ey
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FIGURE 15. Analyzed SAR values for the 8 modes. State (a) A, (b) B, (c) C,
(d) D, (e) E, () F. (g) G, and (h) H.

the real number, E is denoted as the electric field, and H*
is denoted as the conjugate magnetic field:

. 1\ /- .
Sy = (5) (Ewyoxi wyo). @

The average power density of the electromagnetic field
human exposure standard is presented by (3):

Sav (z = d) = max ((l) / S (x,y,2) -dedy) 3)
AJ Ja
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FIGURE 17. PD simulation of D-band at 144GHz.

where A is the average power density area and d is the distance
between areas. Equation (3) illustrates the sum of power
through the area A at a specific distance (z = d). IEEE and
FCC proposed the use of power density for analysis above
6 GHz, and its specification in every 1 cm? and 4 cm? square
area need to be less than 40 (W/m?) power density value.
Fig. 16 shows the power density analysis of the 11 simulated
modes at 47 GHz, and the value area is set to 4 cm?. The
power density values of the 11 modes are much lower than
the standard 40(W/m2). The reason for this result is that there
is a sub-6GHz antenna ground between the designed V-band
antenna and human tissue, so that the antenna radiation is
blocked by the ground. Fig. 17 shows the simulation of the

VOLUME 12, 2024

(c)

FIGURE 18. Prototype of the dual loop antenna. (a) Top view. (b) Bottom
view. (c) Side view.

FIGURE 19. Darkroom environment and antenna setup for actual
measurements.

PD value of the D-band antenna at 144GHz, which is also in
line with the standard for commercial sales.

IV. MEASUREMENT RESULTS

A. DUAL LOOP ANTENNA DESIGN FOR SUB-6 GHz

Fig. 18 shows the actual structure dimensions of the dual loop
antenna. Fig. 19 is the darkroom environment and antenna
setup for the actual measurements. Eight modes of mea-
surement and simulated reflection coefficients are listed in
Fig. 20. In Fig. 20(a), the reflection coefficient of mode A
below —6 dB produces resonances at 2.3, 4.1 and 5.8 GHz,
and the simulation and measurement results are consistent.
Measurements in mode B resulted in resonance at 2.5 and
3.9 GHz, but deeper resonance points were obtained at the
higher frequency of 6.8 GHz. The mode C in Fig. 20(b)
shows that the low frequency produces two resonances at
2.2 and 3 GHz, but the resonance point disappears at the high
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FIGURE 20. Comparison of simulated and measured coefficients in each mode.

TABLE 3. Reflection coefficients of dual loop antennas in 11modes.

Sim. Meas. Sim.

State (GHz) (GHz) State (GHz) Meas. (GHz)
22423 2224 2.26-2.35

A 2.66-2.7  2.8-2.9 E 3.27-3.6 3.33-3.85
4.08-423 3943 4-4.38 4.3-4.72
5.9-6.04  5.73-6 7.3-8
227725 2.38-2.42 2.44-2.55

B 251257 Foo F 2.9-3.02 2.98-3.05
378397 0 4.84-5.02 4.8-5.05
6.626.9 5.78-5.88 5.75-6.05

2.3- 4.24-4.36 3.89-3.91

C 4.25-4.51 2.45 G 4.52-4.58 4.34.45
2.9-3.1 5.06-5.3 4.87-5

3.7-3.82

D 20335 I om YOS saae
: o 4.94-5.3

frequency of 4.3 GHz. The measured and simulated results in
mode D are consistent, and the two resonances are generated
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at 2.9 and 3.2 GHz. The mode E in Fig. 20(c) shows better
impedance matching results in the measurement, and better
resonance effects are obtained at the same 3.8 and 4.5 GHz
bands. Mode F shows good simulation and measurement
results with good agreement at 2.45, 3, 4.9 and 6 GHz. The
measured and simulated results of the mode G in Fig. 20(d)
show that the frequency band is shifted to the lower fre-
quency. Mode H demonstrates both simulated and measured
agreement, resonating at 4.5 and 5 GHz. The measured and
simulated reflection coefficients are summarized in Table 3.
Fig. 21 shows the comparison of the measured and simulated
gains for the eight modes. Fig. 21(a) and (b) shows that the
average gain of the design is 2.5 dBi.

The xy, yz and xz-plane radiation patterns for Modes A-H
are shown in Fig. 22. From the results, the simulation and
measurement of the radiation patterns are consistent when the
antenna is operating in free space.

B. V-BAND VIVALDI ANTENNA MEASUREMENT RESULTS
Fig. 23(a) is the actual antenna structure size, and Fig. 23(b) is
the actual darkroom measurement environment and antenna
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FIGURE 21. Comparison of measured and simulated gain.

setup. A comparison of the measured and simulated reflection
coefficients for 11 modes is in Fig. 24. Fig. 24(a) shows that
the measured bandwidth of modes 1-3 at the —10 dB reflec-
tion coefficient standard covers 45.1-48.7 GHz, which is
similar to the simulated 45-48 GHz. Modes 4-6 of Fig. 24(b)
show the bandwidth covering the operating band of 41-
50 GHz. The bandwidth of Modes 7-9 in Fig. 24(c) is shown
at about 41-49 GHz. Fig. 24(d) shows that the reflectance
coefficients of modes 10 and 11 cover 41-49 GHz, but the
reflectance coefficient in mode 11 is poor. The measured
reflection coefficients of the 11 modes are concentrated in
the range of 40-50GHz, which means that the operating
frequency band will not be affected when switching short
circuits. Table 4 presents the comparison of the measured
and simulated reflection coefficients for all modes of diode
switching and measurement.

Fig. 25 shows the comparison of the measured and sim-
ulated gains for all modes. The highest radiation gain of
about 10 dBi can be achieved for mode 1 in Fig. 25(a), and
the average radiation gain decreases to about 7-8 dBi when
increasing the number of shorts to modes 2 and 3. Fig. 25(b)
has an average measurement gain of about 6-7 dBi for mode

VOLUME 12, 2024

x-z plane
2.28GHz

10 o 10

-40 270 90 40 270 90
-30 :gg
20 -10
10 - 13 ==

180 180 180

5.8GHz

1 9 10 0 10 o
0 0 0

-40 270 90 40 270 )|\ 90 -40 270 90
30 30 & 30
-20 -20 -20
-10 -10 -10

o 0 o

10 10 10

180 180 180
(2)
4GHz
0

10 0 10 [} 12

0 P 0
10 B s 10 -10
20 , -20 -20
30 30 -30
40 270 90 40 270 90 40 270 90
30 -30 -30
-20 -20 -20
-10 -10 -10

0 - 0 Yo== 0 =
10 10 10
180 180 180

180 180 180
®)
2.9GHz
0 1 0

40 270 % *;: 270 90 :g 270 920
-30 - -
20 20 20
10 -10 -10
0 0 ¥ 0
10 10 10
180 180 180
(©
3.3GHz
- 0 " 0 10 o
0
0 0
10 -10 10
20 20 20
30 30 -30
40 270 90 40 270 90 401270 0
-30 -30 =20
20 20 20
-10 -10 -10
0 0 0 =
10 10 10
180 180
0
10 9 10 'g
o 0
10 = -10 -10
20 20 20
30 -30 -30 2
-40 270 90 40 270 90 40 270 ¢ 90
30 -30 -30
20 20 -20
10 -10 -10
0 0 S, 0 -
10 10 10
180 180 180

(d)

FIGURE 22. Sub-6 GHz antenna radiation pattern of state (a) A, (b) B,
() C, (d) D.

4-6, which decreases to 5-7 dBi at 45-50 GHz.The measured
gain of Modes 7-9 in Fig. 25(c) shows that the radiation
gain trends of the three modes are similar, with an average
gain of 6.5-8 dBi. In Fig. 25(d), the average gain of modes
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(b)

FIGURE 23. (a) Antenna prototype. (b) Darkroom measurement
environment.

TABLE 4. Comparison of diode switching and full mode bandwidth.

State Diode Switch Sim.(GHz) Meas.(GHz)
1 000001 45-48 45.1-48.7
2 000011 48.39-50 46.45-49.85
3 000101 42.8-46.3 43.6-50
4 001001 42.59-46.19 i3723_54_ Zg
5 000111 41.9-50.22 41.8-50
6 001011 41.34-48.3 41.75-48.9
7 010101 41.32-48.13 42.35-47.4
8 001111 41.7-48.7 42.8-48.65
9 010111 41.55-48.49 43.05-49.65
10 011111 41.76-48.26 41.95-47.6
11 111111 41.97-47.89 43.05-49.65

10 and 11 is 6-7 dBi. The results show that the radiation gain
decreases when the number of shorts is gradually increased.

The xy-plane radiation patterns of 11 modes at 48 GHz
are shown in Fig. 26. The mode 1 of Fig. 26(a) has the same
radiation directivity in both measured and simulated radiation
fields. However, the maximum value of the measurement
result is at the 105 degrees, which may be caused by the
measurement setup error. The radiation pattern of mode 2 in
Fig. 26(b) shows that the pattern is shifted at 90 degrees and
150 degrees due to the additional short-circuit contacts. For
mode 3 in Fig. 26(c), the beams are concentrated at 90 and
210 degrees. The main beam of mode 4 in Fig. 26(d) is
concentrated at 90 and 270 degrees, respectively. The mode
5 in Fig. 26 (e) is distributed between 90 and 210 degrees.
In Fig. 26(f), the main beam of mode 6 is concentrated at
90-150 degrees and 270 degrees respectively, but the mea-
surement results show that the radiation gain at 270 degrees
is smaller. The mode 7 of Fig. 26(g) is distributed at 90°,
210° and 330° respectively. Mode 9 in Fig. 26(i) shows that
the beams have been radiating omnidirectionally at nearly
360 degrees, while mode 10 in Fig. 26(j) also shows the
same radiation trend. The mode 11 in Fig. 26(k) shows the
omnidirectional radiation pattern.
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FIGURE 24. Reflection coefficient of V-band. (a) State 1-3. (b) State 4-6. (C) State 7-9. (d) State 10-11.

C. D-BAND ANTENNA MEASUREMENT RESULTS

Fig. 27(a) and (b) show the size of the front and back of the
designed D-band diamond-shaped monopole antenna, which
is 18.75 x 18.75 mm?> mm. The measurement environment
is shown in Figure 24(c). The antenna is screwed to the WR-
6.5 waveguide by a VDI expander to convert the frequency
band to 110-170 GHz and analyzed with the MS4644B net-
work analyzer.

Fig. 28 analyzes the simulated and measured reflectance
coefficients. The simulated reflectance coefficients have a
bandwidth of 138.9-147 GHz at —10 dB standard, while the
measured reflection coefficients cover 139.6-164.3 GHz.

The results show that both the measurement and simulation
resonate at about 144 GHz, but the measurement result has a
wider operating bandwidth. The reason for the large differ-
ence between the measured and simulated results may be due
to the thin thickness of the plate, which allows the screws
to bend the antenna when fixing the structure, resulting in a
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change in the matching structure. Comparing the measured
and simulated gains in Fig. 29, the highest measured gain is
about 12 dBi on average, and the trend is greater than the sim-
ulated results. Fig. 30 shows a comparison of the measured
and simulated radiation fields of the antenna at 144 GHz,
and due to the limitation of the measurement environment,
it is not possible to measure the fields from 90 degrees to
270 degrees. Fig. 30(a) depicts the measurement results in the
yz-plane. The measured radiation pattern is consistent with
the simulated results, with the maximum radiation gain at
0 degrees.

D. D-BAND ANTENNA MEASUREMENT RESULTS

Table 5 shows that the design of reconfigurable antennas
in recent years has focused more on the Sub-6 GHz and
millimeter wave bands and no higher frequency band is dis-

cussed. The antenna designed in this paper is a combination
of sub-6GHz, V-band and D-band and can be used in most
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TABLE 5. Comparison of reconfigurable antennas in recent years.

Ref. PORT Frfg‘gzn)cy Peak Gain(dBi) BW% Size (mm?)
2.4/4.5/5.75/6.9 0-5 18.2/3.3/5.08/4 44
Pro. 3 45 5-10 19.78 50x50
140 12 16.25
223-3.69 1.06-2.92 493
[10] 2 19.32-32.90 13.09 52 32.5x16
9.8-102 14.8 6
(26] 2 26.5-29 24.4 10.7 8585
24247
[28] 2 Sisa 8.1-15 28 1.4 75%75
155 .
[29] 12 2.5/3.5/5.5/7.5/28 o - 55x55(Single Antenna)
3.97
[30] 2 245260 4.07 ; .
1229
73 23
[31] 2 3.5+ 60 I P 80 x86
2.4-2.485 9.8
[33] 2 5.15-5.85 7.9 80 140 x140
57-64 8.4
3.12-3.84 63-7.1 20.7
(34] 2 24.9-30.6 9.2-11.3 5.6 43339
32405 727-10.44 2345
[48] 2 26.8-29.55 11.8-14.6 9.76 92 %92
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FIGURE 27. Prototype of the diamond-shaped antenna. (a) Front side.
(b) Reverse side. (c) Measurement environment.
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FIGURE 28. D-band diamond-shaped monopole reflection coefficient.

communication applications. The design of dual loop anten-
nas in the sub-6 GHz band can be designed by switching
8 different modes through a diode switch to meet the
design requirements, such as 2-2.4, 4.3-4.7, 5.75-6.05, and
6.6-6.9 GHz bands. Also, the gain at low frequencies is higher
compared to the literature [10], [29], [30]. In this paper,
the V-band achieves beam switching from 0 to 360 degrees
by diode switching and achieves a fractional bandwidth of
19.78% (41-50 GHz), which has a wider bandwidth com-
pared with the literature [26], [27], [28], [31], [33]. Compared
with literature [34], [48], there are more optional frequency
bands and beam directions. The measured maximum gain can
reach a maximum gain of 12dBi, indicating that this structure
can also be used for high power signal transmission at very
close distances.
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V. CONCLUSION

This paper proposes a multi-layer structure of multi-band
wearable reconfigured antenna, which can switch 8 different
modes at sub-6 GHz through multiple diode switches to reach
multiple frequency bands such as 2-2.4, 4.3-4.7, 5.75-6.05,
and 6.6-6.9 GHz. In the millimeter wave band, the Vivaldi
antenna in the V-band is also used to achieve a control-
lable beam from 0 to 360 degrees through diode switching.
And the reflection coefficient can cover 19.78% (41-50GHz)
of the fractional bandwidth. The D-band diamond-shaped
monopole antenna has a reflection coefficient that covers
16.25% (139.6-164.3 GHz) of the fractional bandwidth and
has directional radiation that can reach a maximum of 12 dBi.
Considering the effect of antenna radiation on human body,
the results show that the SAR value and PD generated at sub-
6GHz and V-band are lower than the international definition
of SAR value of 1g human tissue at 1.6 W/kg, and the power
density at 4cm? area is lower than 40(W/m?), which means
the designed antenna can be used in wearable devices. The
antenna architecture can well meet the needs of multi-band
and multi-beam direction, making it a good prospect for
development.
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