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1 | INTRODUCTION

| Yong-Ho Lee

| Kwang-Chun Lee | Tae Joong Kim

We propose a switched beam-forming antenna that satisfies not only ultra-wideband
characteristics but also beam-forming in the WLAN frequency band using an ultra-
wideband antenna and passive parasitic elements applying a broadband optimal reac-
tance load algorithm. We design a power and phase estimation function and an error
correction function by re-analyzing and normalizing all the components of the para-
sitic array using control system engineering. The proposed antenna is compared with
an antenna with a pin diode and reactance load value, respectively. The pin diode is
located between the passive parasitic elements and ground plane. An antenna beam
can be formed in eight directions according to the pin diode ON (reflector)/OFF (di-
rector) state. The antenna with a reactance load value achieves a better VSWR and
gain than the antenna with a pin diode. We confirm that a beam is formed in eight
directions owing to the RF switch operation, and the measured peak gain is 7 dBi at
2.45 GHz and 10 dBi at 5.8 GHz.
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antennas [1-7] can cover all areas by using an omnidirec-
tional pattern, there is a disadvantage in increasing the

An important task of future mobile radio communication
systems is to transmit more data by using limited radio
resources in an efficient manner. For the development of
the mobile communication technology, the frequency used
increases and the number of antennas correspondingly
increases based on the commercial frequency applied.
However, this currently has certain disadvantages, such
as high cost, high complexity, and deterioration of the an-
tenna performance owing to the large number of antennas
used for each commercial frequency band. In addition, it
is impossible to mount a large number of antennas on a
limited mobile terminal. Although ultra-wideband (UWB)

transmission and reception speed and capacity because the
antenna gain is low. Reference [2] achieved wideband char-
acteristics from 3 GHz to 5 GHz despite being a compact
UWB antenna with a 10 x 10 mm? chip size. However,
the maximum antenna gain was as low as 3.5 dBi and did
not satisfy the WLAN frequency band. Reference [3] im-
proved the isolation between two feeds using two fork-like
stubs and implemented UWB characteristics from 2.3 GHz
to 12.5 GHz using a coplanar waveguide CPW-fed mi-
crostrip antenna. However, a dual feed was used for two
applications (UWB and Bluetooth), the maximum gain
was 6 dBi, and beam-forming was impossible. To solve
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FIGURE 1 Structure of the UWB crossed planar monopole

antenna applying passive parasitic elements

the above problems, smart antenna technologies such as
a phased array beam-forming antenna [8—12] and digital
beam-forming antenna [13—18] capable of steering a beam
in the desired direction are being studied. Conventional
beam-forming antennas are effective in increasing the
antenna gain using an array antenna structure. However,
their use is limited owing to the use of multipole antenna
elements, a narrow bandwidth, expensive phase shifters
and attenuators, the increased complexity, and the overall
system size. To cover the commercial frequency band and
increase the gain of the desired frequency band, it is neces-
sary to develop a small single antenna technology [19-22]
that combines a UWB antenna with the beam-forming cir-
cuit technology.

In this paper, we propose a switched beam-forming an-
tenna that not only satisfies ultra-wideband characteristics
but also beam-forming within the WLAN frequency band
using a UWB antenna and passive parasitic elements (PEs)
applying a broadband optimal reactance load circuit. Two
planar metal monopole antennas are crossed orthogonally
to obtain the UWB band, and dual-band passive PEs oper-
ating at the WLAN frequency are placed around the active
monopole antenna. The passive PEs are arranged in the

intersecting space generated by the crossing of the metal
monopole antennas to minimize the influence of each cou-
pling. We conduct two experiments for the beam-forming
operation. First, a pin diode is attached to a passive PE
to confirm the beam-forming operation characteristics.
Second, we confirm the beam-forming operation charac-
teristics by attaching the optimal beam-forming reactance
load value to the passive PE. The experimental results for
both cases are presented in Section 4. As the measurement
results show, an eight-directional beam pattern is formed.
The frequency bandwidth is from 0.8 GHz to 9 GHz, and
the peak gain is 7 dBi at 2.45 GHz and 10 dBi at 5.8 GHz.
We develop a switched beam-forming antenna that com-
bines a UWB antenna, passive PEs, and broadband beam-
forming reactance load matching algorithm to achieve
reduction in the complexity, miniaturization, low power,
and low cost.

2 | UWB ANTENNA DESIGN
APPLYING PASSIVE PARASITIC
ELEMENTS

Conventional dipole and monopole antenna technologies can-
not satisfy wideband characteristics because they are anten-
nas for narrowband characteristics. A UWB antenna should
be designed to induce the flow of the current to the radiator
to be as smooth as possible and to avoid sudden changes in
the impedance.

Figure 1 shows the proposed UWB crossed planar metal
monopole antenna with passive PEs. Two stages of the match-
ing step were added to the bottom of the planar metal mono-
pole for broadband matching. To smoothly induce the current
flow, a modified trapezoid type radiator was designed. The
passive PEs are located at a distance of /4 at 5.8 GHz and
A5 at 2.45 GHz from the active monopole antenna. The two
passive PEs are combined into one structure to operate at a
dual-band frequency (2.45 GHz and 5.8 GHz). The vertically
formed PEs operate at 5.8 GHz, and the bent PEs operate at
2.45 GHz. A dielectric substrate (FR-4, er of 4.5, and thick-
ness of 1.6 mm) is used for attaching the reactance load circuit
and fixed role of the active monopole antenna (aluminum)
and passive PEs (aluminum). The lengths of the passive PEs
are 13 mm and 30 mm, which are the /4 values at 5.8 GHz
and 2.45 GHz, respectively. The diameter of the ground plane
is 80 mm, which is equivalent to ﬂg/Z at 900 MHz.

When passive PEs are placed around an active antenna, the
overall antenna matching characteristics are deteriorated owing
to their coupling effect. As a result, the voltage standing wave
ratio (VSWR) characteristic deteriorates and the antenna gain
decreases. To solve this problem, the distance between the ac-
tive antenna and a passive PE is spaced at A/2 of the operating
frequency, which causes a disadvantage in that the total antenna
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crossed monopole antenna, it (S;;) satisfies the ultra-wide-
band characteristics of more than 10 GHz from 0.898 GHz
(VSWR < 2). The passive PEs (5,,—Sss) satisfy the dual-band
characteristics from 2.2 GHz to 2.7 GHz and 4.8 GHz to
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FIGURE 2
antenna and passive PEs

Simulated VSWR results of the active monopole

size increases. To minimize the change in the antenna matching
characteristics owing to the influence of the passive PEs, it is
necessary to add a matching circuit using lumped elements or
find a suitable position of for the passive PEs that can induce
optimum mutual coupling. The method of adding a matching
circuit causes the manufacturing cost and complexity to increase
because the lumped elements should be attached to the active
antenna and passive PEs. The proposed antenna uses a method
of arranging passive PEs in a space generated using crossed pla-
nar monopole antennas. The shapes of the 2.45-GHz and 5.8-
GHz passive PEs are designed to be perpendicular to minimize
the coupling amount while reducing the distance between the
active planar monopole antenna and passive PEs.

To verify the operation of the passive PEs, we connected
an SMA connector to the bottom of each passive PE to con-
firm that the dual-band characteristic was satisfied. Figure 2
shows the simulated VSWR results of the active crossed pla-
nar monopole antenna and passive PEs. As shown in the fig-
ure, although the passive PEs are located in the active planar
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FIGURE 3 Low-complexity antenna structure analysis method
for the arrangement of multiple parasitic elements

LOAD SEARCH ALGORITHM

To design the optimal reactance load for beam-forming, it is
necessary to be able to describe mathematically the relation-
ship between an active antenna and the passive PEs [23-26].
The optimal reactance load design is achieved by defining and
evaluating the cost function based on the calculated formulas.
The number of passive PEs is most dominant in describing
the relationship between an active antenna and passive PEs.
Assuming that the mutual coupling is very weak, it can be
calculated by assuming that the PE is vacuum; however, this
approach is limited because basically all the PEs are placed
close to the active element in the parasitic array structure. If
the number of PEs is reduced or the distance between the ac-
tive element and PEs is increased, the analysis and formu-
lation are relatively easy, but the pattern reconfigurability is
lowered and various types of radiation patterns cannot be re-
configured. In contrast, if additional PEs are added to improve
the reconfigurability, the analysis complexity increases non-
linearly, and the difficulty in impedance matching increases.
To overcome this problem, we design a power and phase
estimation function and an error correction function by rean-
alyzing and normalizing all the components of the parasitic
array using control system engineering. To reduce the com-
plexity, the simplified power and phase estimation process is
compensated using the iterations of an error correction block
to calculate the approximated value as the actual value. Based
on the basic concept of the function, it is possible to estimate
the incident wave, reflected wave, gain estimation, weight of
the embedded radiation pattern, and active-port VSWR in
the parasitic array without the use of formulas. Even if the
PEs increase, it is possible to easily obtain a load value very
similar to the formula-based value through iterative opera-
tion processing using the function shown in Figure 3 without
using a formula. Pattern modeling, described through most of
this paper, mainly uses an array factor. Instead of being simple
to model and analyze, this approach differs considerably from
an actual radiation pattern. In this study, the radiation pattern
should be formed according to the intention of the designer,
which means that the error between the designed pattern shape
and actual radiation pattern should be small. To reduce the
modeling error, the embedded radiation pattern inherent in the
antenna structure is applied to radiation pattern modeling. As
the number of PEs increases, the complexity of the analysis
increases and calculation of the formulas becomes difficult.
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For the reason, we proposed a method to supplement model-
ing using pattern data. To model a radiation pattern using an
embedded radiation pattern, the virtual power source for each
PE, which varies with the load impedance state of the para-
sitic array, should be modeled. The radiation pattern model-
ing of the parasitic array is designed using the analysis method
shown in Figure 3. Because of the method shown in Figure 3,
the beam-forming pattern design domain is transformed into a
three-dimensional coordinate system, such as a spherical co-
ordinate system in the existing domain. Based on the model-
ing shown in Figure 3, a beam-forming reactance load search
simulator is designed, as shown in Figure 4. To calculate the
optimal reactance load value, we connect an SMA connector to
each passive PE as well as to the active crossed planar mono-
pole antenna. The simulated real/imaginary impedance (Figure
4B and 4C) and radiation patterns (Figure 4D-G) at each port
(port 1—port 5) were the input parameters to the beam-forming
load search simulator. The input parameters were subjected to
the modeling optimization process; the VSWR estimation and
power evaluation were repeated; and the optimal reactance load
set was then extracted.

Reference [25] shows the result of calculating the opti-
mal reactance load value for two parasitic elements. In this
paper, the optimal reactance load value is calculated by mod-
ifying this calculation [25] to an equation for four-parasitic
elements.

Figure 5 shows the network model of the proposed an-
tenna. The relationship between the active crossed monopole
antenna and PEs is shown in the figure. We calculate each
transfer function based on the simulated real/imaginary im-
pedance (Figure 4B and 4C). First, the antenna pattern model
is calculated as follows:

FIGURE 5 Network model for the five-element parasitic array
antenna
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Here, S, I'}, I',, I';, and [, are mutually coupled by all the PEs.
Second, we define the basic function through a radiation pattern
combination based on the load impedance.

{ ZyZay Ly 2y } { Zy Lo Zry }
E . (9, (,b) +e . (07 d))
B] (9’ ¢)= unit 5 unit , (8)
{Z‘II’ZIV!ZbZIII} (9 d)) + 6{ZI!ZIV Zi:Zin } (9 ¢)
B2 (9’ d)) _ _unit ’ > unit ’ , (9)
{Zn Zyy Ly Ziy } {ZHaZm ZyZyy }
. 0,p)+¢ 0,
B, (0, 9)= " akdhar 80

Third, we calculate the linear superposition for the em-
bedded pattern (11) and basis functions (12).

s
(zvs 2z

. 15253 Z;lvlzvsa}
Einst (6, &, 51,53, 53) =Sin (51’52’53) € nit 0.9)

{Z’l=32v33 7515253 515253 lezvfz}
— 1 2 3 4y T
=Sin (Sl,S2,53) Vinst €emb’ an

Einst (9’ &, 51,55, 53) =5,B, (0, )+ 5,8, (0, p)+538; (6, ¢)(12)

Fourth, we derive the reflection coefficient function per
PE port based on the basis impedance, scattering parameters,
and complex ratio.

Li+L, Li—-L,
T +Srl (T

I,= s
' (ks +k7 (M + Ty ) + kol Ny + Ty (ks +ko (TN + Dy ) + k1 T Dy )
(13)

o LQ;L4 +S, (LZ;L4)
? (ke+ky (I + Ty) +kyo Iy Ty + Ty (kg + kg (Fl"'rll)"'kllrlrll))’
(14)
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Li+L, Ly—L,;
T +Srl (T

(ke +ky (M + Ny ) +kio lu Ty + Iy (ks +ko (M + Ty +k111}111}v))’
(15)

I,= %”’2 (LA;%)
! (k6+k7 (FI+FH) +ko i Iy+1; (ks +kg (FI+FH) +k11FIFII)).
(16)

Here, k; and L,, are symbolic constants for all i and .

Finally, we make a look-up table based on the calculated
results. We calculate the final optimal beam-forming load set
using a simulator as shown Figure 4A. As a result, the opti-
mum beam-forming load set is BF 4 = [0.5 pF, 3.5 nH, 2.5
pF, 3.5 nH] (Tables 1 and 2).

4 | EXPERIMENT RESULTS USING
PIN DIODE AND REACTANCE LOAD
SET

4.1 |
diode

UWRB passive PE antenna using PIN

We confirm the beam-forming characteristics by applying a
pin diode to the antenna shown in Figure 1.

Figure 6 shows the pin diode circuit configuration to be
attached to the passive PEs. The pin diode uses Avago's
HPND-4005 and has a low capacitance value of 0.017 pF
and resistance value of 4.7 Q. The pin diode is located be-
tween the passive PEs and ground plane and has a 68-nH
inductor and 47-Q resistor for the DC block and RF choke.

TABLE 1 Load search look-up table for proposed antenna
S Sr2

S, S, S, r, ry o T,
0 0 0 Z Z Zy 2y
1 Z Z 2y Zy

1 0 Z Z Zy Zy

1 Z Z 2y Zy

1 0 0 Z Z 2y Zy
1 Z Z Zy Zy

1 0 Z Z 2y Zy

1 Z Z Zy 2y

TABLE 2 Optimum load sets

Ports 2 and 3 Ports 4 and 5
Load set Z,.Z, ZuZyy
Calculated load set 0.5 pF, 3.5 nH 2.5 pF, 3.5 nH

When a DC voltage is applied (3 V), the pin diode turns
ON and the passive PEs are connected to the ground plane,
as shown in Figure 6C, and thus, the passive PEs operate
as reflectors. Conversely, when the DC voltage is changed
to 0 V, the passive PEs and ground plane are opened, and
the passive PEs operate as directors to radiate the current
in a free space. Table 3 presents the beam-forming scheme
according to the pin diode operation. An antenna beam can
be formed in eight directions according to the pin diode
ON/OFF state.

Inductor
(68 nH)

Resistor
(47 Q)

DC voltage
DC o 3V — PIN “ON”

0V — PIN “OFF”

(A)

(B)
Parasitic Parasitic
element ‘ element -
R Difector

PIN diode PIN diode
“ON” “OFF”

(©)

FIGURE 6 Pin diode configuration and operation mechanism:
(A) pin diode circuit modeling, (B) passive PE position (top plane),
and (C) passive PE operation mechanism using the pin diode

TABLE 3 Beam-forming mechanism of the proposed antenna

using a pin diode

Supplied DC voltage
ST ‘1’ = ON and ‘0’ = OFF
direction PE-1 PE-2 PE-3 PE-4
Mode 1
0° 0 1 1 1
90° 1 0 1 1
180° 1 1 0 1
270° 1 1 1 0
Mode 2
45° 0 0 1 1
135° 1 0 0 1
225° 1 1 0 0
315° 0 1 1 0



LEE ET AL.

Beam
Direction

Reflector
uide

Beam
Direction

Mode [ (0 deg) Mode II (45 deg)

FIGURE 7 Reflector guide operation mechanism

As shown in Figure 7, the three ON-state passive PEs
operate as reflectors to push the current, and the crossed
planar monopole operates as a reflector guide to further
collect the antenna beam in the OFF-state passive PE di-
rection. It is expected that the antenna gain characteristics
will be further improved owing to the operation mechanism
displayed in Figure 7. A parasitic beam-forming antenna
using a switch or diode can cause the antenna character-
istics to change depending on the mismatch between the
switching element and a passive PE and the internal ca-
pacitance of the diode. The proposed antenna minimizes
the mismatch by simplifying the structure of the switch-
ing circuit and minimizes the changes in the antenna char-
acteristics by using the pin diode with minimum internal
capacitance.

Figure 8 shows the VSWR measurement results accord-
ing to the scheme presented in Table 3. As shown in Figure
8, the antenna characteristics do not change in all the cases,
and the frequency of 0.8 GHz-6.5 GHz is satisfied at VSWR
< 2. To verify the beam-forming operation characteristics,
radiation patterns are measured based on the scheme given
in Table 3.

The experiment results for the radiation patterns were
obtained in an anechoic chamber at the Daedeok Radio
Engineering Center, Daejeon, Korea. Figure 9 shows the
measured and simulated radiation patterns in modes 1 and
2. It can be confirmed that beam-forming occurs in the 2.45-
GHz and 5.8-GHz WLAN frequency bands according to the
ON/OFF state of the pin diode. The simulated peak gain is 5.6
dBi at 2.45 GHz and 7.8 dBi at 5.8 GHz. The measured peak
gain is 6 dBi at 2.45 GHz and 8 dBi at 5.8 GHz. Although
not mentioned in this paper, omnidirectional patterns were
measured outside the beam-forming frequency band.

4.2 | UWB passive PE antenna using the
optimal reactance load

We fabricated and measured the optimum reactance load
value calculated using a beam-forming reactance load simu-
lator. The optimum beam-forming load set was BFj ,q = [0.5
pF, 3.5 nH, 2.5 pF, 3.5 nH].

ETRI Journal—WlLEYﬂ

Figure 10 shows the structure of the UWB crossed planar
monopole antenna with a reactance load value. To fix the ac-
tive antenna, a support top-loading plate is implemented on
top of the crossed planar monopole antenna, and the active
antenna is fixed by fastening four nonmetallic supporters.
Passive PEs are fixed to the dielectric substrate using nonme-
tallic screws, and a microstrip circuit is constructed to attach
the reactance load value and RF switches to the side of the
passive PEs. The RF switch used is SKY13575-639LF of
Skyworks [27], and the operating principle is given in Table
4. The reactance load value calculated using the beam-form-
ing reactance load simulator is shown in Figure 10C. A DC
voltage of 3 V is commonly applied to the VDD port, and
beam-forming is implemented by changing the control voltage
of VC1 and VC2. The RF-4 port of the RF switch is open,
and the RF-4 port is responsible for the RF-2 port because
there are two identical 3.5 nH inductance values at the calcu-
lated reactance load value. The simulation results using the
3D electromagnetic and beam-forming reactance simulator
show that a beam is formed in the direction of 0.5 pF across
the inductance value, and the RF switch configuration for the
beam-forming is given in Table 5.

Figure 11 shows the results of the VSWR measurement
and simulation according to the scheme in Table 5. To
reduce the weight of the antenna, the active antenna and
passive PEs were made of aluminum and consist of a DC
voltage supply line for applying the DC voltage. The DC
voltage was applied to the RF switches, and the active
crossed planar monopole antenna was connected to the
vector network analyzer to measure the VSWR accord-
ing to the change in the control voltage. The vector net-
work analyzer used in the measurement was a Rohde &
Schwarz vector network analyzer capable of measuring
up to 40 GHz. Figure 11A shows the VSWR-simulated

. — AIlOFF
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¢ ——Model |
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7
g 6
wnn
5
4
3 0.8.GHz - 6.5 GHz
: N
1 : :-a.ﬁ\/ \/‘\
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FIGURE 8 VSWR measurement results of the proposed antenna
using pin diode
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FIGURE 9 Measured and simulated radiation patterns with a pin diode: (A) Radiation pattern measurement environment, (B) simulated
pattern of mode 1 at 2.45 GHz, (C) measured pattern of mode 1 at 2.45 GHz, (D) simulated pattern of mode 2 at 2.45 GHz, (E) measured pattern of
mode 2 at 2.45 GHz, (F) simulated pattern of mode 1 at 5.8 GHz, (G) measured pattern of mode 1 at 5.8 GHz, (H) simulated pattern of mode 2 at
5.8 GHz and (I) measured pattern of mode 2 at 5.8 GHz
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FIGURE 9

(Continued)

results using the electromagnetic and beam-forming re-
actance load simulators, which are almost the same. The
simulated frequency bandwidth is 0.9 GHz-6.0 GHz
(VSWR < 2). As shown in Figure 11B, the proposed an-
tenna characteristics did not change in all the cases, and a
frequency of 0.8 GHz-9.0 GHz is satisfied at VSWR < 2.
To verify the beam-forming operation characteristics, the
radiation patterns were measured based on the scheme
shown in Table 5.

Figure 12 shows the radiation pattern simulation re-
sults in mode 1 based on Table 5 using the electromagnetic
and beam-forming reactance load simulators. The results

ETRI Journal—WlLEYﬂ

90

120

010000 19

of the two simulators at 0° in mode 1 are in reasonable
agreement. The pattern correlation of the two simulators
is 0.99 based on the maximum value of 1. This means that
it reduces the error between the algorithm-based simulator
using MATLAB and electromagnetic-based 3D simulator.
It is possible to reduce the antenna designing process and
time by reducing the error caused by the difference in the
analysis method applied by the two simulators. The sim-
ulated peak gain is 6.9 dBi at 2.45 GHz and 9.12 dBi at
5.8 GHz. The radiation pattern in mode 1 based on Table
5 is simulated using a beam-forming reactance load sim-
ulator. As shown in Figure 12, it is confirmed that the



| WILEY-ETIRI Journal

Supported
top loading

Fixed bolts

Passive
parasitic elements

LEE ET AL.

Ultra wideband
active crossed

monopole antenna

Supported pins

35 an

‘ 35 mm
3| i(fe=2
8
2 -
3 2
8
VA 3
X SMA —13 mm
connector
(A)
o Qa8 =
O U
- 8&8>>
z =
0 T I I I -
~ I o | o
e g ZH—
ANO— =2 —»GND
—iHz ¢ 21—
S =%
i1k
Z Z Z
-} o QO
A
21 &
3.5nH T TO'S pF . 0.5 pFT T 3.5nH
GND$— fRr-2 FRr-1 f—?GND PE-2 GND&— FrR-1 FR-2 [?GND
VDD*] sKY1357 @ O SKY1357 [*VDD
V(C2e— 5-639LF —» GND o GND#&— 5-639LF |—e V(2
PE-3 PL-4 PE-1 i
VCle— FR-3 FR-4 —pGND GND$— FR-4 TR-3 }—e VCI
Z.Spl"L l l . l l J‘Z.Spl"
I a Open Openl % I
Z
] )
g1&¢
R C o
sTITT 5
A [k ¥l °
—iHe G zp——
o] =
GND# =3 —AND
o MY
g av zH——
a
Z
&}

VDDe—
VC1l e—{ FR-3
2.5l

V(2 o—

G

PE fixed bolts

Sl

GND via

Reactance load
lumped elements

VCI pad

RF switch
(SKY13575-639LF)

D)

FIGURE 10 The proposed prototype antenna: (A) Antenna structure, (B) configuration of the RF switches, (C) beam-forming operation
mechanism, and (D) prototype antenna
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TABLE 4 Switch operating principle

VC1 vC2
RFC to RF1 0 0
RFC to RF2 0 1
RFC to RF3 1 0
RFC to RF4 1 1

beam-forming is applied according to the change in the
reactance value. In the simulation, only the radiation pat-
tern of mode 1 was considered. The simulation accuracy
was confirmed by measuring the radiation pattern in an
anechoic chamber.

Figure 13 shows the measured and simulated radiation
patterns in modes 1 and 2 based on Table 5. It can be
confirmed that beam-forming is achieved in the 2.45-GHz
and 5.8-GHz WLAN frequency bands according to the re-
actance load value. The measured radiation patterns are
tilted about 5°. It is expected to be a problem owing to the
open state without attaching lumped elements to the RF-4
port of the RF switch. This problem could be solved by
attaching a 3.5-nH inductor to the RF-4 port. As shown
in Figure 13E, other frequencies outside the WLAN fre-
quency are measured for omnidirectional patterns. The
measured peak gain is 7 dBi at 2.45 GHz and 10 dBi at
5.8 GHz (Table 6).

5 | CONCLUSION

We proposed a switched beam-forming antenna that sat-
isfies not only ultra-wideband characteristics but also

TABLE 5 Beam-forming principle of
the proposed antenna using a reactance load

PE-1

Beam

10 T T T T ]
9 —— EM simulator
| Reactance load simulator
8
7
o |
6
z "]
> s
4
3 ’\
2 \ N // \_/
1 /\/\

0 1 2 3 4 5 6 7 8 9 10

Frequency (GHz)
(A)
10 H T
1 ——— All OFF
9 ——AlION |~
1 Mode I
8 Mode T |~
7
=
Z 5]
4
0.8 GHz - 9 GHz
3
2 // ,,,,,
I = _
P .
1 2 3 4 5 6 7 8 9 10
Frequency (GHz)

(B)

FIGURE 11 Measured and simulated VSWR results for all the
cases: (A) Simulated result and (B) measured result

Supplied DC voltage
Control voltage ‘1’ = 3V and ‘0’ = 0V

PE-2 PE-3 PE-4

direction vVCi1

Mode 1
0°
90°
180°
270°

Mode 2
45°
135°
225°
315°

S = O O

S = O O

vC2 VC1 vC2 VC1 vC2 VC1 vC2

0 0 1 1 0 0 1
1 0 0 0 1 1 0
0 0 1 0 0 0 1
1 1 0 0 1 0 0
0 0 0 1 0 0 1
1 0 0 0 0 1 0
0 0 1 0 0 0 0
0 1 0 0 1 0 0
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FIGURE 12 Simulated radiation patterns with the reactance load: (A) mode 1 at 2.45 GHz and (B) mode 1 at 5.8 GHz
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FIGURE 13 Measured and simulated radiation patterns with the reactance load: (A) Simulated pattern of mode 1 at 2.45 GHz, (b) measured
pattern of mode 1 at 2.45 GHz, (C) simulated pattern of mode 2 at 2.45 GHz, (D) measured pattern of mode 2 at 2.45 GHz, (E) simulated pattern
of mode 1 at 5.8 GHz, (F) measured pattern of mode 1 at 5.8 GHz, (G) simulated pattern of mode 2 at 5.8 GHz, (H) measured pattern of mode 2 at
5.8 GHz, (I) simulated pattern at other frequencies, and (J) measured pattern at other frequencies
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FIGURE 13

beam-forming in the WLAN frequency band using a UWB
antenna and passive PEs applying a broadband optimal re-
actance load. The value of the optimum reactance load is
calculated using a beam-forming load search algorithm sim-
ulator. We designed a power and phase estimation function
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TABLE 6 Comparison of the proposed antenna characteristics

Frequency
(GHz)

Radiation
pattern

Antenna gain

Size (mm?)

3D simulator

0.9-6.0
Beam-forming
6.9dBi @ 2.45 GHz

9.12 dBi @ 5.8 GHz
50 x 70

Algorithm
0.9-6.0

Beam-forming
6.9dBi @ 2.45 GHz

9.12 dBi @ 5.8 GHz
50 x 70

)

PIN diode
0.8-6.5

Beam-forming
6dBi @ 2.45 GHz

8 dBi @ 5.8 GHz
50 x 70

as well as an error correction function by reanalyzing and
normalizing all the components of the parasitic array using
control system engineering. By simply attaching optimum
loads to the RF switch, a simple design and compact antenna
structure are provided. We compared the results of the 3D

Reactance load

0.8-9.0
Beam-forming
7 dBi @ 2.45 GHz

10 dBi @ 5.8 GHz
50 x 70
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and beam-forming reactance load simulator and confirmed
the agreement between the two results. The proposed an-
tenna was compared with ones with a pin diode and the
reactance load value, respectively. The antenna with the re-
actance load value achieved a better VSWR and gain than
the antenna with the pin diode. We confirmed that a beam
was formed in eight directions owing to the RF switch op-
eration, and the measured peak gain was 7 dBi at 2.45 GHz
and 10 dBi at 5.8 GHz. We proposed an antenna that could
achieve WLAN frequency band beam-forming without
beam-forming elements while satisfying UWB frequency
characteristics. The proposed antenna could be capable of
beam-forming in the desired frequency band by changing
the type of passive PE applied.
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