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1 |  INTRODUCTION

Wireless devices exhibit strict limitations in terms of device 
volume and energy efficiency. Thus, the MIMO system module 
embedded in a wireless device should be designed to achieve 
a high level of performance, high degree of integration, and 
high energy efficiency. In order to satisfy the criteria, a single 
RF chain MIMO technology [1‒9] was proposed. Reference 
[8] implemented a single RF chain by connecting four‐conven-
tional monopole antennas to a power divider. Each antenna was 
connected to a load modulation consisting of a divider with an 
attached pin diode. The LM‐MIMO characteristics were mea-
sured based on the ON/OFF state of the pin diode. Reference 
[9] measured spatial multiplexing MIMO via the ESPAR an-
tenna [10]. The study compared 2 × 2 MIMO characteristics 

via conventional MIMO with a monopole antenna and a single 
RF chain via the ESPAR antenna. The goal of the single RF 
chain MIMO technology involves exploiting the benefits of a 
MIMO system via the deployment of a single active antenna 
as opposed to conventional multiple antennas. A conventional 
MIMO system uses multiple antennas, thereby resulting in 
greater complexity and higher implementation costs.

In order to solve the disadvantages, analog spatial mul-
tiplexing techniques via a parasitic array antenna with a 
single RF chain were developed [10‒15]. We examined 
a λ/16 spacing single RF Chain MIMO antenna by using 
low power CMOS switches [10]. The antenna consisted of 
an active monopole antenna and two passive parasitic ele-
ments. Two beam patterns were formed based on the switch 
ON/ OFF state attached to the passive parasitic element, and 
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2 × 2 MIMO characteristics were measured. The study in-
volved a limited narrow bandwidth and is applicable only to 
2 × 2 MIMO systems. A single RF chain MIMO transceiver 
is composed of a single RF chain, multiple passive parasitic 
elements, and an electronic circuit that controls the antenna 
radiation pattern. The use of a single RF chain decreased 
system energy consumption and inter RF interference when 
compared to those of a conventional MIMO system.

An electronically steerable parasitic array radiator (ESPAR) 
antenna corresponds to a typical implementation form of a 
MIMO system with a single RF chain. An active antenna is fed 
from the RF signal while the passive parasitic elements are ter-
minated with the reactance loads. A conventional ESPAR an-
tenna [16‒22] uses λ/4 element spacing, λ/4 element lengths, 
and a ground plane of λ. Thus, it is disadvantageous because 
the size of the entire antenna increases. In order to reconfigure 
the antenna beam pattern, the loads can be typically imple-
mented via either a varactor or a pin diode with DC voltage 
controlled reactance. The reactance load circuit implemented 
via a varactor or pin diode requires an additional voltage driv-
ing circuit. Additionally, in order to realize the reactance load 
value for a reconfigurable beam pattern, one or more lumped 
elements are required in‐series or in parallel. The varactor 
diode exhibits a limited capacitance based on the DC voltage. 
The capacitance of the varactor diode depends on the calcu-
lated reactance load value, and its use can be limited if the load 
value does not satisfy the capacitance range.

In the study, we present a compact ESPAR antenna via 
an analog RF switch for a single RF chain MIMO system in-
tended to transmit a BPSK signal at 2.48 GHz. The proposed 
antenna elements are spaced at λ/64, and the antenna size is 
miniaturized via a dielectric radome. The reactance loads are 
optimized for constant impedance matching at the single ac-
tive monopole antenna. The ESPAR antenna exhibits a beam 
pattern that is reconfigurable in the ISM band (2.48 GHz) due 
to changes in the reactance value. The measured peak gain 
and efficiency correspond to 4.8 dBi and 90%, respectively.

2 |  ESPAR ANTENNA DESIGN

We design and implement an ESPAR antenna via analog RF 
switches. Figure 1 shows a λ/64 spaced five‐element mono-
pole type ESPAR antenna. The ESPAR antenna is composed 
of an active monopole antenna, four passive parasitic elements 
(PEs), a top pcb, a bottom pcb with a reactance load circuit, 
vias, SMA connector fixing bolts, radome fixing bolts, and 
a radome. An active monopole antenna is encircled by four 
equally spaced (λ/64 at 2.48 GHz) passive PEs and is printed 
on a 40 mm (0.3λ) × 3.2 mm FR‐4 epoxy substrate (εr = 4.5, 
loss tangent = 0.025). The diameter and height of an active 
monopole antenna are 8 mm and 0.196λ, respectively, and 
those of passive PEs are 4 mm and 0.2λ, respectively. The 

ground size and active monopole antenna length of a conven-
tional ESPAR antenna are λ and 0.25λ, respectively. However, 
the proposed ESPAR antenna size is miniaturized via a di-
electric radome (acetal, εr = 3.5, loss tangent = 0.003). The 
length of a conventional monopole antenna is λ/4. However, if 
an optional dielectric is used, the size of the antenna is reduced 
by 1/√εr of its dielectric constant.

We reduce the length of the active monopole antenna from 
30 mm to 23.5 mm by applying a dielectric radome and re-
duce the passive PEs length from 30 mm to 25 mm. The active 
monopole antenna and passive PEs diameter are determined as 
8 mm and 4 mm for the ESPAR antenna matching. The spacing 
between the active monopole antenna and passive PE is λ/64 
(1.875 mm). Figure 1B shows the bottom plane of the ESPAR 
antenna. The active monopole antenna is fed by a 50‐Ω SMA 
connector while the passive PEs are connected to the PE pad 

F I G U R E  1  Proposed ESPAR antenna: (A) Front‐side and (B) 
bottom views

(A)

(B)
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of the bottom pcb plane. As shown in Figure 1B, the bottom 
ground used to connect the VDD ground is located on the pcb 
outer side, and the bottom ground is connected to the center 
ground plane by using the vias. We design a microstrip (MS) 
circuit to attach an RF switch and lumped elements. We use an 
absorptive type RF switch (ADG 917, Analog Devices) with a 
high isolation and a low insertion loss.

Figure 2 shows the simulation results of the reflection co-
efficient by the distance between the active monopole antenna 
and PE. As shown in the figure, the reflection coefficient is 
deteriorated when the PEs are located around the active mono-
pole antenna and the distance between the two (active mono-
pole antenna and PE) decreases. We simulate the distance 
between the active monopole antenna and PE by λ/64 and 
changing the antenna design parameters. Figure 3 shows the 
simulation results of the reflection coefficient via changing the 

diameter of the active monopole antenna and PE. As shown in 
the figure, the antenna matching is satisfied when the mono-
pole antenna diameter is 8 mm and the PE diameter is 5 mm.

Figure 4 shows the simulation results of the reflection 
coefficient based on the change in the length of the active 
monopole antenna and PE. When the length of the active 
monopole antenna increases, the frequency shifts to the lower 
side (Figure 4A), and the reflection coefficient characteristic 
of the passive PEs does not change (Figure 4B). When the 
length of the passive PEs increases, the frequency shifts to 
the lower side (Figure 4D), and the reflection coefficient of 
the active monopole antenna (Figure 4C) differs with respect 
to the matching although the frequency remains unchanged.

Figure 5 shows the simulation results via the final antenna 
structure bases on the results of Figures 2 to 4 and simulation 
of reflection coefficient with and without radome. When a 
radome is absent, the optimal parameter is selected as cor-
responding to the monopole diameter of 8 mm, PE diame-
ter of 5 mm, monopole length of 40 mm, and PE length of 
46 mm. The frequency increases when a radome is applied to 
the above dimensions. We modify the antenna to match the 
operating frequency band (2.48 GHz), and the final antenna 
dimensions include the monopole diameter of 8 mm, PE di-
ameter of 4 mm, monopole length of 23.5 mm, and PE length 
of 25 mm. As shown in Figure 5, the results confirm that the 
whole antenna length decreases with the radome.

In order to verify the characteristics of the active mono-
pole antenna and passive PEs, we construct and measured 
them as shown in Figure 6A. It is not possible to ignore the 
effect of the MS circuit, and thus the reflection coefficient 
of the passive PEs including the MS circuit is measured. It 
is assumed that the switch is in an ON state, the RFC pad 
and RF‐1 pad are connected via a 1.5‐Ω chip resistor, and 
the reflection coefficient is measured by connecting a cable 
type SMA connector to a vector network analyzer (Anritsu 
MS46122A). As shown in Figure 6B, the active monopole 
antenna and passive PEs exhibit a frequency bandwidth in the 
range of 2.3 GHz–2.6 GHz.

3 |  ESPAR ANTENNA WITH 
OPTIMAL REACTANCE LOADS

The S‐parameter values of the active monopole antenna and 
passive PEs are required to calculate the optimum reactance 
load [23]. An extant study [23] shows the result of calculating 
the optimal reactance load value for two parasitic elements. 
In the study, the optimal reactance load value is calculated by 
modifying the calculation [23] to the equation for four‐para-
sitic elements. We measured the real and imaginary values 
of the active monopole antenna and passive PEs based on 
Figure 6A. The measured S‐parameters are as follows:

F I G U R E  2  Simulation results for the reflection coefficient by 
distance between active antenna and PE: (A) Monopole antenna and 
(B) PEs

(A)

(B)
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From the measured S‐parameter results, it is observed that 
the values of S21–S51 are equal to each other and the values of 
the PEs (S22–S55) are also identical. This implies that the cur-
rent generated from the active monopole antenna is coupled 
to each PE equally, and that the PEs whose characteristics are 
not changed by the coupled current exhibit the same value.

Figure 7 shows a network model of the proposed five‐el-
ement ESPAR antenna. The relationship between the active 
monopole antenna and the PEs is shown in the figure. We 

calculate each transfer function based on the measured S‐pa-
rameter (1). First, the antenna pattern modeling is calculated 
as follows:
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F I G U R E  3  Simulation results for the reflection coefficient via the monopole antenna and PE diameter (monopole and PE length are 30 mm): 
(A) Monopole, (B) PEs, (C) monopole, and (D) PEs

(A) (C)

(B) (D)
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Here, S, Γ1, Γ2, Γ3, and Γ4 are mutually coupled by all the 
PEs. Second, we define the basic function via the radiation 
pattern combination based on the load impedance.

Third, we calculate the linear superposition for 
the embedded pattern (12) and basis functions (13) as  
follows:
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F I G U R E  4  Simulation result of reflection coefficient by monopole antenna and PE length: (A) Monopole, (B) PEs, (C) monopole, and (D) 
PEs
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Fourth, we derive the reflection coefficient function per 
parasitic element port based on basis impedance, scattering 
parameters, and complex ratio.

Here, ki and Ln are symbolic constants for all i and n.
Finally, we create a look‐up table (Table 1) based on the 

calculated results to determine the final reactance load value.
We implemented the reactance load algorithm simu-

lator via MATLAB. Figure 8 shows the calculated range 
of optimal reactance loads. The optimal set of loads, 
[X1, X2]opt = [j205, − j32]Ω, can be selected based on the 
availability and practical realization of the reactance.

where M denotes the multiplexing gain, and Bm(θ, Φ) denotes 
the orthonormal basis pattern.

Equations (18), (19), and (20) correspond to the basic 
signal models. The basic signal model is a reformulation 
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F I G U R E  5  Simulation result in the reflection coefficient with 
and without radome: (A) Monopole antenna and (B) PEs

(A)

(B)

F I G U R E  6  Measured reflection coefficient of the active 
monopole antenna and passive PEs: (A) Passive PE measurement 
composition and (B) Measured reflection coefficient

(A)

(B)
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for application to the beam‐space modulation algorithm as 
follows:

where i0 is driven by the RF chain, and ln, and εn are em-
bedded patterns and are determined by the network model of 
the measured antenna and load set for the PEs. The predic-
tions indicate that the beamforming is created based on the 
reactance load value calculated based on (24). We apply the 
reactance load range values as shown in Figure 8 to select the 
reactance load value with a good reflection coefficient, an 
optimal beamforming pattern, and maximum gain. Under this 

type of loading, a power imbalance ratio of 0.7 dB between 
two basis patterns is obtained, and a reflection coefficient 
corresponding to −24 dB is achieved. The simulated peak 
antenna gain is 4.5 dBi.

4 |  ESPAR ANTENNA MATCHING 
METHOD

A conventional analog switch that exhibits a good ON/OFF 
feature with a low ON state resistance and wide control of 
the DC voltage range was used. However, it exhibits a poor 
isolation feature and large internal parasitic capacitance, 
and thus it cannot be efficiently applied to the proposed 
antenna.

In order to apply the calculated reactance load value, a 
switch with a high isolation feature is required. The initial 
load value changes if the reactance load values are affected 
by the low isolation feature of the switch. We use an absorp-
tive type RF switch (ADG 917 from Analog Devices) with 
high isolation and a low insertion loss as shown in Figure 9.

The internal parasitic of the RF switch should be consid-
ered when an RF switch is used to implement the desired 
reactance load value. In order to ensure accurate modeling of 
the RF switches and MS line circuit, their equivalent circuit 
models are obtained from measurements via a network ana-
lyzer. Figure 10 shows the measured results of the reactance 
loads matching the proposed antenna. The targeted reactance 
loads set is calculated as [X1, X2]opt = [j205,− j32]Ω at the 
center frequency of 2.48 GHz, as shown in Figure 10A. In 
Figures 10B and 10F, the black impedance line corresponds 
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F I G U R E  7  Network model for five‐element ESPAR antenna
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T A B L E  1  Load search look‐up table for the proposed antenna

S1 S2 S3

Sr1 Sr2

Γ1 Γ3 Γ2 Γ4

0 0 0 ZⅡ ZⅠ ZⅣ ZⅢ
1 ZⅡ ZⅠ ZⅢ ZⅣ

1 0 ZⅠ ZⅡ ZⅣ ZⅢ
1 ZⅠ ZⅡ ZⅢ ZⅣ

1 0 0 ZⅠ ZⅡ ZⅢ ZⅣ
1 ZⅠ ZⅡ ZⅣ ZⅢ

1 0 ZⅡ ZⅠ ZⅢ ZⅣ
1 ZⅡ ZⅠ ZⅣ ZⅢ

F I G U R E  8  Determination of the range of reactance loads
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to the measured value when only a reactance load circuit 
without an RF switch exists. The reactance value is +j3.2 Ω 
at 2.48 GHz. In Figure 10F, the red impedance line corre-
sponds to the measured value when only an RF switch is at-
tached to the reactance load circuit without applying a DC 
voltage. The reactance value is +j54 Ω at 2.48 GHz. This 
corresponds to the reactance value of the reactance load cir-
cuit and the RF switch. As shown in Figures 10C and 10F, 
the blue impedance line denotes the result of turning ON the 
RF switch via applying a DC voltage of 3 V to the RF switch 
in the power supply. As shown in Figure 10F, the Smith chart 
curve is shifted to [21.3 + j83.5] Ω. Based on the aforemen-
tioned results, reactance load matching is performed (black, 
red, and blue impedance line measurements). The final reac-
tance load value that is actually implemented corresponds to 
[X1, X2]opt = [j205,− j32]Ω. The RF switch is turned ON via 
applying a DC voltage of 3 V to the RF switch through the 
VDD pad, and DC voltage of 3 V is commonly applied to the 
CTRL pad. This confirms that the RF‐1 port corresponds to 
an ON state, and the RF‐2 port corresponds to a turned OFF 
state. As shown in Figure 10D, when a capacitor with 3 pF 
is connected in‐series to the RF‐1 port, the impedance line is 
shifted to the green impedance line as shown in Figure 10F, 
and the reactance value is +j215 Ω at 2.48 GHz. Conversely, 
when a DC voltage of 0 V is commonly applied to the CTRL 
pad, the RF‐2 port turns to an ON state and the RF‐1 port 
turns to an OFF state. As shown in Figure 10E, when a capac-
itor with 9 pF is connected in‐series to the RF‐2 port, the im-
pedance line is shifted to the purple impedance line as shown 
in Figure 10F, and the reactance value is −j30 Ω at 2.48 GHz.

5 |  MEASURED ESPAR ANTENNA 
PERFORMANCE WITH OPTIMAL 
REACTANCE LOAD

The target reactance load values are [jx1,target, jx2,target] = [j205, 
–j32]Ω, and the measured final reactance load values are 
[jx1,real,  jx2,real] = [j215, –j30]Ω. The reactance load values 
are close to the target reactance loads.

Figure 11 shows a prototype ESPAR antenna. Figure 
11A shows a simple model involving the application of an 
RF switch and lumped elements based on the measured opti-
mal reactance load values. The active monopole antenna and 
passive PEs are composed of copper, and the PEs are fixed 
with metal bolts at the bottom of the dielectric substrate. As 
shown in Figure 11C, 3‐pF and 9‐pF chip capacitors are at-
tached to each RF switch port, and the reactance circuit is 
designed with ta minimum size to minimize the influence on 
the reactance load value. Figure 11D shows a simple config-
uration of passive PEs, RF switches, and lumped elements 
before performing actual measurements. A DC voltage of 
3 V is applied to the RF switch, each port (RF‐1 and ‐2) is 

F I G U R E  9  Analog RF switch configuration

F I G U R E  1 0  Configuration of the reactance loads: (A) target 
reactance load, (B) only MS reactance matching circuit, (C) with RF 
switch (ON state), (D) 3 pF at RF port‐1 with control voltage of 3 V, 
(E) 9 pF at RF port‐2 with control voltage of 0 V, and (F) measured 
reactance load matching on a Smith chart

 

ZX,target = [ j205, j32] Ω

ZX,reat = 1.7 j3.2 Ω ZX,reat = 21.3 j83.5 Ω

ZX2 = 168 j30 ΩZX1 = 164 j215 Ω

pF 9 pF

(A)

(B) (C)

(D)

(F)

(E)
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turned to an ON/OFF state based on the control signal (0 and 
1), and the reactance load value is applied to the connected 
ports. The actual control signal applies a digital signal (0 
and 1) on the FPGA board. However, an FPGA board cannot 
be used to measure the reflection coefficient and radiation 
pattern of the proposed antenna. Thus, control signal “1” 
is applied at a DC voltage of 3 V, and control signal “0” is 
applied at a DC voltage of 0 V. In order to confirm the RF 
switch operation characteristics, the RF‐1 port and RFC port 
are connected when a DC voltage of 3 V is applied to the 
control pad. Conversely, the RF‐2 port and the RFC port are 
connected when a DC voltage of 0 V is applied to the control 
pad [24]. When a DC voltage of 3 V is applied to the control 
pad, the passive PE, RF switch, and ground plane are con-
nected because of the inductance component (j215Ω) such 

that it operates as a reflector. When a DC voltage of 0 V is 
applied to the control pad, only the passive PE and RF switch 
are connected due to the capacitance component (–j30 Ω) 
and operate as a derivative. Thus, the direction of the pro-
posed antenna radiation pattern is formed in the direction of 
the reactance load with the capacitance component (–j30 Ω). 
Table 2 shows the beamforming mechanism.

Figure 12 shows the reflection coefficient for modes 1 
and 2 in Table 2. The measured results are obtained via the 
Anrisu MS46122A vector network analyzer. A good imped-
ance matching performance over a significant bandwidth is 
obtained, and this confirms the excellent operation of the 
prototype antenna. In all cases, the frequency bandwidth of 
1.75 GHz–3.3 GHz (|S11| < 10 dB) is satisfied.

Figure 13 shows the simulated and measured radiation 
patterns of the proposed ESPAR antenna. The experiment 
results for the radiation patterns are obtained in an anechoic 
chamber. The measured radiation patterns results are in 
reasonable agreement with the simulated radiation pat-
terns. As shown in the figure, the beam patterns are formed 
in the direction of the reactance load with a capacitance 
value of (–j30 Ω) in all cases. Based on the applied control 
voltage (3 V or 0 V), the role of the PEs changes, and eight 
directional beams are formed. The measured peak gain for 
all beam patterns in all modes is 4.8 dBi.

6 |  4  × 4 MIMO TX/RX VIA THE 
PROPOSED ESPAR ANTENNA

Spatial multiplexing with a single radio via the proposed 
ESPAR antenna for a 4 × 4 MIMO transmission is meas-
ured [25]. We discuss an extant study [25] that initially 
measured the 4 × 4 MIMO characteristics via the pro-
posed ESPAR antenna as a receiver and confirmed the 

F I G U R E  1 1  Prototype ESPAR antenna: (A) RF switch and 
lumped element composition, (B) proposed antenna with and without 
dielectric radome, (C) bottom plane, and (D) configuration of the 
beam‐forming mechanism

(A)

(B)

(C)

(D)

T A B L E  2  Beamforming mechanism of the proposed antenna

Mode Beam Direction
CTRL “1” = RF‐1 port, 
“0” = RF‐2 port

1 0° 0 1 1 1

90° 1 0 1 1

180° 1 1 0 1

270° 1 1 1 0

2 45° 0 0 1 1

135° 1 0 0 1

225° 1 1 0 0

315° 0 1 1 0

F I G U R E  1 2  Measured reflection coefficient of the prototype 
ESPAR antenna
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performance of the proposed ESPAR antenna. Figure 14 
shows the transmit and receive configuration and test setup 
of the 4 × 4 MIMO. Two binary pulse trains are generated 
at a symbol rate of 960 kbps with a KC705 FPGA base-
band processor. The primary baseband BPSK stream (S0) is 
applied to the active monopole antenna after it is filtered, 
modulated, and upconverted.

The second through the fifth (S1–S4) baseband BPSK 
stream is XORed with the first to drive the four passive PEs. 
The data streams Figure 14A do not simultaneously arrive at 
the ESPAR antenna because the data passes through differ-
ent paths to the ESPAR antenna elements. In a beam‐space 
MIMO transmission, it is advantageous to sort the path 

delays to improve the performance. Signal alignment is per-
formed via controlling the delay of the XORed signal. A con-
ventional 4 × 4 MIMO receiver composed of four antennas 
is implemented as shown in Figure 14B. The receiver uses 
the training sequence to estimate the antenna response to the 
four basis functions and to subsequently obtain a response to 
the basis. When a 4 × 4 beam‐space MIMO channel matrix 
is obtained, the matrix is inverted and used to equalize the 
received signal.

In order to verify the MIMO characteristics, we use 
the proposed ESPAR antenna to transmit and receive. The 
proposed ESPAR antenna is used as the receiver. The con-
ventional four‐monopole antennas are used to transmit the 

F I G U R E  1 3  Measured and simulated radiation patterns of the prototype ESPAR antenna: (A) Simulated pattern of mode 1, (B) simulated 
pattern of mode 2, (C) measured pattern of mode 1, and (D) measured pattern of mode 2

(A)

(B)

(C)

(D)
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MIMO signal. The receiver electronically controls the an-
tenna such that the reception beam is sequentially switched 
in four directions. A receive ESPAR antenna at a distance of 
2 m from the transmitting four‐monopole antennas converts 
the four‐direction beam at 3.84 MHz and recovers the 960 
kbps BPSK symbol from each receiving beam. The beam 
controller switches the beam direction at 15.36 MHz. Using 
a single RF chain, up to four beams carry a total of 3.84 Mbps 
of information [2,25]. The signal processing software run-
ning in PC receives digital baseband signal samples from the 
hardware unit used for the receiver. It receives signal samples 
from either a conventional receiver with four antennas or a 
beam switching receiver with a single radio. After receiving 
the digital baseband I/Q samples captured at the hardware 
units, the PC performs demodulation and MIMO decompo-
sition and displays the estimated values of signal to noise 

ratio (SNR), bit error rate (BER), and error vector magnitude 
(EVM) via the graphical user interface. When the software 
operates for beam switching receiver, it is necessary to ex-
tract four sets of independent signals for MIMO decoding 
from the dumped signal samples. The signal from the beam 
switching receiver inherently exhibits spectrum spreading in 
the frequency domain.

Figure 15 shows the received constellation and spectrum 
while using the proposed ESPAR antenna as a receiver. As 
shown in Figure 15A, the SNR was measured at 13.4 dB 
(ant0, 0111), 20.8 dB (ant1, 1011), 15.7 dB (ant2, 1101), and 
18.2 dB (ant3, 1110) for each MIMO path. Figure 15B shows 
the spectrum of a received signal from the ESPAR antenna. 
We confirm the spectrum spread that corresponds to the es-
sence of the beam switching receiver.

We conducted a test via a conventional monopole antenna 
with four antennas as the receiver. The transmitter uses the 
proposed ESPAR antenna with the mode 1 pattern, and the 
receiver uses four monopole antennas with a spacing of λ/2 
(fc = 2.48 GHz). Figure 16 shows the spectrum and constella-
tion of the received signals from the four monopole antennas. 
As shown in the figure, SNR was measured at 11.3 dB (ant0), 
15.6 dB (ant1), 22.5 dB (ant2), and 17.7 dB (ant3) for each 
MIMO path.

F I G U R E  1 4  4 × 4 MIMO configuration and test setup: (A) 
Transmit part, (B) receive part, and (C) transmission test set‐up 
environment

(A)

(B)

(C)

F I G U R E  1 5  Measured constellation and spectrum of the receive 
ESPAR antenna: (A) Constellation and (B) spectrum
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F I G U R E  1 6  Measured constellation and spectrum of the receive 
conventional MIMO antenna: (A) Constellation and (B)spectrum
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7 |  CONCLUSION

In this study, we presented a compact ESPAR antenna via 
a low power analog RF switch for a single RF chain MIMO 
system. The optimum reactance load value was calculated 
via the beamforming load search algorithm. A simple and a 
compact antenna structure was achieved by simply attach-
ing the optimum load to the RF switch. We conducted im-
pedance matching via only minimal lumped elements with 
a Smith chart. The proposed ESPAR antenna elements were 
spaced at λ/64, and the antenna size was miniaturized via a 
dielectric radome. The proposed ESPAR antenna exhibits 
an obtained wideband (1.75 GHz–3.25 GHz). The results 
confirmed that the beam is formed in eight directions due to 
the RF switch operation and that the measured peak gain is 
4.8 dBi. The prototype ESPAR antenna was used to multi-
plex five BPSK signals. The measured constellations of the 
BPSK signals were successfully separated at the receiver. 
The measured average SNR was 17 dB while using the 
proposed ESPAR antenna as a transmitter, and the average 
SNR was 16.7 dB while using four‐conventional monopole 
antenna. The experimental results indicated that the beam‐
space MIMO concept is suitable for future low‐cost power 
data communications.
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