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Four-Port Rectangular Monopole Antenna for UWB-MIMO
Applications

Watcharaphon Naktong and Amnoiy Ruengwaree*

Abstract—This paper proposes a four-port rectangular monopole antenna for ultra-wideband multiple-
input multiple-output (UWB-MIMO) applications. The proposed antenna was designed by using step
etching on the ground plane and arrow-shaped slot etching on a radiating patch to enhance bandwidth
and improve performances. The homogeneous elements and angular variation techniques were applied
to reduce mutual coupling between multiple antenna elements. The structural simulation technique
used Computer Simulation Technology (CST) program to analyze the antenna characteristics such
as reflection coefficient, group delay, mutual coupling, envelope correlation coefficient, and radiation
patterns. The measured results were found to cover a frequency range of 3.1–10.6 GHz for UWB
communications. The envelope correlation coefficient for the MIMO system was obtained under 0.001
which is less than the specific parameters of UWB-MIMO antennas. The radiation pattern was bi-
directional. Also, the efficiency of the four-port antenna was more than 85.70%.

1. INTRODUCTION

The world’s first wireless communication system had one antenna on both the transmitter and receiver.
It is called Single-Input-Single-Output (SISO). It had been used since the birth of radio technology.
However, the SISO system is limited in its performances. There are impact systems from interference
and fading, then a system which uses a single antenna at the transmitter and multiple antennas at the
receiver named as Single Input Multiple Output (SIMO) and a system which uses multiple antennas at
the transmitter and a single antenna at the receiver called a Multiple Input Single Output (MISO) were
presented. These had been developed to improve communication performances. Presently, Multiple-
Input Multiple-Output (MIMO) communications system uses multiple antennas at both the transmitter
and receiver. It has significantly enhanced the performances such as the data rate transmission speed,
channel capacity improvement, and multipath fading reduction [1, 2].

However, the MIMO antenna is placed in multiple elements together to affect electromagnetic
interactions between elements and high mutual coupling. The mutual coupling influences multiple
elements antenna. A high mutual coupling can lead to impedance mismatches, increase the antenna
correlation, decrease the efficiency of the antenna, etc. In the past years, researchers have studied
techniques to reduce mutual coupling in multiple elements antenna for MIMO antenna. Some
commonly used techniques include electromagnetic band-gap (EBG), inserting short stub, defected
ground structure (DGS), spatial and angular variations, homogenous element, etc. [3–13].

This paper proposes a four-port rectangular monopole antenna for the UWB-MIMO application.
In previous researches [14–20], a rectangle monopole antenna with step etching technique on a ground
plane [21–23] was selected for an antenna structure to design the UWB-MIMO antenna [24], but it
had some parameters that were not acceptable for the slot etching technique on radiating patch with

Received 29 October 2019, Accepted 14 January 2020, Scheduled 17 March 2020
* Corresponding author: Amnoiy Ruengwaree (amnoiy.r@en.rmutt.ac.th).
The authors are with the Department of Electronics and Telecommunication Engineering, Faculty of Engineering, Rajamangala
University of Technology Thanyaburi (RMUTT), Pathumthani 12110, Thailand.



20 Naktong and Ruengwaree

arrow-shaped improvement [14]. After that, it was designed into a two-port antenna placed in four
different positions for a MIMO antenna as defined by the Federal Communication Commission (FCC).
The orthogonal position is the best for performance [15] and antenna characteristics [25–28]. The
homogeneous elements and angular variation techniques were applied to the four-port antenna for the
inclination of mutual coupling and augmentation of the envelope correlation coefficient [29–34].

2. SINGLE PORT ANTENNA DESIGN

2.1. Single Port Antenna Design

In previous researches, the radiating patch antenna was designed with rectangular, triangular, and
circular shapes with step-shaped etching on the ground plane to enhance the bandwidth. The
rectangular shape is a proper shape for the UWB antenna for a single port [13]. The proposed structure
of a single antenna was designed on a print circuit board (PCB) with FR4. The PCB had a dielectric
constant value (εr) of 4.3, copper thickness (t) of 0.017 mm, and substrate thickness (h) of 0.764 mm.

The antenna structure was designed by using Eqs. (1)–(15) at a resonant frequency. The first step
is to calculate the width at W and length at L, of the radiator patch with Eqs. (1)–(4) for [16, 17].

The width (W ) of the patch was computed by
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c

2fr

√
2

εr + 1
, (1)

The effective dielectric constant was calculated by

εeff =
εr + 1

2
+

εr − 1
2

⎛
⎜⎜⎝ 1√

1 +
2h
W

⎞
⎟⎟⎠ , (2)

The fringing fields resulting in the change in length was calculated by
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The length (L) of the patch was calculated by

L =
c

2fr
√

εeff
− 2ΔL, (4)

The second step was to design the feed line. The impedance of transmission line of antenna was
fed by a coplanar waveguide for standard of 50 Ω and calculated by Eqs. (5)–(12) [18, 19].

The width Wf and length Lf of feed line were calculated as
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where
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By the way, the width W1 and length L1 of ground plan were obtained by Eqs. (13)–(14) [15, 17]

W1 =
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fr
√

εeff
, (13)

L1 =
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, (14)

Finally, the width and length of substrate FR4 were calculated by Eq. (15) where Ws = Ls ≈
34 mm [15, 17]

WS = LS = 6h + W, (15)

2.2. Design and Optimization of the Radiator Patch Antenna

The calculated parameters of the antenna design were width (W ) ≈ 30 mm and length (L) ≈ 22 mm at
a resonant frequency of 3.1 GHz. The simulation was performed using CST Microwave studio program.
Therefore, in this section the radiator patch was optimized in [20] to enhance the impedance bandwidth
into 2 steps. The first step was fixing the length value, L, to 22 mm and then decreasing the width, W
to 30, 27, 24, 21, and 18 mm, respectively. The comparison of reflection coefficients is shown in Fig. 1.
It was noticed that the suitable width, W , was 21 mm, and impedance bandwidth was between 2.49
and 5.23 GHz (70.98%), but it was not covered in frequency range of UWB as required.

So, the second step was to optimize by fixing the width, W , to 21 mm then adjusting the length,
L, to 22, 20, 18, 16, and 14 mm, respectively. The comparison of simulated results is shown in Fig. 2. It

Figure 1. Comparison of reflection coefficients with optimization of W .
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Figure 2. Comparison of reflection coefficients with optimization of L.

was observed that the appropriate value of L was 16 mm, and W was 21 mm. The impedance bandwidth
was in frequency range of 2.77–5.93 GHz (72.64%), but it was still not covered in UWB communication
system as defined by the Federal Communication Commission (FCC) [24]. Therefore, the conventional
antenna will be designed in the next section.

2.3. Frequency Bandwidth Enhancement

This section presents the process for enhancing frequency bandwidth. From the appropriated result
that L = 16 mm and W = 21 mm, it was found that the frequency range was between 5.93 and 12 GHz,
and still got high reflection coefficient. There are 3 steps in order to improve and enhance bandwidth to
cover the UWB. In the first step, observing the current distribution at 9GHz was needed to be analyzed
as shown in Fig. 3(a). It was observed that high current distributed at points A, B, and C on the ground
plane. Consequently, using the slot etching technique on the ground plane [22, 23] at points A and B
was presented when W2 and L2 were 6mm and 3 mm, respectively. The presented antenna was shown
in Fig. 3(b) and referred to as antenna type I. It was observed that the bandwidth was wider in dual-
band frequency at 2.72–7.13 GHz (89.54%) and 7.76–11.77 GHz (41.07%). Fig. 4 shows the comparison

Figure 3. (a) The current distribution at 9GHz, (b) the structure of antenna type I.
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Figure 4. Comparison of simulations for conventional and antenna type I.

between conventional patch antenna and antenna type I. It portrays that the reflection coefficient was
still high around 7.5 GHz, and impedance bandwidth was not covered in the UWB frequency range of
3.1–10.6 GHz.

Figure 5(a) shows the current distribution at 7.5 GHz, and it was overcrowding at the outer edge
of ground planes. Then the second proposed step was to reduce the current distribution by using the
slot etching technique on the ground plane again at points D and E with W3 of 5 mm and L3 of 2mm
and represented to be antenna type II as shown in Fig. 5(b).

Group delay is one of the important parameters of transmitting time of the amplitude envelopes
of various sinusoidal components of UWB signals through a device. It effectively propagated delay in
transmitting antenna (Tx) and receiving antenna (Rx) together; the group delay value must be less than
±2 ns as a specific for UWB-MIMO antenna [24]. The slot etching technique with an arrow-shaped slot
was used on radiating patch to improve performance in [14], existing when W4 was 3mm; L4 was 4 mm;
W5 was 7 mm; and L5 was 8mm as shown in Fig. 5(c), and it was named antenna type III. It was found in
simulated results between antenna type II and antenna type III that the reflection coefficients had a small

Figure 5. The process design of the single port antenna. (a) Current distribution at 7.5 GHz. (b)
Antenna type II. (c) Antenna type III.
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difference during the operating frequency range of 2.62–12 GHz (128.32%) and 2.63–12 GHz (128.09%)
respectively as show in Fig. 6, when the distance between antenna under test as transmitted antenna and
received antenna was varied of 10 cm, 20 cm, 30 cm, 40 cm, and 50 cm, respectively. It seems that suitable
efficiency has occurred at a distance of 30 cm, applied for pulse signal transmission, but the group delay
decreases less ±2 ns as shown in Fig. 7. Etching a copper layer in step shape on the ground plane and
arrow-shaped slot on a radiating patch were used to enhance bandwidth and improve performances of
antenna characteristic as shown in Fig. 8. The homogeneous elements and angular variation techniques
were applied to reduce mutual coupling between multiple antenna elements. The structural simulation

Figure 6. The comparison of reflection coefficients between antenna type II and antenna type III.

Figure 7. The comparison of simulation for group delay.
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Figure 8. The prototype of single port antenna structure.

technique used CST program to analyze the antenna characteristics such as reflection coefficient, group
delay, mutual coupling, envelope correlation coefficient, and radiation patterns. The measured results
were found to cover a frequency range of 3.1–10.6 GHz for UWB communications.

The proper size of an effective antenna are with the following parameters of the reflection coefficient
values and bandwidth: LS = 34 mm, L = 16 mm, Lf = 14 mm, L1 = 13 mm, L2 = 3 mm, L3 = 2 mm,
L4 = 4mm, L5 = 8mm and widths of WS = 34 mm, W = 21 mm, Wf = 3.2 mm, W1 = 15.1 mm,
W2 = 6 mm, W3 = 5mm, W4 = 3mm, W5 = 7 mm and g = 0.3 mm, respectively, as shown in Fig. 8.

3. TWO PORT ANTENNAS DESIGN

3.1. Element Spacing and Placing Position

The single port antenna was selected at the frequency centered at 6.85 GHz (3.1–10.6 GHz) to design the
array with antenna ports (1× 2) for supporting the UWB-MIMO systems. The signal was transmitted
by multiple elements of antenna which was generally supposed to be independent. The mutual coupling
and isolation are significant effects for individuality between antenna elements. Therefore, the distance
between antenna elements must be analyzed. In [25], the distances between antenna elements of λ/2,
λ/4, and λ/8 were studied. It was observed that the distances of λ/2 and λ/4 had low correlation
coefficient. For a narrow spacing of λ/8, the overall correlation coefficient was the highest. In previous
researches, there were many techniques for reducing mutual coupling and enhancing isolation such as
electromagnetic band-gap (EBG), insertion of short stub, defect ground structure (DGS), spatial and
angular variations, and homogenous element [3–12]. In this session, the homogeneous elements and
angular variation techniques were applied to improve performance of a UWB-MIMO antenna. So,
the two-port antenna was optimized maintaining the same dimension structure without inserting any
addition structures.

In [15], it was designed by placing a rectangular patch antenna with four different angular positions
as shown in Fig. 9. The appropriate distances between ports were considered based on the value of
mutual coupling. The mutual coupling was observed by correlation coefficients of S21 and S12 which
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were not more than −15 dB as a specification required by the UWB-MIMO antenna [24]. The aim is
to design a compact size antenna. So, the distance (d) of the edge of each antenna element should be
equal to λ/2 (0.5λ) as shown in Fig. 9. Fig. 10 shows the comparison of mutual coupling of the spacing
adjustment, d, of the two patch antennas whose orthogonal position is the best of mutual coupling as
shown in Fig. 9(b). When the distance was varied from 0.50λ to 0.40λ, 0.30λ, and 0.25λ, it was observed
that between port 1 and port 2 of each antenna could not be set less than 0.25λ, because the antenna
structure would overlap on the ground plane and form a high mutual coupling as shown at point A of

Figure 9. Placing the patch antenna in four different angular positions: (a) Side by side, (b) orthogonal,
(c) parallel and (d) front by front.

Figure 10. The simulation mutual coupling of four difference angular positions when d = 0.50λ.
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Figure 11. The simulation mutual coupling effect of orthogonal position when d is varied.

Fig. 10. After adjustment, appropriate value of d was 0.40λ at 6.85 GHz. If it was more than 0.50λ,
the dimension of antenna structure would has a larger size. Fig. 11 shows the simulation comparison
of the mutual coupling results of four different angular positions (seen in Figs. 9(a), (b), (c), and (d)).
The simulation of orthogonal position achieved the values of mutual coupling lower than −18.88 dB.

3.2. Measurement and Simulation Results

The single port antenna was fabricated on the printed circuit board FR4 with a dimension of 34×34 mm2

as shown in Fig. 12(a). The orthogonal position of two ports antenna was fabricated with dimension of
34×80 mm2 as shown in Fig. 12(b). Consequently, the measurement results were achieved with Network
Analyzer (E5071C). The comparison of simulation and measurement results of the reflection coefficient
is shown in Fig. 13. The measurement results of the single port antenna were obtained in a frequency
range of 2.72–12 GHz (126.53%) and two-port antenna at port1 of 2.84–12 GHz (123.45%). The mutual
coupling of the two-port antenna was compared as seen in Fig. 14. It was found that the measurement
results of mutual coupling were less than −22.5 dB.

The envelope correlation coefficient (ECC) is very important for MIMO communication systems.
ECC (ρe) is related to the correlation between the antennas, and it affects the Signal-to-Noise Ratio

Figure 12. The fabricated antenna. (a) Single port antenna and (b) two port antenna.
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Figure 13. The comparison of simulation and measurement results of single port antenna.

Figure 14. Comparison of simulation and measurement results of mutual coupling.

(SNR) of the system. The value as required for the UWB-MIMO antenna must be less than 0.5 [26].
The value of ECC can be calculated from the S-parameters [15, 24, 25] using the following Eq. (16).
The comparison of ECC is shown in Fig. 15. The measurement result of ECC is lower than 0.001. The
measurement result of group delay is good, lower than ±2 ns as shown in Fig. 16.

ρe =
|S∗

11S21 + S∗
12S22|2∣∣∣(1 − |S11|2 − |S21|2

)(
1 − |S22|2 − |S12|2

)∣∣∣ , (16)
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Figure 15. The comparison of envelope correlation coefficient (ρe).

Figure 16. The comparison of group delay of two-port antenna.

4. FOUR PORT ANTENNA DESIGN

4.1. Four-Port Antenna Design

Finally, this paper proposes the four-port antenna. It is designed by placement difference without any
structure between ports [9, 10, 15, 27]. In [13], the two-port antenna with orthogonal position produces
the lowest mutual coupling and ECC. Then, the four-port antenna is redesigned. The dimensions of
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Figure 17. The fabricate prototype of four-port antenna.

fabricated four-port antenna are Wx = Ly = 80 mm and dx = dy = 12 mm as shown in Fig. 17.
The envelope correlation coefficient (ρe) of the proposed MIMO four-port antenna is calculated

from multiple elements of antennas from S-parameters using Eq. (17) in [28].

ρe(i, j,N) =

∣∣∣∣∣
N∑

n=1

S∗
i,nSn,j

∣∣∣∣∣
2

∏
k=(i,j)

[
1 −

N∑
n=1

S∗
i,nSn,k

] , (17)

Using Eq. (18), the envelope correlation coefficient between the antenna elements i and j in the
(N , N) MIMO system can be calculated. When i = 1, j = 2, and N = 4, the envelope correlation of

Table 1. Comparison of reflection coefficient.

Port
Simulation Measurement

Frequency (GHz) BW % Frequency (GHz) BW %

1 2.70–12 126.53 2.60–11.06 123.87

2 2.70–12 126.53 2.49–10.67 124.32

3 2.70–12 126.53 2.65–11.20 123.58

4 2.70–12 126.53 2.87–11.10 117.88
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Figure 18. The comparison of simulation and measurement results of reflection coefficient.

Figure 19. The measurement results of mutual coupling.

four-port MIMO antenna can be defined as Eq. (18).

ρe(1, 2, 4) = |S∗
11S12 + S∗

12S22 + S∗
13S32 + S∗

14S42|2 × ([1 − (S∗
11S11 + S∗

12S21 + S∗
13S31 + S∗

14S41)]

×[1 − (S∗
11S12 + S∗

12S22 + S∗
13S32 + S∗

14S42)])
−1 (18)
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4.2. Measurement and Simulation Results of Four Port Antenna

The prototype of the four-port antenna is fabricated with a dimension of 80 × 80 mm2 as shown in
Fig. 17. The simulation and measurement results of the reflection coefficient are shown in Table 1
and compared in Fig. 18. The measurement results of the reflection coefficient cover the bandwidth of
3.1–10.6 GHz for UWB-MIMO antenna.

In terms of ECC, the measurement system of the ECC was installed with four-ports of the proposed

Figure 20. The envelope correlation coefficient.

Figure 21. The simulation and measurement results of the gain.
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antenna to transmit and receive. At that time, the transmission and reflection efficiencies were noted
as S11, S22, S33, S44, S12, S13, S14, S23, and S34. Finally, the ECC was calculated by Eq. (18). Fig. 19
shows the comparison of simulation and measurement results of mutual coupling. It was observed that
the lowest value of the measurement result was lower than −17.4 dB and better than the simulation
results. The simulation and measurement results of ECC (ρε) are calculated by Eq. (18), and the
comparison results are shown in Fig. 20. It was noticed that the simulation result was lower than
0.004. Also, the measurement result was lower than 0.001. The simulation and measurement results are
3.99 dBi and 3.38 dBi, respectively, and the average gain is at 3–12 GHz as shown in Fig. 21. Considering
the measurement results, the measured gain was lower than the simulated result at low frequency due
to the use of lead in soldering the SMA connector with the FR4 plate, so the electrical conductivity
was exacted. The radiation patterns of simulation and measurement results of E-plane and H-plane of
3.1 GHz, 7 GHz and 10.6 GHz are shown in Fig. 22 and Fig. 23, respectively. According to the results,
it is found that the simulated radiation patterns are in good agreement with measured one which are
bi-directional patterns.

The efficiency of the four-port rectangular monopole antenna is compared as seen in Fig. 24. It

Figure 22. The radiation patterns of simulation and measurement results of E-plane. (a) Simulation.
(b) Measurement.

Figure 23. The radiation patterns of simulation and measurement results of H-plane. (a) Simulation.
(b) Measurement.
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Figure 24. The simulation and measurement results of efficiency.

can be observed that the measurement of efficiency is more than 85.70%. It is acceptable in the UWB-
MIMO antenna. The measurement system of radiation efficiency of the antenna was set up with a
tapered slot antenna to transmit the signal with transmitting power of 0 dB (Pt), and the proposed
one port antenna acted as the receiver (receiving power: Pr). Therefore, the antenna efficiency can be
calculated as follows, and the radiation efficiency in actual operation is always below 100% (0 dB). The
antenna efficiency was measured in the chamber room by feeding some power to the feed point of the

Table 2. Comparison of efficiency of the proposed antenna with the previous researches.

Reference
Frequency

Band (GHz)
Ports

Antenna
size (mm3)

Isolation
(dB)

ECC Gain
Efficiency

(%)
[29] 2–10.6 4 45 × 45 > 17 < 0.005 3.5 -
[30] 3–16.2 4 60 × 60 17.5 < 0.3 8 91.2
[31] 3.1–10.6 4 32 × 36 > 20 < 0.0025 - 60
[32] 3.0–15.0 4 38 × 38 > 15 < 0.15 0.5–5.0 -
[33] 3.1–10.6 4 50 × 28 18 < 0.12 - -
[34] 3.1–11 4 40 × 40 > 20 < 0.01 1.3–4.0 -
[35] 1.77–2.51 4 120 × 60 13 < 0.248 3.2 75
[36] 3.1–10.6 4 100 × 100 > 20 < 0.1 - -
[37] 2.3–13.75 4 39 × 39 > 22 < 0.02 1.4–4.6 -
[38] 3.1–10.6 4 40 × 43 20 < 0.2 4 92
[39] 4.8–7.7 4 81 × 87 > 20 < 0.1 4–8.48 -
[40] 2.5–12 4 37 × 46 > 20 < 0.005 4 80

Proposed 2.6–11 4 80 × 80 −17.4 < 0.001 3.38 85.70
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antenna and measuring the strength of the radiated electromagnetic field in the surrounding space. A
good UWB-MIMO antenna must radiate more than 80% of the energy fed to it [15].

The efficiency of the four-port rectangular monopole antenna is compared as seen in Fig. 24. It can
be observed that measurement of the efficiency is more than 85.70%. It is acceptable in a UWB-MIMO
antenna. The envelope correlation coefficient for the MIMO system is obtained under 0.001 which is
less than the specific parameters of UWB-MIMO antennas. The radiation pattern is bi-directional.
Also, the efficiency of the four-port antenna is more than 85.70%. In Table 2, the summarization of the
efficiency property of proposed UWB-MIMO antennas is compared to the previous research.

5. CONCLUSIONS

A four-port rectangular monopole antenna for UWB-MIMO applications is presented in this paper.
The proposed antennas were designed by using step etching on the ground plane and arrow-shaped slot
etching on the radiating patch to enhance bandwidth and improve performance. The advantages of
using the arrow-shaped slot etching technique are: reduced group delay in sending pulse signals making
it more efficient or more accurate, and it reduces the distance classified to less than 0.50λ, which
decreases to 0.40λ, at 6.85 GHz. The homogeneous elements and angular variation techniques can be
applied to reduce the effect of correlation between multiple antenna elements keeping the dimension
structure unchanged. The proposed antenna was designed by placement in the orthogonal position. The
measurement results found that coverage of the frequency was in the range of 3.1–10.6 GHz as defined by
an FCC for UWB communications, a low mutual coupling of less than −17.4 dB, the envelope correlation
coefficient less than 0.001 in the specific parameter of UWB-MIMO antenna, bi-directional pattern, and
an average gain of 3.38 dBi. Also, the efficiency of the four-port rectangular monopole antenna was
more than 85.70%. The benefits of the above mentioned antenna can be used to communicate with
wireless networks on the human body to find abnormalities in the body or to detect various diseases
within the body using frequency waves or medical devices that need precision in surgery or being 100%
accurate. It can actually reduce the time of operation and in finding the position of moving objects
with accuracy up to a centimeter in a hazardous area or a chemical area, etc.
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