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Abstract—This paper introduces a novel MIMO UWB antenna with dual notches. The proposed
antenna is based on Quasi Self Complementary (QSC) method to give wide impedance bandwidth
from 2.4 GHz to more than 12 GHz. The proposed antenna consists of a semi-elliptical patch that is
fed by a tapered microstrip line. The antenna is designed on an FR-4 substrate with compact size
20 mm × 15 mm × 1.5 mm. The dual notched bands are achieved by using a square ring printed on the
bottom of the substrate to reject WiMAX at 3.6 GHz. Also, a C-shaped slot is etched in the radiating
patch to reject interference with the WLAN band at 5.8 GHz. In the proposed MIMO antenna, the
isolation reduction is achieved utilizing diversity technique to minimize the mutual coupling between
the antennas. The isolation between MIMO elements is more than 20 dB. The envelope correlation
coefficient (ECC), diversity gain (DG), total active reflection coefficient (TARC), furthermore, channel
capacity loss (CCL) are measured and calculated. The proposed antenna is designed, simulated, and
measured. A good agreement is shown between the experimental and simulated results.

1. INTRODUCTION

In recent years, Multiple-Input-Multiple-Output (MIMO) have been developed to be essential in most
of wireless communications systems to make best use of the multipath scattering phenomena either
to increase the system capacity, to enhance the overall channel gain, or to mitigate the fading effect
according to the type of channel. Furthermore, MIMO technology is used to improve reliability, excessive
increase of data rates, and enhancement of capacity without exhaustion of transmitted power and
bandwidth [1]. The antenna designers confront two main problems in any MIMO design; the first one
is the implementation of multiple antennas in the close size of the portable devices whereas the second
one is the isolation between elements to reduce mutual coupling in the proposed band. Therefore, the
performance of the antenna is deteriorated with increasing the mutual coupling between the elements [2].
Since the Ultra-Wide-Band (UWB) spectrum is occupied from 3.1 GHz to 10.6 GHz according to the
Federal Communication Commission (FCC), it has various applications such as medical applications,
multimedia, and personal communications. In spite of several advantages of UWB systems, multipath
fading is the main issue of UWB systems [3]. Therefore, MIMO technique has been combined with
UWB to solve this issue. Several studies of using MIMO technology in UWB applications are reported
in [4–12].

Extensive research efforts have been exerted in minimizing UWB antenna to meet the requirements
of portable devices [7–15]. A Koch fractal UWB antenna with size 20 × 15 mm2 is introduced
in [7] to operate from 4.3 to 12 GHz. Several fractal shapes have been reported to design UWB
antenna, especially hexagon-shaped antenna [8], Koch snowflake-shaped antenna [9], Sierpinski
triangle antenna [8, 9], slotted interconnected ring resonator [10], and a combination of monopole
and metamaterial [11]. However, in the assigned wide band of UWB applications, the MIMO
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system that operates in UWB suffers from the electromagnetic interference in the existing narrow-
band communications such as WiMAX band (3.6–3.8 GHz) and WLAN band (5.725–5.825 GHz) [12].
Therefore, several techniques have been reported to avoid interference, for instance, inserting different
shapes of slots (U-shapes, T-shape, meander, C-shape) [13]. In [14], the authors introduce a UWB
MIMO antenna with dual notches (WLAN and X-bands) by inserting an open slot and an SRR in
the ground plane. Furthermore, the authors insert a Y-shaped slot as Defect Ground Structure (DGS)
in the ground plane to reduce the mutual coupling. Yoon et al. [15] introduce heptagonal MIMO
UWB antennas placed orthogonally on the same substrate to suppress the mutual coupling and insert
a slot to reject WLAN band. On the other hand, for the full utilization of MIMO system, envelope
correlation coefficient and mutual coupling should be minimized. Therefore, through the last years,
different methods to reduce mutual coupling are introduced because of the close space between UWB
antenna elements. Zhang et al. [16] introduce a planar triangular UWB antenna, and a tree-like structure
is inserted on the ground plane between the two elements to achieve a wideband isolation greater than
16 dB. On the other hand, Ren et al. [17] reduce the mutual coupling between antennas by placing
the antenna elements perpendicular to each other and using a narrow slot on the ground. Moreover,
high isolation is achieved in [18] by inserting stubs on the ground plane and a T-shaped slot between
radiators. Several other methods have been introduced, especially DGS, Electromagnetic Band Gap
(EBG), reflector of T-shape, meandered line, Y-shaped stub, electrical LC resonators, and different
polarizations [19–21]. Furthermore, all these MIMO techniques have large size with low isolation
coefficient.

In this paper, a compact dual band-notched MIMO/diversity Quasi Self-Complementary antenna
for UWB applications is presented. A very low mutual coupling is achieved between antenna elements
by using diversity technique (20 dB). A MIMO/diversity QSCMA is introduced to operate from 2.4 GHz
to 12 GHz. The proposed antenna consists of a semi-ellipse radiator with a C-shaped slot and a square
ring to reject WLAN band and WiMAX band, respectively. The UWB antenna is designed on an FR-4
substrate with small size 20*15 mm2. A four elements MIMO antenna is introduced to enhance channel
capacity loss (CCL < 0.3 bit/s/Hz).

This paper is organized as follows. Section 2 describes the UWB antenna design and its results
(simulation and measurements). Section 3 explains the MIMO antenna performance and compares
between simulated and measured results. Finally, Section 4 introduces the conclusions of this research.

2. ANTENNA DESIGN

The proposed antenna consists of a semi-elliptical monopole printed on the top with counterpart semi-
elliptical slot etched from the ground plane which is known as Quasi Self-Complementary technique. To
achieve the miniaturization of the size and width of the band phenomena, the antenna is fed by a tapered
line with a characteristic impedance 50 ohm at the feed point. The linear tapered microstrip line is added
to match the input impedance of the antenna, where the input impedance of self-complementary equals
188.5 Ω [11, 22]. The antenna is printed on a commercial FR-4 material substrate with dielectric constant
4.5, thickness 1.5 mm, and tangential loss 0.025. Fig. 1(a) depicts the geometry of the proposed antenna
while the front and back views of the prototypeare are shown in Fig. 1(b) and Fig. 1(c), respectively.
All dimensions are presented in Table 1. The antenna is designed using CST Microwave Studio 2017.
The proposed antenna is designed to operate from 2.4 GHz to more than 12 GHz to be used in UWB
applications. Fig. 2 shows the comparison between simulated and measured reflection coefficients of the
proposed antenna.

Table 1. Antenna parameters (all dimensions in mm).

Parameter R1 R2 L1 L2 L3 W1 W2 W3 W4

Value 9 5.5 7.5 6.8 20 2.85 1.3 10 15
Parameter L4 L5 L6 L7 S1 L8 L9 S2 d2

Value 8 4 9.5 7. 1.5 37 46 2 0.2
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(a) (b) (c)

Figure 1. (a) antenna geometry. (b) Photo of front view. (c) Photo of back view.

Figure 2. Reflection coefficient of UWB antenna (simulated, and measured).

In order to achieve dual band notch characteristics to suppress interference with WiMAX and
WLAN bands, a square ring is printed on the bottom side of substrate, and a C-shaped slot is etched
from semi-elliptical patch because they have good narrow-band rejection characteristics. Dimensions
of the square ring and C-shaped slot are tuned to reject the proposed two bands according to the
equations of rejected bands introduced in literature as shown in Equations (1) and (2). These two
shapes, square ring and C-shaped slot, introduce notches from 3.5 GHz to 3.9 GHz and from 5.6 GHz to
6.2 GHz, respectively.

Lsq
∼= c

2fN
√
εeff

= 2(L6 + L7) (1)

Lc
∼= c

4fN
√
εeff

, Lc = 2 (L4 + L5) − S1 (2)

Figure 3 shows the antenna with a dual notches (geometry and prototype). All dimensions are listed
in Table 1. Fig. 4 introduces the equivalent circuit model based on lumped components for the proposed
antenna with dual notches whereas the QSC antenna is expressed as two Parallel RLC sections (PRLC1
and PRLC2). The square ring strip is equivalent to a parallel LC (PLC1), and the C-shaped slot is
equivalent to a parallel LC circuit (PLC2). There is a good agreement between the simulated (CST,
and ADS) and measured reflection coefficients as shown in Fig. 5. To study the main parameters of the
dual notches, the parametric sweep is introduced in Fig. 6 for the main parameters of notches. We note
that the first notch is adjusted by the width (d2) and length of the square ring (L6, L7). Furthermore,
the second notch is adjusted by the width (d2) and length (L4, L5) of C-shape. Fig. 7 shows the
simulated and measured gains and radiation efficiencies. We can observe that the gain and efficiency
drop to −1 dBi, 0.2 dBi and 35%, 50% at WiMAX and WLAN bands, respectively. The dimensions of
the square ring strip and C-shaped are optimized according to Equations (1) and (2).
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(a) Front (b) Back (c) Front photo (d) Back Photo

Figure 3. Geometry and photo of dual notch UWB antenna.

Figure 4. Equivalent circuit model for the proposed antenna.

Figure 5. Reflection coefficient of antenna with a dual notch.

3. MIMO ANTENNA DESIG

3.1. MIMO Antenna Geometry

The MIMO antenna structure has 4 orthogonal elements that provide better isolation between elements
without using any additional technique or decoupling circuit. The optimized geometry of the proposed
4-element UWB MIMO antenna is shown in Fig. 8. Here, the ground plane plays a significant role
in the isolation performance of the proposed antenna. The diversity of the antenna positions helps to
reduce coupling and achieve better isolation among them. The simulated and measured results for the
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Figure 6. Simulated reflection coefficient fordifferent values of main dual notch parameters.

Figure 7. Simulated and measured of gain and radiation efficiency of the UWB antenna with dual
notch.

(a) Front (b) Back (c) Front photo (d) Back Photo

Figure 8. Geometry and photo of MIMO.

S-parameters are illustrated in Fig. 9. In this figure, only S11, S21, S31, and S41 are discussed because
of the symmetrical arrangement of antenna elements in the structure. A good agreement between the
simulated and measured S-parameters is noticed. Furthermore, the dual-notch UWB-MIMO antenna
is fabricated where its S-parameters are shown in Fig. 10 and Fig. 11, respectively.

The square ring is used to reduce the mutual coupling between antenna elements; furthermore, it is
essentially used to reject WiMAX band. Fig. 12 illustrates the comparison between the simulated and
measured radiation patterns for both the co- and cross-polarizations. It is noticed that the cross-
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Figure 9. S-parameters of MIMO antenna.

(a) Front (b) Back (c) Front photo (d) Back Photo

Figure 10. Geometry and photo of MIMO with notch.

Figure 11. S-parameters of MIMO with dual notch (simulated, and measured).

polarized wave is negligible compared to the co-polarized wave. This indicates that the antenna
is considered a linearly polarized antenna. Also, the figure indicates that the antenna behaves
approximately as omnidirectional radiators.

Due to different orientations of the antennas constituting the MIMO system, the maximum direction
of radiation for each element is different as shown in Fig. 13.
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Figure 12. Simulated and measured radiation pattern of one element.

(a) Port 1 (b) Port 2 (c) Port 3 (d) Port 4

Figure 13. 3D Radiation pattern for MIMO.

3.2. MIMO Parameters

MIMO have four different parameters which should be tested to ensure that the MIMO give good
performance: ECC is one of the main parameters that are used to characterize the performance of
MIMO antenna. It measures the similarity between the performances of the antennas from radiation
pattern point of view. The ECC can be calculated from the following form [21]

ρnm =
|S∗

nnSnm + S∗
mnSmm|2(

1 −
(
|Snn|2 + |Smn|2

)) (
1 −

(
|Smm|2 + |Snm|2

)) (3)

The value of ECC should be less than 0.5 over the operating band according to the published
standard [4, 5]. Lower values of ECC mean that the two antennas are well isolated. Fig. 14(a) shows
the ECC between MIMO elements. It is obvious from the figure that the ECC is less than 0.02 within
the operating band. The second parameter is diversity gain (DG), which can be expressed as [21]

DG = 10
√

1 − ECC2 (4)

As shown in Fig. 14(b), the DG has high values in the operating band. The total active reflection
coefficient (TARC) is the third parameter that indicates the coupling between ports. Its minimum
value is 0 which means that all incident power is radiated, whereas the maximum value is 1 which
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means that all the incident power is reflected. The TARC greatly affects the operating bandwidth of
the MIMO antenna system [21]. The TARC is calculated according to the following equation

Γt
a =

√
N∑

i=1
|br|2√

N∑
i=1

|ai|2
(5)

[b] = [s][a] (6)

where ai and br are the incident signals and reflected signals, respectively. [S], [a], and [b] represent
scattering matrix, excitation vector, and scattered vector of the antenna, respectively.

(a)

(b)

Figure 14. MIMO performance, (a) ECC, (b) DG.

Figure 15 shows the TARC curves upon exciting port one at 1ej0 when other ports have the same
amplitude but different excitations phases. Some of the possible cases are introduced as shown in
the figure. The values of TARC refer to the effective BW of MIMO system. We can observe that
the operating BW of the proposed antenna is slightly affected by different excitation phases of the
other ports. The final parameter is channel capacity loss (CCL). The standard of CLL is CCL < 0.4
b/s/Hz [4]. The capacity of MIMO system grows with the increase of antenna number

CLL = −log2det(ψR) (7)

ψR =

⎡
⎢⎣
ρ11

ρ21

ρ31

ρ41

ρ12

ρ22

ρ32

ρ42

ρ13

ρ23

ρ33

ρ43

ρ14

ρ24

ρ34

ρ44

⎤
⎥⎦ , ρmm = 1−

∣∣∣∣∣
4∑

n=1

S∗
mnSnm

∣∣∣∣∣ , ρmp = −
∣∣∣∣∣

4∑
n=1

S∗
mnSnp

∣∣∣∣∣ , for m, p = 1, 2.3 or 4

(8)
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Figure 16 shows the simulation and the measurement of the CLL for MIMO antenna in both cases of
presence or absence of the notch. The measured and simulated values of CLL are less than 0.3 bits/s/Hz
through operating band except the dual notches. Additionally, the proposed MIMO antenna is compared
to the previously published works shown in Table 2.

Figure 15. TARC for different cases of MIMO excitation.

Figure 16. Channel capacity loss of MIMO.

Table 2. Comparison of this work with the previous published papers.

Ref.
No. of

Ports

Size

(mm2)

BW

(GHz)

No. of

Notches

Gain

(dBi)

Eff.

(%)
ECC

DG

(dB)
CCLIsolation

Isolation

technique

Dielectric

Constant

[5] 2 48×48 2.5–12 1 3 90 0.005 - - 15 Stubs 4.4

[4] 4 45×45 2–10.6 1 3.5 - 0.005 - 0.3 17 Orthogonal 4.4

[6] 4 60×60 2.7–10.6 1 3.5 - 0.063 - - 15 BSF 4.4

[18] 4 48×48 3–11 0 3 80 - 10 - 17 Stubs/slots 4.4

[23] 4 100×100 3.1–10.6 2 - - 0.1 - 0.3 20 Space 4.4

[24] 4 50×39.8 2.7–12 1 4.5 - - - - 17 Stub/orthogonal 4.5

[25] 4
32×36

×36 (mm3)
3.1–10.6 0 - 60 0.0025 - 0.2 20 3-D shape 4.4

[26] 2 22×26 3.1–11.8 2 4.8 85 0.03 - - 20 slots 4.4

[27] 2 26×40 2.2–11.4 1 5 90 0.008 - - 20 Ground strip 4.4

This work 4 37×46 2.5–12 2 4 80 0.005 9.96 0.3 20 Orthogonal 4.5



128 Sultan and Abdullah

4. CONCLUSION

A compact printed diversity MIMO UWB antenna with dual rejected bands is presented in this paper.
The antenna is designed based on QSC technique to produce wide band. Four elements are introduced
with overall size 37×46 mm2. All the prototypes introduce good impedance matching and good isolation
over the range from 2.5 GHz to 12 GHz. ECC, CCL, DG, and TARC are introduced to investigate that
the proposed antenna has good performance over the proposed band.
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