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Abstract

In this paper, a compact super wideband annular ring antenna using 45° clock-wise square
patch inclusions for super high frequency and polarization diversity applications is proposed.
The inclusions consist of a combination of squares and circles into one another in the inner
area of a main annular ring radiator. The antenna uses a partial ground plane having a stair-
type defected ground structure, is designed on an FR-4 substrate, and has a total size of 25 ×
26 × 1.6 mm3 (0.17λ × 0.18λ). The design was fabricated and experimental results fairly agreed
with simulations and resulted in an antenna with an operating frequency from 2.07 to 30 GHz;
that is, a large fractional bandwidth of 174.2% with a bandwidth (BW) ratio of 14.5:1 and a
high BW dimension ratio, BW per unit electrical length of 5693, and a measured peak gain of
8 dBi with an average gain of 5 dBi for the overall operating frequency. For the polarization
diversity, a 4 × 4 multiple input-multiple output configuration is additionally presented, offer-
ing an effective isolation of ≥ 22.5 dB between ports and corroborated by measurements.

Introduction

The increasing demand for communication systems with high spectral performance and high
data rates is driving the growth of improved communication devices. Ultra-wideband (UWB)
communication and the UWB planar antennas can provide short-range communication using
the 3.1–10.6 GHz allocated spectrum; however, wireless personal area network consumers have
personal interest in super wideband (SWB) transceivers that cover both short- and long-range
communication with wider bandwidth (BW), high data rate, increased coverage, and max-
imum resolution. An SWB antenna can be customized for the purpose and should ideally
be designed for a BW ratio of at least 10:1 for return loss of ≤ 10 dB and, based on the propa-
gation demands, be either omnidirectional or directional. In the literature, numerous SWB
antennas have been reported.

In [1], a coplanar waveguide (CPW)-fed planar elliptical antenna for SWB applications
showed a BW ratio of 21.6:1 and in [2] using a semi-elliptical patch radiator a BW ratio of
19.7:1 is obtained. These designs, however, partially covered the entire UWB frequency spec-
trum. In [3], the same authors further improved the BW achieved in [1] by introducing a
semicircular-shaped branch connected to the tapered feed line of the patch antenna; this
led to an impedance BW from 1.02 to 24.1 GHz. A similar design presented in [4] achieved
an impedance BW from 1.08 to 27.4 GHz and a compact version of the same design [5]
improved the lower frequency range and BW dimension ratio (BDR) performance. In contrast,
to achieve wider impedance BW, a tailored patch radiator was used in [6] with a tapered feed
line. A similar technique was used in [7] to further enhance the BW ratio to 34:1. SWB per-
formance reported an impedance BW from 0.65 to 35.61 GHz and a BW ratio of 54.78:1.
Although the designs from [4–9] provided high impedance BW, BW ratio, and BDR, their
relatively large sizes (smallest footprint 80 × 80 mm2 [9]) are no opportunistic for small equip-
ment integration.

An egg-shaped planar monopole antenna with dimensions 35 × 77 mm2 is reported [10]
for SWB applications. It uses a semi-elliptical fractal-complementary slot into an asymmetrical
ground to achieve an impedance BW of 172%, that is, from 1.44 to 18.8 GHz. In [11], a
CPW-fed propeller-shaped SWB planar antenna of size 38 × 55 mm2 is reported. This design
offers a super-wide impedance BW from 3 to 35 GHz and a BW ratio of 11.6:1; however, its
attained BDR was 805 which is relatively low. In [12], a semi-circular-shaped monopole
antenna with a trapezoidal ground plane was investigated where a tapered feed line was
used to excite the semi-circle patch. This design of size 52 × 42 mm2 provides a BDR of
4261 for an impedance BW from 1.3–20 GHz and BW ratio of 15.38:1. A smaller profile
antenna of size 30 × 40 mm2 was designed in [13] based on a parasitic oval patch built in
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an elliptical slot and a microstrip-line-fed elliptical tuning fork
element. This led to an antenna with an impedance BW of
19.92 GHz measured from 2.26 to 22.18 GHz. In [14], a
CPW-fed transparent antenna of size 45 × 30 mm2 was presented
for enhanced impedance BW. A staircase rectangular radiator was
used to generate overlapped resonant frequencies and comple-
mented with two major and minor symmetrical rectangular
stubs in the ground plane to increase BW. This led to an imped-
ance BW of 28.85 GHz measured from 3.15 to 32 GHz, however,
its BDR of 1127 is still relatively low, though the BW ratio is
10.16:1. The immediately outlined literature review reveals that
enhancing the impedance BW of an antenna either compromises
its overall size or its BDR performance. Therefore, a compact
antenna having an SWB characteristic with high BDR is challen-
ging here.

As stated earlier, because of the rich spectrum resource, high
transmission rate, strict secrecy, and low power consumption
requirements, SWB systems have received a lot of attention.
To improve multipath fading capability, multiple input-multiple
output (MIMO) antenna configurations are attractive. With

this, the propagation distance can be enhanced for a given
input power. The use of MIMO antenna configurations for
SWB applications with high isolation among the multiple antenna
elements is challenging. In [15] a split-ring resonator arrange-
ment was used to achieve a band-notch, and a T-shaped slot
was made in the ground plane to improve isolation between
antennas, which was below − 15 dB in the operating band. A rect-
angular slot and T-shaped stub in the ground plane were made for
a dual-polarized UWB-MIMO antenna [15], lowering the coup-
ling between antennas to less than − 20 dB. Using polarization
diversity, a four-element UWB-MIMO antenna has been

Fig. 1. Geometry of the proposed SWB antenna.

Fig. 2. (a) Conventional annular ring antenna and (b) surface current distribution.

Fig. 3. Evolution of the proposed antenna: (a) evolved 0 design, (b) evolved 1 design,
and (c) evolved 2 design.

Fig. 4. Simulated S11 parameters of evolved antennas.
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presented in [16]. An integrated four-element UWB-MIMO
antenna based on frequency reconfiguration was fabricated for
cognitive radio applications in [17].

In this paper, a compact SWB annular ring antenna using 45°
clock-wise square patch inclusions for super high frequency
(SHF) and polarization diversity applications is proposed.

The inclusions consist of square patches with inscribed etched cir-
cles and is fed using a 50Ω microstrip line. The antenna offers a
fractional bandwidth (FBW) of 174.2% over the operating fre-
quency (f0) of 2.97–30 GHz and is suitable for SHF applications
including Wi-Fi/WLAN, WiMAX, radar communication, satellite
and defense communication, and mm-wave communication. For
the polarization diversity a 4 × 4 MIMO configuration is devised
and manufactured, offering an effective isolation of ≥ 22.5 dB
between ports and corroborated by measurements. Following
the proposed antenna introduction, its design and evolution is
given in Section “Proposed antenna design and evolution,” its fab-
rication and validation in Section “Fabrication and validation,” a
time-domain analysis using the proposed antenna as a transmitter
(Tx) and as a receiver (Rx) in Section “Time-domain analysis,” a
MIMO configuration in Section “MIMO configuration,” and
concluding remarks are provided in the final section.

Proposed antenna design and evolution

The geometry of the proposed compact SWB annular ring
antenna using 45° clock-wise square patch inclusions for SHF
applications is shown in Fig. 1.

The inclusions consist of square patches (S1−5) with inscribed
etched circles (R1−4) and form the radiating elements of the
antenna. The design is symmetrical along the vertical axis and
it will be shown attractive to allow the current distribution to
remain symmetric throughout the design evolution. It uses a par-
tial ground plane with a 4-stair-type defect at the back of the sub-
strate (Fig. 1) for good impedance matching over the BW and
etched on a commercially available FR-4 substrate having dielec-
tric constant εr = 4.4, substrate height h = 1.6 mm, and loss tan-
gent tan δ = 0.02. A 50 Ω microstrip line fed the antenna whose
dimensions were calculated using standard equations [18] and
iteratively optimized for optimum performance. CST Microwave
Studio was used for the design and led to a compact prototype
W, ~ L (Fig. 1) of 25 × 26 mm2 (0.17λ × 0.18λ).

Initially, a conventional annular ring antenna, Fig. 2(a), was
designed using standard equations [19] and conveniently simu-
lated. Observations on the surface maximum current distribution,
shown in Fig. 2(b), suggested the removal of the area in which the
currents are low. Most of the currents were concentrated toward

Table 1. Dimensions of the proposed antenna

Parameter Value (mm) Parameter Value (mm)

L 25 R2 4.5

W 26 R3 3

Lg 4.39 R4 1.9

Wg 18 S1 15

Sg 0.6 S2 10

Wf 2 S3 7

Rout 12 S4 4.8

Rin 10 S5 3

R1 6.5 – –

Fig. 5. Measurement setup inside an anechoic chamber.

Fig. 6. S11 parameters of the proposed antenna with the fabricated prototype.
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the feed line with minimal concentrations opposite to the feed.
This area of minimal concentrations was removed and resulted
in a relatively smaller design; this is presented in Fig. 3(a) and
termed as evolved 0 design.

The simulated reflection coefficient (S11) of the conventional
annular ring antenna and evolved 0 to 2 are shown in Fig. 4.
Results show evolved 0 design with f0 of 2.1–4.5, 10.95–12,
13.83–16, 17–20.45, 22.2–27.25, and 28.4–30 GHz measured at
−10 dB and leading to a multi-band antenna.

Next, to achieve a SWB response by maintaining same physical
size, a square patch of side S1 having a circular slot of radius R1

was included in the inner area of the annular ring of evolved 0
design; the resulting design is shown in Fig. 3(b) referred to it
as evolved 1. Adding these structures help in increasing the elec-
trical length of the antenna by providing multiple paths for the
current to pass. As a result, the evolved 1 design resonated in
the 2.05–6.28, 9.1–14.80, 15.65–20.90, 22.90–28.42, and 29.32–
30 GHz frequency bands (measured at −10 dB).

Additional inclusions were performed to further increase the
BW performance to form the final evolved design. This was

made by two more clock-wise 45° rotated square patches of
sides S2 and S3 having circular slots of radii R2 and R3 respectively,
Fig. 3(c). This led to the evolved 2 design with satisfactory per-
formance over the intended frequency range. However, imped-
ance mismatch was observed (Fig. 4) at 8.5, 11.8, 14.5, and
20.7–22.7 GHz measured at −10 dB.

Finally, referred as proposed design (Fig. 1), two additional
square patches of side S4 and S5 were included in the previous
evolved 2 design out of which the fourth square (S4) is having a
circular slot of radius R4. This resulted in an impedance matching
away from the initially intended 50Ω specially at the high fre-
quency (fh) of operation and to accommodate this, a stair-type
defect was made in the ground plane. This led to a proposed com-
pact SWB annular ring antenna design using 45° clock-wise
square patch inclusions for SHF applications with a f0 between
2.07 and 30 GHz (measured at −10 dB). From the inset of
Fig. 4, it can also be seen that, the lower cut-off frequency shifts
mainly for the first inclusion and not others. Since the lowest cut-
off frequency is caused by the outermost structures, it does not
change much for inner inscribed shapes. On the contrary, the

Fig. 7. Simulated and measured radiation patterns of the proposed antenna at (a) 5 GHz, (b) 13 GHz, (c) 21 GHz, and (d) 28 GHz.

516 Shobit Agarwal et al.

https://doi.org/10.1017/S1759078722000435 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078722000435


inner shapes improve the response at higher frequencies by gen-
erating multiple constructive resonances. This is further validated
by Fig. 9.

The final dimensions of the proposed antenna are listed in
Table 1.

Fabrication and validation

The proposed antenna was fabricated and measured. A Power
Network Analyzer (PNA-L) N5234B by Agilent Technologies
was used for the experiments. Anechoic chamber setup for
antenna measurement is shown in Fig. 5.

The fabricated prototype and S11 parameters of the fabricated
antenna (compared to simulated) are shown in Fig. 6.

Experimental results show a compact SWB annular ring
antenna using 45° clock-wise square patch inclusions for SHF
applications having a BW of 28 GHz over the f0 of 2–30 GHz.
Measured and simulated results are in fair agreement as shown
in Fig. 6. The simulated (co- and cross-polar) and measured
(co-polar) radiation patterns of the antenna are shown in Fig. 7.
Only relevant patterns measured at 5, 13, 21, and 28 GHz are
shown. The patterns are all pretty much omnidirectional for the

H-plane (f = 90°) and dipole-like for the E-plane (f = 0°); this
is more apparent at 5 GHz, Fig. 7(a). At higher frequencies 13,
21, and 28 GHz, Figs 7(b)–7(d), the E-plane is not that dipole-like
also H-plane is not omnidirectional due to the excitation of higher
order modes [9], however, these modes did not present a negative
influence in real applications. Also, the level of cross-polarized
patterns is approaching toward co-polar patterns for some angles.
This also occurs due to excitation of higher order modes at higher
frequencies. Measured and simulated results are in fair agreement,
validating the fabricated antenna.

The gain was measured and corroborated with simulations as
shown in Fig. 8(a). Peak gains of 8 dBi are recorded for the simu-
lated and measured results with strong agreement between both
the results. The gain pattern is in accordance with [14, 20–23].
Figure 8(b) shows the input impedance of the antenna.
Although it is normal to vary over the f0, fair agreement is seen
with simulated results validating the results. The real and imagin-
ary values are seen fluctuating around 50 and 0Ω respectively
what is perceived as an appropriate input impedance for the pro-
posed SWB antenna.

Furthermore, to gain an insight into antenna performance for
entire frequency range, current density at three different frequen-
cies is shown in Fig. 9. It is evident from the figure that at 5 GHz,
the current density was denser along the annular ring near the
feed line while at higher frequencies, 15 and 28 GHz, uniformly
dense over the radiator (annular ring + patch inclusions). That
means, as the frequency increased more current densities were
observed in the inner inclusions. Because of these inclusions,
the current-carrying conductor (the radiator) was lengthier and
the current density around the circumference got redistributed.

To corroborate the performance of the proposed SWB antenna
is to characterize the percentage BW provided per unit electrical
area, the BDR. For SWB antennas, a high BDR is preferred to
ensure maximum BW per unit electrical area of the design [1].
Mathematically, the BDR is expressed as,

BDR = %BW
ll × lw

(1)

where %BW is the percentage BW of the antenna, λl and λw are
antenna length and width corresponding to fl.

Using this BDR measurement and other comparative mea-
sures, a comparison study was carried out with other reported lit-
erature prototypes and summarized in Table 2. Results show that
the proposed design is miniaturized by 7.67% compared to the
smallest prototype and providecomparable gain than reported in
the literature. The proposed antenna provides a wider BW com-
pared to [1–7, 9, 10, 12, 13, 21, 23–27] and better BW ratio
and %BW compared to [10, 11, 13, 14, 21, 24, 25, 27, 28] with
a higher BDR compared to all designs except for [24, 25] but

Fig. 8. Simulated and measured (a) gain and efficiency and (b) input impedance of
the proposed antenna.

Fig. 9. Simulated maximum current densities of the proposed antenna: (a) 5 GHz, (b)
15 GHz, and (c) 28 GHz.
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these present narrower BW, therefore not overcoming the pro-
posed design.

Time-domain analysis

To measure the performance of the proposed antenna in time
domain, a time-domain analysis was performed as arranged in
Figs 10(a) and 10(b) and using two identical proposed antennas
as the Tx and Rx. The normalized amplitudes of both input
and output pulses for the two different configurations are
shown in Fig. 10(c). There are no apparent ringing effects in
the input and output signals (Fig. 10(c)) and just output signals
decaying over the time. Fidelity factor (FF), which defines the

cross-correlation between transmitted and received signals, is cal-
culated using (2):

FF = max

�1
−1 St(t)Sr(t+ t)dt�1

−1 |St(t)|2dt
�1
−1 |Sr(t)|2dt

[ ]
. (2)

where St(t) and Sr(t) indicate transmitted and received signals and
τ the group delay. The computed values of FF are listed in Table 3.

Group delay is a measure of the transition time taken by the
signal to pass through a device and it signifies the negative rate
of transfer function phase with respect to the frequency [32].

Table 2. Comparison study with the literature

Ref.
Size (L ×W)

(mm2)
Size (λl × λw)

(mm2) f0 (GHz)
BW
ratio %BW BDR

Peak gain
(dBi)

Size (%) compared to the
proposed antenna

[1] 140 × 120 0.19 × 0.16 0.4 − 9.51 21.6:1 183.85 5092.8 4 96.13

[2] 140 × 120 0.21 × 0.18 0.46−
9.07

19.7:1 180.7 5736.5 5 96.13

[3] 124 × 110 0.37 × 0.42 1.02−
24.1

23.63:1 183.7 1167 7 95.23

[4] 124 × 120 0.43 × 0.44 1.08−
27.40

25:1 184.8 959 6.2 95.63

[5] 80 × 80 0.186 × 0.186 0.7− 20 28.57:1 193 3362 7 89.84

[6] 150 × 156 0.21 × 0.20 0.4− 16 40:1 190.2 4515 6 97.22

[7] 150 × 150 0.36 × 0.36 0.72 − 25 34.72:1 188.8 1457 7 97.11

[8] 170 × 150 0.325 × 0.368 0.65−
35.61

54.78:1 193 1613.7 6.5 97.45

[9] 80×80 0.08 × 0.08 0.3– 20 66.6:1 194 3233 7 89.84

[10] 35 × 77 0.17 × 0.37 1.44 –
18.8

13.05:1 172 2735 7 75.88

[11] 38 × 55 0.55 × 0.38 3–35 11.66:1 168 805 4 68.90

[12] 52.25 × 42 0.22 × 0.18 1.3–20 15.38:1 175.6 4261 4.18 70.38

[13] 30 × 40 0.30 × 0.23 2.26–
22.18

9.81:1 163 2393.7 6.5 45.83

[14] 45 × 30 0.47 × 0.31 3.15–32 10.16:1 164.1 1126.6 − 4.8 51.85

[21] 30 × 35 0.32 × 0.27 2.7–28.8 10.66:1 165.7 1948 5 38.09

[23] 135 × 135 0.45 × 0.45 1–19.4 19.4:1 180.4 890.8 2 96.43

[24] 52 × 42 0.16 × 0.13 0.96–
13.98

14.56:1 174.3 7468.5 5.8 70.24

[25] 52 × 46 0.17 × 0.13 0.95–
13.80

14.52:1 174.23 7871.5 6 72.83

[26] 62 × 64 0.347 × 0.358 1.68–26 15.48:1 175.72 1414.5 3 83.62

[27] 32 × 22 0.27 × 0.18 2.5–29 11.6:1 168.2 3462 3.65 7.67

[28] 40 × 40 0.345 × 0.345 2.59–
31.14

12.02:1 169 1419.9 5 59.38

[29] 130 × 120 0.37 × 0.34 0.86–30 34.88:1 188.8 1473.1 – 95.83

[30] 74 × 80 0.28 × 0.26 1.05–32.7 31.14:1 187.5 2586 – 89.02

[22] 31 × 45 0.22 × 0.32 2.18–44.5 20.41:1 181.3 2467 4.4 53.40

[31] 40 × 30 0.41 × 0.31 3.1– 94.7 30.54:1 187.3 1473 3.48 45.83

Proposed 25 × 26 0.17 × 0.18 2.07-30 14.5:1 174.2 5693 8 –

Here, λl and λw are normalized length and width (in wavelengths) corresponding to the lowest operating frequency.
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Fig. 10. Time-domain analysis of the proposed antenna: (a) face-to-face configur-
ation, (b) side-by-side configuration, (c) input and output signals, (d) group delay,
(e) phase, and (f) isolation.

Table 3. FF of the proposed antenna

Face-to-face Side-by-side

Fidelity factor 92% 85%

Fig. 11. MIMO configuration for polarization diversity: L4E = 56mm, W4E = 56mm, G4E
= 5 mm.

Fig. 12. Simulated reflection coefficient and isolation.

Fig. 13. Fabricated prototype of 4 × 4 MIMO array: (a) front view and (b) back view.

International Journal of Microwave and Wireless Technologies 519

https://doi.org/10.1017/S1759078722000435 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078722000435


Mathematically, group delay is expressed as

tg(v) = − df(v)
dv

= − df(v)
2pdf

. (3)

Simulated results of τg(ω) for both the configurations are shown in
Fig. 10(d). Practically, for SWB antennas group delay should be
within 1 ns [33] to ensure the phase linearity in the far-field
region and no pulse distortion is present.

Isolation is defined by the ratio of incident power on input
port and delivered power at the output port. This also charac-
terizes the coupling between both the ports. A high value of mag-
nitude of isolation, |S21|, represents an uncorrelated transmission
between the ports. The simulated response for both the configura-
tions is shown in Fig. 10(f). It can be observed from the figure
that S21≤−25 dB for the operating range.

Figure 10(e) shows phase variation of S21 with respect to fre-
quency. A linear variation of phase signifies that there is no out
of phase component in the received signal within the operating

range. For the proposed antenna, a linear variation of the phase
is recorded within its operating range.

MIMO configuration

To exploit polarization diversity, the proposed antenna is
arranged in a 4×4 MIMO configuration, next. Four elements,
Ei∈ i = 1, 2, 3, 4, are etched on an FR-4 substrate of length L4E
= 56 mm, width W4E = 56 mm, and thickness 1.6 mm with a
structure shown in Fig. 11.

A polarization shift between adjacent elements that form the
array is 90° given the arranged orientation of these elements

Fig. 15. Measured isolation parameters of the array.

Fig. 16. Simulated and measured radiation patterns of the array at (a) 5 GHz, (b) 13
GHz, (c) 21 GHz, and (d) 28 GHz.

Fig. 14. Measured reflection coefficients of the array.
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(Fig. 11). A gap, G4E, of 5 mm is used between the adjacent ele-
ments to accord with the convention that gap ≥ λ/2 for low
mutual coupling.

The simulated reflection coefficient and isolation of the array
are given in Fig. 12 and show confirmation of the proposed
SWB response (from 2.07 to 30 GHz) with isolation between
ports ≥ 22.5 dB.

To validate the results, the prototype was fabricated. This is
shown in Fig. 13 and the corresponding reflection coefficient
and isolation between ports in Figs 15(a) and 15(b), respectively.

Measurements corroborated simulations; the insignificant dis-
crepancies were due to fabrication tolerances. Since the proposed
polarization diversity configuration has array elements which are
arranged in a quadratic orientation, hence, the radiation charac-
teristics are expected to mimic the same behavior. The E-plane
(f = 0°) radiation pattern of E1 is therefore equal to H-plane (f
= 90°) radiation pattern of E2 and vice versa. To validate this,
the simulated and measured radiation patterns of the array at
four distinct frequencies are shown in Figs 16(a)–16(d). It can
be observed from the results that simulated and measured results
are in good agreement and also satisfy the expected behavior of
polarization diversity configuration.

The performance parameters of the array are evaluated next.

Envelope correlation coefficient and diversity gain

Envelope correlation coefficient (ECC) is one of the key para-
meters to evaluate the MIMO antenna performance that provides
the degree of similarity between received signals. The ECC should
ideally be zero and practically as low as possible within the oper-
ating frequency (f0) range. The simulated and measured ECC per-
formance of the 4 × 4 array is shown in Figs 17(a) and 17(b),
respectively.

In a uniform propagation environment, the ECC is formulated
in terms of S-parameters [34] as

rij =
|S∗iiSij + S∗jiS jj|2

(1− (|Sii|2 + |S ji|2))(1− (|S jj|2 + |Sij|2))
(4)

In general, the ECC≤0.5 is acceptable [35] signifying the admis-
sible threshold level of signal distortion. From Fig. 17, it can be
noted that simulated value of ρij for adjacent and diagonal ele-
ments is ≤ 0.0015 and ≤ 0.003 respectively. Furthermore, the
measured values of ρij are ≤ 0.002 and ≤ 0.005 for adjacent and
diagonal elements within the operating range. This shows that
no signal distortion is present for the array (polarization diversity
application). Additionally, low value of ECC indicates good

Fig. 17. ECC performance of the array: (a) simulated and (b) measured.

Fig. 18. Diversity gain of the array: (a) simulated and (b) measured.
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isolation between the array elements, which in turn is helpful for
simultaneous operation.

Diversity gain (DG) indicates the improvement obtained from
MIMO compared to SISO (single-input single-output) and calcu-
lated by the following relation [36]

DG˜(dB) = 10× log10 (10
�����������
1− ECC2

√
) (5)

For satisfactory performance, DG ≥ 9.95 dB is desired [37]. The
simulated and measured DG of the array is shown in Fig. 18

Fig. 19. Simulated and measured MEG of the array (a, b) between ports (1, 2), (c, d) between ports (1, 3), and (e, f) between ports (2, 4).
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and is evident that DG≈ 10 dB for both simulation and experi-
mental results within the operating range.

Mean effective gain

The mean effective gain (MEG), in practice, is defined as the ratio
of power received by MIMO antenna elements to the power
received by an isotropic antenna under fading environment.
Analytically, the MEG for different element ports can be com-
puted [38] as following with mentioned acceptable limit:

MEGi = 0.5 1−
∑N
j=1

|Sij|2
[ ]

, −3 dB (6)

and

|MEGi −MEGj| ≤ 3 dB (7)

The simulated and measured values of MEG1 to MEG4, and the
corresponding differences between different ports are plotted in
Figs 19(a)–19(f).

It is concluded from Fig. 19 that the difference between the
MEG of two adjacent or diagonal array elements is below the
acceptable limit of 3 dB.

Channel capacity loss

Channel capacity loss (CCL) denotes the highest transmission rate
at which a signal can be continuously transmitted over a commu-
nication channel. For faithful transmission, the limit is 0.4 bits/s/
Hz within the operating BW [39]. The simulated and measured
CCL of the array is shown in Fig. 20.

From the results, it can be concluded that CCL falls within the
acceptable limit for the entire operating band.

Table 4 shows a comparison study of the proposed array with
the literature. Benefiting from compact SWB antenna elements
proposed in this paper, the results show that proposed array is
miniaturized by 6.78% compared to the smallest prototype [43]
with wider BW and comparable isolation compared to [40–45].

Conclusion

A compact SWB annular ring antenna using 45° clock-wise
square patch inclusions for SHF and polarization diversity
applications is proposed. The antenna provided an SWB oper-
ation from 2.07 to 30 GHz with an FBW of 174.2% and a peak
gain of 8 dBi and was experimentally validated. For the polar-
ization diversity a 4 × 4 MIMO configuration was devised and
manufactured, offering an effective isolation of ≥ 22.5 dB
between ports. Its performance in terms of ECC, DG, MEG,
and CCL was experimentally validated and found to be well
within the specified limit.

Due to its compactness with prominent performance and rela-
tively low cost design, the proposed antenna can be perceived as a
suitable candidate for the SHF and polarization diversity applica-
tions where SWB is a must.
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