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Four Element UWB MIMO Antenna with Improved Isolation Using
Resistance Loaded Stub for S, C, and X Band Applications

Sumit K. Gupta1, *, Robert Mark2, Kaushik Mandal3, and Soma Das1

Abstract—This article proposes a four-port multiple input multiple output (MIMO) ultra-wideband
(UWB) antenna that operates across 3 to 13GHz. Four identical fractal patches are placed orthogonally
to each other. The uniqueness of the proposed design is that it does not need to incorporate any
dedicated/specific design/component to realize notches within the UWB range. The elimination of
notches, enhancement of bandwidth, and improvement of isolation have been achieved by integrating
a resistance-loaded stub with the ground plane. The isolation between the elements was measured to
be below −20 dB across the entire operating band. The fabricated prototype exhibits better diversity
parameters like envelop correlation coefficient (ECC) < 0.003, diversity gain (DG) > 9.99, channel
capacity loss (CCL) < 0.4 bps/Hz, and mean effective gain (MEG) < 2 dB. The proposed MIMO antenna
shows omnidirectional radiation patterns with a peak gain of 5.4 dBi and radiation efficiency > 66%
with required compactness having interelement (edge to edge) distance of 5.4mm. After application
of decoupling method radiation efficiency varies from 66% to 82% with gain ranging between 1.8 and
5.54 dBi. The diverse performance of the fabricated MIMO proves it to be a good candidate for UBW
imaging, LTE applications, and S, C, and X band applications.

1. INTRODUCTION

In wireless communication system, the increased number and quality of applications lead to the
requirement of ultra-wideband (UWB) antennas which can fulfil the requirements with increased
data rate [1]. The design of UWB characteristics with size miniaturization is a challenge for
researchers. Different techniques like composite left/right-handed transmission-line with E shaped
slots [2], metamaterial based H shaped and T shaped slits with spiral ground [3, 4], etching F and
T shaped slits on the ground plane and radiating patch [5], L- and F-shaped radiation cells-based
metamaterial-based transmission line along with spirals [6], L & C integrated composite left/ right
hand metamaterial based planar antenna [7–9], circularly polarized antenna with different feeding
techniques [10], foldable bowtie shaped self-grounded structure [11, 12], etc. are typical examples which
are proposed to achieve UWB characteristics in recent findings.

Again, the use of multiple-input multiple-output (MIMO) configuration is also suggested in
recent literatures to achieve UWB characteristics along with enhanced data transmission rate, reduced
multipath fading, and good diversity performance [13–16]. The use of MIMO antenna gives advantages of
system reliability, channel capacity, and diversity performances; however, the use of multiple antennas
with required compactness causes the system to suffer from mutual coupling between closely placed
antenna elements. Several techniques have been presented to reduce mutual coupling without changing
other desired antenna parameters (gain, channel capacity, etc.) appreciably [17–20] like metamaterial
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based super substrate [21, 22], U shaped intercoupled isolation wall [23], metamaterial based EM
band gap [24], inserting slots in slot array antenna [25], stub loaded slot with split ring resonator
(SRR) structure [26], curved stub with pattern diversity [27], defected ground structure (DGS) based
monopole with notch and slit in ground along with U shaped stub [28], Sierpinski knop fractal UWB
antenna with complementary split-ring resonator (CSRR) structure [29, 30], Minkowski fractal with
DGS structure [31], metamaterial-based isolator [32, 33], etc.

The design of a 4 element MIMO antenna in recent literatures utilizes the technique of orthogonal
placement of antenna elements along with different isolation designs to achieve required compactness like
Koch fractal geometry [34], L-shaped stub in the ground plane [34, 35], U and H-shaped slots [36], T-C
shaped slots with isolated ground [37], CSRR structures with isolated ground [38], fork shaped via loaded
MIMO [39], polarization diversity and slit on the ground [40], octagonal Koch fractal shaped MIMO
antenna [41], isolated ground with tuneable operation using capacitors, varactors and PIN diodes [42],
inverted L shaped isolation structure [43], coplanar waveguide (CPW) fed MIMO with optimized gap
between the antenna element and ground plane [44], etc.

Based on the literatures available and reviewed above, one can say that fractal geometry offers
miniaturization because of its self-similar structure and space-filling properties. The space-filling
structure changes the electrical path for the surface currents and gives the required advantage of fractal
design. In this paper, hexagonal fractal geometry has been conceived because of its simplicity and good
UWB response in comparison to the other structures. The antenna elements are placed strategically
orthogonal to each other to accomplish isolation well below −15 dB. The proposed antenna without
resistive stub exhibits wideband characteristics across 3–13GHz with notches at 6.5–7.15GHz and
8.05–9.12GHz. These notches between the application bands help to reduce interference in the proposed
ranges. A lumped resistance is used to connect a metallic stub with the partial ground plane of the
basic hexagonal fractal-based UWB antenna. Tactical inclusion of this resistance-loaded stub helps in
improving isolation, better impedance matching, as well as the reduction of notches. The proposed
four-port MIMO antenna successfully offers better isolation by adopting the relatively simple approach.

2. FORMULATION AND DESIGN

2.1. Antenna Design

The proposed four port orthogonally placed MIMO design is shown in Figure 1. It is fabricated on a
low-cost FR-4 substrate with the dimension of 93mm× 93mm× 1.6mm, dielectric constant of 4.4, and

(a) (b)

Figure 1. Four-element fractal UWB MIMO antenna. (a) Front view. (b) Back view.
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loss tangent of 0.02. The ground plane on the back side of the substrate is connected with resistance
loaded stub to achieve mutual coupling reduction and UWB response without notches. The ground of
proposed design is connected with thin strips of copper as split ground is not practical in real system
instead of common reference ground for MIMO.

The optimised design parameters, as shown in Figure 1, are W = 93mm, L = 93mm, w1 =
29.66mm, w2 = 60.50, L1 = 11.41mm, a = 18mm, b = 15mm, c = 13mm, d = 10mm, e = 8.5mm,
f = 7mm, g = 5.9mm, h = 4.9mm, i = 3mm, j = 2.84mm, k = 1.5mm, l = 1mm, w3 = 44mm,
w4 = 11mm, w5 = 10mm, w6 = 1mm, w7 = 21mm, L2 = 33mm, L3 = 28mm.

2.2. Design Evolution of Single Element UWB Antenna

During the initiation of the design, the widths of the strips of hexagon are taken as constant. The
sides of a regular hexagon at various stages are related with log periodic concept [46]. Initiator was
multiplied with scale factor to generate various stages, and the dimension of the ground plane and the
gap between the strips were optimized to get multiband response [46]. To enhance the response of the
design from multiband to wideband, the width of hexagon strips and the gap between them are further
optimized with reduced ground to get UWB characteristics with better impedance matching as shown
in Figures 2(a)–(e).

(a) (b) (c) (d) (e)

Figure 2. Evolution of single patch antenna with (a) initiator with full ground, (b) first fractal with
full ground, (c) second Fractal with full ground, (d) third fractal with full ground, (e) final design with
reduced ground.

(a) (b)

Figure 3. (a) Evolution of the final fractal with full ground. (b) Optimization of ground plane to get
UWB response of the final fractal with ground reduction (y) from top.
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Figure 3(a) gives the variation of reflection coefficient (S11) characteristics for various iteration
stages and for final design without any ground modification. The design with initiator resonates at
four frequencies. The addition of each fractal hexagonal ring results in the addition of more resonating
frequency in the lower side of the characteristics band. The addition of third fractal does not change any
resonating frequency, but it gives better impedance matching. Along with the third fractal, the reduced
ground plane also helps in creating extra resonating bands in between and causing multiband response
to be converted to wideband response. Figure 3(b) shows the parametric optimization of the ground
plane giving best results at y = 34mm. Therefore, as per the design evolution and parametric variation
in the ground (Figures 3(a)–(b)), the proposed single patch fractal gives UWB response from 2-13GHz
with two notch bands at 6.5–7.15GHz and 8.05–9.12GHz. This design is incorporated on low-cost FR-4
with the size of 44mm × 40mm as shown in Figure 2(e). This makes it a suitable candidate in the
application range by extending its response for better diversity performance using MIMO technology.

2.3. Four Element MIMO Antenna without Resistance Loaded Stub in the Ground

Figures 4(a) and (b) show the front and back views of 4 element MIMO antenna where four radiating
elements are placed orthogonal to each other which help to achieve reduced mutual coupling. The
simulated S-parameter result of the 4 elements fractal MIMO antenna with connected reduced ground
(Figure 4(b)) is shown in Figure 4(c), which gives wideband response with good isolation but still needs
improvements at some resonating frequencies. The S11 response shows notches at 5–8GHz range which
needs to be addressed.

(a) (b) (c)

Figure 4. (a) Front view. (b) Back view. (c) S-parameters for 4-element fractal MIMO with connected
reduced ground.

2.4. MIMO Antenna with Resistance Loaded Stub in the Ground

Based on the results obtained from 4-element fractal MIMO UWB antenna (Figure 4), the isolation and
bandwidth of the designed antenna need improvement, and the same is obtained by further connecting
resistance loaded stub in the ground plane. The S-parameter results for the parametric variation of the
width of the stub (position of the stub is at the centre of the respective fractal) connected are given
in Figures 5(a)–(d). As per the results shown, the best position is obtained at stubvar = 4mm where
stubvar is the variation in the width of the stub (the final width of the stub is w5 = 10mm).

Based on the results obtained in parametric variation of width of resistance loaded stub, the
value of connecting resistance is then optimized, and the best value of the resistance obtained is
R = 100 ohms. The parametric variations of the optimized results are shown in Figures 6(a)–(d).
The desired improvement in bandwidth of the design is shown by removing the notches present in the
single fractal patch. The optimized stub loaded with optimized resistance finally generates resonating
bandwidth from 3 to 13GHz with simulated isolation well below −15 dB for the full resonating band.
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(a) (b)

(c) (d)

Figure 5. (a)–(d) Optimization of width of resistance loaded stub of 4 element fractal MIMO antenna.

As per the above discussion and variations in S parameters shown for the designs without stub
and with stub, we can say that the application of a ground stub offers better impedance matching and
improvement in isolation at certain frequencies to offer required isolation of below −15 dB throughout
the resonating band (S11 below −10 dB). Surface current distributions without and with a stub are
shown in Figure 7 at frequencies 3.83GHz and 9.57GHz.

3. EXPERIMENTAL VERIFICATION & RESULT ANALYSIS

The orthogonally placed 4-element fractal MIMO antenna with designed reduced ground is fabricated
and tested in two port Agilent N5247Avector network analyser, as shown in Figures 8(a)–(c).

The measured results obtained are compared with simulated ones and are as shown in Figures 9(a)
and (b). The measured results indicate good agreement with simulated ones. The comparison of
simulated and measured S11 parameters and isolation parameters S21, S31, and S41 demonstrate that
the fabricated antenna shows resonating frequency from 3 to 13GHz with isolation below −20 dB as
desired.

Figures 10(a)–(d) show the measured 2D radiation pattern of designed MIMO antenna in both
E-plane and H-plane at four resonating frequencies: 3.83GHz, 4.23GHz, 8.57GHz, and 11.37GHz,
respectively. As per the pattern obtained, the antenna offers omnidirectional radiation in both E-plane
and H-plane. The low cross polarization, as observed in Figures 10(a)–(d) is also another desirable
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(a) (b)

(c) (d)

Figure 6. (a)–(d) Optimization of lumped element (resistance value) with S parameters at best stub
position.

observation.
The mutual coupling effects of the proposed design are analysed by diversity parameters. The

parameter envelop correlation coefficient (ECC) is one of the diversity parameters that shows the
correlation between MIMO antenna elements calculated by using S parameters. A good ECC means
that the multipath signal received in MIMO antenna is uncorrelated which finally results in a better
signal to noise ratio at the receiver end and consequently in a better signal reception. The S-parameters
alone could not be able to define whether ports are correlated or not. ECC does the same and gives
complete diversity behaviour of MIMO antenna as given by:

ρ12 =
|S∗

11S12 + S∗
21S22|

2(
1− |S11|2 − |S21|2

)(
1− |S22|2 − |S12|2

) (1)

where S11 and S22 are return losses at port 1 and port 2 respectively. S21 and S12 are the isolation
parameters between the antenna ports. In general, the value of ECC < 0.5 is considered to be
good diversity performance [48]. Figure 11(a) shows the comparison of ECC values obtained using
S parameters as well as from radiation field, and the results from both were found to be well below the
acceptable limits of 0.5. The ECC values further prove that the designed antenna is an uncorrelated
one.
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(a)

(b)

Figure 7. Surface currents without stub and with stub at (a) 3.83GHz, (b) 9.67GHz.

(a) (b) (c)

Figure 8. Fabricated 4-element MIMO. (a) Front view. (b) Back view. (c) Under testing using Vector
Network Analyzer (VNA).
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(a) (b)

Figure 9. (a) Comparison of S11, S22, S33 and S44 (Simulated and Measured). (b) Comparison of S21,
S31, S41 for (Simulated and Measured).

Another MIMO performance parameter is diversity gain (DG) which is a measure of average signal
to noise ratio of all the signals transmitted by single antenna of MIMO and received via multiple paths
at the receiver’s end. Mathematical expression of diversity gain is given by:

Diversity Gain =

[
γc

SNRc
− γ1
SNR1

]
P (γc<γs/SNR)

(2)

The diversity gain obtained for the present four port UWB MIMO antenna using radiation field and
S parameters is shown in Figure 11(b). The DG calculated using measured S parameters is found to
be > 9.99, and that from radiation pattern is > 9.80. These DG values in both cases further prove
the better diversity performance and less channel capacity loss for the designed MIMO antenna than
similar reference works.

The third MIMO performance parameter is total active reflection coefficient (TARC) which accounts
for mutual coupling between the antenna elements and random phase signal combinations between ports,
and it is mathematically defined as the ratio of square root of the total reflected power to the square
root of total incident power [42]. The simulated TARC value was calculated in Computer Simulation
Technology (CST) using random phase inputs, where phase varies between 0◦ and 180◦ to observe its
effect on resonance of the antenna. Mathematically TARC is given by

Γt
a =

n∑
i=1

b2i

n∑
i=1

a2i

, (3)

where ai and bi represent the incident and reflected signals, respectively.
The TARC was also calculated using measured S parameters, and the comparison of simulated

and measured TARCs is shown in Figure 11(c). The TARC plot shows that there is no variation in
resonance bandwidth when the input phase varies.

Another important MIMO performance parameter is channel capacity loss (CCL). CCL restricts
the upper bound of the rate of information that can be fairly transmitted through the channel, and its
value must be less than 0.4 bits/s/Hz for the MIMO system. CCL is calculated for designed MIMO
systems using following equations [42]:

Closs = −log2
∣∣ψR

∣∣ (4)



Progress In Electromagnetics Research C, Vol. 131, 2023 81

-50

-40

-30

-20

-10

0

10
0

30

60

90

120

150

180

210

240

270

300

330

-50

-40

-30

-20

-10

0

10  Abs(Copol)[dB    ]

 Abs(Cross)[dB    ]

dB

E Plane

-40

-30

-20

-10

0 30

60

90

120

150

180

210

240

270

300

330

-40

-30

-20

-10

0

 Abs(Cross)[dB]

 Abs(Copol)[dB]

dB

H plane

-40

-30

-20

-10

0

10
0

30

60

90

120

150

180

210

240

270

300

330

-40

-30

-20

-10

0

10  Abs(Copol)[dB    ]

 Abs(Cross)[dB ]

dB

E plane

-40

-30

-20

-10

0

0

30

60

90

120

150

180

210

240

270

300

330

-40

-30

-20

-10

0

 Abs(Cross)[dB]

 Abs(Copol)[dB]

dB

H plane

-30

-20

-10

0
0

30

60

90

120

150

180

210

240

270

300

330

-30

-20

-10

0  Abs(Copol)[dB    ]

 Abs(Cross)[dB    ]

dB

E plane

-40

-30

-20

-10

0
0

30

60

90

120

150

180

210

240

270

300

330

-40

-30

-20

-10

0  Abs(Cross)[dB]

 Abs(Copol)[dB]

dB

H plane

-30

-20

-10

0

0

30

60

90

120

150

180

210

240

270

300

330

-30

-20

-10

0

 Abs(Copol)[dB]

 Abs(Cross)[dB]

dB

E plane

-40

-30

-20

-10

0

10
0

30

60

90

120

150

180

210

240

270

300

330

-40

-30

-20

-10

0

10  Abs(Cross)[dB]

 Abs(Copol)[dB]

dB

H plane

(a)

(b)

(c)

(d)

Figure 10. 4 element fractal MIMO antenna 2-D measured radiation pattern. (a) 3.83GHz. (b)
4.23GHz. (c) 8.57GHz. (d) 11.37GHz.
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Figure 11. (a) Envelope correlation Coefficient. (b) Diversity gain. (c) Total active reflection
coefficient. (d) Channel capacity Loss. (e) Gain (dBi). (f) Mean effective gain.

where ψR is the receiving antenna correlation matrix, given as

ψR =

[ δ

11

δ

12δ

21

δ

22

]
(5)
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δ

ii = (1− |Sii|
2 − |Sij |

2) and

δ

ij = (S∗
iiSij + S∗

jiSij) for i, j = 1or 2 (6)

Figure 11(d) shows channel capacity loss characteristics for the proposed four port UWBMIMO antenna
for simulated and measured values. It is seen that the value of the capacity loss is less than 0.4 bps/Hz
for the resonating bands, which makes the antenna suitable for MIMO applications.

The gain of the fabricated antenna is calculated from measured radiated power and is obtained to
be varying between 1.4 and 5.4 dBi for its resonating bandwidth. The scattered gain vs frequency plot
is drawn in Figure 11(e).

Mean effective gain (MEG) is another parameter which is the measure of power received by the
MIMO diversity antenna with respect to an isotropic antenna in the fading environment. It is calculated
using the equation below

MEGi = 0.5

1−
k∑

j=1

|Sij |
2

 (7)

Table 1. Comparison of the proposed work with published literature work with respect to parameters
like size, bandwidth, measured gain, ECC, isolation.

Ref.
No. of

element

applied

design

method

Size (mm)

&

Substrate

Operating

Band (GHz)

/BW (GHz)

Measured

Gain (dBi)

Simulated

Efficiency

(%)

Diversity

Gain
ECC

Isolation

/Isolation

improvement

method

design

complexity

Application

Covered

[29] 4

Sierpinski

Knopp

fractal

40mm

×40mm

FR-4

2.6–10.6 with

notch at

WiMax 3.5GHz

and WLAN

5.4GHz regions.

Not reported

(E plane

H plane

Co-Cross

pole

radiation

pattern

overlapping)

64 > 9.9 dB < 0.07 < −20

CSRR

slot with

isolated

ground

UWB MIMO

applications

[31] 4

Minkowski

fractal

shaped DGS

80mm

×80mm

FR-4

2.1–20GHz

with notch at

3.3–4.1, 8.2–8.6

Gain 3.5 dBi

till 10GHz

then rises

to 5.8 dBi

at higher

frequency

range

80% > 9.99 < .02 < −25

Yes, in

the design/

optimization

of fractal

UWB

applications

with stop

bands for

WiMAX and

military

/radar

applications

[32] 4 Metasurface

40mm

×40mm

FR-4

8.2–12GHz
Peak gain

8.5 dBi

Maximum

76%

Not

reported

Not

reported

Better than

−27 dB

Metamaerial

unit cell

with metal

via

entire X-band

[36]
2

4

Fractal

with C

shaped slot

25mm

×50mm

50mm

×50mm

Rogers

3.18–20.10

(notch at

3.51–4.25 and

5.06–5.92)

3.18–20.10

with notch

at 3.42–4.23

and 4.95–6.04

Maximum

4.85 dBi
73%–90% > 9.9 < 0.05 < −20 dB

Design

of Koch

geometry

is complex

UWB: Imaging

applications,

X band

RADAR

applications

& Ku band

satellite

system

[39] 4

CMA and

vias and

Fork-shaped

40mm

×28mm

FR-4

3.05 to

13.05GHz

Not

reported

Not

reported

Not

reported
< 0.02 −17 dB

Multible

stub and

via are used

Suitable

for UWB

wireless

communication

[41] 4
Koch Fractal

UWB MIMO

45mm

×45mm

FR-4

3–10.6GHz

excluding

5.5GHz

notch band.

Below 4 dBi

upto 6GHz

Up to 4.5 dBi

above 6GHz

Not

reported

Not

reported
< 0.003

better than

−17 dB/

grounded

stubs

Design

of Koch

geometry

is complex

Suitable

for UWB

wireless

communication

[42] 4

Four port

separate

ground

multipurpose

filter circuit

109.2mm

×109.2mm

Rogers

RO4350

2.5–4.2GHz,

more than

1.5 dBi in

the working

frequency

> 75%
Not

reported
< 0.5

< −15 dB

Multipurpose

filter

Complex

design with

switches

sub-6GHz 5G

applications.

[45] 2

Metasurface

isolating

structure

60mm

×40mm

FR-4

8.41–8.7GHz

13.8–14.6GHz

15.6–17.05GHz

17.5–30GHz

Maximum

gain

= 7.9 dBi

Not

reported

Not

reported

Not

reported

Average

improvement

of 10 dB

Simple

design with

big antenna

size

X, Ku, K,

and Ka bands

[47] 4
Switchable

filter is used

120mm

×100mm
2.5–4.2GHz 2.3 dBi > 65%

Not

reported
< 0.01

−20 dB

achieved

Diodes and

complex

circuits

are designed

5G cognitive

radio (CR)

applications

This

Work

4

(Orthog-

onally

placed)

Fractal

with

resistance

loaded stub

in reduced

ground

93 mm

×93mm

FR-4

3–13 GHz

band

Peak gain

= 5.4 dBi

> 66%

Maximum

= 82%

> 9.99

(Measured)

< 0.003

(Measured)

< −20 dB

isolation

for

3–13 GHz

band

Simple

to design

and

optimize

WLAN/LTE

/C-band

/X Band

Applications
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where k represents the number of antennas, and i is the antenna under consideration for calculating
mean effective gain. For better diversity performance, the MEG analysis of diversity antenna must give
the ratio of MEG1/MEG2 to be below < 3 dB [49, 50]. The MEG of the proposed antenna is shown in
Figure 11(f) for both simulated and measured values. The plot shows that the ratio MEG1/MEG2 is
well below 3 dB for entire operating range of the designed antenna.

Table 1 shows the comparison of the proposed work with other reported literatures in terms of
dimension, material, bandwidth, peak gain, diversity parameters, and application. The comparison
shows that the proposed design offers relatively less complex design, large bandwidth, compact design,
relatively better peak gain of 5.4 dBi with low-cost FR-4 material, and better diversity parameters like
ECC, DG which give it upper hand in applications like UWB imaging, LTE applications, C, S, and X
band applications.

4. CONCLUSION

In this paper, an orthogonally placed four port fractal MIMO antenna with UWB characteristics ranging
from 3 to 13GHz is presented. The proposed antenna is fabricated and tested for diversity parameters.
The proposed design does not require any specific structure to create notches in between the application
bands to reduce interference between them. For removal of the notches as well as for the bandwidth
enhancement (continuous UWB) and isolation improvement, the resistance loaded stub is placed in
the reduced ground plane. The measured isolation between the radiating elements is obtained to be
< −20 dB. The proposed MIMO antenna offers a peak gain of 5.4 dBi with stable radiation patterns in
E plane and H plane. The investigation of diversity parameters like ECC (less than .003), DG (> 9.99),
TARC, CCL (< 0.4 bps/Hz), and MEG (< 2 dB) were done from the measurement data, and the result
proves that the designed MIMO antenna exhibits better diversity characteristics than its acceptable
limits. The proposed UWB MIMO antenna proves to be a suitable candidate for applications like UWB
imaging, LTE, S, C, and X bands, which range in 2–4GHz, 6–8GHz, and 8–12GHz, respectively.
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