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Design of Triple Band U-Slot MIMO Antenna for Simultaneous
Uplink and Downlink Communications
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Abstract—In this paper, two microstrip antennas with a U-slot on the patch are presented for base
station applications to provide simultaneous communications for uplink and downlink, respectively. The
intended antennas are expected to operate in triple bands, i.e., to cover GSM and LTE bands. The
three designated bands for uplink antenna are from 823 MHz to 830 MHz for lower band, 1.738 GHz to
1.761 GHz for middle band, and 2.321 GHz to 2.355 GHz for upper band. Similarly, the antenna which
is designed for downlink operates in three bands from 872 MHz to 880 MHz for lower band, 1.81 GHz
to 1.85 GHz for middle band, and 2.338 GHz to 2.375 GHz for upper band. These frequency band(s)
satisfy the requirements of GSM850, GSM1800, and LTE2300 bands. Comparisons among designed,
simulated, and measured results are presented. Isolation parameters and the Envelope Correlation
Coefficient (ECC) values of Multiple Input Multiple Output (MIMO) antenna in all specified bands are
also presented.

1. INTRODUCTION

Utilization of various wireless mobile communication technologies is increasing day-by-day, and available
radio spectrum is limited. In general, different mobile network providers use separate base station
antennas to cover GSM850 band, GSM1800, and LTE2300 bands. Traditionally, in light of the fact
that a single antenna cannot work at all of these frequency bands of mobile communication, various
antennas covering these bands independently ought to be utilized. Notwithstanding, the utilization
of numerous antennas is generally restricted by the volume and cost limitations of the applications.
Therefore, multiband MIMO antennas are required for wireless mobile communication. There are
different kinds of broadband antennas focused on these base station applications, Global System
for Mobile communications (GSM850/900/1800/1900), DCS, PCS, UMTS, Long Term Evaluation
(2300/2500/2600) in the writing, including patch reception apparatuses [1,2], magneto-electric
dipoles [3, 4], trapezoidal dipoles [5], folded monopole [6], tapered slot [7], and couple of folded dipoles [8].
Multi broadband antennas are used for base station applications, which can receive unwanted frequencies
except if some of the filtering systems are acquainted with rejecting such frequencies. Multiband
frequency configuration is that it concentrates just on the frequencies of intrigue [9]. Hence, there
is high demand to design multi narrow band MIMO antennas for base stations.

Existing models like triple narrow bands using three individual meander-line-type converted-L
radiators [10], couple of arc slots [11], U-slot design [12], and two meander lines [13] have a few
disadvantages as they require guard period, guard band, and intermittent carrying to segregate uplink
and downlink communications. Additionally, base stations should be synchronized for uplink and
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downlink communications to avoid interference [14]. To defeat these drawbacks, there is a significant
necessity for a novel antenna design that allows simultaneous communication between transmission and
reception using multiple narrow bands.

To meet the requirement, triple band U slot uplink and downlink antennas have been designed
which find applications in GSM850, GSM1800 and LTE2300 bands. The proposed antenna geometry,
development, and analysis of resonance frequencies are presented. Effect of antenna dimensions and
slot positions on resonance frequencies is explained. Simulated and measured antenna parameters are
explained in next sections. Simulated results of the proposed MIMO antennas are also presented.

2. ANTENNA STRUCTURE AND DEVELOPMENT

The proposed structure and fabricated antennas are shown in Figure 1. The triple band inset feed U
slot uplink and downlink antennas are designed to cover GSM850, GSM1800, and LTE2300 frequency
bands having dimensions of FR4 substrate length and width 70 mm x 130 mm and height (k) 1.6 mm
with ¢, = 4.4. To obtain simultaneous communication for uplink and downlink, two separate triple
band U antennas are designed on single substrate in which one can be used for uplink and the other
for downlink communication. These three bands can be achieved by providing slots on the patch, in
which two horizontal slots (Sr2) are positioned symmetrically with respect to the feed and vertical slot
(Sr1) in between horizontal slots which forms U slot structure and is shown in Figure 1. To meet
the requirement of MIMO system, at least two antennas should work on same frequencies. For this
purpose, other uplink and downlink antennas are added adjacent to the existing antennas, and hence
the proposed MIMO antenna size becomes length (L,) 70 mm, width (W) 240 mm, height (k) 1.6 mm,
which are shown in Figure 2(a). To improve the performance of MIMO antenna, uplink and downlink
antennas are arranged alternately and are shown in Figures 2(b) and 2(c). All the antennas operate
with individual ports. In prototype-I, ports 1 and 2 are assigned for downlink purpose and ports 3 and
4 for uplink. Similarly in prototype-II and III, ports 1 and 3 are assigned for uplink purpose and ports 2
and 4 for downlink. For impedance matching, each antenna is designed with a 50 €2 strip line.
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Figure 1. Triple band inset feed U slot antennas (a) Geometry (b) fabricated antenna.

2.1. Development and Analysis of the Resonance frequencies

This proposed antenna is useful for 2G, 3G, and 4G mobile applications, which covers GSMS&50,
GSM 1800, and LTE2300 bands. The provision of slots on the patch will generate multiple frequencies.
These slots alter the current paths of plain patch. Variations in surface current distributions of downlink
antennas with and without a U slot are shown in Figure 12. Similarly, the same effect will take place
in uplink antennas. The variations of slot positions (i.e., A, B, and C), length and width of the slots,
height of the substrate, length (L) and width (W) of the patch and effective dielectric constant cause
changes in resonance frequencies. However, these changes will not show equal impact on all resonance
frequencies. Detailed comparisons of parameter variations are clarified in next section. The inset feed
lengths (F7) and feed widths (Fy) have no significant impact on resonance frequencies. The design
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Figure 2. Triple band inset feed U slot MIMO antenna. (a) Prototype-I. (b) Prototype-II. (c)
Prototype-III.

formulas which are proposed in [15] and [16] are required to be optimized for microstrip line fed thin
substrate structures. However, design dimensions are optimized using HFSS, and better expressions are
presented for microstrip line feed thin substrate structures. The analytical expressions for the resonance
frequencies fres1, fres2, and fres3 are given below.

2.1.1. First Resonant Frequency (fresi)

fres1t depends upon patch length, vertical slot length ‘Sp;’, horizontal slot length ‘Srs’, and positions
of the U slot. Horizontal slot is proportional to the positions A, C, and vertical slot width ‘Sy,’. This
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resonant frequency decreases by increasing the slot length, width, and position ‘C’. f,..s1 increases by
increasing positions ‘A’ and ‘B’. This resonant frequency will be lower than that of the plain patch since
the U-slot alters the usual current paths of main radiating edges. The overall electrical patch length
increases by providing slots at edges of the patch, hence the resonant frequency falls in the lower band.
The estimated expression of f,.s1 is given below.

fresl -

Vo

(SLI - A

(1)
2<\/Eeﬁ)<L+2AL+%+SL2+SW+C—B> :

2.1.2. Second Resonant Frequency (fres2)

This resonance frequency strongly depends on the patch length whose length is equal to half wavelength
without U slot on the patch. However, slot dimensions and positions on patch will affect this resonance
frequency. The impact of position ‘A’ on this frequency is negligible since it mainly depends on the patch
length. This resonant frequency increases by increasing position ‘C’; slot width ‘Sy’, and decreasing
position ‘B’. It also depends on the ratio of the horizontal and vertical slot lengths. The estimated
equation of f.so is given below.

v
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where v, is the light velocity
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2.1.3. Third Resonant Frequency (fres3)

A pseudo patch (PP) with length (Lp) and width (Wp) is created by providing the U slot on the main
patch which is shown in Figure 1. The dimensions of the pseudo patch will determine this resonant
frequency. fres3 increases by increasing positions ‘B’ and ‘C’ and slot width ‘Sy’. The effect of position
‘A’ on this resonant frequency is less than ‘B’ and ‘C’ due to the U slot. The estimated expression of
fress 1s given below.
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whereWp:W—QB—QSW ande:L—A—C—SW.
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2.2. Effect of Antenna Dimensions and Slot Positions on Resonant Frequencies

The resonance frequencies mainly depend on the dimensions of slots and slot positions, i.e., ‘A’, ‘B’, and
‘C’ where ‘A’ is the distance from radiating bottom edge, ‘B’ the distance from non-radiating edges,
and ‘C’ the distance from radiating top edge. The change in positions ‘A’, ‘B’, and ‘C’ will change
the dimensions of vertical slot length ‘Sz’ and horizontal slot length (Sr2) which in turn change the
dimensions of pseudo patch. These variations will alter the current paths on the main patch which
affects the resonance frequencies. However, not all the parameters show the same effect on resonance
frequencies. Variation on each parameter with step size of 0.5 mm shows different effects on individual
resonance frequencies which is explained in detail as follows.

2.2.1. Slot Position ‘A’

With the increment of 0.5mm on slot position ‘A’, proportionally there is an increment of 6 MHz
and 13 MHz on the first and third resonance frequencies, respectively. Differentiating simulated and
computed results utmost 16 MHz of variation is obtained on first resonance frequency and 26 MHz on
the third for both uplink and downlink antennas. The change in slot position ‘A’ will change the length
of the pseudo patch. Slot position ‘A’ will have minimal effect on the second resonant frequency. The
varied resonance frequencies are illustrated in Figure 3.
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Figure 3. Effect of position ‘A’ on resonance frequencies. (a) Uplink antenna. (b) Downlink antenna.

2.2.2. Slot Position ‘B’

With the increment of 0.5 mm on slot position ‘B’, proportionally there is an increment of 28 MHz
and 23 MHz on the first and third resonance frequencies, respectively, and decrement of 25 MHz on the
second resonance frequency. Differentiating simulated and computed results utmost 33 MHz of variation
is obtained on the first resonance frequency, 18 MHz on the second, and 11 MHz on the third for both
uplink and downlink antennas. The change in slot position ‘B’ will change the length of the vertical
slot length ‘Sp1’. This will affect all the resonance frequencies. The varied resonance frequencies are
illustrated in Figure 4.

2.2.3. Slot Position ‘C’

With the increment of 0.5 mm on slot position ‘C’; proportionally there is an increment of 26 MHz and
27 MHz on the second and third resonance frequencies, respectively, and decrement of 14 MHz on the
first resonance frequency. Differentiating simulated and computed results utmost 18 MHz of variation
is obtained on the first resonance frequency, 16 MHz on the second, and 13 MHz on the third for both
uplink and downlink antennas. The change in slot position ‘C’ will change the length of the pseudo
patch. All the resonance frequencies are affected by slot position ‘C’. The varied resonance frequencies
are illustrated in Figure 5.
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Figure 4. Effect of position ‘B’ on resonant frequencies. (a) Uplink antenna. (b) Downlink antenna.
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Figure 5. Effect of position ‘C’ on resonant frequencies. (a) Uplink antenna. (b) Downlink antenna.

2.2.4. Slot Width ‘Sw’

With the increment of 0.5 mm on slot width ‘Sy’, proportionally there is an increment of 26 MHz
and 32MHz on the second and third resonance frequencies, respectively. Differentiating simulated
and computed results utmost 17 MHz of variation is obtained on the second resonance frequency and
13 MHz on the third for both uplink and downlink antennas. The first resonant frequency does not
change appreciably with changes in slot width ‘Sy’. The same width is considered for all the slots. The
varied resonance frequencies are illustrated in Figure 6.

Desired resonance frequencies are obtained by selecting suitable dimensions of U slot and patch
using design equations and parametric study. Correspondingly, one can easily select suitable dimensions
for any application and get desired resonance frequencies with the help of explanation given in this
section regarding how resonance frequencies are affected by antenna dimensions and slot positions. The
proposed antenna dimensions appear in Table 1.

3. RESULTS AND DISCUSSION

The uplink antenna is designed to cover GSM850 band from 821 MHz to 830 MHz, and return loss
—22.26 dB is shown in Figure 7. All other parameters of the proposed antennas are listed in Table 2.
Gain versus frequency of uplink and downlink antennas is shown in Figure 8. Gain patterns of uplink
and downlink antennas are almost symmetrical for the specified three bands as shown in Figure 9 and
Figure 10.
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Figure 6. Effect of slot width ‘Sy’ on resonant frequencies. (a) Uplink antenna. (b) Downlink antenna.

Table 1. Antenna dimensions.

Triple band inset feed U Triple band inset feed U
Parameter . .
slot uplink antenna (mm) slot downlink antenna (mm)
L 41 39
%% 45 46
Fy, 25 24.5
Fw 2.6 2.65
I 7 6.5
Iw 5 5
S11 38 42
St2 29.25 26.9
Sis 29.25 26.9
Sw 2 2
A 7 9
B 3.5 2
C 2.75 1.1
0 0
be] T -10
5-20 : 15
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-40 25
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Figure 7. Return loss of a triple band inset feed U slot antenna. (a) Downlink antenna. (b) Uplink
antenna.
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Figure 8. Gain versus frequency of triple band inset feed U slot antenna. (a) Uplink antenna. (b)
Downlink antenna.
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Figure 9. Radiation patterns of a triple band inset feed U slot uplink antenna. (a) Lower band. (b)
Middle band. (c) Upper band.
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Figure 10. Radiation patterns of a triple band inset feed U slot downlink antenna. (a) Lower band.
(b) Middle band. (c) Upper band.

The mutual couplings between the ports, i.e., S12 and So1, of simulation and measurement are shown
in Figure 11. More than 25 dB mutual coupling is obtained for simulation and 20 dB for measurement.
Increasing the spacing between the antennas can reduce the mutual coupling which is shown in Figure 11.
Spacing between the uplink and downlink antennas is considered 0.33\ (port 1 to port 2), where X is
the operating wavelength. The results show that the proposed antenna will provide better isolation for
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Figure 11. Mutual coupling between the elements (a) Sia, (b) Sa1.

Table 2. Antenna parameters.

Uplink Uplink Downlink Downlink
Parameter Band antenna antenna antenna antenna
(Simulated) (Measured) (Simulated) (Measured)
Return Lower —22.26 —19.21 —14.09 —13.68
loss Middle —16.84 —21.28 —30.97 —14.39
(dB) Upper —20.90 —12.56 —26.30 —20.39
Lower 1.16 1.24 1.49 1.82
VSWR Middle 1.33 1.61 1.05 1.47
Upper 1.19 1.18 1.10 1.21
Bandwidth Lower 821-830 812-820 872-880 871-879
(MHz) Middle 1738-1761 1715-1745 1810-1850 1801-1842
Upper 2321-2355 2311-2348 2338-2375 2331-2359
Resonance Lower 826 814 876 875
Frequency Middle 1743 1731 1831 1815
(MHz) Upper 2339 2331 2356 2346
Radiation Lower 36.78 35.95 35.26 34.68
Efficiency Middle 41.56 40.39 40.12 37.87
(%) Upper 38.15 37.82 37.54 36.73
Peak Lower 2.26 1.71 1.62 1.13
Gain Middle 3.42 2.96 2.36 1.74
(dBi) Upper 2.84 2.13 1.95 1.46

uplink and downlink communications. Diversity performance of the proposed antenna is explained in
next section.

Bandwidths of uplink and downlink antennas are listed in Table 3. The obtained bandwidth
for uplink antenna is 9 MHz, 23 MHz, and 34 MHz, and downlink antenna is operated with 8 MHz,
40 MHz, and 37 MHz lower, middle, and upper resonance bands, respectively, which are sufficient for base
station applications [17]. The proposed antenna can provide better isolation for uplink and downlink
communications with these narrow bands.

The proposed antenna operates separately for uplink and downlink communications since it consists
of separate antennas. Utilizing this strategy, fast switching is conceivable between uplink and downlink
communications [14]. Subsequently uplink and downlink triple band U slot antennas are used to provide
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Figure 12. Surface current distributions of downlink antennas (a) with U slot and (b) without U slot
antennas.

Table 3. Comparison with other patch antennas.

Size (mm) fi fo I3 BW; BW, BWs ‘ .
Reb  psw s | MH) | M) | (MHZ) | (MH2) | (MH2) | (MH) | ORT (dB)
fll 025,
[10]  |100 x 65 x 1.6| 900 1800 2600 40 30 170 f 2;1?('160
f3: 3.28
fi: 3.1,
M1 | 93x93x3 | 830 1800 2460 6 97 18 f Zn‘é-“

f3: 2.0
f1: 1.62,

£ 2,12
[13] |42x15x 1.6 | 900 1800 2400 30 40 30 f 2an .

f3: 1.89
flU: 226,
frus 826 fou: 1743| fau: 2339 | BWyy: 9| BWay: 23| BWay: 34 fou: 3.42

and
Proposed |70 x 130 x 1.6 fau: 2.84

fip: 1.62,
fip: 876| fap: 1831 f3p: 2356 | BWip: 8| BWap: 40| BWsp: 37 fop: 2.36

and
f3DZ 1.95

simultaneous communication for same as well as various mobile network users. Great relationship is
obtained between simulation and measured results.

4. DIVERSITY PERFORMANCE

ECC is a measure that describes how much the communication channels are isolated or related with
one another. ECC can be determined utilizing the strategy proposed in [18].

1S5 Sij + S;i Sjj|2 (8)
(1= 186 = 18557) (1= 18351 = 155 1?)

ECC(pe) =
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Figure 13. ECC of (a) uplink and (b) downlink antennas.

The envelope correlation coefficient (ECC) values of uplink and downlink antennas are shown in
Figure 13. The ECC values of proposed antenna prototypes I, II, and III are shown in Table 4. The
distance 0.33) is considered between uplink antennas (i.e., from port-3 to port-4) of prototype I whereas
0.66 distance is considered for prototype II and III uplink antennas (i.e., from port-1 to port-3). The
distance for downlink antennas is considered same as above. The ECC values are less than 0.016 in all
specified bands of uplink and downlink antennas of prototype I and less than 0.00017 in all specified
bands of uplink and downlink antennas of prototypes II and III. More than 9.9 dBi diversity gain is

Table 4. ECC values of uplink and downlink antennas.

Prototype UPLINK DQWNLINK
Lower Band | Middle Band | Upper Band | Lower Band | Middle Band | Upper Band
I < 0.014 < 0.0076 < 0.0003 < 0.016 < 0.0062 < 0.00097
11 < 0.000013 < 0.0001 < 0.00008 | < 0.000011 < 0.00017 < 0.000017
111 < 0.000054 | < 0.000097 | < 0.000013 | < 0.00014 < 0.00016 | < 0.0000067
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obtained for both uplink and downlink antennas using Equation (9). The proposed prototypes II and
IIT provide good diversity performance for MIMO applications. In prototype III, uplink antennas are
placed opposite to each other and downlink antennas also placed opposite to each other to provide
spatial diversity and to take advantage of polarization diversity.

Diversity Gain = 104/1 — |[ECC|? (9)

5. CONCLUSION

The uplink and downlink triple band U slot antennas are developed for base stations. These antennas
find good applications in GSM850, GSM1800, and LTE2300 bands, which provide simultaneous
communications for uplink and downlink. To obtain desired resonance frequencies, the suitable
dimensions are chosen based on designed equations and parametric study. The proposed uplink antenna
is to operate with 826 MHz, 1.743 GHz, and 2.339 GHz, and downlink antenna is to operate with
876 MHz, 1.831 GHz, and 2.356 GHz lower, middle, and upper resonance frequencies, respectively. Over
the entire operating band, the isolation between the two ports is greater than 20 dB which improves
the diversity performance. The obtained ECC values and diversity gain of proposed MIMO antenna
improve the performance of the MIMO system. Good correlation is obtained between simulation and
measured results.
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