
4. CONCLUSION

We investigated the design of a microstrip patch antenna with

improved low-elevation gain for CRPA applications. The pro-

posed antenna is composed of the main patch and a subpatch, and

the two patches were designed to be electromagnetically coupled

for the same direction current by adjusting the size of the subpatch

and the substrate height. The proposed antenna was fabricated and

mounted on a 140-mm circular ground platform to measure its

antenna characteristics. The measured reflection coefficient was

211.2 dB at 1575 MHz with a bore-sight gain of 5.1 dBic, and the

average gain at h 5 758 was 21.7 dBic with an average HPBW of

1658. The results proved that the proposed antenna is suitable to

enhance the low-elevation gain and can be used as the individual

element of CRPA arrays.
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ABSTRACT: Using the quad-antenna linear (QAL) array as a building
block, the 8-antenna and 16-antenna arrays for the 3.5-GHz long term
evolution multiple-input multiple-output (MIMO) operation in the smart-

phone are demonstrated. The QAL array has a planar structure of narrow
width 3 mm (0.035k) and short length 50 mm (0.58k), with k being the
wavelength at 3.5 GHz. For the 8-antenna array, two QAL arrays are dis-

posed along two opposite side edges (denoted as Array A) or the same
side edge (denoted as Array B) of the system circuit board of the smart-

phone. The obtained envelope correlation coefficient values of the anten-
nas in Array A and B are shown. The calculated channel capacities for
Array A and B applied in an 8 3 8 MIMO system are also analyzed. The

16-antenna array formed by four QAL arrays disposed along two opposite
side edges (denoted as Array C) is then studied. For operating in a 16 3

16 MIMO system, the calculated channel capacity of Array C can reach
about 66–70 bps/Hz with a 20-dB signal-to-noise ratio. The obtained
channel capacity is about 5.7–6.1 times that (11.5 bps/Hz) of the upper

limit of an ideal 2 3 2 MIMO system with 100% antenna efficiency for

Figure 9 Analysis of gain enhancement at low-elevation angles (a)

amplitude and phase of the induced current and (b) gain enhancement at

h 5 758
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the antennas therein. Details of the proposed Array A, B, and C are

described, and the obtained results are presented. VC 2016 Wiley

Periodicals, Inc. Microwave Opt Technol Lett 58:174–181, 2016; View

this article online at wileyonlinelibrary.com. DOI 10.1002/mop.29527

Key words: mobile antennas; multiple-input multiple-output antennas;
8-antenna array; 16-antenna array; quad-antenna linear array; smart-

phone antennas; slot antennas

1. INTRODUCTION

For the 2 3 2 long term evolution (LTE) multiple-input multi-

ple-output (MIMO) mobile communication, two antennas with

acceptable isolation are needed to be embedded in the limited

space inside the smartphone [1–5]. It is also noted that for the 2

3 2 LTE MIMO operation, the upper limit of the ergodic chan-

nel capacity can reach about 11.5 bps/Hz with a 20-dB signal-

to-noise (SNR) ratio [6]. The channel capacity can further be

greatly increased by increasing the number of the antennas in

the MIMO system [7]. However, owing to the limited space

inside the smartphone, it is difficult to embed a large number of

LTE antennas operated in the 698–960 MHz and/or 1710–2690

MHz bands for the MIMO operation. Conversely, it has been

recently demonstrated that a 10-antenna array [6] operating in

the new LTE band of 3400–3800 MHz [8–10] is promising to

Figure 1 Geometry of the 8-antenna arrays formed by two QAL arrays. (a) Two QAL arrays disposed along two opposite side edges (Array A), (b)

two QAL arrays disposed along the same side edge (Array B) and (c) dimensions of the QAL array comprising Anta1 to Anta4. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com]

DOI 10.1002/mop MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 58, No. 1, January 2016 175

http://wileyonlinelibrary.com


be embedded in the smartphone for the 10 3 10 MIMO opera-

tion. A maximum channel capacity of about 47 bps/Hz with a

20-dB SNR can be obtained for the 10-antenna array applied in

a 10 3 10 MIMO system [6].

In this article, the 8-antenna and 16-antenna arrays obtained using

the quad-antenna linear (QAL) array as a building block for the 3.5-

GHz (3400–3600 MHz) LTE MIMO operation [8,11] in the smart-

phone are demonstrated. The QAL array is formed by configuring

four decoupled printed slot antennas into a compact linear array,

which is promising to be disposed along the narrow region between

the display panel and the two long side edges of the smartphone cas-

ing. Two cases of the 8-antenna array are studied. The first 8-antenna

array is obtained by disposing two QAL arrays disposed along two

opposite side edges of the system circuit board of the smartphone.

The second 8-antenna array is achieved by disposing two QAL arrays

along the same side edge thereof. For both the 8-antenna arrays, their

envelope correlation coefficients (ECCs) [12] obtained from the sim-

ulation software HFSS [13] and calculated from the measured com-

plex electric-field patterns of the antennas therein [6] are presented.

Their channel capacities for applications in an 8 3 8 MIMO system

are also calculated and discussed.

A 16-antenna array obtained by disposing four QAL arrays

along two opposite side edges is also studied. The simulated ECC

of the antennas in the 16-antenna array and the calculated channel

capacity for applications in a 16 3 16 MIMO system are shown.

In this study, it is obtained that the peak value of the calculated

Figure 2 Photo of the fabricated Array A and B. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]

Figure 3 Measured and simulated (a) S parameters and (b) antenna efficiencies for four representative antennas (Anta1 to Anta4) in Array A. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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ergodic channel capacity can reach about 70 bps/Hz with a 20-dB

SNR, which is about 6.1 times that (11.5 bps/Hz) of the upper

limit of an ideal 2 3 2 MIMO system with 100% antenna effi-

ciency for the transmitting and receiving antennas therein [6].

In this study, the configurations of two 8-antenna arrays and

one 16-antenna array obtained using the QAL array as a build-

ing block are described, respectively, in Section 2 and 3. Their

scattering parameters (Sij) and antenna efficiencies of the anten-

nas therein are shown. The obtained ECCs and channel capaci-

ties for applications in the 8 3 8 and 16 3 16 MIMO systems

are presented and discussed.

2. 8-ANTENNA ARRAY

2.1. Array Configurations
Figure 1 shows the geometry of the 8-antenna arrays formed by two

QAL arrays of same dimensions. The first 8-antenna array formed

by disposing two QAL arrays along two opposite side edges of the

system circuit board of the smartphone is shown in Figure 1(a) and

denoted as Array A. The second 8-antenna array shown in Figure

1(b) is formed by disposing two QAL arrays along the same side

edge of the system circuit board and is denoted as Array B. Details

of the QAL array comprising Anta1 to Anta4 are given in Figure

1(c). Both Array A and B are also fabricated for experimental stud-

ies, and their photos are shown in Figure 2 to provide better views

of the array configurations. The system circuit board is selected to

be a 0.8-mm thick FR4 substrate of width 75 mm and length

150 mm. The selected dimensions of the system circuit board are to

simulate the smartphone with a 5.8-inch display panel. Along the

top and bottom edges of the system circuit board, it is reserved for

accommodating two LTE/WWAN antennas for the 3G/4G opera-

tion, which generally covers the operating bands of 698–960 and

1710–2690 MHz. The two LTE/WWAN antennas are not included

in the study. The relative permittivity and loss tangent of the FR4

substrate are 4.4 and 0.02, respectively.

Note that the QAL arrays in Array A and B are all with same

dimensions as shown in Figure 1(c). The QAL array comprises

four printed open-slot antennas [14,15] configured into a linear

array of compact size 3 3 50 mm2 (0.035k 3 0.58k, k the wave-

length at 3.5 GHz). Take the QAL array formed by Anta1, Anta2,

Anta3, and Anta4 in Array A as an example, it is disposed along

the upper half portion of the right side edge of the system circuit

board, with a spacing of 15 mm to the top right corner. Anta1 to

Anta4 are with the same size of 3 3 8 mm2, and their correspond-

ing dimensions are all the same. Three neutralization lines are

applied in each QAL array to achieve acceptable isolation between

the antennas therein. Through proper tuning of the width and

length of the neutralization lines [16,17], acceptable isolation of

better than 10 dB for frequencies in the 3400–3600 MHz band is

obtained. The two QAL arrays in Array B also have the same

dimensions as given in Figure 1(c), and both QAL arrays are

spaced by 20 mm. Array A and B are fabricated and tested. Their

results are presented in the following subsection.

2.2. Scattering Parameters and Antenna Efficiencies of the
Antennas in Array A and B
Figure 3 shows the scattering (S) parameters and antenna effi-

ciencies for four representative antennas (Anta1 to Anta4) in

Array A. The simulated results are obtained using the full-wave

electromagnetic field simulator HFSS version 15 [13]. Note that

when Anta1 is excited, the remaining antennas (Anta2 to Anta8)

are terminated to 50-X load. So is the case when Anta2 or

Figure 4 Measured and simulated (a) S parameters and (b) antenna efficiencies for four representative antennas (Antb1 to Antb4) in Array B. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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Anta3 or Anta4 is excited. Agreement between the simulated

results and the measured data shown in Figures 3(a) and 3(b) is

observed. In Figure 3(a), the measured impedance matching

(Sii, i 5 1 to 4) of all antennas is seen to be better than about

26 dB (3:1 VSWR) for frequencies in the 3400–3600 MHz

band (see the colored frequency region in the figure). Good isola-

tion of better than 10 dB for two antennas in the array in the

operating band is also obtained. In Figure 3(b), it is seen that the

measured antenna efficiencies which include the mismatching

losses reach about 40–60% in the operating band is obtained.

Also note that the results of Anta5 to Anta8 are generally the

same as those of Anta1 to Anta4, owing to the symmetry of the

two QAL arrays with respect to the central line of the system cir-

cuit board. The results of Anta5 to Anta8 are hence not shown

for brevity.

For Array B, the S parameters and antenna efficiencies for

four representative antennas (Antb1 to Antb4) therein are

shown in Figure 4. Agreement between the simulation and

measurement is also seen. The impedance matching (Sii, i 5 1

to 4) for Antb1 to Antb4 is also better than 26 dB for frequen-

cies in the 3400–3600 MHz band. The isolation is also seen to

be better than 10 dB in the operating band. The antenna effi-

ciencies, however, are about 30–52% for Antb1 to Antb4. It is

noted that the antenna efficiencies of the antennas in Array B

are lower than those of the antennas in Array A by about 8–

10%. This behavior is largely because the coupling between

the two QAL arrays in Array B is stronger than that in Array

A, owing to the relatively smaller spacing between the two

QAL arrays in Array B.

Figure 5 (a) Simulated ECC from the HFSS and (b) calculated ECC

from the measured complex electric-field patterns for the representative

antennas in Array A. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com]

Figure 6 (a) Simulated ECC from the HFSS and (b) calculated ECC

from the measured complex electric-field patterns for the representative

antennas in Array B. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com]

Figure 7 Calculated channel capacities of the fabricated Array A and

B in an 8 3 8 MIMO system. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com]
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2.3. MIMO Channel Capacity
To calculate the channel capacity of Array A and B for operation

in an 8 3 8 MIMO system, the ECC values for the antennas

thereof are studied. Figure 5 shows both values of the simulated

ECC from the HFSS [13] and the calculated ECC from the meas-

ured complex electric-field patterns for the antennas in Array A.

The corresponding ECC values for the antennas in Array B are

shown in Figure 6. Again, only the results for Anta1 to Anta4 in

Array A and Antb1 to Antb4 in Array B are presented. The

remaining antennas in Array A and B are expected to have the

same results as shown in Figures 5 and 6 owing to the symmetry

of the two QAL arrays in Array A and B. Similar simulated and

calculated ECC values are seen. For Array A and B, the ECC val-

ues in the 3.5-GHz band are less than 0.25 and 0.32, respectively.

The ECC values are all less than 0.5, which makes Array A and B

promising for the MIMO operation [4,6].

Figure 7 shows the calculated ergodic channel capacities of the

fabricated Array A and B in an 8 3 8 MIMO system. It is assumed

that the 8 transmitting antennas are uncorrelated with perfect

antenna efficiency (100%) and the wave propagation channels are

independently and identically distributed with Rayleigh fading

environment [6]. The 8 antennas in Array A and B act as receiving

Figure 8 Geometry of the 16-antenna array formed by four QAL

arrays (Array C). [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com]

Figure 9 Simulated (a) S parameters and (b) antenna efficiencies for four

representative antennas (Antc1 to Antc4) in Array 3. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com]

Figure 10 Simulated ECC from the HFSS for the antennas in Array

C. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]
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antennas with the performances given in Figures 3–6. The results

shown in the figure are obtained by averaging 10,000 Rayleigh

fading realizations with a 20-dB SNR. The obtained channel

capacities are about 36–38 bps/Hz for Array A and about 34–37

bps/Hz for Array B. Array A can achieve a larger channel capacity

than Array B. This is reasonable, as the antennas in Array A have

better antenna efficiencies and ECC values than those in Array B.

It is also noted that for Array A, the maximum channel capacity

reaches about 3.3 times that (11.5 bps/Hz) of the upper limit of an

ideal 2 3 2 MIMO system with 100% antenna efficiency for the

transmitting and receiving antennas therein [6].

3. 16-ANTENNA ARRAY

3.1. Array Configuration and Performance of the Antennas
Therein
The 16-antenna array formed using four QAL arrays is also studied.

Figure 8 shows the geometry of the 16-antenna array denoted as

Array C in the study. The 16-antenna array can also be considered

to comprise two 8-antenna arrays such as Array A or Array B. As

shown in the figure, there are 8 antennas (Antc1 to Antc8 and

Antc9 to Antc16) disposed along the two side edges of the system

circuit board. The antenna dimensions are the same as those given

in Figure 1. The simulated S parameters and antenna efficiencies

for four representative antennas (Antc1 to Antc4) in Array C are

presented in Figure 9. The results of Antc1 are obtained with other

antennas (Antc2 to Antc16) terminated to 50-X loads. The results

of Antc2 to Antc4 are obtained with the same testing condition.

Also, from the symmetry of the array structure, it is expected that

Antc8, Antc9, and Antc16 will have the same performance as that

of Antc1. Similarly, Antc7, Ant10, and Antc15 will behave the

same as Antc2. The results of Antc6, Antc11, and Antc14 will also

be the same as that of Antc3. Those of Antc5, Antc12, and Antc13

will also be the same as that of Antc4. The results of Antc5 to

Antc16 are hence not shown for brevity.

From the results shown in Figure 9(a), it indicates that the

antennas in Array C can have acceptable impedance matching

of less than 26 dB (3:1 VSWR) in the 3400–3600 MHz band.

The isolation between two antennas in Array C is still better

than 10 dB. The antenna efficiencies are seen to be about 30–

52% in the operating band, as shown in Figure 9(b). The per-

formances of the antennas in Array C are seen to be similar as

those of the antennas in Array B and slightly degraded as com-

pared with those of the antennas in Array A.

3.2. MIMO Channel Capacity
The simulated ECC from the HFSS for the antennas in Array C

is presented in Figure 10. The ECC values for representative

antennas in Array C are shown. The ECC values for the antennas

in Array C are obtained to be less than about 0.32, also similar to

the results of Array B and slightly larger than the results of Array

A. The calculated ergodic channel capacities of Array C in a 16

3 16 MIMO system with a 20-dB SNR are presented in Figure

11. In the calculation, the 16 transmitting antennas are assumed

to be uncorrelated with perfect antenna efficiency (100%). The

wave propagation channels are also assumed to be independently

and identically distributed with Rayleigh fading environment [6].

The 16 antennas in Array C are receiving antennas with perform-

ances given in Figures 9 and 10. Results show that the channel

capacities are about 66–70 bps/Hz in the 3400–3600 MHz band,

which is better than about 1.8 times that (36–38 bps/Hz) of Array

A and better than about 1.9 times that (34–37 bps/Hz) of Array

B. When compared with the operation in an ideal 2 3 2 MIMO

system with 100% antenna efficiency for the transmitting and

receiving antennas therein, the obtained channel capacity of Array

C in a 16 3 16 MIMO system is about 5.7–6.1 times the upper

limit (11.5 bps/Hz) of the ideal 2 3 2 MIMO system [6].

4. CONCLUSION

Two 8-antenna arrays and one 16-antenna array operated in the

3.5-GHz LTE band and disposed in the smartphone for the MIMO

operation have been demonstrated. The 8-antenna and 16-antenna

arrays are formed using the QAL array as a building block and are

disposed along the narrow region between the display panel and

the two long side edges of the smartphone casing. Acceptable

ECC values of the antennas in these three arrays have been

obtained. The minimum calculated ergodic channel capacities

with a 20-dB SNR operated in the 3.5-GHz LTE band is about 36

bps/Hz for the 8-antenna array disposed along two opposite side

edges, while that for the 16-antenna array can even reach about 66

bps/Hz. With a channel capacity of 66 bps/Hz and a bandwidth of

200 MHz (3400–3600 MHz), the data transmission rate can be as

large as 13.2 Gbps. The proposed arrays indicate that it is promis-

ing to dispose as many as 16 antennas for the 3.5-GHz LTE

MIMO operation in the limited space in the smartphone.
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ABSTRACT: In this article, an improved design of ultrawideband
(UWB) inverted double discone (IDD) antenna is presented. Convention-
ally, IDD antennas are designed using tapered cylindrical wires as

antenna elements. The tapering makes these antennas very fragile and the
antennas suffer frequent damage during installation, transportation or

even, due to perching of birds during normal operation. In this work,
curved metal sheets are used instead of tapered wires to improve antenna
robustness with no compromise on antenna’s performance. Using this

approach, an IDD antenna with an ultrawide impedance bandwidth is
designed, fabricated, and tested. The measurements show good conform-

ance with design and the measured antenna demonstrates an impedance
bandwidth (for VSWR< 2) of 150:1 in frequency range of 120 MHz–
18 GHz with omnidirectional radiation characteristics. VC 2016 Wiley

Periodicals, Inc. Microwave Opt Technol Lett 58:181–184, 2016; View

this article online at wileyonlinelibrary.com. DOI 10.1002/mop.29530

Key words: ultrawideband antenna; omnidirectional antenna; inverted

double discone antenna; impedance bandwidth

1. INTRODUCTION

Discone antennas are commonly used for wideband applications

and exhibit a dipole like radiation pattern. These structures pro-

vide a nominal impedance bandwidth of 8:1 and pattern band-

width of approximately 5:1 [1]. A variety of modifications in

discone antennas have been proposed for ultrawideband (UWB)

Figure 1 Side view model of the proposed ultrawideband IDD antenna

for 120 MHz–18 GHz omnidirectional applications. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com]

Figure 3 Simulated results showing the effect of discone assembly taper

angle a on antenna’s impedance bandwidth for VSWR� 2. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com]

Figure 2 Detailed model of the connection assembly joining the two

inverted discones. (a) Side view of complete assembly (b) top view of

the lower discone assembly showing holes for upper discone supports

and RF feed. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]
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