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Dual Band Two Element Rim Based MIMO Antennas with Coupling
Manipulation for Low SAR Mobile Handsets
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Abstract—In this paper, the mutual coupling from a multiple-input-multiple-output (MIMO) rim
antenna has been utilized to control the level of specific absorption rate (SAR), when the mobile handset
comes in close contact to the human body. The proposed antenna is capable of operating at 2.1 GHz
and 4.3 GHz, respectively. A periodic defective ground structure (DGS) in conjunction with diodes and
capacitors are used to manipulate the coupling between antenna elements. The working of the proposed
dual band antenna design is validated using the characteristic mode analysis (CMA), and the current
distribution. The MIMO performance is studied by using envelope correlation coefficient (ECC) and
loss in capacity analysis. The effect of hand and LCD on the antenna performance is shown. The SAR
analysis shows up to 30% reduction, in comparison to the baseline value of the SAR of the proposed
antenna design.

1. INTRODUCTION

The multiple input multiple output (MIMO) technology is considered as a decisive technology to enhance
the channel capacity and spectrum efficiency for the future wireless communication systems [1]. The
main way to increase the capacity at the user terminal (UT) is by increasing the number of active
antenna elements, but their number is restricted by the space limitation at the UT [2]. A plethora
of research efforts have been put up to increase the number of active elements without degrading the
MIMO performance. For instance, in [2], 8-element MIMO antenna array for metal-rimmed 5G-enabled
smartphone is proposed by using a composite structure of slot and loop antenna. In [3], a wide-band
metal rimed 8 x 8 MIMO antenna is proposed for 5G smartphones, which integrates the dual antenna
pair and orthogonal modes to achieve the desired isolation and the envelope cross co-relation (ECC).
Although, all of these research efforts and many others just focus on using different techniques, i.e.,
neutralization lines [4,5], etc. to increase the number of active antenna elements, while still meeting
the MIMO performance, yet none of them have focused on the variation in electromagnetic field (EMF)
coupled to the human head, which is quantified by the specific absorption rate (SAR) [6].

There are numerous ways that can be employed to reduce SAR, i.e., through ferrites [7,8],
metamaterials [9], etc. but the space limitation at the UT and the complexity of these design makes
it nearly impossible to keep the SAR within the set limits. However, the existing work on designing
of the antennas for UT does not aim at controlling/reducing the SAR during the usage and just only
show that the SAR adhere to safety limits. The low SAR values reported in [10,11] are actually due
to the alignment of the single rim antenna element away from the ear (see Fig. 20 in [10] and Fig. 7(c)
in [11]), and does not consider the MIMO configuration during the SAR calculation. Similarly, in [12]
the authors do not show any results related to the SAR values. Moreover, by using our proposed
defective ground structure (DGS) enabled design any 2 x 2 MIMO rim antenna can achieve up to 30%
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reduction in the SAR in comparison to their baseline value. To the best of the authors’ knowledge, this
is the first work to investigate the SAR reduction capability by utilizing MIMO antennas implemented
in the rim of a smartphone.

The rest of the paper is organized as follows. Section 2 of the paper explains the geometry and the
working of the proposed antenna. In Section 3, the fabrication and simulation of our prototype antenna
are discussed and measured results are compared. Moreover, Section 3 also studies the variation in the
MIMO performance of the antenna when changing the levels of mutual coupling. Section 4 validates
the reduction in the SAR as well as studies the effects of the LCD and hand on antenna efficiency when
changing the level of coupling. Finally, we conclude the paper in Section 5.

2. ANTENNA GEOMETRY AND WORKING PRINCIPLE

Two resonant frequencies of 2.1 GHz and 4.3 GHz are achieved by the proposed antenna based on the
points at which the rim is fed by two ports at the right and left side of the UT. These feeds are assisted by
a DGS that manipulate the ground surface current as well as the characteristic modes and subsequently
the SAR discussed in this section.

2.1. Geometry of the Proposed Antenna

Figure 1 illustrates the geometry of our proposed dual band 2 x 2 MIMO rim based antenna design. The
chassis of the antenna is 132 mm x 74 mm, which is typical of any smartphone available in the market.
A 0.8 mm thick single sided FR-4, having a permitivity of €, = 4.4 is used as a substrate material. The
0.3 mm thick metal plates are used to cover the surroundings of chassis. Two 1 mm gaps are slit in the
shorter edges to activate the higher resonance modes [10], whereas to control the amount of coupling
between antenna elements, two 10mm gaps are slit on the longer edges. Since most of the portion
of the metallic rim is shorted to the ground plane, wider slits are then needed on the longer edges to
separate the DGS and the rim. The dimensions of each element and the ground clearance are shown in
Fig. 1. The two periodic DGSs are placed exactly at the centre of the two antenna elements to avoid the
imbalance in the level of coupling between the two antenna elements and is controlled by using diodes
(Infinenon, BAR50-02V are used). The two 100 pF RF signal blocking capacitors are employed at the
edge of each DGS to avoid the mixing of AC and DC. Two identical diode pairs are sufficient to change
the levels of coupling at 4.3 GHz. Whereas, the required length of the DGS needs to be comparatively
smaller and it uses a single diode pair to achieve the variation in coupling at 2.1 GHz, due to the longer
wavelength. Moreover, both antenna elements for each frequency are identical and symmetric.

2.2. Frequency Region Analysis

In this paper, we use the modal significance (MS) based on the theory of characteristic mode (TCM) [13],
for gaining insights into the electromagnetic properties of our broken metal rim structure. At a given
frequency, the MS,, = 1 indicates that an nth characteristic mode (CM) can potentially resonate [14].
We have performed CM on the broken metal rim frame to validate the dual band operation of our
proposed antenna design by indicating the potential CMs at the desired operating frequencies. In
Fig. 2(a), the current modes of a broken metal rim structure with a ground plane is found by using
the integral equation solver in CST. The thickness of the whole structure is 0 mm and exhibits the
properties of perfect electric conductor (PEC). For characteristic mode analysis (CMA) operation no
feeding port is placed on the antenna structure. Fig. 2(b) shows that Mode 1 and Mode 2 resonates at
2.1 GHz having M S = 1, whereas in Fig. 2(c), Mode 1 can resonate at 4.3 GHz. There are many ways
to excite these resonance modes, in this paper a folded dipole is used for this purpose.

2.3. Surface Current Distribution

We have performed a current distribution analysis to further explain how the dual band operation and
DGS works. The simulated surface current plots at 2.1 GHz and 4.3 GHz, are shown in Fig. 3 and Fig. 4,
respectively. Fig. 3(a) shows that the longer side of the shorter edge of metallic rim is responsible for
exciting the resonance mode of 2.1 GHz, whereas the smaller side of the shorter edge of metallic rim
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Figure 1. Geometry of the proposed dual band 2 x 2 MIMO-based rim antenna, with all the units in
millimeters (mm) and the structure is displayed and explained using multiple views.

supports the resonance of 4.3 GHz in Fig. 3(b). Meanwhile, Fig. 3(a) shows that the current mainly
concentrates on the left side of the folded dipole branch, and hence produces a A/4 resonant mode,
similar to a monopole structure. Fig. 3(b), illustrates that the current is near equally distributed on
both arms of the folded dipole and results in a A/2 resonant mode, similar to a dipole structure. Fig. 4,
shows the variation in the surface current, when DGSs are either off or on by altering the level of DC
voltage at the diodes. Figs. 4(a) and (c) show the variations of the surface current when altering the
antenna coupling at 2.1 GHz. A noticeable change in the current levels can be seen either by activating
or deactivating the DGS, which shows that the amount of antenna coupling can be effectively controlled
using the DGS. A similar observation can be made for the DGS responsible for controlling the coupling
levels at 4.3 GHz.

3. ANTENNA MEASUREMENTS

In order to validate our antenna design through experimental results, we have fabricated its mock-up
prototype, as shown in Fig. 5. More precisely, two versions of it has been fabricated to avoid fabrication
errors, i.e., one version mimicking the DGS ON configuration (see Fig. 5(a)), which uses passive
connections to activate the DGS, and one version mimicking the DGS OFF configuration (see Fig. 5(b)).
Fig. 6 depicts and compares the simulated and measured S-parameters for both configurations as a
function of the frequency. Given the symmetry of our antenna structure, only the results of a single
port are shown here. The simulated and measured S-parameter results are in good agreement and clearly
show a change in the coupling levels by activating and deactivating the DGS. For instance, based on
simulation data, the coupling level at 2.1 GHz is varied approximately between —11 and —14 dB, and at
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Figure 2. An illustration of the CMA analysis of the broken metallic rim. (a) Ground with broken
metal rim model for CMA. (b) Modal significance at lower band. (c) Modal significance at higher band.
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Figure 3. Simulated surface current plots at 2.1 GHz and 4.3 GHz.
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Figure 4. Simulated surface current plots at 2.1 GHz and 4.3 GHz for the DGS ON and OFF used
cases.

(b)

Figure 5. Prototype of (a) DGS ON configuration, (b) DGS OFF configuration of the proposed rim
antenna design.

4.3 GHz is approximately between —13 and —18 dB, when the DGS is either activated or deactivated.
In Fig. 7, the simulated and measured normalized radiation pattern for the four cases, i.e., at 2.1 GHz
DGS ON and OFF, at 4.3 GHz DGS ON and OFF, are compared. A near omnidirectional radiation
pattern is observed at the two frequencies for both DGS ON and OFF cases. These dipole like radiation
pattern are suitable for communication in a practical environment. The radiation patterns are not
affected by changing the level of antenna coupling, except a small variation is observed in measured
radiation pattern at 2.1 GHz DGS OFF case, which is likely due to the inaccuracies in the measurement
campaign and/or fabrication errors.

3.1. MIMO Performance

The mutual coupling has a significant role in determining the MIMO performance of an antenna design.
It is well-known that any coupling level below —15dB hardly impact the MIMO performance [15].
However, it is clear from Fig. 6 that the level of coupling of our antenna can be up to —11dB, so it
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Figure 7. Comparison of simulated vs measured far-field radiation pattern, (a) 2.1 GHz in Azimuth,
(b) 4.3 GHz in Elevation.
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important to study its impact. The ECC has a direct impact on the spectral efficiency of the system [16],
so along with the loss in capacity, it important to show its effect as well. The mathematical formulation
for the capacity loss and the ECC in terms of S-parameter can be found in [16]. The measured values
of ECC for DGS OFF case is 0.00017 at 2.1 GHz and 0.00084 at 4.3 GHz, whereas for DGS ON case it
is 0.01 at 2.1 GHz and 0.002 at 4.3 GHz. The measured loss in capacity for DGS OFF case is 0.101 at
2.1 GHz and 0.109 at 4.3 GHz, whereas for DGS ON case it is 0.28 at 2.1 GHz and 0.19 at 4.3 GHz. It
can be remarked that the ECC and the loss in capacity, calculated by using the measured S-parameter
are below the required threshold, i.e., 0.4 bits/sec/Hz and 0.05, to operate in MIMO mode. Moreover,
it is important to note that by increasing the level of antenna coupling the loss in capacity and the ECC
increases, and the gap between the threshold and the calculated values decreases.

4. SAR AND EFFICIENCY ANALYSIS

An increase in mutual coupling can reduce SAR, when the UT comes in close contact to the human
body. This has been validated by an in-depth SAR analysis and by placing the proposed antenna close
to the human body in most common used positions. The three positions are illustrated in Fig. 8,
i.e., placing the handset close to head, in front or in side pockets. The Gustav (a male heterogeneous
biological replication of human body) voxel model is used for the analysis. The maximum averaged
SAR for 10g of body is calculated using IEEE/TEC 62704-1 method [17], the 23 dBm transmit power
(uplink transmit power for LTE) is distributed equally between the two elements and both the elements
are co-phased. Table 1 shows the variation in SAR values at both 2.1 and 4.3 GHz, and it can clearly
be seen that the SAR is reduced when activating the DGS for each of the used cases. For instance at
2.1 GHz, when the UT is close to the head, the SAR is effectively reduced by 30%, whereas at 4.3 GHz
the reduction in SAR is about 14%. This is due to the fact that the level of antenna coupling is higher
for both frequencies when the DGS is activated, as shown in Fig. 6. Moreover, as shown in Fig. 4, the
coupling between the antennas increases when the DGS is activated, which results in a decrease in the
near field coupling from each antenna element towards the human body, and hence reduces SAR.

In Table 2, we have compared our work in terms of SAR with [10-12]. For a fair comparison, the
antennas reported in [10-12] are reproduced and their SAR values are calculated using a similar setup
(both elements are co-phased and power is equally split between them) used in this paper and only

Table 1. Variation in SAR values for DGS ON and OFF cases.

Resonance SAR 10g Resonance SAR 10g Resonance SAR  10g

Frequencies (W/Kg) Frequencies (W/Kg) Frequencies (W/Kg)
DGS ON (Talk Position)  DGS ON (Front Pocket)  DGS ON (Side Pocket)
@2.1 GHz 0.897 @2.1 GHz 0.133 @2.1 GHz 0.324
@4.3 GHz 0.973 @4.3 GHz 0.134 @4.3 GHz 0.201
DGS OFF (Talk Position) DGS OFF (Front Pocket) DGS OFF (Side Pocket)
@2.1 GHz 1.285 @2.1 GHz 0.188 @2.1 GHz 0.410
@4.3 GHz 1.141 @4.3 GHz 0.139 @4.3 GHz 0.241

Table 2. Comparison with State-of-the-art.

SAR 10g
Antennas (W /kg)
[10] 1.718
[11] 1.446
[12] 1.193

Proposed DGS ON 0.897
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for the position when the handset is close to the head (cheek position [18]) with handgrip. The results
reported in Table 2 shows that our proposed design can reduce the SAR by a fair amount.

A detailed analysis has been carried out to study the variation in the total antenna efficiency when
activating or not the DGS in free space, and taking into account the LCD and human hand. Fig. 9
shows the simulation setup for the total antenna efficiency analysis. The CTIA posable hand model
with a spacer having ¢, = 1 is used to mimic the hand effects. The results for these variations are
recorded in Table 3, and it shows that an acceptable antenna efficiency is still maintained even for the
worst case scenario, where the antenna equipped with a LCD, gripped using a human hand, and posses
a high coupling level. For instance, for port 1, when operating at 2.1 GHz in free space a 2% variation
in total antenna efficiency is observed between the DGS ON and OFF case.

Table 3. Variation in the total antenna efficiency.

Antenna Ports Free Space LCD Hand LCD + Hand

(dB) (dB)  (dB) (dB)
DGS ON

Port 1 @2.1 GHz —0.95 —1.66 —2.02 —2.52
Port 1 @4.3 GHz —0.85 —1.32 —1.75 —2.16
Port 2 @2.1 GHz —0.95 —1.66 —-2.21 —-2.13
Port 2 @4.3 GHz —0.85 —1.32 —2.75 —2.79
DGS OFF

Port 1 @2.1 GHz —0.78 —1.47 —2.04 —2.58
Port 1 @4.3 GHz —0.39 —0.85 —1.34 —1.72
Port 2 @2.1 GHz —0.78 —1.47 —2.34 —2.25
Port 2 @4.3 GHz —0.39 —0.85 —2.47 —2.43

Figure 8. An illustration of a voxel model to study the effect of SAR on changing the antenna coupling.
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Spacer

Figure 9. An illustration of the effect of hand and LCD on the proposed rim antenna design.

5. CONCLUSION

In this paper, the mutual coupling is used to alter the level of SAR. A dual band 2 element MIMO-based
rim antenna design is proposed, which uses a periodic DGS to effectively increase the level of mutual
coupling, when the UT comes in close contact. The working of the proposed antenna is validated using
CMA and the current distributions. The proposed antenna. is fabricated and the simulated and measured
results are compared. The measured and simulated data shows an acceptable MIMO performance, and
the SAR analysis supports the proposed design. The impact of hand and LCD on the performance
of the proposed antenna is studied and it shows an acceptable variation in total antenna efficiency.
Conclusively, the proposed antenna helps to set up a new domain to design the context-aware UTs.
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