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Abstract—This letter presents an antenna system for mobile de-
vices with an unbroken metal rim. By utilizing the characteristic
mode analysis for the unbroken metal rim, efficient multiple-input–
multiple-output operation can be achieved. The design is based on
an antenna cluster technique that uses several coupled elements
that are used to efficiently excite the modes of the rim. Nonreso-
nant antenna elements and matching networks are used to couple to
the metal rim. The design has small ground clearance of 5 mm and
height of only 4 mm, and can operate in wide bandwidths both in
700–960 MHz low band and 1.56–4 GHz high band. Measurement
results confirm that competent performance is achieved.

Index Terms—Characteristic modes, mobile antennas, multiple-
input–multiple-output (MIMO), unbroken metal rim.

I. INTRODUCTION

IN THE last few years, the evolution of smart phones has
been driven mainly by two factors. First, the appearance of

the device must be attractive to the users. Therefore, the devices
are equipped with larger and larger screens and they are metal-
framed. Second, the demand for higher data rates requires the
use of multiple-input–multiple-output (MIMO) techniques and
new frequency ranges such as the 3.5 GHz band.

It is well known that metal rim significantly affects the perfor-
mance of traditionally used internal antennas [1]. In most pub-
lished designs, the metal rim is cut into several pieces that act as
antennas; see, e.g., [2]–[6]. However, cuts in the metal frame are
demanding to manufacture, they lower the physical robustness,
and hinder the visual appearance of the device. When the metal
rim is kept completely intact, the antenna design is typically
more difficult. Many of the unbroken metal rim antennas com-
bine the operation of several different current loops in the metal
rim with the ground plane structure for wideband operation [7]–
[15]. However, the published designs have several weaknesses.
They are lacking the operation at the 700 MHz and the 3.5 GHz
bands, and most of them require large ground clearances unsuit-
able for the current trends in smart phones. Only a few of them
are capable of MIMO operation both in the low and high band

Manuscript received February 26, 2019; accepted March 19, 2019. Date of
publication April 16, 2019; date of current version May 31, 2019. This work was
conducted within the 5G TRx project supported in part by Business Finland, in
part by Nokia Bell Labs, in part by Huawei Technologies Finland, in part by
RF360, in part by Pulse Electronics Finland, and in part by Sasken Finland.
(Corresponding author: Rasmus Luomaniemi.)

The authors are with the Department of Electronics and Nanoengi-
neering, Aalto University School of Electrical Engineering, Espoo 00076,
Finland (e-mail: rasmus.luomaniemi@aalto.fi; jari-matti.hannula@aalto.fi;
riku.kormilainen@aalto.fi; anu.lehtovuori@aalto.fi; ville.viikari@aalto.fi).

Digital Object Identifier 10.1109/LAWP.2019.2906993

[12], [14]. Therefore, new ways of utilizing the unbroken metal
rim as an antenna are needed.

A major problem with the unbroken metal rim is the high
coupling between the antennas if they are, e.g., placed to the
opposite short edges of the device, which is often the case for
MIMO antennas. In this letter, we utilize for the first time the
characteristic mode analysis (CMA) combined with the antenna
cluster technique [16], [17]. With the antenna cluster method,
multiple antenna elements are used collaboratively to benefit
from normally harmful high mutual coupling between the el-
ements, and with CMA, antenna clusters with low correlation
can be designed. Thus, good MIMO performance in a device
with an unbroken metal rim and a small ground clearance can
be achieved. In previous cluster designs, the antenna elements
have been self-resonant and an unbroken metal rim has not been
used. In this letter, for the first time, we combine the antenna clus-
ter technique with nonresonant antenna elements and matching
circuits. By using the clusters formed from several coupled el-
ements fed with complex weighted signals, the modes of the
metal rim can be excited more efficiently than with traditional
techniques. The design procedure is described, and both the sim-
ulation and measurement results are presented. The results show
that good performance is achieved despite the challenging envi-
ronment of a small ground clearance and an unbroken metal rim.

II. THEORETICAL BACKGROUND

A. Characteristic Mode Analysis

CMA is a computational tool used to study the electromag-
netic properties of an antenna structure without any specific ex-
citations [18]. The resulting current distributions can be used
for determining the feed locations for the antenna elements. The
orthogonal modes can be excited separately with multiple ex-
citers for good MIMO performance as is done, e.g., in [10], [19],
[20], and in this letter, or multiple modes can be combined by
modifying the structure to be excited with a single exciter for
increased bandwidth [8], [15]. Below 1 GHz, there is only one
dominant mode for a regular ground plane of a phone-sized de-
vice, which is the λ/2 dipole-type resonance along the longer
dimension. This makes implementing MIMO antennas with low
correlation difficult [21]. However, when an unbroken metal rim
is combined with the ground plane, new modes with resonant
frequencies below the ground plane mode are created.

The Integral Equation Solver of CST Microwave Studio is
used to study the characteristic modes of an unbroken metal
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Fig. 1. (a) Eigenvalues and characteristic current distributions of the first two
modes for an unbroken metal rim and a ground plane (b) mode 1 and (c) mode 2.
Current maxima are shown with solid arrows, and minima with dashed arrows.

rim structure. The size of the ground plane is 140 × 69 mm2

and the size of the metal rim is 150 × 75 × 4 mm3, i.e., the
ground clearances are 5 mm on the short edges and 3 mm on
the long edges. The results for the first two resonating modes
are shown in Fig. 1. The eigenvalues are shown in Fig. 1(a),
and the corresponding current distributions at the resonance
frequencies in Fig. 1(b) and (c).

The metal rim has two modes at the low-band frequencies
that can be used to achieve good MIMO performance. These or-
thogonal modes can theoretically be excited separately by plac-
ing, e.g., capacitive coupling elements near the current minima
of each mode [19]. The slope of the eigenvalue at resonance
(λn = 0) describes the potential of the mode to achieve wide-
band operation. Therefore, Mode 1 can provide wider bandwidth
at certain efficiency level than Mode 2.

For the higher frequencies, the situation is more complicated
since the number of modes is larger and it is difficult to excite
only certain modes for the needed frequency bands. However, at
higher frequencies, the correlation between different antennas
is in general lower than in the lower frequencies, and therefore
achieving good MIMO performance is not as difficult as in the
low band.

B. Antenna Cluster Concept

Antenna cluster concept, first presented in [16], utilizes mul-
tiple mutually coupled elements fed with complex weighted
signals collaboratively as one antenna. In previously published
designs [17], [22], this technique has been used to improve
matching and coupling across wide frequency bands for clusters
formed from closely spaced self-resonant antenna elements. In
this letter, we utilize the CMA together with the antenna cluster
technique. Using antenna clusters, we can place multiple capac-
itive coupling elements close to one or several of the current
distribution minima of the characteristic modes to benefit from
the otherwise detrimental coupling between the elements and
excite the modes more efficiently than with just one element.

The matching efficiency of an antenna cluster can be calcu-
lated from the scattering parameters as

ηmatch =
aHDa

aHa
(1)

Fig. 2. Proposed antenna structure with a close-up of one of the inverted-L
antenna elements. Elements forming one antenna cluster are marked with the
same color.

where the radiation matrix D is defined as

D = I− ŜHŜ. (2)

a is the complex excitation vector, and Ŝ is the scattering matrix
where only the columns corresponding to the elements forming
the active cluster are used to take into account the coupling to the
ports of other antenna clusters [22]. The maximum obtainable
efficiency is the largest eigenvalue ofD, and the excitation vector
a is the eigenvector corresponding to the largest eigenvalue

ηmatch,max = max {eig(D)} . (3)

To take into account the full antenna structure, i.e., all losses
and other factors, the radiation matrix can also be calculated from
the far-field patterns of the antennas [23]. Then, the elements of
D are defined as

Dij =

∫∫
4π

Fi · F ∗
j dΩ (4)

where Fi is the radiation pattern of the ith feed port normalized
so that Dii gives the total efficiency of the ith antenna [22]. In
this letter, (2) is used for the matching network design and (4)
for calculating the total efficiency from the far-field patterns.

III. ANTENNA AND MATCHING NETWORK DESIGN

A. Antenna Structure

The starting point for the antenna structure is the same as the
one used for the CMA in Section II-A. A 0.8 mm thick Rogers
RO4003C (εr = 3.38, tan δ = 0.0021) substrate is added for
practical realization. The excitation elements are inverted-L-
shaped coupling elements placed between the ground plane and
the metal rim. The vertical parts of the elements extend to the
upper edge of the rim and the bent part to the edge of the ground
plane in the horizontal plane. The shape of the antenna element is
shown in Fig. 2. The initial positions of the elements are chosen
based on the results of the CMA from Section II-A.

To excite the two orthogonal low-band modes shown in Fig. 1,
elements are placed near the minima of both current distribu-
tions. For Mode 1, the elements forming one antenna cluster are
placed at the opposite short edges of the ground plane, marked
with feed ports p1 and p2. In addition, for improved perfor-
mance, grounding elements between the antenna element and
the ground plane are used. These are marked with g1 and g2.
Mode 2 is excited with a cluster of elements that are placed on
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the long edge of the ground plane (p3 and p4) leaving space for
the high-band elements on the other side.

The high-band elements are placed on the other long edge. In
addition to the antenna elements, grounding elements between
the metal rim and the ground plane in the middle of the long
edge are also used (g3 and g4). The four elements can form the
two element antenna clusters in three different combinations.
All options are studied, but the final structure uses the option
shown in Fig. 2 (p5–p8).

B. Matching Network Optimization

The used antenna elements are nonresonant, and matching
networks are needed with the antenna elements. Because com-
mercially available matching circuit tools optimize only reflec-
tion and coupling losses for traditional antenna systems, these
cannot be used for designing matching networks for antenna
clusters.

An optimization tool based on genetic algorithm in MATLAB
[24] is developed to find the matching circuit topologies and
component values. Genetic algorithm is well suited for matching
circuit design because it can be used for integer optimization
to find the optimal discrete component values from a limited
set of models of realistic components and it can utilize parallel
computing to speed up the optimization process.

The fitness function to be minimized is formed from the
matching efficiencies of the antenna clusters calculated from the
S-parameter model of the antenna and (2) and (3). To find the so-
lution with optimal performance, a single number that takes into
account the minimum and average efficiencies in all frequency
bands is calculated as

FN = A
∑
n

an (gmin,n − ηmin,n)

+B
∑
n

bn (gmean,n − ηmean,n)

(5)

where gmin,n and gmean,n are set goals for each frequency band
and ηmin,n and ηmean,n are the minimum and average efficiencies
for the corresponding bands. A, B, an, and bn are weighting
coefficients for each frequency band. The coefficients are chosen
such that the value is largest for the band that differs most from
the set goal. By tuning the weighting coefficients properly, it
is possible to get a desired performance level for all frequency
bands.

C. Results

For the final design, the dimensions and exact placement of
the antenna elements and the locations of the feedlines and the
grounding elements are optimized together with matching cir-
cuits. To limit the complexity of the matching circuits, a sym-
metry plane through the middle of the long edges of the ground
plane is applied. 3–4 matching components are used for each
antenna element. Based on the CMA results of Section II-A,
the low-band cluster 1 is optimized for 700–960 MHz band and
cluster 2 for the narrower 824–960 MHz band. The high-band
clusters are optimized for 1.7–2.7 and 3.4–3.8 GHz bands. The

TABLE I
DIMENSIONS OF THE PROPOSED ANTENNA

Fig. 3. Realized matching circuits (a) low-band cluster 1, (b) low-band cluster
2 and metal rim groundings, and (c) high-band clusters.

Fig. 4. Simulated and measured S-parameters for (a) low band and (b) high
band.

Fig. 5. Simulated matching efficiencies.

proposed antenna structure is shown in Fig. 2, and the dimen-
sions in Table I. Antenna elements forming one antenna cluster
are marked with one color. Fig. 3 shows the matching circuit
topologies and the component values.

Fig. 4 shows the resulting S-parameters, and Fig. 5 the corre-
sponding matching efficiencies of the antenna clusters and the
individual elements. The low-band results show that there is high
coupling between the elements in both clusters, but good isola-
tion between the different clusters. Due to the cluster technique,
this coupling is beneficial for the operation.

Better than 50% matching efficiency is achieved in practi-
cally the whole operation band. The low-band and high-band
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Fig. 6. Manufactured prototype.

Fig. 7. Simulated and measured total efficiencies for (a) low band and (b) high
band.

results show two ways of utilizing the antenna cluster technique:
combining operation of two elements with similar frequency re-
sponse (low band) or two elements with different response (high
band).

IV. PROTOTYPE AND RESULTS

A prototype is manufactured and measured with MVG Star-
Lab 6 GHz antenna measurement system. The prototype with
the attached feed cables is shown in Fig. 6. The far-field patterns
of each element are measured individually with other ports ter-
minated with 50Ω loads, and (3) and (4) are used to evaluate
the antenna cluster performance. The simulated and measured
total efficiencies of the antenna clusters are shown in Fig. 7. For
the low-band clusters, the amplitudes of the feeds are equal and
the phase difference for ports 1 and 2 is 180◦ and 0◦ for ports 3
and 4. For the high-band clusters, the complex feeding weights
of the clusters are changed throughout the band to obtain the
optimum performance.

The MIMO performance is evaluated by calculating the er-
godic capacity [25]. The capacity is calculated with commonly
used values of 20 dB SNR and 104 Rayleigh fading channel
realizations. The simulated and measured envelope correlation
coefficients (ECC) and MIMO capacities are shown in Fig. 8
and Fig. 9, respectively.

In general, there is a good agreement between the simulation
and measurement results. Over 40% total efficiency is achieved
in the 700–940 MHz band, and over 20% in the 820–940 MHz
band. The whole band from 1.56 to 4 GHz is covered with 25%–
80% efficiency. A comparison of the proposed design and some
recently published two-element MIMO antenna designs is given
in Table II. When taking into account the covered frequency

Fig. 8. Simulated and measured ECC.

Fig. 9. Simulated and measured MIMO capacity. The ideal capacities of 2 ×
2 MIMO and single-input–single-output (SISO) correspond to cases with 100%
efficient antennas having zero correlation.

TABLE II
COMPARISON OF THE PROPOSED DESIGN WITH RECENT UNBROKEN METAL

RIM MIMO ANTENNA DESIGNS

bands, required ground clearances, and the achieved efficien-
cies, the proposed design shows competitive performance. The
maximum ECC is about 0.54, and it is below 0.2 in most of
the operation band, meaning that the effect of correlation on
the capacity is small [25]. The achieved capacity for the single
antenna in the 700 MHz band is about 5 bit/s/Hz, which cor-
responds to 85% of the ideal, and the 2 × 2 MIMO capac-
ity is 7.3–9.8 bit/s/Hz in the whole operation band, which is
65%–87% of the ideal value.

V. CONCLUSION

A MIMO antenna system for a mobile device with unbroken
metal rim has been presented in this letter. The proposed design
demonstrates how antenna elements with matching circuits can
be used with the antenna cluster technique to effectively excite
the modes of the metal rim. By utilizing the CMA and the dif-
ferent modes of the metal rim, MIMO operation both in the low
and high bands is achieved. The proposed antennas can cover
two wide frequency ranges in 700–960 MHz and 1.56–4 GHz
bands. Results are confirmed with manufactured and measured
prototype, and good performance is achieved despite the small
ground clearances and small height of the antenna structure.
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