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Abstract: A simple and efficient antenna technique for both single antenna and multiple-input multiple-output (MIMO) antenna
design utilising an unbroken metal rim is analysed in the frequency band <1 GHz for mobile phone applications. A 110 mm × 55 
mm × 5 mm unbroken metal rim has two characteristic modes (Modes 1 and 2) that resonate around 1 GHz, and these two
modes are quasi-degenerate and orthogonal to each other. An uncontacting feeding structure is proposed to excite and utilise
the characteristic modes of the unbroken metal rim for antenna radiation. In MIMO antenna design, it is possible to achieve high
isolation and good diversity performance by properly exciting orthogonal modes with the proposed feeding technique. Two
different cases for MIMO designs are presented to verify the feasibility of the proposed technique. In both two cases, the
simulated isolation is ∼10 dB, and the 3:1 VSWR bandwidths for the MIMO antennas are wider than 150 and 60 MHz,
respectively. The measured results show that the envelope correlation coefficients for each case are <0.2, indicating good
diversity performance. The measured radiation patterns for the two MIMO antennas are orthogonal, again verifying the diversity
performance.

1 Introduction
Recently, metal rims have been widely adopted in smartphones due
to mechanical considerations and the need of customers. In general,
metal rims have two kinds of configurations: broken and unbroken,
which commonly cause antenna performance problems, such as
narrow matching and reduced efficiency [1, 2]. However, this
effect can be reduced by proper designs [1–5], and the metal rims
can even be utilised as radiators [6–9] while achieving good
radiation performance and saving space in printed circuit boards
(PCBs). Of these studies, the most popular technique involves
inserting grounding patches/points between the metal rim and the
ground plane to build slot/loop-type resonators [2–4]. Another
technique that was proposed uses the metal rims as radiators by
introducing open gaps or slits in the rims [6–9].

These reference studies provided promising candidates for
single antenna designs in the presence of metal rims. However,
achieving a multiple-input multiple-output (MIMO) antenna design
is still a big challenge. High isolation and low envelope correlation
coefficients (ECCs) are required for MIMO applications, since
good diversity performance is essential for enhancing the
community capacity for high-speed data transmission in MIMO
technology [10]. The PCBs are small compared with the
wavelength. Therefore, there is strong mutual coupling, especially
in the low-frequency band, resulting in bad isolation and low
efficiency. Even though various decoupling techniques have been
presented, e.g. such as additional resonators [11–14] and
decoupling networks [15, 16], they are not practical to implement
in the low-frequency band. Orthogonal or diagonal mode excitation
presented in [17–19] provides us an interesting insight that
characteristic mode theory can be a useful tool for solving metal-
rimmed MIMO design problems. Recent studies on metal rim
MIMO antennas were presented in [20–23]. Low correlated MIMO
antennas are proposed in [20, 21] by exciting the bezel mode and
the chassis mode, respectively. However, the matching networks as
well as chassis modification are difficult to achieve in [20], and
large occupation as well as wide gap between the ground plane and
the metal rim are required in [21], restricting their practical
applications. In [22], characteristic modes are controlled and
utilised for wideband applications of MIMO antennas, but four
gaps in the metal rims and two connection pins are needed, which

can be difficult in implementation. Besides, MIMO antennas are
presented by using double-ring structure in [23], and the main
drawbacks can be its large area and strong mutual coupling.

A simple and efficient MIMO technique with good diversity
performance is required for devices with unbroken metal rims. The
main contribution of this paper is that quasi-degenerate
(approximately the same resonant frequencies) characteristic
modes in the unbroken metal rim can be excited by a simple and
efficient feeding structure, and they can be excited and utilised for
MIMO antenna applications to achieve high isolation and low ECC
performance. Meanwhile, the feeding structure is non-contacting to
the metal rim, which can be favourable in practical applications.
More importantly, this study provides interesting insight and
another possible antenna design for unbroken metal rim antennas.
Using the proposed technique, we designed a compact antenna that
showed wideband, high isolation and low ECC in the frequency
band <1 GHz. Our goal was to present a novel technique for both
single antenna and MIMO antenna design, so this initial study was
verified in the low-frequency band only. However, this technique
can be easily extended to high-frequency bands. It is noted that all
simulation is conducted by using High Frequency Simulator
Software.

2 Modal analysis and single antenna design
2.1 Modal analysis of unbroken metal rim

The theory of characteristic modes is an important tool for antenna
design, especially for mobile antennas. Accordingly, Jn is usually
used for the characteristic current of the nth mode, characterised by
the shape of an arbitrary conducting body. αn is the modal
excitation coefficient, representing the magnitude to which degree
a characteristic mode is excited by the external excitation [24, 25].
The total current distribution on the surface of the conducting body
can be expressed a linear summation of modal currents with
various coefficients as

J = ∑
n

αnJn (1)

where
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αn = ∫ ∫ ∫ (En ⋅ Ja)dτ
1 + jλn

or −∫ ∫ ∫ (Hn ⋅ Ma)dτ
1 + jλn

(2)

In (2), En and Hn are the characteristic electric and magnetic field
generated by the characteristic current Jn. Ja and Ma are the
electric-type current and magnetic-type current produced by the
antenna, respectively. The numerator in (2) is defined as the

reaction or coupling. In the denominator, λn is the eigenvalue, and
it is zero if ω = ωn, where ωn is the resonant frequency of the nth
mode, so that αn approaches its maximum at resonance of the
characteristic mode. Therefore, the total current distribution over
the surface of the conducting body is determined by both the
eigenvalue λn and the coupling.

In Fig. 1a, an unbroken metal rim with dimensions of 110 mm
(length) × 55 mm (width) × 5 mm (height) that is frequently used in
smartphones is presented, and its characteristic modes without the
PCB is illustrated for simple analysis. Fig. 1b provides the
eigenvalues (λ1 and λ2) of the two current modes (J1 and J2) which
resonate around 1 GHz. Their corresponding normalised
characteristic currents are plotted in Fig. 1a. As shown, the current
distributions of both modes work as one-wavelength loop-type
resonators along one circle of the metal rim with sinusoidal current
distributions, and two nulls are circled in Fig. 1a. Meanwhile, it is
evident that their radiation patterns are orthogonal to each other,
according to the orthogonality relationship of the theory of
characteristic modes. Furthermore, Mode 1 exhibits better radiating
bandwidth and radiation characteristics than Mode 2, which is
consistent with the eigenvalue behaviour, i.e. the slope of the curve
at resonance in Fig. 1b. 

Furthermore, Modes 1 and 2 have approximately the same
resonant frequencies since the physical dipole lengths are the same,
but slightly different in effective lengths because of their different
shapes, which can be expected. For totally symmetrical structures,
e.g. circular loops, square loops or spheres, degenerate modes can
be generated with the same current distribution and a phase
rotation of 90° at the same frequency [25]. In the case of the
rectangular metal rim, Modes 1 and 2 are defined as quasi-
degenerate modes for simplicity. Therefore, an important character
of the unbroken metal rim is its quasi-degenerate and orthogonal
characteristic modes. It is noted that the resonant frequencies of
both modes can be controlled using various techniques, which is
not discussed here. To effectively excite the metal rim as a radiator,
simple capacitive coupling (a J-type current at E field maximum)
[26], simple magnetic coupling (an M-type current at H field
maximum) [6, 9, 27] or a combination of capacitive coupling and
inductive coupling (a J and M mixed-type current at other arbitrary
locations) can be considered as in (2). The E field maximum in
Mode 1 is the H maximum in Mode 2, so each mode can be excited
separately. All the characteristics determine that the metal rim itself
can be excited and utilised as radiators for both single and MIMO
applications.

2.2 Single antenna design

To verify the above analysis on the characteristic modes of the
metal rim, a single antenna design is studied. Fig. 2a shows the
geometry of the proposed single antenna design by using a simple
an efficient feeding technique. The 106 mm × 51 mm PCB is
printed on a low-cost FR4 substrate with a thickness of 1 mm and
dielectric constant ɛr = 4.4. The PCB is surrounded by the unbroken
metal rim of 110 mm × 55 mm × 5 mm by a separation gap of 2 
mm. The thickness of the metal rims is set as 0.3 mm. Note that the
characteristic modes of the metal rim with the PCB are omitted
here. Unlike [20, 21], the fundamental characteristic mode of the
PCB is out of our consideration, and its effect on the metal rim is
assumed to be neglectable. 

In Fig. 2a, a feeding structure at right-top of the PCB is
proposed without any connection between the PCB and the metal
rim, so a feeding technique with a J and M mixed-type current is
adopted to excite the characteristic modes of the metal rim. The
proposed feeding structure is designed within a 2 mm × 35 mm
clearance, and is fed by a voltage source at the top of a 0.5 mm-
width conductor line. A series inductor L (13 nH) is adopted below
the source, and the conductor line has a 1 mm gap to the ground
plane, so that the resonant frequency of the feeding can be
controlled by easily adjusting the values of L or inserting capacitor
at the gap. The inductor values as well as optimised results can be
obtained when the resonant frequency of the feeding is tuned equal
to the operating frequency as well as the metal rim resonance [6, 9,
28] by easily observing the input impedance locus in a Smith chart.

Fig. 1  Analysis of 110 mm × 55 mm × 5 mm unbroken metal rim
(a) Normalised characteristic currents, (b) Eigenvalues

 

Fig. 2  Single antenna design using unbroken metal rim
(a) Geometry of the proposed single antenna design, (b) Input impedance in a Smith
chart with and without the metal rim
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The input impedance of the proposed antenna is presented in a
Smith chart in Fig. 2b, and it can be observed that a 3:1 VSWR
bandwidth of 190 MHz (from 0.86 to 1.05 GHz) is obtained. As
comparison, the input impedance without the metal rim is also
plotted in Fig. 2b, which is dominantly reactive, meaning that the
antenna with the PCB only contributes little to the radiation loss.
Whereas the antenna operates primarily by coupling energy to the
metal rim and exciting the metal rim as an effective radiator, so the
contribution from coupling between the antenna and the PCB can
be neglectable. Furthermore, the modal excitation coefficient is
very small when the characteristic modes are not near resonance, as
shown in (2), explaining the reasons for little contribution to the
antenna radiation performance from other higher modes, including
the PCB.

Accordingly, the total current distribution generated by the
antenna can be approximately expressed as a combination of
Modes 1 and 2, as follows:

Jt ≃ α1J1 + α2J2 (3)

Based on the values of α1 and α2, the total current distributions can
be calculated in simulation, which further contribute to the
impedance locus in the Smith chart as shown in Fig. 2b. One can
easily estimate the antenna operating mechanism through the
observation of its current distributions. Accordingly, the simulated

surface current distributions at 0.86, 0.89, 0.90, 0.94, 0.96 and 1 
GHz (circled by red solid dot in Fig. 2b) are presented and
compared in Fig. 3. As shown, the total current distribution over
the metal rim at 0.86, 0.94, 0.96 and 1 GHz is dominantly
contributed by Mode 1, whereas those at 0.89 and 0.90 GHz is
dominantly due to Mode 2. Accordingly, the small impedance
locus (Locus 1) in the Smith chart in Fig. 2b is generated mainly by
exciting Mode 2, and the large impedance locus (Locus 2) is
generated dominantly by excitation of Mode 1. Therefore, the
operating mechanism of the proposed antenna can be interpreted as
a one-wavelength loop (metal rim) antenna, which is partially filled
by the PCB, as can be expected. 

One interesting insight is that the direction of current
distributions on the PCB is opposite to that in the metal rim due to
induction theorem, as shown in Fig. 3. As a result, the opposite
flowing current will cancel the current distributions in the metal
rim and further degrade the radiation performance. A simple and
efficient method of reducing the cancelling effect could be to
enlarge the gap between the PCB and the metal rim, which is
verified in Fig. 4. Fig. 4 presents the reflection coefficients
obtained by changing the gap from 1 to 3 mm, which is achieved
by changing the dimensions of the PCB. As shown, the 3:1 VSWR
bandwidths vary from 80 MHz (from 0.82 to 0.9 GHz when G = 1 
mm) to 260 MHz (from 0.87 to 1.13 GHz when G = 3 mm). 

3 MIMO antenna design
The above analysis has provided interesting insights that the two
quasi-degenerate and orthogonal characteristic modes of the metal
rim can be effectively utilised for radiation. For MIMO antenna
applications, therefore, it is preferred to excite Mode 1 dominantly
for Antenna 1, and Mode 2 dominantly for Antenna 2, so that
orthogonality and diversity requirement can be sufficiently
satisfied. These observations provide us with a simple and efficient
MIMO antenna technique. Therefore, it is evident that we can
always find two antennas with high isolation and low correlation
performance when they are simultaneously exciting the unbroken
metal rim, which can be realised by optimising their relative
locations and feeding techniques. Based on the proposed single
antenna design in Section 2, we present MIMO antenna designs in
two cases, and the antenna locations are determined by referring to
some popular smartphones, such as Samsung Galaxy, for
consideration of its applicability in practical applications. The
study cases are presented as possible approaches to address the
feasibility of the unbroken metal rim modes in MIMO applications.

In Case 1, Antenna 1 is the same one proposed in Section 2.
Antenna 2 is designed with a 1.5 mm × 18 mm feeding structure in
the left side of the PCB and is 7 mm away from the upper edge of
the PCB as shown in Fig. 5a. The feeding structure in Antenna 2
consists of a 0.5 mm conductor line with a series inductor L (45.5 
nH) and a 0.5 mm gap at the end. Fig. 5b provides the scattering
parameters of the proposed MIMO antennas of Case 1. The 3:1
VSWR bandwidths of 150 MHz (from 0.86 to 1.01 GHz) and 60 
MHz (from 0.87 to 0.93 GHz) are provided for Antennas 1 and 2,
respectively. In the S12 curve, the coupling coefficient ranges from
−10.5 to −37 dB in the operating band. Two coupling nulls are
generated at 0.8 and 0.95 GHz, respectively. To verify the excited
modes, the surface current distributions at 0.89 GHz where
maximum coupling coefficient occurs are presented and compared
in Fig. 5c. Fig. 5c is plotted when one antenna is excited with
another terminated in a 50 Ω load. For Antenna 1, diagonally
directed current distributions are generated with current nulls at the
right-top and left-bottom corners of the metal rim, and the current
distributions for Antenna 2 are almost the same with those of Mode
2, as shown in Fig. 1a. Therefore, it can be obviously observed that
Antenna 1 is dominantly coupling with Mode 1, and Antenna 2 is
dominantly coupling with Mode 2, which is determined by their
locations as well as the feeding techniques. 

Case 2 is proposed in Fig. 6a, where Antenna 1 is located on the
upper side of the PCB within a 2 mm × 30 mm feeding structure
and 18 mm away from the left edge of the PCB. Antenna 2 is
located on the right side of the PCB, 45 mm away from the lower
side of the PCB. The inductor values of L are 20 and 48 nH,

Fig. 3  Simulated surface current distributions at 0.86, 0.89, 0.90, 0.94,
0.96 and 1 GHz

 

Fig. 4  Simulated reflection coefficients with gap variation
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respectively, and 0.5 mm gaps are adopted at the end of the 0.5 mm
conductor line in both feeding structures are adopted. The 3:1
VSWR bandwidths of 160 MHz (from 0.86 to 1.02 GHz) for
Antenna 1 and 110 MHz (from 0.86 to 0.97 GHz) for Antenna 2
are obtained, respectively, as shown in Fig. 6b. The coupling
coefficient is below −9 dB in the operating band. Fig. 6c plots the
simulated surface current distributions at 0.89 GHz. Antenna 1
generates current distributions that are consistent with those of
Mode 1 in Fig. 1a, and Antenna 2 produces diagonally directed
current distributions with current nulls in the left and right sides of
the metal rim. Accordingly, Modes 1 and 2 are primarily excited by
Antennas 1 and 2, respectively, verifying the feasibility of the
locations of the proposed feeding techniques. 

4 Measured results
The metal rim MIMO antennas for all two cases were fabricated as
shown in Fig. 7a. The antenna performances were measured using
an Agilent 8753ES Network analyser in a 6 m × 3 m × 3 m three-
dimensional (3D) CTIA Over the Air anechoic chamber. The

measured S-parameters are plotted in Figs. 7b and c for each case.
For Case 1 in Fig. 7b, 3:1 VSWR bandwidths are from 0.80 to 1 
GHz and from 0.81 to 0.97 GHz for Antennas 1 and 2,
respectively. The isolation between the two antennas is over 17 dB
and up to 30 dB at the coupling null over the entire bandwidth. In
Case 2, Fig. 7c, the measured 3:1 VSWR bandwidths are from
0.775 to 0.99 GHz for Antenna 1 and from 0.785 to 0.92 GHz for
Antenna 2 with isolation over 15 dB. The measurements for both
two cases are consistent with the simulation results. High isolation
and wide bandwidth are achieved both in simulations and
measurements by utilising the metal rim modes. 

To verify the diversity performance of the proposed MIMO
antennas, the measured total radiation efficiencies and ECC are
presented in Fig. 8. Since both two cases have similar
performances in terms of efficiency and ECC, only the results of
Case 1 are shown and investigated. The average efficiency is −2.7 
dB (53%), and ranges from −2.4 to −4.1 dB for Antenna 1. For
Antenna 2, the efficiency is −4.1 dB (39%), and ranges from −2.8
to −5.9 dB. The performance difference between the two antennas

Fig. 5  MIMO antenna design of Case 1
(a) Geometry of MIMO antennas, (b) Simulated S-parameters, (c) Simulated surface
current distributions at 0.89 GHz for Antenna 1 excitation (left) and Antenna 2
excitation (right)

 

Fig. 6  MIMO antenna design of Case 2
(a) Geometry of MIMO antennas, (b) Simulated S-parameters, (c) Simulated surface
current distributions at 0.89 GHz for Antenna 1 excitation (left) and Antenna 2
excitation (right)
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can be expected from the fact that Mode 1 excited by Antenna 1
has a lower quality factor than Mode 2 excited by Antenna 2, as
indicated in Fig. 1b. The ECC values are calculated by using
measured 3D radiation patterns under the assumption of isotropic
channel environment (same likelihood of impinging waves from all
directions) in the anechoic chamber [29], and they are <0.15 in the
operating frequency band. These values are much smaller than the
usual criteria of 0.5 in mobile applications. 

To better understand the diversity performance, the measured
radiation patterns at 0.9 GHz are shown in Fig. 9 for Case 1.
Figs. 9a and b give the radiation patterns in the xy- and xz-planes of

Antennas 1 and 2, respectively. First, the phi-polarised electric
fields are compared. In the xy-plane, Eφ in Fig. 9b is much stronger
than that in Fig. 9a. In the xz-plane, Eφ is omnidirectional in
Fig. 9b, while it is not in Fig. 9a. Next, the theta-polarised electric
field is then compared. In the xy-plane, Eθ is omnidirectional in
Fig. 9a, but it is not in Fig. 9b. In the xz-plane, Eθ in Fig. 9a is
much stronger than that in Fig. 9b. Therefore, Antenna 1 is mainly
radiating as a dipole along the z-axis, and Antenna 2 primarily acts
as a dipole along the y-axis. It is obvious that the radiation patterns
are orthogonal to each other, which explains the low ECC values. 

The above studies are based on the measurement results in the
free space, however, in practice the antennas are exposed to the
user effect, resulting in reduced efficiency due to mismatch and
extra loss. Since the proposed antennas are radiating through the
metal rim, which the users are directly touching, user scenarios can
be of interest to observe. Therefore, the hand effect for the
proposed MIMO antennas in Case 1 is evaluated by using a
personal digital assistants (PDA) hand phantom (see Fig. 10a).
Note that the position of the mobile device and the material
properties of the phantom satisfy the measurement method of
CTIA [30]. The S-parameters are shown in Fig. 10b, and it can be
observed that the bandwidths and isolation are not greatly affected.
However, the measured total efficiencies of both antennas are
greatly reduced, as shown in Fig. 10c. Compared with the results in
the free space, the average efficiency of Antenna 1 is reduced from
−2.7 to −6.7 dB, with a degradation of 4 dB. For Antenna 2, on the
other hand, the average efficiency is decreased from −4.1 to −10.4 
dB, with a degradation of 6.3 dB. Furthermore, ECC values with
the hand effect range from 0.02 to 0.18, and the slight difference
from those in Fig. 8 can be caused by the alteration of the current
distributions due to the proximity of the PDA hand. Therefore, the
hand effect from users mainly affect the radiation efficiencies of
the proposed antennas due to power absorption, but the efficiency
degradation is still in acceptable range [3, 31]. 

5 Conclusion
A simple and efficient MIMO antenna design technique is
proposed by utilising unbroken metal rims to achieve high isolation
and low ECC performance. Quasi-degenerate and orthogonal
modes of the unbroken metal rim are excited by a feeding structure
with a series inductor so that the resonant frequency of the feeding
is equal to the operating frequency and that of the characteristic
modes. High isolation (about −10 dB) and low ECC (<0.2) can be
obtained within compact size by exciting quasi-degenerate and
orthogonal modes of the unbroken metal rims. Simulation and
measurement results show good agreement, and good antenna
performance and diversity performance are obtained. Furthermore,

Fig. 7  MIMO antenna designs in measurement
(a) Prototypes of fabricated MIMO antennas of Case 1 (left) and Case 2 (right), (b)
Measured S-parameters for Case 1, (c) Measured S-parameters for Case 2

 

Fig. 8  Measured total efficiency and ECC for Case 1
 

Fig. 9  Measured radiation patterns for MIMO antennas of Case 1
(a) xy and xz planes of Antenna 1, (b) xy and xz planes of Antenna 2
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the hand effect is also discussed. This paper provides candidate
antenna designs for both single antenna and MIMO antennas in the
presence of the unbroken metal rims. Further research is on-going
to meet more stringent requirements.
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Fig. 10  User scenarios in measurement for MIMO antennas of Case 1
(a) PDA hand, (b) Measured S-parameters (PDA hand), (c) Measured total efficiencies
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