
410 IEEE TRANSACTIONS ON COMPONENTS, PACKAGING, AND MANUFACTURING TECHNOLOGY, VOL. 1, NO. 3, MARCH 2011

Design, Modeling, and Evaluation of a Multiband
MIMO/Diversity Antenna System for Small

Wireless Mobile Terminals
Qinjiang Rao and Kelce Wilson

Abstract—A new multiband diversity antenna is presented,
which is suitable for multiband diversity and multiple–input mul-
tiple–output antenna systems for small wireless mobile terminals.
The antenna consists of two branches of folded monopoles, at least
one of which is terminated with a rectangular patch. By slightly
tuning the width of the patch, the antenna can simultaneously
achieve a flexible frequency ratio and a desired bandwidth. An
example design is presented for most application bands, from 890
MHz through 6 GHz, which operates in a real-world cellular phone
environment, including near-field interactions with other phone
components and a model of a human head (the SAM phantom).
The simulated and experimental results, including S-parameters,
radiation patterns, signal correlations and mean effective gain,
have validated the proposed antenna design as useful for compact
mobile devices.

Index Terms—Antenna diversity, antenna efficiency, mean effec-
tive gain, signal correlation coefficient.

I. INTRODUCTION

W IRELESS communication systems are widely deployed
to provide a broad range of voice and data-related ser-

vices. Typical wireless communication systems consist of mul-
tiple-access communication networks that allow users of wire-
less mobile devices to share common network resources. These
networks typically require multiband antennas for transmitting
and receiving radio-frequency (RF) signals from wireless de-
vices. Recent demand for increased data capacity has driven
the development of multi-antenna systems for wireless mobile
devices, such as cellular phone handsets. Multiple–input mul-
tiple–output (MIMO) and diversity systems are potential tech-
nologies for enhancing performance with high-speed transmis-
sion rates [1]–[10].

In order to achieve the desired performance of a multi-an-
tenna system, such as a long term evolution (LTE) MIMO or
other diversity system, in a tightly volume-constrained device,
several technical obstacles must be overcome. One of these
obstacles is mutual coupling of closely-spaced antennas, as is
common in cellular phone handsets. Higher levels of mutual
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coupling, which can easily occur in handset MIMO systems,
can significantly degrade antenna efficiencies, as well as pro-
duce undesirable signal correlation between multiple antenna
outputs. High signal correlation is associated with the loss of
spectral efficiency and can degrade MIMO system throughput
and battery efficiency. Therefore, to achieve the desired low
signal correlation, MIMO systems require high diversity and
reduced coupling, which is also identified as a high port-to-port
isolation.

A common approach for achieving the required low signal
correlation and high port isolation is widely separating the an-
tennas. Unfortunately, the approach of relying on physical sepa-
ration of the antennas is not feasible for many compact handheld
devices, because the volume that must be dedicated to a MIMO
antenna system can become prohibitively large. This coupling
problem can become acute as the number of antennas increases.
Therefore, since compact handheld devices may lack the size
necessary to permit adequate inter-antenna spacing, multi-an-
tenna systems in compact handheld devices may often expe-
rience undesirable signal correlation that noticeably degrades
MIMO performance.

Thus, designers of antenna systems for mobile devices face
significant challenges, particularly when the antenna elements
in a multi-antenna system such as MIMO must be capable of
covering several differing bands while fitting within tight vol-
umes, providing high diversity performance, and achieving rea-
sonable mean effective gain (MEG) across all bands of opera-
tion. In addition, it is desirable for the antenna systems to be
inexpensive and easily manufactured for installation in a wire-
less device.

This paper presents a new multiband, dual-element diversity
antenna system, which is suitable for compact multimode wire-
less handheld devices. The proposed system operates over an
exceptionally broad bandwidth, from 890 MHz to 6 GHz [11].
In order to validate the practicality of the proposed system, the
antenna design is tested in real-world environments, similar to
those in which compact wireless handheld devices are expected
to operate. The near-field environments are created using the
housing and enclosed circuitry of a production-style Blackberry
8900 Bold model smart phone. The major components that pro-
vide the near-field electromagnetic interaction with the antennas
include a liquid crystal display (LCD), a battery, a dielectric
frame, and an exterior plastic shell. Additionally, the proposed
design takes into account the potentially performance-degrading
interactions between an antenna system and a human head in
close proximity.

2156-3950/$26.00 © 2010 IEEE
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Fig. 1. The configuration of the proposed antenna. (Unit: mm). All strips have
an identical width of 2 mm. (a) and (c): Folded strip antenna on a PCB of 10.5
cm�5.5 cm. (b) and (d): Enlarged 3-D view of the strip antenna.

Both simulated and experimental results are reported, in-
cluding S-parameter, radiation pattern, signal correlation, and
MEG. The results suggest that the proposed design has signifi-
cant potential for current and future wireless devices, including
multiband MIMO antennas for smart-phones.

Section II describes the layout and fundamental features of
the proposed antenna system. Section III describes the imple-
mentation of a dual-element diversity structure in a real-world
smart-phone environment, along with the operational character-
istics. Finally, Section IV briefly summarizes the results.

II. MULTIBAND ANTENNA

A new multiband monopole antenna is presented, which
can cover almost all cellular relevant bands, from 890 MHz
to 6 GHz. One unique approach used in the proposed design,
which permits tuning while retaining a small antenna size,
is use of several radiation strips of various lengths, with a
rectangular conducting patch terminating the shorter branch.
Slight adjustments to the width of the patch can result in sig-
nificant tuning of bandwidth and resonating frequency, without
changing the overall size of the antenna.

A. Antenna Structure

Fig. 1 shows the configuration of the proposed antenna. The
antenna consists of a rectangular ground plane, a rectangular
metal patch P and two branches of monopoles composed of
multiple metal strips (S0, S1, S2, S3, S4, and S5), each with the
identical width of 2 mm. As the fractional bandwidth of an an-
tenna is approximately the inverse of its Q [12], and bending a
metal antenna to permit it to efficiently occupy a small volume
can reduce its Q [12], [13], a folded 3-D monopole enjoys si-
multaneous benefits: enhanced bandwidth and smaller required
volume.

Since the size and shape of a GP can impact antenna perfor-
mance, it must be included in the simulation and testing. For
the proposed design, the ground plane (GP) is set to a size of

Fig. 2. Comparison of simulated reflection coefficients S11.

5.5 cm 10.5 cm. A conductor is placed on the surface of a sub-
strate, which has a thickness of 1.5 mm and a relative dielectric
constant of 4.4. A dielectric shell with a thickness of 1 mm,
and a relative dielectric constant also of 4.4, is used to support
the conductive strips of the antenna, and its dimensions are 0.7
cm 1.5 cm 0.75 cm. During the design phase, it was dis-
covered that removing a 1.5 cm 5.5 cm portion of the con-
ductor from the GP nearby the antenna provided approximately
omni-directional radiations and enhanced impedance matching
over a rather broad frequency range.

For this antenna, the conductive strips are primary radiation
elements, and constitute two monopole radiators, identified here
as monopole 1 and monopole 2. Monopole 1 is composed of S0,
the horizontal portion of S1 (as illustrated), S2, S3, S4, and S5.
Monopole 2 is composed of S0, the vertical portion of S1 and
patch P. Since the total length and layout of each monopole de-
termines the antenna’s performance, these strips must be opti-
mized within the constraints of allowable antenna volume and
the desired resonant frequency. The initial design goal is to set
the electrical length of monopole 1 to a quarter of the wave-
length at the fundamental mode of 1 GHz and the electrical
length of monopole 2 to a quarter of the wavelength at the fun-
damental mode of 2 GHz.

The initial geometric parameters were optimized by using
CST [14], a commercial electromagnetic simulator based on
FDTD and the obtained values are shown in Fig. 1. Strips S2,
S3, and S4 are the three U-shaped strips, S1 and S5 are the two
L-shaped strips. The width d of patch P plays a critical role in de-
termining the bandwidth. The value of d was varied to study the
effects on antenna performance. In the initial design, the width
d was set at 2 mm, identical to the other strips. With this ar-
rangement, the two monopoles are folded onto the shell and fed
through the shared conductor S0.

B. Resonant Frequency

Fig. 2 shows a comparison of the three simulated reflection
coefficients: 1) monopole 1 excited only, 2) monopole 2 excited
only, and 3) both monopole 1 and monopole 2 excited simulta-
neously. These curves indicate the resonant frequencies of the
initial structure, illustrated in Fig. 1.

As can be seen in Fig. 2, when monopole 1 is excited alone,
the antenna resonates at three different frequencies: 1, 2, and
5.45 GHz. The frequency ratio is 2:1 for the second-order
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Fig. 3. Simulated electric current distributions on the monopole 1 and
monopole 2 at different resonant frequencies while they are excited at the same
time. (a) 900 MHz. (b) 2.2 GHz. (c) 2.5 GHz. (d) 5.45 GHz.

mode to the dominant mode. Unfortunately, the bandwidth
at the 2 GHz region is not wide enough to cover all current
application bands, such as GSM1800/1900, UMTS 2100, and
the WLAN 2.4 GHz band.

When monopole 2 is excited alone, it has only the funda-
mental mode resonant frequency at 2.5 GHz. Although the
impedance bandwidth, defined by a 10 dB return loss, is wider
for monopole 2 than for monopole 1, it is still not sufficient
to cover all needed application bands. However, when the two
monopoles are excited simultaneously, the antenna offers four
resonant frequencies of 0.95, 2, 2.5, and 5.4 GHz. Compared to
the S11 parameters, obtained by separately exciting monopole
1 and monopole 2, the bandwidths and impedance matching at
0.95, 2, and 5.4 GHz bands have only very slight changes. How-
ever, the bandwidth at 2.5 GHz band is significantly enhanced.
Thus, we can conclude that monopole 1 is the primary driver of
the bandwidths and resonances at 0.95, 2, and 5.4 GHz, while
monopole 2 is the primary driver of the bandwidth at 2.5 GHz.

C. Current Distribution

In order to enhance understanding of the multiband operation,
current distributions on the two monopoles are simulated and
investigated.

Fig. 3 shows the current distributions on both monopoles
at various frequencies when they are excited simultaneously.
Within the frequency bands of 1, 2, and 5.5 GHz, monopole 1
has strong surface currents, whereas monopole 2 has only
weak currents. This indicates that the two monopoles have
high mode, isolation, and monopole 1 is the one that mostly
determines these resonant frequencies. However, when the
antenna operates at 2.5 GHz, both monopoles deploy strong
currents, so they both affect performance at 2.5 GHz.

Fig. 4. Effects of the width d of the patch P on reflection coefficient S11.

D. Impact of Loading Patch

Next, the influence of patch P on the antenna performance
is examined. Fig. 4 shows that the width d of patch P signif-
icantly affects resonant frequency and bandwidth in the range
of 2.2 to 4 GHz, but it has almost no influence at frequencies
below 2 GHz, except for a slight change to impedance matching.
This is expected, based on the high mode-isolation noted in the
previous section. With the high mode-isolation now verified,
we can independently tailor the lower and the upper bands of
monopole 1 and monopole 2. Another important interpretation
of Fig. 4 is that by slightly adjusting width d, from 2 to 6 mm, the
antenna provides a number of desired frequency bands within
a flexible resonant frequency range from 2 to 4 GHz. These
covers almost all current and planned future application bands at
GSM 1800/1900, UMTS2100, Blue-tooth 2.4 GHz, WiFi/LTE
2.6 GHz, and WiMAX 3.3–3.8 GHz. One potential application
is the use of RF switches, such as RF micro- electro mechanical
systems (RF-MEMS), to reconfigure patch P so that the antenna
provides greater flexibility and frequency agility

III. MULTIBAND DUAL-ELEMENT DIVERSITY ANTENNA

Based on the antenna element presented in the previous sec-
tion, a multiband dual-diversity antenna system is designed and
implemented in a real-world smartphone housing.

Fig. 5 shows two elements integrated into a real-world smart-
phone environment. The two elements are of identical size, the
same as described previously. They are oriented orthogonally,
for diversity performance. There is a rectangular stub between
the two array elements, which is used as a ground plane for the
excitation of antenna 2. Adjusting the dimensions of the stub
affects impedance matching, antenna coupling, operational fre-
quencies and radiation patterns. The size used for this study is
5 mm 13 mm.

Fig. 5 illustrates a typical hand-held geometric model, which
is based on the near field environments of a production de-
vice: the Blackberry 8900 Bold smartphone. This device has a
maximum form factor of 100 mm 55 mm 13.5 mm. Major
electromechanical components include the dual-port radiation
elements, a frame for supporting the antenna, a PCB, a plastic
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Fig. 5. The dual-antennas are prototyped in real device enviroments and related to the simulation model.

housing, an LCD (52 mm 63.2 mm 2 mm), and a battery
(33.5 mm 50.5 mm 4.5 mm). The LCD, battery and ground
plane were modeled as metal materials, whereas the frame and
plastic cover were modeled as dielectric materials. The dielec-
tric constants used for the frame and the cover were
and , respectively.

A. Return Loss and Isolation

Fig. 6 illustrates a comparison of the simulated and measured
S-parameters as a function of frequency for the handset device
in free space. The agreement is generally good. It can be seen in
Fig. 6 that good isolation performance and impedance matching
characteristics have been achieved. The dual-antenna system
functions at multiple bands, ranging from 890 MHz to 6 GHz,
with isolation better than 10 dB across all bands. These values
indicate that the two diversity antenna elements are highly
isolated, even though they are only separated by a distance of
17.5 mm. This separation distance is a mere 0.05 free space
wavelength at 890 MHz. The excellent isolation may be due
to the fact that the primary current intensity is confined to the
folded strip areas, and less is on the ground plane. Additionally,
the two branch radiation elements are oriented orthogonally to

Fig. 6. Simulation and measured S-parameters.

each other, which can achieve excellent orthogonal polarization
and pattern diversity that would be helpful for achieving high
isolation.

B. Radiation Patterns

The radiation 3-D gain patterns were simulated by GEMS
[15], a commercial EM simulator based on FDTD, and mea-
sured by a near-field test system provided by Satimo [16]. When
one port was excited, the other was terminated with a 50
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Fig. 7. Simulated (L) and measured (R) gain patterns at (a) port1 and (b) port2.

matching load. Fig. 7(a) and (b) illustrates results for several
typical operating frequencies: 900 MHz, 1.9 GHz, and 5.3 GHz,
at ports 1 and 2, respectively. It can be seen that the simulated
and measured patterns are generally in good agreement, and the
two antennas display good pattern diversity in both simulations
and measurements.

Fig. 8 plots the simulated 2-D radiation patterns at several fre-
quencies: 900 MHz, 1.9 GHz, 2.45 GHz, 2.7 GHz, and 5.5 GHz.
The radiation patterns for the antennas cover complimentary
space regions, providing good pattern diversity, especially in the
X–Y plane.

C. Diversity Performance

Two figures of merit for a multi-antenna system performance
are the MEG and the envelope correlation coefficient (ECC).
The MEG is a statistical measure of the antenna gain in a given
operational environment. It defines the power received by an an-
tenna, accounting for the effects of the radiation power pattern,

the antenna total efficiency, and the propagation effects as in the
following equation [17]:

(1)

(2)

where and are the angular density functions of the in-
cident power; XPR represents the cross-polarization discrim-
ination; and and are the - and -polarized compo-
nents of the antenna power gain patterns, respectively. The den-
sity functions are different for differing distributions. We have
used common distributions, for example Gaussian, LaPlacian,
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Fig. 8. Simulated radiation patterns at various frequencies when the two ports
are excited, respectively.

and elliptical. These distributions can describe representative
incoming polarized waves in elevation and/or azimuth. More
complex measurement-based angular density functions can be
found in [17].

It should be noted that the gain values include the total ef-
ficiency, which is affected by the coupling between elements.
The MEG is normalized by a normalization of the gains as in-
dicated in the equation [2]. The total efficiency of an antenna is
defined in equation [1], as the total radiated power divided by
the incident power at the feed. It includes reflection losses due

Fig. 9. Simulated (S) and measured (M) mean effective gain.

to the mismatch between the cable and the antenna, as well as
dielectric and Ohmic losses. In multi-antenna systems, isolation
is an additional factor to consider, because if any energy input at
one antenna port can exit through another port, that energy will
be dissipated in the terminal load of the second port, rather than
contributing to useful radiation that can be intercepted remotely.
Equations (3) and (4) can be used to compute the respective total
efficiency of the two elements

(3)

(4)

Based on the above assumptions, the MEG was initially sim-
ulated and measured in a uniform channel, which corresponds
to a 0 dB cross polarization ratio (XPR). The measured and sim-
ulated MEG results are shown in Fig. 9. It can be observed that
the maximum discrepancy within the bandwidth of interest is
approximately 2–3 dB, which is an acceptable difference, given
the complex multiband design and tolerance variations between
simulation and measurements. The two antennas achieve stable
MEG values of about dB at higher frequency bands, such
as 1.5–2.8 GHz and 3–6 GHz. However the MEG is signifi-
cantly lower at lower frequency bands, such as below 900 MHz.
This is because the radiating structures of the antennas have
smaller electrical size at the lower frequencies, and the sepa-
ration is electrically smaller. At these low frequencies, the an-
tennas suffer from low efficiency and higher coupling power
loss. It can be seen that the ratio of MEG1, as determined at
the port1, and MEG2, as determined at port2, are nearly 1.0
across all frequency bands. This means that the ports have met
an equality requirement of a difference of less than 3 dB for the
frequency bands of interest.

The ECC is another important parameter in the calculation
of the diversity performance. Multiple methods of calculating
the ECC are available: using far-field pattern data, and using
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Fig. 10. Simulated and measured envelop correlation coefficient where
� ��� �� is the � polarized complex electric field radiation pattern of the
antenna number �. Here, � � �.

S-parameters [18]–[20]. A simplified form of the expression is
written in [18] as

(5)

Fig. 10 illustrates the simulated and measured ECC. The ECC
has higher values at the lower frequencies than at the higher fre-
quencies. The higher ECC is expected at the lower frequencies
due to the small antenna separation.

Computation of the ECC, as described above, requires
knowledge of the radiation pattern and involves integral calcu-
lation, which can be time-consuming to measure and calculate.
To make this process easier, an alternate method for calculating
the ECC from the S-parameters of the diversity antenna system
has been derived [18]–[20]

(6)

Fig. 11 illustrates the simulated ECC from the radiation pat-
terns and S-parameters. The differently-calculated results have

Fig. 11. Comparison of simulated ECC from radiation patterns and scattering
parameters.

acceptable agreement at some frequencies, but significant dis-
crepancies at other frequencies.

This situation can be explained: The ECC values in [6] are
bounded simultaneously by three assumptions: 1) the antenna
system is a lossless structure, 2) one antenna is excited while the
other is terminated with a reference impedance (such as 50 );
and 3) the antenna system is in a uniform scattering environ-
ment.

In the current simulations, the models are set to satisfy the
second and third assumption: one antenna is excited and the
other ends with the reference impedance (such as 50 ); and the
antenna system is in a uniform scattering environment. How-
ever, for the first assumption, it is practically impossible due
to unavoidable dielectric losses, conductor loss, mismatching
loss and other sources of loss. However, if the antenna has a
high port-to-port isolation and is well matched (low return loss),
it is possible to maintain relatively stable reference impedance
with low losses. This is why the ECC discrepancy between the
two methods becomes smaller when the two antennas were well
matched and had high isolation.

It should be noted that, although the third assumption has
been recently confirmed by the diversity evaluation of several
multi-antenna systems in different realistic propagation sce-
narios (e.g., uniform in the azimuth direction and Gaussian-like
in elevation) and only small differences from uniform envi-
ronments were noticed [21], [23], the third assumption is not
always true. There are many on-line-of-sight (on-LoS) condi-
tions over nonuniform channels and there are other research
results that strongly indicate the contrary. For example, it has
been argued and experimentally demonstrated that the scat-
tering encountered in many suburban and rural environments is
nonisotropic, that is, the distribution of angle of arrival (AoA) is
not uniform. The use of a directional antenna with a nonuniform
gain pattern at the receiver also results in nonisotropic power
azimuth spectrum (PAS) as seen by the antenna [24]–[26].

All these limitations clearly demonstrate that, in a real an-
tenna system, the ECC calculation from the scattering param-
eters does not give an exact value, but rather the lowest or the
highest ECC value that can be reached.
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TABLE I
CAPACITY AND DIVERSITY GAIN AT DISCRETE FREQUENCIES

Fig. 12. The two branch antenna was measured in a RC for diversity gain and
capacity measurement.

D. Effect of a Nearby Human User on Antenna Diversity

The effect of a human user’s head effects on antenna diver-
sity is studied for the scenario of the mobile device. A user’s
head was simulated using a homogeneous SAM phantom and
it consists of two layers of dielectric materials: a shell and a
filling liquid. Specifications at several typical frequencies are
below: For the shell, , and S/M was used
for all frequencies, although brain tissue parameters vary over
the operational frequency range. Typical tissue relative permit-
tivity and conductivity at different frequency bands are
recommended by IEEE or FCC. For example, , and

S/M for 900 MHz, , and S/M for
1.8 GHz bands, and and S/M for 2.6 GHz.

MEG and ECC are tested in a uniform environment, respec-
tively, when the device is nearby the head model. The results are
plotted in Figs. 10 and 11 for comparison with the case without
the phantom. It can be seen that the MEG is decreased across
all frequency bands. This is because human head introduces ab-
sorption loss, which is higher at low frequencies. For the ECC,
it is found that there is an increase in correlation at the low fre-
quency band, in comparison to the free space case. This is due
to the interaction between the antennas, phone chassis, and the
head. The head alters both the magnitude and the phase of the ra-
diation patterns, which may increase mutual coupling between
the two antennas.

Specific absorption rate (SAR) was also evaluated at the three
frequencies of 900, 1800, and 2600 MHz. The test system is
called ALSAS-10U from APPREL [27]. In the simulation setup,

the device is set at the touch position and the system ground
plane is spaced 3.5 mm from the SAM phantom ear, and the
central line of the mobile phone is oriented to have an angle
of 60 with the vertical axis of the phantom head. For the test
SAR values, the power levels delivered to an antenna port are all
normalized to 24 dBm for 2600, 1800, and 900 MHz. The ob-
tained SAR values are below. When the antenna operates at 900
MHz and closes to the right side of the phantom: 0.731 (port1)
and 0.384 (port2). Similarly, for left side: 0.691 (port1) and
0.327 (port2). When the antennas operates at 1900 MHz, right
side: 0.629 (port1) and 0.490 (port2), left side: 0.420 (port1)
and 0.714 (port2); when the antennas operate at 2600 MHz,
right side: 0.674 (port1), 1.242 (port2), left: 0.642 (port1), 0.890
(port2). It can be seen that all values are well below the SAR
limit of 1.6 mW/g for practical applications. The differences in
the SAR values between the left and right sides of the head are
due to the asymmetrical placement of the antennas within the
device.

E. Measurement of Diversity Gain and Capacity

We have measurement data for diversity gain and capacity of
the two branch antenna systems from the Bluetest reverberation
chamber (RC) of Chalmers Institute in Gothenburg, Sweden
[28]. An RC is known to reproduce an isotropic uniform multi-
path environment. The measurement setup is shown in Fig. 12.

Diversity Gain: Both actual and apparent diversity gains are
presented. The actual diversity gain gives a gain relative to a
single antenna idea antenna, i.e., with an efficiency of 100%.
The apparent diversity gain compares the gain relative to the
best of the diversity antennas. The diversity gains are given at
the 1% probability level in the cumulative distribution functions.

Capacity: The 3 2 MIMO Capacity results are presented
as bits/second/Hertz in Table I, in which the base antennas
comprise three monopoles, along the X, Y, and Z axes, respec-
tively. dB for all frequencies. Through all frequency
bands, the discrepancy ranges between the 3 2 capacity limit
and the practical capacity of a 3 2 two branch antenna; from
1 to 3 bits/s/Hz. The maximum discrepancy occurs at 910 MHz.

IV. CONCLUSION

This paper has demonstrated a novel multiband diversity an-
tenna system for handheld devices in practical use conditions
for a real-world smart-phone, which include near-field clutter
and the effect of a human user in close proximity. The proposed
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diversity antenna system consists of two branches of folded
monopoles, one of which is terminated with a rectangular patch.
Without the need to use multiple antennas for multiband appli-
cation, but by only slightly tuning the width of the patch and
without changing the overall size of the antenna, the major ra-
diation element of the proposed diversity antenna can achieve
multiband operation from 890 MHz to 6 GHz. This includes
the bands commonly used by handheld cellular devices, such as
GSM 900/1800/1900 MHz, UMTS2100 MHz, Bluetooth 2.45
MHz, LTE 2.1/2.7 GHz dual-bands, and WiFi 2.6 GHz/3.3–3.8
GHz bands, in addition to WLAN 2.4/5.5 GHz bands. The pro-
posed antenna occupies a surprisingly compact volume, merely
7 mm 15 mm 7.5 mm. The proposed antenna significantly
reduces the volume typically required by other multiband sys-
tems, thereby overcoming a long-standing obstacle to multi-
band operations in small wireless mobile terminals. Addition-
ally, high flexible frequency ratio and tuning to a desired band-
width can be accomplished merely by changing the width of the
patch, drastically simplifying antenna adjustment, which typ-
ically occurs at a late stage of product design. This eases the
overall design process by allowing the finalization of the an-
tenna’s physical dimensions earlier in the design process.

Diversity performance was evaluated by studying the funda-
mental characteristics of the antenna, such as mutual coupling,
and also calculating MEG and ECC. We have confirmed that
the dual-diversity elements can achieve the mutual coupling of
lower than 10 dB at the lower frequency at GSM 890 MHz, and
even better than 15–20 dB at the higher frequency bands. Low
mutual coupling is due to careful arrangement of antenna radia-
tion elements, especially for the reduced surface currents on the
GP.

The ECC values of the dual-diversity elements are less than
0.7 across all frequency bands, or less than 0.5 and even less than
0.1 at higher frequency bands. The low ECC values are mainly
due to excellent diversity features for low coupling or high isola-
tion. Since the two folded strip radiation elements are arranged
orthogonally each other, they can easily achieve excellent polar-
ization diversity and pattern diversity. The low ECC enables re-
tention of enough signal independence between the received sig-
nals to effectively mitigate fading problems in real world MIMO
multichannel propagation environments. When the antenna op-
erates at the low frequency bands, the ECC increases, which is
similar to diversity antenna systems based on conventional el-
ements. However, when the device is in close proximity to a
user’s head, ECC increases at lower frequencies, rather than de-
creasing. This is a notable difference from many other diversity
antenna systems. Two evaluation merits on ECC by S-parame-
ters and by radiation patterns are also compared for the proposed
design, and the bounded conditions of ECC based on S-param-
eters are described in detail.

Each element of a dual-element diversity antenna has
achieved acceptable MEG at low frequency bands below 1
GHz. When the device is in close proximity to a user’s head,
the MEG is significantly decreased at low frequency bands, due
to power absorption by human body. This is similar to other
available antenna systems.

Since SAR is of significant concern, the SAR performance
of the dual-element antenna was also evaluated. Test results in-

dicate that each port of a dual-element diversity antenna satis-
fies current SAR standards. This is likely due to weaker current
distributions on the GP. Thus, desirable SAR performance can
be obtained when the dual-diversity elements are set up at the
bottom end of the handheld device away from a human head.
Also, measurement results for the diversity gain and capacity of
the antenna are shown, using results from a Bluetest RC.
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