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Abstract—Reconfigurable MIMO antennas have the potential
to improve the performance of a MIMO antenna system oper-
ating in a changing environment. This paper presents a novel
reconfigurable MIMO antenna that utilizes pattern diversity to
provide increased adaptability via reconfiguring the radiation
pattern. It is designed using the characteristic modes of the
structure which are manipulated using two tunable parasitic
elements. Simulation studies of this two-port antenna confirm
that the radiation patterns are orthogonal to each other in
each of the two states of the antenna, as well as between the
two states, thus indicating its use as a potential reconfigurable
MIMO antenna. Measured two-port S-parameters of a prototype
employing switched PIN diode loading correspond well with
simulations.

Index Terms—characteristic modes; chassis-mode antennas;

handsets; MIMO systems; reconfigurable antennas

I. INTRODUCTION

To meet the increasing demands of users in a wireless

system, larger throughputs are critical. This has led to the

evolution of LTE as a mobile standard, which utilizes multiple-

input multiple-output (MIMO) antenna technology to increase

the capacity of a wireless system. However, to benefit from

the use of multiple antennas operating at the same frequency,

they have to be decoupled from each other. This can be

achieved using decoupling networks [1], pattern diversity [2]

or polarization diversity [3].

As wireless devices are often deployed in a dynamic envi-

ronment, the correlation between the signals received from the

MIMO antenna ports can vary significantly. In such situations

an adaptive system consisting of reconfigurable antenna ele-

ments can boost system performance by increasing the spatial

decorrelation between the signals [4]. In this work, the focus

is on implementing a two-port reconfigurable MIMO antenna

that can be placed in two possible states with ideally orthog-

onal radiation patterns. This allows the device to maximize

the gains provided by MIMO by accessing a different set of

wireless channels.

The idea of decoupling multiple ports of a network by

introducing loaded parasitic antenna elements is not new [5].

Recently a design process utilizing the Z-parameters of a three

port network was presented to achieve zero mutual coupling

between two of the ports via the introduction of a reactive load

at the third port of the network [6]. The technique was applied

to decouple two PIFAs located over the chassis of a handset

using a parasitic PIFA. However, this was a non-reconfigurable

design. If the parasitic decoupling technique could be made

adaptive by dynamically varying the reactive loads, then real-

time decorrelation of the antenna signals can be achieved. This

idea is further explored here.

In this paper, we present a reconfigurable chassis-based

MIMO antenna that utilizes two tunable parasitic elements to

adaptively decouple its two ports. We extend the decoupling

technique stated earlier by considering a four-port network

that is loaded with reactive loads at two of its ports. Two

sets of load solutions that decouple the antenna ports are thus

obtained, leading to two possible states for this reconfigurable

antenna. In each state the radiation patterns corresponding

to each of the two port excitations are orthogonal to each

other (intra-state orthogonality). Furthermore, the two patterns

in the first state are ideally orthogonal to each of the two

patterns in the second state (inter-state orthogonality). Intra-

state orthogonality is guaranteed via the choice of appropriate

reactive loads, while inter-state orthogonality is achieved by

understanding how the characteristic modes (CMs) of the

design are affected by the location of the loaded parasitic

elements. The orthogonality between two radiation patterns

are decided based on the the envelope cross-correlation coeffi-

cient between them, and for MIMO communication intra-state

orthogonalities are critical [7]. Characteristic mode theory [8],

[9] has been previously used to design two-port, three-port and

four-port MIMO antennas [10], [11], [12] where the chassis

has been the primary radiator. However, a reconfigurable

design capitalizing on the CMs has not been presented in

literature.

II. BACKGROUND

The proposed design utilizes two main ideas to make it a

viable candidate for reconfigurable MIMO applications: first,

adaptive loading of the parasitic elements with appropriate

reactive loads to ensure the two ports are decoupled in the two

states of the antenna, and second, choosing the locations of

the loaded parasitic elements such that the inter-state radiation

patterns are sufficiently decorrelated to each other.

To calculate the required loads, consider a four-port network

described by its Z-parameters [Z]. This matrix is then reduced

to a 2×2 matrix described by [Z ′], with the introduction of two

lumped elements ZL3 and ZL4 at ports 3 and 4 respectively.

Then applying the condition Z ′

12
= 0, gives the following
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Fig. 1. 3D view of a ground plane loaded symmetrically with parasitic plates

relation between ZL3 and ZL4:

ZL4 =
1

Z12(ZL3 + Z33)− (Z32Z13)
×

[

(ZL3 + Z33)(−Z12Z44 + Z42Z14) + (Z32Z13Z44

+ Z12Z
2

34
− Z42Z34Z13 − Z32Z34Z14)

]

. (1)

Ideally, imaginary impedances for ZL3 and ZL4 are preferred,

as reactive loads do not reduce the efficiency of the antenna.

Thus enforcing the real parts of ZL3 and ZL4 to be zero, gives

two pairs of load solutions which correspond to the two states

of the antenna.

To understand the second idea, consider a 30 mm× 90 mm

ground plane with two 5 mm×30 mm rectangular plates placed

symmetrically along its long edges at a height of 6 mm as

shown in Figure 1. Two 10 mm × 5 mm rectangular plates,

which are not critical to the discussion here, are also located

along the short edges of the ground plane. A CM analysis

of this structure yields its eigenvalues and the corresponding

current distributions of the CMs. The eigenvalues with the

loads ZL3 and ZL4 shorted out are shown are in the third row

of Table I. The corresponding current distributions of these

eigenmodes are shown in Figure 2.

To understand the impact of lumped element loading on

the eigenvalues and the eigenmodes of this structure, consider

loading the parasitic plates with identical reactive loads as

shown in Figure 1. Note that the reactive loading maintains the

symmetry of the structure, making its easy for identification

and comparision of the resulting CMs. The eigenvalues of the

structure as the load is varied between −j 100 Ω, −j 50 Ω,

0 Ω, j 50 Ω and j 100 Ω are shown in Table I.

Load Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

−j 100 Ω −8.33 −3.03 −2.12 0.70 7.25

−j 50 Ω −8.33 −2.44 −1.59 0.70 7.25

0 Ω −8.33 2.06 1.24 0.70 7.25

j 50 Ω −8.33 −5.36 −4.28 0.70 7.25
j 100 Ω −8.33 −4.5 −3.52 0.70 7.25

TABLE I
EIGENVALUES FOR DIFFERENT REACTIVE LOADS

From Table I, it can be seen that there are three eigenvalues

−8.33, 0.70 and 7.25 that appear for all loading configurations.

Plotting the current distributions of these modes in each

(a) (b) (c)

(d) (e)

Fig. 2. Current distribution of eigenmodes 1 to 5 of unloaded design shown
in Figure 1

configuration show that they are very similar to those to

those shown in Figure 2(a), 2(d), 2(e) respectively. This seems

to indicate that the loading of the structure has no impact

on these three CMs, which have a current maxima at the

location of the loads. A plot of the current distributions of

those modes with eigenvalues in the third column of Table I

indicate that they resemble that seen in Figure 2(b). Similarly

the current distributions of the modes with eigenvalues in the

fourth column of Table I, resemble that in Figure 2(c). Thus

the lumped element loading seems to affect these two modes

the most, which unlike the other three modes, have current

minima at the location of the reactive loads.

This simple example indicates that loading the chassis with

small plates connected to lumped elements affects only those

CMs that have a current minima at the location of the lumped

elements. Thus by appropriately placing the loads, their impact

on the CMs of the structure will be different. This basic idea

is applied in the proposed design, which is described in the

next section.

III. CONCEPTUAL DESIGN

The proposed antenna operates at 2.28 GHz and consists of

a rectangular plate, two capacitive exciters where ports 1 and 2
of the antenna are located, and two parasitic plates loaded with

appropriate loads ZL3 and ZL4. Figure 3 shows the 3D view of

the proposed design. The dimensions of the rectangular ground

plane are 30 mm × 90 mm and those of the capacitive and

parasitic plates are 5 mm × 10 mm. All exciters and parasitic

plates are placed at a height of 6 mm above the ground plane

and are connected via feeding strips of 1 mm width.
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Fig. 3. 3D view of conceptual design

A CM study of the proposed design in its unloaded state

(i.e.ZL3 = ZL4 = 0) shows that there are four CMs

with eigenvalues −5.12,−2.89,−1.73, 0.73 that are close to

resonance, and hence can be potentially employed in the

design process. These modes closely resemble those shown

in Figures 2(a) to 2(d). The fundamental idea behind the

design is to utilize and reconfigure between these CMs either

individually, or by forming a non-overlapping set of modes,

such that the radiation patterns are orthogonal.

This design achieves these objectives in the following ways.

First, the capacitive exciters are located at the corners of the

rectangular plate to ensure that all the desired CMs are excited.

Second, the two parasitic plates are loaded with two different

sets of reactive loads, which ensure the high isolation between

the antenna ports 1 and 2 in each of the two states. The third

and final aspect of this design is regarding the location of the

loaded parasitic plates. While the parasitic plate at port 3 is

located at the current minimum (or electric field maximum)

of all four CMs, the plate at port 4 is located at the current

minimum of only two of the CMs. This ensures that loading

these plates with the above calculated loads only affects those

CMs which have their current minimum at the location of

the parasitic plates. The loading thereby controls the effective

excitation levels of the modes, and more crucially, along with

their location relative to the ground plane, allow for greater

decorrelation of the inter-state radiation patterns.

The four-port device presented in Figure 3 was simulated in

Ansoft HFSS and the resulting Z-parameters were obtained.

Using these parameters, the desired parasitic loads were cal-

culated to be ZL3 = j 68.25 Ω, ZL4 = j 124 Ω in state 1 and

ZL3 = j 114.8 Ω, ZL4 = j 107 Ω in state 2 of the antenna.

Re-simulating the antenna using both these solution sets, gave

the radiation patterns from ports 1 and 2 of the antenna (see

Figures 4 and 5). Denoting B1 and B2 as the radiation patterns

from ports 1 and 2 in state 1, and B′

1 and B′

2 as those in state 2,

the envelope cross-correlation coefficients (ρe) between these

patterns were calculated. These coefficients are tabulated in

Table II. An envelope cross-correlation coefficient less than

0.5 is usually deemed sufficient, and from Table II it is clear

that the intra-state patterns (B1 and B2, B′

1 and B′

2) and the

inter-state patterns (e.g.B1 and B′

1
) meet this condition. Thus

the proposed design is a viable candidate for a reconfigurable

two-port MIMO antenna.

xy xy

z
z

Fig. 4. Radiation patterns from ports 1 (on left) and 2 (on right) in state 1

xy

z

xy

z

Fig. 5. Radiation patterns from ports 1 (on left) and 2 (on right) in state 2

Patterns ρe Patterns ρe

B1 and B2 0.0612 B2 and B′

1
0.0574

B1 and B′

1
0.0376 B2 and B′

2
0.3693

B1 and B′

2
0.1082 B′

1
and B′

2
0.2912

TABLE II
ENVELOPE CROSS-CORRELATION COEFFICIENTS BETWEEN RADIATION

PATTERNS FROM FIGURE 3

IV. PROPOSED DESIGN

The design shown in Figure 3 is conceptual, and implement-

ing it requires changes to the feed setup and the incorporation

of the reactive loads. The modified setup is shown in Figure 6.

The ground plane is located on a FR4 board of thickness

0.8 mm with dielectric constant 4.4 and loss tangent 0.02.

The exciter and parasitic plates are made from single-sided

RO3006 boards of thickness 1.28 mm with dielectric constant

6.15 and loss tangent 0.0025. Ports 1 and 2, modelled as

lumped ports, are located on feed feed lines at the bottom

of the board. These are connected to the capacitive exciters

via metal wires of diameter 0.91 mm.

For this structure the desired load impedances for the two

states of the antenna are found to be ZL3 = j 63.7 Ω, ZL4 =
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Fig. 6. 3D view of proposed design

j 55.26 Ω in state 1 and ZL3 = j 48.1 Ω, ZL4 = j 60.73 Ω
in state 2 of the antenna. To achieve these impedances at

ports 3 and 4, a switched load network using the PIN diode

SMP1345 079LF from Skyworks is employed as shown in

Figure 6. Based on the measured S-parameters provided by the

manufacturer, the diode is modelled as a series RL network

with R = 1.44 Ω and L = 0.22 nH when forward-biased, and

as a series RC network with R = 8.36 Ω and C = 0.12 pF

when reverse-biased [13]. In state 1 of the antenna, diode D1

is forward-biased while diode D2 is reverse-biased. In state 2
of the antenna, both diode states are reversed. Using the

optimizer in Agilent ADS to meet the goals of the desired

load impedances mentioned above, the values of C1, L1, C2,

L2 and L3 were found to be 0.8 pF, 2.2 nH, 0.8 pF, 1.38 nH

and 1 nH respectively.

Simulating the two states of the antenna in Ansoft HFSS

gives the radiation patterns B1, B2, B′

1
and B′

2
from ports 1

and 2, and the envelope cross-correlation coefficients between

them. The overall shape of these patterns resemble those

shown in Figures 4 and 5. The cross-correlation coefficients

are tabulated in Table III. Small values of ρe (less than 0.5)

indicate that low correlation between the radiation patterns in

each of the two states is still attained. However, the envelope

cross-correlation coefficient between B1 and B′

1
has increased

to 0.6815, and between B2 and B′

2
has changed to 0.3302.

Ideally it would be desirable to have both these values less

than 0.5, as this would mean that the radiation patterns are

sufficiently decorrelated to each other to justify the need

to switch from the first state to the second state of the

antenna. However, having at least one of these meet the ρe
condition could still potentially provide diversity benefits by

overcoming the problems the channel presented to the first

state of the antenna. Moreover, the design in Figure 6 has

not been optimized, and an overall optimization taking into

account the dimensions of the parasitic and exciter plates can

be attempted to ensure that the inter-state envelope cross-

correlation coefficients are less than 0.5.

The input impedances seen at ports 1 and 2 of the antenna

Patterns ρe Patterns ρe

B1 and B2 0.0138 B2 and B′

1
0.0055

B1 and B′

1
0.6815 B2 and B′

2
0.3302

B1 and B′

2
0.0126 B′

1
and B′

2
0.0027

TABLE III
ENVELOPE CROSS-CORRELATION COEFFICIENT BETWEEN RADIATION

PATTERNS FROM FIGURE 6

are 6.04 − j 45.52 Ω and 6.95 − j 51 Ω in state 1 and

6.25−j 37.59 Ω and 8.39−j 42.41 Ω in state 2. The relatively

close input impedances at each port in the two states of the

antenna mean that reconfigurable matching networks can be

avoided. By choosing a reference impedance of 7.5+j 41.5 Ω
and 9+ j 47 Ω at ports 1 and 2 of the antenna, fixed input and

output L-matching networks can be implemented at the two

ports of the antenna to transform 50 Ω to the corresponding

reference impedances. The loss mechanisms in this design

include conductor and dielectric losses and loss from the

lumped components. Note that as the diode impedance is

transformed to a largely reactive impedance, much of the

loss from the diode is mitigated. Thus the resulting simulated

radiation efficiencies in state 1 are 89% and 89% at ports 1
and 2 respectively, while in state 2 these are 95% and 95%.

A prototype of the design was fabricated and a view from

the top is shown in Figure 7(a). In Figures 7(b) to 7(d),

the feed network at one of the ports of the antenna, the

reconfigurable load network at port 3 and its bias network

are shown respectively. The feed network consists of a UFL

connector, an L-matching network and a connection to the

capacitive exciter. The reconfigurable load network at port 3
resembles the symbolic setup shown in Figure 6. The diode

is biased by using V0 = 5 V, a 400 Ω resistor and a 15 nH

inductor operating at self-resonance at 2.28 GHz.

Comparisions between the measured and simulated two-port

S-parameter results are presented in Figures 8 and 9. Apart

from a small frequency shift, the measurements correspond

well with simulations. It can seen that the 6 dB return loss

bandwidth is lower at port 1 than at port 2 in both states

of the antenna. The 6 dB return loss bandwidths at ports 1
and 2 are 7.2% and 12.7% respectively at 2.36 GHz. At this

frequency, an isolation of 19.5 dB is observed in both states of

the antenna. The next step for this design is the measurement

of the radiation efficiencies, the far-field radiation patterns and

the computation of the envelope cross-correlation coefficients,

which will validate the low correlation between the radiation

patterns.

V. CONCLUSIONS

This work proposes a novel reconfigurable two-port MIMO

antenna that employs the CMs of the structure and adaptive

loading of the parasitic plates to achieve orthogonal radi-

ation patterns in the two states of the antenna. This was

verified based on the envelope cross-correlation coefficients

from the simulated radiation patterns. A prototype was fab-

ricated, and the measured two-port S-parameters correspond
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Fig. 7. Fabricated prototype of the reconfigurable antenna
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Fig. 8. Comparision of measured and simulated data in state 1 of the antenna
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Fig. 9. Comparision of measured and simulated data in state 2 of the antenna

well with simulations. To demonstrate the low correlation

between the radiation patterns, measurements of the far-field

patterns and the computation of the envelope cross-correlation

coefficients have yet to be performed. Seeing the similarity

between the measured and simulated S-parameter data, it is

expected that the measured cross-correlation coefficients will

also correspond with simulations. Most importantly, this work

shows that CM theory can be successfully applied to design

reconfigurable antennas in a systematic manner.
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