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ABSTRACT In this paper, the theory of characteristic modes (TCMs) is used for the first time to analyze the
behavior of defected ground structures (DGS), when added to antenna designs. A properly designed DGS
introduces currents opposite in direction to the original characteristic modes (CM) currents thus reducing
mutual coupling. TCM is also applied tomultiple-input-multiple-output (MIMO) antenna systems to develop
a systematic approach that can predict whether the isolation can be enhanced further or not. For this purpose
two 4-element and one 2-element MIMO designs, i.e. monopole and planar inverted-F antennas are studied.
The addition of different antenna elements affects the CM significantly as well as differently. Some of the CM
excited on the antenna surface contributes to the coupling between the antenna ports that is why they can be
classified as couplingmodes. To improve the isolation, the DGS should be introduced at certain locations that
blocks the coupling modes but at the same time does not affect the non-coupling modes. If there is no such
location or the current on the surface of the chassis for coupling and non-coupling modes is approximately
same, the isolation cannot be enhanced further. Using this approach, isolation was improved on an average
by 11 dB in all the designs considered, giving the most isolation enhancement following a systematic way
compared to other works.

INDEX TERMS Theory of characteristic modes (TCM), defected ground structures (DGS), multiple-input-
multiple-output (MIMO), isolation, planar inverted-F antenna (PIFA), chassis-mode antennas.

I. INTRODUCTION
High data rates in current and future generations of wire-
less terminals (without increasing the frequency or power
levels) can be achieved by installing multiple antennas at
the base station and terminal sides. The compactness of the
terminals may degrade the performance of multiple-input-
multiple-output (MIMO) systems due to high port and field
coupling which affect the channel capacity, bandwidth (BW)
and efficiency of the system [1]. Many methods are proposed
in literature to improve port isolation with minimal effect
on the channel capacity, BW and efficiency of the system.
Isolation can be improved by the use of electromagnetic
band-gap structures and meta-surfaces [2]–[4], decoupling
networks [5], neutralization line technique [6], [7], para-
sitic elements [8], [9], optimization of the antenna system
configuration [10], [11], introducing planar modified mush-
room structures [12], [13] and the use of defected ground
structures (DGS) [14]–[24]. Among all the aforementioned
port isolation enhancement methods, DGS is the least com-
plex and expensive.

Several DGS shapes were used between 2 and sometimes
4-element MIMO antenna systems to improve isolation such
as using periodic S-shapes [14], T-shapes and slot lines [15],
rectangular rings and slots [16], [17], ground (GND)
slits [18]–[22] and arcs [23], [24]. The main problem in the
DGSmethod for enhancing isolation is determining its shape,
size and position along with the large amount of optimization
time involved, and until now, no systematic design method is
available.

The theory of characteristic modes (TCM) was developed
in [25] and later modified by diagonalizing the impedance
matrix in [26]. Characteristic modes (CM) are the real modes
of the geometry that obey

[X ]Jn = λn[R]Jn (1)

where R and X represents the real and imaginary parts of the
impedance operator (Z), λn is the eigen value corresponding
to the current density eigen vector Jn [27]. The orthogonal
behavior and linear independence of the CM are of great
importance. The total current density (J ) on the surface of
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an antenna is the linear weighted sum with coefficients αn of
its CM currents.

J =
∑
n

αnJn (2)

where

αn =
V i
n

1+ jλn
(3)

and V i
n describes the effect of external excitation on a

specific CM.
To obtain pattern reconfigurability, single modes are

to be excited [27], [28]. A weighted sum of the modes
can be of use as well. Multiple techniques were pro-
posed to excite such single modes like using multiple
sources [27], meandering or beveling or the addition of
metallic strips to the antenna geometry to support the
excitation of a single mode [28], [29], and using capac-
itive coupled elements (CCE) [30] or inductive coupled
elements (ICE) [31], [32].

For frequencies below 1 GHz, the chassis (GND plane)
acts as the main radiator. That is why severe coupling is
observed in MIMO configurations because all antennas are
coupled via the chassis. From TCM analysis, the first mode
has electric field maximas at the edges of the chassis, while
minimas are at the center. Any electrical antenna located at
the edge will excite the chassis effectively while those located
at the center will not. For a monopole located at the edge and
a planar inverted-F antenna (PIFA) located at the center an
isolation enhancement of 5 dB was achieved without using
any isolation scheme as compared to placing them at the
edges of the chassis [33]. The placement of the antenna at the
center of the chassis is impractical, that is why it was observed
that instead of placing two electrical antennas at the edges of
the chassis, an electric and magnetic ones will have better
isolation. At the edge, the magnetic fields have minimas that
is why electric and magnetic antennas placed at the edge will
have better isolation [34]. In [33] and [34] only the behavior
of the first mode using TCM was examined and the analysis
were based on it and no DGS behavior was investigated.

In this work, for the first time we will use TCM to analyze
the behavior of aDGS in order to give an insight into the phys-
ical phenomena of isolation enhancement in MIMO antennas
and to develop a systematic approach that can predict whether
a DGS for a particular design can enhance the isolation or not.
Our major contributions in this work are:
• Using TCM, an explanation to the physical behavior of
DGS is provided. CM current distribution and modal
significance (MS) curves are used for the comparison
of modes. All modes present in the impedance BW
region are considered for comparison while previously
in [33], [34] the comparison was performed only for one
mode. In addition the DGS behavior or its placement
were not investigated before.

• To develop a systematic approach that can predict
whether a DGS can enhance the isolation between

MIMO antenna elements or not. We consider three real
antenna designs from the literature with different ele-
ment types and characteristic (i.e. PIFA and monopole
like) while previousworks focused on chassismodes and
their excitation.

• An average of 11 dB of isolation enhancement is
achieved in three different designs considered.

• The effect of small antenna elements on the chassis
modes is also investigated. It is observed that different
antenna types affect the CM and MS differently which
is usually overlooked in literature.

• For the first time, we compare the real/total
currents on the surface of antennas with the CM cur-
rents and it is verified that real currents are approxi-
mately the weighted sum of the modal currents, which
means that it is difficult to have isolated modes excited
with real antenna elements. In the presence of real
antenna elements, the chassis modes are significantly
affected and we cannot rely only on the CM of the
chassis.

• The two printed designs investigated include the effect
of the dielectric substrate when TCM was performed.

The rest of the paper is organized as follows. Sections II
describes the antenna designs and their analysis using TCM.
Section III describes the behavior of DGS as well as dis-
cusses the method developed for isolation enhancement.
MIMO antenna parameters are analyzed in section IV, while
in section V the paper is concluded.

II. ANTENNA DESIGN AND ANALYSIS CASES
For the analysis purposes of the DGS using TCM, we have
considered one wire [20] and two printed [22], [23]
based MIMO antenna designs of different types: PIFA and
monopole. Performing the analysis on different designs will
help us in generalizing our findings. For a fair comparison,
the chassis size is the same for the printed antenna designs,
that is 100 × 60 mm2, also the targeted BW is 150 MHz
(2.15− 2.33 GHz).
TCM analysis was performed with a series of cases, start-

ing from a rectangular chassis representing the GND plane
of a standard smart phone, chassis with a single cut (the cut
below the antenna), chassis with double cuts and four cuts
in the ground plane (for 2 and 4-element MIMO designs),
chassis with a single antenna, 2-element MIMO connected
along the width and then along the length of the chassis and
finally the 4-element MIMO design. The isolation between
the antennas was enhanced by properly studying the modal
behavior. First, modes were identified in the desired band
of interest and then a DGS was placed to block the modes
that were causing high coupling. After the placement of
the DGS, the antennas were again analyzed using TCM and
we observed that the modes (causing high coupling) were not
contributing in the desired BW of interest.

To be brief, we will present the main cases from our
TCM analysis which are: the rectangular chassis, 4-element
PIFA and Monopole based MIMO designs as well as the
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cases when the DGS was introduced. All the analysis was
conducted using CST electromagnetics package.

Since the chassis is the same in both designs, the CM
current distributions at 2.2 GHz on its surface as well as the
MS curves for the first 6-modes on the rectangular chassis are
plotted in Figures 1 and 2, respectively. Figure 1 shows the
modes on the chassis, where high currents are marked with
big red arrows. The MS is an important figure of merit that
represents the normalized amplitude of current modes and
determines the radiation performance ofmodes. It depends on
the size and shape of the object. The range of frequencies for
which the power radiated is not less than one half the power
radiated by the mode at resonance is known as the radiating
BWand it is marked by the 0.707 point on theMS curves [27].
The impedance BW is calculated in the presence of the exci-
tation sources and is the range of frequencies for which the
antenna has good impedance matching (VSWR<2.0). Only
4 modes (1-4) are contributing in the desired impedance BW.
These modes are the ones that we will compare against in the
analysis to come.

FIGURE 1. Current distribution of the first six modes of the chassis in the
presence of an FR-4 substrate at 2.20 GHz, where (a) mode 1 (b) mode 2
(c) mode 3 (d) mode 4 (e) mode 5 (f) mode 6. Red arrows show the
location as well as the direction of the maximum current of a mode. The
black dots show the current null or current minima location while the
violet arrows represent the current distribution on the surface of the
chassis.

A. PIFA BASED 4-ELEMENT MIMO ANTENNA DESIGN
The geometry of the 4-element MIMO PIFA like design is
shown in Figures 3(a) and 3(b). The antenna was designed
on an FR4 substrate with a relative permittivity (εr ) of 4.0,
loss tangent of 0.02 and thickness of 0.8 mm. The total
design area was 100 × 60 mm2. Figure 3(c) shows the
top view of the fabricated design containing the 4-elements
PIFA like MIMO antenna system while Figure 3(d) shows
the bottom layer containing the ground for all the antenna
elements. The 3D view of the PIFA is shown in the
Figure 4(a), where SP represents the shorting post. Three
prototypes were made, without DGS, with one DGS and

FIGURE 2. Modal Significance curves of the ground plane or chassis.

with 2 DGS structures. Only the final prototype is shown for
brevity.

The fabrication, development of the antenna prototype
and port measurements were performed at the Antennas and
Microwave Structure Design Lab (AMSDL) at King Fahd
University of Petroleum and Minerals (KFUPM) using an
LPKF S103 machine and an Agilent N9918A Vector Net-
work Analyzer (VNA). The gain patterns and efficiencies
were measured using a SATIMO Starlab anechoic chamber
at Microwave Vision Group (MVG), Italy.

The measured impedance BW (VSWR<2,-10 dB) of the
design without DGS slots was 180 MHz ranging from
2.153 to 2.333 GHz (Figure 3(e)) while a measured isolation
of 16.25 dB was achieved between Ant-1 and Ant-3 as shown
in Figure 3(f). To improve the performance of the system we
need to enhance the isolation.

TCMwas applied to the 4-element PIFA likeMIMOdesign
including its substrate as shown in Figure 3. The modal
current distribution on the surface of the chassis at 2.2 GHz
and the MS curves are shown in Figures 5 and 6, respectively.
One can clearly observe from Figures 5 and 6 that it is not
only the chassis that decides the CM behavior. If we observe
the current distribution we can see that the current maximas
are now shifted towards the antenna elements, but the general
pattern of chassis modes are not affected significantly except
modes 1 and 4 where the null position has shifted. The CM
current distribution was significantly reduced on the chassis
that is why we showed it on a 50 dB scale. The current reduc-
tion on the chassis and the shifting of the current maxima to
the antenna elements shows that the antennas are playing a
major role in the radiation mechanism. If we look at the MS
curves, we observe that the addition of these antennas has
significantly affected the modes in terms of the radiating BW
as observed in Figure 6. The antennas have limited radiating
BW of modes 1 and 3 to 3.2 GHz. Modes 2 and 4 start
contributing to the radiating BW at around 2.18 GHz which
is exactly the same point where our measured BW starts, this
is an indication that one or both can be excited on the surface
of the antenna by the real excitation/source.
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FIGURE 3. Geometry of the 4-element MIMO PIFA deisgn (a) top view,
(b) bottom view with DGS, all dimensions are in mm (c) fabricated
prototype top view, (d) fabricated prototype bottom view with DGS,
(e) measured reflection coefficient without DGS, (f) measured isolation
without DGS.

FIGURE 4. 3D view of single element (a) PIFA, (b) monopole.

B. MONOPOLE BASED 4-ELEMENT MIMO DESIGN
The geometry of the 4-element MIMOMonopole like design
is shown in Figures 7(a) and 7(b). The 3D view of the
Monopole is shown in the Figure 4(b), where SP represents
the shorting post. The antenna was designed with the same
substrate properties as the PIFA one. The fabricated prototype
with the DGS is shown in Figures 7(c) and 7(d) for the top and
bottom views respectively.

The measured impedance BW without the DGS was
165 MHz ranging from 2.085 to 2.25 GHz as shown
in Figure 7(e), while the minimum measured isolation was
15.5 dB as shown in Figure 7(f) between Ant-1 and Ant-3.
To improve the isolation we will use a DGS.

Like the PIFA design, TCM was also applied to the
4-element MIMO Monopole like design including

FIGURE 5. Current distribution of the first six modes of the 4-element
MIMO PIFA in the presence of an FR-4 substrate at 2.20 GHz, where
(a) mode 1 (b) mode 2 (c) mode 3 (d) mode 4 (e) mode 5 (f) mode 6. The
black dots show the current null or current minima location while the
violet arrows represent the current distribution on the surface of chassis.

FIGURE 6. Modal significance curves of the 4-element PIFA based MIMO
in the presence of the FR-4 substrate.

the substrate. The modal current distribution at 2.2 GHz and
MS curves are shown in Figure 8 and 9, respectively. We can
clearly observe that the antennas in both designs affected
the CM and MS curves differently. This verifies that small
antenna elements have a noticeable effect on the CM. For the
4-element MIMOMonopole like antenna system, the CM are
affected except for mode 2 current distribution which seems
to be totally unaffected. Mode 3 is severely affected and is
no longer contributing to the radiating BW in the desired
impedance BW of interest while mode 6 is contributing at
lower frequencies. Mode 1 has now a limited radiating BW.
Only modes 1 and 2 are contributing to the radiating BW in
the desired impedance BW of interest.

III. DEFECTED GROUND STRUCTURE ANALYSIS
A. PIFA BASED MIMO DESIGN
We can observe from Figure 6 that modes 1, 2, 3 and 4 are
contributing to the radiating BW in the desired impedance
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FIGURE 7. Geometry of the 4-element MIMO PIFA deisgn (a) top view,
(b) bottom view with DGS, all dimensions are in mm (c) fabricated
prototype top view, (d) fabricated prototype bottom view with DGS,
(e) measured reflection coefficient without DGS, (f) measured isolation
without DGS.

FIGURE 8. Current distribution of the first six modes of the 4-element
MIMO monopole in the presence of an FR-4 substrate at 2.20 GHz, where
(a) mode 1 (b) mode 2 (c) mode 3 (d) mode 4 (e) mode 5 (f) mode 6. The
black dots show the current null or current minima location while the
violet arrows represent the current distribution on the surface of chassis.

BWof interest while modes 5 and 6 are not contributing at all.
Moreover based on the current directions, we can observe
that mode 1 is neither contributing to the coupling between

FIGURE 9. Modal significance curves of the 4-element MIMO monopole
in the presence of FR-4 substrate.

FIGURE 10. Current distribution on the surface of the 4 element MIMO
PIFA antenna at 2.2 GHz when all antenna’s are excited (a) without any
DGS, (b) DGS between Ant-1 and 3.

the horizontal or vertical antennas (due to the presence of
current nulls) while mode 3 is causing the coupling
between the antennas connected on the longitudinal side
(Ant1-Ant3) as well as the horizontal side (Ant1-Ant2) and
modes 2 and 4 are causing the coupling between Ant-1 and
Ant-2. Modes 2 and 4 are not contributing to the coupling
between the Ant1 and Ant3.

The total current on the surface of the antenna and chassis
is shown in Figure (10)(a). It can be clearly observed that the
total current on the surface of the antenna seems to be the
combination of modes 1 and 4 in particular, that is why we
observe a current null (blue spot) near the antennas (repre-
senting mode 1 because other modes do not have such a null
at this location) and in the middle of the chassis (representing
mode 4 because other modes do not have such a null at
this location) while modes 2 and 3 seem to be excited less
effectively because mode 2 current is uniform (Figure 5(b))
and there is no uniformity in Figure (10)(a).

From the isolation plot shown in Figure 3(f) the isolation is
worst between the antennas 1 and 3, so we need to improve it.
The concept of placing the slots is simple and straight for-
ward. The slot should be placed at a location such that it
blocks the coupling modes, but at the same time it should not
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affect or block the non-coupling modes. The idea is simple
if we have two modes in the desired impedance BW where
one is a coupling mode and the other is a non-coupling one
and they can be separated where one can be blocked without
affecting the other. But it gets complicated whenever we have
to deal with more modes.

The only mode that is contributing to the coupling between
Ant1 and Ant3 is mode 3. Mode 3 is behaving as a cou-
pling mode so we need to block it in order to improve the
isolation but at the same time we should be careful that
the DGS to be introduced does not affect the non-coupling
modes (mode 1 and 4) significantly. Both modes 1 and 4
have got different current distributions, so we need to place
the DGS at a location with minimum non-coupling mode
disturbance. There can be three possibilities, current null
location of mode 4 (will not affect mode 4 but will affect
mode 1), or mode 1 (will not affect mode 1 but will affect
mode 4), or any other location (will affect modes 1 and 4) on
the chassis. The current null location of mode 1 is very close
to the edge of the chassis so placing any slot at this location
will completely isolate the antennas and it will seem that the
antennas are operating with different ground planes which is
not acceptable. If we place the slot at any other location, it will
affect both the non-coupling modes of mode 1 and 4 and
it will severely affect the impedance BW. So, the optimum
position to block mode 3 seems to be the current null location
of mode 4 (which is at the middle of chassis), placing a
DGS at this location will block mode 3 but will not affect
modes 4 and 2, while mode 1 will be slightly affected. For
mode 1, its radiating BWcovers up to 3.2GHz, so introducing
a discontinuity in the current path will affect its radiating BW.

A DGS structure consisting of single slit line could not
meet the criteria that is why a simple DGS structure con-
sisting of three slit lines was chosen so that the concept can
be proved and can be generalized to any design irrespective
of its antenna type. In general, the width, length and inter-
slot separation are optimized for a certain center frequency of
interest. This will also help the designer to spend minimum
time on optimization. The DGS was introduced in the center
of the chassis between Ant 1 and 3 (Figure 3(b)). The total
size of the DGS was 28.5 × 3.5 mm2 with an arm length
of 28.5 mm, slit width of 0.5 mm and slit separation of 1 mm.

Before showing the improvement in S-parameters, let
us discuss how the DGS affects the CM. The CM cur-
rent distribution at 2.2 GHz and the MS plots are shown
in Figures 11 and 12, respectively. Modes 2 and 4 current
distributions are totally unaffected because the DGS structure
is parallel to the current direction (mode 2) or its lying
at the current null (mode 4). Modes 1 and 3 current pat-
terns are affected. The DGS generates a current distribution
that is opposite to the original current flow as shown in
modes 1, 3 and 5, thus reducing the coupling between the
antenna elements. The interesting part is that mode 3 is no
longer contributing in the desired radiating BW of inter-
est and is shifted to lower frequencies with very narrow
radiating BW as shown in Figure 12. Mode 1 has greater

FIGURE 11. Current distribution of the first six modes of the 4-element
PIFA like MIMO in the presence of the DGS at 2.20 GHz, where (a) mode 1
(b) mode 2 (c) mode 3 (d) mode 4 (e) mode 5 (f) mode 6. The green arrows
show the current distribution created due to the introduction of DGS. The
black dots show the current null or current minima location while the
violet arrows represent the current distribution on the surface of chassis.

FIGURE 12. Modal significance curves of the 4-element PIFA like MIMO
in the presence of DGS.

than 100 % radiating BW starting at 1.87 GHz. In the desired
BW of interest, it is not affected. Mode 1 radiating BW was
affected (compared to Figure 6) but in our BW of interest its
not affected significantly. Modes 5 and 6 are also affected.
Mode 6 radiating BW is shifted to lower frequencies while
mode 5 is contributing to the radiating BW after 2.42 GHz.
The isolation between the antenna elements was improved
by 12.75 dB.

The second objective is to improve the isolation between
the Ant1 and Ant2. Modes 1,2 and 4 are contributing to
the radiating BW in the desired band as shown in Figure 12.
Modes 2 and 4 seem to be contributing to the coupling
between antennas 1 and 2. The total current on the sur-
face of the antenna and chassis in the presence of the
first DGS was shown in Figure (10)(b). It can be clearly
observed that the addition of theDGS has confined the current
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distribution more towards the antenna elements. The total
current on the surface of the antenna and chassis seems to
be the combination of modes 1 and 4. Mode 2 has uniform
current distribution so it seems that either mode 2 is not
excited or it is excited with minimum contribution. The only
mode left that can cause the coupling seems to be the mode 4
as mode 1 has a current null between the antennas connected
on the horizontal side.

If we place a DGS between Ant1 and Ant2 this will help
us in separating the current direction of mode 4 as well as it
will not affect the current distribution of mode 1 significantly.
Again the simplest DGS structure consisting of three slit lines
was chosen. After few parametric sweeps the DGS was tuned
with a the total size of 20 × 3.1 mm2 with an arm length
of 20 mm, width of the slit is 0.7 mm and slit separation
of 0.5 mm. The geometry of the proposed two DGS structures
on the 4-element PIFA like MIMO design are shown in
Figure 3(b), while Figure 3(d) shows the fabricated bottom
layer containing the DGS on the ground.

The CM current distribution at 2.2 GHz and the MS plots
are shown in Figure 13 and 14, respectively, for the design
in Figure 3 with the two DGS structures. From the MS curves
we can observe that only modes 1 and 2 are present in the
radiating BW region while mode 4 is blocked in the desired
band. We can conclude that either mode 1 or mode 2 or a
combination of them are responsible for the radiation. The
radiating BW of mode 1 and the impedance BW of the real
design stops exactly at the same point, as shown in Figure 15,
this means that mode 1 is playing a significant role.
Modes 3, 5 and 6 are not contributing in the desired
impedance BW of interest.

FIGURE 13. Current distribution of the first six modes of the 4-element
MIMO PIFA in the presence of two DGS at 2.20 GHz, where (a) mode 1
(b) mode 2 (c) mode 3 (d) mode 4 (e) mode 5 (f) mode 6. The green arrows
show the current distribution created due to the introduction of DGS. The
black dots show the current null or current minima location while the
violet arrows represent the current distribution on the surface of chassis.

The reflection coefficient and the isolation curves
of the PIFA MIMO antenna with DGS is shown
in Figure 15(a) and 15(b). We can observe that a measured

FIGURE 14. Modal significance curves of the 4-element MIMO in the
presence of two DGS. The vertical blue lines represent the impedance BW.

FIGURE 15. 4-element PIFA design, (a) measured reflection coefficient
with DGS, (b) measured isolation curve with DGS, (c) current distribution
without DGS when Ant-1 is excited, (d) current distribution with DGS
when Ant-1 is excited.

isolation of 30 dB is achieved between Antenna 1 and 2 while
29 dB was achieved between Antenna 1 and 3. An isolation
improvement of 12 dB was obtained on average. There was a
slight reduction of 30MHz in the frequency BW and the main
reason in our opinion seems to be the blockage of mode 4.
Figure 15(c) and 15(d) show the current distribution on the
surface of the antenna in the presence and absence of the
DGS when only Ant-1 is excited. A significant improvement
is obtained in isolation.

B. MONOPOLE BASED MIMO DESIGN
We will extend our study now to the 4-element MIMO
monopole design. We can observe from Figure 9 that only
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modes 1 and 2 are contributing in the desired impedance
BW while modes 3, 4, 5 and 6 are not contributing at all.
From Figure 8 we can observe that mode 1 is not causing
significant coupling between the antennas connected on the
longitudinal or horizontal sides. Mode 2 is causing the cou-
pling between the antennas connected on the horizontal side.

The total current on the surface of the antenna and chassis is
shown in Figure 16. The total current seems to be a combina-
tion of modes 1 and 2 but mode 1 seems to be more dominant
because if mode 2 was dominant then the current distribution
will be uniform and secondly the position where we have
applied sources are more likely to enforce the excitation of
longitudinal modes (i.e mode 1).

FIGURE 16. Current distribution on the surface of the 4-element MIMO
monopole antenna and chassis at 2.2 GHz when all antennas are excited.

To enhance the isolation between Ant1 and Ant2, mode 2
seems to be the coupling mode, so it should be blocked but
the position/location of the DGS should not affect mode 1
significantly. So we place the DGS at the horizontal center
between Ant-1 and 2 as shown in Figure 7(b). It is the point
where mode 1 has the current minima. The size of the DGS
was optimized by having a length of 21 mm, width of the slit
was 0.7 mm while separation was 1 mm. The total size of the
DGS was 21× 4.1 mm2.

The CM current distribution at 2.2 GHz and the MS plots
after introducing the DGS are shown in Figure 17 and 18,
respectively. The CM current distribution of mode 2 is sig-
nificantly affected and the DGS is producing currents in the
direction opposite to the direction of mode 2 flow. Although
mode 2 is blocked, it still appears in the middle of the
impedance BW.But due to the current opposition by theDGS,
even if it is present in the radiating BW region it will not be
excited effectively. Since the addition of a DGS affects the
geometry, now another mode is contributing in the band of
interest i.e mode 3.

The reflection and isolation curves of the 4-element
monopole design with DGS are shown in
Figure 19(a) and 19(b) respectively. We can observe an
improvement of 14.5 dB in the measured isolation between
Ant-1 and 2 (S12). Figure 19(c) and 19(d) show the current
distribution on the surface of the antenna with and without

FIGURE 17. Current distribution of the first six modes of the 4-element
Monopole based MIMO in the presence of DGS at 2.20 GHz, where
(a) mode 1 (b) mode 2 (c) mode 3 (d) mode 4 (e) mode 5 (f) mode 6.
The green arrows show the current distribution created due to the
introduction of DGS. The black dots show the current null or current
minima location while the violet arrows represent the current distribution
on the surface of chassis.

FIGURE 18. Modal significance curves of the 4-element MIMO Monopole
in the presence of FR-4 substrate in the presence of DGS. The vertical
blue lines represent the impedance BW.

DGS when Ant-1 is excited. A significant isolation improve-
ment is obtained.

The second objective is to improve the isolation between
the antennas connected on the longitudinal side. From the
MS plot and the impedance BW in Figures 18 and 19(a),
Mode 1 and the impedance BW nearly have the same radi-
ating and impedance BW. That is mode 1 radiation BW is
from 2.112 to 2.265 GHz while the impedance BW is from
2.138 to 2.257 GHz. Mode 3 is contributing from
1.952 to 2.209 GHz. Mode 3 decays in the middle of the
impedance BW. From these two observations we can con-
clude that mode 1 is the non-coupling mode and mode 3 is
the coupling mode.

To enhance the isolation, we need to block mode 3. But
the current patterns on the edge and side of the chassis are
nearly the same for both modes. Mode 1 has a current null
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FIGURE 19. 4-element Monopole design, (a) measured reflection
coefficient with DGS, (b) measured isolation curve with DGS, (c) current
distribution without DGS when Ant-1 is excited, (d) current distribution
with DGS when Ant-1 is excited.

nearly at the same location as mode 3 so placing a slot at this
location will create two problems. First, it will not meet the
purpose because the slot will not affect the coupling mode
significantly and second, placing a slot at such a location is
not a realistic because it can completely isolate the antennas.
The other strategy to improve the isolation will be to place the
slot at such a location that it affects the couplingmode signifi-
cantly while non-coupling mode is affected less severely. The
optimum position seems to be the center of the chassis, but we
cannot place the slot at the center of the chassis again due to
two reasons. First, mode 1 current distribution seems stronger
as compared to mode 3 (Figure 17) at the center so it will
greatly affect mode 1 and will thus affect the impedance BW.
Second, mode 1 radiating BW is very limited and introducing
any discontinuity in the path will severely affect it. In such
scenarios, using a DGS for isolation enhancement cannot
be used and will not provide the improvement anticipated.
We tried several parametric studies but we were not able to
improve the isolation, thus it verified our conclusion.

C. WIRE MONOPOLE 2-ELEMENT MIMO DESIGN
AWire Monopole antenna of length 32.5 mm and wire diam-
eter of 1 mm was placed on a ground plane of 40× 25 mm2

size [20]. The center to center separation between the two
antennas is 0.093λo. The antennas are resonating with an
impedance BW covering 2.2− 2.45 GHz while the isolation
between the two antenna elements was 5.5 dB at 2.2 GHz
as shown in Figure 20(a) and 20(b) respectively. To enhance
the isolation, our proposed method was used, and for brevity
purposes only the MS curves are shown in Figure 20(c).

FIGURE 20. 2-element wire monopole design, (a) reflection coefficient,
(b) coupling coefficient, (c) modal significance curves of the 2-element
MIMO wire monopole (mo DGS), and (d) modal significance curves of the
2-element MIMO wire monopole in the presence of DGS.

In our desired impedance BW region only twomodes are con-
tributing to the radiating BW they aremode 1 and 4.Mode 1 is
having a current null between the antennas while mode 4
current was coupling the antennas. So, mode 1 is a non-
coupling mode while mode 4 is a coupling mode. To block
mode 4, we introduce a slittedDGS at the current null location
of mode 1. The addition of the DGS significantly improved
the isolation as shown in Figure 20(b) andmode 4 is no longer
contributing in the desired BW as shown in Figure 20(d).
We can observe a 20 dB improvement in the isolation at
2.45 GHz while in the BW of interest (the BW which we
have initially from Figure 20(a) is 2.2 GHz to 2.45 GHz)
the minimum isolation was 12.5 dB, which represents a 7-dB
improvement. Comparing the isolation improvement using
our method to the isolation improvement in [18], we observe
that at 2.2 GHz the improvement in isolation is only 2.5 dB
in [20], and it is not meeting the impedance matching criteria
(VSWR<2.0) at 2.2 GHz (frequency shift) while in our case
it is 12.5 dB and thus it is meeting the criteria.

D. SUMMARY
In the above sections we have provided a physical explanation
to the operation of a DGS with the help of TCM, as well we
have proposed a method that can directly help the designer
use such structures in a systematic way and in identifying
whether isolation can be improved or not.

The Block diagram of the proposed method is shown
in Figure 21. After analyzing three different designs we
developed steps for improving the isolation between antenna
elements of monopole or PIFA like structures. For the system
under consideration, first we need to perform TCM analysis
to identify the modes present in the band of interest. Then
we need to check the current patterns on the surface of
the antenna and identify coupling and non-coupling modes
visually. Based on the current patterns, the DGS shall be
placed at certain locations so that the non-coupling modes
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TABLE 1. Isolation enhancement comparison with previous works.

FIGURE 21. Block diagram of the proposed isolation enhanced TCM
based method using DGS.

are unaffected while the coupling modes are blocked. After
observing the CM current distribution, if there is no such
point on the chassis or the current pattern of the coupling
and non-coupling modes is almost same on the chassis, then
isolation cannot be enhanced further.

Isolation enhancement that was achieved by our pro-
posed TCM based method was compared against the isola-
tion achieved by other specific DGS based structures that

appeared in literature. Table 1 shows that our proposed
scheme is providing the highest isolation improvement and
at the same time is the lowest in complexity and more gen-
eralized as compared to other methods. In other techniques,
we need to apply several methods and parametric studies
but still we are not sure whether the system can provide
the desired isolation. In the proposed TCM based systematic
method just by studying the first fewmodeswe can deduce for
a particular system, whether isolation can be achieved or not.

For isolation enhancement most of the works have focused
on 2-element designs and listed the isolation at the best point.
In case of [20] the 3 and 4 elements are placed on one axis
(not in rectangular or square fashion), so its the same as a
2 element design extended in one axis. We have achieved the
highest improvement in the isolation for the whole impedance
BW with a relatively small DGS size. The improvement in
isolation between Ant1 and Ant3 does not guarantee isolation
improvement between Ant2 and Ant4. But to improve the
isolation between Ant2 and Ant4, the same DGS (with little
modification) shall be also placed between Ant 2 and 4. This
is the shortcoming of DGS approach in general. Here our
focus was to develop a systematic approach with the help of
TCM and verify its effectiveness.

IV. MIMO ANTENNA PARAMETER EVALUATION
MIMO antenna systems shall be evaluated for parameters
such as Envelope correlation coefficient (ECC), Gain, effi-
ciency and 2D/3D radiation patterns. ECC (ρe) values are
computed using the 3D measured radiation patterns in an
isotropic multi-path environment [1]:

ρe =
|
∫ ∫

4π [EF1(θ, ϕ) ∗ EF2(θ, ϕ)d�]|
2

|
∫ ∫

4π [EF1(θ, ϕ)|
2d�|

∫ ∫
4π [EF2(θ, ϕ)|

2d�
(4)
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FIGURE 22. Radiation pattern measurement setup (a) 4-element MIMO
PIFA (b) 4-element MIMO Monopole.

where EFi(θ, ϕ) is the field radiation pattern of the antenna
when port i is excited and ∗ denotes the Hermitian product.
For the given MIMO antenna systems, ECC was calcu-
lated at four distinct frequencies for the printed designs.
The gain pattern and efficiency measurement setup is shown
in Figure 22. The gain pattern of an individual antenna ele-
ment was obtained while the other ports were terminated with
50 � loads.

FIGURE 23. PIFA-based MIMO antenna measured and simulated
normalized radiation patterns at 2.20 GHz (Etotal) (a) (φ cut)
Ant 1 and 2 at θ = 90, (b) (θ cut) Ant 1 and 2 at φ = 90,(c) (φ cut)
Ant 3 and 4 at θ = 90, (b) (θ cut) Ant 3 and 4 at φ = 90.

A. PIFA BASED MIMO DESIGN
The simulated and measured normalized 2D radiation pat-
terns in terms of the total E-field (Etotal) at 2.20 GHz are
shown in Figure 23. The patterns show the x-y and y-z
planes for all the antenna elements. Good agreement is
obtained between the simulated and measured results. The
measured gain and efficiency curves for Ant1 are shown in
the Figure 24(a) (other elements have similar values). The
measured highest gain of 6.45 dB was obtained with an
efficiency of around 97 % at 2.257 GHz. ECC values are
shown in the Table 2. We can observe that the worst ECC
value is 0.175 which is far below the threshold value of 0.5.

FIGURE 24. Measured Gain and efficiency curves for (a) 4-element MIMO
PIFA, (b) 4-element MIMO Monopole.

TABLE 2. Measured ECC(ρe). all frequencies are in GHz.

FIGURE 25. Monopole-based MIMO antenna measured and simulated
normalized radiation patterns at 2.20 GHz (Etotal) (a) (φ cut)
Ant 1 and 2 at θ = 90, (b) (θ cut) Ant 1 and 2 at φ = 0,(c) (φ cut)
Ant 3 and 4 at θ = 90, (b) (θ cut) Ant 3 and 4 at φ = 0.

TABLE 3. Measured ECC(ρe) . all frequencies are in GHz.

B. MONOPOLE BASED MIMO DESIGN
The simulated and measured normalized 2D radiation pat-
terns in terms of the total E-field (Etotal), at 2.20 GHz are
shown in Figure 25. The patterns show the x-y and x-z planes
for all the antenna elements. Good agreement is obtained
between the simulated and measured results. Measured gain
and efficiency curves for Ant1 are shown in the Figure 24(b).
The measured highest gain of 6.55 dB was obtained with
an efficiency of around 89 % at 2.24 GHz. ECC values are
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shown in the Table 3. We can observe that the worst ECC
value is 0.256.

V. CONCLUSIONS
In this paper, TCM was used to analyze the behavior as well
as develop a systematic approach for the placement of DGS in
MIMO antenna configurations. We considered one 2-element
wire and two 4-element printed MIMO antenna designs in
the analysis. The presence of PIFA and Monopole antennas
significantly affect the CM and MS curves. The developed
approach was applied to all designs and an average isolation
enhancement of almost 11 dB was achieved. The method
is compared to the already published approaches in which
isolation was achieved by DGS and any other schemes. Our
proposed method is simple, achieved more isolation and can
be generalized to different antenna designs. The two MIMO
antennas, PIFA and Monopole were fully characterized and
showed efficiency values higher than 85 % and 75 % and
ECC lower then 0.175 and 0.256 respectively. All the anal-
ysis included the effect of the dielectric substrate. Very
good agreement between simulated and measured results is
obtained.
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