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ABSTRACT In-band full-duplex radios demand simultaneous transmit and receive (STAR) antennas with
high isolation, compact and ultra-low profiles, and simple feed networks. Current state-of-the-art designs
rarely meet all of these requirements at the same time. In this paper, we present a characteristic-mode-
based design approach to achieve high isolation using compact fully-planar STAR antennas with a simple
feed structure. The proposed method utilizes two characteristic modes of a conducting object as transmit
and receive chains to achieve high isolation without a complicated self-interference cancellation circuit.
The design example in this work is fully-planar, and it has a physical height of 1.6 mm. The measured
−10 dB overlapped |S11| and |S22| fractional bandwidth of this STAR antenna is 2.5% and the measured
isolation between the transmit and receive ports is greater than 30 dB over the entire frequency band of
operation.

INDEX TERMS Characteristic mode theory, in-band full-duplex antennas, in-band full-duplex radios,
low-profile antennas, and simultaneous transmit and receive (STAR) antennas.

I. INTRODUCTION

IN-BAND full-duplex (IBFD) wireless communication
systems can simultaneously transmit and receive signals

using the same frequency channel and have significant advan-
tages over frequency division duplex (FDD) systems and
time division duplex (TDD) systems as they can, theoreti-
cally, double the spectral efficiency [1]–[4]. IBFD systems
are in high demand in both military and civilian applications
such as full-duplex radars, cognitive radio (CR) networks,
simultaneous wireless power transmission, and 5G wireless
communication systems [4]. To achieve IBFD, a high isola-
tion between the transmit (TX) and receive (RX) chains is
needed. In some IBFD applications, it is required that the
simultaneous transmit and receive (STAR) antenna(s) and all
the cancellation circuits in the wireless system contribute to
a combined 110 dB–120 dB isolation [5], [6]. IBFD wireless
radios may not always require the TX and RX antennas to
possess the same polarization; however, ultra-low-profile and
compact designs with simple feed networks are in demand.
The enhancement of isolation for IBFD radios can be

realized in the antenna propagation, analog, and/or digital
domains. In the antenna propagation domain, the major goal
of passive isolation techniques is to minimize the direct
coupling between the TX and RX channels in the near-field

region. The existing techniques can be approximately catego-
rized into the following classes [7]: a) separation in physical
space, b) dual polarization, c) near-field cancellation, d)
passive decoupling networks, e) surface treatments, and f)
characteristic modes, as shown in Figure 1:

a) Separation in physical space: The main idea of this
method is to increase the distance between the TX
and RX antennas, as the path loss increases with it. In
Figure 1(a), two antennas are separated by a distance,
D. The isolation between the TX and RX channels
increases when D increases [8]. In practical designs, D
is limited by the space available for antenna placement.

b) Dual polarization: This method utilizes antennas that
operate with orthogonal polarizations (i.e., polariza-
tion diversity), as shown in Figure 1(b). The isolation
between the TX and RX channels can be extremely
high. In some designs, this concept was realized
using two linear orthogonal polarizations created by
an antenna fed by a hybrid ring coupler of a size com-
parable to the antenna [9], [10], while in others, it was
realized using two circular orthogonal polarizations
(e.g., right- and left-hand circular polarizations) cre-
ated by four patches [11] or two spiral antennas [12].
The isolation of this kind of designs is typically limited
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FIGURE 1. Passive isolation techniques in the antenna propagation domain.
(a) Separation in physical space. (b) Dual polarization. (c) Near-field cancellation.
(d) Passive decoupling networks. (e) Surface treatments. (f) Characteristic modes.

by the imperfections of the fabricated antennas and the
feed networks, and it is very sensitive to the degree
of symmetry of the antennas and feed structures.

c) Near-field cancellation: In this method, when TX sig-
nals from the designed phased array combine in space,
they create near-field nulls where the RX antenna(s)
is placed, as shown in Figure 1(c). The number of
TX (or RX) array elements could be two [13]–[15]
or more [16]–[19]. When there are two array ele-
ments, although high isolation can be achieved, the
far-field gain patterns of the TX phased array are
usually different from the ones of the RX antenna.
High isolation and resembling radiation patterns can
be achieved by using a circular array. However, this
technique requires multiple antenna elements, phase
shifters, and/or complicated feed networks.

d) Passive decoupling networks: The direct coupling
between the TX and RX antennas can be can-
celed out by a passive decoupling network composed
of resistors, inductors and capacitors, as shown in
Figure 1(d). This technique is not capable of reducing
the reflected path signals due to the fixed components
in the network [20]. Decoupling networks are usually
narrow-band or have low transmission efficiencies.

e) Surface treatments: The surface currents and surface
waves between the TX and RX antennas can be sup-
pressed by absorber materials or engineered materials
(e.g., high impedance surfaces, electromagnetic band-
gap structures, wavetraps), as shown in Figure 1(e). An
example of this method is presented in [21], where a
wavetrap structure, a resonant structure that minimizes
the magnetic fields between antennas and reduces
surface currents, is employed. This method requires
modification of the ground plane to form a periodic
structure. It is difficult to employ this method when
there is limited space for the antenna. The bandwidth
of this kind of designs is usually very narrow.

f) Characteristic modes: Characteristic-mode-based
techniques (Figure 1(f)) have been applied
to decrease the coupling between the anten-
nas of multiple-input-multiple-output (MIMO)

systems by introducing diversity in the radiation
patterns [22]– [25]. In such MIMO applications,
polarization is usually not considered a major design
goal and pattern diversity is preferred; whereas in
in-band-full-duplex (IBFD) applications, polarization
is an important characteristic while pattern diversity
should be minimized in order to transmit and receive
signals in the same direction(s). The characteristic
mode theory has also been employed to decouple
the TX and RX ports in a full-duplex system [26].
This method can be used to excite an orthogonal
set of modal currents/patterns of a single metallic
object with either the same or different polarization.
It could offer high isolation and compactness (i.e., it
utilizes space more efficiently). However, to take full
advantage of this method, a systematic design process
still needs to be established.

In this paper, we present a step-by-step method to com-
prehensively utilize the characteristic mode method for
designing fully-planar STAR antennas with different (see
Section III) or the same polarization (see Appendix A) for in-
band-full-duplex (IBFD) wireless communication systems.
Specifically, two major characteristic modes of a metal-
lic object are excited to serve as TX and RX modes. A
STAR antenna was fabricated and measured to illustrate
the proposed method. The design example employs dis-
tributed elements (e.g., open stubs) as feed structure. The
electrical size of the antenna with the feed structure is
0.51λ × 0.51λ × 0.01λ, where λ is the wavelength at the
lowest frequency of operation, 2.47 GHz (determined by the
measurement results). The physical height of the antenna is
1.6 mm. The measured −10 dB overlapped |S11| and |S22|
fractional bandwidth (i.e., where |S11| and |S22| are both
below −10 dB) of the antenna is 2.5%. The antenna main-
tains a measured isolation greater than 30 dB, over the
entire band of operation. In Appendix B, a method is pro-
vided for tuning the TX-RX isolation by examining and
adjusting the weighting coefficients of the excited modes.
Please note that, since our main intention in this paper is to
present a systematic method for designing compact planar
STAR antennas with high isolation and simple feed struc-
tures using the characteristic mode theory, as opposed to
presenting ready-for-launch products for IBFD applications,
the design example in this paper is simply meant to serve
as a proof-of-concept prototype.

II. CHARACTERISTIC-MODE-BASED DESIGN STRATEGY
The characteristic mode theory can be used to analyze the
intrinsic modes of an arbitrarily metallic object. As these
intrinsic characteristic modes are an orthogonal set of eigen-
currents and fields scattered or radiated by the object, any
two characteristic modes from the set are orthogonal to each
other [27]. In other words, the isolation between any two
characteristic modes is theoretically infinite. We utilize this
orthogonality to design STAR antennas with high isolation.
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The selection of characteristic modes is based on the
antenna design goals, such as bandwidth, isolation, polar-
ization, and radiation characteristics. For IBFD wireless
communication systems, the top design priority is to suppress
the self-interference (i.e., increase the TX-RX isolation) from
the transmitter to the receiver. To achieve this, one charac-
teristic mode of the antenna is selected for transmitting and
another for receiving. In IBFD applications, polarizations
are usually not the top design consideration. The proposed
characteristic-mode-based approach can be used to design
STAR antennas where the TX and RX modes possess either
different or the same polarization(s). This can be achieved
by simply choosing characteristic modes with different or
the same polarization(s) for TX and RX, as presented in our
design examples in Section III and Appendix A, respectively.
To excite the desired modes and use them for TX and RX,

their associated modal currents (i.e., eigen-currents) need
to be calculated. The modal current, Jn, of each mode of
a metallic object can be determined from the generalized
eigen-value equation [27]:

[X](Jn) = λn[R](Jn) (1)

where λn is the eigenvalue associated with the nth eigen-
current Jn, and [R] and [X] are the real and imaginary
parts of the impedance matrix of the electric field integral
equation (EFIE), respectively. A parameter to measure the
potential radiation contribution of each characteristic mode
is the modal significance (MS) [28]. Assuming that a char-
acteristic mode is fully excited by an external source, its MS
can be defined as

MS =
∣
∣
∣
∣

1

1 + jλn

∣
∣
∣
∣

(2)

where λn is the eigenvalue of the nth eigen-current. When
the MS value of a mode is equal to or greater than 0.707,
that mode is considered significant. When the MS value of
a mode is 1, that mode is considered resonant. The closer
the value of MS is to 1, the more effectively the associated
mode contributes to radiation (i.e., the higher the MS, the
easier it is to excite the mode). Note that the MS of a
mode increases (eigenvalue decreases) when the product of
ka increases, where k is the wave number and a is the radius
of the smallest sphere that encloses the antenna [29].
A flow chart of the proposed characteristic-mode-based

design process is shown in Figure 2. It starts with examining
the arbitrary conducting object using the characteristic mode
theory. Subsequently, the modes are selected based on the
desired characteristics. To deliver energy from sources to the
object and excite the modes, coupling elements are designed
and strategically placed on the object. For example, induc-
tive (capacitive) coupling elements should be placed where
the modal currents are maximal (minimal) [28], [30]. The
combined structure of the initial object and the coupling ele-
ments should be re-examined using the characteristic mode
theory as the characteristic modes of the combined structure

FIGURE 2. The flow chart of the characteristic-mode-based design strategy.

could be very different from the intrinsic modes of the ini-
tial object. If that is the case, the coupling elements need
to be redesigned. The currents excited by the coupling ele-
ments are usually a combination of modal currents (i.e., not
a single pure mode). If the weighting of the desired mode
is low, the coupling elements need to be re-designed. If the
input impedance is not equal to 50 �, a matching network
composed of lumped and/or distributed elements is needed.
Finally, the prototype can be fabricated and measured.

III. ANTENNA DESIGN
Due to the low-profile requirement of most IBFD applica-
tions, we started our design from a planar metallic square
with the size of 50 mm × 50 mm. The characteristic mode
analysis of the square was carried out at 2.4 GHz using
Altair FEKO. The normalized modal currents and field pat-
terns of the first eight characteristic modes of the square are
shown in Figure 3. FEKO numbers the characteristic modes
according to their modal significance values and from low
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FIGURE 3. Normalized modal currents and field patterns of the first eight
characteristic modes of the metallic square at 2.4 GHz: (a) Mode 1, (b) mode 2,
(c) mode 3, (d) mode 4, (e) mode 5, (f) mode 6, (g) mode 7, and (h) mode 8.

frequency to high frequency. Modes 1 and 2 (Figure 3(a)
and (b)) are dipole modes aligned along the x̂ and ŷ axes,
respectively. The maximum radiations of these two modes
are both towards zenith. The modal significance values of
the first eight modes are calculated from 2 GHz to 3 GHz,
as shown in Figure 4. As can be observed, modes 1 and 2
are significant (MS > 0.707) throughout the entire examined
frequency band. The broadside radiation and high modal sig-
nificance properties make modes 1 and 2 good candidates for
IBFD compared to the rest of the modes. To demonstrate the
proposed method, modes 1 and 2 are used to design a STAR
antenna with different polarizations. However, the concepts
are equally applicable to the design of STAR antennas with
the same polarization (see Appendix A).
To excite the desired modes, inductive coupling elements

(ICEs) or capacitive coupling elements (CCEs) can be placed
where the modal currents are maximum or minimum, respec-
tively. Typical coupling elements include half loops (used as
ICEs) and monopoles (used as CCEs). As can be observed in
Figure 5, without increasing the maximum linear dimension
of the square STAR antenna (i.e., staying within the same
Chu’s sphere [31] with the radius of r), the available space
can only accommodate very short monopole CCEs while
much larger half loop ICEs can be accomodated. Larger cou-
pling elements within the same Chu’s sphere have a higher
excitation efficiency than smaller ones since they utilize the
space more efficiently. This makes ICEs more preferable for

FIGURE 4. Modal significance of the first eight characteristic modes of the metallic
square.

FIGURE 5. Placement of coupling elements to excite mode 1: (a) Inductive coupling
elements (ICEs) and (b) capacitive coupling elements (CCEs). Note that, to excite
mode 2, the elements should be rotated 90◦ .

our square-shaped antenna. Also note that the pair of CCEs
in Figure 5 needs to be fed with the same magnitude and
180◦ phase difference. This increases the complexity of the
feed network due to the need of a phase shifter, a hybrid
coupler, or a transformer. In addition, when using top-loaded
monopoles as CCEs, the antenna’s cross-polarization level
increases, which results in poor TX-RX isolation. Hence, we
employ half loops which are fed with the same magnitudes
and phases as coupling elements in this design.
To achieve high-purity mode excitation, not only the place-

ment of the half loops needs to be considered, but also the
current distributions on the half loops. While placing the
feed at the edge of the half loops produces asymmetrical
current distributions (Figure 6(a)), symmetrical current dis-
tribution can be achieved by placing the feed at the center
of the half loops, as shown in Figure 6(b). Since the desired
modes are both symmetrical, it is preferable that the currents
on the half loops also be symmetrical. However, in practice,
the feed line is a microstrip line, which is an unbalanced
structure. Thus, a balun or a transition is required. To keep
the feed structure simple and balanced, a two-arm structure
that can be considered as the 2-D version of a shielded loop
was designed to serve as transition (Figure 6(c)). Using this
coupling element, simple planar metallic structures can be
easily excited, and no cutting of the metallic structure is
required.
To prevent being affected by the tolerance of commercial

lumped elements and to reduce the cost, it is often preferred
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FIGURE 6. Feeding of the half loops: (a) Unbalanced feed, (b) balanced feed, and (c)
two-arm balanced feed. Depending on the desired port impedance, the end of the
microstrip line in (c) can be terminated with open, short, or other types of loads.

TABLE 1. Physical dimensions of the antenna.

that the matching circuit be incorporated into the antenna
(e.g., using a distributed-element-based matching circuit).
Hence, the feed structure of the square antenna was designed
using distributed elements and printed on the top metal layer
of a PCB, as shown in Figure 7 (a). The gaps between the
two-arm structures in Figure 7(b) are part of the transition
between the unbalanced microstrip lines and the balanced
arms. These gaps can be modeled as capacitors. The L-
shaped arms in Figure 7(a) are used to transform the real
part of the input impedance of each port to around 100 �.
The imaginary part of the input impedance of each port
can be canceled out by the added open stubs (Figure 7(a)).
The input impedances of ports 1, 2, 3 and 4 are 96.7 −
j3.87 (�), 106 + j4.66 (�), 97.5 − j9.73 (�) and 104 +
j9.97 (�), respectively. Ports 1 and 2 (ports 3 and 4) are
connected to the TX port (RX port) using a tee adaptor,
as shown in Figure 7(c). The combined impedance of the
TX and RX ports are approximately 50 � at the desired
frequency. The detailed physical dimensions of the antenna
are listed in Table 1. The antenna with the feed structure
was examined using the characteristic mode analysis. As can
be observed by comparing Figures 3 and 8, modes 1 and 2
of this structure are similar to the intrinsic modes 1 and 2
of the metallic square. The modal significance of these two
modes are significant (MS > 0.707) from 2 GHz to 3 GHz
(Figure 9). In this design example, mode 1 is used as TX
and mode 2 as RX.
As one of the major goals of STAR antenna design is to

achieve high isolation, it is desired that the excited modes
be as pure as possible. Theoretically, due to the orthogo-
nality of the characteristic modes, the isolation between any
two modes is infinite when only one characteristic mode
is excited by each excitation. Practically, any feed structure
placed on the metallic object excites a series of charac-
teristic modes with different weightings. The purity of the
excited modes determines the level of isolation between
excitations (Appendix B). To quantify the purity, the weight-
ing coefficients of the modes can be examined. In the

FIGURE 7. The antenna with the feed structures and the distributed matching
circuits: (a) Top layer, (b) bottom layer, (c) schematic of the external connections, and
(d) top view of the antenna prototype.

FIGURE 8. Normalized modal currents and field patterns of the first two
characteristic modes of the antenna at 2.4 GHz: (a) Mode 1 and (b) mode 2.

characteristic mode theory, the total current on the surface
of a conducting body, J, can be expanded to a basis set of
modal currents (i.e., eigen-currents), Jn, with the associated
weighting coefficience of the nth modal current, αn:

J =
∑

n

αnJn =
∑

n

VinJn
1 + jλn

(3)

where Vin is the modal excitation coefficient. It is defined
as [27]:

Vin =
〈

Jn,E
i
〉

=
∮

S
Jn · Eids. (4)

The modal excitation coefficient (Vin) accounts for how the
positions, magnitudes, and phases of the excitation affect the
contribution of each characteristic mode to the total current,
J. Consequently, Vin reflects the coupling between the exci-
tation (Ei) and the nth eigen-current (Jn), and describes how
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FIGURE 9. Simulated modal significance (MS) of mode 1 and mode 2 of the antenna.

FIGURE 10. Normalized weighting coefficients of the modes excited by the TX and
RX ports.

TABLE 2. Comparison of simultaneous transmit and receive (STAR) antennas.

well a particular mode is excited by the feed. The normalized
weighting coefficients of the modes excited by the TX and
RX ports are shown in Figure 10. As can be observed, when
the antenna is excited by the TX port, mode 1 is dominant
(has the highest weighting coefficient). On the other hand,
mode 2 is dominant when the metallic square is excited by
the RX port.

IV. RESULTS
The prototype of this design was fabricated on a two-
layer PCB (FR-4 substrate, εr = 4.4, h = 1.6 mm and

FIGURE 11. Simulated and measured S-parameters of the antenna.

FIGURE 12. The simulated and measured normalized gain patterns of the antenna
at 2.4 GHz and 2.5 GHz, respectively: TX mode in the (a) x − z, (c) y − z, and (e) x − y
planes; RX mode in the (b) x − z, (d) y − z, and (f) x − y planes.

tan δ = 0.02), as shown in Figure 7(d). The simulated
and measured S-parameters of the antenna are shown in
Figure 11. The simulations were performed using Altair
FEKO. The simulated and measured −10 dB overlapped
|S11| and |S22| fractional impedance bandwidths are 5.7% and
2.5%, respectively. Note that these are overlapped fractional
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FIGURE 13. The simulated and measured realized gain of the antenna in the z
direction.

FIGURE 14. The simulated and measured efficiencies of the antenna.

bandwidths of the TX and RX modes (i.e., where |S11| and
|S22| are both below −10 dB). The difference between the
simulated and measured overlapped bandwidth is caused by
the misalignment of the center frequencies of the measured
S11 and S22. The frequency shift between the simulation and
measurement is mainly caused by a small phase imbalance
between the four coaxial cables used in the measurement.
The simulated and measured |S21| are below −21 dB and
−30 dB, respectively. The discrepancy between the simulated
and measured isolation (isolation = −|S21|) is caused by fab-
rication error and the phase imbalance of the cables. This
can be improved by employing high precision PCB technol-
ogy or focused ion beam (FIB) technology for fabrication.
The excitation of the TX and RX modes using practical feed
structures resulted in minor impurity of the excited modes.
As a result, unwanted modes like mode 5 and mode 6 in
Figure 10 are excited along with the desired modes 1 and
2. The isolation between TX and RX can be enhanced by

FIGURE 15. Normalized currents and radiation patterns at 2.4 GHz: (a) Mode 2 and
(b) mode 7 of the square, and (c) TX excitation and (d) RX excitation.

FIGURE 16. (a) The feed scheme and (b) the detailed feed network of the STAR
antenna with the same polarization. L1 = 50 mm, L2 = 30 mm, L3 = 10 mm, L4 = 4
mm, D1 = 1 mm, D2 = D3 = 2 mm, Lm1 = 1.22 nH, Cm1 = 0.688 pF, Lm2 = 2.27 nH,
and Cm2 = 1.06 pF. Power Splitter 1 is a 4-way power splitter (Mini-Circuits BP4U1+)
and Power Splitter 2 is a 3-way power splitter (Mini-Circuits SEPS-3-33+).

redesigning the coupling elements to strengthen the excita-
tion of the desired modes and suppress the unwanted modes,
as demonstrated in Appendix B.
The radiation parameters of the fabricated prototype were

measured using a multiprobe spherical near-field system,
MVG StarLab. The simulated and measured normalized gain
patterns of the antenna are shown in the x-z, y-z, and x-y
planes in Figure 12. As can be observed, the simulation and
measurement results are in good agreement. The simulated
and measured realized gain and efficiencies of the antenna
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FIGURE 17. Simulated S-parameters of the STAR antenna with the same
polarization.

are shown in Figure 13 and Figure 14, respectively. As can
be observed, the simulated realized gains of both the TX
and RX modes are 2.3 dBi at 2.4 GHz, while the measured
realized gains of the TX and RX modes are 2.7 dBi and
2.3 dBi, respectively, at 2.5 GHz. The simulated efficien-
cies of the TX and RX modes are both 78% at 2.4 GHz
and the measured efficiencies of the TX and RX modes are
78% and 83%, respectively, at 2.5 GHz. Note that the cen-
ter frequency of the design is 2.4 GHz in the simulations.
However, as aforementioned, a frequency shift occurred in
the measurements due to the fabrication error and the phase
imbalance of the cables, resulting in a center frequency of
2.5 GHz. Table 2 compares the performance of the example
design with STAR antennas designed using other methods.
The STAR antenna from this work is compact and has an
ultra-low profile, high isolation, and a simple feed structure
compared to the others.

V. CONCLUSION
In this paper, a characteristic-mode-based simultaneous
transmit and receive (STAR) antenna design approach was
proposed for in-band full-duplex radios. A systematic design
procedure was presented and a design example was dis-
cussed. In the design example, two characteristic modes
of a compact planar square were excited, one for trans-
mitting and the other for receiving. A prototype of the
design example was fabricated and measured. The physi-
cal height of the prototype is 1.6 mm and the electrical size
is 0.51λ × 0.51λ × 0.01λ, where λ is the wavelength at the
lowest frequency of operation. The measured −10 dB over-
lapped |S11| and |S22| fractional impedance bandwidth of
the design is 2.5%. Throughout the entire frequency band
of operation, the measured isolation of the design example
remains greater than 30 dB.

APPENDIX A
SIMULTANEOUS TRANSMIT AND RECEIVE (STAR)
ANTENNAS WITH THE SAME POLARIZATION
The characteristic mode theory approach can also be used to
design STAR antennas where the transmit (TX) and receive

FIGURE 18. (a) Low isolation case. (b) High isolation case and (c) its feed network.
L1 = 50 mm, L2 = 20 mm, L3 = 30 mm, L4 = 10 mm, D1 = 20 mm, D2 = 5 mm,
Lm1 = 2.77 nH, Cm1 = 0.151 pF, Lm2 = 1.51 nH, Cm2 = 0.378 pF.

(RX) modes possess the same polarization. This can be
achieved by employing characteristic modes with the same
polarization as TX and RX. Mode 2 and mode 7 of the
planar square used in Section III have the same polariza-
tion (Figure 15(a) and (b)), and are used in this example.
Figure 16 presents the feed scheme and the detailed feed
network of the STAR antenna with the same polarization.
To excite mode 2 (TX mode), two ICE ports (P1, P2) and
two CCE ports (P3, P4) are employed and combined with
power dividers. To excite mode 7 (RX mode), ten ICE ports
(P5–P14) are used and combined with power dividers. The
polarities of P7 and P12 are different from the other ports.
This excitation method is only one of the many potential
ways that can be used to excite the same-polarized modes
on the planer metallic square. The design of the feed struc-
ture of same-polarized STAR antennas is generally more
complicated compared with different-polarized antennas. It is
common that many ports are needed to excite same-polarized
modes in STAR antennas. For example, eight ports and one
port are used for the TX and RX modes, respectively, to
achieve same-polarized radiation in [16]. We anticipate that
if the same-polarized antenna design example in Appendix
A is to be commercialized, multi-way power splitters can be
used to simplify the feed structure and a mode that requires
fewer ports can be used.
The simulated normalized current and radiation patterns

excited by the TX and RX ports of this antenna are shown
in Figure 15(c) and (d). As can be observed, the excited
TX and RX modes are very similar to the characteristic
modes 2 and 7. The simulated S-parameters of this example
are shown in Figure 17. The simulated −10 dB overlapped
|S11| and |S22| fractional impedance bandwidth is 2.65%.
The simulated isolation of this design example is greater than
58 dB throughout the entire frequency band of operation.

APPENDIX B
EFFECT OF CORRELATION BETWEEN TWO EXCITED
MODE SERIES ON ISOLATION
To demonstrate how the correlation between two excited
mode series affects isolation, we employ two different
scenarios to excite a desired set of TX and RX modes
(characteristic modes 1 and 2 of the metallic square from
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FIGURE 19. Normalized weighting coefficient of (a) scenario 1 and (b) scenario 2 at
2.4 GHz; S-parameters of (c) scenario 1 and (d) scenario 2.

Section III, as shown in Figure 3(a) and (b)). Figure 18
shows the two excitation scenarios that are used to excite
the desired modes. Figure 18(a) is a low isolation case and
Figure 18(b) is a high isolation case. Figure 19 presents the
normalized weighting coefficient and S-parameters of the
two scenarios. As can be observed, in scenario 1, mode 1 is
the dominant mode from TX excitation, but mode 2 which
is used for RX is also excited (Figure 19(a)), resulting in
the poor isolation (< 10 dB) between TX and RX ports
(Figure 19(c)). On the contrary, scenario 2 provides a much
higher isolation (> 60 dB, Figure 19(d)) because this struc-
ture can efficiently and purely excite the desired TX and RX
modes, as shown in Figure 19(b).
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