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Abstract— In this article, a compact co-polarized decou-
pled antenna for full-duplex application working at 1.71 GHz
is proposed. The antenna is composed of two back-to-back
air-dielectric planar inverted-F antennas (PIFAs) with zero edge-
to-edge distance. The whole system is included in a compact
volume of 0.45λ0 × 0.45λ0 × 0.02λ0. The proposed antenna is
designed based on the common mode (CM)/differential mode
(DM) cancellation theory and its design guideline is illustrated in
detail. Isolation maximum of 42 dB, broadside gain of 6.7 dB, and
efficiency of 90% have been achieved in the proposed structure.
There is a 1.9 dB gain difference between the broadside gain and
the maximum gain. The proposed antenna shows its potentials
in the radio frequency front-end incorporate design.

Index Terms— Co-polarized decoupling, full-duplex, mode can-
cellation, planar inverted-F antenna (PIFA), radio frequency
front-end (RFFE) incorporate design.

I. INTRODUCTION

W ITH the development of modern communication sys-
tem, higher requirements are raised for the radio

frequency front-end (RFFE), such as integrated, militarized,
and lightweight. Therefore, the incorporate design of RFFE
between the antenna and the transceiver is becoming a new
trend and has drawn the attention of many researchers. The
incorporate design of RFFE can effectively reduce the volume
and weight of the communication system. What is more, the
spectrum efficiency of the system can be greatly enhanced.
In fact, integrating the antenna with the duplexer is the key
of the RFFE incorporate design, which is the so-called full-
duplex antenna.

Self-interference is the main problem that the full-duplex
system needs to solve. In general, the isolation between trans-
mitter (TX) and receiver (RX) should be higher than 100 dB,
if the full-duplex system wants the same signal-to-noise ratio
level as the half duplex system. The isolation of full-duplex
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system is devoted jointly by the antenna, the analog, and the
digital cancellation parts. Therefore, isolation enhancement
at the antenna part can alleviate the design difficulty of the
subsequent self-interference cancellation period.

Several techniques have been proposed to enhance the
isolation between the transmit and receive antennas. The
polarization diversity [1]–[6] method can realize high isola-
tion concisely. However, it needs to occupy two polarized
channels, easily interfered in actual communication environ-
ment. The pattern diversity [7] creates a relative large dif-
ference of patterns between TX and RX antennas, increasing
the whole system complexity. Multiple groups of TX and
RX antennas are utilized to cancel out the mutual inter-
ference based on orthogonal mode [8]–[15], realizing high
port isolation in wideband. Anyway, the whole system takes
up much space for additional TX and RX antennas. Sim-
ilarly, the complex feeding network in near-field cancella-
tion [16]–[18] method also occupies a large area. Making
use of resonators [19]–[22], circulators [23], electromagnetic
bandgap (EBG) structures [24]–[27], metal walls [28], and
metastructures [29], [30] can realize high isolation between
one pair of TX and RX antennas, but they still need to stay a
distance from each other or have a high profile. The defected
ground structure (DGS) [31]–[34] can also reduce the distance
between the TX and RX antennas, while the back radiation
is difficult to suppress. Moreover, hybrid methods [35]–[37]
are utilized to realize dual-polarized decoupling and further
improve the decoupling bandwidth. Recently, the common
mode (CM) and differential mode (DM) cancellation theory
has been proposed and offers a new decoupling perspec-
tive [38]–[40]. Resulting from insufficient structure variables,
the work of [38] and [39] cannot achieve high isolation.
In [40], the CM/DM design was successfully applied in the
decoupling design of mobile phone antenna. Due to the com-
plex application occasion, the radiation pattern was difficult to
control and 24 dB of in-band isolation was achieved.

In this article, a compact co-polarized antenna for full-
duplex application with high port isolation is designed based
on the CM/DM cancellation. The system consists of two
symmetrical air dielectric planar inverted-F antennas (PIFAs),
integrated into a space of 0.45λ0× 0.45λ0 × 0.02λ0. The two
PIFAs are placed with a 0.25λ0 center-to-center distance and
zero edge-to-edge distance. The proposed antenna achieves
the isolation of 42 dB at 1.71 GHz. There is a 1.9 dB
gain difference between broadside and the maximum gain
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Fig. 1. Antenna I: two back-to-back air-dielectric standard PIFAs (nonpro-
portional diagram).

Fig. 2. Simulated results of antenna I. (a) S-parameters. (b) CM and DM
impedance smith chart.

direction. The rest of this article is organized as follows.
The proposed antenna schematic is presented in Section II.
In Section III, the antenna mechanism and design principles
are illustrated. The simulation and measurement results are
provided in Section IV. Conclusions are finally drawn in
Section V.

II. ANTENNA MECHANISM AND DESIGN PRINCIPLE

A. CM and DM Cancellation Theory

The CM and DM usually refer to the excitation states of a
two-port network from the basic microwave theory [41]. In a
symmetrical, reciprocal two-port network represented by its
S-parameters (Si j), the reflection coefficient of CM (Scc11)
and DM (Sdd11) satisfies the relationship [43]

Scc11 = S11 + S21

Sdd11 = S11 − S21.

In a complete isolation network, the transmission coefficient
S21 equals to zero, implying that Scc11 = Sdd11.

Two back-to-back standard PIFAs with a shared short-circuit
wall are shown in Fig. 1, set as the initial model (antenna I).
It is not completely matched and has an isolation of around
10 dB, as shown in Fig. 2(a). Impedance curves of both the
CM and DM are shown in Fig. 2(b). They are separated from
each other.

The decoupling condition that Scc11 = Sdd11 can also be
inferred from the point of fields. The CM is excited by in-
phase input, while the DM state needs out-of-phase input,
as shown in Fig. 3. It can be observed that the magnitude of
CM current at feeding ports is different from the DMs. Based

Fig. 3. Simulated current distribution of CM and DM in proposed antenna
at 1.73 GHz (decoupled state). (a) CM excitation. (b) DM excitation.

on the superposition theorem, the current at port 2 will not
be completely canceled if only port 1 is excited in this case,
meaning that coupling between two ports. Therefore, in order
to achieve high port isolation, reasonable approaches should
be explored to make Scc11 equal to Sdd11 for sufficient current
cancellation between CM and DM.

B. Design Principle

From basic microwave theory, the network Z-parameters
have the correspondence with its S-parameters. According
to the analysis above, an approach is needed to make the
CM impedance close to its DM impedance for decoupling.
However, in practical antenna design, the impedance matching
should also be accomplished. To this end, another approach
is needed to match the decoupling range. Therefore, in ideal
state, two approaches had better be found to tune the CM and
DM impedances respectively.

C. Design Guideline

Antennas II–IV shown in Table I are the design evolution of
the proposed antenna for full-duplex application. In symmetri-
cal structures, virtual boundary conditions can be established,
as shown in Fig. 3, which also exist in antennas II∼IV. The
virtual PMC and PEC boundary conditions help analyze the
effects of different approaches.

In antenna I, the CM impedance curve is very far from the
matching point, adverse for the subsequent design. For the
purpose of realizing high isolation and good matching based
on antenna I, three design approaches have been proposed as
follows.

1) Etch an “H”-shaped slot on the upper copper board
(antenna II). This step has an effect on both CM and DM
impedance, as shown in Fig. 4. Compared with antenna
I, the CM impedance curve gets closer to the matching
point, while the DM one is on the contrary. It is noted
that the width of the middle gap of “H”-shaped slot Ws
only affects the DM impedance. The reason is that Ws
mainly determines the E-field strength excited across
the gap. The virtual PEC boundary of DM supports this
normal E-field component, while the PMC in CM does
not.

2) Add a metal strip to connect two inner conductors
(antenna III). The metal strip and the straight slot consti-
tute a length of CPW transmission line. The introduction

Authorized licensed use limited to: Tsinghua University. Downloaded on December 06,2021 at 06:58:36 UTC from IEEE Xplore.  Restrictions apply. 



HU et al.: COMPACT CO-POLARIZED PIFAs FOR FULL-DUPLEX APPLICATION 7105

Fig. 4. Impedance smith charts of Antenna II with varying Ws. (a) CM.
(b) DM.

Fig. 5. Impedance smith charts of Antenna III with varying Wm. (a) CM.
(b) DM.

of the metal strip makes the DM impedance curve back
to the nearby of matching point, but has little effect on
the CM impedance. The CPW line becomes open-ended
when the virtual PMC of CM inserts. It can be equivalent
to a very small shunt capacitor across the port and has
almost no effect on the antenna. However, in case of
the DM, the CPW line is equivalent to a small shunt
inductor, greatly influencing the antenna. As shown
in Fig. 5, the width of the metal strip Wm has more
effects on the DM impedance than the CM one. In fact,
the metal strip itself also introduces a serial inductor,
partly canceling the shunt capacitor of CM and further
reducing its effect in CM.

3) Attach a lumped capacitor to connect metal strip and
ground plane (antenna IV). The DM impedance has
got closer to the matching point after steps 1 and 2.
Therefore, all we need to do is to shrink the distance
between the CM impedance curve and the DM one.
The attached capacitor only affects the CM impedance
because the DM virtual PEC boundary will short out it.
As shown in Fig. 6, the CM impedance is corresponding
to the DM impedance at 1.73 GHz when the lumped
capacitor C equals to 1.35 pF.

It is noted that some approaches may change the CM/DM
impedance simultaneously in reality, which should be brought
forward. The whole design steps are generalized in Table II.

D. Design Results

The simulated S-parameters of antennas I–IV are shown
in Fig. 7. It can be observed that the antenna achieves better
matching performance and higher isolation gradually during

TABLE I

DESIGN EVOLUTION OF THE PROPOSED ANTENNA

TABLE II

SUMMARY OF DESIGN STEPS

the design process. The proposed structure (antenna IV) finally
gets isolation maximum of 47.7 dB and good matching at
1.73 GHz.

A comparison of the ideal radiation patterns at 1.73 GHz
between the single antenna (a PIFA) and antennas I–IV is
given in Fig. 8. The beam direction of the single antenna is
toward broadside because it radiates only by one magnetic
current. When only port 1 is excited, the beams of antennas
I–IV rotate about 20◦ in E-plane. Take antenna IV as an
example. The simulated current complex value distribution at
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Fig. 6. Impedance smith charts of Antenna IV with varying C. (a) CM.
(b) DM.

Fig. 7. Simulated S-parameters of Antennas I∼IV. (a) Reflection coefficients.
(b) Transmission coefficients.

1.73 GHz on the upper board of antenna IV is given in Fig. 9.
Although only port 1 is excited, the adjacent element is
actually also partly excited at 1.73 GHz. The antenna actually
radiates from two magnetic currents. Due to the unequal exci-
tation, the magnitude of the two magnetic currents is different,
leading to the beam rotation. Even though the adjacent element
is partly excited, port 2 is at the current null point and achieves
no power from port 1. It is noted that the simulated cross
polarization level of antenna IV in E-plane increases slightly
compared with others, but it is still below −30 dB.

III. ANTENNA DETAILED CONFIGURATION

The detailed configuration of the proposed antenna is pre-
sented in Fig. 10. A 200 mm × 200 mm metal ground plane
with a straight slot is printed on one side of a 1 mm-thick

Fig. 8. Simulated gain of a single antenna and antennas I∼IV when only
port 1 is excited. (a) E-plane. (b) H-plane.

Fig. 9. Simulated current distribution of antenna IV at 1.73 GHz when only
port 1 excites.

FR-4 board (εr = 4.4, tanδ = 0.02). Above the ground plane,
a 0.5 mm-thick copper board is supported by two vertical
0.5 mm-thick short-circuit walls and 1.2 mm-thick copper
cylinders, as shown in Fig. 10(a). An “H”-shaped slot separates
the copper board into two PIFAs, which share the same
short-circuit walls. The top of the copper cylinder is connected
with the copper board, while the end is soldered to the inner
conductor of the feeding coaxial cable, as shown in Fig. 10(d).
The feeding ports and parts of decoupling structure placed on
the other side of the FR-4 board are shown in Fig. 10(c).
It is observed that the ground plane has extended to this side
by several metal vias and four rectangle panels. Two inner
conductors of the feeding coaxial cable are connected by a
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Fig. 10. Detailed geometry of the proposed antenna (nonproportional
ground). (a) Exploding view. (b) Top view. (c) Bottom view. (d) Side view.

Fig. 11. Photograph of the proposed antenna. (a) Top view. (b) Bottom view.

thin metal strip. A lumped capacitor across the ground panel
is attached to the middle of the strip.

IV. MEASUREMENT AND DISCUSSION

For the purpose of validating the design principle illustrated
in Section II, an antenna prototype has been fabricated,
as shown in Fig. 11. As is mentioned above, the proposed
antenna is with air dielectric. Therefore, additional adjust-
ment is required to support the whole antenna. To this end,
the edge shape of two short-circuit walls in Fig. 10(a) is
cut into serration. Moreover, several lathy slots are added on
both upper copper board and metal ground plane to fit the

Fig. 12. Simulated and measured S-parameters of the proposed antenna.

Fig. 13. Simulated S-parameters with varying D. (a) Reflection coefficients.
(b) Transmission coefficients.

modified vertical short-circuit walls. Due to these additional
adjustments, the final value of the lumped capacitor C is
1.4 pF.

A comparison between the simulated and measured
S-parameters is provided in Fig. 12. The measured isolation
reaches 42 dB at 1.71 GHz, slightly lower than the simulated
result. There is a frequency shift for the decoupling frequency
point, mainly because the metal ground plane is uneven.
Actually, the unevenness changes the equivalent width and
height of the upper copper board. The measured reflection
coefficient is below −10 dB from 1.69 to 1.75 GHz, including
the decoupling frequency range.

However, the measured reflection coefficients are worse than
the simulated ones out of the decoupling frequency range.
The reason why measured S11 bandwidth gets narrower is
illustrated in Fig. 13. The proposed antenna is fed by two
coaxial cables. Therefore, a bit of inner conductor will be
exposed in the air inevitably, whose diameter is donated as D.
This bit of inner conductor is quite thin and introduces an extra
serial inductor into the antenna, leading to the deterioration of
matching performance. As shown in Fig. 13, the matching
performance gets worse with the D decreasing, while the
isolation is not affected.

The simulated and measured normalized radiation patterns
of the proposed antenna at 1.71 GHz excited from ports 1 and
2 are given in Figs. 14 and 15. The measured results have a
good agreement with the simulated ones. The gain maximum
points to 20◦, with the gain of 1.9 dB higher than broadside.
In YOZ plane, the cross polarization level is lower than the
co-polarized by 30 dB. It is noted that the proposed antenna is
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TABLE III

PERFORMANCES COMPARISON WITH RELEVANT STUDIES

Fig. 14. Simulated and measured normalized pattern at 1.71 GHz when only
port 1 is excited. (a) YOZ plane. (b) XOZ plane.

symmetric about XOZ and YOZ plane. Therefore, the radiation
patterns are symmetrical in E-plane and same in H-plane when
it is fed by ports 1 and 2, respectively.

Fig. 16 shows the in-band gain curves and total efficiency
of the proposed antenna, where the gray region represents the
range of measured isolation higher than 20 dB. The measured

Fig. 15. Simulated and measured normalized pattern at 1.71 GHz when only
port 2 is excited. (a) YOZ plane. (b) XOZ plane.

gain maximum is 8.6 dBi, slightly lower than the simulated
gain of 9 dBi. The gain difference at higher frequency mainly
comes from the impedance matching deterioration caused by
exposed coaxial cable inner conductors. The proposed antenna
achieves high measured efficiency of 90% in the working band,
owing to its air dielectric structure. The FR-4 board is used
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Fig. 16. Simulated and measured normalized pattern in XOZ plane.

to support the metal ground plane and has few influences on
the antenna efficiency.

A comprehensive comparison between the proposed antenna
and other relevant researches is listed in Table III. The isolation
maximums of all works are higher than 40 dB. It can be
observed that the proposed antenna has the smallest edge-
to-edge distance and electrical size among all co-polarized
full-duplex works.

V. CONCLUSION

In this work, a compact co-polarized low-profile antenna
for full-duplex application at 1.71 GHz is proposed. There is
no edge-to-edge distance between the two air-dielectric PIFA
units. The antenna is designed and analyzed based on the
CM/DM cancellation theory. The measured mutual coupling
reduction reaches 42 dB and the measured efficiency of 90%
is achieved. The gain maximum of the proposed antenna is up
to 8.6 dBi, with a little gain variation of 1.9 dB when comes
to the broadside.
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