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ABSTRACT This paper presents a novel approach to achieve a very high level of isolation between the
two ports of a compact antenna system for communication and radar applications. Orthogonal polarization
and a special symmetric arrangement of two-element arrays of transmitter and receiver antennas are used to
achieve high isolation levels. Identical rectangular patch antennas are designed for operation at 6 GHz, and
are arranged in a square grid configuration with 90◦ rotational symmetry in this design. A pair of transmitters
and a pair of receivers are fed perfectly out of phase with 180◦ couplers. The entire system is simulated and
fabricated. We measure the prototype antenna’s isolation, and use the absolute gain measurement technique
and standard far field antenna pattern measurement technique to characterize it’s realized gain and radiation
pattern. It is found that exploiting symmetry in this manner leads to isolation of 63.7 dB. This indicates that
carefully designed and constructed systems could reasonably exhibit isolation on the order of 70 dB or more
using this method.

INDEX TERMS Isolation, patch antennas, orthogonal polarization, two-port antenna.

I. INTRODUCTION
As mobile communication technologies continue to develop,
and the demand for more, cheaper, and faster data increases,
it is necessary to implement spectrum-efficient communica-
tion techniques to minimize further cluttering of the already
congested radio spectrum. One way to accomplish this is
by enabling communication with simultaneous transmit and
receive at a single frequency [1], [2]. Since frequency divi-
sion duplexing uses separate frequencies for transmitting and
receiving, condensing both directions into a single frequency
will effectively double the amount of data that can be com-
municated in a given bandwidth. Additionally, short range
radars such as automotive radars make use of a continuous-
wave spectrum to keep the peak transmit power low [3]–[5].
For such systems, very high isolation between transmit and
receive is needed for high receiver dynamic range and small
target detection. As a result, the transmit and receive antennas
are usually separated to achieve better isolation.

The main challenge to overcome in order to achieve
these goals is the coupling between the transmitter and

receiver. If the two ports are not sufficiently isolated,
the desired communication signal or radar return can easily
become indistinguishable due to the radiation coupled from
the transmitter to the receiver.

An obvious approach is to make use of orthogonal polar-
ization. If the transmitter and receiver are linearly polarized
and oriented orthogonal to each other, then ideally they would
not interfere with each other. In reality all antennas generate
cross-polarized fields, so orthogonal polarization is usually
not enough to ensure the required isolation for compact
designs. The concept of full-duplex was first introduced in
connection with a common aperture polarimetric active radar
calibrator to produce relatively small calibration targets with
large radar cross-section [6]. In this design a square horn
was connected to a high isolation orthomode transducer to
separate the receive signal from the transmit signal. The same
idea was later perfected to achieve more than 80 dB isolation
between the two ports [7].

In this paper, we investigate the use of a special
symmetry to achieve high isolation between orthogonally
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polarized patch antennas. This will allow for implementation
of a compact, two-port, planar antenna system with very high
isolation. Rectangular patch antennas are well suited to this
technique for several reasons. In addition to being linearly
polarized, their bandwidth can be increased by including
U-shaped slots in the patch [8]–[10]. We arrange two trans-
mitting patch elements and two receiving patch elements
in a square grid with ninety-degree rotational symmetry
about the center. In this configuration, the coupling between
transmitter-receiver pairs are shown to be equal. Thus by
exciting the transmitters perfectly out of phase and subtract-
ing the two receiver signals, we can achieve very high levels
of cancellation despite close proximity between the radiating
elements. A feed network featuring a pair of one-hundred-
eighty-degree hybrid couplers is designed to perform the
out-of-phase excitation and signal subtraction. Full-wave
electromagnetic analysis in HFSS is then used to simulate
the entire system. Finally, we construct a prototype of the
device and compare its measured performance to that of the
simulation.

This antenna system has potential applications across
several disciplines. One major application is in full-duplex
communication systems. Assuming a maximum power out-
put of 40dBm, an additional isolation of about 30dB that can
be achieved at the IF band, and the fact that signal processing
algorithms are capable of attenuating known transmit sig-
nals at baseband by 30dB, 80dB of RF isolation can reduce
the transmitter leakage to about −90dBm or less. This will
be sufficient for most practical cases to detect the desired
received signals with a relatively high signal to interference
ratio. Additionally, the antenna system could be utilized in
high-cross-section active radar calibration targets.

The design presented here has a relatively narrow band of
operation centered at 6 GHz for demonstration of the concept.
The surrounding frequency band from roughly 5 GHz to
7 GHz is licensed by the FCC for applications in mobile
communications, fixed-satellite service, radio-location, and
radionavigation. It also includes the 5.8 GHz ISM band. With
some minor scaling, the antenna system could be adjusted
to shift the operation frequency to meet the needs of appli-
cations in any of these areas. Furthermore, the bandwidth
can be enhanced by using different radiating elements and
a modified feed network, allowing for operation over a much
larger portion of the C band.

II. THEORY
Fig. 1 shows the configuration of a compact two-port antenna
system intended to provide very high isolation (>60dB). This
antenna system functions by exploiting the ninety-degree
rotational symmetry of a square grid. The operating princi-
ple behind this design is the near equality of the transmis-
sion coefficients between any pair of transmitter patch and
receiver patch. In order to illustrate this mathematically, it is
most useful to consider the scattering parameters of a four-
port network, with each port corresponding to one of the four
patch elements.

FIGURE 1. Geometry of the square grid configuration of the two
transmitter patch elements and two receiver patch elements.
A coordinate system is also defined.

The scattering parameters for an N -port network are
defined as follows:

V−1
V−2
...

V−N

 =


S11 S12
S21 S22

· · · S1N
· · · S2N

...
...

SN1 SN2

. . .
...

· · · SNN



V+1
V+2
...

V+N

 (1)

whereV−m are the reflected voltagewaves,V+n are the incident
voltage waves, and Smn are the scattering parameters [11].
Suppose the transmitters are assigned port labels 1 and 2,

and the receivers are assigned port labels 3 and 4. Due to
the ninety-degree rotational symmetry of the geometry, all
elements of the diagonal of the scattering matrix are equal.
Furthermore, the rotational symmetry in combination with
the reciprocity theorem dictate that the coupling between
either transmitter element and either receiver element will
be equal, and the coupling between the two transmitters is
equal to the coupling between the two receivers. Therefore,
the scattering matrix can be simplified as follows:

S11 S12
S21 S22

S13 S14
S23 S24

S31 S32
S41 S42

S33 S34
S43 S44

 =

S1 S2
S2 S1

S3 S3
S3 S3

S3 S3
S3 S3

S1 S2
S2 S1

. (2)

Suppose that we excite the transmitters with equal mag-
nitude and opposite phase, and that there exist impedance
mismatches at the receiver ports. Then the following relations
can be made:

V+2 = −V
+

1

V+3 = 03V
−

3

V+4 = 04V
−

4 , (3)

where03 and04 are reflection coefficients due to the receiver
port mismatch. These reflection coefficients are defined look-
ing out of ports 3 and 4 and looking into the respective
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loads, and arise if the loads are not matched to the system
impedance. Substituting (2) and (3) into the third and fourth
rows of (1), we obtain:

V−3 = S3V
+

1 − S3V
+

1 + S103V
−

3 + S204V
−

4

V−4 = S3V
+

1 − S3V
+

1 + S203V
−

3 + S104V
−

4 . (4)

The first two terms of the right hand side of each equation
above cancel, and it can easily be shown that the solution
of (4) is V−3 = V−4 = 0, unless (1− S103) (1− S104) =
S220304. However, this condition cannot be the case
in general, since there is no deterministic relationship
between the scattering parameters and reflection coefficients.
Furthermore, we expect the scattering parameters and reflec-
tion coefficients to be close to zero, in which case this con-
dition is clearly false, as the left hand side is approximately
one and the right hand side is approximately zero. Thus under
these conditions, the coupling from the transmitters to the
receivers is entirely canceled. Note that while the transmitters
are excited out of phase, they are also oriented in the opposite
direction. Therefore, the main lobe of the beam still points in
the desired boresight direction.
To ensure that the receiver beam also points in this direc-

tion, we must subtract the signals at the two receiver ports.
For the purpose of simulating the isolation of this configu-
ration, we assume the receivers are presented with matched
loads (03 = 04 = 0). With this assumption, and the relations
in (3), we can subtract the fourth row from the third row
of (1) to obtain:

V−3 − V
−

4 = (S31 − S32 − S41 + S42)V
+

1 . (5)

Therefore, we can measure the isolation as S31 − S32 −
S41+ S42. From (2), we expect each of these parameters to be
equal to each other. Thus we expect nearly perfect isolation.

III. ANTENNA DESIGN
A rectangular patch antenna is designed to operate at 6 GHz.
The patch is excited by a coaxial probe fed from behind the
ground plane through the substrate [12]. The substrate has a
dielectric constant of εr = 2.2 and a height of h = 3.175 mm
(0.125 in.). The geometry of the patch is shown in Fig. 2,
while the design parameters are tabulated in Table 1. Note
that at this stage the geometric center of the patch coincides
with the geometric center of the substrate. The antenna is well
matched, presenting a simulated input reflection coefficient
below −70 dB at the design frequency, as shown in Fig. 3.
It is linearly polarized and provides a realized gain of more
than 8.4 dB.

Next, four of these patch antennas are arranged according
to the square grid configuration shown in Fig. 1. Initially
the patches are positioned such that their geometric centers
align with the geometric centers of their respective quadrants
of the substrate. However, since the radiation pattern is now
influenced by array effects, the distance from the patch center
to the array center is allowed to vary, as depicted in Fig. 4.
Thus initially the value of the dimension Dc is 25.40 mm

FIGURE 2. Geometry of the patch antenna, showing the dimensions of
the substrate and patch.

TABLE 1. Design parameters of patch antenna.

FIGURE 3. The simulated input reflection coefficient of the patch antenna
is shown.

(1.000 in.). This parameter is optimized to maximize the total
boresight gain when both transmitter patches are simultane-
ously excited out of phase, as shown in Fig. 5. the value
Dc = 16.51 mm (0.650 in.) is chosen. Therefore the centers
of the patch elements are only 33.02 mm (1.300 in.) apart,
which is less than a free-space wavelength at 6 GHz.

At this stage of the design, the array is treated as a four-
port network and simulated to measure the isolation between
the transmitter pair and receiver pair according to (5). The
result is shown in Fig. 6. At the design frequency of 6 GHz,
an isolation of more than 90 dB is achieved. Over the band
from 4.5 GHz to 7.5 GHz, the isolation is greater than 75 dB.
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FIGURE 4. The distance between the center of the patch and the edge of
its quadrant (Dc) is allowed to vary.

FIGURE 5. The total realized gain at boresight is plotted for varying Dc,
when ports 1 and 2 are simultaneously excited out of phase.
A maximum is observed at 0.650 in.

FIGURE 6. The quantity plotted on the vertical axis is a measure of the
total coupling from the transmitters (ports 1 and 2) to the receivers
(ports 3 and 4) when the transmitters are excited perfectly out of phase
and the received signals are subtracted, as derived in (5). The isolation
at 6 GHz is shown to be greater than 90 dB.

Perfect isolation is not achieved due to numerical round-
off error and non-identical meshes for the four antennas.

Basically, the automatic meshing does not preserve the geo-
metrical symmetry exactly.

The final step in the design process was to design a feed
network for the array of patches. The feed network consists of
two one-hundred-eighty-degree hybrid couplers, microstrip
traces to connect to the patch probes, and resistor pads to
terminate the isolated ports of the couplers. This network
shares a ground plane with the patches, and has a substrate
with εr = 2.2 and height h = 0.127 mm (0.005 in.). The very
thin substrate helps to minimize unwanted coupling between
the traces.

With the transmitters and receivers now connected via the
couplers, the antenna is now treated as a two-port network
with the transmit port assigned label 1 and the receive port
assigned label 2 (note that the choice of transmit versus
receive is arbitrary). Isolation can therefore be measured
directly by observing the S21 scattering parameter. Some
minor adjustments were made to the patch dimensions at
this stage to attempt to increase the isolation and return loss,
and the final design parameters are reported in Table 2. The
simulated isolation at 6 GHz is 66.2 dB.

TABLE 2. Final design parameters of patch antenna.

IV. FABRICATION AND MEASUREMENT
A prototype antenna was fabricated using the design
described above. The substrate material is Roger RT/duroid
5880 (εr = 2.2, tan δ = 0.0009 at 10 GHz). Fig. 7 shows
photographs of the antenna.

The transmitter and receiver return loss and isolation were
measured using a vector network analyzer. The antenna was
placed in an anechoic chamber during the measurement to
minimize coupling due to reflections from nearby objects.

The gain of both the transmitter and receiver were mea-
sured using the absolute gain measurement technique [13],
while the radiation patterns were measured using the stan-
dard far field antenna pattern measurement technique. The
measurement setup is depicted in Fig. 8.

Due to the shape of the array, the radiation pattern is
the broadest and narrowest at forty-five-degree angles from
the E- and H- planes of the individual patches. Therefore,
in addition to measuring the patterns in the E- and H- planes
(φ = 0◦ and φ = 90◦), we also measure the patterns in
the φ = 45◦ and φ = 135◦ planes. Additionally, the cross-
polarized gain is measured by orienting the prototype antenna
such that its polarization is orthogonal to that of the ancillary
antenna, and comparing the received power to the case with
the polarizations aligned.
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FIGURE 7. Photographs of the prototype antenna: (a) top view showing
the square grid array of patches; (b) bottom view showing the feed
network.

FIGURE 8. Setup for absolute gain measurement technique and standard
far field antenna pattern measurement technique. For the gain
measurement, three antennas are permuted in the two positions.
For the pattern measurement the prototype antenna is rotated atop the
Styrofoam platform.

V. RESULTS
The measured scattering parameters of the antenna are shown
in comparison to the simulation results in Fig. 9. Table 3 sum-
marizes the measured and simulated return loss and isolation
at the design frequency of 6 GHz.

Fig. 10 and Fig. 11 show the measured and simu-
lated realized gain patterns for the transmitter and receiver,

TABLE 3. Antenna return loss and isolation performance at 6 GHz.

FIGURE 9. Simulated and measured scattering parameters of the
antenna, showing the return loss and isolation.

FIGURE 10. Port 1 (transmitter) simulated and measured antenna
radiation pattern at 6 GHz: (top left) measured along the E-plane;
(top right) measured along the narrow cross-section of the pattern;
(bottom left) measured along the H-plane; (bottom right) measured
along the broad cross-section of the pattern.

respectively, both in the E- and H- planes, and for angles
φ = 45◦ and φ = 135◦. These angles correspond to
the broadest and narrowest cross-sections of the radiation
patterns. Fig. 12 shows the cross-polarized patterns in the
E- and H- planes. The features of the radiation pattern are
presented in Table 4.

VI. DISCUSSION
Although theoretically the symmetric array configuration
used in this design should exhibit complete cancellation of
coupled fields between the patch elements, and although
simulations of the array without including the feed network
indicated isolation potentially as high as 90 dB, the addition
of the feed network reduces the simulated isolation to only
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FIGURE 11. Port 2 (receiver) simulated and measured antenna radiation
pattern at 6 GHz: (top left) measured along the H-plane;
(top right) measured along the broad cross-section of the pattern;
(bottom left) measured along the E-plane; (bottom right) measured
along the narrow cross-section of the pattern.

TABLE 4. Antenna radiation pattern features at 6 GHz.

66.2 dB. A major contributing factor to this significant drop-
off is the coupling between the mictrostrip traces within
the feed network. For this reason, it is important to mini-
mize the thickness of the feed network substrate in order
to confine the fields closely around the copper traces. It is
possible that using other transmission line architectures, such

FIGURE 12. Simulated and measured cross-polarized radiation pattern at
6 GHz: (top left) measured along the E-plane of port 1; (top right)
measured along the H-plane of port 1; (bottom left) measured along the
H-plane of port 2; (bottom right) measured along the E-plane of port 2.

as stripline or grounded coplanar waveguide could provide
better performance. However, such transmission lines are
more complicated to implement and here we used microstrip
transmission lines to demonstrate the concept. We recognize
that our current feed network limits the isolation we are able
to attain, and plan to design improved versions for future
work. Additionally, we have found that there is a correlation
between the simulated isolation and the fineness of the mesh
used in the substrates and copper traces. Often the isolation
can be improved in simulation by using a finer mesh, but at
the cost of speed.

The performance of the prototype matches the simulated
performance reasonably closely, both in terms of the scat-
tering parameters and in terms of the radiation pattern. The
measured isolation of 63.7 dB falls just short of the simulated
value. The measured radiation pattern aligns very closely
with the simulation, the major differences including a slight
angular shift, a difference of around 1–2 dB on average
over the angular sweep between the measured pattern and
simulated pattern, and sharper nulls in the measured pattern
along the narrow cross-section compared to the simulated
pattern. The angular shift could be attributed to misalignment
of the antenna boresights by around a degree during the setup
for the measurement. The lower realized gain is likely due to
losses in the system that were not accounted for in simulation,
such as connector insertion loss and protective tin plating
on the copper conductors. Additionally, the absolute gain
measurement assumes that the antennas are separated by free
space, which is not truly the case in an anechoic chamber,
and this could lead to additional uncertainty in the measured
gain. The sharp measured nulls may be a reflection of the
fact that the total gain in the vicinity of the nulls receives a
boost due to the presence of cross polarized fields, which are
not received as strongly by the linearly polarized ancillary
antenna.

While 63.7 dB is a relatively high isolation between trans-
mit and receive ports in such close proximity, this does
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fall short of the isolation that we are targeting to imple-
ment a communication system with simultaneous transmit
and receive. However, we have noticed several phenomena
indicating that higher isolation levels should be possible.
Although the antenna’s isolation was measured in the ane-
choic chamber in order to reduce the impact of reflections
from the environment, we still observe very rapid fluctuations
in the isolation response, which indicates that reflections are
not entirely eliminated. By positioning an additional foam
absorber in front of the antenna boresight, we have found that
the isolation can be improved slightly. Additionally, experi-
menting with the RF cables attached to the antenna system
during the measurement has indicated that the isolation is
sensitive to the position of these cables, since they perturb
the ninety-degree rotational symmetry. Depending on the
particular arrangement of the RF cables and the position of
the foam absorber, we measure a range of isolation from
anywhere in the 60s of dB to more than 70 dB. The reported
value of 63.7 dB corresponds to a typical result that is repeat-
able by simply making the measurement in the anechoic
chamber with a direct cable connection and no additional
absorber. In practice the transmitter and receiver circuitry are
embedded in the backplane of the antenna system and are
thus invisible to the radiating and receiving antennas. We do
believe that the ninety-degree rotational symmetry used in
this design is capable of achieving isolation levels of more
than 70 dB and possibly more than 80 dB in the absence of the
connectors and the RF cables used for the S21 measurement,
especially with further optimization of the feed network.

VII. WIDEBAND DESIGN
Additionally, our goal is to implement this concept not only
for single frequency designs, but for wideband applications as
well. One of the challenges associated with this is the need for
a one-hundred-eighty-degree hybrid coupler that functions
over a large bandwidth to feed the transmitters perfectly out
of phase and subtract the received signals. Since this will be
difficult to achieve over a wide bandwidth, we look at the
effect of allowing a small deviation from perfect out-of-phase
excitation and subtraction. Suppose we have the following:

V+2 = −V
+

1 e
j1φT

VR = V−3 − V
−

4 e
j1φR , (6)

where 1φT and 1φR are the phase variations from one
hundred and eighty degrees of the phase differences between
the transmitter signals and receiver signals, respectively, and
VR is the total wave coupled to the receivers from the trans-
mitters. Substituting (6) and (2) into (1), and allowing for
impedance mismatch as in the second and third equations
of (3), we can solve for VR as follows:

VR = V+1
S3(1− ej1φT )

(1− S103) (1− S104)− S220304
×((1− S104 + S204)− (1− S103 + S203) ej1φR ).

(7)

FIGURE 13. The coupled line section with opposite ends of each line
shorted in (a) can be modeled by the equivalent circuit in (b). Inserting
(a) in place of the 3λ/4 line of the rat-race coupler, as shown in (c),
produces the equivalent circuit shown in (d). The extra shorted quarter
wave lines are required to maintain the symmetry of the design. λc is the
wavelength at the center frequency of the design band, and the 180◦

block represents an ideal phase inverter.

Based on our estimates of the scattering parameters S1, S2,
and S3, and the reflection coefficients03 and04, (7) indicates
that the received coupling from the transmitters can be kept
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FIGURE 14. The simulated scattering parameters of the wideband coupler
are shown.

below −80 dB if 1φT and 1φR are within about ±3◦ from
zero. This result indicates that a wideband hybrid coupler
with low phase imbalance will be required to implement
a system using this symmetric configuration over a wide
bandwidth.

To design a coupler capable of providing a 3 dB power
split with a one-hundred-eighty-degree phase difference over
a bandwidth of about 25%, we begin by considering a
microstrip rat race coupler, a standard coupler for out-of-
phase power division. However, due to the presence of the
transmission line of length 3λ/4 in the rat race, the per-
fect phase difference between the outputs is not held when
the frequency drifts from the center frequency. To address
this issue, we replace the 3λ/4 line with a coupled line
section of length λ/4 with one end of each line shorted,
as in [14] and [15]. This configuration behaves like a quarter-
wave transmission line in series with an ideal phase inverter,
as shown in Fig. 13. Using this substitution provides a
constant phase difference between the two coupler outputs
(ports 2 and 4 when port 1 is used as the input) as frequency
changes, since the two paths between ports 1 and 2 have the
same physical length as the two paths between ports 1 and 4.
This allows for the design of a wideband one-hundred-eighty-
degree coupler. Because of the two shorted quarter-wave
lines in the equivalent circuit for the coupled line section,
additional shorted quarter-wave lines must be placed near
ports 3 and 4 to maintain the symmetry of the coupler.

Using this method to design a modified rat race coupler,
we are able to achieve an equal power split with less than
0.06 dB of amplitude imbalance and less than±0.5◦ of phase
imbalance over the 5.24 GHz – 6.94 GHz band (about 28%
bandwidth). The simulated scattering parameters of the cou-
pler are shown in Fig. 14, while Fig. 15 shows the amplitude
imbalance and phase imbalance.

The patch elements used in the current design are matched
only in a narrow frequency band centered at 6GHz. In order to
present the wideband coupler with a well-matched load over

FIGURE 15. The amplitude imbalance (top) and phase
imbalance (bottom) between S41 and S21 of the wideband
coupler are shown.

its operating band, new radiating elements must be designed.
The U-slot patch is capable of bandwidth on the order
of 25% - 30%, and should be suitable for this purpose. Imple-
mentation of wideband U-slot patch elements and utilizing
them in conjunction with the wideband coupler to design a
wideband two-port antenna system with high isolation is the
subject of future investigation.

VIII. CONCLUSION
In this paper it is shown that using polarization orthogonality
and a novel rotational symmetry cancellation, it is possible
to design a compact transmitter and receiver antenna system
that has very high isolation between the two ports. By using a
square grid array with ninety-degree rotational symmetry and
one-hundred-eighty-degree hybrid couplers, we were able
to construct a prototype antenna that matched simulation
results well and exhibited isolation of 63.7 dB at the design
frequency. This is quite an impressive level of isolation for an
antenna system without the aid of any analog or digital can-
cellation, especially considering that the patches are spaced
less than a wavelength apart. These results are promising,
since we believe isolation levels of more than 70 dB and
perhaps more than 80 dB are possible with additional design
efforts. This puts us at isolation levels that would be usable in
a full-duplex systemwith a very high receiver dynamic range.

Additionally, we have designed a one-hundred-eighty-
degree hybrid coupler with low amplitude and phase imbal-
ance over a bandwidth of 28%, which we hope to utilize
in future designs to implement a wideband antenna system
for communication and radar applications that require more
bandwidth.
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