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Abstract—A novel null scanning patch antenna operating at 2.4
GHz is presented. Unlike the existing reconfigurable techniques,
the even and odd modes of a shorted patch are adopted to first
achieve a broadside pattern and pattern null on broadside. Contin-
uous null scanning is achieved by combining these two modes with
different exciting powers. The mechanism of null scanning is dis-
cussed from both theoretical analysis and simulated/measured re-
sults. A rat-race switching network is used to excite the two modes
and simultaneously obtain high port isolation. A prototype is fab-
ricated and tested. The measured results verified the null scanning
capability of the proposed design.

Index Terms—Even/odd mode, null scanning, pattern reconfig-
urable, shorted patch.

I. INTRODUCTION

P ATTERN reconfigurable antenna has drawn significant
attention over the past few years because of its capa-

bility to enhance the wireless system performance [1]. Various
techniques have been proposed to realize multiple patterns in
a single antenna. Mechanical methods are applied in [2], [3]
which use actuators to change the position of the radiators.
Tunable materials are used in [4] to change the electrical phase
constant of the propagation wave and finally change the beam
direction. Switches or varactors are commonly adopted in most
literatures on radiators [5]–[8], parasitic elements [9]–[11] or
feeding networks [12], [14].
Recently, a special kind of reconfigurable antenna, null

scanning antenna, has become of research interest and received
much attention [10], [13], [14]. Diodes are used on an an-
nular slot [13] or on the arms of Wilkinson power divider in
a feeding network [14]. Different states of the diodes could
make the specific direction a null on radiated pattern. However,
use of diodes can only achieve discrete null scanning and
cannot satisfy the application requirements. In [10], a pattern
reconfigurable null scanning antenna is proposed to achieve
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continuous scanning. Four parasitic patches and 12 varactors
are employed in the design. A pattern with a null on broadside
is first excited by the center driven patch. Then by controlling
the varactors the broadside pattern can be achieved from the
parasitic patch, which finally affects the null titling. However,
its dc control circuit needs other components, which makes the
design complex and increases the fabrication cost. In addition,
its size (almost one wave length) is still the obstacle for array
design.
Dual-mode or multimode antenna have been investigated and

used for pattern diversity applications [15]–[18]. In [15], the
author excited the TM and TM modes of a short-circuited
circular patch and obtained a broadside pattern and a conical
pattern, respectively. The possibility of reconfigurable antenna
was also discussed but with only short description and no ex-
perimental results. In addition, its large size would also be the
obstacle in array design.
The proposed null scanning antenna in this paper uses the

even and odd modes of a shorted patch, for the first time to
make the antenna radiate in two different ways. The radiated
patterns could be broadside for the even mode and pattern null
on broadside for the odd mode. As the two modes need to be fed
in-phase and out-of-phase, a rat-race coupler is quite consistent
with such a feeding requirement and the two input ports could
also ensure good isolation in the same time because the isolation
is very important when combining these two modes for pattern
reconfigurability.
After the two patterns have been obtained from the even and

oddmodes, null scanning could be achieved by combining these
two modes with different exciting powers and a specific phase
difference. Theoretical analysis, simulated results and measured
results will be given in this paper.
This paper is organized as follows. The operating principle

along with the antenna design is described in Section II.
Section III presents the simulated and measured results in-
cluding S parameters and radiated patterns for the even and odd
modes. Null scanning mechanism and results are discussed in
Section IV and conclusions are drawn in Section V.

II. OPERATING PRINCIPLE AND ANTENNA DESIGN

A. Operating Principle

Fig. 1 plots the electric field distribution in a shorted patch for
two different scenarios. For Fig. 1(a), it is essentially the TM
mode of a traditional patch, from which results a broadside radi-
ated pattern. Although the field distribution is in odd symmetry,
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Fig. 1. Two modes of a shorted patch. (a) Even mode, (b) Odd mode.

Fig. 2. Geometry of the proposed antenna;
, unit all in

mm. (a) Top View, (b) Side Cutting View.

we define it as an even mode, as the equivalent magnetic cur-
rents and are in phase along the left and right side
slots, respectively. The shorting plane at the center has little ef-
fect on the field distribution in this scenario as the field in the
center plane is inherently zero. Owing to the introduction of the
shorting plane, the field in the center plane is forced to be zero
so that the scenario in Fig. 1(b) could be of reasonable exis-
tence where the field has a symmetrical distribution centered on
the shorting plane. We define it as an odd mode as the mag-
netic equivalent currents and are out of phase along
the two side slots. This mode makes the broadside a null in the
radiated pattern as the two equivalent currents cancel out with
each other in this direction.

B. Antenna Design

Based on the model in Fig. 1, we proposed the reconfig-
urable antenna as shown in Fig. 2. The metal patch with an area
of 50 45 mm suspends mm over the ground plane
with the support of a shorting plane soldered in the center. It
is worth mentioning that the length and width of the patch are
both shorter than half wave, which can be used in array de-
sign. The ground plane and the feeding network are on the two
sides of an FR-4 substrate with a
height of mm. Slot-coupled feed technique is used to ex-
cite the patch antenna. There are two identical U-shaped slots
etched on the ground plane. Impedance matching is realized by

Fig. 3. Rat-race feeding network;
, unit all in mm.

tuning the parameters of the slots. When these two slots are ex-
cited out of phase with the same amplitude, an odd symmetrical
field distribution will be generated between the patch and the
ground as shown in Fig. 1(a). When they are excited, in turn,
in phase but still equally in amplitude, the field like what is in
Fig. 1(b) will be generated. Therefore, a feeding network with
both out-of-phase and in-phase excitations is required to achieve
the even and odd modes.

C. Feeding Network

A 180 hybrid coupler is a four-port network with a
180 phase shift between the two output ports and it can also
be operated so that the outputs are in phase [19]. Such char-
acteristics are exactly what it needs for the feeding network
described above. So a 180 hybrid in rat-race form is designed
as shown in Fig. 3. The lines from two input ports (1 and 2) and
two output ports (3 and 4) below the two U-shaped slots have
a characteristic impedance of 50 and the rat-race ring has a
characteristic impedance of .
It’s worth noting that there is strong coupling between output

ports 3 and 4 as the currents generated by one output port will
be easily coupled to the other through the patch and ground
plane. Due to the in-phase and out-of-phase excitations, the ac-
tive impedance on the two output ports is different for the even
and odd modes. So we first design the rat-race structure when
the antenna is in even mode and realize the impedance matching
on Port 1. Than a shorting line with length and distance
from rat-race ring is used to further match the impedance of Port
2, it serves as a shunt inductance and by tuning impedance
matching can be obtained [21]. The path length between the four
points on the rat-race ring is labeled in the figure. The signal fed
to Port 1 will be equally split into two components with a 180
phase difference at the two output ports and the even mode of
the shorted patch is obtained. If the signal is fed to Port 2, it will
be evenly split into two in-phase components at the two output
ports and the odd mode of the shorted patch is then generated.
The two input ports are always isolated as two signal paths from
one port to another on the ring have a difference of , where
is the wave length in the substrate.
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Fig. 4. Pictures of fabricated antenna: (a) Top view without shorted patch;
(b) Back view; (c) Overall look.

Fig. 5. Simulated electric field distribution by HFSS at 2.45 GHz. (a) Even
mode, (b) Odd mode.

III. SIMULATED AND MEASURED RESULTS

To verify the pattern reconfigurable characteristics, the pro-
posed antenna is first simulated by High Frequency Structure
Simulator (HFSS), then fabricated as shown in Fig. 4, and
finally measured in anechoic chamber. Fig. 4(a) shows the
ground plane of the antenna where two identical U-shaped slots
are etched on. Fig. 4(b) shows the feeding network, which has
a little difference when compared with Fig. 3. An additional
opening strip is manually attached with a sticky copper foil after
the substrate has been made up by photolithography technique.
It is used to correct the impedance mismatch on Port 2 due to
the fabricated error of the shorted patch. Fig. 4(c) shows the
overall look of the antenna and a shorting plane is welded in
the center of the patch.

A. Simulated Field Distribution

With the help of HFSS, the electric field distribution between
patch and ground can be observed intuitively. Fig. 5 shows the
field plot of the two mode excitations around the proposed an-
tenna in x-z cutting plane (20 mm offset the origin to avoid the
influence of the excited U-shaped slots). It is clear to see the
odd symmetry and even symmetry in the field distribution for

Fig. 6. Results of S parameters: (a) comparison of simulated and measured
ones before correction; (b) measured ones after correction.

the even and odd modes, respectively, which verify the oper-
ating principle of the antenna described in Section II.

B. S Parameters

Fig. 6(a) shows the simulated and measured S parameters be-
fore the impedance matching correction on Port 2. It can be
seen that the measured results for both S11 and S22 have a fre-
quency shift due to the fabricated errors. These errors are mainly
caused by the position error of the shorting plane and height
error of the patch over the ground plane, as these two structures
are fabricated manually while the U-shaped slots and feeding
network on the substrate are fabricated by precise photolithog-
raphy technique. The frequency shift for Port 1 is still within the
required operating bands. However, it moves out of the oper-
ating bands for Port 2. This is because we designed the rat-race
structure by giving the priority to the impedance matching of
Port 1 which leading to the impedance matching on port 2 is
much more sensitive to the manual fabrication errors. Thus, the
impedance matching correction is only done on Port 2.
Fig. 6(b) shows the measured S parameters after the

impedance matching correction using the additional opening
strip. The opening strip here serves as a shunt capacitor [21] to
compensate the impedance matching caused by the short-cir-
cuited strip . The final measured results show that both Port
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Fig. 7. Radiated patterns for even mode: (a) E-plane; (b) H-plane.

Fig. 8. Radiated patterns for odd mode: (a) E-plane; (b) H-plane.

1 and 2 cover the WLAN band from 2.4 to 2.48 GHz. The
isolation between the two input ports maintains higher than
30 dB through the whole band which provides the essential
conditions for the null scanning mechanism.

C. Radiated Patterns for Even and Odd Modes

Figs. 7 and 8 show the simulated and measured normalized
radiated patterns for even and odd modes at 2.45 GHz. When
one port is under measurement, the other is in open circuit as
the high port isolation already ensures that the two ports work
without interference. A broadside pattern obtained from even
mode is shown in Fig. 7. The measured and simulated gains
are 8.93 dB and 9.30 dB, respectively. A pattern with a null in
broadside obtained from odd mode is shown in Fig. 8. The mea-
sured and simulated gains for this mode are 4.34 dB and 4.34
dB, respectively. The beam direction of the odd mode is about
40 in elevation plane. Fig. 9 shows the E-plane of the total mea-
sured gain patterns of even and odd modes for comparison and
these two measured patterns are the basis patterns for null scan-
ning that will be discussed in the following Section 2.

IV. DISCUSSION AND RESULTS OF NULL SCANNING

As was mentioned in Section I, null scanning could be
achieved by combining the two patterns we have obtained in
Section III with different exciting powers and a specific phase
difference. Thus, in this section, we will first demonstrate the
mechanism from theoretical analysis, then give the simulated
and measured results for null scanning and finally discuss the
effect of the phase difference on the pattern null.

Fig. 9. Total gain patterns of even and odd modes for comparison.

Fig. 10. Illustration for two magnetic dipole array.

A. Theoretical Analysis

A patch antenna can be treated as two magnetic currents sep-
arated by distance from the view point of radiation, as shown
in Fig. 10, and these two magnetic currents make up a two-el-
ement array. For brevity, we consider the null scanning mecha-
nism on the E-plane (xz-plane or ).
It is known that the pattern of the element magnetic current

in xz-plane is omnidirectional. Thus, we define the field pattern
as

(1)

The array factor for the two elements with the same magni-
tude and phase difference is [20]

(2)

where is the wave number in the air and
for a half-wave patch. For the even and odd modes, equals 0
and , respectively. Thus, the array factors for these two modes
on xz-plane are

(3)
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and

(4)

respectively.
Then, the total pattern for the twomodes would be the product

of the element pattern and the corresponding array factor, i.e.,

(5)

(6)

We assume that in (1), (5) and (6) is the value when the
exciting power is unity. If the even and oddmodes are excited si-
multaneously and the exciting power of the two modes is and
, respectively, considering the relationship between power

and field intensity

(7)

the synthetic pattern then can be derived as

(8)

For a pattern null, it satisfies the equation

(9)

The angle of pattern null thus can be derived by substituting (9)
into (8) as

(10)

From (10), we can see that by changing the ratio of the two
exciting powers, the pattern null will move on the xz-plane.
Specifically, when the ratio is zero, which means only the odd
mode is excited, will be zero indicating the null on broadside.
And when the ratio is infinite, which means only the even mode
is excited, will be 90 and the pattern null is endfire. In addi-
tion, the range of the ratio is , where the neg-
ative value means the two modes have a 180 phase difference
and the positive value implies that the two modes are excited in
phase. Therefore, the null angle has the range from to
90 in E-plane, which means that the null scanning could cover
the half-plane in elevation plane.
It is worth noting that such the equivalence of the two mag-

netic currents in Fig. 10 isn’t reasonable for the patter of the odd
mode in yz-plane. In (2), if is set to be 90 and equals , AF
of the odd mode in yz-plane is zero which means the pattern in
yz-plane is zero in every place and it contradicts to the results
in Fig. 8. The fact is that, in contrast to the traditional patch,

Fig. 11. Pattern null at : (a) two ports excited in phase; (b) two ports
excited out of phase.

Fig. 12. Pattern null at : (a) two ports excited in phase; (b) two ports
excited out of phase.

Fig. 13. Pattern null at : (a) two ports excited in phase; (b) two ports
excited out of phase.

the proposed shorted patch in odd mode also has two equiva-
lent out-of-phase magnetic currents on other two sides (perpen-
dicular to y axis), thus making the pattern in yz-plane similar
to that in xz-plane as shown in Fig. 8. In addition, these two
out-of-phase magnetic currents have no contribution either to
the pattern in xz-plane and previous discussion is not affected.
However, null scanning could not be achieved in yz-plane as
polarizations of two modes are not the same in this plane.

B. Simulated and Measured Results for Null Scanning

Figs. 11–13 show the comparison of simulated and measured
results at several different pattern nulls for discussion. The
power ratio between the two input ports is also given for
comparison in the figure. The simulated results are derived
from HFSS and the measured results are derived according to
the following steps:
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Fig. 14. The effect of exciting power ratio on both null angle and null depth.

— the patterns with magnitude and phase for even and odd
modes are measured in anechoic chamber respectively,
and when the port of one mode is being measured, the
other is in open circuit; the pattern results and

obtained in this step are actually those in part C
of Section III;

— import the measured even and odd pattern results to
MATLAB to calculate the synthetic pattern using

(11)

— find the in calculated where the concave spot lo-
cates in upper half plane as the pattern
null;

From the figure, we can see that the measured null patterns
agree very well with the simulated ones. And the simulated and
measured power ratio for the same null angle has only little
difference. From the figure we could also see that when the two
ports were excited in phase and out of phase, the pattern null
scans in the plane of and , respectively, and the two
patterns with the same power ratio are in mirror symmetry with
the symmetry plane of .
Fig. 14 illustrates the angle of null with the function of the

port exciting ratio. Theoretical, simulated, and measured curves
are all plotted for comparison. The ratio of the horizontal axis is
displayed in logarithmic format. The theoretical curve is drawn
from (10). It first indicates that three curves coincide with each
other pretty well except for large scanning null angles where the
differencemay be caused by the effect of the finite ground plane.
Both the measured and simulated results validate the theoretical
analysis discussed at the beginning of this section and it is very
instructive that we could follow this principle to design other
different antennas with the capability of null scanning. Fig. 14
also indicates that when the power ratio changes from (odd
mode) to (even mode), the pattern null could scan in the
upper half xz plane, i.e., the elevation angle changes from 0 to
90 .
The simulated effect of the exciting power ratio on the null

depth is also illustrated on Fig. 14 for demonstration. The results
show that for different power ratio, in other words, for different
angle nulls, the depth of the nulls is all below dB and this

Fig. 15. The effect of phase different between two input ports.

value is completely enough to define the pattern null. Thus we
can conclude that the power ratio has little effect on the null
depth.

C. The Effect of Phase Difference

Fig. 15 demonstrates the effect of phase difference between
the two exciting ports for both the angle and depth of the pattern
null. All the results are derived when port ratio equals 1
(0 dB). In theory, the deepest null occurs at the phase difference
of 0 or 180 , which is applicable for all the angles of pattern
nulls; however, the results show that there is a shift. This
phase shift is introduced by the unequal length of the feeding
lines from the port to the rat-race ring. It can be seen from the
figure that the null depth changes with different phase differ-
ences while the pattern null stays at 35 with no change.
This result indicates that by setting a specific phase difference,
the null depth could reach the desired level while the angle of
the pattern null remains stable in a wide range around the phase
difference where the deepest null is achieved. And the phase dif-
ference can be set in the design of the feeding network or tuned
when the ports are excited. Meanwhile, the angle of pattern null
is only controlled by the power ratio as it is demonstrated in part
B, that is to say, null angle and null depth can be controlled in-
dependently.

V. CONCLUSION

This paper presents a pattern null reconfigurable antenna op-
erating at WLAN band of 2.4 GHz. The antenna consists of a
shorted patch, and a slot coupled feed method is used to excite
the patch. The proposed antenna has a broadside pattern from
its even mode and a pattern with null in broadside from its odd
mode. These two modes are excited by a rat-race feeding net-
work and they are combined to achieve null scanning mecha-
nism in the E-plane. The exciting power ratio of the two modes
controls the pattern null angle and the phase difference controls
the null depth. Small size makes the antenna suitable for the
array design. Theoretical analysis provides a kind of new guid-
ance to design null scanning antennas and with this other fea-
tures such as wideband and dual polarization could be added in
the future.
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