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Abstract—This paper examines the feasibility of using the
phase cancellation technique with an electrically small ground
plane. A modified broadband twin slot structure fed by a
corporate microstrip feed on an electrically thin substrate is
made unidirectional by using a backing ground reflector. The
coupling to the quasi-TEM mode is reduced through a phase
cancellation technique by placing the twin elements at a distance
of about half a guided wavelength. Traditional designs employing
phase cancellation used an electrically large ground plane,
typically about 2.5A, from each slot edge to the ground plane
edge. In this work, it is demonstrated that a ground plane that is
only 0.54, from each slot edge actually achieves smoother
radiation patterns and higher gain. The proposed structure
maintains its primary characteristics over the large impedance
match bandwidth of the antenna (18%). The total size is about
1.6AX1.6A,X0.25A,. As a result of the reduced overall size
compared to previous implementations, this structure could be
useful in numerous wireless applications. This study is verified
experimentally at a nominal design frequency of 8GHz.

Index Terms—Broadband antenna, phase cancellation, slot
antenna.

I. INTRODUCTION

LANAR slot antennas have various applications due to

their broad bandwidth and low profile. However, slots on
an electrically thin substrate radiate from both sides of the
substrate. This is an undesirable characteristic in many
applications because it reduces the forward gain. A classic
technique to reduce or eliminate the back radiation has been to
place a cavity behind the slot [1]. However, this approach
increases the construction complexity considerably due to the
additional machining and attaching of the cavity to the
antenna as well as any subsequent tuning.

Another effective approach to reduce the back radiation in a
planar slot array environment is to place a backing ground
reflector at a distance of A¢/4 away from the slot ground plane
[2]. By placing the backing ground reflector, a TEM or quasi-
TEM mode can then be supported in the space created
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between the slot ground plane and the backing ground
reflector. To reduce the power coupled to this mode, the slots
in the array are spaced at a distance close to half a guided
wavelength apart such that the power radiated by adjacent
slots adds destructively. This general approach is termed
phase cancellation and finds application in the reduction of
power coupled to surface-waves on electrically thick
substrates [3] as well as in the reduction of power coupled to
TEM or quasi-TEM modes as in this application. A more
detailed background into the development of phase
cancellation for different applications can be found in [4].

Many antenna applications require a large operating
bandwidth in terms of impedance match, radiation pattern
shape, and gain. Additionally, these characteristics should be
met with as compact and inexpensive an antenna as possible.
Another planar antenna structure that achieves broadband
unidirectional radiation patterns is the aperture coupled
stacked patch [5]. However, this approach requires multiple
substrate layers that must be carefully aligned and glued,
increasing the complexity and cost. Using the approach
presented here, only a single substrate is needed. The backing
ground reflector is simply placed at a distance of about 0.25X,
and does not require any additional alignment. Also,
compared with previous implementations of the phase
cancellation approach with twin slot type structures [6], this
antenna is more broadband and the total size is much smaller
at only 1.6A,x1.61,x0.25X, (the smallest ground plane used in
[6] was about 4A,x4X,x0.25), — corresponding to a 60%
reduction in the overall antenna size).

The purpose of this study is to demonstrate the feasibility of
using the phase cancellation approach with an electrically
compact ground plane. The phase cancellation approach is
broadband if the slot elements are kept in phase as is done
here using a corporate feed network. It will be demonstrated
that a compact backing ground reflector with a broadband
twin slot geometry achieves smooth radiation patterns and
high gain over the entire match bandwidth. The proposed
antenna structure will be compared to the same antenna
structure on an electrically large ground plane and it will be
shown to be superior in terms of both radiation pattern and
gain performance.
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This paper is organized as follows. In Section I, the basic
principle of operation of the proposed array is outlined,
including a brief review of the phase cancellation approach
and the design of the twin slot geometry. In Section Ill, the
experimental radiation patterns and gain are compared for the
twin slot structure on the electrically large and electrically
small ground plane. Finally, in Section IV some conclusions
are discussed.

Il. PRINCIPLE OF OPERATION

A. Theory

In this section, since a comprehensive treatment of the
phase cancellation approach is given in [7,8], only a brief
review of the approach and the primary results will be given.
The side profile geometry of a generic twin slot array type
structure is shown in Figure 1. In this figure, Prap is the
power radiated to free space, Psy is the power lost to surface
waves, and Pgack is the power coupled to the mode that
propagates between the two ground planes. This parallel plate
mode is treated here as a TEM mode since the substrate on the
top ground plane is electrically very thin (h=0.01),) in this

application.
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Figure 1: Side profile geometry of a generic twin slot array
structure.
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For a general slot current distribution, within an N-slot array,
the far-field patterns and the radiated power are given by [7]
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The radiated power is then given by
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is
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B. Geometry and design

These general results must be applied to the particular
current distribution of the modified twin slot geometry
explored in this study. The geometry of one of slots along
with the dimensions used is given in Figure 2 while the layout
of the twin slot structure is given in Figure 3. This structure is
essentially a modification of the microstrip T-fed slot antenna
described in [9]. However, by simulation of the structure in
[9], it was determined that its exact impedance behavior is
sensitive to the positioning of the strip with respect to the slot.
To alleviate the tolerances on the alignment of the masks on
the two sides of the substrate, the strip is placed on the top
side within the slot boundary itself. This ensures proper
positioning of the strip with respect to the slot since the strip
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and slot appear on the same mask. The strip is then attached to
the microstrip feedline with a via similar to that used in [10].
Examining the slot/strip structure as implemented here and
comparing to [9,10], it seems that the structure essentially
appears as a via fed folded slot. The offset strip enhances the
impedance bandwidth through the introduction of additional
resonances. To design this twin slot structure and microstrip
feed network, a ‘2.5-D° (where all planar surfaces are
assumed infinite in the transverse direction) Method of
Moments (MoM) commercial software package was used. The
return loss for the designed twin slot structure is given in
Figure 4. The nominal design center frequency is 8GHz.

el wge

Wreed Lst | Ls

Microstrip

.
Wst
Ws

Figure 2: Microstrip-fed offset folded slot geometry. The
final dimensions used for the twin slot design are (in
microns): Ws=5015, Ls=16634, Wst=1188, Lst=12984,
Wg1=112, Wg2=3715, Wfeed=1280, Dvia=250.
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Figure 3: Layout of the twin slot geometry. The backing
ground reflector lies directly underneath at a distance of
h1 and has the same outer dimension W and L. The
center-to-center distance between the slots is
D=0.54A=20250pm.

Given the complexity of this geometry, a determination of
the exact current distribution in a closed form expression
appropriate for the equations above is difficult. As such, the
current distribution will be approximated to obtain the
efficiency and gain and compared to the results obtained

numerically by the 2.5-D MoM simulator. Since the slot
appears to operate like a folded slot, the current distribution is
assumed to be that of a half-wave slot (co-sinusoidal) with a
width equal to that of the entire slot. The results of the
comparison between theory and the 2.5-D MoM simulation
data for the efficiency, gain, and E and H plane radiation
patterns are given in Figure 5 through Figure 8. As seen, there
is good agreement between the theoretical and numerical
results, implying that the approximated current distribution is
reasonably accurate.
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Figure 4: The 2.5-D MoM simulated return loss for the
designed antenna.
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Figure 5: The 2.5-D MoM simulated and theoretical
efficiency for the designed antenna.
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Figure 6: The 2.5-D MoM simulated and theoretical gain
for the designed antenna.

180

Figure 7: The 2.5-D MoM simulated and theoretical E-
plane co-polarized radiation pattern at the design
frequency of 8GHz. Solid line: 2.5-D MoM; dotted line:
theory.
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Figure 8: The 2.5-D MoM simulated and theoretical H-
plane co-polarized radiation pattern at the design
frequency of 8GHz. Solid line: 2.5-D MoM; dotted line:
theory.

C. Finite ground plane effects

However, in regards to the previous section, it must be
observed that the 2.5-D MoM simulated substrate and ground
plane are assumed to be infinite in the transverse direction. As
such, any power coupled to the surface wave or parallel plate
mode simply disappears. In reality, uncancelled surface wave
or parallel plate mode power will diffract off the edges of the
finite substrate and ground plane and cause radiation pattern
interference and hence affect the gain [11]. This effect will
also be shown to have a significant effect in the experimental
section.

_
1 Liarae=2.53A,

P ]
! L arge=2.53A,
i Lomar =0.53A, | Lsmar =0.53A,

1
1
et PN/ \|/
\—Pﬁ\ﬁ/@\ﬁ%‘
Prea

Figure 9: Geometry of large and small substrates antenna.

The dimensions of the large and small substrate antenna are
shown in Figure 9 from which the basic operation of this
antenna can be understood. The uncancelled surface wave and
parallel plate mode power will radiate from the edges of the
finite substrate, labeled as Pgpge in Figure 9. For the small
substrate case, since the edges are located at about half a free
space wavelength from the slot edges, some of the power
radiated at the edges of the substrate will add in-phase with
the main beam. That is, the power radiated at the edges of the
substrate essentially acts as part of the twin slot array. Of
course, since this is diffracted power, some of the radiation
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will also appear behind the backing ground reflector. So if the
power coupled to the parallel plate mode were large (for
example, if a single slot was used instead of twin slots), the
back radiation level will increase. For the large substrate case,
since the power radiated at the opposite edges of the substrate
are located far away from each other, the radiation pattern
from these edges will form grating lobes that superimpose on
the twin slot array’s pattern. The alternating constructive and
destructive nature of the grating lobes will thereby cause
ripples and distortion in the overall radiation pattern.
According to this description, one would expect to see
distortion and ripples for the large substrate case and
comparatively smoother patterns and higher gain for the
smaller substrate case. These effects will be demonstrated in
the next section.

I1l. EXPERIMENTAL AND NUMERICAL RESULTS

A. Electrically large ground plane results

In this section, the results are given for the twin slot
structure on an electrically large ground plane. Referring to
Figure 3, the outer dimensions of the substrate and ground
planes are WxL=21cmx21lcm (5.6A0x5.6Aq). The measured
and 2.5-D MoM simulated return loss are given in Figure 10.
The observed deviation in the return loss is likely a result of
variations in the etched antenna dimensions and via
placement, and possibly a difference in the actual and reported
substrate permittivity. The —10dB return loss bandwidth is
between 7.2GHz to 8.8GHz, so with a nominal center
frequency of 8GHz the fractional bandwidth is 18.8%.

The measured radiation patterns are compared to those
obtained from a commercial full 3-D MoM based simulation
tool [12] so that the effect of the scattering from the finite
ground plane will be included. A 2.5-D MoM tool is used for
design since the assumption of an infinite substrate simplifies
the MoM calculation considerably. Since the structures
analyzed are electrically large, the corporate feed network is
omitted in the 3-D MoM analysis to reduce the number of
unknowns and permit manageable runtimes. Each slot is
individually fed with a length of microstrip having the same
width as was designed (see Ws in Figure 2). The measured
radiation patterns are compared to the 3-D MoM radiation
patterns at the designed center frequency of 8GHz for the E
and H plane co-polarized patterns in Figure 11 and Figure 12
respectively.
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Figure 10: Large substrate measured and 2.5D MoM
simulated return loss. Solid line: 2.5-D MoM; dotted line:
measured.

As observed, the remaining uncancelled parallel plate mode
power is scattered from the edges of the finite ground plane
and interferes with the radiation pattern. A similar effect was
observed in [11] for uncancelled surface wave power. This
interference manifests itself as ripples in the radiation pattern,
resulting in an undesirable randomized spatial gain variation.
This effect is even more pronounced at some other
frequencies. The E-plane co-polarized pattern is also shown at
the two end point of the —-10dB return loss bandwidth
(7.2GHz and 8.7GHz) in Figure 13. While the pattern is
relatively smooth at the low end of the frequency range near
7.2GHz, the ripples (distortion) in the radiation pattern are
strong near the high frequency end point (8.7GHz) causing
significant gain degradation.
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Figure 11: Large ground plane measured and 3-D MoM
simulated E-plane co-polarized radiation pattern at the
design frequency of 8GHz. Solid line: 3-D MoM; dotted
line: measured.
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Figure 12: Large ground plane measured and 3-D MoM
simulated H-plane co-polarized radiation pattern at the
design frequency of 8GHz. Solid line: 3-D MoM; dotted
line: measured.

Making meaningful gain measurements with a distorted
beam is problematic since the gain varies strongly between the
peaks and troughs of the radiation pattern. As a result of these
strong variations, the measured gain is always taken at
broadside to the array using the gain comparison method [13].
If there happens to be a peak (constructive interference) or a
trough (destructive interference) at broadside at a particular
frequency, the gain would read higher or lower respectively.

The resulting measured absolute gain within the —10dB
impedance bandwidth is shown in Figure 14. As shown, the
gain drops off sharply near the high end of the impedance
match bandwidth (near 8.7GHz) as a result of the significant
radiation pattern distortion near that point. The average gain
of this antenna over this bandwidth is 7.3dB.

Figure 13: Large ground plane measured E-plane co-
polarized radiation pattern at the end points of the
impedance match bandwidth. Dotted line: 7.2GHz; solid
line: 8.7GHz.
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Figure 14: Broadside measured absolute gain for the large
ground plane antenna.

The primary conclusion for the large substrate antenna is
that due to the ripples in the pattern, even at the center
frequency and particularly at the higher end of the frequency
band, this antenna has several significant undesirable
characteristics. As will be demonstrated in the next section,
these characteristics are not observed for the same antenna on
a compact ground plane.

B. Electrically small (“‘compact’) substrate results

In this sub-section, the results for the twin slot structure on
the electrically small (compact) substrate are given. Referring
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to Figure 3, the outer dimensions of the substrate and ground
planes are WxL=6cmx6cm (1.6A9X1.610). In order to keep
everything the same for the purpose of direct comparison, the
same antenna was used again. That is, the larger substrate and
backing ground reflector were simply cut down to this smaller
size. The measured return loss for the small and large ground
plane structures are shown in Figure 15. As observed, the
absolute bandwidth remains the same (from 7.2GHz to
8.7Ghz) while the shape does change somewhat. A possible
explanation for this is a small change in the backing ground
reflector height compared to the large ground plane when
reattaching it, or that since the backing ground reflector is
now electrically small, the backing ground reflector itself may
be introducing an additional resonance. In any case, the
change isn’t significant since the same absolute bandwidth is
maintained still giving a fractional bandwidth of 18.8%.
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Figure 15: Measured return loss for the large and compact
ground plane configurations compared to the 2.5-D MoM
simulation.

The measured radiation patterns are compared to those
obtained from the same commercial full 3-D MoM based
simulation tool [12] used before for the large substrate so that
the effect of the scattering from the finite ground plane will be
included. The measured E and H plane co-polarized radiation
patterns are compared to the 3-D MoM radiation patterns at
the designed center frequency of 8GHz in Figure 16 and
Figure 17 respectively.

In contrast to the results obtained for the large substrate,
these radiation patterns are relatively smooth and undistorted
despite having an electrically smaller ground plane. The
measured E-plane co-polarization is shown near the two end
points of the —10dB match bandwidth (7.2GHz and 8.7GHz)
in Figure 18. Once again the patterns are smooth and
undistorted compared to the large substrate. There is some
asymmetry present in the patterns, partially due to the
asymmetry in the corporate feed arrangement, and partially
due to the electrically close proximity of the connector to the
slot array (see Figure 20).
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Figure 16: Compact ground plane measured and 3-D
MoM simulated E-plane co-polarized radiation pattern at
the design frequency of 8GHz. Solid line: 3-D MoM;
dotted line: measured

Figure 17: Compact ground plane measured and 3-D
MoM simulated H-plane co-polarized radiation pattern at
the design frequency of 8GHz. Solid line: 3-D MoM;
dotted line: measured

For the purposes of making a direct comparison, the gain is
again measured broadside to the array using the gain
comparison method. The resulting measured absolute gain
over the —10dB impedance match bandwidth is shown in
Figure 19. As shown, the gain variation is smoother compared
to the large ground plane case since the radiation pattern
distortion is lower. The average gain of this antenna over this
bandwidth is 8.5dB. The compact antenna has a higher gain
than the larger antenna because the feedline losses are reduced
and because the some of the power radiated at the edges of the
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substrate adds in phase with the main beam, thereby avoiding
the distortion seen with the large substrate case.

180

Figure 18: Compact ground plane measured E-plane co-
polarized radiation pattern measured at the end points of
the impedance match bandwidth. Dotted line: 7.2GHz;
solid line: 8.7GHz.
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Figure 19: Broadside measured absolute gain for the large

and compact ground plane antenna. Solid line: compact;

dotted line: large.

e

s

Figure 20: Photograph of the prototype twin slot antenna
with a compact ground plane.

The primary conclusion for the compact ground plane
antenna compared to the large ground plane antenna is that the
radiation patterns are smoother and the average gain is higher.
Also, the total antenna size is smaller, which is highly
desirable in many applications.

IV. CONCLUSION

A broadband unidirectional twin slot antenna has been
presented. The phase cancellation approach was used
successfully to reduce the coupling to the parallel plate mode,
despite the significantly smaller ground plane size compared
with previous implementations. It was demonstrated that the
structure actually has better performance in terms of pattern
clarity and gain when implemented on the compact ground
plane compared to a larger ground plane version. This was
verified both through simulation and direct comparison

experiment. As a result of the reduced overall size
(1.6X0x1.640X0.25%,), this design makes the phase
cancellation more readily applicable.
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