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Abstract. Inspired by slotted waveguide antennas, a pair 
of resonant slots is placed in the center out of phase region 
of TM30 mode rectangular patch antenna which acts as 
a new radiating edge. Superposition of radiated fields of 
TM30 mode patch and fundamental mode of slots results in 
high directivity radiator with reduced side lobe levels 
(SLL). It is shown that by making the resonant frequencies 
of patch and slots equal, good impedance matching and 
gain flatness can be achieved. The placement of resonant 
slots also has a slight adverse affect on the in phase cur-
rent distribution resulting in asymmetric radiation pattern. 
It is demonstrated that a differential feeding scheme can be 
employed to achieve gain enhancement and symmetric 
radiation pattern by keeping the desired in phase current 
distribution intact. The proposed differential fed slot 
loaded patch antenna has symmetric radiation pattern with 
reduced cross polarization levels. It shows a measured 
gain of 12.8 dBi, SLL of –12 dB and S11 ≤ –10 dB imped-
ance bandwidth of 21 MHz. The proposed antenna can be 
used as a substitute for 2  2 array of patch antennas oper-
ating in fundamental mode and is suitable for integration 
with differential circuits. 

Keywords 
Higher order mode, differential fed, slot loading, high 
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1. Introduction 
High directivity planar antennas with low side lobe 

levels (SLL) are desired in various wireless communication 
applications. Patch antennas operating in fundamental 
mode have low gain typically 5–8 dBi [1]. Although, 
higher order mode operation in patch antennas can be used 
to increase directivity due to increase in size but high  
E-plane SLL limits their use for most practical applications.  

Recently, there is a renewed interest to improve the 
radiation characteristics of higher order mode patch 
antennas [2–6]. A dual mode circular patch antenna was 
proposed in [2] wherein superposition of radiated field was 

 
              (a)                                                    (b) 

Fig. 1. Simulated surface current distribution: (a) Conven-
tional TM30 mode patch antenna. (b) Proposed antenna. 

used to achieve gain enhancement and SLL reduction by 
employing simultaneous excitation of TM11 and TM13 
modes in a stacked configuration. However, due to multi-
layer nature, antenna has complex geometry and is difficult 
to fabricate. A differential fed shorted TM30 mode rectan-
gular patch is presented in [3] which has no E-plane SLL 
but resulting antenna has low gain and fabrication cost 
increases due to presence of via. In [4], E-plane SLL of 
TM12 mode circular patch antenna was reduced by em-
ploying a high dielectric constant substrate. However, 
surface wave losses in high dielectric substrates can cause 
ripple in main beam and reduction in antenna efficiency.  

In the past, slot loading has been employed to im-
prove the impedance bandwidth or SLL reduction in higher 
order mode patch antenna. U, E and C slots [7–10] can be 
used to achieve wide impedance bandwidth in patch anten-
nas by coupling the different resonant frequencies. Alt-
hough, extensive literature can be found to improve imped-
ance bandwidth using slot loading. Very few references are 
available for radiation pattern shaping using slot loading 
approach. The main cause of high SLL in higher mode 
patch antenna is out of phase surface current distribution as 
shown in Fig. 1(a). In [11], a reactive slot loading was 
employed to make higher order TM30 mode current distri-
bution similar to fundamental TM10 mode. As a result SLL 
are eliminated but at the expense of reduction in antenna 
directivity. A non resonant slot loading was used in [6] to 
reduce the SLL of TM12 mode circular patch antenna. 
However, antenna has asymmetric radiation pattern and 
high cross polarization levels.  
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In this paper we propose a resonant slot loading tech-
nique and differential feeding to achieve high gain, low 
SLL single layer patch antenna with symmetric radiation 
pattern and low cross polarization. The method employs 
a linear 1  2 array of slots which perturbs the out of phase 
current distribution in TM30 mode patch to create addi-
tional in phase radiators. It is shown that by perturbing 
only out of phase higher mode current distribution while 
keeping in phase current distribution intact, both directivity 
enhancement and SLL reduction can be achieved simulta-
neously. The slot loading technique presented here is dif-
ferent in the sense that it is used to improve the radiation 
characteristics of patch rather than impedance bandwidth 
enhancement. Moreover, in the proposed technique instead 
of removing the out of phase surface current distribution, it 
has been utilized to achieve performance enhancement of 
antenna. Different parameters that influence the perfor-
mance of antenna are investigated. It is shown that by 
making the resonant frequency of patch and slots equal, 
good impedance matching and gain flatness can be 
achieved. It is worthwhile to mention that differential 
feeding is usually employed to suppress cross-polarization 
[12] or to achieve symmetric radiation pattern [3] whereas 
current work demonstrates that differential feeding can also 
be used to increase directivity. A peak directivity of 
13.3 dB is achieved by means of proposed resonant slot 
loading and differential feeding technique with good SLL 
of –12.7 dB. To the best of our knowledge this is the high-
est reported peak directivity for TM30 mode patch antenna 
in single layer configuration using Teflon based substrate. 
In the past, fractal antennas operating in higher order frac-
ton or fractino mode showed higher directivity [13] com-
pared to their Euclidian counterpart. The proposed antenna 
demonstrates a practical realization of high directivity 
patch antenna employing simple Euclidian geometry and 
larger directivity compared to fractal antennas. 

2. Antenna Geometry and Radiation 
Mechanism 
The proposed antenna geometry is shown in Fig. 2. 

The antenna is designed to operate at resonant frequency of 
3 GHz. Arlon CuClad substrate having εr = 2.2 and thick-
ness h = 1.524 mm was used for antenna design. The rec-
tangular patch has length L and width W. A pair of slots, 
each having length  and width t is cut at the center of 

patch parallel to the radiating edges. The distance between 
the centers of slots is d. The antenna is fed using two dif-
ferential probes symmetrically located around the center 
and a distance F apart.  

The working of the antenna can be explained by tak-
ing an analogy with slotted waveguide antenna. In a wave-
guide, radiating slot can be created by placing a resonant 
slot such that surface current lines are interrupted [14]. 
Simulated surface current distribution of conventional 
TM30  mode patch is shown in Fig. 1(a). It consists of two 

 
Fig. 2.  Geometry of the proposed antenna (W = 10.1, L = 9, 

= 2.6, d = 6, t = 0.18, F = 2, all dimensions in cm). 

in phase regions located along the radiating edges and 
a center out of phase undesired region. By placing half 
wave length slots in the center region, slots can be excited 
in their fundamental mode as shown in Fig. 1(b). Use of 
differential feeding ensures the symmetric surface current 
distribution on the patch. The slots placed in the center 
portion of the patch interrupt the out of phase current dis-
tribution such that the induced slot field is in phase and 
polarization matched with the aperture field associated 
with the radiating edges of the TM30 mode patch. It is 
worthwhile to mention that a single higher order mode slot 
cannot be used in this case as in phase radiation condition 
would not be satisfied. An additional radiating edge is thus 
created in the form of two slots at the center of antenna. By 
combining the radiating field of higher order mode patch 
and fundamental mode of slots a simple single layer, low 
SLL and high directivity antenna is realized. 

3. Theoretical E-plane Radiation 
Pattern 
Theoretical radiation pattern of slot loaded patch 

antenna can be calculated by using superposition principle. 
The total far-field is given by the linear combination of 
patch and slot fields. 

 T Patch SlotE E E  .   (1) 

The equivalent aperture model of the antenna is 
shown in Fig. 3. Here slot 1 and 2 correspond to the effec-
tive radiating aperture of TM30 mode patch [15] with reso-
nant length along x-axis and represent the patch field, 
while slot 3 and 4 are radiating aperture corresponding to 
the resonant slots of about half lambda located at the center 
of the patch and represent the slot field. 

Assuming infinite ground plane, the E-plane (ϕ =0) 
radiated field of TM30 mode patch (slot 1 and slot 2) can be 
calculated [16] and is given as 
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The radiating field of slot (slot 3 and slot 4) due to 
two element y-directed slot array may be determined using 
pattern multiplication. For single resonant slot of about half 
lambda located at origin, electric field can be modeled as 
that of TE10 mode of rectangular waveguide [17] as shown 
in Fig. 3. The slot aperture field can be written as 
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The radiated field of single slot can be calculated 
using equivalence principle and is given by 
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Array factor due to two slots along y-axis at distance 
d apart is given by 
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Fig. 3.  Equivalent aperture model of the proposed antenna. 

 
Fig. 4.  Simulated and calculated E-plane radiation patterns 

with infinite ground plane. 

Using pattern multiplication the radiated field of slot 
(slot 3 and slot 4) can be written as  
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For  t << λ sinc function is approximately equal to 1 
and we can write E-plane (ϕ = 0) pattern as 

 slot
θ 2E C .  (7) 

Using (1) the radiated field of slot loaded patch becomes 

 T 0
θ 1 2

3
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2
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 (8) 

Using the optimized slot loaded patch antenna dimen-
sions given in Fig. 2, the far-field amplitude ratio was 
evaluated and is given by C2/C1 = 0.46. Figure 4 shows the 
theoretical and simulated E-plane radiation patterns of the 
proposed antenna. The simulation was performed in HFSS 
using infinite ground plane. Both simulated and calculated 
patterns are in good agreement thus validating the theoreti-
cal model. For reference theoretical E-plane radiation pat-
tern of conventional (without slots) TM30 mode antenna is 
also shown in Fig. 4. The reduction in SLL compared to 
conventional TM30 mode patch antenna can be observed 
from the plot. 

4. Parametric Study 
The effect of various parameters on the performance 

of the proposed slot loaded patch antenna has been investi-
gated in this section. Commercial EM simulator Ansys 
HFSS was used for this parametric study. A finite ground 
plane 14 cm  15 cm has been used, and all the simulations 
were performed in single fed configuration by changing 
only one parameter at a time while keeping all other pa-
rameters constant. The initial parameters of the antenna 
were L = 9 cm, W = 10 cm,  = 2.9 cm, t = 0.21 cm, d = 

6 cm and F = 1.5 cm (defined from patch center for single 
fed configuration). 

Simulated S11 and directivity plot of the proposed an-
tenna is shown in Fig. 5a and Fig. 5b respectively, (W = 
10 cm). Two resonance peaks can be observed in the sim-
ulated S11 curve which corresponds to resonance frequency 
of the patch and slot respectively (see Sec. 4.2). Moreover, 
it can be seen from the directivity plot that although the 
antenna exhibits peak directivity of 12.97 dB at the first 
resonance frequency of 2.915 GHz but directivity flatness 
is poor as directivity falls very sharply with frequency 
reaching a value of –3 dB at 3 GHz. In addition, impedance 
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                                                            (a)                                                                                                                             (b) 

Fig. 5.  Effect of patch width W on the proposed slot loaded patch antenna (a) S11  and (b) directivity. 

                                                            (a)                                                                                                                             (b) 

Fig. 6.  Effect of slot width  on the proposed slot loaded patch antenna (a) S11  and (b) directivity. 

                                                            (a)                                                                                                                             (b) 
Fig. 7.  Effect of patch length L on the proposed slot loaded patch antenna (a) S11  and (b) directivity. 

                                                            (a)                                                                                                                             (b) 

Fig. 8.  Effect of feed point position F (non resonant slots,= 2.9 cm ) on the proposed slot loaded patch antenna (a) S11  and (b) directivity.

                                                            (a)                                                                                                                             (b) 

Fig. 9.  Effect of feed point position F (resonant slots,= 2.6 cm ) on the proposed slot loaded patch antenna (a) S11  and (b) directivity.
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Fig. 10.  Comparison of simulated E-plane radiation patterns. 

 

 
SLL 

(E-Plane) 
3dB 

Beamwidth 
Directivity 

Impedance 
Bandwidth 

Conventional 
antenna 

–2.4 dB 25° 10.9 dB 35 MHz 

Single fed 
antenna 

–13.7 dB(L) 
–12 dB(R) 

36° 12.1 dB 20 MHz 

Proposed 
antenna 

–12.7 dB 36° 13.3 dB 21 MHz 

Tab. 1. Comparison of the proposed, the single fed and the 
conventional antenna. 

matching is also poor at the first resonance peak where 
directivity is high. Impedance matching cannot be im-
proved by just changing the feed point location. It is shown 
in Sec. 4.5 that by bringing these two resonance peaks 
together first and then changing the feed point location 
good impedance matching can be achieved. 

4.1 Effect of Patch Width W 

It can be seen from Fig. 5a that with increase in W 
upper resonance peak moves downward while lower reso-
nance peak moves upward. For W = 10.5 cm, both peaks 
merge together at f = 2.935 GHz with slightly better im-
pedance matching. Moreover, Figure 5b shows that with 
increase in W directivity flatness improves significantly. 
For W = 10.5 cm good directivity flatness is achieved but 
at the expense of reduction in peak directivity. 

4.2 Effect of Slot Length   

The slot length  mainly influences the lower reso-
nance peak of the S11 curve which corresponds to reso-
nance frequency of slot. It is evident from Fig. 6a that 
lower resonance peak moves upward as  decreases. The 
upper resonance frequency (patch resonance) is not influ-
enced by changing slot length. For  = 2.6 cm, both peaks 
merge together at f = 3 GHz. By combining the two reso-
nance peak together directivity flatness improves greatly as 
shown in Fig. 6b. For  = 2.6 cm, good directivity flatness 
is achieved but at the expense of reduction in peak di-
rectivity. 

4.3 Effect of Patch Length L 

Effect of patch length L on S11 is shown in Fig. 7a. By 
increasing length L both resonance peaks move downward. 

This makes sense as L corresponds to resonant length of 
the patch antenna and increase in resonant length should 
result in decrease in resonance frequency. A similar effect 
can be observed in directivity curve shown in Fig. 7b 
which also shifts downward with increase in L.  

4.4 Effect of Slot Width t and Slot Spacing d 

No significant change in S11 and directivity was ob-
served for small variation of slot width t and inter slot 
spacing d from the nominal values. However, their behav-
ior is similar to that of slot length  and lower resonance 

peak moves slightly upward as t or d decreases. Moreover, 
no significant change in directivity flatness was observed 
for both parameters due to slight change in resonance fre-
quency. Nevertheless, directivity flatness improves slightly 
with decrease in either slot width t or inter slot spacing d. 

4.5 Effect of Feed Point Location F 

The effect of feed point location F on the S11 is shown 
in Fig. 8a and Fig. 9a. As mentioned previously, the feed 
point location is defined from patch center for single fed 
configuration. Two cases are considered, namely resonant 
slot loading and non resonant slot loading. For resonant 
slots, slot length   = 2.6 cm whereas for non resonant slots, 

slot length   = 2.9 cm (same as the nominal value). It can 
be observed from Fig. 8a that S11 curve has two resonance 
peaks for non resonant slots. By varying the feed location 
F from the nominal value F = 1.5 cm, S11 at both peaks 
degrades. Thus no improvement in S11 can be achieved by 
changing the feed point location for non resonant slots. In 
contrary, for resonant slots varying the feed point location 
significantly improves the S11 and it can be observed from 
Fig. 9a that by changing the feed point F from 1.5 cm to 
1.8 cm, the value of S11 decreases from –10 dB to –22 dB. 
Thus feed point location F improves the impedance 
matching only for resonant slots. 

The effect of feed point location F on the directivity 
is shown in Fig. 8b and Fig. 9b. In general, directivity 
flatness for resonant slots is much better compared to non 
resonant slots. Moreover, it can be observed that directivity 
flatness is also affected by change in feed location for both 
cases. This is due to modification of surface current distri-
bution of patch with change in feed point location. The 
change in surface current also affects the pattern symmetry 
and cross polarization levels. Thus if a single fed antenna is 
desired, feed position can be changed to achieve good 
matching but at the expense of asymmetric radiation pat-
tern and directivity flatness. A differential feeding scheme 
can be employed to overcome these issues. It is shown in 
Sec. 5 that differential feeding scheme can be used to 
achieve symmetric radiation pattern, better directivity flat-
ness and higher directivity compared to single fed design. 

Based on the parametric study a slot loaded differen-
tial fed patch antenna was optimized. The optimized an-
tenna dimensions are shown in Fig. 2. 
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5. Comparison of Conventional and 
Proposed Antenna 
In this section comparison of the proposed differential 

fed slot loaded patch antenna has been carried out with 
conventional (without slot) higher order TM30 mode patch 
antenna. Commercial EM simulator Ansys HFSS was used 
for all the simulations. Figure 10 shows the simulated E-
plane radiation patterns for the proposed differential fed 
antenna along with single fed antenna and conventional 
TM30 mode patch antenna. 

Significant reduction of SLL compared to conven-
tional TM30 mode patch can be observed. The simulated E-
plane SLL for TM30 mode patch antenna are –2.4 dB while 
the proposed differential fed slot loaded patch antenna 
shows  SLL of –12.7 dB. Thus, the proposed slot loaded 
antenna can achieve SLL improvement of more than 10 dB 
compared to conventional antenna. Moreover, compared to 
single fed design, the differential fed antenna has symmet-
ric radiation pattern. In addition, the proposed differential 
fed antenna is suitable for integration with differential 
integrated circuits and eliminates the need for separate 
balun. 

As shown in Tab. 1, directivity of the proposed dif-
ferential fed slot loaded patch antenna is 13.3 dB compared 
to 10.9 dB for conventional TM30 mode patch antenna. 
An improvement of 2.4 dB in directivity is thus achieved 
while the area remains the same. Moreover, compared to 
single fed scheme 1.2 dB enhancement of directivity is 
achieved using differential feeding because it ensures de-
sired in-phase surface current distribution intact as shown 
in Fig. 1b. It can be seen from Tab. 1 that the proposed an-
tenna exhibits larger 3dB beamwidth of 36° compared to 
conventional TM30 mode patch which has 3dB beamwidth 
of 25°. The beam broadening can be attributed to reduction 
in SLL.  

The S11 plot of the proposed and conventional TM30 
mode is shown in Fig. 11. Conventional TM30 mode patch 
antenna has a resonance frequency of 3.3 GHz as indicated 
by the dash line in Fig. 11. In addition, the second reso-
nance frequency at 3 GHz can also be seen in the graph 
which corresponds to endfire TM22 mode. The resonance 
frequency of the proposed slot loaded patch antenna is at 
3 GHz indicated by the solid line in Fig. 11. Thus, in com-
parison with TM30 mode patch having no slot loading, 
resonance frequency is shifted downward from 3.3 GHz to 
3 GHz.  

This can be attributed to the increase in current path 
length due to presence of slot. Moreover, as given in Tab. 1 
slot loaded patch antenna shows reduction in impedance 
bandwidth compared to conventional antenna. The  
S11 ≤ –10 dB impedance bandwidth of the proposed an-
tenna is 21 MHz compared to conventional TM30 mode 
patch which has an impedance bandwidth of 35 MHz. This 
reduction  in impedance  bandwidth  can  be  attributed  to 

 
Fig. 11.  Simulated S11 of the proposed and conventional 

antenna. 

 
Fig. 12.  Simulated directivity and realized gain of the proposed 

and conventional antenna. 

increase in antenna directivity owing to fundamental gain 
bandwidth product. 

The proposed antenna has narrow impedance band-
width and depending on the actual application, the band-
width may not be adequate. However, the narrow imped-
ance bandwidth of the proposed antenna can be enhanced 
by using different techniques like increase in substrate 
thickness, proximity coupling and stacking. Thus narrow 
bandwidth of the proposed antenna is not a limitation and 
can be improved using the aforementioned techniques to 
meet the actual practical application requirement. 

Figure 12 shows the directivity plot of the proposed 
and conventional antenna as a function of frequency. It is 
evident from Fig. 12 that the proposed slot loaded antenna 
has an improved directivity performance. Maximum di-
rectivity of the proposed slot loaded antenna is 13.6 dB at 
3.15 GHz compared to conventional TM30 mode antenna 
which has maximum directivity of 10.9 dB. Moreover, 
differential fed slot loaded antenna has better directivity 
flatness compared to conventional antenna. In fact, for 
conventional antenna, directivity decreases sharply and 
reaches a value of –8 dB at 3 GHz. This is due to presence 
of endfire TM22 mode at 3 GHz as shown in Fig. 11. TM22 
mode is not supported in the proposed differential fed slot 
loaded antenna as a result it exhibits larger gain bandwidth 
than the conventional TM30 mode patch. Thus in contrary 
to conventional TM30 mode patch antenna, impedance 
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bandwidth enhancement techniques can be utilized with 
only slight reduction in antenna directivity. 

6. Simulated and Measured Results 
In order to validate the performance of the proposed 

slot loaded patch antenna, a prototype was fabricated. 
Photograph of the fabricated antenna is shown in Fig. 13. 
The antenna was differentially fed by using 180° Wilkinson 
divider shown in Fig. 14. A meander line was utilized in 
one of the output ports to achieve the desired 180° phase 
shift. Agilent PNA Network Analyzer was used to measure 
the reflection coefficient. The simulated and measured S11 
of the proposed antenna are shown in Fig. 15. The meas-
ured S11 ≤ –10 dB impedance bandwidth is 19 MHz com-
pared to simulated S11 which was 21 MHz. A slight shift in 
resonance frequency can be seen in the measured results 
which may be due to fabrication tolerances. 

Figure 16 and 17 show the simulated and measured 
normalized co-polarization and cross-polarization E and H-
planes radiation patterns of the proposed antenna. A com-
pact antenna test range (CATR) was used to measure the 
far-field radiation patterns of the antenna. The measured 
antenna gain is 12.8 dBi at 3 GHz. The measured SLL of 
the antenna is –12 dB and –21.5 dB in E and H-planes 
respectively. Moreover, the proposed antenna shows 
a measured cross-polarization level of less than 28.5 dB 
below co-polarization pattern in both E and H-planes.  

 
Fig. 13.  Prototype of the fabricated differential fed slot loaded 

TM30 mode patch antenna. 

 
Fig. 14.  Fabricated 180° Wilkinson divider used for differential 

feeding.   

 
Fig. 15.  Simulated and measured S11 of the proposed 

differential fed slot loaded patch antenna. 

 
Fig. 16.  Simulated and measured E-plane radiation patterns of 

the proposed differential fed patch antenna.   

 
Fig. 17.  Simulated and measured H-plane radiation patterns of 

the proposed differential fed patch antenna.   
 

Reference
Frequency 

[GHz] 
Height % BW 

Directivity 
[dB] 

SLL 
[dB] 

[3] 60 0.025λ 18 10 - 
[4] 10 0.042λ 0.7 10.55 –12.1 
[6] 10 0.026λ 1.56 10.9 –20 
[13] 3.5 0.09λ 12 12.7 –4 

Proposed 3 0.015λ 0.7 13.3 –12.7 

Tab. 2. Comparison of different single layer high gain patch 
antennas. 
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Over the years different techniques have been pro-
posed to enhance the directivity of patch antennas. Multi-
layer techniques such as stacked patches [18], [19] and use 
of dielectric [20], [21] or partially reflective superstrate 
[22], [23] increase the radiating aperture by increasing the 
volume of the antenna. However, these configurations 
suffer from geometrical complexity and difficulty to fabri-
cate. Single layer techniques primarily increase the radiat-
ing aperture by increasing the surface area of the antenna. 
Table 2 shows a comparison of different high gain single 
layer patch antennas found in literature. The proposed 
antenna demonstrates a high directivity of 13.3 dB using 
simple Euclidian geometry, previously achieved using 
Fractal geometries [13]. To the best of our knowledge this 
is the highest reported peak directivity for TM30 mode 
patch antenna in single layer configuration. 

7. Conclusion 
High E-plane SLL and low directivity problem of 

higher order TM30 mode patch antenna is resolved by em-
ploying resonant slot loading technique and differential 
feeding. The basic idea of this scheme is to achieve super-
position of radiated fields in single layer configuration. 
This is achieved practically by placing in phase slot radia-
tors, operating in fundamental mode, in the out of phase 
current distribution region of TM30 mode patch antenna. 
A novel low profile, single layer high gain patch antenna 
having dimensions of 0.9λ0  1λ0 0.015λ0 is demonstrated. 
The proposed differential fed slot loaded higher order 
mode patch antenna exhibits a 2.4 dB increase in directiv-
ity and a reduction of about 10 dB in SLL compared to 
conventional TM30 mode patch antenna. The proposed 
technique can be utilized to improve the radiation charac-
teristics of higher order mode rectangular patch antennas 
operating in TMm0 (m = 3,5,..) mode. 
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