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Wideband and Low Sidelobe Slot Antenna Fed by
Series-Fed Printed Array
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Abstract—A combination of slots and series-fed patch antenna

array is introduced leading to an array antenna with wide band-

width, low sidelobe level (SLL), and high front-to-back ratio (F/B).

Three structures are analyzed. The first, the reference structure,

is the conventional series-fed microstrip antenna array that oper-

ates at 16.26 GHz with a bandwidth of 3%, SLL of -24 dB, and

F/B of 23 dB. The second is similar to the reference structure, but

a large slot that covers the patch array is removed from the ground

plane. This results in a wide operating bandwidth of over 72%

for �� �� ��, with a 3 dB gain bandwidth of over 15.9%.

The SLL of this structure is improved to more than �� �� at

16.26 GHz, and stable SLL of �� �� over 15.5–16.4 GHz band

is also exhibited. This structure has a bi-directional radiation pat-

tern. To make the pattern uni-directional and increase the F/B, a

third structure is analyzed. In this structure, rather than one single

large slot, an array of slots is used and a reflector is placed above

the series-fed patch array. This increases the F/B to 40 dB. The

simulated and measured results are presented and discussed.

Index Terms—Broadband antennas, microstrip arrays, printed
arrays, sidelobe level, slot arrays.

I. INTRODUCTION

P
RINTED antenna arrays are usually used in telecommu-

nication systems such as point to point and point to multi-

point and in radar microwave and millimeter systems [1]. They

have numerous attractive features in terms of small size, light

weight, low cost, and ease of fabrication, and in array designs

the microstrip feed network can be placed on the same sub-

strate as the microstrip patches [1], [2]. Antenna parameters

such as sidelobe level (SLL), front-to-back ratio (F/B), [1], [2],

and bandwidth, [3], play a very crucial role in many radar sys-

tems. Based on the particular radar system SLL between

and is usually required [2].

Printed antenna arrays with SLL lower than are diffi-

cult to realize mainly due to: mutual coupling between radiating

elements, surface wave effect, parasitic radiation from a feeding

network, and tolerances in fabrication [1], [2]. Among the many

types of array feeding structures, the two most popular ones are

corporate-fed and series-fed, which are both inherently narrow

in bandwidth. The discontinuities, bends, power dividers, and
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other components in the corporate-fed array cause spurious ra-

diation that limits the minimum SLL achievable [2]. The se-

ries-fed array structure is such that it employs shorter line length

in comparison with corporate-fed arrays, leading to an antenna

with less space on substrate, lower attenuation loss, and spurious

radiation from feed lines [4]. A disadvantage of large series-fed

arrays is that, amplitude and phase tracking with frequency can

cause problems [5].

Many attempts have been made to reduce the sidelobe level

in printed antenna arrays, including the use of the following: a

corner reflector (i.e., a non-planar structure) to shield the feed

network from the main radiating elements leading to

in SLL [1]; coaxial probes along with phase shifters to reduce

SLL to almost [2]; feed network behind the ground and

connected to the antenna via pins [6]; aperture coupled patch

antennas [7], [8]; and a waveguide-fed microstrip patch array

at 76 GHz [9], [10]. By extending the finite ground plane in

between the Yagi-like antenna elements, [11], and the double

dipole antenna elements, [12], low sidelobe linear series-fed

endfire arrays were proposed. It is worth mentioning that in

these two papers no attempt was made to increase the impedance

bandwidth of the antenna array structures.

Many methods have been proposed to enhance the bandwidth

of patch antenna arrays, such as stacking patches on top of each

other [13] or placing parasitic elements beside the patch antenna

[14]. There is, however, no mention of the SLL performance in

those papers.

Based on the literature review done by the present authors, it

seems that most of the works published are either on increasing

the bandwidth or improving the SLL of the array, but not both

together.

In this paper a broadside series-fed printed antenna array with

a large slot in the ground plane is introduced leading to wide

impedance bandwidth along with low SLL. To make the radia-

tion pattern uni-directional and to have a high F/B the slot in the

ground plane can be replaced by an array of slots along with a

reflector placed above the radiating patches. The simulated and

measured results are presented and discussed.

II. ANTENNA DESIGN AND STRUCTURE

The aim of this work is to design a low SLL, wide bandwidth

series-fed printed antenna array. To do so, one needs to design

a conventional series-fed microstrip antenna array first. This is

referred to as the reference antenna. To improve the SLL and the

impedance bandwidth of the array, some modifications on this

reference antenna can be performed.

The microstrip series-fed antenna array is shown in Fig. 1.
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Fig. 1. Top view of the microstrip series-fed antenna array (reference antenna).

Fig. 2. (a) The center elements of the bi-directional series-fed printed antenna array with a large slot in the ground; (b) side view.

The array contains 22 equal square patch elements of side

5.6 mm each, placed on a grounded substrate of and

thickness of 0.508 mm. The size of the substrate is

and . The corner-fed square patches were chosen

because they provide high input impedance, making them well

suited for series-fed patch array.

The array operates at 16.26 GHz and is designed for radi-

ation in the broadside direction. The array is of resonant type

and is split into two linear sub arrays and fed in the middle. This

symmetric arrangement further improves the cross-polarization

level of the array and prevents the beam-pointing direction from

varying with frequency [15]. In this way, the cross-polar com-

ponent generated in one side of the patch/array is cancelled

by the cross-polar component generated in opposite side of the

patch/array at broadside direction. To ensure an equal phase be-

tween the elements and to get a broadside pattern, the spacing

between the feed points of the array elements must be set at one

guided wavelength . Through appropriate Chebychev taper

distribution, the antenna array is designed for a SLL. A

tapered distribution is obtained using quarter-wavelength trans-

formers along the line. For the first seven elements on each side

of the main feed source, two quarter-wave transformers along

with a half-wave transformer are used (to have less spurious ra-

diation from such discontinuities one can assign the same char-

acteristic impedance to both the quarter-wave transformer and

the half-wavelength line that are adjacent to each other). Be-

tween array elements 7 and 11 four quarter-wavelength trans-

formers are used. In doing so, the size of the feed lines for the

last array elements would be physically large enough to be con-

structed. The characteristic impedance of the half-wavelength

lines are set at 115 ohm while those of the quarter-wave Trans-

formers are between 80 and 125 ohms. The detailed design con-

siderations for series-fed patch array are discussed in [16], [17].

As is well documented in the literature, a slot antenna if ap-

propriately fed, i.e., has a tapered aperture field distribution,

would have a low SLL, and a wide printed slot antenna can

provide a large impedance bandwidth. The series-fed printed

antenna array of above with its relevant Chebyschev distribu-

tion produces a tapered field distribution. Thus, one can in-

Fig. 3. (a) Top view of one element of the uni-directional series-fed printed
antenna array with an array of slots in the ground; (b) cross view of proposed
antenna.

troduce a large slot in the ground plane of the series-fed mi-

crostrip array, the reference antenna, leading to a lower SLL and

wider impedance bandwidth. Through optimization, the width

of the required slot is and its length is

. The slot is positioned

from the main feed line, and a 50-ohm microstrip line with

is used to feed the array, as shown in Fig. 2. As

this structure is a bi-directional radiator, one can place a reflector

of same dimension as that of the substrate above the printed

patch elements to make the radiation uni-directional (Fig. 3).

The reflector-to-patch spacing is set at .

To improve the F/B one needs to have a current distribution

on the reflector such that the relevant radiation pattern in the

back direction would be minimized. The large slot can be re-

placed by an array of slots. In doing so, due to size of the slot

a current would flow on the strips between any of the two

slots whose direction is reversed after a distance of over

the strip. On the reflector surface one expects that an anti-phase

current would also be induced such that it results in a field radi-

ation in the back side smaller than that caused by the reflector in

the large slot antenna case. In this design, the size of each slot

is and while the same

spacing between slot edge and main feed line is

kept as before.
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Fig. 4. Simulated and measured reflection coefficient of reference antenna.

In Sections III and IV the simulation, via software package

HFSS, and measured results are presented.

III. RESULTS AND DISCUSSION

In this section, detailed simulation and experimental results of

the proposed antennas are presented. In the first part, the conven-

tional linear microstrip series-fed array, the reference antenna,

is investigated. In the second part, a bi-directional wideband se-

ries-fed printed array antenna with a large slot in the ground

plane, as in Fig. 2, is analyzed. Finally, a uni-directional wide-

band series-fed printed array antenna with an array of slots in

the ground plane, as in Fig. 3, is investigated.

A. Series-Fed Microstrip Antenna Array: The Reference

Antenna

The conventional linear microstrip series-fed antenna of

Fig. 1 with 22 radiating elements, referred to as the reference,

is investigated. Fig. 4 shows the simulated as well as the

measured reflection coefficient of this antenna. The results

show that it has a narrow impedance bandwidth of 3%, ranging

from 15.95 to 16.45 GHz for . These results

are in agreement with those reported in [2], [6]. Fig. 5 shows

the simulated and measured E- and H-plane radiation patterns

of this antenna array. From this figure it can be seen that the

proposed antenna has a good directional pattern with -24 dB

SLL and 4.9 degree half-power beam width (HPBW) at center

frequency. Moreover, the proposed antenna has 23 dB of F/B

level and a low cross-polar component at broadside

and off broadside direction. At the beam peak,

the proposed antenna has maximum co-polarization gain of

18.95 dBi at broadside direction, and the gain varies 0.6 dB

within the operating bandwidth. It can also be seen that the

relative SLL bandwidth is 1.2% from 16.15 to 16.35 GHz for

.

B. Bi-Directional Series-Fed Printed Antenna Array With a

Large Slot in the Ground

In this section, to improve the bandwidth and SLL of the an-

tenna, a large slot is introduced in the ground plane of the se-

ries-fed microstrip antenna array of the previous section, and the

relevant results are provided.

Fig. 6 gives the reflection coefficient of the proposed antenna,

showing that a wide impedance bandwidth of 72%, ranging

Fig. 5. Simulated and measured E-plane (�-� plane) and H-plane (�-� plane)
co-polar, and measured H-plane cross-polar radiation pattern of reference
antenna.

Fig. 6. Simulated and measured reflection coefficient of bi-directional se-
ries-fed printed antenna array with a large slot in the ground.

Fig. 7. Simulated and measured E-plane (�-� plane) and H-plane (�-� plane)
co-polar, and measured H-plane cross-polar radiation pattern of bi-directional
series-fed printed antenna array with a large slot in the ground.

from 11.3 to 23 GHz, for is achievable. In com-

parison with the reference antenna, the impedance bandwidth

of the present antenna has increased more than 24 times. The

simulated radiation patterns of the antenna array show that the

3 dB gain bandwidth is 15.9% ranging from 14.5 to 17 GHz.

The simulated and measured far-field E-plane ( - plane) and

H-plane ( - plane) radiation patterns at 16.26 GHz are shown

in Fig. 7. Over this bandwidth, the radiation pattern is bi-direc-

tional. Out of this frequency range the feed lines are no longer
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Fig. 8. Reflection coefficient of bi-directional series-fed printed antenna array
with a large slot in the ground for various slot width,� .

quarter-wave transformers, leading to changes in amplitude and

phase of the signals at each of the patches, thus changing the

electric field distribution on the slot which makes the pattern

have nulls in the broadside direction. The cross-polar compo-

nent is quite low, less than at broadside and less than

at other directions. The array has and

has a maximum gain of 15.9 dBi at broadside, which is about 3

dB less than that of the reference antenna. This is due to the fact

that the antenna now radiates in two directions.

From Fig. 7 it can be seen that the proposed antenna has a

simulated pattern with . In comparison with

the reference antenna, more than a 9 dB improvement in SLL

is observed. From the simulation results, the bandwidth over

which is 5.6%, ranging from 15.5 to 16.4 GHz.

By comparing these results with those of the reference antenna,

it can be seen that the 3 dB gain bandwidth and SLL bandwidth

are improved 5 and 4 times, respectively.

As mentioned before, the low SLL is achieved due to the ta-

pered field distribution along the slot aperture. Through simula-

tion, one can see the tapered field distribution over the aperture.

This tapered field distribution is produced by the patch array

whose elements are fed according to a Chebyshev tapering dis-

tribution. To use the tapered field effectively, the shape and size

of the slot should be chosen correctly. Hence, varying the slot

shape and also slot dimensions will change the coupling prop-

erties, and thus SLL, impedance bandwidth, and F/B are limited

by distribution. If similar to printed monopole antennas, one re-

moves the ground underneath the patches; simulation shows that

results comparable with the above cannot be obtained.

Fig. 8 shows the effect of changing the slot width, , on

the reflection coefficient of the antenna. The larger values for

the width of the slot improve the impedance bandwidth of the

antenna, but this degrades the radiation pattern. Thus

is a good tradeoff between large impedance bandwidth

and a good radiation pattern.

C. Uni-Directional Series-Fed Printed Antenna Array With an

Array of Slots in the Ground

The antenna structure of the previous section has a bi-di-

rectional radiation pattern that is not suitable for certain ap-

plications, as in some radar applications in which a uni-direc-

tional antenna radiation pattern is required. This can be done

Fig. 9. Current distribution on the reflector surface with (a) a large slot and
(b) an array of slots in the ground plane.

by placing a finite metal plate reflector in front of the array of

patches or in front of the large slot. Any arrangement of the re-

flector results in similar SLL and F/B. Compared with the results

of the reference antenna, placement of the reflector gives equal

F/B but better SLL, . To improve the F/B the large slot

can be replaced by an array of slots, as in the structure of Fig. 3.

It is worth mentioning that in such a structure, placing the re-

flector in front of the array of patches results in a SLL of almost

while placing it in front of the array of slots results

in . Through simulations and measurements it

is seen that the F/B of the structure improves to almost 40 dB

as compared with 24 dB for both the reference and the array of

patches above a large slot. Fig. 9(a) and (b) show the simulated

current distribution on the reflector surface of the proposed an-

tenna with a large slot and an array of slots on the ground plane,

respectively. From these two figures, one can see the importance

of the strips between any of the two slots, resulting in a current

distribution over the reflector surface such that the reverse di-

rected current along the bottom of the reflector edge is stronger

than those of the single large slot case, thus resulting in a lower

field in the backward direction, and in an increase in the F/B of

the antenna.

The simulated and measured reflection coefficient of the pro-

posed antenna structure is given in Fig. 10. This shows that the

antenna has wide impedance bandwidth of 78% ranging from

10.3 to 23.1 GHz, for . In comparison with the

reference antenna, the impedance bandwidth of the proposed

antenna has increased more than 26 times. Through simulations

it is seen that the proposed antenna has a stable radiation pattern

over the 14.5–17 GHz, i.e., the 3 dB gain bandwidth is 15.9%.

In this range, the radiation pattern has a pencil beam shape, but

out of this range the pattern splits, similar to that of the previous

section.

The simulated and measured far-field E-plane ( - plane) and

H-plane ( - plane) radiation patterns at center frequency are



3902 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 58, NO. 12, DECEMBER 2010

Fig. 10. Simulated and measured reflection coefficient of uni-directional se-
ries-fed printed antenna array with an array of slots in the ground.

Fig. 11. Simulated and measured E-plane (�-� plane) and H-plane (�-� plane)
co-polar, and measured H-plane cross-polar radiation pattern of uni-directional
series-fed printed antenna array with an array of slots in the ground, at center
frequency 16.26 GHz.

Fig. 12. Measured H-plane radiation pattern (�-� plane) of uni-directional se-
ries-fed printed antenna array with an array of slots in the ground, at three fre-
quencies over the bandwidth.

shown in Fig. 11. The measured far field H-plane radiation pat-

terns at three different frequencies over the bandwidth are shown

in Fig. 12. From these figures it can be seen that the proposed

antenna has a very good uni-directional radiation pattern with

SLL and a HPBW of 4.5 . Compared with the ref-

erence antenna, a more than 8.5 dB improvement in SLL is ob-

served. The frequency range over which is found

Fig. 13. Reflection coefficient of the uni-directional series-fed printed antenna
array with an array of slots in the ground with various slot lengths, � .

TABLE I
PERFORMANCE OF SERIES-FED PRINTED ANTENNA ARRAY WITH ARRAY OF

SLOTS IN THE GROUND PLANE FOR VARIOUS SLOT LENGTHS,�

to be 15.4–16.45 GHz which is 5.9%. By comparing these re-

sults with results of the reference antenna, it can be seen that the

radiation pattern bandwidth and SLL bandwidth are improved 5

and 4 times, respectively. Additionally, the simulated and mea-

sured results show that the can be achieved over a

wide operating bandwidth, 15.95–16.35 GHz. It is also noticed

that the cross-polarization level is quite low at broadside, i.e.,

and is off broadside. The main beam of

the antenna has a maximum co-polarization gain of 18.45 dBi,

which is about 0.5 dB less than that of the reference antenna.

The proposed antenna has more than 40 dB F/B level, which is

17 dB higher than that of the reference antenna.

The slot array dimension and the patch-to-reflector spacing,

, have a pronounced effect on both the reflection coefficient and

the radiation pattern of the antenna. Fig. 13 gives the reflection

coefficient of the antenna with various slot array lengths,

showing that by increasing higher impedance bandwidth

can be obtained. The overall effect of changing on antenna

parameters is shown in Table I. The results show that the pa-

rameters such as SLL and impedance bandwidth are not very

sensitive to change in the slot’s length, , but F/B is affected

a great deal.

Fig. 14 gives the reflection coefficient of the antenna for var-

ious . This shows that an increase in makes the antenna have

a dual band behavior. Table II summarizes the effect that has

on SLL, gain, and F/B of the antenna. The results show that the

parameters such as F/B and impedance bandwidth are not very

sensitive to change in the , but SLL is Affected. Following the

above it can be stated that the optimized dimension for the array

of slots is 13 mm 13 mm and the reflector-to-patch spacing

.

Fig. 15 shows the simulated and measured gain of the two

proposed antennas, the uni- and the bi-directional antenna for

various frequencies. The measured results are close to those of

the simulation.
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Fig. 14. Reflection coefficient of the uni-directional series-fed printed antenna
array with an array of slots in the ground with various reflector-to-patch
spacing, �.

TABLE II
PERFORMANCE OF SERIES-FED PRINTED ANTENNA ARRAY WITH

ARRAY OF SLOTS IN THE GROUND PLANE FOR VARIOUS

PATCH-TO-REFLECTOR SPACING, G

Fig. 15. Simulated and measured gain of uni- and bi-directional antenna.

Table III summarizes the performance of the three antenna

structures described above. The reference antenna provides a

higher gain and antenna efficiency while the uni-directional an-

tenna provides very low SLL, high impedance bandwidth, lower

cross-polarization level and higher F/B ratio.

IV. CONCLUSION

By placing a simple slot in the ground plane of a series-fed

microstrip antenna array, a simple method to simultaneously in-

crease the impedance bandwidth, reduce the SLL, and increase

F/B has been proposed. The antenna structure is planar in con-

figuration, easy to design and fabricate, and can be performed

in both linear and planar printed antenna arrays. The antenna

structure has 78% of impedance bandwidth for .

The 3 dB gain bandwidth of the proposed antenna is 15.9% for

, and 5.6% for . The gain is almost

stable over the bandwidth. The structure can have a of

TABLE III
SUMMARY OF THE PERFORMANCE OF THE REFERENCE, THE BI-DIRECTIONAL

AND THE UNI-DIRECTIONAL ANTENNAS

SLL and 40 dB of F/B over 15.95–16.35 GHz. The method of

placing a slot in the ground plane of the series-fed microstrip an-

tenna array results in a very low cross-polarization, .
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