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Design of center-fed printed planar slot

arrays

L. POTGIETER, J. JOUBERT AND J. W. ODENDAAL

A design approach for printed planar slot array antennas is presented. The antenna array consists of half-wavelength slot radia-
tors positioned on a rectangular grid, and a slotline feed network. Three planar slot array antennas for use in IEEE 802.11a
applications are designed, a 2 X 2, a 2 X 4, and a 4 X 2 array, all radiating above an electric conductor ground plane
placed a quarter-wavelength below the printed slots. These slot arrays have higher aperture efficiencies and occupy less space
than typical microstrip patch arrays. The measured impedance bandwidths of the designed unidirectional slot arrays were
19.8, 15.3, and 16.7%, respectively, with peak gains of 11.7, 13.9, and 14.4 dBi. Measured results show very good agreement
with the simulated results, which serves as validation of the array design procedure and the accuracy of the simulated results.
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. INTRODUCTION

Due to the benefit of light weight, low cost, low profile, high
reliability, and ease of integration with active devices,
printed planar antenna arrays are desirable for use in applica-
tions such as access points for Wireless Local Area Network
(WLAN) [1, 2]. If one wishes to use the entire s5.15-
5.825 GHz frequency band of the Institute of Electrical and
Electronics Engineers (IEEE) 802.11a standard, and achieve
reasonable gain for a specific application, it would not be pos-
sible to use standard patch radiators with a corporate micro-
strip line feed network since such an array would be too
narrow band. There are several methods available to
enhance the bandwidth of patch type radiators, including an
increase in substrate thickness, using parasitic elements, or
modifying the slot shape by cutting slots in the patch [3].
These bandwidth enhancement techniques often involve
more complicated design efforts, or cause degradation in
some other performance aspect of the antenna, e.g. cross-
polarization, pattern symmetry or shape, etc. Previous studies
of planar slot array antennas have shown some promise of
achieving low cross-polarization, good bandwidth, low side
lobe levels, reasonable gain, and high radiation efficiency
[1, 2, 4-7]. A possible drawback of printed slots is that they
radiate bi-directionally, which can be solved by using an electric
conductor ground plane reflector spaced a quarter-wavelength
away from the printed slot array, or if low profile construction
is required a closely spaced artificial magnetic conductor can be
used as reflector as was illustrated in [8].
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In [1] an in-line collinear slot array fed by coplanar wave-
guide (CPW) was presented. The feedlines between the radi-
ating slots are meandered to ensure that any two radiating
slots have a one guide wavelength path length between them
at resonance, for in-phase excitation. This arrangement can
effectively be viewed as the equivalent of an equi-spaced
linear array of parallel end-to-end half-wavelength slots.
Arrays of six radiating elements in open- and short-ended
configurations were designed. A measured impedance band-
width of 20.3% and a peak gain of 7.3 dBi were achieved for
a truncated open-ended array. Another example of a previous-
ly published slot array is the open-ended rampart slot array
antenna presented in [2]. Radiating slots of approximately
half guide wavelength, with A./2 spacing, are fed by a slotline
feed network. The impedance bandwidths obtained for six
element open- and short-ended arrays were 9.6 and 11.1%,
with peak gains of 8.2 and 9.0 dBi, respectively. Examples of
planar printed slot arrays are the brick-wall slot arrays pre-
sented in [4] and [5], and the rectangular grid 2 x 2 printed
slot array presented in [6]. The 11-slot array described in [4,
5] achieved a maximum directivity of 11.3 dB and was
matched in two closely spaced narrow bandwidths. For the
array in [6] (no reflector was present, so the antenna radiated
bi-directionally) an impedance bandwidth of 12% and a peak
gain of 8 dBi were achieved for a 2.4 GHz WLAN design.

In this paper the authors would like to present results of an
investigation into the use of printed slot arrays as an alterna-
tive (to patch type arrays) to realize a planar array with rea-
sonable gain and appropriate bandwidth to cover the entire
IEEE 802.11a band. Three designs are presented - for a 2 x
2,a 2 X 4, and a 4 x 2 slot array, respectively, all vertically
polarized with unidirectional radiation, with simulated and
measured results that show good bandwidth, stable radiation
patterns across the band, low cross-polarization, and reason-
able gain. There is a good agreement between the simulated
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and measured results. An interesting finding of this investiga-
tion was that two of the three slot arrays proposed in this
paper have high aperture efficiencies when compared with
other arrays suggested for the same (or similar) WLAN appli-
cation. Higher aperture efficiencies imply that the antenna will
occupy less space to achieve the same gain. The typical aper-
ture efficiency of a wideband microstrip array is around 50-
65% [9]. The 2 x 2 and 2 X 4 slot arrays proposed in this
paper have maximum aperture efficiencies of around 80%,
which is significantly higher than for example, the wideband
E-shaped patch array presented in [3], the high gain slot
dipole array presented in [10], and the broadband printed
compound air-fed array antenna presented in [11]. Special
cases are possible, as was shown in [9], where novel patch
arrays were designed with aperture efficiencies in the order
of 75-85%. This could only be achieved by using unconven-
tional architectures and a powerful evolutionary optimization
technique to optimize specifically for high aperture efficiency.
The slot arrays presented in this paper have simple construc-
tions and conventional architectures, and do not require expli-
cit optimization to achieve high aperture efficiencies.

. GEOMETRY AND DESIGN
APPROACH

A) Antenna geometry

The departure point for the design of the center-fed printed
slot array was the 2 x 2 etched slot array with corporate slot-
line feed network in [6]. The design in [6] was simplified by
changing the four-way slotline feed network to a rectangular
arrangement, and the input port was also modified from a
CPW input port to a co-axial line input port with a microstrip
to slotline transition. The aim was furthermore to keep the
design procedure as simple as possible, and to that end it
was decided that, where possible, all radiating slot dimensions
as well as the widths of the slotline feed structure would be
kept uniform. This reduces the amount of variables to be opti-
mized, as well as allow for rapid development of a new
antenna array using the proposed procedure.

The geometry of the new four element printed planar slot
array is shown in Fig. 1. The slot array is etched on one side of
a rectangular substrate. The microstrip feedline of the micro-
strip to slotline transition [12] is etched on the opposite side of
the substrate and connected to the center-pin of a co-axial
transmission line, of which the outer conductor is connected
to the slot array ground plane. All the radiating slots are of
the same length and width. The feed network slotlines are
all the same width, but the line lengths are adjusted to
ensure the radiating elements are in phase. Except for the
feed point, the array is symmetrical in both the x- and
y-planes, as shown in Fig. 1. A finite-size electric conductor
reflector is placed a quarter free-space wavelength below the
antenna to ensure unidirectional radiation.

Two larger eight element arrays are also proposed. The 4 x
2 slot array has four additional elements along the y-axis,
hybrid-fed from the initial 2 x 2 array elements. In order to
maintain the in-phase excitation required for the extended
eight element 4 x 2 array, the feed length from the inner ele-
ments of the initial 2 x 2 array to the outer radiating slots
must be one slotline guide wavelength long. To achieve the
one wavelength feedline length for in-phase excitation of
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Fig. 1. Geometry of a four-slot printed planar slot array antenna: (a) top view,
(b) side view.

radiating slots, as well as a smaller than free-space wavelength
spacing between the radiating slots to avoid the occurrence of
grating lobes, the feed lines have to be meandered. The fee-
dlines are meandered away from the radiating slots to
reduce the disturbance of the flow of current between the res-
onant half-wavelength slots.

The 2 x 4 rectangular grid slot array has four additional
elements along the x-axis, which are in-line series-fed from
the initial 2 x 2 array elements. The in-phase excitation of
such a proposed expansion of the 2 x 2 array can be achieved
by ensuring the centers of the radiating slots are spaced one
wavelength apart in the x-direction. Because the slots are
approximately half a wavelength long, the feedline would
also be required to be approximately half a guide wavelength
long. One could have meandered the slotlines between the
slots to reduce the inter slot spacing, but in this instance
the H-plane element pattern of the slots helps to suppress
the grating lobe, and it was decided to use straight slotline
sections between the slots.

B) Design approach

The design of the planar printed slot array antenna was per-
formed with CST Microwave Studio. The lengths and
widths of all the radiating half-wavelength slots were kept
uniform throughout the design, as was the slot feedline
width. There was thus only one length and width for the radi-
ating slots (L; and W), one width for all the slot feedlines
(W), and different slot feedline lengths for each of the fee-
dlines (L,, L,, L, etc.) to determine. The approach used was
to adjust the space between the slots such that the radiating
elements of the antenna structure were in phase. This was
done by firstly determining the slotline guide wavelength at
the center frequency for the substrate of choice. The next
step was to determine the dimensions of the radiating slots.
The slot length was initially set to half a slotline guide
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Fig. 2. The reflection coefficient of the 2 X 2 slot array before and after the
addition of the microstrip to slotline transition (transformer).

wavelength, with the width of the slot chosen as a convenient
width for easy manufacture.

The horizontal spacing between centers of the radiating
slots was then set to a guide wavelength (along the x-axis).
Because the radiating slots themselves are also approximately
half a guide wavelength, this means the horizontal spacing
between the inner edges of the slots are also approximately
half a guide wavelength. The vertical spacing between the radi-
ating slot centers was set to half a slotline guide wavelength
(along the y-axis). The length of the microstrip to slotline
transition etched on the opposite side of the substrate was
also set to half the microstrip guide wavelength and the
width for a 50 () transmission line at the design center-
frequency. The electric conductor ground plane reflector
was spaced a quarter free-space wavelength at the design
center frequency away from the slot array ground plane.

The slot array parameters (L,, L,, L, Ls, R, Wj Ly, and W)
were first optimized without the microstrip to slotline transi-
tion using a simple probe feed in the center of the array slot-
line feed structure. The aim of this optimization was to find an
impedance response such that the microstrip to slotline tran-
sition could act as a bandwidth enhancing quarter wavelength
transformer. The input impedance of the simplified array was
adjusted to have a real impedance of 50 (1 in the center of the
band, 75 () at the lower end, and 25 () at the upper end of the

DESIGN OF CENTER-FED PRINTED PLANAR SLOT ARRAYS

frequency band. The imaginary impedance was adjusted to
have two in-band zero-crossings — one on either side of the
center frequency. With the simplified geometry optimization
complete, the microstrip to slotline transition was then
added. The microstrip line length and width was then adjusted
for optimal bandwidth. The subsequent improvement in
impedance bandwidth is illustrated in Fig. 2. Once the array
was optimized for impedance bandwidth, the radiation pat-
terns were investigated to ensure they meet the required
specifications.

C) A 2 X 2 printed planar slot array antenna

The most basic array of four elements shown in Fig. 3 was
designed using the proposed procedure described above.
The design was done for a Rogers RO4003 substrate with
&, = 3.38 and thickness t = 1.524 mm. The center frequency
for the design was chosen as 5.5 GHz, and the bandwidth
objective was to cover the entire 5.15-5.825 GHz operating
band of the IEEE 802.11a standard. The array dimensions of
the 2 x 2 array shown in Fig. 3 after the design optimization
were L, =16.5 mm, L,=19.1 mm, L,=19.6 mm, L,,=
18.7 mm, Wy= 0.5 mm, W,,, = 4.4 mm, W, = 6.0 mm, G, =
85.6 mm, and G, = 49.1 mm. The reflector ground plane
dimensions were the same as the slot ground plane with
Gy=8s5.6mm and G,=49.1 mm, positioned 13.6 mm
(quarter wavelength at 5.5 GHz) below the slot array.

D) A 2 X 4 printed planar slot array antenna

The substrate as well as center frequency and bandwidth
design goals for the 2 x 4 array in Fig. 4 were the same as
for the 2 x 2 array above. The array dimensions after the
design optimization were L, = 13.9 mm, L,= 20.6 mm,
L,=16.1 mm, L;=22.6 mm, L,, = 19.9 mm, Wy= 0.8 mm,
W, =5.4mm, Wi=s53mm, G,=160.0mm, and G,=
45.0 mm. The reflector ground plane dimensions were the
same as the slot ground plane with G, = 160.0 mm and
G, = 45.0 mm, positioned 13.6 mm below the slot array.
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Ground /

Fig. 3. The 2 x 2 planar slot array antenna (shown without the reflector).
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Fig. 4. The 2 x 4 planar slot array antenna (shown without the reflector).
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Fig. 5. The 4 x 2 planar slot array antenna (shown without the reflector).

E) A 4 X 2 printed planar slot array antenna

The array dimensions for the 4 x 2 array shown in Fig. 5 after
the design optimization were L, = 15.2 mm, L, = 23.0 mm,
L;=19.5mm, Ls;=29mm, R=19mm, L;=22.6mm,
L, = 18.8 mm, Wy= 0.5 mm, W,, = 3.3 mm, W, = 4.6 mm,
G.=985mm, and G, = 104.7 mm. The curved feedline
path length was 39.7 mm. The reflector ground plane dimen-
sions were the same as the slot ground plane with G, =
98.s mm and G, = 104.7 mm, positioned 13.6 mm below
the slot array.

. ANTENNA PERFORMANCE
EVALUATION

A) Experimental validation

The three arrays were manufactured and measured. A photo-
graph of the assembled arrays is shown in Fig. 6. The reflection

coefficients were measured with a vector network analyzer,
and the radiation properties were measured in the Compact
Antenna Test Range of the University of Pretoria. The bore-
sight gains of the arrays were measured in the 5-6 GHz fre-
quency range by using a standard gain reference antenna
and the well-known gain-transfer method. The principle
plane radiation patterns (co- and cross-polarization) were
measured at the center and the edges of the 5.15-5.825 GHz
frequency band. The agreement between simulations and
measurements were generally good — some of the differences
(e.g. in the gain) can be attributed to the unwanted interaction
between the antenna-under-test and the pedestal, mounting
jig and feed cable used in the compact antenna range. A
second cause of differences might be due to the variations
because of slightly inaccurate assembly of the antennas.

B) Reflection coefficient

The simulated and measured reflection coefficients (S11) for
the 2 x 2 array are shown in Fig. 7. The simulated and mea-
sured results for the 2 x 4 and 4 x 2 arrays follow in Figs 8
and 9. In general, there is good agreement between the simu-
lated and measured results of all the arrays. The bandwidth of
the measured arrays with a reflection coefficient below —10 dB
for the 2 x 2 array was from 4.95 to 6.04 GHz, which is 19.8%
relative to the center frequency of 5.5 GHz. The 2 x 4 array
10 dB bandwidth was from 5.08 to 5.92 GHz, which equates
to 15.3%. For the 4 x 2 array, the —10 dB bandwidth was mea-
sured from 5.13 to 6.05 GHz, which is 16.7%.

C) Gain and aperture efficiency

The simulated and measured boresight gain results are shown
in Figs 10-12. In general, the simulated and measured gains
compare well. The maximum gain of the manufactured 2 x
2 array, in the target band of 5.15-5.825 GHz, was measured
as 11.7dBi, with a minimum gain of 10.3 dBi. The
maximum difference between the simulated and measured
results was found to be 1.4 dBi at 5.46 GHz.

The maximum measured gain for the 2 x 4 array was
13.9 dBi and the minimum was 12.5 dBi. The maximum dif-
ference between the simulated and measured results was at
5.53 GHz, and equal to 1.3 dBi.

The 4 x 2 array also displayed good agreement between
the simulated and measured results similar to the 2 x 2 and
2 X 4 arrays. The 4 x 2 array had a maximum measured
gain of 14.4dBi, and a minimum of 12.9dBi. The
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Fig. 7. Simulated and measured reflection coefficient of the 2 x 2 array.
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Fig. 8. Simulated and measured reflection coefficient of the 2 x 4 array.

maximum difference between the two sets of results was
0.8 dBi at 5.49 GHz.

The aperture efficiencies of the three arrays were calculated
(using equations (1) and (2) in [9]) using the simulated gain -
the data is shown in Fig. 13. The maximum radiation efficien-
cies were 86, 82, and 67%, for the 2 x 2, 2 X 4, and 4 x 2
array, respectively. It is interesting to note that the aperture
efficiencies of the 2 x 2 and 2 x 4 arrays are significantly
higher (above 75% for most of the frequency band) than
that of the 4 x 2 array, and also significantly higher than
the aperture efficiencies of typical wideband microstrip
arrays, which are normally around 50-65% [9].
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Fig. 9. Simulated and measured reflection coefficient of the 4 x 2 array.

20, T + - ;

Gain (dBi)
S

—Simulated
—Measured

58 6

05 5.2

5.4 5.6
Frequency (GHz)

Fig. 10. Simulated and measured gain versus frequency for the 2 X 2 array.
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Fig. 11. Simulated and measured gain versus frequency for the 2 X 4 array.
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Fig. 12. Simulated and measured gain versus frequency for the 4 x 2 array. Fig. 13. Aperture efficiency versus frequency for the three slot arrays.
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Fig. 14. Simulated and measured radiation patterns of the 2 x 2 array: (a) E-plane 5.15 GHz, (b) H-plane 5.15 GHz, (c) E-plane 5.5 GHz, (d) H-plane 5.5 GHz, (e)
E-plane 5.825 GHz, and (f) H-plane 5.825 GHz.
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Fig. 15. Simulated and measured radiation patterns of the 2 x 4 array: (a) E-plane 5.15 GHz, (b) H-plane 5.15 GHz, (c) E-plane 5.5 GHz, (d) H-plane 5.5 GHz,

(e) E-plane 5.825 GHz, and (f) H-plane 5.825 GHz.

D) Radiation patterns

The normalized radiation patterns for the 2 x 2 array are
shown in Fig. 14, the 2 X 4 array in Fig. 15, and the 4 x 2
array in Fig. 16. There is good agreement between the simu-
lated and measured results. The worst sidelobe level measured
was —10.5dB for the 4 x 2 array in the H-plane at
5.825 GHz. Otherwise, the sidelobe levels are closer to
—15dB, and in many cases much better than —15 dB. The
radiation patterns are relatively stable across the s5.15-
5.825 GHz target bandwidth and are nearly symmetrical in
both the E- and H-planes. The front-to-back ratios of all the
arrays were also better than 15 dB.

The 3 dB beamwidths of the manufactured arrays were
measured in the E- and H-planes at s5.15, 5.5, and
5.825 GHz. The beamwidth for each array remained stable

across the entire frequency band of interest. The effect of nar-
rowing the main beam in the E-plane with the addition of four
additional slots by means of a vertical expansion of the 2 x 2
array is evident. Similarly, the 3 dB beamwidth of the 2 x 4
arrays is reduced from the original 2 x 2 array in the
H-plane with the addition of additional slots in the horizontal
plane. The 3 dB beamwidth at 5.5 GHz for the 2 x 2 array was
52.8° in the E-plane and 43.7° in the H-plane, for the 4 x 2
array it was 28.1° in the E-plane and 37.6° in the H-plane,
and for the 2 x 4 array it was 57.0° in the E-plane and 21.2°
in the H-plane.

The measured E-plane cross-polarization levels was better
than —20.9 dB for all the arrays, and the measured H-plane
levels better than —15 dB, accept for the 4 x 2 array at
5.5 GHz, which yielded a value of —11.7 dB.

7



8

L. POTGIETER, J. JOUBERT AND J. W. ODENDAAL

~120° & ' 20°

—150" 150°

—Simulated
—Measured

Fig. 16. Simulated and measured radiation patterns of the 4 x 2 array: (a) E-plane 5.15 GHz, (b) H-plane 5.15 GHz, (c) E-plane 5.5 GHz, (d) H-plane 5.5 GHz,

(e) E-plane 5.825 GHz, and (f) H-plane 5.825 GHz.

V. CONCLUSION

This paper shows how a simple design approach can be fol-
lowed to design three easy to manufacture center-fed
printed slot arrays for use as IEEE 802.11a WLAN antennas.
The measured bandwidths of the three manufactured arrays
exceeded the 12% bandwidth requirement. The 2 x 2 array
achieved a maximum gain of more than 11 dBi, and the 2 x
4 and 4 x 2 arrays achieved maximum gains of around
14 dBi. In all cases the cross-polarization levels was low, the
sidelobe levels were better than — 10 dB, and the front-to-back
ratios better than 15 dB. The aperture efficiencies of the 2 x 2
and 2 X 4 slot arrays were found to be significantly better than
that of typical wideband microstrip arrays, and these slot arrays
are therefore good candidates for applications where high gain
is required but space is limited. The measured data of the man-
ufactured arrays agree well with the simulated results.
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