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ABSTRACT In this study, a 60-GHz wideband L-probe circular slotted E-shaped patch antenna array was
presented. The novelty of this study can be summarized as follows: 1) An E-shaped patch was added to the
L-probe to further expand the bandwidth of the existing L-probe patch. 2) The E-shaped slot was modified to
a circular slot to improve the overall performance, including the radiation pattern, S11, and cross-polarization
of the original E-shaped patch antenna element.When compared to the original L-probe patch, the bandwidth
was improved from 9.4% to 24.8% for the proposed antenna element. Furthermore, when compared with
the triangular-shaped and rectangular-shaped slots, the cross-polarization level is improved by 3.5 dB and
2.5 dB, respectively. The proposed antenna was designed as a 2×2 array structure, and the size of the antenna
array corresponded to 6.4 mm× 6.4 mm× 0.375 mm. The measured results of the proposed antenna array
revealed 11.42 dBi peak gain, 25.8% fractional 3-dB gain bandwidth, and 44.7% −8 dB S11 bandwidth.

INDEX TERMS Wideband, E-shaped patch, L-probe patch, cross polarization, antenna array, circular slot,
60-GHz.

I. INTRODUCTION
In 2001, the US Federal Communications Commission allot-
ted a continuous section of the spectrum (57–64 GHz) for
wireless communication [1]. Using this frequency band, it is
possible to transmit and receive up to tens of Gbps of
data [2]–[6] for uncompressed video, voice, and data con-
tent. To cover this 60-GHz industrial, scientific, and med-
ical (ISM) band, the antenna should cover the entire ISM
band, ranging from 57 to 64 GHz. To cover the 57-64GHz
bandwidth, a wideband antenna should be proposed with
good radiation performance. For mobile applications using
this frequency band, patch antennas are preferred because of
their low profile and robust characteristics.

However, the bandwidth of the original patch antenna
is as small as <10%, making it difficult to cover 60-GHz
unlicensed bands. Therefore, the following techniques were
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applied to the patch antenna to expand the bandwidth fur-
ther. Based on previous studies, the bandwidths of patch
antennas can be improved by using a patch with U-slot
[7]–[10], E-shaped patch antenna [11]–[15], L-probe patch
antenna [16]–[20], adding parasitic patches [21]–[24], and
horn antenna structure [25].

In case of 60-GHz frequency band, many types of antenna
is presented [9], [25]–[30]. For the 60-GHz U-shaped patch
antenna [9], it was reported that the impedance bandwidth can
be improved by up to 15% fractional bandwidth by adding a
resonance frequency point generated by a U-shaped slot.

In the case of the 60-GHz E-shaped patch antenna,
the impedance bandwidth can be expanded by up to
21.7%. Furthermore, the improvement in bandwidth is
due to the additional resonance frequency of the rectan-
gular slots at the E-shaped patch. However, there is a
disadvantage that the radiation characteristic is deterio-
rated at the resonance point generated by the rectangular
slot.
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Moreover, the impedance bandwidth can be expanded by
applying the L-probe technique [17].

In [22], the addition of a parasitic strip with an E-shaped
patch antenna extended the impedance bandwidth but did not
increase the gain bandwidth because the current through the
parasitic strip flowed in the opposite direction of the patch
antenna.

For horn structure in the 60-GHz band [25], the
impedance bandwidth can be improved, but additional pro-
cessing costs are incurred because of the complex antenna
structure.

In this study, a novel antenna element is proposed by com-
bining the advantages of the L-probe antenna and E-shaped
patch with a circular slot structure. An ultra-wideband
antenna element and array are designed with several reso-
nance points due to E-shaped patches and L-probe structures.
The effect of widening the bandwidth of each structure is
analyzed in detail. Moreover, to improve the overall per-
formance, including the radiation pattern, S11, and cross-
polarization of the conventional E-shaped antenna element,
the slots are modified to a circular shape, and these effects
are analyzed in detail in this study. In Section II, an anal-
ysis of the proposed structure is presented. In Section III,
the simulated and measured performances of the proposed
antenna array are presented, and the paper is concluded in
Section IV.

II. ANTENNA DESIGN
A. ANTENNA GEOMETRY
Fig. 1 shows the geometry of the 60-GHz L-probe circular
slotted E-shaped patch antenna element and array. In this
study, the L-probe feeding topology was applied to a wide-
band E-shaped patch antenna with an additional resonance
point. This is explained in section II-B. The shape of the slot is
modified to a circular geometry to further improve the overall
characteristic (impedance bandwidth, 3-dB gain bandwidth,
radiation pattern, and cross-polarization) of the E-shaped
patch antenna, which will be described in Section II-C. The
ground-signal-ground (G-S-G) pad is placed at the antenna
feeding to ensure contact with the G-S-G probe for antenna
measurement. In this study, a 2× 2 antenna array is designed
to realize a high gain to compensate for the path loss of the
60-GHz band, and a conventional parallel feeding network
using quarter-wave transformers is applied. The antenna was
designed using the full-wave electro-magnetic solver Ansoft
HFSS and was optimized using the optimetrics function of
Ansoft HFSS.

A GFPL-970LF substrate, which is built in a 6-layer PCB
stack, comprises five 60-µm thick substrate. The thickness
of the copper layer is 15 µm. The dielectric permittivity (εr)
of the GFPL-970LF substrate is 3.27, and the loss tangent
is 0.009. The overall thickness of the proposed antenna is
designed as 0.375 mm for a short bond-wire interconnection
with 300-um thick RFIC. The proposed antenna is simulated
and optimized via a 3-D full wave simulator.

FIGURE 1. Geometry of the 60-GHz L-probe, circular slotted E-shaped
patch antenna element and array. (a) antenna element and (b) antenna
array (c) the sectional view of the array antenna. The parameter
dimensions in millimeters are Wp=1.5, Lp=1.15, Rs=0.34, Ds=0.36,
Dl=0.2, Dv=0.09, Lpr=0.45, Wpr=0.15, Wt=0.4, Lt=0.63, Lf=1.375,
Da=2.4, La=6.4, Wa=6.4, Hεr=0.06, Hcu=0.015 and Ha=0.375.

FIGURE 2. Current distribution of the proposed antenna element at
(a) 58 GHz and (b)70 GHz.

B. BANDWIDTH EXPANSION WITH L-PROBED E-SHAPED
PATCH STRUCTURE
It was reported that the L-probe feed [16]–[20] structure
and E-shaped patch antenna [11]–[15] expand the bandwidth
of the antenna. In this study, a wideband E-shaped patch
antenna is fed by an L-probe to further improve the band-
width of the antenna by creating additional resonance points.
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FIGURE 3. Comparison between L-probe patch and proposed L-probe
E-shaped patch antenna element. (a) Impedance and (b) S11.

Fig. 2 shows the current distribution of the proposed antenna
element at 58 GHz and 70 GHz. It is clearly observed that the
rectangular patch exhibits a half-wave resonance at 58 GHz,
and resonance does not occur in the circular patch. Moreover,
at 70-GHz, half-wave resonance occurs in the circular slot,
and the patch is out of resonance. It is expected that the
imaginary input impedance becomes zero by causing reso-
nance at these two resonance frequencies. Fig. 3 shows a
comparison between the L-probe patch and proposed L-probe
E-shaped patch antenna element. In case of the only L-probe
case, S11 forms a narrow bandwidth of 4.9 GHz(=9.4%)
from 50.6 GHz to 55.5 GHz. However, in the case of the
proposed L-probe E-shaped patch, it can be observed that the
bandwidth is widened to 15.6 GHz(=24.8%) ranging from
54.9 GHz to 70.5 GHz by the resonant frequency added by
the circular slot. This is the fundamental difference between
the proposed antenna and L-probe antenna.

Fig. 4 shows the simulated real and imaginary impedances
of the antenna element obtained by sweeping Lp. The other

FIGURE 4. Simulated (a)real and (b)imaginary impedance of the antenna
element obtained by sweeping Lp.

parameters of the antenna, with the exception of Lp, were
determined using the final dimensions shown in Fig. 1. There
are four resonance points at 47.5 GHz, 57.5 GHz, 65 GHz,
and 71 GHz. The first resonance point at 47.5 GHz(=f1,c)
originated from the L-probe feed. The second resonance
at 57.5 GHz(=f2,c) is the fundamental half-wave reso-
nance of the rectangular patch, and the third resonance at
65 GHz(=f3,c) is a high-order resonance point from the rect-
angular patch. The fourth resonance point at 71 GHz(=f4,c)
originated from the circular slot. The f2,c and f3,c frequencies
formed by rectangular patches move dominantly by sweeping
Lp, whereas f1,c and f4,c hardly change.

Fig. 5 shows the simulated real and imaginary impedances
of the antenna element obtained by sweeping R. The f4
frequency formed by the circular slot moves dominantly
by sweeping R, whereas f1,c and f3,c hardly change. When
Rs changes from 0.24 mm to 0.34 mm, f2,c is upshifted
from 55 GHz to 57.5 GHz. This is due to the fact that four
times the radius of the circular slot(=4Rs) has a value similar
to Wp, resulting in a reduction in the effective length of the
patch as shown in Fig. 1(a). When Rs changes from 0.24 mm
to 0.34 mm, f1,c is also upshifted from 46 GHz to 47.5 GHz.
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FIGURE 5. Simulated (a)real and (b)imaginary impedance of the antenna
element obtained by sweeping Rs.

This phenomenon is also due to the changes in the effective
feeding point because the size of the rectangular patch on the
L-probe side decreases owing to the larger slot size.

Fig. 6 shows the simulated real and imaginary impedances
of the antenna element obtained by sweeping Lpr. In this case,
only f1,c move dominantly as Lpr changes. The parametric
simulation in Fig. 3, 4, and 5 shows the parameter on which
each resonance point (f1,c, f2,c, f3,c, and f4,c,) is dependent.

C. FURTHER PERFORMANCE IMPROVEMENT USING
E-SHAPED PATCH ANTENNA WITH CIRCULAR SHAPED
SLOT
Fig. 7 shows the geometry and simulated current distribution
at 70 GHz for an E-shaped patch antenna element with tri-
angular, rectangular, and circular slots. The dimensions of
the triangular, rectangular, and circular slots were optimized
to maximize the −10-dB S11 bandwidth. If a circular slot
is used, then the S11 and gain bandwidth can be widened,
and the cross-polarization level is improved when compared
to that of the rectangular or triangular case. This can be
explained as follows.

Assuming that the frequencies (f4,c, f4,r, and f4,t) are the
same, the lengths of each slot can be the same, and the

FIGURE 6. Simulated (a)real and (b)imaginary impedance of the antenna
element obtained by sweeping Lpr.

following equation is satisfied.

πRS =Wre + 2Lre = 2Dtr (1)

In this case, the area of the circular slot is always 4
π
times

that in the rectangular and triangular cases.

πR2
s

2
≥

4
π
WreLre (2)

πR2
s

2
≥

4
π

D2
tr

2
sinθ (3)

Frequencies f4,c, and f4,r, correspond to the length of each
slot, and it is assumed that the lengths of the circular and
rectangular slots are equal.

πRs =Wre + 2Lre (4)

If the arithmetic–geometric mean (AGM) method is
applied to (4), the following inequality is satisfied:

(πRs)
2
= (Wre + 2Lre)

2
≥ 8WreLre (5)

Eq. (5) is also modified as follows:

πR2
s

2
≥
4
π
WreLre >WreLre (6)
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FIGURE 7. Geometry and simulated current distribution for E-shaped
patch antenna element with (a)triangular slot, (b) rectangular slot and
(c) circular slot. The current distribution is simulated at 70GHz. The
parameter dimensions in millimeters are Dtr=0.53, Lre=0.3 and Wre=0.4.

This implies that the area of the circular slot is at least 4
π

times larger than that of the rectangular slot. Therefore, the
space between the two slots remained as low as the original
area, with the exception for the slots, thereby improving the
performance of the proposed antenna element.

Similarly assuming that frequencies f4,c and f4,t are the
same, the following equation is satisfied:

πRs = 2Dtr (7)

Eq. (7) is also re-expressed as follows:

πR2
s

2
=

2
π
D2
tr ≥

(
4
π

) (
1
2
D2
tr

)
>

1
2
D2
trsinθ (8)

This implies that the area of the circular slot is at least
4
π

times larger than that of the triangular slot and also
exhibits a performance improvement when compared to that
of the triangular slot. From (2) and (3), the area between the
two slots remains smaller in the circular slot case than in
the rectangular and triangular cases. Therefore, among the
currents flowing between slots, x- or –x- polarized current
components flowing in opposite directions neutralize each
other, which mostly occurs in the case of circular slots. This
phenomenon explains as to why the cross-polarization can be
reduced for the circular slot case as opposed to that for the
rectangular or triangular slot.

Additionally, the current component flowing in the
y-direction (which is opposite to the polarization of the main

FIGURE 8. Simulated S11 for E-shaped patch antenna element with
(a)triangular slot, (b) rectangular slot and (c) circular slot.

patch) becomes close in the circular slot case, and the array
factor of the current components flowing in the y-direction is
the smallest. This contributes to less distortion of the radiation
pattern.

Moreover, in the case of triangular and square slots, the
impedance near f4,t or f4,r frequency formed by the slot
changes rapidly because each vertex exhibits a discontinuity
in the slot’s geometry. However, in the case of the circular
patch, the impedance changes slowly around the f4,c fre-
quency. Hence, the S11 bandwidth is wider than when the
triangular or rectangular slot is applied to the E-shaped patch
antenna element.

Fig. 8 shows the simulated S11 for an E-shaped patch
antenna element with triangular, rectangular, and circular
slots. For the triangular case, the −10-dB S11 bandwidth is
12.7 GHz (=21.0% fractional BW), ranging from 54 GHz
to 66.7 GHz. In case of the rectangular slot, −10-dB S11
bandwidth is 13.2 GHz (=21.8% fractional BW) ranging
from 53.9 GHz to 67.2 GHz. Finally, the S11 bandwidth is
15.7 GHz(=25.1% fractional BW) ranging from 54.8 GHz to
70.5 GHz for the circular slot case.

Fig. 9 shows the simulated radiation pattern for an
E-shaped patch antenna element with triangular, rectangular,
and circular slots at 70 GHz. For the triangular slot case, the
radiation pattern is evidently distorted with the null point in
a specific direction(at θ = 30◦, φ = 90◦). In the case of
a rectangular slot, the null point disappears from the radia-
tion pattern although the beam is broadly radiated into the
H-plane. When a circular slot is used, the beam is evenly
radiated without distortion of the radiation pattern.

Fig. 10 shows the simulated directivity and realized gain
for an E-shaped patch antenna element with triangular, rect-
angular, and circular slots. The radiation pattern around the
resonant frequency of the slot (f4) is improved by using the
circular slot, and thus the direct slot and realized gain band-
width are the widest for the circular slot. When compared
with the triangular and rectangular slots, 5-GHz and 3-GHz of
the 3-dB realized gain bandwidth are improved, respectively.
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FIGURE 9. Simulated radiation pattern for E-shaped patch antenna
element with (a)triangular slot, (b) rectangular slot and (c) circular slot.
The radiation pattern is simulated at 70GHz.

Fig. 11 shows the simulated co-polarized and cross-
polarized H-plane radiation patterns for an E-shaped patch
antenna element with triangular, rectangular, and circu-
lar slots at 60 GHz. In the case of the E-shaped patch
antenna, the addition of a rectangular slot to widen the
bandwidth cuts the magnetic current, thereby exacerbating
cross-polarization. The slot was revised to a circular shape
to improve the cross-polarization when compared with that
of the original E-shaped patch antenna with a rectangular
slot.

FIGURE 10. Simulated directivity and realized gain for E-shaped patch
antenna element with (a)triangular slot, (b) rectangular slot and
(c) circular slot.

FIGURE 11. Simulated co-polarized and cross-polarized H-plane radiation
pattern for E-shaped patch antenna element with triangular slot,
rectangular slot and circular slot. The radiation pattern is simulated at
60GHz.

The co-polarization radiation pattern is constant irrespec-
tive of the shape of the slot, whereas the lowest cross-
polarization is observed when circular-shaped slots are
applied. When compared with the case of the triangular-
shaped and rectangular-shaped slots, 3.5 dB and 2.5 dB of the
cross-polarization level exhibit improvement, respectively.

III. ANTENNA MEASUREMENT
Fig. 12 shows the fabricated 60-GHz L-probed E-shaped
antenna array with circular slots. The size of the antenna
is 6.4 mm × 6.4 mm × 0.375 mm, corresponding to
1.28 λ0 × 1.28λ0 × 0.075λ0. The reflection coefficient of
the antenna array is measured using a vector network ana-
lyzer, and the radiation patterns of the fabricated antenna
array are measured via a far-field millimeter-wave antenna
measurement setup as shown in Fig. 13, which works in
the V band. The radiation pattern was measured using a
conventional gain comparison method with two identical
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FIGURE 12. Fabricated antenna array.

FIGURE 13. Measurement setup for radiation pattern.

FIGURE 14. Simulated and measured S11 for the proposed antenna array.

standard pyramidal horn antennas. A 12.5–18.75 GHz signal
was generated from the signal generator, and V-band OML
mixer up-converted this signal to the 50–75 GHz band. This
signal finally reaches the G-S-G probe flowing through the
V-band cable. When the probe contact to the antenna under
test, the antenna radiates the electromagnetic field and the

FIGURE 15. The simulated and measured realized gain and realized
efficiency for the proposed antenna array.

FIGURE 16. Simulated and measured E-plane and H-plane radiation
patterns for 57 GHz, 62 GHz and 66 GHz for the proposed antenna array.
(a) 57-GHz E-plane, (b) 57-GHz H-plane, (c) 62-GHz E-plane, (d) 62-GHz
H-plane, (e) 66-GHz E-plane, and (f) 66-GHz H-plane.

reference horn antenna sense the received power. The horn
antenna is connected with power sensor and can move in both
the θ and φ directions, so that the radiation pattern can be
measured. In the case of E-plane, it is impossible to measure
the radiation pattern in the region where θ is smaller than
−30◦ due to the space of the probing system. In addition,
when θ is greater than 60◦, the signal reflected from the
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TABLE 1. Comparison with previously reported 60 GHz antenna.

ground or probe is sensed by the reference horn antenna,
so it is difficult to accurately measure the radiation pattern.
Therefore, in the case of the E-plane, the radiation pattern was
measured in the region of−30◦ ≤ θ ≤ 60◦. The S-parameter
and radiation pattern measurements are conducted using a
GSG probe. Fig. 14 shows the simulated and measured S11
values for the proposed antenna array. The simulated S11 is
16.1GHz(26.8%) ranging from 50.4 to 66.5GHz. The mea-
sured results are in good agreement with the simulated result
although −10-dB S11 bandwidth decreases because the pole
at 52.5 GHz is down-shifted to 50 GHz. This is presumably
because the fabrication dimensions of the L-probe are differ
from simulation values. Nevertheless, the measured −8-dB
and −10-dB S11 bandwidth shows 25.5 GHz(=44.7%) rang-
ing from 44.2 to 69.7 GHz, and 11.2GHz(=17.8%) ranging
from 57.6 to 68.8 GHz, respectively.

Although the S11 value is below −8 dB, which exceeds
−10 dB, the mismatched loss of S11 for −10 dB is 0.5 dB
and the mismatched loss of S11 for−8 dB is 0.73 dB, and the
deterioration of the realized gain is only 0.23 dB.

Fig. 15 shows the simulated and measured realized gains
and realized efficiency for the proposed antenna array. The
peak gain is 11.42 dBi and the 3-dB gain bandwidth ranges
from 54 to 70 GHz (=25.8% fractional bandwidth). The

measured realized efficiency is ranging from 73% to 96%
in 60GHz unlicensed band(57-66GHz). Fig. 16 shows the
simulated and measured E-plane and H-plane radiation pat-
terns for frequencies of 57, 62, and 66 GHz for the pro-
posed antenna array. The measured results agree with the
simulated results for co-polarization. For cross-polarization,
the measured cross-polarization level is higher than the sim-
ulated value because the reference horn antenna senses the
co-polarized radiated field reflected from the probe or other
measurement systems. Moreover, the discrepancy between
the simulated and measured radiation patterns and boresight
gain can correspond to the result of the horn antenna, which
senses the radiated field reflected from the probe or other
measurement systems. This in turn results in a distorted mea-
sured gain in the E-plane.

Table 1 shows a comparison of the reported 60-GHz anten-
nas. S11 was distorted to −8dB due to errors in fabrica-
tion, but the insertion loss corresponding to −8dB S11 was
0.73 dB, so it was judged that there was no problem in actual
use, and −8dB S11 was also added to the comparison table.
The proposed antenna exhibits the widest bandwidth per-
formance when compared with that of the compact antenna
reported in the literature.

IV. CONCLUSION
In this study, a 60-GHz wideband L-probe circular slotted
E-shaped patch antenna array is presented. The contributions
of the study can be summarized as follows: 1) An E-shaped
patch is added to the L-probe to further expand the bandwidth
of the existing L-probe patch. 2) The E-shaped slot is mod-
ified to a circular slot to improve the overall performance,
including the radiation pattern, S11, and cross-polarization of
the original E-shaped patch antenna element. The proposed
antenna array reveals a peak gain of 11.42 dBi, 25.8% frac-
tional 3-dB gain bandwidth, and 44.7%−8 dB S11 bandwidth
with a size of 6.4 mm × 6.4 mm × 0.375 mm.
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