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Abstract — A low-profile circularly polarized (CP)
magneto-electric dipole (MED) antenna array is
presented in this paper. By tilting the vertical walls of a
MED with two protruded stubs being orthogonal to the
horizontal patches and by using a staircase-shaped
feeding strip, a wideband CP MED antenna is formed. In
comparison to the conventional MED, the profile of the
antenna is reduced from 0.254; to only 0.074; at the
center frequency of the operating band. The sequentially
rotated feeding (SRF) network is employed to construct
a 2x2 array with enhanced 3 dB axial-ratio (AR)
bandwidth. The overall size of the array is as compact as
1.334¢%1.33cx0.074, and the measured results show
that the usable overlapped bandwidth of the reflection
coefficient |S11|< -10 dB and AR< 3 dB is 31.2%,
covering 1.76 GHz to 2.41 GHz. The peak gain of the
array is 12.9 dBic with the gain variation being less than
3 dB within the 1.85-2.32 GHz band, and the front-back-
ratio (FBR) is greater than 20 dB. The proposed array is
promising in the applications for portable and individual
communication devices for wireless communications.

Index Terms — Circularly polarized antenna, magneto-
electric dipole antenna, small size, wideband.

I. INTRODUCTION

As a type of wideband complementary antenna,
the magneto-electric dipole (MED), which was first
proposed by Luk in 2006, has attracted widespread
interests in recent years [1-15]. The MED antenna has
many advantages such as wide bandwidth, symmetrical
beam, low cross-polarization level, and stable gain, etc.
However, the traditional MED antenna usually has a
relatively high profile of about 0.25 wavelengths at the
center frequency of the operating band, which may limit
its application in many portable communication systems.

A lot of works have been conducted to lower the
profile of the MED antenna. In [2], the height of a
wideband MED is reduced to 0.24; by attaching two
extra inverted-L-shaped wires above the shorted bowtie
patches. In [3,4], a horizontal planar dipole and a pair of
vertical folded patches are used to further reduce the
antenna profile to 0.174;, and 55% 10 dB impedance
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bandwidth is reached. In [5], the profile of the MED is
lowered to 0.1564; by bending the vertical shorted patch
to a triangular shape, and a very wide bandwidth of
86.2% is obtained. A new MED with the height of 0.164¢
is presented in [6], although the structure of the antenna
is much simple than those in [2-5], the antenna still has
wide impedance band- width of 45%. In [7], by replacing
the traditional quarter-wave vertical shorted patch with
a bent one of an obtuse-triangle- shaped cross section,
the antenna’s profile is lowered down to 0.0971c, at the
expense of reduced -10 dB |S11| bandwidth of 28.2%.
The thickness of the MED is reduced to only 0.0354c in
[8], but the bandwidth decreases to 20.7% and the FBR
rises to 16 dB. [9-11] give the dielectric substrate loaded
or substrate integrated MED, and the profiles of the
antennas can be reduced to the order of 0.08 to 0.114c.
However, these antennas suffer from complexity in
construction of the ground reflector and in assembling
process, relatively high fabrication cost and sensitivity to
environments, narrow bandwidth, and reduced gain in
comparison with the air-support metal MED antennas.
In contrast to the linearly polarized antennas,
wideband CP antennas are often required in many
communication systems to avoid multipath effects and
mitigate the polarization mismatch. Recently, [12-15]
have presented several wideband CP MED antennas. In
[12], a CP MED antenna is designed by combing two
bowtie patch antennas with two electric dipoles. It is fed
by a Wilkinson power divider, and 33% overlapped
-10dB |S11|and 3 dB AR bandwidth is achieved, but the
height of the antenna is 0.25/. In [13], a 0.21c-thick
wideband crossed- dipole loaded CP MED is proposed,
and the usable bandwidth is 26.8%. In [14], two
symmetric electric dipoles, two vertical patches, and a
cavity with two gaps are combined to provide 65.1%
overlapped CP bandwidth, but the antenna’s profile is
as high as 0.27Ac. In [15], two L-probe fed CP MED
antennas, operating respectively at the microwave
and millimeter-wave bands, possess the overlapped
bandwidths of 47.7% with the 0.29/. profile and 41%
with the 0.15Ac-profile. Although wide CP bandwidths
have been obtained in [12-15], the heights of the MED
antennas are still quite high; this is undesirable for some
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portable devices.

In this paper, a low-profile wideband CP MED
antenna array is proposed for portable or individual
wireless devices, in which compactness and light-
weight is one of the most important requirements. Based
on the proposed single-fed CP MED antenna with wide
impedance bandwidth, which has a much lower profile
of 0.074c as compared with the traditional 0.25Ac-thick
MED antenna, a 2x2 array is constructed by using the
sequentially rotated feeding (SRF) technique. The use of
SRF network [16,17] further enhances the polarization
purity and AR bandwidth, and the overlapped AR< 3 dB
and |S11]< -10 dB bandwidth can be greater than 30%.
Within the operating band, the gain variation is less than
3 dB from 1.85 to 2.32 GHz, showing a 22.5% 3 dB gain
bandwidth.

I1. ANTENNA ELEMENT

A. Antenna configuration

The geometry of the proposed MED antenna
element is shown in Fig. 1. Two metallic patches with
each dimension of L;xW; and being parallel to the
ground, together with two attached stubs with the each
size of LoxW- protruding along the y-direction, form an
electric dipole (ED). The position of the stub measured
from the inner edge of the patch is W3, and the gap width
between the two arms of the ED is S. In Fig. 1 (c), two
inclined metallic patches connect the inner edges of the
two horizontal patches to the ground, in which o denotes
the included angle between the slanted patches and
ground, and H is the height of the antenna. Similar to the
conventional MED antenna [1], [7], the shorted inclined-
patches, the ground, and the aperture between the ED’s
two arms, form an equivalent magnetic dipole (MD). The
feeding line of the antenna is a staircase-shaped metallic
strip, as shown in Fig. 1 (d), which consists of four parts.
The first part is a vertical strip with the length of 11, and
it connects to the intersection line of the horizontal patch
and the inclined shorted patch. The second part is a
horizontal strip with the length of I, and the third part,
with the length being ls, is parallel to another inclined
shorted patch. The first three parts share the same width
of Wi. The fourth part of the feeding line is a vertical
strip with the shape of an inverted trapezoid. The lengths
of the top and bottom bases, and the height of the
trapezoid are Ws, Wi, and l4, respectively. The antenna
element can be fed by connecting the inner conductor of
a SMA connector to the bottom base of the trapezoid and
attaching the outer conductor to the ground. The third
part (I3) works as a microstrip line and the distance
between the line and inclined-patch can be determined
by the basic formula for microstrip line design. It is noted
that in this section the size of the ground is set to G= 150
mm (0.95/.) for analysis the properties of the single
MED antenna element.
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Fig. 1. Configuration of the proposed MED antenna
element. (a) Perspective view, (b) top view, (c) side
view, and (d) the feeding strip. Optimal dimensions of
the antenna element (unit: mm): L;=51, L,=13, W;=51,
W,=10, W3=25, S=6, H=10, G=150, 1,=2, 1,=6, 15=17.3,
1,=2, t=1, wn=2.1, wp=1.3. 0=20.3°.

B. Operating principles

As shown in Fig. 1, it is apparent that both the
equivalent electric currents of ED and the equivalent
magnetic currents of the MD are y-directed. In the xz-
plane, both the electric field radiated from the ED and
that from the MD have the same shape of figure “O”,
although they are spatially orthogonal. In addition, there
is an inherent 90° phase difference between these two
sets of electric fields since one of them is radiated from
an ED and the other one is produced by an equivalent
MD [18]. Thus, good CP radiation can be generated in
the entire xz-plane. However, if we consider the presence
of the ground plane, in the xz-plane the electric field from
the ED will be shorted at the ground plane because it is
tangential to the ground; while the electric field from the
MD will not since it is normal to the ground. Therefore,
given the existence of ground plane, the total electric
field in the upper half xz-plane is the superposition of the
field from the ED with the shape of half figure “8” and
that from the MD with the shape of half figure “O”. This
indicates that low AR can be kept in the upper half xz-
plane except the region near the ground plane.

In the yz-plane, the electric fields from the ED and
MD are still orthogonal in space and quadrature in phase
but both radiation patterns are like figure “8”. The
electric field from the ED will be enhanced near the
ground, because it is vertically polarized with respect to
the ground plane in the yz-plane; while the electric field
from the MD will be shorted since it has only tangential
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component to the ground. So, the total radiated electric
field in the upper half yz-plane is still the sum of the field
from the MD with the shape of half figure “8” and the
field from the ED with the approximate shape of half
figure “O”. It is seen that the proposed MED antenna can
produce good CP and symmetrical radiation in the upper
half space over a wide frequency range, if the ED and
MD are excited with nearly the same magnitude.

To better understand the operating principle, the
current distributions on the ED patches and the electric
field vectors in the gap at different time instants within
one period T are shown in Fig. 2. At the instant t=0, the
current on the ED patches is dominated along +y-axis,
while the electric field in the gap is minimized, which
indicates that the ED is strongly exited. At t=T/4, the
electric field in the gap is strong along -x-axis, while the
current on the ED patches is weak, which means the MD
is strongly excited at this instant. As seen in Figs. 2 (c)
and (d), in the next half period, the current and electric
field distributions repeat the ones at t=0 and t=T/4 but
with opposite directions. It is clear that the circulation of
the electric current and field in one period meets the
requirement for possible CP radiation.

(d)

Fig. 2. Current and electric field distributions of the
proposed antenna at different time instants: (a) t=0, (b)
t=T/4, (c) t=T/2, and (d) t=3T/4.

C. Antenna element performance and parametric
studies

From Fig. 1, two resonant frequencies can be
predicted existing in the structure of the antenna. The ED
determines the lower resonant frequency f, since it has a
long current path, and the higher one fy is dependent of
the effective length and width of the equivalent MD. The
electric current length of the ED is mainly affected by
Li+Ly, the effective length and width of the MD is
determined by the parameters L1, S, and W1, while S also
significantly affects the coupling between the ED and
MD. Therefore, parametric studies are carried out on the
three key sizes of L, Wy and S in order to optimize the
performance of the antenna, and only one parameter
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varies while the others are kept unchanged in each of the
following analyses, and the final optimum geometrical
sizes for the MED antenna are listed in the caption of
Fig. 1.

The variations of |[S11|, AR and gain of the antenna
versus L, are shown in Fig. 3 (a). It is seen that both AR
and |S11| are sensitive to the variation of L,. When L,
increases, fi is shifted downward since the current path
of the ED is elongated, whereas fq almost remains
unchanged. The minimal AR frequency is lowered as
well, which results in misalignment of the AR and |S11|
bandwidths. Besides, the peak gain decreases by 0.6 dB
or so as Ly is increased from 10 mm to 16 mm. Thus,
in order to obtain a wide overlapped AR and |S11|
bandwidth and high gain, the stub length L is set to 13 mm.

Figure 3 (b) shows the effects of the arm length of
the ED on the performance of the antenna. It is observed
that the two resonant frequencies are shifted downward
with the increased Wi, which indicates that the current
path along the ED and the effective length of the MD are
both elongated by increasing W1. The antenna appears to
be mismatched at low frequency, and the AR and |S11|
operating bands become misaligned. Moreover, fy shifts
downward more strongly than f. does, which means that
Wi, has more significant effects on the MD

The effects of gap width S between two ED patches
on the antenna’s performance is illustrated in Fig. 3 (C).
Itis clearly that the large S will cause the higher resonant
frequency move upward significantly, while the low
resonant frequency remains almost unchanged. But
when S increases, the coupling between the two arms of
the ED becomes weak, and impedance mismatch is seen
near the frequency of f.. The AR and gain of the antenna
are almost not affected by changing S, which indicates
that the excitation magnitude and phase relationship
between the ED and MD is almost independent of S.
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Fig. 3. Effects of different geometrical parameters on the
performance of the MED antenna element: (a) Lo, (b) Wy,
and (c) S.

With the optimum geometrical sizes, the MED
antenna has 20.3% overlapped |S11|< -10 dB bandwidth
from 1.95 GHz to 2.39 GHz and 10.5% AR< 3 dB
bandwidth from 1.99 GHz to 2.21 GHz, respectively.
The peak gain of the antenna is 9.11 dBic, and the
variation of the gain is less than 3 dB from 1.97 GHz to
beyond 2.5 GHz.

I11. ANTENNA ARRAY DESIGN AND
PERFORMANCE
A 2x2 array is constructed by four proposed MED
antenna elements, denoted by Al to A4, and the layout
of the array is shown in Fig. 4. The four antenna elements
are placed above the top surface (as the ground plane of
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the antenna) of a double-sided copper clad laminate, and
the SRF network is etched on the bottom surface to
excite the array. The relative permittivity, loss tangent,
and thickness of the dielectric substrate are &=3.5,
tand=0.002, and t=1 mm, respectively. The SRF network
is composed of two-stage Wilkinson power dividers to
provide wideband and stable power division ratio and
phase difference between the antenna elements. Each
antenna element is excited by connecting the output of
the power divider to the inverted trapezoid, i.e., the
fourth part at the end of the feeding strip, through a metal
probe. For a left-handed circular polarization (LHCP)
design, the elements Al to A4 rotate clockwise, and the
feeding phase for each element is 90° lag to that of the
former one. The spacing between two neighbor elements
is D= 84 mm (0.584), so the overall size of the array is
about 190 mmx190 mmx11 mm (1.334c%1.33/¢x0.074c).

(b)

Fig. 4. Layout of the 2x2 array: (a) top view and (b) SRF
network composed of two-stage Wilkinson power
dividers.

Parametric studies of L,, W1 and S are carried out to
study their effects on the performance of the array. The
variations of the AR and |S11| of the array versus L, are
shown in Fig. 5 (a). The relationship between L, and the
two resonant frequencies is complicated in array
environment. When L, increases, owing to the stronger
mutual coupling between antenna elements, f_ shifts
upwards first and then moves to lower frequency slightly
while fy is increased continuously, so the two resonant
frequencies depart from each other. Meanwhile, the AR
is seen slightly increased at high frequency, and the gain
of the array decreases quickly if L is enlarged to 16 mm.

As shown in Fig. 5 (b), when W1 is increased from
49 mm to the optimum value of 51 mm, fy shifts down
from 2.25 GHz to 2.2 GHz, and the impedance matching
is improved. The lower resonant frequency f_ shifts
upward slightly; and as W increases to 53 mm, fy moves
to a higher frequency with f_ being almost unchanged.
Meanwhile, a large loss of gain of the array at higher
frequency is observed. Based on these findings, it is
evident that overlarge value of W; cannot be chosen to
construct the compact array, since large W1 leads to small
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edge-to-edge spacing between the antenna elements and
then causes strong mutual coupling.

Figure 5 (c) gives the effects of S on the array’s
performance. It can be seen that continuously increased
S does not lower down the two resonant frequencies
monotonically as the single antenna does because mutual
coupling among the antenna elements is strong due to the
large S. At the same time, it is also observed that the gain
is reduced at the high frequency band with the increased
S.

With the optimum geometrical sizes of the antenna
element, the 2x2 array has a more than 35% |S11|<-10
dB bandwidth from 1.76 GHz to 2.50 GHz, an AR< 3 dB
bandwidth of 33% from 1.74 GHz to 2.42 GHz, and 3 dB
gain bandwidth of 22.5% from 1.88 GHz to 2.37 GHz.
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Fig. 5. Effects of different geometrical parameters on the
performance of the MED antenna array: (a) Lz, (b) Wi,
and (c) S.

V. EXPERIMENTAL VERIFICATION

A 2x2 CP MED array is fabricated, as shown in Fig.
6. The array element has the optimum dimensions listed
in the caption of Fig.1, and the inter-element spacing is
84 mm. All the MED elements and feeding structure are
made of copper sheets with the thickness of 0.3 mm, and
each antenna element is fixed to a 190 mmx190 mm
substrate by four metal screws.

(b)

Fig. 6. The fabricated prototype of the antenna array: (a)
top view and (b) two-stage Wilkinson power divider.

The simulated and measured |S11| and AR of the
antenna array are presented in Fig. 7. The measured |S11|
agrees well with the simulated results, and the |S11]| is
less than -10 dB from 1.76 GHz to 2.50 GHz. Agreement
of the measured and simulated AR shows good LHCP
performance of the array, and the measured 3 dB AR
bandwidth is about 32.7% from 1.74 GHz to 2.42 GHz.
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Thus, the overlapped |S11| and AR bandwidth is 31.2%,
ranging from 1.76 GHz to 2.41 GHz.
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Fig. 7. Simulated and measured reflection coefficient,
and axial ratio of the proposed array antenna.

The simulated and measured gain of the antenna
array, along with the calculated total efficiency, are
illustrated in Fig. 8. The measured peak gain is about
12.9 dBic, and the minimum gain is above 8 dBic within
the overlapped bandwidth. The variation of gain is less
than 3 dB from 1.85 to 2.32 GHz, showing a bandwidth
of 22.5%, which is slightly narrower than the simulated
one of 23.1% (1.88-2.37 GHz). It is noted that the
maximum difference between the measured results and
the simulated ones is about 2 dB, which may be caused
by the imprecision of the handmade antenna elements,
uncertainties in the measurements, and the losses in
the feeding network. The simulated array efficiency is
greater than 55% within the entire overlapped bandwidth
and more than 72% within the 3 dB gain bandwidth.
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Fig. 8. Simulated and measured realized gain of the
array, and simulated total efficiency of the proposed
array antenna.

Figure 9 depicts the measured radiation patterns of

the array at 1.9, 2.1, and 2.3 GHz, from which good
LHCP performance is observed. The simulated results
are also plotted for comparison, showing good agreement
with the measured ones in the xoz- and yoz-planes. In
both planes, the FBR is over 20 dB at each frequency,
and the corresponding 3 dB beam-widths in the xoz-
and yoz-planes are measured 44.2° and 44.8° at 1.9 GHz,
39.6°and 37.3°at 2.1 GHz, and 37.9° and 36.8°at 2.3 GHz,
respectively.
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Fig. 9. Simulated and measured radiation patterns of the
proposed array antenna at: (a) 1.9GHz at xz-plane, (b)
1.9GHz at yz-plane, (c) 2.1GHz at xz-plane, (d) 2.1GHz
at yz-plane, (e) 2.3GHz at xz-plane, and (f) 2.3GHz at yz-
plane.

The performance comparison of the proposed CP
MED array with other 2x2 arrays that also use the SRF
technique is shown in Table 1. Since we did not find
other pure metal MED-type 2x2 array designs, it is noted
that the comparison arrays listed in Table 1 are all printed
on dielectric substrates or substrate- loaded [19-24]. It
is seen that the proposed array has wider overlapped
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-10 dB |S11| and 3 dB AR bandwidth and high gain as
compared with these arrays of similar volume sizes. To
the best of our knowledge, with similar usable bandwidth,
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the proposed antenna array has the smallest size among
the pure metal MED arrays.

Table 1: Measured results comparisons of the proposed array and other 2x2 arrays with SRF

. -10 dB |S11 3dB AR Overlapped .

Array Overall Size Bandwildtr! Bandwidth Bandwidth | Peak Gain
[19] | 1.45/ox1.45/.x0.028/¢ 15.9% 11.8% 11.8% 125 dBic
[20] | 1.32/0x1.324cx0.065/ 36.5% 28.8% 28.8% 13.2 dBic
[21] | 1.82/0x1.824cx0.040/ >19% 12.7% 12.7% 12.0 dBic
[22] | 1.50/0x1.501:x0.060% 20.8% 17.6% 17.6% 11.5 dBic
[23] | 1.67/0x1.674:x0.060% 6.0% 6.8% 6.0% 10.5 dBic
[24] | 2.03/0x2.034:x0.106/ 20.5% 16.2% 16.2% 12.9 dBic
Proposed | 1.33/cx1.33/x0.070/, 34.7% 32.7% 31.2% 12.9 dBic

VI. CONCLUSION

A compact low-profile CP MED antenna array,
which is composed of pure metallic structures, is
proposed in this paper. The profile of the array is only
0.074c, which is much lower than other pure metal
designs of the MED-type. The lateral size of the array is
also as small as 1.334cx1.334c. The measured -10 dB
|S11| bandwidth is about 35% (1.76-2.5GHz), the 3 dB
AR bandwidth is nearly 33% (1.7-2.41 GHz), and the
3 dB gain bandwidth is 22.5% (1.87-2.29GHz) with the
peak gain of 12.9 dBic. The proposed array is promising
in the applications for portable and individual
communication devices.
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