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Abstract— This article proposes a wideband differentially fed
dual-polarized magnetoelectric (ME) dipole for millimeter-wave
(mm-Wave) applications. Various electric and magnetic char-
acteristic modes of a slotted patch antenna are investigated
and utilized effectively to create a stable broadside radiation
pattern, covering fifth-generation (5G) frequency bands from
24.25 to 40 GHz. To implement this, the lifted ground (LGND)
concept is applied to achieve a 57.1% impedance bandwidth
for a single antenna element. In addition, the three resonances
of the antenna can be manipulated independently. The use of
differential feeding allows more than 36 dB of port-to-port
isolation across the entire operating band. The measured gains
of the single element and 2 × 2 array are 8.4 and 13.4 dBi,
respectively. Also, the measured results indicate symmetrical
E- and H-plane radiation patterns and cross-polarization levels
lower than −26 dB. With the favorable electrical performance,
compact size, simple structure, and low-cost fabrication, the
proposed ME dipole is a promising candidate for mm-Wave
Antenna-in-Package (AiP) applications.

Index Terms— Characteristic mode analysis (CMA), comple-
mentary antenna, dual-polarized antenna, fifth generation (5G),
magnetoelectric (ME) dipole, millimeter-wave (mm-Wave), ring
patch antenna.

I. INTRODUCTION

THE WIRELESS industry is shifting toward its fifth
generation (5G) of cellular technology that will employ

millimeter-wave (mm-Wave) frequencies to offer unprece-
dented spectrum and multi-gigabit-per-second (Gbps) data
rates to mobile devices [1], [2]. In recent years, a portion
of the mm-Wave spectrum consisting of the 24/28/38/39 GHz
subbands at the Ka-band, referred to as 5G New Radio
FR2 bands, has been allocated for upcoming 5G mobile
communications [3]. In addition to a wide operation range,
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link budget analysis shows stringent requirements for array
gain and the performance of individual antenna elements [4].
To integrate multiple subfrequency bands into a single antenna
element, a broadband antenna element covering all desired
subbands with a simple feeding configuration for the sake
of miniaturization and ease of integration with Antenna-in-
Package (AiP) technology is preferred [5]. Furthermore, dual-
polarized operation with high cross-polarization discrimination
(XPD) is also a necessity due to the increased channel capacity
and reduced side effects of multipath fading provided by
polarization diversity [6], [7].

Various antenna designs have been proposed to obtain the
required characteristics. Among these reported antennas, tradi-
tional microstrip patch antennas [8], [9] with single resonance
can support the 28 GHz band only, which is not desired.
Instead, one of the possible solutions is to cover the subbands
of the 5G lower band (LB) ranging from 24.25 to 29.5 GHz
(19.53%) and upper band (UB) from 37 to 40 GHz (7.79%).
Substrate-integrated waveguide (SIW) antennas [10], [11], [12]
have been proposed for dual-band operation with compact
dimensions caused by the quarter-mode operation, featuring
a low profile and ease of integration. Nevertheless, they can
only cover the 28 (27.5–29.5) and 38 GHz (37–38.6 GHz)
subbands by individual SIW modes separately.

Shared aperture antennas, such as a microstrip grid antenna
forming the shared aperture with parasitic patches [13],
a shared circular aperture antenna fed by combined
ridge-groove gap waveguide technology [14], a differentially
fed slot antenna loaded with a substrate-integrated dielectric
resonator antenna for low- and high-frequency radiations [15],
and an SIW slot array antenna which shares the aperture
with a patch antenna [16], have been proposed to implement
the desired LB and UB. Also, these can only achieve a
limited operating bandwidth and cannot meet the requirements
simultaneously, as the fractional bandwidth varies from 2.77%
to 15.65% and 1.77% to 16.7%, respectively, at their lower and
upper operation bands. In addition, the structures in [15], [16],
and [17] were designed with a large frequency ratio operating
at microwave and mm-Wave bands, while that of [14] had a
rather bulky full-metal body.

On the other hand, an alternative solution is to cover the 5G
New Radio FR2 bands at the Ka-band from 24.25 to 40 GHz
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(49%) by a single broadband antenna with an impedance
bandwidth as wide as approximately 49%. However, the
reported wideband E-patch antenna [18], dipole antenna [19],
and metasurface-based antennas [20] achieve bandwidth from
19% to 31%, which cannot satisfy the bandwidth requirement.
The abovementioned dual-band and wideband antennas only
realize a single polarization. For widening the bandwidth,
there are in general two methods at microwave and mm-Wave
bands: combining multimodes, e.g., with higher order modes
by reconfiguring the antenna structure [21], [22], and stacking
patches together without increasing the overall footprint [23],
[24]. Still, their bandwidths up to 45.4% are lower than
required, and most of these designs are only single-polarized.

The well-known wideband magnetoelectric (ME) dipole,
which includes an electric (E) and a magnetic (M) dipole
mode, has attracted significant attention since it was
invented [25], [26]. The E dipole of this complementary
source antenna typically comprises a pair of patches, while
the M dipole is made up of a vertical shorted patch or
aperture antenna [3], [27], [28], [29], [30], [31], [32], [33].
At mm-Wave bands, substrate-integrated gap-waveguide-fed
ME dipoles [29], [30] obtained insufficient 29% and 25.8%
operating bandwidths, respectively, with broadside radiation
characteristics. Although wider bandwidths of 44.4% and 50%
have been achieved [27], [31], ME dipole elements excited by
L-shaped probes supported merely a single linearly polarized
operation.

Three potential antennas have been demonstrated for the
Ka-band in [3], [28], and [33] to obtain a dual-polarization
bandwidth of 45%, 50%, and 52.9%, respectively. Nonethe-
less, they suffer from poor port-to-port isolation varying
from 14 to 20 dB with an XPD of around 20 dB due to their
single-ended and asymmetric feeding techniques. Meanwhile,
asymmetric structures lead to the nonidentical performance of
two orthogonal polarizations and asymmetric radiation patterns
in a way that each polarization was required to be adjusted
separately, which increased the design effort. To address these
issues, the differential feed proposed in [34] and [35] can
be adopted to keep the structure symmetrical. More impor-
tantly, the differential feed technique can suppress the surface
waves [34].

This article presents a differential probe-fed cross-slotted
patch with dual-polarization for 5G mm-Wave bands to realize
more than 57% of impedance bandwidth and maintain stable
radiation characteristics across the overall operating band. The
proposed antenna operates as a complementary antenna that
contains two E dipole modes and one M dipole mode rather
than one single E dipole mode and one M dipole mode in
traditional ME dipoles. In Section II, antenna designs of a
single element, novelties of the design, and a 2 × 2 array for
verification of mutual coupling are presented. The operating
principle is clearly illustrated with the help of characteristic
mode analysis (CMA) in Section III in which the E dipole
modes and the M dipole mode are investigated separately. It is
shown that the CMA helps to find a “hidden” higher order
mode that has the potential to enhance the bandwidth. More-
over, it provides insights into the way to improve impedance
matching by modifying the inherent reactance. The simulated

Fig. 1. Configuration of the proposed antenna: (a) PCB stack and
(b) exploded view.

and measured results and parametric studies based on the
equivalent circuit of the proposed ME dipole are demonstrated
in Section IV, followed by conclusions in Section V.

II. ANTENNA DESIGN

A. Unit Cell

Fig. 1 illustrates the stack and exploded view of the
proposed differentially driven dual-polarized broadband cross-
slotted patch antenna, which consists of a cross-slotted octag-
onal radiation patch (L1), an additional lifted ground (LGND)
(L2), the main ground (L3), and microstrip feedlines (L4).
Panasonic Megtron 7 laminate and prepreg (bonding layer)
are used for the stack. To be more precise, the octagonal patch
(evolved from a rectangular patch) with a cross slot is situated
on L1. The two orthogonal primary slots with the length of l1

and the width of w1, forming the cross slot, are loaded with
two secondary slots at the short-circuited ends with the length
of l2 and the width of w2, respectively, for the purpose of
further impedance matching and resonance fine-tuning. It is
noteworthy that the designed ME dipole can be regarded as a
nonuniform-width polygonal ring patch antenna [36] in which
the inner edges of the ring form the aperture serving as a
slot antenna. The thick cross-like LGND is employed on L2
to tune the impedance matching and radiation gain for UB.
The main ground plane is printed on L3 to isolate the antenna
substrate and feedline substrate. Meanwhile, it serves as the
reflector for the radiating patch as well. Four through-hole
plated vias (Via 1 with a radius of 0.1 mm)—the feeding



CHEN et al.: BROADBAND CROSS-SLOTTED PATCH ANTENNA FOR 5G mm-WAVE APPLICATIONS BASED ON CMA 11279

Fig. 2. Description of the layers in the proposed antenna: (a) Layer 1 (L1),
(b) Layer 2 (L2), (c) Layer 3 (L3), and (d) Layer 4 (L4, bottom view).

probes—connect the patch on L1 to one end of the microstrip
feedlines on L4, and they are grouped into two differential
pairs in opposite locations. Another end of the feedline is fed
by a high-frequency mini sub miniature push-on (Mini-SMP)
connector. Furthermore, a vertical transition [37] is imple-
mented as the quasi-coaxial line between the LGND on L2
and the main ground on L3 using shorting vias, Vias 2 and 3,
to encircle the feeding pins to eliminate the parallel-plate
mode. To get rid of the surface wave modes, an air cavity [38]
with a depth of 1 mm from the top layer is utilized by
removing away the substrate surrounding the 5 × 5 mm2 unit
cell in the large PCB for the unit cell prototype illustrated by
the dashed red box in Figs. 1(a) and 2(a). Via 4 is a blind
laser via with a diameter of 250 μm, while Vias 2 and 3 are
buried vias.

In Fig. 2, the detailed configuration of each layer is pre-
sented along with dimensions. The radiating patch with a
step-impedance cross slot shown in Fig. 2(a) is printed on
the top layer and fed by the differential pairs (feeding pins)
Port 1 and Port 2 along the symmetry planes xz and yz
placed near the inner edges of the deformed ring patch, which
can excite three desired modes for wideband characteristics.
Fig. 2(b) and (c) depicts the 5 × 5 mm2 unit cell area of
L2 and L3, respectively. As shown, the vertical transition
incorporates shorting vias Via 2 and 3 that encompass the
feeding probes, forming the quasi-coaxial line. Four concentric
circular holes with a radius of 0.3 mm are made in the ground
plane for the corresponding four feeding pins. The lifted
GND is evolved from a square shape by cutting off its four
corners, and its size is smaller than that of the radiating patch.
Together, these two result in the reduction and cancellation
of the large capacitive reactance and, thereby, improve the
impedance matching. Being smaller than the patch, the LGND

TABLE I

PARAMETERS OF THE PROPOSED CROSS-SLOTTED PATCH ANTENNA

will primarily affect the operation of the higher order mode
in terms of matching and radiation characteristics, and only
slightly detune the resonance of the first desired mode. The
pads of SMPM coaxial connectors and feedlines are presented
in Fig. 2(d). Both the SMPM connector and microstrip feed-
lines have a characteristic impedance of 50 �. The optimized
design parameters are listed in Table I.

B. Main Antenna Features

Compared with reported dual-polarized ME dipole and ring
patch antennas, the main novelties/features of the proposed
antenna can be described in the following way.

1) Against only one electric dipole mode and one mag-
netic dipole mode of a traditional ME dipole in [3],
[27], [28], [29], [30], [31], and [33], the proposed
ME dipole contains two electric dipole modes and one
magnetic dipole mode, providing a broadened operating
bandwidth. To the best of our knowledge, the CMA
is applied for the first time to the analysis of the
ME dipole operation. With CMA, an additional electric
dipole mode is identified, and its matching is improved
based on the provided reactance insights. What is more,
the magnitudes of the radiated power of the electric
dipoles are shown numerically to be comparable with
that of the magnetic dipole.

2) In contrast with the endfire radiation pattern of the
higher order TM31 mode of a conventional ring patch
or octagonal patch antenna, the proposed antenna has
a broadside pattern favoring the formation of a com-
plementary antenna at the UB. Moreover, the proposed
antenna reduces the resonance of the TM31 mode of the
conventional ring patch antenna by folding the current
distributions. Thus, it shrinks the separation between the
slot mode and TM31 mode resonance, and moves those
resonances closer to each other.

3) Due to the symmetrical differential feed structure,
each mode provides a stable and symmetrical radia-
tion pattern, and in turn, the resultant antenna with
combined modes has stable and symmetrical radiation
property across the whole operating band. Furthermore,
high port-to-port isolation and XPD are obtained due
to the symmetrical feeding compared with traditional
single-endedly fed ME dipoles.
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Fig. 3. Configuration of the 2 × 2 array: (a) top view and (b) bottom view.

4) The LGND acts as a tuning stub, and it is employed
to resonate the TM31 mode by canceling the capacitive
reactance of the natural impedance behavior, thereby
improving the impedance matching and gain. More
importantly, with this added discontinuity on the main
ground plane, three resonances of the proposed antenna
can be tuned independently.

C. 2 × 2 Array

To show the array capability of the proposed unit cell,
a planar 2 × 2 array with ±45◦ slanted polarization shown
in Fig. 3 is constructed. The four active elements are fed
with individual differential pairs instead of a corporate feeding
network to assess the mutual coupling between elements. The
0.57-λ0 spacing at 32 GHz between unit cells is selected to
compromise between grating lobe performance and the room
needed to accommodate 16 SMPM connectors and feed lines.
The unit cells in the 2 × 2 array follow the single-element
design apart from slight modifications for matching purposes.

It is indicated in Fig. 3(a) that 12 dummy elements with
50 � terminations are added to each end of the through-vias,
encircling the central four active elements to overcome the
edge effects [39] of the 2 × 2 array on a large ground plane.
In comparison with the single-ended antenna, amplitude and
phase imbalance may occur without dummies in the case of a

differentially fed antenna. Likewise, the air cavity (see the red
dashed box) employed in the single-element design is also
leveraged into the array to remove the unwanted substrate
modes. Fig. 3(b) illustrates the feeding network of the four
active elements and the terminations of 12 dummy elements.
In total, 16 rotationally symmetric 50 � feed lines (having
roughly equal electrical lengths) connect to the respective
inputs of the feeding probes of four differential-fed dual-
polarized antenna elements.

III. OPERATION PRINCIPLE

The operation principle is studied using the theory of char-
acteristic modes (TCM) [40] to shed insights into the natural
behavior (resonances, current distributions, and radiation prop-
erties) of the electric dipole modes and the magnetic dipole
mode of the proposed complementary antenna individually
without any excitations. The aim is to find modes with desired
resonance and broadside radiation characteristics and then to
look for optimal feeding locations and techniques to combine
the desired modes for broadband operation. A simplified model
of the proposed antenna, as shown in the inset of Fig. 4(b),
was used for CMA without feeding substrate and microstrip
feed lines. Feed probes are kept in place for more accurate
modal analysis as the eigencurrent, and its induced radiation
also contributes to the modal performance of the antenna [41].

A. Characteristic Mode Analysis

The CMA was carried out mainly in CST Studio Suite by
using the integral equation solver for electric CMs and par-
tially in FEKO for the magnetic CM study to gain more insight
into the aperture mode contribution to the total radiation. The
boundary settings were the same as in [42]. In all modal
analyses, the ground plane on layer L3 was made infinitely
large, and a slot (or aperture) was embedded into an infinite
conducting plane on layer L1, implemented by planar Green’s
function in the Method of Moment (MoM) code of FEKO. All
metal planes were made of perfect electric conductors (PECs).

In view of both electric and magnetic eigencurrents existing
in the magnetic CM, applying combined characteristic modes
(CCMs) to the CMA for the proposed patch with aperture is
needed because the eigenmodes of the patch loaded with a slot
consist not only of purely magnetic eigencurrents over the slot
but also of electric eigencurrents flowing on the conducting
probes. In addition, it is ambiguous how the slot mode and
electric current mode contribute to the total radiation by using
purely electric CMs [43]. The CCMs are formulated as [44]

[
X

][ Jn

j Mn

]
= λo

n

[
R
][ Jn

j Mn

]
(1)

where [X] and [R] correspond to the imaginary and real parts
of the MoM impedance matrix [Z ]; λo

n is the nth eigenvalue
for the eigencurrent [Jn j Mn]T of the nth CM. Note that the
superscript “o” represents purely electric (e), purely magnetic
(m), or CCMs. When only an electric or magnetic current
exists on the antenna, the CCMs reduce to purely electric or
magnetic characteristic modes.



CHEN et al.: BROADBAND CROSS-SLOTTED PATCH ANTENNA FOR 5G mm-WAVE APPLICATIONS BASED ON CMA 11281

The expansion of total electric and magnetic currents on the
body is described as

[
Jt

j Mt

]
=

∑
n

an

[
Jn

j Mn

]
=

∑
n

〈[
Jn

j Mn

]
,

[
Ei

j Hi

]〉

1 + jλc
n

[
Jn

j Mn

]

(2)

where an denotes the modal weighting coefficients (MWCs)
and [Ei j Hi]T represent the incident fields. In addition
to MWCs, the parameters modal significance (MS) and the
characteristic angle (CA) are also critical for the CMA in this
work, and they are defined as

MSo
n = 1/

∣∣1 + jλo
n

∣∣ (3)

CAo
n = 180◦ − arctan

(
λo

n

)
. (4)

When the eigenvalue λo
n( f o

n ) = 0 at a certain resonance fre-
quency f o

n , MSo
n( f o

n ) = 1, and CAo
n( f o

n ) = 180◦, respectively.
A CM is inductive when 90◦ < CAo

n < 180◦ and capacitive
when 180◦ < CAo

n < 270◦ In addition, a mode is considered
significant when MSo

n ≥ 1/(2)1/2 (≈0.707) [45].
The normalized MWC (normalized MWC or bn) indicates

how strongly a certain mode is excited by the differential feed
and can be computed by [46]

ρtot,n =
1

2Z0

∫©∫S′→∞ 	Etot · 	E∗
n dS√

1
2Z0

∫©∫S′→∞
∣∣∣ 	Etot

∣∣∣2
dS

√
1

2Z0

∫©∫S′→∞
∣∣∣ 	En

∣∣∣2
dS

= an√
Prad

= bn. (5)

Computationally, the MWC relates to the well-known envelope
correlation coefficient (ECC) used with MIMO antennas.

B. Modal Significance and Characteristic Angles

Fig. 4(a) and (b) shows the MS and CA of the proposed
antenna element, respectively, compared with those of the
antenna without the LGND. Only the first several modes with
the highest MS magnitudes sorted at 31 GHz are selected
and presented. For pairs of degenerate modes (J1/J2, J4/J5, and
CCM1/CCM2), the curves largely overlap because the antenna
is rotationally symmetric. Hence, only one mode is shown
for clarity. Compared to the case without the feeding probe,
the modal behavior (current distribution) changes due to the
probe itself [41]. Therefore, the feeding probes are included
and shorted to the main ground plane in the present analysis.

To better understand the operating principle and evolution
of the proposed slotted patch, the CMA was first performed
without the LGND. MS results without LGND indicate that,
within and close to the band of interest (Ka-band), there are
four significant modes: a degenerate electric current mode
pair J1/J2, a degenerate combined mode pair CCM1/CCM2,
mode J3, and combined mode CCM3, with another degenerate
mode pair J4/J5 for which the MS is below 0.707 due to the
natural capacitive reactance of this mode with a CA greater
than 180◦. After the LGND is introduced, the added inductance
caused by the LGND cancels the original capacitance of mode
J4/J5, and hence, the mode becomes significant from 35 GHz

Fig. 4. CMA: (a) MS and (b) CA with an inset of the simplified model for
CMA. Both figures share the same legends.

onward and resonates at 45.8 GHz. This reveals that J4/J5 is a
potential mode for widening the bandwidth at the UB. In other
words, MS and CA play a vital role in finding significant
and potential modes that can be utilized and also suggest how
to modify the natural reactance of J4/J5 to make it resonant.
To elaborate, the introduced LGND works as a short-circuited
reactance stub exerting a minor inductive effect on mode J1/J2

and a strong inductive effect on J4/J5 above approximately
35 GHz. Also, it causes a capacitive effect (increased CA
above 30 GHz) between two parallel plates on the aperture
mode CCM1/CCM2, as demonstrated in [47], and, at the same
time, makes the slope of CA around the resonance less steep.
This indicates a broadened bandwidth potential.

In addition, the LGND has minor effects on the other modes
and an almost negligible effect on mode J1/J2 around its
resonance of 22.8 GHz. To sum up, the LGND predominantly
varies the reactance of mode J4/J5 above 35 GHz with a strong
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Fig. 5. Modal results of the tracked significant modes: (a) top view, (b) side
view, (c) side view of modal current distributions, and (d) their corresponding
modal fields at 24, 36, 36, 30, and 30 GHz, respectively. Parts (a)–(c) are
given in A/m, and part (d) is in V.

inductive loading effect, while it has limited effects on other
modes and their radiation properties.

On the other hand, the CA results also imply that the
excitation phase difference between CCM1/CCM2 and J1/J2,
and between J4/J5 and CCM1/CCM2 would be around 90◦,
e.g., in the vicinity of 28 and 34 GHz, respectively. To be more
precise, while the phase of J1/J2 leads that of CCM1/CCM2,
the phase of J4/J5 lags that of CCM1/CCM2.

C. Modal Currents and Fields

Following the MS and CA results, their associated modal
currents and fields are presented in Fig. 5(a)–(d). Since the
modal current is identical to its orthogonal degenerate mode
but with a rotation of 90◦ due to structural symmetry, modal
currents and fields of only one mode in each degenerate mode
pair will be shown in the rest of this article.

It can be seen from the electric current distributions (rep-
resented by black arrows) on the top surface in Fig. 5(a)
that the modes J1/J2 and J4/J5 can be recognized as quasi-
TM12 and quasi-TM31, resembling those of a traditional ring
patch antenna [36], [48]. Furthermore, the aperture mode
CCM1/CCM2 can be regarded as a synthesis of two orthogonal
line slots, and its radiation is accounted for by the magnetic
currents (denoted by red arrows). More importantly, there
exists an intense and in-phase current distribution flowing
along the whole surface of the LGND for mode J4/J5 shown
in Fig. 5(b), together with the vertical currents on the short-
ing pins. The introduced LGND acts as the reactance stub
providing a new current path that generates an enhanced
stored magnetic energy within the cavity of the slotted patch.
Therefore, the antenna with LGND has an increased induc-
tance as previously revealed by the CA results. This inserted
discontinuity technique (LGND) on the main ground plane
is analogous to the tuning screw/post-matching technique of
conventional rectangular waveguides [49], where the shunt

susceptance is controlled by the length of the post and the
inductance is proportional to the height [50].

Fig. 5(c) reveals the current distributions on one pair of the
feeding probes. For modes J1/J2, J4/J5, and CCM1/CCM2, the
currents are 180◦ out of phase. These odd-mode modal cur-
rents indicate that the optimal feeding location is at the probe
base, and they can be excited by a differential pair. In contrast,
mode CCM3 illustrates in-phase current distributions, and it
can be excited by a common-mode input. On the other hand,
mode J3 shows a weak current density on the probes, and in
turn, no excitation on the probes can effectively excite this
mode. The modal fields in Fig. 5(d) show that there are three
desired modes, J1/J2, J4/J5, and CCM1/CCM2, with favorable
broadside radiation characteristics, while the other two modes
have endfire radiation.

In conclusion, the three desired modes with high MS
magnitudes have broadside radiation and can be fed with
a differential input at the probe base. The slot mode res-
onance remains similar when the infinite conducting plane
carrying the slot is made finite [51]. Due to the orthogonality
of characteristic modes, each desired degenerate mode pair
used for dual-polarization operation achieves high port-to-port
isolation.

To further investigate the wideband operation of the pro-
posed antenna, the modal current distributions and modal
radiation patterns of three desired modes evolving across
five discrete frequencies are illustrated in Fig. 6(a) and (b),
respectively. With the gradual change of the modal current dis-
tributions, the corresponding induced modal radiation patterns
vary accordingly. To recapitulate briefly, the in-phase currents
of J1/J2 and J4/J5 along the x-axis at LB and UB, respectively,
give rise to the boresight radiation pattern, while out-of-phase
current distributions along the vertical symmetric plane lead
to endfire like radiation patterns. Furthermore, the slot mode
maintains stable modal magnetic current distributions across
the whole frequency range. As a result, the modal radiation
pattern contributed by the respective modal current appears to
be stable with a consistent broadside radiation property.

Also, it can be seen from Fig. 6(a) that the magnetic
current distribution remains stable though the MS and CA
in Fig. 4(a) and (b) vary with frequency. This is because
at resonance the magnetic dipole is operating at fundamental
half-wavelength dipole mode, and the current distribution of
the mode remains in phase along the dipole length when the
magnetic dipole becomes electrically smaller or larger unless
a higher order mode, e.g., one-wavelength mode arises, which
is analogous to an electric dipole. Moreover, with the help of
CA, the variation of MS with frequency indicates the variation
of the stored electric and magnetic energy of the associated
modes. Although the current distribution is in-phase for the
fundamental dipole mode, the reactive power changes over
frequency from capacitive to inductive around resonance.

The electric CM analysis for a slotted patch shows that
the current is perturbed by the introduced slot as the aperture
interacts and couples with the original electric characteristic
modes. Therefore, the CMs of either the aperture or patch
present a current distribution combination of both aperture and
patch modes instead of independent current modes analyzed by
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Fig. 6. (a) Modal current distributions and (b) modal radiation fields of
three desired modes across the frequencies of interest and (c) corresponding
equivalent circuit model for the proposed ME dipole.

merely the electric CM. Thus, the magnetic CM is required to
provide more insight into the currents and radiation contributed
by the aperture mode only. In addition, differing from the
strong coupling between patch and aperture modes of the
slotted patch in [52], the calculated correlation between J1/J2

and CCM1/CCM2 at 24 GHz and J4/J5 and CCM1/CCM2

by (5) at 40 GHz is only 28% and 32%, respectively, revealing
low coupling and interaction between the patch modes (purely
electric current) and aperture mode (CCMs). This is because
the cross-slot is rotated by 45◦ from the x- and y-axes so
that the current maxima at the ends of the slot will be
aligned with the current minima of an unslotted patch at the

Fig. 7. (a) Modal currents in the geometry of a traditional thin ring patch
(black arrows) compared to the proposed patch (red arrows) and (b) MS with
insets of modal field and current distributions.

corners of the patch. In other words, the radiation of J1/J2

and J4/J5 regarded as electric dipoles is mainly contributed by
the electric currents of the patch itself, while the magnetic
currents of CCM1/CCM2 considered as a magnetic dipole
are responsible for the aperture mode radiation. The radiation
patterns of selected modes (E and M dipoles) in Figs. 5 and 6
have a linear polarization in the x-direction.

D. Combining Desired Modes for Complementary Operation

Based on the observations above, by combining these
three modes, we would obtain a complementary antenna
with broadband and stable broadside radiation at the desired
frequency range. Specifically, the combination of J1/J2 and
CCM1/CCM2 at LB and the mixture of J4/J5 and CCM1/CCM2

at UB together generate the complementary antenna operation.
The corresponding equivalent circuit model for the proposed
complementary or ME dipole antenna [26] is then developed
in Fig. 6(c) in accordance with that in [53] owing to the
odd-mode excitation of a symmetrical network and the fact
that a symmetric plane can account for a short circuit (virtual
ac GND) of the bisection. The equivalent circuit model of three
series resonant circuits in parallel results from the fact that the
equivalent circuit for a structure is the parallel combination
of individual modal circuits (which themselves are series
resonances) [47]. Note that the magnetic dipole mode in this
work is represented by a series RLC resonant circuit instead of
the parallel resonant circuit in [26]. Based on the transmission
line theory [54], parallel and series types of resonances can
be achieved using short-circuited transmission lines of length
λ/4 and λ/2, respectively. In [26], the magnetic dipole is
implemented by a λ/4 shorted patch, while the length of the
electrical path in this work is about λ/2 from the port to the
virtual ground along the folded slot. Rp, Lp, and Cp denote
the equivalent resistance, inductance, and capacitance resulting
from the feeding probes, respectively. Re1/e2/slot, Le1/e2/slot ,
and Ce1/e2/slot denote the equivalent resistance, inductance, and
capacitance of J1/J2, J4/J5, and the aperture mode, respectively.

Fig. 7(a) shows how the radiation property of the higher
order quasi-TM31 mode of the proposed nonuniform-width
octagonal ring patch differs from a corresponding traditional
ring patch. The modal performance is also investigated in
Fig. 7(b). The black arrows flowing along the blue rim
represent the electric current distribution of a traditional ring
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Fig. 8. Photographs of (a) single antenna element (left) and 2 × 2 array
(right) and (b) used measurement setup.

patch, and the red arrows flowing along the yellow frames
illustrate that of the proposed patch. As shown, adding four
triangle-like patches (enclosed by the yellow dashed lines) to
the traditional octagonal ring patch folds the current path along
the perimeter of the azimuth plane. In turn, the first and third
current cycles along the vertical rim move to the inner edges of
the ring, thereby making the current density of the modified
patch akin to that of a folded dipole antenna, as illustrated
in Fig. 5(a). As a consequence, the radiation pattern induced
by the current distribution features broadside radiation for the
higher order mode, while the traditional ring patch has an
endfire radiation characteristic due to the out-of-phase current
distribution in the vertical rim. More importantly, the natural
resonance of the higher order mode TM31 decreases from
around 52.8 to 45.8 GHz, thus reducing the resonance ratio of
TM31 to the slot mode and TM12. This facilitates combining
them with the slot mode resonance for broadband operation.

IV. SIMULATION AND MEASUREMENT RESULTS

To validate the design, the single element and 2 × 2 array
shown in Fig. 8(a) were fabricated and measured. The
S-parameter measurements were carried out using a Keysight
N5247B PNA-X network analyzer, and each port was con-
nected to a Rosenberger 18S102-40ML5 SMPM connector on
the antenna PCB through a coaxial cable. A thru–reflect–line
(TRL) calibration kit [55] was used in the measurement as the
connection between SMPM connectors and coaxial cable is not
a standard interface for the PNA. With the TRL calibration
technique, the reference plane of the port is moved closer
to the antenna element, and the effects of the connector and
feed line are deembedded. Time-domain gating was applied
to the measured S-parameters since the long connection path
and discontinuity from the antenna port to PNA port via
connectors, adapters, and cables cause mismatch and a ringing

Fig. 9. Simulated and measured S-parameters for the single element.

effect [22]. Moreover, the differential mode S-parameters are
calculated based on the technique described in [56].

The measurement setup for the radiation patterns is pre-
sented in Fig. 8(b). A low-permittivity Rohacell slab was
placed on the post of the turntable to mount the antenna
under test (AUT), and a standard gain horn antenna was
used as the reference antenna. Absorbers (see the black
blankets) were used to suppress multiple reflections from the
environment. The distance between the AUT and reference
horn was selected to be 1.2 m (129λ0), which is in the far-field
range of the measured prototypes. The radiation pattern of the
single-element prototype was measured directly with a Marki
BAL0067 mm-Wave balun. With the other three unit cells
terminated to 50 �, the pattern of the array prototype was
obtained by sequentially exciting each unit cell fed by coaxial
cables. Thereafter, the four individual patterns were combined
to obtain the array pattern radiating at boresight by summing
the measured four field vectors with equal phase and amplitude
weighting in MATLAB, as implemented in [57].

A. Single Element

The simulated and measured S-parameters of the single ele-
ment are presented in Fig. 9. A decent agreement between the
simulation and measurement results is obtained. Depicted by
the light blue and red shadowed areas, the matching achieves
a −10 dB level across the desired LB and UB, covering a
bandwidth of more than 50%. The SMPM connector slightly
affects the matching because of soldering inaccuracies and the
discontinuity in the center conductor to microstrip transition.

The three resonances are slightly mistuned from those given
by the CMA because of the feed structure. Due to differential
feeding, the two orthogonal polarizations of a symmetrical
antenna have ideally an infinite isolation. Thus, the simulated
mutual coupling is not shown. Fabrication tolerances intro-
duced some asymmetry into the antenna prototype, thereby
degrading the ideal isolation. Still, the mutual coupling of
the two polarizations is below −36 dB across the frequencies
of interest even when accounting for fabrication tolerances.
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Fig. 10. Calculated normalized MWCs for excitation with the differential
feed.

The simulated radiation and total efficiencies are above 93%
and 87% within the desired band, respectively.

From the normalized MWC calculated by (5) in Fig. 10, it is
evident that, at LB and UB, J1/J2 and J4/J5 are strongly excited,
respectively, as high MWCs are obtained for each mode. J1/J2

and J4/J5, in turn, contribute to the total radiation at LB and
UB alternately. In comparison with J4/J5 without the LGND,
the magnitude of the MWC is relatively higher for J4/J5 with
the LGND since the MS magnitude is higher, and the intrinsic
coupling capability to the differential source is stronger as
well. Moreover, given that a high MWC is witnessed across the
entire observed frequency range, the slot mode CCM1/CCM2

has a rather constant contribution to the total radiation, and
at a center frequency around 31 GHz, the aperture mode
contributes mostly with less and equal contribution from the
other two modes.

The undesired modes have MWCs close to zero and will
not be excited effectively. On top of that, Fig. 10 reveals that
J1/J2 has comparable boresight radiated power contributions
of electric and magnetic dipoles from J1/J2 and CCM1/CCM2

at LB and J4/J5 and CCM1/CCM2 at UB separately, as a
result of similar magnitudes of b2

n [46], which indicates the
percentage that a mode contributes to the total radiation. It is
interesting to note that the magnetic dipole mode performing
as a slot resonator provides a band-stop filtering function and
suppresses the radiation created by the electric dipole modes
around the center frequency. Meanwhile, the slot itself, acting
as a radiator, contributes to the radiation.

To illustrate the operation principle of the ME dipole, the
current and field distributions of the proposed antenna are
shown in Fig. 11(a)–(d). The magnetic current is expressed
as 	M = −	n × 	Es , where 	n and 	Es are the normal
vector and tangential electric fields on the aperture surface,
respectively. Fig. 11(a) and (c) illustrates the driven current
distributions with the differential probe feeding, showing that
the desired quasi-TM12 (J1/J2) and quasi-TM31 (J4/J5) modes
and the aperture mode are successfully excited. At time
instants t = 0 in Fig. 11(a) and t = T/4 in Fig. 11(c), the

electric currents on the inner edges of the nonuniform ring
patch reach maxima separately, which reveals that the slot
antenna mode is strongly excited. At the same time instants,
the fringing fields of the quasi-TM12 and quasi-TM31 modes
attain their maxima [see Fig. 11(b) and (d)]. At t = T/4 at
24 GHz and t = 0 at 37 GHz, the electric currents of the
desired the quasi-TM12 and quasi-TM31 modes are at their
maxima, respectively, indicating that the electric dipoles in
the x-direction are efficiently excited. Meanwhile, the aperture
fields of the magnetic dipole in the y-direction (resultant vector
of magnetic currents) reach their maxima. Consequently, there
is a 90◦ phase difference between two electric dipoles and the
magnetic dipole, which means that they are excited alternately
and radiate in-phase [58].

Furthermore, according to Fig. 10, the field magnitudes of
the electric dipoles and magnetic dipoles are comparable in
strength. Therefore, the combination of electric and magnetic
dipoles with the same phase centers implies the radiation
enhances in one direction and cancels in the opposite direction.
Consequently, the proposed antenna incorporating the combi-
nation of three modes operates as a complementary antenna
in which the mixture of quasi-TM12 and slot mode accounts
for the LB operation, while that of quasi-TM31 and slot mode
is responsible for the UB.

Simulated and measured radiation patterns at three discrete
frequencies are shown in Fig. 12. In the azimuth plane, the
measurement was carried out at an angular range of ±130◦ due
to rotational limitations of the turntable. Again, the simulated
cross-polar component is not shown here as it is extremely
low (e.g., below −70 dB) with an ideal differential feed
for a symmetric structure. It is explicitly illustrated that the
simulated copolar patterns agree well with the measured ones.
However, the cross-polar level becomes more noticeable com-
pared with the simulated, which may result from fabrication
tolerances that introduced some asymmetry into the antenna
prototype, feed imbalance from coaxial cable effects, and
measurement inaccuracies (e.g., AUT alignment). Radiation
patterns are stable across the wide operating band, resulting
from the ME dipole operation. In particular, the difference
of the simulated 3 dB beamwidths of the E- and H-plane
patterns is less than 5◦ from 25 to 34 GHz, as shown in
Fig. 13, which indicates the symmetry between E- and H-plane
patterns of the proposed complementary antenna. Moreover,
both the simulated and measured XPD levels are high in
boresight direction as expected because of the symmetric
antenna design with XPD > 26 dB across the frequencies of
interest. Slight discrepancies between the cross-polarizations
of two orthogonal ports result from fabrication tolerances and
prototype alignment during the measurements.

As seen in Fig. 13, the simulated and measured gains of
the single element agree well across the whole operation
band. The simulated gain ranges from 5.6 to 8.4 dBi, while
the measured one fluctuates between 6.4 and 8.2 dBi. The
dip in simulated gain near 28 GHz is due to diffraction
effects at the outer edge of the PCB. As can be also seen
from the figure, the measured gain from 26 to 38 GHz is
higher than the simulated, which probably results from the
fabrication tolerance of the air cavity size, inaccurate PCB
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Fig. 11. ME dipole operation: (a) and (c) driven-mode current distributions at 24 and 37 GHz at different time instants, and (b) and (d) driven-mode electric
field distributions at 24 and 37 GHz at different time instants.

Fig. 12. Simulated and measured radiation patterns of the single element at
24.25, 32, and 40 GHz, respectively.

cutting, measurement inaccuracy, and loss compensation in
postprocessing. The array gain is also presented in Fig. 13
and will be discussed in Section IV-C.

B. Parametric Study

The equivalent circuit shown in Fig. 6(c) is used to
explain the effects of key parameters on the operation of

Fig. 13. Simulated and measured realized gain of the single element and
2 × 2 array, and simulated 3 dB beamwidth of the single element.

the single-element antenna case. These studies are performed
by changing one parameter at a time, while others are kept
constant.

1) Height of the Lifted Ground: In Fig. 14(a), the antenna
shows two resonances without LGND at around 22.8 and
30 GHz. Initially, the antenna reactance without the LGND is
capacitive (Le2 < Ce2), and increasing the height of the LGND
makes the reactance more inductive. The equivalent inductance
Le2 in Fig. 6(c) increases to cancel the equivalent capacitance
Ce2. At a height of 0.446 mm, the reactance is zero, and a third
resonance occurs around 41 GHz. The increased inductance is
proportional to the height of the LGND [50]. Increasing the
height of the LGND should reduce the probe capacitance Cp.
The surface area of the parallel-plate capacitance formed by
differential feeding probes is much smaller than that of the
patch and ground, and thus, the effect of Cp is neglected when
changing the LGND height for simplicity.

The antiresonance (AR) between two resonances originates
from the interaction of two adjacent resonances of the same
type of resonator [59]. Hence, the AR reveals the combi-
nation of two close resonances and provides an insight into
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Fig. 14. Effects of the LGND height on (a) differential input impedance and
(b) reflection coefficient and realized gain. Res and AR denote the resonance
and antiresonance, respectively.

the broadband operation resulting from two merged modes.
Interaction of the quasi-TM12 and slot modes generates the
first AR, and the second AR results from the interaction of
the second and third resonances. Interaction of different modes
can also be seen from the reflection coefficients in Fig. 14(b):
the impedance bandwidth increases from 34.5% to 57.1% due
to the third resonance created by adding the LGND.

The slot-mode reactance of the modified antenna becomes
more capacitive near 33 GHz due to the capacitive effect on
this mode. Thus, the equivalent slot mode inductance Lslot

decreases, and the frequency tunes upward. The LGND height
can enhance the realized gain above 31 GHz, while the values
remain stable at lower frequencies. Significant gain variation
from 1.58 to 8.42 dBi is observed due to the LGND.

2) Size of the Patch and Lifted Ground: As seen in
Fig. 15(a), the first resonance of the proposed antenna
decreases as a larger octagonal patch lengthens the electric
current path, which increases Ce1 and Le1. At the same
time, the other two resonances remain stable. With a larger
LGND area, the current path along this surface is longer,
which enhances the local storage of magnetic energy in this
resonant cavity [21], thereby increasing the inductance Le2 and
capacitance Ce2 caused by the LGND near 41 GHz, as shown
in Fig. 15(b). Accordingly, the resonance of the quasi-TM31

mode moves to a lower frequency. The shape of the LGND is
chamfered to control the reactance and improve the matching.
When changing the size of the LGND, the input impedance
of the first two resonant modes again remains unchanged.

Fig. 15. Effect of the patch size Wpat and LGND size Wgnd on (a) reflection
coefficient and (b) input impedance.

3) Size of the First and Secondary Slots: A longer slot
l1 increases the equivalent inductance Lslot and capacitance
Cslot, which causes a lower slot-mode resonance shown in
Fig. 16(a). A similar effect on the slot-mode resonance is
obtained by decreasing the length of the secondary slot l2.
A wider secondary slot (larger w2) has lower equivalent
parallel-plate capacitance than the primary slot, and the two
slot sections can be considered as two parallel capacitors of
slot width w1 and w2. Therefore, with shorter l2 and longer l1,
the total capacitance Cslot of the slot-mode resonator increases,
which shifts the resonance to a lower frequency. Changing the
slot length l1 allows controlling the resonance, but this also
degrades the impedance matching. The slot length l2 is a more
favorable parameter to control the second resonance, while
it also maintains a decent impedance matching. Furthermore,
l2 only affects the slot-mode resonance, while the other two
resonances are unaffected.

As shown in Fig. 16(b), the smaller primary slot width w1

lowers the resonance as the intense aperture field concentrates
on the primary slot [see Fig. 11(b) and (d)]. This accounts
for most of the slot capacitance Cslot; a smaller w1 indicates
a greater Cslot. Varying the secondary slot width w2 has only
a minor effect on the impedance matching and resonance of
the slot mode since the aperture field is weak at the secondary
slot. Thus, the resulting change to Cslot is small.

4) Observations: Based on the parametric studies, each of
the resonances can be manipulated independently, indicating
that the coupling between the slot mode and patch modes is
relatively low. This proves that the modal current and radiation
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Fig. 16. Effect of the cross-shaped slot dimensions on the reflection
coefficient: (a) length of first slot l1 and secondary slot l2, and (b) width
of first slot w1 and secondary slot w2.

Fig. 17. Simulated and measured S-parameters for the unit cells of the
2 × 2 array.

of J1/J2 and J4/J5 mainly originate from electric current modes
of the patch itself instead of the aperture mode for the electric
CM study in Section III. For brevity, detailed parametric
studies for the air cavity are not reported here. Without the
cavity, the boresight radiation pattern is distorted/split, and
the gain drops across the whole band for a large PCB with
four SMPM connectors. This effect occurs because of strong

Fig. 18. Measured mutual coupling of the 2 × 2 array between (a) adjacent
and (b) diagonal elements.

standing waves over the ground plane due to surface waves.
By employing an air cavity, the deterioration can be mitigated.

C. 2 × 2 Array

Fig. 17 shows the reflection coefficients of the 2 × 2 array.
Both the simulated and measured results have comparable
levels and similar trends, which indicates that the impedance
matching of both polarizations of all active elements can
cover the desired frequency bands. Isolation among various
polarizations of different active elements is illustrated in
Fig. 18(a) and (b). Within the operation band, the mutual cou-
pling level between adjacent elements, as shown in Fig. 18(a),
is higher compared with that between diagonal elements,
as shown in Fig. 18(b). Across the frequencies, the isolation
remains better than 14 dB. Furthermore, the mutual coupling
level between any two elements with the same polarization
is stronger than that with orthogonal polarization. Generally,
the measured coupling has a decent agreement with the sim-
ulated one. The isolation between diagonal elements is better
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Fig. 19. Simulated and measured radiation patterns of the 2 × 2 array: (a) Polarization 1 and (b) Polarization 2 at 24.25, 32, and 40 GHz, respectively.

TABLE II

COMPARISON BETWEEN THE PROPOSED ANTENNA AND STATE-OF-THE-ART mm-WAVE ANTENNA DESIGNS

than that of adjacent elements because of a larger physical
separation.

The simulated and measured radiation patterns for
the 2 × 2 array, as shown in Fig. 19, are in good agreement
with a slight offset in the main beam direction. Note that the
array patterns in xz and yz planes are shown at diagonal
planes (D-planes) instead of E- and H-planes of the single
element shown in Fig. 12. Usually, cross-polar components in
the D-plane are higher than those in E- and H-planes, thereby
reducing the XPD in the D-plane [60]. The simulated and
measured gains are presented in Fig. 13. While the simulated
array gain ranges from 8.7 to 13.9 dBi, it ranges from 7.1 to
13.4 dBi for the measured values. It can be seen that the
single-element gain enhancement by using an array is lower
at LB (from 24 to 26 GHz) than at UB. This is probably
caused by stronger mutual coupling at LB (see Fig. 17), which

leads to more power coupling to other elements (both dummy
and active elements) and, hence, larger LB radiation loss [61],
as well as higher cross-polarized components at LB than that
at UB. The slight tilt, gain variation, and an increase in the
cross-polarized component level in the measured radiation
patterns compared with the simulated ones can be attributed
to prototype misalignment, phase, and amplitude imbalance
of differential feeding cables due to bending and fabrication
tolerances. The measured sidelobe level at both planes is below
−12 dB across the whole band of interest.

The performance of the proposed antenna is compared with
the state of the art in Table II. It is clear that the proposed com-
plementary antenna has a much wider impedance bandwidth
than the majority of the designs in other reported works. At the
same time, it remains compact in size while also having higher
port-to-port isolation and a higher XPD.
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V. CONCLUSION

A wideband differentially fed dual-polarized ME dipole for
5G mm-Wave Ka-band applications is presented. Making use
of CMA, the E dipole modes and the M dipole mode are
investigated individually, indicating insights into the operation
of the proposed ME dipole antenna. CMA can also offer
information on potential modes (e.g., J4/J5) in addition to the
significant ones. Also, the CMA provides a better numerical
knowledge of how efficiently these desired modes are excited
by the differential probe feeds and of the contribution from
individual electric and magnetic modes to total radiated power.
It proves that the proposed ME dipole has two E dipole
modes and one M dipole mode operating simultaneously, and
the magnitudes of power radiated by the E and M dipoles
are comparable. This is in favor of complementary antenna
operation. As a result, by combining two E dipole modes
(quasi-TM12 and quasi-TM31 modes) constructed by the ring
patch and one M dipole mode formed by an aperture in the
ring patch, the proposed antenna covers 57.1% of impedance
bandwidth with stable radiation properties and port-to-port
isolation greater than 36 dB across the whole operating band.
The measured gains of the single element and 2 × 2 array are
up to 8.4 and 13.4 dBi, respectively.

The proposed antenna is characterized by a planar structure
with simple feeding probes that can be easily manufactured
with low-cost PCB technology. Both simulations and exper-
imental results reveal that the proposed differentially fed
antenna exhibits merits of wide bandwidth, stable radiation
characteristics, symmetric E- and H-plane radiation patterns
over a wide bandwidth, high differential port-to-port isolation,
and high XPD. Moreover, its high integration possibility and
capability of surface-wave suppression imply its potential
applications for 5G wireless communications and mm-Wave
AiP solutions.
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