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Surface-Wave Control Technique for Mutual
Coupling Mitigation in Array Antenna
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and K. Wu , Fellow, IEEE

Abstract— We propose and investigate an easy technique to
mitigate the mutual coupling of integrated antenna elements
caused by surface waves in a high-permittivity grounded dielec-
tric substrate, which can be deployed for high-density integration
of antenna and front end on a substrate. Two approaches are
examined to realize the proposed concept: 1) the removal of
the ground plane between two collinear antennas and a series
of uniform corrugations are introduced at the edges of the
remaining parts to create a transition region between grounded
and ungrounded regions and to form a sort of transversal surface
waveguide and 2) to partially remove the ground plane with long,
longitudinal, and closely spaced slots etched over the ground
plane to offset the inductivity of the ground plane. Simulation
and measurement results on an example based on two 25-GHz
patch antennas show reductions in the mutual coupling of around
9 dB and improvement in broadside radiation pattern by 4 dBi.

Index Terms— Antenna array, antenna in package (AiP),
millimeter-wave (mmW) integrated circuit, surface wave, surface
waveguide.

I. INTRODUCTION

MUTUAL coupling in antenna array is attributed to two
substantial effects.

1) Space Waves: When two antennas are in close vicin-
ity (order of a quarter wavelength or less) in the
H-plane, this mutual coupling is mostly related to
near-field effects.

2) Surface Waves: In a high-permittivity material with a
larger distance (order of a half-wavelength or more)
especially over the E-plane, the contribution of sur-
face waves in mutual coupling outweighs the near-field
effects. Some papers in this connection [1]–[6] employed
low-permittivity materials in which antennas either are
arranged in close vicinity in the H-plane or operate at a
very low frequency. In either case, the mutual coupling
is mainly governed by the near fields.

Attempts have been made for suppressing or diminishing
the effect of surface waves [7]–[23]. The electromagnetic
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bandgap (EBG) technique shows a great capability to alleviate
the propagation of surface waves partially or completely in a
specific direction or even in an isotropic manner. It can be
realized with either a periodically loaded substrate with drilled
holes to form a honeycomb or triangular lattice or periodically
etched patterns in the ground plane [7]. In addition, it can be
realized by periodic patches with a central metalized via that
forms a PMC-like surface [8]–[11]. However, the realization
of a proper bandgap takes up a large area and requires
substrate drilling and perforation. A substrate perforation
technique was introduced to create an effective permittivity
of dielectric slab [12]. Micromachining is another technique
that is usually employed for AoC to enhance radiation effi-
ciency and reduce the amount of power coupled to surface
waves [13]–[19]. The soft and hard surface (SHS) technique,
either in a trench or via hole configuration, can also alleviate
the propagation of surface waves to some extent [20]–[23].
Although these techniques are still applicable and valuable,
in this letter, we present a small-footprint, low-cost, and easy-
to-adopt surface-wave control technique for high-k material-
based integrated antenna array in which no laser drilling or
metallization is required.

II. THEORY AND METHODOLOGIES

To characterize surface-wave modes in a dielectric slab, the
well-established odd–even mode analysis can be applied to
develop two sets of even and odd equations for TM and TE
waves. A general solution of electromagnetic (EM) analysis
in a dielectric slab includes a linear combination of both odd
and even modes. However, in a grounded dielectric, due to
boundary conditions, the TE waves only include odd modes,
while TM waves hold even modes [24].

Fig. 1 shows the dispersion diagram of surface-wave modes
with propagation constant β for a grounded RT/Duroid 6010
(γr = 10.2 and thickness of 25 mil), which is not only used for
mimicking a semiconductor substrate but also for experimental
validations in this work. As indicated, the cutoff frequency of
TE1 is around 39 GHz (d/λ0 ≈ 0.09); therefore, only TM0

mode of surface waves is excited in our desired frequency
range (24–32 GHz).

As is well known, TM modes propagate on an inductive
surface, while TE modes require a capacitive impedance
surface for propagation. To reduce the surface inductance
for disrupting the propagation of TM0 mode, we remove the
ground plane between the two collinear antennas. To investi-
gate the surface impedance of the created ungrounded region,
we evaluate the dispersion diagram of surface waves.

A general and accurate EM solution for the ungrounded
dielectric slab, including a linear combination of both odd
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Fig. 1. Normalized dispersion diagram of surface-wave modes for grounded
RT/Druid 6010 with thickness of “d.”

Fig. 2. Normalized dispersion diagram of surface-wave modes for
ungrounded RT/Druid 6010 with thickness of “d.”

Fig. 3. (a) TEN model for grounded dielectric with thickness of “d.”
h1 and h2 are propagation constants of surface waves in air and dielectric,
respectively, along the x-axis, zs is the surface impedance of ground plane,
and z �

s is the surface impedance of air–dielectric boundary. (b) TEN model for
ungrounded dielectric loaded with air impedance (Z0TE is the air impedance
for TE mode).

and even modes of TM and TE waves, calls for a full-wave
simulation. However, due to employing a high-permittivity
dielectric slab (γr � γair

r = 1), the ungrounded surfaces can
be considered as PMC-like surfaces. Using this approximate
yet acceptable condition, we estimate the dispersion diagram
for an ungrounded dielectric slab as shown in Fig. 2, which
includes solely even TE modes and odd TM modes. Obviously,
in the desired frequency spectrum (d/λ0 < 0.1), only the TE0

mode propagates along the substrate.
Having employed the transverse equivalent network (TEN)

model (Fig. 3) along with the TL theory according to (1)
(where β2 + h2

2 = γr k2
0, η0 is the intrinsic impedance of

air, σ is the conductivity of copper, k0 is the free-space
wavenumber, Z TMn

2 = η0hTMn
2 /γr k0, Z TEm

2 = η0k0/hTEm
2 , and

Zs = Rs + j Xs = (1 + j)(η0k)
1/2
0 /2σ ; n, m = 0, 1, 2, . . .),

we calculated the normalized surface reactance (X �
s/η0) of

the air–dielectric interface for both grounded and ungrounded
dielectrics as shown in Fig. 4(a)

Z �
s = Z TMn/TEm

2

Z load + j Z TMn/TEm
2 tan

(
2π

hTMn /TEm
2

k0

d
λ0

)

Z TMn/TEm
2 + j Z load tan

(
2π

hTMn /TEm
2

k0

d
λ0

) . (1)

Fig. 4. (a) Normalized surface reactance for both grounded and ungrounded
dielectric slabs with thickness of “d.” (b) Magnetic field distribution for the
antenna array with disjoint ground planes.

Fig. 5. (a) Geometry of collinear antenna array with corrugated ground plane,
L1 = 12.82, L2 = 2.1, L3 = 3.2, L4 = 1.8, L5 = 0.7, L6 = 1.36, W1 = 0.2,
G1 = 0.25, and P = 0.45 (all dimensions are in millimeter). (b) Magnetic
field distribution of corrugated ground plane.

We consider two scenarios for developing the TEN model
for the ungrounded region: 1) an open-ended TL correspond-
ing to PMC surface (ideal load) and 2) a TL loaded with air
impedance (nonideal load), as shown in Fig. 3(b). As shown
in Fig. 4(a), the surface impedance is capacitive for the
ideal load (infinite load) and it becomes somewhat inductive
for the nonideal load (air impedance) as d/λ0 approaches
0.1, while the grounded region is inductive over the entire
range. In both scenarios, alteration in surface impedance is
pronounced between the grounded and ungrounded regions.

This step change in surface impedance creates a narrow dis-
continuity/singular region between grounded and ungrounded
parts, as shown in Fig. 4(b). The trapped TM0 and TE0 surface
waves on either side of this singular line create standing waves,
which not only leads to impedance mismatch in antennas but
also increases the back radiations, as shown in Fig. 7(b).

A. Ground Plane With Corrugated Edges

By introducing a series of tiny corrugations in the ground
plane’s edges [25]–[27], as suggested in Fig. 5(a), back radia-
tions are alleviated to a tangible extent, as shown in Fig. 7(b).
In this case, surface waves will be guided to the transverse
direction [y-axis in Fig. 5(b)] through the corrugated edges.
Fig. 5(b) shows the magnetic field distribution in the corru-
gated ground plane, signifying that the corrugated parts act as
transversal surface waveguides.

According to the simulation results shown in Fig. 7(a), this
technique with corrugation length around a quarter guided
wavelength sets to reduce mutual coupling by 9 dB. The
minimum corrugation pitch “P” and width “W1” (which
are also optimum values [27]) were restricted by our PCB
fabrication process in the Poly-Grames Research Center.
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Fig. 6. (a) Geometry of collinear antenna array with slotted ground plane,
L1 = 12.82, L2 = 2.8, L3 = 1.8, L4 = 3.2, L5 = 1.36, W1 = 0.2, g1 = 1,
and p = 1.2 (all dimensions are in millimeter). (b) Current distribution on
slotted ground plane.

Fig. 7. (a) Simulated S-parameters for antenna array with simple uniform,
corrugated, and slotted ground planes [according to dimensions mentioned in
Figs. 5(a) and 6(a)]. (b) Simulated front and back radiations for antenna with
simple uniform, disjoint without corrugation, corrugated edges, and slotted
ground planes.

B. Longitudinal Parallel Slots in Ground Plane

In some applications such as reconfigurable antenna array
and AiA, the ground plane is also employed as a monolithic
dc conductor. Therefore, we extend the corrugation region to
form parallel and closely spaced longitudinal slots (slotted
and connected ground plane) between two collinear antennas
[Fig. 6(a)]. These slots abate the inductivity of the ground
plane, hence, in the air–dielectric surface. In addition, due to
the resonance length of the narrow strips and as the current
distribution reveals in Fig. 6(b), each strip would act as a
local radiator exited by the TMz mode of the surface wave.
The simulated scattering parameters in Fig. 7(a) indicate that
this technique can mitigate the mutual coupling by 9 dB.

In fact, the proposed techniques can control excited surface
waves and make use of them to the broadside radiation through
slotted and corrugated regions, as shown in Fig. 7.

III. FABRICATION AND MEASUREMENT

To validate the analysis and the theoretical results, we fabri-
cated three experimental prototypes, including antenna arrays
with the uniform (as our reference), corrugated edges, and the
slotted ground planes on RT/Duroid 6010 with a thickness of
25 mil, as shown in Fig. 8(a) and (b). To control the surface
waves, we added another layer of RT/Duroid 5880 substrate
with low relative permittivity of 2.2 and thickness of 20 mil
and extended it to install the end-launch connectors. Microstrip
lines in the bottom layer (RT/Duroid 5880) were connected to
the patch antennas on the top layer through metallic pins with
a diameter of 15 mil.

Experimental results in Fig. 8(c) show a reduction of 8 and
11 dB in mutual coupling in the antennas with the slotted
and corrugated ground planes, respectively. Fig. 9 shows the
normalized radiation patterns for the three fabricated anten-
nas. Compared to the antenna with a uniform ground plane,

Fig. 8. (a) Top and (b) bottom views of substrates and an assembled prototype
equipped with two end-launch connectors (inset). (c) Comparison between
measured S-parameters.

Fig. 9. Measured normalized E-plane radiation patterns of three prototypes.

both the corrugated edges and slotted ground planes show
significant improvements in broadside radiation by 4 dBi since
the radiation pattern in a simple uniform ground plane has a
maximum at −75◦. Furthermore, the antenna with uniform
ground plane shows a null at −30◦, which is diminished in
the slotted antenna and almost disappears in the corrugated
ground planes. This null is formed by the diffraction of the
guided surface waves from the truncated edges of the ground
plane and its destructive interactions with the radiated space
waves at a specific angle.

IV. CONCLUSION

We proposed a compact and easy-to-realize technique for
controlling surface waves in a grounded dielectric of large
relative permittivity. In this research, we investigated the
effect of alteration surface impedance by removing the ground
plane between two antennas and disrupting the propagation of
surface waves. This methodology, related to an example based
on two 25-GHz patch antennas, alleviates mutual coupling
by around 9 dB and improves broadside gain by 4 dBi.
The presented technique outperforms other methodologies
in terms of the combined advantages of small footprint, low
profile, and concurrent appreciable improvement in both
mutual coupling and radiation pattern. Considering all the
above-mentioned advantages on a high-k substrate, we believe
that it can be easily applied to the design scenarios of an
integrated antenna array.
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