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Surface-Wave Minimization Using Spherical
Wave Expansion
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Abstract—This letter presents a method for reducing antenna-
excited surface waves in mobile devices. Surface waves are canceled
either by actively injecting compensating surface waves in opposite
phase, or passively creating reactive conditions from which scat-
tered, secondary surface waves cancel the primary waves. We use
spherical wave expansion to calculate the amplitudes and phases
of the canceling surface waves and show also how reactive loading
near the antenna can launch these canceling waves. We verify the
proposed method with simulations. Reduced surface waves result
in a smoother radiation pattern and significantly increased gain.

Index Terms—Millimeter-wave (mm-wave) antennas, mobile
devices, spherical wave expansion, surface waves.

I. INTRODUCTION

ANTENNA design for mobile devices at sub-6 GHz fre-
quencies and millimeter-waves (mm-waves) differ in a

fundamental manner. Low-frequency antennas are merely cou-
pling elements rather than antennas, because they excite a sur-
face current distribution on the chassis of the device [1]. The
excited current distribution on the chassis may contribute more
to radiation than currents in the actual antenna element [2]. This
mechanism can be considered as an intentional excitation of
standing waves on the surface of the device.

The situation is very different at mm-wave frequencies, where
the device is electrically large. In such a case, surface waves
cause many undesired effects. At these frequencies, small phys-
ical details of the device are significant for propagating surface
waves, and discontinuities, such as an edge of the display, cause
radiation. Together with the original radiator, the discontinuities
form a sparse and irregular antenna array whose radiation pattern
is ripply and gain possibly low. Moreover, the surface waves
propagate in lossy materials, such as in the display of a mobile
phone, which may result in the decrease of radiation efficiency.

Electromagnetic bandgap (EBG) structures [3]–[5] have been
used to minimize surface waves, but often they require space that
is not available in mobile devices. In some cases, the antenna it-
self can be designed to avoid excitation of surface waves [6], [7].
However, these methods are difficult to apply to structures other
than microstrip antennas. Integrating an optically transparent
metal mesh in a display [8] is an interesting idea, but its im-
plementation in practical devices might be expensive and the
solution might interfere with optically transparent electrodes
used in capacitive touch screens.
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We propose a surface-wave minimization method that re-
quires only small modifications close to the antenna, and thus,
only minor modifications to the wireless device are needed. The
surface waves are minimized based on far-field data only, so the
method does not require in-depth analysis of the surface waves.
The far fields are analyzed through the spherical wave expansion
(SWE), which was earlier applied to antenna measurements,
especially in near-field to far-field transformations [9]. In ad-
dition, the SWE has been utilized in antenna-radiation beam
synthesis [10], [11]. Now, we use the SWE to characterize effects
of the surface waves efficiently.

The idea of the proposed method is to launch additional
surface waves in suitable amplitude and phase onto the device so
that they cancel out the surface waves generated by the antenna.
The canceling surface waves can be injected actively or created
passively with properly loaded scatterers on the surface. The
SWE is utilized to compute the canceling wave amplitudes and
phases. We verify the method using simulations of a structure
that models the display of a mobile phone. The method is
demonstrated using both actively injected waves as well as
passive scatterers.

II. METHOD FOR SURFACE-WAVE CANCELLATION

A. Surface-Wave Analysis Through Spherical Harmonics

Fig. 1 illustrates the idea behind the proposed method. The
sphereΩA encloses the antenna that generates the main radiation
beam. The sphere ΩD encloses the full device, including the
region where both the antenna and the surface waves in the
device contribute to the radiation. As a consequence of the
surface waves, the field radiated from ΩD has a ripply angular
spread compared to the field radiated from ΩA, as shown in the
figure.

The degree of a spherical harmonic mode j is related to the
number of zeros in θ-dependence of the mode’s radiation pattern
which implies that a ripply field must contain high degree modes.
Also, the maximum degree of radiating modes correlates with
the size of the radiating structure [12]. Thus, we know that only
the lowest degree spherical harmonic modes contribute to the
field radiated from ΩA, whereas the field radiated from ΩD

may also contain high-degree modes. In addition, we know
that the surface waves propagate mainly outside of ΩA. This
gives the basis of the method. By canceling out the high-degree
spherical-harmonic modes, we can eliminate the effect of the
surface waves on the radiation.

In this letter, we generate additional waves onto the surface
of the device using additional excitations, so called control
ports, which are placed close to the antenna. By choosing the
amplitudes and phases appropriately based on the SWE, the
high-degree spherical harmonic modes cancel each other out.
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Fig. 1. Illustration of the idea of the proposed method.

Consequently, the surface waves are suppressed. The canceling
can also be implemented passively. By terminating the control
ports in suitable impedance loads, the scattered waves contain
the same spherical harmonic modes as the waves excited by the
active control ports.

B. Spherical Wave Expansion

An electric far field �E(r, θ, ϕ) can be expressed as a weighted
sum of spherical waves �Ksmn(θ, ϕ) defined in [12], as

�E(r, θ, ϕ) =

√
ηke−ikr

√
4πkr

2∑
s=1

N∑
n=1

n∑
m=−n

qsmn
�Ksmn(θ, ϕ) (1)

where η is the wave impedance, k the wave number, and qsmn
is the complex-valued expansion coefficient of the spherical
harmonic mode of degree n and order m. The far-field spherical
waves �Ksmn(θ, ϕ) are power-normalized dimensionless solu-
tions to vector wave equation. The time dependence is chosen
to be eiωt in this letter.

In order to simplify the notation, we express the spherical
wave expansion as

�E(θ, ϕ) =

J∑
j=1

qj �Kj(θ, ϕ) (2)

where j = 2(n(n+ 1) +m− 1) + s is a spherical harmonic-
mode index and J = 2N(N + 2) is the maximum number of
modes [12]. In this notation, the factors before the sum in (1)
are included in the coefficients q.

The expansion coefficients can be determined by forming a
linear system of equations from (2), and solving it, as done, for
example, in [13]. Nevertheless, since the spherical waves are
orthogonal and normalized with respect of radiated power, we
can calculate the q-coefficients as

qj =
1

4π

∫ 2π

0

∫ π

0

�E(r, θ, ϕ) · �K∗
j (θ, ϕ) sin θ dθdϕ (3)

where ∗ is complex conjugation and the radius of the measure-
ment sphere r is constant.

C. Excitation Weights of the Canceling Surface Waves

Next, we formulate an algorithm to calculate the amplitudes
and phases of the canceling surface waves. These are the com-
plex feeding signals in additional control ports if the canceling
waves are excited actively.

The total number of ports in the antenna is P . The indices
p ∈ [1, p′] refer to the antenna feeding ports and p ∈ [p′ + 1, P ]

to the control ports. Each port radiates an electric far field �Ep.
The total electric field radiated by the antenna and by the control
ports is in terms of spherical waves

�E =

P∑
p=1

ap �E
p =

P∑
p=1

ap

J∑
j=1

qpj
�Kj (4)

where the complex coefficients ap are the feeding signals of the
ports.

Using matrix presentation, the field can be expressed as

E = KQa (5)

where a = [a1, . . ., aP ]
T ∈ CP×1. The elements of Q ∈ CJ×P

are Qjp = qpj . The electric-field vector and the matrix of the
spherical waves are

E =

[
Eθ

Eϕ

]
∈ C2L×1 and K =

[
Kθ

Kϕ

]
∈ C2L×J (6)

respectively. The elements of Eθ and Eϕ are of the form Eα
l =

�E(θl, ϕl) · �uα, and �uα is anα-oriented unit vector. The elements
of Kθ and Kϕ are Kα

lj =
�Kj(θl, ϕl) · �uα. The subscript l ∈

[1, L] ⊂ N refers to an observation point on the sphere, and j
refers to the spherical harmonic mode.

Dividing the expansion coefficient matrix into four blocks
gives

Q =

[
Q̆A Q̆C

Q̂A Q̂C

]
. (7)

The submatrices Q̆A and Q̆C are the expansion coefficients of
low-degree modes (j < j′) of the antenna feeding ports and
control ports, respectively. We denote j′ ∈ [0, J ] ⊂ N as a limit
between low and high degree modes. Similarly, Q̂A and Q̂C

are the expansion coefficients of high-degree modes (j � j′).
Correspondingly, the feeding-weight vector is divided into two
blocks representing the feeding weights of the antenna ports and
the control ports separately as

a =

[
aA

aC

]
. (8)

Since we assume that the high-degree modes are consequence
of surface waves, our target field is EG = KqG, where

qG =

[
q̆G

0

]
. (9)

The target field represented by the vector qG does not include
high-degree modes. The goal is to find feeding weights for
control ports aC so that in optimal case E = EG. In terms
of spherical harmonic modes, the equation can be written as



SALMI et al.: SURFACE-WAVE MINIMIZATION USING SPHERICAL WAVE EXPANSION 1641

Fig. 2. Region of the test device where the antenna and the control ports
are located. The gray color corresponds to the metallization and yellow to the
substrate below the copper.

Qa = qG, which leads us to the following formulation:[
Q̆C

Q̂C

]
aC =

[
q̆G − Q̆AaA

−Q̂AaA

]
. (10)

The prior goal is to minimize the high-degree modes. Thus, we
aim at finding aC that minimizes the norm σ̂(j′) = ||Q̂CaC +

Q̂AaA||, where j ′ is the limit between low- and high-degree
modes. This can be solved for instance, using the least-squares
method. We have used the commonly used 2-norm, although
some other norms might be useful as well.

The vector q̆G represents the low-degree modes of the target
field. In addition to minimizing the high-degree modes, we strive
to not to change low-degree modes in order to keep the general
shape of the radiation pattern similar to the original pattern.
Thus, we also analyze a norm σ̆(j′) = ||Q̆CaC||, which has been
induced from (10) by setting q̆G = Q̆AaA. When calculating the
weights for the control ports, j′ is chosen such that both σ̂(j′)
and σ̆(j′) are as small as possible, but prioritizing to minimize
σ̂(j ′).

III. ILLUSTRATIVE EXAMPLE

A. Active Implementation

We demonstrate the method with structure in Fig. 2. The
antenna is a grounded dielectric slab fed by a slot of size
3.37 × 2.50 mm. The structure models the display of a mobile
phone. The substrate is 0.64-mm thick Rogers Ro3010 with
εr = 10.2 and tan δ = 0.0022. The size of the ground plane
is 150 × 75 mm. The distance between the slot and the shorter
edge of the device is 4 mm. The slot is located in the center
of the shorter side of the device. The control ports are imple-
mented as slots and placed close to the antenna feeding slot.
They aim to minimize the vertical surface waves propagating to
−y-direction. The horizontal surface waves could be minimized
by placing control ports to ±x direction from the antenna slot.
The simulated far fields radiated by each port are imported into
MATLAB, and the control port feeding weights are calculated
using the proposed method.

Relations between j ′-values and σ-norms have been visual-
ized in Fig. 3. As mentioned, the limit mode j′ should be chosen
so that both norms σ̂(j′) and σ̆(j ′) are small. However, since
σ̂(j ′) decreases and σ̆(j ′) increases monotonically with j ′, and
these two quantities are not directly related to each other, j′
cannot be chosen by analyzing only these quantities.

Even if the σ-measures do not describe explicitly, which j′
value is optimal, they convey well the sensitivity of the results

Fig. 3. σ-norms of the mode minimization as a function of the limit mode.

Fig. 4. Electric far fields in the yz plane, when modes higher than j′ have
been minimized with active control ports.

as a function of the domain of j ′. At the center of the spectrum,
the σ-norms do not change much as j′ varies, unlike with small
or large j ′.

We apply the method using j ′ = 26, j ′ = 7001, and j ′ =
15665. The total number of modes in this antenna is J = 15 840.
Fig. 4 shows the far-field patterns after the mode minimization
process with three different limit modes. Also the pattern where
the control ports are not fed is visualized. The ripples in the
radiation pattern seem to decrease most clearly with j′ = 7001
but also significantly with j′ = 26.

Based on our experience, if j′ is at the center of the spectrum,
the results are not very sensitive to the choice of the exact value
of j ′, as can be deducted also from Fig. 3. The results obtained by
setting 6000 < j ′ < 8000 have no significant difference. We im-
plement the active surface-wave minimization with j′ = 7001.

Without cancellation, the radiation efficiency of the device
is 97.13% and gain 5.98 dBi. With actively injected cancel-
ing waves and j′ = 7001, the control port feeds are a2 =
0.24∠− 100◦ and a3 = 0.65∠64◦. The resulting radiation effi-
ciency is 97.76% and the gain 6.78 dBi. When we minimize the
surface waves, also the propagation losses of the surface waves
suppress, which explains the almost unchanged efficiency. In
this case, the active cancellation coefficients are reasonably low.
If the coefficients were significantly strong, the control ports
should be relocated or redesigned.

B. Passive Implementation

Launching the canceling surface waves is also possible with
passive, fixed implementation. In order to do that, we study the
system in Fig. 5. The antenna feeding ports are to the left of
the n-port and the control ports to the right. The aim is to
calculate the impedance loads Zp = Rp + jXp for the control
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Fig. 5. Illustration of the incident and scattered waves at the ports of the device.

Fig. 6. Required impedance loads for control ports in order to minimize modes
larger than j′.

ports p ∈ [p′ + 1, P ] such that the incident waves ap are equal
to the elements of aC solved from (10).

As described in [11], the required reflection coefficients Γp

for the passive control ports can be solved as

Γp =
ap∑P

i=1 Spiai
(11)

where the antenna is described with scattering parameters Sij .
Then, the impedance terminations for the control ports can be
calculated as

Zp = Z0
1 + Γp

1− Γp
(12)

where Z0 = 50 Ω is the reference impedance.
Implementing cancellation, either actively or passively, typ-

ically affects the impedance of the antenna port. Therefore, a
matching circuit has been added to the antenna feeding port
after implementing the control ports.

The obtained impedance values might have negative real parts.
In practice, this indicates that the control ports should inject
energy to the system, not only scatter it. In the optimal situation,
the chosen j ′ gives a purely reactive Zp for each control port.
Then, the resistive components and active signals can be omitted
from the control ports.

Fig. 6 illustrates the required control port impedances with
values 6000 < j < 8000 as the σ-norm analysis suggested. The
curves also indicate if the successful cancellation is possible
with the studied control port locations and topologies. The
resistance of control port 1 is very close to zero when j′ ∈
{[6470, 6510]; [6770, 6930]; 6967}. These domains are high-
lighted in gray in Fig. 6. By analyzing Z2 on this domain, we
see that its real part is negative. j ′ cannot be chosen so that
�{Z2} = 0, but since the resistance of control port 2 is still
relatively low, we assume that it has only a minor effect on the
results and can be, therefore, neglected.

For the passive implementation, we use value j′ = 6967. The
obtained components that would be inserted into the control
ports are C = 0.13 pF for control port 1 and L = 0.19 nH for

Fig. 7. Realized gain patterns. (a) No control ports. (b) Passive control ports
with j′ = 6967.

Fig. 8. Surface currents on the substrate face. (a) No canceling. (b) Active
implementation with j′ = 7001. (c) Passive implementation.

control port 2. Fig. 7 illustrates the radiation patterns before
and after the surface-wave minimization with passive control
ports. The ripply back lobes decrease significantly also when
implementing the method with passive control ports, although
the implementation does not fully correspond to the optimal
feeds due to the negative real part being ignored.

Fig. 8 illustrates the surface currents. The figure compares the
original currents, the currents obtained using active control ports,
and the ones resulting from passively implemented surface-wave
minimization. The surface waves are not suppressed as signifi-
cantly as with the active control ports due to the neglected resis-
tance of control port 2. Still, the surface waves are significantly
weaker compared to the original case. The resulting radiation
efficiency is 97.69% and gain 6.89 dBi. That is, the gain increases
by 0.91 dBi.

IV. CONCLUSION

In this letter, we have demonstrated that the surface waves
can be minimized using relatively small-sized additional struc-
tures. The design is systematic, computationally efficient, and
does not require in-depth analysis of the surface waves. Both
active and passive implementations are possible, resulting in
significant improvement of radiation patterns and reduction of
surface waves in both cases. Due to variations in surrounding
environment, such as human body effect, active implementation
with dynamically controlled cancellation signals might be useful
in practice. The introduced method gives a general framework
for surface wave minimization and offers a solid ground for
further, more application-specific experiments on surface wave
cancellation. As well, verifying the benefits of the method by
antenna measurements could be considered in future.
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