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ABSTRACT: Investigations into the nature of electromagnetic fields produced by dipole sources over homogeneous flat ground or
impedance surfaces date back many years. In general, at a long distance r from the source, the near-surface field is mostly contributed
by the geometrical optics term (describing the radiation pattern), a guided wave, and a higher-order reactive contribution referred to as
the Norton wave. In the special case of a perfect magnetic conductor interface, the first two terms vanish; thus, the residual Norton wave
determines the steepest achievable field decay profile of r−3/2 (for a two-dimensional horizontal magnetic dipole). In this paper, we
reveal that in the presence of a non-local metasurface described by the second-order impedance boundary condition, the field decay can
be further accelerated by suppressing the Norton wave (approaching the profiles r−5/2 and r−7/2 for the electric and magnetic fields,
respectively). In a proposed practical realization of a nonlocal metasurface, the effect is numerically verified and shown to reduce the
edge diffraction effects by 10 dB for a shield diameter of only one wavelength, paving the way for compact antenna systems.

1. INTRODUCTION

The electromagnetic field solution for a dipole source above a
lossy dielectric boundary (Sommerfeld’s problem) is a clas-

sical model of an antenna operating over the Earth at radio fre-
quencies [1–3] or a nano-antenna over a plasmonic metal-air in-
terface in the optical regime [4, 5]. The asymptotics of the exact
solution (in the form of Sommerfeld-like integrals) commonly
used in the literature to analyze the near-surface field behavior
at a long distance r from the source, in general, contains the
following contributions: (i) the geometrical optics (GO) term
(related to the radiation pattern) with a decay profile of r−1 (in
a 3D problem) or r−1/2 (in a 2D problem); (ii) higher-order
terms in a power series of r−1, including the so-called Nor-
ton wave decaying as r−2 (in a 3D problem) [3] or r−3/2 (in
a 2D problem) [5], which describe reactive fields; and (iii) the
guided wave typically having the form of a trapped (surface)
wave. The interplay between the above terms substantially de-
fines the near-surface field profile far from the source.
Metasurfaces (MSs, two-dimensional periodic structures

with subwavelength periodicity) serve as platforms for
synthesizing desired scattered-field distributions under a
given excitation [6]. The local response of an impenetrable
(impedance)MS can be described at the macroscopic level with
a frequency-dependent surface impedance Zs, which connects
the averaged tangential electric Et and magnetic Ht fields at
the same point on the MS through the Leontovich boundary
condition: Et = ZsHt. The most popular realizations of
such local MSs are corrugated [7] and mushroom-type [8]
surfaces, for which |Zs| ≫ η near the resonance, where η
is the characteristic impedance of free space. Such so-called
high-impedance surfaces (HISs) serve as artificial magnetic
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conductor (AMC) reflectors for propagating plane waves and
simultaneously suppress any propagating surface waves (the
electromagnetic band gap (EBG) property) [8]. For a dipole
source above a local MS with an arbitrary Zs, an asymptotic
representation of the near-surface field with the same types
of waves as for the lossy dielectric is valid [9]. The limiting
case Zs = 0 corresponds to a perfect electric conductor
(PEC) ground plane, for which the GO term dominates in the
asymptotic behavior of a field excited by an in-plane (located
at a small height h compared to wavelength λ) horizontal
magnetic dipole (HMD), whereas no guided wave is supported
[see Fig. 1(a)]. In another limit, when Zs → ∞, mimicking the
perfect magnetic conductor (PMC) boundary, the GO term is
zero because of the destructive interference between the HMD
and its mirror image, whereas still no propagating guided
wave is supported. Consequently, the main contribution to the
near-surface field is the Norton wave [Fig. 1(b)]. Owing to a
faster field decay than that of the PEC ground plane (r−3/2 vs.
r−1/2 for a 2D problem [10]), HISs near the resonance serve
as compact antenna shields with improved suppression in the
shadow domain [11–13] and decoupling structures [14].
For a more general nonlocal MS response, Et andHt at dif-

ferent points are related to each other [15]. Nonlocality mani-
fests itself in the spatial dispersion (SD) of Zs, that is, its vari-
ation with the incident wave vector [16]. Adjusting SD law
has been shown to control the angular properties of MS ab-
sorbers [17], antenna reflectors [18], and the transmittance of
the anti-reflection coating [19]. Although the problem of dipole
excitation of spatially dispersive wire grids [20] and plasmonic
metal boundaries [5] has been solved analytically, to our knowl-
edge, the possibility of systematically controlling and acceler-
ating the field decay along the MS has not been studied.
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(a) (b) (c)

FIGURE 1. Fields excited by an HMD placed at height h ≪ λ above
a (a) PEC, (b) PMC, and (c) nonlocal impedance boundary with an
impedance pole at a grazing angle γ = sin θ = 1. The geometry of
the 2D problem considered is depicted in the inset of (c).

Here, we further study 2-D nonlocal MSs by considering
the field distribution along the MS, which is illuminated by a
magnetic line current (MLC) and modeled by the second-order
boundary condition (SOBC), which approximates the surface
impedance of the MS, Zs(γ), where γ = sin θ, by a second-
order rational function of the incident angle. We analytically
show that a specific set of SOBC coefficients that induces a
second-order pole in the surface impedance at grazing angles
nullifies the Norton wave. In the absence of the former, the
leakywave (LW) contribution remains dominant near theMLC;
however, the next algebraic terms decay as r−5/2 for the elec-
tric field and as r−7/2 for the magnetic field [see Fig. 1(c)].
This rapid field decay enables key practical applications, such
as reducing edge effects in shielded antennas and improving
isolation between closely spaced sources. As an example of
the former, we numerically demonstrate that the nonlocal ap-
proach improves the shielding performance of one-wavelength
HISs by 10 dB compared with the local design.

2. FIELDS ALONG LOCAL AND NONLOCAL
IMPEDANCE BOUNDARIES
To investigate the near-surface field decay in the presence of
nonlocality, we consider a 2D problem with an infinite mag-
netic line current of complex amplitude Im0 (a 2D dipole ori-
ented along the y axis) at height h ≪ λ above a uniform
and isotropic MS. The latter is located in the XY plane and
is modeled by a spatially dispersive surface impedance Zs(γ),
as shown in the inset of Fig. 1(c). The source generates a
TMy-polarized field with only Hy , Ex, and Ez components
that are nonzero. The tangential components of the total field
Et = Ex, Ht = Hy (the sums of the incident and reflected
fields), observed at angle 0 ≤ θ ≤ 90◦ and distance r from
the source, have the following rigorous spectral representa-
tions [21, Section 5]:

{
Ex(θ)

Hy(θ)

}
=

C√
2π

∫
P

f{Ex,Hy}(τ)e
−jΩ cos(τ−θ)dτ, (1)

where τ is related to the normalized tangential wave vector
component γ = kx/k of a spatial spectrum harmonic as sin τ =
γ (harmonics with 0 ≤ γ ≤ 1 and 0◦ ≤ τ = θ ≤ 90◦ are
propagating plane waves, whereas harmonics with γ > 1 are
evanescent plane waves); C = Im0 k/

√
2πη; k is the wavenum-

ber of free space; Ω = kr; r =
√

x2 + (z − h)2; P is the con-
tour of integration (depicted in [the Supplementary Information
(SI) Fig. S.1]); and the integrated functions are determined by
the SD law Zs(γ) as follows:
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. (2)

A far-field approximation (Ω ≫ 2π) of (1) for a spe-
cific observation angle τ = θ ≤ 90◦ can be de-
rived using the steepest descent method1 [21, Ch. 4]:

{
Ex(θ)

Hy(θ)

}
≈ Ce−j(Ω−π

4 )
({

fEx
(θ)

fHy
(θ)

}
1

Ω
1
2︸ ︷︷ ︸

GO term

+

∞∑
n=1

jnf
(2n)
{Ex,Hy}(θ)

(2n− 1)!!

(2n)!︸ ︷︷ ︸
Fn,{Ex,Hy}

1

Ω
2n+1

2

)
−
∑
i

{
EGW

x,i

HGW
y,i

}
e−jΩ cos (τi−θ)

︸ ︷︷ ︸
Guided waves
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where f (2n)(θ) denotes the derivative of 2n-th order with re-
spect to θ, and “GW” denotes guided waves.
In (3), the first term is the GO term, for which functions (2)

for 0◦ ≤ τ = θ ≤ 90◦ determine the radiation pattern. The
next term (n = 1) is the Norton wave, which, along with other
higher-order terms (n ≥ 2) exhibits an algebraic dependence
on the distance Ω. The last sum in (3) of terms exponentially
dependent on the distance, resulting from the poles of (2) with
respect to τ , accounts for the contribution of guided waves with
excitation amplitudesEGW

x,i ,HGW
y,i . Depending on the roots τi of

1It is worth noting that we evaluate nonuniform asymptotic, which is valid
when the contributions of the special points (the saddle point and the poles of
the integrand in our study) are well separated in the complex τ -plane [22].

the characteristic equation, that is, the denominator of (2) equals
zero, guided waves may be surface waves (SWs for sin τi ∈ R)
or leaky waves (LWs for sin τi ∈ C).
Consider the fields near the MS plane. Both fEx

and fHy

vanish at θ → 90◦ for all SD laws, except those that satisfy con-
dition Zs(90

◦) = 0, so that the GO term in (3) becomes zero.
However, the contribution of other asymptotic terms strongly
depends on the SD of Zs. We now find the specific conditions
under which the fieldsEx(90

◦), Hy(90
◦) decay fastest withΩ.

Clearly, no SWs should be supported by the MS, whereas the
Norton wave and LWs should be minimized or canceled.
Following [18, 23–25], we assume the MS to be lossless and

represent its purely imaginary impedance Zs(γ) as a rational
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FIGURE 2. Analytical study of fields excited by a 2D HMD on a nonlocal MS with a surface impedance of (4) withB = 1 (Norton wave suppressed)
depending on A andX/η: (a) normalized excitation coefficient level |F2,Ex |η/C of the term decaying as Ex ∼ Ω−5/2; (b) normalized excitation
coefficient level |EGW

x,0 |η/C of a SW/LW; (c) exponential decay factorℑ(τ0) of the LW (SW propagation regions are uniformly yellow); normalized
levels of the tangential electric (d) and magnetic (e) field (solid lines) calculated with (1) vs. distance from the source x/λ compared with their
dominating asymptotic expansion terms from (3); (f) radiation pattern shape. The case with the set of parameters B = 1, A = −3.5, X/η = 3.5,
chosen for the practical implementation, is indicated with cross markers in (a)–(c) and with red lines in (d)–(f). The local high-impedance case is
shown in (d)–(f) with blue curves. Markers in (d) show the results of full-wave numerical confirmation for the practical MS implementation.

function, for which a second-order Padé approximation with
one zero and one pole is [18]:

Zs(γ) = jX
1−

∑∞
n=1 Anγ

2n

1−
∑∞

m=1 Bmγ2m
≈ jX

1−Aγ2

1−Bγ2
, (4)

where A ̸= 1, X ̸= 0 (to maintain the GO term at zero),
and B ̸= A (to keep the nontrivial SD law). In the lossless
case, all the above-mentioned coefficients are real numbers; in
the presence of losses, they become complex-valued, and to
keep surface impedance meaningful, one needs to choose the
signs of the imaginary part to satisfy ℜ(Zs(γ)) > 0 for any γ.
Moreover, the frequency dispersion of the coefficients should
provide Zs(γ) that satisfies Foster’s reactance theorem at any
γ [23]. Note that when A = B = 0, the value of Zs(γ) be-
comes constant with γ (hereafter referred to as a local case).
As seen in (3), the electric and magnetic field amplitudes of the
Norton waveF1,{Ex,Hy} (the termwith n = 1) are proportional
to the second-order derivatives of fEx

and fHy
, respectively, at

θ = 90◦. Considering (4), the derivatives can be expressed as
follows:

f
′′

Hy
= −2η2

X2

(B − 1)2

(A− 1)2
; f

′′

Ex
=

2jη2

X

(B − 1)

(A− 1)
. (5)

Both expressions in (5) show that the Norton wave cancels with
the choice B = 1 (a second-order pole of the impedance is set
at the grazing angle θ = 90◦). In this case, the next nonzero

contributions in (3) are Ex ∼ Ω−5/2 and Hy ∼ Ω−7/2, as
well as of a single guided wave2 (with a complex propagation
factor of τ0 satisfying the characteristic equation). As noted
in [18], F0,Hy determines the radiation pattern, which for B =
1 is proportional to cos3 θ, as follows from (2) and (4). For
comparison, the radiation pattern for the PMC is proportional
only to cos θ. This means that the Norton wave suppression is
expected to be accompanied by the radiation pattern narrowing.
The analytically calculated3 levels of F2,Ex (for the contri-

bution Ex ∼ Ω−5/2), as well as the excitation coefficient EGW
x,0

and the decay factor ℑ(τ0) of the GW, are shown in Figs. 2(a)–
(c) in the case B = 1 (Norton wave suppressed) for different
A and X/η. As follows from Fig. 2(a), by simultaneously in-
creasing both |A| and |X|, one can decrease the contribution
Ex ∼ Ω−5/2 to the overall tangential electric field profile. On
the other hand, for some combinations ofA andX , a propagat-
ing surfacewavemay appear (see the yellow regions in Fig. 2(c)
that must be avoided). For other combinations of A andX , the
guided wave becomes an LWwithℑ(τ0) strongly dependent on
both A and X . Although for X < 0 and A > 0, the LW has a
relatively small amplitude, it has the slowest decay. Therefore,

2For quadratic surface impedance, dispersion relation [Eq. (S.5) in the SI]
generally has three solutions: one corresponding to a SW and two complex-
conjugate roots corresponding to LWs. During our study, we identified two
distinct cases: propagation of an SW or an LW.

3The corresponding excitation coefficientsF2,Ex ,F3,Hy ,EGW
x,0 , andH

GW
y,0

as well as propagation factor τ0 can be analytically calculated using Eqs. (S.1)–
(S.5) from the SI.
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FIGURE 3. Comparison of practical implementations of the local and nonlocalMSs: (a) meta-atoms of the local corrugated HIS (left) and the proposed
nonlocal MS (right), (b) numerically extracted (markers) and analytically calculated (solid lines) Zs(γ), (c) analytically estimated DU(90◦) for
X/η = 3.5, B = 1, and different practically implementable negative values of A (see [the SI Tab. S.1]), and (d) full-wave numerically calculated
DU(ϕ) forD = λ.

to accelerate the overall decay along the MS, it is preferable to
select a larger positive X together with a negative A.
The contributions of the asymptotic term with Ex ∼ Ω−5/2

(solid gray curves) and LW (dashed gray curves) for differ-
ent negative values of A are plotted versus distance x/λ along
the MS in Fig. 2(d)4. For the particular case A = −3.5, the
asymptotic profiles are shown with black curves, while the to-
tal tangential electric field profile calculated using (1) is shown
with the solid red curve. It is clearly seen that at small dis-
tances (x/λ < 1.5) the field decay is mainly determined by the
LW, while at large distances (x/λ > 3) it strictly follows the
Ex ∼ Ω−5/2 profile. In the middle range of distances, an in-
terference of different wave contributions can be observed. A
similar conclusion on the dominance of the term Hy ∼ Ω−7/2

or LW, depending on the distance, can be drawn for the mag-
netic field profile shown in Fig. 2(e). For comparison, the pro-
files of electric and magnetic fields excited by the same source
calculated using (1) are presented on the same plots for the lo-
cal high-impedance MS with X/η = −3.5 along with asymp-
totic terms [Eqs. (S.6)–(S.7) from the SI]. Note that in this case,
guided waves cannot be excited by the TM-polarized source
due to capacitive impedance [26, Par. 6.4.5], hence the field
profiles precisely follow the contribution of the Norton wave
(Ex ∼ Ω−3/2). This comparison shows that for x/λ > 2, de-
spite some LW excitation, the field levels on the nonlocal MS
with B = 1 remain drastically lower than those for the local
MS, which can be explained by the Norton wave suppression.
Furthermore, Fig. 2(f) confirms that the Norton wave suppres-
sion on nonlocal MSs is associated with a significantly nar-
rower beam (especially for larger |A|) pointed in the normal
direction.

3. SHIELDING PERFORMANCEOF FINITE LOCAL AND
NONLOCAL METASURFACES
To confirm the analytical predictions of the field decay accel-
eration, we numerically compare the excitation of two practi-
cal periodic structures implementing local and nonlocal MSs
with the same period d = λ/10 = 3mm at a frequency of
f = 10GHz and the same thicknessh = 6.2mm. The localMS

4The asymptotic expansion in (3) is formally derived under the assumption
of large distances (Ω ≫ 2π); however, such asymptotic approximations often
remain quantitatively accurate even at moderately large distances [10].

is implemented as a corrugated surface [7, 12] with dielectric-
filled (εr = 1.6) PEC grooves [see Fig. 3(a)]. The nonlocal MS
is implemented as a modification of the HIS formed by vertical
metal pins of height h [27–29], where the pins with a diame-
ter of 2r = 0.1mm are connected to the ground plane through
lumped loads Z = jωL with inductance L (actually, it is some
effective inductance due to the presence of reactive parasitics
considered in [18, 29]), and vertical PEC walls with a height of
v ≤ h and a thickness of 18µm are placed between the adja-
cent pins. The two considered structures share the same period-
icity and thickness, allowing a clear effect of the contribution
of SD on the accelerated field decay, since the only difference
between their macroscopic descriptions lies in the SD of the
surface impedance.
Surface impedance as a function of γ is parametrically calcu-

lated in Computer Simulation Technology (CST) Studio Suite
for both types of meta-atoms using periodic boundary condi-
tions. The numerical results are shown in Fig. 3(b) withmarkers
in good agreement with the analytical results obtained with (4).
It validates the assumption that involving one pole and one
zero (as supported by the approximation (4)) is sufficient to
capture the main features of the surface impedance associated
with both considered structures. At 10GHz (above the quarter-
wave resonance), the local MS (see the blue curve and mark-
ers) exhibits a high and γ-independent capacitive impedance
X/η ≈ −3.5 [30, Par. 11.4]. In contrast, for the nonlocal MS,
the family of gray curves corresponding to −3.5 ≤ A ≤ −0.5
for fixed B = 1,X/η = 3.5 exhibits a common pole at γ = 1.
This individual variation of A can be achieved in the proposed
structure by adjusting v and L simultaneously. Details of the
impedance extraction method and the correspondence obtained
between v, L, and A are given in the SI Sec. 2. In particular,
the case with A ≈ −3.5 corresponds to v = h = 6.2mm and
L = 0.63 nH [see the red curve in Fig. 3(b)].
To further verify the analytically predicted field decay accel-

eration, we compared the numerically calculated electric-field
profiles of the latter nonlocal MS (with A = −3.5) with the
local one. With this aim, in CST Studio Suite (full-wave sim-
ulation with Frequency Domain Solver), we introduced a 2D
HMD implemented as an internally fed open-ended parallel-
plate waveguide with thickness w = 0.18mm embedded in the
center of the structure with finite size D (diameter along the x
axis). This finite 1D row containingN meta-atoms is assumed
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to be periodically repeated in the y direction. For both MSs,
the open end is located in the top plane of the structure. To
ensure the validity of the averaged boundary conditions, sev-
eral closest meta-atoms at distances smaller than one period d
from the source are removed, as schematically depicted in the
inset of Fig. 3(d). The full-wave numerical results (markers) for
D = 12λ and N = 118 are compared with the analytical cal-
culations (solid red and blue curves) in Fig. 2(a), showing good
agreement. Note that at distances from the source x/λ > 2,
the electric field decays by more than 70 dB, so that the ex-
pected decay profile Ex ∼ Ω−5/2 cannot be confirmed for the
practical structure due to the insufficient accuracy of numerical
calculations (mainly caused by the effects of radiation bound-
aries). However, even at smaller distances, the advantage in
field decay along the nonlocal MS of more than 25 dB is clearly
reached compared to the local case.
One possible application of the observed effect is mitigat-

ing edge diffraction, which typically limits the shielding action
of finite-sized antenna reflectors. To evaluate the role of SD,
we compared the two structures described above with differ-
ent diameters D. The shielding action can be quantified based
on the far-field pattern using the so-called down-to-up ratio:
DU(ϕ) = H ff

y (−ϕ)/H ff
y (ϕ), where H ff

y denotes the magnetic
field in the far-field region and ϕ = π/2 − θ. As shown
in the SI Sec. 3, DU(90◦) can be analytically estimated us-
ing the physical optics approach. While the magnetic field
in the zenith (θ = 0◦) is determined by fHy

(0◦), the field in
the nadir (θ = 180◦) can be approximated by the sum of two
edge diffraction waves. The amplitude of both waves is pro-
portional to the integral of the magnetic surface current density
that would be induced by the HMD at an infinite MS (over the
range of distances D/2 ≤ |x| < ∞, where the finite structure
of diameter D is absent). For the nonlocal MS with X/η ≫ 1
and B = 1 (the Norton wave suppressed), we can write:

DUNL(90◦) [dB] ≈ 16.61− 20 lg(1−A)− 50 lg kD. (6)

A similar expression for the local HIS (with negative ℑ(Zs)
and |X|/η ≫ 1), for which the Norton wave dominates at large
distances, can be expressed as [10]:

DUL(90◦) [dB] ≈ 1.05− 30 lg kD. (7)

The analytical estimates for the local and nonlocal MSs (for
different negative A) are plotted in Fig. 3(c) versus D. As can
be seen, the DU ratio in the nonlocal case with A = −3.5 can
be reduced to −35 dB for a diameter of only one wavelength,
which is by ≈ 14 dB better than that for the local HIS of the
same size. Full-wave numerical simulations of local and nonlo-
cal practical structures withD = λ (N = 8) result in theDU(ϕ)
curves, shown in Fig. 3(d). An improvement of 10 dB can be
observed at ϕ = 90◦. A 4 dB deviation from the analytical esti-
mation is due to the accuracy of the physical optics approxima-
tion and due to neglecting the contribution of the LW in the ana-
lytical estimation of the DU. Compared with a cardioid-shaped
radiation pattern of a classical Huygens’ source, both the local
and nonlocal compact reflectors provide a steeper roll-off in the
radiation pattern near the horizon (ϕ = 0◦), which is beneficial
in another important metric of shielding performance.

4. CONCLUSION

In this study, we investigate the tangential electric and mag-
netic field profiles excited on a nonlocal MS by a magnetic
line current. At the macroscopic level, the MS is modeled us-
ing the second-order boundary conditions, whose coefficients
fully characterize these field profiles. Among various coeffi-
cient combinations, a practically significant case arises when
the surface impedance exhibits a second-order pole at grazing
angles. The last property of the surface impedance demon-
strates the possibility of accelerating field decay along nonlocal
MSs with second-order SDs. Once the surface impedance has
a pole at grazing angles, the contribution of the Norton wave
in the asymptotic near-surface field expansion is suppressed.
Although the contribution of the LW remains dominant near
the HMD, the next nonzero higher-order term with profiles of
Ex ∼ Ω−5/2 and Hy ∼ Ω−7/2 remains dominant at large dis-
tances from the source. The underlying physical intuition be-
hind the accelerated field decay can be understood as follows.
As demonstrated in [10], an effective way to mitigate edge ef-
fects is to minimize the equivalent currents flowing along the
screen, thereby reducing the illumination of the edges by the
MLC fields. Drawing from the concept of nonlocal radiation
pattern engineering [18], one can observe that the introduc-
tion of a second-order pole in the SD of the surface impedance
forces the radiation pattern to behave as cos3 θ at θ ≈ 90◦.
In contrast, a standard PMC boundary provides only a cos θ
dependence. Consequently, the nonlocal boundary can be ex-
pected to grant significantly lower edge illumination of a finite
shield. In line with this concept, we have theoretically demon-
strated that the condition B = 1 indeed yields the required en-
hanced field decay.
Found decay acceleration, in comparison to a local HIS (with

the Norton wave prescribing the decay profile ofEx ∼ Ω−3/2),
can be achieved with the proposed practical periodic structure
of inductively-loaded pins separated by metal walls, which is
found to exhibit the required specific law of SD. The excitation
of the proposed nonlocal MS as a wavelength-size reflector is
associated with edge diffraction reduced by 10 dB compared to
a state-of-the-art local MS reflector of the same size.
The proposed concept of Norton wave suppression via non-

local MSs opens several promising research directions for fu-
ture work. From a fundamental perspective, it enables further
exploration of higher-order spatial dispersion and its impact on
electromagnetic field behavior. Indeed, a pole of orderN at the
grazing angle would yield field decay scaling as Ω−(2N+1)/2

for the electric field and Ω−(2N+3)/2 for the magnetic field as
follows from (3). However, the dispersion relation for surface
impedance with such a pole order may contain up to N + 1
solutions, making it challenging to address the contribution of
all potentially excited guided waves without a dedicated study.
Furthermore, the ability to shape tangential field distributions
through the SD tailoring suggests potential applications in an-
tenna decoupling. Indeed, the isolation of magnetic line cur-
rents placed above the suggested nonlocal MS at a distance of
about two wavelengths can be improved in comparison to both
PEC and PMC cases due to the rapid field [see Figs. 2(d), (e)].
To enhance the versatility of the proposed structure, the static
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(a) (b) (c) (d)

FIGURE A1. Practical issues of nonlocal MS implementation. (a) Ratio |E−5/2
x /E

−3/2
x | as a function of ℑ(B) at various points along the nonlocal

MS. (b) Effect ofℑ(B) on the angular behavior ofZs(γ); solid lines denote the imaginary parts, and dashed lines denote the real parts. (c) Frequency
dispersion of DU(90◦) for lossy and lossless structures under study. (d) Ratio |E−5/2

x /E
−3/2
x | as a function ofB at various points along the nonlocal

MS.

inductive elements can be replacedwith parallelLC resonators.
By employing voltage-tunable varactor diodes, the resonant
frequency of the MS can be dynamically adjusted. This allows
for real-time control over the wave-suppression characteristics,
enabling the antenna to adapt to varying operational environ-
ments or frequency shifts.
From the application perspective, this approach can be ex-

tended to the design of compact antennas with enhanced shield-
ing for Global Navigation Satellite Systems applications. How-
ever, three-dimensional antennas with circular polarization re-
quired in that application typically emit a superposition of trans-
verse electric (TE) and transverse magnetic (TM) polarizations.
For the TM component, enhanced field decay is anticipated.
However, the algebraic asymptotic expressions of the fields
should be derived in future work using 3D free-space Green’s
functions. Conversely, the TE component requires a separate,
dedicated analysis to derive the SOBC coefficients necessary
to ensure accelerated field decay for that polarization. Further-
more, it is important to address practically important issues,
such as mitigating losses and improving bandwidth.
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APPENDIX A. BANDWIDTH, LOSS EFFECTS, AND
TOLERANCE ANALYSIS
In this Appendix, we present a study on bandwidth, loss effects,
and fabrication tolerance analysis associated with the observed
effect of the Norton wave suppression.
As follows from (5) and (4), losses in the structure can affect

Norton wave suppression. For dissipative MSs, the approxima-
tion coefficients become complex-valued, and a nonzero ℑ(B)
leads to the emergence of the Norton wave. To demonstrate
the effect of nonzero ℑ(B), we gradually varied it while keep-
ing X/η = 3.5, A = −3.5, and ℜ(B) = 1, and examined
the ratio |E−5/2

x |/|E−3/2
x | (see Eq. (S.1) and Eq. (S.6) in the

SI) as a function of ℑ(B) at various points along the nonlo-
cal MS [see Fig. A1(a)]. It can be observed that for low losses

(i.e., when the imaginary part of B is small), the Norton wave
is suppressed. However, beyond a certain threshold ofℑ(B), it
becomes significant and, with further increase in losses, eventu-
ally dominates along the surface. In addition, the Norton wave
becomes more pronounced at larger distances, since the x−5/2

component decays more rapidly. The plot (b) shows the angu-
lar dependence of the surface impedance for different values of
ℑ(B). For very small losses, the surface impedance contains
a clearly pronounced pole at grazing incidence. As losses in-
crease, the pole near grazing incidence is smoothed out, leading
to the emergence of the Norton wave.
To assess how losses affect the improved shielding perfor-

mance, we simulated the same structures as in Section 3, re-
placing the PEC in the meta-atoms of the structures with cop-
per. The down-to-up ratio at 90◦ increased from −34 dB to
−30 dB at the target frequency f0 [see Fig. A1(c)], which re-
mains superior to that of the local structure (−24 dB). Remark-
ably, the losses do not significantly affect the local structure as
it operates relatively far from the resonance. From the same
plot, we can measure the fractional bandwidth of the nonlocal
structure (defined as the frequency range where the nonlocal
structure outperforms the local one) to be about 0.9%. In our
recent paper [19], we found that nonlocal MSs tend to suffer
from higher losses and narrower operating bandwidth than lo-
cal ones. Therefore, it is an important topic to search for mech-
anisms to overcome these issues. Among different approaches,
one may introduce additional degrees of freedom to the de-
sign [31] or implement MSs with simultaneously synthesized
frequency and spatial dispersion [32].
Another important issue to address is sensitivity to fabrica-

tion tolerances. As follows from Table S.1 in the SI, the most
critical parameters for tailoring spatial dispersion in the pro-
posed nonlocal structure are the vias’ inductanceL and the wall
height v. To study the sensitivity of the structure to these param-
eters, we varied their values within a range of ±2.5% around
the nominal values. We found that this perturbation leads to
a variation in the frequency at which ℜ(B) = 1 of ±0.5%.
This means that the pole position slightly shifts, detuning the
structure from the condition B = 1 at the operating frequency
f0. However, if the value of B lies in the acceptable range
[0.92, 1.08], the amplitude of the Norton wave is at least 3 dB
smaller than that of the next algebraic term, as follows from
Fig. A1(d).
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