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Abstract—This letter proposes an ultrathin unidirectional holo-
graphic metasurface antenna (HMA) based on transverse electric
(TE)-mode surface waves excited over an artificial magnetic con-
ductor (AMC) ground. It is found that replacing the conventional
perfect electric conductor ground with an AMC ground increases
surface wave power ratio for ultrathin HMAs, thereby achieving
higher aperture efficiency. Key design considerations are exam-
ined in detail. A prototype is fabricated and measured in the 6G
upper-mid band, achieving an ultralow profile of 0.025λ0 and a
peak aperture efficiency of 29.5%.

Index Terms—6G upper mid band, artificial magnetic conductor
(AMC), holographic metasurface, low profile.

I. INTRODUCTION

WHEN compact resonant antennas are integrated into
large-form-factor platforms, such as smartphones or

vehicles, their performance often degrades due to nearby compo-
nents that add loss and coupling [1], [2], [3], [4], [5], [6], [7], [8].
In particular, surface waves on the electrically large outermost
substrate can distort radiation patterns [8]. Holographic metasur-
face antennas (HMAs) [9], [10], [11], [12] address this by shap-
ing surface-wave energy into a prescribed radiating aperture,
improving beam stability and enabling high-gain radiation [10].

Unlike commonly used metasurface antennas, such as trans-
mitarrays or reflectarrays, for high-frequency applications [13],
[14], [15], an HMA features a lower profile by sharing a single
plane for the feed antenna and the metasurface. It employs a
surface-wave launcher (SWL) as the feed to generate a surface
wave on a grounded dielectric substrate [9], [10], [11], [12]. The
surface-impedance-modulated HM unit cells (HMUCs) then
convert this energy into a radiated wave in air.

Conventional unidirectionally radiating HMAs often uti-
lize a perfect electric conductor (PEC) ground and transverse
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magnetic (TM)-mode surface waves [16], [17], [18], [19], [20],
[21], [22], [23], [24], [25], [26], [27], [28], [29], [30]. Several
studies have focused on maximizing the aperture efficiency of
PEC-grounded HMAs [25], [26], [27], [28], [29], [30]. How-
ever, as the dielectric thickness becomes thinner than a quarter
wavelength and approaches zero, the ratio of evanescent de-
caying power to the power guided along the surface increases
exponentially [18], [31]. This phenomenon makes it challenging
to maintain high aperture efficiency with a PEC ground when
designing an ultralow-profile HMA.

Another category of HMAs that achieve unidirectional radi-
ation employs transverse electric (TE)-mode surface waves to-
gether with a reflector. In this approach, TE-mode HMAs operate
without a directly integrated ground and therefore radiate to both
sides of the dielectric substrate with low aperture efficiency [32],
[33], [34], [35], [36], [37], [38]. To enforce unidirectional ra-
diation and improve aperture efficiency, an artificial magnetic
conductor (AMC) ground is used as a reflector to reduce to-
tal thickness [37], [38]. In these studies, however, proximate
integration of the TE-mode HM with the AMC ground was
not feasible because it inevitably distorted the predesigned HM.
Consequently, the resulting profiles exceed 0.17 wavelength.

This letter proposes an ultrathin unidirectional AMC-ground-
integrated HMA excited by a TE-mode surface wave, featuring
an ultrathin 0.025 wavelength profile (see Fig. 1). Compared
with [37] and [38], our contributions are twofold: 1) a theoretical
and experimental analysis demonstrating that an AMC ground
enables an ultrathin profile with high aperture efficiency, and
2) a design procedure for proximate integration of the SWL and
HMUCs with the AMC ground.

II. SURFACE WAVE PROPAGATION IN

PERFECT-MAGNETIC-CONDUCTOR GROUNDED

DIELECTRIC SLAB

To design an HMA with a low profile and high aperture
efficiency simultaneously, a high portion of the surface wave
power should remain within the grounded dielectric slab while
propagating tangentially along the surface, even if the slab thick-
ness is small. Fig. 2 shows the scenario where the surface wave
propagates along a uniform PEC or PMC grounded dielectric
interface. With the conventional PEC ground, the TM mode
power ratio,CTM, representing the power inside the slab over the
total power, including evanescent decaying power over the air,
had been derived in [18] and [39]. Following notations from [39],
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Fig. 1. Configuration of the proposed HMA featuring a low profile and high
efficiency. The marked design parameters are (Sx, Sy , lmargin, ldipole, Cy , Cx,
gvia, hsub, hbond) = (45, 43, 15, 5.6, 2.2, 1.4, 0.6, 0.254, 0.038) mm.

Fig. 2. Geometry for a surface wave propagating in the x-axis direction, with
(a) PEC ground and (b) PMC ground. (c) Power ratio of the guided surface wave
power over the total power, including evanescent decaying power for TE and
TM modes with εr = 2, 4, 10.2, 25.

the TE mode power ratio,CTE, is derived differently in this letter
as follows:

kTE,2 tan(kTE,2a) = (μr2/μr3)kTE,3 (1)

k2TE,2 + k2TE,3 = (μr2εr2 − μr3εr3)k
2
0 (2)

where kTE,2 and kTE,3 are defined as the TE mode cutoff
wavenumbers

CTE =
ATE

ATE +BTE
(3)

ATE = μr2k
3
TE,3(2kTE,2a+ sin(2kTE,2a)) (4)

BTE = 2μr3k
3
TE,2 sin

2(kTE,2a) (5)

where ATE and BTE are simplified terms that are proportional
to the power propagating within the dielectric slab and the power
propagating in air, respectively.

Fig. 2(c) shows the power ratio curves for TE and TM modes
with εr = 2, 4, 10.2, 25. It is evident that the power ratio of the
TE mode surpasses that of the TM mode when the dielectric
slab thickness per guided wavelength (h

√
εr/λ0) is smaller than

one quarter wavelength. This discrepancy becomes more pro-
nounced when the thickness per guided wavelength decreases
below 0.1. For example, at the chosen substrate thickness of
0.292 mm in this letter, corresponding to h

√
εr/λ0 = 0.042,

Fig. 3. (a) Designed AMC unit cell. (b) Its reflection response. (DAMC, gAMC,
εr,Sub, εr,bond) = (2.75 mm, 0.2 mm, 10.2, 2.94).

CTE and CTM are 0.112 and 0.00128, respectively, with εr =
10.2. Notably,CTE consistently exceedsCTM for 2 ≤ εr, when
the thickness per guided wavelength is less than 0.1. Therefore,
PMC ground proves to be superior to PEC ground when low
profile is required, with even greater superiority at higher values
of εr.

III. SWL: HORIZONTAL DIPOLE ANTENNA WITH AMC
GROUND

A. AMC Ground for Low-Profile SWL

The PMC ground is realized using the AMC ground [40],
[41], [42], with the AMC unit cell shown in Fig. 3(a). Two
0.254 mm thick Rogers RT/duroid 6010/6010LM dielectric
substrates [(εr,Sub, tan δ) = (10.2, 0.0023)] were attached using
Rogers 2929 Bondply [(εr,Bond, tan δ) = (2.94, 0.003)] with a
thickness of 0.038 mm. The medium between the Floquet port
and the AMC surface shown in Fig. 3(a) is set to εr,sub because
the z-directed radiation from the dipole feed propagates through
the upper substrate (Sub1) and is reflected at the top surface
of the AMC stack (Bond layer), as shown in Fig. 1. Thus, the
AMC surface is surrounded by Sub1 rather than air. Fig. 3(b)
presents the simulated reflection phase of the AMC unit cell
as a function of frequency. Using the ±90° reflection-phase
criterion, the practical AMC bandwidth is identified as 12.5 GHz
to 15.3 GHz.

Fig. 4 shows the designed SWL with the AMC ground. The
HMA aperture size was determined to be 44 mm × 41.25 mm
with 16 × 15 AMC unit cells, which corresponds to 4.86λg ×
4.56λg, where λg is defined as the guided wavelength.

IV. AMC-GROUND-INTEGRATED HMA DESIGN

A. HMUC Including AMC

Fig. 5(a) shows the HMUC with a size of 2.75 mm× 2.75 mm,
identical to the AMC unit cell. The top patch is positioned at the
vertex where four adjacent AMC unit cells meet, because the
electric fields are naturally concentrated near the gap between
the AMC patches. The TE mode surface impedance of an
HMUC, Zs, can be calculated as follows [43]:

ZTE =
Ex

Hz
= j

ωμ3

kTE,3
= jη0

k0√
β2 − k20

=
η0√
1− n2

(6)

where the effective refractive index n is defined as follows:

n =
β

k0
=
φ/DHM

ω/c
=

φc

ωDHM
(7)
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Fig. 4. (a) Configuration of the designed AMC-ground-integrated dipole
antenna with 8 × 7 AMC unit cells. The marked design parameters are (larm1,
larm2, wdipole, rvia, rviapad, ws, wgsg) = (2.9, 2.1, 0.5, 0.1, 0.2, 0.3, 0.5) mm.
(b) Reflection coefficients. (c) Copolarized radiation patterns for 8 × 7 and
16 × 15 AMC unit cells at 14 GHz in the E- and H-planes.

Fig. 5. (a) Configuration of the proposed HMUC. (b) Its simulated dispersion
curves with variation in gHM. (c) The calculated TE mode surface reactance
Xs = Im(Zs) with variation in gHM.

where φ = βDHM is the phase difference across an HMUC.
Fig. 5(b) shows the dispersion curves drawn from the HFSS
Eigenmode solver. The TE mode surface wave reactance,
Xs = Im(Zs), varying with gHM, is then derived, as shown
in Fig. 5(c), where the maximum and minimum surface wave
reactances are −129 Ω and −329 Ω. The capacitive surface
impedance for TE mode has also been validated in [44].

B. HMA Design

In the radio-frequency domain, an HM realizes an interfer-
ence pattern of impedance-modulated unit cells formed by the

Fig. 6. (a) φref distribution, (b) calculated gHM distribution with location
indices i and j, and φoffset = π on the HMA aperture.

reference wave, ψref, and the object wave, ψobj [11]. The SWL
excites the surface wave (ψref); the HM then synthesizes the
desired radiated wave (ψobj). The required surface-impedance is
calculated as follows:

Zs = 1j × [X +M ×Re(ψ∗
refψobj)] (8)

where X represents the average of the available maximum and
minimum surface wave reactances, −229 Ω in this letter.

The reference surface-wave phase φref shown in Fig. 6(a)
was extracted from full-wave HFSS by sampling the phase
of the y-polarized electric field at the center of each unit cell
on the metasurface plane, yielding a 15 × 14 phase map.
This full-wave extraction naturally includes edge reflections
and coplanar waveguide (CPW)-feed coupling effects. Although
φref is empirically extracted from full-wave simulation, the final
performance is not highly sensitive to small phase perturbations
because the holographic metasurface primarily enforces a global
constructive-phase condition. Thus, moderate local deviations
mainly affect secondary features, and no iterative optimization
was needed after implementing the impedance map.

Assuming little traveling wave power loss, ψref =
exp(jφref), and ψobj = exp(jφobj), (8) is rewritten as

Zs = 1j × [X +M cos(−φref + φobj)]. (9)

Notably, for a broadside beam pattern, φobj = φoffset, where
−π ≤ φoffset ≤ π is a constant. By combining (6) and (9), the
calculated gHM distribution with φoffset = π across the HMA
aperture is shown in Fig. 6(b).

Fig. 7(a) and (b) shows the reflection coefficient and peak gain
with varying φoffset. The variation in impedance bandwidth and
peak realized gain arise from electromagnetic coupling between
the SWL and the nearest HMUCs. The proposed broadside-beam
HMA is designed with φoffset = π, which yields the best |S11|
and peak realized gain because the SWL-surronding HMUC
patches are smallest. Fig. 7(c) and (d) compares the reflection
coefficient and peak gain of the proposed HMA with and without
HMUCs. Introducing HMUCs significantly enhances the peak
gain while preserving the impedance bandwidth.

V. FABRICATION AND MEASUREMENT

A. Measurement Results

The proposed TE-mode unidirectional HMA is fabricated and
measured. Fig. 8 shows the fabricated sample and the measure-
ment setup in the anechoic chamber. The edge-launch connector
is connected to the end of the CPW line.
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Fig. 7. (a) Simulated reflection coefficient. (b) Peak gain for different values of
φoffset = π, π/2, 0,−π/2. For the proposed (φoffset = π) HMA. (c) Simulated
reflection coefficient. (d) Peak gain with and without HMUCs.

Fig. 8. Photographs of the (a) fabricated sample and (b) measurement setup
in the anechoic chamber.

Fig. 9. Simulated and measured (a) reflection coefficient (|S11|) and (b) input
impedance (Z11).

Fig. 9 shows the simulated and measured reflection coefficient
(|S11|) and input impedance (Z11). The measured impedance
bandwidth is slightly wider than the simulated 1.02 GHz
(13.17 GHz to 14.19 GHz). The simulation–measurement dis-
crepancy shown in Fig. 9(a) is mainly due to fabrication tol-
erances that perturb the input impedance, while the resonance
frequencies remain close within 1.6% deviation. Since the an-
tenna is near matched, small impedance shifts around 50 Ω can
cause a large change in the |S11| notch depth.

Fig. 10(a) shows the simulated and measured radiation pat-
terns in H- and E-planes at 13.5 GHz and 13.6 GHz, respectively,
where the simulated and measured peak gain of 11.35 dBi and
11.19 dBi are observed, respectively. The proposed antenna
exhibits a high cross-polarization discrimination level of over
25 dB in the main beam direction, along with an excellent
front-back-ratio of 25.2 dB. Fig. 10(b) shows the simulated
and measured peak gain over frequency. The corresponding

Fig. 10. (a) Simulated radiation patterns at 13.5 GHz and the measured
radiation patterns at 13.6 GHz, both normalized by the peak gain, in the H-plane
and E-plane. (b) Simulated and measured peak gain.

TABLE I
COMPARISON OF STATE-OF-THE-ART PRACTICALLY DEMONSTRATED

LOW-PROFILE UNIDIRECTIONAL HMAS

simulated and measured aperture efficiencies are 29.54% and
27.65%, respectively, at 13.5 GHz and 13.6 GHz. The simu-
lated and measured radiation efficiencies are 51.5% and 49.7%,
respectively, at 13.5 GHz and 13.6 GHz.

The proposed TE-mode HMA bandwidth and realized gain
are limited by the AMC unit-cell bandwidth (12.5 GHz–
15.3 GHz), as shown in Figs. 9(a) and 10(b). Accordingly,
the dipole-with-AMC (13.3 GHz to 14.3 GHz) and the HMA
(13.1 GHz to 14.2 GHz) operate within this range, and the gain
degrades rapidly outside it as the AMC departs from PMC-like
reflection.

B. Discussion on Comparison With State-of-the-Arts

Table I compares practically demonstrated low-profile uni-
directional HMAs. The figure of merit (FOM) is defined
as aperture efficiency divided by total thickness to capture
the efficiency-profile tradeoff. The proposed AMC-grounded
HMA achieves comparable aperture efficiency with much
smaller thickness than conventional PEC-grounded unidirec-
tional HMAs, yielding a competitive FOM.

VI. CONCLUSION

This letter presented an ultrathin, unidirectional AMC-
ground-integrated HMA based on TE-mode surface-wave exci-
tation. We demonstrated, both theoretically and experimentally,
that replacing a conventional PEC ground with a PMC/AMC
ground increases the surface-wave power ratio for ultrathin
HMAs. The outlined design considerations for monolithic in-
tegration of the horizontal-dipole SWL, AMC ground, and
holographic metasurface provide practical guidance for future
research on AMC-ground-integrated HMAs.
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