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Abstract—A review of the state-of-the-art near-field transform-
ing structures (NFTSs) for realizing high-performance antenna
systems is presented. The NFTSs are primarily synthesized for
near electric field phase transformation for various applications.
They can operate from microwave to millimeter-wave bands.
This study mainly examines the NFTSs reported for achieving
high gain and passive beam-steering antennas with prototyping
flexibility for low-profile and low-cost solutions. Furthermore,
the optimal fabrication processes for various design concepts are
discussed, highlighting a few of them.

I. INTRODUCTION

Highly directive high-gain and beam-steering antennas are
crucial for future generation communication systems, includ-
ing satellite connectivity through communication-on-the-move
platforms [1]. Various technologies have been adopted to
achieve high-gain and steering beams of antennas in the
literature. Large-scale reflectors, arrays, and lenses are the
classical approaches traditionally used for high-gain appli-
cations. In contrast, mechanically fully rotatable reflectors,
active electronically phased arrays, and reflect/transmit arrays
are the conventional way to steer the antenna beams. Despite
some merits, these antenna systems have physical and electri-
cal constraints, limiting their deployments in many potential
applications. Some are bulky and heavy and require large
3D or lateral space to implement the antenna beam-steering
functionalities. Due to active components and feed networks,
arrays are lossy. Some techniques are only feasible for the
high-end user due to high production costs.

Near-field transforming structures (NFTSs) are a type of
additive with a fixed-beam antenna that has sparked much
interest over the years due to their potential electromagnetic
(EM) wave manipulation capabilities in the near field region
of the antenna. To achieve the desired antenna performance,
the amplitude, phase, and polarization of the incident EM
waves can be translated individually or in combination through
the NFTSs. This technique offers many advantages over the
traditional high-gain and beam-steering approaches. This paper
presents three broad classes of NFTSs developed for high-
gain and beam-steering antenna systems using different design
and fabrication technologies. It showcases the most recent
development of NFTSs reported by our research group in this
research domain.

II. ALL-DIELECTRIC NFTSS

Due to its planar configuration, simple feeding technique,
and highly directive EM properties, the electromagnetic

bandgap resonator antennas (ERAs) were considered alterna-
tives to high-gain antennas. In 2015, however, it was revealed
that conventional ERAs suffer from non-uniform aperture
phase distribution [2], resulting in degraded EM performance.
The near-field phase transforming structure of its first kind was
proposed to resolve the phase errors by integrating several non-
planar dielectric rings (Rexolite 1422) with fixed permittivity
[2]. Each ring with different heights introduces the required
phase delay to the incident EM waves, resulting in a uniform
phase at the output plane; hence, significantly improving
the antenna performance. The directivity was improved by
9 dB (from 12.3 to 21.6 dBi) with peak gain and aperture
efficiency of 20.6 dBi and 29%, respectively. The NFTS has
an overall weight of 335g and a maximum height of 37
mm, as shown in Fig. 1. The composite dielectric semi-planar
NFTS [3] later replaces the bulky NFTS, resulting in a 43%
lower profile and 25% less weight, but without compromising
antenna performance. However, these so-called first-generation
(1G) all-dielectric NFTSs require expensive and sophisticated
machining tools and techniques for fabrication.

Fig. 1. An all-dielectric near-field phase correcting structure [2].

The 3D printed technology advanced the 1G NFTSs even
further by using low-cost tailored dielectrics and in-house
rapid prototyping facilities. The dielectric constant can be
modulated simply by varying the in-fill percentage, resulting
in a planar permittivity gradient all-dielectric NFTS [4]. It
contributes ≈50% 3-dB directivity bandwidth of a compact
ERA with only a material cost of 0.41 USD. The concept
was further explored by designing a pair of NFTSs with a
linear phase progression along its major axis [5]. Each NFTS
is thick but demonstrates a comparable antenna beam steering
performance in the elevation and azimuth planes.

III. COMPOSITE NFTSS

The second-generation (2G) NFTSs was realized by adopt-
ing the PCB technology. They are flat and planar, with many
finer metallic inclusions strategically printed on multi-layer
µWave substrates, as shown in Fig. 2. The composite NFTS



proposed in [6] has 91% and 43% smaller profile and weight,
respectively, than the 1G NFTS proposed in [2]. It improves
the antenna directivity by 8 dB (from 12.5 to 20.5 dB).
Subsequently, a pair of thin NFTSs was also presented to
successfully demonstrate a non-tilted passive beam-steering
antenna system [7]. These NFTSs are only ≈3.14 mm thick
and have two dielectric and three metallic layers. Following
Risley prism physics, the latter can steer the antenna beam
up to ±51◦ in the elevation plane without any active RF
components. The proposed technology enables flat-panel low-
powered, fixed-volume beamforming antenna technology for
mobile satellite communication (SatCom) applications.
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Fig. 2. Composite NFTSs for (a) high-gain [6] and (b) passive beam-scanning
[7] antenna systems.

IV. ALL-METAL NFTSS

Dielectrics require special consideration in some applica-
tions, such as in space and high-power microwaves, due to
their added cost, weight, and unexpected dielectric proper-
ties (breakdown, ionization, cryogenic temperature issues). A
completely new design technique was revealed as a third-
generation (3G) NFTSs, where dielectrics are entirely elim-
inated. Wideband gain improvement and beam steering func-
tions have been proposed using mechanically robust and
electrically highly transparent all-metal NFTSs [8], [9]. As
shown in Fig. 3, narrow slots are selectively cut in a monolithic
thin metal sheet utilizing low-cost metal cutting technology.
This slot-based design exploration of all-metal NFTSs reduces
overall cost and weight while also making it best suited
for future space-borne and high-power systems. The antenna
performances are comparable as well; for example, the antenna
prototyped in [8] obtained 12% 3-dB gain bandwidth, 46%
impedance bandwidth, and an increased peak gain of 9.4 dBi
(from 10.7 to 20.1 dBi). The thickness and weight of NFTS
used with this antenna are 0.56λ0 and 150g, respectively.
As demonstrated in Fig. 3(b), the method was also used
to construct a linear phase progressive all-metal NFTS that
locally manipulates the near-field phase to steer the antenna
beam 23◦off broadside direction [9] in the elevation plane.

V. CONCLUSION

The development of NFTSs compatible with a wide range of
antennas is a considerable development in enhancing radiation
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Fig. 3. All-metal NFTSs for (a) wideband high-gain [8] and (b) passive
beam-steering [9] antenna systems.

characteristics of antennas while maintaining a low profile.
The research has progressed through at least three generations,
from a proof of concept design to more practical solutions
addressing cost and large scale development. The 3D printed
technology can allow quick and low-cost in-house prototyp-
ing with customized dielectric materials. Thin flat-panel-type
NFTSs were realized using standard printed circuit technology.
Recent research has been focused on completely eliminating
dielectrics and expensive RF laminates for future mobile
SatCom terminals that need low-cost and lightweight solutions
both for high-gain and two-dimensional beam-steering antenna
technology.
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