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Abstract—This letter proposes a near-field beam focusing
transmitarray-based (TA-based) free space measurement system
that is extremely miniaturized rather than horn-to-horn and di-
electric lens-based measurement systems for radio frequency (RF)
metamaterial composites. Reducing the size of the measurement
setup is limited due to the natural phenomenon of conventional
systems. Contrastively, TA-based system could overcome the
limitation because of its phase-shifting ability to maintain the
planar appearance. A device-under-test (DUT) was measured
without any distortion utilizing the beam focusing characteristic
of the proposed TA, which produces a uniform wavefront phase
without diffraction over the DUT aperture. The proposed TA
could focus the EM wave within a distance of 2 cm from the
horn antenna while maintaining the phase error under 14.5◦,
resulting in a plane wave-like phase. Consequently, the RF
metamaterial composites could be measured at a short focal
distance of 21.7% of the distance required by the conventional
free-space system without additional absorbers. Further, the
frequency response of DUT (i.e., |S21| and ∠S21 ) could be
obtained adequately compared to the full-wave simulation. The
difference of transmission zero frequency between simulation and
measurement was less than 1.6%.

Index Terms—Transmitarray, Frequency Selective Surfaces,
Beam focusing, Measurement systems, Metamaterial composites.

I. INTRODUCTION

F or several decades, metasurfaces adopting metamaterial
composites have received attention due to their ability

to metamorphose electromagnetic(EM) waves in the spatial
domain that are not usually observed in nature [1]–[5]. These
abilities include not only selecting the frequency of the prop-
agating signal (i.e., conventional bandpass filter), but also
converting the polarization of fields, refracting the direction
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(a) (b)
Fig. 1. (a) Miniaturization procedure of the proposed system. (b) Schematic
of the proposed measurement system.

of the propagating waves, absorbing unnecessary signals, and
focusing the radiation beam on a specific area [4]–[18]. These
characteristics play a crucial role in a wide range of electro-
magnetic scenarios, thus facilitating the use of metasurfaces
in various RF applications such as radomes, reconfigurable
intelligent surfaces (RIS), and satellite communication [19]–
[22].

With the growing requirement for metasurface-based ap-
plications, there has been a surge in the need for accurate
measurement systems to guarantee efficiency of the applica-
tions produced. To meet these requirements, various types
of systems have been implemented over several decades,
such as waveguide-based, horn-to-horn free-space method, and
spot-focusing measurement using a dielectric lens [23]–[32].
However, measurement systems based on waveguides have
difficulties exciting normally incident EM waves because of
their non-TEM characteristic [23]. This characteristic can gen-
erate unwanted higher modes that distort the characterization
results in the case of inhomogeneous materials. Furthermore,
the DUT inside the waveguide cross-section must be etched
precisely to achieve reliable measurements. Otherwise, an
unnecessary air gap may form between the waveguide cross-
sections and an accurate response may not be obtained through
the measurement system.

The horn-to-horn free-space measurement system is a non-
invasive method for characterizing metamaterial composites,
which excites the normally incident wave on the DUT aperture.
However, a horn-to-horn system should satisfy the far-field dis-
tance between the DUT and transmitting and receiving (TRx)
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(a) (b)
Fig. 2. Measurement appearance compared to (a) Dielectric lens-based and
(b) the proposed beam focusing systems to the focal distance.

Fig. 3. Wavefront phase of the source antenna, required phase, and transmi-
tarray, respectively

antennas. In this system, the absorbers must be attached around
the DUT because the far-field distance between the antennas
and DUT induces diffraction, which distorts the frequency
response of the DUT. These requirements, including the far-
field distance and absorbers, result in bulky measurement
systems, making it challenging to construct a compact system
[see upper side of Fig. 1(a)].

To minimize the measurement setup, spot-focused free-
space measurement systems consisting of a dielectric lens
placed over horn antennas have been investigated [28]–[32].
Nevertheless, this lens antenna still has difficulty decreasing
the focal distance between the antennas and DUT due to
its inversely proportional relationship: focal distance and cur-
vature size of the antenna. Fig. 2 depicts the measurement
appearance of lens-based spot-focus systems. From the figure,
the curvature of the dielectric lens should be large for a short
focal distance because the curvature of the lens increases as
the compensation for the wavefront phase increases. Moreover,
the fabrication process of a dielectric lens is more complex
and expensive in proportion to its curvature. Therefore, it is
necessary to overcome the limitation of the dielectric lens
antennas by implementing a planar structure for achieving a
short focal distance.

The approach in this letter starts by constructing planar,
noninvasive, and low-cost hardware that overcomes the afore-
mentioned limitations for the miniaturization of a measure-
ment system. Because a transmitarray (TA) antenna satisfies
all of the above requirements, this study proposes an extremely
miniaturized free-space measurement system based on a beam
focusing TA antenna. Fig. 1 shows the schematics of the
proposed measurement system. As shown in the figure, the
proposed measurement system performs at an extremely short
horn-to-horn distance (i.e., less than 4λ0 at 28 GHz) without

(a) (b)
Fig. 4. E-field (a) magnitude and (b) phase distributions of proposed
measurement system at 28 GHz (xz plane)

(a) (b)
Fig. 5. E-field (a) magnitude and (b) phase distributions of focal spot at 28
GHz (xy plane). DUT will be placed on the focal spot.

TABLE I
FOCAL SPOT SIZE OF PROPOSED MEASUREMENT SYSTEM

Frequency 3 dB beamwidth 3 dB beamwidth Phase error
[GHz] E-plane H-plane [degree]

24 0.66λ0 0.96λ0 13.1
28 1.26λ0 1.01λ0 14.5
32 1.08λ0 0.74λ0 9.1

additional absorbers around the DUT. Section II presents the
beam focusing properties of the proposed TA antenna and unit
cell designs. In Section III, the fabrication and measurement
process of the proposed system is verified. Finally, Section IV
concludes the study.

II. DESIGN PROCEDURE OF THE PROPOSED SYSTEM

A. Near field focusing transmitarray

To focus the beam on an aperture with an arbitrary position
and area, this letter compensated for the wavefront of the
EM wave through the operating principle of a retrodirective
antenna [33]. The transmission phase required for the com-
pensation in the TA is as follows:

φr(xi, yj) = φape(xi, yj)− φfs(xi, yj) + φ0 (1)

where (xi, yj) is the position on the TA aperture, φr is the
phase required for compensation, φfs is the wavefront phase
from the source antenna, and φ0 is the reference phase. φape

This article has been accepted for publication in IEEE Antennas and Wireless Propagation Letters. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/LAWP.2024.3367497

© 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: Seoul National University. Downloaded on February 21,2024 at 01:43:28 UTC from IEEE Xplore.  Restrictions apply. 



IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS, VOL. X, NO. X, XXX 2024 3

(a) (b)
Fig. 6. (a) Exploded view of the proposed unit cell design. (b) States of the
proposed unit cell: Two states have different phase of 180◦ since the direction
of the E-field excited reversely.

is the phase of the wavefront propagating to the TA assuming
that the EM wave radiates inversely from the arbitrary aperture
where the EM wave is focused (i.e., from virtual source in
Fig. 3). Fig. 3 shows the wavefront phase distribution of the
proposed transmitarray design. Because of the natural phe-
nomenon of the antenna radiation, the wavefront phase from
the source antenna(φfs) has a convex shape to the direction of
propagation. To focus the beam on the desired DUT aperture,
the proposed design compensates its wavefront(φr) into a con-
cave shape through the transmitarray antenna. Fig. 4(a) and (b)
depict the distributions of the electric field intensity and phase
radiated from the TA, respectively. These distributions can be
the basis for the beam focusing ability of the TA because
there is no spillover around the aperture of interest, whereas
the phase distribution on the aperture is uniform. Furthermore,
the focal distance of the proposed TA should be considered to
avoid coupling between the feeder and TA. If they were placed
too closely, undesirable errors due to coupling could occur.
Fig. 5(a) and (b) show the magnitude and phase distributions
of the focal spot, respectively. Based on Fig. 4 and 5, the 3
dB beamwidth and phase error within the beamwidth, which
can affect the frequency responses of the measurement system,
were confirmed through full-wave simulation. Table I lists the
sizes of the focal spots for several frequencies. According to
Table I, the phase error on the DUT aperture is under 22.5◦,
which is considered a plane wave condition [34]. Further, it is
noticed that samples of size 1.26λ0 × 1.01λ0 or larger can be
precisely measured at a horn-to-horn distance of 4cm under
the frequency range of 24 GHz to 32 GHz. This distance is
reduced to 21.7% of the far field distance of the horn antenna
without the TA, which is required by the conventional free
space measurement system.

B. Unit cell design

Fig. 6(a) shows the exploded view of the proposed unit cell
design. The unit cell was selected as a polarization rotating
unit cell with properties of wideband, via-less, and easy fabri-
cation [7], [35], [36]. The Taconic-TLY5 substrates (εr = 2.2,
tan δ = 0.003) with a thickness of 0.75 mm were placed
between the copper layers. The period of the unit cell was
3.5 mm. The split square-ring structure among the polarizers
converts the polarization of the incident waves. If the split
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Fig. 7. Frequency responses of the proposed unit cell design: (a) Transmit-
tance (b) Phase delay.

TABLE II
UNIT CELL GEOMETRY

Cell # State Wpol Wring Wg Lring

UC1/4 1/2 0.7mm 0.5mm 0.4mm 1.1mm
UC2/5 1/2 1mm 0.4mm 0.3mm 0.9mm
UC3/6 1/2 0.4mm 0.4mm 0.3mm 1.3mm

square ring is placed in the reversed direction, the transmission
phase changes by 180◦, while the transmittance still does not
change because the direction of the field on the polarizer is
excited in opposite directions [see Fig. 6(b)]. Therefore, it is
noticeable that the proposed unit cell could expand the phase
tuning range by minimizing the resonant frequency variance
to overcome the bandwidth limitation. Fig. 7(a) and (b) show
the amplitudes and phases of the wave transmitted through
the proposed unit cell, respectively. As mentioned previously,
unit cell pairs that have the same dimensions but different
directions of the split square ring (e.g., UC1&4, UC2&5, and
UC3&6) show the same amplitude and a phase difference of
180◦ among the operating frequencies. The proposed unit cells
achieved a phase range of 360◦ and a 1 dB bandwidth of 42%
at frequency ranging from 22.5 GHz to 34.7 GHz.

III. FABRICATION AND MEASUREMENT

The proposed measurement system utilizes the through-
reflect-line (TRL) calibration technique with time gating to
reduce inaccuracies from the measurement system, which
also minimizes the reflection and loss within the unit cell
[28]. Fig. 8(a) depicts the schematic configuration of the

(a) (b)
Fig. 8. (a) TRL calibration schematics of the proposed measurement system.
(b) 3D-printed jig for TRL calibration.

This article has been accepted for publication in IEEE Antennas and Wireless Propagation Letters. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/LAWP.2024.3367497

© 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: Seoul National University. Downloaded on February 21,2024 at 01:43:28 UTC from IEEE Xplore.  Restrictions apply. 



IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS, VOL. X, NO. X, XXX 2024 4

(a)

(b) (c)
Fig. 9. (a) Top view of the measurement system and proposed DUT & TA
samples. (b) Measurement setup with focusing TA. (c) Measurement setup of
horn-to-horn free-space system
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Fig. 10. Frequency responses of the measurement system compared to
simulation and measurement: (a) magnitude (b) phase.

TRL calibration in free space. The through standard can be
implemented by placing the TA antennas facing each other at
a focal distance. At the same distance, the reflect standard can
be realized by placing a metal plate in the space of the DUT.
Finally, the line standard can be implemented by increasing the
distance between the TAs by a quarter wavelength. Fig. 8(b)
shows the jigs fabricated for TRL calibration of the system.
The 3D-printed jigs have different lengths owing to the dif-
ferent distances between the TAs.

Fig. 9(a). presents the top view of the measurement system
and the fabricated DUT and beam focusing TA pairs. Ka-band
horn pairs are connected to a vector network analyzer. The TA
pairs are fabricated with an aperture of 70mm × 70mm (i.e.,
20×20 elements). The size of TAs is designed to maintain
spillover efficiency over 90% across all operating frequencies.
The geometries of the selected unit cells are described in Table
II, and the unit cells are located according to (1). Different
geometries of the unit cells shift the center frequencies of the
unit cells. Therefore, unit cells satisfy the required phase delay
for phase compensation [35].

To verify the proposed system, a ring-resonator-based com-
plementary frequency selective surface (CFSS) is employed as
a reference. Owing to the equivalent circuit responses of the
CFSS, the series LC, and parallel LC resonators are connected

TABLE III
COMPARISON TABLE

Ref. # Freq. Diameter Focal distance∗ 3 dB beamwidth
(f0) @f0 @f0 (E-/H-plane)

[28] 16 GHz 16.3λ0 16.3λ0 N.A.
[29] 30 GHz 7.8λ0 18λ0 2.2λ0/2.2λ0

[30] 10 GHz 10.2λ0 10.2λ0 1.07λ0/1.46λ0

[31] 272.5 GHz N.A. 318.2λ0 ≤ 18.2λ0

[32] 10.2 GHz N.A. 13.6λ0 ≤ 17λ0

[37] 26.8 GHz 9λ0 20λ0 2.4λ0/2.4λ0

Proposed 28 GHz 6.5λ0 1.9λ0 1.26λ0/1.01λ0

* Distance between the antenna and the DUT sample.

in parallel on a transmission line, so one transmission zero
and one transmission pole can exist among the operation
frequencies under the proposed system [25]. The transmission
zero and pole of the DUT are located at 25.5 GHz and 32
GHz, respectively. The resonator was fabricated using an FR-
4 substrate with a period of 4 mm, and an aperture size of
24mm × 24mm.

For validating process, the transmission coefficient and
phase delay (i.e., |S21| and ∠S21) of the reference DUT are
measured and compared to the proposed measurement system
and conventional horn-to-horn free-space system [Figs. 9(b)
and (c)]. As shown in Fig. 10(a) and (b), the measurement
results are acceptable when compared to those of the full-
wave simulation. The measured transmission zero of the DUT
is located at 25.9 GHz. The accurate responses with simulation
are shown not only in the |S21| but also in the ∠S21; thus, the
results can be considered reliable. Table III is the comparison
table between the measurement system adopting dielectric
lens antennas and the proposed system. The remarkable point
of view is the physical size of the proposed one, which is
relatively miniaturized to conventional systems.

IV. CONCLUSION

This letter presents an extremely miniaturized free-space
measurement system based on a beam focusing transmitarray
suitable for RF metamaterial composites. The TA can achieve a
short focal distance, unlike traditional dielectric lens antennas,
owing to its planar structure. This characteristic is noticed
because traditional systems have limitations for miniaturizing
due to their natural feature (e.g., requiring far field distance or
curvature appearance.). The distance between the Tx and Rx
horn antennas was reduced to 21.7% of that required by the
conventional free-space system at 28 GHz. A retrodirective
antenna-based unit cell arrangement is presented, and its
ability to focus EM waves by providing a uniform wavefront
phase on the focal spot is demonstrated. Spot-focused TA was
implemented using a low-cost PCB manufacturing process
that is easy to fabricate. The reliability of the proposed
system was validated by measuring a known sample. The
measured result of the transmittance and phase delay matched
with the full-wave simulation. Therefore, the proposed system
can substitute traditional large-scale and sensitive systems
such as waveguide-based, horn-to-horn free-space method, and
dielectric lens-based spot-focused measurement systems.
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