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Abstract—A novel application of the metasurface for mini-
mizing the Sub-6 GHz MIMO antenna measurement system is
proposed. To reduce measurement errors across frequencies and
within the measurement system, an active transmit-type metasur-
face based on the PIN diode is adopted, enabling compensation
for phase without amplitude variation. Moreover, the unit cell is
designed with a size of 20 mm x 20 mm (0.25\ x 0.25)) to reduce
quantization loss. The Mean Square Error (MSE) of the E-field is
calculated to verify wavefront uniformity. The paper introduces
a measurement method that can determine quiet-zone generation
instead of relying on antenna probe measurements. This method
utilizes path loss changes per unit distance. Based on the path
loss difference measurement results, the metasurface can form a
quiet zone approximately 30% closer to the receiver antenna.
Additionally, it is confirmed that the proposed system can
minimize measurement error by reconfiguring the metasurface
across frequency variations.

Index Terms—Antenna measurement system, Metasurface,
Transmit array, Sub-6 GHz Massive MIMO

I. INTRODUCTION

The Massive Multiple-Input Multiple-Output (Massive
MIMO) antenna is an emerging wireless communication de-
vice gaining prominence as a crucial antenna design in 5G
communication at base stations [1]—[5]. The MIMO antenna
utilizes multiple antennas and RF chains to communicate with
multiple users, offering high gain. However, communication
performance can be adversely affected by variations in the
amplitude and phase of the input RF signal due to cables,
connectors, and thermal issues. Therefore, it is crucial to
measure the MIMO antenna in practical Over-the-Air (OTA)
conditions to accurately assess its performance.

However, MIMO antennas generally have a large aperture
size, resulting in a far-field condition defined by the Fraunhofer
distance that extends significantly farther [6]—[8]. Such a
system requires high-quality equipment to address path loss
issues, where the signal-to-noise ratio (SNR) plays a critical
role in maintaining sufficient levels. Additionally, minimizing
scatter, including reflection, refraction, and diffraction, is vital
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Fig. 1: Diagram of the proposed MIMO antenna measurement
system.

for accurately measuring MIMO performance. This require-
ment calls for the use of tremendous absorbers, leading to
increased construction costs for the measurement system.

Because of the aforementioned problems, considerable re-
search has been undertaken to minimize the MIMO antenna
measurement system. One proposed solution is the near-field-
to-far-field (NF-FF) transformation, where the Antenna Under
Test (AUT) is measured for magnitude and phase in the
near field using antenna probes [9]-[12]. Based on these
measurements, far-field patterns are calculated through the NF-
FF transformation. However, this method demands numerous
probe antennas (probe wall) and involves time-consuming
scanning [[11]], [12]. Furthermore, it can only measure a single
frequency per scanning and cannot estimate the modulated
signal.

Another approach to reducing the measurement system is
to reconstitute the electromagnetic wave by controlling the
wavefront [[13]-[24].By shaping the wavefront, phase can be
distributed uniformly, resembling the far-field condition. From
this perspective, the Compact Antenna Test Range (CATR)
has been proposed to reduce the antenna measurement system
using a reflective passive metasurface. While this method suc-
cessfully decreases the size of the measurement system, it does
not enable phase compensation adjustments across frequen-
cies, making accurate measurements impossible. Additionally,
the large reflector size creates challenges in minimizing the
measurement environment [[15[]—[18]].

The transmit-type metasurface can also reconfigure the
wavefront through unit cell control, prompting extensive re-
search into its use in antenna measurement systems [[19]—[21]].
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Fig. 2: Proposed unit cell structure (a) unit cell structure
perspective view (b) Cross-section view of the designed unit
cell.

Although passive metasurfaces can modulate the wavefront
with minimal quantization loss, they exhibit non-uniform
amplitude across different unit cell types and cannot adjust to
frequency variations. As a result, the passive metasurface func-
tions well as a wavefront manipulator at a single frequency,
but measurement errors increase at other frequencies.

In this work, a method for minimizing the antenna mea-
surement system using the active transmit-type metasurface is
proposed to address measurement system problems. As shown
in Fig. the active metasurface functions as a wavefront
manipulator, allowing the formation of a wavefront equivalent
to the far-field condition. As a result, a successfully imple-
mented miniaturized MIMO measurement system capable of
measuring modulated signals is achieved.

II. DESIGN OF THE WAVEFRONT MANIPULATOR
A. Wavefront Manipulator Design

In order to utilize the metasurface as a wavefront manipu-
lator in an antenna measurement system, it is essential that
only the phase is controlled according to the operation of
the manipulator, regardless of the magnitude. Furthermore,
magnitude and phase variations should be maintained across
frequencies despite the manipulator control. Unlike other re-
configurable components, such as liquid crystal and varactor,
the PIN diode base unit cell enables compensation of phase
with the same amplitude variation by adjusting the direction
of the current. Therefore, the unit cell is designed with a PIN
diode to manipulate the wavefront. The unit cell design is
proposed in Fig. 2 In Fig. the unit cell comprises a U-
slot antenna (Rx antenna), ground layer, biasline layer, and
O-slot antenna (Tx antenna) with two diodes. As shown in
Fig. Taconic RF-35 (e, = 2.97, tand = 0.0013), which
has a height of 1.52 mm, is selected as the substrate, and the
two substrates are attached to each other with prepreg, which
is FR27 (e, = 2.72, tand = 0.0014), with a thickness of 0.14
mm.

Rx antenna is designed as a U-slot antenna to increase
bandwidth and form a electrical potential zero point. The
point is connected to the ground layer to apply the voltage
for operating the PIN diode in the Tx antenna. Rx antenna
is connected to Tx antenna by vias to deliver the signal and
apply DC ground voltage. To minimize the complexity of the
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Fig. 3: Geometry of the proposed unit cell design (a) unit cell
top view (b) unit cell bottom view.
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Fig. 4: Unit cell S-parameter simulation results along the diode
states (a) S11 and S21 magnitude simulation results along the
diode states (b) S21 phase results along the diode states.

TABLE I: wavefront manipulator unit cell dimensions param-
eter

Tx antenna Values [mm] Rx antenna Values [mm]
W 14.5 Wi 18
Wia 5.3 Wira 6.5
Wis 3 W3 2.5
L 19.1 Ly 18
Lo 13.2 Lyo 5.5
L¢3 2.5 Ly3 4

manipulator control system, the DC voltage is applied to the
ground layer. Therefore, the PIN diodes can be controlled
without negative voltage by biasing the control voltage to be
higher and lower than the DC ground voltage. As shown in
Fig. the O-slot antenna is utilized as the Tx antenna, with
two PIN diodes, BAR50-02V, mounted in opposite directions
along the central via. Consequently, depending on the control
voltage, one diode is always turned ON while the other is
turned OFF. In this paper, the condition where the diode
positioned at the top is turned ON is defined as the ON state,
while the condition where it is turned OFF is defined as the
OFF state. Under these conditions, the signal path from the Rx
antenna is altered according to the diode’s operation, thereby
enabling a 180-degree phase difference in the unit cell’s state,
as illustrated in Fig. To control the PIN diodes, the
biasline is implemented in the M3 metal layer. To minimize
the biasline effect, a large pad is included in the bias network
to achieve the virtual ground.

The unit cell is designed using Floquet port simulation with
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Fig. 5: The photograph of the proposed wavefront manipulator
(a) Diagram of the proposed wavefront manipulator (b) Top
view of the fabricated proposed wavefront manipulator.

the Ansys HFSS software. The S-parameter simulation was
performed in the horizontal direction, where current flows
through the diode, thereby aligning with the Tx antenna’s po-
larization. The geometry diagram of the unit cell is illustrated
in Fig. 3] and the detailed dimension parameters are shown in
Table [} In the proposed system, the metasurface is utilized
as the wavefront manipulator, so quantization loss should
be minimized. Typically, when designing a metasurface, the
size of the unit cell is 0.5\ x 0.5\. However, the proposed
wavefront manipulator targets practical systems by minimizing
quantization loss. In practical MIMO antenna systems, each
telecommunication operator typically uses around 100 MHz
of bandwidth . Therefore, the wavefront manipulator unit
cell was designed to be 0.25\ x 0.25)\ to maximize wavefront
uniformity and minimize quantization error.

The S-parameter simulation results are demonstrated in Fig.
[] The diode is modeled as a lumped component consisting of
resistance and capacitance, R,, and C,s ;. Based on Fig.
the S11 value determines the -10 dB bandwidth of the unit cell
to be 250 MHz, and the insertion loss is maintained around
-1.5 dB within this bandwidth, regardless of the unit cell
operation. Within the same bandwidth, the phase difference
of the unit cell across the diode states is maintained at
approximately 180°, as indicated in Fig. @(b)]

The fabricated manipulator is shown in Fig. [5} The manip-
ulator utilizes 420 unit cells, and the size of the manipulator
with the bias network is 500 mm x 650 mm, which includes
an effective radiating aperture of size 420 mm x 420 mm.
To maximize the radiating area, the width and spacing of
the bias lines were set to the minimum feasible distance of
100 um. The proposed wavefront manipulator is designed for
use with the MIMO antenna measurement system. Generally,
the MIMO antenna has a 45° slant polarization to improve
channel conditions through fading [26]]-[28]. The unit cell
has linear polarization. Therefore, the unit cell arrangement
is also inclined to match the MIMO antenna polarization.
Moreover, since the wavefront manipulator is used to minimize
the antenna measurement system, the focal length of the
wavefront manipulator should be carefully considered. Taper
efficiency and spillover efficiency respectively indicate how
uniformly the E-field is incident on the metasurface and
how much it spreads along the edges. If the focal length
is too short, the phase variation becomes excessive, making
proper phase compensation difficult. Conversely, if the focal
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Fig. 6: Calculated result of the wavefront manipulator effi-
ciency along the focal length.

length is too long, not only does the measurement setup
become larger, but the E-field also propagates beyond the
metasurface aperture, making phase compensation impossible.
Therefore, it is essential to determine a suitable focal length
so that compensation can be applied for a sufficiently uniform
phase distribution while also creating a quiet zone within a
minimized measurement system.

Due to the reason, focal length is calculated based on the
taper and spillover efficiencies by below equations [29].

L|f), IdA]?
Ntaper = AT, I2dA 1
JIa 1]
S-dA
Nspillover = ffAPd ()
NTotal = Mtaper X Nspillover 3)

The aperture dimension, E-field intensity, Poynting vector,
and radiated power to manipulator are represented by A, I,
S, and P,.q, and the calculation results is shown in Fig. |§|
Therefore, the focal length of the metasurface is set to 20 cm
for the maximum total efficiency.

B. Wavefront Manipulation with Metasurface

To verify the phase modulation achieved by the proposed
metasurface application, the compensation of the wavefront
manipulator focuses on minimizing the magnitude and phase
mean squared error (MSE) calculated based on the equations
below.

E ag E ag_av 2
MSE oy = / (Bateg ~ Potosanal” )
Aquier AQuiet
E ase E ase_av 2
MSEPhase:/ ( ol A Phase g) (5)
AQuiet Quiet

Based on the equations (E[) (E[), the electrical magnitude and
phase uniformity of the quiet zone can be calculated. Agyiet
is defined as the target area for uniformity measurement, and
the average electric field magnitude, E,.q vy, and phase,
Ephase_avg, are calculated within this area. The difference be-
tween each point’s electric field magnitude and phase and their
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Fig. 7: The concept of the reference phase (a) Diagram
representing the concept of the reference phase (b) Flow chart
of the phase compensation.

respective averages is then determined, and the resulting error
indicates the uniformity of both the magnitude and phase of
the electric field. The proposed wavefront manipulator utilizes
PIN diodes to minimize the variation in the magnitude of the
E-field due to the operation of the metasurface. Therefore, to
minimize the quantization loss of the wavefront manipulator,
the control bias setting with the minimum MSE was obtained
by controlling the manipulator through the reference phase.

The concept of the reference phase is shown in Fig. []
The proposed wavefront manipulator experiences quantization
loss due to the size of the unit cells. Moreover, the proposed
unit cell performs phase compensation through current path
control. However, ideal phase compensation is not achievable.
Consequently, the phase is compensated using values that most
closely approximate the necessary compensation to form a
uniform wavefront. Therefore, even with phase compensation,
the uniformity of the wavefront can vary depending on the
reference phase. For this reason, a concept of the reference
phase to minimize quantization error is proposed in this paper.
As illustrated in Fig. [7(a)} the wavefront manipulator compen-
sates the phase according to the reference phase, resulting in
changes to the MSE.

The phase compensation of the manipulator with regard to
the reference phase is described in Fig. [7(b)] The proposed
wavefront manipulator operates by controlling the current path
through the PIN diode, so it enables to allow 180° phase con-
trol. Therefore, phases below 180° are compensated through
the unit cell, and phases above 180° are not compensated by
setting the unit cell to the OFF state. At this point, the range of
phase compensation based on the reference phase is modified
by adjusting the phase range that requires compensation by
incorporating the reference phase. Therefore, different phase
compensation configurations can be applied to the wavefront
manipulator according to the reference phase, allowing the
determination of the phase compensation distribution that
provides the highest wavefront uniformity.

Based on Fig. [7(b)} the manipulator controls the wavefront,
and the magnitude and phase distribution of the E-field are
illustrated in Fig. [8] Fig. [§] shows the simulation results for
the magnitude and phase distribution of the E-field with and
without manipulation at 45 cm and 70 cm using a normal
horn antenna. The magnitude and phase distribution of the
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Fig. 8: E-field distribution simulation results along the distance
by the wavefront manipulator operation. (a) E-field magnitude
distribution (b) E-field phase distribution.
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Fig. 9: MSE calculation results along the distance by the
wavefront manipulator operation.

manipulated E-field at 45 cm exhibit a similar pattern to the
non-manipulated E-field at 70 cm.

Moreover, the MSE variation over distance depending on
the manipulator operation is shown in Fig. 0] The MSE
was calculated for an area of 420 mm X 420 mm, which
corresponds to the effective radiating aperture of the wavefront
manipulator and represents 50% of its total area. "Mani. ON”
represents the manipulator performing phase compensation,
while "Mani. OFF” indicates that all unit cells are controlled in
the same state, resulting in no phase compensation. When only
the horn antenna is present, the far-field condition, based on
the Fraunhofer far-field calculation, begins at a distance of 70
cm. The far-field generation point determined by phase MSE
appears to align with that of the uncontrolled manipulator.
However, with the manipulator controlling the wavefront, the
same phase MSE point is achieved at a reduced distance of
45 cm, approximately 35% shorter than the horn antenna’s
far-field condition. The manipulator compensates the phase
without affecting the magnitude, enabling a point of similar
phase uniformity to form closer to the wavefront manipulator.

As shown in Fig. [I0] the point of E-field uniformity is
observed much closer to the Rx horn antenna when the wave-
front manipulator is operating. Therefore, it can be concluded
that the metasurface based wavefront manipulator effectively
generates the quiet zone closer to the Rx antenna.

Authorized licensed use limited to: Seoul National University. Downloaded on March 10,2025 at 05:04:37 UTC from IEEE Xplore. Restrictions apply.
© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Instrumentation and Measurement. 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/TIM.2025.3548763

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT

= Wavefront
. manipulator

Horn antenna

Fig. 10: Electric field distribution graph along the wavefront
manipulator appearance.

Metasurface

Horn antenna I" F
F
1

A

Fig. 11: The photograph of the MIMO measurement system.

III. MEASUREMENT

To verify the application of the metasurface as the wavefront
manipulator in this paper, the measurement setup is shown
in Fig. [II] The Keysight vector signal generator E4438 and
signal analyzer N9020A were used to measure, and 9 Arduino
MEGA 2560 and DC power supply E3634A were utilized
to control the wavefront manipulator using Python. The Tx
antenna is a massive MIMO antenna, and the Rx antenna
is a DRH-020-180 dual-ridged antenna fabricated in the Mi-
crowave Technologies Group (MTG). The massive MIMO
antenna deployed in practical telecommunications systems was
employed. One MIMO antenna unit consists of four sub-
arrays, each formed by three antenna elements. Every antenna
element is configured with a 45° slant polarization, with
the two orthogonal polarizations serving as the Tx and Rx
antennas, respectively. Generally, to verify the formation of
a quiet zone, the magnitude and phase of the E-field at each
point are measured using an antenna probe. The uniformity of
the wavefront is calculated by comparing the magnitude and
phase between adjacent points to determine the quiet zone.
However, this method not only requires an antenna probe
but also incurs high costs in terms of time and computing
resources. Therefore, this paper proposes a method to verify
the formation of a quiet zone by analyzing the variation in
path loss per unit distance. Under far-field conditions, when
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Fig. 12: The graph of pathloss difference measurement along
the wavefront manipulator operation.

the wavefront forms a plane wave shape, the magnitude and
phase of the E-field are uniform, and this E-field is denoted as
FE...;. However, in the near-field, the wavefront becomes non-
uniform, which is referred to as Fyon—uni, and the resulting
error is denoted as Fyp.orr. The Eppor 18 defined as @

Enonfuni = Eunz + Eerror (6)

The power received by the Rx antenna, Pj,q.s, is related as
follows:

Preas X (-Enon—uni)2
X |Euni‘2 +2Re (Euni . E;-mr) + |Eerror|2

When defining APL as the path loss error caused by the
non-uniformity of the wavefront, it can be expressed as below.

@)

APL x 101log (iﬂeas>
uni

2 Re (EUHiE:rror) + ‘Eerror|2
‘-Euni|2 |EUﬂi‘2

(®)

x 10log (1 +

Therefore, when the wavefront is non-uniform, E.,,., in-
creases, leading to an increase in APL. Consequently, the
change in path loss per unit distance represents the uniformity
of the wavefront, and an increase in the change in path loss
indicates a decrease in the uniformity of the wavefront.

In a far-field condition with a uniform wavefront, the
path loss remains consistent over unit distances, resulting in
minimal differences in path loss. Conversely, if the wavefront
is not uniform, the path loss difference per unit distance is
inconsistent. By measuring the path loss as the Rx antenna
moves over unit distances and analyzing the differences, it
is possible to confirm the quiet zone and far-field conditions.
The path loss measurement results are shown in Fig. [T2} When
the MIMO antenna is positioned close to the Rx antenna, the
absolute value of the path loss difference increases. This means
that the uniformity of the wavefront is degraded. Based on the
path loss difference, the far-field distance of the horn antenna
is about 82 cm, and the average path loss difference is about
0.5 dB per 10 cm in the measurement setup. The path loss
variation for the horn antenna alone, referred to as Horn_Only,
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Fig. 13: The beampattern measurement result along the wave-
front manipulator operation.

and the path loss error for the wavefront manipulator without
phase compensation both show errors exceeding 0.5 dB at
approximately 82 cm and 92 cm, respectively. On the other
hand, when the wavefront manipulator is phase compensated,
the point where the change in path loss variation exceeds 0.5
dB is closer to the Rx, around 57 cm. Although there is an
error of about 10 cm compared to the MSE simulation result,
it can be concluded that the quiet zone can be formed close
to the Rx using the operation of the wavefront manipulator.

Based on the path loss error measurement results, the
wavefront manipulator can generate the quiet zone closer to
the Rx system, so the beam pattern of the MIMO antenna was
also measured in the quiet zone and far-field. As shown in Fig.
[13] the measured MIMO antenna beam pattern is similar to the
simulation beam pattern result. For the beam pattern measured
in the quiet zone, it seems that even though the side lobe level
is slightly different from the far field result, the null point and
half-power beam width are similar to the far field beam pattern.
Therefore, it can be concluded that the performance of the
MIMO antenna can be verified by measuring at a much closer
distance than the far field measurement through the operation
of the proposed wavefront manipulator.

It is confirmed that the proposed wavefront manipulator
effectively forms the quiet zone, allowing the MIMO antenna
to be verified at a close distance rather than in the far field
by measuring the path loss difference and beam pattern.
Therefore, the proposed measurement system can be adopted
for modulated signal measurement. In Fig. [I4] error vector
modulation (EVM) measurement results are illustrated. To
measure the EVM, the LTE 16-QAM signal with a 20 MHz
bandwidth is utilized at distances of 55 cm and 90 cm, and
the wavefront manipulator is operated to compensate for the
3.85 GHz signal.

According to Fig. the EVM measurement results in the
quiet zone and far field exhibit an error of less than 1%, pro-
viding 95% reliability based on 3GPP far-field measurement
uncertainty [30]. However, the fixed wavefront manipulator
operates within a bandwidth of approximately 3.825 GHz to
3.88 GHz, which is 55 MHz. Consequently, the wavefront ma-
nipulator cannot ensure 95% confidence due to the EVM error,
making the EVM measurements in the quiet zone unreliable.

TABLE II: Performance Comparison with the State-of-the-art
Metasurface

. Freq N. Sub Aperture EVM QZ size
Ref Type (GHz) layer F/D size (mm) Meas. (mm)
[18] | Passive 28 1 1.83 177%x189 X 100x 100
119] Passive 2.6 5 0.287 502x502 X 255x%255
121) Passive 26 1 1.1 400 %400 X 200x%200
122) Active 18 1 N.A. 131x131 X N.A.
123)) Passive 26 3 0.7 550x550 X 200x%200
[24] | Passive 1.8 1 1.17 600 x 600 X 500%500
131] Active 28 1 1.2 45.4x45.4 X N.A.
[32] | Active 5 NA. | 14 | 550x550° | X | 200x200

array
This 1 active | 3.85 2 0476 | 420 x 420 | O | 420x420
work
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Fig. 14: The EVM measurement result along the wavefront
manipulator operation.

Therefore, the wavefront manipulator should be designed as
an active type that can be reconfigured through bias control
to adjust phase compensation according to the measurement
frequency. By operating the wavefront manipulator in 50
MHz steps, EVM results with over 95% confidence can be
achieved in the quiet zone across the 3.75 GHz to 3.95 GHz
range, as shown in Fig. [I4] In Table the performance
of the proposed waveform manipulator is summarized and
compared with that of other published work. As shown in
Table [II} the proposed system has a very low F/D ratio while
forming a wide quiet zone. In addition, the EVM measurement
proves the superiority of the proposed system while requiring
variable characteristics. This demonstrates that the proposed
metasurface-based wavefront manipulator can minimize the
measurement environment by reducing the quiet zone genera-
tion point through frequency-dependent phase compensation.
Additionally, it verifies that the modulation signal can be
accurately measured in a short-distance quiet zone, and the
frequency-reconfigurable wavefront manipulator can provide
more precise measurement results for the modulation signal.

IV. CONCLUSION

This paper proposes the use of a metasurface as a wavefront
manipulator to minimize the MIMO antenna measurement
system. The unit cell, designed with two diodes, changes
the phase by switching the current path without amplitude
variation. The unit cell size is 0.25A x 0.25)\ to minimize
quantization loss, and the focal length is determined based
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on taper and spillover efficiency. E-field magnitude and phase
MSE are calculated for a 50% aperture ratio to verify wave-
front uniformity. The wavefront manipulator generates a quiet
zone closer to the receiver antenna. Path loss difference over
the same interval confirms the quiet zone, eliminating the need
for an antenna probe. Results show that the quiet zone forms at
a shorter distance with the wavefront manipulator, minimizing
the MIMO antenna measurement system. EVM measurements
verify that different phase compensation arrangements are
required for reliable EVM measurements in the quiet zone at
different frequencies. The proposed active wavefront manipu-
lator compensates the phase with constant amplitude variation,
further minimizing the MIMO antenna measurement system
and enabling reliable measurement results by reconfiguring
phase compensation according to frequency. This application
of the metasurface as a wavefront manipulator significantly
contributes to the development of MIMO antennas.
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