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ABSTRACT Antenna gain determination using the Friis equation typically employs the geometrically
determined physical distance between antenna apertures, which often underestimates the gain. Herein,
we propose and demonstrate an accurate antenna-gain determination method using the distance between
the amplitude centers (ACs) of the antennas determined from the spatial phase distribution of the near
field measured based on an electrooptic technique. Employing a WR-3.4 horn antenna, we show that
at 286 GHz, the proposed method determines antenna gain with the same level of error even when the
antenna separation distance is 1/5 shorter than that obtained using the conventional method that employs
the physical distance between the antenna apertures in the Friis equation. Furthermore, the gain calculated
using the proposed method achieves an error margin of <0.08 dB compared with that determined using the
extrapolation method, which also utilizes the geometric physical distance between the antenna apertures.
Notably, as the AC can be directly measured from the near-field distribution, the proposed method enables
accurate antenna gain measurements without requiring prior knowledge of the characteristics and structural
details of the antenna.

INDEX TERMS Amplitude center, antenna gain, EO measurement, far-field pattern, near-field measure-

ment, phase center, terahertz.

I. INTRODUCTION
HE 300-GHZ band (220-330 GHz) is being considered
to realize high-speed and high-capacity wireless com-
munication in Beyond-5G/6G era scenarios, such as mobile
applications and fixed point-to-point applications (e.g.,
intradevice communication, kiosk applications, and wireless
backhaul/fronthaul) [1]. Because directivity increases with
increasing frequency, accurately determining the antenna
gain and the radiation pattern is crucial for such applications.
Currently, two standard methods are used for measuring
antenna gain: the gain-comparison method (also known as
the gain-transfer method) and the absolute-gain method [2].
The former requires a calibrated antenna or probe as a
reference antenna and determines the gain by comparing
the transmission characteristics of a reference antenna with
those of the antenna under test (AUT). The absolute-gain
method, on the other hand, does not require a reference

antenna, and it allows the gain to be determined using
an antenna of unknown gain. Both methods use the Friis
equation for calculating the gain. However, the gain mea-
surements wherein the distance between antenna apertures
is 2D%/) (where D represents the maximum dimension
of the radiator and A represents the operating wavelength)
lead to underestimates of the antenna gain on the order
of 1 dB despite the fact that the far-field (FF) condition
assumed in the Friis equation is satisfied [3], [4]. This
underestimation occurs owing to the prevalent practice
of considering the antenna aperture as a reference point
for establishing the antenna separation distance in the
measurements [5], [6]. In scenarios involving such physical
reference points, the measurements must be performed
at a minimum separation distance of 16x2D?/A between
the antenna apertures to restrict the gain reduction within
0.05 dB [4]. For a typical small horn antenna (20-25 dBi)
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operating in the 300-GHz band, this distance would be
several meters. For a 50-dBi 300-GHz-band antenna that
is considered for wireless fronthaul/backhaul [7]—such as
one with D = 150 mm—the distance would be 16x45 m =
720 m, which is impractical for antenna testing. To reduce
errors due to the short measurement distances used in gain
measurements, gain-correction factors [4] and extrapolation
methods [8] have been proposed, with the latter being widely
adopted by various institutions for performing antenna
gain measurements. The extrapolation method estimates the
characteristics at infinity based on measurements conducted
at multiple distances between antenna apertures. Although
this method requires time-intensive measurements and the
long-term stability of the measurement system, accurate gain
determinations have been experimentally demonstrated for
various antennas [8], [9].

An alternative approach is to determine the antenna gain
using the distance between the electromagnetic reference
points rather than the geometrically determined physical
reference points. The amplitude center (AC) [10], from where
the radiated field closely follows an inverse law, can be the
electromagnetic reference point in the Friis equation [11].
Using the AC, which coincides with the average phase
center (PhC) of the E- and H-planes [11], [12], as the
antenna reference point, previous studies have demonstrated
accurate antenna gain or antenna factor determinations.
For instance, [13], [14] and, [15] have determined antenna
gains using the PhC that is calculated through simulations.
However, simulation-based methods are applicable only in
limited situations where complete information about the
AUT is available, and they are not applicable to unknown
antennas, such as those enclosed in a radome. Reference [16]
experimentally determined the PhC by repeatedly measuring
the radiation patterns in the FF regime while adjusting the
center of rotation of the transmitting antenna. However,
repeated measurements of radiation patterns while moving
the antenna rotation center are extremely complicated and
time-consuming tasks, particularly when the approximate
position of the PhC is not known.

In this paper, using the AC determined from the measured
near-field (NF) distribution as the antenna reference point,
we demonstrate that the antenna gain can be accurately
determined in the 300-GHz band via short-range measure-
ments. We demonstrate that the proposed approach can be
applied even without a priori antenna knowledge. Schematic
flow of the antenna gain determination along with the
paper structure is illustrated in Figure 1. We conducted
two distinct measurements, NF measurement and antenna
gain measurement, using different experimental setups. In
Section II-A, we measure the NF distribution at 286 GHz
using an all-dielectric electrooptic (EO) probe featuring a
small probe-head design, which facilitates low-disturbance
and high-fidelity NF measurements [17], [18], [19]. In
Section II-B, we determine the positions of the PhC
numerically from the measured NF distribution. The position
of AC is subsequently calculated by averaging the positions

1164

’ EO near-field measurement (Fig. 2, 3) ‘

’ NF-to-FF transformation (Fig. 4) ‘

— II-A

Phase-pattern

Radiation pattern

’ 3-dB width determination ‘

T~

‘ Phase center determination (Fig. 5) ‘

~— II-B

‘ Amplitude center determination ‘

’ Antenna gain measurement (Fig. 6) ‘ m

FIGURE 1. Schematic flow diagram of the antenna gain determination. The paper
structure is also shown.

of the PhC of the E- and H-planes. In Section III, we
confirm that the antenna gain obtained using the distance
between ACs determined from the measured NF agrees to
within 0.08 dB error with the gain determined using the
conventional extrapolation method that employs the distance
between antenna apertures at the frequency of the NF
measurements. Conclusion is shown in Section IV.

Il. DETERMINATION OF THE AC LOCATION
A. NF MEASUREMENTS
In this section, we describe measurements of the planar
NF distribution of the AUT and determine the location
of the AC from these measurements. The AUT we used
was a WR-3.4 standard-gain horn antenna (RPG-Radiometer
Physics GmbH, FH-SG-325-25). Figure 2 schematically
depicts the setup for NF measurements. In this figure, the
orange lines represent optical fibers, while the blue lines
represent electrical cables or waveguides. We measured the
electric field distribution using a self-heterodyne system [20]
that is capable of acquiring both amplitude and phase
information. This system uses optical beat notes generated
by two free-running continuous waves (CWs) telecom lasers
(193.4068 THz and 193.1212 THz), separated by approx-
imately 286 GHz to generate and detect terahertz waves.
We used a J-band uni-traveling-carrier photodiode (UTC-
PD) to generate the signal and an EO probe comprising an
organic EO crystal of DAST (4-N,N-Dimethylamino-4’-N’-
methylstilbazolium tosylate) with dimensions of 0.5 mm x
0.5 mm x 0.3 mm mounted on a fiber for signal detection.
In the self-heterodyne system, the optical beat notes for
the RF signal, which is supplied to the UTC-PD, and the
local oscillator (LO) signal, which is supplied to the EO
probe, have the same frequency/phase fluctuations though the
different frequencies. Consequently, the frequency and phase
fluctuations are canceled in the frequency downconversion
process, enabling stable phase measurements. To attenuate
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FIGURE 2. Schematic of the NF measurement setup and the FF coordinate system,
where 6 represents the polar angle and ¢ represents the azimuthal angle. When the NF
distribution is transformed into the FF radiation pattern, the origin of the FF pattern is
located at the center of the measurement plane. CW, continuous-wave; EDFA,
erbium-doped fiber amplifier; FS, frequency shifter; UTC-PD, uni-traveling-carrier
photodiode; AUT, antenna under test; CIR, circulator; EO, electrooptic; OBPF, optical
band-pass filter; PD, photodiode; TIA, transimpedance amplifier; LIA, lock-in amplifier.

LIA

the impact of polarization fluctuations in optical fibers and
EO crystals, we employed the nonpolarimetric frequency
downconversion technique [21] that offers more stable
phase measurements than the polarimetric techniques [22]
employed in conventional EO sampling. In the nonpolarimet-
ric technique, the probe light is phase modulated in the EO
crystal using a continuous terahertz wave to generate mod-
ulation sidebands. Subsequently, the generated modulation
sideband is mixed with the strong probe light (optical LO
signal) for frequency downconversion [21]. The amplitude
and phase information of the downconverted signals are
detected using a lock-in amplifier and recorded during the
planar scanning of the probe, facilitating the measurement
of a two-dimensional amplitude and phase distribution of
the electric field. The applicability of the self-heterodyne
and nonplarimetric frequency downconversion techniques
extends to a frequency range of 1-600 GHz [23], [24].
Therefore, these techniques are suitable for lower frequency
bands such as millimeter-wave band and sub-6-GHz band.
The radiation pattern can be obtained by Fourier trans-
forming the NF distribution [2]. The plane-wave spectrum
Fi(ky, ky) can be described as follows using the tangential
component of the electric field E; on the plane parallel to
the antenna aperture:
+Ly/2 p+Li/2
v/ / Er.y.z = Zr)ej(kxx+kyy)d)€dy.

6]

Ft(kx’ ky) =

=Ly/2 J—=Ly/2

Here, k, and ky represent the spectral frequencies and L, and
Ly represent the dimensions of the measurement area in the
x and y directions. z, denotes the distance between the center
of the antenna aperture and that of the measurement plane.
For the coordinate system considered herein, x and y denote
the tangential directions of the electric field. The radiation
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FIGURE 3. (a) Normalized amplitude and (b) phase distributions of the NF electric
field distribution E, of the AUT measured using the EO probe. The presented images
are averages of five measurements.

pattern E(r, 6, ¢) of the antenna can then be obtained from

[cos OF (ky, ky)] )

—jkor
E(r 0, ¢) ~ 2"
2rr
using the plane-wave spectral function F(ky, ky), where ko
represents the wavenumber defined as 2w /A. The measured
NF distribution can be transformed into the radiation pattern
using (2).

Figure 3 shows measurements of the amplitude and phase
of the E, component of the electric field at a frequency of
286 GHz [17]. The AUT was polarized in the x-direction,
and measurements were performed with the sensitivity axis
of the EO probe aligned with the x-axis. We positioned
the probe 2 mm (= 2A) from the antenna aperture in the
z-direction and measured an area (L, x L,) of 11 mm x
13 mmin 0.1 mm intervals to satisfy the Nyquist criteria. We
averaged five measurements and normalized the amplitude
using the maximum value within the measurement area.
Considering that the size of the AUT aperture is 5.5 mm
x 8.1 mm, the effective angular range [2] is approximately
+50°, as calculated from the geometric relation between the
antenna aperture and measurement area.

Figure 4 shows the radiation pattern obtained by trans-
forming the NF distribution along with the results obtained
from simulations. In this study, we focus solely on the
patterns in the E- and H-planes and examine only the phase
pattern of the horizontal component. The simulations were
conducted using a commercial full-wave electromagnetic
simulator (CST Microwave Studio). In the simulations,
the AUT was modeled as a perfect electrical conductor
excited at 286 GHz via a waveguide port, with a maximum
mesh cell size of A/10. We assumed that the AUT will
emit linearly polarized electromagnetic waves; the cross-
polarization was neglected in the measurements, and (1) was
evaluated using Fy(ky, ky) = 0. To comparatively analyze
the phase patterns, the phase-reference point (origin of
FF coordinates) was set in the simulation to be 2 mm
in the z-direction from the center of the antenna aperture
(Fig. 2). As for the measurements, we did not perform
probe correction; the measured radiation patterns are raw
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FIGURE 4. Normalized radiation patterns in (a) the E-plane and (b) the H-plane. The
radiation patterns are shown with the maximum value aligned to 0°. The unwrapped
phase patterns are shown in (c) the E-plane and (d) the H-plane. The red pattern
represents the measured radiation pattern using a self-heterodyne system without
probe correction, while the black pattern shows the simulation result. The patterns are
shown only within the effective angular range.

data. Nevertheless, as shown in Fig. 4, the radiation patterns
within the 3-dB beamwidth of the main lobe obtained from
the measurements and simulation agree well. The maximum
phase differences between the experiment and simulation
within the 3-dB beamwidth were 0.22 rad for the E-plane
and 0.04 rad for the H-plane. The slight discrepancy in the
phase pattern within the 3-dB beamwidth of the E-plane can
be attributed to alignment errors between the AUT and the
scanning plane of the EO probe. However, as the angle 6
increases, the observed discrepancy between the simulated
radiation pattern and that calculated from the measured
NF distribution increases. This is attributed to the angle-
of-arrival-dependence characteristics of the EO probe used
in the measurements [17]. Our technique can be applied
to lower-gain antennas (having wider 3-dB beamwidth)
by solving this issue based on probe correction [17] or
replacing the planar scanning system with a cylindrical or
spherical scanning system [25]. As discussed later, the PhC
can be accurately determined from the phase data obtained
within the 3-dB beamwidth of the main lobe—in this case
+4.8° from the direction of the main lobe [colored region
in Figs. 4 (c) and (d)]. The process of determining PhC
using the phase data within the 3-dB beamwidth is further
elaborated in the subsequent Section II-B.

B. DETERMINATION OF THE PHC AND AC

The AC is equivalent to the average of the PhCs in the
E- and H-planes [11], [12]. In this section, the PhCs in the
E- and H-planes are determined from the measured phase
distribution, and thereafter, the AC position is derived by
averaging the PhC positions. The PhC is defined as the
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center of curvature of the phasefront in the FF region where
radiation is significant [26]. According to this definition, the
PhC is the reference point at which the phase pattern ideally
becomes independent of the polar angle 8 and the azimuthal
angle ¢ in that portion of the wavefront where radiation is
significant (i.e., within the 3-dB beamwidth).

In this study, to determine the distance of the PhC location
relative to the center of the measurement plane, we analyzed
the phase patterns of the FF pattern in the E-plane (6-cuts
with ¢ = 0°; the xz-plane in Fig. 2) and the H-plane (6-cuts
with ¢ = 90°; the yz-plane in Fig. 2). When the measured
NF distribution is converted into the FF pattern using (1)
and (2), the reference point of this phase pattern coincides
with the center of the measurement plane (z = z,). We
denote this phase pattern as . Furthermore, we denote the
phase pattern as v/’ when the phase-reference point is moved
from the center of the measurement plane by a displacement
vector rq = (X4, Y4, zq)- The relation between v and v’ can
be written as ([27], [28]),

Y, E6) = ¥F(0) — ko sin6xg — ko cos Oz, 3)
Y (0) = vl (6) — kosin6yg — ko cos 6z4. )

The superscripts £ and H indicate the E-plane and H-plane
patterns, respectively, and the subscript h indicates the
horizontal component. Herein, we determine PhC location
by finding the phase-reference point that minimizes the sum
of the squared differences (SSD) between the FF phase
pattern as a function of the angle 6 and the constant value
C (i.e., phase offset). In other words, we find the phase-
reference point that minimizes the right-hand side of (5).
This phase-reference point can be readily determined using
the least-squares method, wherein the three variables—xy, z4
and C for the E-plane and y,4, z4, and C for the H-plane—are
adjusted to obtain the minimal SSD [27], [29].

N
SSD =Y (¥, — C)*. 5)

i=1

Here, i represents the i item of the phase pattern and N

represents the total item number of the phase patterns.

We used the phase pattern within the average 3-dB
beamwidth (£4.8° relative to the direction of the main lobe)
to determine the PhC of the E- and H-planes. For the E-
plane, the main-lobe direction is —0.6°, so we used the
angular range —5.4° < 6 < 4.2° of the phase pattern shown
in Fig. 4(c) to evaluate (5). Likewise, for the H-plane, the
main-lobe direction is 1.4°, hence, we used the angular range
—3.4° < 0 < 6.2° of the phase pattern shown in Fig. 4(d)
to evaluate (5).

The minimum SSD is attained at (xgg, zgr) = (0.3 mm,
—6.1 mm) for the E-plane and (yzz, zgg) = (0.1 mm,
—11.7 mm) for the H-plane; these are the most suitable
points for the PhCs. The values of x;z and ygy are nonzero
because the aperture plane of the AUT is not strictly parallel
to the measurement plane.
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FIGURE 5. (a) E-plane and (b) H-plane phase patterns for different phase-reference
points. The results are shown within a 3-dB beamwidth centered on the direction of
the main lobe.

Figure 5 shows the variation of the phase patterns of
W;/,E (0) and %/,H (6) calculated using different phase-reference
points. The red lines in Figs. 5(a) and (b) show the phase
patterns calculated using the estimated PhCs as the phase-
reference points, whereas the black lines are those calculated
using the phase references points that deviate from the PhC
by amounts § in the z-direction. As evident from the figure,
the phase patterns calculated using the estimated PhC— (x4,
zq4E) for w,;E () and (vam, zam) for w},’H (6)—are flatter than
those calculated using the points that deviate by amounts &,
validating our procedure. These results confirm the validity
of the PhC determined from the NF measurements. Notably,
the accuracy of gain determination is governed by that of PhC
position determination. Therefore, if the PhC of the AUT is
not well-defined, the resulting gain error may be comparable
with that obtained using the conventional method.

The distance from the center of the measurement
plane to the average PhC of the E- and H-planes,
ie.,, the AC position [I1], [12], can be written as

xflE + yle + [(z4E + zam)/2]*. The nonzero values of xgg
and ygy are considered for the calculation. As the dis-
tance between the measurement plane and antenna aperture
is zz = 2 mm, the distance from the center of the
antenna aperture to the AC can be estimated as A, =

\/xﬁE +y§H + [(zag + zar) /21> — z- = 6.9 mm at 286 GHz.
Moreover, we determined the AC of the AUT based on a
simulation that uses the structure of the AUT and found
that Ay, = 7.3 mm, which is in close agreement with the
previous estimate, differing by only 0.4 mm.

For the sake of simplicity, we employed linearly polarized
antennas with a known polarization state (x-polarization). If
the antenna polarization is unknown, measuring the electric
field distribution for both x- and y-polarizations is essential.
To determine the AC for y-polarization, the probe must be
rotated by 90° to obtain the electric field distribution Ey; the
PhC can then be determined using the vertical component
of the electric field E, in our coordinate system.

lll. ANTENNA GAIN MEASUREMENTS

A. MEASUREMENT SETUP

In this section, we compare the results of gain measurements
obtained using the distance between the ACs (d.) with
the results obtained using the conventional extrapolation
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FIGURE 6. (a) Photograph of the antenna gain measurement setup. (b) Schematic
diagram of the relation between d, and d.. Because identical AUTs are used in
antenna gain measurement, A; = A, = A,.. The photograph shown in (a) was captured
during the positioning process, and the antennas were in contact with each other.

method that employs the distance (d,) between the antenna
apertures. The gain measurements are based on the two-
antenna method [2] with a vector network analyzer (VNA;
Keysight, N5242A). Figure 6(a) shows the setup for the gain
measurements, and Figure 6(b) shows the relation between
the distance d, and the distance d.. The photograph shown
in 6(a) was captured during the positioning process, and the
antennas were in contact with each other (d, = 0). The
quantity A; represents the distance from the center of the
antenna aperture to the AC of the transmitting antenna, and
A, represents the corresponding quantity for the receiving
antenna. Herein, we used identical transmitting and receiving
antennas; therefore, A, = A, = Ay = 6.9 mm.

The transmitting and receiving antennas used herein
were the WR-3.4 standard-gain horn antennas discussed in
Section II. We positioned the antennas facing each other. We
connected a VNA extender (VNAX; Virginia Diodes Inc.,
WR-2.8VNAX), equipped with a WR-2.8 to WR-3.4 tapered
waveguide, to the VNA to measure the forward-transmission
coefficient |S21|2. Further, the system was calibrated via
short-offset-short-load-through calibration, with the tip of
the tapered waveguide used as the reference plane. This
eliminated the influence of the transmission characteristics
of the cable, VNAX, and tapered waveguide.

We performed the measurements in an anechoic chamber,
with terahertz absorbers surrounding the measurement setup
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FIGURE 7. Frequency characteristics of the antenna gain measured at each antenna separation distance. We used (a) the distance d, and (b) the distance d_. in (7). The results
of gain measurements obtained using the extrapolation method (black line) are also shown for comparison.

to reduce unnecessary reflections. The frequency range of
the VNA was set to 260-330 GHz (the overlapping band of
WR-2.8 and WR-3.4), with a frequency interval of 0.1 GHz
and an intermediate-frequency bandwidth of 1 kHz.

B. GAIN DETERMINATION USING THE AC
The antenna gain is calculated from the Friis equation, which
can be written as follows:

P A\
21 = - = GiGr( 7 )
P, drd

where G; and G, denote the gains of the transmitting and
receiving antennas, respectively, A indicates the operating
wavelength, and d represents the distance between antennas.
If the polarization correspondence is ideal, the resulting value
of |S>1]? corresponds to the transmitting and receiving power
ratio P,./P; (P; = transmitted power and P, = received
power), as expressed in (6). Assuming that the two antennas
are identical (G = G; = G;), (6) can be expressed in the
decibel form as

o and
G _ 5(55”5 +201log %)

(6)

(7

Conventionally, the distance between antenna apertures [d,
in Fig. 6(b)] is used as d in (7). Herein, we use instead the
distance between ACs [d. in Fig. 6(b)] as the distance d
in (7).

In principle, the antenna gain can be determined from
the data measured at a single distance. However, to reduce
the influence of standing waves due to multiple reflections
between antennas, we conducted |Sy |2 measurements while
varying the distance between the antennas at A/10 intervals
over one wavelength. The gain for each distance (1/10
interval) was calculated using (7), and the results obtained at
each distance were averaged; ten |S»|> measurements were
performed and averaged for each distance to improve the
signal-to-noise ratio.
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C. GAIN DETERMINATION BASED ON THE
EXTRAPOLATION METHOD
The extrapolation method is a technique for calculating
antenna gain by measuring the transmission characteristics
while varying the distance between antenna apertures and
fitting the measured |S51|* to the expression

Al | A

1521 (dy) - dal* = Ap + — +

A
4+ 24+, ©®
d, d?

dy

where A, denotes the polynomial coefficient of the n"-order
term. The extrapolation method recommends measuring the
transmission characteristics at 100—1000 points at distances
in the range 0.1dy—d; [8]. Herein, we presumed the FF
distance to be df = 2D2/Am,-,, ~ 211 mm based on the
shortest wavelength in the measured frequency band, A,
= 0.9 mm (330 GHz), and D = 9.8 mm. We measured
the |S>1|? at 201 points while varying the distance d, from
10 to 220 mm. We varied the distance d, such that the
reciprocals of d, were uniformly spaced. We measured |51 |>
five times at each point, computed the average, and fitted
the obtained values of |S7; |2 to a third-order polynomial. We
then estimated the value Ag of |Sa; - d,|? at infinity from the
intercept of the regression curve. Further, we determined the
antenna gain from the following equation:

1

» 4
¢ =2 (AgB +201og Tﬂ> 9)

D. RESULTS AND DISCUSSION

Figures 7(a) and (b) show the measurements of antenna gain
when the distances d, and d. = d, +2A,. were used in (7),
respectively. We measured data at the distances d, = 0.5d,
dr, 1.5dy, 2dy, and 2.5dy. The ripples observed in Figure 7
can be attributed to the undesired multiple reflections that
occurred in the measurement system including at WR-
2.8-to-WR-3.4 transition, absorbers, etc. Figures 7 (a) and
(b) also include measurements of the antenna gain obtained
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using the extrapolation method as the reference. All data
shown in Figure 7 were obtained by applying moving-
average at 1-GHz intervals. Using the distance d, in (7),
the measured gain results agree better with the result of
the extrapolation method as the distance d, increases, as
shown in Fig. 7 (a). However, when using the distance d.
in (7), the overall results of gain measurements were in
good agreement with the result of the extrapolation method,
regardless of the distance d.. Notably, computing the AC
over multiple frequencies instead of determining it over
a single frequency (in this case at 286 GHz) facilitates a
more rigorous calibration, thereby further enhancing the gain
measurement accuracy.

Figure 8 shows the antenna gain measured at 286 GHz
as the distance d, between antenna apertures was changed
from 0.5 df to 2.5 dy. The antenna gain at d, = 0.5d;—
calculated using the distance d, in (7)—underestimated the
gain determined using the extrapolation method by more
than 0.7 dB. As the distance d, increased, the discrepancy
decreased. The discrepancy was 0.16 dB at d, = 2.5dy.
Conversely, when we used the distance d. in (7), the
deviation from the result of the extrapolation method was
0.17 dB even at the 1/5 shorter distance of d, = 0.5dy.
The deviation from the results of the extrapolation method
was 0.08 dB at d, = dy, which is the FF distance of the
AUT. In case of d, = 0.5dy (in the NF region), the gain is
underestimated because (7) is valid for the FF region.

IV. CONCLUSION

We demonstrated that antenna gain can be accurately
determined in the 300-GHz band using the AC—which we
determined from the NF distribution measured using an EO
sensing technique—as the antenna reference point in the
Friis equation. Because the AC can be determined through
direct measurements of the NF distribution, this method has
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the feature that accurate antenna gain measurements can be
performed without prior knowledge of the antenna.

We employed a WR-3.4 horn antenna as the AUT and
demonstrated that at 286 GHz, the position of the AC
determined from the NF measurements agreed well with
the simulation results, i.e., to within an error of 0.4 mm.
We confirmed that the antenna gain determined from the
two-antenna method, using the distance between ACs in the
Friis equation, agreed well with the gain determined using
the extrapolation method that employs the distance between
antenna apertures; i.e., to within an error less than 0.08 dB.
Moreover, we confirmed that using the distance between
ACs in the Friis equation determines gain with the same
level of error even when the antenna separation distance is
1/5 shorter than that obtained using the conventional method
that employs the distance between the antenna apertures in
the Friis equation.

Therefore, the proposed approach can more accurately
and time-efficiently determine the antenna gain for compact
gain-measurement systems that will be applied in the
Beyond-5G/6G era, where the FF distances increase with
increasing frequencies.
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