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SUMMARY We have developed an all-optical fiber link antenna mea-
surement system for a millimeter wave 5th generation mobile communi-
cation frequency band around 28 GHz. Our developed system consists of
an optical fiber link an electrical signal transmission system, an antenna-
coupled-electrode electric-field (EO) sensor system for 28GHz-band as an
electrical signal receiving system, and a 6-axis vertically articulated robot
with an arm length of 1m. Our developed optical fiber link electrical
signal transmission system can transmit the electrical signal of more than
40GHz with more than −30 dBm output level. Our developed EO sensor
can receive the electrical signal from 27GHz to 30GHz. In addition, we
have estimated a far field antenna factor of the EO sensor system for the
28GHz-band using an amplitude center modified antenna factor estimation
equation. The estimated far field antenna factor of the sensor system is
83.2 dB/m at 28GHz.
key words: electric field sensor, 5th generation mobile communication,
28GHz band, antenna measurement, optical fiber link antenna measure-
ment system, 6-axis vertically articulated robot with arm, antenna factor,
friis transmission formular, amplitude center

1. Introduction

The 5th generation mobile communication (5G) has already
used the frequency band around 28GHz [1]. Conventional
antenna measurement usually uses a large anechoic cham-
ber and some antenna measurement facilities such as a long
coaxial cable, an antenna support mast, and a turn table. The
use of metal coaxial cable for the 5G frequency band antenna
measurement has some problems, such as signal attenuation
in the cable (e.g., more than 3 dB per 1m for the 28GHz
band), reflection waves on the outer surface, and handling
difficulties. On the other hand, an optical fiber cable has
some advantages for antenna measurements, such as signal
attenuation in the cable (e.g., less than 0.2 dB per km for the
1550 nm wavelength), small reflection waves on the outer
surface, and easy handling compared to coaxial cable. To
reduce the disadvantage of the conventional antenna mea-
surement system, we have developed an all-optical fiber link
antenna measurement system that can replace the coaxial
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cables for the antenna measurement system.
We have developed an all-optical fiber link antenna

measurement system, which consists of an optical fiber link
electrical signal transmission system and a dual-polarized
antenna-coupled electrode electric field (EO) sensor system
as a electrical signal receiving system [2], [3]. The transmis-
sion system can transmit the electrical signal up to 40GHz
with more than −30 dBm output. In addition, for measuring
the electric field intensity, we usually use an antenna factor
of the EO sensor. We have already developed a far field
antenna factor estimation method using the amplitude center
modified antenna factor estimation equation [4], [5]. In the
case of using the formula, we can estimate the far-field an-
tenna factor of the antenna under test at the near distance. We
have estimated the far-field antenna factor of the EO sensor
using the formula [6].

In this paper, our developed the optical fiber link elec-
trical signal transmission system and an antenna near-field
measurement results for the system used for a standard gain
horn antenna are first explained. Second, a dual-polarized
antenna-coupled electrode electric field (EO) sensor system
as a electrical signal receiving system is explained. Then,
our developed all-optical fiber link antenna measurement
system for the millimeter wave 5G frequency band around
28GHz is explained. Then, we demonstrate an antenna ra-
diation pattern measurement using the all-optical fiber link
antenna measurement system. Finally, we show an antenna
factor estimation equation using the amplitude center dis-
tance and the estimated far field antenna factor for the EO
sensor system is explained.

2. All-Optical Fiber Link Antenna Measurement Sys-
tem Using an Industrial Robot System

2.1 Optical Fiber Link Electrical Signal Transmission Sys-
tem for Millimeter-Wave 5G Frequency Band [4]

We have already developed an optical fiber link electri-
cal signal transmission system that consists of a zero bias
optical reflection type electro-absorptive modulator (EAM)
[7], a super luminescent diode (SLD: S5FC1005P of Thor-
labs Inc. [8]), an optical circulator and a photodiode with
transimpedance amplifier (PD-TIA: KPDX30G-T1 of Kyoto
Semiconductor Co., Ltd.). Conventional EAM is usually
driven by a DFB laser. To stabilize the time stability of
the frequency response of the EAM, the conventional EAM
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Fig. 1 Optical fiber link microwave transmission system.

Fig. 2 Frequency characteristics of the optical fiber linkmicrowave trans-
mitting system.

usually uses a thermoelectric cooler (TEC) and DC bias. In
the case of an EAM without TEC control, the frequency
response and the DC bias point of the EAM fluctuate with
the ambient temperature variation. In order to reduce the
fluctuation of the frequency response of the EAM, we used
the SLD as the input to the EAM. Figure 1 schematically
shows the system with a vector network analyzer (VNA).
The EAM connects to the port 1 of the VNA. The PD-TIA
with an amplifier (GPA-280F, RF BAY Inc. [9]) connects
to the port 2 of VNA. Figure 2 shows measured S21(ω)s of
the system. Measured S21(ω)s of the system are more than
−30 dB for the frequency range up to 40GHz with more than
40 dB dynamic range.

In order to show the advantage of using the optical fiber
link receiving system, we compared the antenna near field
antenna measurement results between using the optical fiber
link electrical signal transmission system with the EAM and
using the coaxial cable system.

Figure 3 shows a photograph of a cylindrical antenna
near fieldmeasurement setup using the optical fiber link elec-
trical signal transmission system with an open-ended wave
guide probe (OEWG) as the receiving antenna [10], [11].
The OEWG is mounted on the antenna support mast that can
be moved from −1m to +1m from the center position for

Fig. 3 Cylindrical antenna near fieldmeasurement setup using the optical
fiber link transmission system with an open-ended wave guide probe.

the aperture of the antenna under test (AUT). The AUT is
mounted on an azimuth turntable that can be moved from
−180 degrees to +180 degrees. Figure 4 shows a measure-
ment example for a cylindrical antenna near field measure-
ment at 5.755GHz for a standard gain horn antenna as the
AUT, the azimuth angle from −40 degrees to +40 degrees,
the OEWG position from −0.5m to +0.5m, comparing the
use of the optical fiber link transmission system and the use
of a coaxial cable system. The amplitude and phasemeasure-
ment results of the coaxial cable system show fluctuations
due to cable movement compared to the measurement results
of the optical fiber link transmission system.

Figure 5 shows the difference of amplitude and phase,
the azimuth angle from −40 degrees to +40 degrees, the
OEWG position from −0.2m to +0.3m, between using the
optical fiber link system and the coaxial cable system. The
difference of the amplitude for these results are more than
1 dB. The difference of the phase for these results are more
than 40 degrees. These results show that the optical fiber
link transmission system can be used for near-field antenna
measurements with less than 1 dB stability compared to the
coaxial cable system at around 5.6GHz.

2.2 Orthogonally Dual-Polarized Electric-Field Sensor as
a Millimeter-Wave 5G Receiving Probe [3]

We have developed an optical fiber link receiving system us-
ing an antenna-coupled-electrode electric-field (EO) sensor
system for the millimeter wave 5G frequency band around
30GHz (EO no. 1) and 28GHz (EO no. 2). The EO sensor is
fabricated on a z cut LiNbO3 film of about 50 µm thick that
is stacked on a base substrate of SiO2 glass about 250 µm
thick. Two square patch antennas as receiving antennas are
connected to a standing-wave resonant electrode by using
microstrip feed lines to form an antenna-coupled electrode
on the electric-field sensor. An optical waveguide as a phase
modulator is fabricated on the reverse side of the LiNbO3
film. The X-output port can receive the vertical polarization
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Fig. 4 Cylindrical antenna near field measurement result using the optical fiber link transmission
system ((a) amplitude and (c) phase) and using the coaxial cable system ((b) amplitude and (d) phase).

Fig. 5 Difference of (a) amplitude and (b) phase between using the optical fiber link system and the
coaxial cable system.

wave for the output port direction. The Y-output port can
receive the horizontal polarization wave for the output port
direction. Figure 6 shows an orthogonal dual-polarized EO
sensor. The EO sensor is placed on an azimuth turntable
to evaluate the receive pattern for the EO sensor. The stan-
dard gain horn antenna is mounted on the tip of the 6-axis
Vertically Articulated Robot [12]. Figure 7 shows the mea-
surement setup for the receiving pattern of the EO sensor
using a 6-axis vertically articulated robot with an arm length
of 1m and the optical fiber link transmitting system. The

frequency response of the EO no. 1 at the same polarization
for the horn antenna and the cross polarization for the horn
antenna are shown in Figs. 8 and 9, respectively. Figure 10
shows the estimated cross-polar discrimination ratio (XPD)
for the EO no. 1 that is greater than 20 dB for the frequency
range from 28GHz to 28.9GHz and 29.5GHz to 31.5GHz.
These results show the fact that our developed EO sensor
can simultaneously measure the same polarization electric
field and cross-polarization electric field with XPD>15 dB
for the frequency range from 28GHz to 29GHz and 30GHz
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Fig. 6 Orthogonally dual-polarize type electric-field sensor.

Fig. 7 Receiving pattern measurement setup for the EO sensor.

to 32GHz.
The frequency response of the EO no. 2 at the same

polarization for the horn antenna and the cross polarization
for the horn antenna are shown in Figs. 11 and 12, respec-
tively. Figure 13 shows the estimated cross-polar discrim-
ination ratio (XPD) for the EO no. 2 that is greater than
15 dB for the frequency range from 27.5GHz to 29.5GHz.
These results show the fact that our developed EO sensor
can simultaneously measure the same polarization electric
field and cross-polarization electric field with XPD>15 dB
for the frequency range from 27.5GHz to 29.5GHz.

Fig. 8 E-plane receiving pattern for the EO sensor no. 1 (same polariza-
tion of the Horn antenna).

Fig. 9 E-plane receiving pattern for the EO sensor no. 1 (cross polariza-
tion of the Horn antenna).

Fig. 10 Receiving level for the same polarization of the horn antenna
(Co-pol.), the cross polarization of the horn antenna (X-pol.). (Receiving
antenna is the EO sensor no. 1).

2.3 Antenna Pattern Measurement Using All Optical Fiber
Link Antenna Measurement System Using the 6-Axis
Vertical Articulated Robot [5]

We have demonstrated the H-plane radiation pattern mea-
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Fig. 11 E-plane receiving pattern for the EO sensor no. 2 (same polar-
ization of the Horn antenna).

Fig. 12 E-plane receiving pattern for the EO sensor no. 2 (cross polar-
ization of the Horn antenna).

Fig. 13 Receiving level for the same polarization of the horn antenna (Co-
pol.), the cross polarization of the horn antenna (X-pol.) and the difference
between them (Difference). (Receiving antenna is the EO sensor no. 2).

surement for the WR-28 standard gain horn antenna as an
AUT placed on an azimuth turntable. The EO sensor no. 1 is
set to face to face for the aperture of the AUTwith an antenna
distance of 1mbetween the aperture of theAUTand the aper-
ture of the EO sensor. The EO sensor is mounted on the tip
of the 6-axis vertically articulated robot. Our developed an-

Fig. 14 Antenna radiation pattern measurement setup using all optical
fiber link antenna measurement system using the industrial robot.

Fig. 15 Measured radiation pattern for the Horn antenna (same polariza-
tion for the EO sensor).

tenna pattern measurement system is shown in Fig. 14. The
frequency characteristics of the |S21(ω)| measured radiation
pattern of the AUT depend on the frequency characteristics
of the EO sensor in Fig. 15. Therefore, in Fig. 16, the mea-
sured |S21(ω)|s are normalized by the measured maximum
|S21(ω)|s of each frequency. Figure 16 shows the fact that
our developed EO sensor can measure the radiation pattern
of the AUT with more than 45 dB dynamic range.

Figures 17 and 18 show the measured and the nor-
malized (using the same polarization measurement results)
radiation pattern for the cross-polarization of the EO sensor,
respectively. The difference between the X-output level and
the Y-output level (cross polar disclination ratio: XPD) is
greater than 20 dB for the frequency range from 28GHz to
29GHz and 30GHz to 32GHz. These results show the fact
that our developed all-optical antenna measurement system
can measure the radiation pattern of the AUT for the fre-
quency range from 28GHz to 29GHz and 30GHz to 32GHz
with XPD>20 dB.
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Fig. 16 Normalized measured radiation pattern for the Horn antenna
(same polarization for the EO sensor).

Fig. 17 Measured radiation pattern for the Horn antenna (cross polariza-
tion for the EO sensor no. 1).

Fig. 18 Normalized measured radiation pattern for the Horn antenna
(cross polarization for the EO sensor no. 1).

3. Antenna Factor Estimation for the Electric-Field
Sensor Using an Amplitude Center Distance

3.1 Antenna Factor Estimation Equation Using the Ampli-
tude Center Distance

In order to estimate the intensity of the electric field with

the EO sensor, we use an antenna factor of the EO sensor.
In order to estimate the far-field antenna factor at the near
antenna distance, two antennas with the same polarization
are placed face to face at the antenna distance = z. In this
case, the frequency domain received signal s21(ω, z) is shown
in Eq. (1) [13] as

|s21(ω, z)| =
η0 · k0

Z0

1
a ft_NF(ω, z)

1
a fr_NF(ω, z)

1
z

(1)

where a ft_NF(ω, z) and a fr_NF(ω, z) are the near field antenna
factors of the transmitting and receiving antennas, respec-
tively. η0 = 120 πΩ is the intrinsic impedance of vacuum,
Z0 = 50Ω is the characteristic impedance of a vector net-
work analyzer and the coaxial cable, and k0 is the wave
number in vacuum.

In the case of using amplitude center location, fre-
quency domain receiving signal s21(ω, z) is shown Eq. (2)
[14]–[16] as

|s21(ω, z)| =
η0 · k0

Z0

1
a ft_far(ω)

1
a fr_far(ω)

1
z + d1(ω) + d2(ω)

(2)

where a ft_far(ω) and a fr_far(ω) are the far-field antenna fac-
tors of the transmitting and receiving antennas, respectively.
d1(ω) and d2(ω) are the distances from the incident point
to the amplitude center of the transmitting and receiving
antennas, respectively. In the case of antenna distances be-
tween transmitting and receiving antennas are z = z1 and z2,
measured frequency responses are s21(ω, z1) and s21(ω, z2),
the far field antenna factors can be shown by the following
equation,

a ft_far(ω) · a fr_far(ω) =
η0 · k0

Z0

(
1

|s21 (ω, z1)|
−

1
|s21 (ω, z2)|

)
1

z1 − z2
(3)

a ft_far(ω) · a fr_far(ω) =
η0 · k0

Z0
A21D21 (4)

Where A21 =
1

|s21 (ω, z1)|
−

1
|s21 (ω, z2)|

, D21 =
1

z1 − z2

3.2 Measurement Setup for the Antenna Factor Measure-
ment of the EO Sensor

In the case of using the calibrated antenna factor for the
transmitting antenna a ft_far(ω), we can estimate the far field
antenna factor for the receiving antenna a fr_far(ω) using the
Eq. (4). To determine the antenna distance for the far field
antenna factor of the EO sensor no. 2, we have measured
the S21(ω, z)s for the antenna distance between the aperture
of the WR-28 standard gain horn antenna (far field distance
< 1.0m) as the transmitting antenna and the EO sensor from
z = 1.0m to 2.9m every 0.1m. Figure 19 shows the an-
tenna factor measurement setup. Figure 20 shows measured
S21(ω, z)s after removing the ambient reflection waves by
using the time domain estimation. Then, we estimated the
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Fig. 19 Antenna factor measurement setup for the EO sensor using the
WR-28 standard gain horn antenna as a transmission antenna.

Fig. 20 Measured S21(ω, z)s after removing the ambient reflection
waves.

Fig. 21 Estimated far field antenna factors of the EO sensor no. 2 using
the Eq. (4) for the measured S21(ω, z1)s of z1 = 1.0m, 1.1m, 1.2m, 1.3m,
1.4m, 1.5m and S21(ω, z2)s of z2 = 2.9m, the average of these antenna
factors (blue line), and standard deviation of these antenna factors (red
dotted line).

antenna factors using the S21(ω, z2)s with z2 = 2.9m and
each of the S21(ω, z1)s with z1 = 1.0m, 1.1m, 1.2m, 1.3m,
1.4m, 1.5m using the Eq. (4). Figure 21 shows the estimated
antenna factors, the average of these antenna factors, and the
standard deviation of these antenna factors. These results
show that the standard deviation of the measured antenna
factors of the EO sensor no. 2 is less than 0.1 dB the mea-

sured antenna factor is 83.2 dB/m at 28GHz. These results
show the fact that the EO sensor can measure the electric
field using the estimated antenna factor of the EO sensor
system around 28GHz band.

4. Conclusions

We have developed an all-optical fiber link antenna mea-
surement system for the millimeter wave 5th generation mo-
bile communication (5G) frequency band around 28GHz.
For the millimeter-wave 5G measurement, we developed an
electrical signal transmission system consisting of the op-
tical reflection type EA modulator and PD-TIA as for the
antenna near field measurement. In addition, we have de-
veloped the orthogonally polarized simultaneous receiving
EO sensor that can measure the electric field around 28GHz
and 30GHz. We have shown the measurement results for
the WR-28 standard gain horn antenna.

In addition, we show the method of estimating the far
antenna factor for the EO sensor. The estimated standard
deviation of the measured antenna factors of EO sensor
no. 2 is less than 0.1 dB, and the measured antenna factor is
83.2 dB/m at 28GHz. These results show the fact that the
EO sensor can measure the electric field using the estimated
antenna factor of the EO sensor system around 28GHz band.

The beyond 5G and 6Gmobile communication services
will use the frequency band above 60GHz, D band (110GHz
to 170GHz) and J band (220GHz to 300GHz). In this
case, antenna measurement requires the optical fiber link
electrical signal transmission system for the beyond 5G and
6G frequency band. In the future, we plan to develop an EO
sensor for the beyond 5G and 6G frequency band.
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