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We have been developing a photonic sensor system to measure the electric near-field distribution at a distance shorter than one
wavelength from the aperture of an antenna. The photonic sensor is a type of Mach-Zehnder interferometer and consists of an array
antenna of 2.4 mm height and 2 mm width on a LiNbO3 substrate (0.5 mm thickness, 8 mm length, and 3 mm width) supported by
a glass pipe. The photonic sensor can be considered to be a receiving infinitesimal dipole antenna that is a tiny metallic part printed
on a small dielectric plate at microwave frequency. Those physical and electrical features make the photonic sensor attractive when
used as a probe for near-field antenna measurements. We have demonstrated that the system can be applied to planar, spherical,
and cylindrical near-field antenna measurements without any probe compensation approximately below 10 GHz. We show the
theories and the measurements using the photonic sensor in the three near-field antenna measurement methods.

1. Introduction

The techniques of near-field antenna measurements are the
important and prevailing tools for accurate far-field pattern
measurements for any kind of antennas [1]. Recently, in the
EMC society, the pattern of an antenna used in the SVSWR
method [2] is required from 1 GHz up to 6 GHz and it is
known that the pattern has significant effects on the vali-
dation of test site above 1 GHz and emission measurements
[3]. Therefore a compact and easy-to-use equipment for a
near-field antenna measurement is desired. The one of the
candidates is the near-field antenna measurement system
using a photonic sensor [4–6].

A few kinds of electrooptic probes are proposed to detect
electric fields or magnetic fields in the air, near antennas or
printed boards, and so on. A kind of the probes based on
Mach-Zehnder interferometer uses some kinds of antennas
on the LiNbO3 (LN) [7–9]. Another kind of the probes based
on polarization modulation uses the crystal bulk [10–13].
Among the probes, we have used the photonic sensor shown
below as the one of most promising probes from viewpoints
of stability and cost.

The photonic sensor, which detects electric fields by the
antenna, consists of a tiny dipole antenna on a LiNbO3 sub-
strate whose operating principle is a Mach-Zehnder interfer-
ometer. The most important characteristic of the sensor is
that the sensor can be treated as an infinitesimal dipole an-
tenna working in receiving mode. The merits of the photonic
sensor applied to near-field antenna measurements are

(1) no probe compensation is required below 10 GHz,

(2) broad band measurements from a few tens MHz to
10 GHz are realized by the single probe,

(3) the sensor can be treated as the more ideal infinites-
imal receiving antenna if the operating frequency
becomes the lower,

(4) the truncation error can be reduced,

(5) evanescent waves in the immediate vicinity of the
aperture can be detected,

(6) measurement system can be made in small and
compact size.
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Figure 1: Structure of the latest photonic sensor: (a) size and (b) picture.
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Section 2 shows the characteristics of the photonic
sensor. Section 3 shows the formulations using the photonic
sensor to planar, spherical, and cylindrical near-field antenna
measurements and the measurement results for various
kinds of antennas are compared with those by various me-
thods. Finally the merits using the photonic sensor are sum-
marized.

2. Photonic Sensor

2.1. Structure and Operating Principle. Our latest photonic
sensor is shown in Figure 1 [5, 6]. A small metallic antenna
on an LN substrate detects incident electric fields.

The antenna consists of an array of seven short metallic
strip dipoles (2.4 mm high, 0.2 mm wide, 0.012 mm gap, and
0.1 mm apart from each element) printed on the LN sub-
strate (0.5 mm thick, 8 mm length, 3 mm width, X-cut, and
effective relative permittivity 28) that is connected to a glass
rod (called ferrule) to join an optical fiber. The whole of the
photonic sensor is supported by a glass pipe that is 5 mm in
diameter and 1 mm thick. At the top of the photonic sensor,
there is a block of a dielectric optical mirror that reflects laser
beams on optical waveguides in the LN substrate.

Figure 2 explains the operating principle of the photonic
sense whose structure is a type of Mach-Zehnder interfer-
ometer. The antenna in Figure 2 is a tiny (or infinitesimal)
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Figure 3: Schematic setup for measurements.

rhombic dipole antenna that was used as an old type of the
photonic sensor. Of course, the principle is entirely the same
as that in the latest photonic sensor.

A laser beam along an optical waveguide enters from the
left side and splits into two beams at an optical Y-junction.
The two beams are combined into one beam at the right-side
of an optical Y-junction. Then the output laser beam is tra-
velling along an optical fiber and detected by a photo-detect-
or to convert an optical signal to a RF signal.

An external electric field excites a voltage at the centre gap
of the dipole antenna. When the voltage is applied to one of
the optical waveguides (the path 1 in Figure 2), the refractive
index of the part of the LN substrate changes depending on
the applied voltage due to the Pockels effect. It makes the
optical length of the path 1 different from that of the path 2.
Since two beams through each path interfere with each other,
the amplitude of the combined beam changes depending on
the applied voltage. By detecting instantaneously the am-
plitude of the laser using the photodiode, we can measure
the external electric field instantaneously.

The type of the photonic sensor that we use is called
a reflection type because the dielectric mirror is placed be-
tween the antenna and the right-side of the Y-junction. Ow-
ing to this structure, the sensitivity of the sensor is doubled
because the laser beam in the path 1 is modulated two times
on a lap.
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Figure 5: Normalized Eθ pattern in the x-y plane.

2.2. Relation between Incident Electric Field and Measured S21.
Figure 3 shows the schematic setup for antenna measure-
ments using the photonic sensor. The photonic sensor can
detect the electric field radiated by the transmitting antenna
at a small region or effectively a point of space where the sen-
sor is placed because the antenna on the photonic sensor is
infinitesimal effectively.

Therefore the S21 between the transmitting antenna and
the photonic sensor is measured by a vector network analyser
(VNA) and expressed as

S21 = αp̂ · E(r)
a0

, (1)

where α is a constant including the error terms of the system
and the refection coefficient of the transmitting antenna, p̂ is
the unit vector parallel to the dipole moment vector of the
photonic sensor, E(r) is the electric field at a position vector
r, and a0 is the complex amplitude of the incoming wave into
the antenna.

From the plane-wave scattering-matrix theory of anten-
nas [14], we have proved (1) clearly in [4]. More intuitively,
the same equation can be derived from the concept of the
open voltage of the antenna.

If the antenna on the photonic sensor is at transmitting
mode, the current Jp on the antenna is considered to be
concentrated at a point effectively because the antenna is
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Figure 6: Difference between normalized Eθ and sin θ in the z-x
plane. Linear scale.
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Figure 7: Frequency characteristics and the standard deviation of
S21 of the present antenna measurement system using the photonic
sensor.

effectively infinitesimal. On the assumption, the open voltage
Vopen induced on the antenna is approximated as [15]

−VopenIin =
∫

E(r + r′) · Jp(r′)e jk·r
′
dr′

∼= E(r) ·
∫

Jp(r′)e jk·r
′
dr′

= E(r) · (αp̂
)

,

(2)

where Iin is the input current of the antenna and r′ is the
position vector whose origin is the centre of the antenna.
Therefore we obtain the same equation as (1) intuitively.

From the above discussion, it is important to determine
the maximum frequency where the photonic sensor is treated
as an infinitesimal antenna. For the purpose, we have cal-
culated the antenna pattern using the electromagnetic sim-
ulator (FEKO [16]).

Figure 4 shows the model after meshing and the electric
symmetry at z = 0 plane. The relative dielectric constants of
the LN substrate, the ferrule, and the glass pipe are assumed
to be 28, 4, and 4, respectively. The corresponding mesh sizes
are 0.3 mm, 0.3 mm, and 1.2 mm respectively. The excited
antenna is the centre in the array of seven elements.
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Figure 9: Measurement setup using planar scanning.

Figure 5 shows the normalized Eθ pattern in the x-y
plane. Figure 6 shows the difference between the normalized
Eθ and sin θ in the z-x plane. If the antenna is an infinitesimal
antenna, the patterns in the x-y plane and the z-x plane
should be isotropic and sin θ, respectively. Therefore the
normalized Eθ pattern should be 0 dB in Figure 5 and the dif-
ference should be zero in Figure 6 if the antenna is infinites-
imal. From Figures 5 and 6, we can consider the photo-
nic sensor as infinitesimal below 8 GHz approximately. The
deviation from the infinitesimal dipole is mainly due to the
glass pipe to support the sensor. Then if the glass pipe is
replaced to a styrene foam, the maximum frequency (for the
old sensor) is over 10 GHz from the calculation by FEKO.

2.3. Sensitivity and Stability of System. The sensitivity of the
photonic sensor is so low that an RF amplifier must be used
in antenna measurements because the power of a conven-
tional VNA is at most 10 dBm. The minimum sensitivity of
the sensor is approximately 0.5 V/m at 2.45 GHz. Therefore,
to obtain the SNR of S21 larger than 40 dB at peak level, the
input power greater than 30 dBm or 1 W is required for a
standard horn antenna whose gain is 17 dBi at 2.45 GHz.

The frequency characteristics of the system including
every characteristics of the antenna (ETS-Lindgren 3115),
the coaxial cables (about 10 m), the optical fiber (50 m),
and the RF amplifier are shown in Figure 7. The standard
deviation is calculated in the time interval of 3 minutes. The
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Figure 11: The amplitude of Ey at 10 mm apart from the aperture
of the standard horn antenna calculated by FEKO.

conditions of each component of the system are described
below: the gain of the RF amplifier (HP8348A) is about
35 dB, the cable loss is less than 5 dB at 2.45 GHz, the output
power and the IF of the VNA (Agilent E8363C) are set to
be 0 dBm and 100 Hz, respectively, the distance between the
aperture of the antenna and the photonic sensor is 63 mm.
Since the sensor is set in right front of the centre of the an-
tenna aperture, the measured level is almost at maximum.

The measured S21 becomes worse above 11 GHz because
of the characteristic of the inner RF amplifier of the optical
controller (Seiko Giken OEFS-S1). We have verified that
the photonic sensor itself can be used up to 18 GHz using
another optical system.

The long-term (1 hour) stability at 3.5 GHz (worst case)
is shown in Figure 8 because the measuring time of a few
hours is a typical in the near-field measurement using the
photonic sensor. The standard deviation of the amplitude
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and phase of S21 is 0.14 dB and 0.23 degrees. In Figure 8, the
amplitude changes about 0.4 dB in a few minutes.

Those abrupt changes probably are due to the stability
of the photonic sensor and the optical controller. However,
the amplitude is constant on average. The phase on average
increases linearly about 0.4 degrees in 1 hour. Because the
instability can be considered as a kind of noise, the effect
of the instability on the far-field pattern can be calculated
by [17, 18] for planar near-field measurements and [19] for
cylindrical near-field measurements.

After all, the photonic sensor can be used as an infinites-
imal antenna up to approximately 8 GHz and measure an
incident electric field over 0.5 V/m at 0 dB of SNR deduced
from Figure 8.

To increase the sensitivity about ten times, we have a plan
to insert an optical amplifier with low noise figure between
the sensor and the photodiode to increase the modulated
laser beam.

3. Near-Field Measurements

Using the photonic sensor system, we have measured various
kinds of antennas in planar, spherical, and cylindrical

scanning techniques successfully. In all scanning techniques,
we assume the photonic sensor to be infinitesimal. Therefore
no probe compensations are used in the formulations of the
scanning techniques.

3.1. Planar Near-Field Measurements. A standard horn an-
tenna (Mode 12-8.2 manufactured by Scientific Atlanta). The
aperture size is 194 mm (H plane) × 144 mm (H plane). The
antenna was measured using the planar scanner (Model 200
V-3x3 manufactured by NSI) as shown in Figure 9.

The photonic sensor used was an old type and the an-
tenna shape was the same as that in Figure 2. However the
sensitivity is almost the same as the present one because the
base size of the rhombic antenna (1.5 mm) is comparable to
the present size (1.4 mm = 0.2 mm × 7) and the old sensor
was also a reflection type [20].

Figure 10 shows the amplitude of the measured S21 at the
10 mm plane apart from the aperture using the old type of
the photonic sensor. In the following, the distance between
the photonic sensor and the antenna aperture is defined as
that between the centre of the array or the antenna on the
sensor and the aperture. The amplitude is normalized relative
the maximum. The antenna polarization of the sensor is
along in the y-axis. The frequency is 8 GHz and the scan area
is ±200 mm (the x axis or H plane) × ±150 mm (the y-axis
or E plane) with 5 mm steps.

Figure 11 shows Ey component of the electric field at
10 mm apart from the aperture calculated by FEKO. The me-
shing size is approximately 1/9 wavelengths. The amplitude
is normalized relative to the maximum and the scan area is
the same as the one of the measurement in Figure 10.

Comparing Figures 10 and 11, we can conclude that the
photonic sensor can be considered to be infinitesimal at
8 GHz. This is compatible with the conclusion deduced from
Figures 5 and 6.
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From (1), an antenna pattern D(K) is simply obtained by
the Fourier transform of the measured S21s corresponding to
the Ex and Ey components as

S21xx + S21yy =
∫∫

F(K)e− jk·rdK,

D(K) = αp|k× F(K)|2,

(3)

where S21x, S21y are the measured S21s corresponding to the
Ex and the Ey respectively. αp is a constant, x and y are unit
vectors for each directions, k is the wavenumber vector, and
K is its projection vector on the x-y plane.

The E-plane and the H-plane patterns obtained by the
near-field to far-field transformations without probe com-
pensation are shown in Figure 12. For the references, the
patterns calculated by FEKO and the patterns obtained by the

conventional open-ended waveguide probe (OEW) are also
shown in the same figure. The near-field data measured by
the OEW was measured at 110 mm apart from the aperture
in the scan area of ±326 mm × ±326 mm (18 mm steps).
The probe compensation was done using the pattern of the
OEW (WR 90). The patterns by the three methods agree well
each other.

As another type of antenna, we have measured an array
(3 × 4) of microstrip antennas (MSA) shown in Figure 13
[4, 21]. Each square MSA is coupled electromagnetically
through thin slotted apertures to the feeding microstrip lines
at the back of the antenna. The polarization of the array is
along the x axis.

Figure 14 shows the amplitudes of the measured S21 for
the Ex and the Ey components of the array at 10 mm apart
from the antenna plane. The frequency is 9.41 GHz. That
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means that the polarizations of the photonic sensor are
along the x axis and y axis respectively. The scanned area is
±200 mm × ±200 mm and the sampling interval is 4 mm.

The peaks of Ex is at the centres of the spaces of the
antennas along the x-axis. This is because the radiation by
the MSA comes from the radiation edge of the antenna. This
is different from the cosine tapered electric-field distribution
of the horn antenna in Figure 10.

Figure 15 compares the patterns measured by the pho-
tonic sensor (OE device), the conventional far-field method
(Far), and the WR90 OEW probe. The OEW measurement
done in the scan is of 67.2 cm × 67.2 cm, at the distance of
110 mm between the aperture of the OEW and that of the
antenna plan. We found that the patterns by the three meas-
urement methods agree well with each other.

From the results, we conclude that the old photonic sen-
sor can be considered to be an infinitesimal receiving antenna
below approximately 10 GHz. This is not contradicting with
Figures 5 and 6 because the photonic sensor (old) used in

the above measurements was supported by a styrene foam
block instead of the glass pipe that is used for the latest pho-
tonic sensor. The effect of the styrene foam on the pattern of
the old photonic was calculated by FEKO and proved to be
negligible even at 10 GHz.

3.2. Spherical Near-Field Measurements. Absolute gain mea-
surements using the photonic sensor are easily realized in the
spherical near-field measurements [22]. The measurements
require an antenna with unknown gain, unknown pattern,
however almost 100% efficiency. It is easy to realize an an-
tenna with almost 100% efficiency if the antenna is compos-
ed by all metallic parts such as a standard horn antenna [23].
Since the efficiency of 98% equals to loss less than 0.1 dB,
the assumption of at almost 100% means the error less than
0.1 dB, which is acceptable in many measurements.

Measurement setup is shown in Figure 16. The system
was designed by ourselves. All parts irradiated by the an-
tenna under measurement are covered by electromagnetic
absorbers. The polarization of the photonic sensor can be ad-
justed to the theta or phi direction of the measurement co-
ordinate system.

From (1), the measured S21s corresponding to the Eθ and
Eφ components are represented as

S21θ = α′
2
∑

s=1

N
∑

n=1

n
∑

m=−n
Tsmn�F(3)

smn

(

R, θ,φ
) · ̂θ,

S21φ = α′
2
∑

s=1

N
∑

n=1

n
∑

m=−n
Tsmn�F(3)

smn

(

R, θ,φ
) · ̂φ,

(4)

where ̂θ, ̂φ are unit vectors. α′ is equal to αk
√

Zfree, where
Zfree is the free space impedance. Tsmn is the coefficient for

the spherical wave function, �F(3)
smn(R, θ,φ) [24], and R is the

distance between the photonic sensor and the centre of the
measurement coordinate system. For our system, R is ty-
pically 60 cm approximately.

α′Tsmn is determined by the numerical integration as

α′Tsmn = (−1)m
{

R(3)
sn (kR)

}−2

×
∫ 2π

φ=0

∫ π

θ=0

{

S21θ
̂θ + S21φ ̂φ

}

· �F(3)
s,−m,n

(

R, θ,φ
)

× sin θ dθ dφ,

(5)

where R(3)
sn (kR) is the radial function [24].

On the other hand, the gain of the antenna is given as

G
(

θ,φ
) =

∣

∣

∣

∑

smn α
′Tsmn �Ksmn

(

θ,φ
)

∣

∣

∣

2

1− |Γ|2
1

|α′|2 , (6)

where Γ is the reflection coefficient of the antenna and
�Ksmn(θ,φ) is the far-field pattern function [24]. Assuming the
antenna to be 100% efficiency, the integration of the gain on
all solid angles must be 4π. Therefore α′ is determined as

∣

∣α′
∣

∣
2 =

∫

∣

∣

∣

∑

smn αTsmn �Ksmn
(

θ,φ
)

∣

∣

∣

2
dΩ

4π
(

1− |Γ|2
) . (7)
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Figure 18: Absolute gain patterns in the E and H planes, obtained by the far-field method (far), and the proposed method using the photonic
sensor (photo).

Inserting |α′|2 in the denominator of (6), the absolute gain
pattern is finally obtained.

To demonstrate the validity of the proposed method, a
double-ridged waveguide horn antenna (Model 3115 manu-
factured by EMCO) was used because the antenna efficiency
can be assumed to be 100%. The absolute boresight gain ob-
tained by the proposed method is shown in Figure 17. For
comparison, the absolute gain by the far-field three antenna
method is also shown. The both absolute gains agree with

each other within 1 dB below 10 GHz. The error of the me-
thod comes from the pattern error: the error below 2 GHz is
due to the scattering around equipment as in Figure 18(a);
the error above 9 GHz is due to the noise as in Figure 18(c).
If those factors can be reduced, the error of the method will
be reduced to about 0.3 dB or less in our experiences.

In Figure 18, the patterns of the absolute gains by both
methods in the E plane and the H plane are shown at 1 GHz,
5 GHz, and 10 GHz. They agree well with each other.
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From the results, the photonic sensor can be considered
to be an infinitesimal receiving antenna below 10 GHz in
spherical near-field measurements as well as planar near-field
measurements.

3.3. Cylindrical Near-Field Measurements. Figure 19 shows a
cylindrical near-field measurement system using the photon-
ic sensor. Because the polarizations of the sensor are set to be
parallel to Eφ and Ez, the measured S21s are proportional to
each component and expressed as [25]

S21z
(

R,φ, z
) = αc

∞
∑

n=−∞
e jnφ

∫ +∞

−∞
bn(h)

Λ2

k
H(2)

n (ΛR)e− jhzdh,

(8)

S21φ
(

R,φ, z
)

= αc

∞
∑

n=−∞
e jnφ

×
∫ +∞

−∞

[

bn(h)
nh

kR
H(2)

n (ΛR)−an(h)
∂H(2)

n (ΛR)
∂R

]

× e− jhzdh,

(9)

where αc is a constant, (R,φ, z) is the position of the sensor,

H(2)
n is the Hankel function of the second kind, and Λ =√
k2 − h2. The coefficients an(h) and bn(h) are determined

by the Fourier transform.
Since the normalized electric far-field is given as

E
(

θ,φ
)

= −2k sin θ
∞
∑

n=−∞
jne jnφ

[

ϕ̂an(k cos θ) + ̂θ jbn(k cos θ)
]

,

(10)

the absolute gain pattern is obtained by

G
(

θ,φ
) = 16πZ0k2

Zfree

(

1− |Γ|2
)

∣

∣E
(

θ,φ
)∣

∣
2, (11)

where Z0 and Γ are the characteristics impedance of the cable
and the reflection coefficient of the antenna, respectively.

To verify the equations from (8) up to (11), a standard
horn antenna (MI 12-1.7 manufactured by MI Technologies)
at 1.7 GHz was measured by a cylindrical scanner (Model 300
V-8x8 manufactured by NSI). The E plane of the antenna
is along the φ axis and the H plane is parallel to the z
axis. Figure 20 shows the absolute gain patterns of the horn
antenna obtained by the conventional WR430 OEW probe,
FEKO, and the photonic sensor. Since the photonic sensor
system (at present) cannot measure the absolute gain, the rel-
ative patterns whose maximum is set to the maximum of the
patterns by the OEW probe are shown. The results by the
three methods agree with each other. The differences be-
tween FEKO and the measurements probably come from the
electromagnetic absorber around the horn antenna that was
used only for the measurements.

Figure 21 shows the relative phase patterns of Eφ ob-
tained by FEKO, the photonic sensor, and the OEW probe.
Eφ is the principal component in the setting of the antenna.
To calculate each phase, the origin of each coordinate system
is set to the centre of the antenna aperture and each phase at
(φ, kz) = (0, 0) is set to that of FEKO. Those by FEKO and
the sensor agree well with each other. Slight difference in the
OEW probe may be error in the characterization of the OEW
probe or the setting of the antenna in the measurement.

The measurement conditions for the OEW probe are
determined to satisfy the criteria [1] where the distance
between the aperture of the antenna and that of the OEW
probe is 50 cm, R = 0.96 m, φ =−157.5 degrees To +157.5 de-
grees, Δφ = 3.75 degrees, z = −1.188 m to +1.188 m, Δz =
0.066 m. The measurement by the photonic sensor was done
on the conditions where the distance between the aperture
and the sensor is 6.5 cm, R = 0.5 m, φ = −152 degrees To
+152 degrees, Δφ = 4 degrees, z = −1.08 m to +1.08 m, Δz =
0.036 m. The model calculated by FEKO has the parameters
where the aperture and the height of the horn is 367 mm ×
273 mm × 265 mm, the waveguide size and the length are
109.2 mm × 54.6 mm × 150 mm, the meshing size is 10 mm.

4. Summary

We have demonstrated the utilities of the photonic sensor
applied to planar, spherical, and cylindrical near-field an-
tenna measurements. The photonic sensor consists of the
array antenna with 2.4 mm height and 2 mm width on
LiNbO3 substrate and operates in the principle of the
Mach-Zehnder interferometer. Due to the physical small-
ness, the photonic sensor can be considered to be an in-
finitesimal receiving antenna below 10 GHz. Therefore no
probe compensation is required for any kinds of near-field
measurements.

As for the sensitivity, the overall minimum sensitivity of
the present photonic sensor system is 0.5 V/m approximately.
This means that the system can be used to measure an an-
tenna whose gain is over 10 dB, at about 50 mm apart from
the aperture of the antenna, using a vector network analyzer
in SNR over 30 dB with an RF amplifier of about 30 dB gain.
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Figure 20: Absolute gain patterns of the standard horn antenna obtained by the OEW (WR430) probe, FEKO, and the relative pattern of the
photonic sensor at 1.7 GHz. (a) E-plane. (b) H-plane.
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Figure 21: Relative phase patterns of Eφ (principal component) of the standard horn antenna obtained by the OEW (WR430) probe, FEKO,
and the photonic sensor at 1.7 GHz. (a) E-plane. (b) H-plane.

To summarise, the merits of the photonic sensor applied
to near-field antenna measurements are

(1) no probe compensation is required below 10 GHz,

(2) broad band measurements from a few tens MHz to
10 GHz are realized by the single probe,

(3) the sensor can be treated as the more ideal infinitesi-
mal receiving antenna if the operating frequency be-
comes the lower,

(4) the truncation error can be reduced,

(5) evanescent waves in the immediate vicinity of the
aperture can be detected,

(6) measurement system can be made in small and com-
pact size.

We are continuously developing a new optical system that
will have the overall minimum sensitivity of 1 mV/m and
need no RF amplifier. The system combined with a VNA will
realize antenna measurements calibrated by various kinds of
calibration methods.
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