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ABSTRACT To protect human beings from overexposure to mmWave electromagnetic fields, international
guidelines and standard specified the (exposure) reference level in terms of the peak spatial-average incident
power density (psPD). In this study, we proposed a method to effectively assess the psPD from a mmWave
antenna using its spherical near-field measurement data. This method employed the transformation of
spherical wave expansion to plane wave expansion to reconstruct the electric and magnetic field components
on an evaluation plane in front of the antenna aperture. The psPD was subsequently obtained based on
the time-average Poynting vector. The accuracy of the proposed method was validated by comparing it
with full-wave simulation results using 12 array antennas at frequencies ranging from 10 to 90 GHz.
It was revealed that at 30 GHz, the reconstruction errors for psPD4cm2 were less than 0.8 dB and 0.2 dB
on evaluation planes 2 and 5 mm, respectively, in front of the antennas. The robustness of the proposed
method against the noise, scan range, and number of spherical modes were evaluated. The proposal
may eliminate conventional compliance assessment procedures once antenna performance is evaluated in
spherical near-field measurement.

INDEX TERMS Exposure assessment, spherical near-field measurement, standardization.

I. INTRODUCTION
The fifth-generation (5G) wireless communication adopts a
frequency band of 26–28 GHz for high-speed data trans-
fer. The new frequency assignment raises potential public
concern about the possible heating effect of electromag-
netic field (EMF) exposure. Recently, the IEEE International
Committee on Electromagnetic Safety (ICES) and Interna-
tional Commission on Non-Ionizing Radiation Protection
(ICNIRP) revised their standard and guidelines [1], [2]. For
human exposure to EMF above 6 GHz, an absorbed power
density (APD) was introduced as a basic restriction (named
the dosimetry reference limit in the IEEE standard) to prevent
excessive skin temperature rise for local exposure. Then,
the (exposure) reference level was specified in terms of the
spatial-average incident power density (IPD) in free space
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based on body transmittance and correlation with peak tem-
perature rise [3]–[8].

Dosimetry studies have been conducted to evaluate the
APD, spatial-average power density (sPD) in free space,
and the resultant temperature rise in skin models [9]–[13].
The permissible output power levels of 5G devices above
6 GHz were also estimated [14], [15]. As many portable
wireless devices are designed to be used near the human body,
assessment methods for peak spatial-average power density
(psPD) above 6 GHz are needed to ensure the compliance
of an actual device [16]. Currently, a standard assessment
method for psPD is under development by the International
Electrotechnical Commission and IEEE ICES [17].

Several methods have been proposed for the psPD assess-
ment. The psPD was assessed based on the planar near-field
measurement, and the computation error was investigated
using a method based on planar near-field transforma-
tion [18]. One drawback of this approach is that a large
measurement plane is needed, particularly for a low- or
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medium-directivity antenna and a directional antenna with a
large scan angle. A pseudovector probe was adopted for the
psPD assessment [19], which can be reconstructed based on
a measured field polarization ellipse. However, the retrieved
phase from a polarization ellipse still represents a source
of uncertainty that cannot be eliminated [20]. The coupling
between an antenna and a probe also cannot be easily miti-
gated. An equivalent current method was proposed in [21],
and a 1.1-dB error was found on an evaluation plane 5 mm in
front of the antenna; however, a dense sampling was required
for the reconstruction error to be below that level.

Spherical near-field measurement is a widely adopted
antenna measurement technique [22]. The characteristics of
an antenna can be extracted based on the spherical wave
expansion (SWE) of sampled electric field (EF) or magnetic
field (MF) components on a measurement sphere. Compared
with planar near-field measurement, the spherical measure-
ment is characterized by its full coverage of all potential
radiation angles. Therefore, it would be advantageous if the
psPD can be directly assessed from the spherical near-field
measurement data of the antenna. In our previous study [23],
a hybrid SWE and finite-difference time-domain (FDTD)
method was developed for APD assessment in an exposed
human body model. However, one limitation was that the
evaluation distance should be larger than the radius of the
minimum enclosing sphere.

In this study, we adapted the SWE to plane wave expansion
(PWE) technique, which allowed the backward transforma-
tion of the EMF from the measurement sphere to a plane just
in front of the antenna aperture. The SWE-to-PWE transfor-
mation was originally developed for antenna array diagno-
sis [24]. Primary attention was paid to the EF distribution
rather than the actual power densities. As the probe is usually
placed at several wavelengths from the antenna tomitigate the
coupling effect, one unresolved issue for this approach is the
psPD assessment accuracy, which requires information about
both EF and MF phasors. In this study, we first developed
an SWE-to-PWE transformation algorithm to reconstruct the
EF andMF on an evaluation plane. The estimated psPD accu-

FIGURE 1. Schematic of the SWE-to-PWE method to assess psPD on an
evaluation plane at distance d from the array antenna aperture.

racy from reconstructed fields was validated by considering
12 array antennas at frequencies ranging from 10 to 90 GHz.
Moreover, the effects of measurement noise, number of sam-
ples, and scan range were numerically evaluated, thereby
confirming the applicability of the proposed psPD assessment
method.

II. SWE-TO-PWE METHOD FOR psPD ASSESSMENT
Fig. 1 illustrates a schematic of the SWE-to-PWE method
to assess the psPD on an evaluation plane at a distance d
from an antenna surface. The EF components of the antenna
were sampled on a sphere as the measurement data. Using the
spherical near-field transformation [25], the probe received
signal, w (r, χ, θ, φ) can be expressed as follows:

w (r, χ, θ, φ) =
∑
µ=±1

2∑
s=1

N∑
n=1

n∑
m=−n

Qsmn

· eimφdnµm (θ) e
iµχPsµn (kr) , (1)

where (r, θ, φ) is probe location in a spherical coordinate,
χ , and eimφdnµm (θ) e

iµχ are rotation angle of the probe, and
rotation coefficient of the spherical wave functions, respec-
tively. The indices s,m, and n are limited to s = 1, 2,m =
−N , . . . , 0, . . . ,N , and n = |m| , . . . ,N (n 6= 0), where N
is the number of spherical modes and is commonly deter-
mined by N = [kr0] + 10, with [x] denoting the greatest
integer no larger than x, and r0 is the radius of the antenna
minimum sphere. The mode numbers for different antennas
for psPD reconstruction are summarized in Table 1. If the
probe received signal w(r, χ, θ, φ) is known, the complex
amplitudes of the spherical waves Qsmn can be determined
using Eq. (1). Then, the PWE of an EF, ET

(
kx , ky

)
, is obtained

from Qsmn as follows [24]:

ET
(
kx , ky

)
eikzz =
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Qsmn ETsmn
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)
, (2)

where

ET1mn
(
kx , ky, z

)
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eikzz
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η
√
n (n+ 1)

EYmn (α, β) (3)

ET2mn
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)
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eikzz
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(−i)n+1 k̂
√
η
√
n (n+ 1)

× EYmn (α, β) (4)

The function EYmn is the vector spherical harmonics [24].
Similarly, the PWE of an MF can be obtained as follows:

ETH
(
kx , ky

)
= (ε/µ)1/2 k̂ × ET

(
kx , ky

)
(5)

Knowing both the electric and magnetic plane wave spec-
tra, the EF and MF on plane z = d are expressed by Eqs. (6)
and (6) and can be numerically obtained by the fast Fourier
transform.

EE (x, y, d) =
1
2π

∫∫
+∞

−∞

ET
(
kx , ky

)
ei(kxx+kyy+kzd)dkxdky

(6)
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EH (x, y, d) =
1
2π

∫∫
+∞

−∞

ETH
(
kx , ky

)
ei(kxx+kyy+kzd)dkxdky

(7)

Then, the sPD can be obtained based on the time-average
Poynting vector:

sPD =
1
2A

∫∫
A

∥∥∥Re [EE × EH∗]∥∥∥ dA, (8)

where A is the averaging area. The sPD is averaged over a
square area of 4 cm2. For frequencies≥30 GHz, an additional
criterion that the sPD should be averaged over 1 cm2 for nar-
row beam applies [2]. Both averaging areas were considered
in this study.

III. SIMULATION MODELS
Twelve array antennas were considered for the SWE-to-PWE
transformation-based method validation. Table 1 summarizes
the antenna types and configurations adopted in this study.
Five operation frequencies, 10, 15, 30, 60, and 90 GHz, were
considered. The geometric parameters for a 4× 4 dipole array
and 3 × 3 patch array antennas are illustrated in Fig. 2 as
examples. Note that the dipole arrays are idealized antenna,
whichwere used as test models for validating the applicability
of the proposed approach. Patch antennas were backed by a
large ground plane. The substrate relative permittivity was
2.2, with a thickness t . To obtain the space EF andMF around
the antenna, in-house FDTD [26] code, which had been vali-
dated previously [10], [27], was employed. Simulations were
performed at 30 GHz using a spatial resolution of 0.25 mm
to satisfy the Courant condition. A 10-layer convolutional
perfectly matched layer [28] was used to truncate the sim-
ulation domains. The antennas were placed in the center of
the simulation domains. Array elements were excited by a
delta-gap voltage source in FDTD with equal amplitudes
and phases. Thus, the main beams of adopted array antennas
point at the z-direction (Fig. 1). Results for other frequencies

TABLE 1. Configuration of array antennas.

FIGURE 2. Geometric parameters of (a) dipole array and (b) patch array at
30 GHz.

TABLE 2. Antenna geometric parameters.

were scaled from the simulation results obtained at 30 GHz.
The antenna geometric parameters after frequency scaling are
summarized in Table 2.

The EF components Eθ and Eφ in spherical coordinates
were sampled on a sphere with a radius of 5 λ to simulate
the input measurement data for the SWE-to-PWE transfor-
mation. The sampling resolution was determined by 1θ =
1φ ≤ 360◦/(2N + 1). Then, free-space IPDs were recon-
structed on three evaluation planes at d = 2, 5, and 10 mm in
front of the antenna aperture. A resolution of 0.5mmwas used
on each evaluation plane to obtain the IPD and perform the
spatial averaging. Then, the psPDs averaged over 4 and 1 cm2

were evaluated using Eq. (8). For validation of the proposed
SWE-to-PWE transformation-based method, we compared
the reconstructed IPD to those obtained directly from the
FDTD simulations.

IV. RESULTS
A. POWER DENSITY DISTRIBUTIONS
Figs. 3 and 4, respectively, show the reconstructed free-space
IPD distributions for the 4 × 4 dipole array and 3 × 3 patch
array antennas at 30 GHz on different evaluation planes. The
size of the observation plane was set to 10 × 10 cm2. The
reconstructed IPD distributions resemble those obtained from
full-wave simulations. Slight differences were observed on
the evaluation plane of 2 mm from the antenna aperture,
mainly attributable to the negligence of evanescent waves in
the backward transformation. For d = 5 and 10 mm, the
reconstructed IPD distributions within themain beams agreed
well with the simulated IPD, with small ripples observed
around the observation plane borders. From Figs. 3 and 4,
the ripple levels were well below −20 dB of the peak value.
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FIGURE 3. Reconstructed IPD distributions for 4 × 4 dipole array at
30 GHz on evaluation planes in front of the antenna. The antenna
accepted power was normalized to 10 mW.

FIGURE 4. Reconstructed IPD distributions for 3 × 3 patch array at
30 GHz on evaluation planes in front of the antenna. The antenna
accepted power was normalized to 10 mW.

B. PEAK SPATIAL-AVERAGE POWER DENSITY
We compared the reconstructed psPD with those obtained
from the FDTD full-wave simulations. The boxplots for the

relative differences (RDs) between the reconstructed and sim-
ulated psPD4cm2 are shown in Fig. 5. The largest RD was
∼ −2 dB at the evaluation plane of 2 mm and lowest consid-
ered frequency 10GHz. The averages and interquartile ranges
of RDs drastically decreased with an increase in frequency.
At 30 GHz, which is close to the frequency band allocated
for the 5G communication, the largest and average RDs from
the simulation results were−0.8 and−0.25 dB, respectively,
at d = 2 mm. The increasing distance between the antenna
and evaluation plane decreased the RDs. At d = 10 mm,
the largest RD in psPD1cm2 was ∼0.4 dB at 10 GHz and
decreased to ∼0.1 dB at frequencies ≥30 GHz. The RDs in
psPD1cm2 are shown in Fig. 6 for frequencies ≥30 GHz. The
tendencies were similar to those for psPD4cm2.

C. EFFECT OF MEASUREMENT NOISE
We studied the effect of the additive noise to the ampli-
tude and phase on the reconstructed psPD. For phase noise,
the white Gaussian noises with standard deviations (SDs)
of 2◦, 5◦, 10◦, and 20◦ were added to the real phases for
the 4 × 4 dipole array. For amplitude noise, we considered
three levels of white Gaussian noises from −40 to −20 dB.
The amplitude noise levels were set relative to the maximum
sampled power on the measurement sphere. For each noise
level combination, 300 simulations were performed for a
Monte Carlo analysis of the effect of measurement noise.
Fig. 7 shows the IPD distributions for different combinations
of measurement noises. Increased ripple levels were observed
for high measurement noises. In Fig. 8(a), the average and
SD of the RDs in the psPD4cm2 (d = 2 mm) increased from
(0.032 ± 0.0052) dB (average ± SD) to (0.51 ± 0.053) dB
when the phase noise SD increased from 2◦ to 20◦ (with
no amplitude noise). Increasing phase noise widened the RD
interquartile ranges and decreased the psPD values compared
with the results without phase noise.

From Figs. 8(b)–(d), the amplitude noises with levels
from −40 to −20 dB were considered together with the
phase noises. Increasing the amplitude noise widened the
RD interquartile ranges. The RD interquartile ranges of RDs
caused by the amplitude noise level of−30 and−20 dB only
(without phase noises) were ∼±0.2 and ±0.5 dB, respec-
tively. From the results, it is recommended that the noise
levels in amplitude and phase were below −30 dB and 10◦,
respectively.

D. EFFECT OF NUMBER OF SPHERICAL MODES
The effects of the number of spherical modes on the accu-
racy of reconstructed psPD were also evaluated. The antenna
considered here was the 4 × 4 dipole array at 30 GHz. The
evaluation plane was 2 mm in front of the antenna. The mode
number was increased from [kr0]+10 to [kr0]+60 at an inter-
val of 10, for the SWE-to-PWE transformation. The results
are summarized in Table 3. The reconstructed psPD4cm2 and
psPD1cm2 were almost unaffected by the mode number when
N≥ [kr0]+10. In addition, the results agreed well with those
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FIGURE 5. RD of the reconstructed psPD averaged over 4 cm2 for (a) d = 2 mm, (b) d = 5 mm, and (c) d = 10 mm. The box indicates the
range from the first quartile to the third quartile. The black line in middle of the box represents the median. The yellow circle represents the
average value. The whiskers indicate the smallest and largest non-outlier values.

FIGURE 6. RD of the reconstructed psPD averaged over 1 cm2 for (a) d = 2 mm, (b) d = 5 mm, and (c) d = 10 mm. The box indicates the
range from the first quartile to the third quartile. The black line in middle of the box represents the median. The yellow circle represents the
average value. The whiskers indicate the smallest and largest non-outlier values.

FIGURE 7. Reconstructed IPD with different levels of noises in amplitudes and phases of the measurement samples. The antenna accepted
power was normalized to 10 mW.
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computed using FDTD simulations, psPD4cm2 = 12.206 and
psPD1cm2 = 12.922 dBW/m2.

E. EFFECT OF SCAN RANGE
Fig. 9 shows the effect of scan range in θ (shown in Fig. 1)
on the reconstructed psPD. The frequency was set to 30 GHz
and d = 2 mm. All 12 antennas were considered. The scan
range in θ increased from ±30◦ to ±120◦. For a ±30◦ scan
range, the maximum deviation from the simulated psPD was
∼5 dB, the highest RD was found for the array antennas

FIGURE 8. RDs caused by the additive noise of the sampled electric fields
on measurement sphere. (a) No amplitude noise, (b) −40 dB amplitude
noise, (c) −30 dB amplitude noise, and (d) −20 dB amplitude noise. The
box indicates the range from the first quartile to the third quartile. The
black line in middle of the box represents the median. The yellow circle
represents the average value. The whiskers indicate the smallest and
largest non-outlier values.

TABLE 3. Dependence of psPD on number of spherical modes.

FIGURE 9. RDs in (a) psPD4cm2 and (b) psPD1cm2 caused by the scan
range. The box indicates the range from the first quartile to the third
quartile. The black line in middle of the box represents the median. The
yellow circle represents the average value. The whiskers indicate the
smallest and largest non-outlier values.

with relatively low directivities as expected. For scan ranges
of ±30◦ and ±45◦, the RD interquartile ranges in psPD1cm2
were larger than those in psPD4cm2. For scan ranges not less
than ±75◦, the RDs were almost identical to those obtained
from a full spherical scan for both psPD4cm2 and psPD1cm2
for the antennas adopted.

V. DISCUSSION AND CONCLUDING REMARKS
The spherical near-field measurement is a widely adopted
antenna measurement technique. Therefore, the compli-
ance assessment using the spherical near-field measure-
ment data would be desirable, as efforts for additional
assessment can be saved. In this study, we first developed
an algorithm for assessing psPD using the SWE-to-PWE
transformation-based method. This proposal may poten-
tially formulate an effective compliance assessment method
that can eliminate the procedure of additional measurement
once the antenna performance is evaluated by the spherical
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near-field measurement. This approach is particularly use-
ful for evaluating new wireless communication applications,
such as 5G devices.

For the reconstruction method based on planar near-field
measurement, a large measurement area is needed, par-
ticularly for low- or medium-directivity antennas, to sup-
press the truncation error. Meanwhile, the method based
on spherical measurement can cover all potential radiation
directions with the same number of measurement samples.
Since phased array antennas with high directivity will more
likely be used in the mmWave bands for 5G communication,
the spherical measurement samples can be further reduced
(Subsection IV-E). In addition, the probe always points at
the antenna during a spherical scan. By contrast, in the
planar near-field measurement, the probe is not pointed at
the antenna at all times, and the probe–antenna distance
varies during the planar scan, which subsequently restricts the
largest scan area that can be employed.

In [24], the number of spherical modes was selected to
be larger than that usually adopted in spherical near-field
antenna measurement systems. The purpose was to obtain a
more localized EF distribution on the antenna aperture. This
is reasonable for antenna diagnosis. A large mode number
mainly influences the invisible region of PWE [18], which
corresponds to the exponentially attenuated evanescent waves
that cannot be accurately determined for a measurement dis-
tance of several wavelengths. Including more waves in the
invisible region may also lead to singularities when perform-
ing the back transformation [24], as seen from the results; the
common choice of mode number (N = [kr0]+10) can exhibit
converged psPD results. The effect of measurement noise was
investigated. It was recommended that the noise levels of
amplitude and phase should be lower than −30 dB and 10◦,
respectively, to suppress the reconstruction errors caused by
noises. The abovementioned general criterion for restricting
measurement noise agrees with those reported in [18], [21],
although different approaches were used.

From Figs. 5 and 6, the largest RDs always appeared on
the evaluation plane at d = 2 mm. Except for this very
close exposure scenario, the RDs in reconstructed psPDs
were small for d = 5 and 10 mm. From Fig. 5(b), the RDs
are within±0.2 dB for all antennas for d = 5 mm at 30 GHz,
indicating good accuracy of the SWE-to-PWE method for
assessing psPD. In the ICNIRP guidelines [2], it was men-
tioned that compliance can be demonstrated using psPD
within the far-field and radiative near-field zones, whereas
assessment using APD is needed in the reactive near-field
zone. As a rough guide, the guidelines [2] suggested< λ/2π
as the reactive near-field region and mentioned that ‘‘it is
anticipated that input from technical standards bodies should
be used to better determine which of the far-field/near-field
zone reference level rules should be applied to provide
appropriate concordance between reference levels and basic
restrictions’’ [2]. In standard IEC 62232-2017, the reac-
tive near-field boundary for linear or planar antenna arrays
(with a maximum dimension of ≥ 2.5λ) was specified as λ

(Table A.4) [29]. Considering the abovementioned implica-
tions of field zones, the evaluation plane at d = 2 mm
may locate in the reactive near-field zone for the array anten-
nas adopted in this study. If these extremely close exposure
cases are excluded, better accuracy in reconstructed psPD
can be expected for the SWE-to-PWE transformation-based
method.

In summary, a SWE-to-PWE transformation-basedmethod
was proposed for the psPD assessment for mmWave anten-
nas. Good agreement between the reconstructed psPDs and
simulation results were observed. The robustnesses against
noise, scan range, and mode number were evaluated. The
results showed that the proposed method can be applied for a
fast psPD assessment for 5G mmWave devices. Future study
may investigate the large-beam-angle scenarios for phased
array antennas and simultaneous exposures from multiple
sources.
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