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Abstract—When placed on the market, mobile handsets are
required to comply with relevant electromagnetic field (EMF)
exposure limits. In the millimeter-wave (mmWave) frequency
band, human exposure to EMF needs to be evaluated in terms
of incident power density (PD). In this work, the equivalent
currents (EQC) method is applied to assess the PD of a 5G
mmWave mobile handset mock-up. The PDs in the near field
(NF) region are obtained using the field data measured in the
intermediate field (IF) region with an MVG mmWave spherical
measurement system. The results are compared with those
obtained by simulations and also with those obtained by
reference NF scanning measurements. The agreement between
the methods indicates that the EQC method is a promising
candidate for the PD assessment of SG mmWave handsets.

Index Terms—5G, incident power density, field
reconstruction, mobile handset, millimeter wave.

I. INTRODUCTION

The fifth generation (5G) mobile communication system
has been rolled out in some countries since 2018. In the
millimeter-wave (mmWave) frequency band, much larger
bandwidth is available for 5G compared to the bands below 6
GHz. According to the technical specification released by the
3™ Generation Partnership Project (3GPP) [1], the operating
bands of 5G New Radio (NR) in the mmWave frequencies
include those from 24.25 GHz to 29.5 GHz and from 37 GHz
to 40 GHz. Above 6 GHz, the incident power density (PD) of
the equipment under test (EUT) shall be used to evaluate
human exposure to electromagnetic fields (EMFs), and in
addition, the PD above 30 GHz shall be spatially averaged
over an area of 1 cm?, according to the draft EMF guidelines
by the International Commission on Non-Ionizing Radiation
Protection (ICNIRP) [2].

For a 5G mobile handset working in close proximity to the
human body, PD needs to be evaluated at close distances to
the handset within the near field (NF) of the equipped
antennas. The direct measurements in the NF will cause
mutual coupling between the antenna(s) and the probe, thus
probe compensation [3], [4] is required. Besides, for
traditional NF scanning measurements, the planar or
volumetric scanning is time-consuming. Recently, research

done by Sasaki et al. applies the plane-wave spectrum
expansion technique for PD assessment in the mmWave band
[5], in which the NF strength is reconstructed from the
measured field strength in the intermediate field (IF) or the far
field (FF). However, the plane-wave expansion technique
usually transforms the EMFs in the range between the
measurement plane and the EUT, so it can only reconstruct the
PD on one side of the EUT at a time. For the EUT without the
prior knowledge about the maximum PD directions, the same
measurement procedure may need to be repeated several times
in different directions.

In this work, the equivalent currents (EQC) method is
investigated for the PD assessment of a 5G mmWave mobile
handset mock-up. Compared to the plane-wave expansion
technique, the PD distribution of the handset in all directions
can be reconstructed by the EQC method in one measurement.
The EQC method is based on dual-equation formulation [6]—
[8]: one equation constraints that the EQC radiates the
measured field, and the other equation enforces the Love’s
equivalence form. By such method, the electric and magnetic
EQC over a reconstruction surface enclosing the EUT can be
reconstructed using the IF or FF data. Then, the reconstructed
EQC can be used to calculate the field strength outside the
reconstruction surface. A 5G handset mock-up equipped with
four quasi-Yagi antennas is employed in this research. The PD
at 38 GHz in the NF region is reconstructed by the EQC
method and compared with the results from simulation and the
reference measurements.

II. METHOD AND MODEL

A. Equivalent Currents Method

The EQC method in this work constraints that the EQCs,
i.€. Joq and Mg, over the reconstruction surface, g, radiates
the measured IF or FF strength over the measurement surface,

Iy [6]-{8]:

i X E(r) = A X [-17oL(Jeqi T) + K (Mg T)] T €Iy (1)



where

L(]eq; r)

1
= jko f o) + VY, Juog )| g(r,r)ds’ (22)
IR kO

fK(Meq; r) = M, (r") X Vg(r,r")ds’ (2b)
Ir
e~ Jko|r-r'|
g(rr) = e — (2o)

where 1y =/ Uo/ €0, ko = w./UoEy, and Vg is the surface
divergence operator. Equation (1) is established by making the
radiated field of Joq and M., have the same tangential
component with the measured IF or FF over 2.

Boundary integral identities are also used to enforce
Love’s form for EQCs:

1
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The EQC reconstruction calculation based on the above
formulations is implemented in the software INSIGHT
provided by Microwave Vision Group (MVG) [9]. After
reconstruction, the EQCs are imported into the commercial
software CST Studio Suite [10] to calculate the field strength
outside Xg. The peak spatial-averaged PD (psaPD) can be
calculated by [11], [12]:

psaPD*(d)

1
“4)

where A is the averaging area, i.e., 1 cm? in this work, d is the
distance from EUT, 7 is the unit vector normal to A, and the
superscript * denotes the complex conjugate.

B. Handset Mock-up

Fig. 1 shows the handset mock-up used in this work [13].
The total size of the mock-up is 70 mm X 130 mm X
0.76 mm . Four quasi-Yagi antennas are designed at the
upper-right corner orienting to different directions, denoted as
Ant 1 to Ant 4. They are excited at 38 GHz in this work, and
the input power of each antenna is normalized to 5 dBm.

The IF of the mock-up is measured by StarLab 50 GHz
[14], which collects the tangential component of electric field
over a sphere, i.e., Ly, with radius of 450 mm, as shown in
Fig. 2 (a). To perform EQC method, a reconstruction surface
YR is built enclosing the mock-up with 3 mm distance in +x-
and ty-directions and 5 mm distance in +z-directions. The
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Fig. 1. The (a) bottom and (b) top view of the handset mock-up.
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Fig. 2. (a) The IF measurement by StarLab 50 GHz and (b) the reference
measurement using SPEAG ¢cDASY6 mmWave Module V1.0 and
EUmmWV3 probe.

larger distance in +z-directions is considering the length of
the connectors.

C. Reference Measurement

As a comparison to the EQC method results, the reference
measurements were conducted using SPEAG cDASY6
mmWave Module [15] V1.0 and EUmmWV3 probe [16], as
shown in Fig. 2 (b). The electric and magnetic field strength
were measured and the psaPD was calculated at distances of
5 mm, 10 mm, 15 mm, 20 mm, and 25 mm away from the
edge of the mockup in the +x-direction for Ant 2 and Ant 3 at
38 GHz.
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Fig. 3. The PD distributions in +x-, +y- and +z-directions for Ant 1—
4 on a closed box surface embracing the mock-up with a 10 mm gap.

III. RESULT AND DISCUSSION

Here, using the measured IF data, the reconstructed PD
distributions in +x-, +y- and +z-directions are presented for
each antenna, as shown in Fig. 3. The distributions are on a
closed box surface embracing the mock-up with a 10 mm gap.
From these images, the direction and location of the maximum
PD of each antenna can be easily found. For example, Ant 1
has strongest radiation towards +y-direction, while Ant 2 and
Ant 3 radiate strongly in +x -direction. In practice, these
images give an insight to observe the PD distribution and
determine the direction and location of the maximum PD.
Further measurements or evaluations could then be focused on
that direction and location if necessary.

Fig. 4 shows the psaPD reconstructed by the EQC method
versus the evaluation distance d. For comparison, the psaPD
calculated in the full-wave simulation of the mock-up is also
provided, as well as the results from the reference
measurements. Considering the orientation of the quasi-Yagi
antennas, only the psaPD in the direction of the maximum PD
are presented, i.e., the +y-direction for Ant 1 and the +x-
direction for Ant 2—4. Generally, the psaPD computed from
the EQC method is close to that computed in the full-wave
simulation. The largest difference between them appears at
Ant 4. The difference might be attributed to the existence of
cable and platform in the measurement. For Ant 2 and Ant 3,
the psaPD results obtained from reference measurements
agree well with the reconstructed and simulated results.

Fig. 5 shows the distributions of PD magnitude in the xy-
plane in the NF region. The reconstructed distributions are
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Fig. 4. The psaPD from the reconstruction, simulation and measurement
versus the evaluation distance.
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Fig. 5. The distributions of the PD magnitude in the xy-plane in the NF
region. (a)—(d) are reconstructed and (e)—(h) are simulated.

similar to the corresponding simulation results. The blank in
the reconstructed distribution suggests the space within Zg.

Both Fig. 4 and Fig. 5 indicate that the EQC method using
the IF measurement data is a promising candidate to assess the
PD at close distances of 5G mmWave handsets.

IV. CONSLUSION

In this work, the equivalent currents (EQC) method with
the spherical measurement system is applied to the incident
power density (PD) assessment for a 5G handset at 38 GHz
using the field strength obtained in the intermediate field (IF)
region. The reconstructed PD distributions over a closed box
surface provide an insight to determine where the maximum
PD is. Good agreement between the reconstructed results, the
simulated results, and the results obtained from the reference
measurements can be observed. Therefore, the EQC method
is a promising method for the PD assessment of 5G mmWave
handsets.
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