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ABSTRACT In this study, an in vitro experimental system is developed for fifth-generation (5G) 3.5 GHz
exposures. A radial transmission line (RTL) housed in an incubator can support the single-mode propagation
at a 3.5 GHz band. A conical antenna is also placed at the center of an RTL to ensure field symmetries.
A 5G signal generator along with a customized power amplifier can create 5G new radio time division
duplex (TDD) waveforms. Additionally, a feedback scheme implemented by employing a directional coupler
and power meter allows power control to ensure a steady output power. The system is evaluated based on
temperature measurements using the initial temperature slope and nonlinear curve fitting to determine the
specific absorption rate (SAR) values. Comparing SARs obtained from a “worst-case’ signal of a maximum
power condition with the values obtained from a “TDD” signal of an actual 5G TDD transmission gives
the initial slope ratio of 0.741, which is very similar to the theoretical duty cycle of 0.743. It is also shown
that the average output power, water temperature, incubator air temperature, and CO; density are adequately

controlled for appropriate in vitro experiments.

INDEX TERMS 5G, In Vitro, radial transmission line, 3.5 GHz, TDD.

I. INTRODUCTION

The fifth-generation (5G) communication has recently
attracted significant attention worldwide due to the increasing
demand for higher data rates and improved capacities. In
2019 [1], South Korea launched the world’s first 5G mobile
network at a 3.5 GHz band, which is one of the main 5G
frequency defined in the 3rd Generation Partnership Project
(3GPP) specification as frequency range (FR) 1 [2]. How-
ever, few in vitro studies related to 5G exposures have been
available despite the worldwide deployment of 5G systems.
Therefore, it is essential to develop an in vitro experimental
system for 5G exposures to investigate biological and health
effects caused by 5G electromagnetic field (EMF). Thus,
an in vitro experimental system for 28 GHz, specified in
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the 3GPP standard as FR2 [2], has been developed in this
context [3], [4]. A skin pigmentation effect caused by 28 GHz
exposures has also been reported [5].

Various in vitro experimental systems have been available
for radio frequency (RF) EMF exposure studies [6]. The open
type system of antenna set-ups is usually used for higher
frequency bands, such as millimeter-waves [4], [7], [8]. For
the closed type, a transverse electromagnetic cell [9], [11],
wire patch cell [12], [13], radial transmission line (RTL) [14],
[15], [16], and waveguide system [17], [18] have been widely
used in most in vitro studies for wireless frequency bands
of the previous generations. Since each system has different
features for exposures [19], actual types of experiments and
cell cultures should be considered for system implementation.

In this study, an in vitro experimental system for 5G
3.5 GHz exposures is developed based on an RTL. Note
that this 3.5 GHz spectrum band is the most widely used
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frequency range for 5G commercial networks around the
world [20]. The height of an constructed RTL is adjusted
compared to the reported ones adopted for in vitro researches
of long term evolution (LTE) exposures [21], [22] in order
to ensure the single-mode propagation. Moreover, since the
required specific absorption rate (SAR) at the cell layer,
which is determined by input power characteristics (e.g., sta-
bility) of the experimental system, must be well defined [23]
in accordance with the safety guideline [19] to conduct reli-
able exposure experiments, the power control for an amplifier
output is also implemented based on a feedback loop to
regulate a constant average output power (i.e., an RTL input
power). The 5G new radio (NR) time division duplex (TDD)
waveforms based on the 3GPP standard [24] are used for
temperature measurements to evaluate the SAR values. It can
be shown that the SAR of a 5G in vitro experimental system
with an arbitrary TDD duty cycle can be assessed based on a
downlink-only signal (i.e., a “worst-case” signal as discussed
later). The results of real-time control of output power and
water temperature are also presented. Additionally, data on
long-term monitoring of incubator environmental conditions
(air temperature and CO;) suitable for in vitro cell cultures
are shown.

Il. MATERIALS AND METHODS

A. SYSTEM DESIGN

Fig. 1 shows a photograph of the entire experimental system.
The system consists of an incubator to create a controlled
environment for cell cultures, a water circulator to provide
temperature cooling to remove thermal effects during expo-
sure, a signal generator to generate a desired 5G signal, and
a power amplifier to inject the required power level into

Incubator F=
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56 3:50Hz in vitro exposure system

PC for monitoring

signal generator

power amplifier

water circulator

FIGURE 1. Photograph of the entire experimental system for 3.5 GHz In
Vitro studies.
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Incubator

FIGURE 2. RTL and water tray placed in an incubator.

an RTL. Note that an RTL for cell exposures and water
tray for sustaining an appropriate humidity are housed in an
incubator, as shown in Fig. 2. All experimental conditions,
such as 5G signal powers, temperature, and CO,, are continu-
ously monitored using a personal computer (PC) in real-time,
as described in Section II-D.

B. RADIAL TRANSMISSION LINE

The 3.5 GHz exposure apparatus designed is based on an
RTL. Fig. 3 shows the structural design of an RTL. It is worth
noting that the RTL height 4 is reduced to 35 mm to assure the
single-mode propagation inside a waveguide [25], compared
to the previous one designed for LTE exposures [22]. The size
of 800 mm x 800 mm allow 12 petri dishes (i.e., six dishes at
the inner radius of 100 mm and six dishes at the outer radius
of 150 mm) can be placed inside a waveguide. AN-79 broad-
band flat foam absorbers (Emerson & Cuming) are installed
inside the RTL along its outer boundaries to minimize wave
reflections. A conical antenna for feeding is installed at the
center of the RTL to guarantee azimuthal field symmetries
(i.e., to suppress higher-order harmonics using a symmetric
antenna) [25]. The feeding gap (i.e., the gap between the
antenna and bottom of the RTL) and coupling gap (i.e., the
gap between an antenna and ceiling of the RTL) are 1 mm.
The apex angle of a conical antenna « is set to 42° based on
the minimum reflection loss, as discussed in detail later. The
RTL and conical antenna are made of aluminum and gold-
plated oxygen-free high conductivity copper, respectively.
Additionally, a DRCS8 (CPT Inc.) water circulator shown in
Fig. 1 is employed to regulate temperatures of the culture
medium in petri dishes with the circulating water under the
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FIGURE 3. Structural design of an RTL (unit: mm).

bottom of the RTL. A cell culture environment inside the
RTL can be maintained by introducing an airflow fan for air
exchanges from an incubator.

C. 5G EXPOSURE SOURCE

An N5182B signal generator (Keysight Technologies) is
employed to provide 5G NR waveforms according to the
frame structures defined in the 3GPP standard [24]. Fig. 4
shows the 5G TDD frame structures employed for South
Korean mobile operators despite their different carrier fre-
quencies and bandwidths (3.55 GHz and 100 MHz for KT,
3.65 GHz and 100 MHz for SKT, and 3.46 MHz and 80 MHz
for LGU+). Note that D, S, U represents the downlink,
special, and uplink slot for TDD communications, respec-
tively [26]. It is worth noting that the TDD frame scheme
of DDDSU presented in Fig. 4 gives rise to the technology
duty cycle of 0.743 [27], [28], which is the scaling fac-
tor to determine the time-averaged power considering TDD
systems [29]. The 5G signal generated is amplified by a
customized power amplifier developed to assure a maximum
output power of 150 W. This amplifier output is injected
into a conical antenna located at the center of the RTL
for exposures. A DCO039A directional coupler (Sungsan)
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FIGURE 4. 5G TDD frame structures employed for South Korean mobile
operators.

and an E4418B power meter (Keysight Technologies) are
employed to measure the amplifier output powers. The mea-
sured power is used for a feedback loop connected to a 5G
signal generator to maintain a constant output power level
(i.e., power control). This feedback scheme is implemented to
regulate a one-minute average output power, which is crucial
to maintain the required SAR values at the cell layer [23] as
mentioned earlier.

D. MAIN CONTROL UNIT

A customized software (SW) is developed and installed on
a PC to display and monitor measurement results. Fig. 5
shows a schematic of the general configuration of the entire
3.5 GHz in vitro experimental system. During exposure, a PC
continuously records all experimental data and controls all
feedback flows to regulate desired conditions and settings
in real-time. Note that all exposure conditions, e.g., signal
level, duration, frequency, and TDD structures can be defined
using the main SW. A graphical user interface enables an
easy configuration of an experimental setting required. The
output power control based on a feedback scheme discussed
in [I-C is also performed via the SW. All measurement data
can be extracted using the SW in a comma-separated values
file format as well.

temperature & CO, monitoring

Incubator

PC
control

Directional
pler

5G signal
generator

Power
power control meter

Water

circulator

water cooling

FIGURE 5. Schematic of the general configuration of the entire 3.5 GHz in
vitro experimental system.

E. SYSTEM EVALUATION

The developed in vitro experimental system is evaluated
based on SAR measurements. Note that the maximum expo-
sure limits at this frequency range of below 6 GHz are
expressed in terms of the SAR for whole-body average and
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FIGURE 6. (a) Six positions inside an RTL along two different
circumferences; (b) Nine points inside a petri dish for the SAR
measurements.

each body part according to the International Commission on
Non-Ionizing Radiation Protection (ICNIRP) guideline [30].
A petri dish with a 90-mm diameter and culture medium
with 18-cc volume (about 3-mm medium height) are used
for evaluations. Since it is impossible to measure the electric
field distribution in the culture medium due to an RTL and
field probe structure, i.e., a field probe cannot be inserted in
a petri dish during exposures, the SAR evaluation is based
on the temperature measurements using a Luxtron 812 two-
channel fiber optic thermometer. The temperatures are mea-
sured at nine points inside a petri dish located at six different
positions inside the RTL along two different circumferences
(see Fig. 6). In other words, three positions of TP1 through
TP3 and TP4 through TP6 are placed on the circumference
of 100 and 150-mm radii, respectively. In each petri dish,
points 6 through 9 represent measurements along the radial
direction of the RTL, points 1 through 5 are measurements
along the perpendicular line, point 6 is the closest point to
the antenna, and point 3 denotes the dish center, as depicted
in Fig. 6(b). A measurement spacing between points for
evaluations are 15 mm. As discussed below, temperatures are
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recorded in 0.5 s intervals using a thermometer to compute the
numerical derivative. Note that all temperature measurements
are conducted after a culture medium inside a petri dish
reaches room temperature (25 °C) using a water circulator
with an incubator door opening to ensure suitable temperature
dynamics required for an appropriate curve fitting. Addition-
ally, a testing jig for temperature measurements is designed,
as shown in Fig. 7. Small plastic attachments are arranged
inside a petri dish to place the thermometer during measure-
ments accurately. Then, SAR can be determined using the
following relation

SAR=C a1 1

o dt |,y )
Here, C and T are the specific heat and temperature of
the culture medium, respectively; ¢ denotes the time during
experiments. Therefore, the ‘% | (o Tepresents the initial tem-
perature slope immediately after the 5G signal is applied. The
temperature slope with respect to time is obtained using the
nonlinear curve fitting based on the analytical expressions
from the one dimensional heat transfer [31].

Two 5G signals are used to measure petri dish SAR. For a
“worst-case’’ signal, all 5G TDD frames in Fig. 4 are used
for downlink transmissions. It corresponds to a maximum
power condition, i.e., a conservative approach based on the
worst-case maximum exposure level. Meanwhile, an actual
“TDD” signal consists of uplink-downlink configurations
with “DDDSU,” as mentioned in Section II-C above. Addi-
tionally, the highest amplifier output of 100 W is applied
during temperature measurements to achieve a high thermal
signal-to-noise ratio [32] to reduce errors caused by numeri-
cal derivatives of a noisy function [33]. Then, average SAR
in each petri dish position is determined using measured tem-
peratures in nine points shown in Fig. 6(b) using (1) [9], [14].

FIGURE 7. Testing jig for temperature measurements to ensure accurate
thermometer placement.

I1l. RESULTS AND DISCUSSIONS
A. RTL REFLECTION COEFFICIENT
Prior to actual construction, the optimization of an RTL
system is conducted using numerical computations. The
simulations and optimizations are performed using the
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FIGURE 8. Simulated S,; at the RTL input port as varying h when o = 47°.
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FIGURE 9. Simulated S;; at the RTL input port as varying « when
h =35 mm.

electromagnetic simulation software of CST Studio Suite
2021 based on the finite-integration technique (FIT). Based
on the relation of the input impedance of a conical antenna
Zin = 5= In[cot (%)] [25], & = 47° is used as an initial basis
for an optimization to ensure an impedance matching to a
50 2 line. Fig. 8 presents the simulated reflection coefficient
(i-e., S11) at the RTL input port as varying the RTL height
h when o = 47°. The reason for a larger reflection losses
of S11 > —10 dB at higher frequency band are due to
the higher-order mode produced in an RTL with increasing
frequency. It can also be observed that this higher-order mode
generation is shifted to lower frequency, i.e., the correspond-
ing cutoff frequency increases as the height 4 decreases. Fig. 9
shows the simulated reflection coefficient (i.e., S;) at the
RTL input port as varying the antenna apex angle o when
h = 35 mm. Broadband characteristics of the RTL can be
clearly seen. Additionally, good solution candidates of an
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FIGURE 11. Temperature dynamics of a culture medium at the dish center

(point 3) on position TP4 for an RTL input power of 100 W with the
“worst-case” signal.

optimal apex angle to provide appropriate matching across
5G 3.5 GHz spectrum bands can be o« = 46°, 44°, and
42°. Fig. 10 shows the measured Sq; profiles when o =
42°, which achieves the best S characteristic among three
candidates during actual measurements for constructions.
An E5272A (Agilent) vector network analyzer is used for
S11 measurements. It can be seen that a reasonable reflection
characteristic across 3.5 GHz bands can be achieved for 5G
exposure experiments.

B. SAR DOSIMETRY

Fig. 11 shows the temperature dynamics of a culture medium
measured at the dish center (i.e., point 3) on test position
TP4 in Fig. 6 for an RTL input power P;, of 100 W (i.e.,
an amplifier output power of 100 W). A fitted temperature
profile based on the analytical model is also shown. Note that
the ““worst-case” signal explained in Section II-E is used for
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FIGURE 12. Temperature difference AT of a culture medium at the dish
center (point 3) on position TP4 with the “worst-case” signal.

TABLE 1. Computed SARs normalized to 1 W and RTL input powers P;,
required for 1 W/kg SAR over nine measurement points on position TP4
with the “worst-case” signal.

Points | Initial slope | SAR per Watt | P;,, for 1 W/kg

[°C/s] [(W/kg)/W] (W]

1 0.03983 1.53 0.654

2 0.05879 2.26 0.443

3 0.06974 2.68 0.373

4 0.07187 2.76 0.362

5 0.04877 1.87 0.534

6 0.04734 1.82 0.550

7 0.04794 1.84 0.543

8 0.04682 1.80 0.556

9 0.15198 5.84 0.171
Average 0.07434 2.86 0.350

TABLE 2. Computed average SARs normalized to 1 W and RTL input
powers P;, required for 1 W/kg SAR over the inner and outer
circumferences with the “worst-case” signal.

Radius Initial slope | SAR per Watt | P;,, for 1 W/kg
[mm] [°Crs] [(Wikg)/W] (W]

100 (Inner) 0.08004 3.07 0.325

150 (Outer) 0.06679 2.57 0.390

measurements. Temperature noise from measurements can
be filtered out through a nonlinear curve fitting, permitting
a reasonable computation of the initial temperature slope.
Fig. 12 shows a temperature difference AT between the
measured and fitted profiles at the same position. A fairly
good agreement between two temperature profiles can be
clearly seen and quantified by about |ATp.x| < 0.2°C.
Table 1 summarizes the computed SARs normalized to 1 W
RTL input power based on the temperature slope determined
and required input powers P;, for the 1 W/kg SAR over nine
measurement points on position TP4. Higher SAR exposure
levels required to study 5G EMF health concerns can be

VOLUME 10, 2022
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FIGURE 13. Simulated and measured SAR profiles; (a) along the
transverse axis; (b) along the longitudinal axis.

fully achieved, which is about 50 times larger than the basic
restrictions for the general public specified in the ICNIRP
guideline [30]. The simulated and measured SAR values are
compared to confirm these measurement results. Note that the
SAR simulations are conducted using the CST Studio Suite
2021, which is the same as that used in S;; simulations (see
Section III-A). Simulated results are obtained at the height
of 1.5 mm from the bottom of a petri dish (i.e., the average
height of an 8-cc culture medium) along the transverse and
longitudinal axes, corresponding to a line passing through
measurement points 1 to 5 and 6 to 9 in Fig. 6(b), respectively.
Fig. 13 shows both SAR profiles, which are normalized to
their respective average SAR for comparison. Despite some
differences due to the uncertainties, overall tendencies are
consistent.

Fig. 14 shows the long-term temperature dynamics for
two different 5G signals of “worst-case” and “TDD” at
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FIGURE 15. Stability of an average output power and water temperature.

the dish center (point 3) on position TP4. Higher temper-
ature rise and corresponding initial slope can be seen with
the “worst-case” signal. This result is consistent with the
thermal transient phenomenon presented in [34], which is
based on the analytical heat transfer and pulse waveforms
of the global system for mobile communications along with
the time-averaged power. Furthermore, the initial temper-
ature slopes computed are 0.06479 and 0.04799 for the
“worst-case”” and “TDD” signal, respectively, correspond-
ing to the ratio of 0.741, which agrees closely with the theo-
retical factor of 0.743 stated in Section II-C. These suggest
that the SAR of an experimental system for 5G exposures
with an input signal possessing an arbitrary TDD technology
duty cycle can be assessed based on temperature measure-
ments using a ‘“‘worst-case” signal and the corresponding
theoretical duty cycle factor. Table 2 presents the average
SARs normalized to 1 W and required P;, for the 1 W/kg
SAR with the “worst-case” signal evaluated over the inner
and outer circumferences, i.e., the radii of 100 and 150 mm
in Fig. 6(a). In other words, SARs are averaged over TP1
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FIGURE 16. Long-term evaluation of an incubator environmental control;
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through TP3 and TP4 through TP6 for the inner and outer
circumferences, respectively. Using the results presented in
Table 2 and the theoretical factor of 0.743, the average SARs
normalized to 1 W with the “TDD”* signal can be obtained as
2.28 and 1.91 (W/kg)/W over the inner and outer circumfer-
ences, respectively. Therefore, the relationship can be derived
for the property of an RTL input power P;, to obtain a given
SAR value as follows:

Pinlimer radius W] = 0.438 x SAR [W/kg],  (2)
Pinlouter radivs [W] = 0.525 x SAR [W/kgl. (3

Therefore, different input powers P, should be applied
according to (2) and (3) to different dish positions during
experiments, even though target exposure SAR levels are
identical.

C. ENVIRONMENTAL CONTROL

Fig. 15 shows the stability of a one-minute average amplifier
output power (see Section II-C) and a water temperature
used for a water circulation (see Section II-B). The power
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fluctuation has a relative standard deviation (RSD) of 1.79%,
indicating that an average output power can be maintained
within an RSD of the maximum of 3% at worst over a longer
period of time. It is also confirmed that a water temperature,
which is quite similar to that of a culture medium temperature
inside a petri dish, is maintained within £0.1 °C around
37.1 °C. A small difference from the stated goal of 37 °C
can be attributed to an RTL air condition and the accuracy
of a thermometer. However, it can easily be compensated by
applying an offset value.

Additionally, a long-term evaluation of an incubator envi-
ronmental control is performed. An incubator air temperature
requires about 50 min to reach a steady-state, as shown in
Fig. 16(a). Small temperature fluctuations of less than 0.1 °C
around 37 °C is also seen after a steady-state. Fig. 16(b)
shows a CO, density inside an incubator. The results show
that the final CO, density after 150 min to approach a
steady-state is stable within the range of 0.1 %, which is
appropriate for cell cultures during 5G exposure experiments.

IV. CONCLUSION

In this study, an in vitro experimental system for 5G 3.5 GHz
exposures is developed based on an RTL. A conical antenna
is placed at the center of an RTL to ensure field symmetries
over petri dish positions. The apex angle « of an antenna is
selected based on the optimization to minimize the reflection
loss. The measured Si; results show that an implemented
RTL can be suitable for 5G exposures across a 3.5 GHz
band. The power control is also implement to maintain an
average output power of an amplifier in order to provide the
accurate SAR values. Additionally, two 5G NR TDD wave-
forms based on the 3GPP frame structures, a ““worst-case”
signal for maximum power and a “TDD” signal for practi-
cal 5G TDD configurations, are used for actual temperature
measurements to evaluate SAR of an in vitro experimental
system. The two measured SARs obtained with the nonlinear
curve fitting achieve a ratio of 0.741, which is consistent
with the theoretical duty cycle of 0.743. This indicates that
an experimental system for 5G exposures can be evaluated
based on temperature SAR measurements using a maximum
“worst-case” signal with the corresponding theoretical duty
cycle of a TDD transmission considered. Overall trends of the
measurement and simulation results also have a good agree-
ment. An average output power, water temperature, incubator
air temperature, and CO; density are also well controlled
for reasonable in vitro 5G experiments. Using an in vitro
experimental system developed, actual 3.5 GHz exposures
will be performed to investigate the possible health effects
of 5G EMF.
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