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Study of SAR Data and Spatial Distribution in a Peace Lily Plant
Model under Different Electromagnetic Exposure Scenarios

Nibedita Mukherjee1, Ardhendu Kundu2, *, and Monojit Mitra3

Abstract—Over the last three decades, the presence of electromagnetic radiation in the open
environment has increased by many folds due to wide utilization of cellular data and voice
communication over multiple wireless communication bands. Thus with the increased utilization of
electromagnetic energy, several global as well as national electromagnetic exposure regulatory norms
have been put in effect across geographical boundaries to safeguard humans from immediate effects
of Radio Frequency radiation. Specific Absorption Rate (SAR) quantification is well established in
literature to measure the rate of electromagnetic energy absorption by living objects (humans as well as
plants) while external microwaves impinge on them. It should also be considered that plants do absorb
fairly reasonable amount of electromagnetic energy mainly from cell tower and Wi-Fi antennas owing
to high permittivity (ε′r) and conductivity (σ) of constituent tissues. However, it is indeed unfortunate
that worldwide there are very limited concerns regarding electromagnetic energy absorptions in plants,
fruits, and flowers — thus, no electromagnetic exposure regulatory guidelines have yet been put in effect
to safeguard plants, crops, fruits, and flowers. Thus, it is absolutely necessary to quantify microwave
energy absorption rates in various fruit, flower, and plant models due to electromagnetic radiations from
different sources. Later on, consequent biological responses in plants along with associated effects on
ecosystem and fruit nutrition value should be investigated. With this motivation, electromagnetic energy
absorption rates, i.e., SAR values along with associated spatial distributions, have been estimated in
this article for a typical Peace Lily (Spathiphyllum wallisii) plant model considering different frequencies
of exposure, directions of plane wave incidence, and polarizations of incident wave. Peace Lily plant
has been chosen for this investigation as it is known for air purifying capability and indoor usage —
furthermore, the plant parts can be easily characterized and modelled for electromagnetic simulations.
Plants are of asymmetric shapes with varied sizes. To represent the typical geometric shape considering
the most practical observation, a three dimensional Peace Lily plant model has been designed using CST
Microwave Studio electromagnetic solver. The model has been exposed to linearly polarized plane waves
at three distinct frequencies (947.50 MHz, 1842.50 MHz, and 2450 MHz) following Indian electromagnetic
exposure regulatory guidelines — these frequencies are used for voice, data or Wi-Fi communications.
Dielectric properties (εr), i.e., permittivity (ε′r) as well as loss tangent (tan δ) of different peace lily
plant tissues, have been characterized over a broad frequency band employing open ended coaxial probe
measurement technique. Measured tissue dielectric properties (εr) have been fitted to the developed
plant model to evaluate SAR data and spatial distributions. At each frequency, significant variations
have been noted in magnitudes and positions of Maximum Local Point SAR (MLP SAR), 1 g averaged
SAR, and 10 g averaged SAR values for six different combinations of direction of arrival and incident
wave polarization. Observations indicate different orders of change in MLP SAR, 1 g averaged SAR, and
10 g averaged SAR values in the plant model even for same combination of frequency of exposure, power
density, direction of arrival (plane wave), and polarization of incident wave. Data reported in this article
can be considered as reference to investigate consequent physiological or molecular responses in plants
and revise electromagnetic exposure regulatory policies to protect plants and the entire ecosystem.
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1. INTRODUCTION

Radio Frequency (RF) electromagnetic energy is being utilized over a number of frequency bands for
uninterrupted wireless connectivity to support voice and data services. It is well known that all living
objects including humans and plants are exposed to electromagnetic radiation. Therefore, it is important
to investigate electromagnetic energy absorption rates in humans as well as plants along with consequent
biological effects. Most human and plant biological tissues possess reasonably high dielectric properties
(εr), i.e., permittivity (ε′r) as well as loss tangent (tan δ) due to the presence of sufficient water and
ion contents [1–7]. Electromagnetic energy absorption rate in human equivalent phantom models has
been quantified in terms of ‘Specific Absorption Rate (SAR)’ over last four decades [8–16]. SAR is
quantified as electromagnetic energy absorption rate per unit mass of biological tissue while an external
RF wave impinges on it and then passes through with reduced strength — in general, it is expressed
as W/kg or mW/g. Furthermore, a number of articles report electromagnetic irradiation induced
biological responses in humans and consequent health effects [17–26]. However to protect the entire
ecosystem adopting a sustainable approach, electromagnetic energy absorption rates and the associated
plant responses should also be probed. In the last decade, SAR data and spatial distributions have also
been investigated for a limited number of fruit and plant models [27–34]. It has been observed that
the SAR values are quite significant in those fruit and plant prototypes. Moreover, plant structures
are asymmetric in nature — hence, SAR values and spatial distributions are expected to alter with
different directions of wave propagation and wave polarizations. Thus, in this article, SAR data and
associated spatial distributions have been reported for a typical Peace Lily plant (Spathiphyllum wallisii)
model. At first, complex dielectric properties (εr), i.e., permittivity (ε′r) as well as loss tangent (tan δ)
data over a broad frequency range, have been measured for Peace Lily flower, leaf as well as stem
specimens employing open ended coaxial probe characterization technique [35–39]. Next, frequency
specific complex tissue dielectric properties (εr) have been fitted to the developed Peace Lily plant model
in CST Microwave Studio (CST MWS) electromagnetic solver for simulations [40]. Once the model has
been analyzed using Time Domain (TD)/transient solver, SAR data along with spatial distributions have
been reported for six distinct combinations of plane wave propagation and incident wave polarization
at three separate frequencies, i.e., 947.50 MHz, 1842.50 MHz, and 2450.00 MHz, respectively — these
frequencies are mainly transmitted for cellular voice, data or Wi-Fi communications. Altogether 72
SAR data have been reported for the designed Peace Lily plant model after 18 simulations as per
existing Indian electromagnetic exposure guidelines [41]. Simulated results demonstrate wide variation
in SAR data due to the change in either direction of propagation or polarization of incident plane
wave (even at a particular frequency of operation). Furthermore, it should be taken into note that the
position of maximum SAR value also changes along with magnitude due to the change in the direction
of propagation or polarization of incident wave [31, 34].

2. EXISTING INDIAN ELECTROMAGNETIC REGULATORY STANDARDS

With the widespread utilization of wireless electromagnetic spectrum, a number of global as well as
national electromagnetic exposure regulatory standards have been prescribed worldwide to protect
humans [41–46]. Among them, electromagnetic standards prescribed by International Commission on
Non-Ionizing Radiation Protection (ICNIRP) and Federal Communications Commission (FCC) have
been adopted widely across geographical boundaries [42, 43]. In addition, a number of countries such as
Switzerland, Russia, Italy, and India have adopted stringent national electromagnetic standards [41, 44–
46]. In India, prescribed electromagnetic regulatory standards (reference power density) have been
made 10 times stricter than ICNIRP standards [41, 42]. It is evident that these international as well as
national electromagnetic regulatory standards indeed lack uniformity in terms of prescribed reference
power density and SAR limits for humans [41–48]. To date, there is no clause in these guidelines in
particular to protect plants, fruits, and flowers from potential effects of electromagnetic radiation. In
this work, the current Indian electromagnetic exposure regulations for general public coverage have
been considered for SAR simulations in the Peace Lily plant model — as, in the current scenario, all
plants are exposed to electromagnetic radiation in accordance with the active Indian electromagnetic
exposure regulatory standards for protecting public. The prescribed reference power density limits for
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Table 1. Power density and electric field as per Indian electromagnetic exposure regulatory
standards [41].

Public electromagnetic exposure

standards in India

Frequency (MHz)

947.50 1842.50 2450

Power density (W/m2) 0.474 0.921 1.00

Peak electric field (V/m) 18.90 26.35 27.46

Indian public coverage and equivalent electric field values are summarized in Table 1 [41].

3. MEASURED DIELECTRIC PROPERTIES AND MATERIAL DENSITIES OF
PEACE LILY SPECIMENS

Permittivity (ε′r) of a material is defined by its capability to store incident electric field energy whereas
electrical conductivity (σ)/loss tangent (tan δ) is associated with the fractional amount of stored energy
that gets converted to heat or any other form. Biological tissues in general possess high permittivity (ε′r)
as well as loss tangent (tan δ) over a broad range of frequency spectrum [5–7, 27–34]. There are several
standard measurement techniques for material dielectric properties (εr) characterization — among them,
the measurement technique employing open ended coaxial probe is the most convenient one for dielectric
properties (εr) characterization of different biological tissues [5–7, 27–39]. Thus the same technique has
been adopted to characterize broadband complex dielectric properties (εr) of Peace Lily specimens.

This particular measurement technique characterizes tissue dielectric properties (εr) by measuring
phase and amplitude of the reflected electromagnetic signal at open end of the coaxial probe where the
probe is firmly positioned on the flat sample surface and immersed inside in the case of a liquid specimen.
The coaxial probe is integrated with a Vector Network Analyzer (VNA) for measuring reflection
coefficient data over broad frequency spectrum. The open ended coaxial probe is modelled with a parallel
combination of two fringing capacitances from inner to outer conductor through biological tissue and
through the intervening dielectric material (Teflon in most cases) along with a radiation conductance
between inner and outer conductors through biological tissue specimen. These parameter values largely
depend upon permittivity (ε′r) as well as conductivity (σ) of biological specimen under test, frequency of
operation, and probe dimensions. Overall input admittance of an open ended coaxial probe is complex
— radiation conductance and fringing capacitance parameters are associated with the permittivity (ε′r)
and conductivity (σ) of complex tissue dielectric properties (εr). Detailed mathematical analyses are
by now available in literature [30, 35–39].

Commercially available 85070E open ended coaxial probe kit and E5071B Vector Network
Analyzer (manufactured by Agilent Technologies) have been utilized to characterize broadband dielectric
properties (εr) of Peace Lily specimens at normal room temperature (refer to Figs. 1(a), (b), and (c)) —
dielectric properties (εr) have been characterized up to a range of 8.5 GHz. The measured permittivity
(ε′r) as well as loss tangent (tan δ) data at 947.50 MHz, 1842.50 MHz, and 2450 MHz are summarized in
Table 2.

Table 2. Measured complex dielectric properties of Peace Lily plant specimens.

Peace Lily Specimen Dielectric Properties
Frequency of Interest

947.50 MHz 1842.50 MHz 2450 MHz

Flower
Permittivity 56.32 53.82 53.64

Loss Tangent 0.297 0.232 0.245

Leaf
Permittivity 29.70 28.20 28.23

Loss Tangent 0.289 0.229 0.230

Stem
Permittivity 25.73 24.30 24.48

Loss Tangent 0.315 0.244 0.251
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(a)

(b) (c)

Figure 1. (a), (b), (c) Dielectric properties test setup for Peace Lily plant specimens.

Material density of Peace Lily flower, leaf, and stem specimens is necessary for SAR computation.
Mass and volume of individual Peace Lily specimens have been calculated using an electronic balance,
a glass beaker, a stone, and a cotton string. Measured densities for Peace Lily flower, leaf, and stem
are 1180, 707.50, and 707.50 kg/m3, respectively.

4. THREE DIMENSIONAL DESIGN OF A TYPICAL PEACE LILY PLANT MODEL
AND SAR SIMULATION SETUP

A typical Peace Lily plant model containing three leaves and one flower along with associated stems
has been designed in CST MWS [40]. Both the leaves and flower petal are fairly thin which have
been modelled considering the most realistic scenario. The final Peace Lily plant model possesses
36.8 g mass in total — the model is illustrated in Fig. 2. In this model, Peace Lily flower, leaves, and
stems have been assigned respective frequency dependent dielectric properties (εr) (i.e., permittivity
(ε′r) as well as loss tangent (tan δ)) along with material densities. In the designed plant prototype, the
leaves are of different sizes whereas the flower is standing vertical — please refer to Fig. 2. Hence,
the entire plant structure is asymmetric. In simulation setup, transient solver has been selected due
to the complex geometrical shape of the plant structure along with lossy low quality factor of plant
tissue layers — thus, a robust meshing has been achieved for the designed plant model. The time
domain/transient solver available in CST MWS was developed using a numerical computation scheme
called Finite Integration Technique (FIT) — this scheme was first developed in 1977 [49, 50]. The plant
model is spatially discretized in hexahedral shape meshes of different sizes. Furthermore, one wavelength
spatial length in biological tissue is divided in 20 segments. In the simulation settings, four Perfectly
Matched Layers (PMLs) have been utilized as the electromagnetic absorbing boundary where separation
from the plant model to absorbing boundary (PML) has been maintained at 0.10 cm. For reaching the
steady state energy criterion, −40 dB inverse transformation accuracy has been selected for observing
the frequency domain characteristics [32–40]. Linearly polarized plane waves at individual frequencies
have been impinged on the Peace Lily plant model with six distinct combinations of direction of wave
propagation and incident wave polarization in six separate simulation runs. Once all six simulations
have been completed at a particular frequency, disparity in spatial coordinate location and magnitude
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Figure 2. A typical Peace Lily plant model designed in CST Microwave Studio.

of maximum SAR data have been noted for the Peace Lily plant model. Point SAR inside a mesh-cell
is estimated employing the formula σ|E|2/2ρ — here, σ, E, and ρ are plant tissue conductivity, peak
value of electric field at the point of SAR calculation, and plant tissue density. IEEE/IEC 62704-1 SAR
averaging technique has been utilized in CST MWS to calculate SAR data [32, 40, 51]. To be specific,
SAR simulations have been performed at three frequencies of interest, i.e., 947.50 MHz, 1842.50 MHz,
and 2450 MHz in accordance with the existing Indian electromagnetic exposure regulatory standards.
In this article, recorded Maximum Local Point SAR (MLP SAR), 1 g averaged SAR, 10 g averaged
SAR, and Whole Body Averaged SAR (WBA SAR) data have been presented at all three frequencies
in Indian scenario [41].

5. SAR DATA AND ANALYSES

Discrepancies in MLP SAR, 1 g SAR, 10 g SAR, and WBA SAR data due to six distinct combinations of
direction of propagation and incident wave polarization have been summarized at all three frequencies
— please refer to Table 3 to Table 5. Maximum SAR values along with respective location coordinates

Table 3. SAR data variation for different directions of arrival and incident wave polarizations at
947.50 MHz.

(W/kg) (W/kg) (W/kg) (W/kg)
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Table 4. SAR data variation for different directions of arrival and incident wave polarizations at
1842.50 MHz.

(W/kg) (W/kg) (W/kg) (W/kg)

Table 5. SAR data variation for different directions of arrival and incident wave polarizations at
2450 MHz.

(W/kg) (W/kg) (W/kg) (W/kg)

at 947.50 MHz, 1842.50 MHz, and 2450 MHz have been summarized in Table 3 to Table 5, respectively.
Furthermore, the tabulated variations in MLP SAR, 1 g SAR, 10 g SAR, and WBA SAR data are
also illustrated in Figs. 4(a) to 4(c), Figs. 5(a) to 5(c), Figs. 6(a) to 6(c), and Fig. 7, respectively.
Plane wave incidence on the Peace Lily plant model, 1 g SAR and 10 g SAR spatial distributions on
three dimensional exterior surface of the prototyped Peace Lily plant are illustrated in Figs. 3(a), 3(b),
and 3(c), respectively. All these SAR distributions are illustrated in particular at 2450 MHz for the
direction of incident wave propagation (plane wave): x = −1 and electric field alteration along the
y-axis. Looking at the spatial SAR distributions, it is important to mention that enhanced charge
accumulation, subsequent localized electric field strength development, and further induced surface
current density together occur around curved regions on both conducting bodies with high conductivity
(σ) and lossy dielectric objects with reasonable conductivity (σ) [32, 52–54]. Therefore, it is observed
that spatial SAR distribution is higher around the curved regions with sudden change in geometry on
the prototyped Peace Lily model.

It is precisely recorded that the magnitude of MLP SAR varies 4.18, 4.46, and 6.36 times (i.e., ratio
of Max MLP SAR to Min MLP SAR), respectively at 947.50 MHz, 1842.50 MHz, and 2450 MHz owing
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(a)

(b) (c)

Figure 3. (a) A linearly polarized plane wave has impinged on the Peace Lily model with Direction
of Propagation (DoP): x = −1 and E field: y axis, (b) corresponding 1 g spatial SAR distribution at
2450 MHz and (c) corresponding 10 g spatial SAR distribution at 2450 MHz.

to six distinct combinations of plane wave direction of arrival and polarization. In this connection, it
is noted from Table 3 to Table 5 and Figs. 4(a) to 4(c) that the maximum (or even the minimum)
evaluated SAR values at individual frequencies do not arise for the same combination of direction of
wave propagation and polarization of incident wave. This observation is similar to earlier reported work
available in literature [31, 34]. The wavelength inside tissue material is different at different frequencies
of operation — hence, the developed electric field distributions are not the same at different frequencies.
SAR value (σ|E|2/2ρ) is straightly dependent on the second power of developed electric field magnitude.
Therefore, either the maximum or the minimum evaluated SAR values at separate frequencies do not
happen to occur for the same combination of propagation direction and wave polarization. Furthermore,
even at a specific frequency of operation, the observed spatial coordinates of MLP SAR, maximum 1 g
SAR, and maximum 10 g SAR do not overlap with each other. In Table 3 to Table 5, Figs. 4(a) to 4(c),
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(a) (b)

(c)

Figure 4. (a) to (c) Contrasts in magnitude and spatial coordinates of MLP SAR for six distinct
combinations of direction of arrival and polarization of incident wave at 947.50 MHz, 1842.50 MHz and
2450 MHz.

(a) (b)

(c)

Figure 5. (a) to (c) Contrasts in magnitude and spatial coordinates of 1 g averaged SAR for six distinct
combinations of direction of arrival and polarization of incident wave at 947.50 MHz, 1842.50 MHz and
2450 MHz.
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(a) (b)

(c)

Figure 6. (a) to (c) Contrasts in magnitude and spatial coordinates of 10 g averaged SAR for six distinct
combinations of direction of arrival and polarization of incident wave at 947.50 MHz, 1842.50 MHz and
2450 MHz.

Figure 7. Discrepancies in magnitude of evaluated WBA SAR data at 947.50 MHz, 1842.50 MHz and
2450 MHz.

Figs. 5(a) to 5(c), Figs. 6(a) to 6(c), and Fig. 7, it is evident that there is a wide variation in spatial
coordinate location and magnitude of MLP SAR, maximum 1 g averaged SAR, maximum 10 g averaged
SAR, and WBA SAR for six distinct combinations of wave propagation direction and polarization at
each of the three frequencies. The magnitude of 1 g averaged SAR varies 4.51, 3.02, and 2.39 times (i.e.,
ratio of Max 1 g averaged SAR to Min 1 g averaged SAR) respectively at 947.50 MHz, 1842.50 MHz, and
2450 MHz for six distinct combinations of direction of wave incidence and polarization. Furthermore,
the magnitude of 10 g averaged SAR varies 2.34, 3.60, and 3.40 times (i.e., ratio of Max 10 g averaged
SAR to Min 10 g averaged SAR) at 947.50 MHz, 1842.50 MHz, and 2450 MHz, respectively. The WBA
SAR varies 6.21, 5.08, and 3.96 folds (i.e., ratio of Max WBA SAR to Min WBA SAR) at the above
mentioned three frequencies (refer to Fig. 7).

The designed Peace Lily plant model consists of different dielectric tissue layers; however, the
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entire Peace Lily plant model is asymmetric in nature. Thus, six distinct combinations of propagation
direction and wave polarization have resulted in 4.18 to 6.36 times alteration in MLP SAR value.
Nevertheless for homogeneous fruit model, this variation can be much lower as reported in recent
literature [34]. Furthermore, in contrast to earlier reported articles in literature [31, 34], variation in
SAR value remains significant even when averaging mass increases. Usually, variation in SAR data in
multilayer plant structure is higher than single layer models because of multiple reflections of plane
wave at dielectric layer interfaces. As a consequence, localized superposition of incident and reflected
waves can result in increased SAR value in multilayer plant model.

Based on the results, it is clear that SAR value significantly varies for the designed Peace Lily plant
model due to different directions of wave propagation and wave polarization — even for a particular
reference power density level at a particular frequency of operation. Therefore, direct adoption of SAR
limit is highly recommended in the revised electromagnetic exposure guidelines — concerned regulatory
organizations should take necessary steps without any further delay. However, it should be noted that
the Peace Lily plant model can also be designed with varied numbers or orientations of leaves and flowers.
As a consequence, the spatial SAR distributions and Max-to-Min SAR ratios can alter to different levels.
Strength of this investigation lies in the fact that almost all plant structures are asymmetric in nature,
and thus, SAR value for any plant structure will vary based on different directions of wave propagation
and wave polarizations. Therefore, the overall observation of SAR data variation for any plant model
is generic and applies to almost all plant structures. Though this investigation has been performed
as per the existing Indian scenario [41], similar SAR data variations will be observed even in other
electromagnetic exposure scenarios [42–46].

6. CONCLUSIONS

Based on the frequency of operation, wave propagation direction of arrival and wave polarization,
the spatial coordinates and magnitude of SAR in the Peace Lily plant model alter considerably. It
is already known that SAR is largely dependent on geometry, orientation of plant parts, relative
positioning of tissue dielectric layers, and plant tissue dielectric properties [27–34]. Furthermore, it
is already a known fact that the permittivity (ε′r) and loss tangent (tan δ) of different plant tissues
change with aging process [55]. Hence, this factor can additionally alter the electric field distribution
and SAR distribution in Peace Lily or other plant model. It is evident that even under exactly the
same prescribed power density limit, actual SAR value can change severely in the plant model based
on the direction of wave incidence and polarization. Thus, the entire SAR estimation in plant and fruit
models cannot be directly correlated to the prescribed reference power density limit. This particular
work has been conducted considering the existing Indian electromagnetic exposure scenario for general
public protection [41]. Nevertheless, different international and national electromagnetic standards do
not share uniformity among themselves, thus required to be harmonized [41–48]. It should be noted
that to date no organization has ever prescribed electromagnetic exposure regulatory guidelines in
particular to protect fruits, flowers, and plants — thus, all SAR data and spatial distributions for
the Peace Lily plant model have been evaluated considering Indian public exposure guidelines [41].
Furthermore with the recent deployment of sub-6 GHz 5G telecommunication infrastructure in India
and worldwide, SAR data can also be evaluated at additional frequencies such as 2100 MHz, 3500 MHz,
and 5200 MHz — considerable variations in highest magnitude and associated spatial coordinates of SAR
data are expected for the Peace Lily plant model at those 5G frequencies (sub-6 GHz) due to variations
in direction of wave propagation and incident wave polarization. In addition, the work can be further
extended to evaluate SAR (or absorbed power density) data at higher frequencies of 5G communication,
i.e., at 26 GHz, 28 GHz, or 39 GHz, etc. To this end, directly adopting the SAR limit for plant and fruit
model seems necessary and recommended in far field considering the overall scenario — else, limiting
the reference power density cannot really ensure a maximum limit on electromagnetic energy absorption
rate in plants. However, judicious SAR limit selection to protect plants and fruits is required based
on further investigations related to electromagnetic exposure mediated plant responses [56–62] — once
finalized, the prescribed SAR limit should not be crossed else plants can suffer from potential biological
effects due to electromagnetic exposure. Thus, electromagnetic irradiation induced physiological (such as
plant growth and chlorophyll concentrations) and molecular responses (stress sensitive gene expressions)
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in Peace Lily and other plants need to be investigated in accordance with Indian as well as other
national or international electromagnetic exposure regulatory standards [41–46] — with reference to
past studies reported in literature [56–62]. In general, the nutrition value of crops and fruits should also
be investigated as they grow under electromagnetic irradiation — the same is associated with human
nutrition intake from plants. However, electromagnetic irradiation evoked plant responses should never
be correlated with radiation hazards on human health — rather, can be sensibly analyzed to enforce
protection for plants, crops, and the entire ecosystem.
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