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With the increasing demand for higher data rates and more reliable service capabilities for 

wireless devices, wireless service providers are facing an unprecedented challenge to 

overcome a global bandwidth shortage. Early global activities on beyond fourth-generation 

(B4G) and fifth-generation (5G) wireless communication systems suggest that millimeter-

wave (mmWave) frequencies are very promising for future wireless communication 

networks due to the massive amount of raw bandwidth and potential multigigabit-per-second 

(Gb/s) data rates [1]–[3]. Both industry and academia have begun the exploration of the 

untapped mmWave frequency spectrum for future broadband mobile communication 

networks. In April 2014, the Brooklyn 5G Summit [4], sponsored by Nokia and the New 

York University (NYU) WIRELESS research center, drew global attention to mmWave 

communications and channel modeling. In July 2014, the IEEE 802.11 next-generation 60-

GHz study group was formed to increase the data rates to over 20 Gb/s in the unlicensed 60-

GHz frequency band while maintaining backward compatibility with the emerging IEEE 

802.11ad wireless local area network (WLAN) standard [5].
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The increasing investigations of mmWave applications and technologies have stimulated 

interest in, as well as concerns about, biological safety at mmWave frequencies. Biological 

study of mmWaves is needed to ensure safety and to enhance our fundamental 

understanding of the interactions of mmWave systems with the human body. Moreover, 

from a safety point of view, research on mmWave biological effects is also necessary for 

accurately evaluating the potential health hazards related to mmWave exposure and for 

developing and updating safety standards for the mmWave regime. It is important to note 

that many governments presently rely on regulations that were developed before the year 

2000, well before the rapid growth of wireless communications and low-cost mmWave 

devices. Thus, new approaches and additional data are needed to mitigate any unnecessary 

anxiety of the general public as new mmWave technologies evolve, while ensuring the safe 

use of future mmWave systems and devices.

Most of this article is dedicated to discussions of the well-accepted and well-understood 

thermal heating of tissues. At mmWave frequencies, this pertains primarily to the skin and 

eyes as the small penetration depths prohibit propagation of energy further into the body. 

Although the presence of various nonthermal effects has been reported, discussed, disputed, 

and refuted for decades even at mmWave frequencies [6]–[8], the IEEE International 

Committee on Electromagnetic Safety states that for frequencies from 3 kHz to 300 GHz: “a 

review of the extensive literature on radio-frequency (RF) biological effects, consisting of 

well over 1,300 primary peer-reviewed publications published as early as 1950, reveals no 

adverse health effects that are not thermally related” and “no reproducible low-level 

(nonthermal) effect that would occur even under extreme environmental exposures...harmful 

effects are and will be due to excessive absorption of energy, resulting in heating that can 

result in a detrimentally elevated temperature,” such that at radiation levels low enough to 

avoid excessive heating it should be harmless [9], [10]. The use of low-level (less than 

1μW/cm2) radiation in mmWave airport security scanners throughout the world on 

thousands of travelers is performed daily under the widely accepted view that the only 
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potential direct biological effect of the nonionizing radiation in this band is heating [11]. On 

the extreme of high-intensity human exposures, the U.S. government has investigated the 

use of very strong mmWave beams to cause heating of skin for the potential purpose of non-

lethal crowd control and observed only effects that can be explained by thermal mechanisms 

[12].

Nonetheless, given the importance of this topic to the wireless industry, we present this 

literature survey representing the most recent available results related to the biological 

effects of mmWave exposure, from the well-understood and well-accepted effects of 

thermal heating to recent reports of nonthermal effects and the attempt to motivate further 

discussion and research for appropriate emission standards.

Fundamentals of mmWave Radiation

Nonionizing Characteristic of mmWave Radiation

The mmWave band is the part of the RF spectrum between 30 and 300 GHz that 

corresponds to a free space wavelength ranging from 10 to 1 mm.

While electromagnetic energy in this regime is often described in terms of traveling waves 

[13], it can also be described as having a particle-like nature [14]. These particle-like 

components of electromagnetic waves are called “photons.” Each photon has an energy level 

given by [14]

(1)

where h is Planck's constant (h = 6.626 × 10−34 J · s or 4.135×10−15 eV · s), c is the speed of 

light (3×108 m/s), and λ is the wavelength (m) of the radiated signal. The photon energy of 

mmWaves ranges from 0.1 to 1.2 meV. Unlike ionizing radiation (ultraviolet, X-ray, and 

gamma radiation), which has been linked to cancer due to the displacement of electrons 

during exposure [15], mmWave radiation is nonionizing because the photon energy is not 

nearly sufficient to remove an electron from an atom or a molecule (typically 12 eV is 

required) [17]. Thus, at mmWave frequencies, the photon energy is more than four orders of 

magnitude weaker than ionizing radiation and is thus not capable of displacing electrons, 

which disrupts molecular bonds; this disruption is linked to cancer [15]. Instead, heating is 

the major biological effect caused by the absorption of electromagnetic mmWave energy by 

tissues, cells, and biological fluids. For example, in the spectrum of energy emitted by the 

sun, it is the ultraviolet light (with shorter wavelengths and higher energy photons than 

visible light) that is associated with skin cancer, while the energy emitted with longer 

wavelengths and lower-energy photons than visible light (including the infrared energy) is 

associated only with warmth in terms of biological effects. Communication systems must 

comply with government exposure guidelines, such as [16] and [17], to prevent any adverse 

health effects related to these thermal effects. If any nonthermal bioeffects related to 

mmWave radiation are determined conclusively to be harmful to the human body, they 

should be considered and carefully studied for any update of future mmWave radiation 

guidelines.
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Dosimetric Quantities to Measure RF Exposure

When measuring the intensity and effects of RF exposure, three major dosimetric quantities 

are commonly studied [9], [10]: the specific absorption rate (SAR), plane-wave equivalent 

power density, and the steady-state and/or transient temperature.

SAR

The SAR is a quantitative measure of RF power absorbed in a living body. It is a function of 

the distributions of the electric field and tissue properties (mass density and conductivity) 

throughout the exposed tissue [10]

(2)

where Pdiss (W) is the radiation power dissipated in the tissue, m is the tissue mass (kg) 

under exposure, σ is the conductivity [in Siemens/meter (S/m)] of the tissue, ρ is the tissue 

mass density (kg/m3), and E is the root mean square (rms) value of the electric-field strength 

(V/m) dissipated in the tissue. The international system of units (SI) of SAR is Watts per 

kilogram, thus indicating that SAR represents a power level per body mass (e.g., power is 

dissipated throughout a volume of tissue). Note that in (2), E, σ, and ρ are all functions of 

the position within the tissue under exposure. For example, the SAR at the surface of the 

exposed tissue will be different from the SAR deep within the tissue [18], as shown in the 

“mmWave Effects on Skin” section. In an unperfused homogenous material initially at 

equilibrium with the environment, just after exposure to SAR (t→0), is initiated such that 

thermal conduction has not begun to have a significant effect

(3)

where c is the specific heat capacity (J/kg/°C) of the tissue, ΔT is the change in temperature 

(°C) within the tissue, and Δt is the duration of exposure (s). The relationship between SAR 

and temperature in more realistic representations of living tissue will be discussed later.

Plane-Wave Equivalent Power Density

In the far field of a transmitting antenna, where the electric-field vector, the magnetic-field 

vector, and the direction of propagation can be considered to be mutually orthogonal (plane-

wave condition), the power density (PD) can be written as follows [10], [19]:

(4)

where Ei (V/m) and Hi (A/m) are the rms values of the electric- and magnetic-field strengths 

incident on the surface of the tissue, and η is the wave impedance (377 Ω in free space). The 

SI unit of PD is watts per square meter. Note that this is a power per surface area metric.

In the near field of a transmitting antenna, the term “far-field equivalent” or “plane-wave 

equivalent” PD is often used to indicate a quantity calculated using the near-field values of 
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Ei (V/m) or Hi (A/m) “as if they were obtained in the far field” [20]. In the near field of an 

antenna, however, the ratio of E to H, and thus even the impedance of free space, η, are 

functions of position and are different than in the far field. Because mmWave handheld 

devices with dozens of antennas used close to the head or face will result in near-field, not 

far-field, radiation, caution is warranted in applying existing regulatory guidelines in 

evaluating the safety of evolving handsets (discussed further in the “Standards for mmWave 

Exposures” section).

The expression for the PD radiated by a transmit antenna at a far-field distance d is

(5)

where Gt is the transmit antenna gain in linear scale, Pt (W) is the total power fed into the 

antenna, and d (m) is the distance from the radiation source. Note that the far-field distance 

(Fraunhofer distance) for a directional mmWave antenna is determined by the largest 

dimension of the antenna (D) and the wavelength (λ) where the far-field assumption is 

accurate for distances greater than dfar_field = 2D2 / λ [19]. Unlike evaluations of SAR or 

temperature, evaluations based on PD do not rely on knowledge of the distribution of fields 

or power absorption in the tissues but only on the density of power traveling toward the 

tissue. Hence, PD is not likely to be as useful as SAR or temperature for assessing safety in 

mmWave devices, especially in the near field.

Steady-State and/or Transient Temperature

Steady-state and/or transient temperature of the tissues/samples under study is particularly 

important in evaluating the effect of medium- and high-power radiation, where skin can be 

heated rapidly. The main deleterious effect of electromagnetic energy absorption is heating 

at both microwave and mmWave frequencies. Cases of accidental overexposure have been 

reported in the literature from faulty microwave ovens operating at 2,450 MHz [21], [22]. In 

controlled exposures to very high-power (PD on the order of 10,000 W/m2 at 95 GHz with 

exposures of only a few seconds) mmWave-based nonlethal crowd control technology, over 

11,000 exposures resulted in only eight second-degree burns. In all of these cases, the 

subjects recovered fully [12]. Even at these high exposure levels, it was expected that the 

human reflex reaction would shield the eyes from damage and that no long-term or 

carcinogenic effects would be seen [12]. Skin depth (corresponding to 1/e2 or 13.5% of the 

PD transmitted across the skin surface) is well understood to decrease with the increase of 

radiation frequencies [13]. For ultrahigh frequency (UHF)/microwave frequencies and 

below, heating due to RF radiation goes deeper into the tissue. However, at mmWave 

frequencies, most of the energy is absorbed within the first few millimeters of human skin, 

for example, 0.41 mm at 42.25 GHz [23]. Thus, thermal injury due to overexposure of 

mmWave is expected to produce superficial burns like those produced when a person 

touches hot objects or flames. In other words, mmWave-induced burns will likely generate 

blistering and local inflammatory responses that are similar to conventional burns rather 

than the deep tissue thermal injury characteristic of overexposure at microwave frequencies.
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Humans can detect a sense of warmth on the skin due to mmWave-induced temperature 

elevations of less than 0.1 °C [24], but as discussed in the “Standards for mmWave 

Exposures” section, temperature changes in the skin in excess of 1 °C are viewed to be safe 

[25]–[28]. The normal temperature of the outer surface of the skin is typically 30–35 °C or a 

few degrees lower than core body temperature (typically 37 °C). The threshold for pain 

detection by humans is 43–45 °C. Various levels of thermal injuries may occur above 45 °C 

for different temporal durations, as detailed in [27], or for a recent model for damage 

gaining acceptance in the hyperthermia and ablation community [28], above 43 °C 

depending on the duration.

Standards for mmWave Exposures

Global Exposure Limits

To protect humans against established adverse health effects, mmWave radiation should 

comply with safety standards. Five different governmental RF far-field PD exposure limits 

for whole-body exposure (where the incident power is averaged over the whole body) for 

the general public are listed in Table 1. It can be seen that the exposure limits in Russia, 

China, Switzerland, and Italy are two orders of magnitude lower than those in the United 

States and most Western European countries. These exposure limits are developed either 

from science-based or precautionary reasoning, as shown in Table 1 and discussed in [29] 

and [30].

Science-based limits were based on studies that identified potentially hazardous effects, 

mostly through tests with animals and humans. The exposure guidelines used in the United 

Stated [the U.S. Federal Communications Commission (FCC)], most European countries 

[the International Commission on Non-Ionizing Radiation Protection (ICNIRP)], Russia, 

and China are developed based on science-based reasoning. The exposure guidelines 

developed by the FCC and ICNIRP, principally designed to protect against adverse thermal 

effects, were largely based on studies of short-term exposures to animals at high power 

levels, as clearly pointed out in the extensive documentation of the standards [16] and [17]. 

However, Russian and Chinese limits are well below any thermally significant levels. These 

limits imply that long-term exposure at levels below FCC and ICNIRP limits may result in 

adverse nonthermal health effects. One can speculate that these more conservative 

regulations stem from nonspecific health problems (such as headaches, fatigue, irritability, 

sleep disorders, and dizziness) that were reported in the medical literature from Russia and 

China based on low-level exposure studies [31]. However, many of those studies lacked 

basic information, such as the frequency and intensity of exposure, and the diagnostic 

criteria is vague; thus, these studies cannot be carefully evaluated or relied on by other 

researchers.

The precautionary limits adopted by Switzerland and Italy were set at the lowest levels that 

were technically and economically feasible to address public concern about the potential 

adverse effects of broadcast transmitters and wireless base stations in the early 2000s. They 

were “specifically intended to minimize the yet unknown risks” [30] of RF electromagnetic 

fields (EMFs). Although the precautionary limits of Switzerland and Italy are greater than 

RF exposure levels resulting from typical wireless base station antennas mounted at 
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conventional heights on towers (see the last entry in Table 1), these guidelines make it 

difficult to locate base station antennas on apartment buildings and other low structures near 

people. Interestingly, the Swiss limits do not apply to wireless handsets, which expose the 

user to a far higher level of RF energy than wireless base stations and also provide 

exemptions for medical or industrial exposures.

The harmonization of RF exposure limits around the world has long been desired among 

standards-setting committees. The importance of harmonization lies in that it can provide a 

consistent set of validated and approved exposure limits to protect all people worldwide. 

Also, harmonization makes it easier for the wireless industry to serve a worldwide market. 

Moreover, it can help reduce the political controversy or public fear that is sometimes 

irrationally applied to RF radiation. Harmonization is one major goal of the World Health 

Organization's EMF Project [37]. Currently, 54 participating countries and eight 

international organizations are involved in the international EMF Project, providing a unique 

opportunity to bring countries together to harmonize EMF standards, which can provide the 

same level of health protection to all people. However, given the large existing differences 

among the different standards around the world, harmonization will not be easy to 

accomplish. Further reliable and repeatable research on the health effects and suitable 

exposure thresholds may be needed to reach an agreement among researchers in different 

countries and to uniformly address public concerns about the safety of RF radiation within 

exposure guidelines.

FCC and ICNIRP Guidelines

Two of the most popular sets of standards are reviewed in this section: the FCC standards 

[16] that are used in the United States and the ICNIRP standards [17] that are used in most 

European countries. These two standards, while about 20 years old, are widely used and 

have involved a great deal of animal research throughout their development.

The FCC and ICNIRP standards are designed principally to protect against thermal hazards 

since ionizing radiation is not a concern at mmWave frequencies, as shown in the 

“Fundamentals of mmWave Radiation” section. An SAR value of 4 W/kg, averaged 

temporally and spatially over the whole body, was recognized as the key working threshold 

for harmful biological effects in humans. Two critical experiments, called the behavior-

disruption experiments, by de Lorge et al. [25], [26] in the 1980s contributed to this 

fundamental whole-body SAR threshold that is found in the present RF radiation standards. 

In these two experiments, de Lorge et al. trained rats and monkeys on an auditory observing-

response task and exposed these animals to RF radiation during their performance. The 

conclusion from these experiments was that “disruption of behavior occurred when an 

animal was exposed at an SAR of approximately 4 W/kg, and disruption occurred after 30–

60 min of exposure and when body temperature increased by 1 °C” [26]. By a careful and 

extensive review of the biological, engineering, and scientific literature, the 4 W/kg whole-

body SAR level is recognized as a working threshold for when RF energy begins to induce 

undesired biological effects on humans [10]. Certain safety margins have been applied to the 

fundamental 4 W/kg SAR when establishing today's RF radiation guidelines for humans. 

The FCC's radiation restrictions between 100 kHz and 6 GHz use a safety factor of ten to 
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obtain a whole-body average (the incident power is averaged over the whole body) SAR 

level of 0.4 W/kg for occupational exposure. An additional safety factor of five is introduced 

further for exposure to the general public, giving an average whole-body SAR limit of 0.08 

W/kg.

As mentioned in (2), for a given exposure, the SAR distribution differs from point to point 

in the human body. It is generally accepted that the maximal localized SAR could be as high 

as 20 times the whole-body-averaged SAR [38]. Thus, an SAR level of 1.6 W/kg (20 × 0.08) 

in 1 g of tissue (1-g SAR) in the head and trunk, and 4 W/kg in 10 g of tissue in limbs (10-g 

SAR) are adopted as the localized SAR limitations for the general public.

The ICNIRP guidelines are similar to those of the FCC, with a few exceptions. The 

maximum localized SAR limitation of the ICNIRP guidelines is chosen to be 2 W/kg in any 

10 g of tissue in the head and trunk and 4 W/kg in any 10 g of tissue in the limbs over 6 min 

of exposure for frequencies up to 10 GHz for the general public. Aside from the numerical 

difference between the acceptable SAR in the United States and Europe (1.6 or 2 W/kg, as 

shown in Table 2), the tissue mass used to define the SAR in these two standards (the 1 g for 

1.6 W/kg approach by the FCC versus 10 g for 2 W/kg by the ICNIRP), both for the head 

and trunk for the general public, is also different.

It should be evident that 1-g SAR provides a finer resolution and thus offers a more 

conservative restriction on the actual energy allowed to be distributed in the tissue. Since a 

cell phone emits radiation next to a user's body, such as the head, the radiation is 

nonuniform and varies from one location to another, and this radiation variability will be 

further exacerbated with directional steerable antennas and phased arrays such as those 

described in [39] and [40]. An average mass as large as 10 g would tend to smooth out the 

SAR distributions and would probably lower the numerical SAR value by a factor of two or 

more compared with a 1-g SAR. Moreover, the spherically shaped human eye has a total 

mass of about 10 g, and thus, the use of a 10-g average mass will completely ignore the 

variation of SAR distribution throughout the eyeball. The 1-g SAR is a more meaningful 

measure of localized RF radiation absorption and a more biologically significant measure of 

SAR distribution inside the head or trunk at high frequencies [38]. However, at mmWave 

frequencies, where most of the energy is absorbed in the few outer millimeters of tissue, 

even a 1-g averaging volume can seem large.

At mmWave frequencies, as discussed in the “Fundamentals of mmWave Radiation” section 

(and analyzed in the “mmWave Effects on Skin” section), energy absorption becomes 

increasingly confined to the surface layers of the skin, and the heating effect is directly 

related to the incident PD. The PD, and not the SAR, is therefore used currently as a basic 

restriction in the mmWave exposure guidelines. In other words, the exposure restrictions 

change from SAR levels to PD levels when moving to higher frequencies (above 6 or 10 

GHz, depending on whether the FCC or ICNIRP guidelines are used). Thus, the restrictions 

move from evaluating the volumetric energy distribution (SAR, below 6 or 10 GHz) to 

planar energy distribution (PD, above 6 or 10 GHz). The FCC guidelines adopt the 

maximum permissible exposure limits from 0.3 MHz to 100 GHz, for electric- and 

magnetic-field strength and PD restrictions, derived from those recommended by American 
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National Standards Institute/IEEE C95.1-1992 [9] and the National Council on Radiation 

Protection (1986) [41]. The ICNIRP guidelines provide reference levels for electric- and 

magnetic-field strength and PD from 10 MHz to 300 GHz.

Figure 1 compares the FCC and ICNIRP PD restrictions due to electromagnetic wave 

exposure from 10 MHz to 100 GHz. From frequencies between 10 and 30 MHz, the FCC 

guidelines are much more restrictive than the ICNIRP guidelines. Moreover, the ramp-up 

from 10 to 50 W/m2 takes place at 300 MHz for the ICNIRP guidelines and 400 MHz for 

the FCC guidelines. For frequencies from 30 to 300 MHz and frequencies greater than 2 

GHz, the two standards are identical. The most stringent requirements are from 30 to 300 

MHz because the human body absorbs energy very efficiently in that range. Interestingly, 

the FCC and ICNIRP PD restrictions harmonize at the mmWave bands. For far-field 

exposures where the electric field is uniformly distributed over the human body, the PD 

should not exceed 10 W/m2 (1 mW/cm2) for the general public and 50 W/m2 (5 mW/cm2) 

for the occupational groups. It should be noted that the spatial maximum power densities 

averaged over 1 cm2 should not exceed 20 mW/cm2 for the general public and 100 mW/cm2 

for occupation workers. Such exposure conditions may correspond to some near-field 

scenarios [42], [43], where antennas may be placed directly on the body or integrated into 

garments. However, the FCC and ICNIRP regulations do not provide a dosimetric quantity 

for near-field mmWave exposure, perhaps because mmWave products, such as wireless high 

definition (wirelessHD), wireless gigabit (WiGig), WLAN, or mmWave cell phones did not 

exist at the time [1]–[3]. In the “Modern mmWave Example Suggesting Temperature-Based 

Compliance” section, we provide an example of a temperature-based evaluation for safety of 

exposure to mmWave radiation in the far field from a modern mmWave transmitting device.

Biological studies under mmWave frequencies are sparse relative to the research conducted 

at UHF/microwave frequencies. Additional studies on the potential biological effects of 

mmWave radiation may be needed to ensure that the guidelines are modified to be 

appropriate and scientifically valid for emerging mmWave broadband wireless 

communication systems, in particular, where adaptive, directional high-gain antennas are 

used in consumer devices located in close proximity to human tissues.

Challenge of Ensuring Compliance of Modern mmWave Devices with Existing Exposure 
Guidelines

In light of the FCC and ICNIRP exposure guidelines given in the “FCC and ICNIRP 

Guidelines” section, we now consider how the compliance of new mmWave devices should 

be determined and whether the current exposure guidelines are appropriate. We believe that 

they are not, as we will now discuss. The FCC regulations provide a supplemental document 

to describe the compliance evaluation process [44]. The criteria used for different exposure 

scenarios are listed in Table 3. At frequencies below 6 GHz for a radiation source operating 

close to the human body (a distance of less than 20 cm), such as a cell phone, the FCC 

instructs that an SAR evaluation should be performed to evaluate compliance. At 

frequencies below 6 GHz for a radiation source far from the human body, such as a base 

station, PD evaluation should be performed to evaluate compliance. As discussed in [44], 

since SAR limits do not apply for devices above 6 GHz, PD should be used for the 
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evaluation of any device above 6 GHz according to the FCC guidelines. It should be noted 

that at shorter wavelengths above 6 GHz, instead of the usually recommended 20-cm 

measurement distance for lower frequencies listed in Table 3, reliable PD measurements can 

normally be made 5 cm or more from the transmitter. However, if a device normally 

operates at distances closer than 5 cm from the human body, [44] advises that PD must be 

computed using numerical modeling techniques, such as the finite-difference time domain 

(FDTD) or finite element method (FEM), to determine compliance. Thus, for an mmWave 

wireless device operating in direct contact or very close to the human body (less than 5 cm), 

the evaluation of compliance with PD limits will be complicated by the definition of PD in 

the near field of complex antennas of arbitrary geometry and orientation within a close 

vicinity of the highly reflective tissue boundary, and the results may vary depending on the 

methods chosen between different parties conducting compliance evaluations.

Modern mmWave Example Suggesting Temperature-Based Compliance

For an example of future mmWave devices that could soon be used in handheld products, 

consider a 60-GHz complementary metal–oxide–semiconductor (CMOS) phased-array 

transceiver for multi-Gb/s wireless communication implemented on a single chip [39], [40] 

using a 32-element phased array transmitting antenna located on a circuit board next to the 

chip. It is reasonable to assume that the largest dimension of such a 60-GHz WLAN antenna 

array is D ≈ 10 mm. Thus, in this example, the far-field distance (Fraunhofer distance 

dfar_field = 2D2 / λ) is 4 cm. If the output power of this transceiver is 100 mW and has an 

antenna gain of 10 dB, then for a person located 1 m away from the source, the peak PD 

level at the skin surface given by (5) would be 0.008 mW/cm2. If the distance decreases to 

10 cm, which is still in the far field, the radiation level would be 0.8 mW/cm2.

Using the body permittivity model and (8) described in the “Millimeter-Wave Effects on 

Skin“ section, the peak local (unaveraged) SAR level for this example would be 0.22 and 22 

W/kg at the human skin for distances of 1 m and 10 cm from the transmitter, respectively. It 

is important to note that because the penetration depth (skin depth) is very shallow at 60 

GHz, these peak SAR values (0.22 and 22 W/kg) are much greater than the SAR values that 

would occur at microwave frequencies (e.g., 0.004 and 0.4 W/kg if the same transmitter 

operated at 2 GHz). However, the relative steady-state temperature increment for an FCC-

allowable incident PD of 1 mW/cm2 (which is higher than the PD level of 0.008 mW/cm2 at 

1 m and 0.8 mW/cm2 at 10 cm for this example) shown in Table 1 at 60 GHz is only 0.1 °C 

[42], much lower than the temperature variation of the environment. Thus, it is reasonable to 

expect that no adverse thermal effects need to be considered in this example. Also, we can 

see from this example that, although the peak SAR on the human surface appears to be very 

high for this 60-GHz example, the temperature elevation is quite low and well within 

thermal safety levels, thus confirming that the SAR limits are not appropriate to be used at 

mmWave frequencies. Although thermal effects are negligible at such a low intensity, 

further studies are needed to investigate the possible nonthermal bioeffects induced by low-

intensity mmWave radiations.

In the example, the distances between the individual and mmWave device are 1 m or 10 cm, 

well within the far field for many mmWave portable devices [40]. However, if the 
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separation distance is less than 4 cm under normal use, the tissue will be exposed to near-

field radiation and (4) can no longer be used. In this situation, numerical simulation 

methods, such as FDTD or FEM, can be used to evaluate exposure to electromagnetic 

energy and the resulting temperature increase [18]. These methods are used routinely in 

safety evaluations for communication devices at lower frequencies but are not yet widely 

established at mmWave frequencies, where wavelengths and skin depths are much smaller 

than the dimensions of the human subject and where adaptive phased array antennas will be 

used [40]. Therefore, we suggest that performing temperature elevation measurements for 

the compliance evaluation of mmWave wireless devices operating very close to the human 

body may be more meaningful and useful to assure the safety of devices introduced into the 

marketplace as well as to validate numerical simulations at these frequencies. Simulations 

and measurements of temperature and temperature increase in the near field of mmWave 

devices should be more valuable than estimates of PD alone since temperature elevation has 

a more straightforward relationship with thermal safety than PD.

mmWave Effects on Eyes

Among human tissues, the eyes are particularly vulnerable to mmWave radiation-induced 

heating as they are located on the surface of the body. Unlike other parts of the body, such 

as the hands and arms, which allow heat to be easily dissipated due to blood flow, the eyes 

lack sufficient blood flow to redistribute the generated heat. Thus, care should be taken to 

prevent unsafe overexposure of the eyes.

Several previous studies have investigated ocular injuries caused by mmWave exposure (see 

Table 4). Studies performed in nonhuman primates showed that 60-GHz mmWave radiation 

at 10 mW/cm2 for 8 h demonstrated no ocular damage [45], thus validating the view that 

mmWave radiation under the PD restrictions listed in Table 1 causes no ocular damage. 

Chalfin et al. [46] indicated that corneal damage in the primates’ eyes caused by 35-GHz 

mmWave exposures at 2 W/cm2 for 1.5–5 s healed within 24 h. Rosenthal et al. [47] 

reported that 35- or 107-GHz mmWave exposures at 50 mW/cm2 for 15–80 min induced 

both epithelial damage and stromal edema in the cornea of rabbit eyes, although they began 

to recover the next day. Kojima et al. [48] showed that corneal edema and corneal 

desiccation were found after high-intensity exposure of rabbit eyes at 60 GHz (1,898 

mW/cm2, 6 min). It can be seen that the adverse effects of mmWave exposure on eyes are 

dependent on the intensity and duration of the exposure. Numerical models of heat transfer 

in rabbit eyes, nonhuman primate eyes, and human eyes have been published that allow for 

the evaluation of the temperature distribution of eyes resulting from mmWave exposure 

[49]–[52]. While levels and durations of far-field radiation in the mmWave band that are 

hazardous to the eyes have been fairly well characterized, depending on the determination of 

near-field exposures and the resulting temperature increase from specific mmWave devices, 

further experiments to definitively demonstrate safety on a case-by-case basis may be 

prudent.

Wu et al. Page 11

IEEE Microw Mag. Author manuscript; available in PMC 2015 November 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mmWave Effects on Skin

Dielectric Properties of the Skin

Human skin consists of two primary layers: an outer epidermis and an underlying dermis. 

The thickness of the human epidermis and dermis varies in the range of 0.06–0.1 and 1.2–

2.8 mm, respectively. The surface layer of the epidermis is called the “stratum corneum” 

with a thickness of 0.012–0.018 mm. The stratum corneum has low water content (15–40%), 

and the total water concentration in the rest of the epidermis and dermis is 70–80%. Since 

mmWave energy is attenuated very rapidly in moist aqueous tissue, this high water content 

leads to high absorption coefficients of mmWave electromagnetic energy in the tissue. Thus, 

mmWave energy penetrates the stratum corneum easily but is rapidly absorbed within the 

deeper epidermis and dermis and does not propagate further into the body [42], [53].

The dielectric properties of skin are characterized from measurements of its relative 

complex permittivity

where

where σ is the conductivity of the material measured in Siemens/meter and ε0 is the 

permittivity of free space given by 8.85 × 10−12 F/m.

Existing measured data of skin permittivity is rare in the mmWave band compared with 

frequencies below 20 GHz due to technical limitations, such as availability of vector 

network analyzers, in the mmWave frequency range. Gabriel et al. [54]–[56] and Gandhi 

and Riazi [57] presented complex permittivity of human skin for the mmWave band based 

on extrapolation of experimental data at microwave frequencies, and they developed models 

in terms of four-term Cole–Cole dispersion and single Debye dispersion, respectively. 

Alabaster [58] measured the complex permittivity of an ex vivo sample of human skin over 

the mmWave band from 60 to 100 GHz using a quasi-optical method. The measured results 

were compared with predictions from Gabriel's model. The results showed a consistently 

higher real part of the permittivity than the predicted values, although the imaginary values 

were in reasonable agreement. Alekseev and Ziskin (in vivo) [53], Hwang et al. (in vivo, 

epidermis only) [59], and Chahat et al. (in vivo) [60] also conducted direct measurements at 

mmWave frequencies characterizing the complex permittivity of human skin and proposed 

broadband Debye and Cole–Cole models based on their measurement results. The Debye 

and Cole–Cole models are summarized in Table 5, where τ is the relaxation time (in dipolar 

relaxation mechanisms, related to the time required for a single molecular dipole in the 

tissue to reach equilibrium with the application or removal of an applied field), ω is the 

angular frequency, ε∞ is the permittivity at frequencies where ωτ > > 1, εs is the 

permittivity at frequencies where ωτ < < 1, α denotes the spread in relaxation time, ε0 = 8.85 
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× 10−12 F/m is the permittivity of free space, σs (S/m) is the static skin ionic conductivity 

(ionic conductivity relates to how well a material conducts electricity), and Δεs = εs – ε∞. 

The skin permittivity parameters in Debye and Cole–Cole models measured by the 

previously mentioned researchers are summarized in Tables 6 and 7.

Figures 2 and 3 show the relative permittivity and conductivity of the skin derived from the 

skin model parameters listed in Tables 6 and 7. From 10 to 100 GHz, the relative 

permittivity of skin decreases with the increase of frequency, whereas the conductivity of 

the skin increases with the increase of frequency. From the studies by Alekseev and Ziskin 

[53] and Chahat et al. [60] on the palms and wrists/forearms, we see that the conductivity of 

the human palm is lower (and thus will absorb less power), which stems from the fact that 

the outer skin layer with the lowest water content is thicker at the palm than at the wrist and 

forearm. Moreover, the predicted results of Alekseev's forearm model agree well with those 

of Gabriel's skin model. However, when comparing the relative permittivity of Alekseev's 

and Chahat's forearm (or palm) models, the discrepancy is greater than 20%, as shown in 

Figure 2. The discrepancies between these studies, as shown in Figures 2 and 3, may be 

related to the intrinsic differences of measurement methods and may possibly be due to the 

variations of sample types, such as the skin temperature and thickness of different skin 

layers. It must be noted that many scientific papers make use of the dielectric properties 

provided by Gabriel et al. at frequencies below 100 GHz, and these data have become 

widely available through some online databases [61], [62]. However, these data have natural 

variability in the structure and composition of the biological tissues [55]. Due to the 

importance of accurate dielectric permittivity for the research of mmWave interactions with 

the human body, further measurements of different body sites and different human subjects 

are warranted to characterize the variability and distribution of properties for the 

development of accurate models.

Reflection and Transmission in the Skin

Since wavelengths in the mmWave band are very small (1–10 mm) compared with the 

dimensions of the human body, it is reasonable to model the human skin as a semi-infinite 

flat surface considering a plane-wave at the mmWave band illuminating the skin surface. 

Thus, the reflection coefficients for the components of an arbitrary wavefront having parallel 

polarization (the E-field is parallel to the surface of the skin at any angle of incidence) and 

perpendicular polarization (the E-field is increasingly perpendicular to the surface of the 

skin with the increasing angle of incidence) at the boundary of air and skin are given by [19]

(6)

(7)
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where θi is the angle between the direction of the mmWave incident on the skin surface and 

a line perpendicular to the skin surface. The power reflection coefficient and power 

transmission coefficient are  (or ) and  (or ), respectively.

Figure 4 shows the power reflection coefficients at the air and skin interface at 60 GHz for 

parallel and perpendicular polarized components using the various skin model parameters 

listed in Tables 6 and 7. The results show that at 60 GHz, 30–40% of the incident power is 

reflected at the skin surface. At a small angle of incidence, the power reflection coefficients 

may change by 20% or more for various, currently available, relative complex permittivity 

values.

Figure 5 shows the relationship of power reflection coefficients and various frequencies 

using Gabriel's skin model for parallel and perpendicular polarization. It can be seen that at 

40 GHz, about 43% of the incident power, is reflected at the skin surface for a normal 

incident plane-wave, whereas at 100 GHz, the power reflection coefficient decreases to 

30%. This implies that more power is transmitted into the human body at higher frequencies. 

The Brewster angles, where almost all energy for parallel polarization is absorbed in the 

human skin, lie in the range of 60° to 80° at various frequencies.

The SAR value at the surface of the skin is [57], [63]

(8)

where Pinc is the incident PD, ρ is the mass density (1.0 g/cm3 is used in the calculation), 

and δ is the penetration depth (or skin depth, corresponding to the PD of 1/e2 or 13.5% of 

that transmitted across the surface) of the plane-wave.

The SAR at a depth x within the skin is given by

(9)

Figure 6 shows the penetration depth in the human body using different skin model 

parameters at various frequencies. The penetration depth decreases rapidly with the increase 

of frequency. Figure 7 shows the attenuation of the SAR in the skin layer for an FCC and 

ICNIRP allowable incident PD of 10 W/m2 at 60 GHz. The remaining transmitted power in 

the skin decreases exponentially in the skin as a function of depth. From Figures 6 and 7, we 

can see that more than 90% of the transmitted electromagnetic power is absorbed within the 

epidermis and dermis layers and little power penetrates further into deeper tissues (although 

as shown next, the heating of human tissue may extend deeper than the epidermis and 

dermis layers). Therefore, a single-layer or a multilayer skin model is sufficient to reliably 

evaluate mmWave reflection and electromagnetic penetration in the skin.
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mmWave Heating of the Skin

Since most mmWave energy is absorbed near the surface of the human body, leading to 

localized temperature elevations near the skin surface, the study of mmWave heating of the 

skin is critical to protecting humans from mmWave overexposure.

The temperature elevation of human skin exposed to electromagnetic waves was studied in a 

number of previous works. At microwave frequencies, the fundamental characteristics of 

absorption of electromagnetic waves and the effects of radiation on temperature elevation 

were investigated by many researchers [24], [64]–[67]. In the mmWave frequency regime, 

several pioneering studies have contributed to the thermal modeling and experimental 

approaches. Walters et al. [68] conducted thermal measurement in ten human subjects 

during 94-GHz continuous mmWave radiation at intensities up to 18,000 W/m2. They found 

that the threshold PD for pain sensation was 12,500 ± 500 W/m2 for a 3-s exposure, which 

corresponded to a mean increase in surface temperature of 9.9 °C from an average baseline 

(pre-exposure) temperature of 34.0 ± 0.2 °C to an average final threshold temperature of 

43.9 ± 0.5 °C at the end of the 3-s exposure. Alekseev and Ziskin [69] demonstrated that it 

was more accurate to describe the temperature distributions during mmWave heating with a 

multilayer model of skin since heating due to local mmWave exposure affected not only 

skin but also the subcutaneous tissues, including the fat and muscle. Alekseev et al. [70] also 

indicated that blood flow served to reduce the temperature elevation induced by mmWave 

radiation.

Nelson et al. [71] reported the thermal modeling results of a heterogeneous primate head 

model for mmWave heating. This work revealed that the surface temperature increased with 

energy density and was affected by various environmental conditions, such as perfusion, 

convection, and sweat rate. Also, they concluded that the metabolic rate did not significantly 

affect the magnitude of the temperature increase. Kanezaki et al. [72] investigated the 

analytical solution of the bioheat equation in [73] [see (10) discussed subsequently] for a 

one-dimensional (1-D) three-layer human model using the Laplace transform. Kanezaki et 

al. [74] also performed a parametric analysis of the steady-state temperature elevation of a 

one- and three-layer human model, where the paper reported that the surface temperature 

elevation in the three-layer model was 1.3–2.8 times greater than that in the one-layer model 

due to the thermally insulating nature of the fat layer. They also showed that the dominant 

parameter influencing the surface temperature elevation was the heat transfer coefficient 

between the body surface and air. Chahat et al. [75] presented a broadband tissue-equivalent 

phantom in the 55–65-GHz range for emulating the dielectric properties of human skin for 

reproducible, well-controlled characterization of wearable antennas, on-body propagation 

channels, and absorption of the electromagnetic power by the human body. The use of such 

a phantom is also important for the experimental safety assessments of mmWave systems 

and devices. Zilberti et al. [76], [77] reported on how the uncertainty and variability of the 

electric and thermal properties of tissues could affect the estimation of temperature elevation 

produced during mmWave exposures using a 1-D three-layer human skin model. Combining 

all of the relevant parameters, they showed that the deviation from the reference solution of 

the maximum temperature elevation in the skin was included in the coverage intervals from 

−30% to +10% at 100 GHz with a 95% confidence level. Zilberti's results reinforce the 
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importance of sound databases of tissue properties when making safety assessments of 

mmWave applications.

Most of the theoretical analyses on heat transfer in living tissue are based on the bioheat 

transfer equation in [73]. The bioheat transfer equation, given in (10), describes the 

influence of blood flow on the temperature distribution in the tissue in terms of 

volumetrically distributed heat sinks or sources

(10)

where ρ is the mass density (kg/m3) in the corresponding tissue layer, ρblood is the mass 

density (kg/m3) of blood, c is the specific heat capacity (J/kg/°C) in the corresponding tissue 

layer, cblood is the specific heat capacity (J/kg/°C) of blood, k is the thermal conductivity 

(W/m/°C), w is the perfusion by blood (mL/g/s), T is the tissue temperature (°C), Tblood is 

the blood temperature (°C), SAR · ρ (W/m3) is the volumetric heat source distributed in the 

tissue, and Qm (W/m3) is the heat generated by metabolism.

Now, we use a 1-D three-layer human tissue model (Figure 8) and consider the effects of 

blood flow to simulate and analyze the steady-state temperature elevation. To simplify the 

problem, we assume a continuous plane-wave with radiation frequency f normally incident 

on the surface of human tissue consisting of skin, subcutaneous adipose tissue (SAT), and 

muscle. The model is indefinite on the xy plane and infinite along the z axis. Due to the 1-D 

nature of the model, the temperature in each homogeneous biological layer can be described 

using the 1-D version of the bioheat transfer equation given by [76]

(11)

where hb = ρblood w · cblood.

Equation (11) is solved using the analytical method and boundary conditions described in 

[76]. The tissue properties listed in Tables 8 and 9 have been chosen according to the 

database developed in [62]. In some simulations, the thickness of an additional layer of 

clothing is 1 mm (if not specified) with a relative complex permittivity of 1.6 + j0.06, which 

is estimated from the complex permittivity of denim measured at 40 GHz [78]. Tblood is 37 

°C and Tair is 23 °C in the simulation. Finally, the boundary condition for steady-state 

temperature elevation is set to be 0 °C at a depth of 35 mm inside the tissue.

The distributions of SAR · ρ in the human tissue due to 10 W/m2 (FCC and ICNIRP PD 

restrictions for the general public) at various mmWave frequencies are plotted in Figure 9. 

At various frequencies, the heating power is dissipated in the shallow surface of skin, thus 

confirming that the radiation power is confined to a shallower depth at a higher frequency, 

as stated previously. For frequencies from 40 to 100 GHz, SAR · ρ is attenuated to 

negligible levels within the skin, and thus, the power distribution in human tissue is 

determined by the electromagnetic properties of skin. This implies that a single-layer human 

tissue model is sufficient for the analysis of power deposition in human tissue.
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Figure 10 shows the steady-state temperature elevation at 60 GHz with incident power 

densities of 0.1 (the PD restrictions for China, Russia, Switzerland, and Italy as listed in 

Table 1), 1, 10 (the FCC and ICNIRP PD restrictions for the general public), and 50 W/m2 

(the FCC and ICNIRP PD restrictions for occupational exposure). We can see that the 

temperature elevation is proportional to the intensity of incident power densities. When the 

incident PD is 50 W/m2, the temperature elevation at the skin surface is about 0.8 °C, which 

is below the temperature elevation threshold of 1 °C in the IEEE guideline on mmWave 

radiation [10].

Figure 11 compares the temperature elevations at incident power densities of 10 and 50 

W/m2 due to 60-GHz exposure in a one-layer human tissue model (skin only) and a three-

layer human tissue model. The peak steady-state temperature elevations for 10 and 50 W/m2 

exposure in the one-layer human tissue model are 0.1 and 0.5 °C, respectively, which agrees 

very well with the one-layer model results presented in [42]. However, for the three-layer 

human tissue model, the peak temperature elevations are higher, at 0.16 and 0.8 °C, 

respectively, for 10 and 50 W/m2 exposure. This implies that the structure of the model 

plays an important role in evaluating the thermal effects of mmWave radiation in the body 

[69]. As reported in [74], the surface temperature elevation in the three-layer model is 1.3–

2.8 times greater than that in the one-layer model due to the thermally insulating nature of 

the fat layer. Thus, accurate human body models are needed to predict the temperature 

elevation for safety assessments due to mmWave radiation.

The previously described analysis could be considered a best-case scenario, where the 

mmWave energy is incident on naked skin in a room-temperature environment. For 

consideration of a very extreme case, where the skin is covered with thick clothing, such as 

a hat, and where there is relatively little thermal conduction through the skin, the steady-

state temperature elevation on the skin surface for a 60-GHz plane-wave with 10 W/m2 

intensity illuminating the clothing surface (with a thickness of 1 mm) can reach 0.3 °C. 

Thus, for the same incident PD, the steady-state temperature elevation in the tissue is highly 

related to the tissue model used.

Propagation Through Clothing and Garment Materials

For future body-centric wireless communications or for the detection of concealed threats, 

such as weapons on or in the human body, it is important to assess the effects of clothing 

and garment materials on mmWave absorption as these materials may change the effects of 

mmWave radiation on the skin.

Bjarnason et al. [79] measured the attenuation of eight common garment materials (wool, 

linen, leather, denim, naugahyde, silk, nylon, and rayon) with thicknesses less than 2.2 mm 

over the frequency range 100 GHz–1.2 THz. The attenuation caused by each of the material 

samples never exceeded 3 dB for all measured frequencies below 350 GHz. Gatesman et al. 

[80] measured the attenuation of six different garment materials (cotton shirt, denim, 

drapery, leather, sweater, and sweatshirt) with thicknesses less than 2.1 mm for parallel and 

perpendicular incidence polarization. The materials again did not show more than 3 dB 

attenuation in transmitted power until above 350 GHz. There is little difference in the 

attenuation between two polarizations. Zhadobov et al. [42] computed the transmission 
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coefficient of dry fleece with thickness ranges between 0 and 1.2 mm at 60 GHz using 

Gabriel's skin permittivity data (7.98 – j10.90) [56]. The results showed that clothing in 

direct contact with the skin might act as an impedance transformer [57], resulting in the 

enhancement of the power transmission into the body, whereas an air gap of 0–2 mm 

between the clothes and skin decreases the body transmission. The results of these studies 

show that mmWave attenuation of most garment materials is negligible.

Interactions Between mmWave Antennas and the Human Body

At microwave frequencies, it is widely accepted that antennas placed in close proximity to 

lossy media, such as the human body, experience strong power absorption into the media, 

radiation pattern distortion, shift in resonance frequency, and change in the input impedance 

[81], [82]. In the mmWave band, the electromagnetic coupling between antennas and the 

human body as well as the possible perturbations of antenna characteristics due to the body 

require more study.

Chahat et al. [63] investigated the interaction between a 60-GHz microstrip patch antenna 

array and the human body both numerically and experimentally. Using a skin-equivalent 

phantom, it was demonstrated that the impedance matching and the antenna gain were 

virtually unaffected by the presence of the body. Furthermore, an incident PD of 7.3 

mW/cm2 and a peak SAR of 169.2 W/kg were found experimentally with an input power of 

322 mW and an antenna/body spacing of 5.6 mm. In [63], the heating effects from the 

presented SAR and PD values were not discussed, and it is worth noting that these levels 

exceed the current exposure guidelines presented in Tables 1 and 2. However, based on our 

analysis in the “Modern mmWave Example Suggesting Temperature-Based Compliance” 

section, such high values may not lead to substantial temperature elevation at mmWave 

frequencies and may thus be safe. More studies are needed to verify whether the existence of 

the human body may affect the antenna performance as well as the appropriate exposure 

guidelines that may include temperature variation metrics.

Reported Effects at Cellular and Molecular Levels

Compared with lower frequency bands, relatively little careful research has been conducted 

evaluating the potential of more subtle long-term effects than tissue damage due directly to 

heating at mmWave frequencies. In the tens to hundreds of megahertz, the use of 

electromagnetic energy to selectively heat tumors by only a few degrees for extended 

periods of time has shown promise as a treatment for cancer either alone or in combination 

with other therapies [83]. These effects are decidedly thermal in nature. There are also a 

variety of studies reporting effects that cannot necessarily be associated with a definite 

increase in temperature. In the low-gigahertz range, where cell phones and wireless 

networks now operate, a wide variety of studies, ranging from prospective studies in cell 

cultures to retrospective epidemiological studies, have failed to show conclusive, consistent 

evidence for deleterious effects of low-level exposure. Although the IEEE International 

Committee on Electromagnetic Safety has issued statements indicating that this can be 

interpreted to mean that these nonthermal effects likely do not exist [9], [10], the FCC and 

the World Health Organization have made more precautionary statements, publicly 
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discussing both the lack of conclusive evidence for long-term adverse effects of cell phone 

use and the need for more studies before any contrary conclusion is reached [84], [85].

The reported bioeffects of mmWave radiation have included effects on cell growth and 

proliferation rates, activity of enzymes, state of the cell genetic apparatus, function of 

excitable membranes and peripheral receptors, rates of stress reactions, rates of tissue repair 

and regeneration, and other bioeffects [88]. While many times, these effects appear to not 

have any clear association with temperature increase, in other cases, the association (or lack 

thereof) is not as clear. For example, Chatterjee et al. [89] reported the possibility of 

nonthermal bioeffects at 94 GHz on skeletal muscle. They reported that repeated RF 

exposures caused a reproducible decrease in force production. While they noted no increase 

in temperature, they could not rule out temperature increase in the muscle because they only 

measured the temperature of the fluid forcibly circulated around the excised muscle. At the 

same time, they could only measure an effect for applied mmWave electric field magnitudes 

in excess of 2,600 V/m. In muscle tissue, this would result in SAR · ρ levels well in excess 

of 1,000,000 W/m3, which would certainly be expected to cause a notable increase in 

temperature and is far beyond the levels expected for mmWave communication devices.

Research has been conducted on the biological effects of mmWaves from many different 

perspectives. Pakhomov et al. [6] reviewed the state and implications of biological effects of 

mmWaves, mainly focusing on the mmWave radiation effects on the body's cellular and 

molecular levels. Many of the reported effects discussed in [6] indicated nonthermal 

mechanisms that were used in therapeutic applications. They suggested that the possibility 

of significant bioeffects of a short-term mmWave irradiation at intensities at or below 

current safety standards deserves consideration and further study. A number of researchers, 

many in Eastern Europe, have expressed interest in the therapeutic application of mmWave 

radiation. MmWave therapy has been widely used in Eastern Europe since the 1970s [86]. 

Strikingly high success rates have been reported in the treatment of gastric ulcers, 

cardiovascular diseases, respiratory sickness, tuberculosis, skin diseases, and even cancer 

[6], [87]. Typical treatments consist of daily skin exposure of 15–30 min for 5–15 days with 

PD levels under 10 mW/cm2 at three common frequencies: 42.2, 53.6, and 61.2 GHz [90]. 

The mechanisms of mmWave therapy are not known. Nevertheless, some hypotheses have 

been explored in cellular and molecular levels in recent years as discussed in the “Reported 

Effects on Gene Expression,” “Reported Effects on Cellular Proliferation,” and “Reported 

Effects on Biological Membranes” sections. Despite the large number of patients treated 

with mmWaves in Eastern Europe, this therapeutic technique has not been accepted by 

Western physicians and scientists.

It is also important to note that many of the reports summarized in this section have not been 

independently repeated and confirmed. Historically, some attempts to repeat reported effects 

have been unsuccessful [8], [91]. While this is not to discount any one of the studies 

summarized here, it is important to recognize that studies involving biological samples 

inherently produce variable results and (depending on the circumstances) may have a 

number of uncontrolled or uncontrollable variables. For this reason, major decisions on 

public policy or health care should not typically be made based on reports that were not 

reproduced independently.
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Reported Effects on Gene Expression

Gene expression is the process where information from a gene in a living organism is used 

to synthesize a gene product such as a protein. The study of gene expression enables us to 

understand how cells sense and react to mmWave radiation. Logani et al. [92] published 

results of the genotoxic potential of 42.2 ± 0.2-GHz mmWave radiation on adult male mice. 

This investigation aimed to determine the genotoxic potential (e.g., a potential cause of 

cancer) of mmWaves that might induce genetic damage since such damage is often related 

to carcinogenesis. The incident PD used in [92] was 31.5 ± 5.0 mW/cm2 with a peak SAR of 

622 ± 100 W/kg (several times greater than those reported in [63] for a 60-GHz transmitter 

with a directional patch antenna). Logani et al. [92] concluded that mmWaves are not 

genotoxic, which is perhaps not surprising due to the nonionizing nature of the mmWave 

band. Quément et al. [93] reported a thorough study showing that mmWave exposure at 60.4 

GHz with an average incident power of 1.8 mW/cm2 and an average SAR of 42.4 W/kg did 

not have any dramatic impact on primary human keratinocyte cells. Zhadobov et al. [94] 

presented a study on the influence of low-PD (5.4-μW/cm2 or 0.54-mW/cm2) mmWave 

radiation at 60 GHz of stress-sensitive gene expression of molecular chaperones in a human 

brain cell line. The main results showed that low-PD 60-GHz radiation did not modify the 

stress-sensitive gene expression of chaperone proteins. These studies support the view that 

nonionizing mmWave radiation should not induce cancer.

Reported Effects on Cellular Proliferation

One of the major side effects of conventional drug therapy, such as cyclophosphamide 

(CPA) in cancer treatment, without mmWave radiation, is that it can enhance tumor 

metastasis due to suppression of natural kill (NK) cell activity. Beneduci et al. [95] studied 

the antiproliferative effects of low-power (less than 50 μW) mmWave radiation on the 

human tumor cells and presented that RF radiation in the 50–80-GHz range helped stop the 

proliferation of tumor cells. Radzievsky et al. [96] at Temple University found that a 61.22-

GHz mmWave signal (13.3 mW/cm2) was able to suppress subcutaneous tumor growth. 

Logani et al. [97] studied the effects of mmWave radiation (36.5 ± 5 mW/cm2) on tumor 

metastasis and found that mmWaves could increase NK cell activity suppressed by CPA, 

suggesting that a reduction in tumor metastasis by mmWaves is mediated through the 

activation of NK cells. Thus, they hypothesize that the apparent beneficial effects of 

mmWaves in cancer treatments were due to indirect effects. It was proposed that mmWaves 

could stimulate the immune system, which could in turn remove the tumor via mechanisms 

already well known and used in immunotherapy [98].

Reported Effects on Biological Membranes

Biological membranes are structures that act as a selectively permeable barrier within living 

things. They separate cells from their surrounding mediums and often consist of a 

phospholipid bilayer with embedded proteins used in the communication and transportation 

of chemicals and ions. Several studies have reported that this membrane may be affected by 

mmWaves. Zhadobov et al. [99] suggested that 60-GHz mmWave exposure at PD levels 

close to typical wireless communication systems (0.9 mW/cm2) induced an increase of 

lateral pressure in the artificial membranes. Szabo et al. [100] also demonstrated that 
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modification was observed without cellular damage in cellular membranes during the 

exposure at 42.2 GHz at a PD level of 35.5 mW/cm2, suggesting that such a modification 

could play a role in the cellular signaling or interactions. It was also demonstrated that 

exposure to 53.3 or 130 GHz (7.3 mW/cm2) modified the shape and enhanced the 

permeability of liposomal vesicles, which implies that membranes are affected by mmWave 

radiation [101], [102]. The mechanisms of mmWave on biological membranes remain 

unknown, but it is conceivable that the mmWave radiation can interfere with the orientation 

of charged and dipolar molecules in the membranes. If such a change modified the neural 

membrane's permeability, it could stimulate neuron endings or affect the electric signal 

transmitted to the rest of the body, thus modifying environmental perception, including pain 

sensation [98]. However, reorientation of large dipolar molecules by applied oscillating 

EMFs, even when they are free to rotate and are not bound by other molecules as in a 

membrane, is not known to occur above the low-megahertz regime, and would be hard to 

explain by currently understood mechanisms of interaction [7]. Before these reported effects 

could influence regulatory guidelines, at a minimum, independent demonstration of 

reproducibility would be required.

Reported Effects on Immune and Inflammatory Systems

The effects of mmWaves on the immune system have been thoroughly studied, and several 

works report that mmWaves can enhance the human immune system [42], [98], [103]. 

Makar et al. [104] reported that mmWaves can inhibit CPA-induced suppression of T-cells’ 

activation and proliferation. The same research group also found that 42.4 GHz at 31 

mW/cm2 could activate NK cell functions [105], which was also confirmed in [97].

Early experiments with wounded rabbits, mice, and other laboratory animals found that a 

wounded surface under the exposure of mmWaves healed two times faster than if no 

radiation was applied [103]. Low-intensity (0.1 mW/cm2) 42-GHz mmWave exposures were 

also reported to have anti-inflammatory actions on humans [106], [107]. It has been 

observed that mmWaves have the ability to cause healing of wounded skin without scars. 

Several beauty clinics in the former Soviet Union have used mmWave therapy in 

cosmetology [103].

Conclusions

This article presents a literature review of the current understanding of the potential 

biological effects of nonionizing mmWave radiation on the human body with a focus on 

what is required to ensure the safety of emerging mmWave technologies for next-generation 

(5G) mobile communications networks.

Of the quantities currently used for regulating the intensity of nonionizing radiation, PD is 

currently preferred at mmWave frequencies because of (among other things) the difficulty in 

defining a meaningful volume for SAR evaluation when penetration depths are very small. 

However, this quantity does not consider the reflection or transmission of mmWave energy 

across boundaries or the transfer of heat either between tissues or between tissues and the 

environment. We propose that in the future, temperature could be considered an acceptable 
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quantity for demonstrating safety (as it is in the magnetic resonance imaging industry [108]) 

because it is much more directly relevant to any actual possibility of damage.

We highlighted the findings of mmWave radiation studies on the eyes and skin since, in 

communication applications, these tissues would receive the most radiation, with other 

tissues receiving, by comparison, a negligible amount. Ocular injury can be induced by 

short-term high-intensity exposure (e.g., 2,000 mW/cm2, 1.5–5 s) far beyond the anticipated 

future communication device levels, but the eyes do not appear to suffer damage from 

longer low-intensity exposure (e.g., 10 mW/cm2, 8 h), which might be experienced from 

mmWave communication technologies in the far field. More work may be required to 

determine the possible effects from exposure above 10 mW/cm2 that might be experienced 

in the near field from specific communication devices with adaptive antennas as well as to 

ensure that mechanisms are in place to ensure that no hazardous levels of energy are 

transmitted into the eyes. We also showed that using typical power levels, there would be no 

unsafe temperature increase caused by exposure of skin to mmWave communication 

technologies in the far field. As with the eyes, however, more work is required to determine 

temperature increases from higher exposure levels that might be experienced in the near 

field from specific communication devices with high-gain antennas and to develop and 

demonstrate reliable mechanisms to ensure that no hazardous levels of energy are 

transmitted to the skin.

A number of studies of the effects at the cellular and molecular levels of mmWave 

interactions with biological organisms are summarized. Many of these effects are 

purportedly at such low levels of exposure that no appreciable temperature increase is 

expected. A limited number of studies shows that there may be some sensitivity of cell 

membranes to mmWave exposure, but little is known about this phenomenon and any 

potential safety repercussions. At this time, more reports of beneficial effects than 

detrimental effects from low-level exposure to mmWave radiation appear to exist in the 

literature, but this area needs to be better understood, and the specific effects need to be 

demonstrated reproducibly by independent investigators before any potential nonthermal 

effects are to be considered in determining the regulatory limits on this regime of 

nonionizing radiation [16], [17].

The available data regarding exposure to mmWave energy and the scrutiny of it will 

continue to increase in the future, as now thousands of travelers are exposed to low-level 

mmWave radiation during airport security screenings throughout the United States. If the 

history of studies regarding exposure to nonionizing radiation is a guide, it may have either 

helpful [83] or harmful [47]–[52] effects in specific exposures much higher than those to 

which the general public is exposed. Also, as the exposure of the general public to each 

frequency band increases, individual studies reporting biological effects levels at or below 

those allowed for the general public will likely receive increased attention, but 

demonstration of consistently repeatable results at such low levels may be challenging [109].

At a PD of 10 W/m2, no adverse effects are expected in the eyes or skin. A safety evaluation 

of a particular device in close proximity to the head or body will require both more 

sophisticated models than those used here and, most likely, a quantity other than PD for 

Wu et al. Page 22

IEEE Microw Mag. Author manuscript; available in PMC 2015 November 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



characterization of exposure since PD relies simply on far-field concepts. Depending on the 

predicted exposure levels from specific devices very near human tissues, further 

experiments to better characterize thresholds for damage, especially in the eyes, may be 

useful to assure long-term safety.
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MmWave radiation is nonionizing because the photon energy is not nearly sufficient to 

remove an electron from an atom or a molecule.
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PD is not as useful as SAR or temperature for assessing safety in mmWave devices, 

especially in the near field.
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The FCC and ICNIRP standards are designed principally to protect against thermal 

hazards since ionizing radiation is not a concern at mmWave frequencies.
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At mmWave frequencies, where most of the energy is absorbed in the few outer 

millimeters of tissue, even a 1-g averaging volume can seem large.
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We suggest that performing temperature elevation measurements for the compliance 

evaluation of mmWave wireless devices operating very close to the human body.
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The eyes are particularly vulnerable to mmWave radiation-induced heating.
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MmWave attenuation of most garment materials is negligible.
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Further measurements of dielectric permittivity on different body sites and different 

human subjects are warranted to characterize the variability and distribution of properties 

for the development of accurate human models.
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Major decisions on public policy or health care should not typically be made based on 

reports that were not reproduced independently.
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Figure 1. 

The FCC and ICNIRP PD restrictions for electromagnetic wave exposure from 10 MHz to 

100 GHz.
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Figure 2. 

The predicted skin relative permittivity according to model parameters presented by several 

researchers from 10 to 100 GHz.
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Figure 3. 

The predicted skin conductivity according to model parameters presented by several 

researchers from 10 to 100 GHz.
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Figure 4. 

The power reflection coefficients at the air/skin interface at 60 GHz using different skin 

model parameters for (a) parallel polarization and (b) perpendicular polarization.
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Figure 5. 

The power reflection coefficients at the air/skin interface using Gabriel's skin model at 40, 

60, 80, and 100 GHz for (a) parallel polarization and (b) perpendicular polarization.
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Figure 6. 

The penetration depth in the human skin with the increase of exposure frequency.
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Figure 7. 

The attenuation of SAR in the skin for an incident PD of 10 W/m2 at 60 GHz.
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Figure 8. 

A 1-D three-layer model of human tissue containing skin, SAT, and muscle.

Wu et al. Page 45

IEEE Microw Mag. Author manuscript; available in PMC 2015 November 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 9. 

The SARρ distribution due to 10 W/m2 mmWave radiation at 40, 60, 80, and 100 GHz.
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Figure 10. 

The steady-state temperature elevation in the three-layer human tissue model at 60 GHz with 

different incident power densities.
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Figure 11. 

The steady-state temperature elevation at incident power densities of 10 and 50 W/m2 due to 

60-GHz electromagnetic wave exposure for a three-layer model and a one-layer model that 

consists of skin only.
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TABLE 1

The variations of exposure limits to RF radiation in several countries.

Country/Guidelines PD Restrictions for 
the General Public 

in W/m2

PD Restrictions for 
the General Public 

in mW/cm2

Frequency Range (GHz) Basis

ICNIRP [17] (1998) 10 1 2–300 Science based

FCC [16] (1996) 10 1 1.5–100 Science based

China [32] (1987)
* 0.1 0.01 0.3–300 Science based

Russia [33] (2003) 0.1 0.01 0.3–300 Science based

Switzerland [34] and [35] (2000)
* 0.1 0.01 1.8–300 Precautionary

Italy [36] (2003)
* 0.1 0.01 0.0001–300 Precautionary

Typical maximum exposure from cellular 
base station mounted on 50-m tower 
(assuming a total effective radiated power 
of 2,500 W in each sector, summed over 
all channels)

0.01 0.001 1–2 Example from [29]

*
These restrictions only apply to sensitive areas, such as school, hospital, or rooms in buildings, where they are regularly occupied by persons for 

prolonged periods.
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TABLE 2

A comparison of the FCC and ICNIRP local SAR limits in the head and trunk for the general public.

Exposure Standard SAR Limits for Near-
Field RF Exposure 
(W/kg)

Frequency Range (MHz) Averaging Volume

ICNIRP 2 10–10,000 “any 10 g of contiguous tissue” (10-g SAR)

FCC 1.6 0.1–6,000 “any 1 g of tissue, defined as a tissue volume in the shape of 
a cube” (1-g SAR)
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Table 3

FCC compliance evaluation criteria used for different exposure scenarios [44].

Frequency (GHz) Distance Between Radiation Sources and the Human Body (cm) Criterion

<6 < 20 SAR

<6 < 20 PD (direct measurements)

>6 > 5 PD (direct measurements)

>6 < 5 PD (numerical modeling)
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TABLE 4

The summary of ocular damage caused by mmWave radiation.

Author Study Target Frequency (GHz) PD (mW/cm2) Duration Results

Rosenthal et al. [47] Rabbit eyes 35/107 50 15–80 min Transient corneal damage, began to 
recover on the next day

Kues et al. [45] Nonhuman primate eyes 60 10 8 h No detectable ocular damage

Chalfin et al. [46] Nonhuman primate eyes 35 2,000–7,000 1.5–5 s Transient corneal lesions, reversible 
within 24 h

Kojima et al. [48] Rabbit eyes 60 1,898 6 min Corneal edema and desiccation
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TABLE 5

The Debye and Cole-Cole relaxation model [56].

Model Relative Complex Permittivity ε′–jε″

Single-term Debye

ε∞ +
ε
s

− ε∞
1 + jωτ +

σ
s

jωε
0

Multiple-term Debye

ε∞ + ∑
n

∆ε
n

1 + jωτ
n

+
σ

s

jωε
o

Single-term Cole–Cole

ε∞ +
ε
s

− ε∞

1 + ( jωτ)1−α +
σ

s

jωε
o

Multiple-term Cole–Cole

ε∞ + ∑
n

∆ε
n

1 + ( jωτ
n)

1−α
n

+
σ

s

jωε
o
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TABLE 6

The summary of skin permittivity parameters in single Debye and Cole-Cole models developed by different 

researchers.

Author ε ∞ ε S τ(ps) σS (S/m) α 

Gandhi and Riazi [57] 4 42 6.9 1.4 /

Chahat et al. (wrist/forearm) [60] 8.35 28.85 7.13 0.5 0.064

Chahat et al. (palm) [60] 5.29 22.69 10.08 0.5 0.258

Alekseev and Ziskin (forearm) [53] 4 36.4 6.9 1.4 /

Alekseev and Ziskin (palm) [53] 4.52 31.7 6.9 1.4 /
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TABLE 8

The adopted relative permittivity and conductivity in the three-layer tissue model.

f (GHz) Skin SAT Muscle

ε r σ ε r σ ε r σ 

40 11.69 31.78 5.21 6.58 18.24 43.13

60 7.98 36.38 4.4 8.39 12.86 52.8

80 6.4 38.38 3.95 9.66 10.17 58.58

100 5.6 39.42 3.67 10.63 8.63 62.47
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TABLE 9

The adopted mass density, thermal constant, and tissue thickness in the three-layer tissue model.

Skin SAT Muscle Blood

ρ (kg/m3) 1,109 911 1,090 1,050

c (J/kg/°C) 3,391 2,348 3,421 3,617

k (W/m/°C) 0.37 0.21 0.49 0.52

w (mL/kg/min) 106 33 37 10,000

Qm (W/m3) [72] 1,620 300 480 0

Tissue thickness (mm) 1 3 31 /
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