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Abstract—Epidermal RFIDs, if integrated within the next-
generation (5G) wireless architecture, would enable low-cost
healthcare applications for remote monitoring of patients, real-
time telesurgery, and augmented sensing abilities. This paper
explores, through simulations and preliminary experiments, epi-
dermal 5G-RFIDs operating both at microwave and mmWave
frequencies. In particular, it identifies the maximum gains of
epidermal antennas at their optimal sizes, the achievable read
ranges of passive 5G-RFID links, and their possible data-rates.
Moreover, it demonstrates the compliance with electromagnetic
exposure regulations and explores the benefits of epidermal
arrays. Loop transponders at microwave frequencies (3.6 GHz)
could provide the same read distance (one meter) of their UHF
counterparts while having a smaller footprint (17 x 17 mm2)
and reaching a theoretical data-rate as high as 0.5 Gbps. At 28
GHz and 60 GHz, instead, arrays could be used to both achieve
comparable performances and enable beamsteering.

Index Terms—5G, RFID, backscattering, epidermal sensors,
Body sensor Networks, mmWave.

I. INTRODUCTION

Epidermal Electronics [1] is currently pushing personal
wireless devices from being simply worn on clothes to be
directly attached on the human skin. Indeed, new wireless flex-
ible and stretchable sensors have been recently proposed (up to
the pioneering neonatal intensive care [2]) for collecting both
physical and chemical parameters directly from the epidermis
(e.g.: temperature [3], breath [4], sweat [5], and pH [6]). The
core of these devices are membrane-like antennas operating
in HF (13.56 MHz) and UHF (860-960 MHz) bands coupled
with electrochemical (bio)sensors and transponders [7]. Low-
cost, comfortable and thin configurations suitable for the skin
(Fig. 1) are only possible with battery-less architectures based
on Radiofrequency Identification (RFID). UHF-RFID readers
can currently interrogate passive epidermal sensors up to 1-
1.5 meters [8] and collect biophysical parameters through
modulated backscattering communication.

One bottleneck of passive epidermal electronics is the short
communication range. Losses due to the human body degrade
the radiation efficiency of epidermal antennas thus reducing
the reading ranges. Conventional mitigation remedies for pas-
sive wearable antennas cannot be applied to epidermal ones
since they aim at reducing the electromagnetic interaction with
the body through either thick/rigid insulating dielectrics, or
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Fig. 1: Examples of state-of-the-art Epidermal battery-less RFID
transponders in HF and UHF bands. a) Tattoo-like coil [1]; b)
meandered-line loops within plasters [10]; c) general purpose flexible
board for external sensor interconnection [8]; d) conductive ink
tattoo antenna [11]; e) stretchable epidermal tag for temperature
measurement [12]; and f) fingertip antennas for Sensing UltrAbility
[13].

grounded layouts (like patch antennas), or meta-material layers
[9]. These decoupling layers yield bulk and un-stretchable con-
figurations that are neither breathable nor suitable to measure
epidermal parameters. The narrow bandwidths at HF and UHF
frequencies, moreover, prevent the simultaneous readout of
either multiple epidermal signals like ECG, EEG, and EMG,
or the slower variable temperature and sweat when a user is
walking or running across a reading gate (e.g.: for sport events,
for wellness applications, and for critical scenarios). Finally,
the need of dedicated readers to interrogate RFID sensors
impacts their use and diffusion.

In the next years a convergence of Epidermal Electronics
with the forthcoming Fifth Generation (5G) wireless com-
munication systems is expected. 5G pledges to provide a
massive amount of bandwidth, low latency (down to 1 ms),
and multigigabit-per-second (Gbps) data rates through both the
sub-6 GHz bands and the mmWave frequency spectrum [14].
The capability to manage huge amount of data will encourage
the deployment of countless epidermal sensors for high-speed
Personal Area Networks (PAN) streaming at bit-rates going
beyond the few tens of Hertz of today. It will be possible to
download data from multiple sensors either deployed onto a
single user, to collect detailed maps of biophysical processes,
or to simultaneously monitor multiple people in a specific area.
The low latency will enable epidermal digital twins to monitor
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Fig. 2: Possible scenarios of epidermal sensor networks at 5G
frequencies: a) smart-watch (or smartphone) retrieving multiple bio-
physical data from the user; b) smart car monitoring the stress level
of a driver to prevent accidents; c) smart house checking, in real-time,
the health status of elders; and d) high-accuracy real-time tracking
of muscle contractions for precise sport training and rehabilitation
support.

interactions and tactile sensing during remote medical diagno-
sis. Moreover, thanks to the interoperability of 5G systems, an
epidermal sensor used as a smart electronic plaster will be able
to communicate with other network devices such as implanted
sensors, wearable gateways (smartphone, smartwatch or smart
ear-buds), and external base stations for in-/on-/off-body com-
munications (Fig. 2). The expected millimeter-scale of 5G-
epidermal devices will, moreover, allow epidermal-arrays to
shape the radiating beam towards specific directions.

The possibility to exploit mmWave frequency bands for
body area networks have already gathered great interest mainly
concerning wearable antennas [15] and the corresponding
communication links [16]. Examples of 60 GHz wearable
antennas can be found in [15], [16], while the advantages
of small arrays have been preliminary explored in [17]. The
effects of mmWave radiations on heating and penetration of
the human body were theoretically discussed in [18]. Finally,
mmWave Identifications (MMID) at 60 GHz, by using non-
epidermal oriented passive tags responding through modulated
backscattering, demonstrated a theoretical link range up to 30
cm in free-space by assuming the typical sensitivity of UHF
ICs and readers [19].

Backscattering through epidermal antennas at 5G frequen-
cies has not been investigated yet. Nonetheless, the feasibility
itself of a battery-less backscattering-based link is still in
question due to both the higher human body losses at these
frequencies and the increased free-space path-loss.

TABLE I: 5G Frequency Bands and Services

Bands Frequency Services

700 MHz Wide-rural area
UHF & indoor mobile

µWaves

S- & 3.3 - 4.2 GHz
Outdoor MobileC-bands 4.4 - 5.0 GHz

(3.6 GHz in EU [22])
K- & 24 - 28 GHz Mobile

mmWaves Ka bands & 37 - 40 GHz & IoT
V-band 60 GHz Indoor WiFi & IoT

Starting from the preliminary results in [20] and from the
state-of-the-art in epidermal UHF tags, this paper derives,
for the first time, the upper-bound performances of 5G-RFID
epidermal antennas in terms of maximum gains and optimal
frequencies (Sec. III) as well as achievable read ranges and
possible data-rates (Sec. IV). Optimal sizes are identified and
the use of multiple antennas to form epidermal beam-steering
arrays are explored while their compliance with the regulations
on electromagnetic exposure is verified (Sec. V). The theory
is supported by numerical simulations and by preliminary
experimental tests on living tissues.

II. 5G SPECTRUM AND LINK EQUATIONS

A. 5G Frequencies

In August 2017, the 3GPP1 [21] consortium and, conse-
quently, governments and operators from Europe, the US,
Japan, Canada and China [22][23] agreed on the 5G New
Radio (NR) frequency spectrum as summarized in Tab I; it
includes the sub-6 GHz bands, i.e.: UHF, S-, and C-bands;
and the above-6 GHz bands, i.e.: K-, Ka-, and V-bands.
Presently, 5G mmWave cellular bands are primarily centered
in two regions (24 GHz to 28 GHz, and 37 GHz to 40 GHz),
while the 60 GHz band is available worldwide for unlicensed
operation to extend the capabilities of indoor WiFi systems
into mmWave frequencies.

B. Communication Links for Epidermal Devices

A reader and a tag can communicate through four types
of wireless links depending on the directivity of the involved
antennas. In case of wireless sensors located on the body
(either wearable or epidermal), it is possible to identifies the
four scenarios shown in Fig. 2:
b2b - broadcast-to-broadcast links: both the reader and the

tag are equipped with omnidirectional antennas (Fig. 2a).
This link allows short-distance on-body communications, with
many epidermal sensors displaced across the body and not too
far from the transmitting hub;
p2b - point-to-broadcast links: a directive (either on-body

or external) reader can interrogate only a sub-set of on-body
sensors mounting omnidirectional tag antennas (Fig. 2b);
b2p - broadcast-to-point links: an omnidirectional reader

reaches one (or more) body sensor tags equipped with direc-
tional antennas for real-time high data-rate communications
(Fig. 2c);

p2p - point-to-point links: both the reader and tags are
equipped with directive antennas to either boost the read

1Third Generation Partnership Project
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distances, or enable wireless transfer of power [24], or increase
localization accuracy (Fig. 2d).

C. Communications and Antenna Sizes

Since RFID-based communication links require the harvest-
ing of power for turning on the circuitry of the tags, their
limited read distance affects the possible applications. For
the next discussions, the gain G of an epidermal antenna is
expressed in terms of the effective aperture area Ae:

Ae = ηAAp =
c2

4πf2
G, (1)

where Ap is the physical area of the antenna, and ηA ≤ 1
is the aperture efficiency. Therefore, both the free-space Friis
[25] and Radar equations for the forward and the backward
links, respectively, can be written as:

PR→T = PinAe,RAe,T ηpτRτT

(
f

cr

)2

, (2)

PR←T = PinA
2
e,RA

2
e,T ηpτRM

(
f

cr

)4

, (3)

where ηp is the polarization mismatch between the two
antennas; τR and τT are the power transfer coefficients at the
ports of the reader and transponder, respectively2 located at
distance r from each-others; Ae,R and Ae,T are the antenna
effective apertures of the reader and transponder, respectively,
with gains GR, and GT ; M is the modulation index; and c is
the speed of light.

If pt and pr are the transponder and reader sensitivities,
respectively, the maximum read distance is the minimum be-
tween the maximum forward link range, rmaxF (PR→T = pt),
and the maximum backward link range, rmaxB (PR←T = pr):

rmax = min

rmaxF =
√

PinAe,RAe,T

pt

f
c

rmaxB =
4

√
PinA2

e,RA
2
e,TM

pr

f
c

(4)

Since 5G-oriented electronics for backscattering radios are
not yet available, it will be hereafter assumed that the sen-
sitivities of current state-of-the-art UHF-RFID components
(pt = −15 dBm [27] and pr = −82 dBm [28], [29], [30])
could be achieved with 5G frequencies as well. Due to the low
radiation efficiency of epidermal antennas, the communication
bottleneck remains the forward link for passive RFID tags [19]
hence, only this link will be hereafter investigated.

For a fixed value of input power and transponder sen-
sitivity, the maximum read range changes with f so that
rmax ∝ A

1
2
e f ∝ G

1
2 /f . Thus, when the frequency increases

by moving from UHF to mmWaves, and the radiation gains
remain the same (i.e.: the effective apertures shrink), then
the read distance decreases as 1/f , with huge impact on the

2Since the aim of this work is to derive the upper-bound performances of
the 5G-RFID link, it is assumed that ηp = 1, i.e. co-polarized reader and
tag antennas and, for the same reason, both antennas are assumed perfectly
matched so that τR = τT =1. Antenna matching can be achieved through
T-match, Gamma-match, or loop-match [26].

feasibility of a 5G backscattering link. Instead, if at least one
of the effective apertures remains constant despite the higher
frequency (i.e.: the radiation gains increase), then the same
communication performance can be achieved at both UHF,
microwave and mmW bands. For this purpose, the gain of at
least one of the two antennas has to increase with frequency
according to a quadratic law:

G(f) = af2, (5)

with a being constant. Furthermore, even better perfor-
mances than UHF could be achieved at 5G frequencies pro-
vided that the gains of both the reader and the tag obey to
(5).

The question is how to improve the gain of an epidermal
antenna when operating at higher frequencies. The problem is
not trivial because of the direct contact with the human body
and, hence, the limited possibilities in designing high directive
antennas. For the sake of simplicity, only the b2b link will
be here analyzed because power emission regulations limit
the maximum gain of a reader antenna, while no constraints
are expected for the passive transponder beside the fabrication
issues. Therefore, the reader gain GR is hereafter assumed
constant with the frequency and considerations will be made
only on the transponder side. The benchmark will be the
read range rmaxUHF of an optimal epidermal UHF RFID tag of
effective area AmaxUHF .

III. OPTIMAL SIZE OF EPIDERMAL ANTENNAS AT 5G
FREQUENCIES

As recently demonstrated in [31], the upper-bound perfor-
mance of UHF epidermal antennas is rather independent on
their specific layout (dipole, loop, slot), but it is affected
by a trade-off between the radiation resistance and the loss
resistance of the tissues both related to the antenna footprint.
Typical radiation gains fall in the range [−18,−12] dBi
depending on the skin-to-antenna distance and on the material
of the interposed substrate. Typical substrates must be flexible,
possibly stretchable, and bio-compatible. They can either be
very thin (below 1 mm), and with low permittivity (εr ∼ 1),
like the highly porous and fibrous Polycaprolactone mem-
brane, and the Ethylene Propylene Diene Monomer (EPDM)
foam, or thicker and denser, like the Bio-silicone (εr ∼ 2.5),
and the polyvinyl alcohol Xyloglucan-based hydrogels (εr ∼
30).

Optimal performance analysis of epidermal antennas is here
explored through numerical simulations on body models at
some representative 5G frequencies, f5G = {3.6, 28, 60} GHz.
Due to the broad 5G frequency spectrum, the choice of body
models and constitutive parameters deserve some preliminary
considerations.

A. Human Body Model at 5G Frequencies

As demonstrated in [18], more than 90% of the transmitted
electromagnetic power is absorbed at mmWave bands within
the epidermis (60 - 100 µm) and dermis layers (1.2 - 2.8
mm), while much less power penetrates further into deeper
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tissues. Instead, the penetration of microwaves at sub-6 GHz
bands exceeds the typical skin thickness and reaches the inner
tissues of fat and muscles.

The well-established model of Gabriel & Gabriel [32] is
the recognized standard for body tissues at both UHF and
microwave frequencies. Recently, Chahat et al. [33] developed
a single-term Cole-Cole model for the skin that is based on
direct measurements on wrist, forearm and palm at frequencies
ranging between 10 GHz and 60 GHz. The two models are
compared in Fig. 3. At the highlighted 5G frequency bands,
the conductivity σ of the tissues rises of more than an order of
magnitude w.r.t. UHF, while the permittivity εr decreases of a
comparable amount. Relaxation takes place at around 10 GHz
and, above these values, some differences between the Chahat
and the Gabriel models are visible for the electromagnetic
parameters of the skin.

(a) (b)
Fig. 3: (a) Relative permittivities εr and (b) conductivities σ for
muscle, fat and skin according to Gabriel [32] and Chahat [33]. Gray
lines indicate extrapolated parameters. The UHF and 5G frequencies
bands of interest are highlighted in gray.

Fig. 4 summarizes the numerical analyses performed with
CST Microwave Studio© on a half-wavelength dipole (length
L = c

2f5G
) suspended at 0.25 mm from flat layered models

of the human body. The 3-layer model returns same gain
values regardless of the adopted electromagnetic parameters
in the entire 3.6-60 GHz band. The 1-layer model, instead, is
adequate only for frequencies above 20 GHz. The gain drops
at around 10 GHz where relaxation takes place. Accordingly,
in the following numerical simulations, the 3-layer model will
be used at 3.6 GHz and the 1-layer model will be adopted at
both 28 GHz and 60 GHz with the electromagnetic parameters
summarized in Tab. II.

TABLE II: Selected Permittivity and Conductivity Values for the
Human Body Model

Layers Freq. (GHz)
3.6 28 60

Gabriel [32] Chahat [33] Chahat [33]
Skin εr 36.92 16.65 11.61

1∗ or 2† mm σ (S/m) 2.08 14.65 22.32
Fat εr 5.16

- -3 mm σ (S/m) 0.16
Muscle εr 51.32
31 mm σ (S/m) 2.65

∗at 3.6 GHz; †at 28 and 60 GHz.

Fig. 4: Broadside gains of half-wavelength dipoles at 0.25 mm from
the planar layered models of the human body.

B. Optimal Antenna Sizes and Performances

Fig. 5 summarizes the maximum simulated gains Gmax
of dipoles and loops placed over the layered body models
described in Tab. II for varying sides lengths L, while keeping
fixed their thickness w to 160 µm and the distance from the
body to 0.25 mm. Coherently with [31], there exists an optimal
length Lopt at each of the considered frequencies where the
gains are maximized. As in UHF, optimal loops exhibit a series
resonance (the current is maximum at the input port) so that
the expected bandwidth will be broader; moreover, they are
three times smaller than the corresponding dipoles allowing to
fit several antennas within the area of a medical-grade plaster.

Despite the higher body losses at both microwave and
mmWave frequencies, the upper-bound gains and radiation
efficiencies (ηr) are much higher than at UHF (Tab. III)
because the outer skin acts as a reflector that reduces the
amount of power delivered into the inner layers.

TABLE III: Size and Performances of Optimal Epidermal Antennas

Freq. (GHz) Lopt (mm) Gopt (dBi) ηr (%) Type

0.870 [31] 140 -12.6 0.3 Dip.
45 -14.2 0.3 Loop

3.6 55 -4.6 6.5 Dip.
17.5 -5.1 8 Loop

28 9 -1.7 9.7 Dip.
3 -2.7 10.4 Loop

60 4.5 2.3 21.2 Dip.
1.75 1.6 21.4 Loop

Fig. 6a compares the simulated upper-bound gains
with the desired ones expressed through (5), for a =
GT (fUHF )/f

2
UHF , to evaluate the possibility of preserving,

at 5G, the same range performance as in UHF. Up to 4
GHz, the degradation due to the path loss can be almost
entirely compensated by the gain improvements of an epi-
dermal antenna and, accordingly, similar UHF link ranges are
expected with reduced antenna sizes. At higher frequencies,
instead, there exists a drastic gap between the desired and
the simulated gains. Hence, despite the relevant increase of
the antenna gain at 28 GHz and 60 GHz, it is not pos-
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Fig. 5: Optimal gains of epidermal (a) dipoles and (b) loops as
function of the length L. Distances of the radiating elements from
the skin and antenna width are fixed at 0.25 mm and w = 160
µm, respectively. Insets: antenna dimensions and normalized surface
currents for the optimal layouts.

sible to achieve the same read range as in UHF with a
single element and, as discussed in Sec. IV, arrays will be
required. Finally, performances strongly degrade within the
7 - 20 GHz frequency range because of relaxation of the
human body tissues, therefore, this frequency region must be
avoided. Fig. 6b highlights the advantages of operating either
at microwave or mmWave frequencies in terms of antenna
footprints. At these frequencies, in fact, both the dipole and
the loop side lengths L are significantly lowered. Microwave
frequencies allow to reduce the footprint without requiring
complex manufacturing processes while mmWave frequencies
give a significant advantage for fitting several antennas within
the area of a medical-grade plaster. Nonetheless, at these
higher frequencies, more complex manufacturing methods will
be required.

(a)

(b)
Fig. 6: (a) Upper-bound gains (dipoles and loops) at 5G frequencies
compared with the theoretical quadratic law in (5) that would ensure
a read range independent from the frequency; (b) optimal epidermal
antenna sizes. Inset: in-scale view of epidermal loops. Data are com-
pared with UHF loop and dipole [31]. The UHF and 5G frequencies
bands of interest are highlighted in gray.

C. Experimental Corroboration

Simulations discussed so far have been verified at 3.6 GHz
and at 28 GHz throughout experimentation on a roasted pork
(estimated parameters εr = 40, σ = 2 S/m). Planar half-loops
and monopoles (trace width w = 1 mm) of different lengths
L were manufactured over a PET substrate (thickness t = 135
µm, εr = 3, tan δ = 0.019) with adhesive copper that was
carved out by a two-axis cutter. Antennas were mounted on a
ground plane and vertically attached onto the phantom (Fig.
7a); gains were indirectly measured through a test monopole.
The S21 scattering parameters were measured by a VNA
(HP 8517A), upon calibration. Results of normalized |S21|2
(proportional to the normalized antenna gains G [34]) are
plotted in Fig. 7b and compared with the corresponding
simulations. Despite a small shift, due to the manufacturing
imperfections and, above all, to the approximate resemblance
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between simulated and real phantoms, the presence of the
numerically predicted optimal sizes are reasonably verified.

Fig. 7: (a) Experimental setup for measuring the gains of half-
loops and monopoles when attached onto a roasted pork; probe
monopole length l = {20, 2} mm and r = {13, 6} cm @ {3.6, 28}
GHz, respectively. (b) Comparison between measured and simulated
normalized gains as function of the size L of the epidermal antenna.

IV. EPIDERMAL ARRAYS

When moving from UHF to mmWave, the effective antenna
aperture can be preserved by replacing the single epidermal
element with an array. Let rmax5G denote the maximum activa-
tion distance of the transponder at the 5G frequency (f5G) in
a b2b link; by assuming that the transponder chip sensitivity at
f5G is equal to that at fUHF , and that the same reader output
power can be used, then, from (4):

rmaxUHF

rmax5G

=

√
GT,UHF
GT,5G(N)

f5G
fUHF

, (6)

where GT,5G(N) ' NGT,5G indicates the gain of an array
of N epidermal 5G-RFID elements (with single-element gain

TABLE IV: Number of Elements that Provide the Same Read
Distance as in UHF

3.6 GHz 28 GHz 60 GHz
Dipoles 3 (2x2) 85 (9x10) 154 (14x11)
Loops 3 (2x2) 74 (9x9) 126 (10x13)

GT,5G). The minimum number N of required elements for the
transponder array that would guarantee the same read distance
as in UHF (rmax5G = rmaxUHF ) becomes:

N ≥ GUHF
G5G

(
f5G
fUHF

)2

. (7)

By introducing in (7) the upper-bound gains G5G of Tab.
III, the resulting number of array elements can be found (Tab.
IV). While the 3.6 GHz array could be feasible (a 2 x 2 array
at most, with overall size of 6 cm x 6 cm), the 28 GHz and
60 GHz arrays would instead introduce a relevant and non-
negligible complexity in the feeding network of an epidermal
antenna, with a significant impact on size, cost and practical
feasibility of the epidermal transponder.

A. Link Performance of a 5G-RFID Epidermal System
Examples of achievable read ranges are here given (Fig.

8) at the selected 5G frequencies (f5G) and compared with
a 30 x 30 mm2 footprint which is the size of state-of-the-art
UHF epidermal antennas [12]. The reference UHF passive chip
sensitivity is pt = −15 dBm and the corresponding theoretical
maximum distance is rmaxUHF = 1.5 m for an Effective Isotropic
Radiated Power (EIRP) of 4 W (36 dBm). The identified
footprint is suitable to allocate either a single optimal loop
at 3.6 GHz, or up to a 5 x 5 elements array (with an inter-
element spacing shown in the inset of Fig. 8) at 28 GHz,
or a 12 x 12 array at 60 GHz. At 60 GHz, fewer array
elements are considered too. A summary of achievable ranges
for different configurations and frequencies is reported in Fig.
8; the simulated achievable gains of both the single loop
element and the full array models are given in Tab. V.

As shown in Fig. 8, a loop at 3.6 GHz allows a read
distance of up to 1.3 m and a reduced size, while single
element antennas at mmWave frequencies (i.e.: 28 GHz and
60 GHz) enable read distances of about 20 cm. From these
results it emerges that the read distances at 3.6 GHz of both
dipoles and loops are comparable with the ones achievable at
UHF; moreover, 3.6 GHz loops have the added advantage of
halving the antenna footprint (form 30 mm to 17.5 mm of side
length). Even though much smaller than the UHF counterpart,
the 28 GHz and 60 GHz single-element antennas could be
used as modern high-speed NFC systems read through a 5G
smartphone. Broadside loop arrays with N = 25 (@ 28 GHz)
and N = 42 (@ 60 GHz) would return a maximum gain of
10.7 dBi and 17 dBi, respectively, guaranteeing ranges up to
one meter. Finally, the N = 144 loop array at 60 GHz, that can
be packed within the footprint of a single UHF loop, would
enable a longer read range than in UHF (about 1.8 m).

B. Beam Steering
Multi-element epidermal loop arrays are suitable to beam-

forming as in the 5 x 5 array example at 28 GHz of Fig. 9.
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Fig. 8: Maximum link ranges of several dipole and loop tag configu-
rations (all constrained within a 30 x 30 mm2 footprint) at UHF and
5G frequencies for chip sensitivity pt = -15 dBm. EIRP fixed to 4 W
(36 dBm): Pin = 30 dBm and GR = 6 dBi (b2b mode). Inter-element
spacing for arrays: d = λ0

2
= 5.36 mm at 28 GHz, and d = λ0

2
=

2.5 mm at 60 GHz.

Fig. 9: Beamforming of the 28 GHz 5 x 5 loop array with inter-
elements spacing d = λ0/2 = 5.36 mm fitting within the 30 x 30
mm2 footprint. Linear phase shifts: 63.3◦ for main lobe at 20° and
110° for main lobe at 40°.

The beam can be steered of 20◦ and 40◦ from the broadside
without sensibly affecting the peak gain.

C. Data Rates

The higher gains provided by array configurations and the
corresponding higher available bandwidths at 5G will enable
relevant data-rates for passive 5G-RFIDs. By assuming a
BPSK modulation, both the tag data-rate R = 2B (with B
being the RF bandwidth), and the Signal-to-Noise Ratio (SNR)
are related by the equation [35]:

SNR|dB = PR←T |dB −BT0kB |dB −NF |dB , (8)

with T0 = 290 K being the system temperature, and
kB = 1.3810−23 m2kg

s2K the Boltzmann constant. By imposing

TABLE V: BPSK Data Rates of Passive 5G-RFID Links at 1 meter

Freq. (GHz) Elements N Gain (dBi) Tag Rate (Gbps)
3.6 1 loop -5.1 0.52
28 5 x 5 loops 10.7 0.36
60 12 x 12 loops 17 0.31

a minimum SNR of 10 dB, an EIRP of 36 dBm, a reader
antenna gain GR = 6 dBi, a modulation index M = -6 dB,
and a receiver noise figure NF = 10 dB, the maximum tag
data-rate R can be computed from (8) for a single epidermal
loop or for an array of loops placed one meter away from
the reader (Tab. V). The highest date-rate occurs for the 3.6
GHz link (theoretically 0.52 Gbps). The evaluated data-rates
are however intended as upper-bounds as the real achievable
speed will depend on the specific frequency and bandwidth
allocation of the 5G spectrum.

V. ELECTROMAGNETIC EXPOSURE

The results shown above revealed that the backscattering
links enabled by future passive 5G-RFID epidermal sensors
require the readers to be at a distance of 1-1.5 m from the
human body at 3.6 GHz and at 17 cm at 60 GHz. Therefore,
it is necessary to investigate the human exposure to high-
frequency electromagnetic fields radiated by a nearby source
to assess the safe implementation and the social acceptance of
epidermal sensor networks.

Fig. 10: Radiation pattern at 3.6 GHz of a 30 x 36 mm2 patch antenna
placed in front of the human head.

Fields induced into the human body by a nearby source at
the lower 5G frequency (3.6 GHz) are numerically evaluated
through the Specific Absorption Rate (SAR =Pdiss

m , with
Pdiss being the electric power absorbed in tissue and m the
tissue mass). For computing the SAR levels, the following
simulation has been held with Sim4Life 5.0©: a patch reader
antenna radiating an EIRP of 36 dBm is placed at distances h
of 20 cm and 5 cm, respectively (Fig. 10), from the head
(at eye level) of a high-resolution anatomical model of a
34-year-old man [36]. Peak spatial average SAR in 1g of
tissue has been determined according to IEEE 62704-1-2017
- IEC/IEEE International Standard and, as shown in Fig. 11,
peaks are localized around the eyes. For h = 20 cm, values
are well below 0.5 W

kg with a peak in correspondence of the
aqueous humor and a sharp attenuation in the first 10 mm
of tissue. By moving the radiating antenna closer to the face
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Fig. 11: SAR distributions in the head for a source emitting an EIRP
of 36 dBm placed respectively 5 and 20 cm away from the face, at
eyes level. FCC limit: SAR < 1.6 W

kg
averaged over 1g of tissue

[18].

(h = 5 cm), values increase up to 1 W
kg around the eyes.

However, in either cases, SAR values are compliant with the
FCC conservative restriction of 1.6 W

kg averaged over 1g of
tissue and the absorption of power is confined within the first
millimeters of the skin.

At 28 GHz and 60 GHz, instead, electromagnetic compli-
ance is investigated through the power density PD = EIRP

4πh2

emitted, in free space, by the reader located at distance h from
the body. ICNIRP and FCC guidelines require PD < 10 W

m2

for the general public and PD < 50 W
m2 for the occupational

group [18]. Even at the shortest ranges the power densities
for EIRP = 36 dBm are below both the occupational groups
and the general public restrictions (Fig. 12). For the sake of
safety, the radiating source should be kept at 20 cm far from
the body.

VI. SUMMARY OF THE RESULTS AND CONCLUSIONS

This work allowed to achieve the following results:
i) backscattering communication links would be feasible in

the 5G context. Despite the high losses of the human body,
epidermal antennas operating at microwave and mmWave fre-
quencies provide higher gains and higher radiation efficiencies
(ηr) than those at UHF;

ii) at microwaves (3.6 GHz), an epidermal sensor with a
single antenna element can achieve similar performances of
UHF tags, even with a size smaller than 30 x 30 mm2 (Tab.
VI);

iii) at higher frequencies, single radiators could be adopted
for short-range links with high data-rates that would improve
NFC systems currently used in smartphones and wearable
devices;

iv) array configurations are needed for links operating above
6 GHz to both establish longer communication ranges (in b2p
and p2p links) and for implementing beamsteering operations;

v) both microwave and mmWave links allow higher data
rates than at UHF for real-time transfer of data;

vi) passive 5G-RFID epidermal systems are compliant with
electromagnetic exposure regulations for a reader-to-body dis-
tance longer than 5 cm (at 3.6 GHz ) and 20 cm (at 28 GHz
and 60 GHz), but arrays should be preferred for this second
case;

vii) by comparing the electromagnetic performances of the
optimal 5G loop at 3.6 GHz with the state-of-the-art UHF
passive epidermal RFIDs, and by assuming the chip sensitivity
pt of -15 dBm, it is clear (Tab. VI) that the 3.6 GHz
band looks particularly attractive since the epidermal antenna
exhibits a higher aperture efficiency (ηA), a smaller size, and a
comparable read range. However, a deeper experimental effort
is still needed to exploit the above results in real configurations
and it will be the topic of future research.

TABLE VI: State-of-the-art of Epidermal Antennas

Antenna type Band Size Gain ηA rmax
(mm2) (dBi) (%) (m)

5G loop 3.6 GHz 17.5x17.5 ≤-5.1 55.8 1.3
Thin wire [12] UHF 30x30 ≤-17.5 49.2∗ 1.3

Integrated tag [8] UHF 30x30 ≤-15 31.1∗ 1.7
Tattoo tag [11] UHF 20x65 ≤-16.5 15.2∗ 1.4

∗Ref. frequency: 900 MHz

Although the results shown in this work suggest an upper
bound communication range for passive epidermal 5G-RFIDs,
it is important to stress out that ranges can be further improved
if the same solutions currently explored at microwave fre-
quencies (e.g.: Van Atta arrays [37] and Tunneling Tags [38])
are adopted and semi-passive solutions are taken into account.
Epidermal 5G-RFIDs, by operating at frequency bands higher
than UHF, can enable applications such as tracking with

Fig. 12: Power density vs distance from the reader. EIRP fixed to 4
W (36 dBm). Values of the maximum link ranges shown in Fig. 8
are here compared with the FCC and ICNIRP restrictions for General
Public PDmax = 10 W

m2 and occupational group PDmax = 50 W
m2 .
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mm- and micro-scale resolutions [39] for medical applications
(e.g.: micro-ablation or muscular and neural rehabilitation).
Overall, 5G-RFIDs will be easily integrated within the au-
tomotive industry where mmWave radars are already being
widely deployed [40] thus stimulating new types of driver-car
interactions. Finally, the integration of RFID readers within
future 5G mobile devices will reduce manufacturing costs and
make RFIDs available to several new users.
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