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Abstract—The monitoring of Astronaut’s health is one of
the most impacting aspects of long-duration Space missions,
especially for the high involvement required to the crew members
in the daily acquisition of body parameters. Automatic procedures
based on wireless systems would grant undeniable benefits,
especially if lightweight and battery-less devices could be adopted.
The possibility and the reliability of a communication link inside
the International Space Station (ISS) is here investigated when
the UHF-RFID epidermal technology is adopted. A Ray Tracing
asymptotic method is hence proposed to evaluate the coverage
area and the read probability inside the Harmony module. The
analysis is referred to up to two astronauts simultaneously present
in the module and to the presence of multiple reader antennas,
in case purely passive epidermal tags are adopted. Simulations
revealed that it is possible to identify some simple operating
conditions that allow to obtain a reliable RFID link, also thanks
to the advantageous propagation characteristics of the module
itself.
Index Terms—RFID, Propagation, International Space Station,
Epidermal Antennas, Telemetry, Path Loss

I. I NTRODUCTION
Long-duration Space missions pose important health concerns for Astronauts, especially regarding the adverse effects
of microgravity [1]. Currently, on-board health assessment
is only discontinuously carried out by means of questionnaires/interviews or with the help of bulky and wired devices [2]. These systems are not suitable for a continuous
and automatic monitoring, especially during countermeasure
exercises and ordinary tasks. Moreover, they require an active
involvement of the crew members themselves. Hence, health
monitoring of Astronauts is still an open issue.
In such a context, autonomous wearable devices that can
harvest energy from the surrounding environment and that
are able to provide biophysical information without the direct
intervention of the user could be a useful option to lighten
the workload of Astronauts and, above all, to ease the continuous health monitoring. Among the many wearable options,
Ultra-High Frequency (UHF) - Radio-Frequency Identification
(RFID) Epidermal technology [3] offers nowadays sensing
capabilities without complex circuitry, to monitor physical
parameters, such as temperature [4],[5],[6], breath anomalies
[7],[8], electrophysiology [9],[10], and more lately to detect
biomarkers in sweat [11],[12]. Read distances up to 1.5 m are
obtained by using small tags directly adhering on the skin, thus

enabling promising applications in the remote human health
monitoring.
Very recently, three modules of the International Space
Station (ISS) were equipped with an RFID network infrastructure for the automatic inventory and tracking of objects, as
part of the REALM-1 project [13],[14]. RFID technology is
therefore accepted as being compatible with the severe Space
requirements [15],[16],[17]. This evidence now opens the way
to more advanced applications also involving the Astronauts
monitoring. However, a typical ISS module is a challenging
scenario as it is highly scattering.
It consists of a tunnel-like large structure, enclosed by a
metallic reflective fuselage, also populated with a variable
number of floating persons [18]. Accordingly, to verify the
feasibility of a reliable continuous observation of the ISS
personnel, an evaluation of the electromagnetic propagation
inside the ISS in the presence of people is required. Some
studies are already available for indoor environments in both
empty settings, such as aircraft cabins [19],[20], domestic
spaces [21],[22] and stores [23], where no persons are involved, as well as in inhabited scenarios, mainly pertaining
domestic spaces [24],[25],[26],[27]. Nevertheless, even if these
last studies includes the shadowing effect of the body in the
evaluation of the RFID reading region, tags are placed in the
environment rather than on the body. Instead, skin-mounted
tags introduce additional body-induced effects of shadowing,
scattering and absorption at the expense of the propagating
fields, leading to not negligible impact on coverage and tag
activation. Finally, the characterization of the propagation in
the ISS itself is presented in [28],[29] but it is restricted to the
2.4 GHz band for Wireless Local Area Networks and no person
is included. Overall, the above models and results can not be
directly transferred to the ISS problem, as it instead involves
tags attached directly over the skin, huge body shadowing and
scattering from metal walls, and multiple persons in a limited
space.
By expanding the preliminary ideas in the recent conference
contribution [30], this paper focuses on the the reliability
of a communication link with tag-equipped Astronauts by
simultaneously taking into account, for the first time, i) tags
attached on the skin, ii) the presence of more than a single
Astronaut, and iii) several arrangements of the interrogating
infrastructure, say single and multiple readers. The goal is to
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derive, through numerical analyses, the percentage of coverage
of a typical ISS module, parameterized by the number of
Astronauts, the tag sensitivity and the topology of the interrogating network. Since the computational effort required to
evaluate the propagation and coverage makes the conventional
Full Wave (FW) electromagnetic tools based on FDTD, FEM
or MOM methods unusable, an asymptotic approach is here
proposed and numerically tested. It is based on Ray Tracing
(RT), which provides a reasonable balance between accuracy
and computational time [31] when multipath propagation in
complex indoor environments is involved. Moreover, an appropriate model of the human body is introduced so that the
effects it induces at the propagation expense are faithfully
reproduced, and the performance of the on-body tags are
accordingly defined when embedded on it.
The paper is organized as follows. Section II introduces
the statement of the problem. In Section III the propagation
modeling strategy best suited to the Space environment is
presented and it is preliminarily validated in a simplified
benchmark. In Section IV the procedure is then applied inside
the Harmony module of the ISS. The aim is to derive information about the achievable read region, when single or multireader antennas architectures are involved, as well as when
pure passive epidermal tags with increasing performances are
adopted. Then, in Section V the reliability of the link is
also evaluated accounting for the presence of a disturbing
Astronaut.
II. S TATEMENT OF THE P ROBLEM
A. The ISS Module: Harmony (Node 2)
The reference scenario for all the following numerical

analyses is a semi-closed environment (Fig. 1.b) resembling
the internal structure of Node 2 (Harmony) module of the
International Space Station (Fig. 1.a). Harmony is one of the
three ISS modules (together with Node 1 and U.S. Laboratory)
already provided with a distributed RFID architecture consisting in 2 fixed readers and 8 antennas per module, as part of
the REALM-1 project [14].
For the numerical analysis, the module is simplified so that
all the surfaces of the mock-up are supposed to be made of
Perfectly Electric Conductor (PEC). The relevant sizes are
derived from NASA’s Reference Guide to the ISS [33].
B. Interrogating Antenna
The reader antennas, working at a frequency of 900 MHz
and emitting a power PT = 4 W EIRP according to FCC
regulations ([34], paragraph §15.247), are placed over the
walls of the module in different positions shown in Fig.
2.a. Several single-antenna or multiple-antennas setups are
investigated, deriving from different combinations of the 7
selected positions. In all the considered cases, the origin OR
of the local reference system of the reader antennas lies on the
plane y = 0 of the module, meaning that the antenna is located
at a distance of 1.3 m from the upper and lower long walls (i.e.
ceiling and floor). In line with typical RFID installations [35],
a circularly polarized patch (Fig. 3.a) was considered. For the
sake of simplicity a dual feeds layout was adopted, leading to
e R = 6 dBi,
a simulated1 maximum broadside radiation gain G
◦
with a BW−3 dB ∼ 90 (Fig. 3.b).
C. Human Body Phantom and Epidermal Antenna
To reduce computational load, the Astronaut’s human body
is modeled as an elliptical cylinder2 (Fig. 2.b).

(a)
(a)

(b)

Figure 2. (a) Top view of the module on plane y = 0, showing the selected
positions of the reader antennas (red semicircles) inside the module. (b) Cylindrical human body model (h = 1.65 m, amin = 25 cm, amax = 40 cm),
wearing the epidermal tag. OT = (amin /2, 0, h/2) w.r.t. the phantom’s
reference system.

(b)
Figure 1. (a) Cutaway of the ISS Harmony module [32]. (b) Simplified model
of the internal structure of the Harmony module used for the simulations.

1 Numerical simulation performed with DASSAULT - CST MICROWAVE
STUDIO 2019 by using the Full-wave Finite-Difference Time-Domain
(FDTD) solver.
2 The height of the phantom is chosen based on the average of men and
women [36], while the axes are chosen in agreement with a commercial torso
phantom [37].
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communication mode, the state-of-the-art of chip sensitivity
is about po,chip = −15 dBm for sensing purposes [41], and
up to po,chip = −22 dBm for identification only [42]. Hence,
two representative values of PT AG = {−3, −10} dBm will be
hereafter considered.
D. Link Performance Metrics

(a)

The considered performance metrics for the RFID link is the
relative percentage of coverage C% , that is the ratio between
the volume (or surface) wherein the tagged Astronaut can be
identified by the reader network and the whole internal volume
(or surface). After the introduction of a sampling mesh of
overall NT OT sampling points over a cutting plane of the
module, C% is defined as:

(b)

Figure 3. (a) Simulated circularly polarized patch (L = 106 mm, Lsub =
20 mm, Lf eed = 36 mm, tcopper = 35 µm, tsub = 3 mm) as interrogating antenna. (b) Radiation pattern on both φ = 0◦ and φ = 90◦ planes. The
angle between the dashed lines indicates the −3 dB beam-width.

(a)

C% [H, K] =

NA
,
NT OT

(2)

where H = {1, ..., 7} indicates the number of the transmitting antennas, K = {1, 2} the number of the Astronauts
inside the module, and NA is the subset of the sampling
points where the tag can be activated. In the case of the
direct link, the activation condition requires that the power
PR→T (rT ) reaching the tag in its position rT is greater than
the sensitivity po,chip of the IC. Similarly, in the case of the reverse link, the activation condition requires that the round-trip
(backscattered) power PR←T (rR ) reaching the reader antenna
in its position rR is greater than the sensitivity po,reader of
the reader. Consequently, the maximum activation region is
rmax = min {rT , rR }. According to [43]3 , the link is always
forward-limited for all the considered tag’s performances, so
that the only direct problem will be hereafter addressed.

(b)

Figure 4. (a) Example of a passive [38] epidermal tag. (b) Radiation pattern of
a reference epidermal tag on both φ = 0◦ and φ = 90◦ planes, attached over
the body phantom in Fig. 2.b. The angle between the dashed lines indicates
the −3 dB beam-width.

The phantom’s electrical properties are considered homogeneous, with equivalent relative permittivity εr = 43 and
electrical conductivity σr = 0.9 S/m [39].
The epidermal tag is assumed to be attached over the
Astronaut’s body at half the height of the phantom (Fig.
2.b); furthermore, the tag and the reader antenna are always
vertically aligned along the x-axis (same height). An example
of a passive [38] epidermal tag is shown in Fig. 4.a, while Fig.
4.b shows its simulated1 radiation pattern when placed over the
simplified body phantom. In line with the typical performance
offered by epidermal tags [39], a maximum broadside realized
e tag = −12 dBi is achieved, with a linear polarization
gain G
and a BW−3dB ∼ 140◦ .
For the sake of generality, the epidermal antenna is identified
by its tag sensitivity PT AG , defined as in [40]:

III. C OMPUTATIONAL M ODEL
The power PR→T (rT ) is evaluated accounting for the interaction with the walls [22] by using a Ray Tracing (RT)
method. The method only requires the far field of the reader
antenna, that is offline evaluated once and for all by any Full
Wave (FW) method (see again Fig. 3). The human body is
accounted only for the reflected rays, so that penetration and
absorption of the electromagnetic field are not considered. The
interaction with the epidermal tag is instead accounted for by
means of the following procedure (outlined in Fig. 5), aiming
at deriving the power delivered to the IC and accordingly the
performance parameter C% [H, K].
Having fixed the position of the reader antenna/s inside
the module, the Poynting vector S(r) = 21 E(r) × H ∗ (r)
is evaluated through the RT over the cutting plane of the
module containing the on-body tag. Then, the power PR→T (r)
received by the chip [40] is estimated as:
PR→T (r) = |S R→T (r)| Atag τtag ηP ,

(3)

(1)

where Atag = λ2 Gtag /4π is the effective area of the tag
(derived from a FW simulation in which only the phantom+tag

where po,chip is the IC power threshold. The lower the tag
sensitivity, the more performing the tag is. In case of passive

3 According to [43], the link is forward-limited provided that p
o,reader ≤
2 P , with τ
M po,chip / τtag
tag = 1, Pin = 1 W and chip’s modulation
in
depth M = 0.25 (in the case of the amplitude-shift-keying (ASK) [44]).

PT AG

po,chip
=
,
e tag
G
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Figure 5. Work flow of the post-processing procedure. ΩN A = ΩT OT − ΩA is the non-activation region. ηP = 0.5.

system is modeled as in Fig. 4), and ηP is the polarization
loss factor (PLF), depending on the relative orientation of
transmitter and tag’s polarization (hereafter fixed to ηP = 0.5
since generally reader antennas are circularly polarized and onbody tags are linearly polarized). After enforcing the activation
condition in (3), the minimum impinging power density able
to activate the epidermal tag is:
|SR→T |min =

4πPT AG
.
λ2 ηP

(4)

Hence, the communication link is established (ON) at any
point r where |SR→T (r)| > |SR→T |min , outlining the activation region ΩA , otherwise the wearable tag is unreachable
(OFF). Finally, once drawn an activation map, the communication performance parameter C% [H, K] is calculated according
to (2) over the pixels of the map.
Moreover, a forbidden region ΩF is defined at any point
r where |SR→T (r)| > |SR→T |max , with |SR→T |max =
6 W/m2 . This RF electromagnetic fields exposure limit is
specifically defined for applications onboard the ISS [45] at
900 MHz.
The numerical analysis includes the following simplified
assumptions:
(a) Only Line-of-Sight (LOS) situations between the tag and
the reader antennas will be considered, as it is known that the
epidermal tags are not reliable nor well-functioning in NonLine-of-Sight (NLOS) conditions [46]. This assumption is not
significantly restrictive whenever Astronauts wear redundant
tags in opposite positions over the body (e.g. one over the torso
and the other on the back), so that the occurrence of NLOS
conditions are reduced since at least one of the tags will always
result in LOS with the reader antenna. Moreover, when a multiantenna infrastructure is installed within the Space module, the
tag can even further be considered in LOS with at least one
of the reader antennas, as shown later on.
(b) The Poynting vector will be evaluated once and for all
in the whole scenario without the presence of the Astronaut,
at the purpose to speed up the computation inside the ISS
module, that is to avoid multiple runs (since the floating
Astronaut could occupy any position within the Space module

with any orientation). The rationale for this simplified approach
is that the self-shadowing introduced by the Astronaut itself is
negligible in the estimation of the read region, as demonstrated
next.
A. Numerical Validation
All the numerical simulations hereafter shown were performed with DASSAULT - CST MICROWAVE STUDIO 2019
by using the Asymptotic solver as Ray Tracing method4 , and
the Full-wave Finite-Difference Time-Domain (FDTD) solver
as reference.
A preliminary assessment of the simplified RT-based modeling method is carried out referring to a benchmark scenario
(Fig. 6), that includes all the tricky elements of the problem,
such as a reflective screen and the human body. The benchmark
comprises the same homogeneous human phantom described
above, wearing a linearly polarized epidermal RFID tag with
e tag = −12 dBi. To account for the
a realized broadside gain G
multipath effects, a 2 × 2 m PEC plate is placed behind the
phantom, at a distance of 1 m. The reader antenna, instead, is
placed at a distance of 2 m from the body. Two configurations

Figure 6. Benchmark for the RFID link evaluation, involving a skin-mounted
antenna and a scattering object. Top view on y = 0. Not in scale. The origin
OT and OR of the tag and reader’s reference systems both lie over the y = 0
plane.

4 The ray tracing angular increment is 1◦ (for both the φ and ϑ angular
dimensions). The number of ray interactions is limited to 3.
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IV. N UMERICAL A NALYSIS OF THE ISS M ODULE : S INGLE
A STRONAUT
A. Single Interrogating Antenna

Figure 7. Example of the power density maps [W/m2 ] for the benchmark
configuration (ii) with α = 40◦ . Comparison between FW and RT model, the
latter both in the presence and absence of the body phantom.

The simulation setup is shown in Fig. 8.a, with a single
reader antenna (H = 1) in position A and a single Astronaut
(K = 1) wearing the tag to be interrogated.
Following the above procedure (Fig. 5), the first outlet is the
power density map in Fig. 8.b, which shows that the module is
strongly characterized by reflections, multipath and waveguide
effects. This observation is confirmed by the introduction of
the Path Loss model [47]:
P L(d) [dB] = P¯L(d0 ) [dB] + 10 n log10

of mutual orientation between the transmitting antenna and the
phantom+tag are analyzed: (i) the reader antenna and the tag
facing each other (α = 0◦ ), and (ii) the phantom+tag rotated
around its zP axis (α = 40◦ ) to investigate the effect of
misalignment. In addition, the calculation with the RT model
is performed also in the absence of the phantom to check the
impact of neglecting the Astronauts in the numerical simulations. The reference results are obtained by FW simulations.
Fig. 7 shows an example of the power density maps derived
from both the FDTD and the Asymptotic solver (as FW and RT
methods respectively) for the configuration (ii) with α = 40◦ .
Propagation is affected by the human body especially in
the backward direction, where, due to absorption, the power
is sensibly lower. This mostly affects the communication in
case more than an Astronaut is contemporarily present in the
module, as will be shown later on.
The comparison in Table I shows that the proposed RT
model returns results in good agreement with the FW approach.
In particular, the removal of the body phantom only produces
a limited error of about ±1 dB in the estimation of the power
on chip with respect to the FW reference (forward direction).
As a consequence, the results of the relative percentages of
coverage C% hereafter reported are evaluated starting from
simulations of the empty Harmony module, whose power
results are then all rescaled by subtracting 1 dB to consider
the most conservative condition (which will return the lower
bound value of the coverage).
Table I
P OWER ON CHIP ESTIMATION COMPARISON : PR→T [dBm].
FW Model
with phantom

RT Model5
with Phantom

RT Model5
without Phantom

α = 0◦

−20.0

−20.3

−21.6

α = 40◦

−23.4

−24.3

−22.2

reference to Fig. 4.b, for the RT simulations with α = 40◦ , the tag’s
e tag,av = −14 dBi), which
gain is averaged over the entire half-space (G
approximately matches the −6 dB beam-width. Instead, when α = 0◦ the
e tag = −12 dBi).
tag’s gain is the broadside value (G
5 With



d
d0


+ χσ , (5)

where d0 is a reference distance (typically 1 m), n is the path
loss exponent (n = 2 in the free space), and χσ is a centered
Gaussian zero mean random variable with standard deviation
σ, which describes the shadowing effects due to randomly
varying levels of clutter.
Fig. 9 shows the path loss trend evaluated at a straight line
along the x-axis of the module, with a sampling pace of 4 cm:
P L(d) [dB] = PT [dBm] − PR (d) [dBm] ,

(6)

where PT is the transmitted power and PR (d) is the power
received in each sampling point d, calculated according to
(3). Data show the existence of a break-point along the path,
thereafter the propagation has a different rate of attenuation:
n = 1.83 for range distances less than about 1.6 m (orange
line) and n = 0.76 in the rest of the module (red line). This
is in line with the results in [28] concerning the propagation
analysis of 2.4 GHz WLANs used inside the ISS, in which
it is found that n = 1.72 for distances range less than 1 m
(where reflections are not very impacting and propagation is
similar to the free-space one) and n = 0.75 for range distances
between 1 and 10 m. Moreover, if a single linear regression
(blue line in Fig. 9) is extracted along the entire path, a low
value n = 0.75 of the path loss factor is found, as expected
in the case of tunnel-like structures [48], indicating that the
signal along the path attenuates less than in the free-space.
Then, going on with the procedure (Fig. 5), the activation
maps of the two representative epidermal tags are obtained
in Fig. 8.c, that are xz grids (on plane y = 0) showing the
points where the tag is activated. The percentage of coverage
C% [1, 1] is 18 % in the case of PT AG = −3 dBm, which
is not satisfactory for a continuous reading of a moving
Astronaut, and could sensibly increase up to 64 % whenever,
in the near future, the sensing tags will reasonably inherit the
better performance of the current identification tags, reaching
values of PT AG = −10 dBm. Moreover, a forbidden region
of dlim = 0.23 m from the reader antenna is derived, which
is fairly limited. These activation maps (Fig. 8.c) show that,
thanks to the characteristics of the module, it is possible to
obtain reading regions far beyond the limit of the free space
(blue horizontal lines).
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(a)

(b)

(c)

Figure 8. (a) Model configuration: single reader antenna (H = 1) in position A. (b) Power density map on plane y = 0, delivered by CST RT Asymptotic
solver. (c) Activation regions maps of the communication link (on plane y = 0), varying the tag sensitivity of the passive epidermal tags. The white (ON) and
grey (OFF) regions correspond to the activation ΩA and non-activation ΩN A regions respectively. The blue horizontal line in the activation maps indicates
the free-space limit. The black/red semicircles indicate the forbidden region ΩF from the reader antenna.

Figure 9. Linear least squares single or double regressions of the path loss
trend along the module’s x-axis, resulting in the Expected Path Loss model.
The ordinate axis is normalized to the minimum experienced path loss value.

B. Reading Network with Multiple Interrogating Antennas
A multi-reader architecture (H > 1), similar to the one
already exploited in the REALM-1 project for logistics [14],
is here evaluated at the purpose to enlarge the interrogation
region (which also helps to avoid possible NLOS situations).
Up to 7 reading antennas are assumed to be sequentially fed
(through a multiplexer6 ) by a single or a limited number of
readers, which interconnect the antennas via coaxial cables. A
0.5 dB/m power attenuation is assumed along the cables.
Accordingly, the activation maps of the epidermal tag with
PT AG = −3 dBm are drawn in Fig. 10 for three different
cases: (i) one reader and two antennas (H = 2) in position C
and D, (ii) one reader and three antennas (H = 3) in position
B, C and D, and (iii) two readers and six antennas (H = 6)
in position B, B’, C, C’, D and D’. Despite the performance
degradation produced by cable attenuations, the use of multiple
antennas allows to achieve percentages of coverage up to
6 If compared to the typical speeds of a moving man (1.5 m/s [49]), the
typical switching time of common multiplexers (e.g. < 15 µs [50]) allows the
superimposition of the activation regions produced by each antenna alone.

Figure 10. Activation regions maps corrected for cable losses for three
arrangements of multiple antennas, with reference to the epidermal tag
with PT AG = −3 dBm. The yellow crosses indicate the readers, the red
semicircles indicate the reader antennas, and the yellow dashed lines indicate
the path of the cables.

C% [6, 1] = 48 % in the considered six-antennas configuration,
and even more (almost a total coverage) in case sensing tags
with PT AG = −10 dBm are exploited. Moreover, taking the
configuration of the REALM-1 project as a reference, the
introduction of two additional antennas is still possible (likely
in the two lateral niches), from which further improvements
are expected.
V. P ERTURBATION DUE TO M ULTIPLE A STRONAUTS
The shadowing effect of a second Astronaut (referred to as
the “disturbing Astronaut”) passing by in the same module
is here evaluated in terms of the obstruction produced at the
expense of the signal propagation, which results in an alteration
of the amount of power density reaching the tag worn by the
first Astronaut (referred to as the “user”). This alteration could
be either destructive or constructive, depending on the variable
mutual position of the Astronauts inside the module.
Fig. 11 shows a selection of twelve positions alternatively
occupied by the disturbing Astronaut (K = 2), which need to
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be individually simulated. With reference to the epidermal tag
with PT AG = −3 dBm, Fig. 12.a shows three examples of
the achievable activation maps when the disturbing Astronaut
is found in three of the twelve selected positions, in the case of
the single-reader configuration (H = 1). These reading regions
are indicated in dotted black and are put in comparison with the
activation maps in white that are achievable when no disturbing
Astronaut occupies the module and only the user is present (as
in Fig. 8.c). The closer the second Astronaut is to the transmitting antenna, the greater disturbance is generated, as he lies
within the widest reading region which is right in the proximity
of the antenna. This observation is confirmed by Fig. 12.b,
reporting the relative percentages of coverage C% [1, 2] for each
position occupied by the disturbing Astronaut. Compared with
the single Astronaut case (C% [1, 1] = 18 %), all the values
of C% [1, 2] are slightly lower, indicating that the presence of
another Astronaut inside the module can reduce the probability
to establish the communication link between the reader antenna
and the user’s tag, bringing the percentage of coverage to about
16 %. Nevertheless, the coverage is little affected when the
disturbing Astronaut is progressively far from the antenna, and
only in its proximity a significant variation occurs.

technology. Experimental tests in a representative mockup are
however required to corroborate above findings.

Figure 11. Considered positions of the disturbing Astronaut inside the module.
In all the positions, the tag worn by the phantom is always facing the reader
antenna (LOS) and lies over the y = 0 plane. Referring to the pairs of positions
(6,7), (8,9) and (11,12), the origin OP of the phantom’s reference system is
fixed at the same coordinates (x, y, z), but in one case the phantom is rotated
of α = 90◦ w.r.t. to the other.

VI. C ONCLUSIONS
The possibility to use the RFID-based epidermal technology
to fit to Astronauts inside an ISS module has been for the
first time investigated through numerical analyses of a realistic
model, in terms of the communication link establishment
versus several parameters, and in particular by considering
the chance to exploit the multi-antenna architecture already
installed on board the ISS.
The massive presence of metallic structures, leading to
reflections, scattering and multipath effects, generates a waveguide behavior within the ISS, with an estimated path loss
factor n = 0.75 and reading regions far beyond the freespace limit. When a single reader antenna is involved, the
RFID link with the current existing epidermal tags would be
established in only 18 % of the module. However, provided
that multiple reader antennas are engaged, as in the network
already deployed on ISS, the coverage can rise up to 48 %.
In case another Astronaut is simultaneously present in the
Station module, his disturbing effect produces a reduction in
the percentage of coverage of about 2 units on average (in
the single-reader configuration case). Hence, a single on-body
tag could be not enough to establish a robust omnidirectional
off-body link due to the shadowing effect of the user’s body
itself. However, provided that the Astronauts wear at least two
epidermal tags pointing toward opposite directions [46] (e.g.
tags placed on the back and on the torso), at least one of
them will be in LOS condition, so that an RFID link can
be established independently on the Astronaut-reader antenna
mutual position. Moreover, the extension of the coverage
in case of a multi-antenna architecture would ensure that a
body tag will be always in LOS condition with one of the
reader antenna. Overall, the simulation results suggest that the
continuous monitoring of the Astronaut during his presence
inside the module could be feasible with state-of-the-art RFID

(a)

(b)
Figure 12. (a) Three examples of the activation maps for positions 2, 5
and 9 of the disturbing Astronaut. Comparison of the activation regions
achievable in the absence or in the presence of the disturbing Astronaut,
respectively indicated in white (K = 1) and dotted black (K = 2). (b)
Relative percentages of coverage in the presence of a disturbing Astronaut
in the twelve positions. All the cases are referred to the epidermal tag with
PT AG = −3 dBm.

R EFERENCES
[1] A. Roda, M. Mirasoli, M. Guardigli, M. Zangheri, C. Caliceti, D. Calabria, and P. Simoni, “Advanced biosensors for monitoring astronauts’
health during long-duration space missions,” Biosensors and Bioelectronics, vol. 111, pp. 18–26, July 2018.

2469-7281 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
Authorized licensed use limited to: Universita degli Studi di Roma Tor Vergata. Downloaded on February 19,2021 at 09:53:06 UTC from IEEE Xplore. Restrictions apply.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JRFID.2021.3060455, IEEE
Journal of Radio Frequency Identification

[2] NASA.
https://www.nasa.gov/sites/default/files/atoms/files/
np-2017-04-014-jsc_iss_utilization_brochure_2017_human_
physiology_adaptation.pdf.
[3] D.-H. Kim, N. Lu, R. Ma, Y.-S. Kim, R.-H. Kim, S. Wang, J. Wu,
S. Won, H. Tao, A. Islam, K. Yu, T.-i. Kim, R. Chowdhury, M. Ying,
L. Xu, M. li, H.-j. Chung, H. Keum, M. McCormick, and J. Rogers,
“Epidermal Electronics,” Science (New York, N.Y.), vol. 333, pp. 838–
43, August 2011.
[4] S. Amendola, G. Bovesecchi, A. Palombi, P. Coppa, and G. Marrocco,
“Design, Calibration and Experimentation of an Epidermal RFID Sensor
for Remote Temperature Monitoring,” IEEE Sensors Journal, vol. 16,
pp. 1–1, October 2016.
[5] S. Wen, H. Heidari, A. Vilouras, and R. Dahiya, “A wearable fabricbased RFID skin temperature monitoring patch,” pp. 1–3, October 2016.
[6] G. Liu, L. Mao, L. Chen, and S. Xie, “Locatable-body temperature
monitoring based on semi-active UHF RFID tags,” Sensors, vol. 14,
pp. 5952–66, April 2014.
[7] M. C. Caccami, Y. Mulla, C. Occhiuzzi, C. Natale, and G. Marrocco,
“Design and Experimentation of a Batteryless On-skin RFID GrapheneOxide Sensor for the Monitoring and Discrimination of Breath Anomalies,” IEEE Sensors Journal, vol. PP, pp. 1–1, August 2018.
[8] Y. Wang and Y. Zheng, “TagBreathe: Monitor Breathing with Commodity RFID Systems,” IEEE Transactions on Mobile Computing, vol. PP,
pp. 1–1, February 2019.
[9] C. Miozzi, V. Errico, G. Saggio, E. Gruppioni, and G. Marrocco, “UHF
RFID-Based EMG for Prosthetic Control: preliminary results,” 2019.
[10] S. Vora, K. Dandekar, and T. Kurzweg, “Passive RFID tag based heart
rate monitoring from an ECG signal,” vol. 2015, pp. 4403–4406, August
2015.
[11] S. Nappi, V. Mazzaracchio, L. Fiore, F. Arduini, and G. Marrocco,
“Flexible pH Sensor for Wireless Monitoring of the Human Skin from
the Medimun Distances,” pp. 1–3, July 2019.
[12] D. Rose, M. Ratterman, D. Griffin, L. Hou, N. Kelley-Loughnane,
R. Naik, J. Hagen, I. Papautsky, and J. Heikenfeld, “Adhesive RFID
Sensor Patch for Monitoring of Sweat Electrolytes,” IEEE transactions
on bio-medical engineering, vol. 62, November 2014.
[13] NASA, “Logistics Reduction: RFID-Enabled Autonomous Logistics
Management (REALM) (LR-REALM).” https://techport.nasa.gov/view/
93175.
[14] P. W. Fink, “RIFD-Enabled Autonomous Logistics Management.” https:
//ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20160009157.pdf.
[15] CCSDS, Green Book. Wireless Network Communications Overview for
Space Mission Operations. December 2010.
[16] E. C. Jones, C. Richards, K. Herstein, R. Franca, E. L. Yagoda, and
R. Vasquez, RFID in Space: Exploring the Feasibility and Performance
of Gen 2 Tags as a Means of Tracking Equipment, Supplies, and
Consumable Products in Cargo Transport Bags onboard a Space Vehicle
or Habitat. October 2008.
[17] Q. Frederick, K. Davis, D. Lindsay, J. Cox, D. Lawrence, S. Parke,
J. Griffin, C. Qi, and G. Durgin, “RFTSat Mission Overview and
Results,” October 2020.
[18] J. Chuang, N. Xin, H. Huang, S. Chiu, and D. Michelson, “UWB
Radiowave Propagation within the Passenger Cabin of a Boeing 737200 Aircraft,” pp. 496 – 500, May 2007.
[19] H. Saghir, C. Nerguizian, J.-J. Laurin, and F. Moupfouma, “In-Cabin
Wideband Channel Characterization for WAIC Systems,” Aerospace
and Electronic Systems, IEEE Transactions on, vol. 50, pp. 516–529,
Genuary 2014.
[20] C. Spiliotopoulos and A. Kanatas, “Path-Loss and Time-Dispersion
Parameters of UWB Signals in a Military Airplane,” Antennas and
Wireless Propagation Letters, IEEE, vol. 8, pp. 790 – 793, February
2009.
[21] S. Grubisic and W. Carpes Jr, “An efficient indoor ray-tracing propagation model with a quasi-3D approach,” Journal of Microwaves,
Optoelectronics and Electromagnetic Applications, vol. 13, pp. 166–176,
December 2014.
[22] G. Marrocco, E. Giampaolo, and R. Aliberti, “Estimation of UHF
RFID reading regions in real environments,” Antennas and Propagation
Magazine, IEEE, vol. 51, pp. 44 – 57, January 2010.
[23] M. Skiljo, P. Solic, Z. Blazevic, and T. Perkovic, “Analysis of Passive
RFID Applicability in a Retail Store: What Can We Expect?,” Sensors,
vol. 20, p. 2038, April 2020.
[24] S. Obayashi and J. Zander, “A body-shadowing model for indoor radio
communication environments,” IEEE Transactions on Antennas and
Propagation, vol. 46, pp. 920–927, 1998.

[25] G. Koutitas, “Multiple Human Effects in Body Area Networks,” Antennas and Wireless Propagation Letters, IEEE, vol. 9, pp. 938 – 941,
February 2010.
[26] J.-H. Jung, J. Lee, J.-H. Lee, Y.-H. Kim, and S.-C. Kim, “RayTracing-Aided Modeling of User-Shadowing Effects in Indoor Wireless
Channels,” IEEE Transactions on Antennas and Propagation, vol. 62,
pp. 3412–3416, June 2014.
[27] E. S. Lohan, K. Koski, J. Talvitie, and L. Ukkonen, “WLAN and RFID
Propagation channels for hybrid indoor positioning,” pp. 1–6, June 2014.
[28] S. Hwu and Y.-C. Loh, “Propagation characteristics of International
Space Station wireless local area network,” pp. 407 – 410, October 2004.
[29] S. U. Hwu, Y. Loh, and C. C. Sham, “Space Station Wireless Local Area
Network Signal Characteristics Modeling and Measurements,” in 2006
ieee/aiaa 25TH Digital Avionics Systems Conference, pp. 1–8, 2006.
[30] N. Panunzio, C. Occhiuzzi, and G. Marrocco, “Propagation Modeling
inside the International Space Station for Radiofrequency Identification
and Sensing of Astronauts,” October 2020.
[31] J. W. McKown and R. L. Hamilton, “Ray tracing as a design tool for
radio networks,” IEEE Network, vol. 5, pp. 27–30, November 1991.
[32] NASA. https://www.jpl.nasa.gov/infographics/infographic.view.php?id=
12309.
[33] NASA, Reference Guide to the International Space Station. September
2015.
[34] Federal Communications Commission. https://www.fcc.gov/.
[35] Keonn, Advantenna-p11. https://keonn.com/wp-content/uploads/2019/
12/Keonn-Advantenna-p11-Data-sheet-1.pdf.
[36] P. Grasgruber, J. Cacek, T. Kalina, and M. Sebera, “The role of nutrition
and genetics as key determinants of the positive height trend,” Economics
& Human Biology, vol. 15, December 2014.
[37] https://speag.swiss/products/em-phantoms/phantoms/torso-ota-v5-1/.
[38] F. Amato, C. Miozzi, S. Nappi, and G. Marrocco, “Self-Tuning UHF
Epidermal Antennas,” IEEE International Conference on RFID Technology and Applications (RFID-TA), 2019.
[39] S. Amendola and G. Marrocco, “Optimal Performance of Epidermal
Antennas for UHF Radio Frequency Identification and Sensing,” IEEE
Transactions on Antennas and Propagation, vol. PP, pp. 1–1, December
2016.
[40] D. M. Dobkin, “The RF in RFID: passive UHF RFID in practice,”
Newnes, 2012.
[41] RFM3300-E
Magnus-S3
M3E.
https://axzon.com/
rfm3300-e-magnus-s3-m3e-passive-sensor-ic/.
[42] EM Microelectronic EM4325. https://www.emmicroelectronic.com/sites/
default/files/products/datasheets/4325-ds_0.pdf.
[43] G. Casati, M. Longhi, D. Latini, F. Carbone, S. Amendola, F. Frate,
G. Schiavon, and G. Marrocco, “The Interrogation Footprint of RFIDUAV: Electromagnetic Modeling and Experimentations,” IEEE Journal
of Radio Frequency Identification, vol. PP, pp. 1–1, October 2017.
[44] J. Griffin and G. Durgin, “Complete Link Budgets for Backscatter-Radio
and RFID Systems,” Antennas and Propagation Magazine, IEEE, vol. 51,
pp. 11 – 25, May 2009.
[45] NASA.
https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/
20150010757.pdf, March 2015.
[46] S. Manzari, C. Occhiuzzi, and G. Marrocco, “Feasibility of Body-Centric
Systems Using Passive Textile RFID Tags,” Antennas and Propagation
Magazine, IEEE, vol. 54, pp. 49–62, August 2012.
[47] T. Rappaport, “Wireless Communications: Principles and Practice",
Upper Saddle River, NJ: Prentice-Hall,” January 2002.
[48] A. Molisch, “Ultrawideband Propagation Channels-Theory, Measurement, and Modeling,” IEEE Transactions on Vehicular Technology,
vol. 54, pp. 1528 – 1545, October 2005.
[49] F. Lacquaniti, Y. P. Ivanenko, F. Sylos-Labini, V. La Scaleia,
B. La Scaleia, P. A. Willems, and M. Zago, “Human Locomotion in
Hypogravity: From Basic Research to Clinical Applications,” Frontiers
in Physiology, vol. 8, p. 893, 2017.
[50] Keonn, AdvanMux-4. https://keonn.com/wp-content/uploads/2020/01/
Keonn-AdvanMux-4-Data-sheet-4.pdf.

2469-7281 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
Authorized licensed use limited to: Universita degli Studi di Roma Tor Vergata. Downloaded on February 19,2021 at 09:53:06 UTC from IEEE Xplore. Restrictions apply.

