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ABSTRACT Continuous health monitoring of vital signs of patients is a challenging issue, especially in
emergency medical conditions. This paper designs a practical internet of medical things-based wireless
body area network (IoMT-based WBAN), to address this issue. Accordingly, a two-fold test-bed design is
proposed taking i) signaling and ii) antenna configuration into account to attain uninterruptible on/off-body
communication links. Firstly, the Walsh-Hadamard coding technique is used in all bio-sensors to retain
orthogonal simultaneous signaling for on-body links. Secondly, an antenna configuration of the hub is
designed so that it prevents probable interruptions in off-body links which may be caused by some human
postures. More accurately, a novel periodic leaky-wave antenna (LWA) with an elliptical belt shape is
introduced which generates a quasi-omnidirectional pattern. The LWA is designed based on a multi-tone
periodicity of a width-modulated microstrip line. At the design frequency of 5.8 GHz, the suggested
conformal periodic LWA was simulated and then fabricated. Simulations and measurement results illustrate
that the performance of on/off-body communication links is improved in comparison to conventional
antennas. Furthermore, simulated and measured radiation patterns have a good agreement with theoretical
calculations.Moreover, specific absorption rate (SAR) values of the proposed antenna are significantly below
the SAR limits so that this technique can be highly recommended for WBAN applications.

INDEX TERMS IoMT-based WBAN, continues health monitoring, conformal array, multi-tone periodicity,
periodic LWA, open stopband.

I. INTRODUCTION
Internet of medical things-based wireless body-area network
(IoMT-based WBAN), a promising technology in continu-
ously patient tracking and health monitoring applications,
has recently received considerable attention, even in 5G
and beyond 6G systems [1], [2], [3], [4], [5]. The IEEE
Std 802.15.6-2012 is the published international standard
for WBAN, based on which various frequency bands are
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allocated to WBAN applications, such as 402–405 MHz
medical implant communication services band, 902–928;
2400–2500; 5725–5875 MHz industrial, scientific, and med-
ical (ISM) band, 3.1-10.76 GHz ultra-wideband range [6].
Patients’ monitoring is accomplished by the accommodation
of several bio-sensors, all of which send vital information
to a unit, known a hub, through wireless on-body com-
munication links. The hub can be worn by the patient to
collect the aforementioned data and send them to a health
monitoring center via an off-body communication link [7].
Obviously, a patient’s comfort is an important demand
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that should be considered in the antenna design procedure.
Some specific requirement expected from hub antennas are
their lightweight, low profile, and high adaptability to the
human body’s surface. Besides, wearable antennas provide
omnipresent monitoring which is a key requirement for con-
tinuously controlling the vital signs of patients who need
emergent care. Accordingly, wearable antennas are com-
monly adopted in the hub design as they properly meet the
above mentioned demands.

Several types of wearable antennas have been stud-
ied for on/off-body propagation links, including vertical
monopoles [8], [9], [10], [11], planar monopoles [12], [13],
[14], planar inverted-F antennas [15], microstrip patches [16],
[17], [18], [19], cavity-backed slots [20], [21], [22], [23], and
artificial magnetic conducting surface backed antennas [24],
[25], [26], [27]. Monopole and inverted-F antennas are suit-
able for on-body propagation links but they are not low
profile designs. Although planar monopole and some planar
inverted-F antennas have a small size, a huge amount of
the energy is propagated into the human body. Microstrip
patch and cavity-backed slot antennas have broadside radi-
ation patterns but these types of antennas have narrow fre-
quency bandwidths. Artificial magnetic conducting planes
are designed to provide a high level of isolation between the
human tissue and the antenna. The main disadvantages of this
method are the relatively large profile and frequency shifts
caused by bending. Meanwhile, most of the existing antennas
are commonly excited by a coaxial probe perpendicular to
the human body surface. This leads to a protrusion which is
unsuitable for the required low profile structure.

Uninterruptible monitoring of patients is a key factor in
properly encountering their emergency medical conditions.
Some patients’ postures may limit data transmission from the
hub to access points. Therefore, designing a wearable antenna
for the hub can retain on- or off-body communication links
independently to the patient’s posture. The hub’s antennawith
an omnidirectional pattern may be a suitable idea to attain
this aim provided that allowable isolation is obtained between
the human tissue and the hub’s antenna. However, none of
the aforementioned antennas can simultaneously satisfy all
of these requirements. Hence in this work, it is suggested to
utilize a conformal leaky-wave antenna (LWA) based on a
metasurface for the hub. LWAs are greatly popular because
of their low-profile construction, structural simplicity for
the fabrication, and highly directive beams [28]. Recently,
various types of LWAs are studied based on sinusoidally
modulated structures, which are implemented on planar [29],
[30], [31], [32], [33] or conformal configurations [34], [35].
To the best of our knowledge, there is no existing work on
employing LWAs in WBAN applications.

Regarding the above-mentioned strategy, off-body com-
munication links continuously exist, independent of the
patient’s posture. On the other hand, on-body links have to
take place in data transmission, without any interruption.
To retain on-body links, all bio-sensors should simultane-
ously transmit vital signs to the hub. In this work, this

demand is met by employing an orthogonal signaling using
the Walsh-Hadamard coding scheme [36] for on-body links.
Thus, bio-sensors can simultaneously communicate with the
hub without any data collision. The main novel contributions
of this work are listed as follows:

1) A practical IoMT-based WBAN is designed to attain
an uninterruptible patient monitoring system. In this
regard, i) an orthogonal signaling using Walsh-
Hadamard coding technique in all bio-sensors, and
ii) specific antenna characteristics in the hub struc-
ture, are proposed for on- and off-body communication
links, respectively.

2) A novel conformal LWA is synthesized and designed
based on a multi-tone width-modulated microstrip line.

3) The suggested antenna is implemented on a thin flex-
ible substrate that can easily bend around the human
abdomen similar to a belt.

4) The proposed antenna provides a quasi-omnidirectional
pattern, which leads to an enhancement in the off-
body communication link’s performance, for practical
WBAN applications.

5) The connection between bio-sensors and the proposed
antenna will not be restricted to the patient’s posture,
whereas the conventional hub’s antennas might not
work when the patient falls on the ground.

6) The isolation between the proposed antenna and the
human tissue satisfies safety standards for medical
applications, i.e., a SAR value as small as 0.15 W/kg
corresponding to the 1 W input power.

This paper is organized as follows: Section II indicates
the testbed model of the proposed network, introduces bio-
sensors’ characteristics, and presents the signaling design of
applied sensors based on the Walsh-Hadamard coding tech-
nique. In Section III, an elliptical conformal array antenna
is designed and synthesized so that a quasi-omnidirectional
radiation pattern at the azimuth plane is achieved. In order
to realize the proposed conformal array, a modulated meta-
surface antenna based on leaky-wave concepts is utilized
as investigated in Section IV. The proposed LWA has a
novel configuration of the multi-periodic width-modulated
microstrip line. Simulation, fabrication, and measurement of
the proposed LWA are presented in Section V. Finally, the
paper is concluded in Section VI.

II. TESTBED MODEL
One of the critical concerns in patient monitoring is to receive
the vital signs without any interruption. In order to attain
this purpose, the issue is investigated in the paper from two
different perspectives: i) introducing a conformal antenna
design and ii) establishing an orthogonal channel coding
scheme. Thanks to the proposed antenna structure, the off-
body links continuously transmit/receive signals so that the
whole antenna would not be blocked if the patient falls on the
ground, sleeps on the bed, or has any other posture. Besides,
it is required to enable continuous interference-free on-body
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FIGURE 1. The system model of proposed practical IOMT-based WBAN
network with the belt-shape hub’s antenna and sensors that are labeled
by their intended device name as listed in Table. 1.

communication links so that all sensors simultaneously trans-
mit vital data to the hub. The lack of orthogonality in on-
body link codes restricts the system design to accommodate
a scheduling scheme. Then, only one sensor is allowed to
transmit a signal each time slot. Therefore, some vital signs
might be lost and, consequently, the patient may be at risk.
Hence, Walsh Hadamard (WH) channel coding method is
used for the sensors’ transmitters. According to the proposed
testbed model, the LWA together with the WH scheme main-
tain continuous communication links.

To get more insight into the application of the designed
LWA in healthcare services, consider a practical two-tier
IoMT-based WBAN as shown in Fig. 1. The suggested
testbed is composed of five bio-sensors, as indicated in
Table 1, connected to seven different points on the patient’s
body and a hub with an elliptical antenna around abdomen
of patient. The hub collects data from sensors and transmits
them to some static access points. Regarding the emergency
conditions of patients, these bio-sensors continuously sense
vital signs and simultaneously transmit them to the hub
according to the star topology.

The practical pulse shape model of each bio-sensor is
shown in Fig. 2(a), where three operational sleep, transition,
and active states are indicated in detail. During the sleep
state, sensors neither transmit nor receive any data. It should
be noted that the combination of transmission and receive
states is commonly known as active mode. Indeed, any data

exchange between sensors and hub only occurs in the active
mode. Therefore, they are merged together for simplicity.
Finally, the transitionmode indicates that the operational state
of a sensor is changing from a state to another. Subsequently,
possible collisions may happen when multiple sensors simul-
taneously meet TX/RX operational state. In order to explain
this phenomenon more precisely, the duty cycle of all five
sensors has been shown in Fig. 2(b) based on their individual
sensing frequencies, introduced in Table 1. Note that various
sensors have different sensing frequencies and no interruption
is permitted for vital sensors’ operation. However, as it can be
seen from Fig. 2(b), some time slots may suffer from possible
collisions, such as 51, 55, 251, 253, and 4999 ms, where
some sensors simultaneously meet the active mode. In fact,
independent of the starting point’s mode, the occurrence of
disruptive collision in some time slots is unavoidable.

Among various multiple access techniques, the orthogonal
signaling using code division multiple access technique is the
best choice that allows all sensors to continuously operate
and simultaneously experience the active mode. Accordingly,
Walsh-Hadamard (WH) coding technique is employed to
prevent any collision and increase the energy efficiency of
the network. In this regard, each bio-sensor multiplies its
intended transmit data to a code achieved from a row of square
N ×N WHmatrix, denoted byH2k , k = 0, 1, 2, . . . , leading
to mutual orthogonality of data transmitted by multiple bio-
sensors. Defining the first dimension as H1 = [1], higher
dimensions are obtained using the Kronecker product of H2k

to H2k−1 as

H2k = H2 ⊗ H2k−1 =

[
H2k−1 H2k−1

H2k−1 −H2k−1

]
. (1)

In the zero-phase, generated codes are mutually orthogonal
as the cross-correlation of each pair rows of WH matrix is
zero, which may not hold for non-zero phase shifts. To tackle
this issue and ensure the orthogonality of codes in all phase
shifts θ = 0, . . . , 2k−1, k+1 special codes are extracted from
H2k [36]. Based on this, the orthogonality of codes does not
depend on phase shifts, no longer, leading to the avoidance
of any inter-channel interference. Therefore in our testbed,
where seven on-body bio-sensors simultaneously send data,
orthogonal codes in every θ = 0, 1, . . . , 26 − 1 phase shift
are generated from H26 WH matrix. Let define the set of
26 codes generated from the WH matrix H26 as C

(
26, 6

)
.

Then, the cross-correlation for each arbitrary pair of codes
ci, cj ∈ C

(
26, 6

)
, i ̸= j, at phase shift θ is calculated as

Rcicj (θ ) =

26∑
n=1

ci(n)cj(n+ θ ) (2)

which is expected to be zero for all values of θ = 0, . . . ,
26 −1. As mentioned before, a set of K = k+1 = 7 codes is
extracted from C

(
26, 6

)
to prevent the non-orthogonality of

codes, caused by probable phase shifts. Hence, it can be used
for transmissions of sensors in the proposed WBAN testbed,
to guarantee that data exchange is collision-free and reliable.
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TABLE 1. Some specific features of bio-sensors, including their industrial name, applications, frequencies, and power characteristics.

FIGURE 2. a) The power profile of a typical pulse shape of bio-sensors and related three operational states, b) Duty cycles of
applied bio-sensors and exhibition of probable overlaps of pulses during active mode.

III. CONFORMAL ARRAY ANTENNA DESIGN
As previously mentioned, it is required to design a specific
antenna with an omnidirectional pattern at the azimuth plane
in the ISM band (5725–5875MHz) for both on- and off-body
WBAN links. Besides, the intended antenna must achieve an
average SAR value below 1.6W/kg over 1 g of tissue accord-
ing to the IEEE C95 standard [37]. In Table 2, some types of
conventional antennas which are able to produce omnidirec-
tional patterns are investigated. Although planar and/or verti-
cal monopole antennas can produce an ideal omnidirectional
pattern, a significant amount of radiated power absorbed in
the human body leads to high SAR values. Therefore, these
antennas have been utilized for on-body links with a low
enough excited power so that the SAR value is acceptable.
On the other hand, conformal array antennas can produce
the omnidirectional pattern. As an example, the omnidirec-
tional pattern and the acceptable SAR value would be fea-
sible if a conformal phased-array antenna is used around
the abdomen. However, this method is expensive, difficult
to implement, and would be large. Besides, thin microstrip
arrays with flexible structures around the body’s abdomen

may be good choices for this purpose. For instance, corporate-
or series-fed microstrip arrays [38], [39], [40] can synthesize
the arbitrary pattern and provide a low-level SAR. The main
limiting factors in corporate- and series-fed methods are the
antenna’s width and expected frequency bandwidth, respec-
tively. Actually, the proposed on- and off-body WBAN mod-
els need an antenna with a flexible structure, wide frequency
bandwidth, omnidirectional pattern, low-cost fabrication, low
profile, simple construction, lightweight, and an acceptable
SARvalue. Tomeet all of these demands, we propose an LWA
based on a multiperiodic width-modulated microstrip line so
that a quasi-omnidirectional pattern and an acceptable SAR
value are provided. The designed antenna is flexible enough
so that it is wearable as a belt around the abdomen of the
human body.

A. PROPOSED ARRAY CONFIGURATION
A heuristic conformal array antenna is proposed with an
elliptical shape. The periphery of the ellipse is assumed to
be 96 cm for a male volunteer with age-35 y, mass-80 kg, and
height-180 cm. Elliptic major and minor diameters are about
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TABLE 2. Qualitative comparison between various common antennas to produce omni or quasi-omni directional patterns.

FIGURE 3. Conformal array antenna including N = 34 elements around
the ellipse in the X − Z plane, where d represents the distance between
elements.

381 mm and 220 mm, respectively. For this configuration,
the distance between elements is obtained as d ≃ λg/2 ≃

28.2 mm, where λg is the wavelength of the microstrip line,
and this allows to have N = 34 elements around the ellipse.
Fig. 3 illustrates the arrangement of such array elements in
the X − Z plane.

To achieve an omnidirectional pattern in the X − Z plane,
elements are supposed to be excited with equal phase and
nonuniform amplitude. Therefore, the corresponding far-field
expression for this array in the X − Z plane is given by:

Ē(θ ) =

N∑
n=1

VnĒn(θ ) ejk0[xn sin θ+zn cos θ ], (3)

where Vn is the amplitude of nth element, k0 represents the
free-space wavenumber, and Ēn(θ ) denotes the pattern of
nth element, which is a function of the element’s position,
as well. To approximately realize an omnidirectional pattern,
it is required to optimize Vn, provided that the element factor
is known. For such a configuration, the error function is
calculated as

Error = 1 −

∫ π

−π

Ēnorm(θ )
2π

dθ, (4)

in which Ēnorm is the normalized radiation pattern. Obviously
in omnidirectional patterns, the radiation pattern in the X−Z
plane is Ēnorm(θ ) = 1, which leads toError = 0. In this work,
it is supposed that array elements merely radiate toward the

outside of the ellipse with radiation patterns as follows:

Ēn(θ ) =

{ √
cos(θ − θn) |θ | ≤ π/2

0 otherwise,
(5)

where θn denotes the local direction of nth pattern. There are
several optimizationmethods to design and synthesis an array
antenna for the desired radiation pattern such as genetic algo-
rithm (GA), particle swarm optimization, and invasive weed
optimization [41], [42]. In this work, the amplitude of the
array antenna is optimized usingGA so that aminimum ripple
is observed in the radiation pattern, whose behavior is similar
to the omnidirectional pattern. Due to the symmetrical shape
of the proposed array, only a few elements are employed in the
optimization procedure, i.e., n ∈ {1, . . . , 9}, and the results
are considered for remaining elements, as well. The obtained
results from the GA optimization including the normalized
amplitude coefficients Vns versus the elements’ number are
shown in Fig. 4. The elliptical array with these ampli-
tude coefficients and the same excited phases has a quasi-
omnidirectional pattern. The radiation pattern corresponding
to this conformal array will be depicted and evaluated in
Section V. As will be seen in Section V, the radiation pattern
obtained by a theoretical calculation has an omnidirectional
behavior with a 2.5 dBi ripple in the gain. It should be noted
that when an antenna is designed with different periphery val-
ues, the number of elements should be calculated first. Sec-
ondly, as mentioned above, the amplitude’s elements should
be obtained using optimization methods, such a GA.

B. FROM THEORETICAL CONFORMAL ARRAY TO
REALIZABLE LWA
In the previous subsection, an elliptical array was designed
with nonuniform excitation amplitudes Vns of the elements
which have the same phase excitation. Regarding the above-
mentioned strategy, the proposed off-body WBAN model
needs an antenna with a flexible structure, low profile frame,
high radiation efficiency, and wide frequency bandwidth.
To reach all of these requirements, we focus our attention on
an LWA based on a thin flexible substrate. In periodic LWAs
with period d along the Z–axis, the wavenumber contains
an infinite number of space harmonics (Floquet harmonics)
represented as [28]:

kzn = βn − jα = β0 − jα +
2nπ
d

, (6)

where β0 represents the fundamental phase (propagation)
constant, α denotes the attenuation (leakage) constant, and

VOLUME 11, 2023 46723



N. Montaseri et al.: Conformal Leaky-Wave Antenna Design for IoMT-Based WBANs

FIGURE 4. The normalized elements’ amplitude of the conformal elliptical
array versus the elements’ number to achieve an omnidirectional pattern
with the minimum ripple using the GA optimization method.

n is an integer. The fundamental space harmonic with the
wavenumber kz0 = κ = β0 − jα is usually a slow wave
(β0 > k0). Besides, a leakage and, consequently, radiation
will occur from fast space harmonics. As usual, periodic
LWAs are designed so that the n = −1 space harmonic with
|β−1| < k0 is the one that is radiated.

In LWAs, the radiation power depends on the attenua-
tion constant, α, along the antenna. For an LWA along the
Z–axis, the aperture distribution is expressed as A(z)e−j(kzn )z,
where A(z) denotes the amplitude of fields. Provided that
A(z) is known, the attenuation constant can be obtained as
follows [28]:

α(z) =
1
2

A2(z)

(1/η)
∫ L
0 A2(z) dz−

∫ z
0 A

2(z′) dz′
, (7)

where L is the antenna length and η denotes the radiation effi-
ciency, which usually is assumed 90% in LWAs. The leakage
constant along the LWA is obtained by substituting the calcu-
lated elements’ amplitude extracted from Fig. 4 into Eq. (7).
Fig. 5 illustrates the normalized leakage constant along the
considered LWA as a function of z/λ0, where λ0 denotes
the free-space wavelength and the antenna’s length is about
L = 18.56λ0 ≃ 96 cm.

IV. LEAKY-WAVE ANTENNA (LWA) IMPLEMENTATION
Since elements of the designed array have equal excitation
phase values, the leaky-wave structure must radiate in the
broadside region where the 2nd stopband, known as open
stopband, occurs [28]. Therefore, it is required to design a
periodic LWA with broadside radiation capability. In peri-
odic LWAs, achieving broadside radiation is difficult because
an open stopband occurs. Since the leakage constant varies
rapidly in the open stopband region, a large amount of power
is reflected back to the source. Thus, the radiation power
drops substantially. To mitigate or suppress the open stop-
band effect, several techniques have been proposed, such
as reflection-canceling [43], implementing asymmetric unit

FIGURE 5. The theoretical calculation of normalized leakage constant
along the LWA as a function of z/λ0 with the distribution of field’s
amplitude illustrated in Fig. 4.

structure [44], impedance-matching [45], [46], and multi-
tone periodicity [47]. In this work, we design a periodic
LWA based on the width-modulated microstrip line. In order
to suppress the open stopband effect, a multi-tone periodic-
ity technique is employed which utilizes several modulation
indices.

A. MODULATED DIELECTRIC MEDIA
Let’s consider a modulated dielectric medium with the effec-
tive permittivity, εe, defined as follows [48]:

εe = ε0εer = ε0εavg

{
1 +

∞∑
n=1

Mn cos
(
2nπ
d

z
)}

, (8)

where d is the periodicity,Mn are known modulation indices,
ε0 represents the free-space permittivity, εer and εavg denote
effective and average dielectric constants, respectively. In this
medium, the wave equation of transverse magnetic (TM)
mode is in a general form of the Hill’s equation [48], [49],
[50], which is briefly described in Appendix A. Once the Hill
equation is solved, κ and kzn are obtained, wherein real and
complex values of κ are the so-called ‘‘stable’’ and ‘‘unstable
solutions’’ of the Hill equation, respectively. To consider this
medium, the relation between κ , k0, d , Mn, and εavg can be
investigated in the well-known form of the ‘‘stability chart’’.

As an example, Fig. 6 depicts the stability chart of the
Hill equation with parameters θ2 = 0.75θ1, θ3 = −θ1,
θ5 = 2.5θ1, θ7 = −5θ1, and θn = 0 (n is a non-negative
integer and n /∈ {0, 1, 2, 3, 5, 7}), where shaded and unshaded
zones are stable and unstable regions, respectively. Relying
on the stability chart, the 1st and 2nd stopbands occur around
θ0 = 1 and 4, respectively. As seen from Fig. 6, the straight
line θ1 = 0.3312θ0 passes through the stable and unstable
regions. Obviously along this straight line, the 2nd stopband’s
width in the vicinity of θ0 = 3.503 is eliminated. We call
this point with the coordinate [θ0, θ1] = [3.503, 1.16] as the
‘‘stable point’’. As expected, if θ3 = −θ1, θ5 = 2.5θ1, and
θ7 = −5θ1 are fixed and θ2 is changed, the stable point would

46724 VOLUME 11, 2023



N. Montaseri et al.: Conformal Leaky-Wave Antenna Design for IoMT-Based WBANs

FIGURE 6. The stability chart of the Hill equation, where θ2 = 0.75θ1,
θ3 = −θ1, θ5 = 2.5θ1, and θ7 = −5θ1.

be displaced which leads to alternation of the straight line’s
slope.

In the stability chart for the transverse electric (TE) mode,
the slope of the straight line θ1 = m′θ0 is directly proportional
to the modulation indexM1, i.e.,m′

= 0.5M1. Similarly in the
TM mode, m′ depends on M1 and other modulation indices.
Besides, the stable point and, consequently, m′ can be tuned
by choosing different values of θ2. Therefore, it is possible to
control modulation indices, specifically M1, so that the 2nd

stopband is approximately suppressed. It should be noted that
θns depend on parameters of the dielectric medium, such as
Mn, k0, d , and εavg (see [48] and Appendix A). Regarding
a large number of θn indices in the Hill equation, there
exist considerable degrees of freedom to suppress the 2nd

stopband. In the calculation procedure of θn indices, it is
essentially important to utilize an appropriate value of θn
so that the desired periodic LWA would be realizable based
on the width-modulated microstrip line. In this work, θ2 is
selected between 0.03θ1 and 0.085θ1 in 16 states and the cor-
responding modulation indices are numerically calculated.
For example, using numerical calculation, the correspond-
ing parameters of dielectric medium with coefficients θ2 =

0.075θ1, θ3 = −θ1, θ5 = 2.5θ1, and θ7 = −5θ1 are approx-
imately calculated as k0d/π = 1.1368, εavg = 3.1115,
M1 ≃ 0.11737, M2 ≃ −0.028715, M3 ≃ 0.010651,
M4 ≃ 0.000931, M5 ≃ −0.012159, M6 ≃ 0.0001033,
M7 ≃ 0.012019, M8 ≃ 0.0004879, M9 ≃ 0.000159, and
Mn ≃ 0 (∀ n ≥ 10).

B. UNIT CELL DESIGN
Recently, relying on the theoretical concept of electromag-
netic wave propagation along modulated dielectric media,
new planar LWAs have been proposed [51], [52]. In this
method, a periodic medium is implemented using a width-
modulated microstrip line. In this work, we follow this
method and design a leaky-wave surface with arbitrarymodu-
lation indices. The effective dielectric constant of amicrostrip

FIGURE 7. The microstrip line width W versus the effective dielectric
constant εer at 5.8 GHz.

FIGURE 8. Unit cells of the multi-tone width-modulated microstrip line
corresponding to dielectric media with a) θ2 = 0.075θ1 and
b) θ2 = 0.035θ1.

line at the frequency f can be obtained as

εer (f ) = εr −
εr − εer (0)
1 + (f /f50)m

, (9)

where εer (0) denotes the effective dielectric constant at the
zero frequency and parameters f50 and m are given by long
expressions presented in [53]. Fig. 7 shows the microstrip
line width, W , versus the effective dielectric constant, εer ,
at 5.8 GHz belonging to the WBAN ISM band, where the
grounded dielectric substrate is RO4003 with εr = 3.55,
H = 0.508 mm, and tan δ = 0.0027. For a variation of the
microstrip line width between 0.5 and 40 mm, εer is obtained
between 2.7 and 3.5, respectively.

In the previous subsection, modulated dielectric media
are designed for 16 types of θn. In this subsection, these
modulated dielectric media are implemented using width-
modulated microstrip line. In Fig. 8, two designed unit cells
based on the multi-tone width-modulated microstrip line are
shown, where θ2 = 0.075θ1, 0.035θ1. The corresponding
modulation index M1 for Figs. 8(a) and 8(b) is numerically
calculated as 0.056 and 0.117, respectively. It should be noted
that the other modulation indices are numerically calculated.

Fig. 9 shows the HFSS simulation of the normalized
leakage constant α related to the 16 designed unit cells.
As expected, the leakage constant can be controlled by select-
ing a unit cell with an appropriate value of M1. Besides,
in order to design the proposed conformal LWA with a quasi-
omnidirectional pattern, electromagnetic fields should be dis-
tributed along the antenna with leakage constant similar to
Fig. 5.
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FIGURE 9. Simulation of the normalized leakage constant α versus the
modulation index M1 at 5.8 GHz.

V. SIMULATION, FABRICATION, AND MEASUREMENT
In this section, we present some experimental results of
the designed antenna for on- and off-body WBAN applica-
tions. Accordingly, a conformal LWA, consisting of 34 unit
cells, was designed pursuant to the procedure described
in Sections III and IV, such that the radiation pattern of
the proposed antenna has a quasi-omnidirectional behavior.
Fig. 10(a) shows the fabricated antenna, while the antenna has
a flexible form and can be worn as a belt around the human
body-abdomen. The fabricated antenna’s width and length
are 5 and 96 cm, respectively. Both ends of the antenna are
connected to 50 � SubMiniature version A (SMA) connec-
tors with a feed at one end and a matched load at the other
end. Measured and simulated scattering parameters of the
designed LWA in the frequency 5.6–6 GHz band are plotted
in Fig. 10(b). The fabricated antenna has a good matching
performance (S11 < −12.7 dB) in 5.725–5.875 GHz ISM
band. In conventional periodic LWAs, the attenuation con-
stant varies rapidly near the broadside region where the open
stopband occurs and, consequently, the input match to the
antenna weakens [28]. Fig. 10(b) reveals the absence of input
mismatch at the broadside region, vicinity of 5.8 GHz, thanks
to the suppression of the open stopband effect described in
Section IV(A). Since the fabrication is not accurate enough,
and the connectors’ loss is not considered in the simulation,
measured results have less disparity than simulated results.
Nevertheless, there is a good agreement between simulation
and measurement results.

A. EVALUATION OF OFF-BODY COMMUNICATION LINK:
RADIATION RESULTS
Fig. 11 illustrates the measurement setup of radiation charac-
teristics at the antenna testing lab. To measure the radiation
patterns, the fabricated antenna is stuck around an elliptical
Teflon structure.

Fig. 12(a) illustrates the simulated 3-D radiation pattern at
5.8 GHz belonging to theWBAN ISMband, where the ellipti-
cal LWA is in the X−Z plane. In Fig. 12(b), E-plane radiation
patterns in the X − Z plane are shown. There are about 2.5,
3, and 3.5 dB ripples in the theoretical calculated, simulated,

FIGURE 10. a) A photograph of the manufactured LWA, b) Simulated and
measured S-parameters versus frequency.

FIGURE 11. The measurement setup of radiation characteristics at the
antenna testing Lab.

andmeasured radiation patterns, respectively.Moreover, sim-
ulated and measured cross-polarization levels are less than
−20 and −15 dB in the E-plane, respectively. The H-plane
radiation patterns in the Y − Z plane are also depicted
in Fig. 12(c). In the H-plane, the half-power beam-width
is about 68◦ and 72◦ for simulated and measured results,
respectively. The designed antenna has a realized gain of
about 2.5 dBi in simulation and 2 dBi in measurement at
5.8 GHz. Since the antenna is very close to the human body,
its performance is evaluated on the phantom model in HFSS
simulation. As seen from Fig. 12(b), the E-plane radiation
pattern approximately does not change. On the other hand,
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FIGURE 12. Theoretical calculation, simulation, and measurement
normalized radiation patterns at the dedicated WBAN ISM frequency of
5.8 GHz, a) simulated 3-D radiation pattern where the antenna is placed
on the phantom model or free space, b) E-plane (X − Z plane), and
c) H-plane (Y − Z plane).

Fig. 12(c) shows that the H-plane radiation pattern has imper-
ceptibly changed. Therefore, the human body does not con-
siderably affect radiation patterns. Due to the accuracy of the
mesh discretization used in HFSS, manufacturing tolerances,
and small defects in the measurement process, there is a
discrepancy between simulation and measurement results.

Fig. 13 illustrates E-plane radiation patterns at frequencies
5.6, 5.7, 5.9, and 6 GHz. As the frequency moves away
from 5.8 GHz, the quasi-omnidirectional behavior of radia-
tion patterns gets worse. In Fig. 14, directivity and realized
gain are illustrated versus frequency, where a small drop in
directivity and gain has occurred around broadside frequency
(5.8 GHz). Moving away from the 5.8 GHz frequency, the
radiation pattern tends to a directional form, leading to an
increase in the directivity. In fact, this drop is due to the form
of radiation pattern but not caused by the broadside stopband.
Furthermore, the simulated radiation efficiency of the antenna
is illustrated in this figure, which is approximately 80% at the
design frequency.

One of the main issues in conventional antennas such as
monopoles or patches is that the radiation may be blocked
in some patients’ postures. For example, if the patient falls
on the floor, conventional antennas might be located between
the human body and the floor, leading to an interruption in
communication. Consequently, the patient may be at risk.
Therefore, the off-body communication link between hub and
the control center as well as the on-body link between hub
and sensors may be disturbed. Since the proposed antenna is
wearable like a belt, at least half the antenna length radiates
into the free space. Although the radiation efficiency may
decrease in this case, the proposed design establishes unin-
terruptible on/off-body communication links. As an exam-
ple, Fig. 15(a) shows the simulated 3-D radiation pattern of
the LWA which is bent around the human’s abdomen. The
patient is supposed to be lying on the ground (e.g., soil with
parameters of εsoil = 12, µsoil = 1, tanδsoil = 0.43).
As seen from this figure, it is obvious that the proposed LWA
can radiate into free space. Fig. 15(b) depicts the directivity
and realized gain in the E-plane (X − Z plane), where the
maximum values are around 10.7 and 2.8 dBi, respectively.
In fact, even when the patient is lying on the ground, the LWA
can radiate into free space with the total efficiency of about
16.2 %. In this situation, when the wave propagates along
the antenna, a portion of the energy comes back to the source
due to the mismatch between the antenna and soil. In a region
where the antenna is directly connected to the soil, part of the
energy penetrates into the soil and the remaining propagates
similar to the parallel plate waveguide along the substrate
and eventually radiates from remaining parts of the antenna.
Thanks to this characteristic on- and off-body communication
links would not be interrupted when the patient falls on the
ground, in contrast to conventional antennas.

Fig. 16(a) depicts the simulated 3-D radiation pattern of the
proposed LWAwhile the patient is sitting on the chair made of
a polyester material with parameters of εpol = 3.2, µpol = 1,
tanδpol = 0.03. In Fig. 16(b), the directivity and realized gain
in the E-plane (X − Z plane) are shown, where the maxi-
mum values are around 6.5 and 3 dBi, respectively. Although
the simulated radiation pattern has some nulls, it is still far
away from directional form, tending to quasi-omnidirectional
pattern. In comparison to previously published where the
antenna is located on the back of the patient’s body [16],
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FIGURE 13. Theoretical calculation, simulation, and measurement
E-plane (X − Z plane) normalized radiation patterns at different
frequencies: a) 5.6, b) 5.7, c) 5.9, and d) 6 GHz, where the proposed
antenna is positioned in X − Z plane as shown in Fig. 11.

[54], the proposed antenna cannot be blocked by the chair
or sofa, and a portion of the antenna length can radiate with
the tolerable radiation efficiency into free space.

FIGURE 14. Simulated radiation efficiency, directivity, and realized gain
versus frequency.

FIGURE 15. Simulated results of antenna’s performance while the patient
is lying down on the infinite ground (soil) with parameters of εsoil = 12,
µsoil = 1, tanδsoil = 0.43 ; a) 3-D radiation pattern and b) E-plane
(X − Z plane) patterns at the frequency of 5.8 GHz.

B. EVALUATION OF ON-BODY COMMUNICATION LINK:
PATH LOSS BETWEEN HUB (LWA) AND SENSORS
On-body links between the hub and sensors are shown in
Fig. 1. The sensor nodes transmit the vital data to hub,
then, the hub is connected to the control center via off-
body links. In conventional systems, sensors are composed
of some ultra-wideband (UWB) antennas with an omnidi-
rectional pattern. On the other hand, the conventional hub
is equipped with an antenna which has a directional pattern.
Since the sensor nodes are often energy-constrained [55],
the evaluation of path loss between sensors and hub should
be considered in on-body communication links. As shown
in figures 17(a) and (b), wideband monopole and microstrip
patch antennas with detailed dimensions were designed
and fabricated with omnidirectional and directional pat-
terns, respectively. During the test procedure, the fabricated
monopole and patch antennas are used as the sensor and
conventional hub, respectively. Both of the antennas are
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FIGURE 16. Simulated results of the antenna’s performance while the
patient is sitting on the chair with a polyester cover and the
corresponding parameters of εpol = 3.2, µpol = 1, tanδpol = 0.03; a) 3-D
radiation pattern and b) E-plane (X − Z plane) patterns at the frequency
of 5.8 GHz.

FIGURE 17. a, b) Geometry and dimensions of the monopole and patch
antennas based on RO4003 with εr = 3.55, H = 0.508 mm, and
tan δ = 0.0027, and c) simulated and measured input reflection
coefficient versus frequency.

designed based on RO4003 with εr = 3.55, H = 0.508 mm,
and tan δ = 0.0027. Besides, Fig. 17(c) indicates a close

FIGURE 18. Measuring transmission coefficient between the sensor and
hub including a) geometry of four different cases, b) measured S21
results, where, Case I) monopole antenna as a sensor on the chest and
the proposed LWA as the hub, Case II) monopole antenna as a sensor on
the back and the proposed LWA as the hub, Case III) monopole antenna
as a sensor on the chest and the patch antenna as the hub, and Case IV)
monopole antenna as a sensor on the back and the patch antenna as the
hub.

agreement between simulation and measurement results of
the input reflection coefficient |S11|.
In Fig. 18(a), four measurement cases are shown to evalu-

ate the path loss in on-body communication links, of which
results are illustrated in Fig. 18(b). In Case I, the proposed
LWA is bent around the body’s abdomen and the monopole
antenna is stuck on the chest, in front of the heart. To measure
the path loss, a vector network analyzer (HP) is utilized so that
both network’s ports are connected to the antennas. It should
be noted that the noise level of the network is approximately
below −80 dB. For the Case I, the measurement result is
|S2,1| ≈ −40 dB at the frequency of 5.8 GHz. Similarly,
in Case II, the sensor is placed on the back. Clearly, the
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TABLE 3. Comparison of the antenna performance between the proposed work and published literature.

FIGURE 19. The cross-section view of the three-layer tissue model
including skin, fat, and muscle.

TABLE 4. Material properties of the human tissue model at 5.8 GHz [56].

measurement result for this case is similar to that of Case
I. In fact, there is a rather small variation in path loss by
moving the sensor around the body. As seen from Fig. 18(b)
in Cases III and IV, the designed microstrip patch antenna
is used similar to existing hubs on the body’s abdomen.
As expected, the path loss in Case III is less than that of
IV (i.e., |S2,1|CaseIII > |S2,1|CaseIV ) because the distance
between the sensor and hub in Case III is closer than in
Case IV. Based on the provided information in Fig. 18(b),
the on-body communication link in the proposed LWAclearly
outperforms conventional antennas. As expected, if a patient
lies on the ground or in bed, the proposed LWA will not
be blocked and the continuous communication link between
sensors and antenna will be established.

C. EVALUATION OF SPECIFIC ABSORPTION RATE (SAR)
As discussed in previous sections, the designed antenna
should be worn as a belt around the abdomen of the human
body. Therefore, it is needed to evaluate the performance
of the implemented LWA with an adjacency of the phan-
tom model. Fig. 19 shows the cross-section view of the

FIGURE 20. Simulation of 3-D SAR1g distribution with 1 W input power of
the proposed LWA at 5.8 GHz.

phantom model, which has an elliptical shape, with three
layers including skin, fat, and muscle. It should be noted
that the gap spacing between the antenna and the phantom
model is about 1 mm. Moreover, the dielectric properties of
the human tissue model at 5.8 GHz are listed in Table 4.
For safety considerations, the maximum radiation absorbed
by the human body should be lower than 1.6 W/kg over 1 g
of the tissue [37]. Fig. 20 depicts the 3-D SAR distribution
of the designed LWA at 5.8 GHz. The obtained maximum
SAR value is about 0.15 W/kg corresponding to the 1W input
power, which satisfies the corresponding SAR1g limitation
in the IEEE C95 standard for WBANs [29]. Furthermore,
the obtained maximum SAR values at the frequencies of
5.725 and 5.875 GHz are about 0.179 and 0.144 W/kg,
respectively.

D. COMPARATIVE ANALYSIS
For completeness, a fair comparison between the proposed
LWA and other antenna designs in previous literature is pro-
vided in Table 3. Comparison criteria include size, substrate
type, design frequency, matching bandwidth, realized gain,
pattern type, antenna’s input power, maximum SAR level,
and polarization type. It is worth mentioning that the majority
of antenna types in previous works are designed in either
monopole or patch forms, while the proposed antenna is
designed based on a leaky-wave structure. In fact, existing
antennas radiate based on resonance elements, while the
radiation in this work is occurred relying on the leakage
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phenomenon. According to Table 3, the maximum SAR value
of the proposed antenna is significantly smaller than that
of other works. As a benchmark for 100 mW input power,
the simulated maximum SAR value of the proposed LWA is
about 0.015 W/kg.

VI. CONCLUSION
In this paper, a practical IoMT-basedWBANhas been investi-
gatedwhere the healthmonitoring of patients could be contin-
uously performed, without any interruption or data collision.
Accordingly, an orthogonal coding was used for on-body
communications and a heuristic antenna was designed for
the hub, to manage off-body link communications. Therefore,
a specific antenna with an omnidirectional pattern in the
azimuth plane is required with an acceptable SAR value.
In this regard, a periodic conformal LWA based on a width-
modulated microstrip line with eliminated the 2nd stopband
was proposed as a result of which a quasi-omnidirectional
pattern was provided at the dedicated WBAN ISM fre-
quency of 5.8 GHz. Since the radiation occurs through
the leakage phenomenon, the presented antenna showed a
wide impedance bandwidth whilst the WBAN ISM band
[5.725–5.875] GHz was completely supported. The designed
conformal LWA is flexible enough such that it can be bent
similar to a belt around the human body-abdomen. Simu-
lated and measured radiation patterns had an omnidirectional
behavior with ripples about 3 and 3.5 dBi in the azimuth
(X−Z ) plane, respectively.The simulated and measured half-
power beam-widths were about 68◦ and 72◦ in the vertical
(Y − Z ) plane, respectively. With on-body communication
links (i.e., the connection between hub and sensors), mea-
surement results depict that the path loss of the link between
sensors and the proposed antenna is considerably smaller than
that of sensors and conventional hub antennas. For an input
power of 1 W, simulation results of the maximum SAR level
over 1 g of the tissue was about 0.15 W/kg which confirms
that this antenna will not break the IEEE SAR limits.

APPENDIX A
THEORETICAL CONSIDERATIONS IN MODULATED
DIELECTRIC MEDIA
As described in previous literature [48], [49] for TM mode,
the magnetic filed component for a modulated dielectric
medium in Eq. (8) can be represented as follows:

Hy(z) =

∞∑
n=−∞

Cn
√

εer e
−jkzn z, (10)

where kzn = κ +
2nπ
d and Cn are unknown coefficients

to be determined by applying boundary conditions. Using
an innovative method described in [57], the fundamental
wavenumber κ can simply be obtained as:

sin2
(

κd
2

)
= 1(0) sin2

(
π

√
θ0

2

)
, (11)

in which 1(0) denotes the determinant of the known matrix
[Bmn] whose elements are

Bmn =


θm−n

θ0 − (2m)2
m ̸= n

1 m = n,
(12)

where θm depends on k0, d ,Mn, and εavg. As an example, for
a sinusoidally modulated dielectric medium (where Mn = 0,
∀ n ≥ 2), θm may be expanded as

θ0 =

(
k0d
π

)2

εavg + 1 −
1√

1 −M2
1

, (13a)

θ1 =
M1

2

(
k0d
π

)2

εavg +
4b3 − 2b
b2 − 1

, (13b)

θn =
(3n+ 1)bn+2

− (3n− 1)bn

b2 − 1
, (∀ n ≥ 2), (13c)

b =
1
M1

(√
1 −M2

1 − 1
)

. (13d)

For modulated dielectric media with a multi-tone period-
icity where θm ̸= 0 at least 2 numbers of m, θm can be
numerically calculated. Besides, having found κ , the phase
constant of all space harmonics for such a periodic medium
can be easily achieved.
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