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Abstract—In the last decade, a sharp surge in the number of
user proximity wireless devices (UPWDs) has been observed. This
has increased the level of electromagnetic field (EMF) exposure
of the users substantially and hence, the possible physiological ef-
fects. Ambient backscatter communications (ABC) has appeared
to be a promising solution to reduce the power consumption of
UPWDs by converting ambient radio frequency (RF) signals into
useful signals while non-orthogonal multiple access (NOMA) is a
compelling multiplexing scheme for enhanced spectral efficiency.
This paper utilises a novel combination of ABC and NOMA
to reduce the EMF in the uplink of wireless communication
systems. This contemporary approach of EMF-aware resource
optimization is based on k-medoids and Silhouette analysis. To
curtail the uplink EMF, a power allocation strategy is also derived
by converting a non-convex problem to a convex one and solving
accordingly. The numerical results exhibit that the proposed
ABC, NOMA, and unsupervised learning based scheme achieves
a reduction in the EMF by at least 75% in comparison to the
existing solutions.

Index Terms—Electromagnetic field (EMF), ambient backscat-
ter communications (ABC), non-orthogonal multiple access
(NOMA), unsupervised learning, convex optimization.

I. INTRODUCTION

The rapid growth of wireless communication has increased
the number of user proximity wireless devices (UPWDs).
To accommodate this increase in UPWDs, capacity has to
grow by 1,000 folds. This capacity expansion will partially
be met by densifying the wireless infrastructure [1]. This
densification will increase the levels of electromagnetic field
(EMF) exposure significantly. Although, the literature does
not provide strong evidence of severe short term impacts of
EMF on human health, the International Agency for Research
on Cancer (IARC) and World Health Organization (WHO)
have classified the EMF waves from UPWDs as carcinogenic
to humans [2]. Moreover, the upsurge in UPWDs could
possibly increase the long term health hazards as well [3].
To minimize the health effects of EMF, the UPWDs must
comply with by International Commission on Non-Ionizing
Radiation Protection (ICNIRP) (at International level) and
Federal Communication Commission (FCC) (in the USA)
exposure limits and regulations [4]. However, it is interesting
to note that FCC consumer guidelines state; ”FCC approval

does not indicate the amount of EMF exposure consumers
experience during normal use of the device” [5].

Use of non-orthogonal multiple access (NOMA) in modern
wireless communication networks has proven to be an effective
multiplexing strategy for augmented spectral efficiency and
massive connectivity. There are two variants of NOMA, i.e.,
code-domain NOMA (CD-NOMA) and power domain non-
orthogonal multiple access (PD-NOMA) and for the scope of
this paper, we have focused on the latter [6]. In PD-NOMA, the
UPWDs having a difference in channel properties are allocated
to the same sub-carrier. The UPWDs sharing a similar resource
block are multiplexed based on different power levels by
employing superposition coding technique at the transmitter
side and are decoded using successive interference cancellation
(SIC) at the receiver end [7].

The upsurge in data requirements has significantly increased
the energy needs of UPWDs that directly impact the amount
of EMF absorbed by a UPWDs user. The use of ambi-
ent backscatter communications (ABC) has emerged as a
promising solution to overcome the issues related to energy
consumption [8]. The ABC uses existing radio frequency (RF)
signals and can provide a path for data transmission between
the source and the destination. The ABC can reflect the RF
signals towards the intended UPWDs without altering any
oscillatory circuity, hence, maximizing the energy efficiency
of UPWDs [9]. These classical properties of PD-NOMA and
ABC provide an effective road map to reduce the amount of
EMF absorbed by UPWDs users, while maintaining quality of
service (QoS).

A. Motivation and Contributions

A limited amount of work is available in the literature
on reducing the amount of EMF in the uplink of a wireless
system. In [10], a heuristic approach is adopted to reduce the
EMF in the uplink of orthogonal frequency division multiple
access (OFDMA) based cellular system, while incorporating
the classical definition of exposure dose metric (EMF over
time). In [11] the similar dose metric is utilized, to propose
a machine learning (ML)-based uplink resource allocation
scheme to reduce the EMF in the uplink of PD-NOMA system.



In this work, a new scheduling framework that relies on
ABC, PD-NOMA, and ML technologies to reduce the EMF
in the uplink of wireless systems is proposed. In comparison
to other well-known EMF reduction strategies, the proposed
framework reduces the EMF exposure by an equitable per-
centage. The ABC further improves the channel gain between
UPWDs and the base station (BS), hence helping to further
reduce the EMF. The k-medoids is used to group UPWDs into
different clusters, where the number of clusters is found using
Silhouette analysis. To the best of authors’ knowledge, this is
the first work that have relied on ABC, PD-NOMA, and ML
to minimize the uplink EMF. The contributions of this study
are summarized as follows:

• We have formulated a PD-NOMA based multi-user EMF
scheduling scheme. In comparison with [11], we have
incorporated ABC, which makes the design more chal-
lenging but provides an opportunity to achieve higher
reductions in the EMF.

• In comparison with [11], we have used k-medoids instead
of k-means for the user grouping. In comparison to k-
means, k-medoids is more robust, less complex, and takes
less time to converge [12]. Moreover, in comparison with
[11], and instead of relying on multiple methods, i.e., F-
test and elbow method, we have used Silhouette analysis
to find the number of users per sub-carrier. Lastly, the
power allocation is carried out in a EMF-aware manner.

• The Monte Carlo types of simulations are used to validate
the performance of proposed optimization framework. In
comparison to [10] and [11], the proposed ABC, PD-
NOMA and ML based optimization framework reduces
the EMF by at least 82% and 75%, respectively.

The remainder of the paper is organized as follows: the
system model and the problem formulation is provided in
Section II, which shows mathematical framework and the
scenario considered to design the ABC and PD-NOMA based
EMF-aware technique. Section III explains the proposed EMF-
aware resource and power allocation strategies. The simulation
carried out to study the superiority of our proposed technique
over the similar strategies is provided in Section IV. Finally,
the conclusion are drawn in Section V.

II. SYSTEM MODEL

A single cell scenario of PD-NOMA and ABC based com-
munication system is shown in Fig. 1. The single cell of radius
Rs is equipped with a single BS and U UPWDs incorporated
with a single antenna and are able to communicate with the
BS. To facilitate the communication between UPWDs and the
BS, b, backscatter tags are available within the coverage area
of BS. The system bandwidth W is equally divide into O sub-
carriers such that, w =W/|O|. Based on NOMA property, Uo,t̂
users can be allocated to a o sub-carrier at a given t̂ time slot,
where Uo,t̂ > 1. Since, we have considered an uplink scenario,
a backscatter tag b also receives RF signal over o sub-carrier,
harvest its own energy, modulate its own information, and
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Fig. 1. Illustration of the system model.

reflect it towards BS. Thus, the received signal at the BS can
be expressed as:

yo,t̂ =

Uo,t̂

∑
u=1

(√pu,o,t̂gu,o,t̂xu,o,t̂

+
√

pu,o,t̂ξbgu
b,o,t̂g

b
u,o,t̂zu,o,t̂xu,o,t̂

)
+ωo,t̂ , (1)

here pu,o,t̂ represents the transmit power of the uth UPWD
at t̂ time slot and o subcarrier, gk,o,t̂ represents the channel
gain between the BS and the uth UPWD at t̂ time slot and o
sub-carrier, xu,o,t̂ is the information signal of uth UPWD at t̂
time slot and o sub-carrier. Accordingly, ξb is the reflection
coefficient of backscatter b, gu

b,o,t̂ represents the channel gain
between uth UPWD and backscatter b at t̂ time slot and o
sub-carrier, gb

u,o,t̂ denotes the channel gain between backscatter
tag b and BS at t̂ time slot and o sub-carrier, and ωo,t̂ is the
additive white Gaussian noise (AWGN) with a zero mean and
variance of σ2, at t̂ time slot and o sub-carrier. In NOMA,
the interference occurs due to the multiplexing of different
users data on a single sub-carrier. The uth user multiplexed on
sub-carrier o experiences the following total interference:

Īu,o,t̂ =

Uo,t̂

∑
l=1,l ̸=u

pl,o,t̂(gl,o,t̂ +ξbgl
b,o,t̂g

b
l,o,t̂). (2)

In order to perform decoding of the users multiplexed together,
the SIC is executed at the signal receiving side. In the uplink
scenario of PD-NOMA, firstly, the users with best channel gain
are demultiplexed, which is then followed by decoding of the
worst channel gain users [13]. In PD-NOMA, the multiplexing
strategy highly depends on the ability of SIC to successfully
decode the multiplexed signal [14]. This can be achieved if



the ratio of received signal to residual interference of user u
on sub-carrier o of t̂ time slot meets the following condition:

pu,o,t̂(gu,o,t̂ +ξbgu
b,o,t̂g

b
u,o,t̂)/Iu,o,t̂ ≥ ζ , (3)

the reference threshold ζ ≥ 1, where:

Iu,o,t̂ =

Uo,t̂

∑
l=π−1(u)+1

pπ(l),o,t̂(gπ(l),o,t̂ +ξbgπ(l)
b,o,t̂g

b
π(l),o,t̂). (4)

Using Shannon formula, the transmitted number of bits over
a τ duration of time slot t̂ and sub-carrier o by a user u is
expressed as:

btu,o,t̂(α,p) = wτ αu,o,t̂ log2

(
1+

pu,o,t̂(gu,o,t̂ +ξbgu
b,o,t̂g

b
u,o,t̂)

σ2 + Iu,o,t̂

)
,

(5)

where, αu,o,t̂ is sub-carrier allocation index and w is the
bandwidth of each sub-carrier. The level of EMF in the uplink
of a single user u is defined as [15]:

Eu(α, p) =
SARu

T̂ Pref
τ

(
p̂u(T̂ )+

T̂

∑
t̂=1

O

∑
o=1

αu,o,t̂ pu,o,t̂

)
, (6)

here, Pref is reference incident power used to estimate specific
absorption rate (SAR), T̂ is total number of time slots, and
p̂u(T̂ ) is the signalling power. The SAR and p̂u(T̂ ) can be
computed as discussed in [3].

A. Problem Formulation

In this work, the objective is to reduce the total uplink EMF
while considering a PD-NOMA and ABC enabled cellular
framework. The optimization problem is formulated in the
form of mathematical expressions and is defined as follows:

(OP) min
p,α

E(α, p) =
U

∑
u=1

Eu(α, p),

s.t:

(C1) :
T̂

∑
t̂=1

O

∑
o=1

btu,o,t̂(α, p) = Btu,∀u

(C2) :
O

∑
o=1

αu,o,t̂ pu,o,t̂ ≤ Pmax
u ∀u,∀t̂,

(C3) : αu,o,t̂(pu,o,t̂(gu,o,t̂ +ξbgu
b,o,t̂g

b
u,o,t̂)/Iu,o,t̂)≥ ζ ∀u,∀o,∀t̂,

(C4) :
U

∑
u=1

αu,o,t̂ ≤Uo,t̂ ∀o,∀t̂,

(C5) : 0 ≤ ξb ≤ 1 ∀b, (7)

where, the total EMF absorbed by U users over T̂ time slots
is expressed by objective function E(α,p) in (OP). The con-
straint (C1) ensures the QoS of each user. The (C2) constraint
is related to the maximum power limit Pmax

u of each user.
The (C3) constraint is related to the successful implementation
of SIC. The constraint (C4) reflects the maximum allowable
users on a single sub-carrier. Finally, the constraint (C5)
controls the reflection of backscatter tags. The binary nature
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Fig. 2. Silhouette values versus C for O = 1, U = 100, and T̂ = 1.

of αu,o,t̂ and non-affine nature the (C1) constraint, makes the
problem non-convex [16]. A standard relaxation procedure
needs to be applied to overcome the binary nature of αu,o,t̂ .
This is catered by adopting a sequential sub-carrier and power
allocation strategy, i.e., performing sub-carrier allocation for a
fixed power and vice versa [17]. Moreover, it is assumed that
the channel state information (CSI) is available by exploiting
uplink pilot signals.

III. PROPOSED SOLUTION

A. Sub-carrier Allocation

In PD-NOMA the Uo,t̂ users can be assigned to a single sub-
carrier by exploiting the variations in their channel properties
and are demultiplexed by using the levels of received power.
The sub-carrier assignment relies on receiver capability to
differentiate between power levels, which itself relies on
grouping of users on same sub-carrier. In comparison to
heuristic techniques, the use of clustering based ML algorithms
have proven to be much effective, less complex and have
a higher probability of convergence [12]. Here, similar to
[11], we have used ML techniques to perform the sub-carrier
allocation. However, instead of using k-means, the k-medoids
based clustering is employed due to its low complexity and
robustness. Moreover, instead of relying on traditional F-test
and elbow methods for predicting the best number of clusters,
a Silhouette analysis has been carried out. The elbow method,
provides a range based on elbow criteria, hence creating ambi-
guities in selecting the best value of C. Whereas, the Silhouette
analysis is more robust and removes such ambiguities.

Figure 2, shows the trend of Silhouette values by varying
C, for U = 100, O = 1, and T̂ = 1 over a Rayleigh fading
channel and path loss model defined in [18]. The clusters are
formed using k-medoids. It can be observed that for C = 2, a
Silhouette value of 1 is achieved, which corresponds to number
of users that can be multiplexed on a single sub-carrier. Once
a suitable value of C is selected, the sub-carrier allocation is



performed by relying on normalized channel gain, i.e., Gu,o,t̂ ,
to maintain fairness among all users.

B. Power Allocation

After the learning-based sub-carrier allocation, the power
for each user needs to be allocated optimally to minimize the
uplink EMF. The constraint (C1) in (OP) is still non-convex
and to overcome its non-linear nature, the (5) is transformed
as follows:

pu,o,t̂ =
(2ru,o,t̂ −1)(σ2 + Iu,o,t̂)

gu,o,t̂ +ξbgu
b,o,t̂g

b
u,o,t̂

, (8)

and by using pu,o,t̂ , the (OP) can be re-defined as follows:

min
r

τ

T̂

U

∑
u=1

(
p̂u(T̂ )+

T̂

∑
t̂=1

O

∑
o=1

αu,o,t̂(2
ru,o,t̂ −1)(σ2 + Iu,o,t̂)

(gu,o,t̂ +ξbgu
b,o,t̂g

b
u,o,t̂)

)
,

s.t:

(C6) : wτ

T̂

∑
t̂=1

O

∑
o=1

αu,o,t̂ru,o,t̂ = Btu,

(C7) :
O

∑
o=1

αu,o,t̂(2
ru,o,t̂ −1)(σ2 + Iu,o,t̂)

(gu,o,t̂ +ξbgu
b,o,t̂g

b
u,o,t̂)

≤ Pmax
u ,

(C8) : αu,o,t̂((2
ru,o,t̂ −1)(σ2 + Iu,o,t̂)/Iu,o,t̂)≥ ζ ,

(9)

here, the spectral efficiency of u user is defined as ru,o,t̂ =
btu,o,t̂/(wτ). In comparison to (OP), (9), as a function of r
is affine. Since, the problem defined in (9) is convex, its
Lagrangian can be found easily, defined as follows:

ru,o,t̂ = max

(
0, log2 χ + log2

(w(gu,o,t̂ +ξbgu
b,o,t̂g

b
u,o,t̂)

ln(2)(σ2 + Iu,o,t̂)

))
,

(10)

where, λu, µu,t̂ and δu,o,t̂ are associated Lagrange multipliers
of (C6), (C7) and (C8). The χ is expressed as:

χ =
λ ⋆

u

(1/T̂ − (µ⋆
u,t̂ +δ ⋆

u,o,t̂(gu,o,t̂ +ξbgu
b,o,t̂g

b
u,o,t̂)/Iu,o,t̂)/τ)

.

(11)

The equation (10) is a water-filling based solution and can
be solved by employing different iterative solutions [10].
The details about sub-carrier allocation and power assignment
schemes are provided in Algorithm 1.

IV. PERFORMANCE EVALUATION

The performance of the proposed ABC and PD-NOMA
enabled scheme is validated using MATLAB simulations. The
coverage radius of BS is set as Rs = 500 meters, where U
users are randomly placed uniformly. The Rayleigh fading
and the path loss model defined in [18] is used to model
propagation effects. A single backscatter tag b is considered
in each cluster to facilitate the communication between BS
and users. We assume that the values of SARu and Pref are
constants (pertaining to FCC limits), and the number of bits is

Algorithm 1: Low EMF learning based ABC and PD-
NOMA-enabled optimization framework.

1: INPUT (U , T̂ , O, gu,o,t̂ , gu
b,o,t̂ , gb

u,o,t̂ , α , ζ , SARu, Pmax
u ,

Btu, τ , p̂u(T̂ ), σ2, w, ξb, b)
2: Step 1: User grouping
3: for C = 2 : U −1 do
4: Use K-mediods to cluster go,t̂ = [g1,o,t̂ , ...,gU,o,t̂ ];
5: Set Uo,t̂ =C based on Silhouette analysis;
6: end for
7: Step 2: Sub-carrier allocation
8: Use Gu,o,t̂ = gu,o,t̂/ĝu ∀u,o, t̂, where ĝu is the mean

channel gain.
9: Use max. of G.,o,t̂ within each cluster for each user.

10: Allocate S = O×T̂
U sub-carrier to each user.

11: Step 3: Power assignment
12: Set pu,o,t̂=Pmax

u /S to estimate initial interference;
13: repeat
14: for u = 1 : U do
15: Estimate ru,o,t̂ using iterative water-filling and

satisfying SIC constraint;
16: Estimate pu,o,t̂ utilizing (8);
17: Re-evaluate Iu,o,t̂ utilizing (4);
18: Estimate Eu utilizing (6);
19: end for
20: until convergence
21: Evaluate E utilizing (OP);
22: OUTPUT E;
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Fig. 3. Comparing combined uplink EMF against a variation in the bits for
U = 15, T̂ = 10, and O = 128.

the same for all users. The σ2 =−174 dBm/Hz, W = 10 MHz,
ζ = 1, ξ = 1, Pmax = 0.2 W, τ = 1 ms, SARu = 1 W/kg, and
Pref = 1 W, are assumed. The sub-carrier and power allocation
is performed using the steps defined in Algorithm 1.

In Fig. 3, a comparison of the proposed scheme with [10]
and [11], is carried out by increasing the number of bits for
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O = 128 sub-carriers, U = 15 users, and T̂ = 10 time slots.
A rising tendency in the EMF can be seen for increasing
number of bits as each user requires more transmit power to
achieve the required number of bits. In comparison to OFDMA
method [10], the proposed ABC and PD-NOMA based scheme
achieves 82% reduction in EMF for Bt = 40 kbit, as PD-
NOMA possess an increase in spectral efficieny by allowing
Uo,t̂ users to share the same sub-carrier and the use of SIC
helps to reduce the uplink power. In comparison to a similar
ML-based PD-NOMA strategy [11], our scheme reduces the
EMF by 75% for Bt = 40 kbit, as the addition of backscatter
tags helps to further improve the channel quality between users
and the BS.

In Fig. 4, a comparison of the proposed scheme with
the techniques discussed in [10] and [11] is carried out by
increasing the value of U for a fixed value of O= 128, T̂ = 10,
and Btu = 60 kbits. An increasing trend in EMF can be seen
for larger number of users as each user requires more transmit
power to achieve same number of bits, while the number of
allocated sub-carrier and the size of transmission window are
fixed. In comparison to [10], the proposed ABC and PD-
NOMA based scheme allows multiple users to share the same
sub-carrier, hence providing at least 87% reduction in EMF.
While comparing with the similar ML PD-NOMA scheme of
[11], at least 33% reduction in the EMF is achieved, which is
largely due to the addition of ABC.

V. CONCLUSION

A new EMF-aware resource allocation and user grouping
scheme is proposed by using ML technologies for ABC
and PD-NOMA based wireless systems. The k-medoids and
Silhouette analysis has been used to perform user grouping
and sub-carrier allocation, which is then followed by power as-
signment. The power assignment is performed through solving
the (OP). In comparison to similar techniques, our proposed
framework reduces the EMF by at least 75%. These results

indicate the vast potential of this novel method and indicate
its suitability to be used in modern wireless networks with
significantly reduced EMF of UPWDs.
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