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In future 5G and beyond radio systems, access points equipped
with massive antennas will be deployed to support the in-
creased communication demands. As a result, radio envi-
ronments will become more dense and users will be ex-
posed to higher electromagnetic field (EMF) radiation from
wireless devices than today. This paper proposes to take
preemptive action towards protecting the public health from
potential EMF-related ill effects by examining radiation-aware
solutions for future green wireless communication systems
from the radio resource scheduling perspective. Our efforts
focus on correlating the transmit power levels of the wire-
less system with the operands used to express the EMF
dosimetry metrics known as maximum permissible expo-
sure (MPE) and specific absorption rate (SAR). In addition,
we formulate power minimisation problems subject to the
MPE and SAR safety standards, and the individual user qual-
ity of service (QoS) demands to derive convex optimisation-
based solution of dynamic subcarrier allocation and adap-
tive power management. The simulation results confirm
that our green solution reduces significantly the user ex-
posure to radiation, while providing the required QoS. We
expect that our findings can kickoff new research directions
for controlling the public exposure to radiation from wire-
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less devices in dense networks towards safer 5G communi-
cation systems.
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1 | INTRODUCTION

Wireless communication systems are, and will remain, an inevitable part of our lives. Yet their beneficial use may come
at a price of potential adverse health and ecological effects of electromagnetic field (EMF) emission/radiation. In its
latest report (June 2013) to the Public Health England, the UK Advisory Group on Non-Ionising Radiation acknowl-
edged a substantial body of epidemiological research published on cancer risks in relation to wireless mobile phone
use [1]. Also, in a recent press release (May 2016) the US National Toxicology Program announced risk assessments
of human exposure to EMF emission from wireless devices with symptoms including but are not limited to mental
diseases, tissue impairment, low sperm motility and brain tumor [2]. More importantly, the differences in children’s
anatomy make them significantly more vulnerable than adults, e.g., children absorb at least double the radiation as
adults [3]. Risks go well beyond those to humans as there is a growing proof of deterioration effects to plant and ani-
mal life too [4]-[5]. The discussion and conclusions on such ill effects have triggered formidable concerns to scientists
and citizens about whether wireless technology is, and will be, safe for the public health and ecosystem.

In an effort to address such concerns, the World Health Organisation (WHO) and the Australian radiation pro-
tection and nuclear safety agency (ARPANSA) advise that public health disciplines should focus on minimising the
daily exposure to EMF and encourages precautionary approaches like reducing the use of cell phones, using hands-
free or earpieces, and limiting the use of mobile devices by pregnant women and children among others [6]. While
those precautionary approaches may help mitigate ill effects in the short-term, we believe the proposition that in
order to adequately protect public and health ecosystems we must design future radio-efficient wireless communica-
tion solutions capable of reducing significantly wireless EMF emission. Potential approaches would be to investigate
important features of radiation-awareness pertaining to the exposure metrics established by the UK National Radio-
logical Protection Board (NRPB) with respect to the dosimetry of human exposure to EMF emission in the radiated
far- and near-field, known as the maximum permissible exposure (MPE) (inW/cm2) and specific-absorption rate (SAR)
(in W/Kg), respectively [7]. The main focus of MPE and SAR radiation metrics is to evaluate and manage power de-
position in human tissue from fixed-position and portable devices, respectively [8]. In consequence, controlling the
transmit power levels according to channel conditions of wireless devices can bring about sufficient reduction of users’
exposure to radiation towards "greener" communication systems.

Open issues and motivation
Most radiation-aware approaches reported focus on reducing the MPE and SAR levels of wireless communication
systems using hardware enchantments. A popular technique is the use of electromagnetic bandgap (EBG) structure [9],
which acts as a perfect magnetic conductor surface to suppress surface waves and reduce undesired radiation from
emitting antennas. Another prevalent method is the application of ferrite materials and metamaterials between the
antenna and the user’s head (mainly used in 900-1800 MHz bands) [10]-[11]. For example, [10] shows that using a
ferrite sheet as protection attachment between the antenna and user’s head can significantly reduce the SAR levels,
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while [11] enhances radiation efficiency using a perfect electric conductor reflector placed between the head and
the driver of a folded loop antenna. Moreover, [12] and [13] show that the position of the shielding material is an
important factor for SAR reduction effectiveness by examining the effect of conductive materials to cellular phone
radiation under various scenarios of user exposure.

Besides the available hardware-based techniques, radiation-awareness can be intelligently enhanced using ra-
dio resource scheduling frameworks to systematically allocate the wireless resources according to MPE and SAR
safety thresholds. To the best of our knowledge, limited research has been committed to develop such frameworks,
which have the potential to enable the radio-protection properties in more cost-effective and flexible manner than
hardware-based approaches. For example, [14] shows that by bounding SAR into a two antenna beamforming-based
resource scheduling strategy can bring about 3-4dB gain in equivalent transmit power than formulating the beamform-
ing strategy without SAR considerations. Also, some recent studies on wireless power transfer (WPT) consider radio-
protection properties in their optimisation analysis to report substantial capacity gains and/or power saving compared
to relevant radiation unaware approaches [15]-[17]. Other recent work tries to reduce power level by maximising en-
ergy efficiency and radio resource mangement approaches [18]-[21]. However, none of the abovementioned research
has considered the following issues jointly: (i) satisfying the users’ quality of service (QoS) requirements, (ii) address-
ing dynamic subcarrier allocation policy, (iii) expressing the MPE and SAR metrics by means of power and subcarrier
operands at network physical layer (commonly MPE and SAR functions are related to the incident power density), (iv)
considering various levels for MPE and SAR according to user’s physical characteristics (adults, children, male female),
etc. These open issues motivate the proposed work in this paper.

Scope, novelty and contributions

The scope of this work is to enable radiation-awareness in next generation green wireless communication systems by
bounding the optimisation of radio resource scheduling with policies for EMF radio-protection and transmit power
mitigation. The novelty of this work is that it is the first attempt to consider the MPE and SAR metrics jointly into the
radio resource scheduling design. Most relevant attempts neither realise the exposure of system users to radiation
fromwireless devices, or they consider eachMPE or SARmetric individually, which imposes radically different system
modeling and optimisation than considering those two key metrics jointly as we consider in this new approach. The
contributions of this work are summarised below:

• We develop green radio resource scheduling framework to systematically control the trade-off between user
exposure to EMF radiation and QoS requirements, which has yet been studied in earlier contributions.

• We express the MPE and SAR formulas with respect to the subcarrier indexing and power allocation operands at
physical layer such that the new expressions can be smoothly applied on optimisation problems for green radios.

• We propose low-complexity solution of dynamic subcarrier and adaptive power distributions with guaranteed
convergence, and evaluate its green performance using extended comparisons with related approaches.

The rest of the paper is organised as follows. Section 2 presents the system modeling and formulates the green
optimisation problem. Section 3 expresses the MPE and SAR by means of subcarrier and power operands at physical
layer, while Section 4 derives the optimal solution with radio-protection awareness principle. Section 5 examines
key properties of the proposed solution, while Section 6 evaluates the green performance of the outcomes using
simulation comparisons with relevant studies. Section 7 finally concludes this paper.
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F IGURE 1 Illustration of the multi-user single-cell OFDMA system model (left) with representation of exposure
of the j -th user due to radiation from transceivers at the BS and the nearby user equipments (right).

2 | SYSTEM MODELING AND PROBLEM FORMULATION FOR RADIATION-
AWARE WIRELESS SYSTEMS

We focus on downlink1 transmissions in single-cell wireless network consisted by one base station (BS) and K total
mobile users. The BS is placed at the center of the cell and it performs the subcarrier and power scheduling, while
the mobile users share N subcarriers of total bandwidth BW using orthogonal frequency division multiple access
(OFDMA).
In this regard, each mobile user can be exposed to (i) radiation at the far-field (i.e. MPE-related measures) caused
by the N × K transmissions between the BS and all mobile users, and (ii) radiation at the near-field (i.e. SAR-related
measures) issued by the transmissions/receptions between the user equipment and user body, as shown in Figure 1.
To enable the radiation-awareness property in such network we deploy at the BS a radio resource controller to assign
the available subcarriers to different users, while allocating the minimum amount of transmit power on respective
subcarriers. The green radio resource scheduling problem we consider is to optimise the subcarrier and power assign-
ments so as to minimise the overall transmit sum-power in the network, while satisfying the required MPE, SAR and
QoS constraints. Mathematically, the given problem is formulated as follows.

min
si j ∈{0,1},pi j ≥0

∑K
j=1

∑N
i=1

(
si j · pi j

)
(1)

subject to: si j ∈ {0, 1} , [i j , (2)
K∑
j=1

si j ≤ 1, [i , (3)

PT x =
K∑
j=1

N∑
i=1

(
si j · pi j

)
≤ PT , (4)

pi j ≥ 0, [i j , (5)

1Similar design approach can be considered for uplink direction and/or either for frequency division duplex (FDD) or time division duplex (TDD) transmission
mode.
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rj =
BW

N
·

(
N∑
i=1

si j · log2

(
1 +

(
pi j ·

��hi j ��2
Γ ·

N0 ·BW
N

)))
≥ q j , [j , (6)

MPE ≤ MPE limit, (7)

SAR j /1g ,10g ≤ SAR
limit
1g ,10g , [j , (8)

where si j denotes the subcarrier indexing of user j = 1, ...,K and subcarrier i = 1, ...,N , pi j ≥ 0 the allocated power
(in dBm), hi j the instantaneous channel gain2 (in dB), rj the instantaneous data rate of user j (in bit/sec), N0 the power
spectral density of additive white Gaussian noise (inV 2/Hz) and Γ the signal-to-noise ratio (SNR) gap3 (in dB). More
precisely, the optimisation objective (1) of problem (1)-(8) represents the radiating sum-power transmitted from the
BS to all K users. Subcarrier allocation constraints (2) and (3) bound the subcarrier indexing (i.e. si j = 1 if subcarrier
i is allocated to user j and si j = 0, otherwise) and certify that a subcarrier can be allocated to no more than one
user, respectively. Also, transmit power constraints (4) and (5) ensure transmission feasibility by limiting the total
sum-power radiated from the BS to all users and subcarriers PT x by the total available power at the BS PT , while
QoS constraint (6) guarantees the satisfaction of the minimum data rate requirement q j of each individual user j .
Moreover, the radiation exposure constraints (7) and (8) indicate that system’s MPE and each user’s SAR levels (i.e.
SAR j /1g ,10g ) should not exceed the predefinedWHO/NRPB radiation thresholds, denoted byMPE limit and SAR limit

1g ,10g ,
respectively.

An issue arises as most relevant research have expressed the MPE and SAR quantities in equations (7) and (8)
with respect to the incident power density and/or electric field strength, which are difficult to calculate and handle
during the optimisation analysis. To bypass this issue, next Section III correlates MPE and SAR with the optimisation
operands si j and pi j at physical layer, which simplifies the optimisation analysis.

3 | MPE AND SAR ESTIMATION FORMULAS FOR RADIO RESOURCE SCHEDUL-
ING PROBLEMS

According to WHO/NRPB, the mathematical expression forMPE is given by [14]

MPE =
PT x · G

4 · π · δ2
, (9)

where G is the numerical gain of the BS’s transmitting antenna relative to an isotropic source, (in dBm), and δ the
radial distance between the BS’s antenna and system users given by δ =

√
horizondial_distance2 + vertical_distance2

(in meter). Therefore, using (9) and having knowledge of the antenna’s dimensions, position and radiating properties,
the MPE system constraint (7) can be reformulated by means of the allocation operands si j and pi j , as

G

4 · π · δ2
·

K∑
j=1

N∑
i=1

(
si j · pi j

)
︸               ︷︷               ︸

PT x

≤ MPE limit ⇒

2In this work, we assume that the channel state information (CSI) is perfectly known to the BS. To produce more realistic approach, imperfect CSI can be also
considered, which however is out of the scope of this work, which mainly focuses on how to introduce the radiation-awareness principle in radio resource
scheduling.

3The Γ gap of ri j in (6) can be used to capture the difference between the SNR needed to achieve a certain ri j for a practical system and its theoretical data
rate limit, i.e., if practical signal constellations are to be used during simulations (e.g. quadrature amplitude modulation (QAM)), Γ can straightforward signify
the bit-error-rate (BER) requirement.
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PT x ≤ MPE limit′ (in W/cm2), (10)

withMPE limit′ = 4·π ·δ2 ·MPE limit
G . Equation (10) bounds the user exposure to radiation from all network emitting anten-

nas placed in δ > 50mm distance from the mobile user’s body. For δ < 50mm the exposure of j−th user is mainly due
to its own wireless equipment and it is given by [11]-[13]

SAR j /1g ,10g =
σj (f ) · E

2

ρj (f )
, (11)

where E 2 in (11) is the total root mean square (RMS) electrical field strength (in V/meter), σj (f ) the frequency f
dependent coefficient to represent the conductivity of the user’s tissue-simulating material (in Siemens/meter), and
ρj (f ) the frequency dependent coefficient to represent themass density of user’s tissue-simulatingmaterial (in Kg/m3).
Notice that although the simplicity of MPE reformulation, the quantity of SAR j /1g ,10g is more difficult to correlate
with si j and pi j because E 2 in (11) cannot be calculated but only measured in practice using laboratory equipment
including mannequins, electrolytes, robotically controlled probes, etc. [11]-[13]. However, measuring E 2 at each
transmission/reception cycle is not convenient as the resource scheduling process should operate in real-time [14].
Instead, theoretical formulas that can estimate SAR j /1g ,10g have higher practical importance such as the generalised
estimation4

SAR j /1g ,10g = Ωj (f ) · P
T x
j , (12)

Ωj (f ) =
249.75·σ(f )

R (f )wb/1g ,10g ·ω·Φ3dB ·L·δ ·ρ(f )
·

��� 2
1+
√
ε

���2 ×√
µ
ε0
·

[
µ·ε′r ·ε0

2 ·

(√
1 +

(
σ(f )

ω·ε′r ·ε0

)2
− 1

)]− 12
×[

1 +
(

4·π ·δ
Φ3dB ·GA ·L

)2]− 12
,

(13)

with Ωj (f ) the j−th user’s characteristic function with respect to emitting antenna position and side of exposure
(summarised in Table 1), and PT x

j
the power transmitted formBS to user j over the allocated subcarriers to this user, i.e.,

PT x
j

=
∑N
i=1

(
si j · pi j

)
. Equation (12)-(13) is yet appropriate to account in radio resource scheduling problems because

it does not realise that the potential total radiation exposure of each individual user is cumulative and depends on the
number of the active radios on user j ’s equipment (e.g. WiFi, Bluetooth, cellular, etc.). In technical terms, given (12)-
(13), constraint (8) of problem (1)-(8) can be either expressed as Ωj (f ) ·

∑N
i=1 P

r ad
j
≤ SAR limit or∑N

i=1

(
Ωj (f ) · P

r ad
j

)
≤

SAR limit. To evaluate appropriateness between the two expressions we track preliminary evidence in [10]-[14] to
conclude that for closely spaced antennas it stands

Ωj (f ) ·
N∑
i=1

PT xj <<

N∑
i=1

(
Ωj (f ) · P

T x
j

)
. (14)

With equation (14) we intend to convey the hypothesis that SAR estimations (or measurements with lab equip-
ment) taken with more than one transmitter active (corresponding to the left side of (14)) are generally much less than
the sum of the SAR measurements taken with each transmitter separately (corresponding to the right side of (14)).

4The SAR expression in (12)-(13) is valid for the 95th-percentile absorption of adult population standing in the radiating area of the BS’s antenna operating
between 300MHz and 5GHz [29].
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TABLE 1 Summary of variables included in the SAR estimation formula Ωj (f ) of equations (12)-(13).

Variable Description

Ωj (f ) frequency dependent function to express SAR effect based on users’ morphology and positions

P r ad radiated power from the BS antenna to the user’s body (in W)

R (f )wb/1g ,10g frequency dependent ratio of peak spatial SAR over the whole body SAR for 1gr and 10gr of tissue

ω angular frequency of the BS antenna (in Hz)

Φ3dB horizontal half-power beam-width of BS antenna (in degree)

L height of the antenna at the BS (in meter)

δ distance between outer most point of BS antenna and the box that encloses the antenna (in meter)

σ (f ) conductivity of the user’s tissue-simulating material (in Siemens/meter)

ρ (f ) mass density of user’s tissue-simulating material (in Kg/m3)

µ complex magnetic permeability inside the body of the user (in Henry/meter)

ε0 permittivity of free space given by 8.85 × 10−12 (in Farad/meter)

εr complex relative permittivity at distance r (in Farad/meter)

ε′r imaginary part of the complex relative permittivity εr (in Farad/meter)

GA directivity of the power radiated from the BS antenna (in dB)

This phenomenon is a manifestation of the fact that SAR is a power density measurement, rather than total power
measurement, e.g., the numerator in (11) requires a measurement of the squared electric field E 2 in one/ten gram(s)
of tissue, whereas the total power is obtained from the squared electric field integrated over all three-dimensional
space around the transmitting object. In addition, the quantification of equation (14) is subject to the study in [14],
which concludes that using SAR formulas in the form of the left hand side of (14) can bring 3-4dB gain in equivalent
transmit power due to multi-channel diversity, while the right hand side of (14) can bring marginal degradations of
the overall system performance. In consequence, we can reformulate the SAR j /1g ,10g estimation formula in (12) as
presented in the left hand side of (14), i.e.,

SAR j /1g ,10g = Ωj (f ) ·
N∑
i=1

P r adj = Ωj (f ) ·
N∑
i=1

(
si j · pi j

)
︸          ︷︷          ︸

PT x
j

. (15)

With equations (10) and (15) we can sufficiently describe the radiation exposure constraints (7) and (8) by means
of the subcarrier and power optimisation operands si j and pi j at physical layer, respectively.

4 | JOINT OPTIMAL SUBCARRIER AND POWER ALLOCATION SOLUTION
FOR RADIATION-AWARE GREEN COMMUNICATION SYSTEMS

This Section reformulates the resource scheduling problem (1)-(8) using the MPE and SAR expressions in (10) and
(15), respectively, to propose the joint optimal policy for green resource scheduling. Notice that by associating the
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bounded by P Total
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F IGURE 2 Impact of constraints (4) and (10) on the determination of the feasible set {si j , pi j } of problem (1)-(8).

MPE expression (10) with the power constraint (4) of problem (1)-(8), two different upper bounds are outlined with
respect to the transmit sum-power PT x , i.e., PT x ≤ PT and PT x ≤ MPE limit′ . To avoid redundancy, most relevant
problems consider bounding the sum-power only using PT x ≤ MPE limit′ assuming that in practice BSs are supplied
by tens of watts of power, while the permissible MPE limits are usually sufficiently lower such that MPE limit′ << PT .
However, there may be instances where some users can be far enough from the BS’s position and the radial distance
δ between the BS and the system users can be large enough such that the corresponding MPE-related boundary
(10) is larger than the PT -related boundary (4) . In such cases, the feasible {si j , pi j } region is smaller than the region
where {si j , pi j } can be actually determined, thus the optimal solution with respect to si j and pi j will be suboptimal
and performance will be degraded as shown in Figure 2. To include such occasions in our scheduling problem, we
bound the transmit sum-power with PT x ≤ min

{
PT ,MPE

limit′
}
, which indicates that the feasible region of {si j , pi j }

is dependent dynamically by user positioning with respect to emitting antennas. That way, we reduce complexity of
problem (1)-(8) by shrinking two of its rules into single constraint, and simultaneously we ensure maximum protection
to users by including both MPE bounds (4) and (10).

4.1 | Reformulation of the Optimisation Problem

The initial problem (1)-(8) is mixed combinatorial with respect to si j and pi j with impracticable computationally com-
plexity since it has to evaluate KN combinations to assign the N available subcarriers to the K system users at each
transmission frame. To avoid such exponential complexity we tract our problem by relaxing the subcarrier allocation
constraints (2) and (3) with the time-sharing factor s̃i j ∈ (0, 1], which indicates the portion of time that subcarrier i is
assigned to user j during each transmission frame [22]-[24]. Also, we define variable p̃i j = pi j · s̃i j ≥ 0, which indi-
cates the portion of power allocated to user j on subcarrier i during a time-share s̃i j . With the aid of the continuous
time-sharing variables s̃i j and p̃i j , problem (1)-(8) can be reformulated as follows.

min
s̃i j ∈(0,1],p̃i j ≥0

∑K
j=1

∑N
i=1 p̃i j (16)

subject to:
K∑
j=1

s̃i j ≤ 1, [i , (17)
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r̃j =
BW

N
·

N∑
i=1

(
s̃i j · log2

(
1 +

p̃i j ·
��hi j ��2

s̃i j · Γ ·
N0 ·BW
N

))
≥ q j , [j , (18)

P̃T x =
K∑
j=1

N∑
i=1

p̃i j ≤ min
{
PT ,MPE

limit′
}
, (19)

Ωj (f ) ·
N∑
i=1

p̃i j ≤ SAR
limit, [j . (20)

Notice that the reformulated objective (16) with constraints (17), (19), (20) are convex due to their affinity with

respect to time-sharing s̃i j and p̃i j . In addition, function s̃i j · log2
©«1 +

p̃i j ·
���hi j ���2

s̃i j ·Γ·
N0 ·BW
N

ª®¬ is concave (i.e. its Hessian matrix

is negative definite for s̃i j and p̃i j [30]), therefore, constraint (18) is also concave as any positive linear combination
of concave functions is concave. In consequence, the {s̃i j , p̃i j } set determined by the objective and all constraints is
concave meaning that the reformulated problem (16)-(20) is concave and there exists a unique optimal solution, which
can be obtained in polynomial time.

4.2 | Derivation of Joint Optimal Resource Scheduling Solution

Let us initially set ai j =
���hi j ���2

Γ·
N0 ·BW
N

for brevity. The Lagrangian function of problem (16)-(20) is then given by

L(
{
s̃i j

}
,
{
p̃i j

}
, {wi } , λ,

{
q j

}
,
{
yj

}
) = −

∑K
j−1

∑N
i=1 p̃i j − ωi ·

(∑K
j=1 s̃i j − 1

)
+

θj ·
(
BW
N ·

∑N
i=1 s̃i j · log2

(
1 +

p̃i j ·ai j
s̃i j

)
− q j

)
−

λ ·
(∑K

j=1

∑N
i=1 p̃i j −min{PT ,MPE limit′ }

)
−

ψj ·
(
Ωj (f ) ·

∑N
i=1 p̃i j − SAR

limit
) , (21)

where ωi , θj ≥ 0, λ ≥ 0 and ψj ≥ 0 denote the Lagrangian multipliers for the constraints (17), (18), (19) and (20),
respectively. The Karush-Kuhn-Tucker (KKT) conditions yield

∂L
({
s̃i j

}
,
{
p̃i j

}
, {ωi } , λ,

{
θj

}
,
{
ψj

})
∂p̃i j

��������(p̃i j ,s̃i j ,ωi ,λ,θj ,ψj )=(
p̃∗
i j
,s̃∗
i j
,ω∗
i
,λ∗,θ∗

j
,ψ∗
j

)

= 0 if p̃∗

i j
> 0

< 0 if p̃∗
i j
= 0

, (22)

∂L
({
s̃i j

}
,
{
p̃i j

}
, {ωi } , λ,

{
θj

}
,
{
ψj

})
∂s̃∗
i j

��������(p̃i j ,s̃i j ,ωi ,λ,θj ,ψj )=(
p̃∗
i j
,s̃∗
i j
,ω∗
i
,λ∗,θ∗

j
,ψ∗
j

)

< 0 if s̃∗

i j
= 0

= 0 if 0 <s̃∗
i j
< 1

> 0 if s̃∗
i j
= 1

, (23)

λ∗ ·
©«
K∑
j=1

N∑
i=1

p̃∗i j −min
{
PT ,MPE

limit′
}ª®¬ = 0, (24)

θ∗j ·

(
BW

N
·

N∑
i=1

s̃∗i j · log2

(
1 +

p̃∗
i j
· ai j

s̃∗
i j

)
− q j

)
= 0, (25)

ψ∗j ·

(
Ωj (f ) ·

N∑
i=1

p̃∗i j − SAR
limit

)
= 0. (26)



10 Zarakovitis et al.

By differentiating the Lagrangian in (21) with respect to p̃i j and substituting the result into the KKT condition (22)
we obtain the optimal instantaneous power allocated to subcarrier i for user j as

p̃∗i j =
s̃∗
i j

ai j
·

(
θ∗
j

λ∗ +ψ∗
j
· Ωj (f ) + 1

·
BW · ai j

ln 2 · N − 1

)+
, (27)

with (x )+ , max (0, x ). Furthermore, we calculate the optimal subcarrier indexing by taking the partial derivative of
the Lagrangian in (21) with respect to s̃∗

i j
, which yields

∂L
({
s̃i j

}
,
{
p̃i j

}
,{ωi },λ,

{
θj

}
,
{
ψj

})
∂s̃∗
i j

��������(p̃i j ,s̃i j ,ωi ,λ,θj ,ψj )=(
p̃∗
i j
,s̃∗
i j
,ω∗
i
,λ∗,θ∗

j
,ψ∗
j

) =

θ∗
j
· BWN

©«log2
(
1 +

p̃∗
i j
·ai j

s̃∗
i j

)
−

p̃∗
i j
·ai j

ln 2·s̃∗
i j
·

(
1+

p̃∗
i j
·ai j

s̃∗
i j

) ª®®®¬ − ω
∗
i
= 0

. (28)

By substituting the optimal power allocation (27) into (28) and applying the KKT condition (23), we obtain

Hi j

(
Y ∗j

)
− ω∗i


< 0 if s̃∗

i j
= 0

= 0 if 0 <s̃∗
i j
< 1

> 0 if s̃∗
i j
= 1

⇒, (29)

s̃∗i j =


0 if Hi j

(
Yj

)
< ωi

1 if Hi j
(
Yj

)
> ωi

∈ (0, 1) if Hi j
(
Yj

)
= ωi

, (30)

where function Hi j
(
Y ∗
j

)
is given by

Hi j

(
Y ∗j

)
=
BW

N
·

{
θ∗j ·

(
log2

(
BW ·Y ∗

j
· ai j

ln 2 · N

)+
+

1

ln 2 ·
(

ln 2 · N
BW ·Y ∗

j
· ai j
− 1

)+)}
. (31)

Recalling constraint (17), which bounds each subcarrier to be allocated to single user only, we can decouple the
optimal subcarrier assignment into N independent problems using relations (29)-(31), i.e., the user with the largest
Hi j

(
Y ∗
j

)
can use subcarrier i . Having calculated the optimal power and subcarrier indexing in (27) and (29)-(30),

respectively, we can readily define the joint optimal resource allocation solution in the following Theorem 1.

Theorem 1 The optimal power allocation policy of the convex optimisation problem (16)-(20) is obtained as PN×K [SN×K ] =[
p̃∗
i j

]
, where p̃∗

i j
is optimal instantaneous transmit power allocated to user j on subcarrier i given by (27). The corresponding

optimal subcarrier allocation policy is obtained as SN×K [PN×K ] =
[
s̃∗
i j

]
with individual element s̃∗

i j
the optimal subcarrier

allocation index given by the linear search

For i = 1 : N
j ∗ = argmaxj ∈{1,...,K } Hi j

(
Y ∗
j

)
s̃∗
i j
=

{
1, j = j ∗

0, otherwise

(32)
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where j ∗ is the optimal user index with function Hi j
(
Y ∗
j

)
defined in (31).

Next Section discusses some key properties on the of the implementation process and complexity of the proposed
optimal policy in Theorem 1.

5 | PROPERTIES AND IMPLEMENTATION PROCESS OF THE PROPOSED SO-
LUTION

The optimal power allocation policy (27) follows the standard water-filling approach, except that the optimal power
p̃∗
i j
can be allocated for s̃∗

i j
fraction of time. During this time, more power is to be allocated to the subcarriers with

higher SNR ai j than others, and vice versa. Moreover, by substituting (27) into the KKT condition (25) and recalling
ϑ∗
j
, 0 we obtain the closed-form expression for the water-level of each user as

Υ̃∗
j
=


ln 2·N ·2

N ·qj
BW

BW×
∏N ′

i=1

©«
ln 2·N ·

(
λ∗+ψ∗

j
·Ωj (f )+1

)
BW ·θ∗

j

ª®®¬
s̃∗
i j



1∑N ′
i=1

s̃∗
i j

, (33)

where N ′ ⊂ N is the set of the subcarriers assigned to user j . More precisely, the water-level of each system user
in (33) can be used to equalise the subcarriers during the operation of the proposed optimal strategy. Variable Yj
represents the power level of each user j , where each subcarrier has to be amplified compensating for the user’s
channel conditions. Therefore, the water-level Yj can be regularly used to represent the signal quality as well as
the efficiency of each user, e.g., low water-levels (before optimisation) are issued by users in bad channel conditions
and therefore, to users which demand more system resources than other users. Note that unlike traditional water-
filling approach, the proposed water-level Υ̃∗

j
in (33) is dynamic, which means that the water-level is not constant but

changes according to user requirements and characteristics. For instance, multiplier θ∗
j
depends on the j−th user QoS

demands, while ψ∗
j
and λ∗ depend on its SAR limit and min

{
PT ,MPE

limit′
}
value, respectively. Large θ∗

j
means that

j−th user has high QoS demands and it is expected its corresponding SAR multiplierψ∗
j
to be relatively small meaning

that exposure to radiation is high when QoS is high, and vice versa. In addition, large λ∗ indicates that the overall
radiated power bound is small and therefore, BS transmits at relatively low power, and vice versa. In consequence,
using (33) we can evaluate if all three constraints (18), (19) and (20) (which regard the minimum QoS requirements,
MPE and SAR exposure levels of each user, respectively) have been completely satisfied for each user5. It follows that
for a given set of water levels

{
Y ∗0 , ...,Y

∗
j
, ...,Y ∗K

}
, or equivalently, a given set of Lagrangian multipliers

{
λ∗,

{
θ∗
j

}
,
{
ψ∗
j

}}
,

we can determine the optimal subcarrier allocation using the search in (32).
Furthermore, function Hi j

(
Y ∗
j

)
in (32) plays key role in acquiring the joint optimal solution. For instance, it can

be verified that Hi j
(
Y ∗
j

)
monotonically increases with respect to ai j (hi j ) meaning that for each subcarrier, the user

with good channel conditions (large SNR) is more likely to be assigned this subcarrier. Also, Hi j
(
Y ∗
j

)
is non-decreasing

functionwith respect toY ∗
j
, whichmeans that when thewater-levelY ∗

j
of user j increases, this user has higher chances

to occupy more subcarriers than others.

5We show in Appendix that the expression of the water-level Υ∗
j
in (33) is particularly useful for the initialisation of the implementation algorithm, where the

QoS and SAR targets of each user must be guaranteed all the time.
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Based on the aforementioned observations, we propose an iterative algorithm, which can obtain the optimal
water-levelsY ∗

j
and determine the corresponding power and subcarrier assignments p̃∗

i j
and s̃∗

i j
in (27) and Theorem

1 by simultaneously satisfying the QoS, MPE and SAR constraints (18), (19) and (20), respectively.

Implementation process of the proposed algorithm

The proposed algorithm aims to obtain the set of optimal water levels
{
Υ∗1 , ...,Υ

∗
j
, ...,Υ∗K

}
using three nested loops.

One outer loop is used to vary λ such that the total MPE constraint (19) is fulfilled. Two inner loops search for
the sets of

{
θj , ..., θK

}
and

{
ψj , ...,ψK

}
to satisfy the minimum QoS requirement (18) and the SAR limit (20) of each

user, respectively. At each iteration n , the algorithm determines the optimal s̃∗
i j
for all i and j at the given values of(

λ(n),
{
ψ
(n)
j

}
,
{
θ
(n)
j

})
. The proposed algorithm guarantees the constant-rate transmission of system users in proba-

bilistic manner since the MPE value at the BS is fixed and finite. Also, the service is said to be in outage if any of the
minimumQoS requirements cannot be satisfied. This is because upon excluding the QoS constraint (18), the MPE and
SAR constraints (19) and (20), respectively will be always satisfied, e.g.,

{
p̃∗
i j

}
→ 0 and therefore, the feasibility of the

proposed algorithm is related to the condition that MPE limit′ ≥ Pmin, where Pmin is the minimum total power needed
to support all users’ QoS requirements. For the ease of presentation, the pseudo-code of the proposed algorithm is
presented in Appendix including comments for the allocation mechanism of each loop.

Computational complexity of the proposed algorithm

The computational complexity of the proposed algorithm lies in the number of iterations needed to update λ in the
outer loop and the number of iterations to update

{
θj ,ψj

}
for each λ in the two inner loops. Each λ is evaluated using

the bisection method, therefore the number of iterations required to achieve ε-optimality, i.e., λ − λ∗ = ε, is on the
order of O (log2 (1/ε)). At each of the two inner loops, the bisection is also used to seek and update the sets of

{
θj

}
and

{
ψj

}
, thus the algorithm requires log2 (1/ε) iterations for each loop. In addition, at each iteration the s̃∗

i j
and p̃∗

i j

are obtained N · K times, i.e., for all N subcarriers and K users. Consequently, the total complexity of the proposed
algorithm (including all three loops) is on the order of O (N · K · log2 (1/ε)).

6 | EVALUATIONS ON GREEN PERFORMANCE

This section carries out simulations to examine the green performance of the proposed optimal solution, namely
MPE-SAR-aware transmit power minimisation scheduler (MSminPx). Particularly, we compareMSminPx with relevant
QoS-aware scheduling schemes of minimum power (minPx) [25], maximal rate (maxRx) [22], [26] and minimum power
with fixed subcarrier assignment (minPx-Fixed) [27] scheduling. For the fair comparisons, we set all schemes to use
same hardware equipment (e.g. antenna positioning and geometry, ferrite materials or metamaterials, etc.) such that
the potential radiation reduction due to hardware enchantments is same for all schedulers. Also, to keep consistency
among comparisonswe adopt in Table 2 the similar simulation settingwithminPx, maxRx andminPx-Fixed approaches
in [22], [25]- [27], which are based on the LTE wireless standard. Furthermore, we consider 6-tap multipath fading
downlink channels with exponential-decay power-delay profiles, 20MHz sampling frequency and 50ns RMS delay
spread. Channels of different users are independent, while the path losses from the BS to all users are the same. The
average channel gain on each subcarrier is normalised with PT /(BW · N0) to denote the system (total) transmit SNR.
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TABLE 2 Simulation settings in accordance to the relative studies [22], [25]-[27] and the LTE wireless standard.

Variable Value Variable Value

BER 10−6 Φ3dB 66 degrees

PT 50 W Rwb/1gr 0.6

N0 1 GA 0.19 dB

MPE limit


1 mW/cm2

0.0833 mW/cm2
d 5 cm

Total QoS


13Mbps

19Mbps
C (f ) 6.3

SAR limit
j


1.6W/Kg per 1gr of tissue

2.0W/Kg per 10gr of tissue
Γ 8.14 dBm

{q1, q2, q3, q4, q5, q6, q7, q8 }


{0.75, 1.0, 1.25, 1.5, 1.75, 2.0, 2.25, 2.5}

{1.5, 1.75, 2.0, 2.25, 2.5, 2.75, 3.0, 3.25}
Mbps BW 80 KHz

{Ω1,Ω2,Ω3,Ω4,Ω5,Ω6,Ω7,Ω8 } {4.47, 2.23, 1.49, 0.89, 0.56, 0.45, 0.37, 0.29} K 16

Rwb/1gr


0.6 for 300MHz ≤ f ≤ 2.5GHz

0.3 for 2.5GHz ≤ f ≤ 5GHz
N 64

Rwb/10gr


1.5 for 300MHz ≤ f ≤ 2.5GHz

1 for 2.5GHz ≤ f ≤ 5GHz
L 20 m

6.1 | Simulation Results

In Figure 3, we compare the total transmit power and throughput versus SNRof the considered schemes6. We observe
that as SNR increases, the proposedMSminPx performs almost identically with minPx in terms of both radiated power
and throughput in Figure 3a and Figure 3b, respectively. This is because the impact of the QoS constraint (18) on
each scheduling decision

{
s̃∗
i j
, p̃∗
i j

}
in (27) and (32) is higher than the impact of MPE and SAR constraints (19) and (20),

respectively, therefore MSminPx performs similarly to conventional minPx. On the other hand, the fixed subcarrier
distribution of minPx-fixed limits resource scheduling flexibility thus, degrades power and throughput performances,
while maxRx acts purely opportunistic achieving the highest throughput among the considered schemes. However,
upon examining the corresponding to each scheme MPE and SAR radiation levels in Figure 4, we see that the pure
opportunistic scheduling of maxRx does not comprise safest solution exceeding both MPE and SAR thresholds, thus
exposing users to potentially unsafe levels of radiation. In contrary, MSminPx, minPx and minPx-fixed, which consider
power minimisation, can sufficiently conform to the permissible WHO/NRPB radiation levels of exposure even with
fixed subcarrier distributions. Consequently, the choice of optimisation objective in scheduling problems plays key
role to promote radiation awareness, while keeping power and throughput performances at adequate levels.

Figure 5-Figure 9 set stricter radiation exposure limits and higher user QoS requirements than Figure 3 and Figure
4 to validate each scheme’s boundary performances7. Particularly, in Figure 5a and Figure 5b we observe that the
performances of minPx, maxRx and minPx-fixed are analogous to the previous experiments except that they have

6For the experiments in Figure 3-Figure 4, we assume that (i) all users are far enough from the BS such that theMPE limit is sufficiently large, (e.g. MPE limit =
1 mW/cm2,MPE limit′ ≥ PT ) and (ii) each user can tolerate the maximum permissible WHO/NRPB limit for SAR of 1.6W/Kg per 1gr.

7For the experiments in Figure 5-Figure 9, we assume that (i) all users are positioned in relatively close distances from the BS, e.g., the minimum radial distance
of each user is set δ = 20 meters (recall Figure 1) such thatMPE limit is decreased from 1 mW/cm2 to 0.0833 mW/cm2 [28], (ii) the maximum SAR limit

a user can tolerate is decreased from 1.6W/Kg to 0.60W/Kg per 1gr of tissue and (iii) the total required QoS is 19Mbps with each user’s individual QoS
requirement given in Table 2.
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F IGURE 3 Total radiated power and total allocated throughput versus SNR considering MPE limit = 1.0 mW/cm2,
SAR limit = 1.6W/Kg and minimum user QoS requirement q j = 13Mbps.

been up-scaled according to the increase of the required QoS. On the other hand, the proposed MSminPx achieves
lowest radiating power by providing 3Mbps lower throughput in average than the minimum required. This is because
the determination

{
s̃∗
i j
, p̃∗
i j

}
region inMSminPx is the conjunction of 2K +1 regions dependent on (i) theMPE constraint

(19), (ii) each of the K in total QoS constraints (18) and (iii) each of the K in total SAR constraints (20). Instead, the
corresponding

{
s̃∗
i j
, p̃∗
i j

}
region in minPx, maxRx and minPx-fixed is dependent on the conjunction of the K in total

QoS constraints only meaning that the feasible space where MSminPx seeks for the optimal solutions is smaller than
the feasible space determined by the traditional scheduling approaches, and thus MSminPx throughput performance
degrades. Such throughput degradation is inevitable in radiation-aware scheduling solutions, which aim to balance the
trade-off between QoS and exposure to radiation. For instance, Figure 6a shows that although the throughout cost,
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F IGURE 4 MPE and average SAR versus system SNR considering MPE limit = 1.0 mW/cm2,
SAR limit = 1.6W/Kg and minimum user QoS requirement q j = 13Mbps.
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F IGURE 5 Total radiated power and total allocated throughput versus SNR under MPE limit = 0.0833 mW/cm2,
SAR limit = 0.6W/Kg and minimum user QoS requirement q j = 19Mbps.

MSminPx can retain theMPE below its lowest threshold (e.g. 0.0833 mW/cm2) within the whole SNR region and for all
users, while minPx, maxRx andminPx-fixed expose users tomuch higherMPE-oriented radiation (e.g. 0.145 mW/cm2).
Similarly, in Figure 6b MSminPx preserves average user SAR below its lower threshold (e.g. 0.60W/Kg ), while the
average SAR level in minPx, maxRx and minPx-fixed is considerably higher (e.g. it exceeds the 3.20W/Kg , especially
under high SNR).

To further examine the green performance of each considered scheme we illustrate in Figure 7 the MPE and SAR
violation percentages versus the SNR. Particularly, we see that by using MSminPx scheduling, MPE radiation reaches
the 44% of its maximum limit (i.e. MPE limit = 0.0833 mW/cm2), while SAR level reaches the 78% of its hiest thresh-
old (i.e. SAR limit = 0.60W/Kg ) as shown in Figure 7a and in Figure 7b, respectively. The corresponding radiation
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F IGURE 6 Total radiated power and total allocated throughput versus SNR under MPE limit = 0.0833 mW/cm2,
SAR limit = 0.6W/Kg and minimum user QoS requirement q j = 19Mbps.
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F IGURE 7 Violation of SAR and MPE limits versus SNR underMPE limit = 0.0833 mW/cm2, SAR limit = 0.6W/Kg
and minimum user QoS requirement q j = 19Mbps.

levels for minPx, maxRx and minPx-fixed are notably higher than the proposed MSminPx, i.e., 104%, 258% and 128%
higher MPE and 332%, 532% and 419% higher SAR levels. To justify the MPE and SAR violation in traditional minPx,
maxRx and minPx-fixed approaches, Figure 8 provides a detailed view of the resultant SAR for each user. Indeed,
the SAR level of user 3 and user 7 (which have similar QoS but better channel conditions than others) is particularly
high, especially when using opportunistic maxRx scheduling. In addition, Figure 9 examines the trade-off between
throughput performance and radiation exposure for SNR = 14 dBm. It can be seen that the proposed MSminPx
satisfies the minimum QoS requirement of each user resulting with particularly low SAR levels of 0.75W/Kg , while
it outperforms minPx and minPx-fixed by 0.85Mbps and 1.08Mbps, which corresponds to 2.12 W and 3.78 W of
power gain, respectively. This is because traditional power minimisation problems take their optimal scheduling deci-
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F IGURE 8 SAR level of each user versus SNR under MPE limit = 0.0833 mW/cm2, SAR limit = 0.6W/Kg and
minimum user QoS requirement q j = 19Mbps.
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F IGURE 9 SAR limit versus total allocated throughput under MPE limit = 0.0833 mW/cm2, SAR limit = 0.6W/Kg
and minimum user QoS requirement q j = 19Mbps.

sions considering the boundary of the total transmit power constraint (such as constraint (4)), while the boundaries in
the radiation-aware MSminPx scheduling depend on either the total transmit power constraint (19) or the set of the
individual user SAR constraint (20), which potentially provides more flexibility to allocate the power resources.

In summary, Figure 3 – Figure 9 show that by using traditional scheduling approach, the exposure to radiation of
users with high QoS can exceed the FCC/CENELEC safety thresholds, while by constraining the problem with respect
to MPE and SAR limits (as done in (19) and (20), respectively) the radiation levels can drop to much lower levels with
the required minimum QoS provision.

7 | CONCLUSION

In this paper, we investigated electromagnetic radiation-aware radio resource scheduling mechanisms towards future
generation green wireless communication systems. Specifically, two main radiation exposure metrics, MPE and SAR
are considered in the resource scheduling problem to minimise the transmit power levels such that the exposure lev-
els to radiation are below the WHO/NRPB safety standards [31], while satisfying users’ minimum QoS requirements.
Novel radio resource scheduling mechanisms are proposed and the optimal solutions are obtained, which can jointly
perform dynamic subcarrier allocation and adaptive power management according to each user’s channel conditions,
physical anatomy and QoS demands. Our simulation results demonstrated the effectiveness of the proposed mech-
anisms, which can be used as key paradigm towards developing more sophisticated solutions for next-generation
wireless communication systems that can prevent public heath from potential ill effects of radiation exposure.

Appendix

The Appendix is to summarise and discuss the algorithmic process that implements the proposed solution of joint
optimal subcarrier and transmit power scheduling for green radios.

In Figure 10 and Table 3 we provide the block diagram and the pseudo-code of the implementation process,
respectively. We see that in the main function (outer loop) the algorithm uses the closed-form expression of the
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TABLE 3 Pseudo-code of the implementation process for the proposed scheduling algorithm.

1. Main function: Outer loop - Subcarrier and Power Allocations

2. Phase 1. Initialisation of {Y1, ...,YK }

3. set arbitrary values λ(0) , ψ(0)
j

and θ(0)
j
, [j for λ, ψj and θj , respectively, with n = 0, ...,∞ the iteration index

4. compute the initial
{
Y
(0)
j

(
λ(0),

{
ψ
(0)
j

}
,
{
θ
(0)
j

})}
, [j and s̃ i j

(
Y
(0)
j

)
, [i , j using (27) and (32)

5. Phase 2. Update
{
Y
(0)
1 , ...,Y

(0)
K

}
such that the MPE constraint is satisfied

6. Step 1) compute p̃ j
(
s̃ i j

(
Y
(0)
j

))
=

∑N
i=1

(
s̃
(0)
i j ∗

ai j ∗
·

[
Y
(0)
j ∗
·
BW ·ai j ∗

ln 2·N − 1
]+)

, [j , PT x = ∑K
j=1

∑N
i=1 p̃ j

(
Y
(0)
j

)
7. Step 2) if PT x

(
Y
(0)
j

)
> MPE limit′ (Power exceeds the MPE limit)

8.
λ
(0)
LB = δ , where (·)LB to denote the lower bound of a quantity and δ a small number

λ
(0)
UB = ∆, where (·)UB to denote the upper bound of a quantity and ∆ a large number

9. repeat Step 1

10. else go to Step 3

11. Step 3) else if PT x
(
Y
(0)
j

)
< MPE limit′ ( Power not totally exploited)

12. set λ(0)UB = δ

13. Step 4) update λ(n) = λ
(0)
UB+λ

(0)
LB

2

14. compute
{
Y
(n)
j

(
λ(n),

{
ψ
(0)
j

}
,
{
θ
(0)
j

})}
using (33) and p̃ j

(
s̃ i j

(
Y
(n)
j

))
15. if PT x

(
Y
(n)
j

)
> MPE limit′ , λ(0)LB → δ

16. else if PT x
(
Y
(n)
j

)
< MPE limit′ , λ(0)UB → δ

17. repeat Step 4 until P r ad
BS

(
Y
(n)
j

)
= B

18. Function: Inner loops

19. Phase 3. Update
{
Y
(n)
1 , ...,Y

(n)
K

}
such that the QoS constraint is satisfied for each user

20. Step 5) for each i = 1, ...,N

21. compute Hi j
(
Y (n)

(
λ(n),

{
ψ
(0)
j

}
,
{
θ
(0)
j

}))
, [i , j using (31)

22. obtain j ∗ and s̃ (n)
i j ∗

using Theorem 1.

23. Step 6) for each j = 1, ...,K

24. compute rj
(
s̃
(n)
i j ∗

(
Y
(n)
j

))
= BW

N ·
∑N
i=1

(
s̃
(n)
i j ∗
·

[
log2

(
Y
(n)
j
·
BW ·ai j
ln 2·N

)]+)
, [j

25. Step 7) find j ∗ with rj ∗ < q j ∗ and rj ∗ − q j ∗ ≤ rj − q j for all 1 ≤ j ≤ K

26. while rj ∗
(
s̃
(n)
i j ∗

(
Y
(n)
j ∗

))
< q j ∗ for the found j ∗

27. set
{
θ
(0)
j ∗

}
LB

= δ ,
{
θ
(0)
j ∗

}
UB

= ∆

28. update θ(0)
j ∗
→ θ

(n)
j ∗

with the bisection method (similar to Step 4)

29. compute
{
Y
(n+1)
j ∗

(
λ(n),

{
ψ
(0)
j

}
,
{
θ
(n)
j ∗

})}
, [j using (33)

30. obtain s̃ i j
(
Y
(n+1)
j ∗

)
, [i , j using (30) and rj

(
s̃ i j

(
Y
(n+1)
j ∗

))
using the equation in line 24

31. repeat Step 7 until rj ∗
(
s̃ i j ∗

(
Y
(n+1)
j

))
= q j ∗ for all j = 1, ...,K

32. Phase 4. Update
{
Y
(n+1)
1 , ...,Y

(n+1)
K

}
such that the SAR constraint is satisfied for each user

33. Step 8) compute p̃ j ∗
(
s̃ i j ∗

(
Y
(n+1)
j ∗

))
=

∑N
i=1

(
s̃ i j ∗

ai j ∗
·

[
Y
(n+1)
j ∗

·
BW ·ai j ∗

ln 2·N − 1
]+)

34. if Ωj ∗ · p̃ j ∗
(
s̃ i j ∗

(
Y
(n+1)
j ∗

))
≤ SAR limit for the found j ∗( SAR is not violated - QoS, MPE are satisfied too)

35.
Define optimal Lagrange multipliers: λ(n) → λ∗ , ψ(0)

j
→ ψ∗j , θ

(n)
j
→ θ∗j

Define optimal subcarrier and power allocations:p̃i j ∗
(
s̃ i j ∗

(
Y
(n+1)
j ∗

))
→ p̃∗i j , s̃ i j ∗

(
Y
(n+1)
j ∗

)
→ s̃∗i j [i , j

36. else if Ωj ∗ · p j ∗
(
s̃ i j ∗

(
Y
(n+1)
j ∗

))
> SAR limit for the found j ∗ (SAR is violated, while QoS, MPE are satisfied)

37. set
{
ψ
(0)
j ∗

}
LB

= δ ,
{
ψ
(0)
j ∗

}
UB

= ∆

38. update ψ(0)
j ∗
→ ψ

(n)
j ∗

with the bisection method (similar to Step 4)

39. computeY (n+2)
j ∗

(
λ(n),

{
ψ
(n)
j ∗

}
,
{
θ
(n)
j ∗

})
using (33)

40. repeat Step 8 until Ωj ∗ · p j ∗
(
s̃ i j ∗

(
Y
(n+2)
j ∗

))
≤ SAR limit , [j ∗ (stopping criterion)
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F IGURE 10 Block diagram of the proposed implementation algorithm.

water-levels
{
Υ̃∗
j

}
in (33) to assign the initial values for the multipliers λ, ψj , and θj . That way, Phase 1 obtains the

initial water-levels and subcarrier allocations, i.e.,Y (0)
j

, [j and s̃i j
(
Y
(0)
j

)
, [i , j , using the proposed power and subcarrier

allocation formulas in (27) and (32), respectively. Phase 2 proceeds using the bisection method to update λ → λ(n).
Since λ is inversely proportional toY (0)

j
(see e.g. (33)) we set lower and upper bounds for λ. If the radiated power at

the BS exceeds the MPE limit, i.e., PT x
(
Y
(0)
j

)
> MPE limit′ , then PT x decreases and λ is inquired within a large region

(λ(0)
LB

= δ , λ(0)
UB

= ∆). On the other hand, if PT x
(
Y
(0)
j

)
< MPE limit′ , then PT x increases and λ is determined within a

small region (λ(0)
LB

= λ(0)
UB

= δ ). Phase 2 is repeated until the available power at the BS is totally exploited i.e., λ(0) → λ(n)

and PT x
(
s̃i j

(
Y
(n)
j

(
λ(n),

{
ψ
(0)
j

}
,
{
θ
(0)
j

})))
= MPE limit′ . Remark that the convergence of the outer loop in Phase 1 and

Phase 2 is guaranteed because the radiated power PT x decreases monotonically with λ given that the target data
rates and SAR for all users are satisfied.

Then, the algorithm initialises two inner loops to satisfy the QoS and MPE constraints of the individual users (i.e.
(18) and (19), respectively). The first inner loop in Phase 3 defines a set of potentially optimal users {j ∗ } through the
allocation strategy in Theorem 1. Given λ(n) and

{
ψ
(0)
j

}
the algorithm uses bisection to update

{
θ
(0)
j ∗

}
→

{
θ
(n)
j ∗

}
until

the data rate of each user j ∗ is equal to its minimum QoS requirement, i.e., rj ∗
(
s̃i j ∗

(
Y
(n+1)
j

))
= rmin

j ∗
. At each update

of θj → θ
(n)
j ∗

, the subcarrier allocation indexes are redefined as s̃i j
(
Y
(0)
j

)
→ s̃i j

(
Y
(n+1)
j ∗

((
λ(n),

{
ψ
(0)
j

}
,
{
θ
(n)
j ∗

})))
and the

process is repeated until both the QoS and the MPE constraints are satisfied. Remark that the convergence of Phase
3 is guaranteed because Y (n)

j
and Hi j increase monotonically with respect to θj meaning that for a user j ∗ more s̃i j ∗

become one and more data rate is allocated.
Furthermore, Phase 4 is to manage the SAR level at each individual system user. If the SAR levels of all users are

less or equal to the SAR limit, which is set by constraint (20), the algorithm terminates and announces the joint optimal
allocation strategy based on the obtained multipliers λ(n),

{
θ
(n)
j ∗

}
and

{
ψ
(0)
j ∗

}
. Otherwise, if some users have SAR levels

above the considered thresholds, the algorithm updates the multipliers
{
ψ
(0)
j ∗

}
→

{
ψ
(n)
j ∗

}
and repeats the Phases 2-4

until all of the constraints in (18), (19) and (20) are satisfied (stopping criterion). Remark that the convergence of Phase
4 is ensured because channel gain matrix Hi j ∗ and SAR vector SAR j ∗ decrease monotonically with respect to ψ(0)

j ∗

meaning that some s̃i j ∗s become zero and the corresponding SAR levels decrease, while the data rates of some users
may decrease as some s̃i j ∗ change from one (allocated) to zero (not allocated). However, as all theΥj ’s are monotonous
with respect to multipliers λ, θj and ψj , the optimal water-level Υ∗

j
s can be approached iteratively [22].
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