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Joint Uplink and Downlink EMF Exposure:
Performance Analysis and Design Insights

Lin Chen, Ahmed Elzanaty, Senior Member, IEEE, Mustafa A. Kishk, Member, IEEE, Luca Chiaraviglio, Senior
Member, IEEE, and Mohamed-Slim Alouini, Fellow, IEEE

Abstract—Installing more base stations (BSs) into the existing
cellular infrastructure is an essential way to provide greater
network capacity and higher data rates in the 5th-generation
cellular networks (5G). However, a non-negligible amount of
the population is concerned that such network densification will
generate a notable increase in exposure to electric and magnetic
fields (EMF) over the territory. In this paper, we analyze the
downlink, uplink, and joint downlink&uplink exposure induced
by the radiation from BSs and personal user equipment (UE),
respectively, in terms of the received power density and exposure
index. In our analysis, we consider the EMF restrictions set by
the regulatory authorities such as the minimum distance between
restricted areas (e.g., schools and hospitals) and BSs, and the
maximum permitted exposure. Exploiting tools from stochastic
geometry, mathematical expressions for the coverage probabil-
ity and statistical EMF exposure are derived and validated.
Tuning the system parameters such as the BS density and the
minimum distance from a BS to restricted areas, we show a
trade-off between reducing the population’s exposure to EMF
and enhancing the network coverage performance. Then, we
formulate optimization problems to maximize the performance
of the EMF-aware cellular network while ensuring that the EMF
exposure complies with the standard regulation limits with high
probability. For instance, the exposure from BSs is two orders
of magnitude less than the maximum permissible level when the
density of BSs is less than 20 BSs/km2.

Index Terms—Electric and magnetic fields exposure, stochastic
geometry, coverage probability, Poisson hole process, EMF-aware
cellular networks.

I. INTRODUCTION

The fundamental requirements of 5th-generation cellular
network (5G) are low latency, high throughput, and wide
coverage. One potential solution to accommodate 5G key per-
formance indicators (KPIs) is to increase the number of base
stations (BSs) [1]. The new 5G BSs inevitably act as additional
radiation sources, concerning some of the population about
the increasing possibility of their exposure to electric and
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magnetic fields (EMF). Recently, human health related to the
massive deployment of BSs has raised public concerns [2].
There is an urgent need to provide scientific analysis as we
do not know if health effects (not known at present time) will
be observed in the future.

EMF exposure in cellular networks mainly comes from BSs
and user equipment (UE), related to passive exposure and
active exposure, respectively. BSs emit high power through
long distances in the downlink, imposing EMF exposure to
humans passively. The EMF exposure from all BSs in the
network is usually measured by the power density at the user,
which can be easily transformed into electric strength [3].
Nevertheless, the exposure originating from UE with low
transmit power should also be taken into account due to
the close distance between the user and the personal mo-
bile device, which can be quantified by the received power
density or the specific absorption rate (SAR) [4], [5]. In
fact, EMF exposure associated with 5G radio frequency (RF)
communications is considered as non-ionizing radiation that
does not have enough energy to ionize the cells [6]. Nev-
ertheless, the non-ionizing radiation is possible to generate
heating effects in the exposed tissues, i.e., thermal effects [7],
[8]. In order to guarantee that the thermal effects are below
acceptable safe levels, EMF exposure guidelines are set such
as those by International Telecommunication Union (ITU) [9],
International Commission on Non-Ionizing Radiation Protec-
tion (ICNIRP) [4], and Federal Communications Commission
(FCC) [10]. Each country has its own regulations on the
safety limits to the EMF [11]–[15], mainly based on the afore-
mentioned regulatory guidelines. Besides these guidelines, as
a further precautionary measure, some countries adopt more
restricted conditions such as a minimum distance between BSs
and restricted areas, e.g., schools and hospitals [16]. Besides
the well-understood thermal effects, there is a debate about
whether long-term exposure to radiofrequency radiation (RFR)
may have non-thermal effects that can lead to health issues
[17], [18]. Therefore, accurate analysis of the exposure to EMF
is essential to permit designing EMF-aware cellular networks.

A. Related Work
In this subsection, we discuss the most related work on

the EMF exposure, which can be divided into two categories:
(i) EMF exposure assessment and (ii) EMF-aware network
design.

EMF exposure assessment. The evaluation of EMF exposure
in cellular networks can be conducted from experimental mea-
surement and analytical points of view. As for the experimental
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measurement, the exposure induced by BSs and UEs was mea-
sured in [19], which revealed that the exposure from a personal
mobile device could not be ignored. Considering the enabling
technologies of 5G such as massive multiple-input multiple-
output (MIMO), real-time beamforming, and high-frequency
bands, 5G smartphones were used to capture the exposure level
in a 5G network [20]. In [21], the distribution of EMF in
5G networks is investigated. The authors in [22] focused on
the measurement of downlink exposure and showed that the
exposure is well below the ICNIRP reference level. Clearly,
the experimental measurement of EMF exposure illustrates the
RFR level under a specific cellular network, while it is not
able to explore the effect of the system parameters on EMF
exposure for cellular network deployment.

As for the analytical evaluation of EMF exposure, au-
thors in [23] considered a regular deployment of BSs under
the assumption of a hexagonal mosaic territory. Employing
stochastic geometry, more realistic modeling of irregularly
distributed BSs was given in [24]. Compared with the experi-
mental data of exposure in Brussels, Belgium, authors in [24]
optimized the model parameters and verified the fitting effect
of the proposed model. In [25], the statistical received power
at users was used to monitor the downlink exposure levels
in a MIMO system using tools from stochastic geometry.
The above analytical modelling allows the prediction of the
downlink EMF exposure from BSs before the actual network
deployment. Yet, the uplink exposure from mobile equipment
and EMF restrictions such as the minimum distance between
BSs and restricted areas have not been considered in those
analytical models. Thus, these models do not lead to an
accurate evaluation of total EMF exposure in real cellular
networks.

EMF-aware network design. Recently, several researchers
proposed novel cellular architectures to reduce EMF exposure
or improve coverage performance while limiting the exposure
[26]. Reconfigurable intelligent surfaces (RISs) were first
proposed in [27] as a solution to create areas with reduced
EMF. In [28], the RIS phases were optimized to minimize the
total uplink exposure of users. On the other hand, the work in
[29] and [30] considered designing the RIS phases to minimize
the maximum exposure (min-max problem) with instantaneous
and statistical channel state information, respectively. The
authors in [31] applied probabilistic shaping to minimize the
average EMF exposure while ensuring a target throughput.
Considering the coexistence of macro-cell and small-cell BSs,
the downlink EMF exposure and the coverage probability are
studied in [32]. It is worth noting that the existing research
on the EMF-aware network design mainly aims at mitigating
the downlink/uplink EMF exposure on average and ensuring
a target quality of service (QoS). Nevertheless, the total
exposure (including downlink and uplink exposure) is rarely
taken into account when designing the cellular network despite
the fact that people are exposed to the RFR from both BSs
and UEs [33]. Moreover, the regulation of restricted areas is
seldom considered in the EMF-aware network design; while
this regulation is essential for the evaluation of EMF exposure
levels since the minimum distance between BSs and restricted
areas can significantly reduce the exposure levels in restricted

areas and can be selected by the system designers or decision
makers. The effect of restricted areas on network performance
has not been studied.

B. Contributions

In this paper, we provide a novel framework to analyze
the impact of EMF exposure from both BSs and UE on the
planning of a 5G cellular network from a statistical point
of view. In particular, the proposed cellular network model
considers the restrictions on the EMF exposure set by the
regulatory authorities, including the maximum permitted EMF
exposure and the exclusion zones around restricted areas, e.g.,
hospitals and schools [16]. Three scenarios are mainly studied
in our model, including the downlink (passive exposure),
the uplink (active exposure), and the joint downlink&uplink
(passive and active exposure) RFR. Nevertheless, the inclusion
of the restricted area, the maximum transmit power of the
power with different channel inversion coefficients at UE,
and the combination of the uplink and downlink lead to
some mathematical challenges. These challenges are handled
through approximations such as Poisson hole process (PHP),
which are shown to be accurate through Monte Carlo simula-
tions. The main contributions of our work are summarized as
follows.
• We propose a stochastic geometry model that captures

the minimum distance (R) between a BS and a restricted
area. Specifically, restricted areas result in the PHP-
distributed BSs. Such PHP approximation enables the
following analysis of the effect of R on the exposure
and coverage performance. The accuracy of the approxi-
mation has been validated in simulation.

• We quantify the downlink exposure from BSs and the
uplink exposure from personal UE by the received power
density under the Nakagami-m fading model. Corre-
spondingly, we analyze the coverage probability in the
downlink and uplink, respectively. Furthermore, consider-
ing a more practical scenario that the people are exposed
to radiation from both BSs and UE, we provide the
joint downlink&uplink exposure analysis, referred to as
exposure index.

• We assess the compliance of cellular networks to the
exposure guidelines. As opposed to the mean-value-based
measurement of EMF exposure, our work provides the
cumulative distribution function (CDF) of exposure by
using the Gil-Pelaez theorem. By comparing the 95-th
percentile of EMF level with the standard limit defined
by FCC, we ensure that the EMF exposure level complies
with guidelines with a high probability.

• We design the system parameters, e.g., the density of
the BSs and the minimum distance between the re-
stricted areas and BSs, to (i) maximize the coverage
performance constrained by the 95-th percentile of EMF
exposure in the downlink and to (ii) minimize the joint
downlink&uplink exposure. Numerical results show the
impact of system parameters on network performance
and exposure, and there exist optimal values of system
parameters with respect to the minimal total exposure.
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(a)

(b)

Fig. 1. A cellular network considering the restricted areas. (a) a general
scenario (b) geometric representation (left: the typical user outside the
exclusion zone, right: the typical user inside the exclusion zone).

These analyses provide insights into the design of future
networks to meet the QoS and safety requirements.

The rest of the paper is structured as follows. Sec. II
introduces the system model. The downlink analysis of the
statistical EMF and SNR-based coverage probability are given
in Sec. III, including the design of system parameters. Similar
performance metrics in the uplink are presented in Sec. IV.
Sec. V adopts the exposure index to account for the total
influence of both uplink exposure and downlink exposure on
the population. Then, the simulation results are shown and
discussed in Sec. VI. Finally, Sec. VII concludes the paper.

II. SYSTEM MODEL

This section describes the considered system of a cellular
network with the EMF-deployment constraint and correspond-
ing stochastic geometry-based model.

We investigate a network composed of BSs and UEs, which
are equipped with omnidirectional antennas. In fact, the case

of directional antennas can be handled under the proposed
framework with the scaled density of BSs and antenna gain
[34]. Particularly, the deployment of BSs complies with the
EMF regulation on the minimum distance between BSs and
the restricted areas (such as schools and hospitals). As shown
in Fig. 1(a), there are several restricted areas surrounded by
exclusion zones/holes where BSs are not allowed (by EMF
regulation) to be deployed [16]. The radius of the exclusion
zones/holes, denoted by R, can be regarded as the minimum
distance between BSs and the restricted areas. Using tools
from stochastic geometry, the locations of BSs and users are
generally assumed to follow two independent homogeneous
PPPs [35]. However, considering the exclusion zones around
restricted areas, we propose to model the locations of the BSs
as a PHP. The PHP is generated using two independent PPPs:

1) the baseline PPP Ψb ≡ {bi} ⊂ R2 with density λb.
2) the PPP modeling the locations of the restricted areas,

which represent the centers of the exclusion zones (i.e.,
holes), Ψr ≡ {ri} ⊂ R2 with density λr.

Therefore, the locations of the BSs construct a PHP ΨB ,
formally defined as follows

ΨB =

{
bi ∈ Ψb : bi /∈

⋃
ri∈Ψr

B(ri, R)

}
, (1)

where B(ri, R) is an exclusion zone/hole, a disk centered at
ri with radius R. The density of ΨB can be approximated as

λB = λb exp(−λrR2). (2)
Fig. 1(b) presents a realization of PHP-distributed BSs, marked
by triangles with solid black borders. BSs that fall in the
exclusion zones (i.e. green circles) are removed and become
dashed triangles. Besides, a BS only serves a single UE in
each time-frequency recourse block. The nearest association
rule is considered for the connection between BSs and users,
i.e., a user is connected with its nearest BS. Without loss of
generality, we focus on the analysis for a typical user located
at the origin of the network [36]. Due to the limitation of the
restricted areas, the location of the typical user (inside/outside
the exclusion zone) impacts its performance. Therefore, in the
following, we distinguish the analysis of the typical user in
two different locations: outside or inside the exclusion zone,
as shown in Fig. 1(b).

III. EMF-AWARE DOWNLINK EXPOSURE

In this section, the downlink performance metrics are de-
rived to characterize the statistics of the EMF exposure, the
coverage probability, and the allowable distance between a
BS and a user. Then, we formulate an optimization problem
to maximize the downlink coverage probability subject to the
EMF exposure constraint.

A. Performance Metrics: Downlink Exposure and Coverage

The downlink EMF exposure is quantified by the received
power density from all BSs over the territory. Following the
system model discussed in Sec. II, the output power of a BS
is

p = PtGt, (3)
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TABLE I
TABLE OF NOTATIONS

Notation Description
Ψb The Poisson point process (PPP) modeling the baseline locations of the BSs

Ψr The PPP modeling the locations of the restricted areas

ΨB The PHP modeling the locations of BSs affected by restricted areas

λb; λr; λB The density of Ψb; Ψr; ΨB

α; β The value of the path-loss exponent for calculating signal-to-noise ratio (SNR); EMF exposure

pmax The maximum transmit power in the uplink

j j =
√
−1 is the imaginary unit

SARUL; SARDL The value of SAR in the uplink; downlink

where Pt is the transmit power of the BS and Gt is the antenna
gain. Based on the Friis law, the received power at the typical
user from a BS with horizontal distance xi is given by

Prec(xi) =
pGu η Hi

(x2
i + h2)β/2

, (4)

where Gu is the user’s antenna gain, η = ( c/f
4πd0

)2 represents
the path loss at reference distance d0 = 1 m (with frequency
f and wave speed c = 3× 108 m/s), h is the height of BSs,
β is the path-loss exponent, and Hi is the small-scale fading
gain with an expected value of 1, i.e., E {Hi} = 1. More
specifically, we adopt the widely-used Nakagami-m fading
model (with shaping parameters given by m) to characterize
the small-scale fading. The probability density function (PDF)
of Hi is given by [37]

fHi(ω) =
mmωm−1

Γ(m)
e−mω, (5)

where Γ (m) =
´∞

0
tm−1e−tdt is the Gamma function [38].

The corresponding received power density can be expressed
as

W (xi) =
Prec(xi)

Ae
=

pHi

4π(x2
i + h2)β/2

, (6)

where Ae = (c/f)2Gu
4π is the antenna effective area of the

typical user. Since the BS height is negligible compared
with the horizontal distance xi, for simplicity, the Euclidean
distance between a BS and the typical user is approximated
as their horizontal distance in the rest of the paper. Hence,
for the typical user located at the origin, the downlink EMF
exposure is

WDL =
∑

i,bi∈ΨB

pHi

4πxβi
. (7)

For this setup, our objective is to ensure that the value of WDL

is below the maximum allowed value by regulatory authorities
with a high probability [39], [40]. In particular, the below
condition (termed downlink EMF constraint) is required to be
satisfied

P(WDL ≤Wmax) ≥ ρ, (8)
where Wmax is the maximum power density specified by the
guidelines. The value of ρ can be chosen as 0.95, according

to the assessment of compliance regulation by ITU [39]. This
is opposed to the deterministic approaches where WDL is not
considered as a random variable (r.v.), and it should be strictly
less than Wmax, i.e., ρ ≡ 1 [41].

From (4), when the typical user associates with its closest
BS with a distance of x0, the received power in the downlink
can be expressed as

PDL
rec (x0) =

pηH0

xα0
, (9)

where the BS height is ignored, Gu is assumed to be 1, and
α is the path-loss exponent. The instantaneous SNR in the
downlink is given by

SNRDL =
PDL

rec (x0)

σ2
=
pηH0

xα0σ
2
, (10)

where σ2 is noise power, and H0 is the small-scale fading
following (5). Note that the path-loss exponent is represented
by two different notations, i.e., α and β, for calculating the
EMF exposure and SNR, respectively, which enables us to
analyze the worst case and the typical case by setting different
relations between α and β. For a given value of λB , the
downlink coverage probability can be defined as follows,

PDL
cov(λB) = P(SNRDL > τ), (11)

where τ is a predefined threshold.

B. Performance Analysis

This subsection provides several steps to derive the math-
ematical expressions for the performance metrics formally
defined in Sec. III-A from the perspective of the typical
user outside or inside the hole, respectively. For instance,
considering that BSs are excluded from the exclusion zones,
the distance between the typical user located in the restricted
area and its nearest BS must be larger than the radius of the
exclusion zone.

1) Distance Distribution to the Closest BS: Let Xout and
Xin denote the distance from the typical user to its closest BS
given that the user is outside or inside the hole, respectively.
The following lemma presents the distribution of the contact
distances Xout and Xin.
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Lemma 1. The PDF of the distance between the typical user
and the closest BS is denoted by

fXout(x)=2πλBx exp
(
−λBπx2

)
, x ≥ 0, (12a)

fXin(x)=

{
2πλBx exp

(
−λBπ(x2−R2)

)
, if x≥R

0 , if x<R,
(12b)

where λB = λb exp(−λrR2), (12a) is for the user outside the
hole, and (12b) is for the user inside the hole.

Proof. See Appendix A.

2) Coverage Probability: The probability that SNR is
above a predefined threshold, i.e., the complementary cumula-
tive distribution function (CCDF) of SNR, is used as a metric
to describe QoS of the cellular network. Based on the distance
distribution of Xout and Xin, we develop the expression of the
downlink coverage probability relative to a SNR threshold τ .

Theorem 1. The downlink coverage probability of the typical
user served by its closest BS is

PDL
cov =

ˆ ∞
0

m−1∑
k=0

(sDLσ2)k

k!
exp

(
−sDLσ2

)
fXv (x0) dx0,

sDL =
mτ

pηx−α0

, v ∈ {in, out} ,
(13)

where v represents whether or not the typical user is in a
restricted area.

Proof. See Appendix B.

3) EMF Constraint: The EMF exposure is required to be
below the maximum allowed value (Wmax) by the authority
regulations with a high probability (ρ). (8) can be rewritten
in terms of the CDF of the downlink power density, i.e.,
FWDL(w), as

FWDL(Wmax) ≥ ρ. (14)
Therefore, the EMF constraint can be expressed as

F−1
WDL(ρ) ≤Wmax, (15)

where F−1
WDL(ρ) is the inverse function of FWDL(w).

Theorem 2. The CDF of the downlink EMF exposure is given
by
FWDL(w) =

1

2
− 1

2jπ

ˆ ∞
0

1

t

[
e−jtwLWDL(−jt)−ejtwLWDL(jt)

]
dt,

(16)

where LWDL(s) is the Laplace transform of downlink EMF
exposure and

LWDL(s) = exp

(
−2πλB

ˆ ∞
v(R)

[
1−κDL(x, s)

]
x dx

)
,

κDL(x, s) =

(
m

m+ sp(4π)−1x−β

)m
,

(17)

where R is the radius of the hole, λB is the density of PHP-
distributed BSs, and v(R) = 0 if the typical user is outside
the hole, otherwise v(R) = R.

Proof. See Appendix C.

4) Compliance Distance Between Users and BSs: The
distance between a BS and a user should comply with the

EMF constraint, i.e., conditioned on the serving BS located at
a compliance distance xc to the typical user, the corresponding
conditional EMF exposure should not exceed the maximum
allowable limit (Wmax) with a high probability (ρ). Namely,
xc satisfies the conditional EMF constraint as follows,

FWDL|Xout=xc(Wmax) ≥ ρ, (18)
where FWDL|Xout=xc(Wmax) is the CDF of the downlink EMF
exposure conditioned on the distance between the serving BS
and the user being xc. The minimum value of xc that satisfies
(18) is denoted by xcom and is given by

xcom , inf
x∈R

{
x : FWDL|Xout=x(Wmax) ≥ ρ

}
. (19)

No public access is allowed to the area centered at a BS
with the radius of xcom, since people inside will experience
downlink EMF exposure above the safety threshold.

Theorem 3. The CDF of the EMF exposure conditioned on
the serving BS being at a distance x0 from the typical user is
given by

FWDL|x0
(w) =

1

2
− 1

2jπ

ˆ ∞
0

1

t

[
e−jtwLWDL|x0

(−jt)

− ejtwLWDL|x0
(jt)

]
dt,

(20)

where LWDL|x0
(s) is the Laplace transform of conditional

EMF exposure and
LWDL|x0

(s)=

κDL(x0, s) exp

(
−2πλB

ˆ ∞
x0

[
1−κDL(x, s)

]
x dx

)
,

(21)

where λB is given in (2) and κDL(·) is given in (17).

Proof. See Appendix D.

When setting w = Wmax and ρ as a constant defined by
the ITU, FWDL|x0

(w) is a function of x0. Using its inverse
function, we can find the minimum compliance distance be-
tween a user and a BS, xcom. Thus, the compliance distance
is xc ≥ xcom.

C. Optimal EMF-aware Design

We try to maximize the downlink coverage probability while
ensuring that the downlink EMF constraint is always satisfied.
This optimization problem can be formally defined as follows,

OP1 : maximize
λB∈Z+

PDL
cov(λB)

subject to: P(WDL ≤Wmax) ≥ ρ.
(22)

Intuitively, the network would have better coverage perfor-
mance as the BS density λB increases since the distance
between the typical user and its closest BS becomes closer and
the path loss is correspondingly reduced, thereby improving
the downlink SNR. However, the EMF exposure is expected to
increase, which means the optimal density λ∗B (corresponding
to a specific baseline density of BSs, λ∗b ) can be found
by gradually increasing the value of λB until F−1

WDL(ρ, λ∗B)
reaches Wmax. Based on (2), increasing λB can be realized
by reducing the density and the radius of holes or increasing
the baseline density.
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IV. EMF-AWARE UPLINK EXPOSURE

In this section, we focus on the EMF exposure induced
by individual mobile equipment. We define the uplink perfor-
mance metrics and then provide a corresponding analysis.

A. Performance Metrics: Uplink Exposure and Coverage

We now analyze the uplink exposure of the cellular network
described in Sec. II. The mobile equipment deploys a power
control mechanism on its transmit power to compensate for
the path loss, fully or partially depending on the power control
factor ε, i.e., ε = 1 and 0 < ε < 1, respectively. The transmit
power at the mobile equipment can be defined as

PUL
tran(x0) =

{
pux

αε
0 , x0 < Xmax

pmax, otherwise,
ε ∈ (0, 1], (23)

where pu is a constant, α is the path-loss exponent, x0 is
the distance between the BS and its serving user, pmax is
the maximum transmit power of the mobile equipment, and
Xmax = (pmax/pu)

1/αε. Let u0 denote the distance from the
user to its personal mobile equipment and assume that u0 is
in the far-filed of the transmit antenna of mobile equipment.1

The distance from the BS to its associated user or mobile
equipment is assumed to be equivalent since the distance from
the typical user to its own mobile device is much shorter
than that to its serving BS, i.e., u0 << x0. Unlike the
downlink exposure that comes from all BSs in the network,
the uplink exposure is dominated by the user’s personal
mobile equipment [42], [43]. Specifically, the transmit power
at mobile equipment is quite low and attenuates significantly
after long-distance transmission. Therefore, the exposure from
other users’ mobile devices to the typical user is negligible.
However, due to the close distance between the typical user
and his own mobile device, the corresponding exposure can
not be ignored. Thus, the uplink EMF exposure at the typical
user can be assessed by the received power density from its
mobile equipment (termed as typical UE) as

WUL(x0)=
PUL

tran(x0)Ω

4πuβ0
=


pux

αε
0 Ω

4πuβ0
, x0<Xmax

pmaxΩ

4πuβ0
, otherwise,

(24)

where x0 is the distance between the typical user and its serv-
ing BS (termed as tagged BS) and Ω follows the Nakagami-
m fading in (5) with mean 1. The uplink EMF exposure is
also required to be below the maximum permitted value by
regulatory authorities with a high probability of ρ, i.e., the
uplink EMF constraint can be expressed as

P(WUL ≤Wmax) ≥ ρ. (25)
The received power at the tagged BS from the typical UE with
a distance x0 is given by

PUL
rec (x0) =

PUL
tran(x0)ηΩ0

xα0

=

{
pux

α(ε−1)
0 ηΩ0, x0 < Xmax

pmaxηΩ0

xα0
, otherwise,

(26)

1Nowadays, the smartphone is not used as a plain old telephone attached
to the ear, but rather it is put in front of the chest and used for, e.g., chatting,
exploring social media, watching videos, or listening to streaming audio.

where Ω0 is the small-scale fading and has the same distribu-
tion as Ω, and η is defined in (4). In particular, if ε = 1, it
is a full power control case, and the average received power
will be a constant when x0 < Xmax.

The corresponding instantaneous SNR in the uplink can be
expressed as

SNRUL =
PUL

rec (x0)

σ2
, (27)

which can be used to compute the uplink coverage probability
as follows

PUL
cov(λB) = P(SNRUL > τ), (28)

where λB is givn in (2) and τ is the predefined threshold.

B. Performance Analysis

Similar to the downlink case, we analyze the uplink expo-
sure of the typical user inside and outside the hole, respec-
tively, and the uplink coverage probability. The distribution
of the distance between the typical user and its closest BS in
Lemma 1 is still applicable to the following analysis.

1) Coverage Probability: The following theorem gives the
expression of the coverage probability under the power control
mechanism, which is defined as the CCDF of the uplink SNR.

Theorem 4. The uplink coverage probability of the users
inside or outside the hole is given by
PUL

cov =ˆ Xmax

0

m−1∑
k=0

(sUL
1 σ2)k

k!
exp

(
−sUL

1 σ2
)
fXv (x0) dx0 +

ˆ ∞
Xmax

m−1∑
k=0

(sUL
2 σ2)k

k!
exp

(
−sUL

2 σ2
)
fXv (x0) dx0,

(29)

where v ∈ {in, out}, sUL
1 = mτ

pux
α(ε−1)
0 η

, sUL
2 = mτ

pmaxηx
−α
0

, and

fXv (x0) is given in (12).

Proof. Similar to the method in Appendix C.

2) EMF Constraint: The uplink EMF exposure at the
typical user is mostly from its own mobile equipment, which
should be lower than the maximum allowed value by authority
regulations with a high probability. Similar to the downlink
EMF constraint, (25) can be derived from the Laplace trans-
form of the uplink received power density, denoted by LWUL

as

LWUL(s) =

ˆ Xmax

0

κUL
1 (x0, s)fXv (x0) dx0+

ˆ ∞
Xmax

κUL
2 (s)fXv (x0) dx0,

(30)

where u0 is the distance between the typical user and
its mobile equipment, fXv (x0) is defined in Lemma 1,
v ∈ {in, out}, κUL

1 (x0, s) =
(

m

m+spuxαε0 (4π)−1u−β
0

)m
, and

κUL
2 (s) =

(
m

m+spmax(4π)−1u−β
0

)m
.
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Theorem 5. The CDF of the uplink EMF exposure is given
by

FWUL(w) =
1

2
− 1

2jπ

ˆ ∞
0

1

t

[
e−jtwLWUL(−jt)

− ejtwLWUL(jt)

]
dt.

(31)

Therefore, the uplink EMF constraint can be described by
the inverse function of FWUL(w), i.e., F−1

WUL(ρ) ≤Wmax.
From the above analysis, we notice that, under the power

control mechanism, the closer distance between the user and
its serving BS leads to lower transmit power at its UE. Unlike
what we discussed in Sec. III-C, increasing the number of
BSs is beneficial for both the reduction of the exposure and
the improvement of the coverage probability in the uplink.
Therefore, the uplink optimization problem is omitted.

V. JOINT DOWNLINK&UPLINK EXPOSURE

In most situations, a person is exposed to EMF from both
his/her own mobile equipment and BSs. In this section, we
consider a metric called exposure index that accounts for both
the uplink and downlink exposure in the cellular network
discussed in Sec. II, followed by the performance analysis
and the optimal EMF-aware network design.

A. Performance Metrics: Exposure Index

In [44], a metric that quantifies the population exposure
to EMF is introduced. This metric considers both the uplink
and downlink EMF exposure. It also accounts for user-specific
properties such as age (adult or child), usage (data or voice
call), and posture (standing or sitting). The total exposure
(termed exposure index) at the typical user can be expressed
as the sum of uplink exposure index (EIUL) and downlink
exposure index (EIDL), which is given by [44]

EI(x0)=EIUL(x0)+EIDL

=SARULPUL
tran(x0)+SARDLWDL

=SARULPUL
tran(x0)+SARDL

∑
i,bi∈ΨB

pHi

4πxβi

[W/kg] ,

(32)

where x0 is the distance between the typical user and the
serving BS located ar b0, PUL

tran is the uplink transmit power
defined in (23), WDL is the downlink received power density
defined in (7), SARUL is the reference induced SAR in the
uplink when the transmit power from the UE is unity, and
SARDL is the reference induced SAR in the downlink when
the received power density from the BS at the UE is unity.
More clearly, SARUL

[
W
kg/W

]
is normalized to unit transmit

power and SARDL
[

W
kg/

W
m2

]
is normalized to unit power

density. It is worth noting that the reference SAR depends
on the user-specific properties mentioned earlier.

B. Performance Analysis

The exposure index in (32) can be divided into two parts,
i.e., one is related to the serving BS at b0 with distance x0

and the other is from the rest of BS, as follows.

EI(x0) =

(
SARULPUL

tran(x0) + SARDL pH0

4πxβ0

)
+ SARDL

∑
i,bi∈ΨB\{b0}

pHi

4πxβi
.

(33)

The Laplace transform of the exposure index EI(x0) condi-
tioned on x0 is given by

LEI|x0
(s)

= exp (− sSARULPUL
tran(x0))κJ(x0, s)×

exp (− 2πλB

ˆ ∞
x0

[1− κJ(x, s)]xdx),

(34)

where κJ(x0, s) =
(

m

m+sSARDLp(4π)−1x−β
0

)m
.

Proof. The Laplace transform of EI(x0) in (33) is given by
(35), shown at the top of the next page. Then, we process (35)
by following the similar approaches in Appendix D and thus
obtain (34).

Based on the distance distribution of x0 in Lemma 1, the
unconditional Laplace transform of the exposure index can be
obtained as

LEI(s) =

ˆ ∞
0

LEI|x0
(s)fXv (x0) dx0, (36)

where fXv (x0) is given in (12). Additionally, the Laplace
transform of EIUL and EIDL can be expressed as

LEIUL(s) = E
[
exp

(
SARULPUL

tran(x0)
)]

=

ˆ ∞
0

exp
(
−sSARULPUL

tran(x0)
)
fXv (x0) dx0, (37a)

LEIDL(s) = E
[
exp

(
SARDLWDL

)]
= exp

(
2πλB

ˆ ∞
v(R)

[
1− κJ(x, s)

]
xdx

)
, (37b)

where (37a) is from E[g(t)] =
´∞

0
g(t)fT (t)dt, fT (t) is the

PDF of t, and (37b) can be obtained by following the similar
methods to Appendix C. Based on the Gil-Pelaez theorem in
(46), we derive the CDF of EI in the following theorem.

Theorem 6. The CDF of the total exposure including the
uplink exposure and the downlink exposure (i.e. exposure
index) is given by

FEI(ε) =

1

2
− 1

2jπ

ˆ ∞
0

1

t

[
e−jtεLEI(−jt)−ejtεLEI(jt)

]
dt.

(38)

C. Optimal EMF-aware Design

As we mentioned before, increasing the density of BSs is
effective to enhance the coverage performance both in the
downlink and uplink and reduce the uplink EMF exposure.
On the contrary, increasing the density of BSs has a negative
influence on the downlink EMF exposure. Therefore, the
proper design of λB is essential to minimize both the uplink
and downlink exposure. In the following, we formulate an
optimization problem to find the optimal density of BSs
that minimizes EI in (33) (that quantifies the joint down-
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LEI|x0
(s) = EEI [exp(−sEI(x0))]

= EEI

exp

−s(SARULPUL
tran(x0) +SARDL pH0

4πxβ0

)
−s

SARDL
∑

i,bi∈ΨB\{b0}

pHi

4πxβi


= exp(−sSARULPUL

tran(x0))EH0

[
exp

(
−sSARDL pH0

4πxβ0

)]
EΨB ,{Hi}

 ∏
i,bi∈ΨB\{b0}

exp

(
−sSARDLpHi

4πxβi

) .
(35)

TABLE II
TABLE OF SYSTEM NUMERICAL PARAMETERS.

System Parameters Default Values
λr; λb 10−6 holes/m2; 10−5 BSs/m2

α; β 4; 2.5
f 2600 MHz

η −40 dB

Gt 15 dB

Pt 200 W

pu 0.008 mW

pmax 200 mW

ε 0.4

m 1

u0 20 cm

R 50 m

σ2(downlink; uplink) 10−11 W; 10−12 W

SARUL; SARDL 0.0053 W
kg
/W; 0.0042 W

kg
/ W
m2

link&uplink exposure). Since EI is a random variable, we
optimize its ρ-th percentile as follows

OP3 : minimize
λB∈Z+

F−1
EI (ρ, λB), (39)

where F−1
EI is the inverse CDF of EI. The optimal λ∗B can be

found by any efficient one dimension search algorithm such
as bi-sectional [45] or golden section methods [46]. Based on
(2), λ∗B is corresponding to a specific baseline density of BSs,
λ∗b , and a specific radius of the exclusion zone, R∗.

VI. NUMERICAL RESULTS AND DISCUSSION

In this section, Monte Carlo simulations and numerical
results for the analytical expressions are conducted. The
performance of the EMF-aware cellular network is investi-
gated for three scenarios, i.e., the downlink, uplink, and joint
downlink&uplink. The parameters used in numerical results
and their default values are given in Table. II. Some of them
are swept to explore their effects on the EMF exposure and
coverage probability. Without loss of generality, we consider
the Nakagami-m fading with m = 1.

A. Worst-Case Scenario for Downlink Exposure

The downlink simulations are firstly conducted under the
conservative setting, where we consider the maximum transmit
power (200 W) and the maximum antenna gain (15 dB) at 5G
BSs [27, Table 6]. Based on the recommendation provided in
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Fig. 2. The 95-th percentile of exposure level in the downlink (i.e., power
density induced at the typical user) inside or outside the restricted area for
various exclusion zone radii.
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Fig. 3. Focusing on τ = 40dB, the CCDF of the downlink SNR levels inside
or outside the restricted area for various exclusion zone radii.

3GPP TR 36.814–900 [47], as a conservative setting, the path-
loss exponent is set as α = 4 while analyzing the downlink
coverage probability (by considering that the communication
link is blocked) and as β = 2.5 while computing the downlink
EMF exposure (for the environment free of blockages).

In Fig. 2, we compare the statistical exposure level inside
and outside the restricted area for different minimum allowable
distances between the BS and restricted areas, R. In particular,
the statistical level, denoted by F−1

WDL(ρ), means that the
exposure will not exceed this level with a high probability
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of ρ, as explained in (15). According to the compliance
regulations [39], we set ρ = 0.95, and F−1

WDL(0.95) repre-
sents the 95-th percentile of exposure level in the downlink.
The EMF exposure level without considering the minimum
distance between BSs and restricted areas (i.e., the hole
radius R = 0 m) has been studied in [4], [12]. It can be
observed from Fig. 2 that the regulation on the minimum
distance between BSs and restricted areas greatly affects the
measurement of EMF exposure. Obviously, the exposure of the
typical user outside the hole is higher than the one inside the
restricted area, as the distance between the BS and the typical
user in the restricted area is always larger than the hole radius
R. Moreover, Fig. 2 illustrates that a rise in the radius of the
hole dramatically reduces the exposure for the user inside the
hole and still has a slight impact on the user outside the hole.
This is because a larger value of R not only leads to the longer
propagation distance but slightly decreases the density of BSs
in (2), resulting in fewer BSs, namely, fewer radiating sources.

In Fig. 3, the coverage probability is depicted against
the hole radius, for the same settings considered in Fig. 2.
We notice that the typical user outside the restricted areas
experiences better coverage than the user inside. We can
also observe a slight reduction in the coverage of the users
outside the restricted areas as we increase the hole radius (for
similar reasons as explained in our comments on Fig. 2). By
comparing Fig. 2 and Fig. 3, it is noticed that the hole with
a large radius can protect people from serious EMF exposure
while impairing communication quality. It is also worth noting
that at larger values of R, the gap between simulation and
analytical results is caused by the PHP approximation of the
BS distribution.

Fig. 4 and Fig. 5 show the impact of the density of the
restricted areas/holes (λr) and the baseline density of the
BSs (λb) on the EMF exposure and coverage probability,
respectively, for the users outside the restricted areas. Since
the holes ensure a lower exposure level in the restricted
areas than that outside the hole, the safety requirement of the
user inside the hole can be guaranteed as long as the EMF
exposure of the user outside the hole is less than the maximum
allowable value (Wmax = 10 W/m2, depicted as the dashed
horizontal line) defined by the FCC [39]. We see that both
the exposure and coverage probability decrease for higher
values of λr, while densely deployed BSs favourably affect
coverage probability but adversely affect EMF exposure in the
downlink. The reason is that with the increasing BS density,
the serving BS may be closer to the typical user, and thus SNR
would be improved. However, the dense deployment of BSs
would increase the radiating sources, making the typical user
more likely to be exposed to higher electromagnetic radiation
levels. In particular, the maximum density (identified by the
star-shaped markers in Fig. 4) corresponds to the maximum
allowable exposure. This maximum density is analyzed in the
following paragraph.

In Fig. 6, we depict the maximum allowable baseline
density λ∗b , obtained by solving the optimization problem in
(22), vs various levels of maximum permitted EMF expo-
sure, for different values of λr. For example, considering
the FCC limit on the power density, 10 W/m2, the optimal
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Fig. 4. The 95-th percentile of exposure level in the downlink outside the
restricted area vs the baseline density of the BSs, for various densities of the
restricted areas.
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Fig. 5. The CCDF of the downlink SNR levels outside the restricted area vs
baseline densities of BSs, for various densities of the restricted areas.

value of λb maximizes the downlink coverage probability is
7.6×10−4 BSs/m2, for λr = 10−6 holes/m2 and R = 200 m.

In Fig. 7, we plot the 95-th percentile of exposure level
conditioned on the distance from the typical user to its closest
BS being at x0 to calculate the compliance distance between
users and BSs. As mentioned in Sec. III-B4, compared with
the FCC limits (depicted as the dashed horizontal line), the
minimum compliance distance between a BS and a user,
xcom, can be found. For the cellular network with λb =
10−4 BSs/m2 and λr = 10−6 holes/m2, xcom is 7.5 m,
which satisfies FWDL|7.5(10) = 0.95. Namely, public safety
cannot be ensured if they enter an area centered at a BS with
a radius of xcom.

B. Typical-Case Scenario for Downlink Exposure

The results in a more common case are given in Fig. 8 and
Fig. 9, where a statistical reduction factor of 0.31 is applied
to the general downlink transmit power (100 W), i.e. Pt =
100 W× 0.31 [27, Table 6], and the same path-loss exponent
(α = β = 4) is used for evaluating the network performance
in the downlink. Fig. 8 suggests that the 95-th percentile of
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on the closest BS at x0.

exposure level in such a typical case is far below the FCC limit
even in a network with the intensive deployment of BSs. This
observation supports the conception that the development of
network densification will not trigger severe health problems.
In Fig. 9, instead of giving the coverage probability, we plot
the outage probability, the probability of an outage event when
the SNR cannot meet the required threshold, and we see that
the simulation results closely match the analysis results.
C. Uplink Exposure

In the uplink, fractional power control at the UE is consid-
ered which makes the transmit power a function of the distance
to the associated BS. The maximum transmit power at the UE
is set to 200 mW (i.e., the maximum transmit power in 5G
mobile equipment [27, Table 6]). The distance between the
user and its personal mobile equipment is assumed to be in
far field of the UE antenna with u0 = 20 cm. 2 Since the close

2The far field of the antenna is defined as u > 2D2

c/f
, where D is the

diameter of the antenna and c/f is the wavelength of the uplink frequency
f . Considering the Long Term Evolution (LTE) using a frequency band of
2600 MHz, D = 10 cm, and c/f = (3×108 m/s)/(2600 MHz), we have
u > 17.3 cm. Thus, u0 = 20cm satisfies the far-field condition of the UE’s
antenna [44].
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Fig. 8. The 95-th-percentile of exposure level in the downlink under the
practical setting.
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Fig. 9. Compared with τ = 40dB, the outage probability in the downlink
under the practical setting.

distance between the user and its personal mobile equipment,
the path-loss exponent (β) between them is typically smaller
than that (α) between the mobile equipment and its serving BS.
Thus, we set α = 4 and β = 2.5. Besides, lower noise power
is considered since the frequency band in uplink is normally
narrower than that in downlink.

The impact of power control factor ε on the distribution
of uplink EMF exposure and SNR is presented in Fig. 10
and Fig. 11, respectively. It can be seen from Fig. 10 that
increasing the power control factor ε leads to more severe
exposure in uplink. This is because the transmit power of UE
with the distance-proportional power control increases with
ε , as shown in (23). Similarly, in Fig. 11, the larger the
power control factor, the higher power the serving BS receives,
thereby enhancing the coverage performance. Intuitively, as
we increase ε up to 1, the transmit power can completely
compensate the path loss in the BS-UE link and the received
power will equal to pu if the distance between a BS and its
serving user (x0) is below Xmax (as described in Sec. IV-A).
However, if x0 exceeds Xmax, then PUL

tran reaches its maximum
value of 200 mW, which explains the small difference in
Fig. 10 and Fig. 11 when changing ε from 0.6 to ε = 1.
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Fig. 10. The CDF of uplink power density levels outside the restricted area
for various power control factors.
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Fig. 11. The CCDF of the uplink SNR levels outside the restricted area for
various power control factors.

In Fig. 12 and Fig. 13, we explore the effect of hole radius
R on the exposure level and the coverage probability in the
uplink. Different from simulation results on the downlink
exposure in Sec. VI-A, in Fig. 12, the user inside the hole
is exposed to higher-level RFR emitted from personal mobile
equipment than the user outside the hole. Interestingly, we
notice that increasing the zone radius R does not mitigate
RFR for both two kinds of users (inside and outside the
holes). The reason for this anomaly is that we control the
transmit power at UE, which is monotonically increasing with
the distance between the user and its serving BS as in (23).
Particularly, for the user outside the hole, when we expand
R, the density of PHP-distributed BSs, λB , will decrease.
The reduced number of BSs has no effect on uplink radiating
sources since the uplink exposure is induced by an individual’s
mobile device. However, the distance between the closest BS
to the typical user may become farther, resulting in stronger
transmit power at UE and exposure to the user. We also notice
that the uplink exposure level of the typical user inside the hole
gradually tends to be constant when R > 150 m, which is the
consequence of maximum transmit power constraint. On the
other hand, the uplink coverage probability decreases as we
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Fig. 12. The 95-th-percentile of exposure level in the uplink inside or outside
the restricted area for various exclusion zone radii.
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Fig. 13. The CCDF of the uplink SNR levels inside or outside the restricted
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increase the hole radius, as shown in Fig. 13. This trend is
similar to the downlink scenario observed in Fig. 3.

Next, we discuss the influence of λb on the network perfor-
mance metrics in Fig. 14 and Fig. 15. Increasing the value of
λb leads to a decrease in the 95-th percentile of EMF exposure
(as shown in Fig. 14) and an increase in coverage probability
(as shown in Fig. 15) for the typical user inside and outside
the restricted area. In fact, after increasing the baseline density
λb, there are more BSs around the typical user, which has
the potential to reduce the distance (x0) between the typical
user and its serving BS. Meanwhile, the shorter distance x0

leads to lower transmit power in (23) and lower EMF exposure
levels in (24). The improvement in coverage probability and
the mitigation in EMF exposure in uplink reveals that dense
deployment of BSs is conducive to the future cellular network
design.

D. Exposure Index (Joint Downlink&Uplink Exposure)

Generally, the SAR value of voice usage is larger than that
of other usages, such as data downloading/uploading. Consid-
ering such a worst case, we choose SARUL = 0.0053 W/kg

This article has been accepted for publication in IEEE Transactions on Wireless Communications. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TWC.2023.3244155

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: KAUST. Downloaded on March 07,2023 at 12:28:26 UTC from IEEE Xplore.  Restrictions apply. 



12

10
-6

10
-5

10
-4

The baseline density of BSs (
b
) [/m

2
]

10
-2

10
-1

10
0

10
1

F
-1 W

U
L
 (

=
0
.9

5
) 

[W
/m

2
]

inside analy.

inside simu.

outside analy.

outside simu.

r
=1e-6,R=50m,

2
=1e-12W,

p
max

=200mW,p
u
=0.008mW

u
0
=0.2, =4, =2.5

=0.5

=0.4

Fig. 14. The 95-th percentile of exposure level in the uplink inside or outside
the restricted area vs various baseline densities of BSs for different values of
power control factor.

10
-6

10
-5

10
-4

The baseline density  of BSs (
b
) [/m

2
]

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

C
o
v
e
ra

g
e
 p

ro
b
a
b
ili

ty
 (

=
0
d
B

)

inside analy.

inside simu.

outside analy.

outside simu.

=0.5

=0.4

r
=1e-6,R=50m,

2
=1e-12W,

p
max

=200mW,p
u
=0.008mW

u
0
=0.2, =4, =2.5

Fig. 15. The CCDF of the uplink SNR levels inside or outside the restricted
area vs various baseline densities of BSs for different values of power control
factor.

per 1 Watt of transmitted power, and SARDL = 0.0042 W/kg
per unit received power density (W/m2) [44, Table 27].

Fig. 16 reveals the impact of hole radius on the joint
downlink&uplink exposure. It can be concluded from Fig. 2
and Fig. 12 that the existence of holes around the restricted
areas cannot mitigate the exposure from UE but it is effective
for reducing the exposure from BSs. The contradicting trend
(between the increase in uplink exposure and the decrease
in downlink exposure when expanding the exclusion zone
radius) reminds us that we cannot blindly protect the users
by removing BSs near the restricted areas, which also causes
both uplink and downlink coverage performance degradation
as can be seen in Fig. 3 and Fig. 13. Therefore, Fig. 16
considers joint downlink and uplink exposure as EI when
resizing the hole radius. In Fig. 16, when R < 100 m, the
total exposure is mainly from the BSs in downlink but when
R ≥ 100 m, downlink exposure is gradually decreasing and
uplink exposure becomes dominant. Namely, there exists an
optimal value, e.g., R∗ = 100 m, that minimizes the total
exposure for the network with λb = 10−4.5 BSs/m2.
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10
-6

10
-5

10
-4

The baseline density of BSs (
b
) [/m

2
]

0

1

2

3

4

F
-1 E

I(
=

0
.9

5
) 

[W
/m

2
]

10
-3

10
-6

10
-5

10
-4

0

0.2

0.4

0.6

0.8

1

10
-3

UL analy. UL simu.

DL analy. DL simu.

EI  analy. EI  simu.

P
t
=200W,G

t
=15dB,

 p
u
=0.008mW,p

max
=200mW, =0.4

r
=1e-6,R=50m, =4, =2.5

inside

outside

inside
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In Fig. 17, we plot the 95-th percentile of EI for the typical
user inside and outside the restricted area under different
baseline densities of BSs. The dense deployment of BSs
can improve both uplink and downlink coverage probability
as shown in Fig. 5 and Fig. 15. Nevertheless, the uplink
and downlink exposure levels show opposite trends with the
increase of the baseline density λb, as shown in Fig. 4 and
Fig. 14, respectively. These imply that there is an optimal
value of λb that minimizes the EI, i.e., a solution to the
optimization problem in (39). For the typical user inside the
hole, it can be observed from Fig. 17 that there is a turning
point λ∗b = 10−4.5 BSs/m2. Before this point, EI is dominated
by EIUL, and after it, EI is dominated by EIDL. At this point,
the joint exposure, EI, at the restricted area is minimized. For
the typical user outside the hole, the optimal baseline density,
λ∗b , corresponding to the minimum EI is 10−5 BSs/m2.

VII. CONCLUSION

This paper integrated the EMF restrictions on the coverage
performance and exposure analysis and formulated optimiza-
tion problems on how to design the EMF-aware cellular net-
works. Particularly, the distribution of BSs was generated by a
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PHP, accounting for the distance between BSs and restricted
areas where the presence of BSs is prohibited. Using tools of
stochastic geometry, we analyzed the radiation and coverage
probability in terms of downlink and uplink. Furthermore,
we investigated the effect of system parameters on the joint
downlink&uplink radiation from both BSs and UE through
EI. With the aid of numerical results, we showed that even
the conservative evaluation of the 95-th percentile of EMF ex-
posure level can still comply with the international guidelines,
and the exposure in more typical settings is far below the
maximum permissible level. It can also be seen that increas-
ing the baseline density of BSs or decreasing the permitted
distance around restricted areas can reduce the exposure from
mobile equipment in uplink while exacerbating the exposure
from BSs in downlink. Such opposite trend demonstrated the
reasonability of taking joint downlink&uplink exposure into
account when designing the system parameters for the EMF-
aware cellular network. We found that there exists optimal
values of the distance between restricted areas and BSs and
the baseline density of BSs that minimizes the total exposure
under a certain network configuration.

APPENDIX A
PROOF OF LEMMA 1

The PHP ΨB can be approximated as a PPP with den-
sity λB = λb exp(−λrR2). Following the standard result
of PPP [48], the Lebesgue measure of the area centered
at the typical user outside the hole can be expressed as
ρout(x) = πx2, x ≥ 0. Using the null probability of PPP
in [49], the CDF of Xout is given by

FXout(x) = P {Xout ≤ x}
= 1− P {Xout > x}
= 1− exp [λBρout(x)]

= 1− exp(−λBπx2)

= 1− exp
[
−λb exp(−λrR2)πx2

]
.

(40)

Because of the relationship between PDF and CDF, i.e.,
fXout

(x) = d
dxFXout(x), we can obtain the PDF of Xout,

fXout
(x), in (12a). For the typical user inside the hole, the

Lebesgue measure of the area is given by ρin(x) = π(x2 −
R2), x ≥ R, where R is the radius of the holes. Then, using
the same steps of deriving fXout

(x), we finish the proof of
fXin(x).

APPENDIX B
PROOF OF THEOREM 1

We start by analyzing the downlink coverage probability of
the typical user outside the hole. With the distribution of Xout

in (12a), (10) and (11) can be further processed as
PDL

cov = P
{

SNRDL > τ
}

= EXout

[
P
{

SNRDL > τ |Xout

}]
=

ˆ ∞
0

P {SNR > τ |Xout = x0} fXout(x0) dx0

=

ˆ ∞
0

P
{
pηH0

xα0σ
2
> τ

}
fXout

(x0) dx0. (41)

From the distribution of H0 in (5), we have

P
{
pηH0

xα0σ
2
> τ

}
= P

{
H0 >

τσ2

pηx−α0

}
=

Γu
(
m, sDLσ2

)
Γ (m)

(a)
=

m−1∑
k=0

(sDLσ2)k

k!
exp

(
−sDLσ2

)
,

(42)

where Γu (m,mg) =
´∞
mg

tm−1e−t dt, sDL = mτ
pηx−α

0

and (a)

is from the definition Γu(m,g)
Γ(m) = exp(−g)

∑m−1
k=0

gk

k! . Taking
(42) into (41), we obtain the expression of PDL

cov for the
typical user outside the hole. The proof of PDL

cov for the typical
user inside the hole is similar to the above approach, which
therefore is omitted here.

APPENDIX C
PROOF OF THEOREM 2

In order to find the CDF of EMF exposure in the downlink,
we first derive the Laplace transform of WDL, which is given
by
LWDL(s) = EWDL

[
exp(−sWDL)

]
= EWDL

exp

−s ∑
i,bi∈ΨB

pHi

4πxβi


= EΨB

 ∏
i,bi∈ΨB

EH

[
exp

(
−s pH

4πxβi

)]
(a)
= EΨB

 ∏
i,bi∈ΨB

κDL(xi, s)

 ,

(43)

where κDL(xi, s) =
(

m

m+sp(4π)−1x−β
i

)m
and (a) is from the

distribution of small-scale fading H in (5). Focusing on the
typical user outside the hole and employing the probability
generating functional (PGFL) of PPP in [35], (43) can be
further expressed as

LWDL(s) = exp

(
−2πλB

ˆ ∞
0

[
1− κDL(x, s)

]
xdx

)
, (44)

where λB = λb exp(−λrR2). While for the user inside the
hole, xi ≥ R and thus the Laplace transform of WDL is

LWDL(s) = exp

(
−2πλB

ˆ ∞
R

[
1− κDL(x, s)

]
xdx

)
. (45)

From Gil-Pelaez theorem, the CDF of WDL can be written as
FWDL(w)

=
1

2
− 1

π

ˆ ∞
0

1

t
Im (exp(−j tw)φWDL(t)) dt

=
1

2
− 1

π

ˆ ∞
0

1

t
Im (exp(−j tw)LWDL(−j t)) dt

=
1

2
− 1

2j π

ˆ ∞
0

1

t
[e−j twLWDL(−j t)

− ej twLWDL(j t)]dt,

(46)

where φWDL(t) = E {exp (j t w)} = LWDL(−j t). Submit-
ting (44) or (45) into (46), we prove Theorem 2.
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APPENDIX D
PROOF OF THEOREM 3

Under the condition that the serving BS is located at b0 with
distance x0 to the typical user, the power density received at
the typical user is from the closest BS with a distance of x0

and from the rest of BSs with distances greater than x0 to the
typical user, which is given by

WDL(x0) =
pH0

4πxβ0
+

∑
i,bi∈ΨB\{b0}

pHi

4πxβi
. (47)

The Laplace transform of WDL(x0) is given by
LWDL|x0

(s)

= EWDL|x0

exp

−s pH0

4πxβ0
− s

∑
i,bi∈ΨB\{b0}

pHi

4πxβi


= EH0

[
exp(−s pH0

4πxβ0
)

]
×

EΨB ,{Hi}

 ∏
i,bi∈ΨB\{b0}

exp

(
−s pHi

4πxβi

)
(a)
= κDL(x0, s)EΨB

 ∏
i,bi∈ΨB\{b0}

κDL(xi, s)

, (48)

where κDL(·) is given in (17) and (a) is from the same method
in (43). Applying the PGFL of PPP [35] into (48), we have
LWDL|x0

(s) =

κDL(x0, s) exp

(
−2πλB

ˆ ∞
x0

[
1− κDL(x, s)

]
x dx

)
,

(49)

where λB = λb exp(−λrR2). Following the result of (46), we
complete the proof of Theorem 3 by replacing LWDL(s) with
LWDL|x0

(s).
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