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Abstract

aid of numerical simulations.

In this paper, we consider a cellular network in which the locations of the base stations are spatially correlated. We
introduce an analytical framework for computing the distribution of the conditional coverage probability given the
point process, which is referred to as the meta distribution and provides one with fine-grained information on the
performance of cellular networks beyond spatial averages. To this end, we approximate, from the typical user
standpoint, the spatially correlated (non-Poisson) cellular network with an inhomogeneous Poisson point process. In
addition, we employ a new and recently proposed definition of the coverage probability and introduce an efficient
numerical method for computing the meta distribution. The accuracy of the proposed approach is validated with the
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1 Methods/experimental

The methods used in the present paper are based on
the mathematical tools of inhomogeneous Poisson point
processes and stochastic geometry. A new analytical
framework for performance analysis is introduced. The
theoretical framework is validated against Monte Carlo
simulations.

2 Introduction

Stochastic geometry and point processes are well known
and widely used analytical tools for modeling, analyzing,
and optimizing cellular networks [1]. The Poisson Point
Process (PPP), in particular, is the most widely used spa-
tial model to describe the locations of the base stations
(BSs) in cellular networks [2—6]. This is due to its inherent
analytical tractability. In practice, however, the locations
of cellular BSs are distributed according to complex spa-
tial patterns that are difficult to model analytically and, in
general, differ from the PPP [7].

To overcome the analytical complexity of modeling and
analyzing non-Poisson, i.e., spatially correlated, cellular
networks, we have introduced an approximation based
on inhomogeneous PPP, which is referred to as inhomo-
geneous double thinning (IDT) approximation [7]. The
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IDT approach allows one to model both spatially repul-
sive and spatially attractive (clustered) cellular network
deployments in a mathematically tractable manner. In
[7], in particular, the suitability of the IDT approach has
been tested against several cellular network deployments
obtained from publicly available datasets, and a good
accuracy has been obtained.

In [7], however, the IDT approach is used to compute
the spatially averaged coverage probability in cellular net-
works. More precisely, the coverage probability is first
formulated by conditioning upon the point process that
describes the locations of the cellular BSs, and then the
expectation with respect to the point process is com-
puted. As remarked in [8], the spatially averaged coverage
probability is an important performance metric, but it
does not completely characterize the variability of the
coverage probability around its (spatial) mean value. To
overcome this limitation, the author of [8] has introduced
the concept of meta distribution, which provides one with
finer-grained information on the network performance.
Notably, the meta distribution allows one to character-
ize the performance of user percentiles. More precisely,
the coverage probability is first formulated by condition-
ing upon the point process that describes the locations
of the cellular BSs, and, then, its complementary cumula-
tive distribution function with respect to the point process
is computed. The spatially averaged coverage probability
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can be retrieved from the meta distribution via a simple
integration.

In the present paper, motivated by these considerations
and by [9], we generalize the IDT approach for computing
the meta distribution in non-Poisson cellular networks.
We consider a recent and improved definition of the cov-
erage probability, which allows one to account for the
signal quality during the cell association and data trans-
mission phases [10], [11]. We show, notably, that the meta
distribution cannot be approximated, in general, by using
the beta distribution. As remarked in [12—14], however,
the numerical computation of the meta distribution is
usually not straightforward by employing the Gil-Pelaez
inversion theorem [15]. We prove, on the other hand,
that the meta distribution can be efficiently computed by
employing the trapezoidal integration rule and the Euler
sum method, for which a bound for the approximation
error is known [16, 17]. With the proposed approach,
the meta distribution in spatially correlated (non-Poisson)
cellular networks can be obtained efficiently and accu-
rately. The suitability of the proposed approach is substan-
tiated with the aid of numerical simulations.

The reminder of this paper is organized as follows. In
Section 3, the system model and the IDT approach are
introduced. In Section 4, the meta distribution is formu-
lated and an efficient method for its computation is given.
In Section 5, analytical expressions for the moments of the
coverage probability conditioned upon the point process
that describes the locations of cellular BSs are derived.
In Section 6, Poisson and non-Poisson cellular networks
are compared against each other. In Section 7, numeri-
cal simulations to validate the suitability and accuracy of
the proposed approach are illustrated. Finally, Section 8
concludes this paper.

3 System model

In this section, we describe the system model and sum-
marize the essence of the IDT approach for modeling
non-Poisson cellular networks. The adopted definition of
coverage probability is introduced as well.

3.1 Cellular network modeling

The cellular network model is the same as in [7]. In partic-
ular, a downlink cellular network is considered. The BSs
are modeled as points of a motion-invariant point pro-
cess, denoted by Wgg, of density Ags. The locations of the
BSs are denoted by x € Wps C R2. The mobile termi-
nals (MTs) are distributed independently of each other
and uniformly at random in R?. The density of the MTs
is denoted by Apt. A fully loaded assumption is consid-
ered, i.e, AmMT > Aps, which implies that all the BSs
are active and have MTs to serve. The BSs and MTs are
equipped with a single omnidirectional antenna. Each BS
transmits with a constant power denoted by P¢. Thanks to
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the assumption of motion-invariance, the point process of
the BSs is stationary and isotropic. As a result, the analyti-
cal frameworks are developed for the typical MT, denoted
by MT)y, that is located at the origin. The BS serving MT)
is denoted by BSyp. Its location is denoted by xo € Wgs.
All available BSs transmit on the same physical channel as
BSp. The point process of the interfering BSs is denoted
by \I/](;g, and the generic interfering BS is denoted by BS;.
Besides the inter-cell interference, the Gaussian noise with
power GI%I is taken into account as well.

All BS-to-MT) links are assumed to be mutually inde-
pendent and identically distributed (i.i.d.). For each BS-to-
MT)y link, path-loss and fast-fading channel impairments
are considered. The path-loss is defined as [ (x) = «||x]|”,
where k and y > 2 are the path-loss constant and the
path-loss slope (exponent), respectively. The power gain
due to the fast-fading is assumed to follow an exponential
distribution with mean 1 and is denoted by g, for x € Wgs.

A cell association criterion based on the highest average
received power is considered. Let x € Wgg be the location
of a generic BS. The location, xp, of the serving BS, BSy, is
obtained as follows:

xo = argmax {1// (x)} = argmax {1/L,} (1)
xeWpg x€Wpg

where L, = [(x) is a shorthand notation. As far as

the intended link is concerned, we have Lo = [(xy) =

minxe‘llgg {Lx}~

3.2 Coverage probability

The definition of (spatially averaged) coverage probabil-
ity recently introduced in [10] and [11] is considered. Let
yp and ys be the reliability thresholds for the success-
ful decoding of information data and for the successful
detection of the serving BS, BSy, respectively. The cover-
age probability, Pcoy, of the typical MT, MT), is as follows:

Peov (7D, 7a) = Pr {SIR = 10, SNR = 4 } @

where the signal-to-interference ratio (SIR) and the aver-
age signal-to-noise ratio (SNR) can be formulated, for the
network model under analysis, as follows:

P L
SIR = tng/ 0
Y. Puwgi/Lil(L; > Lo)
BS; Wiy (3)
———  Pw/L
SNR = t"/z 0
oN

where 1 (-) denotes the indicator function and SNR is
averaged with respect to the fast-fading power gain gy of
the intended link.

It is worth mentioning that the definition of Py in (3)
reduces to the conventional definition of coverage proba-
bility [1] by setting ya = 0. This implies that the results
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obtained in the present paper apply unaltered even if the
conventional definition of coverage probability based only
on the SIR is employed.

3.3 Inhomogeneous double thinning approach

The computation of the coverage probability in (3) is ana-
lytically tractable if the point process of the BSs is a PPP
[11]. If it is not a PPP, on the other hand, the coverage
probability cannot, in general, be formulated in a tractable
analytical form [7]. To overcome this issue and enable
one to analyze non-Poisson cellular networks, we have
proposed the IDT approach in [7]. The essence of the
approach consists of introducing an equivalent (approx-
imated) network abstraction, for modeling non-Poisson
cellular networks, that is based on inhomogeneous PPPs.
The equivalent network model, in particular, is consti-

tuted by two independent inhomogeneous PPPs, <I>g;) and
CID](;?, which are constructed with the purpose of approxi-
mating a motion-invariant point process from the point of
view of the typical MT. Further details and discussions on
the IDT approach and its interpretation from the typical
MT standpoint can be found in [7].

Let the inhomogeneous PPPs CIDI(;;) and CI>](£) have inten-
sity measures Acbg»;) () and A<I>g§) (+), respectively. The BS

of)

serving the probe MT is assumed to belong to , and

the interfering BSs are assumed to belong to CI>(K) In
particular, the location of the serving BS and the 1nhomo-

geneous PPP, CD( ps of interfering BSs can be formulated as
follows:

xE)F) = argmax {1/ (x)}
xe )
o0 = o () = [ < 0 1160 = 1 =1 (7))

(4)

It is worth mentioning, in particular, that the inhomo-
geneous PPPs CD( and CD(S are only conditionally, i.e.,
upon xo , 1ndependent As described in detail in [7], the
intensity measures of <1>](31;) and Cbgg) are determined from
the F-function and K-function of the original motion-
invariant point process. Therefore, they depend only on
the spatial characteristics of the point process (spatial
model) being used. In [7], we have shown, in particu-
lar, that a convenient choice, which provides one with a
good trade-off between modeling accuracy and analyti-
cal tractability, for the intensity measures A o® (-) and

A o () is the following:
BS

Mg BOm =27 [ 32 ©1cdg
’ (5)
Ao (B(0,1) =21 /0 As () ¢de
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where B (0,r) denotes the ball centered at the origin
and of radius r and A(F) (-) and A(K) (-) are the inten-

sity functions of dD(F) and dD(K), respectively, which are
distance- dependent and angle 1ndependent

In particular, A(F) (-) and A(K) (-) have different forms
depending on whether the orlglnal motion-invariant
point process is spatially repulsive or spatially attractive.

Spatially repulsive point process: If the point process
Wgs is spatially repulsive, then:

)»](3[;) (r) = ApsCp min {(51:/51:) r+ BF/EF, 1} ©
6

(K) (r) = Aps min {aKV + bk, CK}

where (ép,Bp,ép) and (51(, BK,EK) are two triplets of

non-negative real numbers such that ¢¢ > bp > 1 and
bg <<k <1

Spatially attractive point process: If the point process
Wps is spatially attractive, then:

A(F) (r) = As max [ —Apr + by, 61:]
@ o sy 7
Apg (1) = Apsbi max { (aK/bK> r+1, CK/bK]

where (ap, b, CF) and (aK, b, CK) are two triplets of non-

negatlve real numbers such that ¢g < bp < 1and bK >
ck > 1.

The intensity measures in (5) can be formulated in
closed-form from (6) and (7), as described in [7]. Since for
spatially repulsive and spatially attractive point processes
the intensity measures in (5) have the same analytical
expression as a function of the triplets of parameters, we
use, in the sequel, the general notation (ar, br,cr) and
(ax, b, ck) for both case studies.

4 Meta distribution

In this section, we introduce the meta distribution,
overview the most common approaches for computing it,
and show that it can be efficiently computed, within a
given and bounded error, by using the trapezoidal integra-
tion rule and the Euler sum method. In what follows, we
consider the equivalent network model based on the inho-
d>](31;) and dD(K) For ease of writing, we

employ the notation ®pg = {d>g;), CD(K)]

mogeneous PPPs

4.1 Definition
According to [8], the meta distribution is defined as fol-
lows:

Fp,,, (¥D» YA, 2) = Proy {Peov (¥D, yal Pps) > z}

with z € [0,1] ®)
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where Pcoy (vD, YAl Pps) is the coverage probability con-
ditioned upon ®gg (and by assuming that the typical MT
is at the origin), which is defined as follows:

Peow (7D, 7al @ps) = Pr { SIR = 10, SNR = ya| @35} (9)

It is worth mentioning that, in (8), we have emphasized
that the probability is computed only with respect to ®ps.

The spatially averaged coverage probability in (2) can be
retrieved from the meta distribution in (7) directly from
its definition, as follows:

1 —
Peov (¥Ds va) Z]Ed)BS {Peov (vDs val Prs)} Z/ FPCOV (2)dz
0
(10)

In practical terms, the meta distribution provides one
with the fraction of links whose SIR is greater than yp
and whose average SNR is greater than ys with probability
at least equal to z in each network realization. Therefore,
it yields a more general statistical characterization of the
performance of cellular networks beyond spatial averages.

4.2 Computation: Gil-Pelaez method

As discussed in [8], the direct computation of the meta
distribution in (8) is not straightforward. A general
approach to overcome this issue is to capitalize on the Gil-
Pelaez inversion theorem [15], which allows one to formu-
late the meta distribution as a function of the moments of
the (conditional) coverage probability in (9).

In particular, the following holds [8]:

Fpg,, (D) YA, 2) =
11 /+o<> Im { Mz (yp, ya) exp (—jtIn (2)) } at
0

2 t

(11)

where j = +/—1 is the imaginary unit, Im{-} denotes
the imaginary part operator, and My (yp,ya) is the
bth moment of the (conditional) coverage probability
Pcov (D> ¥a| @Bs), which is defined as follows:

My (1D, ¥4) = By | (Peov (70, 74| Pis))” |
1 3 (12)
= / b2 'Fp,,, (2) dz
0

Therefore, the meta distribution can be obtained by
first computing the moments of the (conditional) coverage
probability Peoy (D, yal ®ps) in (12) and by then comput-
ing the integral in (11). As remarked in [12—14], however,
the computation of (11) is not always straightforward.
Other methods need, in general, to be used instead, e.g.,
the Fourier-Jacobi expansion [12], and the Mnatsakanov’s
theorem [13, 14].

An alternative approach relies on approximating the
meta distribution with another distribution. A nota-
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ble example is using the beta distribution for approximat-
ing it over the entire range of values z €[ 0, 1]. As remarked
in [14], however, this approach cannot be applied if the
actual distribution does not fulfill the class of the beta dis-
tribution. The following lemma shows, e.g., that this is the
case if the coverage probability is defined in terms of SIR
and SNR.

Lemma 1 Let (ar, by, cr) be the generic triplet of param-
eters introduced in (6) and (7), and denote dp =
(ce — bp)/ap > 0. The meta distribution in (11) satisfies
the following properties:

Fp.,, (YD, YA,z = 0) =

1
P\ (13)
1—exp|—27ApsW 5 ;a, by, c
KO'N)/A
Fp, (yDyvA,2 > 1) =0 (14)
0<Fp,,, (yp,va,2) <1
1/y
P (15)
—exp| —2mApsW¥ th ;ar, by, cp
KO’N)/A
where A g &) (B (0,7)) = 2w AgsWV (5 ap, b, cp), and:
BS
b
W (r;aF, be, cp) = @Fr" + ;rz) 1(r <dp)
(16)
br — 3
+ 7( F ZCF) + C—Frz 1(r > dp)
6ag 2
Proof See Appendix A. O

From Lemma 1, we evince that the meta distri-
bution lies in the range [0,1] only if yo» = 0, ie,
the conventional definition of coverage probability
based only on the SIR is used [11]. If yo # O, on the
other hand, the meta distribution lies in the range

[O, 1—exp (—2nABS\IJ ((Ptx/(icolglyA))l/y; ar, br, CF>)].
This implies that the beta distribution is not necessarily a
good approximation for the meta distribution, since the
former distribution lies always in the range [0, 1].

4.3 Computation: Euler sum method

In this section, motivated by the considerations just made,
we show that the meta distribution can be efficiently com-
puted, with a known and bounded approximation error, by
using the trapezoidal integration rule and the Euler sum
method as originally proposed in [16] and recently used,
e.g., in [17]. The following proposition states the result in
rigorous terms.
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Proposition 1 Let A, N, and Q be three positive integer
numbers. Let us define the following functions:

Bo =2
Bn=1 for n=12,...,N (17)
S,,:A%ﬂ for n=0,1,...,N

The meta distribution can be formulated as follows:

- 2 Qexp (4/2) &
Fpo, (70 7ar2) ~ —— P A/2) > (Q>

In*@2) g \4
N+q n
Z (=D Re { Mfsn/ln(z) (¥D> va) }
=0 Bn Sn
+ 1€ (AN, Q)|

(18)

where Re{-} is the real part operator, My, (yp,ya) is the
bth moment in (12), and £ (A, N, Q) is the approximation
error as follows:

EANQI~ —
TR exp(A) — 1
2-Qexp (4/2) & (Q) N+1
4+ | -1 +1+4+q
In? (z) q;) q =D
Re { M—SN+1+q/In(Z) (ny yA) } ‘
SN+1+4q

(19)
Proof See Appendix B. O

There are three main advantages in favor of using the
Euler sum method instead of the Gil-Pelaez method: (1)
Eq. 18 does not need the explicit computation of an inte-
gral, which makes the numerical estimation of the meta
distribution easier; (2) the method can be applied to any
family of non-negative meta distributions; and (3) the
approximation error in (19) is known in closed-form and
the accuracy of the numerical computation can be con-
trolled by using the triplet of parameters (4,N, Q). As
discussed in [16], in particular, typical values of these
parameters are A = 10In (10), which guarantees a dis-
cretization error of the order of 1071°, and N and Q of the
order of 10 or 20.

5 Computation of the moments

From (18), it is apparent that the meta distribution can be
easily obtained from the moments defined in (12). The fol-
lowing theorem provides one with these moments for the
system model under analysis based on the IDT modeling
approximation for non-Poisson cellular networks.
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Theorem 1 Let (af, by, cp) and (ag, by, cx) be the two
triplets of parameters that quantify the spatial correlation
properties of the point process that describes the locations
of the cellular BSs. Let us define d = (cg — bg)/ag > 0
and dx = (cx — bx)/ax > 0. The moments in (12) can be
formulated as follows:

M (10, 74) = Eayg | (Peov (0, yal Pis))"}

(Pex/ (koZva)
= ZNA.BS/ (20)
0
exp (—27Aps® (r;yp)) Y (r) dr
where the following functions are defined:
® () = =1 <2F1 (b,—ﬁ, 1- 3m> ) 1(r < dg)
3 4 Y
+ 0K, <2F1 bh—21- E,m) 1) 1(r < dg)
2 Y Y
a 3 3
KdK <2F1 (b —; 1-— y,—dy)/D) - 1) 1(r=<dy)
bKdiﬁ b, — 2 o) 1)1 <o
Ty dl’g
EN 2(2F1 (b, i 1-2, —m) >ﬂ<r>d1<>
(21)
2 aF 3 be 2
T (r)= (apr + bFr) exp (—2NABS <§}" + — 5 )) 1(r<dp)
+ cprexp | —2mAgs (]31?—7;1?) + C—F 2 1(r > dp)
6agp 2
(22)
Proof See Appendix C. O

The analytical framework in (20) can be applied to
any non-Poisson spatial model that can be well approx-
imated by using inhomogeneous PPPs with the aid of
the IDT approach. The conventional Poisson cellular net-
work model can be retrieved directly from Theorem 1, as
reported in the following corollary.

Corollary 1 In (homogeneous) Poisson cellular net-
works, the moments in (12) can be formulated as follows:

My, (yp, va)

= Eags | (Peov (70, val 55))"}

2/y
1—exp <_H)LBS<K:ZD;/A) oF1 (b,_%,l — %7_VD>>

2Fi (b =2,1- 2, )

(23)
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Proof 1t follows from (20) by setting by = cg = 1 and
bx = ck = 1, and by computing the integral. O

By direct inspection of (23), in particular, we note that
the moments reduce to those computed in [8] if y4 = 0.

6 Comparison between Poisson and non-Poisson
cellular networks

With the aid of the expression of the meta distribution in
(18), and of its moments in (20) and (23) for non-Poisson
and Poisson cellular networks, respectively, it is worth
studying the impact of spatial correlations in cellular net-
works. By considering the spatially averaged definition
of the coverage probability in (10), we have proved in
[7], notably, that spatially repulsive and spatially attrac-
tive cellular networks provide better and worse coverage
probability than Poisson cellular networks, respectively.
Such a general result and comparison are, however, dif-
ficult to obtain for the meta distribution, since it can
only be computed numerically, as shown in (18), and sim-
ple closed-form solutions for it are not available yet and
are unknown. The following two propositions, however,
provide one with some important information about this
comparison.

Proposition 2 Let z be sufficiently small, i.e., z — 0. Let

Al
FE,I:EVP) ), F(Rep) (), an ( o () be the meta distributions
of Poisson, sputially repulszve, and spatially attractive cel-

lular networks, respectively. Then, the following holds:

(Rep)
LOV
(Attr)

l)c(:lv

(yp,vasz2 = 0) = ch(, " (v varz = 0)

(24)
(Yps YA,z — 0) < I:PCDV (Yps vA,Z2 — 0)

PPP)

R
Proof Let Al o) )

(
(), A (F)

intensity measures in (5) for Poisson, spatlgally repulsive,
and spatially attractive cellular networks, respectively.
In [7, Lemma 5] and [7, Lemma 6], it is proved that
Agit (BOM) = AT (B(0,) and AT (BO) =

BS
A(A(t;)r) (B (0,7)), respectively. Then, the proof follows

(-), and A<Af;f)() be the

immediately from Lemma 1. O

Proposition 3 Let M;PPP) ) M(bRep) )

M;Am) (-) be the bth moment in (12) for Poisson, spa-
tially repulsive, and spatially attractive cellular networks,
respectively. Then, for every b € R, the following holds:

and

R PPP
MEP (yp,ya) = M (1, ya)

(25)
M (o ya) = M (b, 7a)

Proof See Appendix D. O
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Proposition 2, notably, allows one to conclude that, for
low values of z that tends to zero, spatially repulsive cel-
lular networks exhibit first-order stochastic dominance
over Poisson cellular networks, and that Poisson cellu-
lar networks exhibit first-order stochastic dominance over
spatially attractive cellular networks. By using similar
arguments, Proposition 3 allows one to establish similar
moments-based stochastic ordering between Poisson and
non-Poisson cellular networks.

7 Numerical results and validation

In this section, we show some simulation results in order
to substantiate the main findings of the paper. The sim-
ulation setup is reported in Table 1, and the specific
parameters of the point processes are detailed in [7]. The
spatial model denoted by “general case” is chosen in order
to better compare homogeneous, spatially attractive, and
spatially repulsive point processes.

In Fig. 1, we report the moments of the conditional cov-
erage probability. We observe a good agreement between
the proposed analytical framework and Monte Carlo sim-
ulations. We note, in addition, that the findings about
the first-order stochastic dominance of the moments is
confirmed by our numerical illustrations.

In Figs. 2 and 3, we compare the meta distribution by
considering two definitions of coverage probability. The
conventional SIR-based definition and the SIR + SNR-
based definition that is employed in this paper [11]. We
observe that, in both cases, we obtain a good agreement
compared with Monte Carlo simulations. The figures con-
firm, in addition, that the beta distribution may not be
used for approximating the SIR + SNR-based definition of
coverage probability. Our numerical results, on the other
hand, confirm (even though they are not shown for ease
of illustration) that the beta distribution yields a good
approximation for the SIR-based definition of coverage
probability.

In Fig. 4, finally, we compare the meta distribution
of homogeneous, spatially attractive, and spatially repul-
sive point processes. We observe a good agreement with
Monte Carlo simulations. In addition, the figures con-
firms the correctness of the asymptotic value of the meta
distribution for small values of z.

8 Conclusion and discussion

In this paper, we have proved that the inhomogeneous
double thinning approach for modeling and analyzing
spatially correlated (non-Poisson) cellular networks can
be successfully employed for studying the distribution
of the conditional coverage probability given the point
process of cellular base stations, which is referred to
as the meta distribution. We have proved, in addition,
that the meta distribution can be efficiently computed
by using the trapezoidal integration rule and the Euler
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Table 1 Simulation setup

Parameter

Value

Ginibre point process
(rural)

Log-Gaussian Cox point
process (urban)

General case

Ginibre point process
(rural)

Log-Gaussian Cox point
process (urban)

Path-loss constant and
exponent

Ginibre point process
(rural)

Ginibre point process
(rural)

Log-Gaussian Cox point
process (urban)

Log-Gaussian Cox point
process (urban)

General case (repulsive)

General case (attractive)

SIR and SNR thresholds

Ginibre point process
(rural)

Log-Gaussian Cox point
process (urban)

General case

Ginibre point process
(rural)

Log-Gaussian Cox point
process (urban)

General case

Noise power

Ags = 0.03056 BSs/km?
Ags = 4.00923 BSs/km?

Ags = 0.2346 BSs/km?

B = 0.225, Area region = 1245787 km?

B =003,02 =3904, u = —0.5634,
Area region = 28 x 28 km?

k= (4nf)3x 1082y =4

aF = 4.55473414133037 - 10~°

b = 1.01046879386340

CF = 1.11306423054186

ax = 0.000400570907629641

b = 0.0118898483733152

ck = 0.999999810503409

ar = 3.00375582041718 - 103

br = 0.999992970565002

F = 0.660720583433523

ar = 0.254520540961994 - 103

by = 1.17267857020013

ck = 1.00000033357904
ar=02-10"3bg =11, G =15
axk=02-1073, by =08, cx =099
aF =02-1073, b =099, cr = 08
ac=02-1073, bx =15, cx = 1.1

w=ly=1
Ptx = 55dBm
Ptx = 20dBm
P = 15dBm
BW = 200 kHz
BW = 200 kHz
BW = 2000 kHz
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Appendix A: Proof of Lemma 1

By conditioning upon the point process ®gs, the SIR is
a random variable and the average SNR is a constant.
Therefore, the (conditional) coverage probability can be
formulated as follows:

Peov (VD> YAl ©Bs)
Pr{SIR > yp, SNR > )/A‘ <I>Bs}

Pr{SIR > yp| dps) if ro<(-Pe_)""
r > ypl| Pps I ro= (m)
0 otherwise

(26)

where rp = ||xo|| is the distance of the serving BS from the
origin.

By definition of meta distribution, i.e., Fp_,, (¥p, YA, 2) =
Progg {Peov (YD, val PBs) > z}, and by letting z — 0, we
obtain:

Fpeoy (YDs YA Z — 0)
= Pr&st {Pcov (VD:VA! ¢'BS) z2z— 0}

P 1/y
1 rog( i )
= KOQJVA

0 otherwise

1/y
=Pr r0§< Pztx )
KON YA
1/y
P
=l—-exp|—A_ Blo, 2tx
®pg KONYA

where the last identity is obtained from the definition of
F-function of inhomogeneous PPPs.
The proof follows by computing (5) from (6) and (7).

Appendix B: Proof of Proposition 1
By definition of meta distribution, the following holds
true:

Fp.,, (YD) VA, 2) = Prog {Peov (¥D, val Pps) > 2}

of = —174 4+ 10log, (BW) + 10 dBm

sum method, provided that the negative moments of the
conditional coverage probability can be computed. By
using the inhomogeneous double thinning approach, it is
proved that these latter moments can be formulated in
terms of a single integral expression. Finally, some results
on the first-order stochastic dominance of non-Poisson
cellular networks over Poisson cellular networks are
proved.

= Prog {In (Peov (¥p, val PBs)) > In (2)}
= Progg {—In (Peov (¥ps Al PBs)) < —In(2)}
= Prog {Y<I>Bs <—In (Z)}

(28)

where Yoo = —In (Peoy (¥D, yal PBs)).

Therefore, the meta distribution can be computed by
using the Euler sum method in [16] from the Laplace
transform of the random variable Yo,. In particular, the
latter Laplace transform can be formulated as follows:
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0.6

T T T

—*— IDT (attractive)
—=%— Homogeneous PPP
—O6— IDT (repulsive)

Fig. 1 Moments of the conditional coverage probability. Setup: General case. Solid lines: Monte Carlo simulations. Markers: IDT framework

b

Lyyy, (b) =By, {exp (bYay)}

= Egpg {exp (—bIn (Peoy (D, ¥al Ps)))}

= E<I>BS {(Pcov (yD» yal q)BS))_h}

which implies that the meta distribution is determined
by the negative moments of the (conditional) coverage
probability. Then, the proof follows.

Appendix C: Proof of Theorem 1

= M_p, (yp,¥A) By definition, the bth moment of the (conditional) cover-
(29)  age probability is the following:
1 T T T T
O SIR-based coverage (simulation)
0.9 SIR-based coverage (IDT) ]
*  SIR+ASNR-based coverage (simulation)

0.8

SIR+ASNR-based coverage (IDT)

0.7

0.6

0.5 K FFKHKKKFFR

0.4

Meta Distribution

0.3

0.2

0.1

1

0.2

case. Solid lines: IDT framework. Markers: Monte Carlo simulations

0.4

0.6 0.8

z

Fig. 2 Meta distribution: Comparison between the SIR-based and SIR 4 SNR-based definition of coverage (ASNR=SNR). Setup: Ginibre point process
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1 T T T T

O  SIR-based coverage (simulation)
0.9 SIR-based coverage (IDT) ]
O SIR+ASNR-based coverage (simulation)
0.8 SIR+ASNR-based coverage (IDT) 1
0.7 9

04r 1

Meta Distribution
o
(6)]

0.3 4

0.2 J

01r 1

O 1 1 1 1
0 0.2 0.4 0.6 0.8 1

z

Fig. 3 Meta distribution: Comparison between the SIR-based and SIR + SNR-based definition of coverage (ASNR=SNR). Setup: Log-Gaussian Cox
point process case. Solid lines: IDT framework. Markers: Monte Carlo simulations

My (1D, ¥A) = B | (Peo (70, val @ps))’}  (30)  Peos (7] 095) = Pe R 2 10 SN = v 0]

P 1/y

tx

_Pr{SIRZVDq)BS}l(VOS (KUZVA) ) (31)
N

1/
By definition of (conditional) coverage probability, we -1 (ro - ( Pztx ) V) I U(LO)
obtain the following: KONYA &

K)
x€<I>BS

Meta Distribution

—*— IDT (attractive)
0.1 —— Homogeneous PPP 1
—S— IDT (repulsive) \

O 1 1 1 1 0
0 0.2 0.4 0.6 0.8 1

z
Fig. 4 Meta distribution. Setup: General case. Solid lines: IDT framework. Markers: Monte Carlo simulations. Dashed lines: asymptotic limit for z — 0
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where ro = [lxoll, 7 = [|x[l, and v (§) = (1 + yp&?) 7>
Therefore, the moments can be written as follows:

My, (vps va)

1/y
Ptx
=E e 1|r0= 5 E @
BS KOJYA BS

[t

Egwo 1 11 U<r70>

BS
x A% EF) (B (0, 79)) exp (—Aq)g.;) (B0, ro))> dro

(32)

where the last equality follows by applying the void prob-

ability theorem of inhomogeneous PPPs, A(I(F) (B (0,r))

is the first-order derivative of A o®) (B (0, r)) Computed

with respect to r, and, by using the probablllty generating
functional theorem, we have:

70
By 1 T1 v(7)

real
= exp (— /r:oo (1 —v (%")) Agé,g) (B (0, 7)) dr)
(33)

where A(lz,() (B(0,r)) is the first-order derivative of

q)(m (B (0 r)) computed with respect to r.

The proof follows by computing the integrals and using
the same steps are those reported in [7].

Appendix D: Proof of Proposition 3
For simplicity, we consider the case study of spatially
repulsive cellular networks. A similar approach can be
used to prove Proposition 3 if the cellular network is
spatially repulsive.

From Appendix C, the moments of the (conditional)
coverage probability can be formumated as follows:

G®P) (r0) HEEP () dry

. (o (ec)
M (yp, ya) = f

(34)

where the following shorthand notation is used:

—+00
GREP) (o) = exp <_ / (1 U( )) A<13,0 (B (0, r))dr)
(35)

HReD) () — Agi? (B0, 70)) exp (~A 50 (B, r0))) (36)
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Similar analytical expressions can be obtained for
homogenous PPPs. In particular, the following holds true:

M |

(Pex/ (kaZva)
GE (ro)yH PP (ro)dro

(37)
where:
(PPP) 2 : -
G (ro) =exp (=mapsrg|2F1 (b ——51 = —5 —yp ) -1
14 14
(38)
HPPP) (rg) = 27 Apsro exp (—nkgsrg) (39)

Since 1 — v(ro/r) > 0, and the inequality
A$<)I<> (B@O,r)) < ASP)P (B (0,r9)) was proved in [7],

then we have:

GReP) (rg)

= exp (—
> exp (— /rm (1 —v (%")) AD, (B, r))dr)

= GPPP) (1)

/r+°° (1 —v (?)) Agi’? (B(0,7)) dr>

0

(40)

Therefore, we obtain the following:
M (vo,7)

(Puc/(ko2ya)) """
= f ) G®RP) (r0) HRP) (1) dry
0

>

(Pec/(koZya)) "
f GO (o) D) (0 g
0
(41)

Let us define H®P) (ry) = 1 —exp (—A(ngs) (B (0, ro))).

Then, we have the following:

(Pox/ (o))"
J= / TGO ) M) (1)

Pex/ KUNVA)) Y

g(PPP)( o) HEeP) (1 )’

GO (ro)

(Ptx/(KUNVA)) d
- /o < dro

1/y 1/y
® eer) [ _Pox g Rep) [ [P
Koﬁ[yA o KUI%])/A

(Pec/ (kofya)) " £ A4GPPP) (0
- (“

) HEREP) (r0) drg

) HEREP) (r0) drg
(42)
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where (a) follows by applying the integration by parts rule,
and (b) follows by taking into account that HReP) (0) = 0.

Since GPPP) (rg) > 0, dGP® (ry)/dry < 0, and it
was proved in [7] that H®P (rg) > HEPPP) (rg) = 1 —
exp (—71 )»Bsr(z)), then we have the following:

R
MEP (4, )

f(Ptx/ (ko2ya))"”
0

> GPPP) () HREP) (1) dirg

1/y 1/y
2,(PPP) Pix

- 2
KOGVA

Ptx

> g(PPP) .
KOQYA

(Pu/(k0Zva))"" [ 4G (PPP)
_/0 ) 4T 0) 34 @) 1) g

dro

PPP
= MZ ) (v

(43)

from which the proof follows.
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