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Abstract—While massive MIMO based underlay cognitive ra-
dio (CR) networks are a promising concept in the next generation
of wireless networks to increase spectral efficiency, reusing the
same pilot sequences in both networks cause pilot contamination
leading to residual interference. Thus, this paper investigates the
affects of pilot contamination on a random CR network underlaid
upon a random primary network where both networks employ
path loss inversion based power control. A Matern cluster process
is considered for the underlay system, while homogeneous Poisson
point processes are considered for the primary transmitters and
receivers. We derive the moment generating function of the
normalized aggregate interference at an underlay receiver, its
first two moments, and the outage probability. Finally, it is shown
that the underlay cluster radius, ensured received power levels
through power control and the different node densities have a
significant effect on the outage of an underlay receiver.

I. INTRODUCTION

Spectrum limitations and interference among users sharing
the same spectrum are major bottlenecks for the future growth
of wireless communication systems. Underlay cognitive radio
(CR) networks allow simultaneous spectrum access for both
primary and secondary users to increase spectral efficiency
[1], and have been proposed as a candidate technology for
future fifth generation (5G) wireless systems [2]–[4]. Under-
lay CR techniques are widely applied for device-to-device
communications, sensor networks, and cognitive femtocells
in heterogeneous networks. While traditional CR techniques
share spectrum on an interference free basis, underlay net-
works accomplish this on an interference tolerant basis which
boosts spectral efficiency [2]. However, simultaneous spectrum
access may significantly decrease user performance due to
interference. Thus, transmit power control techniques and
interference cancellation schemes are essential for primary and
secondary networks to coexist with each other [2].

On another note, massive multiple input multiple output
(MIMO) systems, which enable an extremely large number
of antennas at the transmitter are also deemed an exciting
prospect for future 5G networks [5]. Massive MIMO sys-
tems offer simultaneous service to a large number of users,
increased spectral and energy efficiency over conventional
MIMO and have the added advantage of negating the effects of
small scale fading and noise [2]. However, one drawback of
serving a large number of users simultaneously is the need
to obtain channel state information (CSI) for all channels
which needs periodic pilot transmissions. In addition to using
a portion of the spectrum, pilot contamination is a major issue
which limit potential spectral and throughput gains in massive
MIMO systems [5].

The combination of CR networks and massive MIMO
systems offers exciting possibilities for increased spectral
efficiency coupled with potential interference cancellation.
However, along with these come challenges related to pi-
lot contamination. Primary and secondary user devices can
encompass transmit power control to limit interference and
increase their energy efficiency which complicates matters.
Moreover, modern cell deployment is not fixed, and spatial
randomness comes into the fray. Thus, it is vital to charac-
terize the user performance considering all these factors to
understand the potentials and limits of underlaid CR networks
using massive MIMO.

A. Prior Research

Massive MIMO based underlaid CR networks is an emerg-
ing research area. The interplay between massive MIMO and
device-to-device networks is studied in [6] under perfect and
imperfect CSI at the receivers while [7] studies trade-offs
between average sum rate and energy efficiency for device to
device networks employing massive MIMO. Other works con-
sider interference issues in randomly deployed base stations
employing massive MIMO. For example, [8] derives closed-
form expressions for the base station density bounded by
the maximum outage probability under a stochastic geometry
based model, while [9] obtains expressions for the signal to in-
terference ratio for both uplink and downlink under orthogonal
and non-orthogonal pilot sequences. Furthermore, the uplink
of a wireless network using linear minimum mean square
error spatial processing is analyzed in [10]. Moreover, [11]
analyzes the coverage probability and area spectral efficiency
for a heterogeneous network incorporating a massive MIMO
base station.

B. Motivation and Contribution

Although substantive research is beginning to emerge, previ-
ous work on interference characterization in random wireless
networks with massive MIMO enabled base stations do not
consider power control for neither data or pilot signals. While
being more analytically tractable, this assumption may not be
the case in practice. Furthermore, other works only consider
a single cell with one massive MIMO enabled base station
while others only consider a single network of base stations.
However, in an underlaid CR network, the differentiation of
primary and secondary networks is important.

To this end, we will model the primary base stations and
receivers as two homogeneous Poisson point processes (PPPs)



and the underlay network as a Matern cluster process with the
underlay base stations representing cluster heads distributed
as a homogeneous PPP. Log distance path loss and Rayleigh
fading are assumed for channels, and a path loss inversion
based power controlling scheme is considered for all signals.
Primary receivers associate with their closest base station
while underlay receivers associate with their cluster head.
Furthermore, both primary and underlay base stations are
assumed to employ massive MIMO, and CSI is obtained via
uplink pilots. Finally, the moment generating function (MGF),
mean and variance of the normalized aggregate interference
is calculated along with the outage probability for a typical
underlay receiver within a given cluster.

Notations: Γ(x, a) =
∫∞
a
tx−1e−tdt and Γ(x) = Γ(x, 0)

[12]. Pr[A] is the probability of event A, fX(·) is the proba-
bility density function (PDF), MX(·) is the MGF, and EX [·]
denotes the expectation over random variable X .

II. SYSTEM MODEL

A. Spatial Model

This section describes the spatial distribution of primary and
underlay nodes.

1) Primary Network: The primary network consists of
primary transmitters and receivers. A single class of primary
transmitters (base stations) distributed randomly in the R2

plane is considered. Although primary node locations are not
purely random, it has been shown that a PPP based model
provides a reasonably accurate approximation to planned node
placements while providing analytical tractability [13]. The
PPP model has thus been extensively used in literature to
model base station locations [14]–[17]. Let the primary trans-
mitters be distributed as a stationary homogeneous PPP Φp,t
with intensity λp,t. Due to the homogeneity of Φp,t, λp,t is
a constant over all R2. The number of primary transmitters
within any closed area B follows the Poisson distribution with
[18]

Pr[N(B) = n] =
(λp,tB)n

n!
e−λp,tB. (1)

The primary receivers are also modelled according to a
homogeneous PPP. Let this process be Φp,r having an inten-
sity λp,r. Φp,r and Φp,t are considered to be independent,
stationary, and motion invariant.

2) Underlay Network: The underlay network is assumed
to consist of multiple node clusters centered around underlay
base stations [19]. A wireless local area network or a nano/pico
cell base station would be examples of such a scenario where
clustering would occur [20]. Therefore, we will model the
underlay network as a Matern cluster process [19]–[21]. The
cluster centres correspond to the base stations, and follow
a homogeneous PPP (Φu,t) with density λu,t. The daughter
processes denoted as Φu,r correspond to the receivers, and
are uniformly distributed within their respective clusters with
density λu,r. Furthermore, the different daughter processes are
assumed to be independent and stationary, and the clusters are
assumed to have a diameter of dl.

B. Signal Model

Universal frequency reuse is assumed within the primary
network, and the active underlay transmitters utilizes that same
frequency. Both underlay and primary receivers are assumed
to be single antenna devices while primary transmitters and
underlay transmitters have M and N antennas respectively.
M and N have the relationship M = κN . M and N are
assumed to be large enough to serve all associated users.
A time division duplex (TDD) scheme is assumed for both
primary and underlay networks.

1) Channel: Both primary and underlay networks utilize
pilot signalling in the uplink channel in order to obtain CSI
for the downlink. The pilots are of length L, and are orthogonal
with each other. If ba, bb ∈ CL×1 are pilot sequences, b∗abb = 0
whenever a 6= b. We assume that there exist q orthogonal
pilots, and that the same set of q pilots is used in all Voronoi
cells by the base stations. Furthermore, this same set of pilots
is used by the underlay network in all its clusters. If different
pilots are used by the underlay system, our analysis would
represent a worst-case scenario.

All channels are assumed to undergo Rayleigh fading and
power-law path loss. Moreover, the fading between all links
is assumed to be uncorrelated. Under Rayleigh fading, the
channel power gain |h|2 is an exponential random variable
with PDF f|h|2(x) = e−x, while with power-law path loss,
the received power at a distance r from the transmitter can be
written as P = PT r

−α [22], where α is the path loss exponent
and PT is the transmit power.

2) Association and power control: In the primary network,
each receiver associates with its closest transmitter, which is
equivalent to associating with the transmitter providing the
best average received power. In other words, the primary
transmitters form Voronoi cells, and associate with receivers
within its cell. For the underlay network, each receiver within
a single cluster associates with its parent node.

Both underlay and primary networks employ path loss in-
version based power control to ensure a fixed average power at
receivers. If Pu, Pp, Pp,u and Pp,p are respectively the ensured
power levels of underlay transmissions, primary transmissions,
underlay pilots, and primary pilots, the transmit power PT is
written as PT = Pkr

α, where r is the transmitter-receiver
distance and Pk ∈ {Pu, Pp, Pp,u, Pp,p}. Moreover, power
scaling is employed by the primary and underlay base stations
where the downlink transmitted signal is scaled by 1√

M
and

1√
N

respectively to compensate for the number of transmitter
antennas

III. CHANNEL ESTIMATION

For both primary and underlay base stations to estimate
the downlink channel, an intitial uplink training phase occurs
where the primary and underlay receivers transmit pilot se-
quences to their serving base stations. We assume that the
training phase for all base stations occur at the same time
instance regardless of whether they are part of the primary
or underlay network. This assumption leads to the worst case



scenario when similar pilot sequences are contaminated with
each other. Furthermore, we assume a slow fading channel
where the channel gains do not change between the training
phase and the downlink data transmission phase.

A. Primary system

We now look at the set of pilot signals using the a-th pilot
sequence arriving at a primary base station. However, only a
subsection of the primary and underlay base stations will use
the a-th pilot sequence. As such, we will represent the primary
and underlay base stations utilizing the a-th pilot sequence by
Φ̄p,t and Φ̄u,t respectively. Let φpr,la and φur,wa respectively
be the primary receiver using the a-th pilot sequence connected
to φ̄p,t,l and the underlay receiver using the a-th pilot sequence
connected to φ̄u,t,w, where φ̄p,t,l is the l-th primary transmitter
∈ Φ̄p,t and φ̄u,t,w is the w-th underlay transmitter ∈ Φ̄u,t.

The received signal yk at the k-th primary base station
(φ̄p,t,k ∈ Φ̄p,t) will be comprised of all pilot signals using
different pilot sequences from all associated primary receivers
and underlay receivers. However, without the loss of general-
ity, as orthogonal pilots are used, we restrict our attention to
the signals containing the a-th pilot sequence. Let ȳka denote
the received signal corresponding to the a-th pilot sequence.
Then, ȳk is written as

ȳka=

∞∑
l=1

hklar
−α
2

kla b
T
a

√
Pp,pr

α
2

la+

∞∑
w=1

hkwar
−α
2

kwab
T
a

√
Pp,ur

α
2
wa+wk,(2)

where hkla and rkla are the channel gain and path loss between
φ̄p,t,k and φpr,la, hkwa and rkwa are the channel gain and path
loss between φ̄p,t,k and φur,wa, rla is the path loss between
φpr,la and φ̄p,t,l, rwa is the path loss between φur,wa and
φ̄u,t,w, and wk is the received noise. The received signal ȳka ∈
CM×L, wk ∈ CM×L, and hkla,hkwa ∈ CM×1.

The objective of φ̄p,t,k is to estimate the channel gain
between it and φpr,ka, where φpr,ka ∈ Φp,r is the primary
receiver using the a-th pilot sequence associated with φ̄p,t,k.
If this channel gain is denoted as hkka, the estimated channel
gain ĥkka may be expressed as

ĥkka =
ȳkaba√
Pp,p

= hkka+

∞∑
l=1\k

hklar
−α
2

kla r
α
2

la+

∞∑
w=1

hkwar
−α
2

kwa

√
Pp,u
Pp,p

r
α
2
wa+

wkba√
Pp,p

.(3)

B. Underlay system

Within this subsection, we derive the estimated channel gain
between the z-th underlay base station φ̄u,t,z ∈ Φ̄u,t and
its associated underlay receiver using the a-th pilot sequence
φur,za. If ȳza ∈ CN×L is the received signal at φ̄u,t,z
corresponding to the a-th pilot sequence,

ȳza=

∞∑
l=1

hzlar
−α
2

zla b
T
a

√
Pp,pr

α
2

la+

∞∑
w=1

hzwar
−α
2
zwab

T
a

√
Pp,ur

α
2
wa+wz,

(4)

where the notation is analogous to the previous subsection.
The estimated channel gain hzza is obtained in a similar way
to (3) as

ĥzza =
ȳzaba√
Pp,u

=hzza+

∞∑
w=1\z

hzwar
−α
2
zwar

α
2
wa+

∞∑
l=1

hzlar
−α
2

zla

√
Pp,p
Pp,u

r
α
2

la+
wzba√
Pp,u

. (5)

IV. DOWNLINK TRANSMISSION

A. Interference from primary transmitters

After channel estimation is performed by a primary trans-
mitter, it will transmit the intended data symbols to their
associated receivers in the downlink. We will assume that the
downlink transmissions to receivers which used the a-th pilot
sequence happen at the same time. In other words, the base
stations operate in a synchronous manner. This assumption
leads to a worst case scenario vis a vis interference due to
pilot contamination.

Each base station φ̄p,t,j ∈ Φ̄p,t uses a precoding scheme
where the transmit symbol to φpr,ja is precoded with the
estimated channel gain ĥjja. This process occurs for all as-
sociated receivers, and the summation of the precoded signals
are transmitted [9].

Our objective is to obtain the received signal at a typical
underlay receiver utilizing the a-th pilot signal. Let φur,za
denote this node which is associated with the z-th underlay
base station φ̄u,t,z . The received interference from primary
base stations at φur,za is written as

Yza,p =

∞∑
j=1

h∗jzar
−α
2
jzaxj , (6)

where h∗jza and r
−α
2
jza are the channel gain and path loss

between φ̄p,t,j and φur,za, and xj is the transmit symbol
by φ̄p,t,j . h∗jza is the reciprocal of the channel gain between
φur,za and φ̄p,t,j because a TDD system is considered. The
transmitted symbol xj is expressed as

xj =

qj∑
ν=1

ĥjjν

√
Pp
M
r
α
2
jjνdjν , (7)

where qj(< q) is the number of associated primary receivers
of φ̄p,t,j , ĥjjν and rjjν are the estimated uplink channel and
path loss between φ̄p,t,j and φpr,jν , and djν is the data symbol
intended for φpr,jν . After normalising Yza,p with respect to√
M , the received interference from primary base stations is

written as

Ỹza,p = lim
M→∞

Yza,p√
M

= lim
M→∞

1

M

∞∑
j=1

h∗jzar
−α
2
jza

√
Pp

qj∑
ν=1

r
α
2
jjνdjν ×hjjν+ ∞∑

l=1\j

hjlνr
−α
2

jlν r
α
2

lν+

∞∑
w=1

hjwνr
−α
2
jwν

√
Pp,u
Pp,p

r
α
2
wν+

wjbν√
Pp,p

 .(8)



However, limM→∞
h∗jzahjlν

M → 0, ∀j, ν, l because independent
and identically distributed channel gains are considered for
different links, and limM→∞

h∗jzawjbν
M → 0, ∀j. Furthermore,

limM→∞
h∗jzahjwν

M → 1 whenever w = z, ν = a. Thus, Ỹza,p
can be expressed as

˜Yza,p =

∞∑
j=1

√
PpPp,u
Pp,p

r−αjzar
α
2
jjar

α
2
zadja. (9)

B. Downlink signal from underlay transmitters

Similar to the downlink transmission from primary base
stations, each underlay base station φ̄u,t,i ∈ Φ̄u,t precodes
its symbol to φur,ia with the estimated channel gain ĥiia.
We will assume that downlink transmissions from all underlay
transmitters occur at the same time. The received signal from
underlay base stations at φur,za is thus written as

Yza,u =

∞∑
i=1

h∗izar
−α
2
iza xi, (10)

where xi is defined by

xj =

qi∑
ν=1

ĥiiν

√
Pu
N
r
α
2
iiνdiν . (11)

The number of associated underlay receivers of φ̄u,t,i is
denoted by qi(< q). After normalizing Yza,u with respect to√
M , the signal from the underlay base stations is written as

Ỹza,u = lim
M→∞

Yza,u√
M

= lim
N→∞

1√
κN

∞∑
i=1

h∗izar
−α
2
iza

√
Pu

qi∑
ν=1

r
α
2
iiνdiν ×hiiν+ ∞∑

w=1\i

hiwνr
−α
2
iwνr

α
2
wν+

∞∑
l=1

hilνr
−α
2

ilν

√
Pp,p
Pp,u

r
α
2

lν+
wibν√
Pp,u


=

√
Pu√
κ

+

∞∑
i=1\z

√
Pu√
κ
r−αizar

α
2
iiar

α
2
zadia. (12)

The first term of (12) represents the desired signal to φur,za
while the second term represents the interference from under-
lay transmitters.

C. Interfering base station density

In the previous subsections, it was found out that the
interference to φur,za occurs from primary and underlay
transmitters using the a-th pilot sequence (namely Φ̄p,t and
Φ̄u,t). This subsection derives the densities of these processes.

1) Density of Φ̄p,t : Let λ̄p,t be the density of Φ̄p,t. We
can approximate Φ̄p,t as a thinned PPP [23] where the density
λ̄p,t = ηλp,t. The factor η is the probability that a particular
base station uses the a-th pilot sequence.

We will consider a typical primary base station φp,t,k ∈
Φp,t. The number of users associated with φp,t,k is a ran-
dom variable depending on the area of its Voronoi cell (S).
However, the area distribution of a Voronoi cell has no known

exact distributions. In [24] a two parameter gamma empirical
approximation has been shown to fit the exact size distribution
where the normalized cell size S̃ = S

S̄
follows

fS̃(y) ≈ βµ

Γ(µ)
yµ−1e−βy, (13)

where µ = 3.61, β = 3.57, and S̄ is the average size of a cell
given by S̄ = 1

λp,t
.

Let ω1 be the number of associated users with φp,t,k. When
ω1 ≥ q, all the pilot sequences will be used whereas when
ω1 < q there exists a probability that the a-th pilot sequence
is not used by any user associated with φp,t,k. Thus, we can
write η as

η = Pr[ω1 ≥ q] + Pr[ω1 < q]
Eω1\ω1<q[ω1]

q

=ES

[ ∞∑
n=q

(λp,rS)n

n!
e−λp,rS+

1

q

q−1∑
ω1=1

(λp,rS)ω1

ω1 − 1!
e−λp,rS

]
.(14)

Substituting S = S̃S̄ and performing the expectation with
respect to (13) we obtain

η =
βµ

Γ(µ)

∞∑
n=q

Γ(µ+ n)

n!(β +
λp,r
λp,t

)µ+n

(
λp,r
λp,t

)n

+
1

q

βµ

Γ(µ)

q−1∑
ω1=1

Γ(µ+ ω1)

(ω1 − 1)!(β +
λp,r
λp,t

)µ+ω1

(
λp,r
λp,t

)ω1

.(15)

2) Density of Φ̄u,t : Let λ̄u,t be the density of Φ̄u,t. Similar
to before, Φ̄u,t can be obtained by applying independent
thinning on Φu,t. Therefore, λ̄u,t = θλu,t, and θ is the
probability that a particular underlay base station uses the a-th
pilot sequence.

Let φu,t,z ∈ Φu,t be a typical active underlay transmitter.
Although the cluster area of φu,t,z is fixed, the number of
receivers associated with it (ω2) is still a random variable. We
can thus write θ as

θ = Pr[ω2 > q] + Pr[ω2 < q]
Eω2\ω2<q[ω2]

q

=

∞∑
n=q

(λu,r
πd2
l

4 )n

n!
e−λu,r

πd2
l

4 +
1

q

q−1∑
ω2=1

(λu,r
πd2
l

4 )ω2

ω2 − 1!
e−λu,r

πd2
l

4 .(16)

V. INTERFERENCE CHARACTERIZATION

We now characterize the interference at φur,za and ob-
tain the outage probability. The aggregate interference nor-
malized with respect to

√
M (I) can be written as I =

Ip + Iu, where Ip =
∑∞
j=1

PpPp,u
Pp,p

r−2α
jza r

α
jjar

α
za and Iu =∑∞

i=1\z
Pu
κ r
−2α
iza r

α
iiar

α
za. Without the loss of generality, we

assume that d2
ja, d

2
ia = 1. The SIR1 (γ) at φur,za is written as

γ = Pu
κ(Ip+Iu) , and the outage probability is expressed as

PO = Pr[γ < γth] = Pr[I >
Pu
κγth

], (17)

1Note that SIR is equal to the SINR (signal to interference and noise ratio)
because the noise power approaches zero when normalized by

√
M .



where γth is the threshold SIR required at an underlay receiver.
In order to evaluate PO, the distribution of I is required.

To this end, we will first evaluate the MGF of I which is
defined as MI(s) = E[e−sI ]. However, because Ip and Iu are
independent, MI(s) becomes MI(s) = E[e−sIp ]E[e−sIu ] =
MIp(s)MIu(s). Using the Campbell’s theorem [23], MIp is
expressed as

MIp(s)=e

(∫∞
0
E

[
e
−s

PpPp,u
Pp,p

r
−2α
jza

rαjjar
α
za−1

]
2πλ̄p,trjzadrjza

)
,(18)

where the expectation is with respect to rjja and rza. There-
fore, in order to evaluate (18), the distributions of rjja and
rza are needed. The variable rjja can be interpreted as the
distance from a primary base station to any associated receiver.
However, the receiver can be located at any point within the
Voronoi cell of φ̄p,t,j . It has been shown in [25] that rjja has
the approximate PDF given by

frjja(x) ≈ 2πλp,txe
−πλp,tx2

, 0 < x <∞. (19)

However, it is worth noting that (19) is not the exact PDF
due to correlations and dependence induced by the structure
of the Voronoi tessellation. On the contrary, rza which is the
distance has an exact simple PDF given by

frza(x) =
2x

(dl2 )2
, 0 < x <

dl
2
. (20)

Another complication which arises is the singularity of the
path loss model when the distance is 0. As a way around this
issue, we use the path loss function g(r) = min(1, r−α) [26]
wherever necessary. Using (20), (19), and replacing rjza with
r for clarity, we can simplify (18) as

MIp(s)=e

∫∞
0
Erjja,rza

∑∞
v=1

(
−s

PpPp,u
Pp,p

r−2αrαjjar
α
za

)v
v!

2πλ̄ptrdr


= e

(∑∞
v=1

πλ̄pt
v!

(
−sPpPp,u
Pp,p

)v( αvdαvl Γ(αv
2

+1)

(αv−1)2αv−1(αv+2)(πλp,t)
αv
2

))
.(21)

From (21), it is possible to obtain the first and second order
statistics of Ip as E[Ip] =

ηPpPp,uαd
α
l Γ(α2 +1)

Pp,p(α−1)2α−1(α+2)(πλp,t)
α
2
−1 and

V ar[Ip] =
η(PpPp,u)2αd2α

l Γ(α+1)
P 2
p,p(2α−1)22α−1(α+1)(πλp,t)α−1 .

We now focus our attention Iu. Using the Slivnyak’s theo-
rem [9], [26], the interfering underlay base stations (Φ̄u,t\z)
can be taken as forming a homogeneous PPP. Therefore, using
Campbell’s theorem [23], MIu(s) is written as

MIu(s) = e

(∫∞
0
E

[
e−s

Pu
κ
r
−2α
iza

rαiiar
α
za−1

]
2πλ̄u,trizadriza

)
,
(22)

where the expectation is with respect to riia and rza. However,
riia follows the distribution of of (20). Therefore, we can
simplify (22) as

MIu(s) = e

(∑∞
v=1

πλ̄u,tαv

v!(αv−1) (
−sPu
κ )

v
(

dαvl
2αv−1(αv+2)

)2)
. (23)

The expectation and variance of Iu are obtained from the mo-
ments of (23) as E[Iu] =

πλ̄u,tαPud
2α
l

κ(α−1)(2α−1(α+2))2 and V ar[Iu] =
2πλ̄u,tαP

2
ud

4α
l

κ2(2α−1)(22α(α+1))2 .
Now, in order to evaluate (17), I will be approximated as

a gamma distribution using first and second order moment
matching [27]. The resulting gamma distribution has shape
and scale parameters of (E[Iu]+E[Ip])2

V ar[Iu]+V ar[Ip] and V ar[Iu]+V ar[Ip]
E[Iu]+E[Ip]

respectively. The outage probability of an underlay receiver is
finally expressed as

PO=1− 1

Γ
(

(E[Iu]+E[Ip])2

V ar[Iu]+V ar[Ip]

)γ
(E[Iu] + E[Ip])

2

V ar[Iu]+V ar[Ip]
,

Pu
κγth

V ar[Iu]+V ar[Ip]
E[Iu]+E[Ip]

 .

(24)

VI. NUMERICAL RESULTS

This provides numerical results on the outage probability
of an underlay receiver with respect to different system pa-
rameters. We will use parameter values Pp,p = −80 dBm,
Pp,u = −80 dBm, Pu = −70 dBm, q = 64, γth = 1, and
κ = 1.

Fig. 1 plots the variation of the outage probability PO
with respect to the path loss exponent α. As α increases,
PO reduces for all values of Pp and dl. However, the rate of
decline varies significantly with α. Moreover, while having a
higher outage probability when other parameter values remain
the same, a higher dl also provides a greater outage variation
when Pp is varied.

In Fig. 2, the outage probability is plotted with respect
to the primary receiver density λp,r. From the plot, it is
apparent that a complex relationship exists where there is no
clear trend. However, when λu,t and λp,t are increased, the
outage increases sharply when λp,r is increased beyond 10−2.
Although a comparative an increase in λp,t affects the outage
more when λp,r > 10−4, for lower λp,r, an increase in λu,t
has a greater effect on the outage. Moreover, when all other
parameters remain the same, changing λu,r has a negligible
effect on the outage.

VII. CONCLUSION

This paper investigated the performance of an underlay
receiver when both primary and underlay networks employ
massive MIMO at their base stations, and use path loss
inversion based power control. The underlay network was
modeled as a Matern cluster process with the cluster centres
representing base stations while the primary transmitters and
receivers were modelled as homogeneous PPPs in R2, and
all processes were assumed to be independent and stationary.
The interference at an underlay receiver resulting from pilot
contamination was characterized using the MGF of the nor-
malized interference and the outage. It was observed that while
an increased path loss exponent reduced the outage, the rate
of decrease varied with threshold power levels and system
parameters, and that transmitter densities of both networks
significantly affected the outage characteristics.
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