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Abstract—The existing cellular systems operating in ultra
high frequency bands suffer from severe bandwidth congestion
and therefore the paradigm of cellular spectrum is shifting
towards millimeter wave (mmWave) bands under the umbrella
of fifth generation (5G) networks to provide higher capacity.
On the other hand, providing secure and reliable transmission
of data to the desired users is gaining more importance in
recent years. This paper analyzes the impact of co-existence of
mmWave small cells and massive multiple-input multiple-output
(MIMO) on connection outage and secrecy outage of the network.
Specifically, we consider a three-tier network consisting of small
cells operating at both the sub-6 GHz and mmWave frequency
bands overlaid with massive MIMO-enabled macro base stations
where eavesdroppers under variable eavesdroppers density and
antenna gains are present. The user location of both the desired
entities and eavesdroppers are modeled by independent Poisson
point processes. Based on this stochastic model, we investigate
the downlink secrecy outage probability and connection outage
probability of the entire network. Numerical results show that
massive MIMO-enabled hybrid heterogeneous networks (HetNet)
alongside mmWave small cells significantly reduces both the
connection outage and secrecy outage probability of the network
for higher small cells base station density.

I. INTRODUCTION

Over the years, the explosive growth in the mobile data
traffic calls for shifting the paradigm of cellular spectrum to
higher frequency bands. Since the existing wireless spectrum
is almost saturated, the key enablers for 5G technology are
millimeter wave (mmWave) base stations (BSs) operating at
10 to 300 GHz radio frequency bands with bandwidths as high
as 2 GHz and large-scale antenna arrays at sub-6 GHz band.
Thus, the 5G technology can be visualized as a combination
of a mixed heterogeneous network (HetNet) composed of
multiple network tiers of variable sizes, transmit powers, range
and operating frequencies.

The amalgamation of HetNets, massive multiple-input
multiple-output (MIMO) and mmWave small cells has gath-
ered considerable attention recently. For instance, a stochastic
geometry-based model for standalone mmWave network is
investigated in [1] for the analysis of coverage and rate trends.
The user association per tier and coverage probability for
K-tier HetNets with massive MIMO in the macro tier is

stochastically modeled in [2]. Whereas much emphasis is
laid on connection and rate performance of these networks,
a considerable work has been done on physical layer security
implementation in wireless networks. For instance, the secrecy
capacity of unicast links in the presence of eavesdroppers
where transmission to the desired node is based on distance
is studied in [3]. Similarly, secrecy outage probability for
wireless fading channel was investigated in [4]. The authors
in [5] have studied the secrecy and outage capacity under the
effect of blockages for mmWave overlaid microwave network
in the presence of eavesdroppers.

While the aforementioned literature explains the efficiency
of mmWave overlaid microwave networks in terms of their
connection and secrecy outage behavior, an analytical ap-
proach to investigate the impact of co-existence of massive
MIMO and mmWave cells on connection outage and secrecy
outage in a HetNet in the presence of eavesdroppers has not
been explored yet. In this paper, we use stochastic geometry
for the downlink transmission analysis of a 3-tier network
composed of mmWave and sub 6-GHz small cells overlaid
massive MIMO-enabled sub 6-GHz macro cells. To the best
of our knowledge, no prior work has analyzed secrecy and
connection outage of mmWave small cells coexisting with
traditional HetNets with massive MIMO enabled macro BSs
(MBSs) in the presence of eavesdropper. The mmWave and
sub-6 GHz small cells BSs are deployed at higher density than
MBSs and user association, connection outage and secrecy
outage trends are discussed.

II. SYSTEM MODEL

We consider the time-division duplex (TDD) downlink
transmission scenario of a three-tier HetNet comprising of
sub-6 GHz macro cells overlaid with small cells operating
at sub-6 GHz and mmWave frequency band [6]. It is assumed
that sub-6 GHz macro cell base stations (MBSs) are provided
with large antenna arrays. The sub-6 GHz small cells con-
stitute tier 2 while tier 3 constitutes small cells operating
at mmWave frequency band. The BSs of each kth tier are
uniformly located following a two dimensional homogeneous
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Poisson point process (HPPP) Φk with density λk where
k ∈ {1, 2, 3}. The user equipment and eavesdroppers are also
uniformly distributed as HPPP Φu and Φe with density λu
and λe, respectively. It is assumed that each macro cells has
N antennas which is transmitting consecutively to S users
such that N � S ≥ 1 [7]. Each MBS utilises Zero forcing
beamforming (ZFBF) to transmit S data streams with equal
power assignment. It is considered that the small cell BSs and
users are omni-directional, i.e., N = 1. It is also assumed that
the downlink channel state information is perfectly estimated
at the MBS [2]. According to Slivnyak’s Theorem, a typical
user is assumed to be located at the origin to analyse the
network performance. The typical user can establish either
line-of-sight (LoS) or non-line-of-sight (NLoS) connection
with mmWave small cells. Thus, we divide , By the aid
of independent thinning theorem, the intensity of mmWave
tier Φ3 can be divided into two independent PPPs of LoS
and NLoS mmWave small cells such as ΦL3 and ΦN3 , with
respective intensities of p(x)λ3 and (1− p(x))λ3, using LoS
probability function p(x). The p(x) is used to determine if
a link of length x is LoS or NLoS [1]. The LoS probability
function p(x) is discussed further in this section. More details
can also be found in [8].

In this work, an open access scheme is considered such that
each user has the flexibility to connect to any tier BS based on
the maximum average received power, i.e., a user will connect
to tier j only if

j = arg max
k∈{1,2,3}

PkLk(x), (1)

where Pk is the transmission power of the kth tier, Lk(x) =
x−αkk is the path loss function where x is distance between
typical user and serving BS and αk is the path loss exponent.

It is assumed that the tier 1 and 2 follow independent
and identically distributed (i.i.d) Rayleigh fading and inde-
pendent Nakagami fading is assumed for tier 3. Therefore, the
SINRs discussed in this subsection are for the most malicious
eavesdropper i.e., SINRe

∗

i = max
e∈Φe
{SINRei} where i ∈

{M,S,m}. The received signal-to-interference-plus-noise ra-
tio (SINR) for a typical user and any eavesdropper associated
with the MBS bo,M is represented as

SINRuM =
P1

S ho,MLo,M (x)

σ2 +
∑
j∈Φ1\bo,M

P1

S hj,MLj,M (xj) + IS
, (2)

SINReM =
P1

S he,Mr
−α1
e

σ2 +
∑
j∈Φ1

P1

S hj,MLj,M (xj) +
∑
q∈Φ2

PqhqLq(xq)
,

(3)
where hq is the small scale fading gain from the interfering
channel such that hq ∼ exp(1), xq is the distance between
the typical user and small cell BS q, ho,M and he,M are the
small scale fading gains of the typical user at the distance x
and eavesdropper at the distance re from the serving BS such
that ho,M ∼ Γ(N − S + 1, 1) [9]. hj,M is small scale fading
power gain such that hj,M ∼ Γ(S, 1), xj is distance between
typical user and MBS j and Lq(xq) = x−α2

q and σ2 is the
noise power.

The SINR of a typical user with link distance x and any
eavesdropper at distance re associated with the small cell BS
bo,S operating at sub-6 GHz band is represented as

SINRuS =
P2ho,SLo,S(x)

σ2 +
∑
q∈Φ2\bo,SP2hq,SLq,S(xq) + IM

, (4)

SINReS =
P2he,Sr

−α2
e

σ2 +
∑
q∈Φ2

P2hq,SLq,S(xq) + IM
, (5)

where IM =
∑
j∈Φ1

Pj
S hjLj(xj) is the intercell interference

from macro cells, Lq,S(xq) = x−α2
q and Lo,S(x) = x−α2 .

Here, hq,S is the small scale fading gain from the interfering
channel such that hq,S ∼ exp(1). Similarly, ho,S and he,S
are the small scale fading gain of the typical user such that
ho,S ∼ exp(1) while hj is small scale fading power gain such
that hj ∼ Γ(S, 1). Here, Lq,S(xq) = x−α2

q and Lo,S(x) =
x−α2 .

The SINR for the typical user and any eavesdropper asso-
ciated with mmWave small cell bo,m is represented as

SINRum =
P3MrMtho,mLo,m(x)

σ2 + P3

∑
j∈{L,N}

∑
i∈Φj3\bo,m

Glhi,mLi,m(xi)
,

(6)

SINRem =
P3Gehe,mr

−α(j)
3

e

σ2 + P3

∑
j∈{L,N}

∑
i∈Φj3

Glhi,mLi,m(xi)
, (7)

where Lo,m(x) = x−α
(j)
3 , ho,m and he,m are small scale fad-

ing gain where Nakagami fading parameter are unique positive
integers Nj for j ∈ {L,N}, Ma are the main lobe gains for
a ∈ {transmitter, receiver}, Gl and Ge are the directivity
gains of interfering BSs and eavesdropper. We assume that
both the BSs and the users have their main lobe aligned in
the direction of dominant propagation path so the directivity
gain of the desired link signal is MrMt. It is assumed that
the beam direction is independently and uniformly distributed
between (0, 2π]. Hence Gl for l = {1, 2, 3, 4} is given as,

Gl =


al = MrMt with prob. pl = ( θr2π

θt
2π )

al = Mrmt with prob. pl = ( θr2π (1− θt
2π ))

al = mrMt with prob. pl = ((1− θr
2π ) θt2π )

al = mrmt with prob. pl = ((1− θr
2π )(1− θt

2π )).

A blockage model based on stochastic geometry approach
is assumed for mmWave small cells [10]. Hence the LoS
probability function p(x) is given as, p(x) = e−βx where
β is the dependent on statistics of blockages and x is the BS
to typical user link distance.

III. PERFORMANCE ANALYSIS

In the proposed network scenario, it is assumed that all tier
links are eavesdropped and for enhanced secrecy, a secrecy
coding scheme called Wyner code is adopted at each link [11].
Based on this scheme, we need to specify two kind of rates
at the transmitter, i.e., rate of the transmitted message signal
Rm, and rate of transmitted code words Rc. In the considered
network scenario, when a BS of any tier intends to make a
reliable and secure transmission, depending of the choice of
Rm and Rc at the BS, the following outage events are bound
to occur.



a) Connection outage occurs when the capacity of the link
between typical user and its associated BS falls below the
transmitted message rate Rm, i.e., SINR of the received signal
is below a certain threshold. Hence, we define connection
outage probability as Ckco(Γ) = Pr(SINRuk < Γ).

b) Secrecy outage occurs when the capacity of the channel
between the serving BS and any eavesdropper is above the
rate Re and message security is breached, i.e., received SINR
at any eavesdropper is above a certain threshold. Hence, we
define secrecy outage probability as Ckso(Γe) = Pr(SINRek >
Γe).
A. Association Probability

The association probability that a typical user is connected
to the MBS is given by,

A1 = 2πλ1

∫ ∞
0

xexp
(
−πλ2

(
P2Sx

α1

P1(N − S + 1)

)2/α2

−πλ1x
2 − 2πλ3

(
P3S

P1(N − S + 1)

)2/α3

Y (x)

)
dx,

(8)

where Y (x) is given by,

Y (x) =

∫ δN (x)

0

tp(t)dt+

∫ δL(x)

0

t(1− p(t))dt, (9)

where δN (x) =
(
P3G
P1

) 1
αL x

α1
αL , δL(x) =

(
P3G
P1

) 1
αN x

α1
αN .

The probability density function (PDF) of users distance to
serving MBS, fX1(r), is given as [6],

fX1
(r) =

2πλ1

A1
xexp

(
−πλ2

(
P2Sr

α1

P1(N − S + 1)

)2/α2

−πλ1r
2 − 2πλ3

(
P3S

P1(N − S + 1)

)2/α3

Y (r)

)
.

(10)

The association probability that a typical user is connected
to sub-6 GHz small cell BS is given by,

A2 = 2πλ2

∫ ∞
0

xexp
(
−πλ2x

2 − 2πλ3Y (x)−

πλ1

(
P1(N − S + 1)xα2

P2S

)2/α1
)
dx.

(11)

The PDF of the distance of the typical user to serving sub-6
GHz small cell BS, fX2

(r), is given as [6],

fX2
(r) =

2πλ2

A2
rexp

(
−πλ2r

2 − 2πλ3Y (r)−

πλ1

(
P1(N − S + 1)rα2

P2S

)2/α1
)
.

(12)

The association probability that a user is associated to a
mmWave small cell BS is given as

A3 = 1−
∑

k∈{1,2}

Ak. (13)

For mmWave links, the probability of con-
necting with NLoS link is given by, AN =

ηN
∫∞

0
exp

{
−2πλ3

∫ δN (x)

0
tp(t)dt

}
fN (x)dx [1]. Hence, the

probability of connecting with LoS link is AL = 1−AN . Here,

fN (x) = 2πλ3x(1 − p(x))exp(−2πλ3

∫ x
0
t(1 − p(t))dt)/ηN

is the PDF of the distance of the typical user
to the NLoS BS and for LoS link, fL(x) =
2πλ3xp(x)exp(−2πλ3

∫ x
0
tp(t)dt)/ηL [Eq. 4 of [1], [10],

Theorem 8] where ηN = 1− exp
{
−2πλ3

∫∞
0
t(1− p(t))dt

}
is probability that the user has at least one NLoS link,
likewise, ηL = 1 − exp

{
−2πλ3

∫∞
0
tp(t)dt

}
for LoS

link. The PDF of the distance of the typical user to
serving BS given that it is connected with LoS link is
f̂L(x) = ηLfL(x)

AL
exp

{
−2πλ3

∫ δL(x)

0
t(1− p(t))dt

}
and for

NLoS link f̂N (x) = ηNfN (x)
AN

exp
{
−2πλ3

∫ δN (x)

0
tp(t)dt

}
.

B. Connection Outage Probability

Connection outage probability of a typical user associated
with sub-6 GHz macro or small cell BS is given as

Ckco(Γ) = Pr(SINRuk < Γ) = 1− Pr(SINRuk > Γ)

= 1−
∫ ∞

0

Pr(SINRuk > Γ|Xk = x)fXk(x)dx

= 1−
∫ ∞

0

Ck(Γ, x)fXk(x)dx where k ∈ {1, 2}.

Here C1(Γ, x) for a typical user associated with MBS at the
distance x is given by

C1(Γ, x) =

N−S∑
w=0

(xα1)w

(w!)(−1)w

∑ w!
w∏
j=1

nj !(j!)
nj

×exp
(
−Γσ2Sxα1

P1
− F

(
ΓSxα1

P1

)) w∏
j=1

(D(j)(xα1))nj ,

(14)
where F (.) and D(j)(.) are given as,

F (q) = 2πλ1

S∑
z=1

(
S

z

)(
P1

S

)z
qz

(
(−q P1

S )−z+
2
α1

α1

)

B
(−q P1

S x
−α1 )

[
z − 2

α1
, 1− S

]
+ 2πλ2qP2

(O(x))
2−α2
α2

α2 − 2

2F1

[
α2 − 2

α2
, 1; 2− 2

α2
;−qP2(O(x))−1

]
,

(15)

D(1)(i) = −Γσ2Sxα1

P1
− 2πλ1SΓ

x2−α1

α1 − 2

2F1

[
α1 − 2

α1
, S + 1; 2− 2

α1
;−iΓx−α1

]
− 2πλ2

ΓS

P1

(O(x))
2−α2
α2

α2 − 2 2

F1

[
α2 − 2

α2
, 2; 2− 2

α2
;− iΓS

P1
P2(O(x))−1

]
,

(16)

D(j)(i) = 2πλ1(−Γ)
2
α1

(S + j − 1)!

(S − 1)!

(i)−j+
2
α1

α1

B(−Γix−α1 )

[
j − 2

α1
, 1− S − j

]
+ 2πλ2(j!)

(i)−j+
2
α1

α1(
−ΓSP2

P1

) 2
α1

B
(−P2

ΓSi
P1

(O(x))
−α1
α2 )

[
j − 2

α1
,−j

]
,

(17)



where O(x) =
(

P2Sx
α1

(N−S+1)P1

)
.

Similarly, C2(Γ, x) for a typical user associated with sub-6
GHz small cell BS at distance x is given as,

C2(Γ, x) = exp
(
−Γσ2xα2

P2
− 2πλ1

S∑
z=1

(
S

z

)(
P1Γxα2

SP2

)z

×
(−Γxα2P1

SP2
)−z+

2
α1

α1
B(

P1Γxα2

SP2
(M(x))−1

) [z − 2

α1
, 1− S

]
−

2πλ2Γxα2
x2−α2

α2 − 2
×2 F1

[
α2 − 2

α2
, 1; 2− 2

α2
;−Γ

])
,

(18)
where M(x) =

(
N−S+1
SP2

P1x
α2

)
. It can be found following

the same steps as outlined in [2].
The connection outage probability for a user associated with

mmWave small cell is given by,

C3
co(Γ) = 1−

[
ALC3,L(Γ) +ANC3,N (Γ)

]
, (19)

where C3,L and C3,N are given as,

C3,L ≈
NL∑
j=1

(−1)j+1

(
NL
j

)
×∫ ∞

0

exp
(
−jεLxαLΓσ2

MrMt
− γj(Γ, x)− θj(Γ, x)

)
f̂L(x)dx,

and

C3,N ≈
NN∑
j=1

(−1)j+1

(
NN
j

)
×∫ ∞

0

exp
(
−jεNxαNΓσ2

MrMt
− γj(Γ, x)− θj(Γ, x)

)
f̂N (x)dx.

where

γj(Γ, x) = 2πλ3

4∑
i=1

pi

∫ ∞
x

W

(
NL,

jεLâiΓx
αL

NLtαL

)
p(t)tdt,

θj(Γ, x) = 2πλ3

4∑
i=1

pi

∫ ∞
δL(x)

W

(
NN ,

jεLâiΓx
αL

NN tαN

)
(1− p(t))tdt,

γj(Γ, x) = 2πλ3

4∑
i=1

pi

∫ ∞
δN (x)

W

(
NL,

jεN âiΓx
αN

NLtαL

)
p(t)tdt,

θj(Γ, x) = 2πλ3

4∑
i=1

pi

∫ ∞
x

W

(
NN ,

jεN âiΓx
αN

NN tαN

)
(1− p(t))tdt,

and W (N, x) = 1 − 1/(1 + x)N . Here εL = NL(NL!)
− 1
NL

and εN = NN (NN !)
− 1
NN . Parameter âi = ai/MrMt, ai and

pi are defined in Section II. The proof is omitted here due to
the space limitation and can be found in [1].

The total connection outage probability, Cco, is calculated
using law of total probability as

Cco =

3∑
k=1

CkcoAk. (20)

C. Secrecy Outage Probability

The secrecy outage probability is the measure that at least
one of the eavesdroppers is causing the secrecy breach. It is
defined for a typical link of kth tier as

Ckso(Γe) = Pr(SINRek < Γe) = 1− Pr(SINRek > Γe)

(a)
= 1− Eφk

[
Eφe

[∏
e∈φe

(
1− Pr(SINRek > Γe)

)]]
(b)
= 1− Eφk

[
exp
[
−λe

∫
R2

Pr(SINRek > Γe)de

]]
,

where (b) gives the upper bound on (a) by using independence
of fading at each eavesdropper and generating functional of
PPP.

The total secrecy outage probability, Pso, for the three tier
network is defined as

Cso =
3∑
k=1

CksoAk. (21)

The conditional secrecy outage probability for a typical user
associated with sub-6 GHz MBS is given as,

C1
so(Γe) = 1− exp

(
−2πλe

N∑
i=1

(
N

i

)
(−1)i+1×∫ ∞

0

reexp
[
− iΓer

α1
e σ2

P̂1

− ζ1
1 − ζ1

2

]
dre

)
,

(22)

where P̂1 = P1

S and ζ1
1 and ζ1

2 is the characterization of
interference from sub-6 GHz MBSs and small cell BSs given
as,

ζ1
1 = 2πλ1

S∑
µ=1

(
S

µ

)∫ ∞
re

(uP̂1r
−α1)

µ

(1 + uP̂1r−α1)
S
rdr,

ζ1
2 = 2πλ2

∫ ∞
(

P2
(N−S+1)P̂1

)
1
α2 re

α1
α2

(
uP2r

−α2

1 + uP2r−α2

)
rdr,

respectively, where u = ( iΓere
α1

P̂1
). Similarly, the conditional

secrecy outage probability for a typical user associated with
sub-6 GHz small cell BS is given as

C2
so(Γe) = 1− exp

(
−2πλe∫ ∞

0

reexp
[
−Γer

α2
e σ2

P2
− ζ2

1 − ζ2
2

]
dre

)
,

(23)

where

ζ2
1 = 2πλ1

S∑
µ=1

(
S

µ

)∫ ∞
(N−S+1

P2
P̂1)

1
α1 re

α2
α1

(uP̂1r
−α1)

µ

(1 + uP̂1r−α1)
S
rdr,

ζ2
2 = 2πλ2

∫ ∞
re

(
uP2r

−α2

1 + uP2r−α2

)
rdr,



TABLE I
SIMULATION PARAMETERS

Parameter Value Parameter Value
λ1

(
5002 × π

)−1
f1 = f2 1 GHz

B1 = B2 10 MHz α1 3.5
α2 4 P1 46 dBm
P2 30 dBm λe 1× 10−6

f3 28 GHz B3 100 MHz
P3 30 dBm αL 2
αN 4 NN 2
NL 3 Mr 10 dB
Mt 10 dB mr -10 dB
mt 0 dB θr 90◦

θt 30◦ σ2 -90 dBm
Noise figure 10 dB 1/β 141.4 m [1]
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Fig. 1. Connection probability versus λ3/λ1 with λ2 = 30λ1, N = 100
and S = 5

where u = (Γere
α2

P2
). The conditional secrecy outage proba-

bility for a typical user associated with mmWave small cell
BS is given as,

C3
so(Γe) = 1− exp

(
−2πλe

∑
j∈{L,N}

Nj∑
i=1

(
Nj
i

)
(−1)i+1×

∫ ∞
0

reexp
[
− iΓer

αj
e σ2

P3Ge
− ζ3,j

]
pj(re)dre

)
,

(24)
where pL(re) = e(−βre), pN (re) = 1 − e(−βre), ζ3,L =
γi(Γe, re) + θi(Γe, re) and ζ3,N = γi(Γe, re) + θi(Γe, re)
respectively.

IV. SIMULATION AND NUMERICAL RESULTS

In this section, we validate the system model by taking a
3-tier HetNet, wherein the first tier (or MBS) and the second
tier (or SBS) are assumed to be operating at sub-6GHz band
whereas the third tier (or SBS) is operating at the mmWave
band. The simulation parameters are outlined in Table I.

We observe the relationship between the association proba-
bility and varying mmWave small BS density λ3 as depicted in
Fig. 1. It can be observed that the connection probability with
mmWave tier increases with an increase in λ3. This is due to
the fact that with increasing density, the average cell radius of
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Fig. 3. Secrecy outage probability as the function of λe for Γe = 40 dB,
N = 5

the mmWave small cells decreases bringing the users closer to
the mmWave BSs. As mentioned earlier, the LoS probability
p(R) is a function of the link distance so bringing the users
closer increases the LoS association probability resulting in
lesser penetration losses. Although macro BSs have higher
transmit power and large array gains, association with macro
BSs decreases due to their lower BS density.

In Fig. 2 we can see the variation in secrecy outage proba-
bility versus SINR threshold at the eavesdropper for different
eavesdropper antenna gains for mmWave tier and it is observed
that secrecy outage probability falls with increase in Γe and
higher directivity gains lead to increased secrecy outage.
Highly directional beamforming at mmWave tier leads to lower
connection outage probability but since eavesdroppers too will
have higher gains, there is a greater probability of them having
SINR greater than threshold and thus transmission secrecy
is compromised. Thus, there exists a tradeoff and it is not
possible to set highly directional beams at mmWave BSs to
improve connection outage while ignoring secrecy outage.

Fig. 3 shows the behavior of secrecy outage probability as
the density of eavesdropper is varied for different small cell BS
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densities and directional antenna gains at the eavesdroppers.
It is observed that higher small cell BS density improves
the secrecy of the network as higher density yields greater
overall network interference that leads to uncertainty at the
eavesdropper and its SINR falls below the threshold. Moreover
it is observed that keeping small cell density fixed, lower
directional antenna gains at the eavesdroppers improves the
secrecy capacity of the network transmissions. Thus lower di-
rectional gain and increased interference collectively decrease
the chance of eavesdroppers SINR being above threshold.

Fig. 4 shows the secrecy outage probability variation with
Γe for different number of antennas at macro BSs and it is
observed that as the number of antennas at MBSs increases,
the secrecy outage probability also increases. This is due to
the fact that MBSs are higher power nodes as compared to
small cell BSs that leads to better transmission at legitimate
as well as eavesdroppers nodes thus eavesdroppers are more
likely to have SINR well above threshold. Moreover, when
MBSs have higher antenna density, they provide higher array
gains and users are less likely to be offloaded to small cells,
therefore, overall interference of the network drops, leading to
less uncertainty at the eavesdroppers. It can be observed from
the figure that there is no substantial increase in secrecy outage
after the number of antennas is increased beyond certain limit
because after that user association with tiers does not have
significant variation.

Fig. 5 shows the connection outage probability for various
small cell BS densities and we observe that an increase in
small cell BS density results in more users being offloaded
to the small cells and it significantly decreases the connection
outage probability of the network. As the transmission power
of small cell BSs are lower leading to power-efficient network
wherein high powered macro BS have lower traffic and density
but at the expense of high density of small cell BSs. Moreover,
analytical model is validated by simulations.

V. CONCLUSION

In this paper, we have investigated the impact of massive
MIMO and mmWave small cells on the connection and secrecy
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outage probability of a 3-tier heterogeneous network. User
association with BS is based on maximum average received
power. Association probability for fixed number of antennas at
the MBSs is biased towards mmWave small cells. It has been
observed that higher density of sub-6 GHz and mmWave small
cells leads to considerable decrease in connection outage and
secrecy outage probability. Moreover, it is critical to mention
that directivity gains for mmWave BSs and number of antennas
at MBSs cannot be increased limitlessly to offload traffic to
small cells and decrease network outage capacity since that
elevates the secrecy outage capacity, i.e., there exist a tradeoff
between secrecy outage and connection outage probability.
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