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Performance Analysis of NOMA Enabled Hybrid
Network with Limited Feedback

Pragya Swami, Mukesh Kumar Mishra, Vimal Bhatia, Senior Member, IEEE,
and Tharmalingam Ratnarajah, Senior Member, IEEE

Abstract—This paper investigates the coexistence of multi radio
access technology (RAT) using Ultra High Frequency (UHF)
small base station (SBS) and millimeter Wave (mmWave) SBS
tier in a heterogeneous network (HetNet). To support large
number of users, non-orthogonal multiple access (NOMA) is used
in the SBS tier. For NOMA, the SBS needs to obtain users’
channel state information (CSI) to determine their ordering.
Acquiring CSI at the SBS is a challenging task due to the
massively increased number of users. The existing literature
uses limited feedback from the users as a potential solution
to assist the SBS in user ordering, when perfect CSI is not
known at the base station. The limited feedback from the users
in the existing literature is used only for user ordering. However,
in the proposed work, unlike using limited feedback only for
user ordering, the usage of limited feedback from the users is
twofold. The first one is for the user ordering and the second
is for the RAT selection. The impact of the proposed feedback
system is analyzed in a NOMA enabled hybrid UHF/mmWave
downlink HetNet. Numerical results show that the proposed
feedback system achieves significant improvement in the outage
probability.

Index Terms—Non-orthogonal multiple access, mmWave, het-
erogeneous network, limited feedback, outage probability.

I. INTRODUCTION

Non-orthogonal multiple access (NOMA) and millimeter
wave (mmWave) communication, both have gained enor-
mous research attention in 5G and beyond wireless networks.
NOMA enhances spectral efficiency and increases the num-
ber of connected devices, while mmWave communication
increases data rates by providing a very large bandwidth.
However, transmissions using higher mmWave frequencies
suffer from large attenuation and high sensitivity to blockages
[1]. Additionally, providing initial access using beamtraining
with thin beams to standalone mmWave small base stations
(SBSs) is challenging [2]. If the position of ultra high fre-
quency (UHF) SBS and mmWave-SBS (mSBS) relative to one
another are known in a multi-radio access technology (RAT)

This work is supported in part by the R&D project under the Visvesvaraya
PhD Scheme of Ministry of Electronics and Information Technology, Gov-
ernment of India, being implemented by Digital India Corporation (formerly
Media Lab Asia), in part by DST-UKIERI (DST/INT/UK/P-129/2016 and
DST-UKIERI-2016-17-0060), and in part by the third phase of technical
education quality improvement program (referred to as TEQIP-III) of Ministry
of Human Resource Development (MHRD), Government of India, under the
Collaborative Research Scheme.

Copyright (c) 2015 IEEE. Personal use of this material is permitted.
However, permission to use this material for any other purposes must be
obtained from the IEEE by sending a request to pubs-permissions@ieee.org.

P. Swami and V. Bhatia are with Indian Institute of Technology Indore,
Indore, India; M. K. Mishra is with Samrat Ashok Technological Institute
Vidisha, India, and T. Ratnarajah is with the Institute for Digital Communi-
cations, University of Edinburgh, Edinburgh, UK.

heterogeneous network (HetNet), the information acquired by
the UHF-SBS (uSBS) can be shared with the mSBS. This
speeds up the initial access procedure, since the coarse-grained
angle information for beamtraining can be derived easily using
the shared information from the uSBS [2].

A. Motivation and Contribution

Proposing a future cellular network with the co-existence
of multiple-RATs is a more practical approach [2]. Moreover,
due to the increased load on the macro base station (MBS) tier
due to rapidly increasing number of users, offloading the users
to the SBS aids in load balancing in a HetNet [3]. At the SBS
tier, it might not be possible to dedicate an entire frequency
band to the offloaded user (OU) due to resource constraints.
Motivated by the merits of NOMA, need for the co-existence
of multi RAT SBSs, and the challenge of acquiring channel
state information (CSI) at the SBS for large number of users,
this work proposes a NOMA enabled hybrid HetNet with
limited feedback. Since the channel needs to be estimated at
the user, fed into a quantizer that returns a small number of
feedback bits which are transmitted back to the SBS, limited
feedback (using one-bit quantization technique) reduces the
system overhead [4]–[6]. The major contributions of the work
are as follows:
• The existing literature lacks in a detailed study of a fu-

turistic network with co-existing multi-RATs in mmWave
networks with NOMA [7], [8]. The proposed system
model investigates the coexistence of multi-RATs using
uSBS tier and mSBS tier. Offloading is performed in the
HetNet for load balancing.

• Offloading in the HetNet requires SBS tier to serve the
OU from the MBS tier. It might not be possible to allocate
an entire bandwidth to the OU at the SBS tier due to
resource constraints. Hence, to support the OU, the uSBS
tier and mSBS tier employs NOMA. The OU is paired
with the user available at the SBS tier (called the pairing
user) and served using NOMA.

• Standalone network comprising of only mSBS poses is-
sue of large initial access delay [9], [10]. The assumption
of co-located uSBS and mSBS in the proposed system
model lowers the initial access delay in the mSBS. The
proposed system model considers two-step association
procedure where, the first step is for the tier selection,
and second step is for the RAT selection. The two-
step association procedure speeds up the initial access
procedure, as explained in detail in Section II-B. The
work in [2] discusses about the co-located multi-RAT,
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however, the system model does not consider NOMA.
Further, unlike the proposed work, [2] does not consider
limited feedback for user scheduling (explained in detail
Section II.C of the manuscript).

• For a system with large number of users, efficiently
collecting the required CSI is a challenging task, espe-
cially when the feedback links are of limited capacity.
Furthermore, using network centric approach for RAT
selection [11], [12] also involves exchanging significant
communication overheads. The overhead is reduced by
using limited feedback from the users. In the current
literature, limited feedback is used only for ordering of
the users [4], [7]. However, in the proposed work, unlike
using limited feedback only for user ordering, the usage
of limited feedback from the users is twofold. The first
one is for the RAT selection (explained in Section II.B.2)
and the second one is for the user scheduling (explained
in Section II.C).

II. PROPOSED SYSTEM MODEL FOR NOMA ENABLED
HYBRID UHF/MMWAVE NETWORK

The proposed system model consists of a HetNet compris-
ing an MBS tier, uSBS tier, and mSBS tier represented by
T = {b, u,m}, respectively. The base stations (BSs) follow
independent Poisson point process (PPP) based distribution,
ΩT , with density λT for the T th tier. Offloading is performed
in the HetNet for load balancing. The uSBS and mSBS are
assumed to be co-located [2] (explained in Section II.B). The
uSBSs are equipped with single antenna while the mSBS
transmit using M antennas. Both uSBS and mSBS uses
NOMA to support the enormous users. The transmit power and
communication range are denoted by PT and YT , respectively,
for the BS of T th tier. The target data rate is denoted as R.
For UHF band, bounded path loss model is considered [3],
[13]. The mmWave channel model is expressed as follows [7]

hmt =

√
Mhmt,0a(θ0

t )√
1 + (rmt )ν

LOS
m

+

L∑
l=1

√
Mhmt,la(θlt)√

1 + (rmt )ν
NLOS
m

, (1)

where L is the number of multi-paths, and a(θ̄) =
1√
M

[
1 e−jπθ̄ · · · e−jπ(M−1)θ̄

]T
. The distance between

the typical user (TU) and the nearest BS of the T th tier is
denoted by rTt , such that T = {b, u,m}, owing to the nearest
neighbor (NN) connection policy [1], [3]. The νNLOS and
νLOS denote the path loss exponents for the non-line-of-sight
(NLOS) and line-of-sight (LOS) paths, respectively. The hmt,l
represents the complex gain for the lth path and is assumed
to be complex Gaussian distributed, i.e., hmt,l ∼ CN (0, 1).
The normalized direction of the lth path is denoted as θlt. As
discussed in [7] and [14], the gain of an LOS link in mmWave
communications can be 20 dB stronger than those of NLOS
links. Therefore, the LOS path dominates and the simplified
channel model can be written as hmt =

√
M

hmt,0a(θ0t )√
1+(rmt )νm

[7], [15], where νm = νLOSm . To model the blockages, the
probability that a mmWave link of distance r is an LOS path is
given as τ(r) = e−φr [7], [16], where the value of φ is decided
by the shape, size, density, etc. of the buildings. Ignoring

the correlations between the blockages, two independent non-
homogeneous PPP are obtained, one for the LOS mSBSs and
one for the NLOS mSBSs with respective density functions
given as τ(r)λm and (1−τ(r))λm. The conditional probability
density function (PDF) of distance of the TU to the nearest
LOS mSBS is given as [1]

frmt (r) =
2πλmrτ(r)e−2πλm

∫ r
0
xτ(x)dx

BL
, (2)

where r > 0, BL is the probability that the TU has at least
one LOS mSBS and is given as BL = 1−e−2πλm

∫∞
0
xτ(x)dx.

A. Random Beamforming

In this work, random beamforming is used [7], [15], repre-
sented as p = a(θ), where θ is the normalized direction and
thereby is uniformly distributed between -1 and 1. The central
angle of the sector formed by the beam is 2∆. Since, only the
LOS component is considered, the superscript 0 is dropped
hereafter. Following [7], [15] the effective channel gain of a
user on the randomly generated beam, |h∗t |2 = |(hm

t )
H
p|2,

can be expressed as follows,

|h∗t |2 = |h̃|2
sin2

(
πM(θ−θt)

2

)
M sin2

(
π(θ−θt)

2

) = |h̃|2FM (π[θ − θt]) , (3)

where |h̃|2 =
|hmt |

2

1+(rmt )νm , the operator |.| stands for the absolute
value, and FM (x) denotes the Fejér kernel such that FM (x)→
0 for increasing x. This implies that a large effective channel
gain on the beam is possible only when the user’s channel
vector and the direction of beam are aligned.

B. Two-Step Association Procedure

So far, the concept of biased received power (BRP) for
association has been used for offloading between the tiers only
(i.e., tier selection) [3], [12]. The proposed work considers
BRP for tier selection and also for RAT selection using a
two-step association procedure which lowers the initial access
delay for the mSBS tier. In the first step, user compares
the BRP from the nearest MBS with the BRP from the
nearest uSBS and selects the tier with the higher BRP (ex-
plained in Section II.B.1). Hence, we are able to offload
users from the MBS tier to the SBS tier. In the first step
of tier selection, the uSBS can determine the location of the
users using suitable signal processing techniques [17]. For
standalone mSBS, providing initial access using beam-training
with thin beams is a difficult task as highlighted in [2], [9].
If the position of uSBS and mSBS relative to one another
are known, the users’ information acquired by the uSBS in
the first step can be shared with the mSBS. This speeds up
the initial access procedure since the coarse-grained angle
information for beamtraining can be derived easily using the
shared information from the uSBS. Since, the information is
shared between the uSBS and mSBS, it is termed that the
uSBS and the mSBS are co-located. Later, in the second step,
the user compares the BRP from the nearest uSBS with the
BRP from the nearest mSBS. Based on the signal strength, the
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user selects whether it will associate with the uSBS or mSBS
(explained in Section II.B.2). This is called as RAT selection in
the proposed work. The proposed two-step association scheme
is different from the scheme where the biased received powers
from all the tiers and RATs are compared together (i.e., one-
step procedure) [18]. However, access delay is lower when
two-step association is used, as argued in [2]. This is because
the users’ position can be acquired using the UHF band in the
first step before performing beamtraining which speeds up the
initial access procedure for mSBS.

1) Step-1: Tier Selection Probability: The tier selection
probability is based on the long term averaged BRP from the
uSBS and MBS tier [3], [12]. The tier with higher BRP is
selected by the user. The probability of a user selecting the
uSBS tier is expressed as

PSu = Erut
[
P
(
BbPb(r

b
t )
−νb < BuPu(rut )−νu

)]
= Erut

[
P

(
rbt >

(
BbPb
BuPu

) 1
νb

(rut )
νu
νb

)]
(a)
= Erut

[(
e−2πC11 − e−πλbY

2
b

)]
, (4)

where (a) follows from the PDF of rbt , which is given as
frbt (r) = 2πλbr exp−πλbr

2

owing to the NN connection policy

[3], C11 = λb(r
u
t )

2νu
νb C2

1 , and C1 =
(
BbPb
BuPu

) 1
νb . E[·] denotes

statistical expectation. The νb and νu denote the path loss
exponents for MBS tier and uSBS tier, respectively. Taking
the expectation over rut such that the PDF for rut is given
as frut (r) = 2πλure

−πλur2 , the tier selection probability is
calculated as

Psu=2πλu×
∫ Yu

0

(
e−2πC11−e−πλbY

2
b

)
×re−πλur

2

drut . (5)

2) Step-2: Feedback for RAT selection: Using the proposed
feedback system, for RAT selection, long term averaged BRP
from the nearest uSBS and nearest mSBS is compared. The
feedback bit is sent by the user over the UHF band which
is shared by the co-located mSBS. The user feeds bit “0” if
the BRP from the nearest uSBS is higher as compared to that
received from the nearest mSBS. Likewise, the user feedback
is “1” if the BRP from the nearest mSBS is higher as compared
to that received from the nearest uSBS. Probability of a user
selecting mSBS is expressed as,
Pm = Ermt

[
P
(
BuPu(rut )−νu < BmPm(rmt )−νm

)]
= Ermt

[
P

(
rut >

(
BuPu
BmPm

) 1
νu

(rmt )
νm
νu

)]
(b)
= Ermt

[(
e−2πλm(rmt )

2νLOS
νu C2

2 − e−πλuY
2
u

)]
, (6)

where C2 = (BuPu/BmPm)
1
νu and (b) follows from the PDF

of rut . Taking the expectation over rmt such that the PDF for
rmt is given in (2), the probability of a user selecting mSBS
is calculated as

Pm =

∫ Ym
0

(
e−2πλm(r)

2νm
νu C2

2 − e−πλuY
2
u

)
frmt (r)dr. (7)

Similarly, probability of user selecting uSBS is given as Pu =
1− Pm.

Fig. 1: Proposed System Model

C. Feedback for User Scheduling

Assuming users have perfect CSI, a user compares its fading
gain to a predefined threshold broadcasted by the uSBS and
mSBS, denoted by ξr > 0, such that r ∈ {u,m} denotes
the UHF and mmWave RAT, respectively. Given hrt as the
channel gain at the user with respect to the rth RAT, the user
feeds back bit 0 if |hrt |2 < ξr and sends bit 1, otherwise.
Accordingly, a user is distinguished as Group-1 (Gr1) user of
the rth RAT, when bit 1 is transmitted or Group-0 (Gr0 ) user
of the rth RAT, when bit 0 is fed [4]. For user pairing, if
the OU falls in Group-0 (G0), it is paired up with a pairing
user from Group-1 (G1), and vice versa (as shown in Fig. 1).
Using one-bit feedback can be disadvantageous if the choice
of threshold selection is poor, for instance, taking the threshold
too low such that a user with poor channel is categorized as
strong user or taking the threshold too high such that a strong
user is categorized as a weak user. A good choice of threshold
should avoid such problem. As per the existing literature in
[4], [7], the optimal threshold should decrease with the SNR.

III. SIGNAL TO INTERFERENCE AND NOISE RATIO (SINR)

A. SINR at TU: uSBS with NOMA

Given xi as the intended signal for user in Gui such that
i ∈ {0, 1}, the signal transmitted by the uSBS can be written
as Xu

tx = x0

√
a0Pu + x1

√
a1Pu, where ai denotes the power

allocated to ith group such that a2
0 + a2

1 = 1. The signal
received by user in Gui is given by Xu

rx = huiX
u
tx+nu, where

nu denotes the additive white Gaussian noise (AWGN). User
in Gu0 decodes its own message with the SINR,

Su0 =
ρu|hu0 |2a2

0

ρu|hu0 |2a2
1 + ρIuIu + ρIbIb + 1

, (8)

where ρu = E[x2
i ]/σ

2
u represents the transmit signal to noise

ratio (SNR) at uSBS and σ2
u is the noise variance1. ρIu =

Pu/σ
2
u and ρIb = Pb/σ

2
b denotes the transmit SNR from the

uSBS and MBS tier, respectively, responsible for interference.
According to the Slivnyak’s theorem the TU is assumed to be
located at the origin [3] and let the tagged uSBS be located
at u0. Hence, the interference from the uSBS tier and MBS

1For MBS tier using feedback, the SINR can be written similar to that of
Su1 , and is given as Sb = ρb|hb|2

ρIuIu+ρ
I
b
Ib+1

, where ρb = E[x2i ]/σ
2
b . The outage

probability is expressed as Pb = P(log(1 + Sb) < R).
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tier at the TU is written as Iu =
∑
i∈Ωu/{u0} |h

u
i |2, and Ib =∑

i∈Ωb
|hbj |2, where |hui |2 and |hbj |2 denotes the total channel

gain from ith uSBS and jth MBS to the TU, respectively.
User in Gu1 first performs successive interference cancella-

tion (SIC) to decode, and remove the signal for corresponding
user in Gu0 with SINR,

Su1→0 =
ρu|hu1 |2a2

0

ρu|hu1 |2a2
1 + ρIuIu + ρIbIb + 1

. (9)

The user then decodes it own message with the following
SINR

Su1 =
ρu|hu1 |2a2

1

ρIuIu + ρIbIb + 1
. (10)

B. SINR at TU: mSBS with NOMA

The mSBS superimposes the signals of Gmi , such that i ∈
{0, 1}, on the beam as Xm

tx = p (a0x0 + a1x1).
The user in Gmi receives the signal as, Xm

rx =
(hm

i )
H
p (a0x0 + a1x1)+nm, where nm denotes the AWGN.

The user in Gm0 decodes its own message directly with the
SINR,

Sm0 =
ρm|(hm

0 )
H
p|2a2

0

ρm|(hm
0 )

H
p|2a2

1 + 1
. (11)

The user in Gm1 first performs SIC with the following SINR,

Sm1→0 =
ρm|(hm

1 )
H
p|2a2

0

ρm|hH1 p|2a2
1 + 1

. (12)

Then, the user decodes its own message with SINR given
as,

Sm1 = ρm|(hm
1 )

H
p|2a2

1. (13)

As discussed in [10], the communication in mmWave fre-
quency is noise limited, therefore, in this work, the co-tier
interference is ignored.

IV. RATE OUTAGE PROBABILITY ANALYSIS

1) Cumulative distribution function (CDF) of channel gain
for user in Gu0 : The CDF of channel gain for uSBS tier can
be expressed as

F|hut |2 (y)=

∫ Yu
0

(
1− e−(1+(r)νu )y

)
×frut (r)dr. (14)

Using Gaussian-Chebyshev quadrature (GCQ) [13], (14)
may be approximated as

F|hut |2 (y) ≈
N∑
n=0

bune
−cuny, (15)

where N is the complexity-accuracy
trade-off parameter for GCQ, bun =

−πλuY2
uwN

√
1− α2

n

(
1
2 (αn + 1)

)
e−πλu( 1

2 (αn+1)Yu)
2

,
b0 = −

∑N
n=1 b

u
n, cun = 1 +

(Yu
2 αn + Yu

2

)νu, c0 = 0,
wN = π

N , αn = cos
(

2n−1
2N π

)
[13]. Using the condition to

be a G0 user (as explained in Section II.C), the CDF of the
channel for a user in Gu0 can be evaluated as follows:

Fu0 (y)=
P
(
|hut |2 < min{y, ξu}

)
P(|hut |2 < ξu)

=
F|hut |2(min{y, ξu})

F|hut |2(ξu)
. (16)

2) CDF of channel gain for user in Gu1 : Using the condi-
tion to be a G1 user (as explained in Section II.C), the CDF
of the channel gain for a user in Gu1 , if y < ξu, is given as
Fu1 (y) = 0, while, if y > ξu, it can be expressed as follows:

Fu1 (y)=
P
(
ξu< |hut |2<y

)
P (|hut |2>ξu)

=
F|hut |2(y)−F|hut |2(ξu)

1−F|hut |2(ξu)
, (17)

otherwise .

3) CDF of channel gain for user in Gm0 : When ∆ ap-
proaches zero, the Fejér kernel is approximated as

FM (π[θ − θt]) ≈M
(

1− π2M2(θ − θt)2

12

)
= F aM . (18)

Hence, using (18) and polar co-ordinates, the CDF of channel
gain for mSBS tier can be obtained as

F|h∗t |2(y) ≈
θ+∆∫
θ−∆

Ym∫
0

(
1− e−

y(1+rνm )
Fa
M

)
frmt (r)

2∆
drdθt. (19)

Similar to (16), the CDF of the channel gain of a user for
ξm > 0, if it lies in Gm0 can be expressed as follows:

Fm0 (y)=
P
(
|h∗t |2<min{y, ξm}

)
P(|h∗t |2<ξm)

=
F|h∗t|2(min{y, ξm})

F|h∗t |2(ξm)
. (20)

4) CDF of channel gain for user in Gm1 : For y < ξm,
Fm1 (y) = 0, while, if y > ξm, the CDF of the effective
channel gain for user in Gm1 can be expressed similar to (17)
as follows:

Fm1 (y)=
P
(
ξm< |h∗t |2<y

)
P (|h∗t |2>ξm)

=
F|h∗t |2(y)−F|h∗t |2(ξm)

1− F|h∗t |2(ξm)
. (21)

A. Rate Outage Probability for uSBS Tier

The outage probability of a user in Gu0 can be expressed
as Pu0 = P (log(1 + Su0 ) ≤ R) = Fu0 (yu0 ), where yu0 =
εu0
(
1 + ρIuIu + ρIbIb

)
, εu0 = η

ρu(a20−ηa21)
, η = 2R − 1. The

outage probability for ξu < yu0 is always equal to 1 while for
ξu > yu0 is given as

Pu0 =

N∑
n=0

bune
−su0LIu(su0ρ

I
u)LIb(su0ρIb)/

N∑
n=0

bune
−cunξu , (22)

where su0 = cunε
u
0 , LIT ′ (s) denotes the Laplace transform of

the interference from T ′th tier such that T ′ ∈ {u, b} and is
expressed as follows:
LIT ′ (s)=exp(πλT ′

(
sδT ′Γ(1−δT ′,s)−sδT ′Γ(1−δT ′)

)
), (23)

where δT ′ = 2/νT ′ such that T ′ ∈ {b, u}, Γ(a, x) =∫∞
x
ta−1e−t and Γ(z) =

∫∞
0
xz−1e−x. Similarly, for user in

Gu1 , the outage probability can be calculated as

Pu1 = 1−P(log(1+Su1→0)≥R,log(1+Su1 )≥ R) =Fu1(yu1 ),
(24)

where yu1 = εumax
(
1 + ρIuIu + ρIbIb

)
, εu1 = η

ρu(a21)
and

εumax = max (εu0 , ε
u
1 ). The outage probability is given as

Pu1 =

N∑
n=0

bne
−su1LIu(su1ρ

I
u)LIb(su1ρIb)−X/(1−X ), (25)

where X =
∑N
n=0 bne

−cunξu and su1 = cunε
u
max.
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A.: MBS, FB, G1
A.: uSBS, with CSI, WU
A.: uSBS, no FB, G0
A.: uSBS, FB, G0
S.: uSBS, FB, G0
A.: uSBS, with CSI, SU
A.: uSBS, no FB, G1
A.: uSBS, FB, G1
S.: uSBS, FB, G1
A.: mSBS, FB, G0
S.: mSBS, FB, G0
A.: mSBS, FB, G1
S.: mSBS, FB, G1

Fig. 2: Outage probability without offloading.

B. Rate Outage Probability for mSBS Tier

Similar to Section IV.A, the outage probability of user in
Gm0 can be expressed as

Pm0 = P (log(1 + Sm0 ) ≤ R) = Fm0 (ym0 ), (26)
where ym0 = εm0 , εm0 = η

ρm(a20−ηa21)
. For user in Gm1 , the

outage probability can be calculated as
Pm1 = 1− P (log(1 + Sm1→0) ≥ R, log(1 + Sm1 ) ≥ R). (27)

This gives Pm1 = Fm1 (ym1 ), where ym1 = εmmax, εm1 = η

ρm(a21)
and εmmax = max{εm0 , εm1 }.

C. Tier-Outage Probability after Offloading and RAT selection

In this section, we calculate the outage probability at each
tier, i.e., at the MBS tier, uSBS tier, and mSBS tier, after
offloading and RAT selection. The outage probability at the
MBS tier after offloading is given as (1−Psu)Pb. The outage
probabilities at uSBS tier and mSBS tier after offloading and
RAT selection are calculated as PsuPuPuo and PsuPmPmo ,
respectively.

V. RESULTS AND DISCUSSIONS

This section evaluates the outage probability of the proposed
feedback system in a NOMA enabled hybrid UHF/mmWave
network. The system parameters considered are λb = 10−5,
λu = 5 × 10−4, λm = 5 × 10−3, Bb = Bu = 1, Bm = 3,
Yb = 1km, Yu = 100m, νb = 3.5, νu = 3 [12], Ym = 10m,
νm = 2, ∆ = 0.01, φ = 0.01, M = 4 [7], R = 0.1 bps,
N = 10 [3], ξu = 1

ρu
, ξm = 1

ρm
[4], [7]. For a comparative

analysis, the proposed system model is compared with the fol-
lowing benchmarks, (i) using perfect CSI at BSs, (ii) when no
offloading (off.) is performed, and (iii) when no feedback (FB)
is available at the SBS from the users. Also, for comparison,
users in group G0 and group G1 are considered analogous
to the weak user (WU), i.e., user with poor channel gain,
and the strong user (SU), i.e., user with good channel gain,
respectively. Transmission power of 30 dBm is considered for
comparison. The analytical results (denoted by A.) are verified
using the simulation results (denoted by S.).

Fig. 2 shows the outage probability curves for the MBS tier,
uSBS tier and mSBS tier without offloading. It is evident from
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mSBS, FB, G1

Fig. 3: Tier-outage probability with offloading and RAT selec-
tion.

Fig. 2 that perfect CSI at SBS provides lower bound on the
outage probability. Also, since the mmWave communication is
directional, it aids in reducing the interference, hence translat-
ing to lower outage probability at the mSBS tier. As it can be
observed from Fig. 2, the proposed feedback system achieves
lower outage probability as compared to when feedback is not
available at the uSBS tier from the users. This is because,
when feedback is not available, the uSBS orders the users
randomly and allocates random power. Due to random power
allocation, user with weak channel gain may get lower power.
Hence, the outage probability deteriorates. On the other hand,
the proposed feedback system distinguish the user as G0 user
or G1 user, based on the feedback received by the users.
This aids in appropriate power allocation to the users leading
to improved outage probability by 56.97% and 90.27% for
user in G0 and G1, respectively, of the uSBS tier. As the
transmission power increases, the interference at G0 user from
the signal of G1 user also increases. Hence, an error floor
appears at high transmission power [13] for the G0 user, as
can be observed from Fig. 2.

Fig. 3 illustrates the tier outage probability at the MBS tier,
uSBS tier, and mSBS tier after offloading and RAT selec-
tion. Compared with the no offloading scenario, offloading to
uSBS/mSBS tier decreases the outage probability at the MBS
tier by 98.04%. Furthermore, offloading improves the outage
probability at the uSBS tier by 76.85% when offloaded as G0
user, and by 76.86% when offloaded as G1 user. Additionally,
using the proposed feedback system decreases the outage
probability by 56.95% and 90.26% for user offloaded in G0
and G1, respectively, as compared to offloading using no
feedback. This is due to allocation of random power because
of the unavailability of feedback at the SBS from the users.
Moreover, the mSBS tier achieves improvement in the outage
probability by 25.09% and 25.06% for user offloaded in G0
and G1, respectively, as compared to when no offloading is
performed. The improvement in the tier outage probability
justifies the importance of offloading in HetNets.
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Fig. 4: Comparison of proposed work with the scenario when
offloading is performed to uSBS only (with sum transmission
power of Pm + Pu).

For a fair comparison, in Fig. 4, performance of the follow-
ing two scenarios have been analyzed and compared:

1) Scenario-1: When offloading is performed using uSBS
only (with sum transmit power of Pm + Pu.

2) Scenario-2: When proposed scheme is used wherein the
offloading is performed to uSBS (with a transmission
power Pu) and to mSBS (with a transmit power Pm).

It can be observed from Fig. 4 that when offloading is
performed to uSBS with sum transmit power of Pm + Pu
(Scenario-1), the outage probability at the MBS tier improves
as compared to when offloading is performed in a HetNet with
uSBS (with a transmit power Pu) and mSBS (with a transmit
power Pm), i.e., Scenario-2. The reason is that, in Scenario-
1, the uSBS tier transmit using the sum transmit power of
Pm +Pu, i.e., with higher as compared to the transmit power
of uSBS in Scenario-2, which is only Pu. The increased power
at the uSBS tier increases the offloading probability from the
MBS tier to the uSBS tier (as can be observed from (4)).
Increased offloading probability indicates larger number of
users being offloaded from the MBS tier to the uSBS tier. This
improves the outage probability at the MBS tier since the users
which could experience outage when connected to the MBS
tier can now be offloaded to the uSBS tier in larger number
as compared to Scenario-2. However, it can be observed from
Fig. 4 that the outage probability at the uSBS tier degrades.
The reason is that increase in power at the uSBS increases the
co-tier interference at the user, which leads to deterioration in
the outage probability [19].

Hence, to accommodate the increasing number of users,
increasing the power at the available base stations is not a
convincing solution anymore. Considering new approaches,
e.g., utilizing the frequency bands at the mmWave frequency
has proven to be a promising solution for the future generation
network.

VI. CONCLUSION

This work investigates the impact of proposed feedback
system for RAT selection and user scheduling in a NOMA en-

abled hybrid UHF/mmWave network. When CSI is unknown
at the SBS, the proposed feedback system achieves much
lower outage probability in comparison to when no feedback
is available from the users. Moreover, the numerical results
demonstrate that offloading to multi-RAT SBS tier using the
proposed feedback system improves the outage probability of
the HetNet significantly.
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