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Performance Analysis of sub-6 GHz/mmWave
NOMA Hybrid-HetNets using Partial CSI

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

Abstract—The ever-increasing number of wireless users (or
devices) and their varied demand require the need for an
advanced architecture for the future wireless network. To support
massive connectivity, non-orthogonal multiple access (NOMA)
has been recognized as a promising solution. NOMA increases
the number of simultaneous connections using available re-
sources for users with varying demands. Furthermore, recent
measurements and experiments suggest that wide underutilized
bandwidth available at millimeter-wave (mmWave) frequencies
provide high data rate and therefore are capable of addressing
the issue of spectrum scarcity at sub-6 GHz bands utilized by
the 4G network. Consequently, co-existence of multi-radio access
technologies (RATs) for 5G and beyond networks has been of
interest to both industries and academia. In this context, this
work studies the co-existence of the two RATs, namely, sub-6
GHz and mmWave communication using NOMA-enabled hybrid
heterogeneous network (NOMA-HHN) for massive connectivity.
The application of NOMA requires ordering users, which in turn
requires the knowledge of users’ channel state information (CSI).
However, gathering and processing CSI of such a large number
of users is difficult to implement in practice. Thus, a solution
based on partial CSI is proposed. Additionally, a feedback scheme
for user scheduling and RAT selection using dual association is
proposed to reduce the initial access delay in beam-training at
the mmWave network. Moreover, utilizing directional nature of
the mmWave communication, random beamforming is used to
reduce system overhead in a network with massive users. The
analytical results are confirmed using Monte-Carlo simulation,
and various significant advantages are noted for the proposed
NOMA-HHN over existing architectures.

Index Terms—Non-orthogonal multiple access, mmWave com-
munication, hybrid network, partial CSI, outage probability,
ergodic rate, energy efficiency

I. INTRODUCTION

The current research considers non-orthogonal multiple
access (NOMA) as a promising technique for the beyond
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fifth-generation (5G) networks to fulfill diverse demands and
massive number of users (or devices). As the number of users
increases, assigning orthogonal resources to all the users is not
feasible due to restricted resources. Furthermore, allocating an
entire band or time slot to a user with poor channel condition
or with lower rate requirement leads to wastage of precious
and expensive resources, thereby resulting in poor spectral
efficiency. NOMA allows multiple users to be served on the
same wireless resource, hence improves spectral efficiency
of the system and scales up the number of connected users
(or devices). NOMA can be flexibly combined with other
emerging technologies, for instance, heterogeneous networks
(HetNet) [1], [2] millimeter wave (mmWave) communication
[3], [4], [5], and others [6]–[9]. Densification of the cur-
rent cellular networks can be achieved by deploying small
base stations (SBSs) underlaid with the macro base stations
(MBSs) to form a HetNet, which is an essential part of the
beyond 5G communication system [10]. The deployment of
SBSs aids in offloading users from the MBS tier, thereby
resulting in load balancing in the network. It is known that
mmWave communication can significantly boost achievable
data rates using the available large underutilized channels
[3]. However, imagining a standalone wireless network with
base stations (BSs) supporting only mmWave band is not a
practical approach in 5G for ubiquitous connectivity, since
mmWave channels suffer from substantial attenuation and
high sensitivity to blockages [4], [11]. In addition, providing
initial access to standalone mmWave BS using beam training
with thin beams poses a difficult challenge [3], [12]. In this
regard, the sub-6 GHz band can be used to aid the initial
access mechanism [13]. If the position of the sub-6 GHz-
SBS and the mmWave-SBS are known relative to each other,
information required for beam training at the mmWave front-
end can be derived easily, which consequently speeds up
the initial access mechanism [14], [13]. This indicates that
the mmWave communication, in conjunction with sub-6 GHz
communication, can be viewed as a promising solution to solve
the issues of spectrum scarcity in sub-6 GHz bands and beam
training for mmWave communication [15]. Hence, this work
investigates NOMA based hybrid HetNet (hereafter referred
to as NOMA-HHN), which includes SBS tier equipped with
two radio access technologies (RATs), namely, sub-6 GHz
communication and mmWave communication.

The SBS tier employs NOMA to support increasing number
of users. The available NOMA techniques can be broadly
categorized as power-domain NOMA (PD-NOMA) and code-
domain NOMA (CD-NOMA) [16], [17], [18]. However, PD-
NOMA has a simpler implementation and is thereby com-
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monly used [17]. Therefore, this work also focuses on PD-
NOMA. The basic concept of PD-NOMA (hereafter will be
referred to as NOMA) involves splitting the power among the
users based on their channel gain [19], [20]. As the capacity of
the wireless system increases, a large number of mobile users
are likely to be connected to the BS. At the receiver, NOMA
requires ordering users based on channel conditions for power
splitting, whereas at the receiver successive interference can-
cellation (SIC) is used at the near user to cancel the interfer-
ence from the superimposed signal [19]. Both, power splitting
and SIC require channel state information (CSI) to be known at
the BS and at the user equipment. Collecting CSI from such a
large and increasing number of users is difficult [21], however,
the current research works mainly focus on the perfect CSI
in NOMA systems [22], [23], [24]. Imperfect/partial CSI at
the BS and user equipment is still an open problem since it
is one of the key obstacles in realizing performance gain of
NOMA in practice. Furthermore, due to the directional nature
of mmWave communication, random beamforming is a good
choice for scheduling users for the proposed NOMA-HHN
[25], [26]. The traditional beamforming techniques require
channel gains of all the users. However, random beamforming
does not require users with low signal strength on the beam
to feed their channel gain to the BS. Thus, in a network
with massive number of users, mmWave communication using
random beamforming reduces the system overhead [25], [26]
by scheduling the users with high signal strength on only the
beam.

A. Motivation and Contribution
Motivated by the availability of huge chunks of under-

utilized mmWave bands, this work studies the co-existence
of mmWave communication with sub-6 GHz communication
to solve the spectrum crunch with ubiquitous connectivity.
Moreover, the advantage of NOMA over orthogonal multi-
ple access (OMA) to support large number of connections
with diverse requirements, and the usefulness of offloading
in HetNets for load balancing, motivates us to investigate
performance of the proposed NOMA-HHN. The analysis is
performed under a realistic scenario using partial CSI and
is also compared with the conventional (ideal) assumption
of perfect CSI at the BS. Utilizing the directional nature
of mmWave communication, random beamforming is used
to limit the system overhead by scheduling the users with
high signal strength on a beam. Furthermore, to address the
issue of beam training in mmWave-SBS, this work introduces
a feedback scheme using dual association, which facilitates
beam training at the mmWave-SBS. Impact of the considered
partial CSI and the proposed feedback scheme are investigated
on performance of the proposed NOMA-HHN. Various partial
CSI models considered in this work are given below:

• Users’ distance information (UDI): The complete CSI
comprises of small-scale Rayleigh fading and large-scale
path loss. UDI implies that knowledge of the large-
scale path loss is available, i.e., distances of users from
the BS are known. Since, distance varies much slower
than the channel in small-scale fading environments [21],
assuming knowledge of UDI is more realistic.

• Feedback: In general, the channel is estimated by the user
device and transmitted to the BS [27], [28]. Therefore,
one practical approach to be considered is feeding back
a single bit by the user instead of the complete CSI
to the BS. User sends a single bit about the quality
of its channel quality indicator [29] which substantially
lowers the system overhead. The bit transmitted by the
user is determined based on a pre-defined threshold (ζ)
broadcasted by the BS. The proposed feedback scheme
(FS) using dual association (DA) is based on one-bit
feedback and is detailed in Section III.

• No feedback: To show advantage of using feedback, this
work also considers the case when neither CSI nor feed-
back is available at the BS. Under such circumstances,
the BS randomly orders the users [28], which results
in ambiguous decoding order for the SIC at the user
equipment/receiver. Note that NOMA without feedback
is a special case of the NOMA with one-bit feedback
when the threshold is set as ζ = 0 or ζ = ∞.

Primarily, the contributions of this work are listed below:

• An analytical framework is developed to investigate the
impact of mmWave communication, in conjunction with
the sub-6 GHz communication on the proposed NOMA-
HHN using random beamforming for mmWave com-
munication. In this context, outage probabilities for the
proposed NOMA-HHN are derived. For load balancing,
two types of offloading are taken into account, one is
between the MBS tier and the SBS tier, and the other is
between the two RATs supported by the SBS tier. Accord-
ingly, two probabilities are calculated, namely, the tier
selection probability and the RAT selection probability.
Furthermore, performance of the proposed NOMA-HHN
is analyzed, and compared with OMA enabled HetNets
and NOMA enabled single-RAT HetNet.

• By virtue of its application, BSs using NOMA require
CSI to order users for SIC and power allocation. How-
ever, determining the CSI of massive number of users is
challenging. Therefore, to tackle the issue of acquiring
CSI of users, outage probability derived for the proposed
NOMA-HHN considers different types of partial CSI
models. The types of partial CSI that are analyzed and
compared are namely, UDI, proposed FS with DA, and
with no feedback. Performance using different types
of partial CSI is also compared with the conventional
case of perfect CSI. Moreover, total outage probability
is calculated at different tiers, which includes the tier
selection probability and the RAT selection probability.

• To address the issue of initial access delay in beam
training at the standalone mmWave-SBS, this work pro-
poses FS with DA. The considered DA reduces the initial
access delay in beam training, as highlighted in [13]. The
proposed FS with DA uses one-bit feedback from users.
However, unlike using feedback only for user ordering,
as in [28], [25], feedback obtained from the users under
the proposed FS serves a dual purpose: first, for user
ordering, and second, for RAT selection. A comprehen-
sive model for user ordering and RAT selection using the
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proposed FS is presented in Section III. For the selected
network parameters, the high SNR approximation on
the analytical expression is carried out for the proposed
FS, and some interesting observations are drawn. The
numerical results obtained in Section VI confirms the
approximations of analytical findings at high SNR.

• Another vital metric, i.e., the ergodic rate is also com-
puted for the proposed NOMA-HHN under the assump-
tions of partial CSI. For a detailed insight, the outcome of
the assumed partial CSI scenarios is compared with the
traditional notion of perfect CSI at the BS. Moreover,
energy efficiency (EE) of the proposed NOMA-HHN is
studied, and some useful insights are obtained. Numerical
results illustrate significant gains achieved by using the
proposed NOMA-HHN over the currently deployed OMA
scheme.

• The correctness of the analytical results is verified
through Monte-Carlo simulations. Moreover, to corrob-
orate the benefits of using multi-RAT SBS tier in the
proposed NOMA-HHN, this work compares performance
achieved by the proposed NOMA-HHN, with the tradi-
tional HetNet which deploy single RAT SBS operating
at sub-6 GHz communication. The comparison between
the two HetNets functioning using different technologies
reveals noteworthy insights.

Rest of the paper is organized as follows. The system model
is introduced in Section II. Section III discusses the proposed
feedback scheme and Section IV studies the signal to inter-
ference and noise ratio (SINR) expressions. Section V derives
the expressions for rate outage probability of the proposed
NOMA-HHN under perfect and partial CSI. Numerical results
are presented in Section VI and validated using Monte-Carlo
simulations. Finally, the work concludes in Section VII.

II. SYSTEM MODEL

A three-tier multi-RAT NOMA-HHN is considered with
MBS tier, sub-6 GHz-SBS tier, and mmWave-SBS tier. The
MBS tier is symbolized by c, the sub-6 GHz-SBS tier is
denoted by s, and the mmWave-SBS is represented by m.
The MBS tier is assumed to operate only using sub-6 GHz
communication (hence, referred to as MBS tier only). The
BSs, i.e., MBS tier, sub-6 GHz-SBS tier, and mmWave-
SBS tier follow homogeneous Poisson point processes (PPP)
distribution, denoted by Ωc, Ωs, and Ωm, respectively, with
corresponding intensities expressed by λc, λs, and λm re-
spectively. The sub-6 GHz BSs, i.e., the MBS and the sub-6
GHz-SBS transmit using single antenna while the mmWave
BSs, i.e., the mmWave-SBS are equipped with M antennas.
NOMA is employed in sub-6 GHz-SBS tier and mmWave-
SBS tier. The transmit power is indicated by Pc, Ps, and
Pm, respectively for the MBS tier, sub-6 GHz-SBS tier and
mmWave-SBS tier. Similarly, the transmission range of the
BSs are represented by Yc, Ys, and Ym, for MBS tier, sub-
6 GHz-SBS tier, and mmWave-SBS tier, respectively. The
target data rate is denoted by R. The nearest neighbor (NN)
connection policy is considered within each tier [30], hence,

the probability density function (PDF) of the distance to the
nearest BS for sub-6 GHz tiers is expressed as [31]

fNrtn(r) = 2πλtre
−πλt(r)

2

, (1)
where rtn denotes the distance from the nth user to the nearest
BS of the tth tier, such that t ∈ {c, s} comprises of sub-6
GHz tiers. For mmWave-SBS tier, the PDF for distance to
the nearest BS is discussed in Section II-B. Furthermore, it
is assumed that the multi-RAT SBSs, i.e., the sub-6 GHz-
SBS tier and the mmWave-SBS tier are capable of exchanging
information amongst themselves [13].

Notations: Throughout the paper, c, s, and m represent
parameters for the MBS tier, the sub-6 GHz-SBS tier, and the
mmWave-SBS tier, respectively. The superscript t indicates the
set of sub-6 GHz tier, i.e., t ∈ {c, s} while the superscript m
denotes the parameters for the mmWave-SBS tier. When OMA
is considered, the channel gains are denoted as |h̃c|2 and |h̃s|2
for the MBS tier and sub-6 GHz tier, respectively, and |h̃∗

m|2
is the channel gain on the beam (discussed in Section II-C)
for the mmWave-SBS tier. To represent the channel gain of
nth user for the tth tier using NOMA, this work uses ĥtn to
denote Rayleigh distribution, |h̃tn|2 to express the unordered
channel gain, and |htn|2 to indicate the ordered channel gain.
For mmWave communication, |h̃m

n |2 is the channel gain of
nth user to nearest mmWave-SBS, whereas, ĥm and ĥmn
stand for Rayleigh fading while considering OMA and NOMA
respectively. Moreover, while using NOMA, the unordered and
ordered channel gain on the beam is represented by |h̃∗

n|2 and
|h∗

n|2, respectively. Furthermore, the superscript p, d, and b
represent the analysis based on the assumption of perfect CSI,
UDI, and proposed FS, respectively. The operator [·]T stands
for the transpose, [·]H represents the Hermitian transpose,
| · | indicates the absolute value, and E[·] denotes statistical
expectation. The operator max{a, b} and min{a, b} returns
the maximum and minimum of a and b, respectively.

A. sub-6 GHz Channel Model

For sub-6 GHz communication, bounded path loss model is
considered [30]. The bounded path loss model for the sub-
6 GHz communication is expressed as |h̃tn|2 =

|ĥt
n|

2

1+(rtn)
νt

,
where ĥtn denotes small scale fading assumed to be Rayleigh
distributed, rtn denotes the distance between the BS of the tth

tier and the nth user, νt denotes the path loss exponent for the
tth tier.

B. mmWave Channel and Blockage Model

The channel model for the mmWave communication may
be written as [4], [25]

h̃m
n =

√
M

ĥmn a(θn)√
1 + (rmn )νm

, (2)

where νm = νLOS
m denotes the path loss

exponent for LOS path of mmWave-SBS, a(θ̄) =
1√
M

[
1 e−jπθ̄ · · · e−jπ(M−1)θ̄

]T
, θln is the normalized

direction of the LOS path, rmn is distance between the nth

user to the nearest mmWave-SBS, as per the NN connection
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policy [4]. In (2), only line-of-sight (LOS) link is considered
as argued in [25] and [32].

For blockages in the mmWave communication, this work
considers probability of link to be an LOS path as P(r) =
e−ϕr, where r is the link distance and ϕ depends on the den-
sity, shape, etc., of the buildings [4], [25]. The conditional PDF
of distance to the nearest LOS mmWave-SBS is expressed as
[4]

fNrmn (r) =
2πλmrP(r)e−2πλm

∫ r
0
xP(x)dx

BL
, (3)

where r > 0 and BL = 1 − e−2πλm

∫ ∞
0

xP(x)dx, is the
probability that the user has at least one LOS mmWave-SBS.

C. Random Beamforming

As highlighted in [25], [26], the use of random beamforming
reduces the system overhead hence becomes desirable for
the application in mmWave communication with NOMA.
The considered random beamforming can be represented as
p = a(θ), with θ as the normalized direction uniformly
distributed between -1 and 1. The beam is assumed to form a
sector with central angle 2∆. The channel gain of user on the
beam can effectively be written as

|h̃∗
n|2 = |h̃mn |2FM (π[θ − θn]) , (4)

where |h̃mn |2 =
|ĥm

n |2
1+(rmn )νm , and FM (x) denotes the Fejér kernel

[25], [26], [33].

D. Tier Selection Probability

The averaged biased power received (BPR) is used to
determine the tier selected by the user. The BPR from the
sub-6 GHz-SBS and MBS tier [30], [34] is compared and
the user selects the tier with higher BPR. The probability
that the sub-6 GHz-SBS tier is selected can be expressed
as Pts = Ersn

[P (BcPc(r
c
n)

−νc < BsPs(r
s
n)

−νs)]. Following
simple mathematics [30], the tier selection probability can be
calculated as

Pts= 2πλs×
∫ Ys

0

(
e−2πλc(r

s
n)

2νs
νc C2

1 − e−πλcY2
c

)
×re−πλsr

2

drsn,

(5)

where C1 =
(

BcPc

BsPs

) 1
νc .

III. PROPOSED FEEDBACK SCHEME USING DUAL
ASSOCIATION

The conventional use of BPR applies to offloading between
the tier, i.e., selection between the tiers [30], [34]. However,
the proposed FS utilizes BPR for tier selection and RAT
selection. The initial access delay, caused due to beamtraining
using thin beams [13] at the mmWave BSs, is reduced by
considering the proposed FS with DA. The DA is carried out
in two steps. The first step considers the BPR from the nearest
MBS and the BPR from the nearest sub-6 GHz-SBS, compares
the two values, and selects the tier with higher value (detailed
in Section II-D). This is followed for the tier selection and the
users are offloaded from the MBS tier to the sub-6 GHz tier.
It must be noted that in the first step, it is assumed that the

location of users is acquired by the sub-6 GHz-SBS tier using
suitable localization/signal processing techniques [35]. Given
suitable technique, the sub-6 GHz-SBS and the mmWave-
SBSs are co-located [14], and the information regarding users’
location can be shared by the mmWave-SBS, it may be
utilized to calculate the coarse-grained angle information for
beamtraining. This can considerably reduce the initial access
delay at the mmWave front end [12]. Furthermore, the second
step in the DA deals with RAT selection. In this context,
the BPR of the nearest sub-6 GHz-SBS and the BPR of the
nearest mmWave-SBS is compared. The RAT with higher BPR
is selected by the user (detailed in Section III-A), thereby
completing the second step of the proposed FS with DA.

It is interesting to note that the proposed FS with DA
differs from the conventional scheme where the BPR of all
the tiers and RATs are compared in a single step [36]. The
advantage of using the two-step association is to reduce the
access delay at the mmWave-SBS tier [13]. Since the users’
location information gathered in the first step is shared by
the mmWave-SBS which aids in speedy calculations at the
mmWave front end for beamtraining.

A. RAT selection using Proposed FS

The RAT selection is performed by comparing the BPR
from the nearest sub-6 GHz-SBS and from the nearest
mmWave-SBS. The user is connected by the SBS with higher
BPR. Accordingly, bit “0” is transmitted by the user if the
BPR from the nearest sub-6 GHz-SBS is higher otherwise bit
“1” is transmitted if the BPR from the nearest mmWave-SBS
is higher. The feedback received from the user decides which
RAT it will connect with. Mathematically, the RAT selection
probability is expressed as

Pm = Ermn

[
P
(
BsPs(r

s
n)

−νs < BmPm(rmn )−νm
)]

= Ermn

[
P

(
rsn >

(
BsPs

BmPm

) 1
νs

(rmn )
νm
νs

)]
(a)
= Ermn

[(
e−2πλm(rmn )

2νm
νs C2

2 − e−πλsY2
s

)]
, (6)

where C2 = (BsPs/BmPm)
1
νs and (a) is derived using PDF

of rsn. Taking expectation over rmn , PDF for which is given in
(3), the probability of user transmitting bit “1”, i.e., connecting
to mmWave-SBS is expressed as

Pm =

∫ Ym

0

(
e−2πλm(r)

2νm
νs C2

2 − e−πλsY2
s

)
fNrmn (r)dr. (7)

Similarly, probability of user connecting to sub-6 GHz-SBS is
calculated as Ps = 1− Pm.

B. User Scheduling using Proposed FS

Under the proposed FS, user scheduling is performed using
feedback from the users. The sub-6 GHz-SBS and mmWave-
SBS broadcast a pre-defined threshold, denoted by ζs and ζm,
respectively. Assuming users perfectly know their CSI, each
user compares its channel gain with the broadcasted threshold.
On comparing, the user sends bit “0”, if the channel gain at
the user is smaller than the threshold. Whereas, bit “1” is fed
if the channel gain is higher than the broadcasted threshold.
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Accordingly, the users are classified as Group-0 (Gr-0) user
for the former case and as Group-1 (Gr-1) user for the later.
For NOMA, users are paired by selecting one user randomly
from Gr-0 and one randomly from Gr-1.

It must be noted that the use of one-bit feedback is ad-
vantageous only when the selected pre-defined threshold is
carefully chosen. A poor selection of threshold may prove
disadvantageous. For instance, if the selected threshold is very
small, it may render a user with poor channel condition to
be a strong user. Likewise, a large threshold may decide a
strong user to be a weak user. Thus, it is important to select
an appropriate threshold for user scheduling. From the existing
literature in [25], [28], threshold should decrease with the
SNR.

IV. SINR ANALYSIS

This section calculates SINR at typical user for all the
considered tiers. Further, SINR using both OMA and NOMA
is calculated for a comparative study.

A. MBS and sub-6 GHz-SBS using OMA

Let the signal intended for a user of MBS tier and sub-6
GHz-SBS tier be denoted by xt, such that t ∈ {c, s}. The
signal transmitted by the BS and received at user can be
written as Xtx

t =
√
Ptxt and Xrx

t = Xtx
t h̃t+wt, respectively,

where wt denotes noise. Hence, the SINR at a typical user of
tth tier may be expressed as

γt =
Pt|h̃t|2E

[
x2t
]∑

t PtIt + σ2
t

, (8)

where PtIt denotes interference from the tth tier. Assuming
Slivnyak’s theorem [37] and the tagged MBS to be c0 when
the user connects to the MBS tier, the co-tier interference from
MBS tier to the user can be written as Ic =

∑
i∈Ωc/{c0} |h̃

c
i |2,

where |h̃ci |2 denotes the total channel gain from ith MBS
to the user, and the cross-tier interference from the sub-
6 GHz tier is given as Is =

∑
j∈Ωs

|h̃sj |2, where |h̃sj |2
represents the total channel gain from jth sub-6 GHz-SBS
to user. Similarly, assuming the tagged sub-6 GHz-SBS to
be s0 when the user connects to the sub-6 GHz tier, the
co-tier interference from sub-6 GHz-SBS tier to the user is
expressed as Is =

∑
i∈Ωs/{s0} |h̃

s
i |2, where |h̃si |2 denotes

the total channel gain from ith sub-6 GHz-SBS to the user,
and the cross-tier interference from the MBS tier is given as
Ic =

∑
j∈Ωc

|h̃cj |2, where |h̃cj |2 represents the total channel
gain from jth MBS to the user. σ2

t indicates noise variance.
Normalizing the equation by dividing both, numerator and
denominator by σ2

t , we get the SINR in terms of transmit
signal to noise ratio (SNR) of the tth tier (ρt) as

γt =
Ptρ

o
t |h̃t|2∑

t ρ
I
tIt + 1

, (9)

where ρot = E
[
x2t
]
/σ2

t . The ρIt = Pt/σ
2
t , such that t ∈ {c, s}

expresses the transmit SNR from interfering MBS tier and
sub-6 GHz-SBS, respectively.

B. sub-6 GHz-SBS Tier with NOMA

Assuming N users with their channel gains ordered as
|hs1|2 ≤ · · · ≤ |hsN |2. Given xn as the signal for the nth

user and E[x2n] to be equal ∀i ∈ (1, 2, · · · , N). The signal
transmitted by the sub-6 GHz-SBS is given by Xtx

s,n =∑N
i=1 xn

√
anPs and the signal received by user n is given by

Xrx
s,n = hsnX

tx
s,n + ws. To decode message of user j (j < n),

the SINR at user n is given as [38]

γsn→j =
ρsPsaj |hsn|2

ρsPs|hsn|2
∑N

l=j+1 al +
∑

t ρ
I
tIt + 1

, (10)

where ρs = E[x2n]/σ2
s is the transmit SNR at sub-6 GHz-SBS

and an is the power allocated to user n. To decode the self
message, the SINR at user n is given by

γsn =
ρsPsan|hsn|2

ρsPs|hsn|2
∑N

l=k+1 al +
∑

t ρ
I
tIt + 1

. (11)

C. mmWave-SBS Tier with OMA

The mmWave-SBS transmits the signals on a beam as
Xm,tx = p (Pmxm). The received signal can be described
as Xm,rx = h̃∗

mXm,tx + wm, where wm denotes AWGN.
Thus, the SINR at user from mmWave-SBS using OMA is
formulated as γm = Pm|h̃∗

m|2ρom, where ρom =
E[x2

m]
σ2
m

and σ2
m

denotes the noise variance.

D. mmWave-SBS Tier with NOMA

Assuming the mmWave-SBS superimposes the signals of N
users on the beam as Xm

tx = p
(∑n=N

n=1 anxn

)
. The received

signal at the nth user is given as Xm
rx = h∗

nX
m
tx + wm. To

decode message of user j (j < n), the SINR at user n is
calculated as

γmn→j =
ρmaj |h∗

n|2

ρm|h∗
n|2
∑N

l=j+1 al + 1
, (12)

where ρm =
E[x2

n]
σ2
m

. To decode its own message, the SINR at
user n is given by

γmn =
ρman|h∗

n|2

ρm|h∗
n|2
∑N

l=k+1 al + 1
. (13)

Since, mmWave communication is directional and employs
beamforming, it is valid to assume that the mmWave commu-
nication is noise limited as also discussed in [3]. Therefore,
interference is not considered in this work.

V. RATE OUTAGE PROBABILITY ANALYSIS

This section evaluates the expressions for the rate outage
probability for the MBS tier, the sub-6 GHz-SBS tier, and
the mmWave-SBS tier. Rate outage probability is defined as
the probability that the rate at a typical user is greater than
a rate threshold [34]. The rate outage probability is derived
using OMA and NOMA. Furthermore, the calculations are
performed under perfect CSI and partial CSI scenarios. The
partial CSI scenarios considered are namely, UDI and the
proposed FS.
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A. MBS Tier and sub-6 GHz-SBS Tier with OMA
A user connects to the nearest BS of the tth tier such that

t ∈ {c, s}. The cumulative distribution function (CDF) of the
unordered channel gain can be expressed as [39]

F|h̃t|2(y) = 2πλt

∫ Yt

0

(
1− e−(1+r

νt
t )y
)
e−2πλtr

2
t rtdrt.

(14)
Using Gaussian Chebyshev (GC) quadrature [40], (14) may
be approximated as

F|h̃t|2(y) ≈ πλtY2
t

Z∑
z=0

btze
−ctzy, (15)

where Z is GC quadrature parameter, ctz = 1 +(Yt

2 θz +
Yt

2

)νt , ct0 = 0, wZ = π
Z , θz = cos

(
2z−1
2Z π

)
,

btz = −wZ

√
1− θ2z(

1
2 (θz + 1))e−πλS( 1

2 (θz+1)Yt)
2

, bt0 =

−
∑Z

z=1 b
t
z , [39]. The outage probability of user of the tth

tier is given as

Ot = πλSY2
t

Z∑
z=0

btze
−ctz

ϕo

ρtPt

∏
t

LIt
(sOt ρt),

where sot =
ctzϕ

o

ρt
, ϕo = 22R − 1, and LIs

(s) is the
Laplace transform (LT) of interference from the tth tier and
is calculated as [41], LIt(s) = eπλt(sδtΓ(1−δt,s)−sδtΓ(1−δt)),
where δt = 2/νt, Γ(a, x) =

∫∞
x
ta−1e−tdt and Γ(a) =∫∞

0
xa−1e−xdx.

B. sub-6 GHz-SBS Tier with NOMA
This section derives expression for the outage probability

for the sub-6 GHz-SBS tier with NOMA using perfect CSI,
UDI, and the proposed FS.

1) Using perfect CSI: CDF of unordered channel gain of
sub-6 GHz-SBS tier is given as

F|h̃s
n|2

(y) =

∫ Ys

0

(
1− e−(1+(r)νs )y

)
fNrsn(r)dr. (16)

Using GC quadrature [40], (16) can be approximated as

F|h̃s
n|2

(y) ≈ πλsY2
s

Z∑
z=0

bsze
−cszy, (17)

The ordered channel gain of sub-6 GHz-SBS tier is related
with the unordered channel gain of sub-6 GHz-SBS tier
F p

|h̃s
n|2

(y) as given by [38]

F p
|hs

n|2
(y) = ψn

N−n∑
k=0

(
N − n
k

)
(−1)k

n+ k

(
F|h̃s

n|2
(y)
)k+n

,

(18)
where ψn = N !

(n−1)!(N−n)! and the binomial coefficient is given

as
(
N−n
k

)
= (N−n)!k!

(N−n−k)! . Substituting (17) in (18) and applying
multinomial theorem, we get the CDF of ordered channel gain
as

F p
|hs

n|2
(y) = ψn

N−n∑
k=0

(
N − n
k

)
(−1)r

n+ k

∑
Tk
n(

n+ k
q0 · · · qZ

)( Z∏
z=0

(bsz)
qz

)
e−

∑Z
z=0 qzc

s
zy, (19)

where, T k
n =

(
q0! · · · qZ ! |

∑Z
i=0 qi = n+ k

)
,(

n+ k
q0 · · · qZ

)
= N !

q0!···qZ ! . Assuming the channel gains

of N users to be ordered as |hs1|2 ≤ · · · ≤ |hsN |2,
since the outage probability is decided on successful
SIC followed by successful decoding of self message,
the outage probability at user n is derived as
Os,p

n = 1 − P
(
log2(1 + γsn→j) > R, log2(1 + γsn) > R

)
=

1 − P
(
γsn→j > ϕ, γsn > ϕ

)
, where ϕ = 2R − 1. Thus, the

outage probability of user n can be written as

Os,p
n = P

(
|hsn|2 < ϵsmax(1 +

∑
t

ρItIt)

)
, (20)

where ϵsmax = max (ϵs1, ϵ
s
2, . . . , ϵ

s
n) such that ϵsn is calcu-

lated as ϵsn = ϕ/(ρs × (an − ϕ
∑N

i=n+1 ai)). This gives the
outage probability as Os,p

n = F p
|hs

n|2
(ys,pn ), where ys,pn =

ϵsmax(1 +
∑

t ρ
I
tIt). Hence, the outage probability of user n

can be calculated as

Os,p
n = ψn

N−n∑
k=0

(
N − n
k

)
(−1)k

n+ k

∑
Tk
n

(
n+ k
q0 · · · qZ

)
(

Z∏
n=0

bsz
qz

)
e−

∑Z
z=0 qzc

s
z

ϵmax
ρs

∏
t

LIt
(ssρ

I
t ). (21)

2) Using UDI:
Proposition 1: The outage probability using UDI can be

expressed as Os,d
n = F d

|hs
n|2

(ys,dn ), where ys,dn = ϵsmax(1 +∑
t ρ

I
tIt), the CDF of the channel gain ordered using UDI is

evaluated as

F d
|hs

n|2(z) = P
{

|hsn|2

(rsn)
νs

≤ z

}
=

∫ Ys

0

(1− e−zrνs )fdrsn(r)dr,

(22)
where fdrsn(r) is the PDF of the Euclidean distance rsn of the
nth nearest user from the sub-6 GHz-SBS and is expressed as
follows

fdrsn(r) = 2n
(
N
n

)N−n∑
j=0

(
N−n

j

)
(−1)j

r2(n+j)−1

Ys
2(n+j)

. (23)

Proof : Please see Appendix A.

3) Using proposed FS:
Proposition 2:
The outage probability of a user in Gr-0 can be expressed

as

Os,f
0 =

Z∑
z=0

bsze
−ss0LIs(s

s
0ρ

I
s)LIc(s

s
0ρ

I
c)/

Z∑
z=0

bsze
−cszζs , (24)

where ss0 = cszϵ
s
1. For user in Gr-1, the outage probability can

be calculated as

Os,f
1 =

Z∑
z=0

bze
−ss1LIs

(ss1ρ
I
s)LIc

(ss1ρ
I
c)−X/(1−X ), (25)

where X =
∑Z

z=0 bze
−cszζs and ss1 = cszϵ

s
max, and ϵsmax =

max (ϵs1, ϵ
s
2).

Proof : Please see Appendix B.

C. mmWave-SBS Tier with OMA
The effective channel gain of a user on the randomly gen-

erated beam is expressed by |h̃∗
m|2 = |h̃m|2F o

M (π[θ − θm]),
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where |h̃m|2 = |ĥm|2
1+(rmn )νm and F o

M (π[θ − θm]) =

FM (π[θ − θm]). The CDF of channel gain for mmWave-SBS
tier may be obtained as

F|h̃∗
m|2(y) ≈

θ+∆∫
θ−∆

Ym∫
0

(
1− e

− y(1+(r)νm )
Fo
M

(π[θ−θm])

)
fNrm(r)

2∆
drdθt.

(26)
Using the SINR at user from mmWave-SBS using OMA, the
outage probability is expressed as Om = P(γm < η). Hence,
the outage probability is calculated as Om = F|h̃∗

m|2(y
o
m),

where yom = ϕo/ρm.

D. mmWave-SBS Tier with NOMA

This section derives the expression for the outage probabil-
ity for the mmWave-SBS tier with NOMA using perfect CSI,
UDI, and the proposed FS.

1) Using perfect CSI: The ordered channel gain of
mmWave-SBS tier is related with the unordered channel gain
of mmWave-SBS tier F|h̃∗

n|2
(y) given by [38]

F p
|h∗

n|2
(y) = ψn

N−n∑
k=0

(
N − n
k

)
(−1)k

n+ k

(
F|h̃∗

n|2
(y)
)k+n

,

(27)
where the CDF of unordered channel gain of mmWave-SBS
tier is expressed as

F|h̃∗
n|2

(y) ≈
θ+∆∫

θ−∆

Ym∫
0

(
1− e

− y(1+(r)νm )
FM

)
fNrmn (r)

2∆
drdθn,

(28)
such that FM represents the the Fejér kernel when ∆ ap-
proaches zero as is approximated as

FM (π[θ − θn]) ≈M

(
1− π2M2(θ − θn)

2

12

)
= FM . (29)

For nth user, the outage probability can be calculated using
the SINR in (12) and (13) as

Om,p
n = 1− P

(
γmn→j > ϕ, γmn > ϕ

)
(30)

Hence, the outage probability is calculated as
Om,p

n = F p
|h∗

n|2
(ym,p

n ), where ym,p
n = ϵmmax,

ϵmmax = max{ϵm1 , ϵm1 , · · · , ϵmn }, and ϵmn =
ϕ/(ρm × (an − ϕ

∑N
i=n+1 ai)).

2) Using UDI:
Proposition 3: Assuming that the distance of the users from

the tagged mmWave-SBS is available, the outage probability
of the nth user can be expressed as

Om,d
n = F d

|h∗
n|2(y

m,d
n ), (31)

where ym,d
n = ϵmmax and the CDF of the ordered channel gain

with UDI is expressed by

F d
|h∗

n|2(z) =

∫ Ym

0

(1− e
−zrνm

FM )fdrmn (r)dr, (32)

such that the PDF of distance of the nth nearest user from the
mmWave-SBS is given as

fdrmn (r) = 2n
(
N
n

)N−n∑
j=0

(
N−n

j

)
(−1)j

r2(n+j)−1

Ym
2(n+j)

. (33)

Proof : Please see Appendix C.

3) Using proposed FS:
Proposition 4: The outage probability of user in Gr-0 can

be calculated as
Om,f

0 = Fm,f
0 (ym,f

0 ), (34)
where ym,f

0 = ϵm1 , and the CDF of channel gain for Gr-0 user
is given as

Fm,f
0 (y) =

F|h∗
n|2(min{y, ζm})
F|h∗

n|2(ζm)
, (35)

such that F|h∗
n|2(y) is given in (28). For user in Gr-1, the

outage probability may be written as
Om,f

1 = Fm,f
1 (ym,f

1 ), (36)
where ym,f

1 = ϵmmax, and ϵmmax = max{ϵm1 , ϵm2 }. The CDF of
channel gain for Gr-1 user is expressed as follows for y > ζm,
since, for y < ζm Fm,f

1 (y) = 0.

Fm,f
1 (y)=

P
(
ζm < |h∗

n|2 < y
)

P (|h∗
n|2 > ζm)

=
F|h∗

n|2(y)− F|h∗
n|2(ζm)

1− F|h∗
n|2(ζm)

.

(37)
Proof : Please see Appendix D.

E. High SNR Approximation and Diversity Analysis

Assuming that at high SNR y tends to zero, using the Taylor
series expansion for the exponential function, and utilizing the
fact that 1− e−x ≈ x when x→ 0, F|h̃s

n|2
(y) in (16) may be

approximated as

F∞
|h̃s

n|2
(y) ≈

∫ Ys

0

(1 + rνs)y×fNrsn(r)dr = cs × y, (38)

where cs =
∫ Ys

0
(1 + rνs)×fNrsn(r)dr.

1) Diversity gain analysis of Gr-0 and Gr-1 user for sub-
6 GHz-SBS tier: The CDF of channel gain for Gr-0 user is
approximated, at high SNR, as follows

F s,∞
0 (y)=

F∞
|h̃s

n|2
(min{y, ζs})

F∞
|h̃s

n|2
(ζs)

≈ min{y, ζs}
ζs

. (39)

Correspondingly, at high SNR, the outage probability of user
in Gr-0 is given as

Os,∞
0 = F s,∞

0 (ys,f0 ) ≈ min{ys,f0 , ζs,f}
ζu

. (40)

Remark 1: Since, ys,f0 approaches zero at high SNR, this
implies that min{ys,f0 , ζs} also approaches zero at high SNR
at the same rate [25]. Furthermore, the selected value of ζs
decreases with ρs as ζs∼̇ 1

ρs
, [25], [28], where the operator

∼̇ can be interpreted as ”is approximately distributed as”.
Hence, (40) implies that the outage probability of user in Gr-
0 becomes independent of ρs at high SNR. Therefore, we
find that asymptotically there is an error floor in the outage
probability of Gr-0 user, as is evident from Section VI, which
verifies the high SNR approximation results in (40).

Using the high SNR approximation from (38), the CDF of
channel gain for Gr-1 user may be approximated as
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F s,∞
1 (y) =

F∞
|h̃s

n|2
(y)− F∞

|hs
n|2

(ζs)

1− F∞
|h̃s

n|2
(ζs)

≈ cs ×max{0, (y − ζs)}.

(41)
The outage probability for Gr-1 user is calculated as

Os,∞
1 = F s,∞

1 (ys,f1 ) ≈ cs ×max{0,
(
ys,f1 − ζs

)
}∼̇ 1

ρu
. (42)

This gives the diversity gain for Gr-1 user as 1, as can also
be observed from Section VI, which verifies the analytical
findings.

2) Diversity gain analysis of Gr-0 and Gr-1 user for
mmWave-SBS tier: Similar to Section V-E1, the CDF in (28)
may be approximated as

F∞
|h∗

n|2(y) ≈
θ+∆∫

θ−∆

Ym∫
0

(
y(1 + rνm)

FM

)
fNrmn (r)

2∆
drdθn ≈ cm × y,

(43)

where cm =
θ+∆∫
θ−∆

Ym∫
0

(
(1+rνm )

FM

)
fN
rmn

(r)

2∆ drdθn. Therefore,

CDF for channel gain of user in Gr-0 may be approximated
as

Fm,∞
0 (y) =

F∞
|h∗

n|2
(min{y, ζm})

F∞
|h∗

n|2
(ζm)

≈ min{y, ζm}
ζm

. (44)

At high SNR, ym,f
0 approaches zero, thus, using (44), the

outage probability at Gr-0 user is approximated as

Om,∞
0 = Fm,∞

0 (ym,f
0 ) ≈ min{ym,f

0 , ζm}
ζm

. (45)

Remark 2: Since, ym,f
0 approaches zero at high SNR,

this implies that min{ym,f
0 , ζm} also approaches zero at high

SNR with the same rate [25]. Moreover, the selected value
of ζm decreases with ρm as ζm∼̇ 1

ρm
, [25], [28]. Hence, (45)

implies that the outage probability of user in Gr-0 becomes
independent of ρm at high SNR. Therefore, we find that
asymptotically the outage probability of Gr-0 user approaches
error floor, as is evident from Section VI, which verifies the
analytical findings using high SNR approximation.

Again, when SNR is high, ym,f
1 approaches zero, using (43),

the CDF of user in Gr-1 is approximated as

Fm,∞
1 (y) =

F∞
|h∗

n|2
(y)− F∞

|h∗
n|2

(ζm)

1− F|h∗
n|2∞(ζm)

≈ cm max{0, (y−ζm)}.

(46)
Using (46), the high SNR approximation for outage proba-

bility for Gr-1 user is expressed as

Om,∞
1 ≈ cm max{0, (ym,f

1 − ζm)}∼̇ 1

ρm
. (47)

This gives the diversity gain for Gr-1 user as 1.

F. Total Tier-Outage Probability

In this section, we calculate the total tier-outage probability
of each tier by performing, offloading and RAT selection under
perfect CSI, UDI, and the proposed FS. After offloading, the
outage probability at the MBS tier is given as (1 − Pts)Pc.
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Fig. 1: Outage probability at sub-6 GHz-SBS using partial CSI
(a) For Gr-0 user. (b) For Gr-1 user.

After offloading and RAT selection, the outage probabilities at
sub-6 GHz-SBS tier and mmWave-SBS tier are calculated as
PtsPmOs,p

n and Pts(1−Pm)Os,p
n , respectively, using perfect

CSI at the BS. Similarly, with UDI, the tier outage probability
at the sub-6 GHz-SBS tier and mmWave-SBS tier with of-
floading and RAT selection are calculated as PtsPmOs,d

n and
Pts(1− Pm)Os,d

n , respectively, and using the proposed FS it
is given as PtsPmOs,f

n and Pts(1− Pm)Os,f
n , respectively.

VI. RESULTS AND DISCUSSIONS

This section analyzes the rate outage probability based on
the analytical expressions derived in Section V. The system
parameters considered to analyze the outage probabilities are
λc = 10−5, λs = 5 × 10−4, λm = 5 × 10−3, Bc = Bs = 1,
Bm = 3, Yc = 1km, Ys = 100m, R = 0.1 bps, νc = 3.5,
νs = 3, νm = 2, Ym = 10m, ϕ = 0.01, ∆ = 0.01, M = 4,
N = 10 , ζs = 1

ρs
, ζm = 1

ρm

1. The selected parameters are

1The CDF in (54) implies that the outage probability at Gr-0 user for
ζs < ys,f0 is always equal to 1, i.e., for ζs < ys,f0 the user in Gr-0 always
experiences outage. When the transmit SNR approaches infinity, then ys,f0

approaches zero, i.e., ys,f0 → 0. This means that min{ys,f0 , ζs} is always ζs
leading outage probability to 1. To avoid such situation, at high SNR, threshold
should also approach 0, i.e, ζs → 0, this makes the value of predefined
threshold inversely proportional to transmit SNR a viable choice.
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Fig. 2: Outage probability at mmWave-SBS tier using partial
CSI (a) For Gr-0 user. (b) For Gr-1 user.

similar to the ones used in [25], [28], [30], and [34]. For a
comparative analysis, the following benchmarks are used: (i)
using perfect CSI at BSs, (ii) with UDI, (iii) using proposed
FS, and (iv) with no CSI feedback. The scenario with no CSI
feedback indicates that the BS orders the users randomly due
to lack of information regarding the actual CSI [21]. The no
feedback case is a special case of the considered feedback with
ζr = 0 or ζr = ∞, such that r ∈ {s,m}. Furthermore, the
tier outage probability with and without offloading is plotted
for the proposed NOMA-HHN. Comparisons are carried out at
transmission power of 30dBm for the sub-6 GHz and mmWave
SBSs. The analytical results are denoted by “A.” while the
simulation curves are represented by “S.”.

Fig. 1 and Fig. 2 show the outage probability of Gr-0 and
Gr-1 user at sub-6 GHz-SBS and mmWave-SBS tier using
partial CSI, respectively. The partial CSI used are namely,
with UDI, i.e., when information of users’ distance is known
at the BS, when no feedback (abbreviated as no FB in the
figures) is available at the BS, and using the proposed FS.
Fig. 1(a) shows the outage probability of Gr-0 user at the
sub-6 GHz-SBS tier. It can be observed from Fig. 1(a) that
perfect CSI forms the lower bound (ideal) on the outage
probability for the user. Outage probability using proposed
FS shows the best performance and achieves enhancement of
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Fig. 3: Tier-outage probability at sub-6 GHz-SBS after offload-
ing and RAT selection(a) For Gr-0 user. (b) For Gr-1 user.

59.63% when compared to the outage probability with UDI
and improvement of 45.68% is observed when compared to
no feedback scenario. Ordering of users using only distance
information does not guarantee same ordering as that done
using users’ channel gain. Due to inappropriate ordering of
users, based on distance, leads to degradation in users’ outage
performance. Similarly, in the scenario with no CSI feedback,
random ordering of users is performed at the BS. Random
ordering of the users translates to random power allocation.
Hence, no CSI feedback results in degraded outage probability
at the user. Utilizing the proposed FS for user ordering ensures
that users are ordered based on the feedback received by
them regarding their channel gain. Based on the feedback,
appropriate power is allocated to users, therefore, the proposed
FS yields better outage performance. In agreement with (42),
at high SNR, the outage probability of Gr-0 user using the
proposed FS shows an error floor, therefore, verifying the
analytical findings of Section V-E1.

Fig. 1(b) illustrates the outage probability for Gr-1 user
at the sub-6 GHz-SBS tier. Similar to Fig. 1(a), the outage
probability curves for Gr-1 user in Fig. 1(b) shows similar
trend. One major difference in the outage probability for Gr-
0 and Gr-1 user is that for Gr-0 user, worst performance is
observed with UDI, while for Gr-1 user, worst performance is
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Fig. 4: Tier-outage probability at mmWave-SBS after offload-
ing and RAT selection(a) For Gr-0 user. (b) For Gr-1 user.
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Fig. 5: Comparison of NOMA enabled multi-RAT HetNet
(i.e., proposed NOMA-HHN) with NOMA enabled single-
RAT HetNet

shown under no feedback scenario. The reason for Gr-1 user
showing degraded performance with no feedback as compared
to Gr-0 user is due to the random ordering of the users. Due to
the random ordering, Gr-0 user may be considered to be Gr-1
user instead. As per NOMA principle, lower power is allocated
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Fig. 6: Sum ergodic rate at sub-6 GHz-SBS and mmWave-
SBS tier using partial CSI. (a) At sub-6 GHz-SBS tier. (b) At
mmWave-SBS tier.

to the Gr-1 user. Due to lower power allocation, performance
of the selected Gr-1 user degrades, since the selected Gr-1 user
might be a Gr-0 user which has been allocated less power.

Fig. 2(a) and Fig. 2(b) demonstrate the outage probability
for Gr-0 user and Gr-1 user of the mmWave-SBS tier, re-
spectively. It is interesting to note that for Gr-0 user of the
mmWave-SBS tier, similar to the sub-6 GHz-SBS tier, per-
fect CSI achieves best outage performance. However, outage
probability with no feedback and with UDI does not follow
similar trends as that of the sub-6 GHz-SBS tier. For the
mmWave-SBS tier, coverage range of the BS is very small
as compared to that of the sub-6 GHz-SBS. Therefore, UDI
can be considered as a nearly accurate measure of the users’
actual channel condition. Hence, with UDI at the mmWave-
SBS, the outage performance achieved at Gr-0 user is nearly
same as that achieved by using perfect CSI. Furthermore,
as explained for the sub-6 GHz-SBS tier, unavailability of
feedback from users yield better performance for Gr-0 user
as compared to that for Gr-1 user. The reason is similar to
that explained for the sub-6 GHz-SBS tier. The selected Gr-
0 user, which apparently is a Gr-1 user, is allocated higher
power. The combination of good channel condition and more
power results in improved performance at the selected Gr-



IEEE TRANSACTIONS ON VEHICULAR COMUNICATIONS 11

10 15 20 25 30 35 40

Transmission Power (dBm)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
E

n
e

rg
y 

E
ff

ic
ie

n
cy

sub-6 GHz, OMA

sub-6 GHz, UDI

sub-6 GHz, no FB

sub-6 GHz, FS

(a)

10 15 20 25 30 35 40

Transmission Power (dBm)

0

1

2

3

4

5

6

7

E
n

e
rg

y 
E

ff
ic

ie
n

cy

mmWave-SBS, UDI

mmWave-SBS, no FB

mmWave-SBS, FS

(b)

Fig. 7: Energy efficiency at sub-6 GHz-SBS and mmWave-
SBS tier using partial CSI. (a) At sub-6 GHz-SBS tier. (b) At
mmWave-SBS tier.

0 user. However, the condition reverses for the selected Gr-
1 user, thereby resulting in degraded outage performance.
Therefore, as can be observed from Fig. 2(b), the scenario
with no feedback from the users achieves worst performance
for the randomly selected Gr-1 user.

Fig. 3 and Fig. 4 reveal the total outage probability at the
sub-6 GHz-SBS tier and mmWave-SBS tier, respectively, after
offloading and RAT selection. It can be noted that Fig. 3(a),
(b) and Fig. 4(a), (b), follow similar trend in outage probability
similar to their counterparts in Fig. 1(a), (b), and Fig. 2(c), (d),
respectively. However, it must be noted that when offloading
is not performed and user is allowed to connect only with
the MBS tier, without any choice of offloading to other
SBS tier and/or other RAT, the outage probability shows
poor performance. For the selected parameters, the maximum
improvement that can be achieved using offloading to sub-
6 GHz tier is by 93.57% when offloaded as Gr-0 user and
by 99.12% when offloaded as Gr-1 user. When offloading
and RAT selection are performed, regardless of whether or
not CSI is known at the BS, the user’s outage performance
improves considerably. Besides, it is seen that offloading
to the mmWave-SBS experiences significant improvement in
outage probability as compared to without offloading and

offloading to sub-6 GHz-SBS tier. The maximum improvement
attained from offloading to mmWave-SBS tier is equivalent to
nearly two times reduction in the outage probability before
offloading. This justifies the requirement of HetNets with
multi-RAT BSs for fulfilling the demands of future generation
networks.

Fig. 5 shows the comparison between NOMA enabled
HetNets using two competing technologies, namely, single-
RAT network (hereafter referred to as Case-I) and multi-RAT
network. The NOMA enabled HetNet utilizing multi-RAT
network constitutes the proposed model (termed as (Case-
II)). To maintain a fair comparison, while using single-RAT
network, the power at the SBS is selected such that it equals
the sum power of the sub-6 GHz-SBS and mmWave-SBS
of the multi-RAT network, i.e., Ps + Pm. It is evident from
Fig. 5 that Case-I yields improved outage probability at the
MBS tier. This is due to the increased offloading probability
from SBS to MBS tier as a result of increased SBS power
(Ps to Ps + Pm). The increase in offloading probability with
increased power is evident from (5) and implies more number
of users being shifted to the sub-6 GHz tier. This effectively
improves the outage probability at the MBS tier by 30.10%.
However, if the outage probability at the sub-6 GHz tier is
observed, it can be noted that Case-II yields much better
performance as compared to Case-I. The improvement in
outage probability at sub-6 GHz tier achieved by using Case-
II is 97.09% for Gr-0 user and 97.24% for Gr-1 user. The
reason for the degradation of outage probability at sub-6 GHz
tier in Case-I is higher power at the sub-6 GHz which increases
the co-tier interference at the user leading to increase in
outage probability [31]. Therefore, single-RAT networks with
incremental changes, e.g., power, will not suffice the growing
demand and users. New techniques and wider bandwidths are
essential for the future generation networks.

A. Ergodic Rate Calculation

The ergodic rate at the nth user is evaluated as
En = E [1 + log(γn)] , (48)

where γn denotes SINR at the nth user of the considered
tier. The sum ergodic rate for the proposed NOMA-HHN
is computed by adding the ergodic rate of all the users
served by the BS using NOMA and can be expressed as
Esum =

∑N
n=1 En. Fig. 6(a), and (b) show plots for the sum

ergodic rate at the sub-6 GHz-SBS tier and mmWave-SBS
tier using different types of partial CSI. It is evident from
Fig. 6(a) that the sum ergodic rate achieved at the sub-6 GHz-
SBS tier using NOMA is best and is nearly 4.3 times higher
when the proposed FS is utilized as compared to with no
feedback scenario and with UDI. The reason for achieving
degraded performance using no feedback, and with UDI is the
incorrect ordering of the users due to the unavailability of data
and inaccurate data, respectively. The sum ergodic rate shows
nearly the same performance in case of no feedback from users
and with UDI. Moreover, it can be noticed that while using
OMA at the sub-6 GHz-SBS tier, at low power, NOMA yields
better performance. As the power is increased beyond 24dBm,
the sum ergodic rate of OMA surpasses that of NOMA. The
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reason is the increased interference at Gr-0 user from the
message of Gr-1 user in the superimposed signal transmitted
by the BS. Since, Gr-0 user does not perform SIC, hence the
increased interference from Gr-1 user degrades the ergodic
rate of Gr-0 user, which in turn reduces the sum ergodic rate
at the sub-6 GHz-SBS tier at high SNR. However, from the
subsequent results in Fig. 7(a), and (b), it is observed that the
optimum/maximum power to attain maximum EE for the sub-
6 GHz-SBS tier and mmWave-SBS tier is lower for NOMA
as compared to that required using OMA to achieve similar
results. It is interesting to note that for the sub-6 GHz-SBS tier,
the maximum power required with the proposed FS is 24dBm,
as determined from Fig. 7(a). This power is the value from
where the performance of OMA surpasses that of NOMA,
rendering the gain achieved by OMA to be trivial. Fig. 6(b)
reveals the sum ergodic rate at the mmWave-SBS tier under
different CSI conditions. It can be noted that for the mmWave-
SBS tier, the scenario with UDI yields the highest sum ergodic
rate. The sum ergodic rate achieved with UDI is higher by
17.96% when compared to the proposed FS and is nearly 4.6
times higher as compared to no feedback. The reason for UDI
achieving the best performance is the smaller coverage range
of mmWave-SBS which renders the distance information as
an accurate measure of users’ channel condition.

B. Energy Efficiency Calculation

Fig. 7 displays the EE curves for the sub-6 GHz-SBS tier
and the mmWave-SBS tier. The EE is evaluated as

EE =
Esum
Pt + Pc

, (49)

where Pt is the transmit power at BS, and Pc represents the
power consumption of the circuits [42]. It can be noted that
for both the tiers, on increasing the power of the SBS, the EE
increases and then observes a decrease with further increase
in the power after a fixed value. The reason for decrease
in EE after reaching a maximum point is credited to (49).
The expression in (49) depicts the method of calculating EE.
It can be seen that the power term is present in both, the
numerator (in the SINR term while calculating ergodic rate)
and the denominator. Initially on increasing the power, the
sum ergodic rate, i.e., the sum of the ergodic rate of Gr-
0 user and Gr-1 user increases. However, as the power is
further increased, the advantage of rising power is nulled by
the simultaneously increasing interference at the user. This
implies that slope of the ergodic rate versus transmit rate
plot decreases at higher transmit power. Hence, a drop in the
EE is observed after reaching a maximum point. However,
for the given parameters, the power corresponding to the
maximum EE can be considered as the maximum allowable
power at the BS under different partial CSI assumptions.
For the sub-6 GHz-SBS tier, the value of maximum power
achieved with the proposed FS is determined to be 24dBm
from Fig. 7(a). Similarly, while using no feedback and with
UDI the maximum power achieved is 32dBm. For sub-6 GHz-
SBS using OMA with feedback, the maximum EE is achieved
at a power of 26dBm. A similar analysis for Fig. 7(b) reveals
that the power required to achieve maximum EE for the

mmWave-SBS tier with UDI, with proposed FS and without
feedback is 22dBm, 24dBm, and 30dBm, respectively.

VII. CONCLUSION

This paper investigates the co-existence of multi-RAT tech-
nologies in the future generation wireless network using the
proposed NOMA-HHN. The performance of the proposed
NOMA-HHN is examined under a realistic assumptions us-
ing different partial CSI cases. Furthermore, the results are
compared with the conventional perfect CSI scenario. Load
balancing in the proposed NOMA-HHN is performed using
offloading among tiers and between RATs. The proposed
FS with DA addresses the issues of initial access delay in
the mmWave-SBS using beamtraining. The numerical results
demonstrate the benefits of using the proposed NOMA-HHN
to support immense load on the future wireless networks.
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APPENDIX A
PROOF OF PROPOSITION 1

Assuming that the distance information is available at the
sub-6 GHz-SBS, and the users are ordered based on their
distance as rs1 ≤ rs2 ≤ · · · ≤ rsn, where rsn denotes the distance
of nth nearest user. The total channel gain is given by the
combination of small scale Rayleigh fading and large scale
path loss and is expressed as |h̃sn|2 = |ĥsn|2(rsn)−νs . The small-
scale fading, |ĥsn|2 only weakly changes the large scale path
loss (rsn)

−νs , which motivates ordering based on distance [21].
It is important to note that the total channel gain might not
have the same order as that of the distance. Next, we calculate
CDF of the channel gain when only distance information is
known at the sub-6 GHz-SBS. Assuming, the locations of the
users are uniformly distributed within the disc of radius Ys

around the sub-6 GHz-SBS, the distance rsn from an arbitrary
user to the sub-6 GHz-SBS has the PDF as

frsn(r) =
2r

Y2
s

, (50)

Therefore, the CDF may be expressed as

Frsn
(r) =

r2

Y2
s

, 0 < r ≤ Ys. (51)

Since rs1 ≤ rs2 ≤ · · · ≤ rsN , by applying order statistics [43],
PDF of Euclidean distance rsn is calculated as follows
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fdrsn(r) = k
(
N
n

)
(Frsn

(r))n−1(1− Frsn
(r))N−nfrsn(r)

= 2n
(
N
n

)N−n∑
j=0

(
N−n

j

)
(−1)j

r2(n+j)−1

Ys
2(n+j)

. (52)

The CDF of the channel gain can be evaluated as

F d
|hs

n|2(z) = P
{

|hsn|2

(rsn)
νs

≤ z

}
=

∫ Ys

0

(1− e−z(rsn)
νs
)fdrsn(r)dr.

(53)
The outage probability with UDI can be expressed as Os,d

n =
F d
|hs

n|2
(ys,dn ), where ys,dn = ϵsmax(1 +

∑
t ρ

I
tIt).

APPENDIX B
PROOF OF PROPOSITION 2

Using the condition to be a Gr-0 user (as explained in
Section III-B), the CDF of the channel for a user in Gr-0
can be evaluated as

F s,f
0 (y)=

P
(
|h̃sn|2 < min{y, ζs}

)
P
(
|h̃sn|2 < ζs

) =
F|h̃s

n|2
(min{y, ζs})

F|h̃s
n|2

(ζs)
.

(54)
The outage probability of a user in Gr-0 can be written as
Os,f

0 = P (log(1 + γs0) ≥ R) = F s,f
0 (ys,f0 ), where ys,f0 =

ϵs1(1 +
∑

t ρ
I
tIt). Using (17) and (54), the outage probability

for ζs < ys,f0 is always equal to 1 while for ζs > ys,f0 is
evaluated as

Os,f
0 =

Z∑
z=0

bsze
−ss0LIs(s

s
0ρ

I
s)LIc(s

s
0ρ

I
c)/

Z∑
z=0

bsze
−cszζs , (55)

where ss0 = cszϵ
s
1. Again, using the condition to be a Gr-1 user

(as explained in Section III-B), the CDF of the channel gain
for a user in Gr-1 is expressed as

F s,f
1 (y) =

P
(
ζs < |h̃sn|2 < y

)
P
(
|h̃sn|2 > ζs

) =
F|h̃s

n|2
(y)− F|h̃s

n|2
(ζs)

1− F|h̃s
n|2

(ζs)
,

(56)
if y > ζs, otherwise F s,f

1 (y) = 0. Similarly, for user in Gr-1,
the outage probability can be calculated as
Os,f

1 = 1−P (log(1 + γs1→0) ≥ R, log(1 + γs1) ≥ R) = F s,f
1 (ys,f1 ),
(57)

where ys,f1 = ϵsmax(1 +
∑

t ρ
I
tIt). Therefore, the outage

probability is given as

Os,f
1 =

Z∑
z=0

bze
−ss1LIs(s

s
1ρ

I
s)LIc(s

s
1ρ

I
c)−X/(1−X ), (58)

where X =
∑Z

z=0 bze
−cszζs and ss1 = cszϵ

s
max.

APPENDIX C
PROOF OF PROPOSITION 3

Assuming that the distance information is available at the
mmWave-SBS, and the users on the beam be ordered based
on their distance as rm1 ≤ rm2 ≤ · · · ≤ rmN , where rmn
denotes the distance of the nth nearest user. The total channel
gain is given by the combination of small scale Rayleigh
fading and large scale path loss and is expressed as |h̃∗

n|2 =

|h̃∗∗
n |2(rmn )−νm , where |h̃∗∗

n |2 = |ĥmn |2 sin2(πM(θ−θn)
2 )

M sin2(π(θ−θn)
2 )

=

|ĥmn |2FM (π[θ − θn]). Next, we calculate the CDF of the
ordered channel gain when only distance information is known
at the mmWave-SBS. Similar to sub-6 GHz-SBS, assuming the
locations of the users to be uniformly distributed within the
disc of radius Ym around the mmWave-SBS, the distance rmn
from an arbitrary user to the mmWave-SBS will follow the
PDF and CDF as frmn (r) = 2r

Y2
m

and Frmn
(r) = r2

Y2
m
, 0 < r ≤

Ym, respectively.
Hence, PDF of Euclidean distance rmn of the nth nearest

user can be expressed as
fdrmn (r) = k

(
N
n

)
(Frmn

(r))n−1(1− Frmn
(r))N−nfrmn (r)

= 2n
(
N
n

)N−n∑
j=0

(
N−n

j

)
(−1)j

r2(n+j)−1

Ym
2(n+j)

. (59)

The CDF of the channel gain |h∗
n|2 can be evaluated as

F d
|h∗

n|2(z) = P

{
|h̃∗∗

n |2

(rmn )νm
≤ z

}
,

=

∫ Ym

0

(1− e
−zrνm

FM )fdrmn (r)dr, (60)

For nth user, the outage probability can be determined using
the SINR in (12) and (13) as

Om,d
n = 1− P

(
γmn→j > R, γmn > R

)
(61)

Thus, the outage probability with UDI may be expressed as
Om,d

n = F d
|h∗

n|2
(ym,d

n ), where ym,d
n = ϵmmax.

APPENDIX D
PROOF OF PROPOSITION 4

Similar to (54), the CDF of the channel gain of a user for
ζm > 0, if it lies in Gr-0 at the mmWave-SBS is expressed as

Fm,f
0 (y) =

P
(
|h̃∗

n|2 < min{y, ζm}
)

P
(
|h̃∗

n|2 < ζm

) =
F|h̃∗

n|2
(min{y, ζm})

F|h̃∗
n|2

(ζm)
.

(62)
The outage probability of user in Gr-0 can be expressed as

Om,f
0 = P (log(1 + γm1 ) ≤ R) = Fm,f

0 (ym,f
0 ), (63)

where ym,f
0 = ϵm1 . Similarly, if y > ζm, the CDF of the

effective channel gain for user in Gr-1 can be expressed as

Fm,f
1 (y)=

P
(
ζm < |h̃∗

n|2 < y
)

P
(
|h̃∗

n|2 > ζm

) =
F|h̃∗

n|2
(y)− F|h̃∗

n|2
(ζm)

1− F|h̃∗
n|2

(ζm)
.

(64)
For y < ζm, Fm,f

1 (y) = 0. For user in Gr-1, the outage
probability can be determined as

Om,f
1 = 1− P (log(1 + γm2→1) ≥ R, log(1 + γm2 ) ≥ R).

(65)
This gives Om,f

1 = Fm,f
1 (ym,f

1 ), where ym,f
1 = ϵmmax.
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