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Abstract—We introduce a set of multiple access protocols,
called hierarchical multiple access (HiMA), which are based
on non-orthogonal multiple access (NOMA) and time-division
multiple access (TDMA), optimized for the hierarchical network
scenario. The proposed protocols can be efficiently utilized in
various network configurations with an hierarchical form, such
as relay networks, cloud-radio access networks (C-RANs), and
fog-radio access networks (F-RANs). In particular, C-RANs and,
more recently, F-RANs are regarded as promising paradigms to
fully utilize the edge of the networks. Therefore, the implemen-
tation of novel multiple access protocols to properly exploit these
configurations is critical for the fifth generation and beyond of
wireless access. Furthermore, the resource allocation problem is
formulated for each protocol with respect to the timeslot duration
and power. As a result two fairness metrics are optimized,
namely max-min rate fairness and proportional fairness. Finally,
numerical results reveal the effectiveness of the joint design
in the hierarchical network and an interesting trade-off is
identified between fairness and achievable rate. Interestingly,
despite NOMA being a very promising alternative to conventional
multiple access schemes, the protocol that is solely based on
NOMA does not always outperform the rest.

Index Terms—non-orthogonal multiple access (noma), hierar-
chical noma, asynchronous tdma, convex optimization, resource
allocation.

I. INTRODUCTION

The development of efficient methods to utilize the radio re-

sources is of great importance in the design of the current and

next generations of wireless networks (5G and beyond), where

an exponential growth of mobile traffic and connected devices

is expected. In the last years, non-orthogonal multiple access

(NOMA) has been proposed as a capacity-achieving multiple
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access scheme for the Gaussian broadcast channel, which can

overcome the limitations of the orthogonal multiple access

(OMA) [1]. In NOMA, users’ messages are superimposed

in a single resource block through multiplexing in the power

domain. By applying advanced signal processing techniques at

the receiver side, such as successive interference cancellation

(SIC) and multi-user detection (MUD), the interference is

mitigated, increasing the system’s spectral efficiency [2].

On the other side, small-cell architecture is an attractive

solution to increase the area capacity, i.e., the total throughput

per unit area, which is a fundamental concept in 5G networks.

On that matter, the design of smaller cells that operate at higher

frequency bands, e.g., mmWave, has made the use of relay

networks very attractive, due to higher channel attenuation

[3]. Also, a promising alternative to the conventional cellular

network architecture is the Cloud-Radio Access Network (C-

RAN). C-RAN essentially divides the base station (BS) in

two remote parts: the remote radio head (RRH), which grants

wireless access to the end users and the centralized pool

of baseband units (BBU), at which resource management

and large-scale signal processing take place. Capacity limited

fronthaul links connect each RRH to the BBU pool. However,

mandatory centralized processing and transport over capacity-

limited fronthaul links increase the delay, making C-RANs un-

suitable for delay-sensitive applications. As an alternative, fog-

radio access networks (F-RANs), also known as mobile edge

computing (MEC), can perform these tasks in a distributed

manner. More specifically, instead of an RRH, in F-RAN a

fog access point (FAP) is employed, that can also perform

computational tasks. As far as the architecture is concerned,

the aforementioned networks share similar traits, inciting the

use of a common term to describe them, hierarchical networks.

A. Literature

Hierarchical networks like C-RAN and F-RAN have been

extensively studied in recent years, mostly in terms of rate,

resource allocation, and user scheduling. Especially, NOMA’s

applicability has been examined in these networks, yielding

better spectral efficiency compared to OMA schemes [1], [4],

[5]. In [6], stochastic geometry tools was utilized to obtain

an expression of the outage probability for NOMA based

downlink C-RAN, where RRH are uniformly distributed and

they simultaneously serve two paired users. In [7], distributed

NOMA was proposed for the uplink of C-RAN, focusing on

the optimization of the subset of messages that is decoded
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by each RRH and the corresponding decoding order with

the aim to enhance the achievable rate region, assuming that

the RRHs can exchange digital information with the BBU

via ideal feedback links. Also, in [8] the outage probability

of distributed uplink NOMA was derived, considering fixed

transmission rates and the use of non-ideal feedback links.

Research activity on resource allocation in this type of

networks has yielded some interesting results, as well. More

specifically, in [9], a F-RAN with NOMA was considered,

where capacity-limited fronthaul links connect the BBU pool

and the FAPs. In that paper the user assignment and resource

allocation are jointly optimized for the users, by maximizing

the weighted sum rate. Furthermore, the NOMA strategy

seems to be superior, compared to conventional orthogonal

multiple access (OMA), in terms of fairness. In [10], a

NOMA based C-RAN system was investigated and resource

allocation optimized in terms of weighted sum rate, while it

was shown that NOMA can achieve higher spectral efficiency

than conventional OMA schemes. In [11], the authors have

optimized the fronthaul rate allocation of the uplink of a C-

RAN multi-cell NOMA system to ensure high-throughput in

cell-edge regions. In order to decrease the system complexity,

users are partitioned in groups based on a novel and iterative

algorithm. Furthermore, a C-RAN with NOMA was also

investigated in [12], where a heuristic algorithm for user

scheduling and power allocation was proposed, that shows the

superiority of NOMA in terms of sum-rate. In [13], a multi-

tier heterogeneous C-RAN with NOMA was studied. The

energy efficiency was investigated for various environments

and the maximum number of cells that can be supported

in the network was shown. More details about the energy

efficiency of heterogeneous NOMA C-RANs can be found

in [14], where key promising technologies were presented.

Furthermore, in [15], the energy efficiency was optimized for

a NOMA C-RAN, where a sub-6 GHz link was assumed as

a fronthaul and the wireless access is provided via mmWave

links. Also, in [16], a C-RAN with content multicast based

on file popularity was studied. In that paper, the authors

solved a maximization problem of the minimum delivery rate

of files that are requested by the users. It was shown that

NOMA with content-centric multicast outperforms the OMA

schemes in terms of delivery rate. . In [17], an energy efficient

maximization problem in an F-RAN with subchannel reuse

assignment was modeled as a Stackelberg game, showing that

low latency can be achieved at the users with low complexity

algorithms. In [18], a many-to-one matching game was used to

jointly optimize resource allocation for the weighted sum rate

with NOMA. Moreover, in [19], the problem of minimizing

the average delay, while finding the optimal cache placement

was studied. For that non-convex problem, the McCormick

envelopes and the Lagrange partial relaxation method were

used to study the optimal subchannel assignment and power

allocation to maximize the sum rate in three different transmis-

sion modes. In [20], a pricing two stage Stackelberg game was

developed to minimize the energy through power allocation,

while taking into account the inter-cell interference. For that

purpose, a matching algorithm is used to extract the optimal

subchannel allocation.

Cooperative networks, which can offer high reliability such

as low latency or low outage probability can also be considered

as hierarchical networks. In [21] the authors investigated the

use of NOMA in a cooperative V2X network for low latency

broadcasting or multicasting. Other notable contributions on

cooperative NOMA networks are [21]–[27]. However, coop-

erative NOMA networks, as those assumed in these works, do

not employ multiple relays each of which can serve a set of

users, as in hierarchical networks. Instead, the stronger users,

having already decoded the weaker users’ messages, due to

SIC, can act as a decode and forward relay.

B. Motivation and Contributions

Inspired by the above contributions and the increasing

interest for the C-RAN and F-RAN architectures, in this paper

we propose the use of a generalized cooperative framework,

termed as hierarchical multiple access (HiMA). HiMA com-

prises three multiple access schemes to be utilized by hier-

archical networks. Different from most cooperative NOMA

scenarios, an hierarchical network includes a central node that

communicates with dedicated relay nodes, where each of them

serves their own users. A close work is the one presented in

[9]. However, a fixed capacity fronthaul link is adopted in

[9], whereas in this contribution the fronthaul is optimized

as well. In general, as opposed to [9], the main scope of

this work is to introduce and optimize appropriate HiMA

protocols, that do not assume a fixed capacity fronthaul link,

while also considering the time and energy constraints for

both hops of all cooperative links. Moreover, in the present

contribution an arbitrary number of FAPs and UEs can be

considered in the hierarchical network, in contrast to most

works on NOMA that study only scenarios with a pair of users.

Additionally, in this contribution it is revealed that, in contrast

to conventional networks, NOMA is not always the best option

when user fairness is concerned. Following this, novel multiple

access schemes are proposed to be utilized in the hierarchical

network, as well as a version of NOMA optimized for use

in this type of networking scenario. The contributions of this

paper are summarized below:

• Novel multiple access schemes, termed as Hierarchical

Multiple Access (HiMA) are introduced for the hierarchical

networks. The three schemes are, namely, Hierarchical

NOMA (HiNOMA), Asynchronous TDMA (A-TDMA), and

mixed A-TDMA/HiNOMA. These multiple access schemes

are described in terms of energy and power consumption,

and user scheduling.

• An optimization framework is proposed, that guarantees fair

allocation of the available resources between the network

nodes and is jointly performed for both hops of the hierar-

chical network, i.e., the fronthaul link is not assumed to be

perfect.

• Two different fairness metrics are optimized, maximization

of the minimum rate among the users and maximization

of the proportional fairness. The first metric guarantees

the fair rate allocation at the cost of the sum rate, while

proportional fairness offers a trade-off between fairness and

total throughput.
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• Simulation results are presented to validate the proposed

analysis and compare the proposed schemes. Interesting

remarks are offered concerning the operation of the hi-

erarchical network. The proposed schemes are compared

with a benchmark TDMA, where resource allocation is also

optimized. Finally, it is shown that NOMA is not always

superior to OMA and the mixed solution can outperform

both NOMA and OMA.

C. Structure

In section II, a comprehensive system model is presented.

In section III, the proposed protocols for the hierarchical

multiple access are presented, namely hierarchical NOMA,

asynchronous TDMA and a mixed protocol. Following that,

in section IV, resource allocation is optimized for different

fairness metrics for each protocol design. Also, in section

V, numerical results are presented and discussed. Finally, in

section VI, some conclusions of this work are drawn.

II. SYSTEM MODEL

We consider the downlink transmission of an hierarchical F-

RAN, with a BBU pool, multiple fog access points (FAPs), and

multiple user equipment nodes (UEs). In line with the main

principles of F-RAN, this work focuses on the use of multiple

lightweight access points, which communicate wirelessly with

both the BBU and the UEs. In more detail, the network

operates in a resource block where the BBU serves |N | = N
RNs and in N resource blocks where each FAP, n, serves a

total of |Mn| = Mn users in their respective resource block,

where N = {1, . . . , n, . . . , N}, Mn = {1, . . . ,m, . . . ,Mn},

respectively, and the operator |A| denotes the cardinality of set

A. Additionally M =
∑N

n Mn denotes the total number of

UEs. Each UE is served by only one FAP and we further

assume that both FAP and UE are equipped with single

antennas.

Moreover, the FAPs are assumed to perform half-duplex

(HD) decode and forward (DF) out-band relaying [28], [29]

since full duplex relaying is avoided due to the aggregated

interference and increased complexity, while pure time domain

multiplexing used for in-band relaying cannot provide perfect

loop interference protection [28]. As such, there is no inter-

cell interference between UEs served by different FAPs. The

BBU utilizes an orthogonal frequency resource block B0 to

serve the FAPs and each FAP uses a corresponding Bn block

to serve its users. HD relaying dictates that the FAPs listen

to the BBU in the first hop with duration τ1 and transmit

to the UEs during the second hop, which lasts τn2 , for each

FAP. The total timeslot duration is required to follow τ1 +
τn2 = 1, which is true according to the normalization of the

timeslot duration. Moreover, it is assumed that full channel

state information (CSI) is available at the BBU, which also has

the computational capabilities to perform the orchestration of

the F-RAN. To this end, for the second hop, each subgroup of

UEs obtains the CSI via the use of pilot symbols transmitted

by the FAPs that serves them. The FAPs obtain the CSI of the

first hop and the second hop through pilot symbols transmitted

by the BBU and feedback from the UEs, respectively. On the

...
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2nd hop

FAP

UE

hn

hnm

BBU

Fig. 1. System Model of an Hierarchical Network

other hand, the channel estimation can also happen during the

uplink, taking advantage of the channel reciprocity.

In addition, it is assumed that all nodes consume energy

solely for information transmission. This is because the circuit

power consumption of the BBU and the FAPs during downlink

is much lower than the transmit power and is therefore

considered negligible. Furthermore, the BBU has a limited

supply of energy that can spend in a single timeslot (i.e., the

average power that is consumed). This could potentially lead

to cases where a relatively high amount of energy is used for a

very small timeslot, while the average power stays within the

limits. However, hardware issues and safety regulations limit

the maximum transmitted power as well as the average power.

Therefore, a set of two constraints regarding the power need

to hold for the BBU:

τn1 Pτ1 ≤ EBBU, (1)

where τn1 is the timeslot duration of the first hop for FAP

n and Pτ1 is the total transmitted power of the BBU at the

specific timeslot τn1 , and

Pτ1 ≤ PBBU, (2)

where PBBU denotes the maximum allowed power of the

BBU. In a similar manner, the energy and power constraints

for the FAPs can be expressed as

τn2 Pτ2 ≤ EFAP, (3)

where τn2 is the timeslot duration of the second hop for FAP

n and Pτ2 is the total transmitted power of the FAP at the

specific timeslot τn2 , and

Pτ2 ≤ PFAP, (4)

where PFAP is the maximum allowed power for the FAPs,

which are assumed to have the same limitations concerning

power and energy.

Finally, in order for the FAPs to be able to support their

respective UEs, the achievable data rate of FAP n needs to be
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greater or equal than the sum of the required rates of its UEs,

i.e.,

Rn ≥
Mn
∑

m=1

Rnm, ∀n ∈ N . (5)

III. PROPOSED MULTIPLE ACCESS PROTOCOLS FOR

HIERARCHICAL NETWORKS

In this section, we propose three novel protocols for

HiMA, namely hierarchical NOMA (HiNOMA), asynchronous

TDMA (A-TDMA), and Mixed A-TDMA/HiNOMA.

A. Hierarchical NOMA (HiNOMA)

In hierarchical NOMA (HiNOMA) both the first and the

second hop in the cooperative network are carried out by

power domain NOMA. Since HD relaying is used, the two

hops are orthogonal in time, while the first hop has a duration

of τ1, with 0 ≤ τ1 ≤ 1 of the total timeslot duration and

the second hop durates τ2, with 0 ≤ τ2 ≤ 1, respectively.

Moreover, τ1 and τ2 are normalized to the total duration of

the timeslot as

τ1 + τ2 ≤ 1. (6)

During the transmission phase of the first hop, N signals

are transmitted to each FAP from the BBU. The baseband

equivalent of the received signal yn at FAP n is given by

yn = hn

N
∑

i=1

√
pisi + wn, (7)

where hn denotes the channel gain coefficient between the n-

th FAP and the BBU, pi represents the allocated power for the

i-th FAP, si denotes the message sent from the BBU to the n-

th FAP and wn is the additive Gaussian white noise (AWGN)

at the receiver of the n-th FAP. Since in NOMA messages for

the users in a group are transmitted simultaneously, the total

energy and power consumption constraints for the timeslot

need to apply for the sum of the allocated powers. Therefore

for the energy requirement, (1) is formulated as

τ1

N
∑

n=1

Pn ≤ EBBU, (8)

while (2) is expressed as

N
∑

n=1

Pn ≤ PBBU. (9)

The FAP decodes the received message and transmits with

power domain NOMA to its users (decode and forward relay-

ing). In the second hop, each FAP transmits in non-interfering

resource blocks the message to its respective users. Therefore,

the received signal ynm of UE m that is served by FAP n is

given by

ynm = hnm

Mn
∑

j=1

√
qnjsj + wnm, (10)

where qj is the power coefficient of the j-th UE that is

served by FAP n. Identically to the first hop, the total power

consumption constraint for the timeslot needs to apply for

the sum of the allocated powers in the second hop as well,

therefore (4) is expressed as

Mn
∑

m=1

qnm ≤ PFAP, ∀n ∈ N . (11)

Similarly, for the energy requirement, (1) is formulated as

τ2

Mn
∑

m=1

qnm ≤ EFAP, ∀n ∈ N . (12)

The achievable data rate in downlink NOMA is determined

opportunistically by the FAP’s channel condition, therefore

SIC is successful if the FAP’s are optimally ordered based

on their channel conditions, i.e., |hm|2 ≥ |hj |2, for m > j.

Then, each user decodes the messages of all the users prior to

them, and the users with better channel conditions than them

remain as interfering terms. Ultimately the ascending decoding

order is the optimal for downlink NOMA, since it is the only

one that achieves the capacity limits of the broadcast channel

[30]. Furthermore SIC is always perfect since adaptive rate

is assumed for all nodes, which occur from the optimization

problems, meaning all data rates belong in the capacity region

of downlink NOMA [1], [8], [31]. Therefore, the achievable

rate of FAP n can be expressed as

Rn = τ1B0 log2 (1 + γn) , (13)

while the achievable data rate of UE m that is served by FAP

n is given by

Rnm = τ2Bn log2(1 + γnm), (14)

where γn denotes the signal-to-interference plus noise ratio

(SINR) after successive interference cancellation (SIC) at the

FAP n, written as

γn =
|hn|2pn

|hn|2
∑N

i=n+1 pn + σ2
, (15)

where σ2 denotes the variance of the AWGN at the receiver.

Similarly, γnm denotes the SINR after SIC at the UE m and

can be expressed as

γnm =
|hnm|2qnm

|hnm|2∑Mn

i=m+1 qnm + σ2
. (16)

Furthermore, it should be noted that the rate expressed in (13)

and (14) is the maximum achievable rate without considering

jointly the two hops.

In order for the FAPs to be non-interfering, an orthogonal

frequency resource block Bn is allocated to each of them,

while the BBU transmits to the FAPs using a separate resource

block B0. This is utilized for the time where the first hop is

active, so the total time-frequency resource block (TFRB) for

the first hop is τ1B0. For the second hop, the TFRB block is

the sum of the respective resource blocks used by all FAPs,

i.e.,
∑N

n=1 τ
n
2 Bn, where τn2 is the time that the second hop

is active for the FAP n. Therefore, HiNOMA needs a total of

τ1B0 + τ2
∑N

n=1 Bn TFRBs.
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TABLE I
RESOURCE COORDINATION OF THE PROPOSED PROTOCOLS

HiNOMA A-TDMA Mixed A-TDMA/HiNOMA

BBU at B0 τ1 τ
1

1
τ
2

1
τ
3

1
τ
1

1
τ
2

1
τ
3

1

FAP1 at B1 τ2

∑M1
m=1

τ
1m

2
τ
1

2

FAP2 at B2 τ2

∑
M2
m=1

τ2m
2

τ2
2

FAP3 at B3 τ2

∑
M3
m=1

τ3m
2

τ3
2

B. Asynchronous TDMA (A-TDMA)

Next, we present an OMA scheme, designed and optimized

for hierarchical networks, which, without loss of generality, is

considered to be a follow up to the time-division multiple

access (TDMA) concept. In this scheme, a timeslot τn1 is

assigned to FAP n in order to receive data from the BBU,

i.e., first hop, and then for the remainder of the timeslot the

FAP transmits to its assigned UEs (second hop). In this way,

an FAP that has received its message from the BBU does not

have to wait for the BBU to finish transmitting to the rest of the

FAPs and it can transmit immediately afterwards to its UEs.

We call this OMA scheme asynchronous TDMA (A-TDMA).

TDMA is also considered for the second hop of each FAP,

with each UE assigned to a specific timeslot τnm2 . Similar

to HiNOMA, the FAPs transmit at non-interfering orthogonal

blocks. So, the following constraints hold for the A-TDMA

N
∑

n=1

τn1 ≤ 1, (17)

which ensures that the duration of the first hop is lower or

equal to the timeslot duration (normalized). Also, given the HD

operation of the FAPs, the following constraint holds, similar

to the HiNOMA case

τn1 +

Mn
∑

m=1

τnm2 ≤ 1, ∀n ∈ N . (18)

This ensures that the duration of the two hops is lower or

equal to the timeslot duration for each FAP. Due to the use of

TDMA, a constraint similar to (17) is needed for the second

hop as well, however this constraint is already integrated in

(18).

Furthermore, we consider the same energy and maximum

power constraints as in the previous section, which limit the

total power and energy transmitted to the maximum allowed.

In A-TDMA these constraints can be expressed as

N
∑

n=1

τn1 Pn ≤ EBBU, (19)

with Pn ≤ PBBU for the BBU and

Mn
∑

m=1

τnm2 qnm ≤ EFAP, (20)

with qnm ≤ PFAP, ∀n ∈ N .

The resource blocks needed for the A-TDMA are the

bandwidth of the first hop for the total time the BBU trans-

mits, i.e., B0

∑N

n=1 τ
n
1 . Also, the non-interfering FAPs use

different frequency resource blocks, Bn, each for the specific

time needed for the second hop of that FAP. Therefore, for

the second hop the total TFRBs are
∑N

n=1 Bn

∑Mn

m=1 τ
nm
2 .

The total TFRBs needed for this system are B0

∑N

n=1 τ
n
1 +

∑N
n=1 Bn

∑Mn

m=1 τ
nm
2 . Finally, the achievable data rate of FAP

n is given by

Rn = τn1 B0 log2

(

1 +
|hn|2Pn

σ2

)

. (21)

Similarly, for the m-th UE that is served by FAP n, the

achievable data rate is

Rnm = τnm2 Bn log2

(

1 +
|hnm|2qnm

σ2

)

. (22)

C. Mixed A-TDMA/HiNOMA

In this subsection, we combine the two aforementioned

protocols and propose a mixed asynchronous TDMA - hier-

archical NOMA system. In the mixed system, the first hop

utilizes the A-TDMA scheme and each FAP for the second

hop serves the assigned UEs to it with NOMA. It deserves

to be noted that the proposed mixed protocol is different to a

hybrid NOMA/OMA scheme, as the protocol spans multiple

hops, while hybrid NOMA/OMA schemes are employed in

a single hop. Specifically, A-TDMA is employed in the first

hop to benefit from its asynchornous nature, while NOMA

is utilized in the second due to its higher spectral efficiency.

The constraints of each hop in the mixed system are identical

to the ones required in the respective employed protocol.

Therefore, for the first hop (17), (19), and Pn ≤ PBBU hold.

For the second hop, the constraints from NOMA need to hold,

specifically (11) and (12). Due to the use of half duplex FAPs,

the following constraint needs to hold for the timeslots of the

two hops

τn1 + τn2 ≤ 1, (23)

which reflects the asynchronous nature of the protocol but

differs from the A-TDMA since each FAP n transmits simul-

taneously to their assigned UEs during τn2 .

The TFRBs that are required by the mixed protocol are the

bandwidth used for the first hop, B0 for the total timeslot

duration that the first hop is active, i.e.,
∑N

n=1 τ
n
1 and the

bandwidth Bn of each non-interfering FAP that each is used

for τn2 duration. So the total TFRBs that are required are

B0

∑N

n=1 τ
n
1 +

∑N

n=1 Bnτ
n
2 .

Finally, in this protocol the achievable data rate by FAP n
is given by

Rn = τn1 B0 log2

(

1 +
|hn|2Pn

σ2

)

. (24)
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Similarly, for the m-th UE that is served by FAP n, the

achievable data rate is given by

Rnm = τn2 Bn log2

(

1 +
|hnm|2qnm

|hnm|2∑Mn

i=m+1 qnm + σ2

)

.

(25)

IV. OPTIMAL RESOURCE ALLOCATION

In this section, a resource allocation problem is formulated

for the hierarchical network to ensure fairness among the UEs.

User fairness is an important metric in the hierarchical network

that needs to be taken into account in the resource allocation

of the system, since nodes with weak channel conditions can

end up with low data rates if more resources are allocated to

stronger users in order to achieve higher total throughput. To

this end, in this paper we optimize two of the most common

fairness metrics in communications, the minimum rate of users

and the proportional fairness [5], [32]. Therefore, we formulate

two optimization problems for each of the proposed protocols

in the hierarchical network. Since the constraints are the same

in each problem, we denote the function f as the objective

function in the following problems. Furthermore, since the

signaling requirements are identical among the proposed pro-

tocols, the optimization and comparison among the proposed

protocols focuses on the communications phase to explore

the advantages of HiMA. In addition, considering that all of

the proposed schemes need full CSI for the optimal resource

allocation, the associated cost in terms of energy and time is

the same and thus, the comparison between the protocols is

fair.

The maximization of the minimum rate of the system

leads to the maximum data rate that all users can achieve

simultaneously. Hence, f in this problem is defined as

f = min (Rnm(q, τ )) , ∀m ∈ Mn, ∀n ∈ N . (26)

The proportional fairness metric is defined by the sum-

log-rate of the UEs. This is a fairness metric because this

utility function shrinks rapidly for low values of rates. This

is due to the logarithm’s ability to tend to negative infinity

when its argument tends to zero. Therefore, solutions that

offer very low data rates to some UEs yield significantly

lower proportional fairness, thus it’s very unlikely that such a

solution will be deemed the optimal. Moreover, proportional

fairness is an increasing function with the achieved data rate.

So, its maximization also increases the spectral efficiency in

the system. Consequently, proportional fairness is a trade-off

between user fairness and sum throughput in the system. Then

f is defined for the case of proportional fairness optimization

as

f =

N
∑

n=1

Mn
∑

m=1

logRnm(q, τ ). (27)

A. Hierarchical NOMA

When HiNOMA is used in the network, the following

problem can be formulated for optimizing fairness according

to an objective function f .

max
τ ,P,q

f

s.t. C1 :

Mn
∑

m=1

Rnm(q, τ2) ≤ Rn(P, τ1), ∀n ∈ N ,

C2 : τ1 + τ2 ≤ 1, C3 :
N
∑

n=1

Pn ≤ PBBU,

C4 :

Mn
∑

m=1

qnm ≤ PFAP, ∀n ∈ N , C5 : τ1

N
∑

n=1

Pn ≤ EBBU,

C6 : τ2

Mn
∑

m=1

qnm ≤ EFAP, ∀n ∈ N ,

C7 : 0 ≤ pn ≤ PBBU, and 0 ≤ qnm ≤ PFAP.
(28)

First, due to the nature of the constraints, it deserves to be

observed that the aforementioned problem is always feasible,

regardless of the channel gains and the power and energy

limitations, while the same holds for all the considered prob-

lems in this section. More specifically, C1 is a fundamental

constraint for the operation of this network; it denotes the

fact that the link between the BBU and each FAP must have

greater capacity than the rate the UEs served by that FAP

require. C2 is necessary since the total duration of the two

hops cannot be larger than the timeslot duration. The rest of

the constraints follow the power and energy limitations of the

HiNOMA system as they were described in the Section III,

i.e., (9), (11), (8), (12). Note that the optimization of HiNOMA

is complicated due to the interference terms appearing in the

logarithm term of constraints C1 and C2 and the coupling

between the power allocation at both the BBU and the fog

access points and the time that is allocated at each hop.

1) Minimum Rate: Our aim is to optimize resource allo-

cation, given by the power allocation coefficients p and q

for every FAP and every UE respectively, and the timeframe

duration of the two hops, τ , so that the minimum rate is

maximized in the hierarchical NOMA system. We can express

the max-min problem in its epigraph form, using a hypograph

variable Rmin, which is expressed as

Rnm(q, τ2) ≥ Rmin. (29)

Hence, the achievable rate at the UEs is at least Rmin for

every UE. Therefore, according to the first constraint, each

FAP needs to achieve a rate greater or equal to that of its

respective UEs. Since, all UEs can achieve at least Rmin and

there are Mn UEs for FAP n then Rn ≥ MnRmin. Therefore,

C1 can be expressed in two parts as

C1a : Rnm(q, τ2) ≥ Rmin, (30)

C1b : Rn(P, τ1) ≥ MnRmin. (31)
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Thus, the following optimization problem is formed as:

max
p,q,τ ,Rmin

Rmin

s.t.C1a :τ2Bn log2

(

1 +
|hnm|2qnm

|hnm|2∑Mn

i=m+1 qni + σ2

)

≥Rmin,

∀m ∈ Mn and ∀n ∈ N ,

C1b : τ1B0 log2

(

1 +
|hn|2Pn

|hn|2
∑N

i=n+1 Pi + σ2

)

≥ MnRmin,

∀n ∈ N ,

(28).C2, (28).C3, (28).C4, (28).C5, (28).C6, (28).C7.
(32)

It is noted that the optimization problem in (32) is non-

convex. The main reasons of non-convexity are the expres-

sions of the capacity in both hops, i.e., C1a and C1b. More

specifically, the term of the interference in the SINR leads

to the inclusion of the power variable in the denominator,

so the function is non-concave. Additionally, the inclusion

of timeslot duration as a variable that is multiplied with the

logarithm function causes the function to be non-concave, as

well. Moreover, C5 and C6 are not convex because of the

multiplication of τ1 with Pn and τ2 with qnm. Constraints

C2, C3, C4, and C7 are linear in their present form. Therefore

the complexity to solve this problem is high, mainly due to

the relation of the rates with the power allocation variables.

Thus, it is important to prove, that the problem in (32) can be

transformed to a convex one; so, the process to find a global

maximum can be solved in polynomial time.

Proposition 1: The optimization problem in (32) can be

formulated as a convex one and is given in (33)

Following Proposition 1, the equivalent convex problem of

(32) can be expressed as follows:

max
P̃,q̃,τ̃ ,R̃min

R̃min

s.t. C1a : −q̃nm − log
(

|hnm|2
)

+ log

(

2
exp(R̃min−τ̃2)

Bn − 1

)

+ log

(

σ2 + |hnm|2
Mn
∑

i=m+1

eq̃ni

)

≤0,∀n ∈ N , ∀m ∈Mn,

C1b : −P̃n − log
(

|hn|2
)

+ log
(

2
Mn

B0
exp(R̃min−τ̃1) − 1

)

+ log

(

σ2 + |hn|2
N
∑

i=n+1

eP̃i

)

≤ 0, ∀n ∈ N ,

C2 : eτ̃1 + eτ̃2 ≤ 1, C3 :

N
∑

n=1

eP̃n ≤ PBBU,

C4 :

Mn
∑

m=1

eq̃nm ≤ PFAP, ∀n ∈ N , C5 :

N
∑

n=1

eP̃n+τ̃1 ≤ EBBU,

C6 :

Mn
∑

m=1

eq̃nm+τ̃2 ≤ EFAP, ∀n ∈ N .

(33)

Proof: The proof is provided in Appendix A.

Due to its convexity, the optimization problem in (33) can

be solved by a decomposition method. Even though, mainly

due to C3−C6, the problem could be decoupled to two smaller

subproblems, one for each hop, and choose the Rmin based

on the minimum of the two solutions, constraint C2 hinders

the effectiveness of this method, since the two hops cannot

be decoupled completely, leading to a suboptimal solution. As

such, primal decomposition methods are not appropriate for

this problem. To this end the following considerations emerge:

• A dual decomposition method is required to solve this

problem since the constraints cannot be decoupled, due to

the two hops sharing a common timeslot. This is shown in

constraint C2.

• As it is analytically shown in the proof of Proposition 1, the

maximization problem in (33) is convex, since the objective

function is concave with respect to all the optimization

variables, the left terms of the constraints are convex and

it satisfies the Slater’s constraint qualification. Thus, the

duality gap between the dual and the primal solution is zero

[33]. Therefore, the solution of the dual problem leads to

the optimal solution of the original problem.

Based on the above, problem (33) is solved with the

Lagrange dual decomposition method. Note that the proposed

method of Lagrange dual decomposition converges to the

optimal solution in polynomial time for a convex problem. The

solution of problem (33) is provided in Appendix B. The opti-

mal solution to the proposed problem is found algorithmically

rather than analytically, because of the multi-dimensionality

of the problem, which is in part due to the arbitrary number

of FAPs and UEs in the system.

2) Proportional Fairness: Next, we study the optimization

of the proportional fairness metric based on the same con-

straints as before. The objective function f in the formulated

problem then is defined as in (27) with regards to the resource

allocation in the system. More specifically, given the power

allocation coefficients, p and q for every FAP and every UE

respectively, and the timeframe duration of the two hops, τ , the

proportional fairness is maximized in the hierarchical NOMA

system. Thus, the following optimization problem is formed

as:

max
τ ,p,q

N
∑

n=1

Mn
∑

m=1

log (Rnm(q, τ2))

s.t. C1 :

Mn
∑

m=1

Rnm(q, τ2) ≤ Rn(P, τ1), ∀n ∈ N ,

(28).C2, (28).C3, (28).C4, (28).C5, (28).C6, (28).C7.

(34)

Problem (34) is non-convex. The main reason behind this is

the expression of the achievable rates by both the FAPs and the

UEs. More specifically, due to the interference in the SINR,

terms of power appear in the denominator in the logarithm.

Moreover, the objective function is the logarithm of the rate

and therefore it is non-concave. More importantly, in constraint

C1 a difference of logarithms appears causing the function to

be non-convex. Finally, as in the case of the previous problem,

C5 and C6 are non-convex because of the multiplication of τ1
with Pn and τ2 with qnm. Therefore, the complexity to solve

this problem is high and, in order to find a global maximum
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in polynomial time, it is vital to transform problem (34) into

an equivalent convex one.

Proposition 2: The optimization problem in (34) can be

formulated as a convex one and is expressed as in (35).

Following Proposition 2, the equivalent convex problem of

(34) can be expressed as follows:

max
P̃,q̃,τ ,r̃nm,r̃n

N
∑

n=1

Mn
∑

m=1

r̃nm

s.t. C1 :

Mn
∑

m=1

er̃nm−r̃n − 1 ≤ 0, ∀n ∈ N ,

(33).C2, (33).C3, (33).C4, (33).C5, (33).C6,

C7 : −q̃nm − log
(

|hnm|2
)

+ log
(

2
exp (r̃nm−τ̃2)

Bn − 1
)

+ log

(

σ2 + |hnm|2
Mn
∑

k>m

exp (q̃nk)

)

≤ 0,

C8 : −P̃n − log
(

|hn|2
)

+ log
(

2
1

B0
exp (r̃n−τ̃1) − 1

)

+ log

(

σ2 + |hn|2
Mn
∑

k>n

exp
(

P̃k

)

)

≤ 0,

(35)

where the last two constraints hold ∀m ∈ Mn and ∀n ∈ N .

Proof: The proof is provided in Appendix C.

The problem in (35) can be solved in the same manner as

problem (33). Since it is a convex problem, standard convex

optimization methods, such as the subgradient method [34]

that was used in the previous problem, or the interior-point

method, can be utilized to efficiently solve this problem in

polynomial time.

B. Asynchronous TDMA

Next, we move to develop the optimization framework

for the asynchronous TDMA protocol. The constraints are

adjusted according to the protocol analysis in the previous

section and the following problem can be formulated and

solved:

max
p,q,τ

f

s.t. C1 :

Mn
∑

m=1

Rnm(q, τ ) ≤ Rn(P, τ ), ∀n ∈ N ,

C2 : τn1 +

Mn
∑

m=1

τnm2 ≤ 1, ∀n ∈ N , C3 :
N
∑

n=1

τn1 ≤ 1,

C4 :

N
∑

n=1

τn1 Pn ≤ EBBU, C5 :

Mn
∑

m=1

τnm2 qnm ≤ EFAP,∀n∈N,

C6 : pn ≤ PBBU, and qnm ≤ PFAP, ∀m ∈ Mn, ∀n ∈ N .
(36)

1) Minimum Rate: First, in the A-TDMA case as well, we

solve the max-min problem. Following a similar procedure as

in the previous subsection for the HiNOMA protocol, the max-

min problem in A-TDMA can be expressed in its epigraph

form as follows:

max
p,q,τ ,Rmin

Rmin

s.t. C1a : τnm2 Bn log2

(

1 +
|hnm|2qnm

σ2

)

≥ Rmin,

∀m ∈ Mn, ∀n ∈ N ,

C1b : τn1 B0 log2

(

1 +
|hn|2Pn

σ2

)

≥ MnRmin,

∀n ∈ N ,

(36).C2, (36).C3, (36).C4, (36).C5, (36).C6

(37)

where Rmin is the hypograph variable of the problem when it

is expressed in its epigraph form. Problem (37) is non-convex

due to the multiplication of variables τ with a logarithm of

power terms, i.e., Pn or qnm. Moreover, C4 and C5 are non-

convex as well, due to the multiplication of τ with Pn and

qnm, respectively. In order to solve this problem in a tractable

manner and in polynomial time, the following proposition is

necessary.

Proposition 3: Problem (37) can be formulated as an

equivalent convex problem and is expressed as in (38).

Following Proposition 3, the equivalent convex problem of

(37) can be expressed as follows:

max
E,τ ,Rmin

Rmin

s.t. C1a : τnm2 Bn log2

(

1 +
|hnm|2Enm

τnm2 σ2

)

−Rmin ≥ 0,

∀m ∈ Mn, ∀n ∈ N ,

C1b : τ
n
1 B0 log2

(

1 +
|hn|2En

τn1 σ
2

)

−MnRmin ≥ 0, ∀n ∈ N ,

(36).C2, (36).C3, (36).

C4 :

N
∑

n=1

En ≤ EBBU, C5 :

Mn
∑

m=1

Enm ≤ EFAP, ∀n ∈ N ,

C6 : En − τn1 PBBU ≤ 0, and Enm − τnm2 PFAP ≤ 0,

∀m ∈ Mn, ∀n ∈ N ,
(38)

where Enm denotes the energy of UE m served by FAP n,

given by Enm = qnm/τnm2 . Respectively, En = Pn/τ
n
1 is the

energy of FAP n.

Proof: By exploiting the definition of energy consumption

coefficients En and Enm, the constraints C1a and C1b (37) can

be rewritten as (38). The Hessian of C1a,C1b is proven to be

negative semi-definite since its eigenvalues are equal or less

than zero, so these constraints are in concave form. Constraints

C2, C3 in (36) are linear. Also, the rest of the constraints,

i.e., C4 −C6, are also transformed into linear ones, using the

energy transformation as previously. So, problem (37) can be

modeled as an equivalent convex problem.

2) Proportional Fairness: Next, we study the optimization

of the proportional fairness metric based on the same con-

straints as before for the A-TDMA protocol. The objective

function f in the formulated problem then is defined as in (27)

with regards to the resource allocation in the system. More

specifically, given the power allocation coefficients, p and q

for every FAP and every UE respectively, and the timeframe
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duration assigned to each FAP and its respective UEs, τ ,

the proportional fairness is maximized in the asynchronous

TDMA system. Thus, the following optimization problem is

formed as:

max
τ ,P,q

N
∑

n=1

Mn
∑

m=1

log (Rnm(qnm, τnm2 ))

s.t. C1 :

Mn
∑

m=1

τnm2 Bn log2

(

1 +
|hnm|2qnm

σ2

)

≤ τn1 B0 log2

(

1 +
|hn|2Pn

σ2

)

, ∀n ∈ N ,

(36).C2, (36).C3, (36).C4, (36).C5, (36).C6.

(39)

The problem in (39) is non-convex, mainly due to the first

constraint, C1, where the difference of logarithms is not a

convex function. Moreover, the multiplication of τ variables

and power variables, Pn and qnm in the objective function and

in the constraints leads the problem to be classified as non-

convex. Once again, a transformation is necessary to solve this

problem in a tractable manner.

Proposition 4: Problem (39) can be transformed to an

equivalent convex problem and is expressed as in (40).

Following Proposition 4, the equivalent convex problem of

(39) can be expressed as follows:

max
τ ,E,rn,rnm

N
∑

n=1

Mn
∑

m=1

log (rnm)

s.t. C1 :

Mn
∑

m=1

rnm − rn ≤ 0 ∀n ∈ N ,

(38).C2, (38).C3, (38).C4, (38).C5, (38).C6,

C7 :τnm2 Bn log2

(

1 +
|hnm|2Enm

τnm2 σ2

)

− rnm ≥0,

∀n ∈ N , ∀m ∈ Mn,

C8 : τn1 B0 log2

(

1 +
|hn|2En

τn1 σ
2

)

− rn ≥0,

∀n ∈ N .

(40)

Proof: Two auxiliary variables rn and rnm are introduced

as in Appendix C for the proof of Proposition 2 and leading to

constraints C1, C7, C8. Then, following the same procedure

and similar algebraic manipulation as in the proof of Propo-

sition 3, the proof is completed.

C. Mixed A-TDMA/HiNOMA

In the same manner we can formulate the optimization

framework for the mixed protocol, where A-TDMA is used

in the first hop, whereas each FAP serves its users in the

second hop with HiNOMA. The formulated problem is based

on the two aforementioned approaches, where each protocol

imposes its own constraints depending on the hop. Therefore,

according to the previous section, the optimization problem

can be expressed as:

max
P,q,τ

f

s.t. C1 :

Mn
∑

m=1

Rnm(q, τ ) ≤ Rn(P, τ ), ∀n ∈ N ,

C2 : τn1 + τn2 ≤ 1, ∀n ∈ N , C3 :

N
∑

n=1

τn1 ≤ 1,

C4 : Pn ≤ PBBU, ∀n ∈ N ,

C5 :

Mn
∑

m=1

qnm ≤ PFAP, ∀m ∈ Mn, ∀n ∈ N ,

C6 :

N
∑

n=1

τn1 Pn ≤ EBBU, C7 : τn2

Mn
∑

m=1

qnm ≤ EFAP, ∀n ∈ N ,

(41)

In problem (41), the objective function remains the same

as before. In C1 the throughput constraint of the FAPs is

expressed, since the achievable rates of the UEs cannot be

greater than the throughput of their respective FAP that serves

them. In C2, the time constraint is realized, since both hops

occupy the same timeslot. The protocol uses the first part

of the timeslot τn1 to transmit to each FAP n via A-TDMA

and during the τn2 , FAP n can transmit via NOMA to their

UEs. C3 ensures the sum of first hop timeslots for the A-

TDMA does not exceed the total timeslot duration. The rest

of the constraints, i.e., C4-C7, are the total energy and power

constraints used for A-TDMA and HiNOMA, as explained

above.

1) Minimum Rate: For this problem as well, by utilizing

(41), we can express the max-min problem in its epigraph

form using the hypograph variable Rmin. Therefore, C1 from

(41) is divided into two constraints, like in the aforementioned

protocols, C1a and C1b. The max-min problem then is formu-

lated as:

max
τ ,p,q,Rmin

Rmin

s.t.C1a :τ
n
2 Bn log2

(

1+
|hnm|2qnm

|hnm|2∑Mn

i=m+1 qni + σ2

)

≥Rmin,

∀m ∈ Mn, ∀n ∈ N ,

C1b : τn1 B0 log2

(

1 +
|hn|2Pn

σ2

)

≥ MnRmin, ∀n ∈ N ,

(41).C2, (41).C3, (41).C4, (41).C5, (41).C6, (41).C7.
(42)

The problem in (42) is non-convex. By following a similar

procedure and utilizing the same transformations as in A-

TDMA and HiNOMA for the first and second hop in respect,

the problem in (42) can be formulated as an equivalent convex

Authorized licensed use limited to: IEEE Editors-in-Chief. Downloaded on October 10,2021 at 15:08:22 UTC from IEEE Xplore.  Restrictions apply. 



1536-1276 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TWC.2021.3100538, IEEE
Transactions on Wireless Communications

10

problem as shown below.

max
E,q̃,τ̃2,τ1,R̃min

R̃min

s.t.C1a : −q̃nm − log
(

|hnm|2
)

+ log

(

2
exp(R̃min−τ̃

n
2 )

Bn − 1

)

+ log

(

σ2 + |hnm|2
Mn
∑

i>m

exp (q̃ni)

)

≤0,∀n ∈ N , ∀m ∈Mn,

C1b : τ
n
1 B0 log2

(

1 +
|hn|2En

τn1 σ
2

)

−Mne
R̃min ≥ 0, ∀n ∈ N ,

C2 : τn1 + eτ̃
n

2 ≤ 1, ∀n ∈ N , C3 :

N
∑

n=1

τn1 ≤ 1,

C4 : En − τn1 PBBU ≤ 0, ∀n ∈ N ,

C5 :

Mn
∑

m=1

eq̃nm ≤ PFAP, ∀m ∈ Mn, ∀n ∈ N ,

C6 :

N
∑

n=1

En ≤ EBBU,

C7 : eτ̃
n

2

Mn
∑

m=1

eq̃nm ≤ EFAP, ∀n ∈ N .

(43)

2) Proportional Fairness: Similarly, the problem of

maximizing the proportional fairness in the mixed A-

TDMA/HiNOMA protocol can be expressed as:

max
P,q,τ ,Rnm,Rn

N
∑

n=1

Mn
∑

m=1

log (Rnm(q, τ2))

s.t. C1 :

Mn
∑

m=1

τn2 Bn log2

(

1 +
|hnm|2qnm

|hnm|2∑Mn

i=m+1 qni + σ2

)

≤ τn1 B0 log2

(

1 +
|hn|2Pn

σ2

)

, ∀n ∈ N ,

(41).C2, (41).C3, (41).C4, (41).C5, (41).C6, (41).C7.
(44)

Utilizing the same set of transformations and auxiliary

variables as in the cases of HiNOMA and A-TDMA above, an

equivalent convex problem can be formulated for the mixed

protocol, which is given below:

max
E,q̃,τ̃2,τ1,r̃nm,rn

N
∑

n=1

Mn
∑

m=1

r̃nm

s.t. C1 :

Mn
∑

m=1

er̃nm − rn ≤ 0 ∀n ∈ N ,

(43).C2, (43).C3, (43).C4, (43).C5, (43).C6, (43).C7.

C8 : τn1 B0 log2

(

1 +
|hn|2En

τn1 σ
2

)

− rn ≥0,

C9 : −q̃nm − log
(

|hnm|2
)

+ log

(

2
exp (r̃nm−τ̃

n
2 )

Bn − 1

)

+ log

(

σ2 + |hnm|2
Mn
∑

k>m

exp (q̃nk)

)

≤ 0,

(45)

V. NUMERICAL RESULTS AND DISCUSSION

In this section, Monte Carlo simulation results with 105

iterations are presented for the hierarchical network with the

proposed protocols. Rayleigh fading is assumed for the links

between the BBU and the FAPs, as well as between the FAPs

and their assigned UEs, i.e., hn, hnm ∼ CN(0, 1). Moreover,

the FAPs are assumed to transmit with a power lower by a

factor of 20 compared to the transmit power of the BBU,

i.e., PBBU = 20PFAP, approximately 13dB lower. This is

a practical assumption, since most BBU pools have greater

power capabilities than their respective FAPs in the network.

Additionally, EBBU/PBBU = 1 and EFAP/PFAP = 1 are

taken into account for the presented simulation results. In Fig.

2 and Fig. 3, a total of N = 2 FAPs are deployed, with a

total of M1 = 2 and M2 = 3 UEs, respectively. The effect of

larger number of FAPs or UEs in the network is showcased in

Figs. 4-7. The SNR presented in the figures is defined as the

average received SNR when the maximum allowed power is

allocated at the BBU, i.e., PBBU. Therefore, without loss of

generality, the path loss is included in the SNR term.

For the sake of comparison, a benchmark TDMA scheme

is also considered to compare the proposed protocols with

conventional OMA solutions. In this TDMA scheme, the total

timeslot is based on the division of the frame it two times

slots and the use of one slot for each hop, similar with the

case of HiNOMA. During the first timeslot, τ1, the BBU

transmits information to the FAPs with TDMA as the protocol.

In the second timeslot, τ2, each FAP transmits to their assigned

UEs also via a TDMA protocol. Resource allocation is also

optimized in the benchmark TDMA scheme in the same way

as the proposed schemes for fair comparison.

In Fig. 2, the maximum minimum rate achieved by each

protocol is presented versus the SNR at the BBU. It is obvi-

ous that every proposed protocol outperforms the benchmark

TDMA scheme. It is notable that out of the proposed schemes,

HiNOMA falls behind from the rest of the protocols, following

a slight lower increasing trend with the SNR compared to

A-TDMA and the Mixed protocol. More specifically, at a

minimum rate of 2 bps/Hz, HiNOMA has a 3dB better

performance than the benchmark TDMA. A-TDMA has a gain

of 8dB from HiNOMA at the same rate, while the Mixed

protocol offers approximately 10dB improvement compared

to HiNOMA. The main difference between HiNOMA and the

mixed protocol is the use of A-TDMA for the first hop, where

due to the half-duplex operation, NOMA cannot provide as

high data rates to its weakest FAPs.

Similarly, in Fig. 3, the sum rate is presented for each

protocol versus the SNR. Once more, the proposed protocols

outperform the benchmark TDMA with a gain of over 10dB

for a sum rate of 11 bps/Hz. HiNOMA, showing worse per-

formance than the rest of the proposed protocols, outperforms

the benchmark TDMA scheme with a gain of approximately

4dB. On the other hand, mixed A-TDMA/HiNOMA prevails

with a gain of 4dB from the A-TDMA protocol. The reasoning

behind these results is that more TFRBs are effectively utilized

with the A-TDMA and the mixed protocols, since for these

protocols both hops operate at the same time for different
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TABLE II
COMPARISON BETWEEN THE HIMA PROTOCOLS

Criterion HiNOMA A-TDMA A-TDMA/HiNOMA

Data Rate

Achieves the lowest rates
in both maximized min-
imum and proportional
fairness

Higher data rates than Hi-
NOMA, lower than mixed
A-TDMA/HiNOMA

Highest data rate

Utilization of Resource Blocks Spends the least TFRBs
Spends more TFRBs than
HiNOMA

Spends more TFRBs than
HiNOMA

Receiver Complexity Due to SIC in both hops Due to synchronization
Due to synchronization
for the first hop and SIC
for the second.
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Fig. 2. Maximized Rmin vs SNR
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Fig. 3. Sum Rate vs SNR when proportional fairness is maximized.

FAPs. It is important to note here that this performance gain

of A-TDMA and mixed A-TDMA/HiNOMA over HiNOMA

is due to their ability to utilize more TFRBs in the system.

Ultimately, HiMA’s design is tailored to the hierarchical net-

works’ structure for a more efficient communication between

the BBU and the UEs.

In Figs. 4 and 5, the effect of the number of FAPs is
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Fig. 4. Maximized Rmin vs total number of FAPs N with transmit SNR =
50dB.

presented on the two metrics. It is assumed that each FAP

served two UEs in each case. It can be observed that the

maximum minimum rate of the system drops as the number of

FAPs (and UEs) increases. For a low N , the mixed protocol

outperforms the rest, although as the number of FAPs increases

all protocols reach the same ceiling, due to the bottleneck in

the first hop. On the other hand, when proportional fairness

is maximized, the sum rate of A-TDMA and mixed A-

TDMA/HiNOMA remain unchanged, therefore the average

rate per user decreases. This is not the case for HiNOMA,

which for low numbers falls behind the other two protocols,

since the sum rate with HiNOMA increases as more FAPs

are introduced in the system, ultimately surpassing the other

two protocols before reaching a ceiling. This is attributed to

NOMA’s capability to offer high connectivity, compared to

the OMA-based protocols that reach a bottleneck as more

nodes join the network. More specifically, with more and

more FAPs joining the network, the available TFRBs are

increasing, closing the gap between the utilized TFRBs of

the A-TDMA and the mixed protocols and HiNOMA. In this

setting, HiNOMA can outperform the rest of the protocols.

Additionally, in Figs. 6 and 7, the effect of additional UEs

in the system is investigated. The UEs are equally distributed

among 2 FAPs in the system. The observed results are similar

to the ones presented for additional FAPs in the system.

However, it can be seen that the mixed protocol offers higher
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Fig. 5. Sum Rate vs total number of FAPs N when proportional fairness is
maximized with transmit SNR = 50dB.
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Fig. 6. Maximized Rmin vs total number of UEs M with transmit SNR =
50dB.

sum rate compared to the A-TDMA in this case, reaching

a higher ceiling than before. The sum rate of HiNOMA is

increasing as more UEs join the system, but it offers much

lower sum rate compared to the rest of the protocols, since two

hops are not simultaneously operational, limiting its efficiency.

Finally, in Figs. 8 and 9, the maximized minimum rate

and the sum rate when proportional fairness is optimized are

presented, respectively, normalized by the utilized TFRB of

each protocol. Despite the earlier findings, HiNOMA appears

to prevail in this scenario, showcasing the increased spectral

efficiency of NOMA against orthogonal schemes. Although

in Fig 8, the mixed protocol offers greater minimum rate per

TFRB for the lower SNR region. The reason behind these

results is that A-TDMA and the mixed protocol employ more

TFRBs, since both hops operate simultaneously. On the other

hand, the benchmark TDMA outperforms the A-TDMA in this

metric, since A-TDMA is designed to utilize more TFRBs

to achieve much higher data rates in the same architecture.
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Fig. 7. Sum Rate vs total number of UEs M when proportional fairness is
maximized with transmit SNR = 60dB.
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Fig. 8. Maximized Rmin per TFRB vs SNR.

HiNOMA’s superiority is more clear in Fig. 9, followed by the

mixed A-TDMA/HiNOMA. In this case, the performances of

A-TDMA and TDMA are identical.

VI. CONCLUSIONS

We investigated the multiple access of a hierarchical net-

work, proposing three novel protocols termed as Hierarchical

Multiple Access (HiMA), namely HiNOMA, A-TDMA, and

mixed A-TDMA/HiNOMA. Due to the varying characteristics

of the many communication links in a hierarchical network

and the common pool of available resources, optimization

has been jointly performed for the entirety of the hierarchical

network. Two different fairness metrics have been optimized,

the max-min fairness and the proportional fairness. Simula-

tion results have proven the effectiveness of the proposed

protocols, since they easily outperform a similarly optimized

benchmark OMA scheme. Among the proposed protocols,

the mixed A-TDMA/HiNOMA offers the best performance

for both metrics, while HiNOMA offers better data rate per
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Fig. 9. Sum Rate per TFRB vs SNR when proportional fairness is maximized.

utilized TFRB. However, A-TDMA and the mixed protocol

have the ability to use more TFRBs and the asynchronous

protocols can benefit from it, reaching much higher data rates.

Finally, the obtained results provide valuable insights about the

achievable data rate and the spectral efficiency of the proposed

HiMA protocols as well as their response to higher amount

of connected nodes, which is crucial for optimizing RANs of

the next generations of wireless access, such as C-RAN and

F-RAN. We would like to note that the contribution of this

work is fundamental in that it introduces the HiMA concept

paving the way for more complicated schemes in the future.

For example, the performance of proposed protocols can be

investigated considering the use of multi-antenna APs and

imperfect CSI, using the system model that was adopted in

this work as benchmark.

APPENDIX A

PROOF OF PROPOSITION 1

We commence by transforming the left part of constraint C1

into a convex function. To this end, we introduce the following

transformations in order to avoid products of the optimization

variables from appearing in the final expressions:

Pn = exp (P̃n), ∀n ∈ N ,

qnm = exp (q̃nm), ∀m ∈ Mn, ∀n ∈ N ,

τi = exp (τ̃i), ∀i ∈ {1, 2},
Rmin = exp (R̃min).

(46)

The problem of (32) is formulated as

max
p̃,q̃,τ̃ ,R̃min

exp (R̃min)

s.t.C1a :eτ̃2Bn log2

(

1 +
|hnm|2eq̃nm

|hnm|2∑Mn

i>m eq̃ni + σ2

)

≥eR̃min,

∀m ∈ Mn and ∀n ∈ N ,

C1b : e
τ̃1B0 log2

(

1 +
|hn|2eP̃n

|hn|2
∑N

i>n e
P̃i + σ2

)

≥ Mne
R̃min,

∀n ∈ N ,

C2 : eτ̃1 + eτ̃2 ≤ 1, C3 :

N
∑

n=1

eP̃n ≤ PBBU,

C4 :

Mn
∑

m=1

eq̃nm ≤ PFAP, ∀n ∈ N , C5 :

N
∑

n=1

eτ̃1+P̃n ≤ EBBU,

C6 :

Mn
∑

m=1

eτ̃2+q̃nm ≤ EFAP, ∀n ∈ N ,

C7 : p̃n ≤ log(PBBU) and q̃nm ≤ log(PFAP).
(47)

Constraints C2, C3, C4, C5, C6, and C7 are convex since

they are sum of exponential functions. However, the objective

function is now convex and since this is maximization prob-

lem, the objective function needs to be concave. In order to

overcome this issue, the function f ′ = R̃min is used, since

the objective function is an increasing function of R̃min and

its maximization is equivalent to that of f ′. Finally, in their

current form, C1a and C1b are not convex, but with some

mathematical manipulations we get the following for C1a:

eτ̃2Bn log2

(

1 +
|hnm|2eq̃nm

|hnm|2∑Mn

i=m+1 e
q̃ni + σ2

)

≥ eR̃min ,

|hnm|2eq̃nm

|hnm|2∑Mn

i=m+1 e
q̃ni + σ2

≥ 2
1

Bn
exp (R̃min−τ̃2) − 1,

log

(

|hnm|2∑Mn

i=m+1 e
q̃ni + σ2

|hnm|2eq̃nm

)

+

log
(

2
1

Bn
exp (R̃min−τ̃2) − 1

)

≤ 0,

− q̃nm − log
(

|hnm|2
)

+ log
(

2
1

Bn
exp (R̃min−τ̃2) − 1

)

+ log

(

σ2 + |hnm|2
Mn
∑

i=m+1

exp (q̃ni)

)

≤ 0, (48)

∀m ∈ Mn, ∀n ∈ N . Following the same steps for constraint

C1b we get By following the exact same procedure for C1,

we get:

− P̃n − log
(

|hn|2
)

+ log
(

2
Mn

B0
exp(R̃min−τ̃1) − 1

)

+ log

(

σ2 + |hn|2
N
∑

i=n+1

exp
(

P̃i

)

)

≤ 0, ∀n ∈ N .

(49)

The first two terms of (48) are linear. The fourth term is

convex as a log-sum-exp function. Finally, the third term of the

left part of (48) is a function g = log
(

2
1

Bn
exp (R̃min−τ̃2) − 1

)
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we need to examine for convexity. By considering its Hessian

matrix, which is given as

H =





∂2g

∂R̃2
min

∂2g

∂R̃min∂τ̃2
∂2g

∂R̃min∂τ̃2

∂2g

∂τ̃2
2



 , (50)

and after some algebraic manipulations it is given as

H =

[

q −q
−q q

]

. (51)

It can easily be shown that H has a non-zero eigenvalue that

is expressed as

u1 = 2q =
2zz log(2)(2z − z log(2)− 1)

(2z − 1)2
, (52)

where z is defined by z = 1
Bn

exp
(

R̃min − τ̃2

)

. Considering

also that y = 2z − z log(2)− 1 is an increasing function with

respect to z and when z → 0, y → 0, it is shown that u1 ≥
0. Then, it becomes evident that the Hessian matrix of g is

positive semi-definite, due to the fact that the eigenvalues of

the matrix are non-negative. As a result, constraint C1a is

proven to be convex. Following the exact same procedure, it

can easily be shown that constraint C1b is convex as well.

Therefore, the non-convex problem of (32) can be trans-

formed to an equivalent convex problem and the proof is

completed.

APPENDIX B

DUAL DECOMPOSITION AND SOLUTION OF (33)

First, we obtain the Lagrangian of the problem, which is

given by (53) at the top of the next page, with λi being the

Lagrange multipliers (LMs). Using the Karush-Kuhn-Tucker

(KKT) conditions for a fixed set of LMs the subproblems

are solved in each iteration. Then, the LMs are updated

via a subgradient method [33], [34] that offers a theoretical

complexity of O(1/ǫ2) iterations to find the ǫ-suboptimal

point. The KKT conditions are given in (54),(55), (56), (57),

(58),

dL

dR̃min

= 0 ⇔ 1−
N
∑

n=1

Mn
∑

m=1

λnm×

2
exp(R̃min−τ̃2)

Bn exp
(

R̃min − τ̃2

)

2
exp(R̃min−τ̃2)

Bn − 1

log (2)

Bn

−
N
∑

n=1

λM+n×

2
Mn exp(R̃min−τ̃1)

B0 exp
(

R̃min − τ̃1

)

2
Mn exp(R̃min−τ̃1)

B0 − 1

Mn log (2)

B0
= 0, (54)

dL

dp̃n
= 0 ⇔ λM+n −

n−1
∑

j=1

λM+j

|hj |2 exp (p̃n)
σ2 + |hj |2

∑N
i=j+1 exp (p̃i)

− λM+N+2 exp (p̃n)− λM+2N+3 exp (p̃n + τ̃1) = 0, (55)

dL

dq̃nm
= 0 ⇔ λnm −

m−1
∑

j=1

λnj

|hnj |2 exp (q̃nm)

σ2 + |hnj |2
∑Mn

i=j+1 exp (q̃ni)

− λM+N+n+2 exp (q̃nm)− λM+2N+3+n exp (q̃nm + τ̃2)=0,
(56)

dL

dτ̃1
= 0 ⇔

−
N
∑

n=1

λM+n

2
Mn exp(R̃min−τ̃1)

B0 exp
(

R̃min − τ̃1

)

1− 2
Mn exp(R̃min−τ̃1)

B0

Mn log (2)

B0

− λM+2N+3

N
∑

n=1

exp (p̃n + τ̃1)− λM+N+1 exp (τ̃1) = 0,

(57)

dL

dτ̃2
= 0 ⇔

−
N
∑

n=1

2
exp(R̃min−τ̃2)

Bn exp
(

R̃min − τ̃2

)

1− 2
exp(R̃min−τ̃2)

Bn

log (2)

Bn

Mn
∑

m=1

λnm

−
N
∑

n=1

λM+2N+3+n

Mn
∑

m=1

eq̃nm+τ̃2 − λM+N+1 exp (τ̃2) = 0.

(58)

APPENDIX C

PROOF OF PROPOSITION 2

The procedure is similar to that of the proof of Proposition

1; we commence by transforming the objective function into

a concave function, due to it being a maximization problem.

To this end, we introduce two auxiliary variables

rnm ≤ Rnm and rn ≤ Rn. (59)

The problem of (34) is formulated as

max
τ ,p,q,r

N
∑

n=1

Mn
∑

m=1

log(rnm)

s.t. C1 :

Mn
∑

m=1

rnm ≤ rn, ∀n ∈ N ,

(28).C2, (28).C3, (28).C4, (28).C5, (28).C6, (28).C7,

C8 : rnm ≤ Rnm, ∀m ∈ Mn, ∀n ∈ N ,

C9 : rn ≤ Rn, ∀n ∈ N .

(60)

There are two new constraints that need to be satisfied due

to the use of (59). The problem of (60) is still non-convex.

In order to continue our proof, we introduce the following

transformations:

Pn = exp (P̃n), ∀n ∈ N ,

qnm = exp (q̃nm), ∀m ∈ Mn, ∀n ∈ N ,

τi = exp (τ̃i), ∀i ∈ {1, 2},
rnm = exp (r̃nm), ∀m ∈ Mn, ∀n ∈ N ,

rn = exp (r̃n), ∀n ∈ N . (61)

The first 3 transformations are needed to transform constraints

C5 and C6 into convex functions. However, due to the new

constraints introduced due to (59), i.e., C8 and C9, the

introduction of r̃nm and r̃n is also needed. Constraints C1−C7

are convex after (61). C8 and C9 are then expressed in the

same manner as (48) and it can easily be shown for both that

they are convex functions. Therefore, the proof is completed.
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L = R̃min −
N
∑

n=1

Mn
∑

m=1

λnm

[

−q̃nm − 2 log (|hnm|) + log

(

2
exp(R̃min−τ̃2)

Bn − 1

)

+ log

(

σ2 + |hnm|2
Mn
∑

i>m

exp (q̃ni)

)]

−
N
∑

n=1

λM+n

[

−p̃n − 2 log (|hn|) + log

(

2
Mn exp(R̃min−τ̃1)

B0 − 1

)

+ log

(

σ2 + |hn|2
N
∑

i>n

exp (p̃i)

)]

− λM+N+1 (exp (τ̃1) + exp (τ̃2)− 1)− λM+N+2

N
∑

n=1

(exp (p̃n)− PBBU)−
N
∑

n=1

λM+N+2+n

Mn
∑

m=1

(exp (q̃nm)− PFAP)

− λM+2N+3

N
∑

n=1

(exp (p̃n + τ̃1)− EBBU)−
N
∑

n=1

λM+2N+3+n

Mn
∑

m=1

(exp (q̃nm + τ̃2)− EFAP)

(53)
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