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Abstract—In this article we deal with total transmit power
minimization problem in SC-FDMA system constrained to Qual-
ity of Service (QoS) and user satisfaction constraints. Through
algebraic manipulations we were able to convert an integer
nonlinear optimization problem in an Integer Linear Problem
(ILP) so as to obtain the optimal solution. Motivated by the
high computational to obtain the optimal solution, we propose
a low computational complexity suboptimal solution. The results
obtained through computational simulations show that the pro-
posed solution presents satisfactory results regarding both outage
rate and energy consumption.

I. INTRODUCTION

Even with the imminent advent of Fifth Generation (5G)
networks, Long Term Evolution (LTE) will still play a relevant
role in mobile communications. According to Ericsson, there
will be 5 billion LTE subscriptions by the end of 2022 [1].
In order to reduce Peak-to-Average Power Ratio (PAPR), LTE
has adopted Single Frequency Division Multiple Access (SC-
FDMA) in the uplink. SC-FDMA in general requires that the
frequency resource blocks assigned to each terminal should be
adjacent to each other in the frequency domain.

Radio Resource Allocation (RRA) consists in an important
tool to optimize the use of the available resources in the
system, however, as shown in [2], the adjacency constraints
of SC-FDMA is sufficient to turn RRA problems NP-Hard.

In the last years, some works have faced the challenge
of conceiving RRA solutions to SC-FDMA networks. In [3]
the data rate maximization problem is studied in SC-FDMA
systems, however, that work ignores the adjacency constraint
that is necessary to assure low PAPR. In [4], spite of the
authors consider the adjacency constraint, they assumed that
each user demanded the same number of frequency resources.
In practice, the users have different data rate requirements and
channel qualities leading to different demands regarding the
number of frequency resources.

Studies on energy efficiency have been considered by other
works [5], [6], [7]. In [5] an integer binary optimization
problem is proposed to minimize the total transmitted power
in SC-FDMA system. Although adjacent constraint is assumed
in the work, Quality of Service (QoS) aspects were not
considered. In [6] the authors studied the optimization of
energy resources and considered QoS constraints in SC-FDMA
networks, nevertheless, the adaptive power allocation was

ignored. The adjacency and QoS constraints and the adaptive
power allocation were considered in [7] for optimization of
energy resources, nonetheless, the user satisfaction constraint
was ignored. In general the traffic behavior and QoS require-
ments of some user applications are diverse and heterogeneous
which leads to the definition of different service types. In order
to assure an acceptable provision of different services, system
operators could guarantee that a minimum percentage of the
connections for each service should have their QoS fulfilled.
In [8] the authors study the data rate maximization problem
in SC-FDMA system considering the per-service minimum
satisfaction, however, power allocation was not performed
and energy resources were not optimized. Besides, as the
majority of the previous works, the authors assume that the
mapping between Signal to Noise Ratio (SNR) and data rate is
given by Shannon capacity equation, nevertheless, in practical
networks, a discrete function could be more representative to
the mapping between SNR and data rate employed by finite
Modulation and Coding Schemes (MCSs).

In summary, the main contributions of this article are:
(1) Formulation and modeling of a new energy optimization
problem considering a set of modeling aspects that were
ignored by some of the previous works: adjacency constraint,
power allocation, user satisfaction constraints and finite MCS;
(2) Proposal of the optimal solution to the studied problem
after a reformulation that transformed a nonlinear combinato-
rial problem into Integer Linear Problem (ILP); (3) Proposal
of a low-complexity solution motivated by the unpractical
computational complexity of the method to obtain the optimal
solution; (4) Calculation of the computational complexity, in
order to characterize the performance/complexity trade-off of
the involved algorithms.

II. SYSTEM MODELING

We assume that resource allocation should be performed
in the uplink of a cell in a cellular system with a Base
Station (BS) that serves the connected terminals. Both mobile
terminals and BS employ single antenna transceivers. We as-
sume that the intra-cell interference, i.e., interference between
terminals of the same cell, is controlled by employing the com-
bination of Time Division Multiple Access (TDMA) and SC-
FDMA with the assignment of orthogonal resources. We define
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the minimum allocable resource or Resource Block (RB) by
a time-frequency grid composed of a number of consecutive
Orthogonal Frequency Division Multiplexing (OFDM) sym-
bols in the time domain and a group of subcarriers in the
frequency domain. We consider the simplifying assumption
that the inter-cell interference, i.e., the interference caused by
the transmission of terminals from other cells that reuse the
same frequency bandwidth, is added to the thermal noise in
the the SNR expression. Note that this assumption becomes
more and more valid as the system load, and therefore, the
number of transmitting terminals and resource usage increase
[8].

We consider that J terminals are candidates to get assigned
N RBs in order fulfill their QoS requirements. J and N are
the terminal and RB sets. We assume that the system operator
provides different services to the connected terminals e.g.,
Voice over IP (VoIP) and file upload. We assume that there
are S services in the system and S is the set of services. We
consider that there are Js terminals using service s ∈ S and
Js is the set of these terminals. Also,

⋃
s∈S Js = J and∑

s∈S Js = J .
We assume that the channel state remains constant during

the transmission in a Transmission Time Interval (TTI) and
that, at the current TTI, the terminal j has a data rate
requirement equal to tj . The minimum satisfaction constraint
for each service is represented by the parameter ks which is
the minimum number of terminals from service s that should
be satisfied.

The SC-FDMA multiple access imposes two constraints on
the resource assignment: resource exclusivity and resource
adjacency. The former constraint assures that the same RB
cannot be shared by multiple terminals within a cell. The
resource adjacency constraint demands that the RBs assigned
to a given terminal should be adjacent to each other in the
frequency domain. This condition is needed in order to obtain
low PAPR.

The adjacency constraint limits the total number of possible
assignments in the system. In fact, the work [9] shows that the
total number of resource assignment patterns that can be build
with N RBs is given by P = N2/2 + N/2 + 1, e.g., with
N = 4 the possible group of RBs or assignment patterns are
{1}, {2}, {3}, {4}, {1, 2}, {2, 3}, {3, 4}, {1, 2, 3}, {2, 3, 4},
{1, 2, 3, 4} and {∅}. We assume that P is a set with all
resource assignment pattern indices. Accordingly, instead of
modeling the assignment of a specific RB to a terminal, we
consider in this work the assignment of a resource assignment
pattern to a terminal. So, we define the matrix A whose
element an,p (with n ∈ N and p ∈ P) assumes the value
1 if the RB n belongs to the assignment pattern p, and 0
otherwise.

In this article we consider the practical assumption of
discrete MCS as mentioned in section I. We consider M levels
of MCSs contained in set M = {1, 2, 3, · · · ,M}. Therefore,
when a terminal reaches the MCS level m, and so transmits
with data rate rm, it is required that the experienced SNR
be equal to γm, where γm < γm+1 and rm < rm+1. Note

that SC-FDMA imposes also two other constraints in order
to assure low PAPR: the same MCS and the same transmit
power level should be employed in all RBs assigned to a given
terminal belonging to the same assignment pattern.

The SNR experienced in the link between the BS and the
terminal j when transmitting on the zth subcarrier of RB n,
γj,z,n, is given by

γj,z,n = ((pj,p,m/(c·Np))·αj ·||hj,z,n||2)/σ2 = pj,p,m ·gj,z,n,
(1)

where pj,p,m is the power required for the jth terminal using
the pth assignment pattern to achieve the mth MCS level, c is
the number of subcarriers per RB, Np is the number of RBs
of the assignment pattern p, αj represents the contributions
of path gain and shadowing in the link between the BS and
terminal j, σ2 is the noise power at the BS receiver in the
bandwidth of a subcarrier, hj,z,n is the frequency response
of the channel between the BS and the terminal j on the zth

subcarrier of RB n with ‖·‖ returning the absolute value of
its argument, and finally, gj,z,n is the total channel gain in
the link between the BS and terminal j on zth subcarrier of
RB n normalized by thermal noise power. In this article we
assume the optimization of power, so, we assume that the
power cannot exceed the total power available at the user j,
given by P tot

j .
Due to the single-carrier nature of SC-FDMA scheme,

the receiver should employ frequency domain equalization in
order to combat Inter Symbol Interference (ISI). Assuming
that Minimum Mean Square Error (MMSE) equalizer is used,
the effective SNR perceived by the receiver when data is trans-
mitted by terminal j on the RBs that belongs to assignment
pattern p, γMMSE

j,p , is shown in the following [10]:

γMMSE
j,p =


 1

c · |Np|
∑
n∈Np

c∑
z=1

γj,z,n
γj,z,n + 1

−1 − 1


−1

,

(2)
where Np is the set of RBs that compose the assignment
pattern p and | · | denotes the cardinality of a set.

Let f(·) be the function that represents the discrete mapping
between SNR and data rate according to the employed MCSs.
The transmit data rate when terminal j transmits on the RBs
that belong to the assignment pattern p with MCS m is
given by rj,p,m = f(γMMSE

j,p ). In order to find the transmit
power level, pj,p,m, that should be employed by terminal j
in all subcarriers that belong to assignment pattern p so as to
transmit on MCS m, we should replace (1) in (2) and solve
the equation γMMSE

j,p = γm.

III. PROBLEM FORMULATION

The formulated problem in this work consists in minimizing
the total transmit power in the uplink of an SC-FDMA system
with per-service satisfaction guarantees. Let X be a binary
matrix whose elements xj,p,m assume the value 1 if the
terminal j using the assignment pattern p achieves the MCS
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level m, and 0 otherwise. According to this, we formulate the
problem as follows

min
X

∑
j∈J

∑
p∈P

∑
m∈M

xj,p,m · pj,p,m

 , (3a)

subject to∑
j∈J

∑
p∈P

∑
m∈M

an,p · xj,p,m = 1, ∀n ∈ N , (3b)∑
p∈P

∑
m∈M

xj,p,m = 1, ∀j ∈ J , (3c)∑
p∈P

∑
m∈M

pj,p,m · xj,p,m ≤ P tot
j , ∀j ∈ J , (3d)

xj,p,m ∈ {0, 1}, ∀j ∈ J , ∀p ∈ P e ∀m ∈M, (3e)∑
j∈Js

u

∑
p∈P

∑
m∈M

rj,p,m · xj,p,m, tj

 ≥ ks, ∀s ∈ S, (3f)

where u(x, b) is a step function at b that assumes the value
1 if x > b and 0 otherwise. The objective function shown in
(3a) is the total uplink power transmitted by the terminals.
Constraints (3b) and (3e) assure that RBs are not reused
within the cell, while constraint (3c) guarantees that only one
assignment pattern is chosen by each terminal. The constraint
(3d) ensures that the power used by terminal j does not
exceed the maximum available power. Finally, the constraint
(3f) states that a minimum number of users should be satisfied
with the demanded QoS for each service.

IV. CHARACTERIZATION OF THE OPTIMAL SOLUTION

The problem (3) belongs to the class of nonlinear com-
binatorial optimization problems. A general algorithm for
solving those problems is the brute force method, however,
the number of combinations scale very fast as J , P and
M augments. Fortunately, according to [8], the problem (3)
can be transformed into an ILP problem by adding a new
optimization variable and replacing the constraint (3f) by two
new constraints as follows:∑

p∈P

∑
m∈M

rj,p,m · xj,p,m ≥ ρj · tj , ∀j ∈ J . (4a)∑
j∈J

ρj ≥ ks, ∀s ∈ S. (4b)

where ρj is a selection variable that assumes the value 1 if
terminal j is selected to be satisfied and 0 otherwise.

Based on the previous development, we have transformed
the non-linear version into an integer (binary) linear opti-
mization problem. We have accomplished that at the cost of
the addition of new optimization variables and constraints.
This problem can be solved by standard methods such as the
Branch-and-Bound (BB) algorithm [11].

V. LOW-COMPLEXITY HEURISTIC SOLUTION

Motivated by the high computational complexity to obtain
the optimal solution to problem (3), in this section we present
a low-complexity solution. The solution is divided into two
parts: RB Assignment and Power Allocation. In the assignment
part, the main idea is to select the terminal with better channel
quality and assign the RBs fulfilling the adjacency constraint
and the minimum number of satisfied terminals per service.
The power allocation part consists basically in finding the
minimum power required to fulfill the data rate requirements
of the system. The flowchart of the proposed solution is shown
in Figure 1 and described in details below.

As the main objective is to minimize the total transmit
power in the system, the number of terminals transmitting
should be kept as minimum as possible while guaranteeing
the minimum satisfaction guarantees. Therefore, in step 1 for
each service s we select the ks terminals with better channel
gains and initialize the set J A with the selected terminals. In
step 2 we initialize the set NA with all RBs.

In step 3 we select the terminal j? of the set J A with the
worst average channel gain. In step 4 we assign to terminal
j? its RB with highest channel gain, n?. The main idea
of steps 3 e 4 is to initially provide a fair distribution of
RBs and prioritize the terminals in worst channel conditions
letting them choose their best (and possibly scarce) RBs in set
NA. After this, we remove j? and n? of sets JA and NA,
respectively (step 5). In step 6 we verify if the set J A is empty.
In the positive case, in step 7 we find the first available (not
assigned yet) RB n† with lowest index in set NA. In negative
case, we return to step 3 and repeat the process described
above. At end this process, all terminals selected in step 1
have received only one RB.

In step 8 we check if there is any assigned RB, n?, allocated
to a terminal j? on the left of RB n†. In the positive case, we
build a new assignment pattern, denominated A, with RB n†

and the RBs assigned to terminal j? (step 9). In the negative
case, in step 10 we find the first RB n+ that is assigned to a
terminal j+ on the right of RB n?, and we build an assignment
pattern with all contiguous RBs between n† and n+, including
them. After that, we assign the assignment pattern formed to
terminal j+ and remove all assigned RBs from the set NA in
step 17. In step 11 we check if there is an RB n+ assigned to
a terminal j+ on the right of RB n?. If there is an assigned
RB on the right of RB n?, we build a new assignment pattern,
denominated B, with all contiguous RBs between n† and n+,
including them, and assigned to the terminal j+ in step 12.
In the negative case, we associate the assignment pattern A to
terminal j? in step 13. After this, we execute step 17. In step 14
we evaluate which one of the built assignment patterns, A or
B, have the highest effective SNR that is calculated according
to equation (2) assuming that the maximum transmit power is
equally distributed among the RBs. If the assignment pattern
A has the highest effective SNR, the RBs of the pattern A
are assigned to terminal j? (step 15), otherwise, the RBs of
pattern B are assigned to terminal j+ (step 16) and the step 17
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Begin

(1) Define the auxiliary set of terminals,
J A, composed of the ks terminals with
best channel gains for each service s.

(2) Define the set of
available RBs, N A ← N .

(3) Select the terminal j? of the set J A

with the worst average channel gain.

(4) Assign the RB n? of set
NA with the best average

channel gain for terminal j?

(5) Remove j? and n? of sets
J A and NA, respectively.

(6) Is J A empty?
YesNo

(7) Find the first available RB n†

with the lowest index in the set N A.

(8) Is there any RB n? assigned to
some terminal j? where n? < n†?

(10) Find the first RB n+ assigned
to some user j+ such that n+ > n†.

Make an assignment pattern with
all contiguous RBs between n†

and n+ including n† and n+.
After that, we assign the new
assignment pattern to user j+.

Yes

No

(9) Make an assignment pattern A with
RB n† and the RBs assigned to user j?

(11) Is there any RB n+ assigned
to user j+ where n+ > n†?

(13) Associate the assignment
pattern A to terminal j?.

No

Yes
(12) Make an assignment pattern B
with all contiguous RBs between
n† and n+ including n† and n+.

(14) Is the effective SNR
of the assignment pattern
A greater than that of B?

No

Yes
(15) Associate the assignment

pattern A to terminal j?.

(16) Associate the assignment
pattern B to terminal j+.

(17) Remove all assigned
RBs from the set N A.

(18) Is the set N A empty?
YesNo

(19) Adaptive power allo-
cation and QoS satisfaction

(20) Is the power constraint fulfilled? No

Yes
(21) Feasible solution found

(22) No feasible solution was found.

Fig. 1. Flowchart of proposed solution.

is executed. Finally, in step 18 we check if there are available
RBs. If so, we return to step 7 and repeat the process again,
otherwise, the assignment part is done.

In the power allocation part, we find the lowest power
required to achieve the MCS level that fulfills the rate re-

quirement of each user (step 19), and we verify if the power
constraint is fulfilled (step 20). If so, the solution is found,
otherwise, no solution is found (outage event). Note that an
outage event can happen due to the suboptimality of the
solution that is not able to explore the space of feasible
solutions completely, or due to the fact that there is no feasible
solution even to the optimal solution presented in section IV.
Solutions to outage events are left as perspective of this study.

VI. PERFORMANCE EVALUATION

In this section we present the simulation setting and perfor-
mance metrics in section VI-A, and the simulation results and
analysis in section VI-B.

A. Simulation assumptions

The main aspects of an SC-FDMA uplink system presented
in section II were considered in the computational simulator.
We assume that an SC-FDMA RB consists of 12 adjacent
subcarriers in the frequency domain and is 1 ms long in the
time domain. The radio link state is modeled by the most
important propagation mechanisms: distance-dependent path
loss model given by PL(dB) = 35.3+36.7·log(d), log-normal
shadowing component with standard deviation of 8 dB, and
a Rayleigh-distributed fast fading component [8]. We assume
that the link adaptation is realized based on the 15 indicators
of Channel Quality Indicators (CQI) used by LTE [12]. The
SNR thresholds for switching MCS levels were obtained from
link level simulations from [13]. The available total power in
the terminal is 24 dBm. The simulation methodology consists
in applying the proposed solution in different realizations (or
snapshots) by taking different samples of the random variables
that model user positioning and channel state.

To evaluate the performance of the proposed solutions in
this paper we consider a scenario where the system provides
two services, i.e., S = 2, which has a total of eight active
terminals, J = 8, equally distributed among the services,
J1 = 4 and J2 = 4. We assume that four terminals should
be satisfied for the service 1, k1 = 4, and three terminals
should be satisfied for the service 2, k2 = 3. We consider
that all terminals have the same data rate requirement, tj . The
system load is emulated through the variation of tj from 40
kbps to 200 kbps. Moreover, we consider a total of 15 RBs,
N = 15.

The algorithms simulated in this paper are the proposed
solution presented in section V and identified in the plots
by Proposed Solution, the optimal solution to the Power
Minimization (PM) problem obtained by the method shown
in section IV (identified in the plots as PM OPT) and
the solution to the Constrained Rate Maximization (CRM)
problem proposed in [8] which is the problem of data rate
maximization with the QoS constraint present in (3f) but does
not use adaptive power allocation (identified in the plots as
CRM OPT). In order to solve ILP problems we used the IBM
ILOG CPLEX Optimizer [14]. The choice of the values for
J , N , M and S are limited by the computational complexity
to obtain the optimal solutions.
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Fig. 2. (a) Average data rate for the PM OPT and CRM OPT solutions and proposal solution. (b) Rate of outage for the PM OPT and CRM OPT solutions
and proposal solution. (c) Percentage of the power used by the PM OPT and CRM OPT solutions and proposal solution. .

The main performance metrics used to evaluate the studied
algorithms are the percentage of the total used power, which
is in the ratio among the sum of the used transmit power
by all terminals and the sum of the total available transmit
power in all terminals (J · P tot

j ); The outage rate defined as
the ratio among the number of snapshots with outage events
and the total number of snapshots. An outage occurs when a
solution is not able to find a feasible solution which fulfills
the constraints of problem (3). Finally, the last performance
metric is the average data rate which is the average of the total
data rate transmitted by all terminals in several snapshots.

B. Results

In Figure 2(a) we have the average total data rate versus
the data rate required for all terminals for the PM OPT, CRM
OPT and proposed solutions. Initially, we can see that the total
data rate of PM OPT solution and proposal solution increases
as the required data rate is augmented, since both solutions
search only to satisfy the required data rate for each terminal
in order to save transmit power. Furthermore, according Figure
2(a), we can observe that the CRM OPT solution presents the
highest data rate. This result occurs because the CRM OPT
solution has as objective to maximize the total data rate of the
system.

In Figure 2(b) we present the outage rate versus the data
rate required for all terminals to the same solutions presented
in Figure 2(a). Firstly, we observe that the higher the terminal
required data rate, the higher the outage rate is, as expected.
Note that the outage rate of the PM OPT and CRM OPT
solutions are the same for all required data rates since both
solutions are obtained through ILP problems that have the
same set of constraints. Finally, we see that the proposed
solution presents a minimal variation of outage rate compared
to the other solutions for moderated loads. When PM OPT
and CRM OPT solutions present an outage rate of 10%, the
proposed solution presents an outage rate of 14% resulting in
a difference of only 4%.

A naive analysis of the results presented in Figure 2(a) and
2(b) can lead us to a wrong conclusion about the relevance
of PM OPT and proposed solutions since CRM OPT solution

presents low outage rate and higher transmit data rates than the
other solutions. However, a complete analysis should consider
Figure 2(c) where we show the percentage of the total used
power versus the required data rate for all terminals to the PM
OPT, CRM OPT and proposed solutions. Firstly, we observe
that the higher the required data rate, the higher the total
transmit power is, for the same reasons presented previously.
While the CRM OPT solution in general allows the terminals
to use almost all transmit power available in order to optimize
the transmit data rate, the PM OPT and proposed solutions try
to optimize the use of energy resources in order to guarantee
QoS and user satisfaction. According to Figure 2(c), the CRM
OPT solution presents a power consumption of approximately
90%, while the PM OPT and proposed solution present a
consumption of approximately 3% and 4%, respectively, for a
required data rate of 40 kbps.

A joint analysis of Figures 2(a), 2(b) and 2(c) lead us to
the conclusion that the solution PM OPT is able to satisfy
the QoS and minimum number of users per service with the
lowest total transmit power. A low transmit power provides
several advantages in wireless communications systems such
as the reduction in intercellular interference in the system.
Moreover, efficient power consumption is one of the pillars
of 5G. However, the CRM OPT and PM OPT solutions are
obtained through algorithms with exponential computational
complexity, as can be seen in section A of the appendix. On
the other hand, as demonstrated in section B of the appendix,
the computational complexity of the proposed solution is
polynomial given by O

((
N −

∑
s∈S ks

)2)
.

VII. CONCLUSIONS AND PERSPECTIVE

In this article, we studied the total transmit power minimiza-
tion problem considering the adjacency and QoS constraints
in SC-FDMA systems such as LTE uplink. The formulated
problem consists in a nonlinear combinatorial optimization
problem. Due to the high computational complexity of this
problem, we converted it into an ILP problem through the
addition of new optimization variables and constraints. The
ILP problem can be solved by conventional methods, however,
at a high computational cost. Therefore, a low-complexity
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suboptimal solution was proposed and through computational
simulations, we have shown that it presents a small perfor-
mance degradation compared to the optimal solution. The
optimization of other energy efficiency metrics in SC-FDMA
systems is a perspective of this study.

APPENDIX
COMPUTATIONAL COMPLEXITY

The worst-case computational complexity of the ILP-based
solutions CRM OPT and PM OPT, as well as the proposed
solution are presented in sections A and B, respectively.

The computational complexity considered in the following
is the worst-case one that gives an upper bound on the
computational resources required by an algorithm and is
represented by the asymptotic notation O(·). As in [8], we
consider summations, multiplications and comparisons as the
most relevant and time-consuming operations.

A. CRM OPT and PM OPT

The CRM OPT and PM OPT solutions are obtained by
optimally solving ILP problems with BB algorithm. For an
arbitrary number of integer variables l, the number of linear
programming subproblems that will be solved is (

√
2)l [8].

However, the number of interations needed to solve a linear
programming problem with m constraints and l variables is
approximately 2(m−l), and each interation contains (lm−m)
multiplications, (lm−m) sums and (l−m) comparisons [8].
In the ILP problem associated to CRM OPT solution, we have
JP+J integer variables and 2J+N+S constraints, therefore,
the total number of operations needed is
√
2
JP

2(JP + J +N)(2(JP )(J +N)− 3(J +N) + JP ).

The ILP problem associated to the PM OPT solution have
JPM + J variables and 3J + N + S constraints, therefore,
the total number of operations is
√
2
JPM+J

2(JPM + 4J +N + S)(2(JPM + J)

(3J +N + S)− 3(3J +N + S) + JPM + J).

Keeping only the high order terms, we have that the worst-
case computational complexity of the CRM OPT and PM OPT
solutions are, respectively, O(2JP ) and O(2JPM ).

B. Low-Complexity Heuristic Solution

So as to calculate the computational complexity of the
proposed solution, we should identify the instance of the
algorithm shown in Figure 1 that renders the highest number of
operations. The most time-consuming step in this algorithm is
the calculation of the effective SNR in step 14. The worst-case
instance of the proposed algorithm is when all terminals get
adjacent RBs after step 6, and the effective SNR of assignment
A is always higher than the one of assignment B. Therefore,
the number of interations of the main loop is N −

∑
s∈S ks.

Moreover, in the end, a single receiver terminal will get a set
of contiguous RBs of size N −

∑
s∈S ks + 1 while the other

terminals would stay with only one RB.

According to this, the number total of operations of the
proposed solution is(

N −
∑
s∈S

ks

)(
2cN + 2

∑
s∈S

ks +N + 3

)
+
∑
s∈S

ks

summations,(
N −

∑
s∈S

ks

)(
2cN + 20

∑
s∈S

ks − 20

)
multiplications and(

N −
∑
s∈S

ks

)(
2

(
N −

∑
s∈S

ks

)
+
∑
s∈S

ks + 2N + 3

)
+
∑
s∈S

ks (2N +M + J) + JS

comparisons. Retaining the term of higher order, we get a
computational complexity given by O

((
N −

∑
s∈S ks

)2)
.
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