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Abstract In this study, resource allocation problems in uplink transmissions of long term

evolution (LTE) networks involving single-carrier frequency division multiple access were

addressed and a two-stage process for obtaining solutions was proposed. In the first stage, a

buffer-aware (BA) scheme that allocates resources according to users’ buffer statuses is

used to simultaneously reduce wastage of system resources and improve the throughput of

each user. In the second stage, a BA-scheme-based enhanced algorithm is used for con-

sidering the delay-sensitive (DS) characteristics of packets. Simulations were conducted to

compare the performance of the proposed BA and DS resource allocation algorithm with

that of other approaches. The results show that the proposed algorithm can effectively

improve the aggregate throughput and reduce both the packet loss rate and average packet

delay in comparison with other schemes, thus enhancing the overall uplink efficiency of

LTE networks.

Keywords Third-Generation Partnership Project (3GPP) long term evolution (LTE) �
Uplink resource allocation � Single-carrier frequency division multiple access (SC-FDMA)

1 Introduction

The demand for broadband wireless access (BWA) networks is increasing with the growth

of wireless applications such as social network services, real-time gaming, video streaming

services, and Web TV. Since the characteristics of applications determine the quality-of-

service (QoS) parameters such as sustained transmission rates and tolerable packet delays,

the effective management and allocation of scarce wireless resources for supporting a

variety of QoS requirements have become a critical research topic.
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The long term evolution (LTE) access technologies developed by the Third-Generation

Partnership Project (3GPP) group are promising BWA solutions for providing high-data-

rate transmissions, coverage of an extensive area, and high-speed mobility for various

wireless applications [1, 2]. LTE technologies involve using orthogonal frequency division

multiple access (OFDMA) technology for downlink radio access since this technology

offers high resistance to multipath fading and facilitates highly efficient spectrum uti-

lization. However, a major problem is encountered during OFDMA use: the peak-to-

average power ratio (PAPR) is high, possibly reducing the transmission power efficiency

appreciably. Therefore, in the uplink of an LTE system, single-carrier frequency-division

multiple access (SC-FDMA) is used because of the power constraints of handheld devices.

Because of its single-carrier properties, SC-FDMA can reduce the PAPR to a greater extent

compared with OFDMA. Nevertheless, there is a restriction associated with the single-

carrier properties of SC-FDMA: the resource blocks (RBs) assigned to a single user must

be adjacent to each other. This constraint can limit the system performance parameters

such as the channel utilization efficiency and aggregate throughput. Thus, the resource

allocation scheme used for SC-FDMA in the uplink of an LTE system must be appro-

priately designed to optimize the system performance under the channel contiguity

constraint.

The resource allocation problems in the uplink of an LTE system have been investigated

by previous studies [3–13]. While the authors of [3] proposed an uplink scheduling al-

gorithm involving game theory for LTE systems, they did not consider the adjacent RB

restriction for SC-FDMA. In [4], resource scheduling was designed by considering the end-

to-end delay constraint in addition to the channel contiguity constraint. The studies in [5–7]

proposed different schemes for uplink resource allocation in LTE systems. Nevertheless,

these studies assumed saturated traffic conditions (i.e., every user always has a packet to

send) along with an unlimited buffer length and did not consider different traffic load

scenarios. In the resource scheduling scheme in [8], various users’ requirements for

channel resources and different buffer statuses were considered and the focus was on the

effect of the delay report interval. Extra RBs were pruned and allocated to other users.

However, this scheme does not analyze its performance according to other QoS metrics

such as the throughput and packet loss rate.

In this study, the resource allocation problems in the LTE uplink SC-FDMA system

were addressed and a two-stage process for obtaining solutions was proposed. In the first

stage, a buffer-aware (BA) scheme that allocates resources according to users’ buffer

statuses to simultaneously reduce the wastage of system resources and improve the

throughput of each user is used. The key concept of the proposed BA approach is based on

the observation that most recent studies have not considered the buffer status and assumed

saturated buffer conditions (i.e., users always have a packet to send in their buffer) [5–7],

implying that the number of RBs assigned to a single user directly reflects the throughput

of the user. This assumption is impractical because most traffic loads are dynamic, de-

pending on the corresponding service types. This was the motivation for investigating a

resource allocation algorithm that considers users’ buffer statuses in the present study. On

the basis of the BA resource allocation scheme, an enhanced algorithm that considers the

delay-sensitive (DS) characteristics of packets is used in the second stage. Using this

resource allocation algorithm (BA ? DS scheme) can improve the QoS for real-time

applications by dynamically adjusting the priorities during channel allocation among users

according to the number of time-sensitive packets accumulated in the buffer. Simulations

were conducted to compare the performance of the proposed resource allocation algorithm

(BA and BA ? DS schemes) with that of other approaches. The results demonstrate that
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the proposed approach can effectively improve the aggregate throughput and reduce both

the packet loss rate and average packet delay in comparison with the other approaches, thus

enhancing the overall LTE uplink efficiency. The rest of this paper is organized as follows.

Section 2 presents the SC-FDMA system model. Section 3 describes the proposed resource

allocation algorithms. Sect. 4 explains the simulation setup and results. Finally, the con-

clusion is presented in Sect. 5.

2 System Model of SC-FDMA

The specific characteristic of SC-FDMA for the uplink resource allocation in LTE

systems is the adjacent assignment of RBs for users to transmit their data. This implies

that the allocation of RBs in the SC-FDMA system cannot be as flexible as that in the

OFDMA system. According to [4], the constraint of RB selections for U users can be

expressed as:

XU

j¼1

ei;j ¼ 1; i 2 R; ð1Þ

ei;j 2 0; 1f g; i 2 R; j 2 U; ð2Þ

where R is the set of RBs and U is that of users; ei,j is a binary parameter. The ith RB

will be assigned to user j when ei,j = 1, or not if ei,j = 0. Equations (1) and (2)

simply illustrate that each RB can only be assigned to one user in a given scheduling

cycle. To meet the requirement of adjacent RB assignments, the following constraints

are added:

rþi;j; r
�
i;j 2 0; 1f g; i 2 R; j 2 U; ð3Þ

X

i2R
rþi;j � 1;

X

i2R
r�i;j � 1; j 2 U; ð4Þ

X

j2U
rþi;j � 1;

X

j2U
r�i;j � 1; i 2 R; ð5Þ

eiþ1;j ¼ ei;j þ rþi;j � r�i;j j 2 U; ð6Þ

where rþi;j and r�i;j are both binary parameters. rþi;j and r�i;j express the adjacent RB allo-

cation of the ith and i ? 1th RB associated with user j: if RB i is not assigned to user j but

RB i ? 1 is assigned to user j, rþi;j would be set to 1. On the contrary, if RB i is assigned to

user j, but RB i ? 1 is not assigned to user j, r�i;j would be set to 1. According to Eqs. (4)

and (5), we can see that to a given user, one kind of RB-allocation status alteration (i.e.,

either from assignment to non-assignment or from non-assignment to assignment) can only

occur once in each scheduling cycle. Thus, Eqs. (3), (4) and (5) can make sure that the

allocation of RBs in each scheduling cycle will comply with the constraint of adjacent

assignment requirement. Furthermore, as Eq. (6) shows, the situation of next RB allocation

of the i ? 1th RB to user j, ei?1,j, can be derived from the condition of the present RB

allocation, ei,j, with the values of rþi;j and r�i;j.

Buffer-Aware and Delay-Sensitive Resource Allocation 1879

123



3 Proposed Resource Allocation Algorithm

Consider the transmission scenario shown in Fig. 1. Various numbers of packets are

waiting for transmission in the buffers of different users. The distances from the base

station to Users A, B, and C are dA, dB, and dC, respectively, and dC\ dB\ dA.

Generally, the channel quality is higher for a user closer to the base station (e.g., User

C), and the user is expected to receive more resources than other users when the base

station allocates resources according to users’ channel conditions. However, Fig. 1

shows that User C has fewer packets waiting for transmission compared with Users A

and B. Hence, if users’ buffer statuses are considered in addition to their channel

conditions for resource allocation, User C should not be allocated the largest amount of

resources for data transmission. In fact, User B should be allocated more resources than

the other two users because it has the largest number of packets waiting for

transmission.

3.1 Algorithm 1: The Buffer-Aware (BA) Resource Allocation Algorithm

The preceding discussion implies that the users’ buffer statuses can be a key attribute in the

design of resource allocation schemes, especially when the number of users is high and the

available resources are limited [14–16]. Therefore, in this study, a BA resource allocation

scheme in which both the buffer status and channel conditions of users are considered was

proposed. To maximize the transmission throughput by considering buffer statuses in

addition to channel conditions, the RB allocation problem can be formulated as a con-

strained optimization problem:

Fig. 1 Users with various numbers and different types of packets waiting for transmissions in the buffer
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argmax
ei;j

PR

i¼1

PU

j¼1

ei;jki;j;

subject to
PR

i¼1

ei;j � bj; j 2 U;

ð7Þ

where ki,j is the channel quality indicator (CQI) value of RB i for user j, and bj is the

number of packets (in the unit of RB) accumulated in the buffer of user j. As (7) shows, the

transmission throughput is maximized by selecting the user with the highest CQI value

under the constraint of cumulated packet numbers in the buffer. Thus, when the con-

strained optimization problem in (7) is solved on the basis of (1)–(6), which specify the

requirements for assigning adjacent RBs for SC-FDMA, the proposed BA resource allo-

cation scheme can simultaneously meet the actual demand of users and reduce wastage of

system resources.

Indeed, the constrained optimization problem in (7) under the block contiguity con-

straints (1)–(6) is a difficult mathematical problem. With the contiguity constraint, we may

need to allocate users with some suboptimal RBs so as to optimize the objective in (7).

Such the problem is NP-hard and thus it is difficult to find an optimization solution for real-

time scheduling and resource allocation. In this study, we present heuristics algorithms to

provide a suboptimal solution for real-time scheduling and resource allocation under the

block contiguity constraints in SC-FDMA. The pseudocode of the proposed BA algorithm

is presented in Fig. 2.

3.2 Algorithm 2: The Buffer-Aware (BA) and Delay-Sensitive (DS) Allocation
Algorithm

Consider the transmission scenario shown in Fig. 1 again. Two types of packets are

considered in the buffer: one without delay constraints (labeled cross) for non-real-time

applications such as HTML and e-mails, and DS packets (labeled dotted) for real-time

applications such as voice, video streaming, and real-time gaming. As shown in Fig. 1,

among Users A, B, and C, User A has the highest number of real-time packets waiting for

Fig. 2 The proposed BA
resource allocation algorithm

Buffer-Aware and Delay-Sensitive Resource Allocation 1881

123



transmission. Hence, if the DS characteristics of packets are considered in addition to

users’ buffer statuses for allocating resources, then the priority of resource allocation for

User A should be higher than those for Users B and C.

This motivated consideration of the delay constraint in the proposed BA resource

allocation scheme and the proposal of the BA and DS (BA ? DS) algorithm. In the

BA ? DS algorithm, a nonlinear l-law operation as that shown in (8) is performed. The so

called l-law operation is formerly a nonuniform pulse code modulation (PCM) adopted as

a telecommunication standard in the US and Canada [17]. In this study, we apply the

logarithmic function to control the priority of resource allocation according to the number

of DS packets [17]. That is,

wj ¼
log 1þ l � dj

�
Bmax

� �

log 1þ lð Þ � dj
�
Bmax

ð8Þ

where Bmax represents the highest number of delay-constrained packets among all users,

which can be time-varying in every scheduling cycle; dj is the number of DS packets of

user j. The parameter wj is the weighting factor and controls the priority of channel

allocation for user j (a higher value of wj indicates a higher priority for channel allocation)

and is adopted in (9). The parameter l determines the nonlinear characteristics between dj
and wj. The variation of wj with the ratio dj/Bmax is shown in Fig. 3, where the value of 1 is

adopted for l; the curve is based on (8). The value of wj increases exponentially with an

increase in dj. Thus, the approach used in the BA ? DS algorithm can effectively improve

the QoS performance of real-time applications by dynamically adjusting the priorities of

channel allocation for users according to the number of time-sensitive packets in the users’

buffers.

After the value of wj for each user is calculated using (8), it is used to adjust the CQI

value ki,j to k0i;j as follows:

k0i;j ¼ ki;j 1þ wj

� �
: ð9Þ

The updated CQI value k0i;j is then substituted for ki,j in (7). Thus, the BA ? DS algorithm

can determine the resource allocation for users according to the channel conditions, buffer

statuses, and numbers of DS packets.
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Fig. 3 The weighting factor wj

varying with the value of dj/Bmax;
dj is the number of delay-
constrained packets of user j and
Bmax is the largest number of
delay-constrained packets among
all users
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The following example explains the operation of the proposed BA ? DS algorithm.

Assume that the channel quality of Users A, B, and C is as shown in Fig. 4 and that User A

has a high number of DS packets waiting for transmission in comparison with Users B and

C. Case 1 considers only the channel quality for resource assignment under the adjacent

RB constraint in the SC-FDMA structure. User A is allocated the lowest amount of

resources since the user’s channel conditions are poor. The BA ? DS resource allocation

scheme also considers the buffer status and DS packets, and the results obtained for this

scheme correspond to the Case 2 results. The CQI value of User A is increased (marked as

the red dotted line A0), leading to a channel being assigned to User A for a longer duration;

the higher CQI value results from the higher wj, which increases with the number of DS

packets. This example demonstrates that the proposed BA ? DS algorithm has the po-

tential to improve the QoS performance of real-time applications for users on the basis of

the actual demand for channel resources. The pseudocode of the proposed BA ? DS

algorithm is shown in Fig. 5.

4 Performance Evaluation and Discussion

4.1 Simulation Setup

In this section, simulation scenarios of uplink transmission by using SC-FDMA in a FDD

LTE cellular network are presented to demonstrate the effectiveness of the proposed

resource allocation algorithms, the BA and BA ? DS algorithms. The simulation was

performed using C?? programming and by following the LTE standard closely [18–20].

The simulation setup assumes a single eNodeB with available power of 46 dBm and cell

radius of 1 km. The wireless channel of simulations is based on the path loss model

without fading described as L = 128.1 ? 37.6 log10R [21]. Adaptive modulation and

coding (AMC) schemes are considered for variable PHY data rates according to the current

channel conditions of wireless links. The modulation types supported in the LTE standards

C A B

CQI C

B

A

C A’ B

A’

Sequence of RBs

Case 1: considers only channel quali�es for RB alloca�ons

Case 2: further takes the buffer status and delay sensi�vity into account

Fig. 4 Users’ original CQI, ki,j and adjusted CQI, k0i;j
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include binary phase-shift keying (BPSK), quadrature phase-shift keying (QPSK),

16-quadrature amplitude modulation (16-QAM) and 64-QAM. With the convolutional

turbo code (CTC) and different code rates, various modulation and coding schemes

(MCSs) are provided in the LTE system. For the simplicity of illustration, we assume the

proportion of used MCSs is, QPSK with 3/4 CTC: 25 %, 16-QAM with 1/2 CTC: 25 %,

Fig. 5 The proposed BA ? DS
resource allocation algorithm

Table 1 Simulation parameters
Parameter Values

PHY Profile SC-FDMA

System bandwidth 5 MHz

Subcarriers per RB 12

Subcarriers spacing 15 kHz

Number of RBs 25

Number of user 5–20

Transmission time interval 1 ms

Type of system Single cell

eNodeB power 46 dBm

Cell radius 1 km

Queue length Infinite

User distribution Uniform

Path loss model [21] L = 128.1 ? 37.6 log10 R

Channel estimation Ideal

Modulation and coding schemes QPSK: 3/4

16-QAM: 1/2

64-QAM: 5/6
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and 64-QAM with 5/6 CTC: 50 %. We assume that the base station has a perfect

knowledge of the channel quality information of all users across all RBs. The SC-FDMA

PHY parameters and their values are listed in Table 1.

The simulation setup considered a mixture of real-time (RT) and non-real-time (NRT)

traffic flows in uplink transmission. The types of RT traffic flows included conversational

voice and conversational video, and for the NRT traffic flows, a Transmission Control

Protocol (TCP)-based Web-browsing application was considered. The distributions of the

three types of traffic flows were assumed to be uniform. The conversational voice was

transmitted in fixed-size packets generated at periodic intervals, that is, a constant bit rate.

The conversational video was transmitted in variable-size packets generated at periodic

intervals, that is, a variable bit rate. The TCP-based Web-browsing application involved

variable-size packets generated randomly. The simulation parameters for the three types of

traffic models are provided in [22, 23]. The delay constraints corresponding to the three

types of traffic services are listed in Table 2. The packets were assumed to be dropped

when the time waiting for transmission exceeded the predefined tolerable delay time.

The performance of the proposed BA and BA ? DS algorithms was compared with that

of the round-robin (RR) and greedy algorithms [6]. For the proposed BA ? DS algorithm,

the value of l in (8) was 1. The performance metrics were indexed as the packet loss rate,

aggregated throughput, and packet delay time. The simulation results provided are the

average values over 20 simulations.

4.2 Simulation Results and Discussions

Figure 6 shows the packet loss rates for different resource allocation schemes. When the

number of users was lower than or equal to five, the packet loss rate was almost zero

Table 2 Different traffic types and the corresponding delay budgets [24]

Service types Packet delay budget (ms)

Conversational voice 100

Conversational video 150

TCP-based web-browsing application 300
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Fig. 6 Packet loss rate
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irrespective of the scheme chosen since the system resources were sufficient for all users to

transmit data packets.When the number of users exceeded five and packets were increasingly

accumulated in the users’ buffers, the packet loss rate increased because of the delay con-

straints for QoS requirements.When the number of users exceeded five, the proposed BA and

BA ? DS algorithms outperformed the other two algorithms, with the BA ? DS algorithm

showing the highest performance. In addition, the superiority of the proposed algorithm over

the other two algorithms slightly decreased when the number of users increased. The main

reason for thiswas that as the system load increased considerably, the difficulty inmeeting the

delay constraints increased, thereby causing more packets to be dropped. On average, the

proposed BA scheme reduced the drop rate by 14.68 and 23.91 % in comparison with the

greedy and RR algorithms, respectively, while the proposed BA ? DS scheme further en-

hanced the performance by asmuch as 23.45 and 31.73 %over the greedy andRRalgorithms,

respectively. Compared with the BA scheme, the BA ? DS algorithm improved the packet

loss rate by 10.28 % since it considers the delay constraints of packets.

Figure 7 shows the aggregate throughput for different resource allocation schemes,

indicating that the proposed algorithms are superior to the other two algorithms especially

when the number of users is large, and that the BA ? DS algorithm showed the highest

performance according to the aggregate throughput. It is noted that even if the packet loss

rates with different schemes (shown in Fig. 6) get close when the number of users becomes

large, the aggregate throughput can rather differ to each other because the proposed buffer-

aware schemes can allocate resources to users according to their demands and thus increasing

the throughput efficiency. On average, the proposed BA scheme increased the aggregate

throughput by 7.48 and 11.44 % in comparison with the greedy and RR schemes, respec-

tively, while the proposedBA ? DS scheme further enhanced the performance by asmuch as

12.81 and 16.97 %over the greedy andRR schemes, respectively. In comparisonwith theBA

scheme, the BA ? DS scheme increased the aggregate throughput by 4.97 % since it con-

siders the delay constraints of packets. The simulation results shown in Figs. 6 and 7

demonstrate that the proposed resource allocation schemes, in which the buffer status and the

DS packets are considered, can effectively improve the user-perceived QoS by reducing the

packet loss rate and increasing the overall transmission efficiency.
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Fig. 7 Aggregate throughput
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To obtain insight into the performance difference between the proposed resource allo-

cation schemes and other aforementioned schemes, users’ demand for RBs and the number of

allocated RBs were analyzed using the greedy algorithm. Figure 8 shows a comparison

between the users’ demand forRBs and the number of allocatedRBs for the greedy algorithm.

The greedy algorithm,which considers only the users’ channel conditions and not their buffer

status and the delay constraint of packets, clearly cannot allocate resources appropriately. For

example, in Fig. 8a, the allocated resources for both Users 1 and 4 exceeded their demand,

whereas those for Users 2, 3, and 5 were insufficient. The severity of such situations can

increase when the number of users increases, as shown in Fig. 8b. On the basis of the results

shown in Fig. 8, Fig. 9 shows the total number of RBs allocated to users but remaining

unused, and the total number of packets (in the unit of RB) that were waiting to be sent but

were not assigned RBs for transmission. Certain parts of channel resources were apparently

wasted, and some users could not acquire adequate RBs for transmitting their data packets.

The discussion of Figs. 8 and 9 clearly shows that a resource allocation approach in which

only the users’ channel conditions are considered cannot allocate resources appropriately;

resource allocation schemes should exploit the knowledge of users’ buffer statuses and the
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Fig. 8 The comparison between the demands of RBs and the allocated RBs when using the Greedy
algorithm
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delay constraint of packets, as the proposed BA and BA ? DS algorithms do, to simulta-

neously reduce wastage of system resources and improve the overall transmission efficiency.

Finally, the average packet delay was considered (Fig. 10). When the number of

users was lower than seven, the performance of all four schemes was similar since the

network resources were sufficient for users to transmit their data packets. When the

number of users increased and the system load increased, the proposed algorithms were

apparently superior to the other two algorithms according to the average packet delay.

The proposed BA scheme reduced the average packet delay by 3.16 and 4.50 % in

comparison with the greedy and RR schemes, respectively. The BA ? DS algorithm

showed the highest performance among the four algorithms. It decreased the delay by

6.54 and 7.83 % in comparison with the greedy and RR schemes, respectively. When

the number of users exceeded 15, the BA ? DS algorithm showed performance similar

to that of the BA algorithm because of the high system load and limited channel

resources, and therefore, more packets were transmitted at times close to the delay

bound even as different priorities were considered for DS packets. Overall, the

BA ? DS algorithm exhibited a 3.48 % improvement over the BA algorithm according

to the packet delay time. The simulation results shown in Figs. 6, 7, 8, 9 and 10

demonstrate that the proposed resource allocation schemes in which users’ buffer sta-

tuses and DS characteristics of packets are considered can effectively improve the

aggregate throughput and reduce both the packet loss rate and average packet delay in

comparison with other schemes, thus improving the user-perceived QoS and the overall

transmission efficiency in the LTE uplink SC-FDMA system.

5 Conclusion

This study addressed the resource allocation problems in the uplink SC-FDMA of LTE

networks. A two-stage process for obtaining solutions was proposed. In the first stage, a

BA scheme in which resources are allocated according to users’ buffer statuses for si-

multaneously reducing wastage of system resources and improving the throughput of each

user is used. In the second stage, a BA-scheme-based enhanced algorithm is used to

consider the DS characteristics of packets. The BA ? DS algorithm can improve the QoS
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Fig. 10 Average packet delay
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of real-time applications by dynamically adjusting the priority of channel allocation for

different users according to the number of time-sensitive packets accumulated in the

buffer. Simulations were conducted to compare the performance of the proposed resource

allocation algorithm with that of other algorithms. The comparison results showed that the

proposed approach can effectively improve the aggregate throughput and reduce both the

packet loss rate and average packet delay in comparison with other approaches, thus

enhancing the overall LTE uplink efficiency.
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