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Abstract—Long Term Evolution (LTE) is considered one of
the main candidate to provide wireless broadband access to
mobile users. Among main LTE characteristics, flexibility and
efficiency can be guaranteed by resorting to suitable resource
allocation schemes, in particular by adopting adaptive OFDM
schemes. This paper proposes a novel solution to the sub-
carrier allocation problem for the LTE downlink that takes into
account the queues length, the QoS constraints and the channel
conditions. Each user has different queues, one for each QoS
class, and can transmit with a different data rate depending
on the propagation conditions. The proposed algorithm defines
a value of each possible sub-carrier assignment as a linear
combination of all the inputs following a cross-layer approach.
The problem is formulated as a Multidimensional Multiple-
choice Knapsack Problem (MMKP) whose optimal solution is
not feasible for our purposes due to the too long computing time
required to find it. Hence, a novel efficient heuristic has been
proposed to solve the problem. Results shows good performance
of the proposed resource allocation scheme both in terms of
throughput and delay while guar antees fairness among the users.
Perfor mance has been compared also with fixed allocation scheme
and round robin.

. INTRODUCTION

Broadband wireless communications have gained in the
last years even more importance in both the consumer and
research world, due to their ability of enabling high-data rate
connections and broad area coverage even in the case of user
mobility. This is aso reflected in the presence of severa
communication standards (e.g., IEEE 802.16, |IEEE 802.22,
UMTS or LTE) that are already deployed or in an advanced
standardization phase.

Among others we have focused our attention to the 3GPP's
Long Term Evolution system , whose most important charac-
teristics reside in the fact that it allows high data rate con-
nections with mobile users, and that, from the implementation
point of view, it can exploit the already present UMTS core
network infrastructure. This is one of the main reason that let
us to consider the LTE as one of the most viable alternative
for implementing 4G services.

The LTE system proposes the use of Orthogonal Frequency
Division Multiplexing (OFDM) in order to lower the effects

of the frequency distortion events across the channels and
make equalization process in a multi-path fading mobile
channel easier. The multiple access scheme adopted in an
LTE system is the Orthogona Frequency Division Multiple
Access (OFDMA) where not overlapped sets of subcarriers are
assigned to different users within the same OFDM symbols.
To have more flexibility and higher efficiency, adaptive OFDM
schemes are adopted in order to increase the system capacity
and match the desired user QoS performance.

Aim of this paper is to address the sub-carrier alocation
problem for the downlink phase of an LTE TDD system
through a cross-layer approach, to achieve an optimal resource
allocation of traffics with different QoS constraints in a
multiuser environment. The sub-carrier allocation problem is
addressed in the literature with different approaches, among
others, the most important are the resource alocation methods
based on the maximization of the instantaneous (or ergodic)
rates [1], the approaches that aim to maximize the system
throughput and fairness [2], the techniques that perform the
sub-carriers alocation in order to minimize the interferences
among users in a multicellular environment [3], [4], and the
methods based on the cross-layer principlethat jointly consider
channel quality, QoS constraints and fairness [5].

However, the strategies described in [1]-{5] perform a sub-
carrier allocation optimizing just for one QoS class at time or
does not take in account any QoS constraints for the traffic.
Our approach isto consider that problem as awhole, by taking
into account either the users needs in terms of amount of
data to be transmitted and QoS contraints or the propagation
condition. Different traffic types and different QoS classes are
considered.

The resource allocation problem has been modeled in terms
of a Multidimensional Multiple-choice Knapsack Problem
(MMKP, [6]); anovel efficient heuristic has been also consid-
ered for solving the resource allocation problem. It should be
noted that, at the best of our knowledge, the downlink resource
alocation problem in a multi-user OFDMA system (taking in
account different QoS traffic classes) has never been modeled



before as a MMKP. The presented results clearly highlight the
better behavior of the proposed approach in comparison with
different aternatives.

The organizations of this paper is the following: the descrip-
tion of the considered system model is presented in Sec. Il,
Sec. Il presents the problem formulation and the developed
resource alocation agorithm and in Sec. IV numerical results
obtained by computer simulations are given. Finally conclu-
sions are drawn in Sec. V.

Il. SYSTEM MODEL

In this paper an OFDMA TDD system compliant with the
LTE specifications has been considered. In particular, LTE uses
adownlink Scalable-OFDMA (S-OFDMA), which divides the
entire available bandwidth in a variable number of subchan-
nels with fixed width, and an uplink Single Carrier OFDM
transmission, in order to reduce peak-to-average power ratio,
thus enabling less complex and/or higher-power terminals. In
this paper we focus on the LTE downlink and, hence, on the
S-OFDMA scheme.

At the LTE physical layer, data incoming from MAC layer
are turbo coded and mapped using one of the following
schemes: quadrature-phase shift keying (QPSK), 16-QAM, or
64-QAM, the resulting symbols are mapped in the subcarriers
by resorting to a OFDM modulation. Subcarrier spacing is
15 kHz while two cyclic-prefix lengths are assumed in uplink:
normal cyclic prefix suitable for most deployments by dis-
criminating the first symbol of each Resource Block (5.21 us
time long) by the others (4.69 us time long); the extended
cyclic prefix for highly dispersive environments with duration
16.67 us. A Resource Block (RB) is the minimal allocable
unit: it is a time-frequency slot, made up of 12 sub-carriers
of 7 or 6 OFDM symbols, depending on whether normal or
extended cyclic prefix is used. Thus RB duration is fixed and
assumed here equal to 0.5 ms.

The transmitted signal is organized in frames of 10 ms
duration. Even if LTE supports FDD, we focus here on the
TDD structure dueto its higher flexibility in managing variable
data streams.

For what concerns the QoS management, the LTE specifi-
cations foresee the presence of two types of bearer: the Guar-
anteed bit rate (GBR) and the Non-guaranteed bit rate (non-
GBR). They differs in the resource alocation management
during the data communication. Moreover within each bearer
it is possible to define a Quality Channel Indicator (QCI)
that defines different packet forwarding treatments in terms of
scheduling weights, admission thresholds, queue management
thresholds, and link layer protocol configuration.

In this paper it has been considered a system composed by
one Base Station (BS) and N active users, that can receive
data belonging to M QoS classes. For these reasons the BS
has been modeled in order to have for each active user a set of
M outgoing gqueues holding traffics belonging to several QoS
classes.

The downlink scheduler in the BS will send in the downlink
dlots the amount of desired data taking into account both the

TABLE |
Ql VALUES

Modulation order | QI
QPSK (SER< 107 3) [ 0
QPSK (SER>1073) | 2

16-QAM 4
64-QAM 6

wireless channel conditions and the length and priority of the
outgoing queues.

I11. RESOURCE ALLOCATION BASED ON THE KNAPSACK
PROBLEM

This section deals with the description of the proposed re-
source alocation scheme. According to the LTE specifications,
we assume that the minimal resource unit that can be allocated
in downlink is the RB. As stated before in order to match
the QoS constraints requested by each user, an appropriate
amount of resources has to be allocated according to the queue
lengths, the priority and radio channel quality. This problem
can be modeled as a MMKRP, a variant of the classic Knapsack
Problem (KP [7]) proved to be an NP-hard problem [6].

In Sec. 111-B a novel heuristic approach will be proposed
aiming to produce a sub-optimal solution of the MMKP in-
troduced to model the resource allocation problem formulated
in Sec. lll-A.

A. Problem formulation

Let's now consider a system composed by one BS, and
aset U = {u1,ug,...,un} of N active users that need to
receive several downlink streams with different QoS classes
(forming the QoS set Q = {q1,42,...,qm} Of M items);
each stream can belong to only one QoS class. Each element
of the set B = {b1,b2,...,br} of T downlink RBs can carry
elements coming from just one stream at atime. The Resource
Allocation Problem (RAP) can be formalized as follows:

T N M
max Y > @i javig 1)
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j=11=1
J)@jJE{O,l} j=1,...,N,l=1,...,M, (4)
i=1,...,T
where the binary variable z; ;; = 1 means that the RB b;

contains traffic belonging to the QoS class ¢; and directed to
the user u;, otherwise, z; ;; = 0; the RB capacity (c; ;) isthe
amount of data (expressed in bits) that the i-th RB can carry
according to the modulation scheme adopted by the BS in the
considered RB for transmitting data to the j-th user, and w; ;



Procedure 1 Greedy Resource Allocation Scheme
ta=0 di=1,...,T,j=1,... N, I=1,....M
2. fori=1to T do
3: tur < no_user

4:  tuc < no_class

5 tuv <+ 0

6. for j=1to N do

7: tv <0

8: tc < no_class

o: for I =1to M do

10: if tv <ef; 1 and w;; —c;; > 0 then
11: tv efm-J

12 tc+ 1

13; end if

14: end for

15: if tc # no_class and tuv < tv then
16: tut < j

17 tuc < tc

18: tuv  tv

19: end if

20: end for

21:  if tui # no_user and tuc # no_class then
22: T 0 = 1

23 Wtui,tuc = Wtuituc — Citui

24:  end if

25: end for

is the queue length concerning the [-th traffic class and the
j-th user. The constraint (3) of the RAP states that one RB
can be assigned only to one pair (user, class) € U x Q, while
(2) dlows that a queue belonging to the j-th user and the i-th
QoS class can not be reduced by more than its total length.
The profit that the BS earns of transmitting on the i-th RB,
data belonging to the I-th QoS class and directed to the j-th
user, can be defined as:

Vij1 = Qgij + Bpiwg, (5)

where g; ; is the the QI (Quality Index) of the i-th RB
perceived by the j-th user, according to the modulation order
used in the RB itself (Tab. 1), p; is the priority of the [-th
QoS class, and o and 3 are non-negative coefficients of the
linear combination. The two terms of the linear combination
are normalized respect to their maximum values in order to
avoid that one is greater than the other; the wanted resource
allocation policy can be defined by choosing properly « and
B.
It should be noted that at a beginning of each frame a
new RAP has to be solved in order to perform the resource
allocation because the user queue lengths could change; for
this reason the p;w;; products must be normalized by taking
in account this aspect.

With the maximization process of the objective function in
(1), we want to assign, at the same time, more resources to
the users characterized by a higher RB capacity and longer
data queues. However, it should be considered that the queue

lengths belonging to a certain user could be quite full while
the radio channel between the BS and that user could be not
good (resulting in an low overal RB capacity), or, on the
other hand, the users overal RB capacity could be good but
the queue empty.

In the first case, the number of RBs assigned to the user
must be appropriate in order to avoid the queue saturation,
while in the second case assigning a number of RBs too high
to the user is awaste of resources; in order to mediate between
these two cases, the objective function of the RAP is defined
in terms of a linear combination between the RB Qls and
the queue lengths weighted with a coefficient expressing the
priority of the QoS classes.

The RAP can be classified as a particular type of MMKP
[6] because, through the definition the bijective function

F:{1,...,(N-M)} —{1,...,N} x{1,...,M}
it can be rewritten as:
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o through the definition of the r; ; ; parameter as follows
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the (2) constraint can be equivaently rewritten as the (6)
one.

it F(h) = F(k) = (.0)
otherwise.

)

B. Resource allocation algorithm

In order to realize an efficient resource allocation, the BS
has to solve a RAP before transmitting the data in downlink.
The RAPB, being an MMKP problem, belong to a class of so-
caled A'P-hard optimization problems; there are algorithms
[8] that lead to an exact solution of that problem at the expense
of atoo long execution time.

As a consequence, there are also heuristics that lead to sub-
optimal solutions through different approaches as that can be
summarized as follows: heuristics based on the dimensional
reduction of the problem admissible solution set [9], methods
relying on the graceful degradation concept [10], techniques
adopting genetic algorithms [11] and strategies based on
greedy approaches [12]. It has been reported in Procedure 1



TABLE Il
MAIN SYSTEM PARAMETERS

Par ameter [ Setting
LTE system duplexing type TDD
radio frequency carrier 2.6 GHz
bandwidth 10 MHz
maximum delay spread 2.51 ps
channel model vehicular ITU-R A with 6 paths [14]

the proposed heuristic that allow a greedy approach for solving
the RAP.

Procedure 1 implicitly relies on the set 7 = B x U; for all
the pairs (RB, user) in F the maximum, among all the QoS
classes, is computed for the efficiency value defined as:

Vi j,l
1+¢— Ci,j
Each edlement in F is labeled with the QoS class index
associated to the maximum efficiency computed (satisfying
the condition at line 10).

Due to the strong correlation in the RAP between profit and
cost, it is not convenient to express the efficiencies as a ratio
between them (as in the classical greedy approaches based
on the modular dominance [7]). In this case the efficiencies
has been defined in order to be greater for those elements
with a bigger cost; for these reasons the value of the (i, j)-th
element of 7 has been dividedby 1+¢—c¢;; (i =1,...,|B]
and j = 1,...,|U|), where ¢ is the maximum capacity of a
RB.

For every RB b,, we have to search the element f, , of F
with the maximum efficiency, by iterating on the I/ set; b, is
then assigned to the u; user and designated to hold the traffic
of the QoS class index according to the label of f, . If the
condition at line 21 is satisfied, x4 IS fixed to one, and
cq,q €lements are taken from the (s, d)-th queue (i.e., w4 is
decremented of value equal to ¢, ;).

The cardinality of B and Q sets can be considered fixed
because both are given by the considered communication stan-
dard; for these reasons the Procedure 1 has a computational
complexity of O(|U]).

efiji =

IV. NUMERICAL RESULTS

In this section the numerical results will be presented to
validate the proposed cross-layer resource alocation strategy
by resorting to computer simulations [13]. We will refer to
the proposed scheme as Greedy Resource Allocation Scheme
(GRAS).

It has been considered an LTE system composed by one BS
and a variable number of users (3+-13). The system parameters
values considered in our analysis are reported in Tab. Il. It
has been considered also an AMC (Adaptive modulation and
Coding) schema, accordingly to the 3GPP's LTE standard,
adopting the QPSK, 16-QAM or 64-QAM modulation type.

It has been considered five QoS traffic classes (Tab. I11),
from the Oth class (the highest priority) to the 4th class (the
lowest priority), where the first three have a constant bitrate.
All the traffic to an active user is produced independently by

TABLE 111
QOS TRAFFIC CLASSESAND PROFILE ADOPTED

QoS class | Average bitrate | Relevance | GRAS Priority
[Mbit/s]
0 1.39 5 4.0
1 0.83 4 3.33
2 0.67 3 2.08
3 2.04 2 0.36
4 0.73 1 0.48

Composite Avg Delay [s]

L
15
SNR [dB]

Fig. 1. Composite average delay comparison (of a given user) between the
FA, RR and GRAS methods, for different SNR levels

a traffic generator in order to have, for the same QoS class,
different amounts of data to transmit to the various users.

The parameters of the proposed resource allocation scheme
(see Sec. 111-A), according to the traffic profiles adopted, have
been set as: @ = 0.4, § = 0.6 and the GRAS priority of the
QoS classes are reported in Tab I11.

GRAS has been compared to a fixed alocation (FA) and
round robin (RR) scheme:

« in the FA scheme the available downlink RBs are de-
terministically divided in a number of sets equal to the
active users number. The RBs belonging to the same
set will hold data coming from the different outgoing
queues relative to the considered user, to each QoS class
is assighed a number of RBs proportional to its relevance.
A QoS class will receive RBs even if the corresponding
gueue is empty;

e in the RR schema considered we have assumed that
the BS for each user holds just one outgoing queue
(called data queue) filled periodically (before the resource
alocation process) by the data elements coming from the
user's QoS queues; the data elements pushed in a data
gueue are taken from the user's QoS queues according
to the principle of the WFQ (Weighted Fair Queuing).
According to the round robin principle the downlink RB
will hold data coming from the data queues.

The resource alocation schemes have been compared in
terms of average delay and throughput of the most relevant
QoS class (holding traffic directed to a given user u); more-
over, a combined average delay and a combined throughput
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Fig. 3. Composite average delay comparison between the FA, RR and GRAS
schemes, for different active users

has been defined:
R " dy,
d, = iz duttn ®)
21:1 Ui
. ot
£, = Kt ot ©
21:1 Ui

where m is the number of QoS classes considered, y; the pri-
ority of the /-th QoS class, d,,; and t,,; represent, respectively,
the average delay and throughput of the /-th QoS class of the
u-th user.

In Fig. 1 and 2, respectively, the combined average delay
and throughput are reported of a given user for different SNR
values in a scenario formed by one BS and 5 active users. It
can be noted that the GRAS performances are always the best.

Fig. 3 and 4 show the same performance indexes of different
active usersin a scenario where the user’s SNR has been fixed
to 15 dB. It is not a surprise to note that the performance
decrease with increasing number of active users but should
be noted how the GRAS performances dominates the other
schemes.

It is aso relevant to analyze the performances of the
resource alocation schemes in terms of average delay and
throughput (of a given user) for the Oth QoS class, as reported
in Fig. 5and 6. It is important to note that also in this case the

Composite TP [kbps]

7 9
Number of users

Fig. 4. Composite throughput comparison between the FA, RR and GRAS
schemes, for different active users

Max Priority Class Avg Delay [s]

7 9
Number of users

Fig. 5. Average delay of Oth QoS class comparison between the FA, RR
and GRAS schemes, for different active users

GRAS achieves the performance indexes respect to the other
resource allocation schemes.

Lastly in Fig. 7 has been reported, for different active
user numbers (and for a fixed SNR vaue of 15 dB), the
performances of the three resource alocation schemas in
terms of composite system throughput, defined in a scenario
composed by U active users as follows:

) U
Ty =Y 1
j=1

The weighted system throughput represent a global index of
the transmitted traffic quality for different user numbers; Fig. 7
shows that the performances of the FA or of the RR scheme
tend to be insensitive to the user number variations, this means
that also for reduced datarates the partition among the service
class maintains constant; in this context high priority class
could not have enough downlink bandwidth. GRAS scheme
overcomesthese limits, giving resources taking in account both
the outgoing queues priority and length.

V. CONCLUSION

This paper considered a LTE system based on an adaptive
multiple access scheme that permits an efficient exploitation
of the available resources.
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Fig. 6. Average throughput of Oth QoS class comparison between the FA,
RR and GRAS schemes, for different active users
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Fig. 7. Composite system throughput

In particular channel quality, QoS constraint and queue
length have been jointly integrated in the proposed approach
that dynamically assigns OFDM subcarriers to the users. The
resource allocation problem has been formulated as a MMKP
problem and due to the complexity of the optimal solution a
novel heuristic that allow greedy approach to solve the prob-

lem has been presented. The proposed alocation scheme has
good performance in terms either of throughput or delay with
a good trade-off between fairness and bandwidth efficiency.
The performance has been compared with other aternatives
showing the significant gain achievable.
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