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The allocation of available resources is one of the main issues in multi-user systems. Dependence of system
capacity on radio link quality is an additional obstacle of efficient resource allocation in wireless networks. Com-
binations of two opposite approaches — fair resource allocation and system capacity maximization are used to solve
this problem in practice.

This paper proposes a resource allocation method that is primarily based on assigning almost an equal bandwidth
to all users. System capacity maximization is achieved by selecting the subcarriers with the best SNR values. This
algorithm was developed for orthogonal frequency division multiple access (OFDMA) wireless systems. Resource
allocation is done at the subcarrier level according to the weight factor that had been calculated for each user.
Frequency hopping was used to increase frequency diversity and to make the system more robust to disturbance.
Frequency hopping pattern is determined dynamically on the basis of SNR value of each subcarrier.

The results of the proposed algorithm are compared with the water filling (WF) and proportional fairness (PF)
methods. The influence of various data traffic classes on system throughput and resource allocation is also de-
scribed.

Key words: OFDMA, QoS, Resource allocation, Subcarrier scheduling

Algoritam alokacije resursa s dinamickim pridruZivanjem podnosioca u beZi¢nim mreZzama zasnovanim
na OFDMA-u. U sustavima s viSe korisnika jedno od glavnih pitanja je kako podijeliti raspoloZive resurse. Kod
radio mreza dodatni otezavajuéi faktor predstavlja promjenjivost kapaciteta sustava ovisno o kvaliteti radio veze. U
praksi se za raspodjelu resursa obi¢no koriste algoritmi koji su kombinacija dvaju opre¢nih pristupa, fer raspodjele
resursa i maksimizacije kapaciteta sustava.

U ovom radu predloZena je metoda primarno bazirana na fer raspodjeli resursa. Maksimizacija kapaciteta sustava
ostvarena je odabirom podnosilaca s najboljim moguéim SNR-om. Algoritam je razvijen za sustave bazirane na
OFDMA. Dodjela resursa korisnicima vrsi se na razini pojedinog podnosioca prema izracunatom tezZinskom faktoru
za svakog korisnika posebno. Kako bi se povecao frekvencijski diverziti i sustav u€inio otpornijim na smetnje,
uvedeno je frekvencijsko skakanje prema dinamicki odredenom predlosku. Predlozak se formira na osnovu SNR
vrijednosti odredene po svakom podnosiocu.

Rezultati predlozenog algoritma usporedeni su s WF (water filling) i PF (proportional fairness) algoritmima.
Prikazan je utjecaj razlicitih klasa prometa na prijenosni kapacitet i raspodjelu resursa sustava.

Kljucne rijeci: OFDMA, QoS, raspodjela resursa, rasporedivanje podnosilaca

1 INTRODUCTION

Wireless networks enable access to various data and
services on the Internet. The continuous increase of mul-
timedia content enhances the needs for higher data speed
in communication channels. For this purpose, many ad-
vanced technologies are used, such as orthogonal fre-
quency division multiple access (OFDMA), multiple-input
and multiple-output (MIMO), frequency hopping (FH),
adaptive modulation and coding (AMC), dynamic resource
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allocation [1, 2]. They strive to provide high data through-
put and quality of established communications with most
rational use of available transmission bandwidth.

A model of transmission communication system has
been developed to increase data throughput, better exploit
the available bandwidth and fairly distribute system capac-
ity. A new resource allocation algorithm (RAA) for this
model has been developed and described in this paper. It
aims to provide an efficient distribution of resources with
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respect to Quality of Service (QoS) requirements [3, 4] for
specific service classes.

There are two possible approaches of resource alloca-
tion among users — throughput maximization and fair re-
source allocation. The practical solutions try to provide
the balance between the two. The general idea is to achieve
the highest possible data throughput while keeping propor-
tional resource allocation among users. In [5] the authors
give advantage to fair allocation with additional conditions
that prevent excess reduction of bandwidth efficiency. The
authors suggest proportional fairness algorithm. Three al-
gorithms are proposed by [6]. The first algorithm assigns
the same capacity to each user; the second spreads dif-
ferent capacity proportionately with channel conditions,
while the third algorithm provides equal capacity with non-
adaptive slot allocation approach.

Diversity and AMC mode are compared in [7]. The au-
thors have shown that higher throughput is achieved with
AMC method relative to randomly distributed subcarriers.
In addition to AMC and dynamic power allocation, the al-
gorithm complexity is analysed in [8]. The advantage is
given to low-complexity algorithm with suboptimal capac-
ity redistribution. Due to higher number of non-linearly
correlated variables, a heuristic algorithm with linearized
variables is suggested. Such an algorithm computes faster
and can be performed in real time. It is shown in the paper
that such heuristic algorithms achieve similar performance
with significantly lower complexity.

Unlike previously mentioned algorithms, [9] proposes
the allocation algorithms with QoS and scheduling priority.
The algorithm maximizes OFDM system throughput with
different QoS requirements for each user. Revenue fac-
tor is used to balance between throughput and QoS. The
proposed algorithm takes care of channel conditions and
required data rate per user.

Priority scheduling algorithm between real time (RT)
and non-real time (NRT) traffic with various QoS require-
ments is described [3], [4] and [10]. A similar approach
of cross-layer scheduling that differentiates RT and NRT
traffic is used in [11]. RT traffic is favored while assuring
minimum reserved data rate for NRT traffic.

In [12] a variation of PF algorithm is described
whereby the first phase achieves minimum data rate for
users and the second phase applies PF algorithm. In ad-
dition, PF algorithm is considered [13] to achieve a trade-
off between throughput and fairness, i.e. to decrease sys-
tem throughput while improving fair resource allocation
among users. Power allocation is based on water filling
method.

The advantages of random FH application in OFDM
within Long Term Evolution (LTE) context are analysed in
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[14]. The benefits of dynamic FH are compared to pseudo-
random FH, assuming perfect signal measuring and no de-
lay in signaling [15, 16].

In this paper an RAA algorithm suitable for multi-user,
multi-channel and multi-service environment is developed.
Compared with the aforementioned approaches, this cross-
layer algorithm unites fair resource allocation to users with
capacity maximization and dynamic subcarrier allocation
at the subcarrier level. It also supports for adaptive mod-
ulation and coding and frequency hopping according to
dynamically determined hopping pattern. The system is
based on OFDM and 802.16 standard. According to the
channel quality information (CQI), it dynamically selects
the best available subcarriers for each user. The quality
of subcarriers is determined by SNR values obtained from
preambles. Due to various conditions in their micro loca-
tions, each user receives subcarriers with different signal-
to-noise ratio (SNR). SNR calculation and dynamic sub-
carrier assignment is done for each subcarrier and each
user. A modulation coded (MC) group is determined for
each subcarrier. Additional frequency diversity is achieved
with FH between subcarriers of the same quality to pre-
vent system capacity degradation. Unlike other papers, FH
is not limited to the pre-defined set of subcarriers only and
hopping pattern is determined dynamically based on the
subcarriers’ quality [14-16].

The description of the model, SNR calculation per user,
and the principles of subcarriers allocation are described
in the second section of the paper. The proposed algo-
rithm is elaborated in the third part. System throughput
is calculated in the fourth section and the proposed RAA
is compared with water filling (WF) and proportional fair-
ness (PF) methods. The allocation between the users and
total throughput are observed. A comparison is done for
NRT traffic and for more realistic mixture of RT and NRT
traffic. Influence of higher RT data quantity on allocation
between users and overall system capacity is also analysed.
Last section concludes.

2 SYSTEM MODEL

The proposed solution was developed on the basis of
the 802.16 standard [17], with significant revisions and
adaptations. The data streams generated for the users are
transferred into transmitter where traffic data are analysed
according to the defined classes and QoS. The data traffic is
generally divided into RT and NRT traffic [3]. According
to the IEEE 802.16 standard, Worldwide Interoperability
for Microwave Access (WiMAX) QoS transport unit is de-
fined as service flow between the mobile station (MS) and
the base station (BS) [4], [11]. With LTE QoS transport
unit is a bearer between use equipment (UE) and the Packet
Data Network Gateway (PDN GW). In the 802.16 stan-
dard QoS scheduling types are: unsolicited grant service
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(UGS), extended real-time polling service (ertPS), real-
time polling service (rtPS), non-real time polling service
(nrtPS), and best effort (BE). With the LTE guaranteed bit
rate (GBR) mechanism functions as rtPS, while non-GBR
mechanism functions as BE. There are certain differences
between referred classes of RT traffic, but due to simplic-
ity of implementation, it is assumed that the same QoS
requirements are present for all RT traffic classes. The
same principle is assumed for NRT traffic. Although it
is possible to define five groups of data traffic in simula-
tion, for the purpose of simplification of the LTE, only the
RT and the NRT traffic groups are considered. It is also
assumed that certain algorithms such as Earliest Deadline
First (EDF) and Weight Fair Queue (WFQ) are applied
within certain data traffic classes to respect priorities of
data blocks’ sending.

After the SNR values have been calculated and MC
groups selected, the subcarriers are allocated to the users
by means of RAA. The assignment of subcarriers to a par-
ticular MC group is determined according to the SNR lev-
els shown in Table 1. SNR thresholds are set for each
MC group [11] based on required bit error rate (BER).
The column MCpg in Table 1, shows the number of data
bits that can be sent per one subcarrier inside one WiMAX
data frame in downlink communication. The quantity of
sent data varies depending on the applied modulation and
coding. Zero pad tail byte and redundant bits arose due
to Reed-Solomon (RS) and convolution coding (CC) are
added to the data. In this way created bits are modulated
in symbols that fill a data frame.

The algorithm for dynamic FH is embedded in the sys-
tem. FH is done if there is a free subcarrier of the same
quality for an observed user. The system selects the sub-
carrier that was not used in the previous frame. Frequency
diversity is enhanced in this way. As FH is done exclu-
sively among the same quality subcarriers, there is no re-
duction in throughput and transmission rate of the system.
Hopping pattern for FH is not pre-defined because it is
determined dynamically based on the subcarriers’ quality
[14-16], [18]. The algorithm of subcarrier allocation is de-
scribed in Section 3 in more details.

The data are subsequently coded, modulated, packaged
and prepared for sending. The OFDMA transmission sys-
tem is used with 192 data subcarriers, 8 pilots, 256-point
FFTs, cyclic prefix length % and channel bandwidth of 3.5
MHz. Adaptive modulation and coding is applied accord-
ing to the conditions in the transmission channel. Seven
MC groups are used for modulation and coding in the
simulation: OFDMA with BPSK 7, QPSK £, QPSK 2,
16QAM 1, 16QAM 32, 64QAM 2 and 64QAM 2. The
coding is run as Forward Error Correction (FEC), consist-
ing of a RS outer code concatenated with a rate-compatible
inner CC. After that the data pass through three indepen-
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dent channels until they are received by three receivers,
decoded and demodulated. A non-fading, flat-fading, or
dispersive multipath fading can be chosen in each of three
independent transmission channels. Additive white Gaus-
sian noise (AWGN) variance (in SNR mode) is added to
the signal. An appropriate K factor, maximum Doppler
shift, number of paths, and path gains can be changed ac-
cordingly. The data rate varies dynamically in relation to
the channel conditions.

Stanford University Interim (SUI), SUI 3 channel
model is used in the simulation together with the follow-
ing parameters: dispersive multipath fading channel with
different combinations of AWGN parameter, K factor 0.5,
maximum Doppler shift 0.5 Hz, delay vector [0 0.4 0.9] in
us and gain vector [0 — 5 — 10] in dB.

To show how the proposed model works, three users
are chosen for simplicity reasons. The downlink commu-
nication is analysed only in this simulation.

Perfect system synchronization is assumed. It is sup-
posed that control bits are known to both the transmitter
and the receiver. In comparison to the existing solutions,
the information on signal reception from the preamble,
which is needed for SNR calculation along all subcarriers,
and the information on allocated subcarriers for each user
have to be additionally communicated with this method.

3 PROPOSED RESOURCE ALLOCATION ALGO-
RITHM

The proposed RAA is a two-phase algorithm. Figure 1
shows the selecting procedure of subcarriers for each user.
The incoming data contain RT and NRT data traffic. In
the first phase the algorithm allocates RT and, if defined,
mandatory NRT (mNRT) data traffic. The resources for
mNRT data are assigned to ensure that all users get mini-
mum guaranteed bandwidth for NRT data traffic [11]. In
the second phase NRT data traffic is distributed to its sub-
carriers up to the full system capacity. Due to stringent
QoS requirements for RT traffic, the subcarriers with the
best SNR values are respectively selected for each user.
The assignment of better quality subcarriers to RT traffic
guarantees the satisfaction of QoS requirements. The en-
tire system capacity is enhanced in this way and the re-
quired QoS parameters (e.g. small delay, delay variation,
and maximum sustained data rate) are achieved [1].

The weight factors (W) are direct measures of assigned
throughput of a user, expressed in allocated bits’ number
for useful data transmission in the observed time period
within a particular frame [9]. Fair resource allocation is
achieved by equalizing W, while data rate maximization
is accomplished by selecting the best subcarriers for each
user.
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Table 1. MC groups parameters

Zero | Number of bits Number of
MCg pad tail after RS and | Bits per | symbol per
SNR MC group (data bits) byte CC coding symbol frame

(6, 11] 1 (BPSK 1/2) 88 8 192 1 192
(11,121 | 2(QPSK 1/2) 184 8 384 2 192
(12,141 | 3 (QPSK 3/4) 280 8 384 2 192
(14,151 | 4 (16QAM 1/2) 376 8 768 4 192
(15,191 | 5 (16QAM 3/4) 568 8 768 4 192
(19, 25] | 6 (64QAM 2/3) 760 8 1152 6 192
(25, 00) | 7 (64QAM 3/4) 856 8 1152 6 192

Fig. 1. RT and NRT data traffic across MC groups for each
user

If the Ws are equal, the advantage is given to the user
with higher MC group, if applicable. An additional di-
versity in frequency domain is achieved by checking the
previous constellation vector of subcarriers. In case of the
same Ws and the same MC groups, allocation of the same
subcarriers from the previous allocation cycle to the same
users is avoided as much as possible. Thereby the effect of
FH is created.

The applied algorithm assigns a subcarrier Xy,
(k= (1,2,..., M), where M is the number of data subcar-
riers) to user Uj, (j = (1,2,..., N), where N is number of
users). The logic of the algorithm is described as follows:

1. it is examined how many users h from N fulfils the
following two conditions:

e a user has data for transmission
e a user has free and usable subcarriers

2. if h = 0, the algorithm ends

3. if h = 1, subcarriers for specific user are assigned for
data transmission until there are either free subcarriers
or data
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4. if h > 2, subcarriers are allocated according to the
following rules:

a) the subcarrier X will be assigned to the
user Uj, if the user U; has the smallest W:
Wj = min{Wl, ...... y WN} W1 ) eeey WN, are
weight factors for users Uy, ..., Upy. The sub-
carriers are allocated to this user until the up-
per condition is valid. The algorithm is subse-
quently repeated;

if there are L users, where L = (1,2,...,N),
with the same factor W, the subcarrier X,
would be allotted to the user U; for which X},
has the highest MC group. Function G deter-
mines the user U; with highest MC group for
the observed subcarrier Xj.

G(Xk(U;)) =
max {G(Xy(U1)),...,G(Xr(UL))}

b)

MC groups are assigned according to Table 1.

After defined criteria in subcarrier allocation are ful-
filled, additional FH requirements for subcarriers’ alloca-
tion applied are:

e if users have the same MC group and different sub-
carriers, a subcarrier is assigned to the first registered
user in the system who has not got the same subcarrier
in the previous allocation cycle.

If the decision is not made, it is checked whether there
are more subcarriers with the same MC group. In
such case, the following subcarriers in a raw are taken
and previous allocation cycle is checked to avoid
the repetitive allocation of the same subcarrier to the
same user.

If the decision has still not been made, a subcarrier is
added according to the registration order in the sys-
tem;
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o if users have the same MC group and the same sub-
carriers, the previous allocation cycle is checked. The
subcarrier is allocated to the user that has not had it in
the previous cycle.

In described method throughput maximization is
achieved by allocating the best subcarriers first, and fair
resource allocation between the users is accomplished by
equaling overall allocated capacity inside the frame. The
assignment of better quality subcarriers to RT traffic guar-
antees QoS requirements’ satisfaction [19].

4 SIMULATION RESULTS

The system needs to be overloaded to show the effi-
ciency of proposed RAA. With insufficient system load,
the RAA cannot show its full functionality because the al-
gorithm is not crucial for subcarriers’ allocation.

Minimum bit quantity that needs to be transmitted in
each data downlink frame is defined for RT traffic to fulfill
QoS requirements for this data class. If this condition is
not satisfied, because of poor channel conditions, the sim-
ulation is interrupted. Minimum Qos requirements are not
obtained. Furthermore it is possible to define minimum
quantity of NRT traffic (mNRT) that needs to be transmit-
ted in each frame. The quantity of remaining NRT traffic to
be transferred in the frame is determined by the remaining
capacity of the frame with respect to fair allocation among
the users. The NRT data that are not transferred in the
current frame are put into a buffer to be transferred in the
subsequent frames.

If the conditions in the transmission channels are the
same for all users, the fair allocation of total system ca-
pacity is assumed. Hence, resource allocation and system
capacity with different channel quality are observed in the
proposed, water filling (WF) and proportional fairness (PF)
method [6].

4.1 Calculating system throughput

The system capacity can be calculated in the follow-
ing way. Assume that Z; is the number of subcarriers of
certain MC group. The variable MC denotes MC group,
1=1,2,..,7.

1, MC=i
e =30 mc i

The transmission system capacity C' that is assigned to
the user U; is calculated as the number of bits that a user
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U; can transfer in one frame:

7
Cu, = Y Zi MCp,.

=1

Zj; is the number of subcarriers of certain MC group
for user U;. MCgj, ¢ =1,2,...,7, is the number of bits
transferred by certain MC group according to the Table 1.

The system transmission capacity of the frame is cal-

culated as:
N

CrraME = ZCUj .

j=1

If M =192, N = 3, in the simulation sample, trans-
mission capacity of one frame equals:

3
CrrAME = ZCUJ»

=1

3 7
B R

j=li=1

37 /19
= ZZ <21(Mc—i,j)>MCBr

j=1i=1 \k=1

If F; stands for duration of one frame, throughput 7
equals:

_ CrraME

T
R Fr

4.2 Resource allocation among users in proposed, WF
and PF method

Resource allocation for the proposed method with dif-
ferent SNR values in users’ transmission channels is illus-
trated in Fig. 2. The comparison with PF and WF method
is done on 10-frame basis and full system load. For al-
gorithm testing purpose, the simulation was run for two
different cases, i.e. for RT traffic only and for RT and NRT
traffic. In the first case the incoming data contain NRT traf-
fic only. Due to simulating large differences in quality of
the transmission channel between the users, average SNR
values are set to 15, 19 and 30. The SNR value of 15 has
been taken because the quality of the transmission channel
worsens significantly below this threshold while BER falls
below defined 1072, For SNR values below 15, the algo-
rithm cannot ensure uniform resource allocation between
the users. As it can be seen from Fig. 2, the applied algo-
rithm ensures fair resource allocation among the users even
if the differences in quality of the communication channel
are substantial. The curves for all users overlap along the
entire observed area.
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Fig. 2. Resource allocation for the proposed method - NRT
data
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Fig. 3. Resource allocation for the proposed method - RT
and NRT data

Figure 3. depicts the second case when RT traffic is
added to NRT traffic, which is a more realistic situation.
After adding RT traffic (4000 bits), mandatory part of NRT
traffic (1000 bits), and other NRT traffic up to the full ca-
pacity of a frame, resource allocation remains unchanged
with minor decrease in transmitted bit quantity per user.
The throughput decrease is a consequence of fewer possi-
ble combinations for subcarriers’ allocation due to priori-
tizing mandatory traffic (two-phase algorithm).

The simulation with the same data and under the same
conditions has been conducted to compare the proposed
method with PF and WF methods. Proportional subcar-
riers’ allocation has been done with the PF method. Ev-
ery third subcarrier is allocated to each user. MC group
has been selected based on SNR value calculation for each
subcarrier. As evidenced in Fig. 4, in PF method fair re-
source allocation depends exclusively on the difference in
quality of the assigned subcarriers. The bigger the differ-
ence in quality of the transmission channel the larger the
difference in distributed capacity to the users.

If mandatory traffic is added (RT = 4000 bits,
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Fig. 4. Resource allocation for the PF method - NRT data
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Fig. 5. Resource allocation for the PF method - RT and
NRT data

mNRT = 1000 bits, with NRT traffic up to the full ca-
pacity of a frame) Fig. 5 shows that distributional curves
preserve their shape with slightly more uniform allocation.
The latter is a consequence of mandatory traffic allocation
requirement to all users in the first phase of algorithm.

Figure 6 shows resource allocation between users un-
der the WF method. The subcarriers are assigned only to
the user who has the highest SNR value. The balanced re-
source allocation is possible only at high SNR values (SNR
26 30 30). SNR value and the apportioned MC group are
selected in the same way as with the previously described
methods.

When RT and mNRT traffic are added (Fig. 7), the
curves do not fall to zero value. Rather, they stay at the
minimum defined mandatory traffic (RT + mNRT = 5000
bits) that reduces the difference in data allocation between
the users.

4.3 Overall throughput for the proposed, PF and WF
method

Figure 8 compares the total system throughput for three
users by applying the proposed, WF and PF method. WF
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Fig. 7. Resource allocation for water filling method - RT
and NRT data

ensures the maximum system throughput all the time but
with disproportional resource allocation between the users.
PF provides higher system throughput than the proposed
method at lower SNR values but with worse, unequal re-
source allocation between the users. The proposed method
shows smaller system throughput at lower SNR values be-
cause the resources are taken from the users with better
SNR values and allocated to the users with worse SNR
levels to preserve uniform resource allocation between the
users.

Figure 9 illustrates total system throughput for all three
methods under RT and mNRT traffic. As expected, the
system throughput in all methods is smaller compared to
the results of the simulation obtained with NRT traffic data
only. It is because the number of possible subcarriers for
allocation is fewer in the two-phase algorithm application.
Furthermore, forcing subcarriers’ allocation to users with
the worse transmission channel in the first algorithm phase
is necessary to ensure mandatory traffic transmission to all
users.

All simulations are conducted assuming the full sys-
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Fig. 8. Overall throughput for the proposed, WF and PF
algorithm - NRT data
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Fig. 9. Overall system throughput for the proposed, WF
and PF algorithm - RT and NRT data

tem load with NRT traffic or by adding smaller quantity
of mandatory traffic (10% at low SNR levels) that the pro-
posed system, due to total capacity of a frame, can com-
pensate for.

Figure 10 illustrates an extreme situation of the pro-
posed method application with high RT traffic quantity
(23000 bits - 60% of the total data traffic at low SNR val-
ues) added to the user with the worst channel quality (user
1). Other users have been allocated NRT traffic only.

The applied algorithm consumes the majority of re-
sources while trying to ensure mandatory traffic transmis-
sion (for user 1). The rest of the system capacity is equally
distributed among other users, namely user 2 and user 3
(their curves overlap). At lower SNR values resource al-
location to all users is not proportional as the available
resources within the frame are not sufficient. As a con-
sequence, the total throughput of the system transferring
large quantity of RT traffic (red line) is constantly lower,
while it has been considerably reduced at low SNR levels
compared to NRT data transfer only (light green line).
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Fig. 10. Resource allocation in the proposed method when
high quantity of RT traffic is assigned to the user with the
worst transmission channel quality

5 CONCLUSION

Resource allocation and the overall system through-
put are compared for the proposed method, WF and PF
algorithm at different SNR levels in users’ transmission
channels. The proposed method ensures fair resource al-
location between all users in wider SNR area with vary-
ing conditions in the transmission channel. However, in-
creased resource allocation fairness causes smaller total
system throughput at lower SNR values.

In case of RT and mNRT traffic transmission, the total
system throughput has been reduced due to two-phase
algorithm application. Forced allocation of the subcarriers
to the users with mandatory traffic decreases overall
system throughput as well.
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