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Impact of Adaptive Loading in Scheduling
Algorithms for OFDMA Systems
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Abstract— In this article we evaluate the impact of optimal the power is fixed among subcarriers and only the modulation
Adaptive Loading in conventional scheduling algorithms in s adapted, is not large depending on the channel model.
Orthogonal Frequency Division Multiple Access networks. e Another work [5] has aimed at evaluating the impact
gain in performance by the utilization of Adaptive Loading over . . .

Adaptive Modulation with equal power allocation are different of t.he adapta“?” Of, Subcarrlgr "_’md powe_r allocation over
according to the scheduling algorithm. static schemes in point-to-multipoint scenario. It shovteat

Keywords— OFDMA, round robin, rate maximization, rate ful qdynahmlc SCh.emes Wltht ?umarr]”er allo_lf_:r?tlon %nd AII
adaptive, adaptive loading, adaptive modulation and radio PrOVIO€ huge gains over stalic schemes. Ihe authors also
resource algorithms. compared the performance of dynamic subcarrier allocation

Resumo— Neste artigo & avaliado o impacto de algoritmos and power allocation separately. However, the number of
de alocago de po€ncia e bit em redes OFDMA (do ingks, dynamic resource allocation algorithms evaluated in traskw
Orthogonal Freguency Division Multiple Access) utilizando was limited.
zlgontmosh ded e_sgaloname”to joonvencionais. O ?aﬁhod €M  The gains obtained by using AL algorithms in the multi-user

esempenho devido ao uso de algoritmos de aloéag de ;
poténcia e bit sobre os esquemas de modukag adaptativa com scenario depends_on some factors. Some of them are the
distribuic &0 igualitaria de poténcia $io diferentes de acordo com amount of subcarriers assigned to each UE and the channel

o algoritmo de escalonamento empregado. state of assigned subcarriers. Note that these chardicteris

Palavras-Chave— OFDMA, round robin, maximizagio de taxa, are strictly correlated with which scheduling algorithm is

adaptacio de taxa, adaptado de poencia e bit, modulagio cpnfigured in t_he system. Scheduling algorithms can have
adaptativa e algoritmos de aloca@o de recursos de adio. different objectives and therefore they manage the system

resources differently.
In this paper, we evaluate the performance of different
) ] _scheduling algorithms with AL and AM. The remainder of the
Fourth Generation (4G) and future wireless mobilgaper is organized as follows. Section Il presents the syste
communications systems, such as Long Term Evolution (LTRjogeling. Section 11l shows the description of the evaldate
of 3rd. Generation Partne_r$h_|p PrOJe_ct (3GPP), have adOp&Q;heduling algorithms and the AL algorithm utilized in this
Orthogonal Frequency Division Multiple Access (OFDMA)york. Finally in sections IV and V, the numerical results

as the multiple radio access technology. Some advantageg@fieved by simulation and the conclusions are provided,
OFDMA schemes compared to the others are the robustngsgyectively.

against the effects of multipath, the higher spectral efficy
caused by the orthogonality of subcarriers, and the flafibil Il. SYSTEM MODELING
to scale these schemes to larger bandwidths. Besides thesf the modeled OFDMA system the subcarriers are modeled
advantages, OFDMA offers many possibilities to Radigs N flat Rayleigh fading channels correlated in time and
Resource Allocation (RRA) improve the system performancgequency. The subcarriers are shared.Jbterminals using a
In OFDMA based systems the subcarriers, bit and power caill data buffer service. In addition, a fluid model is assdme
be dynamically allocated to each User Equipment (UE) lgyr the traffic, i.e., the UE data is completely divisible.€Th
exploiting the frequency and multi-user diversities. assignment of subcarriers to the UEs is represented by,

The dynamic allocation of power and modulation amongat is composed by the elements,[k] which assumes
subcarriers, called Adaptive Loading (AL), has been theiocthe value 1 when the subcarrier is assigned to UEj at
of several articles in the literature [1], [2], [3], [4]. TBe@works Transmission Time Interval (TTI}, and O otherwise.
have evaluated the impact of this technique in point-te¥poi The Base Station (BS), that has a total power constraint
connections. Some of the conclusions are that AL schemsfsp,,, .., is assumed to have knowledge of the channel gain
provide interesting gains compared to static schemes W@}ﬁn[k] of each UEj in each subcarrien at TTl k. The
fixed power and modulation. However, the difference igignal-to-Noise Ratio (SNRY;;.»[k] of UE j in subcarrier
performance of AL and Adaptive Modulation (AM), wherey, at TTI & is defined as

I. INTRODUCTION
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1) Rate Maximization: One of the first problems studied in

wl ] OFDMA RRA was the RM. The objective of this algorithm
ul is to maximize the sum of the UE data rates subject to the
constraint that one subcarrier cannot be shared by more than
2" one UE at the same time and the total BS power constraint.
f“’ The problem formulation is presented in equation 4.
® sor
il g
@ n " Yj,n
ol rggm(xz Z F <702 ) “Tjn
L ‘7 n
o subject to
B i e s e D win <1, forall n ®
SNR [dB] J
. . . an g pmaz~
Fig. 1. Link adaptation curve. "

The algorithm utilized to solve this problem is presented

To represent the finite Modulation and Coding Schemds Algorithm 1. In this algorithm, each subcarrier has to be
(MCSs) of the system, the capacity curve was sampled gssigned to the UE th.at hgs thg_ highest channel gain on it.
the M-Quadrature Amplitude Modulation (QAM) modulationf‘_fter that, an AL algorlthm is utilized to allocate power and
(M = 2™ m = 1,2,3,4,5 and6) as can be seen in Fig. 1.Pits among subcarriers.
The MCS available in the system is in sBt The function : _ :
that mapsy; ,[k] in R;..[k] will be represented by"(:) in Algorithm 1 Rate maximization solution
the remaining of this work. Furthermore, the temporal indexl: S < {L,...,N}
k, will be omitted in the following for simplicity. Our link 5 ¢ T & dli 0o ue
adaptation curve is shown in Fig. 1. This curve represents s; — ¢ Vvje J
the data rate to be employed in a subcarrier depending gnfor all » € S do A
subcarrier instantaneous SNR. 6 57 —argmax{gjnlj € T}

The transmit data rat®,; . k] of UE j in subcarriern at ~ [* & < &+ {n}
TTI k is given by [6] :

ol Vjon K] In spite of its simple solution, the RM problem is not
Rinlk] = w-logy <1 T > @ suitable when one considers fairness issues. This algorith
wherew is the subcarrier bandwidth and can cause starvation of UEs at cell edge due to high path
loss [7].
= ,@ ©) 2) Rate Adaptive: In the RA approach, the objective is to

maximize the lowest UE data rate, subject to the constraint
is the SNR gap for the system Bit Error Rate (BERbhat one subcarrier cannot be shared by more than one UE at
requirements. The allocated data rate to the JJ&t TTl £ the same time and the total BS power constraint. The problem
is represented by;[k]. formulation is presented in equation 5.

Once the subcarrier and bit allocation are defined by the
scheduler, it is assumed that this information are sent via a

max €

separate control channel. p, X
subject to
[1l. ALGORITHM DESCRIPTIONS ijn <1 forall n
In this section we present the description of the scheduling J (5)
algorithms studied in this work, followed by the AL algorith an < Prmas
n
A. Scheduling S (Bgt) aaze forall
g

This section is devoted to the evaluated scheduling
algorithms focused in this paper. The objectives and featur The RA problem belongs to the group of combinatorial
of Rate Maximization (RM), Rate Adaptive (RA) and Roungrogramming ones that have no immediate solution. Ritee
Robin (RR) schemes are presented in the following. No&. proposed a sub-optimal solution to the RA problem in [8]
that all scheduling schemes presented were modified to talel concluded that its performance is near to the optimal one
decisions based on equal power allocation and provide ofiljie Rhee’s solution is in Algorithm 2.
the subcarrier assignment. After that, in case of the etialua In Algorithm 2, it is assumed that the power is equally
of AL schemes, the power is adapted per subcarrier. distributed among subcarriers to ease the subcarriemamseigf
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Algorithm 2 Sub-optimal solution of RA problem by Rhete Algorithm 3 Power loading algorithm- Hughes-Hartogs
al..

1. S {1,...,N}
1: S~ {1,...,N} 2. D—{0,...,M}
2.7 «—{0,...,J} 3: Calculatepowm,n, Ym € Den € S
3: S Set of assigned subcarriers to UE j 4: CalculateApowm,n = powm,n — PoWm—1,n Ym €D en € S
) Pmazx 5. P, —0
4: - Y S used
R V‘EJ”E 6: MCS, — 0Vnes
LTy J 7: 0vnesS
6:8; 0 VjieJ Pn =DV €
7: forall j € J do 8: while (Pysed < Pmae) and [ Y MCS, # N-M | do
8: n* «— argmax{gjn|n € S} nes
no- 9.  n* «— argmin Apotq n
9 e F (Pt gnn ne ’
S ES 10:  MCSp« — MCSp+ + 1
10: S—S—{n }* 111 ppx < pow;i MCS,,«
11 S] - S] + {TL } 12: Pused — Pused + pOti,n*
12: enc_i for 13:  Apowm n* — Apowmiinx Ym € D
13: while & # ¢ do 14: end while
14:  j* « argmin{r;|j € D}
J
15:  n* — argmax{g;* n|n € S}
1aX{g.
. D gj* n* . . . . .
160 e e £ F (07]2) power to achieve this according to the link adaptation (& s
gf gH 5; {T:L}{ " 9). This is performed until all subcarriers reach the maximu
19: end while MCS level or the UE available power is completely utilized

(see step 8). In the end, this algorithm achieves the maximum
data rate achieved with the power constraint and subcarrier

(see step 3). The algorithm is composed by two loops. TRBannel states provided. _ o _
first one allocates the best subcarrier of each UE to assuréespite of optimality, this algorithm is time expensive
faimess (see step 6). After that, the subcarriers are rasig€9arding computation processing. As an example, consgler
sequentially to the UE that has the lowest achieved data rifigt there areN subcarriers andV/ available modulation
(see step 11). Note that, the subcarrier assigned in thegec§Ve!S, this algorithm would performl/ - N loops in the
loop is also the one in best channel state among the remainifgrst case. Furthermore, it is necessary to calculate thexma
By the intrinsic characteristics of the RA problem, thistgy P0Wm.n @nd Apows, », that have dimensions! x N.
tends to balance the data rates achieved by the UE.
3) Round Robin: The RR algorithm has the purpose of IV. RESULTS
allocating the same time share to all UE in the system [9]nin a . . . .
. : .. In this section we present the numerical results obtained
OFDMA system, this is performed by allocating transm|35|o]n X ; : :
; . . . rom computational simulations. In this paper we study the
opportunity at each TTI in a cyclic way to the UE in the : . .
. . . . case of a single cell system. The main parameters used in the
system. Therefore, in a given TTI, all subcarriers and trahs _. . . )
. . mulations are shown in the following.
power available in the system are allocated to only one =

Another relevant point regarding RR scheduling algoritisn, th;h?h(;?gtr::eopleggms]ak:::?a?:::rnscyal\?aﬁaglzz.ir:t ;ﬁeco:;:d(\:;\:i?g
that it does not utilize any channel state information.

a bandwidth of 15 kHz for each subcarrier. Regarding
propagation, the path los& [dB] at distanced [km] is

B. Adaptive Loading calculated byL = 128.1 + 37.6 - log;(d). The shadowing

In this article, we utilize an optimal AL algorithm patentedstandard deviation is 8 dB and the fast fading model is Typica
by Hughes-Hartogs [10]. The algorithm is presented idrban (TU).
Algorithm 3. The modeled power budget has the following values. The

In our studies, the Algorithm 3 is performed in each UBoise power is -123.24 dBm per subcarrier, the total base
individually, i.e., it is run after subcarrier assignmeond by station power is 20 W, and the cell radius is 1 km. Also,
the algorithms explained in section IlI-A. The total avhlla we assumed that the UEs are static and uniformly distributed
power assumed for each UE is proportional to the number iofthe cell coverage area. The minimum distance between the
subcarrier assigned to it. UEs and the cell antenna is 10 m. The resource allocation

In the algorithm initialization, it is necessary to caldeléhe takes place in a TTI of 0.5 ms.
amount of power necessary to achieve M@Sin subcarrier ~ For each load presented, 200 realizations were performed
n, pown ., as in step 3. To work out this, it is used then order to achieve statistical confidence. Moreover, the
channel gain information in each subcarrier that was assigrrealizations have the time length of 300 TTIs. This time téng
to a given UE and the link adaptation curve shown in Fig. Was sufficient to achieve convergence of average UE dats rate
Then, Apow,, ., that is the power necessary to increase frofor all simulated algorithms.
the MCS levelm — 1 to them in subcarriern is calculated = We simulated loads ranging from 6 to 39 UEs for two
(see step 4). Note that this power can be different accordisgenarios: equal power with AM and AL. We present
to the channel gain and modulation level. The main idea m#sults of average cell data rate for all simulated loads for
Algorithm 3 is very simple: allocate bits, i.e., increase thboth scenarios. Furthermore, we present the Cummulative
MCS level to the subcarriers that requires the lower amofint Bistribution Function (CDF) of the UE average data rate in
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Fig. 2. Average total cell data rate of loads from 6 to 39 UEs. Fig. 3. CDF of the average UE data rate for the 9 UEs load.

all realizations for a low and a high load. The performance of. . .
. . . . with the increase of the load. This happens because when
each of the simulated algorithms is presented in data rate.

: load increases, the absolute number of UEs with poor channel
Fig. 2 shows results of average total cell data rate for ..~
. . : ) condition increases too. As the number of resources nagessa

each algorithm and simulated load. Focusing firstly on the . . ;
RM algorithm. we can see that. as it was expected. the R compensate for each UE with poor channel is very high, the
9 ' ' P ' ﬁata rate achieved by the UEs decreases with the increaking o

algorithm gutperforms the_ other _algorlthms n th? totall ce he number of poor UEs, resulting in the increase of the load.
data rate in both scenarios. This can be explained by the

fact that this algorithm exploits the multi-user and frexgcye AS can be seen in Fig. 2, the RA had a clear performance gain

. o . .{n total cell data rate with the AL algorithm.
diversities, in such a way, that it schedules only the UE& wi .
the best channel conditions in each subcarrier. Also nate th ' "€ Fig. 3 presents the CDF of the UE average data rate for

the total cell data rate has a light increase with the systefijiulated realizations with the RM, RR and RA algorithms,
load due to the higher multi-user diversity. with AM and AL for the 9 UEs load. The UE average data

As the RM algorithm already schedules only the yekate for the RM are almost the same on 75% of the realizations
with the best channel conditions, only a small data rafihd the average data rate is exactly the channel maximuin tota

improvement can be provided by the AL algorithm. So in thd@ta rate divided by the number of UEs in the system. This
Fig. 2 the performance of the RM with AL and with only AM happens because as _the subcarriers are aIIocatet_j to the UEs
are almost identical. in best channel conditions, the equal power allocatioreadlye
The RR algorithm has an intermediate performancfEOVid?S the highest modulationilevel to the_ subcarriars. |
regarding total cell data rate when compared with the othid- 3 iS also shown that the AL gives real gains only on 25%
algorithms. Its performance do not varies with the load il t O the realizations. Those realizations represent thecases
behavior can be explained by the algorithm approach. As I which the UE with the best channel condition in a given
UEs have opportunity to transmit using the entire bandwigiybcarrier does nqt achieve the maximum data rate on _|t using
sequentially, the average total cell data rate is the aeerdgfiu@l power. In this case the AL was capable to optimize the
of the data rate achieved by all UEs in their transmissidfp€ Of the power and reach data rates close to the maximum
opportunity. This makes the total cell data rate depend only aPacity.
the channel state of the UEs in the cell resulting in the sameThe results in Fig. 3 enforce those on the Fig. 2 showing
performance for all loads. an intermediary performance for the RR solution providing
With respect to the AL performance with the RR schedulefiata rates higher than those provided by the RA in 85-90% of
it has the greatest increase in performance of all presentb@ realizations. The RR data rate performance is worse than
algorithms. This can be explained by the fact that, as onéy ofie RM one and this happens because RR provides fairness
UE is scheduled at each TTI, the single-user AL algorithm h¥gth respect to the number of resources provided to each
a higher degree of freedom to optimize the use of the powdE and this fairness comes with a decrease of the spectral
in each subcarrier. This power efficiency reflects in the Uefficiency. We can also see that, for the RR, the AL provides
data rates. a good increase in the data rate performance and the reason
The RA problem has the objective of balancing the daf@r this gain, as explained before, is that the whole bantiwid
rate of all UEs. So, as the data rate of all UEs will be neari§ allocated to one UE at time.
the same, the total cell data rate depends only on the dat#\s stated before, the objective of balancing the data rate of
rate that can be achieved by all UEs at the same time. TalkUEs makes the RA very dependent on the channel condition
results on Fig. 2 show that the average cell data rate dexgeasf the UEs on the cell. One UE with a very poor channel is
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The results for the RA algorithm present a higher occurrence
of the lower data rates than in Fig. 3. As explained before,
this is a result of the higher number of UEs with poor channel
condition. The AL performance, however, is lower than the
one on Fig. 3 because, as more UE share the resources,
less subcarriers are allocated to each UE. Therefore, less
subcarriers result in lower gains with AL.

V. CONCLUSION
In this work we presented some Orthogonal Frequency

= = =RM-AM
RM - AL

- = =RR-AM Division Multiple Access Radio Resource Allocation sodunts
——RR-AL ‘ in the literature and analyzed the impact of an optimal
"'22:2[” _ single-user Adaptive Loading on their performance. We
concluded that the Adaptive Loading can provide higher
%% 1 15 2 25 3 35 4 a5 performance gains when large numbers of subcarriers are
UE average data rate [bps] X 10° allocated for the same User Equipment like in the Round
Robin solution. We also concluded that solutions that alec
Fig. 4. CDF of the average UE data rate for the 33 UEs load. subcarriers in very good state to the User Equipments lige th

Rate Maximization, have little or none performance gaindAn
. finally, concluded that solutions like the Rate Adaptivettha
sufficient to strongly degrade the cell data rate pe_rforraan(;sti" allocate subcariers to User Equipments with poor clein
This explain why the RA has the worst performance in 85-90%nition but do not allocated large numbers of subcartters
of the _reahzatlons. However, in realizations that onlgl daVyne User Equipment have acceptable performance gains with
UEs with good channel co_ndltlons (the o_ther 10-15%), thRe use of Adaptive Loading.
average data rate is greatly increased beating the RR data ra
The great impact that the channel of a UE can have on the
system performance explains why very different UE average
oAt iy [1] T. Willink e P. Wittke, “Optimization and Performance &uation of
data rates on the presented realizations resulting in srang Multicarrier Transmission”]EEE Trans. on Information Theory, v. 43,
UEs average data rate much broader than the range of the other, 2 . 426-440, 1997.
algorithms. It is also important to notice that the AL praasd [2] A. Czylwik, "OFDM and Related Methods For Broadband MetfRadio
i i it ; Channels”,Proc. of Broadband Communications, p. 91-98, 1998.
an acceptable gains in all realizations. As in such low Ioadtlli] H. Rohling e R. Gruenheid, “Performance of an OFDM.TDMAole
the number of subcarriers gllocatgd to each UEs_shouId Ibe sti” communication SystemProc. of IEEE VTC, v. 3, p. 1589-1593, May
comparable the those achieved in the RR algorithm. 1996.
; ] A. Czylwik, “Adaptive OFDM for Wideband Radio ChannelsProc. of
In Fig. 4 we _pre_sent t_he CDF of the UE average daté‘l the Global Telecommunications Conference, v. 2, p. 713-718, 1996.
rate for the r_eahzatlons simulated for the RM, RR and RAs) . Bohge, “Bit Loading Versus Dynamic Subcarrier Assigent in
algorithms, with AM and AL for the 33 UEs load. The average  Multi-User OFDM-FDMA Systems”, Diploma Thesis at Technical
; i University of Berlin, Germany, September 2004.
data rates are lower than the ones in Fig. 3 because now t[fén? C. Wong, Zukang Shen. B.L. Evans and J.G. Andrews, “AwLo
_SyStem resources have to be shared among more UES, resulting complexity Algorithm for Proportional Resource Allocatiin OFDMA
in a lower achieved data rate. For the RM algorithm, the Systems,7EEE Workshop on Signal Processing Systems, p.1-6, October
; i ; ; ilirest 2004.
hlghe.St M.CS was achleved in all subcarriers for é.l” “?a 47] J. Gross and M. Bohge, “Dynamic Mechanisms in OFDM Wissle
resulting in the maximum data rate for all realizations. The * systems: A Survey on Mathematical and System Engineering
cases where some subcarriers do not achieve the maximum Contributions”, Tech. Rep. TKN-06-001, Telecommunication Networks

; i Group, Technische Universitat Berlin, May 2006.
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