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| ABSTRACT defined radio (SDR), cooperative communications, and eogni

. . . tive radio (CR) systems. Cognitive capabilities, such asse
This paper seeks to explore the integration of spectrum g (CR) sy g P

work t functionalities to the b etmfef'tﬂ , access to database (in connection with geolocatise)oti
network resource management functionalities to the Icognitive pilot channel (CPC), transmission power conttd.
achieving higher performance and capacity gains in an-Int

: : o Gn form a CR system capability toolbox and could facilitate
nat|.0nal Mob!le Telecommun!catlons-Advanc.ed (IMT-A) Scecoexistence/sharing in bands, where it was previouslyrdete
nario. In particular, we investigate the allocation of ssever

. _ mined to be not feasible. The ITU Radiocommunication As-
two frequency bands (i.e., 2 GHz and 5 GHz) for a single o ! ! ! unicat!

Bémbly in 2007 put several open and important research ques-
erator scenario. The same type of Radio Access Technol | - -
. . : ted to CR syst 2]. Th t lude the f
(RAT) is considered for both frequency bands. It is assum S retated fo systems [2] © guestions Incude the 1o

: ing aspects of CR systems: the definition, closely relate
that the operator has gained access to a non-shared 2 GHz t?sﬂfg technologies and their functionalities, key techhahar-
and to part (or all) of the frequency pool band at 5 GHz. T cteristics, requirements, performance, benefits, pateayt-
performance gain is analyzed in terms of higher data threu ' ’ ! )

— t is heavilv d dent the ch iEations, operational implications, capabilities tfetilitate
put. Ihe performance IS heavily dependent on the Chanifh,istance with existing systems, possible spectrumirgha
quality for each user in the considered bands which, in tur

f&chnigues and the effect on the efficient use of radio ressur
is a function of the path loss and the distance from the B d

a(‘%‘?)opera\tive communications and CR have become important

Station (BS)' Th? operator will have reIevan_t improvemen % enablers for more energy and bandwidth for wireless net-
when Mobile Stations are heterogeneously distributed en orks, and thus for supporting service quality and chanael ¢

cell, with variable distances from the BS. A gain up to 50 acity. Cognitive users are able to make intelligent deoisi

0 . ) i ;
Kbps (20%) was obtained with the proposed optimal solutio n spectrum usage and communication parameters based on the
sensed spectrum dynamics and the decision of other users. Fu
Il' INTRODUCTION thermore, the dynamics of the radio environment requires ne

Bv subporting additional svstem capacity and hi herdam;raapproaches to real-time decision and information exchange
y Stpp g y pacty d duce the overhead from such signaling. The current work

through high speed Radio Access Technology (RAT), su A

as the International Mobile Telecommunications-Advancaliids upon the advances in cooperatiye_communications and
(IMT-A) [1], users can be guaranteed universally acceesib(I:Rfand Proposes an afpgroach to maximize tr;)e ovferallvzjstem
broadband services. One important enabling factor is thi-ayPeormancein terms of data rate, power, number of served an

ability of bandwidth, which is also related to the assigntragn Salisfied Users, etc. In a spectrum sharing scenario, tizese p
frequency spectrum bands for IMT-A and beyond technologiE&Meters may be degraded by the reassignment of the spectrum
[2]. This is impeded by the existing highly fragmented raditp Primary and secondary users. _
frequency spectrum that does not match the actual demand fo? [7], it was proposed to apply a General MultiBand
transmission and network resources. Such fragmentatisespo>cheduling (GMBS) algorithm to the dedicated band and the
a challenge during dynamic spectrum use where multiple filared bands of a single High Speed Downlink Packet Access
guency bands can be assigned in support of the users and(fhaDPA) operator during SA with a Common Radio Resource
mobile transmission system’s ability to support a wide enofy Management (CRRM) architecture, as illustrated in Figure 1
services across all elements of the network (i.e. corejjloist Widely separated bands offer a source of diversity, an dppor
tion and access [3]). In such a scenario, information abowt hNity to achieve higher spectrum efficiency.
to aggregate contiguous and not contiguous parts of thdyhigh However, an optimal solution was not found in [7]. In this
fragmented spectrum to be used and how to allocate users ga&per, the focus was on the aspects of how one operator can
the dedicated and shared bands of an operator, can impmvenanage the user allocation over the dedicated and shared ban
overall system capacity. in a an optimal way whilst achieving higher network through-
Spectrum and more recently carrier aggregation have bd®i. The objective is to show that by allocating the user peck
proposed for Long Term Evolution-Advanced (LTE-A) ando the available radio resources according to the user requi
IMT-A [4], [5], [6] as ways to use the resources. Spectrufents, a constant throughput gain over a wide range of active
aggregation (SA) can be performed in the same or in differeg@rvices in the cell can be achieved.
bands and may occur when the operator’s dedicated Downlinkn this work, the GMBS algorithm is further optimized. The
(DL) or Uplink (UL) band is not contiguous but is splitintodw operator will have relevant improvements when the Mobile
or more parts. Enablers of SA are the advances in the are&tdtion (MS) have heterogeneous spatial distributionercel
smart antenna design, spread-spectrum technologiesaseft (variable distances from the BS) and different channeligual
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IP Core Network

lated as a GAP optimization problem [8]. The Profit Function
(PF) to be maximized is the total throughput of the operaieor v
a single objective maximization problem. Fairness and Qual
ity of Service (QoS) requirements of the service classenatre
considered here. However, multiple objectives can beeasil
UMTS-HSDPA NodeB 5GHz introduced and implemented in the problem, such as maximiz-
et B ing the total throughput while minimizing the QoS satisfact
indexes for each service class [9]. Solving Multiple Ohijexg
General Assignment Problem (MO-GAP) can be very difficult.
Usually, the objectives are combined together via a linearc
bination, called "scalarization” [10].
The GMBS problem can be solved considering MSs with
the added capability of simultaneously transmitting aredre
ing in multiple frequencies (multiple transceivers at th&\or
Figure 1: CRRM in the context of two separated frequencie¥/hen the MSs can just choose one band among all the bands in
the network by choosing one of the transceiver configuration

available at the MS radio. In both cases, the respective for-

ties in the considered spectrum bands. Depending on the ¢aation corresponds to an Integer Programming (IP) proble
pabilities at the MSs, each user may be allocated to a sing|gnh gifferent constrains.

frequency band or to both the frequency bands. In the Iatter_|n the GMBS solution proposed here, the PF depends on the

case, the_ MSs have multi-radio transceivers and ca_n transmiio petween the service throughput request and the reakgo
and receive data on both bands. Here, the focus is only i} available for each user (on each band). The problem is

single-band MSs that need to be allocated over one of the typmulated with a load constrain for each bafi¢iie*, and also
possible bands. Spectrum sharing mechanisms are beyond{agrce constraint based on the available channels.
scope of this work.

The remaining of the paper is organized as follows. Section |/ GeENERAL MULTI-BAND SCHEDULING FOR
[l defines thg problem. Section IV proposes the GMBS as a MAXIMUM NETWORK THROUGHPUT
General Assignment Problem (GAP). Section V presents the ) )
system model to test our algorithm. Section VI discusses thBe scheduling of users over multiple frequency bands can be

CRRM
Entity

UMTS-HSDPA Nndp?) GHz

results while and Section VIl presents the conclusions. modelled in its most general form as a GAP Problem. The
objective is to maximise the throughput and thus to maximise
Il PROBLEM STATEMENT the exploitation of the network capacity. The PF is thus aefin

S _ _ considering the ratio between the requested rate by theserv
The objective is to determine the best user allocation forf@w and the rate available on a single DL channel. This weight
single operator over two (or more) frequency banbis€ accounts for a real usage of the capacity considering thesou

{0,1,2,...m}, in order to maximize the total networktraffic generator. The PF to be maximised is the following:
throughput. Two bands are analyzed. The operator has exclu-

sive access to the 2 GHz band and can access to t_he shared fre- (PF) maz i zn: WiuZin 1)
guency pool at 5 GHz as well. The amount of radio resources
available at 5 GHz is determined by spectrum trading (or bar- . . . . .
gaining) among all the operators that have access to the C(y}(]l?_er_e:cby is the allocation variable and the normalised service
mon frequency pool. In this work, the part of the frequen(f)?te is given by:
pool assigned to the operator is assumed to be fixed. The per- Wou = Ryu/Srate ©)
formance gains are analyzed in terms of the data throughpuwheresS, ... is the service goodput request, and
After the operator has gained access to a certain portion of
the frequency pool, the problem of whether to allocate users
is still to be solved. The total throughput is a function of th By = [1 = PER(CQLyu, SIRp)] - R(CQLu) — (3)
radio channel qualities for each user in the considered$and the goodput available for usaron bandb, and R(C Q1. )
The Channel Quality Indicator (CQI) depends on the path loissthe throughput on a single DL channel, and depends on the
which depends on the distance from the Base Station (BS) @I value of useu on bandb. PER is the packet error rate.
also on the carrier frequency adopted and on the interferencin each band, the network has multiple data channels. In
that comes from neighboring cells and from the own cell. TH&SDPA, each channel is identified by one of the available or-
operator applying Multi-Band Scheduling will have reletarthogonal codes. Codes can be allocated to users in a flexi-
improvements when the MSs have heterogeneous spatidl digtte manner. More than one code can be assigned to a single
bution in the cell (variable distances from the BS) and déffé user or a single code can be assigned to more than one user.
channel quality in the considered spectrum bands. The users on the same code adopt a time-division multiple-
The problem of scheduling the users into two bands (2 Glaezcess which is managed by the packet scheduler. The allo-
and part or all of the frequency pool at 5 GHz) can be formgation variablexy,,, is either a boolean value when only one

b=1u=1
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b Y11 2 3 n Table 1: Transport block size and bit rate associated to CQI.
1 17011 0 CQI Modulation Tran.sport_ Block| R(CQI)
> oT110 0 size [bits] [kbps]
3 01010 0 CQl5 QPSK 377 188.5
1 CQl 8 QPSK 396 198.0
: HERE : CQI 15 QPSK 663.8 331.9
m 0/]0[0] ... |0 CQI22| 16-QAM 1433.6 716.8
i A SR R S |
Syae [TTI]L] 1 1]

V HDSPA NETWORK MODEL

Figure 2: Example of an allocation matrix X. The operation of HSDPA radio access network in the 2 GHz

and 5 GHz bands is simulated for operation in a context of

code can be assigned to one user, or a non negative integer,multi-band user allocation.
oy € {0,...,max_Neoqes} in the case of multi-code alloca- The Resource Allocation (RA) component is responsible for
tion. In the remainder of this work, single code allocatisn iallocating the available radio resources to the user traffe
considered. cost-effective manner, and includes a scheduling mecimanis

For a multi-band MS with only one active transceiver ankhk adaptation, code allocation policy, and a Hybrid Auttio
single code allocation, three constraints can be deviseitiéo Repeat Request (H-ARQ) scheme, to improve service through-
GMBS problem: put for users at the cell edge.

_ The simulated HSDPA network has the following character-
1. Each user can be allocated only to a single frequency baggks:

with a single code allocation. This results in the Alloca-
tion Constraint (AC) as follows: e Multi omni-directional cell deployment model, hexagonal

cells, consisting of three tiers for the purpose of comput-

Ui ing the interference (results are however only presented
(AC) beu < Lap € {0, 1}, for the central cell);

b=1

Yu € {0,...,n} 4) e Near Real Time Video (NRTV) streaming traffic model

from [11], with a service rat&,..;. = 64 kbps;

2. The total number of users on each band is upper boundeq R,dio Resource Management (RRM) schemes, including
by the maximum load that can be handled in the band, AMC, n-parallel channel H-ARQ using chase combining

Lye*, i.e., the Bandwidth Constraint (BC) as follows: and Round Robin scheduling algorithms:
- s ¢ ITU-based radio propagation models: the radio channel
(BC1) Z Srate/ R(CQLyu)Tou < L™, between the MS and the BS is modelled by the propaga-
u=l tion loss and shadowing loss, by lognormal distribution
vbe{L,...,m} (5) and fast fading using the Jakes model [12];
3. The system has a maximum theoretical capacity: e The interference in the MS is calculated with the signal
strength received from the neighbour BSs and the thermal
n noise;
(BC2) Z(Wbu)_lxbu < Cmawv
u=1 e The simulator uses a BLER table provided by link layer
vbe {l,...,m} (6) simulations [13] as an input.

+ Each Time Transmission Interval (TTI) is associated with a

sub-frame duration, that corresponds to an HSDPA frame du-

gation of 2 ms with three time slots of 0.67 ms. The HSDPA

physical layer provides 15 orthogonal codes available &ad
Figure 2 presents one example for the allocation mattfisansmission within a sub-frame [14]. The available biesat

X = [zpu], With b = {1,...,m} andu = {1,...,n} for a are summarised in Table 1. For each CQI identifier, the modu-

given situation. If only two bands are considered one willsha lation scheme, the block sizes and the transport rate aes giv

m = 2 andLme = [Lmezpmaz)T  After performing several _

tests (trough extensive simulation) to find the best loaeighr VA Resource Allocation (RA)

old, a load factor o75% has been chosen. To find an heuristithe RA allocates the user packets to the available radio re-

that outputs this parameter it is out of the scope of this workources in order to satisfy the user requirements, and torens

The objective of the optimisation procedure is to obtainsle efficient packet transport to maximise spectral efficieridye

ues forzy,, withb € {1,...,m} andu € {1,...,n} RA, an entity within the set of RRM algorithms, should have

whereC) e = Rimaz - Neodesy Rmas 1S the maximum bi
rate at the PHY layer for a single code aNg, 4. is the
maximum number of parallel codes HSDPA has availabl
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Z DL MS performs C/1 surements on CPICH
Table 2: Parameters and Models used for 2 and 5 GHz bands | ——————
Carrier frequency| 2 GHz 5 GHz || uL || MS reponsCPIC u]fﬁfﬁ'c‘rﬁﬂﬁn s averaged
Bandwidth 5 MHz 5 MHz DL BS processe CPICTT measurcments predicts
P th I d | 128 1+ 141 52+ Pu/loc and sclects MCS for MS
ath 10ss moael: . . Z 1
58 || UL
376L0910(d[km]) 2810910(d[km]) = ’§ g I
Shadowing de_ 5m 20 m a i 5 DL BS broadcasts selected MCS 1o MS
. -~ (]
correlation length SE||w
= Z:i— DL BS sends data to MS with selected MCS
inherent tuning flexibility to maximise the spectral effiody 5|

of the system for any type of traffic QoS requirements. The RA
maps packets of variable size into variable length radiekdo Figure 3: Obtaining SIR and MCS selection algorithm cicle.
for transmission over the PHY layer, and the length is depen-

dent on the channel quality. The following events occur: 4000

—Traffic requirements

1. User packets awaiting transmission are prioritised@:co 300q |©Overal Serv

. . . . . :; —Serv 2
ing to the scheduling algorithm criteria; = ASev5 b oo
éZOOC
2. A CQl identifier is selected according to the link adapta- S
tion algorithm, using the available CQI options (from the £ ;4.4

PHY layer);

3. Anidle ARQ channgjlis selected to hold and manage the 20 2224 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58
ARQ transmission;

. ) ) Figure 4: Average throughputs without GMBS.
4. The packet is transmitted and received at the MS. Soft re-

transmissions are combined with previous packet trans-
missions (chase combining) and the ARQ messages are
generated accordingly. These are then signalled to the B®e performance of the algorithm is assessed by using the ser
and the ARQ processes are released if the messagesvie throughput that is the total number of bits that havenbee
positive acknowledgements (ACKs). transmitted and correctly received by the all users in thie ce

VI RESULTS

VB MSSINR Measurements Serv_thrisy = Dsers (P) %

The CRRM entity keeps track of the CQI, Signal to kT
Interference-plus-Noise Ratio (SINR) and Packet ErroreRawhereb,....,(p) is the number of bits received in given periad
(PER) for every MS in both frequency bands. Figure 3 illusF is the transmit time interval, and- T' is the total simulation
trates the mechanism used to sense the CQI over the varitoe. Users are deployed in the cell with an uniform distri-
frequency bands. The sensing is based on quality measumation within a distance of 900m with overlapping 2 Ghz and
ments of the Common Pilot Channel (CPICH) channel pes-Ghz coverage. The NRTV sessions generation is modelled
formed by MS. The MS performs a prediction of the ratio bdsy a Poisson distribution while the session duration is expo
tween the received power and the received inter-cell iaterf nentially distributed with an average of 180 s. Simulationg
ence. Several approaches can be followed. The MS can beagé stopped when a target 95% confidence interval has been
ther in active or passive mode. In active mode the user is cathieved. The confidence interval is represented in thehgrap
tinuously measuring the received CQI over both frequencidsy the vertical bars.

In the passive mode, the measurements are periodically serifigure 4 shows the results for the throughput as a function of
to the Radio Network Controller (RNC). The CQI measurdahe number of stations and respective confidence intervtiis w
are communicated to the HSDPA RNC through the High-speedt GMBS. The operator has two frequency bands available,
dedicated physical control channel (HS-DPCCS) channel. Aach one managed separately; session requests are diyided b
though the active mode has the advantage of self-detedtionthe two bands and it is not possible to switch a service from
lowing for aggressive exploitation of radio channel capaci one band to the other. The "Overall Serv” throughput is the
the passive mode could be preferred when energy savingsain of the service throughput in both frequency bands. The
the MS and reduced signalling overhead is of interest. If niaffic requirement is the traffic required to satisfy all tisers
transmission has been previously attempted in a given bad., the NRTV required rate times the number of users in the
the best CQI is optimistically assumed. Instead, if a traasmsystem). The curves show that the system cannot satisfy the
sion has occurred, the CQI is calculated from the averadeeof tapacity request with more than 32 MSs served.

last transmissions within a given period, i.e., moving ager  Figure 5 shows the results for the throughput with the GMBS
calculation. More details are given in [15] algorithm proposed in Section IV. SINR in 2 GHz band is
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4000 will also be analysed, showing the effectiveness of GMBS to
Traffic requirements counter-fight shadowing in support of the aforementionadl re
"2'300¢- - |--Overal Serv time services.
g —Serv 2
= “-Serv5
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