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Scheduling Strategies for
Coordinated Multi-Point Systems

T. F. Maciel, E. M. G. Stancanelli, J. C. M. Feitosa, W. C. fa®iJr., and F. R. P. Cavalcanti

Abstract—Alike Multiple Input Multiple Output systems,
Coordinated Multi-Point (CoMP) has recently raised in the
39 Generation Partnership Project Long Term Evolution context
as a promising solution to improve Signal-to-Noise Ratio
levels and, consequently, the system performance compared
to conventional cellular networks. CoMP systems decreasené .
average access distances between Antenna Port (AP) and Usef( _
Equipment (UE) and, at the same time, they allow for handling
coverage, decreasing transmit powers, and/or increasingystem
capacity. Together with the inherent resource granularity of
Orthogonal Frequency Division Multiple Access, advanced Rdio
Resource Management algorithms can be developed for these
systems. In this work, we focus on the Resource Allocation
subproblem of determining the most suitable set of APs to see . L .
the UEs selected according to certain allocation criteria.Our ~ controller and to employ cooperative transmission/reoept

analyses have shown that increasing the number of APs sengn techniques.
a given UE brings only small performance gains, but may cause By exploiting the geographical distribution of APs and

Fig. 1. Basic composition of a CoMP system.

a significant increase of complexity and signaling. UEs, the possibilities for managing radio resources are
Index Terms—Coordinated Multi-Point, Antenna Port increased in CoMP systems. In particular, by combining
Selection, Resource Allocation Algorithm. the inherent resource granularity of Orthogonal Frequency

Division Multiple Access (OFDMA) with the flexible CoMP
architecture, advanced Radio Resource Management (RRM)
algorithms can be developed to control the power allocation

ECENTLY, advanced antenna architectures attractedt assignment of subcarriers to APs and UEs, the selection

R lot of interest as a means to improve the performan@é APs for transmission, and UEs prioritization. For CoMP
of conventional cellular networks. In particular, Cooratied Systems, constraints on QoS and radio resource usage
Multi-Point (CoMP) appears in the®3Generation Partnership Might complicate finding optimal Resource Allocation (RA)
Project (3GPP) Long Term Evolution (LTE) context a$olutions, while constraints on signaling between APs &ed t
a promising architecture. CoMP Systems are Compos@HB m|ght be alleviated due to the fast backhaul aSSUmption.
of several geographically distributed Antenna Ports (APs)In this work, we focus on the RA subproblem of
connected through a fast backhaul to an Enhanced Noded@ermining the most suitable set of APs to serve the UEs
(eNB), which might also have an AP [1]-[3], as illustrated i$elected according to certain allocation criteria. Theséthis
Fig. 1. work is organized as follows. Section Il presents the adbpte

The actual number and placement of APs depend on th@MP model. In section Iil, we introduce the RA problem
geographical densities of User Equipments (UEs) and sesyicinvestigated in this work followed by the description of the
planned coverage, Quality of Service (QoS) requiremengnployed allocation criteria. Section IV discusses soméRo
propagation environment, among other aspects that mustR§&formance results. Finally, in section V, some conchsio
taken into account during the network planning stage. CoMise drawn.
systems decrease the average access distances between APs

I. INTRODUCTION

and UEs and, at the same time, they allow for handling Il. COMP SysTEM MODEL
Fhe coverage efficiently, .decreasing transmit powers,@nd/ \we consider the downlink of a single CoMP cell with a
Increasing system capacity. numberM of APs, indicated byn = 1,2, ..., M, which are

A CoMP system can also be viewed as a distributeghntrolled by an eNB.

Multiple Input Multiple Output (MIMO) system, thus offetin  The APs are placed over the coverage area at positions
similar advantages over the Single Input Single Output@8IS determined using Particle Swarm Optimization (PSO) [4].
systems, such as improved capacity and link reliability dyso is a heuristic-based on artificial life and evolutionary
to spatial multiplexing and spatial diversity, respedfivdhe computation. It is basically consisting on a population
fast backhaul makes easier to the eNB to work as a centgl particles that adapt by stochastically returning toward

_ tpreviously successful regions in the search space. PSO is
This work was supported by the Research and DevelopmenteCen

Ericsson Telecomunicacdes S.A., Brazil, under EDB/UFCTRhnical 'terat.'ve and .eaCh part'de has a position - representing a
Cooperation Contract. possible solution of the problem —, a velocity, and a best
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position. Moreover, there is a global best position, whithie a binary variable indicating whether AR sends data to the
best among all best positions. The efficiency of each partidlE j through subcarrier. with powerp; ., ». The variables
is called fitness and is used to determine local and global bes,, , andp; .»,¥j, m,n, are organized in an allocation set
positions. PSO updates these parameters iteratively aste mX’ and a power seP, respectively.
towards the global optimum, i.e., the overall best position

In this work, the fitness function has been defined as the Ap sdection Problem
lowest Signal-to-Noise Ratio (SNR) among the a large number

of UEs uniformly distributed over the cell area so that the In th|s.work; we restrict our investigations to the problem
. I . . of selectingM’ among theM existing APs for coordinated
placement of the APs is performed as maximize this functi

on. o T ; .
. {}ansmlssmn on each individual subcarrier. Subcarriesee
The advantages of PSO over some other evolutiona

Lo . Lo 149 hot allowed and no restrictions are imposed initiallyont
optimization techniques are not only its |mplementat|oH1e bandwidth shares allocated to each AP and to each
easiness, but also the reduced number of parameters td.ad

The CoMP system serves a numheérof single-antenna - Letjn dgnote the SNR. pgrcewed b/y UE resulting
L : . . from the coordinated transmission of thd’ APs selected
UEs, indicated by; = 1,2,...,J, which are uniformly

) for this UE and letr;,(vy;,) denote the rate of UEj
distributed over the coverage area. on subcarriern Cons'iéjerin’ the previous definitions and
The average path Ios@?fm(d) in dB for a UE j distant : 9 P

of ;.. kilometers of an APm is modeled according to thecon5|der|ng the objective of maximizing the sum rate of
Js : the system, the problem of selecting the bést APs for
Okumura-Hata’'s model of [5] as

coordinated transmission can be formulated as

|
GY o (d) = 128.1 4 37.610g,o(djm), (1)

and denoted in linear scale lyi'm, where the dependency on (P77} = aﬁ;gfﬁx Z Tim (32)

d;.m has been omitted for simplicity of notation. ’ ie%

The shadowincﬂ?f‘m in dB affecting the link between the )
AP m and UE; is modeled as a lognormal random variabl§ubject to

with standard deviatioas [5]. In linear scale, the shadowing
is denotedgs" . Frequency selectivity is modeled using a Z ZIJMW < 1,vn, (3b)
tapped-delay channel model and short-term fading in egzh ta meMieT
is modeled using Jakes’ model [6]. Z Tjmn < M' V], n, (3c)
The considered CoMP system employs OFDMA and meM
considers a numbeN of subcarriers, indicated by, = Z Pimm <D (3d)
1,2,...,N. Each subcarrier can be allocated individually jed,
to a link between an APn and a UEj;. As the channel "ij%
coherence bandwidth is assumed to be much larger than the .
Pjm.mn > Oavjamana (36)

subcarrier bandwidth, we have flat fading on each subcarrier
The absolute value of the complex channel coefficient, ., Considering perfect channel knowledge, problem (3) can be
for the link between the AP» and the UEj on subcarrierr  seen as an antenna selection problem [7], [8]. Becausecperfe
is denoted in linear scale a5, ,,. channel knowledge is assumed at the eNB, it can perform
The eNB has a total transmit powgthat is divided among Maximum Ratio Transmission (MRT) which corresponds to
the system subcarriers by means of a resource allocat&pply a spatial transmit matched filter using the APs as an
algorithm, and thereafteps,, denotes the power allocated toantenna array [9].
subcarriern. On each subcarriet, the fractionp,,,, of the ~ Let ()T and ()" denote transposition and
powerp,, that is allocated to the AR is decided by the eNB, conjugate-transposition, respectively, and le¥!’ =
which is assumed to ideally have perfect knowledge about the 2, ..., M’} denote the set of APs selected for transmission.

channels of all UEs. Also consider a given UE and subcarrier, whose indices

Denoting bys? the average Additive White Gaussian Noisavill be omitted in the sequel for simplicity of notation. Tine
(AWGN) power, the SNRy; .., of the link between the AP let h = [hy hy ... hyv] denote the complex vector

m and the UE; at subcarrien is given by channel of thelM” selected APs to the UE on subcarrier.
ol Considering MRT, a symbal is weighted at the APs with a
sh ff . I T

T Pmngjm9jmYjmn _ Pmnjmn (2) Weighting vectorw = [wi wy ... wyr], sent through

s o? o the vector channeh, corrupted by the AWGN noise sample

whereg; ... ,, is the gain of the link between AR and UE; v, and received by the UE, which estimates the symbslas
on subcarriemn.

§=hws +v. (4)
I1l. RESOURCEALLOCATION Denoting by| - ||z the Euclidean norm of a vector and
For the considered CoMP system, gt = {1,...,J}, considering MRT, we have that
M ={1,...,M}, and N = {1,..., N} denote the sets of ~ b p,

UEs, APs, and subcarriers, respectively. Also, det,, , be W= |hly )
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L . L TABLE |
Then, considering an ideally matched receive filter, the SNR RA ALGORITHMS.

~ perceived by UEj on subcarriem is given by
hll2 RM criterion
= p"”2 HQ. (6) 1) Setz;n,m=0Vjnm
o 2) Forn=1to N
a) Setj* = argmax {||h||%}
L . €T
B. UE Prioritization b) Setrj*,w,j =1,¥m' € M/, and setr;* 1, = 0,¥Ym € M\M’
Considering MRT, the rate of any individual UE on a given FR criterion
subcarrier is maximized by selecting th&¢’ APs with highest 1) Setz; ., = 0,Vj,n.m
channel gainsy; .., [7], [8]. Due to constraint (3b), only 2) Setn=1and set7’ =J
. ST . do
a single UE is scheduled per subcarrier. Thus, problem @) . 2
X L ) a) Setj* = argmax {||h||%}
describes the maximization of the sum rate of a single-user jeg’
OFDMA Multiple Input Single Output (MISO) system. As a 2; 32@7@1'7“@1-’)’}"1 € M',and setej+ i = 0,Ym € M\M
direct extension Qf Fhe same problem in single-user OFDMA ¢ ¢ 7/ — ¢’ SetJJ, —7
SISO systems, it is well-known that the sum rate of the e) Setn =mod(n,N)+1
considered MISO system is maximized by assigning eaéh loop

subcarriem to the UEj * with the highest channel norm, i.e., PF criterion
. 1) Setz;,,m =0,Yj,n.m
J* :argmaX{thlg}, (7) 2) Forn =1 to N
jeg _
) ) a) Setj* = arg max { Lt }
and by allocating afterwards power to the subcarriers ieJ ’

according to the Waterfilling (WF) algorithm [10]. Although b) Setw;: nm =1,¥m’ € M, andsetr;- nm = 0,¥m € M\M

optimal, WF is not considered in this work, but Equal Power
Allocation (EPA) among the subcarriers. EPA is simpler and

performs only marginally worse than WF, especially for highonsiders a carrier frequencg. of 2 GHz and a number
SNRs [11]. N = 100 subcarriers spaced oAf = 15 kHz. EPA

Indeed, (7) describes an allocation criterion, which wél b2MONg subcarriers is considered. Moreover, we assumecperfe

referred in this work as the Rate Maximization (RM) criterio Knowledge about the channels of all UEs at the eNB.
In spite of leading to a high sum rate to the system, the RM The eNB coordinates the_ operation of a vanaple numb_er
criterion results in quite unfair rate distributions amoig 2 Of APs, whose topologies have been established using
UEs, which might be undesired in specific scenarios. PSO. Considering the fitness function mentioned in section |
In order to provide some degree of fairness for thhe PSO has_lead to circular topologies with APs placed at
rate distribution among the UEs, two additional criterie afth® Same radius around the cell center and at angles equally
considered in this work, namely Fair Resource (FR) argpaced. The radius of the APs are listed in Table II. A SISO
Proportional Fair (PF), which are described in the sequel. SYStem is characterized when the numbgrnf APs is just 1,
For the FR criterion, subcarriers are assigned sequantiaifnich is then positioned at the cell center.
to the UEs in rounds, where a round finishes when all UEs got TABLE Il
a subcarrier assigned. Within a round, the assignment of theoMP TopoLoGY. RADIUS (IN M) OF AP DISTRIBUTION AROUND THE

current subcarrier to a UE follows the same criterion désdi CENTER OF THE COVERAGE AREA

i i i e
by (7). However, on_Iy_UEs that did n_ot get a subcatrrier in th N Umber T 6f APS 7} = -
current round are eligible for subcarrier assignment. Wt —rzdiis Binm 350 370 335

by J' the set of UE eligible for subcarrier assignment and by

mod(a, b) the remainder of the division of by b. _Simulations are organized in snapshots, during which path

For the PF criterion, subcarriers are assigned sequentigiss and shadowing are assumed to remain constant for
to the UEs with the best ratio between instantaneousriale g UEs, but the time variations of short-term fading are
and average rate;. The average rate; is updated every time ¢qnsidered. In order to capture the fading dynamics, each
all subcarriers are allocated. The RA algorithm considerinanshot takes 1 s, which is longer than 10 times the channel
the RM, FR and PF criterion are shown in Table . coherence time. In order to capture the impact of long term

propagation effects on the system performance, a large eumb
IV. ANALYSES AND RESULTS of snapshots is considered.

The RA subproblem described in section IlI-A is analyzed A variable numbet/ of UEs are uniformly distributed over
herein through simulations. For this purpose, a systemtlethe coverage radius of the CoMP cell. It is assumed that UEs
simulation tool has been implemented based on the CoMfiake use of a best-effort service and always have data to
and propagation models described in section Il receive. Average rates of UEs are assumed to be updated at

We consider a CoMP cell with a coverage radiisof each Transmission Time Interval (TTI), i.e., each 1 ms. In
500 m. For the shadowing, a standard deviatign= 8 dB is Table Ill, the most important parameters considered in the
considered. The fading assumes an average speed of 3 ksifhulations are summarized.
in a typical urban power-delay profile: TU3 [12]. The CoMP The available modulations are Binary Phase-Shift Keying
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TABLE Il
SIMULATION PARAMETERS. 100 ‘ ‘ o
o AllUEs
Parameter [ Symbol | Value 907 =@ Scheduled UEs )
Coverage radius R 500 m 801 _ _ _Zi QES A 1
Carrier frequency fe 2 GHz !
Number of subcarriers N 100 707 o il
Subcarrier spacing Af 15 kHz 60 n’ |
Shadowing standard deviation os 8 dB w /)
Channel profile - TU3 [12] O 50 1
- O
Snapshot duration - 1s
Transmission Time Interval - 1ms 401 |
Number of APs M 1,40r7 300 J
Number of selected APs M’ ltoM
Number of UEs J 2,4,80r 16 201 1
Scheduling algorithm — RM, FR, PF 10l ]
0 Il Il Il Il
i i -10 0 10 20 30 40 50 60 70 80 90
(BPSK) and 4-, 16- and 64-Quadrature Amplitude Modulatic SNRin dB

(QAM), and the link adaptation is performed based on SNR

thresholds that ensure a target Symbol Error Rate (SER)Fid. 2. CDF of SNR values for a SISO and 4/4 CoMP systeim= 16
10-5. The values of SNR threshold used are summarized {fS- RM criterion.

Table IV [13]. UEs do not receive data when their perceived

SNRis below 10 dB. the multi-user diversity exploited when considering the RM

TABLE IV criterion, which leads to the selection on each subcarrier o
SNRTHRESHOLDS FORLINK ADAPTATION. the UE with the best channel condition.
Modulation BPSK | 4-OPSK | 16-OAM | 64-OAM Alternatively, this SNR gain obtained through CoMP can
SNR threshold in dB 10.0 135 215 27.8 be used to save transmit power while the same coverage

radius is kept. For this purpose, the link budget that will be

Initially, it is important to investigate the improvememt i employed from now on has been designed to set the total
the SNR levels obtained by a CoMP system compared tt@nsmit power as to assure the minimum SNR required by
a SISO system. Furthermore, the notatidff /M will be the BPSK modulation with a 90% confidence level regarding
used to characterize CoMP scenarios in terms of the numbtre shadowing. Depending on the APs placement topology,
of selected and available APs, respectively. In Fig. 2, thbat minimum SNR may occur either at the center or edge
Cumulative Distribution Function (CDF) of the SNR value®f coverage area. Regarding a configuration with lower power
perceived by all UEs and by the scheduled UEs in an 1/1 (i.end interference levels in a macroscopic context, from now
SISO) and in a 4/4 CoMP system are shown. Both syste®8 we also consider a penalty dDlog,; M/ dB on the
have the same total transmit power The RM criterion is link budget, which roughly corresponds to the gain of the
used and a total of 16 UEs is considered. distributed antenna array.

We can observe in Fig. 2 that, at the™@ercentile, an  Fig. 3 shows the CDF of the system throughput for the
SNR gain between 5 and 9 dB is obtained by the 4/4 CoM®M, FR, and PF criteria for different loads in number of UEs
system compared to the SISO one. This gain results from thed considering an 1/4 CoMP topology. As we can note, RM
improved coverage in the CoMP system due to the shormmovides the best system throughput once it is the mostéavor
access distances. Regarding the scheduled UE, it can be& nbte the multi-user diversity. That is, the higher the number
that an even larger gain is obtained compared to the SMR UEs, the better the system throughput. The multi-user
values of all UEs in the system. This gain results frordiversity is especially important in CoMP systems because

100 100 100
—e— 2 users —e— 2 users
90f| —— 4 users 1 907| —— 4 users
—=— 8users —&— 8 users

807 —— 16 users 1 807l o 16 users

70

—e— 2 users
90f| —— 4 users

—=— 8users
801 o 16 users

701 701

60 60 60

L L L
0O sor 0 so0 0O sor
] (®) ©]
40 40 40+
30 30 30
20¢ ] 20 I 201 - p
10f 1 10 oS 10F 7 o
2 4 6 8 0 2 4 6 8 0 2 4 6 8
System Throughput in Mbps System Throughput in Mbps System Throughput in Mbps
(a) Rate Maximization. (b) Fair Resource. (c) Proportional Fair.

Fig. 3. System throughput at fixed loads for algorithms 1/M@csystem.
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the geographical distribution of APs increases the chaiffice

existing UEs with excellent link to one or more APs. The 100 ——1/7]

multi-user diversity benefits also FR and PF schedulers, b 0 ——2/7 )
for them another influencing factor takes place: the resourc 80 ii;; .
sharing. Resource sharing means that the UEs in worst chan 701 =517 1
conditions also compete for radio resources, and, for tr 677

sake of fairness, they are often selected even for a reliative | i a4 1
inefficient transmission. The throughput losses due toueso g sor ]

sharing are clearer to FR than to PF, since the latter corsside 401
a trade-off between the instantaneous UES’ rates, whidbrs$av

. " 30t 1
UEs in good channel conditions, and the average UES'’ rate
which introduces fairness. 20r 1
Another relevant effect to be investigated is the combinin 101 8
gain obtainted by increasing the numbér of APs selected 0 ‘

for coordinated transmission. In Fig. 4, CDFs of the syster
throughput are presented for a topology/f = 7 APs and
considering the RM criterion. It is worthy noting that the
system throughput gain due to combining diversity is ne
very significant. However, one incurs increased complexi
and signaling when increasing’ because more channel statt
information about more links must be transferred through ti
air interface and through the backhaul.

Fig. 5 extends this analysis to compare different loads a
allocation criteria. The 10 percentile of system throughput
for a topology withM = 7 APs is presented in Fig. 5(a) for a
varying the numbedV/’ of the selected APs. Similarly to the
previous results, the RM criterion leads to higher throughp
than the PF one, which outperforms the FR criterion in tern
of throughput. Moreover, due to the multi-user diversitye t
performance is improved with increasing numbeof UEs.

In terms of fairness, opposite results might be reached. F

2 4 6
System Throughput in Mbps

(a) Normal view.

this purpose, we evaluate the distribution of the average | 6 s Siié?n Throu h7ut i Mb 37-5 8
throughput, which gives some insight on the disparities ... y 9 p_ P
allocating radio resources among the APs. In Fig. 5(b), ofe 1 (b) Zoomed view.

percentile of average UE throughput for the 7-APs topologyy 4. system throughput in a 7-APs topology for differeatnber of APs
is presented varying the number of the selected APS. Noswlectable. RM criterionJ = 2 UEs.

using the RM criterion performs the worst, being not able to

provide even a 200 kbps rate for a low load (2 UES). The

FR obtains at the 10 percentile an average user throughptf’F) allocation criteria have been employed for allocating
between 1.0 and 1.3 Mbps for load of 4 UEs, and between Z€sources to UEs and the peculiarities of these criteriae hav
and 2.5 Mbps for 2 UEs. Due to its characteristic of takingeen discussed.

advantage of good channel conditions, the PF was the besfRegarding the allocation criteria, only the RM criterion

reaching to throughputs close to 2.8 and 1.5 Mbps for load igivariably provided multi-user diversity gains signifitn
2 and 4 UEs, respectively. improving the system throughput. FR and PF can also

take advantage of multi-user diversity, but in smaller scal
Moreover, they aim at providing some degree of throughput
fairness to the UEs by performing resource sharing even with
In this work, we evaluated by means of simulation§/Es perceiving very poor channel conditions. Consequgntly
the performance of a Coordinated Multi-Point (CoMPYhe FR and PF criteria lead to lower total system throughput
system, which considered different topologies determinsgdlues than the RM criterion. On the other hand, the RM
offline using the Particle Swarm Optimization technique argtiterion is the only unfair one, presenting high dispansid
considering the maximization of the lowest Signal-to-Moisaverage UE throughput.
Ratio (SNR) as fitness function to optimize the positions of Due to the lower average access distances, better coverage
the Antenna Ports (APs). Considering these pre-establistomuld be reached in the CoMP system compared to the Single
AP topologies, we investigated the Resource Allocation \RAnput Single Output (SISO) one, with both systems having
subproblem of determining the most suitable set of APs ftile same total transmit power. We observed that increasing
coordinated transmission to the User Equipments (UEske R#éte number of APs yielded better performance even when
Maximization (RM), Fair Resource (FR) and ProportionakFapenalties on the total transmit power were applied as more

V. CONCLUSIONS
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(a) System throughput. [13]
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Number of Selected APs

(b) Average UE throughput.

Fig. 5. 10" percentile of system and average UE throughputs in a 7-APs
topology for different number of selectable APs.

APs were employed. On the other hand, increasing the number
of APs seemed not so advantageous, since the perceived
combining gains were not very significant. Using a few APs
can already provide similar results compared to the usage of
all APs and might represent saves in terms of complexity and
signaling.
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