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Abstract—We argue that achieving very high data rates can first and then finds radio ports to provide these resources. By
be accomplished by moving away from system-centric radio first assigning resources to users, user-centric RRM salves
resource management (RRM), used in the cellular radio acces fundamental inefficiency with the system-centric RRM — in

network (RAN) architecture, and toward advanced user-centic t tric RRM ianed t I hil
RRM, obtained with top-down RAN protocol design. System- System-centric resources anssign 0 cells, while

centric RRM uses a divide-and-conquer approach, which asgns they areused by users.
resources to cells first and to users second. On the other hand  User-centric RRM is enabled by the flexibility of Or-
user-centric RRM assigns resources to users first and then fis  thogonal Frequency Division Multiple Access (OFDMA) and
radio ports to provide these resources, making it potentidy more - roqyires a sophisticated RAN architecture, which provides
efficient. Top-down optimizable RA!\I protocol de5|gp provices a hiah d itv of radi ts. Instead of ina th ¢ K
way to design RAN protocols, which support a wide range of ''9" G€NSIty ol radio ports. instéad of managing the netvasr
RRM algorithms, ensuring that RRM is not restricted by RAN @ Set of independent base-stations, user-centric RRM neanag
protocols. Combining the user-centric RRM with the top-down a network of inter-dependent radio ports. User-centric RRM
optimizable RAN protocol design approach seems to provide dynamically shifts assignment of radio resources throingh t
promising approach for advanced RRM in beyond-4G RANS. pAN coverage area as the users move to obtain virtually
ubiquitous coverage. Since the user may be multiple radio
Index Terms—Beyond-4G RANs, User-centric RRM, Cross- hops away from the core network, user-centric RRM needs
layer Optimization. to consider cross-layer RRM techniques between the network
and lower layers in the architecture.
. INTRODUCTION The cross-layer RRM nature of the advanced RANs brings
Hp two important questions for user-centric RRM: (1) how
to devise RAN protocols, which support a wide array of
BM algorithms, and (2) what is the relationship between

is not required uniformly in time and space over the coveral N pr_otocol_s an_d RRM algorithms_. AS was observed in
area of the RAN, but only where there are users and wh traffic engineering research [2], existing network pcots

those users need it. As the limiting factor in achieving higiiake it very hard, or impossible, to design effective networ
data rates is the distance between the transmitter and fignagement algorithms. It is therefore advisable to censid
receiver, the only way to achieve a ubiquitoua¥sailable high potential ,RRM, algorithms, while designing RAN prot.ocols..
data coverage is with an advanced RAN architecture progidiﬁ—he relationship .between th_e protocols and the algorllthms !
a dense mesh of radio ports. Clearly, using the cellular RAIghtly co_upled, since the various layers must communltmt(_a
architecture is not feasible from the cost perspective, rso &€ @lgorithms to be effective. In an advanced RAN, the tight
advanced RAN architecture is required. Many of the RAGPUPIING means that information may be transferred between
elements required for this architecture, such as diseibutMultiPle layers in a single network element and across pielti

antenna ports, femto base-stations, and various typedagte [2Y€rs of many network elements. o
are either already available, or are coming online in theezur VW& argue that recent research in top-down optimizable
standardization activities. The question, then, is: Howusth Protocol design should be used to devise user-centric RRM
the new RAN be utilized to achieve ubiquitously high dat!90rithms and RAN protocols, which implement them. Top-
rate, when and where required? down protocol design starts with a global utility maximinat

We argue that achieving this type of ubiquitous high da{gqble_m, whlch optimizes thg r.ate.s of.|nd|V|duaI users. The
rates can be accomplished by moving away from the systeffiective function of the optimization is chosen so that, at
centric radio resource management (RRM), used in cellufi}e oPtimum (equilibrium) point, the user rates satisfy som
RAN architecture. and toward advancaser-centric RRM.  Criterion specified by the network operator. The optimizati
System-centric R,RM uses a divide-and-conquer approagh subject to the availability of radio resources, which can
which assigns resources to cells first and to users second. YJRPOrt the optimum user rates. Then, one uses mathematical

the other hand, user-centric RRM assigns resources to udg§omposition to devise distributed algorithm and a corre-
sponding protocol, which solves the problem. We believé tha
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The main requirement for the advanced RAN is that
should cost-effectively provide ubiquitous high data rede-
erage, when and where required [1]. High data rate cover



Internet through direct wireless connections to RAN anshor
or through multi-hop wireless connections over other rglay
which connect directly to RAN anchors. A relay may have
multiple radio ports attached to it, as a base-station ward

may have to participate in hand-off and other RRM procedures
as a base-station would. However, a relay is not connected to
the RAN with a wired connection — it must at least connect
to a base-station to get to the Internet and it may connect
to the base-station in the network layer by using multi-hop
transmissions through other relays.

The advanced RAN contains various types of relays, which
vary in complexity. For example a relay may be a fairly
simple amplify-and-forward relay, which does not examine
the data flow, or a much more complex decode-and-forward
User Terminal relay, which examines and forwards packets. Since a relay
may route and forward traffic, it can be more complex than
a base-station. However, even the most complex type of relay
does not need an expensive wired connection to the backhaul,
nor does it need to be housed in a building; it only needs a

tion Il discusses various elements of the advanced RANs ap@iver connection and weather-proof enclosure.
how they interact with each other; Section Ill introducesrus ~ Typically a relay is also expected to have a shorter range

centric RRM; Section IV discusses top-down RAN protocdhan a base-station, so it requires a lower power amplifinati
design and its relationship to RRM algorithms. and thus cheaper power-amplifier than a base-station. €heap

power amplifier circuitry also makes relays cheaper thae-bas
station, from an engineering point of view.
The advanced RAN is mesh of RAN elements, where any
We now review the advanced RAN architecture, requirashe element can connect to any other element. Due to the
for beyond-4G networks [1]. The architecture consists @ft-hierarchy in the RAN, RRM does not belong to any given
many network elements: distributed antenna ports, femgée-baRAN element. In the advanced RAN, RRM is a network-wide
stations, and various types of relays (Fig. 1). set of RAN protocols, which implement or facilitate RRM
The essential part of the advanced RAN are radio ports.agorithms.
radio port may be located independently or collocated with
a more complex RAN element, such as a base-station or a
relay. If the radio port is located as a part of a more complex
element it may connect to the rest of the element, which ownsSo far, we have discussed the hardware implementation of
it, with a direct hardware interface. Otherwise, the radiotp the advanced RANs, which is a facilitator for user-centric
may be physically separated from the element, which owRRM proposed in this contribution. We now give an overview
it. In this case the radio port is connected to the elemeoft user-centric RRM. We overview the top-down approach for
with Radio-over-Fiber (RoF). Since radio ports are depibydrRAN protocol design next.
densely throughout the RAN coverage area, it may be possiblén 3G and 4G networks, the global radio resources are
for the user terminals to simultaneously send (and receidiyided amongcells. A cell manages its radio resources and
radio signals to (and from) multiple radio ports. This teiciue assigns them to users in the cell (Fig. 2a). As a user moves
has many names in the literature, such as “distributed aatenhrough the RAN coverage area it is handed-off from one cell
ports” [3], “coordinated multi-point transmission andeption to another, a process during which equivalent resources are
(CoMP)”, and in the 3GPP standardization process “Mulli-ceassigned to the user in the new cell. The two main problems
MIMO”, “Network MIMO”, “Network Cooperative MIMO”  with this RAN architecture is that the assignment of resesirc
[4], to mention a few. to cells is semi-static and not easily modified to track thedse
The base-station (RAN anchor) is an important element of the users and that cell splitting required for high datasa
the advanced RAN. It manages multiple radio ports and hasas a large cost.
wired connection to the Internet. RAN anchors do not require Instead of basing RRM on the cellular concept, as in 4G
radio resources to provide backhaul services. We distifguiand previous RAN architectures, we propose an RRM based
two types of RAN anchors: full base-station (full-BS) andn the concept of apot coverage (Fig. 2b). While in the
femto base-station (femto-BS). A full-BS is a gateway to theellular RRM radio resources are assigned to cells, in the
Internet for multiple RAN elements, while a femto-BS is advanced RRM, radio resources are dynamically assigned
gateway to the Internet for indoor elements. in time, frequency, and space to users through temporary
In addition to the various types of base-stations, the RAdbverage spots. A coverage spot is associated with a single
also uses many types of relays. Unlike base-stations, whigker and follows the user as it moves through the RAN
are directly connected to the Internet, relays connect & thoverage area. The advanced RAN provides radio ports, which

Internet

full-BS

Radio port

Fig. 1. Integration of the advanced RAN.

II. ADVANCED RAN ARCHITECTURE

I1l. USER CENTRICRRM FOR ADVANCED RANS



— e utility functions, which correspond to different types ofeun
satisfaction with the network. With a proper choice of yili

Q) ,77% functions [7], one may have an optimization that maximizes

Services
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the total “weighted proportional fairness”, a game thedoret
-~ - r optimum, “max-min fairness”, which eliminates starvation
Internet simply “maximum total throughput”. It is also possible to/ka
utility functions that take the combination of traffic andfit

into account [8].

Without getting into the mathematical details of utility
functions, one can still mention that the Transmission @ont
Protocol (TCP) was recently reverse engineered as a utility

v

- 5 optimization, which makes the network proportionally fair
B '**&*" 7& [9]. So, utility optimization gets its motivation from cmt
Cells A .

S RN network protocols, although the current network protoctus
(A--“%"\.:s ST "9{%"\ not necessarily get their motivation from utility optimians
T P R : [2]. By changing the utility function, one can easily design

(a) “Classical” RAN (system-centric) RAN protocols, which achieve different objectives in thelRRA

A system-centric optimization is

¢ am— Services

max Us(x1,. .oy Tm), (2)

| & N & |
Q} wherex, ..., z,, are the rates of thex users in the network,
N > = Affl/, Us(+) is the utility for the system, and the optimization

— Internet . maximizes the total system utility subject to the existeate

‘ user ratesgy,...,x, € S. In this case, the utility function
is chosen to represent the “satisfaction” of the network op-
erator with the rates. For example, “maximum area spectral
i ] efficiency”, or “maximum profit” may be one utility for the
< > system. We note that in 3G and 4G networks the space of

- Radio Access Network

5 available user rates is limited, since all radio resourceshat
’%’ - _,7§ available in all cells (they are assigned to cells in advance
f . % However, in general one can use a re-use factod @fnd
----- ;%55:&3% Coveragg_..;%é.x allow all radio resources to be available everywhere for a&mo
R v R efficient optimization.
User-centric RRM seems more appropriate for advanced
RANs for two reasons. First, it refocuses the network to
user needs, and away from the network operator nkeds.
Second, since the optimization function is composed of many
individual and independent components, the user-cenitic o
are used to create spot coverage and connect the user tonfigation is more amenable to decomposition and decererhliz
Internet. algorithm implementations. Indeed, this is why TCP is able t
The concept of the coverage spot is similar to the conce@@hieve a global network optimum, despite the fact that TCP

of “active zones” [5], “virtual cells” [3] and the “slide gup flows do not exchange information with each other.
cells” [6]. In each of those concepts, system resource& trac

Radio Port

............

(b) Advanced RAN (user-centric)

Fig. 2. Conceptual difference between RANSs.

the user as it moves _throggh the network. We use _the term IV. ToP-DOWN RAN PROTOCOL DESIGN
“coverage spot” to distinguish our usage of user-centritViRR )
which is not used in the previous approaches. Top-down protocol design was recently proposed as a
Formally, a user-centric RRM optimization is methodology to ensure that new Internet protocols support
. network management techniques [2]. The motivation for this
approach comes from the realization that many network man-
max Z Ui (xy), 1)

1T €S agement problems are complex due to the nature of network

. protocols, rather than some inherent difficulty in the peotl
wherezq, ..., x,, are the rates of thex users in the network, itself
U() is the utility O.f. user! _and the optimization maximizes Taking the top-down approach (Fig. 3a) first involves formu-
the total system utility subject to the existence of useegat lating a global optimization problem such as (1) or (2). 8inc

L1505 Tm € S, whereS is the set of alin-tuples of feasible the advanced RAN includes transmissions that span multiple
rate assignments.

The utility f_unCtion is cfhosen to represent the “satisfawti 1yt s ais0 possible to use utility functions, which combiretwork operator
of the user with the service (rate) it is getting. There ar@ynaneeds with user needs.



Since the search looks for OFDMA schedules that separate

Optimization Pﬁii;ggl interfering transmissions in time, frequency and spacés it
related to difficult graph colouring problems.
Decompose Observe With respect to (b), we note that unlike wireline networks
— — where link rates are constant and independent of other,links
Dﬁ;gfi"éﬁzd Dﬁ;gfi"éﬁzd in wireless networks, link rates are dependent on otheerint
fering) links. Changes in the upper layers require schaduli
Design Analyse changes in the wireless medium, so it is necessary to perform
v v rate control optimizations (across many network elements)

Optimizable Optimization? jointly with wireless scheduling (vertically in each elemte
Protocol It is therefore important to design RAN access mechanisms
and RRM protocols, which make the constraint set convex
(&) Top-Down (b) Bottom-up and distribute the required information efficiently throuipe
RAN.
Fig. 3. Protocol design approaches. Consider OFDMA schedules for three concurrent transmis-

sions, which must be separated in time and frequency (Fig. 4)

hops, this optimization considers multiple layers in the- neThe first schedule (Fig. 4a) allows any OFDMA pattern and

work stack. The second step is to solve the global optindrati Ea.n be viewed as ?l graph cglour;]ng prﬁb:jeT. _In ?ddlt'on 0
with a distributed optimization algorithm. Finally, a poobl is eing computationally expensive, that schedule Is alsoeit

designed to implement the distributed optimization aldni practical due to the large amount of information required to

In practice, a single protocol may be easily parameterined q'St_”bUte |tr.]_TEe seco_nd _schedu(ljef(Flg. 4b) is restnctedectjtg
perform multiple optimizations, based on its paramete}ls [2 regions, which span in time and frequency, corresponding to

The alternative is to devise algorithms and protocols lnotto 802.16j type schedules. Finding these types of schedules is

up (Fig. 3b), by first devising RAN protocols and then de\gsineven harder than graph colouring [13]. The third schedule

RRM algorithms, based on the protocols. The problem Wi{{l‘l:lg' 4c), res_tncts fransmissions 1o data strips, spagimin
ime, but not in frequency.

that approach is that it may result in very hard RRM problems, ~* d . finding the third
which may not be easily solvable or distributed. Since the As it tums out, under some cwcu_mstgnces inding the thir
of schedules takes polynomial time [14] and can be

advanced RAN has many non-heterogeneous elements, , S ) )
protocol design may also get bogged down in working O&psny distributed [15]. Of course, the advantage in easier

the various inter-operability issues in the RAN, rathernthdMPlementation is somewhat offset with lower performance.

focus on how to achieve the ultimate goal of providing th%levertheless, to take adyantage of di_stributed scheduling
ubiquitous high data rate coverage with advanced RRM. protocols, one should design RAN Medium Access Control

One example of bottom-up protocol design is TCP, WhiCWAC) protocols which allow good OFDMA frame patterns.

was widely successful in wired environments, but did notkvor
well in wireless environments [10]. As it turns out, TCP abulB, |oad-Balancing in the Backhaul

?elizrzee?fg\r/te}lr?Fr)eegelgr(t:ueoﬁg-d-g\(l)vvr\]/r:var{)t[gl’o\;vglecs? ip[urmr;]d the Future OFDMA based MACs are expected to be scheduled
P P 9 ® (as opposed to 802.11’s best-effort), even in multi-hopasit

with promising results. : .
We now outline three factors, which we believe to be bert1'-on3' This means that the end-to-end delay can be cordrolle

eficial in top-down protocol design: restrictions on OFDMAtat the INgress part of the netv\{ork gnd does r_lot vary with
L 2 he competing end-to-end traffic. Without getting into the
schedules, implicit load-balancing in the backhaul, anel th, ~ . . o )

: o . details of this type of network, which is sometimes referred
fact that scheduling access is different from schedulirgy th B N )
backhaul tq as a stqp-and-go queuing network [16], we can say that
' since the wireless access is scheduled throughout the rietwo
hop-by-hop load-balancing is achieved implicitly by simpl
A. Restrictions on OFDMA Schedules forwarding trafﬁC.

In the utility RRM optimizations (1) and (2), the utility The lack of load-balancing is a major reason why many
function can be chosen arbitrarily, so the difficult part ifier wired network traffic management problems are difficult [2].
optimization is the constraint set over which the optimurWithout load-balancing a network traffic management opti-
should be foundgy,...,z,, € S. The problem is that (a) mization must, in addition to optimizing end-to-end traffic
this set is usually not convex, making the optimization hareénsure, that all traffic only traverses one path between the
and (b) due to the inter-dependence of wireless links, mushurce and the destination. The requirement on the solution
of the information that forms the constraint set is distriali to only use one path makes the optimization a more difficult
throughout the RAN, horizontally across network elements a“unsplittable flow” problem [17].
vertically within the network elements. Due to it use of scheduled MACs in the advanced RAN,

With respect to (a), we note that the set of available ratestwork wide RRM can be simplified with implicit load-
depends on “optimum” OFDMA scheduling, which usuallypalancing. One can consider optimization problems, which

requires an exhaustive search over the available schedutesult in multi-path routed solutions. In a wireless netwa
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Fig. 4. Types of restrictions on OFDMA schedules.

network layer solution using multiple paths also benefibsrir
using multiple radio ports, thus increasing diversity. €nthis
scenario, one can truly talk about “network MIMO”. One wa
to achieve all of the above goals is to use a multi-hop MAI

protocol, which includes a multi-path routing componenymd?15]
be a good approach to combine network layer and MAC Iayﬁ%]

functionality and take advantage of the load-balancing.

C. Scheduling Access is Different from Scheduling Backhaul

of the wireless channel and the offered traffic. The wireless
channel in the backhaul varies more slowly than the wireless
channel in the access network. Traffic patterns also change
more slowly in the backhaul than in the access network, due to
the static nature of relays. So, backhaul RRM algorithms and
the resulting RAN protocols can be more accurate, although
they may be slower to converge, than in the access part of the
network.

V. CONCLUSION

We propose a promising new approach for combined RAN
protocol design and RRM algorithm design for beyond-4G
RANSs. The new approach uses top-down methodology of for-
mulating RRM optimizations, solving them with distributald
gorithms and then designing RAN protocols, which implement
the algorithms. It is possible to design parameterized RAN
protocols, which depending on the parameters solve differe
RRM optimizations. We outline several factors, which slioul
be considered in the future standardization efforts to nth&e
top-down approach more viable.
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