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Abstract—We consider a cellular network or a wireless lo-
cal area network (WLAN), deployed with attachment points
(APs) capable of transmission and reception in multiple radio-
frequency (RF) carriers. A major factor contributing to the
efficiency and stability of the network is the mechanism deter-
mining the connection of terminals to the appropriate AP and
the RF carrier. This paper describes a practical, distributed,
network-assisted and terminal-driven mechanism to determine
the connections for load-balancing among the available RF
carriers. The mechanism is based on a metric that we term as
the service level indicating metric (SLIM). We extend the notion
of SLIM to cases where Quality-of-Service (QoS) parameters are
specified and propose a load-balancing mechanism for such cases.
We demonstrate the near-optimality of the proposed mechanisms
through 3GPP based simulations.
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I. INTRODUCTION

Wireless networks have experienced phenomenal growth in
the last twenty years and the trend is expected to continue
further with wider adoption of 3G, 4G and wireless LAN
networks. The capacity or the data throughput share of indi-
vidual users is reduced with increasing number of users in
such networks. The primary mechanism to increase capacity
is addition of further spectrum to the network'. Wireless net-
works are, however, designed to operate in a fixed bandwidth,
referred to as the channel or the carrier. For example, the
EVDO-RevA system was designed to operate in a bandwidth
of 1.25MHz and the 802.11b based wireless LAN system was
designed to operate in a bandwidth of 22MHz. Although next
generation wireless systems are typically being designed to
provide flexibility in terms of the bandwidth of operation, it
might be unreasonable to wait for the availability of these
systems to improve the capacity of the network. In addition,
if the newer systems do not support existing wireless devices,
then the capacity upgrade might be an expensive operation.
In light of this, a preferred approach to the capacity problem
is to stack multiple radio-frequency carriers or channels as
shown in Figure 1.

In such a multi-carrier network, the Attachment Points
(AP), Base Stations in cellular networks and Access Points
in WLAN, can connect to wireless terminals (WT) on one or
more of several radio-frequency (RF) carriers. For example, a
cellular network based on EVDO-RevB [1] is one such system
where multiple carriers can be aggregated to enhance the

ICell-splitting can result in capacity increase only up to a certain extent

Fig. 1.  Example of a multi-carrier system with C' = 3 carriers with
carriers denoted by f1, f2, fa in each cell. Carrier transmission powers can
be different and is proportional to the radius of the circle representing that
carrier in the figure.

capacity. Another example is a wireless LAN system deployed
in infrastructure mode with each AP transmitting on multiple
orthogonal wireless LAN channels [2], [3]. A third example
is a network based on Flash-OFDM where the network can
transmit on up to three 1.25Mhz wide carriers [4]. The total
capacity available in the multi-carrier network scales with
the number of carriers that are supported. The network can
provide service to WTs that have different radio-frequency
capability. For example, legacy WTs or inexpensive WTs,
designed to keep the cost and power consumption low, can
have single-carrier radio-frequency capability while WTs with
higher data rate requirements can be capable of multiple
carriers.

The APs can transmit multiple carriers at equal power
levels or at different power levels, with power levels de-
signed to provide different frequency re-use factors. For
example, the Flash-OFDM network implements a scheme
called ‘Flexband’ [5], variations of which have been adopted
in next generation wireless systems, and known variously as
fractional power reuse, fractional frequency reuse and partial
frequency reuse [6]. A simple SIR or signal power level based
connection mechanism is insufficient with multiple carriers.
The SIR and signal power measurements will be near-identical
when multiple carriers on an AP are transmitted at equal
power levels. With multiple carriers at different power levels,
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the carrier of the highest power level will be the preferred
connection, resulting in a non-optimal configuration. The
performance of a multi-carrier network depends on the load-
balancing mechanism that determines the WT connections.

The EVDO-RevB network and many enterprise deploy-
ments of the Wireless LAN network employ a centralized
controller or a switch that can decide on the appropriate
connections. The centralized controller determines the con-
nections of the WTs to the appropriate AP and the carrier,
achieving the appropriate load-balancing. Load balancing in
wireless LAN has been addressed primarily through central-
ized mechanisms in [7], [8]. The Flash-OFDM network, on
the other hand, has an architecture that does not include a
centralized controller, and the connection decision is made by
the WT based on information gathered from the network. A
“flat” network architecture [9] with no centralized controllers
is increasingly the trend in future wireless system designs,
and offers advantages in cost and simplicity of the network.
This paper describes a network-assisted, terminal driven,
distributed load-balancing mechanism that is appropriate for
such networks.

The distributed mechanisms proposed in this paper has
the simplicity required for a practical real network imple-
mentation, and yet achieves the near-optimal configuration
desired. Variations of the proposed mechanisms have been
implemented as part of the Flash-OFDM system. This paper
introduces the set-up and presents the mechanisms, along with
simulations that demonstrate the near-optimality. Analysis of
optimality and convergence is expected to stem from future
work. The major contributions of this paper are summarized
below.

o We introduce a metric called the “Service Level Indicat-
ing Metric (SLIM)”, a metric that provides a measure
of the user experience and is the basis for our load-
balancing mechanisms.

o For a network offering best effort service with no quality
of service (QoS) differentiation, we propose a mechanism
that achieves load-balance across multiple carriers in the
network. We demonstrate through simulations that this
mechanism achieves a performance close to optimal in
terms of a network-wide throughput criterion.

o For a network offering QoS, we propose a QoS aware
load-balancing mechanism, that achieves load-balancing
between multiple carriers to minimize the outage proba-
bility of WTs with QoS requirements, while maximizing
the network-wide throughput criterion for non-QoS WTs.

The paper is organized as follows. Section II describes
the system setup and the load-balancing mechanism. The
mechanism is extended to support quality-of-service (QoS)-
requirements in Section III. Simulation methods and results
are presented in Section IV and we conclude with Section V.

II. LOAD BALANCING MECHANISM

A. System Setup

Consider a system with N WTs and M APs where each AP
transmits on C' carriers as shown in Figure 1. For simplicity,
let the terminals be all single-carrier capable. The terminals
establish a connection to a given AP on one of the carriers
transmitted by the AP. Let o; denote the AP and ¢; the carrier
on that AP that terminal ¢ connects to. Let A(k, ¢) be the set of
all WTs that are connected to cth carrier transmitted by AP k.
Let L(k, c) be a number which we call the carrier load-factor
corresponding to AP k and carrier ¢, representing the usage of
capacity on that carrier. For now, we set L(k, ¢) = ||A(k, ¢)
where ||.|| denotes the cardinality of the set so that ||.A(k,c)]
is the number of WTs sharing that connection.

Load-balancing is facilitated by information that the ter-
minal obtains from the network. It is assumed that each AP
exchanges information with a set of neighboring APs over the
back-haul connection. The mechanism that enables each AP to
build a neighbor-list and communicate with those neighbors
without the assistance of a centralized controller, is outside
the scope of this paper. The communication between the APs
enables each AP to accumulate local network information
relevant for the load-balancing mechanism. This information
is broadcast by the AP on each of the carrier it transmits on
and is read by the terminals connected to the AP.

The broadcasted network information relevant to the load-
balancing mechanism includes the carrier load-factor. In ad-
dition, if multiple carriers are transmitted at different power
levels, then the relative carrier transmit-power levels are also
included in the broadcast information. The WT measures
the strength of the radio-frequency signals by measuring the
received power of the acquisition signal from a set of APs in
the vicinity of the terminal. This information, combined with
information on the relative carrier power levels that the WT
reads from the broadcast, enables the WT to derive the signal-
to-interference ratio (SIR) that it would potentially experience
on a connection.

)

B. Service Level Indicating Metric (SLIM)

A simple criterion for selecting a connection can be that
the measured SIR for that connection. However, the SIR
measurement results in an uncertain choice among carriers
with equal powers, and biased choice with carriers at different
power levels. So it is imperative that the connection selection
decision take into consideration factors beyond the measured
SIR to achieve load-balancing. The user experience depends
upon the SIR and the allocation of time slots and frequency
bins, referred to as time-frequency resources in the rest of the
paper. We present a metric that captures the user experience
under different schemes used for allocation of the time-
frequency resources.

The load-factor information is combined with the SIR to
calculate a metric that we refer to as the Service Level
Indicating Metric (SLIM) which will be indicative of the user
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experience of the WT on a given connection.

s it k= oj,0=c;
si(k,c) = o e U ' 1
(k) % otherwise )

where ;(k,c) is the SIR on AP k and carrier ¢ calculated
by the WT by obtaining appropriate information from the
network. The SLIM value s;(k, ¢) is an indication of the data
rate that the WT can obtain if it were to connect to AP k& on
carrier c. If the time-frequency resource allocation policy is
that of equal allocation to all the connected terminals, then the
data rate experienced by each WT will indeed be proportional
to the SLIM associated with that connection.

In practice, the resources are not equally allocated for
various reasons including provisioning QoS treatment to WTs.
The SLIM definition can be modified to incorporate alternate
time-frequency resource allocation policies. For example, a
weight-based resource allocation policy does not grant any
WT a strict priority over others, but allocates time-frequency
resources to WTs according to weights, specified to reflect
relative priorities between WTs. A network implementing this
resource allocation policy can set the carrier load-factor to

Lik,e)= Y w )
i€ A(k,c)

The SLIM calculation changes to

wilog(1+%i(k0))  if L — 5 ¢ = ¢
5i(k:0) = wloa(ti1(k0) e 3)
% otherwise

Further extension of the SLIM metric to cases involving WTs
with strict QoS requirement and a resource allocation policy
that strictly prioritizes QoS WTs are discussed in Section III.

C. Load-Balancing Mechanism

We propose the following scheme for selecting the appro-
priate connection for each WT 4.

Algorithm / (Distributed Load Balancing Mechanism):

At each WT 1:

1) Calculate the SIR v;(k, ¢) from the network information
and a measurement of the acquisition signal.

2) For each carrier ¢, select AP k(i,c) that results in the
maximum SIR:

k(i,c) = argmax,vy;(k,c), c=1,...,C 4)

3) Calculate the SLIM for each connection in the set
{k(i,c),c=1,...,C}.
4) Pick the carrier ¢; with the highest SLIM

¢; = argmax_s;(k(i, ), c) ®)

and connect to AP k(i, ¢;).

Remarks:

1) In practice, the WT can calculate the SIR for only
the connections on which the acquisition signal can be
detected and measured by the WT.

2) The number of SLIM calculations required is equal to
the number of carriers supported by the network.

3) The mechanism ensures that the WT is always con-
nected to the AP of maximum SIR on a given carrier.

4) The mechanism ensures that the WT is connected to the
carrier on which it measures the highest SLIM.

Notice that the mechanism chooses between multiple car-
riers based on SLIM but within a carrier the choice of the
AP is based on the SIR. This ensures the stability of the
cellular architecture whether it is a wide area network based
wireless system or a wireless LAN system operating in the
infrastructure mode.

III. QOS AWARE LOAD-BALANCING

We extend the SLIM based load-balancing mechanism to
incorporate quality-of-service (QoS) framework. We consider
a priority-based QoS policy. In a network implementing
priority-based QoS, a set of WTs (QoS-WTs) Q(k, c¢) at each
AP k with QoS requirements {3;} have strict priority over
non-priority WTs (BE-WTs), who are offered a best-effort
service and grouped into set B(k, c).

With QoS-WTs, it is no longer sufficient to design a load-
balancing mechanism that optimizes a network-wide criterion
based on WT data-rates. Instead, the mechanism has to
take into account the likelihood of satisfying requirements
of the QoS-WTs, while optimizing a network-wide criterion
based on data-rates of BE-WTs. With strict prioritization of
QoS traffic, the likelihood of a connection satisfying QoS
requirement is a function of the number of QoS-WTs on
that connection alone, and is independent of the number of
BE-WTs. The data rate of a BE-WT is a function of both
the number of BE-WTs and the number of QoS-WTs on
that connection. We propose a QoS aware load-balancing
mechanism that takes into account these considerations.

The resource allocation mechanism operating in the net-
work is assumed to strictly prioritize QoS traffic by reserving
a fraction of time-frequency resources. Let F'(k,c) < 1
denote the fraction of time-frequency resources utilized by
AP k on carrier ¢ to serve QoS-WTs. We do not go into the
precise resource allocation mechanism through which the QoS
requirements are met but discuss possible ways to calculate
the fraction F'(k,c) at the end of this section. The network
information is now assumed to consist of a carrier load-factor
L(k,c) = ||B(k,c)| reflecting the number of BE-WTs on
a connection and the fraction F'(k.c). The QoS WTs in set
Q(k, ¢) calculate SLIM as

si(k,c) = (1 = F(k,c))log(1+ ;(k,c)) (6)
The Best-Effort WTs in set B(k, ¢) calculate SLIM as

(A=F(k,c)) log(1+i(k,c))
S?(kjv c) =

if k=o0;,c=c¢

L(k,c)
(1—F(k,c)) log(1+~; (k,c))
T+L(k0)

otherwise

)
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The load-balancing mechanism remains the same as in Al-
gorithm 1. The fraction (1 — F'(k,c)) indicates the fraction
of time-frequency resources that are available to existing BE-
WTs and any QoS-WT that intends to establish connection.
The SLIM value for BE-WTs s%(k, ¢) is an indication of the
data rate that the BE-WT can obtain if it were to connect
to AP k on carrier ¢. The SLIM value for QoS-WT s!(k,c)
is an indication of the resources available to satisfy the QoS
requirement 3; at AP & on carrier c.

The calculation of the fraction F'(k,c) of time-frequency
resources used to serve the QoS-WTs will, in general, depend
upon the implementation of the mechanism that allocates the
time-frequency resources. For example, this mechanism is im-
plemented through an explicit scheduling algorithm in Flash-
OFDM and through a contention-based algorithm in wireless
LAN. However, we can provide the following guideline for
the calculation of this fraction. Suppose the QoS requirement
0; is a fixed rate r; for the QoS user i. If B is the frequency
bandwidth of the system, then a reasonable estimate of the
fraction f; of the time-frequency resource can be given by

i
/i Blog(1 + ~i(oi,ci)) ®

If the QoS requirement [3; is a tuple consisting of fixed rate
r; and delay 7;, and we can further make M/M/1 assumption
on the packet queue model [10], then the fraction can be
calculated as

ri—i—l/ﬁ

fi= Blog(1 + (04, ¢i))

(€))

where we have assumed that the delay is predominantly
queuing delay and the WT data rate with fraction allocation f;
is f;Blog(1l + ~i(04,¢;)). In either case, the fraction F'(k,c)
for each connection is given by

F(ke)= Y fi

1€Q(k,c)

(10)

We note that the guideline used for the calculation of the
time-frequency fraction to satisfy a given QoS requirement j3;,
can also be used to as a guideline for distributed admission
control>. The admission control mechanism determines the
likelihood of satisfying the QoS requirements of a QoS-WT,
and permits access to the WT if the likelihood is sufficiently
high. With a fixed rate r; as the QoS requirement of WT 4,
the following distributed admission control decision can be
employed: Admit if (1 — F'(k,c))log(1 4+ vi(oi,¢:)) —ri >
0 and do not admit otherwise with o; and ¢; being the AP
and carrier respectively, selected through the load-balancing
mechanism.

IV. SIMULATIONS

We demonstrate the performance of the SLIM-based load-
balancing mechanisms in a cellular network, using a simplified

2 Admission control is the mechanism used in cellular networks to deter-
mine if a terminal should be allowed to connect to the network.

version of the 3GPP network and path loss models [11] that
are adopted by the wireless industry.

We can consider the performance of the load-balancing
mechanism by defining an objective measure on the data
rates {r;} allocated to the WTs. One such measure is the
maximization of the sum of the logarithm of the data rates of
all the WTs in the network® subject to feasibility condition:

max >, log(r;)

subject to  {r;} € R (1n

where R represents the feasible data rate region across all
possible WT connections. The solution to the above problem
requires a search over all possible combinations of WT
connections to the network and is computationally expensive.
To demonstrate our mechanism, we consider an approximation
to the optimal scheme which we call the ‘optimal approx-
imation’(OA) mechanism. Let A(k) be the set of all WTs
connected to AP k and let r;(k, c) be the WT data rate when
connected to AP k and carrier c.

Algorithm 2 (Optimal Approximation (OA)):

1) Calculate the SIR ~;(k, c) for each i, k, c.
2) Select the AP for each ¢ that results in the maximum
SIR across all carriers:

ki = argmax; .vi(k, c) (12)

3) Pick l~c,- as the AP for WT i and pick carriers within AP
k; such that

¢; = argmax, Z log(rj(i%c))
JEA(k;)

(13)

In effect, the OA calculation first selects the AP for each WT
based on a SIR maximization criterion, and then allocates
WTs to carriers within each AP through a maximization of
the sum of the logarithm of the rates. This is a reasonable
approximation to the optimal since we simulate cases where
the spread of WTs is even across APs. The focus then is on the
performance of the load-balancing mechanism in determining
the appropriate carrier within each AP so as to maximize the
overall objective.

The basic assumptions and parameters for the simulations
are in Appendix A. We assume that there are three carriers in
each sector. We consider two different cases of carrier power
levels within each AP.

1) Equal Power (EP) on all 3 carriers.

2) Fractional Power (FP) configuration where the strongest
carrier is 6dB stronger and the weakest carrier is 6dB
weaker than the third carrier.

Figures 2 and 3 plot the cumulative distribution (CDF) of
the SIR and the data rates for the cases with equal power
carriers and fractional power carriers. The distribution of both
the SIR and the data rates with our load-balancing mechanism

3Such a measure is termed proportional fairness.
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is similar to the optimal approximation. The performance gain
in the fractional power case as shown in Table I is retained
even with our distributed load-balancing mechanism.

In networks with QoS requirements, the load-balancing
mechanism needs to strike a balance between satisfying the
QoS requirements and achieving high data rates for the best-
effort WTs. We assume that QoS WTs have a fixed rate
requirement of r; = 100kbps. Table II shows the performance
of the QoS aware mechanism introduced in Section III when
the average number of WTs in each sector is varied from 20
to 60, with equal number of QoS and Best-Effort WTs. In
addition to throughput of BE-WTs, we tabulate the outage
probability of QoS-WTs, which is the percentage of QoS-
WTs that cannot be allocated an average of 100 kbps of fixed
rate requirement over multiple instances of a shadow-fading
channel. It can be noticed that QoS aware SLIM provides
significant improvement in outage probability for QoS WTs.
Figure 4 plots the CDF of the data rates of all WTs in the
network.

TABLE I

ACHIEVED DATA RATES
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Equal Powers | Fractional Power
Avg. AP data rate 7549 kbps 9240 kbps
Avg. WT data rate 130 kbps 148 kbps
Median WT data rate 99 kbps 105 kbps
90 % WT data rate 250 kbps 105 kbps
10 % WT data rate 46 kbps 64 kbps
CDF
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Fig. 4. Data rate distribution with 40 WTs per sector on average.

V. CONCLUSION

We proposed a distributed mechanism for load-balancing in
a cellular-like wireless network with attachment points deploy-
ing multiple carriers. We introduced a metric, SLIM, based
on which the distributed mechanism achieves load-balancing.
The SLIM metric was extended to the case where WTs need
QoS treatment. A load-balancing mechanism to achieve an
appropriate trade-off between QoS outage and throughput
was proposed. Simulations with realistic 3GPP based models
demonstrate the near-optimality of our mechanism.

Although we demonstrate the near-optimality of our mech-
anism through simulations, it would be desirable to analyze
the performance of the mechanism in a mathematical frame-
work to demonstrate either the optimality or the distance to
optimality of the mechanism. In addition, the convergence of
the algorithm needs further analysis. We expect such analysis
to stem from future work.

Load-balancing mechanisms operate with one degree of
freedom, the choice of an appropriate connection for each
WT, to achieve a network-wide objective. A wireless net-
work provides additional degrees of freedom in the form
of power, time-slots, bandwidth of transmission, and use of
multiple antennas that provide a spatial degree of freedom.
The appropriate use of these degrees of freedom to achieve
a network-wide objective encompasses the functionality of a
scheduling algorithm. Further work is required to design a
joint scheduling and load-balancing mechanism to maximize
a network-wide objective.
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TABLE II
OUTAGE AND DATA RATES FOR QOS AWARE SLIM (Q-SLIM) AND NON-QOS SLIM (NQ-SLIM)

Number of Users | Best-Effort Rate (Q-SLIM) | QoS Outage (Q-SLIM) | Best-Effort Rate (NQ-SLIM) | QoS Outage (NQ-SLIM)
20 6.01Mbps 0% 8.08Mbps 0.01%
30 4.37Mbps 0% 6.25Mbps 1.18%
40 4.06Mbps 0.02% 5.09Mbps 5.51%
50 2.49Mbps 1.43% 4.74Mbps 13.37%
60 1.24Mbps 6.21% 4.05Mbps 20.53%

C. Radio configurations

1) Carrier frequency: f. = 450 MHz

2) BW per carrier: 1.271250 MHz

3) Number of carriers: N = 3 (Equal Powers or Fractional
Power) In Fractional Power configuration, the power of
the strongest carrier is 6 dB higher than that of the
second strongest carrier and the power of the weakest
carrier is 6 dB lower than that.

D. Propagation
1) Distance-dependent path loss:
PL(r) = 46.3+33.9logy(fc) — 13.821ogo(hap)
+ (44.9 —6.551og,((hps))logy(r)

- (1.1 loglo(fc) - 0'7)hWT
Fig. 5. Distribution of WTs across cells and their connections. + (1-56 loglo(fc) - 0-8)

for rkm, f-MHz, hpm, hyrm.
2) Shadowing introduced for QoS results.
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