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Abstract-A fundamental question in a wireless cellular sys-
tem is how to allocate base stations, radio transceivers, and
channels in an efficient manner. This question becomes dif-
ficult when operators must react to burgeoning demand.
This paper explores a pure ad hoc approach where call
requests are given the first available channel that meets
signal quality requirements, radio transceivers are added
immediately to base stations without sufficient radios, and
new base stations are placed immediately at a caller’s loca-
tion when their request can not otherwise be met. This ad
hoc resource allocation has the advantage that it requires
no prior planning or assessment of traffic demands. We
view this as a case that bounds current cellular resource
allocation practice. We show that the ad hoc performance
in terms of total required resources to meet a demand in a

provide sufficient coverage, and then split cells as dic-
tated by demand [10, 11, 12]. Radio receivers are added
to overloaded cells. Channels are allocated usingfixed
channel assignment (FCA) or some form of dynamic
channel assignment (DCA) [9, 13] that avoids the com-
plex optimization associated with a fixed channel
assignment FCA [8].

In this paper, we take this approach to an extreme
in what we denote ad hoc cellular resource allocation
(ACRA). ACRA will be formally defined later but can
be summarized as follows. In ACRA we use the sim-

given area is similar to more carefully planned systems

that are given prior information of the traffic distribution. plest form of DCA that assigns the first channel that

meets the signal quality requirements. Radios are added
immediately to BS with insufficient radios to carry a call

Ideal two-dimensional cellular systems place radio bas&eduest when call blocking is, too high. New BS are
stations (BS) according to regular hexagonal grids [10placed immediately at a caller's Iocgnon when no chan-
11, 12]. Current cellular and PCS systems, with theirn®l can carry the call and call blocking is too high.

small cell sizes, depart significantly from the ideal hex- We feel this algorithm has merit for several rea-
agonal layout due to terrain variations, difficulties in site sons. First, as noted already formal planning is difficult
acquisition, and space variations in mobile station denznd ACRA can be considered as a bound on the perfor-
sity [7]. In quickly deployed ad hoc military or emer- mance of any algorithm that incorporates more formal
gency communication systems, little or no planning mayp|anning. Second, although we would expect ACRA to
be possible. Distributed campus wireless LANs may adgyrqduce somewhat random patterns of BS deployment,
communication elements in a distributed fashion withyrevious work on random deployments has shown that
little coordination between departments. Such smalleg,qer log-normal shadow fading they can have perfor-
operators may not have sufficient resources or expertisgiance approaching ideal hexagonal systems [3, 4, 5].
for a formal deployment plan. Further, little theory Thirg we would expect ACRA to do better than random
guides how to evolve cellular networks over time 10 yacement since the area near a BS has sufficient signal
meet growing demand. The question we address is hoyy, ,se any available radio channel. Thus, we would
to allocate network resources in such environments. gy a0t new BS to be well spaced relative to existing BS.
Cellular resource allocation exists on three timegina, ACRA assumes nothing about the traffic distri-

scales. On the seconds time scale, a call request arriv%%ltion or how it might evolve over time and so provides
from a user and the cellular system must decide the BSd framework for BS deployments over time

and channel combination to assign to the user. At the
next time scale (days or weeks) the operator may add  The next section presents a user and radio model.
more radio receivers to a BS that has excessive blockSection Il presents the ACRA algorithm. Section IV
ing. At the longest time scale an operator may choose te@valuates the performance of the model under a number
add additional BS to cover traffic concentrations thatof different scenarios and results are presented in
reach the limits of frequency reuse or to cover holes inSection V. Section VI discusses practical aspects of the
coverage. algorithm. We will show that the ACRA model yields
Cellular operators often take a demand basedellular deployments that are close to the resources in an
approach whereby they start with a deployment roughlyideal hexagonal layout, and adapts to a number of differ-
based on hexagonal cellular design principles in order t@&nt scenarios.

I.  INTRODUCTION
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Il. M ODEL: C/I and blocking requirements.

This section details the model used for this paper. Thelll. A p Hoc CELLULAR RESOURCE ALLOCATION :

model covers both sparse range-limited cellular SyStemiCRA consists of three components: channel assign-

and low-power, interference-limited, high-density grids . . .
P 9 Y9 Went, radio transceiver allocation, and new BS place-

of BS such as described by Cox and references therei . .
[6, 7]. To focus on resource allocation many of the ment. We pause to emphasize that the ACRA algorithm
détails are abstracted or stripped away is unrealistic in the sense that it allows resources to be

All BS and mobiles have identical transmit power instantly allocated or reallocated, but it does provide a

antenna gains, etc., and the path loss is an inverse pow sis for understanding how more realistic ad hoc
law with path loss exponergt All antennas are omni- eployments behave (See Section VI.).

directional with no variation in the vertical radiation pat- A. Dynamic Channel Assignment

tern (i.e. they are isotropic). Rayleigh fading (aka small-Many DCA schemes are known [9] and the goal of this
scale fading [14]) is treated by micro-diversity tech- paper is not to find the best of these schemes. The goal
niques in the radio channel and considered outside thinstead is to show representative performance with
scope of this paper (so-called local mean statistics [1])DCA.

Shadow fading (aka large-scale fading) is modeled as We consider a simple form of DCA. At each call
independent log-normally distributed multiplicative arrival, the user attempts to access the strongest BS. The
noise,¥, on the signal strength received from each BS.BS can assign any channel it is not using in its cell to the

It is well modeled by a log-normal density [6]: new user subject to two criteria. The first criteria is that
_onyrf the uplink and downlink for the chosen channel must
p(W) = 1 e 2Ue D, (1 meet the required C/I for the radio. The second criteria
P./2To is that the addition of this new call cannot cause any

so that the fading factor has mean 1 and one standareixisting radio link to drop below the required CII.
deviation includes from #/to o. Within this criteria, several channels may be available

Users are uniformly distributed, do not move which could be ranked by the carrier or interference sig-
while communicating, and remain on the same channehal strength or the C/I. A number of algorithms are
throughout the callN orthogonal channels are available available (e.g. [2]). We choose a simple algorithm. The
and each channel carries one user. Being orthogonathannels are numbered from 1Xb The smallest num-
adjacent channel interference is ignored and only cobered channel that meets the criterion is assigned.
channel interference is considered. In an FDMA-based Note that the mobile restricts his access to the
cellular system, each channel is a separate frequency. ktrongest BS. Even if the mobile queried all BS, only the
a TDMA-based cellular system each channel is a freBS with the strongest signal, calllit will ever be used
guency and time-slot pair. In a CDMA-based cellular by a mobile in DCA. The C/I on a given channel is max-
system each channel is a frequency and spreading codmized by using the strongest available BS for the sig-
pair. For simplicity, we assunm¢FDMA channels. nal. If this channel is not occupied & then b, by

Calls are generated via a Poisson process witllefinition, is that BS. If this channel is occupiediat
exponential call holding time. Call set-up is instanta-than using any other (weaker) BS yields a downlink C/I
neous with no distinction between user originating or< 1. This contrasts with FCA where if none of the
user terminating calls. We consider uniform and non-assigned channels are availablebatthen the mobile

uniform traffic distributions across the plain. must attempt at another BS. Note also, that under
Channel quality is measured as the uplink andshadow fading the strongest BS is not necessarily the
downlink carrier to interference ratio (C/1): closest.
_ - —€[] All N channels are checked with every arrival.
C/1 = Ygdg /E\IB+ Izq’idi o 2) This means that BS transceivers can use any of\the

channels. A call is blocked if either the strongest BS
does not have a sufficient number of transceivers, or if
no channel has sufficient C/I.

wheredsg is the distance from the mobile to the signal
BS, {d} is the set of distances to co-channel interfering
BS’s (on the downlink) or mobiles (on the uplink), and
Ng is the normalized background noise power. B. Base Station Transceiver Allocation.

The performance of a deployment strategy is inThe system tracks the number of call arrivals and the
terms of the total resources to meet a performance tamumber of call arrivals that are blocked and computes
get. It is measured by fixing a required C/I threshdld, the measured call blocking rate. If a call is blocked by
a maximum call blocking ratéB,,,, and measuring the the DCA algorithm, and the measured call blocking rate
total number of BS and radio receivers required to meets less tharB,,,,, the maximum call blocking rate, then



the call is blocked. If the measured call blocking rate issimulation into two phases. A construction phase where
greater tharBy,, and the call could be carried if the resources are added via ACRA for a periodi@farriv-
strongest BS had an additional radio transceiver, than als. After this initial period blocking statistics on the
radio transceiver is added to the BS and the call is carnextAg arrivals is recorded in an evaluation phase.

ried. For call arrivals, the user is first placed in a disc of
unit radius centered on the origin. We consider two dis-
tributions. The first is a uniform distribution across the

and the call can not be carried through DCA or anotherdi$c,' Thﬁ secolnd_ chtc:oses a .rfadiuls ?nd angle fLom the
radio transceiver allocation, then a new BS with one®Mgn- The angle is chosen uniformly from [012 The

radio transceiver is placed at the location of the caII,radlus is given byq m_Od,l’ vyhere< is a normal G.auss-.
requester. ian. The latter user distribution, denoted Gaussian, sim-

When a new BS is deployed, it now becomes theulates a variable user concentration across an area that

strongest BS for some currently carried calls. For sucPeeurs in pr_actlcal systems. ,
calls, the call and its radio transceiver are immediately _ 1he signal power from the user to each BS is
transferred to the new BS. Though in the long run thisd€fined via:

rearrangement mechanism may not be necessary, it was P = Wij de (5)
found in simulations that it smoothed transient behanherepij is the power of the signal from uskto BSj, K

iors. is a constant containing the transmit power, antenna
IV. SIMULATION ° gains, etc.dj is the distanc_e from uséto BSj, € is the
_ _ _ path-loss exponent, ari; is a the log normal shadow
To evaluate the dynamic channel assignment for differyandom variable distributed as in (1). Since we are only
ent channel and BS layouts, we use a simulated cellulagoncerned with power ratios and all BS and mobiles are
system. This section describes the details of this simulaidentical, we letk = 1 and usey; equally for both up
tion. The simulation proceeds as follows: and down link powers. I§; is the channel of usér and

1. Choose scenario parameters: the total number d¥ is the BS with the strongest signal to usethen the
channels,N; total traffic in Erlangs,E, back- carrier to interference ratio for channeht userv fol-

ground noiseNg; path loss exponert; shadow  lows from (2):

C. New Base Station Placement
If the measured call blocking rate is greater thBp,y

fading standard deviatiow, required C/I thresh- CrfV _ Pub, 6
old, T; grade of serviceBy,,; and traffic spatial O Diowntink N+ S » (6)
distribution. ® i iy

2. Call arrivals and departures are generated accord- CFY Pub
ing to the total Erlangs and their spatial distribu- O . (1)
tion. plink N + Pib,

. . . {ijc;=c iz v}
3. For each call arrlvgl: the call is placed according channek meets all C/I criteria if (6) and (7) are above a
to the ACRA algorithm. required C/I thresholdT, for everyv (i.e. for the new
4. For each call departure, the call is simply call and every existing call). If no channels meet the cri-
removed. terion orb, has no available radios, the call is blocked,
otherwise the smallest numberedhat meets the crite-

Each of these steps is described in detail. S A
rion is assigned.

The Poisson call process h&sErlangs total. In

this simulation time is not important, and we only are The blocking probabilitypg, is simply the ratio of
concerned with the sequence of call and departuréhe number of blocked arrivals over the total number of
events. We note: arrivals. _

E=Au 3) In evaluation mode, blocked calls are cleared, and

only the DCA component of ACRA is used. In ACRA
mode new resources can be added to carry the blocked
call if pg > By45 Otherwise, the blocked call is cleared.
If the call is blocked becaudg, has no available radios,
bility that the next event is a call arrival is given by: then a new radio is add_ed tQ a_md th_e smallest num-
’ beredc that meets the criterion is assigned. If the call is
pZ;rivaI = A -_E . (4)  blocked because no channel meets the C/I requirements,
A+n/p B+, then a new BS is constructed at the location of the
Otherwise, the next event is a departure. We divide thélocked caller. The downlink and uplink signal strengths

whereA is the arrival rate ang is the call holding time.
The call arrival rate is fixed a and the call departure
rate depends on the number of calls in progregs,
Givenn,, the rate of call departures tig/u. The proba-




Table 2: Expermenta Resuts

Scenario User MinNum | Shadow Hex ACRA
Number | Distribution | BS,M | Fading,0 [Tota/BS| Total radio] Total B§ Total radip
1 Uniform 1 0dB 21 10600 24 1070p
2 “ 1 10dB 22 10700 28 10700
3 “ 100 0dB 115 11600 183 12100
4 “ 100 10dB 135 1210d 267 12500
5 Gaussian 1 0dH n/a n/a 52 11000
6 “ 1 10dB n/a n/a 52 11000
Table 1: Simulaton Parameters NB — (0.8270\/|)8/2. (9)
Parameter Symbo Values DefiningNg in this way allows us to specify whether we
Number of Channel$s N 1000 want to consider a range limited system—where a large
Total Erlangs E 10000 number of BS are required just to get signal coverage (
- ‘ is large), and interference limited system—where multi-
Min number BS to Covef M 10r100| e BS are required solely to generate enough capacity
Pathloss exponent ¢ 4 (M is less than or equal to 1).
Shadow fading std. dey. o 0 or 10dB Each scenario is repeated 10 times and averages
- reportedz. We compare the results with a hexagonal sys-
Required C_/I T 10dB tem which uses DCA. The hexagonal systems are gener-
Grade of Servicg Byax 2% ated by choosing a number of BS, scaling the BS
Arrivals during ACRA An 100,000 separation so that_thgse BS lie in the unit radius cover-
: . _ age area, and assigning enough channels to each cell to
Arrivals during evaluation]  Ag 100,000|  carry the Erlangs captured by each BS with at most 1%

blocking. The correct number of BS for comparable per-
(which are very large) are guaranteed to meet the C/formance is found by trial and error. This comparison
criteria for this caller, and the call is only blocked if using a grid of equally spaced BS only makes sense for
every channel would cause existing users to fall belowthe uniform distribution.

the C/I threshold. In the simulations that followed, this
was never the case. At this point the new BS may be the

strongest BS for some already existing calls. These call§hjs section presents results for the ACRA algorithm for
and their radios are moved to the new BS. the four combinations of interference limited & 1) vs.
Table 1 gives a parameter summary. The numberange limited 1 = 100) and shadow fadingi(= 10dB)
of user channels is comparable to the number an operas. no shadow fadings(= 0dB) in the uniform user dis-
tor would have with existing standards such as AMPStribution. Two more cases includé = 1, shadow fading
(395), 1S-54 (1185), or GSM (500). The total Erlangs isvs. no shadow fading and the Gaussian user distribution.
typical of a single carrier’s traffic in a medium sized Since the traffic distribution is not critical in the range
metropolitan area. The channel parameters and GOS afinited case, we do not consider the range limited case
typical values from [12]. The background noise is speci-with the Gaussian distribution.
fied indirectly in terms of the minimum number of BS to Results are shown in Table 2. We note four obser-
cover the unit radius circle. Assumildg BS have equal vations. First, for the interference limited experiments,
coverage area and they are hexagons, then these M BBe total resources do not depend significantly as a func-
would have the same total area as the coverage area iftion of shadow fading, while in the range limited experi-

o 1 ments, the resources increase with increasing shadow
IM3/3  J0.82TM

fading variability.
Second, the total channel resources are at least
Next, we choose a background noise so that with ndl0,000 channels and depend mainly on the number of
interferers or shadow fading a user at distangérom a
BS would just meet the C/I criteria in (6) and (7). Com-
bining with (5):

V. RESULTS:

(8)

M

2. The final paper will average a larger number of repi-
tions.



BS. This follows from the 10,000 Erlangs of total traffic andapproximately twice the resources and justifies the planning
the number of trunk groups it is divided into (one per BS). used by operators when they first deploy their system. But, as
Third, in the range limited scenario, the ACRA algo-the system matures, when providing sufficient capacity to
rithm requires nearly twice as many BS as the hexagonal lagpatially varying traffic is the goal, ACRA-like algorithms
out. In the interference limited case, the amount of BS withhat deploy BS driven more by traffic demands than main-

shadow fading (which would be present in practice) is aboutining any sort of grid are justified.

25% more with the ACRA algorithm compared to the hexag-
onal layout. This may be somewhat surprising considering

Further work is building on these initial results includ-

the completely ad hoc manor in which the resources at§9 user mobility, and handoff analysis.

employed. This suggest careful planning and optimization is
indeed useful in the early stages of cellular design that are
mainly concerned with getting coverage, while in later stages
where capacity is the main issue, more ad hoc deployme
are justified.

Finally, we note that the algorithm works as readily on
the uniform user distribution as the non-uniform Gaussiaig]
distribution.

VI. ACRA IN PRACTICE
(3]
The ACRA algorithm is unrealistic for a number of reasons.

First, there are time delays between when a need for

resources is identified and when the resources are deployed.

In practice, operators monitor call block rates at BS an
deploy sufficient radios as the blocking rates become too
large. Similarly, holes in coverage, and cells that require
splitting to increase capacity are identified, and future sitefs]
are mapped out well in advance of the actual need. None-the-
less, the ACRA results suggest that no matter how little fore-
sight is put into this process, as long as resources a[g?
deployed where there is a demonstrated need, the tota
resource usage should be close to that of what an omnipotent
operator with full information of traffic demands would [7]
build.

Second, the ACRA algorithm deploys radio resources
one channel at a time. TDMA and CDMA, and in fact most[8]
FDMA based equipment is deployed in minimal blocks of
user channels. Further, operators proactively deploy a mini-
mum number of channels. Since the total number of radi
channels was similar across different scenarios, it is unlikely
these factors would make a significant difference in the end.
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