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Phantom Cell Analysis of Dynamic Channel
Assignment in Cellular Mobile Systems

Kwan Lawrence Yeung and Tak-Shing Peter Yum

Abstract—In this paper, we propose the phantom cell anal- microcellular systems was proposed. It was proved that the
ysis for dynamic channel assignment. This is an approximate effect of cell group decoupling causes the blocking probability
analysis that can handle realistic planar systems with the three- so obtained to be an upper bound and the bound was found to

cell channel-reuse pattern. To find the blocking probability of a . . . .
particular cell, two phantom cells are used to represent its six be very tight when compared with simulation results.

neighboring cells. Then, by conditioning on the relative positions [N this paper, we propose an approximate analysis for the
of the two phantom cells, the blocking probability of that partic- BDCL strategy on planar microcellular systems with a three-

ular cell can be found. We found that the phantom cell analysis cell channel-reuse pattern. We call this phantom cell analysis.
is not only very accurate in predicting the blocking performance, 4 fing the blocking probability of a particular cell, two
but also very computationally efficient. Besides, it is applicable - . . .
to any traffic and channel-reuse patterns. phantom cells are L_Jsed to represent its six _nelghborlng cells.
_ _ Then, by conditioning on the relative positions of the two
Index Terms—BDCL strategy, dynamic channel assignment, hantom cells, the blocking probability of that particular cell
phantom cell analysis. can be found. We formulate the problem in the next section.
The call arrival rates at the phantom cells are derived in
I. INTRODUCTION Section Ill. In Section IV, the approximate analytical model is

HERE are many studies on dynamic channel assignm@rﬁablisr‘ed’ and the product-form solution of the steady-state
T (DCA) strategies and they are mainly based on Corm)ul;érlobabilities is derived. The analytical results are compared
simulations [1]—[6]. This is because in DCA, the specific set dfith simulation results in Section V and found to be very
available channels in a cell may change from time to time d@curate in predicting the blocking performance. Besides, this
to the sharing of channel resources between cells. The v8RRIYSIS is applicable to any traffic and channel-reuse patterns.

complex interaction between cells makes an exact analytical
solution a formidable task. An exception is an idealized
strategy called “maximum packing” (MP) [7]. The MP strategy
is not practical to implement since it requires system-wide Let us assume a three-cell channel-reuse pattern as an
information. However, MP is analytically tractable and itllustration of the analysis. The analysis for the seven-cell
provides a lower bound on the overall blocking probabilitghannel-reuse pattern is similar, but more complicated. Con-
for all other DCA’s. The modeling of MP in any realisticventional cellular systems can use the three-cell reuse pattern
size network would result in a state space too large f{®] by adjusting the transmitting power of the antennas as well
direct computation and again computer simulation is used fas their locations. Assume there ara 8hannels in the system
performance evaluation. divided into three nominal channel sets B, andC with m
Contrary to the MP, the borrowing with directional lockingchannels in each set. Consider a typical cell, say cell 0 in
(BDCL) strategy [4] only needs local cells information, andFig. 1. Let cell O be allocated with nominal channel deand
it gives the lowest blocking probability among all strategieket its six neighbors be labeled such that cells 1, 2, and 3 are
proposed in the literature that do not require system-widechannel cells allocated with channel €&tand cells 4, 5,
information. Its four distinct features are: 1) channel orderingnd 6 are cochannel cells allocated with channe{’sat/e call
2) immediate channel reallocation; 3) directional channeells 1, 2, and 3, Group B cells, and cells 4, 5, and 6, Group
locking; and 4) analytically tractable. Direct modeling of” cells. LetS; denote the set of active channels, or channels
BDCL, however, would require a state space equal times in use, in cell; and|S;| denote the number of elementssn
the total number of cells in the system, whérés the cluster Using the BDCL strategy [4], a call attempt at cell 0 will be
size of channel reuse. In [8], a simple, but very accurabdocked if and only if|2i=0 S| = 3m because otherwise
analytical model called cell group decoupling (CGD) analysthere will either be an idle channel in cell 0 or an idle channel
for evaluating the performance of the BDCL strategy in linearan be borrowed from the neighboring cells to carry the call.
Manuscript received July 27, 1995; revised December 10, 1995 If cell 0 wants to borrow 2 nomma.l Ch.annel’ Say
K. L. Yeung is with the Dyepartn’1ent of Electronic Enéineeriﬁg, Cit);rom GI’OUpB cells, channelz must be idle in GI’OUpB.
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T-S. P. Yum 'is with the Department of Information Engineeringwith the highest channel occupancy in Groi#) or |52| —
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Then in equilibrium
pE[Mp] = vp(1 - Bp)

whereBg is the blocking probability at phantom ceft and
is given by (12). Rearranging, we have

Fig. 1. A cellular system with cluster size of three. 3
m

py  kP[Mp = k|

S, this borrowing is granted; otherwise, the borrowing is _ _k=0 3)
rejected. B 1-Bpg

From the above example, we can see that whether a specific
channel can be borrowed by cell 0 or not depends only on ¥s. s given by a similar expression. Note that the computation
two neighboring cells with the highest channel occupancigs ; and~c requires the set of channel occupancy distribu-
at that moment, one in Group and the other in Groug’.  tions { P[M; = k]} which is not available. In the next section,
Since these cells can be different cells in GropandC' at e will derive {P[M; = K]} as a function ofyz and ~c.
different times, we call them phantom cells. For conveniencgyith that an iterative procedure for the simultaneous solution

we denote the corresponding phantom cells of GrozelptB,. of v8, ¢, and{P[M; = k]} can be started from (3) and (11)
and C as cellsA, B, and C. Therefore, the Markov chain with the initial distributionsP(®[M; = k] given by that of an

model for determining the blocking probability of cellsing  r7/p7/3m /3m queue

nominal channel sett for instance (i.e., cell O here) consists

of three cells: celli, phantom cellB, and phantom celC. 1

Similarly, for cell j using channel seB, the Markov chain o 3m (pi)i (pi)¥ .

model consists of cell, phantom cell4, and phantom cell’. POM; = k] = Z ;! T i=1,2,.-
]:

Ill. ARRIVAL RATES IN PHANTOM CELLS
where p; = \;/pe.

Let the arrival of calls to cell be a Poisson process with rate
A; and the call duration be exponentially distributed with mean
1/u. Let random variablé/; denote the channel occupancy of
cell : and M4, Mg, and M denote the occupancies of the
phantom cells4, B, and C, respectively. Consider phantom Consider cell 0 in Fig. 1 again. Although the two phantom
cell B. Since cell B is the cell with the highest channelcells can take different positions in Grougs and C' at
occupancy in Grou@ cells, its channel occupancy is given byjifferent times, they have Only two relative positions: side-
Mp = max [My, M, Ms]. Assuming the channel occupancypy-side and opposite positions. If the two phantom cells are
distributions of cells 1, 2, and 3 are independent, we have Side-by-side, a call attempt at cell 0 will be blocked if and only

if |Sol 4+ |SB|+ |Sc| = 3m. In other words, the total number

of active calls in cells 0B, andC cannot be greater tham3

On the other hand, if the two phantom cells are opposite to
each other, a call attempt at cell O will be blocked if and only
if |So U Sp U S| = 3m. In this case, the total number of

IV. BLOCKING PROBABILITY AND
CHANNEL OCCUPANCY DISTRIBUTION

P[Mp < k] = P[M,

IN

ky, My <k, M3 < k]

3
:HP[MiSk], 0<k<3m (1)

d th =t active channels in cells @, andC can exceed# and in the
e 3 3 extreme case, a total ofs6 active channels can be supported
P[Mp =k = [[PIM; < K- [[ PIM: < k-1], when |Sy| = 0. N
i=1 im1 Let @ and 1 — « be the probability that the two phantom
0<EkE<L3m. 2) cells B and C are at opposite and side-by-side positions,

respectively. Then, the blocking probabiliBy, at cell 0 can

. be expressed as
The expected number of busy channels in phantom Bell

can be found By = aBopp + (1 — @) Bsiae 4)
am where B,;q. and B,,, are the respective conditional blocking

E[Mp]=>_ kP[Mg = k. probabilities.
k=0

A. Derivation ofa

E[Mgp] can also be interpreted as the carried load of phantomLet f; be the probability that celi is a phantom cell.
cell B. Let vg be the call arrival rate to phantom cell. Consider the GrougB cells, i.e., cells 1, 2, and 3 in Fig. 1.
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Fig. 2. State space of the Markov chain for phantom cells at side-by-side
positions. Fig. 3. State space of the Markov chain for phantom cells at opposite
positions.
Then f; the probability that cell 1 _is the phantom ceII ofxo_ In other words
Group B cells (or cell B) can be derived from the definition
of phantom cells to be N=14+[1+2]4+[1+243]+ - +[1+2+ - +3m]
3m +A+24--+(Bm+1)]
= 3 1)(3 2
i ;{P[M2<k]P[M3<k] 3610 BTt )2(m+ )
+ 1P[M; = k|P[M3 < k] =1(9m® + 18m? + 11m + 2).
+ 3 P[My < k]P[M3 = k] H g babil is given b
n %P[MQ — HP[M; = K]} P[M, = K], (5) The steady-state probability(zo, x1, z2) iS given by
2 Zj
Note that in (5) we have assumed that when two or more cells plzo, o1, #2) = GL H aﬂ" (6)
have the same highest channel occupancy, the phantom cell is j=o0 i
picked with equal probabilities. This accounts for the last three
terms on the right hand side of (5). (fori =2, 3, ---, 6) can where
be similarly found. From the actual cellular layout in Fig. 1,
it is seen that cell 1 is opposite to cell 5, cell 2 to cell 6, and 2 a?
cell 3 to cell 4. Therefore, the probability that the phantom G= Z H 2!
cells B and C are at opposite positions is given by wotayaz <3m \j=0 "
o= fifs + fofs + fafa. The blocking probabilityB,;4. is obtained as
Bgige = Z p(zo, 71, 2). (7)
B. Derivation of Bgjqe @o+w1 +zs=3m

Let p(zo, x1, x2) be the steady-state probability tH&| =
xo, |SB| = z1, and|S¢| = z2 given that the two phantom
cells are at side-by-side positions. To calculdtg,., the If the phantom cells8 andC' are at opposite positions, the
blocking probability of cell 0 when the two phantom cellshannel usage in cells &, andC' can be described by the 3-D
B and C are at side-by-side positions, we need to solve tidarkov chain shown in Fig. 3. Fary = ¢ (0 < ¢ < 3m + 1),
three-dimensional (3-D) Markov chain shown in Fig. 2. Thighe two-dimensional (2-D) state space(of, z2) has a square
Markov chain belongs to the coordinate convex type for whicthape with a total of3m — i + 1)* states. The total number
product-form solution can be obtained [10]. L&t = \o/u, Of statesN’ in the square prism of Fig. 3 is
a1 = Ap/p, anday = Ac/p. As seen from Fig. 2, the total 3m+1
number of statesV' can be obtained by adding the number of N/ = Z (3m —i+1)? = £(18m® + 27m* 4+ 13m + 2).
states on each of ther{, =) planes, one for each value of i=0

C. Derivation of B,
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Fig. 4. Cellular system with nonuniform traffic distributions.
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Fig. 5. Uniform traffic distribution with 100 calls/h/cell.

The product-form solution of the steady-state probabilityystem consisted aV cells is simply

q(wo, 21, x2) is given by N-1 “IN-
B= <Z )\k> Z ArBr (10)
k=0 k=0

2 Zj
a/.
q(xo, 1, 2) = G+ H xjj, (8)
=0 where By, the call blocking probability at cek, is given by
where the same expression in (4).
2 a5 PT
o= Z H J' ' D. Channel Occupancy Distribution
otz <3m, motaws<3m \j=0 “I° Let P[M; = k|sidd and P[M; = k|opd be the probabilities
that celli has occupancy: given that the two phantom cells
The blocking probabilityB,,,, is obtained as are at side-by-side and opposite positions, respectively. From
(6) and (8), we have
Bopp = Z q(zo, 3m — xo, Z2)
zotx2<3m
P[M; = k|sidd = k, x1,
+ Z q(zo, z1, 3m — o). 9) : [sidg wlz; p(k, o1, 72)
zotx1<3m 2
Substituting (3), (7), and (9) into (4), the blocking proba- P[M,; = k|opp = Z q(k, z1, z2).

bility at cell 0 is found. The overall blocking probability of a @y, s
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Fig. 6. Nonuniform traffic distribution A.
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Fig. 7. Nonuniform traffic distribution B.

By the law of total probability, we have (8) again, we have
PB = k|sidgd = k
P[M; = k] = aP[M; = klopg + (1 — a)P[M; = k|sidd. [M; = klsidq = ) +;=:3m_kp( @1 22)
(11) PBIM; =klopa = > q(k, 3m —k, z2)
z2<3m—k
The blocking probability of phantom ceB can be found
as follows. LetPB[M; = k] be the blocklng probability of - Z . (k, 21, 3m = k).
cell 7 with channel occupanc}c Let PB[M; = k|sidd and _ msdme
PB[M; = k|opp be the blocking probab|lltles of cellwith
channel occupanck given that the two phantom cells are at PB[M; = k] =aPB[M; = k|opp

side-by-side and opposite positions respectively. From (6) and + (1 — o) PB[M; = k|sidd.
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B3, the blocking probability at phantom celi, is given by
3m
Bp =) PB[Mp=kP[Mp=k
k=0
3m 3

=3 fiPBIM; = k|P[Mp = k]

k=0:i=1

(1]
(2]

12 4

where f; is given in (5).
[4]

V. NUMERICAL RESULTS

In this section, we investigate the performance of the phari®!
tom cell analysis by considering a cellular system consisting
of 49 cells as shown in Fig. 4. Let the number of nominalg
channelsm in each cell be ten. Let the arrival of calls
be a Poisson process and the call duration be exponentially
distributed with mean 3 min. Each simulation data point ig’]
obtained by collecting statistics of 510 000 calls with the initial
10000 calls discarded. (8]

First, we examine the performance under uniform traffic dis-
tribution. The base load of each cell is first engineered at 100
calls/h. The blocking probabilit is plotted in Fig. 5 against [©]
the increase in traffic load. The Erladgjcurve corresponding [10
to the fixed channel assignment with ten channels per cell'is
plotted for comparison. It is seen that the analytical result is
very close to the simulation.

Next, we consider two nonuniform traffic distributions with
the base traffic in calls/hour of each cell shown in Fig. 4(&
and (b). The analytical and simulation results for BDCL ar
plotted in Figs. 6 and 7. The curves corresponding to FCA &
again obtained by Erlangformula with ten channels per cell.
For both traffic distributions, very close agreements betwe
analytical and simulation results are found. These results sh
that the phantom cell analysis is accurate under very differe
traffic conditions.

]

VI.

An approximate analytical model called phantom cell ang’
ysis for evaluating the performance of the BDCL stratec
was proposed in this paper. The phantom cell analysis w
found to be very computationally efficient and accurate.
is applicable to any traffic patterns and any cellular layout
In this paper, only systems with a three-cell channel-reu
pattern were considered. The analysis of systems with sev
cell channel-reuse pattern would require the solution of mal

CONCLUSIONS
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