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Hot-Spot Traffic Relief in Cellular Systems

Tak-Shing Peter Yum and Wing-Shing Wong

Abstract—: During the operation of a cellular system, unex-
pected growth of traffic may develop in various cells and create
local traffic congestions. Channel borrowing, at least in a “semi-
dynamic” way, is known to be a viable solution to alleviate
congestions. In this paper, we show by analysis of mathematical
models that combining channel borrowing with a coordinated
sectoring or overlying scheme provides effective ways to han-
dle hot-spots in the system. Blocking probabilities with these
arrangements are derived, and the Dynamic Sharing with Bias
(DSB) rule is suggested for increasing the trunking efficiency. A
simple handoff model is formulated and analyzed for comparing
the probabilities of a_dditional handoffs due to sectoring and
overlaying of cells. With the nominal allocation of 60 channels
per cell and a donor cell having a load of 30 Erlangs, numerical
results show that at a blocking requirement of 1 percent, the
traffic load in the hot-spot cell can be increased from 47 to
63 Erlangs with the use of the channel borrowing with the cell
sectoring scheme; while with the use of the DSB rule, the load
can be increased further to 71 Erlangs. A slightly higher load
can be carried in the hot-spot cell with the use of cell overlaying
arrangement.

1. INTRODUCTION

HE engineering of a mobile cellular telecommunication

system is a complex process requiring huge quantities
of measured and forecast data, and involving lengthy and
complicated computations [1]. Even under the most ideal
situations, as a mobile cellular system grows uneven traffic
load may develop into “hot-spot” cells, that is, cells with traffic
load substantially larger than the design load. To alleviate
this kind of unexpected load on the hot-spot cells, several
approaches can be taken, including: cell splitting, channel
borrowing, cell sectoring, and cell overlaying.

Cell splitting [2], [3] is the most effective solution when
there is a large number of hot-spot cells. However, for a
system with a few isolated hot-spot cells, this approach is
very expensive since additional equipment, such as radio
transceivers, antennas, power plant, data terminals, and MTSO
interfaces, are needed for each new cell. Moreover, many
cells need to be split simultaneously before additional channel
resources are created.

On the other hand, channel borrowing from adjacent cells
is less costly. It is an effective approach when the traffic
loads at the neighboring cells are light. The penalty of channel
borrowing, however, is very large in that to avoid interference,
the lending cell as well as its two co-channel cells closest to
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Fig. 1. The lending of channel set Z from the donor cell to the hot-spot cell
and the locking of Z on the interfering cells (I.C.).

the hot-spot cell are forbidden to use the channels being lent
[4]. We illustrate this case in Fig. 1. Also, if the traffic loads
at the neighboring cells are not light, indiscriminate borrowing
of channels will deplete the channel resources and induce
congestions elsewhere.

Sectoring is used in some existing commercial systems. It
is used to increase channel reuse and is applied to a group
of neighboring cells. Since new equipment is needed, it is an
expensive idea to upgrade an omnicell system to a sectorized
system. On the other hand, our approach in this paper of using
borrowing in sectorized cells only requires sectoring the hot-
spot cell and the two interfering cells. This is economically
more desirable, especially if one is not sure whether the
existing hot-spot is a permanent or a temporary phenomenon.

In this paper, we study the effect of relieving congestion
at a single hot-spot cell by using cell sectoring [5] and cell
overlaying [3], [6], [7]. We examine the blocking probability
of fixed channel allocation methods associated with these
schemes and propose a very efficient channel sharing method.

Although we assume the hot-spots are isolated in the paper,
our method clearly can be extended to the less likely scenario
where there are multiple hot-spots. To handle this case, we
can assume the hot-spots do not occur simultaneously, but in a
sequential order. Our algorithm can then be applied recursively
to this scenario.

The sectoring and the overlaying of cells induce more call
handoffs (also called handover in some literature [8], [9]).
In [10], a simple handoff activity model was proposed and
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Fig. 2. Interference prevention through cell sectoring.

the probability of additional handoff due to cell sectoring cell
overlaying was derived. It was shown that the more efficient
channel allocation method has a larger probability of needing
an additional handoff. Thus, to reengineer the hot-spot cells
properly, one has to consider the impact to the processing
requirements due to additional handoffs.

II. CHANNEL BORROWING IN SECTORIZED CELLS

For the comparison of trunking efficiency of various bor-
rowing schemes, consider a cellular system with uniform size
cells of radius R and a regular seven cell channel reuse pattern
as shown in Fig. 1.

Without loss of generality, let cell 4 be a hot-spot cell in the
system and let the traffic load in cell 3, a neighbor of cell 4, be
relatively light so that the lending of some channels to cell 4
is possible without affecting its grade of service. We shall, for
convenience, call cell 3 the donor cell. Let X be the set of
channels nominally allocated to the hot-spot cell, let Z be the
set of channels relocated from the donor cell to the hot-spot
cell, and let Y be the remaining set of channels in the donor
cell. For an arbitrary channel set S, let |S| denote the total
number of channels in S.

Cells 8 and 9 are the co-channel cells of the donor cell
and can normally use channel sets ¥ and Z. We shall, for
convenience, refer to them as the interfering cells. There will
be unacceptable interference if both the hot-spot cell and the
interfering cells use channel set Z simultaneously. To prevent
the hot-spot cell from interfering with cells 8 and 9, we sector
the hot-spot cell as shown in Fig. 2 and let channel set Z
be used only in sector A. Similarly, to prevent cells 8 and 9
from interfering with the hot-spot cell, we also sector these
interfering cells and allow only channel set Y be used in
sector A.

As the hot-spot cell can use both channel set X and Z, it is
possible to design various algorithms to allocate channels to
calls. We assume the following allocation scheme is used.

1) Calls in Sector A: Use channels from set Z first. If none
is available, use channels from set X.

2) Calls in Sectors B and C: Use channels from set X only.
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This scheme allows the maximum number of channels
available for calls in sectors B and C at the expense of seeing
a higher possibility of additional handoffs.

In the rest of this section, we will derive the blocking
probabilities of the system under such an allocation scheme.
To make the analysis simple, we assume that the call arrivals
are Poisson with rates Ap,A;, and Ay in the donor cell, the
interfering cell, and the hot-spot cells, respectively. We also
assume that the call arrival density is uniform in a cell, and
that the sectors are symmetrically divided. Hence, the traffic
rates are identical among the sectors in a cell. Finally, we
assume the call durations to be exponentially distributed with
mean 1/s.

A. Blocking Probability at the Interfering Cells

Before cell sectoring, the blocking probability By is given
by the Erlang B formula

By = Ex(A1,|Y| +12])

where

YD
N1

Ey(\N) = — .
5 o

After sectoring, calls in sector A are assigned only to
channels in Y, while calls in sectors B or C are assigned to
channels in Z first, and then to channels in Y. Since there are
restrictions on the use of certain channels in certain sectors,
the call blocking probability will be somewhat increased.

Let S; i denote the state where j channels in Y and &
channels in Z are occupied in the interfering cell. According
to the above channel allocation scheme, the state transition
diagram as shown in Fig. 3 can be obtained with p = 1/3.
The state probabilities can be solved numerically using con-
ventional techniques. The call blocking probability in sector
A, denoted as By(A), is just the probability that all channels
in set Y are used up and is given by

12|

Y P[Siyix]-

k=0

Br(4)

Calls initiated in sectors B or C are blocked when channels
in sets Y and Z are all used up. Denoting this probability as
Br(BUC), we have

Bi(BUC) = P[Sjy|z|] -

The overall blocking probability in the interfering cell, given
that the traffic rates are the same in each sector, is

1 2
Br = EB](A)-}-EB](BUC)
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Fig. 3. State transition rate diagram, ¢ = 1 — p.

B. Blocking Probability at the Hot-Spot Cell

Let S}, be the state that ¢ channels in X and & channels in
7 are occupied. According to the above assignment strategy,
we can obtain the state transition diagram shown in Fig. 3 with
7 replaced by i and p = 2/3. The blocking probabilities are
similarly obtained as

Bu(4) = P[S/x)2]

121
Ba(BUC) =Y P| (x1]
k=0
1 2
By = 3 Bu(A)+ 5 Ba(BUC).

The call blocking probability in the donor cell is simply

Bp = Ex(Ap,|Y]).

III. DYNAMIC CHANNEL SHARING

Very often, the donor and hot-spot cells are served by the
same MTSO. In that case, dynamic sharing of channel set
Z among these two cells can be implemented easily. In this
section, we investigate the potential improvement of trunking
efficiency with this kind of sharing.

Various ways of sharing are possible [8], [10]. The optimal
sharing strategy appears to be very difficult to obtain since
in general it should depend on the channel occupancies in
X, Y, and Z, the channel set sizes, as well as on the traffic
load Ap and Agx . What we propose instead is a rule called
Dynamic Sharing with Bias (DSB). The DSB rule is similar to
the Join-Biased-Queue rule [11], whereby channel assignment
decision depends only on the number of the available channels
from the channel sets, which can be tracked easily. Queueing
analysis shows that the Join-Biased-Queue rule is simple but
effective in balancing the load of servers in the presence of
unbalanced traffic streams. Numerical results in Section VI
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Fig. 4. Dynamic sharing of channel set Z.

show that the DSB rule with an optimized bias parameter A
is equally effective. Specifically, the rule says the following.

1) Calls in Donor Cell: Assign channels in Y first, then
assign channels in Z.

2) Calls in Sectors B and C of the Hot-Spot Cell: Assign
channels in X.

3) Calls in Sector A of the Hot-Spot Cell: Assign channels
in X or Z so that the remaining number of channels available
in the hot-spot cell is as close as possible to the remaining
number of channels available in the donor cell plus A. More
specifically, if ¢,j, and k represent the number of channels
already used in the channel sets X,Y, and Z, respectively,
then

a) if (i =|X]and k< |Z|) or (i < |X|and k =1Z]),
assign a channel in the nonblocking channel set, and
b) if ( < |X| and k < |Z|), assign a channel in X or Z
according to the following decision rule:
s
(X =) (Y] +12] =5 = k) + A
Y

Rule 3(b) says that if the remaining number of channels in X
is larger than A plus the combined number of free channels in
Y and Z, assign a channel in X; if smaller, assign a channel
in Z. A can be chosen as a noninteger to resolve the equality
case. Fig. 4. shows graphically the DSB rule.

To minimize blocking, the optimal value of A should
obviously be a function of the state variables 4,j, and k as
well as A\p and A\y. We observe that when the remaining
numbers of available channels in the two cells are large, the
choice of A is not critical as long as A is not too large. When
the remaining numbers of available channels are small, then
a small value of A is sufficient for biasing. Therefore, for
minimum blocking, the optimal choice of A should not be
very sensitive to the state variables. What we will do is to
assume that it is independent of the state variables and search
for the optimal A for a give Ap and Ag. In practice, optimal
A’s can be computed off-line and stored. When a new estimate
of Ap and Ay is obtained, the optimal A is lookup and used.

Let Sl” ;& denote the state where 7 channels in X, j channels
in Y, and k channels in Z are occupied. As in the previous
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(b)

Fig. 5. Transition rates out (a) and in (b) of state (z,7,k),p = 1/3,
qg=1—p,F,G,Gy, and G are binary control variables.

cases, a Markov chain for the state transition process can be
formed and solved numerically. As the chain is now three-
dimensional, the channel set sizes cannot be too large for
practical solutions. Fig. 5 shows the transition rates in and
out of a typical state S/ ;. The call blocking probability
is just the sum of the probabilities of the blocking states.
Specifically,

|X|

Bp = ZP[SZM,\ZI]
i—0
Y]
Byy(4) =Y P[Slk, 512)
3=0
121 Jv]
Bu(BUC) =33 P[Sfx; u]-
k=0 3=0

IV. CHANNEL BORROWING WITH CELL OVERLAYING

Besides sectoring, another way to reduce interference is to
underlay a cell of smaller size [3], [6], [7]. Channels used
in the underlaid cell can therefore be reused in a smaller
distance. To compare cell overlaying with cell sectoring, let us
consider the same scenario as before, where a regular seven
cell channel reuse pattern is defined. We assume that cell 4 is
the hot-spot cell and channel set Z is borrowed from cell 3.
Let this borrowed set of channels be used in the underlaid
hot-spot cell. To eliminate the mutual interference between the
underlaid hot-spot cell and interfering cells (Fig. 6), the inter-
fering cells must also be partitioned into the overlay—underlay
arrangement where channel set Z can only be used in the
underlaid cells. The call blocking analysis in the hot-spot cell is
exactly the same as that for cell sectoring arrangement with the
underlaid cell corresponding to sector A and the overlaid cell
corresponding to sectors B and C. For the interfering cells, the
correspondence is reversed, i.e., the underlaid cell corresponds
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Fig. 6. Interference prevention through cell overlaying.

to sectors B and C and the overlaid cell corresponds to sector
A, for obvious reason. Because we have assumed uniform
traffic density within a cell, the probability that a call is
initiated in the underlaid cell of radius R; denoted as f, is
given as

area of an underlaid cell

area of a whole cell
_ wR?
(3v3/2)R2’

Therefore, the traffic load at the underlaid and overlaid cells
are, respectively fA and (1 — f)A for a cell with traffic load
A. The derivation of blocking probabilities with and without
channel sharing is exactly the same as that for a sectored cell.

A key parameter in determining the reuse distance is defined
as
shortest distance between two co-channel cells

cell radius

q

For the seven cell reuse pattern assumed here, ¢ can be
computed, using the cosine law of trigonometry, to be

2
q= \/12+3—12c0s<?7r) = 4.58.

To preserve ¢ = 4.58 between the underlaid hot-spot cell
and the underlaid interfering cell, R, must not be too large.
The distance between the hot-spot cell and cell 8 is 3R, and
that between the hot-spot cell and cell 9 is 2/3 or 3.46R.
Therefore, R; must be selected such that

3R
= — >4.58
q R, =
or
Ry <0.655R.

Hence, to preserve ¢ > 4.58, the maximum fraction of area F’
that can be covered by the underlaid cell is

2
F:M:O.slg.

(3v3/2)R?
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Fig. 7. Channel borrowing in sectorized
cells Ay = 66 Erlang, Ap = 30 Erlang,

V. NUMERICAL RESULTS

In the following numerical examples, we assume g is
normalized to unity so that the traffic rate A can be expressed
in Erlangs. Consider a cellular system where each cell has
a nominal number of 60 channels. The nominal peak load
at a call blocking probability of 1072 is 47 Erlangs from
the Erlang B formula. Let us assume the hot-spot cell has
a traffic load of 66 Erlangs and the donor cell a load of
30 Erlangs. Let us assume that |Z| channels are reassigned
from the donor cell to sector A of the hot-spot cell. The
resulting blocking probabilities By and Bp in the two cells
as a function of |Z| are shown in Fig. 7. It is seen that the
optimal choice of |Z]| is 20 at By ~ Bp ~ 0.014. In fact,
there is an optimal |Z| for every value of Ay under the
condition of By ~ Bp. Fig. 8 shows B = max(Bpn, Bp)
versus Ay using the optimal |Z|. It is seen that at a blocking
requirement of max(Bg, Bp) < 10~2, Ay can be as high as
63 Erlangs at | Z| = 19. The blocking probability in sector A is
0.42 percent, while that in sectors B and Cis 1.07 percent. The
average blocking probability By is 0.85 percent. Compared
to a carrying capacity of 64.4 Erlangs for a cell with 79
(69 + 19) channels but without sectoring (i.e., the pure channel
borrowing case), this represents a very small loss of trunking
efficiency. The benefit of sectoring is that all co-channel cells
can reuse the borrowed set of channels. To say it in another
way, the above case shows that when a neighbor of the
hot-spot cell has a load which is 36 percent [(47-30)/30]
under capacity, channels can be borrowed from it to alleviate
congestions in the hot-spot cell up to a load of 34 percent
[(63—-47)/47] above the designed load.

To see the effect of sectoring on the interfering cells,
consider cell 8 in Fig. 2. Here, calls in sector A are assigned
only to channels in set ¥ while calls in sectors B and C are
assigned to channels in Z first and then to channels in Y.
Fig. 9 compares the blocking probabilities of an interfering
cell before and after sectoring assuming the traffic distribution
is uniform on the entire cell and |Z| = 12. As an example,
at a load of 47 Erlangs, the blocking probability is 0.01
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Fig. 8. Channel borrowing in sectorized cells, |.X'| = 60, A\p = 30 Erlang,
B = max(BH. BD). By ~ Bp.
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Fig. 9. Blocking comparison in the interfering cells with |Z]| = 12.

before sectoring in the interfering cell. Fig. 9 shows that
after sectoring, the blocking rate in sector A is slightly
increased to 1.2 percent, while that in sectors B and C is
slightly decreased to 0.9 percent. The average, however, is still
1 percent (0.33 x 1.2 percent + 0.67 x 0.9 percent). Similar
performance is obtained when |Z | is increased to 19. The effect
of sectoring on the interfering cell is therefore minimal.

To investigate the potential benefit of dynamic channel
sharing, we consider the similar case (i.e., Ax = 50, Ap = 30)
and choose A to minimize

1 2
L=ApBp+ )\H[E— BH(A) + 5— BH(B (0] C)]

where L is the expected number of blocked calls per second
in the two cells. Fig. 10 shows L versus A. At the optimal
value of A = 1, Bp and By are computed to be 5.1 X 1073
and 7.3 x 1073, respectively, and are both substantially less
than that without sharing. Actually, Ay can be increased to
71 Erlangs at A = 5 without violating the B < 10~2 require-
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Fig. 10. Optimal A in sectorized and overlaid arrangements with dynamic
channel sharing, | X| = 60, |Z| = 30, Ay = 50 Erlang, F = 0.519.

ment. Compared to the nominal peak load of 47 Erlangs, this
represents a 51 percent increase of system capacity.

As mentioned before, for congestion relief through cell
overlaying, the results are exactly the same as that for cell
sectoring with F' = 0.333. For designs with the underlaid
cell at maximum size, or at F = 0.519, the call carrying
capacity of the hot spot-cell can be increased to 64 Erlangs
in the previously defined scenario. This 1.6 percent increase
over the cell sectoring arrangement is due to the fact that
more traffic can use the borrowed channels in the cell overlaid
arrangement. Using dynamic channel sharing, Fig. 10 shows
that A is at —2 with Bp = 3.7x 1075 and By = 1.9x 1075.
At B < 1072, Ay can be increased to 75 Erlangs at A = 0.
Thus, for this example, a 60 percent increase of nominal load
can be tolerated with the Dynamic Channel Sharing.

VI. CONCLUSIONS

We have shown that in a cellular system, spare channels in
neighboring cells can be borrowed to relieve local congestions.
These borrowed channels should be used in such a way that
interference in co-channel cells is avoided. Cell sectoring and
cell overlaying are known to be effective ways to reduce
interference among co-channel cells. We found that such
arrangements can substantially increase the capacity of the
congested cells. The capacity can be further increased with
the use of Dynamic Channel Sharing. A model for comparing
handoff probabilities with different channel assignments was
proposed in [10]. It was found that the cell sectoring ar-
rangement has a smaller probability of requiring an additional
handoff. The tradeoff, however, is that the sectorized arrange-
ment requires additional directional antennas, while the same
omnidirectional antenna can be shared by the two concentric
cells in the overlaid arrangement.

The above cell and channel engineering methodology is
equally applicable to digital cellular system where the unit of
borrowing is a multichannel carrier. Also, we have demon-
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strated the borrowing of channels from one neighbor. In
practice, as many as six neighbors can contribute their re-
sources for the relief of a local congestion. We have not
examined the problem of multiple hot-spots here. We believe
the next challenging problem is to design some algorithms to
optimally borrow channels from multiple donors and to relieve
multiple hot-spots.
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