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Abstract

Channel Borrowing Without Locking (CBWL) is a family of channel assignment schemes for cellular
communication systems. They allow real-time borrowing of channels from adjacent cells without the
need for channel locking in co-channel cells. CBWL with cut-off priority for calls that arise in the cell
is presented. This scheme discourages excessive channel lending and borrowing at high traffic load and
promotes a more uniform grade of service throughout the service area. An analysis using macrostates
and decomposition is devised to evaluate the performance of the scheme. The results are validated by

simulation.
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1 Introduction

A family of new channel assignment and sharing methods for cellular communication systems
has been presented in [1]. The methods are called channel borrowing without locking (CBWL).
('BWL can be used to enhance traffic capacity of cellular communication svstems and to accom-
modate spatially localized communication traffic overloads (or “hot spots”). Variations of the
schemes can be considered— but for convenience of presentation and explanation we consider
a basic hexagonal layout with base stations (wireless gateways) using omni-directional antennas
nominally located at cell centers. The system has a total of ("7 channels. With a cluster of size.
N. the ('r channels are divided into NV groups with about (" = C7/N channels in each group.
As in fixed channel assignment (FC'A), each gateway is assigned a group of channels which are
rensed at gatewayvs of other cells that are sufficiently distant for the co-channel interference to be
tolerable. If all channels of the gateway of a cell are occupied when a new call arrives. channel
borrowing is emploved according to certain rules.

Channel locking has been suggested in other channel borrowing strategies such as dynamic
channel assignment (DCA) [2], [3] and hybrid channel assignment (HCA) [4] to limit co-channel
interference. That is, gateways within the required minimum reuse distance from a gateway that
borrows a channel cannot use the same channel at the same time. Because of the difficulty in
maintaining the reuse distance at the minimum value when channel locking 1s used, DCA and
HCA generally perform less satisfactorily than FCA under high communication traffic loads [2],
[4].

[n CBWL, a channel can be borrowed only from an adjacent gateway. The borrowed channels
are used with reduced transmitted power such that the co-channel interference caused by the
channel borrowing is no worse than that of non-borrowing scheme. Therefore, channel locking is
not necessary in CBWL schemes. The borrowed channels can be accessed only in part of the cell.
To determine whether a mobile station is in the region that can be served by a borrowed channel,
each gateway transmits a signal with the same reduced power as that on a borrowed channel. The
signal is called borrowed channel sensing signal (BCSS). If the BCSS is not above some suitable
threshold at a mobile station, a borrowed channel cannot be used by the mobile station; otherwise,
the mobile station will use a borrowed channel if all its gateway’s channels are occupied and any
its neighboring gateways has a channel available for lending. Thus, there are two types of new
call originations—those that arise in parts of a cell in which a borrowed channel can be used if
one is available, and those that arise in parts of a cell where borrowed channels cannot be used.
We denote these as A-type calls and B-type calls, respectively.

Neighboring gateways are identified in the following manner. With respect to the given gate-
way, choose the first adjacent gateway. The position of the reference adjacent gateway can be
arbitrary, but once chosen for a given gateway, all other gateways label their neighbors in a cor-
responding manner. The remaining five adjacent gateways are numbered sequentially proceeding
clockwise from the first. The given gateway is labeled gateway 0. The ' channels of a gateway
are divided into seven distinct groups. The seven groups are numbered 0, 1, ..., 6. The channels
of group 0 are reserved for exclusive use of the given gateway. Channels in each of the other six
groups can be lent to neighbors. The ith neighbor can only borrow channels in the ith group.
The number of channels in the ith group is denoted Cy, 2 =0, 1, ..., 6. Thus €' = $°_, (. For



convenience we consider a symmetrical arrangement with 7y = ', = ...= Cs = [. An example

ot the channel lavout structure of CBWL is shown in Figure 1.

Figure 1: Channel structure of CBWL (cluster size =T).

CBWL with the structure described above has three advantages: 1) In the scheme, a gateway
does not need to transmit and receive on all channels of its neighboring gateways. It only needs
to access the channels that are assigned to it and the borrowed channels of six groups, one group
from one neighbor. Therefore, the transmitter of a gateway only needs to access a total of " + 6/
channels instead of TC channels. The cost and complexity of a gateway are reduced. 2) The scheme
eliminates the possibility that two co-channel gateways lend the same channel simultaneously to a
pair of closely located gateways (which would result in unacceptable co-channel interference). 3)
With careful organization, the scheme can ensure that no adjacent channels are used in a given
cell even though channel borrowing is employed.

As described in [1], channel rearrangement can be used in CBWL. With channel rearrange-
ments, if a new B-type call arrival finds all channels of its gateway occupied, the call is still not

necessarily blocked. If at the same time an A-type call in the cell is using a regular channel, and



at least one neighbor can lend channels to the given gateway. the A-type call will use a borrowed
channel from a neighbor and give its regular channel to the B-type call. In this way. calls that
cannot use borrowed channels directly also benefit from the borrowing scheme. The number of
calls that can use borrowed channels (directly or indirectly) is increased. For convenience. We call
CBWL without channel rearrangement as CBWL/NR and CBWL with channel rearrangement as
('BWL/CR.

[nn this paper we propose and study enhancements of CBWL by a cut-off priority structure that
favors calls which arise in the gateway's own cell. [t is noted that even without cut-off priority. some
specific channels at each gateway may be reserved for use only by calls that arise in the gateway's

own cell. It may not be unusual in these schemes for any given gateway simultaneously to borrow

from and to lend channels to its neighbors—even to the same neighbor from which it has borrowed.
This is increasingly likely as traffic loading increases. Thus there can be unnecessary borrowing.
Since borrowed channel can only be accessed by some fraction of nsers in a cell while regular
channels can be accessed by all users in a cell, unnecessary borrowing can limit the performance
of the scheme at high traffic loading. One way to alleviate this problem is to use a cut-off priority
structure in which gateways that have more than some number of channels (m < ') occupied,
will not lend. Thus at high loading some channels will be available only for calls that arise in the
cell. As a result, overall performance is improved. Additionally, cut-off priority promotes a more
uniform grade of service throughout the cell because it tends to keep channels available for users
who are more “distant” from the gateway and who therefore cannot use borrowed channels.
With cut-off priority, if a gateway X receives a channel borrowing request from a neighbor Y,
the request is or is not granted depends on the current channel occupancy of X. X will deny the

request,

L. if the total number of occupied channels of gateway X is more than m. Thus gateway X
gives a cut-off priority of (" — m channels to the calls arising in its cell.

2. if the number of channels that are lent from X to Y is equal to [.

3. if the number of total channels of cell X that are lent to neighbors (including V) is equal to
n.

[n Section 2, CBWL/NR and CBWL/CR with cut-off priority is modeled and analyzed. The

numerical results from analysis and simulation are given in Section 3.

2 Traffic Analyses of CBWL with Cut-off Priority

For convenience of presentation, we limit our analysis here to the homogeneous case. That is,
each gateway has the same number of assigned channels and the same offered traffic. With little
modification the method can be extended to non-homogeneous traffic environments — including
those with hot spots. For the homogeneous case, it is not necessary distinguish between different
cells. An arbitrarily selected cell represents each cell.

To determine performance characteristics, we use a suitable state description of the system
and seek solutions for the equilibrium state probabilities.



[n this section. we first consider CBWL/NR. We show that no product form solution exists for
('BWL/NR scheme with cut-off priority. However, a product form solution can be found for the
numbers of channels that are lent to each neighbor. This product form solution is used to reduce
the dimensions of vectors and the number of states that must be considered. An algorithm for
computation of performance characteristics is devised. A similar analysis for CBWL/CR scheme
with cut-off priority is also described.

The usual Markovian assumptions are invoked. New attempts in a cell arise at an average
rate A (new call arrivals per second per cell) according to a Poisson process and call holding times
have a negative exponential probability distribution with mean 1/u. In the homogeneous case
calls originate uniformly throughout the service area. Let p denote the probabilitv that a new
call arrival arises in that part of a cell that can be served by a borrowed channel. To prevent the
increase of co-channel interference caused by channel borrowing, the transmitted power on the
borrowed channels is smaller than that on regular channels. Thus. usually p is small (a tvpical
value is between 0.1-0.3). We note that channel borrowing requests that are directed to a given
gateway from one of its neighbors arise from an overflow process (at the neighbor) Therefore
these requests do not strictly conform to a Poisson process [6]. However at the neighbor (i.e.. the
source of borrowing requests), borrowing requests are randomly split into six parts, only one of
which is directed to the given gateway. The random splitting tends to smooth the peakedness
of the overflow traffic directed to a given gateway. We model the overflow traffic directed to a
given gateway by a Poisson process with intensity A’. The parameter, A’ will be determined. Our

simulation results indicate that this assumption is valid.

2.1 Analysis of CBWL/NR with Cut-off Priority for Calls that Arise in The Cell
2.1.1 Characterization of the State of a Gateway

Let ' be the number of channels that are allocated to a gateway. At any given time a gate-
way 1s in one of a finite number of states. A state is identified by a vector I = (20,21, 225 23, 14, U5, 6.
The component ig is the number of channels occupied by calls that arise in the cell served by the
gateway (0 < 4o < ). The number of channels at the gateway that are (currently) lent to the
kth neighbor is ig, (k =1, 2, ..., 6), where 0 < i, < (. Thus, in state I, the total number of
occupied channels of the gateway is given by

JOES i . (1)
k=0

The total number of channels that are (currently) lent to all adjacent gateways is

LOES i . (2)
k=1

With cut-off priority, no channels will be lent if the number of the given gateway’s channels
in use is greater than or equal to m, where m < (. The maximum number of channels that a
gateway can lend at any given time is
6 :
 ——— min(z Cyymyn) . (3)

k=1

g |



For simplicity. we assume that Cp, = { for k = 1...., 6. The state variables must satistv the

constraints given in below:

D= 35 5@
0< ip <! k=1,2,....6

0ZHDL C (4)
0 i L 11\‘ S Lm-u'

The set of permissible states are those whose state variables satisfy (4). The set is denote by ().

2.1.2 Flow balance equations

We define a function. O(#;), by

O(ix) 2 { L0 =5 < (5)

0 otherwise.

According to the operation of the structured CBWL scheme, the kth adjacent gateway can possibly
borrow a channel from the given gateway only if O(i;) = 1. Furthermore, we define a unit state
vector 0k as a vector in which ¢ = 1| and all other elements are 0. Also, let p(I) denote the
equilibrium probability of state I.

Define a function, Z(I), such that

A1 ifIeQ ‘
Z(I)‘{o ifIg Q. (6)

We write the flow balance equations that determine the equilibrium state probabilities of
CBWL/NR with cut-off priority. In this case, the flow balance equations for any given state
is in one of four possible forms. The forms are different if (a) J(I) < m; (b) J(I) = m; (c)
i <o J (L) & Cpand, (d) JI) = €.

(a) Flow balance equations for state I, J(I) < m:

The equations are

A+ X3 0(i) + JDulp(T) = Ap(L - b0) Z(L  bo)

k=1

6 6

+A Y O(ix — Dp(T = 6) Z(T = 1) + > (6 + )up(I + 8x) Z(I + 6x) (Ta)
k=1 k=0

( for any permissible I with J(I) < m)

(b) Flow balance equations for state I, J(I) = m:

The flow balance equations of any permissible state I with J(I) = m are similar to (7a) except
that no channels can be lent to other gateways. Since there is no probability flow out due to
lending channels, the second term on the left side of (7a) is zero. The result is

=}

(A + J(D)u] = Ap(I - bo) + z (ix — D)p(I = 6) Z(I — &)



6]
) Z{;ék—} up(I+ 0g) Z(1 + o) (7b)
k=0

( for any permissible I with J(I) =m ).

(¢} Flow balance equations for state I. m < J(I) < (:
For any permissible state I with J(I) > m. the flow rate into I from the state I — &y (k =

. 6) caused by borrowing traffic is zero. Thus.

A+ J(Dulp(I) = Ap(I = 60)Z(1 — o) + Z“K + Lup(I+ 0y ) Z(1 + &) (Te)
k=0
{ for any permissible I with m < J(I) < (" ).

(d) Flow balance equations for state I, J(I) = C':
For any permissible state I with J(I) = ', flow out arises only from call completions while

flow in arises only from new call arrivals. Thus,

CuplD)= Apll = 85)2( = &) (7d)
( for any permissible [ with J(I) = (7).

Because state transitions from Ito I+ 6x (k =1, ..., 6) are not allowed, on the left side of
(7b) and (7c), the probability flow out of state I due to channel lending is zero. On the right side
of (7c), the probability flow into state I from I+ 6 (k =1, ..., 6) due to channel completions is
not zero. Therefore, if m < J(I), for each pair of states, Land I+ &, (k =1, ..., 6), only one-way
transitions (from I+ 6y to I'for k = 1, ..., 6) are allowed. Thus, local balance equations are not
satisfied for the pair of states. The sufficient conditions that permit a product form solution are
not satisfied [7].

To get the necessary condition that permits product form solution, we assume that product
form solutions exist, and substitute the solutions into (7). If (7) holds, the assumption is true,
otherwise, the solutions are not of product form. We assume

L(2)° s () _.
3’(1):(_;(9)(3'31 E(u)' : &)

in which, the normalization constant /() is the sum of probabilities of all permissible states.

The constant, G(Q), is given by
- (). )

Ie

After substitution of (8) into (7c), we got the necessary condition for a product form solution:

1 (i.)io 6 (%)ik 6 A (i)io—l 6 (/\I’)u
G(Q) o }:I_l ] “‘“Z”‘ G n) (io — 1)! H ix]
u (A) ()‘;) 6 (%o-l- 1) ( ):o+1 6 (\’)
Tem) U GO et Dl 4 Tin (10)



With some manipulation. this reduces to

()‘/\;=Iﬁ£Zék. (11)
k=1

But. given A and g, (11) is not true for anyv state. Thus. we have shown that no product form

solittion exists in this case,

2.1.3 Macrostates

Although a product-form equilibrium state-distribution does not exist, we will find that some
component variables of [ do have product form solution. which 1s used to reduce the dimen-
sions of vectors and the number of states that must be considered. The complexity of numerical
computation is reduced.

We define a macrostate Iy, = (u.v) as
3]
k=1

The original states (each charactered by a 7T-dimensional vector) are grouped into two-dimension
macro states. Note that, u represents the number of channels that are occupied by the calls that
arise in the given cell and v represents the number of channels that are lent to adjacent gateways.
The two-dimensional state transition diagram for an example with n = 8 and m = 6 is shown in
Figure 2.

To determine the probability low balance equations for the macro-state description, we must
determine the transition rates in (u,v).

The transition rates from any state for which v > 0, v > 0 and u + v < m counsist of four
parts. Two of them are transition rates of u: that due to new call arrivals and that due to the
completion of the calls in the given cell (the horizontal arrows in Figure 2.). The other two are
transition rates of v: that due to channel borrowing demands from neighbors, and that due to
the returning of loan channels (the vertical arrows in Figure 2). Since u and iy are identical, the
transition rates from (u,v) to (u+1,v) and (u—1,v) is A and uy respectively. The transition rate
of (u,v) to (u,v —1) is the returning rate of borrowed channels. If v channels are lent, the rate is
just vp. The transition rate from (u,v) to (u,v 4 1) is channel lending rate, which is denoted as
p(v). The rate will be determined.

If a neighbor has borrowed less than [ channels from the given gateway, the channel lending
rate of the given gateway to this neighbor is A’. If the neighbor has borrowed [ channels from the
given gateway, it can not borrow any more channels from that gateway. The channel lending rate
of the given gateway to the neighbor becomes zero. Given v, there can be many different sequences
of 1t’s (k =1, ..., 6) for which ¥%_, 7 = v. Each sequence may have a different channel lending
rate. Therefore, given v, we define p(v) as an average channel lending rate.

To define p(v) mathematically, we use a v-vector

>

L £ (i1,...,3), v=1,2,...,6, (13)
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Figure 2: State-transition diagram of two-dimensional macro-state (u,v) for
(]
a CBWL scheme with ' =8 and m = 6.

in which, the components of the v-vector, I,, represent the numbers of channels that are lent

individually to the first through the vth adjacent gateways. Thus, we must have
I=(io,L,ip41,...,46) €N, (v=12...,6). (14)

The six-vector Ig represents the numbers of channels that are lent to each neighbor. Then, we

define S(x,6) as the set of Is whose components sum to x. That is,
: A g
S(2,6) = {Ig = (41,42, 83,74, 15, 6) : (G0, I6) € 0, D ix = x} . (15)
k=1

Now, we can define the average channel lending rate

[§]
> Pr(Ie)N D O(ix)
M IGES{U,G) k=1 ’
v) = . F= ) e Dy 16
p(v) S~ Pr(Ts) v=0, (16)

IG €5(v,8)

The calculation of p(v) is given in Appendix A.

2.1.4 Probability Flow Balance Equations (For the macro-state)

All permissible states of (u,v) must satisfy the following constraints,

05 uw £



0< v < Loes (1T)

0 <u+wv<(C.

which are transliterated from (4).

Denote W as the space of (u.v) constrained by (17). Then we can define an indicating function

; | if (u.v) € W _—
u,v) = (I8)

0 if (u.v) € W

Define p(u. v) as the equilibrinm distribution of the state (u. v). The macro-state balance equations

can be written as

A+ plv)+u+vplu.v) = Ap(u — 1Lv)z(u— L.ov)+ p(v = 1)plu.v — 1)z(u.v = 1)
Hu+ Duplu+ Lov)z(u+ Lov)+ (v + Dpplu,v 4+ 1)z(u. v+ 1)
(for0<u+v<m)
(A 4+ mp)p(u,v) = Ap(u — L,v)z(u— Liv)+ p(v — I)p(u,v — 1)z(u,v = 1)
+u+ pplu+ Lv)z(u+ Lv)+ (v+ pplu,v + 1)z(u, v+ 1)
(for u + v =m) (19)
A+ (u+v)p]plu,v) = Ap(u — L,v)z(u—1,v)
+u+ Dpp(u+ Lv)z(u+ 1,v)+ (v + Dpp(u,v + 1)z(w, v+ 1)
(form<u4+v<C)
Cup(u,v) = Ap(u — 1,v)z(u — 1,v)
(foru+v=20C)

These macro-state balance equations correspond to equations (7) in the original state description.
If w4 v > m, only the transition from state (u,v 4+ 1) to (u,v) is allowed. The transition from
state (u,v) to state (u,v+ 1) is prohibited (see Figure 2), and no local balance can be found in the
pair of states. The two-dimensional model does not support product form solution. Gauss-Seidel
iteration was used to solve for the two dimensional probabilities, [8]. The method starts with a
guess of a group of arbitrary p(u,v)’s in (19) to compute a group of new p(u,v)’s. From the new
p(u,v)’s, another iteration is started. The procedure is continued until the two groups of p(u,v)’s
from two successive iterations agree to the desired precision.

2.1.5 Determination of Blocking Probabilities

[mportant performance measures can be expressed in terms of the state probabilities, p(u,v)’s.
The probability that all channels are occupied can be calculated from
Lrna:l.‘
pe= > p(C—v,v). (20)
'U:O
Denote the probability that a borrowing request from a specific adjacent gateway is denied by
a given gateway as py. A borrowing request from a specific neighbor will be denied by the given

gateway if any of the following three events is true at the time that the borrowing request arises.
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