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Cellular CDMA/TDMA Networks
Keivan Navaie, Member, IEEE, and Halim Yanikomeroglu, Member, IEEE

Abstract— In this letter, using a utility-based approach we
formulate the optimal downlink resource allocation problem for
non-realtime traffic in a CDMA/TDMA cellular network. We
then introduce the notion of multi-access-point diversity which
is a potential form of diversity in cellular networks, where
a signal can be transmitted to the corresponding mobile user
via multiple base-stations. A joint base-station assignment and
packet scheduling method is then proposed which exploits multiaccess-point and multi-user diversity in one shot. The simulation
results of the proposed method show significant throughput
improvement due to multi-access-point diversity gain.
Index Terms— Base-station assignment, CDMA/TDMA, diversity, packet scheduling, utility function.

I. I NTRODUCTION

I

N wireless cellular communications, delay tolerance of
non-real time traffic can be exploited in transmission
scheduling to improve system throughput (see e.g. [1]– [2]).
In such techniques, at each time instant, the base-station (BS)
transmits with its maximum power to a user when its time
varying channel capacity happens to be at (or near) its peak
while other users are kept inactive. The resulting throughput
improvement is referred to as a multi-user diversity gain. In
these methods, it is assumed that another functionality assigns
a BS to each user as a server.
In order to facilitate the BS assignment, each BS broadcasts
a pilot channel. In cellular networks, especially in dense areas
with small size cells, a large number of users are able to
receive pilot channels with acceptable quality from more than
one BS. The set of these BSs is called the “active set.” The
independent time variations of the channels between a user and
the BSs in its active set introduce a type of diversity which
we refer to as multi-access-point diversity.
In this letter we utilize the utility-based framework in [3]
and formulate the optimal downlink resource allocation for a
cellular network that supports non-realtime traffic. For each
packet transmitted by a BS, we consider a utility function
which depends on the corresponding channel bit-rate and the
experienced delay. The total utility (the sum of the utilities of
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all packets) is then considered as a total network performance
indicator. We then show that maximizing the total utility
results in joint BS assignment and packet scheduling; this
approach jointly exploits multi-user and multi-access-point
diversities. We further demonstrate that this problem can be
mapped into a multi-dimensional multiple-choice knapsack
problem (MMKP) that is NP-hard. A heuristic algorithm, presented in [4] with polynomial time computational complexity,
is then adopted to solve this problem. A similar formulation
has been used in our previous works [5]– [6] for downlink
resource allocation in pure CDMA networks.
Joint BS assignment and resource allocation for downlink
is considered in [7]– [8] as well. However, in both of these
methods, separate BS assignment and resource allocation algorithms are proposed. These algorithms are then combined in a
sequential manner for more efficient resource utilization. The
distinguishing feature of our proposed method, compared to
the previous works in [7]– [8], is that it gives in one shot, both
the packets scheduled for transmission and the corresponding
BSs to transmitting those packets. Moreover, since the BS
assignment is performed in the same time-scale of packet
scheduling, the proposed method will be able to exploit both
multi-user and multi-access-point diversities. Furthermore, by
adopting a heuristic polynomial time algorithm, it can be
implemented with an acceptable level of complexity.
II. S YSTEM M ODEL
We consider a CDMA/TDMA cellular network with time
domain scheduling that supports only non-realtime traffic that
can tolerate packet transmission delay. The system is timeslotted with each slot containing M frames of Tf seconds.
In the time domain scheduling, the total transmit power of a
BS is allocated to a single user within each frame while the
rest of the users are kept inactive [1]– [2]. We also assume
that the length of the time-slot is chosen so that the channel
variations are negligible within the slot. Fixed L-bit packets
are transmitted in an integer number of frames. At time t,
there are N (t) packets waiting in the system to be served.
B = {BS1 , . . . , BSB } is the set of B BSs in the network.
An active set Ai (t), corresponding to each packet i, is
defined as the set of BSs which can be assigned to the
destination user of packet i, d(i), as the server:
Ai (t) = {j|j ∈ B, γd(i)j (t) ≥ γmin },

(1)

In (1), γd(i)j (t) is the Ec /I0 level of the pilot channel of BSj
received by d(i), and γmin is the minimum required Ec /I0 .
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NAi ≤ NA indicates the number of BSs in Ai (t), where
NA is a system parameter. If NAi (t) > 1, then packet i can
potentially be transmitted by more than one BS.
Let mij (t) be the number of required frames for transmission of packet i by BSj at time t,
L 
,
mij (t) =
rij (t)Tf


(2)

where . gives the upper nearest integer since an integer
number of frames should be allocated to each packet, and
rij (t) is the bit-rate of the channel between BSj and d(i) at
time t. Note that rij (t) is a function of different parameters
including channel gain, BS transmit power, background noise,
and inter-cell interference. We assume that the value of rij (t)
is sent to the network by the user as it is the case in 1xEV-DV
[9]. Variable channel bit-rates are implemented by using the
orthogonal variable spreading factor technique [10].
For a packet i, we associate a utility-function, uij (t), that
indicates the “profit” earned by the network as a result of
transmitting packet i from BS j at time t. Utility function,
uij (t), serves as an optimization objective for packet transmission and is a function of the allocated network resources
to that packet as well as the quality of service experienced by
that packet. The earned profit modelled by the utility function
provides a priority metric for each packet served by a given
BS; the higher the value of a utility function, the higher the
priority of transmitting the corresponding packet.
In the case of non-realtime traffic, the utility function is a
function of rij (t) and τi (t), where τi (t) denotes the amount of
time that packet has spent in the system until time t. The profit
earned by the network by serving a packet is an increasing
function of that packet’s destined user’s wireless link quality.
In addition, for two users with the same channel quality at
time t, it would be more beneficial, from network point of
view, to send the packet which experiences a higher delay. As
long as having the general characteristics mentioned above,
the formulation presented in this letter is independent from
the exact definition of the utility function. Generally, utility
function is defined by the service provider to quantify the
trade-off between the performance (e.g., total throughput) and
the fairness (see for instance, [11]).
III. D OWNLINK R ESOURCE A LLOCATION P ROBLEM
We define the total network utility at time t, U (t), as the
network performance indicator:
∆

U (t) =

N (t) B


uij (t)bij (t),

(3)

i=1 j=0

where bij (t) is the assignment indicator at time t; bij (t) = 1
if packet i is transmitted by BSj , and bij (t) = 0, otherwise.
We also consider a null BS BS0 with M virtual frames for
which ui0 (t) = 0 for all packets. If bi0 (t) = 1, packet i is not
scheduled for transmission at time t, therefore, τi (t + 1) =
τi (t) + M.Tf . We also define
∆

Bb (t) = {bij (t)|i = 1, . . . , N (t), j = 0, . . . , B}.
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Our objective is to maximize the total network utility:
max
Bb (t)

N (t) B


uij (t)bij (t)

(4)

i=1 j=0
N (t)

s.t.



i=1
B


mij (t)bij (t) ≤ M, j = 1, . . . , B,

(5)

bij (t) = 1, i = 1, . . . , N (t),

(6)

j=0

bij (t) ∈ {0, 1}.

(7)

The inequality in (5) shows the downlink resource constraint
for the BSs in B. Furthermore, (6) demonstrates that each
packet should be transmitted by only one BS. At each time
t, the solution of (4) gives the packets that are scheduled for
transmission. For each packet, it also gives the corresponding
BS that is assigned as the server. This information can be
communicated to the corresponding users via the signalling
channels in the beginning of each time-slot.
For the specific case of a given BS assignment, the optimization problem in (4) results in a scheduling discipline
in which, for each time-slot, packets are transmitted in the
order of the value of their corresponding utility functions. In
this case, the resulting scheduling only exploits the multi-user
diversity. Moreover, in this case (4) results in proportional
fairness scheduling if the utility function in [2] is used.
Since this optimization problem is solved for each timeslot, time index t is dropped for brevity. Here, we first define
MMKP and subsequently we show that (4) is an MMKP.
MMKP [4]: Consider a knapsack with B distinct resources
represented by (M1 , M2 , . . . , MB ). There are N groups, each
with Ki items. Each item j of a group i has a particular
value, uij , and requires B distinct resources represented by
the vector (mij1 , mij2 . . . , mijB ). The MMKP objective is to
select one item from each group to maximize the total value
of the collected items subject to B resource constraints.
Consider the cellular network as a knapsack with B + 1
resource constraints. Each resource corresponds to a BS in the
network coverage area in which we also include the virtual null
BS. Resource constraints are the number of available frames in
each BS in each time-slot (i.e., M ). Each packet i as a group is
associated with Ki = NAi + 1 BSs as items, corresponding to
the BSs in Ai and the null BS. The value of the corresponding
item is uij . For each item the required resource is mijk = mij
for j = k, and 0, otherwise. Therefore, the downlink resource
allocation in (4) is an MMKP.
In each time-slot, each user obtains and sends the channel
bit-rate to the BSs with acceptable Ec /I0 ; therefore, for all
packets, the network knows rij , for i = 1, . . . , N , j ∈ Ai .
Then the corresponding uij and mij are obtained.
Note that MMKP is NP-Hard [4]. Therefore, the computational complexity of finding the exact solution of (4) is
in exponential order of the problem size. Obviously such
solutions are not suitable for practical purposes. There are
heuristics algorithms for MMKP with polynomial time complexity. As an example, in this letter we adopt a heuristic
algorithm presented in [4] with a polynomial time complexity.
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TABLE I
S IMULATION PARAMETERS

In practice, the cellular network can be partitioned into
smaller parts; each part includes a number of BSs controlled
by a radio network controller (RNC). In cases where some of
the BSs in the active set of a packet are controlled by different
RNCs, signalling between the RNCs is required.

Parameter
Cell radius
BSs transmit power
NA
Standard deviation of log-normal fading
Thermal noise density
Propagation loss exponent
Frame length (Tf )
Number of frames in each time-slot (M )
Available bit-rates rij
Required Ec /I0 (γmin )
Packet arrival rate (λ)

IV. S IMULATION R ESULTS

3
Normalaized average throughput

The simulated cellular network is a two-tier hexagonal cell
configuration including 19 cells (B = 19), based on UMTS
standard; the wrap-around technique is also employed. No
adaptive modulation is considered. The number of active users
in the network is Nu . The simulation parameters are presented
in Table I. The pilot channel powers are adjusted so that 40%
of the users receive the pilot channel of more than one BS with
acceptable quality. Non-uniform user distribution is expressed
by the non-uniformity factor, µD so that (1−µD )Nu users are
distributed uniformly and the rest of the users are distributed
within randomly located hot-spots.
For each user, fixed length packets are generated by a
Poisson arrival process with an average rate of λ packets per
second. For a packet i transmitted by BSj in time-slot t the
following utility function, uij (t), j = 0 is defined:


1
∆
exp τi (t) − τ (t) ,
uij (t) =
(8)
mij (t)

where τ (t) = N1(t) i τi (t) is the average delay. Note that
in (8), a packet is given a large utility either when the
corresponding user experiences a “good” channel condition or
when it experiences a “bad” relative delay status. Parameter
τi (t) is available in the BS and mij (t) can be obtained based
on rij (t)s sent by the users to the BSs through (2), which is
a function of the wireless channel condition between the user
d(i) and BS j. The utility function in (8) is similar to that
given in [11] which attempts fairness in delay.
In order to study the multi-access-point diversity gain, three
different systems are considered. In System I, for each user,
the BS with maximum Ec /I0 level is assigned as the server
and packets are transmitted in first-come-first-serve fashion
using a time domain scheduling scheme. In System II, the BS
assignment is similar to that in System I, however, packets are
scheduled so that the total utility of each cell is maximized;
i.e., only multi-user diversity is exploited. System III uses our
proposed joint BS assignment and packet scheduling.
We normalize the average achieved throughput of Systems
II and III by the average achieved throughput of System I.
Fig. 1 illustrates the normalized average achieved throughput
versus the average number of users in each cell, Nu /B. Two
different user spatial distributions are considered: uniform
(µD = 0) and non-uniform (µD = 0.4). Note that the
throughput gain of System II is due to the multi-user diversity
alone. The difference between the throughput gains of System
II and III indicates the multi-access-point diversity gain.
Furthermore, as demonstrated, the multi-access-point diversity
gain is increased by the non-uniformity of the users’ spatial
distribution.
We also compare the average throughput of the proposed
method in this letter with the one in our previous works in [5]–
[6] with Nu /B = 20. An average throughput improvement
of 21.17% (27.63%) is observed for µD = 0 (µD = 0.4).
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Fig. 1. Normalized average achieved network throughput of Systems II and
III versus average number of users in each cell for µD = 0 and µD = 0.4.

The achieved gain is due to the exploitation of the multi-user
diversity and multi-access-point diversity.
V. C ONCLUSION
In this letter, we propose a joint BS assignment and packet
scheduling method that exploits, in one shot, both multi-user
and multi-access-point diversities. The simulation results show
that using the proposed method substantially improves the
system performance.
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