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Abstract

We investigate rate scheduling and power allocation problem for a delay constrained CDMA systems. Specifically, we
determine an energy efficient scheduling policy, while each user maintains the short term (n time slots) average
throughput. We consider a multirate CDMA system where multirate is achieved by multiple codes. Each code can be
interpreted as a virtual user. The aim is to schedule the virtual users into each time slot, such that the sum of transmit
energy in n time slots is minimized. We then show that the total energy minimization problem can be solved by a
shortest path algorithm. We compare the performance of the optimum scheduling with that of TDMA-type scheduling.
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1.6 B also to reduce the environmental effects. Many

researches have investigated to achieve green

Energy efficiency in communication network is an communications’’ . Scheduling plays an important
attracting issue not only to maintain profitability, but role in enabling efficient transmission for wireless

systems with multiple users® Scheduling users in
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the scheduling problem in systems with multiple
the

maximum instantaneous system throughput, however,

receive antennas. These protocols achieve
fairness in terms of the throughput of each user is
not considered in either of the references. A short
term average throughput for each user facilitates
This the

investigation of the efficient scheduling problem with

fairness. is motivation behind our
an average throughput requirement. In this paper, we
investigate rate scheduling and power allocation
problem for a delay constrained CDMA system.
Specifically, we determine a power efficient
scheduling policy, while each user maintains the short
term (n time slots) average throughput. In reference
[7], similar ~ problem investigated.  Hybrid
TDMA/CDMA approach is considered for energy

efficiency transmission. But the proposed solution is

is

heuristic. In this paper, we investigate the energy
optimal approach. We consider a multi rate CDMA
system facilitated by the aid of multiple codes. The
aim is to schedule the virtual users into these n time
slots, such that the sum of transmit energy in n time
slots is minimized. At the outset, this problem looks
similar to the bin packing problem which is
NPfcomplete[X]. Fortunately, the specifics of the
problem enable it to admit a simple solution. In this
paper, we show that the total transmit energy
minimization problem can be solved by a shortest

path algorithm.

II. System Model and Problem Formulation

A. System Model

We consider the uplink of a CDMA system where
K terminals communicate with an access point. It is
assumed that the channel gain is quasi—static, so that
the channel gain of terminal i during the short term
(n time slots) is constant and is equal to g;. Each
terminal may change its transmission rate by the
number of codes it uses in each time slot, but

maintains the average throughput during the n time
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slot frame. The multicodes are considered as virtual
users. Each code is assumed to be a randomly
generated signature sequence following the reference
U Tn this setting, virtual users interfere with each
other if they transmit in the same time slot, even if
they belong to the same terminal. The signal to
interference ratio of kth virtual user of terminal % in

the time slot [ is defined as

Diy9;
S[lel - N L

K K

3 pi0 - pugit I

j=1lm=1

(1)

where I represents the sum of noise and the
intercell interference power and N is the processing

gain. p,;; denotes the transmit power of kth virtual

user of terminal ¢ in the time slot [. A}; denotes the
number of virtual users of terminal j in the time slot
[. We assume that g, > g, >--+> g, such that the
terminal with lower index has a higher channel gain.
In the multicode format, the rate of terminal ¢ in
Ry
multicodes, K, ie, R; = K; X Rp. Ry is the rate

time slot I, is defined by the number of

of a virtual user in one time slot, defined as LNV

where W is the spreading bandwidth'”, Then, the
sum of rate of user 1 during the n time slots is
ZRil: Z[(ﬂRB. We assume a common target
=1 =1

SIR, ie., SIR, for all virtual users.

arget

B Problem Formulation

Given the time slot in the frame are of equal
duration, minimizing the total energy is equivalent to
minimizing the total transmit power of all users in all
time slots. We aim to minimize the total transmit
power spent by all users in a frame subject to short
term throughput constraints. More specifically, the
problem is to minimize the sum of transmit power of

K users in n time slots, while each user maintains
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the short term average throughput E%
=1

denotes the average throughput requirement of user i.
We assume that the system has a feasible solution
for a given E that is, the system can accommodate
all the users at their SIR target and short term
throughput requirements. Formally, the optimization

problem is:

n K K

min Z Z Zpikl

I=1li=1k=1

2)

S.t. S[Rikl = S[Rtarget Vi
Yk, = R
i R ¢

=1

Py =0

The first constraint maintains the minimum target
SIR requirement of each virtual user, while the

second constraint imposes the short term average

throughput requirement. Because », A, is an integer
=1

nk;
TB 1S

value, R, is assumed to be chosen such that

an integer value. We note that user ¢ may decrease

its transmission rate to zero in any given time slot,

as long as the average throughput requirement is

satisfied. Assuming 24 virtual users in the time slot
«

l, ie, M=)Y,K, the optimum received power for
i=1

each virtual user is achieved when the SIR constraint

in (2

received power of all virtual users in the same time

is satisfied with equality, ie., when the

slot are equal. The optimum equal received power for

each virtual user in the time slot ! is given by

*

Iy
1+’y*

*

~

*

1+~

q = (3)

1=,

Rtarget

. S . .
where y = is the SIR target normalized

by the processing gain. Note that this equal received
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power solution in the same time slot is well known
result in a classical optimal power control theory

001 For the resulting received

such as min Power
power value to be feasible, we need ¢ >0. Hence,
the maximum number of virtual users in a time slot

is limited by {”—”J Accordingly, a feasible
i

solution exists when the total number of virtual users

+'y*

v
the relation between the optimum transmit power and

in n time slots does not exceed n X< J .Given

the optimum received power for terminal i in time

slot 1 p 9, =p;9:- = P19 = the optimization

problem in (2) is reformulated as:

) n . K ](il
min »,q, Y, (4)
=1 i=1 9i
S T
sit. =
AT Ry

ie., the optimization problem in (4) is to find &

vi and VI, the number of virtual user for each

user ¢ in each time slot [, to minimize the total

transmit power in n time slots, while each terminal %
nR)

=5 virtual users in n time slots. Thus,
B

X
T=YT, virtual users are to be scheduled in n time
i=1

slots such that the total transmit power is minimized.
We note that the optimization problem considered
here is different from the channel base station
assignment problem[g], where multiple base station is

considered, which is known as NP-complete.

III. Optimum Scheduling

In this section, we provide the solution for
optimization problem (5). First, we note that, the
structure of the optimum scheduling policy relies on

the following Proposition.
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Proposition 1. The optimum policy schedules the
virtual users in such a way that any virtual user
with a lower channel gain is assigned to a time slot
with a lighter load, i.e., a slot with smaller number of
virtual users.

To see why Proposition 1 is valid, suppose the
optimum policy schedules users such that one virtual
user j with channel gain g; is assigned to slot 1, and
another virtual user i with channel gain g, (g, >g;)
is assigned to slot 2. It is assumed that slot 1 has
more virtual users than slot 2, ie, M, > M,. Hence,
¢, > ¢,. If we exchange these two virtual users i and
j between two slots, slot 1 and slot 2, all the virtual
users except these two need the same transmit
power level, because ¢, and ¢, remains the same.

However, the sum of these two virtual users power
. . q q.

level is decreased, i.e., —1+?2<
i Y5

i
4 4

Hence, the total transmit power is decreased.
Proposition 1 provides a valuable information for
determining the power efficient optimum scheduling
policy. Define the set of virtual users in time slot 1
as s. We use |s/] and M, interchangeably for
representing the number of virtual users in time slot

l. Note that the sets of virtual users {s;,sys,}
should satisfy |s|=0 and Y,|sj=7 for any valid
=1

schedule. Note also that, collection of wvirtual user

sets resulting from any scheduling policy can be

reordered  such  that  {s;.s,,s,}  where
[si]< [so]<---<s,| , termed the reordered virtual
user sets. This reordering of virtual user sets (time

slots) does not change the total power value

expended as a result of this policy. That is, the
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performance of the scheduling policy is a function of
how many virtual users are scheduled into each slot
only, and not the actual location of these slots in the
n-slot frame.

Therefore, we only need to consider scheduling
policies with the reordered virtual user sets to find
the optimum scheduler. Consider such a group of
reordered virtual user sets. The following observation
states how the optimum policy schedules the T

virtual users to this reordered virtual user sets.

Proposition 2. For any given reordered virtual
user sets, the optimum scheduling order of T virtual

users is in the order of increasing channel gain, ie.,

R INEEE
T
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L Terminal i is factored into 7

n
where 7, = ;

"Ry
virtual users with an identical channel gain. Note that
the scheduling order (5) satisfies Proposition 1.

Hence, (5) is in the form of a candidate for the
output of the optimum scheduler. Accordingly, the
optimization problem in (4) is to find the best
reordered virtual user set group such that the sum of

total transmit power is minimized, given the optimum



2015 6 TAtSeEE ==X HM52H H6= 7

Journal of The Institute of Electronics and

scheduling order in (5).

The optimization problem in (4), by an appropriate
transformation, can be formulated as a graph
partitioning problem with a solution that has
polynomial complexity. Specifically, the optimization
problem in (4) can be transformed into a graph
partitioning problem following the approach in

[11]’ as described next.

reference

We note that (5) in Proposition 2 constitutes a
string, which is a graph where all vertices are
G=(V,E)

V="{v,vy- vy} and edges E={(v;,vy),, (v 1,07)},

located along a line, with  vertices
as in Figure 1. More specifically, an edge is
constructed by connecting two adjacent virtual users.
Each virtual user is represented by a vertex along
the string. More specifically, each virtual user in (5)
is sequentially mapped into the vertex of the string
from the left to the right. The weight of a vertex is

w, =~ where g; 1s the channel gain of the virtual

7
i

user corresponding to that vertex.

Given the string G=(V,E) as in Figure 1, let
{8,,---,5,} be the partition of the set of vertices V
into n subsets, and each subset S, has a set of
connected vertices. Note that in a feasible partition,
|S|=0 . In this setting, the virtual user sets
{sy-»s,} is equivalent to {S,---,9,}. Hence, we use

s, and S, interchangeably. The cost of a virtual user

set (subset) s, is quL and the cost of all virtual

ics Ji
user sets is Eq;Zgi. Therefore, the optimization
=1 ics 9i
problem in (4) is equivalent to finding a feasible
n-partition such that given cost is minimized:
min A 1
ar —
g {51""’5n}1:§:1q11§, 7, (6)
We note that, although the problem of optimally
partitioning an arbitrary graph with an arbitrary cost
function is NP-hard, partitioning a string optimally

with a separable cost function can be solved in
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8 Note that the cost function in (6)

is separable. In this case, the problem of graph

polynomial time

partitioning a string can be reduced to a shortest
path problem with complexity O(n7?).

In the following, the solution of the partitioning
problem in (6) by a shortest path algorithm is
described. We construct a network from the string
that represents the virtual users. The node that lies
between the origin—destination pair are given by the

set
{Gj)i1<i<n—1;i<j< T—n+i} (7)

An edge is placed from node (il,51) to (i2,52) if
i2=141+1 and j2 > j1j2 > jl. Otherwise, there is no
edge between (il,j1) and (i2,52). There is a
one-to-one relationship between the cost function of
a feasible partition in a string, and the cost function
of a path in the network constructed from the
partitioning problem.

For instance, consider 77=5 and n=3. From the
string with 5 vertices (virtual users), we first
construct the network as Figure 2. At node (4,5), i
and j denote the index of the time slot and the index
of virtual user, respectively. The cost of a path

between node (I—1,¢) and (I,t+w) is the cost of

. . * 1
the virtual user set sl, ie, ¢ >,— where |sj/=w ..

ies Ji
We note that the optimum policy should satisfy

[sq]< [sq| << |s and the maximum number of

7l|

. . . 1++

virtual users in a time slot, [ ;Y
Y

path violates any of these two constraints, the cost of

J . Hence, if a

that path i1s set to be infinity. Next, a shortest

pathfrom the origin to the destination with cost

{slT,l.ns }]quxi is obtained by using a
Y “n =1

ics, 9i
shortest path algorithm such as Dijkstra’s method
which has complexity O(n7%. The resulting
optimum partition {s,,---,s,} provides %; Vi and
Vi.
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IV. Numerical Results

We consider the uplink of a CDMA system with a
bandwidth ~ W=1.228 MHz the

processing gain N=128. Other interference other

spreading and
than cochannel interference is 7=10"'*. Target SIR is
SIR,

arger = 5. With SIR, . =5, maximum number of

virtual users in each time slot is limited by 26. K=5
users are uniformly distributed within the cell with
radius 1lkm. The frame size is n=5 time slots.
Ty

4
i

Channel gain of user i g;, is modeled as where d,

1s distance between the base station and the user i
r; is the log—normal fading with variance 8dB.
Figure 3 shows the power consumption of two

scheduling methods, the optimum scheduling and the

TDMA-type scheduling, for average throughput
requirement  R,=9.6kbps, 28.8kbps, 38.4kbps and
48.0kbps. With K=5 wusers, maximum average

throughput is limited by 48.0kbps. In TDMA-type
scheduling, user i transmits with rate nx X, and
users transmit in a round robin fashion. The result is
obtained by averaging 10,000 channel realizations. As
the average throughput requirement increases, i.e., the
system load gets heavier, the gap between the

performance of the optimum scheduler and that of the

(1074)

TDMA-type scheduling
clearly indicate the benefit of optimum scheduling for

increases. This results
a loaded system. Note that if the channel gains of all
users are identicall, the optimum scheduler and
TDMA result in the same performance. Figures 4
demonstrate the optimum transmission rate allocation
for a specific channel realization into n=10 time slot
frame. The average throughput requirement is
R,=288kbps. It is shown that, for power efficient
transmission, the virtual user with lower channel gain

1s assigned to a less loaded time slot.

V. Conclusions

We have considered power efficient scheduling for
delay constrained multicode CDMA services. Short
term average throughput requirement is imposed to
maintain an average throughput for each user. It is
assumed that multiple data rates are provided by
means of multiple signatures (codes) each of which is
treated as a virtual users. We allow codes assigned
to each user to interfere with each other, as well as
with codes assigned to other users. For power
efficient transmission, these virtual users should be
carefully scheduled. The contributions of this paper
are twofold. First, graph theoretic approach is applied
to the energy efficiency rate scheduling problem.
Second, the optimum scheduling algorithm with

polynomially solvable complexity is proposed. We
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have shown that the optimum scheduler can be
obtained by solving a shortest path problem. Our

numerical results demonstrate that the optimum.
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