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Abstract

Transmitting multimedia data over a CDMA channel
presents @ new set of challenges. Someiimes, data
demands will exceed the system capacity, in which case the
system must make the most efficient use of its limited
resources. The resources we consider are: fixed bandwidth
available for each user and the transmit power budge! for
each cell.

In this paper, we present our approach for unifying
power control, variable forward error correction (VFEC),
and scheduling for allocating the system resources. Qur
objective is 10 maximize the overall system satisfaction,
which we call “system utility”” This objective is achieved
by applying a distributed algorithm which divides the
overall optimization problem into a hierarchy of three lev-
els (system, cell and user). At each level, the sysiem per-
forms independent and parallel optimizations; the critical
information is then passed to the higher level for further
optimization. Finally, an iterative and distributed algo-
rithm is applied at the system level to achieve the overall
System optimization.

1 Introduction

This paper addresses design and control issues for
multiuser, muitimedia indoor wireless communication sys-
temns. While this work is motivated by the Berkeley Info-
pad project [11, the approach and the techniques are not
limited to the Infopad system.

The Berkeley Infopad employs direct-sequence code-

- division multiple-access (DS CDMA) for downlink trans-

missions. Each radio transmits several data types ranging
from low-data-rate and error sensitive control information,
1o high-data-rate but more error tolerant real-time video.
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In addition to this wide range of error tolerance and band-
width requirements, multimedia data streams are bursty
compared to traditional cellular voice data. Therefore, it is
challenging to deliver the different data streams according
to their required quality of service, and at the same time,
avoid over-engineering.

Several techniques can be applied for reliable trans-
mission over a time varying channel. Power control [2]
(i.e. adjusting the transmit power level at the basestation)
is used to control received signal to noise ratio (SNR). For-
ward error correction (FEC) introduces redundancy to
combat transmission errors. Because bandwidth demands
for multimedia applications vary greatly, prioritizing (i.e.
scheduling) among data streams is needed when band-
width demands exceed channel capacity. In this paper, we
see these three techniques as three “control knobs” for
adjusting the system performance, and we claim the sys-
tem design is incomplete if we do not consider ali of them
jointly,

Many solutions are feasible by various combinations
of these three techniques. Therefore, designers are left to
choose what they want o optimize. For example, previous
works aimed at maximizing the Erlang capacity which is
defined as the number of active users [2], minimizing
transmit power while meeting a certain SNR requirements
[3, 4], or maximizing the Shannon capacity [5]. However,
none of these design objectives consider the heterogeneri-
ties of muitimedia data and users. This leads to many
shortcomings. For example, it is difficult to pricritize one
data type over others, or to prioritize users using these
design metrics, or to distinguish various users’ prefer-
ences.

A multiuser, multimedia system is designed to meet
the needs of users, as a resuit, system performance should
not be measured in terms of system-centric quantities like
throughput or transmit power level. Instead, we believe
system performance should be evaluated solely in terms of
overall user satisfaction, which we call “utility”.
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This paper is organized as follows. First, the system
structure and its constraints are presented. Next, we dis-
cuss the qualitative properties of utility functions, and we
argue that maximizing system utility should be the sole
objective when designing a system. Lastly, we present the
utility maximization algorithm.

2 System Structure
2.1 System Requirements

The Berkeley Infopad system employs DS CDMA for
downlink transmission (i.e. basestation to portable). This
system, shown in Figure 1, is a multimedia communica-
tion system which simultaneously serves a large number
of users. For low power and portability reasons, the Info-
pad terminals do not have any computational power;
instead, the computations are carried out at the compute
servers. The computational results, together with other
types of multimedia data, are sent to the terminals via the
high speed backbone network, basestation, and wireless
channel,

Wireless Multimedia Terminal
........ - X-terminal .

i - Video and Text/Graphics
Lg - Audio & Handwriting /O

Figure 1. Infopad system overview.

The downlink radio system has a limited capacity due
to the limited resources such as transmit power and band-
width. As will be shown later, the design of this system
reduces to a global optimization problem. This optimiza-
tion trades-off the quality with the quantity of delivered
data. In addition, the optimization trades Fesources among
users. The objective of these trade-offs is to maximize the
overall user satisfaction by applying power control, vari-
able forward error correction' (VFEC), and scheduling,

The CDMA downlink radio is designed to address
several user imposed system performance requirements.
These requirements can be most easily understood if we

1. Variable forward error correction is a technique of using a family of
FEC codes to achieve a wide range of error comection capabilities.
For example, we use the family of 63 bit BCH codes with error cor-

rection capability of ¢ = §, 1, 2, 3, 4, ooy 31 bit errors.
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consider the differences between our system and convep.
tional wireless systems.

The first difference is that conventional portable com.
munication systems have been designed mostly for low.
rate, single-data-type applications such as mobile voice
and paging services; our downlink radio, on the other
hand, supports multimedia data consisting of real-time:
video, audio, text/graphics and control data. This differ-
ence yields several design requirements: (1) the bandwidth
requirements are orders of magnitude greater. (2) Multjs
media data consist of several data types with highly varj.”
able qualities of service (QOS) (e.g. typical speech data

can tolerate a bit error rate (BER) around 107 » Whereag

control data require a BER around 10'9). (3) A multimediy ;
system requires a scheduler because bandwidth dcmaqq,ii
vary greatly and will sometimes exceed channel capacit;
This scheduler dynamically allocates bandwidth for eac
application, leading to a priority scheme for multimed
data.

streams is necessary. M
The last difference is that the traditional voice/data 3
communication systems respond to congestion by block.

data types supported by the Infopad terminal, and their ;
typical BER and bandwidth requirements. ‘

Data Type Data Rate | BER Range Relative
{kbit/sec) Burstiness
fl‘ontrol ' ~1 10-8 1 0-11 very
information
Text/graphlqs 1-1000 1074 10-7 . very
Audio 64 1 0-3 N 10—6 medium
Video 1000 i 0—3 -1 0-6 low

Table 1. Multimedia data and GOS requiraments.
2.2 Practicat Constraints

Our system is designed to fully utilize the available
resources while meeting the various QOS requirements of
multimedia data, This system has a limited capacity due to :




certain resource constraints that arise from a DS CDMA
radio. These constraints are: (1) the total bandwidth allo-
cated to a user’s applications must be less than the link
bandwidth; and (2) the total transmit power from a bases-
tation (which serves all users in a cell) must be less than an
allowable power level set by implementation constraint.
Figure 2 shows the downlink radio structure together with
these practical constraints.

video

1 H
Taudio '_, user1| vyppe | 2Mbitsed™S_
‘ 1 Encoder 'V
-
[ L]
. . Y
[ [
video
auds » user N 2Mbit/s
ACL VEEC .
P Encoder el
Bandwidth Power
Constraint Constraint

Figure 2. System structure and constraints,

2.3 Three “Control Knobs”

In order to achieve the optimal system performance,
three “control knobs” are available for fulfilling various
bandwidth or BER requirements. These knobs are: VFEC,
power.control and scheduling. Among them, VFEC selects
a particular FEC code; this FEC then introduces redun-
dancy to combat transmission errors, [8], [9]. Downlink
power control varies the transmit power to adjust the
received signal quality. Together VFEC and power control
are used to support applications with widely varying QOS
and to mitigate excessive interference. Finally, prioritizing
{i.e. scheduling) allocates bandwidth among data types;
this is especially needed when application demands
exceed channel capacity.

The goal of our design is to unify VFEC, power con-
trol and scheduling into one system. We claim that the sys-
tem design is incomplete if the methods of VFEC, power
control and scheduling are not considered simultaneously.
For example, consider a design that only controls power; if
all active applications consume less than the available
bandwidth, then the remaining bandwidth is wasted. Com-
pare this to a system that, instead of wasting this band-
width, uses it for FEC coding and reduces the transmit
power while maintaining the same QOS. This example
illustrates the interaction between power control and FEC.
Finally, the result from scheduling affects both the VFEC
selection and the transmit power Ievel in order to meet the
specific QOS of that data type.

3 System Objective and Control Strategies

3.1 Concept of Utility

A large set of solutions are feasible by various combi-
nations of VFEC, power control and scheduling. For
example, suppose a user can choose receiving low resolu-
tion video together with text graphics or just high resolu-
tion video; or, the system may either support 6 users with
high QOS or 10 users with medium QOS, how do we
choose between these alternatives? A muiti-user, muitime-
dia system is uitimately designed to satisfy users; there-
fore, any design decisions should be based on user
satisfaction. For instance, if users prefer receiving more
data at cost of having a higher BER, the system design
should reflect that accordingly. Therefore, our objective is
to maximize total user satisfaction, which we call “system
utility™.

In general, the concept of system utility is somewhat
vague. However, if we assume that utility is additive, then
system utility becomes the sum of user utilities, and a
user’s utility is the sum of that user’s application ultilities.
For each application, the performance clearly depends on
the quality and quantity of data delivered. In this study, we
express application utility in terms of delivered BER and
bandwidth.? A typical application utility function is shown
in Figure 3.

Utiiity Bandwidth

Figure 3. A typical application utility function.

At this point, let us discuss the qualitative properties
of the application utility functions.> We proceed by first
holding BER constant so that application utility depends
only on delivered bandwidth.

For all applications, the application utility is a mono-
tone non-decreasing function with respect to the band-

2. End-to-end delay is not considered in this study.
3. The actual utility function for any particular application can be deter-
mined through either simulations or experiments with users.
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width. We can categorize applications into many classes;
nevertheless, we will discuss and contrast only two such
classes. One class includes applications for which perfor-
mance gradually improves as their allocated bandwidth
increases; however, with a decreasing marginal utility (e.g.
video and text/graphics). The utility functions for this
class of applications are therefore concave everywhere, as
shown in Figure 4(2). Another class includes applications
such as control information for which the received data are
of no value to users if only partial information is delivered:
however, once the necessary amount of data is delivered,
there is no extra benefit for receiving more data,
Figure 4(b) shows the utility function for this class of
applications.

A
Ullﬁt}l """ e = D P E R E Y
Bandwidth B, Bandwidth
(=) b}

Figura 4. Two classes of utility functions with respect
to the bandwidth,

Let us now turn our attention to the other parameter of
the utility function, that is, the error rate. When the
received BER is high, users are generally unsatisfied with
application performance. As the error rate improves, their
satisfactions rise as well. However, once the BER
improves beyond a certain level, very little additional sat-
isfaction is achieved. For instance, the reception quality of

video is nearly identical between BERs of 10 and 10°5.
Figure 5 illustrates the utility function with respect to
BER.

Utility

Figure 5. Utility function with respect to the error rate.

3.2 Layered Approach to Utility Maximization

Now that we have discussed the qualitative behavior
of the application utility functions, let us return to the
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problem of maximizing the system utility subject to con. .

straints. Suppose a user has several applications, each with
utllity (B, E;} , where B, is the application bandwidh,

and E; is the received BER (after FEC decoding). Recall |

that the utilities are assumed to be additive, therefore, the
user, cell, and system utilities can be expressed as:

L L o
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With this formuiation of the utility functions, we are able to
overcome the shortcomings from the previous design ob-
Jectives (from Section 1). First, a user may prioritize vari-
ous applications according to (1). Second, by introducing a

system util

weight factor, users in the system can be prioritized as in ‘

2).
Our objective is to maximize (3) subject to con-

straints, where parameters B; and E; are controlled by

power control, VFEC, and scheduling. One approach to
this global optimization is to apply a centralized algorithm
which considers all users’ utilities in the system simuita-
neously. The advantage of this approach is that it does not
Tequire any iterative steps for achieving the optimum;
however, the computational complexity and communica-
tion requirements are impractical for any reasonable sized
system.

Instead, we propose a distributed algorithm that
divides the system optimization problem into three sepa-
rate levels: user level, cell level, and system level, Figure 6
shows the optimization hierarchy, in which the optimiza-




tions are represented by nodes and communications are
represented by edges.

System Level
{inter-cell)

Cell Level
(intra-celt)

wrea 445 445 41N

Figura 6. Three levels of optimization hierarchy.

The nodes within each level are independent and can
be optimized in parallel. The optimization results,
expressed in terms of the resource requirements, are
passed up to the higher level. For example, the optimal
user utility, expressed in terms of user’s channel SNR, is
directly proportional to the transmit power level; the trans-
mit power level is then determined by the cell level optimi-
zation which performs intra-cell power allocation. In
addition, at the system level, a cell communicates with its
interfering neighbor cells (0 negotiate its cell power budget
s0 as to maximize the neighborhood utility. This layering
approach yields a distributed algorithm, and the details are
expiained in the following section using a bottom-up strai-
egy: from user level to cell level, to system level.

For:the rest of the paper, we assume the feedback loop
from a portable to a basestation gives the basestation an
estimate of the channel SNR. The basestation then calcu-
lates the propagation loss and the interference factors for
each user, based on the user’s channel SNR and the trans-
mit power levels of the neighbor cells.

3.2.1 User Level Optimization

At the user level, we optimize user utility. Two tech-
niques are applied: first, the system performs scheduling
by allocating bandwidth to each application. Second, the
system optimizes error rate by applying VFEC; VFEC
enables the system to trade-off the quality with quantity of
delivered data for each application.

Recall that the user utility is the sum of the applica-
tion utilities:

- L

i=1

UMSGI‘

Our objective is to maximize (4), over
B = (B;,By,...B)) and E = (E,E,, ..., E), sub-
ject to the link bandwidth constraint,

L
Y B;-N{SNR, E;) < Link Bandwidth (5
i=1
where
_ link bandwidth
NSNR, E) = o bandwidth ©

*

The maximal value of user utility is denotedas U, .

To maximize the user utility, we do not directly
choose the received BER E;; instead, we select the level

of VFEC which, together with the link SNR, to determine
the received BER. The choice of FEC code also deter-
mines the “bandwidth expansion factor”, N(SNR,E),
which is the ratio of the link bandwidth to the data band-
width, as shown in (6). Consequently, B;- N{SNR,E;) is

the actual channel bandwidth consumed for application i.
Maximizing (4) under the constraint (5) is an optimi-
zation problem over 2L variables (B and E). The optimal

B and E can be obtained by applying the Lagrange multi-
pliers. Observe that the channel SNR is the only undeter-
mined variable during the optimization; as a result, both

the optimal B and E, and thus the optimal user utility are
functions of the channel SNR, as shown below:

*

UHSZT user(g’ E) (7)

(SNR) = Max U
B E
L
such that ¥ B;-M(SNR, E;) <Link Bandwidth
i=1
To summarize, two results are achieved through this
user level utility optimization. First, for any SNR, there

exist B and E such that the user utility is maximized. Sec-
ond, the maximum user utility can be expressed as a func-

tion of SNR (presuming an optimal choice of B and £ ).
As will be shown in the next section, this maximal vser
utility function becomes the comerstone of the cell level
power allocation.

3.2.2 Cell Level Optimization

An indoor wireless communication environment is
interference limited. In such an environment, users are
subject to three sources of interference: intercell interfer-
ence, intracell interference and background noise. The
channel SNR for a user, say user j located in cell #0, is the
ratio of the received signal power to the noise power:
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SNR

. Recetved Signal Power @)
J~ Total Noise Power

gj‘q)j‘Po

(01);+(oD);+(03);

where g ; is the gain from the basestation to user j, ¢ i isthe
fraction of the total cell transmit power allocated to user j,

P, is the total transmit power for cell #0, and (0',-2) i

(cf) T (oﬁ ) ; are the intracell interference, intercell inter-
ference and background noise, respectively.

Assume a cell topology as shown in Figure 7, where a
center ceil has six neighboring cells?. Suppose cell #i is in

the center, and let P,- = (P, .PI-,...,P,-} be the rtotal
power budget for each of the seven cells, where

(P,.l, vy Pf) are neighboring cell power levels. Using

this notation, F}; represents the power budget for a cell
neighborhood where #0 s in the center.

Figure 7. Cell topology.

Without loss of generality, our focus is on user j in
cell #0 with six adjacent neighbor cells. The intracell and
intercell interference are modeled as fractions of cell
power levels {7], which are expressed in (9) and (10),

respectively.’ The o ; and g j are intracell and intercell

interference coefficients which depend on the CDMA
spreading factor and propagation environment, These
coefficients can be determined through measurements.®

(°£2)j =0 Py C)]

4. This assumption of having hexagonal cells is not necessary for our
algotithm, it is only for illustrative purposes.

5. Throughout this study, we only consider the first order intercell inter-
ference, i.e. interference coming from the adjacent cells.

(©); = B} Po+ B3 Pyt ...+ B} PQ (10)

We can combine (9) and (10) using a vector notation (11),
to represent the overall interference noise power, with

Ty = @y BB

@D+ (0], = T;* F an

Consequently, substituting the expression of interference
noise power (11) into (8), the channel SNR for user j is:

&; ¢ i Py
— 2
;e Py+(og) j

During the downlink transmission, a CDMA radio
transmits 1o all users within a cell simultaneously and is
subject to a power budget which is determined through the
higher layer optimization. The goal of performing cell
level optimization, for cell #0 in our case, is to distribute
the power budget Py, to each user so that the total cell util-

SNR; = (12)

ity is maximized. This goal is achieved by compuung the
optimal cb for all users j.

Suppose cell #0 has M users, the total cell utility is
therefore the sum of maximal user utilities:

S Mo,
Uceno(®: £o) = E U ‘(SNRj) (13)

ﬁ ‘{_gf'q)j'PO J
j=1

7;‘P0+(°s)

Our objective is to maximize (13) subject to the power bud-
get constraint:

M
2 4 Po<Py (14)
ji=1
Maximizing cell utility is an optimization problem of
M variables. The optimal power allocated to each user,
(9P b2 Py .--s gy - Pyp) » can again be obtained by
applying the Lagrange multipliers. Notice that the cell
power budget for the entire neighborhood, P_O, remains
unknown during the optimization; therefore, the optimal
user power allocation, (¢;Pq, 9P, ..., §)4Pq) , thus the

6. The intracell and intercell interference coefficients for a user depend
on the Jocation of the user and the indoor environment, both of which
are time varying. These interference coefficients can be estimated by
comrelating total noise power (which can be measured) with this and
neighboring cell power levels.

9b.3.6
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Usio(Po) = Max (15)

19 000y Qur

Mo,
U j(SNR )
i=1
M
such that ¥ 9;=1
j=1
It is rather easy to prove that the two-step optimiza-
tion process (i.e. the user level and the cell level optimiza-
tion) for maximizing the cell utility is equivalent to an
one-step optimization at the cell level. This one-step opti-
mization determines the B;, the E; for each application

among ail users, and ¢ ; for each user in the cell. However,

the later approach introduces parallelism and also limits
the intercell communication.

To summarize, we have achieved the optimal user
power allocation for multiple users within a cell. The opti-
mal cell utility depends on the cell power levels for the
entire neighborhood. This result provides us with a plat-
form to perform intercell power allocation, which is to
determine the total cell power budget for each cell.

3.2.3 System Level Optimization

Our goal is to maximize the overall system utility
which is achieved by seting the cell power budget for each
cell. Since a large number of users and cells are in the Sys-
tem, we seek a distributed algorithm that is scalable in
both computation and communication.

As intercell interference is localized to a finite region,
changing the power levet for a cell only affects its nearby
cells; we call this region that cell’s “neighborhood”. This
observation suggests that we are able to simuitaneously
change power levels for several cells, provided that their
neighborhoods do not overlap. For this discussion, we
assume only first order interference’, and Figure 8 shows

7. First order interference means that a basestation only interferes its six
immediate neighbor cells. This assumption is only forillustrative pur-
poses, and is not necessary for our distributed algorithm. If the
assumption does not hold, we can increase the neighborhood size,
which will decrease the rate of convergence.

9b.3.7

several non-overlapping neighborhoods (indicated by the
“stars” superimposed on the cell topology).

Figure 8. Non-overlapping intetference
neighborhoods,

Several key properties result if we restrict ourselves to
changing power levels only for the center cells of these
non-overlapping neighborhoods. Firstly, the effects from
changing a center cell’s power level are limited to the
neighborhood boundary; therefore, cells only need to com-
municate within the neighborhood. Secondly, a center cell
faces a fixed interference environment; therefore, calculat-
ing the power budget is simplified. Finally, the remaining
cells within the neighborhood have exactly one interfering
cell which is changing its power; therefore, estimating

infracell and intercell interference coefficients (‘y_j from
Section 3.2.2) is simplified.

So far, we have updated cell power budgets for only a
fraction of cells. Our ultimate goal is to update power bud-
gets for all cells in the system. This is achieved by iterat-
ing according to a periodic schedule®, where the system
adjusts different subsets of cells at each iteration; after one
period, all cells in the system are updated at least once,

We will demonstrate this algorithm using our exampie
of first order interference and hexagonal cell topology.
Figure 9 shows the assignment of cells to iteration steps,
and the iteration period equals to 7 in this case. Notice at
every time step, the subset of cells which change power
levels have non-overlapping neighborhoods.

Figure 9. lteration step assignments,

8. This schedule is fixed and determined by the system designer.
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We next describe how we determine the cell power
budgets. The procedure is the same for all cells; however,
we will focus on cell #0, with neighboring cells 1 through
6.

When updating the power budget for cell #0, its power
level is chosen so as to maximize its overall neighborhood
utility. We know from Section 3.2.2 that the maximal cell
utifity for each cell in the neighborhood of cell #0 depends
on P,. Therefore, the total neighborhood utility, which is
the sum of the maximal cell utilities, is also a function of
P, as shown below:

U Neighborhood(‘;:)' Py, . Pg) (16)

e 6 4
= Ue oPod*+ 2 Ucen ilFD
i i=1
While P, is upper. bounded by the implementation
limit, the goal of adjusting P, is to maximize the total
neighborhood utility, Py thus has to satisfy:

a — e —
EFG[UNSigthFhOOd(PO' Pl’ suay PG)] = 0 (17)
This is equivalent to:

3 .+ — ol & . » =

ap; Ve olFo) = ~ 55, 2 Ve P2 (18)
o1

Notice that on the left side of (18) is celi #0’s marginal util-

ity as a function of P, and on the right is the total marginal

utility of the neighbor cells. At the optimal point, with re-
spect to Py, the marginal utility of cell #0 offsets the mar-

ginal utility of the neighbor cells.

The system utility optimization algorithm we
described above is indeed an iterative, one-dimensional
search algorithm, in which we optimize along each P;

iteratively until reaching the maximum. There is a known
numerical algorithm [10] that meets this purpose; further-
more, this algorithm has been proven to converge.

4 Summary and Conclusions

This paper investigated design and control issues
faced by multimedia indoor CDMA systems. We have pro-
posed a distributed algorithm that fully utilizes the system
resources such as bandwidth and power. Our algorithm
integrates three techniques for multimedia downlink trans-
mission; these techniques are: power control, FEC and
scheduling. As a multimedia system is designed to satisfy
users, our objective is to maximize the overall user satis-
faction, which we call “system utility”.
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We divided this system optimization problem into a
hierarchy of three levels: user level, cell level and system
level. This partitioning allows us to localize the problem,
so that we can perform independent and local optimiza-
tions for each user and then each cell. Because users and
cells in a CDMA system are subject to bandwidth and
power constraints, we achieve the optimization by apply-
ing the Lagrange multiplier. The optimization results are
then presented to the next level in the hierarchy. At the
topmost level, system level, we allocated cell power to one
set of cells while keeping their neighboring cell power lev-
els constant. The cell power level is determined based on
its effect to the overall utility for its entire neighborhood of
seven cells. This layering approach yields a distributed
algorithm,
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