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Energy-Efficient MAC-Layer Error Recovery for
Mobile Multimedia Applications in 3GPP2 BCMCS

Kyungtae Kang, Yongwoo Cho, and Heonshik Shin

Abstract—Combining broadcast and mobile phone tech-
nologies, 3GPP2 has introduced the Broadcast and Multicast
Services (BCMCS) architecture to deliver multimedia content
over cdma2000 1xEV-DO wireless networks. In designing a mobile
device to support multimedia broadcast services, it is important
to reduce delay and energy consumption, while maintaining a
tolerable level of data loss. We analyse the energy consumed by
a mobile device receiving broadcast services, focusing on error
recovery using the Reed-Solomon (RS) MAC-layer coding scheme.
Our model is based on the energy consumed by each computa-
tional component of the RS decoder, which we determined by
running the decoding process on a realistic ARM7TDMI testbed
with experimentally justified cache sizes, and characterizing the
energy consumption accurately with the SNU Energy Explorer.
By varying the radio channel conditions, RS coding scheme and
other system parameters, we determined energy-efficient cache
configurations and operating ranges for each RS encoding scheme,
corresponding to given levels of service quality in a video appli-
cation. We have also found that significant energy can be saved
by selecting a size of error control block that is appropriate to the
target video quality and the channel conditions at the mobile.

Index Terms—Broadcasting, code division multiaccess, energy
conservation, multimedia communication, Reed-Solomon codes.

I. INTRODUCTION

WORK has begun, in both the Third Generation Partner-
ship Project (3GPP) and the 3GPP2, on enhancing 3G

cellular networks to support multimedia broadcast and multi-
cast services, called MBMS [1], [2] and BCMCS [3], [4] re-
spectively. The 3GPP2 has recently produced the specification
for the cdma2000 high-rate broadcast packet-data air interface
[5], [6]. In designing a mobile phone device to support multi-
media in this broadcast service environment, energy conserva-
tion is more critical than the performance of a particular applica-
tion program. High data-rate packet data services supported by
third-generation systems are expected to consume more energy
than conventional circuit-switched voice services, while battery
life remains constrained by strict limits on the size and weight
of mobiles.

A battery charge can be made to last longer by reducing the
energy consumption of hardware, which is in part caused by
the execution of programs on components including the CPU,
memory and I/O devices. But the implementation of energy-ef-
ficient software requires the modeling, analysis, measurement,
and development of energy-saving techniques. There has not yet
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been any energy analysis at the software level for devices oper-
ating in a 3G cellular broadcast environment.

The objective of this paper is to characterize the energy con-
sumed by a mobile device that is receiving broadcast services,
especially during error recovery. Since a wireless radio network
is prone to errors (i.e. has a high bit error-rate) in burst mode,
error control is an essential component of broadcast services.
Forward error correction (FEC) has been widely adopted for
video broadcast applications because of the strict delay require-
ments and semi-reliable nature of video streams. In cdma2000
1xEV-DO BCMCS, Reed-Solomon (RS) coding is used for
FEC in the MAC layer [5], [6]. That makes the RS decoding
process a major target in reducing energy consumption, because
all multimedia data transmitted to a mobile device needs to
undergo RS decoding.

We will go on to analyse the execution time and energy con-
sumption of RS decoding with different sizes of cache in the
mobile device, under varying radio channel conditions and with
varying RS coding parameters. From this analysis, we will char-
acterize the energy consumed by the RS decoder and propose
an appropriate energy model. We will assume that, for real-time
applications such as voice and video streaming, a certain level
of packet loss is tolerable in return for reduced energy con-
sumption and latency. We have found that the energy efficiency
of these applications can be improved by selecting appropriate
caching, RS coding schemes and error control block (ECB) di-
mensions, based on the energy implications of varying I-cache
and D-cache sizes and different RS codes.

We will determine the most suitable cache settings for en-
ergy-efficient RS coding, and investigate the tradeoffs between
performance and the energy used in error recovery. This will
allow us to determine the most energy-efficient operating range
for each RS code and suitable ECB sizes for different quality
of service (QoS) requirements. Our experiments have been con-
ducted on an ARM testbed using a measurement tool called SEE
[7] which has proved to be reliable and accurate in previous
work.

The remainder of this paper is organized as follows: In
Section II, we present the background to our study and, in
Section III, we introduce the energy model of the RS decoding
process which we will use in Section IV to derive and analyse
the total energy consumption of the RS decoder during error
recovery under a range of simulated radio channel conditions.
The verification of the energy model by experiment is also de-
scribed in Section IV. We determine the most energy-efficient
RS code and ECB size for a target bit error-rate under realistic
radio channel conditions in Section V, and in Section VI we
draw conclusions.

0018-9316/$25.00 © 2007 IEEE
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II. ERROR RECOVERY IN CDMA2000 BROADCAST NETWORKS

A. Error Recovery to Maintain Multimedia Service Quality

The cdma2000 1xEV-DO wireless standard supports the de-
livery of broadcast and multicast services (BCMCS). By trans-
mitting multimedia content from a single source to many users
simultaneously, BCMCS complement unicast services, which
provide video content to subscribers individually (i.e., video-on-
demand).

BCMCS support the delivery of high data-rate multimedia
content over wireless networks. In unicast services, a sub-
scriber’s forward-link data-rate depends on the local RF
conditions [8], [9], but BCMCS enable service providers to
use a common data-rate to send video to all subscribers in the
cell-coverage area. Under these conditions, delivery of a con-
sistent high-quality video stream relies on the Reed-Solomon
error correction scheme.

In practice, wireless video communications face several ob-
stacles, such as high error-rates, energy restrictions, bandwidth
variations and limitations, and the finite processing capabilities
of handheld devices; but the unreliable and error-prone nature of
the wireless channel is one of the most serious challenges. Wire-
less channels are afflicted by time-varying fading and interfer-
ence conditions, which may lead to bursts of corrupted packets.
In BCMCS, RS coding is applied to the layers above the under-
lying turbo code, and is particularly effective in correcting long
error bursts.

Real-time traffic, such as voice and video streaming, is very
sensitive to delay but can stand a certain level of data loss, while
it is important for mobile devices to be frugal users of system
resource and energy. Thus a mobile broadcast system should
be designed to be energy-efficient while satisfying the QoS re-
quirement by maintaining an allowable bit error-rate (BER) at
the input to the video decoder. As a video application usually
has a degree of error-resilience, allowing it to mitigate or com-
pensate for errors, a certain error-rate can be tolerated. We will
denote the highest acceptable bit error-rate as the target BER

. An overview of video error-resilient techniques is pre-
sented by Wang and Zhu [10] and the support for error-resilience
provided by the H.264 and MPEG-4 standards is reviewed by
Chung-How and Bull [11], while Praveenkumar et al. [12] an-
alyse the error-resilience techniques that are applicable within
the context of the MBMS standard.

We recognize that the bit-level QoS does not directly reflect
the user’s view of service quality, which is better represented
by application-layer QoS parameters such as the peak signal to
noise ratio (PSNR) [13]. However, since the PSNR can be easily
derived from the bit error-rate in video applications (MPEG-2,
MPEG-4, etc.) [14], [15], the bit-level QoS is a useful measure
of quality.

B. Reed-Solomon Coding in BCMCS

A detailed description of the Reed-Solomon code used in
BCMCS, and the structure of the error control block (ECB) in
the MAC layer, is given elsewhere [5], [6]. The base station (BS)
creates an ECB for each logical channel. During this process,
data is filled into the ECB in rows. The BS then applies RS
coding along the columns of the ECB, and the data is transferred

Fig. 1. Error recovery structure at the receiver in BCMCS.

row by row to the physical slot, where it forms one or more phys-
ical-layer packets. The RS code used in this process is specified
by the tuple , where is the number of octets, is
the number of data octets, and is the number of parity octets
in each RS codeword. An RS decoder can correct up to cor-
rupted octets if their positions are known (erasure code), or de-
tect and correct up to octets if the positions of the errors
are unknown (error correcting code). In cdma2000 1xEV-DO
BCMCS, the RS code is used as an erasure code and an RS
codeword consists of a sequence of 8-bit octets, containing a
configurable number of parity octets.

The possible values of are 16 or 32. As the value of
increases, the time diversity also increases, but at the cost of ad-
ditional memory requirements and decoding complexity at the
mobile station, leading to an increase in energy consumption.
The possible values of are 28, 26 or 24 for (and
14, 13 or 12 for ), which correspond to RS code-rates
of 7/8, 13/16 and 3/4 respectively. Using a smaller value of
provides an improved error correction capability at the expense
of effective data-rate.

The ECB structure, shown in Fig. 1, is designed to allow ef-
ficient recovery from bursts of errors, because of the way that
such bursts are interleaved spatially within the ECB. Let be
the number of MAC packets in each row of the ECB. As
increases, the time-diversity also increases and thus a mobile
which is in a time-varying shadow environment is still able to
recover a substantial amount of corrupted data. The organiza-
tion of BCMCS is such that the value of for a given ECB has
to be less than or equal to 16.

C. The Reed-Solomon Decoding Process

Reed-Solomon (RS) is an algebraic error-correcting code, be-
longing to the large class of BCH (Bose-Chaudry-Hocquehen)
multiple-burst-correcting cyclic codes, which operate on bytes
of fixed length.

An understanding of the encoding part of the RS algorithm
is not necessary here because we are going to focus on the
evaluation of receiver performance; but decoding will be de-
scribed briefly. An RS decoder generates four syndrome bytes,
which will all be zero if the message has no errors. These syn-
dromes can be computed relatively simply, as follows [16]: Let

be the transmitted
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code vector and let be
the corresponding received vector. Then

is the error pattern added by the
channel, where is a symbol from , which is
a Galois Field of order . If we assume that there are errors
in positions , then

. If is the error-correcting capability of the code, then
syndromes can be computed, as follows:

(1)

where is defined as .
These syndrome equations can be obtained as a sequence of

algebraic equations, which can be translated into a series of
linear equations by defining the error locator polynomial
as follows:

(2)

If it is assumed that errors have occurred, then we
obtain the following matrix equation:

...
...

. . .
...

...
...

(3)

Once the syndromes have been computed, there are a number
of ways to find the error locations. In our RS decoder, we use
the Berlekamp iterative algorithm in the following form [16]:

1) For each codeword received, compute the syndrome se-
quence .

2) Initialize the algorithm variables: , ,
and .

3) Set and then compute the discrepancy as
follows:

(4)

4) If , then go to Step 8.
5) Modify the connection polynomial:

(5)

6) If , then go to Step 8.
7) Set and .
8) Set .
9) If , then go to Step 3.

10) Determine the roots of . If the roots
are distinct and lie in the right field, then determine the

error magnitudes, correct the corresponding locations in
the codeword, and stop.

11) Otherwise, declare a decoding failure and stop.
Once errors have been detected, they must be deleted and the

original data recovered. For erasure decoding, assuming the re-
ceived codeword has errors and erasures, an erasure locator
polynomial is defined as follows:

(6)

In summary, decoding is achieved by the following steps:
1) Compute an erasure polynomial using the erasure in-

formation provided by the receiver.
2) Replace the erased coordinates with zeros and compute the

syndrome.
3) Compute the modified syndrome polynomial:

(7)

4) Apply the Berlekamp algorithm to find the connection
polynomial , using the modified syndrome coeffi-
cients , .

5) Find the roots of , and thus the error locations.
6) Determine the magnitudes of the errors and erasures using

the error and erasure locator polynomial, which is

(8)

Then the error and erasure values are

(9)

where

In summary, an RS decoder operates as shown in Fig. 2. When
a data stream is received, syndrome bytes are created. Their
number is proportional to the number of parity octets, regardless
of the quality of the data stream. So the time required to generate
a syndrome depends only on the number of parity octets, and
will be stable for a data stream with a static bit-rate. However, if
there is an error in the data stream, additional work is required
for error detection, location and correction. The locations of er-
rors in a codeword are found using the Berlekamp algorithm
[16], and the original data can then be recovered by erasure de-
coding. The number of times that these procedures need to be
executed is proportional to the number of errors , and so the
time and energy required for RS decoding is proportional to the
octet error-rate input to the decoder.
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Fig. 2. Flow diagram of the RS decoding process.

Fig. 3. Computational components of the RS decoding process.

III. ENERGY MODEL OF THE RS DECODING PROCESS

A Reed-Solomon decoder can be logically separated into
three computational components, as shown in Fig. 3. is
the computational component that decodes each codeword and
decides whether to try erasing the errors or not. is the com-
putational component that builds the corresponding syndromes,
and performs the erasure loops. Thus operates on every
codeword received, while is called once for each codeword
which contains any errors. Finally, is repeatedly invoked to
correct the errors until no more remain in that codeword (i.e.

).
From a consideration of this whole process, the total energy

consumption during the decoding of an RS code-
word can be predicted by summing the expected energy required
by each component to deal with the number of errors con-
tained in that codeword:

(if or )
(if ),

(10)
where is the expected energy consumption of computa-
tional component .

A. Measurement of Energy Consumption

1) Testbed for RS Decoding: The execution time and en-
ergy consumption of RS decoding were measured using the SEE
(SNU Energy Explorer) [7]. In the following experiments, both
the ARM7TDMI core and the SEC 128 Mbit SDRAM array
(K4S280832A) were operated at a clock speed of 100 MHz, and
the cache we used has 4-way associativity. This organization

Fig. 4. Testbed for RS decoding.

Fig. 5. I-cache miss-rate against I-cache size.

is abstracted from the general ARM7-based embedded system.
Fig. 4 shows the block diagram of our RS decoding testbed.

Fig. 5 shows how the instruction cache (I-cache) miss-rate
varies with cache size, while the decoder is handling an ECB
which consists of codewords containing one octet error or the
maximum number of octet errors that can be dealt with by each
coding scheme. There may be 16 or 32 octets in an RS code-
word, according to the BCMCS specification, and we will call
these 16 and 32-series codes. In the figures, 32-24-8- denotes
a (32,24,8) code with octet errors in each codeword, and sim-
ilarly for other codes. As the number of errors increases, the
I-cache miss-rate also increases. Then the Berlekamp algorithm
runs more often but, because it is compact, it achieves many
cache hits, so the absolute miss-rate is low in all cases. The cache
miss-rate stabilizes when the size of the I-cache is 4KB, so we
use an I-cache of this size in our testbed. Similarly, the miss-rate
of the data cache (D-cache) stabilizes around 8KB, which is also
apparent from Fig. 6.

As the number of errors increases, the number of accesses to
the data block also increases. Having a cache large enough to
exploit spatial and temporal locality is the major factor that de-
termines the miss-rate. We have counted the number of load and
store instructions to determine the effect of D-cache size. The re-
sults are shown in Fig. 7. As the number of errors increases, the
number of load and store instructions also increases. We found
similar ratios of between 8% and 14% for other 16 and 32-series
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Fig. 6. D-cache miss-rate against D-cache size.

Fig. 7. Load/store instruction ratio against error count for different coding
schemes.

TABLE I
EXPECTED EXECUTION TIME OF EACH COMPUTATIONAL COMPONENT

TABLE II
EXPECTED ENERGY CONSUMPTION OF EACH COMPUTATIONAL COMPONENT

coding schemes with different parameters. The Berlekamp al-
gorithm references the polynomial and Galois coefficients, and
the exponential tables, which together take up 5KB. This is too
much data for the registers, and load and store instructions are
frequently used to save register values. As the number of er-
rors increases, accesses to the data block grow. Thus the number
of load and store instructions rises and the number of D-cache
misses increases dramatically.

2) Energy Consumption by the Decoding Components:
Tables I and II show experimental values of the average exe-
cution time and energy consumption for each computational

Fig. 8. Average energy consumption for transferring a payload of 1 byte.

component during RS decoding of one codeword when there
is a single octet error . These results were obtained
by averaging the execution time and energy consumption over
10 trials , while varying the location of the error as
follows:

Avg (11)

Avg (12)

where and are the execution time and energy
consumption respectively, when an error occurs in the th octet
of a codeword. Fig. 8 shows the energy required to transfer 1
byte, excluding parity data. We see that the performance of RS
depends more on the encoding scheme than on the number of
errors encountered during decoding. The number of loops per-
formed by the Berlekamp algorithm while generating the poly-
nomial, lambda and the syndrome bytes required for error de-
tection and correction is proportional to the amount of parity
information. Generating the polynomial used to erase or eval-
uate the errors takes a significant amount of time: with the max-
imum number of errors execution takes about 15% longer than it
does when there is only one error in each codeword, and energy
consumption grows similarly. Also, there is a huge difference
between the performance with no errors and with one error in
each codeword, as we see in Fig. 8.

A coding scheme with fewer parity octets requires less time
and energy, regardless of the number of errors, so it is important
to use the most appropriate RS code for a particular channel
condition.

In summary, each computational component has a character-
istic effect on the execution time and energy consumption. The
performance of all the components is dependent on the encoding
scheme. The number of parity bits has a linear relation to the ex-
ecution time and the energy consumption in computational com-
ponents and , whereas the time and energy used by
are proportional to the number of parity octets and the number
of errors.
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IV. ENERGY CONSUMPTION BY 32-SERIES RS DECODING IN A

SIMULATED CHANNEL

In this section, we examine the energy consumed during the
decoding of RS codes which have 32 octets in a codeword (32-
series codes). We will set the number of packets in each ECB
row to 16, so as to maximize error recovery capacity (each
packet contains 125 octets, so there are 125 16 codewords
per ECB). We then derive the average total energy required to
decode a data stream ( seconds of a kb/s video clip), with
varying bit error-rates in the traffic channel (BER) and mobile
speeds .

A. Channel Model

In this study, we used the Gilbert channel model [17]–[19]
to simulate the behavior of data errors which arise in transmis-
sion over fading channels. Fading in the radio channel is as-
sumed to have a Rayleigh distribution. A first-order two-state
Markov process can simulate the error sequences generated by
data transmission over a correlated Rayleigh fading channel:
these errors occur in clusters or bursts with relatively long error-
free intervals between them.

By choosing different values for the input bit error-rate and
for (which is the Doppler frequency normalized to the data-
rate, where is the Doppler frequency, equal to the mobile ve-
locity divided by the carrier wavelength [20]), we can model
different degrees of correlation in the fading process. The value
of determines the correlation properties, which are related
to the mobile speed for a given carrier frequency. When
is small, the fading process is strongly auto-correlated, which
means long bursts of errors (slow fading). Conversely, the errors
are weakly auto-correlated for large values of (fast fading).
In the following experiments, we used values of 0.0001
and 0.00005 for , which correspond to fast and mod-
erate fading conditions respectively, with a reference channel
data-rate of 409.6 kb/s, and a carrier frequency of 900 MHz.
It has been suggested [5] that a data-rate of 409.6 kb/s can be
supported using a (16,14,2) RS code over more than 90% of net-
work coverage with a dual receiver. Thus we assumed the use of
QPSK modulation with a 409.6 kb/s data-rate forward channel.

In the equations that are to follow, is the probability that
the th bit is corrupted, given that the th bit is transmitted
successfully, and is the probability that the th bit is successful,
given that the th bit was unsuccessful. The steady-state
BER is then obtained as follows:

(13)

If the Rayleigh fading margin is , the average bit error-rate can
be expressed as

(14)

Using (13) and the equations which follow, we can now derive
values for and . The average number of consecutive bit errors
is given by , where

(15)

Fig. 9. The effect of sampling interval. (a) L < L ; (b)
L � L ; (c) L � L .

The term is the correlation coefficient of two samples of
the complex Gaussian fading process, and is expressed as

, where is a Bessel function of the first
kind and of zeroth order. Additionally,

(16)

is the Marcum- function. Thus, the relationship between bit
error-rate and the Markov parameter can be represented as

(17)

where

1) Sufficient Interleaving by the RS ECB: The BCMCS
system varies the size of the ECB to scatter error clusters into a
sparse pattern so as to maximize the error recovery performance
of the Reed-Solomon decoder. We suggest that, if sufficient
interleaving space is provided by the RS code, the Rayleigh
distribution of an error cluster is converted into a random one.
We will now present a model to support this contention.

Fig. 9 shows the relation between the sampling interval
and the sampled average value . As stated

in the previous section, the average lengths of sequences of
uncorrupted and error bits are and respectively. The
pattern of fluctuation in the channel condition is made up of a
repetition of these sequences of normal and error bits, and we
will call the average length of one sequence of normal bits and
error bits a template , which can be expressed as
follows:

(18)
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Fig. 10. Average L and L against BER.

We now consider the relative lengths of and
. If is smaller than , then the com-

position of the samples is not homogenous, and the value of
will vary dramatically. Most errors will be localized into

a few samples and for those samples will be exaggerated.
The other samples will contain relatively few errors, and for
these will naturally be underestimated.

As converges to , the fluctuation of
will stabilize. After this point, the distribution of errors in the
samples will approach more and more closely to the steady-
state error-rate as increases further; and finally
saturates to as grows towards .

In BCMCS, the errors in each channel are interleaved by
making the ECB larger (which also increases the value of ).
The size of the ECB can be considered as equivalent
to , and is defined as follows:

(19)

where (bits/octet) is the bit-count of the transmission octet of
the specific communication system.

Fig. 10 shows the theoretical variation of with the
BER , and the corresponding curve for when is
16 and is 32. The value of for a mobile moving
with a speed is smaller than the size of the ECB for
BERs in the range to 1.0. Within that range, we can
expect the channel to be in a situation similar to that shown in
Fig. 9(b) or (9c), which is the result of sufficient interleaving.
However, when the BER is below , the value of

for a mobile moving at a speed of is larger than
. This corresponds to a situation similar to that shown

in Fig. 9(a). But, at both speeds, the ECB interleaves the error
cluster sufficiently when the BER is more than
and is 16.

From these results, we can see that, under most channel
conditions, the BCMCS system can select an ECB size that
will achieve sufficient interleaving to randomize the influence
of the channel on the error distribution and from now on
we will assume that sufficient interleaving is indeed being
achieved.

Fig. 11. Total energy consumption to decode a 1-hour 100 kb/s video clip.

B. Modeling Recovery Rate and Energy Metrics Under
Sufficient Interleaving

Using RS codes, , and assuming suffi-
cient interleaving, the probability that a codeword contains
octet errors, and the residual error-rate after RS error recovery

can be expressed as follows:

(20)

(21)

Thus the error recovery rate, which is an indicator of perfor-
mance, can also be derived:

(22)

If a mobile receives a -seconds video clip at a data-rate of
kb/s, the expected energy consumption of RS decoding for a
given steady-state error-rate of can be expressed as follows:

(23)

where is the number of codewords that contain octet
errors, and is given by

(24)

If there is sufficient interleaving, we can use (23) to predict
the total energy required by the RS decoder to process a given
data payload, for different values of .

C. Measurement of Energy Consumption With a Simulated
Channel

1) Verification of Our Energy Model: Fig. 11 shows theoret-
ical and simulated results for the total energy required by the RS
decoder to service a 1-hour video clip arriving at 100 kb/s, under
BER conditions ranges from 0.0001 to 0.2. Experimental
values of energy consumption follow the theoretical
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Fig. 12. Average discrepancy between the results from the energy model and
from experiment.

curves closely: the agreement for a mobile moving quickly (at
speed ) is excellent, and results for the slower mobile (moving
at speed ) are also very close. The average discrepancy of our
energy model can be expressed as follows:

Average discrepancy

Avg (25)

where the experimental run of values of is

From this equation we obtain errors of less than 3%, as shown
in Fig. 12.

2) Analysis of the Energy Consumed by the RS Decoder in
a Simulated Channel: The results presented in Fig. 11 show
two significant trends. First, the energy consumption increases
with the amount of parity information in the RS codes, as we
explained in Section III-A-2. As the parity overhead increases,
the effective data-rate is reduced so that more codewords are
needed to handle the same data payload. As a result, it takes
more time to process the data and more energy is consumed. The
observation that RS codes with less parity consume less energy
suggests that an appreciable amount of energy can be saved by
choosing the slimmest RS code that would still guarantee the
bit-level QoS requirement of a video application.

Second, the RS decoding process uses more energy as the
value of increases. This is a plausible result because the error
correction routine has to run more frequently if more errors are
input to the RS decoder. However, the energy required for RS
decoding actually decreases as the BER is incremented past
a certain value, which depends on the RS code. This occurs be-
cause the RS decoder gives up error correction if the BER
of the channel is sufficiently high, and simply forwards the er-
roneous codeword. When there is little parity information in a
codeword, which is the case with a (32,28,4) code for instance,
then error correction is abandoned relatively early (at
for a (32,28,4) code), and thus no further energy is used by the
computational components responsible for error correction (
and ).

Fig. 13. Total energy consumption required to decode a sequence of codewords
using the three RS codes shown. The mobile speed is s and the BER (") is 5%.

V. SUGGESTIONS FOR ENERGY-EFFICIENT RS CODING USING

32-SERIES CODES

A. Selection of RS Codes for Energy-Efficiency

1) Motivation: We can see from the foregoing results that the
RS coding scheme and the number of errors in a codeword affect
the energy consumption, which increases as the amount of parity
information and the number of errors increase. We measured
the energy consumed by RS decoding using different codes in
simulated but realistic radio channel conditions.

Fig. 13 shows how the energy used in RS decoding of a 5-sec-
onds video clip arriving at 100 kb/s varies as a sequence of code-
words (each containing 32 octets) is processed, when the BER

is 0.05 and . As the parity overhead in-
creases, the effective data-rate is reduced, requiring more code-
words to handle the same payload. As a result, it takes more time
to process the data and more energy is consumed. The figures
also show that the energy consumed in data decoding without er-
rors is hardly affected by the choice of RS code, but the energy
consumed during error correction differs significantly: more en-
ergy is needed for error correction if an RS code with more
parity information is used. In comparison with a (32,24,8) code,
the total energy consumption is reduced by about 60% when
using a (32,28,4) code, and by about 35% when using (32,26,6)
to decode the same data.

Our observation that RS codes with less parity information
achieve a significant energy saving at the cost of error recovery
performance suggests that the best choice of RS code for a video
application is the one that saves most energy while still guaran-
teeing the bit-level QoS requirement.

2) Energy-Efficient RS Code for a Target BER: Let the set
contain candidate values of the amount of

parity information in an RS code. For 32-series codes ,
we can see from the BCMCS specification that .
Also, let be a set which contains parity values that satisfy the
target BER :

If we use the RS code with the minimum amount of parity that
guarantees the required bit-level quality, i.e. , in-
stead of the code with the maximum parity that the BCMCS
specification allows, i.e. , then the average energy
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Fig. 14. Error recovery performance against BER (").

saving (ES), which is the reduction in total energy consumption
for a given bit error-rate of the channel with a payload ,
can be approximated as follows assuming there is sufficient in-
terleaving:

(26)

In order to select the RS code that is most efficient under
particular operating conditions, and which also satisfies the bit-
level QoS requirement, we simulated the error recovery process
to determine its performance for given BERs of between 1% and
20%. The results, shown in Fig. 14, can be analysed in terms of
two input factors: mobility and the RS coding scheme. First, we
observe that the RS decoder achieves better error recovery per-
formance at fast-moving mobiles, because they experience er-
rors in shorter bursts than slow mobiles, even though the effect
is not especially clear in Fig. 14. (The performance is almost
the same at mobile speeds of and because the sufficient
interleaving condition is met at both these speeds, and the sim-
ulation results follow the analytic results obtained from (21).
Second, we see that codes with more parity information have a
greater error recovery capacity, which we would expect.

The leftmost marked interval in Fig. 14 contains BERs for
which a (32,28,4) code is the most energy-efficient, assuming
the required bit-level QoS is 0.01; for BERs above 0.07
or so, a (32,26,6) code is the most efficient (middle interval);
and when the channel condition is extremely bad and the value
of exceeds 0.1, it is necessary to select the (32,24,8) code to
reduce the residual BER as far as possible (rightmost
interval).

We performed a series of simulations to evaluate the energy
efficiency of our scheme, and Fig. 15 shows the results. We see
that we can make an average energy saving of up to 55% in the
best case, by reducing the amount of parity information to a de-
gree which just meets the required bit-level QoS. For example,
Fig. 15(a) shows that, when a mobile station is moving at and
the BER is 0.01, the average energy saving is about 30%,
using the (32,26,6) code instead of (32,24,8), when the target
BER is below . In the same situation, we
can save about 25% more energy by using the (32,28,4) code

when the target BER is greater than . Sim-
ilarly, when the BER is 0.03, as shown in Fig. 15(b), a (32,26,6)
code is the most energy-efficient, if the target BER is between

and , and the mobile is moving at :
under these circumstances (32,26,6) uses about 30% less energy
than (32,24,8). If the target BER exceeds , then the
(32,28,4) code is the most energy-efficient, with an average en-
ergy saving of about 55% compared to (32,24,8), at a mobile
speed of . At that speed, the only choice is (32,24,8) if the
target BER is below . Finally, when a mobile is
moving at and the BER is 0.05, which is the result presented
in Fig. 15(c), the (32,26,6) code is the most energy-efficient
when the target BER is between and ,
and the (32,28,4) code is best when the target BER is above

. Fig. 15 also shows equivalent results for a mobile
station moving at .

There are many applications that do not require fastidious
control of the BER and, when these are running, our scheme can
save a significant amount of energy while providing an entirely
adequate service.

B. Selection of ECB Size for Energy-Efficiency

1) Motivation: We have already seen that there is a huge dif-
ference between the performance of the RS decoder with no er-
rors and with one error in each codeword, because of the com-
plexity of the Berlekamp algorithm which is used to locate and
correct errors. This suggests that it is more energy-efficient to
concentrate a burst of errors into a small number of codewords,
rather than to disperse it more widely. By making the ECB as
small as possible without allowing a significant reduction in
error recovery performance, the number of error-free intervals
is increased and energy is saved because a smaller proportion of
the codewords contain errors.

We investigated the relationship between the average value of
the residual BER and the number of MAC packets
per ECB in a cdma2000 1xEV-DO broadcast environment.
The three RS codes (32,24,8), (32,26,6) and (32,28,4) are used
in these experiments. As the change in ECB size has more in-
fluence on slow-moving mobiles, which experience longer error
bursts, we used values of 0.00001 and 0.00002 for

, which correspond to slower fading conditions than those
in the foregoing experiments ( and ).

For each , the average residual BER using
Reed-Solomon coding is inversely proportional to , as shown
in Fig. 16. The reduction in residual BER for increasing is
more dramatic with RS codes which have more parity informa-
tion, such as the (32,24,8) code. Using (32,24,8), the RS decoder
recovers almost all errors if the value of reaches 9, even when
conditions are unfavorable for error recovery: a BER of 3% and
a slow-moving mobile experiencing long error bursts, as shown
in Fig. 16(a). Additionally, the average residual BER drops more
quickly as the value of increases when fading is fast, because
the error bursts are shorter than those that occur when fading
is slow. Short error bursts can be adequately interleaved in an
ECB, and thus the average residual BER drops significantly in
response to even a small increase of . The value of is linked
to energy consumption and memory requirement, so that both
energy and storage have to be sacrificed to reduce the average
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Fig. 15. Energy-efficient operating ranges of 32-series RS codes. (a) BER (") of 0.01. (b) BER (") of 0.03 (c) BER (") of 0.05.

Fig. 16. Average residual BER (" ) for different sizes of ECB (M). (a) (32,24,8) code. (b) (32,26,6) code. (c) (32,28,4) code.

Fig. 17. Average energy consumption for different sizes of ECB (M). (a) (32,24,8) code. (b) (32,26,6) code. (c) (32,28,4) code.

residual BER. The energy consumption increases with the size
of the ECB, as shown in Fig. 17. In essence, both Figs. 16 and 17
show aspects of the necessary tradeoff between error recovery
performance and energy consumption.

Fig. 17 shows the average total energy required to decode a
payload ( , ) with varying
BERs, at speeds of and . These results can be analysed in
terms of three factors: BER , RS code and ECB size (the in-
terleaving factor ). What is immediately clear is that the RS
decoding process uses more energy as the BER increases.
This is a plausible result because the error correction routine
has to run more frequently if more errors are input to the RS
decoder. The amount of parity information also affects the en-
ergy consumption as explained in Section III-A-2. Further, it is
apparent that the energy consumption increases as the value of

increases because error bursts are dispersed over more code-
words, making the error correction process run more frequently:
this behavior is the main focus of this section, and suggests that
it should be more energy-efficient to concentrate error bursts in
a smaller number of codewords and to increase the number of

error-free intervals, assuming that the required level of residual
BER can still be achieved.

2) Energy-Efficient ECB Size: We can see from the way that
energy consumption varies with the size of the ECB and the
BER of the radio channel that energy can be saved if we
choose the smallest ECB that still provides an acceptable level
of performance. To select this adequate ECB size we could use a
method similar to the one which we used in the previous section
to select the best RS code to satisfy a target BER . How-
ever, we will actually propose an alternative approach, which
uses the following energy-efficiency metric to find the best ECB
size:

(27)

where is the energy consumption when is .
Thus is the ratio between the drop in residual BER

and the extra energy required as increases by 1.
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Fig. 18. Energy efficiency when the BER (") is 0.01.

TABLE III
ENERGY SAVINGS ACHIEVED BY RECOMMENDED VALUES OF M (M )

COMPARED TO THE MAXIMUM VALUE OF M

TABLE IV
INCREASES IN RESIDUAL BER (" ) ACHIEVED BY RECOMMENDED

VALUES OF M (M )

Fig. 18 shows the values of this metric for a BER of 0.01,
with (32,24,8) and (32,26,6) codes. In this example the energy-
efficiency of a mobile which uses a (32,24,8) code and moves
with a speed of drops almost to zero when the value of
is 6, which means that there is hardly any extra performance
to be gained by using more energy. But when a mobile moves
faster , saturates earlier, when reaches 4.
Thus 6 is the most energy-efficient value at , and 4 is best at

. Similar selections can be made for a (32,26,6) code, but in
this case the saturation point is delayed to a larger size of ECB,
because the performance of error recovery is reduced when there
is less parity information, and thus gains in performance extend
to higher values of .

By selecting the size of the ECB in this way, a significant
amount of energy can be saved in comparison with the maximum
size of ECB , as shown in Table III. The average
energy saving is 14.65% at speed and 9.5% at speed . When
a mobile moves at faster speeds, such as and , the gain is
more dramatic as the error bursts are shorter at these speeds
and adjusting the size of the ECB has a greater effect. Because
all multimedia data transmitted to a mobile device is subject to
RS decoding, using the recommended value of achieves a
significant reduction in total energy consumption with negli-
gible performance degradation. The increases in residual BER

are presented in Table IV. As the MPEG decoder

has its own error resilience, such modest increases will have
little influence on the playback quality of MPEG videos.

VI. CONCLUSION

We have investigated and analysed the energy consumption of
mobiles receiving high data-rate broadcast services in a 3G cel-
lular network, focusing on error recovery by the Reed-Solomon
decoder that operates in the MAC layer. We have also proposed
an analytic energy model which we verified by extensive sim-
ulation. The energy consumption of the RS decoding process
is mainly determined by three computational components: the
first of these decides whether to try correcting any errors, and
the other two build the syndromes and erasure loops that are
used to perform the required corrections.

We found that the choice of RS code affects the energy con-
sumption, which increases with the amount of parity informa-
tion in the code. Our analysis of the energy consumed by RS
decoding suggests an energy-efficient operating range for each
RS coding scheme, while guaranteeing the bit-level QoS under
varying channel conditions. Experimental results show that a
significant amount of energy can be saved by selecting the RS
code appropriate to the channel conditions, while still meeting
the target BER .

The RS error-correction scheme also uses a data interleaving
mechanism to increase error-recovery performance. This can be
adjusted in current BCMCS by changing the size of the ECB.
By increasing the size of the ECB, we can recover from bursty
errors more efficiently; however, a larger ECB increases en-
ergy consumption, memory requirement, and service delay. We
therefore make the ECB as small as we can without incurring
significant performance reduction, while allowing for changing
channel conditions. This has been shown to reduce the overall
average energy consumption of mobile nodes running a video
application, with only minor reduction in playback quality. This
is a significant improvement on the use of an ECB of the max-
imum size, without regard to the channel conditions.
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