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Abstract

The error-prone nature of the radio channel is the major
challenge in servicing video streams over cdma2000 1xEV-
DO broadcast networks. Forward error correction is com-
monly used when broadcasting a video stream over a lossy
network: in BCMCS, the MAC protocol uses Reed-Solomon
coding. We analyze the performance of Reed-Solomon er-
ror recovery with various parameter settings, and prove the
correctness of our analysis through experiment. We also
propose a Hybrid-ARQ scheme to improve error recovery
capacity in the BCMCS environment. Simulation results
show a significant reduction in packet loss while quantita-
tively validating our approach.

1 Introduction

Work has recently begun, in both the Third Generation
Partnership Project (3GPP) and the 3GPP2, on enhancing
3G networks to support multimedia broadcast and multicast
services (BCMCS) [1][2]. The 3GPP2 group has already
baselined the specification for a cdma2000 high-rate broad-
cast packet-data air interface. However, there has been no
research on this topics in the context of cdma2000 1xEV-
DO broadcast and multicast networks.

A mobile user of a wireless radio channel can experi-
ence great variations in multipath fading, path loss from dis-
tance attenuation, shadowing by obstacles, and interference
from other users. Thus, a wireless radio channel has a much
higher error-rate than a wired link. The unreliable and error-
prone nature of the radio channel is the major challenge in
serving video streams over cdma2000 broadcast networks.
In BCMCS, the MAC protocol uses Reed-Solomon (RS)
coding as the method of forward error correction. In this pa-
per, we analyze the performance of RS error recovery under
different channel conditions, while varying the RS param-
eters. Extensive simulation results shows that the resulting
analytical model can accurately predict the packet error rate
in the application.

In addition, we suggest an efficient error recovery
scheme called on Hybrid-ARQ (Hybrid automatic retrans-
mission request) to increase the performance of error re-
covery. Instead of adding bulky parity information to im-
prove error recovery, we use an RS code with a low par-
ity overhead, which can save time-slot resource. This re-
served bandwidth is used to retransmit corrupted packets.
The number of retransmissions is necessarily limited, and
packets are selected to reduce the packet error rate as far as
possible, by considering the arrangement of MAC packets
in the RS error control block (ECB). Using a realistic sim-
ulation, we demonstrate the effectiveness of our proposed
Hybrid-ARQ scheme in improving error recovery capacity
in the application layer, and hence also the resulting video
playback quality.

2 Hybrid-ARQ for error recovery

In contrast to the unicast cdma2000 1xEV-DO standard,
error control in BCMCS is provided by forward error cor-
rection using RS encoding [3][4]. Each logical channel uses
ECBs encoded with the same RS parameters (N,K,R), and
has M MAC packets per ECB row. The variables N and K
represent the total number of octets and the number of secu-
rity layer octets in a RS code word, while R is the number
of parity octets: a RS decoder can recover up to R octet
erasures in each code word. RS coding is applied to the
columns of the ECB, and then the data is transferred row
by row to the physical slot, where it forms one or more
physical-layer packets.

The components of the broadcast MAC protocol are
shown in Fig. 1. In current BCMCS, three RS codes are
used to construct the ECB: (16, 12, 4), (16, 13, 3) and (16,
14, 2). The (16, 12, 4) code generates 16 code symbols for
each block of 12 information symbols input to the encoder.
The first 12 of the code symbols are information symbols
and the remaining 4 symbols are parity data. Similarly, (16,
13, 3) and (16, 14, 2) codes generates 16 code symbols for
each block of 13 or 14 information symbols input to the en-
coder, while parity data is accommodated in 3 symbols and
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Figure 1. Broadcast MAC protocol compo-
nents and RS overhead.

2 symbols respectively.
Fig. 1 shows the amount of data corresponding to in-

formation and parity during 1 second of transmission. The
number of slots per second is 600 and the duration of each
is therefore 1.67ms. In order to transmit 450 slots worth
of information, the three RS codes require 150 slots, 104
slots and 45 slots for parity data, respectively. These leaves
46 slots unallocated using the (16, 13, 3) code, and 105
unallocated by the (16, 12, 4) code, as shown in Fig. 1.
These saved slots can be used for retransmission of cor-
rupted broadcast packets. Instead of increasing the RS par-
ity overhead to improve error recovery, we propose to re-
duce it and to compensate by employing the ARQ error re-
covery scheme which is already used in cdma2000 1xEV-
DO unicast services [5][6]. The ECB map shows how each
mobile node selects target packets for retransmission so as
to increase error recovery capacity while minimizing the
number of packets to be retransmitted. Fig. 2 depicts the
ECB map for two mobile nodes. In the middle of each of
these example ECBs is an error cluster. When a mobile
node enters an area with bad channel condition, packets are
sequentially corrupted for a certain period. In the example
in Fig. 2, the RS code is (16, 14, 2) and the value of M
is 16; G stands for a security packet received successfully
while B stands for a corrupted packet.

During error recovery, all corrupted packets can be re-
covered if the errors are restricted to the region marked (a).
However, if the error burst is longer than this, a (16, 14, 2)
code can no longer conceal all the errors. The packets that
cannot be corrected are scheduled for retransmission using
the ARQ scheme. The number of packets to be retransmit-
ted determines their priority: the fewer there are in a sub-
block that needs retransmission, the higher their priority.

We will now consider the ECB of node A in Fig. 2.
The sequence of corrupted sub-blocks marked (b) can be
recovered if just one packet (bold rectangles) in each sub-
block is successfully retransmitted using the slots saved by
a (16, 14, 2) code. And the all corrupted sub-blocks marked
(c) can be recovered if more than two packets (dotted-bold
rectangles) are successfully retransmitted by ARQ. Simi-
larly, all the packets represented by dotted-bold rectangles
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Figure 2. Proposed Hybrid-ARQ scheme.

(d) in node B are targets for retransmission using ARQ. In
this example, the slots saved by a (16, 14, 2) code are suf-
ficient to retransmit all the corrupted packets. But if there
is a shortage of slots saved for retransmission, the packets
belonging to the region marked (b) will be transmitted first,
because they have a higher priority than those in regions (c)
and (d). Similarly, the packets in (c) have a higher priority
than those in (d).

3 Performance analysis of RS

3.1 Channel model

Fading in the air channel is assumed to have a Rayleigh
distribution. We can model the fate of each data packet
with an error generation scheme, which uses the simple
threshold model suggested by Zorzi [7] to simulate the error
sequences generated by data transmission on a correlated
Rayleigh fading channel. A first-order two-state Markov
process can simulate the error sequences generated by data
transmission on a correlated Rayleigh fading channel: these
errors occur in clusters or bursts with relatively long error-
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free intervals between them. We can model different de-
grees of correlation in the fading process by choosing dif-
ferent values for the physical-layer packet error-rate and
fdNBLT (the Doppler frequency normalized to the data-
rate with block size NBL, where fd is the Doppler fre-
quency, equal to the mobile velocity divided by the carrier
wavelength). The value of fdNBLT determines the correla-
tion properties, which are related to the mobile speed for a
given carrier frequency. When fdNBLT is small, the fading
process has a strong correlation, which means long bursts of
errors (slow fading). Conversely, the occurrence of errors
has a weak correlation for large values of fdNBLT (fast
fading). In our experiments, we set fdNBLT variously to
0.001, 0.002, 0.003, 0.01, 0.02 and 0.03. The block size
NBL is the packet length.

In the equations that are to follow, α is the probability
that the ith block of a packet is corrupted, given that the
(i−1)th block is transmitted successfully, and β is the prob-
ability that the ith block of a packet is successful, given that
the (i − 1)th block was unsuccessful. The calculation of
these probabilities is described elsewhere [8].

3.2 Analysis of packet error rate using RS coding

First, we analyze the performance of the current BCMCS
scheme, in its use of RS for error recovery. The structure of
an error control block (ECB) when the RS code is (N,K,R)
is shown in Fig. 3.

Our experiments explain the effects of changing the
physical-layer packet error rate (denoted as εphysical),
which represents the probability that the packet contained
in a certain slot is lost. We are using εupper to denote the
upper-layer packet error-rate of data carrying (not parity
carrying) after the corrupted packets are partly recovered,
either by the current RS method or by the proposed Hybrid-
ARQ error recovery scheme.

When a mobile node moves very slowly, we expect er-
rors in clusters or bursts. The probability that the burst
length is κ can be written as:

Pburst(κ) = (1 − β)κ−1β. (1)

If we consider the length of packet errors and assume that
they occur with long error-free intervals between them, then
the probability that RS cannot recover the lost packets in an
ECB can be formulated in terms of the four cases shown in
Fig. 3:

PRS(failure) = Pcase1 + Pcase2 + Pcase3 + Pcase4. (2)

In the first case, transmission of an initial sequence of
packets in the current ECB fails due to a burst of errors, but
the channel subsequently returns to a good state. On the
basis that intervals between error bursts are long, we will

B B B B B B

Pburst(�)

G G G G G G G

…

G G G G G G G G G

G G G G G G GG G G G G G G G G

G G G G G G GG G G G G G G G G

GG G G G G G G G G

G Error free

…

G or B

Error Control Block (ECB)

Previous ECB

N
K

R

B Corrupted broadcast security packet

broadcast security packet

M MAC packets per ECB row

B G

B B B B B B
…

G Error free

…

G or B

Error Control Block (ECB)

Previous ECB

N
K

R

B Corrupted broadcast security packet

broadcast security packet

M MAC packets per ECB row

B B B B B B B B B B
…B B B B B B

B B B B B B B B B B B B B B B B

B B B B B B B B B B B B B B B B

B B

G G G G G G B

…

G G G B B B B B B

G G G G G G GG G G G G G G G G

G G G G G G GG G G G G G G G G

G

G Error free

…

G or B

Error Control Block (ECB)

Previous ECB

N

K

R

B Corrupted broadcast security packet

broadcast security packet

M MAC packets per ECB row

G G G G G G G G G G G G G G G

BB B B B B B …

Bad cluster

G B G

G G G G G G G

…

G G G G G G G G G

GG G G G G G G G G

G Error free

…

G or B

Error Control Block (ECB)

Previous ECB

N

K

R

B Corrupted broadcast security packet

broadcast security packet

M MAC packets per ECB row

G B

G G G G G G

BB B B B B B …

BB B B B B B BB B B B B B BB

BB B B B B B BB B B B B B BB

Case 1

Case 3

Case 2

Case 4

B B B B B B

Pburst(�)

G G G G G G G

…

G G G G G G G G G

G G G G G G GG G G G G G G G G

G G G G G G GG G G G G G G G G

GG G G G G G G G G

G Error free

…

G or B

Error Control Block (ECB)

Previous ECB

N
K

R

B Corrupted broadcast security packet

broadcast security packet

M MAC packets per ECB row

B G

B B B B B B

Pburst(�)

G G G G G G G

…

G G G G G G G G G

G G G G G G GG G G G G G G G G

G G G G G G GG G G G G G G G G

GG G G G G G G G G

G Error free

…

G or B

Error Control Block (ECB)

Previous ECB

N
K

R

B Corrupted broadcast security packet

broadcast security packet

M MAC packets per ECB row

B G

B B B B B B
…

G Error free

…

G or B

Error Control Block (ECB)

Previous ECB

N
K

R

B Corrupted broadcast security packet

broadcast security packet

M MAC packets per ECB row

B B B B B B B B B B
…B B B B B B

B B B B B B B B B B B B B B B B

B B B B B B B B B B B B B B B B

B B

B B B B B B
…

G Error free

…

G or B

Error Control Block (ECB)

Previous ECB

N
K

R

B Corrupted broadcast security packet

broadcast security packet

M MAC packets per ECB row

B B B B B B B B B B
…B B B B B B

B B B B B B B B B B B B B B B B

B B B B B B B B B B B B B B B B

B B

G G G G G G B

…

G G G B B B B B B

G G G G G G GG G G G G G G G G

G G G G G G GG G G G G G G G G

G

G Error free

…

G or B

Error Control Block (ECB)

Previous ECB

N

K

R

B Corrupted broadcast security packet

broadcast security packet

M MAC packets per ECB row

G G G G G G G G G G G G G G G

BB B B B B B …

Bad cluster

G B G

G G G G G G B

…

G G G B B B B B B

G G G G G G GG G G G G G G G G

G G G G G G GG G G G G G G G G

G

G Error free

…

G or B

Error Control Block (ECB)

Previous ECB

N

K

R

B Corrupted broadcast security packet

broadcast security packet

M MAC packets per ECB row

G G G G G G G G G G G G G G G

BB B B B B B …

Bad cluster

G B G

G G G G G G G

…

G G G G G G G G G

GG G G G G G G G G

G Error free

…

G or B

Error Control Block (ECB)

Previous ECB

N

K

R

B Corrupted broadcast security packet

broadcast security packet

M MAC packets per ECB row

G B

G G G G G G

BB B B B B B …

BB B B B B B BB B B B B B BB

BB B B B B B BB B B B B B BB

G G G G G G G

…

G G G G G G G G G

GG G G G G G G G G

G Error free

…

G or B

Error Control Block (ECB)

Previous ECB

N

K

R

B Corrupted broadcast security packet

broadcast security packet

M MAC packets per ECB row

G B

G G G G G G

BB B B B B B …

BB B B B B B BB B B B B B BB

BB B B B B B BB B B B B B BB

Case 1

Case 3

Case 2

Case 4

Figure 3. Four cases in which an (N,K,R) RS
code cannot recover the lost packets.

assume that the state never reverts to bad during delivery
of the current ECB. In the second case, the first packet of
the current control block is corrupted by a burst of errors
which continues to the end of the ECB. In the remaining two
cases, the initial packets are transmitted successfully. In the
third case, the channel state recovers while the current ECB
is still being transmitted. In the final case, packet delivery
fails continuously until the end of the current ECB. In every
case, if the error burst is too long, RS cannot recover the
lost packets. The four variables Pcase1, Pcase2, Pcase3 and
Pcase4 represent the probability of recovery failing in each
case, and are expressed as follows:

Pcase1 = Δ1,2 × α + ε(1 − β))

×
NM−1∑

κ=RM+1

Pburst(κ)(1 − α)NM−κ−1,

Pcase2 = Δ1,2 × α + ε(1 − β))(1 − β)NM−1,

Pcase3 = Δ1,2 ×
(N−R)M−2∑

λ=1

(1 − α)λ−1α

×
NM−λ−1∑

κ=RM+1

Pburst(κ)(1 − α)NM−κ−λ−1,

Pcase4 = Δ1,2 × Ωtemp,

where

Ωtemp =
NM−1∑

κ=RM+1

(1 − α)NM−κ−1α(1 − β)κ−1.(3)

Δ1,2 represents the probability that the first packet of an
ECB is corrupted if the last packet of the previous ECB
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was not corrupted; and Δ3,4 is the probability that the first
packet of the new ECB is corrupted when the last packet of
the previous ECB was not. These probabilities are given as
follows:

Δ1,2 = ((1 − ε)α + ε(1 − β)),
Δ3,4 = ((1 − ε)(1 − α) + εβ). (4)

Thus, the expected number of lost packets in an ECB,
reflecting burst error patterns in the physical-slot layer, can
be obtained by considering four cases, corresponding to the
probabilities of Eq. 3, as follows:

Ecase1 = Δ1,2 × Φcase1, where

Φcase1 =
(R+1)M−1∑

κ=RM+1

Pburst(κ)(1 − α)NM−κ−1Θ

+
NM−1∑

κ=(R+1)M

Pburst(κ)(1 − α)NM−κ−1κ.

Ecase2 = Δ1,2 × (1 − β)NM−1.

Ecase3 = Δ3,4 ×
(N−R−1)M−2∑

λ=1

(1 − α)λ−1α × Φcase3

+ Δ3,4 ×
(N−R)M−2∑

λ=(N−R−1)M−1

(1 − α)λ−1α × Φ
′
case3,

where

Φcase3 =
(R+1)M−1∑

κ=RM+1

Pburst(κ)(1 − α)NM−κ−λ−1Θ

+
NM−λ−1∑

κ=(R+1)M

Pburst(κ)(1 − α)NM−κ−λ−1κ,

and

Φ
′
case3 =

NM−λ−1∑

κ=RM+1

Pburst(κ)(1 − α)NM−κ−λ−1Θ.

Ecase4 = Δ3,4 × Φcase4,

where

Φcase4 =
(R+1)M−1∑

κ=RM+1

(1 − α)NM−κ−1α(1 − β)κ−1Θ

+
NM−1∑

κ=(R+1)M

(1 − α)NM−κ−1α(1 − β)κ−1κ.

The variable Θ is κ modulo M . Finally, as the physical-
slot error rate (εphysical) changes, the error rate for trans-
mitting packets using the RS scheme can be expressed as

εupper = (Ecase1 +Ecase2 +Ecase3 +Ecase4)/NM . (5)
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Figure 4. Packet error rate in the upper layer
with varying channel condition and error rate:
experimental and analytic results.

4 Performance evaluation

We used the four Foreman test bench video sequences
streamed at 30 frames per second, with a total of 10,000
frames. The number of subscribers to each video sequence
is uniformly distributed, and the average physical-layer
packet error rates of all mobile nodes varies from 1% to 5%.
In these experiments, we used QPSK modulation with a
1228.8 kbps data-rate forward channel, and thus the value of
NBL is 256 bytes. We compared our Hybrid-ARQ scheme
with the original RS-based scheme employed in BCMCS.
In our comparison, the RS codes were used with 16 MAC
packets per ECB row (M = 16).

Fig. 4 shows the performance of the current BCMCS
error recovery scheme with a varying average channel con-
dition, and 10 mobile nodes. The results that we present
were obtained by averaging 100,000 trials. As Fig. 4 shows,
the error capacity of RS declines suddenly for slow-moving
nodes (low values of fdNBLT ). In slow-moving condi-
tions, the errors occurs are so bursty that a RS ECB does
not provide sufficient interleaving, even with a (16, 12, 4)
code.

The three graphs in the middle of Fig. 4 show exper-
imental and analytic error rates for a (16, 12, 4) RS code
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Figure 5. Average εupper as εphysical varies.

as εphysical varies between 0.01 and 0.07, and fdNBLT
takes values of 0.001, 0.002 and 0.003. In all three of
these graphs, the experimental results are clustered closely
around the line corresponding to the analytical model, con-
firming the accuracy of our analytic model. Fig. 4 shows
that the error rate rarely rises above 5% in these experi-
ments.

Next, we compared the error recovery capacity of our
proposed Hybrid-ARQ scheme ((16, 13, 3) and (16, 14, 2),
both with ARQ) with the original scheme ((16, 12, 4) with-
out ARQ). The experimental results shown in Fig. 5 were
obtained by averaging the values of εupper for 10 mobile
nodes. When a mobile node moves very slowly, as depicted
in Fig. 5(a), the average value of εupper is reduced from
0.063 to 0.044, using a (16, 13, 3) code, and to 0.03, us-
ing a (16, 14, 2) code, together with Hybrid-ARQ in both
cases, while εphysical = 0.07 and fdNBLT = 0.001. When
εphysical = 0.07 and fdNBLT = 0.003, the average εupper

is reduced from 0.048 to 0.015, using a (16, 14, 2) code with
ARQ. These results show that, if we reserve slots by reduc-
ing the coding overhead of RS, and use those slots flexi-
bly for retransmission, the overall error recovery capacity
can be improved dramatically as the packet error rate of the
channel increases. Similar tendencies are shown when mo-
bile nodes move around with moderate speed, as depicted
in Fig. 5(b). When εphysical = 0.07 and fdNBLT = 0.01,
εupper is reduced from 0.017 to 0.0054 by using a (16,
14, 2) code with ARQ. Similarly, εupper drops by as much
as 0.0007 with Hybrid-ARQ when εphysical = 0.07 and
fdNBLT = 0.03. These results show the effectiveness of
our proposed Hybrid-ARQ scheme.

5 Concluding remarks

We have analyzed the performance of error recovery in
the current BCMCS environment for a range of channel
conditions, and compared results from our analytic model
with experimental data. Their close agreement suggests that

our analytic model is accurate. Additionally, we have pro-
posed the Hybrid-ARQ scheme to conceal errors. By using
RS and ARQ in concert, we can reduce the packet error
rate in the application layer. This is achieved by cutting
the amount of parity information required for RS encoding,
and making flexible use of the slots we save. A key element
in this approach is to give a high priority to packets that
belong to sub-blocks which can be recovered with a small
number of retransmissions. Extensive simulation has shown
that Hybrid-ARQ is more efficient than the current scheme.
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