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Figure 3-6: Delivery probability at 1, 2, 5.5, and 11 megabits versus the average S/N. Each
data point represents an individual sender-receiver pair.

 0

 0.2

 0.4

 0.6

 0.8

 1

-5  0  5  10  15  20  25  30  35

D
e
liv

e
ry

 P
ro

b
a
b
ili

ty

S/N (dB)

 0

 0.2

 0.4

 0.6

 0.8

 1

-5  0  5  10  15  20  25  30  35

D
e
liv

e
ry

 P
ro

b
a
b
ili

ty

S/N (dB)

 0

 0.2

 0.4

 0.6

 0.8

 1

-5  0  5  10  15  20  25  30  35

D
e
liv

e
ry

 P
ro

b
a
b
ili

ty

S/N (dB)

 0

 0.2

 0.4

 0.6

 0.8

 1

-5  0  5  10  15  20  25  30  35

D
e
liv

e
ry

 P
ro

b
a
b
ili

ty

S/N (dB)

Figure 3-7: A scatter plot of average S/N vs average delivery probability at 1 megabit.
Each graph corresponds to a different receiver. Each point shape corresponds to a different
sender. There is a point per one-second interval per sender.
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Figure 3-6: Delivery probability at 1, 2, 5.5, and 11 megabits versus the average S/N. Each
data point represents an individual sender-receiver pair.
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Figure 3-7: A scatter plot of average S/N vs average delivery probability at 1 megabit.
Each graph corresponds to a different receiver. Each point shape corresponds to a different
sender. There is a point per one-second interval per sender.
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Figure 3-8: Three examples of possible link behavior. In each example, the gray bars are the
maximum throughput for each 802.11b rate. The black bars are the throughput that the
link is able to achieve at that bit-rate. The graph on the far left shows a steep drop-off; the
bit-rates work perfectly until they do not work at all. The middle graph shows a gradual
falloff in throughput after 5.5 megabits. The graph on the right shows a link where all
bit-rates are lossy, but 11 megabits still provides the highest throughput.

for the spread of S/N values in Figure 3-6, but individual nodes might have a stronger

relationship between S/N and delivery probability. Figure 3-7 shows per-receiver versions of

the 1 megabit plot from Figure 3-6. These plots show a stronger correlation between S/N and

delivery probability, although there are several points in these graphs that suggest signal-

to-noise ratio does not accurately predict delivery probability; trying to pick a threshold to

determine whether a link operates at a particular bit-rate will result in some links that do

not work (because the threshold was too low for some links) or links that offer sub-optimal

throughput (because the threshold is too high for some links).

3.5 Link Classification and Bit-rate Throughput

The relationship between bit-rate and throughput on individual links dictates which assump-

tions algorithms can rely on to simplify bit-rate selection without sacrificing throughput.

Figure 3-8 shows three examples of the throughput that the 802.11b bit-rates achieve over

individual links. If all links looked like the steep example in figure 3-8, where each increas-

ing bit-rate worked perfectly until all bit-rates ceased to work altogether, then designing

an algorithm to find the bit-rate with the highest throughput would be simple; you could

pick the highest bit-rate that delivered any packets. However, such an algorithm might

prove disastrous if used in links that behave like the gradual example in Figure 3-8, where

the throughput falls off more slowly. In this case, the algorithm for the steep model would
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Network Total Steep Gradual Lossy Other
Indoor 802.11a 100 26 41 22 0
Indoor 802.11g 108 16 86 21 0
Indoor 802.11b 168 98 144 24 0

Outdoor 802.11b 36 5 23 13 0

Figure 3-9: A taxonomy of links. The relationship between bit-rate and throughput is
classified for each non-zero unicast link according to the types in Figure 3-8.

choose 11 megabits which delivers only a third of the throughput of 5.5 megabits. Finally, if

links behaved like the lossy example, bit-rate selection algorithms would have to be willing

to choose bit-rates with high loss rates and could not assume that higher bit-rates have low

throughput if low bit-rates suffer from significant loss.

To understand how many of each kind of link exists, the unicast performance of each

bit-rate was measured for a number of links. Links were chosen from non-zero pairs in the

broadcast experiments discussed earlier in this chapter.

For purposes of classification, a link matched the steep model if the all bit-rates achieved

at least 90% of their possible throughput or less than 10% of the maximum throughput. A

gradual link is one whose best performing bit-rate is the highest one that has more than

50% delivery rate. A lossy link is defined as a link where the best bit-rate has lower than

50% delivery rate. A link that fit none of the descriptions is classified as other.

Figure 3.5 shows the results of the link classification. Most of the links, regardless of

network type, matched the gradual model. Because so many links fit the gradual model, an

algorithm that finds the highest bit-rate operating with less than 50% loss will usually find

the optimal bit-rate. A higher percentage of links match the lossy model on the outdoor

network than on the indoor network; almost 40% of the outdoor 802.11b links classified as

lossy. As a result, bit-rate selection algorithms that perform well indoors may not perform

as well outdoors if they do not perform well on lossy links.
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Figure 3-8: Three examples of possible link behavior. In each example, the gray bars are the
maximum throughput for each 802.11b rate. The black bars are the throughput that the
link is able to achieve at that bit-rate. The graph on the far left shows a steep drop-off; the
bit-rates work perfectly until they do not work at all. The middle graph shows a gradual
falloff in throughput after 5.5 megabits. The graph on the right shows a link where all
bit-rates are lossy, but 11 megabits still provides the highest throughput.

for the spread of S/N values in Figure 3-6, but individual nodes might have a stronger

relationship between S/N and delivery probability. Figure 3-7 shows per-receiver versions of

the 1 megabit plot from Figure 3-6. These plots show a stronger correlation between S/N and

delivery probability, although there are several points in these graphs that suggest signal-

to-noise ratio does not accurately predict delivery probability; trying to pick a threshold to

determine whether a link operates at a particular bit-rate will result in some links that do

not work (because the threshold was too low for some links) or links that offer sub-optimal

throughput (because the threshold is too high for some links).

3.5 Link Classification and Bit-rate Throughput

The relationship between bit-rate and throughput on individual links dictates which assump-

tions algorithms can rely on to simplify bit-rate selection without sacrificing throughput.

Figure 3-8 shows three examples of the throughput that the 802.11b bit-rates achieve over

individual links. If all links looked like the steep example in figure 3-8, where each increas-

ing bit-rate worked perfectly until all bit-rates ceased to work altogether, then designing

an algorithm to find the bit-rate with the highest throughput would be simple; you could

pick the highest bit-rate that delivered any packets. However, such an algorithm might

prove disastrous if used in links that behave like the gradual example in Figure 3-8, where

the throughput falls off more slowly. In this case, the algorithm for the steep model would
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Figure 3-8: Three examples of possible link behavior. In each example, the gray bars are the
maximum throughput for each 802.11b rate. The black bars are the throughput that the
link is able to achieve at that bit-rate. The graph on the far left shows a steep drop-off; the
bit-rates work perfectly until they do not work at all. The middle graph shows a gradual
falloff in throughput after 5.5 megabits. The graph on the right shows a link where all
bit-rates are lossy, but 11 megabits still provides the highest throughput.

for the spread of S/N values in Figure 3-6, but individual nodes might have a stronger

relationship between S/N and delivery probability. Figure 3-7 shows per-receiver versions of

the 1 megabit plot from Figure 3-6. These plots show a stronger correlation between S/N and

delivery probability, although there are several points in these graphs that suggest signal-

to-noise ratio does not accurately predict delivery probability; trying to pick a threshold to

determine whether a link operates at a particular bit-rate will result in some links that do

not work (because the threshold was too low for some links) or links that offer sub-optimal

throughput (because the threshold is too high for some links).

3.5 Link Classification and Bit-rate Throughput

The relationship between bit-rate and throughput on individual links dictates which assump-

tions algorithms can rely on to simplify bit-rate selection without sacrificing throughput.

Figure 3-8 shows three examples of the throughput that the 802.11b bit-rates achieve over

individual links. If all links looked like the steep example in figure 3-8, where each increas-

ing bit-rate worked perfectly until all bit-rates ceased to work altogether, then designing

an algorithm to find the bit-rate with the highest throughput would be simple; you could

pick the highest bit-rate that delivered any packets. However, such an algorithm might

prove disastrous if used in links that behave like the gradual example in Figure 3-8, where

the throughput falls off more slowly. In this case, the algorithm for the steep model would
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Bit- Tries Packets Succ. Total Avg Lossless
Destination rate Ack’ed Fails TX TX TX

Time Time Time
00:05:4e:46:97:28 11 16 0 4 250404 ∞ 1873
00:05:4e:46:97:28 5.5 100 100 0 297600 2976 2976
00:05:4e:46:97:28 2 0 0 0 0 - 6834
00:05:4e:46:97:28 1 0 0 0 0 - 12995
00:0e:84:97:07:50 11 28 14 0 52654 3761 1873
00:0e:84:97:07:50 5.5 50 46 0 148814 3235 2976
00:0e:84:97:07:50 2 0 0 0 0 - 6834
00:0e:84:97:07:50 1 0 0 0 0 - 12995

Figure 5-1: This figure shows a snapshot of the statistics that SampleRate tracks for two
destinations. For the top destination, 11 megabits delivers no packets but 5.5 works per-
fectly. For the bottom destination, 11 megabits always requires a single retry and 5.5
megabits needs a retry on 10% of the packets. In both examples, 1 and 2 megabits will not
be sampled because their lossless transmit time is higher than the average transmit time of
5.5 megabits.

byte packets. Destination 00:05:4e:46:97:28 has the properties that 11 megabits delivers no

packets and all packets sent at 5.5 megabits are acknowledged successfully without retries.

The first few packets sent on this link at 11 megabits failed, and once the “Successive Fail-

ures” column reached 4 SampleRate stopped sending packets at 11 megabits. SampleRate

then proceeded to send 100 packets at 5.5 megabits. Packets were never sent at 1 or 2

megabits because their lossless transmission time is higher than the average transmission

time for 5.5 megabits.

The destination 00:0e:84:97:07:50 in Figure 5-1 has the properties that packets sent at

11 megabits require a retry before being acknowledged, and packets sent at 5.5 megabits

require no retries 90% of the time and one retry otherwise. On this link, SampleRate starts

at 11 megabits and then sends the 10th packet at 5.5 megabits. After the first 5.5 megabit

packet required no retries, SampleRate determined that 5.5 megabits took less transmit

time, on average, than 11 megabits and switched bit-rates. It still sent at 11 megabits once

every 10 packets to see if performance has improved at that bit-rate. SampleRate does

not try to send packets at 1 or 2 megabits because the lossless transmission time for those

bit-rates is higher than the average transmission time for both 11 and 5.5 megabits.
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Figure 6-1: CDFs of bit-rate selection algorithm throughput. “Static-best” is the highest
throughput of all available bit-rates measured during a short test of each link before the
algorithms were evaluated over that link.

To approximate the throughput a bit-rate selection algorithm could obtain, the unicast

throughput for each bit-rate was measured over the link before the bit-rate selection al-

gorithms were run. The maximum throughput obtained over all the bit-rates on a link is

referred to as that link’s “best-static” throughput.

For all the measurements, the throughput for each algorithm or bit-rate was measured

by counting the number of packets that the sender received an acknowledgment for from

the receiver.

6.2 Results

Figure 6-1 shows cumulative distribution functions (CDFs) of throughput for each bit-rate

selection algorithm using 802.11g and 802.11a on the indoor network and 802.11b on both

networks. The “static-best” curve shows the highest throughput over all the available bit-

rates. Each curve shows the probability, on the y-axis, that a link has a throughput less
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Figure 6-1: CDFs of bit-rate selection algorithm throughput. “Static-best” is the highest
throughput of all available bit-rates measured during a short test of each link before the
algorithms were evaluated over that link.

To approximate the throughput a bit-rate selection algorithm could obtain, the unicast

throughput for each bit-rate was measured over the link before the bit-rate selection al-

gorithms were run. The maximum throughput obtained over all the bit-rates on a link is

referred to as that link’s “best-static” throughput.

For all the measurements, the throughput for each algorithm or bit-rate was measured

by counting the number of packets that the sender received an acknowledgment for from

the receiver.

6.2 Results

Figure 6-1 shows cumulative distribution functions (CDFs) of throughput for each bit-rate

selection algorithm using 802.11g and 802.11a on the indoor network and 802.11b on both

networks. The “static-best” curve shows the highest throughput over all the available bit-

rates. Each curve shows the probability, on the y-axis, that a link has a throughput less
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Figure 6-2: A scatter plot of the throughput of the bit-rate that ARF chose most often and
the throughput of the best static bit-rate, in packets per second. This graph shows that
ARF sends most of the packets at a high-throughput bit-rate. The only links for which
ARF did not choose a high-throughput bit-rate were those which 11 megabits worked well
but 9 did not, so ARF picked 6 megabits (which gets a little about 450 packets per second).

than or equal to the value on the x axis. For instance, the median throughput of ARF for

the indoor 802.11g experiment is 225 packets per second.

6.3 ARF and AARF

The most noticeable characteristic of Figure 6-1 is that ARF consistently achieves less

throughput than the rest of the algorithms.

Figure 6-2 shows a scatter plot of the best static bit-rate and the throughput of the

bit-rate that ARF chose most. This graph shows that, for nearly all links, ARF chose a

high throughput bit-rate for most of the packets. This suggests that ARF must be spending

too much time trying other bit-rates that do not work well.

The performance of AARF helps explain why ARF performs poorly; the only difference

between AARF and ARF is that AARF doubles the number of packets it sends before

trying a higher bit-rate every time the higher bit-rate works badly. AARF greatly exceeds

the performance of ARF on links that match the steep model in Chapter 3, where bit-rates

work perfectly until they do not work at all because unicast packet failure is so expensive.

On these links, AARF reduces the amount of time that ARF spends trying to send packets

at a higher bit-rate that does not work.

Figure 6-1 shows that AARF achieves throughput close to the best static bit-rate for
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Figure 6-1: CDFs of bit-rate selection algorithm throughput. “Static-best” is the highest
throughput of all available bit-rates measured during a short test of each link before the
algorithms were evaluated over that link.

To approximate the throughput a bit-rate selection algorithm could obtain, the unicast

throughput for each bit-rate was measured over the link before the bit-rate selection al-

gorithms were run. The maximum throughput obtained over all the bit-rates on a link is

referred to as that link’s “best-static” throughput.

For all the measurements, the throughput for each algorithm or bit-rate was measured

by counting the number of packets that the sender received an acknowledgment for from

the receiver.

6.2 Results

Figure 6-1 shows cumulative distribution functions (CDFs) of throughput for each bit-rate

selection algorithm using 802.11g and 802.11a on the indoor network and 802.11b on both

networks. The “static-best” curve shows the highest throughput over all the available bit-

rates. Each curve shows the probability, on the y-axis, that a link has a throughput less
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Figure 3-8: Three examples of possible link behavior. In each example, the gray bars are the
maximum throughput for each 802.11b rate. The black bars are the throughput that the
link is able to achieve at that bit-rate. The graph on the far left shows a steep drop-off; the
bit-rates work perfectly until they do not work at all. The middle graph shows a gradual
falloff in throughput after 5.5 megabits. The graph on the right shows a link where all
bit-rates are lossy, but 11 megabits still provides the highest throughput.

for the spread of S/N values in Figure 3-6, but individual nodes might have a stronger

relationship between S/N and delivery probability. Figure 3-7 shows per-receiver versions of

the 1 megabit plot from Figure 3-6. These plots show a stronger correlation between S/N and

delivery probability, although there are several points in these graphs that suggest signal-

to-noise ratio does not accurately predict delivery probability; trying to pick a threshold to

determine whether a link operates at a particular bit-rate will result in some links that do

not work (because the threshold was too low for some links) or links that offer sub-optimal

throughput (because the threshold is too high for some links).

3.5 Link Classification and Bit-rate Throughput

The relationship between bit-rate and throughput on individual links dictates which assump-

tions algorithms can rely on to simplify bit-rate selection without sacrificing throughput.

Figure 3-8 shows three examples of the throughput that the 802.11b bit-rates achieve over

individual links. If all links looked like the steep example in figure 3-8, where each increas-

ing bit-rate worked perfectly until all bit-rates ceased to work altogether, then designing

an algorithm to find the bit-rate with the highest throughput would be simple; you could

pick the highest bit-rate that delivered any packets. However, such an algorithm might

prove disastrous if used in links that behave like the gradual example in Figure 3-8, where

the throughput falls off more slowly. In this case, the algorithm for the steep model would
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Figure 6-1: CDFs of bit-rate selection algorithm throughput. “Static-best” is the highest
throughput of all available bit-rates measured during a short test of each link before the
algorithms were evaluated over that link.

To approximate the throughput a bit-rate selection algorithm could obtain, the unicast

throughput for each bit-rate was measured over the link before the bit-rate selection al-

gorithms were run. The maximum throughput obtained over all the bit-rates on a link is

referred to as that link’s “best-static” throughput.

For all the measurements, the throughput for each algorithm or bit-rate was measured

by counting the number of packets that the sender received an acknowledgment for from

the receiver.

6.2 Results

Figure 6-1 shows cumulative distribution functions (CDFs) of throughput for each bit-rate

selection algorithm using 802.11g and 802.11a on the indoor network and 802.11b on both

networks. The “static-best” curve shows the highest throughput over all the available bit-

rates. Each curve shows the probability, on the y-axis, that a link has a throughput less
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Figure 3-8: Three examples of possible link behavior. In each example, the gray bars are the
maximum throughput for each 802.11b rate. The black bars are the throughput that the
link is able to achieve at that bit-rate. The graph on the far left shows a steep drop-off; the
bit-rates work perfectly until they do not work at all. The middle graph shows a gradual
falloff in throughput after 5.5 megabits. The graph on the right shows a link where all
bit-rates are lossy, but 11 megabits still provides the highest throughput.

for the spread of S/N values in Figure 3-6, but individual nodes might have a stronger

relationship between S/N and delivery probability. Figure 3-7 shows per-receiver versions of

the 1 megabit plot from Figure 3-6. These plots show a stronger correlation between S/N and

delivery probability, although there are several points in these graphs that suggest signal-

to-noise ratio does not accurately predict delivery probability; trying to pick a threshold to

determine whether a link operates at a particular bit-rate will result in some links that do

not work (because the threshold was too low for some links) or links that offer sub-optimal

throughput (because the threshold is too high for some links).

3.5 Link Classification and Bit-rate Throughput

The relationship between bit-rate and throughput on individual links dictates which assump-

tions algorithms can rely on to simplify bit-rate selection without sacrificing throughput.

Figure 3-8 shows three examples of the throughput that the 802.11b bit-rates achieve over

individual links. If all links looked like the steep example in figure 3-8, where each increas-

ing bit-rate worked perfectly until all bit-rates ceased to work altogether, then designing

an algorithm to find the bit-rate with the highest throughput would be simple; you could

pick the highest bit-rate that delivered any packets. However, such an algorithm might

prove disastrous if used in links that behave like the gradual example in Figure 3-8, where

the throughput falls off more slowly. In this case, the algorithm for the steep model would
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Figure 6-3: Throughput versus bit-rate for each link in the 802.11a experiment. Each line
represents a link in the network; the right graph plots links where the bit-rate with the
highest throughput was the highest bit-rate with less than 50% loss, and the left graph
plots all other links. For each bit-rate, the top thick line indicates the maximum possible
throughput and the lower thick line shows the throughput if every packet takes one retry.
Onoe will not select the bit-rate with the highest throughput on links that behave like those
in the right graph.

measurements were run, but no bit-rate selection algorithm was able to transmit more than

40 packets per second over this link.

SampleRate’s throughput is never more than 15% less than the best static bit-rate line,

except for links with extremely low throughput. SampleRate occasionally performs slightly

better than the best static-bit because link conditions changed during the experiment and

the best static bit-rate was measured for a short period of time before the other algorithms

were tested.

6.6 Link Asymmetry and Unicast Performance

Figure 6-1 shows that approximately 20% of the links in each experiment get less than 20

packets per second throughput for the best unicast static bit-rate; only half as many links

had such low throughput when using broadcast packets. Figure 6-5 shows a scatter plot of

the best throughput for unicast and broadcast packets on each link. The difference between

unicast and broadcast throughput can be explained by two things. First, unicast packet

loss causes the sender to increase the amount of transmit time it spends in back-off and re-

sending unicast packets. This additional transmit time makes an 11 megabit link that has

a delivery rate of 25% send 61 packets per second using unicast packets and 126 packets per
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Figure 6-4: Throughput for the best static bit-rate versus the SampleRate algorithm. Each
point on the graph represents a link and shows the throughput for the best static bit-rate
and the SampleRate in packets per second. SampleRate achieves throughput very close to
the best static bit-rate for each link, regardless of the throughput for the best static bit-rate.
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Figure 6-5: Scatter plot of the throughput in packets per second of the highest bit-rate for
both broadcast and unicast packets. There are many links that have significantly better
throughput using broadcast packets. Unicast performance is worse because of time spent
in back-off and acknowledgment loss.
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Figure 6-5: Scatter plot of the throughput in packets per second of the highest bit-rate for
both broadcast and unicast packets. There are many links that have significantly better
throughput using broadcast packets. Unicast performance is worse because of time spent
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The client associates with the active radio at each AP, which
serves the regular function of transmitting management and
control frames to the WLAN client, while the passive radios
are configured to listen on the neighbors’ radio frequencies.
Because the passive radios never transmit a frame, they do
not create any interference in the network. If installing mul-
tiple radios on a single AP is not possible, an operator can
install additional passive access points in the network. As
the costs of APs continue to decline, this approach is a vi-
able way to add path diversity (for uplink communication)
in WLANs.

MRD assumes that there is sufficient bandwidth in the
wired backbone to handle the additional traffic generated
by the passive APs. This assumption is reasonable because
the number of APs within reception range of a transmitter is
usually low and the speed of the wired backbone is usually
at least one or two orders of magnitude higher than the
wireless link.

MRD does not affect the functions of handoff and secu-
rity in a WLAN. The WLAN client would associate with and
handoffs between different APs using their active radios. Ex-
isting WLAN security standards such as WEP [6], 802.1x [7],
and WPA/802.11i [4] handle encryption/decryption and
other security functions in software and are easily imple-
mented in the MRDS and the MRDC, assuming that the
MRDC can establish a secure trust relationship with each
MRD radio in the network.

3. FRAME COMBINING
We describe how MRD recovers error-free versions of cor-

rupted data frames and analyze its performance. One ap-
proach is to run a simple linear time algorithm that attempts
to correct bit errors by selecting the majority bit value be-
tween three or more frames [14]. But this approach requires
at least three copies of the same transmitted frame, which
may not be available (without a retransmission) in the case
when only two MRD radios are within receiving range of the
sender. Therefore, we develop and analyze a block-based
frame combining scheme that can work even when only two
copies are available.

Suppose two copies of the same transmitted frame of size
S bits are received at two different receivers. Before frame
combining, if any of the data frames passes the link-layer
cyclic redundancy checksum (CRC) check, it is decoded as
the transmitted frame and forwarded (soft selection). Oth-
erwise, we run the block-based combining algorithm to re-
cover the packet. Block-based frame combining works by
first subdividing both frames into blocks, and then recon-
structing the frame by assembling the blocks selected from
each received frame of the transmitted packet. The process
succeeds if a block combination passes the CRC embedded
in the data frame, and fails once the search exhausts all
possible block combinations. We provide a summary of the
block combining algorithm below:

1. The input of the algorithm is two frames f =
{A,B} of size S, divided into fixed-sized blocks X =
{Xf

1 , Xf
2 , ..., Xf

NB
}. Let ∆ = |{i|XA

i ⊕ XB
i "= 0}| (i.e.,

the number of blocks that do not have matching bit
values).

can process and decode transmissions from multiple chan-
nels simultaneously (see, e.g., [3]).
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Figure 2: Bit-error analysis. Figure 2(a) shows
that the bit-errors are clustered in a regular pattern
within a frame. The number in the legend indicates
the number of corrupt frames received at each node.
The conditional probabilities in Figure 2(b) suggest
that bit-errors occur in bursts within a frame but
bit-errors between frames received at different loca-
tions have low correlation.

2. Assemble a combined frame that contains X ′ =
{Xf ′

1 , Xf ′

2 , ..., Xf ′

NB
} blocks from either frame A or B.

Each iteration of this step generates a new combined

frame by replacing Xf ′

i with either XA
i or XB

i for each
i where XA

i ⊕ XB
i "= 0.

3. If either of the CRC value embedded in frames A or
B matches the CRC value computed over X ′, return
the combined frame containing X ′. Otherwise, repeat
step 2 until all possible combinations of X ′ have been
tried. If none of the block combinations X ′ passes the
CRC check, declare a frame combining failure.

There are many ways of dividing a frame into roughly
fixed-size blocks. For simplicity, we divide each frame such
that blocks Xf

1 , Xf
2 , ..., Xf

NB−1 contain B bits and the size

of the last block |Xf
NB

| is B. Thus, NB = #S/B$.
When the block-based frame combining algorithm de-

clares a failure, the MRDC can save the corrupt frames for
possible frame combining (using either bit-majority or block-
based combining) with any subsequent retransmissions of
the frame. In our current implementation, the MRDC saves
only one of the corrupt frames and apply block-based com-
bining to two corrupt frames at a time.

The block-based frame combining algorithm is simple but
its running time is exponential in ∆, the number of differ-
ing blocks. With two copies, it needs up to about 2∆ CRC
check operations to identify the correct combination. Since
∆ ≤ NB , one way to bound the number of CRC checks is
to reduce NB by increasing B. Inevitably, the frame com-
bining failure probability will increase as the likelihood of
simultaneous block errors increases with B. We evaluate
this tradeoff next.

3.1 Frame Combining Failure
We analyze how the frame combining failure probability,

pf , varies with NB under a burst bit-error channel model
parameterized by a burst length b. pf is the fraction of
frames that cannot be corrected with combining out of those
that could not be corrected by the soft selection in the first

;a'


