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ABSTRACT
Prior Work note: when I submitted this work for pub-
lication, I was informed that the idea was not new.
I encourage anyone interested in this subject to re-
view related work by Hu and Servetto [8] and by Hong
and Scaglione [6]. Especially the work by Hong and
Scaglione is more mathematical and better grounded
than this report. This report is being made available
for what it can add to the works cited above.

Broadcasting in wireless ad-hoc networks is inefficient be-
cause the possibility of collision requires each node to re-
transmit broadcast information with a random delay. In
spite of this random delay, collisions still occur, and the re-
sult may be a portion of the network not receiving a given
broadcast message.

Cooperative Diversity Broadcasting is a new algorithm for
broadcasting in wireless ad-hoc networks. Cooperative di-
versity is a technique that allows the use of multiple trans-
mitters to achieve greater range and reliability for wireless
data transmission. In the case of on/off Amplitude Mod-
ulation (AM) encoding, this means that a signal is prob-
abilistically strengthened if multiple transmitters send the
same data at the same time. This is a form of constructive
interference.

In Cooperative Diversity Broadcasting (CDB), each node
retransmits each broadcast message either immediately after
reception is complete, or a fixed time later. Signals from
nodes that retransmit the message at the same time are
identical, leading to greater signal strength at the receiver
compared to the case of a single transmitter, and even more
so compared to multiple transmitters transmitting different
data which interfere destructively.

The result of this constructive interference is increased range

and reliability for each transmission. Because of the in-
creased range, typically fewer hops are required to reach
any given node in the network, and especially so for larger
networks. This, combined with the absence of the random
delay, gives faster and more efficient broadcasting in wireless
ad-hoc networks. Coverage is also usually more complete
than when using flooding broadcast.

The author has written a simulator to evaluate the effec-
tiveness of CDB in a number of wireless sensor network
topologies, both regular and random. The results show
that CDB far outperforms traditional delay-based flood-
ing broadcast. In many different networks, CDB concludes
transmission faster than traditional flooding broadcast, al-
lowing low-power nodes to return to sleep sooner. Since
transmission range is typically increased by the simultane-
ous transmission of multiple nodes, in sparse networks CDB
reaches more nodes or can be used at lower power levels than
flooding broadcast.

Keywords
wireless ad-hoc networks, cooperative diversity, broadcast-
ing, CDB

1. INTRODUCTION
Wireless ad-hoc networks are networks formed by collections
of wireless nodes. A wireless network is ad-hoc if each node
forwards data from other nodes and produces and consumes
data of its own. Wireless ad-hoc networks have been the
focus of much recent research, and include Mobile Ad-hoc
networks (MANETs), Wireless Sensor Networks (WSNs),
Wireless Mesh Networks (WMNs), and even Vehicular Ad-
hoc Networks (VANETs).

Many protocols have been developed for communication in
wireless ad-hoc networks. Some are more specifically de-
signed to solve the problems encountered in mobile net-
works, others are designed for networks in which the nodes
do not frequently change position. The difference is sig-
nificant because in wireless networks position determines
connectivity. Most of these protocols are designed to be
independent of the physical layer wireless implementation,
and many only work well if communication between nodes
is either bidirectional or absent. All of these protocols must
address the issue of the unreliability of wireless communica-
tions. Communications between any two nodes may fail for



a number of reasons, including node movement, interference,
or time-sensitive fading of a radio signal.

Many of the existing protocols for wireless ad-hoc networks
use some variant of a flooding broadcast to initiate com-
munication. At the very least, a broadcast can inform an
intended recipient that communication is desired. In addi-
tion, the node(s) from which a broadcast is received form a
reverse path to the node that originated the broadcast, and
can be used by subsequent unicast transmissions in sending
data back to the originator node.

The broadcast itself could be used to transmit data. Un-
fortunately, broadcasting in a wireless network suffers from
a number of drawbacks. If multiple nodes transmit at the
same time, they cause destructive interference. At best a
receiver will successfully decode one of the two packets, but
frequently neither. This latter case is known as a collision
of the two messages at the given receiver.

Collisions are well known in Ethernets[13] as well as in wire-
less Aloha networks [1]. In the latter they are especially
harmful, leading to a theoretical best-case throughput of
about 18% of the channel bandwidth [16] when there is a
large number of senders. Even with slotted Aloha, in which
all packets have the same duration and packet transmission
is only allowed within a time period (a slot) that is the same
for all nodes, the best theoretical performance when there
is a large number of nodes is only about 33%.

A wireless network where all nodes are within range of each
other, i.e. a single-hop network, behaves approximately as
the uplink of an Aloha network. A multi-hop network has
additional challenges because a node transmitting a message
blocks all the nodes in its neighborhood from receiving any
data other than its own and, if some coordination mecha-
nism such as Collision Avoidance is used, such nodes are also
prevented from sending their own data, further decreasing
overall network performance.

If nodes could be made to transmit the same message at the
exact same time, interference would be constructive rather
than destructive, and signals would be strengthened. This
is particularly clear in an on/off channel using Amplitude
Modulation (AM): bits that are “on” result in transmission
of the carrier, bits that are “off” do not. Multiple trans-
mitters of an “on” bit will transmit a carrier at the same
time, and for an “off” bit will keep their radios off at the
same time. The “on” bits will then lead to a greater power
(compared to single-node transmission) received at each re-
ceiver, and greater difference between the “on” signal and
the “off” signal. The latter is the same no matter how many
transmitters don’t transmit.

This Cooperative Diversity Broadcasting (CDB), described
in detail in Section 3, is but one application of the technique
of Cooperative Diversity (see, e.g. [4] and [15]), in which
the receiver is able to combine transmissions from different
senders to successfully decipher one or more messages that
might be hard to detect using conventional techniques. It
is likely to prove useful even with other channel encodings,
for example FM (Frequency Modulation), in which two fre-
quencies f1 and f2 are used to encode the two bit values,

or when multiple frequencies are be used to encode multiple
bits. Whatever the specific encoding, the independence of
the transmitters makes it likely that the carriers will inter-
fere constructively and power at the receiver will increase
with the number of transmitters sending the same data at
the same time.

The remainder of this paper presents in Section 2 related
work, including details about flooding broadcasting, colli-
sion avoidance, and collaborative diversity. Section 3 presents
a detailed description of the CDB algorithm, Section 4 presents
a description of the simulation, and Section 5 discusses the
results and their significance. The last two sections give
future work and concluding remarks.

2. RELATED WORK
2.1 Flooding Broadcast
Traditional broadcasting, often referred to as flooding, re-
quires each node receiving a packet to retransmit it, unless
it has transmitted the packet before. It therefore requires
each node to keep track of the packets it transmits, at least
for a length of time bounded by the time to transmit over
the number of hops in the largest loop of the network.

In traditional flooding broadcast in wireless ad-hoc networks,
it is unwise for a node to retransmit a packet immediately.
Instead, each node selects a delay from a range 0 . . . δ and
waits that long before forwarding the packet. This lessens
the likelyhood of collisions with other nodes that are for-
warding the same (or another) packet at the same time.
The time base δ may be increased with the density of the
local network or with the number of collisions recently de-
tected. This random wait substantially increases the time
it takes for a broadcast to complete, and requires a tradeoff
between performance and reliability: with shorter times the
transmission completes more quickly, but the likelyhood of
a given node not receiving a given packet increases.

Nodes may also engage in selective retransmission, in which
a node probabilistically does not forward a packet if the
packet is likely to be retransmitted by another node. This
technique may be used as an alternative to delayed random
retransmission, or more commonly the two can be combined.

No matter what the technique, collisions in the broadcast of
a single packet can still occur.

With traditional flooding broadcast, there is no acknowl-
edgement to indicate that a broadcast has been success-
ful. Since a sender typically cannot detect a collision on
its own transmissions, there is no way for a node to know
that its (re)transmission of a packet has succeeded. While
receivers can detect collisions and perhaps respond with a
Negative Acknowledgement (NAK) packet, such NAKs are
also broadcast and subject to collisions.

The result of collisions is that a given node may fail to
receive a broadcast packet despite being within range of
another node that has received the packet. This unrelia-
bility is an unavoidable consequence of multiple transmis-
sions interfering destructively during the transmission of a
single packet. Unlike other technologies, such as Ethernet
and Aloha, where collisions are a result of multiple senders



wishing to transmit different packets at the same time, tra-
ditional flooding broadcast suffers from collisions even when
the network is attempting to forward a single packet.

In spite of these drawbacks, flooding broadcast is used ex-
tensively as part of other wireless ad-hoc network protocols.
The advantages are clear: flooding broadcast can at least in
theory reach every node in the network, and therefore can
be leveraged to build routes even under conditions of mo-
bility. To minimize the probability that a node will fail to
receive a given packet the retransmission delay can be made
large. If only a small number of packets is sent using flood-
ing broadcast, the resulting inefficiency is not significant.

2.2 Collision Avoidance
The algorithm presented in this paper, Cooperative Diver-
sity Broadcasting, is designed to reduce packet collisions. In
802.11 (WiFi), a node wishing to transmit a unicast packet
first sends a brief packet, Request To Send (RTS), to warn all
nodes within range that it is about to transmit a packet. The
intended destination transmits another brief packet, Clear
To Send (CTS) to warn all nodes within its range that they
should keep silent for the duration of the transmission. This
mechanism is referred to as Collision Avoidance (CA) [13].

Unfortunately, CA does not effectively avoid all collisions
in a multi-hop network. In the first place it is not usable
when broadcasting, and so it cannot be used, for example, to
improve traditional flooding broadcasting. In addition, the
interference range of a node is usually greater than its trans-
mission range. Specifically, a radio receiver can only decode
a signal if the signal power exceeds a minimum threshold,
and if the signal power is at least a given factor greater than
the noise or interference power. Assume an intended receiver
sends a CTS to ask all its neighbors to remain quiet during
the upcoming transmission. A node that is just out of range
of this receiver does not decode it, and is unaware that a
transmission is in progress, and so proceeds to transmit its
own packet. Although the node is too distant to directly
communicate with the receiver, the strength of its trans-
mission (which is noise to the receiver, which is listening to
a different packet) may reduce the signal-to-noise ratio at
the receiver enough that the receiver is unable to decode
its incoming packet. Although it is a matter of semantics
whether this should be classified as interference or collision,
it is clear that even for unicast transmission CA does not
always prevent one node’s communication from interfering
with communication among other nodes.

To summarize, existing practical techniques for wireless ad-
hoc networks fail to effectively support high throughput, low
latency broadcasting that has a high likelyhood of reaching
every node in the network.

2.3 Cooperative Diversity
There has been extensive work in Cooperative Diversity.
Much of this work is purely theoretical, exploring the charac-
teristics of specific, and usually very limited size, Multiple-
Input and Multiple-Output channels. For example, Høst-
Madsen [7] considers capacity bounds for four-node net-
works, and Laneman et al [9] also use as their motivating
example a 4-node network. These kinds of theoretical work

often require complex encoding and decoding to obtain all
the benefits of the cooperative diversity.

Instead, the work presented in this paper focuses on a practi-
cal algorithm for broadcasting individual packets in wireless
ad-hoc networks of arbitrary size, using the normal binary
encoding supported by present day wireless network equip-
ment. This algorithm is described in the next section.



3. COOPERATIVE DIVERSITY
BROADCASTING

Cooperative Diversity can be used to design a scalable broad-
casting protocol for wireless ad-hoc networks that is both
more reliable and more efficient than traditional flooding
broadcast. The key observation is that as long as all nodes
are transmitting the same packet, and as long as all trans-
mitters can be synchronized to transmit at the same time,
then interference can be constructive rather than destruc-
tive.

One advantage of constructive interference is that trans-
mission range is increased. A network that is disconnected
when using single-node transmission can become connected
if multiple senders transmit the same data at the same time.
This is the opposite of traditional flooding broadcast, where
even in a network that would be connected using single-
node transmission, a packet may fail to reach all nodes in
the network.

3.1 CDB Algorithm
The algorithm for Cooperative Diversity Broadcasting, or
CDB, is very simple. As in flooding broadcast, a node that
receives a packet must retransmit it exactly once. Unlike
in flooding broadcast, the retransmission must occur a fixed
time after the packet is received.

With this algorithm, a node originally broadcasts a packet
which is received by one or more nodes1. Since only a single
transmitter originally sends this packet, any node receiving
the packet must be within one hop of the originator. Each
such first-hop node retransmits the packet. If there are mul-
tiple first-hop nodes, they retransmits the packet simultane-
ously, and the range of this transmission is increased accord-
ingly. Any recipient of this second transmission retransmits
it, continuing until every reachable node has received the
packet.

For CDB to work, the variation in transmission time among
different senders must be a small fraction of the duration
of a bit. Some of the variation is due to the hardware (in-
cluding clock skew) and perhaps software providing the re-
transmission, and some of the variation is due to the dif-
ferent distances the radio signal travels to reach a receiver.
For an example of the latter, two nodes of which one is
300m closer to a transmitter will receive a packet approxi-
mately 300m/c = 1µs apart and, even with perfectly timed
implementation, one will retransmit the packet 1µs before
the other. In this situation, cooperative diversity is only
achieved if the bit period is considerably longer than 1µs.
This is not a real limitation since if higher bit rates are
needed, multiple bits can be transmitted in parallel using
multiple frequencies, as is done in Orthogonal Frequency
Division Multiplexing (OFDM) [14].

Unlike flooding broadcast, in CDB there is no tradeoff be-
tween throughput and coverage. Throughput is higher than
in comparable flooding broadcast for two reasons: a packet
must typically be rebroadcast fewer times, i.e. there are
typically fewer hops in the network, and there is no need

1If the packet is not received by any nodes, no broadcasting
is possible.

to wait for a random time before retransmitting. Coverage
may be higher than in flooding broadcast since CDB may
be able to reach nodes that are not within single-hop range
of any other node.

Unlike flooding broadcast, all interference is constructive, as
long as a single packet is being transmitted by the network.
If multiple nodes initiate transmission independently, it is
possible to have collisions even with CDB. Such a collision
leads to each packets only being delivered to a subset of the
nodes in the network, and some network nodes receiving
neither packet. If nodes generate packets at a given rate,
since a CDB broadcast completes much more quickly than
a comparable flooding broadcast, collisions are less likely
when using CDB.

3.2 CDB Applications
If collisions are unacceptable, and a central server is avail-
able, CDB can be used with existing protocols to avoid all
collisions. For example, in the Dallas Semiconductor one-
wire protocol [3], the 64-bit ID of sensors2 wishing to com-
municate (over a wired network) is obtained one bit at a
time, and the server then arbitrates among nodes wishing to
communicate. In a wireless network using CDB, the server
could broadcast a message asking all nodes to respond if
they wish to communicate and have a “1” in the first bit
position of their ID. If any do respond, the server can then
send a message stating that only such nodes may continue to
participate in the selection and asking for the next bit. If on
the other hand no response is received, the server can broad-
cast a message saying only nodes with a “0” in the given bit
position may continue in the selection process. This contin-
ues until all bits of the identifier have been processed and
a single node is selected. This node may then broadcast its
data using CDB.

The communication of the reply can also be done using a
variant of CDB that is useful when a single bit must be
transmitted by zero or more senders. Only the nodes that
are selected transmit the bit. Any node receiving such a
transmission immediately repeats it, adding to the overall
power of the transmission. If no node is selected, no signal
is transmitted, and no node repeats the signal. This is a
form of “wireless OR” (as opposed to the more common
“wired-OR”), and can be useful in any circumstance where
the presence or absence of a condition must be determined.

One variant of the basic CDB algorithm has each node re-
transmit the packet a number of times rather than just once.
This can be advantageous if the distribution of nodes in the
network and the fading characteristics of the channel are
such that more nodes can be reached in this manner, and
if the additional power consumption of this algorithm is ac-
ceptable in the intended application. If a maximum hop
count is known for the network, this can be set in the orig-
inal packet and decremented before each retransmission, so
all nodes can cease transmitting at the same time.

With this multiple-retransmission variant, nodes do not need
to check whether packets are duplicate. Any node retrans-

2The Dallas Semiconductor line of one-wire sensors includes
a unique 64-bit ID lasered into each inexpensive sensor.



mits any packet it receives until the packet’s hop count
reaches zero, and then all nodes stop transmission. Any
subsequent packet received must be a different packet which
the node must again retransmit.

As a final variant, in a regular network the number of nodes
transmitting increases at each hop. As seen below, after the
first few hops, the likelyhood of the network being discon-
nected becomes quite small. In such cases, nodes retrans-
mitting after the first few hops could reduce their transmit
power without affecting network connectivity.

3.3 CDB Implementation
The implementation of CDB may be in hardware or in soft-
ware, using conventional radios or hardware designed specif-
ically for CDB. The only real requirement for cooperation
is that the time to transmit each bit be considerably longer
than the skew among nodes retransmitting a packet.

For example, using a serial radio operating at 9600 bits/second,
bit time is approximately 100µs. Even a relatively slow mi-
crocontroller such as a PIC [11] operating at 1µs per instruc-
tion can respond to an interrupt and do simple processing
to initiate retransmission in a small fraction of this time.
Faster radios would require faster processors, but as long as
the response time is a small fraction of a bit time, CDB can
be implemented in software.

Hardware implementation has fewer challenges, since the
response time can be made very accurate and the bit rate
can be correspondingly higher.

Two basic operations in any implementation are detecting
duplicate packets, and detecting corrupted packets. The
first is needed to avoid broadcast loops, and the second to
detect collisions. Corrupted packets can be detected by us-
ing common error checking techniques such as CRCs. Du-
plicate packets can be detected in a number of ways, for
example by having a source address and sequence number
in each packet, and caching that information in each node
that forwards the packet.

4. SIMULATION
The performance of Cooperative Diversity Broadcasting has
been evaluated on a custom packet-level simulator that tracks
the time to send each packet, the number of nodes that actu-
ally receive the packet, and the number of collisions detected
by receivers. Other information is also collected.

The simulator assumes that each packet transmission takes
one unit of time. The simulator also assumes that all nodes
are synchronized and either transmit or do not transmit a
packet in a given unit of time. In each time unit, each node
has a probability r′ of generating a new packet, if neces-
sary discarding any prior packet queued for retransmission
on this node. The packet generation probability r′ multi-
plied by the number N of nodes in the network gives an
approximation of the packet generation rate r = N × r′.

In the simulation of CDB, each packet is retransmitted in
the time unit following the one in which it was received.
In the simulation of the flooding broadcast, a node may re-
ceive a new packet while it is waiting its random time before

retransmitting another packet, and in this case the newly
received packet is discarded. The random waiting time is
uniformly distributed in the range 0 . . . δ, where, to improve
the performance of the flooding broadcast, δ = k×v is set to
an arbitrary factor k (k = 2.0 in this simulation) times the
number v of one-hop neighbors of this node. This is realistic
if nodes use a “Hello” protocol to find out how many neigh-
bors they have, and otherwise overstates the performance of
flooding broadcast.

The simulator computes the power of a received packet and
compares it both to a threshold and to the noise from com-
peting transmissions. Power is assumed to decrease with
distance x from a transmitter in proportion to x−α, where
α is a number between 2 and 4. For the results reported in
this paper, α = 2 and power decreases as x−2.

In CDB, there are competing transmissions only if different
packets are being broadcast at the same time. In flooding
broadcast, only the power of the packet sent by the nearest
transmitter is considered, and all other transmissions con-
tribute to the noise.

The power and the noise from the relevant transmissions
in the same time unit are combined by adding them to-
gether, and then the packet is received if its power exceeds
the threshold, and if the ratio of signal power to noise power
(signal-to-noise ratio, SNR) exceeds a certain amount. The
threshold is set such that nodes one transmission radius
apart can receive each other’s single-sender transmissions
in the absence of noise. For the results reported in this pa-
per, the SNR is set to 2.0 (except as noted), again to favor
flooding broadcast. If a more realistic SNR of, say, 10.0 were
used, flooding broadcast would perform much more poorly,
as seen below.

If a packet is received with a power exceeding the threshold
but with less than the required SNR, the packet is dropped
and a collision is recorded. Note that this implies that a
node’s interference range exceeds the node’s transmission
range, a phenomenon which has been considered by others
(the “physical model” of Gupta and Kumar [5]) and which
in a multi-hop network lessens the usefulness of collision
avoidance mechanisms such as the RTS/CTS exchange used
for 802.11.

The simulator can arrange nodes in 1, 2, or 3 dimensions,
either in a regular grid (or a regular 1-dimensional array),
or at random. The density of nodes is given by a number δ
specifying the (average) number of nodes per linear trans-
mission radius. For example, δ = 1 in the regular distribu-
tion means each node is at the extreme limit of its neighbors’
transmission range, and each interior node has 2 neighbors
(in 1 dimension), 4 neighbors (in 2 dimensions), or 6 neigh-
bors (in 3 dimensions). In contrast, in a two-dimensional
grid with δ between

√
2 and 2, each interior node has 8

neighbors.

The simulator is designed to compute the time it takes to
complete the delivery of each packet. This information is
relevant in two kinds of situations. In high-throughput net-
works using CDB and multiple senders, the network should
wait until the previous packet has been completely sent



throughout the network before beginning transmission of the
next packet, and hence packet delivery time affects through-
put as well as latency. In low-power networks using CDB,
nodes need to listen in a relatively high power state until the
packet has been delivered, and therefore packet delivery la-
tency means lower average power consumption. In addition,
if multiple packets are to be handled, higher throughput also
helps reduce the time the radio receiver must remain on, and
therefore average power consumption.

The simulator also notes the number of nodes that have
received each packet. If the node density in a random net-
work is sufficiently low, the network may not be connected.
Nonetheless, CDB may still be able to reach all nodes in
the network under certain circumstances, specifically when
a number of nodes transmitting simultaneously are able to
send a signal to a node that would otherwise be discon-
nected.

5. RESULTS AND DISCUSSION
The results of the simulation indicate considerable benefit
to using Cooperative Diversity Broadcasting.

5.1 Numerical Results
Figure 1 shows the time t needed for transmission in one-
dimensional regular arrays of n nodes with a linear density
of δ = 1.0, and with the sending node selected at random.
In this very simple network both protocols deliver data to
all nodes. Although traditional flooding takes a little longer
due to the random delay, the time is essentially linear in the
number of nodes. The variation in the CDB curve is due to
the randomness in selecting the sender nodes, whereas the
variation in the flooding curve is due to both that, and the
random delay in transmission.

Figure 1: Time to completion using CDB and flood-
ing in a regular linear network of n nodes. CDB
requires less time than flooding.

In each simulation, 100 simulated packets were generated
at a rate low enough (r = 0.00001 = N × r′) to minimize
the chance of collisions among different packets. The results
shown are the average over the 100 packets.

If the SNR parameter were changed from the SNR = 2.0

used in these simulations to a more realistic SNR = 10.0,
the percentage of nodes receiving data would decrease using
flooding broadcast, but would remain the same for CDB.
The percentage of nodes receiving each packet in this case
is plotted in Figure 2.

Figure 2: Percentage of nodes reached using CDB
and flooding with a realistic SNR of 10. CDB
reaches more nodes than flooding.

Figure 3: Percentage of nodes reached using CDB
and flooding with a realistic packet generation rate
of 0.01 packets per unit time. CDB typically reaches
more nodes than flooding.

With the optimistic (for flooding) value SNR = 2.0 used in
the rest of these simulations, increasing the packet genera-
tion rate from one packet per 100,000 packet times to a more
realistic one packet per 100 packet times (r = 0.01) reduces
the delivery rate, as shown in figure Figure 3. Here, the
quick completion of CDB helps reduce the number of col-
lisions, whereas the relatively slow completion of flooding
reduces the fraction of nodes receiving each packet. Even
under these conditions, where multiple packets are being
transmitted in the network at the same time and in a lin-
ear network where collisions for flooding are minimized even
with relatively short retransmission delays, CDB on average
outperforms flooding.



Figure 4 shows the same results as Figure 1 but on a a
regular two-dimensional grid of n × n nodes, and Figure 5
does the same for a three-dimensional grid of n×n×n nodes.
In these examples, SNR = 2.0 and the packet generation
rate is r = 0.01.

Figure 4: Time to completion using CDB and flood-
ing in a regular grid network of n × n nodes. CDB
dramatically outperforms flooding.

Figure 5: Time to completion using CDB and flood-
ing in a regular grid network of n×n×n nodes. CDB
dramatically outperforms flooding.

As can be seen from the figures, CDB scales much better
than flooding broadcasting. In a 10 × 10 node regular grid
(100 nodes total), for example, flooding broadcasting av-
erages about 66 packet transmission times to complete the
transmission of a single packet (reaching 93% of the nodes),
whereas CDB averages about 6.4 packet transmission times
(reaching 95% of the nodes), an improvement factor of about
10. For the largest grid tested, 100 × 100 nodes for a total
of 10, 000 nodes, flooding broadcasting averages about 595
packet times to reach about 87% of the nodes, and CDB
averages about 11 packet times while reaching about 94%
of the nodes, a time improvement factor of over 50. CDB
simply scales much better than flooding broadcasts. The

fraction of nodes that do not receive packets reflects the
number of collisions in the network, which is a consequence
of the average 1 packet per 100 packet times rate of packet
generation (r = 0.01).

The above numbers imply that in a 100 × 100 node reg-
ular network, CDB reached every node in the network in
an average of 11 transmissions. The maximum transmis-
sion time seen for CDB on this network is 15 transmissions.
Considering that such a Manhattan-geometry network has
a diameter of 199 hops, this is a good illustration of the
difference between CDB and conventional data forwarding.

Analysis of the simulator logs reveal a pattern that, af-
ter the second step, is superlinear in the number of nodes
reached in each transmission. In the first step 4 nodes are
reached, in the next step 8 nodes. This is as would be ex-
pected using collision-free single-hop (non-cooperative) com-
munication. In the third transmission, collision-free non-
cooperative communication could be expected to reach 12
new nodes, but CDB instead reaches 24 new nodes. This
is because all 8 nodes transmitting synchronously can reach
more than the 12 immediate neighbors that could be reached
by the 8 nodes independently. The next six steps reach 60,
then 164, 428, 1140, 3044, and 4846 nodes. At this point
a total of 9719 nodes have received the packet in 9 packet
transmissions. The next transmission reaches the remaining
281 nodes, which retransmit it in the 11th and final time
period.

The simulator has also been instrumented to keep track of
the maximum number of hops used in the transmission of
each packet. This is an estimate of the network diameter
encountered by an actual packet, and depends at least in
part on the location of the sender of the packet. For CDB,
transmission time and maximum number of hops are always
the same, but for flooding they differ due to the random
delay used to lessen the likelyhood of collision. For flooding
the numbers average about 17 and 202 for the 10 × 10 and
100× 100 networks, with peaks at 36 and 393, respectively.

These and related numbers are summarized in Table 1.

Network algorithm reached time hops
10× 10 CDB 95% 6.4/15 6.4/15
10× 10 flooding 93% 66/138 17/365

100× 100 CDB 94% 11/15 11/15
100× 100 flooding 87% 595/968 202/393

Table 1: Numerical performance of flooding and
CDB in 10 × 10-node and 100 × 100-node regu-
lar networks. Time and hops are shown as
mean/maximum.

Figure 6 and Figure 7 show the time to completion for net-
works of n2 or n3 randomly scattered nodes (in two- and
three-dimensional networks, respectively) with an average
density δ = 1.5. This value of the density is used for ran-
dom networks, since a lower density, such as the δ = 1.0
used for regular grid networks, is likely to create random
networks that are substantially disconnected.



Figure 6: Time to completion using CDB and flood-
ing in a random network with n2 nodes. CDB dra-
matically outperforms flooding.

For these random networks, CDB outperforms traditional
flooding even more dramatically than for the regular grid
networks. Again considering the two-dimensional networks,
and remembering that at least a few nodes in a large size
random network are very likely to be disconnected, the nu-
merical results are shown in Table 2.

Network algorithm reached time hops
100 CDB 94% 3.6/6 3.6/6
100 flooding 37% 41/91 6.9/15

10, 000 CDB 97% 6.3/9 6.3/9
10, 000 flooding 78% 909/1, 936 270/537

Table 2: Numerical performance of flooding
and CDB in 100-node and 10,000-node ran-
dom networks. Time and hops are shown as
mean/maximum.

Based on these results, one can conclude that CDB sub-
stantially outperforms traditional flooding broadcast in a
number of scenarios and along at least two useful measures:
amount of time to broadcast a packet, and number of nodes
reached by a broadcast. The first measure impacts the
throughput and the latency of the network, the second is
a measure of the reliability of transmission.

5.2 Discussion
All shared medium distributed access control networks, both
wired and wireless, must contend with the limitations on
performance imposed by the need for distributed arbitra-
tion. In some technologies this is done relatively efficiently,
for example in an Ethernet with only two nodes on each seg-
ment. In other technologies MAC arbitration can consume
a substantial fraction of the time available to transmit the
data. Such networks include Aloha networks and wireless
ad-hoc networks, including networks built around 802.11.

Figure 7: Time to completion using CDB and flood-
ing in a random network with n3 nodes. CDB dra-
matically outperforms flooding.

5.2.1 Characterization of CDB
In Cooperative Diversity Broadcasting, the network behaves
as a coordinated unit centered around the node sourcing
the packet. As long as the network carries just one packet,
collisions are avoided by design.

Sparse networks, which by their nature have fewer colli-
sions, benefit from CDB but not as much as dense net-
work. The main benefits within a sparse network are the
quicker retransmission and the possibility of communicat-
ing across gaps slightly larger than the transmission radius,
across which traditional broadcasting is unable to communi-
cate. This also suggests that in such a network the transmit
power of each node, at least in the later stages of retrans-
mission, could be reduced without impacting connectivity.

The benefit of CDB in dense networks is considerable. In
dense networks using traditional flooding broadcast, a node
must wait a long time before retransmitting, to avoid caus-
ing collisions. Although it is likely that another transmission
has already reached all the nodes this transmission is going
to reach, a node typically should transmit anyway, since
there is no information about which transmissions are nec-
essary and which are not. In addition, in a dense network
the power amplification at each step is also very significant,
leading to a small number of hops and a low latency of trans-
mission even in very large networks.

5.2.2 Properties of the Simulation
The simulation results are obtained under conditions that
are generally favorable to flooding broadcast, and not par-
ticularly favorable to CDB.

The simulator is essentially slotted, since each packet trans-
mission occurs entirely within one packet time period. This
is a natural mode of transmission for CDB, but may or may
not be used in a real flooding broadcast network. As in
Aloha, slotting can be presumed to improve the performance
of the flooding protocol.



The low SNR for decoding packets is a requirement for re-
liable flooding in one-dimensional regular networks, since
otherwise packets being forwarded away from a source node
would have a high chance of colliding. In CDB, by com-
parison, the interference is constructive. In more random,
denser, and/or higher-dimensional networks the low SNR is
not as much of a requirement for flooding, but does con-
tribute to improving the performance of flooding broadcast
in the examples studied.

Even with these allowances that favor flooding broadcast,
CDB regularly outperforms flooding, sometimes dramati-
cally, as in the large two- and three-dimensional networks.
This is due in part CDB automatically avoiding most colli-
sions. Another factor is the greater range of a typical CDB
transmission, due to the constructive interference among
nodes. Fewer hops are required to reach every node in the
network, without any single node using additional energy for
transmission. This gives lower latency which means more
packets can be sent per unit time, resulting in higher overall
throughput.

6. FUTURE WORK
Although these results are promising, a simulator can never
capture all the complexities of the real world. The author in-
tends to build simple platforms capable of performing broad-
casts using both CDB and other protocols, to provide a real-
ity check for the simulator and also, if necessary, help refine
the simulator itself.

One known weakness of the simulator is that both signal
and interference are simply added to compute the received
signal and interference. Although a detailed simulation of
interference is probably impractical, a more accurate com-
bination of both signal and interference would use a random
carrier phase for each transmission, and combine these sig-
nal and interference power values according to this random
phase.

Ultimately, it would be good to evaluate the performance of
CDB as a general communication mechanism for wireless ad-
hoc networks, even comparing it to unicast protocols such as
DSR [10], AODV [12], and OLSR [2]. In situations of high
mobility such as the ones for which DSR and AODV were
designed, using a single fast broadcast could be much more
effective than the techniques used by DSR and AODV, which
include a relatively slow flooding broadcast. Published re-
ports on DSR and AODV usually simulate relatively small
wireless ad-hoc networks with a few tens of nodes and a di-
ameter of at most a few hops. The simulations described
in this paper show that CDB scales well with the number
of nodes (the simulations reach up to about ten thousand
nodes in both two and three dimensions) and network diam-
eter (up to a hundred or so hops), and this should remain
true independently of node mobility within the network.

For less mobile networks that are more suitable for OLSR,
CDB may not be competitive for really large networks, but
may be competitive for smaller networks in which most
nodes overhear most transmissions anyway. And for larger
networks, the smaller memory required by CDB might in
practical cases outweigh the better network utilization of
OLSR.

7. CONCLUSIONS
It is clear that both conceptually and in simulation, Coop-
erative Diversity Broadcasting, CDB, is a very promising
broadcast algorithm. The principle of Cooperative Diver-
sity, to have multiple nodes cooperate in transmitting infor-
mation, has been applied by having multiple nodes transmit
the exact same information at the exact same time. The re-
sulting interference is usually constructive, and results in
improving the range of each transmission and in prevent-
ing most collisions. As a result, the broadcast is more re-
liable than flooding broadcast and concludes more quickly,
reducing the time the network is busy broadcasting a single
packet.

Given a unique ID on each node, which at least one manu-
facturer has figured out how to do inexpensively, CDB can
also be used to arbitrate access to the network among com-
peting senders.

The simulations and discussion in this paper show that the
benefits of CDB are considerable when compared with con-
ventional broadcast. These time reductions and increases in
reliability are especially marked for larger networks, reflect-
ing the excellent scalability of CDB.

In all cases where synchronization of transmissions down to
the bit level is an option, Cooperative Diversity Broadcast-
ing can substantially improve upon the existing alternatives
for broadcasting in wireless ad-hoc networks.
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