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Cooperation Achieves Optimal Multicast
Capacity-Delay Scaling in MANET

Xinbing Wang, Senior Member, IEEE, Qiuyu Peng, and Yingzhe Li

Abstract—In this paper, we focus on capacity-delay tradeoffs
for multicast traffic pattern. Under the assumption that n nodes
move in a unit square according to an i.i.d. mobility model,
with each serving as a source that sends identical packets to k
destinations, we propose four schemes of which the achievable
capacity λ and delay D are analyzed: (1) 2-hop noncooperative
non-redundancy scheme, (2) 2-hop noncooperative redundancy
scheme, (3) 2-hop cooperative non-redundancy scheme, (4) 2-hop
cooperative redundancy scheme. Compared with non-cooperative
scheme with capacity delay tradeoff λ = O( E[D]

nk log k
) first

developed in [5], cooperation among destination nodes achieves
optimal capacity delay tradeoff λ = O( E[D]

n log k
) in cell partitioned

network. With intelligent cooperation, each destination acts
equivalently as relay and helps other destinations get more
opportunities of receiving packets with capacity sacrificed to a
log k factor compared with unicast in [3] under the same delay. In
addition, our redundancy schemes also allow delay under Θ(

√
n)

achievable, which is the minimum delay under the schemes of
[3], [5].

I. INTRODUCTION

In this paper, we study capacity delay tradeoffs for multicast
traffic pattern in mobile ad hoc network. The network capacity
is first explored by Gupta and Kumar in their seminal work
[1]. They show that the per-node capacity is Θ(1/

√
n log n)1,

where n represents the number of nodes. To improve it,
Grossglauser et.al [2] demonstrate that per-node capacity can
reach Θ(1) by introducing mobility into the network. However,
the packet delay is not considered and many papers have
studied the tradeoffs between capacity and delay since then.
Neely et.al [3] first establish the relationship between capacity
and delay in the network and address it through a fundamental
tradeoff. However, the results above are based on unicast traffic
pattern.

Multicast traffic, which generalizes the above unicast traffic,
is predominant in many practical situations. Li, et al. [4]
finds that the per-node capacity is O( 1√

nk logn
) in static

multicast network, in which there are n multicast sessions,
each comprises of 1 source and k destinations. Since mobility
can increase unicast capacity, the effect of it on multicast
capacity has received attention recently. In [5], they investigate
multicast capacity and delay in cell partitioned network and
show that the capacity delay tradeoff is delay/capacity ≥
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1Given two functions f(n) > 0, g(n) > 0: f(n) =
o(g(n)) means limn→∞ f(n)/g(n) = 0; f(n) = O(g(n)) mean-
s limn→∞ sup f(n)/g(n) < ∞; f(n) = ω(g(n)) is equivalent to
g(n) = o(f(n)); f(n) = Ω(g(n)) is equivalent to g(n) = O(f(n));
f(n) = Θ(g(n)) means f(n) = O(g(n)) and g(n) = O(f(n)).

O(nk log k) when delay ≥ Ω(
√
n) and capacity ≤ O(1/k).

However, their results are far from optimal since their schemes
do not consider some transmission opportunities and are
unable to make delay D smaller than O(

√
n). In [6], Y.

Wang give a global perspective of multicast capacity and delay
analysis under various mobility models. Their results are much
better than [5] but the schemes are difficult to be realized in
practical cases since they assume that each node can know the
position of the other n− 1 nodes in every time slot.

In this paper, we try to provide the optimal capacity delay
tradeoff, which is much better than [5] in cell partitioned
network, which guarantees a distributed scheme. Specifically,
we consider a MANET composed of n nodes and each initiates
a multicast session, with the source sending identical messages
to its k destinations. Note that each node acts as source in
one session and destinations in other sessions. We assume
all the nodes move according to a two dimensional i.i.d.
mobility model in the MANET. Cell partitioned network is
also assumed and we will discuss it in detail in the next
section. In addition, we introduce the concept of cooperation
to improve the performance of multicast network. Cooperation
means destinations of the same multicast session can relay
packets for each other. Previous works [5], [7] do not consider
such mechanism and we will illustrate that it helps achieve the
optimal multicast capacity delay tradeoffs in MANET . Our
main results are summarized as follows:

• Under 2-hop noncooperative non-redundancy scheme, the
multicast capacity can achieve O(1/k) with expected
delay Θ(n log k). The result is identical to [5] but we
provide a concise proof, which is based on the cover time
of a Markov chain.

• Under 2-hop noncooperative redundancy scheme with m
relays, the multicast capacity can achieve O(1/(km))
with expected delay Θ((n log k)/m). It guarantees a
minimal expected delay of Θ(log n) and previous works
[3], [5] must tolerate a minimal delay of Θ(

√
n).

• Under 2-hop cooperative non-redundancy scheme, the
multicast capacity achieves O( 1k ) with delay Θ(n log k

k ).
The delay is much smaller than that of non-cooperative
case and it gets smaller when there are more destinations
in a multicast session, which counters our intuition.
Optimal multicast capacity-delay tradeoff can be achieve
in this scheme.

• Under 2-hop cooperative redundancy scheme with m
relays, the achievable capacity is O( 1

km ) with expected
delay Θ(n log k/(k +m)).

The rest of this paper is organized as follows. Section II is
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dedicated to network models and definitions. In Section III, we
propose two schemes to study the capacity and delay in non-
cooperative scenario. And in Section IV, another two schemes
are proposed and optimal capacity delay tradeoff is achieved.
We have our discussion in Section V and conclude our paper
in Section VI.

II. MODELS AND DEFINITIONS

A. Network Model

Traffic Pattern: In multicast scenario, we assume there is a
set V = {v1, v2, . . . , vn} wireless mobile nodes in the unit
square. For each multicast session, there is a source node
vi ∈ V and k = k(n) randomly and independently chosen
destination nodes vij , 1 ≤ j ≤ k. These k nodes will receive
identical packets from their common source vi.

Mobility Model: We adopt the following two-dimensional
i.i.d. fast mobility model introduced in [2], [8]. The unit square
is divided into n non-overlapping cells, each with an area of
1/n. A node can locate at any of the cells initially and then
reshuffle to any cell in each time slot. The motion of the nodes
are independent from each other and the positions of a node
are independent from time slot to time slot.

Communication model: In every time slot, a node is permit-
ted to transmit a packet to other node only when they reside
in the same cell and in each cell, only one transmission pair is
allowed to be active. As to inter-cell interference management,
9 frequency bands are required to be allocated to neighbor cells
as [3].

B. Definitions
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Fig. 1: The queues associated with a multicast session.

Capacity (Throughput): Assume that the exogenous rate of
packets to each source is a Bernoulli process with rate λ
packets/slot. The network is stable if there exists a scheduling
policy such that each packet can be delivered to its respective
k destinations of the same multicast session and λ is called
achievable date rate. Thus, the capacity of the network is the
maximum rate λ that the network can stably support over all
possible scheduling and routing algorithms.

Queue: In each node, there are 1 source queue and (n−1)k
relay queues. The input of the source queue is the exogenous

rate λ and the output rate of the source queue is denoted
by λso. Because each node initiates a multicast session for
k destinations, we allocate k queues for each node. In Fig. 1,
we demonstrate the associated k queues in each node for a
multicast session. The input rate of relay queue is λri and the
output rate is λro.

Delay: In multicast, delay is defined as the time interval
between the arrival time of a packet at the source node and the
moment when it successfully reaches all of the corresponding
k destinations.

Redundancy: If there are more than one nodes that are acting
as relays for sending the message in each time slot, then, we
say redundancy exists in the network.

Cooperative (Cooperation): Cooperative or cooperation re-
fer to a destination node which can relay a packet sent from
the source to other destinations other than merely accepting
it.

III. PRELIMINARY

In this section, we mainly clarify some concepts and
provide some useful results, which will be frequently used
in subsequent sections. In each active cell, the sender and
receiver are chosen randomly and independently. Assume there
are two nodes v1 and v2, let I(v1, v2, t) be the indicator
that whether v1 and v2 can communicate in time slot t.
Then I(v1, v2, t) = 1 when the following two conditions are
satisfied:

• v1 and v2 reside in the same cell. Since two nodes can
communicate only when they are in the same cell and the
probability for this condition p1 is p1 =

(
n
1

)
1
n2 = 1

n .
• Both v1 and v2 are chosen to transmit. Since the sender

and receiver are chosen randomly and independently, the
probability that a node is chosen p2 is

p2 =

n∑
i=2

1

i

(
n

i

)
1

ni
(1− 1

n
)n−i. (1)

The probability that both of them are chosen is p22.
We can derive the upper bound of p2 when n → ∞ as

follows:

p2 <
1

2

n∑
i=2

(
n

i

)
1

ni
(1− 1

n
)n−i

=
1

2
[1− (1− 1

n
)n − (1− 1

n
)n−1]

→ 1

2
(1− 2

e
).

In addition, we also have when n → ∞:

p2 >
1

2

(
n

2

)
1

n2
(1− 1

n
)n−2

→ 1

4e
.

Therefore,p2 ∈ ( 1
4e ,

1
2 − 1

e ) when n → ∞.
Then we can obtain that v1 and v2 can transmit only when

both two conditions are satisfied and Pr (I(v1, v2, t) = 1) =

p1 × p22 ∈ ( 1
16e2n ,

(1/2−1/e)2

n ).
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Because the probability is independent of v1, v2 and t,
we will only use I to represent I(v1, v2, t) in the following
analysis.

IV. CAPACITY AND DELAY OF NONCOOPERATIVE SCHEME

A. 2-hop noncooperative non-redundancy scheme

In this subsection, we investigate the capacity and delay of
2-hop non-redundancy scheme, which means only 1 relay is
used.

Theorem 1: Under the 2-hop noncooperative nonredundan-
cy scheme, the achievable capacity λ = O(1/k) and the
respective expected delay is Θ(n log k).
The scheme is presented as follows:

2-hop non-cooperative scheme: In each time slot t for cells
containing more than 2 nodes, randomly and independently
select two nodes as transmitter and receiver respectively then
perform either of the following two tasks.

1) If this is an odd time slot, perform source relay transmis-
sion (SRT). If there are some packets in the source queue
of the first chosen node, directly transmit the packet to
the k relay queues belonged to that source in the second
node. Then delete the packet in the source queue of the
first node.

2) If this is an even time slot, perform relay destination
transmission (RDT). If there are packets in the first n-
ode’s relay queue intended for the second node, then this
node pair is eligible for transmission. One of the eligible
transmission node pairs will be randomly selected to
transmit, if more than one such node pairs exist in the
cell. After that, delete the packet in the relay queue.

Now we will analyze the delay of a packet. The transmission
of a packet is divided into two phases, SRT and RDT. In the
first phase, the input of the source queue is a Bernoulli process
with exogenous rate λ. The output of source queue is also a
Bernoulli process of rate λso = p2.

Lemma 1: Assume that the delay of a packet in the first
phase (source queue) is denoted by DSQ, then the expectation
of DSQ is E[DSQ] =

1−λ
λso−λ = 1−λ

p2−λ .
Proof: The proof is based on standard application of the

characteristics of a Bernoulli queue.
Then we calculate the delay of the relay queue. Let ds =

{ds1, ds2, ..., dsk−1, d
s
k} denote the k separate destinations of

source s, and r denotes the relay node which holds the packet
intended for the k destinations. Since the source queue is a
reversible Bernoulli queue with input rate λ and service rate
λso, so the output process can be viewed as a Bernoulli stream
of rate λ. According to Fig. 1, the relay node will receive the
packet independently from source node with probability 1

n−1 .
Therefore, the input rate of relay queue satisfies λri =

λ
n−1 .

Now we need to discuss the case when the relay can
successfully transmit a packet of s to one of ds, which happens
with probability Pr(I = 1). Therefore λro = Pr(I = 1) =
p2
2

n , where λro is the output rate from a designated relay to a
destination. Next we will provide a useful lemma.

Lemma 2: There are (n−1)×k queues in the relay buffer
of each node. The probability for each queue to be non-empty
is λri/λro for λri ≤ λro.

Proof: It follows that the discrete time Markov chain
for queue occupancy in each sub-queue is identical to a
continuous time M/M/1 queue with input rate λri and service
rate λro. Based on a standard application of queueing theory,
the probability that this queue is non-empty is λri/λro.

Lemma 3: Let DRQ denote the delay of a packet in the
relay queue, then the expectation of DRQ is as follows:

E[DRQ] =
n

p22 − λ
, (2)

and λ <
p2
2

k is a prerequisite.
Proof: Assume a relay node R and a destination node

D are permitted to communicate in a given time slot and the
associated k relay queues are denoted by QR

D = {QD1, QD2,
. . . QDk}. λro is the overall output rate of the queue in QR

D.
Since each queue in QR

D has equal probability to transmit
packet, the output rate of an individual queue is λro/k.
λro/k > λri is a prerequisite for any stable queues. Sub-
stituting λri =

λ
n−1 , and let n → ∞, we obtain that

λ <
p22
k
, (3)

which is the maximum exogenous rate of each source queue
for a stable queuing system.

Next we calculate the incurred delay for the relay queue.
According to Lemma 2, the queue is empty most of the case
when the ratio λri

λro
is relative small. Now we will calculate

the probability p3 that the relay can help transmit packet for
a designated queue is

p3 =
k−1∑
i=0

1

i+ 1

(
k

i

)
(
λri

λro
)i(1− λri

λro
)k−i

=
1

(k + 1)λri/λro

k−1∑
i=0

(
k + 1

i+ 1

)
(
λri

λro
)i+1(1− λri

λro
)k−i

=
1− (1− λri/λro)

k+1

(k + 1)λri/λro
− (λri/λro)

k

k + 1
.

In the last step, λri ≤ λro/k is a prerequisite for any stable
system, such that limn→∞

1
k+1 (

λri

λro
)k = 0. Because λro/k >

λri, (1− λri/λro)
k = exp(−λrik/λro) and then substitute it

into p3, we obtain

p3 =
1− exp(− λri

λro
(k + 1))

(k + 1)λri/λro
→ 1,when n → ∞.

Therefore we know a packet can be successfully transmitted
to the destination when the relay and destination are chosen to
communicate and each queue in QR

D can be virtually regarded
with output rate λro. Substituting λri and λro to the delay of
a M/M/1 queue, we obtain our result.

Since the delay of the second phase is defined as that all the
k destinations in a multicast session should receive the packet,
we convert the delay of a multicast session to the cover time
of a markov chain. Denote c = {0, 1, 2, ..., k − 1, k} as a k
state markov chain. Assume the beginning time of a multicast
session is 0, we say the hitting of state i (1 ≤ i ≤ k) when dsi
receive the packet, otherwise it is in state 0. Let the first time
of hitting state i be Ti, which equals DRQ. Then the expected
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time for sending packet for the k destinations from a relay
node equals the time for covering all the states in c.

Lemma 4: In 2-hop noncooperative non-redundancy
scheme, denote the time of a packet transmitted from the
relay to the k destinations as Tc = max1≤i≤k Ti, then
E[Tc] =

(∑k
m=1

1
m

)
×E[DRQ].

Proof: Note that Tc is just the cover time for the k states
in c. Define T0,m (m ≤ k) as the time until all of state
{1, 2, ...,m − 1,m} have been hit in some sequence, then
Tc = T0,k. In addition, use Xt to denote the state of c at
time t, then we have:

E[T0,m − T0,m−1|Xt, t ≤ T0,m−1] = E[Tm]Pr(XT0,m = m).

Due to the i.i.d mobility model, E[T1] = E[T2] = · · ·E[Tk] =
E[DRQ]. Since each one of the k state is hit with equal
probability, we can obtain that Pr(XT0,m = m) = 1

m . Then
the mean cover time E[Tc] =

∑k
i=1 E[T0,i − T0,i−1|Xt, t ≤

T0,i−1] = E[DRQ]
(∑k

i=1
1
i

)
.

The total expected delay is just the expected delay of the
first phase and the second phase and we obtain that

E[D] = E[DSQ] +

(
k∑

i=1

1

i

)
×E[DRQ] (4)

=
1− λ

p2 − λ
+

(
k∑

i=1

1

i

)
× n

p22 − λ

Since it is well known that
∑k

i=1
1
i ∼ log k, thus we can

derive the results in Theorem 1.

B. 2-hop noncooperative redundancy scheme

Intuitively, if more than one relays hold the packet, the
probability of successfully transmission to the destinations is
significantly increased. However, redundancy will pose some
new challenging problems. The first one is the packet deleting
technique and the second one is the minimum delay. We should
develop a distributed policy to make delay smaller than Θ(

√
n)

achievable and each packet can be deleted when all the k
destinations have received the packet.

Theorem 2: Under the 2-hop non-cooperative redundancy
scheme, the achievable capacity λ = O( 1

km ) and the re-
spective expected delay E[D] = Θ(n log k

m ), where m is the
number of relays. Therefore the capacity delay tradeoff is
λ = O( E[D]

nk log k ), given that Θ(log k) ≤ E[D] ≤ Θ(n log k).
The scheme is presented as follows:
2 hop non-cooperative redundancy scheme: When a packet

is generated to the source buffer, we label it with a time stamp.
In the beginning of each time slot, we inspect the source
buffers of the n nodes, and move the packets with time stamp
larger than log25/24 m to the relay queues2 of the same nodes,
where m is the number of redundancy and is set previously.
Then for each time slot and each cell with at least two nodes,
randomly select one node as a transmitter and perform the
following tasks:

2Note that the packet will be duplicated first and move to the associated k
queues belonged to the source of the packet.

1) SRT: In the odd time slot, if there are some packets
in the source queue of the chosen node, directly send
the packet to the source queue of another node (relay).
Transmission of a packet in SRT continues until its
duplicates have been delivered to at most (log25/24 2)m
distinct relay nodes.

2) RDT: In the even time slot, it is the same as the 2 hop
non-redundancy scheme except for the packet deletion
in the relay queue, which will be discussed later.

Lemma 5: Let N(t, pa) denote the number of nodes hold-
ing packet pa at time t and the packet is generated at time ts.
Then if the packet is allowed to duplicate itself until ts + T ,
we can prove that: N(t, pa) ∈ [(25/24)t−ts , 2t−ts ] (ts ≤
t ≤ ts + T ).

Proof: Upper bound: Assume if there are N nodes
holding the packet in a time slot, then in the next time
slot, at most N new nodes will hold the packet, therefore
N(t + 1, pa) ≤ 2N(t, pa) and substitute N(ts, pa) = 1, we
obtain N(t, pa) ≤ 2t−ts .

Lower bound: Let C(t, pa) represent the number of cell-
s these N(t, pa) reside in at time t. We can obtain that

Pr(C(t, pa) = N) =
(n
N)(

N(t,pa)−1
N−1 )

( n
N(t,pa))(

2N(t,pa)−1
N(t,pa)−1 )

.

Then for 0 ≤ δ ≤ 1, sum over the above equation from 0
to δN(t, pa), we can get

Pr(C(t, pa) < δN(t, pa)) =

δN(t,pa)∑
i=1

Pr(C(t, pa) = i)

= e
δ−1

2(1+δ)

(
1 + δ

2

)N(t,pa)

.

In the above derivation, we use striling formula n! =√
2nπ(ne )

n. We take δ = 1
2 and then we know

C(t, pa) ≥ N(t, pa)/2 because Pr(C(t, pa) < 1
2N(t, pa)) =

e−1/3
(
3
4

)N(t,pa) → 0.
Then we can utilize the above method to prove that there

are more than 1
2p2 portion of these C(t, pa) cells that the node

holding packet pa can send it to new nodes, which implies

N(t+ 1, pa) > N(t, pa) +
p2
2
C(t, pa)

> (1 +
1

8e
)N(t, pa).

Therefore: N(t, pa) > (1 + 1
8e )

t−ts > ( 2524 )
t−ts .

Corollary 1: The number of time slot requires to dissem-
inate its packet to m nodes is upper bounded by log25/24 m
and lower bounded by log2 m.

Corollary 2: When the packet is allowed to transfer from
source queue to relay queue, the number of nodes holding this
packet is between m and (log25/24 2)m.

The above two corollaries can be derived based on Lemma
5 and the 2-hop redundancy scheme. Next, we talk about
the packet deleting techniques for the relay queues, which is
the second challenging problem. Because there are multiple
replications of each packet, we must design a method to
guarantee that the packet can be deleted at some time when
the k destinations have already received the packet.
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Packet Deleting Policy: There are k queues associated with
a packet in the relay queue of a relay node. When the relay
node can communicate with one of the k destinations, the relay
node inspects the relay queue and delete all the packets that
have already sent to the node.

We first concentrate on the delay of the packet. In this case,
the exogenous rate of the relay queue is not λ because nodes
can also inject their packets to source queues of other nodes.
Let λsi denote the total input rate of a source queue and the
number of relay nodes is between m and log25/24 2 × m,
therefore λsi ∈ [mλ, log25/24 2 × mλ]. As for λso, it is 1
because the transfer from source queue to relay queue is in
the same node. And E[DSQ] now is of order Θ(logm) for
the time stamp technique.

Now we will analyze the relay queue. The input rate for the
relay queue λri =

1
n−1λsi. Based on Lemma 3, we know the

expected time for a relay to send a packet to the destination is
as equation (2) and it imposes a constraint for λsi as λsi <

p2
2

k .
Assume there are M (m < M < (log25/24 2)×m) relays and
our problem is converted to a M to k cover time TM→k

c of a
markov chain.

Lemma 6: Assume that the M relays and k des-
tinations are denoted by (R1, R2, . . . , RM−1, RM ) and
(D1, D2, . . . , Dk−1, Dk) respectively. Then the M to k cover
time is E[TM→k

c ] = log k
M E[DRQ],

where E[DRQ] is the same as equation (2).
Proof: First we derive the expected time for the M relays

to cover one node, which is the M to 1 cover time TM→1
c .

E[TM→1
c ] = E[min

t
{

M∑
i=1

I(Ri, D1, t) ≥ 1}]

= E[max
t

{
M∑
i=1

I(Ri, D1, t) = 0}]

=
1

1− (1−Pr(I = 1))M
=

E[T ]

M
.

(5)

Here E[T ] denotes the expected delay for a successful relay
to destination transmission, which is the same as E[DRQ].
Then utilizing the same technique as Lemma 4, we obtain the
M to k cover time.

Theorem 3: In the 2-hop non-cooperative redundancy
scheme, the achievable capacity and delay are as follows: λ <

p2
2

(log25/24 2)km

E[D] = log25/24 m+
(∑k

i=1
1
i

)
× n

m(p2
2−λ)

.

Proof: Substituting λsi ≤ p2
2

k , Mλ = λsi and m ≤ M ≤
(log25/24 2)m, we can obtain the expression of the capacity
λ. On the other hand, E[D] is just the sum of the delay of the
source queue and the expected M to k cover time.

Then we can obtain the result in Theorem 2. Note that
our scheme can achieve delay between Ω(log n) and Θ(

√
n),

which is much better than [5].
Now we want to know what is the delay of deleting the

packet in the relay buffer after successful transmission to the k

destinations. For relaying nodes, the time required is identical
to the cover time of the k nodes and using previous results,
we know the expected packet deleting time is upper bounded
as Θ(n log k) independent of m. Therefore we must sacrifice
some buffer size for obtaining a totally distributed scheduling
policy and an improvement of the minimal tolerated delay
Θ(

√
n).

V. CAPACITY AND DELAY OF 2-HOP COOPERATIVE
SCHEME

In this section, we put forward 2-hop cooperative algorithms
proposed in previous section and compute the achievable
capacity and expected delay.

A. 2-hop cooperative non-redundancy scheme

Theorem 4: Under the 2-hop cooperative nonredundancy
scheme, the achievable capacity λ = O( 1k ) and the respective
expected delay is Θ(n log k

k ). Therefore, the capacity delay
tradeoff λ = O( E[D]

n log k ), given that E[D] ≥ Θ(log k) and
λ ≤ Θ(1/k).

The scheme is presented as follows:
2-hop cooperative scheme without redundancy: In each time

slot t for cells containing more than 2 nodes, randomly and
independently select two nodes as transmitter and receiver
respectively then perform either of the following two tasks.

1) If this is an odd time slot, perform source relay trans-
mission (SRT) which is identical to the 2-hop non-
cooperative scheme.

2) If this is an even time slot, perform relay destination
transmission (RDT) which is also identical to the 2-
hop non-cooperative scheme unless that when the relay
nodes send packets for the destination, the packets will
be added in both the relay queue and destination queue.
And the packet deleting technique is the same as the
packet deleting policy as previous section.

The achievable capacity does not change because coopera-
tion among destination nodes does not increase the communi-
cation times. We utilize MSpa

k (R, t) to indicate the number
of nodes holding packet pa among k destinations and R
represents the number of relays (redundancy) holding packet
pa at time t. In this case, R = 1 because only 1 relay node
is permitted and let the beginning time of the session be
t = 0. The packet delay is divided into two part, source queue
delay and relay queue delay. The delay of the source queue is
identical to non-cooperative case and we only concentrate on
the delay of relay queue.

In order to simplify our analysis, we assume that only
packet pa is intended for transmission when the relay node
is permitted to transmit, later on we will prove that there is
at most 1 packet intended for transmission in the relay queue.
Assume the packet pa is stored in a relay queue at time t0, then
we want to derive the expected delay for transmitting pa to k
destinations defined as E[Tc] = argt{MSpa

k (1, t) = k} − t0.
The number of destinations holding pa is a nonrecursive

markov chain with k+1 states and these states composes of a
chain c′ = {0, 1, . . . , k}. For each state i ∈ c′ (1 ≤ i ≤ k), it
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indicates there are i destinations holding packet pa. First, we
derive the transition matrix Pi,j (0 ≤ i, j ≤ k).

Lemma 7: The transition matrix Pi,j (0 ≤ i, j ≤ k) of c′

is as follows:

Pi,j =

{
0 i > j(
k−i
j−i

)
(
ip2

2

n )j−i(1− ip2
2

n )k−j i ≤ j

Proof: It is impossible that the number of nodes holding
pa is decreased therefore Pi,j = 0 when i > j. When i ≤ j,
it means there are additional j − i new destinations among
k − i nodes holding packet pa. For each transmission pair,
it has probability Pr(I = 1) to communicate in a time slot.
There are i virtual senders available such that the probability
that additional j − i nodes will hold the packets is Pi,j =(
k−i
j−i

)
(iPr(I = 1))j−i(1− iPr(I = 1))k−j .

Now we want to know if MSpa
k (R, t) = i, which means

the chain is at state i, the expected time that the chain will be
at such state.

Lemma 8: Assume that the markov chain hits state i at
time t and it will leave the state after Ti time slot, then the
expectation of Ti is

E[Ti] =
1

1− exp(−p22
i(k−i)

n )
. (6)

Proof: If the markov chain is currently at state i, the exit
time for the state is a geometry distribution with probability
1−Pi,i. Therefore E[Ti] =

1
1−Pi,i

= 1
1−(1−p2

2
i
n )k−i . Then we

substitute (1 − 1/x)x = e−1 when x → ∞, we obtain the
result.

Now our analysis is divided into two parts based on k.
1) When k ≤ o(

√
n): In this case, we obtain that

limn→∞
i(k−i)

n = 0 for all 1 ≤ i ≤ k − 1. It means that
the expression of E[Ti] can be simplified as E[Ti] =

n
p2
2i(k−i)

.
In each time slot, it is possible that there are more than

one additional nodes holding pa. Therefore not all the k + 1
states of the markov chain are visited. Assume that the visited
states are J1 ≤ J2 ≤ ... ≤ Jk′ and k′ ≤ k, Jk′ = k such
that the upper bound of delay for covering k destinations are
E[Tc] =

∑k′

i=1 E[TJi ] ≤
∑k−1

i=1 E[Ti].
Substituting equation (6) into it, we obtain that E[Tc] ≤(∑k
i=1

1
i

)
2n
p2
2k

.
2) When k ≥ Ω(

√
n): In this case, there exists an interval

in [1, k] such that limn→∞
i(k−i)

n > 0. First we find a minimal
k1 and maximum k2, such that for all i ∈ [k1, k2], p22

i(k−i)
n >

lnn is satisfied.
Assume that the expected number of additional nodes hold-

ing packet pa is Xi when the markov chain is at state i. Then
the expectation of Xi is calculated as follows:

E[Xi] =
k∑

j=i

(j − i)Pi,j = p22
i(k − i)

n
.

Now we also assume that the visited states are J1 ≤ J2 ≤
... ≤ Jk′ and k′1 = mini{Ji ≥ k1}, k′2 = maxi{Ji ≤ k2}. For
1 → Jk′

1
and Jk′

2
→ k, the upper bound of delay is identical to

the previous case. Now we will focus on the required transition

time from state Jk′
1
→ Jk′

2
. When the markov chain is in

state i ∈ [Jk′
1
, Jk′

2
], we first need to estimate the number of

additional nodes holding the packet in the current time slot.
According to Chernoff bound, we can obtain that Pr(Xi ≥
3
2E[Xi]) ≤

(
8e
27

)E[Xi]

2 → 0, when i ∈ [Jk′
1
, Jk′

2
]. Using the

same technique, we also obtain a lower bound of Xi that Xi ≥
E[Xi]/2. Therefore when i ∈ [k′1, k

′
2]

Ji(k − Ji)

2p−2
2 n

< |Ji+1 − Ji| <
3Ji(k − Ji)

2p−2
2 n

. (7)

Lemma 9: When k ≥ Ω(
√
n), the expected time for

transition from state Jk′
1

to Jk′
2

is as follows:

k′
2∑

i=k′
1

E[Ji] = Θ(

Jk′
2∑

i=Jk′
1

n

i(k − i)
),

and the upper bound of delay for covering k destinations is:

E[Tc] =
k′∑
i=1

E[TJi ] = Θ

(
(

k∑
i=1

1

i
)
n

k

)
.

Proof: Based on inequality (7), we can derive the follow-
ing equation, where p2

2

2 < c <
3p2

2

2 .

Ji+1 = Ji +
cJi(k − Ji)

n
. (8)

Using equation (8) and the approximation that
∑n

i=1
1
i =

lnn+ γ (γ is a constant), we have:

Ji+1∑
i=Ji

n

i(k − i)
=

n

k

Ji+1∑
i=Ji

(
1

i
+

1

k − i
)

=
n

k
(ln

Ji+1

Ji
+ ln

k − Ji
k − Ji+1

)

=
n

k
(ln(1 +

c

n
(k − Ji)) + ln

1

1− c
nJi

).(9)

(1) When k = o(n); Since lim
x→0

ln(1+x)
x = 1, thus equation (9)

can be expressed as the following equation when n → ∞:

Ji+1∑
i=Ji

n

i(k − i)
→ n

k
(
c

n
(k − Ji) +

c

n
Ji) = c. (10)

Therefore, the total transition time from state Jk′
1

to Jk′
2

is
upper bounded as follows:

2T
k′
2

k′
1

3p22
≤

k′
2∑

i=k′
1

E[Ji] = (k′2 − k′1) ≤
2T

k′
2

k′
1

p22
,

where T
k′
2

k′
1
=
∑Jk′

2

i=Jk′
1

n
i(k−i) . During the above derivation, we

apply the fact that E[Ji] = 1 based on equation (6) when
k′1 ≤ i ≤ k′2. Based on the above analysis, the upper bound
of the cover time when k = o(n) is as follows:

4

3

(
k∑

i=1

1

i

)
≤ p22k

n
E[Tc] ≤ 4

(
k∑

i=1

1

i

)
.
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(2) When k = Θ(n). According to equation (9), we have the
inequality as follows:

c ≥
Ji+1∑
i=Ji

n

i(k − i)
≥ max(

n

k
ln(1+

c

n
(k−Ji)),

n

k
ln

1

1− c
nJi

)

By choosing different values of Ji, we can always ensure that∑Ji+1

i=Ji

n
i(k−i) = Θ(1). Therefore, in this case:

k′
2∑

i=k′
1

E[Ji] = Θ(

Jk′
2∑

i=Jk′
1

n

i(k − i)
).

Similarly, the upper bound of E[Tc] also follows: E[Tc] =

Θ
(
(
∑k

i=1
1
i )

n
k

)
.

We assume that there is only one packet in the relay queue
and the delay for waiting in the queue is not considered. When
equation (3) is satisfied, there is also at most one packet among
the k relay queues associated with a node, which has already
been proved in non-cooperative case.

In cooperative scheme, there is an additional input rate for
each relay queue from other k − 1 destination nodes of the
same multicast session. Let λvi denote this virtual input rate
for a relay queue besides the input rate from source queue to it
λri. In addition, when a multicast session is finished, the same
to say the last node in the k destinations receives the packet,
all the relay queues associated with that packet will delete it
immediately and such an virtual output rate is denoted by λvo.

In Fig. 2, we only show the k relay queues associated to a
packet among nk relay queues in each destination. When two
destinations meet in the same cell, they will transmit packets
therefore we obtain that λvi < (k − 1)λro.

ri
λ

vi
λ

ro
λ

vo
λ

1 2 k

Dest 1 Dest k

1

1 2 k

Dest 2

1 2 k

k

k

Fig. 2: Diagram of Relay queue in cooperative scheme. Only
the relay queues related to a multicast session is displayed.

The multicast session is finished when the last node of the
k destinations receives the packet successfully. Thus all the
relay queues can delete the packet at this time and this is
the virtual output rate λvo of the relay queues. It means one
of the other k − 1 nodes transmit the last packet, such that
λvo = (k − 1)× 1

k × ((k − 1)λro) =
(k−1)2

k λro.
Here the factor 1/k means that the probability that the last

transmission among all the transmission is 1/k and the factor

k − 1 means that a successful last transmission can give all
the other k − 1 relay queues a rate concurrently. The length
of the relay queue does not change because (k − 1)2/k ∼ k.
Therefore there is also at most one packet in the queue and
the exact delay is calculated as

E[D] = E[DSQ] +E[Tc]

=
1

p2 − λsi
+Θ

(
(

k∑
i=1

1

i
)
n

k

)
,

Therefore our scheme can guarantee the exogenous rate
Θ(1/k) as non-cooperative case and a much shorter delay of
Θ(n log k

k ).

B. Capacity and Delay of 2-hop Cooperative Redundancy
Scheme

In this section, we discuss the impact of the redundancy in
the cooperative scheme.

Theorem 5: Under the 2-hop cooperative redundancy
scheme, the achievable capacity is λ = O( 1

km ) with expected
delay of Θ(n log k

k+m ).
Here we do not repeat the scheme. The source to relay

transmission is identical to the source to relay transmission
in non-cooperative redundancy scheme. The relay to destina-
tion transmission is identical to the relay to transmission in
cooperative non-redundancy scheme.

First we need to characterize the delay. Based on previous
case, we know the required time for transmission to m relays
is Θ(logm), which is not a determinist factor for the delay. We
will adopt the same mathematical notation as cooperative non-
redundancy scheme when we analyze the delay in the second
phase. First we also need to characterize the transmission
matrix Pi,j .

Lemma 10: The transition matrix Pi,j (0 ≤ i, j ≤ k) of 2
hop cooperative redundancy scheme is as follows:

Pi,j =

{
0 i > j(
k−i
j−i

)
(p22

m+i
n )j−i(1− p22

m+i
n )k−j i ≤ j

The proof of this lemma is similar to Lemma 7. Then we
will also extend Lemma 8 to our cooperative redundancy case.
The result is also similar to that one.

Lemma 11: In 2 hop cooperative redundancy scheme, as-
sume that the markov chain hits state i at time t and it will
leave the state after Ti time slot, then the expectation of Ti is

E[Ti] =
1

1− exp(−p22
(m+i)(k−i)

n )
. (11)

Then a similar method can be applied for analyzing the
delay of a packet as cooperative non-redundancy scheme. Here
we only state the results and do not repeat the proof.

E[D] = E[DSQ] +E[Tc]

= Θ(logm) + Θ

(
(

k∑
i=1

1

i
)

n

k +m

)
.

Therefore the packet delay is of order Θ(n log k
k+m ). Now we

begin to analyze the achievable capacity under this scenario.
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Similar to 2-hop redundancy non-cooperative scheme, substi-
tuting Mλ = λsi = (n − 1)λri, λri < λro/k, λro =

p2
2

n , we
can obtain λ < (p2)

2

(log25/24 2)km when n → ∞. which means the
achievable capacity is of order O( 1

km ).

C. Optimal Multicast capacity delay tradeoff

In this subsection, we will prove the previous results ob-
tained under 2 hop cooperative redundancy scheme is optimal.
Since transmission for each relay or destination will consume
an active cell, we obtain that

λt∑
p=1

n∑
i=1

(Mi + k) ≤ nt, (12)

where Mi is the number of relays in each multicast session.
Because the k destinations in a session can also relay packets
for each other, the number of actual relays increases as more
destinations hold the packet. However, we find that such
number cannot exceed Mi + k for the ith multicast session,
therefore E[Di] is lower bounded by the Mi+k to k cover time
as defined in Section IV-B: E[Di] ≥ n

p2
2(Mi+k)

(∑k
i=1

1
i

)
.

Then substitute equation (12) into it,
∑n

i=1
1
Di

∑k
i=1

1
i ≤ p2

2

λ .
Based on the Cauchy-Schwartz inequality, we obtain

E[D] =
1

n

n∑
i=1

Di ≥
n∑n

i=1 1/Di
≥ nλ

p22

(
k∑

i=1

1

i

)
,

which indicates the upper bound of multicast capacity delay
tradeoff is

λ ≤ p22E[D]

n log k
.

In Fig. 3, we have illustrated the tradeoffs with both capacity
λ and delay E[D] in log scale. Compared with the result
obtained under 2 hop cooperative non-redundancy scheme,
we find it achieves such upper bound in order sense. For a
much better result, we need to loose the constraint of nearest
neighbor transmission to allow long term transmission. And
the result obtained under such condition is investigated in [7]
and [6]. Compared to those works, our scheduling scheme is a
totally distributed one and easy to realize in practical cases. In
addition, hierarchical cooperation introduced in [9], [10], can
also help achieve a better result but it is involved with some
complex signal processing technique and is not considered in
this paper.

VI. DISCUSSION

The most significant factor that contributes to our results
is the cooperation in our schemes, without which a relatively
lower delay cannot be achieved under the maximum capacity
Θ(1/k). In noncooperative non-redundancy case, the expected
delay of each packet is Θ(n log k), which means the delay
is increased by a log k factor compared to mobile unicast
network Θ(n). However, we obtain that a larger number
of destinations leads to a smaller delay Θ(n log k

k ) under 2-
hop cooperative scheme without redundancy. It indicates that
cooperation among destinations can significantly improve the
network performance in mobile multicast. The cooperation

(1)Θ

(1/ )kΘ

W.O. Cooperation

W. Cooperation

(1/ )nΘ

(log )kΘ
log

( )
n k

k
Θ ( log )n kΘ E[D]

λ

(1/ )nkΘ

Result in [7]

Fig. 3: The relationship among capacity λ, delay E[D] and
the number of destinations per source k.

among destinations in our scheduling algorithms actually acts
equivalently as a kind of relay. We find that under 2-hop
cooperative non-redundancy scheme, the optimal multicast
capacity-delay tradeoff can be achieved. However, when re-
dundancy is further adopted, the 2-hop cooperative redundancy
scheme can only achieve the same capacity-delay tradeoff as
the non-cooperative case when m ≥ k. In Fig. 4, we compare
the packet delay in non-cooperative case and cooperative non-
redundancy case respectively. It can be observed from Fig. 4
that compared to non-cooperative scheme, cooperation among
destination nodes can effectively reduce the packet delay.
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Fig. 4: The expected delay for sending a packet from a
source to all the k destinations when the number of nodes
n = 1000 and 1 ≤ k ≤ 1000.

scheme capacity delay
w.o.redundancy w.o.cooperation O( 1

k
) Θ(n log k)

w.redundancy w.o.cooperation O( 1
km

) Θ(n log k
m

)

w.o.redundancy w.cooperation O( 1
k
) Θ(n log k

k
)

w.redundancy w.cooperation O( 1
km

) Θ(n log k
k+m

)

TABLE I: Comparison of Capacity and Delay

VII. CONCLUSION

In this paper, we have studied multicast capacity and delay
tradeoffs in MANET. We have investigated the impact of
redundancy and cooperation on the achievable capacity and
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delay and the results are reflected in Table I. We find that
cooperation among destination nodes achieves optimal multi-
cast capacity delay tradeoff in MANET and a new distributed
scheduling policy is developed to help achieve delay smaller
than Θ(

√
n). In this case, we have also observed that a

larger number of destinations per source leads to a shorter
delay. Thus, cooperation plays a major role in our schemes,
which functions as relays for the improvement on capacity
and delay tradeoffs in MANET. Our results are better than
that of [5] since we obtain a smaller delay than that achieved
in their algorithms. Our scheduling policy can also achieve
delay smaller than Θ(

√
n), which is the minimal delay of

the scheduling policy in [3], [5]. Some future works include
introducing base stations, which are proposed in [11], [12].
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