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Abstract—The conventional hierarchical cooperation (HC)
scheme proposed by Ozgur et al. [1] is a novel communication
scheme that can achieve linear capacity scaling, O(N) in wire-
less ad-hoc network from the viewpoint of information theory
without considering control and data overhead. In this paper,
we investigate the effects of practical parameters such as packet
arrival rate, control overhead and data overhead on the HC
scheme. We formulate an aggregate throughput optimization
problem in terms of cluster size m and solve it by well-known
algorithms. Through the performance evaluations, we observe
three main effects of the practical parameters. First, large
data overhead ratio degrades the aggregate throughput. 31%
performance degradation occurs when we consider data overhead
ratio α = 0.45. Second, large control overhead also degrades the
aggregate throughput and affects to determine the cluster size
m for maximum aggregate throughput. Third, the packet arrival
rate λ plays a key factor for system stability and we obtain a
sufficient condition for system stability.

Index Terms—hierarchical cooperation, throughput maximiza-
tion, data and control overhead, Poisson arrival process

I. INTRODUCTION

There have been many studies on capacity analysis in
wireless ad-hoc networks for the last decades. However, it is
not simple to obtain an exact capacity region in wireless ad-
hoc networks because more than one source-destination pair
may attempt to communicate with each other. In information-
theoretic field, it is known that there is no general way to
obtain the exact capacity region in a multiple-user interference
channel environment. Therefore, instead of obtaining the exact
capacity region, an alternative approach is to analyze capacity
scaling as the number of nodes increases.

Gupta and Kumar [2] showed that a capacity scaling of
O(
√
N) can be achieved by using a classical multi-hop

scheme. N denotes the total number of nodes in an ad-hoc
network. Ozgur et al. [1] proposed a hierarchical coopera-
tion (HC) scheme, which can achieve almost linear capacity
scaling, O(N), in wireless ad-hoc networks. Although this
work proposed a new communication scheme, HC, they only
analyzed the capacity scaling law of the HC in the perspective
of the aggregate throughput without considering control and
data overhead. Extending their previous work, Ozgur and

Leveque [3] investigated a delay-throughput tradeoff relation-
ship. Ghaderi et al. [4] also analyzed the optimal number of
stages and the optimal number of clusters for fixed N , which
can achieve the maximum aggregate throughput. The above
approach focused on the analysis of the HC scheme in the
viewpoint of information theory. However, the previous work
did not consider practical parameters, i.e., packet arrival rate,
data and control overhead.

In this paper, we analyze the aggregate throughput per-
formance for varying packet arrival rates, data and control
overhead. We show that data and control overhead signifi-
cantly affect the aggregate throughput performance. We also
characterize the region of cluster size for stable system oper-
ation without overflowing according to varying packet arrival
rates. Finally, based on well-known algorithms, we propose
a method to determine the number of cluster member nodes
for achieving maximum aggregate throughput in one-level HC
scheme.

The rest of this paper is organized as follows. In Sec-
tion II, we describe a system model and system parameters
considered in this paper. In Section III, we obtain a system
stability condition in terms of packet arrival rate and formulate
an aggregate throughput maximization problem considering
practical parameters. Through numerical results, we show the
effect of practical parameters on the aggregate throughput
of the practical HC scheme with consideration of practical
parameters in Section IV. Finally, we present conclusive
remarks in Section V.

II. SYSTEM MODEL

In this paper, we compare the conventional hierarchical
cooperation (c-HC) scheme with a practical hierarchical coop-
eration (p-HC) scheme by considering the effect of practical
parameters, such as packet arrival rate, data and control
overhead. First, we review the basic operations and aggre-
gate throughput of the c-HC scheme. Second, we derive a
new equation for aggregate throughput of the p-HC scheme.
Throughout this paper, we only consider one-level hierarchical
cooperation. There are total N nodes in the network. Each
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node is assumed to transmit one packet with data rate R (bps).
One packet size is L (bits) and one time slot length is T (s).
We use the same channel assumptions described in [1].

A. Review of the Conventional HC [1]

The conventional HC (c-HC) scheme consists of three
phases based on clustering and long-range MIMO between
clusters. We consider that the total N nodes are divided into(
N
m

)
clusters of m nodes. All nodes always have a packet

to send in the c-HC scheme. Therefore, there are N source-
destination pairs in the network and one packet is transmitted
in one source-destination pair. Fig. 1 shows the basic operation
of the c-HC scheme. Basically, the c-HC scheme operates
based on TDMA. Therefore, in order to derive an equation
for aggregate throughput, we have to calculate the number of
time slots in each phase. The operation of each phase is as
follows: (subscript c stands for ‘conventional’.)

Phase 1. Distribution of packets: In phase 1, each source
node distributes its packet to neighbor nodes in the same clus-
ter and all clusters in the network work in parallel. Although
there exists interference between clusters, according to [1],
interference is bounded by a certain level and it is assumed to
have no critical effect in the parallel working process. When
a packet is distributed to cluster member nodes, the packet
is fragmented as the number of cluster member nodes. Each
node can transmit T ·R (bits) in one time slot. Therefore, the
number of slots to send an m-divided fragmented packet for
one node is expressed as

lc(m) =
L

TRm
. (1)

To calculate transmission time in phase 1, we only consider
one cluster because all clusters operate in parallel. For one
source node, it has to distribute the m-divided fragmented
packet to m cluster members including itself. Therefore, it
takes lc(m)·m time slots and there are m nodes in one cluster.
As a result, the transmission time in phase 1 is expressed as

σc,1 = lc (m) ·m ·m · T =
Lm

R
. (2)

Phase 2. Long-range MIMO transmission: In phase 2,
long-range MIMO transmission is performed between a source
cluster and a destination cluster. All cluster member nodes in
the source cluster transmit the m-divided fragmented packet
of source node simultaneously to all cluster member nodes
in the destination cluster. Unlike phase 1, long-range MIMO
transmission is performed one at a time because of interfer-
ence. There are N source-destination pairs in the network.
Therefore, the transmission time in phase 2 is expressed as

σc,2 = lc(m) ·N · T =
LN

Rm
. (3)

Phase 3. Reassembly of packets: Phase 3 is similar to
phase 1, but is the reverse process of phase 1. The transmitted
fragmented packet of the source node is reassembled in the
destination node. Additionally, we have to consider quanti-
zation Q bits for decoding process in the destination cluster.

Q can be easily determined by reference [5]. Therefore, the
transmission time in phase 3 is expressed as

σc,3 = Q · lc(m) ·m ·m · T =
QLm

R
. (4)

The transmission duration for the c-HC is expressed as

Dc = σc,1 + σc,2 + σc,3 = (1 +Q)
Lm

R
+

LN

Rm
. (5)

Now we can calculate the aggregate throughput of the c-
HC scheme. N packets are transmitted in one transmission
duration because there are N source-destination pairs in the
network. Therefore, the total NL bits are transmitted in one
transmission duration. The aggregate throughput of the c-HC
scheme is expressed as

Tc(N,m) =
NL

Dc
=

NmR

(1 +Q)m2 +N
(bps). (6)

In Eq. (6), the aggregate throughput of the c-HC scheme is
a function of N and m when system parameters, such as slot
length, data rate and quantization bit, are given. In addition,
we obtain the same results as in [1], [3] when we set R = 1.

B. Practical Hierarchical Cooperation Scheme

The practical HC (p-HC) scheme is modified from the c-HC
scheme by considering the effect of practical parameters. In the
practical HC scheme, we consider three practical parameters:
packet arrival rate, data overhead and control overhead. We
assume an independent Poisson process with λ as a packet
arrival process in each node. We consider data overhead ratio
α (i.e. overhead due to MAC header and PHY header) so we
need to transmit (1+α)L bits for a single packet L data bits.
We assume that there is a predetermined cluster header (CH)
in each cluster for managing control signals (CS). Also, we
have to consider control overhead due to CS. Control overhead
is considered roughly because an exact control protocol design
is not our main concern.

All nodes do not always have a packet to transmit because a
Poisson process with λ is assumed as a packet arrival process.
Therefore, we analyze aggregate throughput on average sense.
For example, if we define a probability p that a node has
packets (one or more) in one transmission duration, there are
pN source-destination pairs on average in one transmission
duration.

Each phase is separated in two parts: data transmission
part and control signaling part. The data transmission part in
each phase is almost similar to the c-HC scheme because the
basic operations are similar. However, we have to consider
the control signaling part in each phase additionally. We will
describe the operation of each phase. (we use subscript r for
‘practical’ instead of using p because p is used to denote the
probability notation.)

Phase 1. Distribution of packets: Similarly, in phase 1 of
the c-HC scheme, the number of slots to send an m-divided
fragmented packet for one node is expressed as

lr(m) =
L(1 + α)

TRm
. (7)
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(a) Phase 1

Source node distributes its packet to 

cluster members

(b) Phase 2

Long-range MIMO between source 

cluster and destination cluster
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Transmitted packet is combined in 
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destination clusterdestination node destination node
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Fig. 1. Basic operations of the c-HC scheme

Although there are pm source nodes on average, we assume
that each source node distributes its fragmented packet to all
cluster member nodes for maximizing throughput. Therefore,
the data transmission time in phase 1 is expressed as

dr,1 = lr(m) ·m · pm · T. (8)

Since each node requests time slots for preparing transmission,
there are control signaling exchanges between a CH and clus-
ter member nodes. Therefore, the number of control overhead
slots is proportional to cluster size m. The number of control
overhead slots in phase 1 is approximately calculated as

β1(m) ≈ c1m, (9)

where c1 is a weighting factor and is determined in Section
IV. Therefore, the transmission time in phase 1 is calculated
as

σr,1 = dr,1 + β1(m) · T =
L(1 + α)pm

R
+ c1mT. (10)

Phase 2. Long-range MIMO transmission: There are
pN source-destination pairs on average. Therefore, the data
transmission time in phase 2 is expressed as

dr,2 = lr(m) · pN · T. (11)

To perform long-range MIMO transmission, channel state
information (CSI) for a source-destination pair between a
source cluster and a destination cluster has to be shared.
Therefore, CSI exchanges in the source-destination pairs and
additional CS exchanges between clusters are required. Since
the number of control overhead slots is proportional to the
number of clusters N

m and the number of source-destination
pairs N , it is approximately calculated as

β2

(
N

m
,N

)
≈ c2

N

m
+ c3N, (12)

where c2 and c3 are also the weighting factors and are
determined in Section IV. Therefore, the transmission time

in phase 2 is calculated as

σr,2 = dr,2 + β2

(
N

m
,N

)
· T

=
L(1 + α)pN

Rm
+ c2

NT

m
+ c3NT. (13)

Phase 3. Reassembly of packets: Similarly, in phase 3
of the c-HC scheme, Phase 3 is similar, but it is the reverse
process of phase 1, even though we consider control signaling
part. Quantization Q (bits) is additionally considered for de-
coding process in the destination cluster. The data transmission
time in phase 3 is expressed as

dr,3 = Q · lr(m) ·m · pm · T. (14)

The number of control overhead slots in phase 3 is approxi-
mately calculated as

β3(m) ≈ c1m, (15)

where c1 is the same weighting factor in Eq. (9). Therefore,
the transmission time in phase 3 is calculated as

σr,3 = dr,3 + β3(m) · T =
QL(1 + α)pm

R
+ c1mT. (16)

Now we can calculate one transmission duration of the p-
HC scheme and it is expressed as

Dr = σr,1 + σr,2 + σr,3 = dr,1 + dr,2 + dr,3 + βT,

where β = β1(m) + β2

(
N

m
,N

)
+ β3(m)

= c1m+ c2N + c3
N

m
. (17)

β denotes the number of control overhead slots in one trans-
mission duration. There are pN source-destination pairs on
average. Therefore, the aggregate throughput of the p-HC
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scheme is obtained and it is calculated as

Tr(N,m,α, β, p) =
pNL

Dr
=

pNL

dr,1 + dr,2 + dr,3 + βT

=
pNL(

(1 +Q)L(1+α)m
R + L(1+α)N

Rm

)
p+ βT

(bps). (18)

In Eq. (18), β is determined by N , m, c1, c2 and c3. In
addition, the probability of having packets p is a function
of λ and other parameters (it is explained in next section.).
Therefore, Eq. (18) is alternatively expressed as

Tr(N,m,α, β, p) = Tr(N,m, λ, α, c1, c2, c3). (19)

From Eq. (19), the aggregate throughput of the p-HC scheme is
a function of practical parameters, such as packet arrival rate,
data overhead and control overhead. It seems that the calcula-
tion of the aggregate throughput is not simple because of a lot
of parameters and their complicated relationships. However,
the closed-form equation of the aggregate throughput can be
easily obtained and the effect of practical parameters on the
aggregate throughput also can be easily explained. It will be
discussed in Section III and Section IV, respectively.

III. AGGREGATE THROUGHPUT MAXIMIZATION

A. The Probability of Packet Generations at a Node and
Aggregate Throughput

The parameter p denotes the probability of packet gener-
ations at a node in one transmission duration. Since packet
arrival process follows a Poisson process, p is calculated as

p = 1− exp (−λDr) . (20)

From Eqs. (17) and (20), there is a recursive relation between p
and Dr, where p is a function of Dr and Dr is also a function
of p. Although there is a recursive relation between p and Dr,
we can represent p in terms of m and other parameters by
using a special type of function. We define two parameters as
follows:

td(m) = (1 +Q)
L(1 + α)m

R
+

L(1 + α)N

Rm
,

tc(m) = βT =

(
c1m+ c2

N

m
+ c3N

)
T,

∴ Dr = td(m)p+ tc(m). (21)

We can calculate p as follows:

p = 1− exp (−λDr) = exp (−λ (td(m)p+ tc(m)))

= 1 +
1

λtd(m)
W (−λtd(m)exp (−λ (td(m) + tc(m)))) ,

(22)

where W (·) represents the Lambert W function. In Eq. (22),
the last equality is obtained from the basic characteristics of
the Lambert W function. Now we can calculate the aggregate
throughput of the p-HC scheme based on Eqs. (18) and (22)
for any m and other parameters. Therefore, for given network
size N , packet arrival rate λ, data overhead ratio α and control
overhead effects (c1, c1, c1), the aggregate throughput only

depends on cluster size m. However, this does not imply that
the aggregate throughput is not affected by p, but determining
m implicitly implies that probability of having packets is also
determined.

B. System Stability Condition

Generated packets can be queued in the queue of each
node because we consider packet arrival process at each node.
Therefore, we have to consider no overflowing of packets at
each node for stable system. In general, queueing analysis is
used for system stability. However applying queueing analysis
in our wireless network model is very complicated and diffi-
cult. It remains for further work. Instead of applying queueing
analysis, we use an alternative method.

In our hierarchical cooperation scheme, maximum one
packet transmission is assumed. Therefore, the average number
of arriving packets in each node can not exceed one for stable
system. Thus, the stability condition is expressed as

λDr ≤ 1 (stability condition). (23)

Using Eq. (23), we can obtain a feasible range of m for given λ
and feasible range of λ for given other system parameters (N ,
α and (c1, c1, c1)) for stable system. However, it is not simple
to solve Eq. (23) in terms of m or λ because Dr contains a W
function and other parameters including λ and m. By using
the upper bound of Dr, we can obtain a sufficient condition
for system stability and it is expressed as

Dr = td(m)p+ tc(m) ≤ td(m) + tc(m),

λ(td(m) + tc(m)) ≤ 1 (sufficient condition). (24)

In Eq. (24), the upper bound of Dr always holds because p
has a value between 0 and 1. Based on Eq. (24), we can define
a quadratic function of m as follows:

f (m) = (λ(td(m) + tc(m))− 1)m. (25)

Using Eq. (25), a feasible range of m for given λ is obtained
as follows:

λ(td(m) + tc(m))− 1 ≤ 0

←→ (λ(td(m) + tc(m))− 1)m ≤ 0

←→ f (m) ≤ 0

←→ (L(1 + α)(1 +Q) + c1RT )m2

+

(
−R

λ
+ c3NRT

)
m+ (L(1 + α)N + c2NRT ) ≤ 0,

∴ r1 ≤ m ≤ r2, (26)

where r1 and r2 represent the real-valued solutions of the
above quadratic inequality, f (m) ≤ 0. We can easily calculate
r1 and r2. In addition, a feasible value of λ implies that Eq.
(26) has real-valued solutions r1 and r2. Therefore, the feasible
range of λ for given other parameters is obtained by applying
a discriminant of quadratic equation to Eq. (26). For example,
a quadratic equation, f (m) = am2 + bm + c = 0, has real-
valued solutions when b2−4ac ≥ 0. Finally, the feasible range
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TABLE I
SYSTEM PARAMETERS I

Parameters Values
Q 1
N 1000
T 1 [ms]
R 1 [Mbps]
λ 1 [packets per second]

of λ is expressed as

b2 − 4ac ≥ 0,

where a = L(1 + α)(1 +Q) + c1RT,

b = −R

λ
+ c3NRT,

c = L(1 + α)N + c2NRT,

∴ λ ≤ R

c3NRT +
√
4ac

. (27)

Eq. (27) represents quite reasonable results because it descibes
relationships between λ and other parameters well. For ex-
ample, since transmission becomes inefficient due to data and
control overhead, high data and control overhead allows lower
arrival rate λ than in case of low data and control overhead.

C. Optimization Problem

For given system parameters, an aggregate throughput max-
imization problem in terms of cluster size m is formulated as
follow:

m∗ =argmax
m∈A∩S

Tr(N,m, λ, α, c1, c2, c3) subject to

m ∈ A = {m | 1 ≤ m ≤ N, integer} and
m ∈ S = {m |λ(td(m) + tc(m)) ≤ 1, integer} , (28)

where A denotes a set of the total range of m and S denotes a
set of m for the system stability region given λ based on Eq.
(26). It is very hard to obtain a closed-form solution because of
W function. However, any algorithm for finding the maximum
value can be applied in the above optimization problem. For
example, a simple “linear min/max algorithm” can be used
to solve this optimization problem with complexity O(N).
Therefore, for given system parameters, we can obtain the
optimal cluster size m easily.

IV. PERFORMANCE EVALUATION

A. Effect of Data and Control Overhead

In order to consider the effect of data and control overhead
on the aggregate throughput in the p-HC scheme, system
parameters are set based on reference [5] - [6] and they are
listed in Table I. For thorough insight, we observe the effect
of data and control overhead separately by controlling α and
(c1, c2, c3).

Fig. 2 shows the effect of data overhead on aggregate
throughput when we set (c1, c2, c3) = (0, 0, 0). The aggregate
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Fig. 2. Effect of Data Overhead on Aggregate Throughput

throughput decreases as we increase the data overhead ratio
α = 0.15 ∼ 0.45. When we observe α = 0.45, 31% perfor-
mance degradation occurs for m = 22, compared to the c-HC
scheme. However, the aggregate throughput is maximized at
the same m value although we consider different data overhead
ratios. Therefore, data overhead does not affect the optimal
cluster size for maximizing the aggregate throughput in the
p-HC scheme.

Fig. 3 shows the effect of control overhead (α = 0)
in the p-HC scheme. Due to control signaling, performance
degradation does not only occurs but the optimal cluster size
for maximizing the aggregate throughput is also changed,
compared to conventional HC scheme. In Eq. (17), β denotes
the number of control overhead slots in one transmission
duration and is determined by (c1, c2, c3). Since β is not
transmission time but the number of slots, c1, c2 and c3 must
be integer values. It is evident that large aggregate throughput
degradation occurs for large values of c1, c2 and c3 because
large values of c1, c2 and c3 represent that a lot of control
overhead slots are required in one transmission duration. We
consider (c1, c2, c3) = (1, 0, 0) or (0, 1, 0) or (0, 0, 1) to
observe an exact effect of c1, c2 and c3 on the aggregate
throughput, respectively. For example, when we only consider
control overhead in phases 1 and 3, i.e. (c1, c2, c3) = (1, 0, 0),
a smaller cluster size than that of the conventional case is opti-
mal for maximizing aggregate throughput because the number
of control overhead slots in phases 1 and 3 is proportional to
the cluster size. Therefore, control overhead affects the optimal
cluster size for maximizing the aggregate throughput in the p-
HC scheme.

B. System Stability Region

System stability region can be obtained by using Eqs. (26)
and (27). For given system parameters listed in Table II, a
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TABLE II
SYSTEM PARAMETERS II

Parameters Values
Q 1
N 1000
T 1 [ms]
R 1 [Mbps]
α 10 [%]

(c1, c2, c3) (1, 1, 1)

feasible range of cluster size m is calculated for varying the
packet arrival rate λ in Fig. 4. The blue grid region in Fig.
4 represents the feasible region of m and λ. For example,
since the feasible range of m is between 10 and 57 when
λ = 0.4, we can not choose m outside [10, 57]. In addition, the
packet arrival rate λ can not be greater than 0.4904 for stable
operation in the p-HC scheme given parameters in Table II.
Although we consider λ = 1(> 0.4904) in Fig. 2 and Fig. 3,
numerical results are still reasonable because different α and
different (c1, c2, c3) allow λ = 1 in Fig. 2 and Fig. 3.

V. CONCLUSION

In this paper, we considered the effect of practical param-
eters, such as packet arrival rate, data overhead and control
overhead on the p-HC scheme. We obtained the new aggregate
throughput of the practical HC scheme in terms of given
system parameters. In addition, we formulated an aggregate
throughput optimization problem in terms of cluster size m
and solved it by using well-known algorithms.

We also observed three main effects of practical parame-
ters. First, large data overhead ratio degrades the aggregate
throughput. 31% performance degradation occurs when we
consider data overhead ratio α = 0.45. Second, large control
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Fig. 4. Stability Region

overhead also degrades the aggregate throughput and affects to
determine the optimal cluster size m for maximum aggregate
throughput. Third, the packet arrival rate λ plays a key factor
for system stability and we obtained a sufficient condition
for system stability. General analysis for more than one-level
hierarchical cooperation and detailed justification for system
stability condition still remain for further work.
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