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Abstract—Understanding the real achievable performance of
mobile ad hoc networks (MANETS) under practical network con-
straints is of great importance for their applications in future
highly heterogeneous wireless network environments. This paper
explores, for the first time, the performance modeling for MANETSs
under a general limited buffer constraint, where each network node
maintains a limited source buffer of size B to store its locally gen-
erated packets and also a limited shared relay buffer of size B, to
store relay packets for other nodes. Based on the Queuing theory
and birth-death chain theory, we first develop a general theoret-
ical framework to fully depict the source/relay buffer occupancy
process in such a MANET, which applies to any distributed MAC
protocol and any mobility model that leads to the uniform distri-
bution of nodes’ locations in steady state. With the help of this
framework, we then derive the exact expressions of several key
network performance metrics, including achievable throughput,
throughput capacity, and expected end-to-end delay. We further
conduct case studies under two network scenarios and provide the
corresponding theoretical/simulation results to demonstrate the
application as well as the efficiency of our theoretical framework.
Finally, we present extensive numerical results to illustrate the im-
pacts of buffer constraint on the performance of a buffer-limited
MANET.

Index Terms—Buffer constraint, delay, mobile ad hoc networks,
performance modeling, throughput.

I. INTRODUCTION

HE mobile ad hoc networks (MANETS), a class of self-
I autonomous and flexible wireless networks, are highly
appealing for lots of critical applications, like disaster relief,

Manuscriptreceived November 12,2016; revised April 3,2017; accepted May
22, 2017. Date of publication May 31, 2017; date of current version October
13, 2017. This work was supported in part by the Project of Cyber Security
Establishment with Inter-University Cooperation, in part by Secom Science and
Technology Foundation, in part by Japan JSPS under Grant 15H02692, in part
by China NSFC under Grants 61571352, 61373173, and U1536202, and in part
by Research Foundation for Youths 20103176192. The review of this paper was
coordinated by Y. Ji. (Corresponding author: Yang Xu.)

J. Liu is with the State Key Laboratory of Integrated Services Network, Xidian
University, Xi’an 710071, China, and also with the Center for Cybersecurity
Research and Development, National Institute of Informatics, Tokyo 101-8430,
Japan (e-mail: jliu@nii.ac.jp).

Y. Xu is with the School of Economics and Management, Xidian University,
Xi’an 710071, China (e-mail: yxu@xidian.edu.cn).

Y. Shen is with the State Key Laboratory of ISN, Xidian University, Xi’an
710071, China (e-mail: ylshen @mail.xidian.edu.cn).

X. Jiang is with the School of Systems Information Science, Future University
Hakodate, Hakodate 041-8655, Japan (e-mail: jiang@fun.ac.jp).

T. Taleb is with the Sejong University, and also with Aalto University, Espoo
02150, Finland (e-mail: taleb-tarik @ieee.org).

Digital Object Identifier 10.1109/TVT.2017.2710099

, Senior Member, IEEE

battlefield communications, D2D communications for traffic of-
floading, and coverage extension in future 5G cellular networks
[1]-[3]. In particular, the applications of MANETS in vehicle-
to-vehicle communications, i.e., the vehicular ad hoc networks
(VANETS) have attracted considerable academic attention re-
cently as a promising solution to improving safety and driving
experience [4], [5]. Motivated by these, understanding the fun-
damental performance limits of MANETS is of great importance
to facilitate the application and commercialization of such net-
works [6], [7]. By now, extensive works have been devoted to
the performance study of MANETS, which can be roughly clas-
sified into two categories, the ones with the consideration of
practical limited buffer constraint and the ones without such
consideration.

Regarding the performance study for MANETSs without the
buffer constraint, Grossglauser and Tse [8] first explored the
capacity scaling law, i.e., how the per node throughput scales in
the order sense as the number of network nodes increases, and
demonstrated that with the help of node mobility a © (1) per node
throughput is achievable in such networks. Later, Neely ez al. [9]
studied the delay-throughput tradeoff issue in a MANET under
the independent and identically distributed (i.i.d) mobility model
and showed that achievable delay-to-throughput ratio is lower
bounded as delay /throughput > O(n) (Where n is the number
of network nodes). Gamal ef al. [10] then explored the delay-
throughput tradeoff under a symmetric random walk mobility
model, and showed that a ©(nlogn) average packet delay is
incurred to achieve the ©(1) per node throughput there. Sharma
et al. [11] further studied the delay-throughput tradeoff under
a general and unified mobility model, and revealed that there
exists a critical value of delay below which the node mobility
is not helpful for capacity improvement. Recently, Wang et al.
explored the throughput and delay performance for MANETS
with multicast traffic in [12], [13], and further conducted the
network performance comparison between the unicast and mul-
ticast MANETS in [14]. Those results indicate that the mobility
can significantly decrease the multicast gain on per node capac-
ity and delay, and thus weaken the distinction between the two
traffic models.

While the above works represent a significant progress in the
performance study of MANETS, in a practical MANET, how-
ever, the buffer size of a mobile node is usually limited due to
both its storage limitation and computing limitation. Thus, un-
derstanding the real achievable performance of MANETS under
the practical limited buffer constraint is of more importance for
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the design and performance optimization of such networks. By
now, some initial results have been reported on the performance
study of MANETSs under buffer constraint [15]-[18]. Specifi-
cally, Herdtner and Chong [15] explored the throughput-storage
tradeoff in MANETS and showed that the throughput capacity
under the relay buffer constraint scales as O(1/b/n) (where b
is the relay buffer size of a node). Gao et al. [16] considered
a MANET with limited source buffer in each node, and de-
rived the corresponding cumulative distribution function of the
source delay. Recently, the throughput and delay performance of
MANETs are further explored under the scenarios where each
node is equipped with an infinite source buffer and a shared
limited relay buffer [17], [18].

A. Motivation

The motivation of our study is to take a step forward in the
practical performance modeling for MANETS. In particular,
this paper focuses on a practical MANET where each network
node maintains a limited source buffer of size B, to store
its locally generated packets and also a limited shared relay
buffer of size B, to store relay packets for all other nodes.
This buffer constraint is general in the sense that it covers all
the buffer constraint assumptions adopted in available works
as special cases, like the infinite buffer assumption [8]-[14]
(Bs — o0, B, — 0), limited source buffer assumption [16]
(0 < By < o0, B, — 00), and limited relay buffer assumption
[15], [17], [18] (Bs — 00,0 < B, < 00). It should be pointed
out that compared with the previous works [17], [18] where
packet loss never occurs, under the general limited-buffer
scenario packet loss is inevitable, which makes deriving
achievable throughput a new challenging and significant
problem, and the impacts of feedback mechanism on network
performance worthy of study. To the best of our knowledge,
this paper represents the first attempt on the exact performance
modeling for MANETSs under general limited-buffer constraint.

B. Our Contributions

The main contributions of this study are summarized as fol-

lows:

1) Based on the Queuing theory and birth-death chain the-
ory, we first develop a general theoretical framework to
fully depict the source/relay buffer occupancy process in a
MANET with the general limited-buffer constraint, which
applies to any distributed MAC protocol and any mobil-
ity model that leads to the uniform distribution of nodes’
locations in steady state.

2) With the help of this framework, we then derive the exact
expressions of several key network performance metrics,
including achievable throughput, throughput capacity, and
expected end-to-end (E2E) delay. We also provide the re-
lated theoretical analysis to reveal the fundamental net-
work performance trend as the buffer size increases.

3) We further conduct case studies under two network scenar-
ios and provide the corresponding theoretical/simulation
results to demonstrate the efficiency and application of
our theoretical framework. Finally, we present extensive
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numerical results to illustrate the impacts of buffer con-
straint on network performance and our theoretical find-
ings.

The remainder of this paper is organized as follows.
Section II introduces the preliminaries involved in this paper.
We analyze the buffer occupancy processes in Section III and
derive the exact expressions for throughput, throughput capac-
ity and expected E2E delay in Section IV. The case studies
and simulation results are presented in Section V. The nu-
merical results and corresponding discussions are provided in
Section VI. Finally, we conclude this paper in Section VIIL.

II. PRELIMINARIES

In this section, we introduce the system models, the general
limited buffer constraint, the routing scheme and performance
metrics involved in this study.

A. System Models

Network Model: We consider a time-slotted MANET, which
consists of n nodes randomly moving in a torus network area
following a “uniform type” mobility model. With such mobility
model, the location process of a node is stationary and ergodic
with stationary distribution uniform on the network area, and the
trajectories of different nodes are independent and identically
distributed. It is notable that such “uniform type” mobility model
covers many typical mobility models as special cases, like the
i.i.d model [9], random walk model [10], and random direction
model [19].

Traffic Model: We consider that there are n unicast traffic
flows in the network, each node is the source of one traffic
flow and also the destination of another traffic flow. More for-
mally, let (i) denote the destination node of the traffic flow
originated from node ¢, then the source-destination pairs are
matched in a way that the sequence {©(1), ¢(2),- - ,¢(n)} is
just a derangement of the set of nodes {1,2,--- ,n}. This traf-
fic model is widely adopted in other studies on the performance
analysis of MANETs [8], [9], [11]. Two typical examples are
e(1)=2,0(2)=1,003) =4, p(4) =3, -, p(n—1) =n,
p(n) =n—1(niseven),and p(1) =2,¢(2) =3,---,p(n) =
1. The packet generating process at each node is assumed to be a
Bernoulli process with mean rate A}, so that with probability A}
anew packet is generated in each time slot. During a time slot the
total amount of data that can be transmitted from a transmitter to
its corresponding receiver is fixed and normalized to one packet.

B. General Buffer Constraint

As illustrated in Fig. 1, we consider a general limited buffer
constraint, where a node is equipped with a limited source
buffer of size B, and a limited relay buffer of size B,. The
source buffer is for storing the packets of its own flow (lo-
cally generated packets) and works as a FIFO (first-in-first-out)
source queue [20], while the relay buffer is for storing packets
of all other n — 2 flows and works as n — 2 FIFO virtual re-
lay queues (one queue per flow). When a packet of other flows
arrives and the relay buffer is not full, the corresponding relay
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Fig. 1. Illustration of the general limited buffer constraint.

queue is dynamically allocated a buffer space; once a head-of-
line (HoL) packet departs from its relay queue, this relay queue
releases a buffer space to the common relay buffer. It is notable
that the considered limited buffer constraint is general in the
sense it covers all the buffer constraint assumptions adopted in
the available works as special cases.

C. Two-Hop Relay Routing Without/With Feedback

Regarding the packet delivery scheme, we consider the two-
hop relay (2HR) routing protocol. The 2HR scheme is simple yet
efficient, and has been widely adopted in available studies on the
performance modeling of MANETS [8], [9]. In addition to the
conventional 2HR scheme without feedback, we also consider
the 2HR scheme with feedback, which avoids packet loss caused
by relay buffer overflow and thus can support the more efficient
operation of buffer-limited MANETS.

Without loss of generality, we focus on a tagged flow and
denote its source node and destination node as S and D respec-
tively. Once S gets access to wireless channel at the beginning of
a time slot, it executes the 2HR scheme without/with feedback
as follows.

1) (Source-to-Destination)

If D is within the transmission range of S, S executes the
Source-to-Destination operation. If the source queue of
S is not empty, S transmits the HoL packet to D; else S
remains idle.

2) If D is not within the transmission range of S, S randomly
designates one of the nodes (say R) within its transmission
range as its receiver, and chooses one of the following two
operations with equal probability.

a) (Source-to-Relay)
Without feedback: 1f the source queue of S is not
empty, S transmits the HoL packet to R; else S
remains idle.
With feedback: R sends a feedback to S to indicate
whether its relay buffer is full or not. If the relay
buffer of R is not full, S executes the same operation
as that without feedback; else S remains idle.

b) (Relay-to-Destination)
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In this operation, S serves as the relay node for-
warding packets to R, and R is the destination of
packets forwarded from S. If S has packet(s) in the
corresponding relay queue for R, S sends the HoLL
packet of this queue to R; else S remains idle.

We let psg, ps, and p,.q denote the probabilities that a node
gets the chance to execute the Source-to-Destination, Source-to-
Relay, and Relay-to-Destination operations, respectively.! It is
worth noting that these probabilities are determined by the spe-
cific MANET scenario and will be regarded as known quantities
in the following two sections, where the performance modeling
is developed for a general MANET based on the basic system
models mentioned above. The evaluations of psq, ps, and p,q4
will be shown in the case studies of Section V.

D. Performance Metrics

The performance metrics involved in this paper are defined
as follows.

Throughput: The throughput T of a flow (in units of packets
per slot) is defined as the time-average number of packets that
can be delivered from its source to its destination.

Throughput Capacity: For the homogeneous finite buffer
network scenario considered in this paper, the network level
throughput capacity T, can be defined by the maximal achiev-
able per flow throughput, i.e., T, = max,+¢o,1] 7"

End-to-end Delay: The end-to-end delay D of a packet® (in
units of slots) is defined as the time it takes the packet to reach
its destination after it is generated by its source, and we use
E{D} to denote the expectation of D.

III. BUFFER OCCUPANCY PROCESS ANALYSIS

In this section, we conduct the occupancy process analysis
for both the source and relay buffers to determine their occu-
pancy state distributions (OSDs), which will further help us to
derive the exact expressions of the performance metrics 7', 7T,
and E{D}. Without loss of generality, we focus on a tagged
node S, and consider the scenarios without and with feedback,
respectively.

A. OSDs Analysis Under the Scenario Without Feedback

1) OSD of Source Buffer: Regarding the source buffer of
node S, since in every time slot a new packet is generated with
probability A and a service opportunity arises with probability
s being determined as

Hs = Psd + Dsry (1)

the occupancy process of source buffer can be modeled by a
B/B/1/B; queue as illustrated in Fig. 2.

Let 7, (7) denote the probability that there are ¢ packets occu-
pying the source buffer in the stationary state, then the stationary

U1t should be noted that a node getting the chance to execute one operation in
a time slot doesn’t mean that it will conduct a transmission in this time slot.

2Notice that for the calculation of end-to-end delay, we only focus on the
packets that have been successfully delivered to their destinations.
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Fig. 2. Bernoulli/Bernoulli/1/B queuing model for source buffer.

OSD of the source buffer IT; = [74(0), 7s(1),- -+, ms(Bs)] can
be determined as [21]
1 ~1
T2 , 1=0
ms (i) = 1 ( 7
- 1<i<B;
a1
where
A1 — g
T = é( /’(’ ) , (2)
ps (1 =A%)

and H is the normalization constant. Notice that II,-1 =1,
where 1 is a column vector of size (B, + 1) x 1 with all ele-
ments being 1, we have

M i=0
. prs — At - TB
mi =" T 3

. 1<i< B,

,us*)‘;'TB" L — ps

2) OSD of Relay Buffer: We continue to analyze the occu-
pancy process of the relay buffer in S. Let X; denote the number
of packets in the relay buffer at time slot ¢, then the occupancy
process of the relay buffer can be regarded as a stochastic process
{X;,t=0,1,2,---} onstate space {0, 1, - - , B, }. Notice that
when S serves as arelay in a time slot, the Source-to-Relay trans-
mission and Relay-to-Destination transmission will not happen
simultaneously. Thus, suppose that the relay buffer is at state
7 in the current time slot, only one of the following transition
scenarios may happen in the next time slot:

1) itoi+1 (0 <7< B, — 1): the relay buffer is not full,

and a packet arrives at the relay buffer.

2) itot — 1 (1 <4 < B,): the relay buffer is not empty, and

a packet departures from the relay buffer.

3) ¢ to i (0 <i < B,): no packet arrives at and departures

from the relay buffer.

Let p; ; denote the one-step transition probability from state 4
to state j (0 < 4,5 < B,), then the occupancy process { X;,t =
0,1,2,-- -} can be modeled as a birth-death chain as illustrated
in Fig. 3. Let 7, (7) denote the probability that there are 7 packets
occupying the relay buffer in the stationary state, the stationary
OSD of the relay buffer II, = [m.(0), 7, (1), -+, 7 (B,)] is
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Fig. 3. State machine of the birth-death chain.

determined as
Hr P = Hr 5 (4)
IL.-1=1, (5

where P is the one-step transition matrix of the birth-death chain
defined as
Po.o

P10
P =

DPo,1

P11 P12

PB,.B,-1 PB,.B,

and 1 is a column vector of size (B, + 1) x 1 with all elements
being 1.

Notice that poo=1—po1, pr, B, =1 —pB, B,—1 and
pii =1—pii-1 —piit1 for 0<i< DB,, the expressions
(4)—(6) indicate that to derive Il,, we need to determine the
one-step transition probabilities p; ;41 and p; ;1.

Lemma 1: For the birth-death chain in Fig. 3, its one-step
transition probabilities p; ;41 and p; ;—; are determined as

pi,i+1:ps1"(1_ﬂ-s(o)); OSZSBT_]) (7)

i
it = Pra - ———, 1 <i< B, 8
Piicl =Prd 3 i ®)
Proof: The proof is given in Appendix A. |

By substituting (7) and (8) into (4) and (5), we can see that
the stationary OSD of the relay buffer is determined as

_ G =7 (0)
Sbro Cr(1 = m (0))F

where C; = (nffﬂ).

(i) L0<i<B, (9

B. OSDs Analysis Under the Scenario With Feedback

Under the scenario with feedback, although node S gets the
chance to execute the Source-to-Relay operation in a time slot,
it still remains idle if the relay buffer of its intended receiver is
full (with the overflow probability 7, (B, )), which causes the
correlation between the OSD analysis of source buffer and that
of relay buffer. It is notable, however, the overflow probability
7, (B, ) only affects the service rate ys of the source buffer and
the arrival rate at the relay buffer, while the occupancy processes
of the source buffer and relay buffer can still be modeled as the
B/B/1/B; queue and the birth-death chain respectively. Thus,
based on the similar analysis as that in Section III-A, we have
the following corollary.

Corollary 1: For the network scenario with feedback, the
OSD TII; of the source buffer and the OSD II, of the relay
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buffer are determined as (3) and (9), where 7 is given by (2),
and the service rate yu, of the source buffer is evaluated as

Ws = Psd + Dsr - (1 - WT(BT))'

Proof: The proof is given in Appendix B. |

Corollary 1 indicates that for the evaluation of OSDs II; and
II,, we need to determine the relay buffer overflow probability
7 (B, ). From formula (9) we have

Cp, (1 —m, (0))3r
m(By) =
(5) Sero Cr(1 = 7 (0))F

(10)

; (11

where
s — AL
B, *
A=ps) \7F
ps = AT (w(l—%))
We can see from (10)—(12) that (11) is actually an implicit
function of =, (B, ), which can be solved by applying the fixed

point theory [22]. We provide in Appendix C the detailed fixed
point iteration for solving 7, (B, ).

s — A%
7s(0) = PRI =

12)

IV. PERFORMANCE ANALYSIS

With the help of OSDs of source buffer and relay buffer
derived in Section III, this section focuses on the performance
analysis of the concerned buffer limited MANET in terms of its
throughput, expected E2E delay and throughput capacity.

A. Throughput and Expected E2E Delay

Regarding the throughput and expected E2E delay of a
MANET with the general limited buffer constraint, we have
the following theorem.

Theorem 1: For a concerned MANET with n nodes, packet
generating rate A!, source buffer size B, and relay buffer size
B,, its per flow throughput 7" and expected E2E delay E{D}
are given by

T = psa (1 = 75(0)) + psr (1 = m5(0)) (1 = 7, (B,)), (13)
I+L,  (n=2+ L) -m(B))
s Psad +p.s”r’(1 - 777’(B7’))
where L (resp. L,) denotes the expected number of packets
in the source buffer (resp. relay buffer) under the condition

that the source buffer (resp. relay buffer) is not full, which is
determined as

E{D} = : (14)

T — BSTBS + (Bs _ I)TB..~+1

L= T A (15)
1 B, —1
LT = ?T(BT) ; Z’/TT(Z), (16)

s is determined by (1) and (10) for the scenarios without and
with feedback, respectively, 7, 75 (0) and IT, are determined by
(2), (3) and (9), respectively.

Notice that packets of a flow are delivered to their
destination through either one-hop transmission (Source-to-
Destination) or two-hop transmission (Source-to-Relay and
Relay-to-Destination), so the per flow throughput 7" can be de-
rived by analyzing packet delivery rates of these two kinds of
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transmissions. Regarding the expected E2E delay E{D}, it can
be evaluated based on the analysis of expected source queuing
delay and expected delivery delay of a tagged packet.® For the
detailed proof of this theorem, please refer to Appendix D.

Remark 1: The formulas (13) and (14) hold for both network
scenarios without/with feedback, but different network scenar-
ios will lead to different results of 7, 7, (0) and IT,..

Based on the results of Theorem 1, we can establish the
following corollary (See Appendix E for the proof).

Corollary 2: For a concerned MANET with the general lim-
ited buffer constraint, adopting the feedback mechanism im-
proves its throughput performance.

B. Throughput Capacity and Limiting Throughput/Delay

To determine the throughput capacity 7., we first need the
following lemma (See Appendix F for the proof).

Lemma 2: For a concerned MANET with the general limited
buffer constraint, its throughput 7" increases monotonically as
the packet generating rate A} increases.

Based on Lemma 2, we can establish the following theorem
on throughput capacity.

Theorem 2: For a concerned MANET with n nodes, source
buffer size B and relay buffer size B, , its throughput capacity
T, is given by

B,
T‘(’ — Psac s7‘7l~ 17
. = DPsd + P w218, a7
Proof: Lemma 2 indicates that
T.= max T = lim T. (18)
2re(0,1] Aol
From (2), (3) and (9) we can see that
A1 — g
lim 7 = lim M o0, (19)
pra| =1 ps (L= 2%
C— AT
lim 7,(0) = lim S B S
e A=l g — At - 7Bs
— lim & _113 — 0, (20)
T—00 g — TH
1 —7,(0))%
lim 7. (B,) = lim Cj;B’( ™:(0))
Ea 700 07 G (1~ (0)F
_ CB, _ n—2 (21)
ZkB;oCk n—2+0,"

Then T, is given by
T, = kléglpsd (I =m5(0)) + psr (1 = 75(0)) (1 — 7 (By))

n—2
=psa- (1 =0) +ps - (1-0) - (l_n—2+&>

I

= Dsd + Psr m

3The source queuing delay of a packet is defined as the time it takes the packet
to move to the HoL of its source queue after it is generated. The delivery delay
of a packet is defined as the time it takes the packet to reach its destination after
it moves to the HoL of its source queue.
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Remark 2: We can see from Theorem 2 that the throughput
capacity of the concerned MANET is the same for both the
scenarios with and without feedback, and it is mainly determined
by its relay buffer size B,. We can further observe that when
the network size 7 is extremely large while the relay buffer size
B, is fixed, the throughput is roughly equal to p4, which likes
a unicast request only from a source node to its destination.
This is because the service rate of a relay buffer is inversely
proportional to the network size (please refer to Lemma 1) and
thus will tend to 0 as n increases, indicating that packets can
hardly be forwarded to their destinations through a relay node.

Based on Theorem 1 and Theorem 2, we have the following
corollary regarding the limiting 7" and E{ D} as the buffer size
tends to infinity (See Appendix G for the proof).

Corollary 3: For a concerned MANET, its throughput in-
creases as B, and/or B, increase. Moreover, as B, and/or B,
tend to infinity, the corresponding limiting 7" and E{D} are
determined as (22) and (23) respectively (shown at the bottom
of this page), where p, = min{z—{, 1}.

Remark 3: Corollary 3 indicates the throughput and delay
results derived in Theorem 1 are universal in the sense that they
cover the concise forms derived in other works as special cases.
For example, they reduce to the results in [17], [18] as B, tends
to infinity, and the results in [9] as both B, and B, tend to
infinity.

V. CASE STUDIES

In the previous two sections, with the basic probabilities py,
psr and p,4, we have developed a theoretical framework for
the performance modeling of a general MANET. These proba-
bilities are determined by the specific MAC protocol adopted.
To demonstrate the application and efficiency of our frame-
work, in this section, we conduct case studies under network
scenarios with two typical MAC protocols widely used in other
studies concerning MANETS, and present corresponding theo-
retical/simulation results.
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A. Network Scenarios

Cell-partitioned MANET with Local Scheduling based MAC
(LS-MAC) [9], [11], [12], [23]: Under this network scenario,
the whole network area is evenly partitioned into m X m
non-overlapping cells. In each time slot one cell supports only
one transmission between two nodes within it, and concurrent
transmissions in different cells will not interfere with each
other. When there are more than one node in a cell, each node
in this cell becomes the transmitter equally likely. For such a
MANET, the corresponding probabilities psq, ps, and p,q can
be determined by the following formulas (See Appendix H for

derivations).
m> m>—-1 m>-1 1\"!
sd = — — 1—-— , 24
Psd = 7 n—1 +n(n—1)< m2> 24)
DPsr = Prd

D B SRR U B R U I
2] n—1 n—1 m?2 m?2 '

Cell-partitioned MANET with Equivalence Class based
MAC (EC-MAC) [15], [24]-[26]: In such a MANET, the whole
network area is evenly partitioned into m X m non-overlapping
cells, and each transmitter (like the 7'X in Fig. 4(a)) has a
transmission range that covers a set of cells with horizontal and
vertical distance of no more than v — 1 cells away from the cell
the transmitter resides in. To prevent simultaneous transmis-
sions from interfering with each other, the EC-MAC is adopted.
As illustrated in Fig. 4(b) that with the EC-MAC, all cells are
divided into different ECs, and any two cells in the same EC
have a horizontal and vertical distance of some multiple of €
cells. Each EC alternatively becomes active every &2 time slots,
and each active cell of an active EC allows only one node in
it (if any) to conduct data transmission. When there are more
than one node in an active cell, each node in this cell becomes
the transmitter equally likely. To enable as many number of

By -1 k41
Zk:O Ckps

DPsd * Ps +psr : - - Bs — 00 (2221)
Zf#o Cr.pk
=9 (ed +por)(1 = 7,(0)), B, — (22b)
min{A}, psg + psr }- B, — oo and B, — oo. (22¢)
0, B, — ocoand AF > p (23a)
1— At -2+ L)1 -7 (B,
s (Tl + 7)( 71'7( 7))’ B, — coand At < pug (23b)
s — )"; Psd + psr(l - W?‘(Br)) '
E{D} = 2 0)-(1+L
n-24m0) A+L) B, — (23¢)
s (O) : (psd +psr)
—1-Af
p:-|-p57, _Skjv B; — 00, B, — oo and AT < ;. (23d)
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Fig. 4. A cell-partitioned MANET with EC-MAC. (a) Transmission range of
anode. (b) Illustration of an EC (all the cells with gray color belong to the same
EC).

concurrent transmissions to be scheduled as possible while
avoiding interference among these transmissions, € should be
set as [17]

e = min{[(1 + A)V2v + v],m},

where A is a guard factor specified by the protocol model [27].

For such a MANET, the corresponding probabilities psq,
psr and p,.q are determined by the following formulas (See
Appendix H for derivations).

1 F—Tlf’z+m2717(Ffl)n1 N
2] n—1 n(n—1) m? ’

(26)

DPsd
(27)
Psr = Prd
1 2 T 1 n—1 T n—1
= (- — (11— — 7
2¢2 | n—1 m? m?
(28)

where I' = (2v — 1)%.

By substituting the results of (24)-(25) and (26)-(28) into
our theoretical framework, the network performance of a cell-
partitioned MANET with LS-MAC and EC-MAC can be ob-
tained, respectively. Our framework can easily apply to any other
MAC protocol. For example, p4, ps, and p,q were derived for
MANETs with Aloha protocol in [28], then the performance
modeling of Aloha MANETS under the general limited buffer
constraint can be accordingly conducted.

B. Simulation Settings

To validate our theoretical framework for MANET perfor-
mance modeling, a simulator was developed to simulate the
packet generating, packet queuing and packet delivery processes
under above two network scenarios [29]. Each simulation task
runs over a period of 2 x 108 time slots, and we only collect data
from the last 80% of time slots to ensure the system is in the
steady state. In the simulator, the following two typical mobility
models have been implemented:

1) Li.d Model [9]: At the beginning of each time slot, each

node independently selects a cell among all cells with
equal probability and then stays in it during this time slot.
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2) Random Walk (RW) Model [10]: At the beginning of each
time slot, each node independently selects a cell among its
current cell and its 8 adjacent cells with equal probability
1/9 and then stays in it during this time slot.

The detailed settings of network parameters in our simulations

are summarized in Table I. Readers can also flexibly perform
our C++ simulator with any other desired parameter settings.

C. Theoretical/Simulation Results

We summarize in Fig. 5 the theoretical/simulation results
for throughput and delay under the above two network sce-
narios. For each scenario we consider the network settings of
(n=72,m=6,B;, =5, B, =5), and for the scenario with the
EC-MAC protocol we set v = 1 and A = 1 there [30]. Notice
that the theoretical results here are obtained by substituting (24)
and (25) (resp. (27) and (28)) into the formulas in Theorem 1.

Fig. 5 shows clearly that the simulation results match well
with the theoretical ones for all the cases considered here,
which indicates that our theoretical framework is applicable to
and highly efficient for the performance modeling of different
buffer limited MANETS. We can see from Fig. 5(a) and (c) that
for a MANET with LS-MAC or EC-MAC, as the packet gen-
erating rate A} increases, the per flow throughput 7" increases
monotonically and finally converges to its throughput capacity
T., which agrees with the conclusions of Lemma 2 and The-
orem 2. Another interesting observation of Fig. 5(a) and (c)
is that just as predicated by Corollary 2 and Theorem 2, al-
though adopting the feedback mechanism usually leads to a
higher throughput, it does not improve the throughput capacity
performance.

Regarding the delay performance, we can see from Fig. 5(b)
and (d) that in a MANET with either LS-MAC or EC-MAC,
the behavior of expected E2E delay E{D} under the scenario
without feedback is quite different from that under the sce-
nario with feedback. As A! increases, in the scenario without
feedback E{D} first slightly increases and then decreases
monotonically, while in the scenario with feedback E{D} first
slightly increases, then decreases somewhat and finally in-
creases monotonically. This is due to the reason that E{D}
consists of source queuing delay and delivery delay, and the
effects of AY on E{D} are two folds. On one hand, a larger A
leads to a more congested network with a larger 7, (B, ) and a
smaller 5 (see formula (10)), which further leads to a larger ex-
pected source queuing delay; on the other hand, a larger 7, (B, )
indicates that a packet is more likely to be delivered through a
direct Source-to-Destination transmission, which further leads
to a smaller expected delivery delay. As A increases, either
of the two effects becomes dominant alternatively, causing the
increase-decrease-increase phenomena of E{D} (it can be also
seen in Fig. 7(b) and (d) later).

Moreover, the results in Fig. 5 indicate that although adopting
the feedback mechanism leads to an improvement in per flow
throughput, such improvement usually comes with a cost of a
larger E2E delay. This is because that the feedback mechanism
can avoid the packet dropping at a relay node, which contributes
to the throughput improvement but at the same time makes the
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TABLE I
SIMULATION SETTINGS

Parameters n m By B, v A time slots media access control mobility model
Settings 72 6 5 5 1 1 2 x 108 LS-MAC and EC-MAC  i.i.d model and RW model
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Fig. 6. Throughput and delay versus By and B, for the network setting of
Fig. 5. Performance validation. (a) LS-MAC: T' versus A}. (b) LS-MAC:

E{D} versus Af. (¢) EC-MAC: T versus A}. (d) EC-MAC: E{D} versus A}.

source/relay buffers tend to be more congested, leading to an
increase in delay.

VI. NUMERICAL RESULTS AND DISCUSSIONS

Based on the proposed theoretical framework, this section
presents extensive numerical results to illustrate the potential
impacts of buffer constraint on network performance. Notice
from Section V-C that the performance behaviors of the LS-
MAC are quite similar to that of the EC-MAC, in the following
discussions we only focus on a MANET with the LS-MAC.

We first summarize in Fig. 6 how T and E{D} vary with
B and B, under the settings of (n = 72, m = 6, AT = 0.05).
About the throughput performance, we can see from Fig. 6(a)
and (c) that just as predicated by Corollary 3 and Corollary 2,
T increases as either B, or B, increases, and the feedback
mechanism can lead to an improvement in 7. It is interesting to
see that as B, increases, 7' under the two scenarios without and
with feedback converges to two distinct constants determined
by (22a). As B, increases, however, T under the two scenarios
finally converges to the same constant determined by (22b).

Regarding the delay performance, Fig. 6(b) shows that as B,
increases, E{D} under the scenario without feedback quickly
converges to a constant determined by (23b), while E{ D} under
the scenario with feedback monotonically increases to infinity,
which agrees with the result of (23a). We can see from Fig. 6(d)
that with the increase of B,., however, E{D} under the scenario
without feedback monotonically increases, while E{D} under
the scenario with feedback first decreases and then increases.

(n =72, m =6, 1} =0.05). (a) T versus Bs. (b) E{D} versus Bs. (¢c) T
versus B,.. (d) E{D} versus B,.

This is due to the reason that the effects of B, on E{D} are also
two folds. On one hand, a larger B, leads to a less congested
network with a smaller 7, (B,.) and a larger u, which further
leads to a smaller expected source queuing delay; on the other
hand, a larger B, indicates that a packet is more likely to be
delivered through a two-hop way (Source-to-Relay and Relay-
to-Destination), which leads to a larger expected delivery delay.
Similar to the throughput behavior in Fig. 6(c), (d) shows that
as B, increases E{D} under the two scenarios also converges
to the same constant determined by (23c).

The results in Fig. 6 indicate that B, and B, have different
impacts on the network performance in terms of 7’and E{ D}. In
particular, as B, increases, a notable performance gap between
the scenarios without and with feedback always exist, where the
throughput gap converges to a constant but the corresponding
delay gap tends to infinity. As B, increases, however, the per-
formance gap between the two scenarios tends to decrease to 0,
which implies that the benefits of adopting the feedback mech-
anism are diminishing in MANETSs with a large relay buffer
size. A further careful observation of Fig. 6 indicates that al-
though we can improve the throughput by increasing B, or B,
it is more efficient to adopt a large B, rather than a large B,
for such improvement. For example, under the scenario without
feedback, Fig. 6(a) shows that by increasing B, from 1 to 20, T’
can be improved from 0.0113 to 0.0120 (with an improvement
of 6.19%); while Fig. 6(c) shows that by increasing B, from
1 to 20, T can be improved from 0.0046 to 0.0332 (with an
improvement of 621.74%).
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Fig. 7. Throughput and delay versus (A}, B;) and (1}, B,.) for the network
setting of (n = 72, m = 6). (a) T versus (A}, By), B, = 5. (b) E{D} versus
(\f, Bs), By =5.(c) T versus (A}, B,.), Bs = 5.(d) E{D} versus (A}, B,),
By = 5.

To further illustrate how the impacts of buffer size on network
performance are dependent on packet generating rate A}, we fo-
cus on a MANET with feedback and summarize in Fig. 7 how
its throughput and delay vary with A{ and (B;, B,). We can see
from Fig. 7(a) and (c) that although in general we can improve
T by increasing either By or B,, the degree of such improve-
ment is highly dependent on AY. As A} increases, the through-
put improvement from B, monotonically increases, while the
corresponding improvement from B first increases and then
decreases. Fig. 7(a) and (c) also show that as A increases, T'
under different settings of B; finally converges to the same con-
stant (i.e., T given by (17)), while T" under a given setting of
B, converges to a distinct constant of 7., which monotonically
increases as B, increases.

Regarding the joint impacts of A} and B, on delay perfor-
mance, we can see clearly from Fig. 7(b) that just as discussed
in Corollary 3, there exists a threshold of A! beyond which
E{D} will increases to infinity as B increases, while for a
given A? less than the threshold, E{D} almost keeps as a con-
stant as B, increases. About the joint impacts of A} and B, on
delay performance, Fig. 7(d) shows that for a given setting of
AY, there also exists a threshold for B,, beyond which E{D}
almost keeps as a constant as B, increases. It is interesting to see
that such threshold for B, and the corresponding delay constant
tend to increase as A} increases. The results in Fig. 7(d) imply
that a bounded E{D} can be always guaranteed in a MANET
as long as its source buffer size is limited.

Finally, we plot Fig. 8 to illustrate the network performance
behaviors as the number of nodes n increases, where we set
By =5, B, =5, =0.05 and d = 2 (d denotes the node/cell
density). We can see from Fig. 8(a) that for both the network
scenarios without and with feedback, the per flow throughput
T decreases monotonically as n increases. When n tends to in-
finity, from (24) and (25) we have p,, and p,, tend to O and

%, respectively, and from (17) we can further observe
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Fig. 8. Throughput and delay versus the number of nodes n for the network

setting of (Bs =5, B, =5, A} = 0.05, d = 2). (a) T versus n. (b) E{D}
Versus n.

that the throughput capacity scales as © (B, /n). It indicates that
to achieve a non-vanishing per flow throughput in a MANET
under general limited buffer constraint, the relay buffer size B,
should grow at least linearly with the number of nodes n. Re-
garding the delay performance, Fig. 8(b) shows that for both the
network scenarios without and with feedback, E{D} increases
almost linearly with n. This linear growth behavior can be also
observed in other works such as [9]-[11], while the new insight
revealed here is that the cost of adopting feedback mechanism
to improve throughput performance is a steeper growth slope of
E2E delay with the network size.

VII. CONCLUSION

This paper explored, for the first time, the performance mod-
eling for MANETS under the general limited buffer constraint.
In particular, a complete and generally applicable theoretical
framework was developed to capture the inherent buffer oc-
cupancy behaviors in such a MANET, which enables the ex-
act expressions to be derived for some fundamental network
performance metrics, like the achievable throughput, expected
E2E delay and throughput capacity. Some interesting conclu-
sions that can be drawn from this study are: 1) In general,
adopting the feedback mechanism can lead to an improvement
in the throughput performance, but such improvement comes
with the cost of a relatively large delay; 2) For the purpose of
throughput improvement, it is more efficient to adopt a large
relay buffer rather than a large source buffer; 3) The throughput
capacity is dominated by the relay buffer size rather than the
source buffer size; 4) Feedback mechanism cannot improve the
throughput capacity.

Notice that in this paper, only buffer constraint was in-
vestigated, so one promising future direction is to conduct
performance study for MANETSs under more practical network
scenarios, where the packet loss could be caused by other rea-
sons such as poor signal conditions. Another appealing future
direction is to explore the performance modeling for MANETS
with the retransmission scheme.

APPENDIX A
PROOF OF LEMMA 1

Based on the transition scenarios, we can see p; ;4 is actually
equal to the packet arrival rate A} of the relay buffer, so we just
need to determine A for the evaluation of p; ;1 1. When & serves
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Fig. 9. Illustration of the state decomposition.

as arelay, all other n — 2 nodes (except S and its destination D)
may forward packets to it. When one of these nodes sends out
a packet from its source buffer, it will forward the packet to &
with probability MI(’;L’_Z . This is because with probability [:T
the packet is intended I)or a relay node, and each of the n — 2

relay nodes are equally likely. Thus,

- pS‘T‘
A, ————,
*ops(n—2)
where A denotes the packet departure rate of a source buffer.
Due to the reversibility of the B/B/1/B; queue, the packet de-
parture process of the source buffer is also a Bernoulli process
with its departure rate A being determined as

Ay = ps (1 —m5(0)).

Diiv1 =Ar = (n— (29)

(30)
Then we have

DPiji+1 = )‘: = DPsr - (1 _7-[-5(0))7 0<i< B, —1.

Regarding the evaluation of transition probability p; ;_p, it is
notable that p; ;1 just corresponds to the service rate ! of the
relay buffer when it is at state . To determine p., we further
decompose the state i (¢ > 0) into ¢ sub-states {(¢,1), 1 <1 <3}
as illustrated in Fig. 9, where [ denotes the number of non-empty
relay queues in the relay buffer. Let u%:! denote the service rate
of the relay buffer when it is at sub-state (i,[), and let Py
denote the probability that the relay buffer is at sub-state (i, ()
conditioned on that the relay buffer is at state ¢, we then have

=Y Py
=1

We first derive the term z! in (31). Notice that with prob-
ability p,q node S conducts a Relay-to-Destination operation,
and it will equally likely choose one of the n — 2 nodes (except
S and D) as its receiver. Thus, when there are [ non-empty relay
queues in the relay buffer, the corresponding service rate p! is
determined as

3D

il DPrd
=1 —. 32
" n—2 (32)
To determine the conditional probability P;;, we adopt the
following occupancy approach proposed in [31]. First, for the
relay buffer with i packets, where each packet may be destined

for any one of the n — 2 nodes (except S and D), the number of
all possible cases N; is
n—3+1
; .
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Then, for the relay buffer with ¢ packets, where these packets
are destined for only [/ different nodes, the number of possible

cases N is
(n;Z) . ((z— 11)'+l<¢—z)).

Finally, since the locations of nodes are independently and uni-
formly distributed, each case occurs with equal probability. Ac-
cording to the Classical Probability, we have

Ny _ (") ()
Ni (n 7’43+i) :

3

Py =

(33)

Substituting (32) and (33) into (31), p; ;— is determined as

— __ 1<i<B,.
n—3+1

Dii—1 = [y = Prd
APPENDIX B
PROOF OF COROLLARY 1

For the network scenario with feedback, although node S gets
the chance to execute the Source-to-Relay operation in a time
slot, it still remains idle if the relay buffer of its intended receiver
is full (with the overflow probability , (B, )). Thus, the service
rate 15 of source buffer of node S is given by

Hs = Psd +p57' : (1 — Ty (BI))

Based on the similar analysis as that in Section III-A, the
OSD Il of source buffer here can also be determined by ex-
pression (3), and the one-step transition probabilities of the
birth-death chain of relay buffer can be determined as

Pii+1 = A7,
- i
Pii—1 = Prd n_3 +Z’

where L' denotes the packet arrival rate of the relay buffer when
the relay buffer is not full. Regarding the evaluation of 1}, we
have

A (L=m(B,)) +0-m(B;)

o - psr(l - Wr'(Br'))
Py

Do e - (1= m,(0)),

S

(34)

= A=A (35)
where ) denotes the packet departure rate of a source buffer, and
(35) follows from (30). Notice that the transition probabilities
here are the same as that under the scenario without feedback,
thus the OSD II,. of the relay buffer here can also be determined
by expression (9).

APPENDIX C

FIXED POINT ITERATION FOR SOLVING 7, (B;)

Since 7, (B, ) is the fixed point of equation (11), we apply the
fixed point iteration to solve 7, (B, ). The detailed algorithm of
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Algorithm 1: Fixed Point Iteration.
Require:
Basic network parameters {n, By, B, , A},
Psd s Psr prd};
Ensure:
Relay buffer overflow probability 7, (B, );
: Setx; =0andi = 1;

: while (z; —x;_; > )V (i=1)do
=14 1;
fs = Psd T Dsr - (1 - xifl);
— M(l-ps),
ps (1-2%)°
ﬂsf)“: .
/—L§_)\-§'TBS )

Cp, (I=m, (0))Fr .
SrloCr (1= (0))F
: end while
: WT(BT) = T,
10: return 7, (B, );

xTr; =

1
2
3
4
5:
6: 7(0) =
7
8
9
0

the fixed point iteration is summarized in Algorithm 1, where ¢§
represents the accuracy can be achieved by the algorithm.*

APPENDIX D
PROOF OF THEOREM 1

Let 7T and 75 denote the packet delivery rates at the des-
tination of node S through the one-hop transmission and the
two-hop transmission respectively, then we have

T[ — )\' psd (36)
ts
7=, o B)) (37)

Hes
where A} denotes the packet departure rate of source buffer of
S. Substituting (30) into (36) and (37), then (13) follows from
T=T +1T5.

Regarding the expected E2E delay E{D}, we focus on a
tagged packet p of node S and evaluate its expected source
queuing delay E{Ds,, } and expected delivery delay E{Dp },
respectively. For the evaluation of E{Dyg, } we have

L s
E{D = —
{ Sq } [

S

(38)

Let 7%(i) (0 < i < By — 1) denote the probability that there
are ¢ packets in the source buffer conditioned on that the source
buffer is not full, then 7% (7) is determined as [21]

s(0) =

+

—_— H10< <B, -1
(1_)#)7' {

. .. . B, -1 .
where H; is the normalization constant. Since ) ;*; 71 (i) =
1, we have

1—7

ﬁTI,OSZSB',«*l

m (i) =

4The smaller ¢ is, the higher accuracy can be achieved, coming with a cost
of more iterations. In our experiment, we set & to be 107° to achieve a high
accuracy. The execution time of the algorithm under this setting is usually less
than 0.2 seconds.
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Then L, is given by

Bs—1
. . T—DByB 4 (B, —1)rBt!
Ls: ZZWS(Z): (I—T)(lfTBS)
i=0

After moving to the HoL in its source buffer, packet p will
be sent out by node S with mean service time 1/, and it may
be delivered to its destination directly or forwarded to a relay.
Let E{Dpg} denote the expected time that p takes to reach its
destination after it is forwarded to a relay, then we have

Lo, D
T, + 12 T, + T2

1
E{Dp} = ; + -E{Dr}. (39)
Based on the OSD 1II,, L, is given by (16). Due to the
symmetry of relay queues in a relay buffer, the mean number
of packets in one relay queue is L, /(n — 2), and the service

rate of each relay queue is p,q/(n — 2). Thus, E{Dg} can be

determined as
pra \
1) 2 .

Substituting (40) into (39), then (14) follows from E{D} =
E{Ds, } + E{Dp}.

L,
Eﬂh}=(n_2+ (40)

APPENDIX E
PROOF OF COROLLARY 2

From expressions (1) and (10), we can see that the for a given
packet generating rate A7, the service rate 15 of the source buffer
under the scenario with feedback is smaller than that under the
scenario without feedback. From (3) we have

o, (0) B Hs — )‘:TBS - (1 - )‘+BST 71()6;1) (s =A%)
B (s — )‘(:TBS)

Ops

+_ 3+.B, _ p A=) B,
AL — AT By PRIET

(s — )‘;T& )2

Kl = 22)° N )
= 5 . 1 i
(s — 2B 12 (1= A7) ,0<+1us>7

(41)

>0,

which indicates that 7, (0) under the scenario with feedback is
smaller than that under the scenario without feedback.

We let r = 1415 @) and substitute » into (13), then 71" can be
expressed as

1

1
T = DPsd * — + DPsr - — (42)
r g(r)
where g(r) = ( ) and h(r) = Y2 CrBr i Re-
garding the derivative of g( we have

g(r)= O {h(r)(h(r) +Cp, ) —rCp K'(r)}, (43)

(a)
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where
B, -1 B, —1
(a) = E Pt E C,rBr i
i=0 i=0
B, —1
. B, —i
—Cp, 5 (B, —9)Cir
i=0
B, B, B,
== E CBI,,Z‘TZ~ E CB7,Z"I“1— E iCB,,CB,,,iTY’
i=1 i=0 i=1
B, i—1
. i . ;
= E E CBI_,J"I"]CB,,,FL‘JW‘T ]—’LCBFCBI_,Z‘T
i=1 \j=0
2B, B,
. i
+ ) > Cp_jr/Cpijr
i=B,+1j=i—-B,
B, i—1
> E E CB,.ijB,,fiJrj*iCB7.CB,.7i 7 >0,
i=1 \j=0

(44)

here (44) is because that CBV —j CB,, —itj > CB,- CB,. _; for 0 <
7 <.

We can see from (41) that 7, (0) increases as j5 increases, and
from (42)—(44) that T increases as 74 (0) decreases. Thus, we
can conclude that 7" under the scenario with feedback is larger
than that under the scenario without feedback, which indicates
that adopting the feedback mechanism improves the throughput
performance.

APPENDIX F
PROOF OF LEMMA 2
For the scenario without feedback, we know from (3) that
pr,(0)  —he H AP (P AP ) (0= D)
ot (s — ATTB:)2

‘ L —AS B,
_ILLS + /‘LSTBs + BS II,A:\ TBS

(Ns - )‘ZTBS )2

—(\t — 52 )
_ (s lu’) 'Zi7_271<0'

(s = 2575)2 - (1= A1) - pis
(45)

Thus, as A} increases, 75 (0) decreases which leads to an increase
in T (refer to the analysis in Appendix E).

For the scenario with feedback, as A} increases, the MANET
tends to be more congested with a larger 7, (Br). Thus, we
know from (10) that the corresponding ps decreases, and then
from (41) that 7, (0) decreases, leading to an increase in 7.

APPENDIX G
PROOF OF COROLLARY 3

From an intuitive point of view, a larger buffer implies that
more packets can be stored and packet loss can be reduced, thus
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a higher throughput can be achieved. More formally, from (3)
we have

75(0)|B, = +1 — 75 (0)

I T G N
B (s — ATEF) (g — 257H) ’

B,=K

(46)

where (46) follows since 7 > 1 when AY > 5 and 7 < 1 when
AT < ps. Then we can conclude that as By increases, 74 (0)
decreases, leading to an increase in 7.
Letr = #S((J) and substitute r into (9), then we have
7 (B)|B, =k +1 — 7 (By)|B, =k
K-1

~ Cgqar Cgr*

T K+ i K i
dico Cir™t o X Cir?
K . B K+1 .
C](+17“7K71 E 7__()CiT’iL—CKT‘ K E o Cir™*

(b)
Sy Gt o O

where
K K+1
(b) = CK’JFIT_A_] ZCZ‘T_Z — CKT_K Z C{,T_Z — CKT_A
i=0 i=1
K
< Z (C}ng[CL — CKCi+1) Tﬁkilil < 0.
i=0
Then we can conclude that as B, increases, 7, (B, ) decreases,
leading to an increase in 7" (refer to expression (13)).
Regarding the infinite source buffer (i.e., By — c0), 7 > 1
when A7 > p,, and we have

s — )‘;

li 0)= 1l — =0
g s (0) = fim S =0,
B,
G
hm T = Psd +p57‘ : Zkél =
By—oo oo Cr

r

— =T,
n—2+ B, ’

According to the Queuing theory [21], for a Bernoulli/Bernoulli
queue (i.e., the buffer size is infinite), its queue length tends to
infinity when the corresponding arrival rate is equal to or larger
than the service rate. Thus, we have L, — oo, which leads that
E{Ds, } — coand E{D} — oc.

When ! < ug, 7 < 1, and we have

= Psd T Psr

AE AF
lim 7,(0) = lim 2 L
Bg—00 By—00 by — )‘sT s Lhs
B, —1 At
At £o0 Ck(uf)k+l

lim T = pgq - —= + Dor -

s 00 s

B, Mk
> klo Ck(,ﬁ)‘

Based on the analysis in Appendix D, L is determined as

(47)
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Substituting (47) into (14) we obtain (23b).
Regarding the infinite relay buffer (i.e., B, — o0), from (9)
and (16) we have

Jim . (B,) = lim Cp, (1 —m,(0)% -7, (0)"2  (48)
< Jim (B, +n)"(1 -, (0))5
< lim 2"B"(1 — 7, (0))"
r —00
Nl (1 B,
S T k1) (49)
B (=)
. . Zkzo kCy. (1 — 7,(0))"
lim L, = T
By —o0 Zkzo Cr (1 = m4(0))

—(1 = 7(0)) - (S Cr(1 — 7 (0)*)’
> o0 Ci(1 — s (0))F

—(1=7,(0) - (m(0)™") - s (0)" 2 (50)

(=21 = m(0)
Ts (0) ’

(S

where (48) and (50) follow since Y, -, Ci (1 — 7, (0))* is just
the Taylor-series expansion [32] of 74 (0)>~", and (49) follows
from the L’Hopital’s rule [32]. Substituting (49) into (13) we
obtain (22b), and substituting (49) and (51) into (14) we obtain
(230).

Regarding the MANET without buffer constraint (i.e., By —
oo and B, — 00), we can directly obtain (22¢) and (23d) by
combining the corresponding results of the infinite source buffer
scenario and the infinite relay buffer scenario.

APPENDIX H
DERIVATIONS OF PROBABILITIES pgg, Psr AND Py

For a cell-partitioned MANET with LS-MAC, the event that
node S gets the chance to execute the Source-to-Destination
(resp. Source-to-Relay or Relay-to-Destination) operation in a
time slot can be divided into the following sub-events: (1) its
destination is (resp. is not) in the same cell with S; (2) other
k out of n — 2 nodes are in the same cell with S, while the
remaining n — 2 — k nodes are not in this cell; (3) S contends
for the wireless channel access successfully. Thus we have

n—2
n—=2\ 1 . 1o 1
sd — — )" 1——=)" e —
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For a cell-partitioned MANET with EC-MAC, by applying
the similar approach and algebraic operations we have

Psd =

and

Psr =

[1]

[2]

[3]

[4]

[3]
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