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In order to analyze the capacity stability of the time-varying-propagation and delay-dependent of mobile ad-hoc
networks (MANETs), in this paper, a novel approach is proposed to explore the capacity asymptotic stability for the delay-
dependent of MANETs based on non-cooperative game theory, where the delay-dependent conditions are explicitly taken
into consideration. This approach is based on the Lyapunov–Krasovskii stability theory for functional differential equations
and the linear matrix inequality (LMI) technique. A corresponding Lyapunov–Krasovskii functional is introduced for the
stability analysis of this system with use of the descriptor and “neutral-type” model transformation without producing any
additional dynamics. The delay-dependent stability criteria are derived for this system. Conditions are given in terms of
linear matrix inequalities, and for the first time referred to neutral systems with the time-varying propagation and delay-
dependent stability for capacity analysis of MANETs. The proposed criteria are less conservative since they are based on
an equivalent model transformation. Furthermore, we also provide an effective and efficient iterative algorithm to solve the
constrained stability control model. Simulation experiments have verified the effectiveness and efficiency of our algorithm.
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1. Introduction
Network capacity is a key feature of mobile ad-hoc net-

works (MANETs).[1,2] In order to utilize the MANETs re-
sources to the greatest extent, the data flow rate passing
through the link should be balanced and get close to the link
capacity instead of continuously fluctuating between insuffi-
cient use of bandwidth and complete overload, so that the ca-
pacity of MANETs can stay stable. Since MANETs are a dis-
tributed time-varying dynamic system, and while at the same
time the capacity thereof is affected by many factors per se,
such as power, bandwidth, mode of communication, routing
policy, interference model, time-varying propagation delay,
etc., the problem of capacity stability becomes a quite chal-
lenging topic.

Even though much progress has been made in the re-
search into the stability of communication system chan-
nel capacity,[3] MANETs capacity,[4–6] network with base
station,[7,8] and the distributed network without central base
station,[9–11] the distributed network MANETs capacity mod-
els are generally non-linear dynamic equations.[12–14] How-

ever, there are only a few publications that have studied the
stability of non-linear dynamic equations.[15,16] Consequently,
even fewer studies have been carried out on MANETs capac-
ity stability analysis. In Ref. [17], ordinary game theory was
introduced to analyze the capacity of MANETs and the max-
imum end-to-end throughput stability. Based on the principle
of flow balance, reference [18] has described the throughput
stability conditions of MANETs. Furthermore, the relative en-
tropy restriction method was used in Ref. [19] to investigate
the control sphere of capacity stability for a type of MANET.
However, none of the above references has analyzed the ques-
tion of MANET capacity stability using the Lyapunov stability
theory. Although reference [20] has introduced Lyapunov sta-
bility theory to analyze the MANET’s capacity stability, the
data propagation delay has not been considered. Furthermore,
although the data time-varying propagation delay has consid-
ered in Ref. [21], it proposed delay-independent stability cri-
teria.

Undoubtedly, considering that the data time-varying
propagation delay MANETs capacity analysis models are non-
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linear time-varying delay systems,[21] and they are delay-
dependent systems. There are two criteria concerning the
stability of systems with time-delays. One is the delay-
independent stability criteria, in which the size of the time-
delay is not including in the formulation. The other is the
delay-dependent stability criteria, in which the size of the
time-delay is taken explicitly in the formulation. Delay-
dependent criteria are used as the information on the length
of time-delays systems, so they may be less conserva-
tive than delay-independent ones.[22] Some existing delay-
dependent stability criteria for nonlinear time-varying de-
lay systems are conservative since the model transforma-
tion will introduce additional dynamics.[23–29] A descriptor
is a powerful tool to analyse the stability of nonlinear time-
varying delay-dependent systems since it is based on “neutral-
type” model transformation without producing any additional
dynamics.[22,30]

Meanwhile, using a Lyapunov–Krasovskii functional to
study the MANETs capacity stability considering the propaga-
tion delay of delay-dependent is still in its infancy, especially
when the descriptor technology combined with Lyapunov–
Krasovskii functional is applied in research field of MANET’s
capacity stability. This is still a new area and it has consid-
erable potential. In this paper, according to the progress re-
ported in Refs. [21]–[31], the descriptor technology combined
with Lyapunov–Krasovskii functional[32,33] is used in a new
perspective to analyze the delay-dependent stability criteria of
the conflict-free single channel based and time-varying propa-
gation delay considered MANETs within the normalized time,
aiming at setting a unified capacity stability control frame that
is less conservative for the non-competition conflict-free MAC
protocol based MANETs.

The contributions of this paper can be highlighted as fol-
lows.

(i) Based on equivalent augmented model—a “descriptor
form” combined with Lyapunov–Krasovskii method, a novel
non-cooperative program game model delay-dependent stabil-
ity control algorithm is developed to analyze the MANET’s
capacity stability.

(ii) The MANET’s capacity delay-dependent stability
control method can be generally well-adapted to the non-
competition, conflict-free MAC protocol based MANETs,
which can be facilely realized by regulating the physical char-
acteristics of MANET’s nodes, such as the applied power,
available memory capacity, signal modulation method, encod-
ing mode, and so on. It provides strong theoretical support for
building the QoS satisfied MANETs.

(iii) The calculation for the proposed stability control al-
gorithm in this paper is small because the MANETs capac-
ity delay-dependent stability control criteria can be easily ob-
tained using MATLAB toolbox.

In this paper, based on the non-cooperative program game
model for MANETs capacity analysis, the MANETs source
nodes propagation flow rate evolution equation set of the
distributed time-varying dynamic system without consider-
ing the propagation delay has been introduced in Section 2.
In Section 3, the descriptor technology combined with the
Lyapunov–Krasovskii functional with delay-dependent condi-
tions is used to systematically analyze the delay-dependent
asymptotic stability conditions, the delay-dependent stability
control algorithm is also given in this section. Section 4 pro-
vides three sets of simulation results. Finally, conclusions are
drawn in Section 5.

2. Problem description and system model
Given a generalized MANET network topology M =

(N,L), where N = {1,2, . . . ,n} denotes the node set of con-
taining n nodes, and L = {1,2, . . . ,m, . . . , j} represents the set
of shared links the containing j links. For each source node
i, its routing link is formed by the set Li = {lim}, lim ∈ L, and
apparently, Li ⊂ L. Each link of the network has its fixed ca-
pacity gm and a fixed data buffer area Bi, gm > 0, Bi > 0 , so
the non-cooperative program game model for the MANETs
source node propagation flow rate distribution can be de-
scribed as G = {K,{Ωi} , {ui (xi)}}, i = 1,2, . . . ,k, where the
K = {1,2, . . . , i . . . ,k} is the set of source nodes, Ωi is the strat-
egy space of source node i, xi stands for the flow rate from
source node i, ui (xi) is the utility function of source node i. We
assume that the time has been divided into several slots with
fixed length. We further assume that S refers to the situation
of the links that can concurrently transmit data within the nor-
malized time 1. That is, S describes the set of available links
within the normalized time 1, namely, S =

{
s{m},{m} ⊂ L

}
,

where each s{m} represents the available link set of a concur-
rent situation.

Definition 1[21,31] Within the normalized time, if the con-
current and non-competition maximum feasible link set Smax

do exist in the MANETs with n nodes and j links, and Smax

fits the feasible link set, the capacity of MANETs will be

C (n) = ∑
s{m}∈Smax

(
∑
i∈K

m∈s{m}

x∗i

)
,

where xi > 0, i= 1,2, . . . ,k stands for the flow rate from source
node i, the number of links is represented by m = 1,2, . . . , j
and

{
x∗1,x

∗
2, . . . ,x

∗
k

}
is the Nash equilibrium solution.

Note Given non-cooperative program game

G = {K,{Ωi} ,{ui (xi)}} , i = 1,2, . . . ,k, (1)

where the game node (source node) i is within the strategy
space Ωi of the propagation flow rate xi with the value range of
[0,gli ], under the restriction of [0,gli ], gli =min{glim , lim ∈ Li}.
Then, the maximizing utility function can be obtained as
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ui(xi) = αi ∑
lim∈s{m}

lg
(xh

i,lim
gli

+1
)

−βi ∑
lim∈s{m}

1
tslim

gli − xlim
. (2)

The obtained Nash equilibrium solution is{
x∗1,x

∗
2, . . . ,x

∗
k

}
, and x∗i is Nash equilibrium flow rate for

source node i. In Eq. (1), xh
i,lim

, h = 1,2, . . . ,k stands for

the h-th flow rate passing through link lim , and xlim = ∑
h∈K

xh
i,lim

represents the sum of all the flow rates passing through link lim .
Obviously, under the ideal conditions, we have xi = xh

i,lim
. As

a result, Ωi = {x1,x2, . . . ,xi, . . . ,xk} can then be represented
by {

xh
i,lim

∣∣∣∣xlim = ∑
h∈K

xh
i,lim

< tslim
gli ,

i = 1,2, . . . ,k,m = 1,2, . . . , j
}
, (3)

where gli = min{glim , lim ∈ Li} is the minimum capacity of the
proposed routing link set {lim}, ui (xi) is the flow rate distri-
bution utility function of the source node i. In addition, αi

represents the sensitivity of node i for propagation flow rate
xi, which is determined by the applied power on node i, avail-
able memory, signal modulation method, encoding mode, and
the bandwidth, routing strategy of node i, and βi represents
the sensitivity of used propagation flow rate xi on node i to the
queue delay.

Note The existence of Nash equilibrium solution for this
model has been proven in a previous work.[31]

Definition 2[21] The MANET’s source nodes propaga-
tion flow rate evolution equation set of the distributed time-
varying dynamic system without considering the propagation
delay can be described as follows:

ẋi(t) = ωαi ∑
lim∈s{m}

1
xh

i,lim
(t)+gli

−ωβi ∑
lim∈s{m}

1(
tslim

gli − ∑
h∈K

xh
i,lim

(t)
)2 , (4)

where i = 1,2, . . . ,k, m = 1,2, . . . , j, h = 1,2, . . . ,k, ω ∈ R+ is
constant, αi stands for the sensitivity of node i to the propa-
gation flow rate xi, which is determined by the power applied
on node i, available memory, signal modulation method, en-
coding mode, etc. In addition, βi represents the sensitivity of
used propagation flow rate xi on node i to the queue delay, and
it is decided by the available memory, applied power, signal
modulation method, encoding mode, etc. of the node i.[31]

Definition 3[21] MANETs source nodes propagation flow
rate evolution equation set of the non-cooperative program
game model for MANETs capacity analysis with time-varying
propagation delay can be described as follows:

ẋi(t)

= αi ∑
lim∈s{m}

1
xh

i,lim
(t)+gli

−βi min{tslim gli}

× ∑
lim∈s{m}

1(
tslim

gli − ∑
h∈K

xh
i,lim

(t− r(t))
)2

min{tslim gli}
,

i = 1,2, . . . ,k, m = 1,2, . . . , j, h = 1,2, . . . ,k, (5)

where r(t) indicates the resulted time-varying propagation de-
lay when the data with propagation flow rate xi(t) = xh

i,lim
(t)

from node i pass through the link lim ,m = 1,2, . . . , j and r(t) is
a function dependent on t, and 0 ≤ r(t) ≤ rΓ, ṙ(t) ≤ rd, rΓ,rd

are constants.
Lemma 1[22] For any constant symmetric matrix Q ∈

Rn×n, Q = QT > 0, scalar hΓ > 0, vector function w :
[0,hΓ] −→ Rn such that the integrations in the following are
well-defined, then

hmax

0∫
−h(t)

wT(ζ )Qw(ζ )dζ

≥
( 0∫
−h(t)

w(ζ )dζ

)T

Q
( 0∫
−h(t)

w(ζ )dζ

)
. (6)

3. MANETs capacity stability analysis with
time-varying delay-dependent

First, identical transformation is applied to the equation
set (5).

Theorem 1 The source nodes propagation flow rate evo-
lution equation set (5) of the non-cooperative program game
model for MANETs capacity analysis is equivalent to the de-
scriptor system

ẋ(t) = y(t),
0 =−y(t)+Cx(t)−Cx [t− r (t)]

−C
t∫

t−r(t)
y(ξ ) dξ+A f (x(t))+Bg(x(t− r(t))).

(7)

Proof Given fi(x(t)) = ∑
lim∈s{m}

1
xh

i,lim
(t)+gli

,

gi(x(t− r(t)))

= ∑
lim∈s{m}

1(
tslim

gli − ∑
h∈K

xh
i,lim

(t− r(t))
)2

min{tslim gli}
.

Therefore, ẋi(t) = αi fi(x(t))− βi min{tslim gli}gi(x(t − r(t))),
i = 1,2 . . . ,k, m = 1,2, . . . , j.

Given ẋ(t) = [ẋ1 (t) ẋ2 (t) · · · ẋk (t)]T, y(t) =

ẋ(t), f (x(t)) = [ f1(x(t)) f2(x(t)) . . . fk(x(t))]T, g(x(t −
r(t))) = [g1(x(t− r(t))) g2(x(t− r(t))) . . . gk(x(t− r(t)))]T,
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𝐴=


α1 0 . . . 0
0 α2 . . . 0
. . . . . .
0 0 . . . αk

 , B =


−β1 min{tsl1m

gl1} 0 . . . 0
0 −β2 min{tsl2m

gl2} . . . 0
. . . . . . . . .
0 0 . . . −βk min{tslkm

glk}

 .

Therefore, equation set (5) can be equivalent to{
ẋ(t) = y(t),

y(t) = A f (x(t))+Bg(x(t− r(t))).
(8)

Then, system (8) can be represented in the form of descriptor
system with discrete and distributed delays in the “fast vari-
able” y[30,32]


ẋ(t) = y(t),

0 =−y(t)+Cx(t)−Cx(t− r (t))

−C
t∫

t−r(t)
y(ξ ) dξ+A f (x(t))+Bg(x(t− r(t))).

Clearly, as the non-linear term f (x(t)), g(x(t − r(t))) of
the descriptor system (7), it satisfies the condition (9) restricted

by Eq. (3)

‖ f (x(t))‖ ≤ ϕ2 ‖x(t)‖ ,
‖g(x(t− r(t)))‖ ≤ θ 2 ‖x(t− r(t))‖ , (9)

where ϕ ≥ 0, θ ≥ 0 are the given constants. The constraint
condition (15) can also be equivalent to

f T(x(t)) f (x(t))≤ ϕ2xT(t)x(t),
gT(x(t− r(t)))g(x(t− r(t)))
≤ θ 2xT(t− r(t))x(t− r(t)).

(10)

Theorem 2 The system described by Eq. (7) or (8), with
uncertainty described by Eq. (10) is asymptotically stable if
there exist real matrices P2, P3 and symmetric positive defi-
nite matrices P1, Q, R and scalar ε1 > 0, ε2 > 0, such that the
following LMI holds:

Ξ =



Ω11 Ω12 −PT
2 C −rΓPT

2 C PT
2 A PT

2 B
Ω T

12 Ω22 −PT
3 C −rΓPT

3 C PT
3 A PT

3 B
−CTP2 −CTP3 −(1− rd)Q+ ε2θ 2I 0 0 0

−r(t)maxCTP2 −rΓCTP3 0 −(1− rd)rΓR 0 0
ATP2 ATP3 0 0 −ε1I 0
BTP2 BTP3 0 0 0 −ε2I


< 0, (11)

where

Ω11 = PT
2 C+CTP2 +Q+ ε1ϕ

2I,

Ω12 = P1−PT
2 +CTP3,

Ω22 =−P3−PT
3 + rΓR.

Proof Choose the Lyapunov–Krasovskii functional can-
didate for system (7) as

V (t) =V1(t)+V2(t)+V3(t), (12)

V1(t) = (xT(t)yT(t))
[

I 0
0 0

][
P1 0
P2 P3

](
x(t)
y(t)

)
,

V2(t) =
t∫

t−r(t)

xT (ξ )Qx(ξ ) dξ ,

V3(t) =
t∫

t−r(t)

(r(t)− t +ξ )yT (ξ )Ry(ξ ) dξ , (13)

where P2, P3 and symmetric positive definite matrices P1, Q,
R are the solutions of Eq. (11). This functional is degener-
ate as it is usual for descriptor systems.[32,33] The first term of
Eq. (12) corresponds to the descriptor system (see Refs. [32]

and [33]), the second—to the delay-independent conditions
with respect to the discrete delays r(t), while the third—to the
delay-dependent conditions with respect to the delays r(t).

The derivative of V (t) along the trajectory of system (7)
is given by V̇ (t) = V̇1(t)+V̇2(t)+V̇3(t). Since

V̇1 (t) = 2(xT(t)yT(t))

[
P1 PT

2

0 PT
3

](
y(t)
0

)

= 2(xT(t)yT(t))

[
P1 PT

2

0 PT
3

]

×
( y(t)

−y(t)+Cx(t)−Cx(t− r (t))−C
t∫

t−r(t)
y(ξ ) dξ

)

+2(xT(t)yT(t))

[
P1 PT

2

0 PT
3

]

×
(

0
A f (x(t))+Bg(x(t− r(t)))

)
= 2xT (t)(P1−PT

2 +CTP3)y(t)+ xT (t)(PT
2 C+CTP2)

×x(t)−2xT (t)PT
2 Cx(t− r(t))

+2xT (t)(−rmPT
2 C)

(
1
rm

∫ t

t−r(t)
y(ξ ) dξ

)
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+2xT (t)PT
2 A f (x(t))2xT (t)PT

2 Bg(x(t− r(t)))

−yT (t)(P3 +PT
3 )y(t)+2yT (t)(−PT

3 C)x(t− r(t))

+2yT (t)(−rmPT
3 C)

(
1
rm

∫ t

t−r(t)
y(ξ ) dξ

)
+2yT (t)PT

3 A f (x(t))+2yT (t)PT
3 Bg(x(t− r(t))),

V̇2 (t) = xT (t)Qx(t)− (1− ṙ(t))xT(t− r(t))Qx(t− r(t))

≤ xT (t)Qx(t)− (1− rd)xT(t− r(t))Qx(t− r(t)),

V̇3 (t) = ṙ(t)
∫ t

t−r(t)
yT(ξ )Ry(ξ )dξ + r(t)yT(t)Ry(t)

−
∫ t

t−r(t)
yT(ξ )Ry(ξ )dξ .

Use Lemma 1 to obtain

V̇3 (t) = ṙ(t)
∫ t

t−r(t)
yT(ξ )Ry(ξ )dξ + r(t)yT(t)Ry(t)

−
∫ t

t−r(t)
yT(ξ )Ry(ξ )dξ

≤ yT(t)rΓRy(t)−
(

1
rΓ

∫ t

t−r(t)
y(ξ )dξ )

)T

× [(1− rd)rΓR]
(

1
rΓ

∫ t

t−r(t)
y(ξ )dξ

)
).

Therefore, we have

V̇ (t) = V̇1(t)+V̇2(t)+V̇3(t)≤ λ
T(t)Ξ0λ (t), (14)

where

λ
T(t) = (xT(t) yT(t) xT(t− r(t))

(
1
rΓ

∫ t

t−r(t)
y(ξ )dξ

)
T f T(x(t)) gT(x(t− r(t)))),

and

Ξ0 =



Ω11 Ω012 −PT
2 C −rΓPT

2 C PT
2 A PT

2 B
Ω012

T Ω022 −PT
3 C −rΓPT

3 C PT
3 A PT

3 B
−CTP2 −CTP3 −(1− rd)Q 0 0 0

−r(t)maxCTP2 −rΓCTP3 0 −(1− rd)rΓR 0 0
ATP2 ATP3 0 0 0 0
BTP2 BTP3 0 0 0 0


< 0, (15)

with

Ω011 = PT
2 C+CTP2 +Q,

Ω012 = Ω12 = P1−PT
2 +CTP3,

Ω022 = Ω22 =−P3−PT
3 + rΓR. (16)

A sufficient condition for asymptotic stability of system (7)
is that there exist real matrices P2, P3 and symmetric positive
definite matrices P1, Q, and R such that V̇ (t) < 0. However,
we can see

V̇ (t) = λ
T(t)Ξ0λ (t)≤ 0, (17)

for all λ (t) 6= 0 (see Ref. [21]) satisfying Eq. (8), where equa-
tion (17) means that it is negatively semi-definite whenever
neither x(t) nor x(t− r(t)) is zero. Using the S-procedure,[22]

we see that this condition is implied by the existence of scalar
ε1 > 0, ε2 > 0 such that

λ
T(t)Ξ0λ (t)+ ε1(ϕ

2xT(t)x(t)− f T(x(t)) f (x(t)))

+ε2(θ
2xT(t− r(t))x(t− r(t))

−gT(x(t− r(t)))g(x(t− r(t))))< 0,

for all λ (t) 6= 0. Therefore, if there exist real matrices P2,
P3 and symmetric positive definite matrices P1, Q, and R, and

scalar ε1 > 0 and ε2 > 0 such that LMI (Eq. (11)) is satis-
fied, then system (7) or (8), with system (10) is asymptotically
stable.[22,34]

Remark 1 Theorem 2 provides a delay-dependent sta-
bility criterion for nonlinear time-varying delay systems with
nonlinear parts in terms of the solvability of an LMI.

Since αi, βi are undetermined coefficients, it can be seen
from Theorem 2 that by using the LMI tool box in MATLAB,
the capacity of time-varying propagation delay-dependent
considered non-cooperative program game MANETs can stay
stable as long as certain αi, βi can be obtained to guarantee the
existence of P1, P2, P3, Q, R, ε1, ε2 and minimum rΓ, and the
αi, βi satisfying the requirements are not unique within their
effective data range, so it is possible to get suitable αi, βi to
guarantee both the existence of P1, P2, P3, Q, R, ε1, ε2 and
rΓ = rΓmin .

Therefore, we have designed the non-cooperative pro-
gram game model delay-dependent stability control algo-
rithm for the time-varying propagation delay considered, non-
compete channel shared MANET capacity analysis.

According to the real physical characteristics of
MANETs, the value ranges of αi, βi are αi ∈ [aαi bαi],
βi ∈ [aβ i bβ i], which are determined to search the step lengths
hαi = (bαi−aαi)/τ , hβi = (bβ i−aβ i)/τ , τ is a natural num-
ber.
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Input aαi, bαi, aβ i, bβ i, rΓmin = 1, hαi , hβi , i = 1,2, . . . ,k;
step 1 Given i = 1;
step 2 Given αi = aαi, i = 1,2, . . . ,k;
step 3 Given βi = aβ i, i = 1,2, . . . ,k;
step 4 Calculate P1i, P2i, P3i, Qi, Ri, ε1i, ε2i, rΓi by

Eq. (11) of Theorem 2; go to step 5 if P1i, P2i, P3i, Qi, Ri,
ε1i, ε2i, rΓi exists and rΓi < rΓmin . Otherwise go to step 6;

step 5 Given rΓmin = rΓi, α̃i = αi, β̃i = βi, P̃1i = P1i ,
P̃2i = P2i, P̃3i = P3i, Q̃i = Qi, ε̃1i = ε1i, ε̃2i = ε2i, R̃i = Ri, go to
step 6;

step 6 Given βi = aβ i +hβi , go to step 4 if βi ≤ bβ i, Oth-
erwise given βi = aβ i, go to step 7;

step 7 Given αi = aαi +hαi, go to step 3 if αi ≤ bαi Oth-
erwise i = i+1; go to step 2;

step 8 Output: P̃1i, P̃2i, P̃3i, Q̃i, R̃i, ε̃1i, ε̃2i, α̃i, β̃i, rΓmin .
Remark 2 The differences between the delay-dependent

stability control algorithm and the delay-independent stability
control algorithm are as follows:

(i) The 6× 6 matrix is used in the delay-dependent sta-
bility control algorithm, while the 5× 5 matrix is used in the
delay-independent stability control algorithm (see Ref. [21]).

(ii) The differences of stability criteria are that the delay-
dependent stability control algorithm is delay rΓ = rΓmin , while
the delay-independent stability control algorithm is derivative
of the delay rd = rdmin (see Ref. [21]. The former is more than
the latter a control matrix R.

The above differences are due to the fact that, when com-
pared with the delay-independent case, the consideration of
delay-dependence increases the difficulty for the control of the
system. However, in engineering practice, the study of delay-
dependent stability of MANET’s capacity is of more practical
value. Therefore, the delay-dependent stability control algo-
rithm has more significant applied values in the analysis of a
MANET’s capacity stability.

4. Simulation experiments
To validate the performance of this algorithm, we use the

experimental environment of Ref. [21]. MATLAB 7.0 and OP-
NET 14.5 are used to perform four joint simulation experi-
ments.

4.1. Stimulation experiment 1

Assuming that there are three nodes: node 1, node 2,
and node 3 and two links l11 , l12 = l21 with the capacity of
gl11

= 10 kb/s, gl12
= gl21

= 7 kb/s, respectively, in wireless
MANETs. The scheduling time of links within the normalized
time are tl11

= 2/3, tl12 = tl21
= 1/3, the flow rates from node

1 to node 3 and from node 2 to node 3 are x1 and x2, respec-
tively. Given the ranges of αi and βi are α1 ∈ [18], α2 ∈ [18],
β1 ∈ [112], and β2 ∈ [112]. The network topology is shown in
Fig. 1.

If the algorithm is not used to calculate αi and βi for the
capacity stability control, when the values of αi and βi are ran-
domly chosen from the values in Table 1, the propagation flow
rates of node 1 and node 2 are shown in Fig. 2. Apparently,
the network capacity cannot reach a stable condition.

node 1

node 2

node 3

gl /↪ tl // gl /↪ tl /tl //
 



   





x1

x1

x2

l1 l2 =l1

Fig. 1. (color online) The MANET capacity stability analysis of
experiment 1.

Table 1. Values of αi and βi chosen randomly in simulation exper-
iment 1.

Source nodes α β

Node 1 4 10
Node 2 10.5 1.5
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Fig. 2. (color online) Flow rates of node 1 (a) and node 2 (b) without
using algorithm control.

Then, we use the stability control algorithm of non-
cooperative program game model with time-varying propaga-
tion delay for MANET’s capacity analysis to calculate

P1 =

[
52.9319 0

0 264.4571

]
,
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P2 =

[
−39.6940 0

0 −219.3413

]
,

P3 =

[
−39.7136 0

0 −212.7568

]
,

Q =

[
58.7367 0

0 57.6140

]
, R =

[
130 0

0 500800

]
,

ε1 = 1.7961×104, ε2 = 1.9082×106,

and rΓmin = 5.0 × 10−6 s, αi and βi can be obtained
in this situation (Table 2), which are then substituted
into the the MANET’s source node propagation flow
rate evolution equation set (7) to perform simulation for
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Fig. 3. The algorithm applied flow rates (a) and capacity stability (b) of
node 1 and node 2.

the MANET shown in Fig. 1. The simulation time is recorded
in seconds (s) and the propagation flow rate of source nodes
is updated every second. Figure 3 shows the propagation flow
rates and network capacity for node 1 and node 2.

From Fig. 3 we can observe that the propagation flow
rates from both node 1 and node 2 converge to the equilib-
rium point within 10.2 s, and the MANET’s capacity can also
reach a stable capacity within less than 10.2 s. This exper-
iment certifies the good stability control effectiveness of the
stability control algorithm of non-cooperative program game
model with time-varying propagation delay for MANET ca-
pacity analysis on the topology shown in Fig. 1. Therefore,
we can, within the range of the MANET’s physical character-
istics (i.e., the valid data ranges of αi and βi, i = 1,2), carry
out the capacity stability control by regulating the values of αi

and βi, i = 1,2, and optimize the propagation flow rates allo-
cation for each source node to make good use of the network
resources and maximize the network’s capacity.

Table 2. Values of αi and βi obtained by using algorithm in simulation
experiment 1.

Source nodes α β

Node 1 1 4
Node 2 1.5 10.5

4.2. Simulation experiment 2

Assuming that there are four nodes: node 1, node 2, node
3, node 4 and three links: l11 , l21 , l31 = l12 = l22 with capacity
of gl11

= 6 kb/s, gl21
= 4 kb/s, gl31

= gl12
= gl22

= 10 kb/s.
The data flow rate from node 1 to node 3 is x1, from node 2
to node 3 is x2, and from node 3 to node 4 is x3. In this situ-
ation, x1 and x2 transmit data at the same time, available links
set is S = {s{l11 , l21} , s{l31}} within the normalized time
1, and the scheduling time of each link are ts{l11

, l21
} = 1/3,

ts{l31
} = 2/3. Given the data ranges of αi and βi as: α1 ∈ [112],

α2 ∈ [114], α3 ∈ [115], β1 ∈ [112], β2 ∈ [114], β3 ∈ [114], the
network topology is shown in Fig. 4.
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Fig. 4. (color online) The MANET capacity stability analysis of experiment 2.
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If the stability control algorithm of non-cooperative pro-
gram game model with time-varying propagation delay for
MANETs capacity analysis is not used to calculate αi and
βi for capacity stability control and the values are randomly
picked within the data ranges of αi and βi (Table 3), then the
information of propagation data flow rates from node 1, node
2, and node 3 shown in Fig. 5 can be obtained. Obviously, the
MANETs capacity cannot reach a stable status.

Table 3. Values of αi and βi chosen randomly in simulation experiment 2.

Source nodes α β

Node 1 2 1.5
Node 2 7 5
Node 3 5 8
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Fig. 5. (color online) Flow rates of node 1 (a), node 2 (b), and node 3
(c) without algorithm control.

Then, we use stability control algorithm of non-
cooperative program game model with time-varying propaga-

tion delay for the MANET’s capacity analysis to calculate

P1 =

 316.375 0 0
0 226.574 0
0 0 532.028

 ,
P2 =

 −168.173 0 0
0 235.024 0
0 0 −531.024

 ,
P3 =

 791.560 0 0
0 258.353 0
0 0 194.251

 ,
Q =

 536.041 0 0
0 336.104 0
0 0 536.270

 ,
R =

 147.1241 0 0
0 439.210 0
0 0 267.047

 ,
ε1 = 3.1327×104, ε2 = 7.1973×104,

and rΓmin = 1.5×10−6 s, αi and βi can be obtained for this sit-
uation (Table 4), which are then substituted into the MANET’s
source node propagation flow rate evolution equation set (7) to

Table 4. The results obtained by applying the algorithm in simulation
experiment 2.

Source nodes α β

Node 1 9 5
Node 2 13 10
Node 3 11 3

Time/s

Time/s

 F
lo

w
 r

a
te

 o
f 
so

u
rc

e
 n

o
d
e
/
k
b
Ss

-
1
  

0 2 4 6 8
0

1

2

3

4

5

6

7
x1
x2
x3

0 2 4 6 8
2

3

4

5

6

7

C
a
p
a
c
it
y
/
k
b
Ss

-
1
  

(a)

(b)

Fig. 6. (color online) The algorithm applied flow rates (a) and capacity
stability (b) of node 1, node 2, and node 3.
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perform simulation of the MANET shown in Fig. 7. The unit
of simulation time is second (s) and the propagation flow rates
of source nodes are updated every second. Figure 6 shows
the propagation flow rates and network capacity for node 1,
node 2, and node 3. It can be seen that the propagation flow
rates from node 1, node 2, and node 3 all converge to balance
within less than 6.3 s, and the MANET’s capacity can also
reach the stable capacity within 6.3 s. This experiment indi-
cates the good stability control effect of the stability control
algorithm for the MANET’s capacity analysis, time-varying,
propagation delay-considered non-cooperative program game
model. Therefore, we can, within the ranges of the MANET’s
physical characteristics (or the effective data ranges of αi and
βi, i= 1,2,3), carry out capacity stability control by regulating
the values of αi and βi, i = 1,2,3 and optimizing the propaga-
tion flow rates allocation for each source node to make good
use of the network resources and maximize the network ca-
pacity.

4.3. Simulation experiment 3

To further test the performance of this algorithm, we built
the simulation network on the OPNET 14.5 platform after the
algorithm based stability control in simulation experiment 2,
as shown in Fig. 7. Assuming that: the mobile node moves ac-
cording to the wlan-roaming track within the range of 102 km;
the TDMA protocol is used in MAC layer; and the AODV and
DSR protocols are used in the routing layer. The other param-
eters are the same as in the simulation in experiment 2. The fi-
nal results are shown in Figs. 8 and 9, indicating that although
the MANETs capacity requires a longer time to converge to
the stable situation compared with simulation experiment 2,
its capacities under different routing protocols can all eventu-
ally converge to the stable status. In this experiment, it takes a
relatively long time to converge under DSR protocol (7.95 s),
which is largely due to the larger end-to-end delay under DSR
protocol than the end-to-end delay under AODV with the same
network conditions.

Fig. 7. (color online) OPNET 14.5 simulation network.
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Fig. 8. (color online) The propagation flow rates (a) and capacity sta-
bility (b) of node 1, node 2, and node 3 under TDMA, DSR protocols.
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Fig. 9. The propagation flow rates (a) and capacity stability (b) of node
1, node 2, and node 3 under TDMA, AODV protocols.
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4.4. Simulation experiment 4

In order to compare the difference between the delay-
dependent stability and the delay-independent stability, we op-
erate the delay-dependent stability control algorithm and the
delay-independent stability control algorithm in simulation ex-
periment 2. The simulation results are shown as follows.

Table 5. The obtained and shared α and β by applying the delay-
independent stability control algorithm and the delay-dependent stabil-
ity control algorithm in simulation experiment 2.

Source nodes α β

Node 1 8.5 5
Node 2 12.5 10
Node 3 11.5 2.5

As Fig. 10 shows, the time required to achieve system sta-
bility is obviously longer when delay-dependence is taken into
account than when delay-independence is under the same con-
ditions. The reason for this, as can be seen, lies in that, when
compared with delay-independent stability, delay-dependent
stability demands more control criteria, which is more diffi-
cult.
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Fig. 10. (color online) Comparison between the delay-dependent sta-
bility (a) and the delay-independent stability (b).

5. Conclusion
In this paper, we have developed a novel delay-dependent

stability control method for delay-dependent non-cooperative
program game MANETs capacity analysis model. First, we
have obtained the propagation flow rate evolution equation

set from source nodes of the time-varying propagation delay
considered non-cooperative program game MANETs capacity
analysis model; that is, the MANET’s source nodes propaga-
tion flow rate evolution equation set of the distributed time-
varying dynamic system with the time-varying propagation
delay term. Then, based on the descriptor technology com-
bined with the Lyapounov–Krasovskii method, a Lyapounov–
Krasovskii functional for the delay-dependent conditions with
respect to the discrete delays has been built to prove the
asymptotic stability conditions of the delay-dependent non-
cooperative program game model for the MANET’s capacity
analysis. In addition, we have also developed the MANET’s
capacity delay-dependent stability control algorithm. The
simulation experiments have also confirmed the good delay-
dependent stability control property of this algorithm.
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