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Abstract

Simultaneous routing and resource allocation has been considered in wireless networks for its performance improvement. In
this paper we propose a cross-layer optimization framework for worst-case queue length minimization in some type of
FDMA based wireless networks, in which the the data routing and the power allocation problem are jointly optimized with
Fuzzy distributed Ho control strategy . with the presented formulation based on the minimization of the queuing length in
each node, the routing and resource allocation problem is formulated as a decentralized fuzzy H-optimal control problem for
a wireless mesh network. the presented control strategy determines the transmit power in FDMA systems in which each node
has fixed set of powers to be allocated to its outgoing links. Using the proposed control strategy a robust routing performance
will be achieved in the presence of unknown network delays in network modeling. also with using fuzzy decision rules in the
proposed H., controller strategy, we try to improve the network performance criteria and avoid packet loss in the network.
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different objectives such as achieving the shortest
path between the source and destination,
minimizing congestion, minimizing end-to-end
delay, or controlling the packet loss, see, e.g.
[2],[3].[4], [5]. The choice of routing objective is in

1. Introduction

In wireless data networks, routing is generally
a function of the link capacities which are
determined by wireless channel variations and the

corresponding allocated radio resources, e.g. power,
frequency, and time slots. So the optimal
performance of wireless mesh network can achieve
with simultaneous resource allocation and routing
strategy [1]. Furthermore, due to limitations of
different radio resources, efficient resource usage
plays an important role in the efficiency and
performance of wireless network. In this paper we
investigate joint routing and radio resource
allocation for optimal system performance. The
routing problem is usually implemented based on

fact related to the network and service parameters.
In wireless data networks, capacity of data
links are not necessarily fixed, and link capacities
are determined by the allocated communication
resources (e.g., power, frequency, or time slots)
among the various links [6].so change in resource
allocation will result in link capacity variation, and
has influence on the routing decision. In particular,
the optimal routing problem in the network layer
and resource allocation problem in the radio control
layer are coupled through the link capacities, so the
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optimal performance can only be achieved by joint
optimization of routing and resource allocation [1].

Therefore, recently the joint resource allocation and
routing optimization problem has been one of the
most intensively studied areas. Solution approaches
may be roughly classified as being static, e.g., [1],
[71, [8], dynamic, e.g., [9], [10], or quasi-static [6].

In some references such as [1],[7], [8] the joint
routing and resource allocation (JRRA) problem is
formulated as a convex optimization problem over
the network flow variables and the communications
resource variables. In wireless networks cross-layer
routing and resource allocation is considered for
performance improvement. While in existing work
usually the delayed dynamic model of network is
not considered so routing strategy must be robust
with respect to this uncertainty. Therefore, in this
paper, we propose a optimization strategy that
achieves robust performance under delayed
dynamic model of each node. In particular, it
achieves optimal performance under a worst-case
queue length in each node. Our main focus in this
paper is to extend the model in [11], [12], for
FDMA wireless networks. Further we propose a
distributed fuzzy routing algorithm for joint
resource allocation and routing based on the
queuing dynamics, where the presented fuzzy
routing strategy guaranties both reliability and
flexibility in the dynamic routing controller design
procedure. In this algorithm each node makes its
own power allocation decisions and constructs its
own routing tables based on information from its
adjacent nodes.

In this paper we focus on wireless FDMA
networks in which each node has fixed set of
transmit power to be allocated to its outgoing links.
Also we propose the H. fuzzy control strategy for
routing problem based on minimization of the worst
case of queue length. Our methodology is geared
towards development of a decentralized routing
algorithm for wireless mesh networks. Hence, each
node in the network requires only its own local
information to route the received messages. The
contributions of this paper are the following: i) here
unlike the related literature, we consider description
of the traffic model (network flow model) in terms
of the queuing delayed dynamics, ii) according to
the  presented  distributed  algorithm  the
computational complexity of the proposed
methodology is lower compared to centralized
algorithms, iii) the proposed cross layer
optimization problem presented as a linear
stabilization problem of network dynamic model
with fix controller in which presented robust fuzzy
controller, guarantees the overall network stability
and minimizes the worst-case queue length. The
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paper is organized as follows. Section Il describes
the routing problem based on the network dynamic
and resource model. According to the presented
uncertain network dynamic model and resource
model, cross layer optimization problem is
presented in section Ill. For the presented cross
layer optimization problem, in section IV new
fuzzy control strategy to solve the resource
allocation and routing optimization problem is
introduced. In section V we implement the
proposed algorithm in FDMA wireless networks for
power allocation problem and the simulation.

2.Network dynamic Model

2.1 Network Linear dynamic Model

We represent a mesh communication network
by a graph ¥V = (N,L), where N is the set of n
network nodes, and L is the set of [ directed links.
Corresponding to each packet a predefined
destination has been assigned which is a node in the
network. At each node, data packets to be sent to
their final destination are subject to several types of
delay until they reach their final destinations .
In each node i, corresponding to each destination,
d, a queue is considered and at time instant ¢, g2 (t)
denotes the number of packets in that queue.
Assume that at time instant ¢, £;*(t) is the flow rate
of external data packets with destination d entering
the network at node i, and uﬁ (t) is the flow rate of
messages from node i to j destined to node d.
Forvie Nandd = 1,2, ...,n, we can define

x;(t) = vec {qf} e R, d =1,2,..,n Q)
u;(t) = vec {uf} € R, w;(t) = vec {fP} R, (2)

where  for  6;,i=1,..,n, vec{f}:=
[6%,...,0™]T, x,(t) is a vector of the queue lengths
of packets in node i destined to node d, d =
1,2, ...,n, w;(t) consists of the flows sent from
node i to node d through the downstream node with
a time delay and [; is the number of outgoing links
from node i. also interactions vector w;(t) consists
of the flow rate of external data packets entering the
network at node i[1], [5], [12].
Based on the above definitions, the queue dynamic
model of wireless mesh network in each node is
then presented as the following state space model:
%;(t) = Bju(t) + Xjew; Bajju;(t —7y5) +
By, Wi (t), ®)
Where ,U;:={j| There exists a link from j to i}. also
B; € R™! and By; € R™' represent network
connectivity,where B; (By;;)elements are equal to -
1(1) if node j is a downstream (upstream) neighbor
of node i and is zero otherwise [1]. In addition, B,
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is equal to an identity matrix and D; assumes as set
of downstream neighbors of node i. The unknown
differentiable function t;;(t), denote the time-
varying delays ,and considered as the sum of the
following delays: transmitting delay (the time
between starting and ending the transmission of a
packet from node i to node j), propagating delay
(the time required for propagating a packet on each
link) and processing delay (the time required for
each packet to be processed in node i). also time-
varying delay z;;(t), for all t > 0 satisfies

OSTU(t) Sdij <00,0S'fij(t)S‘U.ij <1, (4)

Where di = man(d”), Ui = maX](l.lU) ThIS
mainly justifies assuming 7;;(t) <1 in most
practical applications.

2.2. Communication Resource Model

Let a; be a vector of communication variables
allocated to the links of i*" node and fy, will be a
vector of communication variables associated with
link ;. in this paper we will focus on the case
where the link capacity c;; is only a function of the
local resources #; , i.e., ¢;; = @;(h;).

In our optimization strategy for Gaussian
channel with FDMA, a disjoint bandwidth, W;; and
power, P;; are pre-assigned to jt" link of node i.
The received power at node j is 8;;P;;, where §;; is
the channel gain corresponding to the wireless link
(i,j). The receiving node j is also subject to
independent  additive white Gaussian noise
(AWGNS) with power spectral density Noj . The
Shannon capacity of link (i,j) is a concave and
increasing function of (P;;, W;;):
cij(Pyj, Wi;) = Wijlog, (1 + 13!_:/[»]-)’]. =

0"l
1,...,1;.(5)
2.3. Network and communication constraints

2.3.1. Network physical constraints

Assuming a fully connected network, in a
network with n nodes, there are n — 1 destination
nodes. In a wireless mesh network, we need to also
consider certain physical characteristics of the
wireless networks which impose extra constraints.
A typical set of such constraints are as follows:

WO =0i=1,.,n (6)
x;(t) =0,i=1,...,n, @)
G (t) < c;(hy) € RY, (8)

Gkiui(t) < Cki(hki)'i = 1,...,n, ki = 1""'li'
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Qdijxi(t) < xmaxdij'd = 11--”&' (9)

where ¢; is the outgoing links capacity vector
of i*"node. also ck; Is the link capacity and #,; is
the vector of communication resources allocated to
adjacent link to node i. Furthermore xp,qq, is the
buffer size limitation and d is the number of
destination nodes.
Due to the physical constraints (6)-(7), the queue
length at each node and the flow rate of packets in
the network must be nonnegative. The capacity
constraint in (8) states that the total flow in each
link cannot exceed its capacity, c;,. The last
constraint, indicates that to avoid packet loss the
length of the queue should always remain smaller
than the maximum queue length, Xmaxd;-

In this model Gy, is defined such that Gki,- is equal
to 1, if u;; is a downstream flow of x; and has the
same destination as the corresponding gqf.
Therefore, Gy, is defined such that by multiplying
Gy, 1o u, one yields the total flows that should go
through the link k;, and Qg;; is defined such that
QqijX; leads to the queueing length of the buffer
dji,ford=1,..,d,i,j =1, ..,n.

2.3.2. Communication constraints

The mentioned communication parameters are
themselves limited by various resource constraints,
such as limits on the total transmit power at each
node or the total signal bandwidth available across
the whole network. Generally in each node i,we can
use the following generic model to relate the
limitation of communications variables #; in each
node:

Fih(t) < g; (10)
hi(t) =0, (11)

The first set of constraints describe resource
limits and second constraint specifies that the
communications variables are non-negative. In
Gaussian channel with FDMA, the transmit power
allocated at node i € V are constrained by the
corresponding node powers limits,

ZJ'ELU(i) Pij < Pimax Pij = 0. 12)

where Ly (i) is the set of links that emanate
from i. Constraints, (12) , indicate the limitation of
allocated power of outgoing links in each node
should always remain smaller than the maximum
power (Py,qx)- Later in this paper we will show that
this typical capacity functions for Gaussian
channels with FDMA fit into our framework.
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3. Joint Congestion Control and Resource
Allocation

A model for the wireless mesh network can be
obtained by combining the network queue dynamic
model(3), the communication model (5), network
physical constraintsand communication constraints
(10) described in the previous section. In wireless
data network, the link capacities, among other
things, depend on the allocation of communication
resources, and the overall optimal performance of
the network can be achieved by joint optimization
of routing and resource allocation.

3.1. A generic convex optimization formulation

According to the considered network model the
optimization problem can be formulated as problem
of minimizing a objective function which is
considered as the worst-case queuing length due to
the external traffic inputs in network nodes.

so by selecting the regulated output as z;(t) =
Cix;(t)(where C; can selected as unit matrix),
mentioned objective function can be formulated as
the problem of minimizing the infinity norm of T,,,,
i.e., the transfer function matrix from the input
vector w(t) = vec{w;(t)} to the output vector
z(t) = vec{z;(t)}. so with the presented transfer
function, we can formulate minimizing worst-case
queuing length due to the external inputs, as:

. Iz(D)ll
MRSEP o,

=min || T,y . (13)

3.2. Uncertain representation of cross layer
optimization problem

In case of wireless data network, one of the
common assumptions for constraint (8) is:

Giui(t) = aiCi(hi); 0< a; < L,i=1,...,n (14)

Note that,a; can be either fixed or per-specified
design parameters which affect the amount of
capacity usage of data links. It is optimal to select
a; = 1. In fact, some can say that it is optimal to
consume the whole capacity of the data links. It is
worth noting that we can consider «; as designing
parameter, in which this parameter can be
determined due to the information about the
congestion in downstream nodes of i.
without loss of generality in the following, for (14)
we can write:

w(t) = (G GGl x ayci(hy). (15)

Since in (15), h; and u; are related in a non
linear form, without changing the general form or
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dynamic equations, we can consider u; as a
summation of G; X a;u; and nonlinear term, 4G; X
a;u;, so that u; = A;. In this case the only
requirement for AG; is to be bounded. So

u;(t) = (G G) Gl e (hy) = (G; +

AG; (1, t)a; T, (1), (16)
where
W () = hy () € Rk, = 1,..., 1, 17

Attention that AG; x u;(t), can be assumed as
a continuous matrix function that represents the link
capacity estimation error. In secttion 5 with
presenting the chang of variable and according to
this note that we don’t use the estimation in our
formulation, we will show that we can assume
AG; = AG; = 0.

Based on this representation,resource variables
fy,, which are allocated by the nodes, can be
considered as a control variable.

Consider a wireless data network described by
the network model (3) and the generic formulation
(14)-(17). So at each node of a wireless data
network, one can introduce a linear queue length
dynamic regarding to the link capacity and total
time delay as follows:

%;(t) = B;G;a;u; ()
+ Z Bd”G]a]ﬁ] (t - Tij) + Bmiwi(t)
JEY; _
= Biau;(t) + Xjew; Baijaju;(t — 1;j) + Byyiw;(t),
(18)

where u;(t) = vec{hy, (i)} is the resource variable
that should be determined by the control strategy.

Now according to the considered model for the
operation of wireless mesh network (18) and (6)-
(11), we can introduce the new generic formulation
of the Cross layer Optimization problem:

Problem0;:
min T, ,
hpVi=1,.n I Tzw oo
s.t.
%;(t) = Bia;u;(t) + Boyywi(t) + Z Baijo;u;(t —15),
JEY;
x(t) =0,
Qdijxi(t) < xmaxdij'
Fihi(t) < gs,
hi(t) =0,

For i =1,...,n. where u;(t) = h;(t). in fact
the objective of the routing problem here is, to
design a linear local control law, #A;(t) = k;x;(t),
such that it simultaneously, guarantees stability of
the overall network traffic model (18) in presence
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of time-varying delays and minimizes the presented
global objective function in addition to the
presented physical network and communication
constraints. In continuance with using a fuzzy
representation of channel coefficient «;, we will
propose a fuzzy control strategy for proposed
network queuing model to improve the
performance of network and optimal usage of links
capacity in the network.

4. H_, Fuzzy Controller Designing

In previous section, with the proposed
uncertain queue length model of each node (18),
general Cross layer Optimization problem is
described. In fact, the flexibility of presented
optimization problem 0, is achieved by eliminating
of link capacity constraint (8) and presented
coefficient a;. With using a fuzzy representation of
channel coefficient «;, we can propose a fuzzy
network model to decrease the congestion and
optimal usage of links capacity in the network. so
in continuance we will propose a fuzzy
representation of channel coefficient «; in
optimization problem O; to improve the routing
performance and optimal using of the capacity of
data links.

4.1. Fuzzy network model

In order to decrease data congestion in the
network and optimal use of links capacity, it is
reasonable to route data packets through less
congested nodes. so with using a fuzzy
representation of channel coefficient «; in (18), we
can propose a network fuzzy model and fuzzy
control strategy to increase the routing performance
in the network and optimal using of the capacity of
data links. Based on the proposed method in [13],
we can direct messages based on the following
fuzzy control rule:
mt control Rule for node i:

IF x;(t) is My, and ...and x;(t) is My,

Then ui(t) = mel(t) = ijmkixi(t), for i=
1,...,.N,m=1,...,randj € D;.

Where M,,; is the fuzzy set and r is the number of
rules and k; will be the local memory-less H,,
control law.

Alsoaj,, = vec {afy, @y, ..., af,},J €D; are design
parameter which affect the matrices B;, due to
congestion information in downstream nodes of i.

It should be noted that at the i* node, the outgoing
flow rates to downstream nodes depends on the
queue lengths in downstream node j € D;. also the
entering flow rates from upstream nodes depends
on the present queue lengths in node i so a;,,, affect
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the matrices By;;, due to congestion information in
upstream nodes of i. In fact, if for node i there is a
congested downstream node, it is better to route
messages through other downstream nodes and this
strategy provides enough time for the congested
nodes to evacuate their buffers to appropriate
downstream nodes. Therefore with considering the
presented fuzzy control rule, we can increase the
routing performance and optimal using of the
capacity of data links.so according to the
considered uncertain model for the operation of
wireless mesh network (18) and presented fuzzy
control strategy, we will have following close loop
fuzzy system model:
T

4O = ) D hn(yOHGmBikex(6)

jE€D() m=1

+B,,iw;(t)} + Z Z Ran (2 () {@im Bai KX (t
JEU; m=1

= Tij)}

Whereh,,, (0) = v,,(6)/
=1 'm(0)), v (0) = Hjei)i Mmj(xj)'e =
xj(t),j €D; Where 6;,M,; and v,(0) are
respectively the premise variables, the fuzzy sets
and membership function (dependent on x;(t),j €
D;)of the it" node with respect to plant rule m.

Moreover, the fuzzy weighting functions
h,,(0) satisfy Yr._, h,(0) =1. This strategy
provides enough time for the congested nodes to
evacuate their buffers to appropriate downstream
nodes. also accordingly at the it® node there is
knowledge about the rate of the entering messages
from the upstream nodes.

1)

4.2. Fuzzy Controller designing

Presented close loop network fuzzy model (21)
is a more general representation of (18) and the
flexibility of this proposed model is achieved by the
matrices a@j, and a;,. So according to the
considered fuzzy model for the operation of
wireless mesh network (21) and generic
formulation O,, we can introduce the new fuzzy
formulation of the Cross layer Optimization
problem:

Problem 0,:

min || Ty lleo,
pi=1,...n

S.t.

(O = ). ) hnCyON@GmBikixi(6) + Buiwi(6))
JED(i) m=1

+ Z Z o (2 () {@im Bai jK;X; (t — 73)}
JEU; m=1
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Xi(t) >0,
Qdijxi(t) < xmaxdi]-r
Fiy(t) < g,
h;(t) =0,
For i=1,...,n, where n(t) =
m=1 hm (x; () @jmkix; (1), ] € D;.

Thus we can present simultaneous resource
allocation and routing optimization problem over
the presented node-based wireless data networks, as
a stabilizing problem of system (21), where
resource variables h;(P;;) act as control variable.
also H, control design strategy is suitable
framework for uncertain delayed system such as
(21) [9].[18].

Therefore, according to the presented

optimization problem 0O,, the objective of the
routing problem here is, to design a fuzzy H,
control law, k;, such that it simultaneously,
guarantees stability of the overall network traffic
model (21) in presence of time-varying delays and
minimizes a global objective function which is
considered as the worst-case queuing length due to
the external traffic inputs, according to the
modelling uncertainties and constraints of problem
0,.
In fact with eliminating of link capacity constraint
(9) from primal network model and considering
fuzzy coefficients «;,, we can improve the
flexibility of primal network model and it can
reduce the conservativeness of control strategy in
previous works [1] ,[4],[12],[ 16].

In the following we derive a sufficient
condition for system represented by (21) to be
stabilizable via controller matrix k;, based on
Lyapunov’s functional method.

In problem 0O,, according to the presented
fuzzy dynamic close loop model, minimizing the
infinity norm of T, is equivalent to the following
optimization problem for represented closed-loop
fuzzy system (21)[15]:
miny, (22)
s.t.

J(w) <0,

Jw) = f ) (" (®)z(t) — y*wT (Hw(t))dt,y > 0.
0

Above optimization minimizes the worst-case
queuing length, so congestion and the packet loss
probabilities simultaneously will be reduced. H,
performance, indicated by (22) is satisfied, if the
following Hamiltonian function is negative definite
[15]:

Ju = % +z'z—ywTw, (23)
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where  V(.) is a Lyapunov-Krasovskii
functional such that V(0) = 0.
Here, to solve the H, control of the routing
problem, Lyapunov-Krasovskii functional is as
follows

V =3k Vixpt) =X [Vie(xpt) + Vi (x,0) +
Via (x5, )], (24)
where

Vio(x;,t) = XiT(t)Pi)ii(t):

Vi (Xpt) = 2 Z (dy; — t + $)XT (5)R;%;ds

jeu; "t dij
t
Vi (x;,t) = Z X[ ($)Z;x;ds.
jew; "ty

and n is the number of nodes in the network, R;,Z;
and P; are symmetric positive definite matrices.
with this lyapunov function we can present
sufficient conditions for the closed-loop stability of
(21) as following theorem.

Theorem 1: Consider a wireless traffic network
with variable destination nodes whose dynamics is
governed by (21), the state feedback routing
controller gain k; guarantee that the closed-loop
system is internally stable and j(w) < 0, if there
exist matrices M;, nonsingular matrices Y;, and
symmetric positive definite matrices R;, Z;, for i =
1,...,n,j €U; such that the following LMI
condition is satisfied:

Wy =
[Qq 0 B, Y 0 Q5 Q7 0 0
* Q, 0 0 0 0 0 Qg Qg
* * -yl 0 Qi 0 0 0 0
* * * =1 0 0 0 0 0
* * * * Qi O 0 0 0 <0 (25)
* * * * * Qi 0 0 0 '
* * * * * * Qg 0 0
* * * * * * * Qo O
* * * * * * * * Qi12
where
Qil = M;r(l;l;né;r + El-aimMi + Znil + TliZ[,
Qip = — diag;{(1 —w;j)Z;},j €Yy,
Qi3 = /2nd; B,
Qig = —R;
QiS = O'QiG = _Si_ll,ﬂn = 0,
Qig = —(y2ndig) 7',
Q9 = diag;{(BaijamM;)"},
Qo =—1
Qi1 = 0,Q, = — diag;{(\/2nd;g; + p; )73, j

€ U,
and a;,,m=1,...,r are pre specified designing
parameters, and * denotes the entries implied by the
symmetry, also n; = number of downstream node
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for i. Moreover The decentralized state feedback
controller gain is given by k; = M;Y;™*.
Proof: See Appendix I.

5. Cross layer power allocation and routing
optimization problem

In this section we will show that the resulting
decentralized routing control schemes formally
achieve the desired specifications and requirements
of Gaussian broadcast channels with FDMA and
the joint power allocation and routing problem can
be formulated as stabilizing problem.

5.1. Formulation of the cross layer power
allocation and routing problem

Consider a wireless data network where each
node uses the Gaussian broadcast channel with
FDMA to transmit packets over its outgoing
links.Here the communication variables are the
powers P;, limited by separate or total power
constraints.

For Transmit power allocation we assume that
the bandwidth allocation is fixed (unit bandwidth is
assigned to each link). We are free to adjust the
transmit powers P; = vec;{P;;}, Wwhere P,
allocated to each link(i, j), but we impose a total
power constraint for the outgoing links of each
node (12). Combining the network link capacity
constraint (5), and the equation (15), we have:

u(t) = (GGG x aycy, (26)
where
¢ = vec{ci]-}j = vec {Wijlogz(l +%)} , (27)
0l j
forj=1,..,1.
Changing the variables
— SijPijy & _ _

;; = log,(1 + N(])-Wij),] 1.1 (28)
we then get

Wy 0 .. 0 7ri

0 Wy .. 0 U;
a=lo o« o |l:7] (29)

and with the proposed change of variables for (26),
i=1,...,n,j=1,...1; we have:

u;(8) = Gy (0), (30)
where

= (G{ G)™'G{ x diag;(Wy;) 31)
() = ve;{ii;(t)} € R, (32)

As a result, with the presented capacity
formula and the change of variables ©;(t), the cross
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layer optimization problem O, can be formulated as
following optimization problem:

min || Ty llo, (33)

pi=1..n
S.t.

5O = D > b (OB ()
JED() m=1
+B,iwi (1)}

F D GO timBaiy (e — 737))
JEU; m=1
0 Qdijxi(t) =< xmaxdij!

Z PL] < szax'

JELy(D)
w() = Z RETONEAO

Where
=log,(1 + ”P”)

]WU
B; = B;G; = By(G] G))™*G{ x diag {W;;}
and Bg;; = Bg;;G;.

According to this note that we don’t use the
estimation in our formulation,with the presented
chenging of variable we can assume AG; = AG; =
0.

Now,the objective is to design a fixed linear
state feedback control law ;(t) =

=1 hm((®)kix;(t), and  coefficient  «;.
According to the control signal 1;(t) and equation
(28) the resource vector u,(t) = vec;{P;;} will be
determined by:
u;(t) = Py = (2% — DNJW;; /6, = (34)

Therefore, u;(t) = vec;{P;;} is the power
fraction that is allocated to link (i, j) by node i.
Note that bandwidths W;; are fix so B; and Bg;; are
known and fix matrices.

5.2. Network and Resource Constraints

There are various constraints in a network which
affect its performance and the corresponding
control systems. Therefore, these constraints should
be modeled and considered in the controller design.
Some of these constraints are considered by [12]. In
this paper, we employ the LMI constraints similar
to that of in [1].

5.2.1. Buffer Size Limitation

The queue length at each node must not exceed
the size of the buffer, therefore the constraint on the
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queue buffer size for each subsystem can be
defined as follows

Qdijxi<xmaxdl.j,i=1,...,n,d=1,...,(2, (35)

where Ximaxg; is the maximum buffer size, and

Qqi; in each node should be defined such that
Qqijx; shows the queue length corresponding to the
packets destined to the same node. We consider
Yi = OO %) <A, =Y, >0} as
the ellipsoid for a selected 1; > 0.

By applying invariant set method, and performing
some straightforward mathematical manipulations
the constraints in (35) can be expressed by the
following LMI:

Yi *

>
Qaij xrznaxdij/li =0 (36)

VVizz[

5.2.2 The Non-negative Orthant Stability

Using this definition, the non-negativity
constraint (6)-(7) can drive from the non-negative
Orthant stability condition given in [11] and
according to the model uncertainty, the presented
LMIs are uncertain, so with assuming:

(Bi + AB) sy = (@) sr» (Baij + ABgij)sr = (8aij)sr(37)

where (@;)s and (84)sr are specified
parameters, non-negativity constraint can be
expressed through the following LMIs:

Wiz = (9iM)s 2 0,s # 1, (38)
Wis = (04ijM;) = 0,s,7 =1,...,n, (39)

which satisfies the
constraintx; > 0.
Also by noting that Y; is a diagonal positive definite
matrix, u; > 0 is satisfied if the following LMI
holds:
Wis = (M;)sr 2 0,
s=1,...,ln-1,r=1,...,n(n—1). (40)

non-negativity

5.2.3. Resource Constraints

For power allocation problem, for presented
resource limitation we have:

YjeLyw Wij = XieLyay Pij < Pimaxs (41)

according to the above inequality and change of
variable formula (28) we can write :

Fitl; < Piay, U; = vec{il;}, (42)
where

ﬁimax = (Pimax/Si + 1)) + Z
JELy(y

2% (1 + In2)1;;
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~ T+
and F; =vec{2"(1+1n2)}, ;= min]-{N‘;V'V'”}
ij
“ 8ijPimax/li
and u” = lng(l + TWU)

See Appendix 1.

Inequality (42) can be conservative for large
resource limitation but ensure the resource
limitation constraint in (12).

According to the (42) and following the same
line of argument as used for the capacity constraint
in [1], for power allocation problem, we can present
limitation constraints (42), as following LMIs:

Yi *

W- = ~
6 FiMi Pi%nax/)'i

>0,i=1,...,n, (43)
where F; = vec;{2"/(1 + In2)}.

As long as the upper bound limitation of the
allocated power with the presented control strategy
is within the estimation range, the LMI constraints
and controller do not need to be recomputed.
attention that we have presented controller
designing algorithm, so our control strategy
guarantees the overall network stability and the
worst-case performance in theory for bounded
estimation errors of network dynamic modeling and
network constraints.

The LMI presentation of network and
communication resource constraints as well as the
network model in the previous sections allow us to
formulate joint routing and resource allocation
optimization problem as a convex LMI
optimization problem.

Considering the presented physical and
resource constraints as well as the results of
Theorem 1, we can conclude that a decentralized
H, fuzzy routing controller for the cross layer
optimization problem O, (or optimization problem
(33)) can be designed by solving the following
optimization problem :

Main optimization Problem0O;:

min 44
PR Yo (44)

subject to the LMI constraints, Wy, (I =
1,...6,i=1,...,n).

where W), satisfies the H,, cost function of 0, and
LMIs W, (1 =2,...,6,i =1,...,n) satisfy the
constraints of problem O,. The proposed algorithm
for joint resource allocation and routing is
summarized as follows:

Given: network V = (N, L) and node resource set
h;,
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Step 1: Formulate the wireless data network
parameters and flow model as uncertain delayed
system, as in (18) and (26)-(33),

Step 2: determine the physical constraint and
resource limitation as LMI, i.e. Wy, (I = 2,...,6),
Step 3: determine LMI W, (4.2) according to the
known parameters of dynamic system (21),

Step 4: solve the optimization problem (44) and
obtain the corresponding feedback gain, k; for pre
specified a;,.

Step 5: with the computed feedback gain, k; , in
step 4 for each node i (i =1,...,n), the fuzzy
controller signal ;(t) obtains from wu,(t) =
Ym=1 hm (xj (®))k;x;(t),j € D;.

Step 6: Finally the resource variables u;(t), that
should be allocate to the link (i,j) by node i, will
be determined according to the controller signal
u; (t) and equations (34).

Note that by stabilizing the queue dynamic in
(21), the queue length in nodes, will be minimized.
Therefore, the presented control strategy will
provide a distributed mechanism to minimize the
queue lengths in the presented wireless network
nodes, where ©;(t) is the definite function of
resources that allocates to link (i,j) by node i. In
fact in the presented control strategy, the resource
parameters are control variables that should be
determined.

6. Simulation Results

In this section, simulation results are presented
to evaluate the performance of our proposed routing
control strategy and we will only illustrate how the
Gaussian channels with FDMA can fit into this
framework.

Consider the sample network selected as a
basis, shown in Fig. 1, which has 10 nodes and 20
directed links.

Fig.1. Considered network topology in the simulations.

The destination nodes are selected to be 5 and 8.
Therefore, nodes 5 and 8 do not route any messages
and are considered as a sink. Consequently, except

ISSN: 2251-9246
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nodes 5 and 8, each node has two states: the first
state is the queueing length associated with the
destination node 5, and the second state is the
queueing length associated with the destination
node 8. Assume that maximum buffer size of nodes
is 1 Kbit and the delay function is taken as a fast
varying time structured function 3 + 2sin(5t) sec.
Note that as far as the controller is concerned the
delay information is considered to be unknown.
The external input traffic load for each node is
assumed as follows:

Wi = {B+LKbit/sec 1<t<3sec,
L B otherwise,

(45)

where in this traffic load, parameter B is
considered as the Poisson distribution with the rate
of 0.5 Kbit per second. Also assume that in addition
the input packet rate B, the input packets with a
flow rate £ = 0.6 Kbit/sec,enters to the nodes from
the outside of the network at 1 < t < 3 sec.

Example 1: first we implement the proposed
algorithm to minimize the overall data queue length
in a FDMA wireless network. For data
communication over link (i, j), the noise power g,
at each receiver is uniformly distributed on
[0.01,0.1]. We also assume N, = 0.1. We adjust
the transmit powers P;; allocated to each link,
where P;q = 40, W; = 1,i =1, ...,8. Now we use
our proposed decentralized routing algorithm based
on minimization of the queue length at each node.
where the membership functions are demonstrated
in Fig.2, and @} =af =1,a},=a’%=0.7.
Selecting these values for a;,,,, m = 1,2 shows that
when one of the downstream nodes is near
congestion the router should send fewer messages
to that node.

Membership functions

v 1 I L
0 02 04 06 08 1
%, (KB)

Fig.2. Membership functions of two rule controller

The queueing length of a node in network can
be considered as an important issue for evaluating
the performance of a routing algorithm. Fig. 3- 4
depicts the queueing lengths of mesh network
nodes that are obtained by using our proposed H.,
routing control algorithm.
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1th node queue length 2th node queue length
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Fig.3.Queue lengths q,,9,,95 and g, for versus time.

7th node queue length

6th node queue length
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_ 06 N _ o6
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9th node queue length .. 10th node queue length
' 5
910
0.6 8
R
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v 1
Nl '\"M‘JM
S

10
time

Fig.4. Queue lengths g¢,q7,95 and q,, for versus time.

Queue dynamic shows that the represented
approach gives needed flexibility to the network to
find the efficient route in the network without
increasing the congestion of the packets in the
downstream nodes.For this examination according
to the buffer limit assumption and queue length
figures we only have packet loss in node 1,6 and 7.
Also for instance, Fig. 5- 6 demonstrates the
transmit powers that allocated to outgoing links of
network nodes.

6 10
P _'\ "{"'1, sy
8
{-f,lll i Pa2
. M A
——Py
4
2 P12
F 2
0 dadridh) 0
(¢] 5 10 0 5 10
time time
P, P,
8 40
—— p31 ’( —_ S P4|
2 P 20 | | Pas
4 20 f i _ p“3
= l
2] | 10 ||
§ s R L L 2 ¥
0 5 10 0 2 4 6 8
time time

Fig.5.Transmit powers that allocated, with the nodes 1,2,3 and 4
to their outgoing links.
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Fig.6. Transmit powers that allocated, with the nodes 6, 7, 9 and
10 to their outgoing links.

7. Conclusion

In this paper, we have developed an optimal
distributed algorithm for joint resource allocation
and routing for power and bandwidth allocation in
FDMA wireless networks. The network routing
problem and the resource allocation problem
interact through the capacity constraints on the total
traffics supported on individual communication
links. Using the proposed control strategy a robust
routing performance achieved in the presence of
unknown network delays and with using fuzzy
decision rules in the proposed H, controller
strategy, we improve the network performance
criteria and avoid packet loss in the network.

Appendix |

To achieve the H, objective function (22), one
should show Jy; =V(x;,t) +2zTz—ywwT <0
Taking the time-derivative of V in (24) along the
system trajectories in (21), and then substituting
that in (23) we wiII have:

n

SN Z NETO) TOUCTS 1

=1 jeD me1
+PiBiajmki)Xi(t)
.
+ Z Z By (2 (D)) [%;: ()T P; B jatimm kX (t — 75(t))
JEU; m=1

+x] (t — 7)) @k} Bd];Pix;(t)]

DD hmCy )T OB wi0)

JED; m=1
+w/ (£)BS Pix;(1)]
t
+ Z [2d;;%T (O)R%;(¢) — 2 j %7 (5)R;%;(s)ds
jeu; t=7ij

+x] (0Zx;(t) — (1 — w)x] (¢ — 1) Zx;(t — 735)]
+x] (O)C] Cix; (8) — ywi (1) Tw; (£)}.
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Also using the fact that
T Yiey X;(OTQx(); =
Y nx ()T Qx;()[1], where n; is the number of
downstream nodes corresponding to node i,and the
fact that );_, h;(8)I =T, and according to the
matrix inequalities presented lemmas in [17]we
have:

si O Z o (51 (O)%: (0T [T @], BT P,

i=1 jeD; m=1
+ PiBiajmk,:

+zz Z hn (2 (£)) [ (¢

JEU; m=1
= 15 (O){(Bdjaumk)" (Bd;jaimk;)}
X;(t — 755(0)) + x] ()P Px;(t) +
Yjen; =1 han (0 (O)[X] (£)P;By,w; (t) +
w/ (£)BL,:Pix;(1)]

+Yjen; Zmet A (0 () [2d X[ (HR;%;(0)]
+Yjen; Zmet A (05 (O) [x] (D) Z:%;(1)]
=2 jeu; Bnet hm () fi_ 3] ()R;%;(s)ds

=)D hn ) — K] (€ = ) 2%~ )

JEU; m=1

+ Y jen; Zmet A (5 (O)[X] (OC] Cix; (8) +
ywi()Tw; ()]}

According to the fact that x7(t)P,P;x;(t) =
Yjen; Zme=t han (2 () (i 'x] (O PPx; (D)}, in
above inequality we have

Bier Zyew, Tines hon G(O)X] OOPPix,(6)(15)
> Z B (35 (O)XE (©)PLPx(0)

i=1 jeED; m=

For simplicity we can Assume that «;, =
@jm,j € D;.in fact we assume that similar coefficient
a;, for all of the nodes. with following some
manipulation to make the bilinear matrix
inequalities, we will have J <0 if flowing
inequality holds:

61 0 6 Cf 653
* Oy 0 0 G5

wo=|* * v 0 bulg (47
¢ * * * -1 0 !
* * * * [’}

l

where
;1 = [kTal BT P, + P,Biaimk; + 2n;P;P; + n;Z;,
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0z = PiBy,;, 03 = y/2nd,; kTCZT BT

04 = dlag}{(BdUalmk ) (Bdualmk )
-(1- I”'I.})Z LJjEY;

05 = y/2n;d;vec{(k] al,, Bd]))},

9i7 = ZnidiBgi, 918 = — i

Therefore, according to W; we will have J < 0
if the above matrix inequality condition hold.

Above inequality is not LMI, so by applying the
Schur complement and defining ¥; = P and M; =
k;Y;, R, =YRYT Z,=Y,Z,YT, LMI condition
(4.2) will be obtained. The obtained LMI condition
guarantees V <0, also guarantees that the
Hamiltonian J in (22), and consequently J in (22) is
negative definite.

Appendix 11

In power allocation problem, according to the
(28) and resource constraint (12) we have:

Z U = Z p;j = Z (2% — . i‘

JELy () JELy () JELy (i)
< Pimax'

The objective is to find linear matrix inequality
over control variable signal u;; that satisfy above
limitation constrain. According to the above
nonlinear inequality we have:

. N]Wi i A+
min{e N Y jeryy @ = 1) S Piners (48)
SO

5 _ Nwy;
YjeLyw 2% < Pinax/Si + 1, S = mjm{(;—ij]} (49)

So we are trying to use the linear estimation of
2" around mean value of the resource (power) in
each node( P; = Ppq./1;), we will have:

Z 280(1 + In2) (W;; — ;) < Z 20
JELy (i) JELy(y)
< Pimax/Si +ali:
where 1i;; = log,(1 + %‘”‘“). So we
NoWij
introduce the new linear constraint on control signal
u;;, as:
< Ponae/Si+ 1D+ ). 29(1 + 12

A}'ELU(i)
F; = vec;{2"i(1 + In2)}
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