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Abstract: Deterministic end-to-end delay guarantees are meaningful for real-time
applications. Under the assumption that the hop-count from source node to destination node
of each session is limited, if the worst case waiting delay in nodes can be guaranteed, the
bounds of worst case end-to-end delay of sessions are deterministic.\We propose a joint
congestion control, routing and scheduling algorithm which can provides deterministic
bounds of waiting delay of packets in queues. This scheme can adjust transmission rates
and drop packets according to the status of the average end-to-end del ay of sessionsthat are
reflected through a virtual queue. This virtual queue can also strengthen constraints on the
average end-to-end delay of sessions. Theoretical proof indicates that the scheme can
guarantee bounded worst casewaiting delay of packetsin nodes. To reducethe computational
complexity, a distributed routing and scheduling scheme is designed.Rigorous theoreti cal
analyses indicate that the utility optimality and network stability can be maintained under
the proposed scheme. Simulation results show that, compared with existing schemes, this
proposed scheme can improve QoS performances on throughput and average end-to-end
delay.

Keywords: delay guarantees; lyapunov optimization; multihop wireless networks; cross-
layer control

1. INTRODUCTION

In multihop wireless networks, end-to-end delay is an important QoS performance
metric. Multimedia applications such as medica monitoring and object tracking
have high demands on real-time performances [1]. Therefore, besides reducing end-
to-end delay of dataflows, it isaso necessary to design algorithms that can provide
bounded worst case end-to-end delay for real-time applications to increase QoS.

There have been various algorithms developed for reduction of end-to-end delay,
including scheduling algorithms [2-4], MAC (Media Access Control) schemes [5-
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7], routing algorithms [8-10] and backpressure-based cross-layer schemes [11-16].
However, they can not provide deterministic bound of end-to-end delay.

Severa layered algorithms can guarantee worst case bounded end-to-end delay
[2,3,17]. In [2], a scheduling policy to reduce end-to-end delay for real-time video
streaming over |EEE 802.11e WLAN (Wireless Local Area Networks) is proposed.
In this policy, Video packets are mapped into different queues according to their
priorities. A packet is scheduled and dropped according to the value of Cwhose
initial value is calculated using the delay estimation and the priority of the packet.
However, the newly designed scheduling scheme in [2] mainly focuses on the order
of the packets in the buffers. In addition, the scheduling of queuesis operated using
EDCA (Enhanced Distributed Channel Access), which may results in unbalance of
transmission of packets with different priorities. The scheme in [3] constrains the
end-to-end delay of video packets through discarding the video packets that are
expected not to be played out in time. However, this algorithm only propose the
adaptive early drop scheme of packets, without designing routing and scheduling
policies. In[17], aTDMA-based integrated MAC and routing protocol is proposed
to provide deterministic end-to-end delay guarantees. In the algorithm it is assumed
that the sink is at the center of the circular sensing areathat is divided into tiers and
blocks based on the radial distance of nodes and the angular distance of nodes from
thesink, respectively. Slots are assgned to blocks, and nodesin even (odd)-numbered
blocks can reuse the same slot without interferences.However, the strict assumptions
reduce the practicability of the algorithm.

Some backpressure-based algorithms that pay attention to bound of worst case
end-to-end delay have been proposed.[ 18] gives bounds on average delay for maximal
scheduling in wireless networks with different traffic sources. [19] studies delay
properties of the maximum weight scheduling algorithm for both single-hop and
multi-hop sessions. In [20], a joint congestion control, routing and scheduling
algorithm which can satisfy average end-to-end delay guarantees is designed.The
cross-layer control schemeproposed in [21] can also guarantee average end-to-end
delay constraints through utilizing a virtual queue. However, these prior works can
only keep the overall average delay of traffic flowswithin bounds based on Little's
theorem. In [22] and[23], algorithms that can ensuredeterministic worst case delay
guaranteesof individual sessions are proposed.Under the scheme proposed in [22],
transmission opportunities are distributed to packets according to waiting time of
head-of-line packets in each queue. This scheme can provide deterministic bounds
on end-to-end delay of each traffic flow. However, the network in [22] isassumed to
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be a one-hop network.For both single-hop and multi-hop networks, the scheduling
algorithmin[23] can ensure aabounded worst case waiting delay of packets buffered
in each nodethrough developing a novel virtual queue.However, the scheme in [23]
suffersfromits poor throughput performancedueto its serious packetsdrop decision.

By re-designing the virtual queues, the throughput is increased significantly in
our work. Besides, our algorithm can also satisfy average end-to-end delay constraints
of each session. The key contributions of this paper can be summarized as follows:

* The paper proposes a cross-layer QoS scheme that can keep the buffering
delay of packets within deterministic bounds. This scheme can improve
performances through adjusting transmission rates and dropping packets
according to the status of the average end-to-end delay of sessions.

»  The agorithm constructs a virtual queue to strengthen constraints on the
average end-to-end delay of sessions.

» A distributed routing and scheduling algorithm is designed to reduce the
computational complexity of the cross-layer QoS scheme.

* Both rigorous theoretical analyses and smulation results are provided to
demongtratethat the utility optimality and network stability can be maintained
under the proposed algorithm.

The remainder of this paper is organized as follows. Section 2 introduces the
system model and problem formulation. In Section 3, the algorithmis designed using
Lyapunov optimization. A distributed routing and scheduling algorithmisintroduced
in Section 4. The performance analyses of the proposed algorithm are presented in
Section 5. The smulation results are given in Section 6. Finally, the conclusions are
provided in Section 7.

2. MODEL AND PROBLEM FORMULATION

2.1. Network M odel

In this paper, we consider a multihop wireless network which can be modeled by
graph G(N,L).The network operatesindotted time denoted by t={ 0,1,2,...} . Ndenotes
the set of nodes and Lrepresents the set of directional wireless links in the network.
(i,j) denotesthe link from nodei to node . The set of data sessons min the network
is denoted by M. Each session has one source-degtination pair. s_isthe source node
of sessonm, and d_isthe destination node of session m. The set of source nodes and
the set of destination nodes are denoted by N_and N,, respectively.Each node in the
model contains three layersincluding transport layer, network layer and MAC layer.
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At the transport layer,newly arriving data of session mfirst enters the transport
layer storage reservoir in node s _. We assume that al backlog storage reservoirs are
infinite. The arrival data rate of session m at transport layer is denoted

by A (t) e[0,A™]. A™ isthe alowable upper bound of arrival rate of sesson mat the
transport layer of node s . r, (t) is the data amount of sesson m injected into the
network layer from the transport layer in time slot t.Obviously, we can
obtainr,_(t) [0, A, (t)] .

At the network layer of each node n, every sesson mmaintainsitspacketswaiting
for transmission in a separate data queue Q™ .Q(™ () denotes the queue backlog in
time dlot t. Dynamic evolution of (™ (t) is as follows.

QP (t+) =max{Q" (1)~ oy O-DV .G+ L O+, O (D)
where O(n) are the set of nodes which can receive data packets from node n. 1(n)
denotes the set of nodes which can send data packets to node n. ™ (t) represents
data packet amount of session mtransmitted on link (n, i) intime slot t. . () is the
the incoming traffic of sesson m from node j to n in time dot t. The value of the
indicator functionl,_, will beset to belif n=s,, and O otherwise.The data packet
amount of session m that node n decides to drop in time slot t is denoted by
D™ (t)e[0,D,, ], where D, isthe maximal allowable amount of packets that can be
dropped by one node in a time dot.C, denotes the transmission capacity that any
linksupports in single time sot. Therefore, 4™ (t) can be derived as.

47 (1) {0, mn{Q™ (t),C,}}, V(ni) e Lin=d_meM 2)

At the MAC layer, there are two channels including common control channel
and data channel which use different communication frequencies in the network.
Each node can broadcast control packets consisting of channel access negotiation
information, lengths of queues and weight values of nodes on the common control
channel. Each node can gain control information by monitoring the control channel.
The data channel is used for data communication. If link (n,j) obtainsdatatransmission
opportuinty in scheduling of timet, «, (t) will be set to be 1. Otherwise, the value of
a, (t) wil be 0. The following constraints must beguaranteed.

Zj:("'j)f'-a"j (t)+Zi:(i,n)eLain(t) <1 (3)
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%y (t)+ZkEN ZIakl (t) <1 (4)

Congtraint (3) meansthat each node can establish data transmission with at most
one other node during one time slot. In constraint(4), | denotes nodes in the
transmission range of node n. Constraint (4) ensures that new data transmision on a
link can not be established if the receiving node is interfered by other on-going
transmissions. In the wireless networks, a link is shared by several sessions. In the
same time dot, the total data transmission amount of all sessions on the link is
constrained by the data amount can be transmitted on the link in a time dot. The
constraint is as follow:

Z #B(\Ln) (t) < Cab (t) 'tslot (5)

meS(a,b)
where S(a, b) isthe set of the sessionsonlink (a,b) . t_ isthe duration of atime slot.
C,,(t) denotesthe transmission capacity of link (a,b) intimedot t. . (t) isthe data
transmission amount of sessonmonlink (a,b) intime dot t. Without loss of generality,

in this paper, we assume that C, packets can be transmitted on each link in each time
dot [24].

In this paper, we definey as the time average of x(t). x can be cauculated using
x=1 irg%zfo E(x(7)) .

2.2. Throughput Utility Optimization Problem

In this paper, we define utility function of sesson mu, () asastrictly concave, twice

differentiable, and non-decreasing function with U, (0)=0. r_ denotes the time
average throughput of sessonm. d™ representsthetimeaverage of D™ (t) . According

. . . TN gm . .
to the physical meaning of the above expressions, = Zd: 4" isthetime average net

throughput of sesson m.The throughput utility maximization problem P1 can be
designed as follows:

maximize > U, (- 3 d™)

subjectto  re A (6)
(2.(3.(4)
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where A denotes the capacity region of the network.r =(r_,me M) . Constraint (6)is

set up to guarantee the network stability.However, ifr. () andD™ (t) are used asthe
variables of U_(.) in Lyapunov optimization framework,when U_(.) is nonlinear,

> Un(ry - Zd: di") can not beguaranteed to be maximized[25]. To solvethis problem,

meM

the throughput utility maximization problem P1 can be transformed into P2 as:

maximize Y U, (7.~ . W)

subject to  (2),(3),(4),(6)
n<r (7
where 5,.(t) [0, A™] is an auxiliary variable.,_denotes the the time average value
of 5, () .We define g_as the maximum slope of the utility function U_(r,).
Considering that U_(.) is concave, twice differentiable and non-decreasing,
wecanobtain U (0) = 3, .Clearly, the following inequality can be derived:
U= 2 d™) 2 U, (1) - 4, 2 d”

n=dp, n#dp,

Therefore, the throughput utility maximization problem P3can be derived as:

maximize > U, (7,)- >, Y. S d™ ©)

meM meM n=d,

subject to - (2),(3),(4),(6),(7)

2.3. Virtual qgueue dynamics

In this paper, three kinds of virtual queues are also constructed, including virtual
gueue Y, at transport layer of source nodes, virtual delay queue X at source nodes,

and virtual persistent service queuez™ in each node.

Virtual queuey,, isused to ensurethat constriant (7), , <r, issatisfied. Thenthe
stochastic inequality constraint is transformed into a queueing stability problems
[25]. At each source node s , there is a virtual queue Y,, maintained for session m.

The design of Y,, is asfollows.
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Yo (t+D) = max{Y;, (t) - 1, (1), 0} +77,, () ©)
According to the properties for queue stability [25], constraint (7) will hold if
Y isstable.;,, can be the lower bound of r .

Virtual queue X, is constructedfor sesson mat the source node s_ to satisfy the
average end-to-end delay constraints. In each time dot t, the queue is updated as.

Xin(t+2) = max{ X, (t) = o, T, (1), 0+ Q" (1) (10)

where p_ isthethreshold of the average end-to-end delay of session m.1f each virtual
queue X _is stable, the following inequality can be derived:

DPAIE

“m z=0neN

<
t—owo 1_ L - pm (11)
t

)

According to Little's Theorem, inequality (11) implies that the average end-to-
end delay of session mis constrained by p_ .

Through the persistent service virtual queue, data queues with larger backlogs
can gain higher transmission priorities. The persistent service queue proposed in this
paper mostly relates to the queue G™ designed in [23], which is updated in each
time dot as follows:

G (t+1) = max{G{"™ () + L gm gy (6= Do A" ©) =DV (O =Ly ™0 (12)
where ¢~ 0 are pre-specified constants. ™" is defined as the maximal allowable
packets amount that node n can send out in one time slot.Obviously, > . #{"(t)

must be less than ,™>*. However, Since Q™ (t) >0 in most time dlots, G™ may
maintain large which leads to dropping of packets according to the packet drop
decision scheme. As a result, the throughput utilities are reduced significantly.To
solve this issue, we propose a new persistent service queue denoted by z™, whose
dynamic evolution is as follows:

mex[Z(" (1) +2,-DM ()~ Y wP®).0] it X, (t)>0
)

- ~ ico(n
S ez O 4, DO Y WP @,01 i X,(0)=0 (13)
)

icO(n
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where constant ¢ >¢,>0 and z™(0)=0. We can note that, the new queue z!™is
updated considering the value of X, which can reflect the degree of congestion more

accurately than Q™ . Compared with the algorithmin [23], the average value of z(™
should be smaller, and the number of packets dropped should decrease.

In addition, Theorem 1 can be obtained.

Theorem 1(Worst case Delay):Under FIFO(First-In-First-Out)queueing
discipline, if Q™ and z™ are bounded by constants Q™™ and z{™™ in any time
dot, thewaiting delay of packetsin queues of session m at node n can be bounded by
a deterministic constant w/ ™™, which can be derived as follows:

W(m),max _ "(Qr(]m),max +Zr(]m),ma><)/£2—‘ (14)

n

where [ x| represents the smallest integer that is not less thanx.
Proof: The proof is based on but different from the proof of Lemma 1 in [23].
If the theorem holds, all incoming data in Q™ (t) should be either served or
dropped in or before time dot t+wW™™ . The theorem is proved in three cases.

Case 1: If X, >0intimedots 7 e{t+1...,t+W™™} | obviously we can get:

ZM(E+) 2 200+ - Y, o 470 - DI (1)

Through summing the above expression over r e{t+1,...,t +W™™} , the following
can be derived :

g

ZM (1 WM T) = Z I (1) > g W=D [Zieo(n) 48 () + D™ ()] (15)

r=t+1

According toz{™ (t +1+W™™) < z™™ and z™(t+1)>0, the following can be
derived from (15):

(™

),max
aW™ =z <y Do ©+ D7 0] (16)

Accordint tow™™ = ((Qn(”‘)'max +zZmmay gﬂ >(QMm +ZzMm™) /e, and & > ¢, >0,
we can get:

ngn(m),ma( _Zr(lm),max > Qslm),max + Zr(lm),max _Zr(lm),max — Qr(lm),max (17)
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Clearly, the following can be obtain:

Y o 47 0+ D (0] 2 QN > QI (¢ +1) (18)

According to FIFO queueing discipline and (18), all the data packets buffered in
Q™ intimedlot t + 1 can leave Q™ before time dot t+w™™ . Therefore, in this
case, the upper bound of waiting delay of packets in queues of sesson m at node n

is:
W = ((ng)’max +Zmmay | 82—‘ (29
Case2: If X, =0 fromtimedot t+1to t+w™™ it iseasy to obtain the following
inequality:

g

Z W) 20 (1) 2 8, WO ST ™ @)+ D )

Using the procedure from (15) to (19) in case 1 as a guide, the upper bound of
waiting delay of packets in queues of sesson mat nodenincase 2 is.

WD =[( QU™ + ZM ™) [ g, |

n,case2

Case 3: We assumethat n, +n, =w™™ . If fromtime dot t+1 to t+w ™™, there

are n,_ time slots with X, >0 and n, time sots with X, =0, the following can be
derived:

2+ LW ™) 20 4D 2 o WO - YIS )+ DM )]

r=t+1

where ¢ =(g,-n +¢,-n,)/(n,+n,) . It isobviousthat ¢, <& <g. The upper bound of

waliting delay of packetsin queues of sesson m at node nin case 3 is:
W(m),max _ "(Qr(]m),max + Z[(]m),maX) / 82—‘

n,case3

According to the above three cases,w™™ can be calculated as:
an(m),max _ "(Qrsm)max + Zr(1m),maX)/82—|

3. DYNAMICALGORITHM VIA LYAPUNOV OPTIMIZATION

In this paper, the throughput utility maximization problem P3 is solved through
Lyapunov optimization. ©(t) =[Q(t),Y(t), Z(t), X (t)] denotes the network state vector
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of time dot t. We define the Lyapunov function as a quadratic function of data
queuesQ™ and virtual queues Y, ,z™ and X,, as:

LOWM) =302y ) + 22y 2y QPO + 2 KO 42 20 (227 (0]
(20)
Then, in the Lyapunov optimization framework, the drift-plus-penalty function

which is used to maximize %Um(ﬂ)— DDA can be derived as,

meM n=d,

A, (O@1) = {LOt+1)-LOW) -V [}, Un(1n@) =2, > .. ADrOIOO} (21)

where Vrepresentsthe weight parameter of the utility inthe optimization. Expectation
of A,(O(t)) satisfies that:

E{Av (G)(t))} <B- lPl(t) - \Pz(t) - \P3(t) - ?4(0 + \Ps(t) (22)

where ¥, (t), P,(t), P.(t),¥,(t) and ¥.(t) arederived as.

Y0 =2, VU (7,0) 7,0 Y, () (23)

Vo) =2 T D= Q7 1) 2 gy + X0)- 2] (24)
W)= 0 D Drcom A" 0-1QM ) - Q™ )+ Z{™ ()] (25)
=2 2o P O IQ" O +ZV () -V 5] (26)

\P5(t) = ZmeM Zn::dm Zr(‘m) (t) & + Z meM Zn;:dm Qr(‘m) (t) ’ Xm (t) (27)
where B satisfies:

B>1Y (07,0 + () + (o 1)+, Q™ ()]
5 D 2, 6™ Lo A (=D OF +3%,, 2o [ i O+ gy 1 (D)
+(Zi50(n) 'uf\im) (t)+ Drgm) (t))z] (28)

Since 0<p (<A™, o0o<r (t)<A™, o0<4z"@t)<C,, 0<D™(t)<D,, and
Q™ (t) < Q™™ can be obtained, Bcan be regarded as a constant.

In the Lyapunov optimization framework, the network stability and utilities
maximization can be obtained through minimization of the right-hand-side of (22).
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The cross-layer algorithm CCWD (Cross-Layer Control with Worst Case Delay
Guarantees) algorithm congestion control scheme, routing and scheduling scheme
and packet drop decision scheme.

Through the maximization of w,(t) in (22), the value of virtual auxiliary
variabley, (t) can be decided. The concaveoptimization problem with linear
constraintsto choose 7, (t) is derived as:

maximize ¥,(t) (29)
subjectto  0<g7, (1)< AT .

If U,_() isastrictly concave and twice differentiable function, U, () 'sfirst order
derivative, whichisdenoted by U_(.), should bemonotonic. Therefore, U_ () 'sinverse
function denoted by U *() can exist. Value of 7, (t) can be decided through:

7 (£) = max{min{U (Y, (t) /V), AT}, O}

w,(t) in (22) is maximized by congestion control scheme which can be

transformed into the following linear optimization problem as:
maximize ¥, (t) (30)

subjectto  O<r_(t) < A, (t).
This problem can be solved as follows.

; (M) (+y _ .
)= {An(t) I Y () > QU () = X (1)

0 Y0 <O~ X, 0) o, (31)

Y. (t) in (22) is maximized by routing and scheduling scheme which can be
transformed into the following optimization problem as:
maximize W ,(t) (32)

subject to  (2),(3),(4)
As the first step, the transmission capacityof link (n,i) should be distributed to
the sesson m* that satisfies:

m’ = argmax,,., {Q\" (t) - Q™ (1) + Z{™ (1)} (33
The weight of link (n,i) distributed to session m* is:

w, = Q™ (1) - Q™ (t) + 2™ (t) (34)
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Then, the optimization problem (32) can be transformed to a new problem as:

maximize zn;:dmzieo(n)#ﬁf)(t)'Wm (35)
subject to  (2),(3),(4)

The solution variables of (35) is ™ (t) whichimpliestransmissionratesof sesson
m* onlink (n,i). Problem (35) is a convex optimization problem, asits optimization
objective function is linear and the constraint space of variables is convex.Problem
(35) can bedoved through centralized algorithms whose complexity is O(|NJ), where
|N|denotes the number of nodes in the network [26].

Y,(t) in (22) is maximized by packet drop decision scheme which can be
transformed into the following linear optimization problem as:

maximize ¥ ,(t) (36)
subjectto  0<D™(t)<D,, .
This problem can be solved as follows.

Do I QMM+ZM(M) >V -4,

M (t) =
o (t)‘{o QN M+2" WM<V -4, 59

In each time dot, Q(t),Y(t), X(t) andz(t) are updated according to(1), (9), (10)
and (13).

4. DISTRIBUTED ROUTING AND SCHEDULING ALGORITHM

To reduce the computational complexity of the joint routing and scheduling scheme,
we design adistributed routing and scheduling algorithm, which can be implemented
at each node.

The details are asfollows: (i) In the networks, there are two channels including
common control channel and data channel. The packets carrying control information
are switched on the common control channel. The control information of weight
valueis classified into three types, which are “candidate”, “send” and “receive”. (ii)

In each time dot t, each noden=d_ calculates the value of w, (i e N, (n)), where

N, (n) is the set of neighbor nodes of node n. Each node monitors the common
control channel and recordsall the received weight w whosetypeis*“receive’. Choose

node i’ =argmax,_ ., [W, |. Ifw,. >0 and the value of w,. islarger than that of each
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recorded w ,w.. is classified to be “candidate” and broadcasted on the common
control channel by node n, aswell asnodei is notified that it has been chosen asthe
candidate target node of node n. Otherwise, each nodekeeps on sensing the common
control channel and monitoring the control information from its neighbor nodes.
(iii) After receiving the w.. that is “candidate” from the neighbor nodes, node i
choosesthe node n =arg max_ .. W, , where R(i") denotesthe set of neighbor nodes
that choose node - astheir candidate target node. Node i broadcasts value of w..
which is set as “receive”. Node * listens to the common control channel. If the
value of w... islarger than that of each received weight whose typeis “send”, node
i will notify node n* to send data packets. (iv) When receiving the notification of
sending data from node *, node p sets w.. as “send” with broadcasting it on the
common control channel, and send data to node j* on the data channel. (v) If the
node is not notified to send data after broadcasting weight information classified as
“candidate”, it will keep waiting till the end of the time dlot.

In essence, the distributed routing and scheduling algorithm plays the same role
to the GMS (Greedy Maximal Scheduling) method [14].

5. PERFORMANCE ANALYSIS

5.1. Overhead Analysis

X is updated ats, using information of all Q{™, and at node n,z{™ is updated
according to X . Therefore, the overhead induced by queue length message will be
increased. Each node can broadcaststhe queue length message on the common control
channel at the beginning of time dot. Total quantity of queue length message to be
broadcasted is 2| M | (| N | +1) bytes where the number of nodesis | N |, the number of
sessonsis |M |, and quantity of queue length message of each session at each node
is2 bytes. If the bandwidth of the control channel is enough high, theratio of duration
of broadcasting the queue length message to the duration of atime slot will be low,
and CCWD scheme can be carried out successfully in the networks.

5.2. Queue Length Analysis

Theorem 2(Bounded Queues): IfD,, > max{s, A + ™"}, in networks using
CCWD, @™, z™and Y, can alwaysbebounded by congtantsqQ™ ™, z™™and y™
respectively. Here, ,™"is the maximal allowable packets amount that node n can
receive in one time slot. ™™, zmm™ gnd y™ are constants as.
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Yo =V B+ AL (38)
Q™ =V Bty L A (39)
VARV, Sy (40)

Proof: We use induction method to prove this theorem.Under induction method,
if we can prove that Rit+1) <R_  fromthe assumption of R(t)<R, _, we can ensure
that R(t)<R,, for al timedots.

We first assume that v_(t) <v ., <y™ . According to (9) andy, (t) [0, AT ], we
can derive that:
Yoo (t+2) = max{Y,, (t) = 1, (£), O + 77, (£) < Y, (1) + Al < Y™

Thenwe assumethat v.g_ <Y, (t) < Y™ . Because we have U, (0) = g, andu ,(.) IS
strictly concave and twice differentiable, we can derive that:

V Uy (07 0) =7, Yo () <V U 04V By 7, ) =20 0) Yo (0 =V U,y (0 47,0)- (V- B, =Y, (D) <V U, (0)
(41)

Under CCWD algorithm, v-U_(7,t)-7,@t)-Y,(t) should be maximized.
According to (41), it is obvious that 7, (t) should be set to be O to maximize
VU, @, 0)-n. @Y.t . According to (9) and 7 (t)=0, we can get
Y (t+D) <Y (t)<Y™. Therefore, Y, isbounded by constant y™ for al time slots.

We first assume that Q™ (t) <Vv.z, . According to (1), the definition of ™ and
r.(t) [0, A, ()], we can get that:

QU+D QMO+ AP O+ gy T SV fy+ ™ 41, AT = QO

Then we assume that v. g, <Q™ (t) < Q™™ . According to (37), b™(t) should
be D, . Consdering D, >max{s, Am + ™"} and (1), we can obtain that:

Q)" (t+1) < Q" (1) ~ Dy + A + 4" < QU (1) < Q™™
Therefore, Q™ is bounded by constant Q™™ for all time slots.

Wefirst assumethat z(™(t) <V - g, . According to (13), thefollowing can be derived:
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ZME+D)<ZM(t) +g, <V B, +g =2
Then we assumethat V- g, <z™(t) < z™™ According to (37), D™ (t) should be
D, - CONsidering D, > max{e,, AT + ™"} and (13), we can derive that:
ZM(t+) <2 (t)-D,, +& <ZM(t) <z

Therefore, z™ is bounded by constant z(™™ for all time slots.

5.3. Utility Performance Analysis
Theorem 3:We define that (D)=  U.()-> >, . »AD". The
optimization problem P4is defined as.
maximize  ¢(r,D)
subject to  (2),(3),(4)
rr and D™ aredefined as the solutions of optimization problem P4. Then, we define
¢ &S
¢* :ZmeMUm(rf‘:)_stM ZntdmﬁmD;(m)

In networks with CCWD algorithm we proposed, we can obtain that:

ZmeMUm(a)_ZmeM Zn::dmﬁmwzw* -B/V

Proof: According to Lemma 4 in [23], for time dots r={0,1..,T-3, we can
derive that:

ZE{L(®(I+1)) LOM)}-V- Z(ZU ()= 2 2 BuD” (7))

=0 meM meM n=d,

BTV T(TU )~ Y X 4D -3 3 Y@l -]

meM meM n=d,, =0 meM

YT AAY LM @D () T (@)L ()]

=0 n=d,, meM ieO(n) jel (n)

OINDILIC ORI WO

=0 n=d,; meM ieO(n)
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Y 3 X @lon - XA O] (42)
According to Theorem 5.8 in [27], we can obtain the following inequality:
szMUm(n_m)_szMzm:dmﬂmwz¢*_B/V (43)

where B is a constant which satisfies (28). Since;<r and U, ()is a non-
decreasingfunction, (44) can be derived from (43):

ZmeMUm(_m)_ZmeMZn;:dmﬁmWZ(p*_B/V (44)
(44) implies that in networks using CCWD, the achieved overall throughput
utility can arbitrarily close to the optimal value.

6. SIMULATION

6.1. Simulation Setup

For power control is not considered in the scheme, there is no physical unit for the
parameters in simulations. The unit of transmission data amount is set as packet.
The network in simulations includes 20 nodes. These nodes are randomly distributed
in asguare of 40x40.The transmission distance of any node is 25. In the simulation,
nodesdo not move. Each nodeis aware of thelocations of other nodesin the network.
The message broadcasted on the common control channel by any node can bereceived
by any other node.Four unicast sessions are generated. Source and destination nodes
of each sesssionwill berandomly chosen fromnodesin the network. Dataareinjected
at the source nodes following Poisson arrivals. The smulation time lasts 10000 time
dots. The transmission capacity of any link is 10packets/dot. All initial queue sizes

are 0. Similar to [23], the throughput utility function isuU (x) = log(x+1) , and 24, is 1.
A™ = A (t)+0.1.

In the simulation, the performance of CCWD is compared with that of
NedlyOpportunistic [23] and PDA-PMF [2].

INCCWD, ¢ =2, ¢ =1, D, =max{s, A + ™"}, u™" =C, =10. Thethreshold

of the average end-to-end delay of session m, p,,=200. In NeelyOpportunistic,

g=2and D, =max{s, A" + ™"} . To make PDA-PMF scheme more comparable
with CCWD and Neely Opportunistic, PDA-PMF scheme is modified as follows:
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the scheduling priorities of packets are allocated according to the average delay of
packets in queues. AODV is used as the routing scheme of PDA-PMF. The allowed
bound of waiting delay in any buffer queue is calculated according to (14), (39) and
(40). In addition, NeelyOpportunistic uses the distributed algorithm proposed in
section 4 as routing and scheduling scheme, and PDA-PMF uses the distributed
algorithm as scheduling scheme.

6.2. Performance under Different Average Data Arrival Rate

In Fig 1a, 1b, 1c, Visset to be 50 and the average data arrival rate is set to be from
1 to 10 packets/slot.

The average throughput achieved by CCWD, NeelyOpportunistic, and PDA-
PMF are compared in Fig 1a. Fromthefigure we can seethat the average throughput
of CCWD stopsincreasing whenthe average data arrival rateis higher than 5 packet/
slot.The average throughput achieved by CCWD remains higher than that of
NedlyOpportunistic and PDA-PMFE.In Fig 1b the average packet loss ratio under
CCWD, NedyOpportunistic and PDA-PMF are compared. From Fig 1b, it can be
seen that the average packet loss ratio of CCWD remains lower than that of Neely
Opportunistic and PDA-PMF. The reason is that, for the porposed novel persistent

service virtual queue z™ updates according to X, which can reflect whether the

average end-to-end delay of session m meetsthe delay constraint p, , therate control
and packet drop decison-making of CCWD is more effective, which reduces the
average packet lossratio. Therefore, the amount of packets dropped are reduced and
the average throughput is increased.

In Fig 1c the average end-to-end delay under CCWD, NeelyOpportunistic and
PDA-PMF are compared. The average end-to-end delay of CCWD iscloseto that of
NeelyOpportunistic, and lower than that of PDA-PMF. The reasonisthat in CCWD
and NedlyOpportunistic, the bound of waiting delay in a queue is deterministic. Fig
1c aso showsthat, asthe average data arrival rate increases, the average end-to-end
delay of CCWD and NeelyOpportunistic reduce. The reasonisthat, in backpressure-
based agorithm, the packets are pushed from the source nodes to the destination
nodes with the “gradient” induced by the differences of queue length of nodes. When
the average data arrival rate islow, it needs more time to create the “gradient” from
the source nodesto the destination nodes which causes the average end-to-end delay
of sessionsto be increased.

Peer Reviewed Journal © 2020 ARF 49



—-
N

—_
n

Average throughput(packet/slot)

—
N

—_
=)

o0

ShuFAN

1

6.3.

Figure 1. QoS performance versus average data arrival rate: (a) aver age throughput;

dry

Average data arrival rate(packet/slot)

()

(b) average packet loss ratio; (c) average end-to-end delay

I mpact of V

T v r 12 r , .
- © - NeelyOpportunistic * © * NeelyOpportunistic
- $- CCWD * % CCWD
PDA-PMF 1 1 PDA-PMF J
PRSI R SRR NG § B _ o --0—:0---0® =0---0="4
» i) o -9
. 3’ o
3 g osf
> 5]
* w
of 8
4 EOG -
B '_4>
, 8 - >
. Q04 B
. -’
X < 2
02 4
] ’.P'
RN U " s |
, Average data arrival rate(packet/slot
Average data arrival rate(packet/slot) B @ )
(a) (b)
100
* © - NeelyOpportunistic
ooll- - ¢
B PDA-PMF
= 80f
= 70f
=
'8 £
o 0
5,
& sof
Y
&
< el ~

In this section, parameter V is set asV = [50 100 150 200]. A, (t) of each session is
Tpackets/dot. The theoretical max size of Q queue, Y queue and Z queue are equal to
Q= yma gnd z(M™ | respectively.

In Fig 2a, 2b, 2c, it can be seen that under CCWD the max size of Q, Y and Z
gueue al increase linearly with value of V. The max size of Q, Y and Z queue are

50
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obviously lower thanQ™ ™ y™ and z!™™* , respectively. Theresultsof Fig 2a,2b,2c
verify Theorem 2.

acket)

160

G 106

Figure 2: Queue length versusvalue of V: (a) size of Q queue; (b) size of Y queue;
(c) sizeof Z queue

For ¢ in Theorem 3 is hard to calculate, and utility functionu, () is non-
decreasing, the theoretical maximal utility in Fig 3 is calculated by using

¢ =2 log(AZ+D)  Obviously, " >, can be got. Fig 3 shows that the average

meM

overall utility increases with value of V, with approaching the value of theoretica
maximal utility. The results of Fig 3 verify Theorem 3.
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7. CONCLUSIONS

This paper proposed a cross-layer QoSscheme, which can provideworst case waiting
delay guaranteesin nodes of wireless multihop networks. The scheme makesdecisions
of rate control and packet dropping more effectively by updating queues according
to whether the average end-to-end delay of sessions meets delay constraints.Rigorous
theoretical analyses demonstrate the network stability and throughput utility
optimality of the algorithm. Compared with existing works, the proposed algorithm
achieves higher average throughput and lower average end-to-end delay. For future
study, we plan to combine this policy with on-demand video streaming.
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