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Abstract—We consider the problem of joint routing, scheduling Furthermore, to cope with the interdependence and coupling
and power control in multi-hop wireless networks. We use alinear of variables in wireless networks, it is well-known that a
relation between link capacity and signal to interference noise cross-layer design approach that jointly optimizes raytin

ratio in our formulation. In a previous work, using a duality heduli d trol bstantiall ducd tot
approach, the optimal link scheduling and power control that scheduling and power control can substanually reduce tota

minimizes the total average transmission power is found. We POWer. In this work, we propose a cross-layer global optimal
formulate this problem as a linear programming problem with  algorithm that minimizes the total power consumption in the
exponential number of constraints. To cope with the exponential network and consider a non-convex inter-dependent model
number of constraints, we propose an iterative algorithm based o wireless links. The algorithm that we present here is
on the cutting plane method. The separation Oracle for the . . S .
cutting plane algorithm turns out to be an element-wise concave F:entrahzed and we arg working _on distributed versions of
optimization problem that can be effectively solved using branch it. However, the centralized algorithm can also be used for
and bound algorithm. network provisioning and can also be used as a benchmark for
We extend the same method to find the optimalrouting heuristic distributed algorithms that proposed for criager
sc_hedullng and power contro_l. Simulation results show that design.
this methodology is more efficient and scalable compare to the T .
previously proposed algorithm. thlmlzat|on approgches for wireless network resourae gll_
cation are developed in several papers. Our approach imsimi
|. INTRODUCTION to [1], where the problem of joint routing, scheduling and
Wireless mesh networks rely on multi-hop transmission fwower control for wireless multi-hop network is considered
provide connectivity between end users. In such systemsThey present a centralized algorithm to find optimal schedul
is highly desirable to minimize the total power consumptioimg and power control to minimize the total average power
to increase energy efficiency of the system and to minimizensumption in the network, subject to constraints regardi
interference with other telecommunication systems waykn the peak power and minimum data rate over each link. In
the same environment. Three separate set of control vasialdddition, using the dual variable as the link cost they psepm
that determine the energy consumption in a network are: @¢jadient based algorithm to find the optimal routing itesslsi.
Routing which specifies path(s) that are used to transfer datowever, the number in constraints of the scheduling and
between every source-destination (S-D) pair in the netwoplower allocation problem, which should be solved in every
and the fraction of traffic that on average is sent througlh eaiteration, grows exponentially with the number of links.rde,
selected path. (ii) Scheduling which specifies the set afect this approach is impractical for large size networks. We pro
links that transfer data at each time slot. (iii) Power Cohntr pose efficient relaxation methods and introduce an algurith
which determines power transmission of active links at eatihat simultaneously finds the optimal routing, schedulind a
time slot. For a given traffic matrix which specifies traffigpower allocation. Even though the worst case complexity of
demand between every source-destination pair our goal isthe relaxation methods can be exponential, these algm®ithm
find the optimal routing, scheduling and transmission pow&usrn out to be very efficient for practical problems. In fact,
that minimize the total power consumption in the network. by using the simulation results, we show that our proposed
Cross-layer design for wireless networks are usually baseldorithms for routing, scheduling and power control isreve
on simplified MAC and PHY layer models, so that it can benuch more efficient than the direct approach proposed in [1],
formulated as a convex optimization problem. The mode]g] for scheduling and power control (with fixed routing).
that consider interference, however, result in complitate The rest of the paper is structured as follows: In Section
mathematical relations between power and link capacitglwhill, we describe the physical layer model and formulate the
are multi-variable and non-convex. Therefore, convemtiionoptimization problems. In Section Il we describe our algo-
convex optimization algorithms are not applicable anymorgthm. Simulation results in addition to some comments abou



our algorithm are provided in Section IV. Section V conclsideThe average rate of linkis then defined as
this paper. Xavg(l) = liminf oo 1377 ) X5 (D).

Il. MODELING AND PROBLEM EORMULATION For each Imkl, let C(1) be a given minimum required average
data rate, i.e. we must have

Suppose there aréV stationary nodes, labeled by the
integers1,2,--- ,N. A sete of L. = |¢| transmission links, Xavg(l) > C(1), foralll € ¢ (5)
among the possibl&vV(N — 1) links between nodes, make a_ . . —
network topology. These active links are chosen based on fAgfine the required minimum average rate vector(@s=
distance, Signal to Interference Noise Ratio (SINR) or sorﬁg(l)’o(z)’ -, OLe)). , .
other connectivity measure [3], [4], [5]. For simplicity,ew The average .power consmljmetd by the transmitter of llirgk
assume in this paper that two nodes constitute a link if thfen Pavg (1) = limsup ,_ . Zk:ﬂ,(l)
distance between them is less than a threshold. For a giv@fine the average power vector Bs,; = (FPuvg(1),
link I = (i, ), the transmitter node uses a signal power Pavg(2), ", Pavg(Le)). There may or may not exist a se-
P(l). The “path gain” from node to nodej is given by duence of network power vectors, P, -- - that satisfy (2)
G(i,7), and models the effects of signal attenuation due &0d (5). If there does exist a sequence of such network power
distance, channel fading and shadowing, as well as ante¥§&tors, our aim is to minimize a linear function 8f,,. An
gain patterns. We assume that the path gdif(s,j) are example of such a linear function is simply the total average
constant. The transmitting and receiving nodes of linkre POWer
denoted by7'(1) and R(l) respectively. The received signal h(Pavg) = Pavg(l) (6)
power at nodeR(l) from the transmittefZ’(l) thus is given lee
by P(1)G(T'(1), R(1)). However, signals emanating from otherrhe Scheduling and Power Control Problem is then
transmitters appear the receive(l) as interference, and theregefined as
is thermal noise as well. The signal to interference andenois
ratio (SINR) for link [ is defined as min h(F,.4) subject to (2) and (5) (7)

(1) = G(T(1), R(1))P(1) (1) Let us define the value of this cost function as a function of
> P(R)G(T'(k), R(I)) + nray C denote_d byH (C'). .We can abso_rb const_raint (5) into the
wheren; is the noise power at node Let us assume that the€0St function and define the potential function
efficient bandwidth of channélis 1 (). Assuming Gaussian V(?,ﬁ) _ h(l_ﬁ) + Zﬂ(l)[O(Z) —X(1)] 8)
noise plus interference, the maximum mutual information of
link 7 will be X (1) = W(l).log2(1 + ~v(1)). In a low power
regime, the SINR valuey(1), is very small. Therefore, we can
use the linear approximation féog function and obtain H(Z*)) — %1%({ min V(%ﬂ) subject to(2)}  (9)
z P

X(1) =W (h)~{1) @) . . -
. Computation of (9) involves optimizing over all schedulds o
A. Scheduling and power control network power vectors satisfying the peak power constiaint
We start with reviewing the problem formulation given irevery slot. However, since the potential functibnis linear
[1]. For simplicity of exposition, we divide time into slots jn py? _and X, it follows that (9) can be computed by an

each of equal duration and indexed by positive integeigptimization over a single slot [1], [2]. Therefore, we caistj
Transmissions begin and end on slot boundaries. Gene@liziocus on solving

the notation introduced earlier, leX,(l) and P,(l) be the

lee

Using duality methods, we can show that [1]

. —
data rate for link! in slot ¢, and transmission power for maxﬁzo{mm73 V(P,B3)}
the transmitter7(l) for link [ in slot ¢, respectively. Let st (10)
P, = (P(1), P(2),---, P:(L.)) be the network power vector PeP

for slot t. Let P™* (i) be the maximum transmission power . , .
. ‘ : . o It can be shown [1] thal” is element-wise concave in terms
for nodei. Also, lete(i) be the links ine that originate at . — S ) :
. ._.of P. Therefore, the minimization problem takes its optimal
node i. Each node must conform to the peak transmission .
. ) value at the extreme points of polytoffe In other words, the
power constraint in every slot: . .

. optimal schedule should be in such a way that at most one
0< Yieeqp Pe(l) < Pme%(i) and (3) Oof the links emanated from each node is active. That link, if
0< P, forallt> 1andlee there is any, should be sending data at full allowable power
[2].

For simplicity, we show thenth extreme point oP by P,.
ConsideringM as the total number of extreme points, we will
need to solve the following max-min problem:

G(T (), R)PD) ) @ ~, (

>z G (k), RQ) Py (k) + ngq) H(C) = max

The above constraints form a polytope n space. Let us
denote this polytope b¥P. Using (1) and (2), the maximum
achievable data rate for linkin slot ¢ is

Xi(l) =wW(l) <

min V(P™,,3): 1 <m < M} 1)

m



This optimization problem can be solved by a linear prawhereZ,, and O,, are sets of links entering and leaving node

gram: n respectively. Equations (12c) and (1_2>d) define a polytope
that we denote byC. For a rate vectorC' to be a route, it
max T must be on this polytope.
s.t.
T - Pm(1) — S8 (C(1) — X™(1) <0 (12) 1. POWER CONTROL, SCHEDULING AND ROUTING
lee lee ALGORITHMS
m = 1’ . 7]\4

Th bl ith thi hod i h ber of In this section we will introduce a new algorithm that can
' he pro em_W|t this metho 'M‘F € number o exXUreme finy the optimal power control, scheduling, and routing for
points (constraints) grows exponent_|al_ly with the_numb{er Parge networks. We first explain the power control-scheyli

links in the network, and therefore it is not possible to flr@Igorithm for the fixed routing and then extend the algorithm

_the solution for _Ia_rge values CM In the next_secthn,_ Ve to compute the optimal power control, scheduling, and napti
introduce an efficient mechanism to solve this Opt'm'zat'oélmultaneously

problem. _
Let us denote the extreme points that minimizeP, 3) by

; : . RS A. The power control-scheduling algorithm
P’ and their total number by. Assuming feasibility, it can

be shown that there exists a vectar such that [1]: Recall that to compute the optimal scheduling and power
K control for a given routing we have to solve the optimization
i di=1 , (13) problem given in (12). The problem with this method is
Xavg(l) = Sie M X(1) = C(1) that the number of extreme points (constraint), grows
The value of\; indicates the relative frequency that the powegxPonentially with the number of links in the network, and
vector P* should be utilized in an optimal policy. therefore it is not possible to find the solution for largeues

Therefore, the main challenge is to find the optimal sol@f M. _
tions of (12). In our algorithm, as will be shown in the next A common approach to deal with large number of con-
section, we insert the constraints iteratively to take athge Straints in linear programs is cutting plane methods 6]

of the fact that we need at mo&t -+ 1 transmission modes Instead of dealing with all constraints, the cutting plane
in the optimal solution. algorithm considers a subset of constraifitand form the

relaxed problem:
B. Scheduling, Power Control, and Routing

In the power control-scheduling problem link rate3(i), max T
were fixed and the algorithm finds the optimal power allogatio ;t; S PRI — S B0 — X)) <0 (15)

vectors and their scheduling frequency. The routing proble = =
should find the optimal link rates for a given end-to-endficaf mel
demand matrix as well.

Now, assume we have a set of source-destination (S-D) pal¥é use Kelly’'s convex cutting plane algorithm [6] which is
{(i,4)}. Suppose that for each S-D pair the desired traffeasically an iterative algorithm for introducing new caastts
demand is known. Solution to the joint routing, scheduling a into the constraint subset. We initialize the constrairit e
power control problem specifies links’ average traffic rateBy selecting one of the extreme points Bfarbitrarily and
power vectors and scheduling frequency of power vectdigyming its corresponding constraint.
such that the given traffic demand and maximum power At each iteration, e.gk, we solve the relaxed optimization
constraints are satisfied. Our objective is to find the swmtuti problem (15) with constraint sef, instead ofl. Let (T}, 8x)
with minimum average power consumption. Let us then defife the optimal solution of the relaxed problem. There are
v;;(1) as the portion of flow in link that belongs to the S-D two possibilities: (1) If(T%, 8x) is a feasible solution for the
pair {(i,§)}. The mathematical statement of the joint routingriginal optimization problem, then we are done and we have
scheduling, and power control problem will be as follows, found an optimal solution for that problem too. (2)(#, )
min S, oo (I) is not feasible.we have to find a violated constrain'; and.add it
st L= avg to the constraint set to form, ., and §tart the next |terafuon.

L 0STo RS Pa W meed el ) B e e
b. 0< P(l), forallt> 1andl e . - Supp - .
¢ a linear program (LP). A separaticDracle [7] determines

¢ Yaer, Vi) — Yo, vig (D) (14) if the solution is feasible. If the solution is not feasibtae

0 p# voryj separation Oracle finds a hyperplane that separates th@solu
=9 ~dy n=1 from the feasible region.

dij n=y,
d. Zij Vij (l) = C(l) 1In fact, cutting plane methods are usually used in the morergkoentext
e. Xavg(l) >C(l), foralll e of convex programming



We formulate the following Oracle optimization problem: since it has to consider all extreme points of the power poly-
tope explicitly and relies on iterative gradient based tpsla
min (Z P(l) + Bp()(C() — X(P(l)))) of the routing parameters. Both these issues are resolved in
! (16) our algorithm.
= The problem formulation is given in (14). In Section II.A,
PePl we explained that by using duality and due to linearityAn

As explained before, subject to feasibility, there is alsayp andX, we need to only solve the optimization problem given
optimal solution in the extreme points of the power polytopén (10). Similarly, we can use the duality theorem for linear
PP. Therefore, similar to the concave programming problem@fograms and linearity of (14) i®*, X and C' to show that
branch and bound algorithms converge in finite number & the joint power control, scheduling, and routing praoble
iterations, and in fact, in most practical cases the algorit it is sufficient to solve the following optimization problem
finds the optimal solution fast. We use GAMS [8] software maxgso{mins = V(I_ﬁ 3 5))}
which is based on the branch and bound algorithm. The p=0 F,C T
library of GAMS that analytically finds the global optimum S_} — (20)
is BARON [9]. BARON uses a modified branch and bound PePandC eC
method named as branch and reduce. The linear program as . —= .
el e cor o 1 et o WATLAD . 151 Ut ss one of e gt of et
the simulation results we elaborate more on the computation’’ P

time of the algorithm. The essence of the algorithm is asue The problem can be rewritten as an LP:

S.t.

follows. max T
In summary, at iteratiort;, we solve the following LP: s.t. o . _ (21)
max T T-V(P,3,C)<0 forall PecPandC €C
- ZEZEP’”(Z) - leZgﬂ(l)(Cm(l) —X™(1)) <0 (17) Recall that the functior/’() is element wise concave i
m=1,---k and linear inC. Hence, the optimal solution can be found

in extreme points of polytope® and C. Similar to the
ower control-scheduling case we use the Kelly’s cuttirampl
ethod to devise an iterative algorithm as follows:
At Iteration k we solve the following master linear program

Let G, be the solution of the above LP in iteratién which
will be used in the following non-linear Oracle problem t
test optimality:

min— (32, P(I) + 32, B(1)(C(1) — X(1))) with & constraints:
s.t. (18) max T’
Per TSP - SAOE0) - XT0) <0 (zp)

= . m=1,---k
We then add the new® vector to form a new constraint for

the next iteration. In the following we prove that the algjom Let (7%, ;) be the optimal solution of (22) at Iteratioi

converges in finite iterations to the optimal solution. Bk, will be used in the following non-linear Oracle problem
Lemma 1: The proposed algorithm converges after finite )

number of iterations. ming = (32, P() + X2, Be(D(C(1) — X(1)))
Proof: See [10] S.t. (23)

Lemma 2: After convergence the value of bgth linear and CeCandPcP
nonlinear (global) optimizers will be equal @ (C').
Proof: See [10]
lheorem 1: The set of power modes after convergenc

If the Oracle optimal value is less thaf,, then the corre-
sponding solution{ P*+1, C'**+1) forms a violated constraint
fhat should be added to the master LP constraint set for the

.
{P!,---,P™}, satisfy the rate requirement. In other wordsyext iteration. Otherwise, the algorithm has converged.
there is a non-negative time sharing,, - - - , A, that We can further simplify the last step as follows. The

a. Y h=1 potential function in (23) is separable to two functionseTh

b A Xi-0 (19) first one, i.e.), B (1)C(1), is the sum of weighted’(/)s and

v ; — can be minimized viaDijkstra algorithm [11]. The second

¢ A Pl = H(C) one is simply the potential function in the previous sulisect

Proof: See [10] minus a constant value. Therefore, it does not require a new
_ _ technique to find the minimum.

B. Power Control, Scheduling and Routing Similar to the scheduling-only case, since the optimal

We extend the power control-scheduling algorithm devedolution is in the extreme points of the power and routing
oped in section Ill.A to find the optimal routing too. Thepolytopes, the cutting plane algorithm converges in finite
routing algorithm described in [1] has scalability probem number of steps.



After convergence, the optimal routing vector and the op- 250- 2x102 wo way lks/S0 nodes rate=10 kbps
ti_r)nal transmissign strategy will be superposition of alé th
C'* vectors andP* vectors respectively. The corresponding
coefficients are similar and are found in the same manner as
described in the proof of Theorem 1.

IV. SIMULATION RESULTS AND DISCUSSION

We consider a square area of 200 by 200 meters for our
simulations. The node locations are selected with a uniform
random generator in this area. We consider networks with
7 to 50 nodes in our simulations. However, in most of the
experiments the number of nodes ranges from 7 to 30. There
is an edge between two nodes of the network graph if the
distance between them is less than a specific value denoted
by dunax. The number of edges ranges from 9 to 102 in our
experiments, with 9 corresponding to a network with 7 nodes
and 102 to a network with 50 nodes. Each edge represents two

Fig. 1. One of the simulated networks with 50 nodes

Power Consumption

uni-directional communication links in the network. Thiere, 0022
the number of communication links is twice the number of 002
edges of the network graph. For example, in the network o 0018t

of Fig. 1 we have 102 edges which is equivalent to 204
uni-directional links. The path-loss and shadowing patame
G(i,7), is considered proportional to inverse square of the
distance between nodesand j. The algorithm, however,
works for any other choice of(4, 7).

0.016

0.0141

0.012

0.01F

total power consumption(Watt)

0.008 - ’

The efficient bandwidth of links is 1 MHz, and the noise L g +power
power .000010 Watt. The maximum power of a node is P Ze7 2o - our Agontm-roungsseheduing-poner] |
1 Watt. For each network, we randomly pick the source- R I 5 = %
destination pairs. The number of source-destination pairs
a network is about 20% of the total number of nodes. The Fig. 2. Comparison of the total consummed power

end-to-end data-rate from each source to its corresponding
destination is 10 Kbps, so that in all experiments a feasible

solution exists. However, the data rate value does nottafiec method. The algorithm corresponding to the other curve uses
properties and efficiency of the algorithm. For each netwogk minimum route and then finds the best schedule using
size, multiple random networks were generated and thetsesigyr scheduling-only algorithm. Our algorithm consumes, on
were consistent among different runs. Here, we report th@erage, 15 percent less power. It is one of conclusionsisf th
average results of at least 3 experiments for each netw@ykrk that, in a wireless network the minimum-hop route is
size. Three separate algorithms are studied here: (1) abtirAgt the power-optimal one.

scheduling and power control using an LP with all extreme The number of constraints directly affects the running time

points constraint with minimum hop routing, (2) our propdsest the algorithm. Fig. 3 compares the running time of the
algorithm for scheduling and power control with minimum

hop routing and (3) our proposed joint routing, scheduling

and power control algorithm. - Simulation Duration
In Fig. 1 the source and destination pairs and the links -+ Al-Constraint Algorithm
oy . . . . . R Our Algorithm-scheduling+power
that are utilized in the optimal routing solution for eachirpa 0} - |~ = - our Algorithm-routing +scheduling +power |

are specified. We represent each source node land the
destination node byl. The same color is used for these
symbols and the links that are in the optimal route between
them. Note that in this case the optimal routing has selected
only one path (no multi-path routing) and there is tendency 10°}
to select common links for different source-destinatioirga
The same trend is observed in other experiments as we will
discuss later. 0 ‘ ‘ ‘ ‘

In Fig. 2 we have plotted the amount of power con- ° " umber of nodes ® *
sumed. The first curve in this figure represents the amount of
power consumed when using our joint routing and schedulingrig- 3. Comparison of the time it takes for each algorithm toveoge

time(sec)
=
1S)




No. of active links
25 T T

20r

15¢

link count

101

15 20
number of nodes

5 10 30

Fig. 4. Comparison of the number of active links

Fig. 5. Generated routes for a network with 51 two-way link82 single-
way links)

These results suggest that the interaction between rquting
scheduling and power control is very complex and it is very
important to consider appropriate physical and MAC layer
models in the design of algorithms.

V. CONCLUSION

We proposed a new global optimization algorithm for joint
power control, routing and scheduling to minimize the power
consumption in multi-hop wireless networks. The previgusl
proposed centralized algorithms are too complex and cannot
be used for large size networks. The distributed algorithms
are in general approximation algorithms. Further, they are
based on the assumption of a node exclusiveness interéerenc
model [12]-[14]. In most practical systems this is not a dali
assumption. Our algorithm is a cutting plane algorithm that
is proved to obtain the global optimum. Simulation results
suggest that the algorithm converges very fast and can be
used for large size networks. Even though our algorithm
is centralized it can provide valuable insight regarding th
characteristics of the optimal solutions and capacity & th
networks.
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