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Abstract—We consider a centralized Spectrum Server that As a consequence, radios in future wireless systems are
coordinates the transmissions of a group of links sharing a envisaged to be “smart' and “interference aware.' Suclosadi
common spectrum. Links employ on-off modulation with xed  gte referred to as cognitive radios, are expected to Hawe t
transmit power when active. In the on state, a link obtains a . .
data rate determined by the signal-to-interference ratio @ the ability t(_) coopgrate a_nd dynaml_c_ally share spectrum among
link. By knowing the link gains in the network, the spectrum Several interfering radios. In addition to the degree ofilgix
server nds an optimal schedule that maximizes the average ity and adaptability of these radios, the need for globabinf
sum rate subject to a minimum average rate constraint for. eab  mation regarding signals in space, time and frequency plays
link. Using a graph theoretic model for the network and a linear 5 5-ominent role in successful cooperation and coexistence
programming formulation, the resu.ltlng. schedules argacdbcthn In thi introd th fi f ¢ S
of transmission modes (sets of active links) that are time stred in ' NS Paper, we introduce the notion o Spectrum erver
a fashion that is reminiscent of spatial reuse patterns in dailar ~ Which can serve as an information aid to enable coexistence
networks. In the special case when there is no minimum rate of radios in a shared environment. Speci cally, these radio
constraint, the optimal schedule results in a xed dominantmode could be made to cooperate by the centralized spectrum
with highest sum rate being operated all the time. In order 10 garyer which can determine neighborhood and interference
offset the inherent unfairness in the above solution, we imbduce . . .

a minimum rate constraint and characterize the resulting Iss in Informatlon frpm _measurements from the radios a“‘i' enable
sum rate when compared to the case when there is no minimum €f cient coordination. The spectrum server could then iaev
rate constraint. We also investigate alternate fairness dteria by  a set of links, so that spectrum can be used ef ciently. There
designing scheduling algorithms that achieve max-min faitess are many different ways in which the spectrum server can
and proportional faimess. It is shown that the max-min fair rate  ¢,qqinate a set of radios in a wireless network [1], [2].Hist
allocation maximizes the minimum common rate among the link. ; . ..
Simulation results are presented and future work is descriled. work, we cons@er the _prOblem of SChedu“ng_tr"’_‘nsm'ss'ons
for a group of links which have a xed transmission power,

l. INTRODUCTION under the objective of maximizing the sum rate obtained By th

Since the earliest days of radio regulation, spectrum madmks. We also address issues of fairness by deriving sdimedu
agement has been driven by improvements in technologygorithms that result in max-min fair and proportionalrfai
from improved lters and frequency stability that allowedrate allocations. Max-min fair scheduling of rates haverbee
more channels to be created, to sophisticated logic and rasiudied extensively in the context of ow control of sourdes
techniques that created the worldwide phenomenon of eellula network [3]. Proportional fair scheduling has been stuidtie
More recently, however, a new paradigm has emerged the context of multiuser diversity [4] and downlink schadgl|
which regulation has driven technology. A relatively smaflor HDR [5]. But to the best of our knowledge, it has not been
regulatory experiment in “open spectrum” that began in thtetudied in the context of our framework.

ISM (Industrial Scienti c, Medical) bands has spawned an Scheduling transmissions in a wireless network has been
impressive variety of important technologies and innaati studied in various contexts. In [6], a joint scheduling and
uses, from cordless phones and wireless LANSs to toll takepgwer control strategy is proposed to maximize network
meter readers and home entertainment products. This olhroughput and energy ef ciency of the system. Their algo-
ous success has further energized an already intense deb#iien selects candidate subsets of concurrently activies]in
about regulatory strategy by introducing a new set of issuasd applies the distributed power control algorithm [7] tal

and beliefs, and while this debate displays intensely hellde minimal power vector. Another direction in this problem
regulatory and economic viewpoints, it inevitably turns ois addressed in [8], [9], where the authors look at the cross-
the old-fashioned fulcrum of technological capability asliw layer issues of routing, scheduling and power control. B{,[1
Ultimately, the capacity of the open access bands, and theentralized MAC protocol is proposed but the objective is
quality of service they can offer, will depend on the degree maximize a utility function. The authors in [11] introdric

to which radios can be designed to adapt to a wide variety thie concept of transmission modes and develop a framework
conditions. for integrated link scheduling and power control policies t



Fig. 1. Graph of network showing the nodes and directed links Fig. 2.  Graph of network showing transmission mode corredimy to
(1010)

maximize the average network throughput, when each linkfisr vectors and boldface uppercase fos matricesa Ifs a
subject to an average power constraint and each node iscsubjector,a’ denotes its transpose aallb = . aib represents
to a peak power constraint. The authors assume a modetfig inner product of the vectoasandb. The vector of all zeros
which the data rate of a link is a linear function of the signahlnd all ones are represented ®yand 1 respectively.
to-interference ratio at the receiver.
) ] . II. SYSTEM MODEL

In contrast, we consider transmitters with a xed power on- : . . .
off modulation and devise schedules that maximize the syst C;ons@er a W|reless network withl nodes formingL
throughput. We assume that we obtain a non-zero rate in E?gmal links sharing a common Spectrum. The network can
links for any non-zero signal-to-interference ratio (SIRhe € represented as a directed grav. E), where the nodes

optimization problem, subject to minimum rate constraint the network are _represented by the set of vertl\z’es_f
in the individual links, is posed as a linear program. If th e graph and the links are represented by a set of directed

link gains are known to the spectrum server, it can sched ggeSEd Tgere]fore the c:;dinalitigyj - NI ano;]jEj B LhA
the transmissions among the links to maximize the syst ected edge from a node to noden implies thatn wishes

throughput. It is shown that when there is no minimum rafg communicate data to node. We consider the. scenario
constraint, a xed set of links (called the dominant mode herg the spectrum server coordmaf[es the activity of the se
which maximizes the sum rate is operated all the time. Inror f L links to share the spectrum ef ciently.

to offset the inherent unfairness in the above solution,ntre+ .
duce a minimum rate constraint and characterize the regultilg’ wh_erg M = M 1 denotes th.e.number of possible
loss in sum rate when compared to the case when there ist'i‘f"’cg13mISSI0n modes. Then theode activity vectot; of mode

minimum rate constraint. We also investigate alternataésis | 1S & binary vector, indicating the on-off activity of the ki

criteria by designing scheduling algorithms that achievsm If i = (tutzi;::2 1) is @ mode activity vector, then
min fairness and proportional fairness. We show that the-max, _  1; link | is active under transmission mode
min fair rate allocation can be obtained in one step by sglvin '~ 0; otherwise.

a linear program which maximizes the minimum common rate (1)

among the links. The proportional fair schedule is obtaingd Note that there ar& possible transmission modes including
solving a non-linear convex optimization program. The pap&e mode in which all links are off. Figure 1 shows a repre-
is organized as follows. In section II, we describe the systesentative network and Figure 2 shows particular transomssi
model. The problem formulation and analytical results af@ode for the set of links.

described in section Ill. We present the max-min fair schedu Let the transmitter power on a linkbe Py. If Gy is the

in section IV and the proportional fair schedule in sectiolink gain from the transmitter of link to the receiver of link
V. The simulation results are presented in section VI. Weand { is the noise power at the receiver of lihkthe SIR

conclude in section VII with pointers to future work. i at the receiver of link in transmission modeis given by

Before we explain the system model, we comment on the =P ti G Py : 2)
notation of this paper. We use boldface lowercase chasacter ' woe kel ki Gk Pk + 7




The link gain between a transmitter and receiver takes inBinceC is a matrix with non-negative entries, the constraint
account the path loss and attenuation due to shadow fadih§x = 1 can be replaced by the constraiftx 1 since the
We assume that the link gains between each transmitter aplimumx, sayXop, Will satisfy 1Txopt = 1. Otherwise, we
receiver are known to the spectrum server. The data rateuld scalexqp up so that the objective function is increased.
in each link depends on the SIR in that link. We assum&fe denote the optimal valuk’ Cx opt &S Copt(0).

that the transmitter can vary its data rate, possibly thinoaig

combination of adaptive modulation and coding. In paricul A. No minimum rate constraint

for a given mode, the transmitter and receiver on a link esnplo . . .

the highest rate that permits reliable communication giben We nhow cor_1$_|der the special case whegm = 0, i.e., w_hen
link SIR in that mode. For purposes of this study, we assurH%ere IS no minimum rate reqwrement.for any of the I|nk§.
that the transmission of other links are treated as Gaussiarl "€0reém 1:Whenrmin = 0, the solution to problem (7) is

—_ - . iT HY
noise and that a transmission on lihks reliable in a given Xopt=[00:::1:::0 0", where the position of corresponds
modei with a data rate to the transmission mode with the maximum sum rate. The

optimal objective value is the maximum column sum of the
g =log(1+ y): (3) rate matrixC. Hence, the optimal strategy is to always operate

. . - transmission mode with the maximum sum rate.
We emphasize here that we do not consider any minimum S ) . .
Proof: The proof of the theorem is straightforward. Since

threshold required at each receiver, i.e., associated et e ) )
transmission modé, a non-zero ; de nes some rate on the ' ™" ~ 0, anyx satls_fylng T(7b) and (vc) is feasible, as (7a)
link |. Let x; be the fraction of time that transmission madde is trivially satis ed. Sincel _C represen'_[s thTe row-vector of
is active and| be the average data rate of Iithach link has column sumbs_ O];.C' thfe OleeCt'Ve func]:uct)r?l CxtﬂlsTiome

a minimum average data rate requiremgft' . The average convex combination ot column sums ot the maftx Thus,

data rate in linkl is the time average of the data rates of all X W
the transmission modes that include lihKThus, 1"cx = G Xi (8)
X I=1 i=1
n=  GiXi (4) %
' = Xi Gii 9)
or in vector form, i=1 1=l
r = Cx; (5) X
: o : : Xj max G (10)
whereC =[¢j]isanL M matrix with non-negative entries, o1 T
such that columm indicates the rate obtained by each link in X
modei. = max Ci (11)

1. M AXIMUM SUM RATE SCHEDULING P
We are interested in maximizing the sum of the averagéhere the equality in (11) is true since; x; = 1. Equality

data rates over all links=1:2;::::L, subject to constraints holds in (10) whenx = Xopt = 00 %1 ::0 O] where
on the minimum rate for each link. The optimization problerthe position ofl in Xqpt isT = argmax; |_; ¢i. Hence the

can be posed as the linear program (LP):

proof. [ ]
Depending on the geometry of the links, the dominant

1 (6) transmission mode can be a single active link or a collection
subject to r=0Cx; (6a) of geographically separated links. However, one implarati
r fmin; (6b) of the above theorem is that the links that are not a part of
1Tx =1: (6¢) the dominant transmission mode are starved. So, the system
is not fair in terms of providing non-zero data rates to adl th
x 0 (6d) jinks.

The objective functiord™r

P .
i Ii is the sum of average

rates of the individual links. The constraint (6b) représenB. Non-zero minimum rate constraint

the minimum rate constraint and (6c) is the normalizatian fo

the schedule.

The variables in the LP (6) anreandx. Rewriting the LP

in terms of the variabl& only, we get

In the case whenpi, is non-zero, any satisfying (7b) and
(7c) may not be feasible. There is an additional constraint i
(7a) which has to be met. Hence the optimal objective value
cannot exceedoy(0). We now characterize the loss in sum

Copt(Tmin) = mMax 17 Cx (7) rate due to the minimum rate constraint. We begin by writing
Cx (7a) the dual problem for the LP.
The Lagrangian for the LP (7) is
17x (7b) grang )
x 0 (7¢)  LOGuiv)= 1TCx + uT(Cx  rmn)+ V(L 17x); (12)



whereu 2 Rt andv 2 R are the dual variables. The Lagrangé&or all modeg 2 T, the nonzero interference gaif and

dual is the monotonicity of the fractioP=(cP + ?2) imply that
g(u;v) = sup L(x;u;v) (13) < = p & (18)
x 0 28 ke 1 ti Gk
— T
= UTmin *V We can thus upper bound the SIR of any link | in any
+sup(l"C+uTC viT)x (14) transmission modg2 T as
x 0
T, - 1T T T j = j -
- u Mmin + Y, 1'C+u'C vi ?15) i < r}12a1>5 mlax lj (19)
1 ; otherwise
It follows from (3) that
Thus the dual problem for the LP (7) is _
g c=log@+ ); j2T: (20)
. . . T
m|n_|m|ze zmi” u+v (16) Note thatc serves as an upper bound for the rate that can be
subjectto C'(1+u) vl (16a) obtained by any link in a shared modg 2 . However, in
u 0O;v O (16b) a modei, 2 T in which only link | is active,

By strong duality [12, Chapter 5], the optimal value of the i, = G"ZP = (P); (22)

dual problem in (16) is equal t@ypdr min ). Let(u ;v ) be the l
solution of (16). Since by Theorem @y(0) is the maximum a monotone increasing function Bf. Let us de ne
column sum ofC andu 0, we have according to (16a),

vV Copi(0). Therefore, the optimal value of (16) a(P)=log(l+ (P)): (22)
T as the data rate obtained when linkkansmits with poweP in
Copt(Fmin) = FminU +V the isolation mode,. Sincec (P) is a monotone increasing
rlnu + Copt(0): function of P, there exists a transmit powé , such that

] . ) P >P implies¢(P) >L cfor all links I.
Sincecop(0)  Cop(fmin)  Tmin U . the loss in sum rate is at  Now, let us suppose th@ > P, but x is an optimal
mostr T u . An interpretation of the dual variable is that schedule for problem (7) witt; > O for a shared mode
it can be viewed as the amount of rate loss for a unit increqsg . Consider a new schedul€ given by

inr!.. . This is analogous to the dual prices interpretation, in 8 o

which the dual variables are interpreted as the price paid fo 20 =

using the limited resources (primal variables), the caists xi°= S Xi X =L j2 T (23)
of which are speci ed in the primal problem. X otherwise

C. Maximum sum rate schedule with high SNR links The schedule? reallocates the timg; in modej equally to

. . . . the isolation modes, in T. In particular, an isolation mode
We can examine the special case of high SNR links wh(?ln2 £ will now be alctive for tirr:1e

each link transmits with a large power. Let us de ne a set "
of modes X0 = xi, + Tli (24)
T =fi: ti, =1, t4, =0 forallk 6 Ig: We now show that every linkreceives a positive rate increase

o o ) by switching to schedule®. Under schedulg, a link | obtains
In modeiy, link | transmits in isolation and thus we cdll= | ate

fiq;iz;::1;iLg the set of isolation modes. X X
When the transmit poweP is high, all links have high = GiXi=gXx+a&X+ Gi Xi ! (25)
SNR and a link achieves a high rate when transmitting in the i i2fjig
isolation modei,;. However, in a shared (non-isolation) mod&nder schedule®, link | obtains rate
j 2 T, links will have interference-limited SIRs and relatively 0 0 0
low data rates. These observations lead to the following = GiX=GiXj+ Gi Xi - (26)
theorem. i i2f g
Theorem 2:If the interference gain&y are all non-zero, For link I, the difference in rates is
then for suf ciently large transmit powelP, the solution to o _ 0
(7) is time sharing among the transmission mode in o n= C"'_(Xil Xiy) Gy Xj (27)
Proof: If P is the transmit power in all links2 E, from = G Ci Xj: (28)

(2) the SIR j; of link | in transmission modg is given by o L . . . o
However,P > P implies that in the isolation modk, link

_p tj Gu P . | obtains rate
j = 7 G 5. (17) o ]
j2e ke tj Gk P+ ci, = cg(P)>Lc: (29)




It follows thatr,0 ri > 0 for all links I. This contradicts the  3) r such that the rates in all linkg >r , | 2 E.

optimality of schedulex in that every link achieves a strictly The third possibility can be ruled out since it contradidte t
higher rate under schedui€. B optimality of (30). From De nition 1 of max-min fairness, it

IV. M AX-MIN FAIR RATE SCHEDULING follows th_at_r. _1 is the max-min fair rate vector when the rst
two possibilities hold. [ ]

The maximum sum rate scheduling is biased towards links
that have the best quality (i.e., least interference) and is V. PROPORTIONAL FAIR SCHEDULING

unfair to the other links that are not a part of the dominant The max-min fair schedule derived in the previous section
transmission mode. To address this, we will consider twemnthegds to global fairness. In this section, we discuss adasn
fairness criteria in deriving scheduling strategies - maR- criteria which leads to fairness of individual links.

fair and proportional fair. In this section, we present th@xm  pe nition 2: A vector of rates is proportional fair if it is

min fair [3] schedule. feasible, i.e.Cx = r forx suchthatt™x =1 andx 0, and

~ De nition 1: A vector of rates is said to bemax-min fair if for any other feasible vectar’, the aggregate of proportional
if it is feasible and for each 2 E, r; cannot be increased change is negative.

while maintaining feasibility without decreasing for some X .0

link 1° for which rjo  r,. Formally, for any other feasible LS 31)
allocationr, with i > r |, there must exist somé such that i Fi

Fo<fjo I In [13], Kelly proposed proportional fairness in the coritex

In the context of ow control of sources in a communicatior®f rate control for elastic trafc. It can be shown that the
network, iterative algorithms for computing max-min faite Proportionally fair vector is the one that maximizes the sum
vectors exist [3]. Such iterative algorithms use a “progjues of Ioga_rlthms qf the utility functions. Hence,_to obtalr_l the
ling' technique that starts with all rates equal to zerodan Proportional fair rates, we solve the following non-linear
increases the rates until one or several link capacity simieptimization problem with linear constraints
are reached. In order to obtain the max-min fair schedule in X

X . ) . max logr (32)
our setting, we begin by formulating the LP to maximize the |
minimum common rate in all t.he links. We ywll t_hen sh.ow that subject to r=Cx: (32a)
the solution to this LP results in the max-min fair solutidhe

Ty —1-
LP which maximizes the minimum common rate among the 1x=1; (32b)
links is x 0 (32¢)
r = max I min (30) The objective function of the above non-linear optimizatio
subject to = Cx: (30a) proplem is increasing and strictly concave. The congtmt.
_ is linear and hence the problem is a convex optimization
r Tminl; (30b)  problem [12]. This implies that the problem has a unique
1"x =1; (30c) global maximum over the constraint set. The solution fohsuc
X O (30d) Pproblems can be found out by gradient search algorithms [12]
Before proving that the above LP results in the max-min V1. SIMULATION RESULTS
fair schedule, we state the following theorem: We present some simulation results in this section. Though

Theorem 3:If the link gainsGy; are all non-zero, then thethe analytical results are true for more general cases, we
LP (30) which maximizes the minimum common rate amongresent simulation results for some speci ¢ cases to et
the links results in all links getting the same rate i.e., our ndings. The simulation set-up is30 50grid. The links
r=r 1 are of xed lengths and placed at random locations in the.grid

The proof of Theorem 3 appears in the appendix. We nophe interference gaiG;; between the transmitter of lijkand
show that the schedule obtained by solving (30) is max-miRe receiver of a link is given byGy = d” 4 whered; is
fair. the separation distance between the transmitter and egceiv

Theorem 4:The solutionx obtained by solving the LP The transmit powers are xed for all transmissions and the
(30) results in the max-min fair solution for the maximumink geometries are characterized through the signaleisen
sum rate problem (7). ratio (SNR) at the receiver for that link (in the absence of

Proof: Our objective is to seek a max-min fair solutionnterference).

in the set (7a)-(7c). Denote the set By Let us consider the  |n the case of maximum sum rate scheduling with no

solutionx  of (30) which results in the rate allocation =  minimum rate constraint, the transmission mode with the

r 1. Now, for any feasiblex 2 S, there can be only three highest sum rate is chosen. The links which are not a part of

different possibilities: this transmission mode are not operated at all. In the specia
1) r such that the ratesinall links r ,| 2 E. case when the noise at the receiver is high, the denominator
2) r such that for some linkg <r and some linkg o in the SIR expression is dominated by the receiver noises Thi

r forl;192 E. approximates the case when there is no interference from the
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Fig. 3. Set of ve links each of lengtid = 10. The dominant transmission Fig. 4. A set of source-destination pairs
mode at SNR=10 dB is shown in solid lines.

— Sum rate
- Link 2

neighboring links. Hence the best policy would be to turn on - t@nti i
in , 9,

all the links in order to maximize the sum rate in all the links

As the SNR in each link increases, the interference from
neighbors also increases. Then the best transmission mod
is that which has the highest sum rate among all the other
transmission modes. The set of links chosen follows spatial
reuse patterns that are reminiscent of those used in aellula
networks. Figure 3 shows a set of links and the dominant
transmission mode at SNR = 10 dB. The links in the dominant
mode are shown in solid lines.

In the case of maximum sum rate scheduling with non-
zero minimum rate constraint, we see that more than one
transmission mode is operated since there is a minimum rate
requirement for each link. The best mode is selected for most "min
of the time and the mode which includes the poorer quality o o )
links are turned on for a fraction of time just enough to $atis ig. 5. Variation of sum rates and individual rate as a fuoxc®f r min
their minimum rate requirement. Most of the transmission
modes are thus not used at all since it is best to use the
dominant mode during all other times except when a minimuim Figure 7. We observe that moddg and modef 3g are
rate should be guaranteed to some poor quality links. active for equal amounts of time since link 1 and 3 transmit in

We now discuss an illustrative example of this case. Figurgsblation in this mode, and they require the same minimumn rat
shows a set of source-destination pairs. Whep is zero to transmit. The fraction of time modelg is active increases
at 20 dB received SNR, the mode consisting of lifil&5g as the fraction of time modé2; 4g transmits decreases to
is always operated. But as the common minimum matg  compensate for the increase in rate in link 4. Finally, thesa
increases from zero, an additional set of modes is operaiadll the links are same at  1:58.
to satisfy the minimum rate requirement for each link. The The rates corresponding to maximum of the minimum
schedules of the individual transmission modes as showndoammon rater is shown in the Figure 5. All the links end
Figure 6 varies with the minimum rate so that the minimump getting the same rates in this case. The schedule and the
rate constraint in each of links is maintained. Notice thayo rate allocation vector the same as those obtained when we
ve different modes are active. Wheny,, is increased in solve (7) withry, = r 1. The comparison of scheduling
steps, we observe that the same set of modes is operasetiemes under different optimization settings is shown in
After a certainr min value, say©, a different set of modes hasFigure 8. From the Figure, we notice that only in the case
to be operated in order to obtain a feasible schedule. Unill maximum sum rate with no minimum rate constraint, there
then the rate of all the modes falls linearly with increase iexist links with zero obtained rate. In the case of the max-mi
I'min . The break point in the sum rate curve occurs%iwWe fair solution, all the links end up getting the same rate |@ab
zoom in to the graph forn, values ranging from 1.4 to 1.58 shows a numerical comparison of the sum rate and individual

Average Rates (bits/sec/Hz)




6
10 - - o
o o dominant mode {2,5} o
o ¢ mode {2,4} sk i
2. S . moge {é} | o maxsumrate, r_ =0
§ ’ o v mgdg hg o max sum rate, r . =1
2 = N 4l * proportional fair rate | -
3 ° < 3 5_max min rate
1S 0.6 [u}] i 3
o 2
g a 4\@
° 5 E b ,
E o4 o 1 E M
5 ° g
5 o 3 o O g 2 * * 7
§ 0.2 o 9 o ; ® @ & 7 o o o o o
- o o s o ° *
g & ° 1F o o * B
8 8 v *
8
0% @ v v \4 \4 v \4 v v \4 v v \4 v <&
0 0z 0 06 o8 1 2 12 16 % $ 2 $ ¢ s s
Fmin Link indices
Fig. 6. Schedule of different transmission modes at variogg values Fig. 8. Comparison between rates of the links under diffesettings
when maximizing sum rate of links
A : mg**;;;;mde {25} at any given time (or when each node has a single transceiver)
* mode {1} In this case, the number of transmission modes will be only
o mode {3} 3L
f'zj o8l v mode {4} ) o )
g In our work, the problem of maximizing the sum rate in all
P the links subject to minimum rate constraint is posed asealin
g oor ] program. The solution to the linear program gives the optimu
£ schedule for the transmission modes in the network. But for
[} . . . . .
E oaf i a network involvingL links, there is an exponential number
E 88 088 89 o of transmission modes and thus the LP we solve involves
o o o o o o o8 . . .
‘§ Ao osoocecbgeosse oo | an exponential number of variables. However, we conjecture
i ® o 03" v that almost always there are only very few active transioissi
\4 . .
,v T ° o, modes as corroborated by our simulation results.
v o 4 . . .
TY vy vy vy In the present work, the whole process is centralized since
14 142 1s4 14 148 15 152 154 1s6 158 16 the spectrum server just solves the linear program to coenput
"imin the schedules for each of the links. A heuristic algorithm

to nd the best schedule with less measurement overhead
would be an interesting future work to address. This may
involve links reporting the interference seen by them from
all the other links. This would also be a rst step to nding a

Fig. 7. Schedule of different modes - zoomed in for highgr values

link rates among the various links in the network. completely distributed scheduling algorithm. The cefteal
approach proposed in this paper would then serve as an upper
VII. DiscussiON ANDCONCLUSION bound to the performance of such distributed algorithms.

We introduced the notion of a Spectrum Server, which Throughout this paper, we have assumed that the spectrum
allocates a schedule for a set of links in a wireless netwog€rver has knowledge of the link gains. This involves mea-
which is modelled as a directed graph. We observe that tigidrement of link gains by the spectrum server. An intergstin
problem formulation can also be applied to the case whédgsue is how coarse the measurement can be and how it affects
the links operate in non-overlapping frequency rangeshis t the scheduling algorithm. If the link gains are modelled by a
case, some of the link gaif®; may be zero. The model cantime-varying fading process, then ner measurements would
be easily extended to the case when there are bidirectioRgIVvery expensive.
links between two nodes (if we assume there are separatdhe problem formulation in this work yields itself to many
transmitters and receivers), in which case the number @ptimization problems. One such example is to minimize the
transmission modes will b&2- . In this case, interference atsum fraction of times the links are on so that the total trahsm
the receiver which is colocated with the transmitter in Arot power in all the links is minimized. Another example is to
link is very high. This may result in schedules in which one ghaximize the sum rate in all the links subject to the conditio
the bidirectional links are active at any given time. If taég a that all the links are active for equal amount of time.
restriction that only one of the bidirectional links can fotiae In this work, we assume that there is a single hop com-



TABLE |
COMPARISON OF SUM RATE AND INDIVIDUAL RATES

Imin =0 Fmin =05 | rmin =1 Imin =1:58 Proportional fair

(Max-min fair solution) | solution
Sum rate| 10.8987 10.2035 9.5082 7.9 7.0632
Link 1 0 0.5 1.0 1.58 0.8324
Link 2 5.3814 4.5640 3.7466 1.58 1.9581
Link 3 0 0.5 1.0 1.58 1.3314
Link 4 0 0.5 1.0 1.58 1.9516
Link 5 5.5173 4.1394 1.0 1.58 0.9896

munication between the source destination pairs. Yet anotisetsT, , T, andT; such that
interesting issue would be to nd the solution for the maximu

sum rate problem if we have a schedule with multiple hops T, = fi2T :ty=0;foralll2L,g  (34)
between the source and destination. T, = fi2T :t3 =0; foralll2Lg; (35)
While we have primarily considered links of equal length T, = TnfT, [T,q

for the purposes of numerical illustration, it is of interés
study the performance of the various scheduling algorithmis and T, contain active transmission modes which consist

for the case of links of unequal lengths as well. of links only fromL; andL, respectively, and’; contains
transmission modes which consist of links in bathandL».
VIIl. A CKNOWLEDGEMENT We consider two cases below.
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. There exists an active transmission modeT, consisting
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. . . ; f links only from L;. Consider the modeé®” with activity
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R Vectortjo given by
material in this paper.
1; foralll2L,,

tio = 0: otherwise.

APPENDIX (36)

Proof of Theorem 3The LP which maximizes the minimumMode i° consists of all links fromL,. Therefore,gio >

common rate is 0for | 2 L. Inthe optimal schedulbe , we know thatx; > 0
but x;, may be zero. The rate in linkunder schedula is
max I'min (33) = « Ck X, De ne for some xed ; > 0, the feasible
subject to r = Cx; (33a) schedule
R =Xy 100X DiXjet+ 1iliX :

1Tx = 1: (33C) [ 1 i 1 i0 1 M 1]

x 0 (33d) For sufciently small 1, the schedulé will be feasible. Now,
for | 2 L 5, the ratefy due to schedul& is
Let r be the optimal value of (33), corresponding to a _ X _ 3

schedulex and a set of active transmission modes= fi 2 fi = CkRe =T G 2% Giog (37)

T :x; > 0g. Note that the idle transmission mode with the K

all zero activity vector would never be a part ®f because, Sincecjo> 0forl 2L 5,

if it were, we can improve the rates of links I, and this _

contradicts that is the optimal solution of (33). It is required fi=r +Gio (38)

to prove that at optima, the rate vectox = r 1. We assume Thus, we conclude that >t : | 2 L,. Note that ; needs

the contrary that the solution to (33) leads to unequal rat{eos be’ chosen such that for dil2 L, 2{,'\' >t Thel choice

(év_et[tht?Nsect]l_of__llrtwks. We ca;n th?n partition the sets of Imksof L such thatg; 1 < mina,f  r ensures that) >
Into two disjoint non-empty Sets r for | 2 L. We can thus improve the rates in all links in

Li=fl2E:rn>r g L,. This contradicts the optimality af . We denote this step
aslIncreas€l).

and B. C i):T, i t
. Case (ii):T, is em
Lo=fl2E:r=r g (i): Ty Py

In this case, ifT; is empty, thenT = T, and hence all
This in turn induces a partition on the s&t of all active rates are equal, and the proof is complete. Thus we consider

transmission modes for the optimal solution into threeailisj only the case oflf; being non-empty. For an active mode



j 2 T4, there exist non-empty subsetslof andL», namely
M 1 andM » such that the activity vectds is given by

8
< 1 12M 1 L o1,
t|j=_ 1, 12M5 L 5,
0; otherwise.

(39)

Consider the modg® for which the activity vectot;o is given
by
1 ifl2M 5

0; otherwise. (40)

tjo=

We have assumed that all link gai@ are non-zero, that is

there is lesser interference for links M , in modej° than
in modej due to a lesser number of active links in mgde
Thus for linksl 2 M 5,

GiP
6 = P (41)
l koM 1M okl tki Gk P+ f
> P =r 5= oo (42)

koM 5ke i U oGk P+ |

Sincej 2 T,, X; > 0. For some » > 0, we dene a
feasible schedule

R=[Xg100% 2111 Xjot 211Xy N
Under schedul& andR, link | obtains rate
X
r = Cik X
k
and X
f = Cik Rk
k
respectively. Thus,
A ono= 0 Xp)co+ (X X;)g (43)
= 2(Go ) (44)

It follows from (41) thatfy
Increasé?).
Sincel, is a nite set, repeatedly applyinincreas€l) or

r, > 0. Let us call this step

(1]

(2]

(6]

(7]

(8]
El

[10]

(11]

[12]

(23]

Increas€2) on L,nM,, we can increase the rates of all the

links in L,. This contradicts the optimality af . The proof
is complete since both cases contradict the fact that thmapt

solution leads to unequal rates in the links.
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