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Abstract—The problem of sharing multiple channels owned this paper, we focus on throughput and effective bandwidth
by primary users with multiple cognitive users is considere. as measures of performance. In particular, we are inteteste
Each primary user transmits on its dedicated channel, and &, characterizing the maximum throughput and effectivedsan
occupancy is modeled by a continuous time Markov process. Ea . - . .
cognitive user is capable of sensing one channel at a time andWIdth regions f9r theK'COgn_'t'Ve user mu-Itlacces-s network.
it transmits according to a slotted structure. The transmisions SUch characterizations provide an analytical basis tecaféo
of cognitive users on each channel are subject to a prescride resources among cognitive users; they may also be used by the

collision constraint. primary users to determine fair prices for the cognitiveessc
Under tight collision constraints, the maximum throughput

region is obtained by a policy referred to as Orthogonalized A, Summary of results

Periodic Sensing with Memoryless Access (OPS-MA). Charac- ) .

terizations of the maximum throughput region are also provided We present several new results in this paper on the char-

when the collision constraints are loose. It is shown that ta acterization of throughput and effective bandwidth region

OPS-MA policy achieves the maximum sum-rate under all First, we show that, when the collision constraints arettigh
collision constraints when the number of cognitive users agpls  he optimal multiuser cognitive access is achieved by algimp

to that of the primary users. Inner and outer bounds for the . . N . h
effective bandvl\?idth r)égion are formulated as a pair of conve policy referred to as Orthogonalized Periodic Sensing with

optimizations. When there are only two channels, comer paits Memoryless Access (OPS-MA), first proposediih [2]. By tight
(the single user scenario) of the optimal effective bandwiti collision constraints we mean that the maximum interfeeenc

region are also obtained. (to be defined in Sectidalll) from the cognitive users on each
Index terms—Cognitive radio networks, dynamic spectrum ac- channel must be kept below a small threshold, for which
cess, opportunistic multiaccess, effective bandwidth, Gstrained o provide a closed form expression. See Theom 2 in
POMDP, queueing networks. Section[I¥. As we relax the collision constraints, OPS-MA
I. INTRODUCTION no I_onger gives the largest throughput region, but it always
] ] achieves the maximum sum-throughput whign= V.

We consider the problem of sharirg channels owned by 14 characterize the maximum throughput when the colli-
primary users withk” < N cognitive users. In the context ofgjon constraints are loose, we may need to consider mixed
hierarchical overlay cognitive networks [1], the primaisess qjicies involving “time sharing.” To this end, we consider
transmit at will, oblivious to the presence of cognitive ngse 1, single user policies. The first is the Periodic Sensing
The cognitive users are allowed to access the channels fonlyji, Memoryless Access (PS-MA) policy from which OPS-
they constrain their interference below prescribed levels  \ja is based. PS-MA was first proposed [ [3]] [4] and was

The cognitive users in this setting are capable of channgkq independently considered il [5]. PS-MA has recently
sensing. We assume that cognitive users can only sense gggh shown to be optimal under tight collision constraints
transmit on one channel at a time, and their access to chaanlm, [B]. The second single user policy is generalized from
are distributed without a central control. The cognitivenss 4 myopic policy originally proposed for slotted primary tse
must discover transmission opportunities in channels d""”@ognitive network by Zhao, Krishnamachari, and L[ [7].
by primary users, coordinate among themselves to shafgis policy, herein referred to as the ZKL policy, has a
these opportunities, and transmit within the given cdlfisi sjmple round robin structure and is shown to be optimal for
constraints. identical and positively correlated Markov channéls [B]. [

For multiple cognitive users, the general performance m&g-this paper, we adapt the ZKL structure for the continuous-
sure is a vector, with each component characterizing thge Markov channels with collision constraints. The réisgl
performance achieved by the corresponding cognitive mer-policy, referred to as ZKL-MA, employs ZKL for channel

) ) . ) ) . sensing and memoryless probabilistic transmission foesg:c
This work is supported in part by the National Science Fotiodaunder Wi h h h Il ch | id ical with |
Contract CCF-0635070 and the Army Research Office MURI Riogunder YV€ Show that when all channels are identical with equa

award W911NF-08-1-0238. collision constraints, ZKL-MA is optimal under all collmn



constraints. See Theordih 1. When the channels have differeror the characterization of effective bandwidth regiohs, t
collision constraints or channels are not identical, thereo only relevant result i€]9] where the authors consider thetesd
definitive ordering between ZKL-MA and PS-MA. This meangrimary user network with a single cognitive user. Our resul
that, when using time sharing to mix policies, specific clennin this paper generaliz&][9] to the multiuser setting inuadv
and constraint parameters must be taken into account. continuous time Markov primary channels. It is established
To establish the effective bandwidth region, we derive innéghat ZKL is effective bandwidth optimal when there are two
and outer bounds as a pair of convex optimizations. We alsbannels with loose collision constraints. The inner angtiou
show that, when there is one cognitive user and two identidaunds established in this paper are new.
primary channels with equal constraints, ZKL-MA is optimal

and PS-MA is strictly suboptimal. . NETWORK MODEL

We first describe the network model and the assumptions.

B. Related work There areN parallel primary channels indexed Hy..., N

The results presented in this paper appear to be the first thatl X’ < N cognitive users indexed by, ..., K. Each
characterize the maximum throughput and effective banttiwidprimary user transmits on its dedicated channel. The trans-
regions for a multiuser cognitive network. Our results amaission of each primary user is modeled as a continuous
generalizations from the corresponding single cognitigeru time Markov process independent of the transmissions of
problem considered recently il [6]1[2]L1[9]. IMI[6]][2], it other primary users. The state space of itle channel is
is shown that when the collision constraints are tight, thi@(idle), 1(busy)} and the hoIding times are exponentially
Periodic Sensing with Memoryless Access (PS-MA) policglistributed with parameters; ' and ;! for idle and busy
is optimal, and the maximum interference levels for whichtates, respectively. The generator matrix of dthechannel is
PS-MA is optimal are also derived. The problem of multiusegiven by
cognitive access is also considered [ih [2], and the OPS-MA
access policy is proposed as a heuristic way to generalize PS Q; = ( —Ai A ) , (1)
MA to a multiuser setting. Here the optimality of OPS-MA is Pi =i
established formally. If[10], a distributed multiuser ndiye and the stationary distribution of thgh primary channel for
access scheme based on the ALOHA is considered. While i and busy states are given by(0) = yu;/(u; + \;) and
scheme in[[10] does not achieve the maximum throughput rg{1) = X; /(u; + \;), respectively. For the special case where
gion, it does not require pre-arranged orthogonalizedisgns \; = X\ andpu; = p for i = 1,..., N, we term the primary

A considerable amount of work exists when there is onlyshannels homogeneous, and heterogenous otherwise.
one cognitive user[]1]. In[T11],[T12], Zhaet al. consider = The cognitive users access the primary channels following
the case when the primary users follow a slotted Markovianslotted randomized transmission policy with slot length
transmission structure. It is particularly significant tttihe In each time slot, each cognitive user can sense one aithe
myopic policy (ZKL) proposed in[]7] is optimal for identical primary channels and decide whether to transmit. A cogmitiv
and positively correlated Markovian channéls [T, [8]. user collects unit reward in slat if (i) the cognitive user

One of the earliest cognitive access policies for contisuoaccesses the channel, (ii) no other cognitive users achess t
time Markov channels is presentedin [3], [4]. By fixing a perisame channel, and (iii) also the channel is idle throughout
odic sensing policy, the authors 61 [3]] [4] propose thempli  slot t. We assume perfect sensing for the cognitive users
access policy based on the framework of constrained Markamd no collaboration among the cognitive users. We aim to
decision processes. As part of benchmark comparisons, tharacterize the maximum region of throughput and effectiv
PS-MA policy was proposed as a lower bolindround the bandwidth of this multiuser cognitive access network.
same time ad[3], Arkbar and Tranter also propose a perio
sensing policy [56] but with deterministic transmissionss A
such, the approach ifil[5] does not provide a guarantee to meethe two performance measures used in this paper are
the required collision constraints. throughput and effective bandwidth. Throughput measures t

The fundamental limits and the structure of cognitive asceguantity of service for the cognmve users. Fix a sensing an
of asinglecontinuous time Markovian channel is investigatedccess policyr. Denote by R the reward that thekth
in [[L3], [T4], [5] where the authors derive the form of opsim cognitive user collects in slétunder policyr. The throughput
transmission policy in greater generality. Among a number 6f the kth cognitive user is defined by the infinite horizon
interesting results, it is shown that the optimal transioiss average reward,e.,

ic
. Performance measures

is probabilistic as in our case. Indeed, if there is only one &

channel, our results are consistent with that [in] [15]. Other JW®) = lim —EZR@. 2)
related work assuming continuous time channel occupancies nTeen i3

can be found in[[16],[[17] [[13] [18]. Effective bandwidth characterizes the quantity of service

1 _ . _ . available with the quality of service (QoS) constraint pre-
It was not realized then that PS-MA is in fact optimal when todision ibed bv th " S ificall id h
constraints are tight due to an error in the calculation ahsmission SCMO€d Dy the cognitive users. Specifically, we consider t

probability. See[[B] for the correct expression. QoS constraint being the buffer overflow probability below a



prescribed parameter For a cognitive user with buffer sizeas follows. The cognitive user senses the channels in an
b > 1, let 8 = log(e)/b and the effective bandwidth of theincreasing order at the beginning of each slot, startingnfro

cognitive user is defined by (s€e]19]) the channel with the smallest index (say, channelf the ith
I channel is sensed to be idle, the cognitive user transmits in
B _ iy 08Eexp(0> ¢, By) (3) the sensed channel with fixed probability. A sample path
" nTee nt of the PS-MA policy is illustrated in Fidd1l. PS-MA induces
More details of effective bandwidth will be given in laterv independent Markov chains with state sp46el}, one for
section. each primary channel, with transition matexp(NT - Q;).

B. Collision constraints

[ J . .
. . . Idle sensin 0 Busy sensin
The transmissions of the cognitive users are subject to O "9 Y 9

collision constraints imposed by the primary users. Foheac Lo
primary user, the overall collision caused by tRecognitive channel 1 '@M
users should be limited below a collision constraint pateme : : Y
~;. The collision for theith primary user is defined to be the“hannel 2
fraction of the collided slots in the slots fully or partialised  channel 3 |
by the primary user. Specifically, we use the infinite horizon ——
average collision scaled by the reciprocal of the steadte Stq: Primary Users Transmissions [ Cognitive User Transmissions

probability of theith primary user transmitting in a certain
slot. The collision for theth primary user is given by

Fig. 1. lllustration of the PS-MA policy. Open circle: cognitive user

ES™ 1 o ) ) decides not to transmit. Filled circle: cognitive user decides to transmit.

1 . Zt:l {collision with PU ¢ in slot ¢}

CT['71: - —)\T hrn .
1 —v;(0)e=MT n—oo n

o _ (4)  B. The ZKL-MA policy
wherel,, is the indication function for event'.

The goal of this paper is to characterize the throughput and'™ [l the ZKL policy is proposed for slotted primary trans-
effective bandwidth regions for the multiuser cognitiveess Missions. The primary channels are homogeneous and there
network under prescribed collision constraints. are no collision co_nstralnts. The ZKL_—MA policy des_cnbed

Mathematically we have the following problem. The set df€low is an extension of the ZKL policy for the continuous
the admissible policiesI is given by the set of policies thattime Markov channels with collision constraints.

meet the collision constraintée., {r : Cr: < v, i = In the ZKL-MA policy the cognitive user first fixes an
1,...,N}. For a fixed policyr € II , the throug’hput is ordered list of theN primary channels and the transmission
J, _’(J(l) __’JT(FK)) and the effective bandwidth B, — probability 8; for each channel. To start, the cognitive user

penses the first channel in the list. If idle the cognitiveruse
accesses the channel with the corresponding transmission
probability. The cognitive user then keeps sensing the first
I1l. COGNITIVE ACCESS POLICY channel until the first busy sensing result, after which the

The policy for distributed cognitive access is defined by twgPgnitive user switches to the next channel in the list and
components: sensing policy and transmission policy. The-se2CCesses the next channel with the corresponding traniemiss
ing policy selects a channel to sense in each slot based onRFPability. The cognitive user moves down along the list as
history available to the cognitive user while the transioiss described above until reaching the last channel. After tisé fi
policy specifies the transmission probability upon idlesieg PUSY Sensing result from the last channel, the cognitive use
results, also based on the history available to the cognitser. 90€S back to the first channel again. Equivalently, the dogni
In general the sensing policy and the access policy would Beer Stays in th_e same channel Wlth randomized transmission
designed jointly to achieve the optimal performance. Hawev I the channel is sensed to be idle and moves down along
in this paper we will analyze several cognitive access jesjc the ordered list otherwise. A sample path of the ZKL-MA
for which the transmission policy only uses the current sens Policy is illustrated in FiglR. ZKL-MA induces av x 2
result and ignores the previous history available. We terfgte Markov chain having state space..., N} x {0, 1}
such transmission policies Memoryless Access (MA). In tpith state vector indicating the current channel index dred t
following we elaborate two specific cognitive access petici State of thelV channels.
as well as the Markov chains they induce.

(B,(Tl),...,Bf,K)). We aim to characterize the throughpu
regionJ,..; J» and the effective bandwidth regign__; B~.

IV. MAXIMUM THROUGHPUT REGION

A. The PS-MA policy A. Single cognitive user network

The cognitive access policy with Periodic Sensing and 1t is established in[J2] that for the single cognitive user

Memoryless Access (PS-MA) is proposediin [2] for the singlgetwork (i = 1), optimal throughput is achieved by PS-MA
cognitive user networkK” = 1). The sensing and transmission,nqer tight collision constraints.

of the cognitive user in the PS-MA policy can be described



8 Idle sensing O Busy sensing of ZKL-MA for homogeneous channels with equal collision
constraints.

Channel 1 e@ |D_| ‘ e Theorem 1. For homogeneous channels with equal collision
—_—— o o % - constraintsy, ZKL-MA is throughput optimal in the set of all

Channel 2 §| — I E | — |§ admissible policie$l for all v € [0, 1].

Channel 3 | Proof: Omitted due to the space limit. S€e20]. =

oo In Fig. [@ the throughput is shown as a function of the
[ Primary Users Transmissions £73 Cognitive User Transmissions collision constraint parametey. For the full sensing (FO)
upper bound we refer td_[20].

Fig. 2. lllustration of ZKL-MA policy. Open circle: cognitive user decides
not to transmit. Filled circle: cognitive user decides to transmit. J

1—v;(0) exp(—=X\;T _ A
Le(gr;ma 1. [F Let ¢; 2 % and~PSMA 2

N, GivenN independent continuous time Markov channels
with parameterg);, 1i;) and stationary distributions;(0) for
idle states, the throughput of PS-MA for generabk can be
characterized as

FO upper bound

ZKL-MA

PS-MA

N
Jpsma = Z¢ieXP(_)\iT){'Yil{,YiS,Y_PS-MA}
1=1

+7i M {i>yPSMAY s

Under tight collision constraintse., v; < vFSMA the PS-
MA policy is throughput optimal for the single cognitive use
network.

7PS—MA ,YZKL—MA ’YFO 0%

Fig. 4. Throughput versus collision constraint parameter.
We extend the tight collision constraints regime larger by
ZKL-MA for homogeneous channels. We have the followin

characterization of single user throughput of ZKL-MA. B. Multiuser network: tight collision constraints

. ) . L For the multiuser cognitive access network we state the
Proposition 1. Denote by. (i, x) the stationary distribution of ¢y;oing theorem for maximum throughput region for tight
the Markov chain induced by ZKL-MA wherigis the channel collision constraints

index the cognitive user currently senses anig the current

state for theV channels. Let?"™A £ 37 w(i, x). Theorem 2. Under tight collision constraintsi.e., v; <
The throughput of ZKL-MA can be characterized as yPSMAfori =1,..., N, the throughput region is given by
N K N
Jzkima = Z¢i exp(=NT){vil ) o zk-may {(n, o) | Dk <> exp(=NT)divi y > 0} (5)
i=1 k=1 i=1
ZKL-MA . .
+7i 1{7i>75KL-MA}}- Proof: Omitted due to the space limit. S€e20]. =

The throughput region under tight collision constraints is
a polytope. Specifically, it is the convex hull of the origin
Proof: Omitted due to the space limit. S€e][20]. ®m and the K points corresponding to exclusively serving one
Proposition[L gives the tight collision constraints regimsingle cognitive user. A point in the positive orthant is liret
{7 < ~#EMAY for the ZKL-MA policy, in which the throughput region if and only if the total throughput of the
throughput is linear iny;. For homogeneous channels ZKL-K cognitive users is below an upper bound given by a linear
MA has strictly larger tight collision constraints reginteah combination of the collision constraint parameters. Inribgt
PS-MA and the throughput performance of ZKL-MA is supesubsection we give the multi-access scheme which achieves
rior to that of PS-MA. the throughput region given in Theordih 2.
We remark that for heterogenous channels we may have ) ) ) o
for certaini’s yZKL-MA < APSMA The possible situations of G thlmal multi-access scheme under tight collision con-
tight collision constraints regimes for PS-MA and ZKL-MAStraints
are illustrated in Fig[d3 for heterogenous channels. We use the OPS-MA policy (seel [2]) to achieve the through-
With the extended tight collision constraints regime if weut region in Theorefil2. Since in the network there are fewer
assume equal collision constraints for the primary channe&ognitive users than primary channelk < N), we can fit
we can further show the single user throughput optimalithe K cognitive users inK orthogonal sensing phases such

For homogeneous channe|§kt-MA ~ A PSMA,
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) PS-
758 MA

/i/§/§/§/§/§/§/§/§/§/§/§;§;
'yQZKL-MA §\§\§\§\§\§\§\§\§\§\§\§

1
WlPS-M/;\/lZKL—MA i
(b) Following the dashed line.

1
Wf’S-M/;\/lZKL—MA i
(a) Following the line.

Fig. 3. Tight collision constraints regime: heterogeneous channels, no definitive ordering between ZKL-MA and PS-MA.

that each cognitive user performs PS-MA with its own sensingWe remark that in order to use OPS-MA the existence of a
phase and no collision between cognitive users would occhase station who knows the currently in-use sensing phases i
Therefore the collision suffered by a primary user is the suneeded. This is reasonably practical and the base statiesm do
of collisions caused by each individual cognitive user. not introduce collaboration among cognitive users coriogrn

In OPS-MA, thekth cognitive user transmits with prob-their sensing results.
ability ﬁfk) on the ith channel upon idle sensing result in

channeli. Under tight collision constraints, the transmissioP'",M_umuser ne_twork: homogeneous channels with looser
probability on theith channel upon idle sensing results fofollision constraints

single user network ig; = % Let ) = ;0" where _ ht _ _

al(k) > 0 for all i and k, and ka_lazgk) < 1 for all . subs_ectlon we Ioos_e the collision constraints and C(_)p5|der
k) . - . _._multiuser network with homogeneous channels. Specifically

The «;"’’s are back-off coefficients to guarantee the collision . .
i o . we have the following theorem for throughput region.

constraints to be met. Each cognitive user transmits less

aggressively to accommodate other cognitive users. Rifter Theorem 3. For multiuser network with homogeneous chan-

a in the OPS-MA policy would vyield different points in thenels

throughput region. OPS-MA with all possibtés achieves the 1) f 4, < ~ZKL-MA fori = 1,..., N, the throughput region

Theorent® is valid under tight collision constraints. Insthi

throughput region in Theoreld 2. A sample path of the OPS- g given by
MA policy is illustrated in Fig[b. . N
O Idle sensing for cognitive user @ Busy sensing for cognitive user 1 {(yla s 7yK) | Z Yr = Z eXp(_/\iT)(bi%’ Yr = 0}'
O Idle sensing for cognitive user 2 Busy sensing for cognitive user 2 h=t = (6)
L 2) If there existsi such thaty; > ~?<tMA "an clairvoyant
N ————aac ey e setting (se€[20]) and mixtures of PS-MA and ZKL-MA

give outer and inner bounds for the throughput region,
respectively. In the following special cases the bounds get
better.

a) With equal collision constraints the throughput of
any individual cognitive user is bounded below by

[ Primary Users Transmissions== Cognitive User 1 Transmissions

Cognitive User 2 Transmissions

Fig. 5. lllustration of OPS-MA policy. Open circle: cognitive users decide
not to transmit. Filled circle: cognitive users decide to transmit.

the throughput of single user ZKL-MA.

b) If N = K, PS-MA achieves optimal sum-
throughput in a region near the direction of vector
(1,1,...,1).



Proof: Omitted due to the space limit. S€€][20]. m A and B obtained by ZKL-MA lie in between PS-MA and
The throughput region il 6) is achieved by a mixed policghe upper bound.
which mixes the policies corresponding to the vertices of
the polytope. The inner and outer bounds of the throughput V. EFFECTIVE BANDWIDTH REGION

region are illustrated in Fig._6{a) and F[g._g(b). A Effective bandwidth

E. Numerical results We give some background for effective bandwidth in this
. ) subsection. Effective bandwidth measures the quantitenf s
In the numerical results subsection we only show t

: i _ ce with a required QoS. We consider the queueing process
throughput regions for the cognitive network with two ho:

- “at the kth cognitive user. For ease of notation we drop the
mogeneous channels and one cognitive user or two Cogn'tgi?perscripﬂe

users. We point out that the optimality result for ZKL-MA
only holds for homogeneous channels. The results for PS-I\/iIé
hold for both homogeneous and heterogeneous channels a9
the plots obtained from the two cases have similar qualéati
features. Therefore the plots obtained from homogene
channels suffice in validating our results.

The channel parameters we use are as follgws: 1/2,
A =1/3, slot lengthl’ = 0.25. We use three different collision QF =max{QT_ ,+a—RF,0}, t>1, QF=0. (7)
constraint parameters = 0.02, v = 0.07 and~y = 0.09
for three regimesy < APSMA APSMA < ,ZKLMA "gnd  The reward proces®] is also the output process of the cog-
v > #KEMA Cseparately. nitive user queue. From now on, we shall omit the superscript

Fig. m depicts the throughput versus the collision con- We first state a well known result in effective bandwidth
straint parametey for PS-MA, ZKL-MA and the upper bound theory (see for exampl&R21] and]19]). The following lemma
obtained by the clairvoyant setting (s€€l[20]) for singlgmie characterizes the decay rate of the steady state taillulititn
tive user network. We term the clairvoyant setting full segs of the queue.

coordinated (FO-Coordinated) from now on. The plot shows .
that for the two breakpoints,”SMA < ~ZKLMA and vali datesVY‘emma 2. Assume that the queue is stable and that the output

the throughput characterization for ZKL-MA in Propositiin p ro'ces:{Rt.)tzl satisﬁes the Gartner-Ellis limite., there exits
. . : . a differentiable functior () such that

Fig. [7(B), Fig.[7(d) and Fig[_7{H) depict the throughput

regions of PS-MA, ZKL-MA and the upper bound obtained . logE[exp(0> 1, Ry)]

by the clairvoyant setting (se€_J20]) under the three values Jim. o

of v, separately. In Fid_7(p) the throughput region of PS-MA ) )

matches with the upper bound, validating that PS-MA aclsiev&SSUme also that there exists a unique solutio) > 0 of

the throughput region, and the corner poirtand B obtained 1€ equation

by ZKL-MA match with the corner points obtained by PS-MA ad + Wr(—0) = 0. 9)

and the upper bound. S S
In Fig. we observe that for PS-MA at point and Then@Q, converges in distribution to steady state distribution

B lowering the throughput of one cognitive user does nS‘%OO and

increase the throughput of the other since the transmission lim log Pr(Qw > ) = —0*(a). (10)

probability is saturated by for PS-MA. In contrast we observe r00 Z

no saturation in the throughput region for the upper boun@mmal® implies that for a buffer sizé large enough,
since under the clairvoyant setting the cognitive users afg puffer overflow probability?, 2 Pr[Qs > b] can be
able to see more channels and therefore able to place groximated byP, ~ ~* exp(—6*b). The constanty* is in
transmission probability on all the current idle channglso general difficult to obtain, but it has been suggested [23] [
we observe at poinC' and D ZKL-MA matches with the that~* ~ 1 is in general a good approximation.
upper bound, indicating the optimality of ZKL-MA for the  The QoS constraint requires that the buffer overflow prob-
single cognitive user network. Also note that PS-MA doegyility for the queue of thekth cognitive user is limited
not achieve the maximum throughput region. However, thgow a prescribed parameterand the effective bandwidth
throughput region of PS-MA matches with the upper bound gefined to be the maximum constant arrival ratehat
near the direction of vecto(l,1), indicating that PS-MA ¢4 pe supported provided that the buffer overflow prokigbili
achieves sum-throughput optimality. satisfiesP, < e. Adopting the large buffer approximation
It can be seen from Fifl- 7{d) that both PS-MA and the uppgjr the buffer overflow probability, the maximum sustairebl

bound get more saturated agjets looser and the region neagrival rate (effective bandwidth)*(¢) can be defined as
the direction of vecto(1, 1) in which the throughput of PS-

MA matches with the upper bound shrinks. The corner points a*(e) = max{a : exp(—b0*(a)) < €}. (11)

Assume that the incoming traffic of thegh cognitive user
constant arrival process with an intensity cofunits of

aa per slot and the arrived bits are stored in a buffer & siz

b > 1 before being transmitted. For a fixed sensing and access

0&ﬁicy m, denote byQ7] the queue size at the end of slot

Then (Q7):>o is given by the following recursion

= UR(0). (8)



L/ L/
FO upper bound
ZKL-MA ZKL-MA
ZKL-MA J1 ZKL-MA J1
(a) Throughput region: loose collision constraimé,= (b) Throughput region: loose collision constrainks,<
K, equal collision constraints. N, equal collision constraints.

Fig. 6. Bounds for throughput region: loose collision constraints.

for a buffer of sizeb > 1. Under the assumptions of Lemma ig%)) Transm'SS,L%ntffnpS?;tgg'ig'nass'g”mem
B, the effective bandwidth* (¢) of a cognitive user with buffer (011) CU L on Ch 2 w.ps:, CU 2 on Ch 2 w.pss
sizeb > 1 and QoS parameteris given by (1.0 CU1lonChIwpBs, CU2onCh1wpg,
" (1,1) CUlonCh1landCU?2onCh?2w.ps,
w oy YR(O) . logEexp(0)°,_, ) 12 CU 2 on Ch 1 and CU 1 on Ch 2 w.
a*(e) = Y o o (12) CU 1 on Ch 1 only w.p37, CU 1 on Ch 2 only w.p3s
CU 2 on Ch 1 only w.p839, CU 2 on Ch 2 only w.pS310

wheref = log(¢)/b. - — ) )
Recall that PS-MA and ZKL-MA induce Markov chains in TABLE I. Coordinated transmission opportunity assignment.
the cognitive access network. Since PS-MA and ZKL-MA use

memoryless access, the output processes of the cognitve Us yrthermore, if the collision constraint parameter satisfi

queue,i.e, the reward processes, for the two policies form - zKL-MA Zk| \MA s effective bandwidth optimal.
Markov modulated processes.

Before presenting the results of the effective bandwidth Proof: Omitted due to the space limit. Sée]20]. =
region, we introduce a lemma which computes the effective Theorenih parallels Propositigh 1 and Theofém 1, implying
bandwidth for the case when the output process of the qudhat ZKL-MA has superior effective bandwidth performance
forms a Markov modulated process (see for instafck [24, pp.PS-MA and partially characterizes the effective bandwid

244-246)). optimality of ZKL-MA.
Lemma 3. Let X (t) be a discrete time Markov chain onC. Multiuser network: outer bound
the state spacél,..., M} with transition matrix P. Let

The exact effective bandwidth region is difficult to obtain.

{Yi(),t = 1,...},i = 1,..., M be M sequences of i.i.d. e derive outer and inner bounds for the effective bandwidth
random variables with moment generating functi6h$t) = region.

Eexp(#Y;(1)). The procesg/(t) = Yx, (1) is then aMarkov e derive outer bound for effective bandwidth region via
modulated process. The effective bandwidth for the outpytg|airyoyant setting with coordination among the cogpitiv

process/(t) is users and divisible transmission opportunity (§€é [20hfore
W (13) detail). We assume there exists a coordinator who obsemnves i
_ 9 . slott the current state of th& channelsX (t) = z € {0, 1}V
wherep(-) is the spectral radius of a matrix,= log(¢)/b and  and make a coordinated assignment of the transmission op-
G(0) = diag{G1(0),...,Gu(0)}. portunity. The coordinator can divide the overall transitia
B. Single cognitive user network: homogeneous channels OPportunity arbitrarily and assign to the cognitive uséfsr

In this subsection we consider the cognitive network withe>e of presentation we examine the casefifor IV = 2 for

two homogeneous channels and equal collision constraimgxl:h the decision yanable@s are given in Tgblm.
given by~. e fix the effective bandwidth of cognitive user 1 and

: : optimize the effective bandwidth of cognitive user 2. Define
th(’:l:tollowmg the structure of the ZKL policy[7] we can showthe functiony* () of B, k = 1,2:

Theorem 4. For the cognitive access network with two homo- VF(B) = w

geneous channels, equal collision constraints and sirgfeic ¢

tive user, ZKL-MA achieves strictly larger effective bandih whereP is the4 x 4 transition matrix of the state vectof (¢),
than PS-MA. andA* is a4 x 4 diagonal matrix with diagonal entries given
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Fig. 7. Throughput

byEexp(b‘kRggk)), i.e,, the moment generating function of the 8;+8 < 1, 83+064 < 1, B5+ 56+ 07+ 8+ B9+ 610 < 1 (17)
reward cognitive usek collects at state: evaluated ap*.

Since the clairvoyant setting FO-Coordinated induces a =0 (18)
Markov chain with state vectaX (¢) € {0,1}V, by Lemmd® L L
¥* () gives the effective bandwidth for theth cognitive user Y (B) >t (19)

under the setup of FO-Coordinated. The functigii¢3) are

concave inj (see [25]). _ o Etl,g(tl)) gives the outer bound for the effective bandwidth
Denote byf(x) the stationary distribution of the state vecto egion for the multiuser cognitive access network.

X (t). Given the effective bandwidth requirement of cognitive
user1 that ’L/Jl > tl, the maximum effective bandwidth forD_ Multiuser network: inner bound
cognitive user2 and the corresponding’s can be determined
by solving the following convex optimization problef(t!):

Denote the optimal value of’(¢;) by g(t!). The curve

We derive inner bound for effective bandwidth region via
OPS-MA.
max V() (14)  The decision variables for theth cognitive user are.(*) =

(ag’”)gil, the back-off coefficients for the transmission prob-

subject to ability to accommodate the other cognitive users.
Define the functions™ (-) of a®), k =1,..., K:
f(0,1)(Bs + Ba) + f(0,0)(Bs + Bs + Br + Bo) < 71191 (15)
log(p(eV" 4 @;"))

F(1L,0)(Br + B2) + £(0,0)(Bs + o + B + Br0) < 7262 (16) (@) = Nt




where ") is a 2 x 2 diagonal matrix given bytbgk) = Fig. [B(B), Fig.[B(d) and Fig[_8({d) depict the effective

diag{e?, o\ exp(—AT)e?" +(1—a™ exp(—A,T))e?* }. The bandwidth regions of PS-MA, ZKL-MA and FO-Coordinated
diagonal entries have similar interpretation to those\bf ~ under the three values of, separately. The three plots show
By Lemmaﬂ;ng’“) (a(®) gives the effective bandwidth thethe same trend of saturation as those of throughput. Nethleer
kth cognitive user gets from th&h primary channel under region of OPS-MA nor the corner points obtained by ZKL-Ma
OPS-MA and is concave im®) (see [Z5]). The effective match the region of FO-Coordinated for effective bandwidth
bandwidth for thekth cognitive user under OPS-MA is givenThe inner and outer bounds are closer near the jine x
by the sum ofy*) (a(*)) over channel index due to the than near the axes.
structure of OPS-MA and the assumption that the primary
channels are independent. VI. CONCLUSIONS
Given the effective bandwidth requirements &f — 1
cognitive users, say cognitive userto cognitive userk,
that SN " (a®)) > % for k = 2,..., K, the maximum
effective bandwidth for cognitive usdr and the correspond-
ing a’s can be determined by solving the following conve
optimization problemP(¢2, ... t¥):

In this paper we have investigated the throughput and effec-
tive bandwidth regions of multiuser cognitive access nekwo
with K < N cognitive user sharing Markov channels with
prescribed collision constraints. We characterize theugh-

);Sut region under tight collision constraints by analyzimgt
transmission policies OPS-MA and FO-Coordinated. We also

N analyze the transmission policy ZKL-MA and obtain its sang|
max i\ cognitive user throughput optimality for identical prirgar
i=1 channels with equal collision constraints. We derive inenea
subject to outer bounds for the effective bandwidth region from OPS-MA
ol (k) , and FO-Coordinated via a pair of convex optimizations. ZKL-
Zo‘i <1LVi (1) MA also enables us to extend the achievable throughput and

k

=

effective bandwidth regions for general collision conistis

a¥) >0,vk Vi (22) on the axes.
N There are several future directions that we wish to pursue
Zw(k) @™y >tk 2<k<K (23) such as the determination of the single cognitive user &ffec
= ! B - bandwidth optimal policy for identical primary channelden
Denote the optimal value of P(ts, ... tx) by tight collision constraints and possible extension of ZKIA

. e ) to the multiuser case.
h(te,...,tx). A point (y1,...,yx) is Iin the region

given by the inner bound if and only i#f; < h(ys,...,yx).
Due to Propositiofll4 we can extend the achievable effective
bandwidth region obtained by OPS-MA on the axes by ZKL{1] Q. Zhao and B. M. Sadler, “A survey of dynamic spectrum ess’

REFERENCES

MA IEEE Signal Processing Magazineol. 24, pp. 79-89, May 2007.
' [2] X. Li, Q. Zhao, X. Guan, and L. Tong, “Optimal cognitive Gass of
E. Numerical results Markovian channels under tight collision constrainlf€EE J. Selected

] ) ) Areas on Communication®009. submitted in December 2009.
In the numerical results subsection we also just show thg] Q. zhao, S. Geirhofer, L. Tong, and B. Sadler, “Optimalndyic
effective bandwidth regions for the cognitive network wtitio spectrum access via periodic channel sensingPrinc. Wireless Com-
\ . munications and Networking Conference (WCNEJong Kong), March
homogeneous channels and one cognitive user or two cognitiv. 5547,
users. The same channel parameters with the subsection fgr Q. zhao, S. Geirhofer, L. Tong, and B. M. Sadler, “Oppaistic
throughput are used. In addition, we use buffer size40 and spectrum access via periodic channel sensitBEE Trans. Signal

_ . : . . Processingvol. 36, pp. 785-796, Feb 2008.
QoS parameter = le — 7. Since we use identical buffer size 5] I A Akbar and W. H. Tranter, “Dynamic spectrum allogai in

and QoS parameters among the cognitive users, we would like cognitive radio using hidden Markov models: Poisson disted case,”
to comment that unlike the throughput region the maximum in IEEE Proc. SoutheastCompp. 196-201, March 2007.

; ; ; ; : . 6] X.Li, Q.Zhao, X. Guan, and L. Tong, “On the optimality ofemoryless
available effective bandwidth in a multiuser cognitive egs cognitive access with periodic spectrum sensing,” to apjedEEE

network may vary among cognitive users due to different |nternational Conference on Communicatipr910.

buffer sizes and QoS parameters. [7] Q. Zhao, B. Krishnamachari, and K. Liu, “On myopic semgfor multi-
Fig. depicts the effective bandwidth versus the doltis channel opportunistic access: structure, optimality, pedormance,”

- IEEE Trans. Wireless Commvol. 7, pp. 5431-5440, Dec 2008.
constraint parametey for PS-MA, ZKL-MA and the upper (g s. Ahmad, M. Liu, T. Javidi, Q. Zhao, and B. Krishnamach4®pti-

bound obtained by the clairvoyant setting (sE€l [20]) for the mality of myopic sensing in multi-channel opportunisticcess,”|IEEE

single cognitive user network. The effective bandwidth has T{)%gsa"“"”s on Information Thegryol. 55, no. 9, pp. 4040-4050,

the same saturating feature as the_ throughput _With Fhe Samg A Laourine, S. Chen, and L. Tong, “Queueing analysis inltrohannel
breakpoint. However, before saturating the effective badth cognitive access: A large deviation approach,Pioc. 2010 INFOCOM
is nonlinear invy, as opposed to the linear dependencyyin (San Diego, CA), March 2010.

. . 10] S. Wang, J. Zhang, and L. Tong, “Delay analysis for ctigmiradio
for the throthpUt- The p|0t validates that ZKL-MA aCh'eveg networks with random access: a fluid queue view,Pioc. 2010 IEEE

strictly larger effective bandwidth than PS-MA. INFOCOM, (San Diego, CA), March 2010.



(11]

[12]

(23]

[14]

[15]

[16]

[17]

(18]

[19]

0.6

——FO upper bound
—PS-MA
—ZKL-MA 1

Effective bandwidth

0.1r ]

0 0.02 0.04 0.06 0.08 0.1

Y

(a) Single cognitive user

0.5

—— OPS-MA
=——FO upper boundH

0.45
¥ 0 ZKL-MA

0.4

0.35

0.3

0.25

0.2

0.15

Effective bandwidth for CU 2

0.1

0.05

OO 0.1 0.2 0.3 0.4
Effective bandwidth for CU 1

(c) Two cognitive users, medium constraints

10

0.25 T T T T
—OPS-MA
— FO upper bound
O ZKL-MA
o 027 :
o
(8}
5 q
£ 0.15 i
b=}
S
=}
=
8
2 01 8
2
S
(5]
=
i
0.05 b
0 . . N o .
0 0.05 0.1 0.15 0.2 0.25
Effective bandwidth for CU 1
(b) Two cognitive users, tight constraints
0.5 T
—OPS-MA
0.45[ =——FO upper boundH
0O ZKL-MA
o 04f E
)
O 0.35 b
8
£ 03r 1
b=}
£ 025} |
c
8
S 02 8
=
S 0.15f 1
=
w
0.1r b
0.05- b
0 . . . R
0 0.1 0.2 0 0.4 0.5

. .3
Effective bandwidth for CU 1

(d) Two cognitive users, loose constraints

Fig. 8. Effective bandwidth

Q. Zhao, L. Tong, and A. Swami, “Decentralized cogmtiAC for

[20]

dynamic spectrum access,” Rroc. of the first IEEE Symposium on New

Frontiers in Dynamic Spectrum Access Networks (DySP#ltimore,
MD), Nov 2005.

Q. Zhao, L. Tong, A. Swami, and Y. Chen, “Decentralizenymitive
MAC for opportunistic spectrum access in ad hoc networksO¥BP
framework,” IEEE J. Select. Commvol. 25, pp. 589-600, April 2007.
S. Huang, X. Liu, and Z. Ding, “Opportunistic spectrunscass in
cognitive radio networks,” irProc. 2008 IEEE INFOCOM (Phoenix,
AZ), 2008.

S. Huang, X. Liu, and Z. Ding, “Optimal sensing-transsion structure
for dynamic spectrum access,” Proc. 2009 IEEE INFOCOM2009.
S. Huang, X. Liu, and Z. Ding, “Optimal transmission atagies for
dynamic spectrum access in cognitive radio networkEEE Trans.
Mobile Computing vol. 8, pp. 1626-1648, Dec 2009.

S. Geirhofer, L. Tong, and B. M. Sadler, “Cognitive medi access:
constraining interference based on experimental mod&EgE J. Select.
Areas Communications, Special Issues on Cognitive Radlieorly and
Applications vol. 36, pp. 785-796, Feb 2008.

S. Geirhofer, L. Tong, and B. M. Sadler, “Dynamic spantraccess in
the time domain: modeling and exploiting whitespad&EE Commu-
nications Magazinevol. 45, pp. 66—72, May 2007.

S. Geirhofer, L. Tong, and B. Sadler, “Interferenceassvofdma resource
allocation: A predictive approach,” itEEE MILCOM 2008 pp. 1-7,
November 2008.

C.-S.Chang, “Stability, queue length, and delay ofedwinistic and
stochastic queueing networkdEEE Transactions on Automatic Con-
trol, vol. 39, pp. 913-931, May 1994.

[21]

[22]

[23]

[24]

[25]

S. Chen and L. Tong, “Maximum throughput region of nuser
cognitive access of markovian channels,” to be submitted.

P. Glynn and W. Whitt, “Logarithmic asymptotics for atly-state tail
probabilities in a single-server queudpurnal of Applied Probability
vol. 31, pp. 131-156, 1994.

J. Abate, G. Choudhury, and W. Whitt, “Exponential appmations
for tail probabilities in queues, i: waiting timesQperations Research
vol. 43, no. 5, pp. 885-901, 1995.

J. Abate, G. Choudhury, and W. Whitt, “Exponential appmations for
tail probabilities in queues ii: sojourn time and worklda@perations
Researchvol. 44, no. 5, pp. 758-763, 1996.

C. Chang, Performance guarantees
Springer Verlag, 2000.

J. C. Kingman, “A convexity property of positive magg” Quart. J.
Math., vol. 12, pp. 283-284, 1961.

in communication networks



	Introduction
	Summary of results
	Related work

	Network Model
	Performance measures
	Collision constraints

	Cognitive access policy
	The PS-MA policy
	The ZKL-MA policy

	Maximum throughput region
	Single cognitive user network
	Multiuser network: tight collision constraints
	Optimal multi-access scheme under tight collision constraints
	Multiuser network: homogeneous channels with looser collision constraints
	Numerical results

	Effective bandwidth region
	Effective bandwidth
	Single cognitive user network: homogeneous channels
	Multiuser network: outer bound
	Multiuser network: inner bound
	Numerical results

	Conclusions
	References

