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Abstract—We propose a network access optimization for set 20dB below the noise level in the DTV detection
cognitive radio nodes aimed at throughput maximization scenario [[411], which significantly under-estimates the
under the constraint of primary node queue stability. To 460t of available spectrum opportunities. On the other
maintain primary queue stability, our approach moves ! ;
beyond the traditional listen-before-talk opportunistic ac- han(_:i, LBT assumes that the primary links ar_e very
cess by allowing cognitive radios to over-hear and utilize fragile and does not allow SU systems to exploit extra
ACK/NAK feedback signals on packet reception from the capacity when a PU system, not fully loaded, can tolerate
primary receiver. In addition to primary transmitter's ac-  sybstantial interference. In particular, when an exposed

tivity sensing in listen-before-talk, the secondary cognitive (transmitter) node is discovered while the receiver node
radio can track the primary queue status through inference . " . .

based on the primary feedback information. By defining '_S far from the_ cog_nltlve radio, LBT IS a very conserv_a.-
a Lyapunov function that characterize the primary queue tivVe strategy since it does not take into account the ability

stability, we devise a distributed secondary power allocation of most well designed primary systems to apply mech-
strategy to control the_ access Qf cognitive I’adiO nodes that gnisms such as forward error correction, beamforming,
approximates the optimal solution of a static global sum- 4 ghectrum spreading to combat interference.
utility maximization problgm. Th!s dlstrlbutgd cognitive R .. th f i d K f LBT
access method can achieve high bandwidth utilization ecognizing the aforementioned Weakness 0
under the primary queue Stab|||ty constraint. Cognltlve access, we would like to deVelOp more ad-
vanced approaches to cognitive spectrum access that can
better protect the primary user links and, at the same
l. INTRODUCTION time, enable better utilization of the channel capacity
While opportunistic-spectrum-access (OSA) hawhen primary users are resilient. In fact, we advocate a
firmly established as a new paradigm capable ofiore advanced form of “cognitive” radio: in addition to
overcoming the current debacle of spectral scarcityormal primary transmitter’'s activity sensirggcondary
and under-utilization, most research efforts in this fieldsers should exploit the inherent primary receiver's
focus on the traditional “Listen-Before-Talk” (LBT) control signals that can provide useful information
framework and stress the mechanism of radio spectrwon primary communication link qualityn most two-
sensing. LBT is a sensing-based OSA that allowsay digital communication systems, such information is
secondary users to access primary users’ frequerenyailable in a variety of forms, e.g.: “data-link-layer”
bands, provided they are detected as “white spadce” [4ZJRQ information such as ACK/NAK packets feedback
[43]. Indeed, the Federal-Communication-Commissidoy primary receivers to their transmitters, LTE/WIMAX
(FCC) report on TV white-space prototype testihg! [41¢hannel-quality-information feedback packets for power
only fuels the LBT-based research and developmecontrol, 1S95 1dB power level increase/decrease noti-
activities with respect to cognitive radio access. fication. Furthermore, many primary feedback informa-
We note, however, that the simple LBT framework hation is typically transmitted at low data rate with high
its special limitations. First, LBT focuses only on theedundancy and error protection, thus is easier for SUs
primary transmitter activity, paying no attention to theo detect, decode, and utilize.
quality of primary signal reception at the receiver side. More specifically, we consider the following problem
A well known problem in LBT is its inability to protect which consists of a network with one PU pair whose
a hidden (receiver) node. For this reason, LBT has tmndwidth may also be accessed by multiple distributed
be conservative and highly sensitive in order to de&U pairs of lower priority. We hope to maximize the
with the worst case fading environment and to anticipateverall SU utility while maintaining PU transmitter’s
the possibility of aggregated interference from multiplgueue stability. Intuitively, we need to exploit multiple
SU transmissions. For example, the sensing thresholdsisurces of information. The absence of PU transmission



and feedback information indicates an empty PU queugser power allocation algorithm under an interference
which assures PU queue stability. The ACK/NAK feedeonstraint based on primary’s feedback observation. In
back information from the primary receivers allows th§37] a Markov-decision-process framework was applied
SUs to learn the PU transmission process and to estim&demaximize the secondary users’ throughput, subject to
aggregated SU interference. Through such observatidimsits on primary’s performance loss. In[38], the authors
and by inference, secondary users can extract informa¢plored overlay of secondary communications through
tion with respect to the interaction between the inteexploiting primary H-ARQ feedback. The authors of
ference from their own secondary transmission and tfffg] study primary transmission-rate guarantee through
primary transmission success. Secondary access bagegchary ACK/NAK eavesdropping by secondary users.
on this learning process can outperform pure LBT bin [I], the authors propose the framework we base the
making more intelligent channel access decisions.  current paper on. They apply Lyapunov stability theory

In particular, we generalize the pure LBT algorithms$o devise a network-layer algorithm that maximizes the
such that, in addition to primary transmitter’s activityaggregated utility function of the nodes of a wireless
sensing, secondary user access is controlled also fstwork subject to network-layer queue stability. The
allowing secondary users to overhear primary receiveraithors of [[I2] and([13] proposed a secondary channel
ACK/NAK feedback packets. We show that, througtaccess control framework based on ACK/NAK packet
primary’s activity sensing, packet status (in terms of oueavesdropping from the primary receiver. The latter
age) eavesdropping and primary transmission rate knoykesents a strategy, where secondary transmitters access
edge, secondary users can better access primary usprghary channel based on primary transmitter’s activity
frequency bands without de-stabilizing primary queuesensing and primary receiver's ARQ observations.
Moreover, we show that information collection from

the primary receiver helps cognitive radios shift from I1l. SYSTEM MODEL
pure LBT style opportunistic channel access towards
communication overlay strategies as mutual secondary-
primary interference becomes less severe. 6
This paper is organized as follows. In Sectioh II, we

SU-Tx SU-Rx
present works that relate to our paper; In Secfioh I, "R /

we present the basic system model for investigation. In \
Section 1V, we present the problem formulation and an
effective distributed approximated solutions. We provide
simulation results in Sectidn_ VI, before concluding re-
marks in SectidnV]I.
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[l. RELATED WORKS j ; j i
In the past, LBT based cognitive access strategies have

been extensively studied. Among others, the authors of PU-TX FURx
[2] presented a survey on spectrum sensing for cognitive )

radios. Cyclostationary feature detection for OSA has

been treated in[6]. In_[5] 4], the authors analyzed the

tradeoff between spectrum-sensing time and secondary

\V /// \\\\
throughput. Distributed cooperative spectrum sensing f %

’
*
S

has been investigated, among others,[in [10]] [14] and
[24]). The interesting SNR-wall limitations on spectrum
sensing have been shown in[29] and1[30]. A Markov
decision process framework has been employed ih [26]g- 1. An illustration of network topology.

[27], [28], [38] and [37]. The authors of [27] and [28]

devise secondary channel access policy for multiple pri- We now present our basic system model of cognitive
mary user channels. On the other hand, cognitive accagsondary user channel access under investigation. We
strategies utilizing primary receiver feedback signalsonsider a heterogeneous wireless network with one
have been studied in_[36].1[7], where the authors eRU transmitter-receiver (Tx-Rx) pair and multiple SU
plored opportunistic spectrum access exploiting the hitransmitter-receiver pairs, as shown in Hig. 1. The PU
den primary radio power loop. In][8] the authors invespair has its own channel and accesses its channel for
tigated PU-SU cooperation for cognitive link throughputransmission whenever there are packets to send. The PU
maximization. In[[20] the authors proposed a secondaajso has a low rate feedback channel from the receiver to

SU-Tx SU-Rx



the transmitter. The SU pairs want to opportunisticalbp. PU Stability

imize the aggregated utility of secondary users subjegite control algorithm for each SU-Tx to maximize the
we assume that both PU and SUs have fixed-lengffjeye stability.

conditions and mutual interference. Based on quedeapility. Additional notations are needed. For each time
backlog and primary receiver's outage information segfot ¢, define:

on the feedback channel, the secondary users will control_

. o . ) Ap(t): the exogenous packet arrivals at the PU
their transmission power to stabilize PU queue while

queue.

maximizing SU performance.

We assume that the PU transmission system is time-e
slotted and that the SUs synchronize to the PU time-

Q,(t): the backlog of PU-Tx queue.
pp(t): the instantaneous transmission rate of pri-
mary user.

slot by tracking PU transmissions. We assume the PU-e ;(t), i € Ng: the controlled transmission rate of
transmitter (PU-Tx) sends packets to the PU-receiver secondary usef.

(PU-Rx) on a forward channel which SUs are willing |n order to control the SU transmission rates, we first
to opportunistically access. The PU-Rx sends feedbagked to characterize the effect of mutual interference
packet through a reverse channel that the SUs are ab@ween PU and SU transmissions on their data rates.
to overhear. We further assume the primary forward arMere, we assume SUs are distributed and sufficiently far
reverse channels are logically separated. Given a sigiart that they do not interfere with each other. As a
duration oft,, we refer to thet—th time slot as the result, given the PU forward channel bandwidth 16
time interval[(t —1) - ¢, ¢- -t5). If the PU-Tx has data to Hz, we have

send, it will access the channel at the beginning of the
next time slot. In this work, we do not consider any form
of primary power control, though PU-Tx power control
can certainly be incorporated into our framework. At the P,g
end of every primary transmission, the primary receiver f\), P > N )]
(PU-Rx) feeds back &-bit information to the PU-Tx to No + 3221 Pi(t)gip

notify the latest transmission success or failure. WhenThe PU updates its queue as:

PUs have no packets to transmit, we assume that both
the PU-Txs and PU-Rxs are silent. Qp(t +1) = max {(Qp(t) — p1p(t), 0)} + Ap(t). (3)

With respect to the cognitive users, we assume sddote that, without loss of generality (WLOG), we as-
ondary transmitters (SU-Txs) can sense PU-Tx’s activi§'me PU queue is at the network layer. We consider PU
via a signal detector and have the capability of detectirfyeue stable if:
the feedback signal from PU-Rx on packet success and
outage. We assume the sensing activity takes place at the
beginning of each time slot and that it is short enough to
allow SUs to sense and then to transmit their (shorter) From the instantaneous rates, we define the following
packets for the remainder of the same time slot. long-term average quantities

» )\, —— the long-term average primary arrival rate:

)

15(t) = W log <1+ Filt)o; >

NO + Ppgpi

tp(t) = Wlog (1 +

1 t—1
lim sup ;;E{Qp(ﬂ} < oo0. (4)

In addition, we will be using the following notations
throughout the manuscript:

1 t—1
Ay = h%n;;]E{A,,(T)}. (5)

 [i, —— the long term average primary transmission

« N, = {1,...,N,}: the set of active secondary
users.
o P, the transmission power of the PU-Tx.

 gp: the large scale channel gain between PU-Rx and rate: 1!
PU-Tx with full reciprocity between the primary fp = h{ﬂgZE{Mp(T)}- (6)
and secondary nodes. =0

e i, gip» 9pi» © € Ny the large scale channel gain « r; —— the long-term average throughput of sec-
between SU-Tx and its receiver, the large scale ondary uset:
channel gain between the-th SU-Tx and the PU- =
Rx, the large scale channel gain between the PU-Tx r = 11312%2 i (7). (7

and SU-Rxi, respectively.

7=0



B. SU Model solution to Problem[{10) by allowing individual SU to

We assume that SU-Tx nodes always have data §gntrol its rate/fflow. _ _
send. For each SW € N,, its utility function f;(-) is We propose sevgrgl distributed solutions by e>.<te'nd|ng
defined as: the Lyapunov stability framework [1]. The basic idea
®) is as follows. As in[[1], we create an artificial control

knob for each SU, as shown in Figurk 2. In particular,
where ¢; is a constant merit factor, which reflects the
importance of SU throughput or the SU traffic priority.

In order to develop SU rate control optimization, we
assume that the SU transmitters can accurately estimate
the busyl/idle state of the PU-Tx. This task can be
accomplished by a combination of sensing PU trans- Level-1 queue
missions and observing PU-Rx feedbacks. We assume
that the SUs have been given the knowledge of the PU
transmission power as well as the associated channel
gains. We also assume SUs to have the knowledge on
the arrival rate of the PU packeX,, possibly through

filri) = a1y,

estimation from PU’s busyl/idle activities. R(t)
We assume the SUs do not actively cooperate with
one another. In other words, there is no message passing Network layer queue:  (),(t)

among them and there is no centralized SU controller.

Each SU can only control its own transmission power

based on the observation of the PU activities. T
s (t)

IV. PROBLEM FORMULATION

. . : Fig. 2. Control-knob fi ‘
Without loss of generality, we assume that, in the'® ontrolknob queues for user

absence of secondary transmissions, the PU netwowé define

layer queue is stable, i.e., e Ri(t), i € Ni: the rate of data flowing from

1i1 secondary user levdl-queue to its network-layer
Ap < limng{Mp(T)mz‘(t) =0}. 9) queue at time, which is the artificial knob intro-
7=0 duced here.

With SU transmission, the interference at the PU-Rx ¢ Qi(t), i € N,: the network-layer queue length of
becomes stronger, thereby reducing the effective PU SU-Tx: at timet.
transmission rate. For this reason, secondary opportuniith these definitions, the network-layer queue at SU-Tx
tic channel access can affect the PU queue stability. ¢ is updated via

In order to mitigate the impact of SU transmission
on the PU link, ougr explicit ob?ective for the secondary Qilt+1) = max{(Qi(t) — (1), 0)} + Fi(t)- - (11)
cognitive users is to maximize their sum-utility subject Each SU independently updates its queue and decides
to the stable PU queue condition. More explicitly, ouits transmission in two-step§I[1First, for every SU-

goal is to control the SU rates;(¢) to Tx, determine the amount of data to flow from the
level-1 queue to the corresponding network-layer queue;

maximize vagl fi(ri) and second control the secondary transmission power
{p:(®)} (10) ' (and hence rate) based also on primary queue backlog

subject to: Ay < fip. information.

To optimally control the SU transmission rates More specifically, we investigate four different control

{u:(t)}, we should rely on a central controller withalgorithms that can be designed within this framework,
global network information such as channel state ar@ch relying on different level of knowledge and assump-
queue backlogs available at every secondary user. Suigts.
a centralized optimal SU access scheme is less prace AcQu —— Based on the ideal case where all the
tical and potentially difficult to implement. In particu- SUs perfectly know the accurate PU queue length
lar, global network information at all participating SUs  (AcQu), this idealized algorithm AcQu constitutes
would be difficult to obtain and update with sufficient our benchmark optimum solution to be compared
accuracy. Therefore, our goal is to develop a distributed against.



o EstQ —— without knowledge on the PU queue Note that AcQu algorithm is similar to thé&' LC'1
length the SU power control modifies our baselinalgorithm proposed iri1]. To develop SU access control
algorithm by letting every SU to estimate the PU’algorithms for more realistic scenarios, however, we need
gqueue length assuming the knowledge of its averate address several challenges in our problem: 1) SUs are
arrival rate),,. distributed and individually determines their own trans-

o Forced-queue-clearing (FQC)—— FQC ensures mission power; 2) the PU transmission power cannot be
PU queue stability by letting the SUs estimate theontrolled; 3) SU may have to estimate PU queue length
PU queue length and by forcing SUs to stop albbased on its observations, which motivates the following
transmissions if they observe a PU busy periodlgorithms designed for such more practical scenarios.
longer than a pre-defined threshotd > 0. All
secondary transmissions are then forbidden untilg EstQ SU network control based on PU queue esti-
PU idle period is observed. mation

o PU-assisted queue alert (PUag)}-— as a general-

ization of the previous schemes, we let the PU-T, Here, we describe a more realistic version of Prob-
broadcast an “alert” message whenever their que &y (L3) that does not require perfect primary user queue

reach a threshold)y,. Similar to the FQC policy, acklog knowledge. First, we use the following estimate

when a SU receives this alert message, it quiPsf Qp(t):

transmitting until a primary idle period is observed. (Ot t— up(t))+ . if PU busy,
The deta_ils of these SU access control algorithms wilfdr(t) = 0, if PU idle.
be described next. (14)

In (I4), SUs assume a constant arrival rate Xf 4 ¢)
V. SU CONTROL ALGORITHMS at the primary transmitter. The primary queue length is
This section is devoted to detailing the algorithmshortened by the successfully transmitted packets)
previously descripted. Note that, since in a realistic ca§@own to the SUs. Note that, in addition to tuning the
SUs cannot directly observe the PU queue length, ipgrametery’, we also over-estimate the primary arrival
associate the PU queue stability with the observation i§te bye > 0. The value ofe can also be dynamically
the SUs of infinitely many PU idle periods. adjusted to affect SU behaviors.
Given the queue estimate, the secondary access control
can be modified into

) EstQ resource controlEach secondary useér= N,
solves the following optimization problem:

A. AcQu SU Network Access Control

AcQu is the idealistic case where we assume each ng
has perfect information on PU queue length. Under this

assumption, the solution to Problem](10) AcQu is based mzig(i(rr)lize Qi (1) (1) + Qp(t) 11 (1)
; . i (T
on the following two steps: ‘ subject to: Py(t) > 0 (15)
(a) Flow control Each secondary usérc N solves Pi(t) < P
. . . % >~ I'MAX -
the following optimization problem:
ma}ggi(rtr;ize V- fi(Ri(t)) — Ri(t) - Qi(t) 1 C. Forced-Queue-Clearing (FQC) Algorithm
subfect to: Ri(t) < Ruax., (12) Simple queue estimation through E@.J(14) leads to

rimary queue instability if we set = 0 or when the
timation of), is poor. To remedy this issue, we also
8Vise a heuristic solution that compels SUs to stop
transmission if the current primary busy period exceeds
a pre-determined threshold > 0. We calculatedr as
an integer multiple of the average busy period of an
maximize  Q;(t)ui(t) + Qp(t)pp(t) M/M/1 queue with average arrival rate, and average
Pi(t) (13) departure rate equal to the primary departure rate without
secondary interference. We then obtain a new SU control

whereV is an adjustable parameter to characteri
the aggressiveness of the secondary users Whera
Rmax is the maximum allowed per-slot data flow.

(b) Resource control Each secondary user € N
solves the following optimization problem:

subject to: P;(t) >0
P;(t) < Puax,

algorithm.
where Pyax is the maximum allowed secondary (b) FQC resource controlLet ¢, denote the current
transmission power; primary busy duration (as estimated by the SU).

In what follows, we focus only on part (b) of the access Each secondary usére Ny solves the following
control for SU-Tx , as it is the only part that affects  optimization problem:
primary user’s queue backlog.



if t, <7, then: Note that, in all the simulation results we assume:

- , , A diy, = dyi, Vi € N,. This means that the distance

M e QiOuit) + Qp(Dp (1) bgtweenptheith SU-Tx and the PU-RX is the same as
subject to: F;(t) > 0 (16) ihe distance between the PU-Tx and e SU-Rx. It
Pi(t) < Puax- is worth mentioning that the results fa¥, = 2 are

else obtained withdy, = dyp to test SU-Txs behavior in case

they experience the same interference from the PU-Tx.
R As performance metrics, we generate the numerical
Note thatQ,(t) is calculated through Eqi(IL4). results of different SU control algorithms in terms of the
resulting average primary queue length and the average
secondary user throughpti (7). These numerical simu-
In FQC, the SU-Txs stop transmission if primanyation results are obtained by averagingo different
busy period exceeds a certain pre-determined threshqiglajizations 0fl000 time-slots each. Note that we show
As a generalization, we consider a partially cooperati¥fie average secondary PU queue length in a logarithmic
PU-Tx. Specifically, we require the PU-Tx to broadcasfcale, whereas the average throughput results are plotted
an alert message whenever its queue reaches a prea semi-logarithmic scale.
defined threshold)y. In this PUag scenario, SU-TX 1o demonstrate our ability to control the outcomes of
stops transmis_sion upon successful _reception of algﬁ'_b SU access, we adjust SU-Txs' aggressiveness tuning
messages. This PUaq scheme requires some expligitametent/ to assess its impact on the SU throughput
PU cooperation. Our goal is to examine whether PY,q py queue length. We understand from Problerh (12)
cooperation can significantly improve PU performancepat larger V- would lead to longer secondary queue
As a result, we can modify the resource control schenn@ngth Q;, Vi € Ny, and that longet); bolsters overlaid
into PUaq as follows secondary transmission attempts because of the max-
(b) PUaq resource control Each secondary useryeight resource allocation df{lL3). Hence, more aggres-
i € N, solves the following optimization problem: sjye SU transmission has an obvious impact on primary
queue length?),, and long-term average throughput

wi(t) = 0, until primary channel is idle.  (17)

D. PUaqg SU network control

If no alert message received, then: Vi € N,. This impact depends also on the mutual
maximize  Q; (t)pi(t) + Qp(t) iy (t) interference between the primary and secondary systems.
Pi(t) (18) In what follows, we show that, when the interference
subject to: P;(t) >0

between the PU and SU pairs is high, LBT type of
Bi(t) < Puax. opportunistic channel access is favorable, whereas, as
else interference at the PU-Rx decreases, we expect our
1i(t) = 0, until primary channel is idle.  (19) algorithms t(_) migrate_from LBT-style channel access,
. . . ) toward favoring overlaid secondary channel access. The
In this case(Q,(t) is calculated as il (14). behavior of the SU-Txs as a function of the parameter
V1. SIMULATION RESULTS V' shows that SUs aggressiveness is favorable only
In this section, we first consider the case with = 1 Whe.n. distance between primary and sepondary USErs 1S
to show that Ou’r algorithm successfully stabilizes Paufflment S0 as not to cause detrimental interference with
gueue in case of single SU transmitter. Next, we extene(f]11Ch other.
our results to the case with, = 2. In both cases, the SU We remark that the SU throughput resuits 10r< 0.1
system overlays atop of a single primary pair's forwaranddip = 200m correspond to a pure LBT—;ter chann_el
link channel. The various parameters involved in the P cess. Because of paper Igngth constraint, we omit to
and SU pairs are summarized in the tablé VI: Show such a re?“" tha_t depicts the SU. chann_el access
policy as a function of time for a simulation realization.

P, PU power 1 [dBm]

Ap PU average arrival rate | 2 [pkt/slot]

Puax Max SU power 1 [dBm] A. AcQu Access

dp PU-Tx—PU-Rx distance| 200 [m] FiguredB (a) and (b), show the statistical average pri-
di, i € Ny | SU-Tx—»SU-Rx distance 200 [m] mary queue length and the statistical average secondary
a;, i € Ny | Merit factor dip /40 throughputr;, as functions of the distane, between
Ruax SU data-flow factor 20 the SU-Tx and the PU-Rx. From Figure 3 (a), it is clear
ts Time-slot duration 1 [ms] that our algorithm successfully stabilizes the PU queue.
L, PU packet length 1024 [bits] As expected, for increasing values 6f the average PU

Ly SU packet length 512 [bits] gueue length grows (while remaining stable).
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Fig. 3. AcQu Access. Average Pu queue length andor different to

values of V.

Fig. 4. EstQ algorithm. Average Pu queue length andor different
values ofV.

Figure[3 (b) shows that, for short distance between

primary and secondary users, lower valueslofesult )
in higher SU throughput . in the AcQu case, more aggressive SU-Tx’s channel

As expected, higher values bf are not suitable when 8CC€SS policies corrgspond to longer average PU queue
the mutual interference between primary and secondd@pgth. Moreover, Figurél4 (b) shows that, for shorter
systems is high. For example, the highest values of tREstancedsp, the SU-TX throughput, is a decreasing
SU throughput ford;, = 200m correspond to a LBT- function of the_ parameter’. For larger d|sta_ncd1p, the
style channel access. When the SU-Tx and the plower mutual interference between the primary and the
Rx are further apart so as not to cause severe mut§&condary systems lead to system overlay and therefore
interference, more aggressive channel access policiedayers higher values of” in terms of throughput-.
the SU-Tx can improve the throughpuit.

C. FQC algorithm

B. EstQ algorithm Figuredd shows the average PU queue length and the
Figures[# provides comparative results of and secondary average throughputfor the FQC cognitive
average PU queue length in the more realistic scenagocess control as the distandg, between the PU-Rx
where PU queue length is estimated via Eql (14). Sinead the SU-Tx vary. We tested FQC with= 0 to
we noticed that a value of = 0 is not enough to show that this version of the algorithm can successfully
stabilize PU queue, the SUs over-estimate PU averasgfabilize PU queue in this case. From Hig. 5 (a), we
arrival rate by an excess margin> 0. In our tests, can see that, as expected, largérdeads to longer PU
the EstQ algorithm uses = 0.01. As it can be seen queue length. Additionally, the SU throughput increases
from Figure[@ (a), the PU queue is stabilized. Ass d;p increases because, when the SU-Tx is far from
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Fig. 5. FQC. Average Pu queue length andfor different values of Fig. 6. PUaq. Average PU queue length andfor different values
V. of V.

the PU-Rx, LBT-style channel access is less favorabige two users, respectively. Figure 7 (a) shows that the

than overlaid cognitive access. proposed algorithms successfully stabilize the PU queue
when both SU-Txs are active and control their own
D. PUagq algorithm access without cooperation. As discussed earlier, larger

. . arameterl” corresponds to longer PU queue backlog.
For the last algorithm, Figurés 6 (a) and (b) show th%erfect queue knowledge also leads to higher average

average secondary ratg and the average PU queuePU lengths as the SU-Tx can afford to be more active.

length as a function ofl;p, and for different values of __~ ™ « » o ” “ ”
V. As expected, this control algorithm also successfullThls IS due to the fact that !EStQ ' FQC and PUag
Igorithms control the SUs’ aggressiveness by either

stabilizes PU queue. As pointed out in the previouover-estimatin PU length or stopping SU transmissions
subsections, for low values @iy, LBT channel access isb fore th PUg bg m tpp Ign
preferable. Whenl;, increases, higher values bf lead etore the queue becomes 1oo fong.

to more overlaid transmissions and can lead to highﬁ{Af meSnLtJlo_Ped earhgr, Sm(t:ﬁ we as;urtaaﬁ% = d2paf
SU throughput than LBT. e two SU-Txs experience the same interference from

PU-Tx. We assume also that all SUs perfectly decode

. ) PU-Rx feedback messages. For these reasons, all SUs

E. Algorithm comparisonN, = 2 make the same decisions at the same time and experience
In this test, we activate two SU transmitters thahe same throughput values. As expected, when the

implement the same access strategy for power controlutual interference between the secondary and primary

Figures[T (a) (b) and (c) show the resulting averagesers decreases, LBT-style channel access is abandoned,

gueue length, and the resulting SU ratesand r, for favoring overlaid communications. When the mutual
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different values ofl/.x

gueue knowledge. Figurgl 8 shows that, as expected,
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Fig. 8. AcQu. Average throughput for SUfor Ny = 1 and N, = 2.

when Ng=1, r is always higher than the case with
multiple SUs. In casel;, = 800m andV = 10, the

SU throughput with one SU outperforms the case of two
SUs by almosB0%. This phenomenon is mirrored by a
higher average PU queue length with respect to the case
of two SUs.

VIl. CONCLUSIONS

In this work, we introduced a power control algorithm
for SU-Tx channel access. By learning from both PU-
Tx's activity and PU-Rx’s feedback information, we
developed a distributed SU power control framework
that approximates the optimal solution to Problgnh 10.
We showed that, when the mutual interference between
SU-Tx and PU-Rx is high, LBT-style channel access
performs better than overlaid communications, whereas
the opposite is true when the mutual interference be-
tween the primary and secondary systems is weak. We
compared several of our approximation algorithms both
in case of perfect PU queue length knowledge and in case
of queue length estimation. We showed that the proposed
access control algorithm EstQ, based on primary queue
estimation, can successfully stabilize the PU queue.
We furtherly explored PU cooperation through PU-alert
messages broadcasted whenever PU queue reaches a
pre-determined threshold. We established primary queue
stability by applying our proposed approximation algo-
rithms.
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