Cooperation and Coordination in Cognitive Networks
with Packet Retransmission

Marco Levoraté, Osvaldo Simeorie Urbashi Mitrd, Michele Zorzi
x Dept. of Information Engineering, University of Padovaa Wradenigo 6/B, 35131 Padova, Italy.
1 Dept. of Electrical Engineering, New Jersey Institute offiology, Newark, USA.
1 Dept. of Electrical Engineering, University of Southernli@@ania, Los Angeles, USA.
e-mail: {levorato, zorzj@dei.unipd.it, osvaldo.simeone@nijit.edu, ubli@usc.edu

Abstract— The cognitive framework, which fosters an efficient 1 ( : ) Y . @
use of the channel resource by granting access to smart and A ) ~
adaptive terminals, has been recently integrated with the @- \\z\ﬂps ¢§d/’
operative paradigm. Accordingly, following a spectrum-leasing D}‘@’
approach, licensed (primary) users may let unlicensed (sec
ondary) users access the owned bandwidth in exchange for an
increased performance via cooperation. Nevertheless, againg Fig. 1. Three-node topology with a primary and a secondanycsn denoted
that secondary transmission is limited to idle primary slos, as With P andS, respectively, and the common destinatibn
the traffic from the primary sources increases, implementaibn of ) o
spectrum leasing via cooperation becomes more challengingn ~ for the opportunity to access the channel by sacrificing pfart
fact, the opportunities for secondary transmission reducend the the channel resource left unused by primary users to forward
secondary users may find spectrum leasing not advantageous.  (relay) primary packets. On the one hand, cooperation by
this paper, a solution is proposed that exploits fading tempral oo 5nqary users is required to provide a performance gain to
correlation and retransmission-based error control in order to . L - . L
increase secondary throughput even in high primary traffic Primary communications that is sufficient to Just|fy_thesiea _
conditions. Focusing on a simple network with a primary and On the other hand, a secondary user may not be interested in
a secondary source transmitting to a common destination, it investing its battery or processing resources if the spattr
is shown that the primary source may actively leave part of |eased is insufficient. If we assume, as most prior work on
its channel resource to the secondary source without signéant 4 hirive radios, that secondary users access the chamnel i
performance loss while greatly improving secondary througput. . . -
the so calledwhite spaces, i.e., frequency-time resource left
unused by primary users, then, as primary traffic increases,

I. INTRODUCTION transmission opportunities for secondary users beconee. rar

Following Mitola’s original definition [1], cognitive radi [N this case, the effectiveness of cooperation taking place
integrates computational intelligence and machine legrii  OPPortunistically in the white spaces is frustrated by the
wireless devices to improve their adaptability to the sund» POOr chance a secondary user has to be a relay. In [9], this
ing environment. Since then, this definition has been exténdProblem is solved by statically assigning a fraction of ineet
to include theoretical frameworks aimed at the solution ¢source to secondary user operations. In this case, apectr
problems requiring device adaptability and dynamic reseurl€asing is profitable for primary users only if the benefit of
allocation. A scenario that has been the subject of a floimgsh S€condary users’ cooperation overcomes the loss due tiz)sta
interest targets the exploitation of smart unlicensed ieas bandwidth splitting.
that access opportunistically available channel resoimce In this paper, we address the problem outlined above and
order to increase bandwidth usage efficiency [2]-[4]. SonRsOpose a solution based on the exploitation of temporahéad
prior work studies concurrent transmission by secondady aforrelation and retransmission based error control. Wevsho
primary users in a highly dynamic environment [5], [6]. that the primary users can release part of its transmission

Recently, the cognitive framework applied to this broatfsources to the secondary users in an opportunistic fashio
class of problems has been integrated with the cooperatf® that the primary performance gain is the same, if not
communications paradigm [7]. Cooperation [8] is a widelgreater, than that achieved with opportunistic secondaeysu
investigated technique to provide channel diversity indye cooperation, while the performance achieved by the latter
varying channels. The essence of cooperation is to let nodéass of users is hugely improved. We refer to this approach
that are not directly involved in a communication between &s coordinated. The proposed scheme is similar to [10] but,
given source-destination pair transmit data frames aatati Unlike the latter, herein the decision to relinquish traission
with the information content sent by the original source. IAPPortunities to the secondary nodes is performed by using
the context of cognitive radio networks, this idea can bedus@nly locally available information at the primary user by
as a way to implement spectrum leasing [7]. Specificall{gveraging channel memory, i.e., no explicit message exgha
the licensed (primary) users may lease part of their aviailaps needed between primary and secondary nodes.
bandwidth to unlicensed (secondary) users in exchange for
cooperation. Il. SYSTEM DESCRIPTION

In the spectrum-lfeasm_g approach, of [9], sef:on_dary sogrce%e consider the three-node configuration depicted in Fig. 1,
act as cooperators for primary users' communications, ayd Ry hare  primary and a secondary source, referred to as nodes
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has a data and a feedback phase. In the data phase, onB. dfooperative Scenario
the sources transmits a data framdlo The destination then

sends, in the feedback phase, a short control packet tor eit‘thl
acknowledge (ACK packet) or not acknowledge (NACK) thﬁ
previously received packet. The channel fading proceses go ot of the primary users. Notice that this model does not

time correlated. In particular, we model the channel coe S eplici : . -
: . ’ - . xplicitly capture secondary quality-of-service requoiemnts
cients of adjacent slots as correlated Rayleigh variablés vl pictly tap Y quality q

Consider now a scenario where the secondary user can
Ecess the channel in idle slots, but only under the condi-
on that it gives priority to cooperative data forwarded on

. unlike [9] [10]). In our dynamic model, we assume ttht
correlation equal t@. We adopt a threshold model for packe as a cooperation-buffer of size one, where the last packet
decoding,.e, a packet is successfully decoded if the signal;

X . . . ent by the source that received a NACK and successfully
to-noise-ratio (SNR) in the slot is above a rate-dependgfii;qgeq byS is stored. WherS senses an idle channel, it
thrvevsholdz(}lz){hwher_eR denotesE;[he trar}jmlgflonc;ate. checks its cooperation-buffer. If the latter is empty, bgeeds

¢ model the primary Source” as a dumo™ node, eM- 44 i, the non-cooperative case, and only transmits data from
ploying a static strategy to deliver the packets in its queus: s queue at the estimated maximum r&tg based on
When P has a non-e_:mp_ty queue, 't_ accesses the slot alrp]% previously received signal fro. If S has a packet
transmits a packet with fixed transmission rate equaljo in its cooperation-buffer and?,>R,, the packet fromP is

[bitS/S/HZ].' For the _sake of simplicity, We assume th_at tI'\’:élayed at rateR;, as per the spectrum leasing rule discussed
transmission of a single packet at ral, fits the duration above, and the remaining part of the slot is usedSbyo

of t_he data_l phase. In order to reduc_e the probability of pac nd a packet (at variable rate) from its own queue. If the
delivery fa|lure,_P adopts a retransm|53|on-b_ased error contrg operative transmission succeeds, the destination dbeds
scheme._By_thls scheme, upon the reception 9f a NACK %K to both P andS, and the former cancels the previously
the destination,P schedules a further transmission of th%cheduled retransmission. Nevertheless. the slot rasdove
packet sent in the current.slt-)t after a.fixed delay equal f)%cket retransmission may be usedB®yo transmit a packet
M slots. Delayed retransmission is a ywdely used strategy gy its own queue. Note that cooperative transmission by
correlated channels. In fact, by spreading retransmissiver S may reduce the delay incurred by primary packets due to

time, the correle}tlo_n of the channel condmo_ns associatea channel correlation and the consequent delayed retrasismis
different transmissions of the same packet is reduced, land

probability of successful packet delivery increases. @osely, LO“Cy'

if the retransmissions are concentrated in a short time;spa

they are likely to be affected by fading-dip bursts. C. Coordinated Scenario
In the following we describe the different protocols we

consider for the integration of the secondary souscie the

system.

As traffic due to primary source transmissions increases,
the probability thatS finds an empty slot gets smaller. In
the cooperative scenario described above, this also mbahs t
_ ) the primary performance gain due to secondary cooperation
A. Non-cooperative Scenario diminishes. We propose a simple protocol that effectivelgld

In the non-cooperative scenario, the secondary source iswith this issue by exploiting channel memory and the retrans
opportunistic terminal that exploits slots left unused bg t mission policy. We call itcoordinated, because it requires
primary source to transmit packets 1. Thus, whenS is specific actions by the primary source, that can be seen as
willing to send a packet, it senses the channel at the beginna form of coordination with secondary source operations. It
of the slot and transmits a packet whenever it perceivissclear that ifP reserves a fraction of its bandwidth f8fs
the channel as idle. Unlicensed users are assumed totfieg@smission, the latter source would benefit. HoweReiis
“smart” terminals, that try to best exploit the available channéhereby reducing its access rate, and potentially its gjnput.
resource. Therefore, we implement, at the secondary saurc@n the other hand, in exchande gets increased opportunities
rate adaptation scheme, that bases the current transmiasgo for cooperation byS. It is the trade-off between these effects
on previous measurements of the channel conditions. licpartvhich we will examine in the numerical results..
ular, S measures the SNR every time the destination sends a®ur protocol effectively selects the slots to be left unused
ACK/NACK and computes the associated transmission ratle primary source based only on locally available infoiorgt
In the next available slotS transmits at rateR, [bit/s/hz], without requiring any coordination message with the sec-
equal to the greatest rate supported by the previously megswondary node (unlike [10]). The aim is to minimize the perfor-
SNR. We observe that secondary users are not likely to hawance loss at the primary source due to bandwidth reduction,
strict quality of service requirements in terms of delay aand to get the most from secondary source cooperation. Let us
packet delivery probability. Thus, we do not implement thebserve the following. A successful cooperative transioniss
retransmission mechanism at the secondary source. in which S delivers a packet fror®? to D, avoids a potentially

It is worth remarking that, as channel occupation due tong sequence of retransmissions of this packet. Assuthing
primary source access increases, transmission oppaéesiftt is large enough to consider the channel coefficients between
the secondary source get rarer. Note that the primary soute® consecutive retransmissions as independent, the numbe
accesses slots to either transmit fresh packets or retransof retransmissions follows a geometric distribution adooy
those packets that incurred failure. Thus, the total chlamsie to the average failure probability. Thus, a single sucegssf
cupation is a function of both the arrival rate and transioiss cooperative transmission saves the primary a whole sequenc
failure. of primary retransmissions.



Our protocol prescribes that, upon the reception of atenoted with¥,q, ¥, and ¥yq where the subscripts denote
ACK associated with a cooperative transmissi®h,leaves the pair of nodes. The channel chain,,,, describes the
unused the slot scheduled for the retransmission of thegpacétate of the link through an integer index {n, ..., N., ., },
delivered byS. This way, P releases channel resource onlywhereN,, .., is the number of the states of the chain. State
upon recognizing a very likely gain from cooperation (sinceorresponds to the region of SNR., 7.4+1}. Thus, to each
that was the case in the previous slot and fading is cor@latechain there is an associated vecton\af .., +1 SNR thresholds
Moreover,S gains the opportunity to access the channel antdfined asv,,.,={0, 72,2, (1), - - ., Toyzo (Nayz, —1), +00}.
transmits its own packets. In order to describe the state betwe&h and D, we

However, this is clearly not sufficient. In fact, this mechneedN,q=3 states, with thresholds,;={0, 7*, 7(R,), +oo}.
anism would also have diminishing returns as the primamhus statel, 2 and 3 are associated with channel conditions
source channel occupation increases (since the oppaesinibelow thresholdr* and packet failure; channel conditions
for secondary transmission, and thus cooperation, dezyeaabove threshold* and packet failure; and channel conditions
We exploit channel correlation in order to foster the virtuabove threshold* and packet success.
ous resource allocation afforded by the mechanism destribe The link betweenP and S needs only to track packet
above. In particular, we define an SNR threshoiekr(R,). decoding at the secondary source, and thus needs two states
The primary source measures the perceived SNR at eadlth thresholds/,,={0, 7(R,), +oo} (recall thatR, is fixed).
packet sent byD, and if this is belowr* and a retransmission Finally, the link betweer andD is described by) + 1 states
was not already scheduled then it forces itself to be idldén twith thresholdsvs;={0, 7(Rs(1)),...,7(Rs(Q)), +oc}. As-
next slot! Simply speakingP recognizes that, if the measuredsuming a capacity achieving model for packet decoding, the
channel conditions are below, due to channel correlation,decoding thresholds are given byR)=2%—1. We assume
it is unlikely that the channel will be good enough to have exponential path-loss with exponentand fading coefficients
packet successfully delivery in the next slot. are modeled as correlated Rayleigh fading variables with

To sum up, the primary source leaves unused slots in sumirrelationp. Once fixed the distances between the nodes of
a way that: a) it increases the chance of performance gathe system ad,q, dsq andd,s, we define the average SNRs
from cooperation; b) it limits the potential performancedo S;,.,=(Pd, % )/No, whereP and N, are the transmitted and

T1T2

in giving up a transmission slot. the noise power, respectively.
As a result of the assumptions above, we can derive the
I1l. M ARKOV MODEL OF THENETWORK transition probability between statésand j for the chain

o . U, 2, asin (1) wheréy(-) is the modified Bessel function of
Due to Iaf:k of space, we de§cr|be n deta-ll the Markay,e firs kind and order zero, and the integration linits,, (k)
chain associated with the coordinated scenario, as the n

cooperative and the cooperative scenarios can be obta';nedgl Ed the stationary distributio®, .., (i) are defined by

appropriately simplifying this case. We have first to defime beres(k) = /Verws(k+1)/See, 2

each of the links of the topology the associathdnnel chain, o (i) = eVeren (i41)/S _ pVayay (8)/S 3)

that is, the Markov chain describing the state and the elemiut e

of the channel state. Starting from the channel chains, we )

derive thesystem chain, i.e., the Markov chain describing the B- System Chain

status of the system. In can be seen that, in order to fully account for the system
For the sake of simplicity, we make some assumptiomlynamics (i.e., packet retransmissions) via a Markov model

regarding the traffic dynamics at the nodes, that can beie need to track a window a¥/ slots, that defines the overall

principle removed at the cost of an increase in the modahte of the system [11], plus some additional variableenTh

complexity. In particular, we assume the primary sourca each transition, corresponding to a temporal advancemen

transmits in an idle slot with fixed probability and the of one slot, we shift left the window and the oldest slot exits

secondary source in saturation conditioe,, S always has the state, while a new slot enters the window (see Fig. 2).

a packet to transmit. Note that in this setting, each slotWe define the state of the system at sl@t as

is occupied by eithelP or S. We also assume the sec-o(T)={u(T), ¥pa(T), Yps(T), ¥sa(T),¢(T)}, where g,

ondary source ha§ possible transmission rates, defined ag,s, ¥sa are the states of the channels in sBtand ¢(T)

{Rs(1),Rs(2) ..., Rs(Q)}={Rp.2R,,...,QRp}. is the position in the window of the last packet failed by the
primary source and decoded by the secondary souecethe

A Channel Chains packet in the cooperation-buffer & We set/(T")=0 if the
cooperation-bufferis emptw(T)={u1, ..., ua } is the vector

We have to characterize the links betweeandD, S and  {acking the state of the slots in the window.
C andC andD. To this aim, we define three Markov chains, e now need to identify the set of the possible states of

1We can further simplify this mechanism, by askilyto leave the next each slot. We adopt the foIIowmg enCOdmg:

slot idle upon the reception of a NACK. e u,=0, successful transmission ),
bzizg (i4+1) pbagay (5+1) 4c 242 )
.. 1C2 _ ‘a1t pPC1C2 .
thwz (27]) = / / Te 1-p IO (%) dcld02/®I112 (2)7 (1)
by oy (1) baq s (5) P P



: Eqg. (5)), thenS transmits only packets from its own queite.
A achieves a success, and its rateisc( R, (sqa(T)—1), Rs(1))

M if the new state ofl'yy in slot T+1 is greater than or equal

3 3 to that of slot7". Otherwise transmission by sourBefails. If

S S (>0 (see Eq. (6)), ther cooperates. Packet failure/success

// // has the same probability of the case with0, but if the

e O packet succeeds, then the rate achieve8 ly/reduced due to
o transmission of the packet in the cooperation-buffer ang,

is set tol.
Fig. 2. Sliding window Markov model of the primary source Bolation. The Values{ and probabilities _associated to the vector
When we consider slIdl’, u; represents the state of sigt— M + t. n(T+1) for this case are reported in (5). The same holds for

u1 (T')=2, where the primary source keeps idle to remunerate
o u,=1, failed transmission byP, but packet delivered S of the successful delivery.

through cooperation, In the other cases, the primary transmits with probability
o u,,=2, failed transmission by and packet not delivered Thus,n(7+1) takes the values in Eq. (4) with the associated
through cooperation, probabilities multiplied byv and the values in (5) with the

e uyp=3,...,Q+3, the secondary source delivered datassociated probabilities multiplied ky-»
from its own queue at rat®; (u,,—2),

o uyy=Q+4, failed transmission from the secondary
source. IV. NUMERICAL RESULTS

This representation is sufficient to evolve the chain antecbl | this Section, we show numerical results obtained through
the throughput in [bits/s/Hz] achieved by the primary anél thpe previously presented analytical framework. We compare
secondary source. . N _ the non-cooperative, the cooperative and the coordinase c
As stated before, during a transition the vecte(l) i in terms of throughput achieved by the primary and the
shifted and we thus set, (T+1)=uw+1(T), w=1,..., M—1. ~ secondary source, denoted wifh and 7.. 7, and7; can be
The distribution state of the slot entering the window, #8at optained from the stationary distribution of the chaifp) as
upn (T+1) is entirely defined byu, (7)) and the state of the T, =4 7(¢)R, andT, = 3, 7(¢)Rs(uy), respectively,
various channels and Due to cooperation, if(7)>0 during  \here X', "and ,, are the sets of states of the system in which
a transition also the value of,_,(7+1) may be different , _o or ;=1 andu;=3,...,Q+3.

from w,(T). . _ We consider an aligned topology where the distance be-
Let us define transition probabilities focusing on the paffieen P and S is d..—=100 m. and d q=doq—d.q. The
pPs— 1 ca—“p sda -

of the state not trivially shifted. We then define the vectqfansmitted and noise power are sefte: — 6 dB and Ny= —
n(TH+1)={un (T + 1), ue—1(T + 1), ¢pa(T + 1), %05(T" + 60 4B, respectively. The attenuation exponentis 3.5. The
1)’¢Sd(TZ+ 1),((T" + 1)} and we look at its value in the nimary source transmits at rate,=1bit/s/Hz, and we set
next slot? If u,(7")=3 the primary source will retransmit theQ:4' Thus, the secondary source has a set of rates equal

packet in the entering slot, and we report in (4) the valugs (R,,2R,,3R,,4R,}. 7 is set such that the stationary
and probabilities for the previously introduced vector list proba%ilitypof state0 for the channel betweeP and D is
case. Thus, if the channel betweBrandD is equal to2, then equal to0.1.

_the ttrhantsm|sspn IS sufc_cl:essful amk(ljefp(sj_lt? Va“_JeH Lw{’[\cll\f?’ ) Fig. 3 depicts the throughput of the primary and secondary
1€, .e. ransmission fails, we need to disinguish between W, o for the three considered scenarios as a function of
cases: ifyps=1, then_S stores the packet in its buffer, and therfhe distance betweeR and S for v=0.6. It can be easily
€(7|;+1)?M,3otheJW|seng;1):ﬁTI. th iated sl understood that the clos@ to S the higher the probability

: ur(T)#3 and¢,a=0, thenP leaves 1e assoclated sloty,; the atter decodes packets that were sent by the formaer a
idle, and the secondary source transmits.t(T')=0 (se€ roceiyeqd a NACK. Nevertheless, the cloSeto D, the higher

2With a slight abuse of notation we wil say thag_;—u,(T) even when th€ probability the former successfully relays a packeinfro
£=0. P. Thus, the gain provided by cooperation increases when

{0, we(ry (1), 2, Yps (T' + 1), hsa(T+1), £} Zpa(Ppa(T),2) Zps (ps(T), thps (T + 1)) Zsa(vsa(T), ¥osa(T+1))

{2, ue(r) (T),0,1,hsa(T+1), M} Zpa(Ypa(T),0) Zps (Yps(T'), 1) Zsa(sa(T), Ya(T + 1))

{2, ue(r)(T),0,0,¢sa(T'+1), £} Zpa(¥pa(T),0)Zps (Yps(T),0) Zsa(vpsa(T), hsa(T + 1)) (4)
{2, ue(r) (T), 1,1, hsa(T+1), M} Zpa(Ypa(T),2) Zps (Yps(T), 1) Zsa(Ysa(T), psa(T+1))

{27 Up(T) (T)7 1,0,%sa (T+1)7 6} Zpd ("/)Pd(T)v 2)Zps ("/}pS(T)v O)st("/)sd (T)7 wsd(T+1))

/=0 {{Q+47 (1) (T), Ppa(T+1), thps (T+1) <max(2, ¢hps(T+1)—1), Ysa (T+1), £} T[] Zay 20 (Yxyxo (1), Py (T41)) (5)
{thsa(T), ue(y (1), hpa(TH1), ops (T+1) > max(2, ¢ops (T+1)—1), hea(T+1), €} T[] Zy 20 (Y2 (1), sy o (T'+1))

=0 {{Q+4,um(T»wpd<T+1>7wps<T+1><max@,wpsml)—l),wsd(TH),é} 120122 (axa (1), s (TH1) o
{wsd(T) - 17 17 L/}pd(T-l—l),(/)ps(T-l-l)Z max(?, 1/1ps(T+1)—1)7 wsd(T“’l)v 0} szl,wz (wX1X2 (T)7¢X1X2 (T+1))
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Fig. 3. Average throughput achieved by the various protasla function of Fig. 4. Average throughput achieved by the various protesl a function
the distance between the primary and the secondary souneetrdnsmission of the transmission probability of the primary sourdgs is set to60m.
probability of P is v=0.6.

—O—Primary, Cooperative
4~ Primary, Coordinated
O Secondary, Cooperative

moves away fronP, but slightly decreases when the former 4p 4 Secondary, Coordinated
gets too close to the destination.

The gain provided by the cooperative scenario to the pri-
mary source is betweeh0% and20%. It can be observed
that cooperation causes a small decrease of the throughput o
S that is sacrificing part of its available rate to cooperattwi
P. If we introduce coordination, the gain due to cooperat®on i
only slightly decreased, and the regiondyf with the highest
reduction occurs where cooperation is less profitable. @n th ol 07 03 o071 o5 o8
other hand, the throughput achieved by the secondary s@urce Tx Probabilty v
boosted by coordination, resulting in a significant inoemto Fig. 5. Average throughput gain with respect to the non-ecaiive case for
cooperate. The throughput gain at the secondary sour_ce)dug‘rigggﬁgfpﬁ:”pdrimzr;ogéﬂ'rgﬁg ipsrzgcgz;;'a funofidre transmission
coordination is particularly evident whehis close toD, i.e,
where rate adaptation allows the secondary source to tiansm
at high rate more often.
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