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Abstract—In this paper, we propose a cognitivep-persistent vironments [10] [11] [12] [5] [6] [7] [8]. Fundamental ca-
carrier sense multiple access (CpCSMA) scheme for spectrum pacity limits of a spectrum sharing based CR system were
sharing based cognitive radio (CR) networks. In order to guar- studied in [10] and [11] under AWGN and fading channel

antee the quality of service of the primary (licensed) network, . . . .
secondary users are allowed to transmit their data as long as ENVironments, respectively. Later, a research in [5] stidi

the interference received at a primary receiver is limited by the capacity limit of a spectrum sharing based CR system
the predetermined level. In the proposed CpCSMA scheme, with multiple secondary users. The authors in [5] proposed

secondary users adaptively control the transmit power with a centralized spectrum sharing technique to perform efficie

ON/OFF fashion according to whether the interference constraint ocq\rce management for the secondary user network.
at primary receivers is violated or not. We show that the

proposed CpCSMA scheme can be mathematically analyzed by Many communication systems, such as IEEE 802.11a/b/g
adopting the scaling factor to the conventionap-persistent CSMA (commercial WLAN), IEEE 802.15.4 (ZigBee), or IEEE
analysis framework. The numerical examples illustrate that the 802.11p (vehicular communications), are operated witedec
analytical results match well to the simulation results and the . . ’
throughput of the proposed CpCSMA scheme approaches to that trallged schedulmg protocols and most of them are b.a.sed on
of the conventional p-persistent CSMA scheme for high input carrier sense multiple access (CSMA) schemes. Cognitive ra
load. Moreover, the proposed CpCSMA scheme is backward dom access schemes are needed for the decentralized network
compatible and, thus, can easily be implemented with little to operate under a spectrum sharing based CR system and
modification of the conventional CSMA scheme. a few decentralized medium access control (MAC) schemes
I. INTRODUCTION have been proposed for interweave CR systems [13] [15] [16];

. . however, there have been no study on cognitive random access
Recently, cognitive radio (CR) technology [1] [2] has bechhemes for a spectrum sharing based CR system.
considered as an attractive solution for efficiently uitilg

scarce radio spectrum. In a spectrum sharing based CR systeri! thiS paper, we propose eognitive p-persistent CSMA

the secondary (unlicensed) users, coexisting with single p{CPCSMA) scheme for a spectrum sharing based CR system.
mary (licensed) users, are allowed to utilize licensedifeey 1 ne Proposed CPCSMA scheme operates with fixed transmit
spectrum as long as the interference power from the secpnd@PWer control, which simply turns on/off the transmit power
transmitters to a primary receiver is below a threshold sThi "€ Proposed CpCSMA is faster-to-market because it is back-
interference constraint guarantees that the primary veceijWward compatible to the conventionaCSMA scheme. We pro-
accepts only predetermined degradation of its quality of s¢/!d€ rigorous mathematical analysis of the proposed CpCSMA
vice (QoS). In order to meet the interference constrairg, tfCheme. Interestingly, it is found that the proposed CpCSMA
secondary transmitters need to monitor the radio enviranm&CNeme can achieve about 85% of the peak throughput of
cognitively. the system without the primary network even under a strict

The study of a spectrum sharing based CR system whterference constraint_ at a primary receiver. Furtheen_wwe
initially inspired by an interference temperature modeb-p have found the condition that the CpCSMA can achieve the

posed by Federal communication commission (FCC) in 20§3oughput of the conventiongiCSMA without the primary

as a means to regulating the received interference tenuperaf’€Work.
at a primary receiver [3]. Although the study item of the The rest of this paper is organized as follows. In Section
interference temperature model was terminated by FCC linthe system model and the conventiopgbersistent CSMA
May 2007 [4], many recent academic researches still provideheme are described. In Section Ill, we propose a cognitive
significant improvements in performance of spectrum slyarip-persistent CSMA scheme. In Section 1V, numerical and
based CR systems [5] [6] [7] [8]. Moreover, it is stated tha¥onte-Carlo simulation results are shown and the accurfcy o
the termination of the model does not foreclose the furthére numerical results is verified. We provide some obsemati
research the interference temperature model in FCC [9]. about the throughput at low and high system offered load and
The fundamental studies of spectrum sharing based @Rak throughput analysis. Finally, conclusions are drawn i
systems have been widely performed in various system eBection V.
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[I. SYSTEM MODEL AND THE CONVENTIONAL B. Conventionap-Persistent CSMA

p-PERSISTENTCSMA The carrier sense multiple access (CSMA) protocols, in-
A. System model vented in the 1970s, have been widely used in modern net-

Fig. 1 shows the secondary network with a single secondaprking such as WLAN and ZigBee due to its flexibility for
access point (SAP), time-varying number of secondaryostati 'andom access systems. One of the popular CSMA algorithms
(STAs), and a single primary receiver (PR) coexisting in tHg p-persistent CSMA {CSMA) protocol. When the shared
same spectrum. The secondary network is assumed to b&egdium is sensed idle, a node contending for the medium
random access system; each STA accesses the channelt&@gmits with probabilityp and defers with the probability
transmits its data in a decentralized and random mannegeSifl —p) [17]. In [18], it is shown that the IEEE 802.11 WLAN
the primary network has the priority for the shared spectruMAC standard protocol can be well approximated by the
resource, the secondary network is required to guarantee #¢SMA. Therefore, we adopt theCSMA protocol as the
quality of service (QoS) constraints on the PR. baseline protocol for the secondary network.

In our system model, STAs communicate with the SAP Fig. 2 shows how the conventionaLSMA works and some
through quasi-static fading channels, which imply that thef the definitions of the related terms. #€SMA protocol, the
fading channel gain remains static until the transmissiba o System is slotted (the slot size s which is the normalized
packet is finished and independently changes at the beginniifopagation delay) and all transmissions start at the bagin
of a new random access procedure. Assuming only one STAa slot. We assume that the length of a transmission period
accesses the channel at timehe received signal of the SAP(TP) is 1 for every transmission. If an STA transmits a packet
at timet is given by at timet = 0, all the other STAs should wait until=1+a

sincea represents the propagation delay. All packets from all
y(t) = hazi(t) + ns, @ STAs are modelled as a single Poisson process with offered
whereh; is a Rayleigh distributed data channel between thead G' for mathematical simplicity. The ternds is closely
STA i and the SAP with the mean ofy,, z;(t) represents related to the average number of active STAs in the system.
the transmitted signal from the STA and n; denotes an Since one or more STAs contend for the shared medium at
additive white Gaussian noise (AWGN) with the power oévery slot, there exists a random delay before a TP starts,
No. The power of the transmitted signal(t) is P, and called the initial random transmission delay (IRTD).
can be dynamically controlled by the STA For simpler In this paper, we assume that each STA can achieve its
mathematical analysis, the noise powéy is assumed to be channel capacity by using capacity achieving codes for each
1 without loss of generality. transmission. Thus, the STAwith the channeh; can achieve

When the STA: transmitsz;(t), the PR receives an un-log, (1 + P;|h;[?).
wanted interference of powey; | P;, whereg; is a Rayleigh ~ The performance of the conventionaLSMA is measured
distributed interference channel between the STAnd the as the system throughput. The throughpupG@SMA can be
PR with the mean ofu,. To guarantee the QoS of thedefined as the number of successfully transmitted bits pier un
primary network, we assume the secondary network performde and given in a function of, p, anda as follows [17]:
transmit power control according to the interference awiist,
lg:|>P; < Q, at the PR. The PR predetermines an allowable Sc(G,p,a) =
interference power, and the STAi cognitively controls its (1 —e "9 Rc
parameters to meet the constraint (1 — e~ [at/my + al(1 — ) + 1 + a] + amg’

Each STAi is assumed to be able to obtain its own
signal channel gaifk;|> by measuring the signal strength ofwheret andt’ are the average length of the IRTD before the

)



first and the other TPs, respectively, ang is defined as Generate a uniformly Generate a uniformly

distributed r.v. x distributed r.v. x
(0=x<I) (0=x<1)

Ty = e[—(l-‘ra)G] [(1 + a)G] ) (3)

n! NO
The term Rc represents the average throughput over theNo e
channel fading statistics and is given in a closed-form as Yes No

S

Ye:
RC _ RO Z WnPS (TL), (4) < Transmit >< Defer > ( Transmit >< Defer >
n=0

(a) Conventional pCSMA (b) Proposed CpCSMA

where P,(n) represents the probability that a packet i SUgig 3. Flowcharts of the random channel access proceseafdiventional
cessfully sent without any collision in the presencead8TAS pCSMA and the proposed CpCSMA

and is given aé% for n > 0 whereq = 1—p. The ergodic
capacity Ry of a single transmission with randomly selected

h is given as STAs _of thepCSMA without any fa_i_rness problem. With the
p-scaling, we scale-up the probability of channel acgess
<1
Ry = / —eMinlog, (1 + Pih)dh Dy = p (7)
0 Kh s 'y7
el/Pll"h 1 Q
= 43 B (P-uh> ; (5) wherey £ Fg P(jaxz, = 1—¢ matmx and Fg(-) represents
' the cumulative distribution function of the interferendeanel

where E; (z) = [ ¢ dt represents an exponential integralgain |g;|*. Fig. 3 shows how the random channel access
processes of the two different CSMA schemes operate. In
1. PROPOSEDp-PERSISTENTCSMA SCHEME FOR Fig. 3-(a), an STA of thepCSMA only goes through the
COGNITIVE RADIO NETWORKS random channel access phaédiamond), which determines
. . the channel access with probability pf However, an STA
A. Cognitivep-persistent CSMA (CpCSMA) of the CpCSMA additionally undergoes one more phase,
Unfortunately, the conventionalCSMA is not suitable for a interference constraint phaseas in the second diamond in
spectrum sharing based CR system because randomly seleEigd 3-(b). Considering the interference constraint phase
user by the conventionalCSMA could violate the interferencethe CpCSMA, we scale-up the probability pg so that each
constraint. Therefore, we propose a cognitivgersistent STA finally transmits its packet with the same probability of
CSMA (CpCSMA) considering the interference constraint gs When the PR does not exists (i.€),— o), the proposed
well as backward compatibility to the convention@@lSMA. CpCSMA works the same as the conventiop@SMA, due
For designing the CoCSMA scheme for a spectrum sharigg the fact thaty = F; (%) — 1.
based CR system, we assume that a STéperates with a
fixed transmit power controlThe power allocation rule for B. Performance of the CpCSMA and theSMA

the fixed transmit power control at the STAs given as The performance of the proposed CpCSMA is closely
9 related to the conventionalCSMA, since, as in theCSMA,

P = { Prax, ‘91"2 < Q/Prax . (6) each STA inthe CpCSMA transmits its packet with probability

0, 19i" > Q/ Pmax of p at each backoff slot. Although the two schemes have

The rule guarantees the QoS of the PR by turning off ttge same probability at each backoff slot, differencestexis
transmit power of the STA when its maximum transmigiue to the fact that the random channel access process of the

power could violate the interference constraint. Althouh CPCSMA at each backoff slot is not independent because of
variable transmit power controwhich allows the STA to use the quasi-static fading assumption. The correlation betwe
continuous transmit power between 0 afgl.., can be the r_an_dom channel access processes in successive backeff slot
better solution in terms of performance, in this paper, wg onlimits the performance of the proposed CpCSMA.
consider the fixed transmit power control due to its simplici 1he relationship between the throughput of the CpCSMA
and backward compatibility to conventional random acce8gd the conventiongiCSMA is found in Proposition 1.
networks. (Typical random access networks such as WiFi and”roposition 1: The throughput of the proposed CpCSMA,
ZigBee control data rates according to wireless channditqua S (G P, @), is equal to the throughput of the conventional
and fix their transmit power to their maximum value.) pCSMA with the scaled-dowt, GG; = Gy, and the scaled-up
Moreover, in order to satisfy the backward compatibility t§» Ps = P/7- Thatis,
the pCSMA scheme, we devise jascaling techniqueso that B D
an STA of the CpCSMA accesses the channel with the same S(G,p,a) = Sc gG% - (8)
probability p. By maintaining the same probability to transmit ~ Proof: Due to the correlation between random channel
a packet, the STA of the CpCSMA can coexist with the oth@rccess processes in successive backoff slots in the CpCSMA,



in average,l —~ of arrived packets cannot be transmitted dur-

ing an IRTD because they violate the interference congtrain o

PCSMA [A]
O  PpCSMA[S]

Since some portion of arrived packets do not participatéén t 04511~ _ cpcsMA (Q=0.5) [A]
. . . A =
contention, we can model the effective arrival process ef th ol A

v CpCSMA (Q=0.2) [S]

CpCSMA as the random selection of a Poisson process wit
rateG. Let X (¢) be the Poisson process for the arrival proces:

0.35

with rate G. Let Y (¢) be the selected process. Then, L 03f
P{Y(At) =1} = £
P{selectedX (At)=1}P{X (At)=1} o2
+ P{only one selectd (A) =2t P{X (A >2t (9) 015y
= GyAt+ o(At), (10) 01 \\\;
3
whereo(h) is a little-o function, which satisfies the asymptotic 0'05; /;é el il
relation lim;,_.o o(h)/h = 0. Therefore, from the Poisson on e o o
processX (t) if we select each arrival with probability, then G (offered load)
the selected arrival proce3%t) forms a new Poisson process
with parameteiG-y. Fig. 4. Comparison of analyzed and simulated throughput ofptB8MA

Moreover, the selected (with probability STAs access the g”é’Btth]Cgr%S['\é]Arfeogr;’lﬁ?f}g}t‘;’s‘ “ %i%&lgt;no'?gszggﬁ% = Hg =
channel with probability op/~. Therefore, the throughput of ' '
the CpCSMA is equivalent to the throughput of the SMA

with G, p/v, anda. ®  with no primary network. That is, for high¥, S(G,p,a) —
IV. NUMERICAL ANALYSIS SC(G#%;)_'S% Appendix | -

In this Section, we perform simulations for evaluating the The convergence of the throughput of the CoCSMA to that
throughput performance of the CoCSMA scheme. Active STAS the pCSMA at high offered load can also be intuitively
are modelled as a single Poisson process with offered dadexplained as follows. When the offered load to the system
and higherG implies that there are more average number g high, it is highly probable that number of STAs at each
active STAs in the system. Simultaneous transmissions frdsackoff slot 0 (the first backoff slot) is much greater thae.on
two or more STAs are regarded as collision. The simulatioNhen active STAs arevery crowded the expected number
results are compared to the analytical model obtained f&m ©f backoff slots before at least one STA transmits would be
whena = 0.01, p = 0.03 andpy, = 1y = 0 dB. The maximum close to 1. Then the backoff process of the CpCSMA scheme
transmit powerP,,.« iS set to 1. Lines and symbols represerfinished at the first backoff slot with high probability and

analysis and simulation, respectively. the operation of the CpCSMA becomes exactly the same
_ as thepCSMA. In other words, with high load, it is highly
A. Throughput Analysis probable that there are always going to be STAs that satisfy

Fig. 4 shows the throughput of the conventiop&@SMA the interference constraint with packet to transmit. Tfoeee
and the proposed CpCSMA schemes for varying offered lof#e CPCSMA would look as theCSMA.

G and varying interference leve). The throughput of the ~Secondly, at lowG, it is observed that ag) increases,
pCSMA is defined in (2) and that of the CpCSMA is analyzeti€-, as it gets harder to satisfy the interference comsfrtie

in (8) in Proposition 1. It shows that the analysis well math throughput of the system degrades. The degradation in low
to the simulation results. For all schemes, it is observéd region can be analyzed and quantified from the following
that the throughput has its peak value at a certain pofitoposition.

and decreases and finally converges to zero for highelt Proposition 3: At low offered load, the throughput of the

is a main characteristic of the throughput of CSMA bas€dPCSMA scheme is the same as the throughput of the
MAC protocols owing to the fact that the collision probatyili conventionalpCSMA with the scaled-dowrty; = G~. That
drastically increases as the offered load increases. is, asG — 0, S(G,p,a) — Sc(Gs,p, a).

We have found two interesting characteristics on the Proof: See Appendix II. ]
throughput at low and higtv. Firstly, at highG, it is observed
that the throughput of the proposed CpCSMA converges to Rt
of the pCSMA, no matter what interference lev@l is set at ~ As shown in Fig. 4, the throughput of theCSMA and
the PR. The throughput convergence in highregion can be the CpCSMA does not always grow as the offered |l@ad
analyzed and quantified from the following Proposition. increases, but decreases to zero after a peak point. Peak

Proposition 2: At high offered load, the throughput of thethroughput is achieved at differer® for different system
CpCSMA scheme approaches to the throughput op@8MA parameters. Fig. 5 shows the peak throughput of the CpoCSMA

Peak Throughput Analysis



G as follows:

0.95f Sc(Gs,ps,a) =
1— —aGsg
0.9f _( e_ )Fic (12)
085l (1 — e=Gs)at'mg + at(1l — mo) + 1+ a] + amp
. ' R R
S@Q) o8 = = - = ¢ (12)
3c at+1+a at+1
0751 For further analysis, we analyze the two terms in (12:
0.7f andt. At first, let us investigate the average throughpdtin
065t (12). Becauséeic defined in (4) is a function of the offered
load, transmission probability, and slot size, we repregen
06, 01 02 03 04 05 06 07 08 09 1 with the parameters. The average throughput for the CpCSMA
Q is given as
Fig. 5. Comparison of the normalized peak throughput off8&MA and Re(G a)
the CPCSMA for varyingQ whena = 0.01, p = 0.03 and uj, = iy = 0 c S’ps’oo
dB. >
= Ro Z T Py (Tl) — Ry Z T Ps (Tl) (13)
n=0 n=1
normalized by that of thegCSMA. As the Q at the PR = =
increases, the normalized peak throughput reaches to 4. It i Ro Z ™ P (1) ZPK(k) (14)
noteworthy that the secondary network can achieve about 85% n=t k:fo
of the _peak .throughput a@ = O.1,lcompared to_the case when — Ry |(1+a)Gsps Z 67(1+a)G5(hq?“)qi6 (15)
there is no interference constraint. That the interferdacel P )
Q equals to 0.1 means that the allowable received interferenc oo
power is 10% of the thermal noise at the PR, which is a = Ry |(1 +a)GspsZT(k) (16)
extremely strict interference constraint at the PR. 5—0
V. CONCLUSIONS whereg, = 1—p, andT'(k) = e~ (1+0CG:(1-¢") gk The term

We proposed ap-persistent carrier sense multiple ac’x (k) in (14) represents the probability that at least one STA
cess (CSMA) scheme for spectrum sharing based cognit%gins transmitting a packet in backoff sloind is defined as
radio (CR) systems as a decentralized medium access conffsi(k) = ¢:"(1 — q) and satisfie$ "2 ) Pk (k) = 1. From
protocol for spectrum sharing based CR systems. In tHik4) to (15),e” =327% ;2™/nl is used. Sincd'(j) for j > 2
paper, we assume that secondary users make a decisioriSdiedligible compared t@'(0), for high G, the equation (16)
transmitting data according to the interference channel Wé further analyzed as
tween the secondary users and the primary receiver. It was
found that the proposed CpCSMA scheme can achieve about Re(Gs, ps,a) —

90% of the peak throughput of the conventiopapersistent [(1 + a)Gspse‘(“"')GS(1_q5)q2} Ry (17)
CSMA scheme without a primary network even under a _(144)C.p.
strict interference constraint. Furthermore, we have dotire = {(1 + a)Gspse "} Ry. (18)

condition that the CpCSMA can achieve the throughput of the -

conventionap-persistent CSMA without the primary network. Second, the term in (12) represents the average number
The CpCSMA is backward compatible to the conventignal Of backoff slots elapsed until some packet is transmittedi an
persistent CSMA because it maintains the same probabilitys defined in [17] as follows:

to access the medium. The proposed CpCSMA scheme can

be extended to consider hidden node problems, collisions at = = .

the primary receiver, and practical protocols for secopdar 3OS glron exp{aGs (qs(l —4s) _ k:)}( n >(19)
transmitters to monitor interference channels, which tema == DPs I —m

as our further study. o g(1 q’f)
N —(14a)Gs S —Ys)
Appendix | ‘ ;exp (aGs ( Ps k)) g
Proof: From Proposition 15(G, p,a) = Sc(Gs, ps, a), [exp ((1 +a)qu§’““)) _ 1} (20)
whereG, = Gv andp, = %. -
Due to the fact that~*“ andr, go to zero for high and — Z lexp(GsA(k)) — exp(GB(k))] (1)

a < 1, the throughput of the CpCSMA is simplified for high o



where A(k) and B(k) are defined as

_ (10— d)
. Eqsups &

Ps

) - (- ) @)

— k:) —(1+4+a) (23)

Thus, bothexp(GsA(k)) andexp(GsB(k)) go to zero for
high G. Since B(k) < A(k), exp(GsA(k)) — exp(GsB(k))
also goes to zero. Therefore, for hight converges to a small
value and it is finally trivial that

at +1 — 1. (24)
From (24), we continue the equation (12) as follows:

SC(GsapSa a) - RC (25)

8
Finally, from (18) and (25), the ratio of the throughput OF !

the pCSMA and the CpCSMA is given as
S(vav a) _ SC(Gsvpsv (l)

= 26
5c(Gpa) ~ 5c(Gopa) (26)
RC(GSapSa a)
— 7 7 27
- RC(vaa a) ( )
-
[(1 + a)Gpef(lea)G(lfq)qO} RO,l
(1+ a)Gpse~(IHa)Gs(1-as)
T (1 +a)Gpe (0G0 (29)
—(1+a)(Gv)(p/7)
_ (1 + a“)c’jsps6 - (30)

(1 + a)Gpe=(1+a)Gp

Therefore,S(G,p,a) — Sc(G, p,a) is proved for highG.
|

Appendix I

Proof: The throughput of theCSMA can be simplified
at low G as follows.

SC(vaa Cl)

_ ,aG

_ _ @ € )Rc (31)

(1 — eG)[at'mg + at(1 — mo) + 1 + a] + amg

— G — (1=

_}(1 e*“)Rc _ (1-(1—-aG))Rc ~ G x Re(32)
a a

= RG> mPi(n) (33)

n=0
—  RoGmoP,(0) = RyGe 1+0C, (34)

Equation (32) is obtained from (4). Equation (32) is simetifi
to (33) becauser; (j > 1) is negligible compared tor.
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Therefore, as? — 0, the throughput of the pCSMA scheme
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