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Distributed MAC Protocol Design for Full-Duplex
Cognitive Radio Networks
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Abstract—In this paper, we consider the Medium Access perform sensing in multiple small time slots to detect the
Control (MAC) protocol design for full-duplex cognitive radio  PU’s activity during transmission, which may not be effi¢gien

networks (FDCRNSs). Our design exploits the fact that full-cuplex  poreover they assume that the PU can change its idle/busy
(FD) secondary users (SUs) can perform spectrum sensing and tat t, t duri the SU's t . hich
access simultaneously, which enable them to detect the prary ~St&lUS at most once during the S transmission, whic

users' (PUs) activity during transmission. The developed B May not hold true if the SU's data packets are long. Our
MAC protocol employs the standard backoff mechanism as FD cognitive MAC design overcomes these limitations where
in the 802.11 MAC protocol. However, we propose to adopt we propose to employ frame fragmentation with appropriate
the frame fragmentation during the data transmission phase sensing design for timely protection of the PU and we optimiz

for timely detection of active PUs where each data packet is th ina duration t imize th work th hout
divided into multiple fragments and the active SU makes seiigg '€ SENSING duration 1o maximize€ the network throughput.

detection at the end of each data fragment. Then, we develop ~Specifically, our FD MAC design employs the standard
a mathematical model to analyze the throughput performance backoff mechanism as in the 802.11 MAC protocol to solve
of the proposed FD MAC protocol. Furthermore, we propose contention among SUs for compatibility. However, the win-
an algorithm to configure the MAC protocol so that efficient ning SU of the contention process performs simultaneous

self-interference management and sensing overhead controan . d ission duri h h h h
be achieved. Finally, numerical results are presented to eduate SENSING and transmission during the access phase where eac

the performance of our design and demonstrate the throughpu data packet is divided into multiple data fragments andisgns
enhancement compared to the existing half-duplex (HD) cogtive  decisions are taken at the end of individual data fragments.

MAC protocol. This packet fragmentation enables timely detection of PUs
Index Terms—MAC protocoL Spectrum Sensing’ op’[ima| sens- Since the data. fragment t|me iS Chosen to be Smallel’ than
ing, throughput maximization, full-duplex cognitive radios. the required channel evacuation time. We then develop a

mathematical model for throughput performance analysis of

the proposed FD MAC design considering the imperfect

sensing effect. Moreover, we propose an algorithm to cordigu
Engineering MAC protocols for efficient sharing of whitedifferent design parameters including data fragment tidt#s

spaces is an important research problem for cognitive radiansmit power, and the contention window to achieve the

networks (CRNSs). In general, a cognitive MAC protocol mushaximum throughput. Finally, we present numerical results

realize both the spectrum sensing and access functionsto tb illustrate the impacts of different protocol parameters

timely detection of the PUs’ activity and effective speatru the throughput performance and the throughput enhancement

sharing among different SUs can be achieved. Most existisggmpared to the existing HD MAC protocol.

research works on cognitive MAC protocols have focused on

the design and analysis of half-duplex CRNs (e.g., sée [1], I[l. SYSTEM AND PU ACTIVITY MODELS

[2] and references therein). Due to the half-duplex comgra 5 System Model

SUs typically employ the two-stage sensing/access proeedu We consider a network setting where, pairs of SUs

where they sense the spectrum in the first stage before ac . . .
cessing available channels for data transmission in thmm;bcopportunlstlcally exploit white spaces on a frequency band

stage [3] — [[6]. These HD MAC protocols may not exploifor data transmission. We assume that each SU is equipped

the white spaces very efficiently since significant sensi tg tone fuI_I-d_upIex_ tralrsscelverl, WE'Ch can pSeLrJform f?eg?m
time can be required, which would otherwise be utilized f ransmission simuitaneously. HOWever, S sutier-from

data transmission. Moreover, SUs may not timely detect tﬁglf—interference from its transmission during sensing. i

PUs’ activity during data transmission, which causes &,Ew{f\?nsmitted signals are leaked into the received PU signal)

interference to active PUS. e denote/ as the average S?If-interference power where
Thanks to recent advances in the full-duplex technologids can be modeled ag = ((P;)" [8] where P, is the SU
some recent works propose more efficient full-duplex (FDjanSmit powerg and¢ (0 < ¢ < 1) are some predetermined
spectrum access design for cognitive radio netwdrks [7Jrehef0€fficients which capture the self-interference cantetia
each SU can perform sensing and transmission simultaneodf@lity. We design a asynchronous MAC protocol where no
[B]. In general, the self-interfereffbadue to simultaneous synch_romzatlon_ls assumed between SUs and PUs. We assume
sensing and access may lead to degradation on the st tdlffe_rent pairs of SUs can overheartransmls_smnstrmn
spectrum sensing performance. [ [7], the authors considtfers (i-e., collocated networks). In the following, weéere
the cognitive FD MAC design where they assume that sR pairi of SUs as secondary linkor flow i interchangeably.

I. INTRODUCTION

The authors are with INRS-EMT, University of Quebec, Meafr'Québec, B. Primary User Activity
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1Self-interference is due to the power leakage from the métter to the We assume that the PU's 'dIE/bUSy status follows two

receiver of a full-duplex transceiver. independent and identical distribution processes. Heee th
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DIFS Backoff SIFS SIFS SIFS

, 1 3 divide each packet intd equal-size data fragments, each of

oatA | [ACK which is transmitted in duratioft’. Moreover,T is chosen to
1 s be smaller tharf,,, so that timely evacuation from the busy
JL channel can be realized. In addition, the active SU trariemit
‘ [ DATA | DATA fime simultaneously senses the PU activity and transmits ita dat
- 1 Se’l}'"g ‘ Sei}'"g in each fragment where it makes one sensing decision on the
| DD idle/active channel status at the end of each data fragment.
DI B Furthermore, if the sensing outcome at one particular fexgm
.. fime indicates an “available” channel then the active SU trattemi
R performs concurrent sensing and transmission in the next

fragment (called full-duplex (FD) sensing); otherwisegiitly

Fig. 1. Timing diagram of the proposed full-duplex MAC proth performs sensing without transmission (referred to as- half
duplex (HD) sensing). This design allows to protect the PU
with evacuation delay at mogt if the sensing is perfect. We

channel is available and busy for the secondary accessagsume that SU’s transmit power is set equaPtovhere we

the PU is in the idle and busy states, respectively. Hgt will optimize this parameter to achieve good tradeoff betwe

and #; denote the events that the PU is idle and activeelf-interference mitigation and high communication fater.

respectively. To protect the PU, we assume that SUs mdste timing diagram of this proposed FD MAC protocol is

stop their transmission and evacuate from the channelwithilustrated in Fig[lL.

the maximum delay off.,,, which is referred to as channel

evacuation time. IV. THROUGHPUTANALYSIS

Let r,c andrig denote the random variables which represent We perform throughput analysis for the saturated system
the durations of channel active and idle states, respégtive P gnp y ys
We assume that,. and 7y are larger tharTu,,. We denote where all SUs are assumed to always have data to trangmit [9].

- X - _ Let Pgcc (i9) denote the probability that the SU successfully
?ro?ta;bll:;ys d:gﬁ/'g fulﬁcgc(;r&?ti grf]racl eag"(j}?d) a_s f Ta%id(t) and reserves the channel (i.e., the RTS and CTS are exchanged
fid A P Y. ’ 0 T gt T uccessfully),Tov (i9) represent the time overhead due to
P (#:1) = 1-P (o) present the probabilities that the Ch"’mnegackoff and RTS/CTS exchanges, @htt denote the average
is available and busy, respectively. conditional throughput in bits/Hz for the case where thekbac

off counter of the winning SU is equal tg (i¢ € [0, W — 1]).

[1l. MAC PROTOCOLDESIGN . )
) . Then, the normalized throughput can be written as
For contention resolution, we assume that SUs employ

the backoff as in the standard CSMA/CA protocol [9]. In w-l _ Tio
particular, SU transmitters perform carrier sensing amuit st NT = Paee (io) X Tow (o) £ BT )
the backoff after the channel is sensed to be idle in an iaterv i0=0 ove 110

referred to as DIFS (DCF Interframe Space). Specifically this expression, we have considered all possible valfies o
each SU chooses a random backoff time, which is uniformiife backoff counter of the winning SU i0, W — 1]. In what
distributed in the rang¢0,2'W — 1], 0 < i < m and starts follows, we derive the quantiti€Bsucc (i), Tove (io), and 7.
counting down while carrier sensing the channel whBre

denotes the minimum backoff window andis the maximum

backoff stage. For simplicity, we assume that1 in the A. Derivations 0fPsucc (io) and Tove (io)
throughput analysis in the next section and we refefifo  The event that the SU successfully reserves the channel for

simply as the contention window. the case the winning SU has its backoff counter equal,to
Let o denote a mini-slot interval, each of which correoccurs if all other SUs choose their backoff counters larger

sponds one unit of the backoff time counter. Upon hearirigan éo. So the probability of this event.. (i0)) can be

a transmission from other secondary links or PUs, all Sigxpressed as follows:

will “freeze” its backoff time counter and reactivate when 1 /W —1—i\m01
the channel is sensed idle again. Otherwise, if the backoff Psuee (i0) = o~ <70> 2
time counter reaches zero, the underlying secondary lims wi w w

the contention. To complete the reservation, the four-wayoreover, the corresponding overhead involved for sudakss
handshake with Request-to-Send/Clear-to-Send (RTS/CSRhannel reservation at backoff slat is

exchanges will be employed to reserve the available channel )

for transmission in the next stage. Specifically, the seaond Love (i0) = io X 0 +2SIFS + RT'S+ CTS + DIFS  (3)

transmitter sends RTS to the secondary receiver and Wa{l§ere o STFS. DIFS. RTS and CTS represent the du-
until it successfully receives CTS from the secondary M€ o100 of backoff slot, the durations of one SIFS, one DIFT,
before sending the data. All other SUs, which hear the RTS aﬁﬁ”S, andCTS control packets, respectively.

CTS from the secondary winner, defer to access the channel

for a duration equal to the data packet lendthFurthermore, o _

the standard small interval, namely SIFS (Short Interfranfe Derivation of 7

Space), is used before the transmissions of CTS, ACK andThe quantity7° can be derived by studying the trans-

data frame as described in| [9]. mission phase which span§ data fragment intervals each
We assume that the data length of the SU transmifter, with length7. Note that the PU’s activity is not synchronized

(L = KT)is larger than the evacuation tinig,,,. Hence, SUs with the SU’s transmission; therefore, the PU can change its



Egmet e shows all possibles patterns féf = 4. Then, the conditional
throughput70 can be written as

|AS]
To=Y T {5} 4)
1=1
whereT% {S;} is the throughput (bits/Hz) for the patte&.
Consider one particular patters;. Let ; be the set
—_ with cardinality p; whose elements are fragment indexes
Conenion | Fragment 1| Trgment2 | Fragment3 | Fragmen 4| I% in which the PU changes its state. Moreover, I&t
be another set also with cardinality; whose elements
t§ are time intervals between consecutive PU’s state
changes. In the following, we omit indek in parameters

PU activity h=1 L=3

4 t [

4 €T @) T @) + T 1, €[, o) + 2T — 1, (i) +3T = ,]; 1, €[T,,,G,) + 37 — 1, ~ 1,,0)

3

I} and t} for brevity. We show one particular patter;
Fig. 2. PU's activity patterns. with the parametet; in Fig. [2 (the corresponding; is
indicated by dash lines). For convenience, we denﬁgl%
as [,., where R = [a,b] is the range oft. Moreover,
active/idle status any time. It can be verified that therefaue W€ define Ry = [Tove (i0) + (1 = 1T, Tove (i) + L T] to

possible events related to the status changes of the PUgduf®§ the range fort,. Similarly, the range fort; is R; =
any particular data fragment, which are defined as folloves. L Tove(z'o)+(lj—1)T—Zi;i tr, Tove (10)+1;T — Zi;i te|;
Hoo bel the e(;/ent tha; the PU iﬁ idle for ;che whole fragmhe en the range fortpi can be also expressed a@pi =
interval; H,o denote the event that PU is first active and the . pi—1 . pi—1, .
becomes idle by the end of the fragme#ti; be the event []E’“(ZO.H(Z“_1)T_ZT:1t"’T°Ve(lo)+l’”.T_ZT.:1tT ’
that the PU is active for the whole fragment; and finall nd finally Fhe _fange pfior bpi1 IS written  as
Ho1 capture the event that PU is first idle and then becom&ﬂ“_1 = [T°Ve (i) +_KT - 2ty by OO)' .

active by the end of the fragment. Here, there can be at most/Sing these notationg;* {S;} can be written as

one transition between the active and idle states during one
fragment time. This holds because we haye and 14 are T {Si} =P (Ho) / / / /
larger than the fragment timé& (sinceT.,, is larger thant’; tERL tER; ERp,; tpy+1€Rp; 11
Tac @nd7q are larger thar,,,). K
The average throughput achieved by the secondary net i 5. (f P
work depends on the PU’s activity and sensing outcomes aZ H P (1) H Py (t) Z T;,(t") ®)

. A . k=15 0 ; 1 . =0
every fragment. For any particular fragment, if the sensing DePy 726 J3€Py

outcome indicates an available channel then the winning Std1). - Jf¢,¢)). - fi, () fi,, 1 p, +1)dtr. . dt;. . .dty,dt, 1 (6)
will perform concurrent transmission and sensing in thet nex _ . . .
fragment (FD sensing): otherwise, it will perform sensimgyo Wherez = 1—z and f; (t;) in (8) is the pdf oft;, which can
in the next fragment (HD sensing) and hence the achieva@@e'the_rfﬂ#(') orfTac(_.) depending on_whether the underlying
throughput is zero. Moreover, the throughput and sensilLﬂjervaI is idle or active one, respectively.

outcome also depend on how the PU changes its state at oni thiS expression, we have averaged over the poissible
particular fragment. distribution of the time interval vectar’ whose elements;

In what follows, we present the steps to calculdté. vary accord_ing to the exact state transiti_on instant withig
We first generate all possible patterns capturing how tﬁ%rre_spondlng de}ta fragm.ent. The quaitltyﬁh (5) accouorts f
PU changes its idle/active status over &ll fragments. For 2% different possible senswlzg outcomesAinfragments. More-
each generated pattern, we then consider all possiblengengVer: the term)_, o Tj,(1") represents the corresponding
outcomes in all fragments. Moreover, we quantify the ackdevachieved throughput for the underlying pattefnand sensing
throughput conditioned on individual cases with corresfiog Outcomes. Note that the data phase must start with the idle
PU’s statuses and sensing outcomes infialiragments based State, which explains the factdp (o) in this expression.
on which the overall average throughput can be calculategMoreover, the first channel transition must be from idle to

Let S; denote one particular patterincapturing the cor- aCtive, i-e.,f, (t1) = fr,(t1). In general, ifj is odd, then
responding changes of the PU's idle/active status ai®l [t (1) = fry(t;); otherwise.fi, (t;) = fr..(t;). .
denote the set of all possible patterns. There2drepossible We now interpret the term iri{5) in details. For particular

patterns since the PU either changes or maintains the Steﬁggsmg outcomes in all fragments, we have defined two

(idle or active status) in each fragment. Note that eacharrattf5 sets, namely a set of fragmenig where the sensing

S; comprises a sequence of state changes representedrn jrates ar11 available channgl af‘d .the complement set of
possible event$;;. For convenience, we define a pattefn ragments®;, where the_ sensing |_nd|cates a busy channel.
by the corresponding four se®°, S1°, $91, andS!* whose Moreover, we have defined the s@ﬁ whose elements are
elements are fragment indexes during which the channel stédices of fragments each of which is the next fragment of
changes corresponding ®oo, H10, Ho1 and Hy, occur, One corresponding fragment ﬁlﬁo(e-g-, if @ = {1,3} then
respectively. For example, if one pattern has the PU’s stabe = {2,4}). We need the se®, since only fragments in
changes a${yy, Ho1, H11, H11 in this order then we have this set involve data transmissions and, therefore, dart&ito

S = {1}, S}° =0, S = {2}, andS}! = {3,4}. Fig.[2 the overall network throughput. IR](5), the first two product



TABLE |

DETERMINATION OF P; AND T}; FOR FRAGMENT] € &9
J J k max NT (T,W, P)

W WV ls

= T- Conditions » i D ] K

| = ] — | st Pai(e,T) >Pai, i=12,--- K @)
7 0 (1€s)n[U -1 € @}] 0<T <Teva, 0<W < Winax,
510 10 B 10 P $0 i1 =
;}}:)h TO (J <2 (222@?}) ﬂlf(ffﬂg(‘lj’ﬂ ! 1)} O < Ps S PmaXa
:g’ T;I (e SII(EQ{S[E{)’;ES f%}gji’} 1=} whereWna, is the maximum contention windowy., is the
HOT | 70T GesMn{[G-nes[UG-1=D] maximum power for SUs and_ the fragm(_ent tifdeis upper
0L | o (G cs)N[G -1 c @] bounded byT.,,. In fact, the first constraint ofP, ; (al,T)

implies that the spectrum sensing should be sufficiently rel
able to protect the PU where the fragment time (also sensing
represent the probability of sensing outcomes for all fragts time) 7' must be sufficiently large. Moreover, the optimal
in the k-th sensing outcome. contention windowW should be set to balance between
In the following, we present the derivations @ and reducing collisions among SUs and limiting protocol ovexthe
T;. Let Pit, P9, P, and P}° denote the probabilities Finally, the SU’s transmit poweP; must be appropriately set
of detection and false alarm for the following channel stat@ achieve good tradeoff between the network throughput and
transition events{11, Ho1, Hoo and H1o using FD sensing, self-interference mitigation in spectrum sensing.
respectively. Similarly, we denot®;}, and Py}, P, and
P}, as the probabilities of detection and false alarm fd8. Configuration Algorithm for MAC Protocol
eventsH 1, Ho1, Hoo andH 1o using HD sensing, respectively.
Derivations of the probgbilities of detection.and falsemléor. Algorithm 1 MAC CONFIGURATION ALGORITHM
all events and all sensing schemes are given in AppdnHix /1% for each value of € [1 Woed] do
Let 79, 710, 791 and 7' denote the number of bits per 2’ = for each searched vaiue &f & (0, Ti,] do
Hz under the state transition evefitsy, Hio, Ho1 andH,, 3 Find optimal P’ as P;" = 'argmax N'T (T, W, P.).
respectively. These quantities are derived in Appehdix B. 4:  end for o
For particular fragmenj € @9, the quantitiesP; and7; >  Thebes(I™. Fo) foreachWiis (7, o) = aramax N'T (T, W, P5).
are given in Tabléll wher¢) and |J denote AND and OR 6: end for _ o _ o
operations, respectively. For example, in the first linethig " T ! =piion (W5, 07, Fo) s determined as(W=, 17, 1) - =
sensing outcome indicates an available channel in fragmentw.7*.r:
j—1((—1) € %) or fragmentj — 1 is the first one in
the data access phase then the SU will perform concurren{ye assume the shifted exponential distribution fgr and
sensing and transmission in fragmegntMoreover, ir(%gment .4 Where7,. and 74 are their corresponding average values
j belongs to the ses?; therefore, we havé®; = P, and of the exponential distribution. Specifically, I¢f, (¢) denote
T; = T°. Similarly, we can interpret the results fB% and7; the pdf of 7, (x representsc or id as we calculate the pdf of
in other cases. For fragmente ®;, to calculate the quantities 7, or 74, respectively) then

P;, we use the results in the first column of Talile | but we ) NP
have to change all items 8B (k,1 € {0,1}, x represents, =1 = exp(——z2) ift > TG, ®)
d, fh, anddh). Note that all the quantities depends on time ™ 0 ift <T%,

instantt when the PU changes its state. For example, at the ) . .

time point¢; corresponding to fragmerit, t = S0 ¢, — For a givenI", we would set the sensing detection threshold
J 1 - k=1 [} . -

[Tove (i0) + (I; — 1)T']. We have omitted this dependenceton ¢ and SU's transmit powerPS_ SO _that the_ constraint on

in all notations for brevity (details can be found in Appereti U€ average detection probability is met with equality,, i.e

Al and(B). Pai(e,T) =Py as in [3], [4]. In addition, the first constraint

In summary, we have derivefi®°{S;}, which can be sub- in (@) now turns to the two constraints for the average
stituted into @') to obtairy ™. Finally, abplying the result of probabilities of detection under FD and HD spectrum sensing

T to (@), we can calculate the secondary network throughdﬂfSt’ the average probability of detection under FD samsin

NT. can be expressed as
5 _ Pi'P (Hu) + Py P (Ho) o
V. CONFIGURATION OFMAC PROTOCOL FOR d= P (Hi1) + P (Ho1) ©)

THROUGHPUTMAXIMIZATION o
whereP}! is the probability of detection fo¥,; P, is the

. . . _ ! _average probability of detection f&¢,;, which is given as
We are interested in determining optimal configuration of

A. Problem Formulation

id

the proposed MAC protocol to achieve the maximum through- —g; 7+ Zmin o1 y d
put while satisfactorily protecting the PU. Specificallgt | Pa= rid Pa (tfr(t ’Tmin <t<T+Ty,)dt  (10)
NT(T,W, Ps) denote the normalized secondary throughput, min

which is the function of fragment tim&, contention window where f, (¢ |.A) is the pdf ofry conditioned ond = T4 <
W, and SU’s transmit poweP,. Suppose that the PU requires < T + T4 | which is given as

that the average detection probability achieved at fragmen 1 ‘

be at leastP, ;. Then, the throughput maximization problem Fr (EA) = fr ) 7 exp(—7) . (11)
can be stated as follows: 'd Pr{A} 1-exp(-L)

Tid
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Fig. 4. Normalized throughput versus SU transmit powegrand length of

fragmentT for W = 1024, Ty = 200ms, ng = 40, Tac = 100ms, K = 4,
£=10.95and¢ = 0.6.

Throughput vs number of users

Note thatP}' and Py (t) are derived in AppendiXJA. More-
over,P (Ho1) andP (H11) are the probabilities of evenigy;
andH1,, which are given as

P<H01>—P(H0>Pr(TiﬂnsﬂdST+T,i:‘in)—ﬂﬂo)[1—exp&f)] (12)

P (H11) =PH1)PTac>T+T35,)

The average probability of detection for HD sensiffm,h can
be derived similarly.

We propose an algorithm to determi(i&, W, P;) summa-
rized in Alg.[d. Note that there is a finite number of values f

P (H1) exp(— iT

Tac

TEIC

min

) (13)

to determine its best value. Moreover, we can use the bisecti

Fig. 5.
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Normalized throughput versus number of Stysfor T = 18ms,
_ Ofy = 1024, 7y = 1000ms, Tac = 100ms, K = 4 and varying¢.
W € [1, Wha; therefore, we can perform exhaustive search

scheme to determine the optimal valueTafFurthermore, the 0.25 (=075,045
optimal value ofP; can be determined by a numerical method £ |ppaac [ =25 %0ms
for givenT andW in step 3. Then, we search over all possible 7 02
choices ofT" and W to determine the optimal configuration :‘015 ______ p N
of the parameters (in steps 5 and 7). § ' RS
2 o’ R N
E HD MAC L
C. Half-Duplex MAC Protocol with Periodic Sensing éo.os )
To demonstrate the potential performance gain of the pro- T o2520me

10 15
SNR.(dB)

20 25

posed FD MAC protocol, we also consider an HD MAC
protocol. In this HD MAC protocol, we perform the same
backoff for channel resolution but we employ periodic HL¥9- 6. Normalized throughput versus, for (7ig, 7ac) = (200,100) ms,
sensing in each data fragment where the sensing duratiodqg™ 4% £ =4 & =09 and¢ = {0.45,0.75}
Ts and data transmission durationds— Ts . If the sensing
outcome in the sensing stage indicates an available channel ) ] )
then the SU transmit data in the second stage; otherwise, i¥Ve first consider the effect of self-interference on the
will keep silent for the remaining time of fragment and waithroughput performance whexg = 0.4 and ¢ is varied in
for the next fragment. Due to the space constraint, throughg = {0-01,0.02,0.03,0.04}. Fig.[3 illustrates the variations
analysis for this HD MAC protocol is given in the onlinef the throughput versus contention winddW. It can be
technical reportTZ10]. observed that whea decreases (|.g., the self—mtgrfgrence is
smaller), the achieved throughput increases. This is tsecau
the SU can transmit with higher power while still maintaigin
VI, the sensing constraint, which leads to throughput improve-
To obtain numerical results, we take key parameters for theent. The optimalP, corresponding to these values 6f
MAC protocol from Table Il in [9]. All other parameters areare P, = SNR; = {25.00,18.19,13.56,10.78}dB and the
chosen as follows unless stated otherwise: mini-slof i optimal contention window is indicated by a star.
20us; sampling frequency ig, = 6MHz; bandwidth of PU’'s  Fig. [4 illustrates the throughput performance versus SU
QPSK signal iSMHz; Py = 0.8; Teva = 40ms; T35 = 40ms;  transmit powerP, and length of fragmenf where¢ = 0.95,

min
Tid ¢ =045, Toa = T2 = T4 = 40ms, Pna.x = 30dB. It can

N UMERICAL RESULTS

id = 45ms; the SNR of PU signals at SUg> = & = ac _ pid
—20dB; the self-interference parameters= 0.4 and varying be observed that there exists an optimal configuration of SU
£. Without loss of generality, the noise power is normalized transmit powerP; = 11dB and fragment timel™ = 20ms
one; hence, the SU transmit powét, becomes’; = SNR,; to achieve the maximum throughpt€7 (7*, P}) = 0.2347,
and P, = 25dB. which is indicated by a star symbol. This demonstrates the si



nificance of power allocation to mitigate the self-inteefiece

Similarly, we can expres®;° and Py’ as follows:
and the optimization of fragment timiE to effectively exploit '

the spectrum opportunity. Fid. 5 illustrates the throughpu (ﬁ — %vps — 1) 7.7
performance versus number of SUs, where¢ = 0.4 and 73}0 =0 0 (16)
¢ is varied in the sett = {0.01,0.02,0.03,0.04}. Again, \/% (7135—1—1)2—1—1— %

when ¢ decreases (i.e., the self-interference is smaller), the

achieved throughput increases. In this figure, $iféR, cor- o (NO% — Ttyps — 1) fsT

responding to the considered values¢ofre P, = SNR, = Pa=Q 17)

{25.00, 18.19, 13.56, 10.78} dB. \/% (ps+1)*+ 4
Finally, we compare the throughput of our proposed FD . . .
MAC protocol and the HD MAC protocol with periodic wheret is the time instant when the PU changes its state. For

sensing in FiglJ6. For fair comparison, we first obtain thEP Sensing, the expressions for the probabilities of diirct
optimal configuration of FD MAC protocol, i.e(T*, W*, P*) and a false alarm for the corresponding four events areaimil

5y to the ones for FD sensing except that the self-interference

((20ms, 1024, 12dB) for ¢ = 0.45 and (25ms, 1024, 10dB) X :
for ¢ = 0.75), then we use(T*,W*) for the HD MAC plus-noise poweN0+IID becomes noise powe¥, only; hence,
becomesyh = 2.

protocol. Moreover, we optimize sensing tinflg, to maximize 7PS No
the achieved throughput for the HD MAC protocol. We can
see that when the self-interference is higher (gencreases),
the FD MAC protocol requires higher fragment lendgthput
lower SU transmit powerpP;. For both studied cases af
our proposed FD MAC protocol with power allocation out-
performs the HD MAC protocol at the corresponding optimal
power levels required by the FD MAC protocol. Moreover, we
can observe that our proposed FD MAC protocol can achieyfereg; = ﬁ is the SINR of received signal at the SU

the maximum throughput at the transmit power level less thag-eiver when the PU is idle. Similarly, we can writé?, 701
Prax While the HD MAC protocol achieves the maximumgng 71! as follows:

throughput atP,., since it does not suffer from the self-
interference.

APPENDIXB
FRAGMENT THROUGHPUT

For Hqo, the average throughp@t® is

T% = Tlog, (1 + vs1) (18)

TIO

TOl
11

[tlogo(1 + vs2)+(T — t) logy(1 + vs1)] (19)
[tlogo(1 + ys1)+ (T — 1) logy(1 + vs2)] (20)
Tlog, (14 vs2) (21)

VII. CONCLUSION

In this paper, we have proposed the FD MAC protocol
_for FDCRNs that_(_axplicitly takes into_ account the S(_ah‘where»yS2 = Nofflpp is the SINR of the received signal at
interference. Specifically, we have derived the normalizgde SU receiver when the PU is active, arid the time instant
throughput of the proposed MAC protocols and determined which the PU changes its activity state.

their optimal configuration for throughput maximizatiori: F
nally, we have presented numerical results to demonstnate t
desirable performance of the proposed design.
[1]
APPENDIXA
PROBABILITIES OF A FALSE ALARM AND DETECTION 2]

Assume that the transmitted signals from the PU and
SU transmitter are circularly symmetric complex Gaussia%]
(CSCG) signals while the noise at the secondary links ils
independent and identically distributed CSC& (0, Ny) [3].
Under FD sensing, the probability of a false alarm for even!
Hoo can be derived using the similar method as the one in
[3], which is given as [5]

| (seg- )7

whereQ (z) = [ " exp (—12/2) dt; f,, No, ¢, I are the sam- Y
pling frequency, the noise power, the detection thresholll a
the self-interference, respectively. The probability efettion
for event#q; is

—YPs — 1)

11 €
Pa =2 KNOJFI
[10]

where ypg = NP—H is the signal-to-interference-plus-noise
ratio (SINR) of the PU’s signal at the SU.

(14) g

(8]

El

VT } (15)
vps +1
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