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Abstract—This paper proposes a new cooperative protocol To the best of our knowledge, however, the problem of
which involves cooperation between primary and secondary designing a distributed zero-forcing beamformer in a relay
users. We consider a cognitive setting with one primary user aqgisted cognitive network to enable one of the secondary

and multiple secondary users. The time resource is partitined o .
into discrete time slots. Each time slot, a secondary user is users to utilize the spectrum concurrently with the other

scheduled for transmission according to time division mulple ~Secondary users which relay a primary packet using disétbu
access, and the remainder of the secondary users, which webeamforming has not been addressed. It is worth pointing out
refer to as secondary relays, attempt to decode the primary that the proposed beamforming, formed by multiple secandar
packet. Afterwards, the secondary relays employ cooperate relays, can achieve cooperative diversity g&in [8] for pmiyn

beamforming to forward the primary packet and to provide d at th . t b f ¢ Il th
protection to the secondary destination of the secondary swoce users, and at the same ume creale a béamiormer to nu €

scheduled for transmission from interference. We charactéze interference to the destination of the active secondarysyse
the diversity-multiplexing tradeoff of the primary source under i.e., secondary users scheduled for transmission. We esiggha
the proposed protocol. We consider certain quality of senge for  the following, as mentioned i [9], most existing work on
each user specified by its required throughput. The optimiztion applying beamforming in cognitive radio networks did not

problem is stated under such condition. It is shown that the g .
optimization problem is linear and can be readily solved. We consider node cooperaticn [10J=[13]. On the other hand yman

show that the sum of the secondary required throughputs musbe ~ Of existing work on cooperative/distributed beamformires h
less than or equal to the probability of correct packets recption.  rarely considered its application in cognitive radio netkgo

(9], [14], [15].
Index Terms—Cognitive radio, cooperative communications,  In [16], the authors proposed a distributed zero-forcing
diversity-multiplexing tradeoff, throughput. beamforming approach to increase the opportunistic spectr
access for the secondary users in cognitive radios networks
. INTRODUCTION Specifically, the secondary source accesses temporalspect

ognitive Radio (CR) is a promising technology to imholes to broadcast a message to a set of relays, which in

Cprove the utilization of spectrum bands. The main ide4™ form a distributed zero-forcing beamformer and start
was established by enabling opportunistic spectrum shari@ Simultaneous transmission with the active primary users,
The CR users (or secondary users) dynamically utilize the Yithout causing interference to any of the primary recegvin
censed frequency spectrum of primary licensed systemsrunf@des. In[8] and[17], the same authors|ofl[16] considered a
the condition that the interference to primary users remaifflaying cooperative network, in which a set of relays epatp
below a certain threshold. with finite-sized buffers were assumed to aid the secondary

Beamforming is an emerging and efficient technology th§Purce transmissipn using cooperative be_amforming. The au
enables concurrent transmissions of different nodes in tHErs showed the improvement of the quality of service (QoS)
network. Recently, it has been applied to cognitive radff the secondary source in terms of packets queueing delays.
networks; a network with set of primary users and secondary!n this paper, we consider a cognitive network with one pri- -
users [[1]4[3]. The importance of beamforming is due to tHBary user and a set of secondary users. Each user has certain
fact that it can support multiple user streams on separdf§oughput requirement. We propose a distributed beamform
spatial paths at the same spectrum simultaneotsly [4], [5]9 metr_lod to_enab_le S|multane0us_transm|§3|ons Qf secpnda
A set of distributed nodes can perform beamforming bySers with active primary users, while ensuring no interiee
utilizing a ‘virtual’ antenna array that can be created by ¥ Secondary users in a relay-assisted manner. Specifically
set of nodes in cooperative relaying netwoiKs [B], [7]. Tras the primary user broadcasts its packet to its destinati@h an
distributed beamformer can be created by carefully seigctid@ Set of secondary users which temporary operate as relay
the beamforming weight in each relay node. stations for the primary user. One of the secondary users is

Performing beamforming without causing interference &6Signed to access the time slot simultaneously with theroth

certain node is referred to as zero-forcing beamforming [ econdary users which form a distributed zeroforcing beam-
ormer to capable of forwarding the primary message. The

Part of this work has been accepted in the IEEE Internati@yahposium zero-forcing beamformer designed to maximize the receive
on Personal, Indoor and Mobile Radio Communications (PINR2014. ’
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Symbol | Notation for transmission, and the remainder of the secondary users

s Secondary source operate as relay stations for the primary source. For sake of
D Primary source convenience, we refer to the secondary user scheduled for
< Secondary destinafion transmission as secondary source, the r_emainder of the sec-
, _ ondary users as secondary relays, and finally, the destmati
pd Primary destination of the secondary source and primary source as secondary and
T | Slot duration primary destinations, respectively.
S Set of relays We consider two cases based on the state of connectivity
M Number of secondary Users of the primary direct link. In the first case, we assume the
3 Set of decoding Telays eX|s'§enge of a .dlr_ect link bet_ween the primary source _anq its
__ _ , destination. This link can be in outage with certain proligbi
A Cardinality of decoding set or the number of decoding relgys according to the transmission rate and link capacity. Irste
No | Variance of the AWGN at a receiving node in Watts/Hz ond case, we assume that the link between the primary source
Transmit power of secondary users and its destination is always in outage, i.e., disconnedikd
B, | for ransmission of their own packets in Watts/Hz latter case happens when the distance between the primary
Primary and secondary transmit power source and its destination is large or the direct link is ieple
P | while transmitting a primary packet in Watts/Hz shadowing due to surrounding physical obstacles.
TABLE | In the first case, the proposed protocol is described as fol-
LIST OF MAIN SYMBOLS. lows. The time slot is divided equally into two phasgsT/2]

and [T'/2,T). During [0,7/2], the primary user broadcasts
its packet to its destination and the secondary relays. The
secondary relays attempt to decode the primary packet. We

the assumption of slow fading channels between links. \,q@_note the set of secqndary users that successfully decoded
consider two schemes based on the state of connectivityPfmary packet and will relay it as\, whereA C § =
the primary direct link. Through theoretical analysis, wedfi {1.2,.. "M} andv ¢ A. Thus, the cardinality ofA.can
that the spatial diversity order of our proposed scheme {@&ke any integer value between and M — 1. Precisely,
equal to the total number of secondary relays minus one #r= K € {0,1,2,..., M —1}. During [T//2, T}, if K > 2,
minus two when the primary direct link is probabilisticallyth® secondary relays forward the decoded primary packet to
in outage or always in outage, respectively. For the seagnd#1€ Primary destination. At the same time, the secondary use
access, we assume that the secondary users utilize prisbebilScheduled for transmission, usertransmits its own packet.
time-division multiple-access (TDMA) scheme. We obtaia thTn€ secondary relays use a beamforming technique that nulls
optimal assignment probabilities of the TDMA system unddReir interference at the destination of the user schedided
the QoS satisfaction of all the secondary users. transmission. 1K < 2, the sec_ondary relays remain idle and
Notation: Throughout this paper, we use the foIIowinéhe secpndary source transmits its packet _solely. At the_ end
standard notation. The superscripstands for the complex- of the time slot, the primary receiver combines the received
conjugate transpose of a matrix or vectgf. denotes the Packets from the primary source and the secondary relays
transposition ofy. The symbols||Y|| and |y| denote the USing Maximal Ratio Combining (MRC) technique.
Euclidean norm of a vectdr and the magnitude of a complex !N the second case, since there is no direct link between the
numbery, respectivelyPr{.} denotes the probability of the Primary source and its destination, it is more appropriate t
argument event. The notatidd denotes the cardinality of the SPIit the time slot into two unequal partitions. Specifigalle

setE. Finally, B = 1 — B. The main symbols of this paper@SSume that the time slot is divided infoand1 — ¢ for the
are provided in Tablg . primary and secondary transmissions, respectively. \Weigkzo

the details of both cases and prove the diversity-multiplgx
tradeoff in each case.

In the proposed systems, the secondary relays utilize the
In this paper, we assume a cognitive setting with orgpical Decode-and-Forward (DF) relaying technique. In-pa
primary user and a set of secondary terminals with cardynalticular, the primary source broadcasts a packet to potentia
M secondary users. The set of secondary nodes is denotedddgtys and its destination. When more than one relay can
S =1{1,2,..., M}. The secondary terminals are numberedecode the primary packet, the secondary relays that can
1,2,..., M. The secondary users share the spectrum usisgccessfully decode the packet, then forward the packet to
TDMA. Thus, each time slot one of the secondary usetse primary destination. The secondary relays that coutd no

is scheduled for transmission. The probability of assignirdecode this packet remain idle till the end of the time slot.
userv € S for transmission isv, € [0,1]. The secondary  Wireless links exhibit fading and are corrupted by additive
user scheduled for transmission is denoted tbyTime is white Gaussian noise (AWGN). We denote the channel coeffi-
slotted and a slot time is of length second. All secondary cient from node/; to nodel; by hy, ¢, € C, whereC denotes
transmissions are assumed to be slot synchron(zed [17]. &k set of all complex numbers. Hefg,€ {p,1,2,3,..., M}
users are assumed to be always backlogged with data paclkatsl ¢ € {pd,sd,1,2,3,..., M}, where ¢; # ¢ and

In a given time slot, one of the secondary users is assigngd # v, p denotes the primary source, andl and sd
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denote the primary and secondary destinations, resphctivélence, it is perpendicular to each vector ¥n and thus
The fading is assumed to be stationary with frequency nobelongs toV+, where V- is the orthogonal complementary
selective Rayleigh block fading. The channel coefficlent,, subspace of’. In order to maximingTfof;)|2 in @), we need
is assumed to be independent and identically distributed.fi {5 find the optimal vectog € V- which is closest tdz(ﬁ).

circularly symmetric complex Gaussian random variablehwirUSing the results from Closest Point Theorém [18]is the

zero mean and unit variance, i.éy, », € CN(0,1). That 4h6q0nal projection oh'} onto the subspact'*. Thus,

is, he, ¢, remains constant during one time slot, and varies vh® wherew d tes th h | act N
independently from slot to slot. The thermal noise at any g = ¥lpa» Where enotes the orthogonal projector onto

N . B .
the receiving nodes is assumed to be AWGN with zero meHif Subspacé=. From the c?Pnhs(ir)amHgH = 1, the optimal
and power spectral density, Watts/Hz. The primary and the solution can be given by* = W*gf)“ The matrix¥ is given
_secondary transmit power while transmitting a primary ;Mck_ @A), W) A P“(A)T
is P Watts/Hz, whereas the secondary transmit power for @ V' = I — hyy’(hyy’ hyy' )" hgy’ , Wherel denotes the
own data transmission i, Watts/Hz. identity matrix with sizeA x A. The size of the projection
By assigning the beamforming weigh, where g} is matrix is A x A. _
conjugate ofg;, at each decoding relay € A, the received In order to evaluate the performance when cooperative

signal at the primary destinatiopgl, from forwarding primary beamforming is applied, it is necessary to obtain the digtri

transmission by the relays when= K > 2 is given by tion of the channel gain. We will present it in the following
fA) - theorem [[17].
Tpd =9'hyg Tp+Ws+2pd ( (A) (A)
R Theorem 1. If hyy and hyy’ € CN(0,1) where I denotes
where hl(Dd) = [h1,pa; ha,pd, - - -, hicpa]’ € CK is coefficient the identity matrix of size A x A, the random variable oo =

vector of channels from the decoding relays to the prima{y*Théfé)P is Chi-square distributed with 2(K —1) degrees of

destination,g = [g1,...,9k]" is the beamforming weight freedom. Its probability density function (pdf) is characterized
vector, 7, is the transmitted scalar signal with poweét py

Watts/Hz, ws = h, aZs indicates the interference from the _ 1 K-2 _
secondary source to the primary destinatidn,,q is the fa(z)= (K—2)!I exp(), 2 20 “)
ch_annel coe.ffici.ent petween the_secondary source anq e T1is factorial of T
primary destination is the transmitted secondary signal with
power P, Watts/Hz, and:,,q denotes the AWGN at the primary  The proof of this theorem is found i [17].
destination with variancay/,.
Let aypa = |hypal®. The instantaneous secondary in- I1l. OUTAGE PROBABILITIES AND
terfering power at the primary destination Ba, 4. The DIVERSITY-MULTIPLEXING TRADEOFF

instantaneous received SINR at the primary destinatiomfro | gt 4 denote the packets size afid denotes the transmis-
forwarding primary transmission by the relays is then give§ion bandwidth. Also, let the transmission time of ndgee
by Ty, . The data rate for nodg is then given byR,, = b/W/Ty,

A
|9Th1()d) P bits/sec/Hz. An outage of a link occursf,, exceeds the link
SINRpq = —o2d @) .
No+ Psavy pa capacityCy, ¢,.

Note that the interference from the secondary relays to the
secondary source is eliminated due to the useeafforcing A. First Case: With Primary Direct Link

beamforming (ZFBF). On the contrary, the interference from \yhen the primary source broadcasts a packet at a data rate
secondary source to the primary destination cannot be adoidRp, a relayk becomes a decoding relay if the channel capacity
Next, we investigate the optimal ZFBF weight vector. In thi@mk > R,. The channel capacit, , is given by C, ; =
paper, we use cooperative beamforming to obtain cooperatjgg2(1+,y|hp_k|2)’ wherey = P/N, is the average transmitted
diversity gain for the primary source while completely elimsjgnal-to-noise-ratio (SNR)h, 4|2 is the channel power gain
inating the interference to the secondary source. Theefoghich is exponentially distributed under Rayleigh fadifie

the optimal ZFBF weight vectoy should be designed to nropability of k € A is equal toPr{k € A} = Pr{Cp ) >
maximize SINR,q and satisfy|gTh§§)| = 0, where hild\) = Rpl=L=exp—2R»—1)/7). 7

[h1,sa: hasa, - - hicsa]® € CF denotes the coefficients from  For the primary source, the outage occurs in either one
the decoding relays to the secondary destination, at the sagh the following events: 1) If the combined signal of the
time. Moreover,g is normalized to meet the power limitdirect and the relaying links is undecodable at the primary
requirement at the relays. In this context, the optimal Weigdestination; or 2) if the number of decoding relays is lessith
vector, g, is exactly the optimal solution of the followingtwo relays, i.e., ifA = K < 2, and the link between the

optimization problem: primary source and its destination is in outage.
For the first outage event, the optimal SINR at the primary
T (A))2 w17 (A) . . . |g*Th(A)\2P
max. 9" hod |7, st g™ heg =0, lgl[=1 (3) destination lmﬂmp,pdli’. LetR =b/T /W, hence,

Let V be the subspace spanned by the channel coeffici(z}ﬂ = 2b/T/W = 2R bits/sec/Hz. -‘I;tlfeh!?\r)(lliab'“ty of outage
A !

vectors}). From [3), the vectoy is orthogonal toh)). due to the first event is given By { e, Y hppal® <



2R —1}. Letn = gpa— We havePr{A = K} =

( MK—l )CKZ(Mfol)_ For a given interference channel gain B Z( M-1 )LKE(M K1) |y Iiz 1
- _ il
hy pa, Primary direct link realizatiorh,, ,4, and the decoding K=2 K m— (11)
relays setA with cardinality A = K > 2, the failure 1+ ¢)™
probability of the primary packet decoding is given by eXp(—Q)WL(m +1,90¢)
M2 Vhppa? | 22R—1 Consider the second outage event. The second outage event
Pr{lg™ hpq |” + n < n A hppas @opat () gecurs whemh = K < 2 and the linkp — pd is in outage. In

This can be rewritten as this case, the outage probability is given by

gz 22R=1 = by pal® M1 (Mo
Pr{lg*Th{Y|? < TR A By cpa} (©) = | 37 MK ENTID] Prfhy pal? < Q)
K=0

1

= M-1 —(M-K

Using the fact thatg*Th;ﬁ)P is 2(K —1) Chi-square random
variable, we get =

1
M-1 K—A~(M-K-1)
DT KR

2R 2 K=0 K=0
Pr{|g*Thg§)|2 < 2 —1- 'Y|hp.,pd| |A, hp,pda Oév,pd} (12)
X Kj? (7) The multiplication of the marginal probabilities to get joent
:/ fol(z)dz= 1_2 i;(m exp(—X) probability in [I2) is due to the independency of the chasinel
0 — m! gains. Summing up the outage probabilities, we obtain the

following quantity for a givenw, pq:
where X = M > 0, n = v/(1+¢) and " v

¢ = YsQupd- The p05|t|V|ty of X |mpI|es that ¥ = /\/l 1 jes(M-K-1)
% > 0; hence,2 *1 > |hp pal®. Note that if vp=vitrp=1- Z KoL
X is negative, there is no outage K_QK_Q
Averaging over the decoding set, the first outage probsgbilit 3 iexp(—Q) (1+o)™ L(m + 1, Q¢)
for a fixed hy ,a anda,, ,q is then given by = ml gt ’

Wt (A 13
Pr{lg" h) P < Xlhp par o pa} 13)

:ZPr{|g*Th;ﬁ)|2 < X|A, hppa, @y pa} Pr{A = K}
M-1 K2

M- K-2 =1- E(MiKil) [ i

_Z M~ 1)£K,cM o —Z%X’”em(—%)) - Z ,,;Om!

m=0 — -

© L oxp(-9Q) / L) i +1,00) exp(—% d¢]
0

s gt s
Note that the above formula is valid due to the independency ! (14)

of the given events. Averaging over, ,q = |h, pal?, We get

Averaging overp = 5oy pd, We get

In the sequel of this subsection, we approximate the primary

M1 M1 outage probabilityy, at high SNR,~. At high v, the term
v = Z( AL (MK (1-287 L x¥mexp(~X)) in @) is approximated to
K=2
K2 Q K2
! / 1 1 (2Re — 1)K
x |1 - — X exp(—X) exp(—ap,pda)doyp pd _ _— pm Y~ K1 _

[ n;om! o (=) exp(—ap pa) pp} 1 n;om!X exp(—X) (K—l)!X (K=

9) (15)

2R
where Q = 2= and X' = (Q — appa)(L + ¢). Let W = Note that exp(—|hppal?) ~ 1 and exp(—X) ~ 1 over
fOQ A exp(—X) exp(—ayp, pa)day, pa- After some change of |hppal? € [0, Q] at high SNR.

variables and algebra, we get the following: Integrating [Ib) with respect tfh,, ,4|?, and recalling that
the feasible range dfi, ,q4|? is [0, Q], we get the following
(1+¢)m [29 expression in terms ot
W:exp(—Q)W/ R™ exp(—R)dR
(I+o)™ 9 1 1 o) K1y _ 1 K1 AK

whereL(m+1,s) = [; R™exp(—R)dR is the lower incom- (16)

plete Gamma function. The outage probabilityfor a given Substituting with [(IB) into[{8), and using the fact that at
aypd (Or @) is then given by highv, (1 - L) ~ Q and£L =~ 1, we get



B. Second Case: With No Primary Direct Link

M1 1 When there is no primary direct link, splitting the time
VIQZ( MK_l )Q(Mfol)_'g + ¢)E oKk (17) slot into two partitions¢ and 1 — ¢ would enhance the
K= Kl performance. Since each terminal transmits a packet of size

b, the transmission rate of the primary usebji$¢T) bits/sec,

Rearranging the result, we get whereas the rate of a secondary terminal in either trangmiss

Mol or retransmission of packetstig(1—¢)/T bits/sec. According
S { Z( MK_l )%(1 + ¢)Kfl} oMt (18) to the previgus description, an outgge takes place when one
K : of the following two mutually exclusive events occurs. Ose i

o ) ) that a packet is correctly received by less than two relafis. T
The second outage probability;, in (I2) is approximated giher s that the packet is successfully decoded by more than
by the lowest exponent of, i.e., the term associated with,, gqual to two relays but cannot be correctly received by the

K =10 Thatis, primary destination.
Given that the transmission data rate for the primary user is
M1 ma M1 s Re=b/W/(T¢) = % bits/sec/Hz, \_/vhen the primary source
(T L ~(7, R (19) broadcasts a packet at a data ftebits/sec/Hz, arelay € S
becomes a decoding relay if the channel capaCjy, > R..
Summing up the approximated probabilities, we get The probability ofk € A is equal toPr{k € A} =Pr{C} ; >

Rel = Lo = exp(—(2R¢ —1)/7). We havePr{A = K} =

M M1 ( MK_l )ﬁ?ﬁ_g(M_K_l), where ( Z ) denotesy choosez.
_ ~ - K—1 - M—1
vo=r1tnm | K )ﬁ(l +o)" (7 )2 For a givena, ,q and decoding set with cardinality A =
K= (20) K > 2, the failure probability of the primary packet decoding
is given by
The expected value dfl + ¢)%—2 is given by
* A

L e Pr{lg* hpd I < X|A, v pa)

— [ (149" exp(—¢)do X K2 (24)

wh BTO 1 [ fa@de=1- 3 o)

m:
_exp(l) / REH exp(—R)dR:eXp( ) U(K, 1) 0 m=0
T s (21) WhereX;= L(2Re—1).
_ w1y (A))2

whereU(m +1,s) = [ R™exp(—R)dR is the incomplete v =Pr{lg” hyq |A< Aclewpal
upper Gamma function. The expected valueofs then given = Pr{|g" h{})|* < X¢|A, ovy pa} Pr{A = K}
b K

’ M- (M-K-1) 22

N M=t exp(D) UK, 1), M=1] e =) LEL (1= — X exp(-A))
v Z( K ) 5 K +( 1 ) Q (22) K=2 m=0
K=2 ® (25)

From [22), we can see that the cooperative diversity orderThe second outage probability, i.e., whan= K < 2, is
is equal to M — 1. From [19], the transmission schemediven by

achieves the multiplexing gain if the data rate satisfies LMo (MK-1)
limy 00 % =r, and the diversity! if the outage probability Vo = Z( K VLEL: (26)
can be approximated bjim, ., 2“9 — _g at high ~. =0

log v . . .
The diversity-multiplexing tradeoff(r) measures the tradeoff SUmming up the two outage probabilities, and for a given
between the the capacity of data transmission and retigbilinterference realization, ,q from the link S-PD, we get

of data reception. For the first case, the multiplexing-diitg MLy ok B2 1
tradeoff is given by ve=1— Z( MK )C?EG(M K Z — X" exp(=X¢)
K=2 m=0 e
(27)
log v(v)

d(r) = — lim ) =(1-2r)(M-1) (23) Averaging overa, ,q4, We get the following formula:
¥ —00 Og’y
M-1
. . . . L -1 —(M-K—
with 0 < r < 1/2. The maximum diversity gain is\{ —1, V:I—Z( MK )ﬁ?ﬁg(M ey
K=2

whereas the maximum multiplexing gain ig2.
K2

1 exp(1/7s)
1At high SNR ~, the probability of one secondary relays decodes the Z ﬁ 1) (1 + 1 )m+1
primary packet is significantly higher than the probabilihat none of the e Qcs
secondary relays decode the primary packet. (28)

1
Um+1,Q¢+ 7—)



where Q. = E Therefore, the expected value mf is given by
When the average SNRy, is sufficiently high, the term CXp(l)IU(M 1.1)
(1 Zm;o m!XC exp(—X;)) in (28) is approximated to Vg~ " oy M-1
(M=2)! 1

(M-2) (36
)(v) (36)

= " 1 o (QFT—1)E In a similar fashion, we can get the expressions¢fet 1/2.
1_2 — exp(~¢) ~ (K—l)!X< TOE(K—1)  If ¢ <1/2, we substitute withK' = Kinin = 2 into @31). The
=0 (29) approximated value of, is then given by

1 M-1 1 (M-1)—1 9(l_1
We also haveC; ~ 1, £ ~ 0, == i PUF Y i PUR BaPWYE 2y X2 R T 1+ 9) 37)
Y Y
. Thus, the first outage probability is approxmated as Rearranging the equation, we get
1 M-1,  r iM2)+i-1
u R 1\ K . v~ —o( X2™)¢ ¢ (1+9) (38)
~MZI< Mo 2R (4 5 i
" NKZQ K y (K-1)! Note that the second outage probabiliy follows (33).

v Recalling that; > + (or ¢ < 1/2), we can see that the
1 M—l o o (1 + ¢)K—1 . ¢ .
_ Z( )(2R<)(M 1)(2R<)K 1 exponent of, is greater than that of;. Hence v, dominates

Y2 (K-1)! v1. The summation of the approximated outage probabilities
1 M M1 e (1+ )k is then given by
- Ry MEA B
=D 25 @0 ST 1 2tR
v K=2 (K 1) Vy =11 + 1/2’?-11( M—1 )(2<—)(M72) (39)
(30) 1 gl

with ¢ < 1/2. Since the approximated value @f is indepen-
dent of ¢, v = vy.

M From [39), we can see that the cooperative diversity order
~— Z( M1 )(273)%(/\/171)7% (273)(%7%)1( (1+¢)% is equal toM—2. The transmission scheme achieves the mul-

(K—1)! tiplexing gainr if the data rate satisfidam, _, FSV) =r, and
(31) the diversityd if the outage probability can be approximated

_ by lim., o %540 = —d at high-.

If 2—22>0ie,¢>¢or¢>1/2 then the dominantterm  From the preceding derivation, the diversity-multiplexin

of the summation corresponding 6= K,.x =M —1. That tradeoff d(r) can be computed as follows: if < 1/2,

is, substituting byR = rlog~ into (38) and taking the limit

of ~ to infinity, we get

" )(M-2) (1+p)M> (32) ! / ?

i (M=2)! logu(y) r

The second outage probability is approximated by the value d(r)= _71500 log v == Z)(M_2) (40)

in the summation with exponerit = 1; hence, we have If ¢ > 1/2, substituting byR = rlog~ into (39) and taking

the limit of v, we get

M-1

(M-2)
v ()L d(r) =~ lim 101%);(77)_( —%)(M 29)  (41)
M—1 2Rc—1_ .. M—1_ 2R .
~( . )(T)(M 2 ( . )(E— ) M) Combining both cases, we gjt
33 r min -
(33) d(r)=(1- {C T C} r)(M=2) (42)

Summing up the approximated probabilities, we get with 0 < r < min{C, 1 — ¢}. The maximum achievable mul-

tiplexing gain ismin{({, 1 — ¢} and the maximum achievable

R diversity gain isM —2.

/\I\)—A

M=1 (1+¢)M2 M=—1

ot o + | e

Vp=U1+1V2~

(34) IV. PRIMARY AND SECONDARY THROUGHPUT
. Mg According to the description of the proposed protocol, the
with ¢ > 1/2. The expected value afl + ¢) is given by secondary throughput in theth casen € {1, 2} for the first

1 [ and second cases, respectively, is given by

- L+ ¢)M "2 exp(—¢)do
Vs Jo ( ) eXp( ) /Lgn) :wjfj(n) (43)

exp(l) [% o exp(1)
R /1 R exp(-R)dR= s UM~1,1) wherej € S, w; is the probability of scheduling thgth sec-
(35) ondary user for transmission aﬁﬁ”) denotes the probability




that the link connecting the secondary source scheduled

transmission and its destination being not in outage wh

the terminals operate under thegh case. Forn = 1, this
probability is given byfs(l) = Pr{Rs > logy(1+s|hssal?)}-
SinceRs = 2R whenn =1,

22R 1

s

f = exp(—

wherevys = Bs/No.
In the second case, i.e., when the primary direct link
always in outageR, = %; hence,

) (44)

R
<

2¢ -1

72 = exp(- 2 (5)

S

The primary throughput is given by = 1 — v,

0.5+ . R i
04r

0.3r

A 1 [packets/slot]

0.2r

0.1t TR 1

25

| lt5
R [Lbits /sec/Hz|

where the superscriptn' is added to dlstmgwsh between _.

the studied cases. In this paper, we consider that each Lﬁ%{ary di

Maximum allowable QoS for secondary usemhen there is a
rect link.

has certain QoS requirement specified by a constraint on

its throughput. Specifically, the PU throughput constrast
! =1
throughput constraint |$t(”) > \;, where A\, and \; are
the minimum required throughput for the PU and thtl
secondary users, respectively. Under the first case, thmalpt

time resource assignmentss can be obtained via finding the

feasible set of the following linear constraints:
Ao <) =11,

22R 1
A < ) = wjexp(— WiEeS, > wi=1 55
S jes
From the second constraint; < u§"), we have
A .
wi>——"7 v
J = exp(_227’1,1) j (47)

Summing both sides ovegre S, and using the third constraint,

we get
Dowi=12) — s (48)
JjES JES eXp )
Rearranging the result, we get
R
DN S exp(———) (49)

JES

with A, < 1 — v, The maximum for thekth secondary

user for a given set of requiremen®, = (A1, A2, ..., Anm),
M\ ¢ Ry, for the other users is given by
22R _ 1
A = exp(— Z Aj (50)
JjES
J7k

In this case, the optimal probabilities for time resourcg  _

sharing among the SUs for a givéd, are given by

. Aj
eXp( ) JES
J#k

(51)

v(™ > ), whereas thejth secondary user with \, <1 — v,

In the second proposed case, we gdid the optimization
variables of the system. For a fixédthe constraints are linear
and the optimal set is given by

Z/\ < exp(—

JjeS

72
¢ -1
’Y

) (52)

with 1 — v > X,. The maximum throughput for the
kth secondary user for a given set of requiremeRis =

(A, A2, ..., A ), Ak € Ry, for the other users is given by
2 - 1
/\k = exp Z /\ (53)
JES
Jj#k

The optimal time resources among secondary users are

w; = Vi#kw,=1- Zw

7_68
J#k

”R

< (54)
exp(— %)

with 1 — ) > X\,. We note that the optimal values are

parameterized by. The optimal value of is any value that

satisfies the constraints.

V. NUMERICAL RESULTS AND CONCLUSIONS

In this section, we provide some simulations for the pro-
posed protocol. In Figdl1l ard 2, we show the maximum
allowable (supportable) QoS requirement for uséar a given
set of requirements for the other secondary users with and
without primary direct link, respectively. The set of usea p
rameters iszy = 50, 75 = 30, Ay = 0.1 packets/slot\; = 0.2
packets/slot\, = 0.1 packets/slot)\s = 0.15 packets/slot,

0.1 packets/slot and\, = 0.1 packets/slot. As shown

in the figure, increasing the number of secondary uséfs,
decreaseg;. This is because increasiogl decreases the rate
that one of the secondary users can get. This fact respects th
constraints on the sum of requirements[in] (50) (53).
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Fig. 2. Maximum allowable QoS for secondary udewhen there is no
primary direct link.

El

As shown in Fig[R, increasing the number of secondalfl
users increases the feasible range 70f This is because
increasing the secondary users increases the possibflity[1a]
correct primary packet decoding by the secondary relays and
hence, increases the possibility of primary user satigfact (12
Note that without cooperation the primary throughput when
there is no primary direct link is zero. From the figures, we
see the significant gain for the primary and secondary us&rd
under cooperation. In Fif] 2, we also plot the casé\of= 6
with ¢ = 1/2 to show importance of splitting the time slot(14]
unequally when the direct link of the primary user is always
in outage. As shown in the figure, splitting the time slot caps)
significantly improve the performance.
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