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Abstract—Cognitive radio networks, a.k.a. dynamic spectrum
access networks, offer a promising solution to the problems
of spectrum scarcity and under-utilization. In this paper, we
consider two single-user links: primary and secondary links.
To increase secondary user (SU) transmission opportunities
and increase primary user (PU) throughput, we consider a
cognitive relay network where a SU relays PU packets that are
unsuccessfully received at the primary receiver (PR). At the PR
side, two protocols are suggested: i) energy accumulation (EA),
and ii) mutual-information accumulation (MIA). The average
stable throughput of the secondary link is derived under these
protocols for a specific throughput selected by the primary
link. Results show that EA and MIA can significantly improve
the secondary throughput compared with the no accumulation
scenario, especially under extreme environment.

1. INTRODUCTION AND MOTIVATION

ITH the radio spectrum being scarce and under-
Wutilized, cognitive radio networks offer a solution to
improve end-user data rates. In such a network, unlicensed
users or secondary users (SUs) periodically sense the spectrum
to detect any licensed or primary user (PU) activity before
transmission. The objective of the SU becomes maximizing its
opportunistic transmissions while being "transparent” to PU’s
activities. The broadcast nature of wireless systems allows
cooperative communications to bring great benefits to the
network, especially that intermediate nodes can act as potential
relay nodes. To increase SU transmission opportunities and
increase PU throughput, we turn to cognitive relay networks
(CRN) where a SU relays PU packets that are unsuccessfully
received at the primary receiver (PR). As introduced in [1]-
[4], this would help free up PU’s queue faster so that the
SU can have more channel access. In this paper, we consider
two approaches to enhance the performance of PUs: i) energy
accumulation (EA) where two transmissions are combined at
the PR side using maximal ratio combining (MRC), and ii)
mutual-information accumulation (MIA) which can be realized
through hybrid techniques such as rateless codes. Rateless
codes allow the transmitter to generate an unlimited number
of encoded packets, such that the receiver can decode the data
after receiving a high enough number of encoded packets,
irrespective of which ones it has received [5]. In addition,
rateless codes do not require knowledge of the channel state
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information (CSI) at the transmitter, and offer robustness,
reliability and efficiency compared to fixed-rate codes [5].

Mutual-information accumulation is an enhanced physical
layer technique which enables a user to accumulate mutual-
information even when the wireless link is too weak to decode
the entire packet successfully. The idea of MIA was introduced
to cooperative relay networks in [6]. In [7], optimal/near-
optimal routing and resource allocation algorithms for ad hoc
networks were designed. The diversity backpressure schedul-
ing and routing algorithm was introduced in [8] for MIA-
based wireless networks that are capable of routing multiple
packet streams. The introduced algorithm is shown to be
throughput-optimal and outperform traditional schemes with
respect to the achievable throughput. Recently, we applied
MIA to underlay cognitive radio networks and it was shown
that MIA can reduce 70-80 percent of end-to-end delay [9],
[10]. Similar technology has also been applied to massive
machine type communications (MTC) showing significant
performance gains [11].

Most of the existing studies focus on enhancing the through-
put by employing energy accumulation at the receiver using
MRC (e.g., [2], [12]), and few papers discuss employing
MIA at the receiver such as [13]-[15]. In [13], the authors
use rateless codes (RLC) to maximize the throughput of SU
under a delay constraint, and a distributed relay selection
is employed. In [14], SU uses dirty paper coding (DPC) to
transmit both its own data and PU data to the destination.
In [15], a secondary transmitter (ST) employs rateless codes
to transmit the encoded packets to N relays. Whenever any
subset of the relays acquires enough coded packets, they will
transmit to the destination to decode the message.

In this work, we consider a time-slotted CRN where only
one packet is sent in each time slot. At the beginning of the
time slot, a ST senses the primary transmitter’s (PT) activity. If
detected idle, the ST will transmit a packet, provided it has at
least one in its queue. Furthermore, we consider that both PT
and ST are equipped with queues of infinite length, with ST
having two queues: one holding its own data while the other
holding PT’s packets that were unsuccessfully received by the
PR. Compared with the no accumulation scenario in [1], our
goal in this paper is to show that the average throughput of
the CRN can be significantly improved under EA and MIA,
such that the stability of the system is guaranteed, i.e., the
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Fig. 1: General system model.

finiteness of all queues in the network.
We summarize the contributions of this paper as follows:

o Unlike existing works, we use queueing analysis to
provide an analytical framework of the average stable
throughput of the secondary link. And three different
scenarios (with no accumulation, with EA, with MIA)
are considered in the derivation.

« By considering measurement errors at PT and random
packet arrivals, we show that both EA and MIA can create
more transmission opportunities for ST, by increasing the
probability of successful primary packets reception at PR.

The paper is organized as follows. The system model is
presented in Section II. The problem formulations of cognitive
relay protocol with no accumulation, with EA, and with MIA
are presented in Section III-A, Section III-B, and Section III-C,
respectively. Results are analyzed in Section IV. Finally, this
paper concludes in Section V.

II. SYSTEM MODEL

The system model is depicted in Fig. 1. The model consists
of a CRN where a pair of SUs coexist with a pair of PUs,
and the ST is assumed to stay between the PT and the PR.
This basic model has been investigated in many papers such
as [1] and [16]. Denote the following queues notations: Qp
holding PT packets, Qs holding ST own packets and QOps
holding PT packets to be relayed by ST. Independent and
stationary traffic arrival processes are considered for primary
and secondary queues, with arrival rates A;, and departure
rates u; packets/sec, where i reads "P" for Qp, and "S"
for Os, and "PS", "SP" for Qps arrival and departure rates,
respectively. Similar to [1], we consider independent stationary
Rayleigh flat-fading channels, h;(¢), between users, where
E[lhi(1)]*] = 1. The average channel power gain due to
pathloss and shadowing is denoted by 7y;, where i reads "P"
for primary network, "S" for secondary network, "PS" for PT-
ST link, "SP" for ST-PR link, and "PR" for PT-SR link; the
noise power spectral density is normalized to 1 at all receivers.
Note that block fading is assumed where the channel remains
constant in each slot. PT transmits with normalized power
Pp =1, while ST transmits with power Ps < 1. It is obvious
that a small Pg leads to an extreme transmission environment
and further incurs lower successful transmission probability.
On the other hand, if Ps approaches Pp, the SU has a high

probability to interfere PUs. Thus, the Ps should be carefully
selected such that its stable throughput is maximized while
its activity is being "transparent” to the primary link [1]. We
consider that a packet is successfully received at the intended
destination if the instantaneous received signal-to-noise ratio
(SNR) is above a threshold §;, where i reads "P" for primary,
and "S" for secondary. The probability of an outage event is
Bi

Pouwi = PlyilhiPP; < pil =1~ ¢ ifi- S
Due to fading and pathloss, ST may misdetect PT’s transmis-
sion with probability p,,, causing undesirable interference to
the primary link. We assume that ST fails to detect PT activity
if its instantaneous SNR falls below threshold «, then

—a

pm =P [ypslhps(PPs <a| =1—ersres. (2)

It is also assumed that when PT is not transmitting, ST might
detect the idle slot as busy with a false alarm probability py.
In case of successful primary packet reception at the primary
receiver, PR transmits an ACK signal to PT, and the latter
drops the packet from its queue. Otherwise if PR fails to
decode the packet, it transmits a NACK, which will be heard
by the ST. If ST successfully decodes PT packet, it assumes
the role of relaying PT packet to PR, by sending an ACK to
PT, then the latter drops the packet from its queue. ST will
attempt to retransmit once since if it fails, it is unlikely that the
packet will be successfully transmitted in subsequent rounds.
If PR fails to decode the packet relayed by ST, the packet
is dropped and never transmitted. Note that in the case when
both PR and ST successfully decode the packet, ST will not
put it in its queue. It is assumed that ACK/NACK feedback
are perfectly known and received as in [1]. When the slot is
sensed idle, ST transmits PT packet with a probability € while
it transmits its own packet with probability 1—e. The secondary
user operates in full-duplex mode, i.e., it can simultaneously
transmit and listen for primary transmission without being
affected by self-interference [17]. In what follows, we derive
the stable cognitive throughput for three different scenarios: 1)
under no accumulation, ii) under EA, and iii) under MIA.

III. STABLE THROUGHPUT ANALYSIS

A. Cognitive Relay Protocol

The departure rate Xp(¢) of the PT, can be defined as the
number of primary packets that are successfully received at
either PR or ST at time ¢. It can be expressed as [1]!

Xp(t) = 1{0p(t) U OG (1)}, 3)
where 1{.} is the indicator function; Op(¢) and 0{,(1‘) denote

the events that PT transmits successfully (i.e. the packet is
successfully received by either PR or ST) without interference

I'The calculations in this section are based on [1]. The reader is encouraged
to refer to them for an in-depth understanding of the formulations.
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from ST and under ST interference. The average primary
departure becomes [1]:

_Bp _Bp (-ﬁP_ﬁP )
ELXp(0] = i = (1= py) (775 &rrs —eor ors)

_Bp
Ype P
+p | ————|.
" (7’P + ,BP?’SPPS)

The departure rate Xg(t) of the secondary queue Qs is defined
as the number of secondary packets that are successfully
transmitted to the intended SR at time # [1]

Xs (1) =1{(As®)n0s®) U (a5 noi®)}. @

where Ag(¢) and A§ (¢) denote the events that slot 7 is available
for transmission by ST when correctly sensed as idle and when
misdetected as idle, respectively; Os(t) and Og (t) denote the
events of successful transmission by ST under no interference
from PT and under PT interference, respectively. And

PlAs()] = (1-ps) PIQp(1) = 01 = (1 - py) (1 - 2—”) :

P
The average number of packets successfully departing Qg is:
A _ Bs
E[Xs(1)] = pus(Ps, €) = (1 - py) (1 - lu—f) e Psvs(1-e)

P
-Bs

Ap PsysePsrs
+Pm (—,) (I-6¢) 5——"——7—
Hp Psys + Bsypr

The departure process Xsp(#) is defined as the number of
successfully transmitted packets from ST to PR at time ¢, and

Xsp(®) = 1{(As()) 0 0sp () U (450 n04,0) ], 5)

where Ogp(t) and O§P(t) denote the events of successful
reception by PR from ST without interference from PT and
under PT interference, respectively. The average departure rate
of Ops can be expressed as [1]:

Ap\ - PP
E[Xsp()] = usp(Ps,€) = (1 = py) 1—#—, e "SPPs . €
P
_ bp
(ﬂp) Psyspe vspFs
+pm | | ——— €
Hp ] Psysp + Bpyp

The arrival rate of Qps is defined as the number of primary
packets that are to be relayed by ST, and

Yes(t) = 1 {{Qp(t) # 0} N Poup N Py ps},  (6)

where Pgur, ps = 1=Pou ps; and Poy, p, Pou, ps are given in (1).
Then, the average arrival rate of Qps can be written as:
A -Bp -Bp
APS=—rP(1—e7P )eVPS. (7
Hp

To guarantee the stability of Qpg(t), Aps < usp(Ps, €) should
be guaranteed by Loynes’ theorem [1]. Thus,

1 _Bp _Bp
(- )
P
€= T
Bp - P
— — /l_P “yspPs /l_P —PS’}/Spe ISP
(=py) ( Hp ) ¢ *Pm\ (i | “PsysrBrve

B. Cooperative Cognitive Protocol under EA

For EA and MIA, all calculation in Section III-A remain
valid except for Osp (t). With EA, the two transmissions from
PT and ST at time slots #; and ¢, are combined using MRC.
The probability that ST transmits in #, conditioned on the
primary transmission at ¢; is given by:

Pr = (1_/11)/,“:;) (1—Pf)+l9m (/lp//l:y)~ )]

Denote M, and M, as the SNRs of PT without and with ST
interference, respectively. Let Ny and N, be the SNRs of ST
without and with PT interference, respectively, then we have

My =yplhp(t)),
) = yplhp ()|
1+ Psysplhsp(t1)|*
Ny = Psysplhsp(t2)]%,
_ Psyselhsp()l?
C 1+yplhp)?

©))

Proposition 1. Recall that Osp(t;) denotes the event of
successful reception by PR from ST, then:

P[Osp(t2)) =w P [My + Ny > Bp] + woP [My + N, > Bp]

10
+w3P [M| + Ny > Bp] + waP [My + Ny > Bp] . 0
a , 2 (4
(1o (1) (1-27) v (3#)
wi = > wWr=—"m
Pt Pt
A A
(1= pm) (ﬁ)l’m Pm (1_ﬁ)(1_17f)
w3 = — Wy = .
Pt Pt

Eq. (10) shows that the sum of individual SNRs needs to exceed
a threshold Bp for EA. The calculation takes into account all
possible scenarios with/without PT/ST interference. Note that
we normalize the weight factors w; by dividing them by p;. To
guarantee the stability of the queue Qps(t), € > Aps/fs(Ps),
with P[Osp(t2)] £ fs(Ps) should be satisfied. The calculation
of PlOsp(t2)] is listed in Appendix A.

C. Cooperative Cognitive Protocol under MIA

In this section, we consider MIA at PR side. Remember
that with MIA, nodes accumulate information as C; ;¢ bits/Hz,
where C; ; (bits/sec/Hz) is the channel capacity between nodes
i and j. Let g(x) =log,(1 + x).

Proposition 2. In the case of MIA,
PLOsp ()] = wiP[g (M) +¢ (V) > ¢ (6p) |

$waP[g (M) +8 (V) > ¢ (Bp) | + waPle (M) +2 (V)
——

Y
>8 (ﬁp)] +W4P[g(M2) +g(N) > ¢ (ﬁp)]
———
Y2
_ Bp eYS;PsJ'V; 1+Bp _ s(Mp) _ 1+pp
=wple yspPs +—/ e vspPs gMyyp dg(Ml)
vspPs 1
_28BpIYI

(/g(ﬁP) ype YP
+ wy
0 yp + Psysp (28671 — 1)

Jri )y
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_ 211
2Y1e Psysp In2
Psysp —vyp +2Vyp
2Y2-1

) = (zyze_PS”P 1112) Ps'Ysp-

_ 211
2" Psypyspe "s?sP In2

(Psysp —vp +21yp)?

fY](yl) =

To guarantee the stability of the queue Qpg(f), €
Aps/ks(Ps) should be met.

v

IV. RESULTS AND ANALYSIS

In this section, we evaluate the performance gain of the
introduced cooperative cognitive protocols (MIA and EA) over
the no accumulation case. We assume the following system
parameters in our performance evaluation: yp = 4 dB, ys =
YPR = YpPS = 10 dB, vysp =35 dB, and Bp = PBs = 4 dB.

Fig. 2 shows the maximum stable throughput us versus
the throughput selected by the primary node Ap. We can see
from the figure that over any Ap < exp (—8p/yp) = 0.37, EA
and MIA achieve higher stable throughput of the cognitive
link than that with no accumulation. Furthermore, the MIA
protocol achieves higher performance gain over the EA proto-
col. This gain is mainly due to the increase of the probability
of successful primary packets reception at the PR, thereby
creating more transmission opportunities for ST.

To further elaborate the performance improvement achieved
by EA and MIA, we also plot the maximum stable throughput
us of the secondary link for different values of ysp, as shown
in Fig. 3, where we set Ap ~ exp(—Bp/yp) = 0.37. As ysp
increases, the relaying gain increases for all scenarios under

P g MIA

= —©-gEA
0.32 . ]
+/AS-N0 Accumulation
0.3 b
0.28 b
0.26 b
4 6 10 12 14
Tsp

Fig. 3: ug versus ysp (Ap ~exp (=Bp/yp) is fixed to be 0.37).

—P-;LS-MlA
- ngEA

=¥ 115-No Accumulation

Fig. 4:

us versus Ps.

study, since most of the traffic is redirected to the secondary
link due to the better channel conditions on the ST-PR link.
Furthermore, we do see that the maximum stable throughput
us for EA and MIA protocols are much higher than that of no
accumulation scenario. In addition, the performance of MIA
is slightly better than that of EA when ygp is low, and the two
become similar in performance as ysp becomes high. This is
because EA and MIA will approach each other in the low SNR
regime. Finally, Fig. 4 shows the maximum stable throughput
s by changing values of Pg. It can be seen from the figure
that the performance of all the three scenarios increases as
Pgs increases. Furthermore, the MIA protocol always performs
the best among the three strategies. Also, the gap between the
no accumulation protocol and the others is large when Ps is
small, and reduces with the increase of Ps. This suggests that
cooperation, especially cooperation through MIA, is extremely
useful under extreme environments.
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V. CONCLUSION

In this paper we showed that the throughput of the sec-
ondary link in a CRN can be improved if it has the capability
to relay the transmitted packets from the PU. To be specific,
we investigated the throughput of the SU where no accumu-
lation, EA, and MIA are adopted for the cooperative relay
communication respectively. The queueing analysis has been
conducted and measurement errors are considered in the cor-
responding queueing characterization. Simulation results show
that the EA-based and the MIA-based cooperation schemes
can improve SU’s throughput significantly compared with the
no accumulation case, especially under extreme environments.
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APPENDIX A

Let U = |hp(t)*, V = |hsp(t2)I>, a = (Psysp) /P,
and b = Bp/yp. Since the channel gains are exponentially
distributed, we have the following for the first term in Eq. (10):

2 b-av
1- / / e " Vdudv
0 0
a -b 1

e

P[U + aV > b]

e a —

a-1 a—1

Substituting back the values of a and b, we obtain the result

for the 1*' term in (10). The 2" term in (10) can be written
as:

Lp oo
P[M; > Bp—N>| = /0 /B I, (m2) fn, (n2)dmadny
+/ / v, (m2) fv, (n2)dmadny
Bgp JO

Lr
= /0 (1 = Far,(Bp — m2)) fn, (n2)dny + 1 = Fn, (Bp),

where
7712

ype 7P
—’
vp + myPsysp

_ m
Pgyspe Ps¥sp

Psysp + nayp’

Fa,(mp) = P[My <mp] =1~

Fny(np) = P[N, <m] =1

and fn,(ny) is given at the end of the proof. This gives the
expression for the 20 term. Using similar calculations, we can
get the expressions for the other terms. Finally, we have

p _P/fP _Bp
syspe SYSP —ype P
P[Osp(t2)] = wy

Psysp —yp

p _ PBP Bp _Bp-ny
syspe "SvsP / ype ¢
+wy + SN (nz)dnz)
( Psysp + BpypP yp + (Bp—m)Psysp”
pr 5 _ PBP
=P Psyspe "s¥sp

e /e Ny (m)dny + Psysp + Bpyp

0

pr _Bp-n

/ ype P
+ wy
J yp + (Bp —n)Psysp

_ Bp
SNy (n))dny +e Psvse,

where
_.m
Iy () e Torsr
N () = ———,
! Psysp
_Pn2 P _Pn2
e TSyse SYPYspe "S?SP
SN, (1) = 7 + >
SYsP+YPh2  (Psysp +ypna)
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