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Abstract—This paper analyzes the delay of multi-hop transmis-
sions in cognitive radio ad hoc networks (CRNs) to investigate
the performance of routings in CRN. Compared to routing in
ad hoc networks, additional medium access delay is introduced
in CRN since opportunistic transmissions of secondary users
(SUs) should not violate the interference constraints at primary
receivers. Moreover, additional retransmission delay occurs in
CRN because received signals at SUs are interfered with by both
primary transmitters and concurrent secondary transmitters. We
propose an analytically tractable model to investigate routings
in CRN considering medium access delay, retransmission delay
and the hop count of the end-to-end route. Through optimizing
the number of hops of the end-to-end route, a lower bound on
the end-to-end packet transmission delay is developed, which
facilitates delay QoS provisioning and rate-delay trade-off in
CRN. Consequently, this research serves as the valid framework
for baseline performance analysis and offers novel avenues to
routing design in CRN.

I. INTRODUCTION

Cognitive radio (CR) is a promising technology to im-
prove the utilization of scarce radio spectrum by sensing and
opportunistically accessing the spectrum of primary systems
[1]. Two main spectrum sharing approaches (i.e., interweave
and underlay) are proposed [2]. In the interweave paradigm,
secondary users (SUs) orthogonally access the spectrum holes
of primary systems in time and frequency facilitated by ad-
vanced spectrum sensing techniques. In the underlay paradigm,
primary users (PUs) and SUs transmit at the same time and
in the same frequency band, while the interference generated
by SUs to PUs is constrained.

To concatenate CRs as a cognitive radio ad hoc network
(CRN), Quality of Service (QoS) provisioning for end-to-
end packet transmissions is an essential must. However, the
following delays challenge routing toward QoS guarantee
in underlay CRN, which consists of medium access delay,
retransmission delay, and the hop count of the end-to-end
route.

o Medium access delay: The cognitive principle states that
SUs are aware of avoiding unacceptable interference to
PUs. Given outage constraints of primary receivers (PRs),
the density of active secondary transmitters (STs) should
be limited to maintain the outage constraints of PRs,
leading to a decrease in the access probability of an
SU. Additional medium access delay is thus introduced
compared to that in traditional ad hoc networks.
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o Retransmission delay: Since SUs are transparent to PUs
in CRN, the received signal of a secondary receiver
(SR) further suffers inter-system interference generated
by primary transmitters (PTs). The degradation of the
received signal quality at an SR would cause transmission
outage more often and thus increase the number of
retransmissions.

o Hop count of the end-to-end route: Since a packet may be
transmitted from the source node to the destination node
over multiple hops, the delay increases with the number
of hops of the end-to-end route.

Note that the above factors may influence each other. For
example, when we use long-hop transmissions (i.e., the hop
count becomes smaller), the link reliability decreases due to
the increasing hop-length, thus causing more retransmissions.
Also, as the active probability of an SU increases (i.e.,
the medium access delay becomes smaller), the intra-system
interference increases, causing more retransmissions. These
observations reveal trade-offs among different types of delay.

In this paper, we analytically derive the medium access
delay and the retransmission delay of packet transmission in
the underlay CRN, considering both intra-system interference
among SUs and inter-system interference from/to PUs. A
lower bound on the end-to-end packet transmission delay is
obtained by optimizing the hop-length (or the hop count) of the
end-to-end route. Optimal transmit power allocation is further
investigated.

The remainder of this paper is organized as follows. Sec-
tion I summarizes the current routings in interweave and un-
derlay CRNs. In Section III, the network model is introduced,
and the interference at PR/SR is characterized to obtain the
outage probability at PR/SR. In Section IV, the lower bound
on the average end-to-end packet transmission delay is derived.
Section V gives the conclusion.

II. RELATED WORKS

Some related works on routing in interweave and underlay
CRNs are summarized as follows.

o Interweave: Research of routing in the interweave CRN
focuses on the modeling of spectrum availability. Spec-
trum availability depends on the PU activity and should
be considered as the performance metric in the route
computation [3], [4]. A probabilistic metric is proposed
in [5], [6] to capture the PU behavior. In [7], a path is
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determined based on the prediction of available durations
of secondary links. In [8], a path with the highest con-
nectivity, which is evaluated by using statistics of PU
activity, is chosen for routing.

o Underlay: In the underlay CRN (a kind of heterogeneous
ad hoc network with intra-system and inter-system in-
terference and priority), we should focus on interference
modeling [9]-[11]. Research of routing in homogeneous
ad hoc networks considering intra-system interference is
developed in [12], [13]. Bounds on the speed of informa-
tion propagation are derived in [14], [15]. Furthermore,
the effects of ARQ, queueing delay, and multiple routes
on routing performance are respectively addressed in
[16], [17], and [18]. However, the delay analysis of rout-
ing in underlay CRN has not received much investigation.

III. NETWORK MODEL
A. Secondary ad hoc network

We consider a secondary ad hoc network (denoted as SN),
in which the spatial distribution of SUs is assumed to follow
a homogeneous Poisson Point Process (PPP) with density A.
Let ® = {X}} denote the set of locations of the SUs and let
Ps denote the transmit power of an SU. The medium access
control protocol of the secondary network is assumed to be
slotted ALOHA with medium access probability p, i.e., each
SU is allowed to transmit (be active) with probability p. The
set of active SUs is a PPP with density pA and is denoted as
®! = {X; € ®: By(p) = 1}, where By(p) are independent
and identically distributed (i.i.d.) Bernoulli random variables
with parameter p associated with X;. The information rate of
a secondary transmission is denoted as Rgn.

B. Primary ad hoc network

The secondary network coexists with a primary ad hoc
network (denoted as PN), where the spatial distribution of
PTs is assumed to follow a PPP with density p. Each PT has
a dedicated PR at distance d away with an arbitrary direction
so that the PRs also form a PPP with density p. The set
of locations of the PTs is denoted as ¥ = {Yj} and the
transmit power of a PT is Ppy. The information rate of a
primary transmission is denoted as Rpy. Each PR has an
outage constraint with maximum outage probability e.

C. Inter-system and Intra-system interference

The inter-system interference from the PTs to a typical
SU (a reference SU located at the origin) is denoted as
Ipn sy = Epe\ll Gp.sPpn|pl|~®. Gp s denotes the fading
gain of the interfering link from the PT at p to the typical
SU, which is assumed to be independently drawn from an
exponential distribution (i.e., Rayleigh fading) with mean
my.s. ||| is the distance between the PT at p and the typical
SU, and « is the path loss exponent. Furthermore, the intra-
system interference from the PTs to a typical PR is denoted
as Ipn,pN = ZPE‘I’ GppPpn|pl|~“, where G, ,, denotes the
fading gain of the interfering link from the PT at p to the

typical PR and is independently drawn from an exponential
distribution with mean m,, ,.

Similarly, the inter-system interference from the ac-
tive SUs to a typical PR is denoted as Igy pn =
> scar GspPsnls]|~%, where G, denotes the fading gain
of the interfering link from the SU at s to the typical PR
and is independently drawn from an exponential distribution
with mean m ,. Furthermore, the intra-system interference
from the active SUs to a typical SU is denoted as Ign,sn =
Y scor GosPsn||s||~®, where G, denotes the fading gain
of the interfering link from the SU at s to the typical SU
and is independently drawn from an exponential distribution
with mean m ;. All packet transmissions of the networks are
assumed to be slotted and synchronized.

D. Outage probability

The outage probability at PRs and SRs will be used to
compute the medium access delay and the retransmission delay
later. Please note that the derivation of outage probability for
the general fading channel model is provided in the Appendix.

1) Outage probability at PR: For a typical PR, outage
occurs when the channel between the PR and its dedicated
PT cannot support the information rate Rpy, i.e.,

Ppyd—®
log (1 + GppPry

No+Ipn.pN + Isn, PN

where G, , is the fading gain of the desired link between the
PT and the PR and is drawn from an exponential distribution
with mean m,,;,, d is the distance between the PT-PR pair,
and Ny is the background noise power.

The Laplace transforms of the interference Ipy pn and
Isn,pn (2D Poisson shot noise processes [19]) are respec-
tively

Ble~77v] = oxp(—pm PYEIG, J(1 — 9)5°),
E[e*SISN=PN] = exp (fp)mPgNE[Gg,p]F(l - 5)55) ,

) <Rpn, (D

where § = 2, T'(2) = [~ t*~'e~'dt is the Gamma function,
E[G),] = m), T(1+6), and E[G] ] = m] (1 + ).
As a result, the outage probability at the typical PR can be
computed as

G, ,Ppnd—®

P(log(1+ BP ) <R )
( s ( No+ Ipn.pN + Isn PN N
=1- P(Gp.,p 2 PJ;I{/da(QRPN
(i) 1

. E[e_’r"’;}uP};Zbda(QRPN_1)ISN,PN}

Wy exp {—m;},PISI{,d“(QRPN —1)No}

cexp {— (uPpNE[G) ] + pAPINE[GS )]) 7T (1 = 6)

- omy S Ppnd? (2N — 1)7) (3)
where (a) follows by P(G,, , > ) = e~Mwr®, and (b) follows
by (2).

2) Outage probability at SR: For a typical SR, outage
occurs when the channel between the SR and an ST cannot
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support the information rate Rgy, i.e.,
Gs s Psnr—@
IOg (1 + s,sLSNT

No+Ipnsn + Isnsn
where G s is the fading gain of the desired link between the
ST and the SR and is drawn from an exponential distribution
with mean mg g, 7 is the distance between the ST and the SR.
The Laplace transforms of the interference Ipn gy and
Isn,sn are respectively

E[e—stN,SN] = exp (—MT('PI(;NE[G(S F(l
E[estsN,sN] = exp ( p)\ﬂ-PSNE[ ]F( 6)55) (5)
where E[Gi,s] = mg,sf(l +9), and E[Gg,s] = mg,sr(l +9).

Consequently, the outage probability at the SR can be com-
puted as

) <Rsn, (4

6)s),

Gs SPSNria ) )
P(log |1+ ’ <R
< g< N0+IPNSN+ISN,SN SN
=1—exp{—m_ L Piyr*(27%Y —1)Ny}
- €Xp {_ (MPPNE[GZ,S] +p)‘PgNE[Gg,sD
- aD(1 = 8)m; S Pgpr? - 1)°}. (6)

E. Maximum medium access probability of an SU

(QRSN

To avoid interference from the active SUs violating the
outage constraints € at PRs, the maximum medium access
probability of an SU (denoted as p) should satisfy

Gy Ppnd™ ™
P(log(1+ Lald > <R )
< g( No +Ipn.pN + Isn PN N
=1—exp{-m, 1P Nd* (28PN — )N }
~exp {— (MPPNIE[G(s ]+ PAPSNE[G] ]) 7T(1 — 6)
my S PR d? (27N —1)°) = €. (7)

As a result, p can be computed as

. —In(1 — €) — m, L Ppad®(2fPy — 1) Ny
P= 70(1 —6)m

ppPpyd?(28ry —1)°
1

- MPI@NE[G?W]) (/\PgNE[Gg,p])_ : @®)
The above equation holds when o <
—In(1—e)—m; L Pord* (28PN —1)N, T .
T ,bdQ(ggPN G ]0, indicating that the intra-

system interference from PTs is not strong enough to cause
violation of the outage constraints at PRs.

IV. LOWER BOUND ON THE DELAY OF ROUTING IN
SECONDARY NETWORK

The end-to-end packet transmission delay of routing in the
secondary ad hoc network consists of medium access delay,
retransmission delay, and the hop count of the end-to-end
route. A lower bound on the end-to-end delay is obtained by
optimizing the hop-length (or the hop count) of the end-to-end
route, where we assume that hops are separated with equal
distance on the line between a source node and a destination
node. Let L denote the distance between the source node and
the destination node, and let M denote the number of hops of

the end-to-end route. The relay nodes are thus separated by
the same distance L/M.

A. Medium access delay

The probability that the transmitter node of a hop becomes
active is p, 0 < p < p, where p is computed in (8). That
is, given outage constraints € at PRs, the maximum medium
access probability of an SU is limited to p. Here, we re-
parameterize the access probability of an SU as ¢p, 0 < ¢ < 1.
Thus, the average medium access delay of an SU is 1/(¢p).

B. Retransmission delay

Retransmission occurs when the receiver node of a hop is
outage, as shown in Section III-D2. The success (non-outage)
probability of a transmission (denoted as p®) can be computed
by using (6) with » = L/M and p = ¢p, i.e.,

p* = exp {—m L Pyn(L/M)* (2N —1)N, }
cexp {— (uPI‘iNE[G‘S,S} + gpAPSNE[G ]) nT(1 - 6)

m; SPgR (L/M)?(2fsv — 1)} )

Channel outages are supposed to be independent across hops
and across retransmissions. In other words, the spatial and
temporal correlation of interference observed at different nodes
are ignored due to the fact that the fading gains of the desired
and interfering signals are i.i.d. and they pick up different
realizations at each slot [20]. As a result, the average number
of retransmissions is 1/p®.

C. End-to-end packet transmission delay

The number of trials (time slots) of a relay node to access
the medium and transmit a packet successfully to the next hop
is a geometric random variable (denoted as T;, 1 <1¢ < M)
with parameter gpp®. The mean of T; is 1/(¢pp®). The end-to-
end packet transmission delay (denoted as 7)) is T' = Zf\il T;,
which is the sum of M i.i.d. geometric random variables. T’
follows the negative binomial distribution with parameters M
and gpp®, and its ccdf (complementary cumulative distribution
function) is

t .
j—
P(T>t)=1- Z (M_
=M
Topps (M, t —

11)(1 —qpp®)’ M (qpp®)™

=1- M +1), (10)

where I,;(a,b) is the regularized incomplete beta function.
Consider a delay QoS constraint P(T" > 7) < o, which
states that the probability that the end-to-end delay exceeds the
threshold 7 should be less than or equal to . The maximum
information rate satisfying the QoS constraint Rgn (o) can
be obtained by solving P(T" > 7) = o. Intuitively, when
the information rate increases, the probability of channel
outage (and the number of retransmissions) increases and
thus the end-to-end delay increases. There exists a trade-
off between the end-to-end delay and the information rate.
A tight delay QoS constraint with small o leads to a small
Rsn (o). Using (10), the maximum information rate Rsy (o)
can be derived by solving Igpps (M, 7 — M +1) = 1 — 0.
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Furthermore, we note that by Markov’s inequality, we have
P(T > 7) < 77 'E[T], where E[T] = M/(qpp®) is the
average end-to-end packet transmission delay. E[T] < 1o
serves as the sufficient condition for the delay QoS constraint.
In this sense, minimizing the average end-to-end delay with
respect to the hop count, the transmit power, and the medium
access probability, as discussed in the following, benefits the
rate-delay tradeoff.

1) Optimal hop count: The average end-to-end packet
transmission delay E[T] is minimized with respect to the
number of hops M. When the background noise power Ny
is ignored (i.e., Ny = 0), the optimization problem can be
simplified and formulated as

minimize E[T] = = Mq ks 'Ply

qpp®
exp {(k:l + qu)ngf,M_z}

subject to M > 1, (11)

where j = koPgy, p® = exp {— (k1 + qks) Pgy M2},
2 —In(1—¢) 5 s

ko = AT(1—6)m, Sd2(2RPN —1)5 “E[prp]) (AE[GZ,)
PP, k1 & pPRNE[GS J7D(1 — 8)m 3 L% (2%sy —1)°, and
ko £ k‘o)\E[Gg}s]ﬂ'F(l — 5)m;gL2(2RSN — 1)6.

To obtain the optimal number of hops M, we relax M to be
a real number, differentiate the objective function with respect
to M, and set the result to zero. We have

-1

M? — (ky + qk2)2Pg 5 = 0,
M* = [2 (uPpNE[GS ] + akoAE[GS ]) 7T (1 —
1
L (275 —1)°PgR] 7

S)ymz?°

12)

We observe that the optimal hop number M ™ is proportional
to (Ppn/Psn)'® (note that kg o P$). When the transmit
power Pgsy increases, we prefer long-hop transmissions. In
addition, M™ increases linearly with respect to the end-to-end
distance L. Substituting M * into (11), the minimum average
end-to-end delay can be computed as E[T]* = M*\/e/(qp),
which is proportional to (Psy/Ppy)Y/® (note that p o
(Ppn/Ps N)z/ @ and the non-outage probability is a constant
p*=1/Ve).

When Ppy increases, although the SR may suffer more
interference, M * increases (the hop-length decreases) and the
SR is closer to the ST such that the received signal power at SR
becomes stronger. It turns out that we have a fixed p* = 1/+/e.
At the same time, as Pp increases, the received signal power
at PR from PT also increases since their separation d is
fixed. Given the same outage constraints at PRs, more inter-
system interference from STs to PRs can be tolerated and thus
the maximum medium access probability of an SU (i.e., p)
grows. The resulting increase in medium access probability
compensates the delay from the larger hop-count and thus
causes lower end-to-end delay.

On the other hand, when Pgs increases, the optimal end-to-
end delay increases mainly due to the smaller medium access
probability. We may not be able to arbitrarily reduce the delay
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Fig. 1.  Plots of the optimal number of hops M* v.s. source-destination
distance L. The system parameters are set as & = 4, A = 10~3/m?, Py =
0.1mW, Rgy = 2 bits/s/Hz, ¢ = 1, p = 10~°/m?, Ppy = 0.3mW,
Rpn = 2 bits/s/Hz, d = 15m, and € = 0.1. All links are Rayleigh faded,
where ms s = mp p = 1.
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Fig. 2. Plots of the minimum average end-to-end packet transmission delay
E[T]* v.s. source-destination distance L. The system parameters are the same
as in Fig. 1.

by lowering Pgy since we cannot find any neighbor with
arbitrarily small distance, where the lower bound becomes
loose. Fig. 1 and Fig. 2 depict the optimal number of hops
and the corresponding minimum average end-to-end packet
transmission delay under different source-destination distances
L and different cross-tier fading gains mg, = m, ;. Linear
relationships can be observed. Also, as the inter-system in-
terference gets smaller (m,, and m, , decrease), short-hop
transmissions are preferred and the corresponding end-to-end
delay decreases.

2) Optimal transmit power allocation: We may minimize
the average end-to-end packet transmission delay by opti-
mizing the transmit power of an SU. By differentiating the
objective function in (11) with respect to Pgy, and setting
the result to zero, the optimal power assignment of an SU
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Fig. 3. Plots of the average end-to-end packet transmission delay E[T] v.s.
transmit power of an SU Pgp . The system parameters are set as a = 4,
A = 1073/m?, Rgy = 2 bits/s/Hz, ¢ = 0.5, p = 10~°/m?, Ppy =
0.3mW, Rpy = 2 bits/s/Hz, d = 15m, ¢ = 0.1, L = 200m, and M = 6.
Pgspn ranges from 0.0lmW to 0.1mW. All links are Rayleigh faded, where
Ms,s = Mpp = 1.

P¢ can be computed as

1
. k1 + qka\ °
Py = <1]W22> = [(uPRNE[GS ] + akoAE[GS ,])

- al(1 = 8)mg SL2 (27~ — 1)5M_2]% . (13)

We observe that P&, is proportional to Ppy (note that
ko x PI‘ZN) and to the « power of hop-length L/M. The
corresponding minimum average end-to-end delay can be de-
rived as ¢ "'k, ' (k1 +qk2)e/M. The average end-to-end delay
is plotted with respect to Pgy in Fig. 3. We observe that the
minimum is achieved at P&y = 0.03 (when my , = m, s = 1)
and P§y = 0.04 (when mg , = m, ¢ = 0.5).

V. CONCLUSION

In this paper, we investigate the end-to-end packet trans-
mission delay of routing in cognitive radio ad hoc networks,
considering both intra-system and inter-system interference.
With the outage constraints at PRs, the access probability
of an SU is limited, inducing excess medium access delay.
The quality of the received signal at an SU degrades due
to the interference from PTs, leading to an increase in the
number of retransmissions. The end-to-end delay, which con-
sists of medium access delay, retransmission delay, and the
hop count, is minimized by adjusting the number of hops of
the end-to-end route, serving as a delay lower bound. The
success probability of a secondary transmission is shown to
be a constant 1/4/e at the optimum hop-length. Our analysis
illustrates the impacts of different system parameters in both
primary and secondary networks on the end-to-end packet
transmission delay in the secondary network, facilitating delay
QoS provisioning and rate-delay trade-off.
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