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ABSTRACT

Cognitive Networks have been proposed to opportunistically dis-
cover and exploit licensed spectrum bands, in which the secondary
users’ (SU) activity is subordinated to primary users (PU). Depend-
ing on the nature of interaction between the SU and PU, there are
two frequently encountered types of spectrum access: underlay and
interweave. While a lot of research effort has been devoted to each
mode, there is no clear consensus about which type of access per-
forms better in different scenarios and for different metrics. To this
end, in this paper we approach this question analytically, and pro-
vide closed-form expressions that allow one to compare the perfor-
mance of the two types of access under a common network setup.
We focus on the average delay as the key metric, which we analyze
using queueing theory. This allows an SU to decide when one type
of access technique provides better performance, as a function of
the metric of interest and key network parameters. What is more,
based on this analysis, we propose a dynamic (hybrid) policy, that
can decide at any point to switch from one type of access to the
other, offering up to 50% of additional performance improvement,
compared to the optimal “static” policy in the scenario at hand. We
provide extensive validation results using a wide range of realistic
simulation scenarios.
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1. INTRODUCTION

Lately, we are witnessing a tremendous increase in the number of
data-enabled wireless devices (smartphones, tablets, etc.) as well
as in the applications and services that they provide. Coupled with
the equally large market growth envisioned for the numerous small
and large “things” requiring wireless connectivity [1], this creates
a huge pressure on wireless network operators, and a resulting in-
crease in spectrum demand.

Because of this, and due to the static spectrum allocation policies
followed by authorities worldwide, spectrum scarcity has become a
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Figure 1: The illustration of the underlay mode with: a) idle PU (high periods),
b) active PU (low periods).

major problem in today’s wireless industry. Nevertheless, measure-
ments of the utilization of licensed wireless spectrum in fact reveal
that the available spectrum is rather under-utilized, exhibiting high
variability across space, frequency and time [24].

To address this issue, dynamic spectrum access techniques have
recently been proposed, with cognitive radio (CR) as its key tech-
nology [2]. In a cognitive network, there exist licensed users, known
as primary users (PU), which are assigned the spectrum from the
regulation authority, as well as unlicensed users that are known
as cognitive or secondary users (SU) utilizing the spectrum oppor-
tunistically. Cognitive users are subordinated to primary users’ ac-
tivity. Hence, they have to adapt their transmission parameters, so
that there are no impairments on PU Quality of Service.

One of the main functions of CRs is spectrum access [2]. Spec-
trum access is very important to prevent potential collisions be-
tween the SUs and PUs. Spectrum access techniques can be clas-
sified as: underlay, interweave, and overlay. In this paper, we are
concerned only with the first two techniques. In the underlay mode
(Fig. 1), the SU reduces the transmission power when a PU is uti-
lizing a given channel such that the maximum interference level a
PU can tolerate is not exceeded. In the interweave mode (Fig. 2),
the cognitive user can transmit only when there is no PU, with the
maximum power in accordance with the spectral mask. Whenever
a PU claims a channel back, the SU must immediately cease its
transmission and look for another white space, i.e., a part of the
spectrum that is currently not utilized by its PU. In the overlay
mode, the cognitive user serves as a relay to a licensed user and
in turn the PU allows it to access a portion of its spectrum. How-
ever, the necessity of complete channel knowledge from both PU
and SU increases complexity and makes this mode less attractive.

A large number of works exist for both underlay and interweave
access in CRNs [9, 12]. While some arguments for the one or the
other exist (often related to the potential harm to PUs [28]), there
is little consensus regarding which mode would offer the best per-
formance to SUs.

While the possibility of transmitting without interruptions (usu-
ally causing issues to higher layer protocols) is certainly an advan-
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Figure 2: The illustration of the interweave mode with: a) idle PU (high peri-
ods), b) active PU (low periods).

tage that underlay access offers, there are also some drawbacks as-
sociated with it. First, the user in this mode can transmit with max-
imum rate only when the PU is silent. These periods of time can
be much shorter than the periods with PU, especially when deal-
ing with high duty cycle licensed users. Furthermore, if that PU is
located in the vicinity of the SU, the SU’s transmission rate might
have to be significantly reduced. This could significantly reduce the
effective (average) transmission rate and the resulting throughput.

Contrary to this, in interweave mode the SU can look for another
idle channel when the PU arrives (possibly with a lower duty cy-
cle) and start transmitting again at full power, possibly improving
the average throughput. Yet, the intermittent nature of communi-
cation relying on interweave access may delay some application
flows (e.g., a request to transmit a short file, fetching a web page,
etc.) significantly, if they happen to arrive while the SU is scanning
for a new available channel. Such delays can be exacerbated not
only if the SU resides in a relatively busy part of the spectrum (e.g.,
urban areas at “peak’ hours), but even if the variability of this scan-
ning time is high (e.g., sometimes a new channel is found quickly,
but sometimes the SU might be stuck scanning for a long time).

Based on the above discussion, it is obvious that there are a num-
ber of tradeoffs involved, and it is not easy to say, a priori, which
mode of spectrum access would perform better in a given scenario.
The relative performance has a close dependence not only on spe-
cific network parameters (e.g., PU duty cycle, allowed transmission
power, etc.), but also on the metric of interest, the type of SU traffic
(sparse, frequent), size of requests, and even higher order statistics
of key parameters, such as the time to find a new white space.

To this end, in this paper we approach this problem using an ana-

lytical framework to evaluate the individual performance of under-
lay and interweave access, as well as to compare them in a range of
settings. We focus on the delay, which we analyze using a queue-
ing theoretic framework. Our contributions can be summarized as
follows:
(1) We derive closed-form expressions for the expected delay for
underlay and interweave spectrum access as a function of key net-
work parameters (average PU idle time, transmission rates, scan-
ning time statistics), and user traffic statistics (traffic intensity, file
size). This allows us to directly compare the performance of the
two, and derive the conditions that would make the one or the other
preferable. Finally, we also use these insights to propose a “hy-
brid” policy, that can switch between the two dynamically, in or-
der to further improve performance (Section 3); (ii) Using a wide
range of realistic simulation scenarios, we validate our analytical
predictions extensively, explore the conditions under which under-
lay or interweave policies perform better, and show when the dy-
namic policies can indeed offer additional performance improve-
ments (Section 4).

2. PERFORMANCE MODELING OF SPEC-
TRUM ACCESS

Our figure of merit is the delay. We assume that traffic flows
arrive randomly as a Poisson process with rate A. The file sizes

are assumed to be exponentially distributed. When a file arrives
to find another file in the system, it will be queued. We consider
First Come First Served (FCFS) order of service. The total time
a file spends in the system is the sum of the service and queueing
time, and is referred to as the system time. We also use the term
transmission delay interchangeably with system time.

2.1 Problem setup for underlay access

In underlay access, the SU can transmit at full power when there
is no PU communicating on that channel. When the PU resumes
its transmission, the SU has to reduce its transmission power, so
that there are no impairments on the PU transmission quality. Al-
though the actual power allowed depends on the primary and the
interfering channel quality (distance, LoS, etc.), we will assume for
simplicity that the SU power can vary between two levels: “high”
power when there is no PU, and “low” power when there is PU
activity (e.g., perceived as an average value).

Consider a channel used by one or more PU. The occupancy of
that channel can be modeled as an ON-OFF alternating renewal
process [17] (TéN,TéFF) , i > 1, as shown in Fig. 1'. ON pe-
riods represent the absence of the PU on that channel, while the
OFF periods denote the periods of time with active PU. ¢ denotes
the number of ON-OFF cycles elapsed until time ¢. Unless other-
wise stated, the duration of any ON period, 7o n, is assumed to be
exponentially distributed with parameter 7z, and is independent of
the duration of any other ON or OFF period. Similarly, the duration
of an OFF period is also assumed to be exponential, but with pa-
rameter 7)z,. This assumption is necessary for the tractability of the
delay analysis. Generic ON/OFF distributions could be introduced
also in our delay analysis by considering phase-type distributions
and matrix analytic methods [15]. However, such methods lead
only to numerical solutions, that do not allow for direct analytical
performance comparisons. What is more, simulation results (Sec-
tion 4) suggest that, even for generic ON/OFF period distributions,
the accuracy of our predictions is sufficient for both modes.

The data transmission rate during the ON periods is denoted with
cu, while during OFF periods the date rate is cz,. The actual values
for these depend on technology, channel bandwidth, coding and
modulation, etc. However, since the allowed transmission power
during ON periods is higher, it holds that cg > cr.

2.2 Problem setup for interweave access

In the interweave mode, the SU can transmit only when there is
no PU activity (ON periods). It is again assumed that the periods
with no PU activity are exponentially distributed with parameter
nm, and the data rate is cg.

However, after the arrival of a PU in the channel (at the end of
that ON period), the SU does not continue transmitting (at lower
power), as in the underlay case, but starts looking for another avail-
able channel. As soon as it finds one, it resumes transmission at
full power (i.e., with rate cx). Consequently, we can again model
this system with an alternating renewal process. However, OFF pe-
riods now correspond to scanning intervals during which no data
can be transmitted, i.e., c;, = 0.2 Hence, it changes its operation
to the scanning mode. During the scanning mode (i.e., during an

"This approach is more generic than e.g., modeling the PU activity
as a Poisson process. For a detailed discussion on this, see Sec-
tion 5.

2We assume that in both modes a single radio and antenna is used.
Hence, a SU can only transmit or scan at any time, but not both.
In contrast, to detect that the PU is back, we could just switch the
radio periodically to receive mode, take a short time sample (in the
order of us) and do energy detection, to see if there is a PU sig-
nal [13]. Since we assume that the sensing time is much shorter
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OFF period), the SU moves to a new channel and senses it for some
time. If available, it resides there and goes back to the transmission
mode. Otherwise, it switches to another frequency and senses an-
other channel, and so on until finally an available channel is found?,
and the transmission process is resumed. Hence, the scanning time
corresponding to one channel is actually the sum of the sensing
time (77) and the switching delay (Tswitch) introduced®, and the
total scanning time can be written as

Ts =1L (TI + Tswitch,) ; (1)

where L is arandom variable denoting the number of channels a SU
has to sense until it finds the first available. We assume that sensing
time/channel is much shorter than the ON and OFF periods.’

The switching delay while moving from the channel with fre-
quency f; to the channel with frequency f; can be expressed as [6]

Tswitch = ﬂ@y (2)

where (3 is the delay to move to the first contiguous channel, and is
hardware dependent [6], while d denotes the frequency separation
between two neighboring channels.

By looking at Eq.(1), we can infer the following. If the probabil-
ities of finding each channel available are independent and almost
equal, we can say that the random variable L is geometrically dis-
tributed. If we further assume that the switching time is the same
when moving from one to another channel, and the well known fact
that the geometric distribution can be obtained by rounding the ex-
ponential, we can infer that the scanning time can be approximated
with an exponential distribution. Hence, exponential scanning time
distribution is assumed first. However, the nature of scanning time
distribution depends heavily on the availability of the backup chan-
nels and on the frequency distance between them. Under most sce-
narios (high discrepancy on the availability probabilities between
different channels, very low duty cycle of all the channels, the ex-
istence of available channels in the more remote parts of the spec-
trum etc.), the exponential assumption on the scanning time will
not hold. For that reason, we also analyze the system for scenarios
when the scanning time underlies high and low variance distribu-
tions.

Let’s assume that the eligible channels have roughly the same
duty cycles (% of time the PU is active on a channel) that are very
low (sporadic activity of PUs), and that they are “neighbors” in the
frequency context. Under this scenario, we would expect that the
time needed to find an available channel is almost constant (most of
the time only one channel needs to be sensed) and will not deviate
much from the average value, E[Ts]. Hence, in this case the scan-
ning time distribution would have a low variance (lower than the
exponential distribution). A convenient and generic way to model

than the actual durations of ON and OFF periods, we can safely ig-
nore these sensing periods. However, the switching time is usually
much higher than the sensing time (order of ms or even seconds)
and cannot be ignored.

*We assume that the SU chooses channels sequentially from a
list [6].

“The “scanning time” in our model is a random variable that can
capture a number of processes (including the time to rendez-vous),
and since we assume it is generic it can include any distribution
(sum of switching, scanning and rendez-vous). However, the ac-
tual protocol to ensure this rendez-vous is beyond the scope of our
paper, and any of the existing schemes can be assumed, without
affecting the results.

’In scenarios with static PU activity (TV stations), geolocation
databases can replace spectrum sensing. However, we consider
here PUs with dynamic activity.
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Figure 3: The distribution of the scan- Figure 4: The distribution of the scan-
ning time for low PU duty cycles. ning time for two groups of channels.

such low variance distributions is by using a k-stage Erlang distri-
bution [10].

As opposed to the previous scenario, there might be a number of
channels with high duty cycles, and there might be few channels
with much lower duty cycle located further away in the spectrum.
Although there is a low probability, it may happen that all these
channels located close to each other are busy, and the SU ends up
searching the channel that is far away in the spectrum band. Since
the switching time is proportional to the frequency difference, the
scanning time will be considerably larger. So, there is a chance that
some of the scanning time samples will deviate from the average
to a considerable extent. Hence, in those cases the scanning time
distribution can be considered as heavy-tailed, and the exponen-
tial assumption cannot capture that behavior. For that purpose, we
model the scanning time with a hyperexponential distribution, in
which with a probability p the scanning time will be exponentially
distributed with parameter 7z, and with a small probability 1 — p
it will be exponentially distributed with parameter 7y,. Note that
nv << NL.

To support our aforementioned claims, we consider two scenar-
ios. First, we assume that there is a group of 20 channels, which
are close to each other in the spectrum. The duty cycles of the
channels are all low (0.2), PU activities are i.i.d., 77 = 1 ms, and
Tswiten = 10 ms. Fig. 3 shows the complementary cumulative
distribution function (CCDF) of scanning time durations. On the
same plot, the CCDFs of exponential and Erlang distributions for
k = 3 and k = 6, are also shown. The plot demonstrates that the
exponential distribution cannot really capture the behavior of the
system. Instead, an Erlang distribution needs to be used. Similar
conclusion for the inability of the exponential distribution to cap-
ture the scanning time can be inferred from Fig. 4. As opposed
to the previous scenario, in this case the channels have very high
duty cycles (0.8), and the switching time between this group and
the group with 2 channels (with a duty cycle of 0.2) is 0.5 s. The
hyperexponential distribution (shown also in the plot) has the fol-
lowing parameters: p = 0.2, Ay = 90, A2 = 3. As can be seen,
the hyperexponential distribution can capture to a better extent this
scenario.

The above results highlight the need to consider more general
distributions for scanning times directly into our analysis. Surpris-
ingly, as we shall see, closed-form results for the system delay can
still be found for such generic scanning times.

Before proceeding any further, we summarize in Table 1 some
useful notation that will be used throughout the rest of the paper.

3. DELAY ANALYSIS OF UNDERLAY AND
INTERWEAVE ACCESS

In this section we will derive the formulas for the average file
delay for interweave and underlay access. For the former one, we
perform the analysis over different scanning time distributions: ex-
ponential, k-stage Erlang and hyperexponential. For that purpose
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Table 1: Variables and Shorthand Notation.

Variable Definition/Description
ToN Duration of PU idle periods
Torr Duration of PU busy periods or scanning time
A Average file arrival rate at the mobile user
T L Probability of finding ¢ files in the OFF (low) period
T H Probability of finding ¢ files in the ON (high) period

™,V Probability of finding ¢ files in the OFF (V-state) period
ne (L) The rate of leaving the ON (OFF) state
nv The rate of leaving the V-state

A The average file size
WH = ETH The service (transition) rate while in a high state
nr = KL The service (transition) rate while in a low state
E[T] The average system (transmission) time

A A A
A
Qi YO XEm YA
MH
no NH un NH
A
QLY XL WGl YGLS

Figure 5: The 2D Markov chain for exponentially distributed scanning time.

we use 2D Markov chain models, and the Probability Generating
Functions (PGF) approach to derive the delay.

3.1 Delay analysis for interweave access

Exponential scanning time. Due to the assumptions made in
Section 2.2 that ON/OFF periods are exponentially distributed, we
can model our system with a 2D Markov chain, as shown in Fig. 5.
Each state in this chain indicates the number of files present in the
system and the presence (lower states) or absence (upper states) of
the PU. 7; 1, (7, ;) denotes the stationary probability of finding ¢
files when there is (not) a PU active on that channel. The transition
rates g and 1y, are the parameters of the exponentially distributed
ON and OFF periods. While in the upper parts of the chain there are
transitions between states (¢, H) and (¢ — 1, H) with rates equal
to ug = <, in the lower part (corresponding to the active PU),
there is no transition going from state (¢, L) to (i — 1, L). This
is a consequence of the SU inability to transmit while scanning.
The transition rate from low to high periods is 71, with exponential
scanning time of average duration E[T5] = %

THEOREM 1. The average file delay in a cognitive radio net-
work with interweave spectrum access and exponentially distributed
scanning time is

nu (ne + pr) (B[T3))? + 2nm E[T] + 1

FElTerp| = 3
Wearl = 200 B e =3 — B
PROOF. The balance equations for this chain are
mo,L A+nL) = numon “4)
mir A+nL) = Ami—i,p+namiH, 1> 1 (5)
mo,g (M + ) = nrwor + pET,H (6)

mi, g A+ pE + ne)=Ai—1,5 + L + paTie,HE, © > 1(7)
We define OCt)hf: PGFs for this chain as_

Gr(z) = Zm,in7and Gu(z) = z:ﬂ'i,Hzi7 lz] <1,z€C.

i=0 =0
Multiplying Eq.(5) with z° and adding it to Eq.(4), we obtain
A+ne)d mire =nu Y muz +AY miapz, (8)
i=0 i=0 i=1

that leads to

A1 —2) + 1] Go(2) = naGH(2). ©)
Similarly, multiplying Eq.(7) with z* and summing with Eq.(6),
we get

(e + X)) minz +pn Yy w2

i=0 i=1

oo o0 oo
=L Zﬂ'i,LZZ + )\Zﬂ'ifl,HZZ + pH Z,UHTHJA,HZZ- (10)

i=0 i=1 i=0
Eq.(10) results in
(1 = 2) + (= — 1) 4 nar] G () —

n2Gr(z) = pamo,a(z —1). (11)
Solving the system of equations (9) and (11) leads to
Gr(z) =puamo,a(z—1)-

-1
{i =1 = 2) + (= = 1)+ a2l AL = 2) + 2] — zm} . ()
NH

Gu(z) = L[)x(l—z)-i-nL]GL(z). (13)
nH

The only unknown in Eq.(12) is 7o, i (the stationary probability of
SU having zero files while there is no PU activity). To find it, we
proceed as following. First, we write the balance equation across
the vertical cut between states (i, L) and (¢, H) on one side, and
(i, L + 1) and (i, H + 1) on the other. This gives

AT L+ AT o = [LHTi41,H - (14)
After summing over all the values of ¢, we have
A=pn [Gu(l) —moH]. (15)

In Eq.(15), Gu(1) = Y. mi,m is the probability of finding the
i=0

system in the high state. For mg, i we have

1) — A
o, = LEGED ZA (16)
W
Replacing z = 1 into Eq.(9) gives G (1) = Z—’ZGH(l). It is also
evident that G (1) + Gg (1) = 1, resulting in
1
Gu(l) = —r- a7
L+
Replacing Eq.(17) into Eq.(16) enables us to find 7o, #:
7r ! A (18)
0,H = T .
1+ ﬁ WH

After finding 7o, i and replacing it into Eq.(12), and the later into
Eq.(13), we find G'1.(z) and G (2) in closed form.

The next step is to find the average number of files in the system.
It is the sum of the derivatives of partial PGFs at point z = 1, i.e.,

E[N] = E[Ni] + E[Nu] = Go() + Cu(1).  (19)
Differentiating Eq.(12) with respect to z we have

’

_ pamo,nF(2) — pamo,u(z —1)F (2)
F2(2)

In Eq.(20), F'(2) = A(2)B(z) — nrz, where B(z) = A(1 — z) +
nL,and A(z) = AZﬂ*Z)ﬂL:;;}(z71)+77Hz_

It can be proven easily that Eq.(20) is of the form % atz = 1.
After applying L' Hépital’s rule twice, we get

Gr(2) (20)

o —pamonF (2) + pamou P (2)(1 — 2)
Grlz) = 5F ()2 1 2F ()" (2) - @D

Based on Eq.(21), we have
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Figure 6: The 2D Markov chain for Erlang-distributed scanning time.

I —pmmo.rF (1)
E[NL] = iL}Hll Gr(z) = SO (22)

After some algebra, we obtain

Aermo,r (N + pr +ng — N)

E[Ni] = (23)

2
nH [ﬁ(uH T = A)ne = A = UL}
The next step is to find F[Ng] (the average number of files while
being in a high state). For that purpose, Eq.(13) is differentiated,
giving

C(z) = niH [-AGL() + N1 = 2) +m]Gr(a) ). @4

Since E[Ng| = lim.—1 GIH (2), substituting z = 1 into Eq.(24)
results in

1 ,
E[Ng] = — [—)\GL(l) T nLGLu)] . (25)
nu
In Eq.25), E[N] = Gp(1), and GL(1) = 2EEL . so,
Eq.(25) reduces to
A\E[T:] 1
E[Ny] = — E[NL]. (6
[Na] L+ nuETs ' nuE[Ts [Nz} 20

After some algebra, we can find that the average number of files in
the system is E[N] = E[Nr] + E[Nu].

Finally, using Little’s law E[N] = AE[T] [17], we obtain the
average file delay in the interweave access as in Eq.(3). [

Low variability scanning time. In the previous section we have
derived the average file delay for exponentially distributed scanning
times. However, as explained in Section 2.2, there exist some cases
when the scanning time can have less variability than the exponen-
tial distribution. To capture this low variability, an Erlang k-stage
distribution is assumed. Our system can still be modeled with a 2D
Markov chain, as depicted in Fig. 6. However, a transition from a
low state (scanning) to a high state (finding and using a new avail-
able channel) would now have to go through an additional k£ — 1
intermediate states (vertically), as opposed to going directly to the
high state as in the exponential case (see Fig. 5). The transition rate
between these states is k7. Since there are k stages, the average
scanning time is E[Ts] = kﬁ = % It is not possible to make
a transition backwards while in the scanning mode (no transmis-
sion). In general, it is very difficult to solve these kind of Markov
chains analytically, and one needs to use numerical, matrix-analytic
methods [15]. However, numerical methods do not provide any in-
sight on the nature of the solution and its dependency on certain
parameters.

Figure 7: The 2D Markov chain for hyperexponentially distributed scanning
time.

Interestingly, due to the particular structure of the MC at hand,
we are nevertheless able to derive a closed form analytical expres-
sion. Although there are more than two states in the “vertical” di-
rection, we can still write down the balance equations and follow
our approach to solve a system of k + 1 equations in the partial
probability generating functions. This is the main difference with
the scenario for scanning times that are exponential.

Due to space limitations, we omit the derivation details here. The
interested reader can find them in [14]. The following theorem
gives the expected delay in this scenario.

THEOREM 2. The average file delay in the interweave access
with Erlang distributed scanning time is given by

nH [nH + UZZI)MH] (B[Ts))? + 2nu E[Ts]) + 1
(L +nu E[Ts])(pr — X — Anu E[T))

E [Terl] =
27

By carefully comparing Eq.(3) and Eq.(27) one can notice that
the average delay for exponential scanning time is always higher
compared to the delay induced in the case of Erlang scanning time,
since % < 1,Vk > 1. This is in accordance with queueing
system experience, where higher variability usually reduces per-
formance.

High variability scanning time. Finally, we proceed with the
case of high variability scanning time, which is modeled by an hy-
perexponential distribution with two branches that will be mapped
into two separate states (denoted with the index L and V). The 2D
Markov chain for this model is shown in Fig. 7. While being in
the scanning phase, the SU can be either in one of the (¢, L) states
(short time of finding an available channel), or in one of the (i, V')
states (long time until an available channel is found). The average
scanning time in this setup is E[Ts] = 2 + 1{—;’. In order to
maintain the same F[T5] as before, but with much higher variabil-
ity, we choose a very low value for 1 —p (e.g., lower than 0.05) and
nv << NL.

Once more, the structure of this chain allows us to avoid numer-
ical, matrix-analytic methods, and instead apply the methodology
of PGFs to derive a closed form expression, given in the following
theorem. The interested reader can find the detailed proof in [14].

THEOREM 3. The average file delay in interweave access with
hyperexponential scanning time is given by

(i BTS)) + nerpers (% + 17;—2;’) +2nu B[T] + 1
(L+nu E[T])(p — A — Anu E[T5])

E [Thyp] =
(28)

It can be easily proven [14] that ]% + 11;2p =
Y. i Y.

4 () (= )= tm (s - ) =

(E[T))*+: (% - E[TS])>(E[TS])2. This leads to E[Thyp] >

E[Tezp], which is expected from queueing systems.
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Figure 8: The 2D Markov chain for the underlay model.
3.2 Delay analysis for underlay access

As we have already explained in Section 2.1, in the underlay
CRN the SU can transmit all the time (both when in high and low
states). We can again model the system with a 2D Markov chain,
as shown in Fig. 8. Note the difference with Fig. 5. While in Fig. 5
there is no transition backwards in the low states, in the underlay
CRN these transitions exist with rate pur, = EAL.

We should mention that 7o, i (70,1,) denote, as before, the sta-
tionary probability of finding the SU with no files to transmit while
being in a high (low) period.

THEOREM 4. The average file delay in the underlay access mode
is given by

~nut et pE (1 — 7o, H pr(l — mo,L)-A + ﬁL‘Aﬁ‘m(ﬂ’o,L + mo,5—1)

E[T.]
panL + prna — AX(ng +1r)
(29)
PROOF. The balance equations for this chain are
mo,L(A+nL) = miLprL + mo,HNH (30)
mo,g(N+nu) = miEpE+ TO,LNL (31)

o, (N + 1 + pr)=mi—1, L A\ miga, L pn + i, anm, (1> 0)32)
o5 (A + N + pa T, E AT g pE + e, (1> 0)X33)

Similarly as before, we define the probability generating func-
tions for both the low and high states as

oo (oo}
Gr(z) = ZM,in7and Gu(z) = ZM,Hzi, |z] < 1.
i=0 i=0
After multiplying Eq.(33) by z* and rearranging (in the same
direction as we did for interweave CRN), we obtain
A+nL +pL)GL(z) = A2GL(2) + nuGH(2)
+H7L (Gr(z) — mo,) + mo,LpL, (34)

and
(A+nm +pa)GH(2) = A2GrH(2) + nLGL(?)

+”7H (Gu(z) —mo.u) + mo,u . (35)

Solving the system of equations Eq.(34)-(35) gives
f(2)GL(z) = mo,anupnztmoLps naz + (A — zpm)(1 —(3«2%%7

where
F(2) = N2° = Moz +na + X+ par + pr) 2
+(Lpm +napn + pops + AN + App)z — popa. (37)
It can be proven that the polynomial in Eq.(37) has only one root
in the open interval (0,1) [29]. This root is denoted as zo. We
omit this proof here due to space limitations. Setting z = z¢ into
Eq.(36), and after some algebra we get 7o, 1, and 7o, i, as

NHULFNLEH
NH ( ng+nL )\) %0

L= T 20) (un = Azo) 9

NELLYNLUH
Nz ( NH+NL

)\) Z0
S T ) ) )

Finally, using Little’slaw E[N] = AE[T] [17], we obtain Eq.(29).

While the assumption of two power levels was made for analyt-
ical tractability, in most practical scenarios there would be more
than two levels. In that case, the corresponding Markov chain
would have more states horizontally. The solution of such a Markov
chain can be obtained numerically [14]. Nevertheless, we can lump
the | & | levels (if there are M possible power levels) with lower
power into a single level, whose data rate would be the weighted av-
erage of the corresponding data rates, and the transition rate would
be the average transition rate of these levels. The same approach
can be followed for the L%J higher power levels. This way we
would obtain the Markov chain of Fig. 8, with other transition
rates [14], whose solution is, as shown, in closed-form.

So far, we have been assuming that spectrum sensing is perfect.
However, in practice that is not the case since often the SU cannot
detect the presence of a PU signal. When that happens, we say that
there is a miss-detection. We assume that the probability of miss-
detection is equal to py,q [4]. On the other hand, if the SU is very
sensitive and can detect even a very low power signal (not coming
from a PU), the SU will perceive it wrongly as a PU signal. This is
known as false alarm, and the corresponding probability is denoted
by pra-

Let’s consider the underlay mode (Fig. 8). The SU periodically
senses the channel. Let’s denote with E[T},] the average inter-
sensing time (the average time between two consecutive sensing
instants). We assume w.l.o.g. that it is constant®. Each sensing
instant is a Bernoulli trial with probability of “success” (the prob-
ability of a PU arriving to the channel) p = ﬁ%. In
the ideal case (no false alarms nor miss-detections), the average ON
period would be

E[Ton] = %E[Tis]. 40)

In case we consider both miss-detections and false alarms, the prob-
ability of a PU arrival as perceived by the SU is p(1 — pma), i.€.,
there is an arrival and it is correctly detected. In order the SU to re-
main in the high period, there must be no arrivals nor false alarms.
The probability for this to happen is (1 — p (1 — pma)) (1 — pya)-
From this we get the probability of an SU leaving the high state at
the moment of sensing as 1 — (1 — p (1 — pma)) (1 — pyra), which
after rearranging leads to

P =psat (1= pma) p-(1—pra). @1)
The actual average duration of an ON period when we consider
these imperfections is E[Ton,im| = pi,E[Tis] = ﬁE[TON],
leading to
p
Pra+ (1 =pma) p- (1 —pya)
and for the transition rate out of an ON period

o 1 _ Prat+ (1 =pma) -p- (1 —pra)

T Elonm] P

E[TON,im] =

- E[Ton], (42)

“Mu

(43)
Following a similar reasoning for low periods, we get for the
transition rate out of a low state [14]

¢+ _ Pmit (1 =pra) - q- (1 = Pma)
nL = :
q
is the probability of no PU in the

nL, (44)

E[Ton]

where g = E[ToNn]+E[ToFF]

channel.
The other transition rate parameters of Fig. 8 remain unchanged.
Although the result expressed through Eq.(29) will not be the same,

®In case the last performed sensing during a given ON period oc-
curred before (and not at the arrival instant of PU) the PU reclaimed
back its channel, then we can capture that PU arrival instant with
the probability of miss-detection.
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Table 2: The analytical comparison of underlay and interweave modes.

2B

Ts Condition Notation
By =207k +nu (k + Dpm + 2k BT\
_ 2_
Erlang B[T.) < =222V B4 Bs | g (4K — 2kpy B[T] + ARE[T)N\)

Bs = 2k(1 — (ug — N\ E[Ty])

Ay = nu(pe + nm) + Mg E[T,] >0

2C

_ 2_
Exponential B[] < “20VANA |y — g — (i — 20 E[T)
Ag =1- (,U,H — )\)E[Tu]
Cr = nunvng (1+ AE[T.])
- Voo
Hyperexponential | E[Ts] < R e ne(pa (v + L) + 2nenv + 2 ey E[Tu] — nonv pm E[T]]

Cs = nenv — nupm —nenv (pr — A) E[Ty)

the procedure is identical. Hence, the obtained results will still be in
closed-form. The same conclusion can be drawn for the interweave
access mode.

The miss-detections might affect the PU performance. In that
case the PU will have higher interference. We can easily calculate
the expected percentage of a PU busy period that would be inter-
fered by an SU due to miss-detection. Nevertheless, our main con-
cern in this paper is the impact on the SU. Analyzing the impact of
imperfections on the PU is beyond the scope of this paper. Finally,
we assume that the SUs are coordinated among themselves, and fo-
cus on the interaction between a PU and an SU. The problem of SU
impact, if not coordinated (leading to collisions), is interesting, but
beyond the scope of this paper.

3.3 Analytical comparison of delays in under-
lay and interweave mode

Having derived the formulas for the mean delay in underlay and
interweave CRNs in Sections 3.1 and 3.2, we are able to compare
the delays incurred in each of them. As could have been noticed,
the delay depends on the statistics of the PU activity, data rate, traf-
fic intensity, and scanning time. In a first scenario, we assume that
the SU has to decide at the beginning which of the access modes to
use: underlay (i.e., always stay on the same channel and transmit
with the permitted power), or interweave (i.e., become silent when-
ever a PU arrives on the channel and scan for a new one). We will
refer to this simply as “the static policy”. While not a real policy
per se (in practice, a node will always be able to scan and switch
channels eventually), it allows us to gain some insights as to the
parameters affecting the performance in each case. In Section 3.4,
we will consider a more realistic, dynamic policy.

In general, for interweave access to outperform underlay access,
the expected scanning time E[T5] should be short enough to en-
sure that the opportunity cost of not transmitting/receiving any data
for some time (which is allowed in underlay) is amortized by the
quick discovery of a new white space. In Table 2, we provide an-
alytical expressions for the maximum F[7%] values for which in-
terweave access has lower delays. As can be seen from Table 2,
there is a complex dependency on the various system parameters.
What is more, this “boundary” point further depends on the vari-
ability of the scanning time. For example, we can observe that
B1 > Ai, Bo > Aj [14], and that for interweave to outperform
underlay access for exponential scanning time, a smaller scanning
time is needed. Similar conclusions can be drawn by comparing
the parameters of hyperexponential distribution with the two pre-
vious ones. We can observe that the scanning time variability has
an important impact on the boundary scanning time. The higher
the variability of the scanning time is, the lower scanning time is
needed for the interweave mode to outperform the underlay access.

3.4 The delay minimization policy

In the previous section, we have compared underlay and inter-
weave access, in a “static” context, where the decision between
the two is made once, at the beginning. In practice, a node with a
cognitive radio will normally be able to choose to stay at the cur-
rent channel and transmit at low(er) power, or scan for a new white
space at any time. Such a hybrid policy might lead to a further
improvement in performance, if designed properly. We next define
such a hybrid policy, identify the conditions under which it offers
gains, and derive an optimal switching rule (from one mode to the
other).

DEFINITION 1. Delay minimization policy.

o The SU will reside on the current channel if it is idle (no PU
activity) and continue its activity there.

e [fa PU is detected, the SU will continue transmitting with
lower power, until a time t, called the “turning point”.

e [f the PU does not release the channel by time t, then the
SU ceases transmission and starts scanning for a new idle
channel.

e [fthe PU leaves the channel before t, then the SU resumes
transmitting at higher power, and resets the turning point to
t time units ahead.

The above policy is generic. Our goal is to find an optimal value
for t. Let us consider some cases, to better understand the tradeoffs
involved. First, if the static interweave policy, as described in the
previous section is better than the static underlay policy, then it
is easy to see that the optimal value of ¢ is O: it is always better
to start scanning immediately when a PU arrives. Hence, we are
interested only in cases where the underlay is better on average
(i.e., the respective condition in Table 2 nor satisfied), but there are
instances when the current channel remains busy for too long and
then it becomes better to start scanning instead.

In the above context, assume that the PU activity (OFF) periods
are exponentially distributed. Assume further that a PU arrived at
the current channel and ¢ units have already elapsed and the channel
is still busy. Due to the memoryless property of the exponential dis-
tribution, the remaining time until the PU leaves is still the same, as
at the beginning (when the PU just arrived), i.e., equal to E[Torr).
Hence, if at time O it was better to stay on the channel and trans-
mit at lower rate rather than initiate scanning (which is what we
assumed above), for any elapsed time t it is still better to stay on
the channel and not start scanning. A similar conclusion can be
drawn for PU activity periods with increasing failure rate (IFR)’,

"The distributions with increasing (decreasing) failure rate are

those for which % is an increasing (decreasing) function of
x.
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i.e., lower variability than exponential. There, if at ¢ = 0 one can-
not gain by scanning (i.e., static underlay is better on average), then
as t increases, the expected gain from staying in the underlay mode
in fact increases.

Hence, we can conclude that a dynamic policy (i.e., an optimal
value of ¢ strictly larger than 0) may offer gains only for PU activ-
ity periods with decreasing failure rate (DFR). There, although at
the beginning, when the PU arrives, it might be on average better
to do underlay, as time elapses, the expected remaining PU busy
time keeps increasing (above the average), until at some point it
becomes profitable to stop and scan for a new empty channel. This
allows dynamic policy to outperform any of the static policies, as
we show later, by essentially “pruning” the long OFF periods from
the underlay mode.

The following result provides an analytical expression for the
case of Pareto distributed OFF periods (with parameters L, ), a
popular distribution with decreasing failure rate [14], and for expo-
nential ON periods.

RESULT 5. The optimal turning point, top¢, in a Cognitive Ra-
dio Network can be found as a solution of

nH__ [H — [ <<1 B l) ey lLa71t2>
Ny + 1ML WH a o

TH L HPH — BL ;o o
+ : L%t — B[TJaL® ) = 0. (45
ni + 4 nH+nL< p ] ) “3)

The solution to Eq.(45) can be found numerically. Table 3 summa-
rizes all the possible scenarios.

It is interesting to note that, unlike the variability of OFF periods
for underlay access, the variability of the scanning time distribution
(the “OFF” periods in the interweave mode) does not affect the dy-
namic policy decisions. It only enters the picture for the compari-
son between the static underlay and interweave modes (Table 2).

It is also positive that in all but few cases the optimal policy is
just the static one. This reduces the complexity of the algorithm
significantly, as one needs to make this decision only once. In
practice, some recalculation of this threshold (and thus the opti-
mal mode) might still be necessary periodically, in order to account
for changes in the behavior of the system and estimated statistics.

4. SIMULATION RESULTS

The first goal of this section is to validate the various analytical
expressions we have derived, against simulated scenarios, includ-
ing several cases when one or more of the theoretical assumptions
do not hold. We will also show the improvements offered by the
dynamic policy.

In the first scenario, we will assume that the average ON and
OFF durations correspond to those measured in [27] and are equal
to E[Torr] = 10s (nr = 0.1 s71), and E[Ton] = 5s (nu =
0.2 s~1). We will refer to this as the cellular network scenario. In
the second scenario, we fit the average ON and OFF durations to the
values observed in [5], with E[Torr] = 9s (n = 0.11 s71), and
E[Ton] = 4s (nm = 0.25 s~"). We will refer to this as the WiFi
scenario. For both scenarios, unless otherwise stated, we assume
exponentially distributed periods. We consider other distributions
later in Section 4.1. The data rates for the cellular scenario are
cr, = 1.2 Mbps and cy = 8 Mbps. For the WiFi scenario the data
rates are cy = 10 Mbps, and ¢, = 2 Mbps.® Finally, we assume

8These values are taken to be of the same order of magnitude as
the actual values encountered in practice [16]. Although these cor-
respond to PUs, and the actual data rates for SUs depend on the
distance of the SUs from the BTS or WiFi AP, channel width, chan-

Table 3: Summary of the delay policies.

Scenario
Static interweave better
Static underlay better + IFR OFF
Static underlay better + Exp. OFF
Static underlay better + DFR OFF

Optimal dynamic policy
Static interweave (topt = 0)
Static underlay (top¢ = 00)
Static underlay (topt = 00)
Dynamic policy with t,,+ € (0, 00)

that files at the SU are generated according to a Poisson process
with rate A, and file sizes are exponentially distributed with mean
size 125 KB.”

4.1 Validation of the delay models

Fig. 9 compares simulation results to our analytical model pre-
dictions for the average delay of SU files as the file arrival rate in-
creases. The system parameters correspond to both scenarios (cel-
lular and WiFi). As can be seen, our theoretical results match with
the results obtained from simulations. As is expected in queueing
systems, the delay increases when arrival rate (and thus the utiliza-
tion of the system) increases. The delay incurred in the cellular
scenario is larger, since WiFi data rates are considered to be higher
and the PU is less active there.

We move next to validating our analytical predictions for the in-
terweave scenario. Fig. 10 shows the theoretical vs. simulated re-
sults for the cellular network scenario for three types of scanning
time distributions (exponential, 4-stage Erlang, hyperexp.), all with
the same mean E[Ts] = 1s. For the hyperexponential scanning
time, we take 7, = 1.9 s~ ! and v = 0.1 s~ *. The probability
of having a large scanning time (far away channel) is 0.05. The
coefficient of variation for this distribution is 3.

As the plot shows, the theory is correct and provides an excellent
match with simulations for different scanning time distributions.
Another outcome is that the average delay has the lowest value for
Erlang distributed scanning time, while the worst performance is
achieved for hyperexponential distribution. The above conclusion
is in line with our analytical outcome of Section 3. As our analysis
suggests, higher (lower) variability in scanning time leads to higher
(lower) variability in the service time, which further leads to higher
(lower) delays. Observing the curve corresponding to the cellular
case in Fig. 9 and Fig. 10, it can be noticed that the delay in the
interweave access is lower than in the underlay. For the cellular
scenario with exponential scanning time and an arrival rate of A =
1 571, Table 2 suggests that the maximum average scanning time
should be 2.8 s. In our case F[T%] is much smaller (1s). Hence,
the interweave mode is superior.

In the previous scenarios we have used realistic values for the
transmission rates and WiFi availabilities, but we have assumed
exponential distributions for ON and OFF periods, according to
our model. While the actual distributions are subject to the PU
activity pattern, measurement studies [5,27] suggest these distribu-
tions to be “heavy-tailed”. It is thus interesting to consider how our
model’s predictions fare in this (usually difficult) case. To this end,
we consider a scenario with “heavy-tailed” ON/OFF distributions
(Bounded Pareto-BP), with parameters Lon = 1.31, Hon =
200, con = aorr = 1.2, Lorr = 2.9, Horr = 200. Due
to space limitations, we focus on the cellular scenario. The other
parameters are the same as for the scenarios of Fig. 9 and 10. Fig-

nel conditions, modulation/coding, etc., we assume w.l.0.g. that the
data rates of the SU in a WiFi network are higher than in a cellular
network.

°This value is normalized for the arrival rates considered, to cor-
respond approximately to the traffic intensities reported in [27]
and [5]. We have also considered other values with similar con-
clusions drawn.
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ure 11 compares the average file delay for the interweave access
against our theoretical prediction. The scanning time is exponential
with mean 1 s. Interestingly, our theory still offers a high prediction
accuracy, despite the considerably higher variability of ON/OFF
periods in this scenario. Although we cannot claim this to be a
generic conclusion for any distribution, the results emphasize the
utility of our models in practice.

4.2 Delay minimization policies

In this section, we would like to perform a more detailed com-
parison of the underlay and interweave access modes. Our first goal
is to examine the “static” version of the two policies, and validate
our analytical predictions when one or the other performs better.
Our second goal is to consider the dynamic policy, and see if and
when it can outperform both simple policies.

As another interesting scenario, we consider the underlay access
with parameters: 7z = 0.1 s %, n, = 15 %, cg = 10 Mbps,
cr, = 0.5 Mbps. Fig. 12 shows the average file delay (denoted by
I) against different average scanning times (exp. distributed), for
three different traffic intensities (low, medium, high). On the same
plot, for each traffic intensity the corresponding underlay delay (de-
noted by U) is shown, too. Finally, the theoretical maximum values
for the expected scanning times (Table 2), for which the interweave
mode outperforms underlay access are depicted with small circles.
For the sparse traffic case, the interweave starts to become better
for scanning times lower than 0.8 s. The first thing to observe is
that the predicted maximum value for the scanning time (i.e., the
crossing point) is correct. The second important outcome is that
this boundary is higher when the load increases. This is due to the
fact that for higher loads the queueing delay is the largest delay
component. Hence, it is worth waiting for some time, find an idle
channel and then get rid of the queued data at a higher rate. We
have also noticed that increasing the load further leads to a smaller
increase of this crossing point.

Next, we consider the hyperexponential distribution for the scan-
ning time with parameters 7, = 6 s~*, nv = 0.4 s, and the
probability p taking values such that a given average scanning time
is achieved. The observed coefficient of variation is in the range
(2,2.5). The other parameters are identical as in the previous sce-

spectrum access in a cellular scenario. weave spectrum access.

different A and exp. scanning times.

nario. Fig. 13 shows the average delay. Due to the higher variance
of the scanning time, the crossing points between underlay and in-
terweave are lower compared to the scenario of Fig. 12.

Dynamic delay policy. As discussed in Section 3.4, the dynamic
policy can offer additional performance benefits, when the PU ac-
tivity periods (i.e., the OFF periods in the underlay mode) are sub-
ject to a probability distribution with a decreasing failure rate (i.e.,
with very high variability). We consider a scenario where the low
(OFF) periods have a Bounded Pareto distribution, with parame-
ters L = 0.2, H = 100, o = 1.2. The average scanning time is
E|T.] = 1s. The other parameters are the same as for the cellu-
lar scenario. Fig. 14 shows the average delay vs. the arrival rate.
According to the static policy, the underlay mode is better than the
interweave. However, the best result is achieved with the dynamic
policy, which offers an additional delay reduction of 20-50%.

5. RELATED WORK

There has been a significant amount of research in the areas of
interweave and underlay access for CRN. The underlay CRN have
been the focus of [7,8,12, 19, 25], while the interweave techniques
were considered in [9,11,13,30]. None of these works consider the
delay as the metric of interest.

Much fewer studies exist about the per file/flow delay in such
systems [22,23,26]. In [3], authors propose an M/G/1 queueing
system with finite buffer and timeout, and derive different metrics,
among which the delay as well. However, their results can be ob-
tained only numerically and as such are difficult to be interpreted
and used in solving different optimization problems. A similar con-
clusion can be drawn for [20]. The authors there also model the SU
activity with an M/G/1 queue. However, they do not show how
to find the second moment of the service time in the P-K formula.
On the other hand, we propose an analytical queueing model that
leads to a closed-form expression for delay, which not only pro-
vides more insight into the effect of system parameters, but also
allows to analytically compare and optimize the policies.

As far as interweave CRNSs are concerned, there exist more ana-
lytical works that aim to derive the average packet delay. Most of
the works model the PU activity with stochastic ON-OFF process.
Some recent work [22,23] have capitalized on the measurement-
based study of [18], in which the Poisson approximation seems
to be decent for call arrivals, but call duration is generically dis-
tributed. These works model SUs together with PUs, as an M/G/1
system with priorities and preemption. Nevertheless, there are some
important caveats in the above models. First, they consider the
problem in the packet level and model the problem as an M/G/1
system with preemptive-resume, while in reality SU packets will
collide with a PU when it reclaims channel back, and have to re-
transmit in the next available period. On the other hand, our model
can capture both the resume and retransmitting feature of real wire-
less systems. Second, the M/G/1 systems with priorities can capture
only exponential scanning times. Our interweave model holds for
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generic scanning times. We do not need the Poisson assumption for
the PU traffic, as opposed to the priority models, since in our model
the time between two PU arrivals is the sum of an exp. (ON period)
and a generic (scanning time) random variable, which is generic.

Very few studies exist that directly compare the performance be-
tween the access modes. Comparing results from different papers is
not straightforward due to different assumptions, non-closed form
expressions, etc. In this paper, we propose models that enable us
to do analytical comparisons between the modes. A study closer to
ours in its aim is [21], where a hybrid CR system is investigated,
in which a SU probabilistically changes its mode of operation for
throughput optimization. However, the delay metric is not con-
sidered there, and the arrival process at the PU is quite restrictive
(Bernoulli). On the other hand, we propose policies that are able
to optimize the delay, and our models hold for generic PU arrivals.
Summarizing, the main novelties of this paper compared to differ-
ent related works revolve around the following key points: (i) we
make a direct analytical comparison of interweave and underlay ac-
cess delays; (ii) we provide closed form expressions for all cases;
(iv) we use our results to propose an optimal hybrid policy.

6. CONCLUSION

In this paper, we have proposed queueing models for the delay
analysis of interweave and underlay access, and we have validated
them against realistic scenarios. We have provided the bounds on
the scanning time for which the interweave access outperforms the
underlay. We have also proposed a dynamic policy to further im-
prove the performance (up to additional 50%), and we have vali-
dated our results extensively for realistic scenarios. In future work,
we plan to extend our model to capture generic file sizes.
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