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ABSTRACT: We consider an unslotted primary channel with alternating on/off activity and provide a solution to the
problem of finding the optimal secondary transmission power and duration given the sensing outcome. The goal is to
maxi mize a wei ghted sum of the primary and secondary throughput where the weight is deter mined by the degree of protection
and the minimum rate required by the primary terminals. Two sensing schemes are considered: perfect sensing in which the
actual state of the primary channel is revealed, and soft sensing in which the secondary transmission power and time are
determined based on the sensing metric directly. We use an upper bound for the secondary throughput assuming that the
secondary receiver tracks the instantaneous secondary channel state information. We justify the upper bound on information-
theoretic grounds and also provide a lower bound on secondary throughput. The weighted sum throughput objective
function is non-convex and, hence, the optimal solution is obtained via exhaustive search. Our results show enhanced
throughput by allowing the secondary to transmit even when the channel is found to be busy. The enhancement increases as
the channel gain between the secondary transmitter and primary receiver decreases. For the examined system parameter
values, the throughput gain from soft sensing depends on the “ distance” between the likelihood functions of the received
primary signal at the secondary transmitter. Further investigation is needed to quantify the potential of soft sensing.
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1. Introduction

Static spectrum allocation has been the major approach to limit the interference between different wirel ess systems and support
their coexistence. Most of the licensed spectrum resources are under-utilized, however [1]. This observation has encouraged
the emergence of cognitive radio technology and opportunistic spectrum access concepts. In cognitive radio networks, two
classes of users coexist. The primary users are the classical licensed users, whereas the cognitive users, also known as the
secondary or unlicensed users, attempt to utilize the resources unused by the primary users following schemes and protocols
designed to protect the primary network from interference and service disruption. There aretwo main scenariosfor the primary-
secondary coexistence. The first is the overlay scenario where the secondary transmitter checks for primary activity before
transmitting. The secondary user utilizesa certain resource, such asafrequency channel, only whenit isunused by the primary
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network. The second scenario is the underlay system where simultaneous transmission is allowed to occur so long as the
interference caused by secondary transmission on the primary receiving terminalsislimited bel ow acertain level determined by
therequired primary quality of service. Thereisasignificant amount of research that pertainsto the determination of the optimal
secondary transmission parameters to meet certain objectives and constraints. The research in this area has two main flavors.
The first takes a physical layer perspective and focuses on the secondary power control problem given the channel gains
between the primary and secondary transmitters and receivers. In[2], for instance, the focusis on maximizing aweighted sum
rate of secondary userswith constraints on the maximum secondary transmitted powers and the maximum tolerable interference
level at primary terminals. Thetraffic pattern on the primary channel istypically not included in this approach savefor aprimary
activity factor suchasin[3] and[4] .

The second line of research concentrates on primary traffic and seeks to obtain the optimal time between secondary sensing
activitiesin an unslotted system, or the optimal decision, whether to sense or transmit, in a slotted system. Usually under this
approach the physical layer is abstracted and the assumption is made that any two packets transmitted in the same time/
frequency slot areincorrectly received (e.g., [5], [6], [ 7], and [8]).

In this paper, we combine aspects of both the overlay and underlay schemes. As in the overlay systems, the secondary
transmitter carries out sensing to detect primary activity. However, we adopt a potentially more efficient cognitive transmission
model and allow for secondary transmission even when the channel is perfectly sensed to be busy. The rationale behind thisis
clear from the extreme case of having avery small channel gain between the secondary transmitter and primary receiver enabling
the transmitter to work at maximum power without hurting the primary link. We assume that the primary system operatesin an
unslotted fashion with the primary terminal switching its state of activity at random times. Unslotted primary systems are
studied in [9-11].

Our objectiveisto find the optimal sensing-dependent powers and transmission durationsin order to maximize aweighted sum
of primary and secondary rates. Theweight used is specified according to the minimum guaranteed primary rate and the degree
of protection needed by the primary link. Though in actual systems, the primary network would have higher priority (reflected
inaweight closeto unity in our formulation detailed bel ow), we present the general caseto account for other possible operation
scenariosinvolving networkswith no clear priority structure, such as all-secondary networks. Note that the weighted sum-rate
concept has aready been employed in the cognitive radio context, such asin [12—15]. However, it mainly concernsthe sum-rate
of multiple secondary userswith constraints on theinferencelevel inflicted on the primary receiver. Theinterference power level
constraint does not take into account the primary link quality asit focuses only on theinterference power at the primary receiver.
Itismorereasonable, albeit more difficult, to imposethe constraint on the primary signal-to-interference-plus-noise-ratio (SINR)
or primary rate because ahigh-quality primary link can withstand moreinterference power given some guaranteed primary SINR,
thereby allowing more secondary throughput gains relative to the “interference temperature” or power constraint.

We consider two sensing schemes in this work: (a) perfect sensing and (b) soft sensing, introduced in [3], where secondary
transmission parameters are determined directly from some sensing metric. Wejointly optimize the transmission time and power.
Thisisin contrast to previous works [4, 18] and [19]. In [4], although the secondary is allowed to transmit even if the primary
channel isbusy, there is no optimization of the transmission or inter-sensing time because the authors assume that the primary
network follows a slotted manner of operation. Also, the notion of soft sensing isnot investigated. In[18], sensing iscarried out
periodically and the secondary transmitter remains silent if the channel is sensed to be busy. In[19], only the transmission time
isoptimized.

We make the following contributions in this paper. We obtain the optimal power and transmission time for operation with an
unslotted primary network given the sensing metric. In the case of conventional sensing, if the channel is sensed to be free, a
certain transmit power is used and the channel is re-sensed after a specific time. A possibly different power and transmission
time are used if the channel is busy. Optimizing the transmit power and transmission periods makes use of primary traffic
parametersin addition to the physical channels between thetransmittersand the receivers. We extend the power and transmission
duration control to the soft sensing case. Moreover, we investigate the scenario of continuous transmission by the secondary
user. This means that the secondary transmitter performs no sensing and its optimization parameter is the transmit power only
asin underlay networks. The objectiveisto determine the situationsin which apure underlay strategy performsamost the same
as the sensing-dependent power and transmission time scheme. (Our results are presented in bullet form in Subsection 5.2.)

In addition, we provide an information-theoretic justification for the expression we employ for the secondary throughput. Inthe
literature, the ergodic capacity isoften used without justification (see, for example, [19, 20] and [21]). In this paper wederivean
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upper and lower bounds on the mutual information between the input and output of the channel between the secondary
terminals. Thismutual information isthen used to obtain an expression for secondary link throughput. We also provide alower
bound on the capacity of the secondary link which is below the upper bound by a maximum of one bit.

The paper is organized as follows: in Section 2 the system model isintroduced. The optimization problem of maximizing the
weighted sum ratesis provided in Section 3. We present an information-theoretic analysis for the formul as used for secondary
throughtput in Section 4, in addition to a lower bound on secondary capacity. In Section 5, we provide simulation results.

Section 6 concludes the paper.

Sensing

TTT PETEY

Spectrum Sensor

Joint Power/
TimeControl

L.....D..-..

Figure 1. System model involving one primary and one secondary links, where PT denotesthe
primary transmitter, PR: primary receiver, SR: secondary receiver and ST: secondary transmitter

2. System Model

We consider asystem composed of one primary and one secondary links assuming an unslotted primary channel with alternating
on/off primary activity similar to the model employedin[6]. Thisimpliesthat the primary transmitter switches between the active
and inactive states at random times. For simplicity, we assume that the probability density function (pdf) of the duration of the
on period is exponential and isgiven by:

fn®=24,exp(-4,h,t=0 @

where 4 isthereciprocal of the mean onduration T_ . Similarly, the pdf of the off durationis:

faO=24exp(-A,1,t20 %)
and A, = 1T ., whereT . isthe mean of the off duration. The channel utilization factor u isgiven by
T
u=—2> 3)
T +T (
on off

Based on resultsfrom renewal theory [22], the transition probability that the primary channel isfreeat timet’+t giventhatitis
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freeattimet’, isgiven by:
PO(t) = (1-u) +uexp (- [A,,+ A4 1) @

Given that the channel isbusy at timet’, the transition probability of being freeatt” +t, isgiven by:
Pt = (1-u) — (- u) exp (= [4,, + L] D ©

We assume no cooperation between the primary and secondary terminals. It is the responsibility of the cognitive users to
estimate the primary traffic parameters and to adjust their transmission parameterstaking into account the primary average rate
that should not be disrupted by secondary operation.

Thetraffic parameters of the primary network can belearned by probing the channel for aspecified learning period while keeping
silent. The sensing outcome can be used to estimate the unknown parameters. In the case of perfect sensing, a maximum

likelihood estimator can be employed [6]. The parameters 4, and 4 . are obtained viamaximizing the likelihood function
(S, S, S, S 14, A) C)

where L isthe number of sensing outcomes obtained during the learning phase, and S isthei " sensing outcome which has one
of two values: S = 0if the channel is sensed to be free, and S = 1 for abusy sensing outcome. Using the Markovian property,
the likelihood function (6) can be written as

FEISIS)IE)S)-FS19.) Y

wheref(S=v|S_, =w) isthetransition probability pw () defined abovewithve {0, 1}, we {0, 1}, and  isthetime between
two sensing events. In the simulation section, we compare the throughput when the learned rather than the true primary traffic
parameters are used to optimize the secondary transmission parameters. When sensing is not perfect, which is the real world
situation, thetrue state of the channel becomes hidden. Under such situation, ahidden Markov model (HMM) can be employed
for learning the traffic parameters. Please refer to [23] and the references therein for more information about learning in the
context of cognitive radio networks. It isimportant to mention that parameter learning is not the main focus of thiswork.

The primary transmitter sendswith afixed power P_and at afixed rater . A secondary pair triesto communicate over the same
channel utilized by the primary terminals. As seen in Figure 1, we denote the gain between primary transmitter and primary
receiver asg oo’ the gain between secondary transmitter and secondary receiver asg_, the gain between primary transmitter and
secondary receiver asg o and finally the gain between secondary transmitter and primary receiver asg = We assume Rayleigh
fading channelsand, hence, the channel gainsare exponentially distributed with mean values. g - [ s andg oo The channel
gainsareindependent of one another, and the primary and secondary receivers are assumed to know their instantaneous val ues.
In practice, the channels need to be estimated. This can be done through conventional channel training methods, or via
exploiting channel reciprocity in systems operating in time-division duplex (TDD) mode. More sophisticated techniques are
required by the secondary user to estimate the primary link channel stateinformation utilizing the widely used automatic repeat
reguest (ARQ) feedback from the primary receiver to the primary transmitter [16] and [24], or through cooperation between
secondary nodes that could be present close enough to the primary receiver [25].

The secondary transmitter is equipped with a single antenna and does not transmit while sensing the channel. It senses the
channel for aconstant timet_assumed to be much smaller than transmissiontimes T__ and T _,.. This assumption guaranteesthat
the primary is highly unlikely to change state during the sensing period. Based on the sensing outcome, the secondary
transmitter determinesits own transmit power and the duration of transmission after which it hasto sense the primary channel

again.

3. Optimal power level and transmission time

We formulate the cognitive power and transmission time control problem as an optimization problem with the objective of
maximizing aweighted sum of the primary, Rp, and secondary, R, rates. Specifically, we seek to find the transmission powersand
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durationsthat maximize,
E{1-o)R+ ocRp}

where E {.} denotesthe expectation operation over the sensing outcome and primary activity. The constant o € [0, 1] ischosen
on the basis of the required primary throughput. In order to protect the primary user from interference and service interruption,
parameter should be closeto one. Inthe sequel, however, we study the full range of o so that our results account for other cases
where thereisno clear priority among the users.

The constraints of the optimization problem are that the secondary power liesintheinterval [0, P__ ], whereP__ isthemaximum

power level available to the secondary transmitter, and that the time between sensing operations exceeds t.. The problem is
generally non-convex and, consequently , weresort to exhaustive search to obtai n the sol ution when the number of optimization
parametersissmall.

In this paper, we consider two sensing scenarios: 1) perfect sensing, and 2) soft sensing where the cognitive transmitter uses
some sensing metric vy, say the output of an energy detector, to determine its transmission parameters. Under the soft sensing
mode of operation, the range of values of yisdivided into intervals and the transmission power and time are determined based
on theinterval on which the actual sensing metric v lies. The optimization parameters are the transmission powers and times
corresponding to each interval, as well as the boundaries between the intervals.

We investigate as well a no-sensing scenario with a constant transmitted secondary power in order to examine when the
secondary user can make the decision not to sense and to use only one power level when it transmits. The no-sensing
optimization problemissignificantly easier to solve. Note that the no-sensing outcomeisaspecial case of the sensing scenarios.
If we solve the optimization problem and get the same optimal transmit power regardless of the sensed channel state, then
sensing is superfluous and the optimal strategy is continuous transmission using one power without the need for channel
probing. In reality, of course, the traffic and channel parameters are time-varying and, hence, the no-sensing situation may be
transient (for example, at periods when the link between the secondary transmitter and the primary receiver isin deep fade).

Sensing Instants

Busy -

Free—

Figure 2. System operation in time. The two levelsindicate primary activity. Due to the unslotted nature of
the primary network, there are timeswith concurrent primary and secondary transmission (shaded intervals).

The cognitive terminal transmits with power P for aduration T_if the channel is found free. If busy, the
transmit power is P for T unitsof time. In either case the channel is re-sensed after transmission ceases.

We assume that the primary link isin outage whenever the primary rater  exceeds the capacity of the primary channel.

The primary outage probability when the secondary transmitter emits power p is given by:
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P, (p)=Pr r>|og(1+P"g"" )} ®
- 2
° ° POs™ 9

where sz isthenoisevarianceat the primary receiver. Theexpressionof P_(p) for Rayleigh fading channelsisgiveninAppendix
A. We assume that the channel gains vary slowly over time and are amost constant over several epochs of primary and
secondary transmission.

For the secondary rate, we assume that the secondary receiver tracks the instantaneous capacity of the channel and, hence, the
maximum achievablerate is obtained by averaging over the channel gainsand interference levels[26, equation 7]. The ergodic
capacity of the secondary channel when the cognitive transmitter emits power p and the primary transmitter is off is expressed

as
PO
co(p):EQS{Iog(h Py )} )

where 0'52 isthe noise variance at the secondary receiver. When thereis simultaneous primary and secondary transmissions, the
ergodic capacity of the secondary channel becomes

P,
C.(0)=E Jlog(1+ ) (10)
1 (P) 9.9 P gt o’

- |

We provide expressions for C_ (p) and C, (p) in Appendix A. In Section 4, we provide an information-theoretic analysis for
secondary throughput justifying the employed formulas and al so presenting alower bound on secondary link capacity. Now we
present the formulation of the problem for the three cases of perfect sensing, soft sensing, and no sensing.

3.1 Perfect Sensing
We mean by perfect sensing that the state of the channel, whether vacant or occupied, is known without error after the channel
is sensed. The four parameters used to maximize the weighted sum throughput are P_and T_ defined as the power and

transmission time when the primary channel isfree, and P, and T, corresponding to the busy primary state. Refer to Figure 2 for
an illustration of system operation over time. Before formulating the optimization problem under perfect sensing, we need to
introduce several parameters that pertain to the primary traffic. The probability, 7z, that the mth observation of the channel
occurs when the channel is free can be cal culated using Markovian property of the traffic model.

mo=n POU+T)+(1-m POt +T,) (12)

Another parameter is P S which isthe steady state fraction of time the channel is free when sensed according to some scheme.
Inthe perfect sensing scheme, the channel, when sensed free, is sensed again after t_+ T.. When sensed busy, it is sensed again
aftert_+ T,. Parameter P = can be obtained by setting z_= =, = P¥in (11) to get

POt +Ty)
P % T s PP ®
1-PT(t+T)+P(t,+Ty)
The average time between sensing timesis given by:
p=PEEAT)+(1-P) (L +Ty) (13

Finally, we also need the average time the channel is free during a period of t units of timeif sensed to be free. We denote this
quantity by §°(t) and is given by (from[8])
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(14)

8 :t—u(t + OPL Con ™ ) _1)

}Lon + 7Lof'f

On the other hand, if the channel is sensed to be busy, the average time the channel is free during a period of t units of timeis
given by

(15)

5'0=(1-u (t o S e ) _1)

7\‘on + A’off

The secondary throughput averaged over primary activity is given by

_ 59 T 8T S\(T T,—8'(Ty)
R,= P L(LTF) C,(P.) +P$F#(F)Cl(PF) +(@1-P LB)CO(PB) +(1-P$)%CI(PB) (16)

Thefirst two termsin the above expression are the secondary throughput obtained if the primary is inactive when the channel
is sensed. When the sensing outcome is that the channel is free, the secondary emits power P_ for aduration T_. During the
secondary transmission period, the primary transmitter may resume activity. The average amount of timethe primary remainsidle
during a period of length TF after the channel is sensed to be free is obtained by using t = T_ in (14). Thisis the duration of
secondary transmission free from interference from the primary transmitter. On the other hand, the primary transmits during
secondary operation for an average period of T — & 0 (Tp). Thelast two termsin (16) are the same asthe first two but when the
channel is sensed to be busy. In this case, the transmit secondary power is P, and the transmission time is T, of which a
durationof §' (Tg) isfree, onaverage, from primary interference. The primary throughput is given by
-6° T,-6'(T
R = ropssTFi(TF) [1-P,(P)] +1,(1-PY) B“(B)[l—PO(PB)] (7

We ignore the primary throughput that may be achieved during the sensing period because t_ is assumed to be much smaller

than T and T .. The two terms of (17) correspond to the sensing outcomes of the channel being free and busy, respectively.
The optimization problem can then be written as

Find: TF,TB, PF and PB

That maximize: (1 - a) R(T¢, Ty, P, Pg) + @R (T, Ty, P, Py)

Subjectto: T. 20, T, 20,0<P_ <P__ and0<P, <P __ (P1)

3.2 Soft Sensing
We now re-formulate the weighted sum throughput optimization problem assuming quantized soft sensing, where the sensing
metric, from a matched filter or an energy detector for instance, is quantized before determining the power and duration of

transmission. L et ~ be the sensing metric with the known conditional pdf's: f_(~) giventhat the primary isin theidle state and
f, (+) conditioned on the primary transmitter being active. We assume that the number of quantization levelsis S+1. The kth
level extends from threshold vt to ~!" assuming that = 0 and % | = cc. The probability that the metric ~ is between
N tkhfl and WT when the primary channel isfreeis given by

e = Pr{~\ <~ <~"| channel isfree}

th
™

=/ (18)

th
T
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wherek=1, 2, ... (S+ 1). Onthe other hand, The probahility that ~ is between ~ Ifjl and~ Lhwhen the primary channel isbusy is
given by

v =Pr{ «(tkh_lg N < m‘t: | channel is busy}

/0 a9
f (y)dy

When ~ is between ~ Lh_l and ~ tkh, the secondary transmitted power is P, and the duration of transmission is T,. The case of one
threshold corresponds to the imperfect sensing case where the primary is assumed to be active when ~ exceeds some threshold
and inactive otherwise. The false alarm probability in this caseis given by e,, whereas the miss detection probability is,.

As in the perfect sensing case, the probability that the mth observation of the channel happens when the channel is free,
denoted by 7_, can be calculated using Markovian property of the channel model.

Stl S+l
r=n -1 k2:1 ekPOO(tS+ T)+(1-7 1) kzzlﬁk po (t+T) (20)

At steady state, 7 — 1=z and the steady state probability of sensing the channel while it is free becomes

70 PO +T)
k=1 K S k
P== S+l 00 S+11(} PlO +T (21)
1-% _ 6PPAFTI+Z, _ 0, (t,+Ty)

The average time between sensing eventsiis given by

S+1 S+l
U= Pskzlek (t+T)+(Q-P% X 9, (t+T) (22)
= k=1

The mean secondary throughput averaged over the primary activity and the sensing metric is given by

B st1 18T T-8%(T)
R=PE o[ e py s e o)
(23)
S+l r§N(T) T~8'(T)
— k? k k
+(1-PY kzz‘,lf)k |: C,(P) + T C, (Pk)]
The mean primary throughput is
_ st1 T -8%T) St1 T -84(T)
- k k
rCIR,=1,P™ X ¢ PRI (-PY X 9, kﬂik [1-P,(P)] (24)
In this case, the optimization problem can then be written as
Find: T, andP, k=1,..,S+1 (P2)

That maximize: (1 - ) R(T,,P,..T + ocRp(Tl, P, .T P...)

S+1’PS+1) S+1’ " S+1

Subjectto: T, 20, Vk=1,..,S+1
0<P_<P_,Vk=1,.,S+1
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3.3 No Sensing

In the previous subsections, we investigated the problem of using potentially different transmit powers and transmission times
based on the sensing outcome. The question arises as how much performance is lost if the secondary transmitter, given the
channel gains, adopts a pure underlay strategy transmitting with only one power level and doing no sensing. Note that the
optimization problem here is considerably more manageable than that corresponding to the perfect and soft sensing cases
because we just have one optimization parameter, p. The scheme of no sensing and continuous transmission isindeed important
to demonstrate the gain in weighted sum throughput as aresult of solving the more complex problem detailed in Subsections 3.1
and 3.2. In this case, the secondary throughput is given by

R.=uC_(p)+ (1-u)C,(p) (25)

which isproved in Appendix B. The primary throughput is given by

ﬁp:rou[l— P,(P)] (26)
The optimization problem can beformulated as
Find: p
That maximize: (1 &) R(P) + R (p) (P3)

Subjectto:0<p <P __

We emphasi ze again that the no-sensing policy is aspecia case of perfect and soft sensing that emerges when the solution to
the wei ghted sum throughput optimi zation problem yields power level sthat are the same regardl ess of the sensing metric or the
hardened sensing outcome. Take, for instance, the case of perfect sensing. If when the channel is sensed to be free, the optimal
transmission power P_ = p, and if when the channel is sensed to be busy, the optimal transmission power P, =, thenthe optimal
strategy for the secondary transmitter is to use p and to stop sensing. In time-varying environments, the situations that render
the no-sensing scheme optimal will be transient. Thisactually appliesto all sensing scenarios where the optimization problem
to maximize wei ghted sum throughout should be re-solved when the channel and traffic parameters change significantly.

4. Secondary Link Capacity

For the secondary throughput we have used equations (9) and (10). In this section we derive an upper bound on the mutual
information between the input and output of the channel between the secondary terminals, and show that it is equal to our
expressions for secondary link throughput. We also derive alower bound that is a maximum of one bit below the upper bound.
The focus here is on the perfect sensing case. It is important to note that all mutual information expressions below are
conditioned on the channel gains, which are assumed to be perfectly known at the secondary receiver.

4.1 Upper Bound

We consider a genie-aided secondary receiver with knowledge of the exact pattern of primary activity. We assume that the
transmitter sends two codewords, both interleaved in time. One codeword is sent successively when the channel is sensed to
be free, whereas the other is sent when the channel is sensed to be busy. The analysis of the mutual information between
secondary channel input and output is the same for the two codewords with appropriate use of traffic and transmission
parameters. Hence, we focus here on the codeword sent successively when the channel is sensed to be free. We further assume
that thetime parameters, suchasT_and & 0 (Tp) areall integer multiples of codeword inter-sample duration, 7, whichisassumed
tobevery small relativeto T, T ., T and T,. Assuming the codeword is sent over mblocks each composed of T_ /7_samples,

the total number of codeword samples, n, isequal tomT_/ 7_.

The average number of interference-free samples within atransmission block isequal to §° (Tp) /7, Applying thelaw of large
numbers as m goes to infinity, the number of samples in the codeword that suffer from primary user interference is

T-8%T -
nFi(F) Let§°=4° (Tp) /T The number of different possible patterns for the primary activity is
F
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n
S= —
(n(1—5°))

Letl (XFn ; YFn ) bethe mutual information between theinput sequence of length n, XF", to the secondary channel when the primary
is sensed to be inactive, and the output YFn. Mutual information | (XFn ; Y; ) isbounded by the mutual information conditioned
on primary activity pattern | (XFn ; YFn |9)[27]. Thatis,

. n
where the notation (

K )means “n choose k.”

LK Y <1 (X YL | s) 27
L(X5 Y [9=% P(s= 1)1 XY [s=1) (28)
|

wherethe summation isover the possibleinterference patterns. Since the number of samplesthat suffer from primary interference
asmgoestoinfinity isthe samefor all possible activity patterns, theterm | (XFn ; YFn | s=I)isconstant VI. Assuming Gaussian
inputs,

det(csl +P.g I, +P gpSAI)

(29)
det (o2 1, +P g, A)

L(x; Y| s=1)=log

Matrix | isthenx nidentity matrix, whereas A isann x ndiagonal matrix with onesin places corresponding to received samples

0
during primary activity and zeros el sewhere. Recall that the number of zeros on the diagonal of A isn——— o (1 F)— né°. Combini ng
(27) and (29), weobtain T
(X )<n5°|og( Pr 9 ) P
e Y, +n(l- 5)Iog(1+ Fos ) (30)
s P g, A+ 0%

4.2 ower Bound
In this subsection we obtain alower bound on the mutual information | (XF”; YF”) following the analysisin [27].

LX Y9 -1 (X YD) =h (X[ —h (XT; Y. [9) —h (X)) +h (X" Y.) (31)

where h (2) denotes the entropy of the random variable z. Given that the input isindependent of the primary interference
pattern, h (X' s) =h (") and

LY 9 =1 (X YD) =h (XD Y =h (XY, 9) =1 (X 5 sIY) = h(s| Y)) ~h(s| X[ Y]) (32
Sinceh(leFn;YF")zo, ) o
n n
L% Y1) =1 (X3 Ye ) <h(s]Y. ) < h(9) (3)

LX5 Yo) = 1 (X5 Y s)—h(s) (34)

Notethat theterm | (XFn ; YFn | s) isthe upper bound on the mutual information, which istheright-hand-side of inequality (30). The
term h (s) represents the gap between the upper and lower bounds.

4.3Link Capacity
When the channel is sensed to be free and codeword X is transmltted the capacity conditioned on the channel gainsisgiven
by | (XF YF) /nasn — <. The upper bound on ergodic capacity, C |sobta1 ned from (30) by averaging over the channel gains

cl=6°C (P)+(1- @) c,(P) (35)
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Figure 3. (a) Perfect sensing weighted sum throughput versusweight o for channelsA (g = 2)andB (g - 0.2). (b)

Rate region, which is the secondary throughput ﬁs vs. primary throughput ﬁp for channels A and B. Both plots
also include the weighted sum throughout and rate region for channel B when the traffic parameters are learned.

whereC_(P.) and C, (P.) aregiven by (9) and (10), respectively.

The lower bound on capacity depends on the entropy of the interference pattern h (s). From (34), the capacity of the channel
when sensed to be free and XF”istransmitted is

Signals and Telecommunication Journal Volume 3 Number 1 March 2014 11




u
Ce2Cc -D (36)

where D_ represents the gap between the upper and lower bound of capacity of the secondary link when the channel is sensed
to befree. Theleast lower bound can be obtained by maximizing h (s) assuming that all interference patternsare equally likely.
Hence D, isgiven by

Dp = lim—= h(s)_ n_
n—ew N n||—>nc]o n g(n(l— 50) (37)
Applying Stirling’s approximation to the previous equation and taking the limit, we obtain
D =H () (38)
whereH (2) =—zlogz—(1-2)log (1-2). Themaximumvalueof D_ occurswhen 5°=05and isequal to onebit. Doing the same

steps when the channel is sensed to be busy and the second codeword X is transmitted with power P, the upper bound on
the capacity, denoted by C Y, hasthe exact expression as (35) replacing P by Py, and 59 by 5l=4! (Tp) /T If the output of the
channel at the secondary receiver is Yg when XBn is sent, the capacity of the channel C", when the channel is sensed to be busy
isgiven by

C,2CJ-D, (39)

where Dy, assuming equally likely interference profiles, isequal toH (gl).

The channel capacity Cisthen
C_P$ F C ] P$) BC
E ( B

T T
zP’@HFC;H(l—P%EBCg—D (40)

where the gap D between the upper and lower bounds on ergodic capacity is given by

T T
— F B
D=P=. D +(1-P9 2D, (41)

We providein Section 5 a graph showing the dependence of the gap D on the utilization factor u. Note that the upper bound

pss _F T CU +(1- P5) CU after minor manipulation, is the expression (16) used for secondary throughput in the case of
perfect sensing.

5. Numerical Results

In this section we present simulation results for the perfect, soft sensing and no sensing schemes. The weighted sum rate
maximization problem is non-convex, hence, we do exhaustive search to obtain the optimal parameters. The parameter range of
valuesisfinely discretized and the global optimal is obtained via exhaustive numerical search. Since the exhaustive searchis
infeasible for alarge number of parameters, agradient descent algorithm can be employed to find the solution. However, there
would be no guarantees that the obtained solution is the global optimum. All the results presented in this section are obtained
viaexhaustive numerical search.

In addition, wetry to elaborate the impact of thisjoint optimization for the powers and transmission timesaswell asthereward
in terms of rate from allowing simultaneous transmission of the primary and the secondary In the simulations the parameters
usedare: T =4,T_, =51t=0.05r =4.5nats, 02—02—1P 100,P__ =10,0,=2,g =3,andg_=.03.Inorder todothe
exhausxrve search We have i mposed an artificial upper Bound on transrmssron time equal to 20 unitsof t| me. The parametersfor
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channels A and B used in the analysis are the same except for average channel gain between secondary transmitter and primary
receiver g_. Weassumeq__ isequal to 2 for channel A, 0.2 for channel B. Finally, we present results pertaining to the capacity
gap explainedin Section 4.

5.1 Sensing-based

5.1.1 Perfect Sensing

We report here some results for the perfect sensing case. In Figure 3a, the weighted sum throughput versus ¢ is shown for
channels A and B. Though in the cognitive context o would be closer to one, we present theresultsfor small o’ sfor completeness.
The rate region depicting the variation of secondary with primary throughput is provided in Figure 3b. Note the enhanced
throughput of channel B relativeto channel A asaresult of thelower g:p value. We al so include here the curve for the weighted
sum throughput for channel B when thetraffic parametérs 4, and 4 are estimated during alearning phase. For this curve, the
learning parameters (explainedin Section 2) areL = 25and 7, = 0.5. Theweighted sum throughput curvefor thelearning caseis

obtained viaaveraging over 100 simulation runs. It isclear from thefigurethat thereisadegradation in weighted sum throughput
due to the uncertainty regarding the traffic parameters. As we have emphasized earlier, learning is not the main focus of this
paper, but will be the subject of future investigation.

The optimal transmission power and time parameters for channel A are given in Figure 4. For small « values, the secondary
transmitter transmitsat full power P whether the channel is sensed to be free or busy. The transmission timefor both sensing
outcomes are the maximum possible. Recall that thismaximum isartificial and isimposed by the exhaustive search solution. As
we have previously explained regarding the no-sensing scenario, if the optimal P = P, then sensing becomes superfluous
because the exact same power would be used to transmit regardless of the sensing outcome. In this situation we get the no-
sensing solution even if we solvethefull optimization problem to obtain the sensing-dependent parameters. As cincreases, the
power transmitted when the channel is sensed to be busy isreduced bel ow Pmax. In addition, the transmission times are reduced
for more frequent checking of primary activity. As o approaches unity indicating exclusive emphasis on primary throughput, the
secondary transmitter is turned off and the channel is not sensed. Figure 5 gives the optimal transmission parameters for
channel B. It is evident from the figure that as the level of interference from secondary transmitter to primary receiver is
decreased, PB becomes|ower than Pmax at ahigher o compared to channel A.

In Figure 6 we compare our scheme, giving the secondary user the ability to transmit even if the channel is sensed to bein busy
state, with the traditional overlay scenario where the secondary transmitter remains silent when the primary occupies the
channel. Thefigure highlights the gain in the weighted sum throughput for small values of « and for both channels A and B. It
is evident that the mean value of the cross channel gain gip is the key parameter controlling the amount of throughput gain.

Figure6illustratesthat, for limited interferenceto the primary receiver represented by channel B, the objective function shows
enhanced weighted sum throughput when the secondary terminal is allowed to transmit during the busy primary state. For

higher values of interference to the primary receiver represented by channel A, the optimal power policy when the channel is
sensed to be busy approaches the conventional overlay model with PB = 0. Note that if the secondary transmitter is given the
freedom to transmit at a higher maximum level, the throughput gap between the two modelsincreasesin favor of ours.

5.1.2 Soft Sensing

For the soft sensing case, the optimization parameters, mentioned in detailsin Section 3.2, are 2 (S+ 1) transmission powersand
times corresponding to each quantization level. There are also Sthreshol ds defining the boundaries of the quantization levels,
which are optimization parameters aswell. Thismakesatotal of 3S+ 2 optimization parameters. If the primary isinactive, the
signal at the secondary transmitter/sensor is due to noise only. Without loss of generality, we use the following chi-square
distribution for likelihood function of the received signal at the secondary transmitter given that the primary is off

MMAM-Lexp (—Mn)
M—1)! (42)

()=

where~ hereisthe average energy of M samples. Thisdistribution resultsfromuse of aconventional in-phase/quadrature (1/Q)
receiver [28] with the noise variance normalized to unity. For the likelihood function given that the primary isactive, we examine
two cases. Thefirst caseisthat of afixed sensing channel gain between the primary transmitter and the secondary transmitter.
Thelikelihood in this caseis given by the following non-central chi-square distribution
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Figure 4. Perfect sensing power and transmission time results for channel A (9:p =2)

M-1

fm)=“"(7m) * ep(~My+, DI, @M 77,) “

wherel,, ,isthe (M — 1)th order modified Bessel function, and - isthe average signal energy. We also consider a Rayleigh
fading sensing channel. The likelihood function of the average energy of the received M samples can then be obtained by
averaging (43) over the fading gain pdf. In this case, the conditional distributionis

MM,\{MfleXp M~y
1+~ h

f(y)= (44)
0 @+~ MM -1)!

where histhe average sensing channel gain. The resultsfor one and two thresholdswith M = 1 are presented in Figure 7 which
shows the weighted sum throughput using one and two thresholdsfor channel B. For the fixed gain sensing channel, parameter

. The two-threshold scheme shows slight

7, = 3, whereas for Rayleigh fading sensing channel, n = 1/3 where 1 =1+~y n

improvement for the weighted sum rates over arange of o valuesabove o = 0.6. Thefigure also showsthat alower weighted sum
throughput is achieved when the sensing channel is Rayleigh. Thisisexpected asafixed gain sensing channel ismorereliable
than afading channel with the same average received energy. Figure ?? givesthe optimal threshold when using two quantization
intervals as a function of o and for v = 3. Asis evident from the figure, the optimal threshold decreases with . Recall from

Subsection 3.2 that the one threshold case corresponds to imperfect sensing with a false alarm probability of ¢, and a miss
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Figure 5. Perfect sensing power and transmission time results for channel B (g'Sp =0.2)

detection probability of v,. Under this imperfect sensing interpretation, the trend of the threshold versus weight o can be
explained as follows. When o increases putting more emphasis on the primary rate, the required false alarm probability is
increased while the miss detection probability is decreased to reduce the chance of collision with the primary user.

Another question arises as to how much performance is lost if we solve the weighted sum throughput optimization problem
assuming we have no uncertainty about the sensing decision whilein fact sensing is not perfect. The motivation hereisthat if
the loss in throughput is tolerable, the secondary terminal may solve the easier perfect sensing problem that has only four
parameters. Figure ?? provides the weighted sum throughput for channel B when the soft sensing optimization problem with
onethreshold is solved versusthe throughput obtained by solving the perfect sensing problem and using its optimal parameters
in the throughput formula for soft sensing with one threshold. Note that since the soft sensing problem has an additional

parameter, which isthe threshold, we optimize the throughput for this parameter given the power and transmission timeresults
from perfect sensing problem. The figure shows aloss in performance above about o = 0.6. This demonstrates the tradeoff
between throughput performance and computational complexity needed to obtain the optimal transmission policy. Asisevident
from the figure, this tradeoff depends on the value of o at which the system is operated in order to guarantee a certain quality
of servicefor primary link. From the above investigation, we can state the following. When the sensing channel gainislow in
value, sensing becomes highly unreliable. Thelow gain meansthat the“distance” between thelikelihood functions corresponding
to the primary on and off statesis small. (The distance between two probability distributions can be quantified using Kullback
YU-Leibler divergence, Kolmogorov Y U-Smirnov statistic, deflection coefficient, etc.) Whether one or more thresholds are used
in this case, the performance in terms of weighted sum throughput is amost the same. On the other hand, if the sensing quality
isvery high and the likelihood functions given that the primary is on and off are “far apart”, then sensing is needed and yields
reliableresults. Sincein this case the distance between the likelihood functionsislarge, the threshold position isnot very critical
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Figure 6. Comparing perfect sensing weighted sum throughput and rate regions using
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Figure 7. Soft sensing weighted sum throughput versus or using one and two threshol dsfor channel
B. The result from perfect sensing is provided for comparison. The weighted sum throughput for
channel B using one threshold and assuming a Rayleigh fading sensing channel is aso included.

in determining the performance of the system. That is, the threshol d can take arange of valuesthat all produce almost the same
weighted sum throughput. Our preliminary conclusion isthat soft sensing may beimportant and beneficial in the cases between
these two extremes. Moreinvestigation is needed to specify in quantitative termsthe region where soft sensing compl exity pays
off asasignificant improvement in the weighted sum throughput.

5.2 Sensing vs. no-sensing

Figure 8a shows the weighted sum throughput versus o and the corresponding rate regions for channel B. The result from
perfect sensing acts as an upper bound on the throughput. It is expected that the no sensing scheme has a worse performance
relative to the case when sensing isemployed. However, it isinteresting to point out that their exist situationswhere no sensing
behaves almost the same as revisiting the channel to sense it. This is clear from both the weighted sum throughput of the
network in Figure 8aand therateregionin Figure 8b. Thiscaseisusually for very limited interference from secondary to primary
receiver when thereis no need to waste time to sense unless the channel conditions have changed. Combining the results from
this and the preceding subsections:

» When the mean channel gain between the secondary transmitter and primary receiver, gjp, ishigh, sensing isimportant. The
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Figure 8. Sensing versus no-sensing weighted sum throughput and rate regions for channel B

perfect sensing acts as an upper bound on the throughput. It is expected that the no sensing scheme has a worse performance
power transmitted when the channel is found busy approaches zero asin the conventional overlay schemes. Soft sensing may

provide throughput gains depending on the sensing channel between the primary transmitter and the secondary transmitter/
Sensor.

*As g:p decreases, it is better, from aweighted sum throughput point of view, to allow the secondary terminal to transmit even
when the channel is sensed to be busy. Again, soft sensing may be employed depending on the sensing channel.

oIf g:p isvery low, the optimal transmit power when the channel is sensed to be busy approachesthat when the channel isfound
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Figure 9. Gap D between lower and upper bounds as afunction of u. For the case T
=20and T, =15, thegapisalmost H (u). For T_=1and T, =2, thegapissmaller.

free. Thisindicatesthat ano sensing strategy, which is equivalent to the conventional underlay scheme, would be optimal. Our
weighted sum throughput objective function transmit power with a constraint on the minimum acceptable primary rate.

Note that Figure 8b can be used to obtain the weight needed for a certain constraint on the primary throughput. Therate region
is obtained by sweeping the weight from 0 to 1 obtaining for each weight the achievable primary and secondary throughputs.
If the primary throughout is required to exceed 1.4 nats and soft sensing with one threshold is employed, then the secondary
system operates with the weight corresponding to the point on the curve of the implemented sensing mode with the desired
primary throughput.

5.3 Secondary link capacity
We provide here some numerical results for the gap between the upper and lower bounds on the capacity derived in Section 4.

Weuse T . =5 unitsof time and sweep the value of u from O to 1. We present here two cases corresponding to small and large
T-and T, namely, T_=1and T, = 2for first case, and T_ = 20 and T = 15 for the second. It isshown in Figure 9 that the gap is
lower than H (u) for small values of transmission i mes. On the other hand, when T_ and T, arelargein value, the gap isexactly
equal to H (u). It can be easily shown that both §° and 6 ' convergeto 1- u as T and T, go toinfinity. The maximum of the gap

inthiscaseis1 bit per channel use when u=0.5.
6. Conclusion

We have investigated the problem of specifying transmission power and duration for a cognitive terminal operating with a
primary link that follows an unsl otted mode of operation. We have used an upper bound for the secondary throughput, justified
it on information-theoretic grounds, and provided also alower bound. The optimal secondary transmission power and duration
that maximize aweighted sum of the primary and secondary throughputs are obtained numerically. Our results have shown that
an increase in the overall weighted throughput can be obtained by allowing the secondary to transmit even when the channel
is found to be busy.

We have extended our formulation to the soft sensing case where the decision of the secondary transmission power and
duration depends on the quantized val ue of the sensing metric, rather than on the binary decision of whether the channel isfree
or not. Our preliminary results, however, show that the gain of using this scheme, and for the range of parameters we have
simulated, is marginal. The throughput gain from soft sensing depends on the “distance” between the likelihood functions of
the received primary signal at the secondary transmitter. If the distance is small, sensing becomes unreliable and indeed ano-

18 Signals and Telecommunication Journal Volume 3 Number 1 March 2014




sensing strategy may perform almost as good as soft sensing. If the distance is large, sensing is beneficial for the system but
using more than one threshold yields marginal throughput gains.

The benefit of soft sensing is discerniblein the cases between these two extremes. Further investigation is required to identify
the range of system parameters for which soft sensing produces considerable gains in throughput. Future work may also
addressthe exact evaluation of h (s), discussed in Section 4, given the considered renewal model for primary activity. This may
lead to more technically sound expressions for secondary throughput with proven achievability.

Appendix
J We provide here expressions for primary outage probability in the presence of secondary transmission, and the

ergodic capacities of the secondary in the absence and presence of primary transmission. Assuming the channel gains Yo and
9y, e independent and exponentially distributed with means g;and Iy the outage probability (8) can be written as

P (p)=Pr Jlro> log (1+ bagpp)}

O+ 1

LA

P, g, *+PCO, P G, (45)

wherea=P p/a;‘;, b= p/a§ andc=exp(r.) — 1. Givenan exponential distribution for g_with mean g_, the ergodic capacity when
C,(P) i([ log (14_'3?‘52:)19@(—&:)(1%5 (46)

Defining ¥ (x) = J : exp(— W) /p dy, it isstraightforward to show that

o’ (Gi ) y
c,=e( o il g, @

Assuming that g_and g s &€ independent and have means g_ and g’ps, respectively, when pg = Ppg
when the primary is off, (10) can be expressed as

the primary isoff, (9) becomes

o the ergodic capacity

— O.2 0.2 02 02
cl(p)=_ms“°‘_[9<P(—s)‘I’( - )_ e(p(Psg )W(Psg )] “
PO — Pp Oos PY PY p Iss p Iss
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B

We provide here a proof for the expressions (25) and (26) of primary and secondary throughput when no sensing is employed
and the secondary terminal transmits continuously using a certain power level. This scheme can be viewed as the perfect

sensing schemewith P =P, =pand T_ =T, = co. From equations (4) and (5), for larget
PY(t) =Pt =1—u (50)

Using thisin the expression (12) for PS, weget PS=1—u. Similarly, for larget, using expression (14) and (15) weget 5 '(t) = §°
(t) = (1- u) t. Expressions (25) and (26) can then be readily obtained. For example, thefactor multipliedby C_(p) in(25) is
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