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ABSTRACT the PHY layer spectrum sensor has been integrated into the

This paper addresses the design of opportunistic spectrum adAC design for optimal OSA in the presence of sensing er-
cess (OSA) where secondary users are allowed to sense amds [2,3]. In[2], a separation principle is established for OSA
access multiple channels in the spectrum without causing umvith single-channel sensing, which leads to an explicit opti-
acceptable interference to primary users. Integrated in OSmal design of the spectrum sensor and a closed-form optimal
design are a spectrum sensor at the physical (PHY) layer aratcess strategy.

a sensing and an access strategy at the MAC layer. Within the This paper extends the results in [2] to the scenario where
framework of partially observable Markov decision processsecondary users can sense and access multiple channels si-
we develop a separation principle for the joint OSA designmultaneously. We show that when the spectrum sensor and
leading to an explicit optimal design of the spectrum senthe access strategy are designed independently across chan-
sor and a closed-form optimal access strategy when spectrumels, the separation principle developed in [2] still holds for
sensor and access strategy are designed independently acro$&A with multi-channel sensing. We, however, note that such
channels. We also propose two heuristic approaches that eixdependent design is suboptimal since it ignores the cor-
ploit the correlation among channel occupancies, one at threlation among channel occupancies. We thus propose two
PHY layer and the other at the MAC layer. Simulation re-heuristic approaches to exploit channel correlation, one at the
sults indicate that the exploitation of channel correlation aPHY layer and the other at the MAC layer. Simulation re-
the PHY layer is more effective than that at the MAC layer,sults indicate that the exploitation of channel correlation at
and that the detection capability of the spectrum sensor cahe PHY layer is more effective than that at the MAC layer.

be improved by exploiting MAC layer information. We also find that the performance of the PHY layer spectrum
sensor improves over time by incorporating the MAC layer
1. INTRODUCTION sensing and access decisions. These observations illustrate

- . g1e two-way interaction between the PHY and the MAC lay-
Opportunistic spectrum access (OSA) exploits temporal and__ ; ; . .
ers: the necessity of incorporating the sensor operating char-

spatial spectrum opportunities resulting from the bursty trafé teristics into the MAC design and the benefit of exploiting
fic of primary users and guard bands in space. It has captur?ﬁf

. . ) . L e MAC layer information in the PHY layer design.
increasing attention recently due to its potential in improv-

ing spectrum efficiency [1]. As shown in [2, 3], basic design 2 PROBLEM STATEMENT AND FORMULATION
components of OSA include (i) a spectrum sensor at the phys-

ical (PHY) layer, which identifies spectrum opportunities; (i) 2-1- Nétwork Model

a sensing strategy at the MAC layer, which specifies whiclConsider a spectrum d¥ orthogonal channels licensed to a
channels in the spectrum to sense; and (iii) an access strategigtted primary network. Le$,,(¢) € {0 (busy),1 (idle)} de-
also at the MAC layer, which determines whether to accessote the occupancy of channelin slot¢. We assume that
based on potentially erroneous sensing outcomes. The desige spectrum occupand(t) 2 [S1(t),...,Sn(t)] follows a
objective is to maximize the throughput of secondary usergiscrete-time homogeneous Markov process with finite state

under the constraint that the probability of colliding with pri- spaceSé {0,1}V. The transition probabilities are denoted
mary users is capped below a certain threshold. ’ w.hereP 5 piS(t41) = o |S(1) — s}
S,S’ = r = S = S

Most existing work on OSA focuses on the cognitive MAC2S 1 Fs.s Fs.s'es. _
design under the ideal assumption that the spectrum sensor$st"® probab|!|ty that the spectrum occupancy state transits
perfect [4,5]. Recently, within the framework of partially ob- fr_om sEStos’ €5. We assume that the transition probabil-
servable Markov decision process (POMDP), the design dfies are known and remain unchangedslots-

This work was supported in part by the Army Research Laboratory 1The robustness of the optimal OSA design to inaccurate transition prob-
CTA on Communication and Networks under Grant DAAD19-01-2-0011 andabilities has been demonstrated in [2]. When the transition probabilities are
by the National Science Foundation under Grants CNS-0627090 and EC8nknown, formulations and algorithms for POMDP with an unknown model
0622200. exist in the literature [6] and can be applied to this problem.
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We consider a secondary ad hoc network whose users i2:3. POMDP Formulation
dependently search for and exploit instantaneous spectru
opportunities in thes& channeld Specifically, at the begin- formulated as a POMDP problem

ning of slott, a secondary user with data to transmit ch00Ses gy ard  Assume that the expected number of bits that can be
setA(t) C {1,..., N} of channels to sense, wheté(t)| =  gelivered by the secondary user in a slot is proportional to the
Landl < L < N. Based on the imperfect sensing out- channel bandwidth. Given sensing actidtt), we define the

comes® (1) £ {0, (1)} neaw) € {0 (busy),1 (idle)}”, the  immediate reward?*")) as

The joint design of OSA with multi-channel sensing can be

secondary user decides whether to access each sensed chan- Kalt)
A RZW) = Y K.1)B 1)
nel: (1) 2 {0, (1)} neaq) € {0 (no access)] (access)”. Ka) ~{8)Bn.

L . . neA(t)
A collision with primary users happens when the SecOndar)%nce, the total expected reward represents overall through-

USer accesses a bu_sy cha_nnel. C__oII|S|0ns among second?ﬁyt, the total expected number of bits that can be delivered by
users are resolved via carrier sensing, the secondary user the secondary user ifi slots

with the smallest backoff time transmits. At the end of th'SObservation As detailed in [9], the secondary user and its

slot, the receiver acknowledges every successful transmiSSiO(ﬂ]esired receiver must have the same history of observations so

We letK 4 (t) = {K,(t) e € {0 (M0 ACK), 1 (ACK)}-.  that they make the same channel selection decisions without

We assume that the acknowledgement is error-free. That igxchanging extra control message. Since sensing errors may

acknowledgemenk,, (¢) = 1 is received if and only if the cause different sensing outcomes at the transmitter and the

secondary user accesses an idle channel. Our goal is to desigReijver, the acknowledgemeiit, (¢) should be used as the

an OSA strategy for the secondary user, which sequentiallyommon observation in each slot.

specifies which channels in the spectrumto sense, which spegglief \Vector  Within the framework of POMDP, the sec-

trum sensor to use, and which sensed channels to access. ondary user’'s knowledge of the spectrum occupancy based
on its decision and observation history can be encoded in a

2.2. Basic Components of OSA belief vectorA (t) 2 {\s(t)}scs [8], wheres(t) is the con-

Integrated in the design of OSA are three basic component !tional probability (given the_entire observation hist_ory_) that
e spectrum occupancy is in statec S at the beginning

a specirum sensor, a sensing strategy, and an access strate&yslot t prior to the state transition. We point out here that

Spectrum Sensor Suppose that a set(t) of channels are cho-  pased on the belief vectak(t) at the beginning of slat, the
sen at the beginning of sléf where|A(t)| = L > 1. The  secondary user can calculate the distribution of the current
spectrum sensor detects the occupancies of chosen channgiectrum occupandy(t) as
by performing &”-ary hypothesis test: Pr{S(t) = s} — Z Ao () Py Vs €S @
Ho:Sa(t)=[1,....1], ... \Hor_y: Sa(t) =1[0,...,0], e _ _ _

A L The probabilities of the hypothesis used in the design of the
whereS 4(t) = {Sn(t)}nea € {0,1}" denotes the occu- gpectrum sensor can thus be determined from (2).
pancies of the chosen channgl§) in the current slot. The gpiective The design objective is to maximize the total ex-
probabilities of these hypotheses are learned from the entitgcted reward iff” slots under the constraint that the proba-
decision and observation history of the secondary user. bility P, (t) of collision perceived by the primary network in

Sensipg errors occur i_f the spectrum sensor mistakes ongy channeh and any slot is capped below a threshold
hypothesis for another. Since there are a tot@’ohypothe- T
ses, the performance of the spectrum sensor can be specified maXE[Z Ri?;?t))ll\(l)]
by a set oR” x (2% —1) error probabilities. In the presence of t=1 3)
noise and fading, perfect sensing cannot be attained. Hence, st p, ()2 pr{®, (1) = 1|S.(t) =0} < ¢, Vi,n,
the optimal design of the spectrum sensor should achieve a ] o ) )
tradeoff among thes2” x (2~ — 1) error probabilities. whereA (1) is the initial belief vector, which represents the
Sensing and Access Strategies A sensing strategy specifies information on the initial spectrum occupancy. Note that when
in each slott, a set.A(t) of channels to be sensed, where Pr{:S»(t) = 0} = 0, no collision will occur and the optimal
A(t) c {1,...,N} and|A(t)] = L. An access strategy access decision is straightforward, (t) = 1.

decides a set of transmission probabilifigs (0 4, t) }, where
A 3. SEPARATION PRINCIPLE
fn(04,)=Pr{®,(t) = 1{@A(t) = 6.4}

is the probability of accessing sensed chamnel A(¢) when
the sensing outcomes are givenay(t) = {0, 1} in slot+.

The constrained POMDP givenin (3) appearsto be intractable
due to the high-dimensional and uncountable action space. In
this section, we show that under certain conditions, there ex-

2The design of cooperative OSA strategies for secondary users can . P . L .
formulated by a decentralized POMDP problem [7]. We point out thatl?Ets a separation principle for the optimal joint design of OSA,

while cooperation among secondary users might improve the overall netwoNich e€nables us to obtain an explicit qptlmal design of the
throughput, such cooperative design is much more complex. spectrum sensor and a closed-form optimal access strategy.




Theorem 1: When the spectrum sensor and the access
strategy are designed independently across channels, the op-
timal joint design of OSA with multi-channel sensing can be
carried out in two steps:

1. Choose the spectrum sensor and the access strategy to
maximi ze the expected immediate reward subject to the
collision constraint.

2. Choose the sensing strategy to maximize the expected
total reward.

In this case, the optimal spectrum sensor is given by the op-
timal Neyman-Pearson (NP) detector with probability of miss
detection equal to ¢, which detects the channel occupancy by
using only the measurements from this channel, and the opti-
mal access decision is to trust the sensing outcome from this
channel. The optimal sensing strategy can be obtained by
solving an unconstrained POMDP.

Proof: See [9].000J0

PHY layer. Hence, the channel correlation can be exploited
by using the measurements of all chosen channels in occu-
pancy detection. With this in mind, we propose a heuristic
design of the spectrum sensor: it adopts the optimal NP de-
tector with probability of miss detection equal o which

is designed to uses all channel measurements. We note that
the structure of the optimal NP detector adopted by this sen-
sor relies on the joint distribution of the spectrum occupancy
states, which is given by the belief vector (see Section 5 for
an example). That is, this heuristic sensor design is affected
by the observation and decision history of the secondary user
and thus improves over time due to accumulated observations
(see Figure 1).

Based on the sensing outcomes given by the above spec-
trum sensor, the secondary user can adopt the access strategy
of the SP approach: to access if and only if the channel is
sensed as idle. We refer this approach as the PHY layer ap-

~ We emphasize that the extension of the separation prirgroach. Proposition 2 provides a sufficient condition under
ciple developed in [2] to the multi-channel sensing scenaryhich this PHY layer approach is locally optimal.

ios is based on the assumption that the spectrum sensor and Proposition 2: Suppose that the access drategy is de-
the access strategy are designed independently across chg@mned independently across channel swhil e the spectrum sen-
nels. Specifically, we assume that the occupancy of a chann&% jointly exploits the measurements taken from all chosen
is detected without taking into account the measurements ¢f,3nnels. The PHY layer approach is locally optimal. When

other channels and the access decision on a channel is magg el occupanciesareindependent, the PHY layer approach
independently of the sensing outcomes from other channelgagyces to the SP approach.

Intuitively, under the above assumption, the design of the p . . gee [9].000
spectrum sensor and the access strategy for the multi-channel '
sensing case can be treated/amdependent design prob- 4.2, The MAC Layer Approach

lems, one for each chosen channel. Hence, the optimal desighen channel occupancies are correlated, so are the sensing
for the single-channdl = 1 sensing case can be extended tog,tcomes given by the spectrum sensor. Hence, the chan-
L>1 _ o - _ nel correlation can also be exploited at the MAC layer by
Theorem 1 provides sufficient conditions under which thenaking access decisions jointly across channels. A heuris-
design given by the separation principle (referred to as the Sf: mMAC layer approach is to adopt the SP sensor, which de-
approach for simplicity) is optimal. In Proposition 1, we ShoWigcts the channel occupancy by using only the measurements
that the SP approach is locally optimalk( maximizes the  of this channel, and then choose the access decisions that ex-
expected immediate reward) under certain relaxed conditionaoit sensing outcomes from all chosen channels to maximize
Proposition 1: Suppose that the spectrum sensor is de-  the expected immediate reward. Specifically, for any chosen
signed independently across channels while the access strat-  channelsA(¢) and any belief vectoA (t) in slott, we choose

egy jointly exploits the sensing outcomes from all channels.  the set of transmission probabilities as follows

The SP roach is locally optimal when channel occupan- )
i o P {fa(0a,t)} =arg  max  E[RZ)A®)]

cies are independent. m@e0]  Ka®
Proof: See [9].000
—arg max Z B, Pr{S,(t) =1}
4. HEURISTIC APPROACHES fn(Ba)€0.1] o0
While simplifying the joint design of OSA with multi-channel X D hs s, (sal)lg s, (0a]54) f2(6.4),
sensing, the condition that the spectrum sensor and the ac- 0454
cess strategy are designed independently across channels re- St Po(f) — L 0
sult in throughput degradation since the correlation among - Pult) HEA Salsn(5410)

channel occupancies is ignored. We propose two heuristic
approaches to exploit the channel correlation: the PHY layer
and the MAC layer approaches. WherehSA\Sn(sAH)é Pr{Sa(t) = s4|Sn(t) = i}, i =

4.1. ThePHY Layer Approach 0,1, is the conditional distribution of the channel occupancy

When the spectrum occupancy states are correlated acro¥atesS(t), which can be obtained from the belief vector via
channels, we have correlated channel measurements at {®, andg ,is , (0.4 ]sA) £ Pr{®4(t) =04 |Sa(t) =sa}

X l@A\SA(aAlsA) fn(o.A) S <7 Vn € A(t)7



is the sensing error probability determined by the operating On the other hand, the sensor of the PHY layer approach

characteristics of the SP sensor. uses all channel measuremefi¥s, } ., 4 and performs a com-
We can obtain the above access strategy via linear prgosite hypothesis test for each chosen chanrelA:

gramming. Proposition 3 shows that this MAC layer approach 4, (s, (1) = 1) : Y, ~ N (0ar, 02L1),

is equivalent to the SP approach when channel occupancies

are independent. This agrees with our intuition that when

channels are independent, so are the sensing outcomes fromt1 (Sn(t) = 0) : Yo ~ N(0ar, (05 + 07)Tar),

the chosen channels. Hence, independent access decision- Y, ~ N(0ar, (05 + 1(s,.—0107)Iar), Ym € A\{n},

making performs as well as the joint one in terms of immedi

Yo ~ N (O, (05 + 1is,,—001)In), Ym € A\{n} Ko

“The distribution of the channel occupancy st&ggt) under

ate reward. _ each hypothesis is given by ,|s, (s |i). The optimal NP
Proposition 3: Suppose that the spectrum sensor is de-  detector for (7) is a likelihood ratio test [10, Sec. 2.5]:
signed independently across channels while the access strat- Y. hsaisn (541 0) T nca Pm(Yomlsm)
egy jointly exploitsthe sensing outcomesfromall chosen chan- T 4 hs a5, Al D11 D (Xl 290 oy (8)
S A AlPn meALm m[om

nels. When channel occupancies are independent, the MAC

. h n (Y, |sn) is th bability density functi f inde-
layer approach reduces to the SP approach and hence is lo- wherep, (Y ,|s) is the probability density function of inde

pendent Gaussian channel measurem¥nts

cally optimal. y ) v2,
Proof: See [9].000J0 Pu(Yalsn) = ¢ 203+, =0 D)
}:[1 \/27T(ag + 1[Sn:010'%)
5. SIMULATION EXAMPLES Note that when channel occupancies are independent, the sen-

In this section, we compare the performance of the SP, thgor employed by the PHY layer approach is equivalent to the
PHY layer, and the MAC layer approaches. Since these threP sensor sinds ,|s, (s4 |0) = hs, s, (4 | 1) for anys 4
approaches differ in the spectrum sensor and the access stratds’, such thats,,, = s/, whenm # n. The error proba-
egy, we can employ any sensing strategy to compare their p&silities of this sensor can be evaluated via simulation. In each
formance. For simplicity, we adopt a myopic sensing strateg¥|ot, the optimal detection threshof(] is chosen according
th?‘t chooses, in ea(_:h SlOt'. the sewf channels that MaXl- 5 the belief vector so that the resulting probability of miss
mizes the expected immediate reward under perfect Sensing, o wtion is fixed af
A= arg max Z B, Pr{S,(t) = 1}. (4) As proven in Propositions 2 and 3, the PHY layer and
" neA the MAC layer approaches are equivalent to the SP approach

We model both the background noise and the primary sigwhen channel occupancies are independent. We thus com-
nal as white Gaussian processes. &gtando? denote the pare below the performance of these three approaches in cor-
noise power and the primary signal power, respectively. Atelated channels. Specifically, we considér= 4 correlated

the beginning of each slot, the spectrum sensor takésde- channels, each with bandwidiy, = 1. The transition prob-

pendent measuremerYslé[Yn_yl, .Y, 2] from each cho- abilities of the spectrum occupancy are given by

sen channel ¢ A. Piooooy,o111] = 0.6, Pioooo),[0000] = 0.4,

For each chosen channele A, the SP sensor uses the Flo1111.(0000] = Fr1011),10000] = Pl1101],[0000] = Fl1110],[0000] = 0.2,
corresponding measuremeiXs and performs the following  Plo111),11011) = Plio11),11101) = Plio1),1110) = Paaioy, o111y = 0.8.
hypothesis test: For simplicity, we assume that there is only one secondary

Ho(Sn = 1) : Y, ~ N (Oar, 02101), user seekingl instantaneous _spectrum a_vailgbility. The initial
) ) (5)  Dbelief vector is set to the stationary distribution of the under-
Hi(Sn=0):  Yn~N(Owm, (01 +00)lu), lying Markov process. The maximum allowable probability
where N (0,/,021,,) denotes anV/-dimensional Gaussian of collision is¢ = 0.05. In each slot/. = 3 channels are cho-
distribution with identical mean 0 and varianggin each di-  sen. The spectrum sensor taklés= 1 measurement of each
mension. It can be readily shown that the Optlmal NP deteCthhosen channel and the noise and the primary Signa| powers

is given by an energy detector [10, Sec. 2.6.2]: are given bys2 = 0 dB ando? = 10 dB.
M
1Y allz = 3 Y2 23 .. 6) 51 Comparison of Sensor Performance

In Figure 1, we plot the receiver operating characteristic (ROC)

curves (probability of false alarm vs. probability of detec-

tion) of the SP sensor and the sensor employed by the PHY
6n =7 <M7 %) L en=1—7 (%7 77_"2> 7 layer approach. Note that the sensor of the MAC layer ap-

27 2(0g + 1) 2 200 proach is the same as the SP sensor. We see that the sensor of
wherey(m, a) = ﬁ Jo t™"te ! dtis the incomplete gammahe PHY layer approach outperforms the SP sensor. Specif-
function. The optimal decision threshojfl of the energy de- ically, for a fixed probability of miss detection, the probabil-
tector is chosen so that the probability of miss detection isty of false alarm of the sensor of the PHY layer approach
fixed atd,, = . is much smaller than that of the SP sensor. This is because

The probabilities of falseiZIlarml and miss detection,, of
the energy detector can be calculated by [10, Sec. 2.6.2]:



pendent access decision-making at MAC layer. This agrees
with our intuition because the spectrum sensor of the MAC
layer approach makes a hard-decision on whether the channel
is idle or not. The resulting sensing outcomes are thus less
informative than the original channel measurements, leading
to throughput degradation.

6. CONCLUSION

Probability of Detection 1 - &

The SP Approach H
- @ = The PHY Layer Approach att=1

0.1 = + = The PHY Layer Approach at t = 2 |{
= P = The PHY Layer Approach att = 3

In this paper, we provided sufficient conditions for the exis-
tence of separation principle for optimal design of OSA with
multi-channel sensing. We also proposed two heuristic ap-

roaches that exploit the correlation among channel occupan-

the PHY layer appr_oach exploits the co_rrelatiqn among CharEies. Simulation examples demonstrated the performance im-
nel measurements in occupancy detection while the SP Sensﬁ]rrovement of the PHY layer spectrum sensor over time re-
doesl not(.j \live ﬁlso obslerve that the TIOC curve (_)f the ;enlsgﬂlting from the incorporation of the MAC layer sensing and

employed by the PHY layer approach improves in each slof . o5 decisions. We also found that the exploitation of chan-

while that of the SP sensor remains the same. This 0bs€l| ¢orelation at the PHY layer is more effective than that at

01 02 03 04 05 06 07 08 09 1
Probability of False Alarm &

Fig. 1. Comparison of ROC curves.

vation can be explained by comparing the optimal detectorﬁ1e MAC layer in improving throughpui.

(6) and (8). Clearly, the energy detector (6) used by the SP
approach is static and so is its performance. However, as
seen from (8), the decision variable of the sensor employed[l]
by the PHY layer approach depends on the conditional distri-
butionhsg,|s, (s4 | i) of the channel occupancies. Hence, its
performance varies over time according to the belief vector.
As time ¢ increases, the belief vector and hence the sensor2]
performance improves due to the accumulated observations.
Figure 1 demonstrates that the performance of the PHY layer
sensor can be improved by incorporating the MAC layer sens-

ing and access decisions encoded in the belief vector. [3]

5.2. Comparison of Throughput Performance

0.8

[4]

0.75F
0.7r
0.651
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055 [5]
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- -0~ - The MAC Layer Approach

——+— The SP Approach
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Fig. 2. Comparison of normalized throughput.
7

In Figure 2, we compare the throughput, measured by the[
total expected reward per slot, of these three approaches. As
expected, the SP approach, which ignores the channel cor{8]
relation, performs the worst. By jointly exploiting the sens-
ing outcomes in access decision-making, the MAC layer ap-
proach can improve throughput performance. A much Iarger[g]
performance gain is achieved by the PHY layer approach which
jointly exploits the channel measurements in occupancy de-
tection. We can thus see that the exploitation of channel cor-
relation at the PHY layer is more effective than that at thep;q
MAC layer. In other words, independent channel occupancy
detection at the PHY layer hurts throughput more than inde-
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Spectrum Scarcity vs. Spectrum Opportunity

Overly Crowded Spectrum Pervasive Spectrum Opportunities

Spectrum usage of an active FTP session in a WLAN (ACSP at Cornell)

signal [V]

o

0.02
time [s]

0.05

» Almost all usable radio frequencies have already been licensed

» At any given time and location, a large portion of licensed spectrum lies unused
0 Over 62% white space exists in the spectrum under 3GHz

O About 75% idle time during an active FTP session in WLAN.

0 Up to 90% idle time during voice-over-IP applications such as Skype
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Opportunistic Spectrum Access (OSA)

————_— Opportunities Basic idea:

Spectrum Allow secondary users to ex-
ploit spectrum opportunities.

P @ [

i

Design objective:

@ Primary user Maximize Secondary users'
@ throughput while limiting
= Secondary user thair interference to primary

users (licensees).

Three basic design components:
» Spectrum sensor: opportunity identification (PHY)
» Sensing policy: where in the spectrum to sense (MAC)
» Access policy: whether to tx given sensing errors may occur (MAC)

A decision-theoretic framework for joint PHY-MAC design.
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Main Results

» A decision-theoretic framework based on partially observable Markov decision
process (POMDP)
O jointly optimizes the three basic design components
O captures fundamental design tradeoffs
Spectrum sensor: false alarm vs. miss detection
Access Policy: overlooked opportunity vs. collision
Sensing Policy: gaining access vs. gaining information
» Structural policies for the joint design
0 Separation principle for single-channel sensing and its extension to
multi-channel sensing
O Explicit optimal sensor design and closed-form optimal access policy.
O Sensing design reduced from a constrained POMDP to an unconstrained one.
» Quantitative characterization of the interaction between PHY and MAC
O Impact of the operating characteristics of spectrum sensor on MAC

0 Exploiting MAC information at PHY for improved sensor performance.
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Network Model

“{////////,,ﬁﬂ_g_.—- Spectrum opportunities
Channel 1 = < —

$1(1) =01 S1(2) =11 $4(3) = 0

Sy (T) =0

B M,

|

0 1 2 3 T t
Sn(1) =1 Sn(2) =0 Sy(3)=0 =

» A spectrum of N channels, each with bandwidth B,.

Channel N

» A slotted primary network
O Markowan spectrum usage with 2V states:

S(t) 2 [S1(1). ... Sx(t)] € {0 (busy), 1 (idle)}".
0 Known transition probabilities. \_’_/
» An ad hoc secondary network without dedicated control channel
O Independent users, each can sense and access L channels in each slot.
O User obtains a reward R(t) = B, for each successful access of idle channels.

O User collides with primary users if access a busy channel.
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Basic Components and Design Tradeoffs

Spectrum Sensor: false alarm vs. miss detection 7| TR

» Binary hypotheses test (for L = 1):

Ho : channel is idle vs. H,;:channel is busy

» Two Types of sensing errors:

Probability of detection (1-0)

O false alarm (¢): H, — H; (overlook)
O miss detection (0): H; — H, (misidentification)

* P(;:)bab!}'ﬁty o?;alseuealarrroi?s *
» Which point (¢,6) on the ROC curve should the sensor operate? (decision rule)
Access Policy: overlooked opportunity vs. collision

» Consequences of trusting sensing outcome:
O false alarm (idle sensed as busy) = overlooked opportunity
O miss detection (busy sensed as idle) = collision

» When and how much to trust the sensor?

po If idle po < 1 : conservative

For L =1, tx prob. :{ < sensor {ed}

p1 if busy p1 >0 : aggressive

Joint design of access policy at MAC and spectrum sensor at PHY
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Basic Components and Design Tradeoffs

Sensing Policy: gaining access vs. gaining information

------
_____________

- -~ -
- ~ o
- ~

Reward | R(1)  R2) coc R@-DORD R+ oo
Action| A(1) | A(2) | ce | Alt — 1)| A|<t.)--r.;l-(-t-:|:-1-)|“-“ |
S V41 T

¢
Obsery. - K1) ___K(2) - \iﬁt—»l)K(@\
A(t—=A(t+1)

» Each observation K(t) € {0(unsuccessful), 1(successful access)}* provides partial
information on the spectrum usage state.

» Sensing action A(t) should be based on the conditional distribution A(¢) that
exploits the entire decision and observation history.

» A(t) results in immediate reward R(t) and observation K(t) that affects future
reward.

» Optimal A(t) achieves the best tradeoff between gaining immediate reward and
gaining spectrum information.
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A Constrained POMDP Formulation

A(t) A(t+1)
slot ¢
Decision Data Transmission Ack. K(t)
Making (Obtain reward if channel idle/ Incur collision if channel busy) (tx succeeds or not)

Sensing decision A(t)| Sensor design A(t) | Sensing outcome ©(t) | Access decision ® ()

» Belief vector A(t) = {As(t)}.cio1yv, Where Ag(t) is the conditional probability that
the spectrum is in state s: {A(t), A(t),K(t)} — A(t +1)
» Sensing policy =,
O deterministic: A(t) — a set A(t) of L channels to be sensed in slot ¢.
O randomized: A(t) — PMF of A(z).
» Spectrum sensor 75: A(t) — a decision rule A(t) used for occupancy detection:
{A(t),channel measurements} — O(t) = {0,(t)}.car € {0(busy), 1(idle)}".
» Access policy 7.
O deterministic: {A(t),®(t)} — ®(t) € {0(no access), 1(access)}~.
O randomized: {A(t),©(t)} — tx probabilities.
» Objective:

T
{mr, w8, m%} = arg max E[Z R(t)] s.t. collision prob. P,(t) <({, Vne A(t) (%)

ﬂ-(S:ﬂ_S ﬂ_c
’ t=1
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The Separation Principle for Single-Channel Sensing

Theorem: 7; and 7, can be decoupled from =, without losing optimality

0 Choose 75 and 7, to max. immediate reward R(¢) and ensure constraint B, (t)

¢
— A static optimization problem.
— Explicit optimal design of spectrum sensor:

optimal Neyman-Pearson (NP) detector with prob. of missing (PM) ¢ = ¢.
— Closed-form optimal access policy:

trust sensing outcome (tx prob. py=0,p; = 1).

1—=¢

0 Choose 7, to maximize total reward E [Zle R(t)}.
—> An unconstrained POMDP.

— Deterministic sensing policy.

0 <(

——
aggressive ! €

|
' -0 !
po=0p1=% po=ep=1
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Two Spectrum Sensor Structures for Multi-Channel Sensing

Goal: dynamically choose decision rules A(t) for spectrum opp. identification.

Joint opportunity identification

” l YQl YLl

Channel
Measurements

A(t) 77| Spectrum sensor (decision rule A(t))
Sensing o | o, | e
Outcomes ©: l GQl @Ll

» Perform a 2f-ary hypothesis test:

Ho: Salt) =[1,1,...,1],
Hi: Sat)=10,1,...,1],
Mo @ Sa(t) =[0,0,...,0].

» Decision rule: {{Y,}l_} — {Ho, ..., Hori}

jointly exploits channel measurements.

» Performance is specified by a set

of 2& x (2F — 1) error probabilities.

Measurements

Qutcomes

Independent opportunity identification

| y

ART|A() CTAWTAL®)

i

» Performs L independent hypothesis

Channel

Sensing

tests: H,: S,(t) =

L
Hy: Su(t) =0, n € A(t).

» Decision rule A, (t): {Y,} — {Ho, Hi}
ignores correlation among channel
measurements.

» Performance is specified by L pairs
of false alarm and miss detection rates.

» Less complex than joint identification.
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Two Access Policy Structures for Multi-Channel Sensing

Goal: dynamically choose access decisions or transmission probabilities.

Joint access decision-making Independent access decision-making
Sensi S) Oy | ) Sensing o |  o. |
Ou?cr;lrr%ges ' l i l Ll Outcomges ©1 O O
A(t) | Access Decision-Maker {f,,(©)} e AT 1(01) A(r) TTfa(O2) TTAR)TIfL(O4)
Desess @ l P, l """""""" @Ll Decisons 1 l 2, l """" ‘I’Ll

» Tx. probability £,(0,) 2 Pr{®, = 1|0,}

» Tx. probability ,(©) 2 Pr{®, = 1|0} _ _
independent of sensing outcomes

governs access decision ®,,Vn € A(t).

L _ _ from other channels.
» Access decision jointly exploits sensing

» Access decision ignores correlation
outcomes from all sensed channels:

O = {0 }reaw-
» # of tx. probabilities to be designed
= 2l (possible sensing outcomes)

among sensing outcomes.

» # of tx. probabilities to be designed
= 2L (chosen channels).

« L (chosen channels). » Less complex than joint identification.
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Extension of the Separation Principle

12

T
{m, 7l m} =arg max E[) R(t)] s.t. collision prob. P,(t) < ¢, Vn e All)

TS5, Ts, e
’ t=1

Joint sensor & joint access structure

» Provides globally optimal solution.

» Requires randomized policies for optimality.
» Optimal but computationally prohibitive.

Independent sensor & independent access structure
» [ he separation principle holds.

» Optimal solution under this structure (the SP approach):
0 Spectrum sensor: optimal NP detector with PM = ¢.

NP detector
Y, | forchanneln [ 6,

O Access policy: trust the sensing outcome.

= |Access decision-maker -
O, for channel » o,

» Caveat: ignores correlation among channel occupancies.
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Exploiting Correlation: The PHY Layer Approach

Joint sensor & independent access structure

0 Sensor: optimal NP detector, using all channel measurements, with PM = .

Y,

NP detector — > 9
. or channel » n
Y,

0 Access policy: trust the sensing outcome (using one sensing outcome).

= |Access decision-maker -
O, for channel » ®, =06,

» Exploits all channel measurements {Y,},c1 In occupancy detection for each

chosen channel.

» Uses MAC layer information at PHY layer: the a priori joint distribution of

channel measurements is obtained from the belief vector A(t).
» Locally optimal (maximizes instantaneous throughput).

» Reduces to the SP approach when channels evolve independently.
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Exploiting Correlation: The MAC Layer Approach

Independent sensor & joint access structure

0 Sensor: optimal NP detector, using single channel measurements, with PM = ¢.

- NP detector -
Y, for channel » ©,

0 Access policy: myopic tx probabilities f,(®) (maximizes the instantaneous

throughput) obtained via linear programming.

or .

Access decision-maker|———> -~
for chelmlnel n ' ©y ~ fu(©)

O

» Exploits all sensing outcomes © = {6, },,c44) In making access decision for each
chosen channel.
» Locally optimal when channels evolve independently.

» Reduces to the SP approach when channels evolve independently.
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Performance Comparison

e
ROC of spectrum sensor Normalized Throughput
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i~ B o7
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» Performance of the PHY layer spectrum sensor is improved by exploiting
the MAC layer sensing and access decisions (characterized by the belief vector).

» Exploitation of channel correlation at the PHY layer is more effective than that
at the MAC layer.
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Conclusions

» Optimal OSA with multi-channel sensing formulated as a constrained POMDP.
» Separation Principle
O holds for L = 1; extends to L > 1 under the independent sensor & independent
access structure.
O leads to explicit optimal sensor design and closed-form optimal access policy.
O reduces sensing design from a constrained POMDP to an unconstrained one.
» Exploiting Channel Correlation
0 PHY layer approach: improved sensor performance by exploiting MAC
information (belief vector).
0 MAC layer approach: infers channel correlation from sensing outcomes.
Limitations
» Known transition probabilities of the underlying Markov process (robustness to
model mismatch can be found in [1]).

» Interaction among secondary users not taken into account (exploited in [2]).
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