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_ Abstract—Reutilization of the spectrum licensed to services transmission strategy is designed and implemented. This ne
with low occupancy is of great interest for cognitive radio(CRs).  design ensures that the vacant spectrum is optimally used
To achieve this goal, we introduce a simple hidden Markov moel o, ditioned on the level of interference for the PU, due to

which captures the primary users activity, signal uncertanties, s . . .
and noise. For evaluating the performance of any CR, two new all uncertainties in the model, is not exceeding a certaialle

criteria are presented entitled spectrum utilization ratio (UR) and HMMs are long in use for modeling different phenomena
interference ratio (IR). Based on this model and new measuse ranging from speech signals [4] to the complex behavior of
a new a-posterior log-likelihood-ratio based CR is desigrieand  computer networks. In the context of cognitive radio, many
implemented. Its performance is compared with standard eny-  ragearchers modeled the spectrum white space with Markov

detection based spectrum-sensing CR. We demonstrate motieatn del d ¢ . . HMMSs 5181, |
300% increase in UR for up to 1% allowed interference at the MOUEIS and spectrum sensing using s [5]-[8]. In our

SNR of —5dB. paper, HMMs are used not only for spectrum sensing but
Index Terms—Cognitive radio, hidden Markov model, inter- also as a tool for CR transmission strategy making. The

ference ratio, spectrum sensing and spectrum utilization. closest published approach to our method is presented in
[9], which employs a partially observed Markov decision

|. INTRODUCTION process (POMDP). They introduced the POMDP for optimal

policy making for multiple channel sensing and access. The

proach is similar to ours due to Markovian assumption for
the PU transmission model and in the presence of sensing
error. However, the sensing model, performance metric and

In spite of all attractive features of cognitive radio (CR)
there exist many basic questions that limit the usage of
in real-world applications. First and foremost, espegi&dir
CRs utilizing energy detection spectrum sensing, the difyab . )
of CR is limited by the so-called SNR wall [1]. This iscorfht.r‘?"”tS are d.'l‘;fire”t f“;.m o ducing the sve
due to the low received power of the PU signal at the CR IS paper will be confinued by Introgucing the system

receiver and uncertainties in signals, noise, and channé‘koge: mthg r;ﬁxt SHeI\;t'I\;m'Wh'Ch V\;HIJ[_coverft?ﬁ sgr&al andsecil_
There are several attempts in overcoming this problem, e. 0 estan et' " Irepsr;esin a ;ﬁntﬁ N p;ercep 'on
by using sequential spectrum sensing methods [2] [3]. T spectrum activities. In section 1, the new periormance

other impediment on the way to fully reutilizing the speatru measures utilization ratio (UR) and interference ratio) (IR

is knowledge about the future activities of the PU in thf/III Ee ljntrgdgtlzqedb Segtlon v C(t)mputes the UR. and IR
same band. Hence, since CRs must be cautious in transmitti [y stanaar ased on specltrum Sensing using energy

over the bands with possible future PU activities, spectru ggectlon.. S_ect_lon Vis devo_t(_ed t_o the design of a new CR
trategy, which improves reutilization of the spectrumwill

reuse is limited by the causality of spectrum informatior, ol d in Section VI by the simulati :
On the other hand, the performance measures normally u §g'orowed in section y the simuiation scenario, some

for characterization of CRs performance are dedicated ¢o sults, and a comparison betv_veen th_e baseline and new CR.
detection efficiency of their spectrum sensing, e.g., wetei he paper will be concluded in Section VIl by some final
operating characteristic (ROC) curves. These measurestdorr?marks'
consider the PU transmission model, channel uncertainties
the interaction between CR and PU. Thus, any CR design
based on such criteria will not be ideal. I[l. SYSTEM MODEL

In this contribution, we deploy a hidden Markov model
(HMM) to form a framework for modeling the behavior of CRs A . di L di ilizi h
in the presence of PUs and all the uncertainties. Additlgnal cognitive radio system s interested in utilizing the

a benchmark for evaluation of CR performance is introduce .?gtrur:nchvzcr::r:g?s's;jo btalt(r?e g%vatrr\]t:%ech] t;rtnséfgeq;?eng)f/
Then, using this foundation and these measures, a new Wi u y ’ Y W

the PU activities. In this research, it is assumed that the CR
Research supported by the High Speed Wireless Communic@imter, has a full buffer to reuse the spectrum whenever it is aviglab
Lund and the Swedish Foundation for Strategic Researchd&@we



ao1

apo ‘@ m a1

a0

Figure 1. PU transmission model

A. PU transmission model

Here, the PU transmissions are slotted with a slot length
T. The existence of a PU transmission in stos denoted by
hypothesis thell; £ {q, = 1} and its absence is denoted
by Hy = {q= = 0}. A simple model which represents
the PU transmission is the two-state on-off Markov process

depicted in Fig. 1, where the Markov chain is represented BY "¢ signal is also zero-mean complex circular Gaussian
the transition probabilities; ; = Pr{qx+1 = y|_q;C =i} fqr with varianceo?, and r(iTy) = s(iTs) + n(iT,), r(iT,) ~
1,7 € {0,1} andg; stands for the PU state at time slotThis CN(0,02), whereo? = o2 + o2. Thus, 2 is chi-square

model is represented by the transition matrix distributed with2 K degrees of freedom and Gaussian variance
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Figure 2. HMM model for the energy detector.

2) Signal plus noiseThis model assumes that the noise is
zero-mean complex circular Gaussian sample with variance

C. Hidden Markov model representation of energy detector
Whereaoo + ag1 = aigo +a11 = 1.

Due to the noise and other channel impairments, CR is Energy detection, which is one of the most widely deployed
unable to directly observe,. In the following sections, the spectrum sensing methods due to its simplicity, compares th
uncertainties in signal and noise are modeled as Gaussistimated received energy,) with a threshold to detect the
random processes. The initial distribution of the states éxistence or absence of the PU signal. Using this threshold a

assumed to be in steady state [4] and defined as a certain received PU signal power to CR noise ratio (SNR)
A A will result in certain probabilities of mis-detection analde
m&[m m | 2] Pr{ge =0} Pr{g=1}] alarm. This procedure introduces the HMM presented in Fig.
= a5 -] k=012, (2) 2. In this modely;, = 0 andy;, = 1 denote the detected state

B. Signal and noise models to be Hy and Hy, respectively, and is decided by

The receiver front end is an energy detector whose its 0, if zx <8,

outputzy, is Ye = 1, if 2 > 6., (4)

K-1
Ty = Z Ir (KT +iT})|?, (3) Wheref. is detection threshold. Thus, the elements of the

=0 emission matrixB are

wherer(-) is the complex envelope of received signal low- B2 [ boo  bo1 ]

pass filtered to the PU signal bandwidi, T is the period | b b1 |’

in Wh|ch energy is collected, Whlcr_l happens to b_e thg sameas ;o Priye = O0lgr =0} = 1 — boy = 1 — Pra

the period for the PU to change its state (for simplicity), 0. /902

is the sampling time, and’ is the total number of samples in =1-Py(b.)=1— M’ (5)

each period. The channel is assumed to be an additive white I'(K)

Gaussian noise channel. We also assume that the PU signal b3 2 Pr{yx = 1lgx =1} =1 — by = 1 — Py

can be modeled as a Gaussian signal (which is a reasonable v(K, 0./202)

model for many PU signals [10] [11]). If we sele@t such =Pi(0.) = T)Tv (6)

that T, > 1/W, then the samples(iT;) are approximately
statistically independent. We note that is constrained as whereI is the Gamma functiony is the lower incomplete
K <T/T;. The following is a review of the assumptions thaGamma functionf, and P, are the CDF of a chi-square distri-
the model is based on. bution with2 K degrees of freedom and Gaussian variante

1) Noise only: This model presumes that the nois@ndo?, respectively , and?y and Pr-a are the probabilities of
n(iTs) ~ CN(0,02) is a zero-mean complex circular Gausmis-detection and false-alarm, respectively. This mofigly
sian sample with variance?, and the received signal will be specified by 2 (A, B, ) [4], captures the whole behavior
r(iTs) = n(iTs). Thus,zy is chi-square distributed with X'  of the standard energy detection based CR in the presence of
degrees of freedom and Gaussian variange the simplified PU model.



IIl. SPECTRUM UTILIZATION RATIO AND INTERFERENCE IV. UR AND IR FOR THE BASELINECR TRANSMISSION
RATIO STRATEGY

The performance of a cognitive radio is usually assessedThe CR strategy for transmission, in the presence of an
based on its spectrum-sensing algorithm. Spectrum sersingctive PU, can be adapted and optimized according to these
judged based on itB:4 and Py, which are normally presentednew measures. One might consider different methods in which
in receiver operating characteristic plots. However, thimate UR is maximized while IR is limited. An ideal rule for
goal of CRs is to redutilize the idle spectrum slots while kagp transmission would be:,,; = gz;71, where- denotes the
the level of interference for PUs below a certain level. e t negation. Obviously, this rule is unrealistic because iads-
aforementioned measures are not taking the PU behavior istusal. Thus, the next PU state might be predicted and used
account. Besides, utilization and interference are deflned instead of its real state, i.@t; 1 = Grr1, Wheregy,; denotes
the presence or absence of PU transmission. Therefore, iniprediction of the next PU state. In an even simpler scheme,
necessary to define new criteria which consider the fullup&et the CR may simply transmit in next slot whenever the current
including PUs, CRs, and even the channel. slot is estimated to be vacant, i.e, 1 = ¢x. The strategy
which simply takes current detectiap for deciding whether

A. Definitions to transmit or not 4 7r) is widely used due to its
. . k+1 = Yk

b Let the ﬁR transmission sgategy at timebe denoted simplicity [11] and is herein referred to as the baselingesys

Y tpi1, Whereugy = 0 andugyr = 1 represents N0 pogiem 1:n the HMM presented in Section 11-C with

transmission a_nd transmission, respectively in sﬂo_lir L. the transmission strategy of. .1 — 7%, UR and IR are
Interference will happen whenever the CR transmits at the

same time as the PU. Thus, the interference ratio (IR3 Ne = a01b10 + aooboo = ap1(b10 — boo) + boo, (11)
defined as pe = a10boo + a11b10 = a10(boo — b1o) + b1o- (12)
2 Pr{u =1lq =1} @) . —

P kt+1 k+1 Proof: The UR and IR fon,; = 7% can be computed
Utilization of spectrum occurs whenever the CR transmits infrom (7) and (8) as
vacant time—frequency slot. Thus, we define spectral atitin Pr{yi = 0, qrr1 = 0}
ratio as Ne = Pr{ugy1 = llgry1 =0} = ’ ,

Pr{gx+1 = 0}

1= Pr{ugir = 1gr1 = 0}. (8) (13)
The intention of any CR is to design a strategy that keeps, = Pr{us,; = 1|qpq1 = 1} :Pr{yk =0,qk1 = 1}'
p below a specified level, saymax, and then maximize the Pr{gii1 =1} (14)

utilization ration. Hence, we call a transmission scheme that
maximizesy while p < pmax an optimal transmission scheme. From the HMM it follows thaty; andg;.; are independent

B. Relation of UR and IR to transmission rate conditioned ony,. Thus, the numerators can be written as
It is noticeable that UR can be directly translated int®r{y, =0, qr+1 = j}
cognitive transmission rate. However, in this paper there i 1
no assumption on any particular modulation and coding;,thus — ZPr{qk+1 = jlgx = i} Pr{yx = Olqx = i} Pr{qy =i}
we will not demonstrate any exact rate for the CR. Still, an i=0
average rate might be calculated based on UR and IR as 1
= a; bz ;. 15

R = Ry(nmo +pm) = By (ro(n —p) +p), ~ (9) ; 7 (19
where R and R;, is_ average CR trangm_issipn rate in bit/s _anfjlence, by substituting (15) into (13) and (14) and using (2)
data rate for continuous CR transmission in bit/s, respel$ti he theorem follows. -

Thus, for smallpm, /7o (9) is approximated by ~ Ry7mo7.  Expressions (11) and (12) capture the impact of the PU and
In the same way, the probability of error can be derived fghe CR on spectrum reutilization and collisions. They depen

the CR as on P and Py, which are properties of the CR front end as
Pr{error} = (Pr{errofgy 1 = 0, up1 = 1}nmo (10) well as the matrixA, which is the PU’s property.
+ Pr{errofgy 41 = 1, up1 = 1}pm1) /(1o + pm1). V. LLR-BASED TRANSMISSION STRATEGY

The first term in (10) includes the probability of error in the In Section IV, a simple strategy which is widely used
absence of PU and the second term includes the probabilityfof CR was presented. In this section a new HMM-based
error in the presence of PU. In both expressions (9) and (1@gnsmission strategy, which depends on observations unti
the first term represents the rate or error due to reutilizingne k yx = [y1, y2, . . - 7yk]T is introduced.

slots and the second term represents the rate and errogdurinAs described in Section IV, a generic transmission scenario
interference with the PU. Thus, the UR and IR are also usefok a full buffer CR can be phrased ag;1 = §x41- Thus, the

in evaluating actual transmission performance of cogaitibetter the PU state prediction performed by the CR, the highe
communication links. the spectrum reutilization. One reasonable way to inc@teor




both the model and whole observations is to form the a VI. PERFORMANCE EVALUATION AND RESULTS
posterior probability of’r{gx11 = 1]yx; A}. This probability 14 assess the performance of the CR specified in ex-

will be used in the decision rule as pressions (16)—(19), and to have a fair comparison with the
) classical energy detection based spectrum sensing moiteled
Upy1 = L, !f 2 < O , (16) Section IV, a setup in which both introduce the same level of
0, if 2z >0 interferencepmay for the PU must be used. According to (12),
2 log Pr{grs1 = 1lyx} a7 energy dete_ction can attain a certain IR if for a giveknthe
Pr{gir1 = Olyx}’ thresholdd. is selected to be
e = Pe_l(PmaX)a (23)

where z;, and g, are thea posteriori log-likelihood ratioand
the threshold forz, respectively. They, which is based on pe(0) = a1o(1 — Po(0)) + a1 (1 — P1(0)).
the future state of PU, hereafter will be addressed as the LLR By the same reason as in Section V, this threshold wil

To calculatePr{gy+1 = ilyx}, @€ {0,1}, the fact thaliei1  give the maximum achievable UR for a given interference.
and}’k, conditioned ory., are Independent, is used. ThUS, thl%he threshold given in (23) through expreSSionS (5)_(6¢glv

probability might be expressed as the matrixB. The HMM model specified by = (A, B, «)
) will be used as the front-end model.
Prige+1 = ilye} The same model is used to evaluate the new CR trans-
= Z Pr{qe+1 = i|lqx = 7,yx} Pri{qr = jlyr} mission strategy presented in Section V. For this new model
je{0,1} to work, a new threshold), is needed. To compute this
_ Z Pr{gri1 = ilgr = j} Prige = jlye}. (18) tehr:]epsinggiil,y'fhe CDF ofy, conditioned ory41 = 1 is estimated

ie{0.1} The rest of this section discusses the evaluation setup by

which these CRs are assessed. Then, some results and a

In (18), P =i|lqgr = 7} = a;; IS given in the matrixA .
(18), Prige1 =lax = j} = aj IS given | ! gemparison are presented.

andPr{qx|yx} can be calculated using the forward-backwa
method [4]. Since only the information about the past i8. Evaluation setup

available Pr{q;|yx} is the forward variablev; (i) = Pr{q, = ; . . s
ilys}, ic {0, 1} which is computed recursively [4, egs. 19— In simulating the performance of a CR transmission strat

. : ; egy, the ratio of received primary signal power (at the CR
21] with moderate complexity. Thus, the LLR is receiver) to the CR receiver noise power is important. Here,

simplicity, we assume one PU link and one CR link. Of course
(19) it can be extended to a case with multiple coordinated PUs
and multiple coordinated CRs. Hence, we define the SNR as

For the cognitive transmission scheme in (16), a thresho‘f’cﬁ"R% o7 /oy (in dB). In this simulation K is selected to be
for the LLRs is needed. This threshold firstly should fulfill a0- This parameter plays a role for the SNR scaling. The other
required IRp < pmax. TO achieve this, one must derive thdactor which is |mport_ant in evaluau_ng CRs is the maximum
expression for the IR for this new transmission strategy. B/lowable IR pmax. This parameter is normally decided by

substituting (16) in (7) and (18), we can write the IR as tegulatory bodies like FCC. The intention is to keep it low
function of 4, as and we assume that,ax = 1%.

a1 (0) + ar1ag(l)
apoO (O) + aloak(l) '

zi = log

B. Results

(1) = Pr{zk = ol‘q’““ - 1} = Falaen=1(0) - (20) First, the UR for LLR-based CR and baseline CR are
compared for different PU parameters and SNRs. Figure 3
depictsn vs. ap1. In this figure, it is apparent that UR increases
with the SNR. This is expected due to the simplicity of PU
m(0r) = Pr {Zk S 91"1’%1 = O} = Falawsa=01),  (21)  getection for the CR in higher SNRs. There exists an obvious
gain in UR in LLR-based CR over baseline CR. This gain
whereF., ., =; is the CDF ofz;, conditioned ong.4+1 =i. s due to the inclusion of model and observations in the CR
Since bothp, (6;) andn;(6;) are nondecreasing functions®f  transmission decisions. The smaller thg, the higher the
it follows that the optimum threshold, which does not causgance that the PU remains in the zero state wher: 0.
more interference than the allowgghax and maximizes the Thys, the LLR-based CR presents much higher UR gains over

and the UR as

UR, is the baseline CR for lower values af;. The gain disappears
when ag; increases because the prediction capability of the
00 =F_ |40 r=1 (Pmax), (22) LLR-based CR decreases when there is higher chance of a
PU transition to the transmission state whgn= 0.
where fz_kllqk+1:1 is the inverse CDF ot; conditioned on Figure 4 illustrates that both CRs have higher sensitivity

qr+1 = 1. to a19 thanag;. This sensitivity is caused by the limitation
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Figure 3. UR vsag; for the baseline CR (thin red lines) and correspondin
LLR-based CR (thick blue lines) gimax = 1% over differenta;o and SNRs
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Figure 4. UR vsajo for the baseline CR (thin red lines) and corresponding[ﬁ]
LLR-based CR (thick blue lines) gimax = 1% over differentag; and SNRs

introduced due t@max. A smallera;o means a higher chance
of the PU staying in transmission state. For keeping thar-inte[S]

ference belowmax the CR should back off in the threshdld

more. This will eventually reduce the UR for both schemes.

VII. CONCLUSIONS

. [10
In this paper, we have proposed a new framework for the
design and evaluation of cognitive radios. In this new model

how much of the vacant spectrum is reutilized by the CR and
the IR indicates how much interference the CR causes to the
PU. The HMM was introduced to model the standard energy-
detection based CR.

The same HMM was used to define a new CR which
considers CR and PU models and the history of observation.
For the scenarios with low PU spectral occupancy, this new
CR shows significant improvement in UR for a given IR in
comparison with the baseline system. For a maximum IR
of 1%, the LLR-based CR yields more tha®0% increase
in UR over the baseline CR at the SNR ef5 dB for
apl = a1 = 0.01.

The ideas presented herein are dependent on perfect knowl-
edge of the model, which is not always reasonable. This
knowledge might only be available partially or erroneously
which will have direct impact on the performance of the CR.
These issues are subject to future research by the authdrs an

gvill be addressed in forthcoming papers.
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