Exploiting Multichannel Diversity in Cognitive
Radio Networks

Tuan Do and Brian L. Mark
Dept. of Electrical and Computer Engineering
George Mason University, MS 1G5
4400 University Drive, Fairfax, VA

Abstract—Cognitive radios hold tremendous promise for in- secondary node determines its approximate MIFTP, which
creasing spectral efficiency in wireless systems. In cognitive hounds the size of its spatial spectrum hole.
radio networks, secondary users equipped with frequency-agile A temporal spectrum hole is a period of time for which

cognitive radios communicate with one another via spectrum that th - ¢ itter is idle. Duri h idl iod
is not being used by the primary, licensed users of the spectrum. € primary transmitter 1S idie. During such 1die periods, a

We consider a multichannel cognitive radio network scenario in S€condary user may opportunistically transmit on the given
which a secondary transmitter can switch to different channels channel without causing harmful interference. The probdém

for opportunistic communications. Multichannel diversity can  detecting when the primary is ON or OFF is callethporal

be achieved by dynamically switching to different channels spectrum sensing. Cooperative temporal sensing has been

during transmission. Our numerical results show that even a L L
simple randomized channel switching scheme can significantly studied in [4], [5]. The decision on the ON/OFF status of the

reduce the average symbol error probability. We also propose a Primary transmitter can be made either at individual seaond
scheduling algorithm based on maximizing signal-to-noise ratio nodes or collaboratively by a group of secondary nodes.]in [6

to further improve the performance of cognitive transmission. a temporal spectrum sensing strategy that exploits meltius

Index Terms—Cognitive radio, multichannel diversity diversity among secondary nodes is proposed.
In an earlier paper [7], a joint spatial-temporal sensing
. INTRODUCTION was proposed whereby a secondary node performs spatial

sensing to determine its MIFTP when the primary transmitter

As wireless devices and applications continue to growg ON and uses localization information obtained in the pssc
more and more spectrum resources will be needed. In thespatial sensing to improve the performance of temporal
current spectrum regulatory framework, spectrum or freqgue sensing, which estimates the ON/OFF state of the primary
is allocated to licensed users over a geographic area. Witliansmitter. In [8], a combined joint spatial-temporal siag
these constraints, spectrum is considered a scarce restugc and amplify-and-forward cooperative relaying scheme was
to static spectrum allocation. Recent empirical studiesidio proposed to improve the performance of cognitive trans-
spectrum usage have shown that licensed spectrum is typicahission. A decode-and-forward cooperative communication
highly underutilized [1], [2]. To recapture the so-callesbec- scheme was investigated in [9].
trum holes,” various schemes for allowing unlicensed or sec In this paper, we consider a multichannel cognitive radio
ondary users to opportunistically access unused spectawe hnetwork in whichN primary transmitters (PTs) operate 6h
been proposed. Opportunistic or dynamic spectrum accesslitferent channels with frequencies, i = 1,..., N. Multi-
achieved by cognitive radios that are capable of sensing @ieannel cognitive radio networks have been studied in [10]-
radio environment for spectrum holes and dynamically tgnirf13]. In [11], [12], a dynamic programming approach was
to different frequency channels to access them. Such rad@®posed to search for an optimal sensing order among the
are often calledrequency-agile or spectrum-agile. channels. In [10], ahannel-aware switching algorithm was

On a given frequency channel, a spectrum hole can be chdeveloped to decidevhere and when to switch among the
acterized as spatial or temporal.spatial spectrum hole can candidate channels. Sequential temporal sensing algwith
be specified in terms of the maximum transmission power thaere developed for OFDM-based hierarchical cognitiveaadi
a secondary user can employ without causing harmful intesystems in [13]. In all of the aforementioned works, onlygur
ference to primary users that are receiving transmissiam f temporal spectrum sensing was considered.
another primary user that is transmitting on the given ckann In this paper, we investigate channel switching in multiecha
Spatial spectrum sensing is investigated in [3], wherem tmel cognitive radio networks employing joint spatial-tesrgl
maximum interference-free transmit power (MIFTP) of a givesensing. In our scheme, secondary users can switch to a new
secondary user is estimated based on signal strengthsedcechannel even when the primary user on that channel is ON
by a group of secondary nodes. To calculate the MIFTP fand continue to transmit using MIFTP. We show that even for
a secondary node, estimates of both the location and transansimple randomized channel switching scheme, our scheme
power of the primary transmitter are estimated collabweesiti outperforms the conventional scheme in which secondamguse
by a group of secondary nodes. Using these estimates, esi@ty on the same channel during transmission. We also pro-



9 assume that the MIFTP of a secondary user on chayinel

remains unchanged until the location of PThanges.
.@ @’ Both spatial sensing and temporal sensing dvecognitive

= . channels can be performed concurrently by usigets of
- P

P temporal or spatial sensing nodes or sequentially by one set
of temporal or spatial sensing nodes that sequentiallychwit
Fig. 1. 2-state Markov chain model for PT ON/OFF process. among theN channels. In practice, the time scale over which

the PT changes its location is much larger than the time

scale of its ON/OFF durations. Under this assumption, the

pose a “maximized signal-to-noise ratio” scheduling soBemira overhead of joint spatial-temporal sensing compéoed
that can further improve the performance of secondary Us8Mmporal sensing is not significant.

transmissions. _ _ For a given PTi with frequencyf;, the wireless channel

~ The remainder of the paper is organized as follows. Seg-modeled by Rayleigh fading with time correlation [17]. We
tion Il describes the system model. Section Ill discusses thssyme that the channel remains constant for a duration of
randomized channel switching algorithm and its perforneancy; /9 symbols. For the first half of the transmission frame, the
The maximizing SNR scheduling algorithm is proposed ipsceived signal of a simple wireless channel model with flat
Section IV. Section V presents simulation results. Findhg (frequency non-selective) fading without shadowing isegiv

paper is concluded in Section VI. by [18]
Il. SYSTEM MODEL y1 =/ P(d,e)his1 +nq, 1)
A. Transmission frames and PT behavior where
We assume that the licensed wireless spectrum consists P(d,e) & 52 (do) €
of N non-overlapping channels with frequencigs i = d

1,2,...,N. There is one PT on each channel. Secondary usgéhotes the equivalent transmitted power after taking into
are equipped with a single half-duplex transceiver capable account the effect of path loss. Her& is the free space
switching to different channels. Time on the wireless clennsignal power attenuation factor between the source and a
is divided into frames consisting oV, symbols. Each PT reference distanced,, d is the distance between the source
alternates between ON and OFF states on a per-frame bagig destinationg is the propagation exponerit,~ CN(0,1)
according to the on-off Markov model of Fig. 1. The ON/OFFs a complex Gaussian random variable with variarge
states of different PTs are statistically independent. Oie ,, ~ CN(0,Ny), ands; is the transmitted signal.

and OFF durations of PTare modeled by geometric random For the second half of the frame, we have

variables with parameterg andp;, respectively (cf. [14]). The

steady-state probabilities that RTis ON and OFF are given Y2 =/ P(d, €)gis2 + na, (2)

on __ . . ) off _ . ) i
by pi" = ¢:/(pi + ¢:;) andp™ = pi/(pi + q:), respectively.

B. Channel modeling gi = pihi + /1 _ P2 3)
When a PT is ON, a secondary transmitter (ST) is limited

in the amount of power it can use in order to avoid causifherec: ~ CN(0,1), ny ~ CN(0, No), andp; = Jo(2m Di7)

harmful interference to the primary users who receive the the channel autocorrelation [17], whefg is the Doppler

transmissions from the PT. The maximum power that can BBift of channeli and is the time to transmifV, /2 symbols.

used by a given secondary node while avoiding harmful inter- L€t € andé; denote the MIFTP of a given ST when RT

ference to primary users is called theximum interference- 1S ON and the maximum transmission power that can be used

free transmit power (MIFTP) (cf. [3], [15]). A method for when PT: is OFF, respectively. We also define

a secondary node to estimate its MIFTP is developed in [3] P = P(d, &) p - P(d, &)
for the case of a single primary transmitter; the multiple ' e T
transmitter case is addressed in [16]. as the equivalent transmitted powers whenF$ ON from

In [7], joint spatial-temporal sensing is proposed for on8T to a given secondary receiver (SR) when#$ ON and
PT with a single channel at frequengy The joint spatial- OFF, respectively. To combat the low SNR at the SR due to
temporal sensing in [7] can easily be extended to multicendimited transmit power at the ST, a repetition code is used at
scenario. In particular, at the beginning of each trandoniss the ST. Note that the repetition code is close to optimal @ th
frame, a set of secondary nodes collaboratively estimaies tow SNR regime [19]. By using the repetition code, the ST
ON/OFF state of PTi by switching to channelf; using transmits the same signal in both halves of the transmission
temporal sensing algorithms proposed in [7]. Spatial spett frame, i.e.,s; = s = s. We also assume that the channel
holes on channel in terms of MIFTP can be estimated bycoefficientsh; and g; can be estimated at the SR, i.e., via
a group of secondary users switching to frequerfcyWe training sequences, and maximal ratio combining (MRC) is



used to combine the received signal at the SR. Hence, BEP can be expressed as

final received signal at SR is (M- [, -1
2 2 . * P(I') = l/ ; IT(t+ IPSK ) de. (D)
y = VP(|hi]* +1g:]*)s + hiny + gino (4) 7 Jo P sin? ¢
where P = P, when PTi is ON andP = P, when PTi is The received signal in (5) is the maximal ratio combining
OFF. of two independent Rayleigh fading channel. Using the MGF
approach, the SEPs for the four possible joint of P&nd 2
1. EXPLOITING MULTICHANNEL DIVERSITY are given by
A. Randomized channel switching SEPon.on = ¥(71,72)
Consider a simple scenario in which we have two communi- SEPon ot = ¥(71,72),
cation pairs (ST, SR1) and (ST2, SR2) over two cognitive SEPost on = (71, 72),

radio channels with frequencigs and f», respectively. When
there is no channel switching, i.e., 3Tises the same channel SEPost ot = ¥(71,72)-

fi to communicate with SR, the received signal at SR (cf.The average SEP of the randomized switching scheme over
(4)) cannot achieve a diversity order of two becaiseand 4| ON and OFF states of PT and PT2 is given by
g; are correlated. To exploit multichannel diversity duritg t

first half of the frame, STl uses channef; to communicate SEP.ana = p3"PS"SEPon on + DYDY SEPon o (8)
with SR 1 and switches to channg}, during the second half + ST pSPSEP ot on + DS PSTSEP ot off.

of the frame. Thus, the received signal at 5k ) _ )
In the case of pure spatial sensing, 5&nd2 always transmit

y = (Vh|* + Vizlg2|*)s + hing + gino (5) with at their MIFTPs, so the average SEP in this case is simply
SEPon on-
wherey; = Py or iy = Py if PT 1is ON or OFF, respectively.  2) No channel switching: When there is no channel switch-
p2 = Py or iy = P, if PT 2 is ON or OFF, respectively. ing the received signal at the SR is given by (4). As
Sinceh; andg, are independent, the received signal at SR, . cA/(0, 1), we can denotéy; = a; + jb; wherea,, b; ~
has diversity order two. Similarly, the received signal RS  Ar(0,0.5). In (3), leta; = ¢; + jd; wherec;, d; ~ N(0,0.5).
also has diversity order two. The term|h;|? + |g;|? in (4) can be rewritten as
We expect that the average symbol error probability (SEP)
will decrease compared to the case when there is no channellil” + g = (1 + p?)(a7 + b7) + (1 = p*)(c] + d7)
switching. In the general scenario, we may havechannels +2p3/1 = p2(aic; + bidy).
with frequenciesf; and N pairs (STi, SRi4),i=1,2,..., N.
In this case, pair (ST, SR4) can switch to channej # i We have E[(aic; + bid;)] = 0 where E[] denotes the
during the second half of the transmission frame as long &§Pectation operator. Hence, we can approximate
e e L e 1004201441 -1~ P ), O
protoco
to oversee the process of channel switching. where the constart accounts for the fact that when the term
a;c;+b;d; 1s negative, the received SNR is effectively reduced,
B. Performance Analysis resulting in erroneous symbol detection. An appropriataeva

1) Randomized channel switching: Next, we analyze the of § can be determined by computer simulation. We find
performance of our scheme in term of average symbol error 5 p2(1—p), if p<0.7,
probability (SEP). Letp™ and po, respectively, denote the - p(1—p), if p=>0.7.
ON and OFF probabilities of PT, i = 1,2. We shall assume .
that M-PSK modulation is used. Using the moment generatiﬁifmbm'ng (9) and (4), we have
fgnction (MGF) approacr_] in [20], [21], th_e SEP of M-PSK Yo \/17[(1 + 02 = O)|hil> + (1= pH|aiPls + 2, (11)
signals with MRC of L independent fading paths can be

(10)

expressed as wherez = hin; + g/ns. The received signaj, in (11) can
IR be approximated by the maximal ratio combination of two

M gPSK independent channels with Rayleigh fading coefficiéntand

/ H <_ sin? ¢> ¢ ©) «; and average SNRg = P(1+p?—0)/Ny andy, = P(1—

p?)/Ny. Finally, the average SEP at the secondary receiver
where gpsk = sin?(7/M) and M., (u) = (1 —uy;)~" is the When there is no channel switching is
moment generating function of Rayleigh fading with average
Tomet g g yleig g 9 SEPcony = ¥(71,72)- 12)
LetT = (y1,72,...,7%) denote a vector of. average SNR Our analysis is confirmed by simulation results presented in
values corresponding tb independent fading paths. Then thé&ection V.



1IV. MAXIMIZED SNRSCHEDULING ALGORITHM Algorlthm 1 Maximized SNR scheduling algorithm

In this section, we propose a scheduling algorithm thatt: INPut: ON/OFF state vectop, CSI matricesH and G,
exploits multichannel diversity in cognitive radio netsr idle/reserved matri$
Our scheduling algorithm maximizes the SNR of the received 0F 7 =110 K do

signal at the SR. We assume that cognitive channels ¥ t0
4: while t < K do

with frequenciesf;, i = 1,2,..., N allow simultaneously )
transmission of up taV pairs of (ST, SR). Letk < N k—j+t mod K
be the number of concurrent secondary transmission. We alo S <0 o
assume that the scheduler knows the ON/OFF state of. PT ”* if (First half of transmission framepen
The scheduler maintains a state vegionhoseith component & S1(k) s e max; n=0l(v + PO —
p(i) = 1 when PTi is OFF andp(i) = 0 when PTi is ON. ¥i))|hij|*}
Through spatial sensing, scheduler can obtain an estirfiate & S(Sl(k)> 1) —1 o
the distance between STand SRi and therefore an estimate 1% else if (Second half of transmission frameéjen
of the equivalent transmitted poweFs and P,. The scheduler 1 Sa(k)  — argmax; g 9)=o{(vi + p(H)(%i —
also has the knowledge of the channel state information)(CSlI 7i)) ki |}
matrix H at the beginning of each transmission frame. Th&* 5(592(k)72) —1
CSI matrix G is also available at the second half of thel® end if

transmission frame. These CS| matrices can be estimated4t ¢ <t +1

the SR via training and then forwarded to the scheduler. TH&  €nd while

elements of the channel matrld, H(i,j) = h;;, where 16 end for

1 <i< Nandl < j < K andh;; is the channel gain

between STj and SRj on channel for the first half of the

transmission frame. The, j) element of the channel matrixt0 SR k. The same algorithm is used for the second half of
G, G(i,j) = g, is the channel gain between STand SR the transmission frame. The performance of the maximized

4 on channel for the second half of the transmission frameSNR scheme is expected to outperform that of the simple

We have randomized channel switching scheme in Section Ill. This is
gij = pijhij + /1 — P2 confirmed by numerical results given in Section V.

wherep;; is the channel autocorrelation between 5and SR V. NUMERICAL RESULTS

j on channel and a;; ~ CA/(0,1). In this section, we compare the SEP performance of the

The scheduler also maintains an idle/reserved channebstatifferent schemes. For all simulations, we use BPSK modula-
matrix S of dimension N x 2, where S(i,1) = 0 if the tion and a frame length oV, = 640 symbols. All channels
first half of transmission frame of channgis idle, otherwise have the same? and P;. The average SNR; = P;/Ny
S(i,1) =1, i.e., the first half of transmission frame of channednd 5, = R;/No. We assume thaj; = +; + 10 dB and in all
i is reserved for transmission. We also havg,2) = 0 if figuresSNR = ~;. Except for Fig. 4, the ON/OFF probabilities
the second half of transmission frame of chanhés idle; of a PT are assumed to be the same across all channels, i.e.,
otherwise S(,2) = 1, i.e., the second half of transmissiorp?" = pof = 0.5.
frame of channel is reserved for transmission. In Fig. 2, we compare the performance of our randomized

At the beginning of the transmission frame, Algorithm Xhannel switching scheme with a conventional scheme with
starts with uset. It finds the channet in the list of N avail- no channel switching. We assume all channels have the same
able channels such that the received SNRis maximized, correlationp = 0.8. As seen in Fig. 2, the randomized
wherev, = Pp|hg1|2/No if PT is ON andy, = Py|hs1]|?/No  channel switching scheme effectively reduces the average
if PT is OFF. After channek is reserved for uset, it is SEP. For spatial sensing, the randomized channel switching
removed from the list of available channels. The algorithischeme is about 3 dB better in the SEP range of interest, i.e.,
then proceeds to use and repeats with the list oV — 1 SEP < 10~3, than the conventional scheme. For joint spatial-
remaining channels. The algorithm continues until all af thtemporal sensing, the random switching scheme is about 4 dB
users have been scheduled. better than the conventional scheme. For joint spatiaptead

Thus, the number of idle channels for ugéris N — K +1 sensing, randomized channel switching exploits both fadin
becauseK — 1 channels have been reserved far — 1 diversity and the diversity of the ON/OFF state of the PT.
previous users. Because of the multichannel fading diwersiClearly, joint spatial-temporal sensing always outperier
the larger the number of idle channels, the larggrcan spatial sensing for a given switching scheme. In Fig. 2, the
be obtained. Clearly, in this algorithm, the first user has tisimulation and analytical results derived in Section llbB
most advantage. Therefore, to ensure fairness among isergjosely matched.
the next transmission frame, Algorithm 1 starts with u8er In Fig. 3, we compare the SEP of the conventional scheme
and ends with uset. After completing the scheduling task,with randomized channel switching over different values of
i.e., S; is identified, STk uses channeb;(k) to transmit the channel correlatiop; = ps = p. We usey; = 12 dB and



7; = 22 dB with 4 = 1,2. As in Fig. 3, the performance of
randomized channel switching is not affected by the chanr
correlation because the ST switches to a new channel w -
independent channel fading. The SEP of the conventior 107}
scheme increases asncreases. Ap = 0, i.e., no correlation,

under pure spatial sensing, the SEP of the conventionahezhe
equals that of the randomized channel switching schen
However, alp = 0, the randomized channel switching still out-
performs the conventional scheme when joint spatial-teaipo
sensing is used. The reason is that even when0, random

switching can exploit multichannel diversity in terms ofth
ON/OFF diversity of the PT. In particular, low received SNF
normally occurs when both PTs are ON for joint spatial

O  Spatial, no switching — simulation

10 "F| — — — Spatial, no switching - analytical

O  Spatial, randomized - simulation
-+ Spatial,randomized, analytical

Symbol error probability (SEP)

temporal sensing, i.e., with probabilipgps", and when P LoL| * doint,no svitching - simulation !
. . . . . Joint, no switching — analytical A
or PT2 is ON, i.e., with probabilitieg$™ or p§", respectively. A Joint, randomized  simulation
Next, we investigate scenarios in which two channels ha Joint, randomized, analytical

differentp°™ probabilities in Fig. 4p5™ = 0.8 andps™ = 0.4, Y s o s s 12 16 2

respectively. Clearly, if useralways uses channgland usep SNR (dB) ~

always uses channg| the performance experienced by user

will always be better than that by user As pOff increases, Fig. 2. Performance of randomized channel switching.
the probability that the ST can transmit with maximum power

increases, and thus the performance improves. This

create fairness issues in multichannel cognitive radiovois. 1o ‘ ‘ ‘ ‘

However, by employing randomized switching, both user$ w . ?SZ:Z: n :a:i::g:zg‘y'i‘c";r

have the same performance. Also, in the SEP range of inter: O Spatial, randomized, simulation

i.e., SEP < 1073, the performance of randomized channe & " Spatial, randomized - analyical

switching is equal or even better compared to the performar @ . jﬁ::::g EX!IEEZEZiZLZ.“y'TEZZF )

of user1 when there is no channel switching. Randomize £ A Joint, randomized - simulation e

channel switching not only improves performance but als E S 0/,0/

guarantees fairness among the secondary users. £ 1w0° o - ]
In Fig. 5, we compare the performance of the randomiz g 6 ——g---B-8TTT0 Cmme it

channel switching scheme in conjunction with the maximize %

SNR scheduling scheme of Algorithm 1. In maximized SNI g€ |

scheduling, the total ofV = 4 channel is used. When &

SEP 40~°, Algorithm 1 with K = 4 concurrent (ST,SR)

transmissions performs about 10 dB better than randomiz

channel switching. As the number of concurrent transmissio 10 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

K, decreases, the average SEP decreases. \Whenl, the
maximizing SNR scheduling scheme is about 13 dB bett._.
than randomized channel switching and about 3 dB better than
maximized SNR scheduling withkl = 4.

In Fig. 6, we investigate the performance of maximized SNR

scheduling as the number of channalsncreases. We assUME, itching among different channels during transmissiap si
K =1 and all channels have = 0.8. We also assume that 9 9 9 o

- S : ! nificantly improves the performance of cognitive transiiss
7 =4dB andy = 14 dB. The 5|mul_at|0n results ShOWWhenthe channel fading coefficients and the ON/OFF states of
that the SEP of our proposed scheduling scheme decre

N > A %rimary transmitters are available, the proposed madth
significantly as the total number of usehs increases. When '

more channels are available, the maximized SNR of all ch S'—.\IR algorithm further improves transmission performaae.

: o |5 paper, our performance analysis was based on average
nels increases and hence, the performance of maximized S I ) : ;
L symbol error probability. In ongoing work, we are investiga
scheduling improves.

ing the achievable capacity of our proposed schemes.

p-

Fig. 3. Performance of different schemes oper

VI. CONCLUSION
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