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ABSTRACT in IEEE 802.22 wireless regional area network (WRAN)
For improvement of achievable rate region in cognitive ra- Systeéms defined in the ultra high frequency (UHF) TV bands
dio channels, a transmission method for secondary userd3]- Thus, this is regarded as a time-sharing scheme where
is proposed. At first, the rate region of the sensing basedWo0 USers access a given channel with a time division man-
cognitive radio scheme in which secondary users access th&€r depending on sensing results. Therefore, the primary
channel based on their channel sensing results with sensing@nd secondary rates of such cognitive radio systems are de-
error is analyzed. In the multi-user information theory, it termined by channel sensing performance including false
is well-known that interference channel cases where bothalarm and detection probabilities. Even though the sec-
users transmit their own signal simultaneously achieve bet Ondary users can know the channel status perfectly, channel
ter rate region than the time-sharing method based on sensttilization method with a time-sharing manner is not op-
ing outcomes. Based on this theoretical result, we proposdimal in terms of the multi-user channel capacity. Chan-
the new transmission scheme in which a secondary transhel access schemes for both users to transmit simultane-
mitter relays primary user’s signal with a full-duplex am- ously can guarantee the better achievable rate region than
plify and forward (AF) manner while transmitting its own the time-sharing channel access scheme. From this fact,
data at the same time. In the proposed method, we take acW€ Proposed a new channel access method for secondary
count of practical implementation issues which are ignored USers in cognitive radios. Instead of using a channel de-
in the theoretical method guaranteeing an upper bound of aP€nding on channel sensing outcomes, a secondary trans-
rate region. With different geometric locations and power Mitter amplifies and forwards the received primary user's
ratios between the relaying signal and the secondary usersignal with a full-duplex manner while transmitting its own
one, we evaluate the achievable rate region of the proposeignal. Using this scheme, interference increment cauged b

method and compare with those of the conventional ones. the secondary signal to a primary link will be compensated
with the AF relayed primary signal. With this approach,
we can achieve the improved rate region than the conven-
tional sensing based approach. Additionally, we can avoid
the rate loss due to abnormal operations like miss detection
1. INTRODUCTION and false alarm events in a sensing based method. The pro-
. . posed method can be efficient both in transmitting periodic
As available frequency bands become scarce, COgnitive ra.,nio information and in guaranteeing quality of service

dios have been proposed to maximize the spectrum utiliza-(Qos) because a secondary user can transmit data regard-
tion [1, 2]. Moreover, this technology has been considered |ooq of primary user’s channel occupancy

as one of key technologies for the next generation wireless
communication. Cognitive radios can opportunisticallg us
the frequency bands which is assigned to the licensed userd.1l. Related Works

if secondary users’ links do not interrupt the licensed-(pri Simult ¢ o fori d d
mary) users’ links. As an example, the secondary users ac- Imuftaneous transmission of primary and secondary users
an be regarded as an interference channel model and it

cess a channel after sensing it to check the channel vacancg _ . . . :
chieves improved rate region over the conventional time-

work was partly supported by the IT&D program of MKE/IITA sharing method. In [4, 5], authors introduced the cogni-
[2008-F-004-01, 5G mobile communication systems basedeambdi- - iy radio transmission methods which can maximize the
vision multiple access and relays with group cooperatior S8amsung . . . .
Advanced Institute of Technology. throughput with several assumptions. In detail, S. Srisava

978-1-4244-2677-5/0825.00 © IEEE et al. proposed a secondary user’s operation policy totrans
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Fig. 1. Cognitive radio system model. the secondary transmitter, the primary receiver and the sec

ondary receiver are represented/y n, andns, respec-
tively. The variance of these three noise termsares?
mit primary user’s signal as well as its signal with appro- ands?. At a secondary transmitter, the received primary
priate power ratio to improve an achievable rate region [4]. signal is amplified and forwarded with a gajnand total
This method, however, includes two unrealistic assumption delay D which includes propagation delay and processing
First, the primary user’s transmit data should be known at atime. The total transmit signal from a secondary transmitte
secondary transmitter. Next, the dirty paper coding (DPC) consists of the secondary user’s signal and the AF relayed
technique is employed to mitigate interference effects-com primary signal, and the total transmit power is allocated to
ing from a primary transmitter to a secondary receiver. The two parts with power ratié and1 — 6. Further, we assume
first assumption is impossible one in practice and the lastthat primary and secondary transmitters have always pack-
one is too complex to implement. For these reasons, theets to transmit.
cognitive radio scheme proposed in [4] gives the only theo-

retical upper bound of an achievable rate region. In this pa-
per, we propose a new cognitive radio transmission method 3. ACHIEVABLE RATE REGION OF SENSING

without any non-practical assumption. BASED COGNITIVE RADIO

Before introducing the proposed scheme and its capacity,
12. Main Results we analyze the achievable rate region of the conventional
cognitive radio with spectrum sensing. For the simple anal-
ysis, we assume that transmission is slotted with slot-nter
val of T'and the primary and secondary users are synchro-
nized. For each slot, the primary transmitter sends a packet

To approach the theoretical upper bound in practical sys-
tems, the unrealistic assumptions which are needed foeachi
ing the bound should be relieved. Hence, we use the full-

duplex AF relaying method to eliminate the data sharing to its receiver independently with probability The sec-

assumption and the interference cancellatoin reception in :
. ._ondary transmitter senses a channel to check the channel
stead a DPC technique. In the proposed scheme, the noise

. vacancy with sensing intervdl. If the channel is not used
added at the secondary transmitter produces performanc . o
y the primary user, the secondary user transmits its own
loss from the upper bound.

signal for the remaining tim& — T,. Otherwise, it waits
until the channel is available for transmission. These-oper

2. SYSTEM MODEL ation scenario of cognitive radio systems are illustrated i
Fig. 2.
We consider a cognitive radio network with two transmitter- If channel sensing is normally operated, the secondary

receiver pairs, as shown in Fig. 1, to simplify the prob- user accesses in the time slot when the primary user does
lem and gain insights into the capacity region enhancementnot use a channel. However, there are two kinds of abnor-
Five possible channel links between two nodes are definedmal cases like false alarm and miss detection events. In the
with h;,i = 1,--- ,5. 21 andx, denote primary and sec- false alarm case, the secondary user misunderstands an idle
ondary users’ signal and the transmit power is normalized.channel as a busy one. Hence, this can be regarded as loss of
Moreover, additive white Gaussian noise (AWGN) terms at an opportunity for the secondary user to use the channel. On



the other hands, the miss detection means that a secondary
signal interferes with primary signal so the both corregpon

ing receivers cannot decode any packet. From these facts,

The capacities of the primary and secondary users are given

by [6]

Interference channel

Sensing based
N cognitive radio
~ without sensing error
Sensing based
cognitive radio
with sensing error

Cpri = Wﬁ(aaTs)CP (1)

and
T -T,

Csee = (1 =7)(1 - )

where,« means a false alarm probability of a channel sensor
in a secondary transmitter agdc, 7s) denotes a detection
probability with a given false alarm probabilityand sens-
ing intervalTs at given signal to noise ratio (SNR). Further-

more,C,, = log, (1 + "%‘2) andC; = log, (1 + \h5\2) Cyri Primary user’s rate

2
2 93
represent (_:hannel capacities when the correspond_mg userﬁig' 3. Achievable rate region of sensing based cognitive
occupy a given channel, respectively. Here, a detectioo-pro .
o . : radios.
ability depends on channel sensing methods like energy de-
tection and matched filter. When the primary signal pattern

is unknown, an energy detection is used in general. How- Therefore, the achievable region determined by (4) is given
ever, it has significantly worse detection performance than py the curve tangent to all dotted straight lines with digfetr

a matched filter at the same SNR. In detalil, it is known that fg|se alarm probabilities as shown in Fig. 3. As an extreme
the error rate of the matched filter decays, as a function of case, we can also consider the perfect channel sensing, i.e.
SNR, with rateexp(—5SNR) while that of the energy de- = 0 andB(a, T,) = 1. In this case, an achievable rate

tector decreases with ratep(—3 log SNR)[7, 8]. Further,  region is defined with a straight line connecting between

an energy detection has the fundamental performance Iimit(()p, 0) and(0, T*TTS Cy).

due to inaccurate noise power estimation [9]. Hence, the  |n the multi-user information theory, interference chan-

matched filter detection is employed for channel sensing innels in which two users access the same channel simulta-
this paper with assumption that the know pilot pattern is neously show better rate region than a time-sharing channel
embedded in the primary signal. In a matched filter case, agccess where users utilize a channel exclusively and have

Cs )

Csec Secondary user’s rate

detection probability is given by the achievable region shown in Fig. 3 [10]. Hence, pri-
mary and secondary users in cognitive radios should share
- hi|? the same channel at the same time to enhance the through-
Bla, 1) = Q (Q Ha) - T'T') ® o ’
? .

2
where,Q(-) is the Gaussian tall probablllt’yand% IS 4. THEORETICAL COGNITIVE RADIO SCHEME
SNR of a channel sensor at a secondary transmitter. As GUARANTEEING ACHIEVABLE RATE REGION
shown in (1) and (2), an operation poifat, 3(«,Ts)) on
a receiver operation characteristics (ROC) curve of a chan-In [4], authors introduced a cognitive radio transmission
nel sensor determines the capacity of cognitive radios. Anscheme maximizing an achievable rate region. The detail
achievable rate region of the conventional cognitive radio operation of each transceiver is shown in Fig. 4. In gen-
based on channel sensing can be written as eral, primary users have a license to use a given channel
so their operation scenarios cannot be changed. At a sec-
(Cpri, Cuee) = <7ﬂ(a*,Ts)C,,, (1-)(1— a*)T ;Ts Cs> ondar_y transmit_ter, however, secondary signal is tra_nsmit
ted with the factional transmit power even though a primary
(4) users use the same channel at the same time. The remaining
transmit power of the secondary transmitter is used to send
the primary signal with assumption primary user’s data is

nown to both primary and secondary transmitters. Hence,

In imperfect sensing cases, rate region depends on a fals%1 dary ¢ it 4s ori dit ianal
alarm probability as shown in Fig. 3. Each dotted line rep- € secondary fransmitler sends primary-and I1ts own sigha
with power ratiod and (1 — ) as shown in Fig. 4. To

resents a rate region with one fixed false alarm probability. .~ . . . .
eliminate interference caused by the primary signal at the
WQz) = [T, \/%7 exp(—0.5t)dt secondary receiver, a DPC technique is employed in the sec-

where
o = argmax(Cpri + Csec). (5)
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Fig. 4. Theoretical cognitive radio scheme guaranteeing e '

achievable rate region. ) . . )
Fig. 5. Proposed transmission scheme for cognitive radios.

ondary transmitter. Therefore, the capacity of the secgnda

link is defined as We can guarantee the improved achievable rate region
(1 —0)|ha? with this method. However, we have to solve the above
Csee =logy { 1+ o2 . (6 two assumptions to realize the improved rate region. In this

] ) paper, a new cognitive radio scheme which achieves better
On the other hands, the primary receiver regards the secyate region than the conventional sensing based timerghari

ondary interference signal as noise and decodes with a congcheme without any unrealistic assumption is proposed.
ventional manner. Some part of the secondary transmit sig-

nal is the desired one, the other is the interference. Hence,

we can say that the extra transmission of the primary signal

from the secondary transmitter is used to compensate the 5. PROPOSED COGNITIVE RATIOS
SNR loss of the primary link due to the secondary interfer-

ence signal. The primary link capacity is given by In this section, we propose the new cognitive radio trans-
2 2 mission scheme for improvement of a achievable rate re-
|hal® + 0|hyl . . . . .

5 5 (7 gion. As in the theoretical method explained in the above

(1 —0)|ha|?> + 03 : . X
section, a secondary transmitter not only relays the pgimar
To obtain the above capacities, two non-practical as- received signal but also sends its own data with power ra-

sumptions are required. tio # and (1 — #). To remove the first assumptidAS1)
in the theoretical method, a secondary transmitter ampli-

fies and forwards the received primary signal with a full-

duplex manner. To minimize the rate loss due to relaying, a

(AS2) A DPC method is used to cancel the primary inter- full-duplex scheme is preferable because a half-duplex one

ference signal which degrades the quality of a secondaryreqUires twice time slot to relay a pagket. By employing
link. an AF method, the waveform of the primary signal instead

of the primary user’s data is available at a secondary trans-

The first assumptiogAS1) cannot be satisfied at all in mitter and it is helpful to enhance the capacity. Because
practical systems. In the case of the second assumptioﬁhe received primary waveform is the distorted version of
(AS2), its implementation is possible but it requires too muchthe primary signal including noise and channel effects, we
complexity. Authors in [4] did not mention but one more Cannot avoid the performance degradation against the theo-
assumption should be included in addition(£52) to per- retical method using the non-distorted primary data. With
fectly eliminate the primary interference. Though a DPC the same reason, a DPC scheme cannot be applied at a sec-
method is applied in a secondary transmitter, interferenceondary transmitter and interference cancellation caneot b
effects due to a primary user's data is not perfectly can- applied at the secondary transmitter. To decode the desired
celled because the primary signal from a primary transmitte Secondary signal at a secondary receiver, we decode the pri-
cannot be eliminated. For perfect interference cancefiati ~ mary signal at first, cancel it, and then decode the desired
the channel state information between a primary transmitte Seécondary signal. The proposed method can be summarized
and a secondary receiver should be available at a secondaryith Fig. 5.
transmitter. The transmit signal from the secondary transmitter is

Cpri = log, (1 +

(AS1) In spite of geometrical separation of primary and
secondary transmitters, the secondary transmitter knbes t
primary user’s data without any delay.



written by

y[n] = VOghyz1[n — D] + V1 — x3[n] + VOgni[n — D] | \‘:.,,;.

. Proposed scheme
S Theoretical bound [4]
(8) s - = = Conv. CR (no sensing error)

Time sharing with two edge schemes |

whereg = \/h%i_af for normalization of the transmit power. 250 AN

D denotes a delay between the relayed signal and the di- 5
rect link signal. SinceD can be regarded as a delay dueto 2
multi-path channels, it does not introduce any performance  § 15t

loss but can be benefit because of time diversity gain.

The received signal at a primary receiver is given by ir
ri[n] = hozi[n] + hay[n] + na(n] 05 \ .
= hoxi[n]+ \/5h4gh1m1[n - D] 9) oL . . . X ~5~ 6
+ V1- 9h4.’1,'2[77, — D] + \/gh/4gn1[n — D] + 7’1/2[1’1/]. C,; (bpsiHz)

The power of the secondary signal,(terms in (10)) is Fig. 6. Achievable rate region comparison when each link
lower than that of the primary signat{ terms in (10)) so ~ SNR is given byh; = 15dB, hy = 10dB, hs = 15dB,
the secondary signal is regarded as noise. If we assume that, = 15dB andh; = 10dB.
interference term follows a Gaussian distribution, the pri
mary link capacity is given by
evaluate the rate region of the sensing based time-sharing
\ha|? + 0g*|hyhy|? scheme, we calculate the primary and secondary capacities
(1 — 0)|ha)? + 92| ha|20? + g§> with different primary channel access probability On
the other hands, we use different power ratio valéiésr
As explained, interference cancellation is performed in the other two cases.
a receiver side in the proposed scheme. The received signal  As a performance comparison condition, SNR of each

Cpri = log, <1 +

at the secondary receiver is written by link is given as follows:h,, hs, hs3, hy andhs links in Fig.
1 have 15, 10, 15, 15, and 10dB SNR, respectively. In this
ra[n] = hazi[n] + hsy[n] + n3n] case,h; link between the primary and secondary transmit-
= hgz1[n] + VOhsghyazi[n — D) (11) ters is better thath, link between the primary transmitter

and receiver so SNR of the primary link becomes higher
because of the AF relayed signal by the secondary transmit-
ter. As shown in Fig. 6, therefore, the proposed method has
higher rate than the conventional sensing based one without
sensing error for alb. The performance gap between the
ro[n] = V1= Ghszaln — D) + VBhsgni[n — D] + ny[n]. ~ Proposed scheme and theoretical bound introduced in [4] is
(12) caus_ed by an additional noise term which is added in the AF
Therefore the capacity of the secondary link is given by~ rélaying process at the secondary transmitter.
In the other channel condition where SNR of thelink
(1 —0)|hs|? ) (13) is 20dB and it is better than that of tthe link, the rate re-

092|hs|20? + 02 ) gions are changed as in Fig. 7. The wireless link between

the primary and secondary transmitters has lower SNR than
Finally, an achievable rate region of the proposed methodhe direct primary link. The AF relayed signal causes harm-

+ V1= 0hszs[n — D] + Vhsgni[n — D] + ns[n).

If the perfect interference cannellation is assumed, we can
rewrite the above equation as

Cyec = 10g2 (1 +

is given by(Cy,i, Csec) With different powerratid € [0,1].  ful effects to SNR of the primary link. Hence, the proposed
The details about performance are discussed in the next secmethod shows the worse rate region than the sensing based
tion. conventional method asgoes to 1.
As shown in Fig. 6 and 7, the achievable rate regions of
6. NUMERICAL RESULTS two relay based methods have a concave shape. If we con-

nect two edge poinf) = 0, 1) with a straight line, we can
To check improvement of a rate region, we analyze the achieachieve the better rate region. This straight line is achiev
able rate regions of the sensing based conventional cogniable if we use the two transmission scheme, i.e. one is
tive radio, the theoretical method introduced in [4] and the (# = 0) mode and the other & = 1 mode, with a time-
proposed one with given SNR values of wireless links. To sharing mannefl = 0 means that the secondary transmitter
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Fig. 7. Achievable rate region comparison when each link
SNR is given byh; = 15dB, hy 20dB, hs 15dB,
hy = 15dB andh5 = 10dB.

send its own data only artdl= 1 means that the secondary
transmitter acts like a relay.

7. CONCLUSIONS

In this paper, we first analyze an achievable rate region of

the conventional cognitive radios using a sensing baset-cha [10]

nel access scheme. To improve the rate region over the
sensing based cognitive radios and remove the unrealistic
assumptions of theoretical method in [4], we propose the
new cognitive radio scheme adopting a full-duplex AF re-
lay and interference cancellation reception. The proposed
method can be utilized as a transmission scheme in commu-
nication environments where two different communication
networks share the same spectrum.
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