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Abstract— We consider the generalized cognitive radio channel generalized cognitive radio, where we allow the secondary
where the secondary user is allowed to reuse the frequency yser to transmit also irstate 2 in which the primary user

during the active periods of the primary user, as long as the g active, as long as the followingpexistence constraints are
primary rate remains the same. In this setting, the optimal pwer satisfied [4]

allocation policy with a single antenna secondary transmter
(and receiver) is explored. Interestingly, we show that theffered « Primary link has the same structure (encoder and decoder)
gain resulting from the frequency reuse during the active pgods as in the non-cognitive network.

of the spectrum disappears in both the low and high signal-to : ;
noise ratio (SNR) regimes. This drawback, however, is showto ¢ P””.‘ary users have .the same perfor_mance (instantaneous
achievable rate) as in the non-cognitive network.

disappear with multi-antenna nodes by using simple zero-feing
strategies at both ends of the secondary channel. The fundamental difference between our work and [4] is

the relaxation of the unrealistic assumption that the sgapn

|. BACKGROUND i . . .
. . . transmitter knowsa-priori the signal to be transmitted over
In the classical cognitive radio set-up, the secondarysusey, primary link in the generalized setting above. In fact,

must first sense the wireless channel to determine the Unug dexplicitly accounting for the time needed to decode the
parts of the spectr_um. Those Users wil then transm_it th -zmary messages, at the single-antenna secondary trdgismi
own messages during these white spaces in order to INCregse shown in the sequel that the gain offered by frequency

th(cej.overall splectral eﬁ|C|ency.hIn other.W(I)rd?, the COng't' re-use in state 2 disappears in the high and low SNR regimes.
radios can only transmit over those particular frequencydsa Furthermore, by equipping the secondary transmitter and re

(or time intervals) which the licensed (primary) users aoe Nceiver with multiple antennas, we show how this problem can

transmitting. . . . be overcome in the high SNR regime.
In contrast to the classical cognitive radio approach,mece

studies have introduced cognitive channels in which the sec Il. SISO CoGNITIVE CHANNEL

ondary user exploits the active areas in the spectrum (i.e. . :

simultaneously transmits with the primary users) as long %slmleNadOpt tii;fggzt:gg a;fl:)rlgztllor:t]g artﬁrb;os(;tsme q

certain constraints are satisfied [1]—-[4]. In the extremxaecat ¢ the—>r'oniar transmitter Ps silent | e in state 1 iva

where the primary user is willing to accommodate the needs 8]::1 primary tr er 1S siient, 1.€., in sta » Y
particular block with probabilityp and the cognitive user is

the secondary user, one can easily envision cooperatiatestr! o -
y y P - informeda-priori with only the states of the different blocks.

gies where théwo users can benefit [1]. Interestingly, even i . ) .

the other extreme, where the primary user is ignorant of t'%/éa’;hematlcally, we denote the instantaneous cognitive rat
secondary user presence, it was argued recently that fieguec- 9 state 1 and state 2 &5(Py) and Ry (P), respectively.
reuse is possible at secondary nodes during active prim e also assume that the power of the secondary user linearly

period [3]. Here, we focus on the latter approach and revis '.éles W'thhthe p<|)vv|er of the primary user and denﬁte f

the conclusion drawn in [3] under a more realistic assunmpti hn sP as the tc:jta (ong-term) average power_corstgr_ar:nts 0

on the secondary user side information in a generalizemgett € °°9'?'“"e and primary trans_m|tters, rgspect_lve y-s.na

that allows the frequency re-use at the secondary userﬁzgﬁurlihIS ;ettmg, the follqwmg COng'V? rate_ IS achleyablahte

both active and silent periods of the spectrum. coeX|s'Fence constraints arg satisfied with a choice of power
In particular, we consider a four-terminal network, in whic allocation parameter € [0, 1]:

the primary transmitter and receiver are Node 1 and Node 3, P(1—1t) Pt

respectively; whereas their secondary counterparts ageNo ** = ™% {pRl <7> +(1—-p)Rs (@)}

2 and Node 4. All nodes are assumed to be half-duplex and (1)

the transmitters are limited by individual long-term aggra In this section, we analyze this power allocation problem

power constraints. In the classical cognitive radio chgrthe under the assumption of a single-input-single-output (IS

secondary user is only allowed to transmit durstgte 1, in  cognitive link. The main hurdle now is to identify the optima

which the primary transmitter is silent. Here, we consider t coding strategy when the secondary transmitter is re-using



the active primary period. Instead of pursuing this prohlem
which appears intractable at the moment, we assume that the
system is in the low-interference- ganregime and the (IO@’II Fig. 1. Linear system model: Distance between transmitiecs receivers
transmitter will implement the scheme proposed in [4] d@rinre denoted as; andry, respectively.

state2: It will first decode the primary messagén [aN]

channel uses, and then, the cognitive transmitter will dend 8 R (CoR) 1ot 03

own message using dirty paper coding [5]. In order to maintai — RI(GCR),1,20.1,7,=0.6 o

a fixed instantaneous rate of primary link, only a fractiothef | - RGoR. =05 1704 e
[(GCR),I(;O.B, rdfo.l :,

available power will be allocated to this signal. The coigrit
transmitter will use the remaining power to cooperate Wit t
primary user in forwarding its message. The power allocatio s
should be judiciously chosen such that the cooperationflhiene
will exactly compensate for the interference caused by the
secondary signal. Under these assumptions, the optimapow «
control policy, for the secondary user, is given by $
Theorem 1. The achievable rate of the SISO cognitive link

using the Decode-Forward-Dirty Paper Code Scheme can b

o
T

ate (bits)

denoted as follows: 1 i
2 0
coy|"P(1—t -50 0 50 100 150 200
R = g fptog (14 1222020 @
+(1 _ a)(l —p)log 1+ |cz4|2uPt Fig. 2. Simulation results for the SISO cognitive link witietlinear system
pos (I1-a)(1-p) ' model p = 0.1,3 = 1).
where
decoding of the primary message at the secondary transmitte
log (1 + \clslzﬁP) in the low-interference-gain regimeécgs| < |ca4]) [4], [6].
a = (=) (3) We further note that, for AWGN systems that implement the
log (1 + “?f' gp) coexistence congtraints, there is no known SISO cognitive
9 schemes that allow the frequency reuse of the active primary
X le1s|v/ B (— (I—-a)(l—p)F \/3) channel without needing to decode the primary signal at
T—— — L. .
lcas Vi (1—p + |15 23P) cognitive radios.
I11. MISO COGNITIVE CHANNEL
5 = (1—0&)(1—p)2+P|623|2t (1—p+|013|2ﬁp),

In an attempt to overcome the negative result reported in

andu € [0,1]. the previous section, we equip the secondary transmittir wi
Moreover, in the limitsP — 0 or P — oo, the scheme a second antenna (the coefficient betweerktfieat nodei and

reduces to the classical cognitive channel where the secpndchode; will be referred to as;; ;). Having multiple antennas,

transmitter is only active in the silent periods of the prigna the cognitive transmitter can Zero-Force (ZF) its secopdar

link (i.e., the optimal point for (2) i3 = 0). message at the primary receiver, and hence it does not need to

Proof: Please refer to Appendix A. B forward the primary message anymore. However, the cognitiv

The previous claims are validated numerically in F. transmitter still needed to decode the primary messagedieror

which uses the linearized channel model of Fig(with a to perform dirty paper coding. We call this scheme the Decode

path loss exponent &). This figure shows the gain offered byZF-Dirty Paper Code Scheme whose achievable rate, along

the generalized cognitive radio (GCR), as compared with tith the optimal power allocation policy, is characterized

classical cognitive radio (CCR), to be significant only ire ththe following result.

medium SNR regime. The culprit behind our negative result, Theorem 2. The achievable rate of the MISO cognitive link

in the high SNR regime, is the decoding time required hysing the Decode-ZF-Dirty Paper Code Scheme is given by:

the cognitive transmitter to figure out the primary message , _ 2 2\ P(1—1)

which dominates the whole block asymptotically (i€..— 1 - {plOg (1 * (|CQ4"1| ez ) P ) +(1-

as P — oo). While our result pertains only to the scheme 2 Pt

proposed in [4], we remark that this approach is optlmc%)(1 —p)log (1 Flareas + azea| (1*60(1*1’)) }

among the class of SISO cognitive schemes that requdere

. - ” i lo (1 c )

Litis assumed that the channel coefficients are known at tieithee radios o & + | 13| 1 [E) (4)
and the channel between the primary transmitter and theitc@gtransmitter = 9 o PS

is stronger than the channel between primary users. log (1+ (Je21,1 + [e21,2[?) =)




And, similar to the SISO case, the generalized cognitive * ‘
radio will reduce to the classical one in the asymptotic — |l—%©C®
scenariosP? — 0 and P — oc.

Proof: Please refer to Appendix B. | 3o}

IV. MIMO COGNITIVE CHANNEL 25l

The next step is to equip the cognitive receiver with an
additional antenna (the coefficient between #i& at node
i and m'" at nodej will be referred to ascij km). The
additional antenna allows the cognitive receiver to ZF the
primary signal without needing to employ dirty paper coding 10}
This way, one can avoid the need to decode the primary
signal at the cognitive transmitter in stateln summary, the
proposed scheme for MIMO cognitive channel decompose: ‘ ‘ ‘
into two ZF stages; namely 1) The cognitive transmitter ZF %0 0 s 4 2 o 2 4 e s 10
its own signal at the primary receiver and 2) The cognitive Power (dB)
recelv.er ZF the anary signal. The.' power levels usec_j b_y trI1|eg 3. Simulation results for the MIMO cognitive link withagleigh fading
cognitive transmitter are then obtained from the wateiR@ll channel coefficientsp(= 0.1, 3 = 1).
solution. More precisely, the following result characzes the
achievable rate and optimal power allocation policy forsthi

20-

Rate (bits)

15r

o
T

scheme. in the high and low SNR regimes, when the cognitive nodes
Theorem 3: The achievable rate of the MIMO cognitiveare equipped with only single antennas. The limiting factor
link using the ZF Scheme is given by: in this scenario, was the need to decode the primary signal at
the cognitive transmitter in order to satisfy tleeexistence
R = max {pRl +(1 —p)Rz}, (5) constraints. With the employment of multiple antennas at
the cognitive nodes, we have shown how to overcome this
where limitation in the high SNR regime by using transmitter and
Ry =log 1+~ @) +log (14 (1 - 7))\2@) receiver ZF. The proposed ZF strategy was also shown to
Ry =log (1+ - l\CZﬁ‘cz E (11itp) ’ gchieve the optimal multiplexing gain of the corresponding
and v, A, Ao are the 4p;(":12rameters of the solution of walterference channel.
terfilling problem for MIMO cognitive link; andc.sy = APPENDIX

—C24,11C41,201 - €24,21C41,202 + C24,12C41,101 + 024,2_2041,1(12- A Proof of Theorem 1
Moreover, this scheme outperforms the classical cognitiveé =~ N _ ) _
radio approach in the high power regiondf;; # 0 and During state 1, cognitive transmitter will transmit the eog
achieves the optimal multiplexing gain of the correspogdirlitive message with an instantaneous rate?f
interference channel in the high power region. leaa|2P(1 — t)
Proof: Please refer to Appendix C. [ Ry =log(1+ —
Here, we note that the cognitive MIMO gain obtained _ _ _
by exploiting the active spectrum will disappear in the higlhhen, after the first fraction of state 2, ificia| > |c13/, the
SNR regime ifc.;; is zero. This situation corresponds tdsecondary transmitter can decode the primary signal, which
singular channel in which the transmitter (or receiver) ZES a circularly symmetric complex Gaussian random variable
cancels the secondary signal, as seen by the secondanerecei- CA (0, %), where
Finally, Fig. 3 reports the performance gain of the proposed

(6)

generalized MIMO cognitive radio, as compared with the<las log (1 + ‘cgffgp)
sical approach. To generate this figure, we used independent o= eral3P (7)
zero-mean circularly symmetric complex Gaussian channel log (1 + )

coefficients, each having unit variance. The gain offered by

; . . ) 7 During the remaining fraction of state 2, secondary trans-
the proposed approach is evident in the figure. Moreoves, teritter will form the signal Xan] = aEDa[n, X1[n]] +

gain in degrees of freedom, i.e., slope of the curve, is shown (=m0 ]
aelseis, Xi[n], wherew € [0,1]. Here, the first

(&

to approachl — p (the probability of the active state) as thefcaa] Bli—a)
SNR grows. part of the message is the dirty paper coded cognitive signal
with known interference, i.e., the primary signal with alsca
V. CONCLUSION factor, and the second part is the primary signal, which is

In this work, we investigated the gain that can be leveragedaled according to power constraints and phase shiftettto a
from re-using the active areas in the frequency (time) spactt up coherently with the primary signal at the primary receive
of cognitive channels. It was argued that this gain is lighite At this point, we remark that the resulting dirty-paper casle



independent of the primary signal and hence can be consideBe Proof of Theorem 2

as noise at the primary receiver. See [4], [5] for details. pying the silent period of the primary link, cognitive itk
As the secondary transmitter uses the above signaliggmnie MISO channel. Implementing transmit beamforming,
sgheme,_ receivers |n.the .system (i.e., Node 3 and NodeA) instantaneous rate &, below is achievable.
will receive the following signals: P
—t

YEJ,[TL] = c13X1 [n] + CQ3X2[TL] + Z3[n] Ry = 10g <1 + (|02471|2 + |02472|2) Q) (10)

Yiln] = cuaXi[n] + caaXa[n] + Za[n] _ o _ o r _
whereZ; ~ CN(0,1) at Node, for i = 3, 4. Accordingly, the Dgrmg the active primary per_lod, primary message is also
instantaneous rates of the primary link,{) and the cognitive received at the cognitive transmitter with an instantasaate

link (R.) can be represented as: of log (1 + (le2ia? + le2n2f?) (ffi;)) using receive beam-
2 forming. Since the instantaneous rate of the primary link is
c c (1-w)t . . . . . .
R, = log |1+ (‘ 1slVBtlessly “*M) log (1 + |c13|2%), listening time fraction, i.e.qr, will be
P leaz[?ut | (1—p)
-ay TP (8)
_ |C24|2UPt ) 10g (1 + |013|2¥)
Re = log (1+7<1—a><1—p> a= S0 e (11)
: . 10(1—|—C_2—|—C_2—)
whereu is chosen such that, = log (1 + % in order & (leas | +leznal®) =5,
to satisfy thecoexistence constraints. It follows that After decoding the primary message, cognitive transmaer
2 use the channel to transmit its own message while zero fprcin
. leis|ViB (— (I-a)1-p)F \/3) its signal at the primary receiver. To accomplish ZF, cdgeit
|cas|VE (1 — p + |e13[268P) transmltter will senda; X5 frc_>m _|ts first antenna and, X,
from its second antenna satisfying
5 = (1—&)(1—p)2+P|023|2t (1—p+|013|2ﬁp) | |2+| |2
a a =
,andu € [0,1]. Finally, observingR, = (1 — a)R. and ' ? _ 9 12
using R, and R, in (1) gives the achievable rate of the SISO @1623,1 + @262 = (12)
cognitive link. . _ Hence, the instantaneous rate of the secondary link can be
fl\ltﬁw, fcir low S',:lhR analyst|st, let's define the_ sI}c;pcS)( represented abg (1 + a1ca1 +a202472|2(17a1)3(t17p))- Us-
of the rate (?) with respect to power k) as in " ing these results in (1) gives the achievable rate expnes$sio

~ 2(1 —
log(e)SP, asP — 0. Then, S ~ mtax{|024| (1—t+ut)} this scheme.

and Sy ~ |co|? as P — 0, where S and S, are the SNR  For the low power region analysis, the following approxi-
gains of generalized and classical cognitive radio, re8@¢. mations can be made:

Since0 <t <1 and0 < u < 1, the maximum ofS/Sy in the

low power regime can occur at either = 0" or "t # 0 and R = log(e)P max {(1 — 1) (leaa1* + le2ao?)
u = 1. At this point, the latter case can not happen since u !

has to satisfy (3) withP # 0; and the former case will result Ftlarca s + ascas le}, asP — 0

in R = Ry. Therefore, at low SNR, cognitive transmitter will ’ ’

only use state 1 to tranfsmiF its message instead of exploring Ry ~ log(e)P (|c2a1|® + |c2a2|?), @sP — 0  (13)
the spectrum opportunities in state 2. . . " .

rate of the cognitive link as generalized cognitive approach is beneficial in the low powe
|024|2P(1 _ t) reglme if |-C-2471|2 + |02472|2 < |a}02.471 + a2_02472|2. However,

R = max {plog (1 + 7) + (1 —p)A}, this condition can not be satisfied. This can be shown by

¢ p a simple contradiction. If the condition above were true for

where as P» oo, using (3), we have some coefficients;; and aq, then the secondary transmitter
can use this transmitting scheme also for the silent perfod o

| le1a]? the primary link with a corresponding rate higher than cépac
o8 (\013\2) ) 2|c24]?V/t1/1og(P) of 2x1 MISO case.

log(P) * el Secondly, in the high power region, one can represent

10g(|c13|2)|013||023|\/3 the additive rate gain resulting from the utilization of the

Hence,A — 0 in the above equation for every choice oPCtlve period of the primary link agh = (1 — o)1 -

t € [0,1] as power increases. Therefore, the maximizatigh 108 (1 +[aicaa +a2024,2|2(1_(£% . From this equa-

in (2) has the solution = 0 in the high power regime. This tion, one can readily conclude th%tgA—P) — 0 asP — oo, by
observation leads us to conclude that the generalized hagniinsertinga from above and taking the limit. This observation
radio will behave as the classical one, which uses only ssilegives the high SNR conclusion in the theorem and completes
periods of primary link, in the high power regime. the proof.



C. Proof of Theorem 3 greater than the capacity of 2x2 MIMO case. The fact that

During state 1, since the primary transmitter is in sileffi€re is no gain in the low power regime follows from this

mode, the cognitive link can fully utilize the channel as §ontradiction. _ S
2x2 MIMO channel [7], where the channel coefficients can be Secondly, we will have the following approximations in the

represented as in the channel matrix below. high power regime: As> — oo,
If v#0andy # 1, thenRy ~ 2plog(P) and R =~ (1 —
H — { C24,11  C24,21 } (14) p)log(P) + 2plog(P)
C24,12  C24,22 If vy =00r~y =1, thenRy ~ plog(P) andR ~ (1 —

: _ -0 log(P) + plog(P)
Let's denoteE [Xo, XH| = Q andUQU™ = Q, where we p)log _ _ .
have the deco[mpOSQiti}omIHH = UYAU. Expressing the where we assumeels; # 0. Now, if we define the gain®)

eigenvalues of/ 7 H as)\;'s, we can denote the instantaneoug'_the high power regime as i ~ G'log(P), asP — oo,
rate during this state as this result can be expressed@s= Gy + (1 — p), whereGj

P(l_t)) is the gain of the classical case.

_ P(-t) _
Fy = log (1 M P )+1Og (1 +I =) P For optimality, we first compute the degrees of freedom

for somey € [0, 1] satisfying (DoF) of the whole system using the ZF Scheme. The pro-
vP(1—t) 0 posed scheme is optimal during state 1 with a DoBofif the
Q= P (15) channel matrices between users are not rank deficient. urin
0 (A=) PQA-t) th . ; : . .
» e active period of the primary link, the achievable sune rat

of the system scales &1 — p) log(P) with the ZF Scheme

Vii = (1 — X\ H)T — . .
wr:er?hQ” _t.(“ i él fcotrhz 1,2 anoll_ fir somm(.j ran2bOVe. Summing up, the achievable sum rate of the system
_h the active period ot Ihe primary finx, secondary ans.,es ag log(P). Now, let’s denote the number of antennas of
mitter will be in transmitting mode and it will be transmitgj

X daXo f its first and d ant Node i asA;, fori = 1,2, 3, 4. At this point, one can observe
a1A2 andazAz Irom 1S Nrst and second antenna, TeSpeGp ¢ -4nacity region of the cognitive MIMO channel that does
tively, satisfying (12). During this state, cognitive reas will

e the followi ‘anals at it | not allow cooperation is contained in the capacity regiothef
rec}:;elve _e 0 oxng signais at 1ts an ennas}.( 7 MIMO interference channel, since the latter case does nat ha
s1[n] = caa Xafn] + (czanar + e2a2102) Xa[n] + Z1[n] e coeigtence constraints and it can always mimic the former
Ya2[n] = ca1,.2X1[n] + (c2a,12a1 + c24,22a2) Xo[n] + Za[n]

e b one. DoF for the MIMO interference channel has recently
\r,\g(]:iri\?ezrl for'CA{(% 1) at thei* antenna of the secondaryshown in [8], which gives the DoF of the setting in this sequel
s 1= 1,2.

. . . . . aSmin{A1 +A2,A3+A4,H1&X(A1,A4),IH&X(A27A3)} = 2.
At this point, secondary receiver can form the sighiat] = Hence, by observing that the achievable sum rate of therayste

—04153@»1[."] +d041’1tY4£[[:n]th: ?fefftXQf["] + C41*{[Z2[n] ;t scales with a maximum multiplexing gain, one can conclude
ca1,2Z1[n] in order to € efiect of pnmary tranSmittery, ot the ZF Scheme is optimal among non-cooperative schemes
Wherece s = —C24,11C41,2a1 — €24,21C41,202 + C24,12C41,101 +

ié}terms of the gain in the high power region. However, we re-
ark here that the multiplexing gain of the MIMO interferenc
hannel with transmit cooperation is still an open problem.
Thus, it may be possible to achieve larger multiplexing gain
lcessl? Pt ) (16) with unidirectional cooperative schemes.

|C41.,1|2 + |C41.,2|2 (1-p)

Hence, usingR; and R, above, the power allocation[1] N.Devroye, P. Mitran, and V. Tarokh, “Achievable ratescognitive radio
problem for MIMO cognitive link can be denoted as follows: Kﬂh:;g%'gg'EEE Trans. Inform. Theory, vol. 52, no. 5, pp. 1813-1827,
[2] N. Hoven and A. Sahai, “Power scaling for cognitive rgtio Proc. 2005
R =max{pR; + (1 —p)R 17 IEEE International Conference on Wireless Networks, Communications
t {p ! ( p) 2 ( ) and Mobile Computing (WirelessCom 2005), vol. 1, June 13-16, 2005,
. o ) pp. 250-255.
Now, one can denote the classical cognitive radio case [8SA. Jovicic and P. Viswanath, “Cognitive radio: An infortion-theoretic

Ry, where we choose= 0 above, and observe the following perspective,” inProc. |EEE International Symposium on Information
approximations in the low SNR regime. Lettidg— 0 gives Theory (ISIT), Seattle, WA, July 2006, pp. 2413 — 2417.

c24,22¢41,102. Cognitive receiver can decode the message
the cognitive transmitter from this processed output with g
achievable instantaneous rate of

Ry =log <1—|—
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