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ABSTRACT

In this paper, we study a constructive interference basegditee ra-
dio beamforming optimization problem under perfect chastegte
information at the transmitter and the knowledge of datarm&-

transmitted power. This can be overcome by utilizing theidedge
of both channel state information (CSI) and SU’s informatsym-
bols at the SBS to exploit the resulting interference in gmoadary
links. In this case beamformers can be designed to enhaece th
useful signal by steering the received signals, contaihioty the

tion. The beamformers are designed to minimize the worst seGjesjred and the interfering signals, into the correct digtecegion

ondary user’s symbol error probability under constraimtgtee in-
stantaneous total transmit power, and the power of theritestaous
interference in the primary link. The problem is formulateda bi-
variate probabilistic constrained programming problerd aan be
solved using the barrier method. Our simulations indichtg the
proposed technique offers a significantly improved pertoroe over
the conventional technique, while guaranteeing the quafiservice
(QoS) of primary users on an instantaneous basis, in contrase
average QoS guarantees of conventional beamformers.

Index Terms— Downlink beamforming, robust design, symbol
error probability, convex optimization, constructivedrference.

1. INTRODUCTION

Cognitive radio (CR) schemes has provided an effective wag-t
crease the radio resource utilization and spectral efiigieby al-
lowing the utilization of the licensed spectrum by secopdarks
[1H5]. In CR networks, the primary users (PUs) have the tEghe
priority to access the spectrum without being aware of thstence
of the unlicensed secondary user (SU) network. HoweverPtbhe
network is willing to grant spectrum access to the SU network
der the premise that the interference created by the segohdae
station (SBS) does not exceed a predefined threshbld [4].

instead of separately amplifying and suppressing the esind
the interfering signals, respectively [10+19]. This agmio is also
known as a constructive interference precoding.

In line with the above, this paper extends the work on the down
link beamforming optimization problem by exploiting thenstruc-
tive interferencel[[17,. 18] to the CR scenarios where it wavipr
ously inapplicable. Since we do not have symbol informafrom
PBS and by the law of large number, we assume the interferance
corporated in the noise term is also a circularly symmewinglex
Gaussian with zero mean. We assume that the phase-shifigkeyi
(PSK) modulation and the time division duplexing (TDD) ool
are applied, instantaneous CSl is available at the tratesnaind in-
stantaneous SU transmit data information are utilizedea8BS, as
in [17,[18]. We formulate the beamformer design problem toimi
mize the worst SU’s symbol error probability (WSUSEP) sabje
total transmit power and PU instantaneous interferencetrants,
where WSUSEP is defined as the probability that worst SU wyong
decodes its symbol.

Notation: E{-}, Pr(), ||, | -II. ()" ()7, arg(-), mod , Re(")
andIm(-) denote the statistical expectation, the probability fiomt
the absolute value, the Euclidean norm, the complex cotgugad
the transpose, the angle in a complex plane between thévpasial
axis to the line joining the point to the origin, the modulaeogtion,

As regards the CR transmission, the power minimization andhe real part, and the imaginary part, respectively.

signal to interference plus noise ratio (SINR) balancingbfgm
for SUs with average interference power constraints of tiragry
users has been discussed [in[[5, 6]. Conventionally this|@nmob
is solved by (sequential) approximation as of second-omtere
programs (SOCPs). To achieve more flexibility than that & th
worst-case based design, channel outage univariate plishiab
constrained programming (UPSP) downlink beamforming iemb
has been developed![7, 8]. Nevertheless, the techniques\ing
for UPSP problem could not be extended to multivariate poiisa
tic constrained programming problem as the problem is ramwvex
in generall[[9].

2. SYSTEM MODEL AND CONVENTIONAL DOWNLINK
BEAMFORMING PROBLEM

We consider a single cell CR system, which consists of a aingl
N-antenna SBSK single-antenna SUs and single-antenna PUs.
The signal transmitted by the SBS is given by tNex 1 vector

x = S5 wib;, whereb; £ ¢Vt is the unit amplitudeM/-order

In order to improve the performance, the above mentionedPSK (M-PSK) modulated symbol}; £ i /M is the phase of the
SINR-based CR downlink beamforming problems are designed tconstellation point foith transmit data symbol, and; is the N x 1

mitigate the multiuser interference among the SUs. Howeber

beamforming weight vector for thiéh SU. Leth; be theN x 1 chan-

associated drawback is that in SINR-based designs, someedeg nel vector from SBS to théth SU. The received signal of thth SU
of freedom in the beamforming design are used to suppress ansly; = h?x + n; wheren; at theith SU is a circularly symmetric
eliminate the interference, which results in an overaltéase of the  complex Gaussian with zero mean.
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Fig. 1: In M-PSK, (a) constructive interferengg within correct
detection region; (b) vector decompositionyed; after rotation by
/b,

2.1. Max-Min Fair Problem

The conventional SINR balancing CR downlink beamformingipr
lem aims to maximize the minimum SINR subject to averagea-inte
ference and total transmitted power constraints. The proldan be
written as|[5. 6]

|h w;|?

>
S w2 402 T
i

max 7 S.t. K, (1a)

Wi,y

i=1,...

K K
i=1 i=1

whereg; is the N x 1 channel vector between the SBS dtidPU,
Py is the total transmitted power budget ands the maximum ad-
mitted interference power caused by the SBS afthéU, ands?
is the noise variance for all SUs. Inl[%]}[6], it is common t8-a
sume the independence of the symbols transmitted to diffexeers,
i.e., E{bjb;} = 0fori # j. Problem[(Ib) can be transformed
into a quasi-convex optimization problem and can be sohsdgu
the bisection method and sequential SOCP. Neverthelessbibve
problem does not take instantaneous interference exgtwitinto
account for the transmit data symbols as a part of the opditioiz
problem for each transmission.

3. WSUSEP-BASED CR DOWNLINK BEAMFORMING
FOR INTERFERENCE EXPLOITATION

3.1. Constructive interference Exploitation

With the aid of exploiting the instantaneous interference adapt-
ing the beamformers, the constructive interference canm #ie re-
ceived signals further into the correct detection regiolinmiprove
the system performance. Inspired by this idea, we provides&s-
atic treatment of constructive interference as illusttareFig.[1(a),
where the nominal PSK constellation point is representedhiy
black circle. According to[[17], we say that the receivecdhsigy;

exploits the interference constructivelyyf falls within the correct
detection region, which is the shaded area shown in[Fig. 1(@)
; in Fig.[I(a) denote the angle between the received signahd

1; depends on the transmitted sigma&nd the noise:;. Hence the
angley; can be treated as a functionxfandn;, i.e.,
Yi(x, ni)

(argy; —argb;) mod 27

* _ Im lb:
arg(y;b;) = tan~" (%

) @
wherelm(y;b; ) andRe(y;b;) are the projections af;b; onto the
real and imaginary axis, respectively. The produéf is displayed
in Fig.[d(b) along with the corresponding decision regiod &me
anglev;(x,n;). The received signa); of thei-th user is detected
correctly, if and only if

s (X, n5) (3)

where the angular set;? £ {¢ymod 27 | 61 < ¢ < 02,9 € R}
defines the decision region afid= /M is the maximum angular
shift for an M-PSK constellation. Based on above definitiod dis-
cussion, we formulate in the following section the CR beamfer
design to exploit the instantaneous interference.

e A%, i=1,... K,

3.2. WSUSEP Approach

In this section, we derive the WSUSEP-based CR downlink beam
forming problem. The idea of this approach is to design ttenbe
formers to steer the receive signals of SUs into the corratipg
decision regions to reduce the corresponding symbol eftather-
more, since the distribution of noise is known, we can caleuthe
symbol error probability (SEP) for each SU and use the WSUSEP
as an objective function. The beamformer design minimibes t
WSUSEP subject to the instantaneous total transmit powetiiran
stantaneous interference power constraints, which carrittenvas

min p s.t. Pr(¢i(x,ni) € 477 %) <p,i=1,....K, (4a)
x,p

IxI* <P lglx* <ea, l=1,...,L, (4b)

wherep models the WSUSER (v (x,n:) € A2"~7) isith SU’s
SEP, i.e., the probability that the received signal fall¢sme the
correct detection region ang; (x,n;) ¢ A%,, ||x||? is the instan-
taneous total transmitted power from the SBS, &gbix|? is the
instantaneous interference power for SBS tathéU. By consider-
ing the complement of the symbol error sgt](4a) can be reftated
as

1 — Pr(vi(x,n:) € A%) < p. (5)

First let us simplify the se#d? 5, i.e., [3). By [?), the classifica-
tion criteria [3) can be directly reformulated as the foliogvalter-

natives: 1 : L2200l < tang,  for Re(y:b;) > 0, I b} =
0, for Re(y;b;) = 0, which is equivalent to the single inequality

| Tm(y;b;)| — Re(y:b;) tand < 0. (6)

In this paper, we only consider M-PSK modulation schemes wit
M > 4. Introducing the real-valued parameter vector repretienta
x £ [Re(x)", Im(x)"]", h; £ Im(b7h:)", Re(b;h:)"]", (7)

we can express the real and imaginary part of the transnsitgal
in @) as followsRe(b;hx) = h] g% Im(b;h]x) = hlx,
whereIlx 2 [0x,x — Ix;Ix Ok k] is a selection matrix such

the transmitted symbd; in the complex plane. Note that the angle that I;, and 0;; denotes thej x j identity matrix, andj x j



zero matrix, respectively. Resolving the absolute valum @ (6),
we obtain two linear inequalities., li > Rgi1, th% > R,
Whel’et2Z 12 —h! +tan6 hiTk, t2, £ hY + tan6 hi Tk,
fizi—1 = Im(bin;) — Re(bjn;)tan6, andflgi 2 —Im(bini) —
Re(b;n;) tan . The vectors;, 7 = 1,...,2K, are deterministic

and depend on the channel and the decnsmn region definedeby tf
angled, and the scalarg; are real-valued Gaussian random vari-

ables (linear transformations of Gaussian random vaisgbl€hen
the probability function in[{5) can be written as a joint pabiity

function Pr(tZ,_ % > fig;_1, t1;% > 712;). Consider the bivariate
standard normal probability distributiehwith zero mean such that

o(u;r) = ﬁ exp(—1u" 27 'u) whereu £ [u1, u2]”, the

correlationr is defined ag" £ E{minz}, with |r| < 1, n1,m2 are
the standardized random variables, i&{|n: >} = E{|n:|*} = 1,

andX £ E{[m,n2]" [m,m]} = Ll" i . The cumulative distri-

bution function (CDF) of the standard bivariate normal riisttion
is defined by®(u;r) = [“! ["2 $(u;r)diadis. Then the cor-
responding probability function fow; > ni,u2 > 72 is given
D(u;r).

by Pr(ul > m,ux > 172) = Sincen; is a circu-

larly symmetric zero mean complex Gaussian random varlable
we can conclude that; is also a real-valued Gaussian with zero

2 2 2 .
(1+tar; 0)o _ o ie.,

mean and variance? £ E{f’} = I,
nj ~ N(0, 525z). Sincefiz;—1and fz; correspond to a real
bivariate normal distribution, we can express the jointbatality

function as a joint normal CDF

_ 3% thx]”
Pr<t27, 1X > 2i— lyt;i2n21)2©(|:2—1x7 2—1x1|af ) (8)

o o

. . ~ . . _ —1- ]
with the correlation ofiz;—1 and7iz; is given byr = Hf;% =

— cos 26. By (B) and [B), problenf{4) can be reformulated as

x,p On On

t3, % thx]”
min ps.t. 1—@({”—”{, QZX} ;f)—pSO, Vi, (%)

Re(gy) —Im(gj)
Im(g) _ Re(gi)

remark that constrainf(Pa) is generally non-convex. Nbg the
sufficient condition for the concavity of the standard bigsr normal
CDF is non-trivial. Author in[[9] showed thak(u; ) is concave in
one variable under a certain condition @nandus, respectively.

whereB,; £ } isa2 x 2N real matrix. We

Lemma 1. [9] (Concavity in one variable) Let-1 < r < 0. Then

2 .
®(u;r) is concave iny; for fixedu; with j # 4, i.e., =25 < o
fori =1,2,if

| (1)
U380 1 6D

where the probability density function and CDF of a standard-
variate normal distribution are given by

) Z = 1727 (10)

pu) =

\/12_7Texp(—u7),<b(u)=/7u (@) da, (11)

respectively.

In this paper, we further restrict the conditions on vagabio
guarantee the joint concavity of the CDF[in](9a) and showttieste
conditions are generally met in conventional transmissimnarios.

Theorem 1. (Joint Concavity) ForM > 4, the standard bivariate
normal CDF in [Ja) is concave ! x satisfies the inequality

tl x/on > a*(7), j=1,...,2K, 12)
with thresholda* () denoting the optimal function value of the fol-
lowing constrained optimization problem:

1—1r
\/1—1”2)& > 1—r

a*(r): min «as.t . (13)
@ 1—r 1 — r2
d)(a V1-r2 )
Proof. See AppendikA. O

Following from [Q4&), we have

o tT o th % thx
o on ' Oa

wherep* is the optimal value of{9). If we assume that
(M),

then, by inequalitied (14]J-(15), and the strict monotdgiproperty

of the standard univariate normal CDF, we ensure that condiL2)

is satisfied. Thus, by Theorein the assumption i .{15) can guar-
antee problem{9) to be convex. That is, as of Theorem 1, for th
optimal valuep* of (@) such thatl — ®(a* (7)) > p* for a given
correlationr, the optimization problem i {9) is convex. For exam-
ple, whenM = 4, the value ofp* in (I5) corresponds to a SEP of
less thar80.64% which does not put any restrictions on our beam-
former design as in typical applications much lower SEPeslare
required. Accordingly, the optimization problem [d (9) @nwex for

all practical SEP constraints.

T
] ;f) S1-p>1-p,  (14)

1—p°>®(a (15)
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Fig. 2 WUSER performance versus power with = 10, L = 2,
K =8, ¢ = —2dBW, and QPSK modulation.

4. SIMULATIONS

In this section, we present simulation results for a cowusitre
interference-based downlink beamforming for CR networkhwi
N = 10 antennas and. = 2 PU. The system with}/-PSK



constraints for the second PU. This is due to the fact thatdhgen-

0.1 0.1 T : H H
T [oe——" [ I Convertional 20d PU tional method only considers the average mterfergnce pai@v-
- 0.08 - 0.08 ever, our proposed approaches always satisfy the intedengower
£ 0.06 Z 0.06f i constraints on an instantaneous basis. This consists wifisant
2 2 ) . -
£ 004 S 0.04] 0 improvement over conventional CR beamformers which areero
e o to instantaneous PU outages.
0.02 0.02
0 - 0
o o5 1 15 2 0 o5 1 15 2 A. PROOF OF THEOREM 1
Normalized constraint value Z‘ Normalized constraint value ZI
01 1 — To show the concavity, we need to use the first and secondaderiv
008l ‘| N WSUSER: 15t PU | 0sl [ N wsUSER: 2nd PU | tives. It is well-known [[9] that taking the first derivativeitiv
2 o E3 respect tau;, we have?2 ) — & (uzlu1)¢(us), where the con-
;“: 0.04 ‘g’ 04 ditional distribution functionb(uz|u1) is described byb (uz|u1) =
i ' E ’ U2 —TUL H H H H
0.02 02 @(—m). Taking the second derivative with respectitg we
0 0 %®(wyr) 9% P(wr) 9P (u;r) R
o 05 1 15 2 o 05 1 15 2 have = 7 T TT"Hwouws YT ow Similarly, we have
Normalized constraint value Z‘ Normalized constraint value ZI 82<I>(u'7‘) 82<I>(u:r) 9% (u;r)
Bug =T dui0us 27 dug ¢

. . . . . By an abuse of notation, we redefifie = 7; /0. and define
Fig. 3: Histogram of normalized constraint valugswith N = 10, _ yA T R @ n]/U”J .
L=2K=8 ¢=—2dBW, P = 5dBW, and QPSK modula- tj(X) = t; X/on;. Thenn, is a standardized random variable for

’ ' ' ' all 5. To show the standard bivariate normal CDHIA (9a) is concave

tion. o - :
it is enough to prove that the Hessian matrix of the CDF
: : : . . . Atai1 T oty T M. | 9t2i—1 T oty T r (18)
modulation is considered, i.e§ = w/M. A noise variance —ox 0% —ox 0% )

value of 0> = 0.1 is considered. In line with [20], we assume ] o _
that the SUs and PUs connected to the SBS are located at dirds.a negative-semidefinite matrix where
tions wi,...10 = [393591053951774924586530380°] " + 11,

2%e %9
Q1,2 = [50°,57°]T 412, wherer; € C'° andr: € C? are drawn M. 2| 73 Dtgi_10ta; (19)
from a uniform distribution in the interva]-1°,1°]. Then the e g |
downlink channel from the SBS tith SU andith PU are modeled HoTe 2i
as [20] The matrix in [I8) is negative-semidefinite if the eigenesly:" of
2 2
h; = 17 ]"/rsinu.:,;’“.7 jm(N—1) sinw; T7 16 . ) ( 32‘1’ +%§)i1/Ai
[1e c ] (16) M, are negative, which are equal A = ~~2i=1 d;” ,
g = [17 e]"/r sin @ . 7ejw(N—l) sin QZ]T . (17)

Otg;_10t2;
According to[2), we use the angle between the received signal  values are real values ds > 0. Second, we have 1 < 7 < 0, for
and the transmitted symbbj as an measure of the correct detection, p7 > 4. Then, by [I2) and LemmaB, we have‘(?;;b < 0, which
which evaluates the performance of our proposed methodshand %
conventional method i [6]6]. The receive signal can beemtly  implies that(
detected ify; is within the interval[—6, 8]. We introduce the nor- . 26 | o%a
malized constraint value of interference power on an inatous ~ UeS are negative, we need to show tha@aﬂ + at;) > VA

2 2
whereA, 2 (5% — 22 4 (5228 )", First the eigen-
2i—1 24

92® + 92e

53, at;) < 0. In order to show both eigenval-

2i—1
K K pxp ot Hg* oDk Lo .
basis¢; = Y1 it b,:le I8 Wi a5 an abstract measure of which is equivalent to
the constraint satisfaction to compare the performanceffafrent 226 92® 92d 5
] ing i i g2 9% (7) . 20
methods|([¥]. The corresponding instantaneous interfergogver 012 02, = \ Oty 1 0tm; (20)

constraint at PU is satisfied if and onlyif < 1.

In Fig.[2, we fix the number of SUs and compare the perfor-j¢
mance of our proposed approaches and the conventional agbpro
versus the total transmitted powBrfor K = 8, ¢, = —2dBW, and 0’0 >’ o e o
QPSK modulation. It can be seen from Hij. 2 that the propoped a Ot3,_1 = Otai—10ta”  Ot3;, = Otai—10t2;’
proaches given if{9) outperform the conventional methaims
of the experimental WUSER performances. Notably, it cantbe o then [20) holds.The inequalities in{21) are satisfied:for, > o,
served in Fig[R that our analytic WUSER performance and towet2i = «, if we have
bound of the computationally efficient approximate apphoealcu-

(1)

lations match the experimental WUSER results of bigth (9ytHeu- ‘I’(aﬁ) 1_7
more, the computationally efficient approximate approaaleuta- ¢ > Vi (22)
tions match closely to the WSUSEP approach. <l5(04 \/ﬁ) -7
Fig.[d depicts the histograms of normalized constraintes{u
with K = 8, ¢ = —2dBW, P = 5dBW, and QPSK modula- To find the minimuma, we can solve the optimization problem in

tion. As can be observed from Fig. 3, the conventional tepimni  (I3). Hence, forto;—1 > o (7), t2s > o*(7), the inequalities in
only satisfies aboub0% of the instantaneous interference power (21)) hold. This completes the proof of the theorem. a
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