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Abstract—In this paper, the operation of a Licensed Shared Ac- spectral allocation. On the other hand, such an exclusivity
cess (LSA) system is investigated, considering downlink commu- has created the phenomenon sgectrum under-utilization
nication. The system comprises a Multiple-Input-Single-Output j o " the 0w exploitation of large parts of the spectrum. The

MISO) incumbent transmitter (TX) - receiver (RX) pair, which . . . )
gffers L spectrum sharing opp(ortu)nity to a MESO)Iiréensee Tx. latter topic has been widely discussed throughout the wireless

RX pair. Our main contribution is the design of a coordinated COmmunications fora (see, for instance the report by the
transmission scheme, inspired by theunderlay Cognitive Radio Federal Communications Commission (FCC) in 2002 [1]). As
(CR) approach, with the aim of maximizing the average rate an answer, the principle ofognitive Radio(CR) has been

of the licensee, subject to an average rate constraint for the suggested as a promising technology in view of increasing

incumbent. In contrast to most prior works on underlay CR, the irel tral effici b loiting th isti ¢
coordination of the two TXs takes place under a realistic Channel WIrEless speciral efiiciency by exploiting the exiStsgecirum

State Information (CSI) scenario, where each TX has solely accessholesin time, frequency or space [2], [3].
to the instantaneous direct channel of its served terminal. Such a  Focusing on theinderlayCR approach, a primary network
CSI knowledge setting brings about a formulation based on the allows the simultaneous use of its spectral resources by a new-
theory of Team Decisionswhereby the TXs aim at optimizing ¢oming (unlicensed) secondary network, given the condition
a common objective given the same constraint set, on the ba5|sth t the latt il utilize th ilabl .
of individual channel information. Consequently, a novel set of at the ) atter will uulizeé he available reésources |n. a way
applicable precoding schemes consisting in letting the two TXs that the interference created by a secondary transmitter (TX)
cooperate on the basis of the statistical information is proposed. towards a primary receiver (RX) is below a threshold prede-
We verify by simulations that this novel, practically relevant, co-  fined by the primary network [4], [5]. Under such a setup,
ordinated precoding scheme outperforms the standard underlay efficient schemes, mainly exploiting multiple antennas at the
CR approach. . ’ ; . L
terminals, have been proposed with the aim of maximizing

Index terms—Spectrum sharing, coordination, precodinghe information rate of the secondary system, subject to given

local CSlI, QoS, cognitive radio, team decision constraints over the harmful interference suffered by primary
terminals [6]-[12]. However, the ability of the secondary TX
|. INTRODUCTION to acquire global, multi-user Channel State Information (CSI)

The utilization of the radio spectrum is internationally}n practice is very limited, leading to the fact that most of

regulated by governments, with the aim of providing wireleégese works in the literature are not applicable in most of the
communication services that can be efficiently protected fro SES.

harmful interference. Nevertheless, the tremendous spreaé\S a.re.sult, an extensivg literature hgs focused on designing
of wireless services has given rise to a great need IItgi’;msmlsslon schemes being robust to imperfect CSI or merely

bandwidth, which cannot be satisfied by an exclusivity d quiring local channel knowledge [See [13] and references
therein]. In addition, iterative schemes, based on game theory,
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standard interference temperature-based underlay CR syst@®fned in [27, eq. (5.1.1)], while =~ 0.5772 stands for the
consists in the lack of coordination between the primary artller-Mascheroni constant, as it is defined in [27, eq. (4.1.32)].
the secondary systems. As a result, the primary system tends to
overspend its available resources, leading to poor throughput
performance at the secondary side.

Given this Situation’ we propose, in this Work, a new The SpeCtrum Shal’ing SyStem, which is illustrated in Flg 1,
coordination scheme for the two TXs based on commoni§y composed of a MISO incumbent system, comprising of
available, slow-varying statistical information. Such a coord® TX, TX 1, equipped with}; antennas, along with its
nation scheme does not require the exchange of any quicR§signed single-antenna terminal, RX~ocusing on downlink
Varying CSI| and can, therefore, be imp'emented to practi(%?mmunication, the incumbent SyStem is W|”|ng to share its
scenarios with only low requirements for the communicatigigsources with a MISO licensee system. The latter system
links between the TXs. Each TX exploits its locally availabl€onsists of a multiple antenna TX, TX equipped with}/>
CSI, relevant to its served user, in a way that this transmissi@ftennas, as well as of a licensee terminal, R¥ssigned to
falls within the paradigm offeam Decisiortheory [19]-[23]: TX 2.

Both TXs (incumbent and licensee) aim at jointly maximizing Considering the involved channels, spatially correlated
a common utility (the licensee average rate), subject toR@yleigh fading is assumed for both direct and interfering
common constraint related to the incumbent average rate. channellinks. As a consequence, for the channel between TX

Preliminary results have been presented in [24]. In thfd RXi, we haveh; ; ~ CN'(Oar;, R ;).
work, the analysis was restricted to spatially uncorrelated
direct channel links and solely to two strategies. In contral cS|T at TX 1 CSIT at TX?2
we focus here on the performance of an extended set
joint precoding schemes, with the assumption of correlat
Rayleigh fading for all the involved MISO channels. Thq
adoption of the correlated Rayleigh fading channel model
follows from the modeling of signal propagation in heavily
built-up environments, which are the ones where our analysiF w:
aims to find application [25], [26]. More particularly, our main

X 1
h2,1
contributions are the following:
« We formulate a novel framework of coordination be-
tween an incumbent TX and a licensee TX consisting
in coordinating on the basis of the available long term
h1,1
5

II. SYSTEM AND CHANNEL MODEL

hi11Ri1R12R21Ra 2 has Ri1R12Ro1Ras

X 2

BF w2

information. This kind of coordination can be practically
feasible for many scenarios thanks to the fact that the
statistical (covariance) information is slowly varying.

« Within this framework, we design a statistically coordi-
nated precoding scheme for a MISO spectrum sharing
system, which can be applicable to a shared spectrum RX1
access system (ASA or LSA). Fig. 1. The examined LSA system (post-licensing phase).

« We show through extensive simulations that the pro- ) . o
posed scheme outperforms the standard interferencérhe signal received at RX i € {1,2}, can be expressed
temperature-based underlay CR approach. S

) ) yi = hiLaw;s; + hawss; +n;, 1)
Throughout the paper, the following notations are adopted: ’ o
all boldface letters indicate vectors (lower case) or matricetere, w; denotes the transmit beamforming vector at TX
(upper case)A', tr(A) and [A],,,, denote the Hermitian and it is assumed thaw; = /Pu;, with P, < P™* and
transpose of matrixA, its trace, and it{m, n)-th entry, re- |«,|| = 1, where P™** is a maximum instantaneous power
spectively, whereas;(A) stands for itsj-th eigenvalue. Also, level at TXi. Also, Gaussian noise is considered at RXe.,

diag (a1, ..., ay,) Symbolizes a diagonal matrix, the elements, ~ CA/(0, Ny) and we assume that the information symbols
of which areas,...,a,. Additionally, E[-] symbolizes the for transmission are taken from a standard complex Gaussian
expectation operator anffl- || denotes the Euclidean norm,codebook, i.e.s; ~ CN(0,1), i € {1,2}. By analyzing (1),
while 0,, denotes the all-zero vector of dimensien The the instantaneous information rate of RX i € {1,2} is
identity matrix of dimensiom x n is denoted by,,, while i  given by [28]

denotes the complementary index ©fwhen the cardinality )

of the considered set is equal to two, i.é.,= i mod R —los [14 Pylhit |

2 + 1. For a random vectox, = ~ CN(u,X) denotes that i = 082 No + Pilhfw;|* )
x follows a Circularly Symmetric Complex Gaussian (CSCG) wet
distribution with meanu and covariance matri2. Finally, In the section that follows, the problem of joint downlink
Eq () represents the exponential integral function, which recoding with combined, local CSIT, is formulated.

)
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I1l. PROBLEM FORMULATION Jensen’s inequality [28] over the interfering channels. This
A. Initial Optimization Problem significantly simplifies the optimization problem, while pre-

Focusing on the described system model, a realistic C i thus. becomes
at the TX (CSIT) assumption that can be made, is that '
TX i, ¢ € {1,2}, has both instantaneous and statistical P,|h ;|
(covariance) knowledge of its direct links (i.e., TK has  E[Ri] =En, , n,; |log, | 1+ L
instantaneous knowledge of direct lirtk; ; and TX 2 has
instantaneous knowledge of direct lirfk; ), whereas, the

%Zving its important features. The average rate expression for

No —|—]li|h%ug\2

H. 2
interference cross-links are merely statistically known via >Ep,, |logy [ 1+ Pilh jui| =
knowledge of their covariance matrices. The second order ' No + Ep, ; {Pﬂh?juﬂ
statistics of the involved channels constitute slow-varying Ho2 -
information that can be realistically collected by each TX — En,. |log, (1 n Pilh;;u;l )]
through low capacity/high delay links. No + PufR, ;u;

Capitalizing on the available CSIT at T)X i € {1,2}, the N -
optimization problem of maximizing the average rate of the =E {Ri(wi’wf)} :
licensee system, subject to an average rate constraint far RX ®)
can be formulated as fanctional optimization problem, with Remark2. It should be noted that applying Jensen’s inequality
functional dependencies related to the available CSI. Henagg,such a way is only possible thanks to the fact that the
the resulting optimization problem can be described as followsecodersw; and w, are independent of the instantaneous
(w’{,w;‘) — argmaxE [Rs (w1 (hy.1), wa(has))] cross-channels (as only the direct links are instantaneously

known). O
subject to E [R; (wl(ﬁ1,1)7w2(h2,2))] > 712 >0, , With the aim of deriving a practical solution, slow power
0 < flwi(hip)[I” < P™, 0 < [lwa(he2)||” < P™, control depending on the long term statistical channel infor-

. mation, is assumed. Hence, instead of (instantaneous) power
where 7, stands for the QoS demand of RX in terms of |eyels P, and P, we can use slow power allocation leve?s
average rate. and P,, where0 < P; < P™ax | j ¢ {1,2}.

Remarkl. The key difference between optimization problem Altogether, in the remainder of the paper, we will work on
(P1) and other approaches from the literature that focus on the following optimization problem:

case ofcentralized CSIT, comes from the fact that we aim at _ _ L _

optimizing precoding functionsat the TXs: (Pl ug, Py uy) = argmax | [R2(P1»“17 Pz»uz)]

w; (C]wi — (CMl ,V’L S {1,2} SUbjeCt to E [El(pl,ul,pg,uﬁ} > 11, (PZ)

3
hi,i »—>wl(hm) ( ) 0< pl < leax, 0< pQ < PQmax’
The need to optimize over precoding functions instead of ur|> =1, [jug?®=1.
simply considering a vector optimization problem is a direct
consequence of thdistributed CSITassumption. Indeed, as IV. PRELIMINARY RESULTS

TX 1 is not aware of the channel realizati , and recip- . " . -
&n.- P The following two propositions provide some characteristics

rocally TX 2 is not aware ofh, i, it is necessary to consider . . . .
the expectation over the precoding functions taken at the otk?érthe optimal solution of problem (P2) which willprove

TX, which requires the knowledge of the precoder for everlﬂlseml for designing the novel precoding scheme.
channel realization, i.e., tharecoding function. This makes it Proposition 1. The ergodic rate constraint of RXis satisfied
impossible to simply consider the optimization problem for with equality by any optimal solutiod Py, u%, Py, u3) of
given channel realization as it is usually done in the literatu(p2), i.e.,

of precoder optimization with centralized CSIT. O E [Rﬂ]ﬂﬁu{, p2*7u§)] — . (6)
For the sake of clarity, we will omit to mention explicitly .
the dependencies of the precoders in the following. Proof. The objectiveE {RQ(Pl,ul, PQ,uQ)} is monotonically

A reasonable assumption is that the QoS thresheldcan  gecreasing with respect t;, while, on the other hand, the
be achieved in the absence of any licensee. This comes doé%ﬂstraintE R1(P17U1, P%UZ)} is monotonically increasing

to considering that . o )
, ) and continuous inP;. As a I’eSL_J|t, one can increase the
o {logQ <1 n Pl | )} > 7. (4) Objective by reducing power levet, up to the point, where
No the average rate constraint of RX will be satisfied with
equality. This is always feasible because> 0 implies that
B. Approximated Optimization Problem P> 0. O

The expectation over the interfering channels makes therhg second proposition yields some insight with respect to
optimization difficult to handle. However, exploiting the cons,e optimal power allocation scheme.

vexity of functionlog, (1 + %) it becomes possible to apply
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Proposition 2. An optimal solution of probleniP2) satisfies the extreme approaches between which it will be necessary to
that either TX1 or TX 2 transmits with full power, i.e., when strike a trade-off.
P = P or Py = P, MF precoding corresponds to thegoistic beamforming

Proof. Considering an optimal solution, one can writg¢ = scheme, where TX transmits using

afP, for someaj > 0 and P; = a3 P, for someas > 0, hii )
where P > 0. Then, taking every term of the objective and [P il

dividing the numerator and the denominator of its Signal tphis peamformer (BF) maximizes the strength of the direct

N
Ui MF =

Interference plus Noise Ratio (SINR) b, one obtains link without any consideration of the interference.
~ o3| hgl2u§|2 In contrast, sZF corresponds to aftruistic beamforming
E {Rg(wf,wg)} =E [logQ <1 + — > scheme, where TX transmits using
7 Tai(u]) Rogug , ,
u; szr = arg max u'R. *R;;R. 2u. (20)
which is a monotonically increasing function & Similarly, ’ ueCMix! e
the achievable average rate at RXbecomes The sZF beamforming scheme consists in exploiting the
|t *|2 statistical information of the cross-links to reduce the created
E [Rl(w;,wg)} -E [logQ <1 I ! 1711;1 ) interference, while also taking into consideration the statistical
% + a3(us) Rioul information of the direct links. This strategy has the advantage

~ of using only statistical information available at both TXs and,
which is a monotonically increasing function &f, as well.  hence, enforces perfecoordination between them, which
If none of the two TXs transmits with full power, itwill prove critical in terms of realizing an efficient joint
means that it is possible to transmit with" > P. Thus, transmission scheme.
the transmission usingoiP’, uy,a3P’,u3) is feasible and  2) Power Control Policy:Power control is a key ingredient
leads to a larger objective, which contradicts the optimality @ ensure that the average rate constraint for the incumbent RX

(P, ut, a3 P, u}). O is not violated. Furthermore, it is shown in Section IV that,
in optimality, the incumbent QoS constraint is fulfilled with
V. STATISTICALLY COORDINATED PRECODING equality and that one of the two TXs emits with full power,

We now present our main contribution which is a new tran¥thile the other reduces its power to respect the incumbent
mission scheme constituting a possible solution for optimiz&onstraint. Therefore, we denote By the joint power policy
tion problem (P1). Indeed, it is important to note that, althoughhere TX1 emits with full power and byP, the joint power
possibly suboptimal, our approach is ablegoaranteethe Policy where TX2 transmits with full power.

incumbent rate constraint and is, therefore, a solution to the3) Choice of the Transmission PolicyConsidering the
initial optimization problem. potential applicability of the two power control policies for

each of the joint beamforming solutions, such a formulation
leads to a joint transmission strategy set, which consists of

A. General Approach ) o .
] o ] 8 possible transmission schemes. However, the incumbent
Since the derivation of closed-form expressions for the opynstraint is only fulfilled with probability one for some of

timal precoders is hardly tractable due to the functional natugg, strategies and has to be verified otherwise. It is, hence,
of optimization problem (P2) (which requires optimizing ovepecessary to compute for each of thégensmission schemes

an infinite dimensional space), we discretize the functiong|e power emitted by one of the TXs and then evaluate the
space and restrict the space of possible precoding solutigigodic rate of both RXs. Once this is done, the best solution,

to aset of transmission strategies. Such a restriction, allow§terms of average throughput for the licensee RX, is directly
for every transmission strategy (i.e., joint precoding schemgyizined.

to be evaluated both in terms of feasibility and in terms %

erformance. Also. it provides a simple and practical methoaemark& It is critical to understand that coherent decisions
?or coordinating th'e Tg(s P P upon transmission will be made, as the TXs atatistically

The set of transmission strategies is obtained by the f&c_)ordmated only statistical information is necessary to eval-

lowing steps. Note that to avoid breaking the flow of the déj—ate the ergodic rates and select the best strategy. [

scription and for the sake of clarity, the detailed computations _ )
of the expectations can be found in the Appendix. They afe Computation of the Ergodic Rates for each Strategy
provided as3 lemmas that are used throughout the description The ergodic rates for each of tlgestrategies need to be
of the precoding scheme. evaluated. However, the expressions are practically the same
1) Beamforming Design:The first step consists in de-in the sense that th& possible strategies come from the
signing the beamforming schemes that can be potentiatlgmbination of only a few parameters. We will, hence, only
applicable by each of the TXs. Although any beamformingresent in full detail two strategies: MF-MF;2nd sZF-sZF-
scheme could be chosen in theory, a good heuristic choiceAs, where the first two acronyms stand for the beamforming
key to the tractability and the efficiency of the approach. In thiehemes applied by TX and TX 2, respectively, while the
work, we restrict our analysis to the Matched Filter (MF) anthird one denotes the followed power policy. The expressions
the statistical Zero-Forcing (sZF) strategies, as they represémtthe other strategies can be trivially deduced.
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Remark 4. The feasibility of a given strategy has to beP, = Py®*. It remains then to determin®;. In that setting,
verified. However, the feasibility of the optimization problenthe rate of RX1 can be lower bounded as

is preserved as the feasibility is guaranteed for strategy MF- . PilhY 2
MF-P;. Indeed, it contains the case where TXtransmits E Rl} =Ep, , |log, (1 + 1,1H 1,sZF ﬂ
using MF and full power, while TX2 does not transmit at ’ No + Py"uy zeR1 2u2 527

all. O] > 7.

1) Strategy MF-MF-?: The TXs transmit using the beam-__ . . . (14) :
forming vectorsu; me andug we. Furthermore, TX transmits This rate ca_n be directly cgmputed in closed form using
using P, — P It, thus, remains to determine how TX Lemma. 2. Finally, t.he powepP, such. that the ergodic rate
controls its power to ensure that the incumbent ergodic raggnstra[nt for Rx.l 'S met by the derived lower bound, can
constraint is fulfilled, i.e., that € obtained bY bisection. . .

It now remains to evaluate the corresponding ergodic rate
E |:R1i| > . 11) of the licensee RX. This is given by the following expression

. . ~ P2max|hIz{,2u2,sZF‘2
This can then be rewritten as E {Rz} =En,, |logy [ 1+ No+ Prul's Ryt o | |
1,sZF V2, S
E {Rl} (15)
The latter expression can be computed in closed form by
~ [log (1 . leax|h{{71u17MF|2 applying Lemma 2.
= . _
No + PrullyeRi 2us wr
’ VI. REFERENCEPRECODING SCHEMES
max 2
=En, ,h,, |log, [ 1+ P Hgl,ln In this section, we present two schemes which will be
S Ny + p2% used to evaluate the efficiency of our statistically coordinated
2,2

precoding approach.
@E 1 1 Prax||hy 4| S The first one, denoted as “interference temperature-based”
= Fhia 1082 + — hil,Ri 2ha 2 =71 precoding, is an adaptation of the approaches in the literature
No+ PoBa s [ hz,2l? } to allow for a fair comparison. Intuitively, it corresponds to
. L ) (12) the conventional underlay CR paradigm, where solely the
wherg (a) holds bly applying Jensen's mequahty to C,Onveéecondary TX adapts its strategy in order for the interference
functionlog, (1 + ;) and the expectation in the denom'_nato_'Peceived by the primary RX to be below a given threshold [5].
can then he comput(id using i_emma 3 in the Appendix with The second one constitutes a coordination benchmark and it
A =Rs2 andB = Rj,R1:RJ,. is a priori not reachable. It, hence, represents an upperbound
Finally, a closed form expression for the ergodic rate ighich allows to evaluate the sub-optimality of the proposed
obtained with Lemma 1. Hence, the value 85 can be approach.
deduced by bisection, in order for the lower bound derived
in (12) to_be equal ta. : : A. Interference Temperature-Based Precoding
It remains to evaluate the corresponding achievable average
rate of RX2. Following a similar approach as the one for the The interference temperature approach, extensively used
ergodic rate of the incumbent, we can obtain the followin§p the CR literature, consists in forcing the secondary TX

lower bound: to create less interference to the primary user, than a given
interference threshold, which is here denotedZby
E [Rz} Considering that the secondary TX aims at minimizing the
o 9 interference created and transmits usiagszr, the power
—E |log, [ 1+ Po|hg pus e emitted by the secondary TX is then given by
2 Ny + leaX'U/IiMFRQ,luLMF T
Py|lhaal® P2 = min { ubl R 2Us sz e } ' (16)
= Ehl,17h2,2 10g2 1+ h,H Ra k11 ’ ' '
No + Pl ===/ | In order to conduct a fair comparison with the designed statis-
_ ) tically coordinated precoding scheme, we need to determine
> B, |log, | 1+ P2||h2,2\|H _ ~ the intgrference t_empe_ra’Furé’, _such thgt the ergodic rate
‘ No + PRxEy, | [hl.“lfll’;z:”’;l-,l constraint of RX1 is satisfied with equality, i.e.,
' (13) Pmaxth 1”2
Once more, the expectation in the denominator is obtained E [logg (1 + 1NI> =T1. a7
using Lemma 3, while a closed form expression for the ergodic o+t
rate is obtained with Lemma 1. The expectation appearing in (17) can be computed by apply-

2) Strategy sZF-sZF-P In this strategy, the TXs transmiting Lemma 1. The interference temperature threshbjd;an
using the BFsu szr andusg szr, While TX 2 transmits using be then easily found by bisection.
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B. Coordination Benchmark
4.5 T T

When designing the BFs, we can observe a clear trad 2 Coordination Benchmark
off between maximizing the desired signal (using MF) anc 4| —@— Coordinated Precoding
minimizing the interference created. Hence, if we assume th = Inerterence Temperature
one can achieve both goals at the same time, the followir
optimization problem is obtained for the power control, anc
leads to an, a priori, infeasible performance upperbound.

Py|lhas|? ﬂ
max E |lo 1+ = :
151,1%; [ gQ( No + PiAmin (R2,1)

subject to E {log2 <1 + P£||h1"1H2 ﬂ > 11,
No + PoAmin (R1,2)

0< P < PP 0< Py < PP

Average Rate of RX 1 [bits/sec/Hz]
N
ol

(P3) 05t ‘ ‘ ‘

5 10 15 20
The ergodic rate expressions appearing in (P3) can be col Transmit SNR [dB]

puted in closed form by applying Lemma 1. The optimal S|0\;{,ig. 2. Ergodic rate of RX vs. transmit SNR, when incumbent QoS threshold

power control values are obtained by exploiting Proposition 2.7 LbpsiHiz.
Indeed, one of the two TXs transmits with full power, while
the other one controls its power by bisection. Comparing th 8
performance and the feasibility of both solutions leads to th R ————————
solution of optimization problem (P3). 7" —e— coordinated Precoding
—8&— Interference Temperature| ]

VIl. NUMERICAL EVALUATION

With the aim of evaluating the performance of the propose
statistically coordinated precoding scheme, extensive Mon
Carlo simulations have been performed and, more specificall
20000 channel realizations have been simulated. We choo:

M, = My = M = 4 antennas at each TX. Furthermore, A &
we consider unit noise variance {N= 1) and a QoS /W
thresholdr, = 1 bps/Hz. % ]

We consider a classical exponential channel correlatio

Average Rate of RX 2 [bits/sec/Hz]
iy

0 i i i

model [29], in which the covariance matricBs ; are given 0 ® anemtenrE 20
by Fig. 3. Ergodic rate of RX vs. transmit SNR, when incumbent QoS threshold
1 9 M1 71 = lbps/Hz.
A AT
Ri; =Bi; . : : . : , (18) manages to control the average rate of Rxnd this capability
pM',l pM',Q pMI*i‘ ' 1 can be translated to a significant throughput gain for the

licensee, in comparison to the one achieved by the interference
where, 3; ;, i,j € {1,2}, represents the pathloss and isgemperature-based precoding scheme.
chosen here equal tb wheni = j and to 0.3 otherwise.
In the investigated scenario the antenna correlation faptor,
is equal to 0.5. 55 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
In Fig. 2 and Fig. 3, the average rate of RX¥nd the average
rate of RX2 are depicted as a function of the system’s transmi
Signal-to-Noise Ratio (SNR). The three curves represent tt
throughput performance achieved by the proposed statistical
coordinated precoding scheme, the interference temperatu
based precoding scheme, as well as the described coordinat
benchmark. Focusing on RX, the coordination benchmark
outperforms both the proposed precoding scheme, as well
the interference temperature-based scheme, as expected.
observing Fig. 2, it should be noted that, in contrast with th

>
> U a
T T T
P i
D

[
o
T

i

n
&)
T

i

Average Rate of RX 1 [bits/sec/Hz]
N w
T T
i i

=
o
T

—~4— Coordination Benchmark |

. . . —@— Coordinated P di
coordination benchmark, the proposed precoding scheme fa 1} e nterforence Temperaturel]
to satisfy the incumbent average rate constraint with equalit 05) ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
This occurs because we resort to tackling optimization prot L O

g ; T, [bits/sec/Hz]
lem (P2), which involves a lower bound of the average ratig. 4. Ergodic rate of RX vs. thresholdr;, SNR=10dB.

of RX 1. Nevertheless, the proposed algorithm successfully
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selected, exactly because the system focuses primarily on
preserving the average rate of the incumbent RX. It is also
worth mentioning that as; increases, only the subset of the

most “conservative” joint precoding schemes is feasible and

can, thus, be put into comparison by means of the achievable
average licensee rate.

Average Rate of RX 2 [bits/sec/Hz]
w
T

‘ —‘;%-—‘MF—M‘F—PZ
2 L — * — MF-MF-P1
Y] — © — MF-sZF-P2||
- Tk — ® — MF-sZF-P1
3 I Sl —8— sZF-MF-P2
tr 2 N —&— sZF-MF-P1
2 2r B —b— sZF-sZF-P2H{
= ~ —»— SZF-sZF-P1]
O L L L L L L L L o~ > ~
0.5 1 15 2 25 3 3.5 4 4.5 5 x S
1, [bitsisec/Hz] s 150 - 1
Fig. 5. Ergodic rate of RX vs. thresholdr;, SNR=10dB. g o NN
The achievable average rates of RXand RX 2, by < osh S |
applying the proposed precoding algorithm, along with the \\O
ones achieved by the two reference precoding schemes, oL ‘ ‘ ‘ ‘ : : : ‘
depicted in Fig. 4 and Fig. 5, respectively, as a function o 01 02 03 04 05 06 07 08 09 1

Antenna correlation factor - p

QOS threshold,r;, when the transmit SNR of the SyStem:ig. 7. Ergodic rate of RX vs. antenna correlation factgs, SNR=15dB,

is equal to10 dB. The average rate constraint for RX 7 = 4bits/sec/Hz.

is fulfiled by all three schemes for the whole examined

range ofr;. Also, the proposed precoding scheme outperformsFinally, in Fig. 7, the performance of thfeasible(in the

the interference temperature-based one, especially when $881€ sense as above) joint precoding schemes is evaluated by

average rate constraint of the incumbent is loose, which occfit§ans of the achievable average licensee rate, as a function

due to the fact that under this regime there is more to gain f8f the antenna correlation factgs, when the transmit SNR

the licensee by means of an efficient coordination. is equal to 15 dB and the QoS threshold on incumbent
communication isr; = 4bits/sec/Hz. One can first observe
that only a subset (i.e., 3) of the 8 joint precoding strategies

1. \ \ is feasible under the selected system scenario, as the bisection
~ - — % — MF-MF-P2 .
a5k Ko — % — MF-MF-P1 || methods applied to the other schemes could not return a
N * _ _ — - . . . .
5o ~ e I power level within _the_lntervals[Q, P"®] regarding power
5 N Tk - 8~ SZF-MF-P2 P, or [0, P"™] considering powelP,. Hence, the applicable
& 3.5F N Sl — @ — SZF-MF-P1 . ey .
2 “u X |- b szF-szF-P2 (in terms of feasibility) schemes for the examined system
o 6 AN Se > szF-szF-PIf scenario are: MF-MF-P for the whole examined range of
Eosk -l AN v 1 p, as well as MF-sZF-Pand MF-sZF-73 for subsets of that
g 2 ¥ \5\\9\ X | value interval. Also importantly, it is observed that, for all
8 5| Al *\ . i N | depicted schemes, the throughput performance of the licensee
g A hooo® “c e b degrades, as parameterincreases. This can be justified by
Y S - N the fact that, as the transmit antennas become more correlated,
051 4 SR the property of spatial diversity cannot be exploited efficiently,
0 ; ; ; ; ; ; ; ; L4

0.5 1 15 2 25 3
T [bits/sec/Hz]

Fig. 6. Ergodic rate of RX vs. 11, p = 0.5, SNR40dB.

In Fig. 6, the average licensee rate for each offdasible

with the aim of maximizing the power received by the licensee
RX.

VIII. CONCLUSIONS

joint precoding schemes is depicted as a function of QoSin this work, we propose a novel, joint precoding scheme,
constraint,r;, when the transmit SNR is equal to 10 dB gnd with reference to a shared spectrum access system, where
= 0.5. The term “feasible” is used here to characterize the joitfite two TXs coordinate on the basis of statistical knowledge
precoding schemes, for which both optimality conditions, i.eof the global multi-user channel. Our approach consists in
Proposition 1 and Proposition 2 are satisfied. In other wordeymulating a Team Decision problem, the solution of which
there can be found power levels such that the constraint israpproached by reducing the transmission strategy space to a
the average incumbent rate is satisfied wetiuality. It can finite number of strategies. This method is key to enforcing co-
be observed that when, € [0.5 2.5] bits/sec/Hz, strategy ordination between the TXs and obtaining a practical solution
MF-MF-P; is the rate-optimal one, whereas, for stricter Qo® the intricate Team Decision problem. Such an approach al-
constraints on the incumbent, strategy MF-ME-i#as to be lows to improve over the conventional underlay CR approach,
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at the price of low CSI and communication requirementslecreasingly sorted. Introducing mati = U BU,, the
as the coordination can be realized offline. Approaching tlegpectation in question becomes
global optimum is both a difficult and challenging problem that

will be further tackled in the future. The proposed scheme has 5Bz cHUHBU A2 "B
also a strong potential for other more complex scenarios withIE {HA} = { }‘IA‘A } =8 oA
multiple incumbent and/or licensee networks. AT T AAT rAAT

(22)

=E

Z?:l Z?:l [B}M:ﬂfl‘j ]

A (A)|xg|?
APPENDIX D k=1 Ak(A)|z

where covariance matrixR;, has n distinct eigenvalues %i, t = 1,...,n in polar representation, i.er; = |z;|e/%:,
{X\;}"_,. It then holds then we have that all phases, i=1,...,n and amplitudes
= |z;|, i =1,...,n are mutually independent and the phases

g are uniformly distributed. As a result, the expectation takes
En {log2(1 +7|Rll )} = the following form

1 T () " S S 1B ] e 60
~T" . H n n Bl. |xz:||lx.lel\Pi—®:
O ) D I R £ |z Bx _E i=12_j=1 Pl j1Til|T;
=1 551 Mt (5 = 5) Az S (A2
(A |

Lemma 2. [31, eq. (75)-(76)] Lety € RT and w € C**!
be deterministic, ant ~ CN(0,,, Ry,). It then holds

=E

1 .
€ 7 1 (Ref) ( 1 ) or, equivalently
1\ = )
A1 (Retr)

En [log? (1 + 7‘hHw|2)} () (Rer

[mHBm] . 27U, diag ([B]Ll, ce [B]nm) Ul

where\; (Re) is the unique non-zero (positive) eigenvalue af
3 3 zHAzx zHAzx

matrix Rer = R ww'R;} .

. " e (24)
Lemma 3. Let us consider two positive semi deflnlt(?_| h afaual eigenb : d
matrices A and B in C™*" with eigenvalues denoted€Nce, the case @qualeigenbases is recovered.

as A (A),...,\(A) and \(B),...,\,(B), respectively, Consequently, we proceed by considering, without loss of

where it is assumed thaf is of full rank and has no generality, that matriced and B have the same eigenbases.
multiple eigenvalues. We also assume that makixan be However. it should be noted that elemer{té’]

decomposed a?A = UaA,UY, where U, is a unitary : .
matrix and A = diag (A (A), .., A (A)), where it holds 1,...,n are not sorted in any particular order.

that0 < A\ (A) < ... < A\,(A). Lete € C"*" be a standard  Focusing, now, on the derivation of a closed form expression
complex Gaussian random vector, such that CA'(0,,1,,). of the expectation, we have that

It then holds

i b=

noorp 2
2" Br] o [ M(A)2((n— 1) (In(Ai(A)) — ) + 1) E{mHBw} _ g | Ziz [Blileil
| Siae) = 2 [B]”'{ [T, Ov(A) — A (A)) 2Az| = | T N (AP
N(A)" 7 (In((A)) =) Dy T, i(A) = A(A)) n 22
_ s =N"[B], E | ==
(I, (v(8) — 1)) 2ABLE | S AT
N _ e 3 . . . o n ~ a n
o3 AT 0w =) T 48) = M (AD | =Y [BLE | g ZMA)I%I?)]
k=T (I Ok (A) = s(A))) i=1 ‘ =1
~ (2) n ~ n
whereB = U BU,. :Z[B]Ma)\iA)E In ZAJ(A)%?)ZL
i=1 v j=1
(25)

Proof. We prove this result in two steps. Firstly, we show that ' .
considering two matriced and B with different eigenbases,a"efl ;\JS( A)?;f;g € Usriigd(;rsnz ;’g”ag; it(Ri\s/) i(hown :by
we can come back to the case of matrlces_ having the Sa%;guétiojn thatjthe Probability Density Function (PDF) &f
eigenbasis. We then prove the lemma for this case. is the following

Let us assume thah and B havedifferenteigenbases. We
consider their eigendecompositioAs= Uas AaUY andB = n )
UgpAgU$, where the diagonal entries &, are sorted in px@) =3 I] )\k()A)Z\ : WL (26)

J

an increasing order and the diagonal entriesAgf are non- (A A)

k=1j#k
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As a result, the expectation of RWA(X
expression that follows
—X(A)

= Z/ x)e XA (g H
k=170 Ak
(27)

Exploiting [33, eq. (4.331.1)], expression (27) becomes

(A (In(g (A
Bln(x)) = 32 %j;k@:(;) )

Taking, now, the partial derivative of (28), with respect to
Ai(A), we obtain

) is given by the [3]

(4]

)\k(A)n—2
Ak(A)

—7)
Aj(A))

(28)

(8]

9 _ 9 Ai(A)" (In(Ai(A)) =)
oA M= @A) | Ts A - A @A) [ B
L9 —~  M(A)" (In(A(A)) =) [10]
ON(A) | i TLisn Qu(A) = A5(A))
. _ . (29)
For the first term of (29), the following expression is obtained
o Ai(A)" (In(Xi(A)) —9)
ONi(A) Hm (Ni(A) = X;(A)) =
_ (A)"?((n—1) (In(X ( ) —7)+1)
2 (Ai(A) = A;(A)) [13]
C (A" (In(Ai(A) =) ST Lrgi Lz Qi(A) = A5(A))
(T (u(A) = A5 (A))
30y 04

It now remains to find the second term of (29) in closed
form. We, thus, obtain the following [15]
9 )"t (In(A(A)) —7)

N(A) |, 47, H#k K(A) =X (A))

_ Z 0 [ (A (nOw(A) — )
2 ON(A) | Thw Ow(A) - X(A))

Given that: ;é k, the partial derivative appearing in the right
hand side of (31) is given by the following expression

(16]

(31)

[17]
(18]

9 [ (A" in(w(A) =) | _ [20]
ON(A) | TIjzn Ak(A) = A5 (A)) [21]
A(A)" 7 (I (A)) =) x5 {TTn Ok(A) = Xi(A)) }
- 2 » [22]
(TT 0 Ok(A) = A (A)))
(32)
where (23]
0
(A g(kk(A)*Aj(A)) =*jgz(/\k(A)*/\a(A)) 24
(33)
This concludes the proof. O
[25]
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