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Sum Rate Maximization for
Cognitive MISO Broadcast Channels:
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Abstract—This paper considers the ergodic weighted sum rate
maximization (WSRMax) problem for an underlay cognitive
radio multiple input single output (MISO) broadcast channel.
In this setting, a secondary network, consisting of a base-station
with M transmit antennas and K single-antenna secondary users
(SUs), is allowed to share the same spectrum with a primary
user (PU), under an average total transmit power (ATTP)
constraint and an average interference power (AIP) constraint
at the PU receiver. We show that the ATTP constraint always
remains active, and as the maximum ATTP P,, — oo, the
ergodic WSR approaches infinity similar to conventional non-
CR networks. We propose a novel low-complexity suboptimal
beamforming scheme termed ‘Partially-Projected & Regularized
Zero-Forcing Beamforming” (PP-RZFBF) with a close-form
beamformer, by combining the regularized zero-forcing (RZF)
with the channel projection idea, to achieve a tradeoff between
maximizing secondary throughput and suppressing secondary
multiuser interference as well as the interference on PU. In order
to analyze and optimize the performance of this scheme, we
employ the large system analysis technique, in the limit as )M
and K approach infinity with a fixed ratio r» = % This allows
us to derive deterministic limiting approximations for the PP-
RZFBF problem which enables us to determine asymptotically
optimal beamformers for PP-RZFBF. In the large system limit,
for the PP-RZFBF scheme, we also find that as P,, — oo,
the interference on PU caused by the secondary transmission
is asymptotically removed. A special suboptimal beamforming
scheme called “CZFBF” is also considered, which involves zero
forcing all the interference, including the secondary multiuser
interference as well as the interference imposed on PU. Various
interesting comparisons between PP-RZFBF and CZFBF are
provided. Numerical simulations illustrate that the asymptotically
optimal beamformers for the PP-RZFBF scheme provide an
excellent performance even for finite-sized systems.

Index Terms—Underlay cognitive radio, secondary multiple-
input single-output broadcast channel, weighted sum rate maxi-
mization, beamforming design, large system analysis.

I. INTRODUCTION

OGNITIVE radio (CR) has been promoted as a promis-
ing approach for dramatically increasing the efficiency of
spectrum utilization, it involves allowing unlicensed/secondary
users (SUs) to access the spectrum originally licensed to
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primary users (PUs), under various operational constraints. Ef-
fectively, three categories of CR network paradigms have been
proposed: interweave, overlay, and underlay [1]. This paper
will focus on underlay systems, where the SUs can transmit
simultaneously with PUs, as long as the resulting interference
on PUs does not exceed a tolerable limit. Therefore the trans-
mission strategies of SUs should be designed properly so as to
achieve the best trade-off between maximizing the secondary
throughput and minimizing the interference imposed on PUs.

The well-studied multi-antenna (MIMO) technology has
been increasingly used in the secondary network to sig-
nificantly boost the secondary throughput. A CR point-to-
point MIMO network throughput maximization problem was
optimally solved in [2], which first introduced the ‘channel
projection’ idea (projecting secondary channels into certain
null space of secondary-to-primary interference channels) to
design suboptimal transmission schemes. It also showed that
beamforming (BF) is the optimal transmit strategy for the
corresponding MISO case. In [3], the authors considered the
sum-rate maximization (SRMax) problem in a CR SIMO mul-
tiple access channel (MAC). In [4], the authors investigated
the weighted SRMax (WSRMax) problem for CR Multi-SUs
MIMO broadcast channel (BC) with a dirty paper coding
(DPC) precoder (motivated by the fact that DPC is the optimal
capacity achieving scheme for non-CR MIMO BC [5]), which
is shown to be a nonconvex problem but can be transformed
into an equivalent convex CR MIMO MAC problem by apply-
ing the notion of BC-MAC duality. Throughput maximization
problems with linear BF schemes for CR MISO interference
channel (IFC) networks were studied in [6] and [7], where in
[6], the authors proposed distributed BF and rate allocation for
maximizing the smallest weighted rate. See also [7], where the
authors used an iterative algorithm to find a locally optimum
for the non-convex WSRMax problem. In the case of CR
MIMO ad hoc networks, the authors of [8] derived a semi-
distributed algorithm and an alternative centralized algorithm
for obtaining a locally optimal linear precoder for the non-
convex WSRMax problem. A CR multi-antenna two-way relay
network was considered in [9], which proposed optimal relay
BF structure and suboptimal relay BF schemes with a subspace
projection idea similar to [2]. In [10], the authors also provided
a overview of various CR MIMO networks.

In this paper, we address an ergodic secondary WSRMax
problem for an underlay CR multi-SUs MISO BC (CR-MISO-
BC) network, as shown in Fig.1, where a secondary multi-
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user MISO downlink is allowed to share the same spectrum
with an existing single-antenna PU, subject to an average
total transmit power (ATTP) constraint at the secondary base-
station (CR-BS) and an average interference power (AIP)
constraint at the PU to limit the interference caused by the
secondary transmission. The system setting is similar to [4],
but unlike [4], we consider a linear precoding transmit strategy
instead of nonlinear DPC. This is motivated by the fact
that despite the optimality of DPC, it is too complex to be
implemented in practical systems. The suboptimal but low-
complexity linear precoding technique provides a good trade-
off between performance and complexity, and consequently
much more attractive in practice. Similar to CR point-to-point
MISO case [2], we also find that BF is the optimal secondary
transmit strategy for our CR-MISO-BC. Although the CR-
MISO-BC WSRMax problem is non-convex and NP-hard,
a few existing algorithms for solving WSRMax problem of
traditional non-CR networks [11][12][13][14][15][16] and CR
networks [8][7], can be easily applied to find a globally/locally
optimal downlink BF. As an example, we design a locally
optimal BF algorithm named “Beamforming via Lagrangian
dual problem with zero-gradient iterative method” (BF-LDP-
ZGIM), based on a ZGIM algorithm proposed by [15][7].
Due to space constraints, we do not include its details but
they can be found in Section III-A of a longer version of this
paper [17]. Almost all of these algorithms generally have high
computational complexity and can only obtain the optimal BF
numerically with no explicit form, thus hindering any further
theoretical analysis. Motivated by this, in this paper, we will
focus on deriving low-complexity albeit suboptimal closed-
form beamformers for the CR-MISO-BC secondary WSRMax
problem. Our main contributions are summarized as follows:

e In our CR-MISO-BC WSRMax problem, we prove that
under all circumstances, the ATTP constraint always
remains active, and as the maximum ATTP P,, — oo,
the ergodic WSR approaches infinity, and the optimal
transmit strategy of CR-MISO-BS system is BF. These
properties are in contrast with prior research on the
CR network with single-antenna transmitters (such as
[18][19][(3]), where with fixed Q,, (maximum AIP), in
the high P,, regime, only the AIP constraint is satisfied
with equality and the achievable rate remains upper
bounded.

e Motivated by difficulties imposed by the non-convexity
of the associated optimization problem, we derive a
low-complexity albeit suboptimal strategy (called *PP-
RZFBF’) with a closed-form beamformer, by combining
the regularized zero-forcing (RZF) [20] (well studied
in traditional non-CR networks to control multiuser
interference) with the ’channel projection’ idea proposed
in [2][10][9] (to control the secondary interference on
PU), in order to achieve a tradeoff between maximizing
secondary throughput and suppressing secondary mul-
tiuser interference as well as the interference on PU.

e Designing the PP-RZFBF beamformer involves a two-
dimensional brute-force search for finding two crucial
parameters: the optimal regularization parameter « (to
control multiuser interference) and the projection control
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Fig. 1. CR-MISO-BC system model.

parameter /3 (to control the secondary interference on
PU), which is obviously computationally rather pro-
hibitive. This motivates us to derive deterministic large
system approximations (inspired by [21][22][23][25]
which consider non-CR networks and have the regu-
larization parameter « only) for the PP-RZFBF scheme
in the large system limit (as M and K tend to infinity
with a fixed ratio r = %), which enables us to derive
the asymptotically optimal value of « and the range of 3
for the PP-RZFBF scheme. This allows us to apply the
resulting values of « and [3 into our proposed PP-RZFBF
scheme to obtain a low-complexity suboptimal beam-
former for finite-sized practical CR-MISO-BC systems.
We also find that in the large system limit, as P,, — oo,
for the PP-RZFBF scheme, the interference on PU
caused by the secondary transmission is asymptotically
removed, i.e, the AIP constraint becomes asymptotically
inactive.!

e We also propose a special suboptimal beamforming
scheme "CZFBF’ by zero forcing all the interference
(including the secondary multiuser interference as well
as the interference imposed on PU due to the secondary
transmission). Various interesting comparisons between
PP-RZFBF and CZFBF are provided.

Finally note that a preliminary version of this work with
some partial results has been presented in a conference paper
[28]. The current journal version provides a significantly
detailed and extended version with rigorous mathematical
analysis and a number of novel theoretical results in the large
systems analysis of CR-MISO-BC systems.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider an underlay cognitive radio MISO broadcast
channel (CR-MISO-BC), as illustrated in Fig.1, where a
secondary base station (CR-BS) equipped with M > 2 trans-
mit antennas communicates with K single-antenna secondary
users (SUs), in the presence of a single-antenna primary user
(PU). Regardless of the on/off status of the PU, the secondary
network is allowed to share the same spectrum with the PU,

ISee also [24] for similar results for the non-CR scenario in massive MIMO
networks even with hardware impairments at both the base station and user
equipments.
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as long as the degradation of the received signal quality of PU
caused by the interference due to the secondary transmission
is below an acceptable level. Let h; ¢ CM*1 i =1,..., K
denote the channel vector from the CR-BS to the i-th SU
(denoted by SU;) and hy € CM*! represent the channel
vector from the CR-BS to the PU. All channels involved
are assumed to be flat-fading, and the elements of each
h;,Vj=0,1,..., K are assumed to be i.i.d complex Gaussian
random variables with zero mean and unit variance. The
optimal Gaussian codebook is used by the transmitter at CR-
BS. Let 7 denote the Hermitian transpose and x; € CM*1
be the desired signal vector to be transmitted to the SU;, then
the received signal at the SU;, is given as,

K
yi=hl'x;+ > hl'x;+n;,
j=1,j#i
where n; is the additive white Gaussian noise at the receiver
SU; with n; ~ CN(0,1). 2 Let S; = 0 € CM*M indicate
the transmit signal covariance matrix for SU;, Vi =1,..., K.
Then the average total transmit power (ATTP) constraint is
given as F [Zfil tr{S;}| < Py ( Pap is the maximum
average transmit power), where the expectation is taken over
all channel states {hg,hy,... hg}.?

Each secondary receiver only decodes its desirable informa-
tion and treats the remaining interference as noise. Thus given
H=2 {hy,...,hg} € CM*K hyand S £ {S;,...,Sk}, the
signal to interference plus noise ratio (SINR) at each receiver
SU; is defined as,

i=1,...,K, (1)

HQ b
SINR; = h;’S.h, i=1,..

+zj 13#1{”511

The ergodic WSR of this CR-MISO-BC system is then given
as,

LK. ()

K
Rum = Y _ w; E[log(1 + SINR;)], 3)
i=1
where w; is the weight for SU; and the expectation is taken
over all CSI, i.e., H and hg. A common way to protect PU
is to impose either an average or a peak interference power
(AIP/PIP) constraint at the PU [29] to regulate the interference.
We adopt the AIP constraint in this paper, which can be written
as, E[Zfil hg‘Siho] < Qav, With Qg denoting maximum
average interference power tolerated by the PU.

Therefore, with the assumption of perfect CSI at both
transmitter and receivers (i.e., CR-BS knows H and hg, and
each user knows its own channel information), the WSRMax
problem for CR-MISO-BC, under both an ATTP constraint at
CR-BS and an AIP constraint at the PU, can be formulated
as,

2Here, similar to [2][30], we assume the background noise at each SU
receivers includes the interference from the primary transmitter, which is non-
white in general, but can be assumed to be approximately white Gaussian by
applying a noise-whitening filter [2] when the PR transmitter also uses a
Gaussian codebook.

3As we will show in (4), the design of optimal transmit signal co-
variance matrices S;,Vi = 1,..., K, depends on the channel conditions
{ho,hy,... hx}. Thus {S;}X | is a function of {ho,hi,...,hg}. For
simplicity however, we abbreviate S;(ho, h1,...,hg) as S; throughout the
paper.
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K

maximize Rgm = E w; B
S;=0,V4 —
=

K
subject to E [Z tr{S; }

i=1

log [ 1+ h'S:h:
14+ 3005, . hl'S;h,

K
E Zhg‘tslh0:| S Qav- (4)

i=1

SPO/LM

Proposition 1: In Problem (4), the maximum ergodic WSR
Rgm — 00, as Py, — oo; The optimal S;, Vi =1,..., K for
Problem (4) satisfies Rank(S;) < 1, i.e., the optimal secondary
transmit strategy of CR-MISO-BS system is BF; and given any
P,, and @y, the ATTP constraint in Problem (4) is always
satisfied with equality.

Proof: See Appendix A.

Remark 1: The above properties of the CR-MISO-BC sys-
tem in Proposition 1 are different from prior research on
the CR network with single-antenna transmitters (such as
[18][19][3]), where in the high P,, regime, only the AIP
constraint is active and the achievable rate approaches a
constant.

Based on Proposition 1, §; (Vi = 1,...,
expressed in the form of S; = q,q*, where q; €
denotes the transmit beamforming vector. Then, Problem (4)
can be simplified as,

Ihi'q,|”
- < LR DU |h3{qa‘|2>}
K

E Z |h(7)-[qi|2

=1

K) can be
(CM><1

max1mlze Raum = E w;

q;,Vi=1,...,

K

Z |qi|2

=1

subject to E/ < Py, < Qav. (5

It is easy to verify that Problem (5) is non-convex. Thus, find-
ing the global optimum is challenging. However, there are a
number of existing algorithms for globally optimizing non-CR
WSRMax problems, such as, branch-and-bound algorithms
introduced in [11][12][13], a monotonic optimization approach
proposed in [14] and a decentralized algorithm derived in
[31]. Other approaches, such as a semi-distributed algorithm
and an alternative centralized algorithm introduced by [8] (for
solving CR MIMO Ad Hoc WSRMax problems), successive
convex approximation with second-order cone programming
derived by [16], as well as a ZGIM algorithm proposed by
[15][7], can also be employed to obtain a local optimum
for Problem (5). As mentioned earlier, we use our own
"BF-LDP-ZGIM’ algorithm (adapted from ZGIM for solving
Problem (5)) (see Section III-A of [17] for further details)
as a benchmark for performance comparison of our proposed
suboptimal algorithms. In general, there is no closed form
solution for Problem (5), and although we can numerically
obtain globally/locally optimum BF using adaptations of the
above algorithms, they have high computational complexity
and are not amenable to further analysis of the BF solution.
Motivated by this, in the next section, we will focus on
deriving low-complexity albeit suboptimal BF strategies for
Problem (5) with a simple explicit BF solution.

III. SUBOPTIMUM BEAMFORMING DESIGN

The beamforming vector q;,Vi = 1,...,K also can be
expressed as q; = /p;g;, where p; and g, are the transmit
signal power and the beamforming weight vector for SU;
respectively.
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A. Fartially-projected and Regularized Zero-forcing Beam-
forming (PP-RZFBF)

Let G £ {gy,...,gx} € CM*K denote the beamforming
weight matrix. Similar to [10], we first look at two extreme
cases of Problem (5):

Case I (High Qgu,): In this scenario, we assume that
Qqy is large enough to make the AIP constraint inactive.
Problem (5) reduces to the conventional non-CR MISO-BC
WSRMax problem with the ATTP constraint only. A popular
and effective suboptimal scheme for this conventional scenario
is known as zero-forcing beamforming (ZFBF)[20], where the
BF vectors are designed to completely remove the multiuser
interference. One straightforward choice of such beamforming
matrix, denoted as Gy, is the pseudo-inverse of HH, ie.,
G; = H(H™H)~'. However, as pointed out by [20], ZFBF
has some shortcomings, such as, the inverse of H"H may
not exist and when K = M, the sum-rate of ZFBF does
not scale linearly with K (or M). These drawbacks can be
improved by adding a regularization term before inverting,
ie, G = HH"H + ol)' ¥ (HH" + oI)'H, known
as regularized zero-forcing beamforming (RZFBF). a > 0
is the regularization parameter which controls the amount of
multiuser interference, and (a) is an equivalent expression as
given in [21][22].

Case Il (Qq, = 0): In this case, the AIP constraint in
Problem (5) becomes hqo"gl- =0,vi=1,..., K, which implies
zero interference on the PU caused by the secondary network.
For this scenario, by applying the “channel projection” idea
introduced by [2][10], we first project H into the null space

of hg, given as H; = (I — HQHZ{)H, where hy = ﬁ, and
then design the beamforming matrix, denoted as Gy, based

on the projected channel matrix H,, so that the constraints
hgigi = 0,vi = 1,...,K are guaranteed to meet. More
specifically, we have H = H,| + HOHS{H and h}'H, = 0,
which gives H*g, = H%g, Vi = 1,..., K. Applying this
into (5), Problem (5) again becomes a conventional non-
CR MISO-BC WSRMax problem with channel matrix H ,
where according to the Case I, suboptimal RZFBF scheme
can be applied to design the beamforming matrix, given as
Gnp=H, (H'H, +ol)~! = (H H}'+al)~'H_ . Obviously,
we have h}'Gy; =0, ie,, hi'g, =0,Vi=1,... K.
Remark 2: From the definition of H,, we
rank(H;) < min [rank (I — EOE?O{) ,rank(H)] .

rank (I —hoh)') = M — 1 and rank(H) < min(M, ), thus
we can obtain rank(H;) < min(M — 1,K) < M. When
K > M, Rank(H, ) < Rank(H) as a result of orthogonality
to hy, and both H LH’f and HTH | are rank-deficient and
not invertible, which thus requires a # 0.

In the two special cases mentioned above, the beamforming
matrix is designed by applying the RZFBF scheme based on
a certain form of H. By carefully comparing the expressions
of Gy and Gy, we observe that as (J,, becomes smaller,
the certain form of H mentioned above used for beamformer
design changes from H to H . It is seen that as @), decreases,
the beamformer design evolves along a sequence of subspaces
of H with increasing amounts of projection into the null
space of hg [10]. This motivates a general heuristic suboptimal

have
Since
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method for Problem (5) for any given @, by combining RZF
[20] (to control secondary multiuser interference) with the
‘channel projection’ idea [2][10][9] (to control the secondary
interference on PU), in order to achieve a tradeoff between
maximizing secondary throughput and suppressing secondary
multiuser interference as well as the interference on PU. We
call it the partially-projected-RZFBF (PP-RZFBF) scheme. In
this scheme, first, similar to [2][10][9], the secondary channel
matrix H is partially projected into the null sgﬁace of hy,
denoted as H and given as [9], H = (I — Shoh,, )H, where
0 < B <1 is the projection control parameter; then RZFBF
algorithm is applied to H to obtain the beamforming matrix,
namely,

G=HHA+a)' = @A +oD)'H (6

which gives, g, = (ﬁﬁH +aol)"'hy, Vi = 1,..., K where
the vector ﬁi is the it" column of H. Obviously, 5 = 0 and
B =1 correspond to Case I and Case II, respectively.

Thus, let ﬁ,ié {fll,... h h ..,BK} € CMxK-1
and P_;, £ diag(p1,...,pi—1,Dit1,---,PK), Problem (5)
with the suboptimal PP-RZFBF scheme can be reduced to,

yhio1, iy,

K
Rpp-rzrer = Z E [w; log(1 4 SINR;)]
=1

E] < Qav, (N

maximize
0<B<1, a>0, {pi>0},

subject to E[¢] < Py,

where
pil WX (AR + of)~h, |2

SINR; = — - L ,
1+h*HHA” 4 ol)~"'H_;,P_H ,(HH" + ol)~'h;

K
¢ 2> pih) (HA™ + ol) 2h;,
i=1

K
Y25 pi g (A + al) 'hy . )
i=1
Although its complexity is largely reduced compared to
Problem (5), Problem (7) is still a non-convex optimization
problem. However, for given 3 and «, a locally optimal
power allocation scheme can be obtained by using the SCALE
algorithm proposed by [32]. Then, we can utilize a two-
dimensional exhaustive search method to get the optimal 5 and
@, in order to obtain a locally optimal PP-RZFBF beamformer.
Obviously, a simultaneous exhaustive search over both 3 and
« is computationally prohibitive, especially since the searching
range for « is from O to co. This motivates us to do a large
system analysis in Section IV, which enables us to derive
simple but asymptotically optimal values of 5* and o*.
Remark 3: When = 1, H becomes H L, which, as we
mentioned before, is orthogonal to hy and gives hgigi =
0,Vi=1,..., K, i.e., zero interference on the PU. Therefore,
in Problem (7), when 8 = 1, the AIP constraint is always
inactive unless Qq, = 0.

B. Complete Zero-forcing Beamforming (CZFBF)

Zero interference based suboptimal BF design idea has been
extended to the CR network, for example, in [33], a ZF block
diagonalization precoder is developed for a CR MIMO BC
network. Here, we will also consider a ZF based suboptimal
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algorithm for Problem (5), as a performance benchmark for
PP-RZFBF, by zero forcing all the interference (including the
secondary multiuser interference as well as the interference
imposed on PU due to the secondary transmission), where
each beamforming vectors g;, Vi = 1,. .., K, satisfies h}*gi =
0, Vj # i, and h)fg, = 0. We call this special suboptimal
ZF solution as the “Complete-ZFBF (CZFBF)” scheme. Let
F_; 4 {ho,hl, .,hK} S (CMXK, then the
above ZF criteria can be rewritten as F*,g; = 0, thus g; is in
the null space of the matrix F*,.

1) When K < M, rank(F",) < M, and thus F*,g, = 0, Vi
has an infinite number of solutions. One such solution can be
chosen for the CZFBF scheme as G = H, (H'H_)~', where

H, = (I hoh, )H.

Jhi_1hyg, L

Remark 4: Comparing the CZFBF and the PP-RZFBF
beamforming matrices, it is seen that the CZFBF scheme for
K < M case obviously corresponds to the PP-RZFBF scheme
with 8 = 1 and o = 0. We will show later in Section IV that a
large system analysis can be used to obtain an asymptotically
optimal beamformer with a* = % and a range of values for
the optimal 3*. Then the resulting a* and 8* can be applied in
our proposed PP-RZFBF scheme to obtain a low-complexity
suboptimal beamformer (called PP-RZFBF-ABF) for finite-
sized CR-MISO-BC systems. According to Proposition 6, in
the large system limit, as P,, — oo, the set of optimal 3*
collapses to just one element ’1°. Thus, in high P,,, a* = %
and 8* — 1 can be applied to obtain the PP-RZFBF-ABF
scheme for use in the finite CR-MISO-BC systems. It follows
then that, for given finite values of K and M with K < M,
the PP-RZFBF-ABF scheme approaches the CZFBF scheme

as P,, — oo.

2) When K > M, rank(F*)) = M, thus Fg, = 0
only has a trivial solution, i.e., g; = 0. In this case, all the
beamforming vectors are zero vectors, implying that the CR-
BS is not transmitting. To avoid this, a user selection algorithm
needs to be utilized to make sure that at most M/ — 1 out of
the K users are active (or at least K — M + 1 number of users
must be inactive), so that a non-trivial CZFBF beamformer
can be obtained. In other words, when K > M, CR-BS can
only transmit to a subset of fewer than K SUs to achieve
zero forcing on all resulting interference. Note that designing
an optimal user scheduling algorithm is beyond the scope of
this paper. However, since all the SU channels are assumed
to be i.i.d, in the case when all weights are the same, we can
just randomly choose M — 1 SUs without sacrificing fairness.

Remark 5: When K > M, according to Remark 2, if
8 =1, a must be nonzero for the PP-RZFBF scheme. Since
it does not implement user selection, the PP-RZFBF scheme
with 5 — 1 and o — 0 does not lead to the CZFBF scheme
for K > M case.

Without loss of generality, let S C {1,..., K} be the selected
subset of SUs indexes with |S| = min(M —1, K). The CZFBF
beamforming matrix can be chosen as G = H5 (H3 7'H3 )1,

where HY = (I—hoh, )H® with H® = {h;,Vi € S}. Problem

2387

(5) with the CZFBF scheme becomes,

imi R = F [log (1 + p;|hig,|?
2}%%1,1\21625 CZFBF ;w [og( + pilh;"g;| )}
subject to  E Zpi|gi|2 < Puo. )

i€S

The optimal power allocation for CZFBF scheme is given

by water-filling, ie., p; (;I’J—g‘ - ﬁ) , i €
S, where the Lagrange multiplier Ao is determined by
E [Ziesp”gim = Pay.

IV. LARGE SYSTEM ANALYSIS

Finding the optimal design parameters (i.e., «, () for
PP-RZFBF (Problem (7)) with a two-dimensional brute-
force search method is prohibitively time-consuming. In
this section, we will pursue a large system analysis of the
PP-RZFBF scheme, in the limit as M and K grow jointly
to infinity with a fixed ratio r = %, defined as the “large
system limit”. Motivated by existing work in [21][22][23][25]
(large system analysis for the non-CR MISO-BC scenario)
and [26] (large system analysis for a non-CR multi-cell
downlink cooperation system), we will show that in the
large system limit, SINR;, ¢,¢ in Problem (7) converge
almost surely to deterministic approximations, denoted by
SINRS®, ¢°°,1>°, respectively. This will later enable us to
determine the asymptotically optimal design parameters «, 3
for Problem (7) and get further insight into the asymptotical
behaviour of our CR-MISO-BC system.

In the large system limit, we assume that
max(p1,...,px) = O(%). And note that according
to [21][27], since H is M x K with ii.d standardized
complex Gaussian entries (i.e., having zero mean and
unit variance), %HHH has a uniformly bounded spectral

norm for all large M. Define W = T — ﬁﬁoﬁzf and

let hy = ﬁho,hi = ﬁhi,w = 1,....,K and

H, 2 {ﬁlv---vﬁi—la flz‘+17---7flK} e CMxK-L
Mo

Define I'_; £ %—Faol , where agp = 7. Since

ﬁﬁ,i = WI:I,Z‘, we have l—‘,i = (WI:I,ZI:I,}_-ZW—F OZQI).
Then we can obtain following result:

Proposition 2: As M — oo, K — oo, with a fixed ratio
r= %, we have,
1 -1
Mtr{ll.} — z(r, o),

z(r, ag)
14+ (82 —28)(1 — apz(r,ap))’
Ohy' T~ 'hy
Taoﬁ
2(rya0)(1+ 2(r,a0))? + 2(r, ag)3r (8% — 28)

(14 (82 —28)(1 — apz(r,)))2(r + ao(1 + 2(r, p))?)’
(10)

almost surely, where
%[\/M+“L—§”+1+L—J—1}

a02

z(r, ap) =
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Proof: See Appendix B.

Remark 6: From Proposition 2, we find that ﬁtr{l"j} =
SN A — _

Lir (WH_iH,iW n aOI) (where W 2 I — Bhoh)
attains the same deterministic asymptote z(r,cp) as
%U‘ (I:I_lﬂjjz + OéQI) N
totic value of -tr{I'_}}. This is attributed to the fact that for
Lu{lZ}}, Bhoh, is like a rank-one perturbation of a large
matrix and its impact vanishes asymptotically as M — oo.
On the contrary, BHOH? inside I'_; has a greater impact on

ie., ﬁEOE?O-L does not affect the asymp-

the asymptotic value of ﬁo Fjﬁo, since it is highly correlated
N ~H N
with ho. For example, when 8 = 1, we have hy I'_hg — L

whereas, when 3 = 0, we have ﬁg‘r:}ﬁo — z(r, ag).

Based on Proposition 2, the asymptotic expressions of
SINR;, ¢, 1) can be obtained as follows:

Theorem 1: Let og > 0. Then as M — oo, K — oo with
fixed r = % < 00,

SINR; *3% SINR(®
piz(r, ap)? .
(14 z(r,a0))? + 7(r, ) (% Zszl bj — %)
(11a)
6 %5 6% = 1(r,a0) zpz, (11b)
b o Ao Y (19
rz(r,ap)

where 7(r, o) and p(r,a0,03) =
(1-p)*
(1+(B2=2B)(1—aoz(r,a0)))*"

r+ao(l+2(r,a0))?

Proof: See Appendix C.

Remark 7: Theorem 1 illustrates that SINR, ¢°°, 1> are
all deterministic quantities and do not depend on any instan-
taneous CSIT (H, hy). Furthermore, from Theorem 1, when
B = 0, we have > = ¢ and the expressions of SINR?”,
and ¢° in (11a)(11b) reduce to that of the corresponding non-
CR case considered in [21][22][23][25]. In case of 5 = 1, we
have > = 0, i.e., the interference on PU caused by the
secondary transmission is nullified, which is consistent with
Remark 3.

Note that with the assumption max(p1,...,px) = O(%),
the term % in (11a) can be omitted. Therefore, with the
assumption ZlK w; = O(1), as M — oo, K — oo with
their ratio r fixed, Problem (7) becomes,

K

o 0o _ ‘ ‘
,B,n;%),ﬂg:f?;l Rpp rzrpr = ; w;log(1 + pivo(r, o, B))
subject to P(r, a0, B),

K
ﬁ 1, ag>0, p; >0, Vi=1,...,K
(12)
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where

?(7“7 Qop, ﬁ) =
mln{T(I:‘la“O) 5 p(ﬁao%(su‘r(ﬁa()) }7 When p(T7 Qag, ﬁ) 7& 07
T(}::L(;o)a When p(’f’, o, B) = 0’

(13)

—
=

N 2(r,a0)? 9,
and UO(Ta aOaﬁ) — (1+Z(T’0‘0))2+T(Ti}a0)% E]KZI Py =

2(r,00)° )
(1+2(r,00))2+7(r,00) P(r,00,8)” where (a) is
applying the power constraint of Problem (12).

obtained by

A. Asymptotically Optimal beamforming for PP-RZFBF
Scheme (PP-RZFBF-ABF)

In this subsection, we will find the asymptotically optimal
design parameters for PP-RZFBF Scheme by optimally solv-
ing Problem (12). Problem (12) can be shown to be equivalent
to the following problem (the proof is similar to Proposition
1 of [34] and is omitted):

n}ﬂaégllmolje (B, ) (14)
where
K
f(B,a0) & maximize Zwl log(1 + pivo(r, ag, B))
{;DL>0} i=1
1 & -
subject to e ;pi = P(r,a0,8),  (15)

With fixed £ and ag, Problem ( 15) is a convex optimization
problem and the optimal {p;}X | is the conventional water-
filling,

w; 1
W

where A\, is the Lagrange multiplier determined by the
constraint %Zf; pi = P(r,ap,3). Without loss of gen-
erality, assuming w; > --- > wg, from (16), we obtain

p1 > > DK Assuming there are K non-zero powers we
K Eq 1 Wi

sotrag TP (ra0,8)” ]

of w; = -+ = wg = w, we have equal power allocation for

each SU, given by p; = - - = px = P(r, ag, ), and the cor-
responding Rpp gzppr = Kwlog(l+ P(r, a0, 8)vo(r, o, B)).

Substituting (16) into (15), Problem (14) can be expressed
as

+
* = , Vi=1,...,K 16
P} ﬂ)] ! (16)

Vo ('f’, Qp,

can obtain A\, = Note that in the case

K
K

maximize
0<B8<1, ap>0

sz g (15 + Plr. w0, )

+ w; 1o,
Z g([(zz 1“’1)

which is equivalent to the following optimization problem:
?(’f’, g, B)UO(T7 o, ﬁ)

ﬁ(’l", aOvﬁ)z(Tv aO)Q
(1 + Z(Ta aO))Q + T(Ta O‘O)F(Tv Qo, ﬁ) .
(18

A7)

maximize
0<B<1, ap>0
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Discussions:
Case 1: If p(r,ap,8) < ?3::’ , then from (13), we must have
P(r, a0, B) = =t22—, implying that only the ATTP constraint

7(r,a0)’

is active. In this scenario, the objective function of Problem
oy 2 (r,a0)?

(18) becomes, P(r,ag, B)vo(r,a0,8) = qi5itaymirn

which is independent of 5. Thus the optimal S of Problem

(18) only needs to satisfy

Ogﬁgl and p(raaf)aﬁ) <

Q(Z’U
5 (19)

av

Qav

av

Proposition 3: Let t = . Define the set A; 2

Bl0<B <1 & p(r,ag, ) < Fe»

be rewritten as (20) (shown on the top of the next page),
where

1 1
d1(r, a0) 2 <\/1 -1 a02(r a0) + 4t2(1 — apz(r, ap))?

. Then the set A; can

),
2t(1 — aoz(r, a0))
¢a(r,a0) 2 [ —4 /1 — ! + !
= 1 —aoz(r,an)  4t2(1 — apz(r,a0))?

1

B 2t(1 — apz(r, ) * 1) ’ @D

Proof: See Appendix D.
Therefore, under Case I, the optimal solution for Problem
(18), denoted by Sp and af, are given as follows. Sp can
take any value in the set A; (with ag substituted by af),

ﬂfiom)z(r ap)?
(142(r,00))%2+Paw
to the RZFBF obtamed via a large system analysis based
optimization problem for the conventional non-CR MISO-BC
system considered in [22] where af = m
Case 2: If p(r,a0,8) > F Qav (obviously 8 # 1), in this case,
from (13), we have P(r, ao,ﬁ) = Define a

set Ao as,

Aﬁ{ﬁ

Proposition 4: Based on (22), the set Ay can be rewritten
as (23) (shown on the top of the next page).

and of = argmax . This is similar

Qav
P(ra0,B)r(ran)

Qav} o

O§ﬁ< 17 &p(raaﬂvﬁ) > P

Proof: See Appendix E.
Then in this case, Problem (18) becomes,

. . ﬁ
maximize  P(r, a0, f)vo(r, ao, B)
_ Qav Z(T‘, 0[0)2
’7'(7', aO) P(Ta o, ﬁ)(l + Z(’f’, ao))2 + Qav ’
(24)
which is equivalent to the following problem:
maxingze g(ao) (25)

o>

where
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Qav 2(r, O‘0)2

T(T7 Oé()) p(T, Qo, B)(l + Z(T7 ao))2 + Qav
(26)

maximize

A
QU =
g(ao) Ximi

Proposition 5: The optimal 3 for Problem (26), denoted by
Baq, is given by (27) (shown on the top of the next page). And
we always have p(r, ag, Bg) = 4.

P(l'U
Proof: See Appendix F.
From Proposition 5, Qp(r, ap,fBo) = %:: gives
D av — Py
P(r, a0, 8q) ) P Pa T (. Then,
g(ag) = % Thus, same as Case I, Problem

(25) also gives o) = P—

Overall, combining the results of Case I and Case 2 , we
can conclude that in the large system limit, the asymptotically
optimal regularization parameter o for the PP-RZFBF
scheme is given by a* = ayM = PZUM = PL and
the asymptotically optlmal projection control parameter (3*

belongs to the set Az = A; U 3o, summarized below as:

e when 0 < ,/%—:: < 1, we have ¢1(r, o) < f* < 1;
Qav 1 1

¢ when 1S VRN S 2 e te)

if afz(r,af) < 0.5, then ¢1(r,af) < p* <1lor0 <

B* < ¢a(r, af); if afz(r, o) > 0.5, then 0 (S) 5* <1,

where in (a), the equality holds only when 4/ ?DZZ =1

Qav 1 1

Paw 72 fagz(raf)(1—af2(r,a5))’

g* <1.

Remark 8: From the above summarized results, the asymp-
totically optimal o (i.e., a5 = ) in our CR-MISO-BC
system is the same as the conventional non-CR MISO-BC
case, and is independent of projection control parameter /.
However the asymptotically optimal /3 (i.e., 5*) (or its range
of values) is dependent on o).

Remark 9: Both Case 1 and Case 2 have the same
P(r,af, B*), vo(r, o, B*) and the optimal objective function
of Problem (18), i.e., P(r, g, B*)vo(r,af, B*) = 2z(r,af).
However, unlike Case I where only the ATTP constraint is
active, in Case 2, both ATTP and AIP constraints are satisfied
with equality. The ATTP constraint is always active in the
large system limit, which is consistent with Proposition 1.

Therefore instead of a two-dimensional brute-force search
to obtain optimal values of o and 3 for PP-RZFBF scheme,
applying o* and the asymptotically optimal range of 3%,
we only need to do one-dimensional exhaustive search over
set A3z to get the optimal B* value, so as to obtain an
asymptotically optimal PP-RZFBF beamformer for Problem
(7). We call this method as the ’PP-RZFBF-ABF’ scheme,
which is computationally much less burdensome compared to
the optimal PP-RZFBF case.

In the high FP,, limit, we can also obtain the following
result:

Proposition 6: In the large system limit, for any given r,
as Py, — oo, we have aj — 0 and g* — 1.

, we have,

e when we have, 0 <

Proof: See Appendix G.
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{Blo1(r,a0) < B <13, if 0<t<l;
(Blortrico) <F<LI0S P < dalmanlh i 124 by & asslrio) <05
-/41: f 1<t< 0 01 o] 0 & >05 (20)
< 5
{ﬁ|0 < ﬁ - 1}’ ! =2 \/aoz(r ag)(l—apz(r,a0)) OZQZ(’I’, ao) - ’
{Bl0< B <1}, otherwise,
{B|OS6S¢1(T70[O)}7 if 0<t< 1
{B|8 = 0}, if t=1& ocoz(r, ap) > 0.5;
A= {Blg2(r,a0) < B < ¢1(r,a0)}, if 1<t<i 1 & apz(r, ag) < 0.5; (23)
\/agz (rya0)(1—apz(r,a0))
0, otherwise.
¢1(r, o), if 0<t<1;
Bo =140, if t=1%& aoz(r, ap) > 0.5; 27)

(bl("", 040) or ¢2(7’, OZ()), if

Remark 10: From Proposition 6, we can obtain that for the
PP-RZFBF scheme, in the large system regime, as P,, —
oo, H asymptotically becomes H |, which implies that the
secondary channel matrix H is asymptotically projected into
the null space of the primary channel hg. In this case, the
interference on PU caused by the secondary transmission is
asymptotically removed and thus the AIP constraint becomes
asymptotically inactive (see Remark 3).

B. Asymptotic Maximum WSR with PP-RZFBF beamforming

With the values of of 8* obtained above, the maximum
asymptotic WSR with PP-RZFBF beamformer in the large
system regime for Problem (12) is given as,

Zi:l Wi )

In the case of w; = - -+ = wg = w, K = K and (28) becomes
Rpprzrer = Kwlog(l + 2(r, ag)).

Remark 11: Obviously, the expression of Rpp pzppr” given
above is the same as the asymptotic maximum WSR of
the conventional non-CR MISO-BC with RZFBF beamformer
(see [35] with the uncorrelated channels case, and for the case
of w; =--- =wg =1, it is also given in [21][22]). Although
the obtained Rpp g ppr for Problem (12) is independent of
[3*, it does not mean that the AIP constraint of Problem (12)
is always inactive. On the contrary, as we mentioned in the
Remark 9, under Case 2, AIP constraint is also satisfied with
equality.

In the limit of large FP,,, we have, z (r, %) ~

I Pay, when r < 1; 2 (r,ﬁ) ~ /Py, when r = 1;

*

00 _
Rpprzrgr =

< K
Zwilog (E—i- z(r, ag) ) szlog(
i=1

1 .
, P —3, when 7 > 1. Thus the expression for

R3S rzepr - further reduces to (29) (shown on the next page).

and z (r ~

1<t <
2 Vaoz(ra0)(1—aoz(r,a0))

L & apz(r, ap) < 0.5.

Remark 12: Note that from (16), the asymptotically op-

— n Jr
( E—l—z(rozo)) _ 1:| , VZ _

K
iR < z(r, af),

wi

timal power p; = vo(nolzg”é’*) {

1 Wi
., K. Thus as long as % (

we will have p; > 0. As mentioned before, when r < 1, as
P,, — o0, we have z(r,af) — oo. Therefore in the large
P,, regime, given finite w;, Vi, the above inequality is always
satisfied, i.e., p; > 0,Vi =1,... K and thus K = K.

From (29) and Remark 12, we can deduce that for high
P, when r <1 (@(e,K < M), R} rzrpr grows linearly
with Z i—1 Wi When r =1 (i.e.,K = M), the linear growth
rate decreases to = ZZ 1 wi; whereas, when r > 1 (i.e, K >
M), RS rzrRE asymptotlcally approaches a constant. In the
specific case of w; = -+ = wx = 1, (29) reduces to Equation
(24) of [36].

Remark 13: As shown in Section III-B, when K < M,
for 5 = 1, = 0, the PP-RZFBF beamforming matrix in
(6) reduces to the CZFBF beamforming matrix, given as,
G = H, (H''H,)"!, where H, = (I — hoh, )H. Define
V, 2 H, (HYH,) 2H!, then G can also be written as
G = V_H, . Thus, Problem (5) with the suboptimal CZFBF
scheme can be expressed as,

K
imi R = E [w;log(1 4 SINR,
I?;E%?j CZFBF ; [w; log( )]
subject to  E [¢] < P, (30)
i|h2V  hi |2
where SINR, = pilh Vo | d¢ =

1+h*V HY P (H- )"V b, me e
P 1pz(hl) (V ) 2h; with hi* being the i*" column of
H, and H:, £ {h{ ...,hil,hiﬁrl,...,hj;}. Following a
similar analys1s used to obtain the asymptotic PP-ZFBF, we
can show that in the large system limit, the asymptotic optimal
WSR with the CZFBF beamformer, denoted as R, is
given as,
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K
Y g wilog ( av)+2 1w110g(%zf<1w1 TT), when r < 1;
Rpprzmer & S 3 ZZ L wilog (Pyy) + ZZ L wi lo <% ZK o when r=1; (29)
K K 1 i
Zi:l (o ].Og ((? T—l) ﬁ) y when 7 > 1.
’ |
RéxZ)FBF* = st (\\,\H
ZwJog( + P, (— >) —&—Zwllog z 7t ‘,’qr i
Zz 1 Wi % “;a;\\‘"
3N Tl e |
which is also identical to that of the non-CR MISO-BC with a % sl e ',‘fi"‘ |
ZFBF beamformer (see [21] for the case of w1 = -+ = wg) € \.*x‘,/"
4. Obviously, 1}1; the large Py, regime, R ppp has a linear % 4r o ‘\\/' R i
growth rate ) .~ , w; for K < M similar to Rp gzpgp. When 5 sl ﬁ;f av |
K > M, after user selection, the performance of CZFBF is z ,r w0 PP-RZFBF-ABF (Q_ = 10 dB)
same as that of the K' < M case. Thus the linear scaling rate 2'7\*‘* - |- PP-RZFBF(Q,=0dB)
of R&ppr is Y5 Wi, Which is different to that of PP-RZFBF. | + PP-RZFBF-ABF (Q,=08)
More specifically, when K = M, the linear scaling rate for 1o 5 10 15 20 25 30
asymptotic WSR of PP-RZFBF scheme and CZFBF scheme Py (dB)
K . .
are % > i—1 wi and ). s w;, respectively, which are generally (2) Equal weights w1 = wa = w3 = 1
distinct except for the case K = M = 2 with w; = ws.
When K > M, the asymptotic WSR of PP-RZFBF scheme 11 : : : ‘
approaches a constant limiting value and clearly does not have o PP-RZFBF (Q, = 10 dB) PR .
a linear scaling property like the CZFBF scheme. ~w. PP-RZFBF-ABF (Q, = 10 dB) RS
¥ of - B - PP-RZFBF (Q,=0dB) ) ﬁ,’ i
V. NUMERICAL RESULTS § gt PRTABTARTQ,70D) ﬁ\;,:‘/ |
In this section, we will evaluate the performance of the g 7k ‘_q}"& i
proposed BF strategies obtained from preceding analysis via T ,‘/
numerical simulations. All the channels involved are assumed a /n |
to undergo Rayleigh fading. All the SUs are assumed to have E 5F (;,‘ |
equal weight, i.e., w; = -+ = wg = w = 1, except for Fig. §’ ol / ) |
2(b) (with unequal weight setting). i‘é\‘
First, we will test the effectiveness of PP-RZFBF-ABF 3r x‘*" 1
scheme in the finite system scenario. In Fig. 2, we compare e ‘ ‘ ‘ ‘ ‘
the ergodic WSR performance between the optimized PP- 0 5 10 P 1(5d|3) 20 25 30

RZFBF (obtained via a two-dimensional exhaustive search
over all possible o and ), and PP-RZFBF-ABF (with the
asymptotically optimal value of a* and range of 8* obtained
from the large system analysis and a one-dimensional ex-
haustive search for obtaining the optimal /* value), in a
finite system with K = M = 3, for Qq, = 0 dB and
Qav = 10 dB, respectively. As observed from Fig. 2(a) (with
equal weight w; = wy = ws = 1), for either value of
Qav, the gap between the WSR performance of these two
schemes is really small. This indicates that even for small
values of K, M, the asymptotically optimal o* and B* can
provide highly accurate approximations. A similar behaviour
can be observed in Fig. 2(b) for the unequal weights case with
w1 = 0.5, we = 1, w3 = 1.5. Therefore, in what follows, we

4Note that both RES rzppp™ and RE5ppr™ do not depend on 3 and thus
their expressions are identical to the corresponding quantities in the non-CR
MISO-BC-RZFBF case and non-CR MISO-BC-ZFBF case respectively. By
applying SINRZ‘?"?Z F= = limg—0 SINRSS e f (as obtained in the proof of [21,
Theorem 3] for the non-CR MISO- BC case), we can also obtain R(?%FBF*
via Regppr™ = limag—0 Rpp rzrpr” -

(b) Unequal weights w; = 0.5, w2 = 1,w3 = 1.5

Fig. 2. Ergodic WSR performance comparison between optimal PP-RZFBF
and PP-RZFBF with asymptotically optimal beamformer (i.e., PP-RZFBF-
ABF) for K = M = 3.

will employ PP-RZFBF-ABF to obtain the WSR performance
for the PP-RZFBF scheme instead of trying to optimize the
PP-RZFBF with a two-dimensional exhaustive search.

Fig. 3 displays the ergodic WSR performance comparison
between locally optimum *BF-LDP-ZGIM’ (see [17] for fur-
ther details) and the two suboptimal algorithms (PP-RZFBF
and CZFBF) versus P,, for M = 4, K = 3, under Qq, = 0
dB and Q,, = 10 dB, respectively. First, it can be easily
observed that all the WSR curves increase rapidly as P,
increases, which is in agreement with Proposition 1 in that
as P,, — oo, the optimal WSR obtained by BF-LDP-ZGIM
approaches co and also Remark 13 in that for large P,,, the
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Fig. 3. Ergodic WSR performance comparison between BF-LDP-ZGIM
algorithm and two suboptimal algorithms (PP-RZFBF&CZFBF) for M =
4, K = 3 with different Q.

asymptotic WSR of PP-RZFBF and CZFBF both have a linear
growth rate of Kw. Fig. 3 also shows that for BF-LDP-ZGIM,
higher (), always gives better WSR performance as expected.
However, for PP-RZFBF, the gain is not so pronounced after
P,, > 15 dB. This is because as P,, — oo, 8% — 1 (see
Proposition 6) for PP-RZFBF. As stated in Remark 10, this es-
sentially implies that the interference caused by the secondary
transmission on the PU receiver is asymptotically driven to
zero. Thus in high P,,, the ergodic WSR performance of PP-
RZFBF is asymptotically independent of @,. For the CZFBF
scheme, the AIP constraint is always inactive, and thus its
ergodic WSR performance does not depend on (g, at all.
Another striking observation from Fig. 3 is that at low P,
the suboptimal PP-RZFBF scheme approaches the optimal BF-
LDP-ZGIM algorithm, while, as P,, is increased, PP-RZFBF
approaches the performance of CZFBF, in agreement with
Remark 4 (note that as we mentioned before, due to the high
complexity of obtaining the optimal PP-RZFBF, we employ
PP-RZFBF-ABF to obtain the PP-RZFBF performance). A
similar behaviour can be observed in Fig. 4 for the comparison
between PP-RZFBF and CZFBF where M is much bigger than
K (M =10 and K = 4). However, here we observe that PP-
RZFBF approaches CZFBF much more rapidly in high P, .
For example, in Fig.4, with only about 15 dB of P,,, the two
schemes are already very close with each other. However in
Fig. 3, it requires about 30 dB of P,, for the two schemes to
get close to each other.

Fig. 5 illustrates the ergodic WSR performance of the two
suboptimal beamforming algorithms (PP-RZFBF and CZFBF)
versus P, for M = K = 4 case, under Q,, = 0 dB and
Qv = 10 dB, respectively. For comparison, the WSR of PP-
RZFBF with =1 and o« — 0 case is also plotted. Similar to
Fig. 3, we can also see from Fig. 5 that, when P,, is small,
PP-RZFBF with (),, = 10 dB significantly outperforms PP-
RZFBF with @, = 0 dB. But after approximately P,, > 15
dB the gap between them shrinks and gradually approaches
the performance of PP-RZFBF with § = 1 and o — 0.
This confirms the results of Proposition 6 and Remark 10 for
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Fig. 5. Ergodic WSR performance comparison between PP-RZFBF, PP-
RZFBF with 8 = 1 and a — 0, and CZFBF for M = K = 4 with different

Qav-

K = M case. However, unlike Fig. 3, in Fig. 5, PP-RZFBF
does not always outperform CZFBF, and the curves of PP-
RZFBF with § = 1 and o — 0 case and CZFBF are different.
This is in agreement with Remark 5 that when K > M, PP-
RZFBF does not include CZFBF as a special case.

Fig. 6 further depicts the difference between PP-RZFBF
and CZFBF under Qu, = 10 dB for M = K = 2 case and
M = K = 4 case, respectively. It can be observed clearly
from Fig. 6 that when M = K = 2, PP-RZFBF outperforms
CZFBF and in high P,,, both performances grow linearly at
a similar rate. On the other hand, when M = K = 4, PP-
RZFBEF is better than CZFBF at small P,,, and they achieve the
same WSR at about P, = 18.5 dB. Past this point, the WSR
with CZFBF grows significantly faster than PP-RZFBF. This
is due to the fact that (see Remark 13) when K = M = 2, the
asymptotic WSR of PP-RZFBF and CZFBF have an identical
linear growth factor w, whereas when K = M = 4, the
asymptotic WSR of CZFBF has a larger scaling rate of 3w
than that of PP-RZFBF, which is 2w.
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Fig. 6. Ergodic WSR performance comparison between PP-RZFBF and
CZFBF with Qg = 10 dB for different values of M = K.
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Fig. 7. The asymptotic WSR behaviour of PP-RZFBF for P,, = 10 and
20 dB and Qq» = 10 dB versus M (= K).

Fig. 7 shows the difference between the deterministic WSR
approximation of PP-RZFBEF, i.e., Rppgzppr  provided in
(28), and Rpp.rzppr of the corresponding optimal PP-RZFBF
scheme for P,, = 10 & 20 dB and @, = 10 dB with M = K
(taking values from 3 to 30). From Fig. 7, we can see that the
gap between Rpprzrr and Rpp pppr decreases gradually as
M = K increases. This indicates R3S r rpr” approximates the
optimal WSR behaviour extremely well for moderately large
values of M = K.

VI. DISCUSSION

In this section we discuss some possible extensions of the
current work to more generalized system models. In line with
most of the existing works for large system analysis (see, for
example, [21][22][23][25][35][37]) dealing with i.i.d. channel
models (both gains and noise) for non-CR networks, we also
consider i.i.d. channel models in our underlay CR network,
so that the existing results for the large system analysis,
e.g, Lemma 1 and Lemma 2, can be directly applied. Note
that under the i.i.d. channel model assumption, all channels
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are assumed to undergo identical unity-valued path loss, and
same channel noise variance (here assumed to be unity). The
extension to non-unity path loss (identical for all channels)
and non-unity noise variance are immediate by applying ap-
propriate scaling in the objective function and possibly scaling
the maximum allowable average power and interference limits
P av and Qav-

The issue of antenna correlation and non-i.i.d. channels
can be also handled, but this requires use of extensions of
random matrix theoretic results to non i.i.d. random variables,
as presented in [41]. Indeed, such results have been used
recently in [21] (see also references therein) to deal with
antenna correlation and non-i.i.d. channels (with different
path loss etc.) to derive large-system analysis for non-CR
(that is, primary/licensed user only) networks. Heterogeneous
channel models and antenna correlation are clearly exciting
new research directions and will be tackled in future work by
suitably adapting the techniques from [21] to our underlay CR
network.

Finally, note that for heterogenous (independent but not
identically distributed) channels with possibly unequal noise
variances, our current results could still be used to derive
upper bounds and lower bounds on the weighted sum rate of
the CR-MISO-BC network, by considering the corresponding
i.i.d. channel models with the best channel conditions and the
corresponding i.i.d. channel models with the worst channel
conditions, respectively.

Other possible extensions:

Extensions to multiple PUs: Let L denote the number of
single-antenna PUs and hg,, € CM*! n =1,..., L, represent
the channel vector from the CR-BS (secondary base station)
to the n*"* PU. Problem (5) in this case can be written as,

o - [hl'q|*
maximize Raym = szE log | 1+ IZ< p H
q;,vi=1,...,.K i1 1+ Z];éz |hz qj|2

K
subject to E Z lq;1?| < P,
i=1
K
B> Ihhaf| <@ ¥n=1..L ()
i=1

where @7, is the maximum AIP tolerated by the PU,,.
i) If all the CR-BC to primary user channels are i.i.d,
the L AIP constraints in Problem (refmpu) reduce to

ETE, |hg‘qi|2} <min[Q.,,..., QL . Extending our PP-
RZFBF beamformer idea to this multiple PUs case, a (pos-
sibly) suboptimal beamformer for Problem (32) can be given

as

G=HH"H+al) ' = HH" +al)"'"H,  (33)
where
H = (I - fHor (H}-Hor) " HILH, (34)

where Hyr = {ho,,,¥n € T} with 7 C {1,..., L} being the
selected subset of PUs indexes and 1 < |7| < L. (34) implies
that, in the multiple PUs case, the secondary channel matrix H
is partially projected into the null space of a selected subset of
all the CR-BC to PUs’ channels resulting in a general problem
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formulation. How to select the best subset of CR-BC to PUs
channels and find the corresponding asymptotically optimal
values of o and 3 via large system analysis remain an open
question. This is out of the scope of the current paper, but is
clearly a very interesting topic for future research. However,
when |T| = 1, i.e., in (34), H is partially projected into the null
space of only one of CR-BC to PUs’ channels as a suboptimal
strategy, then the expression (34) becomes similar to the single
PU case. In that case, all the results derived in our work for
the single PU case can be directly applied.

ii) Extensions to more general heterogeneous channel models
(with different noise power, pathloss) and also with antenna
correlation need careful examination of the techniques pre-
sented in [21] for non-cognitive radio networks and how these
can be extended to our underlay cognitive radio setting with
multiple PUs. This is again, left for future research.

(iii) Finally, all the above results need to be extended to the
more general case of partial/imperfect CSI, especially for the
CR-BS to the PUs channels.

VII. CONCLUSIONS

In this paper, we investigated design of transmit beam-
forming schemes for an underlay CR-MISO-BC ergodic WS-
RMax problem, subject to an ATTP constraint at the CR-
BS and an AIP constraint on the PU. To better analyze
the performance of the beamforming schemes, we proposed
a low-complexity suboptimal beamforming scheme (called
partially-projected regularized zero-forcing beamforming “PP-
RZFBF”) with a close-form beamformer. Large system analy-
sis was then applied to derive deterministic approximations for
the PP-RZFBF scheme, based on which, asymptotically opti-
mal value/range of parameters 5 and « can be obtained. We
also derived explicit expressions for the asymptotic WSR for
PP-RZFBF in the large system regime. A special suboptimal
beamforming scheme “CZFBF” was also considered, where
all the secondary multiuser interference and the interference
on PU are zero-forced. Various comparisons between PP-
RZFBF and CZFBF were provided. Numerical simulations
confirmed the accuracy of asymptomatically optimal 8 and
a for PP-RZFBF even in the case of finite-sized systems, and
showed that asymptotic expressions of WSR approximate the
PP-RZFBF behaviour extremely well for large M, K. Future
work will extend such beamforming design and associated
large system analysis to the various generalizations mentioned
in the Discussion Section.

APPENDIX

A. Proof for Proposition 1

The proof of the fact that as P,, — 00, Rym — 00 is
omitted due to space limit but can be found in the Appendix
A of the longer version of this paper in [17].

Let A\*, p*, U;,Vi = 1,..., K be the optimum Lagrange
multipliers assoc1ated W1th the ATTP constraint, the AIP
constraint and the positive semi-definite (PSD) constraints
S; = 0,vi = 1,..., K in Problem (4), respectively and we
have \* > 0, u* >0, Uf = 0,Vi = 1,..., K. Let {S;}K,
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denote the optimal solution of Problem (4), then {S}}X | must
satisfy the KKT necessary conditions, given as,

U =T_; — c;h;h?™ (35)

where T_; € CM>M 2 57 #Zb h;h? 4+ AT+ p*hohff

. wih; S h;
with bj (1+Zn i hj‘LS h])(1+z?{f 1h3{S*h])’
¢ = W. T_, 1is rank-deficient, i.e.,
rank(T_;) < M, we must have \* = 0 and there must
exist a nonzero vector x € CM satisfying T_;x = 0. Due
to the independence of h; and hg, h;,Vj # 4, we have
x"th; # 0. Then similar to [37, Proposition 1], from (35),
we have x"Uix = —cxh;hf*x < 0, which violates
U > 0. Therefore T_; must have full rank and thus
rank(U;) > M — 1, which gives rank(S;) < 1 due to
U;’S; =0 [2] [37].

Now, we will show that in Problem (4), the ATTP constraint
is always active. When K < M, we must have \* > 0,
otherwise, rank(T_;) < M. Thus in this case, the ATTP
constraint is always active. When K > M, we suppose that
in Problem (4), given a pair of values of P,, and g, the
ATTP constraint is inactive at the optimal solution {S;}X ,

ie, E [Zizltr{si }} < P,,, which implies \* = 0. Then

we must have p* # 0. 3 In this case, for every given fading
realization Hy £ {hg,hy,... hx} € CM*E+D)  there must
be at least M out of K SUs that are active in order to ensure
rank(T_;|x=9) = M,Vi = 1,..., K. Let us assume there
are K active SUs, where M < K < K, and without loss of
generality, the K active SUs are assumed to be SUq, ...,
SUf. Obviously, we have b; # 0,Vi = 1,..., K. We have
showed that rank(U;) > M —1 and U;S] = 0, Vz =1,.. ,K,
thus if rank(U}) = M, then S} = 0, and if S} # 0, i.e., the
user is active, we must have rank(U; ) = M — 1. Thus we must
have rank(U}) = M — 1, for Vi = 1,..., K. In this case, the
KKT condition (35) for i = 1,..., K can be written as, U} =
Sz bjhgh + pfhohlt — cigh!t = HD_;H}, where

and

D_; 4 diag(u,bl,...,bi,l,—ci,biﬂ,...,bR,O,...,O) S
CUE+NX(K+1)  Obviously, we have rank(H;) =
rank(HY) = M. Let A, = H/D_;i = 1,... K,
then we have Al = [,uhg, blhl, [P abi—lhi—la
—cl-hl-,bl-+1hl-+1,...,bth,O,...,O]. Due to 1% 7é 0,
bi 75 O,Vi = ].,...,K, C; 75 0 and K > M,
we must have rank(A;) = M. Because of

rank(AiH}r‘) = rank(U;) = M — 1, there must exist a
nonzero vector x € CM satisfying A;H7 7x = 0. Since A; is
full rank, the vector HHX must be zero, thus H}" must be
rank-deficient. However this violates rank(HH) M. Thus
with \* = 0, rank(U}) # M — 1,Vi = 1,..., K, implying
that none of SUs is active, which obviously is not optimal
for K > M. Therefore, we must have \* > 0, i.e., the ATTP
constraint must be always active for K > M as well.

B. Proof for Proposition 2
From the definition of I'_;, we can obtain,

5Otherwise, both the ATTP and AIP constraints are inactive, then, similar
to non-CR case, we can increase the WSR by scaling all the covariance
matrices with the same parameter ¢ > 1, i.e., {cS*}K 1 without v1olat1ng
the two constraints, which is in contradiction with the optimality of {S7} } T
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SN “ _ —1
ol = (WH_Z-HZ-W + aoI)
M

H_ H_zh h
lho[2 o

_ <ﬁ,iﬁ’_ﬂ- _g M

—1

2
M ) Hﬁoflg{ + apl

M
hoho H—szz + B2 <|h0|2

o
(36)

where 60 = ﬁ?ﬁ_iﬁiﬁo. Let C; £ (I:I_l-I:IZ + agl),

then since | — AL H_H  hohy — §i;hohy H_H",

2 .
+2 (%) Ghohgt is a rank-one matrix, by applying
Lemma 3 (see Appendix H), we have as M — oo,

(a)
1 a.s. 1 — a.s.

Mtr{Fjl} = Mtlr{C1 Y 2(r, ap) (37)

where (a) is obtained by applying the Lemma 4 (see Appendix

H) and z(r,ao):% [\/@4_2(1“)4_1 _|_1a_70r_1 '

Qg
Let C, = ( ﬁ‘h |QH_lH hoho) and C3 =
(C2 ﬁ‘h |2hgh0 H_ZH ;), then from (36), we have

-1
o} = (Cs+ 52 () ?0hohy )
sion Lemma into I‘j, Cs ! and C; 1 respectively, we can get,

. Applying Matrix Inver-

52(\11 \2) 0Cy 1hOho C3

1+ ﬁQ(WP&hO C;'hy
g pHa A H

B C3 'hohy H_HZ,C3!

CGl=c'+ Y —,
1— 5%110 H_H -C;lho

r-l=c;' -

B Cr Dl hoh C;
c;lzc;1+ ol 2 o G (38)

5“1 |2110 (o 1H_iH_ih0

Then, we can easily obtain,

i S . P(Ee)? G(h C; 'hy)?
hZ){P:%ho = hz)-LCg_lhO _ [ho[2 o L3 1o
L+ B2 )29110 C;'ho
~H 10
h h
= 0 Cs5 'hy _ 39
1 + ﬁQ(\h ‘2)20110 C3 ho
Similarly, we have,
CHqp
. . i i
b, C5ho = o C; o w0)

— B |2110 A ,C ' ho
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and
~H ~
h, C; 'hy
H g ~FH o~
1 — Bzhy CrTHH ho

~H ~
h, C;'hy =

b A A, C5hy = by B, CT MRy
i |2h0 o B, C A hohg €5

H 1A ~H o~
1 — Bzhy CHH ho
(41)

From Lemma 1 (see Appendix H), we see that as M — oo,

Mo — L% L__ — 1. Applying this fact and Lemma
Tho|? Zuf{T}
1 into (410) we can get, as M — oo,

L{C'}

~H —14 a.s.
h, C;'hy =3 e
Wtr{cl H—’L'Hfi}

1—
r oA X ! - - _
b A H C5 R “3 —tr{H,.Hf‘.C1 1
5 ]&Itr{H_lH .Cy B0 } tr{C; '}

1— Btr{C;'H- A
42)

By applying Lemma 4 (see Appendix H), as M — oo, (42)
becomes,

z(r, ap)
1— B8+ Bapz(r,ap)’
(Br — ap)z(r, ap)
1— B+ Bagz(r,ap)

"H S a.s.
h, C;'hy “3

1+

hOH HY ,Cy'hy 3 (43)

Then applying Ih% %% 1 together with (43) into (40), we
obtain almost sure{y, as M — oo

) z(r, ap)
1+ (82 —28)(1 — apz(r,a))

~H 15 a.s

h, C5; h
0 &3 Mo = — B2rz(r, ap)
(44)

Finally, from Lemma 1 and Lemma 4, we have as M — oo,

AHA AH % a.s. 3 AH a.s. . .
6 = hyH_;H_hy, = %tr{H_iHﬂ.} = r. Applying it
together with I %% 1 and (44) into (39), we obtain, as

T
M
M — oo,

ho|2

z(r, ap)
1+ (82 —28)(1 — agz(r,ap))

and (46) (shown on the top of next page), where (a) is obtained

by applying 1 — apz(r, ag) = % into the numerator.

by T~ tho “3 (45)

C. Proof for Theorem 1

The proof is inspired by the large system analysis in
[21]122][23][25] for the non-CR MISO-BC scenario.
(1) Deterministic asymptote for SINR;:

The SINR; can be expressed as SINR; = fjr%i, where
Uy 2 h*EA" + ol)~'h; and Us; 2 W*@AA" +

aI)’lﬁ_iP_iI:IZ (I:II:IH + oI)~h;. First, we will derive the
limiting asymptotes for Uy; and Us;, respectively, as M — oo
and then apply them back to get SINR®.
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3ﬁgtr:11ﬁ0 a.s.
%

—2(r,a0) (1 + 2(r, a0))2(1 + (82 — 2B8)(1 — apz(r, ap))) + 2(7, a)?
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(8> —2p)

(90[0

(14 (82 —28)(1 — apz(r,a0)))?(r + ao(l + z(r, ap))?)
(@ z(r,a0) (1 + 2(r, ap))? + 2(r, ap)

°r(8* —28)

(14 (82 —28)(1 — apz(r,a0)))?(r + ao(1 + z(r,))?)

a) Deterministic asymptote for Uy;:
According to the Matrix Inversion Lemma, we can obtain,

(A_A", + al)~'h;

(HA™ + ol) 'hy = — ' _
1+h; (H_;H_, + ol)~h;

(47)

Then with (47) and h; = Wh;, U;; can be rewritten as, Uy; =
R Wh,
1+h; WD~ Wh,
a.s. L {71 W} N g .
U,; = M%tr{ﬂ Let dll = ﬁtr{FiiW} and dé =

Ltr{WI'Z!W}, then applying the definition of W, we have

. By applying Lemma 1, we have, as M — oo,

i — —tr{Ff} B tr{F 1hoflgl},

|h > M
25) tr{r 1h0h0}

(48)

i — L

From Lemma 1, we can obtain as M — oo, flglﬁo =Y
Zt{I} = 1, thus % = ﬁ “% 1. Then by applying

o 1o
% “%1as M — oo and Proposition 2 into (48), we obtain
as M — oo, almost surely,

di—z(r, o), ds—z(r, o). (49)
Thus we have, as M — oo,
ST i e (50)

1+ 2(r, ap)

b) Deterministic asymptote for Us;:
According to the Matrix Inversion Lemma, we can obtain,

I~ !'Wh,h, 'Wr-!

1 -1
e
14 h;, WI~!Wh,

EA" + o)t =

. (51

With (51), Us; becomes,

—_—n A H—
. I~ *Wh;h; W21\ S
Usi =h, (T2} - ——— Wi_p_ "W
14 h;, WI'~!Wh,
(1“1 _

r-;Wf.AZ*Wr—g) A
R 2 |
—h'T_'WH_P_ A, WDk,

1+ h,"WI~'Wh;
h, T-'WH_,P_, /", WD~ 'Wh,h, WD~k
1+ ﬁ?WF:}\_Vﬁi
b T~ Wh;h, " WD~ 'WH_,P_,H ", WI'~'h;
- 1+ h,"WI=!Wh,
. b~ 'Whh, WD~ 'WH_,P_,H " ;WI'~'Wh;h, 'WI'~h;
(1+h,"Wr~'Wh,)?

(52)

(46)

After applying Lemma 1 into (52) , we have, as M — oo,
a.s. 1 —1v%1) M o1
Uy = Mtr{l“_i WH,Z‘P,Z‘H_iWF_Z—}
Le{T~!WH_P_H " ,WI~'W}L
1+ L u{WIZ!W}
- S LT M
N (ﬁtr{FjW})Qﬁtr{WFiWH:-P_Z—Hﬂ»WFjW}
(1+ 4 t{WIZ]W})2
(d — Brbdi)di  (d})(dh + (5% —268) ik
1+ dj (1+dj)?

tr{WI'~}}

| di
= d —2 23

(53)

where di £ ﬁgr{{FjWﬁ_iE_iI:IZWF:}}, di =
Lr{DZIWH_;P_;H",WI'"!hoh, }. Similar to [21], from
Lemma 3 (see Appendix H), we have, as M — oo,

dE3d :—tr{I‘ 'WH_,P_H " Wr-1},
A3l & —tr{F 1WH_ZP_1H W™ 1h0h0} (54)
where I' £ (% + aol). cZé can be rewritten as,
. 1 AH — A
di = —u{P_ 0 WD 2WH_;}
M
1 K Ao
=— Y pjh; WI'>Wh;
J=1,j#i
PN Y NN
(a) 1 K hj WF_?WhJ
R VDI s (55)
j=1,# (1+h, WFijWhj)2

where (a) is obtained by app ng matrix inversion lemma
twice with I'_; = (WH H ;W + aol), and H_; is the

matrix of H where the j* columns are removed. Applying
Lemma 1, we get as M — oo,

K W —2wWwW
), %tr{W_F_jW_}
=15 (L4 §pur{WEZ)W})2
K 02w (WP~ W)

dag

@ 1 Z -
=T Dj 1, oI 2
K Py (1+ 37t {WIZ;W})

K

> b

j=1j#i

1.5, rz(r, ap) 1
r4+ao(l+2(r,a0))? \ K

(56)

15) g
—t{ﬁ‘JW } =

(b),

— 15
where (a) is obtained due to _M%WW}
e{T12=T- W) = «fPZ2W'), and in

ﬁtr{WFﬂlW} Y82 (r, ), ie., dj in (49), is applied.
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Similarly, cifl also can be expressed as,

A 1 A H N N
di = Mtr{P_iHZWF‘lhohgtF”WH_i}

1 K
5 3

p;h; W hohg T'~'Wh,

=15
K P o1 -1
_L 5 )W Hhoh, T~ Wh
a M Pj H —13Wwh \2
j=1j#i  (1+h; W ;Wh;)

W)
(1+ Lu{Wr-IW))2

K 1wl f e
v 1 A tr{WD = lhohy T
RV

=15

(57)

By applying Proposition 2, we can get (58) (shown on the
top of the next page), where the last equality is obtained by
applying zr = (1+ 2)(1 — apz). Applying (58) into (57), we
have, as M — oo,

na.s.

] r(1= B)%2(ra0) (% T1S, i)

M (14 (82 = 2B)(1 — aoz(r,@0)))2(r + ao(1 + 2(r, a0))?)_
(59

Substituting (49), (56) and (59) into (53), yields, as M — oo,

rz(r, o) (% Eji'(:l,j;ﬁi pj)
(r+ ap(1+ 2(r,0))?) (1 + 2(r, ap))?

g4

a.s.

Uzi — (60)

Therefore, with (50) and (60), as M — oo, we can obtain
(61) (shown on the top of the next page).
(2) Deterministic asymptote for ¢:

By using (47), ¢ becomes

L& L WIrWh,
°- ;pi (1+ ﬁ?WPjWﬁi)Q
0 i A tr{WIZiW)
(14 FHr{WIZ[W})2
g (1 &
T d)e <E;pl>
a.s. rz(r, ap)

( Zm) (62)

r 4+ ag(1+ z(r,ap))?

(3) Deterministic asymptote for :
By using (47), ¥ can be written as,

K bW~ thoh, T~ 'Wh;
(1+h,'WI~'Wh;)?
S LW Hhohy T-1W)
— 3 -

2P (1+d3)?
By applying (58), we have

r(1—B)%z(r,a0) (% ZiK:lpi)

(14 (8> = 2B)(1 = a0z(r, @)))*(r + ao(1 + 2(r,a0))?)
(64)

(63)

v
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D. Proof for Proposition 3

Let t = ?DZZ Applying the definition of p(r, «g, 8) into
p(r, ao, B) < $e, gives,

2
B+ 1 -1
2t(1 — apz(r, ap))
1 1
1 65
> 1 —apz(r, ap) + 4t2(1 — apz(r, ap))? ©
1) when t > 1 L (implying 1 —

) 2 \/]-CXQZ(T’,CXQ)(l—Ol()Z(T:,Olo)) )
Tao2(ra0) + T —a0strag)? < 0), in this case, (19) be-
comes 0 < B < 1.

2) when ¢t < L L ,

) when - 2\/aoz(r,ao)(lfaoz(r,ao))
(65) gives > ¢1(r,a0) or S <  ¢a(r,ap), where
the definitions of ¢1(r,a0) and ¢o(r, ) are given by
(21). Obviously, ¢o(r,ap) < ¢1(r,a0) and @1 (r,0) <

L ) — 1. Then (19)

in this case,

1
42(1—apz(r,a0))2 ~ 2t(1—apz(raon)) +1

becomes,

max {0, ¢1(r,a0)} < B <1or0<pj<max{0,p2(r,a0)}.
(66)

Not that 1 L =

. ote ) a 2 \/ 0z(r,a0)(1—aoz(r,a0))

5\/0.257(0'57a0z(r’a0))2 > 1. Then from (21), it is easy to

get that,

. 1 1 1

(i) when t ¢ (2(1(102(r7oz0))7 2 \/aoz(’r‘,ao)(l—agz(f’,ag))],
or ¢ S [0, m} N [0,1), we have
max {0, ¢1(r, ag)} ¢1(r,ap); while, when 1 <

: 1 1 1
t < min 2(T—apz(r,a0))’ 2 \/aoz(r,ao)(laoz(r7ao)):| - We
have max {0, ¢1(r,a0)} = 0.
1

(i1) when max[iz(l_aoz(r ao)),l] < t <

% L s we have
\/aoz(nao)(lfaoz(r,ao)) .

max {0, ¢o(r, ap) } = $2(r,c9);  Otherwise,

max {07 (b? (T7 O[Q)} =0.
Based on the above (i) and (ii), we can obtain,
21) If QOZ(T, 0[0) < 05, then we have Q(ITM <1
1 1 1
2(1-aoz(r,a0)) < 2 \/aoz (ryo0)(1—apz(r, ao))
this case, according to (i) and (ii), we have when

and In

<t< 1
0 t 2 \/ocoz Tozo)(l aoz(r,a0))’ maX{O (bl(r ao)}
= ¢1(r,ap); when 1 < t < 1 1

2 \/Oloz (r,0) (1—aoz(r,20))
max {0, ¢2(r, ap) } = ¢da(r,ap), otherwise,

max {0, ¢2(r, ap)} = 0. Thus (66) becomes,

pr(r,a0) < <1 when 0<t<1;

P1(r,a0) < B <1, or 0< B < ¢a(r,an),

hen 1<t<i L
when 2 \/ocgz(r ag)(l—apz(r, ao))

(67)

(67) can be rewritten as,

p1(r,a0) < <1 when 0<t<1;

d1(r,a0) < B <1, or 0< < ¢a(r,ap),

when 1<t< i L
2 \/aoz(r ag)(1—aoz(r, ao))

(68)
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—ivovor—11 Mo on 1 8B?Fjﬁ0 2 M 15 \2
I'~'WWI'~!hy = h, I~ 2hg + (82 26Mh|2( YD~ 1h)? =+ (8 —2ﬁ”h|20h1?ih@
a.5. 2(r, 0) (1 4 2(r, 20))* + (6% = 28)2°(r, o) (1 + 2(7, @0) ) (r + a0 (1 + 2(r, a0)))

_>

(14 (82 —28)(1 — apz(r,a0)))?(r + ao(1 + 2(r, ap))?)

_ (1= 5)2(r,a0) (1 + 2(r,%0))? 58
(14 (8% = 28)(1 — az(r,0)))?(r + o (1 + 2(r, a0))?)’
72, _ 2 2
SINRZ — p’LUlz a.s. p'LZ(T7 OéO) (T + ao(l + Z(T? Oéo)) ) - = (61)
1+ Uy (1 +2(r,a0))?(r + ao(1 + 2(r, a0))?) + r2(r, a0) (5 2521 j2i Pi)
This is because given apz(r, ap) < 0.5, when t = 1, we (72) can be rewritten as,
have ¢o(r, ag) = 0, then the /3 set for the case of t =1
0< B <oi(r, o) when 0<t<1;

in (68), i.e., ¢1(T‘, OZQ) < ﬂ < 1, or 0< ﬂ < ¢2(T‘, O[Q),
reduces to ¢ (7, ap) < B < 1, which is the same as that
in (67) for t = 1 case.

2.2) If agpz(r,a0) > 0.5, then we have gr—r—oy > 1
1 1 1 :
and m 2 5 . In this

! ) \/o.zpz(r,ao)(l—agz(r,ag))
case, according to (i) and (ii), we have when 0 < ¢ < 1,

max {0, ¢1(r,a0)} = ¢1(r, ), while when 1 < ¢t <
1 1 p— it
2 \/aoz(r,ao)(lfaoz(nao)) » max {0’ d)l (T7 OZ())} O’ !
always has max {0, ¢2(r, ap)} = 0. Thus (66) becomes,

{¢>1(7“7040) <p<l1

0<p <1, when 1 <t<

1

(69)

Therefore, combining the results from 1) and 2), we can
obtain the range of /3 that satisfies (19) is given by Proposition
3.

E. Proof for Proposition 4

Applying the definition of p(r,ap,3) into the inequality
p(r, ap, 8) > ?3::’ , we have,

(ﬁ oo aiz(r, o) 1)2

1 1
<1-—
S T e nao) T 120 —ans(ra0)2

Obviously, the right hand side (RHS) of (70) must be non-

negative, which gives ¢ < % 7 )(1 it Then
OZOZ T,00 «pz(r,a0

from (70), we have, ¢o(r,ap) < 8 < ¢1(r,ap). Thus, (22)
becomes,

maX{O, ¢2(Ta Oég)} S ﬁ S max {Oa Qsl (Ta Oég)}
Based on the (i) and (ii) in Appendix D, similar to 2.1) and
2.2) in Appendix D, we can obtain,
(1) If agz(r, cg) < 0.5, then (71) becomes,

0< 8 < oi(r,ap)
Pa(r,a0) < B < d1(r, o)

when 1<t<

(70)

(71)

when

1 1 ,
2 \/aoz(nao)(lfaoz(r,ao))
(72)

when 0 <t <1;

1
2 \/aoz(r,ao)(lfaoz(nao)) ’

0<t< 1,

p2(r, a0) < B < p1(r, 0)
1<t<t 1 .
- =2 \/aoz(r,ao)(lfaoz(nao))

(73)

when

This is because given apz(r,ap) < 0.5, when t = 1,
we have ¢o(r,g) = 0, then the 3 set for the case of
t =11in (73), i.e., ¢a(r,0) < B < ¢1(r, ), becomes
0 < B < ¢1(r,ap), which is the same as that in (72)
for t =1 case.

(2) If apz(r, ) > 0.5, then (71) becomes,

{0 < B < oi(r,ap)

when 0<t<1;

1
\/agz(r,ao)(l—aoz(r,ao)) ’
(74)

Need to note that one of constraints in (22), i.e

p(r,ap, B) > Q“” = t2 glvest < +/p(r,ap, B),
1

then in (74), When 1 <t< 2 Joeran (—asstran)”

p(r, ap,0) = 1, which contradicts
L . Therefore, (74)

5 =0, when 1<t<

[N

B =01leads to t <

with 1 <t < 1
) apz(r,ap)(1—apz(r,ap))
should be revised as,

0< 8 < oi(r,ap)
6 =0,

when 0<t<1;

when t=1.

(75)

Thus, combining the results of (73) and (75), we can obtain
the range of [ that satisfies the constraints in (22) is given by
Proposition 4.

FE. Proof for Proposition 5

Let Bq denote the optimal solution of Problem (26). Prob-
lem (26) is equivalent to the following optimization problem:

B = argmin p(r, ag, B) (76)
BeA

2

According to the Fermat’s theorem, every local extremum

of p(r,ag,3) on the set B € A, satisfies %‘;O’B) = 0.
dp(r,a0,8) _ 2(1-8)

Note that, 850 — O+ (BZ—2B8)(1— OzoZ(TQ?O))%‘;( 1+ (1 -

apz(r,a0))((1—B)?+1)). Since AT 2B (T asz (sl

0 on the set 8 € [0,1), there is only one solution for

%%O'ﬂ) = 0, denoted by So and given as, Sy = 1 —
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1
\/ T—aoz(r,a0) L

1) When apz(r, o) > 0.5,
In this case, we have 8y < 0, then < 0 on
the set [0,1), i.e., p(r, o, ) is a nondecreasing on [0, 1).
According to Proposition 4, in this case, 5 must satisfy,

0<pB<¢i(r,ap) when 0<t<1;

9p(r,@0,B)
[)

Thus, we have

8=0, when ¢ =1.
¢1(r, ) when 0<t<1;
= 77
Pa {07 when t=1. an

2) When oz(r, ag) < 0.5,
In this case, we have By > 0. Then for 0 < 8 < f,

we have W > 0; while, for g < B8 < 1,
we have 22208 o Therefore, p(r,ap,3) is first

increasing on the set [0, ], and then decreasing on the
set (8o, 1), i.e.,, Bp is the maximum point for p(r, ap, 5).
According to Proposition 4, in this case, 5 must satisfy,

0< B8 < ¢1(r,ap) when 0<t<1;
d2(r, a0) < B < ¢1(r, ),
when 1<t<i L

2 \/aoz (rya0)(1—aoz(ra0))
2.1) when 0 <t < 1, after simple algebra manipulations, we
can get ,0(7", aOaﬁ”BZdﬁ(r,ag) = tQ <1-= p(rv O‘Oaﬁ)mzo’
which results in Bg = ¢1(r, ap).

22) when 1 < ¢t < 1
) when 2 \/aoz(r ag)(1—apz(r, ao))

,O.(’I",Oég, )|B ¢1(r0) — p(T O‘Oaﬁ”,@ p2(r,a0) — t
gives Bg = ¢1(r, ap) or ¢ao(r, ap).
Combing the results from 2.1) and 2.2), we have

in this case,
which

~

¢1(r, ap when 0<t<1;

¢1(r, ag) or ¢a(r, ap),

when 1<t<

Bo =

1 1
2 \/agz(r,ag)(l—aoz(r,ao)) ’
(78)

Therefore, from 1) and 2), we have the optimal solution for
Problem (76) is given by Proposition 5.

G. Proof for Proposition 6
As Py w00, t =4/ % Yev _4 (). Thus in this case, we have

0 <t < 1, and then accordlng to set Az, we have that §*
must satisfy

¢1(r,ap) < B7 < 1.

The definition of ¢1(r, af) is given by (21). Note that, as
Py = 00, af = - 0, thus we have,

(79)

lim ofz(r,ap) = hm ogz(r, af)
Pyy—ro00 —0

1
= lim = [\/(1—7‘)2+2(1+r)o¢8+(oz$)2+1—r—oz§}

1 0 when r>1

- 1 _ + 1 _ ) -

2(| Tl r)= {1—r, when r<l1
(80)

Applying (80) into the definition of ¢ (r, o) in (21), gives:
1) when r» > 1, limp,, 00 ¢1(r, ) = 15 2) when r < 1,

. (a) 1. Aa(r—1)rt2+1+42rt—1
limp,, oo P1(r,0f) = llm

-0 2rt

= 1, where

2399

(a) is due to as P,, — 0o, t = ‘/?D_Z — 0. Based on 1) and
2), we can conclude for any given r, limp_, o0 ¢1(r, ) = 1.
Therefore, from (79), we can obtain limp,, o 8* = 1.

H. Some useful Lemmas

Lemma 1: ([38, Corollary 1] obtained directly from [39,
Lemma B.26]) Let A be a deterministic M x M complex
matrix with uniformly bounded spectral norm for all M. Let

vector X = \/Lﬁ[xl, ...,xp]T, which is independent of A,
and z;,Vi = 1,..., M are i.i.d complex random variables

with zero mean, unit variance and finite eighth order moment.
Then as M — oo, X"*Ax — 1-tr{A} — 0 almost surely.
Lemma 2: ([38, Theorem 7] and [22]) Let x be as de-
fined in Lemma 1 and let Y be a M x K matrix of
i.i.d. complex random variables, independent of x, with zero
mean and variance . Assume r = limy o & being
held constant, then as M — oo, tr{YY" + oI}~' —
z(r,o) almost surely, where z(r,o) is the unique solu-
tion of z(r,0) = (0 + 355y)"" [38, Theorem 7.
In [22], the closed-form solution to above equation was

%{\/M+@+1+¥—1} and

Pelro) — _2noAisell Thus x*(YYH + ol)~!
Lr{YY" + o1}t — 2(r,0), as M — cc.

Remark 14: Note that the original inspiration for this
Lemma is the famous Marcenko-Pastur law [42], which can
be seen by considering the Stieltjes transformation of the
asymptotic eigenvalue distribution of the matrix YY’*.

Lemma 3: ([21, Lemma 6]) Let A be a deterministic M X
M complex matrix with uniformly bounded spectral norm for
all M and B € CM*M pe random Hermitian, with its mini-
mum eigenvalue, denoted as Ap, satisfying de > 0, Ag > ¢ for
all M with probability one. Then for x € CM as M — o,
Htr{AB™'} — Lu{A(B + xx™)~!} almost surely, where
B! and (B+xx"")~! exist with probability one as M — oco.

found as z(r,0) =

X —

K

Lemma 4: Given bounded r = s as M — oo,

Luef{Cr'y Y z(rao), Su{HLHT) S
Str{CT 1H_ZHH} a'—sf 1 — oapz(r,ap) and
1t1‘{H_1H ,CI'H_H Z} oy — ap + adz(r,a)
where C; = (H,lH_i + apl) and 2(r,ap) =

gW%ﬂ;—yuH%_l .
Proof: Given C; = (IA{,Z'IA{Z + agl), according to
Lemma 3 and Lemma 2 (see Appendix H), with fixed
limMHoo K we have, as M — oo, Lt{C;'} “3
+ tr{(HH + aol)™1 ™} 2(r,ap). Following the result
in [40, Equation (2.102)] (i.e., limp; o Mtr{(YYH)m} =
S (M)t where Y is a M x K matrix of iid.
complex random variables with zero mean and variance ﬁ)
and Lemma 1, we have, as M — oo,

1 1 1.
Mtr{H_iHZ} - —tr{HHH} - Mh’."hi
e g —tr{I} g (81)
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Then, as M — oo, we obtain almost surely,
1 1 aH 1 _
Mtr{Cl 1H—iH,Z‘} = Mtr{Cl 1(C1 — OéOI)}

1 a.s.
=1- aoﬁtr{Cfl} = 1 — apz(r, ag).

(82)
Similarly, we have, as M — oo,
1 o L
Mtr{H_iH_inlH_iH_i}
1 ~ A H 1 s M
= qpr{HHD} — g {C, 'H_ H,}
X —ap+ agz(r, ap). (83)
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