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Abstract—Through spatial multiplexing and diversity,
multi-input multi-output (MIMO) cognitive radio (CR) net-
works can markedly increase transmission rates and reliability,
while controlling the interference inflicted to peer nodes and
primary users (PUs) via beamforming. The present paper op-
timizes the design of transmit- and receive-beamformers for
ad hoc CR networks when CR-to-CR channels are known, but
CR-to-PU channels cannot be estimated accurately. Capitalizing
on a norm-bounded channel uncertainty model, the optimal beam-
forming design is formulated to minimize the overall mean-square
error (MSE) from all data streams, while enforcing protection
of the PU system when the CR-to-PU channels are uncertain.
Even though the resultant optimization problem is non-convex,
algorithms with provable convergence to stationary points are
developed by resorting to block coordinate ascent iterations,
along with suitable convex approximation techniques. Enticingly,
the novel schemes also lend themselves naturally to distributed
implementations. Numerical tests are reported to corroborate the
analytical findings.

Index Terms—Beamforming, channel uncertainty, cognitive ra-
dios, distributed algorithms, MIMO wireless networks, robust op-
timization.

I. INTRODUCTION

OGNITIVE radio (CR) is recognized as a disruptive
technology with great potential to enhance spectrum
efficiency. From the envisioned CR-driven applications, par-
ticularly promising is the hierarchical spectrum sharing [1],
where CRs opportunistically re-use frequency bands licensed to
primary users (PUs) whenever spectrum vacancies are detected
in the time and space dimensions. Key enablers of a seamless
coexistence of CR with PU systems are reliable sensing of
the licensed spectrum [2], [3], and judicious control of the
interference that CRs inflict to PUs [1]. In this paper, attention
is focused on the latter aspect.
Recently, underlay multi-input multi-output (MIMO) CR
networks have attracted considerable attention thanks to their
ability to mitigate both self- and PU-inflicted interference via
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beamforming, while leveraging spatial multiplexing and diver-
sity to considerably increase transmission rates and reliability.
On the other hand, wireless transceiver optimization has been
extensively studied in the non-CR setup under different design
criteria [4], [5], and when either perfect or imperfect channel
knowledge is available; see e.g., [6], [7], and references therein.
In general, when network-wide performance criteria such as
weighted sum-rate and sum mean-square error (MSE) are
utilized, optimal beamforming is deemed challenging because
the resultant optimization problems are typically non-convex.
Thus, solvers assuring even first-order Karush-Kuhn-Tucker
(KKT) optimality are appreciated in this context [4]-[6].

In the CR setup, the beamforming design problem is ex-
acerbated by the presence of interference constraints [1]. In
fact, while initial efforts in designing beamformers under
PU interference constraints were made under the premise of
perfect knowledge of the cognitive-to-primary propagation
channels [8]-[11], it has been recognized that obtaining accu-
rate estimates of the CR-to-PU channels is challenging or even
impossible. This is primarily due to the lack of full CR-PU
cooperation [1], but also to estimation errors and frequency
offsets between reciprocal channels when CR-to-PU channel
estimation is attempted. It is therefore of paramount importance
to take the underlying channel uncertainties into account, and
develop prudent beamforming schemes that ensure protection
of the licensed users.

Based on CR-to-PU channel statistics, probabilistic interfer-
ence constraints were employed in [12] for single-antenna CR
links. Assuming imperfect knowledge of the CR-to-PU channel,
the beamforming design in a multiuser multi-input single-output
(MISO) CR system sharing resources with single-antenna PUs
was considered in [13]; see also [14] for a downlink setup,
where both CR and PU nodes have multiple antennas. The min-
imum CR signal-to-interference-plus-noise ratio (SINR) was
maximized under a bounded norm constraint capturing uncer-
tainty in the CR-to-PU links. Using the same uncertainty model,
minimization of the overall MSE from all data streams in MIMO
ad hoc CR networks was considered in [15]. However, identical
channel estimation errors for different CR-to-PU links were as-
sumed. This assumption was bypassed in [16], where the mu-
tual information was maximized instead. Finally, a distributed
algorithm based on a game-theoretic approach was developed
in [17].

The present paper considers an underlay MIMO ad hoc CR
network sharing spectrum bands licensed to PUs, which are
possibly equipped with multiple antennas as well. CR-to-CR
channels are assumed known perfectly, but this is not the case
for CR-to-PU channels. Capitalizing on a norm-bounded uncer-
tainty model to capture inaccuracies of the CR-to-PU channel
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estimates, a beamforming problem is formulated whereby CRs
minimize the overall MSE, while limiting the interference in-
flicted to the PUs robustly. The resultant robust beamforming
design confronts two major challenges: a) non-convexity of the
total MSE cost function; and, b) the semi-infinite attribute of
the robust interference constraint, which makes the optimization
problem arduous to manage. To overcome the second hurdle,
an equivalent re-formulation of the interference constraint as
a linear matrix inequality (LMI) is derived by exploiting the
S-Procedure [18]. On the other hand, to cope with the inherent
non-convexity, a cyclic block coordinate ascent approach [19]
is adopted along with local convex approximation techniques.
This yields an iterative solution of the semi-definite programs
(SDPs) involved, and generates a convergent sequence of ob-
jective function values. Moreover, when the CR-to-CR channel
matrices have full column rank, every limit point generated by
the proposed method is guaranteed to be a stationary point of
the original non-convex problem. However, CR links where the
transmitter is equipped with a larger number of antennas than
the receiver, or spatially correlated MIMO channels [20], can
lead to beamformers that are not necessarily optimal. For this
reason, a proximal point-based regularization technique [21] is
also employed to guarantee convergence to optimal operating
points, regardless of the channel rank and antenna configura-
tion. Similar to [4]-[11], [13]-[17], [22]-[24], perfect time syn-
chronization is assumed at the symbol level.

Interestingly, the schemes developed are suitable for dis-
tributed operation, provided that relevant parameters are
exchanged among neighboring CRs. The algorithms can also
be implemented in an on-line fashion which allows adaptation
to (slow) time-varying propagation channels. In this case,
CRs do not necessarily wait for the iterations to converge, but
rather use the beamformer weights as and when they become
available. This is in contrast to, e.g., [4], [6] and [14]-[16]
in the non-CR and CR cases, respectively, where the relevant
problems are solved centrally and in a batch form.

In the robust beamforming design, the interference power that
can be tolerated by the PUs is initially assumed to be pre-parti-
tioned in per-CR link portions, possibly according to quality-of-
service (QoS) guidelines [11], [17]. However, extensions of the
beamforming design are also provided when the PU interference
limit is not divided a priori among CR links. In this case, primal
decomposition techniques [19] are invoked to dynamically al-
locate the total interference among CRs. Compared to [15], the
proposed scheme accounts for different estimation inaccuracies
in the CR-to-PU links.

The remainder of the paper is organized as follows. Section I1
introduces the system model and outlines the proposed robust
beamforming design problem. In Section III, the block co-
ordinate ascent solver is developed, along with its proximal
point-based alternative. Aggregate interference constraints are
dealt with in Section IV, and numerical results are reported in
Section V. Finally, concluding remarks are given in Section VI,
while proofs are deferred to the Appendix.

Notation. Boldface lower (upper) case letters represent vec-
tors (matrices); H**™, H}*™, C™*" and R stand for spaces of
n X n Hermitian, n x n Hermitian positive semidefinite, n X n
complex matrices, and real numbers, respectively; (-)7, (-)*,
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Fig. 1. The system model for MIMO ad hoc CR networks.

and ()™ indicate transpose, complex conjugate, and conjugate
transpose operations, respectively; Tr{-} denotes the trace op-
erator, and vec(A) the vector formed by stacking the columns
of A; ||a]|2 and ||A|| ¢ represent the Euclidean norm of a and
the Frobenius norm of A, respectively; A ® B is the Kronecker
product of A and B; Iy is the N XN identity matrix; Finally,
E{-} denotes the expectation operator, and $(-) stands for the
real part of a complex number.

II. SYSTEM MODEL AND PROBLEM FORMULATION

Consider a wireless MIMO CR network comprising K trans-
mitter-receiver pairs {U],UJ}. Let My, and Ny, k € K =
{1,2,..., K}, denote the number of antennas of the k-th trans-
mitter-receiver pair, as shown in Fig. 1. Further, let s;, denote
the My, x 1 information symbol vector transmitted by U} per
time slot, with covariance matrix E{s ks?f} = Iz, . In order to
mitigate self-interference, transmitter U} pre-multiplies s;. by a
transmit-beamforming matrix Fy, € CMuxMe . that is, U [ ac-
tually transmits the Mj x 1 symbol vector x;, := Fjs;. With
H,, € CY*Mi denoting the U * to Uy channel matrix, the
Ny, x 1 symbol received at U] can be written as

i = Hg oxp + Z Hy ;x; +ng
7k

(1

where n, € CV* is the zero-mean complex Gaussian dis-
tributed receiver noise, which is assumed independent of s
and {Hj, ;}, with covariance matrix E{n;n}‘} = o?Iy;,.
Low-complexity receiver processing motivates the use of a
linear filter matrix Wy, € CMe>*Ne at U’ to recover sy, as

S :=Wyrye, kel 2)
Using W, at U, the MSE matrix E; =
E{(8x —sr)(8x —sx)"}, which quantifies the recon-

struction error, is given by [cf. (1)]
E,=W,A W/ - W, H, ,F, - F/HL, W + 1, (3)
where A, == Y10 Hy FFRH]Y + 02y, Bntry (4,7) of

E;, represents the MSE of the ¢-th data stream (¢-th entry of s;,)
from U,ﬁ to U;, and Tr{E;} corresponds to the MSE of §;.
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To complete the formulation, let G € CL**+ denote the
channel between CR U} and a PU receiver, possibly equipped
with multiple (Z) antennas!, and ¢™** the maximum instanta-
neous interference that the PU can tolerate. Asine.g., [11],[17],
suppose that :™** is pre-partitioned in per-CR transmitter por-
tions {¢}"**}, possibly depending on QoS requirements of indi-
vidual CR pairs. Then, the transmit- and receive-beamforming
matrices minimizing the overall MSE can be obtained as (see
also [6])

K
P1 min Tr{Eg (4a)
LN T LY
st Tr{F Ff) <pi™, ke K (4b)
Tr{G,F,FIGI'} < ke K (4c)
where p}*®* is the maximum transmit-power of U}..

Remark 1 (Adopted Performance Metric): Among candidate
performance metrics, the sum of MSEs from different data
streams is adopted here, which has been widely employed in
the beamforming literature; see e.g., [6], [7] and references
therein. The relationships between MSE, bit error rate (BER)
and SINR have been thoroughly considered in [22], and further
investigated in [6]. Specifically, it has been shown that an
improvement in the total MSE naturally translates in a lower
BER. Furthermore, the sum of MSEs facilitates derivation of
optimal filters, and the equivalence between minimizing the
weighted sum of MSEs and maximizing the weighted sum rate
has been established in [4], [23].

Unfortunately, due to lack of explicit cooperation between
PU and CR nodes, CR-to-PU channels {G}} are in general
difficult to estimate accurately. As PU protection must be en-
forced though, it is important to take into account the CR-to-PU
channel uncertainty, and guarantee that the interference power
experienced by the PU receiver stays below a prescribed level
for any possible (random) channel realization [12], [14]. Before
developing a beamforming approach robust to inaccuracies as-
sociated with channel estimation, problem (P1) is conveniently
re-formulated first in order to reduce the number of variables
involved.

A. Equivalent Optimization Problem

For the sum-MSE cost in (4a), the optimum { W$"* } will turn
out to be expressible in closed form. To show this, note first
that for fixed {Fy}, (P1) is convex in Wy, and {W**} can be
obtained from the first-order optimality conditions. Express the
Lagrangian function associated with (P1) as

K K
L(P, D)= Tr{Ex}+ > M (Te{FF}'} — ™)

k=1 k=1

+ Z v (Tr{GxFRFF G} — ™) (5)

K
k=1

where P 1= {F, W} X and D := {), v}, collects the

primal and dual variables, respectively. Then, by equating the

1A single PU receiver is considered throughout the paper. However, extension
to multiple receiving PUs is straightforward; see also Remark 5.
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DL(P

. D . t .
complex gradient Wi) to zero, matrix W;"" is expressed

as

W =FiHGAL ke K (©6)

Clearly, the optimal set {W "
{G4}, but only on {Hj ; }.

Substituting {W}™"} into (4a), and using the covariance
Qi := E{xyx}'} = F;F}! as a matrix optimization variable,
it follows that (P1) can be equivalently re-written as

} does not depend on channels

K
(P2) (e kz:luk ({Qeh) (7a)
st Tr{Qi) < pi, ke K (7b)

Tr{G.Q:GI'} < ke K (7c)
where the per-CR link utility u;, ({Qy}) is given by

ur ({Qx}) =T {Hk,kaHka (Hk,kasz+Rk,k)7l}
(®

with Ry . = Z#k Hk,iQiH%i + 021, . One remark is in
order regarding (P2).

Remark 2 (Conventional MIMO Networks): Upon discarding
the interference constraints (7c), the beamforming problems for-
mulated in this paper along with their centralized and distributed
solvers can be considered also for non-CR MIMO ad-hoc and
cellular networks in downlink or uplink operation.

Channels {Gy} must be perfectly known in order to solve
(P2). A robust version of (P2), which accounts for imperfect
channel knowledge, is dealt with in the next section.

B. Robust Interference Constraint

In typical CR scenarios, CR-to-PU channels are challenging
to estimate accurately. In fact, CR and PU nodes do not gen-
erally cooperate [1], thus rendering channel estimation chal-
lenging. To model estimation inaccuracies, consider expressing
the CR-to-PU channel matrix G, as

Gr=Gr+AG,, kek )
where (A}k is the estimated channel, which is known at CR trans-
mitter U}, and {AG,} captures the underlying channel uncer-
tainty [14], [16]. Specifically, the error matrix AGy, is assumed
to take values from the bounded set

Gr = {AGHTr{AG,AG} < i}, keK  (10)
where €, > 0 specifies the radius of G, and thus reflects the
degree of uncertainty associated with G .. The set in (10) can
be readily extended to the general ellipsoidal uncertainty model
[18, Ch. 4]. Such an uncertainty model properly resembles the
case where a time division duplex (TDD) strategy is adopted
by the PU system, and CRs have prior knowledge of the PUs’
pilot sequence(s). But even without training symbols, CR-to-PU
channel estimates can be formed using the deterministic path
loss coefficients, and the size of the uncertainty region can be
deduced from fading channel statistics. Compared to [12], the
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norm-bounded uncertainty model leads to worst-case interfer-
ence constraints that ensure PU protection for any realization of
the uncertain portion of the propagation channels.

Based on (10), a robust interference constraint can be written
as

Tr{(Gy, + AGL)Q(G, + AG)™)
< YAGLE G ke K (11)

and consequently, a robust counterpart of (P2) can be formulated
as follows

K
(P3)  max k;uk {Qx}) (12a)
st Tr{Qp} <pp™, kek (12b)

Tr{G, QG < YV AGLEG,, kek.
(12¢)

Clearly, once {Q;"*} are found by solving (P3), the
wanted {W}™} can be readily obtained via (6), since
Ay = Zf:l Hk,ijH]z;fj +O']%IN;€ . However, Zk U ({Qk})
is non-convex in {Qg}, and hence (P3) is hard to solve in
general. Additionally, constraints (11) are not in a tractable
form, which motivates their transformation. These issues are
addressed in the next section. But first, two remarks are in
order.

Remark 3 (Uncertain MIMO Channels): In an underlay
hierarchical spectrum access setup, it is very challenging (if
not impossible) for the CRs to obtain accurate estimates of the
CR-to-PU channels. In fact, since the PUs hold the spectrum
license, they have no incentive to feed back CR-to-PU channel
estimates to the CR system [1]. Hence, in lieu of explicit CR-PU
cooperation, CRs have to resort to crude or blind estimates of
their channels with PUs. On the other hand, sufficient time for
training along with sophisticated estimation algorithms render
the CR-to-CR channels easier to estimate. This explains why
similar to relevant works [12]-[17], CR-to-CR channels are as-
sumed known, while CR-to-PU channels are taken as uncertain
in CR-related optimization methods. Limited-rate channel state
information that can become available e.g., with quantized
CR-to-CR channels [6], [7], [12], can be considered in future
research but goes beyond the scope of the present paper.

Remark 4 (Radius of the Uncertainty Region): In practice,
radius and shape of the uncertainty region have to be tailored
to the specific channel estimation approach implemented at the
CRs, and clearly depend on the second-order channel error sta-
tistics. For example, if AGy, has zero mean and covariance ma-
trix ¥ag, = 03:1, where 67 depends on the receiver noise
power, and the transmit-power of the PU (see, e.g., [25]), then
the radius of the uncertainty region can be set to €2 = r&,67,
where & denotes the path loss coefficient, and x > 0 a pa-
rameter that controls how strict the PU protection is. Alterna-
tively, the model €; = #67||Gg||% can be utilized [17]. If
Bag, # 621, then the uncertainty region can be set to Gy, :=
{AGk|Tr{AGk2;gkAG;j )< m}[z4] and the robust con-
straint (11) can be modified accordingly. Similar models are also
considered in [26].
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III. DISTRIBUTED ROBUST CR BEAMFORMING

To cope with the non-convexity of the utility function (12a), a
block-coordinate ascent solver is developed in this section. De-
fine first the sum of all but the k-th utility as fx(Qr, Q_%) :=
2 jx Wi, With Q_y := {Q;j # k}. Notice that uy(-) is con-
cave and fi(-) is convex in Qy; see Appendix B for a proof.
Then, (P3) can be regarded as a difference of convex func-
tions (d.c.) program, whenever only a single variable Q. is op-
timized and Q_y, is kept fixed. This motivates the so-termed
concave-convex procedure [27], which belongs to the majoriza-
tion-minimization class of algorithms [28], to solve problem
(P3) through a sequence of convex problems, one per matrix
variable Q. Specifically, the idea is to linearize the convex
function f;,(-) around a feasible point Q, and thus to (locally)
approximate the objective (12a) as (see also [5] and [10])

K

ue ({Qr}) =ur ({Qr}) + fe(Qr, Q )

k=1

~uy ({Qi}) + fo(Qr, Q1)

+ 1 {DFQ-Qu} (1)
where
- Oy
D = VQkfk(Qk:Q*k‘) = aék* N (14)
ElQr=Q

Therefore, for fixed Q _, matrix Q, can be obtained by solving
the following sub-problem

(P4)  max w, (Qu, Q) + Tr {DIQy} (152)
s.t. Qy>=0 (15b)
Tr{Qx} < pi™* (15¢)

Tr{GkaG?f} < [,zlax, VAG, € Gy, (15d)

where (see Appendix A)

D;:= - Y H}B;'V,B'H;; (16)
a7k Q;=Q
K
B;:= Z HJ,QqHJHI + UJZ'INA,-; (17)
=1
V;:=H;;Q;H, (18)
At each iteration n. = 1,2,..., the block coordinate ascent

solver amounts to updating the covariance matrices {Q} in a
round robin fashion via (P4), where the solution obtained at the
(n — 1)-st iteration are exploited to compute the complex gra-
dient (16). The term Tr {D}fQ, } discourages a “selfish” be-
havior of the k-th CR-to-CR link, which would otherwise try to
simply minimize its own MSE, as in the game-theoretic formu-
lations of [11] and [17]. In the next subsection, the robust in-
terference constraint will be translated to a tractable form, and
(P4) will be re-stated accordingly.

A. Equivalent Robust Interference Constraint

Constraint (15d) renders (P4) a semi-infinite program (cf.
[29, Ch. 3]). An equivalent constraint in linear matrix in-
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equality (LMI) form will be derived next, thus turning (P4)
into an equivalent semi-definite program (SDP), which can be
efficiently solved in polynomial time by standard interior point
methods. To this end, the following lemma is needed.

Lemma 1: (S-Procedure [18, p. 655]) Consider A,D €
H"*™ b € C" ¢,e € R, and assume the interior condition
holds, i.e., there exists an X satisfying x"Dx < e. Then, the
inequality

x"TAx + 2R(b"x) + ¢ >0, Vx"Dx < e (19)
holds if and only if there exists § > 0 such that
6D+ A b
[ S 6_69} -0, 20)

Using Lemma 1, the robust constraint (15d) can be equiva-
lently reformulated as follows.

Proposition 1: There exists 65, > 0, so that the robust inter-
ference constraint (15d) is equivalent to the following LMI

[ﬁkILka (I 2Qw)  —ve( HGH) -‘
N max _ 2¢ 0. (21
| @ feaian ]

Proof: Using the properties of the trace operator
Tr(Z"AZ) = vec(Z)"(I ® A)vec(Z) and Tr(B"Z) =
vec(B) vec(Z), constraint (15d) can be re-written as

—gil (I, ® Qi) gr — 2R (VGC(QHG?)Hgk)

+o — Tr{GrQrG} > 0,V [lgell2 < e (22)
where g := vec(AG]). Then, applying Lemma 1 to (22)
yields readily (21). [ |

Proposition 2: Problem (P4) can be equivalently re-written

as the following SDP form:

H
(P5) guin, Tr{T} = Tr {Di’Qu} (23a)
T,0;, >0
s.t. Tr{Q} < pmax (23b)
1
ke QrH f’k +Rur R7, <0 230
Ry, T
P
W max __ ~.‘9k 0.
—vec(QIEGHYH “k L
QEGE GqiGr)
(23d)

Proof: First, note that [cf. (8)]

-1
wr (Qr. Q_g) = Tr {INk -Ry i (Hk,kaH?ik‘l'Rk,k) }
Thus, (P4) is equivalent to

. 1 H 1oz
min Tr {R,;'k (Hkakak + Rk,k) R,ik}

Qs
— Tr {D}' Qs }
s. t. (15b)-(15d).

Then, an auxiliary matrix variable Y is introduced such that
-1 1

Y = R}, (HerQuHJY +Ris) Ry, which can be
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equivalently recast as (23c) by using the Schur complement
[18]. Combining the LMI form of the robust interference
constraint (21), the formulation of (P5) follows immediately. B

Problem (P3) can be solved in a centralized fashion upon col-
lecting CR-to-CR channels {H  }, CR-to-PU estimated chan-
nels { G }, and confidence intervals {e; } at a CR fusion center.
The optimal transmit-covariance matrices can be found at the
fusion center by solving (P5), and sent back to all CRs. This cen-
tralized scheme is tabulated as Algorithm 1, where Q,(Cn) denotes
the transmit-covariance matrix of CR U} at iteration n of the

Q%)
represents the set of transmit-covariance matrices at iteration n;
U(+) is the objective function (12a). A simple stopping criterion
for terminating the iterations is ¢/ (Q™) — U (Q" V) < v,
where v > () denotes a preselected threshold.

block coordinate ascent algorithm; Q™) := (Qg"‘)

Algorithm 1: Centralized Robust Sum-MSE Minimization

1: Collect all channel matrices {H 1 }, and noise powers
{02} A

2: Collect all CR-to-PU channel matrices { Gy}, and
confidence intervals {e }

3: Initialize Q") = 0,V k € K

4: repeat (n = 1,2,...)

5: fork=1,2,. K do

6: Compute D ) via (16)

7: Update Q gcby solving (P5) [(P6) for the proximal
point-based method]

8:  end for

9: until 4 (Q(”)) - U (Q("’l)) <w
10: Calculate {W3P} via (6)
11: Broadcast optimal transmit- and receive-beamformers

To alleviate the high communication cost associated with
the centralized setup, and ensure scalability with regards to
network size and enhanced robustness to fusion center failure,
a distributed optimization algorithm is generally desirable. It
can be noticed that the proposed coordinate ascent approach
lends itself to a distributed optimization procedure that can be
implemented in an on-line fashion. Specifically, each CR U}
can update locally Qj, via (P5) based on a measurement of the
interference Rl(‘,v_l,z [10], and the following information necessary
to compute the complex gradient (16): i) its covariance matrix
"1 obtained at the previous iteration; ii) matrices {B]{")}

Q;
and {V;V")} obtained from the neighboring CR links via local
message passing. Furthermore, it is clear that the terms in
(16) corresponding to CRs located far away from CR U} are
negligible due to the path loss effect in channel {H; z};2x;
hence, summation in (16) is only limited to the interfering
CRs, and consequently, matrices {B ”)} and { V )} need to
be exchanged only locally. The overall d1str1buted scheme is
tabulated as Algorithm 2. The on-line implementation of the
iterative optimization allows tracking of slow variations of the
channel matrices; in this case, cross-channels {H, ;. } in Algo-
rithm 2 need to be re-acquired whenever a change is detected.
Finally, notice that instead of updating the transmit-covariances
in a Gauss-Seidel fashion, Jacobi iterations or asynchronous
schemes [19] can be alternatively employed.
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Algorithm 2: Distributed On-line Robust Sum-MSE
Minimization

1: Initialize Q") = 0,V % € Kk

2: repeat (n = 1,2,...)

3: fork=1,2,....,K do
U}, acquires H ;. from its neighboring U7

transmit {B{"”), V{™} to neighboring nodes
receive {BJ(-"') : V]("’> } ;% from neighboring nodes
Compute D{) via (16)

Measure Ri" )

Update Q,S") by solving (P5) [(P6) for the proximal
point-based method]

10: Update W,(c") via (6)

11: Transmit and receive signals using Q\") and W{"
12:  end for

13: until u (Q™) — uy, (Q V) <0, Vhke K

D R AN

)

Remark 5 (Multiple PU Receivers): For ease of exposition,
the formulated robust optimization problems consider a single
PU receiver. Clearly, in case of Npy > 1 receiving PU devices,
or when a grid of Npy potential PU locations is obtained from
the sensing phase [30], a robust interference constraint for each
of the K Npy CR-to-PU links must be included in (P3). As for
(P5), it is still an SDP, but with Np; LMI constraints (23d), and
one additional optimization variable () per PU receiver.

Remark 6 (Network Synchronization): Similar to [4]-[11],
[13]-[17], [22]-[24], time synchronization is assumed to have
been acquired. In practice, accurate time synchronization
among the CR transmitters can be attained (and maintained
during operation) using e.g., pairwise broadcast synchroniza-
tion protocols [31], consensus-based methods [32], or mutual
network synchronization approaches [33]. To this end, CRs
have to exchange synchronization beacons on a regular basis;
clearly, the number of time slots occupied by the transmis-
sion of these beacons depends on the particular algorithm
implemented, the CR network size, and the targeted synchro-
nization accuracy. For example, the algorithm in [31] entails
two message exchanges per transmitter pairs, while the mes-
sage-passing overhead of consensus-based methods generally
depends on the wanted synchronization accuracy [32]. Since
the CR network operates in an underlay setup, this additional
message passing can be performed over the primary channel(s).
Alternatively, a CR control channel can be employed to avoid
possible synchronization errors due to the interference inflicted
by the active PU transmitters. Analyzing the effect of mistiming
constitutes an interesting research direction, but it goes beyond
the scope and page limit of this paper.

B. Convergence

Since the original optimization problem (P3) is non-convex,
convergence of the block coordinate ascent with local convex
approximation has to be analytically established. To this end,
recall that (P4) and (P5) are equivalent; thus, convergence can
be asserted by supposing that (P4) is solved per Gauss-Seidel
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iteration instead of (P5). The following lemma (proved in Ap-
pendix B) is needed first.

Lemma 2: For each k € K, the feasible set of problem (P4),
namely Qi = {Qx|Qr € (15b) — (15d)}, is convex. The
real-valued function f5(Qr, Q_r) is convex in Qj, over the
feasible set Qp, when the set Q_j, := {Q;,j # k} is fixed.

Based on Lemma 2, convergence of the block coordinate as-
cent algorithm is established next.

Proposition 3: The sequence of objective function values
(12a) obtained by the coordinate ascent algorithm with con-
cave-convex procedure converges.

Proof: Tt suffices to show that the sequence of objective
values (12a) is monotonically non-decreasing. Since the objec-
tive function value is bounded from above, the function value
sequence must be convergent by invoking the monotone con-
vergence theorem. Letting Z:{k(-) denote the objective function
(15a), which is the concave surrogate of /() as the original ob-
jective (12a), consider

(n) ._
kT

arg max U (Qk; an)7 ey Q,E,'i)l, Q,(grll), .

(nfl))
QreQsk TK

24

where n. stands for the iteration index. Furthermore, define

n n+1 n+1 n n
z( =™, QY L., Q). (29)
~ (n n+1 n+1 n n
Q") =@, ...l Q, ...,QW). (6

Then, for all & € K, it holds that

(77 = (QF1.0%) + £ (0. %) @
> uy (Qf’ﬂ), Q(,nk)) + fr (Q;E,n)s Q@)

+T{Df (Y -Q”)}  em)
> uy, (Qf’),Q(ﬂ?) + i (Q?»Q(ﬂg)

+ T {D} (@ - a{”)} 27¢)
=u(z{",) (27d)

where (27b) follows from the convexity of fx(-) established in
Lemma 2; inequality (27¢) holds because Q,(C"H) is the optimal
solution of (P4) for fixed Q(:LIS

To complete the proof, it suffices to show that ¢/ (Q(”‘H)) is

monotonically non-decreasing, namely that

U (Q(n+1)) >U (Zg?),l) >...>U (Zgn)) > U (Q(n)) )
(28)

|

Interestingly, by inspecting the structure of {Hy, .k € K},

it is also possible to show that every limit point generated by
the coordinate ascent algorithm with local convex approxima-
tion satisfies the first-order optimality conditions. Conditions on
{H 1, k € K} that guarantee stationarity of the limit points are
provided next. First, it is useful to establish strict concavity of
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the objective (15a) in the following lemma proved in Appendix
C.

Lemma 3: If the channel matrices {Hj. .k € K} of the
CR links {U}, — U} } have full column rank, then the objective
function (15a) is strictly concave in Q.

We are now ready to establish stationarity of the limit points.

Theorem 1: If matrices {Hy .,k € K} have full column
rank, then every limit point of the coordinate ascent algorithm
with concave-convex procedure is a stationary point of (P3).

Proof: The proof of Theorem 1 relies on the basic con-
vergence claim of the block coordinate descent method in [29,
Ch. 2] and [5]. What must be shown is that every limit point
of the algorithm satisfies the first-order optimality conditions
over the Cartesian product of the closed convex sets. Let
Q := (Qi.....Qx) be alimit point of the sequence {Q™},
and {Q(")|; = 1,2,...} a subsequence that converges to

Q. First, we will show that lnn anj +1) Q.. Argue
by contradiction, i.e., assume that {Q(nJH) Q™) does
not converge to zero. Define (%) := ||Q<" it _ Q) p

By possibly restricting to a subsequence of {n,}, it follows
that there exists some ¥ > 0 such that ¥ < ~{(") for all j.
Let i) .= (Q{“™ = Q") /() Thus, we have that

anﬁl) = anj) + ’y(”-’)Sg'h) and ||S§nj)||p = 1. Because
Sg""d belongs to a compact set, it can be assumed convergent
to a limit point S; along with a subsequence of {n,}.

Since it holds that 0 < €5 < (") for all € € [0, 1], the point
Q!" + ¢48{" lies on the segment connecting two feasible
points anj) and anﬁl). Thus, (nj) + 78( ") s also fea-
sible due to the convexity of Q3 [cf. Lemma 2]. Moreover, con-
cavity of Uy Q(f'l‘)) implies that Z4; is monotonically non-de-
creasing in the interval connecting point Q\"") to Q™™ over
the set Q. Hence, it readily follows that

ZJl(Qﬁ'”-"“); Q(:ll;)) > Z;{l(an.y‘) + eﬁsgrl"); Q(:Ll;/))

>1h(Q{: QY). (29)

Note that 4, () is a tight lower bound of /(-) at each current
feasible point. Also, from (28), 2/ (Q\"""; Q") is guaran-
teed to converge to U;(Q) as j — oc. Thus, upon taking the
limit as § — oo in (29), it follows that

U(Qi+e781;Q 1) =Uh(Q), Yee[01]. (30)
However, since ﬁS 1 7 0, (30) contradicts the pnique maximum
condition implied by the strict concavity of 41(+;-) in Q; [cf.
Lemma 3]. Therefore, an'j +U converges to Q; as well.
Consider now checking the optimality condition for Q;.
Since Q\"™ is the local (and also global) maximum of

U ( Q("’)) we have that

% g .5 H
R {Tr {V1U1 (Q% J—H)% Q(_f))

< (@ -} <o vaiear 61

6501

where V14, (-) denotes the gradient of U, () with respect to Q.
Taking the limit as j — 00, and using the fact that V1441 (Q) =
V1U1(Q), it is easy to show that

Q)™(Q:i - Q)}} <o,

Using similar arguments, it holds that

Qi)}} <o,

VQ,€Q;,i=12....K (33)

R {Tr {V1U( VQie Q. (32

R{Tr{VU(Q)"(Q; -

which establishes the stationarity of Q and completes the
proof. [ |

C. Proximal Point-Based Robust Algorithm

The full column rank requirement can be quite restrictive in
practice; e.g., if My, > Ny for at least one CR link, or in the pres-
ence of spatially correlated MIMO channels [20]. Furthermore,
computing the rank of channel matrices increases the compu-
tational burden to an extent that may not be affordable by the
CRs. In this section, an alternative approach based on prox-
imal-point regularization [21] is pursued to ensure convergence,
without requiring restrictions on the antenna configuration and
the channel rank.

The idea consists in penahzlng the objectlve of (P4) using a
quadratic regularization term 5_— ||Qk - Q h 2 ||%, with a given
sequence of numbers 75 > 0. Then (P5) is modified as

(P6)

IIllIl
»0,0,>0

Tr{T}-Tr {DFQk}—I—%Tr{Y} (34a)

I, Q.-Q\" "

Q—Qi" Y Y
(23b), (23¢), (23d)

s.t. =0 (34b)

where (34b) is derived by using the Schur complement through
the auxiliary variable Y.

The role of 5| Qx — Q,(C"—I) ||% is to render the cost in (34a)
strictly convex and coercive. Moreover, for small values of 7,
the optimization variable Q. is forced to stay “close” to ngl
obtained at the previous iteration, thereby improving the sta-
bility of the iterates [34, Ch. 6]. Centralized and distributed
schemes with the proximal point regularization are given by
Algorithms 1 and 2, respectively, with problem (P6) replacing
(P5). Convergence of the resulting schemes is established in the
following theorem. To avoid ambiguity, these proximal point-
based algorithms will be hereafter referred as Algorithms 1(P)
and 2(P), respectively.

Theorem 2: Suppose that the sequence {Q(")} generated by
Algorithm 1(P) (Algorithm 2(P)) has a limit point. Then, every
limit point is a stationary point of (P3).

Proof: The Gauss-Seidel method with a proximal point
regularization converges without any underlying convexity as-
sumptions [35]. A modified version of the proof'is reported here,
where the local convex approximation (13) and the peculiarities
of the problem at hand are leveraged to establish not only con-
vergence of the algorithm, but also optimality of the obtained
solution.



6502

Assume there exists a subsequence {Q(")]j = 1,2,...}
converging to a limit point Q := (le QK) Let Q(WH)
be obtained as

(n+1)
k

= arg max Uy, (Qk; an+1) Q(n+1) Q,(:jr)l ceey

QreQy
1 [
- s—llax - Q3. (35)
Tk
Thus, it follows that [cf. (26)]
dl(Qg'U-"‘l); Qgtf)) > Z;l (Q("]). Q(’"'j))
IIQ(” QMR 66

Going along the lines of the proof of Theorem 1, it holds that
. "~ ni+1) ~A(ny

= lim 4h(Q": Q") =th(Q). 37)

Therefore, taking the limit as § — oc in (36), one arrives at

n;+1 i)
lim QY — Q"% =0

lim (38)
which 1mphes that Q( Y also converges to Q.

Since an D g generated as in (35), it satisfies the opti-
mality condition

ER{ { |:V1U (Q(nj+1)7Q(nJ)) i(Q n;+1)

T1

Q("J))

X(Ql _ Q(lnj-l-l))}} <0, VQI € Q. (39)

Taking the limit as j — oo in (39), and using again the fact that
Vil (Q) = Vil (Q), we obtain

R{T {ViU(Q)(Q1 ~ Qu)}} <0,
Then, repeating the same argument for all £ € X, leads to
R{Te {Vil(Q)"(Qr — Qi) }} <0, YQreQr (41

which shows that the limit point Q is also a stationary point. W

As asserted in Theorem 2, Algorithms 1(P) and 2(P) converge
to a stationary point of (P3) for any possible antenna config-
uration. The price to pay however, is a possibly slower con-
vergence rate that is common to proximal point-based methods
[34, Ch. 6] (see also the numerical tests in Section V). For this
reason, the proximal point-based method should be used in ei-
ther a centralized or a distributed setup whenever the number
of transmit-antennas exceeds that of receive-antennas in at least
one transmitter-receiver pair. In this case, Algorithms 1(P) and
2(P) ensure first-order optimality of the solution obtained. When
M, < Ny, forall k € K, the two solvers have complementary
strengths in convergence rate and computational complexity.
Specifically, Algorithms 1 and 2 require the rank of all CR di-
rect channel matrices { Hy,  } beforehand, which can be compu-
tationally burdensome, especially for a high number of antenna

VQ € Q. (40)
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elements. If the rank determination can be afforded, and the con-
vergence rate is at a premium, then Algorithms 1 and 2 should
be utilized.

IV. AGGREGATE INTERFERENCE CONSTRAINTS

Suppose now that the individual interference budgets {+***}
are not available a priori. Then, the aggregate interference
power {t™#*} has to be divided among transmit-CRs by the
resource allocation scheme in order for the overall system
performance to be optimized. Accordingly, (P3) is modified as
follows to incorporate a robust constraint on the total interfer-
ence power inflicted to the PU node:

i
(P7)  max Z ur({Qx}) (42a)
{Qk}l‘z(:l
. 1. Tr{ Q) < P ke K (42b)
ZTT{GkaG:{} < max
k=1
VAG € Gi. ki € K. (42¢)

The new interference constraint (42¢) couples the CR nodes (or,
more precisely, the subset of transmit-CR nodes in the proximity
of the PU receiver). Thus, the overhead of message passing in-
creases since cooperation among coupled CR nodes is needed.
A common technique for dealing with coupled constraints is
the dual decomposition method [29], which facilitates evalua-
tion of the dual function by dualizing the coupled constraints.
However, since (P7) is non-convex and non-separable, the du-
ality gap is generally non-zero. Thus, the primal variables ob-
tained during the intermediate iterates may not be feasible, i.e.,
transmit-covariances can possibly lead to violation of the inter-
ference constraint. Since the ultimate goal is to design an on-line
algorithm where (42¢) must be satisfied during network opera-
tion, the primal decomposition technique is well motivated to
cope with the coupled interference constraints [10]. To this end,
consider introducing two sets of auxiliary variables {¢,} and
{1} in problem (P7), which is equivalently re-formulated as

(P8)
K
H H -1
max ZTI'{Hk,kaHkk (Hk,kaHk.k: +Rk,k) }
{Quotiote} 17— ’ '
(43a)
s.t. Te{Qe} < pi™*, kek (43b)
Tr{G.QLG} < ty, YVAGL €Gr, k€K (43¢)
0<t <, keK (43d)
K
Z[/k S  max (436)
k=1

For fixed {¢, }, the inner maximization subproblem turns out to
be

(P9) p({w}) =
K
H H -1
{gf;i} ;:1: Tr {Hk‘,kaHk,k (He e QrHE ), + Ry r) }

(44a)
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st Tr{Qx} <pi™., kek (44b)
Tr{G,QrG) <1, VAG, € G,k €K (44c)
0<ty <u, kek (44d)

which, as discussed in preceding sections, can be solved using
the block coordinate ascent algorithm (or its proximal point
version) in either a centralized or a distributed fashion. After
solving (P9) for a given set {¢4}, the per-CR interference bud-
gets {1} } are updated by the following master problem:

(P10) 1}1;@( p({wx}) (452)
Lh
s.t. {w}ez (45b)
with the simplex set Z given by
K
7= {{Lk}l/k >0, Z e < /,max} . (46)
k=1

Overall, the primal decomposition method solves (P8) by it-
eratively solving (P9) and (P10). Notice that the master problem
(P10) dynamically divides the total interference budget .™**
among CR transmitters, so as to find the best allocation of re-
sources that maximizes the overall system performance. Using
the block coordinate ascent algorithm, the k-th transmit-covari-
ance matrix QQ, is obtained by solving the following problem
[cf. Algorithm 2]

(P11)  pr(er) := Q lax uk (Qr. Q_r)+Tr {D}'Qy}
(47a)

st Tr{Qi} < p™™ (47b)
Tr{G1QiLG}*} < 1,V AGy € Gy, (47¢)

tr < i (47d)

where the proximal point-based regularization term is added
if Algorithm 2(P) is implemented. Since (P11) is a convex
problem, it can be seen that the subgradient of py(¢) with re-
spect to ¢4 is the optimal Lagrange multiplier A; corresponding
to the constraint (47d) [29, Chap. 5]. Thus, it becomes pos-
sible to utilize the subgradient projection method to solve the
master problem. Strictly speaking, due to the non-convexity
of the original objective (43a), primal decomposition method
leveraging the subgradient algorithm is not an exact, but rather
an approximate (and simple) approach to solve (P8). However,
because (47d) is a tight concave lower bound of (43a) around
the approximating feasible point, p({¢x }) is well-approximated
by fr(es) as {QU} approaches the optimal value {QS*"}.
Hence, A, also comes “very close” to the true subgradient of
pe{{ex}) with respect to ¢;. Therefore, at iteration £ of the
primal decomposition method, the subgradient projection up-
dating the interference budgets ¢ := [t1,t2, . .., tx]T becomes

U + 1) = Projy [1(£) + s(HA(0)] (48)

where A = [Ag, Ao, ..., Ag]|T; s(£) is a positive step size;
Proj;[] denotes projection onto the convex feasible set Z. Pro-
jection onto the simplex set in (46) is a computationally-afford-
able operation that can be efficiently implemented as in e.g.,
[36].
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Once (P9) is solved distributedly, each CR that is coupled by
the interference constraint has to transmit the local scalar La-
grange multiplier A, (#) to a cluster-head CR node. This node, in
turn, will update {¢(£+4 1)} and will feed these quantities back
to the CRs. The resulting on-line distributed scheme is tabulated
as Algorithm 3. Notice however that in order for the overall al-
gorithm to adapt to possibly slowly varying channels, operation
(48) can be computed at the end of each cycle of the block co-
ordinate ascent algorithm, rather than wait for its convergence.

Algorithm 3: Distributed On-line Robust Sum-MSE
Minimization With Aggregate Interference Constraint

Vkek

max

1 Tnitialize QL") (0) = 0, and 14(0) = .,

2: repeat ({ =1,2,...)

3:  [CRs]: Solve (P9) via Algorithm 2 [Algorithm 2(P)]
[CRs]: Transmit {Ax(£)} to the cluster-head node
[Cluster-head node]: Update {¢r(¢ + 1)} via (48)
[CRs]: Receive {ix (£ + 1)} from the cluster-head node

until uy (Q(")(Z)) — U (Q("I)(E — 1)) <v,Vkek

A A

V. SIMULATIONS

In this section, numerical tests are performed to verify the
performance merits of the novel design. The path loss obeys
the model d—", with d the distance between nodes, and n =
3.5. A flat Rayleigh fading model is employed. For simplicity,
the distances of links U} — U} are set to d, = 30 m; for
the interfering links {U{ — U}, j # k} distances are uni-
formly distributed over the interval 30-100 m. As for the dis-
tances between CR transmitters and PU receivers, two different
cases are considered: (c1) the PU receivers are located at a dis-
tance from the CRs that is uniformly distributed over 70-100
m; and, (c2) the CR-to-PU distances are uniformly distributed
over 30-100 m. Finally, the maximum transmit-power and the
noise power are identical for all CRs. For the proximal point-
based algorithm, the penalty factors {7} are selected equal
to 0.1. To validate the effect of the robust interference con-
straint, the cumulative distribution functions (CDF) of the in-
terference power at the PU are depicted in Fig. 2. Four CR pairs
and one PU receiver are considered, all equipped with 2 an-
tennas. The maximum transmit-powers and noise powers are
set so that the (maximum) signal-to-noise ratio (SNR) defined

max ( —-n

as SNR. := pkﬂ% equals 15 dB. The total interference

threshold is set to IZ‘“‘“ = 4 -10~7 W and, for simplicity, it
is equally split among the CR transmitters. The channel uncer-
tainty is set to €2 = p - || G||%[17], with p = 0.05. CDF curves
are obtained using 2,000 Monte Carlo runs. In each run, inde-
pendent channel realizations are generated. The Matlab-based
package CVX [37] along with SeDuMi [38] are used to solve the
proposed robust beamforming problems.

The trajectories provided in Fig. 2 refer to the block coordi-
nate ascent (BCA) algorithm described in Section III; the one
with the proximal point-based regularization (proximal-BCA)
explained in Section III-C; and the non-robust solver of (P2),
where the estimates {(A}k} are used in place of the true chan-
nels {Gy}. Furthermore, the green trajectory corresponds to
(P8), where the subgradient projection (48) is implemented at
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Fig.2. Interference cumulative distribution function (CDF): (a) Cases (c1) and
(b) Cases (c2).

the end of each BCA cycle, which includes K updates of Q. for
k=1,...,K. As expected, the proposed robust schemes en-
force the interference constraint strictly in both scenarios (cl)
and (c2). In fact, the interference never exceeds the tolerable
limit shown as the vertical red solid line in Fig. 2. The CDFs
corresponding to the proposed BCA and its proximal counter-
part nearly coincide. In fact, the two algorithms frequently con-
verge to identical stationary points in this particular simulation
setup. Notice that with the primal decomposition approach the
beamforming strategy is less conservative. On the contrary, the
non-robust approach frequently violates the interference limit
(more than 30% of the time). Finally, comparing Fig. 2(a) with
Fig. 2(b), one notices that the interference inflicted to the PU
under (cl) and the one under (c2) are approximately of the
same order. Since in the second case the CR-to-PU distances
are smaller, the CR transmitters lower their transmit-powers to
protect the PU robustly.

Convergence of the proposed algorithms with given channel
realizations and over variable SNRs is illustrated in Fig. 3.
It is clearly seen that the total MSEs decrease monotonically
across fast-converging iterations, and speed is roughly iden-
tical in (cl) and (c2). As expected, the proximal point-based
algorithm exhibits a slightly slower convergence rate. Notice
also that the primal decomposition method returns improved
operational points, especially for medium and low SNR values.
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Fig. 3. Convergence of proposed algorithms, for SNR = 10, 20, and 30 dB: (a)
Cases (cl) and (b) Cases (c2).

Furthermore, the gap between the sum-MSEs obtained with
and without the primal decomposition scheme is more evident
under (c2). Clearly, the sum-MSEs at convergence in (c2) are
higher than the counterparts of (cl). This is because CRs are
constrained to use a relatively lower transmit-power in order to
enforce the robust interference constraints; this, in turn, leads to
higher sum-MSEs and may reduce the quality of the CR-to-CR
communications.

In Fig. 4, the achieved sum-MSE at convergence is reported
as a function of the total interference threshold. Two sizes
of the uncertainty region are considered with p = 0.05 and
p = 0.1. Focusing on the first case, it can be seen that the
two achieved sum-MSEs first monotonically decrease as the
interference threshold increases, and subsequently they remain
approximately constant. Specifically, for smaller ¢™**, the
transmit-CRs are confined to relatively low transmit-powers in
order to satisfy the interference constraint. On the other hand,
for high values of :™**, the interference constraint is no longer
a concern, and the attainable sum-MSEs are mainly due to CR
self-interference. Notice also that for p = 0.1 the sum-MSEs
are clearly higher, although they present a trend similar to the
previous case. This is because the uncertainty region in (12c)
becomes larger, which results in a higher sum-MSE.

In order to compare performance of the proposed algorithms,
the total MSE obtained at convergence is depicted in Fig. 5
for 50 different experiments. In each experiment, independent
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Fig. 5. Achieved sum-MSE for SNR = 15 dB.

channel realizations are generated. The SNR is set to 15 dB. It
is clearly seen that the objectives values of the two proposed
methods often coincide. The differences presented in a few ex-
periments are caused by convergence to two different stationary
points. In this case, it is certainly convenient to employ the first
algorithm, as it ensures faster convergence (see Fig. 5) without
appreciable variations in the overall MSE. Notice that a smaller
mean-square error can be obtained by resorting to the primal de-
composition technique.

In Fig. 6, the simulation setup involves 8§ CR pairs and one
PU receiver. The CR transmitters have 4 antennas, while the re-
ceiving CRs and the PU are equipped with 2 antennas. The dis-
tances dy , are set to 50 m, while {dy ; } r=; distances are uni-
formly distributed in the interval between 30 and 250 m. Finally,
CR-to-PU distances are uniformly distributed between 100 and
200 m. Clearly, matrices {Hy ; } here do not have full column
rank. It is observed that about 10% of the times the proximal
point based algorithm yields smaller values of the sum-MSE
than Algorithm 1. This demonstrates that Algorithm 1 may not
converge to a stationary point, or, it returns an MSE that is likely
to be worse than that of the proximal point-based scheme.

Fig. 7 depicts the CDFs of the difference between the
sum-MSE obtained with BCA, along with the ones obtained
with proximal-BCA and with the primal decomposition method.
The simulation setups of Figs. 5 and 6 are considered. In the
first case, it can be seen that for over 80% of the trials the BCA
and proximal-BCA methods yield exactly the same solution.
Moreover, BCA with primal decomposition performs better
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than the BCA method about 90% of the time. Specifically, the
gain can be up to 0.765, which corresponds to approximately
14% of the average sum MSE of the BCA. In the second case,
the proximal-BCA returns a smaller sum-MSE with higher
frequency.

VI. CONCLUDING SUMMARY

Two beamforming schemes were introduced for underlay
MIMO CR systems in the presence of uncertain CR-to-PU
propagation channels. Robust interference constraints were
derived by employing a norm-bounded channel uncertainty
model, which captures errors in the channel estimation phase,
or, random fading effects around the deterministic path loss.
Accordingly, a robust beamforming design approach was
formulated to minimize the total MSE in the information
symbol reconstruction, while ensuring protection of the pri-
mary system. In order to solve the formulated non-convex
optimization problem, a cyclic block coordinate ascent algo-
rithm was developed, and its convergence to a stationary point
was established when all CR-to-CR direct channel matrices
have full column rank. A second algorithm based on a proximal
point regularization technique was also developed. Although
slower than the first, the proximal point-based scheme was
shown capable of converging to a stationary point even for
rank-deficient channel matrices. The two solutions offer com-
plementary strengths as far as convergence rate, computational
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complexity, and MSE optimality are concerned. They can both
afford on-line distributed implementations. Finally, a primal
decomposition technique was employed to approximately solve
the robust beamforming problem with coupled interference
constraints. The developed centralized and distributed algo-
rithms are also suitable for non-CR MIMO ad-hoc networks
as well as for conventional downlink or uplink multi-antenna
cellular systems.

APPENDIX

A. Derivation of the Complex Gradient Matrix (16)
Using that % = A[39], and letting [A],,, denote
the (m, n)-th entry of matrix A, it follows that

o, ot {0

ket} H . H
= va'ketes H]'J‘-, (49)

oQ; oQ;
8[BH]st
W}:]mn ZZHJ keteHH,ken_e H,kenemHJ et (50)
whicg can be written in a compact form as
oB? . .
W Hj’kenenHzH}fk. Then, the identity
2L = x! (%) X 1[39], which holds for

any Hermitian positive definite matrix X, is used to obtain

Ot LT {V4( yH
.du’*:—B, il 71 } =-B;'V,B;".
oBj ~ a(Bj 5
(51)
Using now the chain rule, one arrives at
T
an —Tr 8uj ()Bz-t
a[QZ:]mn 8B3{ O[QZ]mn
=Tr{—-e}lH}%\B,'V,B, 'H; e} (52)
which readily leads to the desired result
du; _ _
aQJ;; =-H},B;'V,B, 'H;;. (53)

B. Proof of Lemma 2

First, convexity of Q. can be readily proved by the definition
of a convex set [18, Ch. 2]. Re-write the function u, (Q, Q_x)
as [cf. (8), (18)]

ui (Qr, Q1) =

n{VIPQIV]} 64

where

P;(Qr) = H; . QHJG + > H,; :QH, + 071y,

i#k

is an affine map with respect to Q.. Since u; is convex in P;
[40, Theorem 2], and convexity is preserved under affine map-
pings and nonnegative weighted-sums [18, Ch. 3], it follows that
Fe(Qr, Q_k) is convex in Q.
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C. Proof of Lemma 3
First, notice that the objective function (15a) can be re-written
as

U(Qr) = Ny + Tr {DJ'Q,.}

T { Ry (Hi s QuHL + Ris) | (59)

Then, it suffices to prove strict convexity in Q of the third term
on the right hand side of (55). This is equivalent to showing that
(subscripts are dropped for brevity)

J(#) ="Tr {R (HQH" +R) '} (56)
is strictly convex in ¢t € {¢|Q := X 4+ {Y € Q} for any given
X € H{™" and nonzero Y € H"*™.

To this end, consider the second-order derivative of .J(#),
which is given by
J(t) = 2Tr{CRCLCL} (57)
where C := (R+H(X +(Y)H") ' and L := HYH™.
Note that matrix CRC is Hermitian positive definite, since C
and R are Hermitian positive definite too. With H full column
rank, it readily follows that L. 0 for any Y # 0. This ensures
that the Hermitian positive semi-definite matrix L' CL is not an
all-zero matrix, i.e., LCL # 0.
Letvy 2 10 2 -+ 2 vy >0andpuy > po 2 --- 2
x> 0 denote the eigenvalues of matrices CRC and LCL,

respectively. Since matrix LCL # 0, 1, is strictly positive, and
thus

N

J(t) =2 Z VilN —i41 (58a)
i=1

>2unpy >0 (58b)

where (58a) follows from von Neumann’s trace inequality [41].
Finally, (58b) shows the strong convexity (and hence strict con-
vexity) of J (7).

For completeness, we provide an alternative proof of
the lemma. With some manipulations, function A(Q) :=

Tr {R (HQH"™ + R) —1} can be re-expressed as

WQ) =g(R"*HQH"R %)

= Tr { (I n R-%HQH”R-%) 1} (59)

where g(X) == Tr {(T+X) ™'} Let Ay (X),...., An(X) de-
note again the eigenvalues of a matrix X. Note that the spec-

sOX) = 2, (e
convex if and only if the corresponding symmetric function 5’( )
is strictly convex [42]. To this end, the strict convexity of —— +T
for z > 0 implies the strict convexity of s(-), and thus of g(X).

Under the condition of full column rank of H, we will show that
strict convexity is preserved under the linear mapping in (59).
Specifically, define

tral function ¢g(X) = ) is strictly

Q=R OHQH"R *,i=1,2.
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Then, for any Q; # Q2 € Q@ and 0 < A < 1, we have that

h(AQ1 + (1 = 2)Q2) = g(AQ + (1 - )QQ) (60a)
<Ag(Qu) + (1 = M)g(Q2) (60b)
=M(Q1) + (1 = A)(Q2) (60¢)

where (60b) follows from the strict convexity of g(-), and the
fact that Q1 # Q2 holds for any Q; # Qo, since H is full
column rank.
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