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Abstract

In this paper, intelligent reflecting surface (IRS) is introduced to enhance the network performance
of cognitive radio (CR) systems. Specifically, we investigate robust beamforming design based on both
bounded channel state information (CSI) error model and statistical CSI error model for primary user
(PU)-related channels in IRS-aided CR systems. We jointly optimize the transmit precoding (TPC)
at the secondary user (SU) transmitter (ST) and phase shifts at the IRS to minimize the ST’s total
transmit power subject to the quality of service of SUs, the limited interference imposed on the PU
and unit-modulus of the reflective beamforming. The successive convex approximation (SCA) method,
Schur’s complement, General sign-definiteness principle, inverse Chi-square distribution and penalty
convex-concave procedure are invoked for dealing with these intricate constraints. The non-convex
optimization problems are transformed into several convex subproblems and efficient algorithms are

proposed. Simulation results verify the efficiency of the proposed algorithms and reveal the impacts of
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CSI uncertainties on ST’s minimum transmit power and feasibility rate of the optimization problems.
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Simulation results also show that the number of transmit antennas at the ST and the number of phase
shifts at the IRS should be carefully chosen to balance the channel realization feasibility rate and the

total transmit power.

Index Terms

Reconfigurable intelligent surface, intelligent reflecting surface, robust beamforming design, cogni-

tive radio, imperfect channel state information.

I. INTRODUCTION

As a revolutionary technique, intelligent reflecting surface (IRS) has received extensive at-
tention from both academia and industry since it can enhance both the spectral and energy
efficiency of the wireless communication systems through a preprogrammed controller [1]-[4]].
IRS is equipped with a large number of elements made of special materials and functioned by
adjusting the reflecting coefficients (i.e., phase or amplitude) of the incident radio-frequency
(RF) wave and reflecting it passively. The signals reflected by IRS can be added with other
signal paths either to increase the signal strength at the desired receiver, or to mitigate the
co-channel interference at the unintended users. The existing contributions have demonstrated
benefits brought by introducing an IRS into wireless communication systems. For instance, some
certain performance metrics such as channel capacity [2]], [3]], [5]-[9], physical layer security
rate [10]-[13]], transmission latency and total transmit power [14]], are efficiently enhanced
by jointly optimizing the active transmit precoding (TPC) at the base station (BS) and the passive
beamforming at the IRS.

Another effective technology to enhance spectrum efficiency is cognitive radio (CR) [L6]-[21]].
In CR systems, the primary user (PU) is defined as a spectrum-licensed user who always has
high priority to access the spectrum, while the secondary user (SU) is normally unlicensed
but can be allowed to share the spectrum without causing harmful interference to the PU.
However, the challenge of CR systems is that the performance improvements for the PU and
the SU are conflicting [17], [L8]], [20]-[22]. In specific, increasing the transmit power at the
SU’s BS to enhance the signal strength will generate increased interference towards the PU.
Fortunately, this bottleneck can be addressed by introducing an IRS into a CR system thanks

to the IRS’s reconfiguration function that can help enhance the desired signal strength of the



SU and mitigate the co-channel interference to the PU through jointly optimizing the TPC and
passive beamforming [23[]-[25]].

However, the above papers [23]]-[23]] studied the transmission design based on perfect chan-
nel state information (CSI), which are challenging to realize in practice. The reason is that
the channels between SUs and PUs are more difficult to estimate due to the uncooperative
relationship between them. The channel estimation error is inevitable. For some users or devices
which require strict quality of service (QoS) requirements, it is imperative to study the robust
beamforming design for the IRS-aided CR systems to guarantee each user’s QoS under arbitrary
channel estimation error. In IRS-aided CR system, the sensed channels related to the PU can
be divided into two branches. The first one is the direct channel spanning from the SU’s BS to
the PU (BS-PU). The second one consists of two IRS-related channels spanning from the SU’s
BS to the IRS (BS-IRS) and the IRS to the PU (IRS-PU). In fact, in general IRS-aided systems
without CR, there were some contributions on the robust beamforming design based on the
assumption that only the channel from the IRS to the user (IRS-user) was imperfectly estimated
[7], [15], [26]. However, it is very challenging to estimate the BS-IRS channel and IRS-user
channel independently since the IRS is passive and can neither send nor receive pilot symbols.
Installing some active elements at the IRS will increase an undesired burden of the IRS due
to the increased hardware and extra power cost. Additionally, the extra information exchange
overhead is required to feed back from the IRS to the BS. Therefore, another approach to
design the robust beamforming is based on the assumption that the two IRS-related channels are
regarded as a cascaded BS-IRS-user channel, which is the product of the BS-IRS channel and
the IRS-user channel. It is more cost-effective to estimate the cascaded BS-IRS-user channel
since no active RF chains are required at the IRS. It has been verified that considering cascaded
BS-IRS-user channel is sufficient for the beamforming design [27]-[30]. Based on the cascaded
channel, there are some contributions on robust beamforming design in IRS-aided systems [31]].
In [31]], a framework of robust transmission beamforming was proposed based on imperfect
cascaded IRS-related channels at the transmitter. The worst-case and outage probability robust
beamforming designs were provided by minimizing the total transmit power. However, the above
robust beamforming designs are not applicable for the CR network since the architecture and
optimization problem of IRS-aided CR systems are completely different from traditional CR
systems.

To the best of our knowledge, only a few contributions studied transmission beamforming



design based on imperfect PU-related channels for IRS-aided CR systems [[32]], [33]]. The authors
in studied the robust beamforming design under bounded CSI uncertainty of PU-related
channels in IRS-aided full-duplex CR systems with the aim of maximizing the system sum
rate of SUs. However, they considered the imperfect IRS-PU channel instead of the imperfect
cascaded BS-IRS-PU channel. In [33]], the cascaded BS-IRS-PU channel was first considered to
be imperfect with the assumption of the bounded CSI error model, based on which the authors
proposed a robust beamforming design to maximize the single user’s data rate. The simulation
results therein showed that the SU’s achievable rate is significantly improved in an IRS-aided
multi-input single-output (MISO) CR system compared with a CR system without IRS. However,
the above mentioned contributions that targeted at maximizing the capacity cannot guarantee the
quality of service (QoS) requirements of each SU, which cannot be applied in some emerging
applications with stringent QoS requirements such as video conferencing, autonomous vehicles,
etc.

Against the above background, in this paper, we investigate robust beamforming design
aiming at minimizing the total transmit power of SUs subject to each SU’s QoS requirement
and the interference limit imposed on the PU. The imperfect PU-related cascaded channel is
considered to avoid the requirement of additional RF chains at the IRS. In contrast to the rate
maximization problem in and [33]], the power minimization problem may be infeasible due
to the conflicting constraints of SU’s QoS requirements and PU’s limited interference imposed
by the SU. Different from and where only the bounded CSI error model is considered,
in this paper, we additionally consider another type of CSI error, i.e., statistical CSI error, which
is closely relevant to the channel estimation error. Specifically, the contributions of this paper
can be summarized as follows:

o The robust beamforming design under both the bounded and statistical CSI error models
are studied for the IRS-aided CR system. The TPC matrix at the SU transmitter (ST)
and the reflective element diagonalized (RED) matrix of the IRS are jointly optimized
to minimize the total transmit power at the ST subject to the unit-modulus constraint of
reflective elements, the QoS requirement of each SU receiver (SR) and the interference limit
imposed on the PU receiver (PR). The power minimization problem may be infeasible due to
the conflicting constraints of SU’s QoS requirements and PU’s limited interference imposed
by the SU. This motivate us to check the feasibility of optimization problems and analyze

the feasibility for each channel realization. The block coordinate descent (BCD) algorithm



is employed to alternately optimize the TPC matrix and the RED matrix. Meanwhile, the
feasibility checking for optimization problems is analyzed.
« For the bounded CSI error model, we consider the worst-case transmission beamforming
design, where the channel error is characterized by two separated PU-related channels.
In order to deal with these tricky constraints, we develop artful mathematical derivations.
The successive convex approximation (SCA) method, Schur’s complement, General sign-
definiteness principle and penalty CCP method are adopted to transform the non-convex
problems into second-order cone programming (SOCP) problems. This scheme is named as
SCD scheme since which is based on the separating cascaded channel and direct channel.
o For the statistical CSI error model, the CSI error follows the circularly symmetric complex
Gaussian (CSCG) distribution. This scheme named as STA also aims to minimize the
total transmit power at the ST. The inverse Chi-square distribution is used to simplify the
probabilistic constraint of the interference limit imposed on the PR. Finally, the problem for
optimizing TPC matrix is transformed into an SDP problem and the problem for optimizing
RED matrix is transformed into an SOCP problem.
« Some important results are obtained. With the assistance of the IRS, the number of phase
shifts should be carefully chosen to obtain a tradeoff between the total minimum transmit
power and the feasibility rate of the optimization problem. Moreover, improving the uncer-
tainty level of the PU-related channels can reduce the ST’s total transmit power, while a
high uncertainty level will lead to a low probability for finding the optimal beamforming.
The remainder of this paper is organized as follows. Section [[Il describes the system model and
gives the problem formulation. Section [[II] provides the SCD robust design based on bounded
error model. The STA robust design based on statistical error model is provided in Section [V]
The feasibility checking problems are analyzed in Section [Vl Section [VI]extends one PR scenario
to multiple PRs scenario. Section [VII| shows the simulation results. Finally, we conclude this
paper in Section [VIIII

Notations: The symbols such as A and a are complex-valued matrix and vector, respectively.
C and C*** are complex value set and space of a x b complex-valued matrix, respectively.
diag{-} is diagonalization operation. [E[-| represents mathematical expectation. A*, AT and A
mean the conjugate, transpose and Hermitian of A. CN (0, o) is the CSCG distribution with zero
mean and variance o. |- |, || - |2 and || - || represent modulo, Euclidean norm and Frobenius

norm operations, respectively. I, is the a x a unitary matrix. vec(A), Tr(A) and Re(A) mean



TABLE I

EXPLANATIONS OF ABBREVIATIONS.

Abbreviations Explanations Abbreviations Explanations
TPC Transmit precoding RED Reflective element diagonalize
ST Secondary user’s transmitter SR Secondary user’s receiver
PR Primary user’s receiver BCD Block coordinate descent
SCD Separating cascaded channel and direct channel SDP Semi-definite programming
CCP Convex-concave procedure STA Statistical CSI error
1T Interference temperature SOCP Second-order cone programming
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Fig. 1. IRS-aided CR.

vectorization, trace and extracting the real part of A, respectively. There are lots of abbreviations

in this paper. For the sake of readability, these abbreviations are listed in Table [II

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. Signal Transmission Model

In order to improve the performance of SUs, an IRS is deployed in the CR system shown in
Fig. [l where we consider the downlink MISO transmission. The system consists of one IRS,
one PR, one ST and K SRs, where the superimposed signals of K SUs are transmitted from the
ST. The ST is equipped with M, transmit antennas and the PR (or each SR) is equipped with a
single receive antenna. Each SR will receive the encoded signals via the IRS or directly from the
ST and then decode its own signal. Similarly, the PR will also receive the interference signals
via the IRS or from the ST directly. The IRS which is equipped with N reflective elements can

receive the transmitted signals and passively reflect them without additional RF electric circuit.



Each reflective element is denoted by ¢, = ¢/’ n € N = {1,2,--- N , where j is the
imaginary unit, 6,, € [0, 27] is the phase shift of the nth element and thus ¢,, has unit modulus,
ie., |p,| = 1. ® = diag{¢1, ¢o,- - -, dn} is the RED matrix. By appropriately tuning the phase
shifts of the reflective elements of the IRS, the interference imposed on the PR can be mitigated
whereas the useful signal received at the SR can be strengthened [23]]. Denote the channels
ST-IRS, ST-PR and ST-SR k (SR k is the kth SR, k € K = {1,2,---,K}) by F € CN*M,
g, € CM*1 and h,,, € CM <1 respectively. The reflective channels IRS-PR and IRS-SR k are
denoted by g, € C¥*! and h,; € CV*!, respectively. Note that the channels g; and g, are
related to the PR. The PR-related channels g, and g, are imperfectly estimated, since the CSI of
the PR-related channels, including those from the ST to the IRS and from the IRS to the PRs, is
usually more difficult to acquire than that of SR-related channels due to the lack of cooperation
between licensed users and unlicensed users in CR systems [34]]. In this paper, we assumed that
the underlay spectrum access scheme is adopted. Based on that, practical energy detection is
assumed to be used for spectrum sensing individually by SRs. To alleviate the hidden terminal
problem, cooperative spectrum sensing is proposed in which measurements of multiple spectrum
sensors are combined to make a final decision on the existence of a primary signal.

The desired signal of SR k is denoted by s, € C satisfying E[s;s;] = 1 and Els;s}] =
0(i # j), which has a corresponding TPC vector w;, € C**! The TPC matrix is denoted
by W = [wy,wy, -, wg| € CM*E_ Then, the transmit signal from the ST can be written
as X = 215:1 wySp. The received signal at SR k is y, = (hgk + hgkq)F)X + ns,, where
ns, ~ CN(0, afk) is the equivalent noise which captures the joint effect of the thermal noise
and the received interference from the primary transmitters [32]], [34]. The received interference
signal at the PR is given by y, = (g + gl ®F)x+n,, where n,, ~ CN (0, ag). Hence, the signal
to interference plus noise ratio (SINR) of SR £ is

(b, + hY, BF)w, | (b, + ¢Pdiag(h, ) F)wy?

SINR;, = — , G
© I, + B SF)W [+ 02 [[(hY, + ¢ diag(hl ) F)W_[[3 + 02,

Where ¢) = [¢17¢27 e 7¢N]T? and W—k - [W17 oy Wh—1, W1, 00 7WK]‘

The interference temperature (IT) imposed on the PR from the ST is

~H
IT = ||(gg +&, ®F)W|3 = ||(gg + ¢"G)WI3=[[¢ GW]3, 2

"Here, the amplitude is set to 1 which is usually given to maximize the signal reflection strength.



where G, = diag(g!)F € CV*M is regarded as the cascaded ST-IRS-PR channel, G =
[GH gd}H e CN+DXM: g an equivalent combined channel integrating g; and G,, and ¢ =

[¢1, bo, -, O, 1]T e CIN+1)x1

B. Channel Uncertainty Models

The channel uncertainty is caused by the imperfect estimation of the PR-related channels.
If the direct channel g; and the cascaded ST-IRS-PR channel G, are separately estimated, the

channels can be modeled as

g1 =84+ 02y, G, = G, + AG,, (3)

~

where g; and G, are estimated CSIs for the direct channel g; and cascaded channel G,,
respectively. Ag, and AG, are corresponding CSI errors. If we substitute the channel estimations

of @) into the equivalent combined channel, i.e., G, then we have
G =G +AG, “4)

where G = [(A?rfI ’g\d} ! is regarded as the estimated combined CSI at the ST, AG = [AG,{{ Agd] "
is regarded as the combined CSI error matrix. In this paper, two different types of error models
are investigated to describe the above CSI errors.

1) Bounded CSI Error Model: In this model, the CSI errors of the direct channel and cascaded

channel are assumed to be bounded in the region as follows:
[Ag4ll2 < €0, [AG,|[F < €, (5)

where ¢; and ¢, are the radii of the bounded regions of CSI errors.
2) Statistical CSI Error Model: In this model, the CSI error vectors of AG, and Ag, are
assumed to follow the CSCG distributions with zero mean and covariance matrices of X, and

> i.e.,

9d >
Ag, ~CN(0,%,,), vec(AG,) ~CN(0,%,,), (6)

where 3, € CM>Mt and 3, € CVMexXNM:e gre positive semidefinite matrices. In addition, Ag,
is independent of vec(AG,). According to the relationship of AG = [AGH Agd}H, it can be
verified that AG also follows the CSCG distribution with zero mean and covariance matrix of
Y, l.e.,

vec(AG) ~ CN(0,3), (7)



Egr

0 X,
only focus on the latter one in this paper when we consider the statistical CSI error model.

where 3 = . That means the model of (@) is equivalent to that of (). We will

The robust beamforming design will be first investigated under SCD scheme based on the
bounded CSI error model shown in (3)). It is regarded as the worst-case beamforming to guarantee
the SINR and the IT requirements for any channel quality. Then we will investigate the robust
beamforming design under STA scheme based on the statistical CSI error model shown in ().
This type of robust beamforming is designed to guarantee the outage probability requirement of

the PU’s transmission.

III. SCD RoOBUST DESIGN BASED ON BOUNDED ERROR MODEL

In this section, we investigate the SCD robust designing scheme based on the error model
|1Agyll2 < €4 and ||AG,||[r < €. The original main problem is firstly transformed into a

deterministic problem by considering the worst-case IT constraint.

A. Optimization Problem for SCD Scheme

The problem with the aim of minimizing the ST’s total transmit power by optimizing the TPC

matrix W and the RED matrix ® can be formulated as
. 2
PL min W] (8a)

|(hY, + ¢"diag(h!,)F)wy|?

s.t. : >, Vk € K, (8b)
I(hl, + ¢ diag(h}} ) F)W 4|3 + o2,
(g + ¢"G W3 < T, [|Agyllz < €4, |AG, [Ir < e, (8¢c)
lon] = 1,Vn e N (8d)

In this problem, the error of the direct channel ST-PR and the error of the cascaded channel
ST-BS-IRS are separately considered. The SINR constraint (8b) is non-convex. Fortunatelly, we
can find its successive convex approximation (SCA) version. Then, the real challenge is the
bounded CSI error model of PU-related channels which makes the problem more complicated.
In this section, we will employ Schur’s complement and the General sign-definiteness principle

to deal with the bounded CSI error.
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By applying the Schur’s complement lemma [33], the IT inequality constraint (8c) can be
rewritten as the following matrix inequality
I bt
b 1

= 0, €))

where b = [(gg + ¢)HGT)W}H. By substituting g; = g4 + AAgy and G, = ér + AG, into (),

we have

I bH 0 H
~ —_— AGH ¢ 0]- ¢ AG, [0 W]
b I wH 0
- - (10)
0 Ngll
| g | [P0 0 WL

where b = [(gY + ¢"'G,)W]H.
Lemma 1: (General sign-definiteness principle) For a given set of matrices {Z,U;, V;,i =
1,---, P}, where Z is Hermitian matrix, the following inequality
P
Z =) (U'X,V;+ VIXIU), X < e, Vi, (11)
i=1

holds if and only if there exist real values p; > 0, Vi such that

[ Z2-YC VIV —a Ul o —epUR
U | 0
e " = 0. (12)
L —EPUP 0 ce pPI ]
Proof: Please refer to [36]]. [ |
By comparing (LI) with (IQ), we set the following equalities
I b b 0
Z=| _ P =2 =¢,6a=¢,U =U; =— ,
b I wh

X, =AG! Xy =Ags, Vi=[¢ 0], V2=[1 0]

According to Lemma [}, the equivalent form of the worst-case IT constraint (10) is

I'— plN — P2 BH 01><Mt 01><Mt

b Ipn WH ¢WH
= 0. (13)
O, x1 &W  pilyy, 0

O, 1 W 0 palpy,
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Therefore, problem P1 can be reformulated as

P min Wi st (8B), @3), @), p > 0. (14)

W7¢7P:{P1,P2}
Since W and ® are coupled in problem P1’, the BCD method is used to alternately optimize
W and .

B. Optimizing W with Fixed ® for SCD Scheme

For convenience, we firstly deal with SINR constraint (8b) when @ is fixed. Then we apply
the convex optimization approach to solve this subproblem.
1) Dealing with SINR constraint (8H): After denoting ﬂ{;k = hf, + ¢"diag(h!,)F and

Hg ;= ha ;hl ,, we have

(b, + ¢Mdiag(hll, ) F)wy|? = wilHs ywy, (15)

K
. 2 =~ =~ o
(bl + ¢"diag(h) F)W_[|) = hiy ,W_ W he ) = > wi'Ha sw;. (16)
7k
By substituting (I3) and (I6) into (8bl), we can rewrite the SINR constraint (8b)) as
WE:[/‘\I.1;7]€W]g
Zﬁék W?Hq;7ij + 02,

which is non-convex constraint. By using the first-order Taylor inequality, W]I;II/‘\IQ,ka can be
lower bounded linearly by 2Re{wg)Hﬁ¢7ka} —w,(f)HI?I@,kwg), where w,(f) is the optimal value

of the TPC at the t¢th iteration. Then we can construct an SCA version of SINR constraint as

K
2Re( " He EWE) = Yk Z w Hg ,w; > 7, (18)
J#k

H o~
w,(f) H¢7kw,(€t) + o7,

where 7, =
2) Subproblem to Optimize W: When RED matrix is fixed, the SINR constraint (8b) can be
replaced by (I8)), then the subproblem for optimizing W is given by
P11 min Zwkwk s.t. (IR), @3), p > 0. (19)
{wir}.p

IT constraint (I3) is a linear matrix inequality (LMI) when @ is fixed. This problem is an SOCP
problem with respect to {wy, Vk}, p; and po, which can be solved by using CVX.



12

C. Optimizing ® with Fixed W for SCD Scheme

When TPC matrix W is given, the subproblem degenerates into a feasibility-check problem.
We firstly transform the non-convex SINR constraint into a convex form. Then we reformulate
the optimization problem to find the optimal ®.

1) Dealing with SINR constraint (8b): Denoting H, ;, = diag(hgk)F, the constraint (8b) can

be rewritten as
"' — 110" Q@ + 2Re{w} )} + wi > po?,,VE € K, (20

where
K K
Qi = H, yw,w H wp = bl wiwiThg p—yehl, 3700 (wywihhg e, Qo = Hyp 300, (wywihH
and wy = H, ;wywihg, — v H, . Zﬁek(“’jw}i)hd,k- As a constraint, (20) is still non-covex.
By using the first-order Taylor inequality, ¢"€2,.¢ can be lower bounded linearly by 2Re{¢(t)H Qrop}—
»V" ", We can construct an SCA version of SINR constraint (20), which is given by

'R _d — 2Re{ (Wl + ¢ Q) 0} <7, 1)

where ¢(*) is solution of the tth iteration and 7, = w; — ¢ Q) — V02,

2) Subproblem to Optimize ®: When W is fixed, the SINR constraint can be approximated
by 1I). To deal with this feasibility-check problem, the slack variables ¢ = [p1, 2, - - , K] are
introduced to tighten the SINR constraints (20). Then the quadratic inequality @2I) is modified
as

PRy — 2Re{ (Wi + Q) P} <7, — o1, VE € K. (22)

Therefore, for the feasibility-check problem, both the SINR constraint given by (22) and the

IT constraint given by (I3) are convex. Then the subproblem can be reformulated as

K
PL2 max Y ¢ st @@, @, e >0. (23)
e 1

The only non-convexity of problem P1.2 is from the unit-modulus constraint of ¢ in @d). Then
we adopt the penalty CCP method to deal with this non-convex constraint [31]]. According to

the penalty CCP principle, the non-convex constraint (8d) can be first equivalently transformed
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Construct problem 71

!

Deal with IT constraint by Schur' s
complement and General sign-
definiteness principle

Deal with SINR Deal with unit-modulus
constraint by first-order constraint by using
Taylor inequality penalty CCP method
Solve TPC matrix Solve RED matrix
by CVX by CVX

Fig. 2. The key steps and methologies involved in SCD scheme.

into 1 < |¢,|2 < 1. The non-convex part can be linearized by |\ |2 — 2Re(¢* /) < —1. Then,

we can reformulate Problem P1.2 as

K 2N
PL2_1: max dor—kY T (24a)
k=1 n=1
st. 22), [@3),e > 0,7 > 0. (24b)
|92 — 2Re(r ")) < 7, — 1,V € N, (24c)
|Pn)* <1+ Tagn, Vn €N, (24d)
where 7 = [r1,---,Tony]T are the slack variables. x is the penalty multiplier to scale the

penalty item foil T, which can control the feasibility of ¢ combining with adjustable «. This
subproblem is an SOCP problem which can be solved by using CVX.
For the convenience of understanding, a flow chart is provided in Fig. [2| to summarize the key

steps of the whole optimization processing for SCD scheme.

D. Overall Algorithm for SCD Scheme

1) Convergence analysis: The overall algorithm for the SCD scheme is provided in Algorithm
[l

The initialization value of W]io) and d)(o) can be obtained from the optimal solution of feasibility
checking problem which will be discussed in Section [Vl In the iteration for updating x, we set

a sufficiently low value /; to check whether ||7||; < [;, which is one condition to stop the
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Algorithm 1 Optimizing W and ® for SCD

1: Initialize W]io)

and ¢(0) in feasible region for Vk € IC, set maximum iteration number t,,,,,
target convergence accuracy (, I, > 1, Ky and t = 0.

2: Repeat

3. Update W,(:H) by solving problem P1.1; n = 0, ¢! = ¢;

4. Repeat

5. Update ¢™*Y by solving problem P1.2_1;

6: kY =max{l ™ Kpae };

7. Until ||7||; <y and [T — o™y < lo;

g: ¢(t+1) — ¢(n+1);

9: Calculate |[W®V||2 from (8a) in problem P1;

WD WO -
[WEDR '

10: Until ¢ > t,,,, Or

iteration. ||7||; < [, satisfies the constraint (8d) in (23). Another iteration stopping condition
is [|¢"tY — ¢™||; < Iy, where I, is a low value. It can be verified that the sequences of
the objective function value produced by Algorithm [Il are guaranteed to converge. For the
first subproblem optimizing W, we show that the solution sequence {W(t“) o}
is feasible and the objective function value sequence {f(W®) = ||[W®|2, -}
is monotonically decreasing. Define the functions g(w;) £ wiHg ,w and g(wk|wk ) &
—w,(:)HIjngW,(:) + 2Re{w,(:)H}AI¢7kwk}. Assume that W+ s a feasible solution of problem

P1.1, and thus WD satisfies the constraints (I8) and (I3). By substituting W+ into (I8,

(1)) ()
we have f;kw(ﬁ” q)‘wk <)t+1)+ — > 7, Vk. According to the first-order Taylor inequality, we
J
(t+1)
have g(w!"™ [w") < g(w!"™). Thus, glw, ) > ~;, holds, which means that
( | k ) ( ) Z]I;k W;t+1)HHq>’kWJ(-t+1)+0'2k

the sequence {W U+ t = 1,2 ...} satisfies the constraint (I7) that is the SINR constraint (8B).
As W1 s the globally optimal solution of problem P1.1, f(W D) < f(W®) holds. Thus,
the objective function value sequence {f(W®) t =1,2,---} is guaranteed to converge. For the
second subproblem of optimizing ®, the convergence can be easily verified by using the same
analysis approach.

2) Complexity analysis: Since the proposed Algorithm [ involves SOC, LMI and linear

constraints which can be solved by a standard interior point method, the general expression
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of the computational complexity of which is given by
OO Jibj+ 20 n(n® +n ) Jib3 + > Jibd +nY _ Lal)), (25)
J J J I

where we ignore the complexity of linear constraints, n is the number of variables, /; is the
number of SOC constraints with the size of a; and ) I; = I, J; is the number of LMI constraints
with size of b; and ) | J; = J. Based on the above general expression, the complexity for solving
problem P1.1 is 03¢ = O((2M; + 3K + 1)’ M, K (M, K* + M;K (2M; + K + 1)* + (2M; +
K +1)3+ K2M3)), the complexity of problem P1.2 is 055 = O(log(1/min{ly, ly})(2N + 3K +
D N(N(K +1)? + N(K + 1) + KN? + 2N?)). Thus, the overall complexity for solving

problem P1 is 054 + 03

IV. STA ROBUST DESIGN BASED ON STATISTICAL ERROR MODEL

In this section, we optimize the robust beamforming based on statistical CSI error model where
the uncertain CSI AG satisfies the distribution as shown in (@), i.e., vec(AG) ~ CN (0, X). This
statistical characteristic is implied in a probabilistic constraint. We first transform the probabilistic

model into a tractable form by Chi-square distribution method.

A. Optimization Problem for STA Scheme

The power minimization problem considering statistical CSI error can be formulated as

. : 2
P2: min W (26a)
hl, + ¢"diag(hf,)F)w;|?
s.t. H|< d”“H?b laf( ) )W';‘ — >y, Vk €K, (26b)
|(hgy + @ diag(h )F)W_[[3 + 02,
~H ~ ~ 2
Pr { H(quG L AW < r} > 1 8,vec(AG) ~ CN(0, %), (26¢)
2
[¢ul = 1,Yn €N, (26d)

where 0 < 8 < 1 is the outage probability when the IT imposed on the PR exceeds the threshold.
The real challenge to solve this optimization problem is the statistical CSI error model of (26d])
since the SINR constraint (26b) and the unit-modulus constraint (26d) of the phase shifts at the
IRS can be handled in the same way as in problem P1. Hence, in this section, we will first
reformulate the probability constraint by using Chi-square distribution derivation method. The

related result is shown in Proposition [l
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Firstly, we reformulate the IT inequality constraint. According to the triangle inequality
H(&)H(A} + &HAG)WH% < ]\&HGW]\g + ||(}5HAGWH§, the following probabilistic relationship
holds

~H~  ~H ~H A ~H
Pr{l[(¢ G+ ¢ AG)WI; <T} > Pr{[¢p GWI[;+ ¢ AGW|3 <T}. 27)
Thus, the IT inequality constraint can be approximated by
~H ~H ~
Pr{ll¢" AGW|; <T —[|¢" GW]3} > 1 - 6. (28)

Based on the above analysis, the following proposition can be obtained.

Proposition 1: Assume that vec(AG) € CINFDMex1 jg 3 complex Gaussian vector satisfying
vec(AG) ~ CN(0,X) as in ([@). The sufficient condition for the probabilistic constraint (28)) to
hold is that

~H ~
VEy BIW|E+[¢ GW|3<T, (29)

N+1)Mt(
where ¥ = (N + 1)X\02(2), Mnaz(+) is the maximum eigenvalue and F,!(-) is the inverse
Chi-square cumulative distribution function with n degrees of freedom.
Proof: Please see Appendix [Al [
Note that when 5 = 0, the constraint in (26d) means the worst-case for the statistical error
model. If § = 1, the constraint in (26d) can be removed because the probability constraint is
always satisfied. In this case, the PR cannot be protected.

By replacing the IT constraint 26c) with (29), problem P2 is reformulated as

P2 min W3 st @G, @, @6, (30)

This problem is also intractable to solve because W and @ are coupled in (26b) and (29). The

BCD algorithm is adopted to optimize these two variables alternately.

B. Optimizing W with Fixed ® for STA Scheme

When ® is fixed, the IT constraint (29) can be rewritten as

Zwk (0 Fy ey, (1= BT+ Gg)wy <T. (31)

The inequality constraint (I]__ZI) in SCD scheme can be directly used to replace the SINR constraint

(26h). Then the problem for optimizing W is reformulated as

K
P2.1: min ngwk s.t. (D), GD. (32)

{wr} o1
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The SINR constraint (I7) is non-convex. We can use SDR approach to solve this problem.
Specifically, define S = wyw}, Vk € K with the constraints that rank(S;) = 1,Vk € K. Then,

problem P2.1 can be reformulated as

K

P2.1.1: o ; tr(Sk) (33a)

K
s.t. tI‘(SkI/‘\Lp,k) > Vi (Z tr(SjI/‘\IQ,k) + U§k> ,Vk € IC, (33b)

ik

K ~
>t (Sk (9Fskayn (1= BT+ Gy) ) < T (33c)
k=1

rank(Sy) = 1,Vk € K. (33d)

However, problem P2.1_1 is still non-convex due to the rank-one constraint. We further relax
this rank-one constraint and obtain the following optimization problem:
K
P2.1_2: {Skg%?kelc ;tr(sk) s.t. (33bl), (B3d) (34)
Obviously, problem P2.1_2 is an SDP problem, which is convex and can be effectively solved
by using the standard tools such as CVX.

In general, the optimal solution obtained from SDP problem may not satisfy the rank-one
constraints. Fortunately, for problem P2.1_2, we can prove that the relaxation of the non-convex
constraints is tight. Denote the optimal solution of P2.1_2 as Sj, Vk € K, we have the following
theorem.

Theorem 1: The optimal solution obtained from the SDP problem P2.1_2 is guaranteed to
satisfy the rank-one constraints, i.e., rank(S}) = 1,Vk € K.

Proof: Please see Appendix [Bl [

Since the rank of S;,Vk € K are equal to one, we can use the simple singular value

decomposition operation to obtain the optimal beam-vector of problem P2.1.

C. Optimizing ® with Fixed W for STA SCheme

When W is fixed, this subproblem degenerates into a feasibility-check problem. The SINR

constraint (2I)) can be directly used to replace (26b). The IT constraint (29) can be rewritten as

K
~H/\ o~ ~ _
¢ Gwyw!G"p <T —0F, ), (1= B) [W][E. (35)
k=1
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Construct problem 722

!

Deal with IT constraint by using
Chi-square distribution derivation

method
Deal with SINR Deal with unit-modulus
constraint by using SDR constraint by using
approach penalty CCP method
Solve TPC matrix Solve RED matrix
by CVX by CVX

Fig. 3. The key steps and methologies involved in STA scheme.

Let X 2 2% Gw,wG" which is a Hermitian matrix. Extract the first N rows and N columns
elements of X as a sub-matrix B. Denote the vector consisting of elements in the (/N + 1)th
column from the first row to the Nth row of X by b. Denote the vector consisting of elements in
the (/V + 1)th row from the first column to the Nth column of X by c and denote the (/V + 1)th
row and (N + 1)th column element by by ;. Thus, we have

ZK: &Héwkw}jé% = ¢""Bo + 2Re{b ¢} + by 1. (36)

k=1
Finally, the IT constraint (33)) is reformulated as

¢" B¢ + 2Re{b"p} <T —0F, 1\, (1= B) [WI[E —bysa. (37)

By introducing the slack variables to the SINR constraint like the method used in problem
P1.2, the subproblem is

K
P22: max Y ¢ st (@), 3D, E6d), e > 0. (38)
b —

Problem P2.2 can be solved by using the same method with P1.2, here we omit it for simplicity.
For the convenience of understanding, a flow chart is provided in Fig. [3] to summarize the key

steps of the whole optimization processing for STA scheme.

D. Overall Algorithm for STA Scheme

The overall algorithm for solving problem P2 is given in Algorithm 2l The initialization value

of W](CO) and ¢¥ can be obtained from the optimal solution of feasibility checking problem which
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Algorithm 2 Optimizing W and ® for STA

1: Initialize W]io)

and ¢(0) in feasible region for Vk € IC, set maximum iteration number t,,,,,
target convergence accuracy ¢ and t = 0.

2: Repeat

3: Calculate W](f—H) by solving problem P2.1;

4: Calculate ¢V by solving problem P2.2;

5. Calculate [[W®*V||Z from (264) in problem P2;

WD - WO F ¢
IWHD]E '

6: Until t > t,,,, or

will be discussed in Section [Vl Since the proposed Algorithm [2] involving SOC, LMI and linear
constraints can be solved by a standard interior point method, the general expression of the com-

putational complexity of which can be given as the equation (23)). Based on that, the complexity of

problem P2.1 is 051 = O((K + 1)%3(K (K + 1)2M}® + K3M3®)) + O(M}) where the second

w

term O(M}?) is produced by singular value decomposition operation of matrix solution. The
complexity of problem P2.2 is 05* = O(log(1/min{ly, l})V2(K+N+1)"3[(K+1)N*+2N3)).
Then the overall complexity of problem P2 is ol + 05®. It can be also easily verified that the

sequences of the objective function value produced by Algorithm 2] are guaranteed to converge.

V. FEASIBILITY CHECKING FOR PROBLEMS P; AND P,

Due to the conflicting SINR and IT constraints, problems P1 and P2 may be infeasible for
SCD scheme and STA scheme, respectively. Hence, we have to first check whether problems
P1 and P2 are feasible or not. To this end, we construct the following two feasibility checking

problems.

A. Feasibility Checking for Problem P1

By minimizing the interference imposed on the PU, we can construct the feasibility checking

problem for SCD scheme as

Pl: min « (39a)
W, P«
st [|(g] + ¢"G )W < al, | Agyllz < €, | AG,|[F < €, (39b)

(8H), [Rd) (39¢)
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where « is an additional variable introduced to act as the indicators of the feasibility of problem
‘P1. If the optimal solution of « is smaller or equal to one, we claim the main problem is feasible.
Otherwise, the main problem P1 is declared to be infeasible. By applying Schur’s complement
and Lemma [I} the IT constraint (39B) of problem P1 can be transformed into the following
LMI

al’ — PlN — P2 BH 01><Mt 01><Mt
b Ix W1 ¢WH
> 0. (40)
Onr,x1 &W  pily, 0
Ons, 1 W 0 polyy, |

Problem P1 can be reformulated as

Pl’: min o st (8Y), @ D), Bd),p > 0. 41)

W7‘§7P7a

Since W and ® are coupled, the BCD approach is used again to alternately solve this problem.
Based on this idea, we present an iterative algorithm with two main steps.
In the first step, the TPC matrix W is optimized with fixed RED matrix ®. Then the alternative

problem becomes

Pll: min o st (OF),#E]),p >0, (42)

W p,«
Problem P1.1 is an SOCP problem which is convex and can be effectively solved by using
CVX. The optimal solution « obtained from this problem can be used to check the feasibility.
In the second step, the RED matrix is optimized when the TPC matrix, p and « are given.

Then the alternative problem becomes

K
P1.2: max Zapk st. [22), ), Bd), ¢ > 0. (43)
R

where ¢ = [¢1, 99, ,pK] are slack variables introduced into the SINR constraint. This
problem is non-convex due to the unit-modulus constraint (8d). Then we adopt the penalty CCP
method to deal with this non-convex constraint. Problem P1.2 is transformed into an SOCP
problem. The problem transformation process is similar to problem P1.2. Here we omit it for
simplicity.

The feasibility checking algorithm for the main problem P1 is formally described in Algorithm
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Algorithm 3 Feasibility Checking Algorithm for Problem P1
1: Initialize W©, &) ¢, and set t = 1.

2: Given RED matrix ®~Y, update TPC matrix by solving problem P1.1. Denote the solution
by a*, W*. Update W = W*, o = o*.

3: If a® < 1, declare the main problem P1 is feasible and output these feasible W) for the
initialization of the main problem P1, and terminate. If o > 1 and t > t,,,,, declare the
main problem P1 is infeasible and terminate. Otherwise, continue.

4: Given TPC matrix W), update RED matrix by solving problem P1.2. Denote the solution
by ®*. Update ®* = &*.

5s: Lett <~ ¢+ 1 and go to step 2.

B. Feasibility Checking for Problem P2

If we set an outage probability 3, the objective function can be regarded as the interference
imposed on the PU which causes communication interruption of PU with probability 5 where the
uncertain CSI AG satisfies the distribution of vec(AG) ~ CN (0, X). According to Propositon

[ the objective function can be given by UF} B)IW | + ||(}5H(A}W||§ Hence, the

2(N+1)M; (
feasibility checking problem for the main problem P2 is

- .
P2 min OFyq (0= O)IWIE + 6 GWIS (442)

st. (26D), [26d). (44b)

where (26b) is SINR constraint and (26d) is unit-modulus constraint of phase shift at the IRS.
The feasibility can be checked by judging the optimal objective value. If the optimal objective
value is lower than IT threshold I', problem P2 is feasible. Otherwise, it is infeasible. Since W
and ® are coupled, we have to alternately solve this problem. We present the iterative algorithm
with two main steps.

In the first step, TPC matrix is optimized with fixed RED matrix. When ® is fixed, the
objective function (@4a) can be rewritten as Y b, WE(ﬁFZ_(}V Lo (L= )T+ G #)W. The SINR

constraints can be replaced by (I7). Then we can give the TPC matrix optimization problem by

P2.1: H’llIl Zwk 19F2_(N+1M(1—5)I+(§$)Wk s.t. (). (45a)
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This problem can be solved by using the same SDR approach with problem P2.1. After defining
S, = wywil,Vk € K with the constraints that rank(S;) = 1,Vk € K, problem P2.1 can be

transformed into
K

__ _ ' . B ~
P2IL: min ;tr (St (9P (1= BT+ Gy)) (46a)
—~ K o~
st. tr(SgHae k) > (Z tr(S;Hs 1) + a§k> Vk € IC, (46b)
Jj#k
rank(Sy) = 1,Vk € K. (46¢)

We further relax this rank-one constraint and obtain an SDP optimization problem, which can
be effectively solved by CVX. The solution of the SDP problem can be guaranteed to satisfy
the rank-one constraints.

In the second step, RED matrix is optimized with fixed TPC matrix. When W is given, the

RED matrix optimization problem is given by
P2.2: min ¢"Bo + 2Re{b" @} + 9 F, \ 1)y, (1= B) (W]l + by (47a)

st u@"'Q i — Re{ (W} + 0V )P} < T, — g1, Vh € K, (47b)

|pn] = 1,Vn e N, (47¢)

where B, ¢ and by, in objective function is obtained from (7). This optimization problem
can be solved by using the same method with problem P1.2 where the penalty CCP method
is used to deal with unit-modulus constraint. The problem can be transformed into an SOCP
problem solved by CVX.

The feasibility checking algorithm for the main problem P2 is formally described in Algorithm

Ml

VI. EXTENSION TO MULTIPLE PRS SCENARIO

In this section, we extend one PR scenario to multiple PRs scenario. Assume that L. PRs
randomly locate in a cell region in the IRS-aided CR system. The other assumptions remain the
same as in Fig. [[l The system parameters correspond to the [th PR (I € £L = {1,2,---,L}) are
direct channel g, reflect channel g,; and IT threshold requirement I';. By using g4, g,; and
I'; in IT expressions and channel uncertainty model, we can rewrite the optimization problem

for the multiple PRs scenario.
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Algorithm 4 Feasibility Checking Algorithm for Problem P2
1: Initialize W©, &) ¢, and set t = 1.

2: Given RED matrix ®~Y, update TPC matrix by solving problem P2.1. Denote the solution
by W*. Update W) = W*.

3: Given TPC matrix W®, update RED matrix by solving problem P2.2. Denote the solution
by ®*. Update &) = &*. Calculate the optimal value of objective function for problem P2
and denote it as f*

4; If f* <T, declare the main problem P2 is feasible and output these feasible W®) and o)
for the initialization of the main problem P2, and terminate. If f* > I" and ¢ > ¢,,,., declare
the main problem P2 is infeasible and terminate. Otherwise, continue.

5: Lett <~ ¢+ 1 and go to step 2.

Firstly, the IT imposed on PR [ from the ST is given by
ITy = |[¢ G/W|3, (48)

where G; = [G}};, ga]" € CW+D>M: " for VI € L, is an equivalent combined channel. G,; =
diag(gy,)F € CM*M: is regarded as the cascaded ST-IRS-PR [ channel.

Secondly, for the bounded CSI error model, the radii of the bounded regions of CSI errors for
direct channel g4; and cascaded channel G, ; can be denoted by €;; and ¢, ;, respectively, for
Vl. Then, the radius of the bounded region of CSI error for the combined channel G; is denoted

by €. For the statistical CSI error model, the distribution assumption in Eq. (6) is rewritten as

Agd,l ~ CN(07 Egd,l) VeC<AGr,l) ~ CN(O7 Egr,l)7 (49)

where 3, and X, , are covariance matrices for V/ € L. Thus, the CSCG distribution for AGy

9gd,i
is given by

vec(AG,) ~ CN(0,%)),Vl € L, (50)

o Eg'r,l 0
where X; = Ve L.
0 Egd,l

Based on the above assumptions, for the optimization problems of SCD and STA schemes,
only the IT constraints need to be modified into multi-PRs form. Hence, constraint (8c)) in SCD

optimization problem is rewritten as

I(gas + ¢"Gr) W3 < T, [|A8g,ll2 < eas, [AG I < €. Gh
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(300,30)

y)l . IRS__

(0,0) (300, o-)-“
PR ST

Fig. 4. The simulated scenario of IRS-aided CR.

Constraint (26d) in STA optimization problem is rewritten as
“Ha - 2
Pr{H(qﬁHGl n quAGl)W’L < rl} >1- f,vec(AG)) ~CN(0, ),V € L. (52)

where [3; is outage probability due to secondary interference for PR [. The methods and mathe-
matical derivations in single-PR optimization problems are applicable in multi-PRs optimization
problems. Here, we omit it for simplicity. In simulation results, we will provide the impacts of

number of PRs on system performance.

VII. SIMULATION RESULTS

In this section, we firstly provide simulation results of one PR scenario to study the impacts
of parameters on the robust beamforming design in the IRS-aided MISO CR system. Then we
expand the simulation to multiple PRs scenario. The simulation scenario is shown in Fig. [
where the PR, ST and IRS are located at the same horizontal line with locations given by (0 m,
0 m), (300 m, 0) and (300 m, 30 m), respectively. There are K = 2 SRs randomly distributed
in the region of a cell. The channel models are assumed to include large-scale fading and small-
scale fading. Denote the large-scale path loss in dB by P, = P, — 10« loglo(dio), where «
is the path loss exponent and d is the transmission distance. The small-scale fading follows
Rayleigh distribution. The minimum data rate requirement for SU is assumed to be the same at
r, = r,Vk € K. The main parameters are collected in Table [II

The CSI error vectors Ag, and vec(AG,.) are assumed to be correlated for the STA scheme.
The covariance matrices of X, and X/, are defined as E;{z = 0,4,C,,. and E;{f = 04,Cy,-
C,, € CNMxNM: gnd C,, € CM*M: gre the correlation matrices, the elements of which
are given by [C,] .. [Cyl,., = A" and ¢, is set as 0.9. To make the relative amount

of correlated CSI errors comparable with the case of uncorrelated CSI errors, we assume that

—~ 2 I ’ 5% Tar,
ec(@; [Tl | ana oz, = 2, 1@ 18 | ] o0 € 0.0 ana a, € 100
gr |l g 9d Il

represent the channel uncertainty levels which measure the relative amount of CSI uncertainties,

2 __ 52
0-97" - 597-

2
here we set d,, = 0, = d,. The radii of the uncertainty regions are set as ¢; = \/ % Fyp (1= 5)
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TABLE II

SIMULATION PARAMETERS.

Parameter Value
PR location (0 m, 0 m)
IRS location (300 m, 30 m)
ST location (300 m, 0 m)
SR’s cell location (600 m, 0 m)
Cell radius 20 m
Pass loss P, =30dB
Reference distance do=1m
Path loss exponents of the IRS-related links airs = 2.2
Path loss exponent of the ST-PR link or the ST-SR link | astu = 3.75 [23], [31],
Outage probability £ =0.05
Noise power density —174 dBm/Hz

/3

99r

2

-1
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v, (1 — ), respectively. According to [37], this bounded CSI error model

provides a fair comparison between the performance of the worst-case robust design and the

outage constrained robust design.

A. The Convergence and Complexity of Algorithms

N
=]

-
o
T

-
o
T

Transmit power (dBm)

(5}

20

10 15 20 25 30
Number of channel realizations
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Fig. 5. The performance comparison of different initializa- Fig. 6. Transmit power versus target accuracy, with r = 1,
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s
35 -3 -2.5 -2 -15 -1
Target accuracy (log, /(¢)

tions, with r = 0.5, My =4, I' = —60 dBm, $ = 0.05 and M; =4, ' = —90 dBm, S = 0.05 and ¢, = 0.05.

8y = 0.05.
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Consider the fact of the nonconvexity of problems P1 and P2, different initial points may

result in different locally optimal solutions obtained by our proposed algorithms. By testing

30 randomly channel realizations, Fig. [ illustrates the impact of the initializations on the

performance of the proposed algorithms. The initializations of W and ® for SCD.alg and STA.alg

are determined by our proposed feasibility checking problems. SCD.alg-Exh and STA.alg-Exh

refers to the best initial point of 1000 random initial points for each channel realization. It can be

seen that the minimum transmit power obtained by SCD.alg (STA.alg) is almost the same as that



27

of SCD.alg-Exh (STA.alg-Exh), which implies that the initial point obtained from the feasibility

checking problem is a good option for the initialization. According to the target convergence

WD E— WO
WL

criteria < ¢ which is set in Algorithm 1 and Algorithm 2, Fig. [6] shows that
the higher the requirement of convergence accuracy, the smaller the optimal target value. The
x-axis values from —4 to —1 represent the accuracy from 10~* to 10~! which means that the
accuracy requirement decreases. Given the convergence accuracy ¢ = 1074, Fig. [7] shows that
both the proposed algorithms can converge within six iterations. Compared with STA algorithm,
the SCD algorithm always converges at a higher transmit power when the number of phase shifts
ranges from 5 to 15. Moreover, from Fig. [0l we can find that the transmit power increases with
SUs’ data rate requirements and the SCD algorithm yields a higher transmit power than STA
algorithm when each SU’s data rate is in a high value range for different numbers of the transmit
antennas. This is due to the fact that the SCD scheme is the worst-case optimization which is
more conservative than the statistical optimization and requires more transmit power to ensure
that each SU’s target rate requirement for the worst-case CSI error realization can be satisfied
by the achievable rate.

For the computational complexity, Fig. [8 shows the average CPU running time versus the
number of phase shifts /V for both proposed algorithms when r = 1, I' = —70 dBm, 5 = 0.05
and 0, = 0.05. The results are obtained by using a computer with a 1.99 GHz i7-8550U CPU
and 8 GB RAM. The STA algorithm requires much less CPU running time than that required by
the SCD algorithm. This is due to fact that there are some large-dimensional LMIs that increase
the computational complexity of the SCD algorithm. With the increase of the number of N, all
the algorithms need more running time to obtain the optimal solutions. Fig.[7, Fig.[§ and Fig.
indicate that the STA algorithm outperforms the SCD algorithm both in terms of optimal value

and computational complexity.

B. Compared with Other Benchmarks

Fig. 10 compares the SCD and STA schemes with three benchmark schemes, named as NoIRS-
STA, RandPhase-STA and Prephase-STA. For the NoIRS-STA scheme, there is no IRS deployed
in the system that can be regarded as the traditional CR system. For the RandPhase-STA scheme,
the phase of each reflection element is randomly and uniformly generated between 0 and 27 for
each subproblem of optimizing RED matrix. For the Prephase-STA scheme, all modulus values

of the phase shifts are fixed to be one. In the above three benchmark schemes, TPC matrix is
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Fig. 11. Feasibility rate and minimum transmit power versus channel uncertainty level d,.

optimized by the same method as used in Algorithm 2. Our proposed SCD and STA schemes
outperform these three benchmark schemes. The NoIRS scheme is the worst one that verifies the
benefit brought by introducing the IRS into CR systems. The Prephase and RandPhase schemes

without phase shifts optimization have almost the same performance and are worse than SCD

and STA schemes.

C. Feasibility and Objective Evaluations

Fig. [[T] shows the feasibility rate and minimum transmit power versus the channel uncertainty
level with various numbers of transmit antennas when r = 2, N = 6, ' = —80 dBm and
B = 0.05. The feasibility rate is defined as the ratio of the number of feasible channel to the
total number of channel generations, where the feasible channel means there exists a solution
for the optimization problem under this channel generation. From Fig. we can find that
the feasibility rate decreases with the increase of both J, and the number of transmit antennas
M,. With the increase of ¢4, the feasibility rate with large M, will reduce to zero more rapidly
than that with small A;. From Fig. the minimum transmit power will decrease with
the increase of M;, which is due to the following two reasons. The first one is that large M,
improves the degrees of freedom which can be exploited to optimize the active beamforming
at the ST. The second is that the PU-related channels become worse with the increase of M,
and the IT imposed on PR becomes lower. The same results hold for ¢,. With the increase of

channel uncertainty, the PU-related channels become worse and more signal power is allocated
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to SUs, then the transmit power of ST can be reduced. Comparing Fig. [[1(b)| with Fig.[11(a)| we
can know that the values of the number of the transmit antennas and channel uncertainty level
should be limited to achieve a good tradeoff between the feasibility rate and the ST’s minimum
transmit power in IRS-aided CR networks.

Note that, in Fig. [[1(b)| the blue solid line of STA doesn’t complete the transmit power when
M; = 10. This is due to the fact that the corresponding feasibility rate shown in Fig.
becomes zero when the observation point in x axis is 0.2.

Fig. shows the feasibility rate and the minimum transmit power versus the number of
phase shifts NV for various values of IT threshold I" when r = 2, M; = 6, 8 = 0.05, J, = 0.1.
From Fig. it is observed that both the feasibility rates of the SCD algorithm and the STA
algorithm decrease with the increase of /N. This is due to the fact that the cascaded ST-IRS-PR
channel estimation error increases with /N. Another phenomenon is that the feasibility rates of
both the SCD and the STA algorithms decrease with I'. The decrease of I' means the feasible
space about IT limitation requirement shrinks. Fig. [I2(b)] shows the minimum transmit power
versus /N for various values of I'. The ST’s minimum transmit power decreases with the increase
of N. This is due to the fact that increasing N can enhance the reflective beamforming gain
by optimizing the phase shift matrix. However, increasing N can also increase the PU-related
channel estimation error, which will reduce the feasibility rate. Hence, the number of phase
shifts should be carefully chosen especially when the IT threshold is lower than —80 dBm. An

extreme case can be found that when I' = —90 dBm, the optimization problem is not feasible
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at almost all range of phase shifts from 5 to 30. This results in no yield of minimum transmit

power.

D. Multi-PR Scenario Evaluations

Fig. [[3] shows the feasibility rate and the minimum transmit power versus the number of PRs
L for various values of channel uncertainty level J, when r = 2, M; = 4, f = 0.05, N = 6.
The PRs are randomly located in a cell region centered at origin with radius 200 m and other
scenario settings remain unchanged as shown in Fig. 4l For PR [, VI € L, we set d,,, = d,,, = 0,
and I, = —80 dBm. From Fig. [[3(a)] it is observed that both the feasibility rates of the SCD
algorithm and the STA algorithm decrease with the increase of the number of PRs and channel
uncertainty level. This is due to the fact that the feasibility region shrinks with the increase of the
number of constraints brought by increasing L and d,. Fig. shows the minimum transmit
power versus L for various values of J,. For the same scheme, with the increase of ¢,, the
PU-related channels become worse and more signal power is allocated to SUs, then the transmit
power of ST can be reduced. The ST’s minimum transmit power decreases with the increase of
L. The reason can be explained as follows. With the increase of the number of PRs, the number
of PRs that are close to the ST will increase as well. In order to guarantee interference constraint

imposed on PRs, the transmit power of ST should be reduced.
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E. Evaluations of Locations of PR and IRS

By moving PR from the original location (0 m, 0 m) to (150 m, O m) or IRS from (0 m, 30
m) to (600 m, 30 m) along the x-axis, respectively, we investigate the impact of PR location
or IRS location on the performance of the network in Fig. [14] where we set r = 1, M, = 4,
B =0.05,I' = =70 dBm and 9, = 0.05. Fig. [14] indicates that when PR is closer to ST, the
minimum transmit power is smaller. This is because that the closer the PR is to the ST, the greater
the possibility of the ST interfering with the PR. The ST has to decrease the transmit power.
However, this will result in reducing the number of SUs allowed to access the channel. This is
illustrated by the black line in first sub-figure where the optimization problem has solution only
when the location of PR is less than 150 m. Another result indicated by the second sub-figure is
that the location of IRS can affect the minimum transmit power of ST. When the IRS is deployed
near the SU (ST or SR), the transmit power can be lowest. This result can guide us where to

deploy the IRS in IRS-aided CR systems.

VIII. CONCLUSION

In this paper, we have investigated two types of CSI error models for the PU-related channels
in IRS-aided CR networks. Two schemes, i.e., SCD and STA were proposed to jointly optimize
the TPC matrix and phase shift matrix. Simulation results show that if the estimated CSI error
of the PU-related channel is large, the optimization problem has a higher probability to be

infeasible. Even though the CSI error is small, the number of transmit antennas at the ST and
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the number of phase shifts of the IRS should be carefully chosen to balance the feasibility
rate of the optimization problem and the total minimum transmit power. In order to achieve a
certain feasibility rate for the SUs, the admissible access control scheme will be another research

direction in our future work.

APPENDIX A

PROOF OF PROPOSITION [I]

For the complex matrix AG where the vector vec(AG) is a Gaussian distribution vector,
vec(AG) can be normalized as vec(AG) = X2t, where the vector follows the distribution of
t ~ CN(0,1).

As Hc}bHAGW’r < Anae(2) H&)HHZ W |12 |It]|2, the sufficient condition that the probability
constraint in (28) h201ds is i

Pr{ (V4 ) (2) WG 63 < = [6"G W[} 1 5
’ (53)
ePc{e<T}>1-5

r-[o"ew]|;
(N+DAmaz (D) [W]Z

where T’ =
Since t follows a zero-mean complex Gaussian distribution, |t satisfies the chi-square
distribution with 2(N + 1)M, degrees of freedom, i.e., ||t|[5 ~ X%(N+1)Mt' We define the

cumulative distribution function Fyni1ya,(I') = Pr {||t||§ < f} and the inverse cumulative

-1

distribution function F,y . (-). Then we have

Pr {||t||§ < f} > 1B &Fyh 1, 1-0) <T. (54)

By substituting [ into (34), we obtain the result in @9). In practice, the inverse function of the
central chi-square cumulative distribution function can be evaluated directly or be stored in a

lookup table in practical implementation. The proof is completed.

APPENDIX B

PROOF OF THEOREM [1I

Denote the collection of {S;,Vk € K} as S and define A = [\;,Vk € K| and p as the

non-negative Lagrangian multipliers associated with SINR constraints (33b) and IT constraint
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(B3d), respectively. Then, the Lagrangian function of problem P2.1_2 is

L(S, A p) =) tr(Sp)+ > A (% ( > (S Hy ) + ) — tr(SyH,, k))

kek kek j#k jEK

Ty (Z tr (84 (VE i, (1 - BT+ Gy ) ) — r) — " te(Skz),

kel

(55)

where {Z; = 0,Vk € K} denote the dual variable matrices associated with the semi-definite
constraints on {Sy,Vk € K}.
As problem P2.1_2 is a convex optimization problem, its globally optimal solution must

satisfy its first-order optimality condition as:

OL(S, A, 1)
o = hu Myt p (G + 9F5 s, (L= B ) = Z = 0.9k € K. (56)
Then, Z; can be represented as Z, = D — )\kﬁ@k, where D is given by
D = (10F5k g, (1= 8) +1) L, + nCoy. (57)
According to the Karush-Kuhn-Tucker (KKT) condition, we have
)\k Yk ( Z tI‘(S H¢ k) + o ) — tr(SkH¢ k)] = O,Vk‘ € /C, (58)
J#k,jeK

S.Zr = 0,k € K. (59)

Before proving the theorem, we first give the following lemma.
Lemma 2: The optimal Lagrangian dual multipliers {\;, Vk} are positive, i.e., A\, > 0, VE.
Proof:This can be proved by using contradiction. Denote the optimal solution of problem
P2.1_2 as {S;,Vk} and the corresponding Lagrangian multipliers as {\}, 11, Vk}. Assume there

exists one A} that is zero. Then, according to KKT conditions in (38), we have

Y ( > tr(SiHy) + a;) < tr(SfHy,). (60)
J#lLjeR
Then, we can find a new precoding matrix S; = pS; with 0 < p < 1 such that
v ( > tr(S9H,) +Ufl> < tr(SyHy,) 61)
J#lLjeR
holds. Then, we find a new feasible solution {S},k # [,Vk,S?} that yields a lower objective
value than that of {S},Vk}, which contradicts that {S}, Vk} is the optimal solution. [
The first term of D in (37) is an identity matrix multiplied by a constant. In addition, ég

is positive definite matrix and the Lagrange multiplier ;2 is nonnegtive value. As a result, D is
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positve definite matrix with rank(D) = M;. Since rank(Z;) > rank(D) — rank()\kﬁqj’k), we

obtain rank(Z;) > M, — 1, where we use the fact that rank()\kﬁd,,k) = 1 since IjL;,,k = Egkﬁgk

and )\ is positive according to Lemma 2l Furthermore, according to (39), we have rank(S;) <

M, — rank(Zy.). Then, we have rank(S;) < 1. Obviously, the optimal precoder S;. is not zero

matrix with zero-rank. Hence, the optimal precoder S; has rank one. The proof is completed.
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