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Abstract—In this letter, the achievable rate maximization
problem is considered for intelligent reflecting surface (IRS)
assisted multiple-input multiple-output (MIMO) systems in an
underlay spectrum sharing scenario, subject to interference
power constraints at the primary users. The formulated non-
convex optimization problem is challenging to solve due to its
non-convexity as well as coupling design variables in the con-
straints. Different from existing works that are mostly based
on alternating optimization (AO), we propose a penalty dual
decomposition based gradient projection (PDDGP) algorithm to
solve this problem. We also provide a convergence proof and
a complexity analysis for the proposed algorithm. We bench-
mark the proposed algorithm against two known solutions,
namely a minimum mean-square error based AO algorithm and
an inner approximation method with block coordinate descent.
Specifically, the complexity of the proposed algorithm grows lin-
early with respect to the number of reflecting elements at the
IRS, while that of the two benchmark methods grows with
the third power of the number of IRS elements. Moreover,
numerical results show that the proposed PDDGP algorithm
yields considerably higher achievable rate than the benchmark
solutions.

Index Terms—Intelligent reflecting surface, underlay spectrum
sharing, MIMO, penalty dual decomposition, gradient projection.

I. INTRODUCTION

ITH the recent development of software-controlled

metasurface technology, intelligent reflecting surfaces
(IRSs) are being regarded as a promising technology to
enhance the performance of next-generation wireless commu-
nications [1]. By virtue of flexible configuration of the radio
propagation environment, IRSs are capable of increasing the
spectral as well as the energy efficiency of wireless communi-
cation systems. On the other hand, spectrum sharing has great
potential to support massive connectivity in the congested
radio spectrum for beyond-fifth-generation (B5G) communica-
tions standards [2], [3]. Therefore, the design and analysis of
IRS-assisted spectrum sharing to enhance the achievable rate
of wireless communication systems have gained considerable
attention in the recent years.
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In this context, the problem of optimal active and pas-
sive beamforming for secondary user (SU) rate maximization
in an IRS-assisted single-input single-output (SISO) and
multiple-input single-output (MISO) spectrum sharing systems
were considered in [4]-[8]. However, studies on SU rate
maximization for the more challenging IRS-assisted multiple-
input multiple-output (MIMO) underlay spectrum sharing
systems is still limited. In order to maximize the weighted
sum rate of the secondary network in an IRS-assisted MIMO
system in an underlay spectrum sharing scenario with multiple
secondary receivers (SRs) and a single primary receiver (PR),
a block coordinate descent algorithm along with an inner
approximation method (BCD-IAM) was proposed in [9].
Similarly, in [10], the authors considered the problem of
weighted sum rate maximization of the secondary network for
an IRS-assisted MIMO spectrum sharing system consisting of
multiple SRs as well as multiple PRs, where they adopted
a weighted minimum mean-square error (WMMSE) method
and an alternating optimization (AO)-based algorithm to find
a suboptimal solution. On the other hand, a suboptimal solu-
tion to the problem of achievable secrecy rate maximization
for an IRS-assisted MIMO system using AO, barrier method,
SDR and minorization-maximization (MM), was presented
in [11].

It is noteworthy that the methods proposed to maximize
the SU rate for MISO systems in [4]-[8] are not applica-
ble to MIMO systems, unless each receive antenna in the
MIMO system is treated as a separate user. However, this
reduces the beamforming/multiplexing gains which are major
benefits of MIMO systems. The method presented in [9] for
MIMO systems is proposed only for the case of a single PR.
Similarly, the system considered in [11], when omitting the
eavesdropper, reduces to the conventional IRS-assisted MIMO
spectrum sharing system. However, the solution proposed
in [11] is limited to the scenario where the direct links
between the (secondary) transmitter and (primary and sec-
ondary) receivers are absent. On the other hand, the AO-based
solution proposed in [10] can be inefficient due to the possi-
bly high coupling of design variables, especially when the
SU rate performance is dominated by the interference con-
straints at the PRs. Motivated by the drawbacks of existing
methods, in this letter we propose a low-complexity but effi-
cient algorithm to maximize the achievable rate of the SU
in an IRS-assisted MIMO underlay spectrum sharing system
consisting of multiple PRs, where direct links between the
(secondary) transmitter and (primary and secondary) receivers
are also present. Our main contributions in this letter are
as follows: (i) we propose a penalty dual decomposition
based gradient projection (PDDGP) algorithm to maximize the
achievable rate; (ii) we provide a convergence proof and com-
plexity analysis of the proposed algorithm; and (iii) we provide
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Fig. 1. System model for IRS-assisted MIMO underlay spectrum sharing.

extensive numerical results to demonstrate the superiority of
the proposed solution over the benchmark solutions provided
in [9] and [10], and to show the effect of different system
parameters on the achievable rate.

Notations: Bold lowercase and uppercase letters denote
vectors and matrices, respectively. X*, XT, X', |X|, ||X]|
and Tr(X) denote the complex conjugate, (ordinary) transpose,
Hermitian transpose, determinant, Frobenius norm and trace of
a matrix X, respectively. The vector space of complex matri-
ces of size M x N is denoted by CMXN, diag(x) denotes
a square diagonal matrix where the elements of x comprise
the main diagonal, vecq(X) denotes the column vector con-
taining the elements of the main diagonal of the matrix X,
and Vxf(-) denotes the complex-valued gradient of f(-) with
respect to (w.r.t.) X*. E{-} denotes the expectation operator.
X > Y represents that X — Y is positive semidefinite, and
ITx(x) denotes the Euclidean projection of the point x onto
the set &, i.e., [Iy(x) £ argmingc y[|% — x||.

II. SYSTEM MODEL AND PROBLEM FORMULATION

Let us first consider an IRS-assisted MIMO system in an
underlay spectrum sharing scenario shown in Fig. 1, con-
sisting of one secondary transmitter (ST), one SR, and K
PRs. The number of antennas at the ST and SR are denoted
by Nt and Ng, respectively, while the K PRs are each
equipped with Np antennas. The communication between
the ST and SR is assisted by an IRS consisting of Np
low-cost passive reflecting elements. The ST-SR, ST-IRS,
and IRS-SR channels are denoted [Igjy Hrr € (CNRXNT,
Hpp € CVMiXNrand Hig € CVRXM | respectively. On the
other hand, the channel between the ST and the k-th PR
(k€ K2 {1,2,...,K}) is denoted by Hp; € CVp*Nr,
while the channel between the IRS and the k-th PR is denoted
by Hyj, € CVPXN Let @ 2 [0y 0y ... Oy]T € CMXI
denote the phase-shift vector at the IRS, where 6; = el ¢l,
I € M & {1,2,....N;}, and ¢; € [0,27). Here the
ST, SR and IRS constitute the secondary network, and in
order to communicate with the SR, the ST uses the spec-
trum band whose license is owned by a primary network.
However, with the help of properly designed beamformers at
the ST and IRS, it is ensured that the interference inflicted
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by the secondary network on the PRs is below a predefined
threshold.!
The signal received at the SR is given by

yr = (Hig ®Hr + Hrr)x + DR, (1)

where ® 2 diag(f), x € CVt*1 is the transmitted signal
vector from the ST (which is intended for the SR), ngp ~
CN(0,0%I) denotes the complex additive white Gaussian
noise (AWGN) vector at the SR, and o2 is the noise power.
Without loss of generality, we assume that the noise at all of
the PRs is also distributed as CA/(0, o2T). With a slight abuse
of notation, in the rest of letter, we make the replacements
HTI — HTI/O', HTR — HTR/O' and HTk <« HTk/G. This
normalization step will also mitigate potential numerical issues
since we avoid dealing with extremely small quantities.

Problem Formulation: Denote the transmit covariance
matrix at the ST by X £ E{xx'}, the maximum transmit
power budget at the ST by Ppax, and the maximum tolerable
interference power (normalized to the noise power) at the k-th
PR by Pj. Then, the achievable rate maximization problem
for the secondary network can be formulated as follows:

imize R(X,0) = In|I+ ZrXZ5|, 2
maimize (X,0) =In I+ ZpXZp| (2a)
subject to  Tr(X) < Ppax, (2b)

Tr(Z;XZ}) < Py,Vk € K, (2¢)
10, = 1,V1 € AL, (2d)

where ZR £ HIR @HTI +HTR, and Zk = HIkGHTI +HT k-
Note that the constraints in (2b)—(2d) represent the transmit
power constraint at the ST, the interference power constraints
(IPCs) at the PRs and the unit-modulus constraints (UMCs)
at the IRS, respectively. Furthermore, the feasible sets for X
and @ are defined as X = {X € CNtxNt . Tr(X) < Puax;
X =0} and ¥ 2 {0 € CVM*1 . |9;| = 1,1 € Nj}, respectively.

III. PROPOSED SOLUTION
A. PDDGP Algorithm

It is easy to see that problem (2) is non-convex due to
the non-convexity of the objective as well as constraints (2c)
and (2d). If the IPCs were not present, (2) would reduce to
the conventional MIMO capacity problem for which the gra-
dient projection algorithm in [13] can be applied to obtain a
stationary solution. In fact, it is the coupling of X and 6 due
to the IPCs in (2c) that makes the problem much more diffi-
cult to solve and the gradient projection algorithm proposed
in [13] is no longer applicable. The main idea of the existing
optimization methods in [9], [10] for solving (2) is to alter-
nately optimize X and . However, due to the coupling of X
and 6, these methods are not guaranteed to return a stationary
solution. Indeed we numerically demonstrate in Section IV
that these methods are inferior to the PDDGP algorithm that
we propose in the following.

Specifically, in order to cope with the IPCs, we apply
the penalty dual decomposition (PDD) method recently

lFollowing the arguments in the related works of [6], [7], [9], [11], [12],
we assume that the secondary network is deployed outside the coverage of the
primary transmitter, and that the distance between the primary transmitter and
secondary receiver is large enough for the primary-to-secondary interference
to be negligible. However, it is noteworthy that the proposed PDDGP algo-
rithm is also applicable when the secondary network is deployed completely
or partially inside the coverage of the primary transmitter.
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presented in [14]. First, let 9,(X,0, Py, st) é ’IY(Z;CXZ};)—F
s — Pp.. Then it is easy to see that (2c) is equivalent to
gx (X, 0, Py, s;) = 0,8, > 0,Vk € K. Next, the augmented
Lagrangian function can be written as follows:

Ry p(X,0,s) £ In|I + ZRXZ], |

1
= > k(X 0, Psp) = o= D g7(X,0, Py, sp),
kex pkelc

A T A T
where s = [s1,89,...,8k]', v = [v1,v9,...,0K]", Vg
is the Lagrangian multiplier corresponding to the constraint
g1(X, 0, Py, s;) = 0 and p is the penalty parameter. Hence,
for a given (v, p) an equivalent optimization problem can be
formulated as

maxiomize pr(X, 0,s), (3a)
b ’S
subject to s > 0,(2b), (2d). (3b)

Since the IPCs (and thus the coupling of X and ) is now
included in the augmented objective, the optimization variables
in (3) are decoupled. As a result, a simple but efficient method
can be applied to find a stationary solution to (3) which is
based on the alternating projected gradient method (APGM).
The APGM is motivated by the fact that the feasible set with
respect to individual variables is simple in the sense that the
projection onto this set can be expressed in closed form.

First, a projected gradient step for @ is performed while
other variables are held fixed. In this regard, the gradient of
Ry p(X,0,s) w.rt. 0 is given by

Vo Ryp(X.0,5) = Vg In |l + ZgXZ |

-2
kel

Next using (4)’ [13, eqn. (17a)] and [15, Table 4.3 and eqn.
(6.153)], VgRy »(X,0,s) is given by (5), as shown at the
bottom of the page. Suppose that, from the current point 6,
after moving along Vg Ry ,(X,0,s) with some step size one
arrives at a point 6 = [él,é27 . ,éNI]T e CM>1 To obtain
the next iterate, the projection of 6 onto the set ¥ is needed.

It is easy to see that this projection is given by IIy(0) =

1
v + ;gk(Xﬁ,Pmsw Vogr(X,0, Py, s). (4)

(01,09, ... ,9_NI}T, where for each [ € A
g, = 01/104], if 0, # 0 ©)
exp(j¢), ¢ € [0,27), otherwise.

Next, a projected gradient step for X is carried out. Following
a similar line of argument and using [15, eqns. (6.207), (6.195)
and Table 4.3], a closed-form expression for the gradient of
Ry »(X,0,s) w.rt. X can be obtained in (7), as shown at the
bottom of the page. Moreover, the projection of a given point
W e CNtXN1 onto the feasible set X' can be shown to admit
a water-filling solution. Due to space constraints, the details
regarding the projection of W onto X" are omitted, while the
interested reader may refer to [13, Sec. III-C] for details.
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Algorithm 1: Gradient Projection Algorithm to Solve (3)
for Fixed v and p
Input: 6g, Xg, sg. v, (g, &g, p
Output: 60y, Xp,
n<+1
repeat
0n =1ly(0n—1+ 1nVeRy,p(Xn—_1,0p—1,5n—1)):
Xp =1y (Xp—1 +anVxhv,p(Xn_1,0n,8,-1));
8,k = max{0, P, — Tr(Z;XnZ))}.Vk € K
where Ly = Hy ,OnHpp + Hp s
n<+<n+1;
until convergence;

Algorithm 2: The PDDGP Algorithm

Input: 6g, Xg, sg. vg, o, ag, p» K < 1
Output: 6*,X*
repeat
Solve problem (3) using Algorithm 1;
X* Xy, 0% < Oy, s* < sp;
I/ %gk(X*’O*v ka S}:), Vk € K;
p < Kp;
until convergence;

We now turn to the optimization over s. It is easy to see
that the optimal solution to (3), when # and X are fixed, is
simply given by

sn., = max{0, Py, — Tr(Z;X,Z})},Vk € K

and thus a projection step for s is not necessary. The proposed
APGM to find a stationary solution to (3) for fixed v and p
is summarized in Algorithm 1. Note that in Algorithm 1, p,
and o, denote the step size corresponding to the gradient step
for the @ and X update in iteration n, respectively. Appropriate
values of pi, and oy, can be obtained by a backtrackingline
search. Specifically, we can set p, = p—17y" where iy is
the smallest positive integer such that

Rv,p(Xn—la 05, Sn—l) > Rv,p(xn—la 0,1, Sn—l)

+ (Vo Ry p(Xp—1,00-1,50),0n —0,_1)
1
— 00 — 017, )
Hn—17™

where (x,y) £ 2R(x"y) and v < 1. A similar routine can be
followed to obtain «y,.

After solving (3) for given (v, p), the penalty parameter, p,
is decreased and the Lagrange multipliers are updated. The
overall description of the proposed PDDGP algorithm to find
a stationary solution to (3) is outlined in Algorithm 2.

B. Extension to Multiple SRs

We have presented the system model where there is a single
SR for the sake of simplicity. However, we remark that the
extension to deal with multiple SRs is straightforward. In this
case, we can consider the maximization of the weighted sum

~ —1
Vo Rop(X,0,5) = vecy <H§R (1+zrxz}) ZRXHTH> -

VxRyp(X,0,8) = Z} (1 + ZgXZ}) " 'Zg —

>~ |ox + HTH(ZX2}) + 55 — Py} |veca(H] ZxXHy) (5)
ke

> vk + M X2]) + 5 - Py} |22,
kel

(7
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rate (WSR) of all SRs as in [9], [10] and the transmit power
constraint (2b) becomes the sum power constraint. It is easy to
check that the projected gradient step for 6 requires minimal
modifications. Also, the projection onto the set defined by the
sum power constraint still admits a water-filling solution. Thus,
it is trivial to see that Algorithm 2 can be easily modified to
solve the resulting WSR maximization problem. The detailed
derivations are skipped here due to space limitation and only
the numerical results are presented for the multiple SR case
in the next section.

C. Proof of Convergence

The convergence proof of Algorithm 2 follows the same
arguments as given in [14], and thus we only summarize the
main points here. First, for given (v, p), Algorithm 1 gen-
erates a strictly increasing objective sequence, Rv,p(X,O,s).
Since the feasible set is bounded, the iterates returned
by Algorithm 1 converge to a limit point of (3a) to some accu-
racy ej. Next, it can be shown that the sequence ||vjgiq1 —
v || is bounded. Thus, from the dual update it holds that

VEker 7(X,0, Py, si) = pllviss — vi = 0 as p— 0.

D. Complexity Analysis

It is obvious that the complexity of the proposed PDDGP
algorithm is dominated by that of Algorithm 1. Thus
the complexity of Algorithm 1 is obtained by counting
the required number of complex multiplications using the
big-O notation. First, the computational complexity asso-
ciated with VyRy ,(X,0,s) in (5) is as follows. The
complexity for computing the terms VA ZRXZE, I+
ZRXZ; )"1ZRr (& E), EX and vecq( IR‘-‘XH is respec-
tively O(NRNINT) O(NgN% + N3 Nt), O § 5+ N2 N7),
O(Nr N 2) and O(N;N7Ng). S1mllarly, the complex1ty for
obtaining Tr(ZkXZT) and vecd(HI kaXHTI) is respec-
tively O(NpNp(N + Np)) and O(NZN; + NpNpMV).
Therefore, the total complexity for calculating Vg R, p(X,0,s)
is O(QNRNINT + 2NgN% + 2NENy + N3+ (K +1)
NpNpNp + KNTNI + KNPNT) We remark that, since the
projection onto 1 has negligible complexity, the additional
complexity to find an appropriate value of u, using the
backtracking line search in (8) can be ignored.

Next, the complexity to compute VxR, p(X,0,s) is
O(NT(NR—i— KNp)). Additionally, the complexity for project-
ing Xp1+ an_1VxRey p(Xn-1,05,5,—1) onto the feasible
set X is O(N, 3) Therefore, the computational complexity
for the prOJected gradient step for X is O(NRN + KNp
N2+ N3).

Moreover, it is straightforward to observe that computing s,,
requires O (K (NpN{Nt + Np N%)) complex multiplications.
Therefore, the per-iteration complexity of Algorithm 1 is
O(N3 + N+ 2NZNp + NE(3Ng + KN; + 3KNp) +
N1 N1 (2NR + 2KNp)).

It is noteworthy that in a practical IRS-assisted MIMO
underlay spectrum sharing system, Ny > max{Nr, Ng, Np},
and therefore, the per-iteration complexity of Algorithm 1
can be approximated by O(NI(KN% + 2Ng Nt + 2KNp)),
which is linear w.r.t. Ni. Note that the complexity of the
algorithms proposed in both [9] and [10] grows as O(N +
KNy 2 max{Np, N7}) which is significantly higher than that
of our proposed method.
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Fig. 2. Convergence results for Pmax = 20 dBm.

IV. RESULTS AND DISCUSSION

In this section, the results of numerical experiments are
presented to evaluate the performance of the system under
consideration. We consider K = 4 PRs (unless stated other-
wise), and the location of the ST, SR, IRS and the four PRs in
Cartesian coordinates are respectively given by (300 m,0 m),
(600m, Om), (300m, 30m) and {(Om, Om), (Om, 5m),
(Om, 10m), (Om, 15m)}. The small-scale fading is assumed
to be Rayleigh distributed, and that the path loss between two
nodes is modeled as PL = (—30 — 10£logyo(d/dp)) dB
where £ is the path loss exponent, d is the distance between
the nodes, and dy (= 1m) is the reference distance. We
assume that the path loss exponent for the ST-SR and ST-
PR links is 3.75, whereas that for the ST-IRS, IRS-SR and
IRS-PR links is 2.2 [9]. Furthermore, it is assumed that
Ng = 4, Np = 4, P, = 10713 W (Vk € K), the
noise power spectral density 4y = —174 dBm/Hz and the
system bandwidth is B = 10 MHz. In Figs. 3-5, the average
achievable rate is computed over 100 channel realizations. To
run Algorithm 2, we start with p = 10 and decrease it as
p < kp where k = 0.1 when the relative objective progress
of Ry p(X,0,s) [14, Eqn. (48)] in Algorithm 1 is less than
1075, For Algorithm 1 we set v = 0.5 in the backtracking line
search. Algorithm 2 terminates when the difference between
R(X,0) and Ry p(X,0,s) is less than 107,

In Fig. 2, the convergence of Algorithms 1 and 2 are shown
for N = 64 and different values of Np. In the figure, each
iteration is comprised of one update of X, # and s. Each color
in Fig. 2 in fact represents the convergence of Algorithm 1
for a fixed p whose value is clearly indicated in the figure.
We recall that Algorithm 1 aims to maximize the augmented
objective R, p(X,0,s), and thus, for a given p, monotonic
increase is only guaranteed for R, p(X 6,s), but not for the
original objective R(X,#). This point is clearly seen in Fig. 2.
We also observe that as the number of iterations increases,
the difference between R(X,0) and the augmented objective
Rv,p(X,O,s) decreases and approaches zero for sufficiently
small p, in accordance with the principle of a penalty method.
In the figure, we also show the run time for Algorithm 2, where
the algorithm converges before 150 ms for N7 = 8. Note that
we have implemented the algorithm using Python v3.9.7 on
a Linux PC with 7.5 GiB memory and Intel Core i5-7200U
CPU.

In Fig. 3, we demonstrate the superiority of the proposed
PDDGP algorithm over the BCD-IAM and WMMSE
approaches proposed in [9] and [10], respectively, for Ny = 64.
Note that here only the first PR located at (Om, Om) is con-
sidered since the algorithm in [9] was proposed for a single
PR. It is evident from the figure that all the schemes result
in a similar performance for small values of Py ax; however,
the proposed PDDGP algorithm offers a significantly higher
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Fig. 3. Average achievable rate for a single PR.
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Fig. 4. Average achievable sum rate versus Pmax.

average achievable rate for large values of Ppax compared
to that achieved via the solutions proposed in [9] and [10].
Also, it is expected that the SU rate performance achieved via
the BCD-IAM and WMMSE schemes is the same because
both of these solutions are derived from similar principles.
The main reason for the inferior performance of the BCD-
IAM and WMMSE for large Ppax is that as P ax increases,
the SU rate performance is mostly dominated by the IPCs at
the PRs. In other words, the IPCs become binding for large
P ax. Consequently, the coupling between X and 6 becomes
stronger, and it is known that AO-based optimization cannot
guarantee a stationary solution under such a scenario.

Next, in Fig. 4, the average achievable sum rate versus the
maximum transmit power budget at the ST (Ppax) is shown
for N1 = 64. In particular, we compare the proposed PDDGP
algorithm to the WMMSE-based AO algorithm introduced
in [10] for the case of two SRs located at (600 m, O m) and
(600 m, 5m). In Fig. 4, it can be clearly seen that the proposed
PDDGP always outperforms the WMMSE-based algorithm.
Note that the BCD-IAM and the WMMSE-based AO are similar
in principle and thus share the same drawbacks. This explains
why the WMMSE-based AO in [10] is inferior to our proposed
algorithm. However, note that different from the case of a single
PR in Fig. 3, the PDDGP algorithm outperforms the WMMSE
algorithm even in the lower Ppax regime for the multiple
PRs case, and the gains are more significant for larger Pp,ax.
The benefit of an IRS-assisted MIMO system over that of the
system without IRS can also be observed from Fig. 4, as the
former results in a considerably higher achievable rate.

To investigate the effect of the number of reflecting ele-
ments at the IRS, in Fig. 5 we plot the average achievable
rate achieved by the proposed PDDGP algorithm for one SR
as a function of Nj for Ny = 16, Ny = 4, Np = 2 and K = 4.
Interestingly, for an exponential increase in Ny, the achievable
rate of the MIMO system also increases near-exponentially.
This occurs because for large values of Nj, the IRS can cre-
ate a highly-focused beam to increase the signal-to-noise ratio
(SNR) at the SR while satisfying the interference constraints
at the PRs, resulting in a higher achievable rate at the SR.
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—e— w/ IRS
20| ®- W/o IRS

Prax = {10, 15,20} dBm

Avg. achievable rate (bps/Hz)

Fig. 5. Average achievable rate versus Ny.

V. CONCLUSION

In this letter, we have presented the optimization problem
for achievable rate maximization in an IRS-assisted SU MIMO
system in underlay spectrum sharing with multiple PRs, sub-
ject to a transmit power constraint at the ST, unit modulus
constraints at the IRS and multiple interference power con-
straints at the PRs. A PDDGP algorithm has been proposed to
jointly optimize the transmit beamforming and the IRS phase
shifts. The numerical results established the superiority of the
proposed algorithm over two existing approaches in terms of
the achievable rate. We also showed that the complexity of the
proposed PDDGP algorithm is considerably lower than that of
the existing approaches.

REFERENCES

[11 Q. Wu, S. Zhang, B. Zheng, C. You, and R. Zhang, “Intelligent reflect-
ing surface-aided wireless communications: A tutorial,” IEEE Trans.
Commun., vol. 69, no. 5, pp. 3313-3351, May 2021.

[2] P. Yang, L. Kong, and G. Chen, “Spectrum sharing for 5G/6G URLLC:
Research frontiers and standards,” IEEE Commun. Stand. Mag., vol. 5,
no. 2, pp. 120-125, Jun. 2021.

[3] V. Kumar, Z. Ding, and M. F. Flanagan, “On the performance of down-
link NOMA in underlay spectrum sharing,” I[EEE Trans. Veh. Technol.,
vol. 70, no. 5, pp. 4523-4540, May 2021.

[4] X. Guan, Q. Wu, and R. Zhang, “Joint power control and passive beam-
forming in IRS-assisted spectrum sharing,” IEEE Commun. Lett., vol. 24,
no. 7, pp. 1553-1557, Jul. 2020.

[5] D. Xu, X. Yu, and R. Schober, “Resource allocation for intelligent
reflecting surface-assisted cognitive radio networks,” in Proc. IEEE
SPAWC, 2020, pp. 1-5.

[6] J. Yuan, Y.-C. Liang, J. Joung, G. Feng, and E. G. Larsson,
“Intelligent reflecting surface-assisted cognitive radio system,” [EEE
Trans. Commun., vol. 69, no. 1, pp. 675-687, Jan. 2021.

[71 L. Zhang, C. Pan, Y. Wang, H. Ren, and K. Wang, “Robust beam-
forming design for intelligent reflecting surface aided cognitive radio
systems with imperfect cascaded CSI,” IEEE Trans. Cogn. Commun.
Netw., vol. 8, no. 1, pp. 186-201, Mar. 2022.

[8] S.F. Zamanian, S. M. Razavizadeh, and Q. Wu, “Vertical beamforming
in intelligent reflecting surface-aided cognitive radio networks,” IEEE
Wireless Commun. Lett., vol. 10, no. 9, pp. 1919-1923, Sep. 2021.

[9]1 L. Zhang, Y. Wang, W. Tao, Z. Jia, T. Song, and C. Pan, “Intelligent

reflecting surface aided MIMO cognitive radio systems,” [EEE Trans.

Veh. Technol., vol. 69, no. 10, pp. 11445-11457, Oct. 2020.

W. Jiang, Y. Zhang, J. Zhao, Z. Xiong, and Z. Ding, “Joint transmit

precoding and reflect beamforming design for IRS-assisted MIMO cog-

nitive radio systems,” IEEE Trans. Wireless Commun., early access,

Nov. 2, 2021, doi: 10.1109/TWC.2021.3122959.

L. Dong, H.-M. Wang, H. Xiao, and J. Bai, “Secure intelligent reflecting

surface assisted MIMO cognitive radio transmission,” in Proc. IEEE

WCNC, 2021, pp. 1-6.

V. Kumar, M. F. Flanagan, D. B. da Costa, and L.-N. Tran, “On the

secrecy rate of downlink NOMA in underlay spectrum sharing with

imperfect CSL,” in Proc. 28th Int. Conf. Telecommun. (ICT), 2021,

pp. 167-173.

N. S. Perovié, L.-N. Tran, M. Di Renzo, and M. F. Flanagan, “Achievable

rate optimization for MIMO systems with reconfigurable intelligent sur-

faces,” IEEE Trans. Wireless Commun., vol. 20, no. 6, pp. 3865-3882,

Jun. 2021.

Q. Shi and M. Hong, “Penalty dual decomposition method for

nonsmooth nonconvex optimization—Part I: Algorithms and conver-

gence analysis,” IEEE Trans. Signal Process., vol. 68, pp. 4108-4122,

Jun. 2020.

A. Hjgrungnes, Complex-Valued Matrix Derivatives: With Applications

in Signal Processing and Communications. Cambridge, U.K.:

Cambridge Univ. Press, 2011.

[10]

(1]

[12]

[13]

[14]

[15]


http://dx.doi.org/10.1109/TWC.2021.3122959


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


