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IRS-BASED RESOURCE ALLOCATION OPTIMIZATION METHOD FOR
SENSING ENHANCED COGNITIVE RADIO NETWORK

TECHNICAL FIELD

The present invention belongs to the technical field of wireless communication, and
particularly relates to an optimization method for resource allocation in a perception-enhanced

cognitive radio network based on an IRS.

BACKGROUND

Cognitive radio networks can authorize secondary network users to use unlicensed
spectrum resources under the premise of ensuring the QOS (quality of service) constraints of
primary network users, thereby improving the spectrum utilization. The access modes of a
secondary network mainly include opportunistic access, a spectrum sharing and perception-
enhanced spectrum sharing. The opportunistic access solution is intended to achieve that
spectrum resources are used by secondary users (SUs) only when the spectrum resources are
not used by primary users, although there is no interference to the primary users, the average
transmission rate of the SUs is not high. The spectrum sharing solution is intended to achieve
that SUs are authorized to use spectrum resources regardless of whether primary users uses
them, but it is impossible to constrain the interference to the primary users and improve the
transmission rate of the SUs at the same time. Perception enhancement can dynamically
allocate powers in different situations according to perception results of a secondary base
station (SBS), so as to maximize the transmission rate of SUs while ensuring the
communication quality of primary users. Spectrum perception, as an important part of the
opportunistic access mode and the perception-enhanced sharing, is the prerequisite for
subsequent spectrum handover and spectrum sharing. Common spectrum detection methods
include a matched filter method, a cyclostationary detection method and an energy detection
method, where the matched filter method and the cyclostationary detection method require a
large amount of prior knowledge of the primary network users, although the detection
performance are good, the two methods are implemented complicatedly and have strong

limitations. Energy detection is simple to implement, but it is sensitive to noise and is not
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suitable for use in low signal-to-noise ratio situations.

At present, some solutions have studied IRS-assisted cognitive radio systems: in a spectrum
sharing mode, primary users will be interfered by SUs and thus the communication quality will
be reduced, so in order to protect the communication of the primary users, a SBS has to reduce
the transmit power to constrain interference, resulting in low rates of the SUs. In a perception-
enhanced spectrum sharing mode, a secondary network perceives the usage of frequency bands
to formulate different transmit strategies, and uses an IRS to assist in data transmission, which
protects the QOS of primary users while increasing the rate of SUs. However, the IRS is not
used in the perception stage to assist in perception, which results in waste of hardware resources

and low perception performance.
SUMMARY

An object of the present invention is to provide an optimization method for resource
allocation in a perception-enhanced cognitive radio network based on an IRS to solve the

problems raised in the above-mentioned background.

The object of the present invention is achieved in this way: an optimization method for
resource allocation in a perception-enhanced cognitive radio network based on an IRS includes

the following steps:
step S1: acquiring, by a SBS, BS-to-IRS and IRS-to-user channel state information;

step S2: defining diagonal phase-shift matrices of the IRS in a perception stage and a
transmission stage, and establishing an optimization model according to the channel state

information;

step S3: using the optimization model to optimize that the diagonal phase-shift matrix of
the IRS in the perception stage assists the SBS in perceiving a spectrum occupancy of a primary

network;

step S4: entering the transmission stage, and using the optimization model to optimize

beamforming vectors of the SBS and the diagonal phase-shift matrices of the IRS in the
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transmission stage in the case of different perception results; and

step S5: transmitting, by the SBS, transmission information according to optimization
results to achieve an improvement in a spectrum efficiency of a system when constraints

interfere with primary users.

Preferably, the defining diagonal phase-shift matrices of the IRS in a perception stage and

a transmission stage in step S2 is specifically implemented as follows:

letting a reflection coefficient of the IRS in the perception stage be P = [q,..., Yy]T €

(CMxl’ le — ame](um’

where a,,, w,, € [0,2m] is divided into a magnitude and a phase of a m-th element in the
IRS, the diagonal phase-shift matrix of the IRS in the perception stage is ¥ = diag(y), a
diag(x) function is defined to create a diagonal matrix whose diagonal elements are elements

in x,and CM*! represents a complex valued vector with a length of M + 1; and

letting a reflection coefficient of the IRS in the transmission stage be ¢ = [¢4,..., Py ] €

(CMX:L: ¢m = ﬁmejem’

where B, 0, € [0,2m] is divided into a magnitude and a phase of the m-th element in the

IRS; and the diagonal phase-shift matrix of the IRS in the transmission stage is ® = diag(¢).

Preferably, in the establishing an optimization model in step S2, an IRS-assisted perception-

enhanced CR network model is selected as the optimization model; and

perfect channel state information is acquired based on the SBS, and an optimization

problem of the IR S-assisted perception-enhanced CR network model is expressed as:

1
maximize F(wq, Wiy, ®,P) 2 (T — 1) Z Z(apR,gf + brRiT
WO,k'Wl,qu)"P ’ ’
keXK =0

1
s.t C1: (T —1) z Z(a,- + b)Y (Wre” + [Wekl?) < Prax

k€K I'=0
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2 2
C4: (T — 1) z (bo|iH Wi + 1 @GWq i|* + by |iHw, . + H®GW, | < Proy
keX

C3:Pd = Pd
C4: <I>=diag(ej¢1,...,ej¢M)
C5:W=diag(e/¥1,...,e/¥m)

where P, 1S @ maximum transmit power of the SBS; P;,; is a maximum interference
that can be withstood by a PU (primary user); wy ;. is the SBS’s beamforming for a k-th SU
(secondary user) when a spectrum is idle; wy is the SBS’s beamforming for the k-th SU
when the spectrum is occupied; T is a duration of one communication frame; 7 is a
perception time of the SBS; T — 7 is a SBS-to-SU transmission time in one communication
frame; K isauserset, K = {1,...,K}; P, is a constant detection probability; i, is a SUs-
to-PU equivalent matrix; i, is an IRS-to-PU equivalent matrix; and C1 is a total power
constraint of the SBS, C2 limits an upper limit of interference received by PUs, C3 is a target
detection probability constraint, C4 is a constraint of the diagonal phase-shift matrix in the
perception stage on the IRS, and C5 is a constraint of the diagonal phase-shift matrix of the

IRS in the transmission stage on the IRS.

Preferably, the using the optimization model to optimize that the diagonal phase-shift
matrix of the IRS in the perception stage assists the SBS in perceiving a spectrum occupancy

of a primary network in step S3 is specifically implemented as follows;

the diagonal phase-shift matrix of the IRS in the perception stage is ¥, and an objective

function and constraint conditions related to ¥ are as follows:

1
quilximize(T - 1) Z Z(arR,gr + brRE)

kEXK I'=0

1
s.t C1: (T —1) Z Z(ar + b)Y (Wrie|” + Wil < Pras

kEK I'=0
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C5:W=diag(e/¥1,....e/¥M)

where an actual state of a aR rate is an idle state, and an actual state of a bRy’ rate
is an occupied state; and wr is the SBS’s beamforming for the k-th SU when the spectrum

is idle or occupied;

in the formula maxlipmize(T — 1) Yrer 2k—o(arRYT + brRiT), a part related to the ¥ in

the objective function is ayRp° + a;Rp*, and maximization of the objective function is to

maximize aoRp° + a,RP*, which is specifically as follows:

agRY® + a;RY*
= Pr(Ho) (1 — P¢ (7, W))RR® + Pr( Hy) Pr (tr, ¥)RY*
= Pr(Ho) (RR® + Pr (7, W)(R' — R%))

P¢(7,¥) is a monotonically decreasing function of y (%), and an optimization objective

can be transformed into:

maxlipmize y(¥)

s.t C1,C5

H H 2
lgcoWrs + gcrPGpcWep

o

y(¥) =

where y 1is a signal-to-noise ratio received from a PBS signal at the SBS in the perception
stage; gcr and Gp. are IRS-to-SBS and PBS-to-IRS equivalent matrices respectively; and
9gcp is a PBS-to-SBS direct link, ¢ represents a variance of additive white Gaussian noise,

and wpp is a beamforming vector of the PBS;
the objective function is non-convex, and its closed-form solution is obtained using its
special structure; and a following inequality is constructed:
H H @ H
|9coWrs + 9cRPGpcWpsl < |9cRPGpcWrsl + |9cpWesl

(a) is a triangle inequality established only when arg(giR¥Gpcwpgp) =

arg(g¥,wpp) 2 @o; it is proved that there is always a solution i satisfying (a) and the
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constraint C5;
let gerWGpcwpp = va, v =[e/V1, /¥M]Y, a = diag(gir)GpcWes;

maximize y(¥) ,
the formula v is made to be equivalent to:
s.t C1,C5
maximize |val?
v
s.t.|lv,| =1,vn=1,.M

arg(va) = ¢,

v, is a n-th element in v;

its optimal solution is v* = e/(®0o=r9(®) = ej(‘po‘arg(diag(ggR)GPCwPB)), and an n-th

optimized phase of the IRS is:

¢n* = Qo — arg(grlf,CRgngB)

where g,’f, cr is a n-th element of g¥, and g! is a vector in an n-th row of Gpc; and

the optimization of the IRS phase W in the perception stage is completed.

Preferably, in the entering the transmission stage, and using the optimization model to
optimize beamforming vectors of the SBS and the diagonal phase-shift matrix @ of the IRS
in the transmission stage in the case of different perception results in step S4 is specifically

implemented as follows:

step S4-1: optimizing the beamforming vectors of the SBS; and obtaining an optimal
solution of the beamforming vectors of the SBS through successive convex optimization and

positive semi-definite programming; and

step S4-2: optimizing the diagonal phase-shift matrix @ of the IRS in the transmission
stage; transforming an optimization problem into a convex optimization problem through
successive convex optimization and Gaussian randomization, performing solving by a CVX

toolbox, and iterating until the optimization problem converges.
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Preferably, the optimizing the beamforming vectors of the SBS in step S4-1 is specifically

implemented as follows:

defining W = w,«,kw,ﬁ[‘ x> and for a given @, expressing an optimization problem for a

beamforming matrix W as follows:

1
5 maximize(T — 1) z Z(apR,‘gf + brRED)

Wp  €HNT
Tk kex =0

1
s.t C1:(T — 1) Z Z(apTr(Wr,k) + brTT(W["’k)) < Prax
kEX T'=0

C6:Wr, > 0,Vk,I' € {0,1}
C7:Rank(Wr,) < 1,Vk,I' € {0,1}
where HNT indicates a set matrix of Np-dimensional plural Hermite, and constraints C6
10 and C7 ensure that W . is decomposed into Wp,kwll_"[’ k> in order to ensure that Wy, can be
decomposed into wr, it is necessary to ensure Wr, >0 and Rank(Wr,k) <1, and

constraints C6:Wr; > 0,Vk,I" € {0,1}and C7:Rank(Wp,k) < 1,Vk, I € {0,1} are defined;

under the influence of the objective function and the constraint C7, transforming the

optimization problem into a convex optimization problem;

15 defining f and g as follows:

f(Wri0%) = = ) log, (Z Tr(RyRE W) + aZ>

keX reX

IWrioa?) == D log, | D TrhiW,,) + o
keX rexX\{k}

where K'\{k} represents a set of K in which an element k is removed,

for any feasible W), constructing a global lower limit of g(W):



0188P01074P00

. . H . .
IWr i 0%) = gW,0%) + Y Tr((Twg W o%) Wk = WD) 2 G(Wri W, 0%)
keX

1 h,-h#

; and
ln 2 ZTE?C\{k} Tr (hrh Wk)+0'2 ’

where Vi, g(Wry,0?) =

for any feasible Wlf'j,z, I' € {0,1}, transforming the optimization problem into:
minimize ) (@r(f Wk, 02) — JWrio W 02)) + br(f Wk 0F + 03) = §(Wr Wi 03 + 02)
T =0

5 s.t. C1,C2,C6,C7.

Preferably, the optimizing the diagonal phase-shift matrix @ of the IRS in the

transmission stage in step S4-2 is specifically implemented as follows:

for given wg, and wyy, a phase design problem of the IRS in the transmission stage is

as follows:

1
10 max(ipmize(T - 1) Z Z(arR,gr + brRE)

kEXK I'=0

. . 2 . . 2
s.t C2:(T — 1) z (bo|iHWo + 1 ®@GWq i|* + by |ifiwy o + i @GW, |*) < Proy
keX

C4:P=diag(e’?1,... e/ Pm)

an objective function and a constraint C4 of the optimization problem are non-convex

functions, and the objective function is processed:
15 |hfwr, + Y ®Gw;,|”
d hy )G
_ Tr<[0H p ]l iag( Rk) lwr (6" diag(ht, )h!] [zD
= Tr(6"H, W, H0)

= Tr(OHkWF,kHII;I)
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where optimization variables @ € C¥*1, @ € CM*DX1 and @ € CM+DXM+D) gre

respectively defined as:

T
where p € C is a dummy variable and |p| =1, Hy = [(diag(hg’k)G)T h;‘(] ; and a

rate at a k-th user is equivalent to the following form:

Tr(O@H, W, HY
R2F=log2<1+ ( k Lk k) >

Yresvpg Tr(OH W, HIT) + 0

Tr(OH, W H}) )

R =log, <1 +
Yresovgg Tr(OH W HY ) + 02 + o

10 a constraint C2 is transformed into:
1
C2:(T —1) Z Z by Tr(OLW, 1) < proy
KEX I'=0
where L € CMYVXNT [ = [(diag(if)6)T i;]"; and
for the non-convex objective functions, following definitions are given:

fO,mMTI)=— Z log, (Z Tr(OH, W, HY) + ma? + a,%)

keX rex
15 gOmr)=—- z log, z Tr(OH, W, H}) + ma? + o7
kex rex\{k}

therefore, the optimization problem is transformed into:

minimize(T ~ ) )" (ar (70,0, - 3(0,0,)) + by ((0,1,1) - (0,1, )

1
06H‘HM+1
r=0
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1
s.t. C2:(T—1) z z by Tr(OLW; L¥) < peoy
keX I'=0

C4:Diag(0®) = I,
C8:0 >0
C9:Rank(®) =1

where Diag(®) represents a diagonal matrix whose diagonal elements are extracted from

a leading diagonal of O . Ip,, represents a M+ 1 -order unit vector.

Constraints €8: @ > 0 and C9: Rank(®) = 1 are defined; the constraints C8 and C9 and

© € H""jointly ensure that © = 86" remain unchanged after being optimized; and a rank-

one solution is guaranteed by Gaussian randomization.

Compared with the prior art, the present invention has the following improvements and
advantages: 1. By deploying an IRS to assist in spectrum perception, a false alarm probability
can converge to 0 in a shorter perception time and at a lower transmit power, so as to facilitate
the SBS to formulate different transmit strategies more precisely to improve the spectrum
efficiency; at the same time, the IRS can assist a transmission process of the SBS to improve a

channel environment and increase a sum rate of SUs.

2. Through a BCD optimization method, the phases of the IRS in the perception stage and
the transmission stage and the beamforming of the SBS are optimized in sequence to increase
a sum rate of incoming SUs; at the same time, it can still maintain a high sum rate under a

lower noise threshold.
BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is an overall flow diagram of the present invention;
FIG. 2 is an overall system model diagram of the present invention;

FIG. 3 is a diagram showing a comparison of false alarm probabilities at a SBS at different

10
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perception stages and different perception times;

FIG. 4 is a diagram showing a comparison between an optimization solution and a non-
optimization solution of an IRS at SUs in the perception stage in the case of different numbers

of IRS elements;

FIG. 5 is a diagram showing a comparison of sum rates of the SUs in various solutions at

different transmission powers; and

FIG. 6 is a diagram showing a comparison of sum rates of the SUs in different transmit

strategies formulated for different spectrum usages and a traditional solution.
DETAILED DESCRIPTION OF THE INVENTION

The present invention will be further summarized below with reference to the

accompanying drawings.

As shown in FIGS. 1 and 2, there is provided an optimization method for resource
allocation in a perception-enhanced cognitive radio network based on an IRS, which includes

the following steps:
step S1: a SBS acquires BS-to-IRS and IRS-to-user channel state information;

an IRS-assisted downlink perception-enhanced spectrum sharing cognitive radio system is
established, the system mainly includes a licensed primary network and an un licensed
secondary network; the primary network includes a multi-antenna PBS and N single-antenna

PUs, and the secondary network includes a multi-antenna SBS and K single-antenna SUs.

In order to improve the spectrum efficiency under the premise of ensuring the QoS of the
primary network to the greatest extent, a perception-enhanced spectrum sharing mode is

adopted. In order to ensure the QoS of the primary network, a constant detection probability

P, is considered, and a false alarm probability is Pr(t) =Q(H/2y + 1Q07Y(PY) ++/tfsy),

where y is a signal-to-noise ratio of a signal received from the PBS at the SBS in a perception

stage, f, isasampling frequency, and Q~1( ) isacomplementary error distribution function

11
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of standard Gaussian random variables; and according to the method of the present invention,

an IRS-assisted enhancement is performed on y, then:

2
|921D‘/ﬁ + glgRlPGPC‘/F|
y(¥) =

o

where P is a transmit power of the PBS, ¢ represents a variance of additive white
Gaussian noise, x! represents a transpose of x, gcp is a PBS-to-SBS direct link, and gcp
and Gp. are IRS-to-SBS and PBS-to-IRS equivalent matrices, respectively; W is a diagonal
phase-shift matrix of the IRS in the perception stage, and @ is a diagonal phase-shift matrix

of the IRS in a transmission stage.

step S2: the diagonal phase-shift matrices of the IRS in the perception stage and the
transmission stage are defined, and an optimization model is established according to the

channel state information;

a reflection coefficient of the IRS in the perception stage is set to be P = [q,..., Yy]T €

(CMX1: Um = ame’“m;

where a,,, W, € [0,2m] is divided into a magnitude and a phase of a m-th element in the
IRS, the diagonal phase-shift matrix of the IRS in the perception stage is W = diag(y), a
diag(x) function represents a diagonal matrix whose diagonal elements are elements in x,

and CM*1 represents a complex valued vector with a length of M + 1.

a reflection coefficient of the IRS in the transmission stage is set to be ¢ =

[f1,--r Pu]" € TV, @y = Brne!m;

where B, 0, € [0,2m]is divided into a magnitude and a phase of the m-th element in the

IRS; and the diagonal phase-shift matrix of the IRS in the transmission stage is ® = diag(¢).

a signal received by the k-th SU from the SBS is expressed as:
|hgwk + hg’kq)GWk|

it is defined that H, indicates that a state of a frequency band of the primary network is

12
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idle, and H, indicates that the state of the frequency band is occupied; wg; is the SBS’s
beamforming for a k-th SU when a spectrum is idle, and wy ;. is the SBS’s beamforming for
the k-th SU when the spectrum is occupied, and based on actual states of the frequency band
and spectrum perception results of the SBS, achievable transmission rates of the SUs are as

follows:

|hIk{Wr,k + hg,k(DGWF,klz

R}({)F = logz( 1 + q H 2 5
ZreﬂC\{k}lhR Wr + hR,rq)GWF,rl + Ok

hiw,, + h#, ®Gw, |’
Rlil"zlogz(l_l_ | kWrk R,k F,kl

2
rex\{k}|hll-?lwl‘,r + hg‘r(DGWF,A + O—g + 013

where RPT represents a transmission rate of the SBS and the k-th secondary network user
when the frequency band is actually not occupied, and Ri represents a transmission rate of
the SBS and the k-th secondary network user when the frequency band is actually occupied;
I' is a variable, and I' being O indicates that the perception result of the SBS is that the
frequency band is not occupied, and I' being 1 indicates that the perception result of the SBS
is that the frequency band is occupied; wyj is the SBS’s beamforming for the k-th SU when

the spectrum is idle; wy; is the SBS’s beamforming for the k-th SU when the spectrum is

occupied; o/ indicates a variance of additive white Gaussian noise at the k-th SU; op is

noise from the PBS at the k-th SU; hj , is a ky,-user-to-IRS equivalent matrix; hj is a
baseband equivalent channel state of the k-th user; G is an IRS-to-SBS equivalent channel

matrix; a user set is K, K ={1,...,K}; and K'\{k} represents a set of K in which an

element k is removed,

where the transmission rate of the k-th SU has four corresponding probabilities expressed

as:

ao = Pr(Hy)(1 — Pr(7,¥))
bo = Pr(Hy)(1 — Py)

a; = Pr(Hy)Ps(z, V)

b, = Pr(H,)P,

13
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where Pr( Hy) and Pr( H;) respectively represent probabilities that a channel of the PBS
is idle and occupied; a, is a corresponding probability of occurrence of Rp°; b, is a
10 .
k o

corresponding probability of occurrence of R a, is a corresponding probability of

occurrence of RR'; by is the corresponding probability of occurrence of Ri'; Pr is a false

alarm probability; and P, is a constant detection probability. Therefore, an average sum rate

of all SUs is:

1
Roym = (T-1) Z Z(aFngr + bI"RI%F)

kEK I'=0

where an actual state of a arRJ rate is an idle state, and an actual state of a bRy’ rate
is an occupied state; T is a perception time slot of the SBS, and T — 1 is a SBS-to-SU
transmission time in one communication frame; I is a variable, and I’ being 0 indicates that
the perception result of the SBS is that the frequency band is not occupied, and I' being 1

indicates that the perception result of the SBS is that the frequency band is occupied.

iy and i, are setto respectively represent SUs-to-PU and IRS-to-PU equivalent matrices.

The interference to the PU generated by the shared spectrum SBS can be expressed as:

. . 2 . . 2
I=(T -1 z (bo|iHwo i + i @GWq i|* + by |iwy i + 1 @G, |*)
keX

where, wg; indicates that the SBS provides beamforming with higher power for SUs;

and wyj indicates that the SBS provides beamforming with less power for SUs.

Perfect channel state information is acquired based on the SBS, and an optimization

problem of an IRS-assisted perception-enhanced CR network model is expressed as:

1
maximize F(wq, Wiy, ®,P) 2 (T — 1) E E (arRY" + brRED)
WO,kﬁwl,qu)'lP ’ ’ ke I=o
€ =

1
s.t C1: (T —1) Z Z(ar + b)Y (Wrke|* + Wil < Pras

kEK I'=0

14
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2 2
C4: (T — 1) z (bo|iH Wi + 1 @GWq i|* + by |iHw, . + H®GW, | < Proy
keX

C3:Pd = Pd
C4: <I>=diag(ej¢1,...,ej¢M)

C5:W=diag(e/¥1,....e/¥M)

where P, 1S @ maximum transmit power of the SBS; P;,; is a maximum interference
that can be withstood by a PU; wg; is the SBS’s beamforming fora k-th SU when a spectrum
is idle; wyj is the SBS’s beamforming for the k-th SU when the spectrum is occupied; T is
a duration of one communication frame; t is a perception time of the SBS; T — t is a SBS-
to-SU transmission time in one communication frame; P; is a constant detection probability;
iy is a SUs-to-PU equivalent matrix; i, is an IRS-to-PU equivalent matrix; and C1 is a total
power constraint of the SBS, C2 limits an upper limit of interference received by PUs, C3 is a
target detection probability constraint, C4 is a constraint of the diagonal phase-shift matrix in
the perception stage, and C5 is a constraint of the diagonal phase-shift matrix of the IRS in the

transmission stage.

step S3: the optimization model is used to optimize that the diagonal phase-shift matrix ¥
of the IRS in the perception stage assists the SBS in perceiving a spectrum occupancy of a

primary network;
step S3 is specifically implemented as follows:

the diagonal phase-shift matrix of the IRS in the perception stage is ¥, and an objective

function and constraint conditions related to the ¥ are as follows:

1
maxlipmize(T - 1) Z Z(arR,gr + brRE)

kEXK I'=0

1
s.t C1: (T —1) z Z(ap + b)Y (Wre” + [Wekl?) < Prax

k€K I'=0

15
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C5:W=diag(e/¥1,....e/¥M)

as can be seen from the formula max‘ipmize(T — 1) Yrex 2i—o(arRY + brRE), a part

related to the W in the objective function is aoR$® + a;RP*, and maximization of the

objective function is to maximize ay,RY° + a,Rp*, which is specifically as follows:

agRY® + a;RY*
5 = Pr(Ho) (1 — P¢ (7, W))RR® + Pr(Hy)Ps (t, ¥)RY*
= Pr(Ho) (RR® + Pr (7, W) (R — R%))

P¢(7,¥) is a monotonically decreasing function of y (%), and an optimization objective

can be transformed into:

mqe}ximize y(¥)
s.t C1,C5

H H 2
lgcoWwrp + gcrPGpcWpp

o

y(¥) =

10 where y 1is a signal-to-noise ratio of a signal received from the PBS at the SBS in the
perception stage; gcr and Gp. are IRS-to-SBS and PBS-to-IRS equivalent matrices,
respectively; and g.p isaPBS-to-SBS direct link, 2 represents a variance of additive white

Gaussian noise, and Wpp is a beamforming vector of the PBS.

The objective function is non-convex, and its closed-form solution is obtained using its

15  special structure; and a following inequality is constructed:

(a)
|98oWps + 9erPGpcWpp| < |gerPGpcWpi| + |gepWrsl

(a) is a triangle inequality established only when arg(giR¥Gpcwpp) =
arg(g¥,wpp) 2 @g; it is proved that there is always a solution i satisfying (a) and the

constraint C5; and

20 let glgRlPGp6WpB = vHa, V= [ejwl,...,ejwM]H; a= dia.g(glgR)GPCWPB-

16
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maximize y(¥) ‘
The formula v is made to be equivalent to:
s.t C1,C5

maximize |v'al?
v
s.t.|lvyy,| =1,vyn=1,..M
arg(va) = @,

where v, isa n-th element in v.

Its optimal solution is v* = ¢/(¥0=a79(@) = oJ ("’0_arg(diag(ggR)GPCwPB)), and an n-th

optimized phase of the IRS is:

Y = Qo — arg(grle,CRggWPB)

where g,’i cr is a n-th element of g¥, and g! is a vector in an n-th row of Gpc; and

the optimization of the phase W of the IRS in the perception stage is completed.

step S4: the transmission stage enters, and the optimization model is used to optimize
beamforming vectors of the SBS and the diagonal phase-shift matrix @ of the IRS in the

transmission stage in the case of different perception results.
Step S4 is specifically implemented as follows:

step S4-1: the beamforming vectors of the SBS are optimized; and an optimal solution of
the beamforming vectors of the SBS is obtained through successive convex optimization and

positive semi-definite programming;

. . 2
Wiy = wrwh s defined, and for a given @, |hifwp, + hi, ®Gw ;|  and

iflwp, + il <I>Gw,~,k|2 are rewritten:
R + ki @Gwp|” = [Rwpi|* = Tr(RiREW )
|ifwp . + i @Gw, |* = |Hwp,|” = Tr(ii Wy,

where Ry = hy + G*®"h,. ., i} =iz + G"®"i,, arate of the k-th SU is rewritten as:
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Tr(iikiillzwl"’k)
Yresvpg Tr(Rchff Wr ) + o

R =log,(1+ )

Tr(iikiillzwl'v,k)

R =log,(1+ —
Yresviy Tr(Rchff Wr ) + 02 + 02

and a constraint C2 is rewritten as:

1
(T -1) Z Z by Tr(T" Wy i) < Pros
KEX =0
5 therefore, an optimization problem for a beamforming matrix Wr, is as follows:

1
maximize(T — 1) Z Z(arR,gr + brRED)

Wr  eHNT
Tk kex 7=0

1
s.t C1:(T — 1) z Z(arTr(wp,k) + brTr(Wri)) < Prax
keEX I'=0

C6:Wry > 0,Vk, I € {0,1}

C7:Rank(Wpy) < 1,Vk, I € {0,1}

10 where HNT indicatesa set matrix of Np-dimensional plural Hermite, and constraints C6

and C7 ensure that Wy, is decomposed into wr,kwﬁ'k; in order to ensure that W, can be

decomposed into wr, it is necessary to ensure Wp, >0 and Rank(Wp,k) <1, and

constraints C6:Wr, > 0,Vk,I" € {0,1} and C7:Rank(Wp,k) <1,Vk, I € {0,1}

defined;

15 under the influence of the objective function and the constraint C7, the optimization

problem is transformed into a convex optimization problem; and the optimization problem is

processed using a SCA method. For convenience, we define f and g as follows:

f(Wrj0%) = = ) log, (Z Tr(RicREWE,) + aZ>

keX reX
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IWrio0?) == D log, | D" Tr(RhiWr,) + o
keEX rex\{k}

for any feasible W), a global lower limit of g(W) is constructed:

. . H . .
IWri ) = gWR. 07 + ) Tr((Tug(W,a%) (Wrse = WD) £ (Wi WL, 02)
k€K

1 h,hH
In2 ZTEK\{k} Tr (Erﬁﬁwk)+02

2 _
where Vwkg(wp,k, o ) =
5 therefore, user rates in four cases are as follows:

RY = f(Woy 02) — 9 (Wo s Weh, 02

RE® = f(Wo, 0% + 02) — G(Wo i, Wh, 0% + 02)
ROY = f (Wi, 02) — G(Wy e W, 02)

R = f(Wyy, 02 + 02) — G(Wy i, W, 02 + 02)

for any feasible WFU,Z, I' € {0,1}, the optimization problem is transformed into:

1

minimize > (@ (f (W 7) = §Wr i W 02)) + b (f (Wi, 0% + 03)
0,k¥V1,
r=0

— J(Wr i W, 02 + )
10 s.t.C1,C2,C6,C7
By employing a SDR, a constraint C7 is removed.

Step S4-2: the diagonal phase-shift matrix @ of the IRS in the transmission stage is
optimized; an optimization problem is transformed into a convex optimization problem through
successive convex optimization and Gaussian randomization, solving is performed by a CVX

15  toolbox, and iterating is performed until the optimization problem converges.
Step S4-2 is specifically implemented as follows:

for given wy, and wyy, a phase design problem of the IRS in the transmission stage is
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as follows:

1
max(ipmize(T - 1) z Z(apR,gr + brRiD)

k€EX I'=0

s.t C2:(T — 1) z (bo|iHWo i + 1 @GWq i|* + by |ifiwy o + i @GW, |*) < Proy
=
C4:P=diag(e’?1,...,e/PM)

an objective function and a constraint C4 of the optimization problem are non-convex

functions, and the objective function is processed as follows:

|h’,}'wr,r + hgk¢Gwpr|2

diag(h G o
5 =Tr <[0H p ]l g( Rk) lwl‘k GHdlag(h k)hllz] [pD
=Tr(6"H,W, ,H} 9)
=Tr(OH, W, HY)

where optimization variables @ € CM*1, @ € CM*DX1 apd @ € CMHUXM+D) gpe
defined as 0 = [ej¢1,...,ej¢M]H, 0 =107 p]T, and © = 86" respectively ; p€C is a

T
dummy variable and |p| = 1; Hy = [(diag(hgjk)G)T h;] ; and the rate at the k-th user is

equivalent to the following form:

Tr(®H, W,  HE
R = log, <1+ (O, Wi kl 2>
10 Yresogy Tr(OH, Wi HY ) + o2
Tr(®H, W,  HE
R = log, <1+ (OH, Wi Hk) > 2)
Yresovgg Tr(OH W HY ) + 02 + 0

a constraint C2 is transformed into:

C2:(T-1) ) Z br Tr(OLW;, L) < pyoy

keEX I'=
where L € CM+DXNt | = [(diag(i¥)6)T i5]"; and

for the non-convex objective functions, following definitions are given:
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f(O,mn) =— z log, (Z Tr(OH, W, HY) + ma? + aﬁ)

keEX rex

§@©m) == logy( > Tr(OH W, HY)+maj +03
keX reX\{k}

therefore, the optimization problem is transformed into:

PcHM+1

minimize(T ~ ) )" (ar (70,0, - 3(0,0,)) + by ((0,1,1) - (0,1, )
r=0

1
s.t. CF? (T - T) Z Z b[‘ TT(OLWr’kLH) < Ptol
keEXK I'=0

C4:Diag(®) = Iy,
€8:0 >0
C9:Rank(®) =1
where Diag(®) represents a diagonal matrix whose diagonal elements are extracted from

aleading diagonal of ®. HM*! represents a set matrix of M + 1-dimensional plural Hermite,

and Ip,,; represents a M + 1 -order unit vector. Constraints C8: @ >0 and

C9: Rank(®) = 1 are defined; the constraints C8 and C9 and ® € HM*? jointly ensure that

© = 06" remain unchanged after being optimized. A rank-one solution is guaranteed by

Gaussian randomization.

step S5: the SBS transmits transmission information according to optimization results to
achieve an improvement in a spectrum efficiency of a system when constraints interfere with

primary users.

Through a BCD optimization method, the phase of the IRS in the perception stage and the
phase of the IRS and the SBS’s beamforming in the transmission stage are optimized in
sequence: the phase of the IRS in the perception stage is first optimized by using a Cauchy
inequality, and the diagonal phase-shift matrix of the IRS in the perception stage and the
beamforming vector of the SBS are optimized alternately by use of SCA, SDR and Gaussian
randomization, and the perception time is optimized by using a one-dimensional search. It is

confirmed that the solution proposed in the present invention has higher perception

21



10

15

20

25

0188P01074P00

performance and spectrum efficiencies.
Simulation experiment:

a Matlab language simulation experiment is used, and in a simulation, the channel is a
Rayleigh channel, the frame duration 7"is 100ms, the perception time t is 10ms, the carrier
frequency f; is 6MHz, the target detection probability p, is 0.9, and a perception network
includes 2 SUs. An idle probability of the primary network Pr( H,) is 0.8, transmit powers at
the SBS and the PBS are both set to 30dBm, and a tolerable interference at PUs is set to -
90dBm. A variance of noise at the k-th SU is set to g, = 0.01. The number of elements on

the IRS is setto M = 10.

As shown in FIG. 3, at a same transmit power, the false alarm probabilities are gradually
reduced in three situations of no IRS in the perception stage, no optimization of the IRS in the
perception stage, and optimization of the IRS in the perception stage, and even when the
transmit power is low, compared with other solutions, it still has a lower false alarm probability.
As can be seen from the figure, the perception performance increases with the increase of the
perception time. Therefore, by deploying an IRS to assist in spectrum perception, Py can
converge to 0 in a shorter perception time and at a lower transmit power, so as to facilitate the

SBS to formulate different transmit strategies more finely to improve the spectrum efficiency.

As shown in FIG. 4, the relationship between the rate at the SUs and the number of IRS
elements is described. It can be seen that with the increase of the number of the IRS, the rate
at the SUs increases steadily. On the one hand, more IRS elements provide more flexibility in
improving the quality of the user channel, and on the other hand, more IRS elements can reflect
more signals sent by the BS. Therefore, more IRS elements assisted perception-enhanced

spectrum sharing solutions can better improve the communication quality of the SUs.

As shown in FIG. 5, a comparison of the sum rates of the SUs in an IRS-assisted CR
network at different transmit powers when perception-based spectrum sharing and an
opportunistic spectrum access are given. It can be observed that, compared with other solutions,

according to the IRS-assisted perception-enhanced spectrum sharing solution proposed by the
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present invention, the sum rate of the SUs in a secondary network is significantly improved at
a same transmit power. In addition, a situation that there is no IRS assistance in the perception
stage is added, and it can be seen that the solution proposed by the present invention has the

highest sum rate.

As shown in FIG. 6, the mitigation effects caused by the formulation of different transmit
strategies for different spectrum usages on the decrease of the sum rate under different primary
network noise thresholds are further compared. It can be seen that under a lower noise threshold,

the solution proposed by the present invention can still maintain a high sum rate.

The above are merely implementations of the present invention, and are not intended to
limit the present invention. For those skilled in the art, various changes and modifications may
be made to the present invention. Any modifications, equivalent substitutions, improvements,
and the like within the spirit and principles of the present invention shall be included within

the scope of the claims of the present invention.
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CLAIMS

1. An optimization method for resource allocation in a perception-enhanced cognitive radio

network based on an IRS, the method comprising the following steps:

step S1: acquiring, by a secondary base station (SBS), BS (base station)-to-IRS and IRS-

to-user channel state information;

step S2: defining diagonal phase-shift matrices of the IRS in a perception stage and a
transmission stage, and establishing an optimization model according to the channel state

information;

step S3: using the optimization model to optimize that the diagonal phase-shift matrix of
the IRS in the perception stage assists the SBS in perceiving a spectrum occupancy of a primary

network;

step S4: entering the transmission stage, and using the optimization model to optimize
beamforming vectors of the SBS and the diagonal phase-shift matrices of the IRS in the

transmission stage in the case of different perception results; and

step S5: transmitting, by the SBS, transmission information according to optimization
results to achieve an improvement in a spectrum efficiency of a system when constraints

interfere with primary users.

2. The optimization method for resource allocation in a perception-enhanced cognitive
radio network based on an IRS according to claim 1, wherein the defining diagonal phase-shift
matrices of the IRS in a perception stage and a transmission stage in step S2 is specifically

implemented as follows:

letting a reflection coefficient of the IRS in the perception stage be P = [q,..., Yy]T €

(CMX:L: l/)m = ame]wm’

where a,,, w,, € [0,2m] is divided into a magnitude and a phase of a m-th element in the

IRS, the diagonal phase-shift matrix of the IRS in the perception stage is W = diag(y), a
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diag(x) function is defined to create a diagonal matrix whose diagonal elements are elements

in x,and CM*! represents a complex valued vector with a length of M + 1; and

letting a reflection coefficient of the IRS in the transmission stage be ¢ = [¢py,..., Py ] €

(CMX:L: ¢m = ﬁmejem’

where S, 0, € [0,2m] is divided into a magnitude and a phase of the m-th element in the

IRS; and the diagonal phase-shift matrix of the IRS in the transmission stage is ® = diag(¢).

3. The optimization method for resource allocation in a perception-enhanced cognitive
radio network based on an IRS according to claim 1, wherein in the establishing an
optimization model in step S2, an IRS-assisted perception-enhanced CR network model is

selected as the optimization model; and

perfect channel state information is acquired based on the SBS, and an optimization

problem of the IR S-assisted perception-enhanced CR network model is expressed as:

1
maximize F(wq, Wy, ®, %) 2 (T — 1) Z Z(arR,gr + brRiD)

WO,k’Wl,k'q)’q’
keEX I'=0

1
s.t C1: (T —1) z Z(a,- + b)Y (Wre” + [Wekl?) < Prax

k€K I'=0

2 2
C4: (T — 1) z (bo|iH W + 1 @GWq i|* + by |iHw, . + H@GWy | < Proy
keX

C3:Pd = Pd
C4: <I>=diag(ej¢1,...,ej¢M)
C5:W=diag(e/¥1,....e/¥M)

where P, 1S @ maximum transmit power of the SBS; P;,; is a maximum interference
that can be withstood by a PU (primary user); wy ;. is the SBS’s beamforming for a k-th SU

(secondary user) when a spectrum is idle; wyj is the SBS’s beamforming for the k-th SU
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when the spectrum is occupied; T is a duration of one communication frame; 7 is a
perception time of the SBS; T — 7 is a SBS-to-SU transmission time in one communication
frame; K isauserset, K = {1,...,K}; P, is a constant detection probability; i, is a SUs-
to-PU equivalent matrix; i, is an IRS-to-PU equivalent matrix; and C1 is a total power
constraint of the SBS, C2 limits an upper limit of interference received by PUs, €3 is a target
detection probability constraint, C4 is a constraint of the diagonal phase-shift matrix of the
IRS in the perception stage on the IRS, and C5 is a constraint of the diagonal phase-shift matrix

of the IRS in the transmission stage on the IRS.

4. The optimization method for resource allocation in a perception-enhanced cognitive
radio network based on an IRS according to claim 3, wherein the using the optimization model
to optimize that the diagonal phase-shift matrix of the IRS in the perception stage assists the
SBS in perceiving a spectrum occupancy of a primary network in step S3 is specifically

implemented as follows:

the diagonal phase-shift matrix of the IRS in the perception stage is ¥, and an objective

function and constraint conditions related to ¥ are as follows:

maxlipmize(T —7) Yrex 2r=olarRyT + brR);

2 2
s.t C1:(T = 7) Ypex Xr=o(ar + br)(|Wr,k| + |WF,k| ) < Bnax;
C5:W=diag(e/¥1,...,e/¥Mm);

where an actual state of a aRJ" rate is an idle state, and an actual state of a brRi' rate
is an occupied state; and wp is the SBS’s beamforming for the k-th SU when the spectrum

is idle or occupied;

in the above formula, a part related to the ¥ in the objective function is ayRY° + a;RY*;
and maximization of the objective function is to maximize aoRp° + a;R2', which is

specifically as follows:
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agRY® + a;RY*
= Pr(Ho) (1 — P¢ (7, W))RR® + Pr(Hy)Pr (r, ¥)RY";
= Pr(Ho) (RR® + Pr (7, )R — R®))

P (t,¥) is a monotonically decreasing function of y (%), and an optimization objective

can be transformed into:

maxlipmize y(¥P)
s.t C1,C5

9

2
y(®) = lg¢pwpp+9¢R¥GpcWpE .

2 5
On

where y is a signal-to-noise ratio received from a PBS (primary base station) signal at the
SBS in the perception stage; gcg and Gp. are IRS-to-SBS and PBS-to-IRS equivalent
matrices, respectively; and g.p is a PBS-to-SBS direct link, o2 represents a variance of

additive white Gaussian noise, and wpp is a beamforming vector of the PBS;

the objective function is non-convex, and its closed-form solution is obtained using its

special structure; and a following inequality is constructed:

(a)
198oWps + 9erPGpcWpp| < |gerPGpcWpspl + |gepWrsl;

(a) is a triangle inequality established only when arg(giR¥GpcWpp) =
arg( g¥,wpp) 2 @o; it is proved that there is always a solution 1 satisfying (a) and the

constraint C5;
let gerWGpcwpp = via, v =1[e/V1, /¥M]", a = diag(gtr)GpcWes;

maximize y(¥) . )
a formula v is made to be equivalent to:
s.t C1,C5

maximize |val?
v

s.t.|lv,| =1,vn=1,..M;
arg(v'a) = ¢,
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where v, isa n-th element in v;

its optimal solution is v* = e/(®o=r9(®) = ej(‘po‘arg(diag(ggR)GPCwPB)), and an n-th

optimized phase of the IRS is:

¢n* = Qo — arg(ng;{CRgngB);

where gi cr is an n-th element of ggg, and g is a vector in an n-th row of Gpc; the

optimization of the phase ¥ of the IRS in the perception stage is completed.

5. The optimization method for resource allocation in a perception-enhanced cognitive
radio network based on an IRS according to claim 1, wherein the entering the transmission
stage, and using the optimization model to optimize beamforming vectors of the SBS and the
diagonal phase-shift matrix @ of the IRS in the transmission stage in the case of different

perception results in step S4 is specifically implemented as follows:

step S4-1: optimizing the beamforming vectors of the SBS; and obtaining an optimal
solution of the beamforming vectors of the SBS through successive convex optimization and

positive semi-definite programming; and

step S4-2: optimizing the diagonal phase-shift matrix @ of the IRS in the transmission
stage; and transforming an optimization problem into a convex optimization problem through
successive convex optimization and Gaussian randomization, performing solving by a CVX

toolbox, and iterating until the optimization problem converges.

6. The optimization method for resource allocation in a perception-enhanced cognitive
radio network based on an IRS according to claim 5, wherein the optimizing the beamforming

vectors of the SBS in step S4-1 is specifically implemented as follows

defining Wr ), = wr,kwﬁ x> and for a given @, expressing an optimization problem for a

beamforming matrix Wp as follows:

maximize(T — ) Syex SholarRY + brRI):
Wr  €HYT
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s.t CL(T = 7) Bkesc Lr=o(arTr(Wr i) + brTr(Wr ) < Prax;
C6:Wr . > 0,Vk,I' € {0,1};
C7:Rank(Wr ) < 1,Vk,I" € {0,1};

where HNT indicates a set matrix of Np-dimensional plural Hermite, and constraints €6

5 and C7 ensure that Wy, is decomposed into wp,kw,’f' k; 1n order to ensure that W, can be
decomposed into wr, it is necessary to ensure Wp, >0 and Rank(Wp,k) <1, and

constraints C6:Wr; > 0,Vk,I" € {0,1}and C7:Rank(Wp,k) < 1,Vk,I' € {0,1} are defined;

under the influence of the objective function and the constraint C 7, transforming the

optimization problem into a convex optimization problem;

10 defining f and g as follows:
f(Wr k02 = = Sresc logz (Brese Tr(Richf Wr,) + 02);

IG(Wry,0%) = = Ykex log, (Zre?(\{k} Tr(hhiWr,) + o?);
where K\{k} represents a set of K in which an element k is removed,
for any feasible W), constructing a global lower limit of g(W):
. , H .
15 g(Wrko?) = g(W2, 0% + Zkes Tr((Twg (Wi, o)) (Wri — W) 2
IWr i W, 02);

1 R Y

—— = ; and
In2 ZTE?C{R} TT(hrhgwk)+O'2 ’

where Vi, g(Wry,0?) =

for any feasible Wlf'j,z, I' € {0,1}, transforming the optimization problem into:

minimize X_o(ar(f Wr o) = §(Wrio Wrl, 02)) + br (f Wi 01 + 05) =
0,k'¥V1,

20 G(Wr WD), 02 + a2)));
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s.t. C1,C2,C6,C7.

7. The optimization method for resource allocation in a perception-enhanced cognitive
radio network based on an IRS according to claim 6, wherein the optimizing the diagonal
phase-shift matrix @ of the IRS in the transmission stage in step S4-2 is specifically

5 implemented as follows:

for given wy, and wy, a phase design problem of the IRS in the transmission stage is

as follows:

1
max(ipmize(T —7) Z Z(aka + brRE)

kEXK I'=0

2 2
s.t C2:(T —1) Z (bo|ifiwo i + iHDGW " + by|iliwy ;e + iHPGW, ;| < Py
keX

10 C4:P=diag(e’?1,...,e/PM)

the objective function and a constraint C4 of the optimization problem are non-convex

functions, and the objective function is processed:

|hII;IWp'k + hg‘kq)GWp,k |2

:TT.<[0H ] ldlag(hR k)le [G"diag(hf, )R] [ﬁ])

15 = Tr(6"H, W, H0)
= Tr(OH, Wy HY)

where optimization variables @ € C¥*1 | @ € CM*DX1 and @ € CM+DXM+D) gre

respectively defined as:

20 0=1[07 p]”
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0 = 006"

T
where p € C is a dummy variable and |p| =1, H) = [(diag(hg’k)G)T h;‘(] ; and a

rate at a k-th user is equivalent to the following form:

Tr(OHL W HE)
RY =1o (1 + ' :
k 92 ZTEZK{k} TT(@HkWp_ng)+O'TZI >

(oMW 1)
5 R =1lo (1 + ' :
k gz Zrex{k}TT(GHkWr,ng)*'Uz%*'U% ’

the constraint C2 is transformed into:
C2 (T — 1) Xkex 211"=0 br TT(@LWr,rLH) < DPtol>

where L € CM+¥DXNt | = [(diag(i¥)6)T i5]"; and

for the non-convex objective functions, following definitions are given:
10 f(@,m,I) = = Ykexc logy(Zrex Tr(OH W, HY ) + moj + 03);

G0, m,T) = = Yyesc log, (Brescp Tr(OH W HY ) + mof + o7);
therefore, the optimization problem is transformed into:

minimize(T’ — 1) £ (ar (f®,0,r) - §(®,0,1)) + b (f(®,1,1) - §(®,1, r)));

s.t. C2:(T — 1) Ykex Li=o0 br Tr(OLW, . L) < pyyys

C4:Diag(®) = Iy

€8:0 > 0;

C9:Rank(0) = 1;

where Diag(®) represents a diagonal matrix whose diagonal elements are extracted from
15 a leading diagonal of ©; I,,; represents a M + 1-order unit vector, and constraints

C8: @ >0 and C9: Rank(®) =1 are defined; the constraints C8 and C9 and @<H""

jointly ensure that ® = 80" remain unchanged after being optimized; and a rank-one solution

is guaranteed using Gaussian randomization.
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