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Abstract—We consider an intelligent reflecting surface (IRS)-
aided wireless-powered non-orthogonal multiple access (NOMA)
network, in which double IRSs are adopted to boost the com-
munication between the transmitter and receiver. We split the
overall process into two phases: i) downlink wireless energy
transmission (WET) in the first phase and ii) uplink wireless
information transmission (WIT) in the second phase. Compared
with the existing works, the double IRSs scheme is considered
due to obstacles or deep shadowing between the transmitter and
receiver. Specifically, we propose a scheme to maximize the sum
rate by jointly optimizing the time allocation and phase shift
matrices in these two phases. The optimization problem is non-
trivial because of the coupling of multiple variables and the
constraint of phase shift. An alternative optimization algorithm
is adopted to surmount the objective step by step. The WET
phase shift matrices are first obtained under given WIT phase
shift matrices, and then vice versa. Numerical analysis proves
the validity of the proposed scheme in increasing the sum rate
and the effectiveness of double IRSs.

Index Terms—Intelligent reflecting surface (IRS), non-
orthogonal multiple access (NOMA), alternate optimization.

I. INTRODUCTION

Intelligent reflecting surface (IRS) has a mass of reflecting
elements, and by adjusting phase shifts of elements can
control wireless environment configuration [1, 2]. Compared
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to traditional relays, IRS has the features of being passive and
low-cost, and it can improve the spectral efficiency and energy
efficiency availably [3]. Furthermore, IRS has the advantages
of light weight and flexible deployment, and thus, deploying
IRS on a wireless communication network is an effective
way to enhance signal [4]. In addition to supporting signal
enhancement in wireless communication systems, IRS can also
play a core transmission role in the network when there is a
barrier between the transmitter and receiver [5].

On a parallel avenue, compared to wire transmission, wire-
less energy transmission (WET) is superior to prolong the
lifespan of wireless devices [6]. In this regard, the harvest-
then-transmit protocol has been widely adopted in a wireless
powered communication network (WPCN) [7]. That is, the
energy is firstly harvested during downlink WET and then
the information is transmitted by uplink wireless information
transmission (WIT) [8]. The combination of the WPCN with
IRS enables a higher system performance [9]. At the same
time, spectrum efficiency can be further improved through
non-orthogonal multiple access (NOMA), which actively in-
troduces interferences, and then decodes the information by
successive interference cancelation (SIC) [10]. Compared with
orthogonal multiple access technology, NOMA technology
greatly reduces frequency spectrum resources and ensures
fairness among different users in WPCN [11, 12].

Although there are already some studies on the combination
of IRS, NOMA and WPCN [13, 14], studies on the application
of multiple IRSs are limited. Motivated by this, we consider
a framework of two IRS NOMA network powered by wire-
less communication to respond to a special communication
environment. We deploy two IRSs on a wireless powered
NOMA system to enhance signal between the transmitter and
receiver. The time allocation for WET and WIT, and phase
shift matrices are variables and need to be optimized, forming
a non-convex problem. To address this non-trivial problem,
an alternate optimization scheme is proposed. Mathematical
derivation is used to solve the time allocation and the semi-
definite programming (SDP) algorithm is used to solve the
phase shift. The effectiveness of the proposed algorithm is
validated through numerical results. In particular, it is shown
that double IRSs dominate single IRS.

II. SYSTEM MODEL

We consider a double-IRS-assisted NOMA system powered
by wireless transmission, which includes a hybrid access point
(HAP), K users and two IRSs, denoted IRS; and IRS,.
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Fig. 1.

System Model

Both the HAP and users are single antenna devices, and
N; and Ny are the number of reflecting elements of IRSs,
respectively. As shown in Fig. 1, the obstacle interrupts the
communication between the HAP and users, and therefore
both the transmission of energy and information has to rely
on the two IRSs. The overall process is divided into two
phases: 1) HAP broadcasts energy with power F, to users
in the first phase ¢(p; and 2) users transmit their information
to HAP in the second phase t;. We make ¢35 +t; = 1 in
a general way. Clearly, adjusting the phase shift matrices of
IRSs can reconfigure the wireless channels of WET and WIT,
and further improve the system performance. During ¢, the
phase shift matrices of IRS; and IRS; are represented by
®; and O, while in t; they are denoted by ®3 and Oy,
respectively. The channels of HAP-IRS; and HAP-IRS, are
defined by r; € C'*M and ry € CY*M2, respectively, while
those between IRS; and k-th user, as well as IRS,; and k-th
user are represented by h; , € CM*! and hy, € CN2x1,
respectively. All channels comply with Rician fading, for
,/Kiilrfos + ,:ﬁr{“os, where Kr
is the Rician factor, r9% and r{79% are the line-of-sight
(LoS) and non line-of-sight (NLoS) components of Rayleigh
fading, respectively.
Thereby, the k-th user harvests energy as

Ej, = nPoto|r1©1hy g, + ro@shy 1|2, VE € [1, K], (1)

example, r; =

where 7 is a constant that represents the energy conversion
efficiency. We assume the channel reciprocity, and the signal
received at the HAP can be written as

K
y=> (b Oxf + 18 Ol )V Pes+n. @

k=1
where Py is the transmitted power of k-th user, s; is the
information of k-th user and n represents the noise. After
perfect SIC', the signal-to-interference-plus-noise ratio of the

IPerfect SIC is assumed here for simplicity. Note that the results also adapt
to the case with imperfect SIC.
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k-th user is given by
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Note that decoding order is that users with good channel
conditions are first decoded [15]. We assume that users utilize
all the harvested energy for WIT, e.g., P, = E}/t1. Thus, the
rate of the k-th user can be expressed as
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where o2 is the variance of Gaussian white noise. Then, like
[16], we can write the sum rate of the considered system as
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III. SUM RATE MAXIMIZATION

We devote to maximizing R, of the considered system
under the constraints of time and phase shifts. We can write
the objective function as

max Reum (6a)
et
st. to+t =11t €01, €0,1] (6b)
[s1,n]| = 1,Vn € [1, Nq] (6¢)
|§2,n| = I,Vn (S [17N2] (6d)
s3] = 1,Vn € [1, Nq] (6e)
|§4,n| = I,Vn S [1,N2]. (6f)
where © = [©4, O, O3, 4] represents the matrix of phase
shift, t = [to,¢1] is the time vector, §; ., € [1,4] is
the phase shift, ¢; , = [exp(ja1),exp(jaz),--- ,exp(jan)],

ay, € [0,27]. In problem (6), (6b) is the constraint of time,
and (6¢)-(6f) are the constraints of phase shifts. (6) is non-
convex because of the constraints (6¢)-(6f). Therefore, (6)
cannot be solved directly. To simplify the expression, we set
61 = [diag(©,) , diag(®2)], 02 = [diag(®s) , diag(©4)],

diag(ri)hy d diag(hf{k)rf{
g1,k = . and gor = . ]
! diag(ra)hg dzag(hfk)rf

and thus, (6) can be rewritten as

K 2 2
nPoto > 16181,1| 10282,k |

k=1
7a
102 (7a)

max tjlog | 1+
ot

st (6b) — (6f).

Next, we choose an alternative optimization algorithm to
solve problem (7). More specifically, the vector t is optimized
for a given 61 of WET and 6, of WIT, and then vice versa.

(7b)
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A. Time Allocation for Transmission

To  simplify the problem, we set a =
) Zszl 10:1g1)°|0282|° /0% and replace t; with 1 — tg,
then problem (7) can be reformulated as

ato
1 -t

Theorem 1 provides the optimal value of ¢y in a semi-closed
form.

max (1 —to)log <1+ (8a)
0

s.t. to €10,1]. (8b)

Theorem 1. The optimal time t, is obtained as

1 —exp (W (%) + 1)

tr = , 9
0 1—exp(W(anl)+1)—a ©)
where W (-) represents the Lambert function [17].
Proof: We rewrite (6a) as follows
at
g (to) = (1 —to)log <1+1 _°t0> : (10)

To maximize ¢ (ty9), we take the first derivative of ¢ (to)
with respect to to. The optimal solution is obtained when
dg (to) /Ot = 0, that is, when the following equation holds

ato =
log (1+ ): o (11
1—1tp 1+ 17(20
Let z = %, (11) can be rewritten as
rzlogr —x=a—1. (12)
After some transformation, we can convert (12) into
-1
log (E) exp <log (£>) _— . 13)
e e e

Applying the function W, for example, yexp(y) =z = y =
W(z) to (13), we can obtain

(13)

I

g () = ¥ (52

I

o= exp (W (51) +1).

Then, the semi-closed solution of #; can be obtained by
substituting x of (14) into x = ﬁ [18]. [ |

(14)

B. The Optimal Phase Shift of WET

Next, we solve (7) with respect to ®. Due to the non-
convexity, we adopt the alternative optimization algorithm.
Furthermore, we first fix @5 to optimize 6, and then vice
versa. Let us solve (7) with respect to 61, which can be re-
worked as

K
néa}x;bkwelgl,kﬁ (152)
s.t.  (6¢), (6d), (15b)
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where by, = nP0t0|02g2,k|2 is a constant.
To proceed, we expand Zszl bk|91g1,k|2, and get
K

> bibigi ket 0.
k=1

(16)

Next, G; = Zszl bknggfk, and put it into (16), thus
(16) can be reformulated as

6:G10". (17)
Following the property of trace, we can get
6:G167 = Tr(G10760,) = Tr(G1 ®1), (18)
where ®; = 01H 0, and Tr(e) represents the tracing of a
matrix. Then (15) can be converted to
Hgtx Tr(G,®,) (19a)
st. ®1(n,n)=1,n¢€ [1, Ny + No (19b)
P, -0 (19¢)
rank(®;) = 1. (194d)

To solve (19), we remove the non-convex constraint (19d),
and then (19) converts to semi-definite program, which can be
conquered by CVX toolbox [19]. What should be noted is that
the obtained solution may violate the constraint rank(®,) >
1, and this can be amended by Gaussian randomization [20].

C. The Optimal Phase Shift of WIT

Next, we optimize 05 by fixing the vectors t and 6. Then
we can rewrite (7) as

K
max I; ck|0aga k| (20a)
s.t. (6e), (6f), (20b)

K
where c;, = 77P0t0|01g17k|2. And >’ ck|02g27k|2 can be
k=1

expanded as

K
Z Ck92g2,kg2f{kef~ 21
k=1

K
G =5 Ckg21kg£{k, (19) can be changed to
k=1
0,G204". (22)
Similarly, (22) can be converted to
0,G10 = Tr(G20%0,) = Tr(G,®,), (23)

where ®5 = 05 6,. Then, problem (20) can be converted to

max Tr(Go®s) (24a)
2

st. @y, =010, (24b)

®y(n,n) =1,n € [1, Ny + Ny (24c)

P, -0 (24d)

rank(®q) = 1. (24e)

For problem (24), just like (19), we can remove the non-
convex constraint (24d) and solve it directly by using the CVX
toolbox.
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D. Convergence Analysis

There is an upper bound of the sum rate which can be
found by taking the maximum eigenvalue of the matrix in
ideal circumstances [16]. ©®™ is the n-th solution of the pro-
posed algorithm, and during the iteration process, Ry, (©™)
satisfies

As shown in (25), the sum rate increases or remains un-
changed with iterations, and therefore the proposed algorithm
converges.

IV. NUMERICAL RESULTS

In this section, numerical results are presented to demon-
strate the effectiveness of the proposed scheme. In the sim-
ulation, we consider a two-dimensional device layout. More
specifically, the coordinates of IRS;, IRS, and HAP are (0
m, 30 m), (0 m, -30 m) and (-40 m, 0 m), respectively. K
users are located within a circle with a center location (20 m,
0 m) and a radius of 10 m randomly. In addition, the path-loss
model is P;, = fd—%, where § = —20 dB, « and d are the
path-loss exponent and the distance of individual links. The
path loss exponents between HAP and IRS;, HAP and IRS,
are 3, while those between users and IRS;, users and IRS,
are 2.8. The Rician factor is set to 5 dB. For convenience, we
set N = N; = N,. Other parameter settings are: N = 100,
K =5, Ng = —154 dBm and P, = 18 dBm.

We make a comparison among the results of the proposed
algorithm, the upper bound and the other three benchmark
cases. It should be noted that SDP represents the result
obtained by the proposed algorithm. The three benchmarks are:
1) the case of equal time distribution; 2) the case of random
phase shifts of IRSs, that is each element of IRSs has a random
phase; 3) the case of a single IRS.

We simulate the sum rate versus N of each IRS in Fig. 2. In
order to make the simulation effect more obvious, the Rician
factor of the figure is set as 1 dB. All cases show upward
trends as the number of N increases, which shows that a larger
number of reflecting elements can bring better performance
to the system. The method we adopted has better effects
than the three benchmarks except for the upper bound case,
which demonstrates the validity of the method. Furthermore,
benchmark3 is inferior to the proposed scheme, showing the
superiority of double IRSs. However, the performance of the
case of equal time is the worst, it indicates that reasonable time
allocation in wireless powered network has a great impact on
system performance to a certain extent.

In Fig. 3, we demonstrate the sum rate versus the transmitted
power Py at HAP in different cases. The proposed scheme,
benchmark2 and benchmark3 almost have the same growth
trends. Compared with other cases, the rate of increase of
benchmark1 is smaller, which also shows the importance of
optimal time allocation. Besides, the proposed algorithm has
the best performance, which highlights the role of optimizing
the variables for maximizing sum rate.

We demonstrate the time for WET versus N of each IRS
in Fig. 4. Regarding time allocation, more time for WIT will
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enhance the system performance. In all cases, times decrease
as IV increases. Compared with benchmark?2 and benchmark3,
the proposed scheme has the shortest time.
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V. CONCLUSION

In this correspondence, we consider a double IRS-assisted
NOMA system powered by wireless transmission and propose
an optimization scheme to maximize the performance of the
considered system. There is no direct solution for the objective
function because of the coupled variables and non-convex
constraints. We optimize the variables iteratively through an
alternative algorithm. Numerical analyses certify the effective-
ness and correctness of the proposed scheme and prove the
superiority of double IRSs.

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

Authorized licensed use limited to: b-on: UNI

REFERENCES

Q. Wu and R. Zhang, “Intelligent Reflecting Surface
Enhanced Wireless Network via Joint Active and Passive
Beamforming,” IEEE Transactions on Wireless Commu-
nications, vol. 18, no. 11, pp. 5394-5409, Nov. 2019.
X. Li, Y. Zheng, M. Zeng, Y. Liu, and O. A. Dobre,
“Enhancing Secrecy Performance for STAR-RIS NOMA
Networks,” IEEE Transactions on Vehicular Technology,
pp. 1-6, 2022.

H. Hashida, Y. Kawamoto, and N. Kato, “Intelligent Re-
flecting Surface Placement Optimization in Air-Ground
Communication Networks Toward 6G,” IEEE Wireless
Communications, vol. 27, no. 6, pp. 146—151, Dec. 2020.
M. Cui, G. Zhang, and R. Zhang, “Secure Wireless
Communication via Intelligent Reflecting Surface,” IEEE
Wireless Communications Letters, vol. 8, no. 5, pp. 1410—
1414, Oct. 2019.

H. Liu, G. Li, X. Li, G. Huang, Y. Liu, and Z. Ding,
“Effective Capacity Analysis of STAR-RIS-Assisted NO-
MA Networks,” IEEE Wireless Communications Letters,
vol. 11, no. 9, pp. 1930-1934, Sep. 2022.

D. Niyato, D. I. Kim, M. Maso, and Z. Han, “Wireless
Powered Communication Networks: Research Directions
and Technological Approaches,” IEEE Wireless Commu-
nications, vol. 24, no. 6, pp. 88-97, Dec. 2017.

S. Bi, Y. Zeng, and R. Zhang, “Wireless Powered
Communication Networks: An Overview,” IEEE Wireless
Communications, vol. 23, no. 2, pp. 10-18, Apr. 2016.
H. Ju and R. Zhang, “Throughput Maximization in Wire-
less Powered Communication Networks,” IEEE Transac-
tions on Wireless Communications, vol. 13, no. 1, pp.
418-428, Jan. 2014.

Y. Zheng, S. Bi, Y.-J. A. Zhang, X. Lin, and H. Wang,
“Joint Beamforming and Power Control for Throughput
Maximization in IRS-Assisted MISO WPCNs,” [EEE
Internet of Things Journal, vol. 8, no. 10, pp. 8399—8410,
May. 2021.

X. Li, J. Li, Y. Liu, Z. Ding, and A. NallanathanLi,
“Residual Transceiver Hardware Impairments on Cooper-
ative NOMA Networks,” IEEE Transactions on Wireless
Communications, vol. 19, no. 1, pp. 680-695, Jan. 2020.
X. Li, Z. Xie, Z. Chu, V. G. Menon, S. Mumtaz, and
J. Zhang, “Exploiting Benefits of IRS in Wireless Pow-
ered NOMA Networks,” IEEE Transactions on Green
Communications and Networking, vol. 6, no. 1, pp. 175-
186, Mar. 2022.

© 2023 IEEE. Personal use isvpermitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.
ERSIDADE DE AVEIRO. Downloaded on February 20,2023 at 15:09:39 UTC from IEEE Xplore. Restrictions apply.

(12]

[13]

[14]

(15]

[16]

(17]

(18]

(19]

[20]

P. D. Diamantoulakis, K. N. Pappi, Z. Ding, Zhiguo and
G. k. Karagiannidis, “Wireless-Powered Communication-
s With Non-Orthogonal Multiple Access,” IEEE Trans-
actions on Wireless Communications, vol. 15, no. 12, pp.
8422-8436, Dec. 2016.

D. Song, W. Shin, and J. Lee, “A Maximum Throughput
Design for Wireless Powered Communication Networks
With IRS-NOMA,” IEEE Wireless Communications Let-
ters, vol. 10, no. 4, pp. 849-853, Apr. 2021.

Q. Wu, X. Zhou, and R. Schober, “IRS-Assisted Wireless
Powered NOMA: Do We Really Need Different Phase
Shifts in DL and UL?” IEEE Wireless Communications
Letters, vol. 10, no. 7, pp. 1493-1497, Jul. 2021.

S. A. Tegos, P. D. Diamantoulakis, A. S. Lioumpas,
P. G. Sarigiannidis, and G. K. Karagiannidis, “Slotted
ALOHA With NOMA for the Next Generation IoT,”
IEEE Transactions on Communications, vol. 68, no. 10,
pp. 6289-6301, Oct. 2020.

M. Zeng, X. Li, G. Li, W. Hao, and O. A. Dobre, “Sum
Rate Maximization for IRS-Assisted Uplink NOMA,”
IEEE Communications Letters, vol. 25, no. 1, pp. 234—
238, Jan. 2021.

U. Tamm, “Some refelections about the Lambert W
function as inverse of x log(x),” in 2014 Information
Theory and Applications Workshop (ITA), 2014, pp. 1-4.
X. Wei, and Q. Zhu, “Joint Optimization of Energy and
Information Transmission for Trapped User,” Wireless
Networks, vol. 28, no. 7, pp. 2937-2950, Oct. 2022.

M. Grant and S. Boyd, “CVX: Matlab Software for
Disciplined Convex Programming, Version 2.1,” 2014.
Z. Chu, Z. Zhu, E. Zhou, M. Zhang, and N. Al-Dhabhir,
“Intelligent Reflecting Surface Assisted Wireless Pow-
ered Sensor Networks for Internet of Things,” IEEE
Transactions on Communications, vol. 69, no. 7, pp.
4877-4889, Jul. 2021.



