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PAPER
SLNR-Based Joint Precoding for RIS Aided Beamspace
HAP-NOMA Systems

Pingping JI†a), Lingge JIANG†, Chen HE†, Di HE†, and Zhuxian LIAN††, Nonmembers

SUMMARY High altitude platform (HAP), known as line-of-sight dom-
inated communications, effectively enhance the spectral efficiency of wire-
less networks. However, the line-of-sight links, particularly in urban areas,
may be severely deteriorated due to the complex communication environ-
ment. The reconfigurable intelligent surface (RIS) is employed to establish
the cascaded-link and improve the quality of communication service by
smartly reflecting the signals received from HAP to users without direct-
link. Motivated by this, the joint precoding scheme for a novel RIS-aided
beamspace HAP with non-orthogonal multiple access (HAP-NOMA) sys-
tem is investigated to maximize the minimum user signal-to-leakage-plus-
noise ratio (SLNR) by considering user fairness. Specifically, the SLNR is
utilized as metric to design the joint precoding algorithm for a lower com-
plexity, because the isolation between the precoding obtainment and power
allocation can make the two parts be attained iteratively. To deal with the
formulated non-convex problem, we first derive the statistical upper bound
on SLNR based on the random matrix theory in large scale antenna array.
Then, the closed-form expressions of power matrix and passive precoding
matrix are given by introducing auxiliary variables based on the derived
upper bound on SLNR. The proposed joint precoding only depends on the
statistical channel state information (SCSI) instead of instantaneous channel
state information (ICSI). NOMA serves multi-users simultaneously in the
same group to compensate for the loss of spectral efficiency resulted from
the beamspace HAP. Numerical results show the effectiveness of the derived
statistical upper bound on SLNR and the performance enhancement of the
proposed joint precoding algorithm.
key words: high altitude platform, signal-to-leakage-plus-noise ratio, re-
configurable intelligent surface, large scale array, non-orthogonal multiple
access

1. Introduction

Quasi-stationary high altitude platform (HAP), as a promis-
ing communication technology in beyond 5G/6G networks,
is located at an altitude of 17–22 km to provide the strato-
spheric communication services with large coverage, long
flight duration and quick deployment [1]. It is an indis-
pensable component of air-space-ground integrated infor-
mation communication network, i.e. satellite, stratosphere
and terrestrial wireless networks. To date, some works have
studied the integration of HAP and various wireless com-
munication technologies to meet the explosive growth in the
requirement of high data transmission rate and massive con-
nectivity, such as multiple-input multiple-output (MIMO)
[1], artificial intelligence [2], hybrid beamforming [3], non-
orthogonal multiple access (NOMA) [4] and reconfigurable
intelligent surface (RIS) [5].
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The introduction of NOMA to the beamspace HAP can
tackle the issue of limited number of users by offering service
for multi-users in the same time-frequency-space resource
block, and improve the spectral efficiency (SE) by deploying
superposition coding at the HAP and successive interference
cancellation (SIC) at the terminal users [6]. The HAP realize
NOMA in power domain other than time, frequency, or code
domain, which can lengthen the endurance time of HAP
by lowering the number of radio frequency and ensure the
quality of service for HAP by allocating more power to users
with poor conditions [4].

Recently, RIS has attracted worldwide attention from
the academia and industry due to its characteristics of low
cost and portability, which can be directly deployed in exist-
ing wireless networks without any other hardwares [7]–[11].
An RIS is a man-made electronmagnetic surface composed
of a large number of programmable reconfigurable passive
elements and a smart controller [7]. The controller adjusts
the passive element, i.e. phase shift, by reflecting the inci-
dent signals to desired directions aiming at improving the
communication service. In practice, it is prone to suffer
severe path loss and serious signal blockage for the link be-
tween HAP and terrestrial users, and the RIS can overcome
this by assisting the HAP to establish the cascaded-link, i.e.
HAP-RIS-user link [5].

The key problem in RIS-aided communication systems
is how to solve the joint precoding optimization problem,
due to the non-convex objective functions and constraints.
To maximize the sum rate in the form of a sum-of-log-ratio,
some auxiliary variables has been introduced to derive the
closed-form expressions of the passive precoding matrix at
RIS and active precodingmatrix at the base station [8]. How-
ever, each item in the reflecting matrix is highly related with
the other items due to the utilization of production between
vector andmatrix, which incurs a lower complexity at the cost
of SE. The first-order Taylor expansion has been used in [9]
to transform the non-convex objective function into convex
form, which result in performance loss. The maximization
of the weighted sum rate has been solved by designing a
joint transmit precoding and reflect precoding optimization
scheme in [10]. The gradient-projection method has been
utilized in the obtainment of the closed-form of passive and
active beamforming matrices in [11]. The above works all
focus on the instantaneous channel state information (ICSI),
which is challenging to be acquired on HAP due to the large
distance between HAP and users compared with the terres-
trial systems.
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The statistical channel state information (SCSI) has
been utilized in [7] and [4]. The closed-form sum rate has
been derived in a simple scenery which is not suitable in
practice in [7] and the correlation of statistical correlation
matrix has been analyzed. The mean-square-error has been
researched to reformulate the non-convex ergodic sum rate
objective into the convex form in [4] and the partial SCSI
is used due to the digital precoder. Obviously, the feedback
overhead, i.e. ICSI, becomes exponentially higher with the
growth of the number of transmit antennas. Therefore, we
design the schemes with SCSI [4] rather than ICSI [6] for
the beamspace HAP-NOMA system.

It has been already shown in [9] and [4] that the compu-
tation of designing schemes in this downlink scenario is diffi-
cult with the signal-to-interference-plus-noise-ratio (SINR)
criterion. The adopt of the signal-to-leakage-plus-noise-
ratio (SLNR) criterion can reduce the computational com-
plexity by iteratively designing the active beamforming and
the power allocation as two disjoint subproblems [12].

In this paper, we study a downlink transmission al-
gorithm for the RIS assisted beamspace HAP-NOMA sys-
tems according to SLNR.We aim to maximize the minimum
SLNR of all users by jointly designing the passive precoding
at the RIS and power allocation on HAP. The main contri-
butions of this paper can be summarized as follows:

• A novel RIS-aided beamspace HAP-NOMA system is
proposed. The NOMA combining beamspace HAP im-
proves the achievable sum rate by improving the num-
ber of serving users simultaneously. The combination
of RIS and beamspace HAP-NOMA makes the users
without direct-link from HAP could achieve better ser-
vice.

• The statistical upper bound on SLNR is derived accord-
ing to the random matrix theory in large scale antenna.
SLNR is used as performance measure for the RIS-
aided HAP-NOMA system to reduce the computation
complexity by decoupling the power allocation and pas-
sive precoding. The minimum SLNR is maximized to
consider the user fairness.

• The closed form expressions of power allocation matrix
and passive precoding matrix are obtained by introduc-
ing a series of auxiliary variables. To be specific, The
Lagrange multiplier method is used to solve the power
allocation problem, and the bisection method is used to
solve the passive precoding problem.

• Numerical results show that the derived upper bound
is effective and the proposed algorithm has an distinct
performance enhancement.

The rest of this paper is organized as follows. Section 2 intro-
duces the channel model for the novel RIS-aided beamspace
HAP-NOMA system. Section 3 presents the main results,
where a statistical upper bound on SLNRwill be derived and
a joint precoding algorithmwill be proposed iteratively. Sec-
tion 4 presents the simulation analysis and Sect. 5 concludes
the paper.

Fig. 1 System model of the proposed RIS-aided beamspace HAP-
NOMA.

2. System Model

Consider a downlink RIS-aided beamspace HAP-NOMA
system as shown in Fig. 1, where the HAP is equipped with
a uniform planar antenna (UPA) of M = Mv × Mh transmit
antennas and G RF chains. The K single-antenna users is
served with the help of one RIS, which is equipped with
N = Nv × Nh elements of UPA. The vertical and horizontal
antenna spacing d0 = λ/2 of RIS are same as that of HAP, λ
is the carrier wavelength.

Denote the location of HAP, RIS and user k in group
g as (xH , yH , zH ), (xR, yR, zR) and (xgk , ygk ,0). ϑt ,r ∈
[0, π/2) and ϕt ,r ∈ [−π, π] are the vertical and horizon-
tal angle of departure from transmitter to receiver, ϑt ,r =
arctan(

√
(xt − xr )2 + (yt − yr )2/|zt − zr |) and ϕH ,gk =

arccos((xr − xt )/
√
(xt − xr )2 + (yt − yr )2) · sgn(yr − yt ),

sgn(·) is a sign function.
Denote the set of all users and the set of users in group g

asK andKg respectively. Denote the set of users with weak
or no direct-link as K ′. Obviously, the number of groups is
equal to the number of RF chains as G such that |Kg | ≥ 1,
Ki ∩ Kj = ∅ for i , j,

∑G
g=1 |Kg | = K and K =

⋃G
g=1Kg.

The user {k |k ∈ (K − K ′)} with direct-link should be
assigned to the beam bH ,gk and the user {k |k ∈ K ′} with
weak or no direct-link should be in the beam bHR, where
bt ,r = Mv(mt ,r − 1)+ nt ,r with mt ,r =

Mv

2 sin ϑt ,r cos ϕt ,r +
1, ϕt ,r ∈ [− π2 ,

π
2 ], mt ,r =

Mv

2 sin ϑt ,r cos ϕt ,r +Mv +1, ϕt ,r <
[− π2 ,

π
2 ], nt ,r =

Mh

2 sin ϑt ,r sin ϕt ,r + 1, ϕt ,r ∈ [0, π] and
nt ,r =

Mh

2 sin ϑt ,r sin ϕt ,r + Mh + 1, ϕt ,r ∈ [−π,0) [4].
The NOMA with successive interference cancelation is

utilized in the g-th group and the beamspace HAP-NOMA
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Table 1 Definition of parameters used in Eq. (1).

channels of users in g-th group satisfy |®hg1 wg |
2 ≥ · · · ≥

|®hg|Kg |wg |
2. The received signal at the kth user in gth group

can be represented as [9]

ygk =
®hgk wg

√
pgk xgk︸             ︷︷             ︸

desired signal

+ ®hgk wg

k−1∑
i=1

√
pgi xgi︸                ︷︷                ︸

intra−beam interference

+ ®hgk
∑
j,g

K j∑
i=1

wj
√

pji xji︸                    ︷︷                    ︸
inter−beam interference

+ ngk︸︷︷︸
noise

,

(1)

where the parameters are defined in Table 1, hH/R,gk and
hHR are defined as [1]

hH ,gk =
√
αH ,gk ρH ,gk a(ϑH ,gk , ϕH ,gk ,M)+√
αH ,gk (1 − ρH ,gk )hwH ,gk R̃1/2

H ,gk
,

(2a)

hR,gk =
√
αR,gk ρR,gk a(ϑR,gk , ϕR,gk ,N)+√
αR,gk (1 − ρR,gk )hwR,gk R̃1/2

R,gk
,

(2b)

hHR =
√
αHRa(ϑRH , ϕRH ,N)Ha(ϑHR, ϕHR,M), (2c)[

R̃t ,r

]
p,q
=

∫ π
2

0

∫ π

−π
f (ϕ) f (θ)e(j

2π
λ (d1+d2))dϕdθ, (2d)

where f (ϕ) = e(κt ,r cos(ϕ−µt ,r ))

2πI0(κ) , I0(·) is the zeroth-order mod-
ified Bessel function of first kind, µt ,r ∈ [−π, π] is the hor-
izontal AoD, κt ,r controls the angular spread (AS), f (θ) ∝
e(−
√

2|θ−θ′t ,r |/δt ,r ), θ ′t ,r and δt ,r are themean vertical AoD and
AS, d1 = (p− q)d0 sin θ cos ϕ and d2 = (p− q)d0 sin θ sin ϕ.

Assume U = D(Mv) ⊗ D(Mh) ∈ CM×M is
the spatial discrete Fourier transformation (DFT) ma-
trix for 3D lens antenna array, where D(M) =

1√
M
[aM (0),aM (1/M), · · · ,aM ((M − 1)/M)]H and aM (x) =

[1, e−j2πx, · · · , e−j2π(M−1)x],

a(ϑ, ϕ,N) = aNv (
d0 sinϑ cosϕ

λ ) ⊗ aNh
(
d0 sinϑ sinϕ

λ ), (3)

where ρt ,r = Kt ,r/(1 + Kt ,r ), Kt ,r is the Rician factors, the
large-scale fading fctor αt ,r = Gt ,r (4πdt ,r/λ)−2 [1], Gt ,r is
the effect of antenna gain from transmitter to receiver, dt ,r
is the distance between the transmitter and receiver. Finally,

hwH ,gk ∈ C
1×M and hwR,gk ∈ C

1×N are i.i.d. satisfying the
complex Gaussian distribution CN(0, I).

We further define φ = [φ1, · · · , φN ]
H , cgk = φHcgk

and Ξgk = φΞgkφH

cgk =
√
αHRαR,gk ρR,gk
· diag(a(ϑR,gk , ϕR,gk ,N))a(ϑRH , ϕRH ,N)H ,

(4a)

Ξgk = αHRαR,gk (1 − ρR,gk )diag(a(ϑRH , ϕRH ,N))
R̃R,gk diag(a(ϑRH , ϕRH ,N)H ).

(4b)

The SLNR of the k-th user in g-th group is [12]

SLNRgk =
|®hgk wg |2 pgk∑

ji ∈K−gk
|®h ji

wg |2pgk +σ
2 , (5)

where K−gk = (
⋃

j,gKj)
⋃
{g1, · · · , gk−1}.

According to generalized eigenvalue decomposition
[12] and equation (5), the optimum wg =

w′g
|w′g |2

with

w′g = (
∑

ji ∈K−g1

®hH
ji
®hji +

σ2

pg1

· I)−1®hH
g1 . (6)

3. Joint Precoding Scheme

In this section, we derive the upper bound of the SLNR.Then,
the joint precoding algorithm is proposed to maximize the
minimum user SLNR.

3.1 The Upper Bound on SLNR

We aim to maximize the SLNR only with the knowledge of
SCSI. Assume bHR = G and KbHR = KG . We derive the
upper bound of SLNR in next theorem, which is proved in
Appendix.

Theorem 1. The upper bound of SLNRgk based on (5) can
be further given as

SLNRu
gk
=

δ′g,GMαH ,gk
ρH ,gk

σ2
pgk

+
δg,G ( |

√
αH ,gk

ρH ,gk
+cgk |

2+Ξgk )+δ
′
g,G (c

H
gk

cgk +Ξgk )∑
ji ∈K−g1

(
Ξ ji

1+mji
+δ′

j ,G
cH
ji
c ji )+η+

σ2
Mpgk

−ζg
,

(7)

where

ζg =
∑

l,g,G

∑
n∈Kl

√
αH ,ln ρH ,ln c

H
ln

∑
n∈Kl

√
αH ,ln ρH ,ln cln∑

n∈Kl

αH ,ln ρH ,ln

= φHζgφ,

(8a)

ζg =
∑

l,g,G

∑
n∈Kl

√
αH ,ln ρH ,ln c

H
ln

∑
n∈Kl

√
αH ,ln ρH ,ln cln∑

n∈Kl

αH ,ln ρH ,ln
, (8b)

η =

|KG |∑
i=1
|
√
αH ,Gi ρH ,Gi + cGi |

2, (8c)

mgk = Ξgk /(
∑

ji ∈K−g1

(
Ξ ji

1+m ji
+ δ′j ,GcHji cji )

+η + σ2

Mpgk
− ζg),

(8d)
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with the symbol mgk can be iteratively achieved by mgk =

limt→∞ m(t)gk and m(0)gk = M , and δx,y is a unit-impulse func-
tion, the value of which is zero when x = y and one when
x , y, δ′x,y = 1 − δx,y .

3.2 Proposed Joint Precoding Scheme

The proposed joint precoding algorithm has been clarified
in Algorithm 1. We obtain the Φ, pgk closed-form optimal
solution alternately by fixing the other variables.

Under the derivation of Theorem 1, the minimum user
SLNR maximization problem can be formulated as

(P)max
pgk ,Φ

min SLNRu
gk

s.t. C1 : pgk ≥ 0,
C2 :

∑G
g=1

∑ |Kg |
k=1 pgk ≤ P,

C3 : |θn | = 1,∀n,

(9)

where C1 ensures each user can be allocated with non-
negative power, C2 satisfies the maximum total power de-
mand at the HAP, C3 indicates the constraints of phase shift
matrix Θ.

3.2.1 Algorithm for Optimizing pgk Given φ

By introducing auxiliary variable t, the problem P can be
transformed as

(Ppgk
) min
{pgk }

t−1

s.t . C1,C2,

C4 : t ≤ SLNRu
gk
= A(1)gk pgk +

B
(1)
gk

C
(1)
gk
+ σ2

pgk

(10)

where

A(1)gk = δ
′
g,GMαH ,gk ρH ,gk /σ

2, (11a)

B(1)gk = δg,G(|
√
αH ,gk ρH ,gk + cgk |

2 + Ξgk )
+δ′g,G(c

H
gk

cgk + Ξgk ),
(11b)

C(1)gk =
∑

ji ∈K−g1

(
Ξ ji

1+m ji
+ δ′j ,GcHji cji ) + η − ζg . (11c)

Problem Ppgk
is non-convex resulted from the multi-

variable coupling in C4, another auxiliary variables {bgk } is
introduced to make it solvable. And the problem Ppgk

can
be equivalently reformulated as

(P ′pgk
) min
{pgk }

t−1

s.t . C1,C2,

C(1)4 : A(1)gk C(1)gk p2
gk
+ (A(1)gkσ

2 + B(1)gk )pgk
≥ C(1)gk bgk + σ

2t,

C(2)4 :
[ t,

√
bgk√

bgk , pgk

]
≥ 0,

C(3)4 : t ≥ 0.

(12)

The Lagrangian function of (P ′pgk ) is

L(pgk , t, b, µ,τ,κ)
= t−1 + µ(

∑G
g=1

∑ |Kg |
k=1 pgk − P)

+
∑G
g=1

∑ |Kg |
k=1 τgk (C

(1)
gk bgk + σ

2t − A(1)gk C(1)gk p2
gk

+(A(1)gkσ
2 + B(1)gk )pgk )

+
∑G
g=1

∑ |Kg |
k=1 κgk (t − bgk pgk ),

(13)

where µ, τ and κ are the Lagrange multipliers of C2, C(1)4
and C(2)4 respectively. Therefore, the optimal pgk is [15]

poptgk =
µ + τgk (A

(1)
gkσ

2 + B(1)gk ) − κgk bgk
2τgk A(1)gk C(1)gk

. (14)

3.2.2 Algorithm for Optimizing Φ Given pgk

We use the sub-multiplicativity of norm ‖AB‖ ≤

‖A‖‖B‖ and transform the item as √αH ,gk ρH ,gk cgk ≤
(αH ,gk ρH ,gk ‖cgk ‖)(φφ

H ), then

SLNRu
gk
≤

Tr(Agkφφ
H+Bgk )

Tr(Cgkφφ
H+Dgk

)

+
δ′g,GαH ,gk

ρH ,gk

σ2
Mpgk

,
(15)

where

Agk = (cgk c
H
gk
+ Ξgk + δg,G2αH ,gk ρH ,gk ‖cgk ‖)I),

(16a)
Bgk = δg,GαH ,gk ρH ,gk , (16b)

Cgk =
∑

ji ∈K−g1

(
Ξ ji

1+m ji
+ δ′j ,Gc ji c

H
ji
) +
|KG |∑
i=1

cGi c
H
Gi
− ζg,

(16c)

Dgk =
σ2

Mpgk
+
|KG |∑
i=1

αH ,Gi ρH ,Gi . (16d)

By introducing two auxiliary variables t1 andZ = φφH ,
and globally relaxing the feasible set of Z to its convex hull
as {Z|Tr(Z) = N,0 ≤ Z ≤ I} [14]. The P is reformulated
as

(Pφ)max
Z

t1
s.t . C3,
C5 : Tr(Agk Z + Bgk )/Tr(Cgk Z + Dgk ) ≥ t1,
C6 : Tr(Z) = N,
C7 : 0 ≤ Z ≤ I.

(17)

The problem Pφ is convex when t1 is fixed. The bisec-
tion search method [14] can be utilized by setting

tu = [(λmax
Agk
+ Bgk )/(λ

min
Cgk
+ Dgk )]

max
g,k , (18a)

tl = [(λmin
Agk
+ Bgk )/(λ

max
Cgk
+ Dgk )]

min
g,k , (18b)

where λmax/min
A is the maximum or minimum eigenvalue of

matrix A.
Given t̂ ∈ R, the feasible Semi-Definite Programming

problem P ′φ means t̂ is a feasible solution of Pφ , then the
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optimal solution of Pφ is in the interval of [̂t, tu]. Otherwise,
the infeasible SDP problem P ′φ means the optimal solution
of Pφ is in the interval of [tl, t̂].

A recursive algorithm is designed from the step 5 to
step 14 in Algorithm 1 to find out the optimal solution of Pφ
by gradually narrowing down the feasible interval. Firstly,
the initial value of t1 is given as (tl + tu)/2, where tl and tu
are denoted in (18). Next, the feasibility of Pφ is checked.
If it is feasible, tl is updated as t1; otherwise, tu is updated
as t1. Repeat the above steps until tu − tl ≤ ξt , where ξt is
the preset threshold [16].

With given t1, the problem Pφ can be transformed as

(P ′φ) find Z
s.t . C3,C5,C6,C7.

(19)

Numerical program solvers can be used to solve the
convex problemP ′φ , and we can obtain the optimalZopt . We
then constructΦopt based on v1, where v1 is the eigenvector
corresponding to the largest eigenvalues of Zopt , as

Φopt = diag(exp( j arg(v1))). (20)

3.2.3 Complexity Analysis

In each iteration, µ, τ and κ in (13) can be attained with the
complexity O(K2 log2(δ)) [15], where δ is denoted as the
preset accuracy. The complexity of the obtainment of tu and
tl in (18) is O(N3). The worst case to obtain Zopt and Φopt

has log2((tu − tl)/ξt ) iterations [14] with the complexity of
O(N4 + N2K) in each iteration [17]. The main complexity
of the proposed joint precoding algorithm is

Cpro = O{T[(N4 + N2K) log2((tu − tl)/ξt )
+K2 log2(δ)]}.

(21)

The main complexity in [9] is

C1 = O{T[max(3K + 1 + G,KG)4 ×
√

KG log( 1
ξ )

+(3K + N + 1)4
√

N + 1 log( 1
ξ )

+(3K + N + 2)4
√

N + 1 log( 1
ξ )]},

(22)

where ξ is the required accuracy in [9].
The main complexity in [4] is

C2 = O{T[K2 log2(δ)]}, (23)

where δ is the required accuracy in [4].
Obviously, the complexityC2 in (23) of [4] is the lowest

as seen from (21)–(23). The second term in (21) is too small
that it can be neglected. The tu and tl in (21) are defined
in (16) and (18). Due to the large-scale fading on HAP,
the tu and tl are 10−5 and 10−15 approximately by 103 times
of repetitive simulations. The value of log2((tu − tl)/ξt ) is
approximately equal to log( 1

ξ ), and the value of N4+N2K ≈
N4 because the number of antennas N is too larger than the
number of users K in this paper. Finally, we can get that
C2 < Cpro < C1.

4. Numerical Results and Analysis

In this section, the performance of the proposed algorithm is
evaluated. The simulation parameters of variables for RIS-
aided HAP-NOMA system are shown in Table 2 based on
[1].

As shown in Fig. 2, we analyze the trends of the
sum SLNR of the users

∑G
g=1

∑ |Kg |
k=1 SLNRgk with respect

to the total transmitted power P. In this simulation,
we set M = 256. Figure 2 proves the effectiveness of
the closed-form expressions which we deduced for the
upper bound on SLNR in (7) for the RIS-aided HAP-
NOMA systems. The Monte-carlo simulations depicts the∑G
g=1

∑ |Kg |
k=1 SLNRu

gk
with respect to P, where SLNRu

gk
is

Table 2 Simulation parameters.
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Fig. 2 Sum SLNR versus total transmit power. M = 256.

Fig. 3 SE versus iteration. M = 256 and P = 20 dBW.

defined in (7). And the proposed joint precoding algorithm
depicts the

∑G
g=1

∑ |Kg |
k=1 SLNRgk with respect to P, where

SLNRgk is defined in (5).
As shown in Fig. 3, the SE performance of the proposed

scheme has been evaluated. In this simulation, we set M =
256 and P = 20dBW. For comparison, we plot the SE
achieved by joint algorithm in [9] and without RIS algorithm
in [4]. The proposed algorithm outperforms the algorithm
in [9] due to the performance loss of the utilization of first-
order Taylor expansion in [9]. The worst performance of the
algorithm in [4] is because the RIS have not been used. The
convergence speed of the proposed algorithm is faster than
the other two algorithms due to the closed-form expression
on upper bound of SLNR.

Figure 4 shows the SE performance of the proposed
scheme with respect to total transmitted power P and the
number of antennas on HAP M . As we can observe, the SE
obtained by all these algorithms increase with the growth of
P and M . In terms of SE, the proposed algorithm with RIS
outperforms the other two algorithms, owing to the same
reason as mentioned.

Fig. 4 SE versus total transmit power with respect to different number of
antennas M on HAP.

5. Conclusion

In this paper, we have studied a downlink transmission algo-
rithm for the RIS assisted beamspace HAP-NOMA systems
according to SLNR. We have aimed to maximize the min-
imum SLNR of all users by jointly designing the passive
precoding at the RIS and power allocation on HAP. The
main contributions of this paper could be summarized as
follows:

• A novel RIS-aided beamspace HAP-NOMA system has
been proposed. The NOMA combining beamspace
HAP has improved the achievable sum rate by improv-
ing the number of serving users simultaneously. The
combination of RIS and beamspace HAP-NOMA has
made the users without direct-link from HAP could
achieve better service.

• The statistical upper bound on SLNR has been derived
according to the random matrix theory in large scale
antenna. SLNR has been used as performance measure
for the RIS-aided HAP-NOMA system to reduce the
computation complexity by decoupling the power allo-
cation and passive precoding. The minimum SLNR has
been maximized to consider the user fairness.

• The closed form expressions of power allocation matrix
and passive precoding matrix have been obtained by in-
troducing a series of auxiliary variables. To be specific,
The Lagrange multiplier method has been used to solve
the power allocation problem, and the bisection method
has been used to solve the passive precoding problem.

• Numerical results have shown that the derived upper
bound is effective and the proposed algorithm has an
distinct performance enhancement.
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Appendix: Proof of Theorem 1

We derive Theorem 1 by setting some temporary variables
Fgk = (

∑
ji ∈K−gk

®hH
ji
®hji +

σ2

pgk
I)−1, w̃g = Fg1

®hH
g1 and

υgk =
w̃H
g
®hH
gk
®hgk w̃g

w̃H
g (

∑
ji ∈K−gk+1

®hH
ji
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σ2

pgk
I)w̃g

. (A· 1)

Let ggk = 1√
M

hwH ,gk ∼ CN(0,
1
M I), lgk = 1√

N
hwR,gk ∼

CN(0, 1
N I), ®̂hgk =
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(A· 2)
where (a) follows from the Lemma 5 in [13], (b) follows
from the Lemma 4 in [13] and (c) follows from the Theorem
1 in [4] and

®Rgk ,gk = M(√αH ,gk ρH ,gkλ
g
G
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G
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We utilize (A.1), (A.2) and (A.3) to get SLNRgk as
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where (d) come from the monotonically increasing function
SLNRgk with respect to υgk ∈ [0,1). Obviously, the optimal
w̃(opt)g can be obtained as (

∑
ji ∈K−gk+1

®hH
ji
®hji +

σ2

pgk
I)−1®hH

gk
to

maximize SLNRgk . We utilize thematrix inversion lemma in
(25) and attain themaximumvalue of SLNRgk = ®hgk Fgk ®hH

gk
.

And, (e) follows from the rank-1 perturbation lemma in [13],
( f ) follows the Theorem 1 in [13], (g) follows the Theorem
1 in [4].

Pingping Ji received theB.E. degree in com-
munication engineering and the M.E. degree in
communication and information system from the
NanjingUniversity of Posts andTelecommunica-
tions, Nanjing, China, in 2014 and 2017, respec-
tively. She is currently pursuing the Ph.D. degree
with the School of Shanghai Jiao Tong Univer-
sity, Shanghai, China. Her research interests
include multiple-in-multiple-out (MIMO) tech-
nology, reconfigurable intelligent surface (RIS),
and precoding for massive MIMO.

Lingge Jiang received the B.E. degree in ra-
dio engineering from Southeast University, Nan-
jing, China, in 1982, and the M.E. degree in
electrical engineering, and the Ph.D. degree in
electronic system engineering from Tokushima
University, Tokushima, Japan, in 1993 and 1996,
respectively. In 1996, she joined the Department
of Electronic Engineering, Shanghai Jiao Tong
University, Shanghai, China. She is currently a
Professor with Shanghai Jiao Tong University.
She has authored or coauthored more than 170

journal and conference papers and has 59 awarded patents. Her current
research interests include next generation wireless communication systems,
wireless sensor networks, cognitive radio networks, cooperative communi-
cation, and intelligent information processing. She was the recipient of the
4th Nyoji Yokoyam Excellent Paper Award of Shanghai Jiao Tong Univer-
sity in 2000 and the Technique Invention Prize (second-class) of Shanghai
Science and Technology Award in 2008 (20083041-2-R02).

Chen He received the B.E. and the M.E. de-
grees in electronic engineering from Southeast
University of China, Nanjing, China, in 1982
and 1985 respectively, and the Ph.D. degree in
electronics system from Tokushima University
of Japan, Tokushima, Japan, in 1994. He was
with the Department of Electronic Engineering,
Southeast University of China, from 1985 to
1990. He joined the Department of Electronic
Engineering, Shanghai Jiao Tong University of
China, in 1996. He visited Tokushima Univer-

sity of Japan as a foreign researcher from October 1990 to September 1991
and visited the Communication Research Laboratory of Japan from De-
cember 1999 to December 2000 as a Research Fellow. He is currently a
Professor with Shanghai Jiao Tong University, Shanghai, China. He has
authored or coauthored more than 200 journal papers and more than 80
conference papers. His research activities focus on 5G wireless communi-
cation systems, including interference cancellation for multi-cells, wireless
resource management, and cognitive radio. He received the Best Paper
Award in the GLOBECOM 2007.

Di He Di He received the B.E. degree in in-
formation engineering from Huazhong Univer-
sity of Science and Technology, Wuhan, China,
in 1996, the M.E. degree in communication and
information engineering from Nanjing Univer-
sity of Posts and Telecommunications, Nanjing,
China, in 1999, and the Ph.D. degree in circuits
and systems fromShanghai JiaoTongUniversity,
Shanghai, China, in 2002. From 2002 to 2004,
he was a Postdoctoral Fellow with the Depart-
ment of Electrical and Computer Engineering,

University of Calgary, Canada. He is currently an Associate Professor
with Shanghai Jiao Tong University. His research interests include wireless
communications and wireless positioning.

Zhuxian Lian received the B.E. degree
in communication engineering from Information
Engineering University, Zhengzhou, China, in
2011, and the Ph.D. degree from Department
of Electronic Engineering, Shanghai Jiaotong
University, Shanghai, China, in 2019. He is
currently a Lecturer with the Jiangsu University
of Science and Technology, Zhenjiang, China.
His research interests include channel modeling,
MIMO techniques, and precoding for massive
MIMO.


