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Abstract—In this paper, it is investigated a multiuser multiple-
input single-output wireless communication scenario (MISO) in
which a base station (BS) serves multiple users with the assistance
of a reconfigurable intelligent surface (RIS). Specifically, the
delay sensitivity QoS aware total effective capacity (TEC) is
maximized. By employing Zero-Forcing (ZF) beamforming at
the BS, the beamforming optimization is converted the power
allocation. Then, we alternately optimize QoS provisioning power
allocation schemes and RIS phase shifts. In particular, we derive
a closed-form expression for the optimal power allocation scheme
based on the Lagrangian method and the Karoosh-Koon-Tucker
(KKT) condition. Meanwhile, the RIS phase shift strategy is
optimized by employing the gradient descent method. Finally,
the performance of the proposed joint optimal schemes for
RIS-assisted wireless communication is verified by simulations.
The simulation results demonstrate that the optimization scheme
effectively guarantees the user’s delay QoS requirements and the
TEC significantly outperforms the random reflecting phase shift
scheme.

Index Terms—Reconfigurable intelligent surface, statistical
QoS provisioning, effective capacity, convex optimization, gra-
dient descent.

I. INTRODUCTION

ECONFIGURABLE intelligent surface (RIS) has re-

cently been considered as a promising paradigm to
provide intelligent and reconfigurable wireless transmission
environment for B5G/6G systems [1]. RIS consists of a large
number of low-cost passive reflective elements, each of which
is able to adjust the amplitude and/or phase of the incident sig-
nal independently. Massively deployed in wireless networks,
RIS can assist to create a virtual line-of-sight (LoS) link and
bypass obstacles between transmitters and receivers via smart
reflection [2], thereby appearing as a new solution to efficiently
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tackle the wireless channel fading attenuation and interference
effects, and potentially achieving a tremendous network capac-
ity improvement and energy consumption reduction [3], [4].
On the other hand, the explosive growth of latency-sensitive
multimedia services, i.e., automatic driving, medical observa-
tion and so on, has also promoted the requirements for delay
Quality of Service (QoS) provisionings. However, due to the
time-varying nature and stochastic characteristic of wireless
channels, especially in the reflected surfaces assisted wireless
communications, traditional deterministic delay QoS guaran-
tees are unrealistic in practice. The statistical delay-bounded
QoS provisionings, which is characterized by the queue length
violation probabilities, have drawn many attentions [5], [6].
However, RIS was not considered in these previous works. In
[7], the authors derived accurate, asymptotic, and approximate
closed-form expressions for the effective rate using probability
density functions. However, it is worth noting that both the
source node and destination have a single antenna, and the
number of RIS reflection elements is small. In [8], it was
analysed the ergodic channel capacity performance of a RIS
assisted Rician channel under simultaneous transmission from
follower UAVs (FUAV) to a leader UAV (LUAV). However,
the impact of different latency service quality requirements on
the results still remains to be investigated in the literature.

Motivated by the aforementioned problems, we consider a
heterogeneous statistical QoS guaranteed RIS-assisted MISO
system. In addition, we construct the total effective capacity
(TEC) maximization problem subject to the total transmit
power constraint. To solve this problem, we employ the
alternating optimization method. Specifically, we derive the
optimal transmit power allocation schemes by employing
Lagrangian method and KKT-conditions. Moreover, we itera-
tively obtain the RIS phase shift strategy using the gradient de-
scent algorithm. The performance of the obtained joint optimal
power allocation and RIS phase shift schemes are evaluated by
simulations. Simulation results show that the proposed scheme
can effectively guarantee the heterogeneous statistical QoS
provisioning for RIS-assisted wireless communications.

The rest of this paper is organized as follows. Section
IT describes the signal model and QoS mechanism for RIS-
assisted MISO heterogeneous networks. In Section III, we for-
mulate the effective capacity maximization problem. Section
IV derives the joint optimal power allocation strategy and RIS
phase shift. Section V conducts some numerical simulations.
The paper concludes in Section VI.

“Notation: a is a variable, a is a vector, and A is a matrix.
CP*9 denotes a complex matrix of dimension p x ¢. diag (-)
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is a diagonal matrix, and I,, denotes an n X n identity matrix.
(-)H, (-)T, (-)_1, and ()+ stand for the conjugate-transpose,
the transpose, the inverse and the pseudo-inverse of a matrix,
respectively. Moreover, “|lgs tr (+) and vec (-) denote the
Euclidian norm of a vector, the Frobenius norm, the trace and
a vector stacking all the columns of a matrix, respectively.
Re(-), || and ( =) denote the real part, the modulus and the
conjugate of a complex number. Also, A®B and AoB denote
the Kronecker and Hadamard products of A and B. Finally,
E {-} represents the operations of expectation.

)

II. SYSTEM MODEL

We consider an RIS-assisted multi-user multiple-input and
single-output (MISO) wireless communication system, where
a base station (BS) transmits wireless information to K
teminal users by utilizing reconfigurable intelligent surface
(RIS). It is assumed that the BS is equipped with M antennas,
each user is a single-antenna device, and RIS has /V reflection
elements. As illustrated in Fig. 1, configured at the BS, data
packets are divided into frames at the data link layer and
then decomposed into bit streams at the physical layer. It is
considered that the channel state information (CSI) is perfectly
known at the BS [9]. The BS jointly optimizes the power
control and RIS phase shift based on the QoS index of the
service request and the CSI fedback provided by the user. The
optimal phase shift is then sent back to the RIS controller.

A. Signal Model

Assume that the channel links experience a quasi-static
flat fading. We denote ® € CN*¥ the diagonal reflection
matrix of the RIS, with ® = diag[¢1, P2, ..., Pn], Where
bn = €9%n(n € N). Let x € CM*! be the signal emitted
by the BS, which can be written as x = Zfil w;s;. Here,
w; and s; represent the corresponding transmit beamforming
vector and the flow of information received by the user ¢ ,
respectively. The signal received at user i (i € K), denoted
by y;, is expressed as follows

yi = (hi®G) x + n;, (D

where h; € C*Y, G € CV*M  and n; ~ CN(0,02)
denote the channel vector between RIS and user ¢, the channel
matrix between BS and RIS, and the zero-mean complex white
Gaussian noise with variance o2, respectively. Both links BS-
to-RIS and RIS-to-users undergo Nakagami-m fading channel
model.

The signal-to-interference-plus-noise ratio (SINR) experi-
enced at the ¢th mobile user, denoted by p;, can be written
as

|(h;®G) w; |
Pi=—F . 5
S |(10®G) wil” + o7 @
k=1,k#i

The transmit beamforming vector at the BS needs to satisfy

tr (WWH) < Pr, 3)

where W 2 [wi,wy,...,wg| € CM*E and Pr is the
maximum transmit power at the BS.
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Fig. 1. System model of RIS-assisted QoS-aware downlink multi-user
communication system.

B. QoS Provisionin for RIS-Aided Wireless Communications

Due to the unstable characteristics of wireless channels
and the various QoS demands of HetNets, deterministic QoS
guarantees alone are unable to meet the heterogeneous QoS
requirements. For latency-sensitive services, statistical QoS
provisioning offers a solution by describing the probability
of delay violation, which occurs when service latency exceeds
a predetermined threshold. This approach provides a means to
achieve heterogeneous QoS guarantees.

For a queuing system with stationary ergodic arrival
properties and service processes, the queue length process
Q (t) (t > 0) is distributedly convergent to a finite random
variable @ (o0) satisfying [10]

 lim log Pr (@ (00) > «)

a—00 «

=0, )

where « is the queue length threshold and 6 is QoS exponent
indicating the exponential decay rate controlled by the queue
length bound. The value of QoS exponent 6 reflects the delay
QoS requirements of the wireless traffics.

Let us denote the QoS exponent for HetNets by 68 =
[01,09,...,0K], where 6;(1 <i< K) represents the QoS
demands corresponding to the ¢th user. We construct the
instantaneous data rate, denoted as R[t](t = 1,2,..),
where t is the time exponent. The instantaneous service
rate can be written as R; [t] = Blog, (14 p;[t]). Consid-
ering a stationary and ergodic service process represented by
Si[u] = >, R;[t], which is the partial sum of instantaneous
data rates, the Gartner—Ellis S [¢] limit can be writen as
Ac (6:) = lim log (E{e%5{}), which exists for all
0; (1 <i < K) [10]. Then, the effective capacity (EC) of the
ith downlink, represented by E¢ (6;), can be derived as

Ec (6;) = %@wz) = —9% log (E {e_a'iRi[t]})a )

we omit the index tlbelow for simplifying calculations.
Eo (6:) = — - log (E {e—aﬂBlogz <1+Pf>}). (6)

Assuming downlink transmission, the total effective capacity
for RIS-aided communications can be written as
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Be®) - —olog (Bllog, (1400 }), )
i=1

where 3; = 0;B/In2 is the normalized QoS index of the
ith downlink. The total effective capacity is non-convex due
to the heterogeneous characteristic of #;. Our previous work
[11] has proved the existence of unique real valued numbers
0y € {Hmm, Omax }- Thus the following equation holds

:——Zlog( {logg +pi>75i})a (®)

which is obviously a convex function.

III. EFFECTIVE CAPACITY MAXIMIZATION FOR
RIS-AIDED MISO WIRELESS COMMUNICATIONS

For the considered system setup, we aim to jointly optimize
the BS beamforming vector and RIS phase shift to maximize
the total effective capacity while taking into account the QoS
requirements. The heterogeneous QoS aware effective capacity
maximization problem is formulated as follows

P1: arg max {—Zlog( {10g2 L+pi)~ m})}

st. C1:tr (WWH) < Pr,
2 ldn| =1, ¥n =1,2,.., N,

where Pr is the total transmit power and C2 is the unit-
modulus constraint imposed on the phase shifters.

To optimize the problem, we employ Zero-Forcing (ZF)
beamforming at the BS, which can reduce or even eliminate
the interference between users [12], [13]. Let us denote P =
diag [Py, Py, ..., Px] € CE*K and V = [vy,vy,...,vg]" €
CE*M the power allocation matrix and the equivalent channel
matrix, respectively. Here, P; denotes the transmit power for
the ith user and v; = h;®G € C'*M_ Then, beamforming
vector can be expressed as follows

—1
W=V (vvH) p:. 9)

Plugging (9) into the constraint C'1, we can obtain
tr (P%AP%) < Py, (10)

-1
where A £ (VVH) € CKxK,

In the ZF beamforming [13], we have |v;w;| = \/P;, and
|viwi| = 0, Vk # i. Then, p; can be reduced to p; = P;/o?.
Let us define v; = 1/ 01»2. Thus, the transmit rate for the ith
user can be shown as

R; = Blog, (14 Piyi). an

In addition, since all downlinks are independent of each
other, problem P1 can be equivalently transformed as

K
Pl : argmin {E.,, 1—|—Pii_5i
g min { v Ll;[l( %)
st. Cl:tr (P%AP%) < Pr,
C2:|¢n| =1, ¥Yn=1,2,...,N.

To maximize the total effective capacity, we jointly optimize
the transmit power allocation schemes at the BS and the phase
shift of the RIS.

IEEE Transactions on Vehicular Technology

IV. HETEROGENEOUS QOS AWARE JOINT OPTIMAL
POWER CONTROL AND RIS PHASE SHIFTS FOR
RIS-AIDED MISO WIRELESS COMMUNICATIONS

A. Optimization of Transmit Power Allocation P

To solve the total effective capacity maximization problem,
we employ an alternating optimization approach, where we
iteratively optimize the transmit power allocation schemes P
and RIS reflecting phase shift ®. In this section, we first
optimize transmit power allocation scheme with fixed RIS
reflecting phase shift. Then, problem P1’ can be converted
to problem P2, which is described as follows

. ; A B

P2 argr(rggl {IE% };[1 1+ Pyi) ]

K

st. Cl:» E{PA;} < Pr.

i=1
where A;; is the ith column and ith row element of Matrix
A. To simplify the subsequent derivations, we transform the
constraint C'1 into the expectation of transmit power. Problem
P2 is convex and has an optimal solution. To solve prblem
P2, we formulate the Lagrangian function of problem P2,
denoted by L, shown as follows

K K
L:E%{H (1+ Pi%‘)_ﬁl}‘f'z i (E{P;A;}—Pr), (12)
i=1 i=1
where A;(¢ € [1, K]) are Lagrangian multipliers. The optimal
transmission power of the BS is denoted by P*, and it can be
obtained by differentiating (12) with respect to F;.

The KKT conditions for problem P2 are given by

oL X
9P, — B ~Bi(1+Py) i [ (4P ™
! j=1j#i
+ )\1 . ]E{A“} = 0,
oL
o E{PA;} —Pr=0.
(13)
Solving (13), one can obtain
1 )\zAzz .
(L+Py) = - Vi€ [1,K].
Bivi H (1+ Pﬂj)iﬂj
j=1
(14)

Multiplying the K derivatives of (14), we have

K

K
[Ta+Py)" = = = (19
) K
HB?’VJ H 1+Pj7j)_ﬁj
Jj=1

in which, after simplications, it yields

K K e %
j=1 =1 Bivi
Superseding (16) into (14), one can attain the optimal transmit
power from BS to i-th user, denoted by P;", which is shown
as follows
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* Bi 1
P = . o — o 17)
By \ AR |
AiAii
E (AiAu'
where ); can be derived by plugging (17) into

S K E{PA;} — Pr = 0. Then, we find that P} is a
function of 6;, v; and y;, which indicates that the optimal
transmit power is corresponding to the QoS requirements,
CSI and RIS phase shifts. To thoroughly analyze the insights
of optimal power allocation scheme, we give remarks 1 and
2, corresponding to the optimal power allocation schemes
under the very stringent and the very loose QoS requirements,
respectively.

Remark 1: When the QoS requirement of the ith downlink
is very stringent (§; — 0), the optimal power allocation is
reduced to

8, 1
lim PF = MAi _ —(18)
AjAjj

j=1,j#i
which is the water-filling scheme for the RIS-aided wireless
communications.
Remark 2: When the QoS requirement of the ith downlink
is very loose (f; — o0), the optimal power allocation is

simplified to
P lim Pr =20, (19)
. . 143,
where o = H (ﬁﬂj) " _1. This is the channel
1 A

. . - e . . . .
inversion scheme for the RIS-aided wireless communications.

B. Optimization of RIS Phase Shift ®

Plugging optimal power allocation scheme, specified
by (17), into the total effective capacity maximization problem
P1’, we can obtain problem P3 as

K
H (1 + P,i*%)_ﬁi‘| }

i=1

P3: argmin <E..
g(@) { Vi

st. Cl:tr (P%AP%) < Pr,
C2:|én| =1, Vn=1,2,..., N.

In this Subsection, the transmit power matrix P is fixed.
Therefore, the objective function of problem P3 can be treated
as a constant value objective function subject to the constraints
C1 and C2. Thus, the optimization problem P3 can be
further converted to the total trasmission power minimization
problem, denoted by P3’, shown as follows

P8’ :min i (PtaP?) @ o (VipVHH)
3
st |onl =1, Vn=1,2,...,N. )

In problem P3’, (a) holds by substituting A = (VVH )

into the objective function of P3’, VT denotes pseudo-inverse

T
of V. Let us denote Hy 2 |h! ,hl, .. hk| € CK*N,
Assume that the equivalent channel matrix V=Ho®G has a
right inverse. Additionally, problem P3’ can be referred as an
unconstrained problem. Thus, problem P3’ can be rewritten
as follows

4

Algorithm 1: TEC maximization algorithm based on gra-
dient descent method :

1) Inmput: K, Hy, G,0,B,~, Py, u,and € > 0.
2) Inmitialization: Random ®, V = Hyg®G, A =

(VVH)—17 40 = v, <(f(0)>HQf(O)> £O

vec (@_12.
3) while [EST) — ES2 > ¢, do

4) Update P when @ is fixed:
5) fori=1,2,... do

6) Calculate Lagrangian Multipliers \; based on
equation Zfil E{P;A;;} — Pr=0.
7 end for
8) for:=1,2,... do
9) Calculate P based on Eq. (13).
10) end for

11) Update @ when P is fixed:
12) for g=1,2,... do

13) £9) — £(9) o eind
D\ ¢ _ (¢ op@)
14) S:(fl) Qf! —(fg) Qf®).
15) if $<e
16) obtain ¢;, break.
17) end if
18) £l9) — fgg)'
19) Gain ® = $t1),
20) end for

21) end while
22) Output:®* and P*.

P3” min F(®) 2t ((H0<I>G)+ P (H0<I>G)+H) .

For simplicity, The expression for problem P3’ can be
reformulated as

F(®)2tr ((H0<1>G)+ P (Ho®G) ™"
— tr ((P%Hocbc;)+ (P*%HOq:G) +H) .

Let us denote H 2 P_%Ho. (20) can be reformulated as

(20)

F(<I>)=tr((ﬂ@c)+(fI<I>G)+H)@||G+<I>‘1fI+II%, 1)

where the equality (b) holds based on the properties of the
Frobenius norm and the laws associated with the pseudo-
inverse and inverse of matrix products.

Then, to separate variable ® from F (®), we vectorize (21)

as follows -
F (@) =||vec (GFe ") |I

] (ﬂ*@ G+) vec (1) || 22)
:Vec(lIfl)H(I:I+H®G+)H(I:I+H®G+) Vec(tIfl) .

Since problem P3” is an unconstraint problem, the gradient
decent approach can be employed to monotonically decrease
its objective function until it converges to a stationary point. To
clarify the gradient decent approach, we make the following
replacements
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f£vec(®') € CcN* X1
Then, (20) can be rewritten as F (®) = £f7Qf. To calcu-
late the gradient Vg ﬁ(fHQf of F'(®) with regard to P,
according to (23) we unfold £ Qf as follows

N K M

fHQf = Z Z Z Hb,aﬁb,aGc,aGc,a

a=1b=1 c=1
N N K M

12RedS S SN Ay Hiy G o G e o)

a=li>ab=1c=1

(24)

Next, we take the partial derivatives of (24) pertaining to
p; (Vi =1,2,...,N) can be written as follows

9 (fHQf) N K M
A A —QRe{jej%ZZZ HyiHy G iGeme 79
dpi m>ib=1c=1
N K M _
- je_jsai Z Z Z f—]b,aHb,iGc,aGc,iejgaa }
a<i b=1 c=1

Number of RIS Reflecting Elements N

Fig. 3. TEC versus RIS element numbers.
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Fig. 4. TEC versus QoS exponent, y=0.3 dB.

N Random Phase, N=100
[ Optimal Phase, N=100

Total effective capacity (bps/Hz)

SNR (dB)
107!

0 107

QoS exponent

Fig. 6. Comparison with random phase scheme.

Then, each update can be performed according to the rules
shown below

vec (\I,)(9+1) — vec (\I,)(g) + ,LLd(g),

25
£lot1) — givec(®) D o (Iy) = £9) o ej“d(g)7 (25)

wherein vec (\Il)(g) (¥ = diag [p1, P2, -, pn]), d? and p
represent the phase of f at repetition g, the descending di-
rection and step size of the iteratively updated g, respectively.

The TEC maximization algorithm based on gradient descent
method is given in Algorithm 1.

The complexity of step 9 is much less complex than
multiplication. Its complexity is negligible. Thus, the com-
putational complexity of the Algorithm hinges on iteration
numbers, and the asymptotic sophistication of Algorithm 1
is O(IA (MK (N2+N))), where In is the number of
iterations of the alternating.

V. NUMERICAL RESULTS

To evaluate the performance of the proposed optimal
schemes, we conduct numerical simulations in this section.
We set the location of BS to be (0 m, 0 m) and the distance
from BS to RIS to be 200 m. The BS is deployed with 4
antennas (M = 4). There are 4 single-antenna users (K = 4)
distributing randomly in a 10-meter radius circle centering at
(200 m, 30 m). Besides, we set the bandwidth B = 10 MHz,
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the Nakagami-m parameter m = 2. According to the 3GPP
propagation environment, the path-loss h; and G are set to be
35.26 + 22.01g d (dB).

Fig. 2 compares the perfomance of the proposed statistical
QoS aware joint optimal schemes under the relatively stringent
QoS demand (i.e., # = 1072) and the relatively loose QoS
requirement (i.e., # = 107°). As illustrated in Fig. 2, it is
found that under the relatively loose QoS requirement, the
TEC increases with the increasing of SNR. On the contrary,
under the relatively stringent QoS requirement, the TEC di-
minishes when SNR increases. The simulation results verify
the theoretical analyses for our proposed optimal power alloca-
tion schemes. It can also be observed that an RIS with a large
number of reflection elements can achieve better performance
than one with a small number of reflecting elements.

Fig. 3 shows the relationship between the TEC and the
number of RIS reflection elements. It is clear that the TEC
increases as the number of RIS reflection elements increases.
Under the same QoS requirement, optimal phase scheme has
a larger TEC compared to the random phase scheme and the
scheme without phase shifting. In Fig. 4, SNR is fixed to 0.3
dB. Obviously, it can be seen that the advanced joint optimal
schemes can acquire a better property than the random phase
shift schemes and the system without RIS. The scheme without
RIS represents a direct link between the BS and the users. Due
to the shorter distance between the BS and the users, the path
loss is smaller compared to the indirect link involving the BS-
RIS-users. Therefore, when the QoS index is moderate (i.e.,
10~% ~ 1072), the performance of the system without RIS is
higher than that of the random phase-shift scheme when RIS
Number of reflectors N = 64. In addition, the TEC is first
increasing and then decreasing as the QoS exponent increases.
In [14], [15], the authors also observed a similar phenomenon
in the simulation results. We conducted a preliminary analysis
and identified that it could be attributed to the different values
of the Nakagami-m parameter and the rate at which the
transmit power of the BS increases. However, it is important
to note that this aspect is not the focus of the current paper
and does not affect the main conclusions. Further investigation
will be conducted to explore the underlying reasons and draw
corresponding conclusions.

In Fig. 5, we plot the relationship between the minimum
transmitting power required by the BS and the number of
iterations when the number of RIS reflection elements N is
60, 80 and 100. It can be seen that as the number of itera-
tions increases, the required transmist power of BS gradually
decreases and the trend slows down, eventually reaching a
convergence value. Additionally, it can be observed that the
transmit power required by BS N = 100 is lower than that
required when N = 60, 80. This further confirms the potential
of RIS to improve the performance of wireless communication
systems.

Fig. 6 depicts the TEC versus the statistical QoS exponent
and SNR. In this simulation, the RIS element number is set
to be 100. As depicted in Fig. 6, It can be seen that our
developed schemes exhibit a higher TEC compared to those
with random phase shifts. Furthermore, it can be observed that
the difference between our proposed optimal schemes and the

6

random phase shift is more significant when the QoS exponent
falls within the moderately strict or moderately lenient region.

VI. CONCLUSIONS

This paper considered the RIS aided wireless communi-
cations with herogeneous statistical QoS provisionings. We
developed the joint optimal power allocation and phase shift
scheme to maximize the total effective capacity. Firstly, we de-
signed the RIS beamforming and heterogeneous statistical QoS
mechanism separately. Then, we established the total effective
capacity maximization problem subject to the total transmis-
sion power restraint. Solving this problem, we obtained the
joint optimal schemes by employing KKT conditions and
gradient iteration method. Simulation results validated the
better performance of the proposed heterogeneous QoS aware
joint optimal schemes for RIS aided wireless communciations.
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