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How Much Time is Required for Phase Shift Delivery in
RIS-Aided Wireless Systems?
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Abstract—Reconfigurable intelligent surface (RIS) has become
a focal point of extensive research due to its remarkable “squared
gain”. However, achieving a substantial beamforming gain typ-
ically requires a significant number of elements, which leads
to a non-negligible overhead that forwards the coherent phase
shift to the RIS. Different from previous works, which primarily
focus on the information transmission phase, we consider the
phase delivery overhead during the phase-shift delivery phase
to explore the trade-off between performance and overhead.
To reduce the phase delivery overhead via the control link, we
introduce a hybrid phase shift mechanism, encompassing both
the coherent and fixed phase shifts. Specifically, a beamforming
problem is formulated for maximizing the throughput. In light
of the intractability of the problem, we develop an alternating
optimization-based iterative algorithm by combining quadratic
transformation and successive convex approximation. To gain
more insights, we derive the closed-form expression of the
number of elements adopting the coherent phase shift in the large
signal-to-noise ratio region. This expression serves as a valuable
guide for the practical implementation of the RIS technology. Our
simulation results conclusively demonstrate the effectiveness of
the proposed algorithm in achieving a favorable trade-off between
throughput and overhead. Furthermore, the introduction of the
hybrid phase shift approach significantly reduces phase delivery
overhead while concurrently enhancing the system throughput.

Index Terms—Reconfigurable intelligent surface, hybrid phase
shift, phase-shift delivery, resource allocation.

I. INTRODUCTION

Recently, reconfigurable intelligent surface (RIS) has gar-
nered substantial attention from both academia and industry
due to its remarkable attributes including high array gain
and low power consumption [1]. The RIS can passively
reflect the received signal and achieve “squared gain” without
extra transmit power and channel bandwidth resources by
simply adjusting the phase shift of each reflecting element.
So far, there have been numerous efforts to apply the RIS to
various network scenarios, such as mmWave communication
[2]], wireless-powered communication [3]], and to improve the
performance and efficiency of communication systems by
optimizing different performance metrics, such as the age of
information [4]], energy efficiency [5]], deployment location [6].

However, it is worth noting that current research primarily
focuses on information transmission, overlooking a crucial
aspect: the phase-shift delivery, which typically refers to the
base station (BS) delivering the optimized phase shift to the
RIS so that the passive beamforming can be achieved. In
fact, the duration of the phase-shift delivery process primarily
depends on the phase delivery overhead and has a direct
influence on the duration of the subsequent information trans-
mission phase. Up to now, the phase-shift delivery process
has received little attention, and there are only a few works
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(see, e.g., [7]-[9]) related to this work regarding the delivery
overhead. However, the trade-off between the delivery time
and the transmission time and how to configure the number of
reflecting elements are not covered in existing works [7]-[9].
Specifically, although a substantial number of elements can
improve throughput performance, it also reduces the trans-
mission time due to the prolonged phase delivery, and thus
deteriorating the transmission performance. Thus, a natural
question arises: How long is required for phase shift delivery?
This question is generally neglected in existing works where
the phase delivery is not involved, and this is the first attempt
to solve this problem to the best of the authors’ knowledge.

Inspired by the aforementioned observations, we investigate
the information transmission with phase delivery in RIS-aided
wireless communications. We carefully examine the trade-off
between delivery time and transmission time by investigating
the hybrid phase shift mechanism. This hybrid phase shift
combines both coherent and fixed phase shifts, which empow-
ers the system to achieve a delicate equilibrium between the
system performance and the delivery overhead. Specifically,
we formulate an optimization problem aiming at maximizing
the throughput by taking the hybrid phase shift and time slot
for phase delivery into account. Recognizing the complexity
inherent in the formulated problem, we propose an alternat-
ing optimization-based algorithm that adopts quadratic trans-
formation and the successive convex approximation (SCA)
method to obtain the sub-optimal solution. To gain deeper
insights, we explore the number of elements adopting coherent
phase shifts and derive a closed-form expression in the large
signal-to-noise ratio (SNR) region. This information can serve
as a practical guide for the deployment of the RIS. Our
simulation results substantiate that the proposed optimization
framework can effectively reduce the phase delivery overhead
and enhance the throughput.

II. SYSTEM MODEL AND PROBLEM FORMULATION

As illustrated in Fig. [I] we consider a RIS-aided wireless
communication network consisting of a BS equipped with M
antennas, a RIS equipped with IV reflecting elements, and K
single-antenna users. The RIS is equipped with a controller
with signal processing and transmission/reception capabilities,
harmonizing the interactions between the BS and the RIS for
precise phase shift control. However, delivering the optimized
phase shift to the RIS before the data transmission phase
will have an impact on the communication phase, especially
for a large number of reflecting elements. To this end, we
consider a hybrid phase shift mechanism that includes both
the coherent phase shift [10], which needs to be optimized
and delivered to the controller, and the fixed phase shift,
which is generated randomly at the RIS without any phase
delivery overhead. The RIS comprises two co-located sub-
surfaces with N° coherent phase shifts and N* fixed phase
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Fig. 1. The RIS-aided wireless communications.

shifts. Note that the hybrid phase shift can be reduced to the
traditional coherent phase shift (see, e.g., [11]) when N fix —
0. Define #<°" and 6f% as coherent phase shift and fixed
phase shift, respectively. Thus the phase shift matrix can be

ix fix
denoted as © = diag(e?i™" ,ejeN“’h,eJef o el
and N = N°h 4 Nfx  Gpecifically, we denote

- ncoh

O —diag(e/?i™, ... eI ... eI¥Neon) as the phase-shift
matrix for the coherent phase shlft and denote @1 =
diag(e/%”, - el ... e?Nix) as the phase-shift matrix
for the fixed phase shlft. For the phase-shift delivery phase,
we define b as the number of quantization bit for each coherent
phase shift and define ¢ as the duration of the phase delivery
via the control link. Then, the delivery bits should satisfy the

following condition
tRp > bN, (1)

where R denotes the delivery rate needed in the control link,
which can be obtained by the method in [8f]. In the information
transmission phase, the BS transmits information to K users
with the assistance of the RIS. Based on the hybrid phase shift
mechanism, the received signal at the k-th user is [2]

K
T Z hr k®HwkSk +ng = Z ((hCOh)H@COhHCOh (2)
k=1

(h )H@hXHﬁX)WkSk + ng,

where w;, and s; denote the beamforming vector and the
transmission signal with E{|sg|?} 1 of the k-th user,
respectively. (-)¥ denotes the conjugate transpose operator.
by, € CV¥1 = [0 ] and H € CV*M = [Heh; F]
denote the channels from the RIS to the k-th user and the BS
to the RIS, respectively. ny ~ CN(0, %) denotes the additive
white Gaussian noise (AWGN) at the k-th user. Thus, the
signal-to-interference-plus-noise ratio (SINR) of user & is
[(hgs) T @M H " + (h5) T @ H™)wy |?

Tk =K } N 3
.gk |((h:ekh)H@cothoh_;’_(hil’:;)H@ﬁfolx)wi‘2_;'_62

Then, the achievable throughput of the k-th user is formulated
as R = (T — t)logy(1 + ), where T denotes the total
duration of phase delivery and information transmission phase.

In this paper, our objective is to find a harmonious equilib-
rium between the throughput and delivery overhead in RIS-
aided wireless networks. To be more specific, we formulate
the problem of throughput maximization as follows

K
max . (T

O wi,t k=1
st. CLipt+ (T —1t) Z [wi|? <

Cy: (T—1) 10g2( +’7k) > Rmin,
Cs: |[®C0h}n,n| =1l,n=1,--- ,NC°h7
Cy : tRp > BN,

—t)logy (1 + k)
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where p denotes the delivery power, E™2* represents the
maximum energy threshold of the BS, Rrknin signifies the
minimum transmission throughput threshold for user k. C;
corresponds to the maximum energy constraint enforced on the
BS, Zszl |[wi||? denotes the sum power of the BS [4]. Co
represents the minimum throughput constraint imposed on the
k-th user, guaranteeing a specified level of data transmission
performance. C3 represents phase shifts #%°" changing within
the [0,27). For ease of handling, we have expressed it in
the equivalent form mentioned above [6]. Cy denotes the
constraint on delivery bits. It is noted that the formulated
problem is completely different from the existing works [7]]—
[9] due to the introduction of the hybrid phase shift and
phase delivery overhead, which results in different solution
methodologies, and the algorithms designed in existing works
cannot be applied in our work.

III. BEAMFORMING ALGORITHM DESIGN

The main challenge in problem (@) lies in the introduction
of phase shift delivery, exacerbating the coupling among vari-
ables. Besides, the fractional form in the rate expression ren-
ders problem (@) challenging to solve. Conventional fractional
programming techniques, such as the Charnes-Cooper method
and Dinkelbach’s method, perform effectively in single-ratio
scenarios but encounter challenges when addressing multi-
ratio cases. To this end, we employ quadratic transformation
proposed in [12]] to decouple the variables in problem (@), as
demonstrated in the following Lemma.

Lemma 1: (Equivalent problem for throughput maximiza-
tion): Through the introduction of auxiliary variables p; and
Nk, we can equivalently reformulate the original problem
presented in (@) as follows

K
max Rsum = (T - t)( Z IOgZ(l + pk?)
k;_

coh
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Proof: please refer to [12]. ]
Once the other variables are held constant, the optimal value

for p;, can be obtained by solving the equation 6g<:m =0,

ie., pp = vg. After ﬁxing other variables, the optimal 7 can
be obtained by solving 2 °“"‘ =0, ie.,

\/(1+Pk

’
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(7

Next, we will iteratively optimize wy, t, and ©°°". The
specific optimization process is shown as follows.

1) Delivery Time Optimization: In this subsection, we focus
on the delivery time optimization for given other variables.



Then, we can transform problem () into

min t
¢ ®)
s.t. Cl, 02, C4.

It is important to highlight that problem (8) is a linear
programming problem with respect to the variable ¢. Such
linear programming problems can be efficiently solved using
dedicated optimization tools, e.g., linprog.

2) Beamforming Vector Optimization: In this subsection,
our focus lies in optimizing the beamforming vector while
keeping the other variables fixed. Consequently, we can trans-
form problem (3)) into the following form

max Reum
Wi 9
s.t. Cl, 02.

To begin with, we introduce a new variable W, = wkwkH .
This transformation allows us to express the following

C1tpt+(7"—t)iirﬁfvvk)g‘Emm:
Cy: Tr(Hka) =

_ (2% - 1)(§;€Tr(HkWi) +d7) >0,
Fr = 2m/ (1 + pk)l{‘i(ﬂk;’vk)

(X TH(HW,) + 67),

=1

(10)

where H;, = hih)! and h, = (hﬁ:’kh)HQCOhHCOh +
(hﬁ’,‘c)H OfH ™ 1t is essential to emphasize that the in-
troduction of the new variable helps transform the problem
into a convex one, but it also brings a non-convex equality
constraint in the form of W = wywil. In order to address
this, we equivalently transform the equality constraint into the
following set of constraints [5]]

W. w
05(1:{ w};]; 1’“ } = 0,Cs,: Tr(Wy —wipwl) <0, (11)

Furthermore, it is worth noting that C5; remains a non-convex
constraint. Leveraging the SCA method, we can derive its
lower bound as Tr(w,wi) > —||w§€l)\|2 + 2Tr((w§€l))Hwk),
where w,(cl) is the [-th iteration of wy. Thus, by substituting
the lower bound into Csp, Csp, can be rewritten as

Csp : Tr (W) < — w2 + 2Te (W) Hwy),  (12)

Then, problem (@) can be transformed into the following
convex problem

max

K K K _
T—1t I 1 —
Jnax (7 ) )(g:)1 (igz( + pr) k;pk +k2231 ) 13
s.t. C1,Cq,Csq,Csp,Cs : W, = 0.

3) Phase Shift Optimization: In this subsection, we opti-
mize the phase ihift for given other variables. Define v =
-ncoh :OCO
€705 ... e/%Neon )T, then problem (5) can be reduced to
max Rgum
q)coh
s.t. CQ, C3.

(14)

To facilitate algorithm design, we have the following trans-
formation: |((h§f’,?)H®C°hHC°h + (hi’;)HGﬁxHﬁx)ka =
Tr(WkH{{k.OHLk), where O = oo’ and o = [vH 1].
H,, = [diag((hSM)P)H ! (h™)7e™H ). Similar to
, the equality constraint O=00"! can be transformed into
C7a : |: 0(3—1 ? :| = 07
Cry - Tr(0) < —[loW ]2 + 2Tr((0®)H o),

5)

where o) is the I-th iteration of o. Then, problem can
be transformed into the following convex problem

K K K
(T - L‘)(g1 logy (1 + pi) — k; pr+ > fr)

max
0,0 N k=1 (16)
s.t. CB : [O]n,n < 1;0 = 07 [O]N+1,N+1 = 13

CQ ) 07(13 C7b7

where fi = 2i,/(1+ py) Tr(OH, W HIL) — 2(DK,
Tr(OH, ,W,H{',)+0?) and C; : Tr(OH; ;W H{}) —

RmMin

27 —1)(T 5, Tr(OH, W, HT,) +62) > 0.

IV. HOW MANY REFLECTING ELEMENTS WITH COHERENT
PHASE SHIFT SHOULD BE USED?

In the previous section, we have formulated a general
optimization problem to analyze the trade-off between phase
delivery time and transmission time. In addition to general
algorithm design, it is also imperative to provide specific
guidance for the practical deployment of the RIS and delivery
time in the system, which promotes the development of this
section. With the aim of gaining deeper insights, we explore
the number configuration of the coherent phase shift and
analyze how much delivery time is needed to enhance the
throughput. Note that the number configuration and the topic
of this work are different from previous works (see, e.g., [10],
[11f], [13]]) in the sense that the impact of both the phase
delivery and the number of coherent phase shift on the data
transmission is investigated in this work for the first time. To
facilitate our analysis, we consider a simplified communication
scenario, where the BS equipped with a single antenna serves
one user and performs information transmission at a fixed
power level py, all reflecting elements adopt the coherent phase
shift. Consequently, problem (@) is simplified to the following
form

max (T —t)logy(1 + pel(
e ¢

s.it. Cp:pt + (T —t)py < E™ax,

Cy: (T —t)log,(1+ ptthOh)};?whhmh‘z) > Rwin
Cs - \[@C‘)h}n’n| =1,Yn=1,---,Ncb
Cy : tRp > bN®b

coh\H gcohy,coh |2
h{°")" @°“"h°"|
52

A7)
It is worth noting that problem is a simplified version
of problem (@), and the optimizations of these two problems
are independent of each other. We observe that the delivery
time has an effect on the throughput, i.e., a shorter delivery
time yields a higher throughput. Without loss of generality,
we assume py > p. Then, we can find from the optimization



problem (T7) that the objective function is a monotonically
decreasing function with respect to t. C; and Cy are lower-
bound constraints on ¢, and Cs is an upper-bound constraint
on t. Thus, we have

bN oh Eruax_Tpt}

t* = max{ T (18)

It is worth noting that ¢* must satisfy the constraint (7" —
t*)logy(1 + ) > R™n, otherwise the problem is
infeasible. Next, we first drop C5 to make problem more
treatable and then analyze its feasible conditions at the end.
In the following, we will consider two cases to analyze the
number configuration for the coherent phase shift.

1) Case 1 with t* = bjl\g:h' In order to promote the
algorithm design, we first deal with the SNR expression, then

we have the following inequation

2
th
coh coh
|(hcoh)H®cohhcoh‘2 () Z |h ||h |
5 = 5 (19)
; Dy |hcoh|2|hcoh| (Ncoh)

92 ’

where (a) utilizes the optimal design of @°", (b) utilizes

|he°P| = min{|h¢P(} and |h°°"| = min{|AS"|}. Then, when

t= bjl\gm holds, we have the following proposition:

Proposition 1: In the large SNR region, i.e., p = 52 — 00,
when N8 > 0, define C' = |h¢°!|2|he°h |2, we can approxi-
mate the closed-form solution for N°! as follows

coh,x __ TRp

N = o ey (20)
where Wy () denotes the principal branch of the Lambert’s W
function. The optimization of the number of coherent phase
shifts is derived through optimizing the phase shifts and is not
directly performed when designing problem (I7).

Proof: As p — 0o, we can obtain that log,(1 + ap) =
log,(ap) 4+ o(1). Thus, the objective function can be approxi-
mated as

FINR) 2 (T — B2 ) log, (FO(N)?) + 0(1).  (21)

Considering the leading-order term and taking the derivative
of (21) with respect to N°" equaling to 0, we can obtain

THEe — b+ bIn(\/pON©oh). (22)

Letting 2 = In(y/pC N°") and then N°" = f’ after some
transformations, (22)) can be rewritten as

eTRI;)\/JT =1 +LE)€I+1. (23)

By applying Lambert’s W function, x can be expressed as
x =Wy (M) —1.

After some transformations, we can obtain (20). Meanwhile,
we can obtain f”(N°") < 0, which means that f(Nb) is
concave. Thus f(NP*) is the maximum value. ]

(24)

Remark 1: We can observe from Proposition 1 that certain
crucial parameters, such as the transmit power of the BS and
channel conditions, have a notable influence on the number

of coherent phase shifts. It is worth noting that Wy(x) is
a monotonically increasing function of x when = > 0. As
the transmit power p; increases and the channel conditions
improve, it becomes possible to reduce the delivery overhead
by decreasing the number of elements adopting the coherent
phase shift. Consequently, this reduction in delivery overhead
leads to a shorter delivery time and an enhancement in the
throughput.

2) Feasible Conditions: So far, we have obtained the
closed-form solutions for the delivery time and the number of
reflecting elements adopting the coherent phase shift. How-
ever, these solutions are not necessarily feasible. Thus, in the
following, we will discuss the feasible conditions for N coh
Problem is feasible when the following conditions hold,
ie.,

coh,x  (E™*—Tp)Re
N > (p—pe)b ) 25)
and §
2(T Rp —bN ") Rmin
]%FF 111(2) Z ln(\/}TNCOh‘*) . (26)

Proof: [26) is_derived from constraint C, while (23) is
oh max
derived from ¢ in l) since bJ}sz > E m _pr t holds, which

completes the proof. [ ]
3) Case 2 with t = %' We can obtain the closed-
form solution for N°°" by the following proposition.

Proposition 2: In the large SNR region, when N<°® > 0
holds, we have Neoh* — (T —Tp)Re

(p—pt)b
Proof: In the large SNR region, the objective
function can be

approximated as  f(N°°h) =

(T B %)log (pC(Ncoh)) + 0(1) Considering

the leading-order term and taking the derivative of f(IN<°h)
with respect to NI equal to 0, since E™ > Tp, we

obtain f/(N°") = (T — #0) gefyy > 0. Thus,

F(NM) is an increasing function with respect to N0,
Then, the upper bound of N°! is THr and EZ—Tp)Re

(p—pt)b
EZTTp) ) thus Neob* — w which

Since Bpo)b
completes the proof. [ ]

Remark 2: From Proposition 2, the number of elements
adopting the coherent phase shift depends mainly on the de-
livery bits for each reflecting element. A small quantization bit
b yields a larger number of elements adopting coherent phase
shifts. This phenomenon indicates that when the quantization
bit b is small, the system will have a smaller delivery overhead.
In such cases, it becomes feasible to employ a larger number
of elements adopting coherent phase shifts to enhance the
throughput.

4) Feasible Conditions: Similarly, we obtain the closed-
form solution to the N™* and then we discuss the feasible
condition for N¢°M*  Problem is feasible when the
following condition holds, i.e.,

RMIN (p_py)
o Tp—pmaY

pC

Ncoh,* > (27)
It is worth noting that there is also a feasible condition
Neobx < W which is derived from Eq. , but
the optimal solution must satisfy this condition, which thus

can be omitted.
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V. SIMULATION RESULTS

In this section, simulation results are provided to verify the
effectiveness of the proposed algorithm. The BS and the RIS
are respectively located at (0, 0) and (50, 10), while users are
uniformly and randomly distributed in a circle centered at (50,
0) with a radius of 5 m. The path loss exponents ap_r and
ar—_y are set to 2.2 for the BS-RIS link and the RIS-user
link. The small-scale fading follows Rician distribution with
a Rician factor being 3. Other parameters are listed as Table
I. The results of all figures are obtained over 100 channel
realizations.

Fig. Pfa) illustrates the throughput versus the number of
reflecting elements adopting coherent phase shift. We can ob-
serve that the throughput increases initially and then decreases
as the number increases. This behavior can be attributed to
the fact that, with a small number of elements, the delivery
overhead during the phase-shift delivery phase is low, resulting
in a shorter delivery time. However, as the number of elements
grows larger, the delivery overhead increases, leading to an
extended delivery time, which in turn reduces the transmission
time and ultimately decreases the throughput. Notably, under
the given parameter configuration, we also discover that the
optimal number is 12. Furthermore, it is worth noting that
the throughput decreases as the path-loss exponents increase.
This decrease is due to the greater signal attenuation during
propagation, which results in a reduced throughput.

Fig. [Jb) shows the throughput versus the delivery power.
We can observe that, with the increase in delivery power and
distance between the RIS and the user, the throughput gradu-
ally decreases. This is because, according to ', the increase
in the delivery power forces a reduction in the transmit power
during the information transmission, and increasing the dis-
tance will result in the transmission signal experiencing more
significant signal attenuation, and these factors will reduce the
throughput. Besides, an increase in the number of users and the
number of antennas can enhance the throughput. Undoubtedly,
involving more users in the communication process results in
a higher throughput. Additionally, the increase in the number
of antennas provides a higher beamforming gain, all of which
contribute to the improvement of the throughput.

Fig. ) gives the throughput versus the maximum energy
threshold of the BS under different algorithms. Without a
doubt, the throughput increases with the increasing energy
threshold since the increase in the energy threshold expands
the feasible region of transmit power of the BS. As expected,
the proposed algorithm outperforms other algorithms. When
the number of quantization bit for each reflecting element

of fully fixed phase shifts, which is different from previous
works. This is because, although the fully coherent phase
shift can maximize the SINR, it also significantly increases
the delivery time, thus reducing the transmission time, and
furthermore the throughput performance.

VI. CONCLUSION

In this letter, we investigate the trade-off between the deliv-
ery overhead and the throughput. We focus on the hybrid phase
shift mechanism in RIS-aided networks, which combines
coherent and fixed phase shifts. In particular, the throughput
is maximized by jointly optimizing the beamforming vector,
the coherent phase shift, and the delivery time, which can be
solved by an alternating optimization-based iterative algorithm
by combining quadratic transformation and SCA. To gain more
insights, we also derive the closed-form solution of the number
of elements adopting the coherent phase shift in the large
SNR region to guide the practical deployment of the RIS.
Simulation results verify that the proposed algorithm achieves
a good throughput-overhead trade-off.
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