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Abstract—This letter examines the performance of RIS-
enhanced cell-free network (RIS-CFN) with multiple user groups
under different transmission modes, subject to fronthaul capacity
constraints. It derives the SINR under both coherent and non-
coherent transmission modes. Unlike coherent transmission, non-
coherent transmission is unaffected by asynchronous reception.
An adequate number of access points (APs) can meet the data
rate requirements of user equipment (UE). Based on these
insights, an iterative joint power allocation and passive beam-
forming algorithm (JPAPB) is developed for non-coherent trans-
mission, considering selecting partial APs for UE and fronthaul
capacity limit. Simulations show that non-coherent transmission
with JPAPB outperforms coherent transmission under limited
fronthaul capacity. Experimental results also validate JPAPB’s
effectiveness and the performance gains from RIS.

Index Terms—Downlink reconfigurable intelligent surface-
enhanced cell-free network, power allocation, passive beamform-
ing design

I. INTRODUCTION

Reconfigurable intelligent surface (RIS) is a revolutionary
technology that smartly modifies the wireless environment by
altering the phase shift and amplitude of its passive elements
[1]. It has the advantages of easy deployment, low power,
and low cost. Due to these advantages, RIS has been applied
in various scenarios, for example, RIS-assisted satellite com-
munication [2], [3], RIS-assisted cell-free network (RIS-CFN)
[4]-[7]. Notably, researchers in [4] introduced the technology
of simultaneously transmitting and reflecting RIS (STAR-RIS)
for providing for UEs in front and behind the surface. The
authors investigated the uplink&downlink spectral efficiency in
the spatially correlated RIS-CFN [5], [6]. [7] also highlighted
the joint design of active and passive beamforming to enhance
data rate performance in RIS-assisted systems.

However, the analysis of asynchronous reception under
the coherent transmission mode on system performance was
limited in only CFN so far [8]-[10], which has not yet been
considered in the RIS-CFN scenario. Additionally, in multi-
AP systems, the fronthaul link may face significant capacity
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pressure under coherent transmission, an important aspect that
has not been thoroughly discussed for RIS-CFN in [11], [12].
Against the above background, this study compares data
rate in downlink RIS-CFN under coherent and non-coherent
transmission modes. Key contributions include deriving data
rate lower bounds for both modes with statistical CSI and
fronthaul capacity constraints and analyzing the impact of AP
numbers. Additionally, a joint power allocation and passive
beamforming design algorithm (JPAPB) is proposed. Experi-
mental results show the JPAPB enhances data rate performance
under non-coherent transmission more effectively than under
coherent transmission when facing capacity constraints.

II. SYSTEM MODEL

As shown in Fig. 1, a time division duplex (TDD) downlink
RIS-CFN is considered, including one RIS, K APs, and M
UEs. Each RIS has N elements, each AP has N; antennas, and
each UE has N, = 1 antennas. The RIS and APs are connected
to a central processing unit (CPU), which is responsible for the
joint transmission. A more realistic channel model is adopted,
where the spatial correlation between the RIS elements is taken
into account [4]. The RIS-CFN channel model consists of three
kinds of channels: the direct AP-UE channel flmk, the AP-
RIS channel Gy and the RIS-UE channel Vi Spemﬁcally,

hpk = Bk Rmkamk’ Gr = \/'Y—mRRIS kaRAP > and
\/—RRISAmCm' RRIS,k S (CNXN, RAP,k S (CN’XN’,
and Rris,m € CV*N denote the deterministic Hermitian-
symmetric positive semidefinite correlation matrices at the
RIS and the AP, which are assumed to be known. Also,
R,.x € CNeXNi denotes the channel covariance matrice.
Also, {Bmk, Yk, am} denote the large-scale fading. a,,; ~
CN(O,INL), cm ~CN (0,Iy), Dy ~ C./\/'(O,INN,,) are the
corresponding fast-fading vectors. Therefore, the equivalent
baseband channel from k-th AP to m-th UE is modeled as

h,r =h, +v,, PG = hmk + Gdiag (Vm) Gk,
NN gl —_— (1
direct reflection Smk
where ® = diag (¢1,...,¢n) € CV*N denotes the phase-

shift matrix of RIS. By introducing an auxiliary vector 8 with
; = (¢;)", Vi, the reformed phase-shift vector is expressed
as O = [0y,...,0;,...] € C*N_ where |6;| = 1.
Let IC,, be the serving AP set of m-th UE and w,,; €
CNr-xNt be the beamforming vector from k-th AP to m-th
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TABLE I
COMPARISON OF THE DOWNLINK SINR UNDER COHERENT AND NON-COHERENT RIS-CFN

Downlink SINR

Coherent Transmission Strategy

Non-coherent Transmission Strategy
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Fig. 1. A RIS enhanced cell-free network.

UE. Thus, the received signal at UE m is denoted as

Z hmkwmkxmk + Z Z hmjwn]xnj + nm;

kEKm n#Em je, noise

desired signal interference

2
where E {x,,x,} =1 and E {n,nfl} = o2 are respec-
tively the baseband signal and additive white Gaussian noise
(AWGN).

ITI. DATA RATE PERFORMANCE ANALYSIS

This section analyzes the impact of asynchronous trans-
mission on the RIS-CFN system. It then derives and ana-
lyzes closed-form data rate expressions for coherent and non-
coherent transmission modes, using the use-and-then-forget
(UatF) rate and conjugate beamforming (CB) scheme.

1) Coherent Transmission: First, we analyze asynchronous
reception in RIS-CFN with coherent transmission, focusing
on two link types: direct (d) and reflected (r). Asynchronous
signal arrival is caused by the varying distances between APs
and a given UE due to different AP locations in the CFN,
introducing a constant phase shift:

9(9:) e i2m Ai i 3)
where At(ml)€ = Ad /c represents the timing offset for the
signal intended for the m-th UE and transmitted by the k-
th AP. Aalnf,)f ;» ¢ and T are the propagation delay, speed of
light, and symbol duration, respectively. Assuming the first
arrived signal to UE m is from AP j and its timing offset is
At (@) _ = 0, the equivalent channel between the m-th UE and

mj
the k: th AP under asynchronous reception is rewritten as

W% = 00 B + 0L g “4)
According to the study by [5], the downlink data rate for

coherent transmission in RIS-CFN, not accounting for channel
estimation errors, is summarized in Tab. 1.

yx e {d,r}

2) Non-Coherent Transmission: Then, we give the anal-
ysis of the downlink performance in RIS-CFN under non-
coherent transmission.

Lemma I (The lower bound of data rate): For the downlink
non-coherent RIS-CFN system, the lower bound of the data
rate R, can be expressed as

R,, =log, (1+ SINR;,), (5)
where
DSP,,
DSP’m = Z (TI‘ (R77Lk))2pmk7 (7)
ke
INTm = Z Z Tr (ijan) Pnj- (8)
n#m je,

DSP,, and INT,,, denotes the desired signal power of m-th
UE and the interference power of m-th UE, respectively. Also,
R =E {h}-{nkhmk}

Proof: In non-coherent transmission, UE m decodes the
signals one by one from all related APs. Then, the received
signal at UE m is rewritten as

Ym :h7rsznLkX’rrLk + hmjwm_jxmj
J>k,jER

+ Z Z hmjwf}jxnj + n,,.

n#m jek,
With the same operation as [Eq (8) - Eq (14)] in [12], the data
rate lower bound is derived as,

P |E {hy} khmk}’

9

R =1 1 , 10
e T G ey (10)
where SI,, > iskjek, I ((ij))mej. According to
[10], [12], the total achievable data rate for UE m can be

derived by computing R, = > . R [ |

The downlink SINR for non-coherent transmission in RIS-
CFN is also summarized in Tab. I. This table shows that under
coherent transmission, asynchronous reception more signifi-
cantly affects the useful signal power in RIS-CFN compared to
pure CEN, where only the direct link is affected. In RIS-CFN,
both direct and reflected links are subject to asynchronous
effects. In contrast, under non-coherent transmission, both the
direct and reflected links are not influenced by asynchronous
reception. Additionally, coherent transmission is more prone
to reaching the fronthaul link capacity limit than non-coherent
transmission.
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From Lemma 1, the data rate is related to the statistical CSI
from APs to UEs, the related serving AP set KC,,,, phase shifts
0, and the transmitting power p,,r. Next, we will illustrate
through Corollary 1 that a finite number of APs can ensure
relatively satisfactory data rate performance for the RIS-CFN
system.

Corollary 1: When K — +oo, the data rate of the m-th
UE is upper bounded.

Proof: For simplicity, we assume there is no inter-group
interference in the system and assume the phase shifts of RIS
to be random. The data rate of m-UE is expressed as,

Rsz{log2< ek D HUQ)}, (11)

ZkEIC

where
D, = E {pmk (HhmkH + g )} (12)
- pmk: Nt (/B’mk + NOénﬂk)
W, = Z Prjhmih) by bl 4 07, (13)
n#m
M
- Z pant (Bm] + Nam,}/j) (/an + Nan’yj) .
n#m

Let A = ZkEIC ngDmk, B = ZkEIC W..m +U72n’ T =

DI D, x and yx = ¥,,x. Assuming the K — 1-th, K-
th, and K + 1-th APs are co-located, xx_1 = Tx = Tx11
and yx—1 = Yk = Yk+1 hold. APs are ranked by 7+ >
TQ > ... > ZK-1 Thig assumption is reasonable because as
the number of APs i increases, the path loss from newly added
APs to the current UE also increases, leading to a decrease in
the newly added received power. If the data rate is bounded
as the increasing K, then R,,, must satisfy

Ry,

RE _ RE—-1 5 RE+1 _

™m

where RX is the data rate for m-th UE with K APs. That is,

m

(14)

A A-wxg Atzg A
B B—yK B+yK B

1 (a) 1 (15)
B(B-yk) = B(B+yk)

(a) holds as &+ > --- > % holds. The above derivation
proves that (14) holds. Hence, the proof is completed. |

Corollary 1 indicates that the gain from increasing the
number of APs is limited and that a moderate number of APs
is sufficient to satisfy UEs data rate requirements.

IV. THE PROPOSED JPAPB ALGORITHM

In this section, we study the joint optimization of power
allocation and phase shifts, aiming to maximize the weighted
lower bound of the data rate in RIS-CEFN. Additionally, it is
essential to consider the fronthaul capacity limit, which can
be expressed as follows:

Z I (pmk)

Ry < Gy, VE, (16)

where Cj is the fronthual capacity limit and I (p,,x) is the
indicator function. If px # 0, I(pmk) = 1; pmx = O,
otherwise.

Given the derived result in Lemma 1, the problem can be
formally formulated as

P0) max Om R,
(P0) {p,©} ;
s.t.  (16),

mekr < Prax, Yk € K, (17a)

16;] = 1,Vi € N, (17b)

where P,y is the maximum transmitting power of each
AP. Without loss of generality, we consider the prior weight
0., of the m-th UE. Leveraging Corollary 1, we assume a
moderate number of APs serving one UE by introducing an
indicator, S;x. If s = 1, m-th UE is served by k-th AP;
smk = 0, otherwise. Here, we determine the AP set for one UE
according to large-scale fading. Principally, (PO) is challenging
to solve because it is NP-hard.

A. Power Allocation: Solving for p with fixed ©

In [13], Lagrangian dual transform is introduced to con-
vert the sum logarithm structure into the sum of ratio form
f~ (77, P, 8), by introducing multipliers v = {v,, },Vm,

1 + m Am
f’y = Zcm +j_2’ (18)
where Ap, = 3 o (Tr (Ronk))? Pk B

Zn EICn
Tr (Ry;Rnj) pnj and Cpy, = 6y [log2(1+fym ]]

is convex about +,, with given {p,0}. The optlmal S
SINR,,, can be obtained by solving 0f,/0v, = 0. To
optimize the left variables {p, 0} with a given ~,,, (18) is
reconstructed into a non-ratio form according to the multi-
dimensional quadratic transform in [13], namely,

fa=> Cm+fy(7.p.0.y) (19)
with
_QZ VoLt 5m) > ymtTr (Ronk) /D
keM,,
(20)
o Z Z ymk: O'm +Bm) ’

m ke,

Here, an auxiliary variable y,,; is introduced with respect to
each pair, while the collection of auxiliary variable {y.x}
is denoted by Y. Given {~v,p,0} in the new objective
function f,, Y can be determined via solving 0 f,/0ymi = 0.
Therefore, the optimal y,, is

-1

Ko Tt (R @1)

y'fnk = (02 + Bm) k) VvV Pmk

with £, = \/0m (1 + Ym)-

After determining {~,y}, p and 6 remain to be solved.
The rest problem with fixed @ is still difficult to solve as
the indicator function and the real-time data rate R,,;. The
indicator function in (16) can be equivalently expressed as an
lp-norm of a scalar, which can be approximated as a convex

Authorized licensed use limited to: Southeast University. Downloaded on November 11,2024 at 04:57:23 UTC from IEEE Xplore. Restrictions apply.

© 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Communications Letters. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/LCOMM.2024.3487205

reweighted [/;-norm form. To deal with real-time data rate, we
replace R,,; with R,,; obtained from the previous iteration.
Specifically, the constraint (16) can be rewritten as

> QmkPmk Bk, < Ci, (22)

where a,,; = ﬁ and € is a small constant regularization
parameter, preventing «,, from being infinity. The problem
(PO) is reformulated as

P1) max ,
(P1) max fy

st. (17a),(22), (23a)

With fixed «,,,; and Rmk, (P1) about p is a classic convex

quadratic optimization problem, which can be solved by CVX.

B. Passive Beamforming: Solving for © with fixed p

With the fixed {+,p}, the new objective function for the
remaining optimization problem is transformed from (18) to

=St I3 (10,0, ) 4
with
fﬁ =2 Z iV 6m(1 + 'Ym) Z Bk Tr (Rmk) VPmk
m kEKm
(25)
*Z Z Bk (07 4 Bin) -
m keK.,

Clearly, this computation for /3 , is similar to the computation
for y .,

Bk = (ofn =+ Bm) ) V/Pmk-

Denote w = 60"0 = Oy, A,x = diag(vy) Gg, fo is
rewritten as

fnew = - ZZB;kUw,mk + Tr (VW) + C»
m k

-t K Tt (Rnk (26)

27)

where

wmk—ZmeTr w HA A JWAL, A ), (28a)

v = Z Z 2:‘$m6mk\/pmkAmkRAgk -

m ke,
S5 b (AmJRmA + AR, Afj)],(ZSb)
n jeEK,

C= Z Z (26 By /P T <Rmk) -

m ke,
Bkl? D> pnj + 03] (28¢)
n jeK,

Then, the reformulated subproblem about 6 is reduced to

(P2) mln ZZB kUw,mk —

m

Tr (vw),

st. w > ON,wmn =1. (29a)

Problem (P2) is a standard convex semidefinite program
(SDP). Hence, it can be solved by existing convex optimization
solvers such as CVX. However, w can not meet the rank-one

Algorithm 1 The Proposed JPAPB Algorithm

Initialization: Initialize w,,;,, €@ and maximum iteration
number 1.

1: while ¢t < T do

2. Update 'y(f) with p(t=1 and (1),

3. Update y() by (21) with p(t—1) ’y(t and @¢t—1)

4 Update p(® by solving (P1) with ’y(t), ®), and 0( D,
5. Update 3 by (26) with p® and 'y(t)

6:  Update ) by solving (P2) with v*), 8(*), and p",
7. Compute vy and Ry, with p(®) and o),

8 t=t+1,

9: end while

constraint Rank (w) = 1, which is non-convex and relaxed to
W, » = 1 in (P2). Consequently, an additional step is required
to construct a suboptimal rank-one solution from w.

First, we obtain the eigenvalue decomposition of w as
w = UY U, where U = J[e,...,ey] and ), =
diag (A1, ..., An) are a unitary matrix and a diagonal matrix,
respectively. Second, we compute 8 = U Zl/ %r, where T is
a random vector generated with CA/ ~ (0,Iy) denoting the
circularly symmetric complex Gaussian (CSCG) distribution.
With independently generated Gaussian random vectors r, the
objective value of (P2) is approximated as the minimum one
attained by the best 8 among all r.

V. SIMULATIONS

In this section, Monte Carlo simulations corroborate the
proposed JPAPB algorithm’s performance. The network set-
tings mainly refer to [7]. The RIS and APs are located at
(60, 10,6)m and (40k, —50, 3)m, respectively, while the UEs
are within a circle centered at (70,0,2)m. M ranges from 4
to 12. Set Ny = 4, N = 64, Py = 0.02W, 02 = —80dBm,
and the bandwidth to 10 MHz. The path loss model is
L(d) = Cy(d/dp)", with Cy = —30dB at dy = 1m and ~
as the path loss exponent. Specific x and small-scale fading
parameters are from [7]. The AP-RIS link is LoS, while the
AP-UE and RIS-UE links are NLoS.

The following algorithms are compared: the proposed Algo-
rithm 1 (JPAPB+w); the proposed algorithm with GNN-LSTM
and RIS (JPAPB+w+GNNLSTM); Scaling-based algorithm
with RIS (JPAPB+w+Scaling); Bisection-based design with
random RIS (JPAPB+rw); Bisection-based design without RIS
(JPAPB+wo). Graph neural network-long short-term memory
(GNN-LSTM) is designed for determining p,,.

There are several observations from Fig. 2(a). First, it
indicates that the data rate can benefit from the presence of RIS
based on curves “JPAPB+w”, “JPAPB+rw” and “JPAPB+wo”.
The reason is that RIS adds a signal for the servicing user
in the system. Second, curve “JPAPB+w+scaling” exhibits
an abnormally lower data rate than Curve “JPAPB+wo”. The
reason for this anomaly is that the algorithm scales the power
allocation variable to meet power constraints, resulting in a
greater performance loss than that caused by the absence of
RIS. Third, the relative positions of UEs and the RIS affect the
data rate performance of the whole system, since the UEs can
receive strong signals reflected from the RIS. The proposed
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algorithm obtains the highest data rate, among a host of
comparative baselines. Fig. 2(b) evaluates the performance of
the proposed algorithm with respect to the maximum transmit
power per AP. Overall, the data rate of the system increases as
the maximum transmit power increases. However, the increase
in data rate slows down in the increasing process of P ax.
What’s more, the gap between the performance achieved by
“scaling” and that achieved by “bisection” decreases with the
increasing transmitting power because the error caused by
the “scaling” operation becomes small with the increase in
transmitting power.

Fig. 3(a) evaluates the impact of increasing the number of
UEs in the CFN-RIS on the achievable data rate per UE. As the
number of UEs grows, the performance gap between different
algorithms narrows, and the benefits provided by the RIS
diminish. This gain reduction is primarily due to the increased
interference experienced by each UE. Fig. 3(b) depicts the
relationship between data rate and fronthaul capacity C. As
C increases, the weighted data rate of both schemes improves.
When C' < 2.5, regardless of the existence of RIS, the non-
coherent scheme outperforms the coherent scheme. The reason
is the limitation of the coherent scheme under low C', where
APs must transmit identical signals to the same UE, limiting
the UE’s maximum data rate to X x C'. In contrast, in the non-
coherent scheme, different APs within the same UE service
group can transmit diverse signals, aggregating their rates at
the UE, potentially reaching up to C'. Fig. 3(b) also illustrates
that under limited fronthaul capacity, the performance gains
from RIS in coherent transmission are minimal. Although RIS
has the potential to enhance system performance, the limitation
imposed by fronthaul capacity reduces its benefits.

a
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Fig. 2. Data rate against (a) distance of UE-RIS pairs. (b) transmitting powers.

VI. CONCLUSION

This letter analyzes the performance of RIS-CFN systems
under two different transmission modes. The study demon-
strates that coherent transmission is significantly affected by
asynchronous reception and the fronthaul capacity limit. Then,
we preferred non-coherent transmission and developed the
JPAPA algorithm for non-coherent transmission, which jointly
optimizes power allocation and phase to achieve higher data

5 JPAPB+w
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Fig. 3. Data rate against (a) numbers of UEs. (b) fronthaul capacity C.

rates. Experimental results show that non-coherent transmis-
sion offers superior data rate performance under conditions of
limited fronthaul capacity. In contrast, these capacity limita-
tions reduce the gains from RIS in coherent transmission.
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