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Abstract

In practical cell-free (CF) massive multiple-input multiple-output (MIMO) networks with distributed

and low-cost access points, the asynchronous arrival of signals at the user equipments increases multi-

user interference that degrades the system performance. Meanwhile, rate-splitting (RS), exploiting the

transmission of both common and private messages, has demonstrated to offer considerable spectral

efficiency (SE) improvements and its robustness against channel state information (CSI) imperfection.

The signal performance of a CF massive MIMO system is first analyzed for asynchronous reception

capturing the joint effects of propagation delays and oscillator phases of transceivers. Taking into

account the imperfect CSI caused by asynchronous phases and pilot contamination, we derive novel

and closed-form downlink SE expressions for characterizing the performance of both the RS-assisted

and conventional non-RS-based systems adopting coherent and non-coherent data transmission schemes,

respectively. Moreover, we formulate the design of robust precoding for the common messages as an

optimization problem that maximizes the minimum individual SE of the common message. To address

the non-convexity of the design problem, a bisection method is proposed to solve the problem optimally.

Simulation results show that asynchronous reception indeed destroys both the orthogonality of the pilots

and the coherent data transmission resulting in poor system performance. Besides, thanks to the uniform

coverage properties of CF massive MIMO systems, RS with a simple low-complexity precoding for the

common message obtained by the equal ratio sum of the private precoding is able to achieve substantial

downlink sum SE gains, while the application of robust precoding to the common message is shown to

be useful in some extreme cases, e.g., serious oscillator mismatch and unknown delay phase.
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I. INTRODUCTION

Cell-free (CF) massive multiple-input multiple-output (MIMO) has been envisioned as a

disruptive technology to provide uniform spectral efficiency (SE) improvement and ubiquitous

connectivity for the sixth-generation (6G) wireless communication networks [1]. The key idea

of CF massive MIMO systems is that through spatial multiplexing on the same time-frequency

resources, a large number of geographically distributed access points (APs) connected to a central

processing unit (CPU) are deployed to serve the user equipments (UEs) coherently [2], [3].

Thanks to the law of large numbers, two phenomena characterizing the propagation environment

of CF massive MIMO systems are channel hardening and favorable propagation, which facilitate

simple precoding design and interference management [4], [5]. Additionally, the user-centric

paradigm prevents the UE from perceiving the cell boundary, greatly simplifying its actual

implementation [6]. In addition, the rich macro-diversity gain of CF massive MIMO systems

brought by the joint transmission and reception has drawn much academic research interest in this

topic [7]. For instance, it was shown that CF massive MIMO systems can outperform small-cell

systems in terms of 95%-likely per-user SE due to the joint interference cancellation capability

of the former [8]. In addition, compared with traditional cellular networks, CF massive MIMO

systems-based joint signal processing can effectively alleviate the influence of non-ideal practical

factors, such as channel aging, hardware impairments, etc. [9]–[11], thanks to the large number

of spatial degrees of freedom. Moreover, it was revealed in [12] that the joint power control in CF

massive MIMO systems is able to enhance the wireless power transfer efficiency compared with

its counterpart in conventional systems. Besides, it was proved that the error probabilities of both

the centralized and distributed joint activity detection in CF massive MIMO systems approach

zero when the number of APs is sufficiently large [5]. Furthermore, numerous joint optimization

algorithms were proposed for CF massive MIMO systems to enhance the practicality of the

system, including achieving the energy-efficient load balancing [13], reducing the complexity of

channel estimation and decoding [14], and establishing a scalable framework by AP scheduling

[3]. Therefore, joint coherent processing is an important and fundamental topic for the practical

implementation of CF massive MIMO systems.

Despite the fruitful research in the literature, most current works on CF massive MIMO assume

the availability of perfect synchronization to ensure efficient joint coherent processing. Yet,

this assumption is impractical for communication networks adopting a distributed architecture
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[15]. One reason is that the geographically distributed APs cause inevitable signal arrival time

differences from the UEs [16]. In particular, the incurred delay phases impair the received signals

creating a challenge for distributed massive MIMO systems to achieve coherent transmission.

Another reason is that the transmitter and receiver hardware are not perfect and identical such that

the imperfection may cause different random phase shifts on the channels [17], [18]. Besides,

these oscillator phases introduce a multiplicative factor to the channel and this factor drifts

gradually over time at each channel use following the Wiener process [19]. Unfortunately, the

impairments hinder the acquisition of accurate channel state information (CSI) and lead to severe

multi-user interference. These jeopardize the achievable signal-to-noise ratio (SNR) and remain

a major obstacle for the practical deployment of distributed massive MIMO systems [20]. In fact,

accurate synchronization (e.g., phase, frequency) has always been an important and interesting

research subject in the evolution of MIMO systems. For example, a profound study on the

optimal estimator-detector receivers for the joint detection and synchronization was initiated for

conventional digital communication [21]. More importantly, the results indicated that effective

coherent multiuser joint processing is only possible when a sufficient level of relative timing and

phase synchronization accuracy is achieved at the APs [22]. As such, three effective approaches,

from centralized to distributed implementations, were proposed to achieve phase synchronization

in coherent MIMO radar systems [23]. Besides, a high-accuracy frequency synchronization

technique was proposed for the uplink of multiuser orthogonal-frequency-division multiplexing-

based massive MIMO systems [24]. However, the computational complexity of these algorithms

increase significantly with the communication network size. In addition, although inserting a

time-frequency interval to a resource block is an effective method to resolve the synchronization

issues, it requires significant system resources for signaling overhead that may in turn reduce the

overall system rate performance [25]. Moreover, a recent performance analysis of CF massive

MIMO systems for revealing the impacts of asynchronous reception was investigated [16], [20].

Yet, an effective multi-user interference management for the case of imperfect CSI incurred by

asynchronous CF massive MIMO systems has not been reported in the literature.

Recently, rate-splitting (RS) has been developed to harness multiuser interference particularly

in the existence of imperfect CSI [26], showing its rich potential in addressing the negative

impacts caused by asynchronous signal receptions in CF massive MIMO systems. Indeed, the RS

strategy divides the message for each user into two parts: a common message to be decoded by all

the UEs and a private message to be decoded by the corresponding UE only [27], respectively.
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Then, all the common parts are combined into a super common message and superposition

coding is used to transmit these message streams simultaneously. At the UE, the common

message is decoded first, with all the private messages treated as noise. Then, the disired private

message is decoded after the common message has been removed via successive interference

cancellation (SIC) [28]. The ability of RS to generalize two extreme existing approaches, i.e.,

treating interference as noise and interference for decoding, is what makes this strategy attractive

for practical implementation [29]. For instance, the RS-based beamforming scheme performs

strictly better than that based on non-orthogonal multiple access (NOMA) in both partially and

fully loaded systems [30]. Besides, compared to conventional linear precoding approaches, the

RS-assisted non-orthogonal unicast and multicast transmission techniques are more spectrally and

energy efficient in a wide range of user deployment and network load scenarios [31]. In addition

to the system performance gains, relaxed CSI quality requirements and enhanced achievable rate

regions are two other benefits of RS [32]. Moreover, it was proved that the RS strategy is a

robust and handy alternative to conventional methods for mitigating the detrimental effects of

hardware impairments [33], mobility [34], and limited feedback [29] in massive MIMO systems.

In fact, the advantages of RS in massive MIMO can be well retained in CF massive MIMO

systems, e.g., mitigating the pilot contamination [35]. To the best of the authors’ knowledge, the

research of RS in addressing the issues in CF massive MIMO systems is still incomplete and

not thorough. Therefore, thorough analysis and insights are required to unleash the potential of

RS in enhancing the performance the CF massive MIMO system.

Motivated by the aforementioned observations, we first analyze the downlink performance of

CF massive MIMO systems with asynchronous reception, including both the delay and oscillator

phases. To alleviate the multiuser interference caused by imperfect CSI, we implement RS based

on the transmission of common and private messages. Finally, we propose a robust precoding

for the common message to further reduce the impact of asynchronous reception on CF massive

MIMO systems. The specific contributions of this work are listed as follows:

• Taking into account the imperfect CSI caused by asynchronous phase and pilot contam-

ination, we first derive novel and closed-form downlink SE expressions for coherent and

non-coherent data transmission schemes, respectively. Our results show that the existence of

asynchronous reception destroys the orthogonality of pilots and the coherent transmission

of data, leading to an unsatisfactory SE performance of CF massive MIMO systems.

• To compensate the system performance loss, we apply the RS strategy to CF massive MIMO
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systems by splitting the messages into common and private parts. We derive the closed-

from sum SE expression for the RS-assisted CF massive MIMO system with asynchronous

reception adopting an arbitrary linear precoding of the common messages. We also develop

an efficient method to determine the optimal power allocating to the two messages. It is

discovered that RS can considerably enhance the performance of CF massive MIMO sys-

tems. However, RS is negatively impacted by asynchronous phase, particularly the oscillator

phase of the UE and delay phase.

• We then propose a design of robust precoding for the common messages to enhance the per-

formance of RS-assisted CF massive MIMO systems by using the bisection method to solve

the optimization problem that maximize the minimum individual SE of common message.

The designed robust RS-based precoding can alleviate the negative impacts of asynchronous

reception to a certain extent, especially when the asynchronous issues are moderate. It is

highlighted that the uniform coverage characteristics of CF massive MIMO systems allow

the RS with a simple low-complexity common precoding to achieve significant performance

advantages.

Note that the conference version of this paper [36] investigated the downlink performance of

CF massive MIMO systems with asynchronous reception. The rest of the paper is organized as

follows. In Section II, we describe the system model for capturing the joint effects caused by

asynchronous reception and the basic principle of RS. Next, Section III presents the achievable

downlink SE of the CF massive MIMO system with asynchronous reception for both coherent

and non-coherent transmission schemes. Then, Section IV derives the sum SE expression for

the RS-assisted CF massive MIMO system and the robust precoding for the common messages

to reduce the effect of asynchronous reception. We provide numerical results and discussions in

Section V. Finally, Section VI concludes this paper with a brief summary.

Notation: We use boldface lowercase letters x and boldface uppercase letters X to represent

column vectors and matrices, respectively. The n × n identity matrix is In. Superscripts x∗,

xT, and xH are used to denote conjugate, transpose, and conjugate transpose, respectively. The

absolute value, the Euclidean norm, the trace operator, and the definitions are denoted by |·|, ‖·‖,

tr (·), and ,, respectively. Finally, x ∼ CN (0, σ2) represents a circularly symmetric complex

Gaussian random variable x with variance σ2.
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Fig. 1: Asynchronous reception in a CF massive MIMO system.

II. SYSTEM MODEL

We consider a CF massive MIMO system comprising L APs and K UEs as illustrated in Fig. 1.

Besides, a single antenna and N antennas are deployed for each UE and AP, respectively. It is

assumed that all the L APs simultaneously serve all the K UEs via the same time-frequency

resources. Moreover, we adopt the time-division duplex protocol with a standard coherence block

model consisting of τc time instants (channel uses) with the uplink training phase occupying τp

time instants and the downlink transmission phase assuming τc − τp time instants. Besides, the

frequency-flat channel between AP l ∈ {1, . . . , L} and UE k ∈ {1, . . . , K} at each coherence

block is modeled as Rayleigh fading [8]

hkl ∼ CN (0,Rkl) , (1)

where Rkl ∈ CN×N represents the spatial correlation matrix and βkl , tr (Rkl) /N denotes the

large-scale fading coefficient.

A. Asynchronous Reception

The asynchronous reception of the wireless transceiver arises mainly from two factors: signal

propagation delay differences and hardware oscillator errors. Specifically, these introduces a

multiplicative random phase to the channel which are detailed as follows 1.

1Note that we mainly study the impact of asynchronous reception in terms of phase-asynchronization. However, performing

coherent processing also requires synchronizations in time and frequency which has been widely studied in the literature [37].
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1) Delay Phase: Due to the different physical positions of the APs in the CF architecture,

the distances between each AP and a certain UE are different, resulting in asynchronous signal

arrival to the UEs. This asynchronous reception introduces a constant phase shift as [16]

θkl = e−j2π
∆t

kl

Ts , (2)

where ∆tkl = ∆dkll′/c is the timing offset of the signal intending for the kth UE and transmitted

by the lth AP. Besides, ∆dkll′ , c, and Ts are the propagation delay, speed of light, and symbol

duration, respectively. Without loss of generality, we assume that the first arrived signal to UE

k is from AP l′ and its timing offset is ∆tkl′ = 0.

2) Oscillator Phase: Each AP and UE are assumed to be equipped with their own free-

running oscillator [18], and the phase of the transmission symbol in each channel use is altered

due to the phase noise. Then, the overall oscillator phase between AP l and UE k at each time

instant can be defined by ϑkl [n] , exp (j (ϕk [n] + φl [n])) with the discrete-time Wiener phase

model [19]

ϕk [n] = ϕk [n− 1] + δue
k [n] , (3)

φl [n] = φl [n− 1] + δap

l [n] , (4)

where ϕk [n] and φl [n] are the oscillator phase of UE k and AP l at the nth time instant,

respectively. Besides, the additive terms δue
k [n] ∼ CN (0, σ2

k) and δap

l [n] ∼ CN (0, σ2
l ) are the

phase increment of AP l and UE k at the nth time instant. Note that σ2
i = 4π2f 2

c ciTs, i = k, l,

denote the phase increment variance [19], where fc is the carrier frequency and ci is a constant

dependent on the oscillator.

Remark 1. Note that we focus on the scenario which each AP and UE has its oscillator such

that their oscillator phase processes are considered as mutually independent. For the case of

analysis, we assume independent and identically distributed oscillator phase statistics across

different APs and UEs, i.e., σ2
k = σ2

ue and σ2
l = σ2

ap, ∀k, l.

Considering the effect of both the delay and oscillator phases, the channel between the kth

UE and the lth AP at the nth time instant is expressed as

gkl [n] = θklhkl [n] = θklϑkl [n]hkl, n = 1, . . . , τc, (5)
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where hkl [n] ∈ C
N×1 is the channel that combines the oscillator phase and it is random in each

time instant. Besides, the parameter θkl is mainly determined by the positions of APs and UEs,

and thus can be considered as a constant among multiple coherent blocks2.

B. Channel Estimation

We assume τp mutually orthogonal time-multiplexed pilot sequences are employed [9], where

the different sequences are temporally orthogonal since the pilot sequence t equates to transmit-

ting a pilot signal only at time instant t [19]. This can also be seen that the pilot sequence t is

a τp-dimensional vector with all zeros except one in the tth channel use. Besides, a large-scale

network with K > τp is studied such that different UEs may use the same time instant for

channel estimation. Moreover, the index of the time instant allocated to UE k is denoted by

tk ∈ {1, . . . , τp}, and the other UEs that exploit the same time instant for pilot transmission as

UE k is defined by Pk = {i : ti = tk} ∈ {1, . . . , K}. Considering the effect of asynchronous

reception, the received signal at AP l from UE k at time instant tk is given by

zl [tk] =
∑

i∈Pk

√
pigil [ti] +wl [tk], (6)

where pi denotes the pilot transmit power of UE i and wl [tk] ∼ CN (0, σ2IN) represents the

receiver noise at AP l with the noise power σ2. This received signal is exploited to estimate (or

predict) the channel realization at any time instant in the block. Yet, the accuracy of the channel

estimate is degraded as the temporal gap between the considered channel realization and the

pilot transmission grows. Without lost of generality, we consider the estimates of the channels

at time instant τp + 1. In addition, λ = τp + 1 is defined to simplify the notation and (6) can be

rewritten as

zl [tk] =
√
pkθklΘ

∗
kl [λ− tk]hkl [λ] +

∑

i∈Pk/{k}

√
piθilhil [ti] +wl [tk], (7)

where Θkl [λ−tk] denotes the phase increment from time instant tk to time instant λ, defined as

Θkl [λ− tk] = ϑkl [λ]ϑ
∗
kl [tk] = exp

(

j

λ∑

s=tk+1

(δue
k [s] + δap

l [s])

)

. (8)

2We assume that the delay phase can be perfectly known by positioning or other technologies. However, for the design of

downlink precoding in the sequel, we will consider both the cases of with or without (used/forgotten) delay phase to quantify

its impact [20].
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By exploiting the characteristic function of Gaussian random variable, the mean of (8) is

E {Θkl [λ− tk]} = e−
λ−tk

2 (σ2
ap+σ2

ue). (9)

Then, applying the standard minimum mean square error (MMSE) estimation [2], the MMSE

estimate ĥkl [λ] of the channel coefficient hkl [λ] can be computed by each AP l as

ĥkl [λ] =
E
{
hkl [λ] z

H
l [tk]

}

(E {zl [tk] zH
l [tk]})

zl [tk]
(a)
=

√
pkθ

∗
klE {Θkl [λ− tk]}E

{
hkl [λ]h

H
kl [λ]

}

E {zl [tk] zH
l [tk]}

zl [tk]

(b)
=

√
pke

−
λ−tk

2 (σ2
ap+σ2

ue)θ*
klRkl

∑

i∈Pk

piRil + σ2IN
zl [tk] , (10)

where (a) follows from the independence between phases and channels, and from that channels

between different UEs are independent of each other. (b) follows from computing the variances

of the channel (1) and the received signal (7), and from using the fact in (9). In addition,

the distribution of the estimate ĥkl [λ] and the estimation error h̃kl [λ] = hkl [λ] − ĥkl [λ] are

CN (0,Qkl) and CN (0,Rkl −Qkl), where

Qkl = pke
−(λ−tk)(σ2

ap+σ2
ue)RklΨklRkl, (11)

with

Ψkl =

(
∑

i∈Pk

piRil + σ2IN

)−1

. (12)

Moreover, to simplify the notation, we define

Q̄kil =
√
pkpie

−(λ−tk)(σ2
ap+σ2

ue)RilΨklRkl, (13)

that represents the covariance matrix of the estimate for UE k and UE i at AP l. Note that each

UE is assumed to be aware of the channel statistics and the signal detection is performed with

the required channel distribution information available.

Remark 2. To compare the estimation quality under different degrees of asynchronous reception,

we utilize the normalized mean square error (NMSE) given as

NMSEkl =
tr (Rkl −Qkl)

tr (Rkl)
, ∀k, l, (14)

which is an appropriate metric to measure the relative estimation error. Note that ĥkl [λ] and

h̃kl [λ] are independent due to the properties of MMSE estimation. Therefore, the values of NMSE

are between 0 and 1, which denote perfect and extremely impaired estimation, respectively.
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Fig. 2: The NMSE of MMSE and LS channel estimation with different oscillator phase variances

at SNR = 30 dB (L = 100, N = 2, σ2
ap = σ2

ue = σ2).

Following the similar steps as in [38, Section III], we derive the NMSE of the least-squares (LS)

estimator for comparison as

NMSEls
kl =

e(λ−tk)(σ2
ap+σ2

ue)tr
(
Ψ−1

kl

)

pktr (Rkl)
− 1, ∀k, l. (15)

Note that since the estimate and the estimation error of LS are correlated, the value of NMSE

can be higher than one.

As illustrated in Fig. 2, we compare the NMSE of MMSE and LS channel estimations with

different degrees of oscillator phase as the SNR = 30 dB for all the links. It is clear that

the MMSE estimation quality gets worse with the increasing of the oscillator phase variance.

The reason is that the random oscillator phase destroys the orthogonality of the received pilot

signal. We also find that the NMSE is sensitive to the oscillator phase when the number of

pilots are sufficient. In some extreme asynchronous cases, exploiting non-orthogonal pilots can

achieve a more accurate estimation. This result can be explained by (11) and (14) as that pilot

contamination makes the value of NMSE worse and change slowly. It is also found that the

estimation accuracy of LS is generally lower than that of MMSE and the LS estimator performs

very poorly when the oscillator phase variances are large.

C. Rate-Splitting Strategy

Since imperfect CSI is inevitable in the considered CF system due to asynchronous issues, we

propose the use of RS for the downlink to compensate the possible performance degradation.
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The rationale behind the RS strategy for multi-user downlink is to first split the message for each

UE into a private message and a common message, then combine all the common sub-messages

into a super common message, and finally all the messages are simultaneously transmitted by

means of superposition coding [26]. The principle of RS is shown in Fig. 3, specifically, the

message Wk ∈ C intended for UE k at the transmitter is split into a private part Wp,k ∈ C and

a common part Wc,k ∈ C. The private parts Wp,1, . . . ,Wp,K are independently encoded into the

private streams s1, . . . , sK , respectively, and the common parts of all the users, Wc,1, . . . ,Wc,K ,

are combined into a common message Wc, which is encoded into a common stream sc using

a public codebook. Then, these K + 1 streams are transmitted after linear precoding. At the

receivers, each UE firstly decodes the common stream by treating all the private streams as

noise. Then, SIC is adopted to remove the decoded common stream from the received signal

under the assumption of error-free decoding3 [29]. Each user then decodes its private stream by

treating other private streams as noise.

Utilizing the common precoding vector vc,l ∈ CN×1 and the private precoding vector vkl ∈
CN×1 in asynchronous CF massive MIMO systems with RS, the transmitted signal from AP l

at the nth time instant is given by

xl [n] =
√
pdcηlvc,lsc [n] +

√
pdpµl

K∑

i=1

vilsi [n], (16)

where sc ∈ C is the common message and si ∈ C is the private message of UE i. Besides, pdc and

pdp are the powers allocated to the common and private message, respectively. Moreover, ηl and

3It is tolerable to assume error-free decoding to obtain preliminary analytical results because the considered one-layer RS

scheme requires each UE executes SIC only once [27].
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µl are the power normalization parameters for the common and private precoding, respectively,

and are respectively denoted by

ηl ,
1

E
{
‖vc,l‖2

} , (17)

µl ,
1

K∑

i=1

E
{
‖vil‖2

}
. (18)

We assume that the downlink maximum transmission power of each AP is the same represented

by pd [2]. Besides, the power splitting factor ρ (0 6 ρ 6 1) is defined to adjust the fraction of

the power allocated to the transmission of the common messages at each AP4. Hence, we have

pdc = ρpd and pdp = (1− ρ) pd. In Section IV, we will introduce the binary search method to

determine the optimal power splitting factor. When the power splitting factor ρ = 0, RS-assisted

CF massive MIMO systems degenerate into the conventional CF massive MIMO.

Remark 3. The RS strategy is promising in multi-user transmission with imperfect CSI [33].

In contrast to the conventional strategy that treats any multi-user interference originating from

the imperfect CSI as noise, the RS strategy has the ability to treat the interference as noise and

perform interference decoding through the presence of a common message. This ability of the

decoding part of the interference is the key for boosting the sum SE performance.

III. DOWNLINK ASYNCHRONOUS TRANSMISSION

In this part, we first focus on the effect of asynchronous reception on CF massive MIMO

systems. Therefore, we assume the power splitting factor ρ = 0 for a conventional approach5,

which makes pdc = 0 and pdp = pd. Then, considering both the coherent and non-coherent

downlink transmission, we adopt both the delay phase used (DU) and delay phase forgotten (DF)

maximum-ratio (MR) private precoding to derive the closed-form SE performance expressions.

4Due to the small channel differences in CF massive MIMO networks, we assume that the power splitting factors are identical

at all APs to arrive at a preliminary conclusion. In the future work, we will design the optimal power splitting factor for each

AP to further improve the system performance.

5Note that the obtained results for ρ = 0 will serve as a building block for the study of RS-assisted CF massive MIMO

systems in Section IV.
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A. Coherent Downlink Transmission

We assume that the CF massive MIMO applies the coherent joint transmission for the downlink

transmission, which means that each AP sends the same data symbol to each UE as the other

APs [39]. When the power splitting factor ρ = 0 (without RS), the transmitted signal in (16)

reduces to

xl [n] =
√
pdpµl

K∑

i=1

vilsi [n]. (19)

Then, the received signal of the kth UE at the nth time instant is

yp,co

k [n] =
√
pdp

L∑

l=1

gH
kl [n]

√
µlvklsk [n] +

√
pdp

K∑

i 6=k

L∑

l=1

gH
kl [n]

√
µlvilsi [n] + wk [n] , (20)

where wk [n] ∼ CN (0, σ2
d) denotes the receiver noise at UE k. For minimizing the MSE,

MSEkl = E

{

|sk [n]− yp,co

k [n] (vkl)|2
∣
∣
∣ĥil [λ]

}

, we derive the local DU-MMSE private precoding

vector as

vkl = θklpdp

(
K∑

i=1

pdp

(

ĥil [λ] ĥ
H
il [λ] +Cil

)

+ σ2IN

)−1

ĥkl [λ] , (21)

where Cil = Ril − Qil is the variance of the estimation error. Moreover, low-complexity MR

private precoding is exploited to obtain analytical results, which does not affect the validity of

our conclusions. In the following, we introduce a theorem to study the system performance.

Theorem 1. With the help of the channel estimate (10) and the received signal (20), using

the DU-MR private precoding vkl = θklĥkl [λ], the downlink achievable rate of UE k is lower

bounded as

SEp,co,du
k =

1

τc

τc∑

n=λ

log2

(

1 + SINRp,co,du
k [n]

)

, (22)

with

SINRp,co,du
k [n] =

ηapn ηuen pdp

∣
∣
∣
∣

L∑

l=1

√
µltr (Qkl)

∣
∣
∣
∣

2

pdpΞ
p,co,du
k [n]− ηapn ηuen pdp

∣
∣
∣
∣

L∑

l=1

√
µltr (Qkl)

∣
∣
∣
∣

2

+ σ2
d

, (23)

where

Ξp,co,du
k [n] =

K∑

i=1

L∑

l=1

µltr (QilRkl)

+ (1− ηapn )

K∑

i∈Pk

L∑

l=1

µl

∣
∣tr
(
Q̄kil

)∣
∣2 + ηapn

K∑

i∈Pk

∣
∣
∣
∣
∣

L∑

l=1

√
µltr

(
Q̄kil

)

∣
∣
∣
∣
∣

2

. (24)
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Note that we have ηapn , e−(n−λ)σ2
ap and ηuen , e−(n−λ)σ2

ue .

Proof: See Appendix A.

Corollary 1. Only keeping the oscillator phase parameters, the approximate SINR expression

of (23) under which the number of antennas tends to infinity (LN → ∞) can be derived

as 1/ (1/ (Lηapn ηuen ) + (L− 1) / (Lηuen ) + a), where a is a constant. It is clear that the SINR

decreases as σ2
ap and σ2

ue increase, and σ2
ue has a larger effect on the SINR compared with

σ2
ap. Moreover, increasing the number of APs can only significantly reduce the influence of the

oscillator phase at the APs.

From (23), we can find that the delay phase has no impact on the SINR expression when

the DU-MR private precoding is adopted. To study and characterize the influence of the delay

phase on the system, we investigate the SE performance using DF-MR private precoding with

vkl = ĥkl [λ]. Following the similar steps as in Theorem 1, we obtain

SINR
p,co,df

k [n] =

ηapn ηuen pdp

∣
∣
∣
∣

L∑

l=1

θ∗kl
√
µltr (Qkl)

∣
∣
∣
∣

2

pdpΞ
p,co,df

k [n]− ηapn ηuen pdp

∣
∣
∣
∣

L∑

l=1

θ∗kl
√
µltr (Qkl)

∣
∣
∣
∣

2

+ σ2
d

, (25)

where

Ξp,co,df

k [n] =
K∑

i=1

L∑

l=1

µltr (QilRkl)

+ (1− ηapn )

K∑

i∈Pk

L∑

l=1

µl

∣
∣tr
(
Q̄kil

)∣
∣
2
+ ηapn

K∑

i∈Pk

∣
∣
∣
∣
∣

L∑

l=1

θ∗il
√
µltr

(
Q̄kil

)

∣
∣
∣
∣
∣

2

. (26)

Comparing (23) and (25), it is clear that the propagation delay caused by different physical

positions of the APs introduces random phases to the desired signal, which will reduce the SE

performance of systems.

B. Non-Coherent Downlink Transmission

For alleviating the phase-synchronization requirements of the APs imposed by coherent trans-

mission, we apply a non-coherent joint transmission in the downlink CF massive MIMO such
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that each AP sends the different data symbol to each UE than the other APs [39]. Therefore,

the transmitted signal from AP l at time instant n is expressed as

xl [n] =
√
pdpµl

K∑

i=1

vilsil [n], (27)

where sil [n] ∈ C is the symbol sent to UE i which is different for all the APs. Then, the received

signal of the kth UE at the nth time instant is

yp,nc

k [n] =
√
pdp

L∑

l=1

gH
kl [n]

√
µlvklskl [n] +

√
pdp

K∑

i 6=k

L∑

l=1

gH
kl [n]

√
µlvilsil [n] + wk [n] . (28)

Note that the kth UE needs to employ SIC after receiving the signals from all the L APs in

order to detect the signals sent by the different APs [39]. Specifically, the UE first detects the

signal received from the first AP and the remaining signal is treated as interference. By that

analogy, the UE detects the signal transmitted by the lth AP and considers the signal sent from

the (l+1)th AP to the Lth AP as interference, thereby detecting the signal skl [n]. Keep in mind

that the SE is not affected by the APs’ relative order of decoding. However, a specific decoding

order must be chosen before the individual signals may be encoded [9], [39].

Theorem 2. Based on the received signal (28) and using the DU-MR private precoding vkl =

θklĥkl [λ], the downlink achievable rate of UE k is lower bounded as

SEp,nc,du
k =

1

τc

τc∑

n=λ

log2

(

1 + SINRp,nc,du
k [n]

)

, (29)

with

SINRp,nc,du
k [n] =

ηapn ηuen pdp
L∑

l=1

µl|tr (Qkl)|2

pdpΞ
p,nc,du
k [n]− ηapn ηuen pdp

L∑

l=1

µl|tr (Qkl)|2 + σ2
d

, (30)

where

Ξp,nc,du
k [n] =

K∑

i=1

L∑

l=1

µltr (QilRkl) +

K∑

i∈Pk

L∑

l=1

µl

∣
∣tr
(
Q̄kil

)∣
∣
2
. (31)

Proof: Follow the SIC operation for non-coherent transmission in [9, Appendix C] and the

similar steps for proving Theorem 1.

Remark 4. Note that if the DF-MR private precoding is used, we can also derive SINRp,nc,df
k [n]

having the same SINR expression as (30). Therefore, we conclude that the non-coherent trans-

mission can effectively overcome the influence of asynchronous reception, and even eliminate the
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influence of delay phase, at the expense of poor SE. In future CF networks, a trade-off between

high performance and strong robustness may be achieved by a hybrid scheme that includes both

coherent and non-coherent transmission schemes.

C. Power Control for Private Messages

Moreover, various power control methods can be adopted in our systems to further improve

the system performance. To this end, we rewrite (19) as

xl [n] =
√
pdp

K∑

i=1

√
µilvilsi [n], (32)

where µil > 0 is the power control coefficients chosen to satisfy the downlink power constraint

as E
{
|xl [n]|2

}
6 pdp. With the help of the statistical channel cooperation power control in our

previous work [9], we derive

µkl =
β̄α
k

∑K
i=1 tr (Qil) β̄α

i

, k = 1, . . .K, l = 1, . . . L, (33)

where the channel inversion rate α = −1 is chosen to enhance the SE performance of poor UEs

and β̄k denotes the global statistical channel given as

β̄k =

∑L
l=1 βkl

L
. (34)

Note that max-min and max-sum SE power control methods can also be applied to the case,

which has been investigated in [38], [40]. However, the sum SE gain of power control schemes

on the high-density CF massive MIMO system is limited, because the global statistical channel

difference of each UE is significantly reduced with the increase of the number of APs [40].

IV. RATE-SPLITTING ASSISTED CF MASSIVE MIMO

In this section, we focus on the performance of the RS-assisted CF massive MIMO systems

with asynchronous reception. By treating the private messages as noise, we first derive the

closed-form SE performance expressions for the common messages. After decoding the common

messages, the remaining private messages are decoded by following the same steps as in Section

III. Besides, we propose a binary search-based method to find the optimal power splitting factor

to maximize the downlink sum SE performance. Moreover, we design the robust precoding for

the common message to mitigate the impact caused by asynchronization.
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A. Coherent Downlink Transmission

Adopting the coherent joint transmission in RS-assisted CF massive MIMO systems, the

transmitted signal can be divided into the common and the private parts as (16). Then, the

received signal by UE k at the nth time instant is expressed as

yc,co
k [n] =

L∑

l=1

gH
kl [n]xl [n] + wk [n]

=
√
pdc

L∑

l=1

√
ηlg

H

kl [n]vc,lsc [n] +
√
pdp

K∑

i=1

L∑

l=1

√
µlg

H
kl [n]vilsi [n] + wk [n] , (35)

where wk [n] is the receiver noise. Having in mind that the channels of each UE in the high

antenna density regime tend to be asymptotically orthogonal [4], [29], we assume that vc,l can

be written as a linear sum of the private precoding as vc,l =
∑K

i=1 ailvil. It is worth noting that

one simple low-complexity common precoding is given by ail = 1, ∀i, l, which is applied in our

analysis as a benchmark scheme.

Theorem 3. For the DU-MR private precoding vkl = θklĥkl [λ] and the simple common precoding

vc,l =
∑K

i=1 vil, a lower bound on the achievable rate of common message of UE k is

SEc,co,du
k =

1

τc

τc∑

n=λ

log2

(

1 + SINRc,co,du
k [n]

)

, (36)

with

SINRc,co,du
k [n] =

pdcη
ap
n ηuen

∣
∣
∣
∣
∣

L∑

l=1

√
ηl

K∑

i∈Pk

ailtr
(
Q̄kil

)

∣
∣
∣
∣
∣

2

pdcΓ
c,co,du
k [n] + pdpΞ

p,co,du
k [n] + σ2

d

, (37)

where

Γc,co,du
k [n] = (1− ηapn )

L∑

l=1

ηl

K∑

i∈Pk

K∑

j∈Pi

a∗ilajltr
(
Q̄kil

)
tr
(
Q̄kjl

)

+

L∑

l=1

ηl

K∑

i=1

K∑

j∈Pi

a∗ilajltr
(
Q̄ijlRkl

)
+ ηapn (1− ηuen )

∣
∣
∣
∣
∣

L∑

l=1

√
ηl

K∑

i∈Pk

ailtr
(
Q̄kil

)

∣
∣
∣
∣
∣

2

. (38)

Proof: See Appendix B.

Corollary 2. The same operation as in Theorem 1 for (37), its approximate SINR expression

with LN → ∞ is obtained as 1/ (1/ (Lηapn ηuen ) + (L− 1) / (Lηuen ) + b), where b is a constant. It

is obvious that the decoding of common messages is weakened by the oscillator phase especially

the aspect of UE, which leads to a negative impact on the SE performance of RS.
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Furthermore, we investigate the SE performance of the common message by adopting the DF-

MR private precoding vkl = ĥkl [λ] and the simple common precoding. Following the similar

steps as in Theorem 3, we obtain

SINR
c,co,df
k [n] =

pdcη
ap
n ηuen

∣
∣
∣
∣
∣

L∑

l=1

√
ηl

K∑

i∈Pk

ailθ
∗
iltr
(
Q̄kil

)

∣
∣
∣
∣
∣

2

pdcΓ
c,co,df
k [n] + pdpΞ

p,co,df

k [n] + σ2
d

, (39)

where

Γc,co,df
k [n] = (1− ηapn )

L∑

l=1

ηl

K∑

i∈Pk

K∑

j∈Pi

a∗ilajlθilθ
*
jltr
(
Q̄kil

)
tr
(
Q̄kjl

)

+

L∑

l=1

ηl

K∑

i=1

K∑

j∈Pi

a∗ilajlθilθ
*
jltr
(
Q̄ijlRkl

)
+ ηapn (1− ηuen )

∣
∣
∣
∣
∣

L∑

l=1

√
ηl

K∑

i∈Pk

ailθ
∗
iltr
(
Q̄kil

)

∣
∣
∣
∣
∣

2

. (40)

From (39), we obtain that the delay phase effect on common messages is related to both AP

and UE, specifically different physical positions of APs and sharing pilots among partial UEs.

B. Non-Coherent Downlink Transmission

When applying the non-coherent joint transmission in RS-assisted CF massive MIMO systems,

each AP can send different common and private data symbols than the other APs. Therefore,

the transmit signal from AP l at time instant n is expressed as

xl [n] =
√
pdcηlvc,lsc,l [n] +

√
pdpµl

K∑

i=1

vilsil [n]. (41)

Compared with (16), each AP no longer cooperates with each other in (41), which greatly reduces

the requirement for synchronization. Then, the received signal by UE k at the nth time instant

is given by

yc,nc
k [n] =

L∑

l=1

gH
kl [n]xl [n] + wk [n]

=
√
pdc

L∑

l=1

√
ηlg

H

kl [n]vc,lsc,l [n] +
√
pdp

K∑

i=1

L∑

l=1

√
µlg

H
kl [n]vilsil [n] + wk [n] . (42)

Theorem 4. For the DU-MR precoding vkl = θklĥkl [λ] and the simple common precoding, then

the achievable rate of common message of UE k is lower bounded by

SEc,nc,du
k =

1

τc

τc∑

n=λ

log2

(

1 + SINRc,nc,du
k [n]

)

, (43)
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with

SINRc,nc,du
k [n] =

pdcη
ap
n ηuen

L∑

l=1

ηl

∣
∣
∣
∣
∣

K∑

i∈Pk

ailtr
(
Q̄kil

)

∣
∣
∣
∣
∣

2

pdcΓ
c,nc,du
k [n] + pdpΞ

p,nc,du
k [n] + σ2

d

, (44)

where

Γc,nc,du
k [n] =

L∑

l=1

ηl

K∑

i=1

K∑

j∈Pi

a∗ilajltr
(
Q̄ijlRkl

)
+ (1− ηapn ηuen )

L∑

l=1

ηl

∣
∣
∣
∣
∣

K∑

i∈Pk

ailtr
(
Q̄kil

)

∣
∣
∣
∣
∣

2

. (45)

Proof: Follow the similar steps as those for proving Theorems 2 and 3, but treating the

private messages as interference.

Moreover, we study the SE performance of the common message by using DF-MR private

precoding vkl = ĥkl [λ] and the simple common precoding vc,l =
∑K

i=1 vil. Following the similar

steps in Theorem 4, the SINR of the common message is derived as

SINRc,nc,df
k [n] =

pdcη
ap
n ηuen

L∑

l=1

ηl

∣
∣
∣
∣
∣

K∑

i∈Pk

ailθ
∗
iltr
(
Q̄kil

)

∣
∣
∣
∣
∣

2

pdcΓ
c,nc,df
k [n] + pdpΞ

p,nc,df
k [n] + σ2

d

, (46)

where

Γc,nc,df
k [n]=

L∑

l=1

ηl

K∑

i=1

K∑

j∈Pi

a∗ilajlθilθ
*
jltr
(
Q̄ijlRkl

)
+(1−ηapn ηuen )

L∑

l=1

ηl

∣
∣
∣
∣
∣

K∑

i∈Pk

ailθ
∗
iltr
(
Q̄kil

)

∣
∣
∣
∣
∣

2

. (47)

Remark 5. It is worth noting that the common messages are decoded by all the UEs, which

is different from the private messages only decoded by the corresponding UE. Therefore, when

adopting the non-coherent transmission and the delay phase is unknown, the SE of the private

message is not affected by the delay phase as stated in Remark 4. However, the SE of the common

message is still affected by the delay phase as shown in (47).

C. Power Splitting Factor to Maximize the Downlink Sum SE

After the common messages have been removed from the received signal using SIC, the

private messages can be decoded from the remained signal as shown in Section III. Finally, we

can obtain the downlink sum SE as

SSE = SEc +
K∑

k=1

SE
p

k. (48)

Remark 6. It is clear that with the increasing of the power split factor ρ, the SE of the common

and private messages increases and decreases, respectively. Therefore, the downlink sum SE is
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Algorithm 1 The Proposed Binary Search for Optimal Power Allocation

Initialization: Choose the initial values ρmin = 0 and ρmax = 1; Chose a tolerance ε > 0 and an

increase 0 < ∆ρ ≪ ε;

Output: the power splitting factor ρ;

1: SSEmax = SSE (ρ∗) = max {[SSE (ρmin) , SSE (ρmax)]} and ρ = ρ∗;

2: while ρmax − ρmin > ε do

3: Set ρnext = (ρmax + ρmin) /2;

4: SSEnext = SSE (ρnext) and SSE∆ = SSE (ρnext +∆ρ);

5: If SSE∆ > SSEnext, then set ρmin = ρnext, else set ρmax = ρnext;

6: If SSEnext > SSEmax, then set SSEmax = SSEnext and ρ , ρnext;

7: end while

a monotonic function and there is an optimal ρ to maximize it6. The optimal ρ can be found via

a simple binary search method as Algorithm 1.

D. Robust Precoding Design for Common Message

In the downlink, given realizations of the large-scale fading, we design the precoding weights

for the common messages7 ail, i = 1, . . . , K, l = 1, . . . , L, that maximize the minimum of the

downlink common SE of all the UEs, under the power constraint. At the optimum point, all the

users should achieve the same SE, then we have following max-min optimization problem:

max
{akl}

min
k=1,...,K

SEc
k [n]

s.t. E
{
‖vc,l‖2

}
6 1, ∀l,

akl > 0, ∀k, l,

(49)

6The optimal power splitting factor maximizing the sum SE varies with the simulation parameters, e.g., the SNR, the number

of APs and UEs [26]. Therefore, it is significant to adjust the power splitting factor for unleashing the potential of RS technology.

7Here, we focus on the precoding of the common message, since the precoding technology for the private message in CF

massive MIMO is already well established, including MR, zero-forcing, and MMSE [2], [8].
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where SEc
k [n] is given by (37). After some straight-forward transformation of (37), the problem

in (49) is equivalent to8

max
{a}

min
k=1,...,K

pdcη
ap
n η

ue
n

∣
∣aHbk

∣
∣2

pdc (1−ηap
n )aHHka+pdcaHMka+pdcη

ap
n (1−ηue

n ) |aHbk|2+pdpΞ
co,du
k [n]+σ2

d

s.t.
∥
∥
∥Θ

1
2

l al

∥
∥
∥ 6 1, ∀l,

akl,> 0, ∀k, l,

(50)

with

a = [aT
1 , . . . , a

T
L]

T ∈ C
KL, (51)

bk = [bk11, . . . , bkK1, . . . , bk1L, . . . , bkKL]
T ∈ C

KL, (52)

Hk = diag (Hk1, . . . ,HkL) ∈ C
KL×KL, (53)

Mk = diag (Mk1, . . . ,MkL) ∈ C
KL×KL, (54)

Θl =








b11l · · · b1Kl

...
. . .

...

bK1l · · · bKKl







∈ C

K×K, (55)

where

al = [a1l, . . . , aK1]
T ∈ C

K , (56)

bkil =







tr
(
Q̄kil

)
, i ∈ Pk

0, i /∈ Pk

, (57)

Hkl =








hk11 · · · hk1K

...
. . .

...

hkK1 · · · hkKK







with hkij =







tr
(
Q̄kil

)
tr
(
Q̄kjl

)
, i, j ∈ Pk

0, i /∈ Pk/j /∈ Pk

, (58)

Mkl =








mk11 · · · mk1K

...
. . .

...

mkK1 · · · mkKK







with mkij =







tr
(
Q̄ijlRkl

)
, j ∈ Pi

0, j /∈ Pi

. (59)

With the help of [2, Proposition 1], it can be shown that the problem in (50) is quasi-concave.

Therefore, the problem in (50) can be efficiently solved by using the bisection method, which

8Compared with [41], although the same motivation is adopted to design the precoding for the common messages, our design

takes into account the residual interference for the common message precoder while the former did not.
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Algorithm 2 Bisection Algorithm for Solving (50)

Initialization: Initialize tmin and tmax, where tmin and tmax define a range of relevant values of

the objective function in (50). Choose a tolerance ε > 0.

Output: The percoding weight matrix a;

1: while tmax − tmin > ε do

2: Set t = (tmax + tmin) /2. Solve the following convex feasibility program:






√

pdcη
ap
n ηue

n aHbk >
√
t ‖un,k‖ , ∀k,

∥
∥
∥Θ

1
2

l al

∥
∥
∥ 6 1, ∀l,

akl > 0, ∀k, l.
(60)

3: Besides, un,k is defined as

[(√

pdc (1−ηap
n )H

1
2

k a

)T

,
(√

pdcM
1
2

k a
)T

,
√

pdcη
ap
n (1−ηue

n )a
Hbk,

√

pdpΞ
co,du
k [n]+σ2

d

]T

4: If problem (60) is feasible, then set tmin , t, else set tmax , t.

5: end while

solving a sequence of convex feasibility problems in each step. The detailed scheme is presented

in Algorithm 2. The outer while-loop in Algorithm 2 performs a bisection search for the optimal

SINR value, which halves the search space for the max-min SINR value in every iteration.

Therefore, the overall algorithm converge, rapidly.

V. NUMERICAL RESULTS AND DISCUSSION

We adopt the three-slope propagation model in a simulation setup in which L APs and K

UEs are uniformly and independently distributed within a square of size 100 m × 100 m9 [2].

It is assumed that the carrier frequency is fc = 2 GHz, the bandwidth is B = 20 MHz, and the

noise power is σ2 = −96 dBm. In addition, the pilot and data transmission power are p = 20

dBm and pd = 23 dBm, respectively [2]. Besides, the length of a coherence block is T = 2 ms

consisting of τc = 200 channel uses [8]. Moreover, the symbol duration Ts = 10 µs and the

oscillator coefficients for all the APs and the UEs are ci = 1× 10−18, i = k, l [19].

9Deploying high-density APs in a small area facilitates the establishment of channel hardening and favorable propagation to

ensure the accuracy of our results [4].
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Fig. 4: CDF of the downlink sum SE for

CF massive MIMO systems under coherent

transmission (L = 40, K = 8, N = 2, τp = 4).

(a) DU-MMSE; (b) DU-MR.
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Fig. 5: CDF of the downlink per-user SE for

synchronous CF massive MIMO systems with

DU-MR combining under coherent transmis-

sion (L = 40, K = 8, N = 2, τp = 4).

Taking into account the oscillator and delay phase respectively, Fig. 4 shows the CDF of

the downlink sum SE for the considered CF massive MIMO under the coherent transmission

with DU-MMSE and DU-MR precoding. It is clear that the DU-MMSE precoding outperforms

the DU-MR precoding, due to its excellent interference cancellation capability. Moreover, the

oscillator phase has a deteriorated effect on the SE performance, as the coherent data transmission

gain of CF massive MIMO systems is destroyed by the asynchronous reception. Besides, since the

delay phase is perfectly known and is adopted for DU-MR precoding, the coherent transmission

and the SE performance is uneffected, as accurately predicted by (23). We also find that the

application of the RS can increase the downlink sum SE by 2.2 bit/s/Hz under DU-MR precoding,

due to part of the interference is broadcasted such that it is decoded and cancelled by all the UEs.

Moreover, our simulation results have also confirmed the accuracy of our derived closed-form

SE expressions.

Considering different capacity-bound techniques, including UatF bound [38], estimation bound

[4], and achievable rate (UEs have perfect CSI [42]), Fig. 5 shows the CDF of the downlink per-

user SE for synchronous CF massive MIMO systems with DU-MR combining under coherent

transmission. It is found that the difference in median SE performance between the UatF bound

and the achievable rate is 0.3 bit/s/Hz, but the estimation bound and the achievable rate have a

median SE performance difference of 0.8 bit/s/Hz. The reason is that the high antenna density
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ue = σ2).

(4000 APs/km2)10 enhances the channel hardening such that the UatF rate becomes a tight bound

and the varying oscillator phase limits the use of long coherent block length. Moreover, we also

find that the statistical channel cooperation power control can achieve a good SE performance

gain for UEs with poor channel conditions.

Fig. 6 compares the downlink sum SE of the CF massive MIMO system against the oscillator

phase variance under the coherent and non-coherent transmissions. It is clear that the performance

of the coherent transmission and DU-MR drops rapidly with the oscillator phase variance

increases. The reason is that coherent transmission requires highly accurate synchronization.

For example, in the case with DF-MR, the existence of the delay phase degrades the efficiency

of coherent transmission. Note that the delay phase caused by the offset of heterogeneous

propagation distances is often several hundred times compared to the wavelength (λ) that affects

the system much more severer than the oscillator phase. Therefore, for the precoding design of

the distributed architecture, it is necessary to obtain the accurate delay phase by some advanced

methods such as positioning technology [15], [23]. In addition, we also find that when the

10The CF massive MIMO system allows the high-density deployment of APs, e.g., via radio strips, which is highly practical

for deploying to some hot spots, like railway stations, museums and factories [43].
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oscillator phase variance varies from −50 dB to −20 dB, the sum SE gain of RS in the case

with DU-MR precoding decreases from 2.2 bit/s/Hz to 0.5 bit/s/Hz. Even worse, for the case

with DF-MR precoding, the sum SE gain of having RS is less more 0.1 bit/s/Hz. This is because

accurate synchronization is the key to realize the gains of RS. For the non-coherent case in Fig. 6

(b) that there is no cooperation among APs, the delay phase has no impact on the CF massive

MIMO with non-coherent transmission when the RS technology is not adopted. In fact, as a

certain accuracy in the delay synchronization is needed for RS, the sum SE gain of RS with DU-

MR precoding outperforms the case with DF-MR precoding under non-coherent transmission.

Besides, by comparing Fig. 6 (a) and Fig. 6 (b), we also find that the sum SE performance of

non-coherent transmission case is better than that of the coherent transmission when the delay

phase is unknown. In particular, the random phase shift not only hinders effective cooperation

among the APs, but also increases the multiuser interference.

Taking the user-centric concept into consideration and achieving it through dynamic cooper-

ation clustering [40], [42], [44], Fig. 7 presents the downlink sum SE of CF massive MIMO

systems against the oscillator phase variance under coherent transmission. In order to verify

whether the dynamic cooperation clustering has an impact on the asynchronous reception error,

we do not consider pilot contamination by setting τp = K to ensure a relatively fair comparison.

It can be found that dynamic cooperation clustering does have a certain positive effect on

CF massive MIMO systems when the delay phase is unaware, but it is not obvious. This

is due to the fact that a small cluster size aids in overcoming the issue of geographically

distributed APs introducing differences in the signal arrival time. However, when compared with

the wavelength, the offset of heterogeneous propagation distances within the same cluster is still

considerably large. Therefore, dynamic cooperation clustering cannot fundamentally eliminate

the asynchronous reception error but can be adopted to assist existing synchronization schemes

to achieve low-complexity and high-speed calibration in CF massive MIMO systems [22].

The downlink sum SE for the CF massive MIMO system with the DU-MR precoding and

coherent transmission is shown in Fig. 8, as a decreasing function of the oscillator phase variances

at AP and UE. We notice that the oscillator phase of the UE has a more significant negative

impact on the SE performance than that of the APs. For instance, for the case LN = 80,

increasing σ2
ap from −50 dB to −20 dB will result in 6.4 bit/s/Hz sum SE loss, but the same

amount of increment on σ2
ue would cause 11.3 bit/s/Hz sum SE loss. It is worthy noting that the

negative influence becomes more pronounced as the number of antennas increases, which also
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Fig. 8: Downlink sum SE for CF massive

MIMO systems against different oscillator

phase variances at AP and UE (K = 8,

τp = 4).
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Fig. 9: Downlink sum SE for CF mas-

sive MIMO systems against different transmit

power per AP (L = 20, K = 4, N = 2,

τp = 4).

can be obtained by Remark 1. Moreover, it is shown that varying the number of antennas from

LN = 80 to LN = 400 introduces a sum SE gain of 1.4 bit/s/Hz for the case σ2
ap = −50 dB,

σ2
ue = −20 dB, and leads to 8.1 bit/s/Hz sum SE gain for the case σ2

ap = −20 dB, σ2
ue = −50 dB.

The reason is that the more antennas promise higher antenna array gains offering more degrees

of freedom to compensate the negative impact caused by the oscillator phase at the AP. Besides,

due to the common messages are decoded by all the UEs, the performance gain of the RS is

also more sensitive to the oscillator phase of the UEs rather than that of the APs. For example,

the sum SE gain of RS for the case σ2
ap = −20 dB, σ2

ue = −50 dB is 2.2 bit/s/Hz, but the sum

SE gain of it for the case σ2
ap = −50 dB, σ2

ue = −20 dB is only 0.8 bit/s/Hz.

Taking into account the impacts of perfect and imperfect CSI, Fig. 9 shows the downlink sum

SE for CF massive MIMO systems against the data transmit power under coherent transmission

and DU-MR private precoding. It is clear that the downlink sum SE of conventional CF massive

MIMO systems (UatF bound without RS) gradually saturates as the data transmit power increases.

The reason is that although the power of the desired signal increases, the power of inter-user

interference due to imperfect CSI also increases. Besides, it can be observed that RS can enhance

the system performance in such cases, but with diminishing returns in the high transmit power

regime. In fact, the residual interference caused by the beamforming gain uncertainty term of

the UatF bound always leads to the downlink sum SE performance saturation, even after the
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application of RS. From Fig. 9, it is observed that the achievable rate in perfect CSI without

RS also saturates due to the strong inter-user interference caused by asynchronous issues.

Remarkably, RS has shown its robustness in this case, since the downlink sum SE does not

saturate due to the introduction of the common message. Due to the power splitting factors for

each AP are assumed to be the same, the sum achievable rate of the RS-assisted CF massive

MIMO system grows slowly with the increase of the transmit power when the RS starts to work.

Fig. 10 presents the downlink sum SE of asynchronous CF massive MIMO with our proposed

robust precoding for the common message under the coherent transmission and DU-MR private

precoding. In addition, the case without RS and the case with simple common precoding are

considered for comparison. We first assume that the APs are randomly deployed in the square

simulation area. It is found that the downlink sum SE of RS with the simple common precoding

is increased by 1.5 bit/s/Hz compared to that without RS. Yet, the downlink sum SE of RS with

robust common precoding is only increased by 0.2 bit/s/Hz compared to that with simple common

precoding. The reason is that the SE of the common messages in RS is limited by the channel

condition of the worst UE for ensuring common messages are successfully decoded by all the

UEs. Fortunately, uniform coverage properties of CF massive MIMO systems make RS suitable

for deployment with simple common precoding to obtain large performance gains. Besides, we

consider an extreme scenario with a non-uniform coverage where the APs are deployed in a
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radio strip on the one side of the square simulation area. It is clear that the sum SE gain of the

simple common precoding is less than half of the sum SE gain of the robust common precoding.

Actually, the oscillator phase of different UEs is different, which also increases performance

differences among UEs. From Fig. 10, it can be observed that when the oscillator of each UEs

is different, the sum SE gain of the simple common precoding is only 0.1 bit/s/Hz, whereas the

sum SE gain of the robust common precoding can reach 1 bit/s/Hz. Therefore, it is necessary

to adopt robust common precoding in the case of serious oscillator mismatch.

The downlink sum SE of asynchronous CF massive MIMO with our proposed robust common

precoding under coherent transmission and DF-MR private precoding is illustrated in Fig. 11.

Due to the strict delay synchronization requirements imposed by the RS, the sum SE gain of the

simple precoding for the common messages is not more than 0.1 bit/s/Hz. However, the RS with

the robust common precoding can effectively overcome the influence of delay asynchronous and

obtain 1.6 bit/s/Hz sum SE gain. Therefore, when the RS is deployed in CF massive MIMO

systems with un-awared delay phase, robust precoding for the common messages is necessary.

VI. CONCLUSION

We investigated the performance of CF massive MIMO systems with asynchronous recep-

tion, including both the delay and oscillator phases. Besides, the RS strategy relying on the

transmission of common and private messages was adopted to reduce the multiuser interference

caused by imperfect CSI. Moreover, a robust precoding for the common message was designed

to mitigate the effect of asynchronous reception on CF massive MIMO systems. Specifically,

taking into account the coherent and non-coherent transmission, we first derived novel closed-

form SE expressions for RS-assisted CF massive MIMO systems with channel estimation errors

caused by phase-asynchronization and pilot contamination. It was shown that asynchronous

reception destroys the pilot orthogonality and coherent data transmission resulting in poor system

performance. In particular, obtaining an accurate delay phase is important for CF massive MIMO

systems to realize coherent transmission. Moreover, it is interesting that the oscillator phase of

UEs has a dominated effect on the SE performance than that of the APs while increasing the

number of antennas can only significantly reduce the influence of the oscillator phase at the APs.

Furthermore, it was proved that RS significantly improves the performance of CF massive MIMO

systems, but it is seriously affected by the asynchronous phases, especially the delay phase and

the oscillator phase of the UEs. Also, we designed a robust precoding to maximize the minimum
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individual SE of the common message. It was found that the proposed robust precoding for the

common messages performs well in some extreme scenarios, e.g., serious oscillator mismatch

and unknown delay phase. In our future work, we will investigate how the RS realizes scalable

applications in user/cell-centric CF networks [44]. Besides, the impacts of imperfect SIC in RS

systems should also be considered [45].

APPENDIX A

PROOF OF THEOREM 1

We can derive the use-and-then-forget (UatF) capacity bound with SINR
p

k [n] is given by [9]
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where DS
p

kl [n] denotes the desired signal and INT
p
i [n] is the interference from other UEs11. It

is assumed the DU-MR precoding vkl = θklĥkl [λ] is used. Then, the normalization parameter

regarding the precoding in (18) can be written as µl = 1/
K∑

i=1

tr (Qil). Substituting (5) into DS
p

kl [n],

and using the definition and property of Θkl in (8) and (9), we can derive
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Moreover, with the help of [9, Eq. (69)], we have
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Besides, using (5), (8) and the property that |exp (jx)| = 1 for any real number x and j being

the imaginary unit, we derive
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11Note that DSk is a part of INTk, which is subtracted by DSk to obtain the beamforming gain uncertainty as the part of

residual interference part.
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Following the similar steps of [9, Eq. (62)], we can write (63) as

Υ1 = µltr (QilRkl) +
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By using (5) and (8), we obtain

Υ2 = θklθ
∗
ilθ

∗
kmθim

√
µlµm E {Θkl [n− λ] Θ∗

km [n− λ]}
︸ ︷︷ ︸

Υ3

× E

{

hH
kl [λ] ĥil [λ]
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Based on the properties of MMSE estimation with ĥkl [λ] and h̃kl [λ] are independent, we have
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Substituting (10) into (67), we then obtain
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Finally, with the help of (66) and (68) and plugging (64) and (65) into (62), we derive
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and this completes the proof.
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APPENDIX B

PROOF OF THEOREM 3

Using the UatF bound [9], we can derive the SINRc
k [n] of the common messages as




pdc

∣
∣
∣
∣
∣
∣
∣

L∑

l=1

E
{
gH
kl[n]

√
ηlvc,l

}

︸ ︷︷ ︸

DSc
kl
[n]

∣
∣
∣
∣
∣
∣
∣

2


/










pdcE







∣
∣
∣
∣
∣

L∑

l=1

gH
kl[n]

√
ηlvc,l

∣
∣
∣
∣
∣

2






︸ ︷︷ ︸

INTc
k
[n]

−pdc

∣
∣
∣
∣
∣

L∑

l=1

DSc
kl[n]

∣
∣
∣
∣
∣

2

+pdp

K∑

i=1

INT
p
i [n]+σ2

d










,

where DSc
kl [n] is the desired common signal. Besides, INTc

k [n] is subtracted by DSc
kl [n] to

obtain the residual interference caused by beamforming gain uncertainty [9]. Note that INT
p
i [n]

is the interference from the private signal, which is given by (69). It is assumed that the DU-

MR private precoding vkl = θklĥkl [λ] and linear common precoding vc,l =
∑K

i=1 ailvil is used.

Substituting (5) into DSc
kl [n] and with the help of (8), (9), and (68), we have
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Moreover, we also can obtain the normalization parameter regarding the precoding in (17) as
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For deriving INTc
k [n], we first expand it into
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kl [λ] ĥil [λ]

∣
∣
∣

2
}

︸ ︷︷ ︸

Υ7

+

K∑

i=1

K∑

j 6=i

ailajlθ
∗
ilθjl E

{(

hH
kl [λ] ĥil [λ]

)∗ (

hH
kl [λ] ĥjl [λ]
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Besides, Υ7 can be derived by (64). Following the similar steps, we can obtain Υ8 as
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Finally, we have
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and the result follows immediately.
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