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Abstract—Cell-free symbiotic radio (CF-SR) is a promising
technology to meet the demands of good quality-of-service and
spectrum-efficient communications. However, the introduction of
SR brings additional interference terms, which can seriously
degrade the performance of the CF-SR systems. To suppress the
interference, we adopt a rate-splitting (RS) transmission scheme
to CF-SR. In this paper, we derive downlink spectral efficiency
(SE) expressions of the CF-SR system with RS. Furthermore, in
a conventional two-phase (TP) channel estimation scheme, the
direct link causes heavy interference to the backscatter link,
consequently diminishing the accuracy of the backscatter-link
channel estimation. To this end, we propose a collaborative
cancellation (CC) channel estimation scheme, which can eliminate
the interference from the direct link and thus improve the
accuracy of the backscatter-link channel estimation. Moreover,
we derive the novel closed-form SE expressions under the CC
channel estimation scheme using maximum ratio (MR) precoding.
Simulation results show that the normalized mean square error
(NMSE) of the CC channel estimation is consistently better
than the one of the TP channel estimation, both on the direct
and backscatter links. Furthermore, the advantages of the CC
channel estimation scheme on the backscatter link can be
further amplified in scenarios with a sufficient number of pilots.
In addition, simulation results demonstrate that both the CC
channel estimation scheme and the RS transmission scheme can
provide significant improvements.

Index Terms—Cell-free massive MIMO, symbiotic radio, rate
splitting, channel estimation, spectral efficiency.

I. INTRODUCTION

Cell-free massive multiple-input multiple-output (CF-
mMIMO) is suggested as a prospective technology for beyond
fifth-generation (B5G) and future wireless networks [1] [2].
In CF-mMIMO networks, a large number of access points
(APs) are geographically distributed across the coverage area,
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connecting to a central processing unit (CPU) via fronthaul
links, and collectively provide coherent service to multiple
user equipments (UEs) [3]. Similar to cellular massive MIMO,
CF-mMIMO employs the favorable propagation and channel
hardening properties when the number of APs is large to
multiplex many UEs sharing the same time-frequency resource
[4] [5]. Therefore, it can provide high spectral efficiency (SE)
with simple signal processing [6] [7]. Nowadays, several works
on CF-mMIMO focus on the maximum ratio (MR) processing
[8] [9], while the work reported in [10] found that the higher
SEs can be obtained when the minimum mean-square error
(MMSE) processing is applied. In particular, by the CF-
mMIMO configuration, the APs are placed close to the UEs,
which yields a high macro-diversity and low path-loss fading
[11]. As a result, numerous UEs can be served simultaneously
with uniformly good quality-of-service [12]. However, the
scarcity of radio spectrum resources remains a critical issue for
CF-mMIMO [13]. In [14], the authors analyzed the user-driven
minimum spectrum requirements based on challenging use
cases developed from “day in the life” scenarios. The results
show that even when considering only three key use cases, viz.
healthcare, utilities, and motorway scenarios, approximately
76 GHz of spectrum resources may be needed if 0% spectrum
sharing is implemented. Therefore, it is urgent to explore a
spectral-efficient technology for the future CF-mMIMO.

The authors in [15] first proposed the symbiotic radio (SR)
to address the challenge of scarce radio spectrum resources.
The SR comprises a transmitter, a receiver, and a backscatter
device (BD). The BD modulates information onto continuous
wave signals generated by dedicated carrier emitters [16].
Moreover, the BD shares the same radio spectrum with the
transmitter, and thus no dedicated spectrum is required [17]
[18]. Therefore, SR can offer significant improvements in
spectrum utilization for CF-mMIMO. Based on the above
advantages, the integration of CF-mMIMO and SR has been
studied in some works. Cell-free symbiotic radio (CF-SR)
systems were first proposed in [19], in which a special case of
a single UE under perfect channel state information (CSI) is
considered. Furthermore, [20] and [21] investigated the CF-SR
with multiple UEs under imperfect CSI. However, the multi-
user interference remains a pressing issue for the CF-SR. The
introduction of SR brings additional interference terms to CF-
SR systems, which can seriously degrade the performance of
CF-SR. Thus, it is crucial to develop a novel technique for
effectively suppressing these interference.

Recently, rate-splitting (RS) has emerged as an effective
solution for mitigating multi-user interference, particularly
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in scenarios with imperfect CSI [22] [23]. This approach
shows significant potential in counteracting the adverse ef-
fects associated with the introduction of SR in CF-mMIMO
systems. Furthermore, RS can also relax the CSI quality
requirements and expand the achievable rate region [24]. More
specifically, a super common message is used to combine
all these common streams. Then these message streams are
transmitted simultaneously through the superposition coding.
For the UE, the common message is decoded first, treating all
private messages as noise. Following this, the desired private
message can be decoded by removing the common message
through successive interference cancellation (SIC) [25]. The
appeal of RS lies in its ability to generalize two extreme
existing approaches, i.e., treating interference as noise and
utilizing interference for decoding, making it an attractive
strategy for practical implementation [26]. For example, [27]
introduced the concept of 1-layer RS strategy for downlink
communications. The authors in [28] showed that rate-splitting
multiple access (RSMA) can provide a smooth transition
between space-division multiple access (SDMA) and non-
orthogonal multiple access (NOMA) and outperforms them
both in a wide range of network loads and user deployments.
The benefits of transmitting multiple common streams were
assessed for RSMA scheme in downlink multi-user systems
[29]. The RS-aided beamforming scheme consistently out-
performs NOMA in both partially and fully loaded systems
[30]. Furthermore, in contrast to conventional linear precoding
methods, non-orthogonal unicast and multicast transmission
techniques supported by RS exhibit higher SE over a wide
range of user deployment and network load scenarios [31]
[32]. Besides the system-performance improvements, RS can
offer additional benefits, e.g., relaxed CSI accuracy require-
ments and enhanced achievable rate regions [33] [39]. The
application of RS in CF-mMIMO has been widely adopted
to mitigate multi-user interference [35]–[37]. Despite these
efforts, the current understanding of RS in mitigating multi-
user interference in CF-SR systems remains incomplete and
requires further investigation. It is important to note that,
compared to traditional CF-mMIMO architectures, CF-SR in-
troduces a substantial number of BDs for signal transmission.
This could significantly increase multi-user interference and
severely degrade SE.

Motivated by the above observations, we first analyze the
downlink SE of CF-SR systems with pilot contamination.
Then, to alleviate the multi-user interference in CF-SR sys-
tems, we implement RS based on the transmission of com-
mon and private messages. In addition, we propose a novel
collaborative cancellation (CC) channel estimation scheme to
improve the accuracy of the backscatter-link channel estima-
tion. Finally, we propose a binary search method to find the
appropriate power allocation (PA) factor for maximizing the
sum SE of RS-assisted CF-SR systems. The major contribu-
tions of this paper are listed as follows:

1) We propose an RS-assisted CF-SR system model, where
the channel from the UE and BD operates over Rician
fading and the other channels operate over Rayleigh
fading. The RS transmission scheme is employed to

mitigate the multi-user interference for enhancing the
downlink SE. Moreover, a bisection search is utilized to
determine the appropriate PA factor for maximizing the
downlink sum SE.

2) Taking into account the interference on the backscat-
ter link caused by the direct link, we propose a CC
channel estimation scheme to improve the accuracy of
the backscatter-link channel estimation. The simulation
results demonstrate that the CC channel estimation
scheme consistently outperforms the conventional two-
phase (TP) channel estimation scheme in terms of the
normalized mean square error (NMSE) for both direct
and backscatter links. Furthermore, the advantages of the
CC channel estimation scheme on the backscatter link
can be further amplified in scenarios with a sufficient
number of pilots.

3) By using the use-and-then-forget (UatF) bound, we
derive achievable SE expressions for two transmission
schemes, i.e., classical data transmission scheme and
RS assisted CF-SR scheme, on both the direct and
backscatter links. Note that our derived expressions
hold for arbitrary precoding and channel estimation
schemes. In addition, novel closed-form SE expressions
with MR precoding schemes are calculated under the
CC channel estimation scheme. The simulation results
sconstruedhow that both the proposed CC channel esti-
mation scheme and RS transmission scheme can provide
significant improvements.

The rest of this paper is organized as follows. In Section II,
we propose and describe the system model of CF-SR. Next,
two channel estimation schemes are detailed in Section III.
Then, two downlink data transmission schemes are proposed
in Section IV. In Section V, simulation results are presented to
compare the performance between the RS transmission scheme
and the classical transmission scheme. Finally, Section VI
concludes this paper.

Notation: Bold lowercase letters represent column vectors,
while bold uppercase letters signify matrices. Superscripts
(·)∗, (·)T , and (·)H indicate conjugate, transpose, and con-
jugate transpose, respectively. Symbol ∆

= is employed for
definitions, and the identity matrix of size N×N is expressed
as IN . The expected value of random variable g is represented
as E{g}.

II. SYSTEM MODEL

The proposed CF-SR system is illustrated in Fig. 1, in which
a multitude of BDs are placed to assist in the wireless data
transmission between the UEs and the APs. Here, K UEs, J
BDs, and M APs are considered in the CF-SR system. All APs
and UEs are equipped with a single antenna. It is assumed that
the number of BDs is much larger than the number of UEs,
and thus each UE can be paired with a different nearby BD,
and the unselected BDs are not activated. More specifically,
each activated BD is associated with one nearby UE to support
the direct-link communications between the AP and UE. In
addition, these BDs can also be used as extra APs, employing
backscatter modulation to send their information to the UEs.
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Fig. 1: CF-SR system model.

For simplicity, the selected BD near UE k is denoted as BD
j.

All the APs are linked to a CPU via error-free fron-
thaul links and serve all UEs using the same time-frequency
resource operating through the time-division duplex (TDD)
protocol. The standard block fading model is applied in time-
frequency blocks of τc channel uses. The direct-link channel
with channel coefficient hmk between UE k and AP m can
be expressed as

hmk = β
1/2
mk fmk, (1)

where βmk = E
{
|hmk|2

}
characterizes the large-scale fading

effects related to geometric path loss and shadowing, and
fmk ∼ CN (0, 1) characterizes the small-scale fading effects;
tmj ∼ CN (0, βmj) is utilized to signify the channel between
AP m and BD j; zjk is used to denote the channel coefficient
between UE k and BD j. Note that since UE k and BD
j are relatively close to each other, the channel typically
consists of a semideterministic line-of-sight (LoS) path and
several reflection and scattering paths, which can thus be
modelled as a Rician fading channel. Specifically, the channel
coefficient between UE k and BD j is modelled as zjk ∼
CN (Θjkzjk, βjk), where zjk represents the deterministic LoS
component; Θjk ∼ U [−π, π] is the phase shift; βjk models the
large-scale fading effects on the non-LoS (NLoS) components.
Thus, the total backscatter channel between AP m and UE k
via BD j can be modeled as gmk = αjtmjzjk, where αj is
the power reflection coefficient of BD j. Furthermore, we have
gmk ∼ CN (0, γmk) and γmk = E

{
|gmk|2

}
.

If the symbol rate of the backscatter-link signals sent by
BDs is significantly lower than that of the direct-link signals
transmitted by APs, it facilitates an augmented synergy be-
tween the direct link and the backscatter link [15], thereby con-
tributing to enhanced overall system performance. Therefore,
we assume that each time BD j transmits a backscatter-link
symbol to UEs, and AP m concurrently transmits L direct-link
symbols. Tdl and Tbl represent the symbol periods of the UE
and BD, respectively, given Tbl = LTdl.

Fig. 2 shows the channel estimation and data transmission
frame, in which each coherence interval is divided into two
phases: the channel estimation phase taking 2τp channel uses

and the downlink data transmission phase taking τc − 2τp
channel uses. It is required that 2τp < τc.

III. CHANNEL ESTIMATION SCHEME

In the section, we describe two channel estimation schemes,
namely, TP channel estimation and CC channel estimation, as
shown in Fig. 2. TP channel estimation can bring additional
interference from the direct link to the backscatter link, thus re-
ducing the accuracy of the backscatter-link channel estimation.
In contrast, CC channel estimation is expected to eliminate
these aforementioned interferences.

A. Two-phase Channel Estimation

First, we present the TP channel estimation scheme, which
has been widely applied in early papers [19]–[21]. In this
scheme, the channel estimation procedure is divided into two
phases, viz., the direct-link channel estimation phase and the
backscatter-link channel estimation phase.

Let √τpφ
H
k ∈ Cτp×1, where ∥φk∥

2
= 1, denote the pilot

sequence used by UE k. The allocation of these pilots to
the UEs is deterministic but arbitrary. During the direct-link
channel estimation phase, all UEs send pilot sequences of
samples with length τp to all APs without activating BDs.
Received signal ydl,m ∈ Cτp×1 at AP m is given by

ydl,m =
√
τp

K∑
i=1

√
pcei hmiφ

T
i +wdl,m, (2)

where pcei is the transmit power of UE i; wdl,m ∼
CN (0, σ2Iτp) represents the noise received at AP m, and σ2

is the noise power. To estimate direct-link channel coefficient
hmk, AP m can correlate the received signal ydl,m with pilot
φ∗

k to obtain

ŷdl,mk =
√
τppcek hmk +

√
τp

K∑
i ̸=k

√
pcei hmiφ

T
i φ

∗
k +wdl,mφ∗

k.

(3)
Then, the direct-link channel estimation can be computed by
using the standard MMSE estimation as

ĥmk =
E
{
ŷ∗dl,mkhmk

}
E
{
|ŷdl,mk|2

} ŷdl,mk = Ξmkŷdl,mk, (4)

where

Ξmk
∆
=

√
τppcek βmk

τp
K∑
i=1

pcei βmi

∣∣φT
i φ

∗
k

∣∣2 + σ2

. (5)

After the standard MMSE estimation, the channel estimation
error of direct link is defined as h̃mk = hmk − ĥmk, and,
therefore, the average power of the channel estimation is given
by

β̂mk = E
{∣∣∣ĥmk

∣∣∣2} =
√
pcek τpβmkΞmk. (6)

Thus, we have h̃mk ∼ CN (0, β̃mk) and β̃mk = βmk − β̂mk.
After the direct-link channel estimation phase, the backscatter-
link channel estimation phase is performed. To estimate the
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Fig. 2: Channel estimation and data transmission.

backscatter-link channel, all UEs are needed to retransmit the
same pilot signals while the BDs are activated. Note that the
pilot signals can be transmitted via both the direct-link and
backscatter-link channels simultaneously. Pilot signals y′

dl,m

received by AP m through the direct-link channel can thus be
written as

y′
dl,m =

√
τp

K∑
i=1

√
pcei hmiφ

T
i +wbl,m, (7)

where wbl,m ∼ CN (0, σ2Iτp) is the noise received at AP
m in the backscatter-link channel estimation phase. Similarly,
received pilot signals yBD,m at AP m sent by the BD are
given by

yBD,m =
√
τp

K∑
i=1

√
pcei gmiφ

T
i . (8)

Finally, based on (7) and (8), total received signals ybl,m ∈
Cτp×1 at AP m can be determined as

ybl,m = y′
dl,m + yBD,m

=
√
τp

K∑
i=1

√
pcei hmiφ

T
i +

√
τp

K∑
i=1

√
pcei gmiφ

T
i +wbl,m.

(9)

Since estimated direct-link channel coefficients ĥmk have been
calculated, the term related to ĥmk can be removed to improve
the channel estimation accuracy. The signal after performing
the removal, denoted as ybl,m can be written as

ybl,m = ybl,m −√
τp

K∑
i=1

√
pcei ĥmiφ

T
i

=
√
τp

K∑
i=1

√
pcei (h̃mi + gmi)φ

T
i +wbl,m. (10)

Improved signal ybl,m can be correlated with corresponding
pilot signal φ∗

k to obtain

ŷbl,mk = ybl,mφ∗
k

=
√
τp

K∑
i=1

√
pcei (h̃mi + gmi)φ

T
i φ

∗
k +wbl,mφ∗

k.

(11)
Similar to the direct-link channel estimation phase, the MMSE
estimation for backscatter-link channel coefficient gmk can be

performed as

ĝmk =
E
{
ŷ∗bl,mkgmk

}
E
{
|ŷbl,mk|2

} ŷbl,mk = Ψmkŷbl,mk, (12)

where

Ψmk
∆
=

√
pcek τpγmk

τp
K∑
i=1

pcei (β̃mi + γmi)
∣∣φT

i φ
∗
k

∣∣2 + σ2

. (13)

The average power of backscatter-link channel estimate ĝmk

can be written as

γ̂mk = E
{
|ĝmk|2

}
=
√

pcek τpγmkΨmk. (14)

In addition, we have g̃mk ∼ CN (0, γ̃mk) and γ̃mk = γmk −
γ̂mk.

Remark 1. As shown in (11), the received signal contains the
residual signals from the direct link during the backscatter-
link channel estimation phase. These residual signals are
challenging to be completely removed but can be regarded
as interference terms. Note that since the backscatter-link
signal is significantly weaker than the direct-link signal, these
interference terms could seriously degrade the accuracy of the
backscatter-link channel estimation.

B. Collaborative Cancellation Channel Estimation

In this subsection, we propose a novel CC channel estima-
tion, which can suppress the interference on the backscatter
link caused by the direct link, and thus promote the accuracy
of the backscatter-link channel estimation.

Similar to TP channel estimation, CC channel estimation
is also divided into two phases. During the first phase, all
UEs are required to transmit pilot signals with BDs activated.
Despite being activated, BDs do not make any modulation
in this phase. As a result, the received signal at AP m is
analogous to (9) as

y(1),m =
√
τp

K∑
i=1

√
pcei hmiφ

T
i+

√
τp

K∑
i=1

√
pcei gmiφ

T
i +w(1),m,

(15)
where w(1),m ∼ CN (0, σ2Iτp) denotes the received noise at
AP m in the first channel estimation phase.

Then, we do not perform the channel estimation calculations
but move to the second phase. During the second phase, all
UEs retransmit the pilot signals while activating the BDs.
Different from the first phase, the BDs need to modulate the
amplitude of the received pilot signals, i.e., to assign “+φ” to
“−φ”. Thus, the received signal at AP m is given by

y(2),m =
√
τp

K∑
i=1

√
pcei hmiφ

T
i−

√
τp

K∑
i=1

√
pcei gmiφ

T
i +w(2),m,

(16)
where w(2),m ∼ CN (0, σ2Iτp) denotes the received noise at
AP m in the second channel estimation phase.

After incorporating the received signals given in (15) and
(16) into corresponding pilot signals φ∗

k, we have the equation



5

set as follows:
y(1),m=

√
τp

K∑
i=1

√
pcei hmiφ

T
i φ∗

k+
√
τp

K∑
i=1

√
pcei gmiφ

T
i φ∗

k+w(1),mφ∗
k

y(2),m=
√
τp

K∑
i=1

√
pcei hmiφ

T
i φ∗

k−
√
τp

K∑
i=1

√
pcei gmiφ

T
i φ∗

k+w(2),mφ∗
k

.

(17)
With a series of simple addition and subtraction transforma-

tions, (17) can be simplified to
ŷ(1),m =

√
τp

K∑
i=1

√
pcei hmiφ

T
i φ

∗
k +

w(1),mφ∗
k+w(2),mφ∗

k

2

ŷ(2),m =
√
τp

K∑
i=1

√
pcei gmiφ

T
i φ

∗
k +

w(1),mφ∗
k−w(2),mφ∗

k

2

.

(18)
Finally, by utilizing the standard MMSE estimation, the

channel estimation of the direct link and backscatter link are
obtained as follows. The channel estimates of hmk and gmk

can be obtained as

ĥmk =
E
{
ŷ∗(1),mhmk

}
E
{∣∣ŷ(1),m∣∣2} ŷ(1),m = Ξmkŷ(1),m, (19)

and

ĝmk =
E
{
ŷ∗(2),mgmk

}
E
{∣∣ŷ(2),m∣∣2} ŷ(2),m = Ψmkŷ(2),m, (20)

where

Ξmk
∆
=

√
τppcek βmk

τp
K∑
i=1

pcei βmi

∣∣φT
i φ

∗
k

∣∣2 + σ2/2

, (21)

and

Ψmk
∆
=

√
pcek τpγmk

τp
K∑
i=1

pcei γmi

∣∣φT
i φ

∗
k

∣∣2 + σ2/2

. (22)

Furthermore, the average power of the direct-link chan-
nel estimation and the backscatter-link channel estimation
can be determined from the above estimates as β̂mk =

E
{∣∣∣ĥmk

∣∣∣2} =
√

pcek τpβmkΞmk, and γ̂mk = E
{
|ĝmk|2

}
=√

pcek τpγmkΨmk, and the channel estimation errors of direct
link and backscatter link can be written as g̃mk ∼ CN (0, γ̃mk),
and h̃mk ∼ CN (0, β̃mk), where γ̃mk = γmk − γ̂mk and
β̃mk = βmk − β̂mk, respectively1.

Remark 2. Note that when channel estimation is performed,
the BD can transmit at the same symbol period rate as the UE,
which is the so-called parasitic SR in [17]. However, during
the downlink transmission phase, the BD adopts a significantly
lower symbol rate than that of the AP, thereby transitioning
the system into a commensal SR system.

1While the CC scheme is available for most situations, it still has some
prerequisites to apply, e.g., precise time synchronization. Note that CC estima-
tion scheme requires accurately capturing signals from two consecutive time
slots. Misalignment of these time slots could result in signal conflicts, making
it impossible to eliminate interference. Moreover, although the cancellation
scheme is simple, it needs to be completed by the AP within a short period
of time. Considering that the computational power of the AP is lower than that
of the CPU, errors in calculations may occur, leading to imperfect cancellation.

IV. DOWNLINK DATA TRANSMISSION AND SPECTRAL
EFFICIENCY ANALYSIS

In this section, we investigate the classical data transmission
scheme and the RS assisted CF-SR transmission scheme. The
SE expressions for both the direct and backscatter links are
derived for both data transmission schemes.

A. Classical Data Transmission Scheme

We first consider the classical data transmission scheme,
which has been adopted in previous papers [19]–[21]. During
the downlink data transmission, we suppose that the APs treat
the channel estimates as the true channel coefficients, thus the
lth transmitted signal from AP m is given by

xm (l) =

K∑
i=1

√
pmvmisi(l), (23)

where pm denotes the transmit power of AP m; vmk is the
local precoding coefficient; si(l) represents the lth symbol
intended for the ith UE, which satisfies E

{
|si(l)|2

}
= 1.

Then the transmitted signal is received at the BDs and UEs.
After receiving the transmitted signal, BD j modulates its
own information over the signal by intentionally varying its
reflection coefficient. Let ui be the symbol sent by BD j,
we consider symbol ui to be modulated by binary phase-shift
keying (BPSK), e.g., ui ∈ {1,−1}. The lth received signals
at UE k can be written as

rk (l) =

K∑
i=1

M∑
m=1

√
pmvmihmksi(l)

+

K∑
i=1

M∑
m=1

√
pmvmigmksi(l)ui + nk,

(24)

where nk ∼ CN (0, σ2) is the additive noise at UE k.
Two precoding mechanisms are considered in this paper,

i.e., MR and local-MMSE (L-MMSE) precodings. Note that
we refer to L-MMSE to distinguish it from MMSE, since
each AP only knows its locally estimated channel information{
ĥmk, ĝmk : m = 1, 2, ...,M, k = 1, 2, ...,K

}
for precoding

design with lower computational complexity. Owing to the
uplink-downlink duality, we employ average-normalized pre-
coding, and conjugate precoding v∗mk is given by v∗mk =

wmk/

√
E
{
∥wmk∥2

}
. The term wmk can be written as

wmk =


ĥmk + ĝmk, for MR precoding

pmk

(
K∑
i=1

pmiωmi + σ2

)−1 (
ĥmk + ĝmk

)
for L-MMSE precoding.

,

(25)
where ωmi = ĥ2

mi + ĝ2mi + γ̃mi + β̃mi. Note that the L-
MMSE is calculated by minimizing the MSE, and MSEmk =

E
{
|sk − vmkrk|

2 | ĥmi, ĝmi

}
.

Since direct-link signal si is significantly stronger than
backscatter-link signal ui, it is often decoded first. It is
imperative to recognize that the symbol period of the APs
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SINRdl
k =

|S1 + S2|2

E
{
|R1|2

}
+ E

{
|R2|2

}
+

K∑
i ̸=k

E
{
|R3|2

}
+

K∑
i̸=k

E
{
|R4|2

}
+E

{
|nk|2

} . (28)

is substantially lower than that of the BDs. Consequently,
the second term in (24) can be constructed as the outcome
of direct signal sk propagating through a gradually varying
channel characterized by channel coefficient vmkgmkuk [17].
Simultaneously, the signals emanating from other BDs are
regarded as interference, and the average power of which
is E

{
pm|vmi|2|gmk|2|si(l)|2|ui|2

}
= pm|vmigmk|2. Note

that the knowledge of the channel estimates is not available;
instead, we apply the UatF bound to calculate the achievable
SE. To obtain the achievable SE, we rewrite (24) as

rk (l)=E

{
M∑

m=1

√
pmvmkhmk

}
︸ ︷︷ ︸

S1

sk(l)+E

{
M∑

m=1

√
pmvmkgmk

}
︸ ︷︷ ︸

S2

sk(l)uk

+

(
M∑

m=1

√
pmvmihmk − E

{
M∑

m=1

√
pmvmkhmk

})
︸ ︷︷ ︸

R1

sk(l)

+

(
M∑

m=1

√
pmvmigmk−E

{
M∑

m=1

√
pmvmkgmk

})
︸ ︷︷ ︸

R2

sk(l)uk

+

K∑
i ̸=k

M∑
m=1

√
pmvmihmk︸ ︷︷ ︸
R3

si(l)+

K∑
i̸=k

M∑
m=1

√
pmvmigmk︸ ︷︷ ︸
R4

si(l)ui

+ nk. (26)

Consequently, the downlink SE can be obtained by the fol-
lowing proposition:

Proposition 1. The achievable downlink SE on the direct link
for UE k is

SEdl
k =

(
1− 2τp

τc

)
log2

(
1 + SINRdl

k

)
, (27)

where the effective SINR is given by (28) (see top of this page).

Next, the backscatter-link signals are aspired to be decoded.
To suppress the interference from the direct link, SIC is
applied [17]. More specifically, the decoded direct-link signal
K∑
i=1

M∑
m=1

√
pmvmihmksi(l) is subtracted from (24), yielding the

intermediate signal as

rk
′ (l) = rk (l)−

K∑
i=1

M∑
m=1

√
pmvmihmksi(l). (29)

Assuming on the imperfect SIC, the received signal given in

(24) can be simplified to

rk
′ (l) =

M∑
m=1

√
pmvmkgmksk(l)uk

+

K∑
i ̸=k

M∑
m=1

√
pmvmigmksi(l)ui

+

K∑
i=1

M∑
m=1

(
√
pm,pvmihmk

− E
{√

pm,pvmihmk

}
)si(l) + nk. (30)

Similar to (26), to obtain the achievable rate, (30) can be
rewritten as

rk
′ (l)=E

{
M∑

m=1

√
pmvmkgmk

}
︸ ︷︷ ︸

S2

sk(l)uk

+

(
M∑

m=1

√
pmvmigmk−E

{
M∑

m=1

√
pmvmkgmk

})
︸ ︷︷ ︸

R2

sk(l)uk

+

K∑
i ̸=k

M∑
m=1

√
pmvmigmk︸ ︷︷ ︸
R4

si(l)ui + nk

+

K∑
i=1

M∑
m=1

(
√
pm,pvmihmk−E

{√
pm,pvmihmk

}
)si(l)︸ ︷︷ ︸

R5

.

(31)

Since only one symbol from the backscatter link is trans-
mitted during L successive symbol periods of the direct link,
direct-link signal sk(l) can be seen as a spread-spectrum code
with a length of L for backscatter signal uk [15]. Conse-
quently, the signal-to-interference-and-noise ratio (SINR) for
decoding the backscatter signal increases by a factor of L,
while the achievable SE decreases by 1/L. Therefore, the
achievable SE of the backscatter link can be expressed in
Proposition 2 as follows:

Proposition 2. The achievable downlink SE on the backscatter
link for UE k is given by

SEbl
k =

(
1− 2τp

Lτc

)
log2

(
1 + SINRbl

k

)
, (32)

where

SINRbl
k =

L|S2|2

E
{
|R2|2

}
+

K∑
i ̸=k

E
{
|R4|2

}
+

K∑
i=1

E
{
|R5|2

}
+E
{
|nk|2

} .
(33)
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Remark 3. We observe that L-MMSE precoding coefficient
vmk can be designed to maximize the SINR of the direct link.
Therefore, it may not be the optimal precoding for maximizing
the SINR of the backscatter link. Nevertheless, it has been
demonstrated in [21] that the suboptimal L-MMSE precoding
still offers improved performance compared to the simple MR
precoding.

B. Rate-Splitting Assisted CF-SR Transmission Scheme

In this subsection, we focus on the SE of RS-assisted
CF-SR transmission. By treating the private messages as
noise, we first derive the achievable SE expressions for the
common messages on both the direct and backscatter links.
After decoding the common messages, the remaining private
messages are decoded by following the same steps as in the
classical data transmission scheme.

We define Wk as the message the AP intends to send to
the UE k, which is divided into a common part Wc,k and
a private part Wp,k. The common parts of all UEs, denoted
as {Wc,1,Wc,2, ...,Wc,K}, are amalgamated to constitute Wc.
Employing a common codebook, Wc can be encoded into
a common stream sc with E

{
|sc|2

}
= 1. Note that the

common stream is designed for decoding by all UEs, though
it may not be specifically targeted at each of them. The private
part Wp,k is independently encoded into a private stream sk

with E
{
|sk|2

}
= 1. This stream is intended for decoding

exclusively by the corresponding UE. Moreover, we presume
that common message uc and private message uk sent by the
BD also follow the aforementioned encoding principles. The
signals sent by AP m can be written as

xm (l) =
√
pm,cvmcsc +

K∑
i=1

√
pm,pvmisi, (34)

where vmc characterizes the common precoding; pm,c and
pm,p are the power allocated to the common and private
messages of AP m, respectively. Letting ρ (0 ≤ ρ ≤ 1)
be the power splitting factor to adjust the fraction of the
power allocated to the transmission of the common messages
at each AP, we have pm,c = ρpm and pm,p = (1 − ρ)pm. If
power splitting factor ρ = 0, the RS strategy is reduced to
the classical data transmission scheme. After receiving these
messages, BD j modulates the messages as

xj (l) =
√
pm,cvmcscuc +

K∑
i=1

√
pm,pvmisiuj . (35)

Therefore, the lth received signal at UE k is given by

rk,c (l) =

M∑
m=1

√
pm,cvmchmksc(l)+

M∑
m=1

√
pm,cvmcgmksc(l)uc

+

K∑
i=1

M∑
m=1

√
pm,pvmihmksi(l)

+

K∑
i=1

M∑
m=1

√
pm,pvmigmksi(l)ui + nk.

(36)

Note that common precoding vmc is set as a linear sum of the

private precoding coefficients, i.e., vmc =
K∑
i=1

vmi, to satisfy

the decoding requirements of all UEs.
Proof: See Appendix B.

To decode the common signal on the direct link, we follow
the same method as given in (26) to rewrite (36) as

rk,c (l)=E

{
M∑

m=1

√
pm,cvmchmk

}
︸ ︷︷ ︸

S1

sc(l)

+ E

{
M∑

m=1

√
pm,cvmcgmk

}
︸ ︷︷ ︸

S2

sc(l)uc

+

(
M∑

m=1

√
pm,cvmchmk−E

{
M∑

m=1

√
pm,cvmchmk

})
︸ ︷︷ ︸

R1

sc(l)

+

(
M∑

m=1

√
pm,cvmcgmk−E

{
M∑

m=1

√
pm,cvmcgmk

})
︸ ︷︷ ︸

R2

sc(l)uc

+

K∑
i=1

M∑
m=1

√
pm,pvmihmk︸ ︷︷ ︸

R3

si(l)

+

K∑
i=1

M∑
m=1

√
pm,pvmigmk︸ ︷︷ ︸

R4

si(l)ui + nk. (37)

Remark 4. Although the simple common decoder has advan-
tage of the low complexity, it cannot maximize the minimum
SINR. For more insights, we refer interesting the readers to
[36], which proposed a heuristic common precoder design
aimed at maximizing the minimum SINR.

Then, the achievable SE for UE k is derived as follows:

Proposition 3. The achievable downlink SE on the direct link
for UE k can be written as

SEc,dl
k =

(
1− 2τp

τc

)
log2

(
1 + SINRc,dl

k

)
, (38)

where the SINR for the direct link can be written as (39)

Due to the fact that the direct-link common messages have
been decoded, SIC can be applied to remove the interference.
Therefore, (37) reduces to

rk,c
′(l)=E

{
M∑

m=1

√
pm,cvmcgmk

}
︸ ︷︷ ︸

S2

sc(l)uc

+

K∑
i=1

(
M∑

m=1

√
pm,pvmihmk−E

{
M∑

m=1

√
pm,pvmihmk

})
︸ ︷︷ ︸

R1

si(l)

(40)
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SINRc,dl
k =

|S1 + S2|2

E
{
|R1|2

}
+ E

{
|R2|2

}
+

K∑
i=1

E
{
|R3|2

}
+

K∑
i=1

E
{
|R4|2

}
+E

{
|nk|2

} . (39)

+

(
M∑

m=1

√
pm,cvmcgmk−E

{
M∑

m=1

√
pm,cvmcgmk

})
︸ ︷︷ ︸

R2

sc(l)uc

+

K∑
i=1

M∑
m=1

√
pm,pvmihmk︸ ︷︷ ︸

R3

si(l)

+

K∑
i=1

M∑
m=1

√
pm,pvmigmk︸ ︷︷ ︸

R4

si(l)ui + nk. (41)

Based on (40), the achievable downlink SE is determined as
follows:

Proposition 4. The achievable SE of the backscatter link for
UE k is

SEc,bl
k =

(
1− 2τp

Lτc

)
log2

(
1 + SINRc,bl

k

)
, (42)

where

SINRc,bl
k =

L|S2|2
K∑
i=1

E
{
|R1|2

}
+E

{
|R2|2

}
+

K∑
i=1

E
{
|R3|2

}
+

K∑
i=1

E
{
|R4|2

}
+E

{
|nk|2

}.
(43)

After decoding all the common messages, SIC can be
applied to remove the common messages. The residual signal
is given by

rk,p (l) =

K∑
i=1

M∑
m=1

√
pm,pvmihmksi(l)

+

K∑
i=1

M∑
m=1

√
pm,pvmigmksi(l)ui + nk.

(44)

From the above derivations, it is clear that the form of
residual signal (44) is similar to (24); thus we can adopt
the same steps to decode the direct-link and backscatter-link
signals. Following similar steps to the classical transmission
scheme, the achievable SEs on both the direct and backscatter
links are derived as follows.

Proposition 5. The achievable SEs on the direct link and
backscatter link for UE k can be written as

SEp,dl
k =

(
1− 2τp

τc

)
log2

(
1 + SINRp,dl

k

)
, (45)

and
SEp,bl

k =

(
1− 2τp

Lτc

)
log2

(
1 + SINRp,bl

k

)
, (46)

where the instantaneous SINR is given in (47) and (48) (see
top of the next page).

The detailed expressions for the above terms are illustrated

below:

S1 = E

{
M∑

m=1

√
pm,pvmkhmk

}
, (49)

S2 = E

{
M∑

m=1

√
pm,pvmkgmk

}
, (50)

R1 =

M∑
m=1

√
pm,pvmkhmk−E

{
M∑

m=1

√
pm,pvmkhmk

}
, (51)

R2 =

M∑
m=1

√
pm,pvmkgmk −E

{
M∑

m=1

√
pm,pvmkgmk

}
, (52)

R3 =

M∑
m=1

√
pm,pvmihmk, (53)

R4 =

M∑
m=1

√
pm,pvmigmk, (54)

R5 =

M∑
m=1

√
pm,cvmchmk − E

{
M∑

m=1

√
pm,cvmchmk

}
, (55)

R6 =

M∑
m=1

√
pm,cvmcgmk − E

{
M∑

m=1

√
pm,cvmcgmk

}
, (56)

and

R7 =

M∑
m=1

√
pm,pvmihmk − E

{
M∑

m=1

√
pm,pvmihmk

}
(57)

In addition, the expectations of the SINR cannot be derived
in closed-form when applying L-MMSE precoding, but can
be calculated by using Monte Carlo sampling. Meanwhile, we
can obtain the following closed-form expression when utilizing
MR precoding and CC channel estimation:

Corollary 1. If MR precoding vmk = ĥmk +

ĝmk/

√
E
{∥∥∥ĥmk + ĝmk

∥∥∥2} and CC channel estimation

are applied, the expectations of closed-form can be written as

E {vmkhmk} =
β̂mk√

β̂mk + γ̂mk

βmk, (58)

E {vmkgmk} =
γ̂mk√

β̂mk + γ̂mk

, (59)

E


∣∣∣∣∣

M∑
m=1

vmihmk

∣∣∣∣∣
2
 =

M∑
m=1

β̂miβmk

β̂mi + γ̂mi

+

M∑
m=1

γ̂miβmk

β̂mi + γ̂mi

(60)
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SINRp,dl
k =

|S1 + S2|2

E
{
|R1|2

}
+E
{
|R2|2

}
+

K∑
i ̸=k

E
{
|R3|2

}
+

K∑
i ̸=k

E
{
|R4|2

}
+E
{
|R5|2

}
+ E

{
|R6|2

}
+ E

{
|nk|2

} (47)

SINRp,bl
k =

L|S2|2

E
{
|R2|2

}
+

K∑
i ̸=k

E
{
|R4|2

}
+E

{
|R5|2

}
+E

{
|R6|2

}
+

K∑
i=1

E
{
|R7|2

}
+ E

{
|nk|2

} (48)

+

∣∣∣∣∣∣
M∑

m=1

β̂miβmk

βmi

√
β̂mi + γ̂mi

∣∣∣∣∣∣
2∣∣φT

i φ
∗
k

∣∣2,
(61)

and

E


∣∣∣∣∣

M∑
m=1

vmigmk

∣∣∣∣∣
2
 =

M∑
m=1

γ̂miγmk

β̂mi + γ̂mi

+

M∑
m=1

β̂miγmk

β̂mi + γ̂mi

(62)

+

∣∣∣∣∣∣
M∑

m=1

γ̂miγmk

γmi

√
β̂mi + γ̂mi

∣∣∣∣∣∣
2∣∣φT

i φ
∗
k

∣∣2.
(63)

Proof: See Appendix A.

Remark 5. It can be seen that the closed-form expressions
of SINR change with the channel estimation scheme. We also
refer the readers to [21] for more insights into the closed-form
expressions under TP channel estimation.

C. Power Allocation Factor to Maximize the Downlink Sum
SE

After all the messages are decoded from the received signals
given in (36), the downlink sum SE can be defined as

SSE = min (SEc
k) +

K∑
i=1

SEp
i . (64)

Note that we adopt the commensal SR approach for trans-
mission, whereby the enhancement of backscatter-link signals
also yields performance gains for the direct link. As a result,
we can optimize the sum SE of the backscatter link while
concurrently elevating the sum SE of the direct link. Therefore,
the optimization problem can be formulated as

max
{ρ}

SSEbl = min
(
SEc,bl

k

)
+

K∑
i=1

SEp,bl
i

subject to 0 ≤ ρ ≤ 1.

(65)

It is evident that as power allocation factor ρ increases, the
SE of the common messages experiences an increase, while
that of the private messages undergoes a decrease. Conse-
quently, the downlink sum SE follows a monotonic trend,
indicating the existence of an appropriate ρ that maximizes
it. Thus, adjusting the power allocation factor is crucial for
unleashing the full potential of RS technology. It is worth

Algorithm 1 Proposed Binary Search Algorithm for Solving
(65)
Result: the power splitting factor ρ.
Input: SSEbl, the tolerance ε, the minimum value ρmin, and
the maximum value ρmax.
Initialization: Set the initial values ρmin = 0 and ρmax = 1;

Set the tolerance ε > 0 and an increase 0 < ∆ρ ≪ ε;
SSEbl

max = SSEbl (ρ∗) =

max
{[

SSEbl (ρmin) ,SSEbl (ρmax)
]}

and ρ = ρ∗;
while ρmax − ρmin > ε do

Set ρnext = (ρmax + ρmin) /2;
SSEbl

next = SSEbl (ρnext) and SSEbl
∆ =

SSEbl (ρnext +∆ρ);
If SSEbl

∆ > SSEbl
next, then set ρmin = ρnext, else set

ρmax = ρnext;
If SSEbl

next > SSEbl
max, then set SSEbl

max = SSEbl
next and

ρ = ρnext;
end while

Output: ρ.

noting that (65) can be solved efficiently by a bisection search,
in each step solving a sequence of convex feasibility problems.

Binary search is an algorithm used to locate the position of
a target value within a sorted array. The algorithm compares
the target value to the middle element of the array. If they are
not equal, the half, in which the target value cannot be located,
is eliminated. The search then continues on the remaining
half, again comparing the target value to the middle element.
This process is repeated until the target value is found. By
consistently eliminating the half, in which the target value
cannot lie, the algorithm efficiently narrows down the search
area in each iteration [38]. The steps for solving (65) are
summarized in Algorithm 1.

V. NUMERICAL RESULTS

A. Simulation Setup and Radio Propagation Model

In this section, we numerically evaluate the performance of
the CF-SR system under different channel estimation and data
transmission schemes. We consider that M APs and K UEs
are uniformly distributed in a 1 × 1 km2 area with a wrap-
around method. From [15] and [20], we suppose each BD is
located at the area of a circle centered at its associated device
with a radius of dmax

jk .
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TABLE I: Simulation Parameters

Parameter Value
Communication bandwidth 20 MHZ

AP antenna height 10 m
Noise power, σ2 -94 dBm

Circling distance, dmax
jk 0.5 m

Coherence time, τc 200 msec
Uplink training duration, τp 4 msec

Power reflection coefficient, α 1
Number of APs, M 100
Number of UEs, K 8
Number of BDs, J 8

Transmission period, L 20
Uplink transmit power per UE, pcek 20 dBm

Downlink transmit power per AP, pm 20 dBm

For large-scale fading, we apply the classical 3GPP Urban
Microcell model [10], in which the large-scale fading factor
is given by

βxy[dB] = −30.5− 36.7 log10

(
dxy
1 m

)
+Qxy, (66)

where dxy denotes the 3D distance between AP x and UE/BD
y, which accounts for the border wraparound and AP antenna
mounted at a height of 10 m. Moreover, Qxy ∼ CN

(
0, 42

)
reflects the shadow fading, and the shadowing terms between
AP l and different UEs are stipulated by

E {QklQij} =

{
422−δki/9 m, l = j
0, l ̸= j

, (67)

where δki is the distance between UE k and UE i. The second
term in (67) characterizes the correlation of shadowing terms
associated with two distinct APs. This correlation is negligible
due to the simulation setup, where there is a minimum
separation of at least 50 m between adjacent APs.

Furthermore, for the large-scale fading between the BDs
and the APs, we instead utilize the propagation model applied
in [20]:

βjk[dB] = −26− 20 log10

(
djk
1 m

)
, (68)

where djk denotes the distance between BD j and UE k. From
[39] and [40], large-scale coefficient of channel hjk between
BD j and UE k can be written as

βLoS
jk =

κjk

κjk + 1
βjk, β

NLoS
jk =

1

κjk + 1
βjk, (69)

where κjk = 101.3−0.003djk is the Rician κ-factor.
All simulation parameters are shown in Table I.

B. Normalized Mean Square Error of Channel Estimation

In this section, the NMSE is calculated to compare the
accuracy of different channel estimation schemes, which is
defined as

NMSEdl
mk =

β̃mk

βmk
and NMSEbl

mk =
γ̃mk

γmk
, (70)
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(a) Average NMSE of direct link.
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(b) Average NMSE of backscatter link.

Fig. 3: Average NMSE with CC/TP channel estimation under
different uplink training duration and downlink transmission
power when K = 8.

for both direct and backscatter links. Note that the values of
NMSE fall within the range of 0 to 1. A value of 0 indicates
perfect estimation, while a value of 1 signifies extremely
impaired estimation.

Fig. 3 compares the NMSE of TP and CC channel esti-
mations with different uplink training duration and downlink
transmission power. It is clear that the NMSE of CC channel
estimation is consistently better than that of the TP channel
estimation, both on the direct and backscatter links. We also
find that the advantage of CC channel estimation on the
backscatter link can be further amplified when the number of
pilots is sufficient. In addition, the superiority of CC channel
estimation on the direct link decreases when the downlink
transmit power increases. This is due to the increase in
the signal-to-noise ratio (SNR), and thus the effect of noise
becomes negligible.

C. SE of Different Transmission Schemes

Fig. 4 shows the cumulative distribution function (CDF) of
the downlink sum SE for the proposed system under CC/TP
channel estimation with L-MMSE precoding. It is evident
that RS yields about 10% improvements on both the direct
and backscatter links, surpassing scenarios where RS is not
employed. This is due to the fact that RS allows a portion
of the total downlink power to be allocated to the common
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(a) Downlink SEs of direct link.
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(b) Downlink SEs of backscatter link.

Fig. 4: Downlink SEs per UE with L-MMSE precoding when
M = 100 and K = 8.

message, especially when imperfect CSI is taken into account.
Consequently, this allocation empowers RS to manage inter-
ference more effectively on the UE side. Furthermore, it can
be found that compared to the direct link, RS can bring larger
performance gains to the backscatter link. This is because the
backscatter link is more severely impacted by double-fading
attenuation and imperfect SIC, resulting in weak interference
suppression capabilities. In addition, the proposed CC channel
estimation method can achieve about 8% gains on both direct
and backscatter links.

Fig. 5 examines the same setups but with MR precoding
vmk = ĥmk + ĝmk. Different from Fig. 4, all cases lose
SEs due to poor precoding schemes. Since MR precoding
cannot suppress residual interference due to imperfect SIC,
there is around 40% performance loss on the backscatter link.
However, the proposed RS method and CC channel estimation
scheme can achieve larger SEs. Moreover, the gains of PA
increase compared to Fig. 4, which verifies the effectiveness
of PA in the absence of interference immunity. Besides,
markers “o” generated by analytical results overlap with the
curves generated by simulations, validating the accuracy of
our derived closed-form SE expressions.

D. Effects of Uplink Training Duration

In CF-mMIMO systems, ensuring pilot sequence orthogo-
nality can consume a significant portion of the coherence time,
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(a) Downlink SEs of direct link.
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(b) Downlink SEs of backscatter link.

Fig. 5: Downlink SEs per UE with MR precoding when M =
100 and K = 8.

potentially impacting system performance. This challenge is
exacerbated in CF-SR setups, where the employed channel
estimation scheme necessitates twice the coherence time com-
pared to CF-mMIMO systems. Therefore, it is essential to find
optimal point τ∗p when coherence time τc is not long enough.

Fig. (6) depicts the average SE with L-MMSE precoding.
The parameters are set as M = 100, K = 20, and τc = 50 unit
of time is required. In Fig. (6), we find that the performance of
direct link relies more on the accuracy of channel estimation
compared to backscatter link; hence the SE is rather low
when the number of pilots is small. Furthermore, we observe
that the SEs of direct and backscatter links reduce with the
increase of τp after reaching the maximum SE value at τ∗p .
Besides, the CC channel estimation can consistently provide a
higher average SE than the TP channel estimation, regardless
of the number of pilots. These crucial insights also validate
that augmenting training duration τp is not always beneficial;
as such, an increase in the training duration may result in a
deterioration of the data transmission duration.

E. Effects of Symbiotic Radio

Note that the SR can provide an additional link, which
can be viewed as the output of the direct-link signal pass-
ing through a slowly varying channel. Nevertheless, it also
brings additional interference terms to the system. Thus, it is
necessary to compare the SE performance between the CF-SR
network and the conventional CF network.
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(b) Sum downlink SEs of backscatter link.

Fig. 6: Sum downlink SEs when M = 100, K = 8, and
τc = 50 unit of time is required.
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Fig. 7: Downlink SEs with L-MMSE precoding when M =
100 and K = 8.

Fig. 7 presents the CDF of the downlink SE for the proposed
CF-SR and CF network without RS. Despite the additional
interference, the CF-SR under TP channel estimation still
yields about 0.5 bit/s/Hz improvements over 95% SE span.
This improvement is further amplified when using CC channel
estimation, as it enhances the accuracy of the channel estima-
tion.

VI. CONCLUSION

In this paper, we conducted an investigation into the down-
link performance of CF-SR with RS. We proposed a CC
channel estimation method to improve the accuracy of the
backscatter-link channel estimation. Furthermore, we derived
novel closed-form SE expressions under the CC channel
estimation scheme using the MR precoding. In addition, we
also proposed a bisection search method to determine the
optimal PA factor for maximizing the downlink sum SE.
Through simulation results, we compared the performance of
the two downlink transmission schemes and channel estima-
tion schemes. Notably, the NMSE of CC channel estimation
is consistently better than the TP channel estimation, both
on the direct and backscatter links. Moreover, the advantages
of the CC channel estimation scheme on the backscatter
link can be further amplified in scenarios with a sufficient
number of pilots. Numerical results presented in this paper
showed that the proposed CC channel estimation scheme
and RS transmission scheme can provide about 8% and 9%
improvement, respectively. To summarize, our findings clearly
demonstrate that both the RS transmission scheme and the CC
channel estimation scheme can bring superior performance to
CF-SR.

APPENDIX

A. Proof of Corollary 1

To derive the closed-form expression, we need to calcu-

late E {vmkhmk}, E {vmkgmk}, E

{∣∣∣∣ M∑
m=1

vmihmk

∣∣∣∣2
}

, and

E

{∣∣∣∣ M∑
m=1

vmigmk

∣∣∣∣2
}

as follows:

E {vmkhmk}

= 1√
β̂mk+̂γmk

E
{

M∑
m=1

ĥmk

(̂
hmk+h̃mk

)
+

M∑
m=1

ĝmk

(̂
hmk+h̃mk

)}
(a)
= 1√

β̂mk+γ̂mk

E
{

M∑
m=1

ĥmkĥmk +
M∑

m=1
ĝmk

(
ĥmk + h̃mk

)}
(b)
=

M∑
m=1

β̂mk√
β̂mk+γ̂mk

,

(71)
where (a) and (b) hold because h̃mk and ĝmk are independent
of ĥmk and hmk;

E


∣∣∣∣∣

M∑
m=1

vmihmk

∣∣∣∣∣
2


= E


∣∣∣∣∣∣

M∑
m=1

hmk

(
ĥmi + ĝmi

)
√
β̂mi + γ̂mi

∣∣∣∣∣∣
2


(c)
= E


∣∣∣∣∣∣

M∑
m=1

hmkĥmi√
β̂mi + γ̂mi

∣∣∣∣∣∣
2
+ E


∣∣∣∣∣∣

M∑
m=1

hmkĝmi√
β̂mi + γ̂mi

∣∣∣∣∣∣
2

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= E


∣∣∣∣∣∣

M∑
m=1

hmkĥmi√
β̂mi + γ̂mi

∣∣∣∣∣∣
2
+

M∑
m=1

βmkγ̂mi

β̂mi + γ̂mi

, (72)

where the cross term in (c) is small and can thus be omitted,
and similar cases are treated in the same manner in the
subsequent proofs;

E


∣∣∣∣∣

M∑
m=1

hmkĥmi

∣∣∣∣∣
2


= E


∣∣∣∣∣√τp

M∑
m=1

K∑
k′=1

√
pcek′hmkΞmihmk′φT

k′φ∗
k

∣∣∣∣∣
2


+ E


∣∣∣∣∣

M∑
m=1

hmkΞmi(
w(1),mφ∗

k +w(2),mφ∗
k

2
)

∣∣∣∣∣
2


= E


∣∣∣∣∣√τp

M∑
m=1

K∑
k′=1

√
pcek′hmkΞmihmk′φT

k′φ∗
k

∣∣∣∣∣
2


+
σ2

2

M∑
m=1

βmkΞ
2
mi, (73)

and

E


∣∣∣∣∣√τp

M∑
m=1

K∑
k′=1

√
pcek′hmkΞmihmk′φT

k′φ∗
k

∣∣∣∣∣
2
 (74)

= pcei τp
∣∣φT

i φ
∗
k

∣∣2E

∣∣∣∣∣

M∑
m=1

h2
mkΞmi

∣∣∣∣∣
2
 (75)

+ τpE


∣∣∣∣∣∣

M∑
m=1

K∑
k′ ̸=i

√
pcek′hmkΞmihmk′φT

k′φ∗
k

∣∣∣∣∣∣
2
 , (76)

where

E


∣∣∣∣∣

M∑
m=1

h2
mkΞmi

∣∣∣∣∣
2


= E

{
M∑

m=1

M∑
n=1

h2
nkh

2
mkΞniΞmi

}

= E

{
M∑

m=1

∣∣h2
mkΞmi

∣∣2}+E


M∑

m=1

M∑
n ̸=m

h2
nkh

2
mkΞniΞmi


= 2

M∑
m=1

β2
mkΞ

2
mi +

M∑
m=1

M∑
n ̸=m

β2
mkβ

2
nkΞniΞmi.

(77)
Similarly, we have

E


∣∣∣∣∣∣

M∑
m=1

K∑
k′ ̸=i

√
pcek′hmkΞmihmk′φT

k′φ∗
k

∣∣∣∣∣∣
2


=

M∑
m=1

K∑
k′ ̸=i

√
pcek′βmkβmk′Ξ2

mi

∣∣φT
k′φ∗

k

∣∣2. (78)

Based on the (73), (74), (77), and (78), we have

E


∣∣∣∣∣

M∑
m=1

vmihmk

∣∣∣∣∣
2
 =

M∑
m=1

β̂miβmk

β̂mi + γ̂mi

+

M∑
m=1

βmkγ̂mi

β̂mi + γ̂mi

+

∣∣∣∣∣∣
M∑

m=1

β̂miβmk

βmi

√
β̂mi + γ̂mi

∣∣∣∣∣∣
2∣∣φT

i φ
∗
k

∣∣2.
(79)

Finally, follow the similar steps as above, the closed-form

expressions of E

{∣∣∣∣ M∑
m=1

vmigmk

∣∣∣∣2
}

and E {vmkgmk} can be

obtained.

B. Proof of Common Precoding

The total signals from AP m and the corresponding BD is
given by

rmk =
√
pm,chmksc +

√
pm,cgmkscuc

+

K∑
i=1

√
pm,phmksi +

K∑
i=1

√
pm,phmksiui + nk.

(80)

Thus, MSEmk is

MSEmk =E
{
|sc − vmkrk,c|

2 | ĥmi, ĝmi

}
=pm,c − 2pm,cvmkĥmk − 2pm,cvmkĝmk

+v∗mk

(
K∑
i=1

pm,p

(
ĥ2
mi+ĝ

2
mi+γ̃mi+β̃mi

)
+σ2

)
vmk.

(81)
By introducing notation amk = pm,cĥmk + pm,cĝmk and

cmk =
K∑
i=1

pm,p

(
ĥ2
mi + ĝ2mi + γ̃mi + β̃mi

)
+σ2, MSEmk can

be rewritten as

MSEmk =pm,c − 2vmkamk + v∗mkcmkvmk

=pm,c − a∗mkc
−1
mkamk

+
(
vmk − c−1

mkamk

)∗
cmk

(
vmk − c−1

mkamk

)
.
(82)

Note that MSEmk is minimized with respect to vmk when the
last term is zero, which occurs when vmk = c−1

mkamk.
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