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Abstract—Cell-free massive multiple-input multiple-output
symbiotic radio (CF-mMIMO-SR) is a promising technology to
address the requirements of high-rate and spectrum-efficient
communication for the Internet of Things (IoT). However, in
the conventional CF-mMIMO-SR system aided by backscatter
devices (BDs), the backscatter link is impacted by double fading
without any supplementary compensation, resulting in signifi-
cantly low spectral efficiency (SE) on the backscatter link. To ad-
dress this issue, we propose the usage of reconfigurable intelligent
surfaces (RISs) instead of BD for symbol-level reflection on the
backscatter link, leading to a novel RIS-aided CF-mMIMO-SR
(RIS-CF-SR) system. In this paper, we conduct a comprehensive
analysis of the RIS-CF-SR system considering different levels
of cooperation among the access points (APs). Specifically, we
analyze the uplink SEs of four different implementations with ar-
bitrary linear processing on both the direct and backscatter links.
Moreover, we investigate different signal cancellation schemes
based on full or local channel state information (CSI) to improve
the SE of the backscatter link. Through the simulation results, we
find that RISs can significantly improve the SE of the backscatter
link due to the large number of reflection elements, whereas
additional appropriate signal processing schemes are required
for the direct link. More specifically, from Level 1 to Level 3,
RIS-CF-SR does not have significant advantage in SE over BD-
CF-SR on the direct link. At Level 4, RIS-CF-SR can outperform
BD-CF-SR on the direct link with the MMSE combining scheme.

Index Terms—Cell-free massive MIMO, symbiotic radio, large-
scale fading decoding, spectral efficiency, energy efficiency.

I. INTRODUCTION

Nowadays, the emerging new Internet of Things (IoT) ap-
plications (such as remote robotic surgery and parking sensor)
has raised demands for high-rate transmission, posing new
challenges to the communications systems [1], [2]. To this
end, cellular massive multiple-input multiple-output (MIMO)
has been widely used to support IoT, whereas the inter-cell
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interference can be one of the major obstacles for the future
IoT requiring high-rate transmission [3]. Cell-free massive
MIMO (CF-mMIMO) has been proposed as an effective
solution to tackle this issue [4], [5], which is regarded as cell-
free IoT (CF-IoT) [6]. In the CF-IoT, numerous access points
(APs) are strategically dispersed throughout the coverage area,
connecting to a central processing unit (CPU) via fronthaul
links [8], [9], and provide coherent service to multiple user
equipments (UEs) by spatially multiplexing [10], [11].

Different from the cellular massive MIMO, CF-mMIMO
has no cell boundaries, where each UE is served by the
most suitable set of APs. Thus, the inter-cell interference
can be effectively suppressed, thus the transmission rate is
increased [12], [13]. CF-IoT was initially explored in [6], in
which the uplink closed-form signal-to-interference-and-noise
ratio (SINR) expressions are derived. Given the considerable
number of IoT devices, it is often impractical to allocate
orthogonal pilots to each one. Consequently, the issue of pilot
contamination becomes pronounced, particularly considering
the low transmit power of these IoT devices [7]. In order to
mitigate pilot contamination, a framework for the detection of
IoT device activity and channel estimation was proposed [14].
However, the scarcity of radio spectrum resources remains
as a challenge, especially when the CF-mMIMO is utilized
to support massive number of IoT devices [15]. It has been
reported that around 76 GHz spectrum resources are required
if the exclusive spectrum is allocated to the IoT connections
[16]. Therefore, a spectrum-efficient communication scheme
is needed for the future CF-IoT.

The symbiotic radio (SR) was proposed in [17] for the
first time to address the challenge of radio spectrum resources
shortage in CF-IoT. The SR comprises three main components:
a primary transmitter (PT), a primary receiver (PR), and a
backscatter device (BD).The BD is designed to modulate in-
formation onto continuous wave signals emitted by specialized
carrier emitters [18]. The SR can be categorized into two
types depending on the symbol rate of the BD, i.e., parasitic
symbiotic radio (PSR) and commensal symbiotic radio (CSR).
While the equal symbol rates are required in PSR for both
primary and BD transmissions, it can introduce additional
interference to the primary transmission. In contrast, CSR
employs a considerably lower symbol rate for the BD trans-
mission. As a result, it is regarded as an additional multipath
component to the primary transmission [17]. Moreover, the
BD operates within the same radio spectrum as the PT, without
the need for dedicated spectrum allocation [19], [20], offering
significant improvements in spectrum utilization for CF-IoT.
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TABLE I: Comparison of relevant works with this paper.

Ref. CSR RIS EE Imperfect
CSI LSFD

Fully
central-

ized
process-

ing

MMSE
processing Closed-form

[9] % % % ! ! ! ! %
[21] % % % ! % % % %
[22] ! % % ! % % % !
[23] % % % ! % % ! !
[31] ! ! ! % % % % %

Proposed ! ! ! ! ! ! ! !

In view of these advantages, researchers have been inten-
sively investigating the combination of SR and CF-mMIMO.
The cell-free massive MIMO symbiotic radio (CF-mMIMO-
SR) was first considered in [21], in which the CF-mMIMO-SR
under a single IoT device and perfect channel state information
(CSI) is considered. Furthermore, the CF-mMIMO-SR under
several IoT devices and imperfect CSI are investigated in
[22] and [23]. However, all these papers focused on BD-
aided CF-mMIMO to realize SR (refer to BD-CF-SR), where
the backscatter link is affected by double fading without any
supplementary compensation, resulting in a very low spectral
efficiency (SE) on the backscatter link.

To enhance the SE of backscatter link for SR, the authors of
[24] introduced the reconfigurable intelligent surface (RIS) as
the BD into SR. In contrast to traditional RISs, these RISs de-
signed for SR are essentially embedded environmental sensors.
This distinctive characteristic enables them not only to reflect
incoming signals but also to autonomously transmit their own
data to receivers. Moreover, the SE of backscatter-link can be
bolstered by deploying a large number of reflection elements
in the RIS. Particularly, the RIS reflecting elements solely
passively reflect incoming signals without necessitating so-
phisticated signal processing operations that typically require
radio frequency transceiver hardware. Consequently, in con-
trast to conventional relays, RIS operation entails significantly
lower costs in terms of hardware and power consumption [25],
[26]. Specifically, the problem of minimizing transmit power
has been explored in [27] within the context of RIS-assisted
MIMO SR. Furthermore, [28], [29], and [30] have delved into
minimizing bit error rate (BER), optimizing transmit power to
enhance the energy efficiency (EE), and maximizing secondary
transmission rate, respectively, in the scenario of RIS-assisted
MISO SR. Nevertheless, few papers explored the integration of
RIS and CF-mMIMO-SR. The combination of the two is first
appeared in [31], but the model considers perfect CSI. Such
overly idealized conditions might not yield practical insights
for analyzing the real-world system performance. In addition,
all the works about CF-mMIMO-SR [21]–[23], [31] are built
on a simple processing scheme given in [5] (called “Level 2”
in [9]) but ignore more complex signal processing schemes,
e.g., “large-scale fading decoding (LSFD) scheme” and “fully
centralized processing”.

Motivated by the above observations, we explore a RIS-
aided CF-mMIMO-SR (RIS-CF-SR) with pilot contamination
and imperfect CSI. We first introduce fully centralized process-

ing and LSFD scheme into CF-mMIMO-SR system. Besides,
we utilize the MMSE processing to suppress the additional
interference caused by SR. To provide a comprehensive under-
standing of our work, we present a brief comparison between
this paper and relevant works, as summed up in Table I. The
main contributions of this paper are summarized as follows:

1) A novel RIS-CF-SR system with pilot contamination
is considered, where the channel from the device and
RIS operates over Rician fading and the other channels
operate over Rayleigh fading. Four different uplink
implementations are investigated, including fully cen-
tralized processing, local processing with LSFD scheme,
local processing with simple centralized decoding, and
a small-cell network from fully centralized to fully
distributed.

2) Achievable SE expressions are derived for four imple-
mentations with arbitrary combining schemes on both
the direct and backscatter links. Based on full or local
CSI, different signal cancellation schemes are also con-
sidered for four different implementations to enhance
the backscatter-link SE. Moreover, by using the use-
and-then-forget (UatF), the optimal LSFD scheme is
proposed for Level 3 to maximize the direct-link SE and
backscatter-link SE. In addition, novel closed-form SE
expressions with MR combining schemes are calculated
for Level 2 and Level 3.

3) The performance of RIS-CF-SR and BD-CF-SR are
compared. We find that from Level 1 to Level 3, RIS-
CF-SR has no significant advantage over BD-CF-SR on
the direct link. Furthermore, at Level 4, with the MMSE
combining scheme, RIS-CF-SR is superior to BD-CF-
SR on both the direct and backscatter links.

Notation: We apply boldface uppercase letters to represent
matrices. Boldface lowercase letters denote column vectors.
Conjugate, transpose, and conjugate transpose operations are
signified by the superscripts (·)∗, (·)T , and (·)H , respectively.
We use ∆

= to denote definitions. Moreover, the N×N identity
matrix is represented as IN . The multivariate circularly sym-
metric complex Gaussian distribution with correlation matrix
G is denoted by NC(0,G). E {h} represent the expected value
of h.

II. SYSTEM MODEL

The proposed RIS-CF-SR system is shown in Fig. 1, where
several RIS are placed to support the transmission between the
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Fig. 1: RIS-CF-SR system model.

devices and the APs. Simultaneously, these RIS also function
as extra devices, utilizing backscatter modulation to transmit
their information to the APs. More specifically, J RISs, M
APs, and K devices with single-antenna are proposed in
the system. We assume that each RIS has NRIS reflection
elements (NRIS ≥ 1) and each AP is equipped with N
antennas. Since the number of RISs is larger than the number
of devices, each device can be paired with a different nearby
RIS. For simplicity, the RIS near the device i is denoted as
RIS j. During the uplink transmission, device i transmits the
signal to all the APs through the direct-link channel, and
the corresponding RIS j can assist the direct-link channel
transmission. Moreover, at the same time, it also modulates its
information onto the incident signals. Note that the distance
between the RIS j and the other device is very long, thus the
interfering links from RIS j and the other far devices can be
ignored.

All the APs are linked to a CPU via error-free fronthaul
links. The direct-link channel from device k to AP m is
denoted by hmk ∈ CN×1, which can modeled by Rayleigh
fading as hmk ∼ NC (0,Rmk). Note that the positive semi-
infinite correlation matrix Rmk ∈ CN×N captures the spatial
properties of the channel, and βmk

∆
= tr (Rmk) /N symbolizes

the large-scale fading coefficient related to geometric pathloss
and shadowing. Moreover, the same setup is also used for the
channel from RIS j to AP m. The channel can be represented
as hmj ∈ CN×NRIS .

Particularly, hjk ∈ CNRIS×1 are used to represent the
channel from device k to RIS j. Since device k and RIS
j are relatively close, the channel typically consists of a
combination of a semideterministic line-of-sight (LoS) path
and small-scale fading caused by multipath propagation, which
can be modeled as Rician fading [24], [27]. More specifically,
the channel between device k and RIS j is modeled as
hjk ∼ NC

(
Ψjkhjk,Rjk

)
, where hjk ∈ CNRIS×1 represents

the deterministic LoS component and Rjk ∈ CN×N is the
spatial correlation matrix for the non-LoS (NLoS) propa-
gation. Moreover, Ψjk = diag

(
ejψjk1 , · · · , ejψjkNRIS

)
∈

CNRIS×NRIS , where ψjkn ∼ U [−π, π] is the additional
phase-shift of the LoS component between the n-th ele-
ments of RIS j and device k. Furthermore, the reflection

Uplink data 
transmission

Direct-link 
channel 

estimation

Backscatter-
link channel 
estimation

Pilot

Turn off

Pilot

Pilot

Data

Data

......

Direct-link 
transmission 

frame:

Backscatter-link 
transmission 

frame:

Fig. 2: Channel estimation and data transmission.

matrix at RIS j is Θj = diag(Φj) ∈ CNRIS×NRIS , where
Φj = αjdiag (exp (jθj1) , exp (jθj2) , . . . , exp (jθjNRIS)) ∈
CNRIS×1 is the RIS reflect beamforming vector, with θjn ∈
[0, 2π] being the induced phase-shift and αj ∈ [0, 1] describing
the given amplitude reflection coefficient of RIS j. Based
on the above descriptions, the total backscatter-link channel
can be defined, i.e., the backscatter-link channel from device
k to AP m via RIS j is drawn as gmk = hmjΦjhjk ∼
NC (0,Qmk), where Qmk = E

{
gmkg

H
mk

}
.

In addition, the BD-CF-SR system is also presented in this
paper. Let hmj,BD ∈ CN×1 and hjk,BD ∈ C be the channel
from the AP m and BD j, and from the BD j to device
k. The fading setups is the same as the RIS-CF-SR system.
Thus, the backscatter-link channel from device k to AP m via
BD j can be written as gmk,BD = αj,BDhmj,BDhjk,BD ∼
NC (0,Qmk,BD), where αj,BD reflects the power reflection
coefficient of BD j, and Qmk,BD = E

{
gmk,BDg

H
mk,BD

}
.

When the symbol rate of the backscatter-link signals trans-
mitted by the RISs is much lower than that of the direct-
link signals sent by devices, it enables enhanced collaboration
between these two links [17], thereby contributing to improved
overall performance. Hence, we make the assumption that
whenever RIS j sends a backscatter-link symbol to the APs,
device i transmits L direct-link symbols. Let Tdl and Tbl rep-
resent the symbol period of the device and RIS, respectively.
In this case, we can express the relationship between the two
as Tbl = LTdl.

We employ the standard block fading model, wherein time-
frequency blocks are composed of τc channel uses. As depicted
in Fig. 2, the system operates in time division duplex (TDD)
mode. Each coherence interval is divided into three phases:
the channel estimation phase for the direct link taking τp
channel uses, the channel estimation phase for the backscatter
link taking τp channel uses, and finally, the uplink data
transmission phase taking τc−2τp channel uses. It is demanded
that 2τp < τc.

A. Channel Estimation

A two-phase channel estimation approach is considered (see
Fig. 2). First, we perform direct-link channel estimation while
turning off the RISs. In this phase, this scheme is similar to
the traditional CF-mMIMO channel estimation.

Let √τpφHk ∈ Cτp×1 represents the pilot sequence utilized
by device k, and ∥φk∥

2
= 1. All devices need to simultane-
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ously transmit pilot sequences of length τp samples to all APs
simultaneously. The signal ydl

m ∈ CN×τp received at AP m is

ydl
m =

√
τp

K∑
i=1

√
pcei hmiφ

T
i +wdl

m, (1)

where pcei reflects power of the device i, wdl
m ∼ NC

(
0, σ2

)
represents the noise received at AP m, and σ2 denotes the
noise power. Next, AP m needs to correlate the pilot φ∗

k with
the received signal to ahchieve

ŷdl
mk =

√
τppcek hmk+

√
τp

K∑
i ̸=k

√
pcei hmiφ

T
i φ

∗
k+wdl

mφ∗
k. (2)

Using the standard MMSE estimation [10], the channel esti-
mation of the direct link ĥmk is

ĥmk = Ωmkŷ
dl
mk, (3)

where

Ωmk
∆
=

√
τppcek Rmk

τp
K∑
i=1

pcei Rmi

∣∣φTi φ∗
k

∣∣2 + σ2IN

. (4)

The channel estimation error h̃mk for the direct link is given
by h̃mk = hmk − ĥmk. Furthermore, the estimation errors
and estimation are distributed as h̃mk ∼ NC

(
0, R̃mk

)
, and

ĥmk ∼ NC

(
0, R̂mk

)
, respectively, where R̃mk = Rmk −

R̂mk. Note that R̂mk =
√
pcek τpRmkΩmk.

After the direct-link channel estimation ĥmk is achieved, to
estimate the channel of the backscatter link, all devices need to
retransmit the identical pilot signals while activating the RISs.
Note that although the RISs are turned on, they do not send
any signals during the channel estimation phase. Therefore,
the symbol rate of the RISs and the devices can be regarded
as the same at this point (see Fig. 2).

Subsequently, the pilot signals are transmitted independently
via the backscatter link and the direct link. Thus, the received
pilot signals ybl

m during the backscatter-link channel estimation
phase are

ybl
m =

√
τp

K∑
i=1

√
pcei hmiφ

T
i +

√
τp

K∑
i=1

√
pcei gmiφ

T
i +wbl

m.

(5)
where wbl

m ∈ CN×τp denotes the noise received at AP m.
Note that the direct-link channel estimation ĥmk is known,

the components √
τp

K∑
i=1

√
pcei ĥmiφ

T
i can be eliminated from

the signal given in ybl
m ∈ CN×τp . The eliminated signal ybl

m

is

ybl
m =

√
τp

K∑
i=1

√
pcei (h̃mi + gmi)φ

T
i +wbl

m. (6)

Then APs are required to relate the eliminated signals ybl
m to

the relevant pilot signals φ∗
k as

ŷbl
mk = ybl

mφ∗
k =

√
τp

K∑
i=1

√
pcei (h̃mi + gmi)φ

T
i φ

∗
k +wbl

mφ∗
k.

(7)

From ŷbl
mk, the MMSE estimation of the backscatter-link

channel gmk is

ĝmk =
E
{
gmk

(
ŷbl
mk

)H}
E
{
ŷbl
mk

(
ŷbl
mk

)H} ŷbl
mk = Ψmkŷ

bl
mk, (8)

where

Ψmk
∆
=

√
pcek τpQmk

τp
K∑
i=1

pcei (R̃mi +Qmi)
∣∣φTi φ∗

k

∣∣2 + σ2IN

. (9)

The backscatter-link channel estimation ĝmk and estima-
tion error g̃mk are independent distributed as ĝmk ∼
NC

(
0, Q̂mk

)
with Q̂mk =

√
pcek τpQmkΨmk and g̃mk ∼

NC

(
0,Qmk − Q̂mk

)
.

Remark 1. It is worth emphasizing that the outstanding
performance brought by RIS relies on the phase modulation.
In this paper, all the elements on the RISs are treated as a
whole for channel estimation, which means we use random
phases without the phase modulation. This almost represents
the worst-case scenario for RISs. Hence, this paper can be
viewed as a comparison between the lower bound of RIS-CF-
SR and the general case of BD-CF-SR.

B. Uplink Data Transmission

Let ci be the symbol sent by RIS j. We assume ci
applies binary phase-shift keying (BPSK) modulation, i.e.,
ci ∈ {1,−1}. The l-th received signal at AP m during the
uplink data transmission is

yup
m (l) =

K∑
i=1

√
pihmisi(l) +

K∑
i=1

√
pigmisi(l)ci+wm, (10)

where pi denotes the transmit power of device i, si(l) ∼
NC (0, 1) is the l-th information-bearing signal sent by device
i, and wm ∼ NC

(
0, σ2IN

)
reflects the receiver noise at AP

m.

III. FOUR LEVELS OF SIGNAL PROCESSING SCHEMES

In RIS-CF-SR, all APs are connected to the CPU through
fronthaul, enabling them to transmit information to the CPU
for designing better signal processing schemes and improv-
ing performance. However, overly complex signal processing
schemes may place higher demands on the computing power.
Therefore, it is essential to balance the complexity of signal
processing with system performance. According to the above
observations, four different implementation levels of process-
ing schemes are proposed in this section.

A. Level 4: Fully Centralized Processing

The most advanced processing scheme is that all APs
send their pilots and data signals to the CPU for centralized
processing. In this case, all the APs act as relays while the
CPU is required to perform all the channel estimation and
signal detection.
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The l-th received signals at the CPU is

yup(l) =

K∑
i=1

√
pihisi(l) +

K∑
i=1

√
pigisi(l)ci +w, (11)

where w = [w1, · · · ,wM ]. Moreover, the collective chan-
nel hi and gi can be written as hi = [h1i, · · · ,hMi] ∼
NC (0,Rk) and gi = [g1i, · · · ,gMi] ∼ NC (0,Qk) where
Rk = diag (R1k, · · · ,RMk) ∈ CMN×MN and Qk =
diag (Q1k, · · · ,QMk) ∈ CMN×MN , respectively.

Since all the pilot signals and channel statistics is transmit-
ted to the CPU, the MMSE channel estimation can be com-
puted jointly. For device k, the direct-link channel estimation
is given by

ĥk
∆
=

 ĥ1k

...
ĥMk

 ∼ NC
(
0,
√
pcek τpRkΩk

)
, (12)

where Ωk = diag (Ω1k, · · · ,ΩMk) ∈ CMN×MN . Moreover,
the direct-link channel estimation errors are h̃k ∼ NC

(
0, R̃k

)
with R̃k = diag

(
R̃1k, · · · , R̃Mk

)
∈ CMN×MN . Simi-

larly, the backscatter-link channel estimation for device k
is given by ĝk ∼ NC

(
0,
√
pcek τpQkΨk

)
with Ψk =

diag (Ψ1k, · · · ,ΨMk) ∈ CMN×MN . And the backscatter-
link channel estimation error is g̃k ∼ NC

(
0, Q̃k

)
, where

Q̃k = diag
(
Q̃1k, · · · , Q̃Mk

)
∈ CMN×MN . Next, based

on the received signal (11), the CPU aspires to decode both
direct-link channel signals si(l) and backscatter-link signals
ci by selecting an arbitrary receive combining vector vk ∈
CMN×1. Furthermore, centralizing the signal processing at a
CPU offers an additional advantage: it provides access ample
computational resources, enabling the potential utilization of
more advanced decoding methods. Different from the most
existing papers about SR [17]–[20], we consider the successive
interference cancellation (SIC) technique to assist in decoding
with imperfect CSI. Specifically, the signals are decoded
individually by the CPU, with interference caused by each
decoded signal sequentially eliminated from the remaining
signals. In this paper, we apply the smaller index to represent
the set of si(l) and ci that are decoded earlier. It means that
the signal si(l) is decoded first and signal sK(l) is decoded
last when the CPU decodes direct-link channel signals. To this
end, the received signals is given by

yup(l) =
√
pkv

H
k (hksk(l) + gksk(l)ck) +

K∑
i ̸=k

√
piv

H
k hisi(l)

−
k−1∑
i=0

√
piv

H
k ĥisi(l)+

K∑
i ̸=k

√
piv

H
k gisi(l)ci+w.

(13)
Take into account that the symbol period of the direct link is

significantly lower than that for the backscatter link, thus the
second term in (13) can convert into the output of the direct-
link signal sk transmitting through a slowly varying channel
vHk gkck [17]. Meanwhile the other signal comes from the
backscatter link is treated as interference, and, therefore, the

average power of which is E
{
pi
∣∣vHi ∣∣2|gi|2|si(l)|2|ci|2} =

pi
∣∣vHi gi

∣∣2.
Note that the capacity of SR with perfect CSI has been

extensively investigated [17]–[20], [24], [27]–[31]. However,
the perfect CSI is generally unknown. Fortunately, we can
use the standard capacity lower bounds to rigorously analyze
the performance [9], which can be viewed as the so-called
”achievable SEs”.

Proposition 1. For direct link, the achievable SE of device k
at Level 4 is

SE
(4),dl
k =

(
1− 2τp

τc

)
E
{
log2

(
1 + SINR

(4),dl
k

)}
, (14)

where the instantaneous SINR is given in (15) (see top of this
page).

Proof: See Proof B.
It is worth noting that any combining vectors vk can be

applied in equation (15), one option is the MR combining
with vk = ĥk + ĝk, referred to as ”hybrid MR combin-
ing” in [23]. This approach maximizes the desired signal
while overlooking interference. However, with the introduc-
tion of RISs, additional interference may very large. Thus,
we employ the MMSE combining, which is computed by
minimizing the mean squared error (MSE), and MSEk =

E
{∣∣sk − vHk yup

∣∣2 | ĥi, ĝi
}

. The MMSE combining vector
vk is

vk = pk

(
K∑
i=1

pi

(
Ai + R̃i+Q̃i

)
+σ2IMN

)−1 (
ĥk + ĝk

)
,

(16)
where Ai

∆
= ĥiĥ

H
i + ĝiĝ

H
i ∈ CN×N .

Proof: The proof follows the similar steps as in [32] and
is therefore omitted.

We have to take into consideration that (15) is a generalized
Rayleigh quotient with respect to vk, and the same result can
also be obtained by following the similar steps outlined in [9].

After decoding all the direct-link signals
{si(l) : i = 1, 2, · · ·,K}, CPU tends to decode the signals of
backscatter link. Similarly, by applying SIC technique, (13)
can be simplified as

yup(l) =
√
pk.v

H
k gksk(l)ck+

K∑
i̸=k

√
piv

H
k gisi(l)ci

−
k−1∑
i=0

√
piv

H
k ĝisi(l)ci+

K∑
i=1

√
piv

H
k h̃isi(l)+w.

(17)
Subsequently, utilizing (17), the achievable SEs can be

obtained. Since only one symbol from the backscatter link is
transmitted during L successive symbol periods of the direct
link, the direct-link signal sk(l) can be considered as a spread-
spectrum code with a length of L for backscatter-link signal
ck [17]. Consequently, the SINR for decoding the backscatter-
link signal increases by a factor of L, while the achievable
SEs decrease by 1/L. Therefore, the achievable SEs of the
backscatter link are expressed as follows.
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SINR
(4),dl
k =

pk

∣∣∣vHk ĥk + vHk ĝk

∣∣∣2
K∑

i=k+1

pi

∣∣∣vHk ĥi

∣∣∣2 + K∑
i ̸=k

pi
∣∣vHk ĝi

∣∣2 + vHk

(
K∑
i=1

pi

(
R̃i + Q̃i

)
+ σ2IMN

)
vk

(15)

SINR
(4),bl
k =

Lpk
∣∣vHk ĝk

∣∣2
K∑

i=k+1

pi
∣∣vHk ĝi

∣∣2 + vHk

(
K∑
i=1

pi

(
R̃i + Q̃i

)
+ σ2IMN

)
vk

(19)

Proposition 2. For device k, the SE of the backscatter link at
Level 4 is

SE
(4),bl
k =

(
τc − 2τp
Lτc

)
E
{
log2

(
1 + SINR

(4),bl
k

)}
, (18)

where the instantaneous effective SINR can be written as (19)
(see top of the next page).

Proof: The proof of (19) is similar to the proof of (15)
and is therefore omitted.

Remark 2. We observe that the MMSE combining vector
vk is designed for the SINR of the direct link. Therefore,
it may not be the optimal combining vector for maximizing
the SINR of the backscatter link. Nevertheless, it has been
demonstrated in [23] that the suboptimal MMSE combining
still offers improved performance compared to the simple MR
combining.

B. Level 3: Local Processing & Large-Scale Fading Decoding

Instead of transmitting all pilot and data signals to the
CPU for centralized processing, the APs have the capability
to preprocess their signals locally. They can compute local
estimates of the data and subsequently transmit them to the
CPU for final decoding.

Similar to Level 4, the direct-link channel signals are
assumed to be processed first. However, since the APs do
not have ample computational resource like the CPU, the SIC
technology is not available at Level 3. Let vmk ∈ CN×1 be the
local combining vectors calculated by AP m, the l-th received
signals with the local combining vector at AP m is

ŝdl,mk(l)
∆
= vHmky

up
m (l)

=
√
pkv

H
mkhmksk(l) +

√
pkv

H
mkgmksk(l)ck

+

K∑
i ̸=k

√
piv

H
mkhmisi(l)+

K∑
i ̸=k

√
piv

H
mkgmisi(l)ci

+ vHmkwm.
(20)

We notice that the above expression allows for the adoption
of any combining vectors. A simple solution is MR combining
designed by the AP m as vmk = ĥmk + ĝmk [23], but the
better solution is the MMSE combining computed by the local
CSI at AP m, which can be called as local MMSE (L-MMSE)

combining scheme. Similar to (16), the L-MMSE combining
vector for Level 3 is given by

vmk=pk

(
K∑
i=1

pi

(
Ami+R̃mi+Q̃mi

)
+σ2IN

)−1(
ĥmk+ĝmk

)
,

(21)
where Ami

∆
= ĥmiĥ

H
mi + ĝmiĝ

H
mi ∈ CN×N . Then all these

signals are sent to the CPU for the final decoding. The CPU
sees

ŝk =

M∑
m=1

√
pkv

H
mkhmksk +

M∑
m=1

√
pkv

H
mkgmkskck

+

M∑
m=1

K∑
i ̸=k

√
piv

H
mkhmisi+

M∑
m=1

K∑
i ̸=k

√
piv

H
mkgmisici

+

M∑
m=1

vHmkwm.

(22)
A second layer decoding structure is applied, which
is called “LSFD” in [9]. The CPU can select the
weights {amk : m = 1, 2, · · ·,M} for all the signals from
the APs to enhance the direct-link SE. Let fdlki =[
vH1kh1i . . .v

H
MkhMi

]T
, fblki =

[
vH1kg1i . . .v

H
MkgMi

]T
, and

w′
k =

[
vH1kw1 . . .v

H
MkwM

]T
be the M -dimensional vector,

(22) becomes

ŝk =aHk fdlkksk + aHk fblkkskck

+

K∑
i ̸=k

aHk fdlkisi +

K∑
i ̸=k

aHk fblkisici + aHk w′
k,

(23)

where ak = [a1k . . . aMk]
T ∈ CM×1 is the weighting

coefficient vector. Note that at the CPU, only statistical CSI
are accessible. Hence, the achievable SE for the LSFD scheme
is obtained by employing the established use-and-then-forget
(UatF) bound, as delineated in the subsequent proposition.

Proposition 3. The achievable SE of device k at Level 3 for
direct link is

SE
(3),dl
k =

(
1− 2τp

τc

)
log2

(
1 + SINR

(3),dl
k

)
(24)

with the effective SINR as

SINR
(3),dl
k =

∣∣aHk Σdl
k

∣∣2
aHk Ddl

k ak
, (25)
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where Σdl
k = E

{√
pkf

dl
kk

}
+ E

{√
pkf

bl
kk

}
, and Ddl

k =
K∑
i=1

E
{∣∣√pifdlki ∣∣2}−

∣∣E{√pkfdlkk}∣∣2+ K∑
i=1

E
{∣∣√pifblki ∣∣2} −∣∣E{√pkfblkk}∣∣2 + E

{
|w′

k|
2
}

.

Proof: The proof follows the similar steps as in [9] and
is therefore omitted.

The structure of (25) enables the computation of the de-
terministic weighting vector ak that maximizes the SINR of
the direct link. The expression for this weighting vector is as
follows.

Corollary 1. The effective SINR of the direct link for device
k can be maximized by

ak =
(
Ddl
k

)−1
Σdl
k , (26)

which leads to the maximum value as

SINR
(3),dl
k =

(
Σdl
k

)H(
Ddl
k

)−1
Σdl
k . (27)

Proof: The proof follows from [32, Lemma B.10] by
noting that (25) is a generalized Rayleigh quotient with respect
to ak.

After decoding the direct-link signals, the CPU aspires to
decode the signals from the backscatter-link. In order to reduce
interference from the direct link, CPU first needs to perform
signal cancellation on (22). We observe that the average value
is non-zero and deterministic, although the exact information
at the CPU remains unknown. Consequently, we can treat it as

a known quantity and use the average value
K∑
i=1

E
{√

pif
dl
ki

}
to remove partial interference from the direct link. Thus, the
resulting signal ŝblk reduces to

ŝblk =
√
pkf

bl
kkskck +

K∑
i ̸=k

√
pif

bl
kisici

+

(
K∑
i=1

√
pif

dl
ki −

K∑
i=1

E
{√

pif
dl
ki

})
si +w′

k.

(28)

Similar to (23), LSFD can be utilized once more for the second
layer decoding of the backscatter-link signal. Therefore, the
weighting coefficient vector bk = [b1k . . . bMk]

T ∈ CM×1 is
selected to maximize the backscatter-link SE. The resulting
signal ŝblk becomes

ŝblk =
√
pkb

H
k fblkkskck +

K∑
i ̸=k

√
pib

H
k fblkisici

+

(
K∑
i=1

√
pib

H
k fdlki−

K∑
i=1

E
{√

pib
H
k fdlki

})
si+bHk w′

k.

(29)
Then, the achievable SE for the backscatter link can be

achieved as follows.

Proposition 4. An achievable SE of device k at Level 3 for
backscatter link is given by

SE
(3),bl
k =

(
τc − 2τp
Lτc

)
log2

(
1 + SINR

(3),bl
k

)
(30)

with the effective SINR as

SINR
(3),bl
k =

L
∣∣bHk Σbl

k

∣∣2
bHk Dbl

k bk
, (31)

where Σbl
k = E

{√
pkf

bl
kk

}
and Dbl

k =
K∑
i=1

E
{∣∣√pifblki ∣∣2} −∣∣E{√pkfblkk}∣∣2 +

K∑
i=1

E
{∣∣√pifdlki ∣∣2} −

K∑
i=1

∣∣E{√pifdlki}∣∣2 +

E
{
|w′

k|
2
}

.

Proof: The proof of (31) is similar to the proof of (25)
and is therefore omitted.

Analogous to (25), the weighting vector bk can be com-
puted to maximize the SINR of the backscatter link by noting
that (31) is a generalized Rayleigh quotient with respect to
bk.

Corollary 2. The effective SINR of the backscatter link for
device k is maximized by

bk =
(
Dbl
k

)−1
Σbl
k , (32)

which leads to the maximum value as

SINR
(3),bl
k =

(
Σbl
k

)H(
Dbl
k

)−1
Σbl
k . (33)

When employing L-MMSE combining, the expectations in
(25) and (31) cannot be calculated in closed form, but can
be determined through Monte Carlo simulations. Nevertheless,
employing MR combining vmk = ĥmk + ĝmk enables us to
derive the subsequent closed-form expressions.

Corollary 3. If MR combining is used, then the closed-form
expectations in (25) and (31) can be derived as follows.

Σdl
k =

√
pk

M∑
m=1

tr
(
R̂mk

)
+

√
pk

M∑
m=1

tr
(
Q̂mk

)
+

√
pk

M∑
m=1

tr

(
Q̂mk

Qmk
R̃mk

)
,

(34)

Ddl
k =

K∑
i=1

pi

(
M∑
m=1

tr
(
R̂mkRmi

)
+

M∑
m=1

tr
(
Q̂mkRmi

))

+

K∑
i=1

pi

(
M∑
m=1

tr
(
R̂mkQmi

)
+

M∑
m=1

tr
(
Q̂mkQmi

))

+

K∑
i ̸=k

pi
∣∣φHk φi

∣∣2∣∣∣∣∣
M∑
m=1

tr

(
R̂mk

Rmk
Rmi

)∣∣∣∣∣
2

+

M∑
m=1

tr
(
R̂mk

)
σ2

+

K∑
i ̸=k

pi
∣∣φHk φi

∣∣2∣∣∣∣∣
M∑
m=1

tr

(
Q̂mk

Qmk
Qmi

)∣∣∣∣∣
2

+

M∑
m=1

tr
(
Q̂mk

)
σ2

+

K∑
i ̸=k

pi
∣∣φHk φi

∣∣2∣∣∣∣∣
M∑
m=1

tr

(
Q̂mk

Qmk
R̃mi

)∣∣∣∣∣
2

,

(35)

Σbl
k =

√
pk

M∑
m=1

tr
(
Q̂mk

)
, (36)
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and

Dbl
k =Ddl

k − pi
∣∣φHk φi

∣∣2∣∣∣∣∣
M∑
m=1

tr

(
R̂mk

Rmk
Rmi

)∣∣∣∣∣
2

− pi
∣∣φHk φi

∣∣2∣∣∣∣∣
M∑
m=1

tr

(
Q̂mk

Qmk
R̃mi

)∣∣∣∣∣
2

.

(37)

Finally, ak =
(
Ddl
k

)−1
Σdl
k and bk =

(
Dbl
k

)−1
Σbl
k .

Proof: See Appendix A.

C. Level 2: Local Processing & Simple Centralized Decoding

While LSFD scheme can enhance system performance,
this processing scheme demands the extensive knowledge of
large-scale fading parameter, which might be excessively high
in CF-mMIMO-SR. To address this concern, the CPU can
generate the signal ŝk from device k by simply averaging the
local estimates, as widely applied in early papers on this topic
[21]–[23], [31]. Based on (20), the decoding signals can be
written as

ŝdl,k =
1

M

M∑
m=1

ŝdl,mk. (38)

And the achievable SEs for both the direct and backscatter
links are derived as follows.

Proposition 5. An achievable SE of device k at Level 2 for
direct link can be written as

SE
(2),dl
k =

(
1− 2τp

τc

)
log2

(
1 +

∣∣Λdl
k

∣∣2
Ξdl
k

)
, (39)

where Λdl
k =

M∑
m=1

(
E
{√

pkv
H
mkhmk

}
+ E

{√
pkv

H
mkgmk

})
,

and Ξdl
k =

M∑
m=1

(
K∑
i=1

E
{∣∣√pivHmkhmi∣∣2}−∣∣E{√pkvHmkhmk}∣∣2)

+
M∑
m=1

(
K∑
i=1

E
{∣∣√pivHmkgmi∣∣2}−∣∣E{√pkvHmkgmk}∣∣2) +

M∑
m=1

E
{
|w′

k|
2
}

Similarly, the backscatter-link signal does not use LSFD but
only applies signal cancellation. The resulting signal is drawn
as

ŝblk =

M∑
m=1

√
pkv

H
mkgmkskck+

M∑
m=1

K∑
i̸=k

√
piv

H
mkgmisici

+

M∑
m=1

K∑
i=1

(√
piv

H
mkhmi−E

{√
piv

H
mkhmi

})
si+w′

k.

(40)

Proposition 6. An achievable SE of device k at Level 2 for
backscatter link is

SE
(2),bl
k =

(
τc − 2τp
Lτc

)
log2

(
1 +

L
∣∣Λbl
k

∣∣2
Ξbl
k

)
, (41)

where Λbl
k =

M∑
m=1

E
{√

pkv
H
mkgmk

}
and Ξbl

k =

M∑
m=1

(
K∑
i=1

E
{∣∣√pivHmkgmi∣∣2}−

∣∣E{√pkvHmkgmk}∣∣2)
+

M∑
m=1

K∑
i=1

(
E
{∣∣√pivHmkhmi∣∣2}−

∣∣E{√pkvHmkhmk}∣∣2) +

M∑
m=1

E
{
|w′

k|
2
}

.

Resembling Level 3, the closed-form expressions in (39)
and (41) also can be derived when MR combining vmk =
ĥmk + ĝmk is used. However, due to its high similarity with
the closed-form expressions in Level 3, we decided to omit it
and only verify it through simulation results in Section V.

D. Level 1: Small-Cell Network

The last level is that the signals are only decoded by
AP, which means there are no signals exchanged between
APs and the CPU. Taking this into account, the RIS-CF-
SR network becomes truly distributed, transforming into a
small-cell network. As referenced in [9], the macro-diversity
is achieved by choosing the best AP that provides the highest
SE to a given device. To this end, the achievable SEs are given
as follows.

Proposition 7. At Level 1, an achievable SE of device k for
direct link is

SE
(1),dl
k =

(
1− τp

τc

)
max

m∈{1,...,M}
E
{
log2

(
1 + SINRdl

mk

)}
,

(42)
where the instantaneous effective SINR is given by (43) (see
top of this page).

Then, the backscatter-link signals are designed to be de-
coded. Similar to (42), the best AP is selected to decode the
backscatter-link signal. However, unlike the previous level,
there are no signals exchanged between APs and the CPU.
Therefore, if the AP that decodes the backscatter-link is
different from the AP that previously decodes the direct-link
signal, the AP cannot perform signal cancellation. Considering
the large number of APs in the system, this is a high-
probability occurrence. Thus, the backscatter-link SE without
signal cancellation is shown as follows.

Proposition 8. An achievable SE of device k at Level 1 for
backscatter link is

SE
(1),bl
k =

(
τc − τp
Lτc

)
max

m∈{1,...,M}
E
{
log2

(
1 + SINRdl

mk

)}
,

(44)
where the instantaneous effective SINR is given by (45) (see
top of the next page).

Remark 3. Note that the main difference between RIS-CF-SR
and BD-CF-SR lies in the backscatter link, and the considered
signal processing also can be applied in BD-CF-SR. Thus, the
achievable SEs for BD-CF-SR are presented by changing the
backscatter link, e.g., turning gmk into gmk,BD.
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SINR
(1),dl
mk =

pk

∣∣∣vHmkĥmk + vHmkĝmk

∣∣∣2
K∑
i ̸=k

pi

∣∣∣vHmkĥmi∣∣∣2 + K∑
i ̸=k

pi
∣∣vHmkĝmi∣∣2 + vHmk

(
K∑
i=1

pi

(
R̃mi + Q̃mi

)
+ σ2IN

)
vmk

. (43)

SINR
(1),bl
k =

Lpk
∣∣vHmkĝmk∣∣2

K∑
i ̸=k

pi
∣∣vHmkĝmi∣∣2 + K∑

i=k

pi

∣∣∣vHmkĥmi∣∣∣2 + vHmk

(
K∑
i=1

pi

(
R̃mi + Q̃mi

)
+ σ2IN

)
vmk

. (45)

TABLE II: Simulation Parameters

Parameter Value
Communication bandwidth 20 MHZ

Noise power, σ2 -94 dBm
Shadow fading with the standard deviation σsh 8 dB

Distance, D, d0, d1, d2 1000 m, 50 m, 10 m, 10 m
Coherence time, τc 200 msec

Uplink training duration, τp 5 msec
Power reflection coefficient, α 1

Total number of antennas, M ×N 120
Number of RISs and BDs, J 10

Number of devices, K 10
Number of RIS elements, NRIS 64

Transmission period, L 20
Uplink transmit power per device, pcek and pk 0.1 W

IV. NUMERICAL RESULTS

In this section, the comparison of the uplink performance
of RIS-CF-SR is shown, with the different cooperation imple-
mentation levels and either MMSE/L-MMSE or MR combin-
ing scheme, and BD-CF-SR.

A. Simulation Setup and Propagation Model

We consider M APs with N antennas and K devices that
are uniformly distributed in a D ×D km2 area with a wrap-
around scheme. Furthermore, we assume each RIS is located
at the area of a circle centered at its associated device with
a radius of djk. To be fair, the BD-CF-SR follows the same
setup. In addition, the phase of each RIS is random without
phase modulation. Distance measurements are wraps around
the edges of the simulation area to avoid boundary effects
when simulating the CF-mMIMO network. The large-scale
fading βmk is modeled as

βmk = PLmk · 10
σshzmk

10 , (46)

where PLmk represents the path-loss, zmk ∼ N (0, 1), and
10

σshzmk
10 is the shadow fading with the standard deviation

σsh = 8 dB. Moreover, a three-sloped model is considered for
the path-loss model. [5]. Let dtw denotes the distance between
the w−th vertex and the t−th vertex, where t, w ∈ [m, j, k]
for m = 1 . . .M, j = 1 . . . J , and k = 1 . . .K. In the case
when dtw > d0, the Hata-COST231 propagation model is
applied, where the path-loss exponent equals 3.5 for hmk, 2.8
for hmj and 2.0 for hjk, equals 2 if d0 < dtw ≤ d1, and
equals 0 if dtw ≤ d1 [33]. Note that when dtw ≤ d1 there
is no shadowing. Moreover, the large-scale coefficients of the
channel hjk between the RIS j and device k is

βLoS
jk =

κjk
κjk + 1

βjk, β
NLoS
jk =

1

κjk + 1
βjk, (47)
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(b) Uplink SEs of backscatter link.

Fig. 3: Uplink SEs per device with MMSE/L-MMSE combin-
ing when M = 120 APs with N = 1 antenna.

where κjk = 101.3−0.003djk reflects the Rician κ-factor. Note
that the n-th element of the deterministic LoS component
hj,k can be written as

[
hmk

]
n
=
√
βLoS
mk e

j2πdH(n−1) sin(θmk),
where θjk is the angle of arrival to the device k seen from
RIS j and dH denotes the elements spacing parameter. All
the simulation parameters are shown in Table II.

B. SE of Different Implementation Levels

Fig. 3 compares RIS-CF-SR and BD-CF-SR with MMSE/L-
MMSE combining when M = 120 and N = 1. For the
direct-link, at the 95% likely SE points, Level 4 provides the
highest SEs, while Level 1 achieves the lowest SEs. Level
2 and Level 3 are in the middle of the two. Since RIS-CF-
SR introduces a lot of interference, this actually reflects the
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(b) Uplink SEs of backscatter link.

Fig. 4: Uplink SEs per device with MMSE/L-MMSE combin-
ing when M = 60 APs with N = 2 antennas.

ability to suppress the interference under different levels. In
addition, It is observed that RIS-CF-SR is superior to BD-
CF-SR only at Level 4. The reasons for this are as follows:
RIS offers higher signal gains compared to BD, enhancing
the signal strength. Nevertheless, this increased signal strength
also leads to increased interference among devices. Hence, on
the direct-link, RIS-CF-SR has the significant advantage only
at Level 4, where the interference suppression is the strongest.

Fig. 3(b) shows the cumulative distribution function (CDF)
of SEs for the backscatter link. Due to the proposed signal can-
cellation schemes, numerous interference has been eliminated.
Thus, on the backscatter-link, RIS-CF-SR can outperform BD-
CF-SR across varying levels at the 95% likely SE points.

Fig. 4 examines the same setups but with fewer APs that
are equipped with multi-antennas: M = 60 and N = 2. The
general trends are the same as in Fig. 3 but all the levels
lose in SEs due to the reduced macro diversity. In particular,
the advantages of RIS-CF-SR over BD-CF-SR at Level 4
are significantly smaller 4 on the direct-link owing to the
weakened interference suppression capability. Nevertheless,
the backscatter-link SE of RIS-CF-SR remains better than that
of BD-CF-SR.

Fig. 5 draws the CDF of SEs with MR combining when
M = 120 and N = 1. On the direct link, since MR
combining cannot effectively suppress the interference, the
poor combining scheme results in a large SE loss except for
level 1. Due to the challenges in interference suppression, the
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(b) Uplink SEs of backscatter link.

Fig. 5: Uplink SEs per device with MR combining when M =
120 APs with N = 1 antenna.

performance of RIS-CF-SR and BD-CF-SR is almost the same.
Taking into account the backscatter link, it is discovered

that the backscatter-link SE loss is larger than the direct-link
SE. Since the MR combining is not optimal, the impact of the
poor combining scheme is more severe. It can be found that
Level 3 outperforms other levels in this scenario by using the
LSFD to suppress the interference. Furthermore, for levels 2
and 3, the “o” markers from the analytic results coincide with
the simulated curves. This is a confirmation of the accuracy
of the closed-form SE expressions inferred by us.

C. Effects of Uplink Training Duration
Fig. 6 depicts the average SE with MMSE/L-MMSE com-

bining for Level 3 and Level 4. The parameters are set as:
M = 360, N = 1, K = 30, and τc = 200. In Fig. 6(a),
we find that Level 4 relies more on the accuracy of channel
estimation compared to Level 3, hence the optimal point τ∗p
is higher than that of Level 3. Furthermore, when the number
pilots is very small (i.e., τp = 5), Level 4 underperforms Level
3. The general trends of Fig. 6(b) are the same as in Fig. 6(a).
The major difference is that Level 4 reaches the maximum SE
value with τ∗p earlier. The reason for this is that the suboptimal
combining reduces the benefits of orthogonal pilots.

D. Effects of RIS Elements
Fig. 7 presents the average SE when varying the number

of RIS elements. At level 4, the SE of the RIS-CF-SR is
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Fig. 6: Average SE with MMSE/L-MMSE combining for
Level 3 and Level 4 when M = 360 APs with N = 1 antenna
and K = 30 devices.

improved with the number of RIS elements on both the direct
and backscatter links. However, due to insufficient ability
to suppress the interference, increasing the number of RIS
elements can lead to the direct link SE loss at level 3.

V. CONCLUSION

In this study, we have conducted an investigation into
the uplink performance of a RIS-CF-SR system. We have
considered four different implementations, ranging from fully
centralized to fully distributed, and based on different CSI, we
have designed distinct signal cancellation schemes to improve
the SE of the backscatter link. Furthermore, we have derived
novel closed-form SE expressions for Level 2 and Level 3
using the MR combining scheme. We compared the uplink
performance of RIS-CF-SR and BD-CF-SR systems. Simula-
tion results illustrated that RISs can significantly improve the
SE of the backscatter link due to the large number of reflection
elements, whereas additional appropriate signal processing
schemes are required for the direct link. Notably, RIS-CF-SR
is observed to outperform BD-CF-SR at Level 4 in SE on the
direct link with the MMSE combining scheme. However, from
Level 1 to Level 3, RIS-CF-SR has no significant advantage
on the direct link. Moreover, increasing the number of RIS
elements may lead to the direct-link SE loss without the ap-
propriate signal processing scheme. Therefore, we recommend
using fully centralized processing in RIS-CF-SR to suppress
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Fig. 7: Average SE with MMSE/L-MMSE combining for
Level 3 and Level 4 when M = 120 APs with N = 1 antenna
and J = 10 RISs/BDs.

the additional interference caused by RIS, thereby improving
SE.

APPENDIX

A. Proof of Corollary 3

1) Compute E
{√

pkf
dl
kk

}
:

E
{√

pkf
dl
kk

}
=
√
pkE

{
M∑
m=1

ĥHmkĥmk +
M∑
m=1

ĝHmk

(
ĥmk + h̃mk

)}
=
√
pk

M∑
m=1

tr
(
R̂mk

)
+

√
pkE

{
M∑
m=1

ĝHmkh̃mk

}
,

(48)
and

E

{
M∑
m=1

h̃Hmkĝmk

}
=

√
pk

M∑
m=1

tr

(
Q̂mk

Qmk
R̃mk

)
. (49)

Substitution of (49) into (48) yields

E
{√

pkf
dl
kk

}
=
√
pk

M∑
m=1

tr

(
Q̂mk

Qmk
R̃mk

)
+
√
pk

M∑
m=1

tr
(
R̂mk

)
,

(50)

Similarly,
K∑
i=1

∣∣E{√pifdlki}∣∣2 can be easily derived and

therefore be omitted.
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2) Compute E
{√

pkf
bl
kk

}
: Similar to (48), E

{√
pkf

bl
kk

}
can

be easily computed by

E
{√

pkf
bl
kk

}
= E

{
M∑
m=1

√
pkĝ

H
mk(ĝmk + g̃mk)

}
=

√
pk

M∑
m=1

tr
(
Q̂mk

)
.

(51)
3) Compute E

{∣∣√pifdlki ∣∣2}:

E
{∣∣√pifdlki ∣∣2} = piE


∣∣∣∣∣
M∑
m=1

hHmi(ĝmk + ĥmk)

∣∣∣∣∣
2


(c)
=piE


∣∣∣∣∣
M∑
m=1

hHmiĝmk

∣∣∣∣∣
2
+ piE


∣∣∣∣∣
M∑
m=1

hHmiĥmk

∣∣∣∣∣
2


=piE


∣∣∣∣∣
M∑
m=1

hHmiĝmk

∣∣∣∣∣
2
+ pi

M∑
m=1

tr
(
R̂mkRmi

)

+ pi
∣∣φHk φi

∣∣2∣∣∣∣∣
M∑
m=1

tr

(
R̂mk

Rmk
Rmi

)∣∣∣∣∣
2

, (52)

in which case the cross-point in (c) is very small and can
therefore be omitted, and similar cases are treated in the same
manner in the subsequent proofs. Then

E


∣∣∣∣∣
M∑
m=1

hHmiĝmk

∣∣∣∣∣
2


= E


∣∣∣∣∣√τp

M∑
m=1

K∑
k′=1

√
pcek′h

H
miΨmkh̃mk′φ

T
k′φ

∗
k

∣∣∣∣∣
2


+ τp

M∑
m=1

K∑
k′=1

tr
(
pcek′RmiΨ

2
mkQmk′

∣∣φTk′φ∗
k

∣∣2)
+ σ2

M∑
m=1

tr
(
RmiΨ

2
mk

)
,

(53)

and

E


∣∣∣∣∣√τp

M∑
m=1

K∑
k′=1

√
pcek′h

H
miΨmkh̃mk′φ

T
k′φ

∗
k

∣∣∣∣∣
2
 (54)

= pcei τp
∣∣φTi φ∗

k

∣∣2 E

∣∣∣∣∣
M∑
m=1

hHmiΨmkh̃mi

∣∣∣∣∣
2
 (55)

+ τpE


∣∣∣∣∣∣
M∑
m=1

K∑
k′ ̸=i

√
pcek′h

H
miΨmkh̃mk′φ

T
k′φ

∗
k

∣∣∣∣∣∣
2
 ,

(56)

where

E


∣∣∣∣∣
M∑
m=1

(
hHmiΨmkh̃mi

)∣∣∣∣∣
2


=

M∑
m=1

tr
(
RmkΨ

2
mkR̃mi

)
+ 2

M∑
m=1

tr
(
Ψ2
mkR̃

2
mi

)

+

M∑
m=1

M∑
n ̸=m

tr
(
R̃miΨmkΨnkR̃ni

)
. (57)

Similarly, we have

E


∣∣∣∣∣∣
M∑
m=1

K∑
k′ ̸=i

√
pcek′h

H
miΨmkh̃mk′φ

T
k′φ

∗
k

∣∣∣∣∣∣
2


=

M∑
m=1

K∑
k′ ̸=i

tr
(
pcek′RmiΨ

2
mkR̃mk′

∣∣φTk′φ∗
k

∣∣2) .
(58)

Substitution of (53), (54), (57) and (58) into (52) yields

E
{∣∣√pifdlki ∣∣2}

= pi

M∑
m=1

tr
(
R̂mkRmi

)
+ pi

∣∣φHk φi
∣∣2∣∣∣∣∣

M∑
m=1

tr

(
R̂mk

Rmk
Rmi

)∣∣∣∣∣
2

+ pi

M∑
m=1

tr
(
Q̂mkR̃mi

)
+pi

∣∣φHk φi
∣∣2∣∣∣∣∣

M∑
m=1

tr

(
Q̂mk

Qmk
R̃mi

)∣∣∣∣∣
2

,

(59)
4) Compute E

{∣∣√pifblki ∣∣2}:

E
{∣∣√pifblki ∣∣2}

= E


∣∣∣∣∣
M∑
m=1

√
pig

H
miĝmk

∣∣∣∣∣
2
+ pi

M∑
m=1

tr
(
R̂mkQmi

)
.

(60)

Follow the similar steps as in (53), we obtain

E


∣∣∣∣∣
M∑
m=1

√
pig

H
miĝmk

∣∣∣∣∣
2


= pi

M∑
m=1

tr
(
Q̂mkQmi

)
+pi

∣∣φHk φi
∣∣2∣∣∣∣∣

M∑
m=1

tr

(
Q̂mk

Qmk
Qmi

)∣∣∣∣∣
2

.

(61)
Based on the (60) and (61), E

{∣∣√pifblki ∣∣2} can be computed
as follows.

E
{∣∣√pifblki ∣∣2}

= pi

M∑
m=1

tr
(
R̂mkQmi

)
+ pi

M∑
m=1

tr
(
Q̂mkQmi

)

+ pi
∣∣φHk φi

∣∣2∣∣∣∣∣
M∑
m=1

tr

(
Q̂mk

Qmk
Qmi

)∣∣∣∣∣
2

.

(62)

B. Proof of Proposition 2

The interference term of (13) is

z =
√
pkv

H
k

(
h̃ksk(l) + g̃ksk(l)ck

)
+

K∑
i̸=k

√
piv

H
k hisi(l)

−
k−1∑
i=0

√
piv

H
k ĥisi(l) +

K∑
i̸=k

√
piv

H
k gisi(l)ci +w.

(63)
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Thus, the conditional variance of the zero-mean interfering
signal is

p(h, g, z)= E
{
|z|2 |

{
ĥk, ĝk

}}
(a)
= E

{
|sk|2

}
E
{∣∣∣pkvHk h̃k

∣∣∣2 |
{
ĥk, ĝk

}}
+E

{
|sk|2

}
E
{
|ck|2

}
E
{∣∣pkvHk g̃k

∣∣2 |
{
ĥk, ĝk

}}
+

K∑
i ̸=k

E
{
|si|2

}
E
{∣∣∣pivHk ĥi

∣∣∣2 |
{
ĥi, ĝi

}}
−
k−1∑
i=0

E
{
|si|2

}
E
{∣∣∣pivHk ĥi

∣∣∣2 |
{
ĥi, ĝi

}}
+

K∑
i ̸=k

E
{
|si|2

}
E
{
|ci|2
}
E
{∣∣pivHk ĝi

∣∣2 |
{
ĥi, ĝi

}}
+E

{
|w|2 |

{
ĥi, ĝi

}}
=

K∑
i=k+1

pi

∣∣∣vHk ĥi

∣∣∣2 + K∑
i ̸=k

pi
∣∣vHk ĝi

∣∣2
+vHk

(
K∑
i=1

pi (Ri +Qi) + σ2IMN

)
vk,

(64)
where (a) follows from the independence among each of the
zero-mean signals si and ci, as well as the independence
between signals and channels (since the estimation error is
independent of the channel estimate). Similarly, the desired
term also can be calculated as shown in (15).
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