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Abstract—Cell-free (CF) massive multiple-input multiple-output
(M-MIMO) provides an almost uniformly high data rate for
all user equipment (UE) through multiple access points (APs),
with a non-negligible signal processing burden. Angle domain
transmission and channel maps promise to alleviate this burden by
reducing channel dimensions in the angle domain and providing a
priori channel information, respectively. In this paper, we propose
a channel map-based angle domain multiple access scheme for
uplink CF M-MIMO communications. First, we propose a two-
stage data reception and pilot assignment scheme constituting
receive combining and large-scale fading decoding (LSFD) to
reduce overall interference and maximize spectral efficiency (SE).
Furthermore, we construct two channel map-based transmission
mechanisms by wielding different levels of channel information,
where a tailored data reception scheme with a newly derived
SE upper bound is also proposed for quantitative evaluation.
Simulation results show that the proposed schemes outperform
both their space domain alternatives and those without using
channel maps in terms of SE.

Index Terms—Angle domain, cell-free massive MIMO, channel
map, distributed processing, multiple access.

I. INTRODUCTION

The sixth-generation (6G) mobile communications are envi-
sioned as an era of “global coverage, all spectra, full applica-
tions, all senses, all digital, and strong security” [1]. As one
of the most promising enabling technologies, CF M-MIMO has
garnered extensive attention from both academia and industry
recently [2]. As illustrated in Fig. 1, CF M-MIMO allows each
UE to be served by multiple APs coordinated by a central
processing unit (CPU), inheriting proven signal processing tech-
niques from cellular M-MIMO by equipping multiple antennas
at each AP and enhancing so-called macro-diversity gain with
reduced average AP-UE distances.

The distributed nature of CF M-MIMO introduces new oppor-
tunities and challenges for multiple access design. By only ex-
ploiting large-scale fading (LSF) coefficients, CF M-MIMO fea-
tures a two-stage signal processing approach called LSFD [3],
which achieves comparable SE to the centralized approach but
with lower computational complexity. Pilot assignment design
poses additional challenges due to the combinatorial nature
of serving each UE with multiple APs. Common methods
include random and greedy assignments [2]. More sophisticated

Fig. 1. Considered CF M-MIMO system.

methods, such as graphic [4] and genetic algorithm-based [5]
approaches, can enhance assignment performance but increase
complexity. Although these methods excel in specific scenarios,
they focus on the space domain, while the actual data streams
propagate as beams in the angle domain. Additionally, they
often overlook environment-related channel state information
(CSI) that could aid transmission.

Angle domain channel models have been effectively applied
in M-MIMO scenarios [6], with successes in channel estimation
[7], unmanned aerial vehicle (UAV) communications [8], etc.
They reduce processing complexity by lowering the channel
dimension [9] while maintaining comparable accuracy to s-
pace domain models like the pioneering 6G pervasive channel
model (6GPCM) [10], [11]. Additionally, the natural angle
domain sparsity can be used for interference suppression in
large CF M-MIMO systems. Transmission performance can
also be improved using refined CSI that reflects real-world
environments. Channel maps offer an emerging tool to describe
environment-related characteristics within specific areas, which
use geographical inputs to produce desired CSI, such as channel
gains and even complete channel coefficients [12]. Thus, they
enhance transmission quality and reduce processing complexity
by providing a priori environment-related CSI, enabling ef-
fective beamforming [13], UAV trajectory planning [14], etc.
However, to the best of our knowledge, channel map-aided angle
domain transmission has not been explored in the CF literature.

To fill the above gaps, in this paper we propose a channel
map-based angle domain multiple access scheme for uplink
CF M-MIMO. We propose a two-stage data reception scheme
incorporating receive combining and LSFD design and a pi-
lot assignment scheme using the angle domain UE similarity
based on the derived criterion. We also construct two channel
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map-based transmission mechanisms featuring a tailored data
reception scheme with a newly derived upper-bound SE ex-
pression. The proposed schemes are compared with their space
domain alternatives and the schemes without channel maps for
effectiveness validation.

The rest of this paper is organized as follows. Section II
introduces the considered system model. Section III details the
angle domain multiple access transmission design. Section IV
elaborates on the channel map-based transmission design with a
tailored data reception scheme. Simulation results are provided
in Section V. Finally, Section VI draws the conclusions.

II. SYSTEM MODEL

As illustrated in Fig. 1, we consider a user-centric CF M-
MIMO system consisting of L APs and K single-antenna UE.
We assume that each AP is elevated and equipped with a
uniform linear array (ULA) with N half-wavelength-spaced
omnidirectional antennas. Each UE is surrounded by dense
scatterers and served by multiple APs coordinated via a CPU
for fronthaul connections. We let Dl ⊂ {1, . . . ,K} denote the
set of UE served by AP l.

We adopt the block fading model with standard time division
duplex operation, where each time-frequency resource is divided
into multiple coherence blocks so that the pilot sequences and
payload data can be assumed to transmit in each block with
fixed channel coefficients. Each coherence block of τc channel
uses is separated into two segments, where τp channel uses are
dedicated to pilot transmission and channel estimation, and the
remaining τu = τc − τp channel uses are used for the uplink
payload data transmission.

We consider a narrowband system operating in the angle
domain, where the space domain channel vector between AP l
and UE k, i.e., hkl ∈ CN , can be represented by its angle
domain channel vector gkl ∈ CN . More precisely, we have [8]

hkl = Ugkl ∈ CN (1)
where U ∈ CN×N is a deterministic matrix satisfying UHU =
NIN , of which the columns are the sampled steering vectors
of the N angular beams covering the entire angle domain.
According to the multidimensional central limit theorem, the
space domain channel hkl can be drawn from a simplified
instance of the 6GPCM [10] as

hkl = hL
kle

ȷϕkl + hN
kl = UgL

kle
ȷϕkl +UgN

kl (2)
when the number of multipath components between AP l and
UE k tends to be infinite. The deterministic line-of-sight (LoS)
component is denoted by hL

kl ∈ CN with βL
kl =

1
N (hL

kl)
HhL

kl

and gL
kl ∈ CN being its LSF coefficient and angle domain

representative, respectively. The phase-shift of the LoS com-
ponent, i.e., ϕkl ∼ U [−π, π], is uniformly distributed. The
stochastic non-LoS (NLoS) components are represented by
hN
kl ∼ NC(0,R

N
kl) with RN

kl = E{hN
kl(h

N
kl)

H} ∈ CN×N ,
βN
kl = 1

N tr(RN
kl), and gN

kl ∈ CN being the corresponding
covariance matrix, LSF coefficient, and angle domain repre-
sentative, respectively. Note that the phase-shift ϕkl varies at
the same pace as hL

kl and is assumed to be independent and
identically distributed in each coherence block. Accordingly, the
covariance matrix of hkl is obtained as Rkl = E{hklh

H

kl} =

hL
kl(h

L
kl)

H + RN
kl with βkl = 1

N tr(Rkl) being the corre-
sponding LSF coefficient. Additionally, Ωkl = E{gklg

H

kl} =
1

N2U
HRklU = gL

kl(g
L
kl)

H + ΩN
kl ∈ CN×N is the covariance

matrix of gkl with ΩN
kl = E{gN

kl(g
N
kl)

H} ∈ CN×N .
The LSF coefficient βkl is allocated to the LoS and NLoS

components by the location-related Rician K-factor κkl = pLkl ·
101.3−0.003dkl [15] in linear scale as

βL
kl =

κkl

κkl + 1
βkl, βN

kl =
1

κkl + 1
βkl (3)

where dkl = ∥capl −cuek ∥2∈R is the distance between AP l and
UE k determined by their available three-dimensional location
vectors capl ∈R3 and cuek ∈R3 with pLkl ∈{0, 1} being the cor-
responding LoS probability. More precisely, pLkl = 1 indicates
the existence of the LoS component and pLkl = 0 otherwise.

III. ANGLE DOMAIN MULTIPLE ACCESS TRANSMISSION

A. Channel Estimation via Pilot Transmission
During the uplink pilot phase, each AP locally performs chan-

nel estimation based on the received uplink pilots transmitted
from all UE. Each UE is assigned a τp-length pilot sequence
from an orthogonal pilot set with a cardinality of τp. The pilots
must be shared between UE since it is likely to have τp ≪ K
in practice. We denote by ιk the pilot index assigned to UE k
and Sιk the set of UE sharing pilot ιk.

When UE transmit their pilots, the received pilot signal yp
ιkl
∈

CN at AP l after despreading with pilot ιk is

yp
ιkl

=
√
τpppUgkl +

√
τppp

∑
i∈Sιk

\{k}
Ugil + nl (4)

where pp represents the transmit power for pilots and nl ∼
NC(0, σ

2IN ) represents the receiver noise with power σ2.
If the deterministic LoS component hL

kl is available at AP l
while the phase-shift ϕkl is not, the linear minimum mean-
squared-error (MMSE) estimate of gkl can be derived as

ĝkl =
√
τpppΩklU

HΨ−1
ιkl

yp
ιkl

(5)
where Ψιkl= E{yp

ιkl
(yp

ιkl
)H}= τppp

∑
i∈Sιk

UΩilU
H + σ2IN

is the correlation matrix of yp
ιkl

in (4). Due to the pilot sharing
among UE, Ψιkl contains the statistical CSI of all UE in
Sιk , which induces the so-called pilot contamination and thus
degrades the channel estimation quality. The angle domain
channel estimate ĝkl and its estimation error g̃kl = gkl − ĝkl

are uncorrelated random variables with
E{ĝkl} = 0, Cov{ĝkl} = Ωkl −Ξkl (6)
E{g̃kl} = 0, Cov{g̃kl} = Ξkl (7)

where Ξkl=Ωkl − τpppΩklU
HΨ−1

ιkl
UΩkl. The linear MMSE

estimate of hkl can be represented as ĥkl = Uĝkl.
B. Data Transmission with LSFD

During the payload data phase, each AP locally performs
an arbitrary receive combining scheme to compute local data
estimates. Then, these estimates are gathered and combined
at the CPU for final decoding by performing LSFD. More
precisely, AP l physically receives the data signals from all
UE, which is given by

yul
l =

∑K

i=1
hilsi + nl (8)

where si ∈ C is the signal transmitted by UE i with transmit
power pi=E{|si|2} and nl∼NC(0, σ

2IM ) is the independent
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additive receiver noise. We adopt the fractional power control
policy [2], [17], where the transmit powers {pk : ∀k} are upper
bounded by the maximal transmit power pmax.

AP l first transforms the received signal into the angle domain
as 1

NUHyul
l and then selects the local angle domain combining

vector Dklvkl ∈ CN for UE k to compute the local estimate
of sk as

ŝkl =
1

N
vH

klDklU
Hyul

l (9)

where Dkl = IN if k ∈ Dl and Dkl = 0N otherwise.

In analogy with the local MMSE (L-MMSE) combining
scheme [2], we propose an angle domain L-MMSE combining
scheme that provides the best local data estimate ŝkl with mini-
mal conditional mean-squared-error (MSE) E{|sk− ŝkl|2|{ĝil :
∀i}}, which is given in the following lemma.

Lemma 1. At AP l, the local conditional data MSE for UE k
is minimized by the angle domain L-MMSE combining vector

vkl=pk

(∑K

i=1
pi (ĝilĝ

H

il+Ξil)+
σ2

N
IN

)−1

Dklĝkl. (10)

Proof: This can be proved by computing the conditional
expectation and letting ∂E{|sk−ŝkl|2|{ĝil : ∀i}}/∂vkl=0.

Next, the CPU performs the final decoding of sk by linearly
combining {ŝkl : ∀l} forwarded by the APs. We denote by
bki = [vH

k1Dk1gi1, . . . ,v
H

kLDkLgiL]
T ∈ CL the angle domain

receive-combined channels from UE i when receiving signals
from UE k, and ak = [ak1, . . . , akL]

T ∈ CL the LSFD weight
vector of UE k, where akl ∈ C is the weight corresponding to
ŝkl. Then, we can obtain the final estimate of sk as

ŝk =
∑L

l=1
a⋆klŝkl =

∑K

i=1
aH

kbkisi + n′
k (11)

where n′
k = 1

N

∑L
l=1 a

⋆
klv

H

klDklU
Hnl is the resulting noise.

The LSFD vectors {ak : ∀k} are selected as a deterministic
function of the channel statistics at the CPU where the average
effective uplink channel E{aH

kbkk} = aH

kE{bkk} is determin-
istic and non-zero when the aforementioned combining scheme
in (10) is selected and employed.

Finally, the achievable uplink SE can be quantified as

SEul
k =

τu
τc

log2

(
1 + SINRul

k

)
bit/s/Hz (12)

by using the hardening bound [16, Thm. 4.4], where

SINRul
k =

pk|aH

kE{bkk}|2

aH

k(
∑K

i=1 piE{bkibH

ki}−pkE{bkk}E{bH

kk}+Fk)ak
(13)

is the effective uplink signal-to-interference-plus-noise ra-
tio (SINR) [2, Thm. 5.4] in angle domain with Fk =
σ2

N diag(E{∥Dk1vk1∥2}, . . . ,E{∥DkLvkL∥2}). Since SINRul
k

in (13) is a generalized Rayleigh quotient of ak, the optimal
angle domain LSFD vector that maximizes SINRul

k is given by

ak = pk

(∑K

i=1
piE{bkib

H

ki}+Fk

)†

E{bkk} (14)

with the help of [16, Lem. B.10] and [16, Lem. B.4]. The
resulting maximum SINR value is SINRul

k = pkE{bH

kk}
(
∑K

i=1 piE{bkib
H

ki} − pkE{bkk}E{bH

kk}+ Fk)
†E{bkk}.

C. Pilot Assignment with Minimized Normalized MSE
To mitigate the pilot contamination caused by pilot-sharing,

we propose an angle domain pilot assignment scheme that
improves the channel estimation quality and the resulting
SE. In the considered CF system, the collective channel es-
timate between UE k and its serving APs is formed as
Dkĥk = [(Dk1ĥk1)

T, . . . ,(DkLĥkL)
T]T ∈ CLN where Dk =

diag(Dk1, . . . ,DkL) and ĥk = [ĥT

k1, . . . , ĥ
T

kL]
T. Then, the

normalized MSE (NMSE) of the channel estimate Dkĥk is
given by

NMSEk =
E{∥Dkhk −Dkĥk∥2}

E{∥Dkhk∥2}

= 1−
τppp

∑L
l=1 tr(DklΩklU

HΨ−1
ιkl

UΩkl)∑L
l=1 tr(DklΩkl)

.

(15)

The pilot contamination is induced by the statistical CSI of the
undesired UE contained in Ψιkl. Therefore, a lower bound of
the NMSE in (15) can be obtained if NMSEk is only related to
the statistical CSI of UE k, which is elaborated as follows.
Lemma 2. Considering a CF M-MIMO system over the angle
domain channels, the NMSE in (15) is lower bounded by

NMSEk = 1−
τppp

∑L
l=1 tr(DklΩklU

HΨ̃−1
ιkl

UΩkl)∑L
l=1 tr(DklΩkl)

(16)

where Ψ̃ιkl=τpppUΩklU
H+ σ2IN . For any l and i ̸= k, (16)

is achieved when one of the following conditions is satisfied
1) DklΩklΩil = 0,
2) DklΩklΩil ̸= 0, ιk ̸= ιi.

Proof: The details are relegated to Appendix A.
Note that DklΩklΩil = 0 occurs when the angle domain

channels gkl and gil are non-overlapping and/or UE k and UE
i are not served by AP l simultaneously. To characterize the
angle domain overlapping degree when each UE is served by
multiple APs, a metric named similarity is defined as

ρki =

∑L
l=1 tr(DklΩklDilΩil)√∑L

l=1 ∥DklΩkl∥2F
√∑L

l=1 ∥DilΩil∥2F
, ∀k, i (17)

where ∥ · ∥F denotes the Frobenious norm. Therefore, an angle
domain pilot assignment criterion can be obtained as follows:
For the considered CF M-MIMO system, given each UE is
served by multiple APs, the angle domain similarity of UE
assigned to the same pilot should be as low as possible.

Based on the above multiple access criterion, we formulate
the following pilot assignment problem,

P1 : max
{Sι:ι=1,...,τp}

∑
1≤ι<ι′≤τp

∑
i∈Sι,j∈Sι′

ρij (18)

where the overall inter-set angle domain similarity is maximized
by properly allocating the UE into τp pilot-sharing sets, i.e.,
S1, . . . ,Sτp . In other words, solving P1 minimizes the overall
angle domain similarity of the pilot-sharing UE, implying that
the overall pilot contamination is minimized as well. To solve
the combinatorial problem P1, we employ a suboptimal heuristic
algorithm [18], which provides an approximate solution as the
brute-force approach but in polynomial time. The algorithm
proceeds as follows.

1) The first τp UE are assigned to τp mutually orthogonal
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Fig. 2. Procedure of the proposed channel map-based multiple access transmission.

pilots with |Sι| = 1, ∀ι.
2) A remaining UE k computes ριk =

∑
i∈Sι∪{k} ρki, ι =

1, . . . , τp according to (17).
3) Assign UE k to pilot ι′ = arg minι ρ

ι
k and update Sι′ as

Sι′ ← Sι′ ∪ {k}.
4) Repeat steps 2) and 3) until the end of the assignment.

IV. CHANNEL MAP-BASED TRANSMISSION DESIGN

The transmission performance can be further boosted by
employing channel maps. Using the channel model in (2), in
this section, we propose two channel map-based transmission
mechanisms aided by different levels of CSI, namely partial
channel map (PCM) and full channel map (FCM), respectively.
The procedure is demonstrated in Fig. 2, where the complete
channel vectors {hkl} or {gkl} are regarded as the “ground-
truth” CSI when computing SE and the acquired CSI obtained
with/without channel maps are used for transmission design.
A. Large-Scale CSI-Aware Transmission via PCM

The considered PCMMPCM can be expressed as a mapping
from the current location vectors (capl , cuek ) of the desired AP-
UE pair (l, k) to the corresponding large-scale CSI hL

kl and RN
kl

by the conditional function fPCM(·|E), i.e.,
MPCM : {hL

kl,R
N
kl} = fPCM((capl , cuek )|E) (19)

where E represents the environment database, which can be
constructed by approaches like channel measurements and
ray-tracing simulations [19]. More precisely, with the half-
wavelength-spaced ULA assumption at each AP, the determin-
istic LoS component hL

kl is represented as

hL
kl =

√
βL
kl

[
1, . . . , eȷπ(N−1) sin(φkl) cos(θkl)

]T

(20)

where φkl and θkl are the azimuth angle of arrival and elevation
angle of arrival to UE k seen from AP l, respectively. For the
covariance matrix RN

kl, we first let φ̄kl = φkl + δφ and θ̄kl =
θkl + δθ with random deviations δφ ∼ N (0, σ2

φ) and δθ ∼
N (0, σ2

θ), respectively. Then, RN
kl can be generated according

to the local scattering model, of which the (m,n)-th element is
calculated as [2]

[RN
kl]mn = βN

kl

∫∫
eȷπ(m−n) sin(φ̄kl) cos(θ̄kl)f(δφ, δθ)dδφdδθ

(21)
where f(δφ, δθ) = 1

2πσφσθ
e−δ2φ/(2σ2

φ)e−δ2θ/(2σ
2
θ) is the joint

probability density function of δφ and δθ.
The LSF coefficients βL

kl in (20) and βN
kl in (21) are obtained

based on βkl according to the K-factor κkl and LoS probability

pLkl in (3), where βkl is calculated in dB as [15, Tab. 5.1]

βkl =

{
−30.18− 26 log10

(
dkl

1m

)
+ FL

kl, if pLkl = 1

−34.53− 38 log10
(
dkl

1m

)
+ FN

kl , otherwise
(22)

with FL
kl ∼ N (0, 42) and FN

kl ∼ N (0, 102) representing the
shadow fading in the LoS and NLoS scenarios, respectively.

As illustrated in Fig. 2, the LoS probability pLkl can be
obtained through the PCM by employing advanced localization
methods [12]. Alternatively, pLkl can be modelled as a distance-
related continuous variable [15]

pLkl =

{
300−dkl

300 , if 0 < dkl < 300

0, otherwise
(23)

with pLkl ∈ [0, 1], which is irrelevant to the practical propagation
environment. To convert the range of pLkl in (23) from [0, 1] to
{0, 1}, a parameter δL ∈ [0, 1] is used to approximate the effect
of blocking on the LoS probability by controlling the number of
LoS paths, denoted as NL, in the considered area. As a result,
the LoS probability in (23) is rewritten as

pLkl =

{
1, if 0 < dkl < 300(1− δL)

0, otherwise
(24)

which is a binary variable and can be used for calculating the
K-factor and the LSF coefficients.

With the environment-related LoS probability, PCM can offer
the large-scale CSI that matches the actual wireless channel
better than that calculated based on the LoS probability in (24).
B. Small-Scale CSI-Aware Transmission via FCM

The ultimate FCM MFCM is expected to provide the small-
scale CSI hN

kl and eȷϕkl based on the current location vectors
(capl , cuek ) by the function fFCM(·|E) conditioned on the en-
vironment database E . With the available large-scale CSI, the
complete channels hkl and gkl can be obtained, i.e.,

MFCM : {hkl,gkl} = fFCM((capl , cueu )|E). (25)
It should be noted that the SE expression in (12) only provides

an achievable lower bound of the SE. With the perfect “FCM-
aided” CSI {gkl : ∀k, l} obtained through the FCM, an upper
bound of the SE can be derived as follows.
Proposition 1. A SE upper bound of UE k with the perfect
“FCM-aided” CSI {gkl : ∀k, l} is

SE
ul

k = E
{
log2

(
1 + SINR

ul

k

)}
bit/s/Hz (26)

where the SINR is

SINR
ul

k =
pk|aH

kbkk|2

aH

k(
∑K

i=1,i̸=k pibkib
H

ki + Fk)ak
(27)

2025 IEEE International Conference on Communications (ICC): Wireless Communications Symposium

1034
Authorized licensed use limited to: Southeast University. Downloaded on October 29,2025 at 11:20:34 UTC from IEEE Xplore.  Restrictions apply. 



TABLE I
SYSTEM PARAMETERS.

Parameters Values Parameters Values
L, N 16, 4 K 20
B 20 MHz τc, τp 200, 10

pp, pmax 0.1 W, 0.1 W σφ, σθ 10◦, 10◦

with bki = [vH

k1Dk1gi1, . . . ,v
H

kLDkLgiL] and Fk =
σ2

N diag(∥Dk1vk1∥2, . . . , ∥DkLvkL∥2).
Proof: We first rewrite the final estimate ŝk in (11) as

ŝk = aH

kbkksk +
∑K

i=1,i̸=k
aH

kbkisi + n′
k (28)

where the first term is the desired signal obtained over a known
channel. Then, the proof follows a similar approach as in [2,
Coro. 5.10] by combining interference and noise in one term,
but with angle domain receive-combined channels {bki :∀k, i}
and combining vectors {vkl :∀k, l}.

Similar to (14), the generalized Rayleigh quotient of SINR
ul

k

in (27) allows computing the best LSFD vector aoptk that
maximizes SINR

ul

k , which is given as follows.
Corollary 1. The effective SINR in (27) is maximized by

ak = pk

(∑K

i=1
pibkib

H

ki + Fk

)†

bkk (29)

which leads to SINR
ul

k = pkb
H

kk(
∑K

i=1 pibkib
H

ki + Fk)
†bkk.

Proof: The proof follows the results in [16, Lem. B.10]
and [16, Lem. B.4].

Proposition 1 is applicable to any receive combining vector
vkl and any channel model, including the one in (2) and the
6GPCM. We derive the MMSE-type combining scheme with
interference suppression capability, which is given as follows.
Lemma 3. At AP l with perfect angle domain CSI {gil : ∀i},
the local conditional data MSE E{|sk − ŝkl|2|{gil : ∀i}} for
UE k is minimized by the angle domain L-MMSE combiner

vkl = pk

(∑K

i=1
pigilg

H

il +
σ2

N
IN

)−1

Dklgkl. (30)

Proof: The proof is similar as in Lemma 1 but with the
local conditional data MSE E{|sk − ŝkl|2|{gil : ∀i}}.

V. RESULTS AND ANALYSIS

In this section, we will evaluate our proposed angle domain
multiple access schemes and the transmission design using
FCM and PCM. As illustrated in Fig. 1, we consider an
urban microcell scenario with buildings mimicking the exterior
dimensions and layouts of the China Network Valley, Nanjing,
China. There are L APs mounted on the rooftops of the
buildings offering an adequate network coverage, and K UE
uniformly distributed in a 318× 330 m2 area. Each AP serves
τp UE with the strongest channels. Unless otherwise specified,
the adopted system parameters are given in Table I. PCM is
used for large-scale channel statistics by default. SE values are
calculated according to (12) with the channel model in (2).

We propose two angle domain schemes, namely “P-Angle”
and “F-Angle”, where the L-MMSE combining and optimal
LSFD are used. P-Angle performs pilot assignment by solving
P1 in (18), whereas F-Angle requires no pilot assignment since
channel estimation is obviated using the FCM. Two space

TABLE II
THE CONSIDERED MULTIPLE ACCESS SCHEMES.

Schemes Domain Pilot Assignment
F-Angle Angle –
P-Angle Obtained by solving P1 in (18)

Weighted [4] Space Heuristic scheme [4]
Random Random assignment
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Fig. 3. (a) CDFs of SE per UE considering different combinations of K and
N and (b) average SE versus τp when K = 20, N = 4.

domain benchmark schemes are considered for comparison,
namely “Weighted [4]” and “Random”, as detailed in Table II.
When neither FCM nor PCM is utilized, the large-scale channel
statistics used for channel estimation are obtained with the LoS
probability computed according to (24).

Fig. 3 evaluates the SE performance of our proposed angle
domain multiple access transmission design. Fig. 3 (a) depicts
the cumulative distribution functions (CDFs) of SE per UE,
where P-Angle is observed to outperform the benchmark in
the considered cases. This is expected, since the UE similarity
is revealed more prominently in the angle domain, which
implies better pilot assignment for interference suppression.
Moreover, the case of K = 20, N = 4 outperforms the case
of K = 40, N = 4 thanks to the reduced inter-UE interference
by having fewer serving UE. The case of K=20, N=8 further
improves the average SE due to the enhanced interference
suppression gain by having more antennas per AP. In Fig. 3 (b),
we observe that the average SE is a concave function of τp, since
increasing τp not only promotes the SINR but also reduces the
prelog factor τu

τc
=1− τp

τc
in (12).

Fig. 4 focuses on the channel map-based transmission design.
For a fair comparison, the LoS probabilities in both cases with
and without PCM are held constant. In Fig. 4 (a), P-Angle
outperforms Weighted in both cases, with higher SE when
using PCM due to the a priori large-scale channel statistics.
F-Angle further enhances SE by utilizing perfect FCM-aided
CSI. F-Angle (6GPCM) achieves a similar average SE to F-
Angle but offers a 25.0% higher 95%-likely SE, indicating that
channel realizations modeled by 6GPCM are more uniform than
those from (2). Fig. 4 (b) shows the effect of the number of
LoS paths, NL, on average SE, where NL ∈ [0, 320] with
L = 16,K = 20. We consider a case labeled “Appr”, where
the approximate “ground-truth” CSI is obtained using the LoS
probability from (24). As depicted in Fig. 4 (b), average SE
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Fig. 4. (a) CDFs of SE per UE and (b) average SE versus NL, considering
different channel maps.
is a concave function of NL. This occurs since weak received
signal strength is observed when LoS paths are absent, while
excessive LoS paths cause undesirable interference between UE,
both reducing average SE. By comparing P-Angle (w/ PCM)
with P-Angle (Appr) at NL = 71.8, the average NL for the
scenario, we find that P-Angle (Appr) achieves a higher average
SE than P-Angle (w/ PCM). This results from the weaker
overall signal strength in the PCM case caused by building
blockage, which increases the average distance of the LoS paths
while keeping NL constant. Therefore, the actual propagation
environment must be considered in transmission design to avoid
overestimating achievable SE performance.

VI. CONCLUSIONS
This paper has proposed a channel map-based angle domain

multiple access scheme for uplink CF M-MIMO communica-
tions. It includes a two-stage data reception and pilot assignment
scheme that incorporates angle domain MMSE-type receive
combining and LSFD vectors to reduce overall interference.
Simulation results have shown significant enhancements in SE
performance compared to space domain alternatives. Further-
more, two channel map-based transmission mechanisms aided
by PCM and FCM have been constructed, featuring a tailored
data reception scheme with a newly derived upper-bound SE
expression and combining and LSFD vectors. The results have
indicated that channel map-based schemes outperform those
without channel maps, confirming the advantages of channel
awareness and effective CSI exploitation.
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APPENDICE A
According to the definitions of NMSEk and Ψ̃ιkl, we have

tr
(
DklΩklU

HΨ−1
ιkl

UΩkl

)
(31)

=tr(DklΩklU
H(Ψ̃ιkl + Ω̃res

kl )
−1UΩkl) (32)

≤tr(UΩklDklΩklU
HΨ̃−1

ιkl
) (33)

with the help of the results in [2, Lem. B.4], where
Ω̃res

kl = τppp
∑

i∈Sιk
\{k} UΩilU

H and the equality occurs

when Ω̃res
kl Ψ̃

−1
ιkl

UΩklDklΩklU
H = 0. With the results in [16,

Lem. B.4], we rewrite the above condition as

τppp
∑

i∈Sιk
\{k}

UDklΩilΩkl

(
τpppΩkl +

σ2

N
IN

)−1

ΩklU
H=0

which holds when one of the conditions in Lemma 2 is satisfied.
This completes the proof.
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