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Abstract

Massive Multiple-Input Multiple-Output systems suffer from pilot contamination in uplink time-division duplex mode
due to the limited availability of orthogonal pilots for channel estimation. This issue becomes more severe in dense
networks where pilot reuse across cells is inevitable, leading to degraded channel estimation accuracy and system
performance. Efficient pilot allocation strategies can mitigate this problem by minimizing pilot reuse across interfering
channels. In this work, users are classified as edge or center users based on their large-scale fading coefficients. The
center users are further grouped according to their channel correlation. Orthogonal pilots are assigned to all edge users,
while one orthogonal pilot per group is allocated to the center users and reused within the group to reduce the reuse
factor and limit contamination. A compressed sensing (CS)-based algorithm is then employed to estimate both the
group-wise correlated center-user channels and the edge-user channels, exploiting joint sparsity and per-link sparsity.
The CS scheme utilizes an extended discrete Fourier transform basis as the measurement matrix to convert spatial-
domain channels into the angular domain, enabling non-overlapping angular supports between groups. Comparative
evaluations against state-of-the-art methods demonstrate that the proposed scheme achieves lower channel estimation
error and higher throughput, offering a 22.85% improvement in the Cumulative Distribution Function of uplink
achievable rate over the SPRS+WGC-PD method at 15 dB Signal-to-Interference-plus-Noise Ratio.

Categories: Electronics Design and VLSI, Telecommunication Networks, Wireless Communication Systems

Keywords: soft pilot reuse (spr), pilot contamination channel estimation, channel state information (csi), sparse channel estimation,
angular domain, discrete fourier transform

Introduction

Massive multiple-input multiple-output (MIMO) employs large antenna arrays at the base station (BS) to enhance spectral
efficiency, capacity, and reliability. Transmit beamforming (TBF) requires accurate channel state information (CSI),
typically obtained via pilots. In time-division duplex (TDD) systems, uplink pilots exploit reciprocity to reduce overhead,
unlike frequency-division duplex (FDD), which suffers from excessive pilot costs with large arrays. However, TDD faces the
challenge of pilot contamination (PC), caused by limited orthogonal sequences and pilot reuse across cells, which
severely degrades CSI and system performance [1,2]. Several decontamination methods exist, including smart reuse,
coordinated scheduling, and graph-based allocation [3], though they increase pilot overhead or rely on impractical
assumptions. Soft Pilot Reuse (SPR) [4] reduces contamination by dividing center and edge users, while graph-coloring
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schemes mitigate interference through pilot assignment. Recently, pilot contamination mitigation techniques have
increasingly been integrated with sparse signal recovery techniques, where the inherent sparsity of massive MIMO
channels is exploited to improve channel estimation while reducing pilot overhead. More advanced methods exploit
spatial correlation and compressed sensing (CS), transforming correlated channels into the angular domain with
extended discrete Fourier transform (DFT) bases to reduce leakage and enable joint channel estimation [5,6]. Classical
greedy sparse recovery algorithms such as orthogonal matching pursuit (OMP) have been widely adopted because of
their low computational complexity, whereas more recent structured compressive sensing techniques exploit group or
block sparsity among channel coefficients to further improve estimation accuracy in correlated massive MIMO
environments [7,8]. Sparse Bayesian learning (SBL)-based compressed sensing approaches have demonstrated excellent
channel estimation accuracy by exploiting the sparse structure of massive MIMO channels. However, their iterative
Bayesian inference and matrix inversion operations result in significantly higher computational complexity, limiting their
suitability for real-time implementations [9]. Despite these advances, most existing pilot decontamination techniques do
not jointly exploit SPR-based user grouping together with structured angular-domain sparsity during channel estimation.
Motivated by this limitation, we propose a framework combining SPR, angular-domain decomposition, and CS-based
joint estimation, achieving efficient pilot utilization and reduced contamination in massive MIMO uplink systems.

Our contribution

Our key contributions, and the main differences from the study [4], are summarized as follows:

m While users are still classified as center and edge users following the conventional approach, we introduce a new
strategy for pilot assignment and center-user grouping.

m The proposed grouping and pilot assignment scheme significantly reduces pilot usage and effectively mitigates pilot
contamination.

m All edge users are allocated orthogonal pilots, whereas each group of center users shares a single orthogonal pilot.

m To exploit spatial correlation, the center users’ channel is transformed from the spatial domain to the angular domain
using an extended DFT-based method, which differs from the approach proposed in [4].

m The angular domain representation yields non-overlapping channel supports, enabling efficient reuse of a common
pilot within each group.

m Unlike the approach proposed in [4], where center pilots are reused across neighboring cells, in our framework, pilot
reuse is restricted within each group only, further reducing interference.

m We develop a novel compressed-sensing-based algorithm that jointly estimates the channels of grouped center users
and the individual edge users.

m Comprehensive simulations against [4] and [10] demonstrate that the proposed system achieves superior reliability and
higher throughput.

The rest of our manuscript is structured as follows: First, we briefly discuss our system model, including pilot
contamination, followed by our proposed technique, including the pilot assignment strategy and channel estimation.
Next, we discuss our simulation results and their discussion. Finally, we conclude our article.

Materials And Methods

System model

The system under consideration is a TDD massive MIMO cellular network comprising J cells, as depicted in Figure 7. Each
cellis served by a single BS equipped with M antennas and simultaneously supports K single-antenna users in the uplink.
Consistent with the massive MIMO paradigm, the number of BS antennas is assumed to be significantly larger than the
number of active users M > K. The wireless propagation channel is modeled by separating its characteristics into two
components: large-scale fading, which captures path loss and shadowing, and small-scale fading, which represents rapid
fluctuations caused by multipath propagation.
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FIGURE 1: Multi-cell massive MIMO with desired and interfering link
MIMO, Multiple-Input Multiple-Output

Large-scale fading encompasses path loss and shadowing and is generally considered independent of the number of
antennas at the BS. This assumption is justified by the relatively small spacing between antennas compared to the
distance between the BS and a user, resulting in identical large-scale fading coefficients for all antennas associated with a
given user. Hence, for each user-BS pair, a single large-scale fading coefficient represented as {3 is sufficient and does not
vary across antenna indices or OFDM subcarriers [4].

Urban environments often present a rich scattering scenario, causing the transmitted signal to arrive at the receiver via
multiple propagation paths. These multipath components undergo different attenuations and phase shifts, leading to
either constructive or destructive interference. This phenomenon, which varies over small spatial displacements on the
order of the carrier wavelength, is referred to as small-scale fading.

Pilot contamination

In the uplink transmission phase, the received signal at the base station (BS) after applying the combining vector is
derived as follows. Following the conventional uplink massive MIMO signal model described in the studies [1,2], the
received signal vector at the BS for the i-th cell can be expressed as:

L K
yi= Z Z VPixhi ki +n; (1)

=1 k=1

where:

. L is the total number of cells,

- K is the number of users per cell,

* Pj kis the transmit power of the k-th user in cell 7,
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* h; j 1 is the channel between the k-th user in cell j and the BS in cell 7,
- &1 is the uplink data symbol transmitted by the k-th user in cellj, with E[|z; /%] = 1,
- 1; is the additive white Gaussian noise vector at BS %, distributed as CAV/(0, o*I).

Proposed technique

The systematic procedure for mitigating inter-cell interference through pilot decontamination and the subsequent
group-based pilot assignment strategy is illustrated in the system flow diagram in Figure 2.

Signal detection for user kin cell /is performed at the BS by applying a linear combining vector v;

Tik = ViRYi (2)
Substituting (1) :
Tik = +/Dik Vﬁchi,i,kwi,k + Z \VPji V{,{khi,j,le,l + V,H,kni (3)
(3:)# (k)

This expression includes:

« Desired signal: /pi,kvgghi,i,k:vi,k
« Inter-cell and intra-cell interference: E(j’l#(i’k) A /pj,lvf,chi,j,la:j,l
+ Noise term: vﬁcni.

)

Moreover, due to pilot reuse across cells, the BS may estimate the channel of user (%, k) with contamination from users in

other cells sharing the same pilot. Let ﬁi,,;,k be the contaminated channel estimate used in v; .

The Signal-to-Interference-plus-Noise Ratio (SINR) [1,2] at the BS for user kin cell ¢ is then given by:

2
Pi x| E [kahi,i,k] |

S pu [[vbol] + 0B [viel ]
(7:4)#(i,k)

SINR; ; = (4)
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FIGURE 2: System flow diagram of pilot decontamination and group-based pilot assignment

GD-OMP, Group-based Distributed Orthogonal Matching Pursuit

The desired signal power appears in the numerator, while the denominator includes inter-cell and intra-cell interference,
noise, and effects of channel estimation errors and pilot contamination. Using the SINR expression in (3), the

achievable uplink sum-rate for cell ¢ is given by the achievable rate of user k:

Ri,k = (1 — u) E [10g2(1 + SINR,',k)

Here, u is the pilot fraction within a coherence interval. A larger u improves estimation but reduces spectral efficiency,
while a smaller 4 increases data time but worsens estimation under pilot contamination. Since contamination arises from
pilot reuse across cells, efficient allocation strategies can mitigate it. Thus, u reflects the trade-off between training and
data, with lower contamination yielding higher SINR and better spectral efficiency.
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Pilot Assignment Strategy

Following the concept of the SPR technique introduced in [4], users are classified into cell-center and cell-edge groups to
reduce the impact of pilot contamination. The users are partitioned according to (5) before the classification process. Let
K; denote the total number of users in the ith cell, partitioned as:

Ki = Ki,c + Ki,e (5)

Here, K; . and Kj; . represent the number of center and edge users, respectively. The classification is based on the large-
scale fading coefficient 8, which represents the amplitude gain between the user and the BS. A user is categorized as a
center or edge user based on the comparison of B; with a threshold p;:

Yes — Center user, (6)
No — Edge user.

ﬁi>Pi—>{

The threshold p; is computed using:

PEES o ")
' Kk:l '

Note that B; is an amplitude gain; however, in equation (7), we use ,83 to reflect the power gain, as power is proportional
to the square of amplitude. This ensures that the threshold p; accurately represents the average received power across
users in the cell. The squaring thus aligns with the physical interpretation of signal power. This clarification addresses the
apparent inconsistency between equations (6) and (7).

The grouping parameter A controls the strictness of this classification:
A = l:all users are edge users
A = 0:all users are center users

After identifying the center users, they are partitioned into N groups, and all users within the same group are assigned a
common orthogonal pilot sequence. This grouping strategy is motivated by practical deployment scenarios in which
users located in close proximity, such as in offices, public transportation, stadiums, or conference halls, often exhibit
similar scattering characteristics and spatial channel correlation. Such correlation enables multiple center users to share
the same pilot while remaining distinguishable through sparsity-based joint channel estimation techniques. In contrast,
each edge user is assigned a dedicated orthogonal pilot sequence to eliminate pilot contamination caused by severe
inter-cell interference.

The proposed pilot allocation strategy exploits the inherently stronger received signal strength of center users, allowing
them to better tolerate the additional interference introduced by intra-group pilot reuse. Furthermore, joint channel
estimation algorithms can effectively separate the channels of users sharing the same pilot by leveraging their spatial-
domain characteristics. Since edge users experience weaker signal conditions and are more vulnerable to inter-cell
interference, allocating orthogonal pilots to these users ensures reliable channel estimation and improved
communication quality.

To illustrate the reduction in pilot overhead, consider a network consisting of three cells, each serving 20 users. For
A = 0.5, each cell contains 10 center users and 10 edge users. Under conventional orthogonal pilot allocation, every
user requires a unique pilot sequence, resulting in a total of 60 pilots. The SPR scheme in the study [4] reduces this
requirement to 40 pilots. In the proposed approach, the 10 edge users in each cell retain dedicated pilot sequences, while
the center users are divided into groups that share pilot sequences. When two center-user groups are formed per cell, the
total pilot requirement is reduced to only 36 sequences, consisting of 30 edge-user pilots and 6 shared center-user pilots.
Even when the number of center-user groups is increased to three per cell, the total pilot requirement becomes 39, which
remains lower than that required by the SPR scheme.
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The reduction in pilot overhead improves spectral efficiency without compromising channel estimation reliability. By
restricting pilot reuse to carefully formed center-user groups and preserving orthogonal pilots for edge users, the
proposed scheme effectively balances pilot utilization and interference mitigation. Consequently, it provides a scalable
pilot allocation framework for dense cell-free massive MIMO deployments while maintaining high channel estimation
accuracy and communication performance.

Sparse channel estimation and pilot decontamination

Angular Domain Channel Exploitation and Group-based GD-OMP Estimation

In a massive MIMO system, the spatial correlation between users belonging to the same group can be leveraged in the
angular domain for improved channel estimation. If two users have correlated channels in the spatial domain, their
angular domain representations will also be correlated after applying a suitable transformation, such as DFT. Since nearby
users share similar scattering environments, their angles of arrival (AoAs) tend to be close but, due to unique
geographical signatures, the angular supports remain largely non-overlapping [2,11]. Prior work [12] confirms that non-
overlapping angular supports allow users to reuse pilots with minimal interference.

In this work, the BS is equipped with a uniform linear array (ULA). Following the uplink channel model described in the
study [2], the uplink channel vector between the ¢-th user and the j-th BS can be expressed as:

1 &

h;; = ijpa(Pijp) (8)
A% Lp =1

where L, denotes the number of propagation paths, a;; is the complex path gain, ¢;; 5 is the AoA of the p-th path, and
a(pijp) is the ULA steering vector:

a(SOijp) — [1, e—j21rdcos(ga,'j,p), . ,e—j21rd(M—1) cos(zpij,p)] (9)

Here, d = D/)\ is the normalized antenna spacing, and Qijp follows a complex Gaussian distribution with zero mean
and variance B;;. As given by the study [2], the spatial correlation matrix R;; = E{h,'jhg} has entries:

Relinm) = B [ € 740050 1) dp (10)

where f(¢) is the AoA probability density function. The derivation of equation (10) is given in Appendix A.
Virtual Angular Domain Representation

Based on the channel model in (8) and the correlation matrix in (10), the spatial-domain channel is transformed into the
angular domain using (11). Based on the approach described in the study [13], spatially correlated channels can be
transformed into the angular domain using a virtual channel representation:

H! = PfH,Pr, (11)

where P; and Pr; are unitary DFT matrices at the BS and user sides, respectively. Each non-zero element in HY}
corresponds to a specific quantized angular direction between the BS and the user. Due to the rich scattering
environment, users within the same group often share part of their angular support (joint sparsity), while each individual
link exhibits per-link sparsity.

In practice, the DFT basis may lead to leakage when signal directions are arbitrary. Therefore, we employ an extended
DFT dictionary [6,13]. To reduce basis mismatch, the extended DFT dictionary defined in (12) is adopted.
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e—j21rk1'r1 e—j21rk1'rLd
e~ 32mkemy e _j27rk2TLd

D= (12)
e~ 32nk 1 e —j2nkys TLg

where 7 is the normalized delay, Ly is the dictionary length, and k refers to Fourier bins.
Compressed Sensing Model

Using the dictionary D, the received pilot signal at BS is:
Y, = ADB,; + N; (13)

where A = Xf ® D is the sensing matrix, B4 contains the sparse angular domain channel coefficients, and Nj is
noise. Channel recovery can be posed as:

K
min& ) [[Y, — ADB,flz <€ (14)
sf =1
K.
& s.t. n supp(By;) = O, (15)
=1

Here, © . represents the common angular support among center users.
Group-based Distributed Orthogonal Matching Pursuit (GD-OMP)

To solve (15), we employ GD-OMP, a greedy compressed sensing algorithm adapted for joint and per-link sparsity
recovery. Center users’ channels are jointly estimated by exploiting shared angular support, while edge users’ channels
are recovered individually (Table 7).
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Algorithm 1 GD-OMP for Joint and Individual Channel Estimation

1: Input: Received pilots Y p;, sensing matrix A, dictionary D, group
info, threshold e

2: Initialize residual R = Y ;, common support @, = 0
3: For each iteration until stopping criterion do

4: Find column in A with max correlation across all center users
5: Update O, with selected index

6: Solve LS: B,;=(Ae,) Yy

7. Update residual: R =Y ,; — Ag B,

8: end For

9: For each edge user do

10: Run OMP individually to find ©; (excluding ©,)

11: Combine supports: ©; = ©; U B,

12: Estimate channel:Itli =DB,;

13: end For

14 Output: H; for all users

TABLE 1: Algorithm 1

The GD-OMP ensures that no dictionary atom (column of A) is selected more than once, thereby reducing the likelihood
of pilot contamination. Joint recovery among center users reduces pilot resource usage, while individual recovery for
edge users mitigates inter-cell interference.

Results And Discussion

Performance analysis

The effectiveness of the proposed pilot contamination reduction framework is presented and benchmarked against
several widely used pilot allocation techniques given in the literature. The comparison includes the following reference
schemes:

Random Pilot Assignment (Baseline 1): Pilot sequences are distributed arbitrarily among users without considering spatial
information or inter-cell interference.
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Soft Pilot Reuse (SPR) (Baseline 2) [4]: Users are classified into cell-center and cell-edge groups. A common pilot pool is
reused by center users, whereas orthogonal pilot sequences are reserved for edge users to alleviate severe interference.

Weighted Graph Coloring Pilot Design (WGC-PD) (Baseline 3) [3]: Pilot allocation is formulated as a weighted graph-
coloring problem, where interference relationships between users determine pilot assignment.

Hybrid SPR-WGC-PD (Baseline 4) [10]: This method integrates soft pilot reuse with weighted graph coloring to further
optimize pilot allocation and reduce pilot contamination.

The simulation environment consists of a seven-cell cellular layout. A pilot reuse factor of seven is employed for edge
users to suppress inter-cell interference, while center users use a reuse factor of one because their channel conditions are
less affected by pilot contamination. To further improve channel estimation accuracy, CS is combined with angular-
domain processing so that the virtual angular supports of correlated users become sufficiently separated, thereby
minimizing overlap and reducing estimation errors.

Although the hybrid SPR-WGC-PD technique reported in the study [10] improves pilot assignment by combining two
complementary strategies, it requires additional computational effort due to its multi-stage processing. In contrast, the
proposed framework delivers better overall performance with a substantially lower computational burden,
demonstrating a more efficient balance between estimation accuracy and implementation complexity.

Figure 3 illustrates the average achievable data rate per user as the number of BS antennas increases. As expected,
reducing the antenna array size leads to a decline in spectral efficiency for all compared methods because of the lower
spatial diversity. Nevertheless, the proposed scheme consistently achieves the highest achievable rate throughout the
evaluated antenna range. Furthermore, the performance advantage becomes increasingly significant as the number of
BS antennas grows, highlighting the effectiveness of the proposed sparsity-aware channel estimation approach in
mitigating pilot contamination under massive MIMO conditions.
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FIGURE 3: Average achievable sum rate per user vs number of BS antennas

BS, Base Station; WGC-PD, Weighted Graph Coloring Pilot Design; SPRS, Soft Pilot Reuse Scheme

Figure 4 illustrates the Cumulative Distribution Function (CDF) of the achievable rate per user. Our method achieves
higher rates due to optimized pilot reuse and non-overlapping angular supports within groups, which reduces both
inter-cell and intra-group contamination.
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FIGURE 4: CDF of uplink achievable rate vs average rate per user

CDF, Cumulative Distribution Function; WGC-PD, Weighted Graph Coloring Pilot Design; SPRS, Soft Pilot Reuse Scheme

Figure 5 compares average cell throughput against the grouping parameter A. Here, A = 0 means all users are center
users, and A = 1 means all are edge users. The study [4] shows that throughput drops sharply with increasing A (to
10~bps/Hz), while our method remains stable. This robustness comes from not reusing pilots across neighboring cells
and from more accurate channel estimation within groups. GD-OMP has significantly lower computational complexity
than SBL because it performs greedy support selection followed by least-squares estimation over a small support set.
Consequently, the matrix inversion is limited to a K x K system, where K<M. In contrast, SBL repeatedly estimates
hyperparameters through Bayesian inference and requires inversion of an M X M covariance matrix at every iteration,
resulting in substantially higher computational cost. Although SBL may provide slightly improved channel estimation
accuracy, GD-OMP offers a more favorable trade-off between estimation performance and computational efficiency,
making it more suitable for real-time massive MIMO pilot decontamination.

To further highlight the computational trade-offs between the proposed GD-OMP algorithm and SBL, Table 2 summarizes
the theoretical computational complexity of both methods. The total computational complexity of GD-OMP is given by (
o (T(MN + K3))), where T denotes the number of greedy iterations, M is the number of measurements, N is the
dictionary size, and K is the sparsity level, as reported in the study [14]. In contrast, the computational complexity of SBL
is (O (IM3) ), where I represents the number of Bayesian convergence iterations. This higher complexity arises from the
repeated estimation of hyperparameters and inversion of an M X M covariance matrix during each iteration of the
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Bayesian inference process [15]. As shown in Table 2, the significantly lower computational complexity of GD-OMP makes
it a more practical choice for real-time massive MIMO channel estimation while maintaining competitive estimation
performance.

Feature GD-OMP (proposed scheme) Sparse Bayesian Learning (SBL)
Recovery strategy Greedy pursuit Bayesian iterative
Per-iteration Complexity (O(MN + K3)) (O(Ma))

Total complexity (O(T(MN + K3))) (O(1.m3))

TABLE 2: Comparison Table GD-OMP vs SBL

M: Number of Measurements / Observations

N: Dictionary / Grid Size (Dimension of the sparse vector)

K: Sparsity Level (Number of dominant active propagation paths)

T: Total Sparsity Iterations (Number of loops executed by the greedy algorithm)

I: Total Convergence Iterations (Number of outer loops executed by the Bayesian framework)
GD-OMP, Group-based Distributed Orthogonal Matching Pursuit; SBL, Sparse Bayesian Learning
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FIGURE 5: Average throughput vs grouping parameter A
SPRS, Soft Pilot Reuse Scheme; SBL, Sparse Bayesian Learning

In Figure 6, increasing the number of center-user groups improves throughput. More groups allow the use of additional
orthogonal pilots, enhancing performance. Throughput also improves with more BS antennas.
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Figure 7 shows the MSE for edge and center users as A increases. For edge users, MSE is calculated as:

K‘ Ae e 2
1 L Kie ||ne., —he |
MSEC = IE _ ”’ﬂyk - lg,k 2
K. i=1 k=1 ”hi,i,k”2
Similarly, for center users:
1 L35 1B — B ill3

MSE® =E
(Zf:l Ki) - K. ; ; 1513

(16)

(17)
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SPRS, Soft Pilot Reuse Scheme

As anticipated, center users achieve lower channel estimation error because of their favorable propagation conditions
and stronger received signal strength. More importantly, the proposed pilot grouping strategy substantially reduces the
disparity in estimation accuracy between center and edge users compared with the SPR scheme in the study [4], resulting
in a more balanced channel estimation performance across the network.

In summary, the proposed framework consistently outperforms the benchmark schemes by providing higher achievable
data rates, sustaining robust throughput over a wide range of center-user ratios A, and improving channel estimation
accuracy. These performance gains are achieved with reduced pilot overhead and without introducing excessive
computational complexity, making the proposed approach an efficient and scalable solution for cell-free massive MIMO
systems.

Conclusions

This paper presents a pilot assignment and reuse scheme for massive MIMO uplink systems that leverages spatial
correlation to mitigate pilot contamination. By transforming user channels into the angular domain using an extended
DFT basis, the proposed approach enables separation through non-overlapping angular supports, improving channel
estimation accuracy. Center users are grouped based on channel correlation, and a single orthogonal pilot is reused
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within each group. Due to their lower susceptibility to contamination and distinct angular characteristics, intra-group
interference remains limited. The proposed strategy effectively reduces the overall pilot reuse factor, allowing more
efficient pilot utilization across neighboring cells. Although pilot reuse within a group may introduce minor power
leakage, its impact is negligible under high channel correlation, making the scheme both practical and effective for
dense massive MIMO deployments. Furthermore, the proposed framework maintains a favorable balance between
estimation accuracy and pilot overhead, which is critical for scalable network design. The results also suggest that
exploiting angular-domain sparsity can be a promising direction for future pilot design strategies. Overall, the scheme
provides a low-complexity and efficient solution for improving uplink performance in next-generation wireless systems.

Appendices

Appendix A: Derivation of the Correlation Matrix

The uplink channel vector between thei-th user and the j-th BS, assuming a ULA at the BS, is given in (8) as:

1 &
—— ) aijpalpiip) (A1)

\/L_P =1

where L, is the number of multipath components, a;;, is the complex path gain for the p-th path, and a(<p,-j,p) is the
ULA steering vector as defined in (9).
The spatial correlation matrix R;; is defined as:

hij =

R;; =E{h;;h} (A2)

Substituting (A1) into the above expression:

1 LP LP H
Ry&=E{ 7- (”Z az‘j,pla(%j,p1)> (,;Z aij,pza(%,pa)>
p 1=1 =1

Ly Ly

1 *
. Z Z E {a(‘Pij,pl)aH(%j,pz)}E {a,-j,plaij,pz}

P pi=1py=1

Assuming the path gains are uncorrelated across different paths, we have:

E {@j;m@jp, } = Bij 6(p1 — p2) (A3)

where B;; is the large-scale fading coefficient (power gain).
This reduces the double summation to:

. Lp
Ri; = —%] Y E{a(pijp)a™ (vip)} (A4)
1

P p=

If the AoA distribution is identical for all paths, then the summation yields Lp identical terms, which cancel with the 1/Lp
factor:

Ri; = B E {a(pi;)a” (¢ij) } (A5)

From (9), the (m, n)-th element of R;; becomes:

[Rij] (mp) = Bi j E { e—j27rd(m—n) cos(goij)} ( A6)
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Finally, expressing the expectation in terms of the AoA probability density function f(¢), we have:

2
[Rislmry = Bi / e mdlm=r)eoss) £(,) dip (A7)

Equations (A6)-(A7) provide the closed-form expression for the correlation matrix entries in terms of large-scale fading
Bij. antenna spacing d, and AoA distribution f(¢).
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