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ABSTRACT In this paper, we analyze the uplink performance of a scalable user-centric heterogeneous cloud-
radio access network (HC-RAN) implemented by using dynamic cooperative clustering (DCC) framework
over a Rician fading channel with phase shifts. This channel describes various practical aspects, such as
a deterministic line of sight (LoS) component and random non-LoS (N-LoS) components. To account for
the phase shifts due to user mobility, the phase of the LoS component is modeled as a uniformly distributed
random variable. We assume that phase information is available at each remote radio head (RRH). We derived
the phase aware-minimum mean square error (PA-MMSE) and phase unaware Linear-MMSE estimators and
obtained the channel state information (CSI). We derived a closed-form expression for the achievable spectral
efficiency (SE) to evaluate the system performance with both estimators. To address the effect of coherent
interference in the ultra-dense networks, we developed a two-layer decoding scheme in uplink in which
maximum ratio (MR) combining is performed at the RRH and large-scale fading decoding is performed
at the base-band unit (BBU) pool. Based on the obtained results, the proposed method enhanced the uplink
performance in an ultra-dense scenario. It is validated by comparing it with the simulation results. Moreover,
the performance loss caused by the lack of phase knowledge will depend on the pilot sequence length.

INDEX TERMS Channel estimation, HC-RAN, network scalability, Rician fading, spectral efficiency, user-

centric network.

I. INTRODUCTION

With advancements in wireless technology like the Inter-
net of Things (IoT), and massive machine-type communica-
tion (mMTC), the aggregate traffic demand over a cellular
network is increasing rapidly. As per the report produced
by Cisco (2017-22), the amount of global traffic will be
increased by seven-fold [1]. To keep up with the ris-
ing demands of massive connectivity, data rates, capacity,
and bandwidth, many researchers and industries focused
on developing new radio access network (RAN) architec-
tures. Since existing mobile network capacity is reaching
the Shannon limit, many operators somehow try to sat-
isfy these requirements by deploying more base stations
(BSs). However, dense deployment of BSs will increase
expenditure and operational costs and make the system
more complex. Recently, the heterogeneous cloud-radio
access network (HC-RAN) emerged as one of the promising

The associate editor coordinating the review of this manuscript and

approving it for publication was Giuseppe Desolda

VOLUME 11, 2023

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

network architectures which combine the features of
cloud-radio access network (C-RAN) and heterogeneous BS
deployment scheme of heterogeneous networks (Hetnets)
with meeting the future traffic requirements. The HC-RAN
has the potential to enhance the network capacity as well
as energy efficiency (EE). The deployed macro base sta-
tion (MBS) in HC-RAN can provide the guaranteed qual-
ity of service (QoS) to the users and reduce operational
and expenditure costs by using cooperative radio resource
management [2], [3], [4], [5].

In HC-RAN, the centralized signal processing feature
facilitates coordination among the remote radio heads
(RRHs). This can enable the coordinated multi-point (CoMP)
transmission of RRHs, which can jointly serve the users to
improve the ubiquitous user experience [6]. Compared to
the traditional cellular transmission, the future generation
wireless networks are drawing much attention towards a
user-centric approach where the coverage is planned around
the user than the traditional cell-centric approach where the
edge user is affected by the cell edge effects. Hence, future
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wireless networks require efficient network scaling in terms
of user-specific clusters, which can not be achieved by using
the conventional clustering approaches. Because of their
static nature and lack of user-side channel state information
(CSI), they provide poor system performance. Also, they
neglect the cost in terms of complexity, latency, overhead, and
power consumption [7], [8], [9], [10], [11].

To address these issues, many researchers focused on
developing dynamically adaptive clustering approaches [12],
[13], [14], [15]. These approaches form clusters dynam-
ically for each user and are overlapped with each other
to avoid the effects of the cell edges. The performance
of the user-centric network depends on the RRH selection
and cluster formation. Since, the user-side CSI is continu-
ously available at RRHs. Based on the user’s mobility and
QoS requirements, each user-centric cluster is updated by
adding or dropping RRHs [7], [12], [16]. This will cause
huge system overhead, latency, and power consumption.
Also, in practical ultra-dense HC-RAN:Ss, clustering becomes
more complex due to the availability of several possibili-
ties. Despite their high complexity and cost, most of the
dynamic clustering techniques ignore the key system infor-
mation, such as density and available resources for RRHs,
which results in significant discrepancies between the traf-
fic loads at different RRHs. To avoid these drawbacks,
in [12] and [17], the authors proposed dynamic cluster-
ing approaches that balance the traffic load between the
different RRHs.

Most of the presented works unveiled the importance of
dynamic user-centric clustering and computed the system
performance mostly with Rayleigh fading, and a few with
Rician fading [18], [19]. In practical ultra-dense systems
like HC-RANS, the channel may consist of a deterministic
line of sight (LoS) component and small-scale fading caused
by the multi-path propagation, which can be modeled as
a Rician fading [20]. A small change in the user location
results in a significant difference in the phase of the chan-
nel response. Specifically, it may significantly impact the
system performance in high-mobility environments. These
effects are excluded in many presented works. Moreover,
coherent interference due to pilot contamination is a severe
issue in ultra-dense systems. Hence, mitigation of the pilot
contamination and exploring the importance of the phase
knowledge of the LoS components on system performance is
much needed in ultra-dense systems for future wireless appli-
cations. From these observations, we will derive the phase
aware-minimum mean square error (PA-MMSE) and phase
unaware Linear-MMSE estimation schemes to investigate the
importance of phase knowledge. Besides, we addressed the
network scalability issue in dense networks by maintaining
the computational complexity and fronthaul load constant
irrespective of the number of users. Finally, the performance
of the scalable user-centric HC-RAN over the Rician fading
channel is analyzed with both estimation schemes to exploit
the importance of having the phase knowledge on system
performance.
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The main contributions of this work are as follows:

1. We considered the user-centric HC-RAN with Rician
fading channel between RRH and user pair and obtained the
conditions for network scalability. Hence, the fronthaul load
and computational complexity remain constant.

2. We derived the PA-MMSE channel estimator and phase
unaware Linear-MMSE estimator and obtained the CSI of
the users. For each coherence block, the phase of the LoS
component is designed as an independent and identically
distributed (i.i.d) random variable.

3. We proposed a two-layer decoding scheme to miti-
gate the pilot contamination effect by employing maximal
ratio (MR) combining in the first layer and large-scale fad-
ing decoding in the second layer. Also, we derived the
closed-form expression for the achievable spectral efficiency
(SE) per user for both estimators.

4. Finally, we evaluated the uplink performance of the
scalable user-centric HC-RAN over a Rician fading channel
in terms of achievable SE per user (bits/s/Hz) with both
estimators.

This paper is organized as follows. Related works are dis-
cussed in Section II. Section III introduces the network model
for HC-RAN with the channel estimation process. Section [V
describes the DCC approach for the user-centric HC-RAN
and network scalability. In Section V, the uplink performance
of scalable user-centric HC-RAN for both estimators is ana-
lyzed. Then, the numerical results are discussed in section VI.
Finally, concluding remarks are provided in section VII.

A. NOTATIONS

The boldface upper case letters indicate the matrices, the
boldface lower case letters indicate the column vectors,
Im, is an identity matrix of order M. Nc (0, R) is a circular
symmetric complex Gaussian distribution with correlation
matrix R. (), ()T, trace (.), diag (.) indicates the Hermi-
tian, transpose, trace and diagonal. E {.} indicates the expecta-
tion of a random variable. The remaining notations are given
in Table. 1.

Il. RELATED WORKS

A number of studies have focused on improving the perfor-
mance of user-centric HC-RANS subject to minimizing the
pilot contamination and fronthaul load in an ultra-dense sce-
nario. In general, the transmit power of the MBS in HC-RAN
is much higher than the RRHs. Based on the received signal
strength, users tend to associate more with the MBS than
the RRHs. This will cause severe inter-user interference.
Hence, to mitigate this, an optimized strategy is required
for user association within the user-centric HC-RANSs. User
association with RRH or MBS will greatly impact the sys-
tem’s performance [4]. In [21], the authors proposed a joint
optimization problem for FDD-based ultra-dense C-RAN
by considering channel uncertainties. They optimized the
user association and beam-forming vectors to minimize
the transmit power subject to user rate requirements.
Zhang et al. [22] proposed CoMP-based interference
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TABLE 1. List of notations.

Symbol | description

K The number of users

N The number of RRHs

hyk The channel between the [—th RRH and k—th user
b, |Pilot signal assigned to k—th user from [—th RRH

hy The collective channel for k—th user from all the serving RRHs
Ry The collective spatial correlation matrix of the channel hy

h k The MMSE estimate of the channel hy,

ﬁk Estimation error of the channel hy,

Cy, Estimation error correlation matrix

Sk Set of users that use the same pilot signal as k—th user

Bik The large-scale fading gain between the [—th RRH and k—th
user
9k Mean value of the LoS signal

Ay Received signal spatial correlation matrix

T Estimate of the signal zj,

ylg Collective received signal for k—th user from all RRHs

O Collective phase shifts of received k—th user signal from all
RRHs

U, Set of all users corresponding to [—th RRH provided with
interference coordination

Z Set of users corresponding to /—th RRH, which are served with

data along interference coordination

Vik The combining vector from [ —th RRH to the k—th user
By, A subset of RRHs serving k—th user

C The cardinality set of [—th RRH

mitigation in HC-RANs. The authors in [23] proposed the
user-centric power allocation schemes, where the user is
served by a single BS in a static user-centric cluster while
the remaining BSs will adjust their power levels to mitigate
the effect due to interference. Ali et al. [24] proposed joint
user association, admission control, and power allocation for
maximizing the throughput of the HC-RAN. The authors
in [25] proposed the scalable user-centric framework for HC-
RAN with dynamic clustering and evaluated the system per-
formance over a Rayleigh fading scenario. The authors in [26]
and [27] proposed dynamic cooperative clustering (DCC)
based user-centric approaches for interference cooperation
and evaluated the system performance. In this, each RRH has
its own set of users for providing interference coordination.
In [28] and [29], the authors proposed and analyzed the
performance of the two-layer decoding scheme with limited
BS cooperation to eliminate the effect of the interference in
the uplink. This approach is more generalized for practical
spatially correlated Rayleigh fading channels in [30]. In [18],
the authors implemented a large-scale precoding scheme for
downlink multi-cell massive multiple input multiple output
(MIMO) systems under Rician fading to eliminate inter-cell
interference. They have also proposed two partial two-layer
precoding schemes for reducing the fronthaul signaling load.
Abbas et al. [19] analyzed the performance of user-centric
small-BS-based Hetnets under a hybrid Rician and Rayleigh
fading environment. The Joint transmission from the RRHs
requires phase synchronization, as discussed in [31].

As mentioned earlier, in an ultra-dense scenario, the chan-
nel can have a deterministic LoS component and small-scale
fading caused by the multi-path propagation, which can be
modeled as a Rician fading [20]. A small change in user
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location results in a significant change in the phase shift
of the LoS component, which can considerably influence
the system performance, especially in high-mobility environ-
ments. These effects are neglected in the analysis of Rician
fading channels in [19], and the downlink scenario is consid-
ered in [18] with phase shifts for massive MIMO systems.
In [32], the authors investigated the joint optimization prob-
lem to enhance the user QoS subject to the fronthaul capac-
ity constraints. The authors in [33] proposed a user-centric
framework for enhancing the capacity of the target users
by jointly optimizing the CoMP cell selection and resource
allocation. Zaidi et al. [34] proposed new dynamic clustering
approaches for improving the user throughput and reducing
the overhead cost and signaling changes at both user and net-
work sides compared to the existing techniques. In [35], the
authors proposed a dynamic user-centric clustering scheme
for millimeter-wave networks and evaluated the performance
in terms of coverage probability and average SE. Most of
the existing works analyzed the system performance with
dynamic user-centric clustering techniques over a Rayleigh
fading, and few are explored with Rician fading. However, the
impact of phase information of the LoS component on system
performance and pilot contamination is not yet addressed in
scalable user-centric HC-RANSs. These gaps are addressed in
our work. In the next section, we will explain the network
model for user-centric HC-RAN.

ill. NETWORK MODEL

The architecture of the proposed user-centric HC-RAN is
shown in Fig. 1. It consists of a pool of base-band units
(BBU pool) and N RRHs, each equipped with M7 antennas
which are distributed over a geographical area. Assume that
there are K single antenna users within the coverage area of
the HC-RAN. Each RRH in the network is connected to the
BBU pool via fronthaul links. We assumed the block fading
model and channels are constant within a coherence block
of length 7, channel uses. For a single antenna RRHs, the
channel between the k—th user and /—th RRH is Ay given by

hik = g exp (o) + gik» (D

where hj is a Rician fading channel, j = /=1 is the
complex notation, g ~ N¢(0, Bi) indicates the non-LoS
(N-LoS) components with variance By, which can model
the large-scale fading including path loss and shadow fading,
g € R represents the mean value of the LoS components,
and 6y € [—m, ] indicates the phase shift of LoS compo-
nents [20]. From equation (1), it is noted that the channel
hy is Rician distributed and is independent for every user
and RRH. The channel realization Ay in each coherence
block is independent and identically distributed (i.i.d). Each
coherence block is divided into 7, channel uses for pilot
transmission, 7, channel uses for uplink data transmission,
and 74 channel uses for downlink data transmission. Assume
that the system operates in time division duplex (TDD) mode.
The uplink and downlink channels are estimated by using
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FIGURE 1. Architecture of user-centric HC-RAN.

the uplink pilot transmission phase and channel reciprocity
which is discussed in the subsequent section.

A. CHANNEL MODEL
Each RRH requires the CSI for receiver processing. There-
fore, let us assume that there are 7 mutually orthogonal
pilots signals each of length 7, samples reserved within each
coherence block of length 7, for estimating the channel. Let
the pilot signal allocated to the k—th user through /—th RRH
is denoted by @,, € C%»*!. The pilot signals are designed
to satisfy CDIIZ @ = 7. Each user in the network sends a
known pilot signal to the RRHs. For a single antenna RRHs,
the received pilot signal at the /—th RRH is yIIJ e C»*! given
by
K
Yy = D Pihii®y, + ), ©)

i=1

~

where p; is the transmit power of the i—th user, n[[,
Ne(0, auzl) is the received additive noise.

For obtaining the CSI of the desired k—th user, the BBU
pool correlates yf, with the known pilot signal dbg(. This
results in

e _ wH
Yp = Py Yp

Ik
= PkThi +n”, 3
where 7 is the processing gain, n* = @f’lk né is the received

noise, which is distributed as n’* ~ N¢(0, rauzl).

In practical ultra-dense networks, more than one user
can share the same pilot signal when the number of users
K > t. Assume that the set Sy represents the users that use
the same pilot signal as the k-th user, including itself. Then,
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the received signal in (3) can be modified as

Wo=pthe+ YL Jprthpr+n (@)
@,)eS\1 k)

From equation (4), sharing a pilot signal with more than
one user can lead to pilot contamination. The main conse-
quence of this is that it reduces the estimation quality and
causes coherent interference by correlating the channel esti-
mates of users i € Si. The effect of coherent interference
increases with the number of antennas, hence gaining much
attention in dense networks [36], [37]. In the subsequent
sections, we will derive the PA-MMSE and phase unaware
Linear-MMSE channel estimators for the Rician fading chan-
nel. The CSI is extracted to characterize the importance
of having the phase information of LoS components. The
minimum mean square error (MMSE) estimator in this work
will give an optimal solution by considering the interference
from the users of neighboring BSs and interference from
the neighboring users of the same BS and noise. It exploits
the statistical characteristics of the channel to obtain better
channel estimates. The other alternative schemes employed
for this are element wise-MMSE (EW-MMSE) and least
square (LS) channel estimators. But they provide sub-optimal
results. The EW-MMSE channel estimation is less complex
but ignores the correlation between the antenna elements. The
LS channel estimation is used when no channel statistical
information is available at the BS [37], [38].

B. PHASE UNAWARE LINEAR-MMSE CHANNEL
ESTIMATION

The channel statistics gy, and B are available at the RRHs.
The Linear-MMSE channel estimate of the k-th user without
having phase knowledge for the Rician faded channel e
corresponding to the /—th RRH is given as [37] and [39]

A -1

hie = Pk B (Mig)) )’ik, (5)

where B, = B + &5, Ay = ZS pit (Bi + &) + 02 The
(1,)eSk

proof of expression in (5) is given in the Appendix. A. The
estimate Ay, has zero mean and a variance py ( ;k)_l Bii-

The estimation error can be expressed as il]k = hp —
hy. 1t has zero mean and a variance )~ By using stan-
dard estimation theory, ¢j, can be expressed as (From
Appendix. A)

-1
e = B — piBi (M)~ Bue- (6)

The channel estimate lek and estimation error ﬁlk both
are uncorrelated random variables. For a generalized multi-
antenna scenario, the collective channel estimate for the k—th
user hy € CVM7x1 is given by

he = PeR ALY, %)
where R;{ = diag(mw“wﬁ]/w{) € CNMrxNMr
Ay = diag (M. ..., M) € CNMIXWMT and yk =

T N
[yll,k, ey ygk] € CMrx1 The Linear-MMSE estimate hy
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has a zero mean and co-variance R} — C,, where C; = R} —
xR} AR} The mean square error (MSE) can be expressed

.12
asE{Hhk —hy H ] = trace (C;c)

C. PA-MMSE CHANNEL ESTIMATION

We assume that the phase information 6y, is known at the
[—th RRH along with channel statistics g and By . For single
antenna RRHs, the PA-MMSE channel estimate of the Rician
faded channel ﬁZ{AfMMSE is given by

Ay MMSE = 2yce® /o B (i) ™! (yﬁ,k - if,k) )

> JpBi + ol and =
' (1,i)eSk

> \/Erglieﬂ’” . The equation in (8) is computed based on
(1,)eSk
Appendix. A. For a given phase information, the estimate

hgcA_MMSE has a mean glkejgfk and a variance pg B ik ik -
jPA-MMSE _ ; _
Ik = Nk

where Ay =

The estimation error can be expressed as
h}j{A—MMSE. It has zero mean and a variance cj;, which is given
by (From Appendix. A)

cik = Bik — PrBik ik Bik- 9

The terms yg‘, jzll]k and 6y are constant within each coher-
ence block and these will differ in each coherence block. For
generalized multi-antegna scenario, the collective channel
estimate for k—th user hPA~MMSE ¢ CVMrx1 i given by

B MMSE = @, + VpiReAx (v - 55) . (10)

where 8 = [Zik,....em]] € CMMrxl| g =
diag [0, ..., e ] & CVMr<NMr gb — 3k 50¢]" e

CMMr>x1 Ay = diag Ak, ..., Aw) " € CNMrNMr
and Rk = dlag (,Blka e ,B]Yk) c (CNMT XNMT.
The collective channel estimate hEA_MMSE has a mean
E ﬁEA_MMSE | z‘;’k®k} = g0, and the co-variance
coy ﬁiA_MMSE | ng)k = Rk - Ck, where Ck = Rk —

Pk Ry ArRg. The MSE of the estimate can be expressed as
B [ Hhk _ ﬁPA—MMSE”z}
k

In the next section, we will develop the user-centric frame-

work for HC-RAN using the DCC approach and obtain the
conditions for network scalability.

= trace (Cyg).

IV. DCC APPROACH FOR USER-CENTRIC HC-RAN AND
NETWORK SCALABILITY

The DCC scheme was proposed in [26] and [27] to provide
a unified analysis of the channels with interference in the
cellular network. This approach is characterized by two sets
Z; and Y for all [ € N as shown in Fig. 2. The set of users
served with data by the /—th RRH is denoted as Z;. The
set U; contains all the users corresponding to the /—th RRH,
which are provided with interference coordination based on
the available CSI. Let us define the set of diagonal matrices

VOLUME 11, 2023

FIGURE 2. lllustration of the DCC based clustering.

Z;; € CMrXMr ¢4 determine which antenna of /—th RRH is
serving data to the i—th user and U; € CM7*M7 defines the
interference coordination to users in the /—th cell. It can be
noted that Z;; C Uj;.

Based on the DCC scheme, only certain channel ele-
ments will carry the information and interference. These
can be selected by using the diagonal matrices U; =
diag[Uy;, ..., Uy;] € CMM7 and Z; = diag [Zy;, ..., Zni] €
CMM7 | The non-zero elements in the diagonal matrix will
serve the i—th user. Specifically, the m—th diagonal element
of the matrix Zj; is 1 only if the m—th antenna of the /—th
RRH is serving the i—th user and similarly for Uy;. For each
user in a cell, the sets Z;; and Uj; can be expressed as

I i€ Z

e an
0y, otherwise.
I e U,

Uy =1 e (12)
0y, otherwise.

For the desired k—th user, the user-centric framework for
HC-RAN can be obtained based on the DCC scheme by
letting By, a subset of RRHs serving the k—th user. Hence,
the matrices Zj. and Uy, can be modified as

I l € By,

e (13)
04, otherwise.
I | € By,

Uy = { M - (14)
0y, otherwise.

The joint transmission and interference coordination with
DCC provides more spatial degrees of freedom to separate
the users.

In practice, as the number of users in the network increases,
the complexity of computation and the number of scalars sent
over a fronthaul link increases. The limited fronthaul capacity
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and computational complexity make the system unscalable.
The DCC scheme proposed in [27] addresses these issues in
multi-cell coordinated systems by defining the set of users
which are served by at least one of the RRH antennas and is
given by

Cr={i:r@Zy)>1,01¢efl,....NYie{l,....,K}}. (15

If the cardinality of each RRH, | C; | is constant with an
increase in the number of users, then the number of scalars
sent over the fronthaul for each RRH is limited to only |
C; | number of users. And also, cardinality | C; |< T, for
all/ = 1,...,N and 7, is independent of K. Hence, the
computational complexity and fronthaul load remain constant
irrespective of the number of users. Hence, the system is
scalable. In this proposed system, the dynamic user-centric
clusters are formed based on the sub-optimal algorithms pro-
posed in [35] and [40]. Since it will at least guarantees the
service to the user by avoiding the risk of a user being dropped
abruptly from service when no RRH is ready to serve it.

The previous user-centric approaches [12], [15] doesn’t
guarantee QoS to the users when there exists a pilot contami-
nation effect, affecting the system performance severely in an
ultra-dense network. To avoid this drawback, we developed
the two-layer decoding scheme, which can have the ability
to reduce the effect of pilot contamination in an ultra-dense
scenario.

The uplink performance analysis of DCC based user-
centric HC-RAN with network scalability for both estimators
is presented in the following section.

V. UPLINK PERFORMANCE ANALYSIS

During the uplink data transmission, each user sends the data
symbols to the RRHs. The received signal at the /—th RRH
i\ € CM7 is given by

K
v =D hix; +nif, (16)
i=1

where x; ~ C (0, p;) is the transmit power of i—th user and
n;‘l ~ Ne (O, ouzl) is the received additive noise at /—th RRH.
With the available channel estimates, the /—th RRH selects
the combining vector v;; € CMT to obtain the estimate of the
data signal. The estimate of the received information signal
at the /—th RRH for the k—th user is given by

i =iy (17)
By using DCC approach, equation in (17) can be modified as

B = Vi UnZuyy}"
K N
= Vil UnZuhgxi + D > viiUpZychyx;
i=1ikI=1
+ V{ZUlk 7 nj’l
K N
= viiZuhpxe + D D Vi Zyhyxi + Vi Zyn)!
i=LikI=1
(18)
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since Z;; € Uy; and product of the matrix results in Z;;.

These estimates of the received information signals at each
RRH are sent to the BBU pool for obtaining the final estimate
of data corresponding to the k—th user. The collective signal
estimate corresponding to the k —th user at the BBU pool with
large-scale fading coefficients is given by

N
B = D aniy
=1
N K N
H H
= D> anviiZuhgxe D > anvi Zihyxi
=1 i=1,i#ki=1
N
H !
+ Za[kvlk Z[knlf
=1
K
= alldx; + Z all d;x; + all vl Z;n!,
i=1,ik
(19)
H
Vi Zichik
where d; = . e CNxl a =
VA Zihyk
[aik, - .., ank]F € CV¥L s the large-scale fading decoding

weight vector corresponding to the k—th user and received
N
noise n = Zalkvg Zlkn}‘l. The BBU pool computes weights

based on éﬁé received large-scale fading coefficients. The
value of the large-scale fading coefficients depends upon the
distance and shadowing. Hence, these will give the quality of
the received signal. Based on the quality of the received sig-
nal, it will assign the weights to each RRH with an estimated
signal of the k—th user. The RRH, which has a higher signal-
to-interference and noise ratio (SINR) to a user, is assigned
a large weight. This will reduce inter-user interference effec-
tively. The achievable SE [bit/s/Hz] of the k—th user is given
by [37] and [38]

SEly =~ log, (1+ 7). (20)
C

where % is the pre-log factor, Tlﬁ is the effective SINR of
k—th user in the uplink and is given by with large-scale fading
coefficients, the equation in (21), as shown at the bottom of
the next page, can be modified as given in equation (22), as
shown at the bottom of the next page.

From equation (22), we need to select the value of
the large-scale fading decoding weight vector such that it
needs to maximize the SINR of the user. It is obtained as
equation (23), as shown at the bottom of the next page.

And the corresponding maximized achievable SE of the
k-th user is given by

T
SEf = = xlogy (1 +pc E(de)ar). 24

c
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The achievable SE expression given in (24) can be valid
for any fading scheme, combining scheme, or channel esti-
mation scheme [37], [38]. Every choice of fading scheme
and combining scheme will only affect the parameters d;,
di, and E {[[v¢ Zx |*}. In the subsequent sections, we present
the uplink SE analysis of the two-layer decoding scheme and
computed the Tfl for MR combining scheme by using the
PA-MMSE and phase unaware Linear-MMSE estimators.

A. UPLINK SE ANALYSIS USING PHASE UNAWARE
LINEAR-MMSE ESTIMATOR

The uplink achievable SE of the proposed HC-RAN using
Linear-MMSE estimator without having the phase informa-
tion is given by the equation in (20). From (22), by substi-
tuting all the expectations values derived in Appendix. B, the
SINR in Rayleigh coefficient form [37] can be expressed as

Hp wH
kL pray biby  ag 25)
ul — i — ’

a]-] Ful,Lmear MMSEak
Lk
where the expression for the Fk“LLmear*MMSE is given by

The maximized achievable SE can be expressed as
T ear— -1
SEf = T— log, (1 + pibf! (Fk“I*Ll"e“f MMSE) bk) . 27)

B. UPLINK SE ANALYSIS USING PA-MMSE ESTIMATOR
The uplink achievable SE of the proposed HC-RAN by
using the PA-MMSE estimator is given by (20). From equa-
tion (22), by substituting all the expectations values given in
Appendix. C, the resulting SINR can be expressed as

i |tr (ZyDy) >
ul, PA—-MMSE
Fk

Ful,PA—MMSE
k

Tk = (28)
where, the expression for is given by equation
in (29), as shown at Ehe bottor_n of the page, Dy = pr1,Q2% +
Ly, and Ly = diag (A3, ..., h%,).

k Pk akH bkka a

k = : (30)
akH I—.kul,PA MMSEak

The maximum value of the achievable SE can be obtained
-1
by selecting the weight vector a; = (I’kul’PA_MMSE by.

Hence the uplink achievable SE can be expressed as

equation in (26), as shown at the bottom of the page, and X Ty H { ~ul.PA—MMSE\ !
SEf =~ logy ( 1+ pebf! (1" ) ). 6
by = prrtr (Zi ). w = 0% | LD (T k) GD
‘ pi|E {affdi} [
Th=—— . 1)
2 2 2
> >pi{[af ] pi [ faf ac) [ + o3 {af zive )
leByi=1
‘ pe |af'E (de)[?
Th=—— . (22)
! (Z‘iPiE {1dil*} — pr [E{di}|* + o 3E {||Vka||2}) ay
=
K -1
g = (§ piE {12} = pi B (a) E (@) + +o2E {Inzil?])  Ede). 23)
i=1
) K
rphneSE oS e (ZERZey ) + pibepie® Y. (tr (ZERFAGRUZE) + 2 (2 A LR 2y )
P =Se\(k)
+ [ir (2R AR =t (Zf (RALR}) Z) ) = piebif! + puroror (24 42 ) (26)
K
IPPPATMMSE =S e (Zf Ry + L) DiZi) + . pibibiey I 2R AR — prte (21721 )
i=1 =S \{k}
+odtr (zgnkzk) (29)
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TABLE 2. Simulation parameters.

parameter value
Number of RRHs, N 100
Number of users, K 50
Bandwidth 20MHz
Maximum uplink transmit power, p; 100mW
Number of samples per coherence block, 7. 200
Receiver noise power, ai ! -94 dBm
Decorrelation distance d . 0.1Km
Standard deviation of log-normal shadowing ogf 8

VI. RESULTS AND DISCUSSION

In this section, we evaluate the performance of the proposed
system with a two-layer decoding scheme in uplink over
Rician fading channels with phase information. We assumed
that phase information is known at each RRH, and they
are synchronized. The phase noise due to impairments is
neglected in the analysis. In [19] and [35] the authors eval-
uated system performance by considering the Rician fading
channel without taking phase shifts into account. In this work,
we considered the network with N single-antenna RRHs and
K single-antenna users, which are distributed over a square
kilometer. The simulation parameters used in this work are
presented in Table. 2.

We used the COST-231 Walfisch-Ikegami model for LoS
urban microcell to model the path loss (Pp,ss) and shadowed
fading. The main reason for selecting this model is it will suit
well for taking the urban environment effects into account
and applications like smart city and industrial IoT. The Rician
k —factor is obtained by using the expression k = 13 —0.03d
in dB, where d(in meters) is the distance between the RRH
and the user. The correlated shadow fading (sf) coefficient is
obtained by using the model sf = /ea; + /1 — &by [41].
Here, ¢ indicates the shadow fading parameter satisfying
0 < ¢ < 1,and a;,by ~ N (0,1) are the independent
random variables which will model the shadow fading effect
at the RRH and user respectively. For any arbitrary RRH
and user, the co-variance function %f a; and by is given by

E{aja,} = ZW[: and E {b;b} = 271{(, where dj, represents
the distance between /—th RRH and n—th RRH and dg
denotes the decorrelation distance. The fading coefficients
hy, for LoS and N-LoS paths can be obtained as gy =

plk

Klk — lk 1 .
v Ploss ( T ) and B = \/}Z ( 1 +sz)‘ In this work,

7, = 5 samples are reserved for estimating CSI, and we use
7, = 195 samples and t; = 195 samples while analyzing the
uplink and downlink performance respectively.

A. UPLINK PERFORMANCE

In uplink transmission, every user in the network trans-
mits with maximum power. In order to reduce the effect
of pilot contamination, we proposed a two-layer decoding
scheme, and its performance is compared with the traditional
single-layer decoding scheme. The proposed user-centric
HC-RAN utilizes the distributed cooperation approach where
some of the BBU pool functionalities are shifted to the RRHs,
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FIGURE 4. Average uplink sum SE with different values of N for
uncorrelated Rician fading.

like decoding and encoding of data in uplink and downlink
operation [25]. Based on the received signals, each RRH
will perform MR combining in the first layer to decode the
data corresponding to the desired k—th user. After that, the
combining signals from all the RRHs are sent to the BBU
pool for the final decoding of the data corresponding to the
k—th user. In the second layer, the BBU pool computes the
large-scale fading coefficients corresponding to each RRH
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and assigns the weights to maximize the SINR of the desired
user. In single-layer decoding, all the weights corresponding
to each serving RRH are set to one. Here, Fig. 3 and Fig. 4
show the variation of the average achievable SE per user as
a function of the number of RRHs for both the estimators
over the Rician fading channel for correlated and uncorrelated
scenarios. The average is taken over random user locations
and the shadow fading realizations. The analytical results are
validated by the simulation results.
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Fig. 5 represents the achievable SE per user for both esti-
mators with single and two-layer decoding schemes. From
Fig. 3 and Fig. 4, it is observed that an accompanying
two-layer decoding scheme in uplink can reduce inter-user
interference and improve the system performance compared
to single-layer decoding. Since the BBU pool assigns the
weights based on the received signals from all RRHs in
the second layer. These weights are computed based on the
large-scale fading decoding coefficient of each RRH and user
pair. Fig. 6 and Fig. 7 show the variation of the achievable
SE per user with different lengths of pilot sequence and
traffic loads. Fig. 6 shows that the system performance loss
between two estimators depends on the phase information and
degree of pilot contamination. The degree of pilot contami-
nation decreases as the length of the pilot sequence increases.
In addition, the performance of the PA-MMSE estimator with
increased pilot length is reduced a bit since the reduction in
the pre-log factor is more than the improved SINR. From
Fig. 7, it is observed that the system performance decreases
with the increase in traffic load. Increasing the pilot sequence
length will compensate for this when prior phase informa-
tion is unavailable. Hence, there should be a good trade-off
between choosing the appropriate length of the pilot sequence
and having phase knowledge of the LoS components for
improving the system’s performance.

VII. CONCLUSION

In this work, we analyzed the performance of the scalable
user-centric HC-RAN over a Rician fading channel with
phase information. The results show that the proposed sys-
tem is more suitable for ultra-dense network scenarios and
applications like IIoT and smart homes where an LoS path
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exists between the RRH and users. The phase of the LoS
component is modeled as a uniformly distributed random
variable to consider the phase variations due to mobility and
phase noise. We derived the closed-form expressions for the
achievable SE per user using the PA-MMSE estimator and
phase unaware Linear-MMSE estimator to know the impor-
tance of having phase information. We evaluated the perfor-
mance of the proposed system for both estimators. Based on
the obtained results, it is observed that the effect of inter-user
interference can be reduced effectively by using a two-layer
decoding scheme. The performance of the Linear-MMSE
estimator deviates from the PA-MMSE estimator due to the
lack of phase knowledge. This loss will be compensated by
increasing the pilot sequence length since it reduces pilot
contamination. Hence, the performance of the Linear-MMSE
estimator depends on the length of the pilot sequence. There-
fore, we must select an appropriate pilot length or have phase
knowledge to compensate for the performance loss in high
mobility regions and hardware impairment scenarios.

APPENDIX A

LINEAR-MMSE DERIVATION

The channel estimate lek is obtained based on the received
signal (4), in which Ay is the desired parameter. From [38],
the expression for the Linear-MMSE estimator is given as

E {hlk (y;,k)H]
= {bf]

By using equations (1) and (4), the expectations can be

H
obtained as E [hlk (yg‘) ] = Jprt (B +23). and

2
E < ‘y;,k‘ } = > pihut® (Bi+&7) + tol.
(1L)eSk

The estimation error can be expressed as A has zero mean
and a variance cj,. By using standard estimation theory, ¢},

can be expressed as
H
']E [th (yf,k) }

2
|4/

By substituting the expectation values, cj, can be expressed
as

hi =

(yj,k) : (32)

2

e = E{ I} - (33)

—1
ik =B — B (i) Bi: (34)
where 8, = Bi + g,zk.
APPENDIX B
PHASE UNAWARE LINEAR-MMSE DERIVATION
The expectations of the SINR for Linear-MMSE using MR

combining can be obtained as follows. In this analysis,
we considered the single antenna RRHs. The term E {vf hk}
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can be calculated as [18], [37], and [38]

N
E {vfhk} - ZE{vf,ﬂhlk}
=1
E {V{Zhlk} =E {ilzf;f (illk + illk)}
=E {],’\l%i’\llk + il%illk}
-1
= VPktBy (M) B (35)

where estimate and the estimation error both are independent
random variable with zero mean. For all the RRHs, E {vf hk}
can be expressed as

E {vfhk} — JprTtr () (36)

where Q = B, ()»Ek)71 B, The first term can be computed
as

E {V]i[Zkhk} =tr (ZkE {Vlljhk})
= /prtr (Ziu) - (37

The second term can be computed as

E{1Zevi P} = o (E {1 Zevel?})
= it (Zeu ). (38)

The final term can be computed as
1)

2
] :tr(|Zk|2E va’hi

By considering the effect of all possible RRH and user com-
binations, it can be calculated as follows

-5 )

Forl #nandi ¢ Sk,

E [(Hh) (nghm)] _E [ (vghl,.)”] £ [ (v)}

E“Zkvfhi

EHthi

since the channels are independent with zero mean values.
Forl =nandi ¢ S,
2 ]

e { ()" ()| = 2 i
- EHE}Z (izﬁ + izh») 2]

using channel independence, it can be calculated as

a2 _ _
Bl | = po (6507 0307 () 64) ' ana

~rr e |2 _ H
]E“h;;hl,- ]: Pt (B3 () ™' ¢ Fimalty, E{ (v

(i) } = pici (1) () ™
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Forl # nandi € S,

E [ (i) " (nghm.)] _E { (V;,gh,,.)*’] B {(vfin))

where
| ()" | = 2| (4 (1))
{ illz+hlkh1,}

t

{ (i (i)™ 7)

< (vmi ) )"

vt (40 e | () ()"
= Jppi (Bi) (%)~ (B)
I (B) ()™ (8-

I
& H

and E { (vZ( hn,)}
Finally,

E [(V%hh) ( nkhm)] = DPkDiT ( ﬂlk) (Mk)il (/31/:)
X (B) ()~ (B)) -

For! = nandi € S, the term E {(v%hl,-)H (vffkhm')} can
be calculated as

| ()" (i) | = 2t

_E [
this can be expressed as
~ 2 1
E “hghh) ] =E “(x/P_kﬁz/k (M) Yék) hyj

“ K

-2

i
= Dk (ﬂzk ()~

|
= pepie® (B)” (hi)
x ((B0? + 280l + Bi7)

} = pi’E {|h1i|4} n IE[

+E Z PqThighii

(L.geSi\{i}
=pit’ ((,311')2 + 2,311'7112,-) + Bk
and E {|hil*} = E {Ign exp () + gu|*} = 285 +4Buhi; +

K. By combining all the equations, E {‘Zkka hiyz
expressed as

2

[

“|
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where

2
E H ‘Y,l,khli

(n @glk) hy;

2

)

can be

— pettr (Zf R,Z; Qk)

tr (ZER? Ak Zy) +
2tr (Z8 Qi AkLiRZy ) +

+pipit® | e (Zie R AR | — (39)
tr (ZH R AR Zy) i€ S
0 i ¢ Sg.
APPENDIX C

PA-MMSE DERIVATION

The expectations of SINR expression for PA-MMSE channel
estimator with known phase information can be obtained as
follows. The term E {vfh;} can be calculated as [18], [37],
and [38]

E {v,i’hk} - iE {vghlk} .
=1

For single antenna RRHs, these will become scalars and it can
be expressed as

E {Vﬁhlk} = iE {V{Zhlk}
=1
—F { (}Al;(A—MMSE)H (il};(A—MMSE) ]
= prtBiry + R (40)

The first term can be calculated as

E {Zkkahk} — (Zk]E {kahk})
= tr (PkTAR Q2 + ArLy) . 41

The second term can be obtained as

E{1Zevel?} = o (1242 E {Ivel?})

—tr (pkrAk UAY 1 A LAY ) (42
The final term

ot ]

can be computed by considering all the possible RRH and
user combinations. It is as follows

11«:[ ,2} ZzalkalkEl(vlkhh) (’ihn)]

I=1n=1
For! # nandi ¢ Sk,

E [(h) (V;Ikhm-)] - [(h)] £ {(vtihn)]

since channels are independent with zero means.
Forl =nandi ¢ S,

Ei(vf,{hzi)H (v{;;hm)} - ]E[ vﬁhli(zl

= (Pkfﬁlzkkl;l + f_zlzk) (,311 + f_z,z,) )
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E [(v;ghl,.)’f (h)]
(GO B (CT0)
((hPA MMSE) hPA MMSE)
|

( hPA MMSE) h}zx MMSE)],
where

H
7PA—MMSE 7PA—MMSE
E ((hlk ) AP )

. H
=E [ (g’lkelelk + /PreBuchy! (yfak - ?j)k))
x (@ne” + ypipirg' (o —5%))]
PipkTBuBiiky

similarly

X . "
E ((hEQ—MMSE) hﬁ?—MMSE) N

finally,
E I (V{Zhli)H (Vzlkhni) } = pipk T B Biny Bar Buik -
Forl #n,i=k,andi € S,
| ()" (i) | =] ()" | { (o))
(bl + i)
X (pkrﬁr%k)‘;kl + il%k)
Forl =n,i=k,andi € S,
E [(v,f,{h,i)H (kah)] - E“vf,{hlk(z]

_ E“hPA MMSE‘4]

+E HhPA MMSEhPA MMSE‘Z]’

where

“ hPA MMSEhPA MMSE‘Z
= (Pkfﬁi)»ﬁcl + Blzk) Clk-
’ } =E H(ézke"@’k + J;Tkrﬁlkxl;‘/zwﬂ)
« (et + s
= 22T Bt + Akt By By + b

and let us assume w ~ N¢ (0, 1).

s
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Forl =n,and i € S,

E [(v{;h,l-)H (vnHkhm-)] —E “v{zhli 2]

- F “hPA MMSEhPA MMSE)Z]

+E“hPA MMSEhPA MMSE‘ ]

where
”hPA MMSEhP_A—MMSE‘z] _ ”hPA MMSEH
«E [ ‘hPA MMSE‘Z]

= (Pkfﬁi)»il + f_llzk) cli

2
“ hPA MMSEhPA MMSE‘ ]

- -1/2
=K {)(glke S 4 NPkt / WH)
. —1/2.\|?
X (glielgh + \/lTiTﬁli)»lk / W)‘
= 2pupit B Biihy” +pkrﬂ§cx,;lh%,~
+pitBihy By + R,
Finally, combining all the expressions, it results in
2
=l
_ H
= pttr (Zk R,stzk)
tpprte (Zf QkaLl)

Tt (ZkH R,ZkLl) i (ZkH LkL,Zk)

pipit? [tr (ZER ARy |2 ieS;

Pt |r (Zie )12 + tr (Zy Ly ) “3)
+2prttr (Zy 2) tr (Zi L) i=k

0 otherwise.
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