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ABSTRACT In this paper, we investigate the spectral efficiency (SE) of amulticell downlink (DL) distributed
massive MIMO (DM-MIMO) system with pilot contamination operating over Rician fading channels in
which each remote access unit (RAU) is equipped with a large number of distributed massive antenna
arrays, while each user has a single antenna. In contrast to many previous works about DM-MIMO systems,
the channel between users and the RAUs antennas in the same cell is modeled to be Rician fading, which
is general for the 5G scenarios like Internet of Things. We explore maximum-ratio transmission (MRT)
and line-of-sight (LOS) component-based equal-gain transmission (EGT) under imperfect channel state
information. The tractable, but accurate closed-form expressions for the lower bounds of the achievable rate
are derived for the MRT and the LOS component-based EGT over Rician fading channels in the DM-MIMO
systems. Based on the obtained closed-form expressions, various power scaling laws concerning DL data
transmit power and pilot transmit power are analyzed in detail. Numerical results are used to corroborate that
these approximations are asymptotically tight, but accurate for systems. They also show that employing the
LOS component-based EGT processing is more preferable than theMRT processing for DM-MIMO systems
in conditions having a large number of RAU antennas and stronger LOS scenarios. Finally, the simulation
results further show that when the number of all antennas for RAUs is fixed, the better SE performance can
be obtained with more RAUs.

INDEX TERMS Distributed massive MIMO (DM-MIMO), Rician fading, line-of-sight (LOS) component,
power scaling law.

I. INTRODUCTION
Massive multiple-input multiple-output (MIMO) has emer-
ged as one of the most disruptive technologies for 5G
wireless networks with the potential of enhancing system
performance in terms of spectral efficiency (SE) and energy
efficiency (EE) significantly [1]–[8]. By deploying hundreds
of antennas at the base station (BS), uncorrelated noise,
fast fading and the intra-cell interference are eliminated in
the limit of infinite number of antennas [1]. Moreover, it’s
possible to use simple linear signal processing techniques
such as maximum-ratio transmission (MRT), equal-gain
transmission (EGT), zero-forcing (ZF) precoding in massive
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MIMO systems to achieve these advantages due to the fact
that random channel vectors between BS and users tend to
asymptotically orthogonal with a large number of antennas at
the BS [9], [10].

On a parallel avenue, the distributed antenna sys-
tems (DAS) has gained a great deal of attention in both
academic and industry because of its huge advantage in
improving SE and EE, in which multiple antennas at the BS
called remote antenna units (RAUs) are separately distributed
in cells and assumed to be connected to a baseband processing
unit (BPU) via low-delay and high-capacity backhaul links
such as fibre-optic cables to shorten the average access
distance between the transmitters and the users [11]–[14].
It has been shown that distributed MIMO systems are more
efficient in improving achievable rate, reducing transmit
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power and enhancing cell coverage than centralized MIMO
due to increased macro diversity gain and reduced average
access [15]–[18].

Thanks to the promising features of massive MIMO and
distributed MIMO, the combination of two concepts is an
attractive candidate because of remarkable capacity gain and
link reliability in addressing increasing requirements of 5G
wireless networks. Some researchers have investigated the
performance of distributed massive MIMO (DM-MIMO)
systems widely [19]–[24]. The authors in [19] analyzed that
the performance for a single-cell multi-user MIMO network
with circularly distributed BS antennas and single-antenna
users, and the achievable uplink (UL) rate under ZF detector
was obtained analytically in closed-form. In particular,
the optimal radius of the distributed antennas that maximizes
the average rate of the cell was found. In [20], the SE was
analytically investigated based on a novel comprehensive
channel model suitable for distributed MIMO systems,
where environmental and antenna physical parameters are
accounted for. In [21], the problem of maximizing the EE
for a downlink (DL) multicell massive DAS considering
pilot contamination (PC) was formulated under a realistic
power consumption model, an efficient tool by applying
random matrix theory was provided to find out optimums
of the number of RAUs antennas, the number of RAUs and
served users to maximize the system EE. Reference [22]
quantified the DL SE of multicell multi-user DM-MIMO
systems with both MRT and ZF precoding in the presence
of PC. The deterministic equivalence of the lower and upper
bound on user ergodic achievable DL rate was derived
accurately. The works in [23] focused on the beamforming
training (BT) scheme in multicell multi-user distributed
large-scale MIMO systems. It was revealed that the BT
scheme with ZF beamforming is more preferable when the
number of transmit antennas is small and/or the coherence
interval is relatively large. An new algorithm is investigated
in [24] by utilizing hierarchical decomposition technique
and iterative successive convex approximation in a fixed
single-cell network. This algorithm effectively reduced the
number of activated antennas on each RAU to improve the
system EE.

In previous literature of DM-MIMO systems, it is seen
that the small-scale fading channels with Rayleigh distributed
are assumed, so the line-of-sight (LOS) component is
ignored. However in next-generation wireless communica-
tion systems, the millimeter-wave band where the impact
of deterministic LOS path is dominant is expected to
exploit due to a tremendous spectrum. In such condition,
the Rician fading channel model where Rayleigh fading
channel is regarded as a special case is more suitable
for studying the system performance [25]–[30]. In [25],
[26], both single-cell and multicell massive MIMO UL
systems with maximum-ratio combining (MRC) and ZFwere
considered, authors analyzed the sum rate as well as trans-
mit power scaling law. Under Rician fading environment,
the achievable rates and the impact of the LOS component

in massive MIMO amplify-and-forward full-duplex relay
systems and mixed-ADC massive MIMO systems are inves-
tigated in [27], [28], respectively. The application of BT in
a multicell massive MIMO system over uncorrelated Rician
fading channels was presented in [29], the ranges for the
length of DL pilots was found to enable that the sum SE of the
scheme with BT is superior to that of the scheme without BT.
The works in [30] studied performance of multicell massive
MIMO systems when performing MRC detection and MRT
precoding under a more practical assumption of spatially
correlated Rician fading. It has been proved that the spatial
correlation is of great importance and the existence of an LOS
component improves the achievable SE in massive MIMO
systems. In the aforementioned literature, it is seen that very
few works is considered in DM-MIMO systems under the
scenario of Rician fading channel.

Due to the fact that the channel state information (CSI)
needs to be acquired by channel estimation which will be
a heavy overhead, a linear transmission only based on the
LOS component in Rician fading environment was proposed
in [31]–[33], while scattered component is omitted. In par-
ticular, reference [33] studied the LOS component-based
EGT (LOS-EGT) for multicell massive MIMO DL systems
in Rician fading channel under imperfect CSI. It is pointed
out that the LOS-EGT scheme compared to MRT can
performs better when the number of BS antennas and intercell
interference level are large. However, to the best of the
author’s knowledge, the system performance when taking
into account LOS-EGT in DL multicell DM-MIMO systems
has not yet been analyzed.

Different from most of the existing works, herein we
consider the DL of a multicell DM-MIMO system with
MRT and LOS-EGT precoding in Rician fading channel
under PC where minimum mean-square error (MMSE)
channel estimator is assumed. Furthermore, the achievable
rate and power scaling law with respect to DL data
transmit power and UL pilot transmit power are investigated.
The main contributions of this paper are summarized as
follows:
• The tractable but accurate closed-form lower-bound
expressions which contribute to system performance
analysis and establishing various power scaling prop-
erties are derived for the DL achievable rate of MRT
and LOS-EGT processing under Rician fading in
DM-MIMO systems, respectively. Furthermore, taking
into account the environment of Rician fading enables
the SE analysis of DM-MIMO systems in more practical
scenarios.

• It is revealed that withMRT processing and under Rician
fading in DM-MIMO systems, the DL data transmit
power and the pilot transmit power of each user can
be scaled down by N−p and N−q (0 ≤ p ≤ 1
and q ≥ 0), respectively, while the achievable rate
approaches infinity if 0 ≤ p < 1 and q > 0
and maintains an asymptotically unchanged user rate
otherwise when the number of RAUs antennas N grows
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unlimited. In addition, the effect of PC can be eliminated
for the case of q > 0 and N →∞.

• It is shown that with LOS-EGT precoding and under
Rician fading in DM-MIMO systems, the DL data
transmit power of each user can be scaled down by N−p

(0 ≤ p ≤ 1), while the achievable rate approaches
infinity if 0 ≤ p < 1 and maintains an asymptotically
unchanged user rate otherwise when the number of
RAUs antennas N grows unlimited. Since LOS-EGT
precoding does not involve channel estimation of the
fast fading component, the system performance is not
affected by PC. It is also revealed that, as the number
of RAUs antennas and the power of the LOS component
growwithout limit, all of the effects of interference from
other users and uncorrelated noise disappear and the DL
achievable rate will approach infinity.

• By numerical comparison with the MRT scheme, our
results indicate that the LOS component-based EGT
precoding scheme performs better for the case of
large number of RAUs antennas and Rician K -factor.
In addition, the numerical results also show that when
the number of all antennas for RAUs is constant,
the better SE performance can be obtained with more
RAUs in multicell DM-MIMO systems which achieve
a significant performance gain over the centralized
massive MIMO (CM-MIMO) systems.

The remainder of this paper is organized as follows.
Section II describes the DL DM-MIMO system model
in Rician fading channels, MMSE channel estimation,
and transmission that use MRT or LOS component-based
EGT precoding. In section III, we derive the achievable
rate lower bounds of these two precoding schemes and
provide asymptotic analysis with the power scaling laws.
Numerical results are presented in section IV, while Section V
summarizes the main results of paper. Appendix gives some
proofs.
Notation: We use boldface upper and lower case letters

to denote matrices and column vectors, respectively. The
superscripts (·)T and (·)H stand for transpose and conjugate-
transpose, respectively. IN and diag {a1, . . . , aN } stand for
N × N identity matrix and diagonal matrix with diagonal
elements {a1, . . . , aN }, respectively. The real parts, trace,
expectation, variance and covariance operators are denoted
by Re{·}, trace (·), E{·}, Var(·) and Cov {X ,Y } respectively.
The symbol ⊗ denotes the Kronecker products between
two matrices. Finally, we use z ∼ CN (0, 6) to denote a
circularly symmetric complex Gaussian vector z with zero
mean and covariance matrix 6.

II. SYSTEM MODEL
A. SYSTEM AND CHANNEL MODEL
Consider a multicell DM-MIMO system with L hexagonal
cells, where each cell consists of M RAUs equipped with
N antennas for each RAU and K randomly distributed
single-antenna users. We assume that N � K , which is

FIGURE 1. System model of multicell distributed massive MIMO.

necessary in achieving high SE in massive MIMO systems.
The M RAUs in the same cell are connected to a BPU,
where the main operations, including data and management
processing, are implemented. We consider the system works
in time-division duplex (TDD) mode so that the channel
reciprocity can be exploited. An example of a seven-RAUs
DM-MIMO system is shown in Fig. 1. We consider there
is one RAU in the circular cell center and six RAUs evenly
located on a smaller circle away from the cell center in each
cell. Let gilk ∈ CMN

=
[
gTi1lk , . . . , g

T
imlk , . . . , g

T
iMlk

]T denote
the UL channel vector from the kth users in the lth cell to all
of the RAUs in the ith cell, where gimlk ∈ CN represent the
channel vector between the mth RAU in the ith cell and the
kth user in the lth cell. The vector gilk can be expressed as

gilk = D1/2
ilk hilk (1)

where Dilk = diag
(
[βi1lk , . . . , βimlk , . . . , βiMlk ]T

)
⊗ IN,

hilk =
[
hTi1lk , . . . ,h

T
imlk , . . . ,h

T
iMlk

]T . The βimlk and himlk ∈
CN represent the large-scale fading coefficient and the fast
fading channel vector between the mth RAU in the ith cell
and the kth user in the lth cell, respectively. In essence, βimlk
models the geometric attenuation and shadow fading, which
is assumed to be constant over many coherence time intervals
and known a priori [2]. The fast fading channel vector in the
different cell is a collection of Rayleigh-distributed elements.
However, the fast fading channel vector between the users
and the RAUs in the same cell is modeled to consist of two
parts, namely a deterministic component corresponding to
the LOS path and a Rayleigh-distributed random component
which accounts for the scattered signals. This assumption
is reasonable, since the LOS components exist in channels
between the RAUs and the users in the own cell due to the
short range, but, because of the scatters and buildings block,
they do not exist any more in channels between the RAUs and
users in different cells. As discussed in [25], [26], [33], hilk
can be expressed as
[

�ik

�ik+1

]1/2
⊗INhiik+

[
1

�ik+1

]1/2
⊗INhw,iik , l= i

hw,ilk , l 6= i
(2)
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where �ik = diag (Kik1, . . . ,Kikm, . . . ,KikM ), and Kikm ≥ 0
is the Rician K -factor of the mth RAU, which represents
the power ratio of the LOS and fast fading components
for the kth user in the ith cell. The hw,ilk ∈ CMN

is the small-scale fading channel vector, whose elements
are independent and identically distributed (i.i.d.) complex
random variables with zero mean and unit variance. The
vector hiik represents the LOS component of hiik , where

hiik =
[
h
T
i1ik , . . . ,h

T
imik , . . . ,h

T
iMik

]T
. The vector himik is

governed by steering response of uniform linear array (ULA)
with a LOS direction of departure and can be expressed
as [33], [34][

1, . . . , e−j(n−1)
2πd
λ

sin(θikm), . . . , e−j(N−1)
2πd
λ

sin(θikm)
]T

(3)

where λ is the carrier wavelength, θikm is the departure angle
of the kth user in the ith cell formth RAU and d is the antenna
spacing. In general, the physical size of the antenna array can
be very small at high frequencies, so we set d = λ/2 and
θikm ∈ [−π, π] [34].

B. CHANNEL ESTIMATION
We assume that the multicell system is a TDD system
with channel reciprocity property. In practice, gilk is usually
estimated by utilizing pilot sequences at the BS. Since the
LOS component changes slowly, the BS can estimate the
LOS component very accurately with negligible signaling
overhead. As in [25], hiik and �ik are assumed to be known
at both the RAUs and the users. Therefore, the channel
estimation ĝw,ilk is given by [25]
[

�ik

�ik + 1

]1/2
⊗INgiik+

[
1

�ik+1

]1/2
⊗IN ĝw,iik , l= i

ĝw,ilk , l 6= i

(4)

where giik = D1/2
iik hiik and ĝw,ilk represents the estimate

of the random vector gw,ilk = D1/2
ilk hw,ilk . During UL pilot

transmission phase, all the user simultaneously transmit pilot
sequences with length τu and power pu. we assume that
the pilot sequences of users in the same cell are pairwisely
orthogonal, and the same set of pilot sequences is reused in
every different cell. In this case, the channel estimate from the
UL pilots is contaminated by the users from other cells using
the same pilot. Considering pilot contamination, the MMSE
estimate of gw,ilk can be written as [25], [35]

ĝw,ilk = DilkQ−1ik

(
L∑
l=1

gw,ilk +
1
√
τupu

zik

)
(5)

where Qik =
L∑
l=1

Dilk +
1
τupu

IMN , the entries of zik ∈

CMN are i.i.d. CN (0, 1) random variables and we define
ĥi,k , Q−1/2ik

(∑L
l=1 gw,ilk +

1
√
τupu

zik
)
which can be shown

to be distributed as ĥi,k =
[
ĥTik1, . . . , ĥ

T
ikm, . . . , ĥ

T
ikM

]T
∼

CN (0, IMN ). We can rewritten ĝw,ilk as

ĝw,ilk = diag
(
[λi1lk , . . . , λimlk , . . . , λiMlk ]T

)
⊗ IN

×

[
ĥTik1, . . . , ĥ

T
ikm, . . . , ĥ

T
ikM

]T
(6)

where λimlk = βimlk

(∑L
l=1 βimlk +

1
τupu

)−1/2
. λimlk rep-

resents the equivalent large scale fading which is assumed
that the realizations are perfectly known to the RAUs as
in [1], and ĥTikM represents the equivalent Rayleigh fading
part of the estimated channel. The equivalent channel model
in (6) will be used to simplify the theoretical analysis.
We can decompose the gw,ilk as gw,ilk = ĝw,ilk + g̃w,ilk ,
where g̃w,ilk ∼ CN

(
0,Dilk − D2

ilkQ
−1
ik

)
is the estimation

error vector which is statistically independent of ĝw,ilk
under the MMSE estimation. It also can be shown that the
estimated channel vector ĝw,ilk and ĝw,iik become correlated
random vectors with correlation matrix Cov

(
ĝw,iik , ĝw,ilk

)
=

DiikQ−1lk Dilk due to the effect of PC.

C. DOWNLINK TRANSMISSION
For DL data transmission, we assume that all theM RAUs in
each cell transmit data to K users. The DL received signal at
the kth user in the ith cell is given by

rik =
√
pd

L∑
l=1

M∑
m=1

gTlmikWlmslm + nik (7)

where pd is the transmit power, nik ∼ CN (0, 1) is the
noise term at the kth user in the ith cell, and slm ∈ CK

=

[slm1, · · · , slmK ]T is the transmit signal vector of mth RAU
for users in the lth cell with E {slm} = 0 and E

{
slmsHlm

}
= IK .

The Wlm = αlA∗lm is the precoding matrix of the mth RAU
in the lth cell, and αl normalizes the transmit power in the lth

cell so that E
{

M∑
m=1

tr
(
WlmWH

lm

)}
= 1.

As mentioned before, MRT precoding is simple linear
signal processing method and relatively easy to implement
and analyze. On the other hand, EGT precoding can be
implemented with low-complexity hardware. In particular,
the LOS-EGT scheme is only based on the LOS component
[33], [36]. Hence the channel estimation of the scattered
component is ignored, and overhead for acquiring CSI will
be significantly reduced. Therefore we are also interested
in LOS-EGT scheme. When the RAUs perform MRT
precoding, aMRTlmk = ĝlmlk and αl can be obtained as

αl =
1√

N
K∑
k=1

M∑
m=1

(
Klkmβlmlk+λ2lmlk

Klkm+1

) (8)

where almk denotes the kth column vector of Alm. For LOS
component-based EGT processing, the αl = 1/

√
MNK

and aLOS−EGTlmk = h̄lmlk , respectively. We adopt the same
assumption as in [3], [37] that the channel estimation is
available at the RAUs, and each user detects its desired
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signal based only on the statistical properties of the channel
E
{
aHimkgimik

}
. Therefore, the expression in (7) can be

rewritten and expanded as

rik = αi
√
pd

M∑
m=1

E
{
aHimkgimik

}
simk

+αi
√
pd

M∑
m=1

(
aHimkgimik − E

{
aHimkgimik

})
simk

+αi
√
pd

K∑
j=1,j6=k

M∑
m=1

aHimjgimiksimj

+

L∑
l=1,l 6=i

K∑
j=1

M∑
m=1

αi
√
pdaHlmjglmikslmj + nik (9)

where the first term is the desired signal, and other terms can
be treated as the effective noises. From (9), the lower bound
on achievable rate of the kth user in the ith cell can be given
by

Rik = log2 (1+ SINRik) (10)

where the signal-to-interference-plus-noise ratio (SINR) can
given by (11), as shown at the bottom of the page.

III. DOWNLINK RATE ANALYSIS
A. MRT UNDER RICIAN FADING
Theorem 1: When MRT precoding is employed in Rician

fading, the lower bound on the desired user’s achievable rate
in (10) is given in closed form as (12), as shown at the bottom
of the next page. where

11 =

[
αiN

M∑
m=1

(
λ2imik + βimikKikm

Kikm + 1

)]2
(13)

12 = α
2
l N

M∑
m=1

βlmik

(
λ2lmlj + βlmljKljm

)
(
Kljm + 1

) (14)

13 = α
2
l N

M∑
m=1

βlmik
(
λ2lmlk + βlmlkKlkm

)
(Klkm + 1)

+

[
αlN

M∑
m=1

(
1

Klkm + 1

)1/2

λlmlkλlmik

]2
(15)

14 = α
2
i N

M∑
m=1

βimik

(
λ2imij + λ

2
imijKikm + βimijKijm

)
(
Kijm + 1

)
(Kikm + 1)

+

[
M∑
m=1

αi1ikjm

√
βimikβimijKikmKijm
(Kikm + 1)

(
Kijm + 1

)]2 (16)

1ikjm =
sin
(Nπ

2

[
sin (θikm)− sin

(
θijm

)])
sin
(
π
2

[
sin (θikm)− sin

(
θijm

)]) (17)

Proof: Please refer to Appendix B.
We investigate the potential of power saving in the data

transmission phase of the system when the RAUs are
equipped with a massive antenna array. Without loss of
generality, we let pd and pu scale down proportionally by the
factor of Ed/N p(p ≥ 0) and Eu/N q(q ≥ 0), respectively, i.e
pd = Ed/N p and pu = Eu/N q, where transmit power Ed and
pilot power Eu are fixed regardless of N . In addition, we let
α′l = αl

√
N such that α′l is a constant. As N →∞, the power

scaling laws for the considered system are provided in the
following cases.

1) Case 1:Assume that the pilot power pu is a constant and
save the transmit power pd , i.e. q = 0, which corresponds
to the case where channel estimation accuracy remains
unchanged. The Corollary 1 and Corollary 2 in the following
that any choice of 0 ≤ p ≤ 1 is able to maintain system’s
target rate are provided.
Corollary 1: With pd = Ed/N p and Ed fixed, where

0 ≤ p < 1, the lower bound on the achievable rate limit of
DM-MIMO system is given by (18), as shown at the bottom
of the next page.
Corollary 2:With pd = Ed/N p and Ed fixed, where p = 1,

the lower bound on the achievable rate limit of DM-MIMO
system is given by (19), as shown at the bottom of the next
page.

It can be seen from Corollary 1 and Corollary 2 that,
as N → ∞, the effect of channel estimation error,
the intra-cell and inter-cell transmission interference from
the users that use different pilot sequences is eliminated
completely. In particular, the impact of uncorrelated received
noise also vanishes, and the correlated interference from
other cells due to the reuse of the same pilot sequences
becomes the only remaining factor for MRT precoding in
Corollary 1. It also implies that the transmit power of each
user can be scaled down to Ed/N p (0 ≤ p ≤ 1), and
pu is a constant while maintaining the same performance
for increasing N . we can also observe that for an unlimited
value of N , in spite of pd and pu not being scaled down, i.e.
p = q = 0, the ultimate rate converges to a constant which
is only related to PC. From Corollary 2, it is not difficult
to observe that the DL sum rate improves as the transmit
power pd increases. However, the DL sum rate becomes
saturation in the high signal-to-noise ratio (SNR) regime due
to the interference-limited at high SNR for the system in
signal transmission phase. Corollary 1 and Corollary 2 also
reveal that using the higher pilot power pu does not yield
the better DL sum rate performance due to increased pilot

SINRik =
pd
∣∣E {αigHiik ĝiik}∣∣2

pd
∑

(l,j)6=(i,k) E
{∣∣αlgHlik ĝllj∣∣2}+ pdVar {αigHiik ĝiik}+ 1

(11)
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interference from other cells at the same time. In addition,
it is worth pointing that the power scaling laws with imperfect
CSI depend on the value of the Rician K -factor. For a very
strong LOS scenario, i.e., Kikm → ∞, (i = 1, · · · ,L; k =
1, · · · ,N ;m = 1, · · · ,M ), where the channel estimation
becomes far more robust. The (19) converges to

RMRTik, Rician → log2

1+ Ed (α′i M∑
m=1

βimik

)2 (20)

2) Case 2: We also consider the potential for saving pilot
power pu, i.e. q > 0, which corresponds to the case where
channel estimation accuracy is decreased. The different
achievable rates are provided in the followingCorollary 3 and
Corollary 4 when 0 ≤ p ≤ 1.
Corollary 3: With pd = Ed/N p, pu = Eu/N q and Ed ,

Eu fixed, where p = 1, Kikm > 0, the lower bound on the
achievable rate limit of DM-MIMO system is given by

RMRTik, Rician → log2

1+ Ed

[
α′i

M∑
m=1

(
βimikKikm
Kikm + 1

)]2
(21)

Corollary 4: With pd = Ed/N p, pu = Eu/N q and Ed ,
Eu fixed, where 0 ≤ p < 1, the lower bound on the
achievable rate limit of DM-MIMO system tends to infinity,
i.e., RMRTik,Rician→∞.
Corollary 3 and Corollary 4 reveal that for any q > 0, all

the effect of transmission interference and channel estimation
error can be eliminated, which indicates that the effect

of PC vanishes. We can eliminate the effect of PC by
scaling down the UL pilot transmit power as the number
of RAUs antennas grows unlimited in multicell DM-MIMO
systems over Rician fading channels with MRT processing.
Furthermore, the Rician K -factor and large scale fading
coefficient become the only two factors that influence the
system performance in Corollary 3, and the achievable rate
of system tends to infinity even though the transmit power
is scaled down in Corollary 4. It also indicates that the
large-scale antenna array is beneficial to improving the
performance of systems. For a very strong LOS scenario,
i.e., Kikm → ∞, (i = 1, · · · ,L; k = 1, · · · ,N ;m =
1, · · · ,M ), the (21) also converges to (20).

B. LOS-EGT UNDER RICIAN FADING
Theorem 2: When the LOS component-based EGT pre-

coding is employed in Rician fading, the lower bound on the
desired user’s achievable rate in (10) is given in closed form
as (22), as shown at the bottom of the page.

Proof: Please refer to Appendix C.
Due to the fact that the channel estimation of the scattered

component is negligible, we only need to try to find the
potential for saving transmit power pd . Based on (22),
Corollary 5 and Corollary 6 state power scaling laws of
LOS-EGT precoding under Rician fading.
Corollary 5: With pd = Ed/N p, and Ed fixed, where

0 ≤ p < 1, when N grows unboundedly, lower bound on the
achievable rate limit of DM-MIMO system tends to infinity,
i.e., RLOS−EGTik,Rician →∞.

Rik = log2

(
1+

11∑
l=1,l 6=i

∑L
j=1,j6=k 12 +

∑L
l=1,l 6=i13 +

∑K
j=114 +

1
pd

)
(12)

RMRTik,Rician → log2

1+

[
α′i
∑M

m=1

(
λ2imik+βimikKikm

Kikm+1

)]2
∑L

l=1,16=i

[
α′l
∑M

m=1

(
1

Klkm+1

)1/2
λlmlkλlmik

]2
 (18)

RMRTik, Rician → log2

1+
Ed

[
α′i
∑M

m=1

(
λ2imik+βimikKikm

Kikm+1

)]2
Ed
∑L

l=1,16=i

[
α′l
∑M

m=1

(
1

Klkm+1

)1/2
λlmlkλlmik

]2
+ 1

 (19)

RLOS−EGTik,Rician → log2

1+

[
M∑
m=1

(
Kikmβimik
Kikm+1

)1/2]2
K
N

M∑
m=1

(
βimik
Kikm+1

)
+

1
N 2

K∑
j=1,j6=k

M∑
m=1

(
12
ikjm

βimikKikm
Kikm+1

)
+

K
N

L∑
l=1,l 6=i

M∑
m=1

βlmik +
MK
pdN

 (22)
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Corollary 6: With pd = Ed/N p, and Ed fixed, where
p = 1, when N grows unboundedly and Kikm > 0, lower
bound on the achievable rate limit of DM-MIMO system
converges to a constant as

RLOS-EGTik, Rician → log2

1+
Ed
MK

[
M∑
m=1

(
βimikKikm
Kikm + 1

) 1
2
]2

(23)

Corollary 5 shows that all the transmission interference
from the users and the impact of uncorrelated received noise
are negligible with LOS-EGT precoding when N → ∞,
and the achievable rate of system tends to infinity. Since
the channel estimation of the scattered component is not
involved for the LOS-EGT processing, we only use the
information of the LOS component as a channel estimation
without the need for sending UL pilot power. It reveals
that the LOS-EGT precoding is not impacted by PC, this
is the reason why the DL rate performance are the same
in Corollary 4 and Corollary 5. Comparing Corollary 2,
Corollary 3 and Corollary 6, we also find that the transmit
power can be scaled down by N−1 while guaranteeing an
asymptotically unchanged rate for Rician fading. For a very
strong LOS scenario, i.e., Kikm → ∞, (i = 1, · · · ,L; k =
1, · · · ,N ;m = 1, · · · ,M ), the (23) converges to

RLOS − EGT
ik, Rician → log2

1+ Ed
MK

(
M∑
m=1

√
βimik

)2 (24)

Corollary 7: When Kikm → ∞, (i = 1, · · · ,L; k =
1, · · · ,N ;m = 1, · · · ,M ), the lower bound on the
achievable rate limit of DM-MIMO system tends to (25), as
shown at the bottom of the next page.

This conclusion indicates that when the Rician K -factor
grows unboundedly, the lower bound on the DL achievable
rate will converge to a fixed value. If N grows without
limit, then the achievable rate in (22) will tend to infinity.
It reveals that the effects of all the transmission interference
and uncorrelated received noise disappear when the number
of RAUs antennas and Rician K -factor go to infinity.

Before finishing this section, it is pointed that the power
scaling laws for MRT and LOS-EGT precoding studied
in Section III are all under the case of not considering
the jamming attacks. However, robustness against jamming
attacks have been recognized as an important requirement
that future networks must fulfill in massive MIMO systems
[38]–[40]. The authors in [38] and [39] examined the secrecy
performance and optimal power allocation of a two-way
relaying network in the existence of a friendly jammer and an
adversary jammer respectively. Research on the framework
for protecting the UL transmission of a massive MIMO
system from a jamming attack have been proposed and
attracted strong interests recently [40]. But the issues of
jamming attack in the pilot phase on the DM-MIMO system
performance are beyond the scope of this paper and left for
our further works.

FIGURE 2. Effect of the number of each RAU antennas on the DL sum
spectral efficiency of DM-MIMO system and CM-MIMO system.

IV. NUMERICAL RESULT AND DISCUSSIONS
In this section, the analytical results in the previous section
are validated and evaluated by numerical simulations. In the
simulation, we define a seven-cell setup and a frequency reuse
factor of 1. We consider the seven-RAU DM-MIMO system
as shown in Fig. 1. There are K=10 users that are located
uniformly at random in each cell. The radius of each cell is
set to be Rc = 2000 meters. The length of UL transmit pilot
sequences is τu = K and there are T = 196 symbols in
each frame [2]. The large scale fading factor is generated as
βimlk = 1

/
dτimlk , where dimlk is the distance between the mth

RAU in the ith cell and the kth user in the lth cell, and τ = 2.5
is the path-loss exponent. For DM-MIMO system, the large
scale fading factor between the kth user and the RAUs with
minimum distance to the kth user in the ith cell is scaled with
M τ /2, while the average distances between the kth user and
other M − 1 RAUs in the ith cell and the average distances
between the kth user in the ith cell and the RAUs in other
cells can be only determined by the cell radius Rc, so all of
the large scale fading factors are chosen as given in [21]. For
convenience, we assume users with Rician fading have the
same Rician K -factor, denoted by K ′.

For the comparison of the sum rates obtained with MRT
and LOS-EGT precoding, we consider the DL sum SE (sum
rate in bits/s/Hz) in ith cell which is defined as

Ci = λp
K∑
k=1

Rik (26)

where λp is the pilot overhead associated with the DL rate
expressions. In particular, λp =

T−τu
T for MRT processing,

whereas λp = 1 for LOS-EGT processing.
In Fig. 2, we compare the DL sum spectral efficiencies per

cell of MRT and LOS-EGT precoding under Rician fading
in DM-MIMO systems, and MRT precoding under Rician
fading in CM-MIMO systems for pu = pd = 10dB.
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FIGURE 3. Effect of the number of each RAU antennas on the DL sum
spectral efficiency under power scaling laws.

Results are shown for three different Rician K -factor, which
are K ′ = 0dB, K ′ = 5dB and K ′ = 10dB, respectively.
Clearly, it can be observed that our derived analytical results
match well with simulation results in all cases. The DL sum
rates significantly increase with increasing K ′. As seen from
the figure, since the large path losses of the transmit signals
are avoided by introducing the RAUs, the achievable rate
of the DM-MIMO system is much larger than that of the
CM-MIMO system. It also shows that the rate performance
of LOS-EGT precoding is better than that of MRT precoding
with Rician fading channel in DM-MIMO system because
of the fact that the LOS-EGT precoding requires the least
amount of pilot overhead and is free from PC. Due to
the tightness between the simulation and the approximation
results, we will use the closed-form expressions for next
numerical simulation.

In Fig. 3, we validate the power scaling laws established
for MRT and LOS-EGT precoding with different Rician
K -factors, which are K ′ = −3dB and K ′ = 5dB.
In simulation, we set pd = Ed/N , pu = Eu/N and
Eu = Ed = 20dB for examining the power scaling laws
of MRT precoding and set pd = Ed/N for examining the
power scaling laws of LOS-EGT. As excepted, when K ′ =
−3dB, the DL sum rates gradually increase and converge
to constant values when the number of each RAU antennas
grows unlimited with MRT and LOS-EGT precoding. There
is a balance between the increase and decrease of the DL
sum rate brought by the increased N and scaled down the
power. Therefore, the DL sum rate performance is shown to

FIGURE 4. Effect of the Rician K -factor on the DL sum spectral efficiency.

saturate with a increased N . It can also be seen that the rate
performance of LOS-EGT precoding is better than that of
MRT. All observations conform to our analysis.

In Fig. 4 shows how the sum spectral efficiencies vary with
Rician K -factor when N = 50, N = 100, N = 200 and pu =
pd = 10dB. Clearly, the DL sum rates grow as the Rician
K -factor increases and tend to fixed values for the MRT and
LOS-EGT precoding schemes. It reveals that the addition of
Rician K -factor can improve the DL performance. It can be
also observed that the effect of large N is significant. The
DL sum rate grows infinitely for increasing Rician K -factor
with unlimited N for MRT precoding. In this figure, it is also
shown that for sufficiently large Rician K -factor, LOS-EGT
precoding has a better rate performance due to saving pilot
overhead. We notice that all the interference and noise are
negligible for very large Rician K -factor and N .

Fig. 5 plots the DL sum spectral efficiencies versus the
SNR for MRT and LOS-EGT precoding, respectively. For
this figure, we set N = 50, N = 200, and K ′ = 5dB.
The system of MRT shows performance advantage over the
system of LOS-EGT when SNR is small. However, as the
DL SNR increases gradually, the DL sum rate performance
of LOS-EGT precoding is better than that of MRT precoding
because of being free from PC. We also notice that the DL
sum rate performance is shown to saturate in the large SNR
regime due to the effect of interference. Therefore, it can
be concluded that the scheme of LOS-EGT precoding has
the better performance advantage in multicell DM-MIMO
systems over Rician fading channels.

RLOS-EGTik, Rician → log2

1+
N
(∑M

m=1
√
βimik

)2
1
N

∑K
j=1,j6=k

∑M
m=1

(
12
ikjmβimik

)
+ K

∑L
l=1,l 6=i

∑M
m=1 βlmik +

MK
pd

 (25)

131842 VOLUME 8, 2020



M. Wang et al.: Downlink Transmission of Multicell DM-MIMO

FIGURE 5. Effect of SNR on the DL sum spectral efficiency.

FIGURE 6. Effect of the Rician K -factor on the required transmit power to
achieve 1bit/s/Hz each user.

Fig. 6 illustrates the effect of the Rician K -factor to reduce
the transmit power under a fixed DL sum rate and the settings
of N = 50, N = 100, N = 200 and pu = pd = 10dB. From
Fig. 6, the observations show that to maintain the same DL
sum rate, the transmit power can be cut down as the increase
of the Rician K -factor, which implies the improvement effect
of the Rician K -factor on the DL sum spectral efficiencies
performance. It is also found that the required transmit power
decreases with the growth of the number of each RAU
antennas N , which reveals that the increased N can also
improve the DL sum rate. We can also see that the required
transmit power for the system of LOS-EGT precoding can
be cut down more than that of MRT precoding when Rician
K -factor is large in order to maintain the same DL sum rate
performance, and vice verse. Therefore, it can be concluded
that LOS-EGT precoding for a larger Rician K -factor could

FIGURE 7. Effect of SNR on the DL sum spectral efficiency when M = 3,
N = 140; M = 5, N = 84 and M = 7, N = 60.

provide a better performance under multicell DM-MIMO
systems over Rician channels.

Fig. 7 describes the DL sum spectral efficiencies versus the
SNR for MRT and LOS-EGT precoding and compares the
DL sum spectral efficiencies for different cases with various
numbers of RAUs and antennas for each RAU, whereM = 3,
N = 140; M = 5, N = 84 and M = 7, N = 60
under a fixed number of all antennas for RAUs in multicell
DM-MIMO system are considered, respectively. As can be
seen from fig. 7, when M = 7, N = 60, the system provides
the best DL sum rate performance which is because that
average access distance becomes shorter when the number of
RAUs increases. We notice that, with more RAUs, the better
SE performance can be obtained when the number of all
antennas for RAUs is fixed. It is also shown that the multicell
DM-MIMO system can benefits from the macro diversity
gain.

V. CONCLUSION
In this paper, we have investigated the achievable DL rate
of multicell DM-MIMO systems with PC in Rician fading
channels under imperfect CSI. Closed-form expressions of
the lower bound on the achievable DL rate were obtained
for the MRT and LOS component-based EGT precoding
schemes. The tightness of the obtained rate expressions were
rigorously confirmed by numerical results. Properties of the
DL rate are established and discussed in detail for different
power scaling laws for the MRT and LOS component-based
EGT precoding schemes. In particular, it was shown that all
of the power scaling laws which converge to constant values
are related to the Rician K -factor, when the user transmit
power is scaled down by a factor of 1/N for DM-MIMO
systems.We also found that with both very largeN and Rician
K -factor, the DL rate can grows infinite, which implies that
the effects of PC vanish for both of aforementioned precoding
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schemes. Simulation results also showed that, when the
number of RAUs antennas and the Rician K -factor are
large, the LOS component-based EGT processing performs
better than the MRT processing. Our results reveal that the
LOS component-based EGT scheme is very suitable for
multicell DM-MIMO systems over Rician fading channels in
environment having a strong LOS scenario. Numerical results
further showed that, the better SE performance gain can be
achieved with more RAUs when the number of all antennas
for RAUs is fixed.

APPENDIX A
USEFUL RESULTS
Lemma 1: Considering the vectors x ∼ CN (x,Rx) with

mean vector x ∈ CN and covariance matrix Rx ∈ CN×N , and
y ∼ CN

(
y,Ry

)
with mean vector y ∈ CN and covariance

matrix Ry ∈ CN×N . When x and y are independent vectors,
it holds that [30]

E
{∣∣∣xHy∣∣∣2} = tr

(
RyRx

)
+ xHRyx+ yHRxy+

∣∣∣xHy∣∣∣2
(27)

Lemma 2: Considering the vectors x ∼ CN (x,Rx) with
mean vector x ∈ CN and covariance matrix Rx ∈ CN×N , and
y ∼ CN

(
y,Ry

)
with mean vector y ∈ CN and covariance

matrix Ry ∈ CN×N . When x and y are correlated vectors,
it holds that [30]

E
{∣∣∣xHy∣∣∣2} = ∣∣∣∣tr [(RH

x

)1/2
R1/2
y

]∣∣∣∣2 + tr
(
RyRx

)
+ 2Re

{
tr
[(

RH
x

)1/2
R1/2
y

]
yHx

}
+ xHRyx+ yHRxy+

∣∣∣xHy∣∣∣2 (28)

APPENDIX B
PROOF OF THEOREM 1
We derive the closed-form expression of the lower bound rate
for MRT processing over Rician fading by calculating the
following three terms of expression (11),

A =
∣∣∣E {αigHiik ĝiik}∣∣∣2 (29)

B = V ar
{
αigHiik ĝiik

}
= α2i

{
E
{
ĝHiik ĝiik ĝ

H
iik ĝiik

}
+E

{
g̃Hiik ĝiik ĝ

H
iik g̃iik

}
−

∣∣∣E {ĝHiik ĝiik}∣∣∣2} (30)

C =
∑

(l,j)6=(i,k)

E
{∣∣∣αlgHlik ĝllj∣∣∣2}

=

L∑
l=1

K∑
j=1,j6=k

α2l {E
{
ĝHlik ĝlljĝ

H
lljĝlik

}
︸ ︷︷ ︸

a

+E
{
g̃Hlik ĝlljĝ

H
lljg̃lik

}
︸ ︷︷ ︸

b

}

+

L∑
l=1,l 6=i

α2l {E
{
ĝHlik ĝllk ĝ

H
llk ĝlik

}
︸ ︷︷ ︸

c

+E
{
g̃Hlik ĝllk ĝ

H
llk g̃lik

}
︸ ︷︷ ︸

d

}

(31)

The desired signal power in (11) can be calculated by

A =
∣∣∣E {αigHiik ĝiik}∣∣∣2 = ∣∣∣E {αiĝHiik ĝiik}∣∣∣2

= α2i N
2

[
M∑
m=1

(
λ2imik + βimikKikm

Kikm + 1

)]2
(32)

where A 1
= 11, and (32) is obtained because g̃iik is

statistically independent of ĝiik .
We can rewrite (11) as (33), as shown at the bottom of the

page. so we need to calculate the a, b, c, d four terms in (33)
and analyze them under two cases: Case 1: l = i; Case 2:
l 6= i.

For the term a, when l = i, ĝiij and ĝiik are independent,
we have

a
l=i
= E

{
ĝHiik ĝiijĝ

H
iijĝiik

}
= E

{∣∣∣ĝHiijĝiik ∣∣∣2} (34)

we let x = ĝiij, y = ĝiik and compute

tr
(
RyRx

)
= N

M∑
m=1

(
λ2imikλ

2
imij

(Kikm + 1)
(
Kijm + 1

)) (35)

xHRyx = N
M∑
m=1

λ2imikβimijKijm
(Kikm + 1)

(
Kijm + 1

) (36)

yHRxy = N
M∑
m=1

λ2imijβimikKikm

(Kikm + 1)
(
Kijm + 1

) (37)

∣∣∣xHy∣∣∣2 = [ M∑
m=1

1ikjm

√
βimikβimijKikmKijm
(Kikm + 1)

(
Kijm + 1

)]2 (38)

Substituting (35) to (38) into (27), the term (34) can be
calculated as (39), as shown at the bottom of the next page.

When l 6= i, ĝllj and ĝlik are independent, we have

a
l 6=i
= E

{
ĝHlik ĝlljĝ

H
lljĝlik

}
= E

{∣∣∣ĝHlljĝlik ∣∣∣2} (40)

we let x = ĝllj, y = ĝlik and compute

tr
(
RyRx

)
= N

M∑
m=1

λ2lmljλ
2
lmik(

Kljm + 1
) (41)

Rik = log2

(
1+

11∑L
l=1

∑K
j=1,j6=k α

2
l (a+ b)+

∑L
l=1 α

2
l (c+ d)−11 +

1
pd

)
(33)
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xHRyx = N
M∑
m=1

λ2lmikβlmljKljm(
Kljm + 1

) (42)

yHRxy =
∣∣∣xHy∣∣∣2 = 0 (43)

Substituting (41) to (43) into (27), the term (40) can be
calculated as

a
l 6=i
= N

M∑
m=1

λ2lmik

(
λ2lmlj + βlmljKljm

)
(
Kljm + 1

) (44)

For the term b, we use the same approach as computing the
term a. when l = i, we have

b
l=i
= E

{
g̃Hiik ĝiijĝ

H
iijg̃iik

}
= E

{
ĝHiijg̃iik

∣∣∣2}

= N
M∑
m=1

(
βimik − λ

2
imik

) (
λ2imij + βimijKijm

)
(
Kijm + 1

)
(Kikm + 1)

(45)

When l 6= i, we have

b
l 6=i
= E

{
g̃Hlik ĝlljĝ

H
lljg̃lik

}
= E

{∣∣∣ĝHlljg̃lik ∣∣∣2}

= N
M∑
m=1

(
βlmik − λ

2
lmik

) (
λ2lmlj + βlmljKljm

)
(
Kljm + 1

) (46)

For the term c, when l = i, we obtain

c
l=i
= E

{
ĝHiik ĝiik ĝ

H
iik ĝiik

}
= E

{∣∣∣ĝHiik ĝiik ∣∣∣2} (47)

we let x = y = ĝiik , and

x = y =
[

�ik

�ik + 1

]1/2
⊗ INgiik (48)

Rx = Ry =

(
1

�ik + 1

)
⊗ IND2

iikQ
−1
ik (49)

Substituting (48) and (49) into (28), the term (47) can be
calculated as

c
l=i
=

[
N

M∑
m=1

(
λ2imik

Kikm + 1

)]2
+ N

M∑
m=1

(
λ2imik

Kikm + 1

)2

+

[
N

M∑
m=1

(
βimikKikm
Kikm + 1

)]2
+ 2N

M∑
m=1

λ2imikβimikKikm
(Kikm + 1)2

+ 2N 2
M∑

m1=1

(
βim1ikKikm1

Kikm1 + 1

) M∑
m2=1

(
λ2im2ik

Kikm2 + 1

)
(50)

When l 6= i, ĝllk and ĝlik are correlated, we have

c
l 6=i
= E

{
ĝHlik ĝllk ĝ

H
llk ĝlik

}
= E

{∣∣∣ĝHllk ĝlik ∣∣∣2} (51)

we let x = ĝllk , y = ĝlik and calculate∣∣∣∣tr [(RH
x

) 1
2 R

1
2
y

]∣∣∣∣2 =
[
N

M∑
m=1

(
1

Klkm + 1

) 1
2

λlmlkλlmik

]2
(52)

tr
(
RyRx

)
= N

M∑
m=1

λ2lmikλ
2
lmlk

(Klkm + 1)
(53)

xHRyx = N
M∑
m=1

λ2lmikβlmlkKlkm
(Klkm + 1)

(54)

2Re
{
tr
[(

RH
x

) 1
2 R

1
2
y

]
yHx

}
= yHRxy =

∣∣∣xHy∣∣∣2 = 0 (55)

Substituting (52) to (55) into (28), the term (51) can be
calculated as

c
l 6=i
= N

M∑
m=1

λ2lmik

(
λ2lmlk + βlmlkKlkm

)
(Klkm + 1)

+

[
N

M∑
m=1

(
1

Klkm + 1

)1/2

λlmlkλlmik

]2
(56)

For the term d , we use the same approach as computing the
term a. when l = i, we have

d
l=i
= E

{
g̃Hiik ĝiiĝ

H
iik g̃iik

}
= E

{∣∣∣ĝHiik g̃iik ∣∣∣2}
= N

M∑
m=1

(
βimik − λ

2
imik

) (
λ2imik + βimikKikm

)
(Kikm + 1)2

(57)

When l 6= i, we have

d
l 6=i
= E

{
g̃Hlik ĝllk ĝ

H
llk g̃lik

}
= E

{∣∣∣ĝHllk g̃lik ∣∣∣2}
= N

M∑
m=1

(
βlmik − λ

2
lmik

) (
λ2lmlk + βlmlkKlkm

)
(Klkm + 1)

(58)

Substituting (39), (44)-(46), (50), (56)-(58) into (33),
we finally obtain (12).

APPENDIX C
PROOF OF THEOREM 2
For LOS-EGT precoding over Rician fading, we let

g′iik = D1/2
iik

[
�ik

�ik + 1

]1/2
⊗ INhiik (59)

g′w,iik = D1/2
iik

[
1

�ik + 1

]1/2
⊗ INhw,iik (60)

a
l=i
= N

M∑
m=1

(
λ2imikλ

2
imij + λ

2
imijβimikKikm + λ

2
imikβimijKijm

(Kikm + 1)
(
Kijm + 1

) )
+

[
M∑
m=1

1ikjm

√
βimikβimijKikmKijm
(Kikm + 1)

(
Kijm + 1

)]2 (39)

VOLUME 8, 2020 131845



M. Wang et al.: Downlink Transmission of Multicell DM-MIMO

We derive the closed-form expression of the lower bound
rate by calculating the (29)-(31) three terms as

A = pd
∣∣∣E {αigHiikaik}∣∣∣2 = pdN

MK

[
M∑
m=1

(
βimikKikm
Kikm + 1

) 1
2
]2
(61)

B = pdE
{∣∣∣αigHiikhiik − E

{
αigHiikhiik

}∣∣∣2}
= pdE

{∣∣∣αig′Hw,iikhiik ∣∣∣2} = pd
MK

M∑
m=1

(
βimik

Kikm + 1

)
(62)

C = C1 + C2 (63)

C1 = pdE


K∑

j=1,j6=k

∣∣∣αigHiikaij∣∣∣2


=
pd (K − 1)

MK

M∑
m=1

(
βimik

Kikm + 1

)

+
pd

MNK

K∑
j=1,j6=k

M∑
m=1

(
12
ikjm

βimikKikm
Kikm + 1

)
(64)

C2 = pdE


L∑

l=1,l 6=i

K∑
j=1

∣∣∣αlgHlikalj∣∣∣2
 = pd

M

L∑
l=1,l 6=i

M∑
m=1

βlmik

(65)

Substituting (61)-(65) into (11) yields (22).
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