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Pilot power allocation for Internet of Things (IoT) devices in massive multi-input multioutput heterogeneous wireless sensor
networks (MIMO-HWSN) is studied in this paper. The interference caused by fractional pilot reusing in adjacent cells had a
negative effect on the MIMO-HWSN system performance. Reasonable power allocation for users can effectively weaken the
interference. Motivated by the water-filling algorithm, we proposed a suboptimal pilot transmission power method to improve
the system capacity. Simulation results show that the proposed method can significantly improve the uplink capacity of the
system and explain the influence of different pilot transmission power on the performance of the system, but the complexity of
the system almost does not increase.

1. Introduction

Due to the continued development of 5G and the gradual
proliferation of 6G, the wireless data traffic is estimated to
reach the unprecedented quantity. Most of the future data-
intensive applications handling a massive number of con-
nected IoT will demand high data rates with low latency in
some scenarios (such as vehicle network, smart city, and
remote health) [1, 2]. MIMO, millimeter wave (mmWave),
nonorthogonal multiple access (NOMA), and heterogeneous
cellular network (HetNet) have been broadly investigated
from all aspects of academia, research, and industry at home
and abroad [3–9]. Massive MIMO technology configures a
large number of antennas for multiple base stations (BSs),
and the transmitted signals can be dynamically adjusted
horizontally and vertically, thus improving the performance
of wireless communication systems. The technology was
introduced by Bell Laboratories in 2010 [10–12]. Wireless
sensor networks (WSNs) play a very important role in tele-
medicine, electronic instruments, transportation, and many

other fields. WSN is equipped with abundant sensor nodes
(SN) which can sense the external environment and perform
communication and calculation and connect extensive wire-
less devices through the wireless systems [13–19]. HWSN
usually consists of low power consumption and a tiny village
network stack on the macrocell, though the space and spec-
trum reuse technology upgrades the capacity of the hot spots
of the overlay network [20–22]. In this paper, the massive
MIMO-HWSN system embodies some small-cell base
stations (SBSs) and macrocell base stations (MBSs).

In actual wireless communication systems, the number of
orthogonal pilots is often less than active users, so it is impos-
sible for each user to use the orthogonal pilots because of the
limited length of the coherence time. When several users in
the system use the same pilots, pilot contamination will result
in inaccurate channel estimation and the BS cannot obtain
accurate channel state information (CSI) [23–29]. In the
time-division duplex (TDD) massive MIMO-HWSN system
which employs pilots to conduct uplink channel estimation,
the pilot contamination seriously hinders the increasing
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trend of wireless communication system capacity and delays
the process of standardization and industrialization [30, 31].

In the current research, there are many means to mitigate
the pilot contamination. In terms of channel estimation,
some researchers designed new channel estimation methods
or improved the existing channel estimation algorithm
according to the characteristics of the system to reduce chan-
nel estimation errors and directly alleviate the pilot contam-
ination. In addition to the classical Minimum Mean Square
Error (MMSE) and Least Square (LS) channel estimation
[32], a variety of channel estimation methods that may
become the industry standard of massive MIMO systems
has also been proposed. Reference [33] proposes a channel
estimation method based on mutual cooperation between
base stations (BSs) in the system. This scheme uses additional
second-order statistical information of channels to distin-
guish users. Reference [34] proposes a blind channel estima-
tion method based on subspace projection without mutual
cooperation between cells. This blind channel estimation
scheme is combined with an appropriate power allocation
scheme which can effectively alleviate the pilot contamina-
tion in massive MIMO systems. Reference [35] gives a chan-
nel estimation method which has no special requirements on
the encoding and signal structure of the transmitting end.
The channel response vectors corresponding to different
users will be close to orthogonality when the number of BS
antennas is close to infinity. This scheme uses the feature of
the massive MIMO system to decompose the covariance
matrix of the received signal by eigenvalue decomposition,
so as to achieve the purpose of distinguishing users. Refer-
ences [31, 32, 36–39] gave a channel estimation scheme
combined with geographic location information. After the
channel estimation based on the uplink pilot sequence, the
scheme performs a postprocessing process based on the fast
Fourier transform on the steering vector at the BS. Hence,
the users with different angles of arrival (AOAs) can be effec-
tively distinguished.

For the pilot allocation, an allocation scheme based on
channel covariance matrix is proposed in [36, 37]. References
[38–40] proposed a partial pilot sequence (frequency) multi-
plexing scheme or soft multiplexing scheme. Reference [41]
modeled the pilot scheduling problem as an optimal permu-
tation and combination problem and obtained the corre-
sponding low-complexity approximate solution. Reference
[42] uses the unique sparse characteristics of broadband
system channels in the time domain to distinguish between
target users and interfering users and designs a pilot sequence
allocation scheme that can randomize pilot pollution in
multiple consecutive uplink frames. For mitigating the inter-
ference between cells and increase the system capacity in
[43], a pilot allocation scheme with cell sectorization is given
which ensures that the pilot sequence used in each sector and
adjacent cells are orthogonal. Reference [44] grouped cell
edge users based on channel AOA information, thus effec-
tively mitigating the adverse effects of interfering users on
target users. In [45], the Rice fading channel model is
adopted, and the pilot sequence is allocated according to
the line-of-sight interference between different users. In
[46], a problem is formulated to jointly optimize the number

of BS antennas, power allocation and guide neck sequence
allocation are constructed, and a step-by-step solution is
proposed.

In this paper, a macrocell SN (MSN) uplink pilot transmit
power allocation scheme based on location-aware channel
estimation and a novel pilot allocation method is proposed
and obtains the effects of different power allocations on
improving massive MIMO-HWSN system performance.
Inspired by the main idea of power allocation in the water-
filling algorithm, that is to say, when MSN has better channel
gain, more transmit power will be allocated, we apply the
power allocation method according to the constraint condi-
tions and only implement this method for MSNs. In the
simulation, the results of pilot power average transmission
are compared, which shows that the proposed method can
effectively improve the performance of the system.

The remainder of this paper is organized as follows. The
massive MIMO-HWSN system and the channel model are
presented in Section II. A novel channel estimation method
is described in Section III. Section IV proposes a pilot power
allocation scheme. The simulation results under different
conditions are given in Section V. Finally, we summarize this
paper in Section VI.

1.1. Notations. The upper case and lower case boldface repre-
sent matrices and vectors, respectively. ðAÞT and ðAÞH
denote the transpose and conjugate transpose of A, respec-
tively.ℂ denotes the complex number. EfBg and TrðBÞ indi-
cate the statistical expectation and the trace of B for random
variables B.

2. System Model

We consider a heterogeneous multicell multiuser massive
MIMO system with C hexagonal macrocells. As shown in
Figure 1, there are P covered small cells in each macrocell.
At the coherent time, one single-antenna SSN is served in
each small cell and Km single-antenna MSNs in a macrocell.
The number of SSNs is far less than that of the MSNs in each
cell of this system. The MBS has M antennas in each cell,
where M > >Km, while the SBS has one antenna.

The time division duplex (TDD) model is applied in the
system to reduce the large overhead of training in the
MIMO-HWSN system, which is shown in Figure 2. The
response vectors of the uplink channel change with time
but remain unchanged in the coherent time.

At the uplink training, all MSNs and SSNs from their
own cells send the pilot signal to corresponding BSs.
ϕk = ½ϕk,1, ϕk,2 ⋯ , ϕk,τ� ∈ℂ1×τ is the pilot sequence of the
k-th MSN of a cell, k ∈ ½1, Km�, and EfϕkϕHk g = 1. τ is
denoted as the length of the pilot sequence. The pilot
sequences are orthogonal when k has different values,
i.e., ϕk1ϕ

H
k2
= 0, where k1 ≠ k2 and k1, k2 ∈ ½1, Km�. In the

MIMO-HWSN system, the k-th SSN reuses the pilot
sequences of the sk-th MSN in the same cell, which is
denoted as ϕsk ∈ fϕ1, ϕ2,⋯ϕKm

g, where sk ∈ f1, 2,⋯, Kmg
and k ∈ ½1, P�.
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We consider the narrow-band channel which is a com-
monly used channel model, which can be modeled as

hb,c,k =
1ffiffiffiffi
Q

p 〠
Q

q=1
v θb,c,k,q
� �

ωb,c,k,q, ð1Þ

where ωb,c,k,q stands for the large-scale fading parameter
of the i-th path, which contains the shadow fading and
path-loss; Q denotes the path of the k-th MSN in the c-th cell
to the b-th MBS; vðθÞ indicates the steering vector; and θb,c,k,q
denotes the AOA of the q-th path. The AOA is small and can
be assumed in ½θmin, θmax� generally. The steering vector is
given in this expression for uniformly spaced linear array as

v θð Þ =

1
e−j2π

D
λ
cos θð Þ

⋯

e−j2π
M−1ð ÞD

λ
cos θð Þ

2
666664

3
777775, ð2Þ

where λ denotes the wavelength, D indicates the antenna
spacing at MBS, and D ≤ λ/2. The received signal by the MBS
in the c-th cell can be denoted as

Yb = 〠
C

c=1
〠
Km

k=1

ffiffiffiffiffiffiffi
pc,k

p
hb,c,kϕk + 〠

C

c=1
〠
P

p=1

ffiffiffiffiffiffiffiffi
p′c,k

q
h′b,c,kϕsk +Nb,

ð3Þ

where Yb ∈ℂM×τ denotes the received signal matrix and
Nb ∈ℂM×τ indicates the additive white Gaussian noise
(AWGN) matrix; pc,km and p′c,ks are pilot transmitted power
of the km-th MSN and ks-th SSN in the c-th cell to the b-th
MBS, respectively; and hb,c,km = ½hb,c,km ,1 hb,c,km ,2 ⋯ hb,c,km ,M�

T

and hb,c,ks′ = ½hb,c,ks ,1′ hb,c,ks ,2′ ⋯ hb,c,ks ,M′ �T denote channels with

hb,c,km ,q and hb,c,ks ,q′ which denote the channel coefficient
between the km-th MSN and ks-th SSN in the c-th cell and
the b-th antenna of the b-th MBS, respectively. The orthogo-
nal pilot sequence is used for the LS channel estimation at the
MBS. That is, right multiplying Yb by ϕ

H
k can be written as

ĥb,b,k =
Ybξ

H
kffiffiffiffiffiffiffi

pb,k
p = hb,b,k + 〠

C

c=1,c≠b

ffiffiffiffiffiffiffi
pc,k
pb,k

s
hb,c,k

+ 〠
C

c=1
〠
si=k

ffiffiffiffiffiffiffi
p′c,i
pb,k

s
hb,c,i′ +Nb ′,

ð4Þ
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Figure 1: The MIMO-HWSN system model with C = 3 and P = 2.
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Figure 2: Coherent time model.
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where Nb ′ =Nbϕ
H
k /

ffiffiffiffiffiffiffi
pb,k

p
indicates the equivalent noise

matrix for channel estimation. Obviously, for the k-th MSN
in the b-th cell, the part containing the hb,c,i′ denotes the inter-
tier interference from the SSNs using the same pilot as the
MSN, while the part that contains hb,c,k is the intercell inter-
ference casued by MSNs in the adjacent cell.

The received signal by the i-th SBS in the b-th macrocell
is written as

yb,i′ = 〠
C

c=1
〠
Km

k=1

ffiffiffiffiffiffiffiffiffiffi
ξb,i,c,k

q
gb,i,c,kϕ

T
k + 〠

C

c=1
〠
P

k=1

ffiffiffiffiffiffiffiffiffiffi
ξb,i,c,k′

q
gb,i,c,k′ ϕTsk + γb,i,

ð5Þ

where ξb,i,c,km and ξb,i,c,ks
′ are pilot transmitted powers of

the km-th MSN and ks-th SSN, respectively; gb,i,c,k and gb,i,c,k′
are the channel coefficients linking the km-th MSN and ks
-th SSN of the c-th cell to the i-th SBS of the b-th macrocell,
respectively; and γb,i denotes the AWGN vector. Similarly, we

can get the channel estimation ĝb,i,b,i′ which can be denoted as

ĝb,i,b,i′ =
ϕHsi yb,i′ffiffiffiffiffiffiffiffiffiffi
ξb,i,b,i

p = gb,i,b,i′ +〠C

j=1
gb,i,c,siffiffiffiffiffiffiffiffiffiffi
ξb,i,b,i

p
|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

P1

+〠
sk=si ,k≠i

gb,i,b,k′ ffiffiffiffiffiffiffiffiffiffi
ξb,i,b,i

p
|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}

P2

+〠C

j=1,j≠l 〠sk=si

gb,i,c,k′ ffiffiffiffiffiffiffiffiffiffi
ξb,i,b,i

p
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

P3

+ ζb,i,

ð6Þ

where ζb,i = ϕHsi γb,i/
ffiffiffiffiffiffiffiffiffiffi
ξb,i,b,i

p
denotes the equivalent noise at

the channel estimate. Behind the second equal sign of (4), P1
is the intertier interference caused by the si-th MSN of each
macrocell. The sum of P2 and P3 denotes the intercell interfer-
ence which is caused by other SSNs with the same pilot. In this
formula, P2 is the intercell interference casued by the SSNs in
the samemacrocell, andP3 can be denoted as the intercell inter-
ference from SSNs in the adjacent macrocell.

Based on the analysis of the above equations, the funda-
mental cause of pilot contamination is that different MSNs
in the system reuse the same pilot sequence. The length of
the coherent time in a massive MIMO system is limited,
which is shown in Figure 2, and this character limits the
length of the pilot sequence. The limited length of pilot
sequences also means that the number of orthogonal pilot
sequences available in the system is limited. On the other
hand, the number of users is generally huge in a massive
MIMO system, so it is impossible for all users to allocate
mutually orthogonal pilot sequences. In this case, the phe-
nomenon of pilot multiplexing occurs. Moreover, the base
station in each cell will not only receive the uplink pilot
sequences sent by SNs in the cell but also receive the pilot
sequences sent by SNs in other cells. Furthermore, when
the channel estimation is conducted at the BS, SNs in other
cells using the same pilot sequence will be affected, resulting

in inaccurate channel estimation results. Specifically in this
system model, the k-th SN (k = 1, 2, 3,⋯, Km) in each cell
reuses the same pilots. The base station in the b-th cell simul-
taneously receives uplink pilot sequences from SNs in other
cells. So the channel estimation result obtained by the BS
based on the received pilot signal includes both the channel
response parameters of users in the b-th cell and the channel
response parameters from users in other cells.

We only consider the process of MSNs to its correspond-
ing MBSs in the stage of transmitting data. Actually, the
stages of SSNs are very similar to those of MSNs. The
received signal yb ∈ℂM×1 in b-th can be denoted as

yb =
ffiffiffiffiffiffi
pm

p 〠
C

c=1
〠
Km

k=1
hb,c,kxb,c,k +

ffiffiffiffi
ps

p 〠
C

c=1
〠
P

k=1
hb,c,k′ xb,c,k′ + εb, ð7Þ

where xb,c,km and xb,c,ks
′ denote the symbols transmitted by

the km-th MSN and ks-th SSN in the c-th cell to b-th MBS,

respectively; Efjxb,c,kj2g = Efjxb,c,k′ j2g = 1; and pm and ps are
the data transmit power which are assumed to be identical
for all MSNs and SSNs, respectively. εb ∈ℂM×1 denotes the
AWGN vector. The MBS demodulates the data according
to the channel estimation ĥl,l,k, which is obtained in the pre-
vious stage. In this stage, we consider the matched-filter (MF)
detector, and the detected signal from the k-th MSN to l-th
MBS in the j-th cell can be modeled as

x̂b,b,k =
h∧b,b,kð ÞHybffiffiffiffiffiffi

pm
p =〠C

c=1 〠
Km

k=1 h∧b,b,kð ÞHhb,c,kxb,c,k|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
S1

+
ffiffiffiffiffiffi
ps
pm

r
〠C

j=1 〠
P

k=1 h∧b,b,kð ÞHhb,c,k′ xb,c,k′

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
S2

+ h∧b,b,kð ÞHεbffiffiffiffiffiffi
pm

p
|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

S3

,

ð8Þ

where S1 can be expressed as

S1 = h∧b,b,kð ÞHhb,b,kxb,b,k +〠Km

k′≠k h∧b,b,kð ÞHhb,b,k′xb,b,k′|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
S1a

+〠C

c′≠c 〠
Km

k=1 h∧b,b,kð ÞHhb,c′,kxb,c′,k
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

S1b

,

ð9Þ

where S1a represents the interference from MSNs of the
same macrocell and S2a denotes the interference from MSNs
of the different macrocells. The SINR of the k-th MSN in the
b-th macrocell is computed by (10). A channel estimation
method will be introduced to get the more accurate ĥ.
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3. A Novel Location-Aware Channel
Estimation Method

ĥ can be rewritten as

ĥ = h + hI + n, ð11Þ

where hI denotes the sum of all interfering channels, h is the
profitable channel vector, and n is the AWGN vector. Actu-
ally, we regard (2) as a single frequency signal, and its
frequency is f a = ðD/λÞ cos ðθÞ when M⟶∞, and we
denote F as the N-point Fast Fourier Transform (FFT) of ĥ.
Then, the N-point DFT of aðθÞ can be written as

X kð Þ = 〠
M−1

m=1
a mð Þ exp −j

2π
N

km
� �

, ð12Þ

where aðmÞ = exp ð−j2πðmD/λÞ cos ðθÞÞ, which is the
m-th element of aðθÞ, and m ∈ ½0,M − 1�, k ∈ ½0,N − 1�,
max ½XðkÞ� =M, let klim = argmaxjXðkÞj, k ∈ ½0,N − 1�, klim
= bgNðθÞe, where bgNðθÞe represents the integer rounding
for gN , and it can be expressed as

gN θð Þ =
N −N

D
λ

cos θð Þ, θ ∈ 0, π2
h �

,

−N
D
λ

cos θð Þ, θ ∈
π

2 , π
h i

:

8>><
>>: ð13Þ

The large frequency domain values of F should be in
the region Jðkmin, kmaxÞ when XðkÞ approachs to the
maximal value M, which can be written as

J kmin, kmaxð Þ =
0, kmax½ � ∪ kmin,N½ �, θmin ∈ 0, π2

h i

θmax ∈
π

2 , π
h i

kmin, kmax½ �,   otherwise

8>>>><
>>>>:

ð14Þ

where kmin = bgNðθminÞe and kmax = bgNðθmaxÞe. The
values of F outside the interval Jðkmin, kmaxÞ are set to
zero, which is equivalent to canceling the signals outside
the interval ½θmin, θmax�, leading to the interference and
the effect of the noise reducing. Then, the Inverse Fast
Fourier Transform (IFFT) of F̂ can be expressed as

f̂ = f∧ 0ð Þ f∧ 1ð Þ⋯ f∧ N − 1ð Þ½ �T , ð15Þ

The estimation of the channel coefficient vector can
be written as

�h = f∧ 0ð Þf∧ 1ð Þ⋯ f∧ M − 1ð Þ½ �T : ð16Þ

4. Uplink Pilot Power Allocation Based on
Water-Filling Algorithm

First, we introduce a pilot assignment method based location
for massive MIMO-HWSN system. The novel channel esti-
mation at the MBSs shown in the previous section is utilized,
and some orthogonal pilot sequences could be reused by
SSNs so that the idea can support more users simultaneously
reducing the interference partly.

In Figure 3, we define dn,k,j as the Euclidean distance
between the j-th macrocell and the n-th interfering user.
zðθÞ = ½cos ðθÞ sin ðθÞ�T indicates the directional vector
with unit length. In the j-th macrocell, there is a function
to measure the interference at the MBS from the k-th
MSN to the n-th interfering user, which is written as

In,k,c =
zT θn,k,nð Þz θn,k,j

� �		 		
dγn,k,c

, ð17Þ

whereθn,k,j denotes theAOAof thek-thMSNin the j-thmacro-
cell at the n-thMBS, and we denote γ as the pathloss exponent.
Then, the interference to all MSNs can be expressed as

TMSN = 〠
C

b=1
〠
Km

k=1
〠
C

n=1,n≠l
In,k,c + 〠

C

l=1
〠
Km

k=1
〠
si=k

Ii,k,c, ð18Þ

where TMSN is the interference fromMSNs and the second
part of TMSN is the interference from SSNs.

The assignment not applicable to this scenario that the
SBSs with only one antenna. Thus, the interference at the
SBS is

I′n,k,c =
1

dγn,k,c
, ð19Þ

where I′n,k,j denotes the interference from the k-th SSN to
the n-th interfering user in the j-th macrocell. Similarly, the
interference to all SSNs can be written as

SINRc,k =
h∧b,b,kð ÞHhb,b,k

		 		2
∑Km

k′≠k h∧b,b,kð ÞHhb,b,k′
		 		2 +∑C

c′≠c∑
Km
k=1 h∧b,b,kð ÞHhb,c′ ,k

		 		2 + ps/pmð Þ∑C
c=1∑

P
k=1 h∧b,b,kð ÞHhb,c,k′		 		2 + h∧b,b,kð ÞHεb

		 		2/pm :

ð10Þ
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TSSN = 〠
C

b=1
〠
P

k=1
〠
C

n=1
I′n,k,c + 〠

C

b=1
〠
P

k=1
〠

si=sk ,i≠k
I′i,b,k: ð20Þ

The first part of TSSN is the interference from MSNs, and
the second part ofTSSN is the interference from SSNs. All inter-
ference in this system can be modeled as T = TMSN + TSSN.

The traditional optimal mode can find the optimal pilot
allocation method with the minimum T value by exhaus-
tively calculating various schemes, but for MIMO-HWSN,
this is impossible because its complexity is very high.

In this model, there is a hexagonal macrocell, which is
evenly divided into Km sectors, and there is only one MSN
in each sector. We determine the number of MSN Km sup-
ported by each macrocell, but we are not sure where the
MSN is located in each sector. Then, we introduce a pilot
allocation algorithm to get a suboptimal pilot allocation
scheme, which is divided into four steps:

(1) The same pilot will be assigned to the two sectors
which have the least interference between two sectors
in an adjacent macrocell

(2) In the central macrocell, we assign the pilots to each
SSN. Since different pilot allocation modes lead to
different interferences, the pilot allocation mode can
be determined after finding the minimize intertier
interference

(3) We assign the pilots to SSNs in each macrocell and
the remaining unallocated sectors through exhaustive
search, which depends on ensuring the minimize
interference metric I. When calculating interference
from MSNs, only the SSNs in the same macrocell
with the MSNs are considered

(4) Checking for the interference between SSNs and
assigning same pilots. A new pilot allocation method
is proposed to handle the serious interference

After the four-step pilot assignment algorithm, a subopti-
mal pilot allocation model with reasonable computational
complexity can be determined.

After determining the pilot allocation, the mode of allo-
cating the total pilot transmission power to the MSNs will
significantly affect the system capacity. The uplink capacity
of the k-th MSN is given by

Cc,k = E log2 1 + SINRc,kð Þ
 �
: ð21Þ

The uplink SINR j,k of the k-th MSN in j-th macrocell can
be obtained through (10). In order to achieve a larger average
achievable system capacity, the optimization problem can be
written as

max
Δf g

〠
C

c=1
〠
Km

k=1
SINRc,k,

s:t: 〠
C

c=1
〠
Km

k=1
pc,k = ptotal,

ð22Þ

where fΔg represents the optimal pilot power allocation
schemes. Since it is difficult to get a closed form solution to
the optimal problem, we consider proposing a suboptimal
power allocation method combined with the traditional
water-filling algorithm. The traditional water-filling algorithm
allocates the transmit power adaptively according to channel
conditions. In general, more power is allocated when the chan-
nel condition is good, and less power is allocated when the
channel condition is poor, so as to maximize the SINR and
transmission rate. Inspired by the water-filling algorithm, we
can propose a suboptimal pilot transmit power allocation
scheme on the basis of keeping the total power unchanged.

Figure 4 shows the distribution process of the water-filling
algorithm. The interference energy is expressed by the recipro-
cal of the Γ/SINRn, where Γ represents the difference of the
values of SINR. Obviously, the subchannel with a large SINR
has a small reciprocal Γ/SINRn in Figure 4 and, thus, can allo-
cate more energy. Otherwise, it can be allocated less energy.
The SINR is too small for channel 3, that is, Γ/SINR3 is too
large, so no energy is allocated to this subchannel.

The result of the “water-filling algorithm” shows that the
characteristic subchannel with a large channel gain is allo-
cated with larger power to make its capacity larger; on the
contrary, the characteristic subchannel with a small channel
gain is allocated with smaller power to maintain a certain
capacity to ensure that the characteristic subchannel with
good channel conditions can transmit more information.
When the conditions of a subchannel are poor to a certain
extent, the transmit power may not be allocated for that
channel. At this point, the subchannel does not send any
data. The water-filling algorithm makes full use of the good
channel conditions, discards the poor channels, and avoids
the system using most of the transmit power to make up
for the poor channel conditions.

Sufficient power is allocated for each WSN to guarantee
the successful transmission of pilot sequences. However,
when the allocated pilot transmission power is too large, it
will affect the system performance of other users, so this

n-th interfering
MSN k-th MSN

𝜃k, l

𝜃n, l

l-th macrocell

dn,l

Figure 3: Illustration of k-th MSN in l-th macrocell with respect to
n-th interfering MSN.
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condition pc,k ∈ ½pmin, pmax� should be satisfied. The values are
pmin = ptotal/2Km and pmax = 3ptotal/2Km.

We can set the number of all MSNs to U = L · Km, and
the pilot transmission power of MSNs can be written as
Pl = fp1, p2,⋯, pUg, where pi = 0, i ∈ 1, 2,⋯,U . Then, we
use the pilot to distribute the transmission power based on
the water-filling algorithm, which can be described as follows:

First, the lowest power pmin is assigned to MSNs; that is,
for all the elements pi = pmin, i ∈ 1, 2,⋯,U , the power not
allocated is

prest = ptotal −U · pmin: ð23Þ

Second, a set of numbers as T = ft1, t2,⋯, tUg is gener-
ated to satisfy both uniform distribution in ½pmin, pmax� and
the constraint

〠
U

u=1
tu = prest, ð24Þ

where t1 > t2 >⋯ > tU . Through the previous calcula-
tion, we can clearly obtain the channel gain of MSNs,
marked as Hl = fjh1j2, jh2j2,⋯, jhU j2g. The remaining
power is allocated to MSNs according to the order of chan-
nel gain. jhjj2 indicates the channel gain of j-th MSN, and
the order of values in Hl is j# . The pilot power of j-th
MSN can be given as

pj = pmin + t j# : ð25Þ

where t j# is the j#-th value of T .
We can improve the system capacity by the above

scheme, while satisfying the constraints in (22).

5. Simulation Result

The performance of our proposed scheme is evaluated via
simulations. We propose a multicell multiuser MIMO-
HWSN system with C = 7 macrocells, which is divided into
S = 12 sectors evenly. The number of MSNs is set as Km =
12, and P = 4 SSNs of the four reused partial orthogonal
pilots are randomly distributed. The radio of the macrocell
is set as 500m, the number of paths in the multipath chan-

nel is 50, and the path loss exponent is 3.5. It is assumed
that there are 12 orthogonal pilots and the angle spread is
10 degrees. The transmit power of SSNs is 0 dBm, and the
variance of shadow fading is 8 dB. The wavelength λ = 2D.
All of the parameters which are used in simulations are
listed in Table 1.

In the location-aware channel estimation, we set N =
8192 as the size of FFT. Figure 5 is the model of a massive
MIMO-HWSN system using pilot assignment based on
location information. In this figure, the red dots represent
the randomly distributed small cells, the red numbers indi-
cate the pilot reused by SSN in that small cell, and the
black numbers in each sector indicate the pilots to which
the sector is assigned. In the allocation process, we ensure
that the interference between MSNs using the same pilot
is always minimal. In this model, the pilots used by MSNs
in each sector of the central macrocell are randomly
assigned. The pilot allocation in the central macrocell will
affect the pilot types used by other SNs in the system. We
assume that the pilot settings in the central macrocell are
as shown in the figure.
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Figure 4: Water-filling algorithm of AWGN channel.

Table 1: Parameters of the simulation system.

Macrocell radius 500m

Number of orthogonal pilots 12

Path loss exponent 3.5

Number of paths per user Q 50

Angle spread 10 degrees

Variance of shadow fading 8 dB

Transmit power at SSNs 10mW

Antenna spacing D λ/2

M

M M

Figure 5: The model obtained after assigning the pilots.
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Figure 6: Average per SN uplink capacity versus antenna number of MBS.
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Figure 7: Average capacity versus the total pilot power of MSNs.
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In the simulation, we use the channel estimation which
is proposed in the previous section, and AOAs have Gauss-
ian and uniform distributions. We consider that AOAs have
uniform distribution when θ ∈ ½θ − θΔ, θ + θΔ�, where θ is
the line of sight AOA and θΔ = δθ/2. In another assumption
that AOAs are Gaussian random variables, the mean and
variance are θ and ðδθ/2Þ2, respectively, where δθ is the
angle spread.

The proposed pilot allocation mode can be evaluated
using the average uplink capacity of each user. In Figure 6,
the relationship between the average uplink capacity of each
MSN and the number of MBSs’ antennas in this scheme is
shown, and the total pilot power is 40mW. In the figure,
the “average allocation” scheme has poor performance. This
is because it equally distributes the pilot transmit power to
MSNs without any difference and does not take into account
that different MSNs are affected by pilot-related pollution to
different degrees. The “proposed allocation” scheme outper-
forms the “average allocation” scheme because it allocates
more pilot transmit power to MSNs with better channel
conditions. In two pilot power allocation modes, because
some useful paths are filtered out and AOA obeys Gaussian
distribution in an interval, so the Gaussian distribution of
the AOA average uplink capacity is lower than the uniform
distribution of AOA. With the increase of MBS antenna
number, each under two kinds of AOA distributionMSNwill
significantly improve the average uplink transmission capac-
ity. Different AOAs have higher resolutions, and pilot fre-
quency reuse caused by interference will be greatly reduced.

Figure 7 shows the relationship of the average uplink
capacity and the total pilot power of MSNs in two schemes,
that is, pilot power average and distinguishing allocation.
As the total transmitted power of the pilot increases, the
average uplink capacity increases significantly. Moreover,
regardless of the distribution of AOAs, with the increase of
total power, the average power distribution obtained by the
proposed power distribution scheme differs greatly from
the uplink average capacity. The larger the ptotal value, the
more transmitted power is allocated to the WeChat nodes
with better channel gain, which tends to have a fundamental
impact on system capacity.

6. Conclusion

In order to improve the uplink capacity of the MIMO-
HWSN system, a pilot transmission power scheme based
on the traditional water-filling algorithm is proposed.
Location-aware pilot allocation and channel estimation are
introduced to suppress interference. When the total pilot
transmitting power is fixed, based on the proposed pilot trans-
mitting power scheme, more transmitting power can be allo-
cated to a MSN with better channel gain, and the system
capacity can be improved. Simulation results show that this
method has the ability to significantly improve the uplink
capacity when considering the average power allocation.
These contributions will certainly improve the performance
of 6G systems and make the quality of service of users much
higher than 5G and bring some additional benefits.

Data Availability

The reader can contact us to get the paper data.
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