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Abstract: This  paper  presents  a  co-time  co-frequency  full-
duplex  (CCFD)  massive  multiple-input  multiple-output  (MIMO)
system  to  meet  high  spectrum  efficiency  requirements  for  be-
yond the fifth-generation (5G) and the forthcoming the sixth-gene-
ration (6G) networks. To achieve equilibrium of energy consump-
tion, system resource utilization, and overall  transmission capa-
city, an energy-efficient resource management strategy concern-
ing power allocation and antenna selection is  designed.  A con-
tinuous  quantum-inspired  termite  colony  optimization  (CQTCO)
algorithm  is  proposed  as  a  solution  to  the  resource  manage-
ment  considering  the  communication  reliability  while  promoting
energy  conservation  for  the  CCFD  massive  MIMO  system.  The
effectiveness of CQTCO compared with other algorithms is eva-
luated through simulations. The results reveal that the proposed
resource management scheme under CQTCO can obtain a supe-
rior performance in different communication scenarios, which can
be considered as an eco-friendly solution for promoting reliable
and efficient communication in future wireless networks.
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1. Introduction
With  the  growing  popularity  of  smart  devices  and  the
coming era of Internet of Everything (IoE), wireless com-
munication  is  becoming  a  strong  propulsion  for  social
transformation  in  present  days  [1].  To  confront  with  the
challenge of tremendous amount of data, the sixth-genera-
tion (6G) network is  expected to realize wider coverage,

ultra-high  speed,  and  more  stable  transmissions  in  the
near  future  [2−4].  However,  with  the  booming  develop-
ment  of  information  and  communications  technology
(ICT), the percentage of global carbon emission is rapidly
increasing  [5−7].  This  situation  will  escalate  with  the
completion  of  the  fifth-generation  (5G)  communication
system.  By  2026,  the  contamination  caused  by  wireless
communication  will  increase  by  150% [8 ].  Nowadays,
energy  efficiency  has  become  an  important  concern  that
should  not  be  neglected  while  improving  the  transmis-
sion  capacity.  The  awareness  of  energy  conservation
motivates  researchers  to  carry  out  numerous  studies  for
promoting green communication [7−9].

By exploiting large number of antennas, massive mul-
tiple-input  multiple-output  (MIMO)  can  achieve  higher
diversity  gain  and  simultaneously  serve  many  IoE
devices,  which  is  regarded  as  an  effective  solution  to
improve  the  system  spectral  efficiency  and  energy  effi-
ciency  [10−15].  This  promising  technique  has  brilliant
prospects  owing  to  its  simple,  coherent  processing  me-
thods,  and  good  economic  performance  [16].  However,
high energy cost is a critical challenge in massive MIMO
networks  due  to  the  dense  antennas  at  the  base  station
(BS)  [17].  Since  most  of  the  energy is  consumed by the
data  center  at  the  BS,  antenna  selection  is  an  effective
way to reduce the number of radio frequency chains and
energy  cost  [18−20].  By  traversing  all  antenna  subsets,
the antenna selection scheme with the best system perfor-
mance can be performed by the exhaustive search method.
However, the implementation cost is too high in massive
MIMO systems with large-scale antennas. For alternative
solutions,  a suboptimal selection strategy based on itera-
tive  swapping  was  investigated  in  [21].  The  authors  in
[22]  considered  a  successive  removal  strategy  by  elimi-
nating  antennas  with  less  influence  on  transmission
capacity according to the channel state information (CSI)
required  from  the  previous  user.  As  a  complementary
solution for improving the energy efficiency, power allo-
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cation can effectively eliminate the near-far effect due to
the differences of CSI among the users [23−25]. For most
power allocation strategies, the main mathematical tool is
based on the fractional programming optimization theory.
However, this powerful tool fails in the presence of multi-
user  interference,  which  is  difficult  to  extend  to  compli-
cated communication scenarios.

Massive  MIMO  technology  is  originally  investiga-
ted  in  a  time-division  duplex  (TDD)  operation  system,
while  the  BS  and  mobile  stations  must  be  coordinated
with  each  other  [10].  To  improve  the  transmission  effi-
ciency  of  massive  MIMO  systems,  many  scholars  have
conducted  in-depth  researches  on  the  implementation  of
frequency-division duplex (FDD) operation [26−28]. For
TDD and FDD modes, the uplink and downlink transmis-
sions  are  allocated  to  separate  time  slots  or  independent
frequency bands,  which is  difficult  to  face  the  challenge
of  increasing  shortage  of  time-frequency  resources.  Co-
time  co-frequency  full-duplex  (CCFD)  technology  ena-
bles  simultaneous information transmission of  both dire-
ctions  in  the  same  frequency  band  [29].  Although  this
promising  technology  is  attractive  in  high  spectral  effi-
ciency,  the  implementation  of  CCFD  is  challenging  due
to  the  negative  effect  of  strong  self-interference  [30].  In
recent  years,  many  self-interference  elimination  strate-
gies  based  on  independent  component  analysis,  spatial
suppression,  and  beamforming  technologies  were  pro-
posed  to  alleviate  the  negative  influence  on  system  per-
formance  [30−32].  In  [33],  Xia  et  al.  investigated  the
technical feasibility of simultaneous uplink and downlink
transmissions  under  the  same  frequency  resources  by
beam-domain  full-duplex  operation.  A  higher  spectral
efficiency  gain  can  be  obtained  compared  to  traditional
TDD and FDD systems. However,  the trade-off between
the  spectral  efficiency  and  energy  efficiency  is  not  well
achieved, while the performance is more inclined to equi-
librium in 6G networks.

In order to address the aforementioned challenges and
improve  the  overall  performance,  this  paper  proposes  a
macro-cell  CCFD massive  MIMO system under  the  rea-
lity circumstance of limited time-frequency resources. In
this system, the BS and the users simultaneously transmit
and receive information in  one spectrum resource block.
An energy-efficient resource management scheme is pre-
sented  to  achieve  the  trade-off  between  the  transmission
capacity,  communication  quality,  and  energy  conserva-
tion. To this end, a hybrid resource management problem
of  uplink  and  downlink  power  allocation  and  antenna
selection  is  formulated  for  the  proposed  CCFD  massive
MIMO system. Then, a continuous quantum-inspired ter-
mite colony optimization (CQTCO) algorithm is designed
to find the best  solution.  The major  contributions of  this

work are summarized as follows:
(i)  A  CCFD  massive  MIMO  system  is  proposed  to

meet the challenge of limited time-frequency resources in
practical  communication  networks.  An  energy-efficient
resource  management  scheme  concerning  power  alloca-
tion  and  antenna  selection  is  proposed  to  promote  reli-
able  and  efficient  communication  in  line  with  green
objectives.

(ii)  Two  important  concerns  on  transmission  capacity
and energy efficiency are investigated in CCFD massive
MIMO networks. Exact expressions are derived consider-
ing  the  equilibrium  of  energy  consumption,  requirement
of users, and the transmission reliability for the communi-
cation system.

(iii)  A  CQTCO  algorithm  is  proposed  for  the  imple-
mentation  of  resource  management  in  CCFD  massive
MIMO  networks.  Simulation  results  highlight  the  effi-
ciency and excellent performance of CQTCO over tradi-
tional  algorithms and strategies  for  multi-constraint  non-
convex optimization problems.

The  rest  of  this  paper  is  systemized  as  follows:  The
system model and mathematical expressions of transmis-
sion  capacity  and  energy  efficiency  in  CCFD  massive
MIMO networks  are  presented  in  Section  2.  The  princi-
ple  of  the  CQTCO  algorithm,  the  complexity  analysis,
and  the  process  of  resource  management  under  CQTCO
are  introduced  in  Section  3.  Simulation  results  and  con-
clusions are presented in Section 4 and Section 5, respec-
tively. 

2. System model and analysis
 

2.1    System model

M
K Mt

PBS Mr

k k = 1,2, · · · ,K

Guk_BS ∈ CMr×1

kth
GBS_uk

∈ C1×Mt

GI
BS ∈ CMr×Mt

kth GI
uk

kth jth j = 1,
2, · · · ,K j , k GI

uk, j

Consider  a  CCFD  massive  MIMO  system  that  has  an
-antenna  BS  and  shares  the  same  spectrum  resource

block  with  legitimate  users.  The  BS  allocates 
antennas  to  broadcast  its  information  with  the  transmis-
sion power of ,  while the remaining  antennas are
used for  receiving.  Both large-scale  and small-scale  fad-
ing  factors  are  included  regarding  the  propagation  chan-
nel  of  CCFD  massive  MIMO  system  [12].  Assume  that
the  global  CSI  is  available  from  legitimate  devices  and
the  CSI  remains  unchanged  in  one  time  slot  [14,34,35].
The CSI vector from the uplink user  ( ) to
the  receiving  antennas  of  the  BS  is  denoted  as

,  and  the  CSI  vector  from  the  downlink
transmitting antennas of the BS to the  user is denoted
as .  The self-interference channel matrix of
the  BS  is  denoted  as .  The  self-interference
channel of the  user is denoted as , and the interfer-
ence  channel  between  the  user  and  the  (

, )  user  is  denoted  as .  Maximum  ratio
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transmission  (MRT)  and  maximum  ratio  combining
(MRC)  are  employed  for  precoding  and  receiving  at  the
BS.

ρ ∈ [0,1] ρ = 0

kth

Since  the  BS  simultaneously  transmits  and  receives
signals  in  the  same  frequency  band,  it  generates  self-
interference.  The  same  goes  for  the  users.  For  practical
implementation,  assume  that  transmitting  and  receiving
antennas  of  each  user  are  deployed  on  different  sides  of
the  equipment.  The  degree  of  self-interference  cancella-
tion (SIC) is qualified by ,  where  denotes
zero  self-interference  [34].  The  receiving  signals  at  the
BS and the  user are respectively given by

yBS =
√
ρBSPBSWHGI

BSVsBS+

K∑
k=1

√
PkWHGuk_BS sk + nBS

(1)

and

yk =
√

PBSGBS_uk
VsBS+

√
ρuPkGI

uk
sk+

K∑
j=1, j,k

√
P jGI

uk, j
s j+ nk (2)

ρBS ρu

Pk P j

kth jth
sBS sk s j

k j E{||sBS||2} = 1
E{||sk ||2} = 1 E{||s j||2} = 1 W ∈ CMr×K

W = [w1,w2, · · · ,wK] V ∈ CMt×K V = [v1,v2, · · · ,vK]

k
wk = Guk_BS/||Guk_BS|| vk = GH

BS_uk
/||GBS_uk

||
nBS nk

kth

where  and  denote the self-interference levels at the
BS  and  the  users  respectively;  and  are  transmis-
sion power of the  user and the  user respectively;

, ,  and  are complex Gaussian signals transmitted
by  the  BS,  user ,  and  user ,  with ,

,  and ,  respectively. 
( ) and  ( )
represent the receiving matrix and the precoding matrix at
the  BS  respectively.  According  to  the  MRC/MRT  crite-
rion [12,35], the receiving vector and the precoding vec-
tor  of  the  BS  to  user  can  be  expressed  by

 and ,  respec-
tively.  and  are  additive  white  Gaussian  noise
(AWGN) at the BS and the  user.

kth
The  uplink  signal-to-interference-plus-noise  ratio

(SINR) received at the BS from the  user is given by

γk =
Pk ||WHGuk_BS||2

ρBSPBS||WHGI
BSV||2+

K∑
j=1, j,k

P j||WHGu j_BS||2+σ2
BS

(3)

σ2
BS

kth
where  denotes  the  AWGN  power  at  the  BS.  For
uplink  transmission,  the  transmission  rate  from  the 
user can be calculated as

Rk = Blog2(1+γk) (4)

Bwhere  denotes  the  frequency  bandwidth.  Then,  the
uplink  transmission  rate  of  CCFD  massive  MIMO  net-
works can be calculated as

R =
K∑

k=1

Rk =

K∑
k=1

Blog2(1+γk). (5)

kth
For  downlink  transmission,  the  SINR  received  at  the
 user from the BS is denoted as

γ′k =
PBS|GBS_uk

vk |2

ρuPk |GI
uk
|2+

K∑
j=1, j,k

PBS|GBS_uk
v j|2+

K∑
j=1, j,k

P j|GI
uk, j
|2+σ2

k

(6)

σ2
k kth

kth
where  is the AWGN power received by the  user.
The  downlink  transmission  rate  from  the  BS  to  the 
user can be calculated by

R′k = Blog2(1+γ
′
k). (7)

Accordingly, the downlink transmission rate of CCFD
massive MIMO networks can be shown by

R′ =
K∑

k=1

R′k =
K∑

k=1

Blog2(1+γ′k). (8)
 

2.2    Transmission capacity and energy efficiency

Typically, the transmission capacity of a full-duplex sys-
tem  is  calculated  by  the  sum  rate  of  uplink/downlink
transmissions.  However,  the  total  transmission  rate  may
not  necessarily  reflect  the  overall  performance of  CCFD
massive MIMO networks, since the uplink and downlink
transmission  rates  are  difficult  to  be  determined.  This
motivates  our  definition  of  overall  transmission  capacity
in CCFD massive MIMO networks, which is given by

C =min (R,R′) (9)

R R′where  and  are respectively given by (5) and (8).
The  energy  efficiency  is  characterized  by  the  ratio  of

transmission  capacity  to  the  power  consumption  of  the
system. The power consumed in this system [8,24,36] can
be calculated by

Ptotal = Pc+
1
η

(
K∑

k=1

Pk +MtPBS) (10)

Pc

η

where  denotes the power consumption on system cir-
cuit, and  denotes the energy conversion efficiency. The
energy efficiency of CCFD massive MIMO networks can
be calculated by

φ =
C

Ptotal
=

min (R,R′)
Ptotal

. (11)
 

2.3    Problem formulation

Considering  the  resource  management  strategy  includes
uplink  power  allocation  and  antenna  selection  in  CCFD
massive  MIMO  networks,  the  problem  for  the  overall
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transmission capacity optimization is shown as

max C(Mt, P) =max {min [R(Mt, P),R′(Mt, P)]}

s.t.
0 ⩽ Pk ⩽ Pmax

k , k = 1,2, · · · ,K
0 < Mt < M

(12)

P = [P1,P2, · · · ,PK]
Pmax

k

kth

where  is the feasible set of transmis-
sion  power  of  users,  is  the  maximum  transmission
power of the  user.

Transmission  capacity  and  energy  efficiency  are  two
major concerns in massive MIMO networks, while these
issues are conflicting to some extent. In order to achieve
the maximum energy efficiency on the premise of guaran-
teeing transmission requirements of legitimate devices in
CCFD massive  MIMO networks,  the  optimization  prob-
lem can be expressed as

max φ(Mt, P) =max
{

min [R(Mt, P),R′(Mt, P)]
Ptotal(Mt, P)

}

s.t.


0 ⩽ Pk ⩽ Pmax

k , k = 1,2, · · · ,K
0 < Mt < M

R ⩾ Rmin

R′ ⩾ R′min

(13)

Rmin R′minwhere  and  denote the required minimum uplink
and downlink transmission rates respectively.

As shown in (12) and (13), the maximizations for over-
all  transmission  capacity  and  energy  efficiency  are  non-
convex optimization problems which are non-determinis-
tic polynominal-hard (NP-hard) for traditional mathemati-
cal  techniques  and  algorithms  to  find  the  appropriate
solution.  Therefore,  an  efficient  intelligent  algorithm  is
proposed  to  tackle  the  complicated  optimization  prob-
lems. 

3. Energy-efficient  resource  management
based on CQTCO

 

3.1    CQTCO algorithm

H D
D

The  CQTCO algorithm that  combines  the  advantages  of
the  termite  colony  optimization  (TCO)  mechanism  [37]
and quantum intelligence computation [38] is proposed in
this section. The CQTCO algorithm employs a colony of

 quantum termites searching in a -dimensional space,
where  represents  the  maximal  dimension  of  the  opti-
mization problem.

D
ith i = 1,2, · · · ,H

tth

In CQTCO, a quantum termite is made up by  quan-
tum bits.  The  ( )  quantum termite of the

 iteration is given by

xt
i =

αt
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i,D
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i,d =
√

1− (αt
i,d)2

ith

where  denotes  the  ( )  quan-
tum  bit  of  the  quantum  termite, ,

,  and . Then, . To
enhance  the  efficiency  of  CQTCO,  the  quantum  ter-
mite can be simplified by

xt
i = [αt

i,1,α
t
i,2, · · · ,αt

i,D] = [xt
i,1, x

t
i,2, · · · , xt

i,D] (15)

0 ⩽ xt
i,d ⩽ 1 d = 1,2, · · · ,D xt

i,d

dth i
ith

where  ( ),  and  denotes  the
simplified  quantum bit of the quantum termite . The
position of the  quantum termite is obtained by

x̄t
i,d = x̄min

i,d + (x̄max
i,d − x̄min

i,d ) · xt
i,d (16)

x̄t
i,d dth ith

x̄max
i,d x̄min

i,d dth
where  denotes the  position of the  quantum ter-
mite,  and  and  denote  the  upper  bound and
lower bound of the searching range respectively. The posi-
tion  of  each  quantum  termite  is  corresponding  to  a  fea-
sible solution for the optimization problem.

ith
f (x̄t

i) f (·)
i

p̄t
i = [ p̄t

i,1, p̄
t
i,2, · · · , p̄t

i,D]

p̄t
g = [ p̄t

g,1, p̄
t
g,2, · · · , p̄t

g,D]

The  fitness  value  of  the  quantum  termite  is
expressed  as ,  where  denotes  the  fitness  func-
tion. The position of each quantum termite  with the best
fitness  value  is  defined  as  the  local  optimal  position,

.  The  position  of  the  quantum  ter-
mite  with  the  best  fitness  value  is  defined  as  the  global
optimal position, .

The  evolution  of  each  quantum  termite  is  based  on
quantum  rotation  angle  and  pheromone  contents  at  the
positions of quantum termites. In each iteration process of
the quantum termite colony, the pheromone content at the
position of each quantum termite is updated by

µt+1
i =

(1− e)µt
i +1

1+ exp(− f (x̄t
i))

(17)

e
0 ⩽ e ⩽ 1 µt

i ith
tth

where  is  the  evaporation  rate  of  the  pheromone  with
,  and  is  the  pheromone  content  of  the 

quantum  termite  in  the  iteration.  The  initial  phero-
mone content of each quantum termite is set to 0.

i
τt

i

Zt+1
i

v̄t
i = [v̄t

i,1, v̄
t
i,2, · · · , v̄t

i,D]
i

In  CQTCO,  each  quantum  termite  adjusts  its  move-
ment  based  on  the  information  of  the  quantum  termite
colony and the pheromones of  neighboring quantum ter-
mites. The neighborhood of a quantum termite  is deter-
mined by its search radius , and the set of its neighbor-
ing  quantum  termites  is  expressed  as .  The  position
of  the  neighboring  quantum  termite  with  the  highest
pheromone is denoted as . For quan-
tum termite , if neighboring quantum termite has higher
pheromones, the quantum rotation angle is generated by

θt+1
i,d = c1(v̄t

i,d − x̄t
i,d)+ c2( p̄t

g,d − x̄t
i,d) (18)

θt+1
i,d dth

c1

c2

where  represents the  dimension of quantum rota-
tion angle,  is the impact factor of the best neighboring
position, and  is the impact factor of the global optimal
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position.  Otherwise,  the  quantum rotation  angle  is  gene-
rated by

θt+1
i,d = c3 ·λt + 1

i,d · (x̄t
r,d − x̄t

i,d)+ c4( p̄t
i,d − x̄t

i,d) (19)

c3 c4

λt
i,d [−1,1] x̄t

r,d

dth
r ∈ {1,2, · · · ,H} r , i

where  is  a  constant  related  to  the  random  walk; 
denotes  the  impact  factor  of  the  local  optimal  position;

 is  a  random  variable  distributed  in ; 
denotes the  position of an arbitrary quantum termite,

, .
The quantum bit of each quantum termite is generated

by the following rules:
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i,d ), otherwise
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i,d

[0,1] c5

abs(·)

where  denotes  a  random  variable  distributed  in  the
range ,  denotes  the  conversion  probability,  and

 denotes the absolute value function.
ω̄t+1

i

ω̄t+1
i

x̄t
i xt+1

i = ω
t+1
i x̄t+1

i = ω̄
t+1
i xt+1

i = xt
i

x̄t+1
i = x̄t

i

(t+1)th

The updated position  can be obtained by (16). The
fitness value of the updated quantum termites can be cal-
culated by fitness function. If the fitness of  is higher
than , , ;  otherwise, ,

.  Then update the local  optimal  position and the
global optimal position of CQTCO until the  ite-
ration.

tmax

The iteration process ends when the algorithm achieves
the terminal condition, which is determined by the maxi-
mum iteration number . 

3.2    Computational complexity analysis of CQTCO

O(2H) H

O(HD)
D

O(2HD)

O(H)

O(2H)

As  introduced  in  Subsection  3.1,  each  quantum  termite
needs to calculate its pheromone content and find out the
highest pheromone content of its neighbors, with compu-
tational  complexity  of ,  where  stands  for  the
population  size  of  quantum  termites.  Quantum  termites
are updated by quantum rotation angles as shown in (18)
and  (19),  with  computational  complexity  of ,
where  represents  the  dimension  of  quantum  termites.
The  quantum  bits  of  each  quantum  termite  can  be
obtained  by  (20),  and  the  updated  position  can  be
obtained  by  (16),  with  computational  complexity  of

. After these processes, the fitness value of each
quantum  termite  is  calculated,  with  the  complexity  of

.  Then,  the  position  of  each  quantum  termite,  the
local optimal position, and the global optimal position of
the  quantum termite  colony are  updated after  each itera-
tion, with the complexity of .

t
O(t(5H+3HD))

For  the  termination  of  CQTCO  after  iterations,  the
computational complexity is . 

3.3    Process  of  resource  management  based  on
CQTCO

Mt = ⌈ξ ·M⌉
ξ

D = (K +1)

x̄t
i = [x̄t

i,1, x̄
t
i,2, · · · , x̄t

i,D] =
[ξt

i ,P
t
i,1,P

t
i,2, · · · ,Pt

i,K]

According  to  (12)  and  (13),  the  number  of  transmitting
antennas and the uplink transmission power of each user
should  be  optimized  to  achieve  the  maximum  transmis-
sion  capacity  and  energy  efficiency  in  CCFD  massive
MIMO networks. Since these parameters are discrete and
continuous variables that belong to different optimization
domains,  the  number  of  transmitting  antennas  can  be
expressed as  to facilitate  the solution of  the
difficulty, where  stands for the antenna selection coeffi-
cient  at  the  BS.  Hence,  the  hybrid  problems of  (12)  and
(13) can be transformed to continuous optimization prob-
lems,  and  the  dimension  of  each  quantum  termite  in
CQTCO  is .  The  position  of  a  quantum  ter-
mite  is  corresponding  to  a  feasible  antenna  selec-
tion  and  power  allocation  result  in  CCFD  massive
MIMO  networks,  that  is, 

.  For  the  problem  of  transmission
capacity maximization, the fitness function is set as

f (x̄t
i) =
C(x̄t

i), satisfy constraint conditions
0, otherwise

.

For  energy  efficiency  optimization,  the  fitness  func-
tion is set as

f (x̄t
i) =
φ(x̄t

i), constraint conditions satisfied
0, otherwise

.

The implementation process is shown in the following
steps:
Step  1　 Initialize  parameter  settings  of  CCFD  mas-

sive MIMO system.
HStep  2　 Randomly  generate  the  initial  colony  of 

quantum termites  based  on  quantum coding  mechanism.
Calculate  the  fitness  value  of  each  quantum  termite  and
find  the  local  optimal  position  and  global  optimal  posi-
tion of the pheromone colony.
Step  3　 Calculate  the  pheromone  content  of  each

quantum termite and perform evolution process.
Step 4　Obtain the updated position of each quantum

termite  and calculate  the fitness  value.  Update  the quan-
tum termite according to the greedy mechanism.
Step 5　Update  the  local  optimal  position  and global

optimal position of the pheromone colony.
Step  6　 If  the  iteration  does  not  achieve  the  prede-

fined value of the maximum iteration number, go to Step 3.
Otherwise, the iteration process ends.
Step  7　Obtain  the  corresponding  resource  manage-

ment scheme according to the global optimal position of
CQTCO. 
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4. Simulation results

K

Pmax
k = Pmax, ∀k

In  this  section,  the  overall  performance  of  the  proposed
resource  management  scheme  is  evaluated  under  the
CQTCO  algorithm.  Consider  a  macro  cell  CCFD  mas-
sive  MIMO  network  where  legitimate  users  are  ran-
domly  distributed  in  the  coverage  area  of  the  BS.  To
make  things  easy,  assume  that  the  maximum  transmis-
sion power of all users are same, , and the
SIC degrees at the BS are the same of the users. The simu-
lation  parameters  of  the  CCFD  massive  MIMO  system
are  presented  in Table  1.  All  results  are  the  average  of
200 Monte-Carlo simulations.
 
 

Table 1    Simulation parameters

Parameter Value

Number of antennas at the BS 128

Number of users 10

Coverage of the BS/m 500

Path loss exponent 3.8

Reference distance/m 100

Energy conversion efficiency 0.5

Transmission power of the BS/dBm 35

Maximum transmission power of users/dBm 30

SIC level/dB −20

Circuit power consumption/dBm 10

System bandwidth/MHz 10

Minimum uplink/downlink transmission rate/(Mbit·s−1) 1
Noise power spectral density/(dBm·Hz−1) −174

  

4.1    Performance comparison of CQTCO

The  performance  comparisons  of  the  proposed  CQTCO
with other algorithms and strategies are shown in this sec-
tion.  In  fact,  researches  have  shown  that  there  are  no
algorithms or strategies specifically designed for compli-
cated  non-convex  optimization  problems.  For  compari-
son purpose, some classical intelligent algorithms includ-
ing  TCO  [37],  particle  swarm  optimization  (PSO)  [39],
and backtracking search optimization (BSO) [40], and the
half power-random resource allocation (HPRRA) in [38]
are applied for the problem of transmission capacity and
energy efficiency maximization in CCFD massive MIMO
networks.  For  the  HPRRA  scheme,  all  users  broadcast
their  information  at  half  of  the  maximum  transmission
power while the BS adopts the random antenna selection
criterion. The population size of QTCO, TCO, PSO, and
BSO algorithms is  20,  and the terminal iteration number
of  these  algorithms  is  set  to  500.  For  QTCO,  the  search
radius of each quantum termite is linearly decreased from

τmax τmin τmax = 3
τmin = 1 e = 0.8 c1 = 0.03 c2 = 0.03 c3 = 0.06
c4 = 0.01

 to  throughout  the  iterations.  Set ,
, , , , ,  and

. The parameter settings of TCO, PSO, and BSO
algorithms can refer to [37,39], and [40], respectively.

The convergence performance of TCO, PSO, BSO and
the proposed CQTCO is shown in Fig. 1. The result illus-
trates  that  the  proposed  CQTCO  has  a  fast  convergence
speed and can obtain a higher transmission capacity com-
pared  with  other  algorithms.  Intelligence  algorithms  like
PSO, TCO, and BSO are well-accepted for solving engi-
neering problems. However, these algorithms are easy to
fall  into  the  local  optimum,  especially  for  complicated
non-convex  optimization  problems.  To  overcome  the
shortcomings of traditional algorithms, the CQTCO algo-
rithm  combines  the  mechanism  of  TCO  and  the  advan-
tage  of  quantum  intelligence  computation.  Under  the
guidance of quantum evolution strategies, the population
diversity  of  the  CQTCO  is  superior  to  traditional  algo-
rithms, and the quantum colony can quickly converge to
the  best  solution  via  global  information  sharing.  There-
fore, the CQTCO algorithm has the ability to find the best
resource  management  result  and  achieve  the  highest
transmission capacity in CCFD massive MIMO networks.
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Fig. 1    Convergence performance comparison
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Fig.  2 shows  the  transmission  capacity  comparison
under  CQTCO,  TCO,  PSO,  BSO,  and  HPRRA  schemes
in different maximum transmission power of users, where

varies  from  10  dBm  to  30  dBm.  Simulation  results
illustrate  that  the  transmission  capacity  increases  with

.  It  is  clear that  a higher  may grant users more
energy for  information transmission,  and the uplink user
can  achieve  a  higher  transmission  rate  with  larger  trans-
mission  power.  Hence,  the  transmission  capacity  is  a
monotonically  increasing  function  of .  Compared
with  other  strategies,  CQTCO  can  obtain  the  largest
transmission  capacity  for  any ,  especially  when
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Pmax = 30 dBm,  the  transmission  capacity  of  CQTCO  is
14.8%,  34.8%,  47.6%,  and  nearly  two times  higher  than
that of the TCO, PCO, BSO, and HPRRA schemes.
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PmaxFig. 2    Transmission capacity comparison with different 
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Fig.  3 examines  the  energy  efficiency  performance
under  CQTCO,  TCO,  PSO,  BSO,  and  HPRRA  schemes
with the variation of . As presented in Subsection 2.2,
energy efficiency is somewhat competitive with transmis-
sion capacity. When the users broadcast their signals with
higher  transmission  power,  the  system  will  achieve  a
higher  transmission  capacity.  However,  energy  effi-
ciency  is  not  a  monotonically  increasing  function  of
transmission power and it will decrease when the increase
of  power  consumption  exceeds  the  increase  of  transmis-
sion capacity. As for CQTCO, the energy efficiency gra-
dually  increases  with  at  first,  and  then  tends  to  be
stable when  is over 22 dBm. As for TCO, PSO, and
BSO,  the  energy  efficiency  of  these  schemes  gradually
increases  with ,  but  they  both  experience  a  sharp
decrease when  is over 24 dBm. Though TCO, PSO,
and  BSO  algorithms  can  obtain  larger  transmission
capacity with  as depicted in Fig. 2, the energy effi-
ciency of these algorithms decrease in the case of higher

.  As  for  HRPPA,  although  the  energy  efficiency
increases with the maximum transmission power of users,
the  energy  efficiency  is  the  lowest  among  all  schemes.
Simulation  results  demonstrate  the  stability  and  reliabi-
lity  of  CQTCO  for  solving  the  energy  efficiency  opti-
mization  problem with  multi-constraints  in  (13).  The  re-
sults  also  conclude  that  CQTCO achieves  the  maximum
energy efficiency in CCFD massive MIMO networks.

The influence of the self-interference level on the tran-
smission  capacity  under  CQTCO,  TCO,  PSO,  BSO,  and
HPRRA  schemes  is  investigated  in Fig.  4.  During  the
simulation, the self-interference level varies from −35 dB
to  −10  dB.  For  all  strategies,  transmission  capacity  is

higher  with  smaller  self-interference.  The  reason  is  that
self-interference is harmful to the SINR received at legi-
timate  devices  as  depicted  in  (3)  and  (6).  Hence,  the
uplink/downlink  transmission  rate  degrades  as  the  incre-
ment of the self-interference level at the BS and the users.
It  is  observed  that  CQTCO  can  achieve  the  best  perfor-
mance in different situations as depicted in Figs. 1−4. All
results highlight the reliability of CQTCO compared with
other strategies.
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Fig. 4    Transmission capacity comparison with different self-inter-
ference level
  

4.2    Impact of different parameters

This  subsection  examines  the  transmission  capacity  and
energy  efficiency  performance  of  the  resource  manage-
ment scheme based on the CQTCO algorithm in different
system  parameters.  The  impact  of  transmission  power,
self-interference level,  number of antennas,  and users on
the  overall  performance  in  CCFD  massive  MIMO  net-
works are shown in the following.

Fig.  5 shows  the  energy  efficiency  performance  with
the  variation  of  the  self-interference  level  and  transmis-
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PBS

PBS

sion power of BS in CCFD massive MIMO networks. In
the simulation,  is equal to 20 dBm, 25 dBm, 30 dBm,
and  35  dBm,  and  the  self-interference  level  varies  from
−35  dB  to  −10  dB.  Under  these  conditions,  the  energy
efficiency  gradually  decreases  with  the  increase  of  self-
interference level.  The result also illustrates that the sys-
tem  can  achieve  a  higher  energy  efficiency  in  a  smaller

 while  guaranteeing  the  uplink/downlink  transmis-
sion requirements. Hence, proper transmission power and
smaller self-interference level is beneficial to achieve the
communication  reliability  while  promoting  energy  con-
servation.
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Fig.  5      Energy  efficiency  with  different  self-interference  levels
and 
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In Fig.  6,  impacts  of  different  numbers  of  users  and
antennas on the transmission capacity are investigated in
CCFD massive MIMO networks where  varies from
10 dBm to 30 dBm with , , , ,

, , , .  From  the  simula-
tions,  the  transmission  capacity  increases  with ,
which  is  consistent  with Fig.  2.  The  results  also  illus-
trates that the transmission capacity is higher where there
is a larger number of users and antennas at the BS in the
communication system.

Fig.  7 and Fig.  8 illustrate  the  transmission  capacity
and energy efficiency with different numbers of users and
antennas in CCFD massive MIMO networks. The results
of Fig.  7 show  that  the  overall  transmission  capacity
increases  with  a  larger  number  of  users.  Also,  a  higher
transmission  capacity  can  be  achieved  where  the  BS  is
equipped with a larger number of antennas. However, as
depicted  in Fig.  8,  energy  efficiency  shows  an  opposite
trend compared with Fig. 7. The energy efficiency signifi-
cantly  decreases  with  the  number  of  antennas  and users.
The  reason  is  that  denser  nodes  will  bring  more  energy
consumption  in  a  communication  system,  and  the  incre-
ase  of  energy  consumption  is  greater  than  that  of  the

transmission rate. Therefore, it is necessary to reduce the
network  density  to  promote  the  balance  between  energy
efficiency  and transmission  capacity  in  actual  communi-
cation systems.
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5. Conclusions
In  this  paper,  the  overall  performance  is  investigated  in
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CCFD  massive  MIMO  networks.  Expressions  for  trans-
mission  capacity  and  energy  efficiency  are  derived  con-
sidering the  transmission reliability  of  uplink and down-
link transmissions. In order to achieve the high communi-
cation  quality  while  promoting  energy  conservation,  an
energy-efficiency  resource  management  scheme  includ-
ing  power  allocation  and  antenna  selection  is  designed.
Then, a CQTCO algorithm is proposed to obtain the best
resource  management  scheme  for  the  CCFD  massive
MIMO  network.  Simulation  results  highlight  the  merits
of  CQTCO  over  traditional  algorithms  and  strategies  in
different  system  parameters.  This  work  has  provided  an
eco-friendly  solution  for  the  equilibrium  of  energy  con-
sumption,  resource  utilization,  and  transmission  effi-
ciency. It would be beneficial to extend the application of
this work to multi-cell heterogeneous networks and ultra-
dense scenarios toward future wireless cellular system.
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