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   Abstract — With  the  development  of  the  mobile
communication  and  intelligent  information  technologies,
the intelligent transportation systems driven by the sixth
generation (6G) has many opportunities to achieve ultra-
low latency  and  higher  data  transmission  rate.  Nonethe-
less, it also faces the great challenges of spectral resource
shortage  and  large-scale  connection.  To  solve  the  above
problems,  non-orthogonal  multiple  access  (NOMA)  and
cognitive radio (CR) technologies have been proposed. In
this regard,  we  study  the  reliable  and  ergodic  perform-
ance of CR-NOMA assisted intelligent transportation sys-
tem networks  in  the  presence  of  imperfect  successive  in-
terference  cancellation  (SIC)  and  non-ideal  channel  state
information. Specifically, the analytical expressions of the
outage probability (OP) and ergodic sum rate (ESR) are
derived through a string of calculations. In order to gain
more  insights,  the  asymptotic  expressions  for  OP  and
ESR at  high signal-to-noise  ratio  (SNR) regimes are  dis-
cussed. We verify the accuracy of the analysis by Monte
Carlo simulations, and the results show: i) Imperfect SIC
and channel  estimation  errors  (CEEs)  have  negative  im-
pacts on the OP and ESR; ii) The OP decreases with the
SNR increasing  until  convergence  to  a  fixed  constant  at
high SNR regions; iii) The ESR increases with increasing
SNR and there exists a ceiling in the high SNR region.

   Key words — Cognitive  radio  network, Ergodic

rate, Imperfect successive interference cancellation, Non-

orthogonal multiple access, Outage probability.

 I. Introduction
As the key enabling technology of the future intelli-

gent  transportation  systems  (ITS),  Internet-of-vehicles
(IoV)  will  greatly  promote  the  development  of  society
towards intelligence and informatization [1], [2]. Gener-
ally,  IoV  communication  includes  vehicle-to-vehicle
(V2V),  vehicle-to-infrastructure  (V2I)  and  the  vehicle-
to-person (V2P) [3]. With the rapid development of the
sixth generation (6G) mobile communication, the IoV of
ITS  networks  driven  by  6G  can  achieve  higher  data
transmission rate, lower latency and higher quality-of-service
(QoS)  [4],  [5].  However,  it  also  faces  great  challenges,
such  as  spectrum  shortage  and  large-scale  connections
[6].  In  order  to  effectively  solve  the  above  problems,
some  promising  technologies  have  been  proposed,  such
as non-orthogonal multiple access (NOMA) [7] and cog-
nitive radio [8].

NOMA  is  considered  as  a  key  technology  in  6G
since  it  can  improve  the  spectral  efficiency  and reduce
the latency by serving massive devices  in the same re-
source block  (time/frequency/code)  using  power  multi-
plexing  [9].  Moreover,  at  the  transmitting  side,  the
transmitter  allocates  different  power  to  different  users
according to their channel conditions and carries out su-
perposition  coding.  At  the  receiving  side,  the  signal  is 
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detected through  the  successive  interference  cancela-
tion (SIC) technology [10]. And specifically, NOMA can
ensure fairness among the served users by allocating dif-
ferent users with different powers [11].

There are numerous excellent research focusing on
the investigations of NOMA in wireless networks [12]–[18].
The  authors  in  [12]  proposed  a  general  framework  to
evaluate  a  downlink  NOMA  system  performance.  The
authors  in  [13]  studied  the  reliable  performance  of  a
downlink  NOMA  system  under  the  conditions  of
second-order  statistics  of  channel  state  information
(CSI). In [14], Lu et al. designed a multi-carrier NOMA
system for  video  transmission to  meet  the  growing de-
mands for video services such as massive traffic and low
latency.  The  authors  in  [15] investigated  the  perform-
ance of NOMA-enabled unmanned aerial vehicle (UAV)
relay networks by deducing the outage probability (OP)
and ergodic capacity for both amplify-and-forward (AF)
and  decode-and-forward  (DF)  relaying  protocols  at
UAV. The authors in [16] studied the effective capacity
of  a  reconfigurable  intelligent  surfaces  aided  NOMA
system.  Xu et  al.  [17]  proposed  a  cognitive  orthogonal
frequency-division multiplexing-NOMA  network  to  in-
crease the system capacity. To support ultra-reliability,
high  throughput  and  multiple  concurrent  connections,
reference [18] investigated the variation of the diversity
order of OP relative to the transmit power in a hybrid
automatic repeat request assisted NOMA system.

Cognitive radio (CR) is another promising techno-
logy to  improve the frequency spectrum utilization [8],
[19]. In the CR networks,  the secondary network is al-
lowed  to  selectively  access  the  authorized  frequency
spectrum of  the primary network to solve the problem
of  insufficient  spectrum  [20]. According  to  the  spec-
trum  access  paradigms,  interweave,  underlay,  overlay
are  the  three  most  popular  CR  models  [21]. In  inter-
weave model, the secondary user (SU) is allowed to ac-
cess the authorized frequency bands only when primary
user (PU) does not occupy it. Underlay cognitive radio
allows  the  primary  and  secondary  users  to  transmit
messages  simultaneously  in  the  same  frequency  band,
but the interference to the primary user needs to be less
than a predefined value [22]. In overlay mode, the sec-
ondary  network  uses  part  of  the  energy  to  help  the
primary network  transmit  and  obtain  the  right  to  ac-
cess the authorized spectrum, and it improves the per-
formance  of  the  primary  network  while  realizing  the
simultaneous transmission  of  the  primary  and  second-
ary networks [23].

Scanning  the  technical  literature  of  recent  years,
the performance of CR network was discussed in many
literature since  CR  technology  can  mitigate  the  short-
age of spectrum resources to a certain extent [24]–[28].

In [24], the authors derived the analytical expression of
OP  and  ergodic  rate  (ER)  so  as  to  compare  the
throughput performance of CR networks based on inter-
weave  and  underlay.  In  more  detail,  to  maximize  the
throughput of SU, Wang et al.. [25] proposed a channel-
and-sensing-aware channel  access strategy for an inter-
weave cognitive network. In [26], the authors discussed
the  influence  of  improper  Gaussian  signaling  on  the
underlay CR network performance. The authors in [27]
designed a novel scheme of spatial modulation in over-
lay  CR network  and  analyzed  the  system performance
by  calculating  average  symbol  error  rate.  The  authors
in  [28]  designed  a  scheme  about  optimal  transmitting
power for  underlay  CR network  to  minimize  the  aver-
age symbol error probability.

To  address  the  challenges  of  the  exponentially
growing demand for mobile traffic [29], many research-
ers introduced the CR technology into the NOMA net-
works,  see  references  [30]–[34].  Liu et  al.  [30]  deduced
the analytical expression of OP by means of stochastic
geometry in  order  to  characterize  the  reliable  perform-
ance of the proposed CR-NOMA network. Wei et al. [31]
deduced  the  analytical  expressions  of  the  secrecy  sum
rate  to  study  the  secrecy  performance  of  a  NOMA-
enabled underlay CR network. The authors in [32] ana-
lyzed  the  performance  of  a  NOMA  assisted  underlay
CR  network  by  deriving  the  analytical  expression  of
pairwise  error  probability  of  SU.  The  authors  in  [33]
proposed a novel spectrum sharing framework for multi-
user  CR-NOMA  network  to  effectively  improve  the
spectrum efficiency.  In  [34],  the  authors  optimized  the
power  allocation  of  the  proposed  spectrum  leasing
scheme for CR network so that the QoS of the primary
network has  been  met  while  maximizing  the  perform-
ance of the secondary network.

Based on the  above discussions,  the  existing stud-
ies  are  mostly  conducted  under  ideal  conditions.
However, the  actual  communication  process  is  gener-
ally carried out under the non-ideal conditions, such as
imperfect  successive  interference  cancellation  (ipSIC)
and non-ideal  CSI.  ipSIC is  produced by channel  state
information unattainable,  receiver  performance  limita-
tion or synchronization errors, residual impairments and
error  propagation  during  transmission,  etc.  [35]–[40],
and the channel estimation errors (CEEs) result in non-
ideal CSI. Chen et al. [36] designed a novel algorithm to
reduce the influence of ipSIC on the considered system
performance.  In  [37], the  authors  investigated  the  reli-
able  and  ergodic  performance  of  a  multi-input  multi-
output (MIMO) interference networks under the condi-
tion of non-ideal CSI. Yang et al. [38] studied the effect
of  non-ideal  CSI  on  secrecy  performance  of  multi-user
massive  MIMO  networks.  The  authors  in  [39] con-
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sidered  nonlinear  multi-objective  optimization  problem
under ipSIC in order to maximize the sum capacity and
minimize the total transmit power under the constraint
of QoS. Further, the authors in [40] analyzed the influ-
ence of ipSIC, non-ideal CSI and imperfect timing syn-
chronization  on  a  space  time  block  code-based  NOMA
network simultaneously.

Although many  researchers  have  conducted  stud-
ies  on  NOMA,  CR,  imperfect  SIC  and  non-ideal  CSI,
the joint  impacts  of  the  above  factors  on  system  per-
formance are rarely studied. Sun et al. in [41] modeled a
NOMA vehicular communication network, and deduced
the  analytical  expression  for  the  OP  of  the  considered
network.  However,  the  non-ideal  CSI,  ipSIC  and  CR
network were not involved. On the premise of ensuring
quality-of-service, Xiao et al in [42] optimized transmis-
sion time and power control for the proposed radio-fre-
quency-powered CR  network  to  achieve  maximum  en-
ergy  efficiency.  Unfortunately,  NOMA  was  not  taken
into  consideration.  The  authors  in  [43]  studied  a  CR-
NOMA  network  and  proposed  a  new  dynamic  power
transmission scheme  to  guarantee  the  QoS  of  the  con-
sidered system. The fly  in the ointment was that non-
ideal CSI has not been taken into account. Li et al. as-
sessed the reliability and security of cooperative NOMA
and  non-cooperative  NOMA  systems  by  calculating
secrecy outage probability and connection outage prob-
ability in [44].  However,  ipSIC and non-ideal CSI were
not taken into account. Luo et al. analyzed the perform-
ance  of  a  cognitive  NOMA  system,  and  deduced  the
analytical expression of OP and throughput under high
SNR regions in [45], but the non-ideal CSI was not con-
sidered. The authors in [46] analyzed and optimized the
OP  and  throughput  of  the  proposed  underlay  CR-
NOMA  in  the  presence  of  ipSIC.  However,  non-ideal
CSI  was  not  included.  In  [47],  the  authors  proposed  a
CR assisted-NOMA  network  based  on  ITS  and  evalu-
ated the reliability of the considered network by analyz-
ing OP  and  throughput.  Nonetheless,  the  ergodic  per-
formance of  the  network  was  not  considered.  The  au-
thors in [48] introduced wireless power transmission in-
to CR-NOMA  network  to  solve  the  challenges  of  en-
ergy  consumption  and  large-scale  connection  in  ITS.
The fly in the ointment was that non-ideal CSI has not
been mentioned.

In order to fill these bridges, considering CEEs and
ipSIC, we introduce a NOMA-based overlay CR (OCR)
ITS  system.  In  the  considered  system,  the  SR  utilizes
the spectrum resources of the primary network to trans-
mit its own information. In return, the SU acts as a re-
lay to transmit the information of the primary network
to the primary receivers. The main contributions of this
paper are as following.

• We propose a novel NOMA-based OCR system
for the  ITS,  which  consists  of  a  primary  vehicle  net-
work and a secondary vehicle  network.  In  the  primary
network,  the  primary  transmitter  sends  superimposed
information to both the primary and secondary receiv-
ing  vehicles.  In  the  secondary  network,  the  secondary
receiving  vehicle  receives  their  own  information  and
acts as the relay of the primary network to transmit in-
formation  to  the  primary  receiving  vehicles.  Moreover,
in  order  to  make  the  work  more  realistic,  we  consider
the CEEs  and  ipSIC.  Specifically,  two  channel  estima-
tion models are considered: i) The CEEs is a fixed con-
stant; ii) The CEEs is a function related to the SNR.

•  We  evaluate  the  reliability  performance  of  the
system  under  consideration  by  deducing  the  analytical
expressions of  the OP. In order to obtain more precise
insights,  the  asymptotic  expressions  of  the  OP at  high
SNR  regions  are  analyzed.  The  derivations  show  that
increasing transmit SNR enhances the reliability of the
consideration  system  and  the  OP  exists  an  error  floor
because of the constant estimation error.

• The ergodic sum rate (ESR) of primary and sec-
ondary network are derived through a series of calcula-
tions  to  evaluate  the  ergodicity  of  the  ITS  system.  In
addition,  the  asymptotic  expressions  of  ESR  at  high
SNR regions are also performed. These results  indicate
that increasing SNR enhances the system ergodicity and
the value of  ESR tends to a constant at high SNR re-
gime.

E (·)
CN (µ, σ2)

µ

σ2 FX(·) fX(·)

Ei(x)

Ei(x) =
´∞
0

eρ

ρ dρ

Here  are  some  notations  about  this  paper. 
stands  for  expectation  operation.  represents
the  complex  Gaussian  random  variable  with  mean 
and  variance .  In  addition,  and  denote
the  cumulative  distribution  function  (CDF)  and  the
probability dense function (PDF) respectively.  is
the exponential  distribution  function,  and  can  be  ex-
pressed as .

 II. System Model
As illustrated in Fig.1, we consider a NOMA-based

OCR system of ITS, which consists of a primary trans-
mitter  (PT),  a  marginal  vehicle  (PR1),  a  stronger
vehicle (PR2)  in  primary  network,  a  secondary  trans-
mitter (ST),  and a secondary receiving vehicle (SR) in
secondary network. It is assumed that: i) All nodes are
equipped with  one  antenna;  ii)  All  channels  follow the
independent Rayleigh fading.

It  is  difficult  to  obtain  perfect  CSI  due  to  some
practical  factors,  so  the  channel  estimation  method  is
introduced. By  using  linear  minimum mean  square  er-
ror (LMMSE), the channel coefficient can be written as
follows [49]: 
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hi = ĥi + ei (1)

ĥi

ei ∼ CN (0, σ2
ei) ĥi ei

ĥpp1 ∼ CN (0, λpp1) ĥpp2 ∼ CN (0, λpp2)

ĥps1 ∼ CN (0, λps1) ĥss1 ∼ CN (0, λss1) ĥs1p1 ∼ CN (0,

λs1p1
) ĥs1p2 ∼ CN (0, λs1p2)

where  represents  the  estimated  channel  coefficient,
 represents the estimated error.  and 

is independent and orthogonal because of the orthogon-
ality of the LMMSE algorithm. The estimated channels
are  denoted as , ,

, , 
, .

As  in  [50],  we  consider  two  channel  estimation
models:

σ2
ei1)  is a fixed constant, which is independent of

the average SNR.
σ2
ei

σ2
ei = Ωi/(1 + δγΩi)

Ωi hi γ

δ ≥ 0

2)  is  a  function  associated  with  the  average
SNR and  the  expression  is ,  where

 is the variance of ,  is the transmit SNR, while
 represents the quality of channel estimation.

The  whole  communication  process  is  divided  into
two slots.

 1. The first slot
 1) Received signals at PR1
PT transmits the superimposed signal to PR1, PR2

and SR through power domain multiplexing, and thus,
the signal received at PR1 can be written as
 

ypp1
= (ĥpp1

+epp1
)(
√
α1Ppxp,1+

√
α2Ppxp,2)+npp1

(2)

xp,1 xp,2

E(|xp,1|2) = 1 E(|xp,2|2) = 1 Pp

α1 α2

xp,1

xp,2 α1+α2=1 npp1

npp1
∼CN (0, Nn)

where  and  are  the  signals  for  PR1  and  PR2
with  and .  is the trans-
mit  power  of  PT,  and  are  the  power  allocation
coefficients  of  the  transmitting  information  and

 with satisfying , respectively.  is the
complex Gaussian noise and it follows .

xp,1 xp,2PR1 decodes  and regards  as a noise. The
received  signal-interference-plus-noise  ratio  (SINR)  can

be written as
 

γpp1
xp,1

=

∣∣∣ĥpp1

∣∣∣2α1ρp∣∣∣ĥpp1

∣∣∣2α2ρp + σ2
epp1

ρp + 1
(3)

ρp =
Pp

Nn
where  is the transmit SINR at PT.

 2) Received signals at PR2
The signal received in PR2 can be expressed as

 

ypp2
= (ĥpp2

+epp2
)(
√

α1Ppxp,1+
√
α2Ppxp,2)+npp2

(4)

npp2
∼ CN (0, Nn)where .

xp,1 xp,2

xp,1

PR2 first  decodes  then decodes  by using
SIC  on  the  basis  of  NOMA  protocol.  When  decoding

, the SINR at PR2 can be represented as
 

γpp2
xp,1

=

∣∣∣ĥpp2

∣∣∣2α1ρp∣∣∣ĥpp2

∣∣∣2α2ρp + σ2
epp2

ρp + 1
(5)

xp,2

In practice, the receiver always have some types of
errors  in  transmitting  and  detecting  process,  such  as
synchronization error,  residual impairments or intrinsic
constraints, therefore we assume ipSIC happens at PR2.
The SINR of decoding  at PR2 can be denoted by
 

γpp2
xp,2

=

∣∣∣ĥpp2

∣∣∣2α2ρp

ζ1

∣∣∣ĥpp2

∣∣∣2α1ρp + σ2
epp2

ρp + 1
(6)

ζ1
0 ≤ ζ1 ≤ 1 ζ1 = 0 ζ1 = 1

where  reprsents the coefficient of imperfect SIC and
.  and  indicate perfect SIC and

no SIC, respectively.
 3) Received signals at SR
The signal received at SR can be denoted as

 

yps1 = (ĥps1+eps1)(
√

α1Ppxp,1+
√

α2Ppxp,2)+nps1

(7)

npp3
∼ CN (0, Nn)where .

xp,1

xp,2

xp,1 xp,2

SR  needs  to  decode  the  message  of PR1  be-
fore decoding the message  of PR2. The SINR of de-
coding  and  respectively at SR can be represen-
ted as
 

γps1
xp,1

=

∣∣∣ĥps1

∣∣∣2α1ρp∣∣∣ĥps1

∣∣∣2α2ρp + σ2
eps1

ρp + 1
(8)

 

γps1
xp,2

=

∣∣∣ĥps1

∣∣∣2α2ρp

ζ2

∣∣∣ĥps1

∣∣∣2α1ρp + σ2
eps1

ρp + 1
(9)

ζ2
0 ≤ ζ2 ≤ 1

where  reprsents the coefficient of imperfect SIC and
.

 

PT

PR1
PR2

SR

ST

hpp
1

ˆ

hpp
2

ˆ hps
1

ˆ

hss
1

ˆ

hs
1
p

2

ˆ

hs
1
p

1

ˆ

 
Fig. 1. System model.
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 2. The second slot
xs

xp,1 xp,2

During the second slot, SR receives the message 
from ST, while acting as a relay to decode and forward
the messages  and  to PR1 and PR2*1.

The two phases of  receiving and decoding-and-for-
ward  the  message  are  performed  in  the  same  resource
block.

 1) Received signals at SR
The signal received at SR can be written as

 

yss1 = (ĥss1 + ess1)
√
Psxs + nss1 (10)

xs E(|xs|2) = 1

Ps

nss1 ∼ CN (0, Nn)

where  denotes the message for SR with ,
 represents  the  transmit  power  of  ST,  and

.
xsWhen  decoding , the  SINR  at  SR  can  be  ex-

pressed as
 

γss1
xs

=

∣∣∣ĥss1

∣∣∣2ρs
σ2
ess1

ρs + 1
(11)

ρs =
Ps

Nn
where  represents the transmit SINR of ST.

 2) Received signals at PR1
The received signals at PR1 can be denoted by

 

y
s1p1

= (ĥ
s1p1

+e
s1p1

)(
√
α3Ps1xp,1+

√
α4Ps1xp,2)+n

s1p1

(12)

n
s1p1

∼ CN (0, Nn) Ps1

α3 α4

xp,1 xp,2

α3 + α4 = 1

where ,  is  the  overall  transmit
power of SR,  and  are the power allocation coeffi-
cients  of  and ,  respectively,  and  satisfying

.
xp,1PR1 only decodes  by considering other signals

as interference. The SINR at PR1 can be computed as
 

γs1p1
xp,1

=

∣∣∣ĥs1p1

∣∣∣2α3ρs1∣∣∣ĥs1p1

∣∣∣2α4ρs1 + σ2
es1p1

ρs1 + 1
(13)

ρs1 =
Ps1

Nn
where  represents the transmit SINR of SR.

 3) Received signals at PR2
The received signals at PR2 can be represented as

 

y
s1p2

= (ĥs1p2
+es1p2

)(
√
α3Ps1xp,1+

√
α4Ps1xp,2)+ns1p2

(14)

ns1p2
∼ CN (0, Nn)where .

xp,1

xp,2

xp,1 xp,2

PR2 needs to decode the message  of marginal
user  before  decoding  its  own  message .  Therefore,
the SINR of decoding  and  at PR2 can be re-
spectively computed as 

γs1p2
xp,1

=

∣∣∣ĥs1p2

∣∣∣2α3ρs1∣∣∣ĥs1p2

∣∣∣2α4ρs1 + σ2
es1p2

ρs1 + 1
(15)

 

γs1p2
xp,2

=

∣∣∣ĥs1p2

∣∣∣2α4ρs1

ζ3

∣∣∣ĥs1p2

∣∣∣2α3ρs1 + σ2
es1p2

ρs1 + 1
(16)

ζ3
0 ≤ ζ3 ≤ 1

where  represents the coefficient of ipSIC, and it sat-
isfies .

 III. Performance Analysis
The OP  and  ESR  are  the  two  important  evalu-

ation metrics of wireless communication systems. In this
section, we study the reliability and ergodicity by calcu-
lating OP and ESR, and analyze the asymptotic expres-
sions of OP and ESR at high SNR region.

 1. Outage probability analysis
 1) Outage probability for PR1

xp,1

xp,1 xp,2

xp,1 xp,2

xp,1

There  are  three  conditions  that  the  outage  event
occurs at PR1 according to the NOMA protocol: i) PR1
fails  to  decodes  in direct  link;  ii)  SR  fails  to  de-
code  the  message  and  from PT;  iii)  SR  de-
codes  the  and  successfully,  but  PR1  cannot
decode the message  successfully. Therefore, the OP
at PR1 can be computed as
 

PPR1
out =

(
1− Pr

(
γpp1
xp,1

> γth1

))
×
(
1− Pr

(
min

(
γps1
xp,1

γth1
,
γps1
xp,2

γth2
,
γs1p1
xp,1

γth1

)
> 1

))
(17)

γth1 γth2 xp,1 xp,2where  and  is the target SINR of  and ,
respectively.

Theorem  1　 The  analytical  expression  of  OP  at
PR1 is presented as
 

PPR1
out =

(
1− e

− M1
λpp1

)(
1− e

− M4
λps1

− M5
λs1p1

)
(18)

0 < γth1 < min
(

α3

α4
, α1

α2

)
0 < γth2 < α2

ζ2α1

PPR1
out M1 =

γth1(σ
2
epp1

ρp+1)

ρp(α1−α2γth1)

M2=
γth1(σ

2
eps1

ρp+1)

ρp(α1−α2γth1)
M3=

γth2(σ
2
eps1

ρp+1)

ρp(α2−ζ2α1γth2)
M4=max(M2,

M3) M5 =
γth1(σ

2
es1p1

ρs1+1)

ρs1 (α3−α4γth1)

if  and , other-

wise  is  equal  to  1, where ,

, , 

, and .
Proof　See Appendix A.

ρp → ∞ ρs1 → ∞Corollary  1　At  high  SNRs  ( , ),
the OP  approximate  expression  of  PR1  can  be  ex-
pressed as 
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*1
 PT and ST can also send messages to SR at the same time, but the SR will cause interference, so this case is considered in this paper.



PPR1
out,∞ =

(
1− e

− M6
λpp1

)(
1− e

− M9
λps1

− M10
λs1p1

)
(19)

M6=
γth1σ

2
epp1

α1−α2γth1
M7=

γth1σ
2
eps1

α1−α2γth1
M8=

γth2σ
2
eps1

α2−ζ2α1γth2

M9 = max(M7,M8) M10 =
γth1σ

2
es1p1

α3−α4γth1

where , , ,

, and .
 2) Outage probability for PR2

xp,1 xp,2

xp,1

xp,2 xp,1

xp,2 xp,1

xp,2

There  are  three  conditions  when  PR2  encounters
outage event: i) PR2 cannot decodes  and  from
the direct  link  successfully;  ii)  SR cannot  decodes 
and  from PT successfully; iii) SR decodes  and

 from PT successfully, but PR2 fails to decode 
and  from  SR.  Thus  we  can  calculate  the  OP  at
PR2 as
 

PPR2
out =

(
1− Pr

(
min

(
γpp2
xp,1

γth1
,
γpp2
xp,2

γth2

)
> 1

))
×
(
1−Pr

(
min

(
γps1
xp,1

γth1
,
γps1
xp,2

γth2
,
γs1p2
xp,1

γth1
,
γs1p2
xp,2

γth2

)
>1

))
(20)

Theorem  2　 The  analytical  expression  of  OP  at
PR2 can be written as
 

PPR2
out =

(
1− e

− M13
λpp2

)(
1− e

− M4
λps1

− M16
λs1p2

)
(21)

0<γth1<min
(

α1

α2
, α3

α4

)
0<γth2<min

(
α2

ζ1α1
, α4

ζ2α3
,

α4

ζ3α3

)
PPR2
out M11=

γth1(σ
2
epp2

ρp+1)

ρp(α1−α2γth1)
M12=

γth2(σ
2
epp2

ρp+1)

ρp(α2−ζ1α1γth2)
M13 = max(M11,

M12) M14=
γth1(σ

2
es1p2

ρs1+1)

ρs1 (α3−α4γth1)
M15=

γth2(σ
2
es1p2

ρs1+1)

ρs1 (α4−ζ3α3γth2)

M16 = max(M14,M15)

if  and 

,  otherwise  is  equal  to  1,  where 

, , 

, , ,

and .
Proof　See Appendix B.

ρp → ∞ ρs1 → ∞Corollary  2　At  high  SNRs  ( , ),
the approximate expression of PR2 having outage event
is
 

PPR2
out,∞ =

(
1− e

− M19
λpp2

)(
1− e

− M9
λps1

− M22
λs1p2

)
(22)

M17 =
γth1σ

2
epp2

α1−α2γth1
M18 =

γth2σ
2
epp2

α2−ζ1α1γth2
M19 =

max(M17,M18) M20 =
γth1σ

2
es1p2

α3−α4γth1
M21 =

γth2σ
2
es1p2

α4−ζ3α3γth2

M22 = max(M20,M21)

In  (22), , , 

, , ,
and .

 3) Outage probability for SR

xs

The outage event will happen when SR fails to de-
code the message , that is
 

PSR
out = 1− Pr(γ

ss1
xs

> γths) (23)

γths
xs

where  represents  the  target  SINR of  decoding  the
message .

Theorem 3　The analytical expression of OP at SR
can be written as 

PSR
out = 1− e

− M23
λss1 (24)

M23 =
γths(σ

2
ess1

ρs+1)

ρs
where .

Proof　See Appendix C.
ρs → ∞Corollary 3　At high SNRs ( ), the approx-

imate expression of SR having outage event is
 

PSR
out,∞ = 1− e

−
γthsσ2

ess1
λss1

(25)

To gain further insight, we discuss the diversity or-
der  of  PR1,  PR2  and  SR.  According  to  [7], the  di-
versity order is defined as
 

d = − lim
ρ→∞

log (Pout,∞)

log ρ
(26)

Corollary 4　The diversity orders of PR1, PR2 and
SR can be represent as
 

dPR1 = dPR2 = dSR = 0 (27)

Remark 1　From Corollary 1, Corollary 2 and Co-
rollary  3,  we can find that  when the  transmitted SNR
approaches  infinity,  the  asymptotic  OPs  of  PR1,  PR2
and  SR  become  a  fixed  constant,  indicating  that  the
OP has an error floor, yielding the diversity order to be
0.

 2. Ergodic sum rate analysis
 1) Ergodic sum rate for primary network
The ESR of primary network can be expressed as

 

Rp = RPR1 +RPR2 (28)

The ergodic  rates  (ERs)  for  PR1 and PR2 are  in-
ferred as follows.

 2) Ergodic rate for PR1
The ER of PR1 can be written as

 

RPR1 = E

[
1

2
log2(1 +W )

]
(29)

W = min(u1, u2, u3) u1 = γpp1
xp,1

u2 = γps1
xp,1

u3 = γs1p1
xp,1

where , , ,  and
.

Theorem  4　 The  analytical  expression  of  ER  at
PR1 can be written as
 

RPR1 =
1

2 ln 2
πN

2k

k∑
i=0

2
√
1− ϕi

2

2 +N(ϕi + 1)
e−M28−M29−M30

(30)

ϕi = cos
(

(2i−1)π
2k

)
M25=

w(σ2
epp1

ρp+1)

λpp1ρp(α1−wα2)

M26=
w(σ2

eps1
ρp+1)

λps1ρp(α1−wα2)
M27=

w(σ2
es1p1

ρs1+1)

λs1p1ρs1 (α3−wα4)

M28=
N(ϕi+1)(σ2

epp1
ρp+1)

λpp1ρp(2α1−α2N(ϕi+1)) M29=
N(ϕi+1)(σ2

eps1
ρp+1)

λps1ρp(2α1−α2N(ϕi+1))

where , ,

, ,

, 
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M30 =
N(ϕi+1)(σ2

es1p1
ρs1+1)

λs1p1ρs1 (2α3−α4N(ϕi+1))and .

Proof　See Appendix D.
ρp → ∞ ρs1 → ∞Corollary  5　At  high  SNRs  ( , ),

we can calculate the ER asymptotic expression of PR1
as
 

R∞
PR1

=
1

2 ln 2
πN

2k

k∑
i=0

2
√
1− ϕi

2

2 +N(ϕi + 1)
e−M31−M32−M33

(31)

M31=
N(ϕi+1)σ2

epp1

λpp1 (2α1−α2N(ϕi+1)) M32=
N(ϕi+1)σ2

eps1

λps1 (2α1−α2N(ϕi+1))

M33 =
N(ϕi+1)σ2

es1p1

λs1p1 (2α3−α4N(ϕi+1))

where , 

and .
 3) Ergodic rate for PR2
The ER of PR2 can be represented as

 

RPR2 = E

[
1

2
log2(1 + Z)

]
(32)

Z = min(v1, v2, v3) v1 = γpp2
xp,2

v2 = γps1
xp,2

v3 = γs1p2
xp,2

where , , ,  and
.

Theorem  5　 The  analytical  expression  of  ER  at
PR2 is given by
 

RPR2 =
1

2 ln 2
πN2

2k

k∑
i=0

2
√
1− ϕi

2

2 +N2(ϕi + 1)
e−M37−M38−M39

(33)

M34 =
z(σ2

epp2
ρp+1)

λpp2ρp(α2−zζ1α1)
M35 =

z(σ2
eps1

ρp+1)

λps1ρp(α2−zζ2α1)

M36=
z(σ2

es1p2
ρs1+1)

λs1p2ρs1 (α4−zζ3α3)
M37=

N2(ϕi+1)(σ2
epp2

ρp+1)

λpp2ρp(2α2−α1N2(ϕi+1)ζ1)

M38 =
N2(ϕi+1)(σ2

eps1
ρp+1)

λps1ρp(2α2−α1N2(ϕi+1)ζ2)
M39

M39 =
N2(ϕi+1)(σ2

es1p2
ρs1+1)

λs1p2ρs1 (2α4−α3N2(ϕi+1)ζ3)

where , ,

, ,

 and  is expressed as

.

Proof　See Appendix E.
ρp → ∞ ρs1 → ∞Corollary  6　At  high  SNRs  ( , ),

we can calculate the ER asymptotic expression of PR2
as
 

R∞
PR2

=
1

2 ln 2
πN2

2k

k∑
i=0

2
√
1− ϕi

2

2 +N2(ϕi + 1)
e−M40−M41−M42

(34)

M40 M41 M40 =
N2(ϕi+1)σ2

epp2

λpp2 (2α2−α1N2(ϕi+1)ζ1)

M41 =
N2(ϕi+1)σ2

eps1

λps1 (2α2−α1N2(ϕi+1)ζ2)
M42

M42 =
N2(ϕi+1)σ2

es1p2

λs1p2 (2α4−α3N2(ϕi+1)ζ3)

where  and  are 

and ,  respectively,  is

.
Theorem 6　The ESR of  primary  network  can  be

expressed as 

Rp =
π

4 ln 2

(
N

k

k∑
i=0

2
√

1− ϕi
2

2 +N(ϕi + 1)
e−M28−M29−M30

+
N2

k

k2∑
i=0

2
√

1− ϕi
2

2 +N2(ϕi + 1)
e−M37−M38−M39

)
(35)

ρs → ∞Corollary 7　At high SNRs ( ), we can sim-
plify the  ESR  asymptotic  expression  of  primary  net-
work as
 

R∞
P

=
π

4 ln 2

(
N

k

k∑
i=0

2
√
1− ϕi

2

2 +N(ϕi + 1)
e−M31−M32−M33

+
N2

k

k∑
i=0

2
√
1− ϕi

2

2 +N2(ϕi + 1)
e−M40−M41−M42

)
(36)

 4) Ergodic sum rate for secondary network
The ESR of secondary network can be expressed as

 

RS = E

[
1

2
log2(1 + γss1

xs
)

]
(37)

Theorem 7　The ESR of secondary network is giv-
en by
 

RS = − 1

2 ln 2
e
−

(σ2
ess1

ρs+1)

λss1ρs Ei

(
−
(σ2

ess1
ρs + 1)

λss1ρs

)
(38)

Proof　See Appendix F.
ρs → ∞Corollary 8　At high SNRs ( ), we can sim-

plify the  ESR asymptotic  expression  of  secondary  net-
work as
 

R∞
S = − 1

2 ln 2
e
−

σ2
ess1
λss1 Ei

(
−
σ2
ess1

+ 1

λss1

)
(39)

Remark 2　From Corollary 7 and Corollary 8,  we
found that when the transmitted SNR approaches infin-
ity, the  asymptotic  ESRs of  primary  network  and sec-
ondary network become a fixed constant, implying that
there exists a ceiling for ESR due to CEEs.

 IV. Numerical Results and Discussion

106

In  this  section,  we offer  some numerical  results  to
verify the correctness of the analysis in Section III, and
these  results  are  obtained  based  on  the  Mente
Carlo simulations. Unless otherwise specified, the para-
meter values are set as in Table 1.

σ2
epp1

= σ2
epp2

= σ2
eps1

= σ2
ess1

= σ2
es1p1

= σ2
es1p2

= 0

Fig.2 shows the  OP curves  of  the  users  under  the
ideal and non-ideal conditions. For the purpose of com-
parison, the  parameter  settings  under  the ideal  condi-
tions  are  provided,  and  the  variances  of  CEEs  are

.  With
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transmit SNR increasing, the OPs of PR1, PR2, SR de-
crease  gradually  and  finally  converge  to  fixed  values,
which leads to error floors. This means that when there
are  CEEs,  the  transmit  power  is  not  always  beneficial
to the reliable performance. Under ideal conditions, the
OPs decrease with the SNR. In addition, the OP value
of  each  user  under  the  ideal  condition  is  smaller  than
that under the non-ideal condition. This indicates that
the  existence  of  ipSIC and CEEs reduce  the  reliability
of the system.
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Fig. 2. The OP  of  the  users  in  ideal  and  non-ideal  condi-

tions.               
 

Fig.3 provides the curves of OP versus SNR under
two channel  estimation  models:  i)  the  channel  estima-
tion error is a fixed constant; ii) the channel estimation
error  is  a  function  of  the  SNR.  As  can  be  seen  from
Fig.3,  the theoretical  analysis curves are in consistence

with  the  simulation  results,  validating  the  accuracy  of
our analysis. For the first model, the OP is a fixed con-
stant  in  the  high  SNR  regimes,  while  for  the  second
mode, the OP decrease as the SNR grows large. This is
because that when the SNR grows large, the estimated
channel gradually approaches the real channel, yielding
improves reliable performance.

α2

α2

γth1
γth2

γth1 γth2

Fig.4 plots the  OPs  of  users  versus  power  alloca-
tion parameter  for  different  target  rates.  It  is  clear
that the OP first decreases and then increases with ,
we can draw the conclusion from equations (18) and (21).
Fig.4 also indicates that when the target rates  and

 are  smaller,  the  OP  of  the  considered  system  is
smaller  and  the  reliability  of  the  system  is  higher.  In
addition,  the  optimal  value  of  OP is  insensitive  to  the
target rates  and .
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N = 8

N2 = 100 k = k2 = 100

σ2
epp1

= σ2
epp2
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eps1

= σ2
ess1

= σ2
es1p1

= σ2
es1p2

= 0

ζ1 = ζ2 = ζ3 = 0

Fig.5 shows  the  ESR versus  SNR.  We  set ,
,  and .  From Fig.5, we  can  ob-

serve  that  the  ESR  increases  gradually  with  the  SNR
and then tends to a fixed constant under the non-ideal
condition.  In  contrast,  under  the  ideal  condition
(  and

),  the  ESR  grows  linearly  with  the
SNR. At high SNR regions,  the  analytical  and asymp-
totic values of the ESR are basically coincident.

N = 8

N2 = 100 k = k2 = 100 δ = {0.1, 1}

Fig.6 represents the relationship between ESR and
transmitting  SNR  under  the  above  mentioned  two
CEEs  models.  In  this  simulation,  we  set ,

,  and .  we  can  see
from Fig.6 that the ESR has a ceiling at high SNR re-
gions when estimation error is a fixed constant, and the

 

Table 1. Parameters for numerical results

Channel estimation error σ2
epp1

= σ2
epp2

= σ2
eps1

= σ2
ess1

= σ2
es1p1

= σ2
es1p2

= 0.01

Estimated channel coefficient {λpp1 , λpp2 , λps1 , λss1 , λs1p1 , λs1p2}= {0.1, 0.5, 2, 0.1, 4, 3}
Power allocation coefficient α1 = α3 = 0.9�α2 = α4 = 0.1

Noise power Nn = 1

Imperfect SIC {ζ1, ζ2, ζ3} = 0.001

Targeted date rate {γth1, γth2, γths} = {1, 1, 2}
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Fig. 3. The OP of the users in different channel estimation

error models.
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δ

δ

ESR  decreases  with  when  the  estimation  error  is  a
unary function. Changes in  have a negligible effect on
the system ESR value in the low SNR region.
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Fig. 6. The ESR in different channel estimation error models.

 

α2

N = 8 N2 = 100 k = k2 = 100 SNR = {10, 15}

α2

α2

α2

xp,2 xp,1

The relationship between ER and  under differ-
ent  SNRs  is  depicted  in Fig.7.  In  simulation,  we  set

, ,  and 
dB.  The  ER of  PR1  decreases  as  the  power  allocation
parameter  increases, while the ER of PR2 increases
with , which can be inferred from equations (30) and
(33). Generally speaking, the larger  is, the easier to
decode  and the more difficult to decode . That

xp,1 xp,2is,  the  combination  of  and  could  explain  the
changes in the curves.

 V. Conclusions
To  improve  the  spectral  efficiency,  we  proposed  a

NOMA-based OCR system for ITS. The reliability and
ergodicity  of  the  proposed  system  were  analyzed  by
considering  ipSIC  and  two  channel  estimation  models.
We  derived  the  analytical  expressions  of  the  OP  and
ESR, as  well  as  the asymptotic  expressions of  OP and
ESR  at  the  high  SNR  region.  A  series  of  simulations
were carried out to verify the accuracy of the analysis.
In addition, the effect of a series of related parameters
on  the  system  performance  were  investigated  through
simulation.

 Appendix A. Proof of Theorem 1

as

The proof starts by substituting equations (3), (8), (9), (13) into
(17), the OP for PR1 can be written 
 

PPR1
out =

(
1− Pr

(
γpp1
xp,1

> γth1

))
︸ ︷︷ ︸

I1

×
(
1− Pr

(
min

(
γps1
xp,1

γth1
,
γps1
xp,2

γth2
,
γs1p1
xp,1

γth1

)
> 1

))
︸ ︷︷ ︸

I2 (A-1)

I1 I2where  and  are calculated as follows:
 

I1 = 1− Pr

(
γpp1
xp,1

> γth1

)
= 1− Pr

(∣∣∣ĥpp1

∣∣∣2 > M1

)
= 1− e

− M1
λpp1 (A-2)

and
 

I2 = 1− Pr

(
min

(
γps1
xp,1

γth1
,
γps1
xp,2

γth2
,
γs1p1
xp,1

γth1

)
> 1

)
= 1− Pr

(
γps1
xp,1

> γth1, r
ps1
xp,2

> γth2, γ
s1p1
xp,1

> γth1

)
= 1− Pr

(∣∣∣ĥps1

∣∣∣2 > M2,
∣∣∣ĥps1

∣∣∣2 > M3,
∣∣∣ĥs1p1

∣∣∣2 > M5

)
= 1− Pr

(∣∣∣ĥps1

∣∣∣2 > M4,
∣∣∣ĥs1p1

∣∣∣2 > M5

)
= 1− e

− M4
λps1

− M5
λs1p1 (A-3)

 Appendix B. Proof of Theorem 2

The proof starts by substituting equations (5), (6), (8), (9), (15),
(16) into (20), the OP for PR2 can be written as
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Fig. 5. The ESR under ideal and non-ideal condition.

 

0
0

0.5

1.0

0.1 0.2 0.3

α
2

E
rg

o
d
ic

 r
a
te

Simulation PR1

Simulation PR2

Analysis SNR=10 dB

Analysis SNR=15 dB

0.4 0.5

 
α2Fig. 7. Ergodic Rate versus  for different SNR.

1266 Chinese Journal of Electronics 2023



PPR2
out =

(
1− Pr

(
min

(
γpp2
xp,1

γth1
,
γpp2
xp,2

γth2

)
> 1

))
︸ ︷︷ ︸

I3

×
(
1− Pr

(
min

(
γps1
xp,1

γth1
,
γps1
xp,2

γth2
,
γs1p2
xp,1

γth1
,
γs1p2
xp,2

γth2

)
> 1

))
︸ ︷︷ ︸

I4 (B-1)

I3 I4where  and  are calculated as follows:
 

I3 = 1− Pr

(
min

(
γpp2
xp,1

γth1
,
γpp2
xp,2

γth2

)
> 1

)
= 1− Pr

(
γpp2
xp,1

> γth1, γ
pp2
xp,2

> γth2

)
= 1− Pr

(∣∣∣ĥpp2

∣∣∣2 > M11,
∣∣∣ĥpp2

∣∣∣2 > M12

)
= 1− Pr

(∣∣∣ĥpp2

∣∣∣2 > M13

)
= 1− e

− M13
λpp2 (B-2)

and
 

I4 = 1− Pr

(
min

(
γps1
xp,1

γth1
,
γps1
xp,2

γth2
,
γs1p2
xp,1

γth1
,
γs1p2
xp,2

γth2

)
> 1

)
= 1− Pr

(
γps1
xp,1

>γth1, γ
ps1
xp,2

>γth2, γ
s1p2
xp,1

>γth1, γ
s1p2
xp,2

>γth2

)
= 1− e

− M4
λps1 Pr

(∣∣∣ĥs1p2

∣∣∣2 > M14,
∣∣∣ĥs1p2

∣∣∣2 > M15

)
= 1− e

− M4
λps1 Pr

(∣∣∣ĥs1p2

∣∣∣2 > M16

)
= 1− e

− M4
λps1

− M16
λs1p2 (B-3)

 Appendix C. Proof of Theorem 3

The proof starts by substituting equation (11) into (23), the OP
for SR can be written as
 

PSR
out = 1− Pr

(
γss1
xs

> γths
)

= 1− Pr

(∣∣∣ĥss1

∣∣∣2 > M23

)
= 1− e

− M23
λss1 (C-1)

 Appendix D. Proof of Theorem 4

Based on the definition of expectation, equation (28) can be fur-
ther calculated as
 

RPR1 = E

[
1

2
log2(1 +W )

]
=

1

2 ln 2

ˆ +∞

0

1− FW (w)

1 + w
dw

(D-1)

fW (w) FW (w)

FW (w)

It is assumed that ,  are the PDF and CDF of
random variable W respectively.  can be computed as
 

FW (w) = Pr (W < w) = Pr (min (u1, u2, u3) < w)

= 1− Pr (min (u1, u2, u3) > w)

= 1− Pr (u1 > w, u2 > w, u3 > w)

= 1− e−M25−M26−M27 (D-2)

We can figure out the ER of PR1 by plugging (D-2) into (D-1),
 

RPR1 =
1

2 ln 2

ˆ +∞

0

1− FW (w)

1 + w
dw

=
1

2 ln 2

ˆ +∞

0

1

1 + w
e−M25−M26−M27dw (D-3)

It is  difficult  to  acquire  an  accurate  closed-formed  solution.  Al-
ternatively,  we  obtain  the  approximation  with  the  aid  of  Gaussian-
Chebyshev quadrature as [51]
 

RPR1 =
1

2 ln 2

ˆ +∞

0

1

1 + w
e−M25−M26−M27dw

≈ 1

2 ln 2

ˆ N

0

1

1 + w
e−M25−M26−M27dw

=
1

2 ln 2
πN

2k

k∑
i=0

2
√

1− ϕi
2

2+N(ϕi+1)
e−M28−M29−M30 (D-4)

 Appendix E. Proof of Theorem 5

FZ(z) ZIt is assumed that  is the CDF of random variable . We
can obtain the expression by calculating as follows:
 

FZ(z) = Pr (Z < z) = Pr (min (v1, v2, v3) < z)

= 1− Pr (v1 > z, v2 > z, v3 > z)

= 1− e−M34−M35−M36 (E-1)

The ER of PR2 can be written as
 

RPR2 =
1

2 ln 2

ˆ +∞

0

1− FZ(z)

1 + z
dz

=
1

2 ln 2

ˆ +∞

0

1

1 + z
e−M34−M35−M36dz (E-2)

N2

Since exact closed-formed expressions are not available, consider-
ing that when  is a large number, we have the following equation
according to Gaussian-Chebyshev quadrature.
 

RPR2 =
1

2 ln 2

ˆ +∞

0

1

1 + z
e−M34−M35−M36dz

≈ 1

2 ln 2

ˆ N2

0

1

1 + z
e−M34−M35−M36dz

=
1

2 ln 2
πN2

2k2

k2∑
i=0

2
√
1− ϕi

2

2 +N2(ϕi + 1)
e−M37−M38−M39

(E-3)

 Appendix F. Proof of Theorem 7

θ = rss1xs

θ

Letting  to facilitate the calculation, we can obtain the

PDF of  as 
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Fθ(θ) = Pr


∣∣∣ĥss1

∣∣∣2ρs
σ2
ess1

ρs + 1
< θ


= Pr
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θ(σ2

ess1
ρs + 1)

ρs

)

= e
−

θ(σ2
ess1

ρs+1)

λss1ρs (F-1)

By inserting  (F-1)  into  (37),  equation  (38)  can be
acquired.
 

RS = E

[
1

2
log2(1 + γss1

xs
)

]
=

1

2 ln 2

ˆ ∞

0

1− Fθ(θ)

1 + θ
dθ

=
1

2 ln 2
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0

1
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e
−
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ρs dθ

= − 1

2 ln 2
e
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(σ2
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ρs Ei
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−
(σ2
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ρs+1)
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(F-2)
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