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Abstract—This paper investigates covert communication in
simultaneously transmitting and reflecting reconfigurable intelli-
gent surface (STAR-RIS) assisted non-orthogonal multiple access
(NOMA) systems, assuming for the sake of being more practical
that the successive interference cancellation (SIC) is defective.
To assess the covertness performance of the considered system,
we first derive closed-form expressions for the detection error
probability, the optimal judgment threshold and the average
minimum detection error probability of the warden, as well
as the outage probability of the NOMA user pair. Then an
optimization problem to maximize the effective covert rate (ECR)
is proposed. Simulation results verify that the maximum ECR of
the considered system could be increased by varying the different
proportions of transmission and reflection components of the
STAR-RIS.

Index Terms—Covert communication, detection error proba-
bility, effective covert rate, NOMA, STAR-RIS.

I. INTRODUCTION

Reconfigurable intelligent surfaces (RIS) is one of the
outstanding technologies to enhance wireless network perfor-
mance. The RIS contains a large number of passive reflective
components that can dynamically modify the radio channels
by altering the phase shift and amplitude [1]. However, most
of the existing research works consider that the transmitter
and receiver must be located on the same side of the RIS,
but this geographical limitation may not always be met in
practice and severely limits the flexibility and effectiveness
of RIS deployment. To break the bottleneck of the coverage,
the authors of [2] proposed a novel idea of concurrently
transmitting and reflecting RIS (STAR-RIS). The STAR-RIS
provided full spatial coverage by reflecting and refracting the
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incident signal to the users on the same and opposite sides of
the source [3].

Meanwhile, non-orthogonal multiple access (NOMA) is
widely regarded as a promising multiple access candidate
for the sixth generation networks due to its high spectral
efficiency [4]. The introduction of STAR-RIS in NOMA
networks will have the advantages of enhancing the coverage
area, improving the quality of service and reducing power
consumption [5]. Indeed, several studies have recently been
conducted to demonstrate the superiority of the combination
of STAR-RIS and NOMA [6]. The authors of [7] analyzed
the outage probability (OP) and ergodic rate of a pair of
users in a STAR-RIS NOMA network and showed that the
network can enhance the reliability of the communication
link. Furthermore, Liu et al. [8] used the effective capacity
(EC) as a metric and analytically concluded that the EC of
the considered system was superior to that of the STAR-RIS
orthogonal multiple access network and the conventional RIS
network. Wang et al. [9] proposed a mode switching STAR-
RIS NOMA network over spatially correlated channels and
show that channel correlation degrades performance in terms
of OP. Considering residual hardware impairments (RHIs) at
all nodes, the authors in [10] explored the secure performance
of downlink STAR-RIS NOMA networks by deriving secrecy
outage probability (SOP).

In recent years, covert communication has emerged as a
new security paradigm to ensure that the information trans-
mission between two users has a negligible probability of
being detected at the warden. The studies on covert com-
munication in NOMA-based networks have shown that one
can not only satisfy the covert nature of the communication
but also increase the rate of information transmission [11].
In [12], Zhang et al. investigated covert communication in
the NOMA system with user’s channel knowledge uncertainty
and considered the situation where the optimal antenna is not
accessible for selection in a multi-antenna transmitter. On the
other hand, without having to change the associated protocols
and hardware, the addition of RIS to an existing system
can enhance covert communication performance. For example,
the authors of [13] revealed that the integration an RIS into
communication networks can enhance covertness performance.
Moreover, due to the inherent uncertainty in non-orthogonal
transmission and RIS phase shift uncertainty, implementing
covert communication in a combined RIS and NOMA scheme
is more practical and simpler to accomplish [14].

Although there are many benefits to combining STAR-RIS
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Fig. 1. System model of STAR-RIS NOMA network.

with NOMA, the investigation of covert communication in
STAR-RIS NOMA networks is still in its infancy. Compared
to the existing works in [8] and [10], this paper has three main
differences. Firstly, we consider the covert communication
problem in STAR-RlS assisted NOMA networks, which has
not been studied in previous literature. Secondly, this paper
proposes a covert communication strategy that uses non-
orthogonal transmission and STAR-RIS techniques without
external interference sources. Moreover, we also consider non-
ideal factors that exist in practical communication, such as
imperfect successive interference cancellation (SIC). There-
fore, this paper carries out the covertness analysis in STAR-
RIS assisted NOMA networks. The main contributions are
as follows: 1) the detection error probability (DEP) of the
warden is determined analytically; 2) an optimization problem
to maximize the effective covert rate (ECR) is proposed; 3) the
impact of the number of STAR-RIS elements on the covertness
performance is analyzed. Finally, our analysis is verified by
numerical simulations.

II. SYSTEM MODEL

A. Network Model

We consider covert communication of relatively station-
ary nodes in downlink STAR-RIS assisted NOMA networks,
which consists of a source (Alice), a STAR-RIS with K
elements, a warden (Willie), a covert user (Bob) as the near
user and a public indoor user (Carol) as the far user [15].1 A
more general communication scenario are designed in which
Bob and Carol can receive signals from both Alice and STAR-
RIS. Specifically, Bob and Carol are located at opposite ends
of the STAR-RIS and they can independently receive the signal
due to the reflective and refractive transmission of the STAR-
RIS. In addition, Willie is located on the front of the STAR-
RIS and can receive signals from both Alice and the STAR-
RIS.

In this study, we have the following assumptions: 1) We
use the STAR-RIS mode switching protocol since it is con-
venient to deploy, thus splitting the K elements into two
subsets, i.e., Kn elements serving Bob and Km elements
serving Carol; 2) Each channel follows as Rayleigh fading

1This work can be extended to multiple users, but to give a clear analysis
and design, we just use two users here.

channel.2 The channel coefficients of the Alice-STAR-RIS
link, STAR-RIS-Bob link, STAR-RIS-Willie link, STAR-RIS-
Carol link and Alice-Bob link, Alice-Willie link are expressed
as hi ∼ CN (0, λiIj), i ∈ {ar, rb, rw, rc}, j ∈ {Kn,Km},
hf ∼ CN (0, λf ), f ∈ {ab, aw, ac}; 3) The distances of the
above links are respectively denoted as di and df ; 4) All nodes
are single antenna devices except STAR-RIS; 5) Alice only
knows the statistical channel state information (CSI) of the
Alice-Willie link.

B. Transmission Phase
Alice sends a common signal sc (n) and a covert signal

sb (n) to Carol and Bob with E
(
|sc|2

)
= E

(
|sb|2

)
= 1,

respectively. Consequently, the signals received at Bob and
Carol are respectively given by

yb (n) =

(
hab

d
αab

2

ab

+
hHar1ΘRhrb

d
αar

2
ar d

αrb
2

rb

)
×
(√

Pcsc (n) +
√
Pbsb (n)

)
+ zb (n) ,

(1)

and

yc (n) =

(
hac

d
αac

2
ac

+
hHar2ΘThrc

d
αar

2
ar d

αrc
2

rc

)
×
(√

Pcsc (n) +
√
Pbsb (n)

)
+ zc (n) ,

(2)

where Pc = (1 − ρ)Pa and Pb = ρPa are the average trans-
mitted power levels for sc (n) and sb (n) (n = 1, 2, . . . , N),
respectively. Pa represents the total transmission power of
Alice and ρ indicates power allocation factor, i.e., 0 < ρ < 0.5.
This setup can utilize sc (n) as a cover for sb (n). zc (n) ∼
CN

(
0, σ2

c

)
and zb (n) ∼ CN

(
0, σ2

b

)
denote the additive white

Gaussian noises (AWGNs) for Carol and Bob, respectively.
ΘR = diag

(√
βr1e

jθr1 , . . . ,
√
βrke

jθrk , . . . ,
√
βrKne

jθrKn

)
and

ΘT = diag

(√
βt1e

jθt1 , . . . ,
√
βtke

jθtk , . . . ,
√
βtKme

jθtKm

)
de-

note as the reflection and transmission coefficient matrices
of STAR-RIS, respectively, where

√
βrk,

√
βtk ∈ (0, 1], θrk,

θtk ∈ [0, 2π) represent the amplitude and phase shift of the k
th STAR-RIS element, respectively. αi and αf are the path
loss exponents.

C. Detection Metrics at Willie
To detect the existence of covert information, Willie at-

tempts to differentiate the following two hypotheses:

yw (n) =

(
haw

d
αaw

2
aw

+
hHar1ΘRhrw

d
αar

2
ar d

αrw
2

rw

)
×
√
Pcsc (n) + zw (n) ,

H0,(
haw

d
αaw

2
aw

+
hHar1ΘRhrw

d
αar

2
ar d

αrw
2

rw

)
×
(√

Pcsc (n) +
√
Pbsb (n)

)
+ zw (n) ,

H1,

(3)
2To obtain a tractable solution and show insights, we choose Rayleigh

fading in this work. In the future, we will further investigate generalized
channel models such as Rician and Nakagami-m fading model.
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where zw (n) ∼ CN
(
0, σ2

w

)
is the AWGN at Willie. H0

and H1 represent only common signal transmission and joint
common and covert signal transmission, respectively. For
convenience, we assume that αar = αrb = αrc = αaw =
αrw = αab/2 = α, dardrb = d2

ab and dardrc = d2
ac.

Using the definition Tw =
∑N

n=1
|yw (n)|2

/
N , and letting

N →∞, we can express Willie’s average received power as

Tw =



(
|haw|2

dαaw
+

∣∣hHar1ΘRhrw
∣∣2

dαard
α
rw

)
Pc + σ2

w, H0,(
|haw|2

dαaw
+

∣∣hHar1ΘRhrw
∣∣2

dαard
α
rw

)
(Pc +Pb) + σ2

w, H1.

(4)
In the STAR-RIS NOMA network, the decision rule for

solving Willie’s DEP can be defined by

Tw
D1
>
<
D0

η, (5)

where η is the judgment threshold to be determined. D0 and
D1 indicate decisions in favor of H0 and H1, respectively.

III. PERFORMANCE ANALYSIS AND OPTIMIZATION
STRATEGY

A. Detection Performance at Willie

The prior probabilities of H0 and H1 are assumed to be
equal. Based on this assumption, Willie’s DEP is defined as

ξ = Pf + Pm, (6)

where Pf = Pr (D1 |H0 ) and Pm = Pr (D0 |H1 ) denote
the false alarm probability (FAP) and the missed detection
probability (MDP), respectively.

Remark 1. With the CSI of the Alice-Bob and Alice-STAR-
RIS-Bob links, an optimal ΘR can be designed, such that∣∣hHar1ΘRhrw

∣∣2 becomes a random variable at Willie, with
only the statistical characteristic of

∣∣hHar1ΘRhrw
∣∣2 known to

Willie. This ensures a low possibility of discovering the covert
communication to Bob. This is because when Willie detects
its received power, it cannot determine whether the change in
received power is the result of a common signal transmission
or a covert signal transmission.

For convenience, we set HK = hHar1ΘRhrw. Since Willie
has no knowledge of the instantaneous CSI of Alice-STAR-
RIS. Therefore, in order to compute the detection performance,
according to the central limit theorem (CLT), the cumulative
distribution function (CDF) of HK can be approximated as a
complex Gaussian random variable with mean 0 and variance
λar1λrwKn, i.e., HK ∼ CN (0, λar1λrwKn) [16]. Next, we
have the following characterizations.

Lemma 1. The DEP at Willie is expressed as

ξ =


1, η ≤ Q1|haw|2 + σ2

w,

g1, Q1|haw|2 + σ2
w < η ≤ Q2|haw|2 + σ2

w,

g2, η > Q2|haw|2 + σ2
w,

(7)

where g1 =e−
η−σ2

w−Q1|haw|
2

Q3 , g2 =1 + g1 − e−
η−σ2

w−Q2|haw|
2

Q4 ,
Q1 = Pcd

−α
aw , Q2 = (Pc + Pb) d

−α
aw , Q3 =

Pcd
−α
ar d

−α
rw λar1λrwKn, Q4 = (Pc + Pb) d

−α
ar d

−α
rw λar1λrwKn.

Proof: The Pf = Pr (Tw > η |H0 ) and the Pm =
Pr (Tw < η |H1 ) as well as (6) can be determined readily
(under the Gaussian approximization for HK) to obtain (7).

Theorem 1. Considering the detection metrics above, the
optimal judgment threshold for minimizing ξ is given by

η∗ =

 η0, |haw|2 <
η0 − σ2

w

Q2
,

σ2
w +Q2|haw|2, otherwise,

(8)

and the corresponding minimum detection error probability
(MDEP) can be expressed as

ξ∗ =


1− g3 + g4, |haw|2 <

η0 − σ2
w

Q2
,

e
−PbQ2|haw|

2

(Pb+Pc)Q3 , otherwise,

(9)

where g3 = e−
η0−σ

2
w−Q2|haw|

2

Q4 , g4 = e−
η0−σ

2
w−Q1|haw|

2

Q3 , η0 =
σ2
w + [Q3Q4 ln (Q3/Q4)] / (Q3 −Q4).

Proof: See Appendix A.
Alice does not have known the instantaneous CSI regarding

of haw and we use the average minimum detection error
probability (AMDEP) with respect to |haw|2 as a performance
evaluation metric. Under the optimal judgment threshold, the
AMDEP can be easily obtained utilizing the total probability
theorem.

Theorem 2. Willie’s AMDEP is obtained as (10), which is
shown at the top of the next page.

B. Outage Probability Analysis

According to the NOMA protocol, Bob first decodes Carol’s
signal, then removes it from the received signal and detects
its own signal. Thus, the signal-to-interference-plus-noise ratio
(SINR) for decoding sc (n) and sb (n) at Bob can be expressed
as

γb→c =
(1− ρ)µ1

∣∣hab + hHar1ΘRhrb
∣∣2d−2α

ab

ρµ1

∣∣hab + hHar1ΘRhrb
∣∣2d−2α

ab + 1
, (11)

and

γb =
ρµ1

∣∣hab + hHar1ΘRhrb
∣∣2d−2α

ab

$ (1− ρ)µ1

∣∣hab + hHar1ΘRhrb
∣∣2d−2α

ab + 1
, (12)

where µ1 = Pa/σ
2
b denotes the average transmitted signal-to-

noise ratio (SNR) from Alice to Bob. $ ∈ [0, 1] stands for
the coefficient of imperfect SIC due to implementation issues
such as shadow decline and error propagation [17].

Similarly, the SINR for decoding Carol’s own information
is given by

γc =
(1− ρ)µ2

∣∣hac + hHar2ΘThrc
∣∣2 d−2α

ac

ρµ2

∣∣hac + hHar2ΘThrc
∣∣2 d−2α

ac + 1
, (13)
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ξ̄∗ =

{
1 +

Q3

Q1λaw −Q3

[
e

(Q2λaw−Q1λaw+Q3)(σ2
w−η0)

Q2Q3λaw − e
σ2
w−η0
Q3

]
− Q4

Q2λaw −Q4

(
e
σ2
w−η0
Q2λaw − e

σ2
w−η0
Q4

)}(
1− e

σ2
w−η0
Q2λaw

)
+

(Pc + Pb)Q3

PbQ2λaw + (Pc + Pb)Q3
e

(σ2
w−η0)[PbQ2λaw+2(Pc+Pb)Q3]

(Pc+Pb)Q2Q3λaw

(10)

where µ2 = Pa/σ
2
c is expressed as the average transmitted

SNR from Alice to Carol.
According to [16],

∣∣hab + hHar1ΘRhrb
∣∣2 obeys an exponen-

tial distribution with a parameter of λ = λab + λar1λrbKn,
then we can obtain the CDF of

∣∣hab + hHar1ΘRhrb
∣∣2. We

following derive the OP to measure the system reliability.

Lemma 2. The OPs of Bob and Carol are respectively
expressed as

δb =



1, ρ ≥ φ1 or ρ ≤ φ2,

1− e
− γthc

(λab+λar1
λrbKn)∆1µ1d

−2α
ab , ∆3 < ρ < φ1,

1− e
− γthb

(λab+λar1
λrbKn)∆2µ1d

−2α
ab , φ2 < ρ ≤ ∆3,

(14)
and

δc =


1, ρ ≥ φ1 or ρ = 0,

1− e
− γthc

(λac+λar2λrcKm)∆1µ2d
−2α
ac , 0 < ρ < φ1,

(15)
where γthb = 2Rb − 1, γthc = 2Rc − 1, while Rb and
Rc are the predefined target rates for signals sb and sc
respectively. φ1 = 1

/(
1 + γthc

)
, φ2 = $γthb

/(
1 +$γthb

)
,

∆1 = 1 − ρ − ργthc , ∆2 = ρ − $ (1− ρ) γthb and ∆3 =(
γthb +$γthb γ

th
c

)/(
γthc + γthb + γthc γ

th
b +$γthb γ

th
c

)
.

Proof: An outage event occurs at Bob when it can not
recover sb (n) at Bob or when Bob fails to decode sc (n).
Hence, the OP at Bob can be expressed as

δb = Pr
(
γb→c < γthc

)
+ Pr

(
γb < γthb , γb→c > γthc

)
= 1− Pr

(
γb→c > γthc , γb > γthb

)
= 1− Pr

(
∆1

∣∣hab + hHar1ΘRhr1w
∣∣2 > γthc

µ1d
−2α
ab

,

∣∣hab + hHar1ΘRhr1w
∣∣2 > γthb

µ1∆2d
−2α
ab

) (16)

Case 1: When ρ ≥ φ1 or ρ ≤ φ2, we have δb = 1.
Case 2: When ∆3 < ρ < φ1, the OP can be derived as

δb =1− Pr

(∣∣hab + hHar1ΘRhrw
∣∣2 > γthc

µ1∆1d
−2α
ab

)
=1−

∫ ∞
γthc

µ1∆1d
−2α
ab

f|hab+hHar1ΘRhrw|2 (x) dx
(17)

Case 3: When φ2 < ρ ≤ ∆3, we have δb = 1 −
Pr
(∣∣hab + hHar1ΘRhrw

∣∣2 > γthb
/(
µ1∆2d

−2α
ab

))
. The proof is

similar to Case 2.

The outage event occurs when Carol fails to decode sc (n),
which can be represented by δc = Pr

(
γc < γthc

)
. Lemma 2

can be obtained through the above series of calculations.

C. Maximization of the Effective Covert Rate

In this subsection, we optimize the covertness performance
of Bob while ensuring the reliability requirement of Carol
and the covertness requirement of the STAR-RIS NOMA
networks. We introduce the ECR, defined as Υ = Rb (1− δb),
as a metric of the covertness performance of Bob. Then, the
optimization problem that maximizes the ECR is given by

max
ρ

Υ = Rb (1− δb)
s.t ξ̄∗ ≥ 1− ε

δc ≤ δth

(18)

where ε is a pre-determined covertness threshold and its value
is sufficiently small, and δth denotes the maximum allowed
OP at Carol.

Theorem 3. For a given covertness constraint ε and a
reliability constraint δth, the optimal power allocation factor
ρ for maximizing the ECR is given as

ρ∗ = min (ρδ, ρε,∆3) . (19)

where ρε is the solution of ξ̄∗ = 1 − ε for ρ, and ρδ is the
solution to δc = δth for ρ.

Proof: For a given ε, ξ̄∗ is a decreasing function of ρ
in Eq. (10). We can obtain the maximum ρ, i.e. ρε (ρε is
the solution of ξ̄∗ = 1 − ε). Similarly, for a given δth, δc
is a increasing function of ρ in Eq. (15). We can obtain the
maximum ρ, i.e. ρδ (ρδ is the solution to δc = δth). Therefore,
ρ ≤ min (ρε, ρδ) can be obtained by concurrently satisfying
the above two constraints. Furthermore, since there are differ-
ent intervals for δb, the optimal factor ρ∗ = min (ρδ, ρε,∆3)
can be obtained by analysing the following two cases i)
∆3 ≤ min (ρδ, ρε) < φ1 and ii) φ2 < min (ρδ, ρε) ≤ ∆3,
which concludes the proof.

IV. NUMERICAL ANALYSIS

In this section, numerical results are provided to verify
the detection performance of Willie and the covertness per-
formance of the system under consideration. The simulation
parameters are set to λar1/2

= 1.6, λab = 2, λac = 2.6,
λrb = λrw = 2.2, λrc = λaw = 3. dar = 5 m, daw = drc = 3
m, drb = drw = 4 m. α = 2.5, Rc = Rb = 1 bps/Hz,
σ2
b = σ2

c = σ2
w = −20 dB [18].

Fig. 2 depicts the DEP as a function of the judgment
threshold η for different transmission power Pa. We set
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Kn = 64 and ρ = 0.4. Firstly, the result shows that the DEP
first decreases and then increases as η increases. Hence, there
exists a minimum DEP. Furthermore, it is observed that the
simulation curves are in perfect agreement with the theoretical
ones, thus verifying the characterization in Lemma 1. We also
find that although the optimal judgment thresholds to achieve
the minimum of ξ (i.e., ξ∗) are different, ξ∗ has the same
value in different transmission power options, verifying the
result in Theorem 1. In addition, it can be further observed
that the DEP varies significantly with the judgment threshold,
which illustrates the importance of optimizing the judgment
threshold at Willie.

In Fig. 3, we demonstrate the three-dimensional relationship
between AMDEP and different ρ and the number of elements
Kn, used by STAR-RIS for reflection. We first observe that
AMDEP decreases as ρ increases. This is because the larger ρ
is, the more transmission power is allocated to Bob, causing
Pb to increase, making it more likely for Willie to detect the
covert communication process. It is worth noting that Pa has
no effect on AMDEP. According to the NOMA principle, it
can be readily seen from (10) that AMDEP is only a function
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Fig. 5. Maximum Υ versus Pa for different values of ε, Kn and Km.

of ρ and Kn. Furthermore, for a fixed ρ, AMDEP increases
with increasing Kn. This can be attributed to the fact that
the increase in ρ helps to generate a large STAR-RIS phase
shift uncertainty to confuse Willie and thus worsen detection
performance of Willie.

Fig. 4 shows the curves of OP versus ρ for different users.
We set $ = 0.02. It can be observed that Bob’s OP first
decreases and then fast increases with the increase of ρ. When
ρ = ∆3, the OP of Bob reaches the minimum value. This is be-
cause according to the NOMA principle, Bob needs to decode
the public signal sc (n) before decoding its own signal sb (n).
When ρ→ 0, the transmitted power of sc (n) is the maximum
and Carol has the best communication quality. In this case, the
transmitted power of sb (n) is minimum, resulting in δb → 1.
With the increase of ρ, the transmitted power of sc (n) will
decrease, and δc → 1 when ρ → 1

/(
1 + γthc

)
. Within this

range, there must be some value that makes the OP of Bob
minimum. Furthermore, perfect SIC can better improve the
system performance. When when Bob has perfect SIC, its OP
is lower than that of imperfect SIC.

Fig. 5 plots the variation of the maximum Υ versus different
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transmission power Pa under ε and the number of elements
Kn and Km of STAR-RIS serving Bob and Carol, respec-
tively. We set K = 160 (K = Kn +Km), $ = 0.01 and
δth = 0.3. We can observe that the maximum Υ is positively
correlated with Pa and ε. As Pa increases, maximal Υ tends
to a constant value. In addition, increasing Kn significantly
increases the maximum Υ when ε and Pa are fixed constants.
This is because the higher the number of elements used
for reflection in STAR-RIS, and the higher the number of
covert signals received by Bob, which ultimately leads to an
increase in the maximum Υ. When Pa is fixed, the optimal
power allocation factor corresponding to the maximum Υ can
be obtained, which verifies the analysis of Theorem 3, i.e.
ρ∗ = min (ρδ, ρε,∆3). Furthermore, higher levels of cover
performance can be achieved by setting different numbers of
reflection and transmission elements in the STAR-RIS NOMA
networks.

V. CONCLUSION

This paper investigated the covertness performance of
STAR-RIS NOMA networks by deriving analytical expres-
sions for the DEP, AMDEP and OP. To be pratical, the
assumption of imperfect SIC is taken into consideration. An
ECR maximization problem was then developed to balance the
reliability and covertness of the considered network. Finally,
in the numerical results, the influence of Alice’s transmit pow-
er, power allocation factor, covertness constraint and STAR-
RIS element number on the covertness performance of the
proposed system was investigated. Moreover, the maximum
ECR converges to a specific constant when Alice’s transmit
power is sufficiently large. Our work provided a beneficial
theoretical reference for the study of covert communication
systems. It can also be extended to enable multi-user covert
communication in the STAR-RIS NOMA networks, which will
be focused in our future research works.

APPENDIX A

Based on (7), we seek to find the optimal judgment thresh-
old that minimizes DEP.

Case 1: When η ≤ Q1|haw|2 + σ2
w, ξ = 1, there is no

optimal η.
Case 2: When Q1|haw|2 + σ2

w < η ≤ Q2|haw|2 + σ2
w,

ξ is a monotonically decreasing function with respect to η,
so η∗ = Q2|haw|2 + σ2

w is chosen as the optimal judgment
threshold that minimizes ξ.

Case 3: When η > Q2|haw|2 +σ2
w, we derive the first order

derivative of ξ with respect to η, which is expressed as

∂ξ

∂η
=

1

Q4
e
σ2
w+Q2|haw|

2−η
Q4 − 1

Q3
e
σ2
w+Q1|haw|

2−η
Q3 . (20)

Letting (20) be equal to 0, we can get to the solution as η0 =
σ2
w+[Q3Q4 ln (Q3/Q4)] / (Q3 −Q4). By using the results of

(20) and η0, we explore the monotonicity of ξ as follows:
1) When η0 > Q2|haw|2+σ2

w, for Q2|haw|2+σ2
w < η < η0,

∂ξ/∂τ < 0, so ξ is decreasing monotonically with η. However,
for η0 ≤ η < +∞, ξ increases as η increases, and hence the
optimal judgment threshold to minimize Willie’s DEP is η0.

2) When η0 ≤ Q2|haw|2 + σ2
w, for η > Q2|haw|2 + σ2

w,
ξ is a monotonically increasing function, and therefore η∗ =
Q2|haw|2 +σ2

w is the optimal judgment threshold to minimize
DEP.

The optimal judgment threshold for each case is brought
into (7) to obtain the corresponding MDEP. With the above
characterizations, the proof of Theorem 1 is completed.
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