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Abstract— Censoring improves the lifetime of conventional
wireless sensor networks (WSNs) by reducing the number of
sensor node transmissions. However, this comes at the expense of
performance since measurements from fewer nodes are available.
We show that in energy harvesting (EH) WSNs, in which the
sensor nodes harvest energy from the environment, this trade-
off is fundamentally different. For a general model in which the
nodes experience independent and non-identical fading and the
EH process at a node is stationary and ergodic, we derive a
lower bound on the mean squared error (MSE). It leads to an
insightful and explicit characterization of the optimum censoring
threshold for each node. We show that it is the point at which
the probability that an EH node has sufficient energy to transmit
becomes 1. We also analyze the MSE outage probability, which
is an alternate and widely used performance measure, which
characterizes the impact of channel fading.

I. INTRODUCTION

Lifetime is a critical issue in the design of wireless sen-

sor networks (WSNs), which are being increasingly used

in applications such as environmental monitoring, military

surveillance, and healthcare due to their low cost and ease

of deployment. Several lifetime improvement techniques have

been explored in the literature [1]. These include cluster-

ing [2], data correlation [3], beamforming [4], and opportunis-

tic transmission [5]. Censoring [6] is a widely studied oppor-

tunistic transmission scheme, in which each node computes

a local metric and its decision to transmit depends on it. The

likelihood ratio of a node’s observation is used as the metric

in the detection problem considered in [7]. In estimation

problems, a node’s measurement is the metric in [8] and a

node’s channel power gain is the metric in [9].

Energy harvesting (EH) is a green, alternate solution that

eliminates the problem of limited lifetime in WSNs. In it, the

nodes are equipped with rechargeable batteries and an EH

circuitry that enables them to harvest energy from renewable

sources, such as solar, vibration, and wind, and replenish

their energy buffers. However, since the energy available is

random, the nodes can occasionally be unavailable due to lack

of energy, which affects performance.

Estimation by EH WSNs has been investigated by several

papers in the literature [10]–[12]. In [13], the goal is to

minimize the mean squared error (MSE) by optimizing the

transmit power of an EH node in each slot depending on
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whether the energy arrivals in the future are known non-

causally or not. The optimal power allocation problem is

modeled using finite and infinite horizon Markov decision

processes and solved using dynamic programming in [14].

The solution proposed in [15] determines which node should

transmit in a slot and its transmit power so as to minimize

the MSE over a finite time horizon; the energy arrivals are

assumed to be known a priori.

The focus in the literature has primarily been on deter-

mining the transmit power of the sensor nodes. However,

the efficacy of classical energy-conserving schemes, such as

censoring, in EH WSNs has not been well studied. Further-

more, the fixed transmit power model, which addresses the

important issue of energy-efficient power-amplifiers in sensor

nodes [16], has not been well investigated. We endeavor to

bridge this gap in this work. Our work brings out several

new insights about how the design of EH WSNs differs from

that of conventional WSNs. In conventional WSNs, increasing

the censoring threshold reduces the average number of times

a node transmits its observations to the fusion node (FN).

Doing so increases lifetime, but it also increases the MSE.

However, as we show, this monotone relationship no longer

holds in EH WSNs.

A. Focus and Contributions

We analyze and optimize the performance of channel-based

censoring for an EH WSN. Our contributions are as follows:

• We derive a tractable and insightful lower bound on

the MSE and then provide an explicit characterization

of the optimal censoring thresholds for each node that

jointly minimize the bound. We show that the optimum

censoring threshold for an EH node is the point where

the node transitions from being energy constrained to

being energy unconstrained. Here, an EH node is said

to be energy unconstrained if it has sufficient energy

to transmit its observation to the FN in a slot with

probability 1. Else, it is said to be energy constrained.

• We also derive an upper bound on the MSE outage prob-

ability, which is the probability that the instantaneous

MSE exceeds a threshold. It is an alternate and widely

studied performance measure, which characterizes the

impact of channel fading.

The above results are general in the following two respects.

First, they apply to the general class of stationary and ergodic

EH processes, which includes the widely used independent

and identically distributed (i.i.d.) [10], Bernoulli [17], and

Markovian EH models [13], [14]. Second, they apply to the
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Fig. 1. An EH WSN consisting of N EH nodes that observe an unknown
parameter s[t] and subsequently transmit their readings to an FN, which
generates an estimate ŝ[t] of s[t].

general, practically relevant case where the nodes experience

statistically non-identical fading. This happens, for example,

when they are at different distances from the FN.

B. Organization and Notations

This paper is organized as follows. Section II presents the

system model. Section III analyzes the MSE and MSE outage

probability of censoring. Simulation results are presented in

Section IV, and are followed by conclusions in Section V.

Notations: The probability of an event A is denoted by

Pr[A]. The conditional probability of A given event B is de-

noted by Pr[A|B]. The joint probability of A and B is denoted

by Pr[A,B]. For a random variable (RV) X , its probability

density function (PDF) is denoted by fX(·) and its expectation

by EX[·]. Similarly, the expectation conditioned on an event A
is denoted by EX[·|A]. The notation X ∼ CN(σ2) means that

X is a zero-mean, circularly symmetric complex Gaussian

RV with variance σ2. For a set B, |B| denotes its cardinality

and Bc its complement. For a complex number c, c∗ and |c|
denote its complex conjugate and absolute value, respectively.

The indicator function 1{a} equals 1 if a is true and is 0
otherwise.

II. SYSTEM MODEL

We consider a time-slotted EH WSN that consists of a set

N = {1, 2, . . . , N} of EH nodes and an FN. Fig. 1 shows

the system model. The models for sensor readings, EH and

storage, channel fading, transmission, and reception are as

follows.

Sensor Readings: The observation xi[t] at node i in slot t
is given by

xi[t] = s[t] + vi[t] , for 1 ≤ i ≤ N, (1)

where s[t] is the parameter to be estimated in time slot t. It

has a mean of zero, a variance of σ2
s , and is i.i.d. across t.

The observation noise vi[t] ∼ CN(σ2
v) is independent of s[t]

and is i.i.d. across i and t.

EH and Storage Model: The EH process at a node is

assumed to be stationary and ergodic with mean H̄ > 0 per

slot, and is i.i.d. across nodes. The energy is harvested at the

beginning of a slot and is stored in an energy buffer for use

in that slot and subsequent slots. The buffer capacity is taken

to be infinite to ensure analytical tractability [10], [13], [15].
Channel Model: Let hi[t] be the channel power gain

between node i and the FN in time slot t. It is an exponential

RV with mean λi, which models Rayleigh fading. We assume

a block fading model in which the channel fades of a node are

i.i.d. across time and are independent across nodes. Different

nodes can have different mean channel power gains. We also

assume that the EH and the channel fading processes are

mutually independent [14]. Let h(t) =(h1(t) , . . . , hN (t)).
Transmission and Censoring Scheme: The nodes amplify

and forward their observations to the FN over a set of orthog-

onal channels.1 Each node uses a fixed transmit power P . The

energy consumed by the node to transmit its observations to

the FN is PTtx, where Ttx is the transmission duration. Let

ρ =
H̄

PTtx

. (2)

A node is said to be active in a slot if it has sufficient energy to

transmit, else it is inactive. Only an active node can transmit

in a slot.

In a slot, node i first checks if its channel power gain

exceeds a censoring threshold θi. If so, it transmits if it is

active. Let θ =(θ1, . . . , θN ) denote the censoring vector.
Reception Model: The signal received by the FN from node

i in slot t is given by

yi[t] =
√

αhi[t]xi[t] e
jφi[t] + wi[t] , for 1 ≤ i ≤ N, (3)

where α = P
σ2
s+σ2

v
, φi[t] is the phase of the ith channel,

and wi[t] ∼ CN(σ2
w) is the noise at the receiver for the ith

channel in time slot t. The noise at the receiver is i.i.d. across

nodes and slots. Since the signal, noise, channel fading, and

EH processes are stationary, we drop the time parameter t
henceforth. Let T denote the set of nodes that transmit in a

slot.
Estimation at the FN: Based on the received signal vector,

the FN computes a linear minimum mean squared error

(LMMSE) estimate of s based on its knowledge of hi, for

i ∈ T , and the first and second order statistics of the signal

and noise [18, Chap. IV]. The instantaneous MSE, which

averages over the signal and noise but not the channel fading,

is denoted as MSE(T ). It is given by [18, Chap. IV]

MSE(T ) = Es,ŝ

[
|s− ŝ|2

⏐⏐⏐T ] ,
=

⎛
⎝σ−2

v

∑
i∈T

hi

hi +
σ2
w(σ2

s+σ2
v)

σ2
vP

+σ−2
s

⎞
⎠

−1

. (4)

1We do not consider the alternate model in which all nodes transmit
simultaneously over the same channel, such that their signals combine
coherently at the FN. This model requires tight synchronization between
sensor nodes and the FN, and is difficult to realize in practice in WSNs.
Furthermore, the orthogonal channel model is justified when the WSN is not
bandwidth-constrained.



III. PERFORMANCE ANALYSIS

Let Ai be the event that node i is active, Si be the event that

node i is selected, and Ti be the event that node i transmits.

A. MSE Analysis

From (4), the average MSE, which is denoted by MSE, is

MSE=
∑
T ⊆N

Eh

⎡
⎢⎣
⎛
⎝σ−2

v

∑
i∈T

hi

hi +
σ2
w(σ2

s+σ2
v)

σ2
vP

+σ−2
s

⎞
⎠

−1⏐⏐⏐T
⎤
⎥⎦

× Pr[T ] . (5)

Evaluating (5) is analytically intractable. We, therefore,

derive an insightful lower bound for it. Let Pr[Ai] = ζi. Node

i is said to be energy unconstrained if ζi = 1. Else, it is

energy constrained.

Lemma 1: Node i is energy constrained if

θi < −λi log ρ, (6)

and is energy unconstrained otherwise. Furthermore, the prob-

ability Pr[Ti] that node i transmits is given by

Pr[Ti] =

{
ρ, if θi < −λi log ρ,

e
− θi

λi , else.
(7)

Proof: The proof is given in Appendix A.

We see that as θi increases, i.e., as node i is censored more,

its energy usage reduces, and it eventually becomes energy

unconstrained.

Result 1: Let C be the set of energy constrained nodes and

U be the set of energy unconstrained nodes, as determined

from Lemma 1. Then,

MSE ≥ Υ, (8)

where

Υ=

⎛
⎝σ−2

v

∑
i∈C

m(θi, λi) ρ+σ−2
v

∑
j∈U

m(θj , λj) e
− θj

λj+σ−2
s

⎞
⎠
−1

,

(9)

and

m(θ, λ) =
1

λ

∞∫
θ

x e−
1
λ(x−θ)

x+
σ2
w(σ2

s+σ2
v)

σ2
vP

dx. (10)

Proof: The proof is given in Appendix B.

m(θ, λ) in (10) is easily evaluated numerically. The optimal

censoring vector is as follows.

Result 2: The optimal censoring vector θ∗
LB that minimizes

Υ is

θ∗
LB =(−λ1 log ρ,−λ2 log ρ, . . . ,−λN log ρ) . (11)

Proof: The proof is given in Appendix C.

Remark 1: From Result 2 and Lemma 1, we see that at θ∗
LB,

each node becomes energy unconstrained. Furthermore, the

optimal censoring thresholds for different nodes are different.

1) Insights from I.I.D. Case: When the channel fading

processes of the nodes are statistically identical, λ1 = · · · =
λN = λ and θ1 = · · · = θN = θ. From Results 1 and 2, the

following corollary follows.

Corollary 1: The MSE lower bound in (9) simplifies to

Υ =

⎧⎪⎨
⎪⎩
(

Nρ
σ2
v
m(θ, λ) + 1

σ2
s

)−1

, if θ < −λ log ρ,(
Ne−

θ
λ

σ2
v

m(θ, λ) + 1
σ2
s

)−1

, else,
(12)

and θ∗
LB =(−λ log ρ, . . . ,−λ log ρ).

B. MSE Outage Probability Analysis

The MSE outage probability Pout(D0) is given by

Pout(D0) =
∑
T ⊆N

Pr
[
MSE(T ) > D0

⏐⏐⏐T ]Pr[T ] , (13)

where D0 is a predefined distortion threshold. An exact

expression for (13) is analytically intractable. We instead

obtain the following upper bound.

Result 3: Pout(D0) ≤ Ψ, where

Ψ =
∑
T ⊆N

[
min
z>0

{
e
zσ2

v

(
σ2
s−D0

σ2
sD0

) ∏
i∈T

q(θi, λi, z)

}]
Pr[T ] .

(14)

Here,

q(θi, λi, z) =
e

θi
λi

λi

∞∫
θi

e
−
(

zxσ2
vP

σ2
vPx+σ2

w(σ2
s+σ2

v)
+ x

λi

)
dx, (15)

Pr[T ] = ρ|T ∩C|(1− ρ)
|T c∩C|

×

⎡
⎣ ∏
j∈T ∩U

e
− θj

λj

∏
l∈T c∩U

(
1− e

− θl
λl

)⎤⎦ .

(16)

Proof: The proof is given in Appendix D.

Recall that C is the set of energy constrained nodes and

U is the set of energy unconstrained nodes. The expression

min
z>0

{
e
zσ2

v

(
σ2
s−D0

σ2
sD0

) ∏
i∈T

q(θi, λi, z)

}
is evaluated numerically,

e.g., using the fmincon function of Matlab. This can be

avoided by choosing a specific value of z. It also yields an

upper bound, which is weaker than Ψ. While a proof that θ∗
LB

in (11) minimizes Ψ is an open problem, we shall observe

numerically in Section IV that this is indeed the case.

1) Insights from I.I.D. Case: Ψ simplifies as follows.

Corollary 2: The upper bound Ψ is given by

Ψ=

N∑
L=0

(
N
L

)[
min
z>0

{
e
zσ2

v

(
σ2
s−D0

σ2
sD0

)
(q(θ, λ, z))

L

}]

×ηL(1− η)
N−L

, (17)

where η = ρ, for θ < −λ log ρ, and η = e−
θ
λ , else.



Fig. 2. MSE as a function of θ for different values of
ρ (N = 30 and β = 1).

IV. NUMERICAL RESULTS

We now present results from Monte Carlo simulations and

compare them with our analysis. The simulations are run

for a duration of 105 time slots in which the battery energy

of each node evolves over time as per the model described

in Section II. We set P = 2, Ttx = 1, s ∼ CN(1), and

σ2
v = σ2

w = 0.01. To model independent but non-identical

(i.n.i.d.) fading, we set the mean channel power gains as

λi = βi, where β ≤ 1. As β decreases, the channel gains

of the nodes become more statistically non-identical. The

Bernoulli EH model is simulated [16].

A. I.I.D. Case

1) MSE: Fig. 2 plots MSE as a function of the censoring

threshold θ for N = 30 and two values of ρ, which correspond

to two values of H̄ . Also plotted is the lower bound derived

in (12). The lower bound tracks the simulation curve well.

The censoring threshold that minimizes the lower bound is

the same as the one that minimizes MSE. Vertical lines are

drawn depicting the regions in which all the EH nodes are

energy constrained and all the EH nodes are energy uncon-

strained. We see that as θ increases, MSE decreases, which is

unlike conventional WSNs. This is because as the nodes are

censored more, they conserve energy and become available for

transmission more often. The optimal censoring threshold lies

at the boundary between the two regions. Beyond this point,

MSE increases because although the nodes have sufficient

energy to transmit, the higher censoring threshold prevents

them from being eligible for transmission. As ρ decreases, the

minimum MSE increases, due to less energy being harvested.

Interestingly, as ρ decreases, the optimal censoring threshold

increases, as can be seen from Result 2.

2) Outage: Fig. 3 plots Pout(D0) as a function of θ for

ρ = 0.6 and three values of N . Also plotted is the the upper

bound derived in (17). Also shown are the regions where all

the nodes are energy constrained and all are unconstrained.

The upper bound tracks the simulation curve well and is able

Fig. 3. Pout(D0) as a function of θ for different values of
N (β = 1, ρ = 0.6, and D0 = 0.002) .

Fig. 4. Minimum MSE as a function of ρ for different values of β (N = 30).

to identify the optimum censoring threshold. Furthermore, it

is the same as the one for MSE. We observe that the optimum

censoring threshold does not depend on N . However, as N
increases, the outage probability decreases, which is intuitive,

and becomes more sensitive to the choice of the threshold.

B. I.N.I.D. Case

1) MSE: Fig. 4 plots the minimum MSE as a function

of ρ for different values of β for N = 30. The minimum

MSE is obtained by numerically finding the optimal censoring

threshold vector for each β and ρ. It turns out to be the same

as that in (11). Also shown is the lower bound, in which (9) is

evaluated at the censoring threshold vector given in (11). The

gap between the lower bound and minimum MSE decreases

as ρ increases. As β decreases, the channels become weaker,

which increases the minimum MSE. Similar to the i.i.d. case,

as ρ increases, the performance improves.
2) Outage: Fig. 5 plots the minimum Pout(D0) as a func-

tion of ρ for different values of β and N = 10. As above, this

minimum is found by an extensive numerical search for the



Fig. 5. Minimum Pout(D0) as a function of ρ for different values of
β (N = 10 and D0 = 0.01).

optimal censoring threshold vector for each value of ρ and β.

As was the case for MSE, it turns out to be the same as that

given in (11). Also shown is the upper bound, in which (14)

is evaluated at the censoring threshold vector given in (11).

The gap between the minimum Pout(D0) and the upper bound

increases as ρ increases. Similar to Fig. 4, as β or ρ increase,

Pout(D0) decreases.

V. CONCLUSIONS

We analyzed the performance of channel-based censoring

for an EH WSN, in which each EH sensor node transmitted its

noisy observation of a random parameter to the FN, provided

that it was active and not censored. We derived bounds

on MSE and Pout(D0) of the scheme for the general class

of stationary and ergodic EH processes. We saw that the

optimum censoring threshold for each node that minimized

MSE was the same as the one that minimized the lower

bound. And, it was the point where the nodes just became

energy unconstrained. Numerical results showed that the

MSE outage probability was also minimized at this point.

Future work involves investigating the impact of imperfect

channel state information and spatial correlation between the

observations of different sensor nodes on the performance of

such networks.

APPENDIX

A. Proof of Lemma 1

Let Ēi be the average energy consumed by node i in a slot.

Clearly, Ēi = PTtxPr[Ti]. A node transmits if it is active and

it is not censored. Hence,

Pr[Ti] = Pr[Ai ∩ Si] . (18)

At the beginning of a slot, a node’s battery energy level is

a function of its channel power gains in the previous slots.

As the channel fading process is independent across time and

the EH and fading processes are independent of each other,

Pr[Ai ∩ Si] = Pr[Ai] Pr[Si]. Since hi is an exponential RV

with mean λi, the probability that node i is not censored is

given by Pr[Si] = Pr[hi > θi] = e
− θi

λi . Hence, (18) becomes

Pr[Ti] = ζie
− θi

λi . (19)

From the law of conservation of energy, we know that

Ēi ≤ H̄. (20)

Substituting (19) in (20) yields PTtxζie
− θi

λi ≤ H̄.
Consider the following three cases:
1) When θi > −λi log ρ: Substituting ρ= H̄

PTtx
and rear-

ranging the terms in θi > −λi log ρ, we get Ēi < H̄ζi.
If ζi < 1, then Ēi < H̄ . Thus, node i accumulates an

average energy of H̄ − Ēi > 0 in its battery in every slot.

Hence, the energy stored in its battery will become infinite

almost surely and the node is energy unconstrained. This

contradicts our assumption that ζi < 1. Hence, ζi = 1.
2) When θi = −λi log ρ: Rearranging terms and substitut-

ing ρ = H̄
PTtx

yields Ēi = H̄ζi. As above, we can again prove

that ζi = 1.
3) When 0 ≤ θi < −λi log ρ: In this case, Ēi > H̄ζi.

It is easy to see that ζi = 1 is not possible since it violates

the inequality in (20). Thus, ζi < 1. Also, from the law of

conservation of energy, we get Ēi = H̄ .

Evaluating Pr[Ti]: When node i is energy unconstrained,

ζi = 1. Therefore, from (19), Pr[Ti] = e
− θi

λi .

When node i is energy constrained, Ēi = H̄ . Rearranging

terms gives ζi = ρe
θi
λi . Substituting this in (19) yields (7).

B. Proof of Result 1

It can be shown that

(
σ−2
v

∑
i∈T

hi

hi+
σ2
w(σ2

s+σ2
v)

σ2
vP

+σ−2
s

)−1

is

a convex function of hi, for i ∈ T . For a positive-valued RV

X and an event A, from Jensen’s inequality, we know that

EX

[
1
X

⏐⏐⏐A] ≥ 1
EX[X|A] . Hence,

Eh

⎡
⎢⎣
⎛
⎝σ−2

v

∑
i∈T

hi

hi +
σ2
w(σ2

s+σ2
v)

σ2
vP

+σ−2
s

⎞
⎠

−1⏐⏐⏐T
⎤
⎥⎦≥

⎛
⎝σ−2

v

∑
i∈T

Ehi

⎡
⎣ hi

hi +
σ2
w(σ2

s+σ2
v)

σ2
vP

⏐⏐⏐hi ≥ θi

⎤
⎦+σ−2

s

⎞
⎠

−1

. (21)

Since hi is an exponential RV with mean λi, we get

Ehi

⎡
⎣ hi

hi +
σ2
w(σ2

s+σ2
v)

σ2
vP

⏐⏐⏐hi ≥ θi

⎤
⎦ =

1

λi

∞∫
θi

x e
− 1

λi
(x−θi)

x+
σ2
w(σ2

s+σ2
v)

σ2
vP

dx � m(θi, λi) . (22)

Thus, we have

MSE ≥ ET

⎡
⎣(σ−2

v

∑
i∈T

m(θi, λi) + σ−2
s

)−1
⎤
⎦ . (23)



Considering all possibilities that track whether each node

transmits or not, which can be written in terms of indicator

functions 1{T1}, . . . , 1{TN}, (23) can be recast as

MSE≥E1{T1},...,1{TN}

⎡
⎣(σ−2

v

N∑
i=1

m(θi, λi) 1{Ti}+σ−2
s

)−1
⎤
⎦ .

(24)

From Jensen’s inequality, we get

MSE ≥
(
σ−2
v

N∑
i=1

m(θi, λi) Pr[Ti]+σ−2
s

)−1

. (25)

Substituting Lemma 1 in (25) yields the result in (9).

C. Proof of Result 2

Minimizing Υ is the same as maximizing its denominator,

which is given by

σ−2
v

∑
i∈C

m(θi, λi) ρ+ σ−2
v

∑
j∈U

m(θj , λj) e
− θj

λj + σ−2
s . (26)

It is easy to see that

max
θ1,...,θN

⎧⎨
⎩ρ
∑
i∈C

m(θi, λi) +
∑
j∈U

m(θj , λj) e
− θj

λj

⎫⎬
⎭ ≤

ρ
∑
i∈C

max
θi
{m(θi, λi)}+

∑
j∈U

max
θj

{
m(θj , λj) e

− θj
λj

}
. (27)

It can be shown that m(θi, λi) is a monotonically increasing

function of θi, for i ∈ C, and m(θj , λj) e
− θj

λj is a monotoni-

cally decreasing function of θj , for j ∈ U . This implies that

this upper bound in (27) is achievable and this happens when

each node transitions from being energy constrained to being

energy unconstrained, i.e., θi = −λi log ρ, for 1 ≤ i ≤ N .

D. Brief Proof of Result 3

Let Pout(D0, T )=Pr[MSE > D0|T ]. Utilizing (4) and per-

forming some algebraic manipulations on Pr[MSE > D0|T ],
we can show that

Pout(D0, T )=Pr

⎡
⎣∑
i∈T

hi

hi +
σ2
w(σ2

s+σ2
v)

σ2
vP

<σ2
v

(
σ2
s−D0

σ2
sD0

)⏐⏐⏐T ⎤⎦.
(28)

For any z > 0, (28) can be written as

Pout(D0, T )=Pr

⎡
⎣e−

∑
i∈T

zhi

hi+
σ2
w(σ2

s+σ2
v)

σ2
vP >e

−zσ2
v

(
σ2
s−D0

σ2
sD0

)⏐⏐⏐T ⎤⎦ .

(29)

Using Markov’s inequality and noting that the channel

power gains are i.n.i.d. exponential RVs with mean λi, (29)

becomes

Pout(D0, T )≤e
zσ2

v

(
σ2
s−D0

σ2
sD0

) ∏
i∈T

q(θi, λi, z), (30)

where q(θi, λi, z) is given in (15). Since (30) holds for any

z > 0, it follows that

Pout(D0, T ) ≤ min
z>0

{
e
zσ2

v

(
σ2
s−D0

σ2
sD0

) ∏
i∈T

q(θi, λi, z)

}
. (31)

From Lemma 1 and utilizing the fact the nodes transmit

independently of each other, we get

Pr[T ] = ρ|T ∩C|(1− ρ)
|T c∩C|

×

⎡
⎣ ∏
j∈T ∩U

e
− θj

λj

∏
l∈T c∩U

(
1− e

− θl
λl

)⎤⎦ . (32)

Substituting (31) and (32) in (13) gives the expression for Ψ.
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