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Abstract—In this paper, a multi-hypothesis distributed detection
technique with non-identical local detectors is investigated. Here,
for a global event, some of the sensors/detectors can observe the
whole set of hypotheses, whereas the remaining sensors can either
see only some aspects of the global event or infer more than one
hypothesis as a single hypothesis. Another possible option is that
different sensors provide complementary information. The local
decisions are sent over a multiple access radio channel so that
the data fusion is formed in the air before reaching the decision
fusion center (DFC). An optimal energy fusion rule is formulated
by considering the radio channel effects and the reliability of the
sensors together, and a closed-form solution is derived. A receive
beamforming algorithm, based on a modification of Lozano’s al-
gorithm, is proposed to equalize the channel gains from different
sensors. Sensors with limited detection capabilities are found to
boost the overall system performance when they are used along
with fully capable sensors. The additional transmit power used by
these sensors is compensated by the designed fusion rule and the
antenna array gain. Additionally, the DFC, equipped with a large
antenna array, can reduce the overall transmit energy consumption
without sacrificing the detection performance.

Index Terms—Wireless Sensor Network, Multiple hypotheses,
Non-identical local detector, MAC, Data Fusion in the air, Optimal
power fusion rule, Large antenna array.

I. INTRODUCTION

A. Background

D ECENTRALIZED distributed detection has been an active
research topic since the seminal work by Tenney and

Sandell [1]. In those days, to design an optimal fusion rule to
detect the event accurately was the primary objective [2]. More-
over, the local observations from the different sensors were typ-
ically sent to the DFC through parallel access channels (PAC).
Later, Duman and Salehi proposed a decentralized detection
technique over multiple access channels (MAC) [3]. In the case
of MAC distributed detection, the DFC observes a superposition
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of the signals, sent from the individual sensors. Distributed
detection techniques in wireless sensor network (WSN) has been
an active research topic over the last few years [4]. Analysis and
design of fusion rules for both the PAC [5], [6] and the MAC
[7]–[10] based schemes have been investigated since then. In
these research papers, it is commonly assumed that the DFC is
equipped with a single antenna.

The received data at the DFC is mostly distorted due to the
presence of noise, co-channel interference, and fading in the
radio channel. In order to reduce this distortion and subsequently
to improve the probability of detection at the DFC, various
diversity techniques (e.g., time, frequency, or space) can be
employed. A possible solution is to employ a large antenna array
at the DFC, which can increase both the spectral and the energy
efficiency. This set up of spatially distributed wireless sensors
and the DFC resembles a virtual multiple input multiple output
(MIMO) system. Distributed detection over a MIMO channel in
WSN was first introduced in [11]. After widespread popularity
of massive MIMO, MAC distributed detection techniques with
a large number of antennas at the DFC have also been studied
in several recent publications [12]–[15].

B. Our Contribution

In a majority of the existing literature, the sensors or the local
detectors are assumed to be identical with regard to the number
of hypotheses observed by them. In other words, the distributed
detection problem is formulated as either a binary or an M-ary
hypotheses test, where the ‘M’ is equal for all the local detec-
tors. The case of non-identical sensors is explored only in few
publications, like [14]–[19] where, a binary hypotheses testing
scenario is investigated with different probability of detections
and false alarms among the sensors. However, to the best of our
knowledge, we have not found any research, where the network
consists of sensors with miscellaneous detection capabilities.
For example, for a certain observation or a global event, some
of the sensors in the network choose between two hypotheses,
whereas the remaining sensors can see multiple hypotheses. To
present this idea in a simple way, let us assume a scenario,
where a robot is cooking. It will put different ingredients into
a pan when the temperature reaches a certain level, i.e., 25,
50, 75, 100, 125, 150, 175, and 200 degrees centigrade. Here,
the heating element has a very sophisticated sensor, which
can detect whether the temperature has reached 25, 50, 75,
100, 125, 150, 175 or 200 degrees centigrade. However, the
sensor in the pan can only detect 50, 100, 150 or 200 degrees
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centigrade. Moreover, the sensor in the spoon can only detect the
temperature above or below 100 degrees centigrade. The robot
formulates the hypotheses based on the information available
from all these sensors. Let us consider another possible use case
from an industrial automation. To detect wear and tear of a ball
bearing in a motor, the operator may exploit different sensors
that would detect the speed (motion sensor), the temperature, and
the high frequency sound waves (ultrasonic sensor). The more
sophisticated sensors are able to sense both speed, temperature
and sound, whereas other low-cost sensors can only detect the
speed and the sound waves. Let us further assume; there are
also few standalone temperature sensors in the environment.
A central server or a programmable logic controller (PLC)
analyzes the information from all these sensors and formulates
the hypotheses accordingly. In this research work, we have
investigated distributed detection with non-identical wireless
sensors to handle the above types of scenarios.

As the set up between the sensors and the DFC resembles
a virtual MIMO system, the local decisions can be sent to the
DFC using either a spatial multiplexing or a spatial diversity
based technique. In literature [11]–[15], spatial multiplexing
based techniques are mostly employed so that all the local
decisions are available at the DFC. Then, the DFC formulates
an optimal fusion rule. The computational complexity of the
fusion rule based on any spatial multiplexing scheme increases
exponentially as the number of sensors increases. Moreover,
it will not be possible to get as many orthogonal spatial radio
channels as the number of sensors, when the number of sensors
is higher than the number of antennas at the DFC, and this
scheme would need more time/frequency resources. On the other
hand, this will not be a problem for any technique based on
spatial diversity, where the DFC receives a scalar signal, which
is a superposition of all the transmitted signals (e.g., the local
decisions). This approach is classified as fusion in the air in
this paper [20]–[22]. To decode the received signal, a simple
detection technique (e.g., maximum likelihood detection) with
a much lower computational complexity can be utilized. In this
research work, an optimal energy fusion rule based on spatial
diversity is proposed such that data fusion will take place in the
air (the radio channel), and a closed form solution is derived.

To achieve a high detection performance with a MAC based
scheme, the channel state information (CSI) is essential both
at the transmitters and the receiver [10], [23] to compensate
for the phase of the effective radio channel. Due to multi-path
propagation, a large variation in effective path loss between the
sensors and the DFC can be observed, where only a few sensors
with favorable propagation conditions dominate the detection
outcome. To overcome this situation, a suboptimal receiver (Rx)
beamformer, based on a modification of Lozano’s algorithm [24]
is proposed in this paper.

C. Paper Organization

The contents of this manuscript is organized as follows.
Section II presents all the theoretical aspects to understand
this paper. In Section III, simulation results are presented.
Section IV concludes the paper. Proofs and the derivations are
contained in a dedicated Appendix.

Fig. 1. Fusion in the air distributed detection.

D. Notations

In this paper, |•| represents the absolute value of a complex
number. •∗ is the conjugate of a complex number, � is the
Hadamard product, [•]∗ is the conjugate transpose of a vector or
a matrix and [•]T is the transpose of a vector or a matrix. E [•] is
the expectation operator. Moreover, throughout this paper, lower
case bold letters indicate vectors, whereas uppercase bold letters
denote matrices.

II. SYSTEM DESCRIPTION AND DATA FUSION RULE

A. The Observations and the Sensors’ Decisions

A decentralized wireless sensor system is considered in this
paper, as depicted in Fig. 1. The maximum number of global
events/hypotheses H , observed by the sensors in the network
is M , and the prior probability of the mth hypothesis is, pm =
Pr [H = m]. There are N sensors, and they do not necessarily
have identical observational capabilities. Each sensor makes
the judgment based on its local detection rule. The number
of hypotheses observed by the sensor, n is Mn and generally,
Mn ≤M . When Mn =M , the sensor, n can potentially iden-
tify all the global events. However, if Mn < M , the sensor, n
infers more than one global event as a single hypothesis. The
local observations at each sensor are assumed to be conditionally
independent of each other and not fixed to any particular distri-
bution. The noisy local observation at the sensor, n is hn. The
local decision rule at the nth sensor is denoted symbolically as

zn = θn (hn) ∈ {1...Mn}. (1)

Conditioned that the global hypothesis is m, the probability
that sensor n takes the decision mn is pn,mn,m = Pr[zn
= mn|H = m]. These sensors communicate with the DFC over
a coherent multiple wireless access channel. Each sensor is
equipped with a single antenna, whereas the DFC hasND anten-
nas. The DFC needs only the prior probability of the hypotheses,
pm and the conditional detection probabilities, pn,mn,m from
each of the sensors to design an efficient fusion rule. Addition-
ally, it is assumed that the channel information is available both
at the DFC and at the sensors, using a suitable piloting scheme.
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B. MAC Fusion Model

The decision at each sensor is first mapped to a complex
modulation scheme and it is symbolically denoted by,

sn = fn(zn). (2)

Moreover, sn ∈ { sn,1, sn,2, . . . sn,Mn }, where sn,mn
= fn

(zn = mn). The modulation scheme can be e.g., amplitude mod-
ulation (AM), phase shift keying (PSK) or quadrature amplitude
modulation (QAM). Based upon each sensor’s own detection
capability, a well-designed signal constellation is selected to
contribute towards the intended modulation point for the global
detection at the DFC. Then, the modulated signals at each sensor
are amplified (an at the sensor, n) and phase shifted (vn at the
sensor, n) to compensate for the phase of the effective channel,
as shown in Fig. 1. The observation by the DFC is

y = G(v �As) +w, (3)

where,

v = [v1 · · · vN ]T , (4a)

a = [a1 · · · aN ]T , (4b)

A = diag(a), (4c)

s = [s1 · · · sN ]T , (4d)

G =
∼
GD1/2

= [g1 · · · gN], (4e)

D = diag ([d1 · · · dN ]) . (4f)

gn ∈ CND×1 is the channel gain between the nth sensor and the
DFC. The path loss between the sensors and the DFC is captured
in the matrix, D. We do not assume any specific distribution for

the elements of the matrix,
∼
G ∈ CND×N . It can, for example,

be Rayleigh, Rician, or any other relevant distribution. The zero
mean circularly symmetric complex Gaussian noise (AWGN),
introduced by the channel between the sensors and the DFC is
w ∈ CND×1, where the distribution of w is CN (0, σ2

wI).
A normalized receiver (Rx) beamformer, u ∈ CND×1 and

‖u‖ = 1 is implemented at the DFC, with the resulting received
signal is

ỹ = u∗y

= u∗ (G(v �As) +w)

=

(
N∑

n=1

u∗gnvnansn

)
+ w̃.

(5)

The design of Rx beamformer is discussed in Section II.F. Once
the Rx beamformer is determined, the phase shift factor at the
transmitter (Tx), v can be calculated as

vn = e−j∠{u
∗gn} =

(u∗gn)
∗

|u∗gn| . (6)

The conditional probability distribution (PDF) of ỹ given
H = m, Pr [ỹ |H = m ] is a Gaussian mixture. As shown in

Appendix A, the conditional mean (μỹ|H=m ) and variance
(σ2

ỹ|H=m ) are

μỹ|H=m = E [ỹ |H = m ] = aTψm, (7)

and

σ2
ỹ|H=m = var [ỹ |H = m ] = σ2

W + aTΓma, (8)

where the nth element of the vector ψm ∈ CN×1 is u∗gn

vn
∑Mn

mn=1pn,mnmsn,mn
, whereas, Γm ∈ CN×N is a diago-

nal matrix, whose nth diagonal entry is |u∗gnvn|2(
∑Mn

mn=1

pn,mn,m|sn,mn
|2 − |∑Mn

mn=1pn,mn,msn,mn
|2).

C. Signal Decoding at the DFC

The DFC detects the global hypothesis based on a maximum
a posteriori probability (MAP) criterion,

ŷ = argmax
∀m

Pr [H = m |ỹ ]

= argmax
∀m

pm Pr [ỹ |H = m ]

= argmax
∀m

(
pm
∑
s

Pr [ỹ |s ] Pr [s |H = m ]

)
.

(9)

The computational effort of (9) grows withN andM , and there
are
∏N

n=1Mn permutations possible during the summation for
each hypothesis. The PDF of Pr [ỹ |H = m ] is also not Gaus-
sian. However, with an asymptotically large number of sensors,
the variance, σ2

ỹ|H=m approaches σ2
W. Therefore, the PDF of

Pr [ỹ |H = m ] can be approximated as Gaussian with the same
mean and variance, e.g., CN (μỹ|H=m , σ

2
ỹ|H=m ). Then, (9) can

be further simplified to

ŷ = argmax
∀m

(
Δm −

∣∣ỹ − μỹ|H=m

∣∣2
σ2
ỹ|H=m

)
, (10)

where

Δm = logepm − 0.5logeσ
2
ỹ|H=m . (11)

D. Optimal Energy Decision Fusion Rule

The DFC allocates the transmit power to each sensor based
on its reliability and the radio channel conditions. The fusion
rule is formulated to minimize the overall transmit power while
maintaining the average signal to interference plus noise ratio
(SINR) at the DFC after beamforming, above a certain threshold,
γ. Here, the average SINR is defined as the average power of the
desired signal component over the average interference (local
mis-detections) plus noise. This gives an optimal energy fusion
rule,

min ‖a‖

subject to

∑M
m=1pm

∣∣aTψm

∣∣2
σ2
W +

∑M
m=1pmaTΓma

≥ γ. (12)

The above optimization problem can be solved using a con-
vex optimization software such as CVX after a semidefinite



PANIGRAHI et al.: DATA FUSION IN THE AIR WITH NON-IDENTICAL WIRELESS SENSORS 649

relaxation.

min Tr {A}
subject to

Tr {AΨ} ≥ γ
(
Tr

{
A

(
M∑

m=1

pmΓm

)}
+ σ2

W

)

A 
 0,

(13)

where

A = aaT ,

and Ψ =

M∑
m=1

pmψmψ
∗
m.

(14)

In order to find a closed-form solution with lower computa-
tional complexity, we now show how to approximate Ψ by a
rank-one matrix. As a first step, using Jensen’s inequality, the
average SINR in (12) can be bounded by,

SINRavg =
E
[∣∣aTψm

∣∣2]
σ2
W +

∑M
m=1pmaTΓma

≥
(
E
[∣∣aTψm

∣∣])2
σ2
W +

∑M
m=1pmaTΓma

=

(∑M
m=1pm

∣∣aTψm

∣∣)2
σ2
W +

∑M
m=1pmaTΓma

.
(15)

In order to linearize
∣∣aTψm

∣∣, an approximation, aTψ̃m is
assumed. Since, a well designed choice of constellation will be
assumed at different sensors, the ”true” detection should produce
a constellation point that points reasonable well in the “right”
direction in the complex plane. In other words, the phase of the
complex number

∑Mn

mn=1pn,mn,msn,mn
should be similar for

all the sensors, for a givenH = m. One way of formulating ψ̃m

is by defining

μseq|H=m =

N∑
n=1

Mn∑
mn=1

pn,mn,msn,mn
. (16)

This is proportional to what we receive if all effective radio
channel gains are equal, for all the sensors. Let φm be the
phase of μseq|H=m . Then e−jφm

∑Mn

mn=1pn,mn,msn,mn
should

be approximately aligned with the positive real axis, so that∣∣aTψm

∣∣ ≈ aTψ̃m, where

ψ̃m = Re
[
e−jφmψm

]
(17)

Therefore, (15) can be written as,

SINRavg ≈
(∑M

m=1pmaTψ̃m

)2
σ2
W +

∑M
m=1pmaTΓma

=

(
aT
(∑M

m=1pmψ̃m

))2
σ2
W +

∑M
m=1pmaTΓma

.
(18)

The optimal energy fusion rule in (12) is thereby approximated
as

min ‖a‖

subject to

(
aT
(∑M

m=1pmψ̃m

))2
σ2
W +

∑M
m=1pmaTΓma

≥ γ.
(19)

E. Derivation of Closed Form Solution From (19)

The optimal fusion rule presented in (19) can be written as a
second order cone program (SOCP).

min ‖a‖2
subject to aTψ̃avψ̃

T

ava ≥ γ
(
σ2
W + aTΓava

)
,

(20)

where

ψ̃av =

M∑
m=1

pmψ̃m (21)

and

Γav =
M∑

m=1

pmΓm. (22)

The convex optimization problem in (20) can be solved in closed
form. Introducing a Lagrange multiplier λ, the Lagrangian is

L (a; λ)

= ‖a‖2 − λ
(
aTψ̃avψ̃

T

ava− γ
(
σ2
W + aTΓava

))
= aT

(
I+ λγΓav − λψ̃avψ̃

T

av

)
a+ λγσ2

W.

(23)

The dual is given by maxλminaL (a; λ), which is equivalent to

max λ

subject to I+ λγΓav − λψ̃avψ̃
T

av 
 0.
(24)

The solution of the above optimization problem is given by

the inverse of the non-negative eigenvalue of ψ̃avψ̃
T

av − γΓav.
There exists only one non-negative eigenvalue since, Γav is
positive semidefinite. Once λ is calculated, the optimal a should
fulfill (

I+ λγΓav − λψ̃avψ̃
T

av

)
a = 0, (25)

which gives

a = ξ(I+ λγΓav)
−1ψ̃av, (26)

for some constant ξ, which is determined such that the constraint
of (20) holds with equality. This gives

ξ =

√√√√ γσ2
W

ϑT
(
ψ̃avψ̃

T

av − γΓav

)
ϑ
, (27)

where,

ϑ = (I+ λγΓav)
−1ψ̃av. (28)

The problem in (20) is only feasible when γ satisfies

γ < max
a

aTψ̃avψ̃
T

ava

aTΓava
=ψ̃

T

avΓ
−1
av ψ̃av=γmax. (29)
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The signal to noise ratio (SNR) goes to infinity when γ → γmax.

F. Designing Rx Beamformer

In order to give all the sensors a good chance to influence
the joint decision, the Rx beamformer, u should be designed
in such a way that all the resulting effective channels from the
sensors have similar amplitude. This can be achieved by finding
the optimal solution to

max
u

min
n
|u∗gn|

subject to ‖u‖ � 1,
(30)

which equivalently can be written as

max
ρ,u

ρ

subject to

|u∗gn| � ρ, ∀n ∈ {1...N},
‖u‖ � 1.

(31)

This problem is mathematically equivalent to the multicast
beamforming problem [25], which is known to be NP-hard,
but where high quality approximate solutions can be calculated
via convex (semidefinite) approximation. In order to keep the
computational complexity low, we instead propose a modified
version of Lozano’s algorithm [24].

G. Modified Lozano’s Algorithm

Lozano’s algorithm [24] solves (31) by iteratively taking a
projected gradient step to improve the weakest remaining link,
after first having discarded a portion of the weakest links. In [25],
both strengths and drawbacks of this algorithm are discussed
further and some new improvements are also proposed. Here,
we propose a related idea, based on the observation that the
weakest link gain is shared by most links at the optimum of (31).
Therefore, instead of only considering the single weakest link
in each iteration, we calculate the gradient of∑

n∈I
|u∗gn|2 , (32)

where the index set I denotes the weakest links given the
current value of u. For simplicity, we use a fixed proportion,
ρ, 0 < ρ < 1, i.e. in each iteration the values of |u∗gn| are
sorted and the indices of the 
ρN� weakest values are included
in I. Similarly to [25], we use the principal singular vector of
G to initialize u and a diminishing step size ηi. After each
gradient update, u is projected onto the constraint ‖u‖ ≤ 1.
The resulting Algorithm 1 does not come with any convergence
guarantees, but our numerical experiments show that it is able
to bring the effective channel gain |u∗gn| of all the sensors to
a similar order, after a small number of iterations. This is good
enough for the current application, since the goal is to ensure
that the contribution from all the sensors to have a good chance
to influence the DFC’s decision. The algorithm stops when all
|u∗gn| are equal within a 99% margin or the number of iterations
exceeds imax. Numerical experiments show good performance
with ρ = 0.5, step size rule ηi = N2/(i(

∑N
n=1 ‖gn‖)2) and

imax = 100.

Algorithm 1: Modified Lozano’s Algorithm.
1: u← dominating singular vector of G. � Initialization
2: i← 0
3: repeat
4: i← i+ 1
5: γ̃n ← g∗nu, n = 1, . . . , N
6: I ← indices of 
ρN� smallest |γ̃n|
7: u← u+ ηi

∑
n∈I γ̃ngn � Gradient step

8: u← u
‖u‖ � Projection step

9: until min{γ̃n}
max{γ̃n} > 0.99 or i > imax.

H. Computational Complexity

Primarily, the DFC solves four different problems, e.g., deter-
mining Rx beam-former using Algorithm 1, calculating phase
shift factor at Tx (6), allocating transmit power to all the sensors
(26) and decoding the hypothesis from the received signal, ỹ
(10). The computational complexity of Algorithm 1 can be max-
imum up to O (Nimax (ND + logN + ρ)) as the dominating
singular vector of G can be determined within O (NND) [26].
The phase shift factor at Tx (6) can be solved withinO (NND).
In order to solve the transmit power allocation in (26), the set of
equations (21), (22), (24), (27), (28), and (29) need to be solved
first. Therefore, the computational complexity of transmit power
allocation is O

(
N2 +NM

)
since Γav is a diagonal matrix.

These first three problems are calculated once as long as the
radio channel remains constant, e.g., once in a coherence time
of the radio channel. In order to decode the received signal by
the DFC (10), the set of equations (7), (8), (11) must be solved
first. However, these three equations are updated once in every
coherence time and can be solved within O (MN), O (MN)
and O (M) respectively. One of the inputs to (7) and (8) are
ψm and Γm respectively, and both of them can be determined
within O(N(M +ND)). Ideally, they remain constant over a
longer duration. Therefore, the majority of the time when the
sensors report an observation, the computational complexity of
the decoder is O (M).

III. SIMULATION AND RESULTS

A. Simulation Assumptions

The sensors are assumed to be distributed uniformly on a
10 m× 10 m two dimensional plane. The DFC is elevated 25
meters above the center of the plane. A different realization of
sensor positions was drawn for each Monte Carlo iteration, only
in case of the first two sub-scenarios of scenario 1. The path loss
matrix, D is calculated based on Friis free space path-loss [27]
formula at 2.4 GHz frequency, with path loss exponent 2. The
receiver and the transmitter antenna gain is 1. In all the simulated
scenarios, the local observation at each sensor is assumed to
be corrupted by AWGN. The observation noise power at the
sensors is uniformly distributed in the interval [0.1, 0.25], and a
single realization of the noise power is used for all the Monte
Carlo iterations of a particular scenario. However, a different
realization of the noise power was drawn for each scenario.
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Fig. 2. Mapping of Hypotheses to QPSK signal constellations for scenario 1.

At each sensor, the local decisions are decided by a maximum
likelihood detector. The variance of AWGN at the DFC, σ2

w

is assumed as 1. For each scenario, the number of channel
realizations is 100 and the number of Monte Carlo iterations
for each channel realization is 104.

The use of sensors is prevalent in industries. Moreover, the
radio propagation characteristics in an industrial environment
are much different from any home or office environments [28].
The radio channel model in these environments broadly follows
Rician distribution. Therefore, we evaluate our proposed fusion
rule in both Rayleigh and Rician fading channel. Figs. 3, 5, 7, 8,
12, 13, 16 and 17 capture the simulation results for a Rayleigh
fading channel, i.e., the distribution of each elements in the

matrix,
∼
G is considered as CN (0, 1). Whereas Figs. 4, 6, 9,

10, 14 and 18 capture the simulation results of a Rician channel.
During the simulations, RicianK factor wasK = 12 [28]. In all
these plots, the legend ”PAC” represents the simulation results
of the optimal parallel fusion rule [29] in an ideal radio channel
without any noise, where all the original local decisions from
the sensors are available at the DFC to formulate the fusion
rule. Therefore, the detection performance of the optimal “PAC”
fusion rule is fairly comparable to any MAC scheme based
on MIMO spatial multiplexing in a noiseless radio channel.
Moreover, in these plots, the SNR at the DFC’s antennas is
captured before the receiver beam-forming.

B. Scenario-1: Performance With Identical Sensors

In this scenario, all the sensors are assumed to have similar
detection capabilities. They can observe and decide between
four different real numbers, e.g., {0, 1, 2, 3}. These numbers are
defined as four different hypotheses, e.g., H0, H1, H2, and H3

respectively. The prior probabilities of these hypotheses are ran-
domly assigned. The local decisions are mapped to quadrature
PSK (Q-PSK) modulation, as depicted in Fig. 2. Figs. 3 to 10
capture the different simulation results of this scenario. In all
these eight figures, the top plot captures the performance of the
DFC in terms of detection error probability (Pe).

Here, the performance is evaluated in three different sub-
scenarios, i.e., 1) the impact of γ with a fixed number of sensors
and DFC’s antennas, 2) the impact of the number of sensors with
a fixed number of antennas at the DFC, and 3) the impact of the
number of antennas at the DFC with a fixed number of sensors.

1) The Impact of γ: Figs. 3 and 4 capture the results of the
impact of different values of γ when the number of sensors
and the number of DFC’s antennas both is 8. A convex solver

Fig. 3. Scenario-1 SubScenario-1 in a Rayleigh channel. Both, the number of
sensors and the number of DFC’s antennas are 8.

Fig. 4. Scenario-1 SubScenario-1 in a Rician channel. Both, the number of
sensors and the number of DFC’s antennas are 8.

is used to solve the optimization problem in (13) whereas our
proposed formulation in (20) has a closed form solution. The
“with Noise” and “without Noise” legend represent a noisy and
a noiseless radio channel respectively to give an idea about the
amount of error introduced by AWGN. Looking at the top plot in
both the figures, we can conclude that (13) and (20) have similar
performance for both the detection error probability and the
SNR. This shows that the considered approximations to deduce
(20) from (13) do not yield any performance degradations. The
detection error probability of our proposed method is roughly
around 1.5 times higher than “PAC” at a higher γ. Moreover,
at a higher γ, the error introduces by the radio channel is
almost zero. As γ increases gradually, the SNR increases at
the receiver, and the transmit power consumption increases. For
further simulations, we only consider the fusion rule, formulated
in (20).

2) Impact of the Number of DFC’s Antennas When the
Number of Sensors Is 8: Figs. 5 and 6 capture the results of
the impact of the number of antennas at the DFC. During the



652 IEEE TRANSACTIONS ON SIGNAL AND INFORMATION PROCESSING OVER NETWORKS, VOL. 5, NO. 4, DECEMBER 2019

Fig. 5. Scenario-1: Subscenario-2 in a Rayleigh channel. The number of
Sensors is 8 and γ = 0.9γmax.

Fig. 6. Scenario-1: Subscenario-2 in a Rician channel. The number of Sensors
is 8 and γ = 0.9γmax.

simulation γ = 0.9γmax and the number of sensors is 8. As
mentioned earlier, the “with Noise” and “without Noise” legend
represent a noisy and a noiseless radio channel respectively. The
proposed MAC fusion rule has slightly worse performance than
the optimal parallel fusion rule. Moreover, the larger antenna
configuration provides a similar detection performance at a
lower SNR due to the proposed optimal energy fusion rule. The
lower SNR is a consequential effect on the lower transmit power.

3) Impact of the Number of Sensors With 8 Antennas at the
DFC: Figs. 7 to 10 capture the results of the impact of the
number of sensors on the performance. Looking at Figs. 7 and 9,
γmax increases with the number of sensors as aTΓma decreases
proportionally. In the top plot, the detection performance of our
proposed method is almost identical to the optimal PAC fusion
rule with a lesser number of sensors, when γ = 0.9γmax. The
PAC fusion rule has a better performance with more number of
sensors, but the computational complexity of the PAC fusion

Fig. 7. Scenario-1: Subscenario-3 in a Rayleigh channel. The number of
antennas at the DFC is 8.

Fig. 8. Scenario-1: Subscenario-3 in a Rayleigh channel. The number of
antennas at the DFC is 8 and γ = 15.

Fig. 9. Scenario-1: Subscenario-3 in a Rician channel. The number of antennas
at the DFC is 8.
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Fig. 10. Scenario-1: Subscenario-3 in a Rician channel. The number of anten-
nas at the DFC is 8 and γ = 15.

rule increases exponentially with the number of sensors. With
an increase in the number of sensors, the SNR increases at the
antennas of the DFC due to increase in γmax, as shown in Figs. 7
and 9.

In Figs. 8 and 10, γ is kept fix at 15. When the number
of sensors is less, γmax is lower than 15 and it causes an
infeasible scenario. This is why the number of sensors more
than or equal to 8 was considered during the simulation. As the
number of sensors grows, more degrees of freedom is achieved,
and the PDF of Pr [ỹ |H = m ] becomes Gaussian. Therefore,
Pe gradually attains a minimum value, and this error is only
due to AWGN at the DFC. When the number of sensors is
in between 8 to 64, the PDF of Pr [ỹ |H = m ] is a Gaussian
mixture. As the receiver is designed assuming Pr [ỹ |H = m ]
as Gaussian, Pe decreases as the number of sensors increases.
The optimal energy fusion rule and the transmit antenna array
gain help to reduce the SNR required to achieve the desired
detection performance when increasing the number of sensors.

C. Scenario-2: Performance of Non-Identical Sensors
Keeping the Number of Sensors Fixed

In this scenario, two different examples are discussed.
Figs. 12, 14, 16, and 18 capture the simulation results of this
scenario. In all these figures, the top plot compares the detection
error probability with respect to the number of antennas at the
DFC. The left and right plots below capture the mean of the
SNR, and the average of the sum transmitted power, respectively.
The legend in the top plot is also applicable to the plots below.
Moreover, Figs. 13 and 17 depict the confusion matrices to
capture the detection performance in Rayleigh channel, when
the number of antennas at the DFC is 8 and γ = 0.9γmax. The
confusion matrices for Rician channel are not included in this
paper as they give similar information as Rayleigh channel.

1) Sub-Scenario-1: Let us extend the previous scenario,
where the sensors in the network are not identical. They are
expected to observe and decide between eight different numbers,
{0, 1, 2, 3, 4, 5, 6, 7}. These set of numbers are defined as eight

Fig. 11. Mapping of Hypotheses to PSK signal constellation for scenario-2
Sub-scenario-1.

Fig. 12. Scenario-2: Sub scenario-1 in a Rayleigh channel.The legend in the
top plot is also applicable to the plots below.

different hypotheses, e.g., H0, H1, . . . , H7 respectively. The
prior probabilities of these hypotheses are randomly assigned.
Let us assume; there are three different categories of sensors in
the network. Category-1 sensors can observe all of the eight hy-
potheses and apply 8-PSK modulation scheme. Category-2 sen-
sors cannot identify all the hypotheses and they consider groups
of {H0, H1}, {H2, H3}, {H4, H5} and {H6, H7} as individual
hypothesis. Therefore, these sensors can only observe four hy-
potheses and apply Q-PSK modulation scheme while forwarding
the local decisions. Moreover, Category-3 sensors can only ob-
serve two hypotheses and consider groups of {H0, H1, H2, H3}
and {H4, H5, H6, H7} as individual hypothesis. They apply a
binary PSK (BPSK) modulation scheme to forward their local
decisions. The mapping of hypotheses to the signal constellation
is depicted in Fig. 11. All these three categories of sensors
use the same radio access channel to communicate their local
observation. During the simulation of this scenario, the number
of sensors in the network is kept fixed at sixteen. Out of these
16 sensors, eight sensors are from Category- 1, four sensors
are from Category-2, and the remaining four sensors are from
Category-3. The results of the legend “PAC”, “(2)0.9γmax” and
“(2)0.99γmax” are generated when Category-1 sensors are only
present in the network. The results of the legend “(1)0.9γmax”
and “(1)0.99γmax” are generated when all three categories of
the sensors are present in the network.

Looking at Figs. 12 and 14, the presence of Category-2 and
3 sensors in the network helps to bring the detection error
down. Even though these sensors cannot observe the full set
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Fig. 13. Scenario-2: Sub scenario-1 in a Rayleigh channel.Confusion Matrix.

of hypotheses, they have a positive impact on the performance.
The transmit antenna array gain is more when Category-2 and 3
sensors are present in the network. Therefore, the performance
of the sum transmitted power or the average SNR is almost
similar to the scenario, where Category-2 and 3 sensors are
present in the network. This signifies the transmit power saving
at the individual sensors.

In Fig. 13, the top plot depicts the confusion matrix when
all three categories of the sensors are present in the network
whereas the below plot captures the confusion matrix when only
the sensors of Category-1 are present. When all three categories
of sensors are present, the error in choosing another hypothesis
other than the true hypothesis has been decreased significantly.

2) Sub-Scenario-2: Let us discuss a different scenario with
non-identical sensors, where a global event is defined with the
combination of three parameters, i.e., temperature, pressure, and
moisture. Moreover, these three parameters are assumed to be in-
dependent of each other. If these parameters are not independent
of each other, then this scenario will be quite similar to the previ-
ous sub-scenario. All these sensors are binary sensors, and they
measure the value between 0 and 1. Therefore, there are eight
different hypotheses possible. The prior probabilities of these
hypotheses are considered to be equal. Category-1 transmitters
have all three sensors. Category-2 transmitters have pressure and
moisture sensors. Category-3 transmitters have only temperature
sensors. Therefore, Category-1 sensors map local decisions from
all three sensors to an 8-PSK modulation scheme while sending
the local decisions to the DFC. Similarly, Category-2 and 1 sen-
sors map their local decisions to QPSK and BPSK modulation
schemes, respectively. The mapping of hypotheses to the signal
constellation is depicted in Fig. 15. All these three categories
of sensors use the same radio access channel to communicate
their local observation. During the simulation of this scenario,
the number of sensors in the network is kept fixed at sixteen.
Out of these 16 sensors, eight sensors are from Category-1, four
sensors are from Category-2, and the remaining four sensors are
from Category-3. The results of the legend “(2)0.9γmax” and
“(2)0.99γmax” are generated when Category-1 sensors are only
present in the network. The results of the legend “(1)0.9γmax”

Fig. 14. Scenario-2: Sub scenario-1 in a Rician channel. The legend in the top
plot is also applicable to the plots below.

Fig. 15. Mapping of Hypotheses to PSK signal constellation for scenario-2
sub-scenario-2.

Fig. 16. Scenario-2: Sub scenario-2 in a Rayleigh channel. The legend in the
top plot is also applicable to the plots below.

and “(1)0.99γmax” are generated when all three categories of
the sensors are present in the network.

Looking at Figs. 16 and 18, the presence of Category-2 and 3
sensors in the network improves the detection performance, like
the previous sub-scenario. Due to the designed optimal fusion
rule and the transmit antenna array gain, the sum transmitted
power, and the average SNR are almost similar in both the cases,
i.e., with and without Category 2 and 3 sensors. This signifies
the lower transmit power consumption at the sensors. Like the
previous sub-scenario, when all three categories of sensors are
present, the error in choosing another hypothesis other than the
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Fig. 17. Scenario-2: Sub scenario-2 in a Rayleigh channel. Confusion Matrix.

Fig. 18. Scenario-2: Sub scenario-2 in a Rician channel. The legend in the top
plot is also applicable to the plots below.

true hypothesis has been decreased significantly, as shown in
Fig. 17.

IV. CONCLUSION

In this paper, a fusion in the air distributed detection technique
with non-identical local detectors/sensors is investigated, and an
energy efficient fusion rule is proposed. The local decisions are
sent to the DFC over a MAC wireless channel. The sensors
are equipped with a single antenna whereas the DFC can be
equipped with a large antenna array. A modified version of
Lozano’s algorithm is also proposed to design the receiver beam-
former so that all the sensors in the network get a good chance to
influence the decision. The detection performance of the fusion
in the air technique is fairly comparable with the PAC scheme
with a lesser number of sensors. Both schemes utilize similar
radio frequency resources as long as the number of sensor is less
than equal to the number of antennas at the DFC. On the other
hand, if the number of sensors exceeds the number of receive

antennas, the PAC scheme would need more time/frequency
resources, whereas fusion in the air keeps providing improved
performance without using more RF resources. Additionally,
there are some sensors in the network, having limited detection
capabilities. They cannot observe the whole set of hypotheses;
rather, they can only see a few aspects of the global events.
However, by considering the local decisions from these sensors
at the DFC, the overall system performance can be augmented.
These additional sensors do not increase the net transmit power
consumption due to the designed optimal energy fusion rule
and the antenna array gain. Moreover, with a higher number of
antennas at the DFC, the overall transmit energy consumption
can be reduced while achieving a similar detection performance.

APPENDIX
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∣∣2 |H = m
]

= E
[
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]

= E
[
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where, the Γm is a diagonal matrix and the nth diagonal entry of
this matrix is |u∗gnvn|2(

∑Mn

mn=1pn,mn,m|sn,mn
|2 − |∑Mn

mn=1

pn,mn,msn,mn
|2).
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