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Abstract—This paper presents a Neyman-Pearson (NP) crite-
rion based optimal distributed detection framework for a massive
multiple-input multiple-output (MIMO) wireless sensor network
(WSN). Robust fusion rules are determined for the local decisions
transmitted by the sensor nodes, considering the availability of
both perfect as well as imperfect channel state information (CSI)
at the fusion center. Further, the probability of error of the
individual sensor decisions, which arises in practical scenarios,
is also incorporated in the decision framework. Closed form
expressions are derived to characterize the resulting probabilities
of detection and false alarm for the system. Simulation results
are presented to demonstrate the improved performance of the
proposed detectors in comparison to the existing detectors and
to validate the theoretical findings.

I. INTRODUCTION

Massive MIMO communication has recently attracted sig-
nificant interest for potential application in wireless sensor
networks (WSNs). This is motivated by the fact that the large
antenna array employed at the base station/ fusion center can
simultaneously serve several sensors [1], in turn leading to
various benefits such as increased spectral efficiency, reduced
latency, simplified signal processing [2], improved reliability
and power efficiency [3].

The distributed detection problem, where multiple sensors
send their individual test statistics to be combined at the
fusion center, has been widely studied in the existing liter-
ature [4], [5]. The work in [6] considers fusion of analog
sensor observations, whereas the work in [5] combines the
local sensor decisions. On the other hand, the scheme in [7]
proposes decoding followed by fusion of the individual sensor
test statistics in order to make a global decision. Similarly, the
works in [8], [9] consider a MIMO system model to develop
detectors that are robust to the uncertainty in the CSI statistics.
Moreover, in [9], the authors develop a deflection coefficient
based optimization framework to obtain optimal signaling
vectors, which can further enhance detection performance.
However, all the above works consider an orthogonal multiple
access channel (MAC) between the sensors and the fusion
center. Employing a coherent MAC-based WSN leads to a
significant reduction in the communication bandwidth. Based
on this, the authors in [10] develop the likelihood ratio rest
(LRT) based Max-Log, modified maximal ratio combiner
(MMRC) detectors for a large antenna array MIMO WSN.
However, the detectors presented in [10] consider identical
local detection performance, i.e., all the sensors have identical
probabilities of detection and false alarm, which restricts the
applicability of the framework proposed therein.

This work considers a coherent MAC-based WSN com-
prising of a massive antenna array based fusion center with
multiple sensor nodes and significantly extends the results
in [10]. Each sensor is assumed to transmit a signal vec-
tor that conveys its local decision to the fusion center. NP
criterion-based novel detection rules are determined for the
distributed detection scenario described above in a massive
MIMO WSN, incorporating also non-idealities such as the
probabilities of detection (Pp ) and false alarm (Ppy) of
the local sensor decisions. Further, the proposed framework
considers the availability of both perfect and imperfect CSI
at the fusion center, thus rendering the resulting decision
rules robust. Closed form expressions are obtained for the
system level probabilities of detection and false alarm at the
fusion center to analytically characterize the performance of
the proposed detectors. Finally, simulation results are included
to demonstrate the improved detection performance of the
proposed schemes.

II. SYSTEM MODEL
Consider a wireless sensor network (WSN) wherein the
sensors are sensing a specific signal of interest. This scenario
can be modeled as a decentralized binary hypothesis testing
problem, where hypotheses #y and 7{; correspond to the
absence and presence of the target of interest, respectively.
The WSN consists of K sensors, each having a single antenna,
transmitting to the fusion center equipped with a large antenna
array of M > K antennas over a flat fading multiple access
channel (MAC). The kth sensor, 1 < k£ < K, transmits a
vector x;; € CLX! over L time instants and can take values
X = Uy or —uy corresponding to its local decisions for the
presence or absence of the target of interest, respectively. The
probabilities of detection and false alarm for the kth sensor,
denoted by Pp j and Pp, respectively, are characterized as
PD,k = Pr(xk = uk|’H1), (1)
Pry, = Pr(xy = uk|Ho).

Therefore, the received signal y(I) € CM*1 at the fusion cen-
ter corresponding to the composite transmitted signal vector
at the [th instant which consists of symbols transmitted by
all the K sensors, i.e. x(I) = [z1(]),...,2x(])]T € CEXL,
1 <1 < L, such that zx(1) € {ug(l),—ug(l)}, can be

expressed as

y() = vpuGx(1) + n(l), 2)
where G € CM*X denotes the channel matrix between the
fusion center and the K sensors, such that gp,x = [G|mni rep-
resents the channel coefficient between the mth, 1 < m < M,



antenna at the fusion center and the kth sensor, p, is the
average transmit power of each sensor and n(l) € C**1 is the
circularly symmetric additive white Gaussian noise which can
be modeled as n(l) ~ CN(0,521,,). The channel coefficient,
gmyk 18 represented as gk = hAmkv/ Bk, Where h,,i, denotes
the small-scale fading coefficient, and VB . accounts for the
pathloss and log-normal shadowing that remains constant
over multiple coherence intervals and is independent across
m. Moreover, the channel coefficients h,,; are assumed to
be independent and identically distributed (i.i.d.) symmetric
complex Gaussian random variables, i.e., iy, ~ CN(0,1).
Hence, the channel matrix is given as

G = HD'/?, (3)

where H denotes the small-scale fading matrix and D repre-
sents a diagonal matrix with the large-scale fading coefficients
Bk, 1 < k < K, along its principal diagonal, i.e. [D]gr = B.
Using (2), the received signal at the fusion center obtained
by concatenating the L transmitted signal vectors x(1), i.e.

X = [x(1),...,x(L)] € CE*L can be expressed as
Y =/p.GX + N, “)
where Y = [y(1),...,y(L)] € CM*L is the received signal

matrix, IN denotes the noise matrix obtained by stacking the
vectors n(l), and elements of N are i.i.d. random variables, i.e.
ni (1) ~ CN(0,02). The elements of gj are zero-mean i.i.d.
random variables, under favorable propagation conditions [11],
with variances E{|g,.x|?} = Bx. Further, the different column
vectors of matrix G corresponding to different sensors, are
assumed to be mutually independent. This assumption holds
in a multi-sensor massive MIMO WSN since the sensors are
typically spatially separated by large distances. Therefore, by
the law of large numbers, it follows that

(1/M)G”G ~D, for M > K. 5)

Further, as a result of the large antenna array, the random
channel vectors corresponding to different sensors become
pairwise orthogonal under the favorable propagation condi-
tions described above.

III. OPTIMAL FUSION RULE WITH PERFECT CSI

In this section, the optimal fusion rule is derived for
the scenario with perfect CSI at the fusion center. The log
likelihood ratio test (LLRT) based on the Neyman-Pearson
(NP) criterion for the massive MIMO WSN system model in
(4) is determined as

(Y]
Ty) = ln[pwmo)} 27 ©

where p(Y|H1), p(Y|Ho) denote the PDFs of Y corre-
sponding to the alternative and null hypotheses and + is the
detection threshold. The expression for the LLRT in (6), can
be determined by substituting the relevant quantities as,

Zl l y exp (O E=OI )Pr(xmml)]
D—/PaGx(1)]|2 '
Z (1) €XD ( lly () \/g Oll )Pr(x(l)|7{0)

However, the LLRT presented above is computationally com-
plex and numerically unstable due to the presence of expo-
nential terms with large negative exponents [10]. Therefore,
for a practically amenable implementation, a simplified LRT
can be obtained by following the two step procedure described
next. In the first step, the output is linearly filtered to recover
the soft decisions of the individual sensors. In the subsequent
step, a final decision is obtained incorporating the individual
sensor decisions. The equivalent system model obtained after
matched filtering in (4) is expressed as

=GY = /p,GHGX + GAN, (7)
where Z = [z(1),...,z(L)] € CE*L is the filter

output matrix. For a given vector x(l), the filter out-
put vector z(l) follows the complex Gaussian distribution
CN (/PG Gx(1),0c2GH G). Simplifying the expression in
(7), using the result described in (5), the output of the matched
filter at the /th time instant is z(l) = [21(]),...,zx(])]T €
CHKx1 1 << L, which can be determined as

z(l) = /puMDx(1) + @ (l). (8)

n(l) € CK*! is a column vector of the noise
matrix N = G#N € CK*L with zero mean and covariance
matrix MDo?2, ie., n(l) ~ CN(0, MDo?2). Thus, with the
aid of linear processing at the fusion center with a very large
antenna array, i.e., M > K, the multiple access channel
(MAC) between the sensors and the fusion center reduces
to the parallel access channel (PAC) model above. The filter
output vector for the kth user, corresponding to the vector

The quantity n

xi = [vr(1),...,2x(L)T € CL*L, can be equivalently
written as ~

2k = \/PuM Bixi, + Dy, ©)
where z;, = [zx(1),...,2zx(0)]T € CL*' and 2z (1)

follows the complex Normal distribution, ie. zp(l) ~
CN (/PuM By (1), M Bro2). Hence, the LLRT based opti-
mal test statistic 7'(Z) for distributed detection in the massive
MIMO WSN with perfect CSI can be expressed as

o U

(Z|Ho)
The test in (10) above reduces to the form in (11) upon
further simplification. Substituting the local sensor perfor-
mance metrics from (1) and employing the conditional
PDFs of z; corresponding to xp€{uy, —uy}, given as,
(2 [xp=1r)~CN (/P M Brug, MByopX), ¢(zy|xp=—uy)
~CN (—/PuM Bruy, M B1,021), respectively, (11) reduces to

()3 [P0 (1=Po.i) exp( =5 Rzt uk))] (12)

1 LPF k+(1—Pr ) exp( 4‘/TT”9‘{(Z,€ uy)) 7
where the symbol () denotes the real part. The test obtained
in (12) can be further simplified for low SNR scenarios, using
the approximations, e”¥ &~ (1 — v) and In(1 4+ v) = v, for
sufficiently small values of v, as

K
= Z ak%(zfuk),
k=1

]. (10)

13)



n |:¢(Zk|Xk; = uk)Pr(xk = uk|H1> 4+
P(zk[xx = ug)Pr(xi = ug|Ho) +

where the constant a for the kth sensor is defined as aj =
(Pp,k—Pr). The low SNR approximation based test statistic
above, which is essentially a weighted matched filter, is well
suited for many practical applications that employ distributed
detection, due to its significantly lower complexity. One such
application is spectrum sensing, wherein the operating SNRs
can be as low as -25 dB. The test statistic in (13) can be
further simplified for a scenario with identical local detection
performances of the sensors, i.e., Pp ,=Fy and Pp =Py, Vk,

as L K
Z) =YY R Ou(l)
=1 k=1
The result below analytically characterizes the performance of
the optimal fusion rule described in (13) above.

(14)

Theorem 1. For a given threshold ~, the probabilities of
detection (Pp) and false alarm (Prpa) pertaining to the test
statistic in (13), for distributed detection at the large antenna
array equipped fusion center with perfect CSI are,

. Y~ BTIH,
Pp = Q(OT% ) (15)
Pra = Q(”UT’Z'%), (16)

where T3, T |H, 5 U%WO and U%ml represent the mean and
variance of the null and alternative hypotheses, given as
K

I |3 :Z\/puakaMﬂkHukHQ, a7
k=1
K

T 1, —Z VPuarbie M B |k |1, (18)
k=1

2

JT\HO—ZMﬂkakuukn [ MB-) el P+5). (19)

0.2
cr%ml=ZMﬁkai||uk|\2(puMﬁk<1—bi>||uku2+7”), (20)
k=1

with by, = (2Pp j, — 1) and ¢, = (2P, — 1).
Proof. See Appendix A. O

In practical scenarios, the matrix G needs to be estimated at
the fusion center, which leads to estimation errors and uncer-
tainty in the CSI. The relevant model for this CSI uncertainty
and the optimal decision rule considering the availability of
only imperfect CSI are determined in the next section.

IV. OPTIMAL FUSION RULES UNDER CSI UNCERTAINTY

Let G denote the estimated CSI. The estimation error & in
the estimated channel matrix G is defined as

ELG -G, 1)

where the kth columns of G and & are complex Gaussian ran-
dom vectors, i.e., g ~ CN(0, BxIr), er ~ CN(0,ve 1 Inr)

P2k |x1, = —up)Pr(xy = —ug|H1) an
O(2zk|xkp = —ug)Pr(x, = —ug|Ho)
~ 2 2

with By = agpﬁgsgk and v, = U;_:f:ﬁk. The parameters

Bk and . of the probability density functions (PDFs) are
obtained using the minimum mean-squared error (MMSE)
estimate of G for the orthogonal pilot matrix ®, i.e., ®7® =

Ik, in (4), given as [3], G = %Y@*D = (G+¢%WP)D

where p, £ TpPy 1s the pilot power for 7,,7, > K,
pilot symbols and the matrices D and W, are given as
D2 ( "D 1 —|—IK) and W, £ N&*. Under favorable
propagatlon conditions, the dlfferent column vectors of ma-
trix G, corresponding to different users, are assumed to be
mutually independent with elements of g, as zero-mean i.i.d.
random variables, with variance E{|gnx|?} = Bx. Hence, by
the law of large numbers, it follows that (1/M)G7G ~ D,
for M > K, where [D}kk = Bj. Similar to the perfect
CSI case, the transmit vectors x(I) € CK*! 1<I<L are
stacked as X = [x(1),...,x(L)] € CE*L corresponding
to their local decisions. Hence, the received signal matrix
Y = [y(1),...,y(L)] € CM*L in (4), corresponding to the
CSI uncertainty model described in (21), can be equivalently
obtained, as

= VPuGX — /PulX +N = /p,GX + W,

where each column w(l),1<I<L of the noise matrix W,
follows a Gaussian distribution w(l) ~ CN(0,R,,)) with
covariance matrix R, =E{w ()W ()}=(pu 1 Ve +

)I M=05, 2T1as, G is the MMSE estimate of G and € denotes
the estimation error matrix defined in (21). In order to obtain
an analytically tractable LRT, we initially perform matched
filtering on the received matrix Y, i.e. Z=GHY. Employing
the properties pertaining to favorable propagation described
above, the columns z(l) € CK*! of the filter response matrix
Z can be obtained as,

a(l) = P MDx(l) + w(l),
where the noise vector w(l) is distributed as w(l) ~
CN(0, MDo?2). Similar to (9), the above model for the
received vector zj, corresponding to the transmit vector Xj
of user k, with CSI uncertainty, can be expressed as z, =
/PuM kak + wp. The elements of the noise vector wj are
distributed as, (1) ~ CN(0, MB102). Therefore, the CSI
uncertainty based robust test statistic Tg(Z), for distributed
detection in the massive MIMO WSN, follows from the
Neyman Pearson (NP) criterion as

To(Z) = 1n[p(?m1’ ] [H PZs[71; 81 } (24)
p(Z|Ho; G) (Zx|Ho; &)
Consider the signaling scenario wherein the kth sensor trans-
mits the L symbol vector u;, or —ug, to indicate the presence
or absence of the target of interest, respectively. The test statis-
tic in (24) can be further expanded as (25), with the relevant

(22)

(23)



= Ug; 8k )Pr(xp = up|H1) + O(Ze|xk = —up; &r)Pr(xp = —ug|H1) 25)
= ug; &k )Pr(xi = ug|Ho) + ¢(2Zx[xx = —up; &k )Pr(xy = —ug|Ho)
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Fig. 1. Receiver operating characteristic (ROC) plot for comparing (a) Max-Log and MMRC in [10], MRC with the proposed robust detector (27) for

M = 50 antennas, K = 10 sensors, L € {1,2} and at SNR p,, = —18 dB. (b) proposed robust test in (27) with M € {20, 50} antennas, K = 10 sensors,
L €{1,2,3,4} and at SNR p,, = —18 dB. (c) theoretical and simulation performance of the detectors under perfect CSI in (13) and imperfect CSI in (27)

with K = 10 sensors, L € {1,2} and SNR p,, = —20 dB.

distributions determined as ¢(Zx|xx = ug; &) ~ CN (\/puM
Brug, MBroi 1), ¢(zkxp=—ur; &) ~ CN(—\/DuM By,
uy, MBro21;). Substituting the corresponding PDFs in (25)
leads to the simplified test statistic below for this scenario
_ & Pp it (1—Ppy)exp( 4‘/IT“9%(Z u;))
Tr(Z)=Y In =N
=1 Ppk+(1 Ppk)exp( m(z uk))

Employing the low SNR approximation descrlbed in section
II1, the robust test for distributed detection reduces to

K
Z) = Z aki)‘{(ikHuk).
k=1

Finally, for the scenario with identical local sensor per-

formance metrics, i.e., Ppy = FP; and Pp, = Py,
the test statistic above further simplifies as Tpi(Z) =
Zz IZk 1 R(Z;(Duk(l)). Result below characterizes the
detection performance for the test derived above in (27).

.(26)

27

Theorem 2. The performance of the robust detector in (27)
can be characterized in terms of the probabilities of detection
(Pp) and false alarm (Pr 4), for a given threshold , as

Pp = Q(V_NTR""“)7 (28)
OTr|Hy

Ppa = Q(FYHTRWO)7 (29)
OTk|Ho

where “TR\HU’/‘TRIHNJ%RWO and O'%R‘Hl represent the mean
and variance of the test statistic under the null and alternative
hypotheses, given as

Tk | Ho (30)

K
= VPuarcrM By g,

K
= VPuarb M By ug %, 31)
k=1

HTr|Hy

K 2
~ ~ o
Ot =y M Braf el (pud B (1= [+ 722,
k=1

K 2
~ ~ O'w
O =D MBrad el (pu M B (1=03) el P+ 52 ),
k=1

with by, = (QPDJC —1) and ¢, = (2PF,k —1).

Proof. Follows along the lines similar to the proof of Theorem
1 given in Appendix A. O

V. SIMULATION RESULTS

This section presents simulation results to demonstrate the
performance of the proposed detectors (13) and (27) and
also compare their performance against the Max-Log, MMRC
techniques proposed in [10] and the standard maximal ra-
tio combiner (MRC) for the massive MIMO WSN in the
existing literature. The composite transmit matrix [X]xxr
corresponding to the local decisions of the K users is set as
X € {+U, —U}. The sensors in the WSN are considered to
be placed uniformly around the fusion center in an annular
region with minimum and maximum radii 7. = 100 m and
m = 1000 m, respectively. The large-scale fading is modeled
as By = vy/(rr/re)? similar to [3], where vy, follows a log-
normal distribution, i.e., 10log, vr ~ N (i,,02), where 7y
denotes the distance between the kth sensor and the fusion
center. The parameters p, = 4 dB and standard deviation
= 2 dB [10]. A total of K = 10 sensors are deployed
with each having local probabilities of detection Pp ; and
false alarm Prj, evenly spaced in the intervals [0.95, 0.55] and
[0.01, 0.1], respectively. We assume that 7, = K symbols, i.e.,
number of sensors, are used for channel estimation, since this

is the minimum required [3].
Fig. 1a plots the probability of detection (Pp) versus the
probability of false alarm (Pp4) of the proposed scheme for
L € {1,2}. It can be observed that the proposed schemes



have an improved performance in comparison to the existing
schemes presented in [10]. The proposed robust detector for
L = 1 has a performance similar to that of the Max-Log
detector. Fig. 1b shows the performance of the proposed
scheme for various values of the decision vector length L €
{1,2,3,4}. It can be observed that the detection performance
improves with an increase in the decision vector length. Also,
the performance significantly improves with the increase in
the number of antennas at the fusion center, validating the
benefit of employing massive MIMO technology. Fig. Ic
compares the probabilities of detection and false alarm with
the corresponding analytical values obtained from the results in
Theorem 1 and Theorem 2, which can be seen to be in close
agreement. Finally, Fig. 2 plots the probability of detection
(Pp) versus number of antennas M at the fusion center for a
fixed Pr4 = 0.01. The trend shows that an increasing number
of antennas leads to a significant improvement in the detection
performance.

VI. CONCLUSION

This paper presented the NP criterion based optimal de-
tection rules for distributed detection in a massive MIMO-
based WSN. Analysis was carried out for both perfect and
imperfect CSI scenarios incorporating also the probability of
error of the local sensor decisions. Further, the system perfor-
mance was characterized through the evaluation of closed form
expressions for the probabilities of detection Pp and false
alarm Pp 4. Simulation results demonstrate that the proposed
detectors have a better performance as compared to the Max-
Log, MRC and MMRC detectors. In the future, the framework
developed can facilitate capacity, CSI averaged large antenna
array analyses, and also determination of the optimal transmit
vectors [9] to further enhance detection performance.

APPENDIX A
PROOF OF THEOREM 1

The mean (17) of the test statistic in (13) for Hg given as
WMo = Zszl Tyjo where Ty is shown below

Thjo =axR(E{(z ur[Ho})
=aR(v/Pu M BRE{x} |Ho }uy,)
:ak%(\/ﬁMﬂk(ukHPr(xk = ug|Ho)

—ul’Pr(x;, = —uk|7-[0))uk)
zak%(\/[TuMﬁk(ukHvak — uf(l — PRk.))uk)
= /Puarck M B |lug*.

Similarly, the mean of the test statistic for the alternative

hypothesis H; is NT|H1:ZkK:1 Ty1, where Ty; can be
determined as shown below

Tii=axR(E{ (21 wp) [H1 })=arR(y/pu M BLE{x | H1 }uy)
=arR(y/PuM By (Pr(xp=uy,|[H1)—Pr(xp=—ug|H1))ui)

:\/;TuakMﬁki)f{(ukH@PD,k — 1))uk):\/17uakbkMﬂk|\uk||2.
(33)

(32)

0.8F

Prob. of Detection (Pp)
o
(o]

°
IS

0.2
50 100 150 200 250

No. of antennas at DFC (M)

Fig. 2. Pp vs. M for perfect and imperfect CSI scenarios, for a WSN with
K =10 sensors, L € {2,4} and SNR p,, = —18 dB.

The variance U%IHO for the null hypothesis H is given as

T, = B{T*(Z)[Ho} — (E{T(2)[Ho})*,  (34)
where the first term in (34) is E{T?(Z)|Ho} =
E{[Zé{zl arR{zHu;}*|Ho} and is simplified to

K 2

S (b GRad o'+ M Bl e P52). 35)

k=1

Using (35), together with the expression in (17), yields the ex-
pression for the variance under # given in (19). Similarly, the
variance U%ml, corresponding to hypothesis #;, is obtained
as given in (20).
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