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Abstract—1In this paper, we study vector parameter estima-
tion in multiple-input multiple-output wireless-powered sensor
networks (WPSNs) where sensor nodes operate by harvesting
the radio frequency signals transmitted from energy access
points (E-APs). We investigate a joint design of sensor data pre-
coders, a fusion rule, and energy covariance matrices to minimize
the mean square error (MSE) of the parameter estimate based
on a non-linear energy harvesting model. First, we propose a cen-
tralized algorithm to solve the MSE minimization problem. Next,
to reduce the computational complexity at the fusion center (FC)
and feedback overhead from the sensors to the FC, we present a
distributed algorithm to locally compute the precoders and the
energy covariance matrices. We employ the alternating direction
method of multipliers technique to minimize the MSE in a
distributed manner without any coordination from the FC. In the
proposed distributed algorithm, each sensor node calculates its
own precoders and determines the local information of the fusion
rule, and then messages are broadcast to other sensor nodes and
E-APs. Simulation results demonstrate that the distributed algo-
rithm performs close to the centralized algorithm with reduced
complexity. Moreover, the proposed methods exhibit superior
estimation performance over conventional techniques in WPSNs.

Index Terms—Distributed estimation, energy harvesting,
precoding, wireless power transfer, wireless sensor network.

I. INTRODUCTION

IRELESS sensor networks (WSN) consisting of dis-
Wtributed nodes are deployed in an environment for
sensing, collecting information, and actuation. They are found
in many applications such as surveillance, environmental mon-
itoring, and automation [1]. An important use of the WSNss is
to estimate a parameter of interest at a fusion center (FC) using
the data received from multiple sensor nodes, which observe
the source.

To enhance the estimation accuracy, the observations at the
sensor nodes can be processed before transmitting them to
the FC over the multiple access channel (MAC). Thus, the
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data transmission and the fusion of the data received from
multiple sensors, which is termed as the fusion rule, can be
intelligently designed to minimize the estimation error. This
problem has been well researched in [2]-[5] and references
therein. However, one of the major shortcomings of the WSNs
is that the network lifetime is often short, since replacing
batteries for the sensor nodes is expensive and the nodes may
be inaccessible [6].

With the advent of wireless energy transfer (WET)
technologies [7], a dedicated energy access point (E-AP) can
remotely recharge the sensor nodes by transmitting radio
frequency (RF) signals and prolong the lifetime of the WSN.
The RF based WET is ideally suited for WSNs, since it can
concurrently power a large number of sensors and also transmit
information. In contrast, magnetic resonance and inductive
coupling based WET methods suffer from short charging
distances and a large form factor [8]. Further, the energy effi-
ciency of the RF based WET can be enhanced by employing
multiple-input multiple-output (MIMO) techniques to control
the direction of the energy beams [9].

In wireless powered sensor networks (WPSN), the sensor
nodes first harvest the energy of the RF signals from E-APs,
and then utilize the collected energy for transmitting the data to
the FC for parameter estimation. However, a rapid attenuation
of RF waves with respect to the transmission distance reduces
the energy transfer efficiency. Further, due to uneven deploy-
ment, energy harvested by the sensors vary drastically among
the sensors and may be insufficient to sustain the operation
at many sensors. Therefore, for the WPSN, in addition to the
sensor processing and the fusion rule, an energy transmission
strategy plays an important role in maximizing the network
performance. Hence, designing the energy transmitting and
harvesting policy for WSNs has attracted significant research
interests recently [10]-[12].

Distributed energy beamforming with multiple chargers to
maximize the transferred power was proposed in [13] and
fairness-based energy beamforming to maximize the minimum
energy harvested in the network was investigated in [14].
A joint design of energy beamformers and charging time was
introduced to maximize the minimum throughput of users
in [15] and the sum-rate in [16]. Developing on these results,
the work in [12] studied the probability that the received
power at the sensors exceeds a threshold. In [17], the authors
presented the optimal power allocation to maximize the sum-
throughput in a cooperative WSN where relays harvest energy
by utilizing the signal from the sensor nodes. Similarly, [18]
investigated energy beamforming and power allocation for
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the sensor nodes to maximize the received signal-to-noise
ratio (SNR) at the FC. However, these works do not study
a joint design of the WPSN for parameter estimation.

Power allocation between data acquisition and data trans-
mission was examined in [19] for a WPSN that employs zero-
forcing precoding for estimation. The authors in [20] proposed
the optimal power transmission from the chargers and the
optimal allocation of the harvested power for information
transmission and local sensing at the sensor. Power allocation
and energy beamforming were determined in [21] to minimize
the mean square error (MSE) of the estimate at a FC for single
antenna sensors. In [22], the optimal energy management when
sensor nodes share energy was considered for the sub-optimal
best linear unbiased estimator at the FC. Also, power alloca-
tion was introduced in [23] to minimize the MSE assuming
chargers with a finite number of fixed energy-beam patterns.
All these works were limited to scalar parameter estimation
in a single-input single-output (SISO) WPSN and did not
explicitly derive the energy transmit beamformers.

Moreover, all the existing works assume that a central coor-
dinating entity such as a FC computes the precoders and the
energy-beam directions, and forwards them to the sensor nodes
and the E-APs. Also, they adopted a simple linear energy
harvesting (EH) receiver model for power conversion. It has
been shown that in practice, the EH circuits exhibit non-linear
characteristics and a system design based on the conventional
linear EH model may lead to inefficient utilization of the
energy resources [24], [25].

In this paper, we consider vector parameter estimation
in a general MIMO multi-sensor WPSN with a non-linear
energy harvesting model. We investigate joint optimization
of sensor data precoders, energy covariance matrices, and the
fusion rule to minimize the MSE of the parameter estimate
subject to power constraint at the E-APs. First, we propose
a centralized algorithm in which the FC solves the MSE
minimization problem. Since the optimal minimum mean
square error (MMSE) estimation of vector parameters leads
to a non-convex optimization problem, we employ an iterative
alternating minimization algorithm to determine the optimal
precoders, the energy covariance matrices, and the fusion rule.

However, the FC requires the knowledge of channel state
information (CSI) among all the nodes. In addition, the compu-
tational complexity of the centralized algorithm scales with the
number of sensors. To overcome these problems, we present a
distributed algorithm based on the alternating direction method
of multipliers (ADMM) technique to obtain the optimal pre-
coders at each sensor node and the energy covariance matrices
at the E-APs.

The distributed algorithm only requires the sensor nodes
to broadcast local messages to other sensor nodes and the
dual price updates to the E-APs instead of sharing the actual
CSI and the observation statistical information to the FC.
The proposed algorithm has low computational complexity
independent of the number of sensors. Besides, we derive
closed form expressions to calculate a solution.

Moreover, each sensor node computes the optimal MMSE
fusion rule locally that can be fed back to the FC for
parameter estimation. This relieves the FC from acquiring
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Fig. 1. System model of a WPSN.

CSI and all the local observation statistical information and
evaluating the optimal fusion rule. This significantly decreases
the feedback overhead from sensor nodes to the FC. Simu-
lation results demonstrate that the proposed methods exhibit
superior estimation performance over conventional techniques
for parameter estimation in WPSNs. Also, we show that the
proposed distributed algorithm performs close to the central-
ized technique while requiring low computational resources.

This paper is organized as follows: Section II describes
the system model and formulates the parameter estimation
problem in WPSN. In Section III, we present the centralized
algorithm to optimize a WPSN. Section IV proposes the
distributed algorithm to solve the MSE minimization prob-
lem. Simulation results are illustrated in Section V and the
conclusions are summarized in Section VI.

The following notations are used throughout the paper. The
operators (-)7, (-), and tr(-) denote transpose, Hermitian, and
trace of a matrix, respectively. || - || and || - || 7 indicate the Lo
norm and the Frobenius norm, respectively. SRe(-) represents
the real part of a complex number. I,, defines an identity matrix
of dimension n and ® stands for the Kronecker product. The
operator vec(A) forms a column vector from a matrix A =
[ai,...,a,] by stacking the column vectors a; and ivec(a, m)
rearranges the vector a € C™"*! into a matrix with m rows
and n columns.

II. SYSTEM MODEL

We consider a MIMO WPSN comprising a FC with Ng
antennas and L sensor nodes with Ng antennas as shown
in Fig. 1. This network operates by harvesting energy from the
RF signals emitted by K E-APs with Ng antennas each. The
harvested energy is then utilized to transmit the sensor obser-
vations to the FC. During the WET phase, the jth E-AP
broadcasts the energy signal s; € CV#*! with covariance
matrix ¥; € CNeXNE | The transmit power at the jth E-AP
is limited to tr(%,) < Pp; for j =1,2,..., K.

Let us denote the channel matrix between the ith sensor
node and the jth E-AP by G;; € CVs*NE_ The total received
RF power at the ith sensor node is given by

2

Pro=E[[S7 Gusi| | =3 w(@s=c). m
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For simple analysis, the total harvested power at the ith
sensor node is often modeled as P};,"z = 1;Pr,;, where 7; is
the energy harvesting efficiency. However, experimental results
have shown that the EH circuits follow non-linear charac-
teristics in practice [26]. Therefore, we adopt a non-linear
parametric model for energy harvesting in the WPSN [24].
Adopting the model presented in [24], the harvested power at
the +th node is expressed as

e o)
where ; is defined as Q; = 1/(1 + exp(a;b;)), a; and b; are
obtained using a curve fitting algorithm from measurement
results of the EH circuit, and M; denotes the maximum
harvested power by the sensor when the EH circuit is saturated.

The sensor nodes measure the parameter of interest
0 € CMox1 ~ CN(0,Ryp) with covariance matrix Ry. The
observations m; € CM*1 at the ith node can be written using
the linear observation model as

M, 1
= v —Qz 2
].—Q,L (1+6Xp [—ai(PR,i— ) ’ ( )

where A; € CM*Me represents the observation matrix and
n;, € CM*1 indicates the zero mean Gaussian observation
noise uncorrelated at different sensors with covariance matrix
E[nznf{]:Rz

We assume that the sensors transmit linearly precoded
observations to the FC over a MAC [2]. Defining B; €
CNsxM ag the precoding matrix at sensor node i, the received
signal yrc({B;}L,) € CN7*1 at the FC can be expressed as

L

yec({Bi}/2) = Y H;Bm; + nee
i=1

L L
=> H;B;A0+) H;Bn, +nrc, (4)

i=1 i=1

where H; € CNFXNs ig the channel matrix between the
ith node and the FC and nrc € CV¥*! equals the noise at
the FC distributed as CA/ (0, Rc).

The energy available at the ¢th sensor for information
transmission is limited by

TPc; +1/E [||Bimi||2]
= 7Pc; + 1tr(Bi(A;RgAF + R)BY) < 750;Pr i, (5)

where Pc ; refers to the circuit power consumption for sensor
operations, «; indicates the fraction of the harvested energy
available for data transmission, 7; and 7x represent the time
duration for information transmission and energy harvesting,
respectively, and 7 = 77 + 7g.

Then, the FC estimates the parameter 8 employing the
received data yrc({B;} ;) and the fusion rule W ¢
CNrxMs a5 = WHyrc({B;}£,). In a WPSN for the
parameter estimation, the main objective is to determine
the precoders {B;}£ ,, the fusion rule W, and the energy
covariance matrices {Ej}fil that minimize the MSE of
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the estimate. This problem can be modeled as
min

E[||@ — W B;1E )12
BT W [l yre({Bi}iz1)|I7]

s. t. TPo; + mrtr(B;(A;RyAF + R,)BF)
<7paiPu({¥;}),i=1,...,L,
tr(Ej) < PTJ'7 and Ej =0,5=1,.. LK. (6)

In the subsequent sections, we derive centralized and distrib-
uted algorithms to solve the above problem.

III. CENTRALIZED ALGORITHM FOR MSE MINIMIZATION

Substituting yrc({B;}Z,) from (4), the MSE E[||@ —
WHyec({Bi})|?] can be written as

Ec({Bi}iz, W)

; .
—wH ( 3 HiBiAi) Ry — R.g( HiBiAi) W
=1 1

i=

L
+> WTH,BRB/H/'W + W/RecW + Re) :
i=1

(N

As Ec({B;}L ,, W) is non-convex in terms of {B;} and W,
the problem in (6) is non-convex and difficult to solve.
However, it can be divided into two convex sub-problems
where W and {{B;}/. |, {2;},} are alternately optimized.
For a given {B;}L |, finding the derivative of the MSE in (7)
with respect to W and equating it to zero yields the optimal
fusion rule as

W*

argr%%,ngc(WHBi})
((ZEL; HiBiAi)RG ( ZEL; HiBiAi) . + RT)

<( XL: H,B;A; ) Ry, @®)
i=1

-1

where Rt = Y.% H;B,R;BFH + R is the total noise
covariance matrix.

Next, defining b; £ vec(B;) € CVsM*1 and employing
the relations tr (AAf) = vec(A)"vec(A) = |vec(A)]|?
and vec(AXB) = (BT ® A) vec(X) [27], the first term on
the right hand side of (7) can be expressed as

r (wH ( EL: HiBiAi) Ry ( EL: HiBiAi) HW)
=1 =1

XL: ((R5)TAT & WHH,) b,

i=1

2

Further, applying the matrix identities tr(ABC) = tr(CAB)
and tr (A"BCD*) = vec(A)" ((D)T @ B)vec(C) [27]
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on the second and third terms in (7), the MSE for a given W
can be rewritten as

Ec({bi}iL,[W)
L
Z ((RE)TAZT ® WHHi) b;

i=1

2

L
+> b (R @ H WW"H,)b;
=1
—2%e(vec((A;RgWHH,) ") b)) +tr( W/ Rrc W+ Ry).
)

Similarly, applying the vectorization operator on (5),
the optimization problem to compute {b;} and {3;} for a
given W can be formulated as

min Ec({b;} 2, |W
i Eo({bihin W)
=5}
s. t. 7Pc; + b Q;b;
TEo; M; ( 1
- 1 Qz 14+ eai

K
Hy » _
0; < § jzltr(GijEjGij), i=1,...,L,
tI‘(Ej) < PTJ‘, and E]‘ =0,7=1,...,K,

where Q; £ (AiRgAiH + Ri)T ® INS.

It can be easily verified that (10) is a convex problem [25].
Howeyver, it does not have a closed form solution and must be
solved by interior point algorithms [28]. Now, W, {b,}, and
{3;} can be obtained by an iterative alternating minimization
algorithm in Algorithm 1, which is shown above. The algo-
rithm can be terminated when the MSE EC({BY") e W)
converges, where n is the iteration index. The individual
precoders are calculated as B; = ivec(b;, Ng).

G~ Q)i =1L,

(10)

Algorithm 1 Centralized Algorithm

Initialize n = 0 and Bz(-o) forv=1,...,L.

repeat
Compute W (1) from (8) with B; = Bgn), Vi.
Calculate {b§n+1)} and {E;HH)} by solving (10) with
W =W+,
Obtain B{"™") = ivec(b!" ", N,).
Setn=n-+1.

until convergence

A. Convergence of Centralized Algorithm
Due to convexity of the problems in (8) and (10), we can
observe that
Eo({B{}E,, W) > min Eo(WI{B{}E )
i W)
= Eo({B]" "V Hey, WD),

Thus, &;({Bgn)}fz17 W (™)) monotonically decreases with the
iteration index n and is bounded from below.

vV
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The objective function in (7) is block-convex, i.e.
Ec({Bi}E,, W) is convex with the variables {B;}Z ; or W
fixed. Also, it can be seen that the problems (8) and (10) have
an unique solution for a given {B;}% , and W, respectively.
Further, for every feasible point ({Bf},{X%}, W?), let us
define a set

B ={({B:}, {25}, W)IEc({Bi} oy, W) < Ec({BI}, W),
0<77tr(Bi(ARA +Ry)B) < (Tpoy Pr,i({29})

— 7P0),¥i,0 < (%)) < Prj, 8, = o,vj'}.

This set is closed since it is a Cartesian product of the
preimage of the continuous functions Ec({B;}L,, W), h; :
RNs>M- — Ry hi(Bi) = 7tr(Bi(A;ReA[" + R;)B]T),
and g; : SY7*NVP — Ry, g;(2;) = tr(Z;) on the closed
sets [0, Ec({BY}, W?)), [O,TEO@PH’Z'({E?}) — 7Pc ], and
[0, Pr ], Vi,j, respectively. As BY is bounded, from the
Borel-Heine Theorem, B° is a compact set. Hence, all the
conditions in [29, Th. 1] for the convergence of alternating
minimization algorithm are fulfilled. Thus, we can conclude

that Algorithm 1 converges to the set of stationary points.

B. Computational Complexity

The optimization problem in (10), which comprises a
quadratic objective function with LM Ng variables and
positive semidefinite (PSD) constraint on K variables of
dimension Ng X Ng, can be reformulated as a semidefinite
program (SDP). Then, the worst-case complexity to solve (10)
can be determined as O((LM Ng + KN%)35) [28]. Thus,
for a large L, the computational requirements become pro-
hibitively high.

The FC executes the algorithm and feeds back {B,} to
the sensors and {3;} to the E-APs. Consequently, it requires
the knowledge of the observation statistical information
A, and R; along with global CSI to implement the algorithm.
This leads to significant communication overheads between
the nodes and FC, especially when the channels vary often.
Therefore, it is desired to develop a distributed algorithm
that has low computational complexity and communication
overhead at every entity of the network. This is particularly
important in WPSNs, since the nodes have a limited
computational power and the communication between the
nodes and the FC is expensive. In the next section, we propose
a low complex distributed algorithm to find W, {B;}L |,
and {X;}/<, without exchanging actual CSI and observation
matrices.

IV. DISTRIBUTED ALGORITHM FOR MSE MINIMIZATION

In this section, we present a distributed algorithm in which
the network of sensors and E-APs collectively solve the global
MSE minimization problem in (6). To this end, the sensor
nodes need the knowledge of the optimal W to evaluate the
precoders. Hence, first we begin with developing an algorithm
to determine the fusion rule at every sensor nodes.
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A. Local Computation of MMSE Fusion Rule

We assume that the FC does not have global CSI and obser-
vation statistical information. Therefore, it cannot calculate
and feedback W to the nodes. In that case, the network of sen-
sors collectively identify W by exchanging messages among
themselves. Let W, be the fusion rule calculated locally at
node i. Then, the objective function (7) is redefined as

Eo({Bi}, {Wi})

L

2

— u(Rg) + H S W/H,B,AR} .
=1

L
+ g tr (wff (HiBiRiBiH HY + %RFC)Wi)

—2%Re (r(W{'H;B,A;Ry)) . (11)

Now solving (8) is equivalent to addressing the optimization
problem

min

min Eo((B.} (Wi})

S LW, =W,i=1,...,L, (12)

since both (8) and (12) have an identical solution. The con-
straint in (12) is known as the consensus constraint which
forces the local information W at the ¢th node to be equal to
the actual W. Let us define w; = vec(W;) and w = vec(W).
Then, for a given {B;}, the MSE in (11) can be further
modified as

Eo({wi}|{B;}) = tr(Ry) + ZD Wi
L
+> wiYw; — 2%e(wl'hy), (13)
i=1
where h; £ vec(H;B;A;Rg) € CN¢*Me D, 2 Iy, ®
1
(HszAILRg)H S (CNI%XNFJWQ, and Yz £ IMQ (2]
(H;B,R,BfHY + %RFC) € CNrMoxNrpMo

Subsequently, using the vectorization operator on the con-
straint in (12) and introducing auxiliary variables {f;},
the optimization problem to find w; is recast as

L
—|— ZleY'sz — 29{2(W,LH}LL)

min ‘

{wil {fitw || = Py
s. t. Dlwszl, i=1,...,L,
w,=w,i=1,..., L. (14)

In the above problem, the auxiliary variables {f;} enable us
to decompose the objective function into a sum of the local
cost functions I;(w;) = wZY,w; — 2Re(wi’h;)) and the

2

shared global loss function . The ith sensor node

L
i1 fi

should independently design w; and f; to minimize the local
cost as well as the global cost function. We can adopt the
ADMM technique to solve this problem in a distributed man-
ner without any coordination from the FC [30]. The ADMM
enforces the consensus constraints in a scalable and robust
manner, and achieves a faster convergence to the distributed
solution.
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To this end, the augmented Lagrangian for problem (14)
with the quadratic penalty function for the constraint violations
is formed as

jw({wi}v {fl}a w, {yi}v {Xi})
2 L

i=1

+ Re (yiH(Diwi — fz)) +

= w)) + Bl - w|2), 1)

Pu 2
— || Dyw; — £;
Do, — £

+ Re (x(w

where p,, and p,, are penalty parameters, and y; and x; equal
the dual variables for the first and second constraint in (14),
respectively. We employ the augmented Lagrangian because
the intermediate ascent step to update w is affine, which may
yield unbounded solutions.

It can be seen that optimization for w; is separable in (15)
and the terms can be simplified as Re(y (D;w; — ) +
%HD'sz — fiHQ = %HD'sz — fi + u¢H2 — %LHLLL'HQ, where
u; = yi/pu. Hence, relying on the ADMM technique [30],
we obtain the following iterative steps for problem (14) as

wgk’"’l) = argmin (wZHYiwi — 2Re(wihy)

+%e(x§k>H(wi_W(k)))+p_w (k) ”2

[|w; —w

+p—2“||Diwl £ 4 u(k)|2) (16)

L
w1 = argmin Z %"U |\W§k+1)—w||2—9{e(x§k)Hw),
i=1

A7)

{fi(kJrl)}iLl:argmm( ZHD D gy ulP|?

L 2
+HIDOF ) (18)
j=1
X§k+1) — (k) _,_p ( (k+1) (k)+1)), (19)
u§k+1) _ (k)—l—(D‘ (k+1) f(k)Jrl)), (20)

where the superscript k is the iteration index.

Next, we derive closed form solutions to address the sub-
problems in (16)—(20). It is apparent that (16) is an uncon-
strained quadratic optimization problem. Thus, by computing
the gradient and equating it to zero, the optimal point at the
ith node is given by

ngﬁ’l) (Y + INFMQ_‘_pu DHD ) 1 (1,1z + pTww(k)
~x(M 4 DF (£ ) ) @1

This step is executed independently in parallel at all nodes
i=1,...,L.
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Differentiating the objective function in (17) and setting it
to zero, it follows
(k))

wk+D) — LZ( (k+1)

Summing up the update expression in (19) overall ¢ and
substituting w(**1) | we find that

li (k+1) _ Zx<k>+f)w Z( (k+1) _
L+

i=1
which indicates that the sum of dual variables x; is zero.
Therefore, the optimal consensus variable can be simplified
as

(22)

k)Jrl)) 0

L
1 X
wlkth) — = E w§k+1).

i=1

(23)

To solve the s_ub—problem in (18), let us introduce an
auxiliary variable f = % ZiL=1 f;. From the procedure outlined

in Appendix, fi(kﬂ) and f*+1) are given by
fi(kH) :f-(k+1)+Diw(k’+1)+ (k)
__Z( wk+D +u<k>) (24)
and
p - (k+1) (k)
Fk+1) _ u (k1 k
f = 1o j:1(D]Wj + u; ). (25)
Now, substituting fi(kH) in the update step in (20) yields

u§k+1)
that the dual variables u are equal across all the sensor
nodes and can be replaced with a single variable u(*+1).
Hence, the expression for fi(Hl) reduces to f; (k+1)
f(k+1) —|—Diwz(-k+1) -1 Zle Diw§k+1) and the dual variable

u*+1) can be determined as

=1 ZJL 1(D; 'W(kﬂ) +u§»k)) — f£(*+1)which implies
( +1)

u(k"i‘l) — ll f(k+1) 4+ = Z (kJFl) ) (26)
This simplifies the update step in (25) to
P - (k+1)
1) — _ Pu 7 D wlkt! 27
2L + Pu u + Z JWJ @7

j=1

The update steps in (23) and (26) require the nodes to gather
D;w; and w; to form the averages. These updates are also
carried out in parallel by all the nodes. Finally, inserting the
optimal fi(kﬂ) and w1 in (21), w; at node 7 can be
updated as

. 1
W§k+1) _ <Y+ Tnpas,+ PuDHD) (h _'_P?w w®

(k)
i puDH<f(k) +D; W( ) _ aw — u(k))),
(28)

2 2

where a%“) = %Zle Diwgk).
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B. Distributed Computation of Precoders and
Energy Covariance Matrices

With the fusion rule known at the sensor nodes, it remains
to find the optimal precoders and the energy covariance
matrices. In this section, we present an algorithm to locally
calculate B; at the ith sensor node and X; at the jth E-AP
to minimize the MSE. Let us denote b; £ vec(B;) and W;
as the fusion rule obtained locally at node ¢. Replacing the
objective function in (10) with (11), we can recast the precoder
optimization problem as

2 L
+Y bEib; — 2Re(w/ Ha ;b))

{bi}.{z:} P

{=;}
S. t. Cibi:Zi,i: ].,...,L,
TP +lef{Qibi
TEOéiMi 1
<To%, (He-m—b»

9<Z

¥, =0and r(X;) < Prj,j=1,...,K,

L
2
i=1

min ‘

—Qi),izl,...,L

r(Gy; %Gl i=1,...,L,

(29)

where {z;} and {6,} are the auxiliary variables, and we
define E; £ R,T (9 HzHWzW,LHHz S (CJWNSXJWNS, HAJ £
RTAT @ H, € CNeMoxMNs and ©; & (RZ)TAT @
WHH, € CMixMNs,

Let {y;}, {\i} and {8;} be the dual variables associated
with the first constraint, power constraint on b;, and third
constraint in (29), respectively. Further, let us denote {l/j} and
{Z;} as the dual variables corresponding to power constraint at
E-APs and PSD constraints on the energy covariance matrices,
respectively. The augmented Lagrangian of problem (29) is
now given by

L 2 L
To =D 2| +> (b{f E;b; — 2Re(wlH, ;b;)
i=1 i=1
+Re(y] (Cib;—2;) + p_QUHCibi_Zi||2+/\iTPC,i+ﬁi0i
H TEOéiMi)\i 1
+AiTrb;" Qib; — 0, (1 i Qz)
K L
+ Z tr <(VjINE —Zj—z ﬁngG”) Ej> — l/jPTJ‘,
j=1 i=1
(30)
where &+ C;b; —z;||? represents the penalty function on con-

straint 1n (29) and p, indicates the penalty parameter. Defining
Vi = ¥i/pv, the term Re(y 2 (C;b; — z;)) + 2= i — 2|2
is simplified as 22(|C;b; — z; + v4||? — &

From (30), it can be seen that the optimization for b; is
separable. Hence, adopting the ADMM technique, {b;} and
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{3;} are determined as
b**Y = arg min (bf Eib; — 2Re(wH 4 ;b;)

+ AL b Qub;
+5Cbi -2 + v§k>||2>, G31)

L
{7y, arg{g;igl(%v Sollebl T —z; + v
J =1

2
) ; (32)

L
2
j=1

v = v (T - gY), (33)
iM;
g+ _ are min ﬂ(k+1)0 )\(k+1)TEOé
¢ 0; ¢ 1-—9Q;
1
* ('1 et Q))
(34)

k+1 k+1
DTN i

K
t I
ETIea (G
{Zl>-0} -

L
- Z 5§k+1)GgGu)Ez) - l/lPT,z>~

i=1

= arg

(35)

Next, we derive closed form expressions to solve the above
steps in parallel at different nodes. As (31) is a quadratic
minimization problem, the first order optimality conditions
lead to a solution

b§k+1) _ (Ez +/\(_chrl)TlQi + &CHCi)*
—vi")). @6

The precoder b; should satisfy the complementary slack-
ness conditions )\Ekﬂ)(ﬁbng)HQibng) - TEOciPI(Lﬁz +
TPC’Z') = O,VZ

Therefore, from (36), we can evaluate the Lagrange multi-

pliers )\gkﬂ) from the equation [31, Appendix A]

(HA wik p”CH( (k)

) v -1 2
_ TEainfz — TPC,i , (37)

TI

1
o e+

where tgk) = Hﬁiwgk) + (k)) It should
be noted that the sensor nodes need not know the actual
energy covariance matrices, but only estimate the harvested
power PI({kz

Next, from the procedure described in Appendix, a solution
to the problem in (32) is obtained as

v k
2.CH (2" —

2 =z 1 cp® 4 v® Z cb® 1 v

i=1

, (38)
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_ (k+1)
where z(#t1) = 2L+p T Ej 1(Cy b * —|—v( )). By apply-
ing arguments similar to Section IV- A we can prove that the

dual variable kaH) is the same for all the sensor nodes.
(k+1)

Hence, replacing v, fori=1,..., L with v(*+1) the dual
variable is written as
L
(B+1) — (k) _ gkt1) 4 = (k+1)
v =v z L Z: (C, b . (39)

By computing the derivative of the objective function in (34)
with respect to 6; and equating it to zero, 3; can be deter-
mined as

(07D — by)]
1-Q (1 + exp {_ai(gz(k-i-l) B bi):|)2-

(40)

(et1) TEQM;  exp [ —a;

7

BED = a;

It can be shown that for the optimal solution of (29), the third
constraint will be satisfied with equality. Therefore, 9§k+1) can
be updated as 9§k+1) = Z tr(G”E(k)GH)

Next, to obtain { E;kﬂ }, the dual function in (35) is
expressed as

K
o) 20 = it (X —viPrs ol (vve -
J jfl
Zﬁ"‘*”(; Gij) = )) 1)
i=1

For a given optimal {ﬂi(kﬂ)}, g({v;},{Z;}) can be decom-
posed into K independent functions. Moreover, the objective
function in (41) is linear in X;, which reduces to [32]

9{vi}{Z;})

_ —l/jPT’j, if VjINE — Z
—00, otherwise.

BEYGHEG; - o,

Thus, a solution u](k+1)

in (35) can be derived as

of the dual optimization problem

min v; Pr
vj

L ,
s. . v; >0 and v;In, > Z;lﬁz(k—i_l)(}g(}ij. (42)

It is known that a solution of the above problem equals
1/§k+1) = Amax (Zz 15(k+1)G G”), where A\pax(X) is the
dominant eigenvalue of a matrix X [32].

In addition, the dual of the above problem in (42) is given by

L
k+DHE ¥
II)I(E;X tr (Zizlﬁi G;;j G”Xj)

s. t. X; = 0 and tr (X;) < Pr ;. (43)

The problem is optimized by a solution X7 = PTJ-qjqu
for j=1,...,K, where q; is obtained as q; =
Vinax (E ﬂ(kH)G 'Gj Vmax(X)  represents
the eigenvector correspondmg to the dominant eigenvalue of
a matrix X [32]. Since the Slater’s conditions are met in the
problem in (42), strong duality is satisfied by the solutions

and
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of (42) and (43). Therefore, the optimal energy covariance
matrices are rank-one and are determined by

k+1 .
E§, +>:PT,jqjqf,J:17--~aK'

Finally, substituting (38) and (39) in (36), {b;} are
updated as
1
RO

b = (2 +Anqi+ Bcficy) e, @)
i =1,...,L, where t* = Hf’iwgk) + %”CiH(Cibl(-k) +
zF) — égk) —v(®) and égk) =1 Zle Cibgk). Collating the
derivations presented in the previous sections, the distributed
algorithm to find {b;}, {w;}, and {X,} is summarized in
Algorithm 2 below. In Algorithm 2, the inner loop allows
the distributed computation of precoders and the MMSE
fusion rule, whereas the outer loop is needed for alternating

minimization of {b;} and {w;}.

Algorithm 2 Distributed Algorithm for MSE Minimization

Initialize n = 0 and B\ fori=1,...,L.
repeat
repeat
Compute wz(k) from (28).
Broadcast Diw(k)

, and wz(k) to other nodes.
Calculate local variables aS,?) = %Zle Diwgk) and
wh =150, ng)'_
Update local variable £(*) using (27).
Update dual variables u®) using (26) and x
using (19).

until convergence

Update E; and C; fori=1,..., L.

repeat
Compute bz(-k) from (44), )\§k) from (37), and Bi(k)
from (40).
Broadcast 51("’) to E-APs and Cibgk) to other nodes.
Compute local variable él()k) =1 EiL=1 Cibgk).
Update z(k) using (38) and v(’“% using (39).
Obtain q; = Vmax (Zz ﬁz(k) GZIG”)

Broadcast s; with E;k) = Pr;q; qf for energy transfer.
until convergence
Update Y;,D;, and h; for: =1,..., L.
Setn=n+1.
until {b;}, {w;}, {X,} converge

(k)

7

Since the dual variables converge to the optimal point and
are the same at all the nodes in the network, the nodes can
simultaneously switch between updating the block variables
when |[u**tD) —u® || < ¢, and ||[vFHD —v(F)|| < ¢, without
requiring a central controller to coordinate the alternating
minimization process. Here, the values for ¢, and €, can be
chosen prior based on the desired accuracy.

C. Convergence of Distributed Algorithm

It is evident that strong duality holds for problems
in (14) and (29) since they satisfy the Slater’s condi-
tions. Further, the objective functions in (14) and (29) are
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closed, proper, and quadratic convex functions. In addition,
they are a sum of Lipschitz continuous functions! since
As a result, from [33, Table 2], it can be concluded that
(w7} (uf} and (b7, 2}, {2V}, (v} from
the recursions in (16)—(20) and (31)—(35) converge to the opti-
mal points of (14) and (29), respectively. The outer iterations
are nothing but the alternating minimization of (14) and (29),
which are equivalent to the optimization problems (8) and (10)
by definition. Therefore, by the arguments presented in
Section III-A for the convergence of the alternating mini-
mization procedure to solve (6), Algorithm 2 is guaranteed
to converge to the set of stationary points.

D. Computational Complexity and Message
Exchange Overhead

For the calculations in (21), (36) and (43), the computational
requirement at each sensor node is O((M Ng)? + (MaNr)?)
and that at the each E-AP is O(N3,). Therefore, the proposed
distributed algorithm has much lower complexity in contrast
to the centralized algorithm, which has the complexity of
O((LMNg + KNg)3®). For large L, the distributed algo-
rithm is computationally efficient by a factor of O(L?*®). For
example, in a WPSN consisting of two E-APs with Ng = 4,
10 sensors with My = 2, M = 2, Ng = 2, and a FC with
Np =4, it costs 7.662 x 10° floating point operations (flops)
at the FC to execute the centralized algorithm. In contrast,
the distributed algorithm requires only 6.4 x 10% flops which
is less than 0.1% compared to the centralized algorithm.

As for the message exchange overhead, node ¢ computes
b;, \i, C;b;, w; and D;w;, and broadcasts C;b;, w;, and
D,;w; to other sensor nodes and \; to the E-APs. Hence,
the number of messages shared by a node in each iteration
is O(MZ+NpMp+N2), which is independent of the number
of observations and the number of sensors. The sensors can
obtain CSI using the training signals transmitted by the FC.
Finally, the nodes may transmit the MMSE fusion rule to the
FC in order to relieve the FC from acquiring the CSI and the
observation statistical information.

V. SIMULATION RESULTS

In this section, we present the MSE performance of
the centralized and the distributed algorithms proposed in
Sections III and IV. To benchmark the MSE performance,
we include the Bayesian Cramer-Rao bound (BCRB) on
the MSE of the estimate for the ideal scenario where the
observations x = [x7,x2, ..., xF]T are available perfectly at
the FC for parameter estimation. The BCRB is given by [34]

BCRB =tu((R,' + AR 'A)™1), (45)

where A = [AT AT ... AT]T and R = diag(Ry,...,Ryz)
defines a block diagonal matrix with matrices R; on the
ith diagonal. For comparison, we also consider a conven-
tional two-step framework for parameter estimation in WPSNSs.

'A function f from R” into R is called Lipschitz continuous if there is a
constant o > 0 such that ||V f(y) =V f(x)|| < a|ly—x]|, forall y,x € R™.
It can be easily seen that f(x) = x” Ax is Lipschitz continuous for A > 0.
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Fig. 2. MSE as a function of transmit power at E-APs with L sensors and
K =2.

In the first step, the energy covariance matrices {35°"} are
designed to maximize the total harvested power Py, =
Zle Py ; employing the procedure proposed in [24], where
Pp ; is given by (1) and (2). In the next step, the optimal joint
MMSE precoder and the fusion rule are obtained as in [3] with
the data transmission power at the ith sensor set as P
For the simulations, we consider a WPSN with L sensors
and K E-APs distributed randomly where the distance between
the sensor nodes and the FC is 100 m and that between
the sensor nodes and the E-APs is 10 m. The number of
antennas at the sensors, the FC, and the E-APs are Ng = 2,
Nrp = 2, and Ng = 4, respectively. The circuit energy
Pc,; is set to 20 pW, Vi, time durations 7; and 7g are set
to 0.5. The parameters for EH circuit are taken as a; = 1500,
b; = 0.0014, and M; = 24 mW [25]. The FC noise covariance
matrix is set as Rpc = O',%CINF with the noise variance
O',%C = —90 dBm [35], [36]. All the channel coefficients
are independent and identically distributed (i.i.d.) complex
Gaussian random variables with zero mean and unit variance.
The path-loss is set to ¢ (d%) , where ¢g = —20 dB is

a constant attenuation at a reference distance dyg = 1 m,
d represents the distance between two terminals, and w = 3
indicates the path-loss exponent [15], [37]. The parameter is
assumed to be Gaussian with 6 ~ CN(0,1Iy,) and My = 2.
The sensor nodes acquire observations of dimension M = 2.
The elements of the observation matrix A; are generated as
i.i.d. Gaussian random variables with zero mean and unit
variance. The observation noise covariance matrix at the sensor
nodes R; equals 0.11;,. For all simulations, the initialization

. 0 > PrllGisll;
is chosen as B{” =/ S Ingxm, where 1y, m

stands for a Ngx M matrix of all ones. The number of iter-
ations is fixed to nyax = 20, while the number of consensus
iterations for Algorithm 2 is set to ky,.x = 20 and the ADMM
penalty parameters are taken as p,, = py, = py = 4.

Fig. 2 shows the MSE of the estimate as a function of the
transmit power at the E-APs for K = 2 and L = 15 or 20.
From the figure, we can observe that the proposed joint designs
approach the BCRB quickly and have superior estimation
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Fig. 3. MSE as a function of number of sensors with K = 2 and
PT,l = PT,2 = 30 dBm.
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Fig. 4. Computational complexity versus number of sensors for K E-APs,

]V[ZQ,NS:Q,NFZQEIHC‘NE=4.

accuracy in comparison to a conventional design. It also
confirms that the distributed algorithm performs very close to
the centralized algorithm with much reduced complexity. The
proposed algorithms yield as much as 5 dB gain for L = 15
and 7 dB gain for L = 25 over the conventional method.

In Fig. 3, we plot the MSE in terms of the number
of sensors with the transmit power at the E-APs Pr; =
Pro = 30 dBm. It should be noted that as the number
of sensors increases, the performance gain becomes more
pronounced in comparison to the conventional techniques. This
is because the proposed methods recharge the sensors taking
into account local CSI and observation statistics at the nodes,
thereby increasing the estimation diversity [38]. Moreover,
the centralized and distributed algorithms exhibit almost the
same performance. This is important because, in contrast to
the centralized algorithm, the computational complexity of the
distributed algorithm is independent of the number of sensors.

In Fig. 4, we plot the total computational complexity as
a function of number of sensors in a WPSN with M = 2,
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Fig. 5. MSE as a function of iteration number with L sensors, K = 2,

Pr = Pr =30 dBm and kmax = 20.
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Fig. 6. MSE as a function of o with K = 2, L = 15,25 and

PT,I = PT,2 = 25 dBm.

Ng =2, Np =2 and Ng = 4. The centralized algorithm has
a complexity of O((LM Ns+ K Ng)3-) at the FC. As derived
in Section IV-D, the complexity of the distributed algorithm is
O((MN3g)? + (MgNF)?) at each sensor node and O(N3) at
each E-AP. On the other hand, the conventional scheme in [3],
which is an iterative algorithm, carries out LO(N2+ LM NZ)
computations in each iteration. The graph shows that as the
number of sensors increases, the computational requirement
to execute the centralized algorithm becomes prohibitively
large. In contrast, the distributed algorithm offers a significant
reduction in computational costs over both the centralized
algorithm and the conventional method.

In Fig. 5, we demonstrate the convergence behavior of
Algorithms 1 and 2. The number of times that the sensors
exchange the messages is set to kyax = 20. The simulation
shows that the MSE monotonically decreases with the iteration
number and converges in a few iterations. It can be seen that
even for a larger number of sensors the distributed algorithm
converges within 10 iterations.

Fig. 6 presents the MSE performance of the distributed
algorithm for varying levels of &« = «;. We consider a
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WPSN where the distance between sensors is equal to 10m,
and assume the channel between sensors is Gaussian with
the noise variance JEC = —90 dBm and path-loss exponent
w = 2. The performance gain decreases when « is close to
zero or one. This because as o — 1, the accuracy of the
messages exchanged reduces due to a lower SNR at nodes,
and as o — 0, the resource available for data transmission
gets smaller. From Fig. 6, it can be observed that the MSE is
more sensitive to the availability of energy resources for data
transmission. In the distributed algorithm, each node shares a
total of nierO(M§ + NpMy + N7) messages, where nigr is
the number of exchanges over short distances. This consumes
only a fraction of the energy used for data transmission by the
nodes to the FC, which is located at a much farther distance.

VI. CONCLUSION

This paper has proposed centralized and distributed algo-
rithms to jointly optimize the precoders, energy covariance
matrices and MMSE fusion rule in MIMO WPSNs. Employ-
ing the ADMM technique, we have developed an iterative
distributed algorithm that allows local computation of the
precoders and the fusion rule at the sensor nodes, and the
energy covariance matrices at the E-APs. Further, we have
derived low complex closed form expressions to determine
the optimal solutions. Finally, numerical simulations have
validated that the proposed techniques perform superior to a
conventional design. Also, the distributed algorithm exhibits
almost the same performance as the centralized algorithm with
much reduced computational complexity. It will be worthwhile
to investigate the performance improvement with a transceiver
design with both power and data exchange between the sensor
nodes, and joint transceiver design and path planning for
mobile data collection and energy transfer.

APPENDIX
SOLUTION TO PROBLEM (18)

Introducing an auxiliary variable f = %Zle f;, the opti-
mization problem in (18) can be rewritten as

L
. 2 118112 P_u (kD) o *) 12
i 5 2 i )

s. t. f; =f. (46)

=] =

Jj=1

For a fixed f**1) in the above problem, employing the

Karush-Kuhn-Tucker (KKT) conditions, one can obtain a

solution as

Hy
)

£5D = Dw Y L ul?
pul

(47)

where p is the dual variable corresponding to the constraint
in (46).

Now, inserting the solution in the constraint
%E§:1 fj(kﬂ) = £+ the optimal dual variable is
then by 25 = B0~ 5L DwE 1 o)
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Substltutlng , the auxiliary variables are expressed by
L
fi(k+1):f(k+1)+DiW§k+1)+u§k) EZ k+1 u§k)).
: (48)

Replacing fi(k'H) in (18) with (48) simplifies the problem to

. 12 Lpu e
m}nLQHfHQ—I—%;Hf— Z(

k+1

")

which is a quadratic minimization problem. Therefore, obtain-
ing the gradient and equating it to zero, a closed form solution
is determined as
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