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Abstract

This paper analyzes the nodes deployment optimization problem in energy constrained
wireless sensor networks, which multi-hop cooperative beamforming (CB) based
cooperative-multi-input-single-output (CMISO) transmission is adopted to reduce the energy
consumption. Firstly, we establish the energy consumption models for multi-hop SISO,
multi-hop DSTBC based CMISO, multi-hop CB based CMISO transmissions under random
nodes deployment. Then, we minimize the energy consumption by searching the optimal
nodes deployment for the three transmissions. Furthermore, numerical results present the
optimal nodes deployment parameters for the three transmissions. Energy consumption of the
three transmissions are compared under optimal nodes deployment, which shows that CB
based CMISO transmission consumes less energy than SISO and DSTBC based CMISO
transmissions. Meanwhile, under optimal nodes deployment, the superiorities of CB based
CMISO transmission over SISO and DSTBC based CMISO transmissions can be more
obvious when path-loss-factor becomes low.
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1. Introduction

|n wireless sensor networks (WSNSs), nodes are deployed in monitored areas, physical data

collected by the source node (SN) that needs to be transmitted to the destination node (DN) via
single-hop transmission or multi-hop transmission. Under these circumstances, nodes
deployment is an important factor affecting energy consumption between SN and DN in
energy-constrained WSNs. However, replacing or recharging the batteries of the nodes is
restricted after deployment. So, searching an optimal nodes deployment to minimize the
energy consumption becomes a very important design consideration in WSNs [1, 2].

Various researches [3-7] have focused on nodes deployment optimization with different
perspectives in recent years. In [3], the authors select optimal nodes to forward the data from
SN to DN by a vector optimization. In [4], the authors have focused on solving energy-hole
problem by deploying nodes to balance traffic load. In [5], the authors have presented the
hybrid nodes placement method to select optimal position from candidate locations. Moreover,
optimal nodes deployment with delay constrained and fault-tolerant are considered in [6] and
[7], respectively. Although the above works [3-7] have already showed the energy efficiency
improvement with nodes deployment optimization, the researches are based on
single-input-single-output (SISO) transmission,the circuit energy consumption is not
considered.

Recently, cooperative-multi-input-multi-output (CMIMO) techniques and its variations,
e.g.cooperative-multi-input-single-output (CMISQ) have been proved to reduce transmission
energy consumption in WSNs [8]. Single-hop distributed-space-time-block-code (DSTBC)
based CMIMO transmission is first proposed in [9].1t shows that, with considering the circuit
blocks energy consumption, DSTBC scheme can outperform SISO scheme in energy
efficiency with long range transmission distance.CMIMO transmission based on
vertical-bell-labs-layered-space-time (V-BLAST) architecture has been analyzed in [10],
which does not require sensor cooperation in transmitter side. However, the number of
transmit antennas must less than the receive antennas, which limits the adoption of the
V-BLAST scheme. Energy efficiency of single-hop cooperative beamforming (CB) based
CMISO transmission scheme has been investigated in [11], which shows that CB scheme has
more superiority than DSTBC scheme in energy efficiency. In addition, multi-hop CMIMO
(or its variations) transmission with topology control [12,13], optimal power allocation
[14,15,16,17] ,channel reuse[18],transmission capacity[19] and data gathering [20] have been
also investigated. The above works [9-20] have already showed the potential advantages of
cooperative transmission in WSNs. However, the research on CMIMO (or its variations)
transmission have mainly been restricted to show the energy-saving by optimizing the
parameters with random nodes deployment, without considering optimizing the nodes
deployment. To the best of our knowledge, we make the first attempt to investigate the
problem of nodes deployment optimization combined with CMISO transmission for the goal
of improving energy efficiency. This paper aims at source-destination transmission, we
minimize the energy consumption by finding optimal nodes deployment for multi-hop SISO,
multi-hop DSTBC based CMISO, multi-hop CB based CMISO transmissions. The superiority
of nodes deployment by using CB based CMISO transmission is also provided.

The rest of this paper is organized as follows. In section 2, we present the energy
consumption models for multi-hop SISO, multi-hop DSTBC based CMISO, multi-hop CB
based CMISO transmissions under random nodes deployment. In section 3, energy
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consumption for the three transmissions are minimized by searching optimal nodes
deployment. In section 4, numerical results show the optimal nodes deployment and the
superiority of nodes deployment by using CB based CMISO transmission. Finally, section 5
summarizes the paper.

2. Energy Consumption Model

2.1 Multi-hop CB based CMISO Transmission

Nodes are deployed over a two-dimensional plane and equipped itself with single-antenna. SN
S needs to transmit L bits data to DN D, the distance between S and D is dsp. Fig. 1 shows the
system model.

S & © D
| dSD ‘

SN DN

Fig. 1. System model

In order to realize the multi-hop CB based CMISO transmission, Nc+1 relay nodes (RNs)
(Rc(1),--+,Rc(i), -, Rc(Nc+1)) are deployed between the S and the D. In order to simplify the
system model, we only consider one cooperative node (CN) in each hop. CN C¢(1)is deployed
in the first hop, CN Cc(i) (2<iSNc) is deployed in the i hop, CN Cc(Nc+1) is deployed in the
last hop. For each hop in multi-hop CB based CMISO transmission, the RN (or S in the first
hop) transmits the data to the CN, and the CN receives it. Then, the RN and their CN can
cooperatively transmit the data to the RN in the next hop (or D in the last hop) using CB
scheme. We assume that perfectly time synchronization between nodes and power control are
enabled for nodes. In order to make our paper readable, main symbols are shown in Table 1.

Table 1. Main symbols

Symbols Description
é Peak-to-Average-Ratio (PAR)
n Drain efficiency
B System bandwidth
GG, Antenna gain
A Carrier wavelength
M, Link margin
Ny Receiver noise figure
Ny Thermal noise power-spectral-density (PSD)
k Path-loss-factor
Ppac Power consumption of the digital-to-analog-converter (DAC)
P,ix Power consumption of the mixer
Py, Power consumption of the active filters at the transmitter side
Py, Power consumption of the frequency synthesizer
Py Power consumption of the low-noise-amplifier (LNA)
Py Power consumption of the intermediate-frequency-amplifier (IFA)
Py Power consumption of the active filters at the receiver side
Pipc Power consumption of the analog-to-digital-converter (ADC)
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Pcr, P Power consumption of the transmitter side, receiver side
ES ED EC Total energy consumption of the SISO,DSTBC and CB
total > —total > —total transmlssions
ES EP  EC Local minimal energy consumption of the SISO,DSTBC and CB
local > =local > —local transmlssions
ES ED EC Global minimal energy consumption of the SISO,DSTBC and CB
opt > ~opt > opt transmissions

EC (i) EC (i) EC (i) Total, transmission and circuit energy consumption at the i hop in
btp '/ > ~hip,t A/ 2 Thtp,c BTP of the CB transmission
C (; c g c Total, transmission and circuit energy consumption at the i hop in

ECtp 0. ECtP" (). E“p'c () CTP of the CB transmission

ED (i),E D (i),E D (i) Total, transmission and circuit energy consumption at the i hop in
btp /> ~hip,t A/ 2 Thtp ¢ BTP of the DSTBC transmission

ED (i).E D (i), E D 0 Total, transmission and circuit energy consumption at the i hop in
ctp /e etpt A/ etp e CTP of the DSTBC transmission

S/ S/ S Total, transmission and circuit energy consumption at the i hop of

E*(i).E (). E (i)

the SISO transmission
BER requirements of the BTP and CTP

Pb,btp s Pb,ctp

=C =C Required energy per bit in BTP and CTP of the CB transmission
Eb,btp ) Eb,ctp
—D =D Required energy per bit in BTP and CTP of the DSTBC

Ebbp . Ebcp transmission

Fig. 2 shows the random nodes deployment model for multi-hop CB based CMISO
transmission.

@SN @CN ®RN @DN
Fig. 2. Random nodes deployment model for multi-hop CB based CMISO transmission

The CNs deployment and RNs deployment can be represented by (1) and (2), respectively.

[sc-m| (SR, 5CT) d.(1) (1) 1)

[R-G—DC.)| (RG-DR:(.RG-DC) |=| de() (i)

R C @ +1)| (RANIDRWNC W, +1))| \eWetD aclNetD
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o (R0.)

DY) A 2)

R.(-DR.()| (R-G-DR(),5D) |=| D.{i) B3

R™oD|  (R.(N)D.SD) Pee+1) LoV +D)

where, |SC.(1)|is the size of vector SC.(1) , represents the distance between S and Cc(1).
(SR.(1),5C.(1)) is angle between SR, (1) and SC.(1).

The multi-hop CB based CMISO transmission scheme in each hop is consists of two phases,
broadcast transmission phase (BTP) and cooperative transmission phase (CTP). In BTP, the
RN (or S in the first hop) transmits the data to the CN, and the CN receives it. In CTP, the RN
and the CN can cooperatively transmit the data to the RN in the next hop using CB scheme (or
D in the last hop). We assume the system with a flat rayleigh fading with k law-path-loss.
BPSK modulation is used for data transmission. The same energy consumption model is
adopted as that in [9,11,21]. For CB based CMISO transmission, the energy consumption at
the i hop E€(i)is given by

3)

EC(i) = g, (i) + ES (1)
=(ES, () + By () +(ES () +ES, . (D)
[ Loy + ) PCR)]{LGEEW (@) A8, 0, HER PCR)J

WhereG: £ (4,,)22
7 GG, A
D¢ (i) =«/(Dc(i))2 +(dc (i))* — 2D, (i)d (i) cos(a (i)
NO
(1-2Poss) -1

1Y f

—c
Ebpp=

Esctp:¢
(1—2\/5"—?)72 1
To simplify the analysis, digital signal processing blocks (source coding, pulse-shaping, and
digital modulation, and soon) are omitted in our system model. We assume that the system is

uncoded, without error correction code (ECC) blocks. Pcr and Pcr can be represented as[9,21]

PCT = PDAC + Pmlx + me + Psyn (4)

PCR =Pt Pmlx + PIFA + Pnfr + pADC + Psyn ( )

The specific description of these above symbols are given in Table 1.
The total energy consumption Ef,,; is the sum of energy consumption per hop,which is
given by

Ea :NfE%i)::Mf{E;p(mE;p(i)} (6)
2.2 Multi-hop STBC based CMISO Transmission

In order to realize the multi-hop DSTBC based CMISO transmission, Np RNs
(Ro(2),...,Rp(i),....Ro(Np)) are deployed between the S and the D, Np+tl CNs
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(Cp(2),...,Cp(i),...,Co(Np+1)) are deployed the each hop. Fig. 3 shows the random nodes
deployment model for multi-hop DSTBC based CMISO transmission.

QSN ®CN ®RN ®DN
Fig. 3. Random nodes deployment model for multi-hop DSTBC based CMISO transmission

The CNs deployment and RNs deployment can be represented by (7) and (8), respectively.

[sc (57,156, M) d,(1) a, () @)

R,G-DC,E  (RG-DR,G.RG-DC,H) |=| o ()

d,(N,+1) a,(N,+1)

|Ry(NIC, (N, +1)| (R (Np)D.R,(N,)C, (N, +1))

ISRD(B\ {SRn<ﬁ-Sﬁ) D) B 8

R,(i-DR, ()

(R,G-DR,().8D) |=| D.G)  B,G0)

| | - == D (N, +1 N, +1
[Ro)D| (R, (N,)D.5D) oo +1) FoNp +1)

Similar to multi-hop CB based CMISO transmission ,the multi-hop DSTBC based CMISO
transmission scheme in each hop is also consists of BTP and CTP. In BTP, the RN (or S in the
first hop) transmits the data to the CN, and the CN receives it. In CTP, the RN and the CN can
cooperatively transmit the data to the RN in the next hop using DSTBC scheme (or D in the
last hop).We know that, the fundamental difference between multi-hop DSTBC based CMISO
transmission and multi-hop CB based CMISO transmission is the CTP. The total energy
consumption E2 ., is given by

B = 3 E°() =3 {E5,)+ES () ©
- Z (B, () +ED, () + Z (ES () +ED ()
- Nf[Lgﬁﬁmp(dD(i))k +@j+ NDf(LGE:c'D ((Dy (i) ;(D; M), L(2PC|;+ PCR)J
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WhEre o, ) /D, @) + (4, )7 25, (), By costars ()
—b N,

E‘ =
bmp (1-2Poss) -1

—D
Eh,ctp:772
(172 ) -1

The specific description of these above symbols are aslo given in Table 1.

2N,
Pocp
3

2.3 Multi-hop SISO Transmission

In order to realize the conventional multi-hop SISO transmission, Ns RNs (Rs(1),...,Rs(i),...,
Rs(Ns)) are deployed between the S and the D. For multi-hop SISO transmission, S transmits
the data to D by using multi-hop SISO transmission with the help of RNs. Fig. 4 shows the
system model.

QSN ®RN @®DN
Fig. 4. Random nodes deployment model for multi-hop SISO transmission

The random RNs deployment in multi-hop SISO scheme can be represented by (10).

0| (E0D)

DY A0 (10)

[RG=DR,G)| (RG-DR;@).5D) |=| Ds(i) A (0)

B (R@D.SD) | \DsNerh A+D

The total energy consumption in multi-hop SISO transmission EJ . ,; ,which is given by

Eu= 2 B 0= (B )+ EX())

Ng+1 (11)
=3 {LGE;sisu(Ds(i))k +%}
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where,E,isiso is the required energy consumption per bit in SISO transmission[9].The
specific description of these above symbols are aslo given in Table 1.

3. Nodes Deployment Optimization

3.1 Nodes deployment optimization for Multi-hop CB based CMISO
Transmission

In this section, optimal nodes deployment for CB based CMISO Transmission is presented to
minimize  ES,, . From  equations  (1)-(6), ES.u is a  function
of Ne, De(8) (i=1,2,-N+1)s Be (D i=1,2,-n~+1) Adc (O i=1,2,N+1)» X (@) (i=1,2,-- N+1)-

The optimization problem is characterized as:

minEE. =Z[ LGB (A (1) + LOES o (Do) +(DE)) | LR + 2PCR)]
NeDe (i), fc ()de (D) (i)i=1,2,..Ne+1 1 2 R,
Subjectto : N, >0, N, is ainteger

D.(i)>0,i=1,2,---,N. +1

0°< B (1)<90%i=12,..., Ne +1

d.(i)>0,i=12,---,N. +1

0°<a (i)<90°i=12,...,N. +1

z D¢ (i) cos(/3. (1)) = dgp

(12)

4Nc+5 variables need to be optimized in (12), two-steps optimization to solve the problem.
In the first step, optimizing the CNs deployment

parameters (ac(i)=12,-n+1) » dc(D(i=1,2...n+1)) Under a given RNs deployment
(Ne:De (D) i=1,2,- n+1) B (D i=1,2,-,m+1))- In the second step, optimizing RNs deployment
(Ne:De (D) i=1,2, m+1) Be (D (i=1,2,-N4+1))-

Stepl: Optimizing the CNs deployment
parameters ac (i) (=12, v+1).dc () (=12, n-+1).fOr @ given RNs deployment, which can be
solved by Proposition 1.

Proposition 1: For a given RNs deployment(N¢, D¢ (1) i=1,2,--,n+1):B¢ () (i=1,2,- N+ 1) »1F
optimal CNs deployment are

. ac(i) (=12, .N+1) = 0° the minimum

dC(i)(i=1.2.~~,Nc+1) = TCDC(i)  Te = w1 |25€ !
1+ —_é"b”"
Eb,ctp

energy consumption can be achieved.

Proof: Taking the partial derivative of E,,; to d.(i) and ac(i) , respectively. We can
obtain that
Fori=1,2,...,Nc+1
B (13)
g _OE°() _ 5 EC o)+ GLEbapk (D (1)) 0D (i)
ade (i) ode (i) peRte 2 ad. (i)
OES, OES(i)  GLEnpk(Dg (i) oD (i)
dag(i)  oacli) 2 dag (i)




KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 11, NO. 8, August 2017 3831

1 OE, OE,
We get TC — total - = 0 _~ —total 0 ,
/ZE "od. (i) [ =D () D (i) |de (D=TeDe ()
1+ k- bblp o
ac (i)=0 ac (1)=0°
Ebctp
2C 2C 2C
a Etotal O 6 Etotal — a Etotal > 0
od. (i)? [ee®=Teoc () ad, (1)0ag (i) e =Teoe ) D (i) |de (=TeDe (i)
ac (i)=0° ac (i)=0° ac (i)=0°
2C 2C 2C
a Etotal a Etotal _ a Etotal |
od. (i)? da.(i)*  od. (i)0a (i) |dc ) Tch(n)
ac (i)=0°
As we can be seen from the proof
. . 1 . o
that dC(l)(i=1,2,--~,Nc+1) =TcDc(D),Te = — vac (i) (i=1,2,-.n+1) = 0°are enough to
1+k bbtp
Eb,ctp

achieve the minimum energy consumption.

Step2: Based on Proposition 1, we know that, for a given RNs deployment, the corresponding
optimal CNs deployment can be solved. Setting CNs deployment parameters achieve the optimal
value .Thus, the optimization problem in (12) is reduced to

Ne+1

min By Joc0-rocm = (LGEEmp (T.D¢ (1)) + LGEnop

NcVDc(l),/fc(i)‘iffz(,i.).:,vNcu o

Subjectto : N, >0,N. is ainteger
D.(i)>0,i=12,-+-,N. +1

0°< B, () <90°i=1,2,...,Ng +1

3 0. ()oos( (D =l

(Dc () +(De () ~Te De (i) |, L(3Rer +2PCR)J
2 R,

(14)

Then, 2Nc+1 variables need to be optimized in (14). Firstly, optimizing the RNs
deployment D¢ (£) (i=1,2,- N+1) Bc (D i=1,2,-- v +1),fOr a given Nc, the optimization problem
can be solved by Proposition 2. Then, optimizing N¢ to further reduce the energy consumption.

Proposition 2: For a given N, if D¢(1)(i=1,2-- N+1) = %,BC (D(i=1,2-nN+1) = 0°, the
local minimum energy consumption E, .,; can be achieved.

Proof: We set

15
F= E(Dlal de (D=TcDe (1) +w(z D (I)COS(ﬂC( )) dSD) ( )
ac (1)=0
where, w70 is Lagrange multiplier, D¢(i)70.
Based on Lagrange multipliers, we get
oF .
. (i) =0,i=12,-,No +1 (16)
=0,i=12,- +1
Fﬁc (I)
F o
ow

Then, we obtain
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0 E(im de (i)=Te De (i)
ac ()=0° Y i (17)
——=——=-wcos(S.(1)),i=12,---,N. +1
oD, (i) cos(S (i) c

oD, (i)sin(A. (i) =0,i =12, N, +1

3 0. () cos(f. () =0

It can be found that D¢ (i) (i=1,2,-n+1) = %,ﬁc (D (i=1,2,-n+1) = 0°, are sufficient for
c

achieving the local minimum energy consumption, which is given by

Ejgeat =Evear + Eoca < (18)

L (BNc +3)Ry + (2N +2)R)L
Rb

—=C
_ dsD k| =€ K Eb,ctp K
=GL(N, +1)(W) EouipTg +T(1+(1—TC) )

We can find in formula (18) ,Ef.,, . is a decreasing function of N¢, Ef,, . is a increasing
function of Nc. In general, there exists an optimal N¢ to further reduce the Ef.,;.
NG|
As k>1setting —9@l =0
ON.

We have
(19)

BPer +2Rr)

N -1

C,opt: C
§/ GR, (k —1)[E§,.,[pTg +%(1+ 1-T)") |deo"

As the Nc,,, (the optimal Nc) is a positive integer, which can be elected as either [Nc,,] or
[Nc.op] +1(defined by the minimum Ef .., and [] represents floor). Then, the optimal RNs
deployment and CNs deployment can be obtained by Proposition 2 and Proposition 1.

3.2 Nodes deployment optimization for Multi-hop DSTBC based CMISO
Transmission
From equations (M)-(9), ER .l is a function of

Np , Dp(D(i=1,2,np+1) + BoDci=1,2-np+1) » Ao D(i=1,2,np+1) + W (D (i=1,2,-np+1) -THE
optimization problem is characterized as:

Np+L _ . Sk . ik
minE2,, =3 (LGEEmp(dD(i))k +LGE s (D (i))* +(Dg (1)) + LGP + 2PCR)J
No. Do (1) ()0 (0,8 (1)i=L.2..Np+L i1 2 R, (20)

Subjectto : N, >0, N, is ainteger
Dy (i)>0,i=12,--, N, +1
0°< B,(i)<90°i=12,...,N, +1
dp(i)>0,i=12,-- Ny +1
0°< 0 (i) €90°,1 =1,2,..., N +1

Np+1

3. D, () cos(5, () = deo
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Similar to nodes deployment optimization results in the above section, for a given Np ,if

. . 1 .
dp (l)(i=1,2,~--,ND+1) = TpDp (i) ; T, = 1= ) Dp (l)(i=1,2,---,ND+1) =
k=1|2E} prp
1+ —-D
Eb,ctp
d . . . .
NDSfl,aD D i=12,-mp+1) = 0°%Bp (D) (i=1,2,n,+1) = 0°the local minimal energy consumption

can be achieved,which is given by

Elgcal :Elgcam + Elgcal,c (21)
—D
N deo e[ =0 - Ebep | (BNp +3)Per + (2N, +2)Pp)L
_GL(ND+1)(ﬁ) Eb.mpTDJrT(lJr(lfTD) ) |2 T R o R

Similarly ,we can find in formula (21) , EJ ., is a decreasing function of Np, Ep ., .is a

increasing function of Np. In general, there exists an optimal Ny to further reduce the Ep .,
OE.
As k> 1,setting —2al =Q
N D
We have

(22)

(BRer +2R)

N -1

D‘opt: —D
§/ GR, (k —1)[E5b‘pT§ + E“z““” (1+@-Tp) ) |ds*

As the N, (the optimal Np) is a integer, which can be elected as either [Ny, ] OF [Np,y]

+1(defined by the minimum EJ., and [.] represents floor). Then, the optimal RNs
deployment and CNs deployment can be obtained.

3.3 Nodes deployment optimization for Multi-hop SISO Transmission

From equations (10)-(11), ESal is a function
of N, Ds (D) (i=1,2, e+ 1)Bs () (i=1,2,ns+1)- T NE Optimization problem is characterized as:

NG s . L(P; +Pg)
NS,DS(l)‘/iS(l)JS[;I,”N5+1_ o1 [LGE”.SISO(dS(I)) * cRb ‘ J (23)
Subjectto : Ng >0, N, is ainteger
D(i)>0,i=12,--- Ng+1
0°< B (1) <90%i=12,...,Ng +1

3D, ()60s(4, () = o

.. . . , d . o
Similarly ,for a given Ns, if Ds(i)(i=1,2...ns+1) = ﬁand Bs(D(i=1,2,-ne+1) = 0°,the

local minimal energy consumption Ej, .,;can be achieved,which is given by
E,

Elical it + Elzcal c (24)

dSD L(PCT + PCR)
Ng + R

-
local

=(Ns +1) LGEE,SISO(

k
P *(Ns+D) y
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We can find in formula (24) ,E}},..; . is a decreasing function of Ns, Ej},.,; . is a increasing
function of Ns. In general, there exists an optimal Ns to further reduce the Ej, .4,

S
As k> 1,setting %:o
0

S

We have

- (PCT + PCR) (25)
Ns opt ~ g —s -1
™ XGR, (k 71)(Eb‘s.so)ds;

As the N, (the optimal Ng) is a integer, which can be elected as either [Ns,,] Or [Nsop]
+1(defined by the minimum EJ ., and [.] represents floor). Then, the optimal RNs
deployment can be obtained.

4. Numerical results

We use Matlab 2013a to do numerical results. The system parameters are shown in Table 2.

Table 2. System parameters

¢=1(BPSK) n=0.35 L=100 B=1/T,=10KHz
G,G,=5dBi £=2.5GH:z 2=0.12m M=40dB
N,=10dB Ny/2=-174dBm/Hz Py =107 Pyep=10"
PDAC:]5.4WZW P,m=30.3mw Pﬁf-,=2.5mw Pﬁ/-t=2.5mw
PA-W:.SOWZW PLNA =20mw P[FA =3mw PADC:6- 70mw

Fig. 5 shows the local minimum energy consumption E; o1, EP cai Efocq Under different
the number of RNs Ns, Np and N¢ with dsp=100m,k=4.0,respectively.Transmission and circuit
energy consumption are also included. It shows that the optimal Ns, optimal Np and optimal N¢
can be determined to further reduce the local minimum energy consumption for three
transmissions.The reason is that the transmission energy consumption decreases with the
number of RNSs, circuit energy consumption linearly increases with the number of RNs, there
exists an optimal number of RNs to minimize total energy consumption. For SISO
transmission, the optimal Ns is 9 ,the global minimum energy consumption is 2.7470x1072)
and the corresponding optimal nodes deployment (Nsopt, Dsopt(i)(i=1,2,..., Nsopt +1), Bsopt(i)
(i=1,2,..., Nsoprt1) are 9,10m,0°, respectively. For DSTBC based CMISO transmission, the
optimal Np is 2 ,the global minimum energy consumption is 2.4769x10%) and the
corresponding optimal nodes deployment (Npopt, Dpoept(i) (i=1,2,..., Npoptl) ,fp.opt(i)
(i=1,2,..., Npopt+1) , dpopi(i) (i=1,2,..., Npoptt1)) ,apepi(i) (i=1,2,..., Npope +1) are 2,33.33m,
0°,9.03m, 0° respectively.For CB based CMISO transmission, the optimal Ns is 2 ,the global
minimum energy consumption is 2.0403x102) and the corresponding optimal nodes
deployment (Ncopt, Dcopt(i) (i=1,2,..., Neoprtl) ,acopt (i) (i=1,2,..., Neoprtl) , deopt (i)
(i=1,2,..., Ncoprt1) ,fBcopt (1) (i=1,2,..., Ncopt +1)) are 2,33.33m, 0°,7.61m, 0°, respectively.
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Fig. 6. Optimal nodes deployment parameters for SISO transmission
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Fig. 7. Optimal nodes deployment parameters for DSTBC based CMISO transmission
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Fig. 8. Optimal nodes deployment parameters for SISO transmission

Fig. 6, Fig. 7 and Fig. 8 show the optimal nodes deployment for SISO ,DSTBC based
CMISO and CB based CMISO transmissions, respectively. The fsop(i) , foopt(i) , Bcopt(l) |
apopt(i) and ac ope(i) are equal to 0°, which means all nodes are optimal deployed on the straight
line connecting S and D. Meanwhile ,each component of the Dsgp(i), Dpopt(i), Ob,opt
(1) ,Dcopi(i), deopi(i) are equal, which means the optimal nodes are homogeneous deployed in
each hop for three transmissions.It can be also observed that, a larger Nsgpt, Np,opt, Ncopt are
selected for a lager path-loss-factor k.The reason is that, as k increases, the transmission
energy consumption sharply increases for both three transmissions, a larger Ns opt, Np opt, Ncopt
are preferred to reduce deployment hop distance Ds opi(i), Dp,opi(i) and Dc ope(i), respectively. It
results in a significant reduction in the transmission energy consumption and total



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 11, NO. 8, August 2017 3837

transmission energy consumption, in spite of small increases in circuit energy consumption.
The same reason can explain that, a larger Nsopt, Npopt, Nc.opt @re selected for a lager dsp.
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Fig. 9. Global minimal energy consumption for SISO, DSTBC based CMISO and CB based CMISO

transmissions
Table 3. Energy efficiency of CB based CMISO transmission vs SISO transmission

Energyefficiency | dsp=100m dsp=200m dsp=500m | dsp=1000m
Ecp.siso
k=3.0 45.86% 45.86% 47.3% 47.3%
k=4.0 25.73% 25.73% 25.67% 25.67%

Table 4. Energy efficiency of CB based CMISQO transmission vs DSTBC based CMISO transmission
Energyefficiency | dsp=100m dsp=200m dsp=500m | dsp=1000m

Ecp.psrac
=3.0 17.59% 17.59% 19.75% 19.75%
=4.0 17.25% 14.87% 14.89% 14.89%

Fig. 9 shows the global minimum energy consumption Ej,.E>,:ESy: under optimal
nodes deployment. Table 3 shows energy efficiency of CB based CMISO transmission vs

S _pC
SISO transmission, the energy efficiency is defined as Ecg_gis0 = % %X 100%.Table 4
opt

shows energy efficiency of CB based CMISO transmission vs DSTBC based CMISO
ER —ES
transmission, the energy efficiency is defined as Ecg_psrpc = % %X 100%.It is shown
opt
that, for k =3.0, if dsp less than 42.2m and 40.8m, SISO transmission consumes less energy
than DSTBC based CMISO and CB based CMISO transmissions,respectively. The reason is
that cooperative transmission deploys CN that will cause the extra broadcast and cooperative
energy consumption. As dsp increases, transmission energy consumption dominates in total
energy consumption, DSTBC based CMISO and CB based CMISO transmissions have higher
energy efficiency in comparison with SISO. For dsp=200m, 34.29%,45.86% energy can be
saved by using the DSTBC based CMISO and CB based CMISO transmissions in comparison

with SISO transmission. However, the superiority of DSTBC based CMISO and CB based



3838 Gan et al.: Energy-Efficient Cooperative Beamforming based CMISO Transmission
with Optimal Nodes Deployment in Wireless Sensor Networks

CMISO transmissions over SISO transmission could not be more obvious for a farther dsp.The
reason is that, deployment hop distances Ds opi(i), Dp,opi(i) and Dcopi(i) do not change with the
increase of dsp, energy consumption per hop and energy consumption per unit transmission
distance have not changed. It can be clearly seen that CB based CMISO transmission
consumes less energy than DSTBC based CMISO transmission.The reason is that Ef; ., is
half of Egctp It can be also observed that, as k decreases, energy consumption for the three
transmissions are decreases. However, for dsp=200m, as k decreases from 4.0 to 3.0,Ecg.siso
increases from 25.73% to 45.86% by using CB based CMISO transmission in comparison
with SISO transmission, Ecg.pstac increases from 14.87% to 17.59% by using CB based
CMISO transmission in comparison with DSTBC based CMISO transmission . The reason is
that, a smaller Nsgpi, Npopt, Ncopt are preferred to increase deployment hop distance Ds opi(i),
Do,opt(i) and Dc ope(i), respectively. As k decreases, D¢ (i) increases faster than Dp (i) and
Ds opi(i),transmission energy consumption dominates in total enengy consumption ,which
result in more energy efficiency by using CB transmission.

5. Conclusions

In summary, this paper has solved the optimization problem of nodes deployment by using
multi-hop CB based CMISO transmission to improve the energy efficiency. In order to reduce
the energy consumption,the nodes deployment for multi-hop SISO, multi-hop DSTBC based
CMISO, multi-hop CB based CMISO transmissions are optimized.Numerical results show
that, under optimal nodes deployment,CB based CMISO transmission can save 45.86% and
17.59% energy than SISO and DSTBC based CMISO transmissions. Simultaneously,as the
path-loss-factor becomes low,the superiority can be more obvious. Here, we only consider
multi-hop CB based CMISO transmission in this paper, multi-hop CB based CMIMO
transmission can be analyzed in our future research.
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