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ABSTRACT

This paper presents the evaluation of the “capacity to the total energy consumption per bit ratio” of multiple antennas
systems with distributed fashion. We propose an adequate geometric channel modeling for the wireless communication
system which operates in indoor propagation environment with scatterers. The channel model is derived in function of
both the line of sight (LOS) and the non line of sight (NLOS) components. The aim of this paper is to study the limits in
the gain concerning the capacity to the total energy consumption ratio when additional antennas are implemented in the
communication system. To do so, we have evaluated by simulations both the capacity and the total energy consumption
per bit. Then, we have determined the capacity to the total energy consumption ratio. Finally, the computational capac-
ity to the total energy ratio is obtained for different system configurations. We have shown that the gain in capacity in-
creases with the number of antennas but it stills be limited by the total energy consumption. The limits for increasing
the number of transmit antennas are determined in function of the separation distances between the transmitter and the
receiver sides of the communication system. Optimal power allocation strategy via water-filling algorithm has been
carried out for evaluating the capacity to energy ratio. We find by simulation that optimal power allocation brings a gain
in the addressed metric reaching a level of about 1.7 at transmit signal to noise ratio of 8 dB if comparing to the case
when transmit energy is equally split among transmit antennas.

Keywords: MIMO Capacity; Energy Efficiency; Capacity to the Total Energy Consumption Ratio; Wireless Sensor
Networks

1. Introduction of the total energy consumption per bit. The behavior of
the cost in terms of the total energy consumption as a
function of the maximum achieved system capacity is
presented in this paper. This will contribute to optimal
design for the low-power high-efficiency communication
system which corresponds to the number of antennas for
which we can get the lowest costs in energy consumption
for a required level of system capacity.

The contribution of this paper falls into the category of
distributed algorithms. As our work focuses on the dis-
tributed environment, it is worthwhile to address the in-

Multiple Input Multiple Output (MIMO) technology re-
fers to the use of multiple antennas at the transmitter and/
or multiple antennas at the receiver of the system com-
munication. MIMO technology [1-4] has been shown to
improve the communication system performance. It of-
fers significant increases in spectral efficiency without
additional bandwidth or transmit power. These features
made MIMO technology attractive for several modern
standards such as IEEE 802.11n, WiMax and 3GPP Long
Term Evolution (LTE). We investigate the exploitation

of MIMO systems in Wireless Sensor Networks (WSN5s)
where sensor nodes are miniature devices equipped with
antennas. These nodes are randomly deployed in the sens-
ing area and are assumed to operate until their batteries
are exhausted. Therefore, energy management in such
networks is a critical task. Throughout this paper, we
show that even the use of multiple antennas system sig-
nificantly improves the spectral efficiency of the com-
munication system; it brings more requirements in terms

Copyright © 2012 SciRes.

formation collection problem in the design process. In
literature, many algorithms may be implemented for de-
cision-making information collection. Among the exist-
ing algorithms for the decision-making algorithms, we
perform the Code Division Multiple Access (CDMA)
acquisition technique [5,6]. The best choice of decision-
making strategy is such that signal synchronization can
be achieved in the minimum time. However, it should be
noticed that unlike the performed methodology works
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122 M.BENZID ET AL

well, the performed algorithm presents a complexity dur-
ing the synchronization process at the acquisition phase.
In fact, the first step of processing at the receiver is to
synchronize the generated pseudo-noise scrambling se-
quence to the tracking range of the received waveform.
Nevertheless, the acquisition time is very long for long-
duration pseudo-noise sequences since its mean acquisi-
tion time is proportional to the pseudo noise sequence
period as several correlations need to be employed.

2. Paper Organization

The remainder of this paper proceeds as follows. Section
3 gives an overview of the multiple antennas systems and
introduces to the application of MIMO technology in
wireless sensor networks. Section 4 presents the channel
model according to an indoor propagation environment
with rich scatterers. The analysis of the capacity to
energy ratio is detailed in Section 5. Simulation results
are presented and analyzed in Section 6. The improve-
ment in the capacity to energy ratio via water-filling is
evaluated in Section 7. Finally, concluding remarks are
summarized in Section 8.

3. Multiple Antennas System: Application to
WSN

3.1. Multiple Antennas System: An Overview

We introduce in this section the communication system
model for multiple antennas system. We assume that
N; antennas are deployed at the transmitter and Ny
antennas are deployed at the receiver side as depicted in
Figure 1. At the transmit side, each antenna ij ;

j=1-,N; sends the signal X;; j=L---,N; to the

receive antennas R, .-, RXNR . Signals X;;
Propagation
Transmitter Environment Receiver

) =
T j\ 71 I

Txo Rz,

w14 >

T:LiNT Rry,
Y4 N
TNy YNg

J H(Ng x Nr)

Figure 1. MIMO system model.
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j=1,---,N; pass through the radio propagation chan-
nel.

The complex channel matrix H(NgxN;) is given
by:

h11 thT
H=| @ :
thl hNRNT
hj, J=L--,Ny; i=1--,Ng denotes the complex

channel gain which links the transmit antenna T, tothe
receive antenna R, . At the receiver side, each receive

antenna R, ,---,R, ~ collects the incoming signals from
R

the N; transmit antennas which add up coherently. The
received signals at antennas R, ,---,R, = are respec-
tively denoted in Figure 1 by vy, -, Yo - The received

signal at antenna in ; i=1,---,N; with additive noise
signal b ; i=1,---,N; is given by:

Ny
N=Sh b imlenN, ()
j=1

From matrix notations where:
e [xl,---,xNT ]T is the (N;x1) complex vector
for the transmitted signal.
. yz[yl,'--,yNR T is the (Ngx1) complex vector
for the received signal.
* b= [bl,'--,bNR ]T is the (Ngx1) complex vector

for the additive noise signal.
The multiple antennas system model is described by
the input output relationship as:

y=Hxx+b @)

3.2. MIMO Approach for WSNs

The work addressed in this paper is not limited to the
MIMO systems. The structure of MIMO system is
assumed to be performed by Wireless Sensor Networks
(WSNs). The approach of MIMO systems is summarized
in Figure 2 where N; sensor nodes Sy, ;j=1,---Nr,

are available at the transmit side and Ny sensor nodes
Sy 3 I=L---,N; are considered at the receive side.
Each sensor node S; ; j=L---,N; transmits its
information  X; ; j=1,---,N; to all the other sensor
nodes at the receiver side following the model described
by Equation (2).

4. Channel Modeling

The Rician fading channel modeling is performed in this
work. We assume that the channel coefficients vary in
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M.BENZID ET AL 123

function of the square value of the separation distance
between the transmitter and the receiver. The channel
matrix coefficients h;; j=1,---,N;; i=1-,N; are
given by:

hij _ 1 .hi;\ILOS " LhijLos 3)
Ji+K 1+K

K  is the Rician coefficient.

The performed communication scenario assumes a
rich scattering propagation environment with Lg scat-
terers as depicted in Figure 3.

The NLOS components are expressed as:

oo L, 1 @
! Ly = ! <d. -|-d.)2
il 1j
* ¢, is a random scattering coefficient from the Ith
scatterer, 1=1,---,L5.
d, is the distance between the ith receive antenna
and the Ith scatterer, i=1,---,Ngz; I=1---,Lg.
* d; is the distance between the Ith scatterer and the
jth transmit antenna, |=1---,Lg; j=L--,N;
The LOS components are given by:
htos = ! 5)
i

()

* d; is the distance between the ith receive antenna

/ STa, N\ H(NR XNT) SR:n

O/ S Rzxo
5r O

T3

()/ SRx3

QO
STz,
wo/

SRx Np
Nr sensors at transmitter

|

O J

Npg sensors at receiver

Figure 2. MIMO approach for WSNs.

/ 8 S SCLs \

ST2]

. Rich scattering environment

N

Figure 3. Propagation environment with scatterers.
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and the jth transmit antenna, i=1,---,Ng; j = 1,---,
Nr.

5. Capacity to Energy Ratio Analysis

The metric R, [7] given by Equation (6) measures the
capacity to the total energy consumption per bit ratio.

C
Ri=— (6)
B
« C is the ergodic system capacity (in bits/s/Hz) given
as the expectation value of the instantaneous channel
capacity over channel matrices realizations.

C=E,(C) (7)

E, is the total energy consumption per bit (in J).
The computation of both the system capacity and the
total energy consumption are detailed in the following
sections.

5.1. Channel Capacity Evaluation

When no channel state information (CSI) is available at
the transmitter, the transmit energy is equally split be-
tween the N; antennas. As such, the instantaneous
channel capacity [1] associated to the multiple antennas
communication system model is given by:

C(H)=log, {det[lNR +§—T- HHHH bits/s/Hz (8)
T

77 denotes the transmit signal to noise ratio.

Case of available channel state information at both the
transmitter and the receiver, the channel capacity may be
computed in more optimal way by performing the water-
filling algorithm [8]. The instantaneous channel capacity
with water-filling is then:

R ) *
Cur (H) =Y log, ( Z;’”] bits/s/Hz ~ (9)
p=1

n

* R is the rank of the channel matrix H.

o, isthe noise signal power.

+ a’ =max(a,0).

* 4 1is a constant scalar that satisfies the total power
constraint.

* Ay, is the pth singular value of the channel ma-
trix H.
In the following, we consider normalization for the

channel matrix H (NgxN; ) so that the power channel

P. satisfies:

P, =N; xNg
Where:
R :"HHZF :E[Tr(HHH)J:ZP” > Ry =

L]

E[h;] (10)
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124 M. BEN ZID

. ||H ||2F is the Frobenius norm.

* Tr(-) is the trace operator.

Based on the channel modeling that we have presented
previously, we consider a MIMO system of dimensions
(NgxN;) where the number of transmit antennas is
variable and the number of receive antennas is fixed to 4.
The simulation of system capacity is presented for dif-
ferent transmit signal to noise ratios y; of 2 dB, 4 dB
and 8 dB. The separation distance between the transmit-
ter and the receiver, d equals 20 meters. The variation of
the system capacity as a function of the number of trans-
mit antennas when performing water-filling is presented
in Figure 4. The simulated ergodic capacity via water-
filling algorithm is shown to be improved as well as
more antennas are deployed at the transmitter and more
energy is allocated.

5.2. Total Energy Consumption per Bit
Evaluation

We evaluate the power consumption for each antenna at
both the transmit and receive sides. For a given bit rate
level, the energy consumption could be then deduced.
Our analysis is based on the model of the transmitter
block with complex modulator and the model of the re-
ceiver block as shown in Figure 5 and Figure 6. These
models are respectively performed by each transmit and
receive antenna. The total power consumption [9,10] is
evaluated in function of:

1) The power consumption of the amplifiers, P,,.

2) The power consumption of the circuit blocks, P .

The power consumption of the amplifiers is expressed
as:

P =P, (11)
n

* & isthe peak to average ratio which is expressed as a

9 : :
o 7,-4dB —
gl|——7=64B —
—+—7,=8dB //
7 e ]

o

| i
Sl

/

/
/

=)}

AN

S~

Ergodic capacity via water-filling (bits/s/Hz)

w

S

3 4 5 6 7 8 9 10
Number of transmit antennas, N,

Figure 4. Multiple antennas system capacity with water-
filling, d =20 m.
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Tx antenna

1/Q) Modulator

¢ LO: local oscillator
¢ I'F: intermediate frequency
¢ RF: radio frequency

¢ PA: power amplifier

Figure 5. Transmit block diagram.

Rx antenna )
Y ’[Lo
1F 0° |
> g
LO
L

Figure 6. Receiver block diagram.

o LN A: low noise amplifier

function of the modulation constellation size M by:

M —2JM +1

:3-
¢ M -1

(12)
* 7 is the drain efficiency.
The output power for a separation distance between
the transmitter and the receiver d is expressed as:

(4)
Pu=E Ry~ z'dp'Ml'Nf (13)

GG, 1
E, is the transmission energy per bit. For a required
bit error rate, denoting the receive signal to noise ratio at
each receive antenna by y,, when the transmit power is
equally allocated to the N; transmit antennas, the av-

erage error probability is:

MU ¥ s P

* Q(-) denotes the Marcum function.
An upper bound for the required energy per bit satis-

fies [9]:
R < [,ﬂ—] (15)

* R, is the bit rate.

* G, is the transmit antenna gain.

* G, is the receive antenna gain.

* A isthe wavelength.
p s the path loss exponent. The path loss exponent
is assumed to be the same for all the propagation links.
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For indoor propagation environment, the path loss
exponent at a carrier frequency of 2.4 GHz equals 3.3
[11].

* M, is the link margin.

* N; is the receiver noise figure.

The total power consumption is evaluated by comput-
ing the power consumption of both the transmitter circuit
blocks and the receiver circuit blocks of multiple anten-
nas systems with N; transmit antennas and N re-
ceive antennas as:

P~ Ny X(PMOD+PDAC +Pmix+Pfin)+'”

+2x P, 4

+ Ny X(PLNA + Poix + Piea + Priir + Pape + PDeMOD)

(16)
Pyop : power consumption of the modulator.
Poac © power consumption of the digital-to-analog
converter.
* P, : power consumption of the mixer.
* Py : power consumption of the active filter at the
transmitter.
* P, power consumption of the frequency synthesizer.
* Py power consumption of the low-noise amplifier.
* Pga: power consumption of the intermediate fre-
quency amplifier.
* Py, : power consumption of the active filter at the
receiver.
Pioc : power consumption of the analog-to-digital
converter.
Poemop : power consumption of the demodulator.
Finally, we express the total energy consumption per
bit as:

Pon +P.)

Ep ! R an
b

6. Simulation Results and Observations

In order to evaluate the metric “capacity to energy ratio”,
we have carried out a computer based Monte-Carlo si-
mulation for both the distributed MIMO system capac-
ity and the total energy consumption per bit following the
communication system model as introduced in Section
3.1. Table 1 summarizes the system setting. The number
of receiver antennas N is set to 4. The metric “capac-
ity to energy ratio” is evaluated for different transmitter
configurations with variable number of transmit antennas
N;.

6.1. Energy Simulation

We investigate the analysis of the effect of separation
distance between the transmitter and the receiver on the
“capacity to energy ratio” for each transmitter antennas

Copyright © 2012 SciRes.

configuration. The total energy consumption per bit is
simulated for separation distances between the transmit-
ter and the receiver in the range from 1 m to 20 m.
Figure 7 shows the plotted curves of the total energy
consumption as a function of the number of transmit an-
tennas for different separation distances between the
transmitter and the receiver. The total energy consump-
tion per bit is shown to increase as well as more antennas
are deployed at the transmitter. We report in Table 2, the
growth in energy consumption when comparing to the
total energy consumption of MMO (4 x 1). The transmit
signal to noise ratio is y; = 8 dB and the separation
distance between the transmitter and the receiver is set to

Table 1. Simulation parameters.

Simulation parameter Value
Constellation size, M 2
Separation distance, d(m) [1,20]
Noise power —-120 dBm
Carrier frequency 2.4 GHz
Bandwidth 2.4 MHz
Bitrate, R, 10 kbit/s
Antenna gain product G,-G,=5dB
Drain efficiency, 7 0.35
Link margin, M, 40 dB
Receiver noise figure, N, 10 dB
Noise power spectral density —174 dBm/Hz
Number of scatterers, L 30
Path loss exponent, p 3.3
Poo 30 mwW
Ppevon 30 mwW
Pore 40 mw
Proc 40 mw
P 30.3 mW
Pu 2.5mwW
P 2.5 mwW
P 50 mW
P 20 mw
Pea 3mw

Table 2. Growth in the total energy consumption per bit
with various number of antennas.

NT
E. (N:)
bt NT

E, (N, =)

1JCNS



126 M.BENZID ET AL

d = 10 m. The impact of the separation distance on en-
ergy consumption is evaluated in Table 3. Here, we are
evaluating the growth in energy consumption when com-
paring the separation distance between the transmitter
and the receiver of 10 m and 20 m.

In the following, we propose to examine the behavior
of the total energy consumption per bit for different con-
tellation sizes at fixed transmit signal to noise ratio of 8
dB and number of transmit antennas N; =4 . The total
energy consumption per bit is presented in Figure 8 as a
function of the separation distance between the transmit-
ter and the receiver d for various modulation constella-

26107

24l ——N =1 /
L‘,?sz.z__"_’vfz3 /A
o 2_—0—1\/,:4 //»
’% ——N, =6 // /
£ 18 gL
£ 16 /)?(//»// /)
o e
z 14 - y e
E 1.2 X 4——‘?“*/"/*/‘:*; //

NI ol 2

N =
0.8 s
0.6

2 4 6 8 10 12 14 16 18 20
Separation distance, d(m)

Figure 7. Total energy consumption per bit over separation
distance and variable number of transmit antennas.

Table 3. Growth in the total energy consumption per bit
with various separation distances.

N, 2 4 6 8
E,(d=20m)

® N BN

0.8

0.6

0.4

Energy consumption, £, (J)

0.2

0 5 10 15 20 25 30 35 40
Separation distance, d(m)

Figure 8. Energy consumption for various constellation
sizes, M.
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tion sizes M =2, M =4, M = 6 and M = 8. The presented
results show that higher modulation constellation size
permits saves in the total energy consumption. The gain
in the total energy consumption is more important for
higher separation distances between the transmitter and
the receiver.

Table 4 evaluates the saving in the total energy con-
sumption in function of the constellation size expressed

as:

Gain,, =1-
ain,, {Ebt(l\/l :2)

As we have shown by simulation in Section 5.1 that the
use of multiple antennas considerably improves the com-
munication system capacity as well as how the use of
multiple antennas could be costly in the total energy con-
sumption per bit in Section 6.1, we propose in the fol-
lowing to evaluate the limits in the use of additional an-
tennas that stills improve the capacity to energy ratio,
R, -

6.2. Capacity to Energy Ratio Simulation

The metric “capacity to energy ratio” represents the
amount of energy required for a given system capacity.
The simulation of the metric R, is targeted to examine
how much the use of additional antennas could improve
the metric “capacity to energy ratio”. The simulation
results of the metric R, are sketched in Figure 9. We
assume that the transmit energy is equally split between
the N; antennas. Figure 10 shows that the metric R,
decreases in function of the separation distance between
the transmitter and the receiver.

The behavior of the capacity to energy ratio over dis-
tance d is expected since the capacity decreases in
function of the separation distance and the total energy
consumption per bit is increased. We also find by simu-
lation that R, decreases in function of the number of
antennas N, as sketched in Figure 11.

6.3. Capacity to Energy Ratio: Water-Filling

We investigate in this section, the use of water-filling
algorithm on the simulation of the capacity to energy
ratio, R,. Figure 12 shows the variation of the capacity
to energy ratio for different separation distances. We

Table 4. Impact of the constellation size on the total energy
consumption per bit.

Gain, Gain, Gain,
d =10m 4% 6% 7%
d =20m 25% 30% 33%
d =40m 44% 54% 59%
1JCNS
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x 104

Capacity to energy ratio, R,

N, d(m)

Figure 9. Capacity to energy ratio over the number of
transmit antennas and separation distances, M = 2.

7% 104
< o = =
% 6 \\\ —0—N:= 4]
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» ——_
S IS \\\
3 "'\»\.\.\'\1 \\\\‘kg\
2.5 -/\\\ H&
2 -
0o 2 6 8 10 12 14 16 18 20

Separation distance, d(m)

Figure 10. Capacity to energy ratio for various separation
distances.

7% 104
—8—d=>5
S —e—d=10,?n
.é 6 —o—d=15m||
2 \;\E —p—d=20m
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2 d
(]
.g; T \g\e;\F
S 3 \9\"\6 S
— % —
) "\?——E » ,_/p\{,\F \::j
1

1 2 3 4 5 6 7 8 9 10
Number of transmit antennas, N,

Figure 11. Capacity to energy ratio for various number of
transmit antennas.

keep our comments as previously concerning the behavior
of Ry which decreases in function of the separation

Copyright © 2012 SciRes.

distance between the transmitter and the receiver, d. The
variation of R, in function of the antenna number is
sketched in Figure 13 (y; = 8 dB) and Figure 14 (4
=3 dB).

The capacity to energy ratio grows with the number of
transmit antennas but it is shown to be limited by the
number of receive antennas N, =4 . All possible varia-
tions of the capacity to energy ratio at y; =3 dB are
reported in Figure 15.

7. Improvement in the Capacity to Energy
Ratio via Water-Filling

We evaluate in this section, via a comparative analysis
the ratio between the metric obtained via water-filling
and that one when no water-filling is performed. y; is
set to 8 dB and M equals 2. Figure 16 depicts the gain in
the metric R, when power is optimally allocated among
the transmit antennas. The improvement in the capacity
to energy ratio R, is presented for different separation

7 X 104 T T
ke
& 65 i . e RN
=)
§ 6 e e v
B 5.5 b
2 p R
5 5
L
2 45
Q
S
S 4
Q
3.5
3
2.5 ‘

2 4 6 8 10 12 14 16 18 20
Separation distance d(m)

Figure 12. Capacity to energy ratio over separation distance
(water-filling).

x 10*
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- b . -—o--d=15
% 6 |t s S ——md = 20 nf]
= 2 T L
% 5.5 o B
o . 8.
9 “$ e
S 5 s 6
= “H
° =
P I e e S
3= P N B B
< D e
o, 4 =6,
S =g
35
Y T BT {”""“f’"--——{x\w .
2.5

2 3 4 5 6 7 8 9 10
Number of transmit antennas, N,

Figure 13. Capacity to energy ratio over the number of
transmit antennas (water-filling), yr = 8 dB.
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Figure 14. Capacity to energy ratio over the number of
transmit antennas (water-filling), yr = 3 dB.
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Figure 15. Simulated capacity to energy ratio via water-
filling, yr =3 dB.
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Figure 16. Improvement in the capacity to energy ratio via
water-filling.

distances between the transmitter and the receiver but

seems to be insensible to the separation distance between
the transmitter and the receiver. The improvement in the

Copyright © 2012 SciRes.
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Figure 17. Improvement in the capacity to energy ratio via
water-filling for different SNRs, y7.

capacity to the total energy ratio is presented at separa-
tion distance of 10 m in Figure 17 when different levels
of the transmit signal to noise ratio, y; are considered.
As depicted in Figure 17, the gain in the metric R, is
more important for the lowest transmit signal to noise
ratio y; .

8. Conclusion

Throughout this paper, we have made the analysis of the
capacity to the total energy consumption per bit for mul-
tiple antennas systems with fixed number of receive an-
tennas and various number of transmit antennas. To do
so, the metric R, has been introduced in order to evalu-
ate the cost in energy consumption for a given amount of
the communication system capacity. Our analysis has
been carried out over the Rician channel model with
scatterers. Simulation of the capacity to energy ratio has
been presented for variable number of transmit antennas
and different ranges of the separation distances between
the transmitter and the receiver. We have presented our
results when optimal transmit power allocation is ex-
ploited and we have shown that even the use of multiple
antennas improves the system capacity, it stills be limited
by the total energy consumption. The IEEE 802.15.4
standard and ZigBee wireless technology could be con-
sidered for the evaluation of the presented communica-
tion model and could be then tested easily via a simple
method of data routing.

REFERENCES

[1] K. Raoof, M. Ben Zid, N. Prayongpun and A. Bouallégue,
“Advanced MIMO Techniques: Polarization Diversity
and Antenna Selection,” 2011.
http://www.intechopen.com

[2] K. Raoof and H. Zhou, “Advanced MIMO Systems,”
Scientific Research Publishing, USA, 2009.

1JCNS



(6]

(7]

M.BENZID ET AL 129

M. Ben Zid, K. Raoof and A. Bouallegue, “MIMO Sys-
tems and Cooperative Networks Performances,” In: K.
Raoof, et al., Cognitive Radio, Scientific Research Pub-
lishing, USA, 2011, pp. 113-140.

E. Biglieri, R. Calderbank, A. Constantinides, A. Gold-
smith and A. Paulraj, “MIMO Wireless Communications,”
Cambridge University Press, Cambridge, 2007.

B. Lang, T. Han and X. Gu, “A Robust Non-Coherent
Sequential Code Acquisition Scheme for DS/SS Commu-
nications,” Proceedings of the 9th International Confer-
ence on Signal Processing (ICSP’08), Beijing, 26-29 Oc-
tober 2008, pp. 1939-1942.

G. S. Hosangadi and C. W. Baum, “Hybrid Sequential
Acquisition Schemes for Noncoherent Chip-Asynchro-
nous DS/SS Systems,” Proceedings of the IEEE Interna-
tional Conference on Communications (ICC’98), Atlanta,
7-11 June 1998, pp. 1242-1247.

M. Ben Zid, K. Raoof and A. Bouallégue, “A Novel Met-
ric for Measuring Multiple Antennas System Capacity
over Energy Consumption Requirements,” Proceedings
of the 7th International Conference Wireless Communi-

Copyright © 2012 SciRes.

[10]

(11]

cations, Networking and Mobile Computing (WiCOM),
Wuhan, 23-25 September 2011, pp. 1-4.

M. A. Khalighi, J.-M.Brossier, G. V. Jourdain and K.
Raoof, “Waterfilling Capacity of Rayleigh MIMO Chan-
nels,” Proceedings of the 12th IEEE International Sym-
posium on Personal, Indoor and Mobile Radio Commu-
nications, San Diego, 30 September-3 October 2001, pp.
155-158.

S. Cui, A. J. Goldsmith and A. Bahai, “Energy-Efficiency
of MIMO and Cooperative MIMO Techniques in Sensor
Networks,” IEEE Journal on Selected Areas in Commu-
nications, Vol. 22, No. 6, 2004, pp. 1089-1098.
doi:10.1109/JSAC.2004.830916.

S. Cui, A. J. Goldsmith, and A. Bahai, “Energy-cons-
trained modulation optimization,” IEEE Transactions on
Communications, Vol. 4, No. 5, 2005, pp. 2349-2360.

K. Kaemarungsi and P. Krishnamurthy, “Modeling of
Indoor Positioning Systems Based on Location Finger-
printing,” Proceedings of the 23rd Annual Joint Confer-
ence of the IEEE Computer and Communications Socie-
ties, Hong Kong, March 2004, pp. 1012-1022.

1JCNS


http://en.wikipedia.org/wiki/Digital_object_identifier
http://dx.doi.org/10.1109%2FJSAC.2004.830916

