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Abstract— Recently a lot of research effort has been focused
on Wireless Sensor Networks (WSNs) due to its various
applications. Over the last few years, several techniques have
been proposed for investigating the power consumption which
represents one of the most challenges and main concerns in
designing WSNs. Power consumption of nodes in WSNs has a
great effect on the lifetime of network nodes which are difficult
to replace or recharge. In this context, this paper represents a
receiver approach for alleviating power consumption of WSNs.
Unlike other power consumption techniques, instead of
decoding every received signal at the receiver which consume
too much power our approach studies the histograms of
sensors’ transmitted signals to detect collisions, so the receiver
can determine when the transmitted signals can be decoded
without wasting precious power decoding transmitted signals
suffering from collisions .Based on a set of algorithm metrics,
thresholds and scenarios, our approach shows reduction in
power consumption. We use MATLAB to show our power
consumption performance gains.

Index Terms— WSN, Power Consumption Techniques, WSN
Protocols, Packets Collision

I. INTRODUCTION

IRELESS Sensor Networks (WSNs) consist of many

sensor nodes distributed in various environments in
order to perform specific tasks such as passive localization,
target tracking, systems control, healthcare monitoring, air
pollution and temperature  monitoring,  irrigation
management and water monitoring, etc.

In many cases each node in a WSN has a limited power
source which is a small battery. After the initial deployment
of nodes in an environment, the nodes must be active for a
long period of time. Therefore, power saving techniques
play a very important role in order to extend the lifetime of
WSN nodes [4].

There are many aspects that lead to waste of energy in
WSNs. These aspects affect the efficacy and efficiency of
WSNs. One example is when a collision occurs between two
or more transmitted packets and the receiving node decodes
the received signal to detect the collision. In addition, the
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interference, overhearing and unnecessary retransmission of
packets from different nodes consumes too much power [1].

In term of power consumption in WSN transmission, it is
obvious that the transmissions in a WSN follow different
stages either in a transmitter or a receiver. Each stage has its
own electronic circuit which consumes some power. Power
consumption starts from baseband processing of data,
amplification, filtering, modulation and RF front-end stages
of the transmitted signal in a transmitter to RF front-end and
demodulation processes in the receiver. In general, the
sensor node has hardware blocks which cause energy loss
due to the specific function that is performed by that block

[5].

The remainder of this paper is organized as follows.
Section II investigates related work. Section III describes
our proposed system. In Section IV we define the algorithm
and metrics, and show how to select the system thresholds.
In section V, we compare the computational complexity of
our metrics against commonly used decoding technique
(Soft Output Viterbi Algorithm-SOVA). In section VI we
show and discuss the results of the simulations used to
model our system for different scenarios. Finally, we offer
our conclusions in section VII.

II. RELATED WORKS

Many techniques have been introduced in various studies
aimed at maximizing WSN node lifetime by reducing power
consumption. Variety of definitions for WSNs lifetime is
introduced based on network connectivity, coverage,
application requirements, and number of active nodes [2]
[3]. Power efficient techniques in WSNs have been
categorized into five classes briefly introduced in the
following:

First class is the power efficient techniques that focus on
reducing the data processed and transmitted from the source
sensor. In [6], authors use clusters in order to aggregate the
information being transferred. They proposed LEACH
(Low-Energy Adaptive Clustering Hierarchy) which is a
clustering based protocol aimed to distribute the energy load
among the WSNs nodes. Another data reduction strategy
proposed in [7] which is based on avoiding transfer of the
information to undesirable sensors, this can be done via
defining a smaller dominating set of sensors when two hops
are considered. Moreover, data reduction can be resulted
from compression algorithms explained thoroughly in [8]
where authors investigate compression algorithms
applicable in WSNs such as Coding by Ordering, Pipelined
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Compression and Distributed Compression.

Second class of power efficient techniques in WSNs deals
with controlling the topology via tuning the transmission
power while maintaining the connectivity of the network. In
this context, authors in [9] present a Local Minimum
Spanning Tree (LMST) algorithm to control the wireless
multi-hop topologies. In the mentioned algorithm each node
builds its own LMST independently using locally collected
data. This algorithm leads to further increase in network
capacity and a significant reduction in power consumption.
Furthermore, an Adaptive Transmission Power Control
(ATPC) algorithm for WSNs is proposed in [10]. Each node
in the network builds a model which describes the
correlation between the transmission power and link quality
with its neighboring nodes.

Reducing unsuccessful end-to-end transmissions and
avoiding nodes that consume too much power in routing
packets of WSNs is the third class of power efficient
techniques. Some protocols in this class use the advantages
of mobility and broadcast communication to reduce the
power consumption when sending packets to a sink node.
Others protocols use the geographical coordination of source
nodes to determine their position when building the route
that connects them to destination nodes [2]. In [11], authors
proposed energy aware routing algorithm that take into
account the interference that may occur from neighboring
nodes in multi-hop wireless networks. The algorithm
automatically routes around the congested areas which has a
significant impact on controlling congestion in the network.
In [12] authors propose Direct Diffusion routing protocol
that constructs a new routing tree via Geocast approach

when failures occur in the routing path. The simulation of

their proposed protocol shows a reasonable reduction in
power consumption. A survey on energy aware routing
protocols in WSN is provided in [13].

The fourth class of power efficient techniques schedules
the sleeping states of sensor nodes and alternates to active
states while maintaining the network application
functionalities. One method in this class is explained in [14]
where sensor nodes are organized in set covers. Monitoring
targets is performed at specific time by sensors in only one
set while the sensors in every other set are in sleeping mode.
Authors in [15] use TDMA as MAC protocol to propose an
algorithm called contiguous link scheduling (assigning one

time slot to each sensor). This algorithm takes advantage of

avoiding collisions using TDMA slots to reduce the
frequency of state transitions.

Energy efficient modulation schemes and ingenious

coding processes can be considered as the fifth class of

power efficient techniques in WSNs. In fact, optimal
selection of modulation schemes and intelligent coding
techniques improve both the energy and bandwidth

efficiency. For example, Adaptive Modulation and Coding

(AMC) explained in [16] yield higher performance over
long distances. Moreover, to test Bit Error Rate (BER) and
power consumption in WSNs, many error control coding
techniques such as RS and BCH codes are discussed in [17].
In [18], authors show that the binary BCH code with ASIC
implementation in WSNs outperform other types of codes
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such as RS and convolutional codes where they use random
data run through a Gaussian channel to compare the BER
performance of three error control codes. In addition, with
respect to BER, energy and lifetime performance parameters
over shorter distances with AWGN and Rayleigh fading
channels, a comparison between some modulation schemes
such as MPSK, M-QAM and M-FSK is detailed in [19].
Authors reach the conclusion that M-QAM is more efficient
for WSNs. Reference [20]; further compares various error
control codes resulting in reasonable power saving at the
transmitter at the cost of increasing power consumption in
decoding in the receiver.

III. SYSTEM DESCRIPTION

Our system contains a variable number of sensors that can
be deployed anywhere to perform their functions (e.g.,
sensing, monitoring, etc.). These sensors send their collected
data to a central sensor for further processing or
communicating with other networks. Figurelshows a high
level view of this network.
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Fig.1. Wireless Sensor Network (WSN) with one desirable sensor, N
interferer sensors and a central sensor.

At the receiver side (the central sensor), decoding every
arrived signal may be wasteful of power since some
receptions may involve colliding packets. Our proposed
system distinguishes between one and more transmissions
based on studying the statistics of received signal.
Consequently, in building our system we consider two
scenarios. The first scenario is when only one sensor is
transmitting, and SNR (Signal to Noise Ratio at the
receiver) is either better or worse than 5 dB (Minimum
assumed SNR, where most coding schemes allow useful
communication). SNR is the parameter that we consider and
estimate in our algorithm and compare it against the
minimum allowed SNR (5dB). If the SNR estimate is better
than 5 dB, then our algorithm decides that there is only one
sensor transmitting and the receiver must decode. If the
SNR is worse than 5dB, then our algorithm confidently
decide that there is more than one sensor transmitting and
the receiver doesn't need to decode in order to save energy.
The second scenario considers the interference case. Here
we have one desirable sensor and a random number of
interfering sensors. If the interference is dominant (i.e.,
more than the thermal noise) then we perform the same
comparison of estimated SNR against the minimum allowed
SNR (5 dB).

IV. ALGORITHM DESCRIPTION

Our algorithm is based upon evaluating the statistics of the
received signal at the receiver ADC output via the use of a
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simple statistical discrimination metric calculation that is
performed on a relatively small portion of the received IQ
packet samples. The resulting metric value is then compared
with a pre-specified threshold to determine if the statistics of
the received packet samples reflect a signal-to-interference-
plus-noise ratio (SINR) that is better than 5dB. If so, the
packed is deemed sane (no collision) and qualifies for a full
decoding procedure. Otherwise, the packet is deemed
corrupt with other strong interferers (hence, a collision) and

must be rejected without expending any further
processing/decoding energy’.
We consider four statistical discrimination metric

formulations. A logarithmic (entropy) metric, a moment
metric, maximum to minimum metric as follow:

|log xnoisyl
Logmetric = <Ty> (1)
|(xnois )k|
Mopetric = <+> @
. max |Xnoi |
Max2Mitperric = (m/ ") ®

where Xp,,i5, is the transmitted signals over a noisy
channels, k=3,5, or 7 is the moment’s rank (or degree), e.g.,
third, fifth and seventh moments’ .The metric is then
compared with a pre-specified threshold that is set based on
a 5dB SINR assumption. If the metric value reflects a SINR
less than 5dB the packet is rejected. Hence, a “false alarm”
scenario occurs if the metric erroneously deems the received
SINR less than 5dB while it actually was higher than 5dB.
On the other hand, if the metric deems the SINR to be
higher than 5dB while it is actually less than 5dB, a “miss”
scenario is encountered. Miss and False-Alarm probabilities
have impact on the overall system throughput as will be
discussed in the following sections. Therefore, it is required
to minimize such probabilities as much as possible.

A. Threshold Selection

The decision threshold is chosen based on evaluating the
false-alarm and miss probabilities and choosing the
threshold values which satisfy the designer’s requirements
of such quantities. For example, we generate a 100,000
Monte-Carlo simulated snapshots of interfering sensors
(e.g., 1~30 sensors with random received powers to simulate
various path loss amounts) where for each snapshot we
compute the discrimination metric value for the received
total signal plus interference plus noise. In addition the
simulator sweeps a range of threshold values for the
snapshot at hand and determines if, for each threshold value,
there would be an event of a false-alarm or a miss in order to
count the probabilities of such events. At the end of the
simulations the false-alarm and miss probabilities are plotted
versus the range of evaluated threshold values which

YA repeat request may be issued or the transmitting sensor may re-
try depending on the MAC scheme, e.g., ALOHA.

2 We have found that odd-valued moment ranks give better
discrimination. Clearly, the second moment cannot be used as it
represents the received signal power. Hence, it does not really bear
any statistical discrimination information.
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enables the designer to determine a satisfactory set point for
the threshold.

V. POWER SAVING AND SYSTEM THROUGHPUT
ANALYSIS

The simulation we built for our system is based on sending
modulated signals from a desired sensor, these signals
superimposed on a random number of interfering signals
(coming from interferer sensors) plus AWGN noise
component. Each sensor is assigned a random power level to
simulate different path loss amounts. At the side of the
central node, the sensors' power level and AWGN power are
normalized in order to match the SNR requirements such as
3, 4.9, 5.1, 6dB. Figure 2 below is a flow chart for the
simulator.

To analysis the power saving of our proposed system we
introduce the following metrics:

Fgaa = (D) ourmetric T Pmiss  (NP) gxisteametric “4)
Fgooa = (D) ourmetric T (NP) gxisteametric (%)
Cgaa = (ND) gxisteametric (6)

Ceooa = (D) gxisteametric @)

In above formulas, np is the number of computational
operations incurred in our proposed metrics. Pp,;ss is the
probability of miss where the receiver make a wrong
decision to fully decode the packet (declared as good
packet). Cgooq and Cgooq are complex numbers used for
power saving calculation.

Also we introduce the following formulas in order to
compare the power saving of our proposed metrics with any
other existing decoding metric:

Ty =Fpaga Pgaa + Fgood Ptooa (®)
Tc = (Cpaa * Cgooa ) (MP)Existeametric )

In above formulas, Pg,,q and Pg,q are the probability of
good and bad codes, where the packet is declared as
accepted and rejected packet respectively.

Finally, based on the calculations of false alarm
probabilities, we figure out the throughput of our proposed
system as follows:

Throughput = (1 — Pra)ourmetric (10)

A. Comparing with SOVA

The decoding of turbo codes can be divided into a
maximum a posteriori (MAP) algorithm and Soft Output
Viterbi Algorithm (SOVA). It is well known that the
performance of MAP is superior in comparison with SOVA,
however SOVA consumes less power (smaller number of
addition and multiplication). Therefore, making more
attractive for low power WSNs [21] [22]. The authors in
[22] measure the complexity of the SOVA algorithm based
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on the size of the encoder memory (M). The total amount of
operations (Max-ops, additions, multiplication by + and — 1,
bit comps) per bit the SOVA algorithm demands for
decoding one code in one iteration is equal to 55, 76, 109
and 166.

As discussed above, our algorithm does not incur such
computational complexity as SOVA and MAP algorithms.
In addition, our algorithm avoids the other complexities
required by a full decoding line-up such as time and
frequency synchronization, Doppler shift correction, fading
and channel estimation, etc., since our scheme operates
directly at the IQ samples at the output of the ADC “as is”
since it examines only the envelope of those IQ samples
which is not statistically affected by such impairments.
Finally, full deciding requires buffering and processing the
entire packet (e.g., 1000 bits) while our scheme needs only
to operate on a short portion of the received packet that
could be as short as 25 bits as will be seen from the
analytical results below.

In order to show the superior performance of our
algorithm, we use the maximum to minimum metric as a
case study and we assume estimation (test) duration of 50
bits. We assume a 8PSK modulation scheme. We compare
with the SOVA algorithm [22] where M=5 and we assume
for the sake of argument that the entire packet length is
equal to the test period which is 50 bits. Figure 2 shows the
probability of miss and false alarm are equal to 22.70% for a
SINR that is within 1.5 dB from the cut-off SINR (5dB).

Now, based on equations (4) and (5), Fgaq and Fgpoq Of
our algorithm will be equal:

FBad = (np)OurMetric + Pmiss (np)ExistMetric

= (64)ourmetric + 22.50% (166)gxistmetric

=101.35

FGood = (np)OurMetric + (np)ExistedMetric

=64 +166
=230

In addition, Cgaq, Cyo0qa and T in equations (6), (7) and
(9) will be equal 166. Our algorithm power saving based on
equation (8) is equal to:

Tr =Fgaa Ppaa * Fgood Pooa

=(101.35) (63.51 %) + (230) (36.49%)

=148.29

The system throughput as defined in equation (10) is then
equal to:

Throughput = (1 — Ppa) ourmetric = 1- 22.50 % =77.50 %
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Threshold vs. False Alarm Prob ws. Miss Prob

I
950 1000 1050

False Alarm Prob % Miss Prob %

D L L 1 L I
650 700 750 800 850  ©00 1100 1150

Threshold

Fig.2. The intersection between false alarm bribability = 22.50% and miss
probability = 22.50% at threshold point = 825, 8PSK.

Note that the above performance examples can be tuned as
desired. The system designer may choose to reduce the
number of transmitted bits (25 or 50 bits) at the expense of
increasing the miss and false alarm probabilities, or may
increase the throughput by using a longer estimation period
in order to improve the accuracy of the statistical metric
performance and reduce the miss and false—alarm
probabilities.

VI. RESULTS AND DISCUSSION

We have generated 100,000 simulation snapshots where
each snapshot generates a random number of sensors up to
30 sensors with random power assignments (or equivalently
path loss, i.e., assignments).

All proposed metrics exhibit robust performance. In our
study, we have evaluated various MPSK modulation
schemes (e.g. QPSK, 8PSK and 16PSK) versus various
measurement durations, sampling rates and metric numerical
(fixed-point) quantization levels to reflect the effects of
practical implementation constraints.

Our proposed algorithm has a low sensitivity to deviations
of the received SINR from the assumed set-point which is
5dB. The algorithm works reliably and able to determine if
the packet is in collision or not. That is if the SINR is well
below or above the set-point, the received signal statistics
are expected to also be less confusing to the discriminator
anyway and the algorithm shall perform reliably.

Figures 3 and 4 show the miss and false-alarm
probabilities versus the choice of the metric comparison
threshold level (i.e., above which we decide the packet is in
collision or not) for the proposed metrics for QPSK, §8PSK
and 16PSK modulation schemes.

Threshold vs. Miss Prob vs. False Alarm Prob

N
o

w
o

0
145 146 147 148 149 15 151 152 153 154 155
Threshold

Miss Prob % False Alarm Prob %
N

Fig.3. Miss probability =18.33% vs. false alarm probability=17.36% vs.
threshold=14.7, SNR=1dB up/below cutoff SNR=5dB, logarithm metric,
QPSK, NumBit Log=8 bits, sampling rate=6, transmitted signal= 50 bits.

WCE 2014



Proceedings of the World Congress on Engineering 2014 Vol I,
WCE 2014, July 2 - 4, 2014, London, U.K.

Threshold vs. Miss Prob vs. False Alarm Prob hence the receiver can make a fast decision to decode or

18 ; T F ; F ; ; reject a packet. Our proposed algorithm is based on three

‘ ‘ simple  discrimination metrics which have low

computational complexities as well as short measurement

period requirements. In addition, our proposed algorithm

minimize the delay when decoding the received packet, it

analyses the sanity of small portion of the received packet

857 7158 1159 116 1161 1162 1163 1164 1165 1166 116.7 instead of waiting the entire packet to be buffered/received

Threshold in order to start decoding (the case in most decoding

Fig.4. Miss probability = 7.27% vs. false alarm probability=6.85% vs. systems). The analysis and associated figures/tables

threshold=116.5, SNR=1dB up/below cutoff SNR=5dB, 3" moment metric, presented in this paper can be regarded as a designer’s guide

8PSK, NumBit_Log=10 bits, sampling rate=8, transmitted signal= 200 bits. ~ for achieving significant power saving with low-complexity
and low throughput loss.

L L L L L r r

Miss Prob % False Alarm Prob %

In general, in order to have a fair treatment for miss and

false alarm probabilities, a designer can choose an arbitrarily APPENDIX
different threshold level. Thus, the associated figures and TABLES FOR SIMULATION RESULTS
Appendix (for the maximum to minimum metric) can be
. . . . TABLE I
regarded as guide for a designer. For example, in figure 5 if QPSK — LOGARITH METRIC
a designer chooses a threshold level 1900, the probability of Logarithm Metric
. o C .. QPSK
false alarm will be 7.2% which is a reasonable probability. N M SR [ SN[ TA Miss | Thrsh | No#
That is, the algorithm with a low false alarm probability can M | N inag | Prob | Prob | Point | Samples
. H H 1o 4 25 4 2 1 33.33% 32.88% 14.7 25
correctly determine the packet is in collision and hence it = 2 2 e o =
. 3 . 2 26.90% 27.11% 4.9
needs to be rejected. Also, in figure 6 when the choice of a = > s LT L e =
. qe . . 25 4 2 1.5 26.47% 25.79% 14.6 25
threshold level is 1500, the probability of miss will be 4.1% 5 g 3 Ts [ atim% [ 205% | 1as 50
. . \ . .« . . 25 8 6 1.5 18.41% 18.48% 14.9 75
(i.e. the packet isn't in collision and it must follow a full 5 10 3 5 [ te2m% | 171 | 150 100
. e 50 4 2 1 24.72% 25.60% 14.6 50
decoding procedure). Low false alarm probability has 50 5 3 T [ to71% | 200m% | 147 100
. 50 8 6 1 17.36% 18.33% 14.7 150
impact on the overall system throughput. The system 50 10 § 1 397% | 1623% 147 200
. . . . 50 4 2 1.5 16.24% 15.76% 14.4 50
throughput increases with decrease in false alarm probability 50 6 4 L5 | ooo% [ To6a% | 146 100
50 8 6 1.5 8.12% 7.97% 14.6 150
1 1 1 1 50 10 8 1.5 6.84% 7.62% 14.6 200
as discussed in the previous section. £ g E ] LR T 146 200
200 6 4 1 4.61% 3.96% 14.2 400
200 8 6 1 3.03% 3.24% 14.3 600
Threshold vs. False Alarm Prob 200 10 3 1 2.58% 2.06% 143 300
200 4 2 1.5 1.93% 2.02% 14.1 200
= 200 6 4 1.5 0.47% 0.56% 14.2 400
&= 200 8 6 1.5 0.18% 0.26% 14.3 600
3 200 10 8 1.5 0.16% 0.14% 14.2 800
o 500 4 2 1 1.96% 1.99% 14.1 500
g 500 6 4 1 0.56% 0.41% 14.1 1000
= 500 8 6 1 0.35% 0.26% 14.2 1500
2 500 10 8 1 0.20% 0.15% 14.2 2000
@« 8 500 4 2 1.5 0.11% 0.09% 14.1 500
% 500 6 4 1.5 0.00% 0.00% 14.2 1000
I { { 500 8 6 1.5 0.00% 0.00% 14.1 1500
8 : I i I : I t 1 ¢ 500 10 B 1.5 0.00% 0.00% 14.2 2000
1450 1500 1550 1600 1650 1700 1750 1800 1850 1900 1950 1000 4 2 I 025% | 052% ] 1000
Th hold 1000 6 4 1 0.00% 0.00% 14.1 2000
rashol 1000 3 6 [ 0.00% 0.00% 14.1 3000
1000 10 8 1 0.00% 0.00% 14.1 4000
. o 1000 4 2 15 0.00% | 0.00% 14.1 1000
Fig.5. False alarm probabilities vs. threshold, SNR=1.5dB up/below cutoff 1000 6 4 15 0.00% _|__0.00% 141 2000
. . . . 1000 8 6 1.5 0.00% 0.00% 14.1 3000
SNR=5dB, Max2Min metric, QPSK, 50 bits transmitted. 1000 10 3 15 0.00% 0.00% a1 2000
TABLE II
Threshold vs. Miss Prob ve 8PSK — LOGARITH METRIC
- r - Logarithm Metric
SPSK
- N M S_ Rate SNR FA_ Miss_ Thrsh_ No #
j':, NumBit_ NumBit_ OFF Prob Prob Point Samples
2 Ar; Lo indB
4 14
% 25 4 2 1 36.77% 36.71% 14.5 16
w 25 6 4 1 33.62% 33.49% 14.8 32
_E 25 8 6 1 31.94% 30.72% 14.8 48
25 10 8 1 29.56% 29.81% 14.9 64
25 4 2 1.5 30.90% 30.08% 14.3 16
0 L L L L L 25 6 4 15 25.62% | 25.60% 14.7 32
1450 1500 1550 1600 1650 1700 1750 1800 1850 1900 1950 5 5 < T s T o1 5% n
Threshold 25 10 8 1.5 22.52% 21.62% 14.9 64
50 4 2 1 28.72% 29.63% 14.7 32
50 6 4 1 24.87% 25.49% 14.9 64
Fig.6. Miss probabilities vs. threshold, SNR=1.5dB up/below cutoff 28 180 g ‘I gg‘(’;’ 33233" :jg 19263
SNR=5dB , Max2Min metric, 8PSK, 200 bits transmitted 50 3 2 5 | 2223% | 2240% 146 2
50 6 4 1.5 16.39% 16.67% 14.8 64
50 8 6 1.5 13.37% 13.66% 14.8 96
50 10 8 1.5 12.38% 12.08% 14.8 128
200 4 2 1 12.60% 13.01% 14.3 132
200 6 4 1 7.62% 7.59% 14.3 264
VII‘ CONCLUSION 200 8 6 1 6.18% 5.55% 14.3 396
200 10 8 1 4.50% 5.65% ‘14.4 627
. 200 4 2 1. 4.85% 4.54% 14.1 132
In this paper we analyze the performance of a novel power 200 6 4 5 | 176% | 1.67% 1.2 264
. . . . 200 8 6 1.5 0.82 % 0.97% 14.3 396
saving algorlthm for WSNs. Our proposed algorlthm 1S 200 10 B L5 0.77% 0.63% 14.3 627
. . . . . 500 4 2 1 4.00% 3.87% 14.1 332
based on studying the statistics of received signals and 500 5 3 T Toa% | 163% 22 564
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0 n 3 T 05 oS T las | v TABLE v
500 q 2 15 | 046% | 036% 13.9 332 8PSK —3*” MOMENT METRIC
500 6 3 15 0.05% |_0.05% 120 664 37 Moment Metric
500 8 5 15 0.00% _|_0.00% 122 996
500 10 8 15 0.00% _|_0.00% 122 1328 8PSK
1000 4 2 [ 0.74% 0.94% 14.1 666 N M S_Rate SNR FA Miss Thrsh_ No #
1000 6 4 1 0.00% 0.00% 14.1 1332 NumBit_ | NumBit_ OFF Prob Prob Point Samples
1000 3 [3 1 0.00% 0.00% 121 1998 Arg Mom in dB
1000 10 8 1 0.00% | 0.00% 121 2664 % 4 2 i 37.16% | 37.16% 1154 i
1000 4 2 s 0.00% | 0.00% 120 666 5 6 1 1 33.49% | 33.00% 1162 32
1000 6 3 s 0.00% | 0.00% 12.0 1332 5 8 5 1 3089% | 30.81% 1164 I
1000 8 6 s 0.00% | 0.00% 12.0 1998 5 10 8 1 29.80% | 3031% 1165 64
1000 10 8 s 0.00% | 0.00% 12.0 2664 5 4 2 5 | 3030% | 30.65% 1154 16
25 6 1 15 | 26.42% | 2537% 116.0 32
25 8 3 15 | 22.60% | 2297% 1163 I
TABLE Il 25 10 8 15 | 2237% | 21.80% 1164 64
16PSK — LOGARITH METRIC 30 4 2 1 31.76% | 3L05% 116.7 32
- - 50 6 1 1 2797% | _27.88% 117.1 4
Logarithm Metric 50 3 3 1 2581% | 26.53% 1172 9%
16PSK 50 10 8 1 2491% | 24.43% 117 128
N M| SRate [SRTOFA [ Miss [ Thoh | No# % 3 I o i |17 &
; : OFF ; | j 39% 88% .

vl v GAL T Il i R B R B R B
25 4 2 ! 38.61% 39.45% 139 12 200 4 2 i To30% | T5.56% T16.2 132
2 6 4 ! 35.4%% 35.49% 14.3 24 200 6 ) 1 1125% | _11.30% 1164 264
25 8 6 1 33.86% 33.8%% 124 36 20 e = T R Ry T6d 5%
25 10 8 1 3133% 3133% 124 3 20 o e T o 16 =7
25 1 2 5 33.24% 32.76% 138 2 20 7 > 5 TR e =
25 6 1 15 28.70% 2925% 123 2 20 = : 3 VYD Ry 63 o
25 8 6 15 23.04% 27.34% 124 36 20 e = 3 T 63 5%
25 10 8 15 24.58% 24.94% 125 3 20 o e 3 L 64 =7
0 4 2 ! 33.14% 33.04% 147 24 500 4 2 1 557% | 5.75% 1158 332
0 6 4 ! 28.83% 30.06% 150 48 500 3 1 i 326% | 3.07% 1158 664
0 8 6 1 26.34% 27.51% 150 2 300 g 5 1 24%% | 234% 1158 996
0 10 8 ! 25.85% 24.54% 149 % 300 10 B 1 2.04% | 227% 1158 1328
0 4 2 LS 26.21% 25.80% 14.6 24 500 ) 2 5 0.95% T15% 115.6 332
0 6 4 LS 20.65% 20.65% 148 48 500 6 7 5 056% | _053% 1155 664
28 130 g iz 11272791/; 11 58;‘131/2 }3'3 ;z 500 3 6 5 043% | _045% 115.6 996

- - - - 300 10 B s 041% | 036% 1154 1328
200 1 2 1 16.92% 16.86% 123 100 o . - : o 35 =
200 6 4 1 11.26% 10.11% 143 200 1000 6 7 i 0.79% | 0.86% 1154 1332
200 8 6 1 8.10% 8:44% 144 300 1000 3 6 i 064% | _0.75% 1154 1998
200 10 8 1 7.65% 6.67% 124 100 oo = - I T ey = o
A 56% -
200 4 2 LS 7.10% 6.92% 142 100 1000 ) 2 5 0.19% | _0.17% 1152 666
200 6 1 15 335% 2.85% 122 200
1000 3 1 15 0.05% |_0.02% 115.0 1332
200 8 6 15 2.00% 1.86% 123 300
1000 8 6 15 0.00% _|__0.00% 1152 1998
200 10 8 L5 143 L75% 144 400 1000 10 8 15 | 0.00% | _0.00% 115.2 2664
500 1 2 1 527% 6.48% 122 250
500 6 7 i 2.25% 2.73% 122 500
500 8 5 i 171% 1.56% 122 750 TABLE VI
500 10 B 1 0.99% 139% 123 1000
500 1 2 3 1.00% 1.22% 12.0 250 16PSK —3*” MOMENT METRIC
500 6 1 15 0.15% 024% 121 500 37 Moment Metric
500 8 6 15 0.07% 0.11% 122 750
500 10 B 15 0.05% 0.03% 122 1000 16PSK
1000 4 2 1 1.44% 2.03% 14.1 500 N M S_Rate SNR FA Miss Thrsh_ No #
1000 6 4 1 0.38% 0.30% 4.1 1000 NumBit NumBit_ OFF Prob Prob Point Samples
1000 8 3 1 0.00% 0.00% 4.1 1500 Arg Mom indB
1000 10 B 1 0.00% 0.00% 4.1 2000 5 3 2 1 3837% | 388%% 1141 [P
1000 1 2 s 0.00% 0.00% 12.0 500 25 6 1 1 35.08% | 3492 115.0 2
1000 6 7 5 0.00% 0.00% 120 1000 25 8 6 1 34.09% | 3337% 1153 36
1000 8 3 15 0.00% 0.00% 120 1500 25 10 B 1 3157% | 31.9%% 1156 [
1000 10 8 15 0.00% 0.00% 12.0 2000 25 1 2 5| 3306% | 3338% 1120 B
35 3 ) 15| 2526% | 28.58% 112.9 2
5 8 3 15| 2595% | 25.15% 1153 36
TABLE IV 25 10 3 5 24.22% | 24.44% 1154 43
QPSK — 3* MOMENT METRIC 50 4 2 1 301% | 34.13% 1166 24
= - 50 6 ) 1 3116% | 30.80% 117.0 [
3™ Moment Metric 50 8 6 i 2837% |_28.07% 117.0 7
QPSK 50 10 8 1 27.59% | 26.89% 117.1 9%
N M S_Rate | 9\R FA Miss | Thrsh_ NoF 50 4 2 5| 2699% | 27.58% 1163 2

NumBit_ | NumBit_ OFF | prop Prob Point pl 0 6 4 Ly | 218%% | 219%% 1169 48
Arg Mom o % n 3 N R 3
2 4 2 ! 33.55% | 34.10% 1164 2 200 4 2 i 1592 | 19.75% 1164 100
2 6 4 ! 30.36% | 30.01% 1169 0 200 6 ) 1 3.99% | 14.55% 1165 200
2 8 6 1 20.26% | 28.04% 117.0 75 200 5 5 1 13.53% | 12.73% 116.6 300

353% 3% y ;
2 10 8 1 27.31% | 26.86% 117.0 100 200 10 8 i 1130% | 12.14% 116.7 100
2 4 2 L3 1 2688% L 26.99% 1162 25 200 4 2 T3 0so% | 9% 1163 100
25 6 4 15 2231% | 22.62% 116.8 50 500 < T 3 T T -
) 20% | 6.40% 116.5 200

2 8 6 L3 1 20.05% L 20.94% 117.0 75 200 5 5 15 | 529% | 491% 116.5 300
25 10 8 15| 18.80% | 18.86% 7.1 100 200 5 2 3 T e 00
0 4 2 ! 27.87% | 27.77% 1167 0 500 7} p 1 779% | 851% 1159 250
50 6 3 1 BA1% | 24.08% 117.0 100 200 < : I T e e
50 8 6 1 B.52% | 22.61% 1169 150 200 . < I T o =
0 10 8 ! 21.20% | 20.97% 170 200 500 10 8 1 348% | 329% 1160 1000
0 4 2 L3 1 1905% | 19.16% 1165 0 500 7} p 5 198% | 1.98% 1157 250
50 6 3 15 | 1450% | 1435% 1169 100 200 < : 3 T % e
50 8 6 15 | 11.73% | 12.16% 117.0 150 200 . = 2 rC By 3% =
50 10 8 15 | 1135% | 1097% 117.1 200 o0 o 5 = ORI s e 1500
200 4 2 i 10.54% | _1091% 1160 200 0 " > : YT ey e o0
200 6 4 ! 6.77% 1 6.88% 16,1 400 1000 6 ) 1 150% | 1.50% 115.6 1000
200 8 6 ! 0.00% 1 5.50% 16,1 600 1000 8 3 1 133% | _110% 1155 1500
200 10 8 1 S15% 1 5.29% 116.2 800 1000 10 8 1 L07% | L17% 1155 2000
200 4 2 LS 357% | 3.57% 1158 200 1000 4 2 s 037% | 0.40% 1154 500
200 6 4 LS 1.59% | 1.83% 1160 400 1000 6 ) 15 024% | 0.20% 1152 1000
200 8 6 LS 145% | 1.3% 1159 600 1000 8 3 s 021% | 0.18% 115.1 1500
200 10 8 LS Lad% | 1.36% 1160 800 1000 10 8 s 0.01% | 0.13% 1152 2000
500 3 2 i 333% | _333% 115.6 500
500 6 3 1 T47% | _157% 1156 1000
500 5 6 1 7% | 124% 1156 1500 TABLE VII
500 10 5 1 T12% | 122% 115.5 2000
500 4 2 s 048% |_043% 1152 500 QPSK — MAXIMUM 10 MINIMUM METRIC
500 6 3 15 0.16% | _0.15% 1153 1000 Max2Min Metric
500 5 6 15 0.15% | _0.17% 1152 1500
500 10 5 15 0.14% |_0.16% 1151 2000 QPSK
1000 4 2 1 0.78% 0.84% 115.4 1000 N M S SNR FA Miss Thrsh No #
1000 6 4 1 0.07% 0.08% 115.4 2000 NumBit NumBit Rate OFF Prob Prob Point Samples
1000 8 6 1 0.00% | 0.00% 1154 3000 Arg Log in dB
1000 10 8 1 0.00% | 0.00% 1154 3000 % 4 2 1 3633% 3525% 550 25
1000 4 2 s 0.00% | 0.00% 1152 1000 25 5 1 i 34.44% 33.92% 750 50
1000 6 3 5 0.00% | 0.00% 1152 2000 25 8 3 i 29.90% 3011% 950 75
1000 8 6 5 0.00% | 0.00% 1152 3000 25 10 8 i 2498% 26.02% 1100 150
1000 10 8 5 0.00% | 0.00% 1152 3000 25 4 2 5 31.47% 30.79% 550 25

25 6 3 15 2711% 2482% 750 50

25 8 6 15 25.41% 23.90% 900 75

25 10 8 15 2137% 011% 1050 150
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50 7 2 1 33.52% 34.60% 300 50 500 3 2 1 2737% | _27.3%% 1900 250
50 6 4 1 2930% 3197% 1100 100 500 6 4 1 24.63% | _2685% 1950 500
50 3 6 1 28.36% 3033% 1300 150 500 8 6 1 2391% | 24.35% 1950 750
50 10 8 1 2697% 27.23% 1550 200 500 10 8 1 2107% | 22.14% 1950 1000
50 3 2 5 27.24% 28.76% 1350 50 500 3 2 15 295% | 20.2% 1800 250
50 6 4 1.5 24.74% 23.64% 1300 100 500 6 4 1.5 19.20% 18.21% 1900 500
50 8 6 1.5 23.12% 22.65% 1100 150 500 8 6 1.5 17.24% 16.81% 1900 750
50 10 8 1.5 20.14% 21.01% 1050 200 500 10 8 1.5 15.85% 13.67% 1950 1000
200 4 2 1 28.10% 27.44% 1450 200 1000 4 2 1 28.20% 27.73% 2300 500
200 6 4 1 25.34% 23.21% 1500 400 1000 6 4 1 26.05% 25.31% 2300 1000
200 8 6 1 24.81% 22.01% 1500 600 1000 8 6 1 22.42% 23.24% 2300 1500
200 10 8 1 18.34% 18.93% 1550 800 1000 10 8 1 20.95% 21.32% 2350 2000
200 4 2 1.5 17.34% 19.84% 1450 200 1000 4 2 1.5 23.03% 23.00% 2300 500
200 6 4 1.5 15.73% 17.83 % 1500 400 1000 6 4 1.5 19.38% 16.43% 2300 1000
200 8 6 1.5 13.23% 15.34% 1500 600 1000 8 6 1.5 15.76% 13.35% 2350 1500
200 10 8 1.5 11.54% 12.34% 1500 800 1000 10 8 1.5 11.61% 10.91% 2350 2000
500 4 2 1 22.21% 23.43% 1550 500
500 6 4 1 18.24% 19.34% 1550 1000
500 3 6 1 16.26% 15.34% 1600 1500
500 10 8 1 12.20% 12.15% 1600 2000 REFRENCES
500 7 2 5 14.65% 15.09% 1550 500
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