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Abstract—Due to complexity considerations, pulse-based mod-
ulations such as pulse position modulation (PPM) and ON–OFF
keying (OOK) are well suited for wireless sensor networks (WSNs)
since they provide the possibility of carrier-less signaling and,
more importantly, noncoherent reception bypassing channel esti-
mation at the receiver. In this paper, we compare PPM and OOK
in terms of their battery power efficiencies, using a nonlinear bat-
tery model, and under the same bandwidth occupancy, bandwidth
efficiency and cutoff rate requirement. Cutoff rate is used as our
comparison criterion because it leads to a tractable analysis that
is often impossible through direct evaluation of random coding
exponent or capacity. In addition, cutoff rate gives a universal
expression for both coherent and noncoherent detection by simply
setting various channel state information (CSI) qualities. Our
system model integrates typical WSN transmission and reception
modules with realistic nonlinear battery models. Circuit power
consumption, dc–dc converter efficiency, and power amplifier
efficiency are also taken into consideration. Our analytical results
characterize the signal-to-noise ratio (SNR)–cutoff rate–CSI
region where PPM is more power efficient than OOK, and vice
versa. We provide an interpretation in terms of the transmission
range and symbol set size. Numerical results are also provided to
verify the analysis.

Index Terms—Battery power efficiency (BPE), imperfect
channel state information (CSI), ON–OFF keying (OOK) modula-
tion, pulse-position modulation (PPM), wireless sensor networks
(WSNs).

I. INTRODUCTION

B ATTERY power efficiency (BPE) is critical in wireless
sensor networks (WSNs) since sensor nodes are often

expected to operate unattended for a long period of time [1].
Among existing physical layer approaches to improve BPE, a
majority (see, e.g., [2], [8], and [13]) assumes that the batteries
are ideal and linear. In fact, however, part of the battery’s
capacity (stored energy) is always wasted during its discharge
process, especially when the discharge current is large. Exper-
iments show that the actual battery discharge is a nonlinear
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process [12], [16]. Linear battery models are unrealistic; incor-
poration of empirically derived realistic battery models has the
potential to markedly improve system lifetime [7]. In [9], the
BPEs of pulse position modulation (PPM) and frequency shift
keying (FSK) were compared under the average symbol error
rate (SER) bound criterion using nonlinear battery models with
noncoherent detection.

In this paper, we will adopt the nonlinear battery models as
in [16] and [19] to compare different modulation schemes. We
will compare PPM with ON–OFF keying (OOK) since both of
them are pulse-based modulations. With PPM and OOK, it is
possible to employ carrierless signaling and/or noncoherent
reception bypassing channel estimation at the receiver. In our
earlier work [15], we compared the BPEs of PPM and OOK
based on the exact bit error rate (BER) and the cutoff rate over
path-loss additive white Gaussian noise (AWGN) channels. In
this paper, we will explore the BPEs of PPM and OOK over
Rayleigh fading channels and with varying channel state infor-
mation (CSI) quality, including both coherent and noncoherent
detections.

In our comparisons, we will use the cutoff rate as the crite-
rion, because it takes into account the CSI quality at the receiver.
The cutoff rate is a lower bound on capacity that also provides a
bound on the random coding exponent [3, pp. 11 and 139–145].
The cutoff rate can also be regarded as a reference for the achiev-
able data rate with an error probability approaching 0 when the
length of the randomly selected code approaches infinity [14,
Ch. 7]. Further, the cutoff rate is tractable and provides insights
that are valuable for practical system designs. Cutoff rate anal-
ysis has been commonly adopted since its reintroduction in [10],
and studies have been conducted for perfect receiver CSI in
[5] and [9], and for no CSI in [4]. Different from these works,
[11] gives a universal cutoff rate expression by assuming imper-
fect CSI at the receiver for binary modulations including OOK.
This expression covers both coherent and noncoherent detec-
tion. Based on a similar approach, in this work, we will first
derive a universal cutoff rate expression for PPM, using which
we will compare the BPEs of PPM and OOK under imperfect
CSI.

In Section II, we will introduce PPM and duty-cycled OOK
modulations, a Rayleigh fading channel with imperfect CSI at
the receiver, and the nonlinear battery model. In Section III,
we will analyze the cutoff rate of PPM and OOK in terms of
the available signal-to-noise ratio (SNR) and CSI quality. Using
these results, we will then compare the BPEs in Section IV. Fi-
nally, we will give simulation results and concluding remarks in
Sections V and VI, respectively.
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Fig. 1. Baseband waveforms for 4-PPM and OOK with ���� � ���.

Notation: We will use for expectation. Superscripts “ ”
and “ ” refer to PPM and OOK; subscripts “ ” and “ ” refer
to transmitter and receiver; subscripts “ ” and “ ” represent
per symbol and per bit. denotes a complex
Gaussian random variable with mean and variance .

II. SYSTEM MODEL

A. PPM and OOK Modulations

To ensure the same bandwidth occupancy, the pulse duration
should be the same for both OOK and PPM. Bandwidth ef-

ficiency measured in b/s/Hz is for -PPM, and
for OOK, where is the OOK symbol period. To en-

sure that both OOK and -PPM have the same bandwidth ef-
ficiency, we need . Here
is the duty-cycle, the fractional on-time of the OOK “1” pulse.
This implies that, when compared with different PPM modula-
tion sizes , OOK is duty-cycled with different factors ;
that is, only part of symbol duration is used for transmission.
Fig. 1 gives an example of the transmitted waveforms corre-
sponding to 4-PPM and OOK with duty cycle factor

, both having the same bandwidth occupancy
and bandwidth efficiency.

B. Channel Model

We consider a flat-fading Rayleigh channel with path-loss
effects. With a path-loss parameter , the channel gain
factor depends on the transceiver distance (communica-
tion range) and is given by [17, Ch. 4]

(1)

where and are the transmitted and received power,
and are the transmitted and received symbol energy, is
the link margin and is the gain factor at . With a
transmitted signal where is the energy normalized
symbol, the received signal is given by

(2)

where denotes the discrete time index,
models the independent and identically distributed (i.i.d.)
channel fading with unit variance, and
models the AWGN.

At the receiver, an estimate of the channel coefficient is
obtained as during each symbol interval, with residual error

. As in [11], we assume that the estimate and
the residual error are zero-mean complex Gaussian and mutu-
ally independent; that is, , ,
and .1 Based on these assumptions, essentially
captures the CSI quality at the receiver. Note that im-
plies no CSI, while indicates perfect CSI.

C. Nonlinear Battery Model

Ideally, the instantaneous power consumption of the battery
is , where is the battery voltage and is the dis-
charge current. In [12] and [16], experimental results show that
the battery power consumption is a nonlinear process. In this
case, the instantaneous power consumption is
where is the battery power efficiency

(3)

where and are constants extracted from experi-
ments [16]. As a result, the battery power efficiency decreases
as the battery discharge current increases.

Unlike OOK, which is always binary, PPM is an -ary
scheme whose symbol energy is concentrated in portion
of the symbol period. Therefore, as the modulation size of
PPM increases, the symbol energy will be more concentrated
in a shorter active portion and the current will be increasingly
spiky. This, together with (3), gives rise to a decreasing battery
power efficiency. With a linear battery model, however, the
extra power loss due to the spiky current of the PPM is not
accounted for.

III. CUTOFF RATE ANALYSIS UNDER IMPERFECT CSI

The cutoff rate is a lower bound on capacity that also pro-
vides a bound on the random coding exponent via

, where is the data rate, and is the proba-
bility of decoding error for length- codewords [3, pp. 11 and
139–145], [18]. Let denote a transmitted
codeword, the corresponding received
signal and the channel estimate during
the span of the codeword. The decoder treats as the channel
input and the pair as the channel output. By maximizing
the posteriori probability of the channel output, the soft-decision
maximum a posteriori (MAP) decoder yields the following esti-
mate: , where is the set of all possible

length- input sequences. Next, in preparation for the battery
efficiency comparisons, we will first summarize the cutoff rate
of OOK in [11] and then derive the cutoff rate of PPM based
on this soft-decision MAP decoder in the presence of imperfect
CSI.

1A minimum mean-square-error (MMSE) channel estimator satisfying these
assumptions can be found in [16, Ch. 11.4].
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A. Cutoff Rate of OOK With Imperfect CSI

Under the channel model we described in Section II-B, the
cutoff rate for OOK modulation with imperfect CSI was ob-
tained in [11]:

(4)
where is the average SNR per bit, is the re-
ceived energy per bit and is the probability of transmitting
symbol “1”.2 Notice that, due to the duty-cycling factor ,
the unit of the cutoff rate given by (4) is not bits/s/Hz,
but bits , which we term as “bits per OOK channel use.”
To facilitate the comparison between the two modulation for-
mats, we will adopt this unit for the cutoff rate of PPM as well.
This will entail some normalization, which we will detail later
as needed.

Maximizing the cutoff rate of OOK by numerical search, an
optimum can be obtained [11]: . As

shown in [11, Fig. 3], is close to 0 at low SNR and ap-
proaches 0.5 as SNR increases. In addition, the value of at
fixed SNR also increases as the CSI quality improves, resulting
in increasing cutoff rates.

B. Cutoff Rate of PPM With Imperfect CSI

As an equi-energy -ary orthogonal modulation, PPM’s
cutoff rate is maximized by equi-probable inputs [14, Ch. 7].
In this case, the MAP decoder becomes a maximum-likelihood
(ML) decoder. The cutoff rate of -ary orthogonal modula-
tions with a soft-decision ML decoder was obtained for AWGN
channels as [14, Ch. 7]

measured in bits per PPM channel use , and with
and denoting the pdfs of

and , respectively. Using this result, we obtain
the cutoff rate of PPM with imperfect CSI as

(5)

Evaluating (5), we establish the following result.
Lemma 1: With imperfect CSI, the cutoff rate of -ary PPM,

measured in bits per OOK channel use, is given by

(6)

2In [11], � is used to denote the CSI quality �� , � for OOK probability �,
and � for SNR � .

Fig. 2. Cutoff rate versus SNR: Solid curves for OOK, dashed for 2-PPM, and
dotted–dashed for 4-PPM.

where captures the CSI quality and is the SNR
per bit.3

Proof: See Appendix I.
has several interesting properties:

P1) For any modulation size , and with any CSI quality,
we always have . As SNR approaches
infinity, approaches 1 and when SNR approaches 0,

approaches 0.
Proof: See Appendix II.

The numerical plots in Fig. 2 verify this property for
and with varying CSI quality.

P2) The cutoff rate increases as the CSI quality improves
for any modulation size and SNR values.

Proof: See Appendix III.

P3) For small , the cutoff rate increases as in-
creases. For large , the cutoff rate decreases as
increases.

Proof: See Appendix IV.
We proved that the cutoff rate increases when increases

from 2 to 4 in Appendix IV, regardless of the SNR and the CSI
quality; we also showed that the cutoff rate decreases with
when is large. Is this unimodal in ? We do not have a
rigorous proof, but Fig. 3 indicates that this might be the case.
It also indicates that the maximum value lies in the range to

. In any case, there is an that maximizes the cutoff rate.

C. Cutoff Rate Comparison Between PPM and OOK Under
Imperfect CSI

From the preceding analysis, we learnt that both PPM and
OOK have cutoff rates approaching 1 as the SNR approaches
infinity, regardless of the CSI quality. This is reasonable since
PPM and OOK can both exploit noncoherent detection even
when no CSI is available at the receiver. When the CSI quality
reduces from perfect to none, the detection scheme changes
from coherent to noncoherent. Using noncoherent detection,

3In fact, Lemma 1 applies to general equi-energy orthogonal modulations.
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Fig. 3. Cutoff rate with different modulation sizes. For each group, from top to
bottom: (1) �� � �; (2) �� � ���; and (3) �� � �. The stars indicate � .

one may still get a sufficiently small BER with a sufficiently
high SNR. For other modulations (e.g., binary phase shift
keying) which do not facilitate noncoherent detection, the
cutoff rate approaches 0 when becomes 0, regardless of the
SNR [11]. This is an important motivation for us to consider
PPM and OOK in this paper.

Though PPM and OOK can both cope with varying CSI qual-
ities, it would be interesting to see how differently they are af-
fected by the CSI quality, the SNR and the PPM modulation
size. Evaluating and comparing the cutoff rates for PPM and
OOK, the following observations can be obtained:

1a) For PPM with small modulation sizes, there exists a crit-
ical SNR value such that when ,

, and when , . These can be
observed from the square-marked curves in Fig. 4.
Notice that these curves start from with
values greater than one, cross line once and remain
at values smaller than one. The SNR at which is what
we term as “critical SNR” . The critical SNR values
versus the CSI quality are plotted in Fig. 5 for 2, 4, 8,
16, and 32. In the area below each curve, the cutoff rate of
OOK exceeds that of PPM, and vice versa. From this figure,
wecansee thatas theCSIqualitygetsbetter, thecriticalSNR
decreases at the beginning. However, as the CSI quality fur-
ther increases and approaches perfect CSI, the critical SNR
flattens andeven increases slightly. In addition, for any fixed
CSI quality, the critical SNR is a monotonically in-
creasing function of the PPM modulation size ,

. This monotonicity can be explained by Property P3) in
Section III-B.
1b) For larger modulation sizes, the cutoff rate of PPM
is smaller than that of OOK over a small range of SNR,
and greater than that of OOK for other SNR values. As
shown by curves without markers in Fig. 4, the
behavior of versus is very different from
the case with small values. This can be partly explained
by Property P3) of . Recall that, for different and

Fig. 4. Cutoff rate ratio of OOK �� � and PPM with different modulation sizes.
(a) �� � �. (b) �� � ���. (c) �� � �.

values, the cutoff rate of PPM reaches its peak and begins
to decrease at different modulation sizes (see also Fig. 3).
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Fig. 5. Critical SNR � with different �� . For each curve, M-PPM is better
above the curve and OOK is better below.

1c)Asthemodulationsize , thecutoff rateofPPMis
always smaller than thatof OOK. According to Property P3)
of PPM’s cutoff rate, and as seen from Fig. 3, decreases
as increases when is large. On the other hand, (4) in-
dicates that the cutoff rate of OOK is independent of
(see also Fig. 3). As a result, the cutoff rate of PPM will al-
ways fall below that of OOK when the modulation size is
sufficiently large, regardless of and . This is confirmed
by the asterisk-marked curves in Fig. 4.
1d) CSI degradation degrades the cutoff rate more for OOK
than PPM at high SNR, and less for OOK than PPM at low
SNR. This can be proved by noticing that

and

where is a constant independent of . As a result, we
have when is large, and
vice versa.
The impact of imperfect CSI on the cutoff rate of OOK and
PPM can be observed from the slope of the curves in Fig. 6.
When 20 dB, as becomes worse, the OOK’s cutoff
rate curve goes down much faster than PPM’s cutoff rate
curves. At lower SNR, the rates of change of PPM’s cutoff
rate curves become larger, and the rate of change of OOK’s
cutoff rate curve becomes slower. At 0 dB, the rate of
change of OOK’s cutoff rate curve is smaller than those of
PPM’s cutoff rate curve. Therefore, we conclude that CSI
quality degradation introduces less cutoff rate reduction for
OOK than PPM at low SNR.
For orthogonal modulations, it is shown in [14, Ch. 5] that
the BER performance difference between coherent and
noncoherent demodulators decreases as SNR increases.
Hence, the difference between the cutoff rate performance
of coherent and noncoherent PPM decoders vanishes as
SNR increases, since the cutoff rate is a measure of the
average bit error rate. In other words, better CSI quality
contributes little to the improvement of PPM’s cutoff rate
at high SNR, as depicted in the square-marked curves and
the curves with no markers with 20 dB in Fig. 6.

Fig. 6. Cutoff rate of OOK, 2-PPM, and 4-PPM with different CSI quality
under different SNRs.

For OOK, however, better CSI quality is essential in pre-
cisely determining the threshold for the energy detector,
when SNR is high. Accordingly, it improves the cutoff rate
performance remarkably, as shown in the asterisk-marked
curve with 20 dB in Fig. 6.
Following this argument at low SNR, we know that for
PPM, the performance difference between coherent and
noncoherent decoders is large; that is, better CSI quality
contributes more to improve PPM’s cutoff rate at low SNR.
For OOK, though the precise CSI can still help determine
the threshold, this threshold is far less effective than in the
high-SNR case since the noise is dominant here.

We have seen that theoretically both PPM and OOK can be
used to communicate reliably with any CSI quality . Our
analysis has characterized the SNR-CSI regions in which PPM
(OOK) should be preferred to OOK (PPM) in terms of cutoff
rate (Fig. 5). Fig. 6 also indicates that the cutoff rate (normalized
to OOK channel use) increases with CSI quality and modulation
size . In addition, Results 1a)–1d) show that at different SNR
levels, PPM modulation sizes and CSI qualities can have very
different effects on the relative cutoff rate performance between
PPM and OOK.

The analysis so far implicitly assumed that all the power
was used for transmission. However, the circuit also consumes
power. In addition, as mentioned in Section I, the battery power
consumption is nonlinear. In the next section, we will compare
the BPEs of PPM and OOK with more realistic battery models.

IV. BATTERY POWER EFFICIENCY COMPARISON

At energy-constrained WSN nodes, what really matters is not
the average transmitted power, but the average actual power con-
sumption (AAPC) that accounts for the circuit power consump-
tion and battery nonlinearity. In particular, the AAPC for OOK
at the transmitter is given by [15]

(7)

where the subscripts on is dropped for notational sim-
plicity, is a bandwidth and power amplifier related positive
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Fig. 7. Power consumption of OOK using � and ��.

coefficient, is the circuit power consumption at the trans-
mitter, is the battery power efficiency we introduced in
Section II-C, is the dc–dc converter efficiency and

(8)

with denoting the discharge voltage. Notice that not only
appears explicitly in the numerator of (7), but is also implicitly
present in both and . Hence, though minimizes
as discussed in Section III-A, it does not necessarily minimize

in (7).
In fact, consider the case of large communication range
where the circuit power can be ignored . From (7),

it follows that

where the dependence on is explicitly shown. The right-hand
side of this inequality, however, is a monotonically decreasing
function in and equals 1 when . In other words, it
is possible that for some . Ac-
cordingly, if we term the value that minimizes as , then

when the circuit power is ignored. However, our
simulations show that the resulting difference is negligible (see
Fig. 7), and even more so when the circuit power is also in-
cluded. In addition, the exact value of depends on the actual
circuit parameters and may unnecessarily complicate the anal-
ysis and comparisons. Therefore, we will use instead of in
the sequel.

The node operates in a half-duplex communication mode
with portion of time in the transmitting mode
and in the receiving mode. As in [15], [19], we adopt
the so-termed battery power efficiency ratio (BPER) as the
comparison metric

(9)

where and are the AAPCs at the transmitter and the re-
ceiver, respectively. With this definition, PPM is more battery
power-efficient if and OOK is more efficient otherwise.

TABLE I
SIMULATION PARAMETERS

With denoting the circuit power consumption, and the
discharge current, both at the receiver, the BPER turns out to
be [15]

(10)

where is the peak discharge
current at the transmitter for PPM and is the
peak discharge current at the receiver for both modulations.

Now we are ready for the battery power comparison.
2a) For large modulation size , OOK is always more
battery power-efficient than PPM. As Property P3) shows,
the normalized cutoff rate of PPM decreases with in-
creasing modulation size . In addition, the nonlinear
battery model accounts for the battery efficiency loss
introduced by the spiky current of PPM, especially when
the modulation size is large.
2b) For small modulation size , and with high cutoff
rate requirement, PPM is more battery power-efficient than
OOK;whereaslowercutoff requirementwill reduce theBPE
advantage of PPM over OOK. Result 1a) shows that, at high
SNR, to achieve a given cutoff rate , the required SNR for
PPM is lower than that for OOK; that is, . However,
when the required cutoff rate goes down, the system enters
the low SNR regime and one will have .
2c) With high cutoff rate requirement , OOK
is more suitable when the CSI quality is good while PPM
is more suitable when the CSI quality is bad. Fig. 2 shows
that a high cutoff rate requirement would require both PPM
and OOK to have a high SNR. At high SNR, from Result
1d), better CSI quality will contribute to OOK’s cutoff rate
more than to PPM’s. Therefore, better CSI quality will in-
crease the advantage of using OOK, and vice versa.

V. BPER SIMULATION RESULTS

To verify our analysis, we present quantitative results for
2a)–2c). The parameters used in the simulations are shown in
Table I [2]. Parameters , , , and are obtained from the
power amplifier and battery models, and do not depend upon
the modulations. Given distance , we obtain the path-loss
factor from (1). With a given cutoff rate requirement, for
PPM, we get the required SNR directly from the cutoff rate
expression; while for OOK, we choose the optimum probability

of transmitting a “1” such that the AAPC is minimized and
then get the required SNR . The average transmitted energy

and can then be derived from the required SNR. We will
also consider different modulation sizes and CSI qualities

in our simulations.
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Fig. 8. BPER of M-PPM and OOK versus communication range �. (a) � � �. (b) � � �. (c) � � ��. (d) � � ��.

Fig. 8 shows the BPER versus communication range for
different modulation sizes , CSI qualities and cutoff rate
requirements combinations with the path-loss exponent

. As defined in (9), BPER is the ratio between PPM’s power
consumption and OOK’s power consumption in decibel scale.
Thus, the part of curves above 0 means PPM consumes more
power, hence OOK is more power efficient, and vice versa.

First, all the curves in these figures go up as the communi-
cation range decreases. This means that OOK outperforms
PPM at small communication ranges. This is because, in this
case, the circuit power consumption dominates the total battery
power consumption. As OOK is duty-cycled and the transceiver
circuits are turned off during the idle intervals, OOK will con-
sume less circuit power than PPM.

Comparing thecurveswith thesame and values in Fig.8,
we observe that they are almost monotonically increasing as the
PPM modulation size increases except for the case (the
order is , , , and from the
lowest to the highest BPER curves). This observation is well sup-

portedby Property P3) which states that PPM’s cutoff rate first in-
creases and then decreases with modulation size . In addition,
when , OOK is nearly always better than PPM since al-
most all the curves remain above zero. This verifies Result 2a).

For each plot in Fig. 8, the group of curves corresponding to
is always below the group corresponding to a lower

cutoff rate . As predicted by Result 2b), this is because
PPM is more battery power efficient at high cutoff rates, but
this BPE advantage is reduced as the cutoff rate requirement
decreases.

To check the impact of CSI quality on the BPE, we com-
pare the curves within each group. It is observed that as
becomes larger, the curve moves upwards, which implies that
OOK becomes more battery power efficient relative to PPM, as
stated in Result 2c).

VI. CONCLUSION

We compared the power efficiency of PPM and OOK over
flat-fading Rayleigh channels, taking into account imperfect re-
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ceiver CSI, and nonlinear battery models, given a desired cutoff
rate. First, the cutoff rate of PPM in Rayleigh fading chan-
nels with imperfect CSI was derived and compared with that of
OOK. We characterized the SNR-CSI quality regions in which
OOK (PPM) was preferable to PPM (OOK). We found that with
a small modulation size, PPM has higher cutoff rate than OOK
at high SNR, while OOK has higher cutoff rate at low SNR.
When the modulation size of PPM becomes very large, OOK
always outperforms PPM. Then, using realistic nonlinear bat-
tery models, the battery power efficiencies of PPM and OOK
were compared under the criterion of achieving a desired cutoff
rate. The results reveal that PPM with a small modulation size
performs better than OOK under high cutoff requirements while
OOK is more preferable under low cutoff rate requirements.
In addition, OOK is more suitable for shorter communication
ranges while PPM is more suitable for longer ones.

APPENDIX I
PROOF OF LEMMA 1

The double integral in (5) can be re-expressed as4

where is the conditional pdf of
and is the conditional pdf of

, with the variance of the residual channel
estimation error and the variance of the complex white
Gaussian noise at the receiver. Evaluating with the respective
pdf expressions, we get

Then, we take expectation of the above equation with respect to
and obtain

Substituting the above result into (5), and noticing that for PPM,
, , we get the cutoff rate for PPM

measured in bits per PPM channel use as

(11)

To ease its comparison with the cutoff rate of OOK,
we convert , measured in bits per PPM channel use

4All variables in this section are for PPM, except � for OOK.

, into the , measured in bits per OOK channel
use . Noticing that , the cutoff
rate of PPM measured in bits per OOK channel use can be ob-
tained as , which leads to (6) and concludes
the proof.

APPENDIX II
PROOF OF PROPERTY P1)

For any , it is clear that

In addition, it follows from

that

These prove that .
For any modulation size , and with any given , as

, we have

As a result, .
Likewise, when , we have:

and, accordingly, .

APPENDIX III
PROOF OF PROPERTY P2)

Differentiating with respect to the CSI quality , we
have:

Hence, increases as increases.

Authorized licensed use limited to: University of Florida. Downloaded on December 22, 2008 at 12:34 from IEEE Xplore.  Restrictions apply.



4494 IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 56, NO. 9, SEPTEMBER 2008

APPENDIX IV
PROOF OF PROPERTY P3)

Let us now explicitly denote as a function of the PPM
modulation size . From (6), we have

Since decreases as the SNR decreases, we have

Further noticing that when , we
obtain

Hence, for any combinations of and
values; that is, PPM’s cutoff rate increases as increases from
2 to 4.

However, when is large, we have

which is a decreasing function of .
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