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Proposal of a Power Efficient N -Level Multipulse
PPM-LQAM Technique

Hossam M. H. Shalaby , Senior Member, IEEE

Abstract—A new power efficient technique, that combines
N -level multipulse pulse-position modulation with L-level
quadrature-amplitude modulation, denoted by NMPPM-LQAM,
is proposed. Its constrained power efficiency is derived and char-
acterized. It is shown that the proposed combination provides
a superior technique that is both power and spectral efficient
simultaneously. The constrained power efficiencies of variations
to this technique are considered and characterized as well. These
include combining multilevel pulse-amplitude modulation with
LQAM (NPAM-LQAM). The obtained constrained power effi-
ciencies are compared numerically to that of traditional LQAM
and MPPM-LQAM techniques. Our results disclose that pro-
posed NMPPM-LQAM is the most power/spectral efficient tech-
nique. For example, at spectral efficiency constraints of 2.5 and
4.2 bs−1/Hz/pol, the corresponding constrained power efficiencies
of proposed NMPPM-LQAM technique are higher by about 4.87
and 3.62 dB, respectively, than that of traditional LQAM. In addi-
tion, the results reveal that NPAM-LQAM scheme has increased
power and spectral efficiencies compared to that of traditional
NPAM, but its power efficiency is less than that of traditional
LQAM.

Index Terms—Constrained power efficiency, multipulse
pulse-position modulation, power efficiency, pulse-amplitude
modulation, pulse-position modulation, quadrature-amplitude
modulation, spectral efficiency.

I. INTRODUCTION

IN order to increase the data transmission rate at a given band-
width, while keeping the bit-error rate reduced, both spectral

and power efficiencies are to be optimized simultaneously. Al-
though spectral efficiency optimization has been the main goal
since last decade, power efficiency is becoming an important
performance measure in recent years. Indeed, an increase in the
energy efficiency by 100 times is one of the 5 G requirements, as
indicated by the International Telecommunications Union (ITU)
report [1], [2].

Multilevel signaling, e.g., quadrature-amplitude modulation
(QAM), along with polarization-division multiplexing (PDM)
are normally adopted in optical communications systems to
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increase the spectral efficiencies. Recently, the power efficien-
cies of multilevel optical signals are increased by adopting hy-
brid modulation formats, e.g., polarization-switched quadrature
phase-shift keying (PS-QPSK) and PDM-QPSK superimposed
on pulse-position modulation (PPM) signals [3], [4]. It has
been shown that these modulation formats can raise the power
efficiencies above that of PDM-QPSK. However, this is gained
at a cost of lowered spectral efficiencies. In [5]–[10], it has been
demonstrated that both spectral and power efficiencies can be
raised above pure QPSK or QAM by combining multipulse
pulse-position modulation (MPPM) with multilevel signaling.

In [10], we have characterized the optimum achievable power
efficiency under a restriction on the spectral efficiency of
MPPM-LQAM technique. Recently, new hybrid techniques
have been proposed in literature, namely, two-level multipulse
pulse-position modulation-L-ary differential phase shift keying
(2l.MPPM-LDPSK) [11] and polarization-assistedL-ary differ-
ential phase-shift keying-multipulse pulse-position modulation
(PA.LDPSK-MPPM) [12].

In this paper, first we propose a new power efficient tech-
nique that combines N -level multipulse pulse-position modula-
tion with L-level quadrature-amplitude modulation, denoted by
NMPPM-LQAM. This new technique is even more efficient
than MPPM-LQAM. We show that it introduces significant
improvement in both spectral and power efficiencies when com-
pared to other techniques. Next, we derive an expression of the
constrained power efficiency, defined in [10], for the proposed
technique and characterize it. In addition, we determine the con-
strained power efficiency that can be achieved from an extended
version of recent 2l.MPPM-LDPSK format. The extended ver-
sion combines both 2l.MPPM and QAM rather than DPSK. We
show that this extended version, denoted by 2l.MPPM-LQAM,
is basically a special case of proposedNMPPM-LQAM scheme.
Finally, we propose combining multilevel pulse-amplitude mod-
ulation (PAM) with QAM, denoted by NPAM-LQAM, and
study its efficiencies. Our results reveal that combiningNMPPM
with LQAM provides a superior technique that is both power
and spectral efficient simultaneously. Indeed, the introduction of
leveling in a power efficient formats raises its spectral efficiency
as will be discussed below.

The rest of this paper is structured as follows. In Section II,
we introduce some preludes and formulate the problem state-
ment. Section III is devoted for the derivation of both the
spectral and power efficiencies of proposed NMPPM-LQAM
format. Problem formulation and characterization is presented in
Section IV, where we provide a solution to the optimum
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constrained power efficiency of proposed NMPPM-LQAM
technique under a constraint on its spectral efficiency. Variations
to this technique are considered in this section too, namely
2l.MPPM-LQAM, NMPPM, and NPAM-LQAM. Numerical
results are presented and discussed in Section V, where we pro-
vide comparisons between the constrained power efficiencies of
proposed techniques against that of traditional MPPM-LQAM
and LQAM techniques. Finally, concluding remarks are given
in Section VII.

II. DEFINITIONS AND PROBLEM STATEMENT

In this section we quote definitions of spectral, asymptotic
power, and constrained power efficiencies. In addition, we for-
mulate the problem statement.

A. Spectral and Asymptotic Power Efficiencies

The spectral efficiency η and asymptotic power efficiency γ
are defined as [3], [13]:

η =
log2 M

U/2
bs−1/Hz/pol

γ =
d2min log2 M

4Es
, (1)

respectively, whereM is the number of symbols (or constellation
vectors), U is the dimension of a symbol, Es is the average
symbol energy, and dmin is the minimum Euclidean distance
between two vectors in constellation space, given by:

dmin = min
x,y∈S(M):

x�=y

‖x− y‖ , (2)

where ‖ · ‖ denotes the Euclidean norm and S(M) =
{c1, c2, . . . , cM} denotes the set of all possible vectors in
the constellation space. For any k ∈ {1, 2, . . . ,M}, ck =
(ck1, ck2, . . . , ckU ) ∈ RU is a U -dimensional vector, where R
denotes the set of real numbers.

B. Constrained Power Efficiency

The constrained power efficiency θ(Se) is defined as the max-
imum achievable power efficiency of a modulation technique
under a lower-bound constraintSe on its spectral efficiency [10]:

θ (Se) = max
M :η≥Se

γ(M). (3)

C. Problem Statement

In this paper, we propose several hybrid modulation tech-
niques and determine their constrained power efficiencies under
spectral efficiency constraints Se. Specifically, we start by in-
troducing N -level MPPM format, then combine it with QAM
scheme to get a very efficient NMPPM-LQAM technique. We
also consider combining multilevel PAM with QAM as well as
2l.MPPM-LQAM scheme.

Fig. 1. An example of an NMPPM signal with K = 8, N = 3, n = (2, 3),
and α1 = 0.5.

III. PROPOSAL OF NMPPM-LQAM TECHNIQUE

In this section, we introduce the proposed NMPPM-LQAM
format and derive mathematical expressions for its spectral and
power efficiencies. We start by a proposal of N -Level MPPM
format.

A. Proposal of N -Level MPPM Format

For any integers K ≥ 1 and N ≥ 2, we propose the N -
level MPPM scheme, denoted by NMPPM, as follows. Given
a vector n = (n1, n2, . . . , nN−1) ∈ NN−1 with n1 ≥ 1 and∑N−1

i=1 ni ≤ K, an NMPPM symbol is represented by a vector
d = (d1, d2, . . . , dK) selected from the set:

SNMPPM (K,N,n) =
{
d ∈ {0, α1, α2, . . . , αN−1}K :

fd(αi) = ni ∀i ∈ {1, 2, . . . , N − 1}} , (4)

where 0 < α1 < α2 < · · · < αN−1 = 1 and fd(x) denotes the
number of occurrences of x in d. Here N denotes the set of
non-negative integers (natural numbers with zero). It is clear that
the cardinality of this set equals the multinomial coefficient:(

K

n1, n2, . . . , nN−1,K −
∑N−1

i=1 ni

)

=
K!∏N−1

i=1 ni!
(
K −

∑N−1
i=1 ni

)
!
. (5)

Figure 1 shows an example of anNMPPM signal withK = 8,
N = 3, n1 = 2, n2 = 3, and α1 = 0.5. The pulsewidth is τ and
the symbol time frame isKτ . It should be noticed that traditional
MPPM format can be considered a special case ofNMPPM with
N = 2.

B. The NMPPM-LQAM Technique

For any integers K ≥ 1, N ≥ 2, and L ≥ 2, we pro-
pose the NMPPM-LQAM scheme as follows. Given a
vector n = (n1, n2, . . . , nN−1) ∈ NN−1 with n1 ≥ 1 and∑N−1

i=1 ni ≤ K, an NMPPM-LQAM symbol is represented
by a vector c = (c1, c2, . . . , c2K) selected from the set
SNMPPM-LQAM(K,N,n, L) in (6) at the bottom of this page.

Here, SQAM(L) denotes the constellation set of LQAM
scheme, where L = 2� and � ∈ {1, 2, . . . } [10]. The cardinality

SNMPPM-LQAM (K,N,n, L)=
{
c ∈ R2K : ∀d ∈ SNMPPM (K,N,n) and ∀i ∈{1, 2, . . . ,K}, (c2i−1, c2i) ∈ di · SQAM(L)

}
.
(6)
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of SNMPPM-LQAM(K,N,n, L) is

M = L
∑N−1

i=1 ni
K!∏N−1

i=1 ni!
(
K −

∑N−1
i=1 ni

)
!

(7)

and the symbol dimension is U = 2K.
1) 2l.MPPM-LQAM Format: The 2l.MPPM-LQAM for-

mat, which is an extension of 2l.MPPM-LDPSK, can be con-
sidered as a special case of NMPPM-LQAM with N = 3 and
n2 = K − n1. Accordingly, M = LK

(
K
n1

)
and U = 2K.

C. Spectral and Power Efficiencies of NMPPM-LQAM

The spectral efficiency of proposedNMPPM-LQAM scheme
is obtained from (1) as:

η =
1

K

[
N−1∑
i=1

ni · log2 L

+ log2

⎛
⎝ K!∏N−1

i=1 ni!
(
K −

∑N−1
i=1 ni

)
!

⎞
⎠

⎤
⎦ bs−1/Hz/pol.

(8)

The average symbol energy Es is derived as:

Es = E
{
‖c‖2

}
= E

{
‖a‖2

}
‖d‖2 = E

{
‖a‖2

}N−1∑
i=1

α2
ini,

(9)

where E{·} denotes the expectation value and a ∈ SQAM(L).
From [10], we get:

Es =
2

3
(κ�L− 1)

N−1∑
i=1

α2
ini, (10)

where

κ� =

⎧⎪⎨
⎪⎩
1; if � is even,
5
4 ; if � is odd and � �= 1,

2; if � = 1,

(11)

with � = log2 L as mentioned earlier. The minimum Euclidean
distance can be derived as:

dmin = 2 · min
i∈{1,2,... ,N−1}

{αi − αi−1}, (12)

where we set α0 = 0. We select the αi’s so that dmin is maxi-
mized. It is easy to check that dmin is maximized at:

αi = i/(N − 1), i ∈ {1, 2, . . . , N − 1}. (13)

Accordingly,

dmin = 2/(N − 1). (14)

Using (1), we obtain the power efficiency as:

γ =
3/2

(κ�L− 1)
∑N−1

i=1 i2ni

[
N−1∑
i=1

ni · log2 L+

log2

⎛
⎝ K!∏N−1

i=1 ni!
(
K −

∑N−1
i=1 ni

)
!

⎞
⎠

⎤
⎦ . (15)

IV. PROBLEM FORMULATION AND CONSTRAINED POWER

EFFICIENCY CHARACTERIZATION

In this section, we formulate the main problem as stated
in Subsection II-C and provide the main result in Theorem 1.
Problem extensions follow in this section as well.

A. Constrained Power Efficiency of NMPPM-LQAM Scheme

It is clear from the last section that both spectral and power ef-
ficiencies ofNMPPM-LQAM scheme are functions ofK,N,n,
andL. Accordingly, we rephrase the main problem in Subsection
II-B as:

θ (Se, N) = max
(K,n,L)∈YN :

η≥Se

γ(K,N,n, L), (16)

where

YN =

{
(K,n, L) ∈ NN+1 :

N−1∑
i=1

ni ≤ K, log2 L ∈ N+

}
.

(17)

Here, N+ denotes the set of positive integers (natural numbers
without zero).

B. Constrained Power Efficiency Characterization

Theorem 1: In NMPPM-LQAM technique, if Se denotes
the spectral efficiency threshold, then the constrained power
efficiency as specified in (16) is characterized by:

θNMPPM-LQAM (Se, N)

= max
�∈{�0,�0+1}

3/2

κ�2� − 1
· �

∑N−1
i=1 pi +H (p)∑N−1

i=1 i2pi
, (18)

where �0 = max{
⌈
log2[(2

Se − 1)/(N − 1)]
⌉
, 2}, H(p) =

−
∑N−1

i=0 pi log2 pi is the information entropy, and p =
(p0, p1, p2, . . . , pN−1) ∈ [0, 1]N is the solution of the set of
equations:

Se = �
N−1∑
i=1

pi +H (p)

(2j + 1) � = j2 log2
p0
pj+1

− (j + 1)2 log2
p0
pj

, (19)

for j ∈ {1, 2, . . . , N − 2}. Here, p0 = 1−
∑N−1

i=1 pi and �x	
denotes the minimum integer not less than x.

Proof: The multinomial coefficient can be bounded with the
aid of the method of types as follows [14]:

2KH( n
K ) ≥ K!∏N−1

i=1 ni!
(
K −

∑N−1
i=1 ni

)
!
≥ 2KH( n

K )

K + 1
. (20)

Substituting in (8) and (15) yields:

�

N−1∑
i=1

pi +H (p) ≥ η ≥ �

N−1∑
i=1

pi +H (p)− log2(K + 1)

K

(21)
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and

3/2

(κ�2� − 1)
∑N−1

i=1 i2pi

[
�
N−1∑
i=1

pi +H (p)

]

≥ γ ≥ 3/2

(κ�2� − 1)
∑N−1

i=1 i2pi

×
[
�

N−1∑
i=1

pi +H (p)− log2(K + 1)

K

]
, (22)

respectively, where � = log2 L ∈ N+, pi = ni/K, i ∈
{1, 2, . . . , N − 1}, and p0 = 1−

∑N−1
i=1 pi. In view of the

tightness of the bounds in (21) and (22) for large values of K,
we have:

θNMPPM-LQAM (Se, N)

= max
p∈[0,1]N ,�∈N+:

�
∑N−1

i=1 pi+H(p)≥Se,∑N−1
i=0 pi=1

3/2

κ�2� − 1
· �

∑N−1
i=1 pi +H (p)∑N−1

i=1 i2pi
.

(23)

The constraint function is concave with a maximum of log2[1 +
(N − 1)2�], achieved at p∗ with p∗i = 2�/[1 + (N − 1)2�], i ∈
{1, 2, . . . , N − 1}. Accordingly, we have:

� ≥ log2
2Se − 1

N − 1
. (24)

Noticing that the denominator is exponential in � while the
numerator is linear in it and since κ� = 5/4 for � odd and 1
for � even, the power efficiency (objective function) decreases
with � (for � ≥ 2). However, there are possibilities of an in-
crease in objective function when � increases from odd to even
values. Accordingly, θNMPPM-LQAM(Se, N) is maximized for
� ∈ {�0, �0 + 1}, where �0 satisfies:

�0 = max
{⌈

log2
[(
2Se − 1

)
/ (N − 1)

]⌉
, 2

}
. (25)

�
1) Necessary Condition: For any given � ∈ N+, the spectral

efficiency (constraint function) is concave in the space of p.
Accordingly, it is increasing in any direction (in this space) that
is headingp∗. Let the constraint on spectral efficiency is achieved
at the set:

T =
{
p ∈ [0, 1]N : η = Se

}
. (26)

Given that there exists a direction path, on the set of vectors p,
over which the power efficiency (objective function) decreases
with increasing the spectral efficiency, the constraint on spectral
efficiency holds and the objective function is maximized over
T . Accordingly, we define a Lagrangian function as follows:

L (p, λ) =
�
∑N−1

i=1 pi +H (p)∑N−1
i=1 i2pi

− λ

[
Se − �

N−1∑
i=1

pi −H (p)

]
, (27)

where λ is a Lagrange multiplier. Setting the gradient ∇L(p, λ)
to zero yields the set of equations:

j2

[
�

N−1∑
i=1

pi +H (p)

]
=

(
�+ log2

p0
pj

)

×

⎡
⎣λ

(
N−1∑
i=1

i2pi

)2

+

(
N−1∑
i=1

i2pi

)⎤
⎦ , (28)

for j ∈ {1, 2, . . . , N − 1}. We eliminate λ from the last equa-
tions as follows:

j2

i2
=

�+ log2 (p0/pj)

�+ log2 (p0/pi)
, (29)

for any i, j ∈ {1, 2, . . . , N − 1}. That is,(
i2 − j2

)
�+ i2 log2

p0
pj

− j2 log2
p0
pi

= 0. (30)

Substituting i = j + 1, j ∈ {1, 2, . . . , N − 2}, in the last equa-
tion yields the set of equations (19).

2) Sufficient Condition: We explain here that the set of equa-
tions (30) determines the optimization path, rewritten as:

G =

{
p ∈ [0, 1]N :

(
i2 − j2

)
�− j2 log2

p0
pi

+ i2 log2
p0
pj

= 0, ∀i, j ∈ {1, 2, . . . , N − 1}
}
. (31)

It is worth noticing that p∗ ∈ G. First, we get the gradient of the
power efficiency:

∇γ =
(

∂γ
∂p1

∂γ
∂p2

· · · ∂γ
∂pN−1

)T

, (32)

where (·)T denotes the transpose of a vector. It is easy to show
that for any j ∈ {1, 2, . . . , N − 1},

∂γ

∂pj
=

3/2

(κ�2� − 1)
(∑N−1

i=1 i2pi

)2

[
j2 log2 p0

+

N−1∑
i=1

pi

((
i2 − j2

)
�+ i2 log2

p0
pj

− j2 log2
p0
pi

)]
,

(33)

where p0 = 1−
∑N−1

i=1 pi. Now, for anyp ∈ G, the last equation
reduces to:

∂γ

∂pj
=

3/2

(κ�2� − 1)
(∑N−1

i=1 i2pi

)2 · j2 log2 p0 < 0. (34)

That is, γ decreases asp increases inG. Since η increases for any
direction heading p∗, we move in the direction that decreases η
so as to maximize γ, till we reach η = Se. Hence, the optimizing
distribution is p̂ ∈ G ∩ T .

C. 2l.MPPM-LQAM Constrained Power Efficiency

The constrained power efficiency for the special case of
2l.MPPM-LQAM is determined by setting N = 3 and p2 =
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1− p1 in (18):

θ2l.MPPM-LQAM (Se) =
3/2

κ�2� − 1
· �+ h(p)

3p+ 1
, (35)

where h(p) is the binary entropy function, � =
max{�Se − 1	 , 2}, and p is the smaller root of the equation
�+ h(p) = Se.

D. NMPPM Constrained Power Efficiency

The constrained power efficiency of proposed NMPPM is
evaluated using a similar analysis to what we did in in the
previous section with the following observations:

� = 0 and Es =
N−1∑
i=1

α2
i pi. (36)

Accordingly, we have:

θNMPPM (Se, N) =
H (p)∑N−1
i=1 i2pi

, (37)

where p = (p0, p1, p2, . . . , pN−1) ∈ [0, 1]N is the solution of
the set of equations (19) with � = 0. Notice that a solution exists
only if log2 N ≥ Se.

E. NPAM-LQAM Constrained Power Efficiency

The constrained power efficiency of proposed NPAM-
LQAM is evaluated using a similar analysis to what we did
in the previous section with the following observations:

dmin =
√
2 ·min

{√
2α1, min

i∈{2,... ,N−1}
{αi − αi−1}

}
,

Es =
2

3
(κ�L− 1)

N−1∑
i=1

α2
i pi, (38)

and pi = 1/(N − 1), i ∈ {1, 2, . . . , N − 1}. Selecting the αi’s
so that dmin is maximized, we get:

αi =
1 + (i− 1)

√
2

1 + (N − 2)
√
2
, i ∈ {1, 2, . . . , N − 1}, (39)

and

dmin =
2

1 + (N − 2)
√
2
. (40)

Accordingly, we have:

θNPAM-LQAM (Se, N)

= max
�∈N+:

�+log2(N−1)≥Se

3/2

κ�2� − 1

× �+ log2 (N − 1)

1/(N − 1)
∑N−1

i=1

[
1 + (i− 1)

√
2
]2

=
3/2

κ�02
�0 − 1

· �0 + log2 (N − 1)

1 + (N − 2)
(
2N/3− 1 +

√
2
) , (41)

where �0 = max{�Se − log2(N − 1)	 , 2} and we used the as-
sertion:

∑n
i=1 i

2 = n(n+ 1)(2n+ 1)/6.

1) NPAM Constrained Power Efficiency: It is easy to check
that for traditional NPAM scheme, we have:

θNPAM (Se, N) =
log2 (N − 1)

1 + (N − 2)
(
2N/3− 1 +

√
2
) . (42)

V. NUMERICAL RESULTS

In this section, we give numerical comparisons of the
achievable constrained power efficiencies of proposed schemes
against traditional techniques for different spectral efficiency
constraints.

A. Contour Plots of NMPPM-LQAM Efficiencies

We start in Fig. 2 by plotting the contours for both spectral
and power efficiencies of proposed NMPPM-LQAM technique
withN = 3. The direction path, as determined by (31), is shown
in same figures as well for the sake of illustration. It is clear that
a direction exists along this path where the power efficiency
increases with a decrease in the spectral efficiency. Following
this direction leads to the best achievable power efficiency for a
given spectral efficiency constraint.

B. Constrained Power Efficiency of NMPPM-LQAM Scheme

Figure 3 shows comparisons between the constrained power
efficiencies of proposed NMPPM-LQAM scheme against tra-
ditional MPPM-LQAM and LQAM techniques for a range of
spectral efficiency thresholds. Figure 3(a) shows such a compar-
ison for N = 3, while Fig. 3(b) shows it for N = 5. The sharp
jumps in both traditional LQAM and MPPM-LQAM curves
signify rises in the QAM levels so as to fulfill the restraints
on the spectral efficiencies. For example, in traditional LQAM,
if Se ≤ 2 bs−1/Hz/pol, L = 22 = 4 gives the optimum power
efficiency. IncreasingSe above 2 dictatesL to increase to 23 = 8
so as to achieve the spectral efficiency constraint. Two different
step sizes appear when switching from even � to odd � or vice
versa. These jumps indicate that significant penalties are to be
paid in transmitted power for increasing the transmission rate.
For example, if the spectral efficiency is to increase slightly
from 2 to 2.1 bs−1/Hz/pol, a penalty of about 3 dB in the power
efficiency of QAM is to be paid. On the other hand, it is clear from
the figures that these penalties have been relaxed in proposed
scheme, which provides gradual decrease in the power efficiency
as Se increases. Specifically, the improvements in power effi-
ciency when using proposed system at Se = 2.5 bs−1/Hz/pol
are about 4.87 and 2.67 dB when compared to that of traditional
LQAM and traditional MPPM-LQAM techniques, respectively.
It is also clear that increasing the MPPM level would increase
the power efficiency even better as seen from Fig. 3(b). In-
deed, the gradual decrease in power efficiency is extended over
a broader range of Se. Specifically at Se = 3.5 bs−1/Hz/pol,
both NMPPM-LQAM (with N = 3) and traditional MPPM-
LQAM schemes have same constrained power efficiencies,
while NMPPM-LQAM (with N = 5) has an improved power
efficiency. It is remarkable to notice that as the spectral efficiency
constraint Se increases from 1 to 3.82 bs−1/Hz/pol, the QAM
levels of both traditional MPPM-LQAM and LQAM increases
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Fig. 2. Contour plots for both (a) spectral and (b) power efficiencies of proposed NMPPM-LQAM scheme with N = 3. The direction path where the power
efficiency increases with decreasing the spectral efficiency is shown with circle markers.

Fig. 3. Comparisons between constrained power efficiencies of NMPPM-LQAM scheme against traditional MPPM-LQAM and LQAM formats versus spectral
efficiency restraints for: (a) N = 3; (b) N = 5.

three times L ∈ {4, 8, 16}. However, the corresponding QAM
level in proposed NMPPM-LQAM (with N = 5) is retained at
the lowest level (L = 4) over the same range of Se.

C. Constrained Power Efficiencies of NMPPM,
2l.MPPM-LQAM, and NPAM-LQAM Techniques

Finally, in Fig. 4 we give a comparison for the constrained
power efficiencies ofNMPPM, 2l.MPPM-LQAM, andNPAM-
LQAM against traditional MPPM-LQAM andLQAM schemes.
The figure indicates that the constrained power efficiency of
2l.MPPM-LQAM technique is better than that of traditional
QAM at all Se levels. Improvement of more than 3 dB is achiev-
able at specific levels. In addition, the sharp jumps due to QAM
level increase are relaxed. However, traditional MPPM-LQAM
scheme is competitive to 2l.MPPM-LQAM. Specifically, at low
spectral efficiency, e.g.,Se = 2 bs−1/Hz/pol, traditional MPPM-
LQAM shows better power efficiency, while for high spectral

efficiency, e.g., Se = 4.5 bs−1/Hz/pol, the inverse is true. Com-
pared to Fig. 3, it is clear that proposedNMPPM-LQAM format
is better than 2l.MPPM-LQAM over the entire range range of
Se. Indeed, in NMPPM-LQAM scheme, the power efficiency
is optimized.

As for proposed NMPPM and NPAM-LQAM techniques,
the figure illustrates that the former is power efficient over a
small spectral range, while the latter has a low constrained power
efficiency compared to traditional QAM.

It can be concluded that combining NMPPM with LQAM
provides a superior technique that is both power and spectral
efficient simultaneously. On the other hand, combining NPAM
with LQAM does not provide an improvement over LQAM.
This is because the PAM scheme is non-power efficient. How-
ever, NPAM-LQAM is more spectral and power efficient than
traditional NPAM (plotted in same figure as well). Indeed, the
latter has a maximum spectral efficiency of log2(N − 1), while
the former has a higher spectral efficiency of �+ log2(N − 1).
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Fig. 4. Comparisons among constrained power efficiencies of NMPPM,
2l.MPPM-LQAM, and NPAM-LQAM schemes against traditional MPPM-
LQAM and LQAM techniques for various spectral efficiency restraints.

VI. IMPLEMENTATION COMPLEXITY

Here, we give a note on the implementation complexity of
proposed NMPPM-LQAM system. As the system combines
both QAM and N level MPPM, the receiver should be able
to detect the levels in addition to the relative positioning.
The detection of the MPPM levels can follow the detection of
the leveling in traditional PAM formats. The detection of relative
positioning and QAM leveling is similar to that of traditional
MPPM-LQAM system. In fact, it is even simpler. Indeed, the
QAM level here is very low compared to that of traditional
LQAM and MPPM-LQAM systems, cf. Fig. 3(b).

VII. CONCLUSION

A new power efficient technique, called N -level multipulse
PPM-LQAM and denoted by NMPPM-LQAM, has been pro-
posed. Its constrained power efficiency has been derived, char-
acterized, and evaluated. It has been shown that combining
NMPPM with LQAM provides a superior technique that is
both power and spectral efficient simultaneously. Alterations
to this technique, that comprise NMPPM, 2l.MPPM-LQAM,
and NPAM-LQAM schemes, have been considered and char-
acterized as well. Comparisons with well-known formats have
been performed numerically for a range of spectral efficiency
thresholds. The results divulge that proposed NMPPM-LQAM
is the most power/spectral efficient technique.
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