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Abstract—A  hybrid two-level multipulse pulse-position
modulation-M-ary differential phase-shift keying (2L-MPPM-
MDPSK) technique is proposed which achieves high power and
spectral efficiencies. The proposed 2L-MPPM-MDPSK scheme
is shown to have the highest spectral efficiency in comparison
with other hybrid modulation schemes. Additionally, the
proposed technique has the advantage of removing the complex
variable delay-line required for the direct-detection of other
hybrid MPPM-MDPSK systems. The performance of 2L-
MPPM-MDPSK is quantified in free-space optical (FSO)
channels modeled with an exponentiated Weibull (EW) fading
distribution. Closed-from expressions for both bit-error rate
(BER) and outage probability upper-bound are derived and
verified using Monte Carlo (MC) simulation. At the same data
rate and bandwidth, 2L-MPPM-MDPSK techniques outperform
traditional MPPM-MDPSK scheme by approximately 2dB at a
BER of 10~

I. INTRODUCTION

Hybrid modulation techniques have advantages over tradi-
tional modulation techniques as they can transmit data with
both high spectral and power efficiencies simultaneously. This
is gained by combining the advantages of both power efficient
position based-modulation techniques and spectrally efficient
phase based-modulation techniques [1]-[13]. One of the most
promising hybrid modulation techniques combines multipulse
pulse-position modulation (MPPM) with M-ary differential
phase-shift keying (M DPSK) to give hybrid MPPM-M DPSK
[6], [7]. This technique, however, requires an ultrafast optical
variable delay line in order to be directly detected which
greatly increases its complexity.

This work introduces a lower complexity hybrid modula-
tion scheme in which the MPPM signal has two non-zero
amplitudes allowing the DPSK to be sent continuously thus
overcoming the need for variable delays. This two-level (2L)
2L-MPPM-MDPSK approach simultaneously provides high
spectral efficiency with good power efficiency and a greatly
simplified transmitter and receiver in comparison with other
hybrid modulation schemes [1]-[12]. A literature survey of
existing hybrid modulation works with notation to the receiver
complexity is summarized in Table I.

Although free-space optical (FSO) communication systems
offer many advantages such as large data rates and unregulated

TABLE I
SURVEY OF HYBRID MODULATION TECHNIQUES CONSIDERING RECEIVER
COMPLEXITY.

Technique Detection type All-optical
receiver?
[1]-[4], [12]  Coherent (PSK+PPM/MPPM) Yes
[10], [11] Direct (QAM+MPPM) No
[61, [71 Direct (DPSK+MPPM, var. delay-line) Yes
This work Direct (DPSK+MPPM) Yes

spectrum, they are greatly impaired by atmospheric conditions
[14], [15]. Both turbulence-induced scintillation fading and
attenuation from fog are two important impairments affecting
FSO performance.

In this paper, we apply 2L-MPPM-MDPSK hybrid mod-
ulation techniques to FSO links in order to increase their
deployment ranges and improve their reliability. The spectral
and power efficiencies of 2L-MPPM-MDPSK are studied
and compared with that of earlier hybrid MPPM-MDPSK
schemes. The effects of the FSO channel on the bit-error rate
(BER) and the outage performance of 2L-MPPM-MDPSK
are investigated under exponentiated Weibull (EW) distribution
[16].

The balance of the paper is organized as follows. In Section
II, 2L-MPPM-MDPSK is defined and the structures of both
transmitter and receiver are outlined. Furthermore, the spectral
and power efficiencies are investigated. In Section III, the
BER and the outage probability for the 2L-MPPM—-MDPSK
system under EW-turbulence FSO fading channels are derived.
Simulation results and comparisons are presented in Section
IV. Finally, the conclusions are drawn in Section V.

II. DEFINITION OF HYBRID 2L-MPPM-MDPSK SCHEME

1) Definition: Schematic block diagrams of both transmit-
ter and receiver of proposed 2L-MPPM-MDPSK scheme are
shown in Fig. 1.

At the transmitter, a data frame with a length of
{log2 (g )J + Nlog, M bits is fed to the transmitter signal-

processing unit (T-SPU), where w is the number of time-slots
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Fig. 1. Block-diagram of proposed hybrid 2L-MPPM-MDPSK. Tx: Trans-
mitter, Rx: Receiver, LD: Laser diode, PD: Photodiode, T-SPU: Transmitter
signal-processing unit, R-SPU: Receiver signal-processing unit. The illustrated
transmitted waveform has parameters (N, w, M, §) = (8, 3,2,0.25).

with high signal-level in N time-slots of the MPPM frame
and M is the number of modulation levels of M DPSK. The
T-SPU manipulates these bits to control the operation of both
the laser diode (LD) driving current (i.e., MPPM signal) and
MDPSK modulator.

The MPPM signal is carried by intensity modulating the
optical carrier with two power levels Fy and P; where Py <
P;. That is, the {logz (]u\f )J information bits are carried in the
positions of w pulses, transmitted at power level P;, while the
remaining N — w pulses are transmitted at a power level Fy.
Define § as the inverse of the transmitter extinction ratio, i.e.,

=10

Py
Thus the k-th time slot of 2LMPPM modulated optical signal
can be represented as

(1)

m(t) = ax exp (jwet) , 2

where w, is the optical carrier frequency in rad/s and aj €
{V/Py,\/P1} as shown in Fig. 1. The remaining N log, M in-
formation bits are carried by the differential phase modulation
of my(t) using an optical MDPSK modulator. The k-th time
slot of the 2L-MPPM-MDPSK transmitted optical signal is
expressed as

sk (t) = ax exp (j(wet + dr)) 3)

where ¢y, is the phase conveyed by M DPSK modulator which
corresponds to phase difference

Adr = ¢ — pp—1 = (20 — 1)m /M

where ¢ € {1,2,..., M}, as illustrated in Fig. 1.

TABLE 11
SPECTRAL EFFICIENCIES FOR DIFFERENT MPPM- AND M DPSK-BASED
MODULATION TECHNIQUES IN [bit/s/Hz]

Modulation Scheme Spectral Efficiency, ns [bit/s/Hz]

MDPSK oy M
MPPM M

N
MPPM-MDPSK [6], [7] ([roe, ()] +wtogs M)
2L-MPPM—-MDPSK (1os, (Z)j;ﬂv logy M)

At the receiver, considering the FSO channel gain, h, the
received signal

re(t) = Vhag exp (j(wet + 61)) 4)

is spilt by a 3dB coupler into two branches: one for MPPM
and the other for MDPSK demodulation. Given that the
coherence time of atmospheric fading is many orders of
magnitude larger than the symbol interval, we adopt a non-
ergodic model for the channel fading state and represent it as
independent of time and EW distributed [14].

In the MPPM arm, the photodiode (PD) converts the optical
intensity variation into an electrical signal that is fed to the
receiver signal-processing unit (R-SPU). The R-SPU detects
the received data by collecting N consecutive slot intervals
and independently detecting the positions of the w high signal-
level time-slots that contain the highest power.

In the MDPSK arm, traditional direct detection for the
MDPSK signal is performed by employing optical delay
interferometers. It should be noted that independent data is
sent over the MDPSK branch in each of the NV slots of
the MPPM symbol. This is the key point in simplifying the
receiver for 2L-MPPM-MDPSK since variable delay lines are
not required for DPSK detection as in [6], [7]. In the R-SPU,
the received data words are reconstructed independently from
both the 2LMPPM and MDPSK decoded bits.

It worth mentioning that the position based- and phase
based-modulation techniques are transmitted independently in
contrast to the previous hybrid modulation techniques [1]-
[4], [6], [7], [10]-[12], which results in simplified T-SPU
and R-SPU for the proposed 2L-MPPM-M DPSK modulation
technique since no time synchronization is needed between
MPPM and MDPSK branches.

2) Spectral and Power Efficiencies: As is conventional,
define the spectral efficiency 7, as [17]

Ns Fw blt/S/HZ, (5)
where R is the transmission data rate in bits per second,
B, = 1/7 is the receiver bandwidth, 7 = T/N is the

time slot duration and 7' is the frame time duration. The
spectral efficiencies of different MPPM- and M DPSK-based
modulation techniques are summarized in Table II. It can be
observed that, for a given N, w and M, 2LMPPM-MDPSK
technique has the highest spectral efficiency in comparison
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Fig. 2. Achieved spectral efficiencies of different MPPM- and M DPSK-
based modulation techniques versus the receiver sensitivity at different values
of N/w ratio and different M/DPSK cardinality level.

with other hybrid modulation techniques. Of course, this in-
creased spectral efficiency comes at the expense of decreasing
some of the power efficiency of MPPM for ¢ > 0.

The power efficiency for modulation schemes is defined as
[17]

d1211in
’V - 4 5}, ) (6)

where d, is the minimum Euclidean distance between two
symbols in the constellation space and &, is the average energy
per bit. Following a similar approach as in [8], [9], the power
efficiency for 2L-MPPM-MDPSK scheme is

logg(g) + Nlogy M _ _ 52 . .
{ w—&—(JV—w)é? mm{(l 25) 6281112( )}

Y=
(N

Figure 2 plots the spectral efficiencies in [bit/s/Hz] of differ-

ent hybrid MPPM- and M DPSK-based modulation techniques
versus the reciprocal of the power efficiency (i.e., the receiver
sensitivity) in [dB] at different cardinality level of MDPSK
modulation technique, i.e: M € {2,4,8,16} with different
values for w/N € [0 : 1]. Notice that Figure 2 can be used as
a design guide to select the hybrid modulation approach and
parameters to maximize spectral efficiency for each receiver
sensitivity.

It can be seen that the 2L-MPPM-MDPSK technique has
the highest power efficiency in the high spectral efficiency
region (ns > 2.25 bit/s/Hz). It worth mentioning that the
maximum spectral efficiency for our 2L techniques at any
cardinality of the MDPSK is achieved at a w/N = 0.5.
Additionally the value of § balances the power efficiency
between MPPM and MDPSK. Notice that § must increase
with increasing M to balance the impact on power efficiency
of increasing the cardinality of the DPSK modulation. The
particular values of ¢ selected in Fig. 2 for the 2L techniques
are found by optimizing to provide the best power efficiency
when w/N = 0.5.

As compared to ordinary phase modulation approaches,
these hybrid approaches increase complexity to both the trans-
mitter and the receiver by superimposing MPPM with phase
modulation techniques. However, the proposed hybrid tech-
niques are useful not only to improve spectral efficiency, but
are also practically well suited to time varying channels, e.g.,
free-space optical channels. In time-varying FSO channels,
large irradiance fluctuations are possible between coherence
times even in clear weather. Low rate data transmitted on the
power efficient MPPM stream will be more robust to channel
variations while data on the MDPSK branch will provide
higher rates when conditions are favourable. Thus, this hybrid
approach has the practical benefit of maintaining connectivity
over channel variations.

III. PERFORMANCE ANALYSIS IN FSO FADING CHANNELS

In this section, the average BER and the outage probability
of proposed 2L-MPPM-MDPSK over exponentiated Weibull
(EW) distributed turbulence FSO channels are investigated and
discussed.

A. EW-Turbulence FSO Channel Model

Several statistical distributions have been developed to
characterize the impact of atmospheric turbulence on com-
munications channels in the literature. Some widely accepted
distributions are log-normal (LN), gamma-gamma (GG), and
exponentiated Weibull (EW) models [16]. Under a wide range
of aperture averaging and turbulence conditions, the EW
model provides an excellent match with the simulation and
experimental data. Moreover, the EW distribution has the
attractive feature of having a relatively simple probability
density function (PDF) and a cumulative distribution function
(CDF) in closed form expressions.

The FSO channel gain, i, PDF and CDF under EW channel
model can be written as [16]

3 () ()
. [1 ~exp (— (Zﬁ)ﬁ)’] C®
Fa(h) = [1—exp <_ (Z) )] , ©)

respectively, where the receiver aperture size-based extra shape
parameter «, the scintillation index-based shape parameter /3,
and the scale parameter 7, are expressed as

o~ 3.931 (Dg/po) """, (10)

8~ (aa%)iﬁ/u , (11
1

= , 12

"= a1+ DglaB) 12

respectively, where o? is the scintillation index, p, =

(1.46C2(2m/X)?L;) 3/ is the atmospheric coherence radius,
)\ is the transmission wavelength, L is the FSO link length, C?



is the refractive-index structure constant, D is the aperture
diameter, T'(-) is the gamma function and g(a, ) is defined
as

> (_1Yi(i + 1)-0+8)/BT(a
g(a,ﬁ):z( '@+ D7) (13)

—~ i (a —19)

Using Newton’s generalized-binomial theorem and express-
(. |j>, via [18,

)

(14)

ing exp( - ) in terms of MeijerG function, G;:Z
Eq. (07.34.03.0228.01)], (8) can be written as

hit) =57 (h)ﬁ_l > ey (e ()

n\n) Zila-j) "

B. Upper-Bound BER Analysis

The 2LMPPM symbol consists of w high signal-level time-
slots with a power level of P, and N — w low signal-level
time-slots with a power level of Py = 6 P;, where 0 < § < 1.
The average transmitted optical power P,, is defined as
w+ §(N —w)

N

The upper-bound BER expressions can be derived based on
union-bound that is expressed as follows [19]

P,, = = (15)

v Amin
BER < - erf ,
St (wﬁ)

where Ny/2 is the power spectral density of the noise and
v is the cardinality of the constellation with v = (V) and
M for 2LMPPM and MDPSK techniques, respectively. The
minimum Euclidean-distance between any two points in the
signal constellation is dy,;,, which is expressed as follows
(1=0)vT.

75 for 2LMPPM, (17)
§sin(w/M)+/T; for MDPSK.

where R is the detector responsivity. Accordingly, the upper-
bound BER can be written as follows

(16)

dmin (h) = RPy 1 x {

CPav
BER (h) < Z erfc ( h) , (18)
4 on
where afL is the noise variance, C is given as follows
R(1-8)N .
T e 09
Va(w+(N—w)s)’ O '

By expressing erfc(-) in (18) in terms of MeijerG function,
Gy (-] ). using [18. Eq. (07.34.03.0619.01). the BER can
be written as

v 2,0 CP ok
< 7 s “lav .
BER (h) < 4\/7?(}1,2 <( o h> ‘070»5> e

Notice that the average BER over FSO fading states, BER*"
can be obtained from
BER® :/ BER (h) fn(h) dh. 21
0

By substituting (20) and (14) into (21) and using [20, Eq.
(21)], the average BER can be written as (22) at the bottom

of the page, where | and k are integers with é = g and
A(b7 (l) = %7 L—(‘;—l7 T a—Hl;—l'

Finally, the average BER for the overall hybrid system is given
by

BER;ZMPPM-]WDPSK =
llogy (ﬁf)J BERS] pppm + IV logy M BER}/ppsk
L10g2 (g)J + Nloge M

where BERS] vppy @nd BERSG ppsk can be obtained from
(22) for different values of C' given from (19).

; (23)

C. Outage Probability Analysis
The outage probability is defined as

Pous = Pr(BER > BERyy,) = Pr(h < hyy), (24)

where hyy, is the threshold channel gain that guarantees a
minimum level of link quality (i.e., BERy},). Rearranging (18),
ha can be bounded as

On o1 (4BERu,
CP,, v '

Thus, the outage probability can be bounded using (9) as

hn <

(25)

hn
/ fr(h)dh = Fp(hn)

| o))

< 1 - eX[) - €er
C”l av

Finally, the outage probability upper-bound of the FSO sys-
tems adopting 2L-MPPM-MDPSK schemes is

PQL-MPPM—MDPSK <1— (1 _ PQLMPPM) (1 _ PMDPSK) . (27)

Pout:

out out out
IV. RESULTS AND DISCUSSIONS

In this section, the BER and outage probability of FSO
systems adopting 2L-MPPM-MDPSK techniques are numer-
ically evaluated using (23) and (27), respectively. All results
are verified through a Monte Carlo (MC) simulation by
directly generating fading states and averaging. An operating
wavelength of A = 785nm is selected so that silicon PDs
can be used in order to decrease the receiver cost. Moderate

BER" <

J

) A(l1-8), A@Q,05-8)

vafl(«) (PM, >_B kP = (=1
T V32 \on e (2m) JZ::O ' (e =

(22)

k21 1k ([ Vio, )2
j)Gzl,kH (%) (CPZm)

A(k,0), A(,—-5)
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Fig. 3. Outage probabilities versus the power ratio ¢ for 2L-MPPM-MDPSK
with parameters (N, w, M) at Py = —15dBm and 02 = 25 x 10714 A2
for different aperture sizes and BERy, = 10—3. MC simulations (+) are
also plotted.

turbulence is considered with C? = 2.128x 10~ m~%/3, [ =
1.2km, Rytov variance 0% = 1.3089 and p, = 9.4 mm. The
effect of aperture-averaging takes place if Dr >> p,. In order
to investigate the effect of aperture-averaging on FSO system
performance, three different aperture sizes are considered in
this section (Dr = 3mm, o = 5.44, § = 0.76, n = 0.31),
(Dr = 25mm, a = 4.65, § = 1.17, n = 0.52) and (Dg =
60 mm, o = 3.19, 8 = 2.61, n = 0.82) [21].

Figure 3 shows the effect of changing the power ratio § on
outage probabilities. From (25) and (19), we can see that the
outage performance of 2LMPPM technique is improved by
decreasing § while MDPSK outage is improved by increasing
0. At low &, MDPSK dominates outage, therefore, by increas-
ing § the complete system performance is improved until an
optimum point is reached balancing the outage of MDPSK
and MPPM. Increasing § beyond this optimum, results in
MPPM dominating outage and thus total system performance
is again degraded.

Figures 4 and 5 show, respectively, the outage probability
and the average BER versus the average transmitted op-
tical power P,, for both proposed 2L-MPPM-MDPSK and
traditional MPPM—-MDPSK techniques with ¢ fixed at the
optimum value in Fig. 3. To permit a fair comparison, the
parameters are chosen so that both systems have same trans-
mission data rate, same average energy, and same bandwidth.
Specifically, in Figs. 4 and 5, the two techniques use the same
MPPM parameters (N = 4,w = 2) but the MPPM-MDPSK
technique [6], [7] uses a higher cardinality M = 16 than that
of 2L-MPPM-MDPSK technique to compensate for its lower
spectral efficiency.

It can be seen that 2L-MPPM-MDPSK outperforms
MPPM-MDPSK by approximately 2 dB at s = 2.5 bit/s/Hz
and an average BER of 10~ for all aperture sizes. This can
be explained as follows. The proposed 2L-MPPM-MDPSK
scheme sends a DPSK symbol every 7 slot interval while
MPPM-MDPSK scheme sends only w DPSK symbols per

1073
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(N,w, M,ns) = (4,2,16,2.5) for different aperture sizes at 02 = 25 x
1014 A2, MC simulations (4) are also plotted.

frame. Therefore, in order to have the same spectral efficiency,
MPPM-MDPSK must send higher cardinality DPSK con-
stellations M = 16, that decreases the minimum Euclidean-
distance. Finally, it can be seen from Figs 3, 4 and 5 that
for D < p,, the receiving aperture is unable to average
turbulence while for the diameters, i.e; D > p,, the aperture-
averaging effect starts to appear and the system performance
is improved by increasing the aperture diameter.

V. CONCLUSIONS

A simple direct-detection hybrid modulation technique (2L-
MPPM-MDPSK) has been proposed. The proposed tech-
nique combines the benefits of both MPPM and M DPSK.
The key insight over previous hybrid approaches is that an
MDPSK symbol is sent each slot interval at the cost of losing
some power efficiency of the MPPM sub-modulation. The
performance of 2L-MPPM-MDPSK over an FSO system has
been investigated under EW distributed fading. Closed-form



expressions for both the outage probability and BER upper-
bound have been derived. The obtained expressions are used
for evaluating and comparing our proposed technique with the
traditional hybrid MPPM-MDPSK and are also verified via
MC simulations.

The results indicate that 2L-MPPM-MDPSK techniques
provide superior power efficiencies at high spectral efficiency
region (ns > 2.25bit/s/Hz) while simultaneously reducing
the complexity over earlier hybrid modulation approaches.
Specifically, at n; = 2.5bit/s/Hz, the proposed 2L-MPPM-
MDPSK has a power saving of approximately 2dB at a BER
of 1074
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