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PDM-DPSK-MPPM hybrid modulation for multi-hop free-
space optical communication®
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A hybrid polarization division multiplexed-differential phase shift keying-multipulse pulse position modulation

(PDM-DPSK-MPPM) scheme for multi-hop free-space optical (FSO) communication is investigated. The analytical

bit error rate (BER) of the proposed system in Gamma-Gamma turbulence channels is derived and verified using

computer simulation. The results show that both multi-hop and hybrid modulation schemes are efficient techniques to
improve the performance of FSO links. Compared with the traditional binary phase shift keying (BPSK) and MPPM,
the hybrid scheme can improve the bandwidth-utilization efficiency and reliability of the system. Compared with the
coherent demodulation of PDM-QPSK-MPPM, the system complexity is reduced at the cost of the degradation of BER
performance, which can improve the practicality of hybrid modulation technology in FSO system.
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Multi-hop transmission is an alternative relay-assisted
technique. There are several relay nodes between source
and destination placed in series. Each relay node decodes
the received signal and retransmits it to the next one until
the receiver gets the information. Obviously, a long
communication link is broken into several shorter ones,
which can mitigate the effect of turbulence and improve
the reliability of the FSO link.

In addition to multi-hop, hybrid modulation scheme is
another way to mitigate turbulence effects. By combin-
ing the advantages of traditional modulations, the new
hybrid scheme can modulate the laser signals from dif-
ferent aspects, which can improve the bandwidth-utiliza-
tion efficiency and the bit error rate (BER) performance
of the system.

A new hybrid scheme of pulse position modulation
binary phase shift keying subcarrier intensity modulation
(PPM-BPSK-SIM) is proposed and the analytical BER
performance is carried out!'. The equal gain combining
(EGC) spatial diversity technique is further investigated
for the PPM-BPSK-SIM system!®. The performances of
PPM-BPSK-SIM and MPPM-BPSK-SIM are compared®.
By combining PPM and subcarrier minimum shift keying
(MSK), a new hybrid PPM-MSK-SIM scheme is proposed
and the BER performance over log-normal channels is ana-
lyzed™. The polarization division multiplexed-quadrature
phase shift keying-multipulse pulse position modulation
(PDM-QPSK-MPPM) is investigated but the coherent de-
modulation may increase the complexity of the system.
The outage performance of polarization shift keying

(PSK) based multi-hop FSO system over a strong at-
mospheric turbulence channel with misalignment fading
is derived'®. Error analysis of multi-hop free-space opti-
cal communication using M-ary pulse amplitude modu-
lation (MPAM) is presented”). In this paper, the BER
performance of the PDM-DPSK-MPPM based multi-hop
system is analyzed over Gamma-Gamma turbulence
channels.

The random variation of atmosphere may cause inho-
mogeneity in temperature, density and refractive index.
When the signal propagates through the atmosphere, the
light intensity fluctuations occur, which will degrade the
performance of the system. In order to reduce the effect,
several probabilistic models are proposed for the turbu-
lence, including log-normal, Gamma-Gamma and K dis-
tributions. The probability density function of Gamma-
Gamma distribution is given by™
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where /7:) is the Gamma function, K, 4(-) is modified
Bessel function of the second kind, / is light intensity, o
and S are the effective numbers of small-scale and
large-scale eddies of scattering environment, respectively.
For a plane wave, they can be given by!™
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where oy is the Rytov variance for plane wave, which

can be given by

o, =1.23C2k™°L" 3)

where k=2n/A is the number of optical wave, 1 is the
wavelength, L is the transmission distance, and C, is
refractive index.

The sensitivity of the system can be greatly improved
by using coherent phase modulation, nevertheless the
complexity of the receiver is increased at the same time.
This can be solved by differential phase modulation, for
it doesn’t require local optical signal (LO) or phase
locked loop (PLL). In this paper, we combine differential
binary phase shift keying (2DPSK), quadrature differen-
tial phase shift keying (QDPSK) with polarization divi-
sion multiplexing and multi-pulse pulse position modula-
tion, which can improve the practicality of hybrid modu-
lation technology in FSO system.

In a duration 7, there are M signal time slots to form a
symbol period. Each symbol period sends # optical pulses,
and the pulse width is 7=7/M. During a symbol period,
log,(;' )+2k bits information is transmitted. The former is

modulated by MPPM, while the latter is modulated by DPSK.

If we use 2DPSK with k=n, Ny=[logy(}’ )]+2n bits are
transmitted by PDM-2DPSK-MPPM signal. If we use
QDPSK with k=2n, Ny=[log,(}")]+2n bits are transmitted by
PDM-QDPSK-MPPM signal.

The BER performance of the hybrid scheme is related
to both current and previous symbol period. If the de-
modulation condition is bad, all the information is incor-
rectly decoded when the signal is wrongly detected by
MPPM. So we can get upper bound BER given by

1
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where N=[log,(\")], k=n for 2DPSK and k=2n for QDPSK,
SER;=* and SERI>** denote the current and previous

symbol-error-rate (SER) of MPPM, respectively, and
BERppsk is the BER of 2DPSK or QDPSK. If the current
symbol is incorrectly decoded by MPPM, all the infor-
mation encoded by DPSK is wrong with probability of 1/2. If
the previous symbol is incorrectly decoded by MPPM, only
the first p bits encoded by DPSK are wrong with probability
of 1/2. So SER o =SERI =SERwppv, Eq.(4) can be

simplified to"”!
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The last inequality is the upper bound BER of the
worst condition. If the previous wrong decoding of the
signal by MPPM doesn’t affect the detection of DPSK,
and the current wrong decoding of the signal only affects
the detection of the last pulse, we can get a better condi-
tion. So the lower bound BER is!”!
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The relationship between BERyppy and SERyppy can
be written as!'”

21’\’—1

BER, < 552X SER s (7)

The SER of MPPM can be written as!'’!
SER =1-

MPPM
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where zy,;, is the minimum received signal energy for all
pulse, po(*) and p,(*) are the probability density functions
of the received signal energy when there is signal or not,
while Py() and P;(-) are their cumulative probability
functions.

We use the maximum energy detection method to de-
modulate MPPM signal. The location of the first n pulses
with the maximum energy in M slots is chosen to de-
modulate the information. If the received pulse energy of
the rth slot is denoted by z,, it can be written by
non-central chi-squared distribution of two-degree-of-
freedom as
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where /(7) is the normalized instantaneous receiving light
intensity, K, is the modified Bessel function of the first
kind, o’is the variance of white Gaussian noise, and A, is
the signal amplitude.

If there is no signal transmitted, the received pulse en-
ergy z,can be denoted by central chi-squared distribution
of two-degree-of-freedom as

1 z,
pO(Zt)—T(l)eXp£—Fj, z, >0. (10)

n

The BER of 2DPSK can be written as!'
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The approximate expression of BER for QDPSK is

given byt
T
. 12
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When the turbulence is modeled by Gamma-Gamma
distribution, the BER expressions for 2DPSK and QPSK
in the hybrid scheme are given by

lef(/u ) M /2007
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Substituting Eqgs.(7), (8), (13) and (14) into Egs.(5)
and (6), we can get the upper bound and lower bound of
BER for the hybrid PDM-DPSK-MPPM.

The average upper and lower bounds of BER over
Gamma-Gamma turbulence channels are given by

BER,, = [BER,, - p(I)dl, (15)
0

BER,, = [BER,, -p(1)dl, (16)
0

where BERyy and BERy are given in Eqs.(5) and (6),
and p(/) is the probability density function of Gamma-
Gamma distribution.

Decoding and forward relay are discussed in this paper,
and the relay demodulates the signal from the transmitter
and retransmits it to the receiver. So the model of hybrid
scheme at transmitter, relay and receiver should be dis-
cussed. The modulation unit is shown in Fig.1?.

ZDPSK/QDPSK
r modulation]
2DPSK: QDPSK
modu]auonz
M
{logz( ﬂ bits kbits
n

Input bits

Laser MPPM
. ] .
diode modulation

Signal processing

|:log2 [Mji| + 2k bits
n

Fig.1 Modulation unit for PDM-DPSK-MPPM

A digital signal processor divides the binary informa-
tion into two parts, which drive the MPPM modulator
and DPSK modulator, respectively. The MPPM modula-
tor outputs laser pulse signal through a polarization beam
splitter (PBS), which is divided into two orthogonal po-
larization optical pulses by differential phase modulation.
The modulated orthogonally polarized signal passes

Optoelectron. Lett. Vol.12 No.6

through the PBS and the erbium doped fiber amplifier
(EDFA) and is transmitted to the atmospheric channel at
last. The demodulation unit is shown in Fig.2"..

Output
Signal processing| bits
and decision |3

circuitry

Fig.2 Demodulation unit for PDM-DPSK-MPPM

We use the asymmetric Mach-Zehnder interferometer
(MZ]) structure to achieve direct detection of differential
phase shift signal. As shown in Fig.2, we use the PBS to
receive the signal and each polarization direction is di-
vided into two branches, one is demodulation of MPPM,
and the other is demodulation of differential signal. The
latter is further divided into two parts after two frames of
delay, one of which is sent to the delay control unit. The
signal processing unit identifies the additional delay ac-
cording to pulse position and sends the control signal to
drive the delay unit. Then the MZI detects the phase dif-
ference of pulse and recovers the information bits. The
PDM-QDPSK-MPPM demodulation unit is similar to
PDM-2DPSK-MPPM, but it needs m/2 phase difference
to split in-phase and quadrature information.

Assuming that each hop has the same statistical model,
the BER from k—1 to k can be presented by BER(k) and
the BER from 0 to k is denoted by BER,. So we can get
the correct transmission probabilities from 0 to k—1 and
k—1 to k as 1-BER,.; and 1-BER(k), respectively. As the
channels of the hops are independent, the BER at the
destination can be divided into two parts: the correct
transmission from 0 to k—1 with k-1 to k& wrongly trans-
mitted, and the wrong transmission from 0 to k—1 with
correct transmission between k—1 and k. So we can get
BER, as

BER, = (1- BER,_, ) BER(k)+
BER,, (1- BER(k)) . (17)

All the single-hops have the same statistical behavior
with equal received signal to noise radio (SNR).

BER(k)=BER, ~ ke{l,2,.K}. (18)

So the end-to-end BER depending on both BER, and the
number of hops K of the multi-hop can be expressed as''*
1
BER = E[l —-(1-2BER)"]. (19)

Substituting Egs.(15) and (16) into Eq.(17), we can get
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upper bound and lower bound of BER over multi-hop
Gamma-Gamma turbulence channels.

The upper and lower bound BER curves of PDM-
2DPSK-MPPM and PDM-QDPSK-MPPM in Fig.3 are
basically consistent. Therefore, the accuracy of the BER
expression is verified. In the following simulations, we
choose the upper bound BER to evaluate the performance
of the system.
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Fig.3 Upper and lower bound BER curves of PDM-
2DPSK-MPPM and PDM-QDPSK-MPPM

In Fig4, we compare the BER performances of PDM-
DPSK-MPPM, PDM-QDPSK-MPPMM, PPM and BPSK.
In order to guarantee all the modulation schemes have
the same transmission rate as BPSK, the symbol period
is set to be M=14, indicating there is 14 bits information
transmitted during a symbol. But when the maximum
transmission pulse is set to be n=7, there is only 11 bits
information transmitted. Results show that under the
same average power, all the hybrid schemes perform
better than their counterparts. The coherent demodulation
of PDM-QPSK-MPPM gives the best performance, fol-
lowed by PDM-DPSK-MPPM and PDM-QDPSK-MPPM.
The PDM-2DPSK-MPPM can reduce the system com-
plexity at the cost of the degradation of BER perform-
ance.

Figs.5—7 show the BER performances of PDM-
2DPSK-MPPM and BPSK over weak, moderate and
strong atmospheric turbulence channels, respectively.
Results show that over weak turbulence channel, PDM-
2DPSK-MPPM gives the optimal performance, followed
by PDM-QDPSK-MPPM and BPSK. When the turbu-
lence is stronger, the performance degrades but the hy-
brid scheme still performs better than the traditional one.
Overall, compared with MPPM and BPSK, the PDM-
2DPSK-MPPM shows stronger anti-turbulence interfer-
ence performance.

Figs.8 and 9 show the BER performances of multi-hop
FSO links using BPSK and PDM-2DPSK-MPPM, re-
spectively. If we set one relay between source and desti-
nation over a certain distance, the transmission is divided
into two shorter parts. The number of relays increase
means the transmission is divided into several parts, and
the information is decoded and retransmitted in each part,
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Fig.4 BER comparison of MPPM, BPSK, PDM-DPSK-
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Fig.5 Different modulation performances over weak
turbulence channel
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Fig.6 Different modulation performances over mod-
erate turbulence channel
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Fig.7 Different modulation performances over strong
turbulence channel
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Fig.9 Multi-hop system performances using PDM-
2DPSK-MPPM (K=1,2,3,4)

which can increase the system reliability significantly. Re-
sults show that over the same turbulence channel, the BER
performance of the system enhances when the number of
relays increases. However, if we set too many relays in a
certain distance, the complexity of the system will increase.
A hybrid scheme of PDM-DPSK-MPPM for multi-
hop FSO communication is discussed in this paper. We
describe the modulation and demodulation unit models
for transmitter, relay and receiver. The BER performance
is further investigated over Gamma-Gamma turbulence
channels. Results show that both hybrid scheme and

multi-hop are effective ways to mitigate turbulence effect.

Compared with traditional BPSK and MPPM, the new

Optoelectron. Lett. Vol.12 No.6

scheme has a stronger ability to resist the disturbance of
turbulence and improve the practicality of hybrid modu-
lation technology in FSO system. Increasing the number
of relays can also enhance the system performance, but
for a certain distance, too many relays may increase the
system complexity at the same time.
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