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ABSTRACT
M-ary quadrature amplitude modulation (QAM) is a class of non-constant envelope scheme that can achieve
high bandwidth efficiency under an average signal power constraint. In this paper, a hybrid M-ary quadrature
amplitude modulation multi-pulse pulse-position modulation (hybrid QAM-MPPM) technique is proposed for
optical communications systems. Both transmitter and receiver block diagrams, which utilize intensity
modulation/direct detection (IM/DD) scheme, are introduced. The proposed system is analyzed theoretically and
its bit-error rate (BER) performance is derived and investigated. Our results reveal that, under the conditions of
fixed data rates, bandwidth, and energy per bit, the proposed technique outperforms both traditional QAM and
MPPM sub-carrier modulation techniques.
Keywords: direct detection (DD), hybrid modulation, intensity-modulation (IM), multi-pulse pulse-position
modulation (MPPM), quadrature amplitude modulation (QAM).

1. INTRODUCTION

M-ary quadrature amplitude modulation (QAM) technique is widely used in modern communications systems
when high throughput values are required under limited bandwidth conditions. That is, it is an effective way of
increasing the spectral efficiency in communications systems. On the other hand, multi-pulse pulse-position
modulation (MPPM) has been considered as an effective power efficient technique in optical communication
systems [1]. In this paper, we propose a new hybrid modulation technique to make advantages of both power
efficient MPPM and bandwidth efficient QAM schemes. Furthermore, we focus on IM/DD technology to keep
the system simple and cheap.

The idea of mixing different modulation techniques has been recently proposed in many literatures. Liu et al.
have introduced a new class of optical modulation formats based on combining m-PPM or m-FSK with
additional polarization and/or phase modulation [2]. Also, they have presented the principle, implementation,
and performance of high-sensitivity modulation format based on the combined use of polarization-division
multiplexed quadrature phase-shift keying (PDM-QPSK, or PQ) and M-ary pulse-position modulation (m-PPM)
[3]. Selmy et al. have proposed hybrid BPSK-modified MPPM, which outperforms both traditional BPSK and
MPPM techniques [4]. Also, they have proposed a new hybrid modulation technique based on both quadrature
phase shift keying (QPSK) modulation and modified-MPPM technique. Their proposed scheme achieves much
less bit error rate levels than that of traditional QPSK modulation [5]. Khallaf et al. have proposed a hybrid
orthogonal frequency-division multiplexing pulse-position modulation (OFDM-PPM) technique for turbulent
free-space optical communications systems [6].

In this paper, we have introduce a simple and power efficient technique. Intensity modulation/direct detection
scheme has been used in the proposed technique so that there is no need for optical oscillator. Also, mixing
power efficient MPPM with bandwidth efficient M-ary QAM results into a new scheme which is more
bandwidth efficient if compared to traditional MPPM and more power efficient if compared to traditional
M-QAM.

The remainder of this paper is organized as follows. In Section 2, the block diagrams of both transmitter and
receiver of the proposed system are presented, along with its mathematical description. In Section 3, the
proposed system is analyzed theoretically and its bit-error rate (BER) performance is derived. Section 4 is
devoted for the numerical evaluation of the BER, where the proposed technique is compared to traditional
MPPM and QAM subcarrier modulation. Finally, the conclusion is given in Section 5.

2. PROPOSED SYSTEM MODEL

2.1 Frame Structure and Transmitter Side
In MPPM techniques, the symbol duration T is divided into N time slots and has optical power in w < N time
slots only. MPPM technique transmits log, (x) bits per frame. In the proposed technique, instead of transmitting

constant optical power during the signal slot, we send QAM symbol as shown in the time frame structure of
hybrid QAM-MPPM technique shown in Fig. 1. In hybrid QAM-MPPM technique, number of bits per frame is
log, (x ) + wlog, M, . where M, is the number of modulation levels of M-QAM.

978-1-4799-5601-2/14/$31.00 ©2014 IEEE 1



ICTON 2014 Tu.B1.7

—T—'l ‘—|Q—| '—T—l —|Q—.|

Figure 1. Frame structure of a hybrid QAM-MPPM modulation scheme.

The optical power output from a laser diode is proportional to the modulating QAM signal [7]:
N _ iT
P(t) = 23N [1+ MCy(©)]rect (£ - ) (1)

where p is the average transmitted optical power, M is the modulation index, C;(t) and rect(t) are defined as
following:

C(0) = {SQAM(t) for signal time slot
o for non signal time slot
(1 0<t<T/N

rect(t) = { 0 otherwise

The QAM signal Sy 4 (t) is defined as following:

Soam(t) = A;cos(2mf,t) + Ag cos(2mf,t)
where A; and A are the in-phase and quadrature components of the QAM symbol, respectively, and f; is the
electrical carrier frequency.

The basic configuration of the transmitter of the proposed scheme is shown in Fig. 2. The input data are
divided into frames each of them consists of log, (f/vv ) + wlog, M, bits. The first log, (‘I/VV ) bits are used by the
transmitter DSP to control the locations of the w signal slots. The remainder of the frame bits, wlog, M,bits, are
encoded in w QAM symbols.

M-QAM Laser OOK
modulator [ ] diode || modulator | .
Input data
—> Transmitter DSP

Figure 2. Block diagram of a hybrid QAM-MPPM transmitter.

2.2 Receiver Side

The basic configuration of the receiver of the proposed scheme is shown in Fig. 3. At the receiver side of the
system, the photodiode converts the received optical intensity variations into corresponding variations in the
electrical domain. The received electrical signal y(t) can be written as:

y(®) = REp(1 +MC(8)) +n(t) @)
where R is the responsivity of the photodiode and n is a signal-independent zero-mean white Gaussian noise
with variance ;2.
=R %pMA, +1n,(0) 3)
rg = REpMAg +ny(t) (4)
r; and 7, are independent Gaussian random variables with mean values R %M pA;and R %MpAQ,

respectively. Their variance is o;2. Summation of the square of these independent Gaussian random variables will
be used to demodulate the MPPM symbol where the receiver will choose slots that have the highest w energy to
be considered as the signal slots. The result of this summation will be a new random variable that has non-central
and central chi-square distribution with two degree of freedom in case of signal and non-signal slots,
respectively. After demodulating the MPPM symbol, the QAM symbol, which is delayed by one frame duration,
will be demodulated and the whole symbol will be reconstructed.
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Figure 3. Block diagram of a hybrid QAM-MPPM receiver.

3. BIT-ERROR RATE ANALYSIS

The BER of the proposed scheme is the average of the BERs of both QAM and MPPM [2] as given in Eq. (5),
where BERg 4y is the bit-error rate of traditional QAM and SERppy is the symbol-error rates of the traditional
MPPM. The first term in (5) accounts for bit error rate that occurs to the group of log, (3’/ ) bits which is
transmitted using MPPM so this group has the bit error rate of MPPM. The second term of the equation accounts
for bit error rate of the remaining wlog, M, bits. The second term consists of two parts, the first one considers
the case when all signal slots are correctly decoded and the second considers the case of wrong decoding. Eq. (6)
presents the BER of the traditional Gray coded QAM modulation technique BER 4y [8], where k = log, M.
The SERyppy 1s introduced in Eq. (7) [9], where p,,;,, denotes the minimum average power in signal slots, p,()
and p;() denote the average power probabilities of non-signal and signal slots, respectively. Also, Py() and P; ()
denote their cumulative distributions. The average power of the proposed system will have chi-square
distribution as mentioned in previous section.

_ logz (x) wlogzMgq SERMPPM
BER = o BE R + e (1 = SERyppr) BER gayy + 22EEM] 5)
VMq
4 1 = . 3SNR .
= oot (1 - ﬁ) 22 <(21 -1 m), when k is even
BER(m (6)
~—Q <(2i -1 ﬂ) when k is odd
k logqu Mg—-1
_ oo _ w-m N-w-1
SERvppm = 21et” Tm=1 0 (Z)(le)m@min)m(l - Pl(pmin)) (Po(pmin))
1
* [(1 = Po(Pmin))" + Po Pmin)’ (1 - @)] APmin (7)
m

4. NUMERICAL RESULTS

In this section we use expressions shown in the last section to investigate the performance of the proposed
scheme. In these comparisons, we choose the parameters for system so that they have the same data rates, same
average energy and same bandwidth. Figure 4 shows the average BERs for both hybrid QAM-MPPM and
traditional QAM systems versus average transmitted optical power. As shown in the Fig. 4, the proposed hybrid
QAM-MPPM scheme outperforms the traditional QAM and is more power efficient. The proposed system saves
about 1 dB in average power at BER of 1073. The reason for this improvement is the increase in the available
average power for a QAM symbol of the proposed system. The average power of the QAM symbol in hybrid

QAM-MPPM scheme is % times that of the traditional QAM symbol (in order to keep the data rates of both

schemes equal as well as keep equal average energy). This increases the signal to noise ratio (SNR) seen by the
QAM symbol of proposed scheme.

Figure 5 shows the average BERs for both proposed technique and traditional MPPM technique versus
average transmitted optical power. Proposed system outperform the traditional system by 4 dB at BER 1073 .
In proposed system 2 pulses only are transmitted during 12 time slots while traditional MPPM will transmit
5 pulses during the same number of time slots in order to have the same number of bits per symbol as the new
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technique. So the hybrid QAM-MPPM system will have higher SNR comparing the traditional MPPM in order
to conserve the condition of equal average energy.
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Figure 4.Average bit-error rates for both hybrid QAM-  Figure 5.Average bit-error rates for both hybrid QAM-
MPPM (with N = 4,w = 2, and M, = 8) and traditional MPPM (with N = 12w = 2, and M, = 4) and
QAM (with M, = 4) versus average transmitted optical traditional MPPM (with N = 12 and w = 5) versus
power in dBw. average transmitted optical power in dBw.
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5. CONCLUSION

A hybrid QAM-MPPM modulation technique has been proposed as a power efficient modulation technique.
Mathematical model, transmitter and receiver of the proposed scheme have been presented. The bit error rate
(BER) of the proposed system has been derived with the effect of the signal independent noise taken into
consideration. The BER performance of the proposed hybrid QAM-MPPM scheme has been compared to that of
traditional QAM and MPPM schemes under the conditions of same transmitted data rates, same bandwidth and,
same average energy. Our results reveal that the hybrid QAM-MPPM system outperforms the traditional
techniques and is more power efficient.

ACKNOWLEDGMENT

The authors would like to thank Egyptian Ministry of Higher Education (MoHE) and Egypt-Japan University of
Science and Technology (E-JUST) for their support.

REFERENCES

[17 H. Sugiyama and K. Nosu, “MPPM: a method for improving the band utilization efficiency in optical
PPM,” J. Lightw. Technol., vol. 7, no. 3, pp. 465-472, Mar. 1989.

[2] X. Liu, S. Chandrasekhar, T. Wood, R. Tkach, P. Winzer, E. Burrows, and A. Chraplyvy, “M-ary pulse-
position modulation and frequency-shift keying with additional polarization/phase modulation for high-
sensitivity optical transmission,” Opt. Express, vol. 19, no 26, pp. B§68-B881, 2011.

[3] X.Liu, T. H. Wood, R. W. Tkach, and S. Chandrasekhar, “Demonstration of record sensitivities in
optically preamplified receivers by combining PDM-QPSK and M-ary pulse-position modulation,”

J. Lightw. Technol, vol. 30, no. 4, pp. 406-413, Feb. 2012.

[4] H. Selmy, H. M. H. Shalaby, and Z. Kawasaki., “Proposal and performance evaluation of a hybrid BPSK-
modified mppm technique for optical fiber communications systems,” J. Lightw. Technol, 2013.

[5] H. Selmy, H. M. Shalaby, and Z. Kawasaki., “Performance enhancement of qpsk modulation using hybrid
QPSK-modified MPPM in optical fiber communications,” in Proc. International Japan-Egypt Conference
on Electronics, Communications and Computers (JEC-ECC), 2013, pp. 196—198.

[6] H.S.Khallaf, H. M. H. Shalaby, and Z. Kawasaki., “Proposal of a hybrid OFDM-PPM technique for free
space optical communications systems,” in Proc. IPC, 2013.

[7] A. Bekkali, C. Ben Naila, K. Kazaura, K. Wakamori, and M. Matsumoto, “Transmission analysis of
OFDM-based wireless services over turbulent radio-on-FSO links modeled by gamma-gamma
distribution,” IEEE Photonics Journal, vol. 2, no. 3, pp. 510-520, 2010.

[8] F. Xiong, Digital Modulation Techniques, 2nd ed. ARTECH HOUSE, INC., 2006.

[9] A.E.Morra, H. S. Khallaf, H. M. H. Shalaby, and Z. Kawasaki., “Performance analysis of both shot- and
thermal-noise limited multipulse ppm receivers in gamma-gamma atmospheric channels,” J. Lightw.
Technol., vol. 31, no. 19, pp. 3142-3150, Oct 2013.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
    /POL <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


