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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 ܶ is divided into ܰ time slots and has optical power in w < ܰ time
ே
൯ bits per frame. In the proposed technique, instead of transmitting
slots only. MPPM technique transmits ݈݃ଶ ൫௪
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
ே
݈݃ଶ ൫௪
൯ + ݈݃ݓଶ ܯ . where ܯ is the number of modulation levels of M-QAM.
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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]:
ܲ(= )ݐ

ே
௪

்

σேିଵ
ୀ [1 + ܥܯ ( ݐܿ݁ݎ])ݐቀ ݐെ ቁ

(1)

ே

where  is the average transmitted optical power,  ܯis the modulation index, ܥ ( )ݐand  )ݐ(ݐܿ݁ݎare defined as
following:
()ݐ
ܵ
݂ݐ݈ݏ ݁݉݅ݐ ݈ܽ݊݃݅ݏ ݎ
ܥ ( = )ݐ൜ ொெ
0
݂ݐ݈ݏ ݁݉݅ݐ ݈ܽ݊݃݅ݏ ݊݊ ݎ
 = )ݐ(ݐܿ݁ݎቄ

1
0

0  ܶ < ݐ/ܰ
݁ݏ݅ݓݎ݄݁ݐ

The QAM signal ܵொெ ( )ݐis defined as following:
ܵொெ (ܣ = )ݐூ cos(2ߨ݂  )ݐ+ ܣொ cos(2ߨ݂ )ݐ
where ܣூ and ܣொ are the in-phase and quadrature components of the QAM symbol, respectively, and ݂ is the
electrical carrier frequency.
The basic configuration of the transmitter of the proposed scheme is shown in Fig. 2. The input data are
ே
ே
൯ + ݈݃ݓଶ ܯ bits. The first ݈݃ଶ ൫௪
൯ bits are used by the
divided into frames each of them consists of ݈݃ଶ ൫௪
transmitter DSP to control the locations of the  ݓsignal slots. The remainder of the frame bits, ݈݃ݓଶ ܯ bits, are
encoded in  ݓQAM symbols.
M-QAM
modulator

Input data

Laser
diode

OOK
modulator

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  )ݐ(ݕcan be written as:
ே
(2)
 ܴ = )ݐ(ݕ൫1 + )ݐ(ܥܯ൯ + ݊()ݐ
௪
where ܴ is the responsivity of the photodiode and ݊ is a signal-independent zero-mean white Gaussian noise
with variance ߪଶ .
ே
ݎூ = ܴ ܣܯூ + ݊ଵ ()ݐ
(3)
௪
ே

ݎொ = ܴ ܣܯொ + ݊ଶ ()ݐ
௪

 ܫݎand ܳݎ

are independent Gaussian random variables with mean values ܴ

(4)
ே
௪

ே

ܣܯூ and ܴ ܣܯொ ,
௪

respectively. Their variance is ߪଶ . 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  ݓenergy 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 ܴܧܤொெ is the bit-error rate of traditional QAM and ܴܵܧெெ 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 ݈݃ଶ ൫௪
൯ 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 ݈݃ݓଶ ܯ 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 ܴܧܤொெ [8], where ݇ = ݈݃ଶ ܯ .
The ܴܵܧெெ is introduced in Eq. (7) [9], where  denotes the minimum average power in signal slots,  ()
and ଵ () denote the average power probabilities of non-signal and signal slots, respectively. Also, ܲ () and ܲଵ ()
denote their cumulative distributions. The average power of the proposed system will have chi-square
distribution as mentioned in previous section.
= ܴܧܤ

ಿ
మ ቀೢ
ቁ
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(5)

൱ , when ݇ is even
(6)

۔
ۖ
ۖ < ସ ܳ ൭(2݅ െ 1)ට ଷௌேோ ൱ ,
ெ ିଵ
 ەమெ

when ݇ is odd

ஶ
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௪
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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 10ିଷ . 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
௪
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 10ିଷ .
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.

Figure 4.Average bit-error rates for both hybrid QAMMPPM (with N = 4,w = 2, and Mq = 8) and traditional
QAM (with Mq = 4) versus average transmitted optical
power in dBw.

Figure 5.Average bit-error rates for both hybrid QAMMPPM (with N = 12,w = 2, and Mq = 4) and
traditional MPPM (with N = 12 and w = 5) versus
average transmitted optical power in dBw.

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.
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