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Abstract— We generate single carrier 88 Gb/s polarization-

division multiplexed 16-ary quadrature amplitude 

modulation signal using 4-level driven two parallel 

conventional I/Q modulator. In this we have also use raman 

amplifier to compensate the nonlinearity in the optical span. 

We measure a required optical signal-to-noise ratio (OSNR) 

of 15.8 dB (0.1-nm reference bandwidth; 3.8 × 10-3 bit-

error ratio), 0.5-dB off the theoretical limit. 
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I. INTRODUCTION 

Now a days from different modulation format and detection 

techniques, single carrier based multi-dimensional 

modulation format combined with digital signal processing 

(DSP) based coherent detection has attracted significant 

attentions because of its spectral efficiency is very high. 

PDM-16-QAM is promising in that its spectral efficiency is 

two times higher than that of PDM-QPSK [2]. At the same 

bit-error rate, requirement of optical signal-to-noise ratio of 

PDM-16-QAM is higher than PDM-QPSK because of 

intersymbol distance decreases [1]. 

In this paper we discuss the generation and 

detection of 88 Gb/s PDM-16-QAM modulation format. 16-

QAM signals were generated with conventional I/Q 

modulator driven by two sets of 4-level electrical signals at 

44 Gb/s. Conventional I/Q modulator is made of two 

parallel Linbo3 Mach-Zehnder Modulators (MZM). Here, 

we have also implemented the DSP algorithms to recover 

the constellation diagram of PDM-16-QAM as well as for 

performance improvement. 

Raman amplifier is very important for expanding 

span transmission distance and capacity of system. It is used 

to keep the signal from dropping into the noise before it 

reaches to the fiber end. It does not suffer from the 

limitations of Erbium-Doped Fiber Amplification (EDFA) 

in that it can be integrated with the transmission fiber. Also, 

it can be pumped at any wavelength to provide wide gain 

bandwidth and gain flatness by employing a combination of 

different wavelength pumping sources [4]. In raman 

amplifier, the amplification is achieved by a nonlinear 

interaction between the signal and a pump laser within an 

optical amplifier. The main principle of raman effect is the 

power transfer from lower wavelength (pump source) to 

higher wavelengths [3]. It is confirmed that there was little 

difference between the Q-factor of a system with and 

without raman amplifier. 

II. EXPERIMENTAL SETUP 

A. 88-Gb/s PDM 16-QAM Transmitter: 

The transmitter setup to generate 88 Gb/s PDM-16-QAM 

signal is shown in Figure 1. A continuous wave laser at 

1545 nm with ~100 kHz line width is modulated using two 

parallel conventional I/Q modulators. The launched power 

per channel is optimum near 0 dBm. The optical signal is 

split by polarization beam splitter and sent to an individual 

I/Q modulator. The 16-QAM signal is generated using a 

nested LiNbO3 MZM driven by a 4-level electrical signal at 

44 GB/S which are derived from pseudorandom bit 

sequence (PRBS) generator of sequence length 215–1. If we 

consider chirp, the best transmission setup will be a 

conventional I/Q transmitter, where chirp is comparatively 

small. The chirp characteristics of the other transmitters are 

more disadvantageous because chirp appears simultaneously 

with high power levels [8]. For this reason the conventional 

I/Q transmitter is used in this paper. Then modulated optical 

signal is amplified with optical amplifier. 

The transmission line consisted of three 80 km 

spans of low-loss single mode fiber (SMF) with low 

nonlinearity. At 1550 nm, the fiber loss, dispersion, and 

dispersion slope were 0.2 dB/km, 16.75 ps/nm/km, and 

0.075 ps/nm2 /km respectively. The fiber effective area was 

80 µm2. We used backward-pumped distributed Raman 

amplifier to improve the OSNR of the transmitted signals. 

Frequency and power of pump laser were 1450 nm and 1000 

mW respectively. One EDFA was used to compensate for 

the remaining loss in the loop with 16 dB gain. Dispersion 

compensation was not used in optical span. 

 
Fig. 1: PDM-16-QAM Signal Generation 

B. 88-Gb/s Coherent Intradyne Receiver: 

In the receiver side, the signal was demodulated by a 

coherent intradyne receiver. In this the 88Gb/s single 

wavelength signal was selected using a 50-GHz-bandwidth 
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Gaussian optical filter and combined with a CW laser local 

oscillator (LO) in a polarization-diversity 90- degree hybrid 

which is followed by four balanced detectors. In this paper 

the LO and signal lights were generated from the common 

laser diode. The hybrid coupler gave the 90-degree phase 

offset between its four output ports and by balanced photo 

detection of the [0°, 180°] and [90°, -90°] pairs, I and Q 

components of the signal projected to the LO were 

recovered. The photodetected signals were introduced into 

high speed analog to digital converters (ADC). 

 
Fig. 2: Setup of Polarization-Diversity Coherent Receiver 

The digital signal processing (DSP) for PDM-16-

QAM is used to recover the incoming transmission signal 

after coherent detection. In DSP first Bessel filter is used to 

remove noise. Then it performs Quadrature Imbalance (QI) 

Compensation, chromatic dispersion and nonlinearity 

compensation. The adaptive equalizer is used for the 

compensation of the polarization mode dispersion (PMD) 

and to reduce inter-symbol interference. For dual-

polarization system, the butterfly structure is used for 

polarization demultiplexing. Two-stage Constant modulus 

algorithm- radius directed (CMA-RD) algorithm is used for 

this purpose. The mixing of the received signal with the 

local oscillator introduces a frequency and phase offset. 

Phase and frequency difference between the signal and LO 

was estimated by digital signal processing and then finally I 

and Q components of the signal were recovered. 

III. RESULT AND DISCUSSION 

Figure 3 shows constellation diagrams of both polarizations 

after a 240 km transmission. The chirp characteristic of the 

modulator is important in higher-order multilevel QAM 

modulation like in 16-QAM. So, from this figure we can say 

that chirp is comparatively small in conventional I/Q 

modulator. 

 
Fig. 3: Constellation Diagrams after 240 Km Transmission 

 
Fig. 4: BER Versus Launched Power 

Figure 4 shows the graph of BER versus launched 

power in dBm for 640 km. BER is lower at 0 dBm launched 

power. So, range of launched power varies between -1 to 1 

dBm for carrier. 

 
Fig. 5: BER versus OSNR 

Figure 5 shows BER versus optical signal-to-noise 

ratio (OSNR, 0.1-nm reference bandwidth, noise in both 

polarizations). The open circles and stars represent 

theoretical and practical value for 88-Gb/sDP-16-QAM 

respectively. There is little difference between them which 

is ~0.5 dB because of low data rate. Back-to-back BER 

measurements show a required OSNR of 15.8 dB at 3.8 × 

10−3. 

 
Fig. 6: Effect of Raman Amplifier on Q-Factor at Different 

Distance 

Figure 6 represents Q-factor versus distance 

travelled at presence and absence of Raman amplifier in 

optical span. In this open circles and stars shows absence 
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and presence of Raman amplifier respectively. Raman 

amplifier has an advantage of low noise characteristics 

which can improve the overall signal quality. Because of 

this reason Q-factor will increase in presence of Raman 

amplifier. 

IV. CONCLUSION 

We have demonstrated the generation and detection of a 88-

Gb/s PDM-16-QAM over 800 km using two I/Q modulator 

which is driven by 4-level electrical signal. Here, we have 

also realized the effect of Raman amplifier which is helpful 

to mitigate the nonlinearity. Back-to-back BER 

measurements show a required OSNR of 15.8 dB at 3.8 × 

10−3. 
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