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DEVELOPMENT OF MODULATION FORMATS IN OPTICAL FIBER
COMMUNICATION CHANNEL
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I. Introduction. There are two ways to make telecommunication systems more effective. They
are based on dense wavelength division multiplexing (DWDM): reduction of distance 6 between
channels and increase of channel rate R [1, 2].

The second way is more cost-effective because the increase R leads to reduction of cost of
information unit. At current rates the increase of channel rate in four times reduces cost of
information unit in 2,5 times, so as while fixed value of y increases distance between channels,
reduces requirements to stability of emission wavelength of lasers and spectral characteristics of
multiplexers.

However, along with mentioned advantages, increase of information bit rate is followed by
growth of distortions of digital signals in communication line. Particularly, distortions caused by
chromatic dispersion grow in proportion to square of channel bit rate R®, distortion because of
impact of polarization mode dispersion (PMD) at first approximation are proportional to the first
stage of channel bit rate R . Noise power is also proportional to bit rate. Thus with increase of bit
rate it is necessary to move on to transmission formats that are less sensitive to dispersion and non-
linear distortions [3...6].

The purpose of the work is the research of modulation formats allowing to increase information
bit rate without essential distortions of signal because of non-linearity and different types of
dispersions.
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I1. Main part. Spectral efficiency y is a numeric measure of efficiency for usage of operating
spectrum of DWDM telecommunication networks for data transmission, determined as ratio of
channel bit rate R to distance between DWDM channels 6 (Fig.1):
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Fig. 1. Schematic layout of optic channels in operating frequency range

At fixed width of operating spectral range A wused for signal transmission, maximal total rate
R, , which equals product of channel rate R and channel number n, is determined as:

R, =7A. (2)

Therefore, it is necessary to raise R, spectral efficiency for increase. To reach that it is

possible to either reduce distance between channels 6 or raise channel rate R . Also it is possible
to reach the increase R, with the help of enlargement of spectral range A, in other words by

addition new channels on new frequencies, but this is not always possible, because spectral line of
DWDM networks can be limited by the type of used amplifiers or by any other reason.

The most often used modulation formats can be divided by type of electromagnetic wave that is
used for modulation. It is formats in which for the information mapping amplitude modulation is
used (ASK — Amplitude Shift Keying) and phase modulation is used (PSK — Phase Shift Keying).
Herein it is necessary to remember, that range of formats using amplitude modulation include some
phase modulation that doesn't carry any information.

Meanwhile, multilevel formats are already used in radiotechnics. Information in such formats is
displayed both as amplitude (intensity), and as phase of electromagnetic wave. Modulation, used in
formats of such type is sometimes called quadrature modulation. Such formats are often denoted as
ASK-PSK.

The most popular amplitude formats are binary formats, which have two informative values of
power matching on/off state of transmitter. So these formats are often denoted as OOK (On/Off
Keying). In optic networks all phase modulation formats use differential (phase shift keying)
modulation, so as in optical range it is unpractical to identify absolute value for phase of light
carrier of received signal. So information is embedded in relative phase shift of carriers of two
consecutive pulses. This phase shift has to be transformed in amplitude modulation with the use of
optic time delay lines and interference. The appropriate denotation for these formats is — DPSK
(Difterential Phase Shift Keying).

From theoretical point of view fiber-optic systems can be considered as classical band systems,
which are applicable to well-developed for classical radiocommunication modulation theory. The
difference between optic and radio-microwave systems lies in the range of carrying frequencies
(~200 THz against few MHz or GHz) and in characteristics of components able to generate or
modulate signals in these ranges, and also in characteristics of diffusion medium - optic fiber in
case of optic networks.

On Fig. 2,a we can see the formation scheme for signal with the help of phase modulator, and
on Fig. 2,6 — the formation scheme using Mach-Zehnder modulator with equal intensity levels of
“1” and “0” symbols.

If information lies in phase change from symbol to symbol (Table 1), then signal that operates
phase modulator has to be previously transformed.
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Fig. 2. Formation scheme of binary signal with the help of phase modulator
(a) and with the help of Mach-Zehnder modulator (6)

Matching of phase values of two sequent

impulses with transmission symbol Table 1
®, 0, Symbol
0 0 0
0 Vg 1
V4 0 1
T Vg 0

For example, in Table 2 it is shown that c(O) =1 and coding is made by second method. It
means that current bit of code c(k) equals 1, if message bit m(k) matches with previous bit of
code ¢(k—1), otherwise ¢(k)=0.

Formation of differential DPSK signal Table 2
Discretization 0 1 ) 3 4 5 6 7 8
parameter, k
Information signal, 1 1 1 0 0 1 0 0
L —
Differential signal, 1 1 1 1 0 1 0 0 1
c(k)
Phase shift, 6(k) T T /s /s 0 i 0 0 /s

Then the coded sequence c(k) transforms into phase shift sequence 6 (k) , where informative

"one" is represented by phase shift on 7, and "zero" is zero phase shift. In detection process
received signal is compared with reference signal, which represents delayed on one bit received
signal. This operation can be made, for example, by passive all-fiber Mach-Zehnder interferometer,
where delay time in one shoulder is bigger than delay time in other shoulder on one bit period.
Therefore, during each bit interval the phase of received symbol is being compared to the phase of
previous symbol. If they match, then the informative "1" is being detected, but if phase difference is
equal m, then logical "0" (Table 1).

Usage of two parallel operating photodiodes in the receiver allows to reduce probability of
mistake occurrence and increase receive sensitivity on about 3 dB. On 40 Gbit/s bit rate it is
possible to transmit DPSK signals on long distances with less losses, than signals of other formats.
However, this requires expensive terminals.

There is one more way to increase bit rate in DWDM systems. It is usage of such named
DuoBinary Transmission (DBT). This is transmission of signals with three levels: +1, 0, -1. One of
the variety of such transmission is Phase Shaped Binary Transmission (PSBT), it is highly
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recommended for DWDM systems. PSBT signals have narrower spectrum in comparison with RZ
and NRZ signals. These signals are formed with the help of coding schemes with levels +1, 0, -1,
which have different phase shift (Fig. 3).
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Fig. 3. Constellation diagfam of three symbol signals: a—DBT, b-PSBT;
E, ¢ — magnitude and phase of electric field strength accordingly

System with PSBT is around 3 times more stable to chromatic dispersion than NRZ or DBT
formats. Phase shift in PSBT also helps to reduce negative effect of inter-channel non-linear
effects on 40 Gbit/s rate. Usage of such format increases sensibility of photoreceiver and also
doesn't reduce the difference of levels of detected signals while usage of ordinary binary
photoreceivers [7].

Usage of ASK formats with permanent growth of transmission data volume prevents from
further increase of carrying capacity of transmission line, because modulation frequency of electric
signal is limited by value 40 Gbit/s. Moreover, high-rate binary modulation is characterized by low
spectral efficiency and low dispersion tolerance.

To some extent these problems can be solved by multilevel coding of signals, for example,
four-level in formats ASK and PSK (or, in particular, QPSK — Quaternary Phase Shift Keying).
However, realization of four-level scheme is relatively complex.

Increasing number of signal levels leads to worse matching by receiver because of bad
expansion of eye diagram. For example, the eight-symbol mixed amplitude-phase format ASK-
QPSK was considered in the work [8]. This format is a mixture of two-level amplitude format ASK
and four-level phase format QPSK. On Fig.4 we can see 8 symbols of signal (A, B, C, D, a, b, c, d)
of format ASK-QPSK.
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Fig. 4. Constellation diagram of eight symbols ASK-QPSK signal;
E,, E, — magnitudes of electric field strength, ¢ — phase of electric field strength
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One symbol represents 3 bits of information, so bit rate appears to be 3 times more than symbol
rate. Signal has 2 levels of amplitude E,, E, and 4 values of phase 0, 7/2, 7,37 /2. The

receiver technology is shown on Fig. 5.
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Fig. 5. ASK-QPSK former

Bicyclic Mach-Zehnder modulator that doesn't create chirp modulates phase of continuous
light wave, that gets out of laser diode forcing it to take a value of 0 or 7.

Optic phase modulator adds phase shift of 0 or 7 /2. Thus four phase values appear. The next
stage is NRZ or RZ modulation. Bicyclic Mach-Zehnder modulator is required for NRZ
modulation, when the second modulator transforms NRZ signal into RZ signal. Power decreases to
zero value on bounds of RZ-QPSK bit, so this signal is more stable to chromatic dispersion than
NRZ-QPSK signal (proved by experimental results).

III. Conclusion. Despite growth of capacity of transmitted data in fiber, ASK remains the
major modulation format, because of its simple realization and low cost of transmit/receive
equipment. But usage of amplitude modulation prevents increase of spectral efficiency y, and
increase y will be the only way for future telecommunication networks to increase total rate of
transmission.

It is perspective to use PSBT format and multilevel formats in DWDM networks. They allow to
increase spectral efficiency and stability to different types of dispersion in optical fiber.
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