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undersea fiber-optic communication network of the 1990s



Until recently, virtually all communication systems have relied on the transmission of information over electrical cables or have made use of radio-frequency and microwave electromagnetic radiation propagating in free space. It would appear that the use of light would have been a more natural choice for communications since, unlike electricity and radio waves, it did not have to be discovered. The reasons for the delay in the development of this technology are twofold: the difficulty of producing a light source that could be rapidly switched on and off and therefore could encode information at a high rate, and the fact that light is easily obstructed by opaque objects such as clouds, fog, smoke, and haze. Unlike radio-frequency and microwave radiation, light is rarely suitable for free-space communication. Lightwave communications has recently come into its own, however, and indeed it is now the preferred technology in many applications. It is used for the transmission of voice, data, telemetry, and video in long-distance and local-area networks, and is suitable for a great diversity of other applications (e.g., cable television). Lightwave technology affords the user enormous transmission capacity, distant spacings of repeaters, immunity from electromagnetic interference, and relative ease of installation. The spectacular successes of fiber-optic communications have their roots in two critical photonic inventions: the development of the light-emitting diode (LED) and the development of the low-loss optical fiber as a light conduit. Suitable detectors of light have been available for some time, although their performance has been improved dramatically in recent years. Interest in optical communications was initially stirred by the invention of the laser in the early 1960s. However, the first generation of fiber-optic communication systems made use of LED sources and indeed many present local-area commercial systems continue to do so. Nevertheless, most lightwave communication systems (such as long-haul single-mode fiber-optic systems and short-haul free-space systems) do benefit from the large optical power, narrow linewidth, and high directivity provided by the laser. The proposed extension of the fiber network to reach individual dwellings will rely on the use of diode lasers. A fiber-optic communication system comprises three basic elements: a compact light source, a low-loss/low-dispersion optical fiber, and a photodetector. These optical components have been discussed in Chaps. 16, 8, and 17, respectively. In this chapter we examine their role in the context of the overall design, operation, and performance of an optical communication link. Optical accessories such as connectors, couplers, switches, and multiplexing devices, as well as splices, are also essential to the successful operation of fiber links and networks. Optical-fiber amplifiers have also proved themselves to be very valuable adjuncts to such systems. The principles of some of these devices have been discussed in Chap. 21 and in other parts of this book. Although the waveguiding properties of different types of optical fibers have been discussed in detail in Chap. 8, this material is reviewed in Sec. 22.1 (in abbreviated form) to make this chapter self-contained. A brief summary of the properties of semiconductor photon sources and detectors suitable for fiber-optic communication systems is also provided in this section. This is followed, in Sec. 22.2, by an introduction to modulation, multiplexing, and coupling systems used in fiber-optic communications.
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Section 22.3 introduces the basic design principles applicable to long-distance digital and analog fiber-optic communication systems.The maximum fiber length that can be used to transmit data (at a given rate and with a prescribed level of performance) is determined. Performance deteriorates if the data rate exceedsthe fiber bandwidth, or if the received power is smaller than the receiver sensitivity (so that the signal cannot be distinguished from noise). The sensitivity of an optical receiver operating in a binary digital communication mode is evaluated in Sec. 22.4. It is of interest to compare these results with the sensitivity of an analog optical receiver, which was determined in Sec. 17SD. Coherent optical communication systems,which are introduced in Sec. 22.5, use light not as a source of controllable power but rather as an electromagnetic wave of controllable amplitude, phase, or frequency. Coherent optical systemsare the natural extension to higher frequencies of conventional radio and microwave communications. They provide substantial gains in receiver sensitivity, permitting further spacings between repeaters and increased data rates.
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An optical fiber is a cylindrical dielectric waveguide made of low-lossmaterials, usually fused silica glassof high chemical purity. The core of the waveguide has a refractive index slightly higher than that of the outer medium, the cladding, so that light is guided along the fiber axis by total internal reflection. As described in Chap. 8, the transmission of light through the fiber may be studied by examining the trajectories of rays within the core. A more complete analysismakes use of electromagnetic theory. Light waves travel in the fiber in the form of modes, each with a distinct spatial distribution, polarization, propagation constant, group velocity, and attenuation coefficient. There is, however, a correspondence between each mode and a ray that bounces within the core in a distinct trajectory. Step-lndex Fibers In a step-index fiber, the refractive index is n1 in the core and abruptly decreasesto n2 in the cladding [Fig. 22.1-l(a)]. The fractional refractive index change A = (ni - n2)/n1 is usually very small (A = 0.001 to 0.02). Light rays making angleswith the fiber axis smaller than the complement of the critical angle, e, = cos-%2,/n,), are guided within the core by multiple total internal reflections at the core-cladding boundary. The angle e, in the fiber correspondsto an angle 8, for rays incident from air into the fiber, where sin 8, = NA and NA = (n: - ns)1/2 = n,(2A)‘i2 is called the numerical aperture. 8, is the acceptance angle of the fiber. The number of guided modes M is governed by the fiber V parameter, V = 2da/h,)NA, where a/A, is the ratio of the core radius a to the wavelength A,. In a fiber with V B 1, there are a large number of modes, M = V2/2, and the minimum and maximum group velocities of the modes are u,~ = c,(l - A) = c1(n2/nl) and V = ci = c,/n,. When an impulse of light travels a distance L in the fiber, it uizergoes different time delays, spreading over a time interv,t 2u, = L/c,(l - A) L/c, = (L/c,)A. The result is a pulse of rms width



(22.1-1) Fiber Response Time (Multimode Step-Index Fiber)



COMPONENTS



OF THE OPTICAL FIBER LINK



877



The overall pulse width is therefore proportional to the fiber length L and to the fractional refractive index change A. This effect is called modal dispersion Graded-Index Fibers In a graded-index fiber, the refractive index of the core varies gradually from a maximum value ni on the fiber axis to a minimum value n2 at the core-cladding boundary [Fig. 22.1-l(b)]. The fractional refractive index change A = (ni - n2>/n1 -=K1. Rays follow curved trajectories, with paths shorter than those in the step-index fiber. The axial ray travels the shortest distance at the smallest phase velocity (largest refractive index), whereas oblique rays travel longer distancesat higher phasevelocities (smaller refractive indices), so that the delay times are equalized. The maximum difference between the group velocities of the modesis therefore much smaller than in the step-index fiber. When the fiber is graded optimally (using an approximately parabolic profile), the modes travel with almost equal group velocities. When the fiber V parameter, V = 2r(a/h,)NA, is large, the number of modes A4 = V2/4; i.e., there are approximately half as many modes as in a step-index fiber with the same value of V. The group velocities then range between ci and c,(l - A2/2), so that for a fiber of length L an input impulse of light spreadsto a width



1



L UT Z- 4c, A2*



(22.1-2) Fiber Response Time (Graded-Index Fiber; Parabolic Profile)



This is a factor A/2 smaller than in the equivalent step-index fiber. This reduction factor, however, is usually not fully met in practical graded-index fibers becauseof the difficulty of achieving ideal index profiles. Single-Mode Fibers When the core radius a and the numerical aperture NA of a step-index fiber are sufficiently small so that V < 2.405 (the smallestroot of the Besselfunction Jo), only a single mode is allowed. One advantage of using a single-modefiber is the elimination of pulse spreading caused by modal dispersion. Pulse spreading occurs, nevertheless, since the initial pulse has a finite spectral linewidth and since the group velocities (and therefore the delay times) are wavelength dependent. This effect is called chromatic dispersion. There are two origins of chromatic dispersion: material dispersion, which results from the dependence of the refractive index on the wavelength, and waveguide dispersion, which is a consequenceof the dependence of the group velocity of each mode on the ratio between the core radius and the wavelength. Material dispersion is usually larger than waveguide dispersion. A short optical pulse of spectral width a,, spreadsto a temporal width



(22.1-3) Fiber Response Time (Material Dispersion)



proportional to the propagation distance L (km) and to the source linewidth aA (nm), where D is the dispersion coefficient (ps/km-nm). The parameter D involves a combination of material and waveguide dispersion. For weakly guiding fibers (A s l), D may be separated into a sum D, + D, of the material and waveguide contributions. The geometries, refractive-index profiles, and pulse broadening in multimode step-
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Figure 22.1-1 (a) Multimode step-index fibers: relatively large core diameter; uniform refractive indices in the core and cladding; large pulse spreading due to modal dispersion. (b) Graded-index fibers: refractive index of the core is graded; there are fewer modes; pulse broadening due to modal dispersion is reduced. (c) Single-mode fibers: small core diameter; no modal dispersion; pulse broadening is due only to material and waveguide dispersion.



index and graded-index fibers and in single-mode fibers are schematically compared in Fig. 22.1-1. Material Attenuation and Dispersion The wavelength dependence of the attenuation coefficients of different types of fused-silica-glassfibers are illustrated in Fig. 22.1-2. As the wavelength increases beyond the visible band, the attenuation drops to a minimum of approximately 0.3 dB/km at A, = 1.3 ,um, increases slightly at 1.4 pm becauseof OH-ion absorption, and then drops again to its absolute minimum of = 0.16 dB/km at A, = 1.55 pm, beyond which it rises sharply. The dispersion coefficient D, of fused silica glassis also wavelength dependent, as illustrated in Fig. 22.1-2. It is zero at A, = 1.312 pm. Operating Wavelengths for Fiber-Optic Communications As illustrated in Fig. 22.1-2, the minimum attenuation occurs at = 1.55 pm, whereas the minimum material dispersion occurs at = 1.312 pm. The choice between these two wavelengths depends on the relative importance of power loss versus pulse spreading, as explained in Sec. 22.3. However, the availability of an appropriate light source is also a factor. First-generation fiber-optic communication systemsoperated at = 0.87 pm (the wavelength of AlGaAs light-emitting diodes and diode lasers), where both attenuation and material dispersion are relatively high. More advanced systems operate at 1.3 and 1.55 pm. A summary of the salient properties of silica-glassfibers at these three operating wavelengths is provided in Table 22.1-1.
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Figure 22.1-2 Wavelength dependence of the attenuation and material dispersion coefficients of silica-glass fibers, indicating three wavelengths at which fiber-optic communication systems typically operate: 0.87, 1.3, and 1.55 pm.



Advanced designsusing graded-index single-modefibers aim at balancing waveguide dispersionwith material dispersion, so that the overall dispersion coefficient vanishesat A, = 1.55 pm rather than at 1.312 pm. This is achieved at the expense of a slight increase of the attenuation coefficient. Transfer Function, Response Time, and Bandwidth A communication channel is usually characterized by its impulse-responsefunction h(t). For the fiber-optic channel, this is the received power as a function of time when the input power at the transmitter side is an impulse function 8(t) [see Figs. 22.1-3(a) and 22.1-l]. An equivalent function that also characterizes the channel is the transfer function X(f). This is obtained, as illustrated in Fig. 22.1-3(b), by modulating the



TABLE 22.1-l of Silica-Glass



Minimum Attenuation and Material Fiber at Three Wavelengths’ Attenuation



A, (pm) 0.87 1.312 1.55 ‘Actual



(dB/km)



Dispersion



Dispersion (ps/km-nm)



1.5 0.3 0.16 values



depend



on the type of fiber



Coefficients



-80 0 +17 and the dopants



used.
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Figure 22.1-3 (a) Measurement of the impulse-response function h(t). (b) Measurement of the transfer function X(f). The attenuation coefficient a(f) is the negative of the absolute value of X(f) in dB units for L = 1 km.



input power (P(z) at z = 0) sinusoidally at frequency f, P(0) = P,(O) + Ps(0)cos(2~ft), where Ps(0) < P,(O), and measuring the output power after propagation a distance L through the fiber, P(L) = P,(L) + P, 0.87
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performance of this system is limited by the fiber’s high attenuation and modal dispersion. System 2: Single-Mode Fibers at 1.3 pm. The move to single-mode fibers and a wavelength where material dispersion is minimal led to a substantial improvement in performance, limited by fiber attenuation. InGaAsP lasersare used with either InGaAs p-i-n or APD photodetectors (or Ge APDs). System 3: Single-Mode Fibers at 1.55 pm. At this wavelength the fiber has its lowest attenuation. Performance is limited by material dispersion, which is reduced by the use of single-frequency lasers(InGaAsP). These three systems, which are often referred to as the first three generations of fiber-optic systems,are used as examples in Sec. 22.3 and estimates of their expected performance are provided. Most systems currently being installed belong to the third generation. As an example, the AT&T TAT-9 transatlantic fiber-optic cable (see page 874) makesuse of single-mode fibers at 1.55 pm and low-chirp InGaAsP DFB single-frequency lasers. Information is transmitted at 560 Mb/s per fiber pair; some 80,000 simultaneous voice-communication channels are carried the approximately 6000 km from the U.S. and Canada to the U.K., France, and Spain. Repeaters, which are powered by high voltage sent along the length of the cable, are spacedmore than 100 km apart. Third-generation technology has been extended in a number of directions, and systemscurrently under development will incorporate many of the advances achieved in the laboratory. One relatively recent development of substantial significance is the Er3+:silica-fiber amplifier (see Sets. 13.2C and 22.1A). This device will have a dramatic impact on the configuration of new systems.AT&T and KDD in Japan, for example, have joined together in the development of a transpacific fiber-optic link that will use fiber-amplifier repeaters spaced = 40 km apart to carry some 600,000 simultaneous voice-communication channels. This is a dramatic improvement over the 80,000 simultaneous conversations supported by the electronically repeatered TAT-9 transatlantic cable put into service in 1991. Optical soliton transmissionis another area of high current interest and substantial promise. Solitons are short (typically 1 to 50 ps) optical pulsesthat can travel through long lengths of optical fiber without changing the shape of their pulse envelope. As discussedin Sec. 19.8, the effects of fiber dispersion and nonlinear self-phasemodulation (arising, for example, from the optical Kerr effect) precisely cancel each other, so that the pulses act as if they were traveling through a linear nondispersive medium. Erbium-doped fiber amplifiers can be effectively used in conjunction with soliton transmission to overcome absorption and scattering losses. Prototype systems have already been operated at several Gb/s over fiber lengths in excess of 12,000 km. Soliton transmissionat Tb/s rates is in the offing.



MODULATION,



MULTIPLEXING,



AND



COUPLING



887



All of the systems described above make use of direct detection, in which only the signal light illuminates the photodetector. Fourth-generation systems make use of coherent detection (see Sec. 22.5), in which a locally generated source of light (the local oscillator) illuminates the photodetector along with the signal. Erbium-doped fiber amplifiers are also useful in conjunction with heterodyne systems. The use of coherent detection in a fiber-optic communication system improves system performance; however, this comes at the expense of increased complexity. As a result, the commercial implementation of coherent systems has lagged behind that of direct-detection systems.
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A communication system (Fig. 22.2.1) is a link between two points in which a physical variable is modulated at one point and observed at the other point. In optical communication systems, this variable may be the optical intensity, field amplitude, frequency, phase, or polarization. To transmit more than one message on the same link, the messages may be marked by some physical attribute that identifies them at the receiver. This scheme is called multiplexing. A communication network is a link between multiple points. Messages are transmitted between the different points by a system of couplers and switches that route the messages to the desired locations. Modulation, multiplexing, coupling, and switching are therefore important aspects of communication systems. This section is a brief introduction to modulation, multiplexing, and coupling in fiber-optic communication systems. Photonic switches are considered in Chap. 21.



A.



Modulation



Optical communication systems are classified in accordance with the optical variable that is modulated by the message: Field Modulation. The optical field may serve as a carrier of very high frequency (2 x 1014Hz at h, = 1.5 pm, for example). The amplitude, phase, or frequency may be modulated, much as the amplitude, phase, or frequency of electromagnetic fields of lower frequencies (such as radio waves) are varied in amplitude modulation (AM), phase modulation (PM), and frequency modulation (FM) systems (Fig. 22.2-2). Because of the extremely high frequency of the optical carrier, a very wide spectral band is available, and large amounts of information can, in principle, be transmitted. Intensity Modulation. The optical intensity (or power) may be varied in accordance with a modulation rule by meansof which the signal is coded (direct proportionality, for example, as illustrated in Fig. 22.2-3). The optical field oscillations at
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Figure 22.2-2 Amplitude and frequency modulation of the optical field: (a) unmodulated (b) amplitude-modulated field; (c) frequency-modulated field.



field;



1014to 1016Hz are unrelated to the operations of modulation and demodulation; only power is varied at the transmitter and detected at the receiver. However, the wavelength of light may be used to mark different messagesfor the purpose of multiplexing. Although modulation of the optical field is an obvious extension of conventional radio and microwave communication systems to the optical band, it is rather difficult to implement, for several reasons: 9 It requires a source whose amplitude, frequency, and phase are stable and free from fluctuations, i.e., a highly coherent laser. . Direct modulation of the phase or frequency of the laser is usually difficult to implement. An external modulator using the electro-optic effect, for example, may be necessary. . Becauseof the assumedhigh degree of coherence of the source, multimode fibers exhibit large modal noise; a single-modefiber is therefore necessary. . Unless a polarization-maintaining fiber is used, a mechanismfor monitoring and controlling the polarization is needed. . The receiver must be capable of measuring the magnitude and phase of the optical field. This is usually accomplished by use of a heterodyne detection system. Becauseof the requirement of coherence, optical communication systemsusingfield modulation are called coherent communication systems.These systemsare discussedin Sec. 22.5.
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Figure 22.2-4 An example of PCM. A 4-kHz voice signal is sampled at a rate of 8 X lo3 samples per second. Each sampleis quantizedto 2s = 256 levels and represented by 8 bits, so that the signal is a sequence of bits transmitted at a rate of 64 kb/s.



The majority of commercial fiber communication systemsat present use intensity modulation. The power of the source is modulated by varying the injected current in an LED or a diode laser. The fiber may be single-mode or multimode and the optical power received is measuredby use of a direct-detection receiver. Once the modulation variable is chosen (intensity, frequency, or phase), any of the conventional modulation formats (analog, pulse, or digital) can be used. An important example is pulse code modulation (PCM). In PCM the analog signal is sampled periodically at an appropriate rate and the samplesare quantized to a discrete finite number of levels, each of which is binary coded and transmitted in the form of a sequenceof binary bits, “1” and “0,” represented by pulsestransmitted within the time interval between two adjacent samples(Fig. 22.2-4). If intensity modulation is adopted, each bit is represented by the presence or absenceof a pulse of light. This type of modulation is called on-off keying (OOK). For frequency or phasemodulation, the bits are represented by two values of frequency or phase. The modulation is then known as frequency shift keying (FSK) or phase shift keying (PSK). These modulation schemes are illustrated in Fig. 22.2-5. It is also possible to modulate the intensity of light with a harmonic function serving as a subcarrier whose amplitude, frequency, or phase is modulated by the signal (in the AM, FM, PM, FSK, or PSK format).



B.



Multiplexing



Multiplexing is the transmission and retrieval of more than one signal through the same communication link, as illustrated in Fig. 22.2-6. This is usually accomplishedby marking each signal with a physical label that is distinguishable at the receiver. Two standard multiplexing systemsare in use: frequency-division multiplexing (FDM) and time-division multiplexing (TDM). In FDM, carriers of distinct frequencies are modulated by the different signals. At the receiver, the signalsare identified by the use of filters tuned to the carrier frequencies. In TDM, different interleaved time slots are



890



FIBER-OPTIC



COMMUNICATIONS I t



1



0



1



lb)



(4



(4



Figure 22.2-5 Examples of binary modulation of light: (a) on-off keying intensity modulation (OOK/IM); (b) frequency-shift-keying intensity modulation (FSK/IM); (c) frequency-shift-keying (FSK) field modulation; (d) phase-shift-keying (PSK) field modulation.



allotted to samplesof the different signals. The receiver looks for samplesof each signal in the appropriate time slots. In optical communication systems based on intensity modulation, FDM may be implemented by use of subcarriers of different frequencies. The subcarriers are identified at the receiver by use of electronic filters sensitive to these frequencies, as illustrated in Fig. 22.2-7. It is also possible, and more sensible, to use the underlying optical frequency of light as a multiplexing “label” for FDM. When the frequencies of the carriers are widely spaced(say, greater than a few hundred GHz) this form of FDM is usually called wavelength-division multiplexing (WDM). A WDM system useslight sources of different wavelengths, each intensity modulated by a different signal. The
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Frequency-division multiplexing using intensity is accomplished by use of electronic filters.



modulation



with subcarriers.



modulated light beamsare mixed into the fiber using optical couplers. Demultiplexing is implemented at the receiver end by use of optical (instead of electronic) filters that separate the different wavelengths and direct them to different detectors. At A, = 1.55 pm, for example, a frequency spacingof AV = 250 GHz is equivalent to [AAl = (/42,/c,>lAvl = 2 nm. Thus 10 channels cover a band of 20 nm. Since the carrier frequencies are widely spaced, each channel may be modulated at very high rates without crosstalk. However, from an optics perspective, a 2-nm spectral range is relatively narrow. The spectral linewidth of the light sources must be even narrower and their frequencies must be stable within this narrow spectral range. Wavelength-division demultiplexers use optical filters to separate the different wavelengths. There are filters basedon selective absorption, transmission,or reflection, such as thin-film interference filters. An optical fiber, with the two ends acting as reflectors, can serve as a Fabry-Perot etalon with spectral selectivity (see Sec. 2SB). Other filters are based on angular dispersion, such as the diffraction grating. Examples of these filters are illustrated in Fig. 22.2-8. Another alternative is the use of hetero-
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Figure 22.2-8 Wavelength-division demultiplexing usingoptical filters. (a) Each of the dielectric interference filters transmits only a single wavelength and reflects other wavelengths. A graded-index (GRIN) rod (see Sec. 1.3B) guides the waves between the filters. (b) A diffraction grating (Sec. 2.4B) separates the different wavelengths into different directions, and a gradedindex (GRIN) rod guides the waves to the appropriate fibers.
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dyne detection. A wavelength-multiplexed optical signal with carrier frequencies VI, v’2, * * * is mixed with a local oscillator of frequency vL and detected. The photocurrent carries the signatures of the different carriers at the beat frequencies fi = vl - vL, f2 = v2 - VL, . . . . These frequencies are then separated using electronic filters (see Sec. 22.5A).



C.



Couplers



In addition to the transmitter, the fiber link, and the receiver, a communication system uses couplers and switches which direct the light beams that represent the various signals to their appropriate destinations. Couplers always operate on the incoming signals in the same manner. Switches are controllable couplers that can be modified by an external command. Photonic switches are described in Chap. 21. Examples of couplers are shown schematically in Fig. 22.2-9. In the T-coupler, a signal at input point 1 reaches both output points 2 and 3; a signal at either point 2 or point 3 reaches point 1. In the star coupler, the signal at any of the input points reaches all output points. In the four-port directional coupler, a signal at any of the input points 1 or 2 reaches both output points 3 and 4; and a signal coming from any of the output points 3 or 4 in the opposite direction reaches both points 1 and 2. When operated as a switch, the four-port directional coupler is switched between the parallel state (l-3 and 2-4 connections) and the cross state (1-4 and 2-3 connections).
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Examples of couplers: (a) T coupler; (b) star coupler; (c) directional
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A duplex (two-way) communication



(a)



Figure 22.2-l 1 Examples of communication network; (c) ring network.
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networks using couplers: (a) bus network; (b) star
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Figure 22.2-12 (a) A T coupler at one end of a duplex optical communicationlink usinga beamsplitterand ball lenses(see Problem 1.2-4).(b) A star coupler usingfused fibers and another usinga mixing rod, a slabof glassthrough which light from one fiber is dispersedto reach all other fibers.(c) A four-port directionalcouplerusingtwo GRIN-rod lensesseparated by a beamsplitterfilm. (d) An integrated-opticfour-port directionalcoupler(seeSets. 7.4B and 21.1B).



An important example illustrating the need for T-couplers is the duplex communication system used in two-way communications, as shown in Fig. 22.2-10. Couplers are essential to communication networks, as illustrated in Fig. 22.2-11. Optical couplers can be constructed by use of miniature beamsplitters, lenses, graded-index rods, prisms, filters, and gratings compatible with the small size of the optical beams transmitted by fibers. This new technology is called micro-optics. Integrated-optic devices (see Sets. 7.4B and 21.1B) may also be used as couplers; these are more suitable for single-mode guided light. Figure 22.2-12 shows some examples of optical couplers.



22.3



SYSTEM



PERFORMANCE



In this section the basic concepts of design and performance analysis of fiber-optic communication systemsare introduced using two examples: an on-off keying digital system and an analog system,both using intensity modulation.



A.



Digital



Communication



System



Consider a fiber-optic communication system using an LED or a laser diode of power P, (mW) and spectral width aA (nm); an optical fiber of attenuation coefficient (Y (dB/km), response time uJL (ns/km), and length L (km); and a p-i-n or APD
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Figure 22.3-l



A binary on-off keying digital optical fiber link.



photodetector. The intensity of light is modulated in an on-off keying (OOK) systemby turning the power on and off to represent bits “1” and “0,” as illustrated in Fig. 22.3-l. The link transmits B, bits/s. Several of these links may be cascadedto form a longer link. An intermediate receiver-transmitter unit connecting two adjacent links is called a regenerator or repeater. Here we are concerned only with the design of a single link. The purpose of the design is to determine the maximum distance L over which the link can transmit B, bits/s with a rate of errors smaller than a prescribed rate. Clearly, L decreaseswith increase of B,. An equivalent problem is to determine the maximum bit rate B, a link of length L can transmit with an error rate not exceeding the allowable limit. The maximum bit-rate-distance product LB, servesas a single number that describesthe capability of the link. We shall determine the typical dependence of L on B,, and derive expressionsfor the maximum bit-rate-distance product LB, for various types of fibers. The Bit Error Rate The performance of a digital communication system is measured by the probability of error per bit, which we refer to as the bit error rate (BER). If p1 is the probability of mistaking “1” for “0,” and p,, is the probability of mistaking “0” for “1,” and if the two bits are equally likely to be transmitted, then BER = $p1 + $pO.A typical acceptable BER is 10m9(i.e., an average of one error every lo9 bits). Receiver Sensitivity The sensitivity of the receiver is defined as the minimum number of photons (or the corresponding optical energy) per bit necessary to guarantee that the rate of error (BER) is smaller than a prescribed rate (usually 10V9). Errors occur because of the randomnessof the number of photoelectrons detected during each bit, as well as the noise in the receiver circuit itself. The sensitivity of receivers using different photodetectors will be determined in Sec. 22.4. It will be shown that when the light source is a stabilized laser, the detector has unity quantum efficiency, and the receiver circuit is noise-free, an average of at least A, = 10 photons per bit is required to ensure that BER I 10e9. Therefore, the sensitivity of the ideal receiver is 10 photons/bit. This meansthat bit “1” should carry an average of at least 20 photons, since bit “0” carries no photons. In the presence of other forms of noise, the sensitivity may be significantly degraded. A sensitivity of A, photons corresponds to an optical energy hvfiO per bit and an optical power P, = (hv77,)/(l/B,), P, = hvAOBO,



(22.3-l)



which is proportional to the bit rate B,. As the bit rate increases, a higher optical power is required to maintain the number of photons/bit (and therefore the BER) constant. It will be shown in Sec. 22.4 that when circuit noise is important, the receiver sensitivity A, depends on the receiver bandwidth (i.e., on the data rate B,). This behavior complicates the design problem. For simplicity, we shall assumehere that the receiver sensitivity (photons per bit) is independent of B,. For the purposes of
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illustration we shall use the nominal receiver sensitivities of ii, = 300 photons per bit for receivers operating at A, = 0.87 pm and 1.3 pm, and R, = 1000 photons per bit for receivers operating at A, = 1.55 pm. Design Strategy Once we know the minimum power required at the receiver, the power of the source, and the fiber attenuation per kilometer, a power budget may be prepared from which the maximum fiber length is determined. We must also prepare a budget for the pulse spreading that results from dispersion in the fiber. If the width a7 of the received pulses exceeds the bit time interval l/B,, adjacent pulses overlap and cause intersymbol interference, which increases the error rates. There are therefore two conditions for the acceptable operation of the link: . The received power must be at least equal to the receiver power sensitivity P,.. A margin of 6 dB above Pr is usually specified. n The received pulse width (TVmust not exceed a prescribed fraction of the bit time interval l/B,. If the bit rate B, is fixed and the link length L is increased, two situations leading to performance degradation may occur: The received power becomes smaller than the receiver power sensitivity Pr, or the received pulses become wider than the bit time l/B,. If the former situation occurs first, the link is said to be attenuation limited. If the latter occurs first, the link is said to be dispersion limited. Attenuation-Limited Performance Attenuation-limited performance is assessed by preparing a power budget. Since fiber attenuation is measured in dB units, it is convenient to also measure power in dB units. Using 1 mW as a reference, dBm units are defined by



9 = lOlog,() P, I



PinmW;



9indBm.



1



For example, P = 0.1 mW, 1 mW, and 10 mW correspond to 9 = - 10 dBm, 0 dBm, and 10 dBm, respectively. In these logarithmic units, power losses are additive instead of multiplicative. If LZ@~ is the power of the source (dBm), Q is the fiber loss in dB/km, CYCis the splicing and coupling loss (dB), and L is the maximum fiber length such that the power delivered to the receiver is the receiver sensitivity 9,. (dBm), then Ps -cYc --Ym - CUL =9$



(dB units),



(22.3-2)



where L?J~ is a safety margin. The optical power is plotted schematically in Fig. 22.3-2 as a function of the distance from the transmitter. The receiver power sensitivity L?~ = 10 log,, P, (dBm) is obtained from (22.3-l), Pr = lOlog-



iiohvBo 1o-3



dBm .



(22.3-3)



Thus L?~ increases logarithmically with B,, and the power budget must be adjusted for each B, as illustrated in Fig. 22.3-3.
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Power budget of an optical link.



length of the link is obtained by substituting (22.3-3) into (22.3-2), - lOlog-



(22.3-4)
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Figure 22.3-3 Power budget as a function of bit rate B,. As B, increases, the power ?Fr required at the receiver increases (so that the energy per bit remains constant), and the maximum length L decreases.
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Maximum fiber length L as a function of bit rate B, under attenuation-limited Figure 22.3-4 conditions for a fused silica glass fiber operating at wavelengths A, = 0.87, 1.3, and 1.55 ,um assuming fiber attenuation coefficients LY= 2.5, 0.35, and 0.16 dB/km, respectively; source power P, = 1 mW (zYS = 0 dBm); receiver sensitivity n,, = 300 photons/bit for receivers operating at 0.87 and 1.3 pm and A, = 1000 for the receiver operating at 1.55 Frn; and PC = Pm = 0. For comparison, the L-B, relation for a typical coaxial cable is also shown.



where I,, = [gs - 9, - 9, - 30 - 10 log(rt&v)]/a. The length drops with increase of B, at a logarithmic rate with slope 10/a. Figure 22.3-4 is a plot of this relation for the operating wavelengths 0.87, 1.3, and 1.55 pm. Dispersion-Limited Performance The width u7 of the received pulse increaseswith increase of the fiber length I, (see Sec. 22.1A). When u7 exceeds the bit time interval, T = l/B,, the performance begins to deteriorate as a result of intersymbol interference. We shall select the maximum allowed width to be one-fourth of the bit-time interval, T



1 (22.3-6)



a,=q=4Bo. The choice of the factor $ is clearly arbitrary and servesonly to compare the different types of fibers: . Step-Index Fiber. The width of the received pulse after propagation a distance L in a multimode step-index fiber is governed by modal dispersion. Substituting (22.1-1) into (22.3-6), we obtain the L-B, relation



(22.3-7) Bit-Rate-Distance Product (Modal-Dispersion-Limited Step-index Fiber)



where cl = c,/ltr is the speedof light in the core material and A = (nt - n2)/n1 is the fiber fractional index difference. For n1 = 1.46 and A = 0.01, the bitrate-distance product LB, = 10 km-Mb/s.
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Graded-Index Fiber. In a multimode graded-index fiber of optimal (approximately parabolic) refractive index profile, the pulse width is given by (22.1-2). Using (22.3~6), we obtain



LB,,=



2.



I



(22.3-8) Bit-Rate - Distance Product (Modal-Dispersion-Limited Graded-Index Fiber)



For n, = 1.46 and A = 0.01, the bit-rate-distance product LB, = 2 km-Gb/s. . Single-ModeFiber. Assuming that pulse broadening in a single-modefiber results from material dispersion only (i.e., neglecting waveguide dispersion), then for a source of linewidth ah the width of the received pulse is given by (22.1-3), so that



(22.3-9) Bit-Rate - Distance Product (Material-Dispersion-Limited Single-Mode Fiber)



where D, is the dispersion coefficient of the fiber material. For operation near A, = 1.3 pm, ID,1 may be as small as 1 ps/km-nm. Assuming that ah = 1 nm (the linewidth of a single-mode laser), the bit-rate-distance product LB, = 250 kmGb/s. For operation near A, = 1.55 pm, D, = 17 ps/km-nm, and for the same source spectral width ah = 1 nm, LB, = 15 km-Gb/s. The distance versus bit-rate relations for these dispersion-limited examplesare plotted in Fig. 22.3-5.
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Figure 22.3-5 Dispersion-limited maximum fiber length L as a function of bit rate Be for: (a) multimode step-index fiber (n, = 1.46, A = O.Ol>, LB, = 10 km-Mb/s; (b) multimode gradedindex fiber with parabolic profile (nr = 1.46, A = O.Ol>, LB, = 2 km-Gb/s; (c) single-mode fiber limited by material dispersion, operating at 1.3 pm with ID,1 = 1 ps/km-nm and a, = 1 nm, = 250 km-Gb/s; (d) single-mode fiber limited by material dispersion, operating at 1.55 pm J-0 with D, = 17 ps/km-nm and aA = 1 nm, LB, = 15 km-Gb/s.
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Figure 22.3-6 Maximum distance L versus bit rate Be for four examples of fibers. This graph is obtained by superposing the graphs in Figs. 22.3-4 and 22.3-5. Each curve represents the maximum distance L of the link at each bit rate Be that satisfies both the attenuation and dispersion limits, i.e., guarantees the reception of the required power and pulse width at the receiver. At low bit rates, the system is attenuation limited; L drops with B, logarithmically. At high bit rates, the system is dispersion limited and L is inversely proportional to B,.



The attenuation-limited and dispersion-limited bit-rate-distance relations are combined in Fig. 22.3-6 by superposingFigs. 22.3-4 and 22.3-5. These relations describe the performance of three generations of optical fibers operating at A, = 0.87 pm (multimode step-index and graded-index), at 1.3 pm (single-mode), and at 1.55 pm (singlemode), respectively. In creating these L-B, curves, many simplifying assumptionsand arbitrary choices have been made. The values obtained should therefore be regarded as only indications of the order of magnitude of the relative performance of the different types of fibers. The Best Possible Fiber-Optic Communication System It is instructive to compare the performance of the practical systemsshown in Fig. 22.3-7 with the “best” that can be achieved with silica glass fibers. The following assumptionsare made: . The fiber is a single-mode fiber operating at A, = 1.55 pm, where the attenuation coefficient is the absolute minimum ~1= 0.16 dB/km. . The detector is assumed ideal (i.e., photon limited). This corresponds to a receiver sensitivity of 10 photons per bit, instead of 300 or 1000, which were assumedin the previous examples. Using (22.3-5) the attenuation-limited performance may be determined and is shown in Fig. 22.3-7. 9 To reduce the material or waveguide dispersion, the spectral linewidth a,, of the source must be small. Spectral widths that are a small fraction of 1 nm are obtained with single-frequency lasers. However, an extremely narrow spectral width is incompatible with an extremely short pulse because of the Fourier transform relation between the spectral and temporal distributions. For a pulse of duration T = l/B, the Fourier-transform limited spectral width is+a, = 1/2T = B,/2. Since v = c,/A,, a, is related to aA by aV = Idv/Jh,la, = (c,/h~)~~. The ‘This is the power-equivalent (A.2-12).
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Figure 22.3-7 Distance versus bit rate for a fiber operating at A, = 1.55 pm with attenuation coefficient 
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