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for one information bit, giving 50% redundancy. Thus twice the transmission
bandwidth is required for the 182B code which restricts its use to systems where
pulse dispersion is not a limiting factor. Another example of a 1B2B code which
is illustrated in Figure 11.39(c) is the coded mark inversion (CMI) code. In this code
a digit O is transmitted as 01 and the digit 1 alternately as 00 or 11.

Timing information is obtained from the frequent positive to negative
transitions, but, once again, the code is highly redundant requiring twice as many
transmitted bits as input information bits.

More efficient codes of this type requiring less redundancy exist such as the 3B4B,
5B6B and the 7B8B codes. There is a trade-off within this class of code between the
complexity of balancing the number of zeros and ones, and the added redundancy.
The increase in line symbol rate (bit rate) and the corresponding power penalty over
encoded binary transmission is given by the ratio m:n. Hence, considering the
widely favoured 5B6B code, the symbol rate is increased by a factor of 1.2 whilst
the power penalty is also equal to 1.2 or about 0.8 dB. It is therefore necessary to
take into account the increased bandwidth requirement and the power penalty
resulting from coding within the optical fiber system design.

Simple error monitoring may be provided with block codes, at the expense of a
small amount of additional redundancy,-by parity checking. Each block of N bits
can be made to have an even (even parity) or odd (odd parity) number of ones so
tl.at any single error in a block can be identified. More extensive error detection and
error correction may be provided with increased redundancy and equipment com-
plexity. This is generally not considered worth while unless it is essential that the
digital transmission system is totally secure (e.g. data transmission applications).
Alternatively, error monitoring when using block codes may be performed by
measuring the variation in disparity between the numbers of ones and zeros within
the received bit pattern. Any variation in the accumulated disparity above an upper
limit or below a lower limit allowed by a particular code is indicated as an error.
Further discussion of error correction with relation to disparity may be found in
Ref. 65. Moreover, variations on the above block codes to provide efficient high
speed digital transmission have been devised (e.g. Ref. 66). Such line coding
schemes possess a good balance of ones and zeros together with jitter suppression
and the capability to provide a simple error monitoring function.

11.7 Analog systems

In Section 11.5 we indicated that the vast majority of optical fiber communication
systems are designed to convey digital information (e.g. analog speech encoded
as PCM). However, in certain areas of the telecommunication network or for
particular applications, information transfer in analog form is still likely to remain -
for some time to come, or be advantageous. Therefore, analog optical fiber
transmission will undoubtedly have a part to play in future communication
networks, especially in situations where the optical fiber link is part of a larger
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analog network (e.g. microwave relay network). Use of analog transmission in these
areas avoids the cost and complexity of digital terminal equipment, as well as
degradation due to quantization noise. This is especially the case with the
transmission of video signals over short distances where the cost of high speed
analog to digital (A—D) and D—A converters is not generally justified. Hence, there
are many applications such as direct cable television and common antenna
television (CATV) where analog optical fiber systems may be utilized.

There are limitations, however, inherent to analog optical fiber transmission,
some of which have been mentioned previously. For instance, the unique
requirements of analog transmission over digital are for high signal to noise ratios
at the receiver output which necessitates high optical input power (see Section
9.2.5), and high end to end linearity to avoid distortion and prevent crosstalk
between different channels of a multiplexed signal (see Section 11.4.2).
Furthermore, it is instructive to compare the SNR constraints for typical analog
optical fiber and coaxial cable systems.

In a coaxial cable system the fundamental limiting noise is 4K7B, where K is
Boltzmann’s constant, T is the absolute temperature, and B is the effective noise
bandwidth for the channel. If we assume for simplicity that the coaxial cable loss
is constant and independent of frequency, the SNR for a coaxial system is

S V% exp (—an)
N)eoax  ZodKTB 1.55
<N>coa} Z04KTB (1 5 )

where an is the attenuation in nepers between the transmitter and receiver, V is the
peak output voltage, and Z, is the impedance of the coaxial cable.

The SNR for an analog optical fiber system may be obtained by referring to Eq.
(9.11) where

S 1Py
s = 11.56
<N>m,er 2h/B (11.56)

The expression given in Eq. (11.56) includes the fundamental limiting noise for
optical fiber systems which is 24fB. Although Eq. (11.56) is sufficiently accurate for
the purpose of comparison it applies to an unmodulated optical carrier. A more
accurate expression would take into account the depth of modulation for the analog
optical fiber system which cannot be unity [Ref. 53].* The average received optical
power P, may be expressed in terms of the average input (transmitted) optical
power P; as

P, = P;exp (—an) (11.57)
Substituting for P, into Eq. (11.56) gives
(ﬁ) _Piexp (—an) (11.58)
N/ tiber 2hfB

* Strictly speaking, Eq. (11.56) depicts the optical carrier to noise ratio (CNR).
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Equations (11.55) and (11.58) allow a simple comparison to be made of available
SNR (or CNR) between analog coaxial and optical fiber systems, as demonstrated
in Example 11.10.

Example 11.10
A coaxial cable system operating at a temperature of 17 °C has a transmitter peak
output voltage of 5V with a cable impedance of 100 Q. An analog optical fiber
system uses an injection laser source emitting at 0.85 um and launches an average
of 1 mW of optical power into the fiber cable. The optical receiver comprises
a photodiode with a quantum efficiency of 70%. Assuming the effective noise
bandwidth and the attenuation between the transmitter and receiver for the two
systems is identical, estimate in decibels therratio of the SNR of the coaxial system
to the SNR of the fiber system.

Solution: Using Egs. (11.55) and (11.58) for the SNRs of the coaxial and fiber
systems respectively:

(S) V2 exp (—an)

2
Ratio = MV coax _ ZAKTB  __ V’if
<_S_) 77Pi eXp (—aN) ZKTZo‘nPi
NJ fiber 2hfB
___ Ve
2KTZn PiN

Hence
Ratio = 25 X 6.626 X 10734 x 2.998 x 10®
7% 1.385x 10 2 x290x 100X 0.7 x 1 X 1073 x 0.85 x 107°

=1.04 x 10° =40 dB

The optical fiber channel in Example 11.10-has around 40 dB less SNR available
than the alternative coaxial channel exhibiting similar channel losses. This results
both from 2hfB being larger than 4K7B and from the far smaller transmitted power
within the optical system. Furthermore, it must be noted that the comparison was
made using an injection laser transmitter. If an LED transmitter with 10 to 20 dB
less optical output power was compared, the coaxial system would display an
advantage in the region 50 to 60 dB. For this reason it is difficult to match with fiber
systems the SNR requirements of some analog coaxial links, even though the fiber
cable attenuation may be substantially lower than that of the coaxial cable.

The analog signal can be transmitted within an optical fiber communication
system using one of several modulation techniques. The simplest form of analog
modulation for optical fiber communications is direct intensity modulation (D—IM)
of the optical source. In this technique the optical output from the source is
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modulated simply by varying the turrent flowing in the device around a suitable
bias or mean level in proportion to the message. Hence the information signal is
transmitted directly in the baseband.

Alternatively, the baseband signal can be translated on to an electrical subcarrier
by means of amplitude, phase or frequency modulation using standard techniques,
prior to intensity modulation of the optical source. Pulse analog techniques where
a sequence of pulses are used for the carrier may also be utilized. In this case a
suitable parameter such as the pulse amplitude, pulse width, pulse position or pulse
frequency is electrically modulated by the baseband signal. Again, the modulated
electrical carrier is transmitted optically. by intensity modulation of the optical
source.

Direct modulation of the optical source in frequency, phase or polarization
rather than by intensity requires these parameters to be well defined throughout the
optical fiber system. There is much interest in this area and optical component
technology has been developed which will allow practical system implementation.
These techniques concerned with coherent optical transmission are discussed in
Chapter 12.

11.7.1 Direct intensity modulation (D-IM)

A block schematic for an analog optical fiber system which uses direct modulation
of the optical source intensity with the baseband signal is shown in Figure 11.40(a).
Obviously, no electrical modulation or demodulation is required with this
technique, making it both inexpensive and easy to implement.

The transmitted optical power waveform as a function of time Pope(f), an
example of which is illustrated in Figure 11.40(b), may be written as:

Pope(t) = Pi(1 + m(1)) (11.59)

where P; is the average transmitted optical power (i.e. the unmodulated carrier
power) and m(¢) is the intensity modulating signal which is proportional to the
source message a(f). For a cosinusoidal modulating signal:

m(t) = ms cOS wnt (11.60)

where m, is the modulation index or.the ratio of the peak excursion from the
average to the average power as shown in Figure 11.40(b), and wp is the angular
frequency of the modulating signal.. Combining Egs. (11.59) and (11.60) we get:

Popt(t) = Pi(1 + ma cOs wm?) (11.61)

Furthermore, assuming transmission medium has zero dispersion, the received
optical power will be of the same form as Eq. (11.61), but with an average received
optical power P,. Hence the secondary photocurrent I(f) generated at an APD
receiver with a multiplication factor M is given by:

1(t) = LLM(1 + ma cos wmt) (11.62)
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Figure 11.40 (a) Analog optical fiber system employing direct intensity modulation. (b)
Time domain representation showing direct intensity modulation of the optical carrier
with a baseband analog signal.

where the primary photocurrent obtained with an unmodulated carrier I, is given
by Eq. (8.8) as,

The mean square signal current u_i.; which is obtained from Eq. (11.62) is given by:
ity = H(ma ML) (11.64)

The total average noise in the system is composed of quantum, dark current, and
thermal (circuit) noise components. The noise contribution from quantum effects
and detector dark current may be expressed as the mean square total shot noise
current for the APD receiver 15_2? given by Eq. (9.21) where the excess avalanche
noise factor is written following Eq. (9.26) as F(M) such that:

i%a=2eB(I, + Ia)M*F(M) (11.65)

where B is the effective noise or post detection bandwidth.
Thermal noise generated by the load resistance Ry and the electronic amplifier
noise can be expressed in terms of the amplifier noise figure F, referred to R as-
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given by Eq. (9.17). Thus the total mean square noise current i may be written as:

% =2eB(I, + Ia)M*F(M) + 4K;BF"

(11.66)
L

The SNR defined in terms of the ratio of the mean square signal current to the mean
square noise current (rms signal power to rms noise power) for the APD receiver
is therefore given by:

S _isis_ 3 (ma M1,
(N> ms 1% 2eB(I,+ la)M*F(M) + (AKTBF.JRy) (APD) (11.67)

It must be emphasized that the SNR given in Eq. (11.67) is defined in terms of
rms signal power rather than peak signal power used previously. When a unity gain
photodetector is utilized in the receiver (i.e. p—i—n photodiode) Eq. (11.67) reduces
to:

A Y(mal,)? .
(N);..J 2eB(I, + Ia) + GKTBEJRY) P~ (11.68)
Moreover, the SNR for video transmission is often defined in terms of the peak to
peak picture signal power to the rms noise power and may include the ratio of
luminance to composite video b. Using this definition in the case of the unity gain
detector gives: '

( §) _ (2m,I,b)?
N/p-p 2eB(Ipy+ I4) + (4KTBF,[Ry)
It may be observed that excluding b, the SNR defined in terms of the peak to

peak signal power given in Eq. (11.69) is a factor of 8 (or 9 dB) greater than that
defined in Eq. (11.68).

(p—i—n) (11.69)

Example 11.11
A single TV channel is transmitted over an analog optical fiber link using direct
intensity modulation. The video signal which has a2 bandwidth of 5 MHz and a ratio
. of luminance to composite video of 0.7 is transmitted, with a modulation index of
0.8. The receiver contains a p—i-n photodiode with 4 responsivity of 0.5 AW ™!
and a preamplifier with an effective input impedance of 1 MQ together with a noise
figure of 1.5 dB. Assuming the receiver is operating at a temperature of 20 °C and
neglecting the dark current in the photodiode, determine the average incident
optical power required at the receiver (i.e. receiver sensitivity) in order to maintain
a peak to peak signal power to rms noise power ratio of 55 dB.

Solution: Neglecting the photodiode dark current, the peak to peak signal rms
noise power ratio is given following Eq. (11.69) as:

( 5) _ (2maIyb)*
NJp-p 2eBI,+ (4KTBF./Ry)
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The photocurrent I, may be expressed in terms of the average incident optical
power at the receiver P, using Eq. (8.4) as:
I, = RP,
where R is the responsivity of the photodiode. Hence
(S) (2maRPob)’
fp-p

NJy-» 2eBRP, + (AKTBF+JRy)
and
(1%),,_,,<2 eBRP, = 4K;fp ) = (2ma.RPob)?
Rearranging
(2m.RbY: P} - (}S\‘/),,_,, 2eBRP, - (1%)” 41(;*% -0
where
(2maRb)? = 4 x 0.64 x 0.25 X 0.49
=0.314
<§1~7)p._,, 2eBR =3.162 x 10° x 2 x 1.602 X 1071 x 5 x 108 % 0.5
=2.533x 1077
(g) AKTBF, 3.162x10° x4 x 1.381 x 1072* x 293 x 5 x 10 x 1.413
Nlp-p RL 108
=3.616x 107"
Therefore,
0.314P2 - 2.533x 107" P, - 3.616 x 1074 =0
and
1%=253x10*1Juzs3x10”?—(-4x&n4x3§mxlo”ﬁ)
0.628
=0.93 uW
= —30.3dBm

It must be noted that the low noise preamplification depicted in Example 1t 11
may not always be obtained, and that higher thermal noise levels will adversely
affect the receiver sensitivity for a given SNR. This is especially the case with lower
SNRs. as illustrated in the peak to peak signal power to rms noise power ratio
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against average received optical power characteristics for a video system shown in
Figure 11.41. The performance of the system for various values of mean square
thermal noise current iZ =4K TBF,/Ry, where ilis expressed as a spectral density in
A% Hz™!, as indicated. The value for the receiver sensitivity obtained in Example
11.11 is approaching the quantum limit, also illustrated in Figure 11.41, which is
the best that could possibly be achieved with a noiseless amplifier.

The quantum or shot noise (when ignoring the photodetector dark current) limit
occurs with large values of signal current (i.e. primary photocurrent) at the receiver.
Considering a p—i—n photodiode receiver, this limiting case which corresponds to
large SNR is given by Eq. (11.68) when neglecting the device dark current as:

S\ _mil e
(N) T 4eB (quantum noise limit) (11.70)

Using the relationship between the average received optical power P, and the

primary photocurrent given in Eq. (11.63) allows Eq. (11.70) to be expressed as:

4hf (S
P, = — B .
° mgn (N)rms (ll 71)

Equation (11.71) indicates that for a quantum noise limited analog receiver, the
optical input power is directly proportional to the effective noise or post detection
bandwidth B. A similar result was obtained in Eq. (11.37) for the digital receiver.
Alternatively at low SNRs thermal noise is dominant, and the thermal noise limit
when [, is small, which may also be obtained from Eq. (11.68), is given by:

S (mal,)* Ry N
— = —————— (thermal noise limit 11.72
(N) e~ SKTBE, ) (1.72)
70
" ,“«\'\\
60 ‘0‘“\\
Qu®”
50 f - )
SNR (p—p/rms) (dB) R=0 - 10 © A?Hz"!
or )\ 10 ®
107
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Figure 11.41 Peak to peak signal power to rms noise power ratio against the
average received optical power for a direct intensity modulated video system
and varidus levels of thermal noise given by i Reproduced with permission
from G. G. Windus, Marconi Rev, XLI, p. 77. 1981.



Optical fiber systems 1: Intensity modulation/direct detection 651

Again substituting for 7, from Eq. (11.63) gives:
Py=—1L <8K TF, “)‘(§>’ Bi (11.73)

- enmi RL N rms

Therefore it may be observed from Eq. (11.73) that in the thermal noise limit the
average incident optical power is directly proportional to Bi instead of the direct
dependence on B shown in Eq. (11.71) for the quantum noise limit. The dependence
expressed in Eq. (11.73) is typical of the p—i—n photodiode receiver operating at
low optical input power levels. Thus Eq. (11.73) may be used to estimate the
required input optical power to achieve a particular SNR for a p—i—n photodiode
receiver which is dominated by thermal noise.

Example 11.12

An analog optical fiber link emploving D—IM has a p—i—n photodiode receiver in
which thermal noise is dominant. The system components have the following
characteristics and operating conditions.

p—i—n photodiode quantum efficiency 60%
effective load impedance for the photodiode 50 k2
preamplifier noise figure 6 dB
operating wavelength 1 pm
operating temperature 300K
receiver post detection bandwidth 10 MHz
modulation index 0.5

Estimate the required average incident optical power at the receiver in order to
maintain an SNR, defined in terms of the mean square signal current to mean
square noise current, of 45 dB.

Solution: The average incident optical power for a thermal noise limited p—i—n
photodiode receiver may be estimated using Eq. (11.73) where:

hf <8KTF,1>*(S>% ,
Po=—— =) Bi
° eﬂmg Ry N/rms

hf ke _ 6.626 x 10734 x 2.998 x 10°
enm?  enmin  1.602x 107 x 0.6 0.25x 1 x107°

= 8.267

8KTE,\ _ (8x1.381 x 10~ x 300 x 4Y'
- 50 x 10°

Ry
=1.628 x 1072
S * 1 4 T\t
2] Bi=(3.162x10°x10"):
ms
=5.623 x 10°

and
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Hence,

P, =8.267x1.628 x 10™1% x 5.623 x 10°
7.57 uW
~21.2dBm

Therefore, as anticipated, the receiver sensitivity in the thermal noise limit is low.

11.7.2 System planning

Many of the general planning considerations for optical fiber systems outlined in
Section 11.4 may be applied to analog transmission. However, extra care must be
taken to ensure that the optical source and, to a lesser extent, the detector have
linear input—output characteristics, in order to avoid distortion of the transmitted
optical signal. Furthermore, careful optical power budgeting is often necessary with
analog systems because of the generally high SNRs required at the optical receiver
(40 to 60 dB) in comparison with digital systems (20 to 25 dB), to obtain a similar
fidelity.- Therefore, although analog system optical power budgeting may be carried
out in a similar manner to digital systems (see Section 11.6.6), it is common for the
system margin, or the difference between the optical power launched into the fiber
and the required optical power at the receiver, for analog systems to be quite small
(perhaps only 10 to 20 dB when using an LED source to p-i—n photodiode
receiver). Consequently, analog systems employing direct intensity modulation of
the optical source tend to have a limited transmission distance without repeaters
which generally prohibits their use for long-haul applications.

Example 11.13

A D-IM analog optical fiber link of length 2 km employs an LED which launches
mean optical power of —10 dBm into a multimode optical fiber. The fiber cable
exhibits a loss of 3.5dBkm™"! with splice losses calculated at 0.7 dBkm™'. In
addition there is a connector loss at the receiver of 1.6 dB. The p—i—n photodiode
receiver has a sensitivity of —25 dBm for an SNR (:'—52;—,/;%- ) of 50 dB and with a
modulation index of 0.5. It is estimated that a safety margin of 4 dB is required.
Assuming there is no dispersion—equalization penalty:

(a) Perform an optical power budget for the system operating urider the above
conditions and ascertain its viability.

(b) Estimate any possible increase in link length which may be achieved using an
injection laser source which launches mean optical power of 0 dBm into the
fiber cable. In this case the safety margin must be increased to 7 dB.
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Solution: (a) Optical power budget:
Mean power launched into the fiber cable from

the LED transmitter —-10dBm
Mean optical power required at the p—i-n photodiode

receiver for SNR of 50 dB and a modulation index of 0.5 —25dBm
Total system margin 15dB
Fiber cable loss (2 % 3.5) 7.0dB
Splice losses (2 0.7) 1.4dB
Connector loss at the receiver 1.6dB
Safety margin 4.0dB
Total system loss 14.0dB
Excess power margin 1.0dB

Hence the system is viable, providing a small excess power margin.
(b) In order to calculate any possible increase in link length when using the
injection laser source we refer to Eq. (11.53), where

P, — Py = (agc + ;)L + ater + Ma dB
Therefore,
0dBm — (-25dBm)=(3.5+0.7)L +1.6+7.0
and
42L=25-8.6=16.4dB
giving
L= —126-?4 =3.9km
Hence the use of the injection laser gives a possible increase in the link length of

1.9 km or almost a factor of 2. It must be noted that in this case the excess power
margin has been reduced to zero.

The transmission distance without repeaters for the analog link of Example 1}.13
could be extended further by utilizing an APD receiver which has increased
sensitivity. This could facilitate an increase in the maximum link length to around
7 km, assuming no additional power penalties or excess power margin. Although
this is quite a reasonable transmission distance, it must be noted that a comparable
digital system could give in the region of 13 km transmission without repeaters.

The temporal response of analog systems may be determined from system rise
time calculations in a similar manner to digital systems (see Section 11.6.5). The
maximum permitted 3 dB optical bandwidth for analog systems in order to avoid
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dispersion penalties follows from Eq. (11.49) and is given by:
0.35

syst
Hence calculation of the total system 10 to 90% rise time Tsys: allows the
maximum system bandwidth to be estimated. Often this calculation is performed
in order to establish that the desired system bandwidth may be achieved using a
particular combination of system components.

(11.74)

Bop| (max) =

Example 11.14
The 10 to 90% rise times tor possible components to be used in a D~IM analog
optical fiber link are specified below: .

Source (LED) 10 ns

Fiber cable: intermodal 9nskm™!
intramodal 2nskm™!

Detector (APD) 3ns

The desired. link length without repeaters is 5km and the required optical
bandwidth is 6 MHz. Determine whether the above combination of components
give an adequate temporal response.

Solution: Equation (11.74) may be used to calculate the maximum permitted
system rise time which gives the desired bandwidth where:

The total system rise time using the specified components can be estimated using
Eq. (11.43) as:
Tos=VLUT3+ T2+ T2+ T3)}
= L1102 + (9 X 5) + (2 x 5)% + 32)i
=52ns
Therefore the specified components give a system rise time which is adequate for
the bandwidth and distance requirements of the optical fiber link. However, there

is little leeway for upgrading the system in terms of bandwidth or distance without
replacing one or more of the system components.

11.7.3 Subcarrier intensity modulation

Direct intensity modulation of the optical source is suitable for the transmission of
a baseband analog signal. However, if the wideband nature of the optical fiber
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medium is to be fully utilized it is essential that a number of baseband channels are
multiplexed on to a single fiber link. This may be achieved with analog transmission
through frequency division multiplexing of the individual baseband channels.
Initially, the baseband channels must be translated on to carriers of different
frequency by amplitude modulation (AM), frequency modulation (FM) or phase
modulation (PM) prior to being simultaneously transmitted as an FDM signal. The
frequency translation may be performed in the electrical regime where the baseband
analog signals modulate electrical subcarriers and are then frequency division
multiplexed to form a composite electrical signal prior to intensity modulation of
the optical source.

A block schematic of an analog system employing this technique, which is known
as subcarrier intensity modulation, is shown in Figure 11.42. The baseband signals
are modulated onto radiofrequency (RF) subcarriers by either AM, FM or PM and
muitiplexed before being applied to the optical source drive circuit.* Hence an
intensity modulated (IM) optical signal is obtained which may be either AM~IM,
FM-IM or PM-IM. In practice, however, system output SNR considerations
dictate that generally only the latter two modulation formats are used. Never-
theless, systems may incorporate two levels of electrical modulation whereby the
baseband channels are initially amplitude modulated prior to frequency or phase
modulation {Ref. 68). The FM or PM signal thus obtained is then used to intensity
modulate the optical source. At the receive terminal the transmitted optical signal
is detected prior to electrical demodulation and demuitiplexing (filtering) to obtain
the originally transmitted baseband signals.

) Fiber
Transmit terminal cable
Analzg P Modulators § RF | Modulator RF | Optical
baseban (two levels) (drive circuit) 1 source T
signals S— e N
RF subcarrier(s) )
v
//
ettt b
s
/
\
\\\~ Optical E Electronic § RF | Demodulators Qnalgg d
"I detector amplifier (two levels) aseban
) ‘ signals
Receive terminal

Figure 11.42 Subcarrier intensity modulation system for analog optical fiber
transmission.

* When microwave frequency rather than radiofrequency subcarriers are employed the strategy is
usually referred to as subcarrier multiplexing or SCM (see Section 11.9.2).
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A further major advantage of subcarrier intensity modulation is the possible
improvement in SNR that may be obtained during subcarrier demodulation. In
order to investigate this process it is necessary to obtain a general expression for the
SNR of the intensity modulated optical carrier which may then be applied to the
subcarrier intensity modulation formats. Therefore, as with D—-IM, considered in
the preceding section, an electrical signal m(7) modulates the source intensity. The
transmitted optical power waveform is of the same form as Eq. (11.59), where:

Popi(t) = Pi(1 + m(2)) (11.75)
Also the secondary photon I(¢?) generated at an APD receiver following Eq. (11.62)
is given by:

I(t) = I, M(1 + m(t)) (11.76)
The mean square signal current 175 may be written as [Ref. 65]:

i% = (I,M)* Py, (11.77)

where Py, is the total power of m(¢), which can be defined in terms of the spectral
density Sm(w) of m(t) occupying a one-sided bandwidth B, Hz as:

1 2xBn :
Pn=_ S Sm(@) duw (11.78)
27 ) -2:8.,

Hence the SNR defined in terms of the mean square signal current to mean square
noise current (i.e. rms signal power to rms noise power) using Egs. (11.77) and
(11.66) can now be written as:

N)ms ik 2€Bu(l+ Ia)M*F(M) + (4KTBFq|Ry)
_ I} P
2Bme(lp + 1a)F(M) + (4KTBFo|M*Ry)
(RP,)* P
- - 11.79
2BwN, (B>-=IV ( , )

where we substitute for I, from Eq. (8.4) and for notational simplicity write:

4KTBF,

(11.80)

The result obtained in Eq. (11.79) gives the SNR for a direct intensity modulated
optical source where the total modulating signal power is Pn. In this context Eq.
(11.79) is simply a more general form of Eq. (11.67). However, we are now in a
position to examine the signal to noise performance of various subcarrier intensity
modulation formats.
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11.7.4 Subcarrier double sideband modulation (DSB-IM)

A simple way to translate the spectrum of the baseband message signal a(f) is by
direct multiplication with the subcarrier waveform A. cos wc! giving the modulated
waveform m(t) as:

m(t) = Aca(t) cos wct (11.81)

where A. is the amplitude, and w. the angular frequency of the subcarrier
waveform. For a cosinusoidal modulating signal (cos wmf) the subcarrier electric
field En(t) becomes:

En(t)= %5 cos (we + wm ) + €OS (We — wm )t (11.82)

giving the upper and lower sidebands. The time and frequency domain represent-
ations of the modulated waveform are shown in Figure 11.43. It may be observed
from the frequency domain representation that only the two sideband components
are present as indicated in Eq. (11.82). This modulation technique is known as
double sideband modulation (DSB) or double sideband suppressed carrier (DSBSC)
amplitude modulation. It provides a more efficient method of translating the
spectrum of the baseband message signal than conventional full amplitude
modulation where a large carrier component is also present in the modulated
waveform.

The DSB signal shown in Figure 11.43 intensity modulates the optical source.
Therefore the transmitted optical power waveform is obtained by combining Egs.
(11.75) and (11.81) where for simplicity we set the carrier amplitude Ac to unity,

Modulating signal

/ 1 Carrier
/

ﬂnnM i ﬂ ﬂnnﬁn
L]

N\ 7/ \L.

Carrier electric
field amplitude

* t f 1 1 Frequency (f)

1
(‘f(‘fm)‘fr(—fc+fm) 0 (f(“fM)"fc—(-fc‘*fm)

‘Figure 11.43 Time and frequency domain representations of double sideband
modulation.
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giving:
Popi(t) = A(L + a(t) cos wd) . (11.83)

Furthermore, in order to prevent overmodulation, the value of the message signal
is normalized such that |a(r) < 1| with power P, < 1. The DSB modulated
electrical subcarrier occupies a bandwidth B, = 2B,, and with a carrier amplitude
of unity, Pm= £.[2. Hence, the ratio of rms signal power to rms noise power
obtained within the subcarrier bandwidth at the input to the double sideband
demodulator is given by Eq. (11.79), where:

(RPs)*Ps|2 _ (RP5)*Pa
2 X 2By N, 8B.N,

(§—> input DSB = (11.84)
N rms
However, an ideal DSB demodulator gives a detection gain of 2 or 3dB
improvement in SNR [Ref. 68]. This yields an output SNR of:
S N : (RP,)* P,
— output DSB =2{— input DSB = ~—->""——= 11.85
(N) s P (N) s 4B.N, (11.85)
Comparison of the result obtained in Eq. (11.85) with that using direct intensity
modulation of the baseband signal given by Eq. (11.79) shows a 3 dB degradation
in SNR when employing DSB-IM under the same conditions of bandwidth (i.e.
B = B,), modulating signal power (i.e. P, = P,), detector photocurrent and noise.
For this reason DSB—IM systems (and also AM—IM systems in general) are usually
not considered efficient for optical fiber communications. Therefore far more
attention is devoted to both FM—IM and PM-IM systems.

11.7.5 Subcarrier frequency modulation (FM-IM)

In this modulation format, the subcarrier is frequency modulated by the message
signal. The conventional form for representing the baseband signal which intensity
modulates the optical source is [Ref. 68):

m(t) = A Cos[wct"" kg 5' a(r) d')’] (11.86)
(1]

where k¢ is the angular frequency deviation in radians per second per unit of a(r).
To prevent intensity over modulation, the carrier amplitude, Ac < 1. The generally
accepted exptession for the bandwidth which is referred to as Carson’s rule is given
by:

B =2(Ds + 1)B, (11.87)
where Dy is the frequency deviation ratio defined by:

Dy = peak frequ_ency deviation _ Ja (11.88)
bandwidth of a(t) B.
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The peak frequency deviation in the subcarrier FM signal f4 is given by:
fa= ke max | a(t)| (11.89)
Hence the SNR at the input to the subcarrier FM demodulator is:

(RP,)*(AY[2)

S .
— t FM=
<N> s PH 2BnNo

(11.90)

The subcarrier demodulator operating above threshold yields an output SNR
[Ref. 65]:

S _enpta 1y PaRPY (A2
(N) o output FM = 6Di(Df+ 1) 3B.N. (11.91)
Substituting for B from Eq. (11.87) gives:
S\ 3 DIPJ(RPo)(AY2)
_— M= .
<N) ms Outp‘” E ZBaNo (11 92)

The result obtained in Eq. (11.92) indicates that a significant improvement in the
postdetection SNR may be achieved by using wideband FM—IM as demonstrated
in the following example. '

Example 11.15

(a) A D-IM and an FM-IM optical fiber communication system are operated
under the same conditions of modulating signal power and bandwidth, detector
photocurrent and noise. Furthermore, in order to maximize the SNR in the FM-IM
system, the amplitude of the subcarrier is set to unity. Derive an expression for the
improvement in post detection SNR of the FM—IM system over the D—IM system.
It may be assumed that the SNR is defined in terms of the rms signal power to rms
noise power.

" (b) The FM~IM system described in (a) nas an 80 MHz subcarrier which is
modulated by a baseband signal with a bandwidth of 4 kHz such that the peak
frequency deviation is 400 kHz. Use the result obtained in (a) to determine the
improvement in post detection SNR (in decibels) over the D—IM system operating
under the same conditions. Also estimate the bandwidth of the FM signal.

Solution: (a) The output SNR for the D-IM system is given by Eq. (11.79) where
we can write Py = P, and By = Ba. Hence:

(RP5)’ Pa

S
— output D—IM =
<N> ms P 2B.N,

The corresponding output.SNR for the FM~IM system is given by Eq. (11.92)
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where setting A to unity gives:
N 3D}P.(RP,)’
— tput FM = ————°~
<N) s Y 4B.N,
Therefore the improvement in SNR of the FM—IM system over the D—IM system
is given by: :
[3D#Pa(RPo)*] | (4BaNo)
[(RPo)* Pal[(2BaN,)

3D}
2

SNR improvement =

el

and,
SNR improvement in decibels = 10 logio % D}

=1.76 + 20 logw Df
(b) The frequency deviation ratio is given by Eq. (11.88) where:

_Ja_400x10° _
Dr=g.= %107 ¥

Therefore the SNR improvement is:

SNR improvement = 1.76 + 20 logio 100
=41.76 dB
The bandwidth of the FM—IM signal may be estimated using Eq. (11.87) where:

Ba = 2(Ds + 1)By = 2(100 + 1)4 x 10°
= 808 kHz

This. result indicates that the system is operating as a wideband FM—IM system.

Example 11.15 illustrates that a substantial improvement in the post detection
SNR over D-IM may be obtained using FM—IM. However, it must be noted that
this is at the expense of a tremendous increase in the bandwidth required (808 kHz)
for transmission of the 4 kHz baseband channel.

11.7.6 Subcarrier phase modulation (PM-1M)

With this modulation technique the instantaneous phase of the subcarrier is set
proportional to the modulating signal. Hence in a PM—IM system the modulating
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signal m(r) may be written as [Ref. 68]:
m(t) = Ac cos (wct + kpa(t)) (11.93)

where k, is the phase deviation constant in radians per unit of a(f). Again the
carrier amplitude A. <1 to prevent intensity overmodulation. Moreover, the
bandwidth of the PM—IM signal is given by Carson’s rule as:

B =2(Dp + DB, (11.94)

where D, is the frequency deviation ratio for the PM—IM system. In common with
subcarrier frequency modulation the frequency deviation ratio is defined as:

_Ja

B,
where f4 is the peak frequency deviation of the subcarrier PM signal, which is given
by: '

Dy (11.95)

fa =k, max | 320 (11.96)
dr
The SNR at the input to the subcarrier PM modulator is:
S . (RP)*AY2
— t PM= 11.97
(N) ms Y 2B N, (11.97)

The output SNR from an ideal subcarrier PM demodulator operating above
threshold is [Ref. 65]:

D}Pa(RP:)*A%[2
2B, N,

The result given in Eq. (11.98) suggests that an improvement in SNR over D-IM
may be obtained using PM—IM, especially when the SNR is maximized with Ac= 1.
However, comparison of PM—IM with FM-IM indicates that the latter modulation
format gives the greatest improvement.

(%) output PM = (11.98)

Example 11.16
A PM~-IM and an FM—IM optical fiber communication system are operated under
the same conditions of bandwidth, baseband signal power, subcarrier amplitude,
frequency deviation, detector photocurrent and noise. Assuming the demodulators
for both systems are ideal, determine the ratio (in decibels) of the output SNR from
the FM—IM system.

Solution: The output SNR from the FM-IM system is given by Eq. (11.92)
where:

3D}P.(RP,)* A2
2B.N,

S
— output FM =
<N) ms p
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Substituting for Dy from Eq. (11.88) gives:

S 3faP.(RP,)>AY2
i tput FM =
(N) ms L PH 2B3N,

The output SNR for the PM-IM system is given by Eq. (11.98) where:

S D} P.(RP,)>Al[2
= tput PM = —R_2 "0 £°¢
(N) s Y 2B,N,

Substituting for D, from Eq. (11.95) gives:

2 2 42
(%) Output PM:;fdPa(RPO) Ac 2

2B3iN,
The ratio of the output SNRs from the FM—IM and the PM~-IM system is:

[3£3Pa(RP)*AY2]] (2BiN,)
[fiPa(RP:)* AY2]/ (2BiN,)

=3
=4.77dB

Ratio =

Example 11.16 shows that the FM~IM system has a superior output SNR by
some 4.77 dB over the corresponding PM—IM system. Nevertheless, this does not
prohibit the use of PM—IM systems for analog optical fiber communications as they
still exhibit a substantial improvement in output SNR over D—IM systems, as well
as allowing frequency division multiplexing. It should be noted, however, that a
similar bandwidth penalty to FM—IM is incurred using this modulation format.

11.7.7 Pulse analog techniques

Pulse modulation techniques for analog transmission, rather than encoding the
analog waveform into PCM, were mentioned within the system design consider-
ations of Section 11.4. The most common techniques are pulse amplitude
modulation (PAM), pulse width modulation (PWM), pulse position modulation
(PPM) and pulse frequency modulation (PFM). All the pulse analog techniques
employ pulse modulation in the electrical regime prior to intensity modulation of
the optical source. However, PAM~IM is affected by source nonlinearities and is
less efficient than D—IM, and therefore is usually discounted. PWM—IM is also
inefficient since a large part of the transmitted energy conveys no information as
only variations of the pulse width about a nominal value are of interest [Ref. 69].
Alternatively, PPM—-IM and PFM-IM offer distinct advantages since the
modulation affects the timing of the pulses, thus allowing the transmission of very
narrow pulses. Hence, PPM—IM and PFM—-IM provide similar signal to noise
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performance to subcarrier phase and frequency modulation whilst avoiding
problems involved with source linearity. These techniques therefore prove
advantageous for longer-haul analog fiber links. Although PPM-IM is slightly
more efficient it provides less SNR improvement over D—IM, than that gained with
PFM—IM, where wideband FM gain may be obtained. Furthermore, the terminal
equipment required for PFM—IM is less complex and therefore it is generally the
preferred pulse analog ‘technique [Refs. 70 and 74 to 79]. For these reasons the
system aspects of pulse analog transmission will be considered in relation to
PFM-IM.

A block schematic of a PFM—IM optical fiber system is shown in Figure 11.44.
Pulse frequency modulation in which the pulse repetition rate is varied in sympathy
with the modulating signal is performed in the PFM modulator which consists of
a voltage controlled oscillator (VCO). This in turn operates the optical source by
means of either a fixed pulse width or a fixed duty cycle (e.g. 50%). Demodulation
in the system shown in Figure 11.44 is by regenerative baseband recovery, whereby
the individual pulses are detected in a wideband receiver before they are regenerated
with a limiter and ‘monostable. This provides the desired modulating signal as a
baseband component which is recovered through a low pass filter.

Regenerative baseband recovery gives the best SNR at the system output. A
simpler PFM demodulation technique for fixed width pulse transmission is direct
baseband recovery. In this case, because a basebana component is generated at the
transmit terminal, detection may be performed with a.low bandwidth receiver and
the modulating signal obtained directly from a low pass filter. However, this
technique gives a reduced SNR for a given optical power and therefore does not find
wide application.

The SNR in terms of the peak to peak signal power to rms-noise power of a
PFM-IM system using regenerative baseband recovery is given by [Ref. 70]:

: R 2
(ﬁ) - Mz;& (11.99)
N/p-»p @xTrB)'in
+V
Video input Detector
ideo inpu imi
VCo Eiber Limiter
cable f - _ﬂ_
fit (ff2) § Optical Monostable
Drive L receiver Regenerator !
circuit i
Video output ~
o——<—<—<— x
= Video Demodulating
Optical amplifier low pass filter
source

Figure 11.44 A PFM-IM optical fiber system employing regenerative baseband recovery.
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where T is the nominal pulse period which is equivalent to the reciprocal of the
pulse rate fo, fp is the peak to peak frequency deviation, R is the photodiode
responsivity, M is the photodiode multiplication factor, Py, is the peak received
optical power, Ty is the pulse rise time at the regenerator circuit input, B is the post
detection or effective baseband noise bandwidth and i% is the receiver mean square
noise current. It may be noted that improved SNRs are obtained with short rise time
detected pulses. Moreover, the pulse rise time at the regenerator circuit input is
dictated by the overall 10 to 90% system rise time Ty, SO there is no advantage
in using a wideband receiver with a better pulse rise time than this. In fact, such
a receiver would degrade the system performance by passing increased front end
noise. Therefore, in an optimized PFM regenerative receiver design, Tg = Ty and
following Eq. (11.43):

Tr=1.1(T3+ T34+ T2+ Th): (11.100)

where Ts, Ta, Tc and Tp are the rise times of the source (or transmitter), the fiber
(intermodal and intramodal) and the detector (or receiver) respectively.

Example 11.17

An optical fiber PFM-IM system for video transmission employs regenerative
baseband recovery. The system uses multimode graded index fiber and an APD
detector and has the following operational parameters:

Nominal pulse rate 20 MHz

Peak to peak frequency deviation S MHz
APD responsivity 0.7

APD multiplication factor 60

Total system 10 to 90% rise time 12 ns
Baseband noise bandwidth 6 MHz
Receiver mean square noise current 1x10717 A2

Calculate: (a) the optimum receiver bandwidth; (b) the peak to peak signal power
to rms noise power ratio obtained when the peak input optical power to the receiver
is —40 dBm.

Solution: (a) For an optimized design the pulse rise time at the regenerator circuit
is equal to the total system rise time, hence 7x = 12 ns. The optimum receiver
bandwidth is simply obtained by taking the reciprocal of Tx giving 83.3 MHz.

(b) The nominal pulse period To(= 1/fo) is 5 X 107® s and the peak optical power
at the receiver is 1 x 10~7 W. Therefore, the peak to peak signal to rms noise ratio
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may be obtained using Eq. (11.99), where:

(_s_) _ 3(TofoMRPyo)’
N/p-p (21rTRB)21§1

3(5x 1078 x5 x 104X 60X 0.7 x 1077)’
Rrx12x107°x6x10°)?x 107"

=1.62x 108
=62.1dB

The result of Example 11.17(b) illustrates the possibility of acquiring high SNRs at
the output to a PFM—IM system using a regenerative receiver with achievable
receiver noise levels and with moderate input optical signal power to the receiver.

11.8 Disiribution systems

Thus far, the considerations in this chapter have effectively concerned only point-
to-point and primarily unidirectional optical fiber communication systems. A
strategy for obtaining bidirectional optical transmission on the same fiber link is
described in Section 11.9.3, whilst in this section we discuss the implementation
aspects of a growing area of activity within optical fiber communications, namely
that of multiterminal distribution systems. For example, two major areas of
application for such multiterminal distribution systems or networks which are dealt
with in Chapter 14 are the telecommunication local access network (Section 14.2.3)
and local area networks (Section 14.7).

Although many variants or hybrid topologies have been explored, the three basic
multiterminal system architectures comprise the ring, bus and star configurations.
The former topology, which has largely found implementation as a closed path or
loop where consecutive nodes or terminals are connected by a series of point-to-
point fiber links, is discussed in relation to the fiber distributed data interface
covered in Section 14.7.1. With the latter topoiogies, however, substantial progress
has been made into the realization of multiterminal distribution systems and
networks which do not simply comprise a series of point-to-point fiber links. In
particular, they make use of the basic passive coupling devices described in Section
5.6

It is instructive to form a comparison between the topological implementations
of the bus and star distribution systems when each employ passive optical couplers
to direct the signals to particular nodes. Block schematics for these two

“configurations are shown in Figure 11.45 where, for the purposes of the
comparison, the linear nature of the bus is replicated in the star network through
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the positioning of the nodes in a linear manner. It is clear, however, that the star
network configurations shown in Figures 14.4(c) and 14.28(d) are more
representative of the use of the star topology to provide a widely distributed
multiterminal network. Moreover the star—bus network implementation displayed
in Figure 11.45(b) is not very economic in its use of fiber cable in comparison with
the bus topology (Figure 11.45(a)) for a linear ordering of the network nodes.

The bus configuration illustrated in Figure 11.45(a) utilizes three port fiber
couplers (see Section 5.6.1) to. act as both beam splitter/combiner devices for the
transmit and receive paths at each node, as well as passive fiber access couplers or
taps along the bus link. However, whereas in the former case the split ratio is
around 50%, in the latter tapping application the split ratio is often reduced to
between 5 and 10% for the tap fiber so that the throughput optical power is a factor
of 9 to 18 times greater than the optical power tapped off. Such an arrangement
enables a larger optical power level to be transmitted down the bus and thus ensures
adequate power at nodes distant from the transmit ‘terminal.

Let us consider the total loss between node 1 and node N — 1. It should be noted
in the configuration shown in Figure 11.45(a) that the path between nodes 1 and
N — 1 exhibits the maximum loss because the final fiber tap couples only 10% of
the incident optical power into the beam splitter of node N ~ 1. By contrast, the
path to node N obtains a factor of nine times this power level. Clearly, this
situation could be modified by using a fiber beam splitter in place of the fiber tap
in order to connect thesé two final nodes on to the bus.

Notwithstanding the above point we now consider the optical power budget for
the worst case node interconnection (nodes 1 to N — 1) for the multiterminal bus
system of Figure 11.45(a). It is apparent that to obtain the total -thannel loss
CiL(1, N—1) between these two nodes the losses through each of the components
must be summed. Let us commence at the transmit terminal, node 1. Then
designating the connector losses in decipels as acr-and assuming no excess loss in
combining the transmitted signal on to the bus, a loss of 2a., is obtained after the
first beam splitter. The loss per kilometre exhibited by the fiber cable as. enables
the total fiber cable loss between the two terminals to be written as (N = DagcLpy
where Ly is equal to the fiber length between each of the access couplers.
Furthermore, the total loss incurred by the signal in passing through the access
couplers or.taps between nodes 1 and N — 1 (excepting the final access coupler at
which the signal to node N — 1 is tapped off) is given by (2aer + Lac) (N — 3) where
Lac is the insertion loss of the access coupler. At the final access coupler before
node N — 1 the loss obtained is (2cccr + Li,) where Ly is the loss due to the tap ratio
of the device. Finally, a splitting loss L, occurs at the beam splitter together with
a further connector loss a.. at the optical receiver of node N — 1. The total channel

Figure 11.45 (overleaf) Distribution system implementations: (@) linear bus system/
network; (b) star system/network configured as a bus for comparative purposes.
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loss between nodes 1 and N — 1 can therefore be written as:

CL(I, N=1) =20 + (N = Darc Loy + Qaer + Lac) (N~ 3)
+(2acr+ Ltr)+ Lsp+acr (11.101)

To incorporate the overall channel losses into an optical power budget for the
multiterminal bus distribution sysiem, the mean power obtained at the optical
transmitter P, at node 1, together with the mean incident optical power at the
receiver, Po of node N — 1 must be included. Hence the optical power budget may
be written as:

Pi= P+ 200+ (N = Dage Loy + Qace + Lac)(N~3)
+ Qo+ L)+ Lp+ acr + My dB - (11.102)

where M, is the system safety margin (see Section 11.6.6).

The star distribution system configuration displayed in Figure 11.45(b) employs
a passive transmissive star coupler which provides two fibers to each node terminal
(see Section 5.6.2). Hence an N x N star coupler allows the interconnection of N
terminals. Assuming that the fiber cable lengths to each node are equal, then the
same system loss is incurred for transmission between any two nodes. In this case
the total system loss comprises the four connector losses at the transmitter, the
receiver and the input and output ports of the star coupler 4a.,; the total fiber cable
loss ag L where Ly is the total fiber length in both arms of ‘the star; the star
splitting loss given by Eq. (5.18) as 10 log;o N and the star excess loss L., provided
by Eq. (5.19). In the case of equal fiber lengths the total channel loss between any
two nodes is given by:

Cr(star) = doer + aseLsy + 1010810 N+ Ley (11.103)

Again to incorporate the overall channel losses into an optical power budget for the
multiterminal star distribution system, we designate the mean power obtained at the
output of the optical transmitter P, and the mean optical power incident at the
receiver P, so that:

Pt=Po+4acr+achst+10]oglo N+ L+ M,dB (11.104)

where M, is the system safety margin. A comparison of the optical power
efficiencies of the two distribution systems is illustrated in the following example.

Example 11.18

Form a graphical comparison showing total channel loss against number of nodes
for the bus and star distribution systems which incorporate components with the
following performance parameters.

Connector loss: 1dB
Access coupler insertion loss: 1dB
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Fiber cable loss: 5dBkm™!
Access coupler tap ratio: 10dB
Spiitter loss: 3dB
Star coupler excess loss: 0dB

The distance between nodes on the bus system should be taken as 100 m and the
worst case channel loss should be considered. It can be assumed that the total fiber
cable length between all nodes on the star system is equal to 100 m.

Solution: Bus distribution system: using Eq. (11.101) the total channel loss is

CL(IL,N-1D=2x1+(N-1)5 x0.1+2x1+1)}(N=-3)
+(2x1+10)+3+1dB
=0.5(N—1)+3(N—-3)+18dB
=3.5N+8.5dB

Star distribution system: the total loss is given by Eq. (11.103) as

Ci(star) =4 x 1 + 5x 0.1+ 10 logio N+ 0dB
=4.5+ 10 logio NdB

The two expressions above for the bus and star distribution systems are plotted in
Figure 11.46. It may be observed that the star configuration provides substantially
greater efficiency in the utilization of optical power than the bus topology,

50
o /
Linear bus
30
Total /
channel
loss C.
(dB)
20
/
/_
// Star
10 P
0
5 10 15 20 25 30

Number of nodes N

Figure 11.46 Characteristics showing the total channel loss against the number
of nodes for the two distribution systems specified in Example 11.18.
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particularly when the number of nodes becomes larger. It must be noted, however,
that no excess loss for the star coupler has been included in the calculation and
therefore it is anticipated that the total losses for the two distribution systems would
be a little closer. Nevertheless, this factor would only make the optical power
budgetary performance of the two configurations become similar when less than
five terminals are interconnected.

11.9 Advanced multiplexing strategies

The basic multiplexing techniques which can be employed with IM/DD optical
fiber systems were outlined in Section. 11.4.2. Furthermore, the major baseband
digital strategy, namely time division multiplexing was discussed in some detail in
Section 11.5. In this section, however, the most significant of these multiplexing
techniques are discussed in greater detail with particular emphasis on those
strategies which allow greater exploitation of the available fiber bandwidth. We
commence by farther consideration of the multiplexing of digital signals prior to
the more detailed description of techniques that may be employed for multiplexing
either digital or analog intensity modulated signals, or a combination of both signal
types.

' 11.9.1 Optical time division multiplexing

It was indicated in Section 10.5 that electronic circuits meet practical limitations on
their speed of operation at frequencies around 10 GHz. Therefore, although more
recently the feasibility of 10 Gbits™! direct intensity modulation and transmission
over substantial distances (100 km) has been demonstrated (e.g. Ref. 80), electronic
multiplexing at such speeds remains difficult and presents a restriction on the
bandwidth utilization of a single-mode fiber link. An alternative strategy for
increasing the bit rate of digital optical fiber systems beyond the bandwidth
capabilities of the drive electronics is known as optical time division multiplexing
(OTDM) [Ref. 81]. A block schematic of an OTDM system which has
demonstrated 16 Gbits~' transmission over 8 km is shown in Figure 11.45
[Ref. 82]. The principle of this technique is to extend time division multiplexing by
optically combining a number of lower speed electronic baseband digital channels.
In the case illustrated in Figure 11.47, the optical multiplexing and demultiplexing
ratio is 1:4, with a baseband channel rate of 4 Gbits~!. Hence the system can be
referred to as a four channel OTDM system.

The four optical transmitters in Figure 11.47 were driven by a common 4 GHz
clock using quarter bit period time delays. Mode-locked semiconductor laser
sources which produced short optical pulses (around 15 ps long) were utilized at the
transmitters to provide low duty cycle pulse streams for subsequent time
multiplexing. Data was encoded onto these pulse streams using integrated optical
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Figure 11.47 Four channel OTDM fiber system.

intensity modulators (see Section 10.6.2) which gave return io zero transmitter
outputs at 4 Gbits~'. These 10 devices were employed to eliminate the laser chirp
(see Section 6.7.3) which would result in dispersion of the transmitted pulses as they
propagated within the single-mode fiber, thus limiting the achievable transmission
distance.

The four 4 Gbits™' data signals were combined in a passive optical power
combiner but, in principle, an active switching element could be utilized. Although
four optical sources were employed, they all emitted at the same optical wavelength
within a tolerance of +0.1 nm and hence the 4 Gbits™' data streams were bit
interleaved to produce the 16 Gbit s~ ! signal. At the receive terminal the incoming
signal was decomposed inte the 4 Gbits™ ! baseband components in a demultiplexer
which comprised two levels. Again, IO waveguide devices were used to provide a
switching function at each level (see Section 10.6.1). At the first level the 10 switch
was driven by a sinusoid at 8 GHz to demuitiplex the incoming 16 Gbits ™' stream
into two 8 Gbit s~ ! signals. At the second level two similar switches, each operating
at 4 GHz, demultiplexea each of the 8 Gbits ™! data streams into two 4 Gbits™'
signals. Hence single wavelength 16 Gbits~ ! optical transmission was obtained with
electronics which only required a maximum bandwidth of about 2.5 GHz, as return
to zero pulses were employed.
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11.9.2 Subcarrier multiplexing

The use of radiofrequency subcarriers modulated by analog signals prior to
intensity modulation of an optical source was discussed in Section 11.7.3. More
recently, however, the utilization of substantially higher frequency microwave
subcarriers multiplexed in the frequency domain before being applied to intensity
modaulate a high speed injection laser source has generated significant interest [Refs.
83 to 87]. Such microwave subcarrier multiplexing (SCM) enables multiple
broadband signals to be transmitted over single-mode fiber and appears particularly
attractive for video distribution systems [Refs. 86 to 88]. In addition, with SCM,
conventional microwave techniques can be employed to subdivide the available
intensity modulation bandwidth in a convenient way. The result is a useful
multiplexing technique which does not require sophisticated optics or source
wavelength specification (see Section 11.9.3). Either digital or analog modulation
of the subcarriers can be utilized by upconverting to a narrowband channel at high
frequency employing either amplitude, frequency or phase shift keying (i.e. ASK,
FSK or PSK), and either amplitude, frequency or phase modulation (i.e. AM, FM
or PM) respectively. For digital signals, FSK has the advantage of being simple to
implement, both at the modulator and demodulator, whereas for analog video
signals the modulation of the high frequency carrier (upconversion) is often carried
out using either AM—VSB (vestigial sideband) or FM techniques. In both cases, the
multicarrier signal is formed by frequency division multiplexing (FDM) of the
modulated microwave subcarriers in the electrical domain prior to conversion to an
intensity modulated optical signal.

A block schematic of a basic subcarrier multiplexed system is shown in Figure
11.48 [Ref. 86]. The modulated microwave subcarrier signals are obtained by
frequency upconversion from the baseband using voltage controlled oscillator
(VCOs). These subcarrier signals fi are then summed in a microwave power
combiner prior to the application of the composite signal to an injection laser which
is d.c. biased at around 5 mW in order to produce the desired intensity modulation.
The IM optical signal is therr transmitted over single-mode fiber and directly
detected using a wideband photodiode before demultiplexing and demodulation
using a conventional microwave receiver.

Although relatively straightforward to implement using available components,
SCM does exhibit some disadvantages, the most important of which is the problem
associated with source nonlinearity [Ref. 87]. Distortion caused by this
phenomenon can be particularly noticeabie when several subcarriers are transmitted
from a single optical source. Moreover, .despite the fact that the receivers require
narrow bandwidth, SCM systems, with the exception of those employing AM—-VSB
modulation, must operate at high frequency, often in the gigahertz range. In
addition, for digital systems SCM requires more bandwidth per channel than a time
division multiplexed system. The upconversion results in the bandwidth expansion
so that a 50 Mbits~! channel may require some 80 MHz of bandwidth [Ref. 83].
Any reduction of this bandwidth overhead necessitates the adoption of more
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Figure 11.48 Basic subcarrier multiplexed (SCM) fiber system.

complex and less robust modulation techniques. For example, AM—VSB systems
transmitting a standard cable television (CATV) multichannel spectrum tend to
minimize the required bandwidth, but the signal must be received with a carrier
to noise ratio of between 45 and 55 dB to avoid degradation of picture quality
{Ref. 87].

The transmission of multiple CATV channels over substantial unrepeatered
distances with good quality reception has, however, been demonstrated with SCM
using frequency modulation (i.e. FM—FDM). For example, thirty-four multiple
sub-nyquist-sampling encoding (MUSE) high definition television (HDTYV)
channels, each requiring an FM bandwidth of 27 MHz, have been transmitted over
an unrepeatered distance of 42 km [Ref. 88}. This transmission system, which
operated at a wavelength of 1.3 um, provided a carrier to noise ratio of 17.5 dB at
the receive terminal. Furthermore, an unrepeatered transmission distance in excess
of 100 km has also been demonstrated with SCM when operating at a wavelength
of 1.54 yum {Ref. 89]. In this case some eight baseband video channels, each of
which was frequency modulated to occupy around 30 MHz of bandwidth, were
then frequency multiplexed over a range 840 to 1160 MHz before directly
modulating a distributed feedback laser.

Apart from the possibility of combining digital and analog subcarrier multiplexed
~ signals into a composite signal, an alternative attractive strategy is the so-called
hybrid SCM system which combines a baseband digital signal with a high frequency
composite microwave signal [Ref. 86]. In this case the receiver shown in Figure
11.48 cannot be narrowband but must have a bandwidth from d.c. to beyond the
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highest microwave signal frequency employed. As mentioned previously, SCM is
under investigation for application in video distribution systems and networks. In
such systems only a single channel needs to be selected for demodulation. Hence
a tunable local oscillator, mixer and narrow band filter can be utilized at the receive
terminals (Figure 11.48) to simultaneously select the desired SCM channel and
downconvert it to a more convenient intermediate frequency (IF) signal. Finally,
the IF signal can be input to an appropriate demodulator to recover the baseband
video signal.

11.9.3 Wavelength division multiplexing

Wavelength division mulitiplexing (WDM) involves the transmission of a number of
different peak wavelength optical signals in parallel on a single optical fiber.
Although in spectral terms optical WDM is analogous to electrical frequency
division multiplexing, it has the distinction that each WDM channel effectively has
access to the entire intensity modulation fiber bandwidth which with current
technology is of the order of several gigahertz. The technique is illustrated in
Figure 11.49, where a conventional (i.e. single nominal wavelength) optical fiber
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Figure 11.49 Optical fiber system operating modes illustrating wavelength
division multiplexing (WDM).
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communication system is shown together with a duplex (i.e/two different nominal
wavelength optical signals travelling in opposite directions providing bidirectional
transmission), and also a multiplex (i.e. two or more different nominal wavelength
optical signals transmitted in the same direction) fiber communication system. It is
the latter wavelength division multiplex operation which has generated particular
interest within telecommunications. For example, two channel WDM is very-
attractive for a simple system enhancement such as piggybacking a 565 Mbits™!
system onto an installed 140 Mbits~! link, or for doubling the capacity of a
565 Mbits ™! link [Ref. 90]. Moreover, this multiplexing strategy overcomes certain
power budgetary restrictions associated with electrical time division multiplexing.
When the transmission rate over a particular optical link is doubled using TDM,
a further 3 to 6 dB of optical power is generally required at the receiver (see Section
11.6.3). In the case of WDM, however, additional losses are also incurred from the
incorporation of wavelength multiplexers and demultiplexers (see Section 5.6.3).

Wavelength division multiplexing in IM/DD optical fiber systems can be
implemented using either LED or injection laser sources with either multimode or
single-mode fiber. More recently, however, the wide scale deployment of single-
mode fiber has encouraged the investigation of WDM on this transmission medium.
In particular, the potential utilization of the separate wavelength channels to
provide dedicated communication services to individual subscriber terminals is an
attractive concept within telecommunications. For example, a multiwavelength,
single-mode optical star network called LAMBDANET has been developed using
commercial components [Ref. 91]. This network, which is internally nonblocking,
has been configured to allow the integration of point-to-point and point-to-
multipoint wideband services, including video distribution applications.

A block schematic of the LAMBDANET star network is shown in Figure 11.50.
The network incorporated a sixteen port passive transmission star coupler (see
Section 5.6.2). Each node was equipped with a single distributed feedback laser
selected with centre wavelengths spaced at 2 nm intervals over the range 1527 to
1561 nm. Hence, each node transmitted at a unique wavelength, providing a
contention-free broadcast capability to all other nodes. At the receive terminals
every node could detect transmissions from all other nodes.using a wavelength
demultiplexer and sixteen optical receivers. Moreover, the wavelength channels on
the network were.demonstrated to operate at a transmission rate of 2 Gbits™! over
a distance of 40 km [Ref. 92}.

Another WDM strategy which has been investigated for both telecommunication
and nontelecommunication applications is illustrated in Figure 11.51. [Ref. 93].
In this case, in place of narrow linewidth injection laser sources, wide spectral width
{63 nm) edge-emitting LEDs were utilized to provide the multiwavelength optical
carrier signals which were transmitted on single-mode optical fiber. The full spectral
output from each ELED was not, however, transmitted for each wavelength
channel. Instead, a relatively narrow spectral slice (3.65 nm) for each separate
channel was obtained using the diffraction grating WDM multiplexer device, as
shown in Figure 11.51, prior to transmission down the optical link. This technique,
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which is known as spectral slicing, could enable LEDs with te same overall spectral
output to be employed whilst still providing the distinctive wavelength channels for
transmission between each subscriber terminal. In this case a WDM demultiplexer
device is located at a distribution: point in order to separate and distribute the
different wavelength optical channels to the appropriate subscriber receive
terminals. A similar strategy has been demonstrated for sixteen channels using
superluminescent LEDs, again transmitting on single-mode fiber [Ref. 94} .
Moreover, the technique has also been employed in nontelecommunication areas to
provide multiple wavelength channels from single LED sources, usually on
multimode fiber, in order to, for example, service a multiple optical sensor system
(see Section 14.5) in which each wavelength channel supplies a signal to a different
optical sensor device [Ref. 95].

11.10 Application of optical amplifiers

The use of electronics-based regenerative repeaters in long-haul optical fiber
communications was discussed in Sections 11.4 and 11.6.1. It is clear, however,
that such devices not only increase the cost and complexity of the optical
communication system, but they may also act as a bottle-neck by restricting the
system operational bandwidth. Hence the recent developments in optical amplifier
technology described in Sections 10.2 to 10.4 have started to provide an additional,
welcome flexibility in the design and implementation of IM/DD optical fiber
systems.

The above flexibility stems from the ability for the transmitted optical signal to
remain in the optical domain over the entire length of a long-haul link. Optical
amplifiers (both semiconductor and fiber devices) therefore exhibit interesting
features which assist in the system design, as illustrated in Figure 11.52. It may be
observed from Figure 11.52(a) that, in a similar manner to electronic repeaters (see
Figure 11.27), optical amplifiers may be employed in a simplex mode where each
transmitted optical signal is carried on a separate fiber link. However, optical
amplifiers have the ability to operate simultaneously in both directions at the same
carrier wavelength,* as shown in Figure 11.52(b). Moreover, in this bidirectional
mode they offer an added degree of reliability in that a single fiber break would only
disable one half of communication capacity per fiber pair rather than causing a
complete system failure, as is the case with the present unidirectional systems (i.e.
one transmission path between all user pairs is disabled).

A further range of flexibility associated with optical amplifiers concerns the
ability of particular devices to simultaneously amplify multiple wavelength division
multiplexed (WDM) optical signals (see Section 11.9.3). Both SLAs and fiber
amplifiers with spectral bandwidths in the range 20 to 50 nm can be realized (see

* It is obviously necessary to intensity modulate the opticél carriers at different speeds to avoid signal
interference.
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Figure 11.52 Potential point-to-point system applications for optical amplifiers: (a)
simplex mode; (b) duplex mode; (c) multiamplifier configuration for wavelength division
multiplex (WDM) operation.

Sections 10.3 and 10.4) which will allow single amplifiers to support in excess of ten
intensity modulated WDM channels. Moreover, the parallel multiamplifier con-
figuration illustrated in Figure 11.52(c) could be envisaged which would enable
contiguously spectrally aligned amplifiers to span a complete wavelength window
(say around 1.55 um). Such configurations could increase system reliability in the
event of an individual amplifier failure, whilst also relaxing the linearity and
overload characteristics for amplifiers operating with densely packed WDM
hierarchies [Ref. 96].
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It was mentioned in Section 10.4 that optical amplifiers could be used in a broad
range of system applications: namely, as power amplifiers at the optical transmitter;
as in-line repeater amplifiers; and as preamplifiers at optical receivers. Morcover,
the latter system application was dealt with in Section 9.6. Therefore, in this section
we concentrate on the utilization of optical amplifiers as in-line repeaters within
IM/DD optical fiber systems. It must be remembered, however, that in contrast to
regenerative repeaters, optical amplifiers simply act as gain blocks on an optical
fiber link and hence they do not reconstitute a transmitted digital optical signal.
A drawback with this operation is that both noise and signal distortions are
continuously amplified as the optical signal passes down a link which uses cascaded
amplifiers. A benefit, however, is that optical amplifiers are transparent to any type
of signal modulation (i.e. digital or analog) and to any modulation bandwidth.

It was mentioned in Section 10.3.2 that noise in travclling wave SLAs may
determine the number of devices that can be cascaded as linear repeaters. Since the
mean noise power resulting from spontaneous emission in optical amplifiers
accumulates in proportion to the number of repeaters, gain saturation occurs when
the total noise power becomes equal to the signal power. A simple model for the
noise behaviour of such devices which is valid under conditions of high signal to
noise ratio and high gain is shown in Figure 11.53. It comprises an ideal noiseless
amplifier with gain G preceded by an additive noise source of spectral density 5(/f)
given by [Ref. 97]:

S(f)=Khf (11.105)

where K, which is dependent on the population inversion and the cavity loss,
provides a measure of the amplifier quality and 4f constitutes photon energy. A
minimum theoretical value for K is unity, which would only occur for the ideal case
of complete inversion and no cavity loss. However, in this case §=Af which
indicates thet it is theoretically impossible for the TWA to be noiscless.
Nevertheless, in practice K < 2 has been obtained, demonstrating that amplificrs
with less than 3 dB more noise than the theoretical limit can be achieved [Ref. 98].

The cascading of eptical amplifiers in a long-haul communication system is
illustrated in Figure 11.54(a). Fcllowing each section of fiber cable length L there
is an optical amplifier with gain G which just compeunsates for the iber cable loss

Amplifier

Noise
source

Figure 11.53 Noise model for travelling wave optical ampiifier.
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Figure 11.54 Cascaded optical amplifiers: (a) fiber system with cascaded optical
amplifiers; (b) signal to noise ratios in a cascaded amplifier chain.

such that:
G = 10 (o +adl]io (11.106)

where «g. and «; are the fiber cable losses and joint losses respectively, both in
dB km~'. Furthermore, as the optical signal travels through the amplifier cascade
the noise levels increase because the additive noise from each device is cumulative.
Hence, using Eqs. (11.105) and (11.106) the signal to noise ratio at the ¢nd of a
cascaded link may be written as:

S Pilo—(m.»+a;)L/lO
N~ (Lo/L)Kh/B

where P; is the power launched into the link at the transmitter, L., the total system
length and hence (L.o/L) is approximately equal to the total number of amplifier
repeaters,” and the noise bandwidth equals the system bandwidth B. Equation
(11.107) therefore enables the maximum transmission distance for a system using
cascaded travelling wave SLAs to be deduced.

(11.107)

Example 11.19

A long-haul digital single-mode fiber system operating at a wavelength of 1.55 um
is envisaged employing travelling wave SLAs spaced at intervals of 100 km. The
power launched into the link at the transmitter is 0 dBm and the fiber cable
attenuation is 0.22 dBkm™'. In addition, there are splice losses which average out

* The total number of amplifier repeaters is actually (L.ofL ~ 1); however for a long link and a large
aumber of repeaters this approximates to (L.ofL).
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at 0.03 dBkm™!. A signal to noise ratio of 17 dB is required at the system reccive
terminal to provide an acceptable BER at the operating transmission rate of
1.2 Gbits~'. Assuming that the system bandwidth is equal to the transmission bit
rate and that K for the amplifiers is equal to 4, estimate the maximum system length
such that satisfactory performance is maintained.

Solution: Using Eq. (11.107), then

Pi)\lo‘((l.\ﬁfa,)L/IO S -1
KnheB (‘)

N,
Hence for a link with a large number of cascaded amplifiers:

S R Y A A 2
Lio= ( KhcB )(Tv)

(LlolL):

3 (1073 x 1.55 x 107% x 1072%)100 x 10’
T4 %6.626x 1077 % 2.998 x 10% x 1.2 x 10° X 50

=1x 10* km

Thus the maximum system length obtained in Example 11.19 is very large and
would allow the interconnection of most points on the earth using a chain of optical
amplifiers. However, the calculation does not take account of the nonregenerative
nature of the amplifier repeaters in which pulse spreading as well as noise down the
link is accumulated. Fiber dispersion therefore imposes serious limitations on the
system performance, as discussed in Section 11.6.5, and it will restrict both the
maximum system span as well as the maximum transmission rate.

Another parameter which is often specified in relation to the noise performance
of optical amplifiers is the noise figure of the devices. The noise figure F for an
optical amplifier is defined in a similar manner to an electrical amplifier as the signal
to noise degradation between the device input and the device output:

F= _(__’gllv)m

= 11.108
(S/Nou (11.108)

Again, it is governed by factors including the population inversion, the number of
transverse modes in the amplifier cavity, the number of incident photons on the
amplifier and the optical bandwidth of the amplified spontaneous emissions.
Typical noise figures range from 4 to 8 dB, with SLAs generally towards the bottom
end of the range and fiber amplifiers towards the top end.

We now consider a system with M cascaded optical amplifiers, as illustrated in
Figure 11.54(b). In this case the link attenuation (both fiber cable and joint losses)
in front of the kth amplifier is denoted by ax, whilst the amplifier has a signal gain
of Gx and a noise figure Fx. The input and output SNRs for such a cascaded link
can be defined at the transmitter output 7 and the Mth amplifier output,
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respectively, so that in a similar manner to electrical amplifiers the total noise figure
for the system Fy, is:

_ §/N)r
(SINWm

_F, R Fi _ Fu

toet M=T
oM kZ (axGy)
=1

to

(11.109)

Q) Ol)GlOlz axclaszou

The above expression can therefore enable determination of the total noise figure
for the amplifier cascade.

Example 11.20
An optical fiber system is configured with a series of M optical amplifiers in
cascade. The fiber cable and joint losses on each span between amplifiers on the link
are compensated by the following amplifier gain. Obtain an expression for the total
noise figure for the system and determine its value when all the amplifiers are
identical’

Solution: As the amplifier gain compensates for the losses, then axGr = 1. Hence
using Eq. (11.109) the total noise figure is given by:

Fio = F,G, F,G, —#M
to — + + e+
a1G1  a1G1a2G;y am 2, (akGr)
k=1
= FiG1+ F2Gy + +++ + FyGuy
M
=kz FiGi
=]

When all the repeaters are identical then F\Gi, F2G;, ..., FuGa are equal to FG.
Therefore, the total noise figure becomes:

Foo= MFG

At the output from the first amplifier repeater a degradation in signal to noise ratio
of FG occurs followed by a decrease 1/M.

A typical experimental system configuration employing five travelling wave SLAs
and operating over a distance of some 500 km at a transmission rate of 565 Mbits ™!
is shown in Figure 11.55 {Refs. 99, 100]. The system was designed to give a bit error
rate better than 10~°. In addition, as discussed above, the noise in TWSLAs can
largely determine the number of devices that may be cascaded as linear repeaters.
However, the spontaneous emission noise profile is relatively broadband, typically
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Figure 11.55 Experimental system incorporating five cascaded travelling wave
semiconductor laser amplifiers [Refs. 99,100].

occupying around 30 nm, and therefore opuical filtering can be used as a method
of reducing overall noise levels. It is suggested that filters with bandwidths in the
range 5 to 10 nm would be required for systems spanning greater than 500 km
[Ref. 100]. Nevertheless, a higher speed IM/DD optical fiber system operating at
2.4 Gbits™! over a distance of 516 km has been demonstrated by cascading ten
TWSLAs [Ref. 101]. '

Although the technology associated with SLAs is at present more established
than that of fiber amplifiers, there appear to be significant drawbacks with these
former devices in relation to their active nature, mechanical structure, reliability
and yield performance which may inhibit their application in future systems. By
contrast, in fiber amplifiers these parameters are largely defined by the atomic
structure and hence they exhibit greater stability. Furthermore, although the signal
gain—bandwidth of TWSLAs is generally more appropriate to WDM applications,
they are also prone to crosstalk problems which tends to limit their suitability in this
area [Ref. 102].

When considering fiber amplifiers for use in WDM systems the Raman device (see
Section 10.4.2) offers a gain bandwidth similar to the TWSLA (i.e. 20 to 50 nm).
However, in practice there are a number of difficulties associated with the use of
these fiber amplifiers. In particular, very high pump source powers of the order of
300 mW into the fiber are required to provide gains of around 15 dB [Ref. 103].
Also, the fiber length needed for the Raman fiber amplifier is generally greater than
1 km. For example, recent predictions obtained using a 10 km length device
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indicated a Raman gain of 13.5 dB (net gain of 8.5 dB) when the pump power was
200 mW [Ref. 104]. Raman amplification has, however, been demonstrated in a
310 km span remotely pumped 1.8 Gbits™' IM/DD system experiment [Ref. 105].
In this case Raman amplification in the dispersion shifted fiber after the transmitter
as well as before the receiver (an in-line erbium fiber amplifier was also employed)
provided gains of 4.3 dB and 5.5 dB respectively. By contrast the gain provided by
the remotely pumped erbium doped fiber device was 13.2 dB.

There is increasing interest in the investigation of erbium doped fiber amplifiers
to provide optical gain within IM/DD optical fiber systems. Bon long span and
high gain operation of these devices around 1.53um has been demonstrated [Refs.
106—108] . Moreover, typical good performance characteristics display a signal gain
of 25 dB with a spectral bandwidth of 35 nm for a pump power of 50 mW at
1.49 um [Ref. 107} . In particular, the realization of a relatively broad 3 dB spectral
bandwidth for these devices has provided an impetus for their application within
WDM optical fiber systems.

Recent system demonstrations have underlined the use of single erbium doped
fiber amplifiers within WDM systems for small numbers of wavelength channels
[Refs. 110, 111}. Furthermore, four wavelength channels, each modulated at
2.4 Gbits™' have been transmitted over 459 km using six cascaded erbium fiber
amplifiers [Ref. 112). A block schematic of this experimental system is shown in
Figure 11.56. Distributed feedback (DFB) laser transmitters emitting over a range
1548.8 to 1554.7 nm were externally modulated using Mach—Zehnder 10 devices
(see Section 10.6.2). It may be observed from Figure 11.56 that a booster power
amplifier was employed immediately after the four port coupler followed by five
in-line repeater amplifiers. Moreover, the 3 dB spectral bandwidths for the
amplifiers utilized were only around 10 nm.

Increased numbers of WDM channels have been demonstrated for broadcast

Booster
amplifier
Tx2 Rep. 1 - Rep.2 Rep. 3
4x4
fiber
Tx3 coupler
Tx4
68 km
Optical
bandpass
Data filter Rep. 5 Rep. 4
Error 2.4 Gbits™’ :’k:
detector |_ Receiver ~
Clock

figure 11.56 Experimental system demonstrating the transmission of four WDM
channels through six cascaded erbium dop=J fiber amplifiers covering a distance of
459 km [Ref. 112].
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network applications targeted at the future local access network and cable TV
applications (see Sections 14.2.3 and 14.4.1). In particular, twelve closely spaced
wavelength channels in the range 1530 to 1534 nm obtained from twelve separate
DFB lasers were successfully transmitted through two erbium doped fiber amplifier
stages [Ref. 113}. The spectrum provided by the twelve DFB lasers after two stages
of amplification is shown in Figure 11.57. Furthermore; the use of twelve wave-
length channels and two stages of erbium doped fiber amplification demonstrated
the feasibility of broadcasting up to 384 digital video channels over a passive optical
network with a range of 27.7 km to some 39.5 million customer terminals [Ref.
113].

The amplification of sixteen wavelength channels separated at 2 nmantervals over
a range from 1527 to 1561 nm has also been demonstrated through a single erbium
doped fiber amplifier stage [Ref. 114}. Again, DFB laser transmitters were
employed for the transmission of either ten analog FM video signals subcarrier
multiplexed (see Section 11.8.2) between 300 and 700 MHz or data at 622 Mbits”~ !
In this case the amplifier provided between 17 -and 24 dB of gain per channel.

An advantage provided by erbium doped fiber amplifiers when used in WDM
optical fiber systems is that the lifetimes associated with the lasing process in these
devices are such that crosstalk in the presence of a number of wavelengths is
significantly reduced. Moreover, recent a.c. crosstalk measurements suggest that the
crosstalk is heavily dependent upon the modulating frequency and is negligible
above a transmission rate of 140 Mbits~! [Ref. 115]. In addition, spectral
broadening resulting from amplifier phase noise does not appear to be a significant

-20
Power
dBm) -4
/ A\
]
-70
1.520 1.545 1.570

Wavelength (gzm)

Figure 11.57 Spectrum showing twelve WDM channels after two stages of

amplification using erbium doped fiber amplifiers. Reproduced with

permission from A. M. Hill, R. Wyatt, J. F. Massicott, K. J. Blyth, D. S. Forrester,
R. A. Lobbett, P. J. Smith and D. B. Payne, ‘39.5 million-way WDM braadcast

network employing two stages of erbium-doped fibre amplifiers’, Electron.

Lett., 26, p. 1882, 1990.
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problem for the operation of intensity modulated WDM long-haul or distribution
systems which utilize erbium doped fiber devices [Ref. 116].

Problems

I1.1  Discuss the major considerations in the design of digital drive circuits for:

(a) an LED source;
(b) an injection laser source.

Hlustrate your answer with an example of a drive circuit for each source.
11.2  Outline, with the aid of suitable diagrams, possible techniques for;

(a) the linearization of LED transmitters;
(b) the maintenance of constant optical output power from an injection laser
transmitter.

1.3 Discuss, with the aid of a block diagram, the function of the major elements of an
optical fiber receiver. In addition, describe possible techniques for automatic gain
control in APD receivers.

11.4  Equalization within an optical receiver may be provided using the simple frequency
‘rollup’ circuit shown in Figure 11.58(a). The normalized frequency response for this
circuit is illustrated in Figure 11.58(b).

The amplifier indicated in Figure 11.58(a) présents a load of 5kQ to the
photodetector and together with the photodetector gives a total capacitance of § pF.
However, the desired response from the amplifier—equalizer configuration has an
upper 3 dB point or corner frequency at 30 MHz. Assuming R is fixed at 100 Q
determine the required values for C, and R; in order to obtain such a response.

1.5 Describe the conversion of an analog signal into a pulse code modulated waveform for
transmission on a digital optical fiber link. Furthermore, indicate how several signals
may be muitiplexed on to a single fiber link.

A speech signal is sampled at 8 kHz and encoded using a 256. level binary code.
What is the minimum transmission rate for this single pulse code modulated speech
signal? Comment on the result.

Normalized magnitude i
G of the equalizer
frequency response

ey |

1 i

1 1 Angula?
1. — ——=27B
- R:C R.C, T frequency w

(a) (o)

Figure 11.58 The equalizer of problem 11.4: (a) the frequency ‘rollup’ circuit; (b) the
spectral transfer characteristic for the circuit.
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A 1.5 MHz information signal with a dynamic range of 64 mV is sampled, quantized
and encoded using a direct binary code. The quantization is linear with 512 levels.
Determine:

(a) the maximum possible bit duration;
(b) the amplitude of one quantization level.

Describe, with the aid of a suitable block diagram, the operation of an optical fiber

regenerative repeater. Indicate reasons for the occurrence of bit errors in the

regeneration process and outline a technique for establishing the quality of the

channel.

Twenty-four 4 kHz speech channels are sampled, quantized, encoded and then time

division multiplexed for transmission as binary PCM on a digital optical fiber link.

The quantizer is linear with 0.5 mV steps over a dynamic range of 2.048 V.
Calculate:

(a) the frame length of the PCM transmission, assuming an additional channel time

slot is used for signalling and synchronization;
(b) the required channel bandwidth assuming NRZ pulses.

Develop a relationship between the error probability and the received SNR (peak
signal power to rins noise power ratio) for a baseband binary optical fiber system. It
miay be assumed that the number of ones and zeros are equiprobable and that the
decision threshold is set midway between the one and zero level.

The electrical SNR (defined as above) at the digital optical receiver is 20.4 dB.
Determine:

(a) the optical SNR;
(b) the BER.
It may be assumed that erfc (3.71) = 1.7x 1077,

The error function (erf) is defined in the text by Eq. (11.16). However, an error
function also used in communications is defined as:

Erf(u)=:j-(—21-; Su exp (— x3[2) dx

where a capital E is used to denote this form of the error function. The corresponding
complementary error function is:

-~a

Erfc(u) = 1 — Erf(u) = ﬁ Swexp (—x%2) dx
L3 4

This complementary error function is also designated as Q(w) in certain texts. Use of
Erfc(u) or Q(u) is sometimes considered more convenient within communication
systems.

Develop a relationship for erfc(u) in terms of Erfc(u). Hence, obtain an expression
for the error probability P(e) as a function of the Erfc for a binary digital optical fiber
system where the decision threshold is set midway between the one and zero levels and
the number of transmitted ones and zercs are equiprobable. In addition, given that
Erfc (4.75) =1 x 10™° estimate the required peak signal power to rms noise power
ratios (both optical and electrical) at the receiver of such a system in order to maintain
a BER of 1076,



688 Optical fiber communications: principles and practice

11.11 Show that Eq. (9.27) reduces to Eq. (i1.28). Hence determine F(M) when k = 0.3 and
M =20.

11.12 A silicon APD detector is utilized in a baseband binary PCM receiver where the
decision threshold is set midway between the one and zero signal level. The device has
a quantum efficiency of 70% and a ratio of carrier ionization rates of 0.05. In
operation the APD has a multiplication fac.or of 65. Assuming a raised cosine signal
spectrum and a zero disparity code, and given that erfc (4.47)=2x 107'%

(a) estimate the number of photons required at the receiver to register a binary one
with a BER of 107'%;

(b) calculate the required incident optical power at the receiver when the system .is
operating at a wavelength of 0.9 um and a transmission rate of 34 Mbits™';

(¢) indicate how the value obtained in (b) should be modified to compensate for a

3B4B line code.

11.13 A p-i—n photodiode receiver requires 2 X 10* incident photons in order to register a
binary one with a BER of 10~°. The device has a quantum efficiency of 65%. Estimate
in decibels the additional signal level required in excess of the quantum limit for this
photodiode to maintain a BER of 107°.

11.14 An optical fiber system employs an LED transmitter which launches an average of
300 W of optical power at a wavelength of 0.8 um into the optical fiber cable. The
cable has an overall attenuation (including joints) of 4 dB km™'. The APD receiver
requires 1200 incideni photons in order to register a binary one with a BER of 107 '°,
Determine the maximum transmission distance (without repeaters) provided by the
system when the transmission rate is | Mbits™' and i Gbits ' such that a BER of
107 '% is maintained.

Hence sketch a graph showing the attenuation limit on transmission distance against
the transmission rate for the system.

11.15 An optical fiber system uses fiber cable which exhibits a loss of 7dBkm™!. Average
splice losses for the system are 1.5 dBkm ™', and connector losses at the source and
detector are 4 dB each. After safety margins have been allowed, the total permitted
channel loss is 37 dB. Assuming the link to be attenuation limited, determine the
maximum possible transmission distance without a repeater.

11.16 Assuming a linear increase in pulse broadening with fiber length, show that the
transmission rate Br(DL) at which a digital optical fiber system becomes dispersion
limited s given by:

(aas + ) 1

Br(DL)=
n(DL) Sor(km) 10 logyo(Pi/Po)

where or(km) is the total rms pulse broadening per kilometre on the link (hint: refe:
to Eqs. (3.3) and (3.11)).

(a) A digital optical fiber system using an injection laser source displays rms pulse
broadening of 1 nskm™'. The fiber cable has an attenuation of 3.5 dBkm™' and
joint losses average out to 1 dBkm™!. Estimate the transmission rate at the
dispersion limit when the difference in optical power levels between the input and
output is 40 dB.

(b) Calculate the dispersion limited transmission distance for the system described in.
(a) when the transmission rates are 1 Mbits™' and 1 Gbits™'. Hence sketch a
graph showing the dispersion limit on transmission distance against the
transmission rate for the system.
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The digital optical fiber system described in probiem 11.16(a) has a transmission rate
of SO Mbits™! and operates over a distance of 12 km without repeaters. Assuming
Gaussian shaped pulses, calculate the dispersion—equalization penalty exhibited by the
system for the cases when:

(a) there is no mode coupling; and

(b) there is mode coupling.

A digital optical fiber system uses an RZ pulse format. Show that the maximum bit
rate for the system By(max) may be estimated using the expression:

Br{max) = 932
syst
where T is the total system rise time. Comment on the possible use of the factor
0.44 in place of 0.35 in the above relationship.

An optical fiber link is required to operate over a distance of 10 km without
repeaters. The fiber available exhibits a rise time due to intermodal dispersion of
0.7 nskm™!, and a rise time due to intramodal dispersion of 0.2 nskm™ ', In addition
the APD detector has a rise time of 1 ns. Estimate the maximum rise time allowable
for the source in order for the link to be successfully operated at a transmission rate
of 40 Mbits~! using an RZ pulse format.

An edge-emitting LED operating at-a wavelength of 1.3 um launches —22 dBm of
optical power into a single-mode fiber pigtail. The pigtail is connected to a single-mode
fiber link which exhibits an attenuation of 0.4dBkm™"' at this wavelength. In
addition, the splice losses on the link provide an average loss of 0.05 dBkm™'. The
transmission rate of the system is 280 Mbits~! so that the sensitivity of the p—i—n
photodiode receiver is —~35 dBm. Penalties on the link require an allowance of 1.5 dB
and a safety margin of 6 dB is also specified. If the connector losses at the LED
transmitter and p—i—n photodiode receiver are each 1 dB, calculate the unrepeatered
distance over which the link will operate.

A digital single-mode optical fiber system is designed for operation at a wavelength
of 1.5 um and a transmission rate of 560 Mbits ™! over a distance of 50 km without
repeaters. The single-mode injection laser is capable- of launching a mean optical
power of —13 dBm into the fiber cable which exhibits a loss of 0.25 dB km~!. In
addition, average splice losses are 0.1.dB at 1 km intervals. The connector loss at the
receiver is 0.5 dB and the receiver sensitivity is —39 dBm. Finally, an extinction ratio
penalty of 1 dB is predicted for the system. Perform an optical power budget for the
system and determine the safety margin.

Briefly discuss the reasons for the use of block codes in digital optical fiber
transmission. Indicate the advantages and drawbacks when a 5B6B code is employed.
A D-IM analog optical fiber system utilizes a p—i—n photodiode receiver. Derive an
expression for the rms signal power to rms noise power ratio in the quantum limit for
this system.

The p~i—n photodiode in the above system has a responsivity of 0.5 at the cperating
wavelength of 0.85 um. Furthermore the system has a modulation index of 0.4 and
transmits over a bandwidth of 5 MHz. Sketch a graph of the quantum limited receiver
sensitivity against the received SNR (rms signal power to rms noise ‘power) for the
system.over the range 30 to 60 dB. It may be assumed that the photodiode dark current
is negligible.

In practice, the analog optical fiber receiver of Problem 11.22 is found to be thermal
noise limited.. The mean square thermal noise current for the receiver is
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2x107* A*Hz™'. Determine the peak to peak signal power to rms noise power ratio
at the receiver when the average incident optical power is —17.5 dBm.

An analog optical fiber system has a modujation bandwidth of 40 MHz and a
modulation index of 0.6. The system utilizes an APD receiver with a responsivity of
0.7 and is quantum noise limited. An SNR (rms signal power 1o rms noise power) of
35dB is obtained when the incident optical power at the receiver is —30dBm.
Assuming the detector dark current may be neglected, determine the excess avalanche
noise factor at the receiver.

A simple analog optical fiber link operates over a distance of 15 m. The transmitter
comprises an LED source which emits an average of 1 mW of optical power into air
when the drive current is 40 mA. Plastic fiber cable with an attenuation of
500 dBkm ™' at the transmission wavelength is utilized. The minimum optical power
level required at the receiver for satisfactory operation cf the system is § uW. The
coupling losses at the transmitter and receiver are 8 and 2 dB respectively. In addition,
a safety margin of 4 dB is necessary. Calculate the minimum LED drive current
required to maintain satisfactory system operation.

An analog optical fiber system employs an LED which emits 3 dBm mean optical
power into air. However, a coupling loss of 17.5 dB is encountered when launching
into a fiber cable. The fiber cable which extends for 6 km without repeaters exhibits
aloss of S dBkm™". It is spliced every 1.5 km with an average loss of 1.1 dB per splice.
In addition, there is'a connector loss at the receiver of 0.8 dB. The PIN-FET receiver
has a sensitivity of —54 dBm at the operating bandwidth of the system. Assuming
there is no dispersion—equalization penalty, perform an optical power budget for the
system and establish a safety margin.

Indicate the techniques which may be used for analog optical fiber transmission where
an electrical subcarrier is employed. Illustrate your answer with a system block
diagram showing the multiplexing of several signals onto a single analog optical fiber
link.

Subcarrier amplitude modulation (AM~IM) is employed on the RF carriers of an
analog optical fiber system. When a large number of the RF subcarriers, each with
random phases, are frequency division multiplexed, then they add on a power basis
so that the optical modulation index m is related to the per-channel modulation index

my by:
m= (ﬁ: mi)i

k=1

where N equals the number of channels. An FDM signal incorporates eighty AM
subcarriers. When forty of these signals have a per-channel modulation index of 2%,
twenty signals have a 3% and the other twenty signals a 4% per channel modulation
index, calculate the optical modulation index of the transmitter.

A narrowband FM—IM optical signal has a maximum frequency deviation of 120 kHz
when the frequency deviation ratio is 0.2. Compare the post detection SNR of this
signal with that of a DSB—IM optical signal having the same modulating signal power,
bandwidth, detector photocurrent and noise. Also estimate the bandwidth of the
FM—IM signal. Comment on both results.

A frequency division multiplexed optical fiber system uses FM~IM. It has fifty equal
amplitude voice channels each bandlimited to 3.5 kHz. A 1kHz guard band is
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provided between the channels and below the first channei. The peak frequency
deviation for the system is 1.35 MHz. Determine the transmission bandwidth for this
FDM system.

11.31 An FM—IM system utilizes pre-emphasis and de-emphasis to enhance its performance
in noise {Ref. 65]. The de-emphasis filter is a first order RC low pass filter placed at
the demodulator to reduce the total noise power. This filter may be assumed to have
an amplitude response Hac{w) given by:

Hiw)| =—3
| Ha ! 4+ (wfw )
where w. =2nf.=1/RC.
The SNR improvement over FN -IM without pre-emphasis and de-emphasis is given
by:

1 (B
SNRg4e improvement = 3 (—)

Juo

where B, is the bandwidth of the baseband signal and f. < Ba.

(a) Write down an expression for the amplitude response of the pre-emphasis filter so
that there is no overall signal distortion.

(b) Deduce an expression for the post detection SNR improvement in decibels for the
FM—-1IM system with pre-emphasis and de-emphasis over a D-IM systerh operating
under the same conditions of modulating signal power and bandwidth,
photocurrent and noise. It may be assumed that f. < Ba.

(c) A baseband signal with a bandwidth of 300 kHz is transmitted using the FM-IM
system with pre-emphasis and de-emphasis. The maximum frequency deviation for
the svstem is 4 MHz. In addition the de-emphasis filter comprises a 500 Q resistor
and a 0.1 uI" capacitor. Determine the post detection SNR improvement for this
system over a D-IM system operating under the same conditions of modulating
signal power and bandwidth, photocurrent and noise.

11.32 A PM-IM optical fiber system operating above threshold has a frequency deviation
ratio of 15 and a transmission bandwidth of 640 kHz.

(a) Estimate the bandwidth of the baseband message signal.

(b) Compute the post detection SNR improvenient for the system over a D-IM system
operating with the same modulating signal power and bandwidth, detector
photocurrent and noise.

11.33 Discuss the advantages and drawbacks of the various pulse analog techniques for
optical fiber transmission. Pescribe the operation of a PFM-IM optical fiber systemn
employing regenerative baseband recovery.

11.34 An optical fiber PFM—IM system uses regenerative baseband recovery. The optical
receiver which incorporates a p—i—n photodiode has an optimized bandwidth of
125 MHz. The other system parameters are:

Nominal pulse rate 35 MHz
Peak to peak frequency deviation 8 MHz
p—i—n photodiode responsivity 0.6 AW™!
Baseband noise bandwidth 10 MHz

Receiver mean square noise current 3% 10" A?Hz™!
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11.35

11.36

11.37

11.38

11.39

11.4)

11.41

(a) Calculate the peak level of incident optical power necessary at the receiver to
maintain a peak to peak signal power to rms noise power ratio of 60 dB.

(b) The source and detector have rise times of 3.5 and 5.0 ns respectively. Estimate
the maximum permissible total rise time for the fiber cable utilized in the system
such that satisfactory operation is maintained. Comment on the value obtained.

Coensidering the bus and star distribution systems of Example 11.18, compare the
losses associated. with the addition of an extra node when the origiral number of nodes
is twelve. How does this alter if the connecter losses increase to 1.5dB and the
distance between the nodes on the bus/combined length of two arms from the star hub
increases to 400 m? Comment on the results.
An optical fiber data bus is to be implemented to interconnect nine stations, each
separated by 50 m. Multimode fiber cable with an attenuation-of 3 dBkm™"! is to be
used along with LED transmitters which launch 200 uW of optical power into their
fiber pigtails. The PIN--FET hybrid receivers have a sensitivity of — 50 dBm at the
desired BER, whilst the connector losses are 1.1 dB each. The access couplers to be
used have a tap ratio or power tap-off factor of 8% together with an insertion loss
of 0.9 dB. Finally, the beam splitter can be assumed to have a loss of 3 dB. Determine
the safety margin for the system when considering the highest loss terminal
interconnection path.

Repeat Problem 11.36 when considering a thirty terminal star distribution network

where the combined distance in the two fiber cable arms is 200 m and the excess loss

of the star coupler hub is 3.4 dB. Comment on the result. .

Compare and contrast the merits and drawbacks associated with the advanced

multiplexing techniques discussed in Section 11.9. Comment on the possibilities for

combining two of the techniques in order to provide increased information transfer.

Describe, with the aid of simple sketches, the ways in which optical amplifiers may be

configured on long-haul telecommunication links in order to provide both

bidirectional and multichannel optical transmission.
Suggest how optical amplifiers might be incorporated into optical fiber distribution
systems to facilitate the interconnection of a larger number of nodes.

It is desired to obtain the maximum signal to noise ratio on a single-mode fiber

communication link incorporating cascaded travelling wave SLAs. If only noise

considerations are taken into account, determine the optimum length between the
amplifier repeaters when the system is operating at:

(a) a wavelength of 1.3 um where the fiber cable and joint losses are 0.41 dBkm ™} and
0.04 dBkm "' respectively; and

(b) a wavelength of 1.55 um where the fiber cable and joint losses are 0.20 dBkm ~
and 0.02 dBkm ™! respectively.

Comment on the values obtained.
The following specifications are envisaged for a single-mode fiber communication
system employing cascaded travelling wave SLAs:

operating wavelength: 1.30 um

power launched at transmitter: 2 dBm .
fiber cable loss: 0.40 dBkm ™!
fiber splice losses: 0.02dBkm ™'
K (amplifiers): 6

amplifier separation: 50 km

received SNR: 20dB
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Assuming amplifier noise to be the limiting factor estimate the maximum transmission
rate allowed for the system when the total system length is 8000 km.

The SNR at the transmitter output for a single-mode fiber system employing cascaded
travelling wave SLAs is 48.6 dB. The final SLA is positioned as a preamplifier to the
optical receiver on the link and the output SNR from this device is 15 dB. In addition
the amplifiers each have a noise figure of 4.5 dB and a fiber to fiber gain of 9.7 dB,
and the attenuation of the link prior to each amplifier is 5.2 dB. Assuming the SNR
position to remain constant, how many amplifiers can be cascaded on the link?

Answers to numerical problems

11.4 S53.0pF, 4721 11.24 3.1

11.5 64 kbits™' 11.25 35.5mA

11.6 (a) 37 ns; (b) 125 uV 11.26 5.4dB

11.8 (a) 300 bits; (b) 1.2 MHz 11.28 25.7%

11.9 (a).10.2 dB; (b) 3.4x 107’ 11.29 Ratio of output SNRs (rms

11.10 P(c) = Erfc|(S/N)[2], 9.8 dB, signal power to rms noise power) for
19.6 dB FM-IM to DSB-IM is —9.21 dB,

11.11 7.4 1200 kHz

11.12 (a) 1400; (b) ~52.8 dBm; 11.30 3.15 MHz
(¢c) —51.8dBm 11.31 (a) 1 + (wfwe)s

11.13 27.9dB (b) — 3+ 20 logio(DsBaf fo);

11.14 15.76 km, 8.26 km (c) 59.0dB

11.15 3.41 km 11.32 (a) 20 kHz; (b) 20.5 dB

11.16 (a) 22.5 Mbits” ' (b) 200 km, 11.34 (a) —24.4dBm; (b) 4.6 ns
G.2 km 11.35 3.5dB. 0.35dB. 6.0 dB, 0.35dB

11.17 (a) 16.6 dB; (b) 0.1 dB. 11.36 3.7 dB

11.18 3.04 ns 11.37 19.8 dB

11.19 7.8 km 11.40 (a) 9.6 km; (b) 19.7 km

11.20 2.1dB 11.41 858 Mbits™' (RZ)

11.22 40 nW, 40 uW 11.42 87

1123 52.1dB
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12.1 Introduction

The direct detection of an intensity modulated optical carrier is basically a photon
counting process where each detected photon is converted into an electron—hole
pair (or, in the case of the APD, a number of pairs due to avalanche gain). It was
indicated in Section 7.5 that this process which ignores the phase and polarization
of the electromagnetic carrier may be readily implemented with currently available
optical components. Thus all the preceding discussion in Chapter 11 involving both
digital and analog systems concerned only an intensity modulated optical carrier
being transmitted to a direct detection optical receiver or IM/DD optical fiber
systems.
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Conventional direct detection receivers, however, are generaily limited by noise
generated in the detector and preamplifier (see Chapter 9) except at very high signal
to noise ratios (SNRs). The sensitivity of such square law detection systems is
therefore reduced below the fundamental quantum noise limit by at least 10 to
20 dB [Ref. 1]. This is particularly the case at longer wavelengths (i.e. 1.3 to
1.6 pm) and at higher transmission rates since the electronic preamplifier usually
has a rising input optical power with frequency requirement” (see Eq. (11.37)). For
a good APD receiver -operating in the wavelength range 1.3 to 1.6 um this
corresponds to between 700 and 1000 photons per bit required to maintain a bit
error rate (BER) of 10~ [Ref. 2].

Improvements in receiver sensitivity, together with wavelength selectivity, may be
obtained using the well-known' coherent detection techniques (i.e. heterodyne and
homodyne detection) for the optical signal [Ref. 3]. Unlike direct detection ‘in
which the optical signal is converted directly into a demodulated electrical output,
such coherent optical receivérs first add to the incoming optical signal from a locally
generated optical wave prior to detecting the sum.} The resulting photocurrent is
a replica of the original signal which is translated down in frequency from the
optical domain (around 10° GHz) to the radio domain (up to several GHz) and
where conventional electronic techniques can be used for further signal processing
and demodulation. Hence an ideal coherent receiver operating in the 1.3 to 1.6 um
wavelength region requires a signal energy of only 10 to 20 photons per bit to
achieve a BER of 107°. It should therefore be noted that coherent detection
provides the greatest benefit for high speed systems operating at longer wavelengths.

A potential improvement in receiver sensitivity using coherent detection of up to
20 dB can be obtained over direct detection [Ref. 4]. Furthermore, such enhanced
receiver sensitivity could translate into increases in repeater spacings of the order
of 100 km when using low loss fiber at a wavelength of 1.55 um. Hence, the
improved sensitivity of 5 to 20 dB which results from the photomixing gain in the
coherent receiver could provide:

(a) increased repeater spacings for both inland and undersea transmission systems;

(b) higher transmission rates over existing routes without reducing repeater
spacings;

(¢) increased power budgets to compensate for losses associated with couplers and
optical multiplexer/demultiplexer- devices (see Section 5.6.3) in distribution
networks;

(d) improved sensitivity to optical test equipment such as optical time domain
reflectometers (see Section 13.10.1).

* This requirement corresponds to a rising noise versus frequency characteristic.

t Current usage in optical fiber communications is that the term ‘coherent’ refers to any system or
technique which employs nonlinear mixing between two optical waves. Typically, one of these is the
information carrying signal and the other a locally generated signal (by a local oscillator) at the receiver.
The result of this process is a new signal (for heterodyne detection, the intermediate frequency) which
appears at a microwave frequency given by the difference between the frequencies of the incoming signal
and the local oscillator.
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Although possible increases in transmission distance between repeaters initially
created the impetus for the pursuit of coherent transmission within optical fiber
communications, such techniques also allow a further massive step to be takén in
the exploitation of the transmission capacity of optical fiber systems. The inherent
wavelength selectivity afforded by the coherent receiver could ‘be used to access
efficiently the vast optical bandwidth available in single-mode fiber. For example,
the optical bandwidth provided by the low loss window between 1.3 and 1.6 pm is
over 50 000 GHz [Ref. 5]. Therefore, as a result of its improved selectivity over
direct detection, a coherent receiver could permit wavelength division multiplexing®
with channel spacings of only a few hundred MHz [Ref. 6] instead of the minimum
of around 100 GHz (i.e. 0.5 nm) provided by conventional optical multiplexing
technology. It is this factor in particular which has more recently focused interest
on coherent optical fiber transmission because wavelength/frequency selectivity
may well be more important than improved receiver sensitivity in the provision of
future wideband distribution networks within telecommunications [Refs. 7, 8].
Finally, a further potentially important attribute of coherent reception is that it
allows the use of electronic equalization compensate for the effects of optical
pulse dispersion in the fiber. v

The modulation formats that may be employed within coherent optical fiber
communications are essentially the same as those used in coherent electrical line and
radio communications. Modulation formats of this type were discussed in Sections
11.7.3 to 11.7.6 in a slightly different context, namely the generation of subcarriers
for electrical frequency division multiplexing prior to intensity modulation of the
optical source. In these cases direct detection of the optical signal is carried ouf
at the receiver with subsequent electrical demodulation for the subcarriers. Such
systems only provide improvements in the SNR over baseband IM/DD systems at
the expense of a substantial bandwidth penalty. When a narrow linewidth injection
laser (less than 1 MHz) is used in an optical fiber communication system, however,
it is possible to directly modulate the coherent optical carriér in amplitude (direct
AM), frequency (direct FM) and phdse (direct PM) prior to demodulation using a
coherent optical receiver. In the case of digital transmission this implies amplitude,
frequency or phase shift keying (i.e. ASK, FSK or PSK) modulation techniques
{Ref. 3]. i

The discussion is continued in Section 12.2 through a brief historical review of
the development of coherent optical transmission prior to the description of the
basic conerent optical fiber communication system, together with its important
features. This leads into the consideration of the fundamental detection principles
associated with the coheremt optical receiver (i.e. heterodyne and homodyne
detection) in Section 12.3. There are, however, a number of practical constraints
which have in the past inhibited the development of coherent optical fiber systems,
and even now they create certain limitations on the choice of system components.
These issues are therefore dealt with in Section 12.4. This is followed:in Section 12.5

" In this case it is often referred to as frequency division multiplexing.
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by discussion of the various modulation formats that may be employed for coherent
optical transmission prior to the description of the numerous demodulation
schemes which have been applied within the coherent detection process in Section
12.6. A comparison of the various major modulation and demodulation techniques
in relation to receiver sensitivity is then provided in Section 12.7. Finally, in Section
12.8 we describe the major features and performance characteristics of some
advanced coherent optical fiber transmission systems. In particular, the field trial
of a single carrier system is discussed prior to the consideration of recent
demonstrations of multicarrier coherent systems using optical frequency division
multiplexing techniques.

12.2 Basic system

Since the invention of the laser in 1960, rescarch efforts have focused on techniques
by which the coherent properties of laser light could be utilized for coherent optical
communications. Improved SNRs over direct detection were demonstrated in free
space optical communication systems using gas lasers in the late 1960s [Refs. 9, 10].
In addition, the concept of optical frequency division multiplexing using coherent
detection schemes was proposed in 1970 [Ref. 11]. However, it was only in the
latter half of the 1970s, when single-mode transmission from a narrow linewidth
AlGaAs semiconductor laser was demonstrated [Ref. 12], that the proposals for
coherent optical fiber transmission began taking shape. Nevertheless, it was
appreciated that the polarization stability of the transmission medium was crucial
for successful coherent detection. Ideally, for coherent transmission the fiber would
be required to maintain a single linear polarization state throughout its length. This
factor, in part, led to the investigations on polarization maintaining (PM) fibers in
the early 1980s (see Section 3.13.2). Moreover, for a brief period the use of PM
fibers was a favoured potential approach to the problem [Ref. 13]. For example,
the use of optical adaptors (e.g. birefringent plates) at the transmit and receive
terminals was suggested in order to allow only-a single polarization state of the
fundamental mode to be launched into, and received from, the PM Sber [Ref. 14].

It was clear, however, that if conventional circularly symmetric single-mode
fiber, which did not maintain a single polarization state over its length (see Section
13.3.1), were to be employed then some form of polarization matching of the
incoming optical signal with the locally generated optical signal would be necessary.
Although the first successful demonstration of optical frequency shift keyed
heterodyne detection using a semiconductor laser source and local oscillator was
reported in 1989 [Ref. 15], a period elapsed before the polarization stability
measurements on installed conventional single-mode fiber indicated the real
possibility of its use within coherent optical transmission systems [Ref. 16]. It is
therefore only comparatively recently that coherent transmission techniques have
proved feasible within optical fiber communications [Ref. 5].
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A block schematic of a generalized coherent optical fiber communication system
is illustrated in-Figure 12.1. The broken lines enclose the main elements which
distinguish the coherent system from its direct detection equivalent. At the trans-
mitter a CW narrow linewidth semiconductor laser is shown which acts as an
optical frequency oscillator. An external optical modulator usually provides
amplitude, frequency or phase shift keying of the optical carrier by the information
signal. At present external modulators are generally waveguide devices fabricated
from lithium niobate or the group III-V compound semiconductors (see’ Section
10.6.2). Internal modulation of the injection laser drive current may, however, also
be utilized to produce either ASK or FSK [Refs. 17, 18].

Modulated carrier waveforms for the three standard modulation techniqués with
binary data are illustrated in Figure 12.2. It may be observed from Figure 12.2(a)
where binary ASK is often referred to as on-off keying (OOK). Figure 12.2(b) shows
FSK in which the binary 1 is transmitted at a higher optical frequency than the
binary 0 bit. The 180° phase shift between the binary 1 and O bits displayed in
Figure 12.2(c) depicts PSK. Furthermore, it should be noted that whereas with ASK
the amplitude of the carrier waveform is effectivel)' switched on and off, the
amplitude of the optical carrier remains constant in the other two modulation
schemes shown in Figure 12.2. Variants on these standard modulation technigues
exist, such as continuous phase FSK and differential PSK, which has also been
applied in experimental coherent optical fiber transmission systems. Moreover, an
alternative digital scheme based on the modulation of the polarization properties of
the optical signal has more recently come under investigation. This strategy, known
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Figure 12.2 Modulated carrier waveforms used for binary data transmission: (a)
amplitude shift keying (ASK); (b) frequency shift keying (FSK); (c) phase shift keying
(PSK).

as polarization shift keying (PolSK), is discussed further along with the other
modulation formats in Section 12.5.

Referring now to the receiver shown in Figure 12.1, then the incoming signal is
combined (or mixed) with the optical output from a semiconductor laser local
oscillator. This function can be provided by a single-mode fiber fused biconical
coupler (see Section 5.6.1), a device which gives excellent wavefront matching of the
two optical signals. However, integrated optical waveguide couplers (see Section
10.6.1) may also be utilized. The combined signal is then fed to a photodetector for
direct detection in the conventional square law device. Nevertheless, to permit
satisfactory optical coherent detection the optical coupler device must combine the
polarized optical information-bearing signal field with the similarly polarized local
oscillator signal field in the most efficient manner.

When the optical frequencies (or wavelengths) of the incoming signal and the
local oscillator laser output are identical, then the receiver operates in a homodyne
mode and the electrical signal is recovered directly in the baseband. For heterodyne
detection, however, the local oscillator frequency is offset from the incoming signal
frequency and therefore the electrical spectrum from the output of the detector is
centred on an intermediate frequency (IF) which is dependent on the offset and is
chosen according to the information transmission rate and the modulation
characteristics. This IF, which is a difference signal (or difference frequency),
contains the information signal and can be demodulated using standard electrical
techniques [Ref. 3].

The electrical demodulator block shown in Figure 12.1 is required in particular
for an optical heterodyne detection system which can utilize either synchronous
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or. nonsynchronous/asynchronous electrical detection. Synchronous or coherent*
demodulation implies an estimation of phase of the IF signal in transferring it to
the baseband. Such an approach requires the use of phase-locking techniques in
order to follow phase fluctuations in the incoming and local oscillator signals.
Alternatively, nonsynchronous or noncoherent (envelope) IF demodulation
schemes may be employed which are less demanding but generally produce a lower
performance than synchronous detection techniques [Ref. 5]. Optical homodyne
detection is by definition, however, a synchronous demodulation scheme and as the
detected signal is brought directly into the baseband, then optical phase estimation
is required. These issues are discussed further in Section 12.6.

12.3 Detection principles

A simple coherent receiver model for ASK is displayed in Figure 12.3. The low level
incoming signal field es is combined with a second much larger signal field e
derived from the local oscillator laser. It is assumed that the electromagnetic fields
obtained from the two lasers (i.e. the incoming signal and local oscillator devices)
can be represented by cosine functions and that the angle ¢ = ¢s — ¢ represents the
phase relationship between the incoming signal phase ¢s and the local oscillator
signal phase ¢ defined at some arbitrary point in time. Hence as depicted in Figure
12.3 the two fields may be written as [Ref. 19]:

es = Es cos (wst + ¢) (12.1)
and
eL = EL cos (wrt) (12.2)
Is
Incoming signal combiner
R.S Electrical
Es cos {wst + ¢) ’\a—/"\a— Lg output signal

g EL cos it
Local oscillator
laser

Figure 12.3 Basic coherent receiver model.

* Itis a little confusing but reference is made in the literature to (a) heterodyne, coherent detegtion
and (b) to heterodyne, noncoherent or incoherent detection, both of which are coherent optical
detection schemes. The former terminology means an optical heterodyne receiver using a
synchronous electrical demodulation technique, whereas the latter corresponds to a heterodyne
receiver with a nonsynchronous demodulation scheme.
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where Es is the peak incoming signal field and ws is its angular frequency, and E;
is the peak local oscillator field and wy is its angular frequency. The angle ¢(¢)
representing the phase relationship between the two fields contains the transmitted
information in the case of FSK or PSK. However, with ASK ¢(¢) is constant and
hence it is simply written as ¢ in Eq. (12.1), the information being contained in the
variation of Es for ASK as may be observed in Figure 12.2(a)

For heterodyne detection, the local oscillator frequency wi is offset from the
incoming signal frequency ws by an intermediate frequency (IF) such that:

ws = wiL + WIF (12.3)

where wir is the angular frequency of the IF. As mentioned in Section 12.1 the IF
is usually in the radiofrequency region and may be a few tens or hundreds of
megahertz. By contrast, within homodyne detection there is no offset between ws
and . and hence wir = 0. In this case the combined signal is therefore recovered
in the baseband.

The two wavefronts from the incoming signal and the local oscillator laser must
be perfectly matched at the surface of the photodetector for ideal coherent
detection. This factor creates the normal requirement for polarization control of
the incoming optical signal which is discussed further in Section 12.4.

In the case of both heterodyne and homodyne detection the optical detector
produces a signal photocurrent J, which is proportional to the optical intensity (i.e.
the square of the total field for the square law photodetection process) so that:

I, (es + e1)’ (12.4)
Substitution in the expression Eq. (12.4) from Eqgs. (12.1) and (12.2) gives:

I, & [Es(cos wst + ¢) + Ep cos wif]® (12.5)
Assuming perfect optical mixing expansion of the right hand side of the expression
shown in Eq. (12.5) gives:

[ES cos?(wst + ¢) + Ef cos? wit + 2EsEL cos(wst + ¢)cos wil]
= [LE% + 1Es cosQQust + ¢) + JET + 5 cos 2wt
+ EsEyL(cos wst + ¢ — wit) + EsEL cos(ws? + ¢ + wit)]
Removing the higher frequency terms oscillating near the frequencies of 2ws and

2w which are beyond the response of the detector and therefore do not appear in
its output, we have:

I, < VE3+ LE} + 2EsEy cos(ws! — wil + ¢) (12.6)
Then recalling that the optical power contained within a signal is proportional to
the square of its electrical field strength, Eq.(12.6) may be written as:

I, < Ps+ Py +2]/PsPy cos (wst — wrt + ¢) (12.7)

where Ps and Py are the optical powers in the incoming signal and local oscillator
signal respectively. :
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Furthermore, a relationship was obtained between the output photocurrent from
an optical detector and the incident optical power P, in Eq. (8.8) of the form
I, = nePy[hf. Hence the expression in Eq. (12.7) becomes:

1, =1

P = [Ps + P+ 2[PsPy cos (wst — wit + ¢)] (12.8)

where 5 is the quantum efficiency of the photodetector, e is the charge on an
electron, A is Planck’s constant and f'is optical frequency. When the local oscillator
signal is much larger than the incoming signal, then the third a.c. term in Eq. (12.8)
may be distinguished from the first two d.c. terms and I, can be replaced by the
approximation /s where [Ref. 5}:

Is =’% (2JPs Py cos (wst — wit + ¢)] (12.9)

Equation (12.9) allows the two coherent detection strategies to be considered. For
heterodyne detection ws # ¢ and substituting from Eq. (12.3) gives:

Is = Zhi; JPsPy cos (wiFt + ¢) (12.10)

indicating that the output from the photodetector is centred on an intermediate
frequency. This IF is stabilized by incorporating the local oscillator laser in a
frequency control loop. Temperature stability for the signal and local oscillator
lasers is also a factor which must be considered (see Example 12.1). The stabilized
IF current is usually separated from the d.c. current by filtering prior to electrical
amplification and demodulation.

For the special case of homodyne detection, however, ws = wr and therefore Eq.
(12.9) reduces to:

Is :%‘? [PsPy cos ¢ (12.11)
or
Is = 2R[Ps Py cos ¢ (12.12)

where R is the responsivity of the optical detector. In this case the output from the
photodiode is in the baseband and the local oscillator laser needs to be phase locked
to the incoming optical signal.

Example 12.1

A semiconductor laser used to provide the local oscillator signal in an ASK optical
heterodyne receiver exhibits an output frequency change of 19 GHz °C~!. If the
receiver has a nominal IF of 1.5 GHz and assuming that there is no other form of
laser frequency control, estimate the maximum temperature change that could be
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allowed for the local oscillator laser in order that satisfactory detection could take
place.

Solution: Initially it is necessary to estimate the maximum frequency excursion
allowed for the IF signal such that detection can still be facilitated. This must be
no greater than 10% of the frequency of the IF. Hence the maximum allowed
frequency change to the local oscillator laser output is around 150 MHz.

The maximum temperature change allowed for the local oscillator laser is
therefore:

150 x 10°
19 x 10°

=8x 1072 °C (0.008 °C)

Max. temp. change =

Very small temperature changes can therefore adversely affect the detection process
if the IF is not otherwise stabilized.

It may be observed from the expressions given in Egs. (12.10) and (12.11) that
the signal photocurrent is proportional to JFS, rather than Ps as in the case of
direct detection (Eq. (8.8)). Moreover, the signal photocurrent is effectively
amplified by a factor J’}TL proportional to_the local oscillator field. This local
oscillator gain factor has the effect of increasing the optical signal level without
affecting the receiver preamplifier thermal noise or the photodetector dark current
noise (see Sections 9.2 and 9.3); hence the reason why coherent detection provides
improved receiver sensitivities over direct detection.

The requirement for coherence between the incoming and local oscillator signals
in order to obtain coherent detection was mentioned in Section 12.2 and'is discussed
further in Section 12.4.2. Hence for successful mixing to occur, then some
correlation must exist between the two signals shown in Figure 12.3. Care must
therefore be taken to ensure that this is the case when two separate laser sources
are employed to provide the signal and local oscillator beams. It may be noted that
this problem is reduced when a single laser source is used with an appropriate path
length difference as, for example, when taking measurements by interferometric
techniques (see Section 14.5.1). '

When the local oscillator signal power is much greater than the incoming signal
power then the dominant noise source in coherent detection schemes becomes the
local oscillator quantum noise. In this limit the quantum noise may be expressed
as shot noise following Eq. (9.8) where the mean square shot noise current from
the local oscillator is given by:

i%1 = 2eBly (12.13)

Substituting for I,. from Eq. (8.8), where the photocurrent generated by the local
oscillator signal is assumed to be by far the major contribution to the photocurrent,
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gives:
= 2e’pPLB
sy =———F—
hf
The detected signal power S being the square of the average signal photocurrent®
is given by Eq. (12.9) as:

(12.14)

\2
. [(ne .
§= (hf) PsPy (12.15)

Hence the SNR for the ideal heterodyne detection receiver when the local osciilator
power is large (ignoring the electronic preamplifier thermal noise and photodetector
dark current noise terms) may be obtained from Eqs. (12.14) and (12.15) as:

S ne>2 /ZeznPLB
= =) PsP [/ 12
<N> het-lim (hf sTL hf

hf2B~ hf B

(12.16)

Equation (12.16) provides the so-called shot noise limit for optical heterodyne
detection in which the IF amplifier bandwidth Bir is assumed to be equal to 2B+
(i.e. Bir = 2B) [Ref. 20]. It is also interesting to note that this heterodyne shot noise
limit corresponds to the quantum noise limit for analog direct detection derived in
Eq. (9.11). However, it is clear that optical heterodyne detection allows a much
closer approach to this limit than does direct detection.

The shot noise SNR limit for optical homodyne detection can be deduced from
Eq. (12.16) by reducing the receiver bandwidth requirement from Bir to B as the
output signal from the photodetector appears in the baseband when using the
homodyne scheme. Hence the SNR limit for optical homodyne detection is:

S nPs
(N) hom-im  Af B (12.17)
[t should be remembered that the expressions given in Egs. (12.16) and (12.17) are
based on simple on-off keying (i.e. OOK) and have effectively been derived in terms
of carrier to noise ratio. Nevertheless, they display the potential 3 dB improvement
in SNR when using optical homodyne detection over heterodyne detection. The
improvement occurs as a direct result of the reduction in the receiver bandwidth
provided by the former technique. Therefore, homodyne detection displays the twin
advantages over heterodyne detection of increased sensitivity coupled with a
reduced receiver bandwidth requirement. The latter factor implies that a higher

is implicit from Eq. (12.9) that the photodetector is a unity gain device (e.g. p—i—n photodiode)
aand not an APD. In the latter case the effect of the multiplication factor M on both the signal and noise
powers must be taken into account (see Sections 9.3.3 and 9.3.4).
t This constitutes the minimum bandwidth requirement for optical heterodyne detection.
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maximum transmission rate should be facilitated by coherent optical fiber systems
employing homodyne detection as they will be less restricted by the speed of
response of the photodetector.

Example 12.2
The incoming signal power to an optical homodyne receiver operating at a
wavelength of 1.54 um, and at its shot noise limit, is —55.45 dBm. When the
photodetector in the receiver has a quantum efficiency of 86% at this wavelength
and the received SNR is 12 dB, determine the operating bandwidth of the receiver.
Solution: The incoming signal power Ps is given by:

—85.45 =10 logio Ps.
Hence

Ps=10"%%x 107 = 2.851 nW

The operating bandwidth B of the homodyne receiver may be obtained from
Eq. (12.17) as:

g=1Ps <§>" :v_l_’s_*(i)"
hf \N/nomim  AC \N/hom-lim
 0.86x2.851x107° x 1.54 x 1076 x 107"?

6.626 x 10~ x 2.998 x 10®
=1.2 GHz

The above analysis of SNR for optical heterodyne and homodyne detection applies
only to ASK and is not appropriate for FSK and PSK. The final SNR at the signal
decision point is therefore dependent on the modulation scheme utilized, and in the
case of heterodyne detection on the type of IF demodulator and baseband filter
employed. More detailed considerations of the SNR for different modulation
schemes are dealt with in Section 12.7.

12.4 Practical constraints

It was indicated in Section 12.1 that until quite recently various practical constraints
had inhibited the development of coherent optical fiber communications. These
constraints are largely derived from factors associated with the elements of the
coherent optical fiber communication system shown in Figure 12.1, and they are
exacerbated by the stringent demands of coherent transmission. Substantial
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developments, however, in the component technology associated with optical fiber
communications particularly over the last few years, have allowed the earlier
difficulties experienced with coherent optical fiber transmission to be largely
overcome. Nevertheless, the practical constraints still exist and they still dictate the
performance characteristics required from components and devices which are to be
utilized in coherent optical fiber systems. It is therefore important to consider the
major constraints and their effect on thg choice of system elements. We start by
discussing the aspects which determine specific requirements for the achievement of
coherent optical transmission at both the transmit and receive terminals prior to
outlining certain limitations of the fiber transmission medium which may affect the
performance of future coherent optical communication systems.

12.4.1 Injection laser linewidth

For coherent transmission the several hundred gigahertz wide linewidths of earlier
multimode semiconductor injection lasers required a substantial reduction to very
narrow linewidth (ideally, less than a megahertz) single-mode spectra. The major
reasons for the use of a narrow linewidth injection laser within the coherent
detection process are the phase locking requirement (for synchronous detection) as
well as the minimum frequency locking requirement for nonsynchronous detection.
In addition, both the amplitude and phase of semiconductor laser emissions are
noisy, causing a reduction in the SNR performance of the coherent system. Laser
linewidth reduction therefore improves the spectral purity of the device output and
thus reduces its noise content. However, it was not until the latter half of the 1970s
that semiconductor device technology evolved to a point where injection lasers,
with good reproducibility which could operate in a single longitudinal mode, could
be fabricated. However, the spectral linewidths associated with the most
sophisticated of these devices such as the distributed feedback laser (see Section
6.6.2) were of the order of S to 50 MHz which was too broad for most -of the
coherent techniques [Ref. 18].

Several approaches to the solution of this laser linewidth problem have recently
evolved. They include the narrowing of injection laser linewidths through the use
of an external resonator cavity in the long external cavity (LEC) laser (see Section
6.10. 1), the use of integrated external cavity lasers in the form of advanced DFB
and DBR structures (see Section 6.10.2) and the potential provided by injection
locked semiconductor lasers [Refs. 21, 22]. This latter technique is dependent upon
the injection of a sufficiently strong optical signal from an external source such that
the frequency and phase of the output from the primary semiconductor laser will
follow those of the injected signal. Hence in a coherent optical system this
technique potentially allows for direct control of the local oscillator laser by the
incoming signal. Unfortunately, injection locking in this way requires excessive
power at the receiver input which far exceeds the target sensitivity for most
homodyne* detection systems [Ref. 23].

* The injection locking technique described can only be emploved with homodyne detection as the
incoming signal and local oscillator will have the same frequency.
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In particular, injection laser phase or frequency noise (see Section 6.7.4) can
affect the coherent system performance as it is the principal cause of linewidth
broadening in such devices [Ref. 24]. Randomly occurring spontaneous emission
events, which are an inevitable aspect of injection laser operation, lead to sudden
shifts (of random magnitude and sign) in the phase of the electromagnetic field
generated by the laser causing the broadening effect. Hence, phase noise together
with other linewidth broadening factors [Ref. 25] must be minimized in devices
which are to be employed for coherent optical transmission. Nevertheless, phase
locking techniques are often employed within the coherent receiver (see Section
12.6.1).

Overall, the injection laser linewidth requirements are critically dependent on the
modulation format employed (i.e. ASK, FSK or PSK), the coherent detection
mechanism (i.e. heterodyne or homodyne) and the electrical demodulation
technique (i.e. synchronous, nonsynchronous or other). Although these issues are
discussed in greater detail in Section 12.6, it is useful to comment on the narrowed
linewidths achieved by the extended cavity lasers currently favoured for coherent
optical fiber communications. At present the most exacting coherent optical
transmission techniques necessitate the use of long external cavity (LEC) lasers
which can provide linewidths of around 10 kHz or less [Ref. 17]. Whereas typical
lengths for these devices are between 10 and 20 cm, developments in more rugged
prototype units with cavity lengths in the range 2 to 3 cm have already taken place
[Ref. 26]. This commercially available device provides linewidths of less than
100 kHz. Although submegahertz linewidths have been achieved with integrated
external cavity lasers (sce Section 6.10.2), these devices at present generally display
significantly larger linewidths than LEC lasers. Hence, their use can only be
contemplated with the less demanding coherent optical fiber transmission schemes.

Another important factor concerning the favoured narrow linewidth injection
lasers for coherent optical transmission is their inherent tunability. This aspect,
which is discussed in more detail in Sections 6.10.1 and 6.10.2, provides the ability
to tune the frequency of the local oscillator laser to that of the incoming optical
signal for homodyne detection, or alternatively to tune the appropriate frequency
difference to maintain the correct IF signal for heterodyne detection.

12.4.2 State of polarization

To enable either heterodyne or homodyne detection the polarization states of the
incoming optical signal and the local oscillator laser output must be well matched
in order to provide efficient mixing of the two signals within the coupling element
shown in Figure 12.3. Conventional circularly symmetric single-mode fiber allows
two orthogonally polarized fundamental modes to propagate. Within a perfectly
formed fiber both modes would travel together but in practice the fiber contains
random manufacturing irregularities which produce geometric and strain related
anisotropic effects. This results in a progressive spatial separation between the two
polarization modes as they propagate along the fiber, an effect which is usually

P(e) =) exp - (12.35)-

&
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referred to as modal birefringence (see Section 3.13.1). Hence at any particular
point along the fiber the state of polarization (SOP) can be linear, eliiptical or
circular. To date, several counter-measures have been investigated to overcome this
fluctuation in the SOP with coherent transmission. They are:

(a) the use of polarization maintaining (PM) single-mode fiber;

(b) the use of an SOP control device at the coherent optical receiver;

(c) the use of a polarization diversity receiver, or a polarization scrambling
transmitter.

As mentioned in Section 12.2 early studies focused on the polarization stability of
the transmission medium which was considered sufficiently important to necessitate
the use of specially fabricated PM fiber (see Section 3.13.2). Such fibers, however,
generally exhibit higher losses and are more expensive to fabricate than conven-
tional single-mode fiber. Furthermore, much circularly symmetric single-mode fiber
has already been installed and therefore coherent transmission techniques which
utilize this medium are desirable.

Measurements of polarization stability for light .propagating in conventional
single-mode fiber over a ninety-six hour period are shown in Figure 12.4 [Ref. 16].
A single frequency linearly polarized 1523 nm emitting helium-neon gas laser
together with a receiver which contained a polarization dependent beam splitter to
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Figure 12.4 Characteristics displaying polarization stability in single-mode optical fiber.

Reproduced with permission from D. W. Smith, R. A. Harmon and T. G. Hodgkinson,
Br. Telecom Technol. J., 1 (2), p. 12, 1983.
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isolate the components were used in these measurements. It may be observed from
Figure 12.4 that, as expected, the polarization state of the optical signal was not
temporariy constant. Nevertheless, although polarization changes did occur, it was
over periods of minutes or hours. These observations of the relatively slow changes
in the polarization state of the transmitted signal, which were also verified on long
cable links [Ref. 27], provided the potential for polarization matching at the
coherent optical receiver. Polarization control devices with achievable response
times could therefore be located at the receiver to provide polarization correction
and hence matching of the SOP of the incoming signal and the local oscillator
signal.

12.4.2.1 Polarization-state control

Active polarization-state control can be accomplished using mechanical, electro-
optical or magneto-optical techniques. A polarization error signal may be generated
and fed back to the polarization control device in all cases. In general, the SOP is
described by the amplitude ratio of the x and y components of the electric field
vector and their relative phase difference (see Section 3.13.1). As the two
parameters which vary randomly at the coherent receiver are the ellipticity of the
SOP and its orientation, the error signal must correct for both of these factors such
that the incoming signal and the local oscillator output have identical states of
polarization. ,

A number of mechanisms have been developed for polarization-state control
within coherent optical fiber communications. Initial implementations of such
devices which were based omr birefringent elements (i.e. elements which induce
modal birefringence in order to correct the SOP) included fiber squeezers [Ref. 28],
electro-optic crystals [Ref. 29], rotatable fiber coils [Ref. 30], rotatable phase
plates [Ref. 31] and rotatable fiber cranks [Ref. 32]. In addition, the possibility of
using the Faraday effect to rotate the SOP of the incoming optical signal has also
been demonstrated [Ref. 33]. Developments have also encompassed integrated
optical electro-optic polarization control devices. Such controllers have been
incorporated into integrated optical coherent receiver devices (see Section 10.6.4).
At least two compensator devices are required to provide full polarization-state
control. They can be placed in either the incoming signal path or the local oscillator
output path; however the latter position is preferable if the device introduces
significant signal attenuation.

Until recently a major concern was the insufficient range exhibited by these
polarization control schemes in tracking the continuously varying SOP which can
change unpredictably over virtually unlimited range. Polarization-state control
schemes with infinite ranges of adjustments have, however, now been demonstrated
[Refs. 34 to 37]. In particular, a control technique using four fiber squeezers, which
is illustrated in Figure 12.5(a), was found to provide an infinite range of adjustment
or so-called endless polarization control [Ref. 35]. Stress was applied to the fiber
in the local oscillator path using the squeezers which were angled at 45° to each
other. The SOP could therefore be manipulaied to the appropriate matching point
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Figure 12.5 Techniques for endless polar:.zation control: (a) four fiber squeezers;
(b) polarization maintaining (PM) fiber controller.

Moreover, the polarization control system was automated using a control algorithm
whereby a dither signal was applied to the bias on each squeezer in a defined order,
ana the variation of the received demodulated signal was used to identify the
optimum operating point. This strategy removed the need to optically sense the .
SOP.

Although the squeezers are simple to configure, a drawback with the technique
is that they tend to damage the fiber. Moreover, it is questionable as to whether they
could be engineered into reliable transducers for practical systems. A more rugged
and reliable controller is shown in Figure 12.5(b) [Ref. 36]. It comprised four
piezoelectric cylinders each wound around with 85 turns of polarization
maintaining (PM) fiber. The PM fibers on each cylinder were spliced together with
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the principal axis of the fibers mutually aligned at 45°, as illustrated in Figure
12.5(b). As the PM fiber used was highly birefringent with a beat length of only a
few millimetres, then the SOP changed many times along each element. The
application of a voltage caused the piezoelectric cylinders to expand slightly and
stretch the fiber, thus modifying the fiber birefringence. Hence, the overall effect
was a variable retardation which gave polarization control. Again a control
algorithm was devised to provide automatic operation. 7

An analogous control technique has also been demonstrated with an integrated
optical, electro-optic polarization control device [Refs. 36, 37}. This lithium
niobate waveguide structure which comprised two elements is shown in Figure 12.6.
Each element consisted of three longitudinal electrodes placed symmetrically over
the Z-propagating waveguide diffused into an X-cut substrate. Voltages applied to
the electrodes produced an electric field that could be orientated in any direction
transverse to the waveguide to provide a virtually infinite range of polarization-state
control. This technique appears to offer a robust mechanically stable method
of polarization control which has been demonstrated in both a laboratory-based
and a field-installed coherent optical fiber systems, with no measuravle sensitivity
penalties [Refs. 36, 37].

Although the above are encouraging developments in polarization-state control
techniques, problems with such methods may exist in advanced network
applications using optical FDM and passive routeing (see Section 12.8.2). For
example, a significant spectral variation in the SOP has been observed over
relatively large spectral bandwidths (100 nm) for short interaction lengths in
polarization couplers [Ref. 23]. Such spectral variation could cause difficulties for
coherent optical FDM systems with active polarization correction. Furthermore,
within advanced networking applications the time to acquire polarization matching
may be an unacceptable overhead.

Silox butier layer

Waveguide Lithium niobate substrate

Figure 12.6 Lithium niobate waveguide polarization controlier.
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12.4.2.2 Polarization diversity reception and polarization scrambling
transmission
Alternative approaches which avoid the requirement for polarization-state conirol
devices, but which also allow the use of conventional circularly symmetric single-
mode fiber, include polarization diversity reception [Refs. 38 to 42] and
polarization scrambling transmission [Refs. 43, 44] techniques. A block schematic
of a polarization diversity receiver is shown in Figure 12.7. This scheme, which is
essentially polarization insensitive, employs separate heterodyne or homodyne
detection for the two orthogonal polarization states of the incoming optical signal.

The incoming signal is therefore combined with a circularly polarized local
oscillator signal and the composite signal is passed through a polarizing beam
splitter. The two orthogonally polarized outputs from the beam splitter are then
detected on separate photodiodes and, in the heterodyne case, demodulated down
to baseband prior to recombination. Such electrical recombination provides a
polarization independent signal as the IF is produced in one or other of the receivers
regardless of the SOP of the incoming signal. The basic configuration illustrated in
Figure 12.7 can incur a SNR performance degradation of 3 dB {Ref. 41] for
particular input polarization states in which phase matching is difficult to maintain
through both receivers. However, this penalty can be reduced to less than 1 dB with
appropriate post demodulation processing.

Polarization insensitive heterodyne detection has also been demonstrated using
polarization scrambling transmission. In this technique the polarization state of the
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Figure 12.7 Polarization diversity FSK heterodyne-.receiver using one bit delayed
demodulation (Ref. 39].
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optical signal is deliberately changed at the coherent transmitter so that all possible
polarization states are propagated during a single bit period. Although this method
significantly reduces the receiver complexity in comparison with polarization
diversity reception, it incurs a reduction in sensitivity at the coherent optical
receiver. Moreover, the polarization scrambler is a relatively sophisticated arrange-
ment which incorporates a polarization beam splitter. Hence, an earlier difficulty
with this technique, in common with polarization diversity reception, concerned the
realization of the optical devices in a rugged form. More recently, however,
polarization maintaining fiber directional couplers have become commercially
available.

12.4.3 Local oscillator power

In a practical coherent receiver the theoretical performance may not be attained for
the reason already outlined in Sections 12.4.1 and 12.4.2. In addition, there may
be insufficient local oscillator power to achieve the shot noise detection limits
discussed in Section 12.3. This factor, which highlights the need to ensure a low loss
signal path, can be facilitated by an appropriate choice of an incoming signal/local
oscillator combiner which has high coupling efficiency. In particular, it is clear that
when the basic coherent detector shown in Figure 12.3 is considered, the optical
combiner or coupler has only one output port utilized, whereas in reality such
devices have two output ports (see Section 5.6.1). There is, therefore, an optical loss
associated with the power which is coupled to the other output port. Although the
combiner or coupler can be designed so that the majority of the incoming signal
power is coupled into the optical detector, a consequence of this process is that
there will be reduction in the power from the local oscillator laser coupled into the
detector. It therefore becomes more difficult to maintain a high local oscillator
signal power and thus to obtain shot noise limited receiver performance.

The dramatic effect of the local oscillator power on an optical homodyne receiver
sensitivity is illustrated by the theoretical characteristic shown in Figure 12.8 which
corresponds to a PIN-FET receiver operating at 140 Mbits~! [Ref. 45]. One
method to overcome limited local oscillator power is by the use of a low noise
photodiode/preamplifier combination such as the PIN-FET hybrid configuration
(see Section 9.5.2) at the front end of the coherent receiver. Near shot noise limited
detection has been obtained with just 1 W of local oscillator power at a
transmission rate of 140 Mbit s~ ! when employing this strategy [Ref. 46]. In
addition a heterodyne PIN-FET receiver with 8 GHz bandwidth and 10 pA Hz™}
equivalent circuit noise current at an IF of 4.6 GHz has been demonstrated [Ref.
47].

An alternative approach which compensates for the losses due to coupling optics
and also suppresses excess noise in the local oscillator signal is the use of a balanced
receiver.” This scheme, which has often been employed for heterodyne detection in

* It is also referred to as the balanced-mixer receiver [Refs. 23, 48].
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Figure 12.8 Theoretical characteristic showing the effect ot local oscillator
power on homodyne receiver sensitivity for a PIN-FET receiver operating at
140 Mbit s *'. Reproduced witl: permission from D. W. Smith, ‘Techniques for
multigigabit coherent optical transmission’, J. Lightwave Technol., LT-5,
p. 1466, 1987. Copyright © 1987 IEEE.

microwave communications to suppress local oscillator fluctuations [Refs. 49, 50],
is shown in Figure 12.9. In this technique the local oscillator output and the
incoming optical signal are usually combined using a four port (i.e. 3 dB) single-
mode fiber directional coupler.* The signal in one fiber in this device suffers a wf2
phase shift upon transfer to the other fiber. In effect complete coupling is only
possible because this phase shift in the coupled signal is #/2 out of phase with the
throughput signal. ¥ Hence the throughput and coupled signals can be represented

Optical detectors

Optical ' ' v
input —— Directional LA
signal coupler +
2V
ot ﬂ _
oscillator —me B -
laser

Figure 12.9 Schematic of a balanced optical receiver using two n.atched optical
detectors.

* Other devices which may be utilized are bulk optic or waveguide beam splitters [Ref. 22).
1 This signal becomes out of phase if it is coupled back to the throughput fiber where it would interfere
destructively with the throughput signal.
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as a sine wave and cosine wave respectively. Considering Figure 12.9 the inputs to
the optical detectors A and B can therefore be written as Es sin wsl + Ep cos wi !
and Es cos ws? + Ev sin wi 7 respectively.

The two detector output voltages are thus given by:

V4 = EsEL sin (ws — wL ) (12.18)
Vg = EsEr sin (wr — ws)! (12.19)

It may be observed that these output voltages are similar but of opposite sign in that
Vai= —Va.

The two output voltages are operated upon by the combiner function ()
depicted in Figure 12.9 and as one is a positive input and the other is a negative
input, then the output from the combiner function V, will form the difference
between the two inputs such that:

Vo=Va—Vg=2Va (12.20)

Equation (12.20) indicates that twice the voltage, or four times the power, is
provided in comparison with the single optical detector scheme (Figure 12.3). This
technique therefore gives a 6 dB improvement over the single optical detector.
Furthermore, as the two photocurrents are effectively subtracted, the process results
in both a cancelling out of the large d.c. term produced by the local oscillator
signal, together with any local oscillator excess noise. It is particularly useful in
reducing the excess AM noise generated by the local oscillator [Ref. 18] . Moreover,
as a result of the efficient use of the local oscillator and incoming signal powers,
the constraints imposed by the earlier requirement for a widespread ultra-low noise
preamplifier are relaxed. Close matching of the two arms of the balanced receiver
is essential, however, if good excess noise cancellation is to be obtained. For
example, a balanced receiver with an estimated equivalent circuit noise of
5.4 pA Hz ¢ at 1 GHz and 10.7 pAHz‘* at 2 GHz has been reported [Ref. 51}.
Furthermore, the similar receiver design was operated with an IF of 3 GHz within
a 2 Gbits™! system experiment [Ref. 52].

12.4.4 Transmission medium limitations

Although, in common with IM/DD systems, the fiber loss is the major limitation
on the performance of single carrier coherent optical systems that can be ascribed
to the transmission medium, there are nevertheless other factors that may well
affect the operation of future coherent systems. These include intramodal or
chromatic dispersion, polarization dispersion and the nonlinear scattering effects
[Ref. 44].

The intramodal dispersion in conventional single-pode fiber which has a
dispersion zero at a wavelength of 1.3 yum is around 15 pskm ™' nm™' when the fiber
is operated at a wavelength of 1.55 pm. This factor can lead to significant dispersion
penalties (i.e. receiver sensitivity degradations) for IM/DD systems even at modest
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transmission rates and distances. It results from the transmitted spectrum usually
being far wider than the information spectrum due to laser frequency chirp (see
Section 6.7.3) caused by the direct amplitude modulation of the semiconductor
laser. By contrast coherent optical transmission systems have the advantage of a
compact spectrum even if the injection laser is directly modulated but particularly
when an external modulator is employed. Receiver sensitivity degradation due to
intramodal dispersion has, however, been observed in FSK transmission
experiments at transmission rates greater than 4 Gbits ~! [Ref. 44} . Furthermore,
as both the transmission rates and distances for coherent transmission are
increased, then greater chromatic dispersion penalties will be incurred. For
example, calculations have indicated the maximum transmission rates to incur a
2 dB penalty after a 100 km distance on a conventional 1.3 pm single-mode fiber
when operating at a wavelength of 1.55 pm to be in the range S to 9 Gbits™!
depending on the modulation format used [Ref. 53].

As in the case of IM/DD the intermodal dispersion problem can be reduced
through the use of dispersion shifted fiber which exhibits a dispersion zero in the
1.55 um wavelength window (see Section 3.12.1). However, this solution is only
partially satisfactory as there is a massive base of installed conventional single-
mode fiber. An alternative strategy is to compensate for the chromatic dispersion
in either the optical domain [Ref. 44] or the electrical domain [Ref. 54]. The latter
method in particular has shown some limited success using stripline delay equalizers
which have demonstrated the potential to compensate for dispersion-induced
distortion up to transmission rates of 10 Gbits~!.

Polarization mode dispersion results from birefringence in the single-mode fiber
and it corresponds to the difference in the propagation time associated with the two
principal orthogonal polarization states (see Section 3.13.1). Whereas in IM/DD
systems polarization mode dispersion simply results in pulse broadening due to the
different spectral components arriving at different times, in coherent systems these
components can also arrive with different polarizations. Moreover, both of these
effects may be detrimental to coherent system performance. However, the
differential propagation time is dependent upon the amount of mode mixing which
takes place in the fiber, an effect which results from internal and external fiber
perturbations. Assuming some mode mixing, the effects of polarization mode
dispersion are therefore not expected to become important in a single carrier system
with a fiber distance of 100 km until transmission rates exceed 10 Gbits™* [Ref.
44]. Although in multicarrier systems (see Section 12.8.2) the problem associated
with receiving optical carriers at different wavelengths in different polarization
states will generally be at lower transmission rates, it may be avoided by using either
PM fiber, polarization diversity reception or polarization scrambling transmission
(see Section 12.4.2.2).

The nonlinear phenomena which may be of importance within coherent optical
transmission include stimulated Raman scattering (SRS), stimulated Brillouin
scattering (SBS), cross-phase modulation and four wave mixing [Ref. 44]. ASK
systems prove particularly susceptible to such nonlinear effects which result from
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optical power level changes. Moreover,a potential advantage of the FSK and PSK
modulation formats over ASK is that they produce a constant amplitude signal
which provides some immunity to certain nonlinear effects. Although SRS should
not be a consideration in single carrier coherent optical systems operating at power
levels below 1 W, Raman induced crosstalk may be a concern in multicarrier
systems [Ref. 55].

Stimulated Brillouin scattering may be a problem at lower light levels than SRS
as its threshold power level is significantly smaller (see Section 3.5). However,
unlike SRS, SBS is a narrowband process with a bandwidth of only around 20 MHz
at a wavelength of 1.55 um (see Section 3.14). The maximum SBS gain which also
is maximized in the reverse direction will therefore occur for lasers with linewidths
less than 20 MHz. Moreover. as a result of information broadening of the
linewidth, SBS will be greatly reduced when using modulation formats which do not
contain a residual carrier component (i.e. PSK and narrow deviation FSK, see
Section 12.5).

Self-phase modulation is a phenomenon which occurs in single carrier systems
due to small refractive index changes induced by optical power fluctuations which
affect the phase of the transmitted signal (see Section 3.14). For digitally modulated
coherent optical systems this effect is perceived to be negligibly small at launched
power levels up to a few hundred milliwatts [Ref. 44]. With multicarrier systems,
however, a cross-phase modulation phenomenon occurs which can cause high levels
of phase noise in long fiber lengths. In this case it has been shown that the power
of each carrier should be restricted in order to limit the degradation caused by this
phase crosstalk [Ref. 55]. Nevertheless, this limitation on transmitter power in a
multicarrier system may not be as severe as the one imposed by the four wave
mixing nonlinear phenomenon. It is suggested that this latter process will be present
in all frequency division multiplexed systems with channel separations less than
10 GHz and that the crosstalk will restrict the maximum power per carrier to
around 0.1 mW when the fiber lengths exceed 10 km [Refs. 44, 55].

12.5 Medulation formats

12.5.1 Amplitude shift keying -

Several techniques may be employed to amputude modulate an optical signal.
Digital intensity modulation used in direct detection systems is essentially a crude
form of amplitude shift keying® (ASK) in which the received signal is simply
detected using the photodetector as a square law device (see Figure 12.2(a)). Tt is
apparent, therefore, that the simplest approach to ASK is by direct modulation of
the laser drive current. A problem exists, however, with this approach because of
the inability of semiconductor lasers to maintain a stable output frequency with

* 1t should be noted that ASK is also referred to as on-off keying (OOK).
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changing drive current. The resulting frequency deviation, which can be of the
order of 200 MHzmA ™! [Ref. 23], broadens the linewidth of the modulated laser
which creates difficulties for coherent optical detection (see Section 12.4.1).

Although direct modulation of the semiconductor laser in ASK coherent optical
fiber systems has been demonstrated [Ref. 4], external modulation using active
integrated optical devices, such as the directional coupler or the Mach—Zehnder
interferometer (sce Section 10.6.2), present attractive alternatives [Refs. 23, 45}. It
should be noted, however, that all external ASK modulators suffer the drawback
that around half of the transmitter power is wasted. Nonsynchronous detection can
also be employed with the ASK format which puts the least demands on the
injection laser phase stability. In principle this modulation scheme can be used with
laser sources exhibiting linewidths comparable with the bit transmission rate. In
practice the linewidth in the range 10 to 50% of bit rate is normally specified for
ASK heterodyne detection [Refs. 45, 56], although some authors indicate 10 to
20% [Refs. 5, 44]. Nevertheless, nonsynchronous heterodyne and phase diversity
(see Section 12.6) detection receivers which itse ASK can tolerate the linewidths of
currently available DFB lasers.

12.5.2 Frequency shift keying

‘The frequency deviation property of a directly modulated semiconductor laser can
be usefully employed with wideband frequency shift keying (FSK) coherent optical
fiber systems. Hence optical FSK (see Figure 12.2(b)) in common with ASK has the
advantage that it does not necessarily require an external modulator, thus allowing
higher launch powers and a more compact transmitter configuration, as illustrated
in Figure 12.10(a). The direct frequency modulation characteristics of the laser are
determined by changes in the device carrier density in the high modulation
frequency region, and by the temperature modulation effect in the low frequency
region. Thus at frequencies above 1 MHz where the carrier modulation effect
occurs, the frequency deviation is typically 100 to 500 MHzmA ~!, whereas below
1 MHz it is around 1 GHzmA ™! due to the predominant temperature effect [Ref.
45}. Although the response under frequency modulation of the semiconductor laser
is therefore not uniform, a frequency shift of between 100 MHz to 1 GHz is readily
obtained from the device without serious iatensity modulation effects [Ref. 18].
The laser linewidth requirements for wide frequency deviaticn FSK heterodyne
nonsynchronous detection are similar to those of ASK with nonsynchronous
heterodyne detection and are in the range 10 to 50% of the transmission bit rate
[Refs. 45, 55]. Therefore, the use of FSK with broad linewidth injection lasers has
been relatively successful, particularly at low bit rates. For example, the direct
modulation of the laser drive current causing variations in the lasing wavelength has
provided FSK transmission over 300 km at a rate of 34 Mbits~! with a receiver
sensitivity of 165 photons per bit [Ref. 57]. However, due to the presence of large
thermal effects at linewidths less than 10 MHz the FM response of semiconductor
lasers is typically nonuniform and hence electronic equalization may be required



