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CHAPTER

Characterization
Fiber Amplifiers

Douglas M. Baney

INTRODUCTION

Th}s chapter presents several commonly used methods for optical amplifier gain and
noise figure measurement. The methods are often modified in various ways depehding on
the mstrumentation selected for the testing as well as the specifics of the measurement re-
sults ol‘Jtame,d. With this in mind, the principle goal of this chapter is to convey enough in-
fonpz‘mon about the basic measurement methods so that the reader can make inffnned
decisions on measurement procedures, experimental apparatus, and possible further im-
provements to the measurement techniques. As characterization methods are optimized

:::‘; I:he ’physlic':s oi the (;gsical amplifier influences the measurement beéhnique. For this,

, a working knowledge of the ifier i ' the basi

o 3 workr fniques_ g amplifier is useful to understand the basis for the
. Sf)me of the amplifier properties that affect the communications systems are the op-
tical gain, gain flatness, noise, temporal response, and polarization dependence.'- TheSe
chelzractensucs have a bearing on the methods employed for testing optical a‘mplifiers

Thl.S chapter will be focused primarily on the erbium-doped fiber amplifier (EDFA)'
which has had a significant impact on lightwave telecommunications and the field of op:

- tics In general. A discussion of the various noise processes caused by optical amplifica-

I . 6‘7 . - .
tion and interference effects®” is also presented. This will be useful in understanding the

origin of the noise figure of an optical amplifier.

Thg organization of tlr'ne chapter is as follows, A discussion of basic fiber amplifier
chfiractenstxc_s 1s presented in Section 13.1. Section 13.2 discusses the concept of optical
gain. The noise processes that contribute to signal-to-noise ratio (SNR) degradation are

introduced in Section 13.3. Noise figure definition is discussed in Section 13.4. Section
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13.5 deals with measurement of gain and noise figure using both optical and electrical
methods. Section 13.6 discusses other types of optical amplifiers which may impact fu-
ture telecommunications systems. Section 13.7 highlights the most significant sources of
measurement uncertainty in gain and noise figure measurements. Section 13.8 provides
useful constants for noise figure calculations, and Section 13.9 provides a brief summary
of this chapter. i

13.1 FIBER AMPLIFIERS

The history of the rare-earth doped fiber amplifier dates back to the early 1960s with the
demonstration of optical gain in neodymium-doped glass fiber at a wavelength of 1.06
wm.®® Years later, the convergence of singlemode glass fiber drawing and semiconductor
laser technologies set the stage for the 1.55 wm fiber optic amplifier. The optical propaga-
tion loss in silica glass fiber is lowest at 1.55 wm (~0.2 dB/km) making this wavelength
region important for long-haul telecommunications. The demonstration, in 1986, of an
erbium-doped silica fiber laser, and an EDFA in 1987'*!! showed the great potential of
fiber optic amplifiers. Soon after these initial results, telecommunications laboratories
around the world began research and development efforts aimed at applying the EDFA to-
wards optical communications systems.

The EDFA has a number of characteristics which make it an excellent amplifier for
optical communications including: polarization-independent gain, low interchannel cross-
talk, wide optical bandwidth and low-noise generation. In brief, the EDFA offers a nearly

ideal way to compensate for signal propagation losses along high-speed singlemode fiber- :

optic links.

13.1.1 Basic Concepts

The basic black-box characteristics of an optical amplifier are shown in Figure 13.1. The

incident optical signal is amplified after traversing the optical amplifier. In addition to
providing for optical gain, the amplifier also adds other optical powers to the input and
output optical fiber. These added optical powers include:

single mode
optical fiber
signal —> amplified signal —>
P amplifier >—28€ — output
source
<€— remnant pump remnant pump —»
<— reflected signal delayed signal —>»

Figure 13.1 In addition to signal amplification in the forward direction,
the amplifier adds other powers to the optical network.
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+ Amplified spontaneous emission (ASE);
* Remnant power from the pump laser;
* Time-delayed scaled-replicas of the signal power.

The degree to which these added powers are significant depends on the design of the
EDFA.

The essential components of the EDFA are shown in Figure 13.2. These compo-
nents are the laser pump, the wavelength division multiplexer (WDM), the optical isola-
tors, and the erbium-doped fiber. With these basic components, many different amplifier
topologies are possible.'? To obtain gain, optical energy must be provided to the erbium-
doped fiber. The energy source is called the pump. It delivers optical power at a wave-
length of 980 nm or 1480 nm. The pump power is typically in the range of ~10 mW to
~400 mW. The WDM serves to efficiently couple signal and pump light into, or away
from, the rare-earth doped fiber. Isolators reduce any light reflected from the system back
to the amplifier to an acceptable level. Without an isolator, optical reflections may de-
grade the amplifier gain performance and increase noise generation. In Figure 13.2, the
pump light is traveling along the fiber in a direction opposite that of the signal. This type
of pumping is referred to as counter-directionally pumped, or counter-propagating, or
simply counter-pumped. Codirectionally or copropagating-pumped amplifiers have the
laser pump on the input end of the amplifying fiber. Sometimes multistage amplifiers are o
used with an isolator separating two erbium-doped fiber (EDF) gain sections. This design il
allows for improved amplifier noise and output power performance. Fiber Bragg grat- -l
ings'® are also used for flattening the EDFA gain variation with wavelength. This im-
proves the amplifier performance in WDM applications as well as reducing optical noise.

The erbium ions are located in the central core region of the EDF as shown in Fig-
ure 13.3' The central core region (diameter ~5 wm) of the EDF is where the pump and
signal wave intensities are the highest. Placement of the erbium ions in this region pro-
vides maximum overlap of pump and signal energy to the ions, resulting in better amplifi-
cation. A lower index glass cladding layer surrounds the core region to complete the
waveguide structure and provides for increased mechanical strength. A protective coating
is added to the fiber bringing the total diameter to 250 wm. This coating, with its in-
creased refractive index with respect to the cladding also serves to remove any nondesired
light (higher order spatial modes) propagating within the cladding. Apart from the erbium
dopant, this fiber construction is the same as standard singlemode telecommunications

erbium doped fiber oy
\ ¥ Fi E i
i s e e
input t 3 c nts.
i fusion - WDM -_{-—Tl-' outpu WDM: wavelength division muliti-
splice plexier.
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silica cladding

~ 125 ym dtameter high intensity region

is doped with ~100 —
2000 ppm erbium

0 coating
250 um
Dia.

optical mode N —6 um diameter core
1 doped with Ge for index
step:An=10.01-0.05

Figure 13.3 Erbium-doped fiber
radial distance core geometry.

fiber. The important characteristics for the EDF are its loss/gain per unit length at the
pump and signal wavelengths. This information is often given in terms of emission and

absorption cross-sections, and the confinement factors for the signal and pump light.

Energy Levels. The trivalent erbium atoms (Er**) are the active elements in the
amplifier responsible for optical gain. The relevant optical transitions are shown in Figure
13.4."% The approximate wavelengths of the transitions are indicated with respect to the
ground state. The designations on the right side are the commonly used quantum numbers
assigned to each transition. These numbers are of the form **'L; where § is the spin
quantum number, L is the orbital angular momentum, and J is the total (L + S) angular

momentum. L is equal to one of: 0, 1, 2, 3,4, 5, 6 . . . which is designated by the letters S,

P, D, F, G, H, L. This LSJ scheme is used in the literature to indicate the ion energy -
levels.'s!7 The “local crystalline” fields perturb the ion energy structure resulting in split-
ting of each LSJ energy level into multiple levels. This splitting is referred to as Stark
splitting (Stark effect). As a result of randomness in the glass molecular structure, each
ion experiences a different field strength and orientation, resulting in different Stark-
splitting. This splitting is responsible for the large gain bandwidth of rare-earth doped am-
plifiers. Within the LSJ description for the ion energy structure, the number of Stark-split

lines is (27 + 1)/2 for each level. Thus the ‘I, and *I,,/, levels would have 7 and 8 Stark

lines respectively, resulting in 56 possible transitions between them spread out across the

1.55 pm band.

In Figure 13.4, absorption of pump laser photons excites the ion to higher energy -

states as shown by the upward arrows. The ion can dissipate energy with either the radia-
tion of a photon, or by converting the energy into lattice phonons (heat). The tendency to
radiate a photon when transitioning to a lower energy level increases with the energy gap.
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Fortunately the 1,5, — *I;5, transition is predominantly radiative in silica-based glasses
resulting in excellent amplification characteristics in the 1.5 um to 1.6 wm wavelength
region.

The different transitions between the various energy levels result in detailed absorp-
tion and fluorescence spectrums from visible wavelengths to the infrared as seen in Figure
13.5.!%19 The precise shape of the absorption characteristic and the magnitude of the fluo-
rescence depends on the codopants added to the glass structure which modifies the ion en-
ergy structure. The choice of glass hosts with low phonon (vibration) energies, such as
ZBLAN fluoride glass, will allow rare-earth ions to have strong fluorescence (light emis-
sion) between energy levels which normally undergo non-radiative decay in a silica glass
host. In Figure 13.5a, a strong ﬂuorescence in the 1.55 pum region is evident for erbium
ions in silica glass.

The absorption characteristic, shown in Figure 13.5b is also useful to investigate
potential wavelengths for pumping the erbium ion. From the figure, the wavelengths of
1480 nm, 980 nm, 800 nm, 670 nm, and 521 nm should permit excitation of the erbium
ion. All of these wavelengths have been successfully used to pump EDFAs.2%?! The addi-
tion of other codopants such as ytterbium allows for pumping at other wavelengths.

The 1480 nm pump wavelength is used in EDFAs for a number of reasons includ-
ing: (1) the availability of high pump power from semiconductor laser diodes operating at
this wavelength; (2) good power efficiency since there is.a small energy difference be-
tween 1480 nm and 1550 nm; (3) lower attenuation in optical fiber for remotely pumped
EDFAs; (4) the broad absorption spectrum places less stringent demands on pump laser
wavelength accuracy.
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Figure 13.5 (a) Fluorescence intensity and (b) absorption characteris-
tic for two different erbium doped silica fibers. [With permission after ref.
[18], {19] ©1988 IEEE, ©1991 IEEE.]

The 980 nm pump band offers the best EDFA noise performance but also requires
tighter pump wavelength accuracy to align to the narrow absorption band about 976 nm.
The advent of the fiber Bragg-grating (FBG) has alleviated this problem by providing
wavelength selective feedback to the pump laser to insure operation at the proper wave-
length. FBGs are constructed by radiating a Ge-doped silica fiber core laterally with UV
light to create periodic refractive index perturbations along a short length (~1-cm) of
fiber.!® This forms a wavelength-selectable narrow band (0.1 nm ~ 10 nm) reflective grat-
ing. A small reflection between approximately 1 to 10% provides feedback to lock the
pump wavelength to the peak of the erbium absorption characteristic.

Two-, Three-, and Four-Level Systems. Optical amplifiers are classified as two-,
three-, or four-level laser systems. An EDFA pumped into the *I,5, band as shown in Fig-
ure 13.4 (\,= 1480 nm) is often approximated as a two-level system, since the pump and
signal transitions are between the same energy bands. Pumping at 980 nm constitutes a
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three-level system where the ion energy quickly decays (~2 ws) nonradiatively from the
*I,1, level to the long-lived *I,,,, metastable state. Amplifiers based on two- or three-level
systems must be designed properly to limit reabsorption of the signal due to the presence
of ground-state absorption at the signal wavelength. A four-level system is an extension
of the three-level where there is an additional energy level below the lower level of the
gain transition. Four-level systems do not have the ground-state signal reabsorption which
can degrade the performance of amplifiers based on three-level systems.

Stimulated Emission, Spontaneous Emission. When the erbium ion (Er*) is
excited from the ground state through absorption of pump light, it will decay nonradia-
tively from the higher lying energy levels until it reaches the metastable state (*I,, state).
The incident signal light (see Figure 13.2) arrives at the excited erbium atoms distributed
along the optical fiber core. Stimulated emission occurs creating additional photons with
the same optical phase and direction as the incident signal, thus amplification is achieved.
Excited ions that don’t interact with the incident light spontaneously decay to the ground
state with a time constant of approximately 10 ms. The captured spontaneous emission
(SE) has a random phase and direction. Typically less than 1% of the SE is captured by
the optical fiber mode and becomes a source of optical noise. This noise gets amplified re-
sulting in amplified spontaneous emission (ASE). Once in the ground state, absorption of
a pump photon activates the erbium ion again and the process repeats itself. The presence
of ASE causes degradation of the SNR of signals passing through the amplifier. Proper
design of the amplifier will minimize the SNR degradation.

Table 13.1 gives a quick overview of the capabilities of EDFAs in terms of ranges
of values for key performance characteristics.

13.2 GAIN

Gain is the most fundamental parameter of an optical amplifier. In addition to optical
gain, the amplifier produces ASE. The optical amplifier gain, G, is defined as

G = (Pow = Pase)/P; (13.1)

Table 13.1 EDFA Characteristics

Specification Value Units
gain 0-~50 dB
power output 1 —> 4000 mW
noise figure 35-12 dB
wavelength range 1520 ~ 1570 nm
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where P, and P, are the amplifier input and output signal powers and P, is the noise
power generated by the amplifier which lies within the optical bandwidth of the measure-
ment.

Predicting the gain is complicated by the distributed bidirectional nature of the am-
plifier, this often requires a numerical solution. An understanding of the net amplifier
gain, G, can be derived from an analysis of the gain from individual “slices” along the
fiber. A simplified analysis is presented here. Once the concepts are understood, the equa-
tions can be readily generalized to create a more realistic amplifier model.'"* An ASE-
free two-level approximation is assumed. An EDFA is actually a concatenation of many
amplifiers of incremental length Az as illustrated in Figure 13.6. The net gain, G, is com-
posed of the contributions of all the gain elements, g(z) along the amplifier fiber:

L
G = lim [e8@)Az X 8@z x 8z, =L)02) = epr g(2) dz) (13.2)
AZ—0 0
The incremental signal gain, g(z) for a photon propagating down the fiber is dependent on
the metastable state population density, N,, (see Figure 13.4), the ground-state population,
N,, the stimulated emission cross-section, o,, the absorption cross-section, o, and the
confinement (overlap) factor, I',, between the signal field and the erbium-ion population.
T, can vary from zero to unity. A typical value is 0.3. The emission and absorption cross-
sections represent the strength of the transition in other words, the ability to produce gain
or absorption respectively. The gain coefficient is the difference between the upper and
lower ion populations with a weighting taking into account their transition strengths:

g(Z) = Fs[ce..r NZ (Z) = O4s Nl (Z)] (13.3)

In the discussion, subscripts s and p refer to signal and pump respectively. Similarly, the
pump loss in a slice of fiber is given as

ap (Z) = Fp[qe,pNZ (Z)_Ua.p Nl (Z)] ‘ (134)

amplifying optical fiber

Qele)e) J-)-)- ) )m)n)

/ Az \ >

Rz —> R(z2)+AR(2)

R —> R(2)+ARE)
450 R Figure 13.6 Fiber amplifier repre-

M sented as a series of individual gain
RO =TT slices causing signal and pump
== >  power gain and absorption along
the active fiber.

distance Z along doped fiber
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To achieve gain in a slice of doped fiber, the relationship o, N, > o, . N, must be satisfied
within the slice. The cross-sections can be determined experimentally from measurements
of fluorescence and absorption of a short section of fiber. Experimental data, from which
the cross-sections are derived is shown in Figure 13.7 for erbium in an Al and Ge co-
doped silica glass.? Note the peak in the absorption and emission cross-sections near
1530 nm and the shift in the absorption spectrum toward shorter wavelengths. The shift
towards shorter wavelengths is typical of the rare-earths. This is due to the thermal distri-
bution of energy within each group of Stark-split energy levels favoring the lower energy
levels. The addition of the Al codopant tends to broaden the gain peak near 1533 nm and
reduce the amplifier gain difference between the 1533 nm and 1550 nm bands. The glass
host may also be changed to improve the amplification characteristics of EDFAs. Chang-
ing from a silica host to fluorozirconate or fluorophosphate glass has been shown to sub-
stantially flatten the overall amplifier gain spectrum.”?* Broadband amplification from
1530 nm to 1610 nm using a tellurite glass host has also been demonstrated.”

The populations N, and N, are derived from the solution to the rate equation. The
rate equation for the metastable state contains the contributions of pump light absorption,
stimulated emission and SE.

d_IY_Z = PPO.a‘PNl - Pso-e)rNZ ﬁ;
dt Ahv, Ahv, 7

sp
(N, change) = (pump absorption) — (sti d emission) —~ (sp ission)

(13.5)

where P,/A and P /A are the pump and signal intensities, hv,, hv, are the pump and signal
photon energies and 7,,, is the spontaneous decay time. From Equation 13.5, any change in
the upper level, N, is due to a change in the relative values of pump absorption, stimulated
emission or SE.

In the energy two-level approximation, conservation of the erbium ion population
requires that

N,= N, + N, (13.6)

where N, is the total ion population. The incremental gain, g(z) is related to the power
change across a differential slice of fiber. The simplest case occurs when the pump light
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T T codoped EDF [With permission
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and signal light propagate in the same direction along the fiber and amplified spontaneous
emission is ignored (low gain approximation). The changes in pump and signal powers
after passage through a slice of doped fiber are

dpP
5 = 13.7
4z 8(z) P, (z) (13.7)
dP (13.8)
gj =a,(2) P, (2)

As the magnitude of the signal increases along the fiber, the upper-state population
is reduced according to Equation 13.5. This results in increased pump absorption in the
increment of fiber as indicated in Equation 13.4. These equations can be integrated nu-
merically to solve for the signal and pump power as a function of length along the doped
fiber.

The net amplifier gain is found from Equations 13.2 and 13.3. It depends on the av-
erage inversion level of the erbium ion population:

G= exp{rs[cre [NZ] -0, [Nl]]L) (13.9)

The average inversion level is set by the pump and signal power levels. The gain
dependency on pump power is a figure of merit for different EDFs. Figure 13.8 plots the
gain versus pump power for an EDFA for two input powers. The amplifier gain coeffi-
cient in units of dB/mW is the maximum slope of the tangent to the curve that passes
through the origin. Given the large emission and absorption cross-sections near 1530 nm,
the highest gain coefficient is expected (from Equation 13.9) at this wavelength, provided
the amplifier is highly inverted. The importance of the overlap factor is also expressed by

30 T T T T e T
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0 5 10 15 20 25 30 35 Figure 13.8 Measurement of gain
pump power, mW dependence on EDFA pump power.
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Equation 13.9. Increasing the fiber numerical aperture increases the overlap factor I, re-
sulting in improvement to the small-signal gain. For this reason, amplifiers designed to
obtain the maximum gain per milliwatt of pump power tend to have fibers with high
numerical apertures. Values for EDF numerical aperture typically range between 0.2
and 0.4.

13.2.1 Smali-Signal Gain

The small-signal region corresponds to input power levels where the signal amplification
does not reduce, appreciably, the gain of the amplifier. For the purposes of defining the
small-signal gain region, it is useful to estimate the effective input noise P ¢ of the
amplifier.

noise, e

P

noise, eff

=~ 2hvB,~ 30 nW/nm forA = 1.5 um (13.10)

where hv is the photon energy (J) and B, is the optical bandwidth (Hz) of the amplifier.
The effective input noise multiplied by the amplifier gain yields the output noise power of
the amplifier. As the input signal power becomes significant relative to the input noise
power, it plays a larger role in determining the inversion level, N,. Changes in N, result in
changes in gain. As long as the input power is small compared to P, ¢, its affect on the
amplifier will be insignificant and the amplifier will be in small signal operation. The am-
plifier gain can be plotted as a function of input power as shown in Figure 13.9. This type
of curve can help identify the small signal input power region. Even at very low input
power levels, a reduction in signal gain can occur.

As an example, an amplifier with 10 nm optical bandwidth about 1.55 wm has an
effective input noise of ~ 0.3 wW. Therefore, the input signal probe should be less than
30 nW, or —45 dBm, to avoid affecting the amplifier gain. The small-signal gain is some-
times defined as the gain corresponding to a small, but practical input level, (for example,
—30 dBm) with the understanding that compression effects may have already occurred to
some degree.

35

25 —

gain, dB

20—

15—

10 ! 1 1 |
-50  -40 -30 -20 -10 0 Figure 13.9 EDFA gain depen-

input signal power, dBm dence on input signal power.
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18.2.2 Saturated Gain

'The EDFA is usually operated at input signal levels large enough to cause saturation of

the amplifier gain. Gain saturation is observed in Figure 13.9 as a reduction in gain with
an increase in signal power. The amplifier gain in an ASE-free model can be written im-

plicitly as a function of the ratio of the output power, P, to the saturation power, P,,."”

G_l Pot:l
G Py

G= Goexp[-— (13.11)

Where G, is the small-signal gain as discussed earlier. The saturation power, P, at k

a specific wavelength is the power required to-invert a slice of erbium-doped fiber suffi-
ciently to obtain optical transparency in other words zero gain.
P, is written as:

sat
Ahv
Po = (13.12)

O,

where A is the mode-field area, o, is the absorption coefficient as discussed previously,
and 7, ~ 10 ms, is the spontaneous lifetime of the ion in the metastable state.

The saturation power can be modified by increasing the fiber mode-field area A.
The amplifier 3 dB compression point is a figure of merit describing the output power ca-
pabilities of the amplifier. This is the output power at which the amplifier gain is reduced

‘to 50% of its small signal value. From Equation 13.11, the 3 dB compression power is

proportional to the saturation power: P, "% = In(2) Py % High-power amplifiers tend to

have active fibers with larger mode-field diameters to increase the saturation power and
hence the 3 dB compression point. -

13.2.3 Polarization Hole-Burning

In an experiment where a single wavelength channel was passed through a link employing

a large number of optical amplifiers, it was discovered that the small-signal optical gain in
the polarization orthogonal to the large-signal polarization was greater than the large sig-
nal gain.’> This polarization-dependent gain, (PDG), occurred even when the large-signal
polarization was changed to various states, to differentiate it from the usual polarization-
dependent loss. Subsequent studies provided confirmation to this effect whose origin is
due to polarization dependence of the emission cross-section of the erbium ions in the sil-
ica host. This effect leads to polarization hole-burning with a hole depth which depends
on the degree of amplifier compression C, of :*’

PHB =~ 0.027C, - 0.001C% [dB] (13.13)

for C, < 8 dB. The amplifier compression is in units of decibels. PDG induced by polar-
ized pump light was also observed, with a magnitude of 0.07 dB for the particular ampli-
fier studied.”” Since the PHB effect within each amplifier is small (~0.2 dB), its impact is

more important in large concatenations of amplifiers. Fortunately, the gain recovery for

Chap. 13
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the PHB is slow, and rapid polarization modulation of the input signal has been shown to
effectively suppress the effect of PDG.?*

13.2.4 Spectral Hole-Burning

A localized signal power-dependent spectral gain depression is referred to as spectral
hole-burning, (SHB).*® SHB occurs in EDFAs when a strong signal reduces the average
ion population contributing to gain at a particular wavelength in excess of the global re-
duction. ‘

_ SHB is relatively small in EDFAs since these amplifiers are predominantly homo-
geneously broadened. A homogeneously broadened amplifier has the property that an
input signal at any wavelength in the amplification band can equally access the total en-
ergy stored within the amplifier. Homogeneous broadening in EDFAs is caused by the
rapid transport of energy across the different Stark-broadened lines within a specific man-
ifold (in other words, *I,5 Of I3, in Figure 13.4).>' This tends to reduce the extent of the
SHB. The presence of phonons (heat exchange) is responsible for the EDFA homoge-

neous broadening.

Research has shown that at room temperature, SHB is relatively small for EDFAs
with a dependency of ~ 0.3 dB per dB increase in gain compression.*? The effect of SHB
tends to be more significant in the 1530 nm wavelength region than the 1550 nm region.
A plot of the inhomogeneous gain saturation caused by SHB is shown in Figure 13.10.
This measurement was performed using an edge-emitting LED (EELED) probe in combi-
nation with a time-domain extinction technique to accurately measure gain as discussed in
Section 13.5. The full-width half-maximum of SHB hole-widths are typically in the range
of ~ 3 to ~ 10 nm in the EDFA gain spectrum, the narrowest hole-widths occurring near
the 1530 nm region.
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13.2.,5 . Gain Tilt, Gain Slope

The amplifier gain tilt has important implications in systems sensitive to distortion

brought on by the combination of laser chirp and amplifier gain slope.** In long-haul |

WDM systems, the amplifier gain spectrum must remain flat to-avoid dominance of the
power of one channel over the rest. The change or tilt in the amplifier gain spectrum that
occurs when wavelength channels are added or dropped to the WDM data stream de-
grades performance of long-haul telecommunications systems. Gain tilt is defined here as
the ratio of the gain change at a test wavelength to the change in gain at a reference wave-
length where the gain changes are caused by a change in input conditions. For a homoge-

neously broadened amplifier, gain tilt is invariant with input power. Once the gain tilt is

characterized for one set of input conditions, it can be applied to predict the amplifier gain
tilt for other input conditions. '

A related concept is the amplifier gain slope. It is important to distinguish between
the static gain slope (see Figure 13.11) and the dynamic gain slope. The differences be-
tween the static and dynamic gain slopes are due to the change in the amplifier inversion
level that results from a change in the wavelength of the strong saturating input signal.

The static gain slope, m; is defined by '

G, (A, + AN) -G, (\, - A\) (13.14)
2AM '
where G, (\, £ A\) is the gain at the saturating signal wavelength as the saturation signal
wavelength is tuned to A, + AX. o
The dynamic gain slope, m, is defined as
G,(\, + AN -G, (\, - A)) (13.15)
24N

where G, (A, £ AM) is the gain of a small signal probe at the wavelength of A, + A\. A
large input signal maybe present to set the amplifier gain saturation for the gain slope

m,(A,) =

my ()\o) =

+ - gain measured with laser

tuned to each wavelength

- - signal wavelength fixed,
gagm measured with weak probe @ ‘5§°Qa
¥
& R\ - -
X 2

static 8i¢
- ¥

i >
0 A Figure 13.11 (liustration of static
wavelength and dynamic gain slope.
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measurement. The probe for characterizing the dynamic gain slope may be a continuously
tunable laser set to low output power, or a broadband light source such as an EELED.

13.3 NOISE

In this section, the noise associated with an amplified optical signal is discussed. Noise in
two domains will be considered: optical field noise, and intensity/photocurrent noise. Op-
tical field noise refers to the optical noise spectrum measured with the typical tuning-
filter-based (for example, grating) OSA. This type of noise is usually characterized over
the EDFA spectral window. ASE from an optical amplifier is the main contributor to this
noise. Intensity/photocurrent noise refers to the power or current fluctuations associated
with the optical beam. This noise is typically characterized up to tens of GHz in band-
width. The intensity noise spectrum refers to the power spectrum of the optical intensity
prior to detection. The intensity noise spectrum is different than the photocurrent spec-
trum in subtle ways when shot noise is considered. For this reason, special attention has
been applied in the discussion on shot noise in view of its representation in both the inten-
sity noise and photocurrent noise domains. The concepts of power spectral densities, rela-
tive intensity noise, and SNR will be used in this section.

13.3.1 Optical Nolse

Within the amplifying section of optical fiber, the excited erbium ion can decay to its
ground state through stimulated emission caused by a signal photon, or, spontaneously.
The spontaneously emitted photon has random direction and phase. Some of the sponta-
neously emitted photons are captured by the propagating mode of the optical fiber. These
captured photons will be amplified as they travel inside the doped fiber. This results in

ASE. The total ASE power is summed over all the spatial modes that the optical fiber sup-
1 ports in an optical bandwidth, B,. In the typical erbium-doped fiber there are two propa-
gating modes of polarization with a total ASE power equal to:

PASE'_—' 2nsp hv (G'—].)Bo (13.16)

where hv is the photon energy and G is the amplifier gain.
The spontaneous emission factor, n,,, is given by

L Gan T
? o N, - oN;

with @, o, N,, and N, as defined in Section 13.2. The SE factor, n, is a measure of the
quality of the inversion of the optical amplifier. An n,, value near unity is possible with
strong pumping in the 980 nm band. This is the lowest value of n, that can be attained. It
corresponds to nearly complete inversion (N, ~ 0) of the amplifier. Complete inversion,
where N, = N, results in the lowest optical noise figure (discussed in Section 13.4).
Depletion of pump power along the erbium-doped fiber causes the N, population to
vary as well. According to Equation 13.17, the SE factor depends on N, and it will vary

(13.17)




534

Characterization of Erbium-Doped Fiber Amplifiers Chap. 13
with length along the active fiber. Usually n, is defined as the effective or integrated
value for the amplifier. When the 1480 nm pump wavelength is used, complete inversion
is not possible since the pump and signal share the same ground and excited states. Pump
photons are not only absorbed but also contribute to stimulated emission since the emis-
sion cross-section is nonzero at this wavelength. The result is an amplifier with incom-
plete inversion and a higher SE factor, ny,. This translates to a direct increase in the noise
figure of the amplifier. The effective values for n, typically range from 1 (980 pumping)
to 4.

In noise figure calculations it is sometimes useful to work with the ASE spectral
density (W/Hz) in a single polarization:

A

Given a large enough amplifier gain, the ASE can become significant, resulting in
saturation of the amplifier gain by the generated ASE. For this reason EDFAs can be ap-
plied as ASE sources for a variety of applications ranging from gyroscopes to “white
light” interferometry (Chapter 10).

Example
Find the ASE power generated by an amplifier supporting two polarizations with 20 dB gain,
30 nm bandwidth, a 1.55 m center wavelength and an n, factor of 1.5.
Solution
Referring to Equation 13.16, the bandwidth in Hertz is calculated:
_ dn
WS

This yields a bandwidth B, of 3.75 THz. The photon energy was computed to be 1.28 x 10 By
Using G = 100 and Equation 13.16 the total ASE power is 143 wW. The ASE power pro-
duced in a 1 nm bandwidth is plotted as a function of optical gain in Figure 13.12 for various
effective values of n,.

(13.19)

13.3.2 Intensity/Photocurrent Noise

Before embarking into the discussion on noise, the basic conversion of light intensity into
electrical current by an optical receiver is discussed in terms of the receiver responsivity.
The average photocurrent, i, generated in a photodetector by an optical source of average
power <P> is:

iy =R <P> (13.20)
where the detector responsivity is defined as:
nq (13.21)
R=— [A
aw
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The light collection quantum efficiency of the receiver is denoted by m. The elec-
tronic charge, ¢ is equal to 1.602 x 107" coul. At a wavelength of 1.55 wm, the photon
energy hv, is 1.283 x 107'° J. The light collection quantum efficiency v includes all opti-
cal losses that are part of the optical receiver. This can include optical coupling loss as
well as the quantum efficiency of the receiver photodetector.

In addition to the average optical power, intensity noise is also present. Intensity
noise is a significant limiting factor in optical communications systems. Photodetectors
convert intensity noise directly into electrical noise. While the optical field noise can have
both amplitude or phase noise, photodetectors do not directly respond to the phase noise.
However, phase noise can be converted to intensity noise by interference effects. The fol-
lowing intensity noise types are commonly encountered in optical systems:

¢ Shot noise,

» Signal-spontaneous beat noise,
 Spontaneous-spontaneous beat noise, and
* Interference noise.

The two beat noises and the interference noise fall in the category of excess noise. It
is important to differentiate between shot noise and the excess noise since the resulting
photocurrent noise they generate depends differently on the responsivity of the receiver
detector. Intensity noise is defined in terms of a power spectral density, S,(f) of the light
intensity fluctuations. The power spectral density of the optical intensity variations is re-
lated to the power spectral density of the electrical current Sif) variations according to:

1
Sp(f) = R S, (f) for excess noise

SH = g oS

(13.22)
for shot noise

S{f) is measured with an ciectrical spectrum analyzer. When S,(f) is integrated over a
bandwidth, it yields the mean-square optical noise power in the integration bandwidth.
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It is useful to refer the noise density to the average optical power by way of the rela-
tive intensity noise (RIN ). RIN, is defined with respect to the power spectral density of
the optical intensity as:

Sp(f) (13.23)

RIN, (f) = =% -

(N =250 [H]
where <P> is the average optical power. This is indicated in Figure 13.13 which illus-
trates the spectral density of the optical intensity variations with frequency as well as the
average dc intensity. Sometimes the RIN concept is used to describe the fluctuations on
the electrical current instead of the light intensity. To avoid confusing the two RINSs, the

electrical relative intensity noise will be referred to here as RIN,. RIN, is defined as:

RIN, (f) = ~S—(—f~2 [Hz] (13.24)
[ldc]

Shot Noise. Shot noise has its origins in the uncertainty of the time of arrival of
electrons or photons at a detector. When the dominant noise is due to shot noise it is re-
ferred to as shot-noise-limited or quantum-limited. Both the laser signal and ASE con-
tribute shot noise. In this discussion, the shot noise will be examined in both the intensity
and electrical domains. This will avoid confusion with respect to the impact of the quan-
tum efficiency m of the optical detection. The shot-noise spectral densities are given by:

Si(f)ishot = zq idc [AZ/HZ]

SHPlas = 26 = 2h0 < P> [W/H2)

(13.25)

where i, and <P> are the average values for the electrical current and optical power re-
spectively.
The RIN for the intensity and electrical domains are derived using Equations 13.23,
13.24, and 13.25:
2
RINe‘shot = l_q [szll
de (13.26)

2nq 2hv
RIN0|Sh0t = i = < P>
de

A‘” Sp(t)

SP(L) W/Hz

Figure 13.13 Quantification of
noise in terms of spectral density
frequency and RIN.
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RIN, | «hot 18 larger than RIN, | <ot When the quantum efficiency of the optical detection is
less than unity. RIN, | <o iMproves (gets smaller) with an increase in optical power. Any
optical signal can be made to be shot-noise limited. By attenuating the optical signal (de-
creasing m), the excess noise sources (discussed later) reduce in magnitude faster than the
shot noise, and the shot noise will eventually dominate. The RIN, [ «hot 18 plotted in Figure
13.14 as a function of photodetector current. From Figure 13.14, the RIN produced by a
1 mW shot-noise-limited laser source is approximately ~155 dB/Hz.

A special class of light, known as squeezed-light has an associated intensity noise
content below the conventional shot noise level. The intensity noise is compressed or
squeezed at the expense of an increase in phase noise. The degree of squeezing is rapidly
lost when the squeezed light passes through an optical amplifier or a lossy medium.

Signal-Spontaneous Beat Noise. Interference between signal light and ASE
causes intensity fluctuations known as signal-spontaneous beat noise.>* This noise is un-
avoidable in EDFA-based systems and is one of the primary noise contributions in opti-
cally amplified communications systems. This beat noise is analogous to the case of two
frequencies beating in a heterodyne mixer to generate a difference frequency. Recall that
the mixing product is polarization dependent, so the signal will beat only with those ASE
components in the same polarization as the signal. Since the ASE is typically unpolarized,
only one-half will contribute to the sig-sp beat noise density. This mixing process is illus-
trated in Figure 13.15. The bandwidth of optical receivers is typically less than 50 GHz,
(~ 0.4 nm @ X\ = 1.55 um) so only those ASE spectral components within 0.4 nm of the
signal wavelength contribute to the detected signal-spontaneous beat noise.

-60
-70
-80 S
-90 i~

T~

-100 S

-110 S

T~

-120 =

-130 ™S

-140 P

-150 \\

-160

Ty

-170 ~

-180

-190

10

RIN, dB/Hz

-3 -2 -1

7 102 10

o 8 10 8 5 10* 10

100 10

DC current, amperes

107" 100 10

Figure 13.14 Shot-noise RIN dependency on average current.



Characterization of Erbium-Doped Fiber Amplifiers Chap. 13

A signal-spontaneous
beat noise ”
amplified
E A signal
2
§ ASE
>
%
o 4 Bo—_“_’
Figure 13.15 Signal-spontaneous
: > beat noise between amplified signal
= and the spectral components of the
wavelength ASE.

The detected current noise density measured with an electrical spectrum analyzer
has a low-frequency (f < B,/2) value of:

Siy () = AR’GP p sy [A%/He] (13.27)

According to Equations 13.18 and 13.27, the signal-spontaneous beat noise varies
as the square of the optical gain and linearly with input signal power. The use of the RIN
concept with signal-spontaneous beat noise has the complication due to the average
power contribution of the ASE. Taking the average unpolarized ASE power as P,gg, the
signal-spontaneous beat noise RIN is given by:

4GPp :
) = SHASE -1
RINﬂg-sp (GP, + PASE)Z [Hz™'] (13.28)

The following observations can be made about sig-sp beat noise:

‘sp(f) increases linearly with the input signal.

_sp(f) does not depend on the ASE spectral width, B, (f, << B,).

(f) can not be reduced by placing a polarizer at the amplifier output.
is approximately independent of gain when G > 10.

.S
sig-sp
* RIN, ,
Spontaneous-Spontaneous Beat Noise. The beating between the different spec-
tral components of the SE results in intensity noise known as spontaneous-spontaneous,
(sp-sp) beat noise.> This is illustrated in Figure 13.16. Each pair of ASE spectral compo-
nents generates an intensity beat tone at their difference frequency. Thus, the entire ASE
spectrum contributes to the sp-sp intensity beat noise. If the ASE is unpolarized, the ASE
in each of two orthogonal polarizations will contribute to the total sp-sp beat noise. From
Figure 13.16, the maximum frequency extent of the beat noise is equal to the maximum
width of the ASE spectrum. Thus the beat noise could well have an intensity spectrum be-
yond 1000 GHz, and certainly beyond the bandwidth of electronic receivers. The fre-
quency content of the photocurrent noise generated by sp-sp beating can be significantly
reduced by placing an optical filter before the photodetector. This is easily understood
from Figure 13.16 where the total number of possible beating pairs decreases as the opti-
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cal bandwidth decreases. The photocurrent spectrum for the case of an unpolarized ASE
spectrum with a rectangular shape is:

S.(f) = 4R%plss B,A(f/B,) [A%/Hz] (13.29)

where A(f/ B,) is the triangle function which has a value of unity at 0 Hz and linearly de-
creases to 0 at f= B,,.

In general, the peak magnitude of the RIN is dependent on the actual shape of ASE
spectrum. This is discussed also in Section 13.5.2. When the signal power is small or ab-
sent, the RIN caused by sp-sp beat noise varies inversely with the spectral width of the
ASE source. A rectangle-shaped ASE spectrum delivers the most RIN of any optical
shape®® with a value equal to:

RIN,., = L

B (for unpolarized light) (13.30)

o

Reducing the optical bandwidth increases the RIN. This simple relation can also be
remembered as follows: RIN is related to the inverse of the number of degrees of freedom
the system supports. In the case of ordinary telecom-grade optical fiber, and intensity de-
tection, there are two spatial orientations for polarization, and B /(1 Hz) possibilities for
bandwidth. For polarized light, the RIN increases by a factor of two since one degree of
freedom is absent.

Table 13.2 gives the analytical relations for the frequency dependent sp-sp RIN for
several different ASE spectral shapes. The optical field shape refers to the ASE spectral
shape as measured with an OSA.

To provide a comparison of the way the different noise types discussed vary with
signal power, the shot, sig-sp and sp-sp beat noises are plotted in Figure 13.17. The noise
levels are plotted versus amplified signal power for an amplifier having a 5 nm passband
and 37 dB gain. Thermal noise is also shown for an electrical system noise figure of 8 dB
and a 50 ohm impedance. At low signal levels, the noise is dominated by sp-sp beat noise.
Eventually, sig-sp beat noise dominates, increasing linearly with signal power. At low
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Table 13.2 Relationship Between Unpolarized Optical Field Spectrum and RIN.

Optical field shape Normalized Sg(v) RIN(f) RIN(f = 0)
V=V, _1_ f ' 1
Rectangle 1'[( B, ) ; BoA ( B, ) 73:
0.66
, Y 1 V2in2 d S
Gaussian exp{—’(4ln2)(L~B:v—) } B v,; eXP{ (21n2)<;,f—) } B,
. Bg Ba /w 0.32
Lorentzian ——B,f T 20 -w)) B + f? B,

photocurrent noise, dBm/Hz

signal powers the shot noise is actually dominated by the ASE average power contribu-
tion.

Reflection Noise/Multipath Interference. The presence of optical reflections
within the optical amplifier, such as those shown in Figure 13.18 will cause an interfero-
metric conversion of laser phase noise into intensity noise. This intensity noise degrades
the SNR at the optical receiver.®’ The converted noise is known as multipath interference
noise or MPI. Important parameters determining the magnitude of MPI are the reflection
levels, the optical gain, the signal linewidth and the time delay between the reflectors. The
presence of optical gain can greatly increase the impact of small reflections. The worst-
case RIN occurs when the polarizations of the delayed and non-delayed beams are aligned
and the average interference phase is near quadrature. The interferometer is said to be in
quadrature when the output power is halfway between its minimum and maximum values.

T T T T
— total noise
= ______________sp_s_pbeat—
wd sig-sp beat
B thermal noise |
C o Skl akioe Figure 13.17 Total and individual
1 L v | noise contributions from an EDFA
-20 -10 o 10 20 as a function of the amplified signal

amplified signal power, dBm ‘ power.
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Figure 13.18 Fiber optic amplifier showing optical reflections contribut-
ing to multi-path interference noise.

The following relations can be used to estimate the RIN generated by a pair of small
optical reflections when illuminated by a laser with a Lorentzian-shaped optical spectrum.
The two reflections, denoted by R, and R, are assumed to satisfy: R;, R, << 1. The ex-
pected RIN for three. reglmes of coherence (see Chapter 5) and with the 1nterferometer in
quadrature is:
any coherence

4Gl RIRZ Av ~4mAvr ~2mAvro (1331)
RINM,,,.,(f,) *‘“‘mﬂ—“‘—m [1 + e — 2 cos(2mfr,)e 2mwro]
coherent case
Avr, < 0.1, f< 1/2mr, maximum RIN
| RIN,, _(f=0) = 16mAv .G, RiR, (13.32)
" incoherent case
Avrt,>1
| _4GLRR, Av (13.33)
RINA¢,“., - o AV + f2

where Av is the laser FWHM linewidth, f is the baseband frequency, T, is the delay time
of the reflected light and G, is the optical gain of the medium separating the reflections.
The gain-refléction product is assumed to be small (in other words, G, R\ R, <<1) for the
above equations to hold.

In the coherent case, the conversion of phase noise into intensity noise increases as
the square of the distance separation between the reflections. Therefore, when using
highly coherent lasers in test systems, the lead lengths should be kept as short as possible
to reduce the phase noise to intensity noise conversion. As the product of the laser
linewidth and the delay 7, increases, the noise spectrum tends toward a Lorentzian func-
tion as defined by Equation 13.33. The gain, G, causes a significant increase in the MPI-
induced RIN. Thus reflections must be kept small when optical gain is present. An under-
standing of the parameters affecting the MPI process can be applied to improve the
optical amplifier design or the amplifier test system to limit the effects of this unwanted
noise.
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Example

Calculate and plot the maximum MPI-induced RIN for a 1.55 wm optical amplifier with a
fiber gain section 1.71 m in length. Assume ~45 dB optical reflections at each end of the
30 dB gain section and laser linewidths (Lorentzian approximation) varying from 10 MHz to
1 GHz.

Solution

The linewidth-delay time product is calculated first. A fiber refractive index of n = 1.46 is as-
sumed. The delay time is calculated (t,= 2nL/c) to be 16.6 ns. Thus the smailest and largest
AvT, products are 0.166 and 166 for linewidths of 1 MHz and 1 GHz respectively. Equation
13.31 is valid for this wide range of the Avt product. The estimated MPI RIN is shown in
Figure 13.19.

From the above discussion, it is interesting to note that the RIN generated by the re-
flections internal to the amplifier depends on the linewidth of the source. Therefore, the
noise generated by the amplifier is a function not only of the laser wavelength and power,
but the signal linewidth as well.

13.4 NOISE FIGURE

RIN dB/Hz
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The amplifier noise figure is a figure of merit quantifying the SNR (related also to the
carrier-to-noise ratio, CNR) degradation after passage through the amplifier. Large-noise
figures are detrimental to system performance, it causes poor received SNRs, increased
jitter in soliton-based systems and ASE accumulation in long-haul amplified links. The
main contributors to the noise figure are the effects of amplified spontaneous emission
generated within the amplifier and importantly for analog communications, the phase-
noise to intensity noise conversion due to internal optical reflections. The ASE manifests
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Figure 13.19 Optical amplifier
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itself through the generation of beat noise. In this section, the noise figure is defined, and
later cast in a form that can be readily applied from a measurement standpoint.

13.4.1 Noise-Figure Definition

The degradation of the SNR after passage through an optical amplifier is quantified in
terms of the noise figure, F, defined as
F=la (13.34)
SNR, ..

In the discussions that follow, the noise figure in decibels is determined according
to: F = 10 log(F). The SNRs are referred to the output of an ideal photodetector which is
capable of converting each photon of incident light into electrical current (in other words,
100% quantum efficiency). The input SNR is defined to be that from a shot-noise-limited
source. The shot-noise-limited input reference is critical to the definition. If an optical
source with a large amount of intensity noise were used to measure the noise figure of an
amplifier, the amplified source noise would dominate over the amplifiers own noise con-
tribution and lead to an erroneous noise figure of 0 dB, in other words, no observed SNR
degradation caused by the amplifier.

The noise figure concept is illustrated in Figure 13.20. The input SNR is determined
with the amplifier bypassed using an idealized source and receiver. The amplifier is in-
serted and the output SNR is determined. Equation 13.34 is next used to calculate the am-
plifier noise figure. The idealized source is shot-noise-limited and set to the appropriate

jumper input and
output connections

ideal electronic
spectrum analysis

lossless ¥ SNR;,
ideal detection

R\ Av
Py

ideal source =

ampilifier input and
output connections

ideal electronic
| spectrum analysis

SNRout
ideal detection

ideal source =

Figure 13.20 Noise figure concept in terms of idealized source and re-
ceiver.
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power, wavelength, and linewidth. The idealized receiver has a calibrated frequency re-
sponse and contributes no excess noise of its own. Obviously the real world is not yet
ideal and much of the work involving noise figure measurements is in dealing with the
source and the receiver non-idealities.

Signal-Spontaneous Beat-Noise-Limited Noise Figure. A commonly used defi-
nition of noise figure is the quantum-beat-noise-limited noise figure, sometimes referred

to as the sig-sp beat-noise-limited noise figure. This noise figure is more restricted than
the general definition defined by Equation 13.34. It doesn’t include, for example, the out-
pnt SNR degradation due to sp-sp beat noise, or MPI. The quantum-beat-noise-limited
noise figure is advantageous in simplifying measurement procedures. It is measured with
both optical and electrical techniques which are discussed later.

The quantum-beat-noise-limited noise figure is derived using Equations 13.18,
13.25, and 13.27 in Equation 13.34:

2p 1 (13.35)
» o “Pase | 1
NF=Gw G

sig—sp  shot

where p,g is the amplifier ASE output density in the same polarization and wavelength
as the signal as defined in Equation 13.18. This noise-figure definition is useful because
of the ease with which it can be implemented. The ability to correlate noise figure mea-
surement results between different laboratories is improved when this definition is used.
The shot noise effect on the noise figure is sometimes excluded for noise calculations in-
volving concatenated amplifiers.

Example

Calculate the quantum beat-noise-limited noise figure for an amplifier with 30 dB of gain,
producing 12 wW of ASE in a 0.5 nm optical bandwidth at the signal wavelength of
1.55 pm.

Solution

Using Equation 13.19, the gain, ASE density, and photon energy are 1000, 0.19 f W/Hz, and
1.28 x 107" J respectively. Substituting into Equation 13.35 yields a noise figure of 3.0 or
4.8 dB. Notice that the shot noise contributed little to the noise figure because of the high
gain of the amplifier.

The 3 dB Noise-Figure Myth. A minimum 3 dB (actually, log,,(2) = 3.01 dB)
amplifier noise figure is sometimes attributed to the EDFA. If taken out of context this
can result in a considerable misunderstanding of the EDFA noise performance. To better
understand where the 3 dB limit originates, let us examine the noise figure under moder-
ate signal conditions as the amplifier gain varies. Moderate signal conditions imply that
the signal power is much greater than the ASE power in the optical bandwidth of interest.
This ensures that the sig-sp beat noise dominates over that of the sp-sp beat noise as indi-
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cated by Figure 13.17. Consider the case of a fiber amplifier where initially there are no
erbium ions in the “active” optical fiber. Discounting any loss in the optical fiber, the
noise figure is unity, in other words, no SNR degradation since the signal passes from am-
plifier input to output unchanged. As the erbium-ion-doping increases, so does the optical
gain, the ASE level, and the signal level. The noise figure increases from 0 dB to 3 dB, or

beyond, if other noise sources or optical losses are present. This can be seen from the

equation for sig-sp beat noise and shot-noise-limited noise figure derived by substituting
Equation 13.18 into Equation 13.35:

G-y, 1

F=2n, G (13.36)

which for large gains yields: F = 2n,, where the SE factor, n,, 2 1. A fully inverted ampli-
fier can be achieved with 980 nm pumping resulting in an effective SE factor of unity
which leads to a noise figure of 3 dB. Equation 13.36 is plotted versus gain in Figure
13.21. From the figure, a fully inverted amplifier (in other words, n_, = 1) with 4 dB of
gain and zero input coupling loss has a noise figure near 2 dB. The 3 dB value is the limit
for a high-gain amplifier with zero input coupling loss and a fully inverted amplifying
fiber. Any loss near the amplifier input, or departure from complete inversion will cause
the noise figure to exceed 3 dB.

A special class of amplifiers, referred to as phase-sensitive amplifiers, can achieve a
noise figure less than 3 dB. Most optical amplifiers in use, such as EDFAs are phase in-
sensitive, which means that the amplifier gain does not depend on the optical phase of the
input éignal. Thus the noise generated by the amplifier is amplified in both the in-phase
and quadrature phase components. This is the physical origin of the 3 dB limit in high
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Figure 13.21 Noise figure dependence on optical amplifier gain with
and without the shot-noise contribution.
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gain amplifiers such as the EDFA. In calculations with concatenations of amplifiers, it is
convenient to suppress the shot noise until the signals are analyzed at the detector. In the
calculation of noise figure for a single amplifier, failure to include the shot noise will re-
sult in significant error in the gain regime below 15 dB.

13.5 CHARACTERIZATION OF GAIN AND NOISE FIGURE

The amplifier gain and noise figure are the fundamental parameters concerning their ap-
plication to an optical communications link. By measuring these parameters over wave-
length, power, input signal polarization, and temperature, the characterization of the am-
plifier is nearly complete. The measurement of noise figure requires the measurement of
gain according to Equations 13.34 and 13.35. The noise-figure measurement techniques
are classified into two groups:

* Optical method: optical spectrum analyzer-based,
* Electrical method: electrical spectrum analyzer-based.

Both methods have their merits. The selection of which to use depends on the application
of the measurement result and the available instrumentation. Sometimes both electrical
and optical methods are used. ;

The electrical method is often used in optical-amplifier characterization for analog-
optical communications. It can be argued that this method provides a more complete noise

figure since it directly measures the complete photocurrent noise at the receiver. Hence it

provides characterization of amplifier nonidealities such as multipath interference (MPI)
caused by reflections internal to the amplifier. This method, however, requires stringent
control over measurement system effects that would otherwise be difficult to separate out
from the amplifier characteristics. ;

Optical methods, on the other hand, are often used for amplifier characterization for
long-haul digital communications systems. Accurate measurements of amplifier ASE
spectra and gain are performed with OSAs. Based on these measurements, Equation 13.35
is used to compute the noise figure. This method is more tolerant of test system reflec-
tions and is capable of rejecting the effects of optical source nonidealities. .

The optical and electrical methods have demonstrated their ability to “perform
single-channel EDFA characterization. Another area of EDFA characterization is for
multichannel or WDM amplifiers. WDM is an obvious method to more fully utilize the
available transport bandwidth that optical fiber provides. In WDM systems, multiple opti-
cal carriers are used to transport information. Multiplexers and demultiplexers are used to
combine or separate the various wavelength channels to and from the fiber. WDM sys-

tems present similar measurement challenges for the EDFA but at multiple optical carrier "

frequencies. The suitability of the different measurement techniques for the WDM envi-
ronment are considered separately in this chapter. At the risk of overgeneralization, Table
13.3 is provided to help compare the level of measurement difficulty, as well as the ap-
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Table 13.3 Test Method Comparisons

Method Measure MPI Applicabiylky for WDM  Difficulty: scale 1to 5
optical: source subtraction no moderate 2
optical: polarization extinction no j poor 3
optical: time-domain extinction no excellent 3
electrical yes moderate 4

plicability of the various techniques to WDM measurements. The relative merits of the
different methods may change as the measurement art advances.

13.5.1 Amplifier Gain

Several methods of measuring the gain of an optical amplifier are discussed here. While
not necessarily a complete list of all possible methods, it covers the most commonly used

- methods. In the discussions on noise figure measurement that follow, the issue of gain

measurement with respect to the specific noise figure measurement techniques is also ad-
dressed. - '

Optical Power Meter: Optical Gain. Measurement of optical gain can be per-
formed using the simple approach shown in Figure 13.22. In this approach, the incident
source power is measured along with the filtered amplifier output using an optical power
meter. The system is calibrated by replacing the amplifier with a lossless connection. An
important source of measurement error is the presence of ASE incident on the  optical

- power meter. This is reduced significantly by filtering. Filtering the source reduces the ef-
-fect of source spontaneous emission (SSE) on the amplifier saturation. The combined ef-

fects of ASE and amplificd SSE contribute to a net gain measurement error. The gain
measurement error, defined here as the ratio of the measured gain to the actual gain is
given by: ,

G, Fhy
< 118, P, (13.37)
- Calibration _
! [ :
laser SSE filter - ! , : s
] { -
%*(— -p H_,' ' [\—JOPM'
isolator : R
ASE filter

Figure 13.22 Optical amplifier gain measurement with an optical
power meter and bandpass filters. OPM: optical power meter.
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where F is the noise figure, B, the filter bandwidth, and P, is the input power. This is plot-
ted in Figure 13.23 for different noise figures assuming a 1 nm filter bandwidth. Input

powers below approximately —20 dBm result in appreciable errors for the 1 nm filter
bandwidth.

Electrical Spectrum Analyzer: Optical Gain. One method t6 measure gain at

lower input powers is to use source modulation in conjunction with a frequency selective

receiver. An electrical spectrum analyzer can be used to measure a small intensity modu-
lation index imparted onto the optical source. By performing measurements of the pho-

tocurrent spectrum at the modulation frequency with and without the optical amplifier, the

gain can be determined. The advantage of this approach is that the signal is separated
from the ASE by the modulation. The modulation frequency is set to be significantly
faster than the inverse of the EDFA gain recovery time (~ 300 ws) so as not to modulate

the ASE. The measurement set-up, using an electrical spectrum analyzer, is shown in Fig-

ure 13.24a. A measurement using this setup is shown in Figure 13.24b. The laser source
(a DFB with an electroabsorption modulator) was sinusoidally- modulated at a 10 MHz
frequency and passed on to the receiver directly for gain calibration. Next the amplifier

was inserted for the gain measurement. The measurement results are shown Figure

13.24b. The input and amplified output spectrums are shown with spectral peaks at the
10 MHz modulation rate. The difference in amplitudes of the 10 MHz modulation tone
corresponds to the optical gain squared. An electrical lock-in amplifier may also be used
to measure the gain where the synchronous detection of the lock-in amplifier improves
the measurement sensitivity.*¢

Optical Spectrum Analyzer: Optical Gain. Measurement of the amplifier gain
using an OSA provides a more general evaluation of the amplifier. Information concern-
ing the ASE spectral shape, source characteristics, and the presence of spurious signals
such as pump laser feedthrough is obtained as well. The basic measurement setup is
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Figure 13.24 Optical amplifier gain measurement. (a) Measurement
setup using modulated source. (b) Displayed ESA data. ESA;-electrical
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shown in Figure 13.25a. A gain measurement of an EDFA under the same input signal
conditions as in Figure 13.24b is shown in Figure 13.25b.

The amplifier dynamic gain spectrum can be readily measured by combining a
small-probe signal with the laser that sets the EDFA saturation level. This is illustrated in
Figure 13.26. The probe signal could be a broadband noise source such as an EELED or a
tunable laser.’*363" The EELED approach is more rapid if the tunable laser is not capable
of sweeping synchronously in wavelength with the OSA. The tunable laser probe power
has less of an impact on the amplifier saturation level for a given measurement SNR as
compared with the EELED approach. The effect of the probe on the saturation level of the
amplifier should be monitored closely. Preferably the probe power is set to a value less
than the effective input noise of the amplifier as given by Equation 13.10, but this is not
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Figure 13.25 Amplifier gain measurement using optical spectrum ana-

lyzer. (a) Measurement setup. (b) OSA display. OSA: optical spectrum
analyzer.

always practical in view of measurement speed and sensitivity considerations. Actual

measurements using the EELED probe technique are presented in the discussion on the

time-domain extinction method for noise figure measurement.

13.5.2 Measurement of Nolse Flgure

Generally, noise figure measurements involve two actlvmes ¢y makmg noise and gain

measurements, (2) removing the test-system noise contribution. Before discussing some
of -the various techniques available to. measure amplifier noise figure, it is worth dis-

cussing one of the villains that manifests its presence in electrical and optical methods:

laser noise.

Source Spontaneous Emission. One of the challenges that the various noise fig--

ure characterization techniques have had to address in their evolution was how to deal

with the excess noise present with optical sources. The excellent noise performance of the
EDFA allows laser noise to mask the observed amplifier noise. Recall that the noise fig-
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ure was defined in terms of a shot-noise limited source. A typical laser source, such as a
DFB-LD, consists of an optical amplifier made from semiconductor material with distrib-
uted mirrors providing feedback for the lasing process. The DFB-LD internal optical gain
generates ASE in the same way as the EDFA. This source noise is referred to as SSE. The
SSE is broad in bandwidth, as shown in the measured DFB-LD optical spectrum shown in
Figure 13.27. In addition to SSE, laser side-modes are also observed adjacent to the co-
herent signal. A telltale sign of imminent SSE problems is the observation of source spec-
tral structure in the amplifier output. ; ,

Impact on Optical Methods. The optical methods of noise figure measurement
rely on a measurement of the ASE density at the EDFA output. Therefore, steps must be
taken to insure that SSE doesn’t cause an overestimate of the amplifier noise figure. The
effect of SSE on the noise figure is shown in Figure 13.28. The measured noise figure (in
linear units) will be the numerical error shown in Figure 13.28 added to the actual noise
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Figure 13.27 Optical spectrum of a DFB laser showmg sidemodes and
spontaneous emission.
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figure. An SSE density of —~50 dBm/nm will add approximately 0.6 to the actual noise fig-
ure in linear units. It is apparent that to make accurate measurements, the absolute SSE
level at the input to a low-noise amplifier should be below approximately —65 dBm/nm.
The —50 dBm/nm SSE level of the DFB laser shown in Figure 13.27 would create a large
measurement error, if unaccounted for. The simplest method to reduce the SSE is to atten-
uate the source to achieve the specified measurement accuracy. The short-coming of this
approach is the need to measure the amplifier response at relatively high input levels. Re-
ducing the bias current through a semiconductor laser to lower its output power does not
alter significantly the SSE generation. An optical attenuator is preferred for setting power
levels because it reduces both signal and noise power.

Impact on Electrical Methods. The electrical methods calculate noise figure
based on measurements of photocurrent noise. If the optical source illuminating the am-
plifier is not shot-noise limited, there may be an increase in the measured noise. The error
caused by this noise depends on the absolute level of the noise generated by the source at
the amplifier input terminals. This error can be plotted in terms of relative intensity noise,
(RIN) for various values of input signal power as shown in Figure 13.29. The figure indi-
cates that lowering the input signal power relaxes the requirement for the laser RIN. As an
example, an input signal power of —10 dBm from a laser with a RIN of —144 dB/Hz will
cause a measurement error of 0.3 if unaccounted for. An amplifier with a noise figure of 2
would measure 2.3 (3.6 dB) with this laser source.

Optical Methods. To measure gain and noise figure, the optical methods must be
able to determine the following:

¢ Gain,
* ASE spectral density,
* Wavelength.

noise figure error
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Three basic optical methods are used for noise figure measurement:*® (1) source
subtraction technique; (2) polarization nulling; (3) time-domain extinction or pulse
method. The differences in these methods are in the ways the source SSE is accounted for
and how the noise and gain are measured. The source subtraction method has the simplest
setup and allows for rapid measurement of amplifier noise figure. It is best suited for
single-channel environments but can be applied in WDM environments. Limitations on
the spectral selectivity of OSAs make it difficult to measure close to the channel wave-
length with this technique. The polarization extinction method has a more complicated
setup with polarization synthesis requirements and longer measurement time. It is useful
for single-channel amplifier characterization and allows for noise figure measurements
close-in to the actual signal wavelength. The time-domain extinction method is useful for
both single or multichannel testing of EDFAs. This method allows for noise figure mea-
surement close-in to the actual signal wavelength and offers very rapid measurement
through-put. In all the optical techniques, the amplifier ASE and gain are measured. From
these measurements the noise figure is calculated according to Equation 13.35.

In the following discussions on noise figure measurement, the OSA bandwidth, B,
refers to the effective noise bandwidth of the OSA in units of Hertz. It may vary, by up to
~ 20%, from the nominal displayed resolution bandwidth. The reader is referred to Chap-
ter 3 for more detail on this. In the next three sections, the three optical techniques are de-
scribed in detail.

Optical Source-Subtraction Method. The optical source subtraction method
provides for straightforward characterization of the gain and noise figure performance of
optical amplifiers. In its simplest form, the measurement setup consists of a laser to pro-
vide the input signal, and an amplitude calibrated OSA as shown in Figure 13.30. As dis-
cussed above, the SSE causes an error in the noise figure measurement. With the optical
source subtraction approach, the SSE is carefully measured during calibration and later
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subtracted from the total noise emitted by the amplifier to obtain the true amplifier ASE.
In the calibration sequence, the power delivered to the amplifier input connector must be
determined as well as the loss from the amplifier output to the OSA.

To measure amplifier noise figure, the following quantities must be obtained:

* v — optical signal frequency
* P, — signal power incident at the amplifier input
s P, — total amplifier output power within the OSA resolution bandwidth mea-

sured at the signal wavelength including ASE and amplified SSE.

* P,sg—total noise spectral density from the EDFA, including SSE, at the signal
wavelength due to both polarizations

* Pgsp— SSE spectral density at the signal wavelength caused by both polarizations

From these quantities, the gain and quantum-limited noise figure are calculated according
to Equation 13.1 and:

Pase 1 Py (13.38)

NE= GwB, TG B,

noise figure — SSE correction

The last term performs the subtraction of the amplified SSE. The presence of the
amplified signal prohibits the measurement of P,g and Pgg at the signal wavelength. In-
terpolation is required to estimate these noise powers at the signal wavelength.

Experiment: Interpolation-Source Subtraction. The noise figure and gain of an
EDFA was measured at a wavelength of 1.55 wm using an interpolation technique with
source subtraction to remove the effects of SSE. The setup is shown in Figure 13.30. The
input signal, P, , was provided by a tunable external cavity laser (HP 8168). An optical at-
tenuator (HP 8157) reduced the high powers from the EDFA to an acceptable level for the
OSA (HP 71450). The input signal, was first measured with an optical power meter (HP
8153/HP 81532A). Next the OSA and attenuator were calibrated as an ensemble by com-
parison with the power meter reading. The correction was +1.4 dB. The SSE was mea-
sured at the 1 nm offset interpolation wavelengths using the built-in noise marker func-
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Figure 13.31 Noise figure and gain measurement of an EDFA using
the optical source subtraction method combined with ASE interpolation.

tion which refers the measured noise to a 1 nm equivalent noise bandwidth. The corrected
signal input and EDFA output spectrums are shown in Figure 13.31. The attenuator was
set to 20 dB when the amplifier was inserted into the measurement setup. The EDFA out-
put ASE measurements were made at the interpolation wavelengths and the amplified sig-
nal power was measured. The resulting data is tabulated in Table 13.4 along with the
noise figure computed according to Equation 13.38.

Polarization Extinction. The polarization extinction method offers an alternative
way to reduce the error in the noise figure measurement due to SSE. An additional benefit
offered by this method is that for a given OSA wavelength resolution, measurement of
ASE can be performed closer to the optical carrier than with the source subtraction tech-

Table 13.4 Noise Figure Measurement Data

Parameter Value Units
P,: power meter 398.7 wW
P:OSA 306.2 wW
Py 325 nW/nm
P.* 61.6 mW
Gain 219 dB
Pase 30.1 pwW/nm
ASE density 25.1 wW/nm
Noise Figure 10.1 dB

*With power meter correction.
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Figure 13.32 ASE measurement setup using polarization nulling tech-
nique.

nique. A simple measurement setup to implement this technique is shown in Figure 13.32.
For this technique to work, the EDFA ASE should be unpolarized and the SSE must be
polarized in the same polarization state as the laser signal. The polarizer in Figure 13.32
allows separation of signal and SE according to polarization states. When the polarization
controller is set to suppress the laser signal at the OSA, the SSE will also be suppressed,
or extinguished over a certain optical bandwidth. Under these conditions, the OSA mea-
sures half the EDFA-produced ASE with reduced measurement corruption by SSE. To
obtain the total ASE, the amplitude of the measured spectrum is multiplied by two.

The measurement is calibrated by measuring the loss from the laser to the OSA dis-
play as well as characterizing the loss of the polarizer to a signal aligned to the transmit-
ted polarization state.. With the system calibrated, the following quantities are determined:

* v — optical signal frequency

* P, — signal power incident at the amplifier input

» P, — output power measured at the signal wavelength (polarizer bypassed)
* P,y —total noise at the signal wavelength (polarizer bypassed)

* P, — ASE power at the signal wavelength (signal nulled)

The OSA amplitude response is calibrated with an average optical power meter.
OSAs with noise marker capability simplify the measurement of noise densities by auto-
matically referring the measured noise to a 1 nm effective noise bandwidth. Often it is not
practical to completely suppress the amplified signal and so some residual signal may be
observed with the OSA. Thus interpolation may be required to estimate P,, at the signal
wavelength.

Once the signal and ASE powers at the signal wavelength are determined, the opti-
cal gain and noise figure is calculated according to Equations 13.1 and 13.35 where

Pase = Py/B,.

Impact of Polarization Hole-Burning. Polarization hole-burning as discussed in
Section 13.2.3 results in a lower amplifier gain in the same polarization as the saturating
signal.® The gain and ASE will be larger in the polarization orthogonal to the saturating

Sec. 13.5 Characterization of Gain and Noise Figure 5§57

signal polarization. Therefore a measurement of the ASE when the signal is nulled will
act'ually be larger than the ASE in the same polarization as the signal laser. Recall that the
noise figure depends strictly on the ASE in the same polarization as the signal. If polariza-
tion hole-burning is significant, noise figure measurement by polarization extinction will
yield an overestimate of the actual noise figure of the amplifier.

Impact of Polarization Mode Dispersion. Polarization mode dispersion (see
Chapter 12) will affect the ability of the measurement systems to reject the SSE over a
broad spectral bandwidth. This is caused by the wavelength-dependent birefringence in
the measurement system and test amplifier. While the polarization controller in Figure
13.32 can be set to null the signal at one wavelength, the SSE, with its large spectral ex-
tent will not be nulled across all wavelengths. A measurement of the null width of the
measurement setup of Figure 13.32 is shown in Figure 13.33. In Figure 13.33a the ampli-
fier of Figure 13.32 was bypassed and the laser was set to 1555 nm while the polarization
controller was adjusted to obtain a null of approximately 60 dB at the laser wavelength
Next the laser wavelength was tuned from a wavelength of 1520 nm to 1570 nm while the:
OSA was set to record the maximum observed signal level (bottom trace of Figure
13.33a. Next the polarization controller was adjusted for maximum signal transmission
and the laser wavelength was tuned across the band (top trace of Figure 13.33a). It is ap-
parent that PMD in the test system limited the null-width resulting in a null depth in ex-
cess of 35 dB across most of the band.

Next the EDFA was inserted and the measurement procedure was repeated. The
measured null width was considerably reduced as shown by the bottom trace in Figure
13.33b. The null width for 30 dB extinction was reduced to about 1 nm for this EDFA.
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Eigqre 13.33 Measurement of signal rejection using polarization ex-
tinction at a wavelength of 1550 nm (a) EDFA bypassed; (b) EDFA in-
serted.
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The top trace corresponds to the case where the polarization controller was set for maxi-
mum signal transmission at a wavelength of 1555 nm. From the figure, it is apparent that
the degree of suppression of the SSE in the noise figure measurement depends heavily on
the PMD in the test system and importantly, on the EDFA. Therefore the null width and
depth should be characterized to insure adequate extinction of SSE is obtained prior to the
measurement of ASE.

Example: Noise Figure and Gain Measurement

The noise figure and gain of an EDFA was measured using the setup shown in Figure 13.32.
The loss through the polarizer was calibrated using the unpolarized ASE from the EDFA as a
signal source. The polarizer loss was measured to be 1.1 dB. Next the input signal to the am-
plifier was characterized by connecting it directly to the OSA, the measurement result is
shown in the lower trace of Figure 13.34a. Comparison with a calibrated power meter indi-
cated a correction of 0.47 dB to the OSA readings was required.

The SSE was found to be approximately ~53 dBm in a 1 nm noise bandwidth. From
Figure 13.28, at an SSE density of —50 dBm/nm (add 3 dB to the SSE since the measured
ASE is multiplied by 2) the SSE will add approximately 0.6 to the measured noise figure if
not rejected. The gain was measured by connecting the amplifier output directly to the OSA
(polarizer was bypassed) as shown by the top trace in Figure 13.34a.

With the polarizer and EDFA in place, the polarization controller was set to maximize
the signal displayed on the OSA (Figure 13.34b). This measurement provides a reference to
determine the degree of polarization extinguishing achieved by the measurement setup. Next
the polarization controller was set to null the signal as indicated by the lower trace in Figure
13.34b. Here the signal could not be completely nulled, thereby requiring the ASE to be esti-
mated by interpolation. With the signal nulled, the ASE was measured at a 0.3 nm spacing
from the signal wavelength as shown. While the signal null obtained was approximately
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Figure 13.34 Measurement of EDFA gain and noise performance at a
wavelength of 1558 nm using polarization extinction. (a) gain (b) ASE
generation.
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38 dB, the finite null width limited the extinction of SSE to approximately 26 dB at the ASE
measurement frequencies. According to Figure 13.28, the 26 dB rejection will make the error
due to the presence of SSE negligible. Some of the measurement data and results are shown
in Table 13.5.

The noise figure is calculated using the data in Table 13.6 after conversion to MKS
units. The ASE density is converted to watts/Hz using Equation 13.19. The noise figure is
calculated according to Equation 13.35 yielding 6.1 dB for this amplifier.

Time-Domain Extinction/Pulse Techniques. The slow gain dynamics of the
EDFA may be used advantageously for the measurement of amplifier gain and noise fig-
ure using the time-domain extinction (TDE) technique.* In this section, the basic TDE
concept will be discussed. A discussion of the transient response of the EDFA and its im-
pact on the measurement is also given. Next the TDE method is extended to cover the
measurement of dynamic gain (see Section 13.2.5) using an incoherent probe. This ex-
tended method has also been referred to as noise gain profiling.” TDE with dynamic
gain-spectrum measurement enables the user to rapidly characterize the wavelength-
dependent gain profile for a particular amplifier saturation condition.

Time-Domain Extinction. In the TDE method, the input signals, that would oth-
erwise interfere with the measurement, are momentarily gated off.>** The gated light is
usually the signal or signals that affect the saturation level of the amplifier. By temporar-
ily blocking the signals, several measurements can be performed: (1) measure the
amplifier-generated ASE, (2) probe the amplifier with a small signal to measure the
dynamic gain (noise-gain profiling).”’

The basic measurement setup is shown in Figure 13.35. The cw optical saturating
source leading to the amplifier is gated at frequency, frpe. When the input switch (SW1 in
the figure) is opened, the output switch (SW2) is closed allowing the OSA to sample the
amplifier ASE output. The switching may be performed either electronically (within the
laser source and the OSA) or optically (for example, using acousto-optic modulators).
Since the signal is extinguished during the measurement, it does not corrupt the measure-

Table 13.5 Noise Figure Measurement Data

Symbol Parameter Value Units
A wavelength 1558 nm

P, input power 70.4 uw

G gain 382 linear
AN interpolation offset 03 nm

P asE ASE density at A, + AX 1.18 wW/nm
P ase ASE density at A, — A\ 1.25 wW/nm
P *ase = PN/B, interpolated ASE density 1.22 wW/nm
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ment of ASE required for noise figure calculations. This is illustrated for slow gating in
Figure 13.36. Spiking in the amplifier output is observed because of the increased energy
storage in the amplifier when the signal was gated off. Stimulated emission of the input
signal quickly reduces the energy stored (causing spiking) to achieve a steady-state value
towards the end of the gated-on period. At low repetition rates (below ~ 1 kHz) and high
input powers, spiking may actually cause self-destruction of the EDFA.

When the source is gated at higher frequencies, the spiking is no longer present and
the ASE follows a triangle-shaped waveform as shown in Figure 13.37. Increasing the
gate frequency reduces the ASE peak-to-peak variation. In the limit of an infinite gate fre-
quency, the triangle waveform converges to its average value. For gate frequencies above
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approximately ~ 20 kHz the ASE sampled at the midpoint through the gain recovery time
corresponds to the average ASE. The actual low frequency limit depends on factors such
as the applied pump power to the EDFA and the presence of active control circuits for
output power leveling. The effective input signal power to the amplifier is the average
power of the gated signal as measured with an optical power meter. Once the ASE is de-
termined, the amplifier noise figure is calculated according to Equation 13.35. The ampli-
fier gain can be characterized by a variety of techniques. A broadband EELED probe
technique (discussed further on) may be included in the measurement setup to provide a
rapid gain measurement across many wavelengths.

EDFA Transient Response. The mechanisms of pump absorption, energy storage,
stimulated emission, and fluorescent decay all contribute to determine the response of the
EDFA to changes in signal level.* When the signal level is abruptly changed, the EDFA will
slowly stabilize to a new level of gain. The recovery time after the signal is gated-off is of
the order of 100 s but depends strongly on the EDFA pump power. In general, the recov-
ery characteristic, measured in terms of the transient response of a small probe signal, varies
approximately exponentially with time. Using the approximation: ¢* =~ 1 + at, for small
time ¢, the recovery will follow a linear recovery immediately after the signal is gated off. In
the method discussed here, the data sampling must be made in the regime where the gain re-
covery varies linearly with time to obtain accurate measurements.

Characterizing the EDFA gain recovery is straightforward. The measurement setup
used in the following experiment is shown in Figure 13.38. In the measurement, the
counter-propagating-pumped EDFA delivered 32 mW of 1480 nm pump light to the
erbium-doped amplifying fiber. Isolators at the amplifier ports shielded the unit from re-
flections. The saturating signal wavelength was set to 1533 nm and the input signal power
was square-wave modulated. This caused gain modulation at all wavelengths in the
erbium band. The gain modulation was measured with a small signal laser probe tuned to a
wavelength of 1552 nm. The magnitude of the gain variation depended strongly on modu-
lation rate as shown in Figure 13.39 where the amplified saturating signal, and the small
signal probe are plotted. Where the gain perturbation is small, an expanded scale with off-
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Figure 13.38 Measurement of EDFA transient gain recovery using a
pulsed saturating source and a small signal probe.

set is used to show the probe variations. As discussed above, the initial peak in the satu-
rating signal output power at signal turn-on was caused by the higher level of inversion
realized after gain recovery. The signal transient can be quite rapid, with amplifier depen-
dent decay-time constants on the order of ~ 10 ws. The reduction of the probe signal gain
is evident as the saturating signal depletes the erbium inversion level. As the rate of mod-
ulation is increased, the amplifier recovery is truncated, the maximum instantaneous am-
plifier inversion level decreases, and the gain modulation at the probe wavelength of 1552
nm decreases. With further increases in modulation rate, the gain modulation takes on a
triangle waveform profile with a peak-to-peak variation decreasing with modulation rate.

Gain Recovery Errors. Proper use of the TDE method requires setting the signal
gate frequency to the appropriate value. The gate frequency should be set such that the
gain recovery has a linear response. If the gate frequency is set too low, the recovery is
not linear as indicated by the probe gain recovery in Figure 13.39a. Deviation from a lin-
ear response leads to measurement error since the measurement at the midpoint of the
gain recovery characteristic is no longer representative of the average high-frequency
value.

The error caused by nonlinear gain recovery was measured for an EDFA. The re-
sults are shown in Figure 13.40 The error is defined as the ratio of the measured probe
gain at the test frequency divided by the probe gain measured at 300 kHz. Below a gate-
rate of 10 kHz, the error significantly increases. This was performed for several different
values of 1480 nm pump power incident on the erbium-doped fiber. From the data, it can
be shown that the error due to nonlinear gain recovery increases linearly with pump
power.

Transient Gain Saturation. Transient gain saturation is responsible for the spik-
ing observed in Figures 13.36 and 13.39. This spiking does not affect the probe gain mea-
surement, but it can impact the measured output signal power, which in turn affects the
accuracy of the gain calculation. The error in the determination of output power occurs
when the power is measured midway through the non-linear transient gain saturation re-
covery. This problem is solved by increasing the gate frequency and making an average
power measurement. In practice, the gate frequency may be set appropriately by increas-
ing it from ~ 20 kHz, until the transient gain saturation recovery becomes approximately
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Figure 13.40 Measured error in gain as a function of gate frequency
for various EDFA pump powers.

linear. This may require an optical receiver and an oscilloscope as part of the measure-
ment setup.

Experiment: Time-Domain Extinction with Dynamic Gain Measurement.
The noise figure and the dynamic gain spectrum of an EDFA were measured for various
lengths of erbium-doped fiber. The dynamic gain spectrum refers to the gain of a small
signal probe, measured versus wavelength, with the EDFA saturation set by a saturating
signal. The slope of the dynamic gain spectrum is the dynamic gain slope as discussed in
Section 13.2.5. The measurement setup is shown in Figure 13.41a. The saturating signal
wavelength and power were 1554.4 nm and 40 wW respectively. The saturating signal
laser had internal pulse capability allowing its output power to be pulsed at a 25 KHz rate.
The laser source (HP 8168) trigger output (synchronized with the pulse modulation) was
passed to the OSA (HP 71450) to trigger the OSA’s internal time-domain detection capa-
bility. This allowed the OSA to sample the optical power 10 ps after the saturating signal
was extinguished. The time-domain capability of the OSA was used in place of the sec-
ond switch shown in Figure 13.35. The control input to the EELED (HP 83437) allowed it
to be pulsed on when the falling edge of the gated signal was detected by the OSA. By op-
erating the EELED output in pulsed mode, the EELED average output power is reduced.
This reduces the effect of the EELED power on the amplifier saturation. The timing dia-
gram for the measurement is shown in Figure 13.41b. Initially, the measurement was cali-
brated by bypassing the EDFA as shown in the figure. The EELED was pulsed on by a
command from the OSA and its power was measured by the OSA 10 ws after the falling
edge of the saturating signal laser. This yielded the wavelength-dependent calibration
P (\):

Py (N) = Pigp (M) (13.39)
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Next the EDFA was inserted into the test setup and the OSA measured the output
spectrum (P;(N)) 10 s after the saturating laser was gated off, with the EELED pulsed
on, This measurement yielded:

Py(N\) = G\) X Prgp (A\) + Pase (V) (13.40)

To solve for gain G(\), the ASE spectrum (P,(\)) is measured with the EELED out-
put off, 10 ps after the saturating signal was gated off, yielding:

Py(\) = Ppse (V) (1341
The dynamic gain spectrum is calculated according to:

P(\) - P,(N)

G(\) = — 2

Pey(M) .

The noise figure is computed according to Equation 13.35 using Equation 13.19 and
pase(N) = P,(A\)/2B,,.

After each gain and noise figure measurement, the erbium-doped fiber in the ampli-

fier was reduced in length. The results of the noise figure and dynamic gain spectrum for
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Figure 13.42 EDFA dynamic gain and noise figure measurement for
various lengths of erbium-doped fiber. (a) Gain. (b) Noise figure.

the various lengths are shown in Figure 13.42. From the curves, it is apparent that the am-
plifier can be optimized separately in terms of maximum gain, lowest noise figure, and
gain flatness. The gain and noise figure results are plotted, in Figure 13.43, versus length
for the two wavelengths of 1530 nm and 1550 nm. From the figure; it is clear that the op-
timum gain length does not correspond to the lowest noise figure. The erbium-doped fiber
length is particularly critical for low noise operation in counter-pumped amplifiers, such
as the one measured here, since the noise figure depends heavily on the inversion level
near the input. The sensitivity of the amplifier performance at 1530 nm to fiber length
(and inversion level near the input) is a reflection of the fact that the absorption cross-
section of the erbium-doped fiber peaks near this wavelength (see Figure 13.7).

WDM Characterization. Wavelength division multiplexed (WDM) transmission
is a versatile method to increase the transmission capacity of singlemode optical fiber.
Laboratory experiments using WDM have demonstrated over 2.6 Tb/s transmission ca-
pacity along a single fiber. In Figure 13.44, the input and output spectrums are shown for
a very dense 1.1 Tb/s WDM transmission experiment using a transmitter composed of
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Figure 13.43 Gain and noise figure versus erbium-doped fiber length
at the wavelengths of 1530 nm and 1550 nm.

55 lasers, each modulated at a 20 Gb/s rate.*' The wavelength range of the lasers spanned
most of the EDFA gain range from 1529 nm to 1565 nm as shown in the figure. Qualifica-
tion of EDFAs for WDM applications will require measurement of gain and noise figure
over a broad range of wavelengths. In principle, characterization of EDFAs for the WDM
environment is an extension of the techniques used for single wavelength test. In WDM
gain characterization, the optical gain is measured at each channel wavelength for a set of
input conditions. The input conditions include the channel powers and wavelengths or
“events” such as an added or dropped channel.

One of the principle challenges for making WDM noise figure and gain measure-
ments is the required assembly of the large numbers of lasers. This process can be com-
plex and costly to maintain. Measurement of the ASE generation at a specific wavelength
also becomes more difficult as channel spacings become narrow.

In this section, the TDE method combined with dynamic gain-spectrum measure-
ment is discussed for characterization of WDM gain and noise figure. The polarization
extinction method is not covered since polarization nulling of a large number of wave-
length channels is time-consuming and not practical due to the polarization-mode disper-
sion (PMD) effects discussed in Section 13.5.2.

The source-subtraction technique. may be used for WDM characterization of
EDFAs. Careful attention to the stability of the WDM lasers, and the effects of overlap-
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ping SSE from the WDM lasers at the measurement wavelength are required. Because of
the similarities with the single-channel method, the reader is referred to the discussion on
source-subtraction in Section 13.5.2.

A method allowing the same EDFA saturation effects due to multiple WDM chan-
nels while using fewer saturating signal lasers will be presented. This allows a significant
simplification of the test system while maintaining amplifier conditions similar to those
encountered with the actual number of channels. e

Multichannel Method. The EDFA gain is measured by comparing the input and
output powers at each channel wavelength. This is similar to the methods used for the sin-
gle channel case discussed earlier. Instead of gating a single laser, for multichannel TDE
test, all the lasers in the WDM transmitter are synchronously gated. The addition of the
small signal probe, as discussed in Section 13.5.2 permits measurement of the dynamic
gain spectrum allowing gain shape measurement between the WDM channels. The multi-
channel TDE method with the small-signal gain probe will be compared to the multichan-
nel spot gain measurement method in an experiment with a four channel WDM source.
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Figure 13.45 Multichannel gain measurement of an EDFA: (a) mea-
surement setup, (b) optical spectrums of input and output signals.

Experiment: WDM Multichannel Gain. The gain of an EDFA was measured
two ways. The setup shown in Figure 13.45a was used in the first experiment to measure
the EDFA spot gains at each channel wavelength. Four lasers were combined using fused-
fiber directional couplers. The polarization controller (HP 11896A) was set to randomly
vary the light-combined lasers. The EDFA booster amplifier compensated for the optical
loss (~8 dB) incurred in the power combiner. An OSA measured the optical power spec-
trums of the input signal to the EDFA and the amplified output spectrum. The input and
output spectrums are shown in Figure 13.45b. The EDFA gains at the signal laser wave-
lengths of 1533.0 nm, 1550.5 nm, 1551.1 nm, and 1552.0 nm were measured to be
16.65 dB, 12.79 dB, 12.70 dB, and 12.65 dB respectively. :

In ‘the next experiment, the EDFA gain is measured with a multichannel TDE
method using a small-signal probe. The experiment setup is shown in Figure 13.46a.
FC/PC connectors were used to connect to the EDFA. The input signal powers and wave-
lengths were the same as with the previous measurement. An EELED was used as a small
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(a) niques agreed to ~ 0.2 dB. This agreement is within the uncertainty of the connector inser-
combiner - calibration -, tion loss.
booster ! optical ! o . o .
/ amplifier SW1 ) amplifier | gy G, ASE o Multisource Approximations. For multichannel measurements, such as those re-
X i , quired for WDM applications, the cost and complexity increases with the number of chan-
e > : 0sA nels. In situations where the test cost/complexity are excessive, an approximate method
g [ may be considered. The reduced-source approximation can be considered for testing
A o EDFAs in WDM applications.*> The assumption behind this method is that the amplifier
Ity Ak g;;,;ﬂ'e}}{g'g'e}' ' gain spectrum, or at least some portion of it, is homogeneously broadened. In EDFAs, ho-

@ _ mogeneous broadening has been shown to be predominant.>® This is another way of say-
R, EE (S P U — ' L ing that the gain saturation caused by a signal at any wavelength in the EDFA gain band
reduces the amplifier inversion (common energy reservoir) responsible for gain at all

(b) other wavelengths.
20 It has been shown that spectral hole-burning (SHB) exists in EDFAs to a small de-
'7' gree.*! To the extent that within a given bandwidth, SHB is insignificant, a single source
, can represent the ensemble of signals found in the spectral interval. This concept is shown
15 | in Figure 13.47. Recall from Equation 13.9 that the gain depends on the metastable state
population, N,. The N, population level defines the operating state of the amplifier. To
mimic the effects of several channels, the representative source method must place the

3 10 amplifier in the same state that would exist if the channels were actually present. This
I3 yields a requirement on the amplifier inversion level for the two cases
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signal probe to measure the wavelength-dependent dynamic gain. The optical switches (b) .
(acoustooptic modulators) were driven by two pulse generators. One pulse generator pro- o c 1 ,
vided the trigger for the second pulse generator and the sampling trigger of the OSA (HP 3
71450). The OSA provided a signal to pulse the EELED output power as discussed in e T Figure 13.47 Reduced source
Section (13.5.2). The combination of the optical switch at the EDFA output and the time- & concept for multichannel gain char-
domain capability of the OSA resulted in complete extinction of the amplified four- s acterization. Horpogeneous broad-
channel WDM source. This permitted a continuous measurement of the EDFA gain § ening across an lnter\{al pe.rmlts
across the measurement range as shown in Figure 13.46b. The spot gains measured in the > representation of multiple signals

first experiment are plotted in Figure 13.46b for comparison. The two measurement tech- - wavelength with a single source.
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where N, is the inversion level established with the reduced set of saturating signal
sources and N, ., is the inversion level established in the presence of all the WDM chan-
nels. The steady-state population N, ,,, is derived from a generalization of Equation 13.5
to include multiple signal beams. Equating the excited state populations in the two experi-
ments places conditions on the reduced-source power and wavelength to achieve the best
simulation of WDM amplifier performance. This leads to the following requirements for
the optical power from a single source to simulate the effects of a cluster of WDM
sources about the single source wavelength.*?

1
\G

P, = (13.44)
where P, and P, are the input single-source and WDM-input channel powers, respec-
tively. The single-source wavelength can be set on the basis of the weighted wavelength

\==5 I PG, |
s G P, (13.45)
In Equations 13.44 and 13.45, the channel gains are not known initially. Therefore G,
may be set equal to G, as a starting guess to set the initial values for P, and \,. After the
dynamic gain spectrum is measured, better estimates of G, and G, are obtained. The mea-
surement procedure converges in about two iterations. Sy

Experiment: Single-Source WDM Gain. The single-source and multichannel
WDM gain methods are compared for a four-channel WDM system.*? The WDM gain
measurement was performed with four independent channels combined through a power
combiner as shown in Figure 13.46. The channel powers and wavelengths were:
41.1 uW, 1549.6 nm; 39.9 uW, 1553.0 nm; 35.1 pW, 15559 nm; and 33.9 uW,
1558.2 nm. Calibration was performed by bypassing the EDFA. In the reduced-source
method, a single saturating source was combined with an EELED-ASE source as shown
in Figure 13.48. Both the saturating laser (HP 8168) and the OSA (HP 71450) detection
circuitry had gating capability which eliminated the need for external optical switches.
The EELED (HP 83437) and saturating laser were pulsed using the noise-gain probe
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method described for the TDE technique (Section 13.5.2). The measurement results com-
paring the four-channel stimulus to the reduced source method with a noise-gain probe
are shown in Figure 13.49. The two measurements agree well. There was a maximum of
0.2 dB difference at the third-channel wavelength.

In choosing the number of channels for the reduced source method the following
factors wﬂl come to bear:

* Degree of inhomogeneity in the amplifier saturation,
¢ Total power represented by each reduced-source channel,
* WDM channel spacings.

If the amplifier gain is determined to be completely homogeneously broadened,
then a single channel will be sufficient to set the saturation. If inhomogeneous broadening
(SHB) is significant and the reduced-source stimulus power becomes large to accommo-
date the ensemble of WDM channels, a spectral hole will reduce the probe gain in the
vicinity of the saturation wavelength. In the wavelength band near 1.55 pm, the FWHM
SHB hole-widths in EDFAs are ~ 8 nm which allows the use of fewer saturating signals
than at a wavelength of 1.53 um where the hole-width is ~ 4 nm. Finally, the combination
of amplifier inhomogeneity and wide WDM-channel spacings may necessitate multiple
sources for the reduced source set to best replicate the amplifier saturation. Ultimately,
prior to the application of this technique, a comparison must be made with a complete
WDM source to authenticate the measurement. Any significant differerice between the
measurements could serve as a correction factor for the reduced source method.

Electrical Methods. Noise figure measured by the electrical method is generally
perceived to be a more complete measure of the intensity noise generated by the optical
amplifier. It includes effects such as sig-sp beat noise, sp-sp beat noise, and multipath in-
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terference noise. In the electrical method, the gain and noise figure are derived from a
spectral analysis of the optical receiver photocurrent. The amplifier noise figure is calcu-
lated with the general relation defined by Equation 13.34. Because of the effect of source
noise, laser power, wavelength, coherence, and beat noise, the following system parame-
ters must be specified with respect to the measured noise figure:

* Source power,

* Source wavelength,

* Source linewidth, and

¢ Receiver optical bandwidth.

The influence of the source power and wavelength on noise figure can be under-
stood from their influence on the inversion level of the amplifier as discussed in'Sections
13.2, and 13.3.1. The source linewidth is important in the effect it will have on the phase-
to-intensity noise conversion, or multipath interference (MPI) caused by optical reflec-
tions within the EDFA as discussed in Section 13.3.2. Equations 13.31 through 13.33 in-
dicate that the MPIl-induced noise varies with the source linewidth, the reflection
magnitudes as well as the time delay between the optical reflections. The source linewidth
is specified as a stimulus parameter. The receiver optical bandwidth determines the spec-
tral width of the ASE incident on the photodetector. This affects the contribution that the
sp-sp beat noise will make to the measured noise. Additionally, the optical filter band-
width determines the ASE shot noise and the spectral extent of the sig-sp beat noise in the
photocurrent power spectrum. Normally this is not observed unless wide bandwidth opto-
electronic detection (> 50 GHz) is used along with narrow optical filtering (< 1 nm).

Accurate noise figure measurements require that careful attention is placed on the
effect of excess source laser noise, test system MPI noise, and receiver thermal noise. The
amplifier noise figure should not depend on these noise contributions. Effects such as the
source optical linewidth and the receiver optical bandwidth can result in measurement
ambiguities which must be fully specified in the actual measurement. The power levels
measured on the electrical spectrum analyzer must be calibrated to an absolute standard to
obtain meaningful results. Two methods for this purpose are dxscussed the RIN transfer
technique and the IM index transfer technique. ‘

To measure the amplifier noxse figure the following must be determmﬁd

¢ Gain,

¢ Input power,

« Intensity noise densny produced by the amphfler Sp(f), and
« Photon energy.

The gain, input power and photon energy (or wavelength) are assumed to be known
according to the methods discussed in Section 13.5.1 and Chapter 3: The principal task is

to determine the spectral density of the amplifier intensity noise, Sp(f). Low-noise optical

amplifiers are designed to minimize Sp(f):
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Measurement of Optical Amplifier Noise. In this section, a method is discussed
to separate the optical amplifier excess noise, Sy(f), from the total noise spectrum given
by an electrical spectrum analyzer. The corrupted noise spectrum refers to the optical-
amplifier-generated noise, plus the other noise sources or effects that originate from the
test system. The basic steps in the noise measurement procedure are??; .

¢+ Calibrate receiver,

* Measure the corrupted amplifier noise spectrum,
¢ Remove thermal noise,

* Remove measured shot noise, and

* Calculate Sp(f).

A test system for measuring optical amplifier noise is shown in Figure 13.50. There
are a number of factors affecting the measured data as shown in the figure. The receiver
thermal noise, detected shot noise, and frequency response of the system will contribute
to measurement error. The amphﬁer noise must be separated from the total measured
noise.

The electrical spectrum analyzer display is proportional, by way of 1k( f)] to the
power spectrum of the photocurrent The bandwidth limitations of the photodetector and
electronics are included in [k(f)]. '

With the amplifier under test illuminated by the an optical source with the required
wavelength, power and linewidth, the measured photocurrent power spectrum SesAl mea
is described by:

SESA (f)lmea. = [k(f)lz[gizsP(f) + Si(f)'shot} + SESA(f)'th [W/HZ] (13'46)
(measured noise = excess noise + shot noise + thermal noise)

The terms on the right-hand-side correspond to the excess noise contributions of the
optical amplifier, the photocurrent shot noise, and the thermal noise. In an ideal measure-
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‘Figure 13.50 Basic measurement setup for measuring optical amplifier
noise using the electrical method. ESA: electrical spectrum analyzer.
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ment, the thermal noise would be negligeable and [k(f)* would be the reference resistance,
R4 Of the electrical spectrum analyzer, which is typically 50 ().

Thermal Noise Correction. The thermal noise density, Sgga(f)|,, is measured
with the input light blocked as shown in Figure 13.51. Under the assumption that the ther-
mal noise density is independent of the magnitude of the optical signal, it is measured by
completely blocking the light from the photodetector. The measured thermal noise spec-
trum is denoted by Sgg,(f)|,. Subtracting the density Sgga(f)|, from Sgsa(f)|mes Performs
the thermal noise correction.

RIN Transfer: System Transfer Function Correction. The frequency depen-
dent system transfer function, |Rk(f)]* is measured next. A calibrated source of excess op-
tical noise replaces our source (for example, amplifier) under test. The setup with the cali-
bration source is shown in Figure 13.52. This step is referred to as a RIN transfer
calibration since the optical noise source is characterized by a RIN which is very stable
over time. A practical way to implement the noise source is to optically filter the ASE
from an EDFA. A typical filter bandwidth is of the order of 1 nm. This will yield a flat in-
tensity noise spectrum up to ~ 2 GHz. The RIN associated with the filtered ASE source is
not required to be flat for the calibration to be valid. The only requirements are that the
RIN caused by the standard is large compared to the receiver thermal and shot noise, and
that the frequency dependence of the RIN is known.

The RIN associated with the filtered source can be derived from an analysis of the
optical intensity associated with the filtered optical field spectrum. For an arbitrarily
shaped, bandwidth-limited unpolarized ASE source, the frequency-dependent RIN is
given by:
FT[ IFTl{SAv)}IZ}

[ f Sp(v) dv]z

where Sg(v) is the single-sided optical field power spectrum, and FT denotes the Fourier
transform. The denominator corresponds to the average optical power-squared and the nu-

RIN,, (f) = [Hz ™) (13.47)
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Figure 13.51 Measurement of re-
ceiver system thermal noise.
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Figure 13.52 RIN transfer technique for receiver calibration.

merator corresponds to the expected spontaneous-spontaneous intensity beat noise. The
absolute RIN is determined from a simple measurement of the optical field spectrum
using an OSA. The RIN must be calculated numerically, except when the filtered ASE
shape follows simple functional forms such as those given in Table 13.2. The RIN de-
pends only on the shape of the ASE spectrum and not on the absolute amplitude. This re-
sults in a very stable RIN transfer standard since the bandwidth of the optical filter is
fixed.

When the RIN transfer standard is combined with a calibrated optical power meter,
the filtered ASE source provides an absolute spectral noise power reference according to
Equation 13.23. The two fundamental quantities for the reference are the RIN of the fil-
tered ASE source and the average power. The average power measurement is performed
accurately with an optical power meter. Thus, according to Equation 13.23, the absolute
optical noise reference density is:

SP(f)Ical = RINcal(f) X Pgal [WZ/HZ] (1348)

Where P, is the RIN standard average output power measured with an optical
power meter.

The electrical spectrum analyzer measures the photocurrent noise spectrum
Sgsa(f)lca due to the RIN transfer standard. Using Equation 13.46, the spectral density is:

SesalDlear = 1BKP Sp(F)lea (13.49)

The thermal and shot noise are not included in the above expression since the pho-
tocurrent noise is dominated by the detection of the intensity noise from the RIN transfer
standard. The excess noise from the RIN standard dominates over any other noises pre-
sent.

The unknown calibration constant is found according to:

|RE(]? = msii?;];l)[l“' (13.50)

With this second calibration step, the system transfer function is now known across
the frequency range of interest.
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Correcting the Shot Noise. The actual receiver shot noise must be corrected to
obtain the shot noise that would be produced by an ideal receiver according to the noise
figure definition given in Equation 13.34. The differences between the actual receiver
shot noise and the shot noise obtained with an ideal receiver are caused by the optical
coupling loss to the receiver and the limited quantum efficiency of the actual receiver
photodetector. The correction procedure subtracts out the measurement system shot noise
from the measured noise and adds the shot noise generated by an ideal receiver to the am-
plifier noise measurement.

The photocurrent spectrum of the shot noise in the measurement receiver is given
by Equation 13.25. The DC responsivity R must be found to complete the shot noise sub-
traction. Two measurements are required to determine R. The setup for the system trans-
fer function measurement shown in Figure 13.52 is used. The average photodetector cur-
rent, i, is measured. The other required measurement, P, was already performed (see
Equation 13.48). This data permits determination of the net DC responsivity according to:

o e
R P (13.51)

cal

At this point, the calibration process is complete. The next step is to use the calibra-
tion data to determine the optical amplifier noise.

Corrected Amplifier Noise. Equation 13.46 can be solved for the unknown in-
tensity noise Sp(f):

Sesalf )E;:;{&if%(f N _ Eggl_i%m (13.52)

Equation 13.52 indicates the need for the three operations discussed: thermal noise
correction, amplitude frequency response correction, and shot-noise subtraction.

Inserting the calibration coefficients given by Equations 13.50 and 13.51 into 13.52,
the excess amplifier noise is found in terms of measured parameters:

Su(f) =

- SESA(f)lmea - SESA(f){th _ 2qine, 2VH
Se(f) SeerOles < iy )2 we/ ?] (13.53)
RINcal(f) P%al Pcal

This equation is one of the principle results of this section. It shows how the inten-
sity noise Su(f) (excluding shot noise) from the optical amplifier under test is found by
making measurements of: (1) the uncalibrated measurement of the amplifier noise
Sesa(f)lmea. @nd photocurrent i, ; (2) the thermal noise; and (3) the average optical power
P_,, and DC photodetector current i., when the receiver is connected to the calibrated
noise standard. The measurement data and calibration coefficients are summarized in
Table 13.6

In the preceding analysis, the effective system quantum efficienty R was frequency
independent. All frequency-dependent system effects have been confined to the electron-
ics which includes transit time effects in the photodetector and bandwidth limitations in
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Table 13.6 Variable Definitions for Equation 13.53.

Symbol  Description ) Units
Se(f) Spectral density of optical intensity noise WHHz
Sesalflimea  Uncorrected amplifier noise spectrum W/Hz
Sesalf Electrical spectrum analyzer noise with input light to

photodetector blocked W/Hz
Sgsalf)lca  Electrical spectrum analyzer noise data with RIN-transfer source

applied to measurement system input W/Hz
RIN_,(f)  RIN-transfer standard Hz™'
P, Average power of RIN-transfer standard w
P, Average amplifier output power w
. Average photocurrent produced by RIN-calibration standard A
q Elementary electronic charge: 1.602 x 107"° coul.

the electronics. Therefore, the test system must be free from optical reflections which
could create significant amplitude ripple, otherwise the measurement technique should be
modified to account for the system interference effects. The effect of the reflections be-
tween the amplifier and receiver will be to impart a frequency ripple onto the intensity-
noise spectrum and to convert source laser phase noise to amplitude noise. Therefore, it is
wise to use low-reflection connections and an optical receiver with a low optical back-
reflection.

Calculation of Noise Figure. The amplifier noise figure defined in Equation
13.34 requires the determination of the amplifier input and output SNRs. The input SNR
is calculated on a shot-noise basis. The output SNR is computed based on the photocur-
rent signal and noise created in an ideal receiver illuminated by the amplified signal GP,,
and the amplifier excess noise Sp(f) obtained from Equation 13.53. The ideal receiver has
a flat frequency response, no thermal noise, and unity quantum detection efficiency
Rigea = g/hv).

InputSNR. The shot-noise density given by Equation 13.25 is multiplied by the de-
tection bandwidth B, to obtain the mean-squared shot noise. The input SNR is calculated by
taking the ratio of the signal-to-noise powers at the ideal receiver electrical output:

SNR. = %izdeale —= PS (1354)
" 2qi,B, 2hvB,

Output SNR. The output noise density of the ideal receiver is the sum of the con-

tributions from the amplifier generated noise Su(f), and the shot noise:

S:(f) = Si(f)'excess + S[(f)‘shot (1355)
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The amplifier contribution to the ideal photocurrent noise is determined by comput-
ing the photocurrent spectral density (see Equation 13.22) corresponding to the excess
noise in Equation 13.53:

Si(f)lexcess = SP(f) X 97}’i2¢:leal (1356)

Integrating the excess and shot noises given by Equations 13.56 and 13.25 over the
detection bandwidth B, yields the output SNR:

< GP,>? (13.57)
SNR_,, = 2
“t SHf)B,+2<GP,>hvB,

The noise figure is calculated by taking the ratios of Equations 13.54 and 13.57 with
B, setto 1 Hz:

_ P Sp(f)B, +2<GP, > hvB, (13.58)

F
2w < GP,>?

Equation 13.58 reduces to:
Sp(f) 1 (13.59)

F= =
2 G*P, G

noise figure = excess noise factor + shot-noise factor

This equation is the main result of the electrical noise figure section. This general
relation is composed of two parts. One part contains all the excess-noise contributions to
the net-noise figure. The second part is the shot-noise contribution. This result is very
general since it does not specify or constrain the type of noises that contributes to the am-
plifier excess noise. It is valid with sig-sp, sp-sp beat noises as well as MPI-induced
phase-to-intensity converted noise. The amplifier excess noise, Sy(f), is measured accord-
ing to Equation 13.53, P, is determined using a calibrated optical power meter, and the
amplifier gain G is measured using the techniques described in Section 13.5.

As a check for Equation 13.59, the limiting form of this expression is found where
sig-sp beat and shot noise are the dominant noise processes. Substituting into Equation
13.59 the sig-sp beat noise from Equation 13.27 and applying the conversion indicated in
Equation 13.22, the noise figure obtained is:

2pase 1
F=-—2%4 — .
G hv G (13.60)

which is the same relation as defined in Equation 13.35 for the optical method for noise-
figure measurement.

Laser Sources with Excess Noise. Any excess noise (in excess of the usual shot
noise) from the source illuminating the amplifier under test must be taken into account in
order to make an accurate noise characterization of the amplifier. The effect of the source
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noise on the accuracy of the electrical method is shown in Figure 13.29. One difficulty
with the electrical method is there are not many options available to correct for the excess
source noise. If the excess noise from the laser is stable over time, it can be measured and
later subtracted from the result obtained when the amplifier is in place.* This method will
be the focus of the following discussion.

Let the excess source noise be designated by: S,(f)|;our.- Measurement of the source
excess noise is accomplished using the same procedures outlined earlier for characterizing
the amplifier excess noise. Any optical attenuation between the source and the receiver
should be minimized to obtain the best measurement of the source excess noise. Let T de-
note the variable optical transmission factor (0 < T < 1) between the source and the ampli-
fier under test. T does not include any losses present when the excess source noise
Sp(f)|source Was measured. T originates from unavoidable optical-coupling losses as well as
deliberate optical attenuation provided to control the input signal level P; to the amplifier.
Taking the transmission factor T into account, effective noise power at the amplifier input
terminals is:

SP(f)ls = T2 SP(f)Isource (1361)

The noise 4t the amplifier output is a combination of internally generated noise and
the amplified excess noise from the source:

SP(f) = SP(f)lamp + GzTZSP(f)lsource (1362)

The amplifier noise figure is corrected for the excess source noise according to:

_ 5o = CT’SeDlsoure 1 (13.63)

F 2hv G?P, G

Alternate Receiver Calibration Method: IM Index Transfer. An alternative
method to the RIN transfer technique for calibrating the optical receiver is the IM index-
transfer technique. This technique offers calibration at a single frequency or point by
point through multiple calibrations. In this method, the modulation index m; of a fixed-
frequency sinusoidally intensitv modulated light is first accurately measured. Let P(z) des-
ignate the output intensity versus time of the modulated optical source

13.64
P(t) = Pcal(l + ?—P cos 2w fmt) ( )

cal
where P, is the average power detected by the optical receiver. By measuring the DC

and modulation strength, the intensity modulation index m; is obtained at the frequency f,,.

AP(fm) = < Pcal > ml(fm) (1365)
The corresponding power spectral density at the frequency f,, is:
SP(fm)lcal = m%(fm) X Pgal [Wz/HZ] (1366)
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When this source of intensity modulation is applied to the optical receiver, the elec-
trical spectrum analyzer will measure:

Sesa(fmllea = RA(£,)) Sp(fr)lea (13.67)

The unknown multiplicative constants are next calculated:

k(£ )P = Sesallmla (13.68)

S AP (fm) Ical

With the IM index-transfer method, the optoelectronic detection chain as well as the
electrical spectrum analyzer is calibrated for a deterministic modulation. Note that with
this method, the electrical noise bandwidth of the receiver is not calibrated. The electrical
spectrum analyzer IF filter noise bandwidth must be calibrated separately.

Noise Figure Experiment. Using the RIN-transfer calibration technique, the
noise figure of an EDFA was measured at a wavelength of 1550 nm with an amplifier
input power of ~20 dBm. The experiment setup is similar to that shown in Figure 13.50.
With the source attenuator set to O dB, the source RIN was approximately —149.2 dB/Hz
at a power level of ~3.6 dBm. The addition of 16.4 dB of attenuation to bring the input
signal level to —20 dBm results in an input RIN of —135 dB/Hz. This RIN level according
to Figure 13.29 will have no significant impact on the noise figure measurement, the at-
tenuated source is essentially shot-noise-limited.

In the first step, the transfer function from the optical amplifier to the electrical
spectrum analyzer display was calibrated. An optically filtered ASE source with an
FWHM spectrum of approximately 2.5 nm served as the RIN transfer standard. The opti-
cal spectrum of the transfer standard is shown in Figure 13.53a. The RIN for this source
was calculated according to Equation 13.47 yielding a low frequency RIN of ~116.18
dB/Hz. The calculated RIN spectrum is shown Figure 13.53b. Across the frequency range
of interest, the frequency roll-off of the RIN transfer standard is small, and the noise
power it generates dominates over all other noise sources.

The gain of the EDFA was measured with an OSA. The optical spectrums of the
input and amplified output signals are shown in Figure 13.54a. The EDFA was equipped
with an optical filter with an FWHM of approximately 1.6 nm. This filter served to reduce
the sp-sp beat noise contribution to the amplifier noise figure. The EDFA produced
15.05 dB of gain as seen from the figure. The three lower traces in Figure 13.54b corre-
spond to the RIN standard, the EDFA, and the thermal noise powers. The thermal noise,
Sgsa(f)];, Was subtracted from the EDFA noise Spg4(f)|me, @ indicated by Equation 13.53.
A measurement of the average power generated by the RIN-transfer standard along with
the calibration noise data, Sgga(f)|.q» Shown in Figure 13.54b, permitted absolute ampli-
tude calibration of the display according to Equation 13.53. The shot-noise correction re-
quired measurement of the electrical currents produced by the transfer standard and the
amplified signal which resulted in an effective responsivity, R, of 0.428. The shot-noise
correction for the coupling loss to the detector was small in this experiment, contributing
less than 0.1 dB to the noise figure. Using the values for the gain and excess noise, the
noise figure was approximately 7.8 dB as shown in Figure 13.54b.
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13.6 OTHER TYPES OF OPTICAL AMPLIFIERS

13.6.1 Rare-Earth Doped Fiber Amplifiers

Amplification at a variety of wavelengths has been demonstrated in rare-earth doped opti-
cal fibers. The mechanism for gain is similar to that of the EDFA: excitation of the rare-
earth ion with pump light causes population inversion between a pair of energy levels.
This produces gain at a wavelength corresponding to the energy difference between the
inverted levels. A partial energy diagram for the rare-earths in a LaCl; host is shown in
Figure 13.55. This diagram is also useful for other glass hosts since the electronic struc-
ture of the trivalent ions provides some shielding of the transitions from the host crys-
talline fields. '

1.3 pm Amplifiers. When praseodymium ions are doped in a low-phonon energy
glass host such as a fluorozirconate fiber, optical gain can be achieved at a number of dif-
ferent wavelengths. Indeed, with this ion, practical demonstrations of amplification or las-
ing has been achieved from the visible to the infrared.**>> The transition responsible for
gain near the important 1.3 um telecom window is designated by ‘a’ in Figure 13.55. This
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transition is activated by pumping into the 'G, band near 1 wm. The praseodymium-doped
fluoride fiber amplifier (PDFFA) has demonstrated optical gains in excess of 40 dB, satu-
rated output powers of 20.1 dBm and a sig-sp beat-noise-limited noise figure as low as 3.2
dB.**** The PDFFA has a useful gain spectrum in excess of 30 nm as indicated in Figure
13.56. For communications applications, the problem of making a robust connection be-
tween the fluoride fiber and the silica fiber used for transmission has been solved, making
commercialization of the PDFFA possible.® Alternate decay routes from the 'G, level re-
duces the fluorescent lifetime to ~ 110 ps. This is the reason the PFFDA operates most ef-
ficiently with stronger input signals. Weak signals must compete with the short fluores-
cent lifetime for the stored ion energy. For this reason, the PDFFA is usually used as a
booster amplifier.

The trivalent neodymium ion “F,,, —*I,,,, transition provides gain about the 1.32 pm
wavelength in fluorozirconate fiber. Pumping near the 0.8 wm wavelength provides a
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Figure 13.55 Partial energy level diagram for the trivalent rare earth
ions. Some notable transitions: a: 1.31 um, b: 1.06 pm, c: 1.34 um,
d: 1.32 um, e: 1.53 um, f: 1.47 um. [after ref [15]].

ground-state *I, to *Fs,, absorption which then populates the *Fy,-level. This transition is
designated by ‘c’ in Figure 13.55. The efficiency of this amplifier is compromised by the
strong 1.05 wm transition, designated by ‘b’ in the figure, which depopulates the
metastable state population. Also upconversion of signal light to the *G,,, level further
competes with the desired transition.> Practical use of this transition will require suppres-
sion of the ASE generated by the large optical gain of the 1.05 pm transition.

Research is also being directed at the 1.32 wm (°Hg,, —°F,, ;) doublet to ground state
SH,, transition of the dysprosium ion in low-phonon energy glasses.*”*® This transition is
designated by ‘d’ in Figure 13.55. This transition and the glass host is less mature than ei-
ther the neodymium or praseodymium investigations in fluoride fiber, more work needs to
be performed to fully evaluate its potential.

1.47 pm Amplifier. Gain near 1.47 pm from the trivalent thulium 3F,~’H, transi-
tion (designated by ‘f* in Figure 13.55) has a number of applications ranging from trans-
mission line monitoring to the possibility of opening up a new telecommunications band
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in .optical fiber. This transition can be pumped at a wavelength of 0.78 wm or 1.064 pum
using an upconversion pumping scheme. The fluorozirconate glass host with its low-
phonon energy has yielded the best performance. In one experiment, shown in Figure
13.57, an amplification bandwidth from 1440 nm to 1505 nm has been demonstrated with
a maximum small-signal gain of 25 dB when 450 mW of pump power was applied.”

0.8 pm Amplifier. Thulium-doped fluoride fiber also provides transitions that
can be used for 0.8 wm amplifiers. Low phonon energy fluoride fiber was used in an ex-
periment that demonstrated 20 dB of gain with a saturated output power in excess of
10 dBm.*® The optical gain was due to the °F, to ground state *H, transition shown in Fig-
ure 13.55. The ’F, energy level was populated by pumping at a wavelength of 790 nm. An

amplification wavelength range from 795 nm to 820 nm appears to be feasible using this
system.
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13.6.2 Gain from Fiber Nonlinearities

Raman Amplifier. When pump-light intensity within an optical fiber becomes
large, the glass molecules become excited into different vibrational states. In stimulated
Raman scattering (SRS), the difference in energy between two vibrational states can be
used to amplify an optical signal. This forms the basis for the Raman fiber amplifier
(RFA). Unlike the rare-earth doped fiber amplifiers, the RFA doesn’t require the addition
of special dopants, the optical fiber in the transmission link acts as the gain medium. The
RFA is made by coupling pump light into the transmission fiber. At a signal wavelength
of 1.55 wm, pump powers and fiber lengths are of the order of 1 W and tens of kilometers
respectively (see Appendix B). The pump laser and signal frequency separation is equal to
the Raman shift frequency which depends on the characteristics of the glass fiber. This
shift is approximately —12 THz, or +100 nm at a wavelength of 1.55 um in telecommuni-
cations fiber. Therefore to obtain gain in the 1.55 wm wavelength band, the wavelength of
the pump laser is set to ~ 1.45 pm. An example of an RFA gain spectrum is shown in Fig-
ure 13.58.5! The useable gain bandwidth is approximately 50 nm (6 THz).

Some simple approximate relations are useful for providing insight into the
RFA. %263 Assuming that the stimulated Brillouin scattering and/or pump depletion is
small, the amplifier gain for a fiber of length L is given by:

grPnLeﬁ —al
G=e Ay ¥ (13'69)

where P, is the input pump power (watts) and L is the effective length (meters). The
Raman efficiency coefficient C, is defined by C,= g/KA,; where g, is the peak Raman
gain, K = 2 corresponds to nonpolarization maintaining optical fiber and A is the effec-
tive core area.®* The Raman gain coefficient, C,, depends on wavelength and the type
of optical fiber. Increasing the germanium concentration tends to increase C,. Measure-

enhanced Raman

501 gain fiber \

40+
30+t
experiment
20+
¥ theo dard fib:
10+ / v standard fiber Figure 13.58 Raman gain spec-
//—_\‘ trum for highly doped fiber and
0 5 5 + I standard fiber. Pump wavelength is
50 70 90 110 130 1485 nm [with permission after ref
shift, nm (61] ©1990 IEE).



Characterization of Erbium-Doped Fiber Amplifiers Chap. 13

ments of the Raman gain coefficient on different optical fibers in the wavelength range of
1540 nm to 1565 nm yielded a range of values of C, from 1.8 x 10~ to 6 x 107* W~!
m™".% The effective length is reduced compared to the physical length due to fiber losses.
L4 is related to the fiber loss at the pump wavelength, o, (m™) as:®

1

L= —[1- e~t] (13.70)
P

Example

Equations 13.69 and 13.70 are illustrated by way of example. The gain and effective length
dependence on fiber length are calculated under the following conditions: C, = 5§ x 107
W' m™! (nonpolarization maintaining fiber), pump power is 500 mW, and the losses at the
pump and signal wavelengths are assumed to be 0.25 dB/km. The exponential loss factor is
first calculated using o = 0.001 x In(10%%'% m™', The effective length is next calculated
using Equation 13.70 which is used in Equation 13.69. The results are plotted as a function of
fiber length in Figure 13.59. Figure 13.59a shows the gain/loss for the case of no pumping
and also with 500 mW of pump power applied. Figure 13.59b shows the effective length, as
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Figure 13.59 (a) Raman gain dependence on fiber length. (b) Effective
fiber length as a function of actual length.
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amplitude, 1 dB/div

limited by propagation loss, as a function of actual fiber length. For a given pump power
there is an optimum fiber length. Beyond the optimum length, the RFA gain decreases.

Stimulated Brillouin Scattering: Brillouin Amplifier. The Brillouin amplifier
is based on the acoustic waves (phonons) created when high-intensity light passes through
an optical fiber. The optical field causes electrostriction in the fiber which then creates
acoustic waves. These acoustic waves scatter light in the backward direction creating op-
tical gain for signals, at the proper frequency, traveling in the opposite direction as the
original high intensity light. The gain spectrum is shifted approximately 11 GHz from the
pump frequency in silica fiber at 1.55 wm. This is compared to a shift of approximately 6
THz for the Raman effect. The exact shift depends on factors such as the fiber geometry
and the residual stress in the glass. The SBS gain spectrum is also quite narrow, on the
order of 10 ~ 20 MHz as indicated by the SBS ASE spectrum shown in Figure 13.60.
Stimulated Brillouin scattering (SBS) is detrimental in optical links employing narrow
linewidth lasers. Even at low power levels, on the order of 1 mW, SBS can create signifi-
cant backscatter of the forward propagating signal. As a result of the narrow gain band-
width of the SBS amplifier, it hasn’t yet attracted much attention for amplification of
telecommunications signals. SBS has received significant attention due to the unwanted
optical backscatter it creates.

13.6.3 Semiconductor Amplifiers

The semiconductor optical amplifier (SOA) provides a wavelength flexible solution to op-
tical amplification. It offers efficient economical amplification at every telecommunica-
tions wavelength and is a contender for 1.3 and 1.55 pm amplification. There are a num-
ber of technical obstacles that have limited their deployment in communications
applications. This includes: gain-saturation-induced-crosstalk, gain-ripple, polarization-
dependent gain, and poor mode-match to optical fiber resulting in excess optical loss and
an increase in noise figure. Device structure improvements to improve the SOA along
with the utilization of gain clamping techniques to reduce crosstalk are improving their
applicability to communications systems.®%56:¢7
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13.6.4 Measurement of Other Types of Optical Amplifiers

In this chapter, optical and electrical methods for noise figure and gain measurement were
discussed with an emphasis on their application to the EDFA. Many of these techniques
can be applied to the various non EDFA amplifiers discussed. A brief discussion is given
here concerning the applicability of the measurement methods to other types of optical
amplifiers.

With the optical method the optical source subtraction technique can be applied, in
principle, to any of the amplifiers discussed above. The polarization nulling and time do-
main extinction methods require certain assumptions on the amplifier polarization depen-
dence and gain recovery time constants which must be considered. The polarization-
nulling method works best for amplifiers with polarization-independent gain and low
polarization mode dispersion. The TDE method requires instrumentation capable of gat-
ing optical signals rapidly compared to the recovery time of the optical amplifier under
test. This may prove very challenging in amplifiers with short gain recovery times
(< 1 ns) such as the Raman fiber amplifier (RFA).

The electrical noise figure methods, while more complicated, are quite versatile if
performed properly. They can be applied to all optical amplifiers. It is beyond the scope
of this text to provide an analysis of each technique for each type of optical amplifier.
However, as a suggestive guide, Table 13.7 indicates which technique(s) may be most ap-
plicable for the most commonly used amplifiers.

13.7 SOURCES OF MEASUREMENT ERRORS

The characterization of optical amplifiers can involve a variety of instrumentation with
many possible configurations and measurement procedures. This tends to make the analy-
sis of measurement error specific to the particular experimental arrangement at hand.
There are, however, common sources of measurement error that contribute to the mea-
surement uncertainty.® The major sources of measurement uncertainty with some typical
values are listed here:

+ Connector uncertainty: + .25 dB;
* OSA effective optical noise bandwidth: + 0.1 dB;

Table 13.7 Guide to Measurement Methods

Source Time-domain Polarization Electrical
Ampilifier subtraction  extinction extinction method
EDFA yes yes yes yes
PDFA yes yes (need rapid gate) yes yes
Raman yes no depends on PMD  yes
Semiconductor  yes no (unless gain-clamped) yes yes
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* OSA scale fidelity: + 0.05 dB;

* OSA polarization dependence: + 0.1 dB;

* Power meter amplitude accuracy: + 0.1 dB; and

* Amplitude instability due to interferometric effects.

From thlS list, it is clear that ehmmatmg optical connectors at the amplifier and
using fusion splices instead will significantly improve the measurement uncertainty. Most
of the other uncertainties are addressed by the instrument specifications. The use of polar-
ization randomizers and measurement averaging can reduce the uncertainty due to polar-
ization dependencies in the test equipment.

13.8 USEFUL CONSTANTS FOR EDFA MEASUREMENTS

Table 13.8 includes a list of physical constants that may be useful for opucal amplifier
noise and gain calculations.

13.9 SUMMARY

In this chapter a variety of measurement techniques were discussed related to amplifier
gain and noise figure characterization. The various measurement techniques covered rep-
resent a subset, though significant, of the diverse set of methods available for characteri-
zation of optical amplifiers.

‘Some discussion was given to the inner workmgs of the EDFA to famxharlze the
reader who is new to this kind of optical amplifier. The discussions on gain and noise in
Sections 13.3 and 13.4 prov1de background information helpful for the discussion on
noise figure and measurement techniques. In Section 13.5, the measurement methods for

noise figure and gain were grouped into two broad categories: OSA- based, and electrical

spectrum analyzer-based. The optical methods included the source subtraction method,
the polarization-extinction technique, and the TDE technique. The TDE was extended
with the addition of a broadband EELED to permit measurement of the amplifier dynamic
gain. ,

Table 13.8 Useful Physical Constants

Description Symbol Value Units
Electron charge q 1.602 x 1071 coul.
Velocity of light c 12.99793 x 108 ms™!
Planck’s constant h 6.625 x 107 Js7!
Boltzmann constant k 1.3806 x 1073 JK!

1 electron volt eV ' 1.602 x 107'° J
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WDM characterization EDFAs was discussed in terms of relevancy of the single-
channel techniques previously discussed. An approach was presented to measure the
WDM-gain spectrum that uses a reduced set of saturating sources. This technique reduces
test costs when large numbers of WDM channels are required.

The electrical technique for noise figure measurement was discussed. This method
provides the most complete characterization of the noise performance of an optical ampli-
fier. The electrical method tends to be less tolerant to errors in the measurement technique.

A brief survey of other types of optical amplifiers was given in Section 13.6. This
provides a quick appreciation of other existing amplifier technologies. A discussion was
also given concerning the relevancy of the measurement methods to these amplifier types.
The dominant causes of measurement uncertainty in terms of instrument limitations was
outlined in Section 13.7. Finally, the most often used physical constants for noise figure
calculations is tabulated in Section 13.8 to save the reader the time required to search this
information in texts on physics.
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