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Comments on “Optical Amplifier Noise Figure
Reduction for Optical Single-Sideband Signals”

Mark A. Summerfielgd Member, IEEE

Abstract—in a recent paper! it was demonstrated that a noise taneous measurement of in-phase and quadrature components
figure below the so-called “quantum limit” is possible using single-  of the electric field necessitates a doubling of the Heisenberg
sideband (SSB) modulation. In this comment we discuss the inter- \;ncertainty, as shown in [6]. However, the “quantum limit” is
pretation of this result and its implications for optical communica- . o .
tions systems. _not fur!da_lment_al, anc_j in fact it is s_how_n in [5, eq. (30)] that,

Index Terms_Optical amplifiers, optical communication in the limit of high gain, the uncgrtamty in the repelvgd photon
optical fiber amplifiers, optical oise. ' number and phase at the ampllfler output can in p(|n0|ple ap-

proach the minimum value possible at the amplifier input. Fur-
thermore, an example given in [7, p. 101] illustrates that it is

RIFFIN et al. have demonstrated that a theoretical noigsossible to achieve < F < 2in a highly inverted, short length

figure of 7/ = 1 (0 dB) is possible for an EDFA by of Er-doped fiber (i.e., in the low-gain regime). This example
using an optical single- sideband (SSB) modulation format fafone is sufficient to show that the “quantum limit” is not a
the signal. This result is in apparent violation of the commonlyindamental result, but the consequence of a specific analysis
accepted “quantum limit” of” = 2 (3 dB). Furthermore, as viewed in the high-gain limit.
we show in this comment, it is misleading in that it does not The conventional derivation of the noise figure proceeds as
imply that the amplification process is noiseless, as would scribed by Griffinet al. (see footnote 1) and in more detail
expected by analogy with the definition of noise figure comn [9, pp. 78-100]. Assuming an intensity-modulated signal,
monly used in electrical systems [1]. There has already begjg standard procedure is to consider a CW light source inci-
some debate regarding the definition of noise figure commond¢nt on an ideal photodetector and to determine the statistical
used for optical amplifiers [2]-[4], and this recent resultis likelyyctuations in photoelectrons observed over an integration pe-
to encourage further discussion. The purpose of this commeig of 7 seconds, corresponding to an electrical bandwidth of
is to provide some clarification of the interpretation and applip, — 1/2T. Prior to amplification the origin of these fluctu-
cation of the result. In particular, we review earlier theoreticgkions is shot noise, whereas after amplification the dominant
analyses which show that a minimum noise figure of 0 dB fgpise source is signal-spontaneous beat noise. The SNR is de-
an SSB signal does not violate any fundamental principles; Wged to be the ratio of the mean photocurrent squared (i.e., the
show that the 0-dB noise figure does not imply noiseless agtectrical signal power) to the mean-squared fluctuations in the
plification, but does imply benefit in terms of link budget anghhotocurrent, and the noise figure is the ratio of the input SNR to
transmission power; and we discuss the implications of this fg{e output SNR. In all previous analyses of which we are aware
optical transmission system design. We conclude by suggestiagy., [2], [7]-[9]), it has been assumed that the intensity-modu-
that no change is necessary to the conventional definition of Qted signal has an optical spectrum which is symmetrical about
tical noise figure, but rather that care should be taken when ARe Optica| carrier frequency (i_e_, consists of two Sidebands)
plying the noise figure to the evaluation of the signal-to-noisgnd that consequently the minimum optical filter bandwidth fol-
ratio (SNR) of spectrally efficient modulation formats such agwing the amplifier to eliminate excess amplified spontaneous
SSB. emission (ASE) noise i8, = 2B.. This assumption that the

Following Heffner [5], we restrict our discussion to the casgSE noise power spectrum falling on the detector has a spectral
of linear optical amplifiers, by which we mean devices whiclyidth of at leas2B. centered on the carrier frequency results
are phase-preserving linear multipliers of photon number. Itji$ the well-known expression with a high-gain limit &f = 2.
Commonly believed that the noise figure ofalinear amplifier h%rthermore' in the case of double sideband (DSB) Signa|sy the
a minimum value, typically referred to as the “quantum limit,result is unchanged if the optical filter bandwidth is reduced to
of I = 2. The term |mp||eS that this is a fundamental reSUltfeject the ASE noise in one-half of the 0ptica| Spectrum, be-
and indeed it was argued in [2] that at large gain the simause although there is a consequent reduction of 3 dB in the

signal-spontaneous beat noise, the detected signal power is also
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Fig. 1. Applications of the cascading formulas for the conventional optical noise figure. (a) A high-gain amplifier constructed from a casdeidie af ioder
gain amplifiers. (b) A “TypeA” transparent transmission link constructed fréridentical amplifiers of gair and noise figureg” connected by fiber spans with
transmissiorll’ = 1/G = exp(—al).

guence of the particular configuration chosen for the analyslemain, the commonly understood implication of unity noise
under which the noise figure is defined. The fundamental phyfigure is that the amplifier adds no noise. This is clearly not
ical limit lies, in fact, at/" = 1 which can be achieved in thethe case for the optical amplifier—a “floor” of ASE noise
high-gain limit if the amplifier is properly matched to the repower accompanies the signal at the output of the amplifier,
ceiver and a suitable modulation scheme is used [5]. Howeveagardless of the bandwidth or modulation format. Indeed, it
the conventional definition has proven useful because in masta fundamental result that a totally noiseless linear optical
circumstances of practical interest it obeys cascading formukamplifier would violate Heisenberg’'s Uncertainty Principle [5].
similar to those of the standard electrical noise figure [4], [7]. We now discuss the practical interpretation and application
In addition, it is a useful parameter for describing the quality aff the result of Griffinet al. (see footnote 1). To illustrate our
an optical amplifier in a signal-independent manner. Howeveliscussion, we consider the two specific examples illustrated
the results presented by Griffet al. (see footnote 1) highlight in Fig. 1. The first is the case of a high-gain amplifier con-
the fact that there exist situations in which the direct applicatructed from a cascade &f amplifiers, with individual gain
tion of the conventional optical noise figure produces appaty, Gs, ..., Gn and noise figurd’, F5, ..., Iy, shown in
ently anomalous results. In their example of SSB modulatioRig. 1(a). In the high-signal power regime, it is well known
application of the conventional noise figure produces an outphat the usual “microwave cascade” formula applies [4], [7, pp.
SNR which may be up to 3 dB below the actual SNR observdd2-113], and thus the gai# and noise figurd:” of the cas-

at the receiver. This illustrates the fact that application of theade are given by

noise figure in systems employing novel and/or spectrally effi-

cient modulation schemes (and, indeed, nonintensity-modulated G'=GiGy...Gy (1)
schemesin general) should be approached With extreme caution. " — -1 Fs-1 N L (2)
The suggestion that a noise figure Bf= 1 is theoretically Gy GG G1Gy...GN

possible is misleading because in order to obtain this resulE§uation (2) is derived simply by accumulating the ASE noise
is necessary to implicitly redefine the optical noise figure. Agirough the amplifier cascade, and thus for an optimally-filtered
discussed above, the conventional definition is based on 8B signal the output SNR will be given by

assumption that the signal is intensity-modulated and therefore ,

consists of an optical carrier and two symmetric sidebands. SNR, . = ESNRH ()
Performing the calculation for an SSB signal thus implicitly 2

alters the definition, since the optical spectrum is no longer thahere SNR, is the shot-noise-limited input SNR. We note that
of an intensity-modulated signal. Similarly, anomalous resultise correct result for SSB modulation is thus obtained by first
could be obtained for other nonintensity-modulated signaldetermining the overall conventional noise figure according to
such as FM, PM, or AM signals with full or partial suppressiof2), andthendividing by two (subtracting 3 dB), and that di-
of the optical carrier. The other reason why the unity minimuwiding the noise figure of each amplifier by two first, atigen
noise figure is misleading is that, by analogy with the electricapplying (2) will give the wrong result.
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Our second example, illustrated in Fig. 1(b), is the case @fe hope that this comment will help to clarify the assumptions
a “Type A” cascade of: identical amplifiers and transmissionbehind the conventional definition of optical noise figure and to
spans [7, p. 115] configured as a transparent link such that fhestrate the particular care which must be taken when applying
gainG of each amplifier exactly compensates the transmissiand interpreting the noise figure in systems using modulation
T of each span. If each amplifier has conventional high-signethemes other than standard intensity modulation. In particular,
noise figure F', then in the high-signal approximation, thewve have argued that there are real benefits to be gained by using
overall noise figure of the link is [4] modulation schemes, such as SSB, which make more efficient

use of optical bandwidth.

F'(k)y=kF - (k-1). 4)

If we apply the result of Griffinet al. to each individual am-
plifier, then for fully inverted amplifiers, we would obtain an
overall noise figure for the link of” (k) = 1, independent of.
This resultis implausible, as there is no net gain and each amﬁ,
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and thus the SNR must degrade in each span. The correct result
for SSB signals is obtained, as before, by

[1]

F kF — (k—1
SNRow = 5 SNRy = % SNR., () @
[3]

where I is the conventional noise figure of each amplifier.
Equation (5) shows that there are real advantages to be gained]
by using SSB modulation, as suggested by Griffih al. 5]
(see footnote 1). The simplest way of generating an SSB
signal is to filter out one sideband after conventional intensity [6]
modulation. While this does not improve the link budget for
single-span transmission (since the 3-dB improvement inm
receiver sensitivity is spent in the 3-dB loss in signal power
incurred in filtering out one sideband), it allows the signal to be [8]
launched into the transmission span with 3 dB lower power for
the same received SNR as compared with conventional DSB
modulation. In systems for which nonlinear propagation eﬁectEO]
within and between channels may be significant, this presen
a considerable advantage. Alternatively, if more sophisticated
techniques for SSB generation can be implemented which did1l
not intrinsically discard signal power (e.g., optimized versions
of those described in [10], [11]), the link budget may be
increased by up to 3 dB. Furthermore, other advantages of SSB
transmission have been identified, such as improved immunity
to chromatic dispersion in millimeter-wave distribution sy
tems (see footnote 1) [11] and the ability to compensate
fiber dispersion in the signal after detection, in the electric
domain [10]. Clearly, SSB modulation also reduces the opti
spectrum required by the signal, potentially allowing a greal
number of more closely spaced channels for improved spec
efficiency in WDM systems.

In conclusion, we have argued that the recent result of Gri

etal.(see footnote 1), while of great interest to the optical cOMyse completion of his Ph
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