
Signal-to-Noise Ratio of Digital Photographs
Rodney Shaw

Hewlett-Packard Research Laboratories
Palo Alto, California

is
er
b
ita
ra
en
in
 
ts
un
a
e
r
i

 
le
e
r
n

 
a
on
lo
fa
us
th

is
 t
t

ta
th
tif
 
r
 u
 t
s
d 
y 

n
it

ther
 the
 the
the
usly

sed
sure
d to
 to
r to
f the

the
d by
ince

sical
tory
e is
way
the
 a

tone
rtain
ital

ssue,
age,

ial
the
as
dily
nd,

ing
and

than
NR
the
r in
le of
lly

ere
by a
a

IS&Ts NIP 14: 1998 International Conference on Digital Printing TechnologiesIS&Ts NIP 14: 1998 International Conference on Digital Printing Technologies Copyright 1998, IS&T
Abstract

Information-theoretic metrics based on signal-to-no
ratio have long been established as providing an ov
assessment of image quality, and more recently have 
applied in the context of digital photography and dig
printing. Such metrics are in fact ideally suited to the ove
evaluation of imaging systems where the chain from sc
capture to final print may be a complicated one involv
diverse technologies. This present study considers
signal-to-noise requirements for high-quality digital prin
and by consideration of the entire imaging chain acco
for signal-to-noise ratio (SNR) loss due to each signific
component in this chain. By these means it is possibl
distinguish the respective roles of the capture and p
technologies and establish the fundamental imag
requirements for high-quality prints.

Introduction

At recent NIP meetings the author has described
absolute scale for print noise1, and an overall quality sca
for digital photographs2 which takes into account th
properties of both the scene-capture and image-p
components and which is based on well-established sig
to-noise-ratio metrics. Both scales lead to ease
comparison between different imaging technologies 
have previously been applied to a range of applicati
including the quality associated with conventional (ana
photographic systems. The print-noise metric was in 
scaled to existing practical numbers which had previo
been generated specifically within the context of 
psychophysical response to the physical noise 
photographic prints under controlled viewing conditions.

Whereas the ability to make such comparisons 
beneficial outcome of such studies, the main purpose of
work is to serve as an optimization exercise; ie, to iden
those components within the end-to-end digi
photography chain which place practical limitations on 
final signal-to-noise ratio in the image, and to quan
improvements which would accompany the optimization
all such interacting components. Within this gene
framework the purpose of this present study is to make
of these metrics to perform an absolute accounting for
signal-to-noise ratio of a digital photography system ba
on CCD-image-capture and TIJ-image-printing. As an ai
this investigation, it should be noted that separatel
detailed model for CCD detection has been developed3, and
applied to various comparisons between the fundame
efficiencies of scene-detection for analog and dig
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systems4-6. These CCD-detection parameters, tied toge
with the appropriate mapping function to the printer and
technical parameters associated with printing, provides
end-to-end signal-to-noise ratio model appropriate for 
present investigation. Since details have been previo
described, only a summary will be given here.

The SNR Model and Evaluation Parameters

The SNR model for the CCD-detection stage is ba
on accounting for the photons which constitute the expo
as they generate electrons which in turn are sample
provide a digital output. This output is then mapped
appropriate printer states to form the printed image. Prio
detection the SNR is that associated with the statistics o
photons themselves. The noise-equivalent number of quanta
(NEQ) is then used to track the flow of SNR through 
various stages, where specifically the SNR is measure
square-root of the noise equivalent number of quanta, s
there is consistent evidence that this absolute phy
measure of performance also provides a satisfac
surrogate for perceived image quality when the imag
presented to the perceptual process in an optimum 
(which in itself is a lengthy topic beyond the scope of 
present study). After mapping to the print, and as
consequence of the magnitude of the SNR, the 
reproduction characteristics are accompanied by a ce
level of image noise. Since the important question of dig
tone reproduction is a separate though not unrelated i
here we investigate the absolute noise level in the im
since this is a crucial driver of image quality.

 The print-noise model is characterized by a digital
noise scale (DNS), essentially defined by the low-spat
frequency value of the Wiener (power) spectrum of 
digital noise fluctuations in reflectance, and it h
previously been demonstrated that DNS lends itself rea
to image noise modeling in terms of, on the one ha
dominant printing parameters such as dpi and number of
gray levels; and on the other hand, the role of the incom
noise from the scene as transducd via the CCD 
digitization processes.

 Of course the spatial-frequency spectrum (rather 
the low-frequency or scale value) associated with the S
is of great importance in defining image quality, as is 
full spectrum associated with the image noise. Howeve
the digital domain these spectra are dominated by the ro
the physical dimensions of the pixel, and specifica
enlargement of the CCD pixel into the print domain. H
the image spatial frequency spectrum is tracked only 
sharpness index (SI) obtained by merely constructing 
2
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frequency-weighted integral over the product of the vis
transfer function and a sinc-function based on the pixe
dimension in the print. In analog photography the phr
photographic space is sometimes used to describe t
boundary of the practical speed-resolution-contra
granularity space, and with the addition of a sharpn
index, we have now constructed an equivalent digital sp
to this conventional analog space. With this, and 
previously-discussed end-to-end model, it is possible
account in quantitative manner for most of the signific
mechanisms which reduce the SNR between scene 
print.

CCD + TIJ Digital Photography Model

For the purpose of illustration a set of parameters h
been chosen to describe detection by the CCD and prin
by thermal ink-jet (TIJ) in the print. We may think of the
as the base set from which variations over a prescr
range for technical parameters are accompanied by m
calculations of the accompanying variations in imag
performance.

CCD Parameters
A pixel size of 7microns is assumed and an array s

of 1024x1280 pixels. The primary quantum efficiency 
0.25, the dark current 6 electrons per square-microns pe
at 25oC, with an exposure of one-sixtieth of a second at 
temperature assumed standard. The saturation level (
depth) corresponds to 300 electrons per square-micron
approximately 15000 electrons for a 7 microns pixel.

Digitization Parameters
The separation between read-levels is assumed to 

place according to a fixed 2-sigma total-noise separat
criterion, with a fixed contribution to this noise from th
read-noise itself of 30 electrons.

Print Mapping Function
The CCD sensor array is mapped geometrically t

3.5"x5" print, implying a linear magnification o
approximately 12x, with the seven micron pixel in the arra
thus mapping to around 84 microns in the print. T
mapping from is linear from digital-level to print
reflectance.

Printer Capabilities
At the required resolution level (ie 84 microns) t

printer is capable of 32 distinct, linearly-spaced, reflecta
levels between minimum and maximum values of 0.01 
0.85 respectively, implying a basic capability of 32-levels
an effective 300dpi.

Incorporation of the above values as system parame
into the existing SNR and DNS models now allow
calculation of these important image performance crite
Note that above parameters have already defined the im
sharpness according to a sharpness index based on a
micron image pixel of SI = 8.8 on a scale of 1 to 10. Ag
it should be stressed that this set of values, altho
583
al

se

t-
ss
ce
e
to
t
nd

ve
ing

ed
del
g

ze
s
sec
is
ell-
, ie

ke
n-

a

e

ce
nd
t

ers
s
a.
age
 84-
in
gh

believed reasonable, is for illustrative purposes only, 
not naturally representing any specific practical system.

Model Performance Calculations

Figures 1 and 2 show the image quality characteri
as calculated according to the overall model for the sys
parameters identified above.
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Figure 1. Image SNR, compared to the ideal case.
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Figure 2. Print noise on the Digital Noise Scale.

 The image SNR is expressed here in terms of r
NEQ per square-microns in the print, and the exposure 
is in terms of lux. The ideal case represents that wher
exposure quanta and the noise-equivalent number ex
coincide, ie, for a hypothetical ideal system limited only
the incoming photon statistics. The curve labeled qeff shows
the SNR following the conversion of photons to electr
via the primary quantum efficiency. The influence of 
latter is easy to illustrate in these terms since the SN
defined simply various as root-quantum-efficiency. W
the above assumption that the quantum efficiency is 0
the curve representing its influence will thus be everywh
one-half that of the ideal case.

 Other factors influencing overall quantum efficien
(eg additive color filter arrays for color reproduction, 
considered here) will have similar implications on 
overall image SNR.

 The numerical DNS scale is as described previou
where the descriptors shown are the equivalent ones 
analog photography (VF, very fine; M, medium; C, coa
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VC, very coarse), and it is concluded that the S
characteristics of Figure 1 can thus lead to an absolute print
noise level well within the normal range found 
conventional silver-halide prints.

 As is the case with analog photography, 
implications of sensor format and the size of the print (
more specifically the degree of geometrical enlargem
between the two) play a dominant role in defining 
signal-to-noise ratio and absolute noise level in the p
Recalling that the parameters listed above imply a x
enlargement, we now consider the cases whereby a
sensor area is doubled (four times the number of pixels)
the print area is halved, yielding an enlargement of onlyx;
and b) vice versa, implying an enlargement of 48x. Note
that the assumptions of a) and b) yield values of SI= 9
and 2.76 respectively, indicating that in the practical c
the latter would be ruled out by sharpness considerat
alone. Figure 3 shows the SNR for these two ca
compared to the standard case, while Figure 4 shows
corresponding noise characteristics.
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Figure 3. SNR variation with sensor-to-print enlargement: up
3x, middle 12x, lower 48x.
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Figure 4. Print noise dependence on degree of enlargement: u
48x, middle 12x, lower 3x.

It is intuitively satisfying to note that both the SNR p
unit area and the print noise have a linear dependenc
degree of enlargement, and of course change in opp
directions with change in enlargement (more enlargem
less SNR per unit print area, more print noise). It is a
interesting to note that the range of parameters consid
58
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above leads to a range of noise levels on the digital no
scale which approximately covers the complete norm
range of noise levels in conventional photographic pri
(and perhaps a somewhat greater sharpness range).

 From the viewpoint of the printing technology a
important SNR question involves the influence of increas
in the number of distinguishable gray levels at a fix
resolution limit (print pixel size), and specifically th
accompanying ability to sense and print a greater numbe
distinguishable levels from the original scene. To explo
the influence of levels we now consider a halving a
doubling of the original assumption of 32 levels, an
Figures 5 and 6 show the results of the model calculation

Extending the number of levels captured in the sce
(while maintaining the same functional translation of leve
to bits) is of course seen to extend the SNR to grea
exposure levels, and assuming that the printer has 
capacity to print these levels, this in turn drives down t
absolute print noise. In fact under these idealized conditi
the print noise level will scale exactly with the reciprocal 
the number of levels. Of course in the present case the p
resolution (and hence sharpness index) remains unchang

- 0.4 - 0.2 0 0.2 0.4 0.6 0.8

0.5

1.

1.5

2.

2.5 SNR

Log E

Figure 5. Print SNR as a function of scene levels detected 
printed: left,16; middle, 32; right, 64.
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Figure 6. Print noise dependence on scene levels detected 
printed: top, 16; middle, 32; bottom, 64.

Whereas the noise associated with the incoming sc
(photon-noise) is inherent to the detected signal, no
sources due to the detection and digitization proces
might be reasoned to be entirely harmful. Here we consi
a comparative example calculated according to mo
conditions whereby these latter sources are on the one h
4
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removed completely, and on the other significan
enhanced (by doubling the read-noise to 60 electrons rm
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Figure 7. Influence of noise sources: left, noise-free case; mid
base noise; right, double read-noise.

Figure 7 shows the influence of these various no
assumptions on the calculated SNR. The accompan
changes on the absolute print noise level are not shown 
since they are in fact too small to differentiate on the dig
noise scale. At first this seems counter-intuitive, until Figu
7 is considered in more detail. In fact to obtain the sa
number of distinguishable levels to print in each case, w
increasing detection noise it is necessary to use increasi
higher exposure levels (ie, more photons) in order to of
this spurious noise. Thus the imaging penalty is one
system sensitivity, or photographic speed, rather than 
change in fundamental print quality. There are of cou
associated tone-reproduction implications, but these 
beyond the present scope.

Conclusions

A series of model calculations have been presente
order to show some of the more important system fac
58
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which influence the final image quality in digital
photographic prints. The influence of some of these fac
is intuitive based on similar relationships in analo
photography (eg, format and enlargement). The influence
others (primary quantum efficiency, number 
distinguishable scene/print levels) is also intuitive althou
arising from basically mechanisms than those in ana
photography. Finally, the influence of others (eg, detect
and digitization noise-sources) is less intuitive.

This report, while attempting to present 
comprehensive overall SNR analysis, has ignored sev
important practical effects which may further significant
influence the print SNR. For example, the overall reduct
in the effective quantum efficiency (plus the introduction 
variability in quantum efficiency) associated with colo
filters arrays, may impose a significant limitation on t
overall SNR and the absolute print noise level. Furth
reports will consider these and other important practi
factors.
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