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ABSTRACT

In this paper, image noise characterization based on digital camera RAW data is studied and three different imaging
technologies are compared. The three digital cameras used are Canon EOS D30 with CMOS sensor, Nikon D70 with
CCD sensor and Sigma SD10 with Foveon X3 Pro 10M CMOS sensor. Due to different imaging sensor constructions,
these cameras have rather different noise characteristics. The applicability of different analysis methods to these different
sensor types is also studied. Digital image has several different noise sources. Separating these from each other, if
possible, helps to improve image quality by reducing or even eliminating some noise components.
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1. INTRODUCTION

Noise properties of digital cameras are under intensive research all around the world. Competition between digital
camera manufacturers results in more and more advanced cameras with larger and larger imaging sensors with
continuously advancing technology. In current research project between TUT/MIT and Nokia corporation, image noise
characterization based on digital camera RAW data is being studied.

Analysis is carried out using MATLAB®. The digital camera RAW data is read into MATLAB® using code based on
Dave Coffin’s public domain software dcraw.c [1]. The code is modified to output 16-bit raw binary instead of PPM
format.

Digital image has several different noise sources, some of them fixed, some temporal, some are temperature dependent.
Separating these from each other, if possible, helps to improve image quality by reducing or even eliminating some noise
components. Since the physical background and statistical properties of these noise components is rather well known,
this knowledge can be utilized in noise component separation. It is impossible to completely separate the noise
components from each other by analyzing RAW data, but by applying several different measurement and analysis
procedures their nature and relative impact on image quality can be evaluated. The goal is to achieve a relatively simple
but statistically reliable measurement procedure for digital camera’s noise properties.

The noise characteristics of the camera are analyzed by shooting numerous frames both in complete darkness (for dark
signal and noise properties) with several exposure times and on different exposure levels with flat field target. Based on
these measurements, several parameters describing camera’s noise characteristics and sensitivity are calculated. These
parameters include for example camera gain constant (electrons/output digital number), dark signal nonuniformity,
photoresponse nonuniformity and STDs of temporal noise and fixed pattern noise. Some sensor parameters, for example
full well, can not be correctly determined from the RAW data due to limited A/D conversion range.

In this paper, three different imaging technologies are compared. The three digital cameras used are Canon EOS D30
with CMOS sensor, Nikon D70 with CCD sensor and Sigma SD10 with Foveon X3 Pro 10M CMOS sensor. Due to

* heli.hytti@tut.fi; phone +358-3-3115 2475, fax +358-3-3115 2171



different imaging sensor constructions, these cameras have rather different noise characteristics. The applicability of
different analysis methods to these different sensor types is also studied.

2. BACKGROUND

2.1 Sensors

Both CCD and CMOS sensors use color filter arrays to collect red, green and blue light in separate pixels (Bayer matrix).
They accumulate signal charge in each pixel proportional to the local illumination intensity. When exposure is complete,
a CCD transfers each pixel’s charge packet sequentially to a common output structure, which converts the charge to a
voltage, buffers it and sends it off-chip. Most functions (e.g. gain, bias, and clocking functions) take place in camera’s
printed circuit board. In a CMOS imager, the charge-to-voltage conversion takes place in each pixel, and most functions
are integrated on the chip. This difference in readout techniques has significant implications for sensor architecture,
capabilities and limitations. Bayer matrix operation results in only one third of the light captured in each pixel. This
reduces both color accuracy and image resolution, and adds complexity to signal processing since color interpolation is
required to form the final image. [2]

Foveon X3® technology takes advantage of the fact that silicon absorbs different wavelengths of light to different
depths. Therefore Foveon sensors use three layers of pixels embedded in silicon, so one layer records red, another layer
records green, and the other layer records blue. This results in better resolution and color accuracy than the Bayer matrix
technique. Pixel scanning is controlled by two sets of counters — one each for horizontal and vertical control. The
counters determine which row is to be activated and which pixel location in that row is to be read out. Each counter has
three registers to set the start count, the increment and the stop count separately in the horizontal and vertical directions.
These can be set in any combination to define a rectangular region of interest from one pixel location to the entire array.
[3.4]

2.2 RAW data

In theory, digital camera RAW data is the output from each of the original red, green and blue sensitive pixels of the
image sensor, after being read out of the array by the array electronics and passing through an analog to digital converter.
The readout electronics collect and amplify the sensor data and it's at this point that "ISO" (relative sensor speed) is set.
If readout is done with little amplification, it corresponds to a low ISO value, and high of amplification corresponds to a
high ISO setting. The noise analysis should be carried out using the lowest available ISO setting.

In practice, however, the RAW data from different cameras seem to be preprocessed in some way. All the three cameras
used in this study have 12 bit AD converters, so the RAW data should contain all digital values between 0 and 4095.
This property can easily be tested by taking an image with such exposure that it approximately covers the dynamic range
of the camera at least for one color. The red component histograms of such images are presented in (Fig. 1). Canon and
Sigma RAW data seem to be lossless, but Nikon uses a sort of nonlinear compression which results in missing data
values [5]. Signal range for Sigma RAW data exceeds 4095, so the data seems to be scaled somehow and the analysis
result values can not be compared directly with the other cameras.

2.3 Cameras

The cameras used in the project were Canon EOS D30, Nikon D70, and Sigma SD10. Images were saved in RAW data
format on every camera.

Table 1: Camera specifications

Camera Specifications

Canon EOS D30 CMOS sensor (proprietary)

Effective sensor size: 22,7 x 15,1 mm
Pixel count: 2160 x 1440

Nikon D70 CCD sensor (Sony ICX413AQ)
Effective sensor size: 23,7 x 15,6 mm
Pixel count: 3008 x 2000




Sigma SD10

Foveon X3® 10.2 MP sensor
Effective sensor size: 20,7 x 13,8 mm
Pixel count: 2268 x 1512 x 3 layers
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Figure 1: a), c), e): RAW data histograms for each camera. b), d), f): detail of histogram.



2.4 Test arrangement

Test arrangement used in this project is approximation of the guidelines presented in [6] (Fig. 2). Optional test
arrangement is to use for example light-dispersing white opal glass illuminated from behind as a flat field target.
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Figure 2: Test arrangement. 1: reflective flat field target, 2: illumination, 3: camera under test, 4: additional shielding, 5: camera lens.

2.5 Measurement procedures

Measurement procedures used in this project are rough approximations of the guidelines presented in [7]. Instead of
using a standardized test chart with several grey level intensities from black to white and constant illumination, a white
target and varying illumination was used. The lighting used was incandescent tungsten studio lights (colour temperature
of 3200 K) or matrix of white power LEDs driven with DC current. The illumination was varied so that the whole range
from completely dark frame to camera saturation level was covered. Number images were taken at each
lighting/exposure level. ISO setting was the smallest available in the camera; 100 for Canon and Sigma, 200 for Nikon.
Aperture values, lens and exposure times were the same for every camera, if possible. A 64 by 64 pixel area from the
centre of the image was used for the analysis. The images were taken in a laboratory where it is possible to eliminate all
additional lighting and reflections from the surrounding surfaces. The luminance on the target was measured with Hagner
Universal Photometer.

3. METHODOLOGY

3.1 Noise classifications

Noise components can be classified in different ways. One type of classifications divides the noise components into three
groups: signal dependent, temperature dependent and time dependent.

Signal dependent noise components are photon shot noise, photoresponse nonuniformity (PRNU) and amplifier gain
non-uniformity. Shot noise results from the discrete nature of electronic charge. When current flows past any point in a
circuit, the arrival rate of electrons will fluctuate slightly and give rise to variation in current flow at that point. Both
photoelectrons and dark current contribute to shot noise and are referred to as photon shot noise and dark current shot
noise respectively. Shot noise exhibits a Poisson distribution and has a square root relationship between signal and
noise. PRNU is a difference in pixel-to-pixel responsivity to light. PRNU is signal dependent and multiplicative in
nature.

Temperature dependent noise components are thermal noise and dark current. Dark current arises through thermal
generation of electrons (TGES) in the silicon. The dark current is usually different from pixel to pixel. The average value
of dark current for all pixels might be referred to as the dark current bias. If this bias is subtracted from every pixel the
variation remaining is referred to as fixed pattern noise (FPN), so called because it does not vary much from frame to



frame. Additionally there is dark current shot noise (shot noise associated with the portion of current that is dark
current). Dark current can be significantly reduced through cooling of the sensor; the number of TGEs can be halved
with every 8-9 °C of cooling.

Time dependent noise components include photon shot noise, dark current shot noise, reset noise and thermal noise.

Another way to classify the noise components is to divide them into random and pattern components. Random
components include photon shot noise, dark current shot noise, reset noise and thermal noise. Pattern components are
amplifier gain non-uniformity, PRNU, dark current non-uniformity and column amplification offset.

Quantization noise is caused by discrete output levels of A/D converter. A range of analog inputs to the A/D converter
produce the same digital output. This uncertainty gives rise to quantization noise which can be minimized by proper
ADC resolution selection.

3.2 PTC method

Photon Transfer Curve (PTC) method is presented in [8]. Photon transfer method is used to evaluate numerous image
sensor parameters in absolute terms. These parameters include read noise, dark current, quantum yield, full well,
linearity, pixel nonuniformity, sensitivity, signal-to-noise, offset, and dynamic range. Photon transfer method gives the
conversion constant K used to convert relative digital numbers (DN) generated by the camera into absolute physical units
of electrons. This conversion constant is referred to as “camera gain constant,” expressed in e /DN.

Three distinct noise regimes are identified in the photon transfer curve (Fig. 3). The first regime, the read noise floor,
represents the random noise measured under totally dark conditions. This noise includes on-chip amplifier noise and any
other noise sources that are independent of the signal level (for example dark current shot noise).

As the illumination is increased, the noise becomes dominated by the shot noise of the signal, shown in the middle region
of the curve. The quantity of charge collected in any given pixel obeys Poisson distribution, and hence the uncertainty of
that quantity is proportional to the square root of the number of incident photons. On logarithmic scale the shot noise is
thus characterized by a line of slope %.

If the signal variance (noise level) is considerably higher than the read noise level (in this function at least 2 times the
read noise variance), camera gain constant K can be calculated from equation

~ S(DN)
~ 62(DN)-o?(DN)

where S(DN) is signal as digital numbers, cré(DN) is signal variance and & (DN) is read noise floor variance.

The third regime is associated with fixed-pattern or pixel nonuniformity noise that results from sensitivity differences
among pixels. Pixel nonuniformity noise is proportional to signal and consequently produces a characteristic slope of
unity on the plot.

Full well is observed as a break in the slope of one. At this point the charge spreads between pixels (i.e., blooming),
smoothing and lowering the noise component as seen in the plot. This action causes the noise value to suddenly decrease.
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Figure 3: Photon transfer curve

Fixed pattern noise becomes dominant at higher signal levels. Removing this pixel nonuniformity makes it easier to
determine the shot noise part of the curve. Pixel nonuniformity is eliminated by differencing, pixel by pixel, two identical
images taken back to back at the same exposure level. To improve statistics, three or more exposures at the same signal
level can be taken. The random noise is determined by differencing each image with the average of N images and

calculating the mean standard deviation of these differenced images using 64 x 64 pixel areas from the centre of the
image.

Empirical test with Canon EOS D30 presented in (Fig. 4) shows that after 40 frames the residual noise STD has reached
99% of its final (100 frames averaged) level. This result holds also for the Nikon and Sigma cameras. In the example
data set in this paper, however, the number of images taken at each exposure level was generally 10 or 20.
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Figure 4: Effect of number of frames averaged to residual noise STD. a) Changing of residual noise STD when average
of N frames is subtracted from a single frame. b) Percentage of residual noise STD of the final value (100 frames
averaged and subtracted from test frame).



4. RESULTS

4.1 Dark frames

Dark signal of a camera is the increase in black level with respect to integration time [9]. It arises from electrons
spontaneously generated within the silicon. Theoretically, the dark signal should increase as a function of time in each

pixel [10]. Test results for ten random pixels with each camera show that RAW data contains some sort of dark signal
correction (Fig. 5).
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Figure 5: Dark signal as function of time for 10 random pixels.

Dark current shot noise obeys Poisson statistics: dark signal variance equals dark signal average. The expected increase
in noise level as a function of time is apparent also in RAW data for Canon and Sigma. For Nikon, the average increase
over pixels is very small, but for some pixels the increase is significant.

Table 2: Dark current shot noise variance and dark signal non-uniformity for red component

1 ms exposure time 10 s exposure time DSNU
Canon 3.5DN 324 DN 6.8e-5
Nikon 2.81 DN 2.83 DN 6.2e-6
Sigma 5.3 DN 263 DN (15 s exposure) 4.7e-5

(Fig. 6) shows the differences between sensor structures. Canon CMOS sensor results in rather even dark signal and
noise, there is no obvious horizontal or vertical fixed pattern present since each pixel has its own amplifier. Nikon CCD
sensor has clearly a vertical fixed pattern due to column-wise amplifier structure. Higher signal means higher shot noise,
so the differences in signal levels are visible also in shot noise images. In Sigma, Foveon sensor experiences a rather



ambiguous fixed pattern, possibly due to temperature differences across the sensor. Higher temperature means higher
dark current and higher noise. With long dark exposure times, the temperature differences across the sensors become

more obvious.
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Figure 6: a), ¢), e): Averages of 100 dark frames for each camera. b), d), f): corresponding pixel-by-pixel shot noise
variance. Scales in the images are limited for improved visualization.



a) b)

Column averages, Canon dark frame Column average periodogram, Canon

12874

0.04
12873 0.035
12872
0.03
12871
g 1287 0.025
:.fu 12869 0.02
o I
212808 | 0.015.
12867 §|| | i
0.01
128.66 | |
128651 ) | 0.005
" " " " " ) A A J
200 400 600 80O 1000 4] 01 0z 03 0.4 05
Column 1ipinel
c) d)
Column averages, Nikon dark frame Column average periodogram, Nikon
17 . . . . . 0.35 . . ; .
16
0.3+
15}
1.4} 025
0.2-
015+
01
0.05- 1
0.7 P R L P R L P Dh&-@-l_ " - i l i | - J
) 200 400 600 800 1000 1200 1400 [¢] 01 0z 03 0.4 05
Column 1/pixel
e) f)
Column averages, Sigma dark frame Column average periodogram, Sigma
21 T T T T 01 . . X .
205 0.09
008
2
195 0.07
4 0.06-
2 19
déa 0,05
3: 1.85 004
18
8 0.03
1.75r 002
1.7 0.01 |
165 . . . . 0 L | |
[4] 500 1000 1500 2000 2500 4] 01 0z 03 0.4 05
Column 1ipixel

Figure 7: a), ¢), e): Column-wise averages of red component dark frames for each camera. b), d), f): corresponding
periodograms showing periodical variation at every four red pixels.

(Fig. 7) shows the variation in column-wise averages of the red dark frames and their spectrograms for each camera.
Every camera seems to have periodical variation at every four red pixels. This is probably caused by pixel grouping in
sensor readout structure. In Nikon, the effect of electronics heating the upper left corner can be seen as slightly higher
signal. Sigma seems to be experiencing a change in ADC offset as a function of readout column.



4.2 PTC method

In (Fig. 8), examples of photon transfer curve analysis for each camera are presented. Camera gain constant was
estimated from this curve at every point where the noise level was at least twice the read noise. Mean values and STDs of
these estimates are:

Canon, I1SO 100: K =11.6 e-/DN, STD 0.3, 1ISO 200: K =5.7 e-/DN, STD 0.4
Nikon, ISO 200: K =5.2 e-/DN, STD 1.0 (ISO 400: K = 3 e-/DN)
Sigma, ISO 200: K=41.1e-/DN, STD 2.2

Doubling the sensitivity means halving of the gain constant, so the results for Canon and Nikon seem logical and
comparable to other sources [11]. For Sigma, the value seems rather high as the Foveon sensor should have very good
sensitivity, but because of the data scaling problem this result can not be as such compared with the other cameras.
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Figure 8: Experimental photon transfer curves of green component for each camera.

4.3 1SO 15739 noise analysis

Standard 1SO 15739 defines a procedure for analysing image noise components using 8 frames per exposure level. This
method can be applied to arbitrary number of frames. With this procedure, values for average color components, pixel-
by-pixel STDs, temporal noise and fixed pattern noise STDs and signal-to-temporal noise ratios for each color
component can be estimated. In (Fig. 9), temporal noise STDs and temporal SNRs for Canon camera are presented.
Noise STD is plotted as percentage of the signal maximum. For Nikon, these values are rather similar to Canon results.



Photo-response non-uniformity, PRNU, is a measure of the photo-response variation across the pixel array. PRNU is
determined as follows: and average image of N dark frames is subtracted from an average image of N frames lit at
approximately 50% signal level. PRNU is then calculated as the percentage of the difference frame STD from the
difference frame mean value. For the three cameras used, the PRNU values for red components and their determination
lighting levels were

Canon: PRNU =0.70 at level 4.3 cd*s
Nikon: PRNU = 0.51 at level 5.0 cd*s
Sigma: PRNU = 0.19 at level 17.5 cd*s

Foveon sensor seems to require much higher lighting levels than the others to reach the 50% level of signal maximum.
This would suggest that the high camera gain constant resulting from the PTC analysis is realistic.
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Figure 9: Example results from noise analysis according to 1SO 15739; Canon. a) Temporal noise STD as a function of
exposure level, b) Signal-to-temporal noise ratio.
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5. CONCLUSIONS

The simple analysis methods presented in this paper are useful in evaluating the noise components of the whole camera
system, not just the imaging sensor. The results are consistent with the information available from manufacturers and
other studies. The methods are also applicable to both CMOS and CCD sensors. With Foveon sensors, the temporal and
fixed pattern noise component behave as expected, so the methods are working but the question of the data scaling
remains if the results are to be used for comparing different cameras. Research for finding methods to unravel the noise
components even more based on e.g. their known statistical properties continues.
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