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We propose a system to reduce electrophotographic laser printer banding artifacts due to optical photoconductor (OPC) drum
velocity fluctuations. The drum velocity fluctuations are sensed with an optical encoder mounted on the drum axis. Based on the
line-to-line differential encoder count, we modulate the laser pulse width to compensate fluctuations in development that would
otherwise occur. We present an analysis of the system, including the compensation algorithm that determines the desired pulse-
width as a function of differential encoder count. Characterization of the system is based on printing, scanning, and processing a
special test page that yields information about line-spacing and absorptance fluctuations. This data is synchronized with the
encoder count signal that was recorded during the printing of the test page. Finally, we present experimental results for an HP
Laserdet 4M printer that demonstrate the effectiveness of the system in reducing banding due to OPC drum velocity fluctuations.
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Introduction

In this paper, we classify as banding those artifacts that
are due to quasiperiodic fluctuations in process direc-
tion parameters. Since no variation in scan direction
parameters is involved, the artifacts are constant in the
scan direction. With laser printers, banding artifacts are
primarily due to fluctuations in the angular velocity of
the optical photoconductor (OPC) drum. These fluctua-
tions result in non-uniform line spacing that causes a
corresponding fluctuation in developed toner on the
printed page.

Banding artifacts have been widely studied and mod-
eled.* To reduce banding, one can either design a bet-
ter mechanical system, or compensate the source of the
banding through feedback. To improve the mechanical
system, one can use larger diameter gears, which in-
creases the frequencies associated with tooth-to-tooth
fluctuations in drive train velocity. This will also in-
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crease the angular momentum of the system, which de-
creases the sensitivity to velocity disturbances. Alter-
natively, the gear train can be designed with a coupling
mechanism to reduce velocity perturbations.’ In a simi-
lar vein, design methods have been proposed to reduce
banding induced by the charger roller® and cleaning
blade.”

Feedback systems for banding compensation may be
categorized into two groups. In the first group, we have
systems that directly compensate the line spacing error
via laser beam deflection.®? In the second group, we have
systems that indirectly compensate the line spacing er-
ror by varying the laser beam exposure.!*-13 Both types
of systems require a sensor to detect the OPC drum
angular velocity.

Among these banding reduction strategies, our work
is most closely related to Morrison’s invention,’? which
uses two interference gratings to obtain the OPC drum
velocity, and proposes several means of adjusting the la-
ser beam exposure or moving the laser diode. However,
the system model and compensation scheme are not
clearly discussed, nor are experimental results presented.
In fact, few experimental results for any type of banding
reduction strategy have been reported in the literature.
In this paper, we present a system that uses laser beam
pulse width modulation (PWM) to compensate fluctua-
tions in line spacing. The line spacing information is ob-
tained from an optical encoder mounted on the OPC axis.
Our system is based on a 600 dpi HP Laserdet 4M printer
(HP LJ4M: Hewlett-Packard Company, Boise, ID). All the
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Figure 1.Electrophotographic process: cross-section of a typi-
cal laser printer (A) charging, (B) exposure, (C) development,
(D) transferring, (E) fusing, and (F) cleaning.

parameters and experimental results presented in this
paper are for that printer. This paper is organized as fol-
lows. In the next section, we review the electrophoto-
graphic process, and show how it impacts banding. In
the Test Pattern Design and Analysis section, we charac-
terize the banding based on measurements from a printed
test pattern. Section Banding Reduction System describes
and analyzes the architecture of the system that we use
to reduce banding. The compensation algorithm is de-
rived from the established system models in the section
System Analysis. We then present the experimental re-
sults, and finally, draw some conclusions from our work
in the end of this article.

Electrophotographic Process and Banding

The Electrophotographic Process

The electrophotographic (EP) process!*'¢ can be di-
vided into six main steps, namely charging, exposure,
development, transferring, fusing, and cleaning. Figure
1 shows these steps on the cross-section of a laser
printer. First, the charger roller uniformly charges the
OPC drum surface to a constant negative voltage. In
the exposure step, the laser beam is scanned across the
OPC and is turned on to discharge the OPC surface at
appropriate locations. These discharged locations then
attract the negatively charged toner particles in the
development step. After development, the transfer roller
applies a positive charge to the paper. This positive
charge creates a force pulling the negatively charged
toner particles to the paper. Next the paper passes be-
tween the heated fuser roller and a pressure roller which
together melt the toner and fuse it to the paper. Finally,
the non-transferred toner particles on the OPC drum
are removed with the help of a blade or a brush.

To better understand the relation between the EP pro-
cess and banding, it will be helpful to examine a model
for the EP process. For this purpose, we consider the
model developed in Ref. 17. First, the laser beam inten-
sity is modeled as a 2-D Gaussian envelope
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where I; is the peak amplitude of the laser, and o, and
o, are the beam widths in the scan and process direc-
tions, respectively. As the laser is scanned along the x
direction, it is switched on and off. Let us assume that
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Figure 2. Mapping from energy exposure on the OPC to ab-
sorptance in the final print for the LaserJet 4M.

it is switched on at time 0 and off at time ¢,; and that its
transitions obey an exponential model with rise time ¢,
and fall time ¢, The peak amplitude can then be ex-
pressed as

Iy@®) =
0, t<0,
I ax(1—exp(-t/t,)) 0<t<tyr,
Lax (1= exp(—tos / £,.)) (exp(=(t —topr 1 £7)), t >t (2)

Let us define d? and dy as the nominal values of the printed
pixel width (in the scan direction) and height (in the pro-
cess direction), respectively, and (x(m), y(n)) as the coordi-
nates of the center of the (m, n)-th pixel. When the halftone
pixel g[m, n]is turned on, the laser beam is switched on at
the (Physical coordinate (x(m) —d2/2, y(n)) and off at (x(m)
+ dy/2; y(n)). Let the laser beam be scanned at the speed
V m/s, then ¢, =d?/V. Based on the 2-D laser beam
Gaussian profile, the exposure of any arbitrary point (x,
y) due to the halftone pixel g[m, n] being printed is

Emn(x’y):

I Io(t)exp[—(x_(x(m)‘d; [2D-VD_ &= y0m) )dt
’ 20, 20,

1/m’. 3)

Since the contributions of each printed pixel to the
total exposure on the OPC drum will be additive, we
may write the total exposure as

E(x,y)= Z

m,n

glm,n]l=1

E,.,. (x,y).
(4)
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Figure 3. Banding simulation. Top: Scan line spacing. Bottom: Exposure E,(y) and total exposure E(y) along the process direc-
tion for each column of pixels with value 1. For each scan line, the exposure has a Gaussian profile. Modulating the scan line
spacing (60 cycles/in in this example) induces a corresponding modulation in the total exposure.

For the HP LaserdJet 4M, I, = 1.1 mW/m?,d? = d) =
42.33 um, V = 316 m/s, o, = 20.08 um (or 0.474 pixels)
and 6, = 24.01 um (or 0.567 pixels).

The relation between exposure on the OPC, toner mass
transferred during development, and final toner mass at
any fixed position on the page after fusing is quite com-
plex.1*16 Following Kacker and co-workers,'” we treat
these two steps as a point-to-point nonlinear mapping y
from exposure E to absorptance a on the printed page.
Figure 2 shows this relation vy,,, for the LaserdJet 4M along
with an ideal linear relationship v;;,... that would enable
the device to render gray scale without halftoning. Our
complete model for the EP process is then given by

alx, y) = Y (E(x, y)). (5)

The steep portion of the nonlinear curve for the ac-
tual printer will significantly enhance banding as we
will see shortly.

Banding Artifacts

Let us now examine how fluctuations in line spacing
produce banding. Suppose that the position y(n) of the
n-th scan line is perturbed by a single sinusoid with
spatial frequency u which has units of cycles/in. We
can write

y(n) = yo +ndy + 8, sin@mmudy +y,), (6)
where y, is the initial scan line position, and 8, and v,
are respectively the amplitude and phase of the displace-
ment perturbation. Combining Egs. (2) through (6), we
obtain the absorptance a of the printed image at any
arbitrary point (x, y) for a given halftone image g.

To further examine the combined effect of the EP pro-
cess and banding, we now consider the absorptance re-
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sulting from a given halftone image g. In order to sim-
plify the result, we consider a uniform halftone pattern
instead of a natural image. In particular, we consider a
50% fill pattern obtained by setting the pixels in the
odd columns equal to 1 and the pixels in the even col-
umns equal to 0.

As a numerical example, let y, =0, y, =0, §, = 8 x 10-°
in, and P = 60 cycles/in. Figure 3 shows the scan line
spacing, the individual exposure profiles for each scan
line, and the total exposure in the process direction. In
this figure, the exposure curves represent the ampli-
tude in the process direction for the columns of pixels
that are turned on. From Fig. 3, we see that the total
exposure along the process direction is modulated ac-
cording to the frequency p. This exposure modulation is
then enhanced by the nonlinear mapping y in the EP
process. To observe this enhancement, we first map the
total exposure to absorptance, and then project the ab-
sorptance on the y axis. Figure 4 shows the projected
absorptance mapped by V... and v, Comparing the ef-
fect of the linear mapping v,,... with that corresponding
to the actual printer vy,,, we see how the banding is en-
hanced by the nonlinear relationship between exposure
and absorptance.

Test Pattern Design and Analysis

To measure banding, we print a specially designed test
page, then scan it, and analyze the scanned data. The
test page is designed to show banding in the process
direction and to also yield information about the scan
line positions in the process direction.

Test Pattern Design

Figure 5 shows that the test pattern is separated into
three vertical components. Along the left and right edges
are a series of registration marks to establish the posi-
tion of each scan line. These registration marks are stag-

Lin, et al.
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Figure 4. Projected absorptance of a simulated printed image in which a vertical line is printed at every other column of pixels.
The simulated absorptance is mapped from total exposure with both an ideal linear transform and the actual nonlinear trans-
form for the LaserJet 4M. The data points represent the locations of the scan lines.
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Figure 5. Layout of the test pattern. All units are in pixels unless shown otherwise. Banding is measured from the center 50%
fill pattern. The registration marks on either side are used to determine scan line position.

gered from line-to-line to permit segmentation of the
individual registration marks and to eliminate the in-
teraction between the exposure of the marks on adja-
cent lines. Placing the marks symmetrically on either
side of the page facilitates correction of skew due to
misalignment of the printed page on the scanner drum.

The center region of the test pattern is used to mea-
sure the effect of the line spacing fluctuation on printed
absorptance. Since banding is most apparent in flat
midtone areas, we design a 50% fill test pattern as
shown in Fig. 5 to measure it. In this 50% fill test pat-
tern, we print a vertical line at every other column of
addressable pixels. Compared with any other 50% fill
pattern, this gives us the maximum spatial resolution
of banding.

Banding Artifact Reduction in Electrophotographic Printers Using PWM

Test Pattern Analysis

After printing the test pattern, the next step is to ex-
tract the information from the print by scanning it on a
high-resolution drum scanner (Howtek Scanmaster
D4000: Howtek, Inc., Hudson, NH) at 2000 dpi. Figure 6
shows the scanned test pattern. First we segment the
registration marks on the scanned image, and compute
their centroids y,(n) and yy(n) along the process direc-
tion. We average these values to obtain our estimate y(n)
= 1Y, [y.(n) + yg(n)] of the position of the n-th line, and
then compute the line spacing as d (n) = y(n) — y(n — 1).

With the help of the coordinates of the corresponding
registration marks, we segment the scanned absorp-
tance test pattern into cells indicated by the dashed lines
shown in Fig. 6. We then average the absorptance within
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Figure 6. Test pattern scanned at 2000 dpi. For clearer illustration, the image is expanded 4 times in the process direction. The
one dimensional absorptance signal a(n) is computed by averaging the image data between the dashed lines. The coordinates of
these lines are determined with the help of the corresponding scan line registration marks.
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Figure 7. Waveforms and spectra of (a) scan line spacing d,(n); (b) projected absorptance, a(n); (c) encoder count between scan
lines d,(n). The same major banding frequencies are observed in all three signals.

each cell to obtain the absorptance sequence a(n). We
will refer to this as the projected absorptance. Note that
the cells are skewed due to the fact that the drum con-
tinues to rotate as the laser beam scans across it. Fig-
ures 7a and 7b show the signal waveforms for the scan
line spacing d,(n) and absorptance a(n). In these fig-
ures, we also show the spectra for d (n) and a(n). In both
spectra, we observe the same main peaks at 8.6, 12.8,
25.6, and 33.1 cycles/in. The absorptance spectrum con-
tains additional very low frequency energy that is not
present in the spectrum of the line spacing data. This
energy is due to disturbances in the paper path that
occur after writing the latent image on the OPC. Con-
versely, the line spacing spectrum contains high fre-
quency energy not present in the absorptance spectrum.
We believe that this energy is due to errors in estimat-
ing the centroids of the scan line registration marks.
To establish the relation between scan line spacing
d,(n) and projected absorptance a(n), we format the data
as a scatter plot shown in Fig. 8a. From the figure, we
see no correlation between a(n) and d,(n). This is due to
the spectral mismatch discussed above. By filtering a(n)
and d,(n) to remove all but the frequency components
between 7 and 10 cycles/in (therefore only one spectral
peak at 8.6 cycles/in is left), we obtain the scatter plot
in Fig. 8b which now shows that a(n) is almost linearly
related to d,(n). The negative slope of this line indicates
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that as the scan line spacing decreases, the absorptance
does indeed increase.

Banding Reduction System

Our basic strategy for banding reduction is to modulate
the laser beam exposure time according to the varia-
tions in the scan line spacing. In this section, we dis-
cuss how laser beam exposure is controlled by pulse
width modulation (PWM); and we describe the banding
reduction system architecture.

Laser Beam Pulse Width Modulation

To control exposure, one can either adjust the input
voltage to the laser beam (amplitude modulation), or
adjust the duration of the laser pulses (pulse width
modulation or PWM).

Here we use PWM which provides the capability to
switch the laser beam on and then off at fractional posi-
tions within a nominal printer-addressable pixel. Fig-
ure 9 illustrates how different pulse widths p, 0 <p <1,
can be applied with different justifications. In our sys-
tem, we use only center justification.

In the absence of PWM, the locally averaged absorp-
tance will depend on the bit map sent to the marking
engine. For a fixed bit map, the locally averaged ab-
sorptance will increase with increasing pulse width p.

Lin, et al.
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Figure 9. Illustration of pulse width modulation with different justification modes: (a) p = 1; (b) p = 0.75 with left justification;
(¢) p = 0.5 with center justification; and (d) p = 0.25 with right justification.

However, this relationship is generally not linear and
may also depend on the bit map itself. In our work, we
ignore the dependence on the bit map, and base the
banding compensation system on a single relation for
average absorptance as a function of pulse width p. We
obtain this relation by printing the test page for dif-
ferent fixed values of p, and processing it as described
in previous section to obtain absorptance, which in this
case, we average over the entire 50% fill region on the
page. We will refer to this as the average absorptance.

Figure 10 shows the resulting curve for average ab-
sorptance a,(p) as a function of pulse width p. We see
that for 0.0 < p < 0.3, there is very little development.
Then as p increases from 0.4 to 0.6, the absorptance
increases very rapidly to approximately 80% of its maxi-
mum value. Beyond p = 0.7, the absorptance increases
more slowly to its maximum value of 0.84.

While modulating pulse width to compensate band-
ing, we want to operate with as large an average value

Banding Artifact Reduction in Electrophotographic Printers Using PWM

of p as possible, since this corresponds to the maximum
average absorptance that we can print in solid black
areas of the page. Thus, we will want to confine our
range of operation to 0.7 < p < 1.0. Over this range, the
average absorptance can be approximated well as a lin-
ear function of pulse width:

ap(p)=ap+pP, 0.7< p<1.0, (7
where oo = 0.417 and B = 0.424.

System Architecture

Figure 11 shows a block diagram of our banding reduc-
tion system. A Canon M1 optical Encoder (Laser Rotary
Encoder M1: Canon, Inc., Tokyo, Japan) is mounted on
the OPC drum axis. This digital encoder generates 100,000
counts per revolution when operated in double resolu-
tion mode. Since the OPC drum circumference is 3.71 in,
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Figure 11.Block diagram of the banding reduction system. An optical encoder is mounted on the OPC drum axis in order to track
the speed of the OPC drum. The DSP system computes the PWM code needed for each scan line according to the encoder output.
The PWM system modulates the bi-level image signal according to the PWM code.

this corresponds to 44.92 counts per 1/600 inch nominal
scan line interval. However, with our experimental setup,
the recorded nominal counts are 44.5. This is because the
speed of the OPC drive motor is controlled by its own
clock signal which may be slightly different from the clock
signal that drives the polygon mirror motor.
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When the laser beam reaches the left edge of the OPC
drum, a beam detect signal is generated. This signal
triggers the sampling of the optical encoder output to
provide an encoder count for the current scan line. This
information is used to generate a pulse width p(n) for
the current line, which is kept constant across it. This

Lin, et al.
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Figure 12.Original halftone image signal, pulse width modu-
lation signal, and resulting modulated image signal. The modu-
lated image is the AND of the original bi-level image signal
and the pulse width modulation signal. In the compensation
system, we use a fixed pulse width for each scan line.

pulse width must be computed before the laser beam
reaches the first addressable pixel on the OPC drum,
which is a distance of 0.125 in from the point at which
the beam detect signal is generated. Since the laser
beam is traveling at a velocity of 9.44 x 10° in/s across
the page, we have 13.2 us to perform this calculation.
In our prototype system, the PWM code is computed with
a Motorola DSP56002EVM evaluation board
(DSP56002EVM: Motorola, Inc., Motorola Literature
Distribution, Denver, CO) based on the DSP56002 DSP
chip. This chip is a fixed point processor which runs at
a clock speed of 80 MHz. At this rate, we can execute
528 instructions to compute the pulse width code, which
is an 8 bit value. The most significant 2 bits are used to
encode the justification mode; and the least significant
6 bits carry the pulse width information. Here we only
use center justification so the most significant 2 bits
are set to 0.

The PWM board converts the bi-level digital image sig-
nal to an analog video signal Imgy;pzo. Running on the
same clock, a piggyback board on the PWM board con-
verts the 8 bit PWM code to an analog modulation wave-
form Modpy,. The signal Modpy,, is synchronized to
Imgypro by the laser beam detect pulses, which trigger
the DSP system to generate the PWM code line-by-line.
Finally, Imgy;pro is AND-ed with Mod,y,, as illustrated
in Fig. 12, on the piggyback board to generate the modu-
lated video signal Mody,,, sent to the laser.

Relation between Encoder Signal and
Absorptance Signal

In the section Test Pattern Analysis, we printed a spe-
cially designed test pattern to determine the relation
between line spacing and printed absorptance. In order
to develop our compensation algorithm, we need the cor-
responding relation between encoder count and printed
absorptance. We can print the same test pattern as be-
fore, and record the encoder count sequence e(n) while
the page is being printed. However, we need a way to
synchronize the encoder count with the measured ab-
sorptance sequence a(n). To do this, we again use the
beam detect signal which generates a count that is
incremented by one at the start of each line. When the
beam detect count reaches a specified value, we initiate
sampling of the encoder output and at the same time
set the pulse width p equal to 0 for several lines. This

Banding Artifact Reduction in Electrophotographic Printers Using PWM

generates a clearly identifiable white gap in the test
pattern that tells us where to start the sequence a(n)
when we analyze the printed test page.

Figure 7c shows the differential encoder signal

d,(n)=e(n)-en -1), (8)

corresponding to the line spacing and absorptance sig-
nals obtained from the printed test pattern. As men-
tioned earlier, the nominal value for this signal is d°, =
44.5. Figure 7c also shows the spectrum of this signal.
We see that it too contains the same major spectral peaks
as the line spacing and absorptance signals. However,
it lacks both the low frequency content of the absorp-
tance signal and the high frequency content of the line
spacing signal.

To establish the relation between the encoder perturbation

8,(n)=d,(n)-d?, 9)

and the projected absorptance perturbation

6,(n) =an)—ay, (10)

we again use a scatter plot as shown in Fig. 13. By ap-
plying a bandpass filter to extract the spectral peak at
8.6 cycles/in, we again see a linear relation between
these two signals similar to that shown in Fig. 8b for
the absorptance versus line spacing. We can think of
the slopes of the lines in Figs. 8b and 13 as a measure
of the efficiency of perturbations in line spacing in gen-
erating perturbations in absorptance, i.e., banding.
When viewed from this perspective and in light of the
impact of the nonlinear relation between exposure fluc-
tuations and banding discussed in the section Banding
Artifacts, and illustrated in Figs. 2 through 4, it is rea-
sonable to expect that the curves in Figs. 8b and 13 will
depend on pulse width p, since this determines our op-
erating point along the curve in Fig. 2. Thus we have

6a(n’ D)= 77(17)59(71)- 11)

By again printing and processing the test pattern for
different values of p, we can determine the function n(p)
which is shown in Fig. 14. We see that the banding effi-
ciency In(p)!| decreases with increasing p, over the range
of values of p that are of interest, which is what we would
expect in view of Fig. 2. In addition, this relation can be
modeled well as a linear function of p:

np)=g+1, 0.7<p<1.0. (12)

Here { = 0.039 and t = —0.045 are calculated from Fig.
14 by a least-squares fit to the data.

System Analysis

Compensation Algorithm

Having specified the system architecture and charac-
terized the relation between all of its components in the
preceding two sections, we are now ready to derive the
compensation algorithm itself. It will specify the desired
pulse width p as a function of the differential encoder
count d, to suppress banding. We start by writing the
projected absorptance signal as the sum of its nominal
value and a perturbation term caused by the OPC drum
velocity fluctuations
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a(n) = ay(p) +6,(n, p). (13)
Both these terms depend on pulse width p.

To cancel the perturbation and obtain a fixed a(n) =
as(p,), where p, is the nominal pulse width, we vary p
as a function of n. Therefore, Eq. (13) becomes

ag(pg) = ag(p(n)) + 6, (n, p(n)). (14)
Replacing a,(¢) by the linear model in Eq. (7) and rear-
ranging, we obtain

opy + B =op(n) + B+ 8,(n, p(n)),

p(n) = py —ééa (n, p(n)). (15)
Next, we replace 3,(n, p(n)) by Eq. (11) to yield
1
pn)=py - o N(p(n))o,(n). (16)

Finally, we apply the banding efficiency function from
Eq. (12), and rearrange again to obtain

Pn) = po == (Gt + )5, (),

_r _r ~d°
Do a5e(n)=Po a(de(n) de) an

P =—" 4 |
1+26,(n)  1+2(d,(n)-d?)
o o

As discussed in the Banding Reduction System sec-
tion, we want to choose as large a value of p, as pos-
sible. From Fig. 7c, we observe that the differential
encoder count d (n) varies between 41 and 48. The pulse
width p(n) will take on its maximum value when d (n)
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Figure 15. PWM code as a function of differential encoder
signal d,(n).

is largest, because this is when the scan lines are far-
thest apart, resulting in the greatest drop in absorp-
tance a(n) in the absence of compensation. Since the
pulse width cannot exceed 1, we substitute p(n) = 1 and
d,(n) = 48 into Eq. (17) and solve for p, to obtain p, =
0.941. With this value of p, and 41 < d, (n) < 48, we will
stay within the linear range of a,(p) for which our model
given by Eq. (7) is valid.

Figure 15 shows p(n) as a function of the differential
encoder signal d,(n) for this value of p,. Since our PWM
system has only 6 bits for pulse width, p(n) has to be
quantized to 64 levels as indicated in Fig. 15 by the
sample points. For efficient implementation, we precom-
pute Eq. (17) for the differential encoder counts between
41 and 48, and store these pulse widths as a look-up-
table in the DSP system. In the DSP system, the com-
putation of subtracting the previous encoder count from
the current count and performing the table look-up can
be done in 10 instructions. This is far fewer than the
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Figure 16. (a) Banding modulation transfer function (MTF); and (b) CSF (viewing distance = 12 in.) weighted MTF.

system constraint of 528 instructions discussed in the
System Architechture section.

Banding Modulation Transfer Function

In deriving the compensation algorithm given by Eq.
(17), we wrote the projected absorptance perturbation
d,(n) as the product of the encoder perturbation §,(n)
and the banding efficiency n(p) (Eq. (11)). We explicitly
accounted for the dependence of banding efficiency on
pulse width p; but we ignored its dependence on band-
ing frequency . In fact, the function n(p) shown in Fig.
14 was derived for a single banding frequency of 8.6
cycles/in.

If we fix the pulse width p and think of the overall
printer system as one that transforms a sinusoidal fluc-
tuation in line spacing or differential encoder count to
a sinusoidal fluctuation in absorptance, then the band-
ing efficiency n in Eq. (11) is the frequency response of
this system. If we plot it as a function of spatial fre-
quency, we obtain the modulation transfer function
(MTF) for banding shown in Fig. 16a. This function was
obtained by measuring the slope of scatter plots like that
shown in Fig. 13 for each banding frequency observed
in Fig. 7c with pulse width p = 1. For each such fre-
quency, these scatter plots are based on data obtained
by filtering both J,(n) and §,(n) with a narrowband fil-
ter centered at that frequency.

In Fig. 16b, we include the effect of the human viewer
by cascading the contrast sensitivity function'® with the
banding MTF. Figure 16a shows that the banding MTF
is fairly flat out to a spatial frequency of 30 cycles/in.
On the other hand, Fig. 16b shows that the overall sys-
tem, including the human viewer with viewing distance
12 in, is most efficient in transforming fluctuations in
line spacing to visible banding at around 30 cycles/in.

So far in our discussion of the frequency dependence
of banding, we have kept the pulse width p constant. To
reduce banding, we of course want to vary p; so we need
to consider how banding efficiency depends on p at each
fixed spatial frequency u. What we find is that at each
such frequency the model given by Eq. (12) holds well
with the values for slope { and intercept 1 given in Table
I. Examining Table I, we see that the variation in the
parameters { and 71 is relatively small (less than 5% for
both of them) over the range of frequencies [8.6-33.1]

Banding Artifact Reduction in Electrophotographic Printers Using PWM

TABLE |. Parameters for the Model of the Relationship between
the Magnitude of the Absorptance Signal and the Magnitude
of the Encoder Count Signal Given by Eq. (12).

u (cycles/in) g T
8.6 0.039 —0.045
12.8 0.040 —-0.047
25.6 0.036 —0.043
33.1 0.038 —0.044
51.2 0.024 —-0.029
58.7 0.030 —0.034
64.0 0.024 —0.028
66.2 0.027 —0.031

cycles/in within which there is significant energy in the
line spacing perturbations (Fig. 7c¢), and which will yield
highly visible fluctuations in absorptance (Fig. 7b). Thus,
in the interest of simplicity, we use a single set of values
for { and 1. Since the peak energy in Fig. 7c occurs at
12.8 cycles/in, we choose { = 0.040 and t = —0.047, corre-
sponding to the measurements made at 12.8 cycles/in.

Experimental Results

Figure 17 shows the test pattern and a halftone image
printed without banding reduction. The halftone parrot
image is generated using the direct binary search (DBS)
algorithm.' Figure 18 shows same images printed with
banding reduction. Comparing them, we see that the
banding artifacts are significantly reduced. Figure 19
shows the spectra of the projected absorptance of the
50% fill pattern without and with banding reduction.
To better illustrate the visual significance of these re-
sults, we also show the spectra weighted by the con-
trast sensitivity function'® of the human viewer. We
observe that the main spatial frequency peaks are sup-
pressed after banding reduction. However, we still see
the low frequency components and also a peak at 70
cycles/in. Those frequency components are induced out-
side of the OPC drum and cannot be detected by the
encoder. To suppress them, we would need to have other
sensors to acquire the information from the perturba-
tion sources.
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Figure 17.Test pattern (left) and a halftone image (right) with-
out banding reduction.
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Figure 18.Test pattern (left) and a halftone image (right) with
banding reduction.
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Figure 19. Spectra unweighted (top row) and weighted by the contrast sensitivity function!® (bottom row) for the human viewer
(12 in. viewing distance) (a) without, and (b) with banding reduction. In (b), the low frequencies and the peak at 70 cycles/in are
not compensated because the encoder cannot detect those banding sources.
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Conclusion

Banding is an important artifact for EP printers. It is
primarily caused by fluctuations in the OPC drum ve-
locity. These fluctuations result in variations in line
spacing, causing excessive development if the line spac-
ing is too small, and too little development if the line
spacing is too large. We have proposed a system for re-
ducing banding that is based on sensing the OPC drum
velocity fluctuations with an optical encoder mounted
on the drum shaft. We then modulate the laser beam
pulse width line-by-line to compensate for the impact of
line-spacing errors on development.

We have implemented a prototype system using an
HP Laserdet 4M 600 dpi printer. We characterized the
system by printing a special test page using a fixed pulse
width, while simultaneously recording the optical en-
coder output. We then scanned the page, and analyzed
it to extract information about fluctuations in line spac-
ing and absorptance. We repeated this process for all
pulse widths between 0 and 1. From these measure-
ments, we found that average absorptance increases lin-
early with pulse width over the range of pulse widths of
interest, and that perturbations in projected absorp-
tance are negatively proportional to perturbations in the
encoder count. Since the banding modulation transfer
function is nearly flat over the range of frequencies at
which significant visible banding is caused by OPC drum
velocity fluctuations, we ignored frequency dependence
in the design of the compensation algorithm.

Our experimental results show that the method sup-
presses very well the banding due to fluctuations in OPC
drum velocity. However, lower frequency banding due to
other sources in the printer is not suppressed. Suppres-
sion of banding at these frequencies would require addi-
tional sensors to capture the sources of the low frequency
fluctuation. Although we have not demonstrated it in this
system, we believe that our compensation algorithm can
be modified for use in a system in which it is desired to
exploit pulse width modulation both as part of the
halftoning algorithm and to suppress banding. &
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