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Khourie and Crew
[57] ABSTRACT

A method of controlling the dynamic range of a CCD
or similar device. The method is used in connection
with a charge-coupled device or like structure of
known construction having a photogate region in
which charge i1s generated at a rate proportional to the
intensity of incident electromagnetic radiation. The
photogate accumulates charge during a predetermined
exposure period. A sink region is disposed to receive
excess charge from the photogate region, and the pas-
sage of charge from the photogate region to the sink
region is controlled by a control gate of the type com-
monly used for integration control. A second gated
region is present for receiving charge from the photo-
gate region for transporting charge therefrom. A poten-
tial is applied to the control gate which has a magnitude
causing all charge above a certain charge clipping level
in the photogate region to pass to the sink region, and
the magnitude of the potential is caused to vary during
the exposure period according to predetermined func-
tion, which may be a non-linear function such as loga-
rithmic. In this way the clipping level varies according
to the predetermined function in real time during the
exposure period. The total charge accumulated in the
photogate region, limited according to the predeter-
mined function, is then transferred to the second gated
region at the end of the exposure period.

24 Claims, 2 Drawing Sheets




U.S. Patent Nov. 29, 1994 Sheet 1 of 2 Re. 34,802




- U.S. Patent Nov. 29, 1994 Sheet 2 of 2 Re. 34,802




Re. 34,802

1

NON-LINEAR PHOTOSITE RESPONSE IN CCD
IMAGERS

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made
by reissue.

BACKGROUND OF THE INVENTION

The present invention relates generally to semicon-
ductor devices, such as charge-coupled devices
(CCDs"), in which charge representative of an input
signal is collected and manipulated. More specifically,
the invention relates to techniques for extending the
dynamic range of such devices.

Charge-coupled devices, bucket brigade devices and
other semiconductor devices in which charge is manip-
ulated are well known. Such devices are used as shift
registers, as memory cells, in analog signal processing as
filters, and as charge-coupled imaging devices, both for
line scan and area imaging purposes. The operation of
these devices is similar in that depletion regions are
created in a semiconductor substrate by application of
an electric field, which regions are energetically favor-
able to the accumulation of charges. Accumulated
packets of charge are then manipulated in these regions
according to the needs of the particular application.

In known charge-coupled devices an initial charge
may be injected into such a region electrically from
circuit associated elements, such as in memory cell
devices, or the charge may be generated within the
region in response to incident radiant energy (i.e., visi-
ble light or infrared radiation), such as in imaging de-
vices. In a CCD imaging device, charges are generated
in a region of the semiconductor substrate, generally
referred to as the photosite, which is sensitive to the
incident radiation. The charges are allowed to accumu-
late, In a region referred to as the photogate, for a per-
10d of time generally referred to as the integration time.
The amount of charge accumulated in the photogate
region over an integration period provides a measure of
the average radiant energy impinging on the photosite
during the integration period. After each integration
period the accumulated charge is transferred to a tem-
porary storage region of the semiconductor substrate,
typically forming a part of a shift register, where the
charge is then passed to various circuit elements to be
detected, amplified, and/or otherwise processed to pro-
vide an output signal representative of the incident light
intensity.

A limitation on known charge-coupled devices is the
relationship between the amount of charge which may
be accumulated in the photogate region and the
charged-handling capability required of all of the pe-
ripheral circuitry, such as the temporary storage loca-
tion to which the photogate charge is transferred in the
shift register. Increasing the size of the photogate al-
lows more charge to accumulate over a given period
and provides greater overall dynamic range for the
device; however, such an increase in size also places a
correspondingly higher requirement of the charge-han-
dling capability of the shift register or other circuitry.
Thus, the size of charge-coupled devices sufficient to
provide wide dynamic range is undesirably increased by
the extra charge-handling capability required. The in-
crease in size of the shift registers and associated periph-
eral circuitry in turn increases the size of the dies used
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in manufacturing, which lowers the yield of functioning
devices and increases the price for each device. Viewed
alternatively, the increased size of the peripheral
charge-handling circuitry decreases the chip area avail-
able for photosensing, and thereby lowers the dynamic
range of the device.

One known approach for handling the occasional
overcapacity of the photogate region was developed in
connection with the phenomenon known as “bloom-
ing.” The temporary storage region can hold a lirmted
quantity of charge and/or can only transfer a limited
quantity of charge at a time out of the region. If the
quantity of charge accumulating in the photogate re-
gion exceeds the capacity of the associated temporary
storage region, then when the charge is transferred
from the photogate region, the temporary storage re-
gion exceeds its saturation limit and the excess charge
spreads to neighboring regions associated with other
light-sensing elements. This spreading or smearing of
the charge is known as blooming and leads to a local
loss of image resolution and diminishes the effective
dynamic range of the device.

To counteract the blooming effect, an additional
structure is provided on the CCD chip to handle excess
charge. An antiblooming structure comprising a “sink”
region and appropriate electrodes and gates 1s added
adjacent to the photogate to receive the excess charge.
In one approach charge is allowed to accumulate 1n the
photogate for an integration time which is only a prede-
termined fraction of the exposure time. This is accom-
plished by opening a gate between the photogate and
the sink for a fraction of the exposure period such that
all the charge generated in the photosite when the gate
1s open 1s diverted to the sink. The remainder of the
exposure period then provides the integration period.
Only the fraction of the generated charge accumulated
during the integration period is transferred to the tem-
porary region in the shift register. In a further refine-
ment an integration control gate may be biased such
that even during the integration peniod accumulated
charge exceeding the saturation level of the associated
temporary storage region will be diverted to the sink.
These techniques reduce the occurrence of blooming
and provide improved dynamic range.

SUMMARY OF THE INVENTION

The present invention provides a method of control-
ling a CCD or similar device to achieve greater dy-
namic range and better performance than achievable by
the above-described techniques, while permitting vari-
able control over the sensitivity of the device to light
Iintensities in predetermined ranges. The method may be
applied to known semiconductor structures such as the
antiblooming structure described above.

Bnefly, the method i1s used in connection with a
charge-coupled device or like structure of known con-
struction, having a first gated region such as a photosite
in which charge i1s generated at a rate proportional to
the intensity of electromagnetic radiation incident
thereupon. The first gated region is structured and ar-
ranged to accumulate charge during a predetermined
exposure period. The CCD further includes a sink re-
gion disposed for receiving excess charge from the first
gated region and a control gate of the type commonly
used for integration control for permitting passage of
charge from the first gated region to the sink region. A
second gated region is present for receiving charge
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from the first gated region for transporting charge
therefrom. According to the invention a potential is
applied to the control gate which has a magnitude caus-
Ing all charge above a certain charge clipping level in
the first gated region to pass to the sink region, and the
magnitude of the potential is caused to vary during the
exposure period according to a predetermined function.
The predetermined function is preferably a non-linear
monotonically increasing function, such as a logarith-
mic function. In this way the clipping level varies ac-
cording to the predetermined function in rear time dur-
ing the exposure period. The total charge accumulated
in the first gated region, limited according to the prede-
termined function, is then transferred to the second
gated region at the end of the exposure period.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic cross-sectional view of a CCD
structure with which the method of the present inven-
tion may be practiced.

FI1G. 2 1s a graph of a accumulated photogate charge
using known integration control and antiblooming tech-
niques.

F1G. 3 is a graph of accumulated photogate charge in
a simplified example for illustrating the present inven-
tion.

FIG. 4 is a graph showing accumulated photogate
charge in a general example of the present invention.

FIG. § 1s a graph showing logarithmic compression
of dynamic range according tot he invention.

DETAILED DESCRIPTION OF AN
ILLUSTRATIVE EMBODIMENT

The CCD mmaging device illustrated in FIG. 1 in-
cludes a first semiconductor region 10 for the accumula-
tion of charge, which is referred to herein as the photo-
gate region. The charge is generated in region 10 by
light (or other from of radiant energy) impinging upon
the photosensing area 11, which is referred to as the
photosite. In the configuration of FIG. 1 photosite 11 is
limited by light shields 12. A photogate electrode 13
overhies photogate region 10. An electric potential
VPG 1s applied to photogate electrode 13, which main-
tains an electric field in the region 10 of appropriate
character making it energetically favorable for charge
to accumulate in the region. Adjacent photogate region
10 is a temporary storage region 16, sometimes referred
to as the transport gate region, to which a charge packet
accumulated in the photogate region is transferred. The
region 16 typically forms a part of shift register or other
transport structure for transporting the charge packet
received from the photogate region to other circuit
structures for processing. Overlying transport gate re-
gion 16 1s transport gate electrode 17, to which a poten-
tial ¢T is applied for enabling the accumulation of
charge in region 16. A transfer gate electrode 18 is
disposed between photogate 10 and transport gate 16.
The passage of a charge packet from photogate 10 to
transport gate 16 1s determined by the potential ¢X
applied to transfer gate electrode 18.

Adjacent to photogate region 10 on another side from
the transport gate 1s sink region 21 such as used in the
above-referenced antiblooming structure. Sink region
21 has an overlying electrode 22, to which is a potential
VSINK is applied to define the potential well for re-
ceiving excess charge from the photogate region. A
control gate electrode 23, sometimes referred to as an
integration control gate, 1s disposed between photogate
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10 and sink 21 to control the flow of excess charge to
the sink. According to the invention, greater improve-
ments to dynamic range than in known antiblooming
control methods may be achieved by applying a poten-
tial ¢IC to integration control electrode 23 as described
below.

The method of the present invention may be under-
stood by reference to FIG. 2, which plots the charge
accumulated in photogate region 10 as a function of
time. The “time” axis shows one exposure penod, 1.e.,
the period Tex, between two consecutive transfers of
charge packets from photogate region 10 to transport
gate region 16. It is assumed that the radiant energy
incident upon the photosite has a constant intensity over
exposure period. For typical imaging applications light
intensities vary slowly compared with the exposure
time so that the approximation is vahid. With no anti-
blooming control, 1.e., if ¢IC 1s 0, the accumulated
charge is directly proportional to the elapsed time; and
the proportionality constant is the average incident
light intensity over the exposure period:

Q= I-Te.xp- (I
The accumulated charge with no antiblooming control
Is represented by the straight line 31 in FIG. 2. The
slope of the line 31 represents the incident light inten-
sity; the greater the light intensity, the greater the slope.
The charge QSAT indicated on the “charge” axis of
FIG. 2 represents the saturation charge of the transport
gate region 16 to which the accumulated charge is
transferred from the photogate. If a charge greater than
QSAT accumulates in the photogate, then blooming
will occur. This is the case with the line 31 in the ab-
sence of antiblooming control.

In conventional antiblooming and integration control
methods, a potential is applied to control gate 23 for a
fixed predetermined fraction TAB of the exposure time
so that all of the charge generated in the photosite
passes to sink 21, and no charge accumulates in the
photogate region 10. At time TAB sink 21 is blocked,
and the charge accumulates linearly in proportion to the
incident radiation for the remainder of the exposure

pertod. Line 32 in FIG. 2 represents the same incident
radiation as the line 31, but with the integration control

just described. As a refinement to the integration con-

trol method just described, it is also known to bias the
integration control gate at a constant level during the
integration period such that any charge accumulated in
excess of the saturation level of the transport region 16
will spill over into sink 21. This situation is represented
by the line 3 in FIG. 2 for the same light intensity as the
lines 31 and 32.

In the present invention the potential ¢IC applied to
the mtegration control gate 23 is set at a level to selec-
tively limit, or “clip,” the amount of charge accumu-
lated in the photogate as that charge accumulates dur-
ing the integration period and before the saturation
level QSAT for the transport region 16 is reached. By
way of introductory example, a piecewise linear charge
accumulation curve may be achieved by applying a
potential to the control gate 23 to establish a first clip-
ping level QCLIP less than the transport region satura-
tion level QSAT for a first portion of the exposure time,
and then clipping at the QSAT level for the remainder
of the exposure period. When control gate 23 is biased
in this way, the charge accumulates continuously at a
linear rate for low light intensities, but for higher light
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Intensities a portion of the charge is diverted to sink 21
midway in the exposure period. The resulting charge
accumulation curve is represented by the curve 36 in
FIG. 3 for the same incident light intensity as the curves
in FIG. 2. Also shown in FIG. 3 is a pair of curves 37
and 37 illustrating the resulting compression for an
incident light intensity sufficiently low that the accumu-
lated charge would not reach the saturation level even
in the absence of clipping. Curve 37 illustrates the
charge accumulation with an intermediate-threshold
clipping level. Curve 37 illustrates the charge accumu-
lation with the same incident light intensity but without
the intermediate-threshold clipping.

FIG. 4 illustrates a more general example. The curve
41 of FIG. 4 represents the maximum acceptable charge
desired to be accumulated in the photogate region at
any fraction of the integration period.

By actively increasing the potential difference be-
tween photogate electrode 13 and integration control
gate 23, ie., by actively increasing ¢IC, during the
integration period, the maximum acceptable charge
level can be increased at the same rate. Curve 41 of
FIG. 4 represents the maximum acceptable charge level
QMAX in the photogate as a function of the normalized
integration time t=T/Texp, where as before Ty, is the
exposure period:

QMAX =f(t), O=t=1). (2)

The function (f(t) can be mathematically determined
and electronically generated on the chip so as to
achieve a compression of the dynamic range in an arbi-
trarily chosen manner. The compression of the dynamic
range is represented by a function D(I), which gives the
output charge transferred to the transport gate from the
photogate as a function of incident light intensity. As
described above, with no antiblooming or integration
control (the so-called linear accumulation case) the
output charge to the transport gate is proportional to
the incident intensity:

Dinear I)=Texp-]- (3)

The determination of f(t) and its relation to an arbi-
trarily selected monotonic D(I) according to the pres-
ent invention are described in the following paragraphs.

A graphical determination of the function f(t) will
now be described with reference to FIG. 4. The straight
line 42 is tangent to the curve 41 at the origin. The line
42 represents the charge accumulation curve for a pre-
determined constant incident light intensity I0. For
incident radiation with intensity I less than IO, charge
will be permitted to accumulate linearly in the photo-
gate and would be represented in FIG. 4 by a straight
line of slope less than I0O. For incident radiation with
intensity greater than 10, a linear accumulation of
charge 1n the photogate would produce an amount of
charge greater than the maximum acceptable charge
QMAX and would be represented in FIG. 4 by a
straight line, at least a portion of which would lie above

Curve 41. This case is represented by the line 43 in FIG. 60

4. Without some form of antiblooming or integration
control the charge generated by the incident radiation
represented by line 43 will exceed the saturation level of
the transport gate.

According to the present invention, a varying poten- 65

tial 1s applied to integration control gate 23 such that the
charge in the photogate accumulates at the maximum
permissible rate (i.e.,, along curve 41) until that rate
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reaches the rate the incident radiation would produce n
the absence of compression (the “uncompressed” rate).
Beyond that point the charge is permitted to accumu-
late at the uncompressed rate. In terms of the FIG. 4,
the curve 41 is the clipping level above which charge is
diverted to sink 21. For incident radiation of an inten-
sity represented by the line 43, the photogate response
follows the curve 41 to the point t at which the tangent
44 to curve 41 is parallel to the line 43. Thereafter, 1t
follows the line 44. The following relation may be
gleaned from FIG. 4:

D) =1f(t)=1.(1—1). (4)
More formally the methodology can be understood
as follows. The charge accumulation produced by a
given incident radiation of intensity I in the absence of
compression is represented by a straight line of slope
equal to 1. In the absence of compression the output
charge QOUT delivered to the transport gate is the of
the straight line at the end of the exposure period. In the
presence of compression the output charge QOUT 1s

D() ©)

ft) + 1-(1 — 1)

QOUT

where now I is the slope of the tangent to curve 41 at t:

I=df/dt (6)
The function f(t) is determined by specifying the com-
pression function D(I), applying the chain rule for dif-
ferentiation to D(I), differentiating Eqn. (5), and substi-

tuting:
gD dD  dl (7)
dt dl dt
__dr_ df (8)
=g U -v-1+ dt
I < | S _ &)
= =3 (1 i)
yielding
dD (10)
A = {1 — 1)

To 1llustrate the solution of this equation, assume the
following compression function, including logarithmic
and linear ranges:

(11)
I, for0 =1 = 10
10-(1 + In(1I710)), for IO =1 = Imax,

Imax,

D

for I = Imax.

With a compression ratio of

c=[sat/Imax, tm (13)

the linear range

r=10/Isat (13)

1s given by the relation

r—In(r.c)=1. (14)
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For example, if the compression ratio c is 0.1, then the
linear range r is 0.2.

Equation (10) leads to:

h
4 _Io _,_, (15)
therefore
at _ (16) 10
dt
= [0/(1 ~ t). (17)
The selution is: 15
(18)
IO -In(]l — 1), 0 =t = max,
f(t) =
ISAT —-IMAX-(1 —1t), max=t1 =1,
20
where
tmax— i —r.c. (19)

In FIG. § the graph 48 plots the resulting CCD out- 35
put voltage as a function of incident light intensity for
the “logarithmic” compression function. The potential
at the output of the device is directly proportional to the
charge transferred to the transport gate.

The operation of the invention has been described 30

above in connection with a single photosite. CCD de-
vices are commonly arranged in linear or area arrays of
photosites. Analogous control gates for the plurality of
sites are commonly clocked together in order to achieve
identical response characteristics for all photosites.

The invention has been described above with refer-
ence to specific embodiments. It should now be appar-
ent to those skilled in the art that the invention enables
one to produce a non-linear relation of the designer’s
choosing between the incident light and the amount of ¥
charge accumulated in the photogate. Accordingly, it is
not intended that the invention be limited except as
provided by the appended claims.

What 1s claimed is:

1. A method of controlling the response of a charge-
coupled device to incident electromagnetic radiation,
said device having a first gated region for accumulating
charge 1n response to incident electromagnetic radiation
wherein said first gated region is structured and ar-
ranged to accumulate charge during a predetermined
exposure period, a sink region disposed for receiving
excess charge from said first gated region, a control gate
for permitting passage of charge form said first gated
region so said sink region, and a second gated region
receiving charge from said first gated region for trans-
porting charge therefrom, said method comprising the
steps of:

applying a potential to said control gate having a

magnitude causing all charge above a charge clip-
ping level 1n said first gated region to pass to said
sink:

causing the magnitude of said potential to vary dur-

ing said exposure period according to a predeter-
mined function whereby said clipping level varies
correspondingly during said exposure period; and
causing the total charge accumulated in said first
gated region to be transferred to said second gated
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region at the end of said predetermined exposure
period.

2. The method of claim 1 wherein said potential is
caused to vary continuously over at least a portion of
said exposure period.

3. The method of claim 2 wherein said potential is
caused to vary according to a prescribed non-linear
monotonic function.

4. The method of claim 3 wherein said non-linear
monotonic function increases from a substantially zero
clipping level at the onset of said exposure period.

5. The method of claim 4 wheremn said non-linear
monotonic function is proportional to

In(1./(1 —1).

where t is the elapsed time in said predetermined expo-
sure period.

6. A method of controlling the response of a charge-
coupled device to incident electromagnetic radiation,
sald device having a first gated region for generating
charge at a rate proportional to the intensity of electro-
magnetic radiation incident thereupon wherein said first
gated region is structured and arranged to accumulate
charge during a predetermined exposure period, a sink
region disposed for receiving excess charge from said
first gated region, a control gate for permitting passage
of charge from said first gated region to said sink region,
and a second gated region receiving charge from said
first gated region for transporting charge therefrom,
said method comprising the steps of:

for an incident light intensity greater than a predeter-

mined intensity, causing charge to accumulate in
said first gated region during a first portion of said
predetermined exposure period at a rate specified
by a predetermined non-linear function varying
from a first rate representative of said predeter-
mined intensity to a second rate representative of
said incident light intensity, any excess charge
being diverted to said sink region;

causing charge to accumulate in said first gated re-

gion at said second rate for the remainder of said
predetermined exposure period; and

causing the total charge accumulated in said first

gated region to be transferred to said second gated
region at the end of said predetermined exposure
period.

7. The method of claim 6 wherein charge is caused to
be accumulated 1n said first gated region at a rate at
varying logarithmically over time between said first and
second rates.

8. A method for controlling the response of a charge-cou-

pled device to incident electromagnetic radiation, said

device having a first gated region for accumulating charge
in response to incident electromagnetic radiation, wherein
said first gated region is structured and arranged to accu-
mulate charge during an exposure period, said method

60 comprising the steps of:

applying a potential to said charge-coupled device having
a magnitude preventing all charge above a charge
clipping level from accumulating in said first gated
region, and

causing the magnitude of said potential to vary during
said exposure period according to a predetermined
Sfunction whereby said clipping Ievel varies correspond-
ingly during said exposure period.
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9. The method of claim 8 wherein said potential is
caused to vary continuously over at least a portion of said
exposure period.

10. The method of claim 9 wherein said potential is
caused to vary according to a prescribed non-linear mono-
tonic function.

11, The method of claim 10 wherein said non-linear
monotonic function increases from a substantially zero
clipping level at the onset of said exposure period.

12. The method of claim 11 wherein said non-linear
monotonic function is proportional to

in(1/(1—1)),

where t is the elapsed time in said exposure period.

13. A method of controlling the response of a charge-cou-
pled device to incident electromagnetic radiation, said
device having a first gated region for accumulating charge
in response to incident electromagnetic radiation, wherein
said first gated region is structured and arranged to accu-
mulate charge during an exposure period, and a second
gated region receiving charge from said first gated region
Jor transporting charge therefrom, said method comprising
the steps of:

5

10

15

20

applying a potential to said charge-coupled device having 25

a magnitude preventing all charge above a charge
clipping level from accumulating in said first gated
region;

causing the magnitude of said potential to vary during

said exposure period according to a predetermined
Junction whereby said clipping level varies correspond-
ingly during said exposure period; and

causing the total charge accumulated in said first gated

region o be transferred to said second gated region at
the end of said exposure period.

14. The method of claim 13 wherein said potential is
caused to vary continuously over at least a portion of said
exposure period.

15. The method of claim 14 wherein said potential is

30

35

caused to vary according to a prescribed non-linear mono- 40

tonic function.

16. The method of claim 15 wherein said non-linear
monotonic function increases from a substantially zero
clipping level at the onset of said exposure period.

17. The method of claim 16 wherein said non-linear
monotonic function is proportional to

in(1/1—-1)),

where t is the elapsed time in said exposure period.
18. A charge-coupled device, comprising:
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a first gated region for accumulating charge in response
o incident electromagnetic radiation, wherein said
first gated region Is structured and arranged to accu-
mulate charge during a predetermined exposure per-
iod, said charge not exceeding a charge clipping level,
said charge clipping level varying over said exposure
period according to a predetermined function;

a sink region disposed for receiving excess charge from
said first gated region;

a control gate for permitting passage of charge from said
first gated region to said sink region; and

a second gated region for receiving charge from said first
gated region and for transporting charge therefrom.

19. The charge-coupled device of claim 18 wherein said
charge clipping level varies continuously over at least a
portion of said exposure period.

20. The charge-coupled device of claim 19 wherein said
charge clipping level varies according to a prescribed non-
linear monoitonic function.

21. The charge-coupled device of claim 10 where in said
non-linear monotonic function increases from a substan-
tially zero clipping level at the onset of said exposure per-
iod.

22. The charge-coupled device of claim 21 wherein said
non-linear monotonic function is proportional to

In(1/(1-1)),

where t is the elapsed time in said exposure period.

23. A charge-coupled device, comprising:

a first gated region for generating charge in response to
incident electromagnetic radiation, wherein for an
incident light intensity greater than a first light inten-
sity said first gated region generates charge at a rate
specified by a predetermined non-linear function vary-
ing from a first rate representative of said first inten-
sity to a second rate representative of said incident
light intensity during a first portion of an exposure
period, and wherein said first gated region generates
charge at said second rate for the remainder of said
exposure period,

a sink region disposed for receiving excess charge from
said first gated region;

a control gate for permitting passage of charge from said
Jirst gated region to said sink region; and

a second gated region for receiving and transporting
charge from said first gated region.

24. The charge-coupled device of claim 23, wherein said

Jirst gated region generates charge at a rate varying loga-

rithmically over time between said first and second rates.
x * o
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