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(57) ABSTRACT

A demodulation device (1) in semiconductor technology is
disclosed. The device (1) is capable of demodulating an
injected modulated current. The device (1) comprises an
input node (IN1), a sampling stage (DG1, 1G1, GS1 1G2,
DG2) and at least two output nodes (D1, D2). The sampling
stage DG1, 1G1, GS1, I1G2, DG2) comprises transfer means
(GL, GM, GR) for transferring a modulated charge-current
signal from the input node (IN1) to one of the output nodes
(D1, D2) allocated to the respective time interval within the
modulation period. The small size and the ability to reproduce
the device (1) in standard semiconductor technologies make
possible a cost-efficient integration of the device (1).
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DEVICE AND METHOD FOR THE
DEMODULATION OF MODULATED
ELECTRIC SIGNALS

FIELD OF THE INVENTION

[0001] The present invention relates to a device and a
method for the demodulation of all modulated electric sig-
nals, e.g., modulated currents or voltages, according to the
preambles of the independent claims.

[0002] The demodulation method can be exploited in par-
ticular for phase-difference measurements of electronic sig-
nals and/or for the determination of amplitude and/or inten-
sity. Depending on the particular design and application, the
measurement data can be provided in a very short time frame
of a few milliseconds or microseconds; even real-time mea-
surements by an instantaneous adaptation of the output signal
to the input signals are possible. If the demodulation mea-
surement functions as a reference measurement, the invention
allows the demodulation and the acquisition of the user data at
the same time.

[0003] The device and method according to the invention
may be used in many kinds of electronic circuits, mainly with
the purpose of signal processing. In particular the device and
method can be used for the measurements of temperature
offsets in point, line or array image sensors with pixel struc-
tures capable of measuring the distance to an object.

[0004] Other applications of the invention relate to all mea-
surement methods requiring the detection of the phase, ampli-
tude or intensity information of an electronic current or volt-
age. More particularly, the invention relates to all
measurement techniques that require the demodulation of
several electrical signals in parallel. One possible application
in the field of communication technology is the parallel
demodulation of several data-transfer signals at the same
time, such as found in modern multi-antenna or multi-channel
systems. Another application is the optical distance measure-
ment by the time-of-flight (TOF) principle, where the phase
delay between a detected modulated photo-current and a ref-
erence signal is exploited for the extraction of the distance. A
further application relates to the demodulation of electron
currents in radio amplifier stages.

[0005] Furthermore the device according to the invention
can be used in many kinds of signal processing hardware in
any processing technology. In particular, standard processes
such as a CMOS or a CCD process are possible.

[0006] The possibility of highly integrating the device in
microelectronic circuits allows for the utilization of the
device in signal processing circuits, either analog or digital,
and imaging sensors.

BACKGROUND OF THE INVENTION

[0007] According to the theory of signal transmission, the
demodulation of a signal corresponds to the mixing of the
modulated signal with the sampling signal, and then the inte-
gration of the resulting product. The corresponding mixing
step may be done using mixer circuits.

[0008] The basic element for many mixer circuits is a dual-
gate transistor. An example of such a mixing circuit is pre-
sented by Sullivan et al. in “Doubly Balanced Dual(g)ate
CMOS Mixer”, IEEE Journ. Of Solid-State Circ., Vol. 34, No.
6, 1999. The combination of at least four dual-gate transistors
leads to a double balanced mixer for very high frequencies in
the GHz range. Another example of an electronic mixer cir-
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cuit based on dual-gate transistors is presented in U.S. Pat.
No. 4,603,436 A (Butler, “Microwave Double Balanced
Mixer”, 1986).

[0009] The above-mentioned mixer circuits have the disad-
vantage that several dual-gate transistors are required with
additional load resistors, low-pass filters or differential
amplifiers, which leads to a relatively complex circuit. More-
over, the size of the circuits does not allow the implementa-
tion as elements in a high-density array, such as, e.g., in the
pixel structures of image sensors. Furthermore, for the inter-
mediate frequency (IF) signal, an integration process of the IF
signal would be required after the mixing process. As the
number of phases would define the number of additional
mixing elements, the required chip area increases. Further-
more, the mixing circuit is not useful for the mixing of very
small modulated currents such as, e.g., photo-currents,
because the mixing process is performed in the current
domain instead of the less noisy charge domain.

[0010] In the publication EP-0’837°556 Al (Wang, “Four
terminal RF mixer device”, 1997) a so-called four-terminal-
radio frequency (RF) mixer is described based on a MOS
transistor having drain, source, gate and back-gate contacts.
The radio-frequency (RF) signal and the local-oscillator (LO)
signal are applied to the gate and back-gate contacts, respec-
tively. A current flowing from the source to the drain of the
transistor corresponds to the mixing result delivering the
intermediate frequency (IF) signal. The disclosed mixing pro-
cess has been reduced to only one transistor element and an
additional load circuit. Different embodiments allow for par-
tial and double balanced/unbalanced mixing, respectively.
Although the basic mixing element has already been reduced
to very compact size, the double balanced mixing still needs
at least four discrete transistors of which each requires a gate,
a source diffusion, a drain diffusion and an additional well
implant. An in-phase/quadrature (I/Q) mixing circuit would
look similar with only the signals being slightly different. The
complex circuit consisting of many mixing transistors
implies relatively large chip sizes to be used. Additionally, the
four transistors have to match with high accuracy for the
demodulation of very small input signals. Hence, the require-
ments put on the fabrication process are demanding and may
reduce the expected fabrication yield dramatically.

[0011] In the field of demodulation devices, photo-sensi-
tive sensors are known which use a device enabling the
demodulation of the light waves. Such devices are described
in the publications DE-44’40°613 C1, GB-2’389°960 A
(Seitz, “Four-tap demodulation pixel”) and in the European
patent application No. 04°405°489 (Biittgen et al., “Large-
area pixel for use in an image sensor”). All these devices are
directed to photo-currents with low intensities.

SUMMARY OF THE INVENTION

[0012] The object of the present invention is to provide a
solid-state, non-photosensitive device and a method for the
demodulation of electric signals whose origin may be arbi-
trary. The demodulation of the signal shall work at low and
high modulation frequencies up to the GHZ frequency range.
The device and method shall be able to process both a modu-
lated voltage and a modulated current signal.

[0013] This object and other objects are solved by the
device and the method as defined in the independent claims.
Preferred, advantageous or alternative features of the inven-
tion are set out in dependent claims.
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[0014] A demodulation device in semiconductor technol-
ogy and a demodulation method are disclosed. The device is
capable of demodulating an injected modulated current,
wherein the current source can be of arbitrary origin, either
electronic or optical. Modulated voltage signals can be pro-
cessed by the addition of an appropriate voltage-to-current
converter. The small size of the demodulation device allows
high integration levels of the device in a point-type, line-type
or array-type manner. The principle of demodulation exploits
almost noise-free transport methods of electronic charge car-
riers enabling the demodulation of both high-current and
very-low-current signals, e.g., photo currents. The small size
and the ability to reproduce the device in standard semicon-
ductor technologies such as complementary metal oxide
semiconductor (CMOS) or charge-coupled device (CCD)
processes make a very cost-efficient integration of the device
possible. The fields of applications are wide-spread.
Examples of applications can be found in electronic imaging,
three-dimensional image capturing, calibration of electronic
circuits, signal processing, data transmission or communica-
tions, phase-locked loop circuitry, delay-locked loop cir-
cuitry and radio-signal demodulation.

[0015] The inventive demodulation device in a semicon-
ductor substrate is for the demodulation of a modulated elec-
tric signal. It comprises an input node for a modulated signal
corresponding to the modulated electric signal, a sampling
stage for sampling the modulated signal at least two different
time intervals within a modulation period, and at least two
output nodes for electric signals sampled in the sampling
stage. The sampling stage comprises transfer means for trans-
ferring the modulated charge-current signal during each of
the at least two time intervals from the input node to one of the
at least two output nodes allocated to the respective time
interval.

[0016] The modulated current signal is injected into a sam-
pling stage where the demodulation is performed by a sam-
pling process of the current signal. The sampling stage per-
forms the demodulation process and delivers an arbitrary
number of different samples of the modulated signal depend-
ing on the particular implementation. The sampling stage can
be implemented using standard semiconductor processes
such as CMOS and respective or CCD process. This allows a
very cost-efficient fabrication of the device. The utilization of
a CMOS process enables furthermore the instantaneous sam-
pling of the modulated signal, wherein a raw CCD process
only allows the integration by accumulation of charges over a
certain period of time.

[0017] A light shield above the complete device ensures
that it is not photo-sensitive, so that no photo-generated elec-
trons or holes can disturb the functioning of the device. The
light shielding should preferably be highly efficient in the
visible and near-infrared range of the electromagnetic spec-
trum. Only in photo-sensing elements the light shield could
be omitted so that the sampling region is also used for elec-
tron-hole-pair generation. However, also in the sense of imag-
ing, the main part of modulated photo-current stems from the
current-injection stage that could be a photo-diode or a photo-
transparent, dendritic gate structure.

[0018] Due to its compact size the demodulation device
subject to this invention can be arranged as a single device,
but also in linear or two-dimensional manner realizing a
complete matrix of parallel demodulating devices. Since the
device can be fabricated with industry-standard semiconduc-
tor processing steps, it is compatible with commercially
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available CMOS and CCD processes, and it can be combined
with any further electronic circuitry integrated on the same
die.

[0019] The device according to the present invention over-
comes the drawbacks of the prior art by providing a means
with which small modulated current or voltage signals can be
demodulated very rapidly and with high accuracy. Further-
more, the size of the complete demodulation device is much
smaller than that of mixing or sampling circuits using discrete
electronic components.

[0020] The inventive method for the demodulation of a
modulated electric signal comprises the steps of:

sampling a modulated signal corresponding to the modulated
electric signal at least two different time intervals within a
modulation period,

allocating one of at least two output nodes to each of the at
least two time intervals, and

transferring the modulated signal during each of the at least
two time intervals to the output node allocated to the respec-
tive time interval.

[0021] A further subject of the invention is a method utiliz-
ing the above-mentioned device for the compensation of tem-
perature-dependent artifacts in phase-measuring systems
such as communications, signal-conditioning and distance
measurements based on the time-of-flight principle.

[0022] One application of the method is the measurement
of'phase delays in range sensors, either 1D, 2D or 3D sensing
systems. The method aims at compensating any temperature
drifts causing additional phase delays between the signals
used for the distance acquisition. By implementing a com-
plete row of such demodulation devices, a calibration value
for each column of the pixel matrix is acquired in parallel to
the values delivered by the regular optically-sensitive pixels.
[0023] The present invention greatly relaxes the require-
ments to the semiconductor process technology compared to
prior-art mixing devices. Only one single demodulation
device is required for the demodulation of the current signal.
The device works completely in the charge domain, so that no
device-matching problems arise during the demodulation
process. The operation in the charge domain also allows very
simple and efficient demodulation of modulated currents
down to a few picoamperes, such as, e.g., modulated photo-
currents, without additional noise contributions from the
demodulation stage. The size of the new device is even more
reduced as only one gate structure and a number of diffusions
corresponding to the number of samples are required. In
particular, the number of samples can be chosen almost arbi-
trarily, whereby the demodulation area does not increase sig-
nificantly, so that the device remains very compact and is well
suited for very-large-scale-integration (VLSI) circuits.
[0024] The device according to the present invention
enables the sampling of modulated current or voltage signals.
It has a compact size and hence can be well integrated with
additional electronic circuits on one single chip. Standard
semiconductor processes such as CMOS or CCD processes
are supported, which makes the production of the device
extremely cost-efficient.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] Embodiments of the invention and, for comparison,
a prior-art device are described in greater detail hereinafter
relative to the attached schematic drawings.

[0026] FIG. 1(a) shows a general block diagram of the
demodulation device according to the invention.
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[0027] FIG. 1(b) shows a more detailed block diagram of
the demodulation device of FIG. 1(a)

[0028] FIG. 2 shows a block diagram of the current-injec-
tion stage according to the invention.

[0029] FIG. 3 shows a block diagram of the sampling stage
according to the invention.

[0030] FIG. 4 shows block diagrams of two embodiments
of the sample output stage according to the invention.
[0031] FIG. 5 shows a general implementation of the sam-
pling stage according to the invention.

[0032] FIG. 6 shows two examples of output amplifiers for
use in the invention.

[0033] FIG. 7 shows a distance measurement system based
on time-of-flight distance sensors and a calibration measure-
ment system based on the demodulation device according to
the invention.

[0034] FIG. 8 shows four implementations of the current-
injection stage.
[0035] FIG. 9 shows a first implementation of a gate struc-

ture according to the invention with three gates and two gate
contacts for the delivering of two samples of the injected
modulated current (a) in a cross section and (b) in a top view.
[0036] FIG. 10 shows a second implementation of a gate
structure according to the invention with one high-resistive
gate and four gate contacts for the delivering of four samples
of'the injected modulated current (a) in a cross section and (b)
in a top view.

[0037] FIG. 11 shows a general phase-locked-loop circuit
in which the demodulation device according to the invention
is used for a phase-difference measurement.

[0038] FIG. 12 shows a general array signal-processing
circuit in which a phase-locked-loop circuit of FIG. 11 is used
for a phase-difference measurement.

[0039] FIG. 13 shows a schema of a distance measurement
sensor with a matrix of photo-sensitive demodulation pixels
and an additional row of non-photo-sensitive demodulation
devices according to the invention used for a column-wise
calibration measurement.

[0040] FIG. 14 shows a schema of a distance measurement
sensor with a matrix of photo-sensitive demodulation pixels
and a row of phase-locked-loop circuits of FIG. 11 for a
temperature-offset compensation.

[0041] FIG. 15 shows a desired two-dimensional electric
field distribution for a dendritic gate structure.

[0042] FIG. 16 shows a top view of combined low- and
high-resistive gate structures realizing the electric field dis-
tributions.

[0043] FIG. 17 shows a cross section of an embodiment of
a gate structure having floating gates.

[0044] FIG. 18 shows a cross section of an embodiment of
the sampling stage having floating diffusions instead of a gate
structure.

DESCRIPTION OF PREFERRED
EMBODIMENTS

[0045] FIG. 1(a) shows a demodulation device 1 according
to the invention. A modulated electric signal, e.g., a modu-
lated voltage signal Umod or a modulated current signal
Imod, is an input of the demodulation device 1. This demodu-
lation device 1 processes the modulated electric signal, which
results in a certain number of samples sample_1, .. ., sample_
n. A reference voltage Uref applies the sampling frequency
for the sampling to the demodulation device 1.
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[0046] As shown in FIG. 1(b), the demodulation device 1
comprises a current-injection stage 1.1 and a sampling stage
1.2. The current-injection stage 1.1 receives the modulated
electric signal as input and injects the charge carriers of the
modulated current signal in the sampling stage 1.2. Then, the
sampling stage 1.2, using the reference voltage Uref for the
sampling frequency, samples the modulated current signal,
which results in the demodulation of the signal.

[0047] FIG. 2 illustrates the current-injection stage 1.1 of
FIG. 1(b). The current-injection stage 1.1 comprises a cur-
rent-amplification module 1.12. The current-amplification
module 1.12 is used to accomplish the current injection with-
out influencing the original modulated signal. If a modulated
voltage signal has to be demodulated, the current-injection
stage 1.1 includes an additional voltage-current conversion
stage 1.11 just before the amplification module 1.12. To those
skilled in the art, it is obviously simple to enhance the current-
injection stage 1.1 in such a way that the duration of injecting
charges into the sampling stage can be externally controlled.
This can be done for example by at least one additional switch
1.13.

[0048] Thus, the voltage-current conversion stage 1.11
delivers as output signal a modulated current signal Imod that
is decoupled from the input modulation signal Umod. The
output signal Imod is used for the injection of charges into the
demodulation stage. The type of charge carriers injected into
the sampling stage can be electrons or holes. The set-up of the
sampling stage 1.2 of FIG. 1(5) has to be adapted accordingly.
The electron injection may be preferred because of the higher
mobility of electrons in traditional semiconductor materials
such as silicon, gallium-arsenide, etc. This in turn allows the
demodulation of high-frequency signals.

[0049] FIG. 3 illustrates the sampling stage 1.2 of FIG. 1(54)
in more detail. The sampling stage comprises a charge drain
1.21 which represents a diffusion region. This diffusion
region 1.21 drains the injected charges to a demodulating
region. The demodulating region comprises a fast-switch
module 1.22 with at least two switches conducting the modu-
lated current at any time to exactly one output. In the example
of FIG. 3, the fast-switch module 1.22 has n outputs of cur-
rents, each corresponding to one sample current Isample_1,
Isample_n. The fast-switch module is advantageously imple-
mented in a CCD structure with drift fields enabling high
frequencies. The sample currents are the inputs of a sample
output stage 1.23. Two different embodiments of the output
stage 1.23 are discussed in the following.

[0050] The first embodiment of the sample output stage
1.23 is shown in FIG. 4(a). The sample output stage com-
prises an accumulation module 1.230 and a charge-voltage
converter 1.231. The accumulation module 1.230 is for
example a capacitor which integrates the sample current. The
integrated charge carriers induce a potential drop over the
capacitor that can be read out by a further electronic circuit
1.231. Generally, additional amplification circuits such as
e.g. a source follower are foreseen in order to drive the fol-
lowing analogue-to-digital converter circuit or any other elec-
tronics not shown in FIG. 4(a).

[0051] The second embodiment of the sample output stage
1.23 is detailed in FIG. 4(b). The sample output stage 1.23
comprises a direct current-voltage converter 1.235 aims at a
direct conversion of the sample currents Isample_1, . . . Isam-
ple_n into corresponding sample voltages Usample_1, . . .
Usample_n. As the accumulation module 1.230 of FIG. 4(a)
is not provided in this embodiment, the sample output pro-
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vides an instantaneous change of the final sample voltage
which is necessary for example in receiver systems. However,
if the sample currents are very small, the first embodiment of
FIG. 4(a) enabling the accumulation of the charge carriers has
the advantage of increasing the signal-to-noise ratio by inte-
grating the sample currents over many modulation periods,
e.g., hundreds or thousands.

[0052] The implementation of the sampling stage 1.2, also
designated as sampling unit, is made of a compact gate struc-
ture GS with, e.g., n gate contacts GC1, . . ., GCn as shown in
FIG. 5. The gate structure GS can be internally built by several
adjacent gates whose margins possibly overlap as it is pro-
vided by CCD processes. The widths of the gates may not
exceed the minimal feature sizes as prescribed by the specific
processing technology, so that smallest sampling units can be
realized. The sampling unit 1.2 could be compared to a photo-
sensitive demodulation pixel as described in the publication
DE-44°40°613 C1 (Spirig et al.) that is used for the demodu-
lation of modulated light waves. Another possibility for the
realization of the gate structure GS is a high-resistive gate
similar to the one used for photo-sensing devices described in
the publication GB-2°389’960 A (Seitz, “Four-tap demodu-
lation pixel”) and in FEuropean patent application No.
04°405°489 (Biittgen et al., “Large-area pixel for use in an
image sensor”). The present invention includes the geometri-
cal structures introduced in said publications as well. How-
ever, the demodulation device 1 according to the present
invention allows the demodulation of modulated currents by
having an injection region defined as the current injection
node CIN in FIG. 5.

[0053] By setting the gate contact potentials alternately to
high potential levels, the charge carriers injected into the
diffusion region CIN and spread out below the complete gate
structure GS are forced to drift or diffuse to the specific corner
of the gate contact, respectively. The alternation of the gate
contact potentials is done synchronously with the sampling
frequency. The charge flow into the direction of the gate
contacts is either integrated on a capacitance or it generates a
voltage drop over a subsequent low-pass filter. The voltage
drop or the number of charge carriers on the capacitor corre-
spond to the sample value.

[0054] Without further considering the implementation of
the gate structure GS, the sampling unit makes use of a
semiconductor material such as silicon for the transport of
injected charge carriers. As an example only, in the preceding
description the material was assumed to be p-doped and thus
one wants to demodulate a current of electrons. The invention
covers also the demodulation of hole-currents as minority
carriers in an n-doped semiconductor material wherein the
gate voltages need to be of negative instead of positive nature.
The semiconductor is covered with a transparent insulating
layer, preferably an oxide, as available in industry standard
CMOS processes. The oxide-layer thickness is chosen in the
range of 1 nm to 500 nm, according to the specifications of the
selected semiconductor process, in order to transfer a large
part of the electric surface fields into the semiconductor mate-
rial, while maintaining robust processing and high fabrication
yields without short-circuits in the gate. On top of that oxide
layer, the gate structure with n contacts is located.

[0055] Itisto be understood throughout the description that
the integer n is equal to or greater than two.

[0056] The preferred realization of the gate structure with
its gate contacts and its adjacent injection region will be
described hereinafter with reference to the preferred embodi-
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ments and the preferred implementation of the injection
stage. All transportation processes of charge carriers below
any gate structure GS can be realized in buried channels in
order to increase the efficiency of the charge transport. Also
special implementations of the buried channel, e.g. a channel
with built-in drift-fields for an even faster charge-transport as
described by A. L. Lattes et al. in the publication “Ultrafast
Shallow-buried-channel CCD’s with Built-in Drift Fields”,
IEEE Electron Device Letters, Vol. 12 N° 3, March 1991, are
possible.

[0057] The very small size of the demodulation device of
this present invention allows the integration of potentially a
few hundreds or even several thousands of such devices on a
single chip together with further electronic circuitry. Each
demodulation device is equipped with reset lines for the reset
of'the sample nodes and select lines for readout purposes. In
many cases, the readout of each sample needs additional
amplification stages in order to be able to drive fast enough
the parasitic capacities of the subsequent electronic. Two
examples of known amplification stages are shown in FIG. 6.
FIG. 6(a) shows a Miller integrator and FIG. 6(b) shows a
source-follower circuit, also often used in imaging sensors for
the readout of the pixels. These examples of amplification
stages are not further detailed, as they are known in the art.

[0058] The electronic timing circuit, employing for
example a field-programmable gate-array (FPGA) or an
application-specific integrated circuit (ASIC) implementa-
tion, generates the gate signals for the sampling stage 1.2.
Each voltage configuration on the gate structure has the prop-
erty that a different gate contact, also called electrode contact,
receives the highest potential. During this time interval,
injected charge carriers flow to the corresponding storage
diffusion for accumulation as indicated in FIG. 4(a), or the
charge carriers are fed into a current-to-voltage converter for
instantaneous sampling as indicated in FIG. 4(b). As
example, only two signal values A0 and Al of a modulation
signal sampled at times that differ by half of the modulation
period, allow the calculation of the phase P and the amplitude
A of a sinusoidal intensity modulated and offset-free current
injected into the sampling stage 1.2. The equations look as
follows:

A=(40+41)2
P=arcsine[(40-41)/(40+41)].

[0059] Extending the example to four signal values requires
in practice a different gate structure with four gate contacts
and four storage nodes and an appropriate clocking scheme
for the electrode voltages in order to obtain four sample
values A0, A1, A2 and A3 of the injected current. Generally
the samples are the result of the integration of injected charge
carriers over many quarters of the modulation period,
whereby finally each sample corresponds to a multiple of one
quarter of the modulation period. The phase shift between
two subsequent samples is 90°. Using these four samples, the
three decisive modulation parameters amplitude A, offset B
and phase shift P of the modulation signal can be extracted by
the equations

A=sqrt[(43-41)>+(42-41)?)/2
B=[40+41+42+43)/4

P=arctan [(43-41)/(40-42)]



US 2008/0247033 Al

[0060] A first method which profits from the above-men-
tioned device according to the invention is the phase mea-
surement between two signals. Furthermore, also the offset
and amplitude measurement can be of interest. As an
example, the demodulation of emitted and electronically
detected radio waves requires a demodulation in order to get
the phase information. As radio-transmitted data is generally
phase- or frequency-modulated or both, the phase between
the detected signal and a reference signal has to be measured
for demodulation. Another example of application is the mea-
surement of a phase delay between an electronic reference
signal and a photo-detected signal, wherein the photo-de-
tected signal shows a phase delay due to the travel time to an
object and back to the sensor. In that application the phase
detection is used for distance measurement to an object.
[0061] A further application example of the phase measure-
ment method is the calibration measurement in a time-of-
flight (TOF) distance measurement system ensuring the inde-
pendence of the distance measurement from measurement
errors, e.g., due to temperature drift or system-inherent phase
delays in the electronics. A possible set-up of such a TOF
distance measurement system is depicted in FIG. 7. A right-
hand part OF in dashed line of FIG. 7 is described first.
Light-emitting diodes LEDs send out a modulated optical
signal Popt(t), wherein the driving current signal Imod(t) is
provided by a separate control board CB. The optical signal
reflected and/or scattered by the object is detected and
demodulated by demodulation pixels S3D; this could be, e.g.,
apixel structure as disclosed in GB-2389°960 A. The extrac-
tion of the phase delay between the reference-voltage signal
Uref(t) and the optical signal Popt(t-Tdist) delivers a value
for the distance R between the sensor and the object. Tdist
describes the travel time of the optical signal to the object and
back to the sensor.

[0062] Under the impact of temperature change, an addi-
tional phase delay Toffset causes measurement errors. With
regard to additional delay components the driving current
signal can be rewritten as Imod(t-Toffset) and the detected
optical signal is Popt(t—Tdist—Toftset). Therefore the mea-
sured distance Dpix directly corresponds to Tdist+Toffset
with an error of Toffset. However, the measurement of the
phase error Toffset caused by temperature drifts of the elec-
tronic components can be performed by the not-photo-sensi-
tive demodulation device 1 according to the invention. The
right-hand part OE of FIG. 7 is linked to a left-hand part CM
in dashed line of this figure. By injecting a fraction of the LED
current signal Imod(t-Toffset) into the demodulation device
1 and taking the same voltage reference signal Uref(t) as for
the in-pixel demodulation, the phase offset is measured and
exploited for the calibration of the distance measurement.
[0063] The utilization of the new demodulation device 1
instead of prior-art mixer elements, e.g., the four-terminal RF
mixer device, is particularly adapted within the application of
compensating phase offsets in 3D-imaging systems. Indeed
the architecture of the demodulation device according to the
invention can be similar to the demodulation architecture of
the photo-sensitive pixels, so that no additional phase errors
occur due to different demodulation stages in the pixels and
the reference mixing element.

[0064] FIG. 8 shows preferred embodiments of the current-
injection stage 1.1 of FIG. 1(5) linked to the sampling stage
1.2 through its injection node IN. In all four FIGS. 8(a)-(d),
the modulated current Imod is mirrored using, e.g., the known
electronic circuit consisting of two transistors called current
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mirror. The current Imod is thus amplified using this current-
mirror circuit. The mirrored current is used as injection cur-
rent to the sampling stage 1.2. A switch S controls the dura-
tion of current injection into the sampling stage. This switch
corresponds to the external control 1.13 of FIG. 2. The switch
S can be formed by one single transistor or a transmission
gate. FIG. 8(b) illustrates particularly the conversion of the
modulated voltage signal Umod into a modulated reference
current Iref that is injected into the sampling stage 1.2. The
voltage-to-current conversion is done using e.g. a condensa-
tor C. FIG. 8(c) illustrates a second embodiment of the volt-
age-to-current conversion Umod into Iref. FIG. 8(d) illus-
trates more particularly the current-injection stage 1.1 using a
photosensitive diode PSD as a current source for the modu-
lated current Imod.

[0065] FIG.9illustrates an example of a sampling stage 1.2
providing two samples at the same time. FIG. 9(a) shows a
cross section of the sampling stage 1.2 and FIG. 9(5) shows
the corresponding top view. In the embodiment of FIG. 9, the
sampling stage 1.2 comprises an injection node IN1 being a
diffusion region, a gate structure GS1, two integration gates
1G1 and 1G2, two corresponding decoupling gates DG1 and
1G2 and two corresponding diffusion regions D1 and D2. As
known, the diffusion region IN1, D1 and D2 are in the semi-
conductor substrate SUBI1, the gates are separated from the
substrate by an insulator IS1 and are protected by a light
shield L.S1. The gate structure GS1 comprises three adjacent
gates: a left gate GL, a middle gate GM and a right gate GR.
The integration gate IG1 and IG2 are each adjacent to one of
the left gate GL and right gate GR. As an example only, the
potentials applied at a given time to the different gates are
shown in FIG. 9(a). By setting one gate, e.g., GL, to a high
potential and the other gate, e.g., GR, to a low potential, the
potential gradient enforces the injected charges to drift to the
specific integration gate 1G1 or 1G2.

[0066] FIG. 10 gives another example of the sampling stage
1.2 providing four samples at the same time. FIG. 10(a)
shows a cross section ofthe sampling stage 1.2 and FIG. 10(5)
shows a corresponding top view. The gate structure is differ-
ent from that of FIG. 9. In the embodiment of F1G. 10, the gate
structure GS10 is a high-resistive gate having the form of a
square. At each corner of the square gate structure GS10, an
integration gate 1G10, 1G20, 1G30, 1G40, its corresponding
decoupling gate DG10, DG20, DG30, DG40 which are high-
resistive, and its corresponding diffusion region D10, D20,
D30, D40 is arranged. The sampling stage 1.2 further com-
prises an injection node IN10 being a diffusion region. As
known, the injection node IN10 and the diffusion regions
D10-D40 are in the semiconductor substrate SUB10. The
gates are separated from the substrate by an insulator layer
1S10 and are protected from incident light by a light shield
LS10.

[0067] Asanexample only, the potentials applied ata given
time to the different gates are shown in FIG. 10(a). The
potential gradient below the closed high-resistive gate GS10
due to a current flow through the gate itself enables the fast
separation of the injected charges to just one storage node
comprising an integration gate, its decoupling gate and its
diffusion region.

[0068] The gate structure GS10 could also be fragmented,
dendritic or arborescent, in order to reduce even more the
power consumption of the sampling stage 1.2. Such a gate
structure having its electrode layer in an arborescent shape is
described in European patent application No. 04°405°489. A



US 2008/0247033 Al

very simple example of the realization of a particular electric
field distribution is depicted in FIGS. 15 and 16. FIG. 15
shows a desired two-dimensional electric field distribution,
and FIG. 16 shows a combined low- and high-resistive gate
structure 3 realizing the electric field distribution of FIG. 15.
The architecture of the dendritic gate 3 allows the creation of
any arbitrarily chosen two-dimensional distribution of the
electric field in the gate 3 and in the semiconductor material.
A two-dimensional arrangement of high- and low-resistive
gate materials 31, 32 generates a two-dimensional electric
field distribution varying in magnitude and direction.
Throughout this document, the borderline between a “low-
resistive material” 32 and a “high-resistive material” 31 is
understood to lie at a sheet resistance of approximately 10
Ohms per square. Thus, high-resistive materials 31 are such
with a sheet resistance higher than 10Q/[], and preferably
more than 10k€2/[], e.g., many tens of k€/[], and up to about
1 MQ/O.

[0069] Inthis case, the combination of high- and low-resis-
tive materials 31, 32 in the gate 3 is the fundamental tool for
the generation of a desired electric field distribution due to a
current flow through the gate 3 itself. Typically, whenever a
specific two-dimensional electric field distribution is
required, the topology of the corresponding gate structure 3 is
of two-dimensional nature, too.

[0070] The dendritic gate 3 itself is contacted at its periph-
ery with at least two (or more) contacts GC1, GC2 that are
connected to static or switchable voltage sources, depending
on the operation mode. Between the contacts GC1, GC2 there
is at least one connection of high-resistive gate material 31.
The current flowing through the dendritic gate structure 3
produces the two-dimensional potential distribution shown in
FIG. 15, which is essentially reproduced at the surface of the
semiconductor material at the same time.

[0071] The shape ofthe electrode layer 3 or its complemen-
tary shape may be harp-like, comb-like, tree-like, snake-like,
ice-crystal-like, or is a perforated plane. This dendritic shape
has the advantage to realize the optimum compromise
between demodulation frequency, response speed due to the
RC time constant of the dendritic gate, and the total power
consumption of the gate and its associated electronic driving
circuit.

[0072] Another implementation of the gate structure may
be with floating gates or floating diffusion as described in
European patent application No. 04°007°760. Examples of
this implementation are shown in FIGS. 17 and 18.

[0073] FIG. 17 shows a cross section through a first
embodiment of a sampling stage according to the invention,
offering a high response speed. On a semiconductor substrate
A, a plurality of floating gates FG1-FG7 are arranged. The
substrate A may be, e.g., made of bulk silicon of the p doping
type. However, other materials such as Germanium and/or
other doping types such as the n doping type can be used for
the substrate; for such alternatives, the person skilled in the art
will be able to make the necessary adaptations to the embodi-
ments described here. The gates FG1-FG7 are typically made
of undoped or doped polysilicon. They are electrically iso-
lated from each other, e.g., by an oxide layer (not shown) in
which they are preferably embedded. A thin (preferably
1-500 nm thick) insulator layer 0, e.g., a silica layer, separates
the substrate A from the gates FG1-FG7.

[0074] Thetwo furthest gates FG1, FG7 are each contacted
by an electric contact C1, C2. When two different voltages V1
and V2 are applied to the contacts C1 and C2, respectively, the
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intermediate floating gates FG2(f)G6 take on an intermediate
potential due to capacitive coupling. As a consequence, a
discrete, steplike potential distribution ®(x) is generated
which depends on the horizontal coordinate x. The potential
distribution ®(x) acts across the insulator O at the interface
between semiconductor substrate A and insulator O. Charge
carriers, e.g., electrons e—-, injected in the substrate A by the
charge injection node are in move along the lateral electric
field lines to the point of highest potential energy, e.g., C2 in
case that V2 is larger than V1. Thus, according to the inven-
tion, the charge-separation and -transport task is taken over by
a lateral electric field at the surface of the substrate A.
[0075] The charge-accumulation and -detection task is
realized close to the contact C2 providing maximum poten-
tial. For this purpose, an n+ doped floating diffusion volume
D is provided on the surface of substrate A in which the
injected charge carriers are accumulated. The diffusion vol-
ume D is contacted by an electric contact for applying a
voltage and reading out the charges. The potential of the
accumulation diffusion D must be higher than the electrode-
contact voltage V2, so that the minority carrier electrons are
stored in the diffusion D. Alternatively, the charges can first
be integrated below an integration gate and subsequently be
read out through the diffusion volume D.

[0076] FIG. 18 shows a cross section through a second
embodiment of a sampling stage according to the invention.
In this embodiment, an array of floating implants FI1-FI7 is
arranged on the surface of a semiconductor substrate A. The
substrate A may be, e.g., made of bulk silicon of the p doping
type. The floating implants F11-FI7 may be p+ implants in an
n+buried channel BC.

[0077] The function of the second embodiment (FIG. 18) is
analogous to that of the first embodiment (FIG. 17). The two
furthest floating implants FI1, FI7 are each contacted by an
electric contact C1, C2, and two different voltages V1 and V2
are applied to the contacts C1 and C2, respectively. The
intermediate floating implants FI2-F16 take on an intermedi-
ate potential due to the punch-through mechanism. Thus an
approximately discrete, step-shaped potential distribution
@(x) is generated. The injected charge carriers, e.g., electrons
e-, are detected in an n+ doped floating diffusion volume D in
which they are accumulated.

[0078] If electrons are to be collected, the substrate A
should be p doped. The accumulation diffusion D is of n+
type, and the voltages V1, V2 at the electrode contacts C1, C2
are such that the most positive voltage is applied to the contact
C2 that is closest to the accumulation diffusion D. The volt-
ages must be high enough so that a depletion zone extends
from the semiconductor-oxide interface into the semiconduc-
tor substrate A. The potential of the accumulation diffusion D
must be higher than the electrode contact voltage V2, so that
the minority carrier electrons are stored in the diffusion D.
[0079] Ifinjected holes are to be collected, the substrate A
should be n doped. The accumulation diffusion D is of p+
type, and the voltages V1, V2 at the electrode contacts C1, C2
are such that the most negative voltage is applied to the
contact C2 that is closest to the accumulation diffusion D. The
voltages must be low enough so that a depletion zone extends
from the semiconductor-oxide interface into the semiconduc-
tor substrate A. The potential of the accumulation diffusion D
must be lower than the electrode contact voltage V2, so that
the minority carrier holes are stored in the diffusion D.
[0080] The non-light sensitive demodulation device 1
according to the present invention is preferably used in a
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phase-locked-loop (PLL) circuit 50 as a phase-discriminating
part, as shown in FIG. 11. By using an RC combination at the
output of the demodulation device 1, a loop filter 20 and a
phase detector 10 are combined. As known, the PLL circuit 50
comprises a voltage-controlled oscillator (VCO) 30 and a
divider 40.

[0081] A further preferred use of the demodulation device 1
according to the invention is shown in FIG. 12. A receiver
setup for an antenna array Al, A2, A3 uses PLL circuits
PLL1, PLL2, PLL3, as designated by reference number 50 in
FIG. 11, to track the phase of an incoming signal. A signal
processing block SPB is adapted to process the signal using
the phase information.

[0082] Another preferred use of the demodulation device 1
according to the present invention is schematically shown in
FIG. 13. The on-chip implementation of a 3D-sensor com-
prises an additional calibration measurement usable in a sys-
tem as depicted in FIG. 7. A two-dimensional sensor array
comprises standard demodulation pixels DP10, DP11, DP12,
DP13 providing the uncalibrated distance information based
on the phase delay between the optical signal Popt(t-Tdist—
Toffset) and the reference voltage signal Uref(t). An addi-
tional calibration row of non-photo-sensitive demodulation
devices DD10, DD20, DD30, DD40 is provided. The inputs
of these non-photo-sensitive demodulation devices DD10,
DD20, DD30, DD40 are the reference voltage signal Uref{(t)
and the current signal of the LEDs. The resulting phase infor-
mation is Toffset which is used for the calibration or error
correction of the pixel measurements, respectively. A com-
plete row of reference values enables furthermore the correc-
tion of any on-chip phase delays between the columns.
[0083] A further preferred use of the demodulation device 1
according to the present invention is illustrated in FIG. 14.
FIG. 14 shows part of a two-dimensional array of photo-
sensitive demodulation pixels. Each column of the array has
its own temperature and delay-compensated demodulation
signals which are generated by a local PLL circuit. The phase
discriminator of the PLL circuit is based on the demodulation
device DD100, . . . , DD105 according to the present inven-
tion. This invention is not limited to the preferred embodi-
ments described above, to which variations and improve-
ments may be made, without departing from the scope of
protection of the present patent.

LIST OF REFERENCE SIGNS

[0084] 1 Demodulation device

[0085] 1.1 Current-injection stage

[0086] 1.2 Sampling stage

[0087] 1.11 Voltage-to-current converter
[0088] 1.12 Current amplification module
[0089] 1.13 External control

[0090] 1.21 Charge drain

[0091] 1.22 Fast switches module

[0092] 1.23 Sample output stage

[0093] 1.230 Accumulation module
[0094] 1.231 Charge-to-voltage converter
[0095] 1.235 Direct current-to-voltage converter
[0096] GC1...GCn Gate contacts
[0097] CIN Current injection node

[0098] 1IN, IN1, IN10 Injection nodes
[0099] C Capacitor

[0100] S Switch

[0101] PSD Photosensitive diode

[0102] LS1,LS10 Light shield
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[0103] IS1, IS10 Insulator

[0104] D1, D2, D10-D40 Diffusion regions
[0105] GS1, GS10 Gate structure

[0106] IG1, IG2, IG10-1G40 Integration gates
[0107] DG1, DG2, DG10-DG40 Decoupling gates
[0108] SUB1, SUB10 Substrate

[0109] 10 Phase detector

[0110] 20 Loop filter

[0111] 30 Voltage-controlled oscillator

[0112] 40 Divider

[0113] 50 Phase-locked-loop circuit

[0114] A1, A2, A3 Antenna

[0115] PLL1, PLL2, PLL3 Phase-locked loops
[0116] SPB Signal-processing block

[0117] DP10-DP13 Photo-sensitive demodulation pixels
[0118] DD10-DD100 Demodulation devices
[0119] C1, C2 Contacts

[0120] 3 Gate

[0121] 31 High-resistive material

[0122] 32 Low-resistive material

[0123] V1,V2 Voltages

[0124] A Substrate

[0125] F@G1,. . . Floating gates

[0126] FI1, ... Floating implants

[0127] BC Buried channel

1. A demodulation device (1) in a semiconductor substrate
(SUB1) for the demodulation of a modulated electric signal,
the demodulation device (1) comprising:

an input node (CIN) for a modulated signal corresponding
to the modulated electric signal,

a sampling stage (1.2) for sampling the modulated signal at
least two different time intervals within a modulation
period, and

at least two output nodes (D1, D2) for electric signals
sampled in the sampling stage (1.2), wherein

the sampling stage (1.2) comprises transfer means (GL,
GM, GR) for transferring the modulated signal during
each ofthe at least two time intervals from the input node
(CIN) to one of the at least two output nodes (D1, D2)
allocated to the respective time interval.

2. The demodulation device (1) according to claim 1, fur-
ther comprising light-shielding means (L.SI, LS10) for shield-
ing the device (1) from incident electromagnetic radiation,
especially in the visible and near-infrared spectral range.

3. The demodulation device (1) according to claim 1,
wherein an accumulation region (IG1, 1G2) is allocated to
each of the at least two output nodes (D1, D2), each accumu-
lation region (IG1, IG2) being adapted to accumulate the
signal transferred to the corresponding output node (D1, D2).

4. The demodulation device (1) according to claim 1,
wherein the transfer means (GL, GM, GR) comprise a plu-
rality of gate electrodes.

5. The demodulation device (1) according to claim 4,
wherein the gate electrodes are CCD gate electrodes.

6. The demodulation device (1) according to claim 1,
wherein the transfer means comprise a resistive electrode
layer (GSIO) isolated from the semiconductor substrate
(SUBIO) and at least two connections for applying an electric
potential difference along the electrode layer (GS10).

7. The demodulation device (1) according to claim 6,
wherein the electrode layer (GSIO) has a dendritic or arbores-
cent shape, and preferably its shape or its complementary
shape is harp-like, comb-like, tree-like, snake-like, ice-crys-
tal-like, or is a perforated plane.
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8. The demodulation device (1) according to claim 6,
wherein the electrode layer (GS1O) comprises a material (31)
of one or more materials with different sheet resistances.

9. The demodulation device (1) according to claim 1,
wherein the transfer means comprise at least one floating area
(FG2,FG3, ... FI2,FI3,...) and at least two contact areas
(FG1,FG7; FI1, FI7) provided with electric contacts (C1, C2)
for applying an electric potential difference to said at least
two contact areas (C1, C2), said contact areas (C1, C2) being
electrically isolated from said at least one floating area (FG2,
FG3,...;FI2,FI3,...) yetelectrically coupled to at least one
(FG2; FI2) of said at least one floating area (FG2, FG3, . . .;
FI2, F13,...).

10. The demodulation device (1) according to claim 9,
wherein the transfer means comprise an arrangement of a
plurality of floating areas (FG2, FG3, . .. ; F12,FI3, ... ), the
arrangement being such that neighboring floating areas are
electrically isolated from each other yet electrically coupled
to each other.

11. The demodulation device (1) according to claim 1,
further comprising control means for providing a control
signal (Uref) by which the transfer means (GL, GM, GR) are
synchronized with the modulated electric signal.

12. The demodulation device (1) according to claim 1,
further comprising an injection stage (1.1) for generating a
modulated charge-current signal corresponding to the modu-
lated electric signal but decoupled from the modulated elec-
tric signal, an output of the injection stage (1.1) being con-
nected to the input node (CIN).

13. The demodulation device (1) according to claim 12,
wherein the injection stage (1.1) comprises a voltage-to-cur-
rent converter (1.11) and/or a current amplifier (1.12).

14. The demodulation device (1) according to claim 1,
further comprising a sample output stage (1.23) with a
charge-to-voltage converter (1.231) for integrating charge
carriers provided at the respective output node (GC1-GCn).

15. The demodulation device (1) according to claim 1,
further comprising a sample output stage (1.23) with a cur-
rent-to-voltage converter (1.235) for converting a charge-
current signal provided at the respective output node (GC1-
GCn).

16. A phase-locked-loop circuit (50) comprising:

a phase-discriminating stage (10, 20) for providing a volt-
age output signal that is a measure of a phase difference
of two electric input signals,

a voltage-controlled oscillator (30) controlled by the out-
put signal of the phase-discriminating stage (IQ, 20),
and

a feedback from the voltage-controlled oscillator (30) into
the phase-discriminating stage (10, 20), the feedback
comprising a divider (40), characterized in that

the phase-discriminating stage comprises a demodulation
device (1) according to any of the preceding claims.

17. A one- or two-dimensional array of detectors for phase-
sensitively detecting and processing a plurality of signals,

characterized in that

each of the detectors comprises a phase-locked-loop circuit
(PLL1-PLL3) according to claim 16.
18. Use of the demodulation device (1) according claim 1
for the calibration, especially the compensation of tempera-
ture offsets, of a three-dimensional imaging system.
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19. A three-dimensional imaging system, comprising:

a light source for illuminating a remote scene with modu-
lated electromagnetic radiation (Popt(t)), the light
source being drivable by an electric driving signal,

a plurality of photosensitive demodulation pixels (DP1O,
DPIL, . . . ) for sensing and demodulating a modulated
electromagnetic-radiation signal, and control means
(CB) for providing a modulated control signal to the
plurality of demodulation pixels (DP1O, DPII, .. .),

characterized by

a demodulation device (DDI10, DD20, . . . ) according to
claim 1 for the demodulation of the electric driving
signal.

20. The imaging system according to claim 19, wherein the
demodulation pixels (DP1O, DPIL, . . .) are arranged in rows
and columns of a two-dimensional array, and one demodula-
tion device is provided on each end of the columns, or one
demodulation device (DDIO, DD20, .. . ) is provided for each
column.

21. Use of the phase-locked loop (50) according to claim
16 for the calibration, especially the compensation of tem-
perature offsets, of a three-dimensional imaging system.

22. (canceled)

23. (canceled)

24. A method for the demodulation of a modulated electric
signal, comprising the steps of:

sampling a modulated signal corresponding to the modu-
lated electric signal at at least two different time inter-
vals within a modulation period,

allocating one of at least two output nodes (D1, D2) to each
of the at least two time intervals, and

transferring the modulated charge-current signal during
each of the at least two time intervals to the output node
(D1, D2) allocated to the respective time interval.

25. A sensor in a semiconductor substrate for the demodu-

lation of a modulated optical signal, the sensor comprising:
at least one optical demodulation pixel for providing phase
delay information between the modulated optical signal
and a reference signal; and

at least one non-photosensitive demodulation device com-
prising: an input node for a modulated signal corre-
sponding to amodulated electrical signal from an optical
system generating the modulated optical signal, a sam-
pling stage for sampling the modulated electrical signal
at least two different time intervals within a modulation
period, and at least two output nodes for electric signals
sampled in the sampling stage,

wherein the sampling stage comprises transfer device for
transferring the modulated electrical signal during each
of the at least two time intervals from the input node to
one of the at least two output nodes allocated to the
respective time interval to generate calibration or error
correction for measurements from the optical demodu-
lation pixel.

26. The sensor according to claim 25, further comprising
light-shield for shielding the at least one non-photosensitive
demodulation device from incident electromagnetic radia-
tion.

27. The sensor according to claim 25, wherein an accumu-
lation region is allocated to each of the at least two output
nodes, each accumulation region being adapted to accumu-
late the signal transferred to the corresponding output node.
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28. The sensor according to claim 25, wherein the transfer
device comprises a plurality of gate electrodes.

29. The sensor (S3D) according to claim 28, wherein the
gate electrodes are CCD gate electrodes.

30. The sensor (S3D) according claim 25, further compris-
ing a controller for providing the reference signal by which
the transfer device is synchronized with the modulated elec-
tric signal.

31. The sensor (S3D) according claim 25, further compris-
ing an injection stage for generating a modulated charge-
current signal corresponding to the modulated electric signal
but decoupled from the modulated electric signal, an output
of the injection stage being connected to the input node.
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32. The sensor (S3D) according to claim 31, wherein the
injection stage comprises a voltage-to-current converter and/
or a current amplifier.

33. The sensor according claim 25, further comprising a
sample output stage with a charge-to-voltage converter for
integrating charge carriers provided at the respective output
node.

34. The sensor according claim 25, further comprising a
sample output stage with a current-to-voltage converter for
converting a charge-current signal provided at the respective
output node.
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