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PHOTO DETECTOR AND ASSOCIATED
INTEGRATED CIRCUIT

RELATED APPLICATIONS

[0001] This application claims the benefit of Chinese
Patent Application No. 201610259663 .4, filed on Apr. 21,
2016, which is incorporated herein by reference in its
entirety.

FIELD OF THE INVENTION

[0002] The present invention generally relates to the field
of sensors, and more particularly to photo detectors and
associated integrated circuits.

BACKGROUND

[0003] A photo sensor is a sensor that uses a photo element
as a detection element. The photo sensor may initially
convert measured changes into optical signal changes, and
then convert the optical signal to an electric signal by the
photo element. Photo sensors are widely used in heart rate
detectors. A heart rate detector can detect a person’s heart
rate, such that people can determine their own health status
based on the detected heart rate. Systole and diastole of the
heart causes blood to flow in the blood vessels, and the
amount of blood flowing through the blood vessels corre-
spond to different reflectivity. A heart rate detector may
calculate the current heart rate by detecting fluctuations of
the reflected light.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] FIG. 1 is a schematic block diagram of a photo
detector, in accordance with embodiments of the present
invention.

[0005] FIG. 2 is a waveform diagram of example opera-
tion of an ambient light filter, in accordance with embodi-
ments of the present invention.

[0006] FIG. 3 is a schematic block diagram of a first
example programmable current amplifier, in accordance
with embodiments of the present invention.

[0007] FIG. 4 is a schematic block diagram of a second
example programmable current amplifier, in accordance
with embodiments of the present invention.

DETAILED DESCRIPTION

[0008] Reference may now be made in detail to particular
embodiments of the invention, examples of which are illus-
trated in the accompanying drawings. While the invention
may be described in conjunction with the preferred embodi-
ments, it may be understood that they are not intended to
limit the invention to these embodiments. On the contrary,
the invention is intended to cover alternatives, modifications
and equivalents that may be included within the spirit and
scope of the invention as defined by the appended claims.
Furthermore, in the following detailed description of the
present invention, numerous specific details are set forth in
order to provide a thorough understanding of the present
invention. However, it may be readily apparent to one
skilled in the art that the present invention may be practiced
without these specific details. In other instances, well-known
methods, procedures, processes, components, structures,
and circuits have not been described in detail so as not to
unnecessarily obscure aspects of the present invention.
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[0009] A person may be required to place their fingers or
wrists close to a chip when a heart rate sensor is used to
detect there heart rate. A light emitting device inside the
heart rate sensor chip can emit a detection light, and then the
photo-electric conversion circuit can detect the intensity of
the detection light that is reflected from the finger or wrist.
The photo-electric conversion circuit can generate an optical
current by way of illumination, and can convert the optical
current to a numerical value through an analog-to-digital
conversion circuit. In this way, a person’s heart rate may be
detected by executing a number of continuous detection
actions.

[0010] Heart rate sensors are mainly used in portable
devices (e.g., bracelets, mobile phones, smart watches, and
other electronic products), and such battery powered prod-
ucts may have relatively high power consumption. The
power consumption of the light emitting device integrated
inside the chip is typically the main power consumption of
the heart rate sensor. However, the intensity and light-
emitting time of the light-emitting device can directly affect
the amplitude of the optical signal that is received by the
photo-electric conversion circuit. Resolution of the integral
digital-analog converter may directly limit the resolution of
subtle changes of the amplitude, and this can affect the
output of the sensor. In this case, the light emitted by the
light emitting device may be limited to not be too weak, and
the time for emitting the light may not be too short. As a
result, the power consumption can be relatively large. In
particular embodiments, the power consumption can be
controlled, and the circuit size may be reduced, of a photo
detector suitable for heart rate detection.

[0011] In one embodiment, a photo detector can include:
(1) a light emitting device configured to emit light; (ii) a
driving circuit configured to drive the light emitting device;
(ii1) a photo-electric conversion circuit configured to gener-
ate an optical current signal according to an optical signal;
(iv) an isolation circuit configured to transmit the optical
current signal in an isolated manner; (v) an ambient light
filter configured to filter a current component of the optical
current signal corresponding to an ambient light, and to
generate a clean optical current signal; (vi) a current ampli-
fication circuit configured to amplify the clean optical cur-
rent signal, and to generate an amplified optical current
signal; (vil) an analog-to-digital converter configured to
convert the amplified optical current signal to a digital
signal; and (viii) a control circuit configured to output an
optical detection signal according to the digital signal.

[0012] Referring now to FIG. 1, shown is a schematic
block diagram of a photo detector, in accordance with
embodiments of the present invention. In this particular
example, the photo detector can include light emitting
device 11, driving circuit 12, photo-electric conversion
circuit 13, isolation circuit 14, ambient light filter 15, current
amplifier 16, analog-digital converter 17, and control circuit
18. Light emitting device 11 (e.g., an LED) can emit an
optical signal, and driving circuit 12 can drive light emitting
device 11, in order to emit light. For example, the driving
circuit can drive light emitting device 11 in order to emit
light pulses according to a pulse sequence generated by
control circuit 18 (e.g., light emitting device 11 emits light
in a flickering manner). Control circuit 18 can control an
output current, duty cycles, and pulse periods, of driving
circuit 12 by control signal VDR. Thus, during the mea-
surement, the photo detector can detect the intensity of every
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light pulse that is reflected by an object in the light pulse
sequence, and may obtain an intensity value sequence of the
reflected light. In this way, the property of the object, such
as heart rate related parameters or changes of distance, can
be determined according to the intensity value sequence of
reflected light.

[0013] Photo-electric conversion circuit 13 can generate
an optical current signal according to the optical signal.
Those skilled in the art will recognize that photo-electric
conversion circuit 13 does not discriminate between the
detection light and the ambient light, but may convert all of
the received optical signals into an optical current. During a
heart rate detection period, the optical current may be at least
partially caused by the light generated by light emitting
device 11 and reflected by the object. While not in the
detection period or when light emitting device 11 is not
emitting light, the optical current can actually be caused by
the ambient light. For a time period including the detection
period, the optical current may partially be caused by the
light generated by light emitting device 11. For example,
photo-electric conversion circuit 13 may include a photo-
diode formed on a semiconductor substrate, such that photo-
electric conversion circuit 13 can be integrated with other
devices of the apparatus into an integrated circuit chip.
[0014] Isolation circuit 14 can be coupled to photo-electric
conversion circuit 13, for transmitting optical current signal
Ipp in an isolated manner. Also, isolation circuit 14 can
receive optical current signal I, and may generate current
signal L,.. For example, current signal I,, may be the same as
optical current signal I, Isolation circuit 14 may be
implemented by a current mirror circuit, which may not only
eliminate effects on the subsequent circuit that may be
caused by the photo-electric conversion circuit, but can also
change the direction of the current signal, in order to
facilitate the setting of the subsequent circuit. Ambient light
filter 15 can filter the current component of the optical
current signal corresponding to the ambient light and output
clean optical current signal 11 (e.g., the optical current
caused by the ambient light is filtered). For example, ambi-
ent light filter 15 can sample the ambient light of the optical
current and filter the current component caused by the
ambient light, so as to output the current signal that repre-
sents the intensity of the detection light reflected by the
object.

[0015] In this example, driving circuit 12 can drive light
emitting device 11 to emit light pulses by continuous pulse
signal sequences (e.g., light emitting device 11 flickers by a
predetermined pulse). Thus, the light reflected by the object
may flicker along with the light source. All light reflected by
the object may represent the property of the detected object
at a corresponding time (e.g., the position or color property
of the object). Thus, in response to the pulse signal sequence,
a sequence in which the object property changes over time
during the time period can be obtained, so as to complete the
detection.

[0016] Ambient light filter 15 can be coupled to driving
circuit 12 or control circuit 18 in order to obtain the driving
signal sequence of light emitting device 11. Also, ambient
light filter 14 can begin ambient light detection before the
detection (e.g., before the start of the light pulse sequence).
In addition, ambient light filter 14 can detect the ambient
light in the gap of light pulses (e.g., the time period during
which light emitting device 11 is turned off between con-
tinuous time periods during which light emitting device 11
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flickers) of the light pulse sequence. Thus, the ambient light
can be sampled one or more times during the detection
period, without increasing power consumption, so as to
improve the accuracy of the photo sensor and the associated
photo detector.

[0017] Forexample, ambient light filter 15 can sample the
current and obtain the current component that corresponds to
the ambient light in a first mode, and also filter the current
component corresponding to the ambient light in a second
mode. Further, control circuit 18 can switch ambient light
filter 15 to the first mode during at least one photo pulse gap
of the photo pulse sequence, and may switch the ambient
light filter 15 to the second mode when the next optical pulse
arrives. Control circuit 18 can switch ambient light filter 15
to the first mode in every photo pulse gap, such that the
ambient light can be detected every time after the emitting
device emits light during the entire photo pulse sequence,
and can also be detected in a corresponding photo pulse gap
every few photo pulses. Thus, control circuit 18 may switch
the sample and detection circuit to the first mode every
predetermined number of photo pulse periods (e.g., every 8
photo pulse periods).

[0018] Referring now to FIG. 2, shown is a waveform
diagram of example operation of an ambient light filter, in
accordance with embodiments of the present invention.
Photo-electric conversion circuit 13 can receive total current
1,, caused by light that is a sum of current component
L ise_currens Caused by the light pulse signal and current
component [, caused by the ambient light. Current com-
ponent L, c. cyen, May be zero when the light emitting
device is not emitting, and current component I;. may
dynamically change along with the ambient light. In this
example, Model and Mode?2 can be complementary timings
of mode signals, and I ., may be the driving current of light
emitting device 11. From t0 to t1, light emitting device 11
may not be enabled, and only the ambient light is irradiated
in photo-electric conversion circuit 13. At this time, ambient
light filter 15 can operate in the first mode, and most of the
current component I caused by the ambient light is sub-
stantially the same as optical current I, i.e., I, =I5. Thus,
current component I, can be sampled.

[0019] From t1 to t2, light emitting device 11 begins
operating, the photo pulse signal reflected by the object and
the ambient light may be irradiated in photo-electric con-
version circuit 13, and ambient light filter 15 can operate in
the second mode. Here, the current component correspond-
ing to the ambient light may be filtered from optical current
1,,,- In this way, effects of the ambient light can be substan-
tially eliminated without increasing the power consumption
of the light emitting device.

[0020] From t2 to t3, after a predetermined number of
photo pulse periods (e.g., 3), in the photo pulse gap, ambient
light filter 15 may operate in the first mode, and the ambient
light can again be detected. It can be seen from FIG. 2 that
the photo pulse gap during the time interval from 12 to t3 is
in the middle of the entire photo pulse sequence, and the
photo pulse sequence required in a measurement may not yet
be complete. Thus, the ambient light can be detected for
several times in the middle of the measurement, in order to
ensure the accuracy of ambient light filter. From time t3, the
circuit may switch to the second mode in order to repeat the
filtering operation, and after a predetermined time interval,
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the current component that corresponds to the ambient light
may be sampled in the photo pulse gap. Then, the process
can be repeated.

[0021] Ambient light filter 15 can sample the ambient light
continuously during the detection period when the light
emitting device is not emitting light, in order to track the
ambient light in time, and to more accurately filter the
ambient light, and to substantially eliminate or minimize
effects caused by the ambient light. Current amplification
circuit 16 may amplifier clean optical current signal I1 in
order to generate optical current signal Ia.

[0022] When driving circuit 12 drives light emitting
device 11 to emit light in a manner of photo pulses by the
photo sequence, filtered optical current I1 provided to cur-
rent amplification circuit 16 can appear as a pulse sequence
or a square wave, in order to facilitate the analog-digital
conversion of subsequent analog-digital conversion (ADC)
17. For example, current amplification circuit 16 can include
current amplifier 16a, bias circuit 165, low-pass filter 16¢,
and correction circuit 164. Current amplifier 16a can ampli-
fier the optical current signal that is already filtered, and may
generate amplification current signal 12. The gain of the
current amplifier can be a fixed value or a dynamically
adjustable value. For example, current amplifier 16a can be
a programmable current amplifier with an adjustable gain.
Control circuit 18 can be coupled to the programmable
current amplifier in order to output an amplification control
signal to control the gain. FIGS. 3 and 4 show different
example programmable current amplifiers.

[0023] Referring now to FIG. 3, shown is a schematic
block diagram of a first example programmable current
amplifier, in accordance with embodiments of the present
invention. In this particular example, the programmable
current amplifier can include transistor M1 and M current
amplification branches. The drain and source of transistor
M1 can connect between an current input terminal “a” and
ground, and gate “g” can connect to the drain. M current
amplification branches can be coupled in parallel between
current output terminal “b” and ground, where M (e.g.,
M=3) may be a natural number which is larger than or equal
to 2. Each current amplification branch can include transis-
tor M2, and a corresponding control switch connected in
series. The control switch can be controlled by a correspond-
ing control signal Si (i=1~3). The gates of transistors M2,
and transistor M1 can be connected together. Also, the size
of transistor M2 in the i current amplification branch can be
(271) times the size of transistor M1, i=1, 2 . . . M.
[0024] That is, the size of transistor M2, is the same as that
of transistor M1, the size of the transistor M2, is twice that
of transistor M1, and the size of transistor M2, is four times
that of transistor M1. As shown in FIG. 3, “m” can represent
the size. Since a transistor’s flow capacity is proportional to
its size, the flow capacity of the transistor will be stronger
when the size is larger. When the control switch in the
corresponding branch is turned on, transistors M2, and M1
may form a current mirror, such that the current flowing
through transistor M1 may be replicated or amplified in a
corresponding proportion. The current amplification gain of
the programmable amplifier can be controlled by controlling
the control switch of the current amplification branch.
[0025] Referring now to FIG. 4, shown is a schematic
block diagram of a second example programmable current
amplifier, in accordance with embodiments of the present
invention. In this particular example, the current amplifica-
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tion branch of the programmable current amplifier can
include transistor M2', and a corresponding control switch.
The control switch can be controlled by a corresponding
control signal Ci (i=1~7). However, all transistor M2', may
have the same size as transistor M1 in the example of FIG.
4, where “m” can represent the size. When the control switch
in the corresponding branch is turned on, transistors M2'; and
M1 may form a current mirror, such that the current flowing
through transistor M1 may be replicated in the correspond-
ing branch. A number of parallel coupled current amplifi-
cation branches can be used in order to amplify the current
flowing through transistor M1. The current amplification
gain of the programmable amplifier can be controlled by
controlling the control switch of the current amplification
branch.

[0026] For example, control circuit 18 can control the
power of driving circuit 12. In a heart rate detection appli-
cation, the intensities of the optical signals reflected by skins
are different due to different human colors. For example, the
intensity of the optical signal reflected by white skin AB
relatively strong, while the intensity of the optical signal
reflected by black skin may be relatively weak, where the
optical signal is emitted by light emitting device 11. If the
optical pulse signal is weak, the heart rate detection may fail,
or the detection result may otherwise not be accurate. In
order to ensure the accuracy of the measurement of the heart
rate detection system at any time, control circuit 18 can
determine whether the optical pulse signal is too weak
according to the digital signal. In this case, the driving
current of the driving circuit may be increased to increase its
power, and the gain of the programmable current amplifi-
cation may be regulated in order to enlarge the adjustment
range, but not to significantly increase the system power
consumption.

[0027] Bias circuit 165 may add bias current Ib to ampli-
fication current signal 12, in order to generate amplification
current 3. The function of adding bias current Ib is to
increase the amplitude of the current flowing to subsequent
low-pass filter 16¢, in order to increase the start-up speed at
the initial state, and to prevent the current from being too
low to affect the performance.

[0028] Low-pass filter 16¢ can generate average current
signal 1,,, according to amplification current signal 13.
Low-pass filter 16¢ may take an average of amplification
current signal 13 that appears as a pulse sequence or a square
wave, such that the current energy distribution is uniform to
facilitate the accuracy of the subsequent analog-to-digital
conversion. Correction circuit 164 can filter the bias current
from the average current signal to output amplified optical
current signal I,. Correction circuit 164 may generate the
operation timing of light emitting device 11 from control
circuit 18, and can sample when light emitting device 11 is
not emitting light, and in such case, the sampled signal is the
bias current. When light emitting device 11 is emitting light,
correction circuit 16d can filter the sampled bias current
from average current signal 1., and thereby substantially
adverse effects on the circuit due to the bias current. In this
way, amplified optical current signal Ia can be generated.

[0029] Analog-to-digital converter 17 can convert the
amplified optical current signal to an N-bit digital signal
Data0-DataN-1. For example, control circuit 18 can gener-
ate a photo detection signal according to the digital signal.
Reference current Irefl used for quantization may be pro-
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vided by a current reference circuit, and the quantization can
be calculated as shown below in Equation (1).

AVGl 1
DataN = INT[ a) *2”’] W

Irefl

[0030] Inthis Equation, INT(*)is a rounding function, and
AVG(¥) is an average function. The current reference circuit
can provide reference voltage I, , for an oscillator module,
and the oscillator module may provide clock signal CLK for
a digital signal processing unit. The digital signal processing
unit can operate as a chip brain, in order to control the
modules to operate at certain timing, and may include a
certain number of registers to temporarily store the quan-
tized data.

[0031] In a heart rate detection example, a single group of
data may essentially be useless, but a plurality of groups of
data can be used to calculate the heart rate cycle. Thus, the
quantized data can temporarily be stored in the register of
control circuit 18. When a predetermined amount of data is
stored, groups of data can be transmitted to an external
micro-control unit by any suitable data interface (e.g., [2C
interface) for subsequent processing. As shown in FIG. 1,
control circuit 18 can control ambient light filter 15, pro-
grammable amplifier 16a, and correction circuit 164 by
respective control signals VC1, VC2 and VC3, such that the
corresponding device can process the corresponding current
signal according to the driving signal timing of driving
circuit 12.

[0032] As described herein, light emitting device 11 can
be controlled to facilitate optical conversion device 13 to
receive the emitted light signal, such that the circuit com-
ponents other than light emitting device 11 can all be
integrated into a single integrated circuit chip. Moreover,
certain embodiments can be substantially implemented by
transistors, in order to simplify the peripheral circuitry and
to reduce the overall circuit size. In this way, external signal
interference, and overall manufacturing costs can be reduced
as compared to other approaches.

[0033] The embodiments were chosen and described in
order to best explain the principles of the invention and its
practical applications, to thereby enable others skilled in the
art to best utilize the invention and various embodiments
with modifications as are suited to particular use(s) contem-
plated. It is intended that the scope of the invention be
defined by the claims appended hereto and their equivalents.

What is claimed is:

1. A photo detector, comprising:

a) a light emitting device configured to emit light;

b) a driving circuit configured to drive said light emitting
device;

¢) a photo-electric conversion circuit configured to gen-
erate an optical current signal according to an optical
signal;

d) an isolation circuit configured to transmit said optical
current signal in an isolated manner;

e) an ambient light filter configured to filter a current
component of said optical current signal corresponding
to an ambient light, and to generate a clean optical
current signal;

f) a current amplification circuit configured to amplify
said clean optical current signal, and to generate an
amplified optical current signal;
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g) an analog-to-digital converter configured to convert
said amplified optical current signal to a digital signal;
and

h) a control circuit configured to output an optical detec-
tion signal according to said digital signal.

2. The photo detector of claim 1, wherein said isolation
circuit is a current mirror coupled between said photo-
electric conversion circuit and said ambient light filter.

3. The photo detector of claim 1, wherein said driving
circuit is configured to drive said light emitting device to
emit an optical pulse according to a pulse sequence genet-
ated by said control circuit.

4. The photo detector of claim 3, wherein said ambient
light filter is configured to sample a current and to obtain
said current component corresponding to said ambient light
in a first mode, and to filter said current component corre-
sponding to said ambient light from said current in a second
mode.

5. The photo detector of claim 4, wherein said control
circuit switches said ambient light filter to said second mode
at the start of an optical pulse sequence, and switches to said
first mode in at least one optical pulse gap of said optical
pulse sequence, and switches back to said second mode
when a next optical pulse arrives.

6. The photo detector of claim 1, wherein said current
amplification circuit comprises:

a) a current amplifier configured to amplifier said clean
optical current signal, and to generate a first amplifi-
cation current signal;

b) a hias circuit configured to add a bias current to said
first amplification current signal, and to generate a
second amplification current signal;

¢) alow-pass filter configured to output an average current
signal according to said second amplification current
signal; and

d) a correction circuit configured to filter said bias current
from said average current signal, and to generate said
amplified optical current signal.

7. The photo detector of claim 6, wherein:

a) said current amplifier comprises a programmable cur-
rent amplifier; and

b) said control circuit is configured to regulate an output
power of said driving circuit and a gain of said pro-
grammable current amplifier according to said digital
signal.

8. The photo detector of claim 7, wherein said program-

mable current amplifier comprises:

a) a first transistor having a drain and a source coupled
between a current input terminal and ground, a gate
coupled to said drain;

b) M current amplification branches coupled a current
output terminal and ground, wherein M is a natural
number greater than or equal to 2, wherein each said M
current amplification branch comprises a second tran-
sistor and a control switch coupled in series, wherein
gates of said first and second transistors are coupled
together.

9. The photo detector of claim 8, wherein a size of said
second transistor of an ith current amplification branch is
(2i-1) times that of said first transistor, wherein i is a
positive integer.

10. The photo detector of claim 8, wherein each of said
second transistors has a same size as said first transistor.
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11. The photo detector of claim 1, wherein said driving
circuit, said photo-electric conversion circuit, said isolation
circuit, said ambient light filter, a current amplification
device, said analog-to-digital converter, and said control
circuit are configured in an integrated circuit.

12. The photo detector of claim 1, configured in a heart
rate detector or a distance detector.

® 0% % % %
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