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ABSTRACT
In this paper, three common measuring methods for the principles of water turbidity, namely,
scattering, transmission and the ratio method are introduced. A method combined with modulation
and demodulation techniques based on pulse width modulation (PWM) pulse for turbidity
measurement using light intensity modulation is proposed. The experimental system that is, the
realizing circuit of modulation and demodulation is described in detail. The experimental system was
used to measure Formazine Standard Solution turbidity of different values. The experimental results
are shown, and then turbidity values are calculated using the three methods. Through the analysis
and comparison of the experimental results, it is shown that when using the ratio method combined
with the modulation technique, the interference of background light can be eliminated effectively, so
the measuring accuracy is signiﬁcantly improved.
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INTRODUCTION
Water turbidity is an important indicator of water quality.

A method which uses intensity modulation of a light

There are suspended colloidal particles in water, making

source to radiate cloudy liquid, while the background light

the original colorless water nepheloid. This is called turbid-

interference is ﬁltered with signal processing to measure tur-

ity – how cloudy the water is. Turbidity level does not

bidity is introduced in this paper.

directly show general water quality, but increased turbidity,
resulting from domestic and industrial wastewater, indicates
a deterioration in water quality.

THEORY

There are three basic turbidity measuring methods
based on optical phenomena caused by the turbid liquid.

Common methods of measuring turbidity

They are the transmission, scattering and ratio methods.
During measuring, the key question is how to avoid the

Transmission method

interference of background light. The common method is
completely closing the measuring devices to cover the back-

When light passes through turbid ﬂuid, due to the absorp-

ground light; however, for online turbidimeters of embedded

tion and scattering from the suspended matter in it, then

and inserted structures, in order to ensure the liquid ﬂows

the attenuation of the luminous intensity is compliant with

into the probe freely, the closed structure can nott be used,

the Lambert–Beer law:

so there has to be some disturbance from background light
(Chen ).
doi: 10.2166/aqua.2011.046
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where I0 is luminous intensity; IT is the intensity of the

contain, which is proportional to turbidity; α is a

transmitted light; τ is the attenuation coefﬁcient, which

coefﬁcient related to the scattering function; and l is the

has nothing to do with the luminous intensity and is

scattering

caused by turbidity; K is the constant of proportionality; T

method between transmitted and scattering light, com-

is turbidity; and L is the optical path of the transmission

bined with the formula for calculating the transmission

(Liu & Wang ).

method water turbidity can be calculated as (Liu &

optical

path.

According

to

the

ratio

Wang ):
Scattering method
The scattering method is when a beam of light is passed

IS αNI0 expðτlÞ
¼
¼ αN expðτL  τlÞ
I0 expðτLÞ
IT

through water testing samples and the scattered light intensity IR of 90 can be expressed as follows (Song & Lu ):
W

IR ¼

KNV 2
I0
λ4

from the formula it can be seen that turbidity is
only related to α and the optical path of scattering
and transmission, because α, τ, l and L are ﬁxed
accurately,

which

eliminates

the

effect

from

the

aging and instability of the LED light source to

where I0 is the intensity of the incident light; N is the

turbidity measurement hence improving the measuring

number of particles per unit volume; V is the volume of par-

accuracy.

ticles; and λ is the wavelength of incident light as a
coefﬁcient.

The basic principles of PWM

Under certain conditions, λ and V can be assumed to
be constants, then the coefﬁcient and the total number

Pulse width modulation (PWM) is a very effective technique,

of particles per unit volume or the total volume is

using microprocessor digital output to control analog cir-

proportional, which means it is also proportional to

cuits. It is used in many areas such as measuring, power

turbidity:

control and communication transform, etc.
Each pulse column of the same width should be taken as

0

IR ¼ K TI0

a PWM wave. Its frequency can be changed by the cycle
variation. The surge can be realized by changing pulse

where T is water turbidity, and K0 is another coefﬁcient.

width or duty cycle. The voltage and frequency can be deter-

Therefore, under the same incident I0, scattered light inten-

mined by control methods. Its duty cycle can be adjusted to

sity is proportional to IR and turbidity, then turbidity

control the circuit current. This approach enables the power

measuring is turned into a scattered light intensity

supply voltage to remain constant when working conditions

measurement.

change (Shi & Liu ).

Ratio method

is not always economical or practical. Since it is difﬁcult to

Analog modulation may be intuitive and simple, but it
adjust analog circuits as they drift easily over time. The preAccording to Rayleigh’s scattering theory and Mie’s scatter-

cision analog circuit which can solve this problem may be

ing theory, the relationship between scattered light and

very large and expensive. Additionally, they usually gener-

incident light can be expressed as:

ate large amounts of heat and are very sensitive to noise,
but

IS ¼ αNI0 expðτlÞ

through

digitally

controlled

modulation

circuits,

system cost and power consumption can be reduced
greatly. Therefore, PWM controllers have been included

where IS is the luminous intensity of the scattered light;

in many micro-controllers and DSP chips, which makes

N is the number of particles that the water samples

digital control easier.
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scalable lens. The light that the LED emitted is almost
parallel light after the position of the lens is set well,

Experimental system

1 kHz PWM signal which is generated by the internal
DAC (digital-to-analog converter) of MCU ADuC841 is

As shown in Figure 1, this experimental system is made up

used to modulate the infrared light from the LED.

of ﬁve parts: a PWM light-emitting unit, a detecting unit, a

2. Detecting unit: Siemens BWP34 photocell is used as the

control unit, an angle measuring platform and a water

receiving device, of which the peak wavelength is 850 nm.

sample trough. The schematic diagram of the experimental

In order to prevent interference from background light, the

system is shown in Figure 2.

detector is placed in the shading tube and a narrow band
ﬁlter of 850 nm peak wavelength is placed in front of the

1. PWM light-emitting unit: The 850 nm infrared LED is

tube. As a result the background light is reduced to under

used as the probe source, placed in the circle center of

5 mv. The scattering and transmitted light signals pass the

the shading tube, the front of which is connected with a

pre-ampliﬁer circuit, the ﬁlter circuit, the demodulation circuit and ﬁnally enter the MCU for turbidity calculation.
3. Control unit: The pulse modulation to the LED is realized by the MCU ADuC841, pre-amp gain control, the
frequency selection control of selective ampliﬁers and
A/D acquisition control of the signals.
4. The detection unit is ﬁxed to the angle measuring platform,
W

on which the intensity of the transmitted light and the 90
scattered light can be measured accurately.
Design of the detection circuit

Figure 1

|

PWM experimental system.

Figure 2

|

Schematic diagram of the experimental system.
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through the analog switch. It is used as the power supply for

since it is stable and easy to adjust its gain with high input

the LED, realizing emitting source modulation. The PWM

impedance and low output (Yin et al. ). Its frequency

signal is produced by the pulse width modulator of MCU

is also 1 kHz. The signal waveform after the band-pass

and therefore can be adjusted as required by programming

ﬁlter circuit is shown in Figure 6. It changed from the

the system freely. The frequency of the PWM square wave

square wave of 1 kHz mentioned above to a sine wave of

chosen by this system is 1 kHz with duty cycle of 50%.

1 kHz (fundamental of the square wave).

The waveform of the LED control signal is shown in
Figure 4.

An average detection circuit is used in the demodulation
circuit. Then a 10 Hz low-frequency signal is demodulated

The pre-ampliﬁer circuit is made up of an operational

through the full-wave rectiﬁcation and low-pass ﬁlter of

ampliﬁer. It is for the I/V conversion of transmitted light

the circuit (Hou ). The signal waveform after the demo-

W

and 90 scattered light signal. The signal waveform after

dulated circuit is shown in Figure 7 and it is changed to a

the pre-ampliﬁer circuit is shown in Figure 5 and it is still

direct current signal (effective value of the sine signal).

a square wave of 1 kHz with a duty cycle of 50%.

The demodulation signal is sent into the second-level

The band-pass ﬁlter which is four-order voltage-

ampliﬁer, through which the signal conditioning is realized.

controlled voltage source, is used in the measuring circuit,

After that, the remaining ampliﬁcation is adjusted to meet

Figure 3

|

Control circuit of excitation LED.

Figure 5

|

Signal waveform after the preampliﬁer circuit.

Figure 4

|

PWM waveform to control LED.

Figure 6

|

Signal waveform after the band-pass ﬁlter circuit.

Downloaded from https://iwaponline.com/aqua/article-pdf/60/5/305/401776/305.pdf
by guest

309

K. Zhang et al.

|

Research on PWM applied in water turbidity measurement

Journal of Water Supply: Research and Technology—AQUA

Table 1

|

|

60.5

|

2011

Turbidity measured with the PWM experimental system separately in three
methods and then without it

Ratio method
W

Figure 7

|

Signal waveform after the demodulated circuit.

W

90

180

between

Transmitted

Formazine

scattered

transmitted

scattered and

method

standard
solution (FTU)

method
(NTU)

method
(NTU)

transmitted
light (NTU)

without the
system (NTU)

4

4.1

2.1

4.5

14.5

10

9.7

8.3

10.8

25.3

20

19.3

17.9

21.0

36.2

40

39.4

38.6

40.7

54.9

100

93.7

99.7

101.4

117.1

150

133.5

150.2

150.5

165.2

200

175.2

203.8

201.6

215.8

The average
error (%)

Table 2

|

5.74

11.55

|

Signal waveform after the second-level ampliﬁcation circuit.

80.20

Turbidity measuring repeatability with PWM in transmitted method

Average

Standard

standard

Number of

data

deviation

Coefﬁcient

solution (FTU)

measurements

(NTU)

(NTU)

variation

4

6

2.57

0.3327

0.1295

10

6

8.73

0.3011

0.0345

20

6

18.4

0.6633

0.0360

40

6

38.73

0.4967

0.0128

100

6

99.37

0.3559

0.0036

150

6

150.43

0.5046

0.0034

200

6

202.07

1.2307

0.0061

Formazine

Figure 8

4.25

the demand of the A/D conversion, then the output signal

coefﬁcient variation and number of measurements. From

and reference voltage of the A/D converter are matched

the two tables, it is easy to see that using signal modulation

(Yin et al. ). The signal waveform after the second-

and demodulation to measure turbidity, background light

level ampliﬁcation circuit is shown in Figure 8, which can

interference can be excluded effectively, the accuracy of

be considered as the value of the transmitted light or the

measuring is greatly improved, and the repeatability of the

W

90 scattered light signal.

system is high enough to ensure long-term measuring accuracy. The performance of the system using the ratio method
to measure is high or low turbidity is good. It should be

RESULTS AND ANALYSIS

noted that when only the scattering method is used, higher
turbidity is measured inaccurately and conversely when

Table 1 shows turbidity values measured both with the PWM

only the transmission method is used, lower turbidity

experimental system and without it. The values with the

measurement is not precise enough, due to the difference

PWM system are shown in three methods. In Table 2, turbid-

between the transmission method and the scattering

ity measuring repeatability with PWM in the transmitted

method. The former is suitable for turbidity measurement of

method is shown from the average data, standard deviation,

wide range from common to high values, while the latter is
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for low and even ultra-low water turbidity measuring
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Experimental results and analysis of the three methods
above shows both environmental light and circuit noise
interference can be effectively eliminated with light intensity PWM. Demodulation can be used for turbidity
measurement, which can simplify the structure of the turbidimeter. It is easy to implement signal processing with
MCU and the circuits mentioned above. It is not necessary for light intensity to be positive-cosine changed due
to the use of PWM. It is effective when the periodic
signal is of certain frequency, which makes the hardware
structure easier. This approach is of practical signiﬁcance
for turbidimeters design of embedded and inserted
structures.
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