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ABSTRACT:As one of the most basic electric quantities in a power system, voltage plays an important role in many fields such as condition
monitoring and fault diagnosis. The construction and development of the smart grid cannot be separated from the reform and progress of
the advanced sensing and measurement technology. Noncontact voltage measurement technology, as one of the important technologies,
has many advantages such as no electrical contact, low insulation requirements, easy installation, and great potential in improving the
panoramic perception ability of the power system. In this paper, a noncontact measurement method of the power line voltage based on
capacitive coupling principle is proposed, which realizes the reliable measurement of the line voltage waveform. First, the principle of the
noncontact voltage measurement method is introduced, which mainly includes self-calibration and online measurement of the sensor. The
high-frequency voltage signal is injected into the capacitive coupling network of the sensor to implement the self-calibration of the sensor.
Then, the digital integration method is used to integrate the output signal of the sensor to measure the line voltage waveform. Second, the
noncontact voltage sensor prototype and signal processing circuit are designed. Finally, the test platform of the line voltage measurement
is built, and the measurement test of 220V/50Hz line voltage waveform is carried out. The test results show the relative amplitude error
of the voltage measured by the sensor is less than 2.5%, the maximum phase error less than 2◦ at 50Hz, and the linearity better than
0.5%. The frequency response experiment shows that the system has almost constant gain in the frequency range of 50–1800Hz, and the
phase error reaches a maximum of 2.8◦ at a frequency of 1800Hz.

1. INTRODUCTION

The operation, monitoring, and maintenance of the smart
power grid are inseparable from the accurate, rapid acqui-

sition of various physical quantity information, including elec-
tricity volume (voltage and current). With the development
of smart power grid, higher requirements are proposed for the
power system sensor and measurement technology. The re-
search and practice of smart power grid show advanced sens-
ing, and measurement technology is an essential element of the
smart power grid. At the same time, as the scale of power grid
continues to expand, many distributed energy and power elec-
tronic devices have been introduced, in urgent need of advanced
sensing and measurement technology to ensure the safety and
reliability of power grid under complex operating conditions.
As one of the most basic electric quantities in the power

system, voltage plays a crucial role in many aspects, such as
electric energy measurement, relay protection and control, and
online overvoltage monitoring. At present, in the power sys-
tem, voltagemeasuring devicesmainly include electromagnetic
voltage transformer, capacitive voltage transformer, and optical
voltage sensor. The electromagnetic voltage transformer and
capacitive voltage transformer must be electrically connected
to the line being measured. Therefore, the installation, calibra-
tion, and maintenance of such measuring devices must be car-
ried out in case of power failure, which requires a large amount
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of manpower, financial, and material resources. At the same
time, this kind of device is bulky, mainly made of ferromag-
netic material, has inconvenient installation, and prone to the
risk of core saturation and ferromagnetic resonance. Although
optical voltage sensor can measure the line voltage by measur-
ing the electric field, the stability of the optical device is greatly
affected by temperature, humidity, and other factors. However,
with the development of optical phase detection technology, the
measurement accuracy of optical voltage sensors has been sig-
nificantly improved. However, optical sensors require optical
emission devices and optical signal processing devices, result-
ing in higher costs for sensors. The principle of the noncontact
voltage measurement with thermoelastic effect is that the ma-
terial undergoes elastic deformation when being heated. The
electrode plate of the capacitor made of this material vibrates
to produce changing capacitance. A current proportional to
the potential of the conductor being measured flows through
the changing capacitance. Voltage measurement is achieved
by processing the current signal [1]. However, the response
speed of the thermoelastic effect driven structure is related to
the thermal expansion time constant of thematerial and is easily
affected by the ambient temperature. Changes in external am-
bient temperature can seriously interfere with measurement ac-
curacy. This method is also called vibration capacitance mod-
ulation principle. The method of driving capacitor electrode
plate vibration can be based on magnetostriction effect, acous-
tic emission, ultrasound, and others. These methods are more
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FIGURE 1. (a) 3D structure diagram of voltage sensor. (b) Equivalent circuit diagram of signal processing circuit.

suitable for DC potential measurement, and the changing ca-
pacitance requires complex hardware driving devices, which
increases the cost and power consumption of the system [2].
Thus, the research of a new type of voltage sensor to imple-
ment the noncontact, reliable measurement of line voltage is
the future focus of sensor measurement technology.
Zisman proposed a noncontact measurement method based

on electrostatic potential for the first time [3]. In this method,
the author placed a vibrating plate near the measured potential
to form a time-varying capacitor and determined the measured
potential by adjusting the voltage of the plate and monitoring
the current flowing through the plate. Reference [4] proposed
a method to improve the bandwidth of the measurement poten-
tial of the sensor by integrating the current flowing through the
plate.
Noncontact voltage measurement technology without elec-

trical contact is adopted to measure the line voltage, which
greatly improves the safety of operation and eliminates the need
to peel off the insulation layer of the wire, thus greatly reducing
the risk of electric shock caused by bare wire. At present, many
researchers have studied voltage root mean square (RMS) mea-
surement [5–10], and mature products already exist in the mar-
ket [11]. Methods for measuring the voltage of transmission
lines and corresponding contactless voltage sensors have also
been proposed [12, 13]. In [14], a differential capacitive sensor
for measuring single-phase enclosed two-wire residential en-
trance lines has been designed, and the sensor is calibrated by a
multimeter to achieve accurate voltage measurement (so called
Semi-Contactless). The same measurement principle appears
in [15]. A new voltage sensor structure is designed to solve the
issue that the theoretical capacitance of the sensor is smaller
than the actual one due to the edge effect, and ceramic capac-
itors are connected in parallel between two electrode plates of
the sensor to improve the low-frequency performance of the
sensor. A voltage probe in [16] is proposed for voltage mea-
surement of an insulated cable/wire, in which a reference signal
with high frequency is applied. Finally, the voltage amplitude
is calculated on the basis of measured quantities.
However, few researchers have examined the measurement

of the voltage instantaneous waveform. Based on the princi-
ple of capacitive coupling, the noncontact voltagemeasurement
technology combined with analog circuit and digital signal pro-

cessing (DSP) technology to measure the voltage waveform of
power lines has been verified [17]. Reference [18] analyzed the
noise in noncontact voltage measurement. However, practical
experiments revealed a large high-frequency noise signal in the
power line voltage measurement, which has a great negative
effect on the measurement accuracy. Moreover, the calibra-
tion method proposed in [17] requires human intervention and
is complicated in operation.
This paper presents a noncontact voltage measurement sys-

tem for power line voltage measurement. The shortcoming
of human intervention in the measurement in [17] is solved;
the entire measurement is automatically implemented by the
controller; and the method solves the problem that the high-
frequency noise in the signal affects the measurement accuracy
when the power line voltage is measured.

2. METHOD

2.1. Principle of Voltage Measurement
Figures 1(a) and (b) show the 3D structure diagram of the pro-
posed voltage sensor and the equivalent circuit diagram of the
signal processing circuit, respectively. Fig. 1(a) shows the volt-
age sensor composed of two electrodes, namely the inner elec-
trode and outer electrode. The inner and outer electrodes are in-
sulated by insulating materials. The outer electrode is grounded
by a high-frequency signal vR, and the inner electrode and outer
electrode are connected to the input end of the transimpedance
amplifier (TIA) through a coaxial cable. Because the frequency
of vR is much higher than the frequency of the power line volt-
age, the external electrode can be considered directly grounded
to achieve electromagnetic shielding. In Fig. 1(b), R and CF

are the feedback resistance and compensation capacitor of the
TIA, respectively. The role of CF is to compensate TIA for
its stable operation [19]. According to the principle of virtual
short and virtual break of the operational amplifier, no current
flowing through the mutual capacitance CSH which is formed
by the inner electrode and outer electrode. The inner and outer
electrodes of the voltage sensor are connected to the inner core
and the shielding layer of the coaxial cable, respectively, and
parasitic capacitance between the two poles of the coaxial cable
can remarkably increase CSH . The measured conductor with
voltage vX penetrates through the voltage sensor as shown in
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Fig. 1(a). Mutual capacitance CX is formed between the in-
ner electrode and measured conductor, and vX in the measured
conductor generates an alternating electric field in space. Thus,
displacement current iX flows through CX , and the Laplace
transform of the relationship between iX and vX is

IX(s) = [VX(s)− VR(s)] · s · CX (1)

Figure 1(b) shows the equivalent circuit of the sensor and
signal processing circuit. iX is converted and amplified into
the differential voltage signal through the TIA. The differen-
tial signal is then differentially amplified by the instrument
amplifier (INA) and converted into a single-ended signal vO,
making it compatible with the single-ended input analog-to-
digital converter (ADC). Resistor Rg is the meter amplifier
gain-regulating resistor. S1 is a two-pole, single-throw analog
switch that turns on and off automatically through a microcon-
troller unit (MCU) to control the self-calibration of sensor. The
role of the switch is to eliminate human involvement during the
measurement process. When S1 is closed, the circuit output is
given by (2):

VO(s) = [−IX(s) + VR(s) · s · CIN ] ·R ·GINA (2)

In the above equation, IX(s) is the current flowing through
CX , CIN the parasitic capacitance generated by the wiring of
the op amp and printed circuit board, and GINA the gain of
the instrument amplifier. Combining (1) and (2), if VR(s) =
0, sVX(s) and VO(s) are proportional, and the scaling factor
GX = R · CX ·GINA.
The application of high-frequency voltage signal vR in sig-

nal processing circuit has two functions: First, it eliminates the
error of voltage measurement caused by the parasitic capacitor
CIN and calibrates the system. Second, it is used to estimate
scaling factorGX . The compensation capacitorCF only acts at
high frequency and does not affect the system transfer function.
MCU is an important part of measurement system, which

is responsible for DSP and control. MCU has three main
functions. First, implement self-calibration of voltage sensors,
measurement of unknown AC voltage waveforms and send
the waveforms data to the upper computer for display. Sec-
ond, MCU controls the opening and closing of switch S1, to
achieve automatic switching between calibration and measure-
ment modes. Last, MCU generates high-frequency voltage sig-
nal vR using its built-in digital-to-analog converter (DAC) pe-
ripherals. When MCU is powered on, it automatically carries
out the calibrations to calibrate the voltage sensor. After that,
it automatically switches to the measurement mode, and the
whole process is automatically completed through MCU.

2.2. Voltage Sensor Self-Calibration Method Based on High-
Frequency Voltage Signal Injection

The voltage sensor self-calibration method based on high-
frequency voltage signal injection can be divided into two steps,
namely, offline calibration and online calibration. Offline cal-
ibration determines the additional output signal generated by
the parasitic capacitor CIN . Online calibration determines
the scaling factor GX , by penetrating the measured conductor
with a voltage of vX through the voltage sensor. First, MCU

automatically performs offline calibration, and MCU control
switch S1 is opened to remove the voltage sensor from the cir-
cuit (i.e., CX = 0). vX does not contribute to the output of
INA, and the output is completely generated by vR. Define
GIN = CIN ·R ·GINA, and the output signal amplitude VCR

is shown in (3):

VCR = 2πfR · VR ·CIN ·R ·GINA = 2πfR · VR ·GIN , (3)

where VR and fR are the amplitude and frequency of vR, re-
spectively. VCR is obtained by measurement, and the out-
put signal generated by the parasitic capacitor CIN is obtained
through a single calibration.
Second, MCU automatically carries out online calibration.

Switch S1 is closed, and the voltage sensor is connected to the
circuit. The output of INA can be expressed as follows:

VO(s) = −s ·GX · VX(s) + s · (GX +GIN ) · VR(s) (4)

The circuit output is generated by vX and vR. Because fR is
much higher than the frequency of vX , the output signal gen-
erated by vR can be simply extracted from the output signal
through the frequency spectrum analysis. The amplitude of out-
put generated by vR is defined as VOR, and VOR is given by (5):

VOR = 2πfR · VR · (GX +GIN ) (5)

Combining (3) and (5), we can estimate the value of CX .
Furthermore, ĜX is the approximation of GX and can be cal-
culated by (6):

ĜX =
V̂OR − V̂CR

2πfR · VR
(6)

where V̂OR and V̂CR are obtained by measurement and rep-
resent the approximations of VOR and VCR. The system can
implement the unknown voltage waveform measurement after
the offline and online calibrations. To ensure that the estimated
ĜX can accurately restore vX , vX in (4) should not contain any
components with the frequency equal to fR. Otherwise, the
scaling factor ĜX estimated by the above method has a large
deviation from the actual GX . Therefore, the frequency of si-
nusoidal reference signal vR must be carefully selected.

2.3. Online Voltage Measurement
During this step, the system can continuously measure the
waveform of unknown voltage vX . The specific operation
of online voltage measurement is as follows: vR is removed
from the circuit, and the outer electrode of the voltage sensor is
grounded (i.e., VR(s) = 0). The output is completely generated
by vX and can be expressed as follows:

VO(s) = −s ·GX · VX(s) (7)

VO(s) is digitally integrated and divided by the scale factor
−ĜX , as shown in (8), to measure the voltage waveform vX of
the measured conductor:

V̂X(s) = − VO(s)

s · ĜX

(8)

The voltage waveform measured by the above method can
retain the phase information of the waveform.
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FIGURE 2. System overall structure diagram.

(a) (b)

FIGURE 3. (a) Voltage sensor 3D view. (b) Physical diagram of voltage sensor.

3. SYSTEM IMPLEMENTATION

3.1. Hardware Design
The overall design diagram of the hardware circuit is shown in
Fig. 2. The signal processing circuit receives the output sig-
nal of the voltage sensor and the high-frequency voltage signal
generated by the 12-bit DAC module. Then, the output signal
of the signal processing circuit is sampled by the 16-bit syn-
chronous sampling module, and the collected digital signal is
processed by MCU with DSP unit. Finally, The MCU utilizes
the received data to restore the measured voltage waveforms
and sends them to the laptop for display.
Figure 3 shows the voltage sensor consisting of two hinged

semicylinders. This structure allows easy opening and closing
of the sensor to place the measured conductor. The inner and
outer surfaces of the sensor are wrapped with a layer of metal
copper. The diameter of the inner surface of the cylinder is
30mm, and the length is 120mm. The inner copper skin con-
stitutes the inner electrode. The diameter of the outer surface
cylinder is 50mm, and the length is 150mm. The outer cop-
per skin forms the outer shielding electrode. The outer shield-
ing layer needs to wrap the inner electrode inside completely
to improve the shielding effectiveness against external electro-
magnetic interference. The inner electrode and electromagnetic
shielding shell are separated by a white resin material, and the
two are insulated from each other.
Four threaded holes are on the voltage sensor. ABayonet Nut

Connector (BNC) female connector with flange is fixed on the
voltage sensor by four M2.5 Phillips screws. The BNC female
connector is connected to the span TIA with a coaxial cable
that reduces interference introduced during signal transmission.
The value of capacitance CX can be approximated by (9) for

estimating coaxial cylindrical capacitance:

CX ≈ 2πε0L

ln(ϕE/ϕC)
(9)

where ε0 = 8.85 pF/m in vacuum; L and ϕE are the length and
diameter of the measured electrode, respectively; and ϕC is the
conductor diameter. For the designed voltage sensor, ϕE =
30mm, L = 120mm, and ϕC = 5.83mm (AWG3 wire). With
the above parameters, CX can be calculated to be equal to 4 pF
using (9).
OAP320 (TI Company) is adopted as the TIA, which has ul-

tralow input bias current and noise. The amplification factor
of the TIA is adjusted by adjusting the feedback resistance R,
which is set to 2MΩ. Thus, if CX = 4 pF, the maximum volt-
age |V |MAX that the system can measure is given by the fol-
lowing equation:

|V |MAX ≤ 2.5

2πf ·R · C
(10)

where f is the frequency of the measured voltage, and the mea-
surement range can reach ±1000V for the frequency of 50Hz.
INA128 produced by TI company is used as the instrument am-
plifier. By setting the resistance value of the gain resistor Rg

to 50 kΩ, the gain of the instrument amplifier is 2. AD7606
synchronous sampling chip produced by ADI is used for syn-
chronous acquisition of output signals of precision voltage sen-
sor and designed voltage sensor. The chip has a resolution of
16 bits and a maximum sampling rate of 200 ksps.

3.2. Digital Signal Processing
1) MCU: MCU uses STM32F407VET6 from STMicroelec-
tronics for control and digital signal processing, which is a
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(b) (c)

(a)

FIGURE 4. Experimental platform and measurement circuit. (a) Experimental platform. (b) Signal processing circuit. (c) Reference voltage mea-
surement circuit.

high-performance microcontroller based on ARM Cortex-M4.
MCU and laptop are connected via a serial port, and the lap-
top is used to store and display the data received. The high-
frequency voltage signal vR is generated by the MCU’s built-in
12-bit DAC peripheral. The signal amplitude is 2V, and the
frequency is fR = 2.5 kHz. The sampling frequency of ADC
is fS = 100 kHz, which has two advantages:

a) The sampling frequency is an integer multiple of fS ,
which can prevent spectrum leakage during the spectrum
analysis of the signal.

b) The higher sampling rate can solve the problem of base-
line drift caused by frequency aliasing caused by the fre-
quency analysis of signals and the digital integration of
signals caused by high-frequency components in the sig-
nals.

2) Sinusoidal Signal Estimation: First, for the sinusoidal sig-
nal VOC amplitude obtained in offline mode, fast Fourier trans-
form (FFT) on the output signal is performed in offline mode
to calculate the signal spectrum. At this time, the output sig-
nal only includes the component with frequency fS . The signal
amplitude with frequency fS from the spectrum is found to ob-
tain the estimated V̂CR. Second, the VOR signal is extracted
from the output signal vO of online calibration mode. Because
the signal includes multiple frequency components, incoherent
noise in the signal is removed by the coherent averagingmethod

first [20]. The weighted average signal segments are trans-
formed by FFT to find the signal amplitude with a frequency
of fR.

3) Digital Filter and Integrator: Due to the influence of
the mismatch voltage of operational amplifiers, low-frequency
components are unrelated to useful signals in the output sig-
nal, and such low-frequency components cause problems in the
integration of signals. Digital high-pass filter is a feasible so-
lution to remove the low-frequency components in the signal.
The high-pass filter uses a second-order finite impulse response
filter. The cut-off frequency of the filter is 0.5Hz. The high-
pass filter output is the input to the digital integrator, which
uses the Simpson integral method (Newton-Cotes coefficient:
1/6, 4/6, 1/6). The output of the integrator is calculated by (10):

y(n) = y(n− 1) +

[vO(n− 1) + 2× (vO(n)
+vO(n− 1)) + vO(n)]

(6× fS)
(11)

where n represents the discrete time point, and y(n) represents
the signal value of the integrator’s output at discrete time n.

4. EXPERIMENT RESEARCH
The MCU system integrates MCU, ADC, and Wi-Fi module,
which is shown in Fig. 4(a) and is used to generate the high-
frequency signal and process digital signals to achieve sensor
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FIGURE 5. (a) Online calibration output signal. (b) Signal spectrum.

(b)

(a)

 FIGURE 6. Power line voltage waveforms. (a) The output of designed volt-
age sensor and precision potential transformer. (b) Instantaneous relative
error curve.

calibration and NC voltage measurement. The induced current
of the voltage probe is converted into a voltage signal by the sig-
nal processing circuit and sent to the MCU system. The system
measures the reference voltage by the precision voltage trans-
former (PT) TR1102-C. The measured voltage signal is sent to
the laptop through wireless Wi-Fi for display.

4.1. Sensor Calibration Experiment

Voltage vR with fR = 2.5 kHz and VR = 1V was applied into
the signal processing circuit to calibrate the measuring system.
The output signal of offline calibration is a single frequency si-
nusoidal signal, and the amplitude of the output sinusoidal sig-
nal reflects the value ofCIN . During the online calibration, the
output and its spectrum of the INA are shown in Figs. 5(a) and
(b). In Fig. 5(a), The vertical axis represents the signal ampli-
tude; the unit is V; the horizontal axis represents the time; the
unit is ms. In Fig. 5(b), the horizontal axis is the signal ampli-
tude; the unit is V; the vertical axis is the frequency; the unit is
kHz. Fig. 5(b) shows that the amplitude of the component with
frequency 2.5 kHz is about 0.211V. The scale factor can be cal-
culated from the above information to be equal to 5.4× 10−6.

4.2. Voltage Measurement for Power Line

The designed voltage sensor is used to measure the power line
voltage waveform of 220V/50Hz. To evaluate the measure-
ment accuracy of the system, the reference voltage waveform
of the power line is obtained by the PT. The ratio and accu-
racy of the PT are 380 : 0.7 and 0.2%, respectively, and the

phase shift of the PT can be ignored. The measured line volt-
age can be restored by multiplying the low voltage output of
the precision voltage sensor with a fixed gain. The output sig-
nals of the PT and voltage sensor are synchronously sampled by
AD7606 to evaluate the accuracy of sensor phasemeasurement.
The AD7606 from ADI can implement 8-channel synchronous
sampling. The measured conductor of voltage is the live wire
leading from a live plug bar. The measured voltage waveform
is shown in Fig. 6. The dotted orange line is the voltage wave-
form measured by the voltage sensor, and the solid black line
is the voltage waveform measured by PT. The phase error be-
tween the two waveforms is less than 2◦, the absolute error of
waveform peak less than 5V, and the maximum relative error
less than 2.5%.

4.3. Linearity
To evaluate the linearity of the voltage sensor, a voltage regu-
lator is used to generate variable voltage. The input of the reg-
ulator is 220V/50Hz main voltage, and the RMS range of the
regulator output is 0–250V. Five voltages with different am-
plitudes are measured, and the voltage RMSs are 58.2, 84.9,
114.3, 170.7, and 248.4V. The designed voltage sensor is used
to measure the voltage, and the reference voltage is obtained by
PT. The experiment results are given by the biaxial coordinate
system in Fig. 7. The horizontal coordinate represents the volt-
age RMS measured by the PT as the reference value; the left
vertical axis represents the RMS measured by the voltage sen-
sor; and the five voltage RMSs measured by the voltage sensor
are used for linear fitting. The right axis represents the relative
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FIGURE 7. Linearity assessment of noncontact measurement at 50Hz.

FIGURE 8. Frequency response experimental platform.

FIGURE 9. Frequency response of the voltage sensor.
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error between the voltage measured by the voltage sensor and
the fitting curve. The fitted curve is shown as the solid line in
Fig. 7. The designed voltage sensor has good linearity for mea-
suring RMS. The dashed line represents the curve connected
by the relative measurement errors of the voltage sensor at five
voltage measurement points. The relative measurement error
of the voltage sensor is less than 0.5%.

4.4. Frequency Response

We conducted experiments to evaluate the frequency charac-
teristics of the designed voltage sensor prototype. The fre-
quency response characteristic experimental platform is shown
in Fig. 8. The RIGOLDQ1032 signal generator generates a sine
signal with a frequency range of 50–1800Hz, which is ampli-
fied to 25V by the power amplifier to drive the measured con-
ductor. By measuring the unknown AC voltage waveform in
the conductor using the designed voltage sensor, the reference
voltage waveform through PT is obtained. The experimental
results are shown in Fig. 9, in which the horizontal axis rep-
resents the frequency (Hz); the left vertical axis represents the
gain; and the right vertical axis represents the phase error (◦).
The designed voltage sensor has almost constant gain coeffi-
cient in the frequency range of 50–1800Hz, and the phase error
is maximum at 1800Hz about 2.8◦.

5. CONCLUSION

This paper presents a noncontact voltage measurement method
based on capacitive coupling principle, designs a noncon-
tact voltage waveform measurement system suitable for low-
voltage power line, and expounds the implementation of the
system. A cylindrical descriptive voltage sensor prototype is
designed for voltage measurement of power line. The open-
able structure of the voltage sensor makes the installation of
the measured insulating conductor more convenient. A sig-
nal processing circuit is designed. The operational amplifier
OPA320 with ultralow bias current is used as the TIA, and the
low-noise instrument amplifier INA128 converts the differen-
tial voltage output of the TIA into the single-ended voltage sig-
nal compatible with the ADC. The processor used in the sys-
tem is STM32F407VET6 (produced by ST microelectronics).
The system can automatically achieve self-calibration of volt-
age sensor and AC voltage measurement. A laptop receives the
data from the system for display.
The voltage waveform measurement experiment of noncon-

tact 220V/50 Hz main voltage is carried out. The experimen-
tal results show that the waveform measured by the designed
voltage sensor is the same as that measured by the PT, and the
phase error of the two waveforms is less than 2◦. The relative
error is less than 2.5%. The linearity of the noncontact mea-
surement system for 50Hz power line voltage RMS is verified.
The variable voltage is obtained by a voltage regulator, and the
experimental results show that the maximum nonlinear error of
the system is less than 0.5%. The frequency response experi-
ment shows that the system has good frequency characteristics;
the system has almost constant gain in the frequency range of

50–1800Hz; the phase error reaches a maximum of 2.8◦ at a
frequency of 1800Hz.
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