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A Temperature-Dithering Closed-Loop Interface
Circuit for a Scanning Thermal Microscopy System

Joohyung Lee and Yogesh B. Gianchandani, Senior Member, IEEE

Abstract—This paper presents an interface circuit for low-fre-
quency dithering measurements of resistor-based transducers.
It is demonstrated in the context of a polyimide-shank scanning
thermal microscopy probe which provides high thermal sensi-
tivity and spatial resolution, but has a low bandwidth from both
mechanical and thermal perspectives. These pose challenges in
temperature dithering and control, as well as noise immunity.
The circuit includes a proportional-integral controller and a
demodulator, along with appropriate amplifier and filter blocks.
It keeps the average temperature of the probe tip constant while
synchronously detecting variations in the second harmonic of the
modulated signal as the tip is scanned across the sample surface.
Strategic choices in the circuit architecture and topology are
evaluated, and the overall system including the sensor and the
circuit is simulated. Measurements of the implemented system
show that a signal-to-noise ratio (SNR) of 15.7 is achieved while
scanning a photoresist sample of 218 nm thickness on a silicon
substrate, and that the detection limit for variations in thermal
conductance is 3 pW K. [1125]

Index Terms—Polyimide probe, scanning probe, thermal
imaging.

I. INTRODUCTION

SCANNING thermal microscopy was introduced in 1986 by
Williams and Wickramasinghe and was followed by the de-

velopment of various thermal probes such as the thermocouple
(TC) [18], [27], [7], [20], [31], the bolometer or wire resistor
[3], [9], Schottky diode [2], [12], and bimaterial cantilever [1],
[22]. Applications of this technology include deep submicron
lithography research, cellular diagnostics in biochemistry [23],
[15], data storage, and other applications [30], [29], [19], [8].
The lithographically micromachined probes are generally made
from dielectric thin films on a silicon substrate, and use addi-
tional metal or semiconductor layers for sensing purposes. Other
approaches that use more involved micromachining methods
have also been reported [7].

In a bolometer probe, the resistor can be used as a local heater
while the fractional change in probe resistance is used to detect
temperature and/or thermal conductance of the sample, which
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makes it amenable for applications such as thermal conductance
mapping and microcalorimetry. Thermal conductance mapping,
which is of particular interest in this effort, is performed by mon-
itoring the variation of the thermal load on a heated probe as it
is rastered across the sample. (In the case of a thin film sample,
for example, if it is assumed that the underlying substrate wafer
or the sample chuck is at constant temperature, the thermal load
on the probe tip is related to variations in the thermal conduc-
tance of the sample.) A commercially available Wollaston wire
probe [28] uses a narrow gauge wire bent into a V-shape to form
a self-supporting resistor. The wire has a thin platinum/rhodium
(90/10) core of 5 diameter, surrounded by a thick silver
cladding of 75 diameter. It has been used for various thermal
analyses [4]–[6], [9]. However, probes with smaller scanning
tips are needed for high spatial resolution. In addition, for many
applications, the probes must have very low mechanical spring
constants to prevent damage to soft samples, while for certain
applications in which small amounts of heat generated from the
sample have to be detected, they must have very high thermal
isolation to minimize the thermal load presented to it. All of
these needs can be met by a lithographically micromachined
probe having a compliant polyimide shank with high thermal
resistance [15]. However, thermal and mechanical challenges
such as these must be evaluated in conjunction with the inter-
face circuit for the best performance of the overall system.

In techniques such as atomic force microscopy, the measure-
ment of small variations across a sample surface is commonly
facilitated by modulation of the detected signal. This is akin
to chopping an optical signal, and permits the detection to be
phase-locked to the dither, improving the overall signal-to-noise
ratio (SNR). While it is possible to dither the supplied heat by
photothermal means [24], [17], [26], e.g., with a laser diode, an
approach that is more widely used is to mechanically dither the
heated tip so that the tip-to-sample spacing is modulated. The
precise mechanical dithering motion is usually realized by an
electrostatic or piezoelectric actuator, while the tip is operated
in a noncontact mode. However, the temperature sensitivity of
the probe is compromised because of the large thermal resis-
tance of the air gap. Furthermore, the effective sensing area is
enlarged as the distance between the sensor and the sample in-
creases, compromising spatial resolution. In addition, this ap-
proach requires high stiffness in the probe, and is inappropriate
for the type of ultracompliant probe with low spring constant
that is used in this effort.

Another option for dithering the heat supplied to the probe
is to modulate the current in the embedded bolometer. In one
approach known as the technique [21], [16], [4], an ac elec-
tric current of the form is fed into the resistive el-
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ement. It creates a temperature fluctuation at frequency ,
and consequently a resistance fluctuation at as well. This
further leads to a voltage fluctuation at across the resis-
tive element. Making use of the frequency dependence of the
resulting temperature oscillations enables the determination of
the thermal conductivity. However, the average tip temperature
depends upon the ac temperature variation, and necessitates an
additional means of heating or cooling to maintain a constant
temperature during a scan.

This paper 1 presents an interface circuit intended to be used
with a probe that is mechanically ultracompliant and cannot
be physically dithered. It uses a proportional-integral (PI) con-
troller to set the bias current through the bolometer, and thus the
tip temperature, to a user-defined value. The dithered heating is
achieved by superimposing a relatively small sinusoidal signal
on a dc bias voltage across the sensing bolometer. The resulting
output signal has components at both and . (The
component also exists, but is negligible.) The component
is selected for the output in order to minimize the impact of

noise from the interface circuit, which includes temperature
controller and demodulator. Compared to the method, the
proposed method is more easily scaled for multiprobe systems.
The sample temperature is electrically controlled by dc power
without additional heating tools, while ac power is used to dither
the thermal signal. The sensed signal is detected through a re-
sistor bridge, and then demodulated by the circuit, which con-
tains the necessary amplification and filtration stages as well.
The principle, approach, and compromises related to the de-
sign choices are described in Section II. The circuit is modeled
together with the electrothermal characteristics of the probe in
Section III. Measured performance of the selected implementa-
tion of the circuit obtained during the practical scan of a sample
are examined in Section IV.

II. SYSTEM DESCRIPTION

A. Sensor Element

Fabrication: The scanning thermal probe is fabricated on
a Si substrate using a 7-mask process as reported in [13],
[14], and [10]. It is briefly described here for completeness. A
metal thin film bolometer is sandwiched between two layers
of polyimide that form a cantilever. At one end of the can-
tilever the Ni thin film protrudes through an opening in lower
polyimide layer, where it is molded into a pyramidal tip by
a notch that is anisotropically wet-etched into the substrate.
The tip and a portion of the probe shank are then released
from the substrate by etching an underlying sacrificial layer.
The released length is then folded over to extend past the die
edge for clearance, and held in place by a thermocompression
bond across a thin film of Au which is deposited as the final
layer on top of the polyimide, as shown in Fig. 1. Typical
dimensions of the probes after assembly are 360 length,
120 width, and 3.5 thickness with Cr/Ni (20/100 nm)
for the tip and Cr/Au (20/200 nm) for the lead, resulting in
a bolometer resistance of 45 . The probes offer lateral spa-
tial resolution of , and mechanical spring constants

1Portions of this paper have been presented in conference abstract form in
[11].

Fig. 1. Ultracompliant scanning thermal probe. (a) Schematic of a polyimide
thermal probe. (b) SEM image of a fabricated thermal probe with a close up of
the scan tip.

ranging from 0.1 to 0.3 N/m depending on the dimension of the
probes. In comparison, Wollaston wire probes typically provide

, ,
and can be subject to substantial variations resulting from a
nonlithographic manufacturing process.

Operation: For limited temperature excursions in metal and
semiconductor materials, the electrical resistance can be ap-
proximated as being linearly proportional to the average probe
temperature:

(1)

where is the resistance at room temperature and TCR is
the temperature coefficient of resistance. If the parasitic resis-
tance can be ignored, the resistance change is linearly propor-
tional to the square of the applied current. Therefore, (1) can be
rewritten as

(2)

where is a unit-converting constant in , and is the cur-
rent through the probe. According to (2), the probe resistance is
linearly proportional to the applied power. This has been exper-
imentally verified. A typical value for the factor is
520.8 when the current is less than 0.01 A.

B. Interface Circuit

The readout approach used in this effort is illustrated in Fig. 2.
As the probe scans the sample surface, a topographic image is
produced by detecting the laser beam reflected from the surface
of the probe while the mechanical feedback loop maintains a
constant contact force. As indicated previously, the circuit uses
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Fig. 2. A scanning thermal microscopy sensing system equipped with a
servo-controlled interface circuit using electrical temperature dithering and an
ultracompliant micromachined thermal sensor.

a Wheatstone bridge interface to the probe, and includes a PI
controller, a demodulator, and appropriate amplifier and filter
blocks. The error voltage between bridge nodes is amplified by
an instrumentation amplifier and then fed into the PI controller,
which provides compensation current to keep the bridge bal-
anced. Since the average probe temperature increases or de-
creases with the compensation power, the probe resistance
is adjusted by until the bridge regains balance. The PI con-
troller is realized by using an integrator, an inverting amplifier, a
summing amplifier, and a current buffer. High integral gain
of 1–2 is chosen to achieve a fast response time.

For demodulation of the dithered signal, two of the options
considered are shown in Fig. 3. The quadrature homodyne tech-
nique with downconversion, shown in Fig. 3(a), has been widely
used in communication circuits, and offers high efficiency of
power transfer. However, quadrature mixing requires shifting ei-
ther the input or the local dither oscillator output by 90 . Either
way, the errors in the nominally 90 -phase shifts and the mis-
matches between the amplitudes of the two references corrupt
the signal. While it is possible to circumvent these challenges
by adding more elements to the circuit, this is undesirable, par-
ticularly if multiple copies are needed for high-throughput mul-
tiprobe scanning.

Fig. 3(b) illustrates a simple homodyne demodulation tech-
nique. Not only does it require fewer components than the other
options described (and is thereby a candidate for multiprobe
systems), but also alleviates many of the problems with mis-
matches. However, it is not without compromise. Ideally, the
phase of the local oscillator should be synchronized to that of
the input carrier, i.e., the phase difference between input carrier
signal and local oscillator must be small to prevent the distor-
tion and attenuation of the output signal. In the context of the
thermal probe, the implication is that the time-varying thermal

delay associated with probe structure is negligible or is sepa-
rately compensated.

When both a dc and an ac signal (at ) are applied to
the bridge through an emitter follower, as shown in Fig. 2,
the bolometer is modulated by the square of

. The resulting change in the bolometer
resistance is proportional to

(3)

and can be approximated by

(4)

when .
The modulated ac resistance contains information on the

thermal conductance of the sample. Supposing that the bridge
circuit is balanced, such that its differential output is zero in
the absence of a sample. Then, in the presence of a sample,
the output of the bridge voltage difference amplifier primarily
contains

(5)

where represents the change in the component of the
probe resistance in the presence of the sample. Then, the output
of integrator can be represented as

(6)

where and are the capacitor and resistor of the integrator,
respectively. If the term of (6) is selected, much of the
thermal noise of the bridge can be eliminated. Better SNR is
expected as becomes dominant. Even though the integrator
output is fed back into the bridge circuit, its sinusoidal impact
can be ignored as its ac amplitude is only a few percent of the
modulating ac input of the bridge circuit.

In implementing the demodulation circuit, second-order bi-
quad band-pass filters and low-pass filters are used as shown in
Fig. 4 [25]. The transfer function of a biquad band-pass filter
can be represented as

(7)

where , , and Its gain,
, and center frequency, , can be separately controlled by

changing and , respectively, allowing both gain and phase
mismatch to be minimized. The biquad band-pass filter has fa-
vorable tuning features, removing and dc components which
are mixed in its input. The quality factor, , is determined by

and , and can reach 100 or more, beyond the capability
of the other options. Fig. 4(b) shows the biquad low-pass filter
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Fig. 3. Demodulation techniques. (a) Quadrature homodyne. (b) Simple homodyne.

Fig. 4. Second-order biquad filters. (a) Biquad band-pass filter. (b) Biquad
low-pass filter.

adopted in the demodulator circuit. Its transfer function can be
represented as

(8)

where , , and . The
tunability and stability of these filters are particularly important
when several stages are cascaded together.

The overall demodulator circuit is shown in Fig. 5. The pri-
mary input to this block is the output of the integrator, .
This is passed through two consecutive biquad band-pass fil-
ters. As the frequency component of (6) is selected by the
input stage of demodulation circuit, but only the reference
is supplied, a frequency doubler must be built into the demodu-
lator. This is implemented by using a squaring circuit, followed
by a phase shifter and a band-pass filter. For the squaring cir-
cuit, a commercially available analog multiplier chip is used
with both inputs shorted together. The processed input signal
is multiplied by the output of this frequency doubler, and then
low-pass filtered.

In the present manifestation of the circuit, is set at 5 V,
and at 0.8 V. According to our previous investigations
[14], the frequency of thermal response of the probe is
about 0.5 kHz with an open-loop interface circuit. It is some-
what higher with a closed loop interface circuit. The voltage
dithering frequency, , is set at 1 kHz, in consideration for the
thermal response time of the probe and the scan data bandwidth
of 50 Hz (which has been experimentally verified, as discussed
later). The factor of the band-pass filter and frequency
of the low-pass filter can be determined from these. (However,
they need to be adjusted when low frequency noise exists near
the band edge of the scan data.)

III. SYSTEM MODELING AND SIMULATION

To optimize the circuit, the entire system is modeled and
simulated using the Simulink tool within MatLab (MatLab is
a trademark of The MathWorks, Natick, MA USA). Its per-
formance is estimated and the various circuit parameters are
determined.
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Fig. 5. Schematic of demodulator section of the interface circuit.

Fig. 6. Simulation model for a bolometer.

A Simulink model is needed for the probe to account for its
interaction with the circuit, and it must be able to account not
only for steady-state interactions, but also time varying ones for
which it must account for the thermal delay. The thermal con-
ductance, power, and temperature can be emulated by electrical
conductance, current, and voltage, respectively. The consequent
change in electrical voltage at a node is interpreted as a change in
temperature at the corresponding location in the thermal system.
Fig. 6 shows a one-dimensional (1-D) model, in which the probe
temperature can be modulated by electrical power. Basically,
the probe resistance is a sum of initial resistance and resis-
tance change due to the applied bias. Any further change
in electrical resistance caused during a scan by a variation in
the thermal conductance to the sample is compensated almost
instantly by power from interface circuit and the probe temper-
ature kept constant. The additional power needed for this is rep-
resented by the product of the normalized change in thermal
conductance and the temperature bias between the probe

and the sample. Since there is a finite delay between the sup-
plied power and the resistance change due to the thermal ca-
pacitance of the probe shank and the sample specimen (even if
the probe is in a constant temperature mode), a low-pass filter
is used to imitate the thermal delay. The pole of this filter is ad-
justed to reflect experimental conditions, and can require some
initial measurements to be made. The thermal time constant was
obtained from a measurement in which the output signal ampli-
tude was measured with respect to dithering frequency. There is
a transition frequency of 1 kHz above which the signal ampli-
tude starts dropping, and which can be used as bandwidth of the
low pass filter in the model for the thermal probe and sample. As
the dithering frequency is reduced, thermal delay can be ignored
while SNR can be aggravated by noise. As the dithering
frequency increases, thermal delay can cause signal distortion
while noise can be suppressed.

It is also necessary to provide a model for the variation of
thermal conductance encountered in a sample as the probe is
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Fig. 7. State diagram for the scanning thermal microscopy sensing system.

scanned across it. The sum of a sinusoidal wave and its modulus,
both with normalized sample conductance of 0.25 (unitless) in
amplitude, and normalized dc sample conductance of 0.2 (unit-
less) has been empirically found to be suitable for emulating
a sample with a periodic line-space photoresist pattern. To de-
termine the impact that this change in thermal conductance of
the sample has upon the electrical resistance of the bolometer,
it is necessary first to multiply it by to obtain the change
in heating power supplied by the probe, from that calculate the
change in the average temperature of the bolometer by dividing
by the absolute thermal conductance between the probe and the
environment, and finally multiply this by the TCR. However,
since all of these factors are embedded in , it is possible to
simply multiply the normalized change in sample conductance
by this quantity instead. The product appears in ohms, and can
be directly subtracted from the total probe resistance.

The state diagram for the complete scanning thermal mi-
croscopy sensing system is presented in Fig. 7. The bolometer
model is combined with models for the bridge circuit, PI
controller, and the simple homodyne demodulator. One of the
important optimization parameters to be simulated is the ratio
of to in (3). As increases, modulation of probe
resistance by the second harmonic of applied power cannot
be ignored any more. In addition, the PI controller loses its
feedback control in the simulation, even though the SNR at the
output of demodulator improves in a certain range.

The simulated performance of the demodulator in terms of
noise immunity is compared to the dc closed-loop interface cir-
cuit in Fig. 8. Fig. 8(a) shows the output of the dc closed loop in-
terface circuit in the absence of a noise source, whereas Fig. 8(b)
shows the output of ac closed loop interface circuit without the
noise source. The two output signals are inverted, but are essen-
tially similar when there is no low frequency noise. However,
when 60 Hz noise with amplitude that is 20% of thermal input

Fig. 8. Performance estimation for noise immunity in MatLab Simulink
simulation. (a) Output signal of dc closed loop interface circuit without noise
source. (b) Output signal of ac closed loop interface circuit without noise
source. (c) Output signal of dc closed loop interface circuit with 60 Hz noise
source corresponding to 10% of input signal. (d) Output signal of ac closed loop
interface circuit with 60 Hz noise source corresponding to 10% of input signal.

signal is present, the output of dc closed loop circuit is corrupted
significantly. In contrast, the electrical dithering used in the ac
closed loop interface is relatively immune to the low frequency
noise and provides a much better SNR.

The simulation of the whole sensing system provides better
understanding of interaction between thermal reaction of the
probe and electrical behavior of the interface circuit, and per-
mits the evaluation of compromises in circuit configurations and
operating parameters.
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Fig. 9. Spectrum analysis during a real line scan across photoresist patterns.

IV. EXPERIMENTAL MEASUREMENT

Experimental measurements were carried out with the probe
and interface circuit constructed as part of this research ef-
fort, but using a commercially available system (Topometrix
SPMLab v.3.06) to provide the scanning and data acquisition.
The test sample used in the evaluation of the circuit had a
line-space pattern of 1 pitch and 218 nm thickness Shipley
UV6 photoresist. As shown in Fig. 9, this sample produced a
scanned data bandwidth of approximately 50 Hz. AC power
was not supplied to the dithering system so that the probe
temperature was kept constant during scanning. The scan speed
was to 5–10 such that the bandwidth of the output signal,
which is determined by topographical shape of sample, is
narrow enough to avoid signal distortion during dithering and
demodulation.

Frequency Spectrum Analysis: Fig. 10 shows the frequency
spectra at various circuit nodes taken while scanning the test
sample with a tip temperature of 45 . Fig. 10(a) shows that
at the output of the bridge circuit, where the second harmonic
contains the pursued power-modulated thermal signal, the am-
plitude ratio of the first harmonic to the second is 24.6, which
is very close to the theoretical value of 25 obtained from (6).
This demonstrates that the modulation frequency of 2 kHz is
within the bandwidth of the system. Fig. 10(b) shows that the
band-pass filtered signal has a dominant second harmonic. Fil-
ters with relatively high -factors of 10–15 were used to sup-
press other harmonics; a higher -factor could cause signal dis-
tortion due to reduced bandwidth. The total gain of each filter
was set at 10–25. Fig. 10(c) shows the output of the frequency
doubling circuit, which serves as the local oscillator in demod-
ulation, and includes a squaring circuit, followed by a phase
shifter and a band-pass filter. The phase shifter is used to ad-
just the phase of local oscillator to synchronize it to the input
carrier. As noted previously, the phase mismatch between input
carrier and local oscillator can cause signal distortion and re-
duction in signal amplitude. The dominant 2-kHz harmonic is
obtained using a band-pass filter with a -factor of 50, which
also removes the dc offset of the phase shifter. Fig. 10(d) shows
the output of the multiplier, where both the downconverted and
upconverted ( ) component contain information on conduc-
tance change across the sample. The former is pursued for the
demodulated thermal signal. As shown in Fig. 10(e), the thermal
signal is retrieved at the output of low-pass filters, and other har-
monics are effectively removed. (The gain of the low-pass filter
is restricted by its amplifiers and the dc offset of the mixer.)

Surface Scan: Fig. 11 shows the topographic and thermal
images of the photoresist sample. The change in the compen-
sation power delivered to the thermal probe is directly used to
estimate the change of the thermal conductance of a sample.
When the film is thin compared to the probe diameter, the heat
transfer between the probe tip and silicon substrate can be mod-
eled as that through a cylinder. Assuming that 1-D heat conduc-
tion from probe tip to sample, the heat loss ( ) to the silicon
substrate through the tip can be expressed as

(9)

where is the probe tip temperature, is the tip-sample
contact area, is the thermal conductivity of photoresist,
and is the photoresist thickness. In cases for which the
thickness of the conductive layer exceeds the tip diameter, a

must be incorporated into the numerator.
Thermal conductance is defined as . This formula
assumes that the substrate of the sample, i.e., the material
below the thin film, remains at , the room temperature. The
compensation power delivered to the thermal probe and
sample to keep the probe average temperature at is given by

(10)

Therefore, the change in thermal conductance of sample during
a scan can be represented as

(11)

This formula can be used to calculate the variation of thermal
conductance across a sample by measuring the variation in
power dissipated for a constant temperature map. Even though

is not equal to , is regarded as equal or very close to
because the wasted heat loss through probe shank can be

considered constant in constant temperature operation. Thus,
mapping the power in constant temperature mode provides an
accurate representation of the change in thermal conductance
of the sample.

The full scale thermal conductance change can be calculated
from (11). For the thermal image of Fig. 11(b), and are
250 and 25 . The reference voltage is and is
318 K. The voltage at the top of the bridge, , is equal to
the output voltage divided by the voltage gain of 100. The calcu-
lated variation in thermal conductance from Si substrate through
the photoresist film is 1.5 . This calculation as-
sumes that the thermal conductivity of UV6 is 0.193 W/mK
[8], and is close to that of polymethyl methacrylate (PMMA).
The topographic and thermal images appear similar because the
thermal conductance change is predominantly due to the top-
ographical change of sample. Fig. 12 shows the variations in
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Fig. 10. Frequency response at various nodes of the demodulator.

Fig. 11. (a) Topographic and (b) thermal images of developed Shipley UV6
photoresist sample with 218 nm in thickness scanned at 45 C tip temperature.

topographic and thermal signal across photoresist line patterns.
The SNR is 15.7 for the thermal measurement. The resolved
thermal conductance change is calculated as 2.9
for a thickness change of 7.5 nm based on (9). The noise-equiv-
alent change in thermal conductance (at which the SNR drops to
unity), is . The specifications of the thermal sensing
system are summarized in Table I and performance of micro-
machined bolometer is summarized in Table II. Throughout the

Fig. 12. Scan results of developed 218-nm-thick Shipley UV6 photoresist
scanned at 45 C tip temperature using ac dithering interface circuit. (a) Topo-
graphic line scan across photoresist patterns. (b) Thermal line scan across
photoresist patterns.

TABLE I
SPECIFICATIONS OF THE THERMAL SENSING SYSTEM
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TABLE II
SUMMARY OF MEASURED PERFORMANCE FOR A MICROMACHINED POLYIMIDE

BOLOMETER, AS TESTED ON PHOTORESIST SAMPLES

experiment, the scan rate was kept at 10 and the band-
width of about 50 Hz was measured for the detectable thermal
conductance change.

In contrast with the micromachined polyimide probe, for a
Wollaston wire probe the nominal resistance and spring con-
stant are 2.1 and 5 N/m, respectively. Since the diameter of
this probe is 100 larger than that of the micromachined probe,
its minimum detectable thermal conductance is estimated to be
about times larger because the detectable thermal conduc-
tance change is linearly proportional to tip area when the de-
tectable limit of topographic change is the same.

V. CONCLUSION

This effort has demonstrated that low-frequency electrical
dithering of the tip temperature can be used with ultracompliant
polyimide probes, and that an interface circuit which uses a PI
controller for temperature stabilization and homodyne demodu-
lation of the second harmonic dither component is effective and
relatively immune to noise. The temperature controllability pro-
vided by the sensing interface circuit extends the applications
of the thermal probes to thermal analysis of material properties.
The electrical model for the thermal probe combined with that
of interface circuit provides understanding on thermal and elec-
trical interaction between probe and interface circuit and per-
mits design choices and operating conditions to be evaluated.
Frequency spectrum analysis at critical nodes of the circuit ob-
tained during operation of the system confirms that modulation
and demodulation of thermal signal are successfully achieved by
the circuit and probe. Scanning thermal images obtained show a
SNR of 15.7 for 218 nm thick UV photoresist; the thermal con-
ductance change is 29 pW/K, and the noise limit is .
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