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Electronic noise in a constant voltage anemometer
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The electronic noise and the signal-to-noise ratio in a constant voltage anema@ter are
analyzed in terms of the main constitutive elements of the circuit. It is shown that the output voltage
due to electronic noise decreases with the wire resistance, permitting one to know the noise upper
limit by using the results of the unheated wire. The noise power spectrum increases at high
frequencies a$?, like in other anemometers, because of the need to compensate for the thermal lag
of the hot wire, thus leading to a reduced signal-to-noise ratio at high frequencies. Explicit formulas
are given in terms of wire, CVA, and flow quantities. Measurements of electronic noise in a CVA
prototype confirm the theoretical analysis and illustrate some interesting issues concerning
measurements of noise and low levels of flow fluctuations.2@4 American Institute of Physics.
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I. INTRODUCTION ing to f 1 or evenf %2 laws®-*! Bestionet al'? compared
, the noise performance of a CCA and CTA in high-speed
The constant voltage anemomete€VA) is a recent type o5 and arrived at the conclusion that the two systems are
of hot-wire anemometer developed by Sarifidt presents basically equivalent, thus corroborating the theoretical work

several valuable attributes for flow fluctuation measure-¢ Freymuth?a

ments: Easy mode of operation, high bandwidth, stability,  garjier references on the CVA considered the electronic
and insignificant cable capacitance eﬁé&sln particular,  poise only incidentally but showed that this new type of
the CVA has been shown to be especially advantageous fQfnemometer presents a lower level of noise when compared
measurements _05f high-speed transitional and turbulent other system&3® However, these results sometimes ex-
boundary Iayer§.. Recent developments include a proce-pipited differences when noise spectra were compared.
dure for automatic stepping of overheat for measurement ifrherefore, the goal of the present article is to give a thorough
short duration wind tunnefs. _ . ~analysis of the electronic noise and the signal-to-noise ratio
For every measurement technique, the signal-to-noise ran the CvA 13
tio is a very important parameter since it determines the low-  The article is organized as follows: In Sec. II, the CVA
est signal that can be resolved. In analog systems, like hogytput voltage due to electronic noise is established with the
wire anemometers, the major sources of noise consist of thge|p of circuit equations derived by Sarfhhe signal-to-
electronic noise generated by the operational amplifier angpjse ratio is then obtained by comparing the anemometer
the thermal noise associated with the resistive components igsponse to flow fluctuations with the electronic noise. In
the circuit. A theoretical analysis of the signal-to-noise ratiogec. |1, experimental data confirming the theoretical results
in the constant temperature anemome&TA) and in the  are presented. Finally, the present results, as well as specific

constant current anemomet&CA) has been performed by jssues concerning the measurement of electronic noise and
Freymuth’® In both cases, the hot wire was included in alow turbulent signals, are discussed in Sec. IV.

Wheatstone bridge. The electronic noise was found to lead to

a severe decrease of the signal-to-noise ratio at high frequeH- THEORETICAL ANALYSIS

cies, because of the need to compensate for the thermal iR: constant voltage anemometer circuit

ertia of the hot wire. In particular, Freymuth showed that at o . ] ]

high frequency, the power spectrum of electronic noise rises A Schematic diagram of the CVA is available in Sar?na}.
like 2, wheref is the frequency, for both a CTA and CCA, lee in typpal op-amp circuits, the noise vpltage at the cir-
so that there is always a frequency above which the noisgUit output is due to the thermal noise which occurs across
dominates. This frequency can, in fact, limit the usable bandthe resistors composing thles circuit, as well as the electronic
width in the measurement of low turbulence levels, as thé'0ise in the op-amp itself:* The output noise voltage can

turbulence spectra fall off rapidly with the frequency, accord-thus be calculated by modeling all resistors by a perfect
noiseless resistance in series with a fluctuating voltage
source, and by modeling the op-amp noise with a finite num-
dpresent address: Department of Mechanical Engineering and Materiaﬁer of noise sources

Science, Duke University, Durham, NC 27708; electronic mail: . ) . . . . .
julien.weiss@duke.edu Figure 1 shows the circuit obtained when this method is

PElectronic mail: genevieve.comte-bellot@ec-lyon.fr applied to the CVA circuit of SarmaNoise voltage sources
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discussed by Freymuththe usual increase of noise in elec-
trical components at low frequendpink noise is not of
primary importance for hot-wire anemometry.

It should be noted that the model in Fig. 1 does not show
the totality of the CVA circuit which is proprietary of Tao
Systems In¢:? Nevertheless, the authors believe that the
present simplified model is sufficient to understand the effect
of electronic noise and its consequence on the signal-to-noise

FIG. 1. CVA model |nc|ud|ng Nyquist_Johnson noise sources. ratIO Of the anemometer. As Wl” be ShOWn |n a further Sec-
tion, experimental data support the present approach very
well.

are included in the original circuit to model the thermal noise
produced by the resistors. Reactive elements are assumgd
noiseless. The electronic noise in the op-amp is modeled by’
the noninverting input noise voltage,. and the inverting The following analysis is performed in the frequency
input noise current,,_ . This is a typical way of modeling domain. Lower case variables written with a prime denote
the noise in amplifier circuits even if a large number of op-small fluctuating quantities and the same variables without a
amps are used to build a complex amplifier netwdre prime denote the spectral density of the corresponding quan-
In addition, several remarks must be considered: tity. For example, ife’ (f) is a small voltage fluctuation, then

. . . e(f) is the corresponding spectral density in VMzThe
(@) g;]zt'rg];;g?_sgfgaﬂg; glﬁa:]r;::virivﬁc;ss?r?]g#; TEZtEdgoverning equations of the CVA circuit described in Fig. 1

: . . . . are the following:
analysis, this T network is transformed to its equivalent g
T network? (1) Ohm’s law between A and B:
(2) The resistanceRa_ and Ry, of the_original circuit are e/, +ey —Ryl;+V,;=0, 1)
renamed, respectivelR,, andR,, in Fig. 1. !
(3) According to Sarma,R,, Z,, Z,, andZ. are related to  (2) Ohm’s law between B and C:
R,, andR,y, by

Governing equations

ens =Vu—Releteg, (2
Re=Raa® Ry, (3) Kirchoff’s law at B:
Z,=Ry, 1+T_CS : lp+in_ =1, ()
(4) Ohm'’s law between C and D:
Zp=Ry(1+T,s), V=Rl @
Z.=Ry,| 1+ % ) (5) Ohm’s law between C and E:
CRoRo, Vu=Zala=ef,,, ®)
TC:R—Z’ (6) Ohm’s law between S and C:
Ve=Vy+Zyloteg,, (6)

wheres is the Laplace variable and. is the time constant

compensation included in the CVA. (7) Kirchoff’'s law at C:

(4) The resistancd&?y, which is in parallel withR, in the Lol ]ot )
original circuit, introduces a damping term that limits the 27 lal iw TR
gain at very high frequency. Sin€¥, is much larger than

R,, its thermal noise will be neglected. C. Electronic noise in the constant

voltage anemometer
Typical values of the different resistors involved in the cir-

cuit are given by Sarm%l:R1:15OOQ, Re=3000, R, Using Egs.(1)—(3), the wire voltageV,, can be written
=100Q, andR,=5 Q. as

The different noise sources in Fig. 1 are related to the Re ,
resistance and temperature of the corresponding resistors by Vw:R—1V1+ €n, ()

the Nyquist-Johnson expressioneg:=4kToR,Af, e’
=4KToREAT, eff =4KToRyAf, ef2 =4kToRpAf, e
=4kToR,Af, and eTRfv=4kTWRWAf. In these relationsk e

=1.38x 10 22J/K is Boltzmann’s constanf, is the room
temperature,T,, is the hot-wire temperature, antif is a  Equation(8) shows that the wire voltagé,, is held constant
frequency interval. It is assumed that the noise in each conmby the circuit, except for small voltage fluctuatief due to
ponent is independent of the frequengyhite noisg. As  electric noise in the different components.

where

F ! H !
€+ T o-€r,~Rrip_—eg_. 9
1
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An expression of the output voltagé as a function of
V,, can be obtained by combining Ed8) and(4)—(7). This
gives

V—(1+ Zb+zb+zb)v +2Z
S RF Za RW w b
e, ©r, ©Rr, CR

X| -2 o o o e (10)

Re Z, R, Rg

We now perform a small perturbation analysis of EQ),

J. Weiss and G. Comte-Bellot

Zy Zy Zy

D=—\1+g "7 "R,
Zy
E= g
Z
F=22,
Zy

The quantity @), represents the noise voltage at the CVA
output assuming that the op-amp works ideally up to an in-

bearing in mind that the different noise sources can alreadjinite frequency. In reality, at high frequency, the circuit gain
by considered as small voltage perturbations. This yields ;|| decrease because of the finite bandwidth of the system.

L= 1+Zb+zb+zb y Zb| '+Z
Vs= RF Za RW Yw RW whw b

S
+ =+ =
Re Z, R, Rg
This expression of the fluctuating output voltage can be
seen as the “noisy” counterpart of E() in Ref. 2.

+ e&z . (11

This decrease in gain will affect the output voltage fluctua-
tion (v¢), due to the noise, as well as the output voltage
fluctuation (v4), due to fluctuations in the flow. Hence, in a
real system, a damping term must be added to E.and
(15) to account for the decrease in gain.

According to Sarmd,a CVA behaves like a second-
order system with a natural frequeniyand a damping ratio
& f, and ¢ depend on the gain—bandwidth product of the

For frequencies lower than the cutoff of the anemometerpp-amp as well as oR,, R, T., andRy. In addition, the
we can assume thaf,, is held constant, except for the fluc- CVA output is filtered by a fourth-order Butterworh filter to

tuating noise voltage,, of Eq. (8). Insertingv,,=e;, in Eq.
(12) yields

ve=(ve)i+ (ven, (12)

where
Zy

(ve)=— R—Wlwrv’v 13
is the fluctuating output voltage due to flow fluctuations, and
where

(ve)p=|1+ i—:—l— é—i—i— é_\i)

Re Re .
X R—l+1 e, + R—leRl— RFl,Q_—e,;F

!
e SR CR,  CRe
Re Z, Ry, Rg

+ egz (14

is the fluctuating output voltage caused by electronic noise i
the components of the circuit. Reordering the differen

sources of noise, the expression of),, can be written in
the form:

(vg)n=A~e,’1++B-e,;l+C~e’RF+D~RF‘i,Q_+E-e§W

+F-eq, e, (15
where
Re Zo Zo Zo\ Zp
=1+ —|[1+ 2+ 2+ =] - =
A= Rl(l Re " Z. Ry Re
R Z Z Z
s Re(1 20, D0 Do)
R "R Z, R,
Zy Iy
C=-— 1+Z—a+R—W,

t

reduce aliasing when digitizing the output signals. The cutoff
frequencyfpg,, of this filter is higher than the natural fre-
quencyf, of the CVA circuit itself. As a consequence, the
damping term which needs to be added to Ef3) and(15)
may be written as
Bi,(9)
s)= - : (16)
(sl(2mf,))2+2&(sl(2mf,))+1

where B%‘E‘;‘)N(s) is the transfer function of the Butterworth
filter.

D. Simplified expression of  (vy),

Equation(15), together with the damping term defined
by Eq.(16), is an expression of the fluctuating output voltage
of the CVA caused by the different sources of noise in the
circuit. Although related quantities like the root mean square
(rms) or the power spectral densitfPSD of (v.), can be
easily computed from Ed15) on a personal computer, it is
rr'lelpful to simplify this expression to gain more insight into
the parameters that mostly affect the signal-to-noise ratio.

The first step consists of noticing thBE is larger than
bothR,, andR,,, so that it is possible to neglect the terms in
Z,/Re in Eq. (15). The expression ofi}), then becomes
Zy 2y

1+ —+—

(ve)n= e’+ée’ +ée’ +er
son Z, R,/ " Ry Rw Z, Roa = "Ry

17
In the second step, the last three terms on the right-hand side
(rhs) of Eq. (17) are found to be negligible compared to the
first one, so that

Zy 7,
o=
7. R,

Equation (18) is an approximation of i), that is much
more tractable than the original expressi@s). The terme;,

(Vsr*.)n: er’r (18
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FIG. 2. Theoretical rms of CVA noise voltage in the bandwidth 1-400 kHz.
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=0.1ms. The amplifier noise characteristics were assumed
to be typical for recent low-noise high-performance op-
amps:e,,. =1.0nV/HZ*® andi,_=0.8 pA/HA5. According

to Eqg.(21), these values yield a white noise spectral density
of e,=2.7 nV/HAS.

It can be seen in Fig. 2 that the two curves are very close
to another, justifying the simplifications made above. One
advantage of Eq(22) is that it shows well the functional
relation between the noise rms aRg. In particular, plotting
Rw (vg)n"should give a straight line, the slope and intercept
of which only depend on CVA parameters likg, R,,, T,
the bandwidth of interest, and only one noise-related quan-
tity. This provides a convenient way to check the validity of
the present theory against experimental data, as will be done
in a further section.

[defined by Eq(9)] is a white noise source that depends onlyF. Signal-to-noise ratio

on the resistorfkr andR;, and on the noise model of the
op-amp.

When f>1/(2#T.), one can assume thai=R,, and
Z,=27wR,T.jf so that Eq(18) can be further simplified to
give

’ H 1 1 !
(Vs)nZZWRZTij R_2a+R_W €. (19

Thus, the PSD of the noise signal rises likeat high fre-
quency, like in the CCA and the CTAY In addition, it is

interesting to notice that the noise signal does not directly

depend orv,, .

E. Estimation of the noise root-mean square

Since the most energetic part of the noise spectrum wil
be present at high frequency, the noise rms can be obtained

by squaring Eq(19) and integrating it between two frequen-
ciesf, andf, that are lower than the natural frequerigy:.
This yields

(v))n)?= f f24sz§T§f2 (20)

f1

1 2
2
—_ + —_
(RZa Rw) endf,
The spectral densitg,, of the input white noise can be ob-
tained from Eq.(9) by assuming that the different noise
sources are uncorrelated:

Re\? Re\?
2 2 2 2:2 2
e, = 1+R—l ot R_l) eg, T Rei,-ter. (21
Using the notation )™=V ((»%),)?, one can finally write
1 1 f5—f3
(VS) HnszZWRzTC(R_Qa + R_W 3 €h. (22)

A plot of the noise rms against the wire resistarRg is

presented in Fig. 2. The solid line in Fig. 2 was obtained by

integrating the original expressidib5), whereas the dotted
line was obtained using the simplified expressi@g). The
PSD was integrated betwedn=1 kHz and f,=400 kHz

The signal-to-noise ratio in the CVA can be obtained by
comparing the output voltage/{), that is caused by fluctua-
tions in the flow to the output voltage{),, due to electronic
noise. According to Comte-Belldf, the voltage fluctuation
(vs); caused by a velocity fluctuatiom’ at frequencyf can
be written as

1+2jwfT, a,, B\JU u’V
1+2j7fMcya 2(1+2a,) A+BJU U S’
(23

(Vé)t:

whereU is the mean velocity, and,, is the corresponding
wire overheat ratioA andB are the “constants{depending

n the wirg in the classic King’'s form of the heat exchange
w of the wireR,12/(R,—R,) =A+B\U.
In practice, electronic noise is an important issue only
for frequencies higher than the wire natural frequency
1/(2mM¢yn) [which is usually close to the frequency
1/(27T,;) of the compensation netwofland lower than the
natural frequency ,. Thus, the first factor in the rhs of Eq.
(23) may be simplified byT./Mcys . In addition, the mean
output voltageVs=(1+R,/Re+R,/R,)V,, may be ap-
proached bys=V,,R,/R,,. Using these simplifications, Eq.
(23) can be written as

V,R, BJU U’
2a,) Ry, A+BJU U’

L
ST Mew 2(1+

(24)

At the same frequency, the amplitude.],, caused by the
white noise voltage fluctuatios;, in the circuit can be ob-
tained from Eq.(19):

11
(u;)nzzwfR2T0<—+— el (25)

RZa RW

Dividing Egs.(24) and(25), and using the spectral densities

and typical values were used for the resistors in the CVAuU ande, as explained at the beginning of Sec. II B yield an

R,=1500Q, Rg=300Q, R,,=50Q, R,=100Q, and T,

expression of the signal-to-noise ratio:
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(SNRcwa 14 5 :
o
! 12 o resistors -
:(Vs)t s 2.5muwire
(Vé)n 10 o 5 muwire
1 Roa a, BVU V, u S gle
- 27fMew Roat Ry, 2(1+2a,) A+BJU €, U’ g
Eep
(26) 2’
%
For high-speed flowB\U/(A+B\U)=1 and expression 4 &;
(26) may be approached by Yoo
2 ° o
(SNRias= Ry, a, Vyu ° ¢
A 2mfMeyn Roat Ry 2(1+2ay) €, U % 5 10 15 20 25 30 35 40
(27 R,, [Ohm]

Equation(27) expresses the signal-to-noise ratio in the CVA
at a frequency in terms of explicit quantities that are usually
known to the experimentalist. In particular, it shows that the
signal-to-noise ratio decreases if the frequency increases, #670kHz. The electronic noise in the circuit was obtained
the noise level in the circuit increases, or if the level Ofby directly measuring the fluctuating output voltage of the
turbulence decreases. For low turbulent signals, the maxicVA. When resistors were used, this method of operation is
mum usable frequency may, for example, be calculated frorgbvious. When real hot wires were used, care was taken to

FIG. 3. Experimental rms of CVA noise in the bandwidth 1-400 kHz.

Eq. (27) by putting (SNBcyw=1 and solving forf. put the wire in very still air, in order to limit the contribution
~ For theMc,, value, a useful relation has been estab-of the output signal due to flow fluctuations. Nevertheless,
lished by Comte-Bellot and Sarna: natural convection over the hot wire was unavoidable but

contributed to the signal at a frequency much lower than the

2
1+ay dpuCu L (28) frequency of interest in the present measurements.

M = H
“AT1+2a, 4k, A'+B’\Re

where d is the wire diameterp,, and c,, the density and

specific heat of the wire materiéi, is the thermal conduc- g Noise root-mean square

tivity of the ambiant fluid at temperature,, Re; is the wire ]

Reynolds number, anl’ andB’ the constants in the general _Figure 3 presents a plot of the measured value of the
nondimensional heat transfer law of the wirsiug=A’  NOIS€ IMS ¢5), . In order to compare these data with the
+B’JRey, whereA’=0 at high velocity an®’ =0.56. Tak-  Simple expressiof22), the rms was computed within 1 kHz
ing Eq.(28) into account in Eq. 27, it can be shown that the @nd 400 kHz to ensure that only frequencies lower than the

signal-to-noise ratio can be improved by operating the wird'atural frequencyi, were taken into account. For the data
at a high overheat ratio and using a thin wire to minimizeobtalned with the resistors, it was checked that the noise rms

thermal inertia. does not depend ov,,, in accordance with the theory. For
the hot wires, a change &, resulted in a change &,, and
a corresponding change of the noise rms. It can be seen in
IIl. EXPERIMENTAL RESULTS Fig. 3 that the output voltage due to electronic noise de-
creases with the wire resistance, as predicted by the theory.
When the sensor is removed from the circuR,& ),
Measurements of electronic noise were performed on thév) ;" goes down to the lower limit 1.2 mV. The trend of the
CVA prototype CV01 manufactured by Tao Systems Inc.experimental data is very similar to the theoretical curves
(Williamsburg, VA) To cover a wide range dR,,, standard reported in Fig. 2 and shows that one can advantageously
resistors as well as two hot wires were used. The hot wiresstimate an upper limit of the electronic noise by using the
were standard tungsten wires, respectively,band 5um  results of the unheated wire.
in diameter that were spot welded to the prongs of a com- In order to perform a more quantitative comparison with
mercial probgDanteg. Most of the data were acquired with the theory, Fig. 4 presents a plot of; " timesR,,. It can
a Textronics eight-bit digital oscilloscope at 2.5 MHz and 5be seen in Fig. 4 that the measured data can well be fitted to
MHz sampling frequency. For special measurements that wila straight line, independent of what type of sensor is used.
be detailed below, a HP35665A digital oscilloscope with 16-This is consistent with Eq22). Identifying the parameters
bit resolution and a sampling frequency of 262 kHz wasof the linear fit with Eq.(22), and bearing in mind that the
used. The time constarit. of the RC network was set to quantitiesR,=100() andT.=0.098 ms are known, one ob-
T.=0.098 ms, a value used in most of the CVA experimentdains a value ofR,,~20() and a white noise level o&,
in supersonic flow$® With those settings, the natural fre- =2.6 nV/HZ5. This value ofe, is similar to the estimate
quency of the CVA circuit wag,=470kHz and the cutoff presented in Sec. IlE and the present measurements there-
frequency of the Butterworth filter was set tdg,  fore agree very well with the theory derived above.

A. Experimental procedure
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FIG. 4. Product of noise rmdandwidth: 1-400 kHzwith wire resistance. f[Hz]

FIG. 6. Comparison between theoretical and measured PSD using Textron-
ics and HP35665A digital oscilloscopes; solid line: HP35665A, dashed line:
Textronics, smooth solid line: Theory.

Figure 5 shows a comparison between the PSD of the . ) .
output noise calculated using the proposed theory and thioe experimental curves in the largest and most energetic part

measured data for two valuesR{,. The data corresponding ©f the spectrum. _
to R,,= 7.7 were obtained with the &m wire and a sam- The mismatch between theory and experiments may be

pling rate off.=5 MHz. ForR, =390, a standard resistor related to data acquisition issues. It can be seen in Fig. 5 that
was used and the sampling rate V\f§§,2.5 MHz. The the- the PSD level at very high and low frequencies is actually

oretical PSDs were calculated using expressits), taking higher than the theoretical curves. At high frequencies, the

into account the damping term and the Butterworth respons@(perimemal speptra seem to r.each a pla}teau ffor
[EqQ. (16)]. The valuesR,,=20Q ande,= 2.6 nV/HZ* ob- >1 MHz, and their shape is very irregular. This phenom-
tained in last section weare used. " enon is due to the inability of the digital oscilloscope to

It can be seen in Fig. 5 that the theoretical curves are ﬂartgsolve the low level of fluctuations present at these frequen-

for f<1/(27T,) and rise likef2 whenf>1/(27T,). On the cies. In fact, an examination of Fig. 5 reveals that a PSD
other hand, the experimental spectra show thigse only at ~ '€vel of 10 V?/Hz is the lowest signal that can be resolved

high frequencies. For frequencies lower than 40 kHz, théjy the system. Similarly, the low PSD level at low frequency
experimental curve corresponding ®,=39Q is much cannot be resolved. In addition, it is interesting to notice the

higher than the theoretical curve, and actually decreases wiff€S€nce of peaks in the experimental spectra at high fre-
the frequency fof <10 kHz. The same phenomenon appearIUe€ncy {=2-5MHz). These peaks can influence the mea-
for R, =7.7Q, but thef? trend is present in a larger band- sured spectra at low frequency through the phenomenon of

width. Nevertheless, the calculated PSDs are very close qgliasing, and thus artificially increase the PSD level at low
frequency.

To illustrate this phenomenon, measurements were per-
formed with the HP35665A digital oscilloscope in addition
to the standard data obtained with the Textronics. The sam-
pling frequency of the HP35665A is limited tdg
=262 kHz, but a very sharp antialiasing filter is included in
the circuit (=72 dB/oc}. In addition, the HP35665A is a
16-bit system, in comparison to the eight bits of the Textron-
ics. A comparison of the spectra obtained with the two ac-
quisition systems is shown in Fig. 6. The measurements were
performed with a resistor d?,=15€. The solid line in Fig.

6 shows the data obtained with the HP35665A, whereas the
dotted line shows the data measured with the Textronics. In
addition, the theoretical PSD is also showsmooth solid
line). It can be seen in Fig. 6 that the PSD measured with the
HP35665A fits the theoretical curve for almost a decade
longer than with the Textronics.

C. Noise spectra

3 4

10° 10

10
f[Hz] IV. DISCUSSION

FIG. 5. Comparison between theoretical and measured PSD; solid line: A_ theory was proposed FO compute the Signa"t(_)'nmse
Theory, dashed line: Experiments. ratio in the CVA. The theory is based on the comparison of
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output voltage caused by fluctuations in the flow and output 4™
voltage due to the electronic noise coming from the op-amp i
and the resistances in the circuit. Measurements of electroni 10"
noise in a CVA prototype confirmed the proposed theory in a
broad range of frequencies. 12
An examination of Eq(27) reveals that the signal-to- Y
noise ratio can be improved by operating the wire at a high &
overheat and using a thin wire to minimize thermal inertia. In 210"
addition, the signal-to-noise ratio is large at low frequencies ?
and when the level of fluctuations in the flow is high. In fact, o 10"

these requirements are similar to those proposed by pogliasing
Fingerson’ for other types of anemometers. Another very 1070 S oMz |
important parameter that drives the signal-to-noise ratio is =0.5MHz

the overall noise leved, present in the electronic circuitry, 16 e
given by Eq.(9). This level should be minimized as much as 10 102 10° 10° 00 100 10
possible to improve the signal-to-noise ratio. Some CVA f[Hz]

characteristics also have to be taken into account as can be
seen in Eq(22).

Finally, it should be noted that experimental measure-
ments of electronic noise in hot-wire anemometers are not The authors believe that the effect of aliasing combined
easy in terms of a data acquisition technique. Although meawith the usually poor resolution of digital oscilloscopes at a
surements of noise may not be considered to be very excitingigh frequency are responsible for the differences in noise
for the fluid dynamicist, the same type of issues may appeagPectra presented in earlier referentedn addition, these
for measurements of very low flow fluctuations, for exampleresults show the need to use a very sharp filter when flow
in the free stream of high-speed wind tunrieisTherefore,  fluctuations are of interest in a limited bandwidth only.
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FIG. 7. Effect of aliasing on electronic noise measurement.



