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ABSTRACT

After a brief introduction to frequency response measurements the three basic methods pres-
ently in use, i.e. the frequency sweep method, the impulse response transformation
method, and the wide band random noise method are discussed in some details with major
emphasis on dynamic range and measurement time considerations.

It 1s shown that a surprisingly accurate, (approximated) formula can be derived which governs
the maximum frequency sweep rate for steady state measurement conditions. The formula
expresses the fact that the (maximum) sweep rate, S (in Hz/s), should be of the order of the
test device resonant bandwidth, Af, squared. The application of this formula to various prac-
tical frequency sweep systems is illustrated.

Regarding the impulse response transformation method it is shown that a considerable loss
In dynamic measurement range occurs when this method is used. On the other hand, when
combined with what is commonly termed “‘real time analysis’ this is the fastest frequency
response measurement method in existence.

Although the wideband random noise method may be the most generally applicable method
in practice it is found that not only does the method suffer from loss in measurement dy-
namic range, but to obtain reliable statistical accuracies in the results, also relatively long
measurement times are required.

Finally, the pro’s and con’s of the different methods are briefly reviewed.

SOMMAIRE

Apres avoir brievement donné une introduction aux mesures des réponses en frequence, cet
article présente et discute en détails les trois méthodes fondamentales employées aujour-
d’hur: la méthode a balayage de frequence, la meéthode de transformation de la réeponse im-
pulsionnelle et la méthode a bande large de bruit aléatoire. L'accent est mis sur les conside-
rations de gamme dynamique et de durée des mesures.

Il v est montré qu'une formule d’'une précision surprenante, obtenue par approximations
peut étre dérivée, qui gouverne la rapidité maximale du balayage en fréquence pour des
conditions de mesure bien définies. La formule exprime le fait que la rapidité (maximale) du
balayage: S (en Hz/s), doit étre de {'ordre du carré de la largeur de bande, Af, de la reso-



nance du systeme étudié. On a illustré 'application de cette formule a ["aide de différents
systemes pratiques de balayage en frequence.

Il apparait qu'une perte considérable de gamme dynamique de mesure survient avec la me-
thode de transformation de la réponse impulsionnelle. Par contre, quand cette méthode fait
appel aux moyens de ce que l'on appelle: "Analyse en temps reel”, on a le systeme de me-
sure de la réponse en fréequence le plus rapide qui soit.

Bien que la méthode a bande large de bruit aléatoire soit la méthode la pius generaiement
applicable en pratique, on a trouve que non seulement elle souffre d'une perte de gamme dy-
namiqgue de mesure, mais aussi gque l'obtention de resultats ayant des précisions statisti-
ques satisfaisantes, demande de longues durees de mesure.

Enfin, on a passe brievement en revue le pour et le contre des difféerentes methodes.

ZUSAMMENFASSUNG

Nach einer kurzen Einfuhrung uber Frequenzgangmessungen, werden die drei z. Z. ublichen
Methoden, nahmlich die Messung mit Sinus gleitender Frequenz, mit impulsen und Fourier-
Transformation sowie mit Breitbandrauschen naher besprochen, wobei das Hauptaugen-
merk auft Dynamikbereich und Melddauer liegt.

Es wird gezeigt, dald sich eine uberraschend genaue Naherungsgleichung ableiten laldt, wel-
che die maximale Frequenzdurchlaufgeschwindigkeit unter konstanten Meldbedingungen an-
gibt. Die Gleichung besagt, dald die Durchlaufgeschwindigkeit S (in Hz/s) hochstens gleich
dem Quadrat der Resonanzbandbreite Af des zu prufenden Objekts sein soll. Die Anwen-
dung dieser Gleichung bei verschiedenen Meldanordnungen mit Sinus gleitender Frequenz
in der Praxis wird illustriert.

Bezuglich der impulsmethode mit Fourter-Transformation wird aufgezeigt, dald dabei ein be-
trachtlicher Verlust im Dynamikbereich auftritt. Wenn diese Methode allerdings in "Echt-
zeit” ausgefuhrt wird, ist dies der derzeitig schnellste Weg zur Messung von Frequenzgan-
gen.

Obwohl auch die Messung mit Breitbandrauschen eine allgemein anwendbare Methode sein
konnte, hat sich in der Praxis herausgestellt, dald diese Methode nicht nur mit einem Ver-
lust an Dynamikbereich behaftet ist, sondern dals auch relativ lange Mel3zeiten erforderlich
sind, um eine ausreichende statistische Sicherheit der Meldresultate zu erreichen.

Zum Schluld werden alle Pro und Contras der verschiedenen Meldmethoden kurz wiederholt,

introduction

Frequency response functions may be presented graphically in various
ways. They may be presented in terms of the real and the rmaginary
parts of the complex response functions, in terms of the modulus and
nhase functions, or in terms of vector diagrams in polar coordinates. In
all types ot presentation frequency is the independent variable.

As phase-information is {(normally) of less practical value to the
engineer than modulus-information this paper more or less concentrates



itself on the measurement of frequency response function modulii. To
measure this function several methods are avatilable in practice.

Historically the first (and still used) electrical method consisted of apply-
iIng a sinusoidal voltage of a particular frequency and amplitude to the
system under test, and then measuring the steady state response of
the system to this particular signal on a voltmeter. By noting down on a
graph paper the ratio Vout/Vin and changing the input signal frequency
a complete Vout/Vin {and thus modulus) curve could be obtained as a
function of frequency. This Is, however, a rather time-consuming
method of measurement, and other methods have been sought and
found.

One such method i1s the automatic recording of Vout/Vin — ratios In
terms of dB (decibels) on preprinted, frequency calibrated graph paper,
using the mechanical drive of a level recorder to synchronize the paper
with the frequency sweep of the input signal generator.

Other fully electronically controlled sweep systems performing the
same operation are also at present in common usage.

The advent of the digital computer and so-called real time frequency ana-
lyzers, made still other methods of frequency response measurements
practically available, such as the method of "real time’ Fourier transfor-
mation of unit impulse responses. Here an approximated unit impulse
s applied to the input of the system under test, while the output time
function response 1s transformed, via some sort of Fourier transforma-
tion technique, to the system’s frequency response function. This
method 1s the fastest measurement method in existence. As will be
shown later in the text some practical disadvantages are, however, con-
nected with the impulse testing techniques.

While the frequency sweep systems, basically, consider the response of
the test-object to one particular frequency at a time {series approach),
the impulse test technique considers the response of the object to a,
theoretically intinite, number of frequencies simultaneously {parallel ap-
nroach).

Another measurement method of the parallel type consists of exciting
the test-object by means of wide-band random noise and performing a
Fourier (spectrum) analysis, either series or paraliel, of the output sig-
nal. Although several variants of the above mentioned techniques are
nossible in practice three 'basic’”” measurement methods remain:



1. The frequency sweep method.
2. The impulse response transformation method.
3. The wide band random noise method.

The pros and cons of the methods will be discussed in this paper, both
In general terms, and as applied to some typical measurement situa-

tions.

The Frequency Sweep Method

The frequency sweep method discussed in the following is based on
sweep speeds of the order of magnitude which allows the existence of
steady state measurement conditions to be assumed. (If the sweep
speed becomes very high the actual measurement conditions tend to-
wards those existing under impulse excitation of the device being inves-

tigated).

Typical measurement arrangements used in frequency sweep systems
are shown in Fig.1, where the sweep can be either mechanically con-
trolled from a motor in the level recorder, or it can be controlled from
an external electronic unit (which then alsoc controls the paper drive sys-
tem in the recorder).

Before discussing the application of the arrangements to practical meas-
urement situations, some general features should be briefly outlined.

The technically most important features of a measurement system are
the dynamic range and frequency resolution available, as well as the to-
tal measurement time involved. As only one sinusoidal signal compo-
nent is applied to the system under test at a time a maximum dynamic
measurement range can be obtained, and, in principle, also an infin-
itely high frequency resolution.

However, it could be argued that because only one signai frequency
component is applied to the test-system at a time, the total measure-
ment time required for recording a complete frequency response charac-
teristic may be relatively long. This is, to a certain extent, true, but de-
pends greatly upon the characteristics of the measurement system as
well as those of the device being tested. On the other hand, the meas-
urement equipment itself is of the ieast expensive type of to-day’s in-
strumentation facilities.
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Fig. 1. Typical frequency sweep test systems with

a) linear amplitication of the output from the test device, and
b) selective amplification of the output

Even though the dynamic range available for measurements in an ar-
rangement, such as the one shown in Fig.1a, is quite large, it may be
extended further by substituting the linear amplifier by a narrow band
frequency selective instrument “‘tracking’” the signal generator (Fig.1b).
The narrower the bandwidth of the frequency selective amplifier (ana-
lyzer) is, the larger becomes the available dynamic range of measure-
ment. On the other hand, in practice there are certain limits as to how
narrow the frequency band should be, a fact, which will be discussed
later in this paper.



Returning now to the question of measurement time invoived In fre-
quency sweep tests this is, in general, related to the maximum allow-
able sweep speed. The maximum allowable sweep speea again de-
pends upon the physical characteristics of the system being investi-
gated and the accuracy required tfrom the measurements.

Considering first a measurement system of the type shown in Fig.1a —
. e. a system, where the output from the device being investigated is
fed to a linear, wide-band amplifier — the maximum allowable fre-
quency sweep speed is limited by: 1} the physical characteristics of the
test device itself, and: 2) the detector circuit of the measurement sys-
fem.

Starting with 1} above, assume that the device under test contains a
number of resonances. The frequency response modulus curve for such
a device will then show a number of resonance ‘peaks’” and “'valleys",
as exemphtfied in Fig.2. When this kind of measurement situation IS to
be analyzed a most important consideration to be made is how a sweep-
ing sinusoildal input signal aftects the builld-up and decay ot a single re-
sonance response.

It the input signal has a constant maximum amplitude and is swept
very slowly through the frequency range covered by the resonance, the
amplitude ot the output signal wil! follow the resonance steady-state re-
sponse curve very closely. However, the faster the frequency sweep is
the more the response will deviate from the steady-state response,
quite apart trom the fact that the sweeping signal may 'beat” with the
resonant decay.
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Fig. 2. Tvpreal frequency response modulus curve for a multiresonant
test fevice



Assuming, for the sake of simplicity, that the frequency sweep function
1S linear in the frequency region around the resonance 'peak’ the input
signal may within this range be written in the form:;

_ - 2
Xm(t} = XO sin{at“ + bt)

where 2 at + b = w(t), dw/dt = 2 a, and b = W, = low frequency limit
tor the above frequency range assumption. The time function response
ot the resonance to this sweep condition can be obtained by convolving
the input time function with the unit impulse response of the reso-
nance. For resonances with reasonably high QG-values™ the unit impulse

response Is given by:
L 3

h(t) = X, exp (---55- t) sin(wpt + ¢

where Xpgg 18 the maximum response amplitude, w, = 2wt, = 2w
times the resonance frequency, Q = {,/Af and ¢ is a phase angle. the
magnitude of which depends upon the actuat configuration of the reson-
ance system.

With the above assumption in mind, the convolution can be mathemati-
cally formulated as:

t |
k H-. - :
¥ = : - I‘I-i . 2 ..“ 1 A - 0 { L x : ‘ . . - i
X (t) jt Xy sintar® + b7 }&pe_ak exp| — —=x 1t = 7)} sinfu+ wylt —7){ds

1 - 20

Here ty corresponds to the instant In time where the instantaneous
sweep frequency f; = w, /2m occurs.

By looking a little closer at the above expression it i1s readily seen that
the mathematics involved 1s not easily handled, even by present dav's
numerical computation methods.

To obtain a somewhat simphfied mathematical model, which would al-
low reasonable sweep speed estimates to be made in practice consider
the foliowing:

As the response time of the resonance to external excitations is deter-
mined by the response envelope, and as the phase difference between

* The Q-value of a resonance may be expressed as Q = {5/Af where {, is the resonance fre-
quency and Af is the half power bandwidth of the resonance. This expression IS reasona-
bly accurate, when Q > 5



sin (at2 + br) and sin [ + w, (t — T7)] varies violently with 7, it is as-
sumed that a reasonable approximation to the exact convolution may be
obtained by considering the "energies’” involved, i. e. by convolving the
square of the response envelope with the square of the excitation enve-
lope. The above exact expression for the instantaneous output signal
value X, (t) can then be transformed into an “energy-envelope’ rela-
tionship of the kind:

oy,

. exp —-—-C—)-Q—(t — T)
ST g ECE—.
1+ (7/70)2

where ¢ i1s a normalizing constant and 7, characterizes the excitation
signal envelope in that:

Af
’}' f— ——
0 2S

see also Fig. 3.
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Fig.3. [llustration of a resonance “envelope-pulse’”’. Resonance band-
width BW = Af = 217, X S, where S is the frequency sweep
speed

Even this integral IS quite complicated to solve and use had to be made
of numerical techniques and digital computations. The result is shown
iN F1g.4, and indicates that:

Error in Maximum l = F ( > )
Resonance Response T\ (Af)?

' 4

where S = df/dt = frequency sweep speed.
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Fig.4.  “Error” in response maximum as a function of ( S/AF?¢)

To keep the error in the maximum resonance response in the order of a
few tenth of a decibel then S/ (Af)2 should be of the order of 1 or less,
. e. the following important expression can be formulated for the fre-
quency sweep speed:

df 5
S = — < (Af)
dt

This formula has been checked experimentally and found surprisingly
accurate, considering the approximations used in its derivation.”

Remembering now the “definition” of resonance Q-values:

f
0 = —
AT
f . ff
then A = — and (Af) = —
Q Q
whereby the sweep speed tormula takes the form:
df  f°
N g N
dt 04

If the device being investigated consists of a number of resonances
with constant Q-values then the maximum allowable frequency sweep
speed 1S given by:

F— — sl sl e i ]

* The formula actually corresponds to the "famous’ relationship:
Af At 21 as S = Af/At S(Af)?

11



ol ) _L_ f2

dt Q?

and the period of time necessary for one sweep from a lower frequency
“limit” f, to higher frequency “limit”, f,,, becomes:

f . \i
' o d o /1
- Jg f f 't f

Q? / f

or T :...._.....( ___L_)

This frequency sweep function may be termed hyperbolic, for obvious
reasons.

If the device under test contains resonances, the Q-values of which in-
crease with the square-root of frequency, (Q = C, \{), the correspond-
ing maximum allowable sweep speed becomes:

df £ 1
dt Q¢ ¢ “

and the total sweep time:

f
T = sz |n<—-'i-)
f

The frequency sweep function governing this type of sweep is com-
monly termed /ogarithmic.

Should the device contain resonances the QO-values of which increase

inearly with frequency, i.e. Q = C, < f, then the maximum allowable
sweep speed must be:

df £2
dt Q<

L
w—le

1
C 2
y
which results in a sweep time of:

. 2
T = Cy (fH —me)

. e. the corresponding frequency sweep function becomes /tnear.

12



It may be of considerable interest at this stage to summarize the above
obtained results for the purpose of comparison. This has been done in
the Table 1, and the minimum sweep times necessary to cover the fre-
quency range 20 Hz to 20000 Hz under the various conditions are illus-

trated in Fig.b5.
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Fig. 5. Chart showing the “minimum’ frequency sweep times neces-
sary to cover the frequency range 20Hz to 20 kHz as a func-
tion of the test device Q-factors (or roll-offs)

13



T

Frequency ' Resonance Char.
Function of Device under | Frequency Sweep Time
Test
va 1 Q° f,
Hyperbolic | Constant Q T =Q|— — — | = — (1 _ _____)
fL " fL fH
i S {— 4
_ fo\ Q4 /f
Logarithmic | Q = C, x Vf T = sz |n<_...t'_>: L In( H)
LA T
- 2 Al
Linear Q:nyf T = Cv (fH—fL)= f f ——-1)
L. L ;
_ | | _.
Table 7.

Note that the constants C, and C, have here been chosen in such a
manner that the sweep speed at the lower “Iimit” frequency is the
same for all three frequency sweep functions, and depends only upon
the expected Q-value of the resonances in the test item at that particu-
lar Frequency. This choice of constants may, however, not always be
the most appropriate one in practice.

An Interesting feature of the measurement system, which becomes
clear from looking at the mathematical expressions for the frequency
sweep speed, as well as from looking at Fig.b, is that when Q de-
creases the maximum allowable sweep speed increases. Or, in other
words, when the device under test does not contain any resonances,
but shows a practically "flat” frequency response curve infinitely high
frequency sweep speeds could, theoretically, be employed.

However, all realizable physical devices produce frequency response
characteristics which are “limited” at higher frequencies. The "limita-
tion” may be caused either by more or less complicated resonant pheno-
mena, or the response curve may show a “'simple” frequency "roll-
oft”", see Fig.6.

In practice, theretore, the maximum allowable frequency sweep speed
IS governed by the fact that the measurement system must be capable
of reproducing such as a “‘roll-off”", even if the response characteristic
of the device being tested iIs flat up to the start of the "'roll-off”", Fig.6b.

14
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Fi1g.6. Sketch illustrating common high-frequency limitations imposed
upon physical systems by
a) complex resonant phenomena
b) simple frequency roll-off

So far only the physical characteristics ot the device being investigated
have been considered in the derivation of maximum allowable fre-
guency sweep speeds. As mentioned earlier, however, also the meas-
urement system itself, in particular the detector circuit in the wide-
band amplifier (Fig.1a), imposes practical limitations upon the derived
frequency sweep formulae.

The detector circuit empioyed in commonly available measurement sys-
tems may be either of a type detecting an instantaneous signal value,
normally the peak value, or of a type detecting some form of time-aver-
aged value, for instance the RMS {root mean square) value.

Although signal peak detectors can be designed in various ways for dif-
ferent measurement purposes the fact remains that this kind of detec-
tor circuit allows the fastest form of signal ievei detection to be made,

as the detection depends upon an nstantaneous signal value only.

A tast” signal peak detector could, for instance, be designed in such a

b
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Firg.7. Example of instantaneous (peak) value detection of a sine-
wave signal

manner that just after the detection of a signal peak value the detector
is reset to feel the next peak. It a double rectifier system is used 1t 1s
thus possible to detect two signal peak values per period of the signal,

the positive signal peak and the negative signal peak, Fig.7, whereby
even very fast signal level changes can be detected.

Generally speaking, a detector of this type would pose no "extra’” re-
striction upon the maximum allowable sweep speed to be used In fre-
quency sweep measurements, and the sweep formulae developed
above would remain valid. if, on the other hand, some form of time-av-
eraging detector system 1s used the averaging process may, at 'high”
sweep speeds, affect the system performance. High' sweep speeds
can be used when the device being investigated contains resonances
with low Q-values, or moderately steep frequency roli-otffs.

For resonance Q-values less than 10 the sweep time formulae derived
earfier in this section must be modified as indicated in Table 2 {see also
Appendix A);

e
),



| I R

rFrequency Resonance
Sweep Charact. of Averaging Frequency Sweep
Function Device under | Time Time
Test
Hyperbolic Constant Q Variable
3 10 x Q f |
Tav e : T — — 1 — —
f fL fH J
e o _T_ 1 — -
| o _ 10 x C f,
Logarithmic | Q= C, x\f | Variable T = = In
f f
L L |
3 10 x Q f
Tav = T = L In( H )
\lfL x f fL _‘fL |
- 4~ B St + N
Linear Q=C, xf Constant T = 10 x Cy (fH — fL)
3 10xQ, /f
SUNER P LWL
fL fL -fL
[able 2.

Corresponding minimum sweep times required to cover the frequency
range 20 Hz to 20000 Hz are illustrated in Fig.8 (see also Fig.b).

Returning now to Fig.1 it was stated that even though the dynamic
measurement range ot a measuring system such as the one shown In
Fig.1a) i1s very large, it could be still improved if it was changed to per-
form so-called selective measurements, Fig.1b). it was also stated that
the bandwidth of the tracking analyzer shouid be small, and that cer-
tain practical limits existed as to how narrow the band should be.

Considering the reasoning that lead to the derivation of the "basic’ fre-
QUEeNCY SWeep expression:

S = (Af)

It 1S readily understood that the bandwidth of the tracking analyzer
must be of the order of, or larger than, Af. This can be easily verified

17
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Fig. 8.  Chart showing the “minmimum’™ frequency sweep time neces-
sary to cover the frequency range 20Hz to 20 kHz when the
detector system in the measurement arrangement is of the
time-averaqging (RMS) type, and the test device contains reson-
ances with low Q-factors (or moderately steep frequency roil-
offs)
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experimentally, and a suitable condition for the analyzer bandwidth,
BW, would be

BWAnaIyzer =z 3 Af

The gain obtained in dynamic range by including a tracking analyzer in
the measurement system is, obviously, of the order of:

f —f
Gain in Dynamic Range = 10 log, EWL—':--—-_ dB
__ Analyzer

Although other measurement arrangements could be suggested for fre-
guency sweep tests, including for instance a ~compressor’ circuit, the
arrangements shown in Fig.1 may be considered basic for the purpose
of this paper. The inclusion of a compressor loop may result in input sig-
nal distortion, unstability in the measurement set-up as well as other
delay effects and should therefore be considered a separate subject on
Its own. Information related to the use of compressor circuits are given
in the relevant instrument instruction manuals, as well as in the B & K
Technical Reviews No. 4-1955, No. 2-1958, No. 4-1962 and No. 3-
19656.

The Impulse Response Transformation Methoad

As mentioned in the introduction to the article this is the fastest fre-
quency response measurement method in existence. It does, however,
require a rather sophisticated and expensive measurement instrumenta-
tion. Furthermore, severe limitations with regard to dynamic range utili-
zation exists, a fact which 1s discussed in some details below.

A typical measuring arrangement required for these kinds of measure-
ments is sketched in Fig.9. The "Real Time Analyzer” indicated in the fi-
gure may consist of a hybrid type time-compression analyzer, such as
the Bruel & Kjeer Type 3348, a special FFT (Fast Fourier Transform) in-
strument, or a general purpose computer programmed for Fourier trans-
formation operation together with the necessary A/D converter and
preamplifier.

To allow for a somewhat more detailed discussion of 1) the dynamic
range utilization of the instrumentation and 2) the time required for this
kind of frequency response measurements consider first the case
where the device being tested contains one resonant system only.
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Fig.9. Typical “real time” measuring arrangement used in the im-
pulse response transformation test method

If a very short duration impulse (theoretically a 6-impulse) is applied to
the test-device the time-function output from the (single degree of free-
dom) system may have the form:*

W 1
Xout(t) = Xpeak exp (-——2—02 ) cos(wot) — ?(_) sin(wot)

This is an oscillating transient as sketched in Fig.10, and if Q=1 then:

_ “o
Xout(t) = xpeak exp | — %t cos(wot)

A Amplitude

Time

750660

Fig.10. Example of an oscillating transient time response function

*) The mathematical expression for the impulse response depends upon the actual physical
configuration of the resonant system
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To Fourier analyze the function X, (t) in practice the transient 1s nor-
mally captured in the memory of the analyzer, continuously recircu-
lated, and analyzed as if it was a stationary periodic signal with a wave-
form equal to the transient waveform. lf the recirculation frequency Is

Aty, = 1/Tyq then the maximum value of the “"transform™ is (see Ap-
pendix B):
2X Af 1 Af
F(f) = F(f,) = __beak  _ 9y - M - k___l}_n__
maz Ty Aw PEAT Aw o PO

This expression actually gives the relationship between the maximum
value of the time-function input signal to the real time analyzer, and

the resulting maximum output from the analyzer for the case of a
single degree-of-freedom test device, see Fig.11.

Assuming that the noise level at the input to the analyzer is the same,
no matter what type of input signal is analyzed, the expression found
above for F (f,) can be used directly in a discussion ot the dynamic
range available for the analysis of transient signals in practice.

If an analyzer frequency resolution of say 3 Afm = Af, (Af = Aw/2m) is
considered sufficient (error in F (f,) of the order of 0,5 dB or less) then:

2AfM X
F(fg) = X__ = _Ppeak
PEAR 20 Af 37

Had the input signal to the analyzer been a stationary, harmonic signal
of frequency f, = w,/2m: X = Xgpeak SN (wgt)

then Fsine (fo) = X peak X peak

This means that for a frequency resolution requirement of Af,, = At/ 3
the difference in avairlable dynamic range between a frequency sweep-

Max. Output
Ampiitude
Amplitude - j
| Real Time Qutput l Actual
Max. Input Analyzer s ctua
Amplitude y Output
L 0 Amplitude
Time — = Frequency

Input Signal 750661

Fig. 11. Sketch illustrating the “loss” in dynamic range during the fre-
quency analysis of an oscillating transient
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Afy = 47 Hz L

——— — [epre—

A 2,5 dfi {

14 dB

_ - _

\afy = 100 Hz

l--—— 4 } 1 + 4 —

O 1000 2000 3000 4000 5000
——=» fFrequency Hz 750662

Fig.12. Example of the frequency response function of a test device
containing three resonances

measurement and an impulse response transformation measurement
on a single degree-of-freedom test device 1s of the order of 3m f(or,

roughly, 20 dB).

It the device being investigated contains several resonances, such as in-
dicated in Fig. 12, the dynamic range problem becomes very much more
complicated, and exact relationships between frequency sweep meas-
urements and impulse response transformation measurements can only
be found by studying overall phase and frequency relationships. How-
ever, a rough estimate may be obtained in the foliowing way:

Assume that each resonance spectral “"'peak’” i1s approximated by a
single degree-of-freedom response, and that (in the worst case) the to-
tal peak value of the time-function input signal to the analyzer consists
of a linear summation of all the individual resonance X, g, -values,
then:

T
T‘
X - > X = ) F(F. ) AF
tot.peak % npeak AfM Z On N
or . |
Af
1
= 1 —— F(f )<1+ Z’y>—
tot.peak AfM 01 N o= 2 N
L
B X1 peak (1 T /. 7n)
n==2
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Fif,, ) OF,
F(f o) A,

where Tn 7

See also Fig.12.

The “"height” of each individual resonance peak, F(fOn), can now be esti-
mated.

X Af
Fif. ) = npeak X Vi
On X S peak Af
tot.peak N

where the maximum total peak, X5 peak as before, is equal to the max-
imum harmonic signal peak Xg peak.

This means that the “height” of each resonance “peak™ in the fre-
quency response function may be reduced by a factor of X, ,cax /

Xiotpeak With respect to that which would have been obtained if the
test device had contained the n’th resonance only.

An example readily tHllustrates the above considerations:

Fig.13 shows the frequency response function of Fig.12 measured a)
by means of the frequency sweep method, and b) by means of the im-
pulse response transformation method. The reduction in measurement
dynamic range is clearly noticed and is of the order of 27 dB.

EIDEL‘]DC]DE!DEIEJDDE]E]EJUDHDDDDDDDDU[IE][:IE]DDDDDDBDDDEHDDBDDET'

Bruel & Kjmy Brusl & Kjanr Bruel & Kjmr

l —— =1 -
i =
. —
| —] A : —
: 127 dB—— ! :
[ . —
- —— a)~Frequency Sweep
—— '- - Measurement
I | :5_ ’ — -
31— 1 2b)Cimpulse Response— 10 dB
| — — E Transformation
11— Measurements -
-—§ M
o e ——— .
Frequency ——
._9_5,_1 1‘02 (Lin. Scale}

750663 |

L

Fig.13. The frequency response function shown in Fig. 12 measured
a) by means of the frequency sweep technique, and
b) by means of the impulse response transformation method
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That a reduction of this order of magnitude was to be expected can also
be estimated using the technique described above. From Fig.13 the fol-
lowing values are found for the parameters involved:

Fif,,)  Af, 70
Fify,) = 1; 7, = —=2 = 0,75 — = 1,12
Fifg,) Of, 47
F(f.,) Af 100
Y, = —22— —2 = 02— = 0,425
F(fo‘i) Af1 47
tot.peak B X1Deak (1+1,12+0,425) = 2,545 x1 peak

whereby

X

X
20 log (M'f_) ~ 8 dB
10 1peak

If the first resonance only had been present in the test device then:

1 Af,, 1125
peak 7 ar, | Nweak o g7 0088

Fifgq)

.e. a loss in dynamic range compared to the frequency sweep test of
20log1p (0,085) = 23 dB would have been obtained (Afy, = 12,5 Hz).
Due to the existence of the other resonances this loss is further in-
creased to 23 + 8 = 31dB, a figure somewhat larger than the actually
measured value of 27 dB.

Although the estimation technique developed here seems to give a
somewhat high value for the actual loss in dynamic range it clearly
demonstrates the existence of this loss and allows, as mentioned, a
rough estimate to be made of the order of magnitude of the loss.

It the resonances in the device being investigated are closely coupled,
showing a more “'flat” spectral "peak’” than those shown in Figs.12
and 13 (see Fig.14) the peak can no longer be treated as if it was due
to a single degree-of-freedom system response. In such cases the spec-
tral "peak’” may be approximated by a "box’’, Fig.14. The "box’" may be
assumed to have a "height” equal to F(f,) and a width roughly equal to
the —3 dB bandwidth, B. Appiying a unit pulse to such a "box” would
give a time-function output of the kind:
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4 Ampiitude

dB
[ 4 \ |
"Box "
-t} P
B
- | _l . ' —

Frequency 750664

Fig.14. [lllustration of how an approximately flat spectral “peak’ may
be approximated by a “box”’

sin{m B(t —t )]

X (t) = X

t)
out peak 7 Bt — t

cos;(c..uO

)
as indicated in Fig.15.

As shown in Appendix B the relationship between F(f,) and X,. ¢ is, In
this case:

peak AfM
F(fo = T B B xpeak
y B
_T*Ji____d___h_d_&“._"_ sin [ 7 Blt—1, }]

L
% - -

/ peak mBlt—t, )

\ Cas {mut |
| .. : : g III" T
. 1 . A ‘ S ..
’ . ' ' N v M ’ il Time

|
|
|
i
1
|
J
!
|
| =

- L
., -

t i
L FREGES

Fig.75. Time function response of a spectral "box” to a short duration
(6-) impulse
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Fig.16. The frequency response function of a 1/3 octave filter mea-
sured
a) by means of the frequency sweep technique and
b) by means of the impulse response transformation method

As an example of this type of response (roughly) consider a test-device
consisting of a 1/3-octave filter centered at 160 Hz. The frequency re-
sponse function of such a filter 1s shown in Fig.16 measured, a) by
means of the frequency sweep method, and b) by means of the impulse
response transformation method. Note that the reduction in dynamic
range is in this case only of the order of 10dB when 3Af,, = B, which
fits, very closely, with estimation results obtained by means of the
above expression.

This case ("'flat peak’’) may also be used to estimate the loss in dy-
namic range when wide-band test devices are considered. If, for in-
stance, the bandwidth, B, of the device being tested was of the order of
say, 400 x Afy, then a Jloss in dynamic range of the order of 562 dB
would occur. Actual measurements confirm that the loss in this case is
of the order of 45 — 50dB, which is in fair agreement with the theore-
tical prediction.

So far dynamic range considerations.

The second, technically important, question to be discussed in conjunc-
tion with the use of impulse response transformation techniques is that
of the measurement time required. This iIs, actually, fairly simple to esti-
mate: |
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Assuming that a frequency resolution of 3 Afy, = Af is sufficient, and
that the response time of the (narrow band) real time analyzer is of the

order of T,, = 1/Af,, then the minimum measurement time necessary

for analysis is: .

A Af

min

T

where Af ... 1s the minimum resonant bandwidth of the test-device.

The Wide-Band Random Noise Method

The third method, sometimes used to obtain frequency response func-
tions, consists of feeding the test-device with a wide-band random
noise signal, and frequency analyzing the output, Fig.1/7. The fre-
quency analysis may be performed either by means of a real-time anal-
vzer (or computer) as described in the previous section of this paper, or
by means of a sweeping, narrow band frequency analyzer.™

The principles involved are actually those of "normal’ frequency analy-
sis of random signals and will not be dealt with here in any detail. it

may, however, for the sake of comparison be of interest to briefly out-
line some basic considerations.

As the complete signal is present at the input to the analyzer no matter
whether swept frequency anailysis, or real time technique is used, the

“loss’”” 1n obtainable measurement dynamic range i1s the same in both
cases.

Upon the assumption that only very small errors occur if input signal
peak values higher than, say 30, {0, = RMS — value of the input signal

8 = Frequency
® B9
)

Analyzer

'

[T

L

N |
1

' 1

C— '

H

1

Random Noise Generator
1405

750667

Fig. 17. Example of a measuring arrangement used in the wide-band
random noise measurement method

*y Actually also the analysis of impuise response measurements may be made in the form of
sweeping narrow band frequency analysis, provided that the time-function response has

been stored In an accessible storage device {magnetic tape recorder, digital event recor-
der, etc.]

27



to the analyzer) are distorted or "‘clipped’” a general dynamic loss for-
mula of the type:

1 [A 1
FifF) =

ma X ? Af peak

can be derived (see Appendix C). Here F(f4) Is the maximum (RMS-

MdX
value) measured with the analyzer (noise-) bandwidth, Afy,, centered at

the frequency fq, Fig.18, and X, 5 is the maximum (peak) value of
the input time function to the analyzer.

Afy i1s, as can be seen from the figure, the equivalent energy (noise)
bandwidth of the frequency response "peak’ centered at fq.

5 is g by B W Afn
IS given by: = ———
" " W, Af,

where W, and W, are mean square (power) spectral densities and the

Af, s are equivalent noise bandwidths of the corresponding frequency
response function "'peaks’ (Fig.18).

it the above formula i1s used to estimate the "'loss’ in dynamic range
taking place when measurements with wideband random noise are
made on a device with a frequency response function as shown In
Fig.12, the result is of order of 17dB (Afy, /Af, = 1/3). This corre-

sponds, very ciosely, to actually measured results.

dt2 é L_eve! dB & Level
Resonance No. ] Hesonance No. 1
Resonance No. 2
.-h
:Lﬂ !
- R — I
. -:.‘;'fz
S N | e S——
; ‘i i
| : i
I E i
E__. L i _ il L) .
f

5 Frequency f f,  Frequency
| 750658

Fig. 18. Sketch of the frequency response function for a two degrees-of-
freedom system and its transformation into frequency- ~"boxes™
with equivalent (noise) energy bandwidths
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Furthermore, if the input signal to the analyzer has a flat frequency spec-
trum (W, = W,) over a bandwidth B = n x Af, then the loss in meas-
urement dynamic range can be seen to equal:

1 AY}

"Loss’’ in Dynamic Range = — \ | —¥%

3 B

Again, actually measured results compare well with theoretical esti-
mates

(Example: Afypy /B = 1/400, “loss” in dynamic range: 32 dB)

With regard to measurement time considerations the required measure-
ment time depends upon the statistical accuracy desired from the
result, and will, of course, differ widely whether real time or frequency
sweep analysis technique is used for the measurements.

The statistical error in a random noise measurement IS given by

|

2/T, Af,

where T, is the averaging time employed, and Afy, 1s, as before, the
(narrow} measurement bandwidth. it is readily seen that to obtain a sta-
tistical accuracy of, say 5% then T, x Afy,, must be of the order of
100. It the measurement bandwidth is of the order of 10 Hz then, to ob-
tain the above mentioned accuracy an averaging time of the order of
10 seconds 1s required. If real time analysis is used in the measure-
ments this will also be the totally required measurement time, while if

swept analysis technigue 1s used the total measurement time may be
several hundred times the 10 seconds!

6 —

Some Other methods of Frequency Response Measurements
General Conclusions

Under certain circumstances the use of one or the other of the "basic”
methods of determining frequency response functions, discussed in the
preceding text, may be inconvenient or impractical.

Other, more particuiar methods, have therefore, from time to time ap-
peared in the literature.

One of these methods deserves special mention. This is the method of
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transient testing using what is termed “'a rapid frequency sweep’’. Here
an attempt has been made to combine the good dynamic range proper-
ties of a frequency sweep measurement with the measurement time re-
duction feature of the impulse response transformation technique.

As the name implies the method consists in applying to the test system
a frequency sweep which is made so fast that the response of the sys-
tem does not reach its steady state condition, as required by a normal
frequency sweep test.

However, the method requires a similar amount of sophisticated (and
expensive) measurement equipment as does the impulse response
transformation method.

Another method, which has been suggested, is the use of periodicaily
repeated impulses. As this kind of excitation produces line spectra in
the frequency domain the frequency resoclution in the measurement re-
sults can never become better than that corresponding to the repetition
frequency of the impulses. The method will therefore, in most cases,
become meaningless, or reduce itself to the impuise response transfor-
mation method.

To summarize some important properties of the most practically useful,
methods of frequency response measurements dealt with in this paper
Table 3 has been prepared. The table is based on systems with equa/
frequency resolution properties and may be priefly concluded as fol-
IOWS:

1. The frequency sweep method has the advantages of being relatively
inexpensive, showing excellent measurement dynamic range propert-
ies, but suffer somewhat from the amount of measurement time re-
quired.

2. The impulse response transformation method has the advantage of
minimizing the required measurement time, but suffer somewhat in
measurement dynamic range properties, — and requires rather so-
phisticated {(and expensive) measurement equipment.

3. The wrde band random noise method may be generally applicable
feven on systems in normal operation) but is time consuming,
shows limited dynamic range properties and requires sophisticated
{and expensive) measurement equipment.
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4. The rapid frequency sweep method has the advantage of combining
reasonably short measurement time with reasonably good dynamic
range properties. It requires, however, relatively sophisticated {and
expensive) measurement equipment. '

The preceeding text has been concentrated on the measurement of fre-
quency response function moduli. Also, the measurement of phase is
possible, although i1t requires some additional measurement equipment.
it does not, however, impose any serious technical limitations to what
has ailready been discussed, except with respect to phase response of
the measurement system. For reasons given in the introduction to the
paper, however, i1t has not been found relevant to go into deeper discus-
sions here on the subject.

Before closing this discussion on frequency response measurements it
should be mentioned that an “optimum’™ frequency sweep measure-
ment system would seem to be one in which the sweep function is con-
trolled by the actual steepness of response level changes. Such a sys-
tem would combine excellent measurement dynamic properties with
reasonably short measurement times.
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The basic relationships between the detector averaging time and the
“errors’ occurring in measurements were discussed in some details in
the B & K Technical Reviews Nos. 2 and 3—1975, and only a brief
outline of the major results, as related to frequency sweep measure-

It was found (T.R.3) that the errors,
E«1 1IN @ swept resonance response maximum (and minimum) were

ments are outlined below.

APPEN

DIX A

Effects of Detector Averaging Time Upon the Maximum

Allowable Frequency Sweep Speed

given by expressions of the form:

Fig.A. 1.
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Fig A.2. Maximum “'ripple’” of sine wave signals after detection and av-
eraging

where the functions, F,, depended upon what kind of physical
averaging system was used and whether the response was a maximum

or a mimimum. The functions were plotted graphically and are re-
produced in Fig. A.1.

From the figure it can be deduced that the error, ¢, is of the order
of 0,5 dB or less when

S fay
Af

I

0.3

where § and Af represent the sweep speed and the resonance half-

power bandwidth, respectively, and 7., is the effective averaging
time 1n secondst).

Furthermore, 1t was found (T.R. 2) that to reduce “rippie’ in the time
averaged signal level certain relationships existed between the signal

frequency, f, the effective averaging time, 7,,, and the “ripple”
e /E see Fig. A.2.

Thus, from Fig. A.2 a " ripple-condition’ of the kind:
f-T,, =3

p——

can be formulated.

it AC-averaging is used then T =2RC.
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When time-averaging is used in the detector circuit the two above
expressions shoula be fulfilled in addition to the "“"general”™ sweep
formula :

S = (&f)?
Setting & = (Af)“ one obtains the conditions:
Af-7,, £0,3 and f-7I,, =3
and with Af = f/Q then
Ar- T, =03 gives f- 7., =0,30

¥

It 1s readily seen that the two " additional
fulfilled when

conditions can only be

2 =10
It @ = 10 then the " governing ' condition is:
f- 7, =3
and the corresponding maximum sweep speed is given by
< - 0,5 - ﬁlif
= T

On the basis of the above derived expressions the time required for
a tult” frequency sweep can be determined, also for cases of low-0
resonances in the test device.

A case, which has not been treated so far, and which 1s quite importani
I practice, is the case where the averaqging time during a frequerncy
sweep remains constant and the frequency sweep function is loga-
rithmic. Actuaily, under these conditions © must remain constant

(not increase with the square root of frequency).
The required sweep time, however, does not change.

A table indicating the various relationships between the response
characteristics of the device under test, the averaging time and the
frequency sweep characteristics 1s given overieaf.
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APPENDIX B

Spectral Analysis of Transients

The frequency spectrum of a transient time function can be mathe-

matically obtained by applying the Fourier integral theorem to the
problem.

On the other hand, If the transient is captured In the memory of an
instrument (computer) and continuously recirculated the transient
becomes a periodic signal with a period equal to the recirculation
time, and a wave-shape equal to the transient time function. Spectral

analysis of this kind of periodic signhals can be made by means of
Fourier series theorem, with the coefficients:

M
A, 2 X () cos (21Tn - t) dt

T Tulo T
2 M (271 )
B, = X(t) sin -1} dt
o)X ( T L

where T ,, 1s the recirculation time, X (¢) is the transient time function,
and n 1s an integer.

Consider next the two transient time functions:

W

X0 =X peaic - exp (- 551 - cos(won

and

sin(mB(t—1t,))
nB(t—1t,)

XE(Z) :-X2 neak COS (MOZ)

The two functions and their respective Fourier transtforms are indi-
cated in Fig. B.1. If these two transients were captured and analyzed
separately as periodic signals it is clear that the maximum value of
the Fourier series coefficients would occur when 2mn/7,, = w, (see
Fig. B.1.). Furthermore, 1t 1s a “criterion’” for the periodic analysis
that the transient has died out (practically) within the recirculation
period, 7,,. Therefore no sericus error is introduced by replacing

the integration Iimits O to 7,, in the expressions given above for A,
and B, by the limits O to .

Considering first the function X, (¢):

2 L 4
Ar}*; max T ! X1 seak EXP (
MO |

ad z‘\i - cos? (wet) dt
20 ©
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Amplitude Levei

-7 AR
X (1)< xpeak . € . cos {w, 1)
> |
IAf
- I
Time :
{
]
| fn - f';u Frequency
Amplitude | sin [ 8{t~—t, )} _LEUEI
-I_T __________ * x’peak ﬂB{t-—tL]i t
X - < >
peak /ﬁ,cns{m th { —J—_B_L—~
| U HH |
_ al.‘ | ,' ‘ 1w L
N v Timel
f il A
' , l § L .
! U H ¢ f = Wo Frequency
. '| ' 2
~ €, - b 751015
Fig.B.7. Response time functions and their respective Fourier trans-
forms
a) Exponentially decaying resonant transient
b} “Idealized”” response transient
From integral tables it is found that:
/ :f exp (— at) - cos*(mt) dt = ——5———
G | 3(3 + 4m )
and when Q > 1 then Aw<w d/ 1 1 hereb
wW > a = < ah ~ wnere
2 0 'Y 22 Aw Y-
A 2X1 peak

/11 max TM A 0

Similarly, with-the same assumptions as above:
3
Wq,

2 ” .
BLi max = — fo X1 peak " €XP ( 20 ) + COS (Wol) sin (wyt) ot

X‘I peak
STy o < Anq max
A;
sothat A, .= Fi(fo) =2 é’; P2 = 2X; pea ._&%

because, as stated in the main text, Af,, =1/7,,.
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Considering next the function X-(f). Here a “translation” of the
time-function 1s most convenient, setting ¢, = 0. Since the function
will then be symmetrical around the Y-axis the required integral is
obtained by integrating from O to co and multiplying the result by 2 :

2

arl ,,

**sin(at) cos< (mt)

'Xz k’
ped 1_0 t

Anz max = 2 dt

where a = 18 and m = Wwy,.

Again, from standard tables of integrals (with a slight modification)
one obtains:;

]
Anz max:XZZ peak TM B

In this case B,,, ... becomes 0 and:

Xo bes Af
Az max = Falfo) = T 50 = X5 pear —g-
APPENDIX C

On the Response of Resonant Systems to
Wide-Band Random Excitation

In the frequency domain random noise signals are commonly charac-
terized by their mean square (power) spectral density functions. If
a test device Is subjected to a random noise input signal, the mean
square spectral density ot which 1s constant and independent of
frequency over the complete frequency range to which the device
respond, the output mean square spectral density function will be
a replica of the device’'s squared frequency response function
(modulus).

From the theory of random noise 1t 1s, furthermore, known that the
RMS -value ot the noise output signal from a filter with unity gain
and an equivalent noise bandwidth Af excited by an input signal

with a constant mean square spectral density W.. is given by the
expression :

Oour = Wi, -~ Af
C,.: DeINg the output signal KMS-value.
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In cases where the filter has a certain (voltage) gain, G, then:
- \"*Wmm-sz A7

Setting W.. - G2 =W (equivalent output mean square spectral
density) then:

Oout

Oout — \W ' Af

Assuming that a test device contains several filters (resonances), with
different gains and different equivalent noise bandwidths (see f. inst.
Fig. 18 In the main text) a general expression for the output signal

RMS-value would be:
Ot = N/ > W, Af,

If this signal is applied to a frequency analyzer, as suggested in Fig. 17
of the main text, and the analyzer input allows a maximum time signal

peak value of X ... = 30,4 = 3 /Z W, Af;?
N

Setting :
3JZWI?Afr? — S\IW'I ' ‘/Afi (1 T Z [3,’?)
n n=2 .
where
3, — W. - Af,
o W1 ) Af»[
then:
Xpeak

\W1 B :
ROV AR
=2

The maximum value, F( 7)., Indicated by the (RMS) readout of the
analyzer at the frequency 7, IS

F(f1 )max — \ WT 3 AfM

whereby the relation between the maximum time signal input peak,
X, ear, 1o the analyzer, and the analyzer spectral indication, F(f1) . ax

becomes : o
1 | Afy, 1

F( e =3 37
N,

" 'Xpeak
13 B
n==2

which is the expression stated i1 the main text.
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News from the Factory

High Pressure Microphone Calibrator Type 4221

The High Pressure Microphone Calibrator Type 4221 allows both abso-
lute and comparison calibrattion of 1", 1/2”, 1/4” and 1/8" conden-
ser microphones and other pressure transducers at dynamic pressures
as high as 164dB re. 20uPa. Using tone bursts, however, calibration
up to 172dB can be performed. The calibrator is delivered with a high
pressure coupler and a low frequency coupler with their individual cali-
bration charts. Using the two different couplers, frequency range from
10—3 Hz to 1000Hz can be covered. Depending on the frequency
range the accuracy achieved is + 1dB or * 1,5 dB. However, higher ac-
curacies can be achieved either by using the individual calibration
charts or utilizing a compressor loop. Typical measurements that can be
made are sensitivity, frequency response, distortion and linearity.

The high sound pressure is generated in a closed coupler, having a
small volume (high acoustic impedance), by a piston moved by an elec-
tromagnetic exciter. To achieve low acoustic impedance for the exciting
system, the piston area 1S made large, the entire moving system Is
made with a small mass and the exciter is equipped with soft flexures.
The low acoustic impedance of the exciter system compared with the
high impedance of the coupler ensures that the sound pressure gener-
ated in the coupler is independent of the coupler volume, atmospheric
pressure, influence of adiabatic or isothermal conditions and non-linear-
ity in load impedance at high dynamic pressures.
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Distortion Measurement Control Unit Type 1902

The Distortion Measurement Control Unit Type 1902 is an accurate in-
strument designed to remotely control the Heterodyne Analyzer Type
2010 for carrying out automatic swept distortion analysis. The measure-
ments are easier to perform than the tedious method normally used for
distortion measurements at several single frequencies.

The 1902/2010 combination can measure harmonic distortion, differ-
ence frequency distortion and intermodulation distortion all to DIN
45403 and IEC 268-3 standards. Difference frequency distortion and
intermodulation distortion may also be measured according to the CCIF
and SMPTE methods respectively.

The 1902 provides tuning signals for the 2010 and generates the ne-
cessary test signals for swept measurement of distortion components
up to fifth order in the frequency range 2 Hz to 200 kHz. Distortion com-
ponents can be measured down to, typically, —80 dB.

The amplitude linearity i1s better than £ 0,2 dB while typical distortion is
less than 0,01%. When the 1902/2010 combination i1s used together
with the Level Recorder Type 2305 or 2307, automatic analysis of dis-
tortion can be performed and documented on preprinted frequency cali-
brated paper.

Typical fields of application are measurements on amplifiers, loudspeak-
ers, hearing aids, tape recorders, microphones, hydrophones, etc..
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Multipoint Selector and Control Type 1544 and
Multipoint Selector Type 1545

b L T
. woTMEDD LA
TN R .. tﬂ .
e s i "'1:-:?'-;:,.:.;.1::'_--'- o _5::' - T
r L Oy e e : . : -..i' -_-:
, S e

. SR A g

The Multipoint Selector and Control Type 1544 has provision for con-
necting up to 10 measuring points to the Strain Indicator Type 1526.
When more than 10 points have to be measured, Multipoint Selectors
Type 1545 with a provision for connection of 10 points in each, can be
added to the arrangement. The Multipoint Selector and Contro!l Type
1544 s the master control unit which can connect up to 39 Multipoint
Selectors via itself to the Strain Indicator giving a total of 400 measur-
iINng point capability. The 1544 and 1545 have individual Bridge Mode
and Balance controls for each measuring point and any combination of
tull, half or quarter (with adaptor) bridge can be connected.

The measuring points can either be stepped manually, remotely or auto-
matically scanned with step intervals selectable between 0,1s and
10s. The Multipoint Selector and Control features a digital display to in-
dicate which measuring point is connected for measurement, while the
Multipoint Selector has a switchable decade selector. Individual measur-
INg points can be switched out of the scan. A single measuring point
can be called for measurement or balancing, and if several points are
called a restricted automatic sweep of the chosen points can be made.

Finally, the 1544 has a built-in interface to the B & K Data Bus and a
data output of strain level and point identity.
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PREVIOUSLY ISSUED NUMBERS OF
BRUEL & KJAR TECHNICAL REVIEW

(Continued from cover page 2)

1-1973

41972

3-1972

2~-1972

An Investigation of the Near Field Screen Efficiency for
Noise Attenuation.

Calibration of Hydrophones.

The Measurement of Reverberation Characteristics.
Adaptation of Frequency Analyzer Type 2107 to
Automated 1/12 Octave Spectrum Analysis in Musical
Acoustics.

Bekesy Audiometry with Standard Equipment.
Measurement of Elastic Modulus and

Loss Factor of Asphalt.

The Digital Event Recorder Type 7502.

Determination of the Radii of Nodal Circles

on a Circular Metal Plate.

New Protractor for Reverberation Time Measurements.
Thermal Noise In Microphones and Preamplifiers.

High Frequency Response of Force Transducers.
Measurement of Low Level Vibrations in Buildings.
Measurement of Damping Factor Using the Resonance
Method.

RMS-Rectifiers.

Scandiavian Efforts to Standardize Acoustic.

Response in Theaters and Dubbing Rooms.

Noise Dose Measurements.

SPECIAL TECHNICAL LITERATURE

As shown on the back cover page Bruel & Kjaer publish a variety
of technical literature which can be obtained free of charge.
The following literature is presently available:

Mechanical Vibration and Shock Measurements

(English, German, Russian)

Acoustic Noise Measurements (English, Russian), 2. editon

Architectural Acoustics (English)

Power Spectral Density Measurements and Frequency Analysis

(English)

Standards, formulae and charts (English)

Catalogs (several languages)

Product Data Sheets (English, German, French, Russian)
Furthermore, back copies of the Technical Review can be supplied
as shown in the list above. Older issues may be obtained provided
they are still in stock.

Printed in Denmark: K. Larsen & Sgn A/S
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