SOME AMPLIFIER CHARACTERISTICS EXPERIMENTALISTS NHETO KNOW

|. Background Discussion: Periodic Waveforms andries Series Expansion

A fundamental goal of experimental stress ansligsto measure the “response” of a structure
to external loading. Some common requirementsoaneeasure the displacement, acceleration,
or strains induced within a structure by the expe@&ervice loading, for example.

» These physical phenomena are typically measwsid) @ “transducer” of some sort (strain
gage w/Wheatstone bridge, accelerometer, LVDT,thtt)transforms the physical phenomenon
of interest into an analogous electrical signahe Tagnitude of the physical phenomenon is
(usually) represented by the voltage level of th@&l@gous signal.

* If the load(s) applied to the structure changihk ime, then the physical phenomena being
measured (displacement, acceleration, strainyelicdlso change with time...a plot of the
measurement versus time is called a “waveform”.

* The type of waveforms encountered in practice beaglassified into two main categories:
l. “Deterministic” Waveforms..waveforms for which knowledge of past behapemits

prediction of future behavior. Deterministic wawehs are describable in a mathematical
sense. Two types of deterministic waveforms caddimed:

a) periodic waveforms - signals that continue “iimdesly”, and furthermore repeat
themselvesn their entirety over some characteristic length of time called the
“fundamental period”T. An example could be the strain induced in thekshaft of an
internal combustion engine, and in this case th@gaevould likely be associated with
the engine speed. A typical periodic waveform isvamin Figure 1.

b) aperiodic waveforms - signals that do not cargimdefinitely (example: damped
oscillation of a cantilever beam)

[l. “Non-deterministic” Waveforms.waveforms for which knowledge of the past only
permits a “guess” of future behavior. Non-deteiistio waveforms can only be described
mathematically in a probabilistic sense. Two typkson-deterministic waveforms can be
defined:

a) stationary - a random signal whose mean valee dot change with time (interior
noise levels in a passenger automobile travelirgghiway speeds)

b) non-stationary - a random signal whose mearevethanges with time

» Amplifier characteristics are described basethan they modify periodic waveforms
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Figure 1: A Typical Periodic Waveform

Mathematical Description of a Sinusoidal Waveform

» The characteristic features used to describgangdic waveform can be traced to the
properties of a sinusoidal waveform (which is itsesimple periodic waveform):

Referring to Figure 2:

Amplitude = A (volts, say)
Period =T (time/cycle; seconds/cycle, say)

Frequency =f =1/ T (cycles/time; most common is cycles/sec = 1 HerizHz)

Angular frequency = = 27f =2n/ T (radians/time; most common is radians/sec)

Phase Lag A (time; seconds, say)

Phase angle g =274 =2/A1T (radians)
(The phase angle is the fraction of decyhat a sinusoidal signal “lags behind”...)

Based on these definitions, a sinusoid can be sgpdemathematically in any of several
equivalent forms, for example:

v(t) = Asin[27 (t - 1)] = Asin{z?ﬂ (t —/1)} = Asin(at - ¢)
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Figure 2: A Sinusoidal Periodic Waveform




Fourier Series Expansion

Any periodic waveform can be represented as anitafseries of sine and cosine terms, by
means of a Fourier series expansion:

v(t) = % + i[an cosfa,t) + b, sin(na)ot)]

n=1
where:
2 T/2
ap == [v(t)coshwet)dt, n= 0123...
T 112
TI2

by, -2 [v(t)sin(at)dt, n= 1,23...
T 12

Wy = 2_I_—n = 27f =fundamental angular frequency

T = fundamental period

f = fundamental frequency

Fourier Series Expansion of a Square Wave

For a square wave referenced to the time axis@srsin Figurer 3 (i.e., note that the origin has
been selected such that the wave is an "odd" fomgtthe Fourier series expansion becomes:

00

V)= Y [i—gsin(met)}: 5 [i—isin(nwot )} n=1357... (1)

n=1 n=1
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Figure 3: A Periodic Square Wave

The Fourier series expansion (i.e., Eq 1) showsstligasquare wave can be represented as the
sum of an infinite number of sine terms, all of ethare "in phase” (i.eg, = a all

frequencies). Figure 3 is a depiction of a squaaree in the "time domain”. Equivalently, a
square wave can be plotted in the "frequency dofhasshown in Figure 4:
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Figure 4: A Square Wave in the Frequency Domain



Suppose we wish to "reconstruct” a square wavedas knowledge of (amplitude,phase) pairs
at specified frequencies. Since we cannot usefamte number of terms, we must truncate the
series expansion. For example, if only one terosexd 1 = 1), Eq (1) becomes:

v(t) = 4—:sin(cuot)

A plot of a 1-term expansion (with = 1 volt) over one cycle is shown in Figure 5, &dot

very satisfactory. That is, since only one term wsed the series expansion of the "square" wave
is nothing more than a pure sinusoidal wave. & terms are used instead< 1, 3), Eq (1)
becomes:

v(t) = 4—Asin(a)ot) + 4—Asin(3a)0t)
7 3n
As shown in Figure 5 the two-term expansion ismaprovement over the 1-term expansion.
Additional plots are shown in Figure 5 for a 10astezxpansionr(=1, 3, 5, ...19) and a 100-term
expansionrf =1, 3, 5, ...199). Clearly, the Fourier seregsresentation of a square wave is
dramatically improved as the number of terms usdddreased. That is, the representation
becomes better and better as terms at higher ghérfrequencies are included.
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Il. Some Basic Amplifier Characteristics

» _Amplifier Gain and Phas€onsider a sinusoidal voltage given by:

Vi (t) = A sin(@t) 7

If this voltage is input into an amplifier, it wi{ln general) be modified in two ways:
(a) The input amplitudeA;) will be increased, and

(b) A phase lagA), or equivalently, a phase anglg)(will be introduced...generally,
phase angle increases with angular frequency

Thus, the output signal produced by the amplifret eorresponding to the input signal given by
Eq (2) can be written:

Vo (t) = Ap sin(at — @)

(Note: the amplitude of the output signal is ugugteater than the amplitude of the input signal,
A, > A, and hence the input signal is said to be "angglifi In contrast, if the amplitude of the

output signal is less than the amplitude of theiirgignal, A, < A, the input signal is said to be
"attenuated".)

The gain of the amplifier (sometimes called theéhr gain”) is defined as:
Gain= ‘i‘
A
Amplifier gain is most often reported in terms efctbels:

Ao

GaindB = 10Ioglo[ A fad

2
=20l09;9
A

For example, if a sinusoidal voltage signal witheamplitude of 10 mV is amplified and the
resulting output signal has an amplitude of 1 \é @implifier gain is 100, or equivalently, the
gain is 40 dB.

An "ideal" amplifier would

(a) exhibit a constant (i.e., "flat") gain at aktduencies and

(b) introduce no phase angle € 0 at all frequencies).
Real amplifiers cannot achieve this ideal perforoeaiand in practice both the gain and phase
angle of an amplifier vary with frequency. ldeatizalots of typical amplifier gain and phase
angle characteristics plotted agains the log afuemcy are shown in Figure 6:
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Figure 6: Idealized plot of typical amplifier gaand phase characteristics

Note that the gain of an "AC amplifier" is zerd@aw frequency (i.e., gair> Oas f - 0Hz),

whereas for DC amplifier the gain remains consgamzero frequency; a DC amplifier will
amplify a DC voltage.

The combined plots of gain and phase are callediéBaots” and illustrate the so-called
"transfer function" of the amplifier. In generamplifier gain is constant ("flat") at low
frequencies, but decreases at high frequenciesfualy becoming zero at very high
frequencies. Also, an amplifier typically introdisclittle/no phase angle at low frequencies, but
introduces a significant phase angle at high fragies.

In practice, the non-ideal behavior of real amefdiimplies that:

(a) (in the time domain) depending on the frequesmtivolved, the "shape” of the
amplified output signal may not resemble the "shabéhe input signal,

or equivalently,

(b) (in the frequency domain) the amplitudes offteguency components present in the
amplified output signal may not be in the same propn as in the input signal, and
furthermore the phase angles of high-frequency comapts may be shifted relative to the
low-frequency components

In short, the non-ideal amplifier characteristibewn in Figure 6 may result in distortion of the
amplified output signal.

The range of frequencies overwhich the gain ofrapldier is more-or-less constant (flat) must
be known in order to properly select an amplif@rdse. The most common measure of this
frequency range is the so-called "cutoff frequendy"which is defined as frequency at which
the gain has decreased to a value of:

(1/~/2)(Gain at low frequency) = 0707G;
The "frequency response" of an amplifier typicaéifers to the cutoff frequenciy,

Alternatively, if gain is reported in terms of deels, then the gain at the cutoff frequency has
decreased by 3 dB compared to the gain at low &ecjes...that is:
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Hence, the cutoff frequency is also called the "8dB/n frequency”. The cutoff frequency is
illustrated in Figure 6.

» Maximum OQutput Voltage and "Choppingin idealized plot of output voltage vs input

voltage is shown in Figure 7. As indicated, arat eanplifier can output some maximum voltage

level, v)'®, regardless of the gain setting and/or input weltaBelowv)'®* the input and

output voltages are linearly related by the amgiiain; that is, below('® the slope of they,
vs v; curve equals the amplifier gain. In most casesydin of an amplifier is adjustable.

Therefore, taken together the gain setting e§i@” dictate the maximum input voltage:

max _ ,,m
_VO

Vi X/ gain.

Amax input voltage

slope = gain

Figure 7: Idealized plot of output voltage vs inpattage

Suppose: (a) a sinusoidal signal is input intorapldier and
(b) the amplifier gain setting is such tha thaximum output signal is exceeded.

In such a case the amplified signal is distorted'ghopping”. This phenomenon is illustrated in
Figure 8.
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Figure 8: lllustration of the "chopping” phenomenon

» Signal-to-Noise (S/N) RatidAs discussed above, for a given gain setting tiseaemaximum
input voltage ¢"®) that can be amplified without chopping. Convbrstiere is also a

minimal input voltage,vimi”, that can be sensed by an amplifier. That ispliage levels below
vimi” the input voltage cannot be distinguished fromrameous/spurious system "noise". An
(idealized) plot ofv™® andv™" as a function of frequency is shown in FigureA8. indicated,

vimi” often exhibits modest "peaks" at discrete freqienaisually associated with the frequency
of the electrical power source used to operatathglifier (in the U.S.A., 60 Hz).
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Figure 9: Idealized plot of™® andv/™" as a function of frequency

The signal-to-noiseqN) ratio is defined as thgower ratios associated with the maximum and
minimum input voltages, expressed in decibles:

11
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Noe that since:

(a) vi"® depends on gain setting, and

(b) both v and v™" depend on frequency

the 9N ratio depends on both gain and frequency....afte&N ratio is reported at maximum
gain and at 1000 Hz, but occasionally 84 ratio will be reported at other gain settings and/
other frequencies.
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Example: Distortion of a Square Wave Due to AmelifGain/Phase Characteristics

A photo of a 1960’s-era battery-powered strain gagelifier produced by Ellis Associates and
known as the “BAM-1" is shown in Figure 10. Theargand phase characteristics of this
amplifier measured at the UW are shown in Figure The amplifier has a flat gain of about

91.6, and a cut-off frequency of about 29.4 kHhe &mplifier introduces a measureable phase
angle at frequencies higher than about 5000 HontgNmodern strain gage amplifiers may
exhibit higheror lower cutoff frequencies. For example, the strain gaegesor cards used with

the System 5000 data acquisition system (contrdljetthe Strain Smart software package) has a
cut-off frequency of only 5 Hz)

Suppose the BAM-1 amp is used to amplify a 50 nfVkz square wave. Since the 20 kHz
square wave contains frequency components of gignifamplitude well above the cut-off
frequency of 29.4 kHz, and since the amplifieradirces a phase angle that increases at
frequencies above 5000 Hz, the output signal veiltlistorted and will not resemble a square
wave. The amplified signal produced by the BAM-h b& predicted by combining the plot of
the input square wave in the frequency domain (@gi@usly shown in Figure 4, where in this
caseA = 50 mV and = 20 kHz) with the gain and phase of the BAM-1 &figp shown in
Figure 11.

The first 20 terms of the Fourier series expan&ioiboth the input and output signals are
summarized in Table 1. As implied in Table 1, pnedicted output signal is obtained by
multiplying the amplitude of a given frequency campnt by the amplifier gain at that
frequency, and by adding the phase angle introdogednplifier. For example, from Figure 4 it
is seen that the third term in Fourier series egjenfor the 50 mV, 20 kHz square wave is a
component at (5)(20 kHz) = 100 kHz, with an ampléwf 4A/51= 4(50mV)/5t From Figure

11 it is seen that at 100 kHz the gain and phagke af the BAM-1 amplifier is 25.0 and 1.5
radians, respectively. Hence, the third term enREburier series expansion for the output signal
is a component at 100 kHz with an amplitude 25(6@MV)/5m= 1.0tV and phase angle of
1.5 radians.

13
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Figure 11: Gain and phase characteristics for a BA8frain gage amplifier (measured in 1999)
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The last two columns in Table 1 represent the dragloutput signal in the frequency domain.
The amplified signal can be "reconstructed” intthee domain by summing all terms and
plotting the signal over one period. Such a @athiown in Figure 11

Prediction of the distorted square wave may seee tan academic exercise. After all, the fact
that the amplifier has distorted the input squaageis immediately obvious. The point of this
demonstration is as follows: in actual practicedfape of the input waveformis not known.

Hence, if the BAM-1 amplifier were used to monitowaveform that, unbeknownst to the user,
contains frequency components of significant amgétat or above the cut-off frequency, then
the measured waveform will not be an accurate semtation of the actual phenomenon that the
user is attempting to measure.

Table 1: Summary of first 20 terms of the Fourieniess expansion of 50 mV, 20 kHz square
wave amplified using BAM-1 strain gage amplifier

Input Signal Amplifier Characteristi¢s Output Signal
Frequency| Amplitude Phase Gain Phase Angl{ Amplitude |Phase Angl

(kHz) (mV) (radians) (radians) (V) (radians)
20 4(50)/t 0 76.4 0.66 15.3f1 0.66
60 4(50)/31 0 42.0 14 2.8ft 14
100 4(50)/5n 0 25.0 15 1.0m 15
140 4(50)/7n 0 17.5 1.7 0.50Mm 1.7
180 4(50)/<t 0 13.2 1.7 0.2911 1.7
220 4(50)/11t 0 11.0 1.8 0.201t 1.8
260 4(50)/1t 0 9.1 1.8 0.141 1.8
300 4(50)/1tt 0 7.8 1.8 0.10imt 1.8
340 4(50)/17mt 0 7.2 1.8 0.0851t 1.8
380 4(50)/1¢t 0 6.6 1.9 0.0701t 1.9
420 4(50)/21m 0 6.0 1.9 0.057#t 1.9
460 4(50)/23t 0 5.8 1.9 0.050#t 1.9
500 4(50)/251 0 5.4 1.9 0.043#1 1.9
540 4(50)/2'n 0 5.0 2.0 0.037h 2.0
580 4(50)/2% 0 4.8 2.1 0.033h 2.1
620 4(50)/31mt 0 4.6 2.1 0.0301t 2.1
660 4(50)/3t 0 4.3 2.1 0.0261t 2.1
700 4(50)/3tt 0 4.2 2.2 0.0241 2.2
740 4(50)/37mt 0 3.8 2.2 0.021m 2.2
780 4(50)/3¢t 0 3.7 2.3 0.0191t 2.3
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Figure 12: Predicted shape of of 50 mV, 20 kHz sguaave amplified using a BAM-1 strain
gage amplifier
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