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SPECTRUM ANALYSIS... 
Distortion Measurement 

Int roduct ion 
Minimization of signal distortion has high priority in 

design and production. Distortion may be noted as devi­
ation from desired performance, regardless of its origin. 
However, if distortion is present, it must be accurately 
characterized to be dealt with. 

Distortion falls into two general areas: spurious and 
predictable. Spurious signals are unrelated to the carr ier 
signals present. For example, parasitic oscillations may 
occur in an amplifier at a frequency unrelated to the 
input. Harmonic and intermodulation distortion are com­
mon, "predictable" problems which fall at frequencies 
directly related to the input signal frequencies. T h i s note 
describes predictable distortion characteristics and how 
to distinguish them using a spectrum analyzer. 

Input -Output Re lat ionships 
The transfer characteristics of our test devices may be 

realized using a Maclaurin series and appropriate coeffi­
cients. Generally, 

E„ = A 0 + A , E , + A 2 E , - + . . . + A n E , n 

where Eo is the output voltage 
E i is the input voltage 
A„ terms are constants. 

I f the device is linear, only the A 0 (dc) and A i (funda­
mental) terms exist. Thus, for two input signals applied 
to a linear device, the output signals must be of the same 
frequency (amplitude and phase variations may occur ) . 

However, since our devices (transistors, diodes, etc.) 
are non-linear, the situation is quite different. I f l ' : con­
sists of two sinusoids E i cos 277fit and E 2 cos 2wf 2t the 
output may contain: 

Fundamentals: 
A ] E i cos 2:rfit 
A i E 2 cos 2 r f 2 t 

Second Order Products: 
A 2 E i E 2 c o s 2TT ( f i ± f 2 ) t 
( ½ ) A 2 E I

3 c o s 2 , r ( 2 f , ) t 
( ½ ) A 2 E 2

2 c o s 2 w ( 2 f 2 ) t 
T h i r d Order Products: 

( ¾ ) A s E i 2 ^ c o s 2 * (2f, ± f 2 ) t 
(34 ) A . , E , E 2

2 cos 2,r ( 2 f 2 ± f , ) t 
Note the relationship between the input and output 

signals. The output fundamentals are directly proportional 
to the input signals; the second order products are pro­
portional to the square of the input signals; and the third 
order products are proportional to the cube of the input 
signals. These relationships wi l l be useful in understand­
ing later discussions. 

Distort ion Analys is 
Harmonic distortion is directly related to a fundamental 

frequency signal and its integer multiples, called har­
monics. (See Figure 1.) It is a measure of the relative 

amplitudes of the harmonic and fundamental signals. 
Often, interest is not in each harmonic's individual effect, 
but the "To ta l Harmonic Distort ion," or T H D . T h i s may 
be found as follows: 

T H D « % ) = 100 X V < A , ) » + ( A , ) ' + . . . + ( ^ 
Ai 

where A ] = fundamental amplitude (volts) 

where A j = second harmonic amplitude (volts) 

where A : t = third harmonic amplitude (vo l ts ) , etc. 

The spectrum analyzer, as used for this measurement, 
displays signals in logarithmic form ( d B ) . A l l of the 
" A n " terms are in linear voltage, and the log display of 
the analyzer must be converted for use. T o do this easily 
and avoid absolute voltage calculations, a l l terms are 
measured relative to the fundamental. T h i s sets A ] to 
unity reference ( log - 1 (0/20) = 1 ) . Fo r example, if the 
second harmonic component is 40 dB below the funda­
mental, then A ] ( l inear ) = log" ' [ - 4 0 / 2 0 ] , or A 2 = 0.01. 
I f this is the only distortion present, our T H D formula 
yields 1.0% total harmonic distortion. 

Intermodulation Distortion is the interaction of two or 
more carr ier signals and/or their harmonics creating 
additional frequency components at the output. The be­
havior of an intermodulation product is characteristic of 

In this example, second harmonic (2(,) is 40 dB 
down from fundamental, and third harmonic (3()) 
is 42 dB down from fundamental. Using equation 
for THD and method mentioned: 

A, = log •' [-40/201 = .01 
A, = log -' [-42/201 = .0079 

V'.Ol)2 + (.0079)', 
THD = 100 x V

 +
l ' or 1.28% 

Figure 1. Harmonic Distortion. 



its "order . " The order is defined by the process generating 
each product. Th i s is shown as follows: 

f-ut = ±n,f, ± n 2 f . ± . . . ± n , f „ 
where n, = integer constants, 
fi = discrete fundamentals, and 
2 n = order of intermodulation product. 
For example, a third order I M product may be com­
prised of a fundamental ( f j ) and the second har­
monic of another signal (2f->), or three fundamentals 

( f l . f s . f 8 ) . 
f.„„ = 2f , ± f , or f,„„ = ± f , ± f 2 ± f , . 

Of the many intermodulation products possible, second 
and third order problems are the most common. 

Second order intermodulation is caused by two funda­
mental signals mix ing to cause sidebands. The sidebands 
wil l be spaced about the higher frequency signal by the 
frequency of the low frequency signal. Fo r fundamentals 
(f,,fo) at 5 and 25 MHz, the sidebands wi l l fal l at 20 MHz 
( f u - f , ) and 30 MHz ( f 2 + f , ) for the difference and sum 
terms, respectively. Th is form of distortion is noticed most 
often in broadband systems. (See Figure 2.) 

In this second order IM case, the distortion prod­
ucts are noted to be 46 dB below the carriers. 

Third order intermodulation is a common problem in 
narrow band systems. There are two causes of third order 
IM , although they are seldom seen in. the same system. 
The predominant case is when two signals are present, 
and strong second harmonic components are generated. 
The two signals (fj and fn) m ix with each other's second 
harmonic (2fi and 2f2) creating distortion products 
evenly spaced about the fundamentals (2fi—fn and 
2fu—fi). The result is known as "Two-Tone Third Order 
IM." (See Figure 3.) 

Triple beat is the other case, occurring when three fun­
damentals (fj., fM, fn) m ix to create multiple distortion 
products. Th is is seen in C A T V systems where high level, 
closely spaced signals are present. Although identification 
of triple beat products is difficult, one product (fi.+fH—fiu) 
always falls in band. Th i s in-band product has an interest­
ing characteristic: it and the three carr iers have symmet­
r ic frequency spacing. (See Figure 4.) T o show this, 
assume carriers at 16, 18, and 19 MHz. The in-band 
product is at 1 6 + 1 9 - 1 8 = 17 MHz. Th i s yields AfA = 

1 7 - 1 6 = 1 MHz and Af„ = 1 9 - 1 8 = 1 MHz. The posi­
tion of this product is then simple to locate. 

This triple beat example shows the in-band distor­
tion product to be suppressed 46 dB below the 
carrier tones. Note the symmetry AfA = <M,. This 
symmetric pattern will always exist for triple beat 
distortion's in-band term. 

Intercept Po ints 
Thus far we have specified intermodulation distortion 

products by suppression, in dB, from the carriers. A 
problem here is that drive levels vary widely for different 
tests and devices, making the figures difficult to compare. 
An accepted method to normalize these differences is to 
define "intercept points." Intercept points are the theoret­
ical points at which the fundamentals and intermodulation 
products have equal amplitude. "Theoret ica l , " because 
gain compression eventually l imits the output power to 
less than the intercept point. Intercept calculation is only 
val id when extrapolated from the linear operation range 
of the device under test. 
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Third order IM (two-tone) example shows distortion 
product suppression to be 56 dB below carrier 
tones. 

Figure 3. Two-Tone Third-Order IM. 

Figure 4. "Triple Beat" Intermodulation. 

Figure 2. Second Order Intermodulation Distortion. 
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To determine intercept points, some information is 
necessary: 

1. Order of distortion product. . . 
2. Device drive level in dBm .. . 
3. Distortion product suppression at that drive 

level . . . 

The order of the 1M product is needed to determine its 
change in power for a change in the fundamental's power 
level. Intermodulation products are found to have a slope 
equal to their order; that is, a third order I M product 
would have a 3 : 1 slope. Thus, a 1 dB reduction in the 
carrier levels results in a 3 dB drop in third order product 
power, a gain of 2 dB in relative suppression from the 
carrier. A plot of relative suppression for an Nth order 
intermodulation product, then, would have a slope of 
|N—1 ( : 1 . The equation below allows Nth order intercept 
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Measurement Accuracy 
Measurement techniques are important when using a 

spectrum analyzer. Although many techniques may be 
used, this guideline helps provide consistent, accurate 
measurements. Both frequency and amplitude accuracy 
are necessary for signal characterization. Fo r a complete 
discussion on spectrum analyzer accuracy, refer to Hew­
lett-Packard Application Note 150-8, "Spectrum Analy­
sis . . . Accuracy Improvement." 

Frequency accuracy is necessary to identify, by rela­
tive frequency spacing, the distortion products. The prime 
consideration is frequency span accuracy, found from the 
data sheet. Th i s specification places a tolerance on the 
measured frequency separation, which helps in identify­
ing the source of an intermodulation product. 

Amplitude measurement requires wide dynamic range 
apd spurious-free analyzer response. The power incident 
upon the analyzer's input mixer is a cri t ical factor. I n 

calculation from this information. 
S 

I n ( dBm) = - ^ ~ j - + P . 

where I„ is the Nth order intercept point in dBm, 
S is the relative suppression from carriers in dB , 
N is the order of the intermodulation product, and 
P is the power level of the carrier tones, in dBm. 

As an example, consider Figure 3 with two —15 dBm 
tones and 56 dB suppression of third order I M products. 
The T h i r d Order Intercept ( T O I I would be (56/2) - 1 5 = 
+ 13 dBm. 

I f the intercept point is known, then the relative sup­
pression of distortion products can be easily determined. 

A nomograph has been provided to allow simple corre­
lation of intercept point, tone level and intermodulation 
product suppression. (See Figure 5.1 The blue example 
line is for F igure 3 measurement data. 

addition, small signals should be as high above the noise 
level as possible. Th i s is due to analyzer detection meth­
ods. The signal and noise present are added after log 
shaping, resulting in a false (high ) power displayed for 
signals near the noise level. Providing a 5 dB spurious-
to-noise margin in dynamic range reduces the error to 
less than 0.4 dB , approaching zero for signals at least 8 
dB above noise. 

Achieving optimum dynamic range involves trade-offs 
between input signal levels and analyzer distortion. The 
data sheet contains information about noise level in each 
resolution bandwidth and distortion products generated 
by the analyzer vs. input level. A graph may be drawn 
from this information to determine dynamic range of the 
analyzer for various input levels. The noise level in the 
resolution bandwidth used is plotted as available signal-
to-noise range ( dB ) vs. input level ( d B m ) . The analyzer 
distortion suppression is plotted in a similar manner. For 
a given drive level, one of these limitations wil l determine 

Figure 5. Intercept Point Nomograph. 
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The graph at left was constructed from a Hewlett-
Packard 8553B Spectrum Analyzer data sheet (1-
110 MHz specifications), over a normal range of 
input power. The noise floor [mixer drive level 
(dBm)-S/N (dB)l is for a 1 kHz IF bandwidth. 
Generally, each decade reduction in IF bandwidth 
(B) reduces the noise floor (N) 10 dB, or AN = 10 
log B/B„. 
As an example, assume 65 dB of spurious-free 
dynamic range is needed for a measurement. A 
quick glance at the graph notes drive level should 
be between —35 and —48 dBm at the mixer for 
the 1 kHz resolution bandwidth. 
When measuring low level distortion, note that 
the spurious-free dynamic range defines the sup­
pression of analyzer distortion. If the test device 
and analyzer distortion products are equal, the 
displayed distortion level may be up to 6 dB 
higher than actual. Thus, always allow a margin 
(5 dB or more) similar to the spurious-to-noise 
margin to avoid measuring the sum of analyzer 
and test device distortion. 

Figure 6. Optimum Dynamic Range Chart. 

the dynamic range of the analyzer. (See Figure 6.) 
Having noted accuracy considerations, we may intro­

duce a simple procedure to enhance our amplitude meas­
urements. A technique known as I F substitution may be 
used to optimize analyzer accuracy. The technique in­
volves: 

1. Note test device signal levels and distortion speci­
fications. Select R F attenuation to provide needed 
dynamic range, drive level. 

2 . Obtain desired display using resolution band­
width, scanwidth, video filtering, etc. 

3. Use the L O G R E F E R E N C E L E V E L and vernier 
controls to place the distortion products at a con­
venient reference level. 

4. Then use reference level and vernier controls to 
place the fundamentals at this reference line. 
Note this setting and find the difference between 
the two levels, which is the relative suppression, 
in dB, of the distortion product. 

Th i s technique may provide up to 3.5 dB improvement 
in measurement accuracy over random use of the analy­
zer's controls. Repeatability, important in production 
measurements, is also improved. 

Utilization of the accuracy considerations, dynamic 
range graph and I F substitution allows you to perform 
quick, accurate characterization of device distortion with 
a spectrum analyzer. 
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