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GRAPHICAL DETERMINATION OF THIRD ORDER
INTERMODULATION FREQUENCIES IN RF SYSTEMS1

HAROLD O. JESKE
Telemetry Development Division
Sandia Laboratory, Albuquerque

Summary    A simple discussion is given on the origin of intermodulation distortion in
nonlinear devices concluding with reasons for placing primary interest on third order
products. Nearby third order products are located at 2fx - fy and fx + f y - fz where fx, fy,
and fz represent all frequencies in a group. The number of nearby IM products of this
type is equal to N(N - 1) (1 + (N - 2 / 2)) where N is the number of input frequencies to
the nonlinear device. For eight input signals, for example, a total of 224 intermodulation
products are produced that are located in a bandwidth that is three times the bandwidth
between the highest and lowest input frequencies.

The graphical method of locating intermodulation products is rapid and simple.
Basically, interfering frequencies are found by the alignment of two pieces of paper. On
each piece of paper, the spacings between all input frequencies are plotted on a linear
scale. Frequencies which may cause interference are easily identified.

A guide which will allow the selection of frequencies to avoid third order
intermodulation interference is also given.

Introduction    The successful operation of multiple telemetry or other communication
links is frequently dependent on the linearity of system components which handle the
multiple signals. In typical telemetry receiving systems, these components include
antennas, preamplifiers, multicouplers, and in the early stages of receivers. When the
linear operating range of these components is exceeded with multiple input signals,
spurious signals are produced due to intermodulation (IM). IM products of appreciable
amplitude may also be produced when several transmitters are multiplexed into an
antenna. The problem of selecting RF frequencies to avoid potential IM interference is
frequently quite involved. The primary purpose of this paper is to present a simple
graphical method of determining the frequency of third order IM components that may
be produced by any number of carriers within a band. This paper does not treat all
interferences that may be produced due to undesired nonlinearities in receiver mixers,



downconverters, and the like. The graphical method of determining third order IM
product positions is described in the section entitled “Graphical Determination of IM
Positions.”

All active and some passive components have a limited power-handling capability above
which they cease to operate as desired. For example, in amplifiers the gain for large
signal inputs decreases, relative to the gain at lower input levels, but even prior to
appreciable gain reductions, distortion components are produced. These distortion and
gain reduction phenomena have little or no effect if only a single signal enters the system
as in the case of limiters in FM receivers. If multiple signals enter the system, which is
generally the case, intermodulation frequency components may appreciably degrade
system performance for the desired signal. (1, 2)

Intermodulation Frequencies    The general expression for the frequency of IM
components with two input signals is:

mf1 ± nf2 , (1)

where m and n are integers and their sum is equal to the order of the nonlinearity
coefficient of the device producing them. In most RF systems or systems passing much
less than an octave frequency range, it can be seen that IM components produced by
even order nonlinearities (m + n is even) are well removed from the frequencies f1 and f2

and may be easily removed by filtering. In addition, it is readily seen that all values of
mf1 + nf2 are approximately an octave or greater above the band of interest and also may
be easily removed by filtering.

There is no definite relationship between the magnitude of IM components produced by
the various nonlinearity coefficients of an amplifier or other devices. The magnitude of
the IM components, in most cases, appears to decrease approximately 10 dB per unit
increase in the order of the nonlinearity. For this reason the third order IM products are
the most important, and the remaining discussion will be concerned with the third order
products only.

The preceding discussion concerned two closely spaced signals passing through a device
such as an amplifier. Two principal IM components are found at 2f1 - f2 and at 2f2 - f1. If
three signals are simultaneously passed through the device, nine principal IM
components are produced. Six of the components are due to IM products that are
produced as described above when taken two at a time, that is, 2f1 - f2, 2f2 - f1, 2f1 - f3, 2f3

- f1, 2f2 - f3, and 2f3 - f2. In addition, three nearby IM products are produced at f1 + f2 - f3,
f2 + f3 - f1, and f1 + f3 - f2. All of these IM products will fall within a band that is three
times the frequency band of interest. For example, in the 2.2 to 2.3 GHz telemetry band
all of the IM products will fall between 2.1 and 2.4 GHz.



For larger numbers of signals passing through a nonlinear amplifier, principal IM
components are located at all combinations of signal frequencies taken two at a time,
such as 2fx - fy, and three at a time, such as fx + fy - fz, where fx, fy, and fz represent all
input frequencies present.

Number of Principal IM Frequencies    For N input signals or carriers, the total
number of these IM products is:

(2)

The first term, N(N - 1), represents the number of products of the 2fx - fy type. The
second term represents the number of products of the fx + fy - fz type. Table I lists the
number of principal IM components for up to signals.

Table I

Number of Principal Intermodulation Products
for up to Twelve Input Signals

Justification of Graphical Method    The justification of the graphical method of
determining the location of third order IM products may be demonstrated by the
following algebraic manipulation. IM products of the 2fx - fy type are located at fx - (fy -
fx) and fy + (fy - fx). Since fy - fx is the difference in frequency between the two signals
()xy), it is seen that one product is )xy below fx and the other product is )xy above fy. In
the fx + fy - fz, fx - fy + fz and - fx + fy + fz case, it can be seen that:



(3)

(4)

(5)

(6)

(7)

(8)

From equations (3) through (8) it can be seen that the same IM location can be found in
two ways. In the graphical determination of IM positions, this type of interference is
therefore indicated in duplicate for each combination existing. Also, from these
equations it can be seen that IM products appear on each side of each carrier with a
spacing equal to the difference in frequency between the other two carriers.

From the above, it is evident that in a multiple carrier system third order IM products
may exist (1) below each carrier with a frequency spacing from the carrier equal to the
spacing from it to all higher carriers; (2) above each carrier with a frequency spacing
equal to the spacing from it to all lower carriers; and (3) on each side of each carrier with
a frequency spacing from it equal to the difference in frequencies between all remaining
pairs of carriers. Since all IM positions are determined by carrier spacings from the
various carriers, the frequency scale for the graphical analysis may be on an arbitrary
scale.

Graphical Determination of IM Positions    Figure 1 is a plot showing five frequencies
(A through E) and the 50 different IM products positions. The upper 20 IM products are
of the 2fx - fy type while the lower 30 are of the fx + fy - fz type. The letters on the right
indicate the carriers required to produce the IM products shown on each row. The small
circles indicate conditions where IM products occur on one of the carrier frequencies.

The data represented in Figure 1 was obtained in the following manner:

1. The carriers (A through E) were plotted on a linear frequency scale of the work
sheet.



2. All combinations of carriers taken two at a time and three at a time were
determined and listed on the right side.

3. The edge of another piece of paper was placed along the frequency scale and
marked for each carrier frequency (A through E).

4. The marked paper was then positioned with B over A of the work sheet. The
position of the 2A-B IM product is located at A of the marked paper. This position
was then transferred to the work sheet.

5. A of the marked paper was then positioned over B of the work sheet. The position
of the 2B-A IM product is then found at B of the marked paper and transferred to
the work sheet.

6. The remaining combinations taken two at a time are located and transferred as in
steps 4 and 5.

7. The IM products resulting from three carriers at a time are found in a similar way
except that the distances between B and C on the marked paper are plotted on each
side of A for the A BC combination.

8. The remaining combinations are processed in the same way with the distance
between the last two carriers (as indicated on the right side of Figure 1) plotted on
both sides of the first carrier indicated.

As previously indicated the carrier combinations taken three at a time provide two
identical sets of IM products. This provides a check, if desired, because at any IM
frequency position of this type an even number of indications will occur.

If it is desired to determine only if third order IM exists in a group of frequencies, the
process is greatly simplified. The procedure is as follow s:

1. Plot carriers with proper spacing on a straight line and on the edge of another
piece of paper as in steps I and 3 above.

2. Slide one scale along the other and look for positions where two or more pairs of
carriers are aligned. If this occurs, IM conditions exist.

The carriers producing the IM and the carrier being interfered with can be identified
from the frequencies that are aligned on the paper and work she et.



If four different carriers are indicated, the IM is produced by the fx + fy - fz type (three at
a time) which interferes with a fourth carrier. In this case, IM indications will be found
on all four frequencies and are due to the remaining three frequencies. If only three
different carriers are indicated, there exists one carrier which is midway between two
other carriers in the group. IM also occurs on the center channel because fx - fy + fz = fy in
this case. This is indicated by the circles on the A CD and DAC lines in Figure 1. The
two IM interferences of the 2fx - fy type are shown on lines AC and CD of Figure 1.

A Guide for the Selection of RF Channels    A general guide for the selection of RF
channels to avoid third order IM interferences is that the spacing between any pair of
channels must not equal the spacing between any other pair of channels including the
condition where one channel in each pair of channels may be common.

Stated another way, the spacing between any pair of channels, or the sum of the spacings
between any group of adjacent channels, must not equal the spacing between any other
pair of channels or the sum of the spacings between another adjacent group of channels.

The frequency selection used in Figure 1 illustrates this very well. The spacings are 1-2-
3-2 units. In this case the spacing of 2 is used twice which produces the interference
between B, C, D, and E. The sum of the first two spacings equals the third spacing which
produces the interference between A, C, and D. A spacing of 1-3-5-2 units is an example
of a group of five frequencies that follow the guide above to avoid third order IM
interference.

In the actual selection of a group of frequencies, several other factors must be
considered. These factors include overall receiver bandwidth and skirt selectivity. In
addition, the IM products will appear, not as carriers only as treated but also will have
modulation on them corresponding to the modulation of the signals producing them. In
general, the degree of modulation on the IM product will be approximately three times
that of an individual signal assuming comparable modulation is on the carriers producing
the product. For UHF telemetry assignments, these factors may suggest a minimum
channel spacing of 2 MHz. If this is done, and all spacings are multiples of 2 MHz, then
all IM products will be at least 2 MHz away from the desired carriers.

Conclusions    The graphical method of determining the position of nearby third order
IM products is very rapid and simple. It may, in many cases, eliminate laborious
calculations or the use of computers for determining the same result. Since the spacing,
or relative position, of the carriers is the only factor which determines the location of the
IM, the method may be used with equal ease anywhere in the spectrum. The guide
presented for the selection of RF channels to avoid third order IM interference may also
be conveniently employed to select or analyze a group of frequencies for IM
interference.
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Fig. 1 - Intermodulation Products Produced by Five Carriers




