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RF INTERMODULATION CHARACTERISTICS OF VHF
TELEMETRY PREAMPLIFIERS AND RECEIVERS1

HAROLD O. JESKE
Sandia Corp.

Albuquerque, N.M.

Summary    Tests have been conducted on ten preamps and six receivers to
quantitatively determine their linear operating range. The range of linear operation was
determined by the measurement of, or the effects of, intermodulation (IM) products that
were produced by the simultaneous application of two input signals. Measurements were
made at a frequency equal to twice the frequency of one signal source minus the
frequency of the other signal source. Tests of the ten preamps, which included eight solid
state units, indicated that their dynamic range varies from approximately 46 to 70 db.
Since the IM products of interest vary as the cube of the input signal, the output IM
products may vary over a 72 db range, between the preamps tested, for a given input
condition. It was found, under the best conditions with some receivers, that their proper
operation was prevented by the presence of two signals that were less than 30 db larger
than the desired signal. The two interfering signals were located well outside the rated -
60 db bandwidth of the receiver. The results of the tests should provide receiving system
designers and operators with a better insight into the problem of RF intermodulation
interference. Since no known military interference specifications consider
intermodulation as investigated, it is believed that some standard test procedures should
be developed by the telemetering community for preamp and receiver testing.

Introduction    Comments are sometimes received from telemetry operating personnel
that receiver system performance is improved by system modifications such as the
removal of low noise preamps, which would ordinarily be considered detrimental to
system performance. In most instances, when system components are within their rated
specifications, it is assumed that the lack of system linearity produces interference at the
desired frequency by other nearby signals. Unfortunately, specifications or data
concerning the linearity of RF receiving components are seldom mentioned, thereby
making an accurate system evaluation very difficult.

The purpose of the work covered in this paper was to quantitatively determine the
intermodulation (IM) characteristics of commonly used 215 to 260 Mc telemetry



receiving components. A brief mathematical discussion of the factors involved in the
production of objectionable IM components with two input signals is presented by way
of introducing the problem.

Assuming the nonlinearity of an amplifier to be gentle, then the output of the amplifier
can be expressed as a power series such as:

Figure 1 illustrates the position of all of the frequency components of the output signal
on a linear frequency scale. Fortunately, only terms (2), (3), (10), and (12) need be
considered. It should be observed that all other components are far removed from the
input signal and can easily be removed by moderate filtering. Terms (2) and (3) indicate
the output of the device for the desired signals. It should be noted that in addition to the
linear gain term, k1, the desired output is modified by the third order coefficient, k3. In a
normal amplifier, k3 possesses a negative sign which accounts for large signal gain



compression. In addition the amplitude of one of the signals is affected by the other
signal which gives rise to cross modulation in AM receivers.

Terms (10) and (12) of the series expansion are the culprits in the telemetry preamp, and
receiver front end case. As illustrated in Figure 1, these IM products are located as close
to the input signals as the two input signals are from each other. Actually little, if any
difficulty should be encountered in FM systems until it is desired to receive a signal at
the position of these IM products.

The above analysis has been simplified by considering the effect of only two signals, the
inclusion of only the first three terms of the power series and the assumption that the
bandwidth is small compared to the desired frequencies. If higher order terms are
considered in the power series, additional components will be found at mT1 ±nT2 where
m and n are intergers and their sum is the order of the coefficient Producing them. If m+n
is even, the IM products are of little concern in tuned amplifiers because they are far
removed from the desired frequency. If m+n is odd, however, some of the IM
components will fall very near the desired frequency. Fortunately, the higher order
coefficients have considerably smaller values and can normally be neglected. The
analysis of a larger number of input signals is considered in the literature.1,2 It should be
mentioned that as more signals are added the number of IM products increases very
rapidly. For example, if the number of signals is increased from two to three, the number
of the IM products close to the desired frequency increases from two to nine.

Several methods could be employed to evaluate the third order coefficient of the series
expansion. Since the IM components represented by terms (10) and (12) were of the
most concern, most of the effort was devoted to their measurement.

Preamp tests    The test setup for the determination of IM characteristics of preamps was
as shown in Figure 2. Measurements were made of the 245 Mc signal level on the output
of a preamp when two signal generators, one located at 215 Mc and the other at 230 Mc,
were simultaneously fed into the preamp. The signal generators were connected to the
preamp input through a passive multicoupler to provide a 50 ohm source for the preamp
input and to minimize the possibility of interaction between the generators. The 245 Mc
output signal was measured using a telemetry receiver preceded by a 245 Mc bandpass
filter. The filter suppressed the signal generator frequencies to assure that the measured
signals were not generated in the receiver. In addition to the above, the preamp gain was
measured and the I db gain compression point determined.

The comparison of the nonlinear characteristics of preamps could be done by the
calculation of the third order coefficient in parts (10) or (12) of the equation presented
earlier. For convenience, however, in making comparisons and in predicting IM product



levels with varying signal conditions, the nomograph of Figure 3 was employed. The
nomograph is published by Avantek, Inc. of Santa Clara, California. It was preferred that
all signal and IM levels be referred to the preamp input rather than the output as
indicated. By doing this, the reference scale is an expression of k3/k1 rather than k3. It
should be noted from the equations or the nomograph” that when the two interfering
signal levels are raised one db the resulting 3rd order spurious signal will increase 3 db.
The second order spurious response level of the nomograph is of no value for the IM
cases considered.

Known input levels and the equivalent input IM level were initially plotted on the
nomograph. A straight line was then extended through these points and the reference
scale to determine the intercept point (IP) of the amplifier. By knowing the IP of an
amplifier the IM levels for any input signal condition can be easily estimated within the
range of the nomograph.

Shown on the nomograph is the range of a total of ten preamps tested that will
produce an equivalent IM product of -100 dbm (approximately 2.2 microvolts in a 50
ohm system) as referred to the input of the preamp. As can be seen, the input level of two
interfering signals may vary from -53.5 to -29.5 dbm to produce the -100 dbm IM
product as referred to the input. If -100 dbm is considered to be the minimum usable
signal the spurious-free dynamic range is then determined to be from 46.5 to 70.5 db for
the preamps tested.0 Eight of the preamps tested were of a solid state design. With one
exception the Us of the solid state units ranged from -16 to -30. The two vacuum tube
preamps and one of the solid state models possessed Us ranging from +2 to +6 on the
reference scale.

Preamp measurements were made at several signal levels to determine the scatter in the
IP values for a given preamp. It was found in most cases that a single measurement could
determine the IP within one unit on the reference scale. The greatest exceptions occurred
on the solid state devices having a low IP and at higher input levels.

A comparison was made of the 1 db gain compression points of the preamps with the IP
points. The IP of most solid state units ranged from 2 units below the 1 db compression
point to 11 units above. The IP of the two vacuum tube units and one solid state unit
ranged from 11 to 17 units above the I db compression point. Due to the scatter in these
comparisons, the I db compression point is not considered to be of any particular value
in determining IM products.

One of the vacuum tube preamps tested was a part of a conventional preamp
multicoupler combination with a 50 ohm interface. The preamp possessed a gain of 27
db with an IP of +3. The multicoupler possessed an IP of +13. The IP of the combination
was determined to be -15 as compared to -14 if the preamp gain is subtracted from the IP
of the multicoupler. As compared with the operation of the preamp alone, the addition of



the multicoupler reduced the dynamic range approximately 12 db. From this it can be
seen that in order to prevent an active multicoupler from being the predominant IM
producer it should have an IP that is at least greater than that of the preamp by the
preamp gain. Here would be a good place for the examination of the amount of isolation
required between receivers, improvements in receiver design to reduce the local
oscillator signal on the input terminal and the use of passive multicouplers with a
moderate reduction in system noise figure and gain ahead of the receivers, but since
these items are not directly associated with the subject at hand, they will not be discussed
further.

Receiver Tests    Intermodulation tests were conducted on five solid state receivers from
different manufacturers and one vacuum tube receiver. All of the receivers tuned from at
least 216 to 260 Mc and contained IF amplifiers with a rated 500 kc bandwidth. The
equipment setup for the receiver tests, as shown-in Figure 4, involved the use of three
signal generators which were multiplexed into the receiver input. The output frequency
of the lowest and highest frequency signal generators were equally spaced from the
center frequency generator. The receivers were tuned to the highest frequency generator
which was frequency modulated ±100 kc at a 20 kc rate. The two lower frequency
generators were unmodulated.

With a desired receiver input signal of -98 dbm the two lower frequency signals, of equal
amplitude, were raised until the demodulated video output dropped 3 db below its
normal level as indicated on the wave analyzer. The difference in these signal levels is
considered to be the dynamic range of the receiver. This range is probably optimistic for
most modulation formats or applications because of the large amount of distortion or
noise that was generally observed prior to the 3 db signal suppression point. To
determine if the intermodulation characteristics changed appreciably with signal level,
additional measurements were made with desired signal levels of -78, -58, and -38 dbm.
The receiver characteristics at these higher signal levels are necessary in system
considerations when employing appreciable gain ahead of the receiver. Measurements
were made with frequency spacings of approximately 1.67, 3.75, and 12 Mc. The odd
spacings were chosen in order to prevent the undesired signals from falling at known
receiver spurious response points located near the desired frequency. The results of the
tests were as follows:



Average Level of the Undesired Signal
Above the Desired Signal(Range of values)

It should be mentioned that this receiver test method is one of several tried. The method
that is probably the most obvious is the use of two signal sources with the receiver tuned
to the frequency of a third order IM product. The IM product amplitude could then be
determined from the AGC voltage of the receiver. This method was initially tried, but
discarded because of the unusual action in several of the receivers. As the interfering
signal levels were increased the AGC voltage of these receivers decreased. This effect is
thought to be due to self rectification, or a bias shift, in the early stages of the receiver.
This could reduce the normal gain of these stages thus causinf a reduction of the front
end noise being fed through the IF amplifier.

Cross modulation, in the normal sense, does not occur in FM systems because of the
constant amplitude nature of the signals and the circuitry normally employed. Cross
modulation occurs in the early stages of AM receivers due to the third and higher 4 order
nonlinearity of the active elements of the receiver. The results of AM cross modulation
tests are very interesting since both cross modulation and intermodulation are normally
caused by third order nonlinearities prior to the band limiting section of receivers.

Fortunately, in this case, all of the receivers tested provide an AM output capability so
AM cross modulation tests could be easily performed. The test setup used is shown in
Figure 5. The test procedure employed, after proper calibration, involved the
determination of the RF level of signal generator #2 that would effectively transfer 105/6
of its modulation to the CW carrier of generator #1. The frequency of signal generator //2
was varied up to 10 Mc above and below the 245 Mc, 100 microvolt, CW signal to
which the receiver was tuned. Results of these tests are shown in Figure 6.

Discussion    It was indicated that one of the eight solid state preamps tested possessed
linearity characteristics comparable to the two vacuum tube preamps. This preamp was



unusable in the local area, however, unless it was preceded by a 215 to 265 Mc bandpass
filter. Without the filter numerous spurious products were generated from signals outside
of the telemetry band. With the filter preceding the amplifier, no detectable spurious
products existed. This preamp was designed basically as an octave bandwidth amplifier.
It demonstrated the necessity of limiting the passband of an amplifier even though it had
relatively good linearity.

As indicated earlier, an active multicoupler should possess linear operating
characteristics greater than that of the preamp. The multicoupler should have linear
characteristics to a signal level at least as great as that obtained from the output of the
preamp when the preamp is amplifying signals of the maximum level expected.

In missile tests requiring a large number of telemetry channels, it is common to space
these channels equally in order to obtain the greatest number in a given band with
presumably the least chance of adjacent channel interference. It is normally assumed that
satisfactory reception will be obtained with adjacent channels up to 60 db greater than
the desired signal if the adjacent channel is well outside of the 60 db IF bandwidth. From
the results of the solid state receiver tests it can be seen that this is not the case unless the
channels have a spacing greater than 3.75 Mc.

In using the results of the receiver tests the net gain of the system from the antenna
output to the receiver input should be subtracted from the system threshold to find the
desired signal threshold at the receiver input. For example, if the system threshold is -
100 dbm and the net gain to the receiver input is 23 db the dynamic range should be
obtained from the -78 dbm readings. In this case the dynamic range is 60 db for the
vacuum tube receiver tested and from 22 to 40 db for the solid state units. If it is then
assumed that the desired signal is 20 db above threshold (-58 dbm at the receiver input)
it can be found that the spurious-free reception range would be to -23 dbm for the
vacuum tube receiver and from -24 to -44 dbm for the solid state units. When referred to
the antenna output this becomes -46 dbm for the vacuum tube receiver and from -47 to
-67 dbm for the solid state receivers. In the case of the worst solid state unit this
indicates that interfering signals of a 100 microvolt level could completely mask a 20
microvolt desired signal.

All measurements and discussions have been made assuming that interfering signals are
of equal amplitude. This should not imply that this is a necessary requirement to produce
intermodulation. For interfering signals of unequal amplitude reference to the equation is
suggested for relatively broadband devices such as preamps and multicouplers. For
receivers the prediction of the effects of unequal interfering signals requires knowing the
bandpass characteristics of the RF, first IF and mixers as well as their linearity.



Specifications for telemetry preamps, multicouplers and receivers contain essentially no
information which would allow the user to predict the effects of multiple channel
interference. To the author’s knowledge the potential interference produced by the third
order nonlinearities, as described here, is not considered in the frequently quoted MIL-I-
26600, 6181 or any other military interference documents.

MIL-I-26600 and MIL-I-6181 do specify a test employing two signal sources whose sum
or difference frequency falls at the tuned frequency of a receiver. This test is effectively
a measure of the effects of the second order coefficient, which shoul “ d be of little
concern because one of the signals must be less than 509/6 or greater than 1509/6 of the
desired frequency and is easily removed by moderate filtering.

Prior to performing the above tests, a search was made in an attempt to find some
standard test procedure for the discussed type of interference in FM systems. The only
test procedure found was in section 16 of EIA (Electronic Industries Association)
Standard RS-237 “Minimum Standard for Land Mobile Communications Systems Using
FM or PM in the 25-470 Mc Frequency Spectrum.” It is apparent that communications
equipment designers and users have recognized the RF intermodulation problem but that
few in the telemetry community have.

Conclusions    The results of the preamp and receiver tests indicate that there is
definitely an upper signal limit to the satisfactory operation of receiving systems. This
limit may be less than 25 db above the system threshold in some cases using receivers of
modern design.

It is generally assumed that adjacent channel interference is determined by the IF
selectivity of a receiver. Since receiver manufacturers generally specify comparable skirt
selectivities for the IF amplifiers, receiver noise figures and other characteristics, it is
impossible to determine from the specifications reasons why one receiver may be better
than another. The user is then forced to use his intuition in selecting a new receiver. To
select the new receiver of his choice, he is forced to specify that the receiver must have
‘X’ number of knobs, ‘Y’ number of meters, and ‘Z’ number of auxiliary functions. In
many cases these XYZ characteristics have little bearing on his requirements and no
bearing on the system performance in field use. Would it not be immeasurably better if
receivers, or other components, could be specified in terms of the required performance
under field use instead of lab conditions?

This paper covers only the RF intermodulation characteristics of telemetry receiving
components. Other vital characteristics such as the distortion on the demodulated output
are only implied by a statement of the discriminator linearity in the specifications of
many receivers. At one time distortion was specified at a modulation frequency of 1000
cps in many receivers but this is seldom stated at the present time. Distortion or



preferably video intermodulation should be specified with modulation frequencies
approaching the maximum frequency that the system is capable of handling. This should
be much more meaningful than the normal specifications quoted.

It is believed that standard telemetry receiving system component test procedures need to
be generated. These procedures must be designed and written so as to yield meaningful
information to the user. To generate these procedures inputs must be obtained from the
users as well as from the manufacturers.
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Figure 1-Output of Amplifier With Two Input Signals-see text

Figure 2-Preamp Test Setup





Figure 4-Receiver RF Intermodulation Test Setup

Figure 5-AM Cross Modulation Test Setup



Figure 6-AM Cross Modulation Characteristics


