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NEW CONCEPTS FOR TELEMETRY CONVERTERS

LARRY FRIEND
Antenna Microwave Group of Motorola

Government Electronics Division

Summary    Future requirements to convert present VHF telemetry receivers to L and S-
bands can be satisfied by relatively simple solid state microwave converters. Use of the
recently developed Schottky barrier diodes in balanced mixers along with high frequency
field effect transistors in the intermediate frequency VHF preamplifiers, show
considerable promise of providing low system noise figure (e.g. 5.5 dB) and low
intermodulation distortion. These broadband converters have the potential advantages of
minimum cost, size, weight, and power consumption, thereby providing a convenient and
practical means for converting existing telemetry systems to the new frequency bands.
Design considerations and predicted performance characteristics are presented for solid
state converters of this type.

Introduction  By January 1970, all telemetry operations must move from the present
VHF band (215-260 MHz) to the new microwave bands of 1435-1535 MHz and 2200-
2300 MHz. Consequently, there is an immediate need for the various telemetry ranges to
modify or replace the present VHF equipment. Several of the ranges are now evaluating
possible solutions to this problem.

The most probable solutions are either a completely new microwave receiver system or
some combination of microwave antennas and frequency down-converter that will utilize
the present VHF equipment in the field. An important consideration is the increased
bandwidth of the new microwave bands (totaling 200 MHz), as contrasted with the
present VHF receivers that usually tune only a 45-50 MHz band. Hence, a compromise is
required to utilize the existing VHF equipment, such as tuning each of the new bands in
two 50 MHz increments. For example, to change from the low end of the S-band (2200
MHz) to the high end of the band (2300 MHz) would require changing the first local
oscillator frequency because of IF bandwidth limitations. Therefore, two local oscillators
with appropriate switching networks could be used to cover the complete band. With the
lower injection frequency the VHF receiver would tune from 215 to 265 MHz and cover
the new input range of 2200 to 2250 MHz. Likewise, with the high injection frequency,
the VHF receiver would also tune from 215 to 265 MHz but cover the new input range of
2250 to 2300 MHz. A similar arrangement could be used to accommodate the 1435-1535
MHz band. Unfortunately, this arrangement does not permit simultaneous reception of



two signals at opposite ends of the new band. For acquisition of two simultaneous
telemetry signals (e.g. 2220 and 2280 MHz) with two VHF receivers, it would be
necessary to have two separate frequency converters each with a different local oscillator
injection frequency.

It appears that a better solution is an entirely new microwave receiver that covers both of
the new bands and provides a 100 MHz tuning range. This would alleviate the
aforementioned problems. Although a new microwave receiver is the best technical
approach, a substantial capital investment would be required to outfit a complete test
range. It seems probable that some sort of frequency down-converter will be utilized as
an interim measure (next 5-10 years) until the present VHF receivers can be fully
depreciated. In most cases, the addition of an L-band and S-band frequency converter is
the most economical method of moving up to the new bands. With this premise in mind,
the following sections discuss new concepts and techniques for frequency down-
converters, new state-of-the-art devices, and a recommended converter design.

Converter Design And Performance Considerations    The frequency down-converter
is an auxiliary piece of equipment that may be added to a VHF receiver and thereby
adapt it for receiving microwave frequencies. For acquisition of the new L-band and S-
band telemetry frequencies (1435-1535 MHz) at least two converters are required, one
for each band. These converters are usually specified to be broad band, fixed tuned, and
have a fixed local oscillator frequency. Specific frequency selection is accomplished by
tuning the VHF receiver, which is in essence now a tunable IF amplifier. A typical block
diagram for one of these converters is shown in Figure 1. The individual functional
components are self-explanatory although numerous variations in circuit hardware are
possible. For example, the microwave preamplifier may incorporate vacuum tubes,
transistors, tunnel diodes, parametric varactors, or a traveling wave tube. Each of these
devices have at least one different attribute that may make it desirable for a specific
application. It is not within the scope of this article to evaluate the relative merits of
these differences in detail.

A more universal approach is to consider the important characteristics or parameters of
the overall converter. These characteristics have been tabulated in Table 1. The relative
importance or weighing of these characteristics will determine the design approach and
the specific devices that can be utilized. Some of these characteristics are inter-related
and some have conflicting requirements. For example, by increasing the point of output
saturation the intermodulation distortion is reduced. Fortunately these two parameters
compliment each other. In considering various preamplifier techniques in general, there
seems to be an inverse correlation between low noise figure and low intermodulation
distortion. The low noise parametric amplifier and tunnel diode amplifier, for example,
suffer from increased intermodulation distortion. Principally, this correlation is because
of their limited dynamic range rather than any basic relationship between noise figure



IMPORTANT CHARACTERISTICS OF FREQUENCY
CONVERTERS

TABLE I

Characteristic of Frequency
Converter Application Considerations

1. Low noise figure (high
sensitivity)

Weak signals: long range, poor site location, mutipath
fading, frequent bad weather.

2. Gain stability Amplitude sensitive systems: monopulse tracking,
conical scan receivers.

3. Phase stability Phase sensitive systems: phased array antennas,
distance measuring equipment, interferometer angle
measuring.

4. Low intermodulation and
cross modulation

Universally desirable, particularly in dense signal
areas and with multiplex modulation.

5. Output saturation Strong signals: close in tracking, near by transmitter,
high gain antenna. Also see #2 above.

6. Front end burnout Extremely strong signals. Faulty power supply
ground, lightning, static electricity. Also see #5
above.

7. Image rejection Universally desirable, particularly in dense signal
areas with omnidirectional antennas or in areas of
known interference.

8. Local oscillator radiation RFI: nearby receiving equipment operating in same
band, FCC requirement, MlL-I-2600, etc.

9. Reliability and
maintainability

Accessability: remote site antenna mounted, on top of
tower. Simplicity of design, use of solid state low
voltage devices.

and intermodulation. A contrasting example is the vacuum tube with higher noise figure,
but greater dynamic range and, therefore, less intermodulation distortion.

Phase and gain stability are strongly dependent upon the circuit design and the specific
active devices selected to perform the desired functions. The single port amplifiers, such
as parametric amplifiers and tunnel diode amplifiers are inherently less stable than
unilateral two port amplifiers. Amplifier gain stability can almost always be improved by



reducing the gain per stage. Phase stability is closely related to bandwidth and the
method of interstage tuning. If a particular application requires high phase stability, then
stagger-tuned amplifiers should always be avoided. With identical gain, the synchronous
tuned amplifier will have better phase stability. As a general rule, increasing the
bandwidth will also improve the phase stability.

Recent studies in the field of intermodulation and crossmodulation distortion have
provided better understanding of these characteristics. It is now possible to predict this
type of distortion with a fair degree of accuracy. The key parameters are the device
nonlinearity and the dynamic range of the complete circuit. Experience has shown that
there is very little the engineer can do to significantly alter the device nonlinearity other
than choose a different type device. The most practical way to reduce intermodulation
distortion is to increase the dynamic range of the circuit. Sometimes this may only
involve changing the bias or operating point of the device. A predictable relationship has
been theoretically determined and physically observed between signal level and
distortion which indicates that a 1 dB increase in signal level will cause a corresponding
2 dB increase in intermodulation and a 1 dB increase in crossmodulation.1 The
intermodulation relationship is shown in Figure 2 as it applies to a resistive diode mixer.
The absolute distortion level is a function of the circuit saturation point or dynamic
range. As shown in the graphical data, this saturation of transfer function is determined
by the local oscillator power. A cursory glance at Figure 2 will reveal a large reduction
in third-order intermodulation product (34dB) by using 50 mw of local oscillator power
instead of I mw. This mode of operation will be discussed later as it relates to hotcarrier
mixers. An empirical equation has been formulatedl to calculate the intermodulation
ratio. (IMR) .

(1)

where
IMR = Ratio of third-order intermodulation to signal, in dB
Po = Power out of device
Pom = Maximum available output power
(K - 2Pom ) = 19.5 dB for maser, crystal diode, or varactor.

The constant “K” is dependent upon device nonlinearity characteristic. Other devices
such as the bipolar transistor, vacuum tube, tunnel diode, and traveling wave tube have a
somewhat worse (reduced) nonlinearity coefficient. In fact, these four devices have very
nearly the same coefficient and their intermodulation distortion can be predicted from the
graph in Figure 3. Although they may have nearly identical “K” factors, the vacuum tube
has greater dynamic range (or power output) and will therefore have less intermodulation
distortion than the bipolar transistor or tunnel diode for the same input power. Amplifier
design criteria should normally include maximum power output (Pom).



From the standpoint of intermodulation and crossmodulation, it is interesting to
differentiate between the bipolar and field-effect transistor (FET). The bipolar transistor
has greater nonlinearity than the FET. Accurate intermodulation data for the FET has not
been widely published, but it is believed to closely follow Equation I and Figure 2.

The Schottky-Barrier Diode Mixer    The recent development of the Schottky-barrier
diode (also called hot-carrier diode) will have considerable impact on future mixers used
in frequency converters. Basically, the diode consists of a rectifying metal-to-
semiconductor contact in which current flow is predominantly by majority carriers.
When the diode is forward biased, these majority carriers are injected into the metal with
a greater velocity than the already present thermal electrons, hence they are sometimes
called hot carrier diodes. Switching time and high frequency performance is greatly
improved by the virtual elimination of minority carriers and the associated practical
limitations imposed by minority-carrier storage or recombination time. Under conditions
of reverse bias a voltage barrier (discovered by Schottky) is formed at the metal-to-
semiconductor junction which prevents the flow of reverse current and hence the name
Schottky-barrier diode.

A Schottky-barrier diode has approximately the same nonlinearity coefficient as the
conventional point-contact diode, but the spreading resistance has been reduced to one-
fourth the usual value. It therefore, has lower conversion loss, lower noise figure, a
relatively constant noise ratio, and the ability to typically handle 0.1 mw to 50 mw of
L. O. power without degrading the noise figure. These advantages, however, cannot be
realized by direct substitution of a Schottky-barrier for a point-contact diode. To yield
optimum results, the circuit must match into the lower spreading resistance.

By virtue of its planar construction, the Schottky-barrier diode is mechanically rugged
and more resistant to shock and vibration than the conventional point-contact diode.
Figure 4 compares the metal-to-semiconductor construction method of the Schottky-
barrier diode to the point-contact junction design. Since the point-contact junction is
achieved by applying light spring pressure to the point, it is probable that the point will
bounce under vibration, become blunt, and degrade diode performance. Each time the
point moves, a new junction is formed. This characteristic can be responsible for poor
reliability and makes it increasingly difficult to keep matched diodes in a balanced mixer
over a long period of time. The point-contact area of a 1N21WE diode is approximately
2 x 10-7 sq. inch. From this it may be seen that, at a forward current of 1.0 ma, the current
density at the point contact becomes 5000 amperes per sq. inch. At these high current
densities the heat generated must be dissipated mainly by conduction through the
semiconductor material. As a result, burnout occurs at a relatively low power level. The
Schottky-barrier diode, on the other hand, is highly resistant to burnout. A comparision



* Data furnished by Texas Instruments, Inc.

** Sylvania reports a silicon Schottky-barrier diode type D5501B having a 6 dB maximum NF at
S-band. Texas instruments reports 5.8 dB at S-band with a silicon type L-171 and 5.3 dB NF at
S-band with a GaAs type L-79.

of test results* is shown in Figure 5. Each diode was tested by means of apparatus made
according to military specification MIL-S-19500/233B. It may be noted from Figure 5
that the point contact 1N23WE diode withstood the specified 2-erg level quite well but
showed deterioration following pulses at the 3-erg level. The Schottky-barrier diodes
under test in the same apparatus showed from 3 to more than 10 times better burnout
resistance in this comparison run, the larger-diameter contact showing better resistance.
The test was discontinued at 20 ergs, hence was not conducted above this 400 volt test
potential.

Schottky-barrier diodes can be fabricated with silicon, germanium or gallium arsenide
semiconductor material. Most of the devices available at this time utilize N-type silicon.
However, some gallium arsenide (GaAs) devices are now available that exhibit superior
qualities as compared with silicon or germanium. A comparison of the three
semiconductor materials* is shown in Table 2. The low total resistance of gallium
arsenide results in less conversion loss and lower noise figure. Some typical noise
figures are shown in Figure 6 as compared to conventional point-contact silicon diodes.
(Noise figure measurements were made using an argon gas tube calibrated at the
National Bureau of Standards.) To make the meter reading consistent with the commonly
accepted definition of single channel receiver noise figure, the image side band excess
noise of 3dB is added to the reading on the noise figure meter. The indicated overall
noise figure NFo, of Figure 6 includes this correction. With GaAs diode mixers noise
figures of 5.5 dB attainable at X-band, it doesn’t seem economical to use an RF
preamplifier in converter front ends except for very special applications.

GaAs Schottky-barrier diodes are in the relatively early stages of development and there
is insufficient data available across the frequency spectrum to make an accurate
comparison with silicon Schottky-barrier diodes. Some recent test data at S-band
indicates that GaAs has approximately a 0.5dB better NF than silicon.** It is probable
that GaAs will be better than silicon at all frequencies, because of the characteristics
shown in Table 2.

The Field Effect Transistor Preamplifier    Another comparatively new device, the
high frequency field-effect transistor (FET), will become more predominant in future low
noise VHF circuits. It has many of the same characteristics as a triode vacuum tube, but
surpasses the tube in exhibiting lower noise figure and less intermodulation distortion.
Since it is beyond the scope of this article to give a detailed discussion of the physics and



TABLE 2
COMPARISON OF SEMICONDUCTOR MATERIALS

construction of field-effect transistors, the reader is referred to the references, 2 through
8, at the end of this article. These devices are expected to have much wider application in
the electronics industry than the Schottky-barrier diode, consequently, it is pertinent to
give a brief introduction to their characteristics and a comparison to the bipolar
transistor.

The FET is essentially a semiconductor having a current path whose resistance is
controlled by applying an electric field perpendicular to the current path. Impression of
the electric field on the semiconductor bar is through a control element called the gate
(analogous to the vacuum tube grid). Current flows through the semiconductor bar from
source to drain (analogous to cathode and plate, respectively). Electric field from the
gate controls the majority carrier flow through the semiconductor bar. It is important to
note that the semiconductor bar is purely resistive and that there are no minority carriers.
Current can flow through the bar in either direction, and in this respect it is different than
the vacuum tube. As a matter of interest, the labeling of source and drain is purely
arbitrary and they may be interchanged with equal results. Therefore, the device is
sometimes called unipolar. There is no fundamental limitation to power handling
capability and devices are now being developed that will dissipate a hundred or more
watts. Present small geometry devices are useful as amplifiers up to 500 MHz, (for
example type 2N3823) and above 500 MHz, the 2N3823 performance is basically
limited by the TO-72 package. The characteristics of two high frequency FET’s are
shown in Table 3.

Their noise figure at 100 MHz is better than the vacuum tube and approaches the best
bipolar transistors. Intermodulation distortion is less in the FET than in both the vacuum
tube and the bipolar transistor. The only principal disadvantage for VHF circuits is the
high input and output impedance. Broadband circuits become a little more difficult to
design than with low impedance bipolar transistors. The advancement of FET technology
over the next few years are expected to provide heretofore unattainable circuit
capabilities.



TABLE 3
FET CHARACTERISTICS

Converter Design Example    The FET and the Schottky-barrier diode can be utilized to
build a simplified and reliable telemetry converter for L or S-band. With the low noise
figure of the Schottkybarrier diode, an R. F preamplifier normally is not required. A
specific example of such a converter is shown in the block diagram of Figure 7 and a
tabulation of its probable characteristics in Table 4. The hot-carrier mixer recommended
for this converter would have a local oscillator drive of 50 milliwatts and a resulting
dynamic range from the thermal noise to +14dBM. This is an important feature in
converters since the intermodulation distortion is directly related to the dynamic range.
Intermodulation distortion for this mixer can be predicted from Figure 2 using the above
operating parameters and expected signal levels.

Preceding the hot-carrier mixer in Figure 7, are two other important components, a ferrite
isolator and a bandpass filter. The isolator is useful to suppress local oscillator radiation
(about 25 dB suppression) and to decouple the antenna from the bandpass filter. Without
this isolator, the antenna VSWR could detune the filter and change the bandpass
response. The purpose of the bandpass filter is to provide image rejection (60dB) and to
suppress local oscillator radiation (45 dB). An additional 20 dB of local oscillator
suppression is provided by the balanced mixer circuit. The radiated oscillator signal at
the antenna input can be calculated as follows:



Local Oscillator Power +17 dBm
Balanced Mixer Rejection -20 dB
Bandpass Filter Rejection -45 dB
Ferrite Isolator Rejection -25 dB    
Radiated Local Oscillator Level -73 dBm

Table 4
DOWNCONVERTER SPECIFICATIONS (L OR S-BAND)

Input Frequency: 2200 to 2300 (S-Band)
1435 to 1535 (L-Band)

Output Frequency: 215 to 265 MHz

Noise Figure: less than 7 dB, typical 6 dB

Oscillator Stability: ± 0.0005% in 8 hours after
15 min. warmup

Input VSWR: less than 1.3: 1

Overall Gain 20 dB nominal

Radiated Local Oscillator
at Input Connector:

less than -70 dBm

Image Signal Rejection: 60 dB

Intermodulation: Third order intermodulation at the
downconverter output will be less
than -100 dBm with two input
signals at -30 dBm.

Operating Temperature Range: -30EC to +60EC

Dynamic Range: thermal noise to -10 dBm
(up to +10 dBm without damage)

Input Power: 28 VDC at 0.5 amp. (normal operate)
28 VDC at 2 amp. (during warmup).

In this example, the local oscillator signal originates in a replaceable module that is
temperature stabilized. Within this module is a crystal oscillator, power amplifier, single
stage multiplier, and an output filter.



With temperature stabilization, the frequency stability can be held to +0.0005%. A
noteworthy feature of the suggested local oscillator is a single stage multiplier using a
step-recovery diode. Tuned idler circuits are not necessary and the single step-recovery
diode is more stable and reliable than a more conventional varactor multiplier chain.

Following the hot-carrier mixer in Figure 7, is a low noise IF amplifier utilizing field-
effect transistors. The primary purpose of this amplifier is to provide an overall gain of
20 dB for the downconverter and to keep the mixer noise figure independent of external
cable losses or second stage noise figure. Intermodulation products from a -30 dBm input
will be less than -100 dBm at the downconverter output.

Several variations of this converter are possible. If cost is of prime importance, the ferrite
isolater could be eliminated at the expense of mismatch and increased L. O. radiation. A
further cost reduction is possible by eliminating temperature stabilization. Under this
circumstance, the L. O. stability would be relaxed to ± .005%.

If it is desirable that the converter be mounted on the antenna, the dc power could be
supplied through the center conductor of the output coaxial cable. In such an instance, it
would even be possible to mount the local oscillator module within the telemetry
building and feed the L. O. signal to the converter through the output cable. Within the
converter, the L. O. signal could easily be separated from the IF output by nature of their
wide frequency separation. This type of scheme would facilitate changing the local
oscillator frequency from within the telemetry building. It would also provide a relatively
stable temperature environment for the local oscillator module and consequently simplify
equipment maintenance.

Conclusions    With recent advances in Schottky-barrier diodes and the FET, it is
possible to build simplified and improved frequency converters. Mixer noise figures
have been improved to the point that an RF preamplifier is not necessary for most
applications. The elimination of a preamplifier and use of a hot-carrier mixer can result
in better phase and gain stability, less spurious generation and intermodulation products,
greater resistance to front end burnout and reduced cost. Reliability and maintainability
are improved through the design simplification achieved.
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Fig. 1- Typical Frequency Downconverter



Fig. 2- Mixer Intermodulation



Fig. 3- Intermodulation Distortion For Bipolar Transistors, Vacuum
Tubes, Tunnel Diodes, and Traveling Wave Tubes.



Fig. 4- Comparison Point Contact Diode and Schottky Diode Construction

Fig. 5- Burn Out vs. NF Comparison



Fig. 6- Noise Figure Comparison at X-Band for Point Contact Diodes
and Schottky Diode

Fig. 7- Downconverter Block Diagram


