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Summary    Government and industrial telemetry users have the frequent requirement to
procure telemetry receivers which will faithfully receive and demodulate physical and
electrical phenomena occuring at the transmitting source. Such receiver output data
accuracy requirements must be translated into meaningful receiver procurement
specifications. Movement of the transmitting source, dynamic changes in the RF path
through which the telemetry signal is transmitted, and the distorting effects of electrical
circuitry in the receiver itself, all contribute to distortion of the baseband data. The
parameters affecting baseband data quality must, therefore, be quantized in terms of
telemetry receiver performance specifications. Where possible, the specifications should
relate to input/ output parameters of the receiver; this may not be possible in all cases,
however.

The methodology for translation of telemetry signal data quality requirements into
electrical specifications for a telemetry receiver is treated in this paper. Specification of
RF and IF channel characteristics are covered, and AGC, AFC, and AM rejection
circuitry requirements are analyzed in terms of received-signal amplitude and frequency
dynamics. Overall distortion in the telemetry receiver is characterized for FDM signals
by specifications whose reference is the noise-loading technique; for TDM signals
distortion is characterized in terms of receiver transient response. FM demodulator
specifications are treated, and specifications for allowable baseband distortion due to co-
channel RF interference are introduced. Finally, the electrical performance requirements
of the baseband channel are characterized.

1.  Introduction    The specifier of a telemetry receiver is often in a unique position in
the context of specification of communication systems. He must specify his receiving
station equipment independently of the transmitting equipment, having a knowledge of
the transmitting signal parameters but no control over them. He also frequently has to
deal with a wide range of carrier frequencies, information bandwidths, RF bandwidths,
modulation types, and signal formats -- all of which must be accommodated in a single
receiver. The telemetry receiver consequently has traditionally been specified on a “best-



obtainable” basis rather than on the basis of overall system input/output parameters
(including transmitting and receiving equipment). The requirement for specifying the
ground station receiver based only on sufficient knowledge of the transmitted Signal
parameters (and the intervening dynamics imposed on the signal) need not pose an
insurmountable problem for the specifier. It does, however, impose the necessity for an
adequate knowledge of the signal arriving at the receiving station antenna. It is the
purpose of this paper to show how such knowledge, plus a knowledge of the effects of
the receiver circuitry, may be translated into a delineation of meaningful telemetry
receiver specifications.

A telemetry ground station utilizing the receiver only for a qualitative examination of
data in a favorable received-signal environment will impose fewer and less severe
requirements on the receiver than a ground station in which the output data distortion is
required to be low in the presence of high noise or other external disturbances. The
extent of specification of a special-purpose receiver intended for a specific signal whose
received-power and carrier frequency are unchanging may similarly be quite different
than that for a general purpose receiver designed to handle many different kinds of
signals in a variety of signal dynamics environments. The receiver specifier must
therefore be cognizant of the magnitude of costs which can be incurred by specifying
equipment parameters that are unnecessarily stringent, or which indeed may be unneeded
for the use intended for the receiver.

It is important to recognize that any performance specification is only as valid as the test
which proves it. In many cases, the tests which prove a specification are well defined,
having been established through common usage over a period of years. In some cases,
however, there may be more than one way to test to a particular specification, thus
resulting in different performance measurements depending on the test performed. In
these latter cases, a test specification should be included in addition to the performance
specification, so that a clear mutual understanding exists between the equipment
specifier and supplier as to specifically what is desired in the deliverable receiver. The
addition of test specifications, in many cases, prevents misunderstanding at a later date
concerning whether or not the specification has been met.

2.  Requirements of the RF Channel    Selection of the number of frequency
conversions and IF design center frequencies in the telemetry receiver should normally
be the choice of the receiver designer. Because of required compatibility with other
equipments which are to be connected to the receiver, however, the procuring agency
frequently must specify the IF center frequencies. The frequency relationships between
RF, IF, and baseband stages in a typical double conversion telemetry receiver are shown
in Fig. 1. Since the majority of telemetry receivers to be used in presently allocated
telemetry bands will involve only two frequency conversion processes, discussion in
following sections will be limited to double conversion receivers. Also, although phase



and amplitude modulation telemetry systems are in use, due to space limitations only FM
will be considered.

Fig. 1 - Simplified Block Diagram,
Double Conversion Telemetry Receiver

2.1  Interference Generation and Susceptibility    It is important to place limits on the
maximum levels of interference generated by the telemetry receiver, and on its
susceptibility to externally generated interference, so that the receiver will perform
compatibly with other RF devices in close proximity. RF interference requirements are
covered generally in a number of Government interference control and electromagnetic
compatibility specifications and standards. These specifications place limits of
acceptability on signal- and power-line-conducted, antenna-conducted, and radiated
interference originating in the receiver, as well as susceptibility of the receiver to
radiated, power-line-conducted, and signal-line-conducted interference. Cross
modulation, receiver intermodulation, and receiver front-end (input) rejection are also
specified as a part of the Government documents. Tests for each of the interference
parameters specified are included.

Unless the specifier has some unusual requirement which requires detailed delineation, it
is usually sufficient for purposes of establishing limits on RF interference to reference
the appropriate interference control document as an integral part of the telemetry receiver
specification. The specifier may elect to exclude certain requirements of the applicab e
RF interference specification if the particular requirement is not necessary for his
specific application and its inclusion would add a significant cost to the procurement.
One case in which information should be specified in addition to that contained in the
applicable Government interference control specification is the preselector bandwidth,
since this parameter determines the band of RF frequencies outside of which the spurious
rejection specification is applicable.

2.2  Preselection    It is important that the preselector in the receiver be specified to be as
narrowband as possible (consistent with the first IF amplifier bandwidth and the



requirement for preselector tuning) in order to preclude interference from high power
signals which may be present near the desired-signal carrier frequency. It is also
important to require that the preselector filter be implemented ahead of the first RF
amplifier. This requirement precludes large-amplitude signals just outside the preselector
passband from “swamping” the RF amplifier.

2.2.1  Image Rejection    One of the most important functions of the preselector is to
suppress the image frequency so that it will not interfere with the desired-signal at the
first intermediate frequency. The amount of attenuation to the image signal, when
referenced to the frequency to which the receiver is tuned, is called the image rejection
of the receiver. Image rejection is calculated as a ratio, expressed in dB, of the largest
expected image signal received power to the smallest simultaneously expected power of
the desired-signal, with a signal-to-noise margin for distortion-free demodulation of the
desired-signal. The image rejection typically required for telemetry receivers is on the
order of 60 to 70 dB.

2.2.2  IF Rejection    Another of the functions of the preselector is to reject signals at the
first intermediate frequency which may be present at the receiver input. This requirement
is defined as the IF rejection of the receiver. Due to the fact that the first IF center
frequency is typically well removed from the desired-signal frequency, any signal
appearing at the IF frequency is considerably attenuated by the preselector lowpass skirt.
The receiver IF rejection requirement is determined in a manner similar to that for image
rejection and is required typically to be 80 dB.

2.2.3  Spurious Rejection    Also important in the design of the preselector is its abili 
spurious signals outside the preselector passband. This capability is defined as spurious
rejection, and is determined in a manner similar to that for image and IF rejection.

2.3  Receiver Sensitivity    The ability of a receiver to receive and effectively
demodulate very low power input signals is known as the receiver sensitivity. Receiver
sensitivity in a high-quality telemetry receiver is a function principally of the noise
generated in the receiver front-end. Most of this noise comes from the input stage to the
receiver, usually an RF amplifier. It is reasonable, therefore, to specify the sensitivity of
a telemetry receiver in terms of its noise figure. Where an RF preamplifier is to be used
ahead of the receiver, it is often desirable to allow a slightly higher receiver noise figure
in return for improved receiver dynamic range and intermodulation distortion. Such a
compromise in the receiver makes little difference in the overall system noise figure, and
may markedly improve the telemetry receiving system performance.

2.4  Intermodulation    In receivers used in multi-signal environments (such as those
peculiar to large aircraft and space vehicle test ranges), it is important that the



intermodulation products of any two signals which may be present at the input to the
receiver not cause interference to desiredsignals. Predetection intermodulation distortion
in telemetry receivers is chiefly a function of non-linearity of the RF amplifier. The
receiver, then, should be required to be sufficiently linear so that envelope demodulation
of any intermodulation product, due to the presence of any two sine wave signals whose
sum or difference frequency is within the passband of the receiver, not exceed a
specified level -- say a signal-to-noise-plus-noise ratio of 6 dB. Detection of the
intermodulation products should occur at the output of the receiver second IF amplifier
to assure linearity of IF amplifier stages in the receiver, as well as the linearity of the RF
amplifier. The power level of the two test signals should be the maximum for which
linear operation of the receiver is desired: in other words, the upper limit of the dynamic
range of the receiver. The test signals should be amplitude modulated a specified amount
with two different tones, each tone at some frequency within the response of the receiver
baseband channel. The recommended standard modulation index is 30 percent for each
signal, and the recommended modulation tones are 400 Hz and 1 kHz. Neither of the two
test signals, when applied alone, should produce a detectable output in excess of a
signal-plus-noise-to-noise ratio of 3 dB less than the allowable power level when the
signal when the signals are applied together. The specification should be applicable to all
IF bandwidths for which the receiver is designed.

2.5  First Local Oscillator    The first local oscillator in a telemetry receiver is used for
frequency selection of the RF link. Two types of oscillator circuits may be used as first
local oscillators: crystal-controlled and variable frequency. It may be desired to employ
both and provide switch selection of the oscillator to be used for any given test. The
choice is a matter of operational convenience. In both cases, it is necessary to specify the
frequency tolerance and stability.

3.  Requirements of the IF Channel.

3.1   First Intermediate Frequency Amplifier    One of the most important
specification requirements of the first IF amplifier is its bandwidth. It is unlikely that the
phase characteristics of the first IF amplifier will pose a problem due to the relatively
wide bandwidth of the amplifier and therefore phase linearity need not be specified; if an
overall receiver distortion requirement is included in the specification (see Section 6. 1),
this factor is specified implicitly anyway. The stability of the characteristics of the first
IF amplifier is of little concern either, again due to the relative wide bandwidth of the
stage.

The bandwidth of the first IF amplifier should be at least equal to twice the sum of the
following components: the one-way tuning range of the second local oscillator, AFC
hold-in range, transmitter frequency stability, receiver frequency stability, allowance for



front-end and other frequency tracking errors, and maximum RF signal half-bandwidth.
The specification of an allowable variation in amplitude response over this bandwidth
may be judicious to assure overall quality in the receiver. The skirts of the first IF
amplifier filter should roll off steeply outside the IF passband to preclude amplification
of undesired signals which might be passed by the RF amplifier and first mixer.

3.2   Second Local Oscillator    One function of the second local oscillator in the
telemetry receiver is to provide the capability of vernier tuning. For this purpose a
continuously tunable variable frequency oscillator may be employed. This oscillator may
be electronically tuned if it is to be controlled by the AFC circuit. A crystal-controlled
second local oscillator may also be used, with provision for switch selection between the
two oscillators. The two most important parameters in the specification of the second
local oscillator are its tuning range (in the case only of the VFO) and stability.

3.3  Second IF Amplifier    The second IF amplifier is possibly the most critical stage in
the telemetry receiver, since it must perform the functions of (1) reduction in additive
noise power at the input to the limiter/demodulator, (2) rejection of interfering adjacent-
channel and mixer product signals which have not been filtered by previous stages, and
as a compromise to the first two, (3) passing the desired predetection signal with as little
distortion as possible. The requirement for IF bandwidth interchangeability imposes
additional design complexity to the receiver.

At least three parameters are important in specifying the requirements of second IF
amplifiers: bandwidth, shape factor, and phase characteristics. It is important that the
measured parameters in each of these areas remain stable over the expected ambient
temperature range of the receiver, and also the receiver dynamic range if AGC control is
applied to the second IF amplifier. It is also important that those second IF amplifier
parameters specified be self-consistent, i.e., that meeting the performance criterion of
one specified parameter does not prevent the satisfaction of another.

3.3.1   Bandwidth    There are two bandwidths of significance relative to the second IF
amplifier: the half-power or 3 dB bandwidth and the noise bandwidth. Noise bandwidth
may be defined as the equivalent bandwidth of the actual noise power at the output of the
second IF amplifier normalized to a rectangular power density spectrum. Noise
bandwidth is the value used in circuit margin calculations, and should be specified in
addition to half-power bandwidth for TDM/FM signals because of the design
compromise between intersymbol interference (see Section 3. 3. 3) and the reduction of
FM noise. Half-power bandwidth should be specified for both FDM/ FM and TDM/FM
telemetry signals. For FDM/FM signals, it is selected on the basis of the predetection



* The bandwidth of a frequency modulated telemetry signal may be defined in a number of
different ways. Discussion of this definition is beyond the scope of this paper; however, one
acceptable definition for FDM signals is that bandwidth within which are contained all sideband
components individually exceeding one percent of the total signal power.

bandwidth of the received signal.*, It should be specified to be approximately equal to
the signal bandwidth for maximum noise reduction at the input to the limiter without
significant distortion of the RF signal. Guidelines for selection of half-power bandwidths
for PCM and other TDM baseband signals are given in IRIG (RCC) Document 106-7 1.
The converted predetection signal may not,be centered accurately within the passband of
the second IF amplifier due to inaccuracies in transmitter frequency or receiver tuning. A
safety margin should therefore be added. The half-power IF bandwidth operationally
used should be the next highest value selected from the standard IF bandwidths listed in
Table 6 of IRIG (RCC) Document 106-71.

3.3.2   Shape Factor    The amount of required rejection of adjacent channel interference
by the second IF amplifier determines the skirt selectivity of the IF filter. A shape factor
(bandwidth ratio of -60 dB to -6 dB response) should be specified which corresponds to
the required skirt selectivity.

3.3.3   Phase Characteristics    Passband phase linearity, or its derivative group delay
constancy, of the second IF amplifier is more important for preserving the essential data
parameters of an FDM/FM telemetry signal than the amplifier’s passband amplitude
characteristics. (Stated another way, there is no evidence to indicate that the amplitude
characteristics of the second IF amplifier by themselves, including a very large amount
of passband ripple, contribute to the demodulated baseband distortion of an FM signal.1

There are essentially two ways by which the phase characteristics of the second IF
amplifier may be specified for FDM/FM signals; one deals with the direct specification
of the group delay characteristics -- the cause of baseband intermodulation distortion,
and the other is specification in terms of the result of the phase non-linearity: the
allowable data distortion itself. The second of these methods would appear to be
preferable to the first for the purposes of receiver performance specifications (1) because
it is a direct delineation of data quality, and (2) because this parameter is needed first in
order to arrive at the equivalent allowable second IF amplifier group delay.

Intermodulation-to-signal (I/S) ratio is a widely accepted criterion of FDM/FM baseband
data distortion due to the effects of predetection phase non-linearities, it being essentially
a measure of baseband intermodulation distortion. I/S ratio is virtually inversely
analogous to signal-to-noise ratio for FDM basebands, which makes its specification
relatable approximately to subcarrier signal input quality. The relationship of baseband
I/S ratio to the group delay characteristics of the second IF amplifier is rigorously



analyzed in Reference 1, and is summarized in Reference 2. The methodology of
specifying second IF amplifier distortion in terms of allowable I/S ratio, or alternately, in
terms of group delay characteristics, is covered in Sections 11.5 and 11.6 of Reference 1,
respectively, and in Section 12 of Reference 2. For reasons of space limitation, this
methodology is not repeated here.

Intersymbol interference (spillover of a TDM pulse into the next time slot due to pulse
stretching) is the primary mechanism by which predetection filters degrade TDM
telemetry data.1,2 The group delay characteristic of a predetection filter has no direct
bearing on intersymbol interference, so specification of the phase characteristics of the
second IF amplifier are of little importance for TDM signals. Of direct significance in the
determination of the amount of TDM intersymbol interference is the impulse response of
the IF amplifier/filter. In the absence of complete knowledge as to the bit decision
process employed in the primary bit synchronizer or pulse detector, or to accomodate a
variety of TDM formats, the duration of the impulse response can be used as a
performance measure for TDM signals. The maximum allowable pulse-stretching is
computed from the bit rate, duty cycle, and peak frequency deviation, and is used to
determine the allowable impulse-response duration by the method specified in Section
11.5 of Reference 1. For mid- and high-range values of IF-to-video bandwidth ratio, the
second IF amplifier filter introduces very little additional pulse stretching over that of the
video filter. For low IF-to-video bandwidth ratios, however, the second IF amplifier
contributes pulse distortion comparable to the video filter.

3.4  Amplitude Limiter    The function of the amplitude limiter is to remove any
remaining amplitude fluctuations which may not have been removed by the AGC circuit.
In order to accomplish this effectively, the limiter must limit on noise. Moreover, it must
be capable of a reduction in input-to-output amplitude modulation factor of 1000 to 1 or
more. An amplitude limiter may therefore be typically required to reduce the amplitude
fluctuations on an input signal 95 percent AM modulated to a value of AM less than 0. 5
percent on the limiter output signal. This AM reduction must be effective at all,input
frequencies to which the limiter will be subjected in order that high frequency amplitude
perturbations present on the incoming telemetry signal are not converted to baseband
signals. This latter requirement is important in terms of reduction of the effects of co-
channel interference.3 The specified input frequency range should be from DC to a
modulating frequency at least equal in value to one-half the maximum IF bandwidth to
be used -- higher under conditions of co-channel RF interference. The specification
should be applicable under dynamic test conditions for all signal levels above a given
signal-to-noise ratio in the second IF amplifier -- say 6 dB -- to at least the maximum
expected operating input level of the limiter.

3.5  FM Demodulator    Three essential parameters define the FM carrier demodulator
requirements: deviation range, linearity, and center frequency stability. A prior



knowledge of expected telemetry signal parameters provides the range of peak-to-peak
frequency deviations over which the demodulator will be expected to function.
Distortion in the baseband output is a function of the linearity of the demodulator, which
can be expressed either as a power series polynomial or a trigonometric series. In either
case, the relation of demodulator linearity to baseband signal distortion is identical to the
familiar exercise of computation of distortion in a linear amplifier. The specification of
center frequency stability is one requiring the determination of allowable center
frequency drift (particularly with DC coupling) as a function of time and temperature.

4.  Requirements Imposed by Dynamics of Received-Signal.

4.1  Long-Term Amplitude Dynamics    RF input power to the receiver must be
considered in the specification of signal dynamic range which the receiver is expected to
accomodate. Dynamic range is a function of several parameters, included in which are
the receiving system noise threshold, effective radiated power of the transmitting source,
signal propagation attenuation, receiving antenna gain (including polarization losses),
and the gain of any RF prearnplifier connected external to the receiver (including
prearnplifier input and output line losses). The variance in input RF signal power to the
receiver is compensated for by an AGC system in the receiver which automatically
adjusts the gain of RF and IF amplifier stages so that the output of the last IF amplifier
remains nearly constant over the entire range of signal amplitudes expected at the input
to the receiver. The AGC loop for a double conversion receiver is shown in Fig. 1.

Under the simplified example of a space vehicle transmitting source which passes
directly over the ground station in the manner shown in Fig. 2, it is possible for the
received-signal power Pr at the input to the receiver to vary through both maximum and
minimum values on a single vehicle pass. A complete cycle of Pr values from signal
minimum to maximum, then back to minimum, may occur in a matter of a few minutes,
as shown in Fig. 3.

The lower limit of the telemetry receiver dynamic range is determined by the noise
threshold of the receiving system. The upper limit is determined by a calculation of the
maximum signal power expected at the input to the receiver. It is important to specify
that no saturation of any of the cascaded RF and IF amplifier stages occur at the
maximum input signal power Pmax. The propagation path loss will be at its minimum
value, and Pr will thus be at its maximum value Pmax, when the distance between the
vehicle and ground station is minimum.

The constraint which dictates the required predetection recording signal level range at
the output of the second IF amplifier is the dynamic range of the magnetic tape
recorder/reproducer. Too high an input signal level coupled to the recorder causes
magnetic saturation of the tape, and thus distorts the recording. Too low an input signal



level does not yield adequate signal-to-noise ratio, considering the additive
recorder/reproducer noise. The specification of this range is the responsibility of the
recorder/ reproducer specifier; the interface is given to the receiver specifier as an output
requirement of the final stage of receiver IF amplification. The requirement for signal
level constancy at the output of the second IF amplifier is generally on the order of ±1.5
to ±3 dB. Such an AGC performance specification defines the required overall feedback
gain, but allows the receiver designer latitude in distributing this feedback to the various
RF and IF amplifiers.

4.2  Short-Term Amplitude Dynamic    In addition to the slowly changing signal power
at the input to the receiver due to the position of the vehicle, there will also be shorter-
term amplitude perturbations caused by fading, noise, multipath, rocket exhaust plasma
(during the engine burn period), and other propagation disturbances. These short-term
fluctuations appear as amplitude modulations on the frequency modulated signal, and
may produce undesirable noise in the demodulated baseband signal unless precautions
are taken to minimize their effect. In terms of requirements of the telemetry receiver,
minimization of baseband noise due to amplitude fluctuations in the received signal is
manifested in three specifications: AGC time-constant, amplitude limiter performance
(covered in Section 3. 4), and AM rejection.

4. 2.1  AGC Time-Constant    The primary function of the automatic gain control loop
in a telemetry receiver is to adjust the gains of the various RF and IF amplifier stages so
that, except for fast transient rises and drops in signal amplitude, the signal remains
within the linear operating region of all amplifiers in the receiver. Ideally, the AGC loop
should eliminate all envelope amplitude perturbations present on the received-signal,
especially if predetection recording of the signal prior to limiting is to occur. The
reasoning behind this idealization is that all the necessary information to be retrieved by
the telemetry receiving system is contained in the frequency characteristics of the
transmitted signal. Any amplitude components only add noise to the desired receiver
output signal.

In the case of predetection recording of the signal prior to limiting, were a sudden drop
in signal amplitude to occur at the input to a receiver with a relatively long AGC time-
constant, the signal input to the predetection recorder could drop below the combined
receiver/playback/demodulator noise threshold. A loss of recorded data would thus occur
until the AGC loop responded to correct receiver RF and IF amplifier gains. If the AGC
time-constant were fast enough, there would be no recording dropout, and although the
data might be noisy, the degradation would only occur during the instants of phase
disturbances due to the noise.

Baghdady and Ely4 have reported amplitude modulation frequency components on FM
telemetry signals of up to 8 kHz due to transmission of the signal through rocket exhaust 



Fig. 2 - Geometrical Relationships Between Vehicle in
Motion and Telemetry Ground Station

Fig. 3 - Received-Signal Power as a Function of Time

Fig. 4 - Doppler Frequency Offset and Rate-of-Change as Functions of Time



plasmas. It is likely that similar AM frequency components exist on signals subject to
multipath and other propagation anomalies, although no record exists of measurement of
the parameters surrounding these disturbances. It is clear, in general, that the higher
frequency AM components are of lesser amplitude than the lower frequency ones. For
example, on the solid fuel vehicles reported by Baghdady and Ely, 6 kHz AM
components on signals egressing from the vehicle exhaust plasma were down in
amplitude some 14 dB from those occuring at 5 Hz.

The AGC time-constant Tagc of a telemetry receiver is defined as the time required for the
receiver to respond to a step-change in the input signal. A zero to 90 percent signal level
change in the output from the second IF amplifier is often used as the criterion for the
measurement of Tagc. The maximum required value of Tagc is a direct function of the
highest expected AM frequency component expected on the input signal to the receiver,
and its relative amplitude.

4.2.2  AM Rejection    Although most of the amplitude perturbations on the incoming
FM signal are removed by the AGC and limiter, some of the AM variations are
converted to frequency (or phase) disturbances before the amplitude components can be
removed. The result is that these AM-to-FM conversions are demodulated by the FM
demodulator and appear as AM disturbances in the baseband signal. Two circuits in
which such AM-to-FM conversion can occur are the second IF amplifier and the limiter.
An overall receiver AM rejection specification ensures that AM-to-FM conversion
occurring in the receiver is within tolerable limits. It also verifies the removal of AM
components by AGC circuitry and the limiter in terms of output data signal quality.

The requirement for AM rejection involves the comparison of receiver baseband output
levels when AM and FM signals are introduced separately at the input to the receiver.
The FM baseband signals are the reference. The ratio of the output level due to the AM
signal, to the output level due to the FM signal, is the AM rejection. A mid-range
baseband frequency (e.g., 1 kHz) is selected as a reference, and a representative
deviation is chosen in terms of a percentage (often plus or minus 20 percent of the IF
bandwidth in use (for purposes of normalization). An amplitude modulated signal is then
coupled to the receiver whose AM modulation factor represents the maximum amplitude
disturbances which can be expected on actual telernetered input signals. (In the absence
of exact knowledge concerning the amplitude of these disturbances, and to effect test
standardization, an AM modulation factor of 50 percent is typically used. ) The
modulating frequency of the AM generator is then varied, and the resulting baseband
output measured for each modulating frequency. The result is compared to the respective
FM baseband reference levels for the comparable modulation frequencies and is
expressed in dB as a function of modulating frequency.



The AM rejection specification is, in effect, an expression of the maximum noise level
which can be tolerated at a given baseband frequency due to AM disturbances on the
input signal, specified as a function of that baseband frequency. The allowable noise
level at a given video frequency is dependent on the requirements of the equipment into
which the receiver output signal will be coupled (such as subcarrier discriminators).

4.3   Frequency Dynamics    Movement of the transmitting signal source causes a
doppler frequency offset on the received signal. In the lower frequency telemetry bands
wherein relatively wideband signals are employed, this offset is not a serious problem,
since the magnitude of the offset is a small percentage of the IF bandwidth. At higher
carrier frequencies and narrower IF bandwidths, however, doppler offsets, combined
with frequency offsets due to allowable transmitter frequency and receiver local
oscillator tolerances, can cause the received signal to be displaced in frequency outside
the passband of the receiver second IF amplifier stages. For this reason, AFC (automatic
frequency control) circuitry is mandatory in telemetry receivers where such an offset may
present a problem -- particularly at S-band.

An AFC loop for a double conversion telemetry receiver is shown in Fig. 5. AFC control
of the second local oscillator is shown in the figure, although control of the first local
oscillator could alternately be employed. One factor favoring AFC control of the first
local oscillator is that a narrower first IF amplifier bandwidth can be implemented in the
receiver, since the additional frequency range required to accommodate doppler and
transmitter frequency offsets would not need to be included within the bandwidth of the
first IF amplifier. Crystal control of link carrier frequency (the first local oscillator) is
often desirable, however, to eliminate the need for manual tuning of the receiver to the
transmitter frequency, and thus facilitate rapid acquisition of the received signal. Precise
pre-setting of link carrier frequencies is particularly important in order that a loss of data
not occur in a multiple-link receiving facility when transmissions from a space vehicle
are first received as the vehicle appears over the horizon. When crystal-controlled first
local oscillator tuning of the receiver is required, it is expedient to effect control of the
second local oscillator by the AFC. Using a VCXO as the first local oscillator, however,
crystal-controlled tuning of the receiver to the link frequency, as well as AFC control of
the first local oscillator, can be achieved.

4. 3.1   AFC Loop Gain    The first consideration in specifying AFC requirements for a
telemetry receiver is the calculation of the largest expected frequency offset. This offset
is the sum total of frequency offsets due to (1) doppler shift, (2) allowable tolerance in
transmitter carrier frequency, and (3) allowable tolerance in receiver local oscillator
frequency. The doppler offset frequency assumes its largest (worst case) value )fmax

when the offsets of the individual components are additive. A graph of doppler
frequency shift for the space vehicle example as a function of time is shown in Fig. 4. 



Fig. 5 - Typical AFC Loop for Double Conversion
Telemetry Receiver

Note that the maximum doppler offset occurs when the vehicle is on the horizon. The
allowable frequency offset )f' when AFC is applied is a function of the receiver second
IF amplifier bandwidth. In receivers with the capability for more than one IF bandwidth,
a recommended guideline is that the allowable )f' should not exceed a value equal to ten
percent of the narrowest IF bandwidth for the receiver. Thus, with the selection of )f 
and )f' , the AFC loop gain is determined. This loop gain is written in the form of a
specification as a required reduction by the AFC circuit of an initial frequency offset
)fmax to a value not exceeding )f'. Such a frequency offset reduction is subject to the
bounds placed on )fmax by the bandwidth of the second IF amplifier. The ratio of )fmax to
)f', however, is specified to be constant for any IF bandwidth used in the receiver.

4.3.2   AFC Aquisition Performance    In order for the AFC to perform the function of
centering the frequency offset signal accurately within the passband of the second IF
amplifier of the receiver, it is necessary first that the AFC loop capture or acquire the
signal. The frequency range over which a received RF signal may be initially captured
when the AFC circuit is switched on is known as the AFC acquisition range. The desired
receiver.AFC acquisition range is determined by the maximum frequency offset )fmax

expected of the signal appearing at the AFC discriminator. If the maximum expected
frequency offset is less than a value equal to plus or minus half the IF bandwidth, the
desired AFC acquisition range can easily be achieved. Since, however, the AFC
discriminator usually functionally follows the second IF amplifier in the receiver, the
desired acquisition range cannot always be obtained. When narrowband second IF
amplifiers are employed, the achievable AFC acquisition range is restricted to plus or
minus half the IF bandwidth, since any signal outside the IF passband is attenuated by
the IF filter. (Doppler shifts at S-band, for example, may be as great as ±75 kHz for some
space vehicle launches. If this doppler offset were encountered during a mission wherein
a telemetry receiver with an IF bandwidth of less than 150 kHz were used, the received
signal would be outside the passband of the IF filter, and AFC acquisition could not be
realized. ) If this case is of significance to the receiver specifier, a stipulation should be
incorporated in the specification requiring the receiver AFC to capture signals which



may be expected outside the passband of the narrowest IF amplifier bandwidth which
will be employed.

Due to unpreventable noise unbalances in practical IF amplifier and discriminator
circuits, there will be a residual bias at the output of the AFC discriminator in the
absence of an input signal to the receiver. This bias is independent of the second local
oscillator frequency, and if the AFC is on and the AFC loop sufficiently high, the result
is that the local oscillator controlled by the AFC discriminator is driven to one or the
other of its tuning range limits. The receiver is thus tuned by the AFC loop to a
frequency which may be tens of kilohertz away from the frequency to which the receiver
would be tuned with the AFC off. Were a signal to appear with the receiver tuned in this
manner by the AFC, it would never be acquired, since the signal would be well out of the
receiver IF passband.

Where a large number of telemetry receivers are employed in a ground station for
multiple link coverage, it is both inconvenient and impractical for the operator to switch
on the AFC circuit on each individual receiver after first appearance of the signal within
the IF passband. It is highly desirable to be able to leave the AFC circuits of all receivers
on prior to the reception of any signals, so that when the signals are first received, they
will be automatically centered within the IF passband by the AFC. In the event this
capability is required of the receiver, it should be explicitly stated in the specification.

Several techniques may be employed to meet this latter requirement, among which are
reduction in AFC loop gain until after the AFC loop has captured the received signal,
AFC search techniques, and multiple phaselocked loops. The latter two of these
techniques may also be useful as AFC acquisition aids in the case where the desired AFC
acquisition range is greater than half the IF bandwidth employed in the receiver.

4.3.3   AFC Hold-In Range    Once the AFC loop has acquired the received signal, it
then must retain acquisition of the signal through any frequency dynamics which can
reasonably be expected. The frequency range over which the AFC circuit is required to
retain signal acquisition is known as the AFC hold-in range. This hold-in range can be
greater than the IF filter bandwidth, since after initial acquisition by the AFC circuit, the
signal is held automatically within the frequency confines of the second IF amplifier
passband by the AFC circuit. An AFC error voltage is always developed as long as the
receved signal is contained within the IF passband, so that the only constraint on the
AFC hold-in range is the tuning range of the AFC-controlled local oscillator. The AFC
hold-in range may thus be specified to be a value equal to the maximum expected
frequency offset ±Afmax’ This specification is independent of the second IF amplifier
bandwidth employed in the receiver. The receiver specifier may wish to add a safety
margin to the theoretically calculated AFC hold-in range to insure against unforeseen 



contingencies which could arise during the mission, such as an unexpected shift in
transmitter frequency due to a transmitter malfunction.

4.3.4   AFC Response Time    The rate-of-change of frequency of the received signal
due to doppler is an important factor in the design of the AFC loop. Significant
frequency offset errors may be introduced by an AFC loop with too long a time-constant,
thus resulting in signal distortion due to phase and amplitude non-linearities on the skirts
of the IF filter. If the error due to change in doppler frequency is sufficiently large and
the AFC time-constant long, the signal may even be displaced outside the passband of
the IF filter. On the other hand, if the AFC loop time-constant is too short, baseband
signal distortion may occur due to the AFC loop “following” frequency changes in the
received RF signal. An acceptable AFC loop time-constant is assured by two
specifications: one an allowable carrier frequency error for a given input signal rate of
frequency change, the other an allowable attenuation (with AFC on) to the lowest
baseband frequency of interest. (It should be noted that DC baseband response is not
possible with AFC on. )

It will be observed from Figs. 2 and 4 that the maximum rate-of-change of doppler
frequency occurs when the vehicle is directly over the ground station. The magnitude of
this frequency-rate-of-change is found by first differentiating the transmitting vehicle
velocity with respect to time. The maximum doppler frequency-rate-of-change is then
found by evaluating the differentiated vehicle velocity expression at the time the vehicle
is directly over the ground station and finding that doppler frequency-rate-of-change
(expressed in kHz/sec. ) corresponding to this time.

When the receiver input signal shifts frequency due to a change in doppler frequency,
errors stemming from two causes will be present on the signal appearing at the input to
the second IF amplifier: (1) a fixed-frequency error due to the magnitude of the signal
frequency offset, and (2) a transient frequency lag error due to the response of the AFC
loop filter to the loop input frequency change. The total frequency error at any instant is
the sum of these two error sources. The errors can be additive, thus resulting in the
displacement of the signal even further away from the center frequency of the second IF
amplifier than if there were no transient error present. The importance is thus seen of
keeping the frequency lag error small when the doppler frequency-rate-of-change is
maximum -- say a value equal to ten percent of ±)fmax --so that the total frequency error
due to input signal frequency dynamics will not be a significant fraction of the narrowest
IF bandwidth to be used in the receiver. The specification determining how fast the AFC
should respond should therefore be expressed in terms of the maximum allowable
frequency error due to the change in signal input carrier frequency (not including the
frequency error due to the magnitude of the input frequency offset) when the maximum
expected frequency-rate-of-change is encountered.



In order to assure the AFC loop response time is sufficiently slow so that low frequency
baseband signals will not be eliminated by the AFC loop, an allowable attenuation to a
baseband frequency well below the lowest information frequency of interest should be
specified. The required receiver output low frequency response is a function of the video
signal passband, and is dictated by the input requirements of the equipment to which the
receiver baseband signal is coupled (such as baseband signal recorder, etc. ). The test for
this specification involves deviating an FM signal generator a fixed amount at some mid-
range baseband frequency to establish a reference, then deviating the signal generator the
same amount at the low baseband frequency wherein the AFC circuit is required to
perform within the specified bounds. The ratio of the two output signal amplitudes,
excluding the filter effects of the demodulator and baseband channel, is the measured
attenuation of the signal due to the AFC loop.

4.3.5  Provision for Variable Duty Cycle Signal   If the AFC is to be used with digital
type baseband modulations such as PCM, it is necessary that a peak-to-peak detector be
employed for the derivation of the AFC control signal. This circuit ensures that for all
signals keyed between two frequencies fa and fb, the carrier component                 is
maintained accurately at the center frequency of the receiver second2 IF passband. In
specifying this provision, the duty cycle limits of the expected baseband signals should
also be delineated (e.g., 10 to 90 percent), as well as the range of expected bit-rates.

4.3.6   AFC Stability    AFC stability should be such that the peak center frequency drift
when the AFC is on is less than a frequency corresponding to some fixed percentage --
say ten percent -- of the narrowest second IF bandwidth to be used. This specification
should be applicable over the longest period over which the receiver will be operational,
and maintenance adjustments should be required at no more frequent intervals than the
expected period between routine calibrations.

5.  Requirements of the Baseband Channel    The baseband channel is comprised
essentially of the video amplifier/baseband filter which provides an interface from the
demodulator to the receiver video output load (see Fig. 1). Although the video amplifier
is potentially the least critical stage in the receiver, at least four parameters are important
to specify for assurance of adequate performance: frequency response, total distortion,
dynamic range, and output level and impedance.

The frequency response of the video amplifier relates to the range of baseband
frequencies which will be encountered. Adequate consideration should be given to
harmonics of pulse-type baseband signals when specifying the upper frequency limit. An
amplitude tolerance should be placed on the flatness of response over the passband, and
if DC coupling is required that fact should be explicitly stated. The total allowable
distortion of the amplifier should be specified in relation to the type baseband data



expected: for FDM data, intermodulation distortion is one acceptable criterion, for TDM
data, impulse response of the amplifier is meaningful, since it is a measurement
essentially of waveform integrity. The noise-loading technique is one method by which
intermodulation distortion may be specified and measured; this technique approximates
the signal-to-noise ratio as a function of baseband frequency, which is of value when
working with a multiplex of subcarriers.

Specification of the video amplifier dynamic range (defined as acceptable signal-to-noise
threshold level to the maximum amplitude signal within allowable distortion limits) is
important when co-channel RF interference is present, since the frequency transients
generally associated with such interference manifest themselves as amplitude transients
in the baseband channel. Considerable baseband distortion results when the operational
dynamic range of the video amplifier is exceeded.

Output level and impedance specifications should correspond to the requirements of
load(s) into which the video output signal is coupled.

The baseband, or video, filter is essentially a lowpass filter which cuts off just above the
highest video frequency of interest to minimize noise output. The amplitude and phase
characteristic requirements of this filter are dependent on the type of data being received.
The essential filter parameters requiring specification are amplitude response, cutoff
frequency, skirt selectivity, and allowable distortion, which may involve inter-related
specification compromise as in the second IF filters. TDM data requires greater phase
linearity for waveform preservation than does FDM. It has been shown that most of the
TDM data distortion occurring in a telemetry receiver stems from the post-detection
filter.1,2 The impulse-response duration technique outlined in References I and 2 is
recommended for both specification and measurement of TDM distortion (intersymbol
interference, or pulse-stretching) in post-detection filters for TDM data. The design
compromise in filters designed for TDM data is one of amplitude response rolloff rate.

Post-detection filters designed for FDM data are not as demanding in their design as
TDM filters because their passband phase characteristics are not as critical. The desired
amplitude response and rolloff rate can usually be achieved without sacrifice in FDM
data quality. Attenuation to noise frequencies above the baseband of interest is important
especially when cochannel RF interference is present, since the amplitude of co-channel
interference-caused video noise components characteristically increases with frequency.
The noise-loading technique is recommended for the specification and test of video filter
distortion for FDM signals. For both the case of FDM and TDM signals, specifications
and tests should be applicable to the cascaded video amplifier/baseband filter.



6.  Special Requirements for Minimization of Distortion.

6.1  Overall Receiver Distortion    It is recommended that the noise-loading and
impulse-response duration specifications and tests discussed in Sections 3. 3. 3 and 5,
and defined in detail in Reference 1 be applicable to the total telemetry receiver as an
assurance of overall quality. The test signal could be inserted at the receiver RF input,
and the resulting distortion measured at the video output, following the video filter. It
may be desirable to implement the receiver overall distortion tests in addition to, or in
place of, the specifications and tests for individual stages.

6.2  Co-Channel Interference    In cases where there is co-channel RF interference
(such as RF multipath), it may be desirable to specify the FM capture performance of the
receiver. In cases where co-channel RF interference is present, improved capture
performance may allow the recovery of the stronger-signal data, where without the
improvement there would be only noise at the video output. It should also be recognized,
however, that such capture performance enhancement may cause an increase in baseband
signal distortion over what distortion would be present without enhanced capture
performance when no interfering signals are present. The increased distortion is because
of the distorting effects to the predetection-signal of cascaded narrowband limiters
usually employed for improvement of the receiver capture ratio.

Capture ratio is defined as the lowest voltage ratio of RF interferingsignal input to RF
desired-signal input which results in an undisturbed desired-signal modulation output.
The interfering-signal modulation output is the undesired modulation occurring as a
result of the interfering-signal RF input. The desired-signal modulation is considered
“undisturbed” if the undesired-signal modulation is some 20 to 30 dB below the desired-
signal modulation. The required capture ratio is determined by an analysis of the largest
expected ratio of interfering- to desired-signals.

A test specification for the measurement of capture ratio is highly desirable because of
the number of parameters which affect the result. Modulation frequencies, RF deviations
(usually expressed in terms of a percentage of the second IF amplifier bandwidth), and
the range of desired-signal RF amplitudes over which the specification is applicable,
should all be included in the test specification. The compromise in data quality should,
of couse, be reflected in the overall receiver distortion specification discussed in Section
6.1.
Capture ratios of as high as 0. 9 have been demonstrated in operational telemetry
receivers. Guidelines as to achievable capture ratios, and expected resulting data
distortion may be found in References 5, 6, and 7.
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