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THE REALIZATION OF TELEMETRY TRANSMITTERS WITH
VERY WIDE BANDWIDTHS

R. H. ROBERTS
Bertea Corporation
Irvine, California

Summary    The coming of high bit rate PCM and high quality television as common
modulation formats has placed stringent bandwidth requirements on telemetry
transmitters at S-Band. Two wideband FM transmitters are considered in this report: One
for frequency deviations up to ±1 MHz with rates as high as 1.5 MHz; and a new
transmitter with up to ±10 MHz deviation and an 8 MHz baseband response. Presented
in this report is a new discriminator of the symmetrical Foster-Seeley type. It is capable
of 33% peak-to-peak bandwidth and excellent linearity, that allows very wideband
requirements to meet in a practical FM feedback transmitter.

Introduction    The shift of the telemetry frequencies from VHF to S-Band allows the
possibility of using very high transmitter bandwidths for some applications. Bandwidths
of up to 10 MHz are possible at S-Band with present techniques. Data such as television
and high-bit rate PCM are immediate possibilities for utilization of these wide
bandwidths.

Because there have been several requirements for a wideband transmitter, this author was
asked to study possible design approaches and techniques that might be incorporated in a
new transmitter. The study was divided into two separate phases:

Phase 1 - Increase present transmitter bandwidth to about 1.5 MHz with relatively
minor modifications.

Phase 2 - Develop a transmitter with 8 to 10 MHz bandwidth, DC response and at least
±.01% frequency stability.

The present Bertea transmitter bandwidth is about 500KHz. Then, both phases of this
study require considerable development effort and the design phases logically follow
each other in difficulty.

The basic goal of this report is to review techniques, basic theory and recommend
solutions for both phases of the wide bandwidth requirements. The primary result of this
study is a new form of the Foster-Seeley type symmetrical discriminator which has a



peak-to-peak bandwidth of greater than 30% of center frequency and better than ±1%
RMS non-linearity over a bandwidth of about 20% of center frequency. An analysis and
description of this new discriminator is presented in this report. The development of this
discriminator was primarily responsible for the success of this study and the fulfillment
of preliminary requirements.

It is hoped that this new form of discriminator will be useful to other workers in the
telemetry community. The development of this discriminator closes the gap to achieving
wide baseband response S-Band transmitters, which this industry will require with
greater frequency in the 1970’s.

Theoretical Preliminaries    The basic frequency modulation process is:

where the applied modulation is g(t) = Cos Wmt, for the simple case of single tone FM.
Thus FM may be viewed as a non-linear process such that instantaneous frequency,
Wi(t), is a linear function of the modulation signal:

Then the spectral distribution of an FM wave is a non-linear function of ()S/Wm). In
fact, the amplitude of the carrier and sidebands of an FM wave are given by the Bessel
function of the first kind in ()S/Wm), where n = 0, ±1,±2, etc. Thus, the bandwidth
occupied by an FM signal is a non-linear function of )S and Wm.

With this basic description of frequency modulation we can postulate a model of an FM
modulator as shown in Figure 1.

Practical Modulators    There are several methods of achieving the above ideal FM
modulator characteristic, each of which involves the use of a voltage controlled
oscillator. The VCO is a functional element whose instantaneous output frequency is a
“linear” function of input voltage, in general:

thus



and the frequency deviation is

thus the transfer function:

The VCO is an ideal FM modulator when output frequency is a linear function of input
voltage. Examples of VCO’s are the common astable multivibrator and RC or LC
oscillators where R, C, or L is function of input voltage. It is obvious that the
multivibrator is a linear device for large changes of control voltage. But, the RC
oscillator is linear only so long as the modulated R or C is a linear function of control
voltage. The LC-VCO is even less linear than the RC type, as Wi(t) = 1/(LC)½. For RF
oscillators the LC-VCO is the most common. The typical LC-VCO is modulated by a
varicap whose C = f(Vin)

½, thus Wi(t) = f(Vin)
¼. The linearity of an LC-VCO is assured

only for frequency deviations of a few tenths of a percent of center frequency. This
limitation, and others, lead to the use of a servo control system around an LC-VCO to
make it a more ideal FM modulator.

For RF applications, FM modulators can be classified by the use of a feedback loop.
There are two basic modulators of each open loop and closed loop design, presented in
Figures 2 through 5.

It can be seen that only the direct FM modulators provide an ideal response for all
modulation frequencies. The indirect, open loop modulator cannot accomodate high
modulation frequencies, while the indirect closed loop configuration cannot accept low
modulation frequencies. However, the frequency stability of the indirect approaches is
far better than the direct modulators because they are crystal controlled. Another
limitation of the indirect technique is that frequency deviation is limited to
approximately (B/2)f maximum, in the open loop scheme, and (B/2)f minimum, in the
closed loop system.

Limitations are present in the direct approaches, also. The open loop modulator is limited
in deviation because of linearity, while the closed loop deviation is limited by the
discriminator and error amplifier gain and linearity. Modulation bandwidth in the open
loop modulator is principally limited by the RC time constant of the modulating
varicaps, while the closed loop modulation bandwidth is limited principally by the
discriminator bandwidth.

Frequency stability is the major problem of both direct FM ,modulator configurations.
Both schemes require temperature compensation and heterodyning with a crystal



oscillator to achieve reasonable frequency stabilities. The open loop VCO is temperature
compensated and its output is mixed with a high harmonic of a crystal oscillator, in a
normal transmitter, to achieve stabilities on the order of ±.003%. The closed loop
modulator requires temperature compensation of the discriminator and,typically,
heterodyning the VCO output down to a frequency where a discriminator is practical.
The closed loop system can also achieve frequency stabilities on the order of ±.003%.

It can be seen that any practical FM modulator is a compromise to achieve an ideal FM
characteristic for any given set of transmitter specifications.

Video Bandwidth Modulators    The goal of this report was to study techniques useful
for providing video bandwidth modulation capabilities in an S-Band transmitter. The
bandwidth required for distortion free transmission of FM modulation is approximately:

BW = 2fm + 2)f

It can be seen that, for constant deviation, the bandwidth required is a non-linear
function of modulation index ()f/fm). For modulation indexes much less than unity, the
bandwidth approaches 2fm. Thus, it is only necessary to pass the first set of sidebands of
an FM signal if the modulation index is small.

In the normal video bandwidth application at S-Band, 10 MHz peak-to-peak deviation is
required at rates up to 10 MHz, for a minimum modulation index of 1/2. The standard
S-Band transmitter today utilizes frequency multiplication in it’s final stages. Typical
multiplication ratios are 4 through 9. It is obvious that the modulation index at the VCO
is inversly proportional to multiplication used. Thus, a transmitter whose actual
modulator (VCO),is at 1/9 of S-Band has a minimum modulation index of 1/18. This
implies that such a transmitter requires a maximum bandwidth twice the highest
modulation frequency or 20 MHz.

From the consideration of a required bandwidth of DC to 20 MHz, it is seen that neither
indirect FM modulator can be used. Further, the open loop direct FM modulator capable
of 20 MHz minimum bandwidth would have to have a center frequency of several
hundred MHz, a situation leading to insoluble frequency stability problems.

It seems that the only modulator capable of video bandwidth is the closed loop direct FM
modulator. It must be noted however, that the error amplifier must pass the highest
modulation frequency and the discriminator must be linear over a bandwidth of 20 MHz.
Modern integrated circuits make 10 MHz response in the error amplifier practical. But,
mechanization of a stable, wideband discriminator is a problem. Realization of a 



discriminator with some 20 MHz peak-to-peak bandwidth has always required very high
center frequencies, with subsequently poor frequency stability.

A Practical Video Bandwidth Modulator    A practical video bandwidth modulator is
shown in Figure 6. It has several refinements over the simple closed loop modulator
shown in Figure 3. For the sake of frequency stability, the VCO output is heterodyned,
with a crystal oscillator-multiplier chain, to a lower frequency where a precision
discriminator is possible. An I.F. amplifier is included because the above mixing is
convienently done at a low power level. The limiter must be included to completely de-
sensitize the loop to amplitude modulation. At least 60 db of limiting is necessary with a
normal modulator of this type.

With this modulator, it is seen that the mixer, I.F. amplifier, limiter and discriminator
must have at least 20 MHz bandwidth to pass video bandwidth FM signals.

This type of modulator can be viewed as a non-linear network (the VCO) with linear
negative feedback around it (see Figure 7). The purpose of the negative feedback is to
linearize the VCO. Let the transfer characteristic of the VCO be1:

The application of feedback produces the transfer characteristic:

It can be seen that the linear coefficient with feedback has been reduced by 1/(1+N1$). If
the input signal with feedback            , is increased by (1+N1$) to restore the original
output level, eo(t), then               becomes;

 and it is seen that feedback does nothing to the linear term of the VCO transfer function.
But, it does reduce all non-linear terms by 1/(1+N1$)

Thus the application of negative feedback serves to linearize the VCO and reduce
distortion, because the factor $ is the gain of the discriminator and error amplifier, which
can be very high. Then any distortion due to the VCO is swamped out by the gain of the
feedback loop and the resulting distortion is due entirely to any non-linearities in the
discriminator or error amplifier. The error amplifier, in general, is a very linear device
such as an I.C. wideband operational amplifier and any distortion is due almost entirely
to the discriminator. The typical transmitter specification is 2% total harmonic distortion. 



It has been shown2 that total harmonic distortion due to a symmetrical-balanced
discriminator is approximately twice the RMS non-linearity of it’s S-curve. Thus 1%
RMS non-linearity is allowable for the video bandwidth discriminator in this transmitter.

Within the above constraints, the overall modulator of Figure 6 can be viewed as linear
feedback network as shown in Figure 8. Here K(s), is the open loop transfer function of
the network shown in Figure 7 (opened at point X). Then the network shown in Figure 8
has a transfer function:

The “gain” of the linear modulator of Figure 8 is easily adjusted by the ratio Rf to Rin . It
can also be seen that the response of this modulator is uniquely determined by K(s), the
open loop gain and phase characteristics of overall network.

The closed modulator is a form of linear control system whose gain and phase
characteristics are determined by the gain and phase response of the open loop cascade
of the error amplifier, VCO, mixer, I.F. amplifier, limiter and discriminator. The
principles of design of any servo-control system are directly applicable to this modulator.
The criterion for “stability” for a servo system must obviously be met in this modulator.
It is only natural to discuss the unity gain frequency and the 180E phase shift frequency
for such a modulator rather than bandwidth, as in a conventional modulator. It is seen
that each block of the closed loop modulator contributes multiplicatively to loop gain
and additively to loop phase shift. By the Bode criterion for “stability”, the unity gain
frequency must be reached before the closed loop has 180E of input to output phase shift,
or the loop will oscillate. To achieve a 10 MHz conventional modulation bandwidth
(-3db) would imply a 180E phase shift frequency of 10 MHz with unity gain somewhat
below 10 MHz. it is generally more convienent to specify the 180E phase shift frequency
rather than the (-3db) bandwidth for the closed loop type FM modulator. One of the
major advantages of this form of transmitter is that it is capable of providing, zero delay
distortion up to about 90% of its 180E frequency3. That is, relative phase shift per
kilocycle is very constant, up to 8 or 9 MHz, in a 10 MHz wide transmitter of this type
and this phase shift can be perfectly compensated for at the receiver with a fixed time
delay.

The practical accomplishment of video bandwidth in the closed loop modulator is not an
easy problem to solve. The mixer, I.F., and limiter must have at least 20 MHz bandwidth
and very low differential phase shift over its entire bandwidth. The error amplifier and
VCO also must maintain very low phase shifts up to about 10 MHz, and the
discriminator must pass ±10 MHz through its S-curve with less than 1% RMS non-
linearity and negligible phase shift. These requirements have lead to several new



developments. Noteable among these developments were: A new integrated circuit error
amplifier utilizing Motorola’s MC1553 video amplifier; a new class of bandpass filter
for IF use that has a differential phase shift versus frequency of an odd Tchebycheff
function; and a new discriminator of the symmetrical Foster-Seeley variety with
excellent linearity over about 20% of center frequency.

The new error amplifier and a 20 MHz discriminator of the new type have been
incorporated into an existing transmitter with excellent results. Prior to these changes the
transmitter had a 180E frequency of 400Khz with less than 2% distortion at 35OKhz.
The above changes increased the 180E frequency to 1.5 MHz and brought distortion
down under 1% at 1.2 MHz. The overall response of this transmitter is ±1.5db, DC to
1.0 MHz, with constant differential phase shift up to 1.2 MHz. Input impedance is 100K
and sensitivity is 500KHz peak per volt RMS. Maximum deviation capability is ±1 MHz
at S-Band.

An engineering model of the video bandwidth modulator is being built and will presently
undergo extensive testing. It utilizes all three of the above new developments. The basic
VCO of this new modulator is at 250 MHz, the final stages of the transmitter provide 9
times frequency multiplication, while the I.F., limiters and discriminator have a center
frequency of 80 MHz. Peak-to-peak bandwidth of the discriminator is 24 MHz, while its
1% non-linearity bandwidth is about 16 MHz. Use of a digital computer allowed circuit
optimization for frequency stability and linearity without undue empirical adjustments.
The IF amplifier used has 20 MHz bandwidth and less than 20 per MHz of differential
phase shift over 90% of its bandwidth. The error amplifier used has a 180E bandwidth of
about 30 MHz and very high gain (3000) at 10 MHz. Preliminary frequency stability
measurements indicate that the discriminator can be temperature compensated to better
than ±.02% of center frequency, thus, ±.01% stability should be easy to achieve at S-
Band after mixing. It is felt that the above design when completed, will fulfill more than
90% of the video bandwidth requirements.

Discriminator Analysis    The requirement for a very wideband discriminator with as
low a center frequency as possible has lead to the development of a new form of the
symmetrically coupled Foster-Seeley discriminator. The basic circuit is presented in
Figure 9. Two refinements have been added to this discriminator; the addition of C3 and
causing R1 to be not equal to R2. An analysis4 of the normal Foster-Seeley discriminator
reveals that beat linearity is achieved when kQeq Ñ 1.3, where Qeq = (Qs1 QS2)½ . The
main limitation of the Foster-Seeley discriminator is that an approximation to linearity is
made that is valid only for narrow band use; that is, if the secondary circuits response is
plotted versus the log of frequency, the result looks very linear. But, when secondary
response is plotted versus linear frequency, the result is obviously not very linear for
very wide bandwidths. The use of symmetrical coupling, as an inductive link centered 



over primary and secondary, greatly improves linearity for bandwidths up to about 10%
of center frequency.

For bandwidths in excess of 20% of’center frequency, another form of discriminator has
always been necessary. However, the addition of C3 it Figure 9 provides a frequency
dependent coupling in addition to the frequency independent coupling provided by the
link, L2. This capacitor serves to vary the mutual inductance between Li and L3 with
frequency and to linearize the response. The use of C3, however, accentuates one peak of
the secondary response over the other, when R1 equals R2 .

An empirical adjustment of the ratio R2/R1 restored good symmetry when:

Here fph is the higher peak frequency and fpl is the lower peak frequency. This adjustment
obviously changes the relative Q’s in the circuit. It was found that Qp = Qeq/2 just as for
the Foster-Seeley discriminator, and that when kQeq Ñ1, optimum linearity is achieved.
Optimum linearity in this circuit was determined when a computer showed an odd order
Tchebycheff response had been achieved, thus giving minimum RMS non-linearity.

Several models of this new discriminator have been built at various frequencies with
very good results. The discriminator must be driven by a low impedance voltage source.
All versions of this new discriminator have yielded about 30% bandwidth, peak-to-peak,
up to ±10 Vdc output and 1% RMS non-linearity over about 20% bandwidth.

Conclusion    The results of an extensive development program have been presented that
reveal solutions to the realization of video bandwidths in telemetry transmitters. Further
development and production testing will refine and improve upon the techniques
presented and it is hoped that these new transmitters will be ready for industry use by
1970. The author is indebted to Dr. Theodore Sturm, Mr. Ed Stevens, and Mr. T.C.
Carpenter for invaluable assistance, ideas and encouragement throughout this task.
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FIGURE 1 - AN IDEAL FM MODULATOR

FIGURE 2 - DIRECT FM MODULATOR

FIGURE 3 - INDIRECT FM MODULATOR

FIGURE 4 - CLOSED LOOP DIRECT FM MODULATOR

FIGURE 5 - CLOSED LOOP IN DIRECT FM MODULATOR



FIGURE 6 - PRACTICAL VIDEO MODULATOR

FIGURE 7 - NEGATIVE FEEDBACK APPLIED TO A VCO

FIGURE 8 - LINEAR FEEDBACK NETWORK

FIGURE 9 - WIDEBAND DISCRIMINATOR




