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METHOD FOR DETERMINATION OF SYSTEM PARAMETERS IN
TELEMETRY BASEBAND MODULATION SYSTEMS

CHARLES ROSEN
Microcom Corporation

Summary.  The purpose of this article is to complete the work for specifying the system
parameters for all types of modulation used in telemetry systems. The original work is
contained in the ITC Proceeding Volume 10 1974, and deals only with FM/FM systems.
The combined works of the two articles will consider single type modulation formats, or a
combination of the different types of modulations used in present day system .

Introduction.  The procedure which will be discussed will define the parameters
necessary in the design of PAM/FM, PCM/FM, or a combination of PAM/FM, or
PCM/FM together with FM/FM channels. Before providing the analysis and procedure for
performing the calculations, the following system parameters will be discussed:

1) Justification of the Bandwidth Equation. Bc = 2 ()f + FU).
2) Selection of the Modulation Frequency Response required for PAM/FM and

PCM/FM System .
3) Effects of Inadequate Bandpass in Subcarrier Discriminators on Data Error and

Distortion.

The final portion of this paper will provide one example using this method for determining
system parameters and a simplified method for performing the margin calculations.

1)  Justification of the Bandwidth Equation  referring to the 1974 Article, there are two
prime equations which the work is based upon. The first equation describes the noise
performance of an FM/FM channel and is documented in a paper written by Mr. Ken
Uglow. The second equation is the bandwidth equation which was developed for FM
broadcast systems. The justification of the bandwidth equation for use in these discussions
should be verified. The following explanation should provide acceptance of the bandwidth
equation Bc = 2 ()f + FU) for use in determining the parameters for telemetry systems.

Bc = receiver bandwidth
)f = total deviation
FU = highest modulation signal



In a telemetry system the total deviation is made up of a number of preset modulation
signals. This is in contrast to a voice broadcast system where the modulation frequencies
and their amplitudes are unpredictable. Therefore, in a telemetry system the components of
the total deviation can be addressed as individual modulation signals, and the total
deviation will be the sum of the deviations produced by the individual modulation signals.
In FM/FM systems the components are designated as channels. Where FM/FM and some
other type of modulation is used, the components which make up the total deviation will be
the FM/FM channels, and the deviation developed by any other type of modulation.
Modulation signals other than FM/FM channels can be PAM, PCM, or Doppler Formats.
At no time in a telemetry system will any of the individual modulation signals exceed the
total deviation. If for any reason should one of the modulation signals be lost, then the total
deviation will be decreased by the contribution of the lost signal. Considering the above
information, the modulation index of any one of the components which make up the total
deviation of a complex system will be less than the modulation index of a system having
the same total deviation but only one modulation signal. For example, two systems are
considered, one of which is made up of a number of channels. The total deviation of
system one will be 100KHz ()f) and the highest channel is 100KHz (fs). The second
system also has a total deviation of 100KHz ()f) but the modulation is a single frequency
of 10Mz (FU). Comparing the two system will show that the second system is the worst
case for modulation bandwidth requirements. Although the total deviations in both cases is
the same, the transmitter deviation of the 100KHz channel (fs) in the first system provides
only a portion of the total deviation, whereas the 100KHz modulation signal (FU) of the
second system provides all of the deviation. These facts establish the second system as the
worst case for bandwidth considerations. The bandwidth for the second example can now
be calculated from the bandwidth equation and compared to the Bessel Function Table #1.
This compares in terms of modulation index. Second Example:

The calculation for Bc will now be compared to the Bessel Function Table #1 which is
considered the most accurate method of determining modulation indexes and bandwidths
required. The Bessel Function Table encompasses all sidebands above 1% in determining
the bandwidth requirements. In the second system if the modulation signal (FU) is 100KHz
and the total deviation is 100KHz ()f), the modulation index is as follows:

f = lOOKHz, and Fu = lOOKHz 
Be = z (~ £ + Fu) 

= Z (100 + 100) 
Be = 400KHz 

M = df = 100 = 1 
FiJ 1lJU" 



For an M = 1, the table shows that the spectrum will contain the carrier frequency and two
sets of sidebands which are greater than 1%. Only sidebands less than 1% are not
considered when they are present beyond the total deviation of the carrier. This is to insure
that the carrier and certain sideband nulls are included when determining bandwidth.
Referring to the Table for an M = 1 the bandwidth required, as described by this example,
is four times FU. Therefore, the Bc will be four times 100 = 400KHz. These results
compare with those obtained from the bandwidth equation Bc = 2 ()f + FU) and therefore
establishes the justification for using this equation.

 2) Selection of the Modulation Frequency Response Required for PAM/FM and PCM/FM
System - the upper and lower frequency response requirements of PAM or PCM Systems
can be determined from the following discussion. PAM modulation will be discussed first
with respect to its modulation frequency band requirements. DC response is required
because the modulation signal,  if coupled through a capacitor will tend to seek a level,
based on all the PAM channels in the frame, thereby destroying the base line reference.
The upper frequency response requirement will be a function of the rise time. The rise time
considered is the time required from 0 to 99% for the signal to reach the ultimate
amplitude. The 3db frequency (FU) associated with this rise time is determined by the
equation FU =             . For example, a commutator having a 50KHz clock rate and a
2µsec. rise time, the upper frequency response (FU) will be                         .

It is important to use pre-mod filters to limit the high frequency response as it will effect
the receiver bandwidth requirements, and ultimately effect the margin calculations. Further
discussion of limiting the high frequency response using law pass filters will be considered
later in this paper.

For PCM systems the high frequency response (FU) is a function of the pre-mod filter. The
accepted practice for the cut off point of the pre-mod filter has been established as follows:
The 3db point frequency response of the PCM pre-mod filter shall be:

For PCM RZ - FU = 1.4 x Bit Rate
For PCM NRZ - FU = .7 x Bit Rate

Test results have shown that these conditions provide a suitable compromise for limiting
the high frequency response and providing a suitable pulse to the Decom. It suggests that
having a pre-mod filter and receiver output filter will provide superior results with respect
to receiver bandwidth requirements and transmitter deviation. In a PAM or PCM system if
the transmitter pre-mod filter is set at the 3db point, using the methods described for
calculating FU, the filter response at the output of the receiver under these conditions
would have to be 10 x FU to avoid any further degradation of the wave form. This situation
results in a larger noise bandwidth applied to the Decom than is necessary. A better

.773 
TR .773 387I<Hz 

2µ.sec. 



compromise is a transmitter pre-mod filter and a receiver output low pass filter whose
combined response would provide a 3db response in accordance with the above
calculations for FU. It is further suggested that the pre-mod and receiver output filters each
have a 1.5db response point at an appropriate frequency to provide the desired 3db
response at the input to the Decom. Each of the pre-mod filters and the receiver output
filters would then be 1.5db down instead of 3db down at the original calculated FU. To
determine the new 3db points (      ) of the filters, refer to Figure 1. The 3db point of the
filter can be determined from Figure 1 using the following formula:

If the standard six pole 36db/octave filter is to be used, refer to Figure 2 and divide FU by
.95 to determine         . The results of this discussion are also used in determining the
transmitter frequency response.

3) Affects of Inadequate Bandpass in Subcarrier Discriminators on Data Error and
Distortion - all of the center frequencies, frequency responses, and deviations of the
proportional and constant bandwidth channels have been carefully analyzed, calculated,
and assigned per IRIG standards. This information determines the bandwidth requirements
of the bandpass filters at the input to the subcarrier discriminators. Referring to another
form of the bandwidth equation.

It can be seen that the larger the modulation index becomes the bandwidth required
approaches twice the peak deviation. In actual practice of an FM/FM channel the
bandwidth required for an M = 5 is 2)f x (1.2) or slightly greater than 2 times peak
deviation. All subcarrier discriminators contain BPF where the 3db points are set at the
peak to peak deviation frequencies. This procedure provides slightly less bandwidth than is
required for systems using an M = 5.

All too often the bandwidth requirements, based on the bandwidth equation are violated by
selecting a channel to be used for a higher frequency response, and changing only the low
pass filter at the output of the discriminator. This leads to data distortion and error in the
channel. If the frequency response is to be increased in a standard IRIG channel, the
bandpass filter at the input to the discriminator must be widened, together with extending

For PAM Systems 

For PCM RZ Sys terns -

For PCM NRZ Systems -

Be = 2 D.. f ( 1 + !) 
M 

M = Modulation Index 

1.4 x Bit Rate 
.65 

.7 X Bit Rate 
.65 



the output LPF response. Changing a channel having an MI = 5 to an MI of 2 to provide a
higher response will affect the bandwidth requirements in the following manner:

It is apparent that using a standard subcarrier discriminator, the BPF will have inadequate
bandwidth for a modulation index of 2. Therefore, the procedure of using an FM channel
beyond the designated IRIG requirements must be done knowingly and accepting the fact
that the channel will have an increased error over normal operation.

The distortion effects can be observed when using a pulse as the modulation input to a
VCO channel. In telemetry system, this occurs in PAM or PCM/FM/FM Systems, where a
PAM commutator or a PCM system modulates a VCO. The modulation will be
symetrically altered at the output of the subcarrier discriminator due to the discriminator
BPF. This is the result of insufficient bandwidth of standard IRIG discriminator bandpass
filters, to pass the high frequency components of the leading and trailing edges of the
modulation. The symetrical change is due to the Gaussian Type Filter designs in subcarrier
discriminators. The affects of insufficient bandwidth on the modulation at the output of the
discriminator will be to convert a square pulse to a trapezoid shape. In PAM or PCM
FM/FM system this is the reason for sampling the center of the pulse in the Decom. Signal
conditioning inadvertently takes place in the ground discriminators and must be dealt with
as one of the limitations of the IRIG FM/FM systems.

Conditions are slightly different for PAM or PCM FM system where the commutator or
PCM system modulates the transmitter baseband. Here the bandwidth of the receiver
should be sufficient to avoid causing modulation distortion. The only signal conditioning
that takes place is controlled by the pre-mod filter and the receiver output filter. Since the
pre-mod filters are low pass, a square wave pulse will be rounded off at the top of the
leading edge and the bottom of the trailing edge. For this reason, it is desirable to take the
PAM pulse sample from the third quarter of the modulation pulse at the Decom. The
modulation should be properly conditioned by a pre-mod filter to limit the high frequency
modulation frequency components, instead of in the receiver IF bandwidth. The receiver
bandwidth should not be compromised. Insufficient bandwidth will result in undesirable
signal conditioning. Proper design of the pre-mod filter and receiver output filter will result
in optimum performance when the bandwidth equation is satisfied and the modulation will
be faithfully reproduced by the receiver.

Bw = 2Af(l+l) 
M 

For M = 5 BC = 2 A f (1 + .2) = 2.4/l f 

For M = 2 BC = 2 a £ c1 + . 5) = 36 f 



Glossary - In addition to the term used in the 1974 Paper the following terms are
identified:

= Receiver carrier to noise ration expressed as a voltage ratio.

 = Receiver data output noise ratio expressed as a voltage ratio.

C =  

Bc = Receiver IF bandwidth

Bout = Receiver output filter bandwidth

fD = Carrier peak deviation produced by baseband modulation (for systems
using only PAM or PCM on baseband, fD =) f)

= Proportional deviation contribution of a baseband modulation signal,
to the total deviation of a system containing more than one type of
modulation formats.

fs = VCO channel center frequency

FM = Modulation center frequency

FU = Modulation upper frequency (3db frequency response which can
correspond to TR).

=           = required system high frequency response for single pole RC
filter or          for 6 pole filter

FL = Modulation lower frequency

M = Modulation Index

TR 0 to 99% Rise time

Description of Procedure.  Three equations will be prepared for this procedure. One of
the three equations will apply to any type of baseband modulation.

[~]ouT 

f I 
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General Case

For narrow band modulation in which the upper cut off frequency (FU) of the output filter
is less than twice the lower cut off frequency (FL) the general case can be approximated by
Equation 2 (EQ 2).

Narrow Band Case

For the system where the receiver output filter is low pass, the general case can be
expressed by Equation 3 (EQ 3). This equation will be most used for PAM and PCM
systems.

Receiver Output Low Pass Filter Case

The procedure which will be presented in this paper solves the above equations for fD, then
substitute the bandwidth equation Bc = 2 (fD + FU) for the Bc factor. This is consistent with
the work of the 1974 Paper on FM/FM systems and with the discussion in the Introduction
of this paper. Reference:  ITC Proceedings 1974, Volume 10, Mr. Charles Rosen, & IRE
Proc., May 1957, Noise and Bandwidth in FM/FM Radio Telemetry, Mr. Kenneth Uglow.

Solve Equations 1, 2, and 3 for fD

EQ 1A

Substituting the equation Bc = 2 (FD + FU and fD = MFU. The following equation is derived
containing only one unknown. M = Modulation Index.

EQ 1B

Solving M will result in the solution to the following parameters

EQ 1C

EQ 1D



Narrow Band Case

EQ 2A

Substituting the equations, Bc = 2 (fD + Fm) and fD = MFm the following equation is
derived containing only one unknown. M = Modulation Index.

EQ 2B

Solving M will result in the solution to the following parameters:

EQ 2C
EQ 2D

Receiver Output Low Pass Filter Case

EQ 3A

Substituting the equations (Bc = 2 (fD +         ) and fD =       , the following equation is
derived containing only one unknown. M = Modulation Index.

EQ 3B

Solving M will result in the solution to the following parameters

EQ 3C

EQ 3C

A group of equations have now been developed which will apply to any type of base band
modulation.

When designing a system which contains PAM or PCM on baseband, together with VCO
channels, then the PAM or PCM modulation will contribute only a portion of the total
deviation. Since the receiver IF bandwidth applies to the total system, the deviation
contribution of the PAM or PCM modulation can be described from the equations that
have been developed without using the Bc factor. The solution to the system parameters as
described in the 1974 Article will apply where         will represent a portion of the total
deviation. The        equation will be as follows:



General Case

EQ 1E

For the case where the receiver is a narrow band filter

EQ 2E

For the case where the receiver output is a low pass filter

EQ 3E

The        equations will be treated as one channel of an overall system and the procedures
of the 1974 Article will apply.

A nine step procedure will provide the method of designing a baseband PAM, or PCM
modulated system. The same procedure is used for the general case and narrow band case,
since FL is specified in these type systems.

Step (1) - Prepare a block diagram of the transmitting and receiving system. The group of
equations (3A to 3D) will apply. The block diagram of the receiving station should also
show the S/N ratios at various points in the system.

Step (2) - From the specified PAM or PCM format determine FU

For PAM System

For PCM Systems

Step (3) - Determine 3db point of pre-mod filter and receiver output LPF. This step will
determine the actual high frequency        which will be used in the calculations. Actual 3db
point of pre-mod and receiver output low pass filters.

Will Be:                                                                  if 6 pole 36db octave filter is used.

Step (4) - Solve equation 3B for M modulation index, from the following known facts:



is known and usually set at 1db above receiver threshold (10db)

is known and usually set at23db for PAM systems, or 12db for PCM
system.

Step 5 - With the modulation index (M) calculated solve for the peak deviation fD, using
EQ 3C

Step (6) Solve EQ 3D for system bandwidth: Bc = 2 (fD +      )

Step (7) - Determine the IF bandwidth from the availability of receiving equipment. The
receiver IF bandwidth (Bc) should be equal to the calculated value of Step (6) or the
closest larger bandwidth which is available.

Step (8) - Divide the bandwidth in Step (7) by the calculated bandwidth of Step (6). this
will be the multiplier constant (B).

Step (9) - Multiply constant (B) of Step (8) by the peak deviation of Step (5).

The procedure is now complete, the required unknown parameters have been determined:

a) the transmitter frequency response has been determined from Steps (2)and (3) = DC
to        ,

b) the peak deviation has been determined from Steps (5) and (9),

c) the optimum receiver bandwidth has been determined from Steps (6) and (7).

Only minor adjustments of the peak deviation may be necessary in actual use when testing
the system for threshold performance.

The following practical example is provided to further describe the step by step procedure.

Consider a PAM/FM system with the following specifications:

a) 64 channel PAM, NRZ system, 100% duty cycle, operating at 100KHz clock rate,

b) the rise time is determined as follows: for an NRZ 100% duty cycle, the length of a



single channel pulse is 10 µsec. Consider the PAM Decom will sample the center
portion, or the third quarter of the pulse, a 2 µsec (TR),0 to 99% rise time will be
sufficient to insure proper operation,

c) standard single pole 6db/octave filter will be used

d) the desired performance shall be              = 10db which is 1db above receiver
threshold.

e) from previous discussions of PAM systems , the input to the PAM Decom shall have
a signal to noise ratio of 23db               to provide the desired results.

 Determine the following:

a). Pre-mod and receiver output filters, 3db point,
b). The frequency response requirements of the transmitter,
c). The peak deviation of the transmitter,
d). The optimum receiver IF bandwidth for the system.

Solution:

Step 1. From the description of the system, equations 3A to 3D apply The pre-mod and
receiver output filter are low pass and the system will re quire DC response.

BLOCK DIAGRAM 

DATA PAM PREMOD 
INPUT COMMUTATOR FILTER 

DATA 
OUTPUT 

EQ 3B: 

EQ 3C: 

EQ 3D: 

PAM UT PUT TM 
DECOM t Fl L TER f RECEIVER 

<ilouT=23db {i),N = IOdb 

M3 + M2 = c2 
3 

fn = :MFu' = /J. f 
Be = 2 Cfn + Fu' ) 

TRANSMIT 
S~TEM 

RECEIVER 
SYSTEM 



Step 2:  Determine FL and         for PAM NRZ

Step 3:  Determine         which describes the 3db points of the pre-mod and receiver output
low pass filter.

Step 4:  Solve BQ 3B for (M) modulation index

Step 5:  Solve EQ 3C for peak deviation

Step 6:  Solve BQ 3D for optimum bandwidth

Step 7:  The next higher standard IF bandwidth is 3. 3MHz

Step 8:  Determine (B) by dividing Step 7 by Step 6

Fu' 

Fu' 
FL = OC response, since the system is PAM NRZ 

Fu = • 773 = .773 = 387 KHz 
TR 2 µ. sec 

Fu' = Fu = 387 = 595 KHz 

.65 ~5 

M' + ti- = ca 
3 

C = 23db (EXPRESSED AS VOLT RATIO) 
Iodo (EXPRESSED AS VOLT RATIO) 

C = 4.47 

M3 + M2 = (4.47)2 = 6.66 
3 

M = 1.6 

fD = Mfu1 

£0 = 1.6 x 595KHz = 951KHz 

Be = 2 (fn + Fu•) = 2 (951 + 595) 

= 3.09Miz 

(B) = 3.3 = 1.07 
3.09 

14.13 
3.16 



Step 9:  Adjust the peak deviation. Multiply (B) of Step 8 by the calculated fD of Step 5.

fD = 1.07 x 951 = 1.015MHz

The system design has been completed, the system parameters are as follows:

1) Pre-mod and receiver output filter 3d-b point = 595KHz

2) Transmitter frequency response shall be flat from DC to at least 595KHz.

3) Transmitter peak deviation = 1.015KHz

4) Receiver optimum IF bandwidth = 3.3MHz.

Since a concentrated effort has been made to determine the minimum optimum IF
bandwidth of the system receiver (Bc), the final contribution of this article is a set of
equations for arriving at the margin calculation.*These equations feature a simplified
receiver noise (RN) equation and graph. The margin calculations represent the final step in
the overall system design.

Conclusion  Based on the article published in ITC Proceedings 1974 and this effort, a
complete method has been proposed for determining the parameters of Telemetry Systems.
All types of modulation formats are covered including the information for combining
different types of modulations on a single baseband. The work is based on designing a
system to provide optimum performance at receiver threshold.
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TAB LE I
RECEIVER BANDWIDTH VS DEVIATION RATIO

D 0.5 1 2 3 4 5 6 7 8 9 10 
Carrier 88.08 58.55 5.01 6.76 15. 77 3.15 2.27 9.01 2.95 0.82 6.05 

SB#l 11. 74 38.74 66.52 23.0 0.87 21.46 15.31 0.01 11.01 12.03 0.38 
2 0.19 2.64 24. 89 47.26 26.51 0.43 11.8 18.17 2.55 4.19 12.96 
3 0.08 3.32 19.11 37.01 26.62 2.64 5.58 16.95 6.55 0.68 

Percentage 
4 0.23 3.48 15.8 30.61 25.57 4.98 2.22 14.1 9.64 

Power 5 0.37 3.49 13.63 26.22 24.21 6.9 0.61 10.96 
In 6 0.03 0.48 3.53 12.08 23.01 22.79 8.35 0.04 
Both 7 0.05 0.57 3.36 10.91 20.56 21.45 9. 39 
Side 8 0.07 0.64 3.28 9.99 18.62 20.21 
Bands 9 0.09 0.7 3.19 9.24 17.04 

10 0.11 0.74 3.11 8.61 
11 0.01 0.13 0. 77 3.03 
12 0.02 0.15 0.8 
13 0.02 0.17 
14 0.03 

Required 
Be Bandwidth 

2Fu 4Fu 6Fu 8fu lOFu 12Fu 14Fu 16Fu 18fu 20Fu 22fu 

(/,Shift 28. 70 57.30 114.6 171.9 229.2 287.0 343.8 401.1 485.4 515.7 573.0 

NOfES: 1. M = f/fM radians (modulation index) 
2. Shift= Maximum equivalent phase shift, degrees ( e = 57.3 F/f) 
3. Bandwidth 2 (A f + Fu) or 2/l f ( 1 + }) 

M 
fu = highest modulating frequency 

Af = total deviation 



ATTACHMENT “A”
Radio Frequency Link Transmission Formula

PT = Rt.J + SNR + SF + L + PF - GR - Gr 
All terms are power levels relative to 1mW into 50 ohms or Odbm. 

Pr = transmitter power 
Rt-l' = equivalent noise input of receiver 

= (-174 + 10 log B + NF) dbm 
Bci = receiver bandwidth ( Hz) 
NF = receiver noise figure 
S = signal to noise ratio required for a particular type of trans-
N mission (9-12db for FM/FM) 
SF = safety factor (margin) 
L = miscellaneous losses (polarization, fade, cable losses, VSWR, 

etc; -lOdb usually used) 
PL = path loss or attenuation 

a = 37 + 20 log f + 20 log d 
a = attenuation in db 
f = frequency ~z 
d = distance in miles 

GR = receiving antenna gain 
Gr = transmitting antenna gain 

Computation of noise figure when using a pre-amplifier with a receiver: 
NF = NF1 + (NF2 1) + (NF1 - 1) 

G1 G1 G2 

NF = overall noise figure 
NF1 = noise figure of pre-amplifier 
NFa = noise figure of <bm converter 
Gt = gain of pre-amplifier 
NF1 = noise figure of receiver 
Ga = gain of down converter 

All terms for computation must be expressed in power ratios. 
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