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TELEMETRY RF SIGNAL BANDWIDTH;
DEFINITIONS AND STANDARDS

Eugene L. Law
543200E

NAWCWPNS
Point Mugu, CA 93042

ABSTRACT

This paper will present and compare several definitions of telemetry radio
frequency (RF) signal bandwidth. Measured spectra for different signals will be
presented. The bandwidths of these signals will then be determined and
measurement methods will be discussed. This discussion will include the effects
of spectrum analyzer resolution bandwidth, video bandwidth and detector type.
Finally, a proposed spectral mask will be discussed. This spectral mask can be
used to calculate the required attenuation for a given frequency offset from the
center frequency. The required attenuation is a function of the the bit rate or
maximum frequency of interest and the transmitter power. This spectral mask is
proposed to be part of the next edition of the Telemetry Standards, Inter-Range
Instrumentation Group (IRIG) Standard 106 .1
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BANDWIDTH DEFINITIONS

The definitions of bandwidth in this paper are derived from the  National
Telecommunications and Information Administration’s (NTIA) Manual of
Regulations and Procedures for Federal Radio Frequency Management.
The limits shown here are applicable for telemetry operations in the 1435 to
1535, 2200 to 2290, and 2310 to 2390 MHz bands. For the purposes of
telemetry signal spectral occupancy, unless stated otherwise, the bandwidths
used are the 99 percent power bandwidth and the -25 dBm bandwidth. A power
level of -25 dBm is exactly equivalent to an attenuation of 55 + 10×log(P) where
P is the transmitter power expressed in watts. The measurements are
performed using a spectrum analyzer (or equivalent device) with the following
settings: 10 kHz resolution bandwidth, 1 kHz video bandwidth, and max hold



detector. IRIG Standard 106-86 and earlier versions of the Telemetry Standards
specified a measurement bandwidth of 3 kHz but did not specify a video
bandwidth or a detector type. Spectra measured with the new standard settings
will be essentially the same as spectra measured with a 3 kHz resolution
bandwidth, 10 kHz video bandwidth, and a max hold detector. However, for
signals with random characteristics, the average spectral density measured with
a 3 kHz resolution bandwidth without the max hold detector enabled will be
approximately 10 dB lower than the spectral density measured with the new
settings. Theoretical expressions for power spectral density typically assume
random signals and calculate the average spectral density. The average power
spectral density in a 10 kHz bandwidth for random signals is approximately 5 dB
lower than the spectral density measured with the standard settings (the
measured values for large, continuous, discrete spectral components will be the
same with an average or a max hold detector). How bandwidth is actually
measured and what the limits are expressed in terms of that measuring system
are detailed in the following paragraphs.

The term "bandwidth" has an exact meaning in situations where an amplitude
modulation (AM), double side band (DSB), or single side band (SSB) signal is
produced with a band-limited modulating signal. In systems employing
frequency modulation (FM) or phase modulation (PM), or any modulation
system where the modulating signal is not band limited, bandwidth is infinite with
energy extending toward zero and infinite frequency falling off from the peak
value in some exponential fashion. In this more general case, bandwidth is
defined as the band of frequencies in which most of the signal's energy is
contained. The definition of "most" is imprecise. The following terms are applied
to bandwidth:

Authorized Bandwidth - Authorized bandwidth is the necessary bandwidth
(bandwidth required for transmission and reception of intelligence) and does not
include allowance for transmitter drift or Doppler shift.

Occupied Bandwidth - The width of a frequency band such that below the lower
and above the upper frequency limits, the mean powers emitted are each equal
to a specified percentage of the total mean power of a given emission. Unless
otherwise specified by the International Telecommunication Union (ITU) for the
appropriate class of emission, the specified percentage shall be 0.5%. The
occupied bandwidth is also called the 99% power bandwidth in this paper.

Necessary Bandwidth - For a given class of emission, the width of the frequency
band which is just sufficient to ensure the transmission of information at the rate
and with the quality required under specified conditions.



The NTIA Manual of Regulations and Procedures for Federal Radio Frequency
Management states that "All reasonable effort shall be made in equipment
design and operation by Government agencies to maintain the occupied
bandwidth of transmission of any authorized transmission as closely to the
necessary bandwidth as is reasonably practicable within the state-of-the-art."

The NTIA's equation for calculating the necessary bandwidth of binary
non-return-to-zero (NRZ) continuous phase frequency shift keying (CPFSK) is:

B  = 3.86D + 0.27R  for   0.03 < 2D/R < 1.0 (1)n

where:
   B  = necessary bandwidthn

   D  = peak frequency deviation
   R = bit rate.

This modulation method is commonly called NRZ PCM/FM by the
telemetry community. Example:  Assume the bit rate is 1000 kb/s and the
peak deviation is 350 kHz, the necessary bandwidth is calculated to be 1621
kHz (using equation (1)). With this bit rate and peak deviation, the 99% power
bandwidth with no filtering would be 1780 kHz and the 99% power bandwidth
with a premodulation filter bandwidth of 700 kHz would be approximately
1160 kHz. Equations for other modulation methods are contained in the NTIA
Manual of Regulations and Procedures for Federal Radio Frequency
Management.

Received (or Receiver) Bandwidth - The bandwidth of the radio frequency
(RF)/intermediate frequency (IF) section of the receiver, however defined,
usually the -3 dB points with respect to center frequency.

BANDWIDTH ESTIMATION AND MEASUREMENT

The methods used to estimate or measure the bandwidth of a signal that is not
band limited vary. The most common methods are described in the following
paragraphs.

99 Percent Power Bandwidth. The 99% power bandwidth is typically measured
using a spectrum analyzer or estimated using equations for the modulation type
and bit rate used. If the two points which define the edges of the band are not
symmetrical about the assigned center frequency, their actual frequencies 



Figure 1Figure 1.  RNRZ PCM/FM Signal. 

should be noted as well as their
difference. The 99% power band edges
of random NRZ PCM/FM signals are
illustrated in figure 1. Table 1 presents
the 99% power bandwidth for several
digital modulation methods as a
function of the bit rate (f ).b

Table 1.  99% power bandwidths for various digital modulation methods .2

Description 99% Power Bandwidth

NRZ PCM/FM, premod filter BW=0.7f , )f=0.35f 1.16 fb b b

NRZ PCM/FM, no premod filter, )f=0.25f 1.18 fb b

NRZ PCM/FM, no premod filter, )f=0.35f 1.78 fb b

NRZ PCM/FM, no premod filter, )f=0.40f 1.93 fb b

NRZ PCM/FM, premod filter BW=0.7f , )f=0.40f 1.57 fb b b

Minimum-shift keying (MSK), no filter 1.18 fb

Phase-shift keying (PSK), premod filter BW=0.7f 1.50 fb b

PSK, no filter 19.30 fb

Quadrature phase-shift keying (QPSK), no filter 9.65 fb

Offset QPSK (OQPSK), half-sine weighting 1.18 fb

-25 dBm Bandwidth.  The bandwidth beyond which all power levels are below
-25 dBm. A power level of -25 dBm is exactly equivalent to an attenuation
of 55 + 10×log(P) where P is the transmitter power expressed in watts. The
-25 dBm bandwidth limits are shown by the B, B’ indicators in figure 1.

Below Unmodulated Carrier.  This method measures the power spectrum with
respect to the unmodulated carrier power. To calibrate the measured spectrum
on a spectrum analyzer, the unmodulated carrier power must be known. This
power level is the 0 dBc reference and is commonly set to the top of the display.
In AM systems, the carrier power never changes; in FM and PM systems, the



Figure 2Figure 2.  Spectrum analyzer
calibration of 0 dBc level.

carrier power is a function of the
modulating signal. Since angle
modulation (FM or PM) by its nature
spreads the spectrum of a constant
amount of power, a method to estimate
the unmodulated carrier power is
required. The total carrier power at the
spectrum analyzer input for most practical
angle modulated systems can be found
by setting the spectrum analyzer's
resolution and video bandwidths to their
widest settings, setting the analyzer
output to max hold and allowing the
analyzer to make several sweeps (see higher trace in figure 2). The maximum
value of this trace will be a good approximation of the unmodulated carrier level.
Figure 2 shows the spectrum of a 5 Mb/s random NRZ PCM/FM signal
measured using the standard spectrum analyzer settings discussed previously
and the spectrum measured using 3 MHz resolution and video bandwidths and
max hold. The peak of the spectrum measured with the latter conditions is very
close to 0 dBc and can be used to estimate the unmodulated carrier power
(0 dBc) in the presence of frequency or phase modulation. In practice, the 0 dBc
calibration would be performed first, and the display settings would then be
adjusted to use the peak of the curve as the reference level (0 dBc level) to
calibrate the spectrum measured using the standard spectrum analyzer
settings. With the spectrum analyzer set for a specific resolution bandwidth,
video bandwidth and detector type, the bandwidth is taken as the distance
between the two points outside of which the spectrum is thereafter some
number (say, 60 dB) below the unmodulated carrier power determined above. 
The -60 dBc bandwidth for the 5 Mb/s signal shown in figure 2 is approximately
13 MHz.

The -60 dBc bandwidth of a random NRZ PCM/FM signal with a peak deviation
of 0.35f  a four-pole premodulation filter with -3 dB corner at 0.7f , and a bit rateb, b

greater than or equal to 1 Mb/s can be approximated by 

B  = {2.78 - 0.3 x log (f )} x f  (2)-60dBc 10 b b

where B is in MHz and f  is expressed in Mb/s. Therefore, the -60 dBcb

bandwidth of a 5 Mb/s random NRZ signal under these conditions is
approximately 12.85 MHz. The -60 dBc bandwidth will be greater if peak
deviation is increased or the number of filter poles is decreased.



Figure 3Figure 3.  BiN PCM/PM signal.

Figure 4Figure 4.  FM/FM signal and Carson’s
Rule.

Below Peak.  This method is not
recommended for measuring the
bandwidth of telemetry signals. The
modulated peak method is the least
accurate measurement method,
measuring between points where the
spectrum is thereafter XX dB below the
level of the highest point on the
modulated spectrum. Figure 3 shows the
radio frequency spectrum of a 400 kb/s
BiN-level PCM/PM signal with a peak
deviation of 75 degrees and a
premodulation filter bandwidth of 800 kHz. The largest peak has a power level
of -7 dBc. In comparison, the largest peak in figure 2 had a power level of
-22 dBc. This 15 dB difference would skew a bandwidth comparison which used
the peak level in the measured spectrum as a common reference point. In the
absence of an unmodulated carrier to use for calibration, the below peak
measurement is often (erroneously) used and described as a below
unmodulated carrier measurement. Using max hold exacerbates this effect still
further. In all instances the bandwidth is overstated, but the amount varies.

Carson's Rule. Carson's Rule is an
empirical way to estimate the bandwidth
of an FM subcarrier system. Carson's
rule states that

B = 2 x ()f + f ) (3)max

where:
B =  bandwidth
)f =  peak deviation
f  =  maximum modulatingmax

frequency.

Figure 4 shows the spectrum which results when a 12-channel constant
bandwidth multiplex with 6 dB/octave pre-emphasis frequency modulates an FM
transmitter. The 99% power bandwidth and the bandwidth calculated using
Carson’s Rule are also shown. Carson's Rule will result in a value greater than
the 99% power bandwidth if little of the carrier deviation is due to high-frequency
energy in the modulating signal.



A (f ) ' 10log(P) !12 %10logX %100log * f*
X
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Figure 5Figure 5.  Typical Receiver IF filter
response (-3 dB bandwidth = 1 MHz).

(4)

Receiver Bandwidth.  Receiver
predetection bandwidth is measured at
the points where the response to the
carrier before demodulation is  -3 dB from
the center frequency response. The
carrier bandwidth response of the
receiver is, or is intended to be,
symmetrical about the carrier in most
instances. Figure 5 shows the response
of a typical telemetry receiver with a
1 MHz IF bandwidth selected. Outside
the stated bandwidth, the response
usually falls sharply, with the response
often 20 dB or more below the passband response at a bandwidth of 1.5 to 2
times the -3 dB bandwidth. The rapid falloff outside the passband is required to
reduce interference from nearby channels.

Receiver Noise Bandwidth.  For the purpose of calculating noise in the receiver,
the bandwidth of the RF/IF path must be integrated over the actual shape of the
IF. Typically, the -3 dB bandwidth of the receiver is a good approximation of the
noise bandwidth (the error is usually less than 0.5 dB).

SPECTRAL OCCUPANCY LIMITS

For the purposes of telemetry signal spectral occupancy, unless stated
otherwise, the bandwidths used are the 99 percent power bandwidth and the
-25 dBm bandwidth. These bandwidths are measured using a spectrum
analyzer with a 10 kHz resolution bandwidth, a 1 kHz video bandwidth, and a
max hold detector. The spectra are assumed symmetrical about the center
frequency unless specified otherwise. One method for specifying spectral
occupancy limits is a spectral mask. One proposed mask requires that all
spectral components attenuated by a value less than 55 + 10×log(P) (or in other
words larger than !25 dBm) at the transmitter output must be within the mask
calculated using the following equation: 

where:
A(f) =  Attenuation (dB relative to P) at frequency f  ± f o

f =  Transmitter center frequencyo

f =  Frequency offset from center frequency (kHz)



P (f ) ' 42 !10logX !100log * f *
X

; * f* $ X
2

(5)

P =  Transmitter power in watts
X =  Bit rate (kb/s) or symbol rate (ks/s) for digital signals or

     ()f + f ) (kHz) for analog FM signalsmax

The negative of A(f) is the power with respect to the unmodulated carrier power
(units of dBc). The spectral mask calculated using equation (4) can also be
expressed in terms of power (dBm) using the following equation:

where:
P(f) =  Power (dBm) at frequency f  ± fo

  
P(f) is not required to be less than -25 dBm and the -25 dBm bandwidth is not
required to be narrower than 1 MHz. The first term in equation (4) forces the
attenuation to be proportional to the transmitter power level. The 10logX term
accounts for the increased spectral spreading as the modulation bandwidth
increases. The last term forces the spectral mask to roll off at 30 dB/octave
(100 dB/decade). Multi-pole premodulation filters (or equivalent waveshaping)
will typically be required to keep all spectral components within the spectral
mask. Another proposed method of specifying spectral containment is a family
of spectral masks with characteristics similar to the spectral masks presented
above but with !25 dBm bandwidths equal to 1 MHz, 2 MHz, 3 MHz, etc. The
frequency allocation would request one of the spectral masks. Figures 6 and 7
show the spectral mask (equation (4)) and the RF spectra of a 1000 kb/s
randomized NRZ PCM/FM signal. The RF spectra were measured using a
spectrum analyzer with 10 kHz resolution bandwidth, 1 kHz video bandwidth,
and a max hold detector. The transmitter power was 5 watts and the peak
deviation was 350 kHz. The modulation signal for figure 6 was filtered with a
4-pole linear-phase filter with !3 dB frequency of 700 kHz. The 99 percent
power (A, A’) and -25 dBm (B, B’) band edges are also indicated in figure 6. All
spectral components in figure 6 are contained within the spectral mask. The
minimum value of the spectral mask is -62 dBc (equal to -25 dBm for a 5 watt
transmitter). The peak modulated signal power levels are about 15 dB below the
unmodulated carrier level. Figure 7 shows the same signal with no
premodulation filtering. The signal was not contained within the spectral mask
when a premodulation filter was not used.



Figure 6Figure 6.  1000 kb/s RNRZ PCM/FM
signal and spectral mask (frequency
span = 5 MHz).

Figure 7Figure 7.  Unfiltered 1000 kb/s RNRZ
PCM/FM signal and spectral mask.
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