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Summary.  The IRIG (Inter-Range Instrumentation Group) 118 series “Test Methods for
Telemetry Systems and Subsystems” has standardized the notch-noise loading test for
frequency division systems. This paper presents a practical method for predicting
subcarrier output SNR (signal-to-noise ratio) from NPR (noise power ratio) measurements
at the video output of a telemetry receiver. A laboratory test is described in which NPR
test data and FM (frequency modulation) subcarrier output SNR data were measured using
the same FM radio link and modulation level. The test data show satisfactory agreement
between predicted and measured subcarrier output signal-to-noise ratios. In addition, the
data show that a flat NPR test spectrum is adequate for predicting performance of
frequency division systems using the normal 6 dB/octave and 9 dB/octave tapers.

Introduction.  The notch-noise loading test is a relatively easy test to conduct on a
telemetry receiving system. The result of this test is the NPR of the system. A need exists
to relate the NPR of a system to data quality. The purpose of this study was to relate the
NPR of a system to the SNR at the output of a subcarrier discriminator.

Data were taken with CBW (constant bandwidth) IRIG subcarriers 1A to 12A with no pre-
emphasis and with a 6 dB/octave pre-emphasis. Data were also taken with PBW
(proportional bandwidth) IRIG subcarriers 4 to 19 with a 9 dB/octave pre-emphasis. NPR
measurements were made with the noise power per unit bandwidth matched to that of the 



modulated subcarriers. These measurements were made at i-f SNRs of 40, 30, 21, 18, 15,
12, 9, and 6 dB with both a 500-kHz and a 1-MHz i-f bandwidth.

An equation was derived relating the SNR out of a subcarrier discriminator to NPR
measurements. This equation includes a correction factor for the nonideal filter
characteristics of the subcarrier discriminator. Equations were also derived for calculating
the NPRF (noise floor ratio) and NPRI (intermodulation noise ratio) for the pre-
emphasized noise signals using the measured flat noise ratios, the power spectrums, and
the first and second convolution ratios. This allows the use of a bandlimited white noise
source for the prediction of pre-emphasized subcarrier discriminator output SNRs.

Data are also presented correlating the CBW subcarrier discriminator output SNRs, the i-f
SNR, the subcarrier frequency, and the 3 dB point of the pre-emphasis taper. This is useful
in determining the proper pre-emphasis for given i-f SNR and data quality requirements.

Noise Power Ratio Definitions.  The definitions presented here cover some basic
relationships used in notch-noise testing.

where

S = Signal power in band-pass filter output of notch-noise test set

No = Thermal noise power in band-pass filter output of notch-noise test set

 N1 = Intermodulation noise power in band-pass filter output of notch-noise test
set

Note that the preceding definitions are power ratios. The NPR is the ratio of the power out
of the band-pass filter with the notch filter out to the power out of the band-pass filter with
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the notch filter in. The NPRF is the ratio of the power out of the band-pass filter with the
notch filter out to the power out of the filter with the modulation removed from the RF
(radio frequency) link, so that only thermal noise (plus background noise) remains. The
NPRI is derived from the NPR and NPRF by the formula:

(1)

Equation (1) can be verified by substituting the noise power ratio definitions. The
following equations are also required:

(2)

NPR' (corrected noise power ratio)

(3)

NPRF' (corrected noise floor ratio)

(4)

NPRI' (corrected intermodulation noise ratio)

Equations (2), (3), and (4) are also easily verified by substitution of the noise power ratio
definitions.

Subcarrier Multiplexes.  The CBW multiplex used in the measurements consisted of
IRIG channels 1A through 12A with center frequencies of 16, 24, 32, 40, 48, 56, 64, 72,
80, 88, 96, and 104 kHz. The bandwidth of all these channels is 4 kHz (center frequency
±2 kHz). Three different subcarrier discriminator output low-pass filters were used. The
cutoff frequencies of these filters were 500, 1,000, and 2,000 Hz. All three filters were
3-pole constant-delay filters. Tests were conducted with a flat taper (all channels having
equal power) and with a 6 dB/octave taper with a 3 dB point of 23 kHz. Data were taken
in the 16-, 32-, 72-, and 104-kHz channels.

The PBW multiplex consisted of IRIG channels 4 through 19 with center frequencies of
0.96, 1.3, 1.7, 2.3, 3.0, 3.9, 5.4, 7.35, 10.5, 14.5, 22.0, 30.0, 40.0, 52.5, 70.0, and 93.0
kHz. The bandwidth of all of these channels is 15 percent of the center frequency (center
frequency ± 7.5 percent). The subcarrier discriminator output low-pass filters were three-
pole constant-delay filters with a cutoff of 1.5 percent of the channel center frequency with
the following exceptions: (1) the 14.5 kHz subcarrier discriminator output low-pass filter
was a seven-pole constant-delay filter, and (2) measurements were made at the output of

NPRI = NPR (NPRF) 
NPRF-NPR 

NPR' = N + N = NPR-1 
0 i 

s 

NPRF' .. _L = NPRF (NPR •) 
N NPR 

0 

NPRI' 
s - - "' NPRI (NPR' ) 

NPR 



the 70-kHz discriminator with three different output low-pass filters having cutoff
frequencies of 1.5, 3.0, and 5.7 percent of center frequency (all three of these filters were
three-pole constant-delay). Tests were conducted with a 9 dB/octave taper with a 3 dB
frequency of 23 kHz.

Notch Noise Signal.  The noise source used in this study had white, gaussian
characteristics. The noise bandwidth used for comparisons with the CBW multiplex
extended from 12 to 108 kHz, and the notches were centered at 14, 40, 70, and 105 kHz.
The noise bandwidth used for comparisons with the PBW multiplex extended from 3 to
108 kHz, and the notches were centered at 14, 34, 70, and 105 kHz.

For the initial tests, the power per unit bandwidth (spectrum) of the notch-noise test signal
was matched to that of the modulated subcarrier multiplex. Since all the CBW channels
have the same bandwidth, the CBW notch-noise pre-emphasis was the same as the CBW
multiplex pre-emphasis. The PBW channel bandwidth, however, is directly proportional to
the center frequency of the channel. Since the PBW multiplex gain is flat at low
frequencies and increases at 9 dB/octave at high frequencies, the notch-noise signal must
be pre-emphasized at -3 dB/octave at low frequencies and pre-emphasized at 6 dB/octave
at high frequencies to provide a matching characteristic. The circuit used to provide this
characteristic had zeros at 10 and 30 kHz and poles at 2.9 and 400 kHz.

Filter Correction Factor.  Since physically realizable filters have nonideal characteristics,
a filter correction factor (') is needed. The expression for ' is:1

(5)

where:

Po(f) = measured band-pass filter power gain (translated to zero frequency)

B = upper band edge frequency minus lower band edge frequency

Fc = cutoff frequency (-3 dB) of low-pass filter

F(f) = measured output low-pass filter power gain

L(f) = measured discriminator power gain
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These values can be measured in increments of )f, and ' can be calculated from the
following equation:

(6)

where

fn = n)f .

Equations.  The equation relating the SNR at the output of an FM subcarrier discriminator
to the notch-noise test data at the receiver video output is (all quantities are power ratios):1

(7)

when NPR = NPRF this reduces to:

(8)

where

a = 2 for CBW; 1 for PBW

Experimental Test Setup.  The test setup is shown in figure 1. The CBW SCOs
(subcarrier oscillators) were modulated by independent 100-Hz sine waves. PBW channels
4 through 10 were modulated by independent 10Hz sine waves and PBW channels 11
through 19 were modulated by independent 100-Hz sine waves. All channels were
deviated band edge to band edge.

The RF deviation was chosen to maximize the NPR readings with a flat taper notch-noise
signal. Measurements were made with linear i-f bandwidths of both 500 kHz and 1 MHz.
The rms deviations used were 53 kHz for the 500-kHz i-f and 88 kHz for the 1-MHz i-f.
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The measurements were conducted at i-f SNRs of 40, 30, 21, 18, 15, 12, 9, and 6 dB. The
signals were pre-emphasized as discussed earlier.

The subcarrier discriminator output SNRs were measured as follows.

1.  With a 40-dB i-f SNR, and all channels fully modulated, the signal from the subcarrier
discriminator was measured using a true rms voltmeter.

2.  The modulation was then removed from the channel under test and the noise was
measured (again using a true rms voltmeter) at all of the i-f SNRs.

The subcarrier discriminator SNR was the ratio of these two quantities.

The NPR and NPRF measurements were made as follows2.

1.  With a 40-dB i-f SNR and all notch filters out, the noise receiver input level was
adjusted for the correct reference level.

2.  The notch filter at the frequency being tested was then inserted and the noise generator
output voltage was increased until the RF deviation of the signal generator was the same as
it was before the notch filter was inserted.
 
3.  The gain of the noise receiver was then increased until the meter indicated the original
reference level. The increase in gain from step 1 was the NPR.

4.  The RF modulation was then removed and the gain increased until the meter again
indicated the reference level. The increase in gain from step 1 was the NPRF.

5.  Steps 1 through 4 were then repeated for the other i-f SINRs.

Experimental Data.  Figures 2 and 3 present measured and calculated subcarrier
discriminator output SNRs for the 72 kHz CBW subcarrier with a 1 MHz i-f bandwidth.
The calculated values are within 3 dB of the measured values for i-f SNRs between 6 dB
and 21 dB. The departure at 30 dB and 40 dB i-f SNRs is due to adjacent channel
interference as shown in figure 2. Tables 1 and 2 present the measured and calculated
subcarrier discriminator output SNRs for the 16, 32, 72, and 104 kHz CBW subcarriers
with a 500 kHz i-f bandwidth and a 500 Hz low pass filter. All values agree within 2 dB
except for those at 40 dB i-f SNR at 72 and 104 kHz and 6 dB i-f SNR at 16 and 32 kHz.
The departure at high i-f SNR was due to power supply noise in the subcarrier
discriminator which limited the maximum SNR to 65 dB. The departure at low i-f SNR
was due to loss of phase lock in the subcarrier discriminators.



Figure 4 presents the measured and calculated subcarrier discriminator output SNRs for
the 70 kHz PBW subcarrier with a 1 MHz i-f bandwidth. All calculated values are within
3 dB of the measured values. Table 3 presents the measured and calculated subcarrier
discriminator output SNRs for the 30, 40, and 93 kHz PBW subcarriers with a 500 kHz i-f
bandwidth and low pass filters of 450, 600, and 1395 Hz respectively. All values agree
within 1.5 dB except for those at a 6 dB i-f SNR in the 30 and 40 kHz channels. This
departure was due to loss of phase lock in the discriminators.

Pre-Emphasis.  Figures 5, 6, 7, and 8 show the effects of pre-emphasis at various i-f
SNRs. In figure 5, the CBW subcarriers are not pre-emphasized. Figure 6 shows the
effects of a 6 dB/octave pre-emphasis with a 3 dB point of 23 kHz, while figure 7 has a
6 dB/octave pre-emphasis with a 3 dB point of 50 kHz. The pre-emphasis tapers which
gave the most nearly equal output SNRs at each i-f SNR are presented in figure 8. These
figures show that: no pre-emphasis gave nearly equal output SNRs at i-f SNRs of 6, 9, and
40 dB; a 6 dB/octave pre-emphasis with 3 dB point of 50 kHz gave most nearly equal
output SNRs at i-f SNRs of 12 and 30 dB; and a 6 dB/octave pre-emphasis with 3 dB
point of 23 kHz gave nearly equal output SNRs at i-f SNRs of 12, 15, and 18 dB. This
shows that the noise in the video output of the receiver had a flat PSD (power spectral
density) at low and at high i-f SNRs and a 6 dB/octave taper at intermediate i-f SNRs. The
reasons for this are: intermodulation distortion dominates at high i-f SNRs and has a nearly
flat PSD when there is no pre-emphasis on the subcarriers; at intermediate i-f SNRs
thermal noise into the FM demodulator is the most important noise source and the result is
a PSD which increases at 6 dB/octave; and “pop” noise (with a nearly flat PSD)
predominates at low i-f SNRs due to the noise capture of the FM demodulator.

Figure 9 shows the effects of pre-emphasis on NPR readings. The results are seen to be the
same as for the subcarrier multiplex. It should be emphasized that this pre-emphasis data is
valid for the receiver and deviations used in this study but may not necessarily be true for
all receivers and all deviations.

Prediction of Tapered NRPF' and NPRI' from Flat NPRF' and NPRI'.  All of the
calculations presented so far are based on the use of a noise spectrum matched to the
subcarrier spectrum. However, in practice, it is much more economical and reliable to use
a single noise spectrum, namely a flat spectrum. The purpose of this section is to show
how to calculate the NPRF' and NPRI' for the tapered notch-noise test based on the flat
notch-noise test data and to compare this with the experimental data. The equations
relating tapered and flat noise ratios are:

(9)
s 
xxt 



where

(10)

Tables 4 and 5 present the calculated and measured NPRF'. (It should be noted that the
data in tables 4, 5, and 6 were taken with a different receiver than the other data in this
report.) These data show that the measured and calculated NPRF' agree within 3 dB
(usually within 1 dB). Table 6 presents the calculated and measured NPRI'. The lower
value of the two calculated values agrees with the measured value within 4 dB (usually
within 2 dB). Therefore, the flat taper NPR data can be used to accurately predict the
tapered NPR data and also the tapered subcarrier multiplex output data. This is shown in
figure 3 by the good agreement between the measured output SNRs, the, output SNRs
calculated from the tapered NPR data, and the output SNRs calculated from the flat NPR
data.

Conclusions.  Results of experimentation and data analysis show that the subcarrier
discriminator output SNR can be predicted to within ±3 dB by using equation (7) and
measured values of NPR and NPRF. The data taken at most combinations of i-f SNR, i-f
bandwidth, subcarrier deviation ratio, subcarrier center frequency, and subcarrier pre-
emphasis taper support this conclusion. The exceptions have been satisfactorily explained.
It has also been shown that the tapered NPRF' and NPRI' can be accurately predicted
using the flat taper NPRF' and NPRI' and the power spectrum and self convolution ratios.
Therefore, it is evident that the tapered subcarrier discriminator output SNRs can be
predicted from flat spectra NPR data provided, of course, that bandwidths and modulation
levels are essentially the same.

It is believed that the test results confirm that subcarrier discriminator output SNR can be
satisfactorily predicted in a practical manner using a flat NPR test spectrum and the
approximate formulas presented.

It was also shown that (for CBW subcarriers) no pre-emphasis gave the most nearly equal
output SNRs at low and at high i-f SNRs while a 6 dB/octave pre-emphasis gave the most
nearly equal output SNRs at intermediate i-f SNRs for the receiver and RF deviations used
in this study.
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Figure 1 - Test Set-up
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Figure 2 - Discriminator Output SNR, CBW, Flat Taper, 1 MHz i-f,
72 kHz Subcarrier

Figure 3 - Discriminator Output SNR, CBW, 6dB/Octave Taper, 1 MHz i-f,
72 kHz Subcarrier

60 

iii ... 
50 

0:: 
z 
"' 
I-
::::) 40 
0.. 
I-
:::> 
0 

m 50 .., 
a:: 
z 
"' 40 
I-
:::> 
0.. 
I-
:::> 
0 

a:: 30 
0 
I-
<t 
z 
i 
a: 

20 u 
!!! 
0 

10 

0 CALCULATED 
o MEASURED 
b. MEASURED (ADJ. CHANNELS OFF) 

10 20 30 
IF SNR (dB) 

0 CALCULATED 
0 MEASURED 
6,, CALCULATED FROM FLAT TAPER NPR 

/f 
I' 

10 20 30 
IF SNR (dB) 

500Hz LPF 

I KHz LPF 

2KHz LPF 

40 

500Hz LPF 

I KHz LPF 

2KHz LPF 

40 



Figure 4 - Discriminator Output SNR, PBW, 9dB/Octave Taper, 1MHz i-f,
70 kHz Subcarrier

Figure 5 - Discriminator Output SNR, CBW, Flat Taper, 1 MHz i-f, 500 Hz LPF
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Figure 6 - Discriminator Output SNR, CBW, 6dB/Octave with 3dB at
23 kHz, 1 MHz i-f, 500 Hz LPF

Figure 7 - Discriminator Output SNR, CBW, 6dB/Octave Taper with 3dB
at 50 kHz, 1 MHz i-f, 500 Hz LPF

- 60 
m ... 

a: 
~60 
I-
::, 
ll. 
I-::, 
0 

a: 50 
0 

~ 
z 
::E 

~ 40 
II) 

0 

30 

20 

i-f SNR 

(dB) 

40 

---&-- -e 30 

----- -0 

20 40 60 80 100 

SUBCARRIER FREQUENCY (KHz) 

FT • FLAT TAPER 
6dB/OCTAVE WITH 3dB AT f0 

" FT - -f0 •50KHz -
~ 

- - -
A . • fo•23KH: , -
~ '= f o •23KH: -

. 
f0 •23K~ z ..... -u -

-f0 •411<Hz -
-V" -

fo•eeKHz 

~ - FT ,. 

9 

6 

i·f SNR 
(dB) 

40 

30 

21 

18 

15 

12 

9 

6 

30 50 70 90 110 

SUBCARRIER FREQUENCY ( l<H.z) 



Figure 8 - Pre-Emphasis for Flat Discriminator SNR, 1 MHz i-f, 500 Hz LPF

Figure 9 - NPR, 1 MHz i-f
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Table 1 - Subcarrier Discriminator Output SNR (CBW, Flat Taper,
D = 4, 500  kHz IF)

Table 2 - Subcarrier Discriminator Output SNR (CBW, 6dB/Octave Taper,
D = 4, 500 kHz IF)

Signal-to-Noise 
16 kHz 

Intermediate 32 kHz 72 kHz 104 kHz 

Frequency 
Measured Calculated Measured Calculated Measured Calculated Measured Calculated (dBi 

40 62.5 64.3 63.0 64.2 63.8 64.4 62.5 63.! 

30 62.0 63.3 60.5 61.4 56.0 57.9 53.5 53.8 

21 58.0 59.1 54.0 53.8 47.2 48.9 44.5 44.8 

18 54.5 56.l 50.5 50.8 44.2 45.9 41.0 41.8 

15 50.2 51.l 47.5 47.3 41.2 42.9 38.0 38.8 

12 42.2 42.3 42.0 42.2 37.5 38.9 34.5 35.6 

9 34.5 35.l 35.4 36.2 34.0 33.8 31.0 32.5 

6 27.5 27.4 28.5 29.9 28.6 29.5 27.0 27.0 

Signal-to-Noise 
16 kHz Intermediate 32 kHz 72 kHz 104 kHz 

Frequency 
Measured Calculated Measured Calculated Measured Calculated Measured Calculated (dBi 

40 56.0 56.3 60.0 61.5 65.0 67.3 64.5 68.5 

30 55.0 55.3 56.0 58.3 57.0 57.9 57.0 57.8 

21 50.5 50.3 49.0 49.3 48.0 48.9 47.5 48.8 

18 47.0 47.3 46.0 46.3 45.0 45.9 44.5 44.8 

15 42.5 42.3 43.0 43.3 42.0 42.9 41.5 41.8 

12 35.0 34.l 38.0 39.3 38.0 39.4 38.0 38.7 

9 24.0 24.7 30.5 32.l 34.5 35.7 35.0 35.6 

6 10.0 19.8 18.0 24.8 29.5 30.5 30.5 32.5 



Table 3 - Subcarrier Discriminator Output SNR (PBW, 9dB/Octave Taper, 
D = 5, 500 kHz IF)

Table 4 - NRPF (6dB/Octave Taper, 500 kHz IF, Alternate Receiver)

Signal-to-Noise 
30kHz 40kHz 93kHz 

Intermediate 
Frequency 

Measured Calculated Measured Calculated Measured Calculated 
!dB) 

40 55.2 56.5 55.6 56.1 64.0 63.9 

30 54.5 56.0 54.9 55.6 59.9 59.9 

21 49.9 51.0 49.3 50.6 49.5 49.7 

18 47.1 48.0 46.1 47.6 46.2 46.2 

15 44.2 44.5 43.2 44.1 43.4 43.7 

12 40.8 41.5 40.6 41.l 40.9 40.7 

9 33.0 34.5 33.2 34.2 37.0 37.4 

6 17.0 27.8 23.5 28.5 31.7 32.9 

Signal-to-Noise 
14kHz I ntermadiate 34 kHz 70kHz 105 kHz 

Frequency 
Measured Calculated Measured Calculated Measured Calculated Measured Calculated !dB) 

40 39.0 39.7 43.5 44.3 46.5 47.4 47.0 46.2 

30 37.0 37.7 36.0 36.8 36.5 36.9 36.0 35.2 

21 29.0 30.2 26.5 27.3 26.5 27.4 26.5 25.7 

18 25.5 26.7 23.5 24.3 23.5 24.4 23.5 22.7 

15 20.0 21.7 20.0 20.8 20.5 21.4 20.5 19.6 

12 13.8 15.2 16.4 17.3 17.4 18.3 17.9 16.5 

9 4.3 7.0 8.8 10.6 13.8 12.6 14.3 12.7 

6 -1.3 -0.8 1.9 2.3 8.8 7.4 10.5 8.4 



Table 5 - NPRF (PBW Noise Taper, 500 kHz IF, Alternate Receiver)

Table 6 - NPRF (40dB IF SNR, 500 kHz IF, Alternate Receiver)

Signal-to-Noise 
14 kHz 34 kHz 70kHz 105kHz 

I nwrmediate 
Frequency 

Measured Calculated Measured Calculated Measuf!ld Calculated Measured Calculated 
CdBt 

40 42.S 42.4 45.0 44.9 46.5 47.1 46.S 45.8 

30 40.S 40.4 37.5 37.4 36.S 36.6 36.0 34.8 

21 33.S 32.9 28.S 27.9 26.5 27.1 26.5 25.3 

18 29.5 29.4 25.5 24.9 24.0 24.1 23.5 22.3 

IS 24.5 24.4 21.5 21.4 20.S 21.l 20.0 19.2 

12 18.4 17.9 18.4 17.9 17.4 18.0 17.4 16.l 

9 9.8 9.7 11.6 11.2 13.8 12.3 14.3 12.3 

6 1.9 1.9 3.3 2.9 8.3 7.2 8.9 8.0 

6 dB Octave Taper PBW Noise Taper 

Calculated From Calculated From 
frequency 

Measured Measured 
kHz First Second First Second 

Convolution Convolution Convolution Convolution 

14 41.3 41.0 45.8 44.8 44.3 . 46.6 

34 38.8 42.3 43.8 39.0 42.9 43.7 

70 43.9 51.6 46.0 44.7 48.7 46.0 

105 46.1 53.9 48.0 47.6 51.2 48.2 




