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RECEIVER NOISE FACTOR*

ERNEST G. HILDNER
National Bureau of Standards

Boulder, Colorado

Summary     The Institute of Radio Engineers definition of receiver noise factor is
reviewed and adopted for this paper. The definition’s implications are explored. CW-
and dispersed-signal source measurement techniques are discussed and the mathematical
base for each method is displayed. The quantities which must be measured in each
method are pointed out with the respective advantages and disadvantages. It is concluded
that the dispersed-signal source measurement technique is simpler than the CW-signal
source techniques considered in this paper.

Introduction

Definition of Receiver Noise Factor   In order to assess the performance of receiving
system components, the engineer needs some figures of merit for each. For the receiver
itself, the noise factor is often taken as an appropriate figure of merit. It will be pointed
out that the noise factor is not always appropriate to completely assess the performance
of a receiver which is only one component of a larger receiving system.

The noise factor referred to in this paper will be the average noise factor as defined by
the IRE [ 1962]:

The average noise factor is defined as the ratio of 1) the total noise power
delivered into the output termination by the transducer when the noise
temperature of the input termination is standard (290EK) at all frequencies,
to 2) that portion of 1) engendered by the input termination.

Note that for a receiver whose output power is a linear function of the input power, the
IRE-defined noise factor corresponds to the more familiar definition - input signal-to-
noise power ratio divided by output signal-to-noise power ratio - if the input signal is at
the frequency of maximum response and the input noise is due to an input termination
temperature of 290EK. It should also be noted that the definition of noise factor specifies
the power delivered by the receiver to its load, necessitating that receiver gain be defined
as the ratio of signal power delivered by the receiver at a given frequency due to the



available input signal power at the corresponding input frequency. Thus, the gain of the
receiver depends on the mismatches at the input and output. However, since the noise
factor is a ratio of delivered powers, the noise factor does not depend upon the output
impedance mismatch but does depend on the input mismatch. Therefore, the source
impedances should be given when a measured noise factor is quoted.

The noise factor definition, in itself, does not require receiver linearity. It is in the
measurement of noise factor that it becomes necessary to consider only linear receivers.
Output power levels or ratios for at least two different input conditions are required data
in all techniques for measuring noise factor; a linear relation between output power level
and input power level must be assumed to exist in order that the gain of the receiver may
be calculated or eliminated between the two or more equations describing the different
output level readings. Hence, receiver AGG (automatic gain control) must be non-
existent or must be disabled. In the latter case, the measured noise factor is no longer
applicable to the receiver when its AGG is made operative.

It is seen from the definition that F, the noise factor, is

(1)

where kTo is the noise power in watts cps available from an input termination at the
standard temperature (To =290EK, k=Boltzmann’s constant), G(f) is the gain at input
frequency f as defined above, and Ne is the noise power in watts/cps generated in the
receiver referred to the Input terminals.

The integrals in equation (1) and in the following discussion are to be taken only over
the principal response band of the receiver. The principal response band of the receiver is
a range of frequencies containing the frequency of maximum receiver gain and extending
toward higher and lower frequencies sufficiently that, at the limits of the band, the gains
are negligibile compared to the maximum gain, and no gain in the interior of the band is
lower than the gains at the limits. All of the integrals in this paper are then definite
integrals over this principal response band. Another convention adopted in the paper is
that symbols denote the numerical value, not the db value, of the indicated quantity. In
order to avoid the difficulties associated with multiple responses we consider that signal
power entering the receiver at a single frequency appears in the receiver output at a
single frequency. A conjugate match between measuring system components is not



assumed in this paper, so that the power transferred from one component to another is
made uncertain by mismatch power losses [Carlin, 1963 ].

In low noise systems it is sometimes easier to visualize receiver performance in terms of
an effective noise temperature Te , Te is defined as:

(2)

and must be independent of input power level to be meaningful for a practical system. It
is easy to see from equation (1) that [IRE, 1963 ]

(3)

There will be occasion to call on this equation later.

Limitations of Noise Factor     In order to illustrate that noise factor alone is insufficient
to completely specify the performance of a receiver as one component of a receiving
system, consider two receivers, RI and RII. Suppose the noise factors of the two receivers
are equal, FI = FII, the receivers have ideal bandwidths (ideal in the sense that gain is
constant over a certain bandwidth and zero outside this bandwidth), and the maximum
receiver gains are equal. It is clear that if the bandwidth BII of RII is twice the bandwidth
BI of RI , then the output signal-to-noise ratio of RII will be just one-half the output
signal-to-noise ratio of RI if the input signal is entirely contained within the bandwidth
BI. If, on the other hand, the input signal occupies all of BII = 2BI with uniform power
density, then the output signal-to-noise ratio will be the same whether RI or RII is used.
However, in this case half of the available information is lost if RI is used in the
receiving system.

From considerations of the kind used in the examples above, it is apparent that the most
effective receiver for the receiving system is that one with a bandwidth just sufficient to
encompass the signal. If the receiver acceptance bandwidth is narrower than the signal
bandwidth, information is lost. If the receiver bandwidth is greater than the signal
bandwidth, then the output signal-to-noise ratio is lower than it could be made by
appropriate optimization of the two bandwidths. In the latter case, the receiver output
signal-to-noise ratio seen by the input of the component following the receiver may be
improved by adding, prior to any non-linear circuitry, a bandpass filter of bandwidth
equal to the signal bandwidth, or the same effect can be obtained if the acceptance band
of the following component is just equal to the output signal bandwidth.



As expressed by the IRE Standards Subcommittee 7. 9 on Noise [ IRE, 1962], “Thus the
pertinent attributes that should be measured and quoted by the designer of the receiver
are:

1) The gain at each of the responses,
2) The bandwidth,
3) The effective input noise temperature [ Te].”

In addition, the source impedances used in determining Te should be quoted, as
mentioned above.

Measurement Techniques and Errors

CW Source Techniques     In the CW method of measuring noise factor, the equipment
is set up as shown in figure 1. Notice that the power sensed by the power meter is tapped
off the receiver at the last point in the receiver where the power flowing through the
receiver is treated linearly. This point is in front of any limiters, demodulators, detectors,
etc. and will probably be behind the IF amplifier in a superheterodyne receiver.

In order to take into account the possibility that the equivalent noise temperature of the
receiver input termination is T1 … To , it is necessary to use the relation

(4)

to calculate noise factor.

Since the CW generator provides a monochromatic signal, it will be necessary to make a
number of spot measurements across the receiver bandpass and evaluate the denominator
of the first term of equation (4) by converting it to a sum. Some error is incurred in this
conversion, but in principle this error can be made as small as desired by taking n in
equation (5) sufficiently large. Equation (4) becomes

(5)

where (kT1 + Ne) is the effective noise density available at the receiver input at frequency
f, G(fj) is the gain relating the input signal power at frequency fj to the signal power
appearing at the corresponding output frequency , and )fj = fj+1 - fj , fj+1 > fj .



First CW Method     In equation (5), k and To are known, but the other quantities must
be measured. T1 can be measured by thermometric means and )fj either by calibrating
the signal generator or by connecting a frequency counter to the generator output. It is
possible to evaluate the G(fj) by measuring the difference in output power for two known
levels of input power at frequencies fj , but this method requires that the quantity

(6)

i.e., the power delivered by the receiver with the signal generator connected but turned
off, be measured absolutely.

Second CW Method     A more accurate way to evaluate the first term of equation (5) is
to let the power meter shown in figure I be composed of a precision attenuator followed
by a power level indicator. This allows for the precise and accurate determination of the
ratio of two receiver output power levels, limited by the accuracy of the attenuator and
the resettability of the level indicator.

If the signal generator has a known available power Pi at a single input frequency fj , then
the total power out of the receiver, Po(fj), is

                                                  (7)
So
                                                 (8)

and if Pi is a constant for all input frequencies,

(9)

If the attenuator in the power meter is used as a ratio indicator to find Aj , where

(10)

then equation (9) becomes

(11)



So F, from equation (5), is

(12)

The quantities to be measured in equation (12) are thermometric (T1), frequency counting
()fj ), attenuation at IF frequency (Aj), and only one absolute power measurement (Pi),
which can be accurately calibrated ahead of time. Thus this method is more accurate than
the one mentioned above which required absolute determination of a number of power
levels since attenuation can be measured more accurately than can absolute power levels.

Dispersed Source Technique     Due primarily to the uncertainty in the absolute
measurement of the available power from the signal generator and the cumulative
uncertainty in the frequency and attenuation measurements, the accuracy of the CW
method can be improved upon by using a dispersed-signal-source technique for
measuring receiver noise factor. For a dispersed-signal-source measurement, the
equipment is arranged as shown in figure 2.

In order to utilize the Y -factor method [ Mumford, 1949 ] most accurately, let the power
meter shown in figure 2 consist of a calibrated precision attenuator followed by a power-
level indicator as in the more accurate of the two CW methods of measurement
mentioned above.

If the receiver input is connected to the source at temperature T1, the noise power
delivered by the receiver is

(6)

Similarly, for a source temperature T2

(13)

Set

(14)

and call this ratio the Y-factor. The ratio Y is measured as the attenuation change
required to give the same indicated power level when first one power level (No, P2 ) and
then the other (P2 , No) is applied to the meter. Switching from the T1 source to the T2



source and vice versa is conveniently accomplished at frequencies above 400 MHz if the
T1 source is a suitably terminated unfired gas discharge noise tube. Then the source
temperature T2 is produced by maintaining a gas discharge in the tube. Using a discharge
tube as the signal source obviates the necessity to make or break transmission line
connections, but for most tubes there are mismatch conditions in either the fired or
unfired state or both.

The noise factor can be calculated from the measured Y-factor and a knowledge of the
temperatures of the sources by the relation [ Mumford,
1949; IRE, 1962]

(15)

In the following, it will be assumed that the dispersed signal sources at temperatures T1

and T2 are produced by a single gas discharge tube, unfired and fired, respectively. A gas
discharge tube allows a large separation of T1 and T2 and the unfired temperature of the
tube can be measured thermometrically. The lack of calibration services available from
NBS for gas discharge noise tubes of frequencies other than those in the 8.2-12.4 GHz
band is regrettable. Lack of calibration means that the fired temperature, T2 , of noise
tubes is highly uncertain, in fact, uncertain by many hundreds of degrees. For instances,
see the paper by Mukaihata, Walsh, Bottjer, and Roberts [ 1962].

Despite the difficulties in knowing T2, the Y-factor method is still more accurate than the
two CW methods considered above.

Determination of Bandwidth     As was pointed out above, the bandwidth of a receiver
must be known to determine the merit of that receiver in a particular receiving system.

CW Method     The noise bandwidth B of a receiver is defined as Mumford, 1949]

(16)

where Go is the gain at the frequency of maximum response.



Expressing Go as was discussed above for the G(fj)

(17)

(18)

Substituting equations (11) and (18) into equation (16) yields

(19)

Observe that in the measurement of noise factor by the method of the section on the
Second CW Method all the quantities in the right side of equation (19) are determined,
taking

(20)

Dispersed Source Technique     After measuring the noise factor as outlined in the
section on Dispersed Source Technique, the noise bandwidth of the receiver can be
obtained by the following procedure [Disney, 1965].

Apply to the input of the receiver a monochromatic CW signal of known available power
Si at the frequency of maximum response. With this signal applied, measure the total
output power of the receiver in units of No, and call this output YoNo.

Then the gain of the receiver at maximum response Go is

(21)

By suitably combining the equations (6), (3), (10), and (18), in that order, the following
relation for B results:

(22)

The quantities Y, T2, and T1 were measured to determine receiver noise factor by the
method of the section on Dispersed Source Technique, so the only additional
measurements required are those to determine Si and Yo.



The dispersed-signal source techniques suggested above require that six measurements
be made in order to determine both noise factor and bandwidth. The more accurate CW
method for measuring noise factor, suggested above, combined with the CW method for
measuring bandwidth requires 2(n + 2) measurements, where n is the number of
frequency intervals taken, to determine both noise factor and bandwidth.

It is clear that for n >1, the dispersed source technique requires that fewer quantities be
measured, many fewer in practical cases. Since the noise factor and bandwidth are at
least as accurately determined by the dispersed-source methods as by the CW methods
suggested in this paper, as can be shown by an error analysis of specific examples, the
dispersed source method is preferable.

Caution     In conclusion it should be emphasized again that the noise factor of a
receiver is not, and should not be taken to be, a parameter which completely describes
the performance of a receiver operating in a system. An extensive, general analysis of the
operating sensitivity of the linear portion of any receiving system, considering the
receiver as only one component of the system, has been prepared as a draft document by
an International Working Party of the CCIR (International Radio Consultative
Committee) [ CCIR]. This CCIR draft report considers the power levels which are
necessary at the input of the receiving system in order to obtain the desired signal-to-
noise ratio at the output of the linear portion of the system.
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Figure 1 - CW Measurement Set-up.

Figure 2 - Dispersed Signal Source Set-up.


