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It is generally recognized that the outputnoise ofa re-
ceiving system contains components contributed not only by
the generator at the input of the receiving system but also
by the receiver itself. Furthermore, the evaluation of the
output signal-to-noise ratio of the system will depend not
only on the output noise but also on the nature of the signal
that is impressed on the input of the receiver and that ape
pears inthe output utilization circuit. Hence, any meaningful
evaluation of noise performance of receivers when they are
used in a particular system must include considerations,
under operating conditions, of the sources that contribute
to the output noise, the bandwidth and gain of the receiving
system in all of its responses, the nature of the signal and
the efficacy of the output utilization circuit. It is evident
that no single number can describe completely how well a
given receiver will perform in all kinds of systems.

What, then, are the pertinent attributes which we are
seeking, and how are they measured and quoted?

From the viewpoint of the designer of the receiver, the
attributes must be readily measurable. From the viewpoint
of the marketer, the quoted numbers should represent the
best possible performance of the receiver when it is used
to its utmost capability in a system designed to match that
capability. The system's engineer must be assured that the
quoted numbers will enable himto calculate the output signal-
to-noise ratio. It is his responsibility to match his signal
to the band width of the receiver and to know what penalty is
paid when he doesn't. This represents no hardship, in gen-
eral, for he can always introduce appropriate matching fil-
ters in his system that tend to optimize the output signal-
to-noise ratio.

It is alsothe responsibility of the system's engineer to
employ the best possible utilization circuit at the output of
the receiver. The nature of the utilization circuit depends
on the nature of his signal, whether it is AM, FM, single-
sideband, double sideband, sky noise etc. These things are
established by the system's engineer. They are very im-
portant, indeed, and must be considered carefully.

Let us assume that the system's engineer accepts the
responsibility of matching the noise bandwidth to his signal
bandwidth and of using the most efficient detection for his
signal. What else must he know about his receiving system
to predict its noise performance? He must know the gain-
frequency characteristics of the receiver. Does ithave only
one response or multiple responses? He must know the en-
vironment in which he plans to use the receiver. What is
the antenna temperature, or generator temperature? He
must know how much of his output noise originates within
the receiver itself, What is the effective input noise tem-
perature of the receiver? How does it compare with his
antenna temperature?

The antenna temperature and the effective input noise
temperature of the receiving system canbe used to compute
an operating temperature, T,,, for the receiving system.
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The operating temperature appears to be a simple number
for the system's engineer to use in evaluating his system
noise performance. The expression (k T,, B,) represents
the power required of an input signal to make the output
signal-to-noise ratio unity.

The pertinent attributes that are measurable and quot-
able are: 1) The gain ateach of the responses, 2) Theband-
width, and 3) The multiple response or "broad-band" effec-
tive input noise temperature.

The concepts of operating noise temperature and mul-
tiple response or ""broad-band" effective inputnoise temper-
ature require further discussion and definition. The rela-
tion between operating noise temperature, generator tem-
perature, effective inputnoise temperature and noise factor
will be brought out during the discussion.

OPERATING NOISE TEMPERATURE. The noise per-
formance of any particular system is evaluated in terms
of its output signal-to-noise power ratio under operating
conditions, S, . The output signal power can always be

N

expressed as the signal power available at the input ter-
minals multiplied by the signal gain, G,.

Definition:

The transducer gain, G, for the signal is the ratio of
(1) the total signal power delivered to the output utilization
circuit, S, to (2) the total signal power available at the in-
put terminals, S,. (Notethat G, does notimply a oneto one
correspondence between input and output frequencies.)

The output noise power can be expressed in terms of
the signal gain, G, the output signal bandwidth, B,,* and
an operating noise temperature, T,,, thus: (See Appendix
111)

N, =G,k T,, B, (1)
Hence the output signal-to-noise ratio is:
s, Gs, s

[

N i : B @
N, G kT, B, kT, B,

From this it is clear that two receiving systems will
exhibit the same output signal-to-noise ratio if they have
the same S, ratio.

T B
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For instance, two receiving systems having the same
available input signal power per unit output bandwidth must
have the same operating noise temperature to produce the
same signal-to~noise ratio at the output.

Let, us now apply the foregoing concepts first, to sin-
gle response receivers and second, to multiple response
receivers.



SINGLE RESPONSE RECEIVERS. In the single re-
sponse* receiver, the output noise power may be written
thus:

N,= G kB T, + Ny (3)

where N, is the output noise power which originates within
the receiver

T, is the input generator noise temperature.
The output noise power which originates within the re-
ceiver can be expressed in terms of a temperature, thus:

Ny = T, G kB, (4)

so that:

N, = G kB, (T +T,) (%)

o

Theterm'T " is called "The Effective Input Noise Tem-
perature"l(See Appendix I) and the sum of the input generator
noise temperature and the effective input noise temperature
is seen to be the operating noise temperature, T, ; thus:

T, = Tg+ T (6)

To measure T,, the designer can observe his output
noise power for two different temperatures of the generator.
If the ratio of the two output noise powers is "Y", we have
from equation (5):

T, (hov) + T,

v . M)

Tg (cold) + T,

from which:

_ Tg (hot) =Y Tg (cold)

Te= Y -1 (8)

The concept of effective input noise temperature as
used to evaluate the noise performance of a receiver is a
simple one to understand. Prior to its introduction in the
literature by Gordon and White? in 1958, another concept,
that of Noise Factor (Noise Figure), had been used quite
generally. This was introduced in the literature by D. O.
North® in 1942 and by H. T. Friis* in 1944. The ILR.E.
defined it first in 1952° and subsequently in 19575, There
are only minor differences between the definitions of North,
Friis and the I. R.E. Other definitions of noise figure and
noise factor have appeared elsewhere in the literature and
have created some unnecessary and undesirable dilemmas.
The panel advocates the acceptance and use of the L. R.E.
definition of noise factor (noise figure) (see Appendix II).

From the compatible definitions of North, Friis and

the I.R. E. it is clear that the noise factor (noise figure) can
be expressed by the relation:

G k290B + N
F =  k 290 B, N (9)
G, k290 B,

Solving for N, we have

Ny= (F-1 Gk 290 B, (10)
Substituting this expression for NN in equation (3) we have:
N, = G,k Bo{Tg Y (F -1 290} (11)

The relation between noise figure and effective input
noise temperature may be seen by comparing equation (11)
with equation (5) to obtain:

T, = (F=1) 290 (12)

To evaluate the noisefigurefromthe "Y"factor, as de-
fined above, we use equation (11) to derive the expression:

(Tg (hot) _1>_Y(Tg (cold) _1) (13)
F o= 290 290

Y-1

Often the cold temperature is assumed to be 2909, and
the approximate relation is obtained:

Tg (hot) _1
F o~ _ 290 14
Y -1

The concepts of effective input noise temperature, T,
and noise factor, F, for single response receivers are
equally acceptable by the component designer, the mar-
keter and the system's engineer, provided they all agree to
acceptand use the recommended 1. R. E. definitions. It ap-
pears that there is more generalagreementon the definition
of T, than of F. T, is generally easier to think about, es-
pecially when the receiver is a good one. For poorer re-
ceivers, it is sometimes more convenient to use noise fac-
tor expressed in decibels (10 log,, F) than either T, or F.
The operating noise temperature was shown in equa-

tion (6) to be

and, by using equation (12) may also be written in terms of
noise figure, thus:

T,, =T, + (F-1) 290 (15)

op

MULTIPLE RESPONSEY RECEIVERS. The foregoing
brief description applies to the situation regarding single
response receivers. For receiving systems that are ca-
pable of receiving signals and/or noise on more than one
response, one may proceed along entirely analogous lines.

Examples of such systems include superheterodyne re-
ceivers that may have a response at the image frequency and
sometimes at higher frequencies near the harmonics of the
beating oscillator. Also, systems using parametric ampli-
fiers may have a response at the idler frequency.

Again let us approach this case by evaluating the total
output noise under operating conditions. We shall describe
the output signal-to-noise ratio in the case when the sig-
nal may occupy either one or several of the input responses.
It is clear that we must consider the following items:

(1) The contributions to the output noise power due to the noise power
available from the impedance which is connected to the accessible
input terminals under operating conditions. These conditions can
be described by assigning appropriate noise temperatures to the
generator impedance at all of the various responses.



(2) All other contributions to the output noise power. These are due to
noise generated within the receiver components as well as noise
resulting from any frequency conversions internal to the receiving
system. (These are not introduced at the accessible input terminals
of the system.)

(3) The total output signal power delivered to the output utilization
circut, taking due account of all responses of the system which
contribute to the output signal.

If we denote the portion of the output noise power de-
scribed by (1) above by N, and that described by (2) above
by N, we can write the total output noise power, N, , thus:

(16)

Letting By, be the limiting noise bandwidth commonto allre-
sponses, we can write:

N, = kBy(T,; G, + T, G, + .... am

+ T, G))
go gn n

where G, is the transducer gain of the n** response. It is
the ratio of (1) the output power delivered to the utilization
circuit to (2) the corresponding input power available to the
n'® inputresponse. (In a system inwhich we cannot ascribe
a common limitingbandwidth to all responses, the individual
bandwidths must be carried throughout the computation of
N.).

In line with our earlier analysis, it is convenient to
characterize Ny by a temperature, T,, common to all re-
sponses.

Ny = kByT, (G, + Gy +....+G,) (18)
The total output noise is then:
N, = k By {Gl Ty + T) + 63(Ty + Ty (19)

oo+ G (T, + T}

As before, in the single response case, we can char-
acterize the noise performance of the receiving system in
terms of an operating noise temperature, T,,, as defined
by equation (1):

(20)

where B, and G, are as previously defined. (See Appendix
1).

Itis of fundamentalimportance to establish clearly how
the temperature, T,, which characterizes the noisiness of
the receiver, can be determined by measurement. Since
most modern noise generators used in noise measurements
generate broadband noise (noise diodes, gas discharge lamps,
hot and cold body loads) the direct measurement is one in
which noise is injected equally intoall responses. In other
words, the measurement conditions are usually such that

T, =T, =Ty = -oe = Ty

Hence, equation (19) becomes:

N, = kBy (T, + T,)(G; + G, + ....

°

+ 6. (21)

To measure T, , we observethe output noise power for
two different temperatures of the noise generator, T, (hot)
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and T, (cold), to obtain:

N, (hot) T, (hot) + T,
=Y=_% (22)
N, (cold) Tg (cold) + T
from which:
T, (hot) — Y T (cold)
T, = £ £ (23)

Y-1

T, may be called the multiple channel or "broad-band"
effective input noise temperature of the receiver, since it
was obtained by a measurement procedure identical to that
used for obtaining T.. (Equation (8) is used for the single
response case.)

T, is related to the multiple channel or ""broad-band"
noise figure, F,. To evaluate F, fromthe "Y"factor as de-
fined above, one uses the equation:

( T, (hot) _ 1>_Y(Tg (cold) 1)
E =\ 200 290
b

Y-1
This is exactly the same relation as was obtained for the
noise figure, F, forthe single response case (eq. 13). It is
seen from equations (23) and (24) that the relation between
the multiple channel noise figure and the multiple channel
effective input noise temperature is:

(29)

T, = (F, -1 29 (25)

b

(The multiple channel noise figure agrees with the I.R.E.
definition of noise figure when the input signal is distributed
equally in all input responses of the system, i.e., when all
responses are considered to be 'the principal frequency
transformation. ")

Since, in general, the input signalapplied to multiple re-
sponse receivers may or may notoccupy all inputresponses,
we must consider the two cases separately and in more de-
tail, (A) when the input signal occupies only one response,
and (B) when the input signal occupies more than one response
of the receiving system.

(A) Signal Input at Only One Response

For the specific case when the input signal occupies
only response number one, G, = G, and from equations (19)
and (20) we have:

G

Py G2 S
Tep = B, T + Tyt G, (T, + T + G, (Tgz + T (26)

Gy
+ oo +G— (Tgn +Tb)
1

, is equalto or greater than

The bandwidth ratio, _ON
B

( Dy
B

o

°

unity; > 1). The lowest operatingnoise temperature

obtains when the noise bandwidth B, matches the signal
bandwidth, B,. Now itis convenient to assume that the sys-
tem's engineer will take care of this inhis system, and then
equation (26) becomes:

T, =T

G G
2 3
o T T P Tyt 2T FT) b (T + )

@7



T, can be substituted from equation (23) into equation
(26) or (27).

For the special case when, under operating conditions,
the generator noise temperatures applied to all input re-
sponses are equal, equation (27) reduces to:

G
T, = (T, + T)1+ 2+ ... ..

G G, (28)

(B) Signal Input at More Than One Response

If we now wish to evaluate T,, for the case where the
received input signal is distributed over more than one in-
put response, we note that only G, can be affected in the
equation

ar 20
T =
°®*  kBG, (20)

(N, is, of course, unaffected in a linear system and we as-
sume that B,, the signal output bandwidth, remains unaf-
fected also.)

When the portions of the input signal that are received
by the various responses are totally uncorrelated, with their
powers denoted by S, S,,, ...S,,

n

then
S, = S, (total) G, = S Gy + 5,6+ ... 5 G, (29)
or:
G :S‘1G1+812G2+..‘SmGn_S° (30)
s =
S v S, t i S, (total)

We again obtain T,, from equations (19) and (20) by substi-
tuting G, :

e N By [6 Ty YT L 4 6 (T, ]
°®* kB,G, B, (sl1 Gy +5,G, +...8, G, ) (31)
Sy +S,,+ .S,
For the simple case where 8,, = S,;, = ... =8, , we

obtain G, = (G, + G, +...G,)/n, and with B = B,,

G, (T, + T)+ ... G (T, +T).
Top - 1 gl b g b (32)
L, v+ 6, +...6)
n
For the equally simple case where the response gains
are equal, G, = G, .... = G_, (but arbitrary S s), we have
G, = G, and
Top = (Tgr + Tp) + oo (T, + Tp) (33)

T, , of course, is obtainedas beforefrom equation (23)
above.

From the above discussion it can be seen that when the
received input signal is distributed over several responses
incoherently, G, is never larger than it would be if the re-
ceived signal were entirely in the response exhibiting the
largest gain. Hence, for the case where all response gains
are equal, G, and thereby T,, equation (33) are independent
of how the (uncorrelated) input signal is distributed over the
various input responses.

But with T,, (and B,) constant, the output signal-to-
noise power ratio
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is seen to depend only on the total input signal power.

In receiving man-made signals, this total input signal
power isfixed by thetransmitter's capability. If we choose
tospread it incoherently over several frequencybands - cor-
responding to the several responses of our receiving system -
the power input to each response simply drops and nothing
is gained.

However, if no limitation of transmitter power exists
(as, for instance, in the broad-band radiometry case) the
total input signal to our receiving system is proportional to
the number of its input responses. This results in a cor-
responding improvement of S, over some other receiv-

N
ing system havingthe same T,, butonly one input response.
For instance, assuming equal gain and equal signal densi-
ties in all input responses, S of an n - input response

N

°

o

receiving system is equal to that obtained with a single re-
sponse system having an operating noise temperature equal
to 1/n times that of the n - response system.

Let us nowbriefly consider the case where the portions
of the input signal thatare received by the various responses
are partially or totally correlated. For this case, the gain
G, will be a more complex function of the various response
gains G;, G,, ...G,, and dependalso on the degree of cor-
relation as well as the combiningprocess at the output of the
receiving system. However, with all contributing factors
specified, we can always determine G, and T,, fromtheir
basic definitions, (Appendix III).

Conclusion

°

The foregoing indicates that in order to evaluate
of any receiving system, the system's engineer must know
T, , B,, and the total input signal power S, (havingthe same
distribution over the various input responses as assumed in
the evaluation of T,, ).

The component designer can measure the multiple chan-
nel effective input noise temperature, Ty, (i.e., T., for a
single response receiver) by equation (23), the gains of the
various responses and the noise bandwidth, By. The mar-
keter can quote these numbers. The system's engineer can
use these numbers to calculate his particular system's op-
erating noise temperature, T,,, by inserting them together
with his signal output bandwidth, B,, and his particular gen-
erator noise temperatures, Tg's, into the general equation
(31), or any appropriate simpler form. (Forinstance: equa-
tion (6) for the single response receiver; equation (26) for
the multiple input response receiver with signal in only one
response; equation (33) for multiple input responses with
equal gains and uncorrelated input signals which are arbi-
trarily distributed, etc.)

From this value of T,, , the output signal-to-noise ra-
tio may be calculated from equation (2).

*B, is the bandwidth of the signal delivered to the output
utilization circuit. (In the case of several coherent output
signal responses appearing in different frequency bands
Bo denotes the bandwidth of the signal in any one response.
In the case of a superheterodyne receiving system, Bg de-
notes the signal bandwidth appearing in the intermediate
frequency amplifier.)

**By single response receiver is meantany receiver in which
only one frequency at the accessible input terminals corre-
sponds to a single output frequency, regardless of the com-~
plexity of the gain-frequency characteristic,

T Multiple response receivers are those in which more than
one frequency applied to the accessible input terminals cor-
responds (by way of transformations) to a single output fre-
quency and vice versa. We denote the multiplicity of the
responses by counting the number of frequencies which, if
applied tothe accessible input terminals of the system, con-



tribute significantly to a single output frequency within the
desired output band.
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APPENDIX I

I.R.E. Definition of Effective Input Noise Temperature
(Reference (1), pg 68)

Definition: Effective Input Noise Temperature of a Two~
Port Transducer). The input-termination noise tempera-
ture which, when the input termination is connected to a
noise-free equivalent of the transducer, would result in the
same output noise power as that of the actual transducer
connected to a noise-free input termination.

Note 1: For heterodyne systems there is, in principle,
more than one output frequency, corresponding to a single
input frequency, and vice versa, an effective input noise
temperature is defined for each pair of corresponding fre-
quencies.

Note 2: The effective input noise temperature depends
upon the impedance of the input termination.

APPENDIX IT

I.R.E. Definition of Noise Figure
[Reference (6) page 1000]

Noise Factor (Noise Figure) (of a Two-Port Transducer)

At a specified input frequency the ratio of 1) the total
noise power per unit bandwidth at a corresponding output
frequency available at the output Port to 2) that portion of
1) engendered at the input frequency by the input termina-
tion at the standard noise temperature (2900K).

Note 1: For heterodyne systems there will be, in prin-
ciple, more than one output frequency corresponding to a
single input frequency, and vice versa; for each pair of cor -
responding frequencies a noise factor is defined.

Note 2: The phrase "available at the output Port" may
be replacedby ""delivered by system into an output termina-
tion. "

Note 3: To characterize a system by a noise factor is
meaningful only when the input termination is specified.

Noise Factor (Noise Figure), Average (of a Two-Port Trans-

ducer).

The ratio of 1) the total noise power delivered by the
transducer into its output termination when the noise tem-
perature of its input termination is standard (290°K) at all
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ducer).

frequencies, to 2) that portion of 1) engendered by the input
termination.

Note 1: For heterodyne systems, 2) includes only that
noise fromthe input termination which appears in the output
via the principal-frequency transformation of the system,
and does not include spurious contributions such as those
from an image-frequency transformation.

Note 2: A quantitative relation between the Average
Noise Factor F and the spot noise factor F (f) is

7 = JF®GHt
f Gt

where f is the input frequency, and F(f) is the ratio of 1) the
signal power delivered by the transducer into its output ter-
mination, to 2) the corresponding signal power available from
the inputtermination at the input frequency. For heterodyne
systems, 1) comprises only power appearing in the output
via the principal-frequency transformation of the system; for
example, power via image-frequency transformation is
excluded.

Note 3: To characterize a systemby an Average noise
factor is meaningful only when the input termination is
specified,

Noise Factor (Noise Figure), Spot. See:

Noise Factor (Noise Figure)(of a Two-Port Trans-

Note: This term is used where it is desired to em-
phasize that the noise factor is a point function of input fre-
quency.

Noise Temperature {(at a Port).

The temperature of a passive system having an avail-
able noise power per unit bandwidth equal to that of the ac-
tual Port, at a specified frequency.

Note: See: Thermal Noise

Noise Temperature, Standard

The standard reference temperature T, for noise meas-
urements is 290°K.

Note: kT,/e = 0.0250 volt, where e is the magnitude
of the electronic charge and k is Boltzman's constant.

APPENDIX III

Definition

Operating Noise Temperature, T,, . (of a system un-
der operating conditions).

The ratio of

1) The totalnoise power, N,, delivered by the system
into its output utilization circuitunder operating conditions,
to

2) k B, G,

where k = Boltzmann's constant
B, = Bandwidthof signal delivered to utilization circuit
(in case of several coherent output responses, the
bandwidth of the signal in any one response.
Total signal power delivered by the system into its out-
- put utilization circuit (Under operating conditions)
Total signal power available tothe system (under oper-
ating conditions) at its accessible input terminals.

s

Note 1: In the above definition, noise contributed by
the utilization circuit to the total output noise power is as-
sumed negligible. If significant, such contribution must be
added to 1) in order to compute T, .



