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Thermal Noise Sources

The noise power generated by a thermal noise source will be studied since the
reccwcr noise is evaluated in terms of this phenomenon A conducllve element
with two terminals m may be chaméieniéai)y its resistance, R ohms. Thls resvstwe
or lossy element contains free electrons that have some random motion if the
resistor has a temperature above absolute zero. This random motion causes a
noise voltage to be generated at the terminals of the resistor. Although the noise
is small, when the noise is amplified by a high-gain receiver it can become a
problem. (If no noise were present, we could communicate to the edge of the
universe with infinitely small power since the signal could always be amplified
without having noise introduced.)

This physical lossy element, or physical resistor, can be modeled by an equiv-
alent circuit that consists of a noiseless resistor in series with a noise voltage
source (see Fig. 5-35). From quantum mechanics, it can be shown that the
(normalized) power spectrum corresponding to the voltage source is [Van der

Ziel, 1986]
[ Ml hlf] ] (5.59)

h{_ﬁ-’(tT} -1

P.(f) =2R

where R = value of the physical resistor (ohms)
h = 6.2 X 1073 J-sec is Planck’s constant
k = 1.38 x 1072 J/K is Boltzmann’s constant, where K is kelvin
T = (273 + C) is the absolute temperature of the resistor (kelvin)

At room temperature for frequencies below 1000 GHz, [h|f|/(kT)] < 1/5, so that

e¢* =1+ x is a good approximation. Then (5-59) reduces to

P(f) = 2RkT (5-60)

This equation will be used to develop other formulas in this text since the RF
frequencies of interest are usually well below 1000 GHz and we are not dealing

with temperatures near absolute zero.
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FIGURE 5-35 Thermal noise source.
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If the open-circuit noise voltage that appears across a physical resistor is read
by a true rms voltmeter that has a bandwidth of B hertz, then, using (2-67), the
reading would be

B
Vees = V03 = z[ P,(f) df = VAKTBR (5-61)
0

Characterization of Noise Sources

Noise sources may be characterized by the maximum amount of noise power or 8
PSD that can be passed to a load. 4

DEeFINITION: The available noise power is the maximum’® actual (i.e., not nor-

malized) power that can_be drawn from a_source. The available PSD is the
maximum actual (i.e., not normalized) PSD that can be obtained from a source.

For example, the available PSD for a thermal noise source is easily evaluated

using Fig. 5-36 and (2-142).
P 2 .
Pf) = ﬁgﬂ = 4k [ Wiz | (5-62)

where H(f) = % for the resistor divider network. The available power from a
'them_]al source in a b@.r_nlw_i(_i}h of B_ l_'l__t?r{z is

Py= E_? Do) df = J:%ﬂ'df

or
P, =kTB (5-63)

This equation indicates that the available noise power from a thermal source does
not depend on the value of R, even though the open-circuit rms voltage does.

The available noise power from a source (it does not have to be a thermal
source) can_be specified by a number called the noise temperature.

DEFINITION: The noise temperature of a source is given by

T=-—"= (5-64)

where P, is the available power from the source in a bandwidth of B hertz.

e 7

In using this definition, it is noted that if the source happens to be of thermal
origin, T will be the temperature of the device in kelvins, but if the source is not

"The maximum power or maximum PSD is obtained when Z,(f) = ZI(f), where Z,(f) i the
load impedance and Z;(f) is the conjugate of the source impedance.
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FIGURE 5-36 Thermal source with a matched load.

of thermal origin, the number obtained for T may have nothing to do with the
physical temperature of the device.

Noise Characterization of Linear Devices / 7 ———

ces. As

shown in the figure, the device could be modeled as a noise-free device ;\—fi—r;gT

power gain G,(f) and an excess noise source at the output to account for the

internal noise of the actual device. Some examples of linear devices that have to_

be characterized in receiving systems are lossy transmission lines, RF amplifiers,

down converters, and IF amplifiers. 3
The power gain of the devices is the available power gain.

DEFINITION: The available power gain of a linear device is

available PSD out of lhe.device

Peolf) (5-65)

Galh) = available PSD out of the source

Pulf)

When P,,(f) is measured to obtain G,(f), the source noise power is made
large enough so that the amplified source noise that appears at the output domi-
nates any other noise. In addition, note that G,(f) is defined in terms of actual

Excess noise
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FIGURE 5-37 Noise model for an actual device.
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(i.e., not normalized) PSD. In general, G,(f) will depend on the driving sourc o
1mpedance as well as on elements within the device itself, but it does not depe .|‘
on the load impedance. If the source impedance and the output impedance of the:
device are equal, G,(f) = |H(f)|*, where H(f) is the voltage or current transf
function of the linear device. :

To characterize the goodness of a device, a figure of merit is needed th
compa.rcs the actual (noisy) device with an ldeai devwe (i.e., no internal n
sources). Two figures of merit, both of which tell us the same thing—nam
how bad the noise performance of the actual device is—are universally u
They are noise figure and effective mput noise temperature

o

e e

DeFINITION: The spot noise f gure of a linear device is obtaine
the device w1_lh_ a_ghe_gn_al noise_source of temperature To on

matched load on_the output as indicated in Fig. 5-37. The spot noise ﬁgure

measured available PSD
out of the actual device

Fif)=— : -
available PSD out of an ideal device
with the same available gain
or
. kTo/2)G(f) + P,
iy = 2ol _ BTG+
(kTo/2)G(f) (kTo/2)Gu(f)

The value of R; is the same as the source resistance that was used when Gl
was evaluated. A standard temperature of 7y = 290 K is used as adopted by
IEEE [Haus, 1963].

at a partlcular ‘spot’’ or frcqucncy in the spectrum. Note that Fi(f) is alw
greater than unity for an actual device, but it is nearly unity if the device is alm
an ideal device. F(f) is a function of the source temperature, T,. Consequen
when the noise figure is evaluated, a standard temperature of Tn = 290 K is uset
“THis corfésponds fo a room temperature of 62.3°F. | %

Often an average noise figure instead of a spot noise ﬁgure is desired.

average is measured over some bandwidth B.

DEFINITION: The average noise figure is

Fao

"fo+BiI2
kTﬂ f Ga(f) df

fo—BI2

F=

where

fot+Bi2
Pao=2 f Paolf) df

fo—BI2

oIy
#a’(f) :-3 T,' l
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frequency of fo and To = 290 K,

If the available gain is constant over the band so that G,(f) = G, over the
freque_nrcyri_mervarl ( fo__“ B/2) = f= (fy + B/2), the noise figure becqme_sj_

Pﬂ'ﬂ

(5-68a)
(5-66 e The noise figure is often measured by using the Y-factor method. This technique
& is illustrated by Prob. 5-41. The Hewlett-Packard HP8970B Noise Figure Meter
when G( f)f uses the Y-factor method for measuring the noise figure of devices.

lopted by th ‘ The nOlSE ﬁgure can also be spectﬁed in clambel units,’

P,
Fap = 10log(F) = lOlog( 22 ) (5-68b)

iracterization kToBG,

f) is always For example, suppose that the manufacturer of an RF preamplifier specifies
SR e almost - that an RF preamp has a 2-dB noise figure. This means that the actual noise
%S;‘!“E“ﬁz ; power at the output is 1,58 times the power that would occur because of aglghﬁ-
! is used,

cation of noise from the input. The other figure of merit for evaluanng th_c noise
. ] ‘performance of a linear device is the effective input-noise temperature, which is
desired. The illustrated in Fig. 5-38.

DEeFINITION: The spot effective input-noise temperature, T, (f), of a linear de-
_vice is the addnmnal temperature required for an input source, which is. driving.
an ideal (noise-free) device, to produce the same available PSD_at the. ideal
device output as is obtained from the actual device when it.is driven by the input
source of temperature T; kelvin. That is, T,,(f) is defined by

k
Paof) = Galf) 7 [T+ Ted D] (5-69)

"Some authors call F the noise factor and Fup the noise figure.




|

434 Ch, 5 / Bandpass Communication Systems 4

where P,,,(f) is the available PSD out of the actual device when dnven by
input source of temperature-T;, and 7,.(f) is the spot effective input- nmse ey
perature.

The average effective input-noise temperature, T, is defined by the equati

fot+Bi2

a,.—k(rw)f Gulf) df

f—B12
wide is

fo+Bi2
FPoa=2 J’ Paolf) df

fo—BI2

Since G,(f) depends on the source impedance as well as on the device param
ters, T.(f) will depend on the source impedance used as well as on the charac
istics of the device itself, but it is independent of the value of T; used. In th
definition of 7, note that the IEEE standards do not specify that T; = T, since th
value of T, obtained does not depend on the value of T; that is used. Howe
T; = Tp = 290 may be used for convenience. The effective input-noise tempe
ture can also be evaluated by the Y-factor method, as illustrated by Prob. 54

When the gain is flat (constant) over the frequency band, G.(f) = G,,
effective input-noise temperature is simply

Poo — kT;G,B

T =
3 kG,B

Note that T, ( f) and T, are greater than zero for an actual device, but if the devi€
is nearly ideal (small internal noise sources), they will be very close to Zei

When T, was evaluated by use of (5-70), an input source was used with 50
convenient value for 7;. However, when the device is used in a system,
available noise power from the source will be different if T; is different.
example, suppose that the device is an RF preamplifier and the source lS
antenna. The avmlablc power out of the amplifier when it is connected to i
antenna is now’

fo+BI2

’ fo+Bi2
oldbp, 540 P, = 2[ .;,(f VG(f) df + kT, J Gu(f) df (57
_heBr2 -612 4

where P ,(f) is the available PSD out of lhe source (antenna) T is [he averag
effective input temperature of the amplifier that was evaluated by using the inp
source T;. If the gain of the arnphﬁer is ﬂpprommate]y constant over | the b
this reducﬁa =

ao = G(IPUI + kT('B Ga

"The valué of P, in (5-73) and (5-74) is different from that in (5-70), (5-71), and (5-
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where the available power from the source (antenna) is
fot+BI2

us = 2 g’bu.t{.f) df (5'75)

—8/2

Furthermore, the available power from the source might be charactenzed by its
n01sc tcmpcrature Ty, so that, using (5- 64) > . TR

Fos = kT, B (5-76)
St

In satellite Earth station receiving applications, the antenna (source) noise tem-
perature might be T, = 32 K at 4 GHz for a parabolic antenna with a diameter of
5 m, where the noise from the antenna is due to cosmic radiation and to energy
received from the ground as the result of the sidelobe beam pattern of the an-
tenna. (The Earth acts as a blackbody noise source with T = 280 K.) Note that
the T, = 32 K of the antenna is ‘‘caused’’ by radiation resistance, which is not
the same as a loss resistance (I°R losses) associated with a thermal source and T,
has no relation to the physical temperature of the antenna.

In summary two figures of merit have been defined: noise figure and effective
input-noise temperature. By combining (5-66) and (5-69) where T; = Ty, a rela-

nonshlp between these two figures of merit for the spot measures is obtamed
zs{f) i TU[Fr(f) =1] (5-77a)

Here T; = Ty is required because T; = Tj is used in the definition for the noise
figure that precedes (5-66).
Using (5-68a) and (5-72) where T; = Tp, we obtain the same relationship for
the average measures:
T,=Ty(F—-1) - (5-77b)
———— i 3
¥

EXAMPLE 5-4 T, AND F FOR A TRANSMISSION LINE

The effective mput-nmse _temperature, 7, and the noise figure, F, for a lossy
transmission Tine (a lmea.r device) will now be evaluated 1_Thls can be accom-
plished by terminating the transmission line with a source and a load resistance
(a]l having the same physical temperature) that are both equal to the characteris-
tic impedance of the line, as shown in Fig. 5-39. The gain of the transmission 5
lme is.G, = 1/L, where L is the transmission line loss (power in dwldcd b!_
power out) i in absolute units (i.e., not dB units). Looking into the output port of
the transmission line, one sees an equivalent circuit that is resistive (thermal
source) with a value of Ry ohms since the input of the line is terminated by a
resistor of Ry ohms (the characteristic impedance). Assume that the physical
temperature of the transmission line is Ty, as measured on the Kelvm scalc Since
the line acts as a thcrma]" source, the avallable noise power at 1ts output is

"These results also hold for the T, and F of (impedance) matched attenuators.
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3
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L b e
FIGURE 5-39 Noise figure measurement of a lossy transmission line.

Pa = KT.B. Using (5-72) where the source is at the same physical tempera

T, =T, we get we T
kT.B — kKT{G,B ( 1 )
e e e ) |
! kG,B NG
Thus the effective input-noise temperature for the transmission line is
L=TL-1) (5-

where T} is the physical lcmperaturc (Kelvin) of the line and L is the ling ]
"I the physical temperature of the Tine happens to be Ty, this becomes

=To(L — 1)

The noise figure for the transmission line is obtained by using (5- 77b 10
convcrt T to F. Thus, substituting (5-78a) into (5- 77b) we gct

T(L — 1) = To(F - 1)

Solving for F, we obtain the noise figure for the transmiss:on line

Fel+2b@—1 5-
To ( ) (
where T is the physical temperature (Kelvin) of the line, Tp = 290, and L is

line loss. If the physwal temperature of the line is 290 K (63°F) (5-79
Teduces o a

5 N

3-dB loss, it has a noise figure of 3 dB prowdcd that i it haé a pm' cal tempera
of 63°F. If the femperature is 32°F (273 K), the noise figure, using (5-79a),
be 2.87 dB. Thus Fyg is approximately Lgg, if the transmission line is locat
an environment (temperature range) that is inhabitable by humans.

)

Noise Characterization of Cascaded Linear Devices

_In a communjcation-system-several-linear devices, supplied by different vendors
are often cascaded together to form an overall system, as indicated in Flg 5
In a receiving system these devices might be an RF preamplifier connected w©
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Ovenall system G, F, T, P
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FIGURE 5-40 Cascade of four devices.

transmission line that feeds a down converter and an IF amplifier. (As discussed
in Sec. 4-3, the down converter is a linear device and may be characterized by its
conversion power gain and its noise figure.) For system performance calcula-
tions, we need to evaluate the overall power gain, G,, and the overall noise
characterization (which is given by the overall noise figure or the “overall effec-
tive input-noise temperature) from the specifications for the 1nd1v1dual devices
provided by the vendors. 3
The overall available power gain is

Gu(f) = Gar(f)Ga2(f)Ga3(f)Gas(f) (5-80)
since, for example, for a four-stage system,
a(f) a.u4 29 ( @aﬁl )( {Jpnaz)( @ans)(g’oaod )
as @u: ?Paa | @aaz @003
THEOREM: The overall noise figure for cascaded linear devices is"
F,-1 F-1 Fqa—1

F=F + + =2 + 4o (5-81)
Grr[ GalGa?_ GalGaZGaJ

as shown in Fig. 5-40 (for a four-stage system).

Proof. This result may be obtained by using an excess-noise model of Fig.
5-37 for each stage. We will prove the result for a two-stage system as modeled
in Fig. 5-41. The overall noise figure is

Paoz Pt PasiGaz
(Pao!)idcai Ga IGrzZPas

which becomes

Poz + Goa(Pey + Gy Pys
F= x2 a-( x1 1 ) (5-82)
GulGuZP:u

where P,, = kT, B is the available power from the thermal source. P,, and P,
can be obtained from the noise figures of the individual devices by using Fig.

Fopmi o ipe g
This is known as Friis's noise formula.
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Device # 1 Device # 2+

as

FIGURE 5-41 Noise model for two cascaded devices.

5-37, so that for the ith device
Pam’ Pu' + Gar'Pns

e o 1
or ‘ ‘_.
Py = GuiPaslFi = 1) (5-83). E
Substituting this equation into (5-82) for P, and P,,, we obtain a 3
-1

F=F +

al

which is identical to (5-81) for the case of two cascaded stages. In a similar way
(5-81) can be shown to be true for any number of stages.
Looking at (5-81), we see that if the terms G, G,1Ga2, G41Ga2Gas, and so#
on, are relatively large, F, will dominate the overall noise figure. Thus, i
receiving system design, it is important that the first stage have a low noise figure
and a large available gain so that the noise figure of the overall system will be &
small as possible.
The overall effective input-noise temperature of several cascaded stages can
also be evaluated.

THEOREM: The overall effective input-noise temperature for cascaded linear
devices is

TcZ Tcs T,4

+ + +oee 5-84)
Gai Ga1Gaz  Gu1GazGas (

Te:Tel +

as shown in Fig. 5-40.

A proof of this result is left for the reader as an exercise.
For further study concerning the topics of effective input-noise temperaturé &
and noise figure, the reader is referred to an authoritative monograph [Mumford = -
and Scheibe, 1968]. 3 E
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