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Figure 3.3: Equivalent circuit of a noise source.

We can replace any noisy (warm) resistor with a Thevenindgit of a noise source and an ideal, noiseless
resistor (Fig. 3.3). If we connect this equivalent circuitat bandpass filter with bandwidiB Hz and then
to a second ideal resistdt (where the resistance of the load is chosedn for maximum ptasesfer), the

noise power delivered to the load is
_ 2 —9
P, = (”—”) R="1n (3.83)

°R) 4R
Note that we do not have another factor of two in the denoroired we would for phasor voltages singe
is already an RMS quantity. Using our expressiondgteads to
4kpTBR
4R

This result is very often used for other noise sources thsistogs. The noise source may not even be at a
physical temperature equal 14 in which casél” in (3.84) becomes an equivalent noise temperature.

P, = = kgTB (3.84)

When working with microwave signals, it is often conveniémtuse units of dBm, which means power
expressed in decibels relative to 1 milliwatt (dBmlislog;,[Power(mW)). For a resistor at room temper-
ature (approximatel§” = 290 K), 10log,, kT = —174 dBm/Hz. In order to go from this quantity, which
measures the amount of noise power in a 1 Hz bandwidth, weaptyulty the system bandwidth, or add
10log;, B in dB to find the total in-band noise power.

3.5.1 Noise Figure

A key measure of system performance is signal-to-noise (&tNR):

S Signal Power
SNR= N~ Noise Power

A high SNR means that it is easy to recognize the signal, and/&NR means that the signal is obscured
by noise.

(3.85)

Amplifiers, lossy transmission lines, mixers, and almost @fer component of a microwave system add
noise to the signal. An ideal component does not add any ,rensie SNR at the output is the same as the
SNR at the input. But for a non-ideal component, the outpuR $\always less than the input SNR.

Noise figure is a measure of the degradation in signal-teenaatio (SNR) as a signal passes through a
system component. The definition of noise figuFd (s the ratio of the total available noise power at the
amplifier output to the available noise power at the outpet tduthe input noise only:

Output noise power

F = - — - >1
Ideal output noise power = Gain input noise power—

(3.86)
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Figure 3.4: Noisy amplifier.

G, B

For an ideal componenE, = 1. The gain used in this expression is the available gain

Pavn SO
=2 3.87
GA Pavs Sz ( )
It can be seen that noise figure is also equal to the ratio ahfha SNR to the output SNR:
N, N, S;i/N; SNR,
F = = = = 3.88
NiGA NZSO/SZ SO/NO SNRout ( )
We can also write GuN 4P p
ALVq n n
=2 " _3 3.89
GaN, TGN, (3.89)

whereP, is the extra noise power at the output introduced by the compn As a convention, we assume
that the input noise corresponds to room temperature, $a\tha: kpTy B with Ty = 290 K. Since noise
figure is a dimensionless quantity, it is often expressedin d

3.5.2 Equivalent Noise Temperature

We can also express the “noisiness” of a component in term@afquivalent noise temperature using
P = kpTB. If we consider an ideal, noiseless component with a warnstogsat the input, then the
equivalent temperaturE. is defined to be the temperature of the resistor such thapjli®s the same noise
as the non-ideal component, so that

P, =GakpT.B (3.90)
Using this in Eq. (3.89) together witN; = kg1 B leads to
Te
F=1+— 3.91
+ 7 (3.92)

Equivalent temperature is often used for very low noise églavices.

3.5.3 Lossy Components

A lossy system component such as a length of lossy transmi$isie leads to a degradation in SNR. The
basic principle for determining the noise figure of a lossynponent is to realize that the noise power at the
output of the component must be the same as the noise power iaput (thermal equilibrium), so that

GN; + P, = N; (3.92)
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Solving for the equivalent additional power at the inputegi¥’, = N;(1 — G). The noise figure is then

Fo 026G _ 1 (3.93)

F=l+aN = GN, G

wherelL is the power loss of the device. Thus, the noise figure is tihreesss the loss.

3.5.4 Cascaded Networks

If we have two stages in a system,

N, = G 49Ny + Ppo = GAQ(GAlNi + Pnl) + P2 (3.94)
Ga2(Ga1N; + Pn1) + Ppo Py Ppa

F= 1+ + 3.95

N;G a1G a2 NiGa1  NiGa1G a2 ( )

In terms of the noise figures of the two stages,

Pnl
=1 3.96
1T NG (3.99)
Pn2
=1 3.97
2 + N:Gao ( )
the noise figure of the system is
-1
F=F +-2 (3.98)
Al

The noise figure of the second state is divided by the gainefitht stage. We can see that the first stage
is most critical in determining the noise figure of the systérhe idea is that we want to boost the signal
as much as possible early in the system while adding aspittésible noise so that the signal is larger than
noise added by subsequent components in the system. Faigeraatenna, for example, we want to have

an amplifier with high gain and a noise figure close to unitybef long length of lossy coaxial cable.
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3.6 Low Noise Amplifiers

For an amplifier, it can be shown that

Ry
F = Fuin + G—|y; — Yopt |2 (3.99)
S
where
Y, = G5+ jBs = source admittance
Yopt = optimum source admittance resulting in minimum noise figure
Fhin = minimum noise figure

Ry = equivalent noise resistance of the transistor

Yopt, Fin, aNd Ry are noise parameters for the transistor, and would tygiteimeasured or included in
a spec sheet for the transistor.

We want to put Eq. (3.99) in terms of reflection coefficientheathan admittances. Using

. 11—F5 11_Fopt

- L Y= — 3.100
Zo1+ T P Zo 1+ Topt ( )

the magnitude squared term in Eq. (3.99) becomes

1-Ty 1—Top|

1+Ty 14 Doy
1 |1 =T+ Lops — Dalopt — 1 — Tg + Topt 4+ Dalops |2
72 (1+T)(1 4 Copy)

1| —2Ts+ 200y |

Z3 | (1+Ts)(1 + Topt)
s — Topt

Z2 | (1+Ts)(1 + Topt)

1
2
|Y:9 - Yopt| — Z_O2

2

(3.101)

The source conductance is

Gy =Re(Y} = J(¥a + ¥7)
_ 1 {1—r5+1—r§}
27, |14+Ts 14T
1 {1_rs+r;_|rs|2+1+rs—r;_|rs|2}
27, |14 T2
1 1-|1P
BATESNE

(3.102)

Using these expressions, the amplifier noise figure becomes

1—|T4|? 4 [s — Dopt
1T+T.2 22 |(1+T)(1 + Topt)
4RN ITs — Dopt |2

Zo (1 - \I’SP)H + I‘OptP

F:Fmin+RNZo

= Foin + (3.103)
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Now, what we would like is to know the values I6f that give a fixed noise figure. To do this, we first define
a noise figure parameté¥, which consists of all the factors in (3.103) that do not depenl’,:

_F_Fmin

N —__‘mn
ARN/Z,

114 Topt|? (3.104)

We do this to isolate the terms containifig, and lump the rest int&V. Therefore,

(Cs = Fopt)(T5 = Tgp) = N(1—T,I%)

|FS|2 - stépt - F:Fom + |F01ot|2 = N(l - |FS|2)
N — ’FOPtP

I* T
M2 -T,—® _pxopt 21 Fopt] 3.105
T 1+N 14N 1+ N ( )

Once again, we see this is a circle in the complex plane, wither and radius given by

Iy

cr o= (3.106)
NN +1= To?

SVA ;+1| pt|?) (3.107)

Using these expressions, we can draw gain, stability, arsgtigure circles on thE; Smith chart and pick
a value ofl", to achieve multiple specifications.

3.7 Dynamic Range Issues for Amplifiers

There are a few things we need to understand about the poweatimm of amplifiers.

1. 1 dB Compression Poinfthis is defined as the output power at which the gain has dbppi from
its low-power value. Note that the slope of the output verspst power curve is 1 dB/dB. We often
denote this point a® gg.

2. Dynamic RangeRange of input that can be detected by the receiver withqutegfable distortion.
Consider an amplifier with a noise figure F:

N, N,

= 3.108
GAN;,  GaksTB (3.108)
N, = FGuikpTB (3.109)

F =

If the minimum detectable signal for the receiver outpunh(@ed asS,, ,,qs) is X dB above the noise
floor, then
So,mds = —174dBm + 10 10g10 B+ Fag+ X + GA,dB (3.110)

where we have used thé log,,(10°kpT) = —174 dBm atT = 290 K. The dynamic range is then
the difference between the 1 dB compression pfint and.S, 1qs, Of

DR = Pigp — Somds = Piap + 174 dBm — 10log,o B — Fip — X — G4 (3.111)
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Figure 3.5: Dynamic range of an amplifier.

3. Third Order Intercept (TOI, TOIP, I1B): Consider a two-tone test where the input signal is
v(t) = Acos(2mfit) + Acos(27 fot) (3.112)
where|f; — f2| 5to 10 MHz. The output frequencies will be of the form
Jo=mf1+nfs (3.113)

wherem andn are integers. The order of the intermodulation producti@®jven by|m| + |n|.

Note that2f; — fo and2f, — f; will be inside the communication band. The third order ioégt
point Prp is defines as the output power at which the third order IP pantersects the linear power
(assuming no gain compression or saturation occurs). Tdpe 9f the third order intermodulation
product output power versus input power is 3 dB/dB.

4. Spurious Free Dynamic Rangdio compute this dynamic range, we continue to 65,45 as the
lower bound. However, for the upper bound, we take the ougputer (in the fundamental signal) at
which the third order intermodulation product output ponesachesS, ;.
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