\\

Noise
In
Linear And Non-Linear
Circuits And Systems

by
Prof. Dr. —Ing. Ulrich L. Rohde

(E-mail: ulr@synergymwave.com)

Chairman, Synergy Microwave Corporation,
Paterson, NJ 07504, USA

www.synergymwave.com

(A AVANY A VAL

5 WY R
W INARA R
T Rohde MCROWAVE CORPORATION

-/

Slide 1



A

6.

7.

Topics

Linear and Non-Linear Systems

Noise in Linear Circuits/Systems

Noise in Non-Linear Circuits/Systems

Noise in Mixers Circuits

Noise in Oscillator Circuits

Noise and Gain in Circuits/Systems

References

%ﬁt- U._T_Rohde

(A AVANY A VAL

-/

L

S WY R =
AP A BRAYL 111" |
WMICROWAVE CORPORATION

Slide 2



7 )
Linear and Non-Linear Systems

. A circuit is considered linear if the output of the circuit has a
linear relationship with the input signal, and the
circuit/system response follows the law of superposition
theorem so that output response can be expressed as a
linear combination of their responses to their individual

inputs, which is described by Equations (1)-(3) for all values
of constants k, and Kk, as

X (2) = y, (1) (1)
X, (1) = y, () )
keox, () + k,x, (£) = kv, (O + ko, () G
. Non-linear systems does not obey the law of superposition !
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Linear and Non-Linear Systems, Cont’d.

Example:

. 1 dB increase at the input results exactly in a 1 dB increase at the
output. For a fixed input frequency, the phase of the output
signal does not change with the amplitude of the input signal. Up
to very large signals, this relationship is valid for all passive
circuits.

. At very large signals above 100 Watts the metal connectors or
cables can become non-linear due to the junctions of different

metals.

. For extremely small input signals, typically slightly above the
noise, active circuits such as amplifiers or mixers will also be
linear and remains quasi-linear till it reaches the saturation.

_ = TiREReY
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Linear and Non-Linear Systems, Cont’d.

. Once the input signal or input signals come close to 1/10
of the magnitude of the operating DC bias of the active
device, non-linearity typically begins and the law of
superposition does not hold any longer.

. In general, non-linearity for both single tone and multi-
tone condition start where the beginning of gain
compression starts (i.e. 1dB compression point)

. A standard measurement that shows very subtle
compression occurrences is used for television signals,
the measurement of differential gain and differential
phase.
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Linear and Non-Linear Systems, Cont’d.

 Large signal conditions caused from one or more large signals
at the input overload result in saturation, intermodulation,
and mixing of the various input signals.

e If the numbers and magnitude of the signals at the input of an
active device are high enough, the resulting energy will also
cause a operating DC bias shift, cross-modulation (a special
form of inter-modulation) and an increase of the noise figure.

 The signals themselves then may become noisy as the noise
currents and voltages in the active device mix with spectral
pure/cleaner signals. A special form of this occurs in systems
it is called blocking or reciprocal mixing. These combinations
of non-linear effects are noticeable for one or more signals

(tones) and occur in amplifiers, mixers and oscillators.
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Noise in Linear Circuits/Systems

 Noise comes in various forms. Sitting at the beach and
listening to the waves is listening to an acoustic form of noise.

 Likewise, water running from a faucet also generates noise.
These are forms of mechanical noise, which the ear realizes
based on input acoustic wave vibrations. When addressing
“noise” it is typically referred to as white noise. White noise
means that there are amplitude components from very low
frequencies to very high frequencies (DC to light) of equal
amplitude.

Colored noise means that the noise has a random tilt in the
frequency response. This can mean that there are more low
frequency (LF) or more high frequency (HF) components or
peaking.
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Noise in Linear Circuits, Cont’d.

In electrical systems there are different types of noise. The most familiar noise
is the Johnson noise (thermal noise), which is due to the movement of molecules
in a solid device, for instance, a carbon resistor or a metal film resistor.

*The energy delivered from such a resistor based on the molecular movement
is KT, where Kk is the Boltzmann constant, 1.38 exp —23 Watt/Kelvin, T is the
Temperature in Kelvin. A typical value at room temperature is 290K, resulting
in 290%x1.38%x10-23 = 4x10-18 Watts, or —174dBm in a 1-Hz bandwidth.

*This equation can be solved for the quadratic voltage as V  —=J4kTBR

noise

With R being the resistor value, B = integrated bandwidth relative to 1Hz, the
resulting voltage or more precisely the means square noise voltage (the non-
terminated voltage, typically referred to as electrical motorical force, EMF).

*When properly terminated, the voltage is half of the open voltage.
Assume B = 10 MHz ,T = 290K, K=1.38 exp-23 and R = 75Q, The resulting
voltage is 1.73 uV (EMF). ANV P SYE
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Characteristics of Noise Signal

A white noise source at any given time or time intervals will show random signals
that never repeat. If we have an oscilloscope with sufficient sensitivity to look at the
noise at any given time, we would see a different random waveform presenting the
noise voltage. Figure below shows four different voltages as a function of time (S,(t),
S,(t), S;(t), and S, (t)) that are totally random or stochastic.

Y

=4 Cz=2 L=
W
=-c=3 ] > >
o .
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o M\
(] =00 1000 ==

S, (©), S, (t), S;(t), and S (t) illustrate the display from .

i i i i S WY RN
a oscilloscope displaying a random noise generator. — T
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Characteristics of Noise Signal, Cont’d.

The time characteristic of noise signals can be displayed with the help of an
oscilloscope, if the thermal noise voltage of resistor is amplified sufficiently. The
energy delivered from such a resistor based on the molecular movement is kT.

V. ..=~4kTBR

R, T Amplifier

T>T, (Room Temperature)

Oscilloscope

Where R is resistor value, B=bandwidth relative to 1Hz, k is the Boltzmann constant.
MUIRLP TR RN EC
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Concept of Noise Correlation

* Signals resulting from the same origin are always 100 % correlated.
Thermal noise of resistor can be described by V' = =./4kTBR Let us assume
two S0 € resistors, they can be connected either parallel or in series.

D VT

*The resulting noise power P (p=_== ) from those two resistors will be
the same.

 If we put two resistors in parallel we obtain 25 (), which would give the
same noise as a single 25 Q resister.

 If we put them in series, the resulting noise will be the same as a single 100
resistor.

* However, if each resistor has a different temperature then the noise energy
from each resistor has to be specially calculated because noise level is
temperature dependent, hence in this case noise generated from both the

resistors are partially correlated.
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Concept of Noise Correlation

Another noise, which occurs in semiconductors, is the Shottky noise. The
Shottky noise occurs in conducting PN junctions where electrons are freely
moving. The root mean square (rms) noise current is given by

2 i)

- =2xXgXxlI,; P = 1;

Where q is the charge, P is power, and I . is the dc bias current.

Since the origin of this noise generated is totally different then the thermal
noise, therefore, there is no correlation.

To describe the correlation of noise sources, we introduce a noise correlation
coefficient. The correlation coefficient “C_” is zero for 2-totally different noise
sources (Thermal noise and Shottky noise) as discussed above, it can be 0.5 for
partially correlated sources or is 1 for 100% correlated noise sources.
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Concept of Noise Correlation,Cont’d.

Using an oscilloscope signal S, is connected to the X input and signal 2 is
connected to the Y input. The left picture as shown in Figure 2(a), signal display
with zero correlation between the two signals S,(t) and S,(t). The center figure
shows the two signals S, (t) and S,(t) that are 100% correlated. The picture on
the right side shows signal S,(t) and S,(t) that are 50% correlated.

7 Random Noise 100% Correlated Noise 50% Correlated Noise
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Noise in Electronic Circuits

« Noise is associated with all the components of the electronic circuits,
however the major contribution of the noise in amplifier, mixer, and
oscillator circuits are from the active device, which introduces AM
(amplitude modulation) noise and PM (phase modulation) noise.

* There are mainly two types of noise sources in electronic circuit:
broadband noise due to thermal and shot noise effects and the low-
frequency noise source due to 1/f (flicker noise effects) characteristics.

e  The resulting DC current flow in a transistor is not a continuous process
but is made up of the diffusive flow of large number of discrete carriers
and the motions of these carriers are random, and explain the noise
phenomena and modulates the DC current.

e The thermal fluctuation in the carrier flow and generation-
recombination processes in the semiconductor device generates thermal

noise, shot noise, partition-noise, burst noise and 1/f noise.
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Noise in Electronic Circuits

Thermal noise, which always exists at non-zero temperatures, originates from
variations of the lattice atoms, which are transferred to the free electrons. The
electrons are thus performing an unsteady movement, being interrupted by
collisions. These unsteady movements lead to an irregularly fluctuating voltage
between both ends of the conductor. The available noise power of a resistor only
depends on the absolute temperature of the resistor. Thermal noise is a
relatively weak noise phenomenon, which can be further reduced by cooling.

Due to the fluctuation of the electrons around a time average, thereby, the flow
of DC current cause to generate shot noise in the semiconductor devices.

The electrical properties of surfaces or boundary layers are influenced
energetically by so-called boundary layer states, which are also subject to
statistical fluctuations and therefore, lead to the so-called flicker noise or 1/f
noise for the current flow. 1/f noise is observable at low frequencies and
generally decreases with increasing frequency f according to 1/f -law until it will
be covered by frequency independent mechanism, e.g. thermal noise or shot
noise. r QuLnIEm e
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Noise in Linear Electronic Components, Cont’d.
Resistor:

The thermal movement of the electrons or holes in metals or semiconductors
causes the noise in resistor, and this phenomenon is called Johnson noise or
thermal noise.

The mean square values of the noise generator short circuit current in a
narrow frequency interval Af'is given by

i2(£) = ‘”‘TTAf = 4kTGAf

where resistance is denoted by R and the conductance by G=1/R.

Similarly, it can be found by a voltage measurement of the open circuit noise

voltage as
v’ (t) = 4kTRAf
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Noise in Linear Electronic Components, Cont’d.

Resistor, Cont’d.

The spectral density function S(f) represents the mean square value of the
voltage or current, respectively, in 1Hz bandwidth, and can be given by
2 l'2

S.(f)= = YIRY _pirm. s.(f)=— =2 _ yirG

A Af Af  RAf

_— /2 _ /s

2 _ : .2

V()= [ S, () (0= [S,()df
4 i

The spectral density function is also called the spectral distribution or spectrum

or power spectrum. For thermal noise the spectral density function does not

depend on the frequency, if the frequency is not too high and if the temperature
is not too low.
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Resistor, Cont’d.

current source has infinite

resistance.

R;

S, = 4KkTR, a)

O

(a) Voltage source

\m;mm,gﬁt— U._L_Rohde

O

S,

1

Noise in Linear Electronic Components, Cont’d.

The Figure shows the noise equivalent circuits of a thermally noisy
resistor with a voltage and current source. As depicted in the Figure
the internal resistance R. and the internal conductance G, are noiseless.
The voltage source is assumed to have zero internal resistance and the

N

4KTG, @ Gi

O

(b) Current source
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Noise in Linear Electronic Components, Cont’d.
Resistor, Cont’d.

If several resistors at the same temperature are combined, then an equivalent circuit can
be defined for the resulting circuit. The overall resistance is determined first and then an
equivalent noise source is calculated or the equivalent noise source of all individual
resistors is determined first and subsequently are combined. The necessary condition for
this approach is that the noise sources are have zero cross correlation , i.e. their mean

square values can be added [(a+b)2 — 4> +b_2+2ab° — 42 +b_2' 2ab° =0 ]

The equivalent noise spectral density for a series combination of resistances R, and R, for
a given identical temperature T,:

2 2
Ve Vi, 4kTRAf 4kTRAf
S, brecman =1, Ne 5+ NN 5 =4 ===+ = TR 4 Ry)
The equivalent noise spectral density for a parallel combination of resistances R,
and R, for a given identical temperature T,:

1 |ar R.R
[Sv(f)]parallel —combinatio n = [Sv (f‘)]Rl,T1 + [SV (f)]Rz,Tl - 4le 1 1 Af - 4le (Rl :—1222)
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Noise in Linear Electronic Components, Cont’d.
Resistor, Cont’d.

The Figure below shows the series and parallel combination of resistors
for the purpose of the calculation of the equivalent spectral density

Identical Temperature T=T,

functions.
RiTi | |IS,(f )]R1
RoTr| (IS,

[SV (f )]series—combinatia = 4k];(R1 T RZ)

\Wﬁt— U._L_Rohde

\\

R4 T4 Ry T4

|4

[S v (f )]parallel—combination - 4kT{ M

(A AVANY A VAL

S WY R =
AP A BRAYL 111" | }
WMICROWAVE CORPORATION

Slide 20



//

Noise in Linear Electronic Components, Cont’d.
Resistor, Cont’d.

The equivalent noise spectral density for a series combination of resistances
R, and R, for a given temperature T, and T,:

O

Ry Tq

Ry T,

Series

\Wﬁt— U._L_Rohde

(S, s =4(RT +R,T;)

\\

O
RaT1 Ry T,
O
Parallel
RR (TR, +T,R)
[Sv(f)] arallel-combinatia =412V 12 24y

parallel-combinat (R1+R2)2
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Noise in Linear Electronic Components, Cont’d.
Resistor, Cont’d.

The Figure below shows the typical representation of the hybrid combination,
such as series (R; and R,) and parallel (R,) combination for a given
temperature T,, T,, and T,.

Hybrid (serial and parallel)

O
" R3 :
[Sv(f)]m,ﬂ - [Sv(f)]R“T1|:R1 + R, + R3}
RqTq
R2,T2 1 2 3
. R,+R, |
[Sv(f)]k}’r3 = [Sv(f)]RwT{Rl + R, + Rz}
O

1S, () e —cominaic 0 = 1S, + S, (N e, o, + S, ], 1,

R R,(T\R. R} +T,R, R} + T,R,[R, + R,]?)

S ‘ - =4k
[ v(f)]hybrzd — combinatio  n (Rl + R2 + R3)2
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Noise in Linear Electronic Components, Cont’d.

Thermal Noise of a Low pass RC circuit

® O ® O
A A
R —_—C Ve (t) I:> R _—_—C Sv(RC)
V(1) S, (/) =4kTR
o O ® O

The equivalent noise spectral density for low pass RC circuit is given by S|z,
as

1/(joC) | 4kIR
R+1/(jo C)] 1+ (w CR)’

oo | _
R+1/(jo C)

Sv(RC) (f)= SV(R) (f)
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Noise in Linear Electronic Components, Cont’d.
Thermal Noise of Low pass RC circuit, Cont’d.

The spectral density becomes frequency dependent because of the capacitor
across the resistor. The mean square value of the voltage at the capacitor can
be calculated by integration over the entire frequency range as

4kTR
Vie (1) = j S rey () = j s
2kT 7 1
v (1) = dce with x=w CR
re () wC '([1+ x?
2kT ., .. kT
vic (1) = [tan lx]O = —

. . ATl Lo _ kT
Fluctuation energy stored in the capacitor is given by EC [Vee ()] =—
The mean square voltage across the capacitor C is finite for an infinite
frequency range and does not depend upon the value of resistor R. The
resistance R does not affect the total energy kT/2 per degree of freedom (DOF),
but R determines the magnitude and the bandwidth of the spectral density.
_ = TRy
A\ L1\
\m;mgﬁt— U __Rohdc : ;N\\C:O.\N"\\’EQ;‘POV:\;O“\\_J
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Noise in Linear Electronic Components, Cont’d.

Thermal Noise of RL circuit

O @ O

R = D) i

Vo(t)
O e

The equivalent noise spectral density for series RL circuit is given by S 5,

Sviry () =8,z (f) = 4kTR

R 1
:>Si(RL)(f)—4kT'RC[Y(f)]—4kT|:R2+w2 Lz}_SV(R)(f){Rz_i_wz L2:|
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Noise in Linear Electronic Components, Cont’d.
Thermal Noise of RL circuit, Cont’d.

The spectral density becomes frequency dependent because of the
inductor L. The mean square value of the noise current generator can
be calculated by integration over the entire frequency range as

4kTR kT
i, (1) = jSv<RC)(f>df j oL T T
Fluctuation energy stored in the inductor is given by
1 kT

EL[Z.RL (2)] = =

The resistance R does not affect the total energy kT/2 per degree of
freedom (DOF), but R determines the magnitude and the
bandwidth of the spectral density.

_ = TRy
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the same temperature T.

Noise in Linear Electronic Components, Cont’d.

Thermal Noise of Complex Impedances

Resistor R and a complex impedance Z(f) are connected by a band pass
filter (BPF). Resistance R and complex impedance Z (f) are assumed to be at

\\

R

a0

Af=Integrated Bandwidth

\Wﬁt— U._L_Rohde

BPF
Af Z(f)
—> -«
S,(f)
> PR
P_< MUILLIW W e
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Noise in Linear Electronic Components, Cont’d.

Thermal Noise of Complex Impedances, Cont’d.

The BPF filter is assumed to be lossless; therefore, it does not contribute to the
noise. From the thermodynamic equilibrium theorem, the noise power P,
which is transmitted by the resistor R to the load Z(f), must be equal to the
noise power P,, which is transmitted by the complex impedance Z(f) to the load
R, i.e. P,=P,. The noise powers (P, and P,) are given by

__ 4KIR
YR+ Z(N)
S

= P, = ——— o ReAf
R+ Z(f)

eRe{Z}eo Af

Since P,=P,, one can determine noise spectral density as

S,(f)=4kTeReiZ(f)};  S,(f)=4kT eRe{Y(f)}
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Noise in Linear Electronic Components, Cont’d.

Thermal Noise of Complex Impedances, Cont’d.

O O

Z(f)
Y(f) Sv(Y) (f)

S.(f)=4kT Re[Y]

S,z (f)=4kT Re[Z] C)

O O
(a) Voltage source (b) Current source

SV(Y)(f) _ (Y)(f)

Y (f)\
= Sin(f) =% 1 [4kT°Re{Y}]{ — }
Y () Y(f)eY (f)
Y+Y° 1 [1 1
:>SV(Y)(f):4kT0{2’Y.Y*}:4kT05{? Y—}:4kT Re{Z(f)}

_ AR eaLEC
= S,n(f)=S8,.,0) :S‘\.“‘-‘:-‘t‘na“ /
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Noise in Linear Electronic Components, Cont’d.

Available Noise Power and Equivalent Noise Temperature:

The maximum available noise power P__ is obtained if a circuit is terminated
by the complex conjugate of the generator source impedance.

)
U

Z(f)

Z°(f)

S, (f)=4kT Re[ Z] <>

)

The transmitted power P, to Z (/) can be described by

S S
— Y e R Z. o Af = L o R Zle A
/ ‘Z+Z.‘2 et Z7(f); e Af 4eRe(Z) el ZjeAf
:>P:4KT.RC{Z}.RG{Z}.Af:kTOAf:Pav

t 2
4 eRe " {Z} MAURIW W eaLEC
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Noise in Linear Electronic Components, Cont’d.

Available Noise Power and Equivalent Noise Temperature, Cont’d.

The available noise power does not depend on the value of resistor but it is a
function of temperature T. The noise temperature can thus be used as a
quantity to describe the noise behavior of a general lossy one-port network.

For high frequencies and/or low temperature a quantum mechanical
correction factor has to be incorporated for the validation of equation. This
correction term results from Planck’s radiation law, which applies to
blackbody radiation. In general case, p =T e Af is replaced by

P =kTAf o p(f.T); with p(f.T) =%
e’ —1

h=6.62610"*J /s Where ‘l’is Planck constant
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Noise in Linear Electronic Components, Cont’d.

Available Noise Power and Equivalent Noise Temperature, Cont’d.

The Planck correction factor p ( f,7 ) prevents (keeps within the finite limit)
from the noise power becomes infinite for arbitrarily large bandwidths.
A

Typical plot of the normalized
radiation power as a function
of frequency and temperature

__0.75 /
&C\
S 05
<

0.25

.
0.01 0.1 1.0 10
[Af kT ] ——=

MURIE TR aNE©
5 WY R

W INARA R /

T Rohde MCROWAVE CORPORATION

Slide 32




a N

3-Terminal Active Device (Transistor) Models

3-terminal active device

There are many form of 3-terminal active device, the commonly used are

discussed here for large signal consideration:

1. BJT: BJT is a current controlled transistor which is a minority carrier device in the
base region; this a bipolar device because there are 2 junctions, the emitter-base
junction which is forward biased to inject the minority carriers into the base and the
collector-base junction which is reverse biased to collect all of the base minority
carriers into the collector. The Gummel-Poon model is most commonly used,
followed by the VBIC and MEXTRAM models. The VBIC is an extension of the
Gummel-Poon model, and the MEXTRAM model uses fewer nodes (5 vs. 7) and
therefore converges faster than other models in nonlinear situations (developed by
Philips).

2. MOSFET:Modern MOSFETSs have become important at frequencies below 6 GHz.
Some of the history begins with DMOS transistors which were developed at Signetics
in the early 70’s, the high frequency performance of CMOS transistors, and the
development of the high-power LDMOS transistor. The nonlinear models come from
SPICE developments, including Bi-CMOS models among others. Bi-CMOS implies
there are BJTs, n-channel MOSFETSs, and p-channel MOSFETSs are on the same

silicon chip.
MUIRIP T faNE©
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3-Terminal Active Device Models, Cont’d.

3-terminal active device, Cont’d.

3. MESFET:This transistor came about in 1965 with the development of Schottky
diodes and ohmic contacts simultaneously on GaAs. It is a majority carrier
device which is voltage controlled at the gate. The name means Metal-
Semiconductor-Field-Effect-Transistor. The MESFET/HEMT models constitute
a long list including: Curtice Quadratic, Curtice Cubic, Statz-Pucel, Materka
and modified Materka (Raytheon/Ansoft), Tajima, Root (HP/Agilent), Angelov,
Parker, EEFET3, EEHEMTI1, TOM3 (Triquent’s Model) etc. with more to come.

4. HEMT (PHEMT and MHEMT): This is replacing MESFETs in many
applications due to superior performance. It is a High Electron Mobility
Transistor first introduced about 1980 by Fujitsu. It has progressed to PHEMT
and MHEMT structures, with even better performance. A PHEMT is a lattice
matched pseudo-morphic HEMT, while a MHEMT is a meta-morphic HEMT,
where graded layers of doping are employed.

S. HBT: The Heterojunction bipolar transistor was originally developed to improve
emitter injection efficiency in GaAs BJTs, which has been a long standing
problem (since 1965). In addition, the SiGe HBT has been added to the list about
1985, which offers a very low cost process with excellent microwave performance
limited only by the low value of T . max of 155°C.
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3-Terminal Active Device (Transistor)
Models, Cont’d.

Transistor Classification
Microwave transistors can be presently classified
into seven groups:

Silicon BJTs

Silicon MOSFETSs

Gallium Arsenide MESFET's

InGaAs/InP etc. PHEMTSs

InAlAs/InGaAs MHEMT's

InGaP/InGaAs and SiGe HBTs

SiC and GaN (Next developments, only lab sample!)
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3-Terminal Active Device (Transistor) Models

Bipolar Transistor Model

i
L
Chc
il

Rc2
(NP or PINP tye)

cox] veiz| L
18 v‘szl -

Ri>2 RioE

:
i

(LPNF type)

& Ei
Equivalent circuit for a microwave bipolar transistor (Ansoft Designer Model)
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3-Terminal Active Device (Transistor) Models
Spice parameters
SPICE parameters and package equivalent circuit of the Infineon transistor BFP 520
Package Equivalent Clrcult
SPICE Parameters (Gummel-Poon Model, Berkley-SPICE 2G.6 Syntax) :
Transistor Chip Data LB|= 047 "
8= 15 ah |BF= 25 - |NF= . l )
W BV K= 04 A [IsE= 5 @ || Lot 08 1
NE= 2 - |BR= 15« |NR= - Wl u | = 023 ™
VAR= 2 v o|KR= 00t A [lC: 2 A Em el E Lor 05 M
NC= 2 - |RB= 1 0 |IRB= - A ‘
. [ ‘
M= 75 o |RE: 08 R TR LI gt e
CE= 25 F |WEs 098 V |WEs 03% | lp= 0%
TF= 47  ps |XTF= 10 - |VIF= 5 v ? G 1%
ITF= 07 A |PTF= &0 deg |CJC= 93 fF I“n Cuz B0
i GB' i

ViIC= 0661 V. MIC= 028 - XCJC= 1 - '-
Re 8 m (Cls= 0 F |Vs: 0%V | i gz 14 F
XTl= 0086 - |fC= 05 - |TNoM 28 K
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3-Terminal Active Device (Transistor) Models

Noise figure and source impedance for best noise figure as a function
of current and frequency of the Infineon transistor BFP 520

Moise figure F = f{i=)
VbEF=21f,zs==zéﬂpt
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Noise Figure vs current

N

VCE=2V,J'C=2WIAJ"5mA

+50

+25 | +j100

+10/ T acHz

10

j25 ' 4100
50

Source impedance I’ for minimum

noise Figure vs frequency
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3-Terminal Active Device (Transistor) Models

Transistor cut-off frequency vs. current Power gain vs. current
Transition frequency fr = f (/)
f=1GHz

Ve = parameter in V

Power gain G5, Gms = f(lg)
UbE==2Uf
f= parameter in GHz

O 1 ]

V65 =0 ]
60 2.3V ~t— LT
] — 1.3W -~
> s d S osv i
50 24 /
45 565 / 18GHz _
40 o 7 ]
f, |/
35 - | 2 AGHz
'T 30 Ek 18 3%H;
25 \ T 16 —
20 4GHz
14 H u i
15 \ " SGHz
12 6GHz |
10
5 \k\ 0.3V 10
o ™ 1 I
0O 10 20 30 40 S0 60 70 80 §Q 100 8, 20 40 60 80 90 110
Ic(mA) —= I(mMA) —= fc
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3-Terminal Active Device (Transistor) Models

Power gain vs. Vg Infineon BFP 620 Microwave Transistor die

Power gain Gpa, Gms = f (Vce)
o =20 mA

f= parameter in GHz BFP 620

m T T "
dB 0.9GHz
]
24 f’#
1.8GHz
2 II,...---'--"""" [ T
20 _,,.,.c"" 24GHz
& V L~ I
18— 3GHz
AT i ‘-HMs NS
. yd iy et "ﬂh —
T / ____,..--" SGHz ' ]
127 6GHz
M /”:-ﬂ"f ]
8 rf#
v
N
ﬁz 0.6 1 1.4 1.8 22 WV 28
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3-Terminal Active Device (Transistor) Models

Large Signal Measurements

While the datasheets provided by the manufacturer are given under small signal
conditions, small signal conditions mean power levels in the vicinity of —40 dBm.
The network analyzers used to measure these S-parameters, have bias tees built-in
and have 90 dB dynamic ranges. Figure below shows the test fixture, which was
generated to measure the large signal S-parameters for the device under test (DUT).
The test fixture was calibrated to provide 502 to the transistor leads and a proper

-em ing ha n done. .
iRt ieiias been done Test fixture to measure large signal S-parameters

mkd

—
i) ) )

i
—
=
=

SRR EiE

Rohde & Schwarz 3 GHz network analyzer to measure RTINS 'E

the large signal S-parameters at different drive levels. s \\.“ “‘-“““;.“ /
\m =T T Rohde S MICROWAE CORPORATION
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3-Terminal Active Device (Transistor) Models

Large Signal Measurements (Bipolar)

The definition of S-parameters in a large-signal environment is ambiguous compared to
that of small-signal S-parameters. When an active device is driven with an increasingly
higher level, the output current consists of a DC current and RF current, the fundamental
frequency, and its harmonics. When the drive level is increased, the harmonic content
rapidly increases. §,,, mostly defined by the feedback capacitance, now reflects harmonics
back to the input.

If these measurements are done in a 50 Q system, which has no reactive components, then
we have an ideal system for termination. In practical applications, however, the output is
a tuned circuit or matching network, which is frequency selective. Depending on the type
of circuit, it typically presents either a short- circuit or an open-circuit for the harmonic.

For example, suppose that the matching network has a resonant condition at the
fundamental and second harmonic frequencies or at the fundamental and third harmonic
frequencies (quarter-wave resonator). Then a high voltage occurs at the third harmonic,
which affects the input impedance and, therefore, S, (Miller effect).
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3-Terminal Active Device (Transistor) Models

Large Signal Measurements (Bipolar)

Currents and voltages follow Kirchoff’s law in a linear system. A linear system implies
that there is a linear relationship between currents and voltages. All transistors, when
driven at larger levels, show nonlinear characteristics. The FET shows a square law
characteristic, while the bipolar transistor has an exponential transfer characteristic. It is
important to note that the output impedances of FETs are much less RF voltage-
dependent or power dependent than those of the bipolar transistor. The generation of
large-signal S-parameters is, therefore, much more important for bipolar transistors than
for FETs.

This indicates that S-parameters measured under large-signal conditions in an ideal

50 Q systems may not correctly predict device behavior when used in a non-50 Q
environment. A method called load pulling, which includes fundamental harmonics, has
been developed to deal with this issue.

The following four plots, show §.,, S,,, S,,, and S,, measured from 50 MHz to 3000 MHz
with driving levels from —20 dBm to S dBm. The DC operation conditions were 1.9 V and

20 mA,
MNIN LT RN E©
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3-Terminal Active Device (Transistor) Models

Large Signal Measurements (Bipolar)
Measured large signals S, of the BFP 520 (DC operating conditions were 1.9 V and 20 mA).

0.0 Freg: Swept from 00MHz to 3000MHz in SOMHz step :
large signals S, for drive level |
o 10dBm \ from —20dBm to +5dBm :

0.8

Real {Si4)
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3-Terminal Active Device (Transistor) Models

Large Signal Measurements (Bipolar)
Measured large signals S, of the BFP 520 (DC operating conditions were 1.9 V and 20 mA)

0.12
0.10
" P 'FﬁdBI"I'I
008 ! d-}'
¥ 0.06 | LodBm
E !
/r—"iﬂ-dEm
0.0 | . Bm
| .1;1'
JMsdBm)
Jr:"-f’/
0.02
-20dBm
0.00
0.00 0.03 0.05 0.08 0.10 0.13 0.15 0.18 0.20

Feal {31 =1

large signals S, for drive level from —20dBm to +SdBm
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3-Terminal Active Device (Transistor) Models

Large Signal Measurements (Bipolar)
Measured large signals S,, of the BFP 520 (DC operating conditions were 1.9 V and 20 mA)

20.00
| - 20dBm

15.00 e
\N

-15dBm

10.00 |
-10dBm \

Im (SN)

S.00
=
| od Bm
i +5-:|B:ﬁ7’;
0 WuJu]
- 200D -15_ 00 ~-10.00 500 0.00 5.00
Real (Sa4)

large signals S, , for drive level from —20dBm to +SdBm
rr EuTRoN
Wi itinwA L /
w =T Rohde S MICROWAVE CORPORATION /
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3-Terminal Active Device (Transistor) Models
Large Signal Measurements (Bipolar)

+s5dBm

"

0.0

Measured large signals S,, of the BFP 520 (DC operating conditions were 1.9 V and 20 mA)

large signals S, for drive level from —20dBm to +5SdBm

=
o
&= -10dBm
A5dBm
| -20dBm
0.5}
0.2 0.3 0.4 0.5 0.6 o7 o8
1= 0.5
Real (S
Y= -0.2 (Sz2)
MV IV LT N EC

—
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3-Terminal Active Device

Key parameters in applying a BJT in low-noise front-end, high-gain and linear-
powers stages.The example is based on the Siemens BJTs BFP420 (low-noise
stage), BFP450 (high-gain stage), and BFG235 (output stage).

High L o t P
Low Noise High Gain or Low Intermodulation

T s T g B VA e

3rd Order

OPTIMUM Cascaded Noise Max. Available Intermodulation Linear Output
(da8) Figure (aB) Gain (dB8) intercept Ic Power
dc BIAS 10 - sof———— (mA)
20} 300 2mA
- 12 1.6 mA
a Example : e -&P'/ o 201 200 1.2 mA
- 1.0 p —. 0.8 mA
f=1.8 GHz osk T 088 s o} 100 m
Vceg=2V : } i : 0.4 mA
Ic=15mA °c 5T 1.0 °s 0.7 °s o5 10 05 30
.15 (100 mA) i V v
[ 1 Ic /1 Ic /1 ce (V)
c/'Cmax C /7 'Cmax C/ 'Cmax
PARAMETERS Fmin: Ins fa Tep
CHARACTERIZING
b PERFORMANCE Su Si2 St Si2 S Si2
D.::"""'.gc .B.i S21 S22 Sz1 Sz2 S Sz2
OPTIMUM T,
GENERATOR
REFLECTION
C COEFFICIENT OR

ADMITTANCE

Center of Chart
=50

CIRCUITS

d_ OPTIMIZING
NOISE, GAIN & L
1/O MATCHING

a) Optimum dc bias for a low-noise front end
b) Characterizing device performance

(A AVANY A VAL

¢) I, for the first stage S A 1\ 1™ |
d) Optimize stage noise, gain and I/0 matching A A RAL LY /
MICROWAVE CORPORATION
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LNA (Low Noise Amplifier)
Low Noise Amplifier at 7GHz (Infineon BFP 620)

LOW NOISE 7-GHZ AMPLIFIER

ind

-
=
=
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;—' gl o 150k
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2
TFes res Lk
e I.:-\ ANA—m AN H‘“’F’ N
@ H
1508 1508 i a] 3"‘"“%’ 2
T w o P
—_— = Y]
N
St o
L1
L B
[ ] | |coe
P z:50 i
pl st E E:35 Wyt
g = F:?gh:.

(A AVANY A VAL
b S B\ .\

—

Slide 49

; AP A BRAYL 111" |
WMICROWAVE CORPORATION

Schematic of 7GHz Low Noise Amplifier

- U, .. Rohde



7a A\
LNA (Low Noise Amplifier), Cont’d.

CAD Simulation (Ansoft Designer )

20.00

bfp_620_bip7g¥1 ——C—i
dB(S11{cki=bfp_620_bipTghz,

7GHz Low Noise Amplifier

bfp_620 bipTg¥1 ————
dB(521(cki=bfp_620_bipighz,

0.00

bfp_620_bip7gY1 ——{—o
dB{S22(cki=bfp_620_bipTghz,

|bfp_620_bip7gY1 ——
| dB{FMIN[ckt=bfp_620_bip7gh

Y1

bfp_620_bipTgY1 ——FF—

| B —

-20.00 dB{NF(ckt=bfp_B20_bipTghz_|

-40.00- . : — -
4.00 5.00 6.00 7.00 8.00 9.00 10.00

Freq [GHZz]

Simulated S-parameters and noise figure
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Monolithic Si-Bipolar Power Amplifier

High efficiency 900 MHz Amplifier

A Monolithic 2.8 V, 3.2 W Si-Bipolar Power Amplifier
with 54 % PAE at 900 MHz

Infineon

----------

[ s" et ) I 8] 1

veeB uccn eplil VEED EE |

o] B

EF]

| VEE | RFIN- RFIN+  VEE

—

™

“ices, voen | Enj{vEEn EE

Wl L= i WD NE

T Loyt Ref A. Heinz et al., RFIC2000, pp. 11?—T2G June EDDD antc-n

Monolithic Si-Bipolar power ampli AVRIE TR SRNE®

fier
r *Ld EhRRL.
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3-Terminal Active Device (FETs)

There are several members of the FET family that can be used to high frequencies. The
Si junction FET, which has been used for many years, is limited to about 500 MHz for
reasonable performance, the most 1 GHz. Their fairly high input capacitance of about
1pF and large feedback capacitance of about 0.1pF limits their use. However, coming
from the bipolar process, CMOS transistors have become a strong competitor to GaAs in
the RFIC world.

Modern RF and microwave integrated circuits are based increasingly on MOS
technology. The reason for this is low cost, low power consumption, and higher
integration density. Similarly, as with the bipolar transistor and GaAs FET transistors,
the transistors are being described by using a model and model parameters. Drawbacks
are low breakdown voltage, leakage currents, and high flicker noise.

CMOS transistors with 0.35-micron technology are used in many applications and even
0.06-micron devices are now available. Operating frequencies above 50 GHz have been
shown. The general circuit design rules, however, are the same as for GaAs FETs; one
needs to know the measured S parameters or the SPICE parameters. Besides the RFIC
MOS and D-MOS transistors, the LDMOS transistors have become very popular for

power application.
MVILL T AN E©

5 WY R
W INARA R /
T Rohde MCROWAVE CORPORATION

Slide 52




a N
3-Terminal Active Device (FETSs)

Overview of the MOS models developed since 1960 and the number of required
parameters. From C. Enz, MOS Transistor Modeling for RF IC Design, June 2004

Development of MOS Models

st N BSIMavd |
_ BSIM3v3
(= —
PO N MM 1v2
w HiSIM 1.2.0
= BSIM2 '
T | HSP28 o
£ 100] = BSIM3v3
L BSIM
Sina

= BSIM

o
-
=]
=
s Al =
o 10 [ eantyEKWV © ERV EKV2.6

=]
LEVEL1
O Including LW, P scaling
= Without scaling
1
1960 1970 1980 1990 2000 2010

Years

m  Mumber of DC model parameters vs. the year of the introduction of the model
Most recent versions of the EKV, HiSIM, MM11and SP models are included

m Significant growth of the parameter number that includes geometry (W/L) scaling
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3-Terminal Active Device (FETSs)

FET — Field Effect Transistor Model

i Di

Package NModel:

& ~OOF
Zz 'I:‘H L Laon Lar, Loy s-coznp
o o o8 S o~ F —
Sate CRIZe) S B D _| e-onn . Drain
Mo | Cee S T o?ﬁ ez, no
P - —1
Cgsp © ol P . C(jsp
b -veir’r:! O ez M OOy
TRL Loys
ooV )L
Source
Nz
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Texas Instruments 335pum MESFET Model : W RN
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(VDS=2V,Vg==1.5Y,

3-Terminal Active Device (FETSs)

Typical schematic for S-Parameter Generation (TI335Sum MESFET)
.S—Por“clme J[ = G@I’W@PCJJ[ 'LC)ﬁ( T I 555um_FET )

[0=28mA 2

blas

TI335

Hu’(er‘

P3

Vi 1y

P4

n

nl

{L\JD

P1

Oewlce: TIE35umdw2dnAZBEH=

File:TI355un202BmA2EGHz . 220 re

FREL

Llnear

Step 1Ghz 2BGhz Z@EMhz
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3-Terminal Active Device (FETSs)

The curve (S11 and S33) show very good agreement between measured and modeled
data based upon the equivalent circuit for a TI 335-um FET.

\\

07/20/086 Ansoft Corporation - Harmonica & vB.71 17:34:47
Im{811)..Im{S33).. 'll'ISEé?L#mFW ——
G lold_d\Program Files\Ansoff\Users\TI335umFET_spar\TI335umFET_spar.ckt i )
0.00
| TIZ35umFY 1 ——
| Measured and Modeled data Im(S32)
0.20 f
0.40
; i
hY
0.60 \ 7
0.80 \\ //
] \ /
] Frequency (1-20GHz)
To08 0 03 00 03 o5 08 A
Re(S11); Re(S33)
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3-Terminal Active Device (FETSs)
The curve (S12 and S34) show very good agreement between measured and modeled
data based upon the equivalent circuit for a TI 335-um FET.
07/20/06 Ansoft Core;rgt:;:;:{gsr?&r.‘lica B v8.71 17:36:20 TI3350mEY 1
Gold_d\Program Files\Ansoft\Users\TI335umFET_spar\TI335umFET_spar. ckt Im({S12)
0.035
] Measured and Modeled data ﬁﬁ%@ﬂm ——
| ///_
0.030
0.025 7 >
T 0020 /
0.015_ //
0.010 1 I/
] Krequency (1-20GHz)
0.005—|
0.00 0.01 0.02 0.03 0.04 0.05
Re(S12); Re(S34)
MVERLE W e e
*Y RN

AP A BRAYL 111" |
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3-Terminal Active Device (FETSs)

The curve (S21 and S43) show very good agreement between measured and modeled
data based upon the equivalent circuit for a TI 335-um FET.

\\

07/20/06

Y1

Im(S21)

TI335umFY 1 —2—

Im(S43)

TI335umFY 1 —4——

Ansoft Corporation - Harmonica & v8.71 17:40:05
Im(521)..Im{S43)..
Gold_d\Program Files\Ansoff\Users\TI335umFET_spar\TI335umFET_spar.ckt
2.00
Measured and Modeled data
f“’—____"\
150 //‘ \\
0.50 //
| Frequency (I-ZOiGHZ)
0.00 s —

300

2850

200 480 10

Re(S21); Re(S43)

0 050

\wﬁt- U._L_Rohde

(A AVANY A VAL

E h S B 1\ —\ |
AP A BRAYL 111" |
WMICROWAVE CORPORATION

—

Slide 58



a )

3-Terminal Active Device (FETSs)

The curve (S22 and S44) show very good agreement between measured and modeled
data based upon the equivalent circuit for a TI 335-um FET.

07 f20/08 Ansoft Cor;:oratlon - Harmonica & v8.71 17:38:47 TI3350mF Y1
m(S22)..Im{S44).. iy —0—
G \old_d\Program Files\Ansoft\Users\TI335umFET_span\TI335umFET_spar.ckt it )
0.2
TI335umFY 1 ——+——
Measured and Modeled data Im(S44)
0.0 /l
4

e
| pg

Y1
(=]
=

,f"”"’f”"

06 ] /

v |

‘'requency (1-20GHz)
o4 o5 06  oO0f 08 o
Re(S22); Re(sad)

(A AVANY A VAL

5 WY R
W INARA R /
T Rohde MCROWAVE CORPORATION

Slide 59




@ Noise in 2-Port A

(Linear & Non-Linear Circuits/Systems)
2-Port (Linear):

Even when a two-port is linear, the output waveform may differ from the input,
because of the failure to transmit all spectral components with equal gain (or
attenuation) and delay (group delay is a form of linear distortion). By careful design of
the two-port, or by limitation of the bandwidth of the input waveform, such
distortions can largely be avoided. However, noise generated within the two-port can
still change the waveform of the output signal. In a linear passive two-port, noise
arises only from the losses in the two-port; thermodynamic considerations indicate
that such losses result in the random changes that we call noise.

2-Port (Non-Linear):
When the two-port contains active devices, such as transistors, there are other noise
mechanisms that are present. A very important consideration in a system is the
amount of noise that it adds to the transmitted signal. This is often judged by the ratio
of the output signal power to the output noise power (S/N). The ratio of signal plus
noise power to noise power [(S + N)/NV] is generally easier to measure, and approaches
S/N when the signal is large.
= TERERSY
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@ Noise in 2-Port 3

( Linear & Non-Linear Circuits), Cont’d.

Noise Factor

The noise factor of a system is defined as the ratio of signal-to-noise ratios available at
input and output as
— (S/ N )input

( S/N )output

When this ratio of powers is converted to decibels, it is generally referred to as the noise
figure rather than noise factor. Various conventions are used to distinguish the symbols
used for noise factor and noise symbol. Here we use F' to represent the noise factor and
NF to represent the noise figure, although the terms are usually used interchangeably.
For an amplifier with the power gain G, the noise factor can be rearranged as

=1

SN ) a
F= GS,/G(N. + N,) F=1+ Na/Ni NF =10 lOgloF

where N _is the additional noise power added by the amplifier referred to the input.
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Noise in 2-Port
( Linear & Non-Linear Circuits), Cont’d.

Signal-To-Noise Ratio

The signal power delivered to the input is given by S, = P, =

where E p is the rms voltage of the input signal supplied to the system, and the noise
power supplied to the input is expressed by

N. =

in

§Zin = Xin + jXin

Eft) = 2 Eg cos wt

\\

E; Re(Z;,)
|2

|z, + Z,,

_v—rzz Re(zin)

1z, + Z, |

where the noise power at the input
is provided by the noise energy of
the real part of Z o The input
impedance Z of the system in the
form Z = R, + jX. is assumed to be
complex.
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@ Noise in 2-Port 3

( Linear & Non-Linear Circuits), Cont’d.

The Johnson noise (Thermal noise) of a resistor [here R= Re(Z g)] is given by the mean-
square voltage v2 = 4kTRB

L=
with &k (Boltzman’s constant) = 1.38 x 1023 J/K, T the absolute temperature of the
resistor, and B the bandwidth, is sufficiently small that the resistive component of

impedance does not change. For an ambient temperature of 290 K, k<7 =4 x 10721
W/Hz. This expression is also given as as kT =-204 dBW/Hz =-174 dBm/Hz = -114

dBm/MHz
The generator resistor acts as a Johnson noise generator, its maximum available
power is given by 4kTRB

PA - '—"4? = kTB

The value of S/N contributed by the generator is given by

(5). - a7
N/.. 4kTRe(Z,)B
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@ Noise in 2-Port 3

( Linear & Non-Linear Circuits), Cont’d.

Noise Bandwidth

Noise bandwidth, B, , is defined as the equivalent integrated bandwidth, as shown in
Figure below. For reasons of group delay correction, most practical filters have round
Gaussian response rather than sharp comers (Chebyshev- type).

G B,

/_\ 3-dB bandwidth
./ 1 \

1o B, = 3-dB bandwidth

2
G = | 3248

Graphical and mathematical
explanation of the noise bandwidth o
from a comparison of the Vo
Gaussian-shaped bandwidth

to the rectangular filter response.

Vo2 = §& 4RToRG(f) dF
= 4rRToR | GL{f) dF
1 oo
B, = fo GOy dF

noise bandwidth

MURIE TR aNE©
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@ Noise in 2-Port A

( Linear & Non-Linear Circuits), Cont’d.

An active system such as a combination of amplifiers and mixers will add
noise to the input signals, and the noise factor that describes this is defined as
the S/N ratio at the input to the SIN ratio at the output, which is always
greater than unity. In practice, a certain minimum signal-to-noise ratio leveled
on the node is required for operation.

For example, in a communication system such a minimum is required for
intelligible transmission, either voice or data. For high-performance TV
reception, to provide a picture noise-free to the eye, a typical requirement is
for a 60-dB S/N.

In the case of a TV system, a large dynamic range is required, as well as a very
large bandwidth to reproduce all colors truthfully and all shades from high-
intensity white to black. Good systems will have 8-MHz bandwidth or more.
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Noise in 2-Port
( Linear & Non-Linear Circuits), Cont’d.

Noise in two-ports: (a) general form; (b) admittance form; (c) impedance form

Iy - I
o —0
+ +
Noisy
1 two-port V2
o )
(a)
Iy — —— 1>
o -q -
+ +
Noise-free
Vi In ‘L two-port ¢ C’\# L2 V2
o $ —0
v &) v
Ll L2
Qr=EICE ="
+ U V +
Noise-free
Vi two-port Va2
o o

{c)

\wﬁt- U._L_Rohde

I =y Vi + ypVo + Iy

I, = yu Vi + ynuV, + Ix,
ondy + 20, + Vp

= 20y + 20005 + Vi,

where the external noise
sources are I, I,, V,,,and V,.
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bz SZI 522

a

Noise in 2-Port

S-parameters of 2-port circuit
bnl
+
a, bn2

S-parameters representation of noisy 2-port circuit

bn2

(Siz)

4

— s b2

——— a2

(a)

\wﬁt- U._L_Rohde

N O

( Linear & Non-Linear Circuits), Cont’d.

Chain Matrix form of 2-port circuit

", ’ o)

+ A\ +
Noise-free

Vi Iy t two-port V2

)

O _ )

. s
Hp1 = bpi1 — b2 11

l S21

O <O

—1

bl ——— — e Lo
(Siz)

aly ————— ———— D

O I -
T (56)

bn2
Sz
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@ Noise in 2-Port A

( Linear & Non-Linear Circuits), Cont’d.

There are different physical origins for the various sources of noise. Typically,
thermal noise is generated by resistances and loss in the circuit or transistor,
whereas, shot noise is generated by current flowing through semiconductor
junctions and vacuum tubes. Since these many sources of noise are represented
by only two noise sources at the device input, the two equivalent input noise
sources are often a complicated combination of the circuit internal noise sources.
Often, some fraction of /, and I  is related to the same noise source. This means
that ', and 7, are not independent in general.

Before we can use V', and I, to calculate the noise factor/noise figure of the two-
port, we must calculate the correlation between the V', and 7, .The noise source
V, represents all of the device noise referred to the input when the generator
impedance is zero; that is, the input is short-circuited. The noise source I,
represents all of the device noise referred to the input when the generator
admittance is zero; that is, the input is open circuited.
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@ Noise in 2-Port A

( Linear & Non-Linear Circuits), Cont’d.

The correlation of these two noise sources considerably complicates the analysis.

By defining correlation admittance, we can simplify the mathematics and get some
physical intuition for the relationship between noise figure and generator admittance.
Since some fraction of , will be correlated with V', we split I, into correlated and
uncorrelated parts as follows:

L=1 +1,

I is the part of I, uncorrelated with V. Since /, is correlated with V', we can
say that I is proportional to V/, and the constant of proportionality is the correlation
Admittance Y_ . This leads to:

]n = YcorVA IA = YcorVA + Iu

Y, . is not a physical component located somewhere in the circuit. ¥ is a complex

number derived by correlating the random variables 7, and V.
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@ Noise in 2-Port

Calculation of Y
cor” [,=Y,V,+1,

cor

Multiply each side of by V', and average the result

cor cor

where the I, term averaged to zero since it is uncorrelated with V. The correlation
admittance is thus given by

Correlation Coefficient ‘c’

“Correlation coefficient'" is a normalized quantity, which is is defined as

2
Vil =a=Y V:A;

cor 2
NS ¥
Note that the dual of this admittance description is the impedance description.

Thus the impedance representation has the same equations as above with Y replaced
by Z, I replaced by V, and V replaced by /.

C =
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( Linear & Non-Linear Circuits), Cont’d.

Vil, =Y V.V, +VI =V, =Y V where V, =complex —conjugate of V,
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Noise in 2-Port :Noise Circle

Noise tuning

Noise tuning is the method to change the values of the input admittance to
obtain the best noise performance. There is a range of values of input reflection
coefficients over which the noise figure is constant. In plotting these points of
constant noise figure, we obtain noise circles, which can be drawn on the Smith
chart I' . plane. The center of the noise circle can be given by

r 7 -7
i — On Where 7”0n= on 0
1 + N, Z,+Z,

The radius of the noise circle can be given by

VN2 + N (1~ |To, )
r. ==
1 + Ni MV IV LT N EC

1
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Noise in 2-Port : Noise Circle, Cont’d.

+50

Typical plot of the noise circle for bilateral case
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Noise in 2-Port : Noise Circle, Cont’d.

w "

410

Typical plot of the noise circle for bilateral case
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Noise in 2-Port : Noise Circle, Cont’d.

Typical plot of the noise circle for bilateral case
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2 )
Noise Parameter of Bipolar Transistor

The high frequency noise of a bipolar transistor in grounded emitter configuration can
be modeled by using the three noise sources. The emitter junction in this case is
conductive and this generates shot noise on the emitter. The emitter current is divided
in to a base (,) and a collector current (/) and both these currents generate shot noise.
The collector reverse current (/_ ), which also generates shot noise.

Zs Vsn I'y Vbn . Cy

i a1 AT} :

~)|source @D | | T @ To () icn

Eb'e

Hybrid-n Configuration (Grounded Emitter)
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Noise Parameter of Bipolar, Cont’d.

The emitter, base and collector are made of semiconductor material and have finite
value of resistance associated with them, which generates thermal noise.

The value of base resistor is relatively high in comparison to resistance associated with
emitter and collector, so the noise contribution of these resistors can be neglected.

For noise analysis three sources are introduced in a noiseless transistor and these
noise generators are due to fluctuation in DC bias current (i, ), DC collector current
(i,,) and thermal noise of the base resistance.

In Silicon transistor the collector reverse current (/_,) is very small and noise (i, )
generated due to this can be neglected.

Note:

For the evaluation of the noise performances, the signal-driving source should also be
taken into consideration because its internal conductance generates noise and its
susceptance affects the noise figure through noise tuning.
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7 )
Noise Parameter of Bipolar, Cont’d.

The mean square value of above noise generator in a narrow
frequency interval Af are given by

g = 2ql \Af
B . ; {Vj@ b Cﬁ c v2 = 4KTR ,Af
[ czn = 2ql Af
~~)|source ibn@ ::Cb'e @ To @im iczon = 2q] cob Af
8h'e &nVbe
] E v, = 4kTR ,Af

I,I and [, are average DC current over Af noise bandwidth.
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Noise Parameter of Bipolar, Cont’d.

The noise power spectral densities due to noise sources is given as

Zs Ven Iy Von Cye
RO IR0 " C
% I
. ~,,
~ )l source lbn@ To (dh)i,,
Vy,
gb,e gm be
£ E

N

i2 OKT
S(ibn) = = =2ql, = i
AI 15}
.2
l
S(i Y=L =2g] =2KT
( C}’l) Af q C gm
v_z
S(v. )=-" =4KTR
Af
pE
S, )= Al;'; = 4KTR,

v p and R are base and source resistance and Z_ is the complex source impedance.
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Noise Parameter of Bipolar, Cont’d.

2-port [ABCD] and the GE bipolar transistor presentation for the
calculation of the Noise Factor:

8ve Zs Ven Iy Von : ‘ Cye i
HO
i § [ABCD]
e s s
: L. : | Noise-Free
o @ TBlld.0 | 1
E e ngb'e E E P E

[ABCDF{AGEBGECGEDGE]

n-configuration of the bipolar transistor with noise sources and equivalent
[ABCD] representation of the intrinsic transistor.
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% [ABCD)

B B b
- @ Noise-Free

B fh

B
g b Beley [ABCD]
b
L] % U Noise-Free |
- 2-Port
SCICINE
E Dese Bipolar |

Noise Parameter of Bipolar, Cont’d.

N

g b Voo Bely [ABCD]
b
Ll % % | Noise-Free |
ibn ?@ ? 2'P0rt
E < Bipolar E
_ GE'cn I
- €
Zs rb' Von BGEicn )
B P ) @
AW G
Dgrlen
E
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noise generated from the source resistance.

F - v”(mml) V2 + Vnzerwork — F —
v 2 V2
Vn(total) = V + Vn(network)
Where Vn(mml) = Total noise voltage
v.oo= Noise due to source
Vn(network) = Noise due to network

F=1+ L

Noise Parameter of Bipolar, Cont’d.

The noise factor F is the ratio of the total mean square noise current and the thermal

2 2 2
V Vnem/ork - 1 { __network_ Vnetwork
2 2 2
I/sn Vsn I/sn

A o A oy f T2
Vot (R+1n) '+ + (R +1) (") +1 (R +7,
[ ( ) (+)(f)+ a( +)(ﬂ

O+ AR +1)(R,+7+2r,)]

\\

AKTAR,

[Ibzn)(s2 + Iczn

ﬁ 2

w (

f2

fr :

4kT AR |

\Wﬁt— U._L_Rohde
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Noise Parameter of Bipolar, Cont’d.

For Real Source Impedance:

In the case of real source impedance, X = 0, and noise factor F can be expressed as

B GHRIGHR A2 (+R)’ (R S
R 2R 2r, AR, 2r,R ik 2r,R.\ f;

If wr,C,..<<1 and >>1 then noise factor can be further simplified as

Fois L <,,bv>+<<r; +Rs)2>+ r.  (n+R)’ (fzj
R 2r, B 2 2r, fr

N

where the contribution of the first term is due to the base resistance, the second term is
due to the base current and the last term is due to the collector current.
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Noise Correlation Matrix of the Bipolar Transistor

Noise Parameter of Bipolar, Cont’d.

N

Noiseless
Bipolar

[Y]

O b inl

Noiseless
Bipolar

[Y]

i
n'n
C, =
202
n

el
ol
e
Where ¢, is the conjugate of €,

\wﬁt— U._L_Rohde

2

=Y ‘e"‘
B — “Lcor )
n‘ L

2
ke

}Icor a
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Noise Parameter of Bipolar, Cont’d.

Noise Correlation Matrix of the Bipolar Transistor in T-Equivalent Configuration:

T-equivalent circuit of bipolar noise model Transformed bipolar

o transistor noise model
@ represented as a 2-port
B feb\ Ry admittance [Y] matrix.
) @—c N
i,
Zy Tie‘ © +@

40 _ Noiseless
Cre—— ee e 1 ¢ Bipolar
[Y]

. [Y]tr o Yiu Vi
{(l-o)g +jwC,+Y, -7, Yo Vo
[v], =
og,~Y, Y,
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Noise Parameter of Bipolar, Cont’d.

The matrix for the intrinsic device is defined as [/N] and for the
transformed noise circuit as [C].

| : 2L 0

e.e, el e
[N]intrinsic = 4KTAf [ * q f jl - g (a —‘a‘z)

lcp ee ZCP ZCP O ge 0
i 7

[C] B 1 ene;k eni,;k _ |:C11 C12:|

ransformed — 4 1A £ * |

transfe AKTAf ie 11 G Gy

The noise correlation matrix C in terms of N can be obtained by a
straightforward application of the steps outlined as

C=AZTN(AZT)® + ARA®

The sign @ denotes the Hermitian conjugate (Hermitian matrix is defined as self-

adjoint matrix) MUIRLE T FRE©
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Noise Parameter of Bipolar, Cont’d.

The matrix Z is the inverse of the admittance matrix Y for the intrinsic portion of the
model and 7'is a transformation matrix, which converts the noise sources ¢, and icp

to shunt current sources, respectively, across the base-emitter and collector-emitter
ports of the transistor. The matrix A is a circuit transformation matrix and the matrix
R is a noise correlation matrix representing thermal noise of the extrinsic base

resistance.
| Z, +tr,
T — _(l_a)ge 1 4= Zzll ; R= 1 ebez 0 :|:rb O:|
e ~170 0 -— AKTA 0 0
age 1 i le f O O
c. C R, P =1 -RY;, C
C. C, m Ry, R|Y,[ " 2kT
C c I C

Yopt = Cii. —[Im{ Cui. J:l +]Im{ Cui. J, Yopt — Gopt + jBopt
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Noise Parameter of Bipolar, Cont’d.

The noise correlation matrix C contains all necessary information about the four

extrinsic noise parameters F_. , Rgopt, XgOpt and R of the bipolar.

The noise factor F'is given as

-G )’ +(B,, —B;)’]

opt opt

R
~[(G
Gg
where
Y (Generator admittance)= G +jB
(Optimum noise admlttance) G, ot JBopt
F, . (Minimum achievable noise ﬁgure):>F =F, .,when Y Yg
R, (Noise resistance)=Gives the sensitivity of the NF to the source admittance

opt

ani =37 M_i tle 1J{JJ:JJ,(&,%)Z 1_%+(i]2J{ij:[i—&j%nz

2%T @ B2 L) \L) \B
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Noise Parameter of FET

A simplified noise model of a FET with voltage noise source at input and the current-

noise source at the output Cpa

R,
63— D

gs——

I enPetn] | @

Noise model of a FET with current noise source at the input and the output
Ry Cea

S | =

ig@ Cos—— gmvg@ Cas— Ry, @id
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Noise Parameter of FET, Cont’d.

The mean square value of the noise sources in the narrow frequency

range Af are given by )

i2 =\ 4kT(wC,_)’R
. AKT(wC,)R S(i,) == =<\i§\>= :
i, = A i 8

i ii _
£ S@i,)=-L =(|i3|) = 4kTg, P
i; =4kTg PAf 2 Af <"d‘> S

7T = jwC, AKTCNPRAS S(i,iy) = <‘igi; \> = —jwC, 4kTC~/ PR

Where P, R and C are FET noise coefficients and can be given as

1
P= {4kTg }id / Hz ; P=0.67 for JFETs and 1.2 for MESFETsSs

R= [%}Z/Hz ; R=10.2 for JFETs and 0.4 for MESFETs
4kTw C

C=j| i ; C=0.4 for JFETs and 0.6-0.9 for
MESFETSs AU\ SR
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Noise Parameter of FET, Cont’d.

Intrinsic FET with noise sources at input and output
Intrinsic-FET

G i I D
|
| Y Vi
\ [Y]FET—Intrinsic = |: :|
i) Co= EnVe Gou @i Yo Vn
|
| | s -
| | 1.1 11
S | | [CY] = [N]noisematrix: |: .g (f g‘j:|
| | 1,1 11,
L |
Intrinsic-FET B W2 C; R ]
- — jwe, CN PR
U C,],,, =4kT :

Em
| jwe, CN PR g, P

. Intrinsic-FET .
MUILL T faN e
\ Srr\‘-‘-?‘:‘-‘“a‘- /
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to calculate the noise parameters:

Intrinsic-FET

Noise Parameter of FET, Cont’d.

For simplification in analysis, noise transformation from the output to input can be done

Equivalent circuit representation of FET with noise sources at input

lc.], =[11 [c,],

[C,] is the correlation matrix, which is
defined as the mean value of the outer
product of the noise vector that is

equivalent of multiplying the noise vector

by its adjoint (complex conjugate transpose)
and averaging the result. [T] is transformation
matrix and [T]* is complex conjugate transpose

of [T].
(2a\VYA N 1 . Y .\ LG
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Noise Parameter of FET, Cont’d.

2 2
wc, R .
Ny C PR _ +
€,y =24T] g, IWEsCN C, 1 =[T1 [C) ], 17T
Jjwe ,CN PR g, P
_O [ 1 +Rs(scgd+gds+scgs+scds)J_ > 2 p
w'e
— - = = Jj ~ PR
[Ca ]FET _ chd gm chd gm *4kT gm chgsc « K1
1 (chd + gy +5C,, +scy,) jwchC\/ﬁ g P
chd _gm
[ Fmin —1 . ]
ee el C . o Rn 9 _RnYopt
[Ca]FET =| :l .n.f - CW | =AkT F_. —1
.€, L1, u®i ii* mlz _ RnYopt R, Yopt
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Noise Parameter of FET, Cont’d.

C . C.+C .Y,
Rn = ol Fmin =1+ = -
2kT kT
2
C . C . C .
Y = | = | {m| = || 4 jIm| =
y Cuu' Cuu' Cuu'

L —7 Y —-Y _ -
Fopt =7 L = _ - Yopt p Gopt + ]Bopt
Lz, +2Z, Y +7Y

opt

where
Y (Generator admittance)= G +jB
(Optimum noise admlttance) G, ot JBopt
F, . (Minimum achievable noise ﬁgure):>F =F, .,when Y Yg
R, (Noise resistance)=Gives the sensitivity of the NF to the source admittance

opt
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Noise Parameter of FET, Cont’d.

Neglecting the effect of gate leakage current /. od and gate to drain capacitance C od the
models above will be further simplified as shown below:

(a) Intrinsic-FET with current noise
sources at input and output

e DG_"'@- ) A D
\ | |
\ | |
\
gs | |
\ | |
\ | |
\ | i
\

(b) Intrinsic-FET with voltage and
current noise sources at input

Fmin _1 C
] = 4T P — jwe, (P+CVPR) cl. = {Cuu- i } 44 R, 2 ~R,Y,,
I g | jwe (P+CVPR) We,(P+R+2CYPR) g C, fun =l _py  RJY,[
2 n’ opt n|= opt
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Noise Parameter of FET, Cont’d.
. C uu P
" 4kT T g
\/c_. [ (c..ﬂz (c J
== —|Im| == + jIm| —/——
» 1 cC . C . C
Yopt n opt + ]B opt
opt o |C|2 )
B, = o (1+|C|1/
c.+C .Y,
F. =1+ = = L ‘e JPRO-|C|
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Noise Parameter of FET, Cont’d.

Influence of ng, Rgs and R  on the Noise Parameters

N

2.2

Em

m m

2
P+ R—-2C ~JRP
R = & al ¢, +(R, +R,)
gm - jwc gd
1 (R +R_)+R(1-C’
R, = \/g ( o) ( )+wzcg2S(RS+Rgs)2
WC P

1 IR
X = 1-C [—
Opt WC . ( r P )
ANV P SYE

chzs W4c; 2 p2 2 44 Cgs %
Fmin=]‘+2 2 (Rgs+Rs)Pgm+ 4 (Rgs+Rs) Pgm+ ) [PR(I_C )_Pnggs]

—
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Noise Parameter of FET, Cont’d.

Temperature Dependency of the Noise Parameters of an FET:

We now introduce a minimum noise temperature 7 . and we will modify the noise
parameters previously derived. This equation now will have temperature dependence
factors. Figures below show the 2-port representation of the intrinsic FET in admittance

and ABCD matrix form.

Intrinsic-FET
[ABCD]

ig Intrinsic-FET

[Y]

The ABCD matrix representation and the corresponding noise parameters are

.2
ln

2 .0

n

=—— 8= s C =
" AkT,Af 4T Af

N > Roptgn

2
e

n

-2
ln

Where Kk is the Boltzman’s constant g_is noise conductance,7 is the standard room

temperature (290K), and Af is the reference bandwidth.
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Noise Parameter of FET, Cont’d.

The expression for the noise temperature 7, and a noise measure M of a two-port driven
by generator impedance Z o is expressed as

2

Z —Z
= g ? =T 2o
Tn_Tmin+TO Rn Zg_ZOpt Tn Tm1n+NTO R
" g opt
2
‘Tg_Topt _ Zopt _Zo
T =T. +4NT Lo =
n min 0 2 2 p Z + Z
a-,,[Ha-|r,[ opt T4
I,| 1 : A : :
M=—" 1) M is defined as the minimum noise measure; this refers to the
Ty ]—— lower limit of the noise figure, it is an invariant parameter
G, and is not affected by lossless feedback.

where Z is the reference impedance and G is the available gain
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Noise Parameter of FET, Cont’d.

An extrinsic FET with parasitic resistances R, and R, can contribute thermal noise, and
their influences can be calculated based on the ambient temperature, 7,. The noise

properties of the intrinsic FET are treated by assigning an equivalent temperature 7 o
and 7, to Rgs and g,

R, at T, Ced Ry at T,
S | D
Cos——
Rgs & Tg nggs Cas—— g4 at Ty
R at T,
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Noise Parameter of FET, Cont’d.

temperature 7, . and 7, the modified noise parameters are expressed as:

T

Assuming zero correlation between the noise sources represented by the equivalent

2
T. =2 ]{ \/RgsgdsTT +(];j j R g2T? +2(J;j j R,g,T,, = (Fun — DT

N

2
T T g f T Rgs Tg 2
R ="5R +-L2& 4 y’C? R, Z\/( j + R,
=7, Rt g (T CR " WS R,
C C—\[ d gds (W Céngs +jWCgs )7 Zopl‘ > Ropt + jXOpl
4 NT , 2 1
T . B R ’ Xopt >
min 1 + 8s chs
R opt g
fr =22
g fT gds ! 27zcgs
’ f T, ’ MUILLW T RN E©

—
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Noise Parameter of FET, Cont’d.

Approximation and Discussion

lffT

R

I

_ 8
Jr 27C

&8

1

i ngS
fT gds
TO
4NT,
e
T

min

(A AVANY A VAL

\Wﬁt— U._L_Rohde

S WY R =
AP A BRAYL 111" |
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With some reasonable approximation, the expression of the noise parameters becomes
much simpler. By introducing the following approximation, the obtained values from
the calculation are typically vary less than 5% from exact one:

g Rgs Tg

*\R, T and Ropt _Rgs , then
S e Ie

& AR Y ’

f (
Tmingz— I"Sg STT ) gn
A f

—
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Noise Parameter of FET, Cont’d.

Example : The temperature-dependent noise parameters for intrinsic FET are now
calculated for two cases (room temperature), with the following intrinsic parameters

are assumed: R, = 2.5 Ohm C, = 0.067pF
R,; =0 Ohm (absorbed in matching load) ng= 0.042pF
r,, =400 Ohm g =57mS
Cgs= 0.28Pf f=8.5GHz,
1. Assume T, =297 K, T, =304 °K, T,=5514 °K, V=2V, Ids=10mA.
. gm _ i 14 T 1
Jr= 2nC. =32.39GH:z R, = \/(ij © 2 4rl =28.42Q X, i 66.91Q
& f) g4 T, Whgs
/ f o)
It :ZfT \/rgsgdsTgTd+£fT] ‘gl T/ +2£7J ro8&aly =58.74 K
T, r 2
R = _¢ Ves gds (1 2.2 — 17270 T
n TO Togm ( + W rgscgs) 7 7 gn:(f.;."J gds d :327mS
T . . R
F_ :ﬂ+1:58—7+1:1.59dB

(A AVANY A VAL
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Noise Parameter of FET, Cont’d.

2. Assume T, = 12.5K, T,=14.5K, T, =1406K,V, =2V, Ids=5mA.(Cooled down to 14.5°K!)

T .
fr=—S2_-3239GH: F, =ﬂ+1=2%+1=0.21d3

7Z'C min TO

g8

2
2
Jr| 841, T, r T
g;(TT %=0-87m5 R =22 b 1+ w'rlcl) =3.86Q
L TO TOgm

2 2
T, = zfi \/rgs g, T.T, +(%J r2giT? + 2(%} ro s, = 74K

T

1
2
r T X, =——=66.9Q
R, = \/(fT) £ £ 4yl =12.34Q "owC,
f gds Td
. . . . w 4NT,
One final point for noise data is the inequalities: < 0«2

where the first equality occurs if the noise sources (at the input) are fully correlated, and
the second inequality occurs if the noise sources are totally uncorrelated. This is a
Valuable check on the data (or model) to insure the numbers are physically possible
= TEREREY
: W1 INmneA R /}
\conyright U T Rohde MICROWAVE CORPORATION
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Stability Analysis of 2-Port Network

OoO——

(@ au—

Y] :|:J’11

Va1

Y12
Y

|

O
\Z
O

Y-Parameter

Sty
[S] Z{

SH1

S

S}

S-Parameter

\Wﬁt— U._L_Rohde

2-Port system (Y, Z, S, h parameters) :

OoO———

(@ 2u—

[Z]{

Zy

Z9

212}
Zy

Z-Parameter

h = hy,
[h]= 0

h12
h22

}

L~

_O

Hybrid-Parameter

MUILE T MNEC
b S B\ .\
AP A BRAYL 111" |

CROWAVE CORPORATION
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S-Y Parameter

4 A=y A+ )+ Y00

11

A+y A+ Y5)—ViVs

D =2y,
S =
(+y, )0+ y50) = ViV
-2
5, V21

A+, )0+ Y5) = VoVs
N A+ Y )A=Y20) =YV

22

1+ y, )0+ y50) = VYo

\Wﬁt— U._L_Rohde

11

Y12

Va1

Vo

Stability Analysis of 2-Port Network, Cont’d.

Transformation of 2-port parameters (Y&S) .

Y-S Parameter
_ (1=5,)A+55,) + 5,8,
(1451 +55) = 51,8,,
B —2s,,
B (145, ) +55) =558,
- —25,,
j (1451 +55,) = 51585,
o (145, =5,,) =585,
(1450 +55) =558,

(A AVANY A VAL

N

S WY R =
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Stability Analysis of 2-Port Network, Cont’d.

Feedback from output to input through the internal capacitive coupling of a device is
referred to as Miller effect. The Y-parameter of the 2-port network can be described by

I
— > <+ . .
Sui L& Ll | e 4 L=y +yLb,
\% Transistor Va | .4
01_ V] o ! Vo Y lVs L =YV +y,),

The stability factor of the transistor can be calculated from feedback (y,,) . The input
and out put admittance is given by
Y1221 Y121

ou :y -
Yu+Y; t 2 yutY,

Y;n =Vn—

where y, is load admittance and y_ is source admittance. If y,, is increased from a very
small value, the input admittance can become zero, or the real part negative. If a tuned
circuit were connected in parallel with y,, or Y, were a tuned circuit, the system would
become unstable and oscillate. MUIRLE T FRE©
5 aS L T T
Wi itinwA L /
\wﬁt_ T T Roras : S\\l\\CRO\NI\\JE CORPORATION j
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Stability Analysis of 2-Port Network, Cont’d.

(1) The system of two-port (amplifier) is unconditionally stable if the port
admittances greater than zero for all passive load and source impedances :

Ref[y,]>0
Rely,, ][>0

(2) The system of two-port (amplifier) is potentially unstable if port admittances
less than or equal to zero for all passive load and source impedances; that is
some passive load and source terminations can produce input and output
impedances having a negative real part.

Re[y, ] =<0
Re[y,, =<0

(A AVANY A VAL
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Stability Analysis of 2-Port Network, Cont’d.

The Figure shows the typical schematic diagram of common-emitter amplifier stage.
Maximum gain is obtained if the collector impedance is raised to the maximum level at
which the amplifier remains sable since the voltage gain is G =-y,,R,. In this type of
stage there is a polarity inversion between input and output. The current gain [3
decreases the by 3dB at the [ cutoff frequency fB’ This in turn, reduces the input
impedance and decreases the stage gain as the frequency increases further. In addition
the collector-base feedback capacitance C.g can further reduce the input impedance
and can ultimately cause instability. The increase of input capacitance because of the
voltage gain and feedback capacitance is called the Miller effect. The Miller effect limits

the bandwidth of the amplifier. Crc
Cec
Feedback
Y12 |/
'\
@ O = [_I R
B y ] .
O O
m— E——

If y,, is increased from a very small value, the input admittance can become zero,
or the real part negative. MUIRLE W FaE©
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Noise in Oscillators

Linear Approach to the Calculation of Oscillator Phase Noise :

Since an oscillator can be viewed as an amplifier with feedback, it is helpful to examine
the phase noise added to an amplifier that has a noise factor F. With F defined as

_(S/N)m _Nout Nout Nout:FGkT89 Nin :kTB
(S/N)

NG GKIB’

where /V, is the total input noise power to a noise-free amplifier.

Noise power versus frequency of a transistor amplifier with an input signal applied
==} ) )
= 1/f noise at carrier
S C
= ) 3
=4 1/f noise Thermal noise floor
b
w2
o /
= v i : f
t i
H B
fc fO
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Noise in Oscillators, Cont’d.

The input phase noise in a 1 Hz bandwidth at any frequency f, + f,, from the
carrier produces a phase deviation as

FkTE

5

I~
'an U L/r

Vnams 1 X V2

Mg Poaw 2 R
Voawims 1= Y Rk
& \\ﬁ&\\\\ﬁ?&\\\ﬁ /f Vsav AMS x V2
e (% k
wy V FkT
AHlpeak — VDRM81 — P
savRMS sav
Ve av RMS
1 |[FkT
Vo Ams 2 T T"‘n AMS AQRMS = ﬁ P_
s : e sav

(A AVANY A VAL

Phase noise added to the carrier *Ld EhRRL.
; 1 1N R /
\m% : S\\l\\CRO\N AVE CORPORATION /

- U, .. Rohde

Slide 110



7z N
Noise in Oscillators, Cont’d.

Since a correlated random phase noise relation exists at f, — f, , the total phase deviation
becomes

AeRMS‘[otal — \/FkT/Ps (SSB)

ayv

The spectral density of phase noise becomes

S,(f,)=A68 = FkTB/P

sav

where B =1 for a 1 Hz bandwidth.

Using kTB=-174dBm  (B=1Hz, T =300K)

allows a calculation of the spectral density of phase noise that is far away from the carrier
(that is, at large values of f, ). This noise is the theoretical noise floor of the amplifier. For
example, an amplifier with +10 dBm power at the input and a noise figure of 6 dB gives

S,(f, > f.)=-174dBm+6dB—10dBm = -178 dBm

Only if P, is > 0 dBm can we expect (signal-to-noise ratio) to be greater than
174 dBc/Hz (1 Hz bandwidth.)
LAV L P AV
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Noise in Oscillators, Cont’d.

For a modulation frequency close to the carrier, S, (;,) shows a flicker or 1/f
component, which is empirically described by the corner frequency f. The

phase noise can be modeled by a noise-free amplifier and a phase modulator at
the input

Se (fm) ll>

Phase
modulator

MNoise-free
amplifier

FkTB
P’.U’

fm —_—m

ALV ST
5 WY R

W INARA R /
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Noise in Oscillators, Cont’d.

The purity of the signal is degraded by the flicker noise at frequencies close to the
carrier. The phase noise can be described by

_ FkTB f. B
So(fn)= E [Hfj (B =1)

sav m

Equivalent feedback models of oscillator phase noise

Ottt

F
Il—-> Rescornator J
Phase MNoise-free ]
Y modulator amplifier
o =

w,/20, =27 B/2

& our i) ==

EqQuaiwvalemrnt ‘Tf
lowvwpass for
resonator

(A AVANY A VAL

5 WY R
W INARA R
T Rohde MCROWAVE CORPORATION

Sﬂout {fm}r ‘C_.{fm)

\\

—

Slide 113



a N

Noise in Oscillators, Cont’d.

The closed loop response of the phase feedback loop is given by

A0, (fm)=(1+.LjA9m (r.)

]2QL a)m
The power transfer becomes the phase spectral density

L(f Y
Sﬁout m = 1 T Sﬁin m
& _+fm(2QL” &

The equivalent expression of the single sideband (SSB) phase noise can be described by

£(a)m)SSB:% 1+%[2g j Sein(fm)

This equation describes the phase noise at the output of the amplifier (flicker corner
frequency and AM-to-PM conversion are not considered). The phase perturbation S,
at the input of the amplifier is enhanced by the positive phase feedback within the half
bandwidth of the resonator, f,/20,.
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Noise in Oscillators, Cont’d.

Case1

High Q Oscillator

Phase perturbation g
£ FkT
m
\ Pﬂ"ﬂ"ﬁ
i
] =
fe

A Resulting phase noise

f,-;.g 2 (fm)
£, o FkT
» fm 2Paus
1 H
: 1 S
B %
2Q

Depending on the relation between f, and f,/20,, there are two cases of interest. For the
low Q case, the spectral phase noise is unaffected by the Q of the resonator, but the £ (f )
spectral density will show a 1/f3 and 1/f? dependence close to the carrier.

Case2

Low Q QOscillator
Phase perturbation

\\

FkT
\ Pavs
[ e

Equivalent feedback models of oscillator phase noise
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Noise in Oscillators, Cont’d.

Characterization of a noise sideband in the time and frequency domain and its
contributions: time domain

— Frequency noise, Aging
fluctuations |

] ]

i
|
o
1s 1 rninir 1h Sample time
Short-term I Long-term
stability {  stability

MURIE TR aNE©
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Characterization of a noise sideband in the time and frequency domain and its
contributions: frequency domain.

Ap? (f,)

\\
Noise in Oscillators, Cont’d.

2 random walk FM

3 flicker FM

£-2 random walk phase {white FM)

f~1 flicker phase
f~2 white phase

Fourier frequency fn
{sideband frequency)

{offset frequency)

{modulation frequency)
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Noise in Oscillators, Cont’d.

Leeson phase noise model:

2 5 2
.;E(fm)=l 1+ 12( f j FkT(1+fcj = L 13szc+ 12( f j +£1+f6) dBc/ Hz
2 fm 2QL ])sav fm 2Psav fm 4QL fm 2QL fm
The above Equation gives the four major causes of oscillator noise: the up-converted 1/f

Noise or flicker FM noise, the thermal FM noise, the flicker phase noise, and the thermal
noise floor, respectively.

2 . . 2
=1 (e e Lo ) (10 2B

2
dwi, \ w, We Qunl w, W, Wy, Psav

T A A A T

-1 2
VVe ) cv input power over phase perturbation
reactive power

_oW.
res :
O resonator O flicker effect
0, - o W, _ oW, __ reactivepower signal power over
Pl Bn TP + B, totaldissipatedpower reactive power

MUILE T MNEC

S b S B\ .\
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canber freguency in MHZ
=2400.0

average power a1l oscilaion outpust
=50

lcaded O of the tuned circwt
» 100.00

unicaded G of the huned circwit:

Phase MNoise WVC O

Noise in Oscillators, Cont’d.

Comments on the Leeson phase noise formulae:
The practical oscillator will experience a frequency shift due to the voltage and current
dependent capacitances of the transistor and tuning diode.

20

10-

o

-

\\

The center frequency is 2.4 GHz. The lowest curve is the
contribution of the Leeson equation. The second curve shows
the beginning of the noise contribution from the diode, and
the third curve shows that at this tuning sensitivity, the noise
from the tuning diode by itself dominates as it modulates

the VCO. This is valid regardless of the Q. This effect is
called modulation noise (AM-to-PM conversion), while the

—4 [l .20
-30 Leeson equation deals with the conversion noise.
Thckar fregueancy in HZ 20
=i o 50~ .,
noise factor indB: § -60- e
- = 70 Mg
=5.0 o
2 a0 N
oscilaror vwoltage gain in HzW Z  an .
& 100000000 E -100-
(=1
aguiyakent noise resestance of Tureg dicode -1o-
=200 -120
=130
=140
Calculate oy
~180-
=170
-180-
Sl Ui e 1E 10 E+0 100 E+0 1E+3 10 E+3 100 E+3 1E+6 10E+6
Fraquancy 151 .01
Exrt Pririt
o Delete pravious races
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Modified Leeson phase noise formulae (Rohde added the tuning diode noise contribution):

£(f,)=10log {HLZ}(H fchkTJFZkTRZKo
(2/,0,) f. )2P f

sav

where

L (f,) = ratio of sideband power in a 1 Hz bandwidth at f,, to total power in dB
f,, = frequency offset

f,= center frequency

f. = flicker frequency

0, =loaded Q of the tuned circuit

F = noise factor

kT=4.1x10"21 at 300 £, (room temperature)

P = average power at oscillator output

R = equivalent noise resistance of tuning diode (typically 50 Q - 10 kQ)
LAV LV AVE

K = oscillator voltage gain
: W RN
\ S Wi iNmillwAn /}
=T T Rohde S MICROWAE CORPORATION
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Non-Linear Approach to the Calculation of Oscillator Phase Noise :

Noise Generation in Oscillators :

1. Noise components at low frequency deviations result in frequency
modulation of the carrier through mean square frequency fluctuation
proportional to the available noise power.

2. Noise components at high frequency deviations result in phase modulation
of the carrier through mean square phase fluctuation proportional to the
available noise power.

Equivalent Representation of a Noisy Nonlinear Circuit:

A general noisy nonlinear network can be described by dividing nonlinear
circuit into linear and nonlinear sub-networks as noise-free multi n-ports.
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Noise in Oscillators, Cont’d.

Equivalent circuit of a general noisy nonlinear network

R

ine1 () 3i(H)

——
Port n+1

Noise-Free
Linear Subnetwork

Noise-Free
Nonlinear Subnetwork
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Power

LS

Y,

IF LO L0

Noise sources where the noise at each
sideband contributes to the output noise at
the IF through conversion.

\Wﬁt— U._L_Rohde

L{fa

Noise in Oscillators, Cont’d.

A

Near-Carrier Noise

Far-Carrier Noise

N

Oscillator noise components
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Total contribution for the consideration of the noise at the output

[ LO Excitator }—“I s:::::’si;h ]
Nonli Devi F
[::;.'r;:m.:']——[ Moduiation H Frequency ]

N

Linear Subnetwork l > I Frequency
[ Noise Sources Conversion L IF Noise

J

LO Signal Frequency
Noise Source Conversion

NOiSC mechanism MUIRL T T RN E©

—
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Oscillator Noise: Experimental Validation

10-MHz crystal oscillator circuit

Crystal
-Equivalent Circuit

1 aF >
32 1€
/ Yl
156 pF

s 1
l I
| 3 H'
: 1.2 pF : 10 22H
- % I
i
| SO 0 i 470
t N |
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Simulated phase noise
' Simulation of Phase Noise Curve

Chp) 3048R Carrtaor: 19,E46 Mz

Oscillator Noise: Experimental Validation

Measured phase noise

TYPICAL+NQISE CURVE FOR R 1@ MHZ FREQUENCY STANDARD
12 Jan (967 19:97:04 - 19:12:33

\\

for a 10 MHz Frequency Stondard

10-MHz crystal oscillator circuit
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H iOperaling Manial ipi3=itis i : : : ; 3 ]
i i : : : : ! Vo
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[§) : ) [ [ [ L
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N A. 25
2.4pF L 5.8B6RH 2= 4. 7pF
A. BnH A, 2rH A. BnH
% % %
A. 25 A. 25 A. 25
— 18.5pF
Tuning - - B
Olode " = EnH
- a.z

Oscillator Noise: Experimental Validation

800-MHz oscillator circuit (uses RF feedback in the form of a 15 ohm resistor between
the emitter and the capacitive voltage divider)

e
et
5H 22BnH
Voo

g 47@pF
@. BrH
- oe=as
52 43 8kOH ™
= B.25
— II—| =l il
5. BoF ﬁo B.25 @.EnH
=rl IIWP _ b l

arl

CParasitic
Eapcu: itance )

F
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Oscillator Noise: Experimental Validation

800-MHZ VCO

-25.00

|

-50.00 \
\U O = Measured Data

75.00] \ = = Simulation

™ \
T
O
@ \
T ]
A 100.00
I ] \ﬂ\
¥
= |
= |
-125.00

-150.00- \1

-175.00
1.00E01 1.00E02 1.00E03 1.00E04 1.00E05 1.00E05 1.00E07 1.00E08
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Phase Noise Measurements
Model 3048A -based phase noise test setup

HP 3561A DYNAMIC
SIGNAL ANALYZER

[ e [o -E-'-r]
SOURCE OUT = E’DES
i |
o o
(REAR PANEL) = s0o0(:
S0ooo
%GDDD
EE'B 000 o] INPUT
) OO Jada

NOISE FLOOR NOISE INPUT
TEST FIXTURE 'SobRct outRuT
(REAR PANEL)

3
g i_l E j‘ E o 6 (CONNECT RF
: SPECTRUM
. 5 SR
o _ 350—500 MHz @\.,_
: — I { SPECTRUM ANALYZER
|
HP 11848A PHASE
NOISE INTERFACE
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Phase Noise Measurements

Synergy Microwave Corp. in-house automated test system to measure oscillator phase noise.

.....

sws BEE ==
T s EEl e
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Low Phase Noise Oscillators
20 MHz Butler-type low phase noise oscillator
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Low Phase Noise Oscillators

Resistive and reactive currents of the 20 MHz Butler-type low phase noise oscillator

50.00

25.00

0.00

Y1 [uA]

-25.00—

-50.00_.
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Low Phase Noise Oscillators

Predicted phase noise of the 20 MHz Butler-type low phase noise oscillator

-100.00
-120.00-

=140.00-

PN2<H1> [dBc/Hz]

-160.00 -

-180.00

1.00E01
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Low Phase Noise Oscillators

Schematic of 50 MHz crystal low phase noise oscillator
%[é ==

1111111
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Low Phase Noise Oscillators

Predicted phase noise of the 50 MHz crystal type low phase noise oscillator
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Mixer

Type of Mixer based on device :

» Passive mixer - Conversion loss, High dynamic range, Not suitable for integration,
High LO power requirement etc

* Active mixer- Conversion gain, Low LO power requirement, High reverse isolation,
suitable for integration etc.

Type of Mixer based on device :

* Single ended mixer

* Balanced Mixer
Single ended mixer: This is simplest and having no inherent isolation between LO
and RF due to circuit geometry and shows poor performance.

Balanced mixer: Double balanced mixer shows inherent isolation between LO and
RF due to circuit geometry and shows better performance

Other type of mixers is image reject mixer, image recovery (enhanced) mixer and
harmonic mixer.
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Single Balanced Mixer:

from the IF port by means of filter.

I Vbp
Ry é é Ry

VIF

—e

_i N e }_‘VLO

VRF._’ _
-~

Active Single Balanced mixer

L0

Mixer, Cont’d.

There is two configuration of the balanced mixer, single balanced and double balanced
configuration. Figure below shows the schematic of passive and active single balanced
mixer. Here two signals are mutually isolated due to the circuit geometry rather than
the use of filters. Normally the LO and RF signals are mutually isolated and separated

U1

RF

e
= <

Passive Single Balanced mixer
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Mixer, Cont’d.

Double Balanced Mixer:

Figure below shows the schematic of passive (diode ring mixer) and active (Gilbe

mixer) double balanced mixer. In this case three signals (LO, RF and IF) are mutually

isolated due to the balanced nature of the circuit geometry.

RL§ Vir §RL 0

IF

v Passive Double Balanced mixer
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Mixer, Cont’d.
FET Mixer:

FETs, used in active and passive circuits, are a popular solution for low power
integrated mixers. The linearity of the FETs is based on the fact that a FET follows a
square law and therefore the first derivative, its transconductance, is supposed to be
constant. and this is valid within a wide amplitude range. GaAs FET Mixers obtain up
to +50dBm IP3 (Passive mixers).

The active FET mixer achieves gain at the expense of intercept point; the difference
can be as much as 20dB. On the other hand, one can use any FET as a passive device
similar to a diode mixer, in which the source-drain channel gets switched on and off.
This impedance modulation is somewhat similar to a diode mixer, but the gate
electrode is isolated from both source and drain. It nonetheless falls in the category of
additive mixers because there is sufficient interaction between gate and source,
although the impedance at the gate changes significantly less than in an additive diode
mixer.

Implementation is a challenge in that building a high-performance passive FET mixer
requires a pair or a quad of mixer cells that are sufficiently matched to suppress even-
order IMD products. Dual-Gate MOSFET/GaASFET significantly improves LO-RF

isolation.
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Mixer, Cont’d.

MOSFET Mixer:

The trend to go to smaller voltages has created some CMOS implementations of the
Gilbert cell. While this may allow us to integrate reasonable mixers on the same chip,
but they are frequently starved in operating voltage and current and rarely fare better
than a single diode mixer with proper drive level. Its main advantage is the full
integration in the front-end.

On the other hand, the symmetry reduces some of the unwanted spurious frequencies
and because of the high impedance; the actual RF power level is much less than the
diode would need. Because of the flicker corner frequency of MOS, the low frequency
spot noise figure of the mixer will be high compared to other devices, but not as bad as
its GaAsSFET brothers.

In any case, to combine reasonably performance and simplicity, one need to have a
preamplifier that reduces the noise figure as well as the third-order intercept point of
the mixer by the amount of pre-amplification.
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Mixer, Cont’d.

GaAsSFET Mixer:

The cutoff frequency of the GaAs FET transistors today is still
higher but its corner frequency f,, also frequently referred to as
flicker frequency, is somewhere between 10 and 100 MHz and
therefore results in poor mixer performance from at low IF
frequencies.
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Mixer Noise Model
MOSFET : Intrinsic model for NMOS-MOSFET (Insulated Gate)
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Mixer Noise Model, Cont’d.

MOSFET Noise Model

MNoise Model

Let A be the bandwidth (normalized to 1Hz). The noise generators introduced in the imtrinsic
device are shown below, and have mean-sqguare values of:

AF
() =2E=ar+xF Zeoar

3
ooy kT
(il y=a="ar B
' Rr ‘-
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)= R, il >
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Mixer Noise Model, Cont’d.

MIXER Noise Analysis

true for similar kind of devices (MOSFET/GaAsFET).

Low frequency noise associated with the mixer is due to the following:

(a) Transconductance noise
(b) Load-noise
(c) Switching noise (direct switch noise and indirect switch noise

High frequency noise associated with the mixer is due to the following:
(a) White noise in mixer switches
(b) Transconductor noise
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Simple analytical equations are derived to estimate the low frequency noise (flicker)
and high frequency noise (white noise) at the output of a switching mixer. The total
mixer noise is the contribution from the (1) low frequency noise (1/f) and (2) high
frequency noise (white noise). The noise model described here for FET and holds
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Mixer Noise Model, Cont’d.

(a) Transconductance noise:

Figure below shows the typical switching active mixer with noise source shown at
the transconductor-input. The noise in the lower transconductance FET’s
accompanies the RF input signal, and is translated in frequency just like the signal
is. Therefore, flicker noise in theses FETs is up-converted to o, , and to its odd
harmonics while white noise at ®, ,, (and to its odd harmonics) is translated to the
DC. If the output of interest lies at low frequency or zero IF, then the
transconductance FET’s contribute white noise after frequency translation. The
flicker corner frequency of theses devices is much lower than the IF.

Differential output

IE Typical switching active mixer

with noise source shown at the
transconductor-input

ASin(w:OT _|_’\__F_| e -

LO
@
D3VINY L VR

. Vn@@ |
Input(RF)
@
b S B\ .\
; A A RN 111"} /}
~=onvTeh U T Rohde JS MCROWAVE CORPORATION

Slide 145

\
A




7z )
Mixer Noise Model, Cont’d.

(a) Load noise:

In a zero-or low IF receiver, flicker noise in the loads of the down-
conversion mixer competes with the signal.

P-MOSFET’s show lower flicker noise as compared to N-MOSFET’s of
the same dimensions, therefore PMOS loads are preferred over NMOS in
mixers (P-MOSFET’s has low )

The noise due to load resistance R, is given by

V1. .., . =4kTR, +4kTR, = 8kTR,

on
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Mixer Noise Model, Cont’d.

(c) Switch Noise:
The mixer noise due to switching mechanism is characterized as direct switch noise
and indirect switch noise.
Direct Switch Noise:
The Figure below shows the single-balanced mixer with switching noise modeled at
the gate, where the bias current in the switch FET’s M1 and M2 is periodic at a
frequency ®, ,. Flicker noise arises from traps with much longer time constants
than the typical period of oscillation at RF, and it may be assumed that the time-
average inversion layer charge in the channel determines the root mean square
(RMYS) flicker fluctuations.

RE =R
Output

Vi
_ASin(wot) ﬁ . |—@—- ASin(w ot)

% I Single-balanced mixer with

Cp —— ‘ switch noise modeled at gate
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Mixer Noise Model, Cont’d.

Direct Switch Noise:

For ease in analysis, it is assumed that the circuit switches sharply and a small
differential voltage excursion causes the current to completely switch from one
side of the differential pair to other side. The switching noise is characterized as
direct and indirect switch noise. Considering the direct effect of the switch noise at
the mixer output, the transconductance RF input stage is replaced by a current
source “I” at the tail .

In the absence of noise, for positive value of LO voltage M1 switches ON and M2
switches OFF, and a current equal to “I ” appears at the right branch and again in
the next half period the current switches to the left branch, thereby generating
output as a square wave at frequency ®, , with zero DC value.

In the presence of the noise, the slowly varying noise voltage V_modulates the time
at which the pair M1, M2 switches and at every switching instant the skew in
switching instant modulates the differential current waveform at the mixer output.
The height of the square-wave signal at the output remains constant, however
noise advances or retards the time of zero-crossing by A; = V.()  where S is the
slope of the LO voltage at the switching time.
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Mixer Noise Model, Cont’d.

Direct Switching Noise:
The waveform at the mixer output consists of a square-wave of frequency ®, , and
the current amplitude I, representing the LO feed-through, superposed with a pulse
train of random widths At and amplitude of 21 at a frequency of 2, ,, representing
the noise. The average output current over one period is given by

i,,() =%><21><At =%><2]><Z’f :4][5’}}

and the frequency spectrum of the base-band noise current at the output is given by

. ITIAC RN v
T CTART Vi

Where T is the period of LO and S is the slope of the LO voltage at the switching time.
Sampled images of this spectrum appear at integer multiplies of 2w,
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Mixer Noise Model, Cont’d.

Direct Switching Noise:

The low frequency noise V _ at the gate switch appears at the output without
frequency translation and corrupts a signal down-converted to zero IF. The zero-
crossing modulation, At depends on the low-frequency noise V_ and the LO-voltage
slope (S) at zero crossing normalized to LO frequency, SXT. For a sine wave LO,
SXT=41A, where A is the amplitude and a factor of two accounts for the fact that V
is compared to a differential LO signal with an amplitude of 2A. If the mixer is used
for up conversion, the switches contribute no flicker noise to the output at ®, ,
although flicker noise in the transconductance stage is up-converted to this

frequency. The signal to noise ratio of the mixer is given by
ezl ol
22(Ves =V) 1LV, Ves =V LV,
Where (V(-V,) is the transistor gate over-drive voltage is the period of LO and S is the
slope of the LO voltage at the switching time. From the above expression SNR improves
by raising the product of the slope of the LO waveform at zero-crossing and its period;
by increasing the gate area of the switch FET’s to lower flicker noise V_; and by
lowering the transconductance FET over-drive. However, increasing switch gate area

(larger input capacitance) or lowering the transistor gate-over drive voltage will
degrade the mixer bandwidth. AVRIT TR RNE®
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Mixer Noise Model, Cont’d.

Indirect Switching Noise:

The analysis so far suggest that flicker noise at the mixer output may be eliminated if the
slope at zero-crossing is increased infinitely, however as the LO slope rises, the output
flicker noise appears via another mechanism that depends on LO frequency and circuit

capacitance, called the “indirect” mechanism. The output noise current is given by

7 T2 )
i, =— i, Odt=|=C |V,
) T _(')A Cp |:T p :l
Where iCp is the capacitive current, frequency equal to LO frequency, with zero DC value.

The conversion gain (CG) to flicker noise in V_due to the indirect process is given as

[CG]indirect = |:? Cp jl

Conversion gain due to the indirect mechanism [CG], .. ... grows with LO frequency

but usually smaller than the gain [CG],, ... due to the direct mechanism .

In most practical case, flicker noise due to a sine wave LO is attributable to the direct
mechanism, which is frequency independent. However, even a LO waveform with
infinitely fast rise time and fall time does not eliminate flicker noise but pushes it down to
a level determined by the tail capacitance. In general, LO waveforms with a large SxT

product, which is a low frequency LO with sharp transitions, will have lower flicker noise.
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Mixer Noise Model, Cont’d.

High Frequency Noise:

High frequency noise associated with the mixer is due to the following:
(a) White noise in mixer switches

(b) Transconductor noise

(a) White noise in mixer switches

The high frequency mixer output noise is white and cyclostationary and can be

expressed as the product of a periodic and deterministic sampling function, and white and
stationary switch input-refereed noise. The mixer output noise and sampling function is

given by
Low = p(@, 1)V, (1)
P@,0=YG,1~"")

Where P(@.0!) isa periodic and deterministic sampling function, V (1) is the white and
stationary input-referred noise, and G_ is periodic at twice the LO frequency (since there
is two zero crossing over every cycle of the LO).

(A AVANY A VAL

5 WY R
W INARA R /
T Rohde MCROWAVE CORPORATION

Slide 152



7z )
Mixer Noise Model, Cont’d.

High Frequency Noise:

White noise in mixer switches: The switching noise V_is transferred to the output only at
zero crossing. Switches contribute noise to the mixer output when they are both ON and if
one switch is OFF, it obviously contributes no noise, and neither does the other switch that
is ON because it acts as a cascade transistor whose tail current is fixed to “I”’ by the RF
input transconductance stage.

Starting with the direct mechanism, the noise current at the mixer output consists of train
of pulses, with a rate of twice the LO frequency, with a height equal to 2I/S and a width
which is randomly modulated by noise. The autocorrelation of the output noise is given by

R, ,(t+1,t)=p@).pt+7)R,(7)
The autocorrelation of the white noise R, (1) is a delta function and the autocorrelation
of the output noise is a function of both t and 7, which indicates that the output noise is
not stationary but periodic, white and cyclostationary. The input noise is white and
stationary and its power spectral density is given by
L
g AV

Where v is the channel noise factor and normally its value is 2/3 for long MOSFET’s
channel and g_ is the switch transconductance at the zero crossing.

V]

noise—transconductance ~ |:
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Mixer Noise Model, Cont’d.

High Frequency Noise:

The power spectral density of the output noise current is given by

(2 Lo = | P21V HFS—]} {H[Viﬁ]

'—.ﬂ

A [ 4] |
59 _

[lon ]output—noise a 4kT}/_S_T_
- 4] |
s o = 4kTy —

[lon ]output—nozse Y T A

Where S is the slope of the LO waveform and for sine wave, S=2A®, ,,.

From the above it shows that output noise power spectral density depends on LO
magnitude (A) and bias current (I), and not the transistor size!
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Mixer Noise Model, Cont’d.

High Frequency Noise:
Transconductor noise :
White noise originated in the transconductor is indistinguishable from the RF input

signal, therefore mixer commutation is assumed square wave like; and the LO

frequency and its odd harmonics down convert the respective components of the
white noise to the IF and it is given by

7 4kTv [ 2¢ R T
[VOi ]noise—transconduc tan ce . n|: 7/:||: gm L :|
b5 T

Any periodic LO waveform, sine-wave or otherwise (sufficient voltage), which switches

the mixer results in square-wave commutation of the transconductance stage output
current and the factor n is given as

2
n=>2 1+L2+L2+... _4
3> 5 4
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Mixer Noise Model, Cont’d.

Total Mixer Output Noise:
The total mixer noise is the contribution from the low frequency noise (1/f) and) high
frequency noise (white noise) and can be given by

N

2 . 2 2
[Von ]total mixer—noise [Von ]low— frequency (1/ f) + [Von ]high— frequency (white)

7 R’I 20 R
[Vof’t ]total mixer—noise SkTRL + 8kTV|: L :|+ n|: 4KkT 7/:||: Enfts :|

A g, T
Where
K= 1.38E-23 (Joule/Kelvin)
R, = Load resistor
g = Transconductance
Y= Channel noise factor
I= DC bias current
A= Amplitude of the LO signal.
n = nt’/4
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Mixer Noise Model, Cont’d.

Total Mixer Output Noise (MOSFET):
The simplified expression of the total mixer noise is given by

R R
= 8KkTR, |1+ y Lo + ¥ Enls
A 2

V2]
on dtotal mixer—noise

Where the first term is due to the two-load resistor R, , the second term is the output
noise due to the two switches, and the third term is the noise of the transconductance
stage transferred to the mixer output.

In the double-balanced mixer there are twice as many FET’s in the transconductance
stage and the switches, so the output noise is given as

2R, 1
A

2
[Von ]total mixer—noise

:8kTR{1+7 +y ngL}

Where I is the bias current in each side of the mixer.
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Mixer Noise Model, Cont’d.
Mixer Noise (MOSFET): Comments/Discussions

The mixer noise varies with different circuit parameters, such as LO amplitude (A),
mixer DC bias current (I), load resistance (R,) and transconductance g _ and allows the
designer to design and optimize the mixer noise as per the desired specifications.

Comparing a scaled double-balanced mixer with the same total current as a single-
balanced mixer (that is, the former is biased at half the current per branch but the same
VsV, as the later), the output noise for double-balanced and single-balanced mixer is
same. However, since the gain of the double-balanced mixer from the differential input is
half, the input referred noise voltage is twice as large. Referred to a differential 100-ohm
source, its noise figure is 3dB larger than that of a single-balanced mixer referred to a
single-ended 50Q2-source resistance.

The main advantage of the double-balanced mixer is that it suppress LO feed-through, as
well as noise or interferes superimposed on the LO waveform applied to the mixer but it
cannot suppress the uncorrelated noise in the switches.
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Mixer Noise Model, Cont’d.
Mixer Noise (GaAsSFET):

2 72 2
[Von ]total mixer—noise [Von ]low— frequency (1/ f) + [Von ]high— frequency (white)

A

R,I R
V2] _—QkTR,|1+ Pt 4p-EntL
on total mixer—noise I
A 2

Where the first term is due to the two-load resistor R, , the second term is the output

noise due to the two switches, and the third term is the noise of the transconductance
stage transferred to the mixer output.

In the double-balanced mixer there are twice as many GaAs FET’s in the transconductance
stage and the switches, so the output noise is given as

~

2R, 1
[Voi ]total mixer—noise = 8kTRL |:1 + P L

A

+ P ngL}

Where

K= 1.38E-23 (Joule/Kelvin)

R, = Load resistor

g = Transconductance

P = Channel noise factor

I= DC bias current MUILL BT M Ee

W ERRLLW
\_ A= Amplitude of the LO signal ES\I LR L LS L /}
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Mixer Noise Model, Cont’d.

Total Mixer Output Noise (MOSFET):
The simplified expression of the total mixer noise is given by

R R
= 8KkTR, |1+ y Lo + ¥ Enls
A 2

V2]
on dtotal mixer—noise

Where the first term is due to the two-load resistor R, , the second term is the output
noise due to the two switches, and the third term is the noise of the transconductance
stage transferred to the mixer output.

In the double-balanced mixer there are twice as many FET’s in the transconductance
stage and the switches, so the output noise is given as

2R, 1
A

2
[Von ]total mixer—noise

:8kTR{1+7 +y ngL}

Where I is the bias current in each side of the mixer.
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multiplications.

f1(t)=Asinw,(t)

So()=Bsinw,(1)

Mixer Circuits

Mixer is a frequency translation device, as name appears mixing but it does not really ‘mix’
or ‘sum’ signals; it simply multiplies them. But in reality, practical mixer generates
undesired output frequencies due to the nonlinear characteristic of the device used for

Ideal Mixer

VE OO0

f3(1)=[Asinw,(t) eBsinw,(t)] =AB/2[cos(w;- w,)t-cos(w; . @,)t]

Down convert Upconvert

\\

The Figure shows the typical ideal
Mixer; note that both sum and
difference frequencies are obtained
by the multiplication of the two

input signals £, (t) and £,(t).

Where o=2nf

£

®; and ®,
suppressed

No harmonics

s

Y

;- W,

O —>

®,+w,
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level.

o

LO

St

RF

Vo) =ay,+av, )+ azvii (1) + 613\721 (t)+--- an_lv;_l (H)+a v, (1)

pical simplified nonlinear mixer circuit operation

Mixer Circuits, Cont’d.

The Figure shows the typical simple unbalance nonlinear mixer operation in which any
diode or transistor will exhibit nonlinearity characteristic at sufficiently high input signal

R,

Nonlinear Device

—WW

S0 @ Vio(®

/\_/ Vrr(Y)

Vin(9)

Ry

Vo(1)
IF
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Mixer Circuits, Cont’d.

Switching Mixer
The Figure shows the typical switching mechanism of the simplified ideal Mixer
circuits. sy R

| | —
[
Vin(D) § Vou(H) I:> Vin(© #\JD § Vou()

(a) Mixer as a switch

(a) Mixer as a switch

A

A
S(t)

\)

>
-

TLO
(b) The switching function
_ﬁn ﬁn

£ =
£ d
£ % Jr3g 8¢ «
S o8 1S s Sy s 8
".*U L R ' *'?l ““w
(c) The spectrum of the output voltage of an ideal mixer
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Mixer Circuits, Cont’d.
Switching Mixer

The Figure shows the typical switching mechanism of the simplified real Mixer

circuits. V() S0 V. (t) Switching
in Device
o— O
COVLo® = Vould 2> (D) Vio® =Vou®
(a) Real Mixer as a switch (a) Real Mixer as a switch
/Lo
_ZfLO 2fLO
31 g g 3
-2JLO g "
S5 e <l Al gl <%
i s SHL: << Ji ST FPE
LS “HEY S SIS Sl S S
(b) The spectrum of the output voltage of real mixer
MURLLPE T M

Typical simplified equivalent circuit of real mixer S b )
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Mixer Circuits, Cont’d.

The Figure shows the simplified version of typical switching mixer circuit.

Vin(9)

( Y
78 (t) where switch circuit s(t)
is operated by the square

wave LO signal with
No even order harmonics a 50% duty cycle .

s(t) = 1+2{sin( w,,t)+ lsin(3a)wt)+ ls,in( S5w,,t)+ }
2 3 5

VrRE(D)

Vo(t) =V, (£)s(t) = [I;—Rcos( a)RFt)} A

RF — Feddthroug h

£ [COS( a)RF t) Sin( a)LO t)]2 nd —order — product +

2V, | 1 .
R [—cos( @ .. t)sin( 3w, t)}
T 3 4 th —order — product MUIRL T RN E©
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feedthrough in th

iiiii

RFinput

1

Sl(t) =
A

As depicted in mixer circuit in the Figure, by adding two switching functions s, (t) and s,(t),
the DC terms (1/2 & -1/2) cancel in s(t). From above, DC term was responsible for RF

\\
Mixer Circuits, Cont’d.

e unbalanced mixer due to multiplication of cos (@yt) term by s, (t).
LF Gupur

Linear I —V
Conversion

Typical LO switching function
with reverse polarity
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Mixer Circuits, Cont’d.

The Figure shows the typical ideal DBM (double balanced mixer), which consists of a
switch driven by the LO that reserves the polarity of the RF input at the LO frequency and
a differential transconductance amplifier stage. In this case, polarity reversing switch and
differential IF cancels any output at the RF input frequency because the DC term cancels as
was the case for the single balanced design. The double LO switch cancels out any LO
frequency component, even with currents in the RF to IF path.

Linear V—1
Conversion

Minput

Linear V—I1
Conversion

\\

Ry

\WAN—+

Linear I —V
Conversion

Ry

Typical ideal double balanced switching mixer circuit
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IFoutput
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Mixer Circuits, Cont’d.

Typical circuit of passive reflection FET switching Mixer
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Mixer Circuits, Cont’d.

Block diagram of high IP3 passive switching FETs Mixer (Patent pending)
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Passive Reflection FET Switching DBM

Experimental data of passive
switching FET DBM
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[(IMD (Intermodulation) Characterization

Techniques

\\

Nonlinear devices do not obey the law of the superposition theorem. This fundamental truth
does not allow the use of any set of basis functions as a convenient means for describing
their outputs to a general stimulus. So, the system’s response to a certain input is as much
useful as the input tested is closer to the excitation expected in real operation. But, since it is
supposed that the system must handle information signals-which, by definition, are
unpredictable-the input representation is a very difficult task.

Indeed, although electrical engineers are used to test their linear systems with sinusoids
(a methodology determined by Fourier analysis), now their probing signals should typically
approximate band-limited power spectral density (PSD).

The first and simpler approximation we will consider for this PSD is to concentrate

all the power distributed in the channel’s bandwidth (BW), into a single spectral line, and
then to excite the system with that sinusoid. This corresponds to the 1-tone tests,

in which fundamental output power and phase versus input power are measured, along
with the output at a few of the first harmonics.
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[/IMD (Intermodulation) Characterization

Techniques, Cont’d.

\\

Well-behaved nonlinear systems subject to a sinusoidal input excitations will produce
Output signal spectral components that are harmonically related to the input frequency,
and therefore, 1-tone test is inferior and as a characterization tool of those systems.

For example, no spectral regrowth can be observed in normal narrowband wireless
telecommunication systems, and so, no interference can be measured either inside the
tested spectral channel-cochannel interference-or in any other closely located
channel-adjacent-channel interference.

To overcome the above mentioned difficulty, the 1-tone characterization was replaced by
2-tone test. In this case, the input PSD is represented by 2-tones of equal amplitude and
located at the BW extremes, or somewhere in between. Now, although all even-order
nonlinear components still constitute out-of-band distortion, there are a large number of
odd-order combinations that produce in-band spectral regrowth. As we will explain later,
this led to the definition of some of the most widely used nonlinear distortion standard as
the intermodulation distortion ratio (IMR), or the third-order intercept point (IP,).
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[/IMD (Intermodulation) Characterization

Techniques, Cont’d.

N

The main drawback associated with 2-tone test is their difficulty in evaluating cochannel
distortion. Actually, since some of the odd-order mixing terms fall exactly at the same
frequencies as the fundamentals, and the first-order, or linear, output components have
much stronger amplitude than the distortion, there is no possibility of independently
measuring cochannel distortion.

The one way to circumvent the drawbacks of 2-tone was to increase the resolution with
which the input PSD is sampled.

Although a multi-channel input excitations stimulus approximation with a restricted
number of tones is sometime adopted (as in cable TV system ), nonlinear distortion tends
to be specified from multi-tone or band-limited noise tests.
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//IMD (Intermodulation) Characterization

Techniques, Cont’d.

Linear System: 1-Tone Characterization Tests

N

For linear system, a frequency sweep of the input excitations x(t) can only produce
output changes in amplitude and phase, and the output can be described by

Linear system representation

Input Output
O O

X(t) Linear SyS tem y(t)
O H(jw) O

x(¢) = A, cos(axr) ¥(t) = A, () cos[at + ¢, (w)]

O/P response is at different amplitude and additional phase shift.
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S WU HEH RS-
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IMD (Intermodulation) Characterization
- ’
Techniques, Cont’d.
Gain and phase characteristics of a linear system:
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//IMD (Intermodulation) Characterization\\

Techniques, Cont’d.

Non-Linear System: One-Tone Characterization Tests:

Although sinusoidal 1-tone excitation for linear system can be directly extended to non-
linear system. In the case of a non-linear system, the output amplitude and phase will no
longer be a scaled replica of the input level but they will vary nonlinearly with the input
excitations. Furthermore, that DUT will also generate additional new frequency
components located at the harmonics of the input excitations.

Input Output
Non-Linear ©
x(t) on- At
System Oy A9
x(t) = A, cos(ax) Vu(t) = Z 4, (@, 4,)cos[mot+e@,, (v,4,)]
m=0
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//IMD (Intermodulation) Characterization

Techniques, Cont’d.

Non-Linear System: Typical amplitude and phase characteristics of a
non}inear DUT versus input drive (for constant frequency); 1-Tone test
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[/IMD (Intermodulation) Characterization

Techniques, Cont’d.

Comments of 1-Tone test for a nonlinear systems characterizations:

\\

The observed output amplitude and phase variation versus drive manifest themselves as if
the nonlinear device could convert input amplitude variations into output amplitude and
phase changes-or, in other words, as if it could transform possible amplitude modulation
(AM) associated to its input, into output amplitude modulation (AM-AM conversion) or
phase modulation (AM-PM conversion).

AM-AM conversion is particularly important in system based on amplitude modulation;
while AM-PM has its major impact in modern telecommunication and wireless systems
that relies on phase modulation formats.

The main application of this type of characterization (1-tone) is the extraction of behavioral
models suitable to describe the nonlinear system performance at the excitation envelope.
Nevertheless, since this is a static step-by-step characterization, the extracted behavioral
models cannot present any memory to these envelopes.

(A AVANY A VAL

5 WY R
W INARA R /
T Rohde MCROWAVE CORPORATION

Slide 178




/(IMD (Intermodulation) Characterization

Techniques, Cont’d.

Comments of 1-Tone test for a nonlinear systems characterizations:

N

The DUT’s capable for generating new harmonic components is characterized by the
ratio of the integrated power of all the harmonics to the measured power at the
fundamental, a figure of merit named total harmonic distortion (THD).

Following three figures of merits (1) AM-AM characterization, (2) AM-PM characterization}
and (3) THD can be described based on n'® order power series as

@ =3 4, (@.4,)cos[mat+@,, (@, 4,)]

m=0

=y ()= klx(z‘—Z'l)+kzx(z‘—2'2)2 +k3x(t—2'3)3 +k4x(t—2'4)4 +-k x(t—-7,)" +---
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//IMD (Intermodulation) Characterization\\

Techniques, Cont’d.
AM-AM characterizations:

AM-AM characterization describes the relation between the output amplitude of the
fundamental frequency, m=1, with the input amplitude of a fixed input frequency.

(0= 4, (@, 4,)cos3ot+g,, (@, 4,)]

AM-AM characterization is sometime expressed as a certain dB/dB deviation at a

predetermined input power. It characterizes gain compression a nonlinear device versus
input drive level.

AM-AM characterization enables the evaluation of 1-dB compression point, P, , . which
is defined as the output power level at which the signal output is compressed by 1dB, as
compared to the output that would be obtained by simply extrapolating the linear
system’s small-signal characteristic.
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[/IMD (Intermodulation) Characterization\\

Techniques, Cont’d.
AM-PM characterizations:

The vector addition of the output fundamental with distortion components in presence

of varying input excitation signals leads to phase variation in the resultant output,which
is defined as the AM-PM characteristics of non-linear system.

AM-PM characterization consists of studying the variation of the output signal phase,
@01 (@, 4;) , with input signal amplitude changes for a constant frequency, and may be
expressed as a certain phase deviation, in degrees/dB, at a predetermined input power.

AM-AM and AM-PM characterizations are performed reading output signal
components whose frequency is equal to the input excitation. Therefore, usual amplitude
controlled sinusoidal-or continuous-wave (CW)-generator connected to a vector network
analyzer are sufficient for these tasks. AM-AM behavior would be visible whether or

not the system presented memory effects, But AM-PM is exclusive of dynamic systems.
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//IMD (Intermodulation) Characterization

Techniques, Cont’d.

N

Total Harmonic Distortion Characterization (THD): THD is defined as the
ratio between the square roots of total harmonic output power and output
power at the fundamental signal, and can be described by

T o 2
JlI{Z:AMUmAnN%[mwt+¢mﬂw“@)}w
tp = 4 o bn=

. 5
;I[A01 (w,A4,)cos[ o t+ ¢, (w’An)] dt

0
\/1sz4 PN I
2 n 3 n 1 A
THD = V8 32 "

- _—\/k; LRSI
llkaj 2 k, 4
2

THD characterization can only be performed with a spectrum analyzer, as the measured
output includes frequency components that are different from the input excitation.
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/(IMD (Intermodulation) Characterization\\

Techniques, Cont’d.

Non-Linear System: 2-Tone Characterization Tests:

A true representation of signal excitations is 2-tone stimulus than the pure sinusoid
signals. Similarly to the 1-tone tests, this type of signal allows the characterization of
generated harmonics-which, in band pass systems, are usually attenuated by the output
matching networks-but it also enables the identification of new mixing component

close to the fundamentals. These inband components play a dominant role in band pass
systems, as they constitute the main sources of nonlinear distortion impairments. The
output response of the 2-tone input excitations can be described by

Input Output
O . —O
x(t) Non-Linear i)
o System | "
t)y=) A,, cos(w, t+
X(0)=x,0) + 3,1 Yu()= 2 Aoy COS@, 1+ )
x(t) = A, (w)cos(@t)+ A , (w)cos(@,t) where @, =pwl+qa2 andp,q e Z
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" IMD (Intermodulation) Characterization

Input Output
Non-Li - N
x(2)=x,(t)+x,(t) b V)= Z 4,,, cos(@,t + @,,,)
System O m=1

The output y_,(t) would be composed of a very large number of mixing terms involving

all possible combinations of +@, and +,. Referring to a usual narrowband RF subsystem,
as the ones found in wireless transmission channels, two types of information can be
expected from a 2-tone test: the so-called inband distortion measurements, in which p +q
=1, and the out-of-band component’s evaluation, where p +q #1.

Inband distortion products are the mixing components falling exactly over, or very close
to, the output fundamental frequencies. Therefore, inband distortion frequencies
will be those satisfying p +¢ =1.

5 WY R
W INARA R /
T Rohde MCROWAVE CORPORATION

N

Techniques, Cont’d.

Non-Linear System: 2-Tone Characterization Tests:

where @, =pwlt+qal andp, q € Z
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//IMD (Intermodulation) Characterization

Techniques, Cont’d.

Non-Linear System: 2-Tone Characterization: Intermodulation Distortion (IMD)

Inband measurement performed at the fundamental frequencies: @, @,; third-order
components (| p| + |q| =3) at: 3@,-@,, 2w,-w;; fifth-order components (
3w-2w,, 3w,-2@,; seventh-order components (p|+ q| =7) at: 4w,-3 @,, 4@,-

they are known as IMD.
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Input Output
S | Non-Li LN N
x(2)=x,(t)+x,(t) Sttt V)= Z 4,,, cos(@,t + @,,,)
System O o

where @, =pwl+qa andp, q € Z

p‘+ ‘qJ — 5) at:
@,; and so
forth. These distortion products constitute a group of lower and upper sidebands,

separated from the signals and from each other by the tone’s frequency difference ®,-®,;
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//IMD (Intermodulation) Characterization

Techniques, Cont’d.

Non-Linear System: 2-Tone Characterization: Intermodulation Ratio (IMR)

\\

IMR is defined as the ratio between the fundamental and IMD output power as

]MR = Pfund — P(a)l) _ P(a)Z)

PIMD P(za)l _0)2) P(2(()2 _a)l)

Thus, third-order IMD output power at one of the sidebands (e.g., at 2 @,-@,) will be
given by

Tir 2
1 Qa-mp) 9
Pop Qe — ) =—— | (— kA2 cos[Rw, — @,)t — @, ]j dt =—k2A°
]—22601 —w,) 0 4 32

while the linear output power at @, will be

Twl
[ (4, cos[ayt — ,,,1)dr = %ka;
0

i
T

w,

})Linear (0)1) =
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/(IMD (Intermodulation) Characterization

Techniques, Cont’d.

Non-Linear System: 2-Tone Characterization: Intermodulation Ratio (IMR)

N

Now, applying the definition of IP,, which is the extrapolated linear output power
of one of the fundamentals that equals the extrapolated power of the considered
third-order IMD sideband, we would get

3
Leaz =2 =2k
2 32 3k,
and thus, substituting this 4, into P(®),
2k’

g :P((Ul):gk—

3
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//IMD (Intermodulation) Characterization

Techniques, Cont’d.

Non-Linear System: 2-Tone Characterization: Typical logarithmic plot of the
fundamental output power at one of the fundamental signals and the IMD power
measured in one of the distortion sidebands, versus input power.
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Non-Linear System: 2-Tone Characterization:
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IMD (Intermodulation) Characterization\\

Techniques, Cont’d.

At sufficiently small-levels, the fundamental output power increase 1dB for each decibel
rise of input power, while a 3dB per decibel rate is noticed for IMD power. This is
dictated by the dominance of polynomial power series system model’s first and
third-degree terms. However, at very large-signal levels, where the contribution of the
higher order terms is no longer negligible, both curves tend to compare towards constant
fundamental and IMD output power values. This behavior, common to the large
majority of microwave and wireless systems, enables the definition of a very important
figure of merit for characterizing the IMD in nonlinear devices: the third-order intercept
point IP,.

IP, is a fictitious point that is obtained when the extrapolated 3-dB/dB slope

line of IMD power. Since IP; is determined by the system’s third-order distortion
behavior, it cannot be used for IMD characterization unless it is guaranteed that no large
signal effects are involved. In other words, and contrary to a loose practice seen in
various product specifications and sometimes even in scientific publications, IP,

can only be extrapolated from the small-signal zone where IMD presents a distinct

and constant 3-dB/dB slope.
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/(IMD (Intermodulation) Characterization

Techniques, Cont’d.

Non-Linear System: 2-Tone Characterization: Out-of-Band Distortion
Characterization

\\

The out-of-band components are the mixing products that obey P +¢ # 1 for
harmonics of each of the fundamentals, like in the one-tone case, but also new mixing
products at pm,+qw, that fall, either near dc (p + q=0), or close to the various harmonics
(p+q=23,4,.). _

y (1) = Z A, cos(w t+¢, ) Wwhere w, =pwltqal andp,qec Z

m=1

Table illustrates out-of-band products generated by a third-order nonlinearity subject
to a two-tone excitation.

Mixing de oy, 20 oyt ay 2, 3y 2ot e, 2oty 3,
produc
t order 2nd 2nd 2nd 2nd 2nd 3rd 3rd 3rd 3rd
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[(IMD (Intermodulation) Characterization

Techniques, Cont’d.

Non-Linear System: 2-Tone Characterization: Out-of-Band Distortion
Characterization

N

Comments:

The product located at dc describes the bias point shift from the quiescent point, when
input driving level increases. Then, the one at @,-@, is usually called the base band.
The reason for this designation comes from the fact that if the two-tone excitation were
considered as a carrier at (@,+,)/2, amplitude modulated in double-sideband

format (suppressed carrier) by a baseband modulating signal. According to what was
defined for the inband distortion components, these out-of-band components can be also
described by corresponding intercept points. As their name indicates, out-of-band
components appear at zones of the output spectrum quite far from the fundamental
signals. So, rigorously speaking, they are only out-of-band in narrowband systems, but
not in multi-octave ones. Furthermore, because they become relatively simple to be
filtered out in narrowband systems, their importance, as transmission quality
impairment, is only evident on ultrawideband applications.
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" IMD (Intermodulation) Characterization\\
Techniques, Cont’d.

Non-Linear System: Multi-Tone Characterization

Non-Linear
System

Output
—O

_O

where @, =p,@y*t...p O+ py Dy |p0|+.....|pq|+.....|pQ_1| <R, @, @, @, arethe
input frequencies and R is the maximum order of the mixing product under consideration.

Typical spectrum response of a 3rd-order system to a narrowband multitone excitation

2w
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y (t)= Z A cos(w t+¢ )
m=1

w
3w
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//IMD (Intermodulation) Characterization\\

Techniques, Cont’d.

Non-Linear System: Multi-Tone Characterization

Typical input and inband output spectra observed in a system excited by a narrowband
multitone input excitations
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" IMD (Intermodulation) Characterization
Techniques, Cont’d.

Non-Linear System: Multi-Tone Characterization; Comments:

Comparing the input and output spectra shown in Figure, it is clear that the output
contains many more frequency components. These are usually named spectral regrowth,
because they are a consequence of the property of nonlinear systems in generating, or
“srowing,” new frequency lines. In general, whenever the input tones are not evenly
spaced this spectral regrowth includes not only the components adjacent to the signal, as
seen in above Figure, but also new mixing products located among the fundamentals, but
not coincident with them. The first type of spectral regrowth components is the adjacent-
channel distortion [or alternate-channel distortion, in case the mixing product is located
at distance greater than (Q-1) Am and lesser than 2(Q-1) A®, from the input tone of
highest or lowest frequency|, whereas the second type constitutes cochannel distortion.
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' Input spectrum
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b Output spectrum
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2 )
Noise and Gain in Circuits/Systems

System Specifications and Their Relationship to Circuit Design:

Wireless communication involves a large range of signal powers—from levels on the order
of 108 watt (at the receiver input) to 10> watts (at a base-station transmitter output).

A receiver must be able to demodulate signals that have been attenuated billions of

time through propagation; a transmitter must be able to produce a properly modulated
signal at a frequency suitable for propagation, at a level high enough to overcome
worst-case propagation losses and provide a useful signal at the receiver.

Gain is therefore an essential attribute of wireless systems. Because no single active device
can provide all the gain required for transmission or reception, we must distribute the
gain among multiple stages, designing each for optimum performance across the power
span it bridges.

Two inescapable realities impose limits on the gain and absolute power output we

may achieve with a given circuit: All real electrical and electronic networks generate noise
to some degree, and all real electrical and electronic networks distort the signals applied
to them to some degree. A signal weaker than a circuit's inherent noise cannot be
amplified by that circuit because it remains indistinguishable from the noise. A signal

that exceeds the power-handling capability of the circuit to which it is applied may

be degraded, even rendered useless, by the resulting disT MUIRLE T FRE©
LY R
Wi INmERwA R /
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Noise and Gain in Circuits/Systems, Cont’d.

System Noise and Noise Floor :

Assuming that a system's gain is sufficient, the weakest signal that may be processed
satisfactorily, a figure of merit referred to as noise floor or (in receivers) minimum
detectable signal (MDS), is limited by thermal noise, assumed to be equal to the noise
Power available from a resistor at 290 K (about 17 °C or 62 °F), an arbitrary reference
value near standard room temperature.

The noise power is given by P, = kTB where P is the noise power, K is Boltzmann's
constant (1.38 x 10-23 watts per kelvin), T is the temperature in Kelvins, and B is the
bandwidth (in Hertz) in which the noise appears. For T =290, P_ is therefore 4.00 x 10~>!
watts, or —174 dBm in a 1-Hz bandwidth.

Increasing B to a value suitable for digital communications, such as 160 kHz for a GSM
system, admits more noise to the network, raising the minimum noise power against which
an incoming signal must compete to —122 dBm. If the noise figure and bandwidth are
known, the system noise floor can be calculated using the equation: Noise floor = —174
dBm + NF + 10 log B . The trouble with this equation is that the "integrated'" bandwidth
depends so much on the selectivity shape factor, which is not always known.
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Figure shows the translation of the bandwidth of a single tuned circuit with its Gaussian
shape into its rectangular equivalent. The transformation is done by sizing the rectangle

such that A" = A and B’ = B; when this is true, the area of the rectangular equals the
area under the curve.
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Signal-to-Noise Ratio (S/N, SNR) and Sensitivity:

Successful radio communication depends on the achievement of a specified minimum
ratio of signal power to noise power, expressed in decibels, at the output of the receiver.
The input voltage, expressed in absolute units or decibels relative to a microvolt (dBuV),
necessary to achieve a particular signal-to-noise ratio in a particular bandwidth may be
specified as a figure of merit called sensitivity. Because techniques used to measure

S/N actually measure the ratio of signal-plus-noise to noise, specifications may refer

to (or imply) S+N/N or (S+N)/N rather than S/N. The difference between (S+N)/N

and S/N becomes negligible at high ratios of signal to noise; even at an SNR of

10dB—a common value—the difference is only 0.46 dB.

Most receivers are designed to operate optimally when connected to an antenna system of
a specified impedance (commonly 50 €2), but relatively few receivers exhibit this design
load impedance at their input terminals; that is, they are not designed for a conjugate
input match. It is therefore customary to specify sensitivity in terms of "open circuit"
voltage—the signal voltage that, with the receiver's antenna input terminated in its design
antenna impedance, results in the desired ratio of signal to noise.
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Signal-to-Noise Ratio (S/N, SNR) and Sensitivity:

The input voltage for a given SNR is determined using instrumentation calibrated in terms
of closed-circuit voltage--that is, in terms of voltage across a load resistance equal to the

instrument's source resistance—the voltage indicated will be 1/2 the open-circuit value for
the SNR specified.

By convention, the open-circuit measurement condition is indicated by a sensitivity
specification in volts of electromotive force (EMF).

Specifying sensitivity in terms of available signal power (usually decibels relative to 1 mW,
or dBm) eliminates this open/closed-circuit confusion.
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Signal-Plus-Noise-and-Distortion (SINAD):

Extending the measurement of signal-plus-noise to noise to include distortion results in a
figure of merit called SINAD (signal-plus-noise-and-distortion), commonly applied to FM
receivers:

S+N+D
N+ D

SINAD =10 log,,

where SINAD is in decibels, S is signal power, /V is noise power, and D is distortion power.
At a SINAD ratio of 12 dB—a common specification—the noise-and-distortion power is
25% that of the desired signal. As is true of (S+N)/N, SINAD closely approximates S/N at

high ratios of signal to noise.
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Bit Error Rate and Noise:

For digital systems, signal-to-noise ratio and bit error rate are related. As introduced
earlier, depending on the waveform, coding, and filtering, different BERs are related to
particular SNRs. Bit error rate versus E,./N, for BPSK/QPSK, 16-QAM and 64-QAM,
showing the significantly greater SNR necessary for a given BER as the number of signal
states is increased.
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Noise Factor and Noise Figure:

The degree to which a network's noise contribution degrades the noise floor is evaluated
by its noise factor (F), which is expressed as the ratio . N, +N_,.
- Nin
where F is noise factor, vV, is the noise power available from the source and N _,,, is
the noise power added by the network, with both powers determined in the same

bandwidth.

Expressing this ratio in decibels (10 log,, F), returns noise figure (NF), a bandwidth
independent figure of merit of great value in evaluating the noise performance of networks
and communication systems. We can express NF as the ratio of the network's input

SNR to its output SNR: /' N.
NF =10 logl{ (S“‘ m) }

(Sout /Nout )
where NF is noise figure in decibels, S is signal power and /N is noise power, with the input

and output values of these quantities signified by the subscripts and all powers determined
in the same bandwidth. The noise figure of an ideal noiseless network is 0 dB; for all real,

noisy networks, NF is positive. The NF of a lossy passive device is equal to its insertion loss.
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Antenna’s Noise Figure:
Noise figure for antenna systems can be described by

NF Nt+Nant

ant

=10 log,,

t

where VF  is the antenna system noise figure in decibels, /V, is the antenna's system's
thermal noise power, and N _is the total noise power picked up by the antenna system.

From the lower end of the radio spectrum, and decreasingly up to approximately 400
MHz, noise intercepted by an antenna system from atmospheric, man-made and galactic
sources will dominate VF_, and /V, can be considered as equivalent to the noise power of
a resistor at 290 K.

Atmospheric noise subsides above 40 MHz; from this region to perhaps 700 MHz, N, is till
largely negligible, with noise from man-made and/or sky sources largely determining an
antenna's noise figure.
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Antenna’s Noise Figure:

Atmospheric noise subsides above 40 MHz; from this region to perhaps 700 MHz, NV, is still
largely negligible, with noise from man-made and/or sky sources largely determining an
antenna's noise figure.

The higher the frequency, the quieter the RF environment becomes, although the noise
profile of specific sources may contradict this general rule.
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Noise Figure of Cascaded Networks:
The noise figure of two networks in cascade may be determined from

F, -1
NEotaIZIOIOglo(E+ ZG ]

1

where /VF is noise figure in dB, F is the noise factor of the first network, F, is the noise
factor of the second network, and G, is the gain (as a numerical ratio, not in dB).

The noise figure of a system with more than two stages can be evaluated through repeated
iterations.

Note that above equation assumes two conditions: (1) that ', and F, are
determined in the same bandwidth, and (2) that the networks' input and output
terminations are resistive--a condition that is commonly not true of RF amplifiers
optimized for lowest noise.
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System Amplitude and Phase Behavior

If we could build electronic systems that were absolutely amplitude-and phase-linear,
radiocommunication system design would be greatly simplified. An amplifier designed for
a power gain of 10 dB, for example, would merely increase the magnitude of all signals at
its input by a factor of 10, regardless of their frequencies, while perfectly maintaining their
relative phases. But all real electrical and electronic networks, even those designed (or
supposed) to be amplitude- and phase-linear, exhibit amplitude and phase nonlinearity to
some degree, just as they all generate noise to some degree.

The effects of amplitude nonlinearity, generically referred to as nonlinear distortion,
include the generation, through harmonic distortion and/or intermodulation distortion
(IMD), of output signals at frequencies not present at a system's input. Nonlinear
distortion also results in gain compression--changes in system gain with changes in input-
signal level. By convention, when workers in electronics refer to or consider a network's
"linearity," they usually mean its amplitude linearity; likewise, by 'distortion" they
usually mean nonlinear distortion.
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System Amplitude and Phase Behavior

The effects of phase or frequency nonlinearity are generically referred to as linear
distortion because they occur independently of signal amplitude and polarity. We often
intentionally apply linear distortion through filtering, which modifies the amplitude
relationships among existing spectral components of a signal without creating any new
frequencies.

Another linear-distortion effect, phase or delay distortion (group delay), results in the delay
of signals of differing frequencies by differing amounts of time. In a system where signal
phase conveys information, as is true of most wireless links, phase distortion can seriously
degrade communication.

The fact that all real (high Q, band-limiting, ripple) networks are amplitude-and angle-
nonlinear to some degree means that all real networks modify the amplitude and angle
characteristics of the signals they handle. What is perhaps less obvious is that subjecting a
signal to amplitude and angle nonlinearities causes "crosstalk" between its amplitude and
angle characteristics. For example, through a nonlinear distortion effect called AM-to-PM
conversion, changes in a signal's amplitude result in changes in its phase.
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Gain Compression:

Gain compression occurs when a network cannot increase its output amplitude in linear
proportion to an amplitude increase at its input; gain saturation occurs when a network's
output amplitude stops increasing (in practice, it may actually decrease) with increases in
input amplitude. The output response of the typical nonlinear circuit can be described by

y=k f(x)+k,[f(x)]° + k[ f(x)]’ +higher - order term s

where y represents the output, the coefficients k  represent complex quantities whose
values can be determined by an analysis of the output waveforms, and f{x) represents
the input. For many practical purposes, the first three terms adequately describe such a
network's nonlinearity

y=k f(x)+k, )] + ks [ )f
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Gain Compression:

The system output response ‘y’ presence of input excitations / (x)= 4, cos o, + 4, cos w, as

y =k, (A, cos @t + A, cos w,t)+ k,(A, cos @t + A, cos @,t)* + k,(A, cos @t + A, cos @,t)’
=k, (4, cos w,t + A, cos w,t)

+k,

|:A12 1+ cos 2w, ¢ A2

1+ co; 2m,t rAA, cos(w, + w, )t ;— cos(w, — w, )t}

[ cos w,t cos w,t cos3w,t 3cosw,t cos3w,t |
|:A13[ 1 + 1 + 1 j-l'A}( 2 + 2 ):|

2 4 4 ? 4 4

+hi+ Al A, [%cos @,t+3cos(2w, — w,)t ++cos(2w, — w, )]

~

+ A2 A, [2cos w1 + 2cos( 2w, + )t + 2cos(2w, — o, )t ]

.

The second- and third-order terms represent the effects of harmonic distortion and
intermodulation distortion. Second-order effects include second-harmonic distortion (the
production of new signals at 2@, and 2@, ) and IMD (the production of new signals at

w, +@®, and @, —®, ). Third-order effects include gain compression, third-harmonic
distortion (the production of new signals at 3@, and 3@, ), and IMD (the production of
new signals at 20, + w, and 2w, £ @, ). MLILLW I e
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Gain Compression, Blocking or Desensitization:

’ 3 2
When the amplitude of the cos Wt signal become A =k A4 +k, (% 4 +%A1Az ) gain
compression occurs. Because k; will normally be negative, a large signal can effectively
mask a smaller signal 4 cosw,s by reducing the network's gain.

This third-order effect, known as blocking or desensitization when it occurs in a receiver, is
a special case of gain compression. The presence of additional signals results a greater
reduction in gain; the gain reduction for each signal is a function of the relative levels of all
signals present.

A receiver's blocking behavior may be characterized in terms of the level of off-channel
signal necessary to reduce the strength of an in-passband signal by a specified value,
typically 1 dB; alternatively, the decibel ratio of the off-channel signal's power to the
receiver's noise-floor power may be cited as blocking dynamic range. Desensitization may
be also characterized in terms of the off-channel-signal power necessary to degrade a
system's SNR by a specified value.
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1-dB Gain Compression Point:
Multiple signals need not be present for gain compression to occur. If only one signal is
present, the ratio of gain with distortion to the network's idealized (linear) gain is given by

4:h+26#)
1

This is referred to as the single-tone gain-compression factor.

The point at which a network's power gain is down 1 dB from the ideal for a single signal
is a figure of merit known as the I-dB compression point (P_, ;).

Many networks (including many receiving and low-level transmitting circuits, such as
low-noise amplifiers, mixers and IF amplifiers) are usually operated under small-signal
conditions--at levels sufficiently below P_, .. to maintain high linearity.

However, some networks (including power amplifiers for wireless systems) may be
operated under large-signal conditions--near or in compression--to achieve optimum
efficiency at some specified level of linearity.
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1-dB Gain Compression Point:
The 1-dB compression point can be expressed relative to input power (P_ ;. ) or output
power (P_, dB,Out). For the amplifier simulated here, P_, .. =~—14.5 dBm and P
dBm.
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Amplitude Compression:
Figure below shows what happens when a digital emission that uses amplitude to convey

information is subjected to amplitude compression.

Influence of differential amplitude error (compression) on a QAM constellation

A A

out Q
° o X X
[ 3
® Py ° X
¢
level transfer curve ° ° ° °
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Intermodulation:

The new signals produced through intermodulation distortion (IMD) can profoundly affect
the performance even of systems operated far below gain compression.

Figure below shows relationships between fundamental and spurious signals, including
harmonics and products of intermodulation.

Level
dBm :
[ 1 Intermodulation Intermodulation I:armor_:llcs
{(second order) (third order) ] E
"""""" [.__ second order third order
crossmod
f2 - f1 2f1 - f2 1 f2 2f2-11 2f1 f2 +f1  2f2 3f1 3f2 f

Fundamentals
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Intermodulation:

The intercept point for a given IM order n can be expressed, and should always be
characterized, relative to input power (IPn,in) or output power (IPn’Out); the IP, and IP_
values differ by the network's linear gain. For equal-level test tones, IP . can be
determined by:

nP, — PIM,,

n-—1

IP

n,in

where n is the order, P is the input power (of one tone), P, is the power of the IM
product, and /P is the intercept point. The intercept point for cascaded networks can be

determined from 1
II)Z,in = 2 IP. . :;
( 1 G j o1 G
e
NIPl  NIP2 IP1  IP2

Where IP1 is the input intercept of Stage 1 in watts, /P2 is the input intercept of Stage 2
in watts, and G is the gain of Stage 1 (as a numerical ratio, not in decibels).
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Intermodulation:
For the amplifier simulated here, IP,. =1.5dBm, IP, .=~14.5dBm,IP,, =~-2.3 dBm and
= 10.7 dBm. Each curve depicts the power in one tone of the response evaluated.
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Intermodulation:

This graph shows the simulated performance of a single-BJT broadband amplifier driven
by two equal-amplitude tones at 10 and 11 MHz.
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Intermodulation: Comments/Discussions

Discussions of IMD have traditionally downplayed the importance of IM, because the
incidental distributed filtering contributed by the tuned circuitry once common in
radiocommunication systems was usually enough to render out-of-passband IM, products
caused by in-passband signals, and in-passband IM, products caused by out-of-passband
signals, vanishingly weak compared to fundamental and IM, signals.

In broadband systems that operate at bandwidths of an octave or more, however, in-
passband signals may produce significantly strong in-passband IM, and second-harmonic
products.

In such applications, balanced circuit structures (such as push-pull amplifiers and
balanced mixers) can be used to minimize IM, and other even-order nonlinear products.
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Distortion Ratio :

The ratio of the signal power to the IM-product power, the distortion
ratio, can be expressed as

R, = (” _II]Pn(in) - P(in)]

n

where n is the order, R, is the distortion ratio, IP

ny 1S the Input
intercept point, and P,  is the input power of one tone.
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Dynamic Range :
The ratio of the noise-floor power to the upper-limit signal power is referred to as the
network's dynamic range (DR), often more carefully characterized as two-tone IMD
dynamic range, which, when evaluated with equal-power test tones, is a figure of merit
commonly used to characterize receivers. DR can be given as
(n=DLIP,;, —MDS,, ]

n
where DR is the dynamic range in decibels, » is the order, IP(l.n) is the input intercept powe
in dBm, and MDS is the minimum detectable signal power in dBm.

DR =

n

=

The spurious-free dynamic range (SFD&? or DR ) is given by
DR, = g(IP3 ~174 dBm + NF +3 dB)

The equation allows us to determine the spurious-free dynamic range by applying the
two-tone signals (in the case of IP;) and increasing the two signals to the point where the
signal-to-noise ratio deteriorates by 3 dB or, if the measurement is done relative to MDS,
where the noise floor rises by 3 dB. The factor 2/3 is derived from the fact that the levels
of IM; outputs increase 3 dB for 1 dB of input increase. This definition of dynamic range
now is referenced to a noise figure rather than a minimum level in dBm, and is therefore

independent of bandwidth.
MVILL T AN E©

5 WY R
W INARA R /
T Rohde MCROWAVE CORPORATION

Slide 220




/;:

SSB
phase
noise
(dBc/1z)

142 7
-137
-132 §
-127 §
-122 §
-117 F
112 §
-102 +

Noise and Gain in Circuits/Systems, Cont’d.

Dynamic Range < This graph shows the available dynamic range, which is determined
either by the masking of the unwanted signal by phase noise or by discrete spurii. As far as
the culprit synthesizer is concerned, it can be either the local oscillator or the effect of a
strong adjacent-channel signal that takes over the function of the local oscillator .
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Reciprocal mixing:

Noise and Gain in Circuits/Systems, Cont’d.

In reciprocal mixing, incoming signals mix with LO-sideband energy to produce IF output.
In this example, the oscillator is tuned so that its carrier, at A', heterodynes the desired
signal, A, to the 455 kHz as intended; at the same time, the undesired signals B, C and D
mix the oscillator noise-sideband energy at B', C' and D', respectively, to the IF.
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Selectivity:

Figure shows a typical arrangement of principle of selectivity measurement for analog

receivers.

Communication
Channel

Input filter /’ | | f %

of receiver
A \ Interfering signal
Example for

Wanted Signal Spurious Analog adjacent-channel measurement:
Wanted signal is modulated with 1 kHz
Intefering signal is modulated with 400 Hz
. . . SINAD = reduced to 14 dB
Interfering signal = ideal Vo Vi =70 dB
....... real noise’ Vin
(analog cross-modulation)
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Selectivity:

Figure shows a typical arrangement of principle of selectivity measurement for digital
receivers.

A /\ ACP suppression:
( Requirement
Communications 1348 NADC |
Channel
30kHz from carrier <26 dB¢
60kHz " <-45 dBc
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o Input filter
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Example: Dual Conversion Receiver
Figure shows a typical arrangement of a dual-conversion receiver with local oscillators.
The signal coming from the antenna is filtered by an arrangement of tuned circuits

referred to providing as input selectivity.

Bandwidth
- st 2nd Selection
Input  RF  Active CrystallSAW IF  Active - IF

Filter ~ Ampl. Mixer  Filter ~ Ampl. Mixer

Ant. g il Analog . AF
Input>’. Y R L _T DSP Out
| AD
o~ Conv.
| Digital
Synth. Synth.

Block diagram of an analog/digital receiver showing the signal path from antenna to audio
output. No AGC or other auxiliary circuits are shown. This receiver principle can be used
for all types of modulation, since the demodulation is done in the DSP block.
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