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Transistor Applications from RF to Microwave
Frequencies

Theory of SiGe heterojunction bipolar transistor (HBT) Transistors and high-electron-
mobility transistor ()0HEMT) and practical circuits

From VHF to EHF Frequencies

Example of a Microwave Oscillator design

Oscillator Design is an autonomous problem in which there is no external driving source. This complicates the design process
considerably, as the frequency of an oscillator is then an additional degree of freedom in the circuit that must be accounted for.



The Spice Version Oscillator first

l: CoaxOscillatorBFP620DualEmitter.asc

MICROWAVE OSCILLATOR USING A COAX RESONATOR
USING FULL PARASITICS TRANSISTOR MODEL

& . Ny Y 2
v v
2K o5 1K 6 10 -
10nF 10nF
2 T3

<22
I1
lmw

@
10F

l :
I

.tran 0 200ns 0 0.1ps

:_-: CoaxOscillatorBFP620DualEmitter.raw

Ix(U1:C)

I{(R6)

8.2mA .

m V(VC,VE)
3.0% .
15V,_ ........................................................
0.0V :

V{VB,VE)
840mV ‘

V(vout)

i
17.6ns 17.8ns

\

Figure 1: Microwave Oscillator Using a COAX Resonator Using Full Parasitics Transistor Model
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Figure 2a: Microwave Oscillator Using a COAX Resonator CAD Simulation Circuit

Figure 2b: Microwave Oscillator Using a COAX Resonator CAD Simulation Circuit — Simulated Phase Noise
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Figure 2c: Microwave Oscillator Using a COAX Resonator CAD Simulation Circuit — Simulated Vce

Figure 2d: Microwave Oscillator Using a COAX Resonator CAD Simulation Circuit — Simulated Iy

Figure 2e: Microwave Oscillator Using a COAX Resonator CAD Simulation Circuit — Simulated I,
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Figure 2f: Microwave Oscillator Using a COAX Resonator CAD Simulation Circuit — Simulated P, (dBm)

Introduction of the Harmonic Balance Method and non-linear noise calculation

There are now nonlinear Microwave CAD packages using the harmonic balance technique. Because of its nonlinear
optimization capabilities, it is uniquely suited to the task of oscillator design [3]-[5]. The harmonic balance method seeks a
solution to a steady-state nonlinear design problem by iteratively solving for a set of variables, referred to as state variables.
The state variables can typically be chosen as the voltages at the linear—nonlinear interface in a circuit partitioned into linear
and nonlinear segments. They are expressed as the phasor components, and their harmonics, of a sinusoidal excitation frequency.
The state variables are usually found iteratively by a gradient-based technique which seeks a simultaneous solution for
Kirchhoff’s equations applied to the linear and nonlinear sides of the network separately [6]-[10].

For the non-autonomous, or driven, circuit, the driving frequency is known a priori and Kirchhoff’s equations are a well-
determined system of equations in which the phase and amplitude of the excitation appear on one side of the equations as
forcing terms. In an autonomous circuit, the only excitation terms appearing in Kirchhoff’s equations are DC sources. One
stable solution to these equations for a circuit with no applied RF drive will always be the DC (or degenerate) solution, as all
phasor terms at an arbitrarily chosen frequency can be set to zero and still satisfy the RF driving conditions (of zero excitation).
For an autonomous circuit to have a solution to Kirchhoff’s equations at nonzero frequencies, at least one additional degree of
freedom is required, as there is one additional unknown in the equations — the oscillation frequency.

For oscillator analysis purposes (i.e. for a fixed circuit topology), the additional free parameter is just the unknown frequency
of oscillation. For oscillator design purposes, the frequency is fixed as a design goal, and the required degree of freedom must
be represented by a free circuit variable, such as a bias voltage or other tuning element. In this way, a solution can be found to
the conditions for oscillation (which are just Kirchhoff’s equations) by varying some circuit parameter. This parameter must be
adjusted so that the equations can be satisfied at the oscillation frequency, with some set of (solution) state variables, which are
determined at the same time.



The harmonic balance problem must then allow for the simultaneous solution of both the state variables and the circuit elements
to satisfy Kirchhoff’s equations under the chosen conditions (i.e. at the design frequency). In fact, these programs allow the
user to set additional circuit parameters to be variables in order to optimize for other circuit responses, such as output power,
efficiency, spectral purity, or distortion, while simultaneously satisfying Kirchhoff’s equations. Consequently, the methodology
of introducing additional degrees of freedom into the harmonic balance problem allows not only for the solution of autonomous
designs but also for the optimization of all types of circuits for desired response.
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Figure 3a: DRO design example. ([9] [11])

As an example, above, we show a DRO design using a bipolar transistor embedded in a simple microstrip circuit. The
specified optimization goals were 20 mW output power, at a frequency of 5 GHz. In the design, the additional degrees of
freedom for the optimization problem and the oscillator synthesis were provided by the resonator diameter and the microstrip
lengths together with the FET bias voltages.

Prior to circuit optimization, the program automatically optimizes the DRO dimensions to resonate at the TEo15 mode at 6.6
GHz. The pre-optimization is needed to ensure that the initial starting point for the design equations is within the operating
regime. A sequence of optimizations was then performed by increasing the lower bounds on the output power. The maximum
power available was found to be 6dBm with an efficiency of 3.28% but optimized for phase noise -112dBc/Hz indicates a high
Q and low phase noise design. The bias point was Vp = 5.9 V, 1,=0.138mA, and I. = 13.6 mA. Output harmonics were
about 24 dB below the fundamental.

The circuit can also be tuned by moving the metal tuning plate over the resonator. To tune to a frequency of 6.05 GHz, the
circuit must be re-optimized with the plate distance s as the only tuning variable. This change to the single circuit parameter is
needed to allow there to be a solution to Kirchhoff’s equations at the new oscillation frequency. The values of the state variables
are, of course, also different at the new point, and the output power is reduced correspondingly.
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Figure 3c: 5GHz DRO design example - Simulated P, (dBm) ([9] [Rizzoli et al. [11])
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Figure 3d: 5GHz DRO design example (Ref [9] [Rizzoli et al. [11])

As oscillator analysis can be performed by repetitively reoptimizing the tuning parameter ‘s’ at a series of frequencies in the
program and constructing a tuning curve of oscillation frequency versus s. For an oscillator of unknown frequency, the actual
oscillation frequency can be determined by entering the tuning curve at the known value of s. Note that in the case of an
oscillator analysis only a single tuning variable is adjusted at each frequency point, so that a tuning curve can be constructed
to give a single, unique relationship between the design frequency and the actual circuit parameter value in the circuit being
analyzed.

Although the harmonic balance approach ensures that a steady-state solution exists, the buildup of oscillations and the stability
of the steady-state operating point also need to be addressed. One way to provide a numerical solution to this problem is to use
the principles of bifurcation theory [9] [12]. Using the frequency of oscillation as a continuation parameter [13] and choosing
the output power as a parameter to describe the circuit state, a solution path may be built by stepping the frequency through a
prescribed range.

In summary, the advent of nonlinear CAD programs now allows the designer to verify many aspects of circuit operation not
previously obtainable through linear programs alone. In this way, the levels of output power, harmonic content, DC-to-RF
efficiency, device currents, and load pushing and pulling can be examined before the oscillator is constructed.

Next some more explanations about the non-linear program will follow



Regular Analysis with the Harmonic Balance Program
Formation of the Harmonic Balance Equations

Harmonic balance analysis consists of determining the periodic steady-state response of a fixed circuit given a pre-determined
set of fundamental tones [1] [2]. The analysis is limited to periodic responses because the basis set, chosen to represent the
physical signals in the circuit, are sinusoids, which are periodic. The Fourier series is used to represent these signals. In the
single-tone case, a signal is given by

x(t) = Z’,L’f_ NH Xkejkmot (1)
Sources Linear . Nonlinear
and Subcircuit | Subcircuit
Loads u

Figure 4: Separation of the linear and nonlinear subcircuits

where X = X, o is the fundamental frequency and NH is the number of harmonics chosen to represent the signal.

In harmonic balance, the circuit is usually divided into two subcircuits connected by wires forming multiport. One subcircuit
contains the linear components of the circuit and the other contains the nonlinear device models as shown in Figure 4. The
linear subcircuit response is calculated in the frequency domain at each harmonic component (k*w,) and is represented by a
multiport Y matrix. This is the function performed by linear analysis.

The nonlinear subcircuit contains the active devices whose models compute the voltages and currents at the intrinsic ports of
the device (parasitic elements are linear and absorbed by the linear subnetwork). The port voltages (v) and currents (i) are
analytic or numeric functions of the device state variables (x). Often the state variables represent physical voltages such as
diode junction voltage or FET gate voltage, but are not restricted to physical quantities. The port voltages and currents are
often functions of the time derivatives of the state variables (when a nonlinear capacitor is involved) and of time-delayed state
variables (such as a time-delayed current source). Generally, the nonlinear device equations are of the form:

v(t) =P [x(t),%, s %,x(t - -[)] )

i) =% [x®,%, .., X x(t - 1) ?)

The device state variables, port voltages, and currents are transformed to the frequency domain using the discrete Fourier
transforms as X, V(X) and 1k(X), respectively. Kirchhoff’s current law is applied to the interface between the subcircuits at
each harmonic frequency:

Y Vi (X) + 1, (X) + 3= 0 4)

where Ji are the Norton equivalents of the applied generators. This constitutes the harmonic balance equations at each harmonic
frequency. The object of the analysis is to find the set of state variables, X, to satisfy equation (4).

When the analysis begins, the state variables are typically set to zero and the left side of equation 4 is non-zero. We can write
an error vector

Ex (X) = Y Vi (X) + 1, (X) + I, 5)

whose Euclidean norm E'E = ||E]| is called the Harmonic Balance Error (HBE). If the HBE is reduced below a tolerance, we
say that equation (4) is satisfied and a solution has been obtained.

e Solving Methods
The process of solving the harmonic balance equations is an iterative one. An estimate of X is inserted into eqn. (5), E is
calculated and if it is not below the tolerance then a new value of X must be determined and tried. Each such loop is termed
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‘iteration’. There have been several methods used in the past to determine new values of X and two that have proven to be the
most general and efficient are discussed here.

The state variables X, and harmonic balance residuals, E are complex valued. In practice these are decomposed into their real
and imaginary parts so that the number of real unknowns in X is ND*(2*Nt+1) where ND is the total number of nonlinear
device ports and Nt is the number of frequency components (=NH for single tone analysis). Now we can write E(X)=0 as a
Taylor series expansion truncated after the first derivative term:

E(X) = 0 = E(X™M) + J(XM) (X — X™M) (6)

where J, the Jacobian matrix, is the first derivative matrix of E with respect to X and superscript ‘n’ indicates the current
iteration. Solving for X and using this for the next trial:

XM = X O _ J-L(XO)E(X™) ™

This is the Newton-Raphson update method where the last right-hand term is the update. This method works in one iteration,
if the set of equations is linear, but will take an unknown number of iterations if nonlinear. Often the update is reduced by a
factor called the Newton damping factor, so the method takes smaller steps for each of the next iteration. Convergence to a
solution is not guaranteed and the results of the iterations may diverge if not controlled. Harmonica uses enhanced versions of
the Newton-Raphson method to improve convergence and speed.

Harmonica contains an algorithm that dynamically changes the Newton damping factor during solving, based on the rate of
convergence. If the solver has trouble converging, the factor will be made smaller to improve convergence. If it has been
reduced by more than a predetermined factor, the solver will stop and an error will be reported.

An important aspect to note is the size of the Jacobian. If X contains ND*(2*Nt+1) elements, then J contains this number
squared. As a practical example, if ND=10 (5 FETs) and Nt=4, then there are 8100 entries in J which takes 63 kBytes. This is
relatively small, but Nt becomes much larger when multi-tone excitation is considered.

e HBE tolerance
HBTOL x

Here X is the tolerance per device port per frequency component. The absolute harmonic balance error allowed is scaled by
the number of device ports and number of frequency components so that large circuits with many frequency components meet
similar HBE criteria as small circuits. The default for HBTOL is 1.0x10°. For the case of 2-tone intermodulation analysis and
3-tone analysis, the allowed harmonic balance is also scaled by the relative currentsof the circuit. This reduces the allowed
error (effectively reducing HBTOL) to provide better accuracy of the intermodulation products.

e Multi-tone Analysis

The discussion above was based on single-tone analysis for conceptual simplicity. Multi-tone analysis is simply an extension
of single-tone [3]-[5]. In the single-tone case, a circuit is excited with an RF source and harmonics of that source are produced
by the nonlinearities of the circuit. The set of harmonics, the frequency of excitation and DC are called the spectrum of the
analysis. The single-tone spectrum is defined as:

Sl = k*fo
k=0, 1... NH (8)

where, fj is the fundamental frequency. In multi-tone analysis the spectrum is modified to include the harmonic products of
each fundamental tone. The harmonic products are just integer functions of the fundamental frequencies and indicate the
allowed “bins” for power conversion within a circuit. The rest of the harmonic balance analysis is exactly the same.

The conversion between time-domain waveforms and Fourier coefficients is accomplished by the discrete Fourier transform
in single-tone analysis. For each additional fundamental tone, a dimension is added in the transform. This allows efficient
computation between domains, but becomes CPU-intensive when more than three-dimensions are encountered.

Two-Tone Intermodulation Case

The two-tone analysis spectrum is defined as:Sy = |p*f1 + q*f,|

|p|=0,1,,....m1  |g|=0,1,...,m2 9)



where f1 and f, are the first and second fundamentals, and m1 and m2 define the bounds of the spectrum. When the powers of
the fundamentals are of similar magnitude, the bounds are chosensuch that the harmonics and intermodulation products can be
accurately assessed. The bounds are chosen as:

ml=m2=M
Ipl+ gl <M (10)

M is called the intermodulation order since it determines the order of intermodulation products that will included in the
spectrum. This selection results in a spectrum as shown in Figure 5, for M=3. The intermodulation products and harmonics are
clearly seen. The total number of spectral components for this selection algorithm is

Nt=M * (M + 1) (11)

Two-Tone Mixer Case

When the power contained in one of the fundamentals is much greater than the other, as in a mixer case, then a spectrum is
selected such that the harmonics of the strong signal (LO) and thesidebands of the LO and weak signal (RF) can be assessed.
The bounds are then chosen as:

ml=M1 m2 = M2
0<|p|£Mland0< gl < M2 (12)

Where, M1 is the number of LO harmonics and M2 is the number of sidebands on each side of theLO. This selection results
in a spectrum as shown in Figure 5 for M1=4, M2=2. The LO harmonics, sidebands and difference frequency are clearly seen.
The total number of spectral components for this selection algorithm is

Nt = M1*(2*M2 + 1) + M2 (13)

Three-Tone Intermodulation Case

The three-tone analysis spectra are very similar to two-tone and are defined by:S3 = |p*f1 + q*f2 + r*f3|

|p|=0...., m1 |g|=0,..., m2 |r|=0,...,m3 (14)

where f is the frequency of the third fundamental tone. The spectrum for the intermodulation case, where the power in the
three tones is of the same order, and is

ml=m2=m3=M
O<|p[+al+ <M (15)

This selection results in a spectrum as shown in Figure 6, for M=3. Notice the much larger number of tones in the spectrum as
compared with the two-tone case for M=3. The total numberof spectral components is given by:

Nt=§*M*(M+1)*(zM+1)+1 (16)

10
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Figure 5: Two-tone intermodulation spectrum for M=3
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Figure 6: Two-tone spectrum for M1=4, M2=2 (The vertical axis delineates the LO harmonics and sideband products)

Three-Tone Mixer Case

For the mixer case, the spectrum is chosen assuming that one LO and two RF signals are present.The spectrum is selected by
recognizing the intermodulation products of the RF signals as the quantities of interest. The intermodulation spectrum of the
two isolated RF signals is then repeated on each side of the LO harmonics to form the three-tone mixer spectrum. This is given

by:
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ml=M1 m2 =m3 = M2

0<|p+q+r <M1 0<|gl + s M2 an
where M1 is the number of LO harmonics and M2 is the intermodulation order of the RF tones.The spectrum is shown in
Figure 8 for M1=2 and M2=3. The total number of spectral components is given by

Nt = M1*(2*M22 + 2*M2 + 1) + M2% + M2 (18)
Generally, the number of frequency components required for three-tone analysis grows much faster than for two-tone analysis.
This restricts the nonlinearity that can be computed. If four ormore tones were considered, the number of frequency components
becomes prohibitive unless smaller selection schemes are used.
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Figure 7: Three tone intermodulation spectrum for M=3

The vertical axis shows the intermodulation order for each spectral component. Note that the products will change position
depending on the separation between the fundamental tones. Here the difference between signal 3 and signal 2 is slightly
greater than the difference between signal 2and signal 1.
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Figure 8: Three tone mixer spectrum for M1=2, M2=3

The intermodulation products of the two RF signals are shown to third order. Important spectralcomponents are labeled.

o Local Oscillator Spectrum Initialization of Mixer Circuits

For mixer analysis cases where the primary interest is the conversion gain and the RF signal powers are small compared to the
LO, the circuit can be analyzed using the LO signal only and the conversion gain is determined using small-signal (linear)
frequency-conversion methods.

This is performed using the Small-Signal Mixer Analysis option (see the next section in this chapter).

For cases where the RF signal power is not insignificant compared to the LO, a full mixer spectrum must be used. Compression
of the conversion gain due to high RF powers can then be analyzed. Here, the mixer problem can be divided into two parts to
help speed the analysis.

Firstly, the LO signal is analyzed using single-tone analysis; the RF signal is turned off. Single-tone analysis is usually very
fast compared with a full two-tone analysis. Once the LO signal spectrum is found, the results are used to initialize the full
mixer spectrum and the RF signal is turned back on. The full spectrum is then analyzed.

This method is most useful for three-tone mixer problems, due to the large number of spectral components used in the analysis.
The primary use of the three-tone mixer analysis is to determine the intermodulation products of the IF products. This
precludes the use of small- signal mixer analysis (since the intermodulation products cannot be determined using linear
frequency conversion methods), but the RF signals are generally small compared to the LO. By solving the LO problem first,
which is the primary nonlinear problem, and then introducing the RF signals, the analysis time can be reduced by a factor of
about three. The actual time reduction depends on the circuit, the RF power levels, and the conversion gain.

Sparse Jacobian Techniques

The Jacobian matrix, when properly arranged, can be treated as a sparse matrix by pre-setting some entries to zero [6]. The
physical reason for doing this is that most of the power transfer takes place between the harmonic frequencies of the
fundamentals and much less takes place between the other frequencies in the spectrum. We can therefore set these derivatives
to zero within the Jacobian. When this criterion is not met, the band of non-zero entries is widened to include cross-harmonic
terms.

Because the Jacobian structure is properly arranged, sparse matrix techniques are efficiently employed. General purpose sparse
matrix (Figure 9: Sparse Jacobian block structure) solvers that analyze the sparsity structure are avoided and specialized solvers
can be used that are much more efficient. Harmonica automatically sets the bandwidth of the sparse tridiagonal matrix and
dynamically alters it if the nonlinearity of the circuit is too great for the sparse assumptions. In this way the simulator achieves
convergence using the minimal amount of computation time and memory that is possible for a given problem. For circuits with
many devices under multi-tone operation, the CPU time may be decreased by afactor of 40.

The sparsity parameter will be dynamically altered during execution if needed. If n is greater than Nt/3 (Nt is the number of
frequencies), then the program will use the full Jacobian. If onlythe full Jacobian is desired, then set n to a large number.

NOTE Using a sparse Jacobian does not affect the final values or accuracy of the results. It will only affect the convergence
properties of the particular problem.

DIAG
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Figure 9: Sparse Jacobian block structure
Iterative Newton Method

One of the short comings of harmonic-balance methods is the large memory requirements when a circuit has many nonlinear
devices and/or multi-tone analysis is needed. The Jacobian system matrix grows large and must be stored and factored. Sparse
methods may not be enough to keep the problem within the memory bounds and acceptable computational resources of desktop
computers. Harmonica uses a technique that efficiently solves large systems of equations without direct factorization of the
system matrix. In this way, there is no simplification or approximation made to the problem and the full accuracy of the
conventional harmonic-balance method is completely maintained. The convergence and power-handling capabilities of
conventional harmonic-balance analysis are also fully maintained. The method is completely automatic and does not require
any user intervention. An internal software switch detects when the new method should be used and automatically invokes it.

A brief summary of the method and its advantages is given: Conventional harmonic-balance computes and stores the Jacobian
matrix. The iterative solution of the harmonic-balance equations requires factorization of the Jacobian to obtain updates of the
circuit voltages. As the number of nonlinear devices in the circuit increases and the number of spectral components used to
analyze the circuit increases, the Jacobian matrix can become very large, requiring tens or hundreds of megabytes of storage
and several minutes of CPU time to factor it. The calculation and factorization of the Jacobian typically occurs several times
during a single harmonic-balance solution. The new methods, based on an iterative approach, known as Krylov Subspace
Methods, avoid direct storage and factorization of the Jacobian. Rather, a series of matrix-vector operations replaces the full
storage and factorization steps while retaining full numerical accuracy.

Observed speed-up factors depend on the number of nonlinear devices in the circuit and the number of spectral components
used in the analysis as well as the convergence properties of the harmonic-balance algorithm. Speed improvements over
conventional harmonic balance analysis from 2x to 10x for circuits consisting of a few transistors under two and three-tone
excitation have routinely been observed. A circuit containing 20 FETs under three-tone analysis exhibited a speed
improvement factor of 30x. Memory requirements have also been tremendously reduced.The 20 FET circuit originally required
>200MB and now will analyze with 64MB. As the circuit becomes more “complex” the new methods provides better speed
and memory improvements.

e Generating Large-Signal S-Parameters

The calculation of S-parameters in the large-signal regime is not as straightforward as it is in the linear, small-signal regime.
The “large-signal S-parameters”, are dependent on the power of the excitation sources at each external circuit port as well as
the circuit bias and terminations.

Guidelines will be given here on using Harmonica to generate large-signal S-parameters, but theproper use of these S-
parameters in circuit design is up to you.

Consider a two-port circuit whose large-signal S-parameters are desired. If we apply a source at port 1 with port 2 terminated,
we could measure the reflected and transmitted waves, and conversely for a source applied to port 2 [7]. However, this assumes
that when the device under test is actually used, it will be terminated in the same impedance as it was tested. This is rarely the
case. Typically the device is embedded in some matching network which presents compleximpedance to the device. Therefore,
the operating regime of the device will change and its large-signal S-parameters will be altered.

We could then hypothesize that a source can be placed at each port and the travelling waves could be measured at each port.
The problem here is that it is not possible to distinguish between the reflected wave at a port and the transmitted wave due to
the source at the other port because the sources are the same frequency. If we perturb the frequency of one of the sources, then
the reflected and transmitted waves due to each source can be resolved. This, however, requires a two-tone analysis. The
situation is illustrated in Figure 10 (a, b, c) for the two-port device under test.
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Figure 10 (a) Test setup for determining two-port one-port and three-port large-signal S-parameters.

Figure 10 (b) Test setup for determining two-port one-port and three-port large-signal S-parameters.
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The difference in frequency between the two sources can be made small, on the order of 0.001%.This is recommended for
circuits of large Q. Typically the difference used is about 0.1% because the S-parameters of the device under test do not
change rapidly with frequency. To measure the travelling waves, we use the return loss and transducer gain output responses
in the nout block.

e Nonlinear Noise Analysis
Overview

Noise performance of microwave circuits is one of the major concerns for circuit design engineers. It is an important
determining factor of receiver system sensitivity and dynamic range. Linear simulators are ideal to predict the noise
performance of circuits using arbitrary combinations of active and passive elements. However most microwave circuits need
be analyzed using nonlinear analysis techniques since the applied signals may cause the circuit to operate closely to a saturated
mode and result in nonlinear operation. This section illustrates how the noise performance of general mixer or
multiplier/divider circuits is simulated by usingthe techniques implemented in Harmonica.

The goal of the noise analysis is to find the spectral distribution of the noise power actuallydelivered to the load. Three different
noise analysis capabilities have been implemented:

e For Mixer Noise Analysis, the noise figure from the RF signal input to the IF load can bedetermined [14][17]

e For single-tone circuits with a large-signal input, such as a frequency multiplier or divider, the noise analysis can
determine the noise power spectral distribution and amplitude and phase noise near a specified harmonic [15] [16]

e For oscillator circuits, the phase and amplitude noise power delivered to a load can bedetermined.

The first two topics are discussed in this section. For a discussion on oscillator noise analysis, please refer to the Oscillator
Analysis chapter in this volume.

Basic Information about Noise Calculations

A circuit biased at DC without RF excitation generates noise due to thermal noise and the bias current in the active devices
(flicker noise and shot noise). The noise is dependent on the bias point of the active devices and is uncorrelated. When the
device is pumped by an RF excitation (e.g. the LO), the nonlinear noise sidebands are modulated and are partially correlated
because each sideband is a combination of the original uncorrelated DC sidebands. That is, the excitation modulates the
instantaneous operating point of the device and due to the device nonlinearity, the noise sidebands are converted in frequency
to other harmonic sidebands.

During the frequency conversion, each sideband generates correlated components in the vicinityof the IF (or any other spectral
frequency). Noise figure can be determined from these noise components which are dissipated in the IF load. In addition,
contributions to the noise power at the IF load are also made by both the noise injected by the LO source and the thermal noise
generated by the linear network. Because they are uncorrelated, their noise power contributions are additive. Figure 11
illustrates the general concept of the noise calculation.
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Figure 11: IF noise in a general nonlinear mixer circuit

Figure 11 can be viewed in three pieces. The nonlinear devices are modulated by the LO (or other source), and the noise due
to the devices are contributed to the IF load through frequency conversion. The second piece is the noise from the linear
subnetwork, which, through frequencyconversion, makes it to the IF load. Finally, noise present in the LO can make it to the
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IF load through frequency conversion. The summation of noise powers indicates that noise from the three sources is
uncorrelated.

In the following, various noise sources considered in the noise analysis of nonlinear circuits aredescribed.
e Thermal Noise Sources in a Passive Subnetwork

In a linear passive network, noise arises only from the losses in the network. The noise correlation matrix for a linear passive
subnetwork is directly related to losses represented in theadmittance matrix:

Cn=2Kg Tdf(Y+Y") (20)
where Y is the admittance matrix of the passive network; “ * “ indicates the conjugate transpose;Kg is Boltzmann's constant;
T is the ambient temperature, and df is the noise bandwidth. The linear analysis of the circuit automatically computes the noise
matrix. No special keywords are required.

e Noise Models of Active Devices

The noise models of the active devices vary from device to device. All have a shot noise component which is proportional to
the instantaneous current through the active region of the device. The models also have a flicker noise (1/f) component which
is important for low frequency mixer IF and near-carrier noise in oscillators.

o Statistical Noise of an Exciting Source

The specification of the noise associated with the excitation is shown graphically in Figure 12. FDEVi is the frequency
deviation of the i'th noise sideband. RFUPI is normalized upper sideband of the i'th noise power component in units of dBc/Hz

It is specified in decibels relative to the carrier (LO in the figure). Likewise, RFLOi is the normalized lower sideband. For a
complete statistical description, the correlation between the upper and lower sidebands can also be specified.

r 3
dBm L
Lower S n U rs n
RFLOT | RFUPT
RFLO2 RFUPZ
RFLO3 RFUP3
RFLOA RFLPA
FDEV] Fr
4+—»
(FDEV2
P {FDEV3 .
‘FDEV4

< »
% L

Figure 12: FDEVi is the frequency deviation of the i'th noise sideband

The mean-square value of the amplitude fluctuations (normalized amplitude noise) is given from the upper and lower complex
phasors of the noise components in a 1Hz band located at the lower and R upper sidebands:

(VL (D1*) + (G (f)1?) + 2Re[{Vy (f) Vi (fa)exp (2jPo)
[Vol?

(18412 (fa)) = 2
(21)
The mean-square value of the phase fluctuations (normalized phase noise) in a 1Hz band at afrequency deviation fy from the
carrier (PM noise) is given by:
(Vi (F)1?) + AV (FDI?) — 2Re[{V (fa) Vi, (fa) Yexp (2jPo)
IVol?

(I6@1*(fa)) = 2
(22)

A complete statistical description of the noisy source requires that the two real quantities
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<Vi(fa)Vi*(fa)>, <Vu(fa)V *(fa)> and the complex quantity <Vi*(fg)Vu*(fa)> be assigned as a function of the frequency
deviation from the carrier. However, in many practical cases, a full statistical description of the noisy source is not available,
because the information on the sourcenoise is produced by measurements which only provide the R.F. spectrum and the AM
noise (orequivalently the FM and AM noise). In this case, one of the alternatives of the reduced data setcan be used.

It is worth noting that in practice the normalized amplitude noise is often several tens of dBs lower than the phase noise (or,
equivalently, than the R.F. spectrum), especially at low frequencydeviations. In such cases the noise analysis may become ill-
conditioned from the viewpoint of numerical accuracy. Relatively large values of the numbers of sampling points may then be
required to produce correct results.

e Noise Figure and Noise Spectrum Calculations

A mixer noise figure calculation determines the noise added by the circuit under investigationrelative to the noise injected into
the circuit by the source. It is given by:

RF IF
__SNR;; _ Ngy 1

~ SNRIF - (23)

— nRF
out Nin Ge

NF

where, N f s the noise power at port p, frequency fG¢ is the conversion gain of the mixer

Within the simulation, the RF source and LO source are considered noisy and the IF termination is considered noiseless. These
sources contribute noise at all frequencies and the double-sideband (DSB) noise figure is calculated.

The calculation of noise spectrum for single-tone analysis (including amplifiers, oscillators, multipliers, etc.) determines the
noise power relative to the specified harmonic, the absolute noise power absorbed by the load at the specified harmonic is
computed and normalized (in dBc) to that harmonic power. In this case,both the source termination and the load termination
are considered noisy.
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