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Introduction 
The purpose of this document is to document the findings of the Frequency Domain 
Modeling Subcommittee of the IEEE P1076.1 Working Group. We summarize the scope 
of the project, give a background on the frequency domain analyses available in 
commercial simulators that support IEEE Std 1076.1 (VHDL-AMS), describe issues 
related to frequency domain modeling, propose changes to the definitions in IEEE Std 
1076.1-2007 to support small-signal frequency domain modeling, and provide guidelines 
to use these extensions effectively. 

Project Scope 
IEEE Std 1076.1-2007 supports the description of model behavior in the time domain. 
Frequency domain simulations are supported in the language definition by three 
concepts: source quantities, the small-signal model, and the calculation of the quantity 
values at a given frequency. There are situations where it is desirable to be able to define 
model behavior in the frequency domain directly, for example when the transfer function 
of a model is given by measured data.  

This project aims at extending the language definition to allow a user to write a model 
whose small-signal frequency domain behavior is defined by a general complex transfer 
function that is an explicit function of the simulation frequency. An overview how this 
could be approached was presented at FDL'09 [1], provided that the transfer function is 
only used for the frequency domain simulation (i.e. no time domain model is derived 
from the frequency domain description).  

The project is unique in that its scope is largely determined by mathematics and the 
capabilities of the algorithms used in commercial simulators for frequency domain 
simulations. These aspects will be explored in the next section. 

Frequency Domain Analyses and Modeling 
A frequency domain analysis computes model behavior as a function of frequency. 
Circuit simulators commonly support one or more frequency domain analyses that are 
based on phasor analysis [2]. These analyses compute a small-signal steady-state 
response of the model subject to sinusoidal excitation. Such analyses include AC 
analysis, frequency domain noise analysis, transfer function analyses, pole-zero analysis, 
and others. 

There are also analyses generating frequency domain results that are not based on phasor 
analysis, for example FFT or harmonic balance analyses. Such analyses, sometimes 
referred to as large-signal frequency domain analyses, are less commonly available and 
are not further considered in this project. 

The Small-Signal Model 
Wikipedia defines small-signal modeling as [3] 

“a common analysis technique in electrical engineering which is used to 
approximate the behavior of nonlinear devices with linear equations. This 

http://www.eda.org/twiki/pub/P10761/WorkingGroupDocuments/slides_IEEE1076.1-WG_09_2009_frequency_domain.pdf
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linearization is formed about the DC bias point of the device (that is, the 
voltage/current levels present when no signal is applied), and can be accurate for 
small excursions about this point.” 

The linearization about the DC bias point is called the small-signal model of the circuit; it 
is obtained by taking the partial derivative of the equations describing the time domain 
behavior of the circuit with respect to all governing variables and evaluated at the bias 
point. 

Mathematical Background 
The differential-algebraic equations (DAE) describing the behavior of a model in the time 
domain can be written as 

F(y(t)) = s(t) (1) 

where underlined items denote vectors and 

• s(t) is the excitation of the model. In general, s(t) = s0 + s1(t), with s1(0) = 0. 

• y(t) are the unknowns whose response to the excitation is to be determined. The 
unknowns include both the traditional unknowns (in electrical models: voltages and 
currents) and their derivatives with respect to time. 

With these definitions, the quiescent point y0 of the model is the solution of 

F(y0) = s0 (2) 

The DC bias point (or DC operating point) is the quiescent point for which all time 
derivatives are 0. Assuming a small time dependent excitation, we can now write 

F(y0 + Δy(t)) = s0 + s1(t) (3) 

Using a Taylor series expansion about the quiescent point yields 

F(y0 + Δy(t)) = F(y0) + ∂F/∂y(t) · Δy(t) + higher order terms = s0 + s1(t) (4) 

Neglecting higher order terms we get 

∂F/∂y · Δy(t) = s1(t) (5) 

where ∂F/∂y, evaluated at y0, describes the incremental change of the unknowns y(t) for a 
small excitation s1(t). It is the time domain form of the small-signal model of the DAE. 

In phasor analysis the excitation is assumed to be in the form of complex exponentials 
S1iejωt, with ω = 2·π·frequency, and with a few manipulations we can write 

∂F/∂y(jω) · Y(jω) = (G + jωC + FD(jω)) ·Y(jω) = S1(jω) (6) 

where G and C are constant matrices, FD(jω) is a frequency dependent matrix and (G + 
jωC + FD(jω)) is the small-signal model in the frequency domain. FD(jω) accounts, for 
example, for the contribution of an ideal delay (in VHDL-AMS represented by 
Q’Delayed) to the frequency domain behavior, but is 0 in most situations. When solving 
(6), the small-signal frequency domain response Y(jω) of the model is obtained by 
solving a linear system of simultaneous equations. Other small-signal analyses use the 
same small-signal model in a different way to get the results appropriate for the analysis.  
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Frequency Domain Simulation and the Small-Signal Model in 
IEEE Std 1076.1 
Frequency domain simulation is defined in IEEE Std 1076.1 in subclause 12.8 (14.9). 
The definition includes the steps to calculate the frequency domain response of a model 
and the noise response of the model at a single frequency. The small-signal model, on 
which the calculation is based, consists of the following parts: 

• The linear form of the characteristic expressions, defined in subclause 7.6 (9.6). The 
linear form of a characteristic expression corresponds to its partial derivative with 
respect to all quantities appearing the expression. 

• The definition of spectral source quantities, which specify the excitation of the model 
for a small-signal frequency domain calculation. Spectral source quantities are 
defined in subclause 4.3.1.6 (6.4.2.7). 

• The definition of noise source quantities, which specify the excitation of the model 
for a small-signal noise calculation. Noise source quantities are also defined in 
subclause 4.3.1.6 (6.4.2.7). 

• The definition of the frequency domain behavior of the predefined attribute Q’ZOH 
in subclause 14.1 (16.2). 

The determination of the behavior in the frequency domain involves the following steps: 

1. The model is executed until it is at a quiescent point and the value of the DOMAIN 
signal is FREQUENCY_DOMAIN. The simulation cycle ends. 

2. The analog solver determines an explicit set of characteristic expressions. 

3. Each characteristic expression in the explicit set and in the structural set is replaced 
by its linearized form (see 7.6 (9.6)) with respect to all quantities whose names appear 
in the characteristic expression, evaluated at the values obtained in step 1. 

The frequency domain value for each quantity at a frequency F is then obtained by the 
subsequent steps: 

4. The simulation frequency is set to F.  

5. The frequency domain augmentation set is determined.  

6. The value of each quantity is determined such that the evaluation of each 
characteristic expression yields a value sufficiently close to 0.0.  

Similarly, the steps to calculate the noise values for each quantity at frequency F are: 

4. The simulation frequency is set to F. 

5. The noise augmentation set is determined. 

6. For each noise source quantity in the model, the power simple expression is 
evaluated. 

7. For each scalar quantity in the model, one variable of the base type of the 
corresponding quantity is created in the noise kernel and initialized to 0.0. 

8. For each scalar subelement Q of each noise source quantity in the model: 
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a) The characteristic expression whose tag is Q is replaced by the expression “Q –
IEEE.MATH_REAL.SQRT(power)”, where power is the value of the 
corresponding scalar subelement of the power simple expression of the noise 
source quantity evaluated in step 6. 

b) The value of each quantity is determined such that the evaluation of each 
characteristic expression yields a value sufficiently close to 0.0. 

c) The original characteristic expression replaced in step 8a) is restored. 

d) For each scalar quantity in the model the square of the magnitude of its value is 
added to its corresponding variable. 

9. The value of each scalar quantity is set to the square root of its corresponding 
variable. 

An additional restriction is included in the subclause 12.8 (14.9) of the LRM: the 
predefined function frequency may only appear in a source aspect, which is an expression 
that is part of the declaration of a spectral source quantity or a noise source quantity. 

Supporting User-defined Frequency Domain Behavior 
Inspection of equation (6) indicates how user-defined frequency domain behavior enters 
frequency domain calculations: 

∂F/∂y(jω) · Y(jω) = (G + jωC + FD(jω)) ·Y(jω) = S(jω) (6) 

Such behavior must become part of FD(jω), that is, we must devise a mechanism to allow 
a user to define a contribution to FD(jω). In doing so, we want to ensure that the new 
definition is backward compatible with the current definitions for frequency domain and 
noise calculations. The approach proposed in [1] is presented here in a slightly more 
general form. 

We assume that the user specifies the contribution of a model to FD(jω) by defining a 
complex function Fdtf() whose arguments include the simulation frequency 
FREQUENCY but not any quantities. This function may be written as a VHDL function, 
or its definition may be written directly in the model as a simultaneous statement. In 
particular, Fdtf() may read a frequency domain transfer function from a file and return its 
value at a specified frequency as a complex value.  

The question is now how a user would call this function in a VHDL-AMS model to 
obtain the expected result. We recall that simultaneous statements in a VHDL-AMS 
model specify the large signal behavior of the model, i.e. the equations that define its 
quiescent point and its time domain response. According to [1], a statement of the form 

q1 = real(Fdtf(FREQUENCY))·q2 + imag(Fdtf(FREQUENCY))·(dq2/dt)/ω (7) 

yields the desired result, provided ω ≠ 0. q1 and q2 are quantities. This is demonstrated 
by taking the partial derivative of the statement with respect to all quantities occurring in 
the statement and converting the result to phasor form: 

Q1 = real(Fdtf(FREQUENCY))·Q2 + imag(Fdtf(FREQUENCY))·jωQ2/ω 
     = (real(Fdtf(FREQUENCY)) + j·imag(Fdtf(FREQUENCY)))·Q2 
     = Fdtf(FREQUENCY)·Q2 (8) 
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where Q1 and Q2 are the small-signal forms of q1 and q2. We conclude that if Fdtf() is a 
complex function of FREQUENCY, a simple simultaneous statement of the form (7) 
describes Fdtf() as a complex transfer function with input Q2 and output Q1. 

If the model represents a physical system, we expect that its behavior as a function of 
frequency be continuous except at singularities. If Fdtf(FREQUENCY) defines a lumped 
system, the number of singularities is finite, and they occur at the poles of Fdtf(). This 
implies, using (7), that imag(Fdtf(0)) = 0, which also means that the phase of the transfer 
function at frequency 0 must be 0. 

Modeling Small-Signal Behavior in VHDL-AMS 
The current simulation time NOW has no meaning in a small-signal frequency domain 
simulation. Similarly, FREQUENCY has no meaning for a large signal analysis. 
Therefore, a VHDL-AMS model must be written such that the predefined function 
FREQUENCY is never called during execution of the simulation cycle. This can be 
accomplished by using either a simultaneous if statement or a simultaneous case 
statement to describe the continuous behavior of a model, for example: 

case DOMAIN use 
when QUIESCENT_DOMAIN | TIME_DOMAIN => 
        -- FREQUENCY never called in this part 
        define large-signal behavior using simultaneous statements 
when FREQUENCY_DOMAIN => 
        -- FREQUENCY may be called in this part 
        define small-signal behavior using simultaneous statements 
end use; 

There are no restrictions for defining the model behavior when the DOMAIN signal has 
the value QUIESCENT_DOMAIN or TIME_DOMAIN, except that the predefined 
function FREQUENCY is not called. However, the simultaneous statements intended to 
define the small-signal behavior (i.e. if DOMAIN = FREQUENCY_DOMAIN) must be 
written as shown in (7) to get the expected result.  

We observe that as the value of the DOMAIN signal changes from QUIESCENT_-
DOMAIN to FREQUENCY_DOMAIN, one or more characteristic expressions in F(y(t)) 
used when computing the quiescent point are replaced by new characteristic expressions 
obtained from statements of the form (7). The question arises what effect this 
replacement has on the small-signal behavior. The replacement can be written as 

F(y(t)) + ΔF(y(t)) = s0 + s1(t) (9) 

As an example, if Eqn2 replaces Eqn1, ΔF(y(t)) = [0...0, Eqn2 - Eqn1, 0...0]T. In general, 
such a replacement will affect the quiescent point. Using a Taylor series expansion of (9) 
and neglecting higher order terms, we get 

F(y0 + Δy(t)) + ΔF(y0 + Δy(t)) = F(y0) + ΔF(y0) + ∂F/∂y(t) · Δy(t) = s0 + s1(t) (10) 

Substituting (2) into (10), the effect of replacing one equation with another is given by 

∂F/∂y(t) · Δy(t) = ∂F/∂y(t) · (Δy0 + Δy(t)) = s1(t) - ΔF(y0) (11) 

Consequently, the effect on the quiescent point is 
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∂F/∂y(t) · Δy0 = - ΔF(y0) (12) 

Note that this only holds if ΔF(y0) is small. It demonstrates that the effect of replacing 
one equation with another is similar to having additional small-signal sources in the 
model. We conclude that ΔF(y0) should be a [0]T vector for the equation replacement to 
have no effect on the quiescent point and therefore on the small-signal behavior. 

Potential Algorithmic Issues 
The algorithms supporting small-signal frequency domain analyses implement equation 
(6). That is, they are capable of taking the partial derivative of the DAE with respect to 
all unknowns and converting it to the phasor model. In particular, they support the special 
handling of an ideal delay by augmenting the small-signal model with a frequency 
dependent component. 

There are now two questions: 

1. Do the algorithms used in HDL-based analog simulators support substituting one 
equation by another? This capability is required to support substituting frequency 
domain equations for time domain equations. The answer is a resounding YES, as this 
capability is required to support models that use simultaneous if statements or 
simultaneous case statements.  

2. Do the small-signal algorithms used in HDL-based analog simulators support 
frequency dependent equations? Again the answer is YES since the handling of 
Q’Delayed requires such support. However, there is a small difference between what 
is required to support Q’Delayed and general frequency domain models: the entries in 
FD(jω) for Q’Delayed can be hardcoded because they are known, while for general 
frequency domain models this is not the case. This minor issue should not be difficult 
to address in an implementation. 

Usability issues 
According to (7), the specification of small-signal behavior in a simultaneous statement 
requires a division by the current simulation frequency. This raises the question whether 
the language definition should require FREQUENCY to always have a non-zero value. 
With this restriction the simultaneous statement could be written as outlined by equation 
(7), without the restriction the statement should apparently be written as 

if FREQUENCY = 0.0 USE 
      Q1 = Fdtf(FREQUENCY).re·Q2; 
else 
      Q1 = Fdtf(FREQUENCY).re·Q2+Fdtf(FREQUENCY).im·(dQ2/dt)/OMEGA; 
end use; 

It should be noted that a similar issue exists for the definition of the characteristic 
expression related to Q’Integ in the frequency domain augmentation set, which is, written 
in mathematical notation, Q’Integ - Q / (jω). 

There are two arguments against imposing such a restriction. First, the characteristic 
expression related to Q’Integ can mathematically be rewritten as jω·Q’Integ - Q, which 
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does not suffer from a division by 0. Equation (7) can be rewritten similarly, although 
doing so would require the user to specify a tolerance group for the statement. The 
second argument is that models with user-defined frequency domain behavior are 
expected to be rare, so it seems wrong to impose a restriction on all models if that 
restriction only applies to rare situations. 

There is also a question whether a user should be notified if the simultaneous statements 
defining the frequency domain behavior of a model would change the quiescent point of 
the model. As described above in equation (12), such a change has a similar effect as 
inserting additional small-signal sources in the model. In other words, the small-signal 
frequency domain results obtained by the calculation specified in the LRM would be 
misleading. 

According to the LRM, an error describes a “condition that makes the source description 
illegal.” In the case of a changing quiescent point, the result is still well defined, albeit 
misleading, so strictly speaking the result is not illegal. Therefore, we will call a model 
erroneous if its quiescent point changes as a result of replacing the original characteristic 
expressions with characteristic expressions that define the frequency domain behavior of 
the model. 

Small-Signal Description of Large-Signal Behavior 
As described above, a VHDL-AMS model with explicitly specified frequency domain 
behavior must also specify its large-signal behavior. The two behaviors cannot be 
specified by the same simultaneous statements. This restriction is a consequence of the 
desire to keep the effort to implement the language extension required to support user-
defined frequency domain behavior small. While it is possible to take a more general 
approach for frequency domain modeling that includes derivation of the large-signal 
behavior from a frequency domain description, such an approach would require a 
numerical convolution algorithm. We believe that this would have several drawbacks: 

• The class of simulators targeted by VHDL-AMS do not typically support convolution 
algorithms. Requiring an implementation to support such an algorithm would raise 
the barrier for a simulator to be compliant with the 1076.1 standard. 

• Convolution algorithms have a considerable overhead both in memory and execution 
time that increases with increasing simulation time. 

• Being a numerical algorithm, the results of applying a convolution algorithm to a 
given frequency domain description would likely be non-portable. 

• It is unclear how the quality of the results of a convolution algorithm could be 
described in general terms without actually specifying the algorithm, possibly in 
considerable detail. 

For these reasons, no attempt has been made to provide more general support for 
frequency domain descriptions in VHDL-AMS. 
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Proposed Changes to IEEE Std 1076.1 
In this section new text is marked as underlined, removed text uses strike-out font, and 
everything else represents unchanged text. 

In subclause 12.8 (14.9): 
The determination of the small-signal model at a frequency F involves the following 
steps: 

a) The model is executed until it is at a quiescent point and the value of the 
DOMAIN signal is FREQUENCY_DOMAIN. The simulation cycle ends. 

b) The simulation frequency is set to F. 

c) The analog solver determines an explicit set of characteristic expressions. 

d) Each characteristic expression in the explicit set and in the structural set is 
replaced by its linearized form (see 7.6 (9.6)) with respect to all quantities whose 
names appear in the characteristic expression, evaluated at the values obtained in 
step a). 

A model is erroneous if the evaluation of any characteristic expression of the model after 
step c) does not yield a value sufficiently close to zero. 

To calculate the frequency domain value for each quantity at a  frequency F, the 
simulation frequency is first set to F. Then, the frequency domain augmentation set is 
first determined. Finally Then, the value of each quantity is determined such that the 
evaluation of each characteristic expression yields a value sufficiently close to 0.0. 

The calculation of the noise values for each quantity at frequency F involves the 
following steps: 

1. The simulation frequency is set to F. 

2. The noise augmentation set is determined. 

3. For each noise source quantity in the model, the power simple expression is 
evaluated. 

4. For each scalar quantity in the model, one variable of the base type of the 
corresponding quantity is created in the noise kernel and initialized to 0.0. 

5. For each scalar subelement Q of each noise source quantity in the model: 

a) The characteristic expression whose tag is Q is replaced by the expression “Q –
IEEE.MATH_REAL.SQRT(power)”, where power is the value of the 
corresponding scalar subelement of the power simple expression of the noise 
source quantity evaluated in step 3). 

b) The value of each quantity is determined such that the evaluation of each 
characteristic expression yields a value sufficiently close to 0.0. 

c) The original characteristic expression replaced in step 5a) is restored. 

d) For each scalar quantity in the model the square of the magnitude of its value is 
added to its corresponding variable. 
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6. The value of each scalar quantity is set to the square root of its corresponding 
variable. 

The predefined function FREQUENCY returns the value of the simulation frequency. It 
is an error if the evaluation of any expression in the model involves a function call whose 
function name denotes the predefined function FREQUENCY appears in an expression 
that is not part of a source aspect unless the value of the DOMAIN signal is 
FREQUENCY_DOMAIN. 

In subclause 14.1 (16.2): 
Eliminate the NOTE that immediately follows the definition of the predefined attribute 
Q’ZOH. 

Modeling Guidelines 
While the definitions in the LRM, in particular those in subclauses 7.6 (9.6) and 12.8 
(14.9), unambiguously define how a model whose behavior includes a frequency domain 
specific aspect will be treated, it is instructive to summarize guidelines for model writers 
that help them understand how to express frequency domain specific behavior effectively. 
This is important because the determination of the small-signal model transforms the user 
description in a way that may be prone to surprises. 

1. Formulate the Simultaneous Statements Intended to Describe Frequency Domain 
Behavior as Linear Functions of Quantities 

This guideline is a direct consequence of the definition of the small-signal model as the 
partial derivative of the characteristic expression with respect to all quantities. It is best 
demonstrated with an example. Assume a term in the large-signal mode of the form 
a·f(q1, q2), where a is a coefficient that is independent of quantities. In the small-signal 
model, this term is represented by a·∂f(q1, q2)/∂q1·Q1 + a·∂f(q1, q2)/∂q2·Q2, where Q1 and 
Q2 are the incremental quantity values calculated by the small-signal calculation. The 
partial derivatives are evaluated at the quiescent point, that is, their values depend on how 
the model is used, not just on the model itself. The only way to remove this dependency 
is to ensure that the value of the partial derivatives equals 1, which implies that f(q1, q2) = 
(q1 + q2).  

2. Describe the Frequency Domain Transfer Function as a Complex Function of 
Frequency 

This guideline is a direct consequence of equations (6) through (8). 

3. Ensure that the Quiescent Point is Independent of the Value of the DOMAIN 
Signal 

As described in equation (12), a change in the quiescent point when substituting the 
equations used for the determination of the quiescent point by those defining the 
frequency domain behavior is equivalent to adding extraneous small-signal sources to the 
model. The effect of such additional sources is, in general, not obvious. To avoid 
surprises, the quiescent point should therefore remain unchanged when this substitution is 
done.  
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4. Prevent Division by 0 when Frequency = 0 
As shown in [1], an arbitrary frequency domain transfer function can be described in a 
VHDL-AMS model with statements of the form 

if FREQUENCY = 0.0 use 
 Q1 == Fdtf(FREQUENCY).re*Q2; 
else 
 Q1 == Fdtf(FREQUENCY).re*Q2 +  
  Fdtf(FREQUENCY).im*Q2’DOT/(MATH_2_PI*FREQUENCY); 
end use; 

where Fdtf(FREQUENCY) is a function returning the complex value of the transfer 
function at the specified frequency. Note that other formulations may be appropriate for 
special cases, as demonstrated by the definition of Q’ZOH in subclause 14.1 (16.2) of 
IEEE Std 1076.1. 

5. Ensure that the Phase of the Frequency Domain Transfer Function is 0 at 
Frequency 0 

This is a direct consequence of the previous recommendation, which shows that it is not 
possible to specify an imaginary part at frequency 0. Ensuring that the phase of the 
transfer function at frequency 0 equals 0 avoids a discontinuity in the imaginary part 
expressed in the statement. 
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