1 Multiple Analog Constructs

2 Abstract Support in the Verilog-AMS language for multiple analog constructs

3 (or analog blocks) within one module has impact on numerous

4 aspects of the language._This document aims to provide a proposal |
5 for handling multiple analog constructs, and to define clearly the

6 selection criteria by which the current solution has been chosen

7 over other possible solutions.
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1

1.1

1.2

Introduction

The Verilog-AMS language definition as to be defined in the
Language Reference Manual version 2.3 is intended to align the
Verilog-AMS language with the IEEE 1364-2005 standard for the
Verilog hardware descrition language.

One of the items within the Verilog language which is proposed to
be adopted in the Verilog-AMS 2.3 LRM as well is the concept of
generate constructs. These constructs allow a model developer to
create models whose structure depends on instance parameter
values providing a powerful structural modelling approach. To be
able to combine the behavioural and structural modelling and
hence get the same advantage of generate constructs in the
Verilog-AMS language as is available in the digital Verilog, generate
constructs should be able to contain analog constructs (blocks).
The consequence of allowing analog constructs within generate
blocks is that multiple analog blocks within the same module needs
to be supported.

SystemVerilog as described in the IEEE 1800-2005 standard takes
the generate construct directly from the IEEE 1364-2005 standard.

This document tries to collect the various consequences of support
for multiple analog blocks and how to resolve possible conflicts and
ambiguities.

Limitations

The options for support of multiple analog blocks is restricted by
the following set of boundary conditions:

1. Existing Verilog-AMS modules defined according to LRM 2.2
should have the same behaviour - the option to support
multiple analog blocks should have no impact on the support of
single analog blocks per module, either according to the new
specification or from legacy code.

2. No new restrictions should be imposed on language items that
have no direct relation with the support for multiple analog
blocks. It is possible that in case of multiple analog blocks use
of certain language items needs to be restricted when they are
used in multiple analog blocks.

3. No new constructs, syntax, or semantics should be introduced
that are incompatible with either digital Verilog (1364-2005) or
SystemVerilog (1800-2005). No new areas of ambiguity
between these three languages should be created.

Guidelines

Apart from the above limitations there are also a couple of
guidelines that should be taken into consideration:

1. No new keywords should be introduced unless deemed
absolutely necessary.

2. If new keywords are introduced, let them be in line with the
existing syntax and keyword definitions of Verilog-AMS.

3. If new keywords are introduced, they should not be
incompatible with keywords in with either digital Verilog (1364-
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2005) or SystemVerilog (1800-2005).

Multiple analog blocks should also be supported in Verilog-A,
the analog-only subset as defined in Annex E of the Verilog-
AMS LRM.

The approach should be as much as possible implementation
independent. The specification should be complete and clear
enough so that there is little chance for ambiguity.
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93 2 Rationale

94 In this section some of the reasons for support of multiple analog
95 blocks in the Verilog-AMS language are presented.

96 2.1 Why Multiple Analog Constructs?

97 In the Verilog-AMS LRM version 2.2, section 6.1 it is explicitly

98 mentioned that per module only one analog block can be allowed.
99 Also section 7 on hierarchical structures mentions this fact. For the
100 upcoming revision 2.3 of the standard the aim is to match the AMS
101 extensions of the Verilog language up with a more recent version of
102 the IEEE 1364 standard: the 2005 revision of that language to be
103 specific. One of the more influential extensions of that version of
104 the language is the support for generate constructs.

105 Generate constructs allow a module writer to conditionally add one
106 or more structural or behavioral descriptions. This is not entirely
107 new to the AMS language. In Verilog-A 1.0 the generate statement
108 - which has been obsoleted since version 2.0 — provided similar
109 functionality for structural descriptions. The 1364-2005 generate
110 constructs however, are more versatile and exist for both analog
111 and digital blocks, and hence mixed-signal blocks.

112 2.2 Generate Constructs

113 To support generate constructs for analog behavioral descriptions it
114 will be necessary to be able to handle multiple analog blocks within
115 the same module. To illustrate this, here’s an example of an analog
116 behavioral model using a 1364-2005 loop generate construct.

117 Example 1. Loop generate construct example.

118 module adc (in, out);

119 parameter integer bits = 8 from [0:inf);

120 parameter real fullscale = 1.0;

121 parameter real dly = 0.0;

122 parameter real ttime = 10n;

123 input in;

124 output [0:bits-1] out;

125 electrical in;

126 electrical [0O:bits-1] out;

127 localparam thresh = fullscale/2.0;

128 real sample, value;

129 genvar ij;

130

131 analog

132 sample = V(in);

133

134 generate

135 for (i = bits - 1; 1 >=0; 1 =1 - 1)

136 analog begin

137 if (sample > tresh) begin

138 value = fullscale;

139 sample = 2.0 * (sample — thresh);

140 end

141 else begin

142 value = 0.0;

143 sample = 2.0 * sample;

144 end

145 V(out[i]) <+

146 transition(value, dly, ttime);

147 end

148 endgenerate
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2.3

endmodule // adc

In this example of an analog-to-digital converter the number of bits
of the digital output can be set using a parameter. The generate
construct will then calculate the correct conversion of the analog
input. The model does not have a clock so the conversion may
change on every change of the input signal v (in).

There are a couple of issues involved in the above example, so it is
only meant as an example of the generate construct syntax, not of
its semantics. These will be covered later.

The other form of the 1364-2005 generate construct is the
conditional generate construct that has the form of an if
statement. This allows a user to make part of a behavioral or
structural model optional. To illustrate this, here’s an example of
an analog structural model using a 1364-2005 conditional generate
construct.

Example 2. Conditional generate construct example.

module pipeline_adc (in, out)
parameter integer bits = 8 fr
parameter real fullscale = 1.
parameter real dly = 0.0;
parameter real ttime = 10n;
inout in;
inout [0O:bits-1] out;
electrical in;
electrical [0O:bits-1] out;
real value;

om [0:inf);
0;

analog begin
if (V(in) > fullscale/2.0)

value = fullscale;
else
value = 0.0;
V(out [bits-1]) <+ transition(value, dly, ttime);
end
generate
if (bits > 1)
begin
electrical nl;
analog
V(nl) <+
2.0 * fullscale * (V(in) - wvalue);
pipeline_adc
#(.bits(bits-1), .fullscale(fullscale))
section (nl, out[0O:bits-21);
end
endgenerate

endmodule // pipeline_adc

In the above example the model is recursive: it actually
instantiates itself. Just as with the first example for the loop
generate construct some other semantic issues may appear once
the model is examined in detail. Again, this will be covered later.

Latency

Compact device models are among the largest and most complex
models to be written in the Verilog-A language. To use such models
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in a simulation and maintain an acceptable performance some
compiler optimizations are required. An important way to achieve
an acceptable performance is to activate various parts of the model
based on the level of activity. A part of the model that considers
parameter verification often needs to run only once; another part
related to calculating the terminal currents must probably be run
every time step. By logically grouping the statements of the model
in separate sections the compiler can quickly decide which parts of
the model have to be evaluated at any given step in the simulation.

Some compilers” have some limited ability to take this latency into
account by using — by convention - specific named sequential
blocks within a single analog construct. Some other compilers are
able to derive the need for named block evaluation by constructing
a dependency tree. One could consider that a more natural and
portable way would be to use multiple analog blocks for this.

However, a more fine-grained approach would not need the user to
partition the code in separate analog blocks to make optimal use of
latency in the model description. By determining the dependency
on a statement-by-statement basis which statements should be
evaluated, the simulator can achieve optimal performance. To be
able to deal better with dynamic situations one could instead use
sensitivity lists with respect to connected signals and internal state
which is quite similar to what is done in digital Verilog. Either way,
this precludes the need for multiple analog constructs by which the
user is just providing hints on what might be optimal (where he
could be wrong!). In that sense, improved handling of latency
should not be considered as a driver for the support of multiple
analog constructs.

2.4 Sharing Variables

From a semantic point-of-view multiple analog constructs appear
very similar to multiple analog module instances inside another
(analog) module. Such instances are essentially considered to be
evaluated concurrently — they can even access their respective
continuous states through out-of-module references (OOMR).
However, what they can not do is access each other variables.
Verilog-AMS 2.2 but also IEEE 1364-2005 and IEEE 1800-2005 do
not allow access to variables values outside the module.

Multiple analog constructs share the module level scope: they have
access to the same terminals, parameters, branches, and therefore
also to the variables declared in the module heading. For models
that require a certain level of independence of the analog
continuous processes but benefit from shared interaction through
access to their variables the use of multiple analog constructs
would offer advantages over separate analog instances that can
only communicate through nodes and terminals or a single analog
construct that is unable to provide the concurrency.

Consequentially, if this feature is not used the multiple analog
constructs behave as independent analog instances.

* The Open Source ADMS Verilog-A compiler has this ability for compact device models.
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3.1

Multiple Analog Constructs

In this section the various options with respect to multiple analog
blocks are presented. Impact of various analog, digital and mixed-
signal constructs are addressed for these options.

Concurrent Analog Constructs

The most straightforward approach to analog constructs is to
consider them as an analog equivalent of the always and initial
constructs from digital Verilog as defined by IEEE 1364-2005.
These have the following characteristics according to section 9.9 of
the standard:

e The initial and always constructs are enabled at the beginning
of a simulation.

e The initial construct shall execute only once, and its activity
shall cease when the statement has finished.

e In contrast, the always construct shall execute repeatedly. Its
activity shall cease only when the simulation is terminated.

e There shall be no implied order of execution between initial and
always constructs. The initial constructs need not be scheduled
and executed before the always constructs.

e There shall be no limit to the number of initial and always
constructs that can be defined in a module.

For concurrent analog constructs there is no explicit distinction
between constructs that (need to) execute only once and
constructs that execute at every step in the analog simulation
cycle. Therefore translating the above description of initial and
always constructs the characteristics of concurrent analog
constructs would be:

e Concurrent analog constructs are enabled at the beginning of a
simulation in all stages of the analog simulation loop.

e Concurrent analog constructs shall execute as often as required
by the statements in the construct, but restricted by the
requirements of the analog simulation cycle.

e There shall be no implied order of execution between the
concurrent analog constructs in a module.

e There shall be no limit to the number of concurrent analog
constructs that can be defined in a module.

Optionally we can add a rule to make the results of concurrent
evaluation of analog constructs more predictable:

e The statement in a concurrent analog construct is evaluated
atomically - if two concurrent analog constructs both contain a
sequential block with multiple statements then first all
statements in one sequential block are evaluated and only then
all statements in the other sequential block are evaluated.

The above optional rule becomes especially helpfull when values
are assigned to variables from multiple concurrent analog
constructs.

Considering the above characteristics to define a concurrent analog
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3.1.1

construct, it is required that we address the following items in
combination with multiple concurrent analog constructs:

e unnamed branches
e race conditions
e switch branches

e out-of-module references (OOMRS)

Unnamed Branches

In a Verilog-AMS module with a single analog block it is not
necessary to consider whether an unnamed branch is part of the
module or part of the analog block. As unnamed branches can only
appear in analog blocks the distinction is irrelevant.

This is different for multiple analog blocks. If an unnamed branch is
defined at the module level, then contributions in multiple analog
constructs should add up when solving the DAE system. However,
if an unnamed branch is defined at the concurrent analog construct
level an error may be produced when constant potentials are forced
- equivalent to two parallel independent voltage sources. The
handling of parallel independent voltage sources is
implementations specific: some solvers allow them and will provide
a solution, while others do not accept them and generate a run-
time error.

It should be noted that the difference only affects potential
contributions: flow contributions to unnamed branches always add
up in the same manner. Essentially the choices for defining their
behavior are:

e Unnamed branches are defined at the module level. In this case
the potential contribution to an unnamed branch for a node pair
in one concurrent analog construct adds up to the contribution
to an unnamed branch for the same node pair in another
concurrent analog construct.

o Unnamed branches are defined at the analog construct level. In
that case the potential contribution to an unnamed branch for a
node pair in one concurrent analog construct are equivalent to
parallel potential branches whose handling is implementation
specific.

To see why it is undesirable to associate unnamed branches with
the block rather than the module consider the model of a nonlinear
lossy inductor. Assume that there is a logical separation of the
model into code that describes the nonlinear inductor and code that
describes the loss. If these are put into one analog module (and
assuming that they both contribute to the potential of the branch)
then they would go in series. However, if they were each in their
own analog blocks they end up in parallel, which is not the
intention.

Presumably this issue could be addressed in one of two ways.
Either they could be forced to be combined in series by creating a
named branch and have them both contribute to that. Or both
effects could be combined into a single analog block and separated
by placing them both in their own named blocks. The former is
undesirable because it forces the use of hamed branches. The
latter is undesirable because it constrains the modularity (all
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3.1.2

analog behavior must be adjacent, and cannot be intermingled with
the event-driven behavior).

Unnamed branches should not be associated with analog blocks:
this will result in branches from different blocks being combined in
parallel.

In a single module definition separate analog constructs should act
identical to separate module instances with the only added feature
the ability to share module-level variables.

The following is recommended:
1. associating the unnamed branches with the module;

2. allow named branches to be declared within (named) analog
blocks.

An additional option is to allow contributions to unnamed branches
to appear in only one analog construct. Consequentially, the other
analog constructs will have to use named branches if they want to
contribute to a particular potential or flow._ However, this makes
use of multiple analog constructs in conjunction with generate
constructs more complicated.

Race Conditions

Race conditions are situations where a value is assigned to the
same variable in multiple concurrent processes. In the case of
concurrent analog constructs these race conditions may occur when
assignment to a particular module-level variable is done in multiple
concurrent analog constructs. Through upward hierarchical
references race conditions can also occur when assigning to a
variable in a lower scope, again in multiple concurrent analog
constructs.

There are a couple of ways to deal with race conditions:

1. Disallow the occurrence of race conditions by requiring that
assignment to a variable can occur in one and only one analog
construct.

2. Allow only explicit occurrence of race conditions by requiring
that any assignments that would introduce a race condition are
marked with a relevant attribute to allow a race condition, for
example (* race_condition *).

3. Allow race conditions to occur but require the compiler to issue
a warning. As an extension the warning can be switched off by
marking the violating assignment with a relevant attribute such
as the example above.

4. Allow race conditions to occur but have the runtime
environment produce an error when an assignment is made to
the same variable in multiple concurrent analog constructs at
the same step in the analog simulation cycle.

5. Make a distinction based on the execution of the statement:

a. If a variable is assigned a value continuously in an
analog construct, it is owned by that construct and its
value cannot be assigned in another block (though it can
be read).

b. A variable assigned a value within an event statement
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3.1.2.1

(@) that is contained in an analog construct is not said
to be assigned a value continuously.

c. A variable that is not assigned continuously, can be
assigned a value by any analog, always, or initial
construct.

Although option (4) gives most freedom it may lead to situations
that are hard to control, unless the module developer has a good
sense about when what concurrent analog construct will be
activated.

Option (1) guarantees that a model will generate the same results
for all implementations. However, as the digital Verilog seems to
get by quite well with fewer restrictions this seems a bit too
restrictive for mixed-signal use.

Options (2) and (3) are nearly equivalent, but they essentially give
the same level of freedom as option (4).

Option (5) tries to prevent the occurrence of a continuous race
condition but gives one the freedomn to share variables more fully.

Copy-in copy-out behavior

It has been argued that in the analog simulation cycle no true race
conditions occur, as the simulation of the contribution statement
occurs concurrently in the matrix solver. However, the following
example will make the value that is printed very much dependent
on the order in which the separate concurrent analog blocks are
being executed.

Example 3. Race condition example

module race (out);
inout [0:1] out;
electrical [0:1] out;

real x;
analog
begin
x = 1.0;
V(out [0]) <+ x;
x = 2.0;
V(out[1l]) <+ x;
end
analog

endmodule // race

The question is: what the value is that is printed by the $strobe
task in the second analog construct? Even if the optional rule
presented in section 3.1 is taken into account the arbitrary order in
which the concurrent analog constructs may be evaluated might
either return 0.0 or 2.0.

For the analog simulation cycle in which the bodies of the various
analog blocks may be evaluated multiple times before convergence
is achieved this may lead to non-convergence. To assure the ability
to achieve convergence even in the presence of race conditions,
the best option is copy-in, copy-out behavior for the various
concurrent analog blocks. This means that the values of all module-
level variables are copied into each of the analog blocks at the start
of the evaluation of their bodies, and copied out at the end of the
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3.1.3

evaluation. The consequence is that all analog blocks using the
same variable values in the evaluation, preventing the occurrence
of race conditions.

Related to Example 3 the output from the $strobe will always be
the value x had at the end of the previous accepted time step. In
the case of the initial step this will always be 0, independent of the
fact that the analog block above it could have been evaluated first.

On the downside: this disallows the reuse of a module-level
variable value calculated in another concurrent analog block for the
same time step. To solve this the relation to the analog block in
which the calculation is done should be made explicitly by making
it a local variable and using a hierarchical reference to access that
variable.

Example 4. Race condition example

module rerace (out);
inout [0:1] out;
electrical [0:1] out;

analog
begin : blockl
real x;
x = 1.0;
V(out [0]) <+ x;
x = 2.0;
V(out[1l]) <+ x;
end
analog

$strobe (+x = %g-, blockl.x);
endmodule // race

As a consequence, this should define an order of evaluation of the
related blocks. If the order of evaluation cannot be uniquely
determined an error should be produced.

A bigger problem with copy-in, copy-out behavior is that it is no
longer possible to collect the initialization code in a separate block,
as that code would not become available to the other (dependent)
blocks until the next step. However, as such initialization is merely
an exploitation of latency which should probably not be addressed
by multiple analog constructs in the first place (see section 2.3),
the problems with copy-in, copy-out are not directly show-
stoppers.

Switch Branches
First, we need to establish what exactly is a switch branch.

According to section 5.1.5 source branches have the ability to
switch between being potential and flow sources. To switch a
branch to being a potential source, assign to its potential. To switch
a branch to being a flow source, assign to its flow.

A discontinuity of order zero (0) is assumed to occur when the
branch switches.

According to section 5.1.6 if no value is assigned to a branch, the
branch flow is set to zero (0).

Finally, section 5.3.1.3 says that contributing a flow to a branch
which already has a value retained for the potential results in the
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potential being discarded and the branch being converted to a flow
source. Conversely, contributing a potential to a branch which
already has a value retained for the flow results in the flow being
discarded and the branch being converted into a potential source.
It is illegal to contribute to an external switch branch from within
an analog block.

The issue of switch branches with concurrent analog constructs is
threefold:

1. If a branch is contributed to in multiple analog constructs within
the same module, and a branch is given a flow value in one
concurrent analog construct and a potential value in another,
should that branch be considered a switch branch?

2. If there is no implied order in the execution of concurrent
analog constructs and a branch is given a flow value in one
construct and a potential value in another, what will be the
result?

3. If a branch is given either a flow value or a potential value
within a single analog construct, should any contribution to that
branch from another concurrent analog construct within the
same module be considered illegal as though it were a
contribution to an external switch branch?

With the above questions in mind, here are a couple of proposals
on how to handle concurrent switch branches:

1. Disallow concurrent switch branches: require a switch branch to
be given a value in one and only one concurrent analog block,
and disallow any contributions from outside the module (as
currently in the Verilog-AMS 2.2 standard) as well as from other
concurrent analog blocks within the same module.

2. Allow concurrent switch branches but require them to be proper
switch branches in each of the concurrent analog blocks in the
module, and require them to use the same conditional
expression for switching so a concurrent switch branch is well
defined at any time during the evaluation of the concurrent
analog blocks.

3. Allow concurrent switch branches but have the compiler issue a
warning about possible race conditions in case of contributing
both a flow and a potential to the same branch from different
concurrent analog constructs at the same step in the analog
simulation cycle. With this approach it would also be possible to
allow contributions to switch branches from external modules.

In all cases the definitions in the Verilog-AMS 2.2 standard for
branch switching according to section 5.1.5 and 5.1.6 as well as for
value retention according to section 5.3.1.3 need to be retained
and considered part of the basic language structure. Support for a
single unnamed branch supporting both potential and flow
contributions would break existing switch branch applications.

Option (3) seems to provide most freedom for the module
developer while limiting the issue of ambiguity and non-
deterministic behavior implied by concurrent activity. However, it
puts the burden in the hands of the implementor who has to
provide the detection and warning mechanism.

Option (1) seems reasonable in allowing a simple and efficient
definition of a switch model - the reason the switch branch exists
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3.1.3.1

3.1.4

in the first place — while closing the door on complicated behavior
that is more likely to occur by accident than by design. As a third
argument it can be stated that option (1) is the easiest to

implement.

Switch branches and back-annotation

One of the uses of having contributions from multiple analog
processes, even those outside the module scopes, is in back
annotation of parasitic devices into a Verilog-AMS model hierarchy.
As it is not known to the model maker whether a branch that is
contributed to by a parasitic device is a potential or a flow branch
that branch should not become a switch branch but rather a
parallel branch.

Example 5. Switch/parallel branch example

module cap_switch (nl, n2);

inout nl, n2;

electrical nl, n2;

parameter real cap = 12f from (0:inf);
parameter integer isOn = 0 from [0:1];

analog
if (isOn)
V(nl, n2) <+ 0;
else
I(nl, n2) <+ 0;

analog
V(nl, n2) <+ idt(I(nl, n2), 0)/cap;

endmodule // cap_switch

In Example 5 there will be two parallel unnamed branches, one for
each analog construct.

A slightly more involved alternative is to have a parallel unnamed
branch only when there is a mismatch in the branch natures within
the same discipline. This would allow two potential branches still to
add up correctly. However, if one of the branches is a true switch
branch always a parallel branch should be created as switching the
branch could create a mismatch.

Possibly the advantages of this approach cannot offset the
disadvantages in more complicated bookkeeping

Out-of-Module References (OOMRs)

As already shortly described in the previous subsection out-of-
module references or OOMRs for short are a powerful way to add
additional behaviour to an existing module, even one whose
contents are not modifiable by the user.

In Verilog-AMS 2.2 it is allowed to contribute to branches anywhere
in the hierarchy as long as the contribution is the same as that of
the module that owns the branch. As a branch that is unassigned in
a module is automatically a flow branch per section 5.1.6 of the
Verilog-2.2 LRM, through an OOMR one can only contribute a flow
to an unspecified branch.

The current language standard states that OOMRs cannot create a
branch that does not exist in the module. That implies that the kind
of branches that are created implictly as a result of an analog
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3.2

3.2.1

module definition is implementation dependent. However, this is
slightly in contest with the creation of parallel unnamed branches
for each contribution from a unique analog process. Probably OOMR
contributions should also create parallel branches.

The Verilog-2.2 LRM section 7.5 says that an OOMR cannot access
an external variable; it can only contribute to an external branch.
The 1364-2005 standard section 12.5 implies that any object
whose hierachical name is known can be sampled or changed, and
that would include variables.

With the 1364-2005 section 12.5 extension OOMRs can generate
race conditions. These can be handled in essentially the same way
as in-module race conditions due to multiple concurrent analog
constructs, see section 3.1.1 of this document.

Continued Analog Constructs

In combination with generate constructs there are a couple of
situations where concurrent behavior of the multiple analog
constructs within a single module is not appropriate - there is a
certain order of execution of the analog constructs needed to
achieve the desired behaviour. For this a special extension to the
concurrent analog construct is needed: a continued analog
construct.

Continued analog constructs are executed as though all code in the
analog constructs’ statements had been concatenated into a single
analog construct in the order as defined in the module.

Consider the adc example in section 2.2: the analog blocks used
inside the generate construct actually need to be concatenated as
the loop generate construct makes the analog construct reuse the
calculated value of the variable sample in the next analog
construct. Without the explicit ordering of a continued analog
construct the order of the output bits would become arbitrary: the
model would no longer act as a proportional analog-to-digital
converter.

Generate constructs and continuation

It should be realized that the only context in which continued
analog constructs make sense is that of the generate constructs. In
all other cases the analog constructs that are supposed to be
concatenated can be concatenated explicitly by the model
developer.

As such it should be sufficient to allow continuation only for the
analog blocks immediately preceeding and succeeding a generate
construct or a series of generate constructs. Any analog constructs
that do not take part in the concatenation are by default concurrent
analog constructs and as in that case their order of definition does
not imply their order of evaluation they can be safely moved to
elsewhere in the module body. This allows multiple concurrent
analog constructs themselves consisting of multiple continued
analog constructs to coexist without requiring explicit scope
creation - there is no ambiguity as to which concurrent analog
construct a continued analog construct should be concatenated.

As a generate construct creates a new scope according to the
1364-2005 standard section 12.4, concatenations of generate
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3.2.1.1

3.2.2

constructs that contain continued analog constructs should also
create a new scope in the concatented analog construct such that
the hierarchical reference to the analog statements does not
change, i.e. it has to use the correct implicit naming according to
1364-2005 section 12.4.3. This way the extension of the generate
constructs with analog constructs does not change its semantics: a
generate construct creates a new scope, even if the generate body
is an unnamed sequential block.

Structural and behavioral generate constructs

It is possible for generate constructs to contain both analog
constructs and (analog) structural elements in the generate body.
There should be no ambiguity in referencing either of these
elements.

Accessing the structural elements of the generate body can be
done using the hierarchical referencing or upward hierarchical
referencing as defined in 1364-2005 sections 12.5 and 12.6 and in
1800-2005 section 19.3. As all of these together seem not to be
complete nor completely accurate we will for the moment stick with
the 1364-2005 definition.

For access to the analog constructs of the generate body there is
no ambiguity - the accessible elements in this case can only be
variables. To define new variables within the scope of a generate
block the analog construct needs to contain a named sequential
block to contain these definitions.

The extension of the generate constructs to the analog
environment also allows new analog nets and branches to be
defined within the generate block. These can be accessed using the
hierarchical name for the generate block.

Analog construct continuation

To tell the compiler to concatenate the analog constructs there are
a couple of possibilities:

1. Add a qualifier keyword before the analog construct, similar to
the priority and unique qualifiers for conditional statements
in the SystemVerilog standard (IEEE 1800-2005).

a. This would concatenate the contents of the analog
construct following the qualifier keyword to the last
analog construct defined before the qualifier keyword. If
no analog construct preceeds the qualifier construct it
concatenates to an implicitly defined empty concurrent
analog construct. It may also emit a warning that a
preceeding analog construct is missing.

b. Alternatively, if an analog construct is meant to be
continued it should always display the qualifier keyword
before the analog keyword. This means that a continued
analog construct succeeding an unqualified analog
construct will not be concatenated: they will be two
concurrent analog constructs.

Option (b) makes it harder to define two concurrent sets of
continued analog constructs, as only a new concurrent analog
construct will end the concatenation of one set of analog
constructs and start the concatenation of the other set. Option
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(b) essentially requires that an empty concurrent analog
construct be inserted in between the two sets of continued
analog constructs.

The concatenation of continued analog constructs should not
change the order in which the statements appear in the
continued analog constructs nor the order in which the
continued analog constructs appear. The concatenation of
continued analog constructs should not change the hierarchical
referencing to items that do create a new scope inside the
analog constructs: the concatenation shall have no impact on
hierarchical referencing.

A special consideration should be given to named sequential
blocks as these create a new scope. To reference a variable at a
different hierachical level within the same module it shall be
possible to use upward name referencing as defined in 1364-
2005 section 12.6. In case of multiple analog blocks it shall also
be allowed to access variables in a hierarchical level defined in
or below another concurrent analog block.

Possible qualifier keywords are continue, concat or
concatenate. The name continue is already a keyword in
SystemVerilog (IEEE 1800-2005, section 10.6) but its use there
is completely orthogonal to the use in the context of continued
analog constructs so a future merger of Verilog-AMS and
SystemVerilog should not give any problems. Nevertheless,
preferrence should be given to new keywords that do not clash
with existing ones.

Require that the statement inside the analog construct to
continue is a sequential block. This would be similar to the
priority and unique qualifiers for conditional statements in
the SystemVerilog standard (IEEE 1800-2005). A qualifier
keyword is added before the begin keyword of the sequential
block. This would concatenate the sequential blocks that are
marked this way inside multiple analog constructs.

To correctly handle the new scopes created by named
sequential blocks there are some options:

a. The name of a named sequential block has to be unique.
When concatenating the sequential blocks the named
sequential block is created within an overall unnamed
sequential block. This way the hierarchical reference to
the named sequential block or its contents are not
affected.

b. The name of a named sequential block does not have to
be unique, when concatenating sequential blocks two
named sequential blocks that share the same name will
be concatenated to form a new sequential block with
that name.

The non-unique name of sequential block can only occur
at the highest hierarchical level within an analog
construct. It is also not allowed to use non-unique
names for sequential blocks within a generate construct
as that would violate the scope rules for unnamed
generate blocks.

On reflection, option (b) does not bring any functionality to
continued analog constructs that cannot be achieved by
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creating a single analog construct in the first place.

3. As a variation on the above option, require that the statement
inside the analog construct to continue is a named sequential
block. A qualifier keyword is now added after the colon
following the begin keyword of the named sequential block, but
before the actual name of the block. This would concatenate the
identically named sequential blocks that are marked this way
inside multiple analog constructs.

4. Use a concatenate construct at the module level that would
collect all analog constructs to be concatenated between the
keywords concatenate and endconcatenate.

a. The concatenate construct can only contain analog
constructs and generate constructs.

b. Alternatively, the concatenate construct can only contain
analog constructs and analog generate constructs.
Analog generate constructs are generate constructs
whose bodies may only contain analog constructs or
analog generate constructs.

It appears that allowing generate constructs in general inside a
concatenate region does not impact non-analog constructs such
as structural descriptions or digital behavioral descriptions. In
that sense option (a) is the preferred approach as it is
essentially simpler and does not require the introduction of the
concept of analog generate constructs.

5. Use a ‘default_analog compiler directive that takes as a
single argument iether the keyword concatenate or the
keyword concurrent. This directive can only appear outside
analog constructs and outside generate constructs. The default
value of the directive is concurrent.

All analog constructs appearing in a module body where the
‘default_analog directive has been set to concatenate, but
before the end of the module body or before the
‘default_analog directive has been set to concurrent if that
came earlier, will be concatenated together.

Options (4) and (5) make the analog construct continuation a
rather course-grained selection. Of these two option (4) is
preferred as it makes the concatenation process part of the model
description instead of focussing on the compiler action alone.

Options (1), (2) and (3) differ only in the level at which the
concatenation occurs. Option (2) essentially requires that all
continued analog constructs should be contained in a sequential
block while option (1) does not restrain the syntax in that respect.
Option (3) expands on option (2) by requiring that the sequential
blocks be named sequential blocks. For the implementation there
will probably not be any difference. These three options as opposed
to options (4) and (5) do operate only on the analog constructs so
conceptually they are clearer than the last two which appear to act
also on the non-analog constructs within their region of
concatenation.

Consequentially, there is a preference for option (1a).
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4.1

4.1.1

4.1.2

Examples

For the examples we will use a reasonably complex model of an
analog-to-digital converter which employs generate constructs with
analog constructs inside and will be able to use multiple concurrent
analog blocks for modelling various aspects of the design.

Concurrent Analog Constructs

Here examples are provided to illustrate each of the options
proposed in section 3.1.

Upward hierarchical referencing

Below is an example of a multiphase oscillator model that uses
upward hierarchical referencing as considered in section 3.2.1.1 to
refer to the value of the previous phase.

Example 6. Multiphase oscillator example

module multiphase_osc (out, out_q);
parameter integer stages 5 from [0:inf);

parameter real fullscale 1.0;

parameter real dly = 0.0;

parameter real ttime = 10n;

localparam integer odd = (stages-1)%2.0 from [0:1);

output [0:stages-1] out, out_g;
electrical [0O:stages-1] out, out_g;

genvar 1i;
generate
for (i = 0; 1 < stages; i =1 + 1)
begin : stage
real value;

analog begin

value =
transition(stage[ (i-1) $stages] .value,
dly, ttime);
V(out[1i]) <+ fullscale - value;
V(out_qgli]) <+ wvalue;
end
end
endgenerate

analog // Initialization
@ (initial_step)
stage[0] .value = fullscale;

endmodule // multiphase_osc

Race conditions

There is a possible race condition for initialization in Example 6
above. Even though each variable value in the successive
iterations of the loop generate construct gets assigned a value in
only one particular analog construct, the variable value of scope
stage[0] also gets an assignment in the analog construct at the
end of the module.

Option (1) of section 3.1.1 would explicitly disallow this use.

Option (2) of this section would require the use of a specific
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4.2

4.2.1

attribute for this second assignment.

analog // Initialization
@ (initial_step)
(* race_condition *)
stage[0] .value = fullscale;

A warning would be issued with option (3); to switch off this
warning the attribute assignment shown above can be used.

Option (4) would not give any warning as the transition statement
would assure that the two assignments are not applied at the same
step in the analog simulation cycle.

Continued Analog Constructs

Here examples are provided for each of the options proposed in
section 3.2.

Continued analog construct with preceeding qualifier

This is the adc example of section 2.2, but using the syntax as
proposed by option (1a) in section 3.2.2:

Example 7. ADC example with preceeding qualifier.

module adc (in, out);
parameter integer bits = 8 from [0:inf);
parameter real fullscale = 1.0;
parameter real dly = 0.0;
parameter real ttime = 10n;
input inj;
output [0O:bits-1] out;
electrical in;
electrical [0O:bits-1] out;

localparam real thresh = fullscale/2.0;
real sample, value;

genvar i;

analog

sample = V(in);

generate
for (i = bits - 1; i >=0; 1 =1 - 1)
concatenate analog begin
if (sample > tresh) begin

value = fullscale;

sample = 2.0 * (sample - thresh);
end
else begin

value = 0.0;

sample = 2.0 * sample;
end

V(out[i]) <+
transition(value, dly, ttime);
end
endgenerate

endmodule // adc

Here the qualifier keyword concatenate is applied before the
analog construct inside the generate construct. This would
concatenate the contents of these analog constructs to the one
preceeding the generate construct.

When the above example is expanded during the elaboration
phase would be equivalent to the following code (only using bits =
2 to limit the size of the code).
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Example 8. Expanded ADC example with preceeding qualifier.

module adc (in, out);
parameter integer bits =
parameter real fullscale
parameter real dly = 0.0;
parameter real ttime = 10n;
input inj;
output [0O:bits-1] out;
electrical in;
electrical [0O:bits-1] out;
localparam real thresh = fullscale/2.0;
real sample, value;
genvar i;

m [0:inf);

2 fro
= 1.0;

analog
begin
sample = V(in);
begin : genblkl[0]
if (sample > tresh) begin

value = fullscale;

sample = 2.0 * (sample - thresh);
end
else begin

value = 0.0;

sample = 2.0 * sample;
end

V(out[0]) <+
transition(value, dly, ttime);
end
begin : genblkl[1]
if (sample > tresh) begin

value = fullscale;

sample = 2.0 * (sample - thresh);
end
else begin

value = 0.0;

sample = 2.0 * sample;
end

V(out[1l]) <+
transition(value, dly, ttime);
end
end

endmodule // adc

The generate construct adds new scopes to the analog sequential
block for each iteration of the loop.

As an alternative here is the same adc example, now using the
syntax as proposed by option (1b):

Example 9. Alternative ADC example with preceeding qualifier.

module adc (in, out);
parameter integer bits =
parameter real fullscale
parameter real dly = 0.0;
parameter real ttime = 10n;
input inj;
output [0O:bits-1] out;
electrical in;
electrical [0O:bits-1] out;

8 from [0:inf);
= 1.0;

localparam real thresh = fullscale/2.0;
real sample, value;
genvar i;

concatenate analog
sample = V(in);

generate
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4.2.2

for (i = bits - 1; i >=0; i =1i - 1)
concatenate analog begin
if (sample > tresh) begin

value = fullscale;

sample = 2.0 * (sample - thresh);
end
else begin

value = 0.0;

sample = 2.0 * sample;
end

V(out[i]) <+
transition(value, dly, ttime);
end
endgenerate

endmodule // adc

Here the qualifier keyword concatenate is applied before the
analog construct inside the generate construct. This would
concatenate the contents of all analog constructs preceeded by the
qualifier until the end of the module or until an analog construct
without the preceeding qualifier keyword is encountered.

Continued analog sequential block

This is the adc example of section 2.2, but using the syntax as
proposed by option (2) in section 3.2.2:

Example 10. ADC example with qualified sequential block.

module adc (in, out);
parameter integer bits

8 from [0:inf);
parameter real fullscale = 1.0

4

o

parameter real dly = 0.0;
parameter real ttime = 10n;
input inj;

output [0:bits-1] out;

electrical in;

electrical [0O:bits-1] out;

localparam real thresh = fullscale/2.0;
real sample, value;

genvar i;

analog
concatenate begin
sample = V(in);

end
generate
for (i = bits - 1; 1 >=0; 1 =1 - 1)
analog
concatenate begin
if (sample > tresh) begin
value = fullscale;
sample = 2.0 * (sample - thresh);
end
else begin
value = 0.0;
sample = 2.0 * sample;
end
V(out[i]) <+
transition(value, dly, ttime);
end
endgenerate

endmodule // adc

Here the qualifier keyword concatenate is applied after the begin
keyword of an analog sequential block. This would concatenate the
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4.2.3

contents of these analog sequential blocks to the one in the analog
construct preceeding the generate construct.

A slight variation is achieved by using hamed blocks, an
considering the concatenate keyword on the first occurrence of
the named block as optional.

Example 11. ADC example with qualified named seq. block.

module adc (in, out);
parameter integer bits = 8 from [0:inf);
parameter real fullscale = 1.0;
parameter real dly = 0.0;
parameter real ttime = 10n;
input in;
output [0:bits—-1] out;
electrical in;
electrical [0:bits-1]1 out;
localparam real thresh = fullscale/2.0;
genvar i;

analog
begin : body
real sample, value;
sample = V(in);

end
generate
for (i = bits - 1; i >= 0; i =1 — 1)
analog

concatenate begin : bod
if (sample > tresh) begin
value = fullscale;
sample = 2.0 * (sample — thresh);

end
else begin
value = 0.0;
sample = 2.0 * sample;
end
V(out[i]) <+
transition(value, dly, ttime);
end

endgenerate
endmodule // adc

Here the qualifier keyword concatenate is applied after the begin
keyword of the second (and later) instances of a named analog
sequential block. This would concatenate the contents of these
named analog sequential blocks to the one in the analog construct
preceeding the generate construct. The name of the block creates a
separate scope in which the local variables sample and value are
declared.

Continued analog named sequential block

This is the adc example of section 2.2, but using the syntax as
proposed by option (3) in section 3.2.2:

Example 12. ADC example with named sequential block.

module adc (in, out);
parameter integer bits

= 8 from [0:inf);
parameter real fullscale = 1.0;

parameter real dly = 0.0;
parameter real ttime = 10n;
input in;

output [0:bits-1] out;
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electrical in;

electrical [O:bits-1] out;

localparam real thresh = fullscale/2.0;
real sample, value;

genvar i;
analog
begin : stage
sample = V(in);
end
generate
for (i = bits - 1; 1 >=0; 1 =1 - 1)
analog
begin : continue stage
if (sample > tresh) begin
value = fullscale;
sample = 2.0 * (sample - thresh);
end
else begin
value = 0.0;
sample = 2.0 * sample;
end
V(out[i]) <+
transition(value, dly, ttime);
end
endgenerate

endmodule // adc

Here the keyword continue is applied before the name of a named
analog sequential block. This would concatenate the contents of
these analog sequential blocks to the one in the analog construct
preceeding the generate construct.

Concatenate construct

This is the adc example of section 2.2, but using the syntax as
proposed by option (4) in section 3.2.2:

Example 13. ADC example with concatenate construct.

module adc (in, out);
parameter integer bits =
parameter real fullscale
parameter real dly = 0.0;
parameter real ttime = 10n;
input inj;
output [0O:bits-1] out;
electrical in;
electrical [0O:bits-1] out;
localparam real thresh = fullscale/2.0;
real sample, value;
genvar i;

8 from [0:inf);
=1.0

4

concatenate

analog
sample = V(in);

generate
for (i = bits - 1; 1 >= 0; 1 =1 - 1)
analog begin
if (sample > tresh) begin

value = fullscale;

sample = 2.0 * (sample - thresh);
end
else begin

value = 0.0;
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4.2.5

sample = 2.0 * sample;
end
V(out[i]) <+
transition(value, dly, ttime);
end
endgenerate

endconcatenate

endmodule // adc

Here a concatenate construct is used to define a region within
which all analog constructs would be concatenated into a single
analog construct.

Concatenate compiler directive
This is the adc example of section 2.2, but using the syntax as
proposed by option (5) in section 3.2.2:

Example 14. ADC example with qualified sequential block.

module adc (in, out);

parameter integer bits = 8 from [0:inf);
parameter real fullscale = 1.0;
parameter real dly = 0.0;
parameter real ttime = 10n;
input inj;
output [0O:bits-1] out;
electrical in;
electrical [0O:bits-1] out;
localparam real thresh = fullscale/2.0;
real sample, value;
genvar 1i;
“default_analog concatenate
analog
sample = V(in);
generate
for (i = bits - 1; 1 >=0; 1 =1 - 1)

analog begin
if (sample > tresh) begin

value = fullscale;

sample = 2.0 * (sample - thresh);
end
else begin

value = 0.0;

sample = 2.0 * sample;
end

V(out[i]) <+
transition(value, dly, ttime);
end
endgenerate

“default_analog concurrent

endmodule // adc

Using the compiler directive *default_analog a region within
which all analog constructs would be concatenated into a single
analog construct. The default concatenation of blocks is switched
on using the concatenate value for the “default_analog
compiler directive and is switched off using the concurrent value
for this directive.
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