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Abstract

A new virtual electronic component that allows connections between nets of a
schematic drawing is introduced. The component - called Netchanger - allows
well defined transition points between nets. It is THE key element that makes
real hierarchical, modular and agile design possible. Related operations in regard
of agile development processes are described and demonstrated. Netchangers
have a position both in the schematic and in the layout drawindﬂ. Required
operations - embedded in a conclusive concept - are demonstrated. Some issues
in connection with real modular and hierarchical design are discussed. This
essay is intended as supplement to my seminar on Agile Hardware Development.
The aim is to gain a comprehensive understanding of the purpose, usage and
realization of so called Netchangers which are used to tie nets. To understand
this essay the reader should be familiar with CAE-systems and tools.

or board drawing
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1 Introduction

Along with the call for real modular and hierarchical design and the desire to
port agile development processes to hardware engineering, definitive transitions
between nets are required. In this paper these transitions are from now on
called Netchangers. Software development knows something similar, namely the
parameters of procedures or the returns of functions. Logic synthesis (like Verilog
or VHDL) also uses this method in connection with modules. So it makes sense
to port these structures to electronic schematics and PCB drawings. To solve
this problem, approaches of the past have been more or less usable makeshift
solutions.

Since most CAE-systems fail to handle this problem satisfyingly, the known
makeshift solutions will be described in this essay. This way the reader gets at
least some help to employ agile development with the CAE tool she or he is
acquainted with.

The cause for this deficit can be found the historically evolved CAE-tools of
the present. In the world of the makers and users of these systems no proper
concept for modular or hierarchical design existed, no one spoke about agile
processes and hence there was no inducement to realize basic elements such
as Netchangers. With the advent of agile hardware development this systemic
deficit surfaced in a painful way, which in turn became the starting point of an
entirely new CAE-system made from scratch (More on that topic in section @

This paper summarizes the experience and knowledge gained from real projects
and evaluates them. A working solution and a conclusive concept will be laid
out wherein the Netchanger plays a major role. So in that sense we are about
to enter new land.

With this article | also want to provide a supplementary document to my
seminar [4] on the one hand. On the other hand it should be a road-map for
manufacturers and designers of CAE-systems who intend to employ Netchangers
in their products. At first, solutions known so far and the lessons learned are
shown. Then the resulting requirements on Netchangers are summarized. From
the properties of these new virtual components, the related operations can be
defined. The realized concept is demonstrated using the CAE-System ET[0]
by some easy to follow examples. Concludingly | want to touch the problem
of modularizing electronic schematics, because for real modular and hierarchical
structures Netchangers are mandatory in order to make well defined interfaces
between schematic and layout modules.

This essay summarizes my expericence and expertise after about 10 years
work on that subject and should be understood a base for new developments or
extensions of CAE-systems. | look forward to all kinds of constructive contribu-
tions which improve the concept laid out here. Thanks to PhD Tobias Kastner



for reviewing this paper and his advice.

2 The History

In general, the idea to tie two nets - having different names - together so that
none of them has to sacrify its name, is nothing new. There are several reasones
to do so. By a simple example the problem will be laid out in the following.
The classical case is the connection between digital ground (GND) and analog
ground (AGND). | use this example because most hardware engineers had been
confronted with this scenario in the past. Due to the abstract nature of an
electronic schematic, GND and AGND are hard to distiguish from each other.
The layout in turn reveals more: With the analog ground traces, no digital devices
are connected. The reason for this separate wiring can be found in [1]. On a
defined physical place in the layout, both AGND and GND meet each other.
Pragmatic PCB engineers just place a conductor track that overlaps the tracks
of AGND and GND at the desired location. Usually these issues arise here:

e The Design Rule Check - referred to in the follwing as DRC - claims about
clearance violations or overlappings. Those errors have to be ignored over
and over again.

e The manufacturer of the PCB - if not experienced enough - asks for the
purpose of these strange structures.

e The assembly house is challenged to teach its testing machinery (like In-
Circuit-Test), that AGND and GND are connected via a zero-ohm-resistor.
This in turn contradicts with the netlist, wherein these two nets have no
connection with each other.

It is obvious that a clean solution is required which allows automated process-
ing because there is just no defined real transition point in the board drawing.
Makeshift solutions of this kind cause more trouble and misunderstandings than
good.

The hierarchic topology also demands well defined transitions between nets
- both in the schematic and in the layout. For the latter they are mandatory. In
section [8.3]a more detailed discussion follows.

Agile hardware development bases on the modular design philosophy because
connecting modules inside a schematic is part of the daily work process [3] [4].
Further-more, agile processes rely on automation (via scripts for example) which
does not match with makeshift solutions. We require a sound and usable solution.
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In the scenario GND/AGND the Netchanger is just an option to get a clean
and proper drawing. For the agile hardware development, the Netchanger is a
must. So much for the start.

3 Makeshift Solutions known so far

At first we want to have a look at the approaches of the past. We stay with the
above described scenario of analog and digital ground (AGND and GND). The
lessons learned regarding the requirements for the transition points between nets
will be outlined now. Basically these two methods are common:

The transition point is realized as:
1. simple and short conductor track

2. virtual device



3.1 A Conductor Track as cheap Solution

A short conductor trace which connects (or better overlaps) GND and AGND
across a few millimeter distance. This a quick and dirty fix that actually causes
only trouble:

1. The transition point can not be seen in the schematic.

2. The transition point has no name, hence it can not automatically (e.g, via
scripting) be added, deleted, moved or checked (DRC).

3. The DRC rightly interpretes this place as two overlaps of tracks with an
unknown conductor segment. These “design errors’ must be ignored but
they surface again once the transition point has been moved. A solution is
to place the connecting track segment in a separate layer which is exempted
from the DRC. When the manufacturing data is generated - in this case
plot data - the CAM-processor must take this additional layer also into
account.

4. For the electrical test of the bare PCB and for the assembled PCB? a
zero-ohm-resistor must be assumed between the affected nets. But, this
is in contradiction with the netlist and the schematic because there is no
zero-ohme-resistor.

2frequently referred to as Printed Circuit Board Assembly



3.2 Virtual Device

At the time (2015) of the first attempts to port agile processes to hardware
development, no CAE-system was known that could handle the problem of tran-
sition points between nets. An indeed useable but still provisonal solution was
to model the transition point as a device in the component library. Among the
multinational group of developers the term Netchanger was born.

The most important idea is to handle the Netchanger like an ordinary device,
that has a representation both in the schematic and in the layout. As prefix |
chose the N. For design checks and automated processing the prefix is important
because it identifies the Netchanger as suchP| In the schematic the transition
point is displayed as an arc that resembles a bridge. Figure [I| shows an example.

1 e 2

Figure 1: A Netchanger in the schematic drawing

31f the design files are not cryptic binary stuff but plain text, then a vast spectrum of
opportunities for design checks and even machine made modifications of the drawing opens
up. This also enables version control via external tools (like Git).



The next figure 2 shows a Netchanger in a real schematic of a real project.

4+

R80O1
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GND
Figure 2: A Netchanger in a real schematic
In the layout drawing the Netchanger looks like a regular SMD chip resistor

(Figure [3)). Its two solder pads are connected with a short conductor trace and
covered with solder stop lacquer.

an o
o —

Figure 3: Netchanger in the layout drawing
Firgure [4] shows a section of an assembled board. Four Netchangers are
encircled in red. Here the solder stop mask has been left open intentionally to

get some test points. For prototypes this measure is quite useful.
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Figure 4. Netchangers on the final board

The most important functionality for modular, hierarchic and agile concepts

can be realized this way. But soon the shortcomings of this approach became
clear. We also reached the limit of the CAE-system that we used at this time['|
Basically the issues can be separated in the two fields design and manufacturing:

Design:

1. In the layout, adaption to the linewidths of the tracks that are to be

connected with the Netchanger is not possible. Instead several “package”
variantsﬂ of Netchangers have been set up. Each variant has a special
linewidth. So we just selected a suitable Netchanger that matches the
linewidths of the tracks. From figure [3]it can be seen that the track widths
are slightly smaller than the width of the “solder pads”.

As with the cheap solution (see section , an additional conductor trace
is required that connects the “solder pads” with each other. It is to be
drawn in a separate layer that is exempted from the DRC but must be
taken into account on exporting plot data.

The effort for modelling a Netchanger in the layout is relatively high. Fur-
thermore, restrict areas for tracks and vias must be defined. Such struc-
tures prevent foreign tracks or vias between the “solder pads”. Since agile

“We used in 2014 the tool EAGLE(R) of the manufacturer Autodesk®

5

or so called footprints



development does not emphasize beauty but effectiveness, the autorouter
tool may be used. For the autorouter these additional restrict objects serve
as important guarding structures. In figure [3] thin horizontal restrict lines
above and below the Netchanger can be seen.

4. For the CAE-system it is just a device. Thus the device can only be placed
on the top or bottom side of the board which implies that Netchangers
with this approach can not be placed in inner signal layers. In inner layers
no devices can exist. But the desire to have a Netchanger in an inner layer
is absolutely justified.

5. In connection with agile development processes, an automatism is required
that dissoves Netchangers and renames connected nets by a predefined
formalism. By designating the ports with 1 and 2, at least the priority of
the net names could be set [4]. In section this topic will be discussed
in detail.

Manufacturing:

1. The “solder pads” should be covered with solder stop lacquer. For proto-
types this can be left off which - as a byproduct - turns the Netchanger
additionally into a test point.

2. The virtual device Netchanger appears in the list of material (BOM). That
is incorrect and raises questions with the people of the goods procure-

ment division. By post-processing via a script, such pseudo devices can be
removed from the BOM®

3. The board house - the manufacturer of the bare PCB - detects on checking
the plot data (e.g. Gerber format) “strange copper structures” embedded
in a track and asks the ordering customer to clarify. This approach is
absolutely correct but slows down the manufacturing process unnecessary.

4. For the test concept of the bare PCB and the assembled PCB each Netchanger
must be treated like a zero-ohm-resistor. But - in contrast to the cheap
solution - we can now employ a more systematic method (see, because
now we have a representation of the Netchanger in both the schematic and
in the layout drawing. Thus we gain some processing leverage since the
behavior of the Netchanger as an electronic device can be modeled, that
is a zero-ohm-resistor.

5This can be automated only if the BOM is stored in open formats like CSV or LibreOffice
ODS. So it is no good idea to use formats like XLS.
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The reader might raise the question as to why not a real zero-ohm-resistor
is used at first place instead of inventing a Netchanger. Zero-ohm-resistors
are available indeed. The reason to use such components is the desire to
realize bridges on the board not by means of awkward wires, but elegantly
with assembly machinery. In the end the assembled board looks more
professional by the way [2]. Some remarks:

(a)

(b)

In reality zero-ohm-resistors do not exist. These components do have
an inevitable low resistance and inductance which may cause issues
in some applications.

In the schematic drawing a resistor symbol would be introduced which
impairs readability, undermines the concept of Netchangers and con-
tradicts with the required prefix N.

For the PCB, in silkscreen and assembly drawing, a text (like R12 or
N12) would appear. This text consumes space and leads to misinter-
pretations.

Regarding the assembly of the board: Zero-ohms-resistors must be
procured, paid and fitted on the board.

Due to the solder pads additional space is required. For this reason
zero-ohm-resistors can not be placed as close to each other as real
Netchangers. See figure [4]
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4

Requirements for Netchangers

From the lessons learned above the requirements for the new virtual device
Netchanger can be summarized and related actions be described. Again, we
state that we have to deal with the two domains design and manufacturing:

Design:

1.

The Netchanger shall NOT be modeled in the component library. Instead
this could be achieved via system settings or via a hard coded model in the
source code of the CAE-system.

. The Netchanger has a position both in the schematic and in the board

drawing.

Conductor tracks of nets are to be connected directly - without makeshift
solutions like the above described “piece of copper” in figure [3|

. A standardized prefix for the name must be used (e.g. N12 or NC12) No

other category of components must use this prefix.

. The ports must be designated by names (e.g. master/slave, A/B or 1/2).

In the board drawing the connection of tracks is independent of their
linewidth. There is no connecting device but just a point where the ends
of two tracks overlap.

. In the board drawing the Netchanger can be placed in an arbitrary signal

layer, means also inner layers.

. The DRC does NOT check in the board drawing the overlap of the affected

nets. Depending on the width of the tracks and the angle at which they
meet each other, the radius of the zone to be exempted from the DRC can
be computed. Here some more details on how to do that are required.
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Manufacturing:

1. The Netchanger appears in the netlist like a device with two logical ports
but without physical terminals like pads or pind’} In figure [g] this should
be easily recognizable.

2. As far as testing the bare PCB and the assembled PCB is concerned: Each
Netchanger is to be treated like a zero-ohm-resistor.

3. The Netchanger does not appear in the bill of material.

"Unfortunately, among the specialists there is no consensus on the usage of terms like port,
pin, pad, terminal. I'm used to speak of a port if it is about a logical or functional designation
(e.g. RESET_N). If it is about a physical connection where you can solder a wire or a conductor
track, then | use the term terminal.
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5 Operations with Netchangers

Since Netchangers are a new category of objects, associated operations must
be provided for the user. These operations must be available via the graphical
user interface (GUI) and via command line. The latter is the basis for scriptinﬁ.
It is something indispensable for automating routine actions, especially in
connection with agile methods.

As with real devices (e.g. resistors or capacitors) these ordinary operations
are required:

1. adding
2. moving
3. copying
4. renaming

5. deleting/removing

Netchangers are sometimes only relevant for prototypes, must be removed
during the development process, and connected nets must be reduced to a single
final net. For agile development this is of decisive relevance. So the CAE-system
must provide these additional operations:

1. Setting of the direction. It is about uncomplicated swapping of the ports
in order to control the direction of net naming when the Netchanger is to
be dissolved. This function has been a reason of a new kind of CAE tool,
namely System ET, that will be introduced in section [6] In System ET
swapping the ports is quite easy via these commands:

This way the Netchanger 2 is changed between forward and backward
direction:

> set netchanger 2 forward

> set netchanger 2 backward

2. Dissolving and removing of Netchangers.

8ln my seminars | frequently find that typing a command in a console window (Linux) is
regarded by the attendees as something antiquated. | sometimes hear them saying “It is like
back in the DOS times.”. The tremendous potential of this tool is not realized, unfortunately.

14



3. Schematic sheets must be categorized into Product, Development and
Routing and labeled accordingly (See seminar script [4]). Netchangers
shall exist on category Routing sheets only. The purpose of such sheets
is just to tie nets, nothing else. After dissolving of the Netchangers (see
below), the Routing sheets are removed from the schematic. Thus other
sections of the schematic, which are relevant for the actual product, are
not affected by the removal. So this is an additional safety measure.

4. It must be possible to delete individual schematic sheets. So for example,
the Routing sheet number 12 can be deleted once all Netchangers on this
sheet have been dissolved.

5. The steps [2| and [4] should be wrapped in a single operation. So in the
future there should be a command that dissolves all Netchangers on a
given Routing sheet and finally deletes the whole sheet:

> dissolve sheet 12

This operation is planned in System ET but has not been implemented
yet.

On Routing sheets only Netchangers and nets should exist! (See
seminar script [4])

15



5.1 Dissolving

This important action bases on the names of the ports of the Netchanger. The
names can be Master and Slave for exampld)] Dissolving of a Netchanger is
composed of these steps:

1. The net that is connected with the slave port is renamed after the net con-
nected with the master port. Now we have a Netchanger that is connected
with both ports with the same net?

2. Now the Netchanger has no meaning anymore and will be deleted.

3. In the board drawing, if the related tracks have been drawn already com-
pletely, a clean and continuous trace remains. Nothing remembers that at
this spot has been a connection of two different nets (see section [7.1] figure

7).

9The makeshift solution as shown in figure |Lf uses 1 and 2 instead. Other names can be
Leader/Follower or Primary/Secondary

01n electronic schematics it is common to have strands of nets connected with each other
by having the same name. So there is no need to have a visual connection. This way the
schematics are more structured and do not resemble a heap of spaghetti.

16



6 Why System ET ?

The reader might ask now as to why another new CAE-system is being made,
when so many powerful tools of this kind are available. Some inducements that
made me think about coding a CAE-system (back in 2017) from scratch | did
describe earlier in this paper. The most important points are:

1. | don't know a CAE-system that features the concept of the Netchanger
in the way as | describe it in this paper.

2. The problems of hierarchic design are not sufficently solved in any CAE-
system | know of.

3. In regard to the so called “Rig-Design”, as practiced in my seminar [4], the
CAE-system must be capable to see and check the connections between
the PCBAs. It is about the wiring by means of ribbon cables, pin outs, net
names and silkscreen on the boards. Such features | haven't seen yet in
any tool of this kind.

4. For agile processes, a CAE-system must provide a high degree of automa-
tion. The best way to achieve that is by means of command line and
scripts. To allow extensive automation of routine processes, the tool must
be controllable “from the outside” via the command line of the operating
system and “from inside” via a built-in script processor. At this point | want
to emphasize the so called “headless” mode. It this mode the CAE-system
works without human interaction and without a graphical user interface.

It is obvious that an entirely new philosophy is necessary. About 10 years ago
| have come to the conclusion that convincing the makers of known systems -
even of open-source ones - is as good as impossible. So it makes sense to start
all over again from scratch.

The user handbook and the source code of the project System ET can be
found in [5] and [6].

17



7 An Approach with System ET

In the following some examples will be shown on how the above depicted concpet
can be realized. The described properties of Netchangers and relevant operations
have been implemented in the CAE-System ET [5][6].

The appearance of the Netchanger in schematic and layout drawing has been
hard coded inside System ET. So we do not need a component library.

By these examples the concept is to be demonstrated:

1. classical scenario with GND and AGND

2. dissovling of a Netchanger in a modular schematic

7.1 Example 1: GND and AGND

The Netchanger is to be placed in the schematic drawing at first. On starting the
action the Netchanger is available immediately and can be dropped via mouse
pointer or cursor at the desired place. Afterwards nets can be connected as
shown in figure 5l The Netchanger N2 connects the nets GND and AGND. In
this case the port names M and S have no meaning because the Netchanger is
intentionally not going to be dissoved. So it will still exist in the final product.

Figure 5: Netchanger in the schematic
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In the board drawing, the Netchanger N2 does not appear like a component
with two terminals as we know it from the makeshift solutions of the past. Now
the Netchanger is just a point, marked by an X, the name N2 and the signal layer
L1 where the connection is to be made (Figure |§[) The two very thin airwiresE|
- meeting at the center of the X - already indicate that two nets meet each other
here, namely GND (from the left) and AGND (from the right).

N2

Figure 6: Netchanger in the layout with airwires

Now, a definitive transition point between two nets exists - both in the
schematic and in the layout.

H3ls0 called ratsnests
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The remaining tasks for the drawing engineer is now to do the fine positioning
of the Netchanger and to complete the last conductor tracks toward the center
of the X. The result can be seen in figure[7]] Now we have a single straight track
that imposes nothing special for manufacturing of the board. The X has no
meaning for the manufacturer and is relevant for documentation purposes only.

| | .

Figure 7: Netchanger in the layout and routed completely
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Figure [§ shows an excerpt of a netlist of a schematic. There the Netchanger
N2 appears like an ordinary component in the lines 20 and 33.

1 # SYSTEM ET METLIST_CAT_-1 format version 1.0
2 # date 2026-05-19T17F: 35:09
i # module ‘heater_driver’
4 # S S S S S S S S S S S S S s E s E s EEEEEEEEE
5 # net count total 16
& H
i # legend:
g # net name
a # dewice name port characteristic terminalfpin/pad
10 # submodule name port
bl # netchanger name port
12 H
15 e
14
15 net ADC_IM_LOL
16 device RE Z passive 2
1
18 net AGHD
19 device RE 1 passive 1
20 netchanger M2 master
2
e net CLE
2o device R4 1 passive 1
24
25 net GMO
26 device Cl 2 passive 2
T device CZ 2 passive 2
Za device IC1 GMD power_in 7
Z9 device LEDLl C passive 2
30 device R4 Z passive 2
31 device Tl E passive 3
i device X2 1 passive 1
33 netchanger M2 slave
34

Figure 8: Netchanger N2 in the netlist

The drawing is saved on disk in plain text of course. So in the design file the
Netchanger N2 can be located. Figure[9|shows an excerpt of the design file. The
lines 104 and 124 represent the connection of the Netchanger with the two nets
in the schematic domain. In the lines 133 through 141 the position in schematic
and board is contained.

21



an [METS BEGIHN]

a1 [MET BEGIHM]
e names AGHD
93 class default
94 scope local
a5 [STRAMDS BEGIH]
A5 [STRAND BEGIM]
a7 position shest 1 x 100,00 ¥ 75,00
ag [SEGMEMTS BEGIH]
a9 [SEGMEMT BEGIH]
100 start x 100,00 ¥ F5.00
101 end x 110,00 ¥ F5.00
10z [FORTS BEGIH]
103 B device RE unit 1 port 1
104 A netchanger 2 port master
105 [FORTS EHD]
106 [SEGMENMT EHD]
107 [SEGMEMTS EHD]
10a [STRAND EHD]
109 [STRAMDS EHD]
110 | [NET END]
111
112 [MET BEGIH]
ikaL 3] names GMWO
114 class default
116 scope local
116 [STRAMDS BEGIH]
117 [STRAND BEGIMH]
115§ position shest 1 x FY.E0 ¥ FZ.60
119 [SEGMEMTS BEGIH]
120 [SEGMEMT BEGIM]
121 start x 7F¥.E0 w 76.00
122 end x 85.00 w 7F5.00
it 7] [FORTS BEGIH]
124 E netchanger Z port slave
125 [FORTS EHD]
126 [SEGMENMT EHD]
127 [SEGMEMTS EHD]
1za [STRAND EHD]
129 [STRAMDS EHD]
130 [MET EHWD]
131 [METS EHD]
132
133 [METCHANGERS BEGIM]
134 [METCHAMGER BEGIH]
1356 names 2
136 direction FORWARD
aLl position_in_schematic shest 1 x 92,80 ¥ 75,00 rotation 0.0
138 position_in_board x 12,0000 ¥ &,0000
139 layer 1
140 [METCHAMGER EMND]

141 [METCHAMGERS EHD]

Figure 9: Netchanger N2 in the design file
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7.2 Example 2: Dissolving in a Modular Schematic

The topic “Modular Schematics” is beyond the scope of this essay. It is far more
complex than the following scenario is capable to demonstrate. Basically it is
about reusing blocks of schematic and layout drawing and to compose a new
module of these blocks. | separate the topic in three levels which increase in
complexity. In section [8l a more detailed analysis follows.

Regarding modularizing level 1 - the simplest one - | want to show an easy
example: In order to demonstrate dissoving of a Netchanger this scenario should
be suitable: Lets assume the left section of the circuit with the connectors X5
and X5 has been taken from module 1. The right half with resistor R3 has its
origin in module 2. Both sections are to be connected with each other so that no
net name changes on any side. This can be achieved with the two Netchangers
N3 and N4. Figure [10 shows the outcome.

i MNS

o woir  M/NS

Figure 10: Netchangers in a modular schematic

For the prototype of the product this solution would be sufficent. To get
the final schematic for the final product, the Netchangers must be dissoved.
Dissolving includes renaming of the nets connected with the slave ports and
finally the deletion of the Netchangers.
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The result is a direct connection of the connectors with the resistor as shown

in figure [11]

Figure 11: After dissolving the netchanger

To dissolve a Netchanger in System ET this console command is available:
> dissolve netchanger 3

Since in general the connection of net segments takes place because of the
same name, the Netchangers are placed on dedicated schematic sheets of cat-
egory Routing. Later these sheets can be deleted comfortably (See [4]). This
way real devices are not touched on deleting such sheets. In section [5] this topic
has been touched already.
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8 Netchangers in a Modular Design

This section was a major inducement to write this essay. In the course of the
implementation of the modular and hierarchic design concept in System ET |
realized that this subject is much more complex that it appears at first glance.
So the first step was to systematize the problem.

There are three levels of modularization which | want to explain in the fol-
lowing subsections.

8.1 Level 1 - Schematic Blocks only

This is the easiest method of modularization. It should be realizable with all com-
mon CAE-systems. The makeshift solutions described earlier to model Netchang-
ers should do the job well enough. In section a simple example has been
shown. It is exclusively about reusing schematic blocks as it is practiced in my
seminar on agile hardware development [4]. The domain of the layout drawing
- the board - is left aside. Only the schematic drawing is operated with until
it is complete. So we only work with the symbol of the Netchanger as shown
in figure Bl Afterwards the Netchangers are dissolved and Development and
Routing sheets removed. It is NOT about a hierarchic schematic drawing. Ev-
erything happens on a single level. We have a flat structure. In the end the final
board layout of the product is drawn.

Note: The assembled schematic blocks are just copies of an original (similar
to a template). So we do not have real instances. The naming of nets requires
special care, because with this method, schematic blocks are copied into a global
master schematic. In each submodule the net names must start with an unam-
biguous prefix in order to prevent unwanted connections. An exception are nets
which have the same name for the entire board (e.g. GND or power rails). For
examples please see the script to my seminar [4].

8.2 Level 2 - Schematic and Layout Blocks

The efforts increase because now the layout drawing matters. A mid-range CAE-
system should be capable to realize this level. As with level 1, schematic blocks
are used but additionally, associated fully routed layout blocks are operated with.
In this case the Netchangers in the layout drawing serve as transitions between
a layout block and its surroundings. Now, along with the schematic symbol
(figure 5 also the representation in the layout is important as shown in figures
[0l and [7] Using interconnecting tracks the layout blocks are connected with each
other and with their surrounding circuitry. | used at that time the term “OBI",
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which stands for “On-Board-Interconnects”[?] Figure[12]shows a section of a real
project. The Netchangers have been realized in this project with the makeshift
solution as shown in figure 3] The black arrows point to the Netchangers which
are colored in blue. On the final board they are visible only if the solder stop
lacquer is left off (see figure [4)).

At places where the Netchangers are aligned in a row the original layout block
of the submodule had its outer edges. The blue arrow points to an interconnec-
tion (OBI) that connects the submodule with the surrounding.

‘MOT-DC4_F

LEnd4a 004

Figure 12: A layout block embedded in a parent module

As with level 1 we do NOT have a hierarchic schematic. Once the design has
passed the development phase, the Netchangers may be dissolved if required.

Note: The assembled schematic and layout blocks are just copies of an orig-
inal, and are therefore no real instances. Regarding the naming of nets the same
rules as in level 1 apply.

2These connections resemble patch cables in a LAN rack.
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8.3 Level 3 - Hierarchic Structurs

In the schematic domain - as far as I'm aware of - among manufacturers of CAE-
systems only partially usable solutions exist, whereas in the domain of the layout
drawing nothing exists. Besides the demand for defined transitions in the layout,
the requirement of keeping the net names in the submodules stands. The latter
can only be fulfilled by usage of Netchangers. In this section this statement shall
be proven via examples.

Basically, for incoming and outgoing signals or power rails at the module
border these requirements must be fulfilled:

1. in the schematic, logical transition points, and

2. in the layout, physical places of transition.

Global power rails that have the same meaning in all levels of the hierar-
chy, that have everywhere the same name (like GND or Vcc), do not require
Netchangers.

So it is about a true hierarchic structure. No CAE-system is known to me
that can handle this ultimate discipline. How to do that with System ET and
which problems must be solved will be described by an example.

Submodules are added to the schematic exclusively as instances of generic
modules as shown in figure [LJ°] Here we are looking at the instance OSC1 of
a generic submodule oscillator.mod inside a parent module. In this example the
name of the parent module is heater_driver, and we are on schematic sheet 5.

13The names of individuals in this figure are fictional.
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Module: heater_driver
Variant: to do CAT: DEVELOPMENT SHEET 5
Customer: classified
1 Partcode: NCC-1701-D edited: 2020-12-11 |Mario Blunk
Drwg. No: DR34/7 checked: 2021-01-01 | Sergey Komarov
Revision: 0.3 approved 2021-01-03 [ Steve Carpenter
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Figure 13: Instance of a submodule in the schematic

The next figure [L4] allows a closer look at the instance. The innards of the
submodule remain hidden to the usef'¥ Just the ports of the submodule are
visible, in this case power supply (P5 and GND) and a signal output OSC_OUT.
Moreover, the position and rotation of the layout block of the submodule in the
board are displayed.

4For software developers: This is similar to a call of a function whose implementation is
irrelevant.
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Figure 14: Instance of a submodule in the schematic

A port becomes available if a net in the generic submodule is connected
with a Netchanger. One port of the Netchanger must remain open. Figure
reveals the innards of the generic submodule. There a net OSC_OUT exists, that
is connected with the master port of Netchanger 5. Net OSC_OUT is being
exported in some sense. The slave port is open. For System ET this is the
notification that the net OSC_OUT can be reached from the outside. A same
named port becomes now available to the user.

s . escor M/NS

Figure 15: Port of a generic submodule in the schematic

The slave port of N5 is the gateway to the parent module, as indicated in
figure [14) with the letter S. At the same time it is defined which net name after
dissolving the Netchanger N5 is going to survive. If the ports of N5 are swapped
then the master port will be visible from the outside which reverses the naming
procedure on dissolving.

29



The transition from module to submodule in the layout can be seen in figure
. Among some other Netchangers we see N5 on the left. The Netchangers
are placed on the edge (thin vertical line) of the generic submodule. In the parent
module the conductor tracks continue to the left.

o

3
i}

k-

EX

N

(oY)

7

;

LI ¢

Figure 16: Ports of a submodule instance in the layout

So the transition from parent module to submodule is realized in the schematic
and in the layout with Netchanger This is the only way to gain control over the
logical and physical transitions and the name of related nets.

Exceptions are so called “global nets” like GND. For these nets Netchangers
are not mandatory because frequently via fill zones a conducting area is drawn.
This zone extends over large ares of the board and results in a low electrical
impedance connection between terminals of devices, independent of their location
within the module hierarchy.

15The generic module has not been routed completely here, which can be seen by the
airwires.
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8.3.1 Further Considerations

By introducing of Netchangers we have solved a fundamental structural problem.
However, these points remain to be discussed:

1. How to handle the net names inside the instances of the submodules ?

It seems reasonable to work with separators as we are familiar with in file
systems. So in the instance a signal could be named like

“OSC1/CLK_OUT". In the generic submodule the name would be just
“CLK_OUT". Since each submodule has an unambiguously location in the
hierarchy, it is quite easy to generate the required prefix. For more complex

structures the prefix could be for example something like
MOTOR_CTRL_2/CURRENT_SENSOR/OSC1/.

2. The indexes of devices and Netchangers in the generic submodules differ
from the numbering in the submodule instances. For better understanding
the figure |16 should be helpful. In the generic submodule exist an IC1.
But in the instance its name will be probably IC312 because an IC1 already
exists in the parent module. The same applies for Netchangers. N1 might
become in the instance a N301, because the name N1 is already in use. This
problem can be solved this way: All device indexes inside the instances are
to be “moved upwards” by a previously computed offset. For each instance
a dedicated offset (e.g. 300) must be applied™]

3. The contour (or the edges) of the board of the generic submodule should
be still visible after instancing. But for manufacturing of the final PCB
they have no meaning anymore. So when generating the manufacturing
data (milling contour) the edges of the submodules must be ignored.

Most certainly, for this level of modularization a lot more is to be defined,
but this is beyond the scope of this article.

160n level 1 and 2 this problem did not exist, because CAE-systems do a renumbering of
devices automatically on adding or copying devices.
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9 Conclusions and Outlook

In this essay the concept of the virtual device Netchanger has been described
by real-world examples and scenarios. With System ET the concept has been
demonstrated as working and valid. Existing other CAE-systems can be extended
with moderate efforts by these components and associated operations. In case the
implementation is not possible in the near term, acceptable makeshift solutions
are shown and explained. Consequently an important step toward agile hardware
development has been achieved.

Still pending is the verification of the described concept regarding true hier-
archic structures. The full implementation in System ET is going to prove the
assumptions made so far.
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