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ABSTRACT

Defining padring and its pad interconnections is one of the most time consuming steps of a microcontroller SoC
design. Also, multiple device features plus testability in limited pinout packages entails more functions shared per
pin. As such, the number of padring connections and complexity exponentially grows at each new design. This pa-
per describes a methodology to configure pad connections and select correct pad cells. The methodology works
out technology and function definitions for each pin using new and previous designs data stored in a metadata
database in order to generate the padring RTL code for the SoC. This methodology was proven with Freescale
microcontrollers, among them to check the padring connection of the commercial microcontroller MC9S08MP16
[1], and was used to implement both MC9S08QB8 [2] and MC9S08SC4 [3] microcontrollers, which resulted in
reduced design time in order of 10 folds, along with high quality generated RTLs.

Index Terms: Pad; Connection; Padring; Pad multiplexing

I. INTRODUCTION

In the design of a microcontroller SoC (System
on Chip), pads definition and their interconnections
are one of the most time consuming and error prone
step in the integration RTL (Register Transfer Logic)
process [4][5]. To achieve the specification of a de-
sign, the number of variables related to functionality
that a specific pin will present reveals an extremely
complex number of connections that needs to be
made [6].

A fast and reliable design of padring code speeds
up the integration cycle, reduces the cost of new SoCs
[4] and decreases time to market of new designs [7].
There are two relevant aspects in padrings; one is the
physical placement and organization [4][5][8] and
the other is the logical perspective, which includes the
functional and test pin multiplexing [8].

The regular approach to make a padring in mi-
crocontroller is to use manual data input and a set of
partial scripts and spreadsheet to help the generation
of RTL code. But that is technology-dependent and
minimally takes advantage by reuse of previous designs
data [5][6]. There are several software in the market to
help the generation of padring but they are not well in-

tegrated with the diversity of pad multiplex codes and
they are primarily used for physical padring organiza-
tion and placement generation [6].

The padring RTL is normally based on similar
designs to reduce the need of re-encoding entire RTL
and uses portions of previous design data, changing
some variable names and making small modifications
manually, with the help of short script and spreadsheet.
This kind of reuse is naturally subject to mistakes. The
effort and risk increase with higher number of pads in
cach microcontroller design and complex functional-
ities multiplexed in these pads.

The physical padring planning and placement
are not addressed by this work. This paper only ad-
dresses the generation of RTL code of pad cells and
their interconnection with other blocks of a microcon-
troller design.

In section II, a background of pads and their
connections are presented. In section III, a complete
set of blocks that compose a microcontroller padring is
presented. Section IV presents how the information is
organized in this methodology and how it is translated
to metadata structure. In section V, the results obtained
using this methodology are shown. Finally, in section
VI some conclusions are drawn.
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Il. BACKGROUND

Pad is a physical cell that serves as interface from
the external world, giving access to the internal circuit.
There are many kinds of pads such as: power, corner,
spacer, high-voltage, analog and digital input/output,
isolation and so on. Each pad cell has a specific func-
tion to perform in the device.

Each pad has many signals that control the be-
havior of the associated pad cell like direction of sig-
nal, pull up, pull down, whether the signal will carry
power, digital or analog, input or, output buffers and
many other characteristics that are specific to each type
of pad cell.

Each type of pad cell has a set of control signals
that vary in number and function. These signals con-
trol the behavior inside the circuit of the pad cell. The
correct choice of pad cell is important to achieve the
specified function in the design.

IO pads compose most of the pad cells in a
microcontroller design. Because of the limited pin
number in a device, these pads need to share multiple
functions [10] including test functions [11] and they
are required to be connected to many peripheral blocks
that make up a microcontroller SoC.

For example, a pad can be used as an analog
signal input for a specific IP (Intellectual Property)
like AD converters; or as input/output of a generic
port; or as clock input for timers; and even it can
be used for test functionality. So the pad cell is con-
structed such that it can perform many functions in a
shared mode.

For each function to which a pad can be as-
signed, there is a given set of control signals required to

Physical PAD cell associated
with determined technology

Interconnection info, each IP

Figure 1. Microcontroller padring.

be configured in the inputs of that pad cell. Also there
are output signals from that cell (pad) that need to be
routed to the correct module or internal connection.

Exemplifying in numbers, these connections can
vary from 10,000 in small SoCs to 100,000 or more
in complex SoCs. In Figure 1 a basic illustration of a
microcontroller padring is shown.

lil. BASIC BLOCKS OF A
MICROCONTROLLER PADRING

In this section, some basics of microcontroller
padring are presented. Padring is composed with some
tew blocks and their interconnections.

Following, for better understanding of this
methodology each block is detailed and illustrated.

A. PAD cell

PAD is the physical cell that allows communi-
cation to the external world. The main propose of a
pad is to interface the external world signal to internal
circuit or to output a specific internal signal.

There are many types of pad cells, each one with
specific circuit that handles the function needed (pow-
er, high voltage, analog 10, digital 10, corner, spacer,
differential, etc).

Each pad has its own set of inputs and outputs.
The inputs are the signals that control the behavior of
the pad, configuring the circuit functionality embed-
ded in each type of pad, also including the internal pe-
ripheral signal to be delivered by pad to the external
world.

Internal pad cell to pad cell
interconnection

Interconnection mux, multiplex
many functions to a specific pad cell.
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The outputs from pad cells are the result of a
signal that comes from the external world to internal
circuits or peripheral. Figure 2 shows a diagram of pad
block and how it is connected inside the device.

For each type of pad, the number of input/out-
put signals varies. There are cases with no input or out-
put signals like corner pad cells. Also there are others
with many inputs and outputs like general IO pad cells.

B. Mux PAD

Mux Pad block is a module composed with
many multiplexers that has the function of routing the
correct signal to the pad cell. Usually mux block inter-
connection is unique for each SoC design because of
specific requirements of each microcontroller design.

IO pads usually share many functions and
should be connected to specific block or circuit de-
pending how we want to use the pad. For each IO pad
there are many configuration possibilities for input and
output connections to achieve the desired functionality.

To comply with this flexibility, all related pad sig-
nals for configuration and input/output should be multi-
plexed and be available to the pad when the pin is config-
ured for a specific function. Figure 3 illustrates the block
diagram of multiplexer PAD and their connections.

: @ Control signals
Device PAD

Pin .

< |« t0 external signal
4
/ ey {0 internal signal
|
!
|

Device encapsulation Silicon die

bounding wire

Figure 2. PAD macro block.
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from pad
h hs
4—. from pad

Figure 3. Mux PAD block.

B. Control Port

Control Port block is a circuit composed by
registers that store the values which define how the
pad cell is configured, as shown in Figure 4. Inside
this block the information of which function the pad
will perform in a given moment is stored, generating
and driving the correct control signals to the mux pad
block. It is also responsible for defining the direction
of pin and how the internal buffers and multiplexers
inside the pad cell will behave as required.

The communication with this block is done us-
ing the CPU, which has the control to write the infor-
mation needed in each register. Usually such informa-
tion is written during the initialization of a microcon-
troller program. However, if a pad needs to perform
more than one function during program execution,
these configurations can be set dynamically.

This block is also responsible for working as
generic IO port, storing the data to be output by the
pad cell, or capturing the external device data and
presenting to CPU. Each instance of this block usu-
ally references a set of port pins in the microcontroller
(PTA[n:0], PTBJi:0] and so on).

D. General microontroller padring

All these three blocks presented so far compose
the padring of a microcontroller, as shown in Figure 5.

Contr(;l PAD \@e===p  CPU bus communication
_ P  Config to Pada_(1.n) mux
Registers -
$ Data out to Pada (1.n) mux mux
Registers

Figure 4. Control Port A block diagram.
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Microcontroller padring

Figure 5. Microcontroller padring components diagram.
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In the RTL code that instantiate the pad cells,
mux pad and port control, we also have the intercon-
nections of all other pad cell signals (eg: power ring
signals) which do not route to a peripheral or other
blocks.

IV. METADATA AND DATABASE

All information related to these connections,
pad cells and blocks needs to be standardized and
stored in a database to be used in the RTL generation.

Each SoC has a unique padring RTL code and
needs to be regenerated with specific parameters at ev-
ery new design. The first metadata is the pad metadata
and is composed of various parameters. An example of
a pad metadata is shown in Table 1.

Technology name defines the set of pad cells that
have common electrical and technology characteristics
like pads with the same voltage or a specific technology
(such as 250nm, or 180nm, etc.).

Table 1. Pad cell metadata

To facilitate the use of various technologies we
define an alias name for each kind of pad cell which is
stored in the Connection Name field. The alias is relat-
ed to the functionality embedded in each cell like port,
power, corner, etc. Usually this name is chosen to re-
flect the function that this specific pad set can perform.

The pad cell name is also included in this meta-
data in the Pad Name field in order to allow the cor-
rect and clear cell selection. This information is needed
because the pad type (function) may correspond to
different pad cell names depending on the chosen tech-
nology.

The Mux Possible information is a flag (true/
false) that defines if multiple functions will be shared
by that pad. Generally this flag is true in the IO pad
cells. It opens the possibility to add multiplexing of any
kind of pad cell.

The last information we add for this metadata
is the Connection fields. They show pins and signals
that should be connected to each pad cell port. At this
point, we should notice that a peripheral signal that

Technology
030Uy W2
Conection Name
PAD NAME
pic 3w 4m
MUX POSSIBLE
TRUE
Conection
Pin Name Pin Type Connect To Connect To Type Description
IPF IMA 3y oukput ipp_ina_$MANME oukpLt
IPF _IMA MLE 3Y output ipp_ina_muz v fFRAME nc wire
IPF OUTA ML 3y inout ipp outa muy 3y FMNAME nc | wire
IPF OUTA 3% it ipp_outa FMNAME iruct
Fan inout pad FMAME ik
IFF_IND output ipp_ind_#MAME output
IPF MO 3Y oukput ipp_ind 3w FMNAME nc wire
IPF _IEE input ipp_ibe FMANME input Input Buffer Enable
IFF _IFE input ipp_ife #MAME input Input Filter Enable
IPF_ OO0 input ipp_do RANME inpuk Dlaka Ciuk
IFF_OBE input ipp_obe $NAME input Cutput Buffer Enable
IFF _ODE input ipp_ode FMANME input Open Orain Enable
IFF_DOSE input ipp_dse $MNAME input Drive Strenght Enable
IPF FLUE input ipp _pue FMNMNANME input Fulllp Enable
IFF_FUS input ipp_pus_ $MNAME input Fulllp polarity Select
IPF SRE input ipp_sre FMRANME inpuk Slew Rate Enable
VELF 3 incut VELF 3 wire
YOO 3y inout VoD 3y wire
WSS 3 incut WSS 3 wire
Yoo LY inowt Yoo LY wire
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connects to padring is also standardized. With stan-
dardization, it is possible to change de name of a signal
with addition of a variable.

Pin Name and Pin Type fields identify the pad
pin and its direction. In the connection side, we have
also the name and the type of what will be connect-
ed in that pad pin to generate the RTL code. If the
connection type is a wire, then an internal signal will
be generated and will not be presented as an input/
output of the padring port interface in RTL code.
Generally, this wire connection is an internal pad
cell to pad cell connection (physical padring connec-
tion).

A brief Description is added, so this informa-
tion can be propagated into the generated RTL code
and helps human interpretation.

The second metadata relates to the function a
pin can support. Each Function has a unique defined
name. This name is used in a higher-level table to select
the correct function each pin can perform for the cur-
rent microcontroller SoC design. See Table 2 for more
details.

It the design needs a different connection other
than the one used in previous designs, a new function
metadata needs to be added to the database, reflecting

Table 2. Function metadata.

the modified connection. A unique name for this new-
er function needs to be created.

The connection value to the pad can be a hard
coded value (0/1) or a signal name. Notice that some
names have internal variables attached and are used
with higher metadata information to generate the cor-
rect signal name. These names and connections are
generated at the end of RTL generation process.

Each technology has its own set of functions
and the function names correlate to the same function-
ality throughout technologies. It is not shown in Table
2 but each function is a subset metadata of a specific
technology.

Adding a new function for a new peripheral us-
age is just as easy by including a new table indicating
how the new functionality configures the pad control
signals. Also exporting to other technology is just a
matter of changing signal names from one technology
pad set to another.

The third and last metadata is the project meta-
data and stores the specific information of each micro-
controller SoC design, as shown in Figure 6. Using
this methodology, most of the padring definition and
development of new SoCs is made with the support of
this metadata.

Function Hame

PinHame
ipp_incd_FMOD_FPIN_MAME
i _oke_ MO0 _$PIMN_MNAME
ipp_do_FMOD_FPIN_MAME
ipp_ode_$MOD_$PIN_MNAME
inp_d=ze FMOD_FPIN_MNAME
i _pue_ FMOD_FPIN_MNAME
ipp_pus_ FMOD_FPIN_MAME
inp_ibe_FWOD_$PIN_MAME
ipp_hys_ FMOD_FPIN_MNAME
ip_sre_$MOD_FPIN_MAME
ipp_ife FMWOD FPIN_MAME

PinVal

ipp_ind_port_$PIN_MNAMESFIN_NUMBER
ifpp_obe_pott_FPIN_NAMESPIN_MNUMBER
ipp_do_port_$PIN_MAMESPIN_MUMBER

1]

ipp_dse_pctl SPIN_NAMESPIN_NUMBER
ipp_pue_pctl SPIN_NAMESPIN_NUMEER

1

ipp_ibe_port_$PIN_MAMESPIN_NUMBER

1

ipp_sre_potl_$PIN_NAMESPIN_NUMBER

1

Function Hame

PinHame
ipp_ana_en_FMOD_FPIN_MNAME
ipp_port_en FMOD_FPIN_MAME
ipp_incd_FMOD_FPIMN_MAME
i _oke_F00 _$PIMN_MNAME
ipp_do_$MOD_FPIN_MAKME
ip_ode_$MOD_$PIMN_MNAME
ip_d=ze FMOD_FPIN_MNAME
ip_pue SO0 FPIN_MAME
ipp_pus_ FMOD_FPIN_NAME
ipp_ike MO0 _FPIN_NAME
ip_hys_FMOD_$PIMN_MAME
ipp_sre_$MOD_FPIN_MAME
ipp_ife FMODFPIN_MAME
ity offval FMMOD PN MWAME

PinVal
0

ipp_port_en_$FUNG_MAMESFUNC_NAME_MNUMBERFFUNC_PIN_NAMESFUNC_PIN_NUMBER
ipp_ind_FFUNC_NAMEFFUNC_NAME NUMBERFFUNC_PIN_MAMESFUNC_PIN_NUMBER
ipp_obe_SFUNC_MAMEFFUNGC_MAME_MUMBERSFUNGC_PIN_NAMESFUNC_PIN_MNUMBER
inp_do_$FUNC_MAMEFFUNC_NAME_NUMBERSFUNG_PIN_NAMESFLUNGC_PIN_NUMBER

1]

ipp_dse_pctl PIN_MNAMESPIN_NUMEER
ipp_pue_pctlFPIN_MNAMEFPIN_MNUMBER:

1

ipp_ike_$FUMC_MAMEFFUNC_MARME_MNURMBERSFUMC _PIN_MAMESFUMC_PIN_MNUMBER

1

ipp_sre_potl _$PIMN_MAMESPIN_NUMBER

1
1]
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Name of pin

Alias of pad to be used  Multiplexed function pad can have

SCAN

AD[D] TPM_CLK [TPM1-CHO|KBI[d]~~__|PORT

.
/\~‘- —”

Information of names and select
the required pad cell

PT sog-sdof0] [ipg Tk
PT sog-sdo[1].. fics_ir_clk AD[1] - TPM2-CHID|KBIN[1] ~JPORT
PT sog-sdpfd] lics_er_clk |bist_fail AD[2] KBI[2] PAORT
B corg-$dof0] bist_done AD[3] KBI[3] PORT
PT. saf-sdil0]  [pmc ds AD[4] SCERX KEBIZ[0] PORT "
PT Sog-sdi[1] AD[5] SCI-TX KBI2[1] PORT |
PT s0g-sdi2] TM[O] AD[B] KBI2[2] PORT \
PT /' [core-sdi[D] TM[1] AD[7] KBI2[3] PORT x
PT 1 |eog-sdo[3] bist_invoke\, TPM2-CH[1] _[PORT v
PT 1 |sog_se bist_hold N\ TPM1-CH[1] |PORT i
PT ' [eog-sdif3] WTAL PORT .
PT i list okl w]- EXTAL PORT '
VPP = ] R REGET $ PORT .
\ [ 15 [BKGD |PT S ltst clk2 S MS \___ |BKGD P i
\| 16 \CORNER_UL [CORNER_TRANS,| 4y

| 17 [CORNER_UR [CORNER_TRANT

‘16 [PTB[4] ™ L IS ,

19 PTB| T S, N .

200 Vss |VSS e ~

21 Mdd_ VDD Bl ¥

7] 'r’ w BT ’,)

Functionality

Information to determine and
assign connections

Figure 6. Project metadata..

In Column A we add the name for each pad
instance. This is the name we desire in the instance
declaration of the RTL when the pad is instantiated.
The name needs to be unique and can be created using
brackets.

In Column B we select the “Connection Type”
which is related to alias used in the pad cell metada-
ta. The selection name can only be chosen from pos-
sible a/zas names stored in the metadata database, thus
avoiding the usage of non-existing cells in a specific
technology.

Columns C through J are related to the mux pad
block and they define each possible function that this
pad will perform in the specific SoC design. Again, the
function name is selected from possible names stored
in the metadata database and can be composed with
brackets for more than one pad with same function.

There 1s additional information needed for
the correct generation of RTL code, as illustrated in
Figure. 7.

The Author Name is inserted in the RTL code
header; Technology field selects the technology pad
set in the metadata database. Using this methodolo-
gy, we can casily change the pad cell set for different
technology. If the selected pad cell set does not pres-
ent a function defined in the metadata database, then

the spreadsheet is colored in red warning this function
metadata needs to be included in the selected technol-
ogy metadata.

Another pad information we need to provide is
the signal values when the pad is not used - Off Val
Values -so the pad mux block can provide a default val-
ue when a not exist function is selected.

Author Name

[Augusto Ken Morita |

Project Name
[908_qr8 |

Technology
| io90u3v_v2 -

Generate PADRING |

OFFVAL Values

DEFAULT ipp_vdd 3v -
RESET ipp vss __ |PTA[4]
BKGD ipp vss __|PTA[5]

Figure 7. Project specific.
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V. USAGE AND RESULTS

Using this methodology and providing the de-
fined data described in this work, we can generate all
RTL code for a microcontroller padring. Some notice-
able results are summarized in Table 3. The old method
values are estimated based on similar designs schedules.
The projects using the new method resulted significant
improvement in both execution time and complexity
reduction in the padring RTL code generation.

This work was applied in three SoC designs, the
8-bit microcontrollers from Freescale. For the first one,
MC9S08MP16 [1], we obtained the chip integration
values with the old methodology and then the auto
generated code was tested. In the other two designs,
MC9S08QB8 [2] and MC9S08SC4 [3], we used the
automated RTL generation code from the start. It
is relevant to mention that the two last designs had
zero defects in padring code. Also we applied the new
method in three test vehicles to study a new low power
processor design.

It was easy to find some inconsistencies between
designs when using the previous method and then al-
lowed us to correct this information by standardizing
the padring code.

During the execution phase, this process accel-
erated the definition/modification of pin specifications.
No manual input for signal assignment in addition to
the use of metadata gathered from previous projects
made it easy to visualize and make the global pin as-
signment in the design.

To perform the automatic code generation, this
work was programmed using Visual Basic language.
Spreadsheet was used as a way to provide data in a
more friendly way, but all information about connec-
tion and multiplexing signals of the method is em-
bedded in the program code. The use of spreadsheet
also helps to visualize inconsistencies that might occur
during the design setup and development.

Table 3. Comparison of work time needed per type of changes.

The metadata tables are converted to XML
(Extensible Markup Language) data format and then
the generated metadata database is used for RTL cod-
ing. Using database in XML format eliminates the ne-
cessity of complex database program or structure.

Pad cells may have subtle (eg: logic active level)
or significant differences (eg: more or less signals). The
metadata that translates the desired function into the
required pad IO signals will handle the generation of
the correct connection to each type of pad cells in the
RTL.

Only a few designers need to know deeply about
the pad signals functionality in order to generate the
pad and function metadata. Most integration designers
will only reuse the previously defined pad types and
functions. If required, the metadata can be easily read,
modified, or added. The pad and function definition is
done through regular spreadsheet tables and automat-
ically included in the metadata database. Less error is
inserted in new SoC designs because only incremental
information (pads/functions not used in previous proj-
ects) is added to the database.

VI. CONCLUSIONS

Selecting the pad through its type or alias (not
the pad cell itself) allows smooth migration to other
technologies. A given pad type/alias may be associated
to different pad cells for each technology.

Tedious and subject to error signal-by-signal ap-
proach is a risk to final RT'L/design quality. It requires
lengthy human reviews and verifications, which can be
avoided with the currently presented method.

Every new use enriches the metadata data-
base, yet preserving and leveraging the reuse aspect.
Subsequent SoCs require, if necessary, only a few incre-
mental pad/functions. The project metadata facilitates
the global pin assignment.

Old Methodology | New Methodology

New Pad spec:

e Define functions

e Define Pads

e Generate RTL and Verification files

2-3 weeks 2-3 days

Modifications:
e Change few pads definitions
e Regenerate RTL and Verification files

2-4 days 1-2 hour

Technology changes:

e Replace all pads

e Review connections

e Regenerate RTL and Verification files

1-2 weeks 1-2 days
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The method can be extended towards physical
padring data and processing.

The use of the method in commercial micro-
controller projects demonstrated padring design time
reductions of as high as 10 times, along with no defects
in the generated RTL codes.
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