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Abstract — This contribution focuses on integration of lowional design step — generation and integratiorthef state

power design approaches for synchronous FiniteeStéachi-
nes (FSMs) designs into a standard RTL digital gregiow.
Text summarizes current techniques and presentethoaio-

package into the design; the effort overhead isipearo.
This contribution is organized as follows: the setchap-
ter deals with theoretic background of synchrorlouspower

logy for design of FSMs with reduced power consiognpt FSM design. The third chapter presents the seleagpdoach

targeted to low-power smart sensors and RFID devic€he
advantage of the described approach is a seamisgration
of an FSM encoding algorithm into a standard RTEI@
design flow. Described methodology allows to reddeeice
power consumption and is compatible with all desigals.

The methodology is also independent on the desigeeite
and fully reusable between projects. The additidnlov-

power customized FSM encoding needs only one additi
design step requiring only small amount of coditigg effort
overhead is nearly zero. The contribution to tlgitdl logic

design is evaluated by integration of the methaoglplioto our
ASIC design flow during design of a real ASIC snsarisor
platform; a reduction of power consumption of up7 in

the FSMs is demonstrated while the power optindmafgiro-

cess itself took less than one manday.

1 Introduction

We have been dealing with research in the fieltbaf power
logic design styles applicable to smart sensor RRtD de-
vices digital logic design. As any design contaanfgw Finite
State Machines (FSMs) of various complexity, weo &fis-
cused our effort to synchronous FSMs designs aatkerklow
power design approaches.

The first step of our work was to evaluate existaqgm
proaches from the practical usability point of vielhe state
encoding, state register clock gating, and FSM agsition
approaches were evaluated. Encoding of FSM statehel
most interesting one; a lot of papers on encodiggrahms
exist, but all of them neglect the basic enginegrsblem:
how to integrate these algorithms into a real ABMTL (Reg-
ister Transfer Level) level-based flow. Surprisinghis inte-
gration is not straightforward as it must be simfiést, and
easy to learn. The FSM state encoding process sbalte-

quire any large change of already debugged RTL dode

avoid introduction of new bugs into the designatidition to
this, standard RTL synthesis tools do not suppuotbraatic
low power encoding of FSM states.

The article presents a simple methodology for irgtggn

and its integration into a design flow. The fourthapter
summarizes results achieved with the selected apprdol-
lowed by some design rules in the fifth chaptere Tast sec-
tion of the article is devoted to conclusions.

2 CMOS Logic Consumption

The CMOS digital circuit total power consumptios the
combination of the following components [1]:

Switching poweris the power dissipated by toggling of
wires in the design:

Pav = Pay X G XV XV Xf 1)

whereps, is the probability that a transition on a wire oc-
curs, C is the wire output loading capacitand&sVyq is the
output voltage swingyyq is the supply voltage, arfgy is the
toggling frequency. Switching power can be redusgdeduc-
tion of C, (selection of cells, fan-out reductioryy andV
reduction, lowering of.y, or by reduction of,,

Short-circuit(crowbar) poweis the power dissipated as a
result of short circuit current arising when botM@8S and
PMOS transistors in the CMOS gate are simultangoasén
connecting the supply to the ground

Finally, leakage powepriginates from substrate injection
and sub-threshold effect.

Leakage power is negligible from smart sensorsRRD
devices point of view because it is low in used C31@ch-
nology libraries. Switching and short-circuit povege of most
interest for us as switching activity reductionulés not only
in an overall power consumption reduction, butlé® denefi-
cial from the signal integrity point of view anddiees noise
spreading over the device via power supply wiregprtant
in mixed-mode devices as smart sensors).

3 Low-Power Design Approaches

While the power consumption optimization can be enad
various design abstraction levels (system, architel; algo-
rithmic, circuit design/RTL, and technological), \&ee inter-
ested only in RTL level, here. Only switching prbligy psy

of customized FSM encoding into the VHDL RTL levehnd to lesser extent capacitar@e can be effectively con-

desing flow. The proposed methodology is independarthe
designed devices, used tools, and fully reusabiedsn pro-
jects. The customized FSM encoding is done in onky addi-

trolled on the RTL level. Regarding the FSM desigm have
to consider [2]
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encoding of states: internal FSM switching activity

as well as output glitching can be reduced if we
suitably encode the states of FSMs to reduce Ham-
ming distances (number of differing bits) between verters trimming analogue blocks.

any codes assigned to adjacent FSM states. The device contains seven large FSMs which were opt
clock gating: clock trees usually consume up to 50%%ized using the presented methodology, see Tabkn 3x-

of the dynamic power of the chip and 45-50% of tremple of the finite state machine implementationviiDL

possibility to process up to four analogue channels
one of which can be temperature, support for teaxper
ture compensation and interfaces to on-chip DA con-

clock tree power comes from the internal switchingsing three processes is in Listing 1.

power of the registers [3]. Reduction of clock st

ing by clock gating is thus desirable. Clock gating

Table 1: FSM transition statistics.

can be used to prevent FSM state register cloak fr

toggling if the state does not change. From State To State Num of
Transitions
3.1 Design Examples RESET REC_SL_ADDR 4948
' REC_SL_ADDR REC_SL_ADDR 29682
A simple FSM design will be used thorough the textlem- ACK 4242
onstrate all the concepts. The presented FSM implifed NACK 56
control FSM of the 12C controller used in a realrldcsmart NACK_HS 648
sensor ASIC device, see Fig. 1 for its transitiGagthm. Sta- | Ack REC RE ADDR 2470
tistics of state transitions reported by the dig&ganulator SEN REG DATA 1772
using an extensive verification suite are in Tahl&here are REC RE ADDR REE RE _ADDR 19446
two ways to implement an FSM — as Moore or Mealg, ®ee - = -~ =
Figure 2 for the simplified diagrams of both, instltase the ACK2 27y8
FSM is a Mealy one. Further, note the Test Obsdlitsab | ACK2 REC_RE_DATA 2778
Point (TOP) output of the FSM. Ad hoc test logicswsed in | REC_RE_DATA REC_RE_DATA 6973
the designed system, FSM state was made visibla fie ACK_WR_DATA 995
external world to increase device fault coveragd atiow | ACK WR DATA |REC RE ADDR 995
simple testing or debugging of the device. NACK DEAD 56
§ START condition DEAD DEAD 489
; Repeated START condition SEN D_REG_DATA NACK 1772
;i MQ;W Receive address bits SEN_REG_DATA 16402
T INC_RE_ADDR 318
% REEIVE Deviwsc%?(ddressm WRITE RECEIVE INC_RE_ADDR SEN_REG_DATA 318
g ASBRLSS AcCK ReGleTER NACK_HS REC_SL_ADDR 648
% ‘ PreisrasEyee M‘(’ﬂr}e FSM
ACK s >W’Z7 3 w :S\\/\/LZI outputs
NAGK REGISTER WRITE DATA x(t) 9(2 next_state_proc = — (ri output_proc &/:ﬁym
received L/v\\& st o ZA/\[Q
B test observability point
RECEIVE Mealy FSM
ADDRESS, " oaTa ] pceve databis gov \
\n;?t:ts %EW/L » 3 " Xk\f\/l/L/v Outputs
X = next_state_proc === = ouputprc  ~e——3
—_ /\/\\Vx Z%/\‘\\f ¥

Figure 1: 12C line control FSM

An internal proprietary smart-sensor reusable ptatfwas
used for evaluation of methodology from digital idaesflow
point of view, see Figure 3. The platform has tbhkofving
properties:

SPI and 12C interfaces to external world,
integrated NVM memory controller for on-chip sto-
rage of calibration and configuration data,

hardware support for digital signal processing aper

integrated proprietary RISC programmable CPU with

state_proc

test observability point

Figure 2: Mealy and Moore FSMs — basic structufée
names of the blocks correspond to the FSM VHDL code

example below.

Listing 1 An example of VHDL Code Implementing fi@i

ENTITY i2c_fsm IS
PORT (

state machine.

--reset and cl ock signals:

. i2c_res - IN std_logic;
ons (three address generators, MAC unit), scl “IN std_logic;
interface for on-chip AD converter, sda :IN std_logic;
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--input signals...
i2c_dev_addr_eq :IN std_logic;
--the right device address detected

--other input signals followed by outputs...

i2c_wr_data : OUT std_logic; -- data
write command for the register array
--remaining outputs...
)
END i2c_fsm;

ARCHITECTURE rtl OF i2c_fsm IS

--enunerated type is used for state |ist

TYPE tstate IS (
RESET,
RECEIVE_SLAVE_ADDRESS,
SLAVE_ACK,
NACK,
DEAD,
--other states...

--state signals

SIGNAL curr_state : tstate;

SIGNAL next_state : tstate;
--internal signals

SIGNAL i2c_wr_data_i : std_logic;
BEGIN

--state register
state_reg : PROCESS(i2c_res, scl)
BEGIN
IF (i2c_res ='1") THEN
curr_state <= RESET;
ELSIF (sc'EVENT AND scl ='0") THEN
curr_state <= next_state;
END IF;
END PROCESS state_reg;

--next state generation
next_state_proc:PROCESS(curr_state,
i2c_dev_addr_eq, sda)
BEGIN
next_state <= curr_state; --default state -
keep the current one

CASE curr_state IS
WHEN RESET =
--reset state, nothing happens, start condition
was not received
next_state <= RECEIVE_SLAVE_ADDRESS;

WHEN RECEIVE_SLAVE_ADDRESS =>
--slave address is being received
IF i2c_dev_addr_eq ='1' THEN
next_state <= SLAVE_ACK;

next_state <= NACK_ENTER_HS;
ELSE
next_state <= NACK;
END IF;
END IF;
WHEN SLAVE_ACK =
--other states ....
WHEN NACK =
--not acknowledge state
next_state <= DEAD;
WHEN DEAD =
--stay dead until a new start conditi-
on/stop condition comes
next_state <= DEAD,;
WHEN OTHERS =>
next_state <= RESET,;
END CASE;
END PROCESS next_state_proc;

--out put signals driving
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output_proc:PROCESS (curr_state,
i2c_dev_addr_eq, sda)
BEGIN

i2c_wr_data_i <='0%

CASE curr_state IS

WHEN RESET =
--other states ...

WHEN SLAVE_ACK_WRITE_DATA =>
--acknowledge the received byte and write it to
the regiters
i2c_wr_data_i <='1}

--other states ...

WHEN NACK =
--not acknowledge state
WHEN DEAD =>

--stay dead until a new start conditi-
on/stop condition comes
WHEN OTHERS =>
END CASE;
END PROCESS output_proc;

--out put assignments
i2c_wr_data <=i2c_wr_data_i;

END rtl;
e Rest generator
[ R T
|—————
P B 2
<

\

EEPROM artay
Test logic

test cortrol
signals

EEPROM Interface signals

Register
map.

12¢_out dat3 interface controller
i2c in data

he datactad

Intarface salector

Figure 3: Smart sensor genéric design platformedwoel dia-
gram

3.2 FSM State Encoding

The simplest way to reduce switching is to choaseassign-
ment of codewords to the FSM states (FSM encodinig)-
mizing average Hamming distance
HDaVe = ZWt(a - b) DHD(a - b), (2)
edgega- b)
whereHD(a—>b)is the Hamming distance between nodes
andb andwt(a—b)is the probability of transition from node
to nodeb.
In addition toHD, the following FSM properties are also
dependent on the used state encoding:
* next_state and output FSM combinatorial logic com-
plexities. Both also influence Static Timing Andlys
(STA) results interpretation.

e amount of glitching at FSM output signals directly
driven by FSM output combinational logic.

* possibility of Single Event Upset (SEU) detection:
SEU [4] can flip a state registers and result iato
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ratic device behaviour or to device lock-up. Sorhe simple as there are no false paths in the FSM., lagt not

the codes allow detection of an invalid deviceestat

least, ECO change of a one-hot encoded FSM is sienple

* finally, with real ASIC design it is sometimes nece a@nd it is possible to add new states without a rieececoding

correction if a bug is found in the device; theerth

electrical scheme from the transition diagram [8].

is a need to change the FSM logic by hand. The easi The clear disadvantage is the number of flip-flopseded

ness or even sheer possibility of such a change
pends strongly on used FSM encoding.
The descriptions of the most popular codes follow.

3.2.1 Binary code

Binary code is well known by all designers. Advayes of
this code are quick coding and minimal number ip-flops

Hrealize this coding; we needlregisters. This can lead to
increased switching power consumption in the registas
well as in the clock tree. However, this problesmot critical
with FPGA devices which are register-rich architees.

Sometimes it can be advantageous to encode intadés
with all zeros which can save one flip-flop and iifiy the
reset logic. Similarly we can get zero-hot code neheach
state is encoded as all ones but only one logaal. z

(log2(N) whereN is the number of states) needed to capturssigner shall take care of the real implementatibthe one-

the FSM state.

hot encoded FSM after synthesis. The next staté sheays

Disadvantage is an excessit#,.. between codewords. depend only on one distinct register set to 1,amthe other

Further, next state and output signals depend Idnitalof the
internal FSM state registers, thus combinationglcidlocks
are large [6] and complex which also limits possilEHCO
change. Interpretation of STA results is complidatkie to
possibility of false paths in the next state lodiesign [6].
Detection of invalid state is impossible withoutgs of error
detecting codes.

3.2.2 Gray Code

Advantage of Gray code is that codes assigneddmtijacent
states have minimal possible Hamming distance etpudl.
Thanks to this, glitching at the combinational F8htputs is
reduced. The number of state register flip-flopgl® mini-
mal as in case of binary code.

The disadvantage is that both the next state agiwell as
output logic depend on all values of all state segs. Possi-
bility of ECO change of such an FSM is again liditSEU
detection can be partially based on the knowledgaaximal
Hamming distance between two adjacent codewordsyay
an error detection code is still necessary.

Gray code sequence is usually a sequendé=af length.
However, a Gray code can be generated always ifiineber
of codewords is an even number, see [7].

For complex FSM with a lot of branches and loopshia
transition diagram is Gray encoding sometimes rossible.
Then a suboptimal encoding can be used attempiiegtode
only states in a frequently visited loop with Gragde to

ones at 0 [6].

3.2.4 Johnson code

Johnson code is built as follows: the first statencoded with
all zeros; for the next states the state vectshifted left with
a MSB set to logical one afterwards until all régiis in the
state register are set to ones. The process isitexpéor the
rest of states with a zero given from the rightmty left shift.

Disadvantage is that number of flip-flops in thatstregister is
equal toN/2. Advantage of this code is that adjacent states
have the Hamming distance of their codes equahta @his
code is suitable for clock generators since glitghét combi-
national logic outputs is suppressed. An FSM stateoding

by Johnson code may not exist for larger FSMs wiidny
transitions between different states.

3.2.5 Random Coding

This method uses a simple random generation ofveouts
assigned to FSM states. The random generation uallys
repeated and for each run the cost function (alsulated.
The encoding with minimal cost is taken as resiling a
solution which is almost optimal one (for smalle3\N#s) and
this method is very quick.

3.2.6 Customized FSM Encoding

minimize HD,. sacrifying the Hamming distance for lesdhe selection of the state assignment depends \@radepa-

probable transitions.

3.2.3 One-hot/Zero-hot Code

Each state is encoded as a binary string witheaithsz but only
one logical one and length of code word is equaluimber of
FSM states. Due to this, Hamming distance betwesnd#-
ferent two states is equal to 2.

The one-hot code has many advantages; first, tdingo
allows to simply detect an SEU. The combinatiowaid for
next state and output is usually smaller than seaaf binary
code allowing an FSM to operate at higher systemkcfre-
quency. Glitching at the FSM output signals shdddeduced
compared to binary coding. Interpretation of STAules is

rameters such as the number of states, the nurhpaties and
their lengths, the number of forks in the FSM tiaois dia-
gram and the complexity of the predicates on ttmms be-
tween states. It is recommended [9] to use “1 otbliing for
smaller FSMs (up to approx. 10 states) due to mehe sim-
ple decoding logic. A good general practice is ats@roup
states generating the same outputs and assigncibdes with
minimum mutual Hamming distances. For bigger FSGIgy
encoding can do a good job in power consumptionigioh,
however output logic activity should be also takernthe ac-
count.
Often any of presented codes does not reach a winim

possibleHD, and there is a need to use a customized encod-
ing. A lot of algorithms for customized encodingealdy exist
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based on different principles (simulated annealiggnetic
algorithms, simple greedy approach, etc). A cosiction
similar to (1) is usually used. Encoding algorittiimds the
minimum of the cost function — a (sub)optimal swntmini-
mizing switching activity by searching through #iate space
of possible state encodings.

Example of greedy search algorithm could be a P@W3
coding algorithm [10]. Simple and easy to use athor can
be found in [11]. Slightly more complicated algbnit called
"WEAKLY CROSSED EDGE CUTS" (WCEC) is presente
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device power consumption. Gating signal is thechiadl to
prevent propagation of glitches to the AND gate gaded
clock line.

Experimental results show that the size of thedatjghtly
increases but for most of benchmarks FSM powerngavi
vary between 10% and 30% [15]. In some cases theepo
reduction can be close to 100% [15]. In large FS&mdh-
marks the power reduction is about 10% [15].

drable 2: 12C Line Control FSM — examples of stateaglings

in [12]. From experimental measured results casden that

for most of the benchmarks, WCEC algorithm producies . John-
cuits with less switching activity than POW3. Pafi83] pre- S | (ChEy) O son Algl
sents a Gray code enCOding algorithm. The basmme is RESET 00000000/0000000000M000000000
to assign states to Gray code tree (GCT) nodesuhsvork
was primarily targeted to the design of a simpld aasy to REC_SL_ADDR | 000{0001/1000000000(0000011000
use methodology, we needed an efficient algorithinickv is ACK 0010 0011/0100000000M000111100
easy to implement so as we may quickly evaluatdethsiblity
of the whole RTL design flow extension. Owing tasthve REC_RE_ADDR | 001{0010,0010000000(p001110100Q
decided to use algorithm described in [14], we itallLG1 in ACK2 01000110/0001000000D011110110
the text below, its description follows. REC_RE_DATA | 01010111/0000100000{111110010
The FSM is first to be represented by ProbabiliSiate —
Transition Graph (PSTG). PSTG is a directed graptsisting ACK_WR_DATA ]01101111/0000010000{1111110011
of a set of nodes and a set of edges. Each nodesesyis a NACK 0111{1110{0000001000(1111101001
state of the FSM. Directed edgeSprepresents a transitio DEAD 1000 1010/00000001000.11 1000001
from state Sto state S Each edge is also associated withi-a
number, which denotes a probability of transitidrsn state | SEN_REG_DATA | 100/11011/0000000010(1110001110
S to state § The encoding algorithm is then as follows: INC RE ADDR | 10101001/000000000101100001111
1. Select a node with maximum sum of alN, incident ———
edge weightsN, is set of adjacent nodes (to states) NACK_HS 10111000000000000011000001010
from staten. HDawe 0,47/ 0,31 0,46 0,38 | 0,31
2. Sort adjacent nodes of node by incident edge
weights in decreasing order. o .
3. Assign some code twand minimally distant codes to3-4 Partition (decomposition) of FSM
the N, adjacent nodes. Allows aM, nodes to be at . .
distance 1 fromn. N, is the sub-set of firsh nodes C_ontrollers are often critical _from power C(_)nsurn_ptpomt of
from sorted seN, (b is the number of code length). fview b_ecause they are continuously running whilmegarts
IN.[>Ny| then assign any free codes for rest of node:Of deV|c_e datapath can be turn off. Delgy throdghRESM can
4. Remove node (and all incident edges) from graph. constrain delay th_ro_ugh the data path if a MealfRS used,
5. Go to Step 1 with smaller graph if there is anyenO(too' Due to this it is advantageous to decomposd Ho

which has not been assigned a code to.

3.2.7 Examples of Encodings

Table 2 contains examples of described encodirade $bf the
demonstrational FSM are encoded using all the ptede
algorithms andHD,,. is computed for all of the codes. Th
best results (lowedtD,, are reached by the Gray and Alg
encodings.

3.3 FSM State Register Clock Gating

A FSM usually stays in some of states for a lorigee (see
eg REC_RE_ADDR state in Figure 1 and Table 1) with
puts stable. Under such circumstances the statsteeglock
signal can be gated to prevent it from togglingréoluce
switching activity in the circuit.

A typical FSM with state clock gating support iskigure

5. Block f, is an activation function generating gating sign?ﬁ
for clock; f, shall be simple enough not to further increa e

more mutually interacting sub-FSMs having the sanpait-
output behaviour as the original FSM. Only one B®M is
active controlling all FSMs outputs while other stBMs are
idle. When active sub-FSM ends with its executibrsends
activation signal to another idle sub-FSM and deatgts
itself. Clock lines as well as power lines driviidje sub-
FSMs can be gated off to reduce dissipated power.

1 Decomposition algorithms (see eg [16, 17, 10])rapteto
find the optimal solution for partition of FSM. Ahe begin-
ning there is some random solution and then algoritries to
find better partition. Again, a cost function isedsgiving
information about the current solution (partitidrom switch-
ing activity point of view.

Based on our experience, purely low-power drivetMFS
decomposition is not practical during RTL level idesas it
complicates debugging. The interplay of decompdsg&is
adds a new degree of freedom to the RTL designptioates
verification, and increases probability of somealfagystem
sigh bug (eg FSM deadlock due to bad decompokitio
nally, none of the tools we use supports an aatwmSM
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decomposition, so that hand-made solution wouldnbeita-
ble. Due to all these disadvantages we will natl e\dth FSM
decomposition any further in this paper; functibnalriven
FSM decomposition early in the system level dessgm better
solution.

4 Methods
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advantage is that the digital simulator must suppor
this feature; however, all modern simulators imple-
ment it. Then the format of the FSM coverage report
is tool-dependent requiring a unique parser for any
digital simulator used. An example of such a FSM
coverage report follows:

All FSM Detail Report, Instance-Based

The proposed methodology for an automatic FSM engod nstance name:
supporting also FSM state register clock gating designed design.top_dig(struct):i_i2c_top:i_i2c_fsm

with respect to the the following criteria:

Module/Entity name: design.i2c_fsm(rtl)
State Register: curr_state

. S.imp“dty and speed of the application: the applica- Number of covered states: 12 of 12
tion shall be simple enough not to force an ASI€ d&umber of uncovered states: 0 of 12
signer to learn a completely new toBurther,it shall Number of covered transitions: 20 of 20

. : ; : Number of uncovered transitions: 0 of 20
not require much effort not to negatively impéote |\ oer of covered arcs: 20 of 20

to marketof the design.
e compatibility with used tools: the adopted method

shall be compatible with our tools (DC compiler foptate Coverage :

Number of uncovered arcs: 0 of 20

synthesis, NCSim for digital simulation), shall nottate

Encoding Num of Visits

require any new tools, and shall not require aiiign reser

cant change in the RTL digital logic design flow.

0000 5084

REC_SL_ADDR 0001 35278
--other states

e reduction of device power consumption: there shall NACK_HS 1011 648
be a significant positive impact of the chosen méth -
on the device power consumption. ResetState | NumofReses
RESET 5084
Inputs = ( (12C_DET_BIT_7="1), (12C_DEV_ADDR_EQ="' 1),

4.1 State Encoding

Customized state encoding can be used even de$ite fact

--other inputs

Arc Coverage :

P-State

N-State Inputs

that standard RTL synthesis tools usually do ngipstt an

1 imi I i - RESET
automatic optimization of state encoding for lowwgo de RE SL ADDR

ACK 11----
--other states
NACK_HS

signs. To use customized encodings, we first neggbt statis-
tics on FSM transitions which can be done in thiéofang
ways:

e using additional VHDL code: a dedicated process
tracking the number of state to state transiticarsoe
added to the FSM RTL code. This solution is com-
patible with any digital simulator but the additan
effort needed to be spent on coding of the momitpri
block would not be negligible.

e PSL coverage points: a dedicated PSL language
[18] constructs can be added to the FSM design. The
code would again monitor state transitions and then
report the statistics using coverage points. Tola-s
tion is compatible with any digital simulator suppo
ing PSL constructs, however, there is again a faed
an additional effort spent on PSL assertions wgitin

 FSM coverage automated tool support: all modern
digital simulators have the code coverage optidre T
code coverage is a verification feature; the sitoula
keeps track of executed RTL code lines and reports
which lines of RTL code were not executed during
device verification and thus are prone to errotse T
same works for FSM state coverage; the simulata)r
keeps track of which transitions were executed an
how many times and is able to generate a report
this. This report can be further used as a soufce
statistics to compute state transition probabditie
Advantage of this approach is a minimal effort
needed to obtain the transition probabilities. @se

586

i

REC_SL_ADDR -
REC_SL_ADDR fo—

REC_SL_ADDR  ------ 648

The second question is when to integrate the cuséom
FSM encoding to the RTL design. We can do it

in the RTL coding phase: the enumerated definition

of states would be simply replaced by constants of
std_logic_vectotype. An advantage of this approach
is a simpler implementation of TOP, see Figure 2,
and improved RTL-level Power Compiler device
power estimation (as enumerated type is replaced by
real state codes). A disadvantage is the slight tds
abstraction during device debugging; instead of abs
tract enumerated type values, the real state coilles

be shown in the simulator ,waves" window.

during synthesis: The synthesis process can be con-
trolled with appropriate commands and forced to en-
code the FSM states in a predefined way. This ap-
proach has an advantage in higher level of abgiract
and no need of RTL code modification; however, the
TOP is harder to implement and used commands are
dependent on the synthesis tool.

We decided for the RTL level application. Firste tivthole
ital device is designed and debugged in a standay
with FSMs using enumerated data type. Then, in fithal
ﬁgge of the design the FSM encoding flow is applide
f8||0wing steps are to be done:

1. digital simulation is run with FSM coverage option,

the coverage report is generated. A synthesiscs re
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ommended to be run to get a first design size estim 1. digital simulation is run with FSM coverage option,
tion. the coverage report is generated.

2. generated report is analyzed by a proprietary PERL 2. designer analyses the report and finds states iohwh
script. The script reads the FSM transitions diafis the FSM spends significant time by waiting.

and generates a VHDL package with constants with 3. clock gating is implemented on RTL level based on
the same name as members of the enumerated type, this information.

but of std_logic_vectotype. These constants encode Implementation of clock gating can be further fismied
FSM states, see below an example of such a packagéng DC compiler/Power Compiler automatic clocKirga
Along with the packageD,,.is reported for the se-feature. DC compiler is able to convert clock eralib clock
lected encodings. The script is to be run for ladl t gating which would allow to simply transfer the ASRTL
supported encodings and the one reaching mininuEsign to FPGA device prototyping stage. The AStdes
HD,. is to be chosen for the final implementatiorwill be synthesized with clock gating then, whilBGA proto-
This is actually a greedy heuristic approach to thgpe will use clock enables without any additiortEsign
FSM encoding selection. effort.

3. original FSM enumerated type state definition is re Clock gating is applicable only with ASIC desigfsis
placed by the generated package which introduaesthod is not applicable with FPGA designs as thigreo
new encoding of the FSM and a new synthesis pessibility to balance clock trees.
done. The sizes prior and after encoding applinatio STATE STATE

are to be compared to check if the new encoding has » »
not hampered design size. m] g [ | Combinational €. [_] Combinational Jour
Note that state encoding is applicable for FPGAval as Y Logic >§ Logic
ASIC designs; with both platforms power savings banob- x T
tained. See Figure 4 for the flow flowchart andeaample of @) ®)
an encoding package listed below. Figure 5:a) Single clock flip-flop based FSM. b)t&hclock
Pigital SO” _comme gy Enotng Average Hamming version; drawing based on [19].
I - = F_g £
Ty G &= T 2=
codes Encoding o Distance Analysis 5 R esu | t S
Vector generation . with all codes SEIScHian| of e oS
RTL g”‘“es's rsms ([0l  suitable encoding
- Encoded | Proposed methodology was used to encode all theskShkhe
= demonstrational ASIC smart sensor digital desigitf@im.
New RTL RTL synthesis % A
coces il o — 5.1 Power Consumption
\ W Verification g - omparison of results
Figure 4 The FSM encoding flow. FSM state clock gating is introduced to the follogiiFMSs:
. ee_w_flag_ctrl ee_slave_fsmee_ctrl_fsmand fsm_control
DSE ibomatl. logic, 1164ALL: (FSMs are marked with +’). The power consumptictirea-
USE ieee std_logic_arith.ALL; tion of the original design without and with stateck gating
PACKAGE i2c_fsm_pkg IS (columns oig andorig+ respectively) are presented in tables
CONSTANT i2c_fsm_code_width : natural := 4: below. The last column (%) contains effectivenefsthe best
SUBTYPE t_i2c_fsm_state IS std_logic_vector(i2c_fs m_code_width-1 Coding marked in green Compared)m'g or 0rig+ in percents.
DOWNTO 0); . . . .
o . I All power estimation results in Tables 3 and 4 iarenW;
o TaNT RESET Lize_fsm_state : = 70000% Synopsys Power Compiler was used to estimate thiale
: power consumption. The best result is marked iemffer all
. _ . of the presented FSMs. The results show that
CONSTANT NACK_HS Lo fom.state - oL 1. a significant power saving can be achieved (up to
END i2c_fsm_pkg; 70%) depending on the FSM complexity which is in
PACKAGE BODY i2c_fsm_pkg 1S compliance with statements in [14] and others.
e 2. HD,. based encoding selection leads to an optimal
_ _ solution in 4 out of 7 cases (compare red and green
4.2 State Register Clock Gating field in Table 5 with corresponding power consump-
_ o tions in Table 4). The heuristic selection is wrdag
State clock gating can be easily implemented on ReMel. the following FSMs, see also red fields in Table 5:
However, the complicated part is to determine thiable « mcu_ctrl_fsm the chosen encoding still lowers
states for clock gating and an appropriate activafunction the F_SM_power consumption by 9% compared to
Fa. Results which are obtained from simulation andVFS the original state. In addition to this, the amount
coyelr:)ellg? tool canl bekalsq used to determine steieh are of glitching at the FSM output is significantly re-
suitable for state clock gating. . duced by both Gray and ALG1 encodings and
. The following steps are to be done to introducekcigat- leads to a significant further power savings in the
ing to the FSM state registers: device (the FSM is an instruction decoder of the
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RISC CPU with large capacitive loads on its out- Table 5:HD,. for encoded FSMs. Green indicates that the
puts). So the ALG1 selection is not optimal, butiD, predicition is in compliance with real power conmgti-

still leads to power savings.
lock_ee_img_fsma small FSM with just four
states toggling very rarely in the design. It do

on of the FSM estimated using post-place&routetisteted
indicates that thelD,,. mispredicted the power consumption.
es

not make sense to apply the customized encoc
on such an FSM at all.

i2c_fsm no power savings would be obtained

the Gray code is chosen instead of ALG1; h

the heuristic approach fails.
It is necessary to emphasise here, that the siioolased

for FSM coverage generation shall really activaeeESM in a

way as close to the real application as possibletmoget

skewed statistics.

FSM HDaye
Bin Gray

acu_ctrl fsm 0.1934 0.3293
‘[gck_ee_img_fsm 0.0488
ee_w_flag_ctrl 0.0010
ee_slave fsm 0.0660
ee_ctrl_fsm 0.3763
fsm_control 0.0178
i2c_fsm 0.4686

Table 3: RTL power estimations

I 0,
FSM Bin Gray 0”_9+ /
orig %
]Z“CU—C”'— 3.77E-03| 3.66E-0 e
sm 5.42E-03| 64
lock_ee NA
img_fsm 3.61E-06| 102
ee_;/v_flag 2 A7E-05 2.42E-05| 99
_ctrl (+) 6.82E-05| 35
;ae_slave_ 1 08E-05 1.10E-05| 95
sm (+) 2.03E-05| 51
fee_ctrl_ 1.23E-04 1.70E-04| 55
sm (+) 3.04E-04| 30
fsrr|1_con- 1 18E-05 1.22E-05| 89
trol (+) 2.24E-05| 49
i2c_fsm | 3.92E-05 NA
7.98E-05| 42

Table 4:Post-place&route power estimations

i 0

FSM Bin ALGL |-t | %
orig %

][“CU—C”'— 5.73E-03 5 55E-03— A
sm 6.08E-03| 81

!ock_ee_ 5.55E- AL
img_fsm 3.49E-06| 101
ee_w flag , cor e 2.59E-05| 93
ctrl (+) 2.78E-05| 87
05| 95

ee_slave_| 1.31E-05 1.31E-05

fsm (+) 1.62E-05| 77
eectrl_ | 11104 1.39E-04| 71
fsm (+) 1.54E-04| 64
fsm_con-| | See s 1.31E-05| 89
trol (+) 1.61E-05| 73

i2c_fsm 5.33E-05 —
4.53E-05| 77

5.2 Real Design Effort

The real design effort needed to run FSM coveréme&om-
puteHD,, for all the encodings, and to encode all the FSMs
was approximately half a day with the demonstratiokSIC
design. The whole procedure was smooth and prosamse-
ful. The methodology was also tested by anotheigdes on a
different project with similar results.

6 Conclusions, Next Steps

The methodology allows integration of all the thetaral re-

sults and algorithms presented in scientific pap#sa stan-
dard RTL ASIC design flow. Our contribution lies devel-

opment of an extension to the standard flow usiBiylfeover-

age to gather information on state transitionse@dichted tool
for FSM encoding, and the VHDL RTL coding methodplo
for fast FSM encoding without any additional effdfhe ease
of application was tested in the frame of one pilatject and
it was shown that the whole process is fast andstddss than
half a day of work. Additional testing with anothasign was
also done. The only proprietary part of the whddevfis the

encoding and FSM coverage log parsing script wisah be

easily implemented eg in Perl.

Further, the chosen approach simplifies TOP for Fs&te
design and gives enough information to find outwhich
states it is advantageous to implement FSM staistex clock
gating.

As the heart of the process is a greedy heuristis, rec-
ommended to avoid encoding of small/simple FSMs¢are
of doubt, a verification with tool estimating desigower
consumption can be done (eg Power Compiler).

We already plan the following extensions of the lenp
mented tool:

1. integration of an automatic decision process based
HD..e the tool will do all the analysis by itself and
generate only the optimal encoding,
integration of an Error Correction Code (ECC) gen-
erator to allow a simple design of an FSM with estat
register protected against SEUs.
extension of supported encoding algorithms with
some other heuristic approaches.
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