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RTL Design
This lecture describesan approach to logic designcalledRegisterTransferLevel (RTL)or dataflowdesign.This is
themethodcurrentlyusedfor thedesignof complex logic circuitssuch asmicroprocessors.
Thestepsin RTL designare: (1) determinethe numberand sizesof registers neededto hold the data usedby the
device, (2) determinethe logic and arithmeticoperationsthat needto be performedon theseregister contents,and
(3) designa statemachinewhoseoutputsdeterminehowtheseregistercontentsare updatedwith theresultsof those
operationsin order to obtainthedesiredresults.
After this lectureyoushouldbeableto:

� classifya VHDL descriptionasa behavioral, structural, or dataflow(RTL)description
� identifytheregistersandlogic/arithmeticfunctionsrequiredto implementa particular algorithm
� partition thisalgorithminto a sequenceof theseoperationsandregistertransfers
� write synthesizeableVHDL RTLcodeto implementthealgorithm

Design Strategies

Thereareanumberof strategiesthatareusefulwhen
designingcomplex logiccircuits.Youmayrecognize
thatsimilarstrategiesareusedin computerprogram-
ming.

One strategy is to design at the most abstract
(“highest”) level possiblewith the tools available.
For example,using a behavioral designstyle with
VHDL insteadof a structuralstyle (e.g. schemat-
ics)will make it easierto write, read,document,and
debug yourdesign.

Anotherdesignstrategy is hierarchicaldecompo-
sition. The device being designedshould be de-
composedinto a numberof modules(representedas
VHDL entities)that interface throughwell-defined
interfaces(VHDL ports). The internalstructureof
thesemodulesshouldnotbevisible from outsidethe
module. Eachof thesemodulesshouldthenbe fur-
thersubdividedinto othermodules.Thedecomposi-
tion processshouldbe repeateduntil the remaining
modulesaresimpleenoughto beeasilywritten and
tested.This decompositionmakesit easyto testthe
modulesindividually, allows modulesto be re-used
andallowsmorethanonepersonto workonthesame
projectat thesametime.

It’salsoagoodideato keepthedesignasportable
aspossible.Avoid usinglanguagefeaturesthat are
specificto a particularmanufactureror target tech-
nology unlessthey are necessaryto meetother re-

quirements. This will make it possibleto usedif-
ferentmanufacturingprocessesanddifferentdevices
with aminimumof redesign.

Structural Design

Structuraldesignis the oldestdigital logic design
method. In this methodthe designerdoesall the
work. Thedesignerselectsthelow-level components
and decidesexactly how they are to be connected.
The parity generatordescribedin the previous lec-
tureis anexampleof structuraldesign.

A structuraldesigncanbe representedasa parts
list anda list of theconnectionsbetweenthepinson
the components(for example: “pin 12 on chip 3 is
connectedto pin 5 on chip 7”). This representation
of acircuit is calledanetlist.

Schematiccapture is themostcommonstructural
designmethod.Thedesignerworkswith a program
similarto adrawing programthatallowscomponents
to beinsertedinto thedesignandconnectedto other
components.

Exercise: What would be the most common type of statement

in a structural VHDL description?

Behavioral Design

At the otherextreme,a behavioral designis meant
to demonstratethe functionalbehaviour of a device
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without concerningitself aboutimplementationde-
tails. Thusa behavioral designmay includeopera-
tions

�
suchas integer division or behaviour suchas

propagationdelaysthatwould bedifficult or impos-
sibleto synthesize.

However, every designshouldstartwith a behav-
ioral description.Thebehavioral descriptioncanbe
simulatedandusedto verify thatall of the required
aspectsof thedesignhave beenidentified.Oftenthe
outputof a behavioral descriptioncanbe compared
to the output of a structuralor RTL descriptionto
checkfor errors.

Exercise: A VHDL description contains non-synthesizeable

constructs. Is it a behavioural or structural description?

RTL Design

RegisterTransferLevel,or RTL1 designliesbetween
a purelybehavioral descriptionof thedesiredcircuit
anda purelystructuralone.An RTL descriptionde-
scribesacircuit’s registersandthesequenceof trans-
fersbetweentheseregistersbut doesnotdescribethe
hardwareusedto carryout theseoperations.

As asimpleexample,consideradevice thatneeds
to addfour numbers.In VHDL, givensignalsof the
correcttype,wecansimplywrite:

s <= a + b + c + d ;

This particulardescriptionis simpleenoughthat
it canbesynthesized.However, theresultingcircuit
will bea fairly largecombinationalcircuit compris-
ing threeaddercircuitsasfollows:

1The “L” in RTL sometimesstands for “Language” or
“Logic” – all refer to the samemethodof designingcomplex
logic circuits.

A behavioral description, not being concerned
with implementationdetailswould be completeat
thispoint.

However, if we wereconcernedaboutthecostof
the implementationwe might decideto breakdown
the computationinto a sequenceof steps,eachone
involving only asingleaddition:

s = 0
s = s + a
s = s + b
s = s + c
s = s + d

whereeachoperationis executedsequentially. The
logic requiredis now one adder, a register to hold
the valueof s in-betweenoperations,a multiplexer
to selectthe input to be addedon, and a circuit to
clears at thestartof thecomputation.

Althoughthis approachonly needsoneadder, the
processrequiresmorestepsandwill takelonger. Cir-
cuits that divide up a computationinto a sequence
of arithmeticandlogic operationsarequitecommon
and this type of designis called Register Transfer
Level (RTL) or “dataflow” design.

An RTL designis composedof (1) registersand
combinationalfunctionblocks(e.g.addersandmul-
tiplexers) called the datapathand (2) a finite state
machine,calledthecontroller thatcontrolsthetrans-
fer of datathroughthe functionblocksandbetween
theregisters.

In VHDL RTL designthe gate-level designand
optimizationof thedatapath(registers,multiplexers,
andcombinationalfunctions)is doneby thesynthe-
sizer. However, the designermustdesignthe state
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machineanddecidewhich registertransfersareper-
formedin whichstate.

TheRTL designercantradeoff datapathcomplex-
ity (e.g. using more addersand thus using more
chip area)againstspeed(e.g. having more adders
meansfewer stepsarerequiredto obtaintheresult).
RTL designis well suitedfor the designof micro-
processorsand special-purposeprocessorssuch as
disk drive controllers,video displaycards,network
adaptercards,etc. It givesthedesignergreatflexibil-
ity in choosingbetweenprocessingspeedandcircuit
complexity.

Thediagrambelow showsagenericcomponentin
thedatapath.EachRTL designwill becomposedof
oneof the following building blocksfor eachregis-
ter. The structureallows the contentsof eachreg-
ister to be updatedat the endof eachclock period
with a valueselectedby the controller. The widths
of theregisters,thetypesof combinationalfunctions
andtheir inputswill be determinedby the applica-
tion. A typical designwill include many of these
components.
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RTL Design Example

To show how anRTL designis describedin VHDL
andto clarify theconceptsinvolved, we will design
afour-inputadder. Thisdesignwill alsodemonstrate
how to createpackagesof componentsthat can be
re-used.

Thedatapathshown below canloadtheregisterat
the start of eachclock cycle with zero, the current
valueof the register, or the sumof the registerand
oneof thefour inputs. It includesone8-bit register,

an 8-bit adderanda multiplexer that selectsoneof
thefour inputsasthevalueto beaddedto thecurrent
valueof theregister.
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Exercise: Other datapaths could compute the same result.

Draw the block diagram of a datapath capable of computing the

sum of the four numbers in three clock cycles.

The first designunit is a packagethat definesa
new type,num, for eight-bitunsignednumbersandan
enumeratedtype,states, with six possiblevalues.
nums aredefinedasasubtypeof theunsigned type.

-- RTL design of 4-input summer

-- subtype used in design

library ieee ;
use ieee.std_logic_1164.all ;
use ieee.std_logic_arith.all ;

package averager_types is
subtype num is unsigned (7 downto 0) ;
type states is (clr, add_a, add_b, add_c,

add_d, hold) ;
end averager_types ;

The first entity definesthe datapath.In this case
thefour numbersto beaddedareavailableasinputs
to the entity andthereis oneoutput for the current
sum.

The inputsto thedatapathfrom thecontrollerare
a 2-bit selectorfor the multiplexer andtwo control
signalsto loador clear(setto 0) theregister.

-- datapath

library ieee ;
use ieee.std_logic_1164.all ;
use ieee.std_logic_arith.all ;
use work.averager_types.all ;

entity datapath is
port (
a, b, c, d : in num ;
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sum : out num ;
sel : in std_logic_vector (1 downto 0) ;
load, clear, clk : in std_logic
) ;

end datapath ;

architecture rtl of datapath is
signal mux_out, sum_reg, next_sum_reg : num ;
constant sum_zero : num :=

conv_unsigned(0,next_sum_reg’length) ;
begin

-- mux to select input to add
with sel select mux_out <=

a when "00",
b when "01",
c when "10",
d when others ;

-- mux to select register input
next_sum_reg <=

sum_reg + mux_out when load = ’1’ else
sum_zero when clear = ’1’ else
sum_reg ;

-- register sum
process(clk)
begin

if clk’event and clk = ’1’ then
sum_reg <= next_sum_reg ;

end if ;
end process ;

-- entity output is register output
sum <= sum_reg ;

end rtl ;

Exercise: Label the block diagram above with the bus widths
and signal names used in the entity.

What would happen if both clear and load inputs were as-
serted? Why do we need to define both sum reg and sum sig-
nals?

How many operations will it take to compute the sum of the

four inputs?

The RTL design’s controller is a statemachine
whoseoutputscontrol the multiplexers in the data-
path. Thecontroller’s inputsaresignalsthatcontrol
thecontroller’s statetransitions.In thiscasetheonly
input is anupdate signalthat tells our device to re-
computethesum(presumablybecauseoneor more
of theinputshaschanged).

This particular statemachinesits at the “hold”
stateuntil theupdatesignalis true. It thensequences
throughtheotherfivestatesandthenstopsatthehold
stateagain.Theotherfivestatesareusedto clearthe
registerandto addthefour inputsto thecurrentvalue
of theregister.

-- controller

library ieee ;
use ieee.std_logic_1164.all ;
use work.averager_types.all ;

entity controller is
port (
update : in std_logic ;
sel : out std_logic_vector (1 downto 0) ;
load, clear : out std_logic ;
clk : in std_logic
) ;

end controller ;

architecture rtl of controller is
signal s, holdns, ns : states ;
signal tmp : std_logic_vector (3 downto 0) ;

begin

-- select next state
with s select ns <=

add_a when clr,
add_b when add_a,
add_c when add_b,
add_d when add_c,
hold when add_d,
holdns when others ; -- hold

-- next state if in hold state
holdns <=

clr when update = ’1’ else
hold ;

-- state register
process(ns,clk)
begin

if clk’event and clk = ’1’ then
s <= ns ;

end if ;
end process ;

-- controller outputs
with s select sel <=

"00" when add_a,
"01" when add_b,
"10" when add_c,
"11" when others ;

load <= ’0’ when s = clr or s = hold else ’1’ ;

clear <= ’1’ when s = clr else ’0’ ;

end rtl ;

Thenext sectionof codeis anexampleof how the
datapathandthecontrollerentitiescanbeplacedin
a package,averager_components, ascomponents.
In practicethe datapathand controller component
declarationswouldprobablyhave beenplacedin the
top-level architecturesincethey arenot likely to be
re-usedin otherdesigns.

-- package for datapath and controller
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library ieee ;
use ieee.std_logic_1164.all ;
use work.averager_types.all ;

package averager_components is

component datapath
port (
a, b, c, d : in num ;
sum : out num ;
sel : in std_logic_vector (1 downto 0) ;
load, clear, clk : in std_logic
) ;

end component ;

component controller
port (
update : in std_logic ;
sel : out std_logic_vector (1 downto 0) ;
load, clear : out std_logic ;
clk : in std_logic
) ;

end component ;

end averager_components ;

Thetop-level averager entity instantiatesthetwo
componentsandinterconnectsthem.

-- averager

library ieee ;
use ieee.std_logic_1164.all ;
use ieee.std_logic_arith.all ;
use work.averager_types.all ;
use work.averager_components.all ;

entity averager is port (
a, b, c, d : in num ;
sum : out num ;
update, clk : in std_logic ) ;

end averager ;

architecture rtl of averager is
signal sel : std_logic_vector (1 downto 0) ;
signal load, clear : std_logic ;
-- other declarations (e.g. components) here

begin
d1: datapath port map ( a, b, c, d, sum, sel, load,

clear, clk ) ;
c1: controller port map ( update, sel, load,

clear, clk ) ;
end rtl ;

Theresultof thesynthesizingthedatapathis:

Theregisterflip-flopsareattheupperright, theadder
is in the middle and the input multiplexer is at the
lower left.

Theresultof thesynthesizingthecontrolleris:

Thefollowing timing diagramshows thedatapath
outputandthecontrollerstateoveronecomputation.
Note that the stateandoutputtransitionstake place
on the rising edgeof the clock. Also notethat the
outputis updatedat the endof the statein which a
particularoperationis performed.
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RTL Timing Analysis

Thedatapathis asynchronoussequentialcircuit that
usesthe sameclock for all registersandall register
contentsthuschangeatthesametime. Thecontroller
usesthe sameclock asthe datapath.Eachdatapath
registerloadsthevalues“computed”duringonestate
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at theendof thatstate(which is alsothestartof the
next state).

We canguaranteethat the correctresultswill be
loadedinto registersif the worst-casepropagation
delay (tPD) through any path of multiplexers and
combinationalfunctionblocksis lessthantheclock
period (tclock) minus the registers’ setuptime (ts)
andclock-to-output(tCO) delays:

tPD � tclock � ts � tCO

state n−1 state n state n+1

   clock edges
(change of state)

max. propagation
        delay

clock

timing margin
register setup time

register input

clock−to−
output delay

Usinga singleclock meanswe only needto com-
pute the delay throughcombinationallogic blocks
whichis muchsimplerthanhaving to dealwith asyn-
chronousclocks. This is why almostall large-scale
digital circuitsaresynchronousdesigns.

Synthesistools can be asked to synthesizelogic
that operatesat a particularclock period. The syn-
thesizeris suppliedwith thepropagationdelayspec-
ifications for the combinationallogic components
availablein theparticulartechnologybeingusedand
it will thentry to arrangethelogic sothatthepropa-
gationdelayfrom any input or registeroutputto the
inputsof all registersis lessthan the clock period.
Thisensuresthatthecircuit will work properlyat the
specifiedclock rate.

Behavioural Synthesis

It is possibleto work atevenhigherlevelsof abstrac-
tion thanRTL whendesigntime is more important
thancost. Advancedsynthesisprograms(for exam-
ple, Synopsys’Behavioral Compiler)canconvert a
behavioral descriptionof an algorithminto an RTL
description.Thecompilerdoesthisby automatically
allocatingregistersand partitioning the processing
over as many clock cycles as are requiredto meet
high-level processingtime requirements.
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