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¥Designed for maximum ßexibility to be deployed on 
FPGAs

¥Comes in three variations

¥Nios II/e, minimum core size, single stage pipe, no 
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¥Nios II/s, small core size, Þve-stage pipe, with cache, 
static branch prediction

¥Nios II/f, fast execution, six-stage pipe, with cache, 
dynamic branch prediction
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2. Processor Architecture

Introduction This chapter describes the hardware structure of the Nios¨ II processor, 
including a discussion of all the functional units of the Nios II architecture 
and the fundamentals of the Nios II processor hardware implementation. 

The Nios II architecture describes an instruction set architecture (ISA). The 
ISA in turn necessitates a set of functional units that implement the 
instructions. A Nios II processor core is a hardware design that implements 
the Nios II instruction set and supports the functional units described in 
this document. The processor core does not include  peripherals or the 
connection logic to the outside worl d. It includes only the circuits 
requir ed to imple ment the Nios II architecture.

Figure 2Ð1 shows a block diagram of the Nios II processor core.

Figure2Ð1.Nios II Processor Core Block Diagram
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Introduction With the A ltera¨  Nios¨  II embedded processor, system designers can 
accelerate time-critical software algorithms by adding custom 
instructions to the Nios instruction set. With custom instructions, system 
designers can reduce a complex sequence of standard instructions to a 
single instruction implemented in hardware. System designers can use 
this feature for a variety of applications, e.g., to optimize software inner 
loops for digital signal processing (DSP), packet header processing, and 
computation-intensive applications. The Nios II CPU configuration 
w izard, which is accessed via the Quartus¨ II softwareÕs SOPC Builder, 
provides a graphical user interface (GUI) used to add up to 256 custom 
instructions to the Nios II processor.

The custom instruction logic connects directly to the N ios II arithmetic 
logic unit (ALU) as shown in Figure 1Ð1.

Figure 1–1. Custom Instruction Logic Connects to the Nios II ALU 
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Implementing Custom Instruction Hardware

Figure 1–2 is a hardware block diagram of a Nios II processor custom 
instruction. 

Figure 1–2. Hardware Block Diagram of a Nios II Processor Custom Instruction

 

The basic operation of Nios II custom instruction logic is to receive input 
on the dat aa[ 31. . 0]  and/or dat ab[ 31. . 0]  and drive out the result 
on its r esul t [ 31. . 0]  port. The designer generates the custom 
instruction logic that produces the results. 

The Nios II processor supports different architectural types of custom 
instructions. Figure 1–2 lists the additional signals that accommodate 
different architectural types. Only the ports used for the specific custom 
instruction implementation are required. 

Figure 1–2 also shows an optional interface to external logic. The interface 
to external logic allows designers to include a custom interface to system 
resources outside of the Nios II processor data path. 
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Implementing Custom Instruction Software

The Nios II processor custom instruction software interface is simple and 
abstracts the details of the custom instruction from the programmer. For 
each custom instruction, the Nios II integrated development 
environment (IDE) produces a macro that is defined in the system header 
file. You can call the macro from C or C++ application code as a normal 
function call and you do not need to program assembly to access custom 
instructions. Custom instructions can also be accessed via the N ios II 
processor assembly code. 

f For more information, refer to Chapter 2, Software Interface. 

Custom 
Instruction 
Architectural 
Types

There are different custom instruction architectures available to suit the 
applicationÕs requirements. The architectures range from a simple, single-
cycle combinatorial architecture to an extended variable-length, multi-
cycle custom instruction architecture. The chosen architecture determines 
what the hardware interface looks like. 

Table 1Ð1 shows custom instruction architectural types, application, and 
the associated hardware interface. 

This section discusses the basic functionality and hardware interface of 
each custom instruction architecture type listed in Table 1Ð1. 

Table 1Ð1. Custom Instruction Architectural  Types, Application & Hardware Interface

Architectural Type Application Hardware Interface
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Combinatorial  Custom Instruction Architecture

Combinatorial custom instruction architecture consists of a logic block 
that is able to complete in a single clock cycle. 

Figure 1–3 shows a block diagram of a combinatorial custom instruction 
architecture. 

Figure 1–3. Combinatorial  Custom Instruction Architecture 

The Figure 1–3 combinatorial custom instruction diagram uses 
dataa[31..0] and datab[31..0] ports as inputs and drives the 
results on the result[31..0] port. Because the logic is able to complete 
in a single clock cycle, control signals are not needed. 

Table 1–2 lists the combinatorial custom instruction signals. 

The only required port for combinatorial custom instructions is the 
result[31..0] port. The dataa[31..0] and datab[31..0]signals 
are optional, and should only be included if the application requires input 
operands. If only a single data port is needed, use dataa[31..0]. 

Combinatorial Port Operation

This section describes the combinatorial custom instruction hardware 
interface port operation. Figure 1–4 shows the combinatorial custom 
instruction hardware interface timing diagram.

Table 1–2. Combinatorial Custom Instruction Signals

Signal Name Direction Required Purpose

dataa[31..0] !"#$% &' !"#$%()#*+,"-(%'(.$/%'0(

1"/%+$.%1'"

datab[31..0] !"#$% &' !"#$%()#*+,"-(%'(.$/%'0(
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1"/%+$.%1'"

dataa[31..0]
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Combinatorial result[31..0]
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Figure 1–5. Multi-Cycle Custom Instruction Block Diagram

As stated previously, multi-cycle custom instructions can be either fixed 
or variable length in duration: 

! Fixed length: You specify the required number of clock cycles during 
system generation 

! Variable length: The st ar t  and done signals are used in a 
handshaking scheme to determine when the custom instruction 
execution is complete. 

Table 1Ð3 lists multi-cycle custom instruction signals.  
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Table 1–3. Multi-Cycle Custom Instruction Signals

Signal Name Direction Required Application

cl k !" #$% &' ( ) * +( %' , )- ./ - 0

c l k_en !" #$% &' ( 1 ./ - 0)' " 23.'

r eset !" #$% &' ( * +" - 45/" / $( )5' ( ' %

st ar t !"#$ % 6 / * 78"2.( )- $( %/, )7"(%5$- %7/" )./ 87-)%/ )( %25%)'9 '- $%7/"

done : $%#$% 6 / 1 $( %/ , )7"( %5$-%7/") ./87- )( 78"2. ( )%4') 1 ; < )%42%)'9 ' - $%7/") 7()
- / , #.' %' =

dat aa[ 31. . 0] !"#$ % 6 / !"#$ %)/#' 52">)%/ )- $( %/, )7"(%5$- %7/"

dat ab[ 31. . 0] !"#$ % 6 / !"#$ %)/#' 52">)%/ )- $( %/, )7"(%5$- %7/"

r esul t [ 31. . 0] : $%#$% 6 / ? ' ( $.%)@5/ , )- $( %/ , )7" ( %5$- %7/ " )

! "#$%&'( ) %* ) %&#+) , ' ( ) %$'- $%. +) , '&/0/1'2&%+&0"$ 345
6 $1$7 0$%'899: ; +) . '<<'( =. #) 7 '<, . #%=1#+) , '> . $%'? =+@$

; +) . <<'( =.#) 7 '<, . #%=1#+) , 'A2$%2+$B

Combinatorial Custom Instruction Architecture

Combinatorial custom instruction architecture consists of a logic block 
that is able to complete in a single clock cycle. 

Figure 1Ð3 shows a block diagram of a combinatorial custom instruction 
architecture. 

Figure 1–3. Combinatorial  Custom Instruction Architecture 
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Figure 1Ð5. Multi-Cycle Custom Instruction Block Diagram

As stated previously, multi-cycle custom instructions can be either fixed 
or variable length in duration: 

! Fixed length: You specify the required number of clock cycles during 
system generation 

! Variable length: The st ar t  and done signals are used in a 
handshaking scheme to determine when the custom instruction 
execution is complete. 
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Signal Name Direction Required Appl ication
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Figure 1Ð6. Multi-Cycle Custom Instruction Timing Diagram

Extended Custom Instruction Architecture

Extended custom instruction architecture allows for a single custom logic 
block to output results for different operations. Extended custom 
instructions make use of the N field to specify which logic operation is 
performed by the custom logic. The 8-bit wide N field in the op-code 
allows for 256 different operations for a single block of custom logic.

Figure 1Ð7 is a block diagram of an extended custom instruction w ith bit-
swap, byte-swap, and half-word-swap operations. 

Figure 1Ð7. Extended Custom Instruction with Swap Operations

dataa[31..0]

0

1

2

n[7..0]

result[31..0]

bit-swap

operation

byte-swap

operation

half-word-swap

operation



! "#$%&'( ) %* ) %&#+) , ' ( ) %$'- $%. +) , '&/0/1'2&%+&0"$ 3433
5 $1$6 0$%'7889 : +) . ' ;;' ( <. #) 6 ';, . #%<1#+) , '= . $%'> <+?$

: +) . ;;'( <.#) 6 ' ;, . #%<1#+) , '@2$%2+$A

Figure 1–8. Multiply-Accumulate Custom Logic Block

When r eadr b is deasserted, the multiplication of dat aa[ 31. . 0]  and 
dat ab[ 31. . 0]  occurs, and the results are stored in the accumulate 
register. Those results can be read back by the Nios II processor, or 
alternatively that value in the accumulator can be read as input to the 
multiplier by asserting r eadr b. 

Table 1–4 lists the internal register file custom instructions signals. The 
signals are optional and should only be used if required by the 
application. 
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Table 1–4. Internal Register File Custom Instruction Signals

Signal Name Direction Required Application
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c[ 4. . 0] !"#$% &' 6$+%'<)*"+%1$;%*'")*"%21"/3)12-*+%21)(*32)*"02=
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Figure 1–8. Multiply-Accumulate Custom Logic Block

When r eadr b is deasserted, the multiplication of dat aa[ 31. . 0]  and 
dat ab[ 31. . 0]  occurs, and the results are stored in the accumulate 
register. Those results can be read back by the Nios II processor, or 
alternatively that value in the accumulator can be read as input to the 
multiplier by asserting r eadr b. 

Table 1–4 lists the internal register file custom instructions signals. The 
signals are optional and should only be used if required by the 
application. 

dataa[31..0]
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readrb

result[31..0]Multiply Accumulate

Table 1–4. Internal Register File Custom Instruction Signals

Signal Name Direction Required Application
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Internal Register File Custom Instruction Port Operation 

The r eadr a, r eadr b, wr i t er c , and a[ 4. . 0] , b[ 4. . 0] , and c[ 4. . 0]  
ports behave similarly to dat aa[ 31. . 0] . When the st ar t  signal is 
asserted, the CPU presents the r eadr a, r eadr b, wr i t er c , a[ 4. . 0] , 
b[ 4. . 0] , and c[ 4. . 0] signals on the rising edge of the CPU clock. All 
the ports remain stable throughout the execution of the custom 
instructions. 

To determine how to handle register file I/O, custom instruction logic 
should read the active high r eadr a, r eadr b, and wr i t er c  signals. The 
a[ 4. . 0] , b[ 4. . 0] , and c[ 4. . 0]  ports should be used as register file 
indexes. When r eadr a or r eadr b are not asserted, the custom 
instruction logic should ignore the corresponding a[ 4. . 0] or 
b[ 4. . 0] port. When wr i t ec  is not asserted, the CPU ignores the value 
driven on the r esul t [ 31. . 0]  port. 

All other custom instructions port operations remain the same.

External  Interface Custom Instruction

Figure 1–9 shows that the Nios II processor custom instructions allow 
you to add an interface to communicate with logic outside of the 
processor’s data path. At system generation, any signals that are not 
recognized as custom instruction signals will propagate out to the top 
level of the SOPC Builder module where external logic can access the 
signals. 

Figure 1–9. Custom Instructions Al low the Addition of an External Interface 
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