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Abstract
Interleaving is always used in combination with an error control coding. It
spreads the burst noise, and changes the burst noise to white noise so that the
noise induced bit errors can be corrected. With the advancement of
communication systems and substantial increase in bandwidth requirements, use
of coding for forward error correction (FEC) has become an integral part in the
modern communication systems. Dividing the FEC sub‐systems in two categories
i.e. channel coding/de‐coding and interleaving/de‐interleaving, the later appears
to be more varying in permutation functions, block sizes and throughput
requirements. The interleaving/de‐interleaving consumes more silicon due to the
silicon cost of the permutation tables used in conventional LUT based approaches.
For multi‐standard support devices the silicon cost of the permutation tables can
grow much higher resulting in an un‐efficient solution. Therefore, the hardware
re‐use among different interleaver modules to support multimode processing
platform is of significance.
The broadness of the interleaving algorithms gives rise to many challenges
when considering a true multimode interleaver implementation. The main
challenges include real‐time low latency computation for different permutation
functions, managing wide range of interleaving block sizes, higher throughput,
low cost, fast and dynamic reconfiguration for different standards, and
introducing parallelism where ever necessary.
It is difficult to merge all currently used interleavers to a single architecture
because of different algorithms and throughputs; however, the fact that
multimode coverage does not require multiple interleavers to work at the same
time, provides opportunities to use hardware multiplexing. The multimode
functionality is then achieved by fast switching between different standards. We
used the algorithmic level transformations such as 2‐D transformation, and
realization of recursive computations, which appear to be the key to bring
v

different interleaving functions to the same level. In general, the work focuses on
function level hardware re‐use, but it also utilizes classical data‐path level
optimizations for efficient hardware multiplexing among different standards.
The research has resulted in multiple flexible architectures supporting
multiple standards. These architectures target both channel interleaving and
turbo‐code interleaving. The presented architectures can support both types of
communications systems i.e. single‐stream and multi‐stream systems. Introducing
the algorithmic level transformations and then applying hardware re‐use
methodology has resulted in lower silicon cost while supporting sufficient
throughput. According to the database searching in March 2010, we have the first
multimode interleaver core covering WLAN (802.11a/b/g and 802.11n), WiMAX
(802.16e), 3GPP‐WCDMA, 3GPP‐LTE, and DVB‐T/H on a single architecture with
minimum silicon cost. The research also provides the support for parallel
interleaver address generation using different architectures. It provides the
algorithmic modifications and architectures to generate up to 8 addresses in
parallel and handle the memory conflicts on‐the‐fly.
One of the vital requirements for multimode operation is the fast switching
between different standards, which is supported by the presented architectures
with minimal cycle cost overheads. Fast switching between different standards
gives luxury to the baseband processor to re‐configure the interleaver
architecture on‐the‐fly and re‐use the same hardware for another standard.
Lower silicon cost, maximum flexibility and fast switchability among multiple
standards during run time make the proposed research a good choice for the
radio baseband processing platforms.
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1Background
1.1 Historical Perspective

T

HE HISTORY of wireless communication technology is very old, and its roots
go well over a century. The basis for this technology was the basic question;
how to send a message over the air medium? However, after the birth of first
radio device, this question was changed to; what is the best way to send a
message across a noisy channel? Since then, this question has not only
triggered the field of mathematics, physics, and electronic engineering, but also
given birth to many fascinating terms connected to wireless communication
technology such as digital communication, channel estimation, channel allocation,
signal processing for communications, encryption, decryption etc. One of the
important areas, which deal with the lost information in a noisy channel, was
raised in 1940's with the name “error correcting codes”. Before this time, the
error detection was already in practice but the only way to correct the lost
information was to repeat the transmission. The repetition overheads sometimes
appear to be high enough that it can become un‐acceptable for many applications,
especially when repetition does not guarantee a correct transmission. For
example, during the image transmission from deep space to earth it becomes
impractical to retransmit the image, due to low power constraints. NASA's
Pathfinder mission to Mars (Figure 1.1) [3] is one of the practical examples of
deep space transmission.
3
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Figure 1.1 : Sojourner rover in NASA's Pathfinder Mission to Mars

In 1948, Claude Elwood Shannon presented his ground‐breaking theory in two
parts [1][2], which has given birth to a new subject named “coding theory”. The
theory was already abstractly proved around 1945, but published in 1948. This
theory covered the optimal design of a communication system, and the main
motivation was to transmit maximum possible amount of information over a
channel and correct it for errors due to noise. He showed that even with a noisy
channel, still there exist ways to encode messages in such a way that they have an
arbitrarily good chance of being transmitted safely. All this theory was based on
the digital transmissions scheme, but no specific codes were provided in the proof
that gives the desired accuracy for a given channel. In parallel to Shannon, two
other well know mathematicians Richard Hamming and Marcel Golay worked in
the same area. Hamming did the first construction of error correcting codes
known as Hamming codes and soon after this, Marcel Golay generalized the
Hamming constructions and provided the codes which can detect and correct
multiple errors in a transmission. Since then, the coding theory has developed
many connections with algebra and other mathematical techniques, which
enabled to bring more diversity in today’s communication technology.
Although the field of radio telephony was already invented by Guglielmo
Marconi back in 1894 and the first long range signal transmission was performed
in 1902 over the Atlantic Ocean, but the advent of cellular telephony in 1979 [4]
with first cellular communication network in Japan, has affected the human life
very drastically. The other technological monsters which merged with cellular
telephony are the personal computer (1980’s) and the WWW (1994). The merger
of these three technologies in to a single mobile device has accelerated the
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progress in the field of communication at light‐speed. Soon the customer
demands rose to sky and the last decade was full of technological jumps. The
throughput demands have gone very high and demand to incorporate multiple
communication systems on to a single device has now become a basic necessity.
With the endless wish list of human beings, there is always a room to raise the
question:
What is the best way to send a message across a noisy channel ?

1.2 Trends in Communication Systems and Emerging
Standards
A century ago, telegram and telephone was the only way to remotely connect
people around the world, but in parallel to this military communication systems
(not accessible for commercial use) kept growing, which resulted in multiple
platforms for reliable communication. A revolutionary change occurred when the
same type of communication platforms became available to commercial use. The
early communication systems have been entirely analog, which turned in to mix
of analog and digital at later stages. Today’s communication systems are
completely switching towards digital domain and the human life is truly being
converted to Digital Age. The communications systems available today are almost
entirely digital, except few components in transmission and reception. A lot of
efforts are being made to completely get rid of analog components in the modern
communication systems.
What is the driving source for all these advancements? No doubt, the answer is
the never ending wish list of human beings. They want to perform the daily life
tasks as quickly as possible and communication is considered to be the back bone
for it. The enhanced ability and productivity with the use of communication
systems make them favorite for every one’s daily life. The latest trends in
communication systems exactly follow the areas where the human being’s life is
largely affected by communication technologies. These areas are business,
entertainment, education, social life, automation, exploring the nature, defense,
and safety etc. On a personal level, other than making phone calls and messaging a
person also wants to stay connected to internet, watch news and movies, listen to
latest music, find one’s location to navigate, and do the video conferencing related
to business and social life. All these features and many more are required at fairly
small size, low power and low cost. Many standards have been evolved over the
time for different scenarios, such as GSM, WiMAX, WCDMA, 3GPP‐LTE, WLAN

1

6

Chapter 1: Background
WLAN 802.11a/b/g/n

GSM/GPRS/EDGE

DVB-T/H/SH

HSPA+

WCDMA/CDMA2000

WiMAX 802.16e

DAB

3GPP-LTE

GPS

Bluetooth

Figure 1.2 : A mobile device with multiple standard support

Table 1.1 : Summary of popular and emerging standards
Standard

WCDMA
/HSPA+

Mobility

High

Mild

High

Low

Max. Data Rate
(Mbps)

~42

~100

~300

WLAN
WLAN
802.11a/b/g 802.11n

1~ 5 km

~ 30 km

BTC
CC

Interleaver Types

DVB‐T/H

DVB‐SH

Low

Low/High

High

~20

~600

~32

~50

1 – 5 km

< 100 m

< 100 m

> 10 km

> 10 km

RS – CC
CTC
LDPC

BTC
CC

CC

CC
LDPC

RS – CC

BTC

Prunable
Prime +
Row‐Col

Row‐Col
+ ARP

QPP +
Row‐Col

Row‐Col
Block

Row‐Col
Block
+ Time

Conv.+Time
+ Prunable
Block

Prunable
Block
+ Conv.

No of Interleaver
Stages

3

2

2

1

2

3

3

Block Size (Max)

5114

2400

6144

288

648 x 4

6048

12282

Range
FEC Type

WiMAX 3GPP‐LTE

802.11a/b/g/n, DVB‐T/H/SH, Bluetooth, CDMA2000, and HSPA etc. A mobile
phone being “all‐time‐partner” of an individual is the most appropriate device to
support all these different types of communication standards (Figure 1.2) to fulfill
the demands.
A summary of different standards under discussion is provided in Table 1.1.
The table only covers the parameters in general or related to the thesis topic;
however, the standards include a long list of other specifications as well. The
diversity in features and complexity associated with these standards predict that
the collective mapping of all types of functions in different standards on to a
single architecture is difficult with the available technologies. However, the
mapping of different similar functionality components in different standards on to
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Information
Source

Transmitter

Receiver

7

Destination

Noise Source

Figure 1.3 : Basic communicaiton system model

0

1 p

0

p
p
1

1 p

1

Figure 1.4 : Transision probability in binary symmetric chanel

a single architecture is more feasible, and it is considered to be on top in recent
research trends in the field of communication systems.

1.3 A Communication System and Interleaver – First
Encounter
The communication system defined by Shannon to prove his theory was the basic
system as shown in Figure 1.3. It consists of an information source (producing a
message or sequence of messages), a transmitter (having the capability to operate
on the message to convert it to a suitable signal for transmission), a channel (a
medium like air or wire etc.), a receiver (practically inverse of transmitter
operations), and the destination (a person or a machine). The noise source can be
defined as burst noise (lightening, switch noise), white noise, or channel
distortion. However, the topic of thesis (interleaver) deals only with burst noise.
The transmitter here is also responsible for different types of modulations. For
the simplest modulation case i.e. the binary transmission, a particularly simple
but practically very important channel model named binary symmetric channel
(BSC) is defined. In BSC the transition probability p completely defines the
channel as shown in Figure 1.4. It can be calculated by knowing the signal
properties, the quantization thresholds of the modulator, and the amount of noise
expected (i.e. probability distribution of noise).
With the encoding process, the message bits are encoded in to a code word c,
and on the receiver side the conditional probability P(r c) of the received vector r,

1
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Encoder

RX

Decoder

D4 D3 D2 D1

C4 C3 C2 C1

B4 B3 B2 B1

A4 A3 A2 A1

A1 A2 A3 A4 B1 B2 X X X X C3 C4 D1 D2 D3 D4

D4 D3 D2 D1

X X X X

X X X X

TX

A4 A3 A2 A1

Un-decodable codewords
Figure 1.5 : A simplified transmission and reception over a noisy channel

with possible code word, needs to be maximized in order to perform decoding,
and hence it is named as maximum likelihood decoding (MLD). The maximum
likelihood decoding will not be optimum, if the code words are not equally likely
or if we don’t know exactly the probability of each code word, which is the usual
case in practical. However, under usual practice each code word is considered to
be equally likely, and hence maximum likelihood decoding may be applied.
With the definition of codes, several properties associated with the codewords
were defined. The two important properties are hamming distance (or simply
distance) and hamming weight (or simply weight). The hamming distance
between two codewords is the total number of positions, where the two
codewords are different. The hamming weight of a codeword is defined as the
total number of positions by which it is different with respect to the zero vector.
One of the properties, which define the quality of a code, is called the minimum
distance (d min). It is defined as the smallest distance between distinct codewords,
and it gives a measure of how good is the code in detecting and correcting errors.
A code with minimum distance d min can detect up to d min  1 errors and can correct
up to t errors provided it satisfies the following relation:
d min  2t  1

or

 d  1
t   min 
 2 

(1.1)

Consider a code which can correct up to t  1 errors. We take a simplified data
transmission example over a noisy channel as shown in Figure 1.5. We see that
some data is lost during the transmission in such a way that two bits each from
two of the transmitted codewords have become corrupted. As the decoder can
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Encoder

D4 D3 D2 D1

C4 C3 C2 C1

B4 B3 B2 B1
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1

A4 A3 A2 A1

3
D2 C1 B3 A4

RX

D4 C2 B2 A1

D3 C4 B1 A3

D1 C3 B4 A2

A2 B4 C3 D1 A3 B1 C4 D3 A1 B2 C2 D4 A4 B3 C1 D2

D2 C1 B3 A4

D4 C2 X X

X X B1 A3

TX

D1 C3 B4 A2

3 1

Decoder

X A2 A3 A4

B1 X B3 B4

C1 C2 C3 X

D1 D2 X D4

D4 D3 D2 D1

C4 C3 C2 C1

B4 B3 B2 B1

A4 A3 A2 A1

Figure 1.6 : A simplified transmission and reception over a noisy channel with
interleaver and de‐interleaver

correct only one error in each codeword thus both these codewords ended up as
un‐decodable. A work around could be to increase the transmitting energy to
improve the transmission reliability, but it demands more power and in some
cases even more silicon.
An alternate and cheaper way to handle this situation is to introduce an
interleaver  between encoder and transmitter. Vice versa a de‐interleaver  1
(inverse of interleaver) has to be incorporated between receiver and decoder as
shown in Figure 1.6. The transmitted bits are same but ordered in some special
way. This re‐ordering of bits is called permutation of data. Considering same
effect of noise, as in Figure 1.5, the received data becomes corrupted in the form
of an error burst. In this case, instead of directly providing the received data to
the decoder, it is first passed to de‐interleaver. The re‐arrangement done by de‐
interleaver gives the benefit that each of the codeword has at most one error in it.
As the decoder has the capability to correct a codeword with one error,
therefore all the codewords are recovered correctly. The interleaver does not

Phy. Ch. Mapping

2nd Interleaving

Phy. Ch. Segmentation

Multiplexer

Frame Segmentation
/ Rate Matching

Ist Interleaving

Channel Coding
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CRC Attachment
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Ch#2
Ch#1

Figure 1.7 : Overview of WCDMA transport channel

increase the minimum distance of the code, but the re‐arrangement of each
codeword over a wider spatial domain gives robustness to the same code against
burst errors induced by noise.

1.4 Interleaver Usage in Different Standards
The previous section provides a simplified communication system; however, the
advanced communication systems have more components to enhance the
communication reliability. The complexity increase has been accepted as a trade‐
off with increase in throughput and reliability. These advanced communication
systems use multiple types of interleavers at multiple stages to enhance the
robustness.
The transport channels for WCDMA and DVB are shown in Figure 1.7 and
Figure 1.8 respectively. Both use different kinds of FEC and interleavers. The grey
shaded blocks are the stages where an interleaver has been utilized. WCDMA
incorporates turbo code having an internal interleaver with two more interleaver
combinations, one before rate matching and the other before the mapper. The
interleaver used in the turbo encoder / decoder is a prime interleaver, and it is
considered to be more complicated among other interleavers used in different
standards. It is a row‐column interleaver which incorporates both row and
column permutations. The other interleaving stages, i.e. 1st Interleaving and 2nd
Interleaving, are of row‐column type interleavers with column permutations only.
DVB also incorporates 3 different types of interleavers. The interleaver used in
between Reed‐Solomon (RS) and convolutional code (CC) is the convolutional
interleaver, which is completely different from a block interleaver. The other two
types are the bit interleaver (which performs operation on bits) and the symbol

1.5 The Challenges and Motivation
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1

Inner FEC

Mapper

Symbol Interleaver

Bit Interleaver (I_5)
Parser / Demux

Convolutional Coder

Convolutional
Interleaver

RS Coder

Source Coding and
Multiplexing

Outer FEC

Bit Interleaver (I_0)

Figure 1.8 : Overview of DVB transport channel

interleaver (which performs operation on symbols). The number of bit
interleavers used in parallel depends on the modulation scheme, i.e. 6, 4 and 2
parallel interleavers for 64‐QAM, 16‐QAM and QPSK respectively. The symbol
interleaver is the prunable block interleaver which depends on some pseudo
pattern generated from a linear feedback shift register (LFSR). Similarly, other
standards, such as WiMAX, WLAN, and 3GPP‐LTE, also utilize different type of
interleaves at different stages. Some of the interleaver types are simple to
implement, but some are complex and have special structures. Due to special
structures they cannot share the same hardware components among each other,
and therefore some transformation has to be applied to bring all types of
implementations to similar structures.

1.5 The Challenges and Motivation
The diversity of interleaver types used in different standards has been introduced
very briefly in the previous section. A detailed summary of different types of
interleavers used in different standards is provided in Table 1.2, where different
interleavers have different structures and permutations. This table elaborates the
diversity and the range of interleaving algorithms. However, the functions and
terms in Table 1.2 are not defined here explicitly, and they will be covered in later
chapters. The conventional approach is to compute the permutation patterns off
line and then use a large memory to store all different kinds of patterns, to be
used in real time, as a lookup table (LUT). Other than the big memory overheads,
one has to be very selective as per the total storage space available, so it is quite
possible that even all the permutation patterns within a single standard could not
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Table 1.2 : List of interleaver algorithms and permutations in different standards

Standard

Interleaver
Type

HSPA+

BTC

Algorithm / Permutation Methodology
Multi‐Step computation including intra‐row permutation computation
S  j   v  S  j  1 % p ; r  i   T  q(i )  ;



U  i, j   S







 j  r  i   %( p  1) ; qmod  i   r  i  %( p  1);

RA  i, j    RA  i, j  1  qmod  i  %  p  1;
I i , j  C  r  i   U (i, j )

Ist, 2nd, and
HS‐DSCH int.

Standard block interleaving with different column permutations.

 k 



  k    P    C   k % R   % K
R









LTE

QPP for BTC

I ( x )  f1 . x  f 2 . x % N

Sub‐Blk. int.

Standard block interleaving with given column permutations.

WiMAX

Channel
interleaver

Two step permutation M k  

CTC
interleaver

2

N
k 
   k %d     ; and
d
d 

Mk 
Mk  

Jk  s  
    M k  N – d  N   %s 
 s  




I ( x %40)   P0 . x  1 % N ; I ( x %41)   P0 . x  1  N2  P1 % N ;

I ( x %4 2)   P0 .x  1  P1 % N ;I ( x %43)   P0 . x  1  N2  P3 % N
N
k 
   k %d     ; and
d 
d 

Mk 
Mk  

Jk  s  
   M k  N – d 
 %s 


N 
 s  



WLAN

Channel
interleaver

Two step permutation M k  

802.11n

Ch. Interleaver
with Frequency
Rotation

Two step permutation as above, with extra frequency interleaving i.e.

Outer Conv.
interleaver

Permutation defined by depth of first FIFO branch (M) and number of
total branches.

Inner bit
interleaver

Six parallel interleavers with different cyclic shift
H e  w    w    %126 ; where   0, 63,105, 42, 21 and 84

Inner symbol
interleaver

yH ( q )  xq for even symbols; yq  xH ( q ) for odd symbols;

DVB‐H




 i  1 
Rk   J k     iss  1  2  %3  3  ss    N ROT  N BPSC   % N
 3 

 


where H  q    i %2   2

N r 1



Nr 2

 Ri  j   2 j ;
j 0

DVB‐SH

BTC

General
Purpose
Use

Row and/or Col.
Perm. Given

Rc ( j )   Rc ( j  1)  Inc( j ) % 32 ; and
I (i, j )  Tbas ( j ) M1 (i  1, j ) % CT
Standard block interleaver with or without row or/and column
permutation.
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be supported in one go. In this case, the requirement from current trends i.e.
using multiple standards on single platform and rapid switching among them is
hard to achieve.
Looking at the range of interleavers it seems difficult to converge to a single
architecture supporting concurrent operations for multiple standards; however,
the fact that multimode coverage does not require multiple interleavers to work
at the same time provides opportunities to use hardware multiplexing. The
multimode functionality is then achieved by fast switching between different
standards. So the ultimate requirement is to merge the functionality of different
types of interleavers in to a single architecture to demonstrate a way to reuse the
hardware for a variety of interleavers having different structural properties. The
broadness of the interleaving algorithms gives rise to many challenges when
considering a true multimode interleaver implementation. The main challenges
are as follows:
 On‐the‐fly computation of permutation patterns
 Wide range of interleaving block sizes
 Wide range of algorithms
 Wide range of throughput requirements
 Fast switching between different standards
 Sufficient throughput for high speed communications
 Maximum standard coverage
 Parallelism where ever required
 Acceptable silicon cost and power consumption
 Portable to different silicon processes
To get the general idea of cost saving by using individually optimized
implementations with that of a shared hardware, each of the algorithms has been
implemented separately after applying certain optimizations and appropriate
algorithmic transformations. Comparing the hardware cost for different
implementations, as given in Table 1.3, the hardware multiplexed architecture
(supporting multiple standards) provides up to 3 times lower silicon cost for
address generation and about 6 times lower silicon cost for data memory in
shared mode. Though the overheads should also be considered while adding more
standard support in to the shared architecture, but according to the author’s
opinion, still it will further improve this ratio.

1
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Table 1.3 : Interleaving functions with hardware cost comparison
HW Cost

Standard

Interleaver Type

HSPA+

BTC

12816

59.92

Ist, 2nd, and HS‐DSCH int.

2288

29.96

QPP for BTC

3744

72.0

Sub‐Blk. interleaver

2080

36.0

Channel interleaver

8944

9.0

CTC interleaver

2080

19.92

Blk. int. b/w RS & CC

7280

56.25

LTE
WiMAX

Addr. Generation
Data Memory
@65nm, (μm2) @6 Soft Bits,(kbits)

WLAN

Channel interleaver

8944

1.68

802.11n

Ch. Interleaver with Frequency Rotation

11563

24.54

DVB‐H

Outer Conv. interleaver

12272

8.76

Inner bit interleaver

3120

0.738
35.4

Inner symbol interleaver

3536

General Purpose Use

Row and/or Col. Perm. Given

3952

24.0

Total Cost

∑ (all)

~82619

~378.0

27757

72.0

Multi‐standard Design Reconfigurable HW Multiplexed Solution

Since the interleaver core is targeted to be used with some type of baseband
processor, therefore comparing the interleaver cost to the cost of a baseband
processor can also be of importance in order to realize the significance of
interleaver. As a reference we take the baseband processor (BBP2) in [6] to
compare the cost. This baseband processor supports all the communication
standards under discussion.
Table 1.4 provides a gate count comparison of interleaver logic cost with the
size of computation logic used in the baseband processor. The cost of collection of
individually optimized interleaver implementations is 19.7% to that of the
baseband processor logic cost. However, when using the hardware multiplexing
to share the hardware for different interleaving functions, it reduced to 6.6%,
which gives a significant saving. Regarding memory utilization, an interleaver can
share the memory with baseband processor whereas sometimes it has to
incorporate separate memory. So memory cost is highly dependent on the
implementation/integration strategy. Therefore we do not include the memory
cost in the comparison. The flexibility and significant hardware saving motivates
the research to explore the re‐configurable interleaving architectures, which also
helps to meet fast time‐to‐market requirements from industry and customers.

1.6 Scope and the Thesis Organization
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Table 1.4 : Logic size comparsion with baseband processor
Implementation
Gate Count
(Computation logic only)
Ratio to that of BBP2

Baseband Processor
BBP2, [6]

Collection of Interleaver
Implementations

Multi‐standard
Interleaver

200 kgate

39.7 kgate

13.3 kgate

100 %

19.7 %

6.6 %

1.6 Scope and the Thesis Organization
The topic of interleaver itself is not very wide in the sense that it deals with only a
specific part in the chain of a communication system. However, owing to the fact
that; 1) it has become a mandatory part of all existing and newly evolved
standards, 2) the range of standards is very wide, 3) the range of interleaver
functions is very wide, and 4) general purpose processors as well as other
application specific processors, like baseband processors, do not support the
interleaver function inherently, the multimode interleaver implementation can be
declared as a topic with wider scope. The thesis covers the implementation of
different interleavers step by step to reach to multimode architectures. The thesis
organization is as follows:
The thesis is divided in four parts. Part I is made up of two chapters. Chapter 1
provides the background of the topic, general overview of the challenges, and
motivation to the work. Chapter 2 gives an introduction to different types of
interleavers and an overview of different parameters associated with
interleavers.
Part II includes chapter 3, and it describes the general methodology of
hardware multiplexing and its effects in general on silicon utilization, power
consumption and performance. It also suggests a reconfiguration scheme for
interleaver architecture after going through different general reconfiguration
schemes.
Part III being the core of this thesis covers most of the design and
implementation work. It is made up of 5 chapter (chapter 4 – chapter 8). Chapter
4 covers a dual mode turbo code interleaver for 3GPP‐WCDMA and 3GPP‐LTE.
Chapter 5 and 6 mostly provide detailed implementation and hardware sharing of
different channel interleavers along with multimode interleaver design. Chapter 7
and 8 focus on parallelism in turbo code interleavers and provide implementation
details for parallel interleaver address generation and hardware sharing among
different standards.
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The last part IV includes two chapters. Chapter 9 gives the system level
overview and details about integration aspects when integrating interleaver core
with baseband processor or integration controller. Finally chapter 10 concludes
the thesis giving an outlook on the future work that is further possible after taking
this work as the starting point.

2

2Introduction to Interleavers
2.1 Role of an Interleaver

T

HE PRIMARY ROLE of an interleaver is to disperse the sequences of bits in a
bit‐stream so as to minimize the effect of burst errors introduced in
transmission. An interleaver is usually used in conjunction with some type of
error correcting code. As stated earlier, the error correcting codes can correct the
lost information as long as the amount of lost bits in a single codeword is within
the limit defined by d min. The limits sometimes get violated due to existence of
errors in the form of bursts. The usual sources of bursty errors are listed below:
 Channel distortion
communications

and

channel

fading

effects

in

wireless

 Lightening and switching effects
 Use of concatenated coding schemes, e.g. use of convolution code
(Viterbi decoding) at the first stage usually generates a burst of errors
when the decoding fails.
A basic interleaver is taken as a sequential device with single input and single
output. A parallelism can be devised but the basic function remains the same. The
interleaver takes a sequence of information bits with fixed width and generates
another sequence of same width but in different order. It is then the role of a de‐
17
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Interleaver

De-Interleaver

a5 a4 a3 a2 a1 a0

a0 a1 a2 a3 a4 a5

a0 a1 a2 a3 a4 a5

a5 a4 a3 a2 a1 a0

a11 a10 a9 a8 a7 a6

a6 a7 a8 a9 a10 a11

a6 a7 a8 a9 a10 a11

a11 a10 a9 a8 a7 a6

a17 a16 a15 a14 a13 a12

a12 a13 a14 a15 a16 a17

a12 a13 a14 a15 a16 a17

a17 a16 a15 a14 a13 a12

a23 a22 a21 a20 a19 a18

a18 a19 a20 a21 a22 a23

a18 a19 a20 a21 a22 a23

a23 a22 a21 a20 a19 a18

a23 a17 a11 a5 a22 a16 a10 a4 a21 a15 a9 a3 a20 a14 a8 a2 a19 a13 a7 a1 a18 a12 a6 a0
Interleaved Sequence

Figure 2.1 : Simple block interleaving without permutations

interleaver to retrieve back the original order. Thus the interleaver and de‐
interleaver strictly work in pair with each other.
An interleaver carries a specific permutation pattern  and the mapping of an
input sequence x  x0 , x1 , x2 ,........xk on to an output sequence y  y0 , y1 , y2 ,........ yk
can be defined as:
yi  x (i )

(2.1)

The reverse of this function (i.e. de‐interleaving) is:
y (i )  xi

(2.2)

Further classification of interleavers is given in the following sections.

2.2 Interleaver ‐ Main Categories
Based on different implementation aspects, the interleavers are divided in two
main categories named as block interleave and convolutional interleaver. There
are some other classifications based on their properties, which will also be
discussed briefly in later sections.

2.2.1

Block Interleaver

In a block interleaver, the information intake from the encoder is in the form of
blocks. The permutations are applied and then block of data is passed to mapper
for further modulations. The usual implementation of a block interleaver is in the
form of a Row‐Column matrix of size R  C ; where R is total number of rows and C
is the total number of columns. To perform interleaving, the information is

2.2 Interleaver ‐ Main Categories
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Interleaver

De-Interleaver

a5 a4 a3 a2 a1 a0

a0 a1 a2 a3 a4 a5

a11 a10 a9 a8 a7 a6

a6 a7 a8 a9 a10 a11

a0 a1 a2 a3 a4 a5

a5 a4 a3 a2 a1 a0

a6 a7 a8 a9 a10 a11

a11 a10 a9 a8 a7 a6

a17 a16 a15 a14 a13 a12
a23 a22 a21 a20 a19 a18

a12 a13 a14 a15 a16 a17

a12 a13 a14 a15 a16 a17

a17 a16 a15 a14 a13 a12

a18 a19 a20 a21 a22 a23

a18 a19 a20 a21 a22 a23

a23 a22 a21 a20 a19 a18

3
1

4

2

4
2

3

a15 a17 a16 a12 a14 a13

a15 a17 a16 a12 a14 a13

a9 a11 a10 a6 a8 a7

a9 a11 a10 a6 a8 a7

a3 a5 a4 a0 a2 a1

a3 a5 a4 a0 a2 a1

a21 a23 a22 a18 a20 a19

a21 a23 a22 a18 a20 a19

1

a19 a1 a7 a13 a20 a2 a8 a14 a18 a0 a6 a12 a22 a4 a10 a16 a23 a5 a11 a17 a21 a3 a9 a15
Interleaved Sequence

Figure 2.2 : Block interleaving with row and column permutations

written to the R  C row‐column matrix row wise and read back in column wise as
shown in Figure 2.1. There are no inter‐row or inter‐column permutations used in
this illustration, thus the interleaved sequence holds some systematic order.
The row‐column block interleaver gives the benefit that it isolates the burst
errors of size R by a distance C . On the other hand if a periodic single error
sequence with period R influences the transmission, then a burst of errors
appears at the output of the de‐interleaver with size C . In order to handle this
situation further permutations need to be involved which increase the
implementation complexity. An illustration of a block interleaver with different
row and column permutations is given in Figure 2.2. The permutations are
applied with certain order after the information has been written to the R  C row‐
column matrix. A reverse of the permutation order used in interleaver has to be
applied on the de‐interleaver side to re‐format the information in its original
form. Now observing the interleaved sequence in Figure 2.2, there is no
systematic relation between different interleaved symbols, which not only gives
the benefit against periodic error patterns but also gives robustness against other
semi‐periodic error patterns. The involvement of permutations increases the
complexity issues while implementing the block interleaver, especially when the
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P(x) = x12 + x11 + x10 + x4 + 1

a1 a2 a3 a4 a5 a6 a7 a8 a9 a10 a11 a12

Wire Permutations
n=12
Pruning if K < 2n-1

Interleaver Address

Figure 2.3 : A maximal length LFSR with n=12

block size is fairly large. Also the analysis of properties of a certain block
interleaver with multiple permutations is difficult to generalize. Therefore
defining some structured functions to specify the permutations is helpful to
simplify the implementation, as well as the analysis of interleaver properties.
Other than row‐column matrix construction, a block interleaver can also be
constructed by using other methods. An example of generating the block
interleaver is by defining a primitive polynomial to generate a maximal length
shift register sequence called maximal length LFSR as shown in Figure 2.3. A
maximal length LFSR generates all the addresses by cycling through all the
possible states except the state where all bits are zero. The start of addressing
sequence is defined by introducing a starting seed value. When block size is less
than the complete cycle of the primitive polynomial, a pruning device has to be
incorporated to discard the invalid indices. Based on different construction
methodologies and properties, the block interleavers can further be divided in
different sub‐categories which will be described in a later section.

2.2.2

Convolutional Interleaver

In contrary to block interleaver, the convolutional interleaver mainly works on a
stream of data. Therefore, it does not need to wait for a whole block to start
operation. The convolutional interleaver was first proposed by Ramsey [7] and
Forney [8]. The structure of a convolutional interleaver and its counterpart de‐

2.3 Interleaver Types
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Interleaver
0
1
2
3

De-Interleaver
0

M : Hor. Depth
M×2

2

M×3

Channel

3

Ordered
Data
M×N

N

Ordered
Data
M×3

N-3
Interleaved
Data

N

M×N 0

0

1

N-2
N-1
N

M×2
M

N-3
N-2
N-1
N

Figure 2.4 : Structure of a convolutional interleaver and de‐interleaver

interleaver is shown in Figure 2.4. It consists of multiple branches and each
branch with index j is composed of first‐in‐first‐out (FIFO) shift registers with
depth j  M , where M is the number of FIFO registers in the 2nd branch. The first
branch does not provide any storage, and it acts as a direct connection. The input
and output of the all the branches are connected to commutator switches. The
commutator switch at the input is connected to the output of encoder. The code
symbols from encoder are sequentially shifted in different FIFO registers through
the input commutator switch, which connects to all the branches in a cyclic way.
With each new code symbol the commutator switches to a new FIFO branch. The
output commutator switch works in synchronization to the input commutator
switch, and takes the data from different branches sequentially.
The convolutional de‐interleaver has to be incorporated at the receiver side to
bring the data back in order. Similar to interleaver, it also has two synchronized
commutator switches at the input and output; however, it differs from interleaver
such that the largest FIFO is kept at index 0. It is important that the data passing
through the branch 0 on the interleaver side should be routed through the largest
FIFO branch on the de‐interleaver side. In order to keep this synchronization,
usually a synchronization pattern is also used which is always routed to branch 0
on interleaver side and largest FIFO branch on de‐interleaver side.

2.3 Interleaver Types
Other than the two main categories i.e. block interleavers and convolutional
interleavers, looking at the behavior of the address generation in the interleavers,
block interleavers can further be classified in to many different classes. Some of
them are briefly described in the following sub‐sections. They are widely covered
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in the literature to do the theoretical analysis associated with the use of error
correcting codes and especially turbo codes.

2.3.1

Random Interleaver

It is the raw interleaver generated through randomly selecting the addresses over
a range of block size. They do not bear any structure and the main disadvantage is
that once generated through some random function, they cannot be reproduced
as such. Hence the only way to use them in real hardware is to memorize the
sequence and use it as a LUT. However, they tend to perform very well against
any kind of the burst errors. The initial performance claim regarding turbo
decoders was made by using random interleavers; however, some other types
have evolved over the times which now perform better than random interleavers.
All kinds of theoretical work regarding interleaver design is usually compared
with a random interleaver, therefore it serves as a bench marking tool towards
performance for newly evolved interleaver types.

2.3.2

S‐Random Interleaver

The random interleavers do not guarantee that there will not be any closely
located addresses within a small span. Some of this type of instances can lead to
significant performance degradation. In other words the random interleavers do
not guarantee sufficient information spread. To avoid this situation semi‐random
interleaver named as S‐random interleavers [9] are introduced. It is also a type of
random interleaver, but additional conditions apply on randomly selected
addresses. The generation of address sequence for S‐random interleaver is done
as follows:
 Randomly select the first element of the interleaver from the range
{0,1, 2,.......K  1}, where K is the size of interleaver sequence.
 For each next randomly selected element, check that it is  S distance
apart from previously selected S elements. If it does not satisfy the
condition, discard it and repeat the step with next randomly selected
element.
 If it satisfies the condition, take it as a member in the interleaver
sequence, and proceed until complete sequence has been generated.
The convergence of the algorithm to reach to a complete sequence is slow, and
it is not always guaranteed that it will finish successfully. The value of S is the
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important design parameter here. It defines the spread of the interleaver. Larger
the value of S , better the performance of the interleaver, but more difficult to
converge successfully. However, an optimum value of S proposed in the literature
is S  K 2 , which guarantees that it will produce a solution in reasonable amount
of time. Choosing S  1, it becomes the classic random interleaver.

2.3.3

Relative Prime Interleaver

Relative prime interleaver revolves around a prime number. Given a block size K ,
a simple prime interleaver can be constructed by defining just one prime number
p , as follows:
 (i)   (i  1)  p  mod K

(2.3)

The starting value is usually taken as  (0)  0, but any other integer  K can also be
taken. To improve the performance of this type of interleaver further steps are
taken in to account. The block size K is divided in two parts k1 and k2 such that
K  k1  k2. Then different types of permutations are applied on both parts, which
give connection to the classical block interleaver as rows and columns. At least
one of them use prime modulo based permutation table generated through a
relation as mentioned in (2.3). These interleavers provide higher spread, and
especially they are good for short block sizes. 3GGP standard [10] has used this
type of interleavers to be used as the internal interleaver for turbo codes. They
are considered to be easier to implement as compared to random and S‐random
interleavers, but still they bear high level of complexity when compared with
other interleaver types, such as ARP and QPP interleavers, used in different
standards.

2.3.4

Deterministic Interleaver

Interleavers with random properties and sufficient spread are quite essential for
good turbo decoding; however, the drawbacks with these types of interleavers
are lack of compactness while implementing and lack of building structures which
can help to analyze the interleaver properties more efficiently. Some interleavers
with deterministic behavior were first introduced by Takeshita, and Costello [12],
and hence also named as Takeshita, and Costello Interleavers. The basic mapping
function described in [12] is as follows:
c(m)   c(m  1)  k  m  mod K ;

1 m  K

(2.4)
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where c (0)  0, and k is selected as odd constant. This can also be expressed as the
quadratic congruence.
 k  m  m  1 
c ( m)  
 mod K ;
2



0mK

(2.5)

The final index mapping for the interleaver operation is done by:
 (m)  c(m)  c(m  1)

0mK

(2.6)

The computation of the interleaved sequence is simple but still they have to
use a LUT where basic mapping function c(m) has to be stored after its
computation.

2.3.5

ARP and QPP Interleavers

A possibility to completely generate the interleaver addresses on‐the‐fly in a
deterministic way was proposed in [13], and named as almost regular
permutation (ARP) interleavers. They are based on linear permutation
polynomial as mentioned below:
 (i)   P  i  Q(i )  mod K

(2.7)

where P and Q(i ) are positive integers. Q(i ) can further be decomposed in the form
Q(i )  A(i )  P  B (i ), where A(i ) and B(i ) are also positive integers. The method to
compute the constant parameters is described in [13], and usually a set of defined
parameters is provided in the specifications. WiMAX standard [15] has adopted
this type of interleaver to be used with duo‐binary turbo codes. ARP interleavers
also offer natural parallelism to selective block sizes, which is very much useful to
get higher throughput.
Another important and rather most recent type of deterministic interleavers is
called quadratic permutation polynomial (QPP) interleaver proposed in [14].
They have already got attention in the latest communication standard 3GPP‐LTE
[11]. QPP interleaver is based on the following quadratic polynomial.





 ( x)  f1  x  f 2  x 2 mod K

(2.8)

The QPP interleaver needs only two parameters f1 and f 2 to completely define
the sequence. The block size is taken as 23 m where m  {1, 2,3,....}, and the
parameter f 2 is usually selected as f 2  2m. The parameter f1 is then chosen based
on maximum spread provided by the interleaver with that particular block size.
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QPP interleaves have the added benefit that they offer full parallelism to any
block size, which makes them the best choice for high throughput systems.

2.4 Performance and Implementation Issues
The performance of an interleaver type is in particular associated with the error
correction system. There are different parameters which can contribute towards
interleaver performance and cost. Some are listed below:
 Size of the interleaver
 Randomness (Permutations)
 Spread of interleaver
 Puncturing Variations
The following sub‐sections briefly describe the performance and cost issues in
general, regarding different types of interleavers.

2.4.1

BER Performance

Many different criterions and analysis methods exist in the literature to compare
different types of interleavers. BER performance plot is one of them and has been
mostly used. Figure 2.5 shows a comparison of interleaver performance when
used with turbo decoder, rate 1/3. The performance improvement with the use of
interleaver as compared to the case when no interleaver is used is very much
evident. Looking on to different types of interleavers (S‐random, QPP, Prime, and
Random) S‐random interleaver seems to be better, whereas prime interleaver
and random interleaver have almost the same performance at lower SNR.
Performance of a convolutional interleaver is also dependent on the error
correction scheme used; however, the work in [16][17], which focus the use of
convolutional interleaver with turbo decoding, claim that the performance of
convolutional interleaver is comparable to block interleavers. The key benefit of
convolutional interleaving is towards reduction of memory cost as explained in
the following sub‐section.

2.4.2

Implementation Cost

S‐random interleaver type is better in performance but its implementation carries
more complexity. The more the randomness and spread, the better will be
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BER Performance for Different Interleaver Types
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Figure 2.5 : Performance comparison of different interleavers with turbo codes
(AWGN model, and rate 1/3)

performance, but could be difficult to implement. The interleaver patterns which
carry some regularity in their construction can be implemented more easily.
Figure 2.6 shows the graphical view of different interleaver types. The ARP and
QPP interleavers have some regular structure as compared to others; therefore,
their implementation is simpler. On the other hand the prime interleaver does not
show complete regularity and therefore its implementation is more complex as
compared to ARP and QPP interleavers. There is no regularity in Max‐Length‐
LFSR, S‐random, and random interleavers as shown in the graphical view. The
Max‐Length‐LFSR interleaver is easy to implement but its performance is not
guaranteed as compared to others due to lesser spread. In absence of regularity in
the address construction, the S‐random and random interleaver need LUT to be
used in an error correction system.
The memory requirement associated with any type of interleaver algorithm is
of main concern, when implementing the interleaver. Usually the memory
requirement is strictly based on the algorithmic steps, but here we will discuss
the most generic block and convolutional interleavers. The memory requirement
for a row‐column block interleaver is RC symbols. The R  C array needs to be
filled completely before the reading process starts. Similarly, it cannot be written
again unless complete block has been read out. The effect due to this is the
reduction in total throughput. To enhance the throughput, a double buffer is used
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Figure 2.6 : Graphical representation for different interlaver types

in ping‐pong fashion. Therefore, to get the maximum throughput, a memory of
size 2  RC is needed on both the interleaver and de‐interleaver sides.
Convolutional interleavers utilize less memory as compared to block
interleavers. If M is the depth of smallest FIFO branch, and N is the total number
of branches, the total memory elements needed are M ( N  1) / 2. For the same
amount of information (i.e. block size) the convolutional interleaver requires half
the memory as compared to the block interleaver.
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Table 2.1 : Block interleaver reading start points during the write operation
Pumutation Case

Reading Start Point

End to End Delay

No Permutation

( R  1)C  ( R / 2)
( R  1)C  1
( R  1)C  (C / 2)

2 RC  2C  R
2 RC  2C  2
2 RC  C
2 RC

Only Row Permutaitons
Only Column Permutations
Both Permutations

2.4.3

RC

Latency

The implementation of block interleaver can vary from the simplest one i.e. no
row or column permutations, to a complex one i.e. both row and columns carrying
permutations. When the information is being written to the R  C array, the point
where the reading process can start also varies. Table 2.1 presents different cases
with different values where the reading can be started.
If the block interleaver is the simplest one, i.e. no row or column permutations
are involved, then the data reading can be started early, which is not the case
when it carries both row and columns permutations. Further optimizations can be
done based on the particular permutation pattern. Generation of particular
permutation patterns on‐the‐fly can further increase the delay due to additional
computational latency. The delayed reading process adds up towards final latency
and affects the overall throughput. Although channel delays involve, but
considering the quickest way i.e. to write the data in to de‐interleaver memory as
soon as it is read from the interleaver memory, the same latency appears on de‐
interleaver side. Therefore the end‐to‐end delay becomes double the memory
write time on one side.
As the memory requirement is half in the convolutional interleavers as
compared to their counterpart block interleavers, therefore the latency associated
with convolutional interleavers becomes roughly half as compared to block
interleavers. With the memory size M ( N  1) / 2, the end‐to‐end delay, for both
convolutional interleaver and de‐interleaver, is M ( N  1) .

Part II
Methodology
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3
3HW Multiplexing Methodology
3.1 Introduction

I

N THIS ERA of global warming and increasing energy cost, conserving energy is
of prime importance. As per the latest technology trends the energy
conservation in low power devices is strongly linked to reduced silicon cost as
well. Looking from the hardware perspective, data computing elements and
memories are the main consumers of silicon and energy. One of the established
techniques to save the silicon and energy is to re‐use the hardware for multiple
tasks and it is commonly named as hardware multiplexing or hardware sharing.
This chapter focuses on hardware re‐use by going through some motivational
examples, categories of hardware multiplexing, and effects of hardware
multiplexing over silicon utilization, performance and power consumption.
Further it also proposes the re‐configuration methodology on coarse grain level
which suits well to the problem of flexible interleaving architectures.

3.2 Hardware Sharing – A Review
Going through the topic of mobile phones, the available computational resources
for 3G are not sufficient for upcoming requirements for 4G. It demands a
straightforward up scaling by at least an order of magnitude, but at the same time
it cannot guarantee low power solutions. The mobile venders are eager to support
the maximum features to their customers to gain the market, and in this regards
31
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Figure 3.1 : Area comparison of multiple IP cores vs. MuSIC [50]

they have been using multiple IP cores for each of the additional functionality. In
parallel, software defined radio (SDR) research has also been evolved, which
offers unified architectures for multiple applications like MuSIC (Multiple SIMD
Core) [49] from Infineon Technologies. A comparison of area efficiency of using
multiple IP cores vs. MuSIC is provided in Figure 3.1 [50]. As compared to the grey
line, the start of the black line is worst, where fewer standards are targeted by the
unified architecture; however, including more and more standards support, it
becomes highly efficient as compared to the multiple cores solution by Nokia. The
same phenomena hold for our research on flexible interleaving architectures.
To conclude, HW sharing is essential to reach low silicon cost and low leakage
power consumption. It is therefore necessary to have a survey on research and
design of hardware sharing. The research of hardware sharing is usually around
merging flowcharts, for example, merging binary decision diagrams (BDD) on
logic circuit level and merging data flow graph (DFG) on module design level. The
hardware sharing in general can be divided in four groups to the sharing
granularity, as mentioned below:
 Logic/gate Level Sharing
 RTL (Level) Sharing
 Data Flow Graph (DFG) Level Sharing
 Processor Level Sharing

3.2 Hardware Sharing – A Review

3.2.1
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Logic/Gate Level Sharing

The logic/gate level sharing has been a popular research in late 80’s. It includes
BDDs which are used to represent relationships between logical/Boolean
functions. BDD consists of decision nodes and two terminal nodes called 0‐
terminal and 1‐terminal. Each decision node is labeled by a Boolean variable and
has two child nodes called low child and high child. With a BDD for a logic
function, tracing back the paths on BDD ends up in right Boolean functions.
Merging the BDDs [60][61] results in easier and low cost implementation of
Boolean functions. It gave rise to efficient synthesizers and CAD tools [62] – [64]
with a higher level of abstraction for designers.

3.2.2

RTL (Level) Sharing

The RTL sharing is to share RTL components on bus level. It has been a popular
research for ASIP data path generators [30][31] targeting multiple areas in ASIP
design such as resource sharing, cache register, and instruction fetch
optimizations to reduce static and dynamic energy consumption. This type of HW
sharing also gave rise to coarse grained reconfigurable architectures, where
different topologies has been used to achieve the best interconnect scheme. The
reconfiguration and associated interconnect schemes for better performance are
further elaborated in a later section. A new trend of RTL HW sharing is to identify
and specify instruction level function acceleration in ASIP based on identify and
merge chained computation sub‐graphs [65]. This can enhance the computation
efficiency and contribute toward low power consumption, while maintaining the
programmability and adaptively.

3.2.3

Data Flow Graph Level Sharing

Multimode devices are specifically designed for time‐wise mutually exclusive
applications. The device supporting one standard at one time can be changed to
some other functionality within the same standard or different standard. Data
flow graph merging is the most popular approach to reach to a hardware efficient
solution. Figure 3.2(a) shows the generalized flow including the data flow graph
merging. The algorithms to be mapped are usually selected with common data
flow graph segments. Our research on interleavers is also a kind of data flow
merging, but it differs from the classical scheme in the way that it includes a
feedback loop based on the check that HW cost overheads are acceptable (Figure
3.2b). If it is not acceptable then some algorithmic transformations have to be
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Figure 3.2 : (a) General design flow using DFG, (b) Proposed design flow, specific
to interleavers

applied to redraw the DFG so that both the DFGs can share maximum HW. Our
work in this thesis provides some examples for algorithmic transformations
which led to some efficient hardware solutions at the end. As the interleaving
algorithms are very different from each other, therefore it cannot always be
guaranteed that a useful algorithmic transformation exists. Also, not many types
of transformations exist, therefore the iteration loop have to be restricted to a
single or few iterations.

3.2.4

Processor Level Sharing

It is the highest level sharing and it involves the programmable/re‐configurable
computing machines to perform a task. The level of abstraction is very high in this
case, and even it can take benefit of advanced parallel compilers. The main goal
for applying this kind of hardware sharing is to perform a task much faster, and to
utilize low power.

3.3 Some Examples and Motivation
Multiplexing has been very helpful in the field of communication, where the
physical limitation associated with the use of channel is the bottleneck. One of the
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Figure 3.3 : TDMA channel example

major example from communication system point of view is the use of time
division multiple access (TDMA), which is being widely used. If we consider of few
thousand users, and each is allocated with separate channel and bandwidth while
communicating with the base station, it becomes impossible to reduce the cost of
the system. TDMA system assigns different time slots to different users over a
limited bandwidth and the same channel capacity, as shown in Figure 3.3. In base
station, it is not possible to provide separate data path to each user, and it is only
made possible with the help of hardware multiplexing to use the same resources
for multiple functions / users.
Another classic example of hardware multiplexing is the use of single ADC in a
data acquisition system [18][19]. The block level scheme of a data acquisition
system is provided in Figure 3.4. The ADC is expensive in terms of silicon cost and
power consumption, thus it is not a good idea to use multiple ADCs in a system to
increase number of channels to be acquired. Multiplexers are widely used to act
as special switches controlled by a central controller. They are controlled in such
a way that different channels appear at the input of ADC in different time slots.
The ADC can run in continuous mode or power save mode (using sleep/wake‐up
signal controlled by the same controller). Some other examples of hardware
multiplexing on system level are available in the literature [20]‐[22] which deal
with different implementation areas. Some exercises of hardware multiplexing
has been performed in the processor designing [6][23][24], whereas processor
level hardware multiplexing associated with low cost and low power design has
been very well explained with some good examples in [25][26].
Other than to re‐use the same hardware resources, one of the vital objectives
to use hardware multiplexing is to attain re‐configurability in the architecture.
The general re‐configurability on fine grain architecture level is achieved
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nowadays by using FPGAs where the cells in the architecture are re‐configured to
perform new task. These re‐configurable architectures provide re‐configurability
at a very slow pace and also at the expense of more power. The part of FPGA
which is not used, still consumes some power. Beside all these drawbacks, many
efforts have been made to make this re‐configurability dynamic, fast enough, and
low power to meet the requirements of a real time system [27]‐[29]. The re‐
configurability on coarse grain level is also being widely employed, where the
processing elements are re‐used for different computations and functions. Here
the re‐configurability is mainly achieved through the use of multiplexers on the
buses. Based on different scenarios, different schemes for hardware multiplexing
can be applied as described in the next section.

3.4 HW Multiplexing – Exploring Oppertunities
The basic hardware multiplexing and re‐configuration is achieved with the help of
multiplexers by selecting one of multiple inputs. The selection is made according
to the status of the selection bits generated by the selection control scheme. A
simple example of hardware multiplexing is shown in Figure 3.5 and the
normalized area consumed by the multiplexed hardware against increasing
number of bits and increasing number of inputs is plotted in Figure 3.6. It shows
that increasing the number of inputs to the circuit does not significantly increases
the area overheads. Also the kernel part of the design is dominant over
multiplexing part when wider operands are utilized. Therefore, hardware
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Figure 3.5 : Multiplexing a series of same kernel

multiplexing is the best tool to reduce the silicon cost provided the same type of
kernel is being used again and again.
The topic of hardware multiplexing is too general because the final
architecture depends on many limitations associated with different applications.
Therefore generalizing the estimation of different parameters like area, power
and performance is very difficult. It becomes further difficult when the system
gets bigger and many variables are involved to define the hardware structure. The
basic hardware multiplexing can be categorized as 1) Function Level Multiplexing,
and 2) Parallel to Serial level Multiplexing.

3.4.1

Function Level Multiplexing: for Lower Silicon
Utilization

Function level multiplexing is defined as the multiplexing of hardware block
(large or small), where the target is to re‐use the hardware block for a completely
new application, function, or standard. This type of multiplexing can also be used
to provide the re‐configurability feature to a hardware block. By utilizing this
method the gain is the reduction of silicon area as well as effective power.
In the field of communication electronics, function level multiplexing is
commonly used to enable the hardware blocks for multimode environment. An
example is shown in Figure 3.7, where the inputs regarding different standards /
applications are multiplexed to the main kernel or hardware block, which is a re‐
configurable block to be shared among different applications. Usually it is not
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Figure 3.6 : Area comparison for multiple inputs and bit‐widths (@ 65nm CMOS)

possible to achieve 100 % utilization of the main kernel/hardware block for all
target applications. Thus in order to get the complete functionality for a particular
application, some additional dedicated hardware can also be added. This leads to
reduced hardware sharing per application, but as far as it is low silicon cost and
low power, it is acceptable. The re‐configurability feature achieved by this method
is very fast and low power as compared to the dynamic re‐configurability of
FPGAs.
It is not an easy task to achieve high level of hardware utilization, when doing
function level multiplexing. Many efforts are needed before‐hand to reach to an
acceptable trade off. It involves multiple optimizations on both algorithm and
architecture level. The topic of interleaving is a typical example of such type of
implementation. The interleaving architectures supporting multiple standards
with efficient hardware utilization is provided in [5][32][33]. It involves a series
of optimizations including mathematical decomposition for recursive
computation and 2‐D transformation of the given algorithm to reach to a
hardware, which is well suited for maximum utilization between different
standards. The benefit is the reduction of silicon area and power consumption.

3.4.2

Parallel to Serial Multiplexing: A Trade‐off over
Performance

Higher throughput is at the top in the wish list of all customers for any consumer
electronics. However, nobody is going to opt for it, if the size of the consumer
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electronics and the power consumption is very high. Some trade‐off is accepted
here but nobody can still deny the benefit of small size and long lasting battery.
Hardware multiplexing plays an important role to reach closer to the wish list of
customers as far as size and low power is concerned.
Many algorithms map to multiple hardware functional blocks running in
parallel. If the result output from the processing is needed every clock cycle then
such types of processing units are needed in parallel in any case. However, if the
deadline times associated with the applications allow performing a single
processing in multiple clock cycles then one can opt for a series of operations
using the same hardware block. The throughput can still be improved by using an
efficient scheduling scheme. Assuming f clk as the operating clock frequency of the
hardware block and finput as the frequency of the incoming data in to the hardware
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block, different operations within a given algorithm can be multiplexed in time on
the same operator if the ratio  is higher than 1.
 f clk 

 finput 

 

(3.1)

Here the function  x  is the rounding towards nearest lower integer. The
example of hardware multiplexing in Figure 3.5 shows that the final result will be
delayed by some number, which depends on number of stages on which
serialization is applied. The multiplexing reduces the hardware cost but it can
only be applied if some margin is available so that the ratio  is high enough.
Taking  as the level of serialization implemented on a parallel architecture and
ignoring the transmission delays between hardware modules, the effective
throughput of the hardware will be reduced by the following factor.

fthroughput 

finput



(3.2)

The other overheads associated with the incorporation of hardware
multiplexing are the memory elements (registers) and control circuitry. It is very
difficult to generalize the control overheads due to different requirements from
different applications. A more realistic example of hardware multiplexing is the
folding of the FIR filter structure as shown in Figure 3.8 which significantly
reduces the silicon cost.
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3.5 Hardware Multiplexing for Low Power
As the topic of hardware multiplexing is too general, the estimation of power
saving by using hardware multiplexing technique for a particular application is
not possible. The architecture associated with the application depends on many
parameters and limitations which makes it difficult to converge to a unified
formulation for power estimation. Similar to area analysis given in previous
section, normalized power consumption for the hardware re‐use, shown in Figure
3.5, is provided in Figure 3.9. It shows that the main consumer of power is the
kernel part and increasing the number of inputs to be multiplexed does not
significantly contribute towards power consumption. It can be concluded that if
the kernel part of multiple applications/algorithms is same, or same kernel is
being used again and again in an algorithm, then hardware multiplexing is the
best tool to reduce the power consumption.
The methods being mostly used in digital signal processing and the field of
embedded computing to reduce the power consumption are ‘scheduling’ and
‘memory sharing’.

Scheduling
Whenever, the throughput requirements associated with particular
application allow, scheduling is the best tool to decrease power. Again, if the
computational parts are of same nature hardware multiplexing can be employed
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to reduce power. On the other hand, if the computational parts are different, low
power can be achieved by enabling different functions at different times, which
reduces the switching activity. Power level switching (voltage scaling) is also
utilized dynamically in the scheduling to reduce power.

Memory Sharing
One of the biggest power consumers in the electronics systems are the
memories. Although many designs have evolved with the claim of low power, but
power consumption due to data retention requirements in the memory is still
high enough as compared to the computational parts. In this case, if the
architecture is designed in such a way that multiple applications can share the
same memory, it will greatly contribute towards power saving. A classical
example of memory sharing among different applications is the multimode
interleaver design [5][33].

Low Power Aspects in Latest Technology Trends
In the older CMOS technologies the hardware multiplexing was not very
famous for performance and power critical systems. The performance and low
power was achieved at the expense of larger area. The reason is that the
hardware overheads, due to multiplexing, play pivotal role in increasing the
critical path as well as increasing the switching activity of the circuit. The longer
critical path affects the overall performance of the system whereas the higher
switching activity increases the dynamic power of the circuit. In older
technologies the effect of static power as compared to dynamic power was very
less, thus a system with larger area can be low power with less switching activity.
However, the latest developments in the CMOS technology has reverted the ratio
between static power and dynamic power. Now static power is the main
contributor towards overall power consumption. In this case the decreased area
ultimately achieves low power solution. Due to the usefulness of hardware
multiplexing to reduce the overall area of the circuits, it has captured now more
attention in order to reduce the power consumption in the power critical systems.
The performance degradation due to larger critical path has also decreased with
the faster transistor technologies. However, the performance degradation in
terms of reduced throughput as a result of using hardware multiplexing for
folding the algorithm is still a question. Therefore, folding the algorithm to reduce
the overall area is conditional with the available luxury to reduce overall
throughput.

3.6 Formulating HW Mutiplexers
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3.6 Formulating HW Mutiplexers
Basic multiplexer is a circuit for selecting one of multiple inputs as the output
according to a selection control scheme. Usually multiplexer is described by using
if‐else or case statement. This description is enough to write a RTL code or a
behavioral C code, but not sufficient to do algebraic manipulation. An algebraic
expression does not include if‐else or case variables and thus one has to think
while transforming the algebraic expression in to hardware.
A small scale formulation of hardware multiplexing is provided here. Higher
multiplexers can also be described in the same way but their description is much
more complicated. Usually, 2‐to‐1 MUX or 4‐to‐1 MUX etc are used in hardware,
but the algebraic description can be used to exactly describe the odd multiplexers
as well e.g. 3‐to‐1 MUX. This type of arithmetic representation can lead to easier
mapping of mathematical expressions to hardware blocks. In our application we
used this type of mapping in channel interleaving for 802.11 a/b/g/n and
802.16e, which provided a simplified proof to map the complex algebraic
expressions on to a simple hardware.

2‐to‐1 MUX
Let s be the selection line for a 2‐to‐1 MUX. Assuming s  family of n % 2 (s
being a member of n % 2 family), where n is any integer, a 2‐to‐1 MUX can be
described as:
z  {1  s}  a  {s}  b

(3.3)

3‐to‐1 MUX
Let s be the selection line for a 3‐to‐1 MUX. Assuming s  family of n % 3 (s
being a member of n % 3 family), where n is any integer, a 3‐to‐1 MUX can be
described as:



z  (1  s ) 







s  ( s  1)
s  ( s  1)
 a  s  s  ( s  1)  b 
c
2
2

(3.4)

4‐to‐1 MUX
Let s be the selection line for a 4‐to‐1 MUX. Assuming s  family of n % 4 (s
being a member of n % 4 family), where n is any integer, a 4‐to‐1 MUX can be
described as:
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s  ( s  1)
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s  ( s  1)  ( s  2)

d
6
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(3.5)

Here z is the output of the MUX whereas a, b , c and d are the inputs to be
selected by s.

3.7 Re‐configuration Methodology
The FPGAs are considered to be the first choice when re‐configurability of the
architecture is needed on circuit level. However, the use of FPGAs and re‐
configurability offered by them carries some disadvantages as mentioned below:
 High size of configuration data consumes more area
 Re‐configurability at a very slow speed
 Bit level processing units has to be combined to form wider datapaths
 Higher overheads associated with interconnections
 More power consuming
Generally FPGAs use a 2D array of LUTs and island style interconnect strategy
(Figure 3.10) to achieve the re‐configurability. The limitation of reduced input
LUTs has been a big hurdle to achieve good function mapping and performance.
Although, it has been greatly improved by the inclusion of word‐wide multipliers
and block memories; however, FPGAs still lag behind ASIC implementation in
terms of silicon cost, performance and power, when targeting the same
application [41].
In contrary to fine grain architecture offered by FPGAs, the coarse grained re‐
configurable architectures provide the possibility to overcome the disadvantages
of FPGA based computing. The coarse grained architecture provides an
intermediate approach between ASIC and general purpose processors. The wider
datapaths in coarse grained architectures provide efficient implementation as
compared to FPGAs. The coarse grained architectures generally adopt wider
(multiple‐bit) interconnects; however, the total interconnects between different
computational elements are much reduced. Hence the silicon overhead as well as
power consumption is reduced significantly. Other than different schemes and
configurations for processing elements, the coarse grained re‐configurable
architectures mainly focus on the interconnect structure schemes.
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It is the fact that the basic architecture of processing elements and the
structure for interconnects highly depends on the targeted applications; however,
the type of interconnect used implies a significant effect on the complexity and
performance of the final architecture. Targeting general coarse grained
architecture implementation, it can be divided in the following three categories:
 2D Mesh Architectures
 Cross‐bar Architecture
 Linear Array based Architectures

3.7.1

2D Mesh Architectures

The arrangement of processing elements in a rectangular form and their
interconnection in both horizontal and vertical way is known as the mesh
architecture. Usually the interconnections are between neighboring processing
elements but to enhance the performance and communication, they can also be
extended to other processing elements placed apart or on boundaries. In this way
the 2‐dimentional mesh array combines both coarse grain and fine grain
configurations, which provides good performance. An example of a mesh
architecture based on Morphosys [99] is shown in Figure 3.11. It consists of
reconfigurable cell (RC) array which includes multiple functional units for
arithmetic computations. The interconnect network is three way, i.e. connection
to neighbors, connection to same row/column, and connection through global
buses.
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Figure 3.11 : Morphosys architecture with interconnects

3.7.2

Crossbar Architectures

In contrary to bus topology, crossbar switch architecture allows to connect all the
blocks in a system to each of the other blocks. Owing to the fully connected
architecture, it must provide the best performance as there are no blockings
between communications. However, this scheme is very expensive in term of
silicon cost. Further, as all the blocks are connected to all others, so there is no
need to think about any routing. Still it is possible to use a reduced crossbar
schemes, where again the appropriate routing has to be figured out. Figure 3.12
shows an overview of typical crossbar architecture. Usually the connection from
multiple storage elements (like memories) to the computing elements is based on
crossbar to get the benefit of non‐blocking data read and write.

3.7.3

Linear Array based Architectures

The interconnects in the linear array architectures follow the data direction, and
the typical connections used are the connections between neighboring processing
elements. Further connections can be provided spanning whole the array to
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incorporate some features from 2D mesh network. The operation of the linear
array resembles to distributed pipeline reconfigurable architecture [100], where
the data stream enters from one direction and passes through different PEs
before it appears on the output. The architecture can consist of a single or
multiple linear arrays. An example of a pipelined linear reconfigurable array is
shown in Figure 3.13. The processing elements in linear arrays are not uniformly
distributed, but the main benefit is the possibility of speedup of the computation
intensive tasks.

3.8 Interleaver and Re‐configuration
The above mentioned re‐configuration schemes cover the most general
applications. Looking on to the application specific aspects for interleaver
implementation, none of them suits well as mentioned below:
 Full crossbar:

Silicon cost grows
interconnects.

 2D‐Mesh:

Using full 2D‐Mesh, still the cost is high. Also the
single cycle address generation and implementation
of memory interconnects for parallel write or read
with different permutations becomes difficult.

 Linear Array:

The single cycle address generation is ok, but still
the implementation of memory interconnects for

high.

A

lot

of

un‐used
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Figure 3.13 : An overview of pipelined linear reconfigurable array

parallel write or read with different random
permutations becomes difficult.
The requirement of single cycle address generation becomes mandatory in the
way that the platform (e.g. baseband processor) which utilizes the interleaver
core does not allow interleaver core to be the bottle neck for other processing
tasks. Other than address computations heavy data flow is also associated with
interleaver. In order to meet the typical requirements a mix of pipelined linear
array and reduced crossbar architecture can be adopted as shown in Figure 3.14.
Further tweaking for targeted standards can be applied to optimize the
implementation. The processing elements or computation elements (CE) are not
necessarily regular and they consist of modulo computations, additions,
comparison or multiplications.
In general the single cycle address generation can be achieved by using CEs in
the pipelined linear array fashion, whereas the parallel data write and read in a
permuted way can be achieved using a dynamically reconfigurable reduced
crossbar network. It is taken as reduced due to the fact that when a bank of
memories (e.g. 8 memories) is used, the only data/address flow is from/to input,
output or CEs, and there is no data flow from one memory to the other within the
same memory bank. All the elements and interconnects here strictly work under
the control of a configuration vector in combination with a controller.

3.9 General Interleaver Functional Flow
Our research is to merge the functionality of different types of interleavers in to a
single architecture to demonstrate a way to reuse the hardware for a variety of
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interleavers having different structural properties. The method in general starts
at analyzing and profiling of multiple implementations flows, identifying
opportunities of hardware multiplexing, and eventually fine tuning the micro‐
architecture using minimal hardware and maximal reuse of multi functions.
Owing to the benefit of multimode devices, a flexible interleaver/de‐
interleaver is also required with these devices, which can be re‐configured to be
used for different applications. The main requirement for a multimode interleaver
is low cycle cost overheads while switching between different implementations.
The generalized functional view of an interleaver/de‐interleaver starting from the
configuration vector is shown in Figure 3.15.
The two blocks named pre‐computation and address generation are found to
be more computation intensive; however some of the standards do not require
pre‐computation. The data flow sharing by different standards for both these
blocks will be discussed in later chapters. The key for efficient hardware sharing
among different standards is to bring all the algorithms on the same level, so that
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it should be possible to re‐use similar type of computing elements (CEs). Further,
as the pre‐computation is always done at start of execution, therefore an
additional saving is possible if the hardware elements used in pre‐computation
phase could also be re‐used in the execution phase.

Part III
Interleaving Architectures
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4Dual Standard Turbo Code

Interleaver
4.1 Introduction

T

HE TURBO CODES [34] invented in 1993 captured great importance due to
exhibiting near Shannon‐limit performance. The superior error correcting
performance of turbo codes over convolutional codes is associated with the
suitable interleaver design. The primary function of the interleaver inside turbo
coding is to improve the distance properties of the concatenated coding schemes
and to disperse the sequence of bits in a bit stream so as to minimize the effect of
burst errors introduced in the transmission. A block diagram of turbo encoder
and decoder is shown in Figure 4.1. The turbo encoder uses the interleaver in‐
between two or more recursive systematic convolutional encoders (RSC) as
shown in Figure 4.1(a), while the turbo decoder uses multiple instances of
interleaver and de‐interleaver to decode the received bits iteratively as shown in
Figure 4.1(b).
The adoption of turbo codes in 3GPP‐WCDMA systems has highlighted the
turbo decoding as well as the interleaver, and hence they got more attention of
the researchers. As an enhancement of 3GPP towards 4G, 3GPP‐LTE [11] was
evolved, and it also adopted turbo decoder as the error correction system. The
interleaver used in both these standards is different; therefore to enable the same
turbo decoder to work for both, an architecture which can support both the
53
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Figure 4.1 : (a) Turbo encoder, (b) Turbo decoder

interleaver algorithms is needed. The work presented in this chapter provides a
single re‐configurable architecture for both the interleavers and proves to be low
cost among available designs.

4.2 Previous Work and Motivation
The motivation of the research is to explore the general, re‐configurable and low
cost hardware interleaver address generator which can support more than one
radio communication systems. Looking at the two standards, 3GPP‐WCDMA and
3GPP‐LTE, the wide range of interleaver sizes, on the fly interleaver size change
and requirement of different interleaver patterns for different block sizes has put
some challenges to implement the interleaver. Implementing the memory based
interleaver needs big memory to meet the whole requirements thus it is not
feasible due to larger hardware cost. To minimize the memory usage, the work in
[36] presents a processor based hardware interleaver address generator which
consumes 32k gates and provides the support for two standards i.e. WCMDA and
CDMA‐2000. The work presented in [37] and [38] consume 30k gates, and 4k
gates respectively, but they only support hardware interleaver design for WCDMA
standard. Due to rapid advancement and changes in the radio communication
systems there is always a need of flexible, general, and multiple standard
solutions. It also helps to compete, fast time to market requirements from
industry and customer. Although some other limitation exist, but common
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interleaver architecture for WCDMA and LTE can help especially during the
transition phase between 3G and 4G.

4.3 WCDMA Computational Challenges
Reference to 3GPP‐WCDMA standard [10], the interleaver address generation
algorithm for turbo coding and decoding can be summarized as below. Here K is
the block size, R is the row size and C is the column size.


Block Size :

40 ≥ K ≤ 5114



Row Size :

R=5

if (40 ≥ K ≤ 159)

R = 10

if (160 ≥ K ≤ 200) or (481 ≥ K ≤ 530)

R = 20

if (K = any other value)



Find appropriate prime no ‘p’ and primitive root ‘v’



Col Size :

C = p–1 if (K ≤ R×(p–1))
C=p

if (R× (p–1) < K ≤ R×p)

C = p+1 if (R×p < K)



Construct intra row permutation sequence S(j) by:
S(j) = [ v×S(j–1) ] mod p ; j = 1,2, ……. (p–2)



Find q(i) for i=1,2, …… R‐1, take q(0) = 1,



Determine the least prime integer q(i) in the sequence such that
g.c.d(q(i),p–1) = 1 and q(i) > 6 and q(i) > q(i–1)



Apply inter row permutations to q(i) to find r(i)
r(i) = T [ q(i) ];



Perform the intra row permutations Ui,j ; (for i = 0,1, …… R–1; j = 0,1, ……p–2;)
If (C=p) :

Ui,j = S [ (j×r(i)) mod (p–1) ] ; and Ui,(p–1) = 0;

If (C=p+1) : Ui,j = S [ (j×r(i)) mod (p–1) ] ;
and Ui,(p–1) = 0; Ui,p = p;
and if (K = R×C) then exchange U(R–1),0 with U(R–1),p
If (C=p–1) : Ui,j = S [ (j×r(i)) mod (p–1) ] – 1 ;



Perform the inter row permutations



Read the address columns wise

To avoid the use of memory as a LUT, on‐the‐fly address generation has to be
adopted. After profiling the behavioral source code, the following computation
intensive operations are needed:
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 Modulo Functions
 Permutations (both intra row and inter row)
 Multiplier
 Memory Usage
 Finding least prime integers
 Computing gcd (greatest common divisor)
 Exception Handling
Some of these complex functions can be implemented by using the support
from ROM, whereas the others need simplifications to reduce the hardware usage.
As a number of parameters are required pre‐hand, i.e. before starting to compute
the actual address generation, therefore the whole computation can be divided in
two groups, named as pre‐computation and run‐time computation.

4.4 Pre‐Computation of Parameters and Harware
Multiplexing
The pre‐computation support in the hardware facilitates the quick change of the
interleaver block size on‐the‐fly. As different block sizes has different interleaving
patterns, thus every time some pre‐computation is needed while changing the
block size. The flow graph for the pre‐computation phase is shown in Figure 4.2.
The only parameter passed to interleaver is the block size and the rest of the
parameters are computed by the hardware itself. The parameters to be found in
the pre‐computation phase are number of rows R , number of columns C , least
prime number sequence q(i), inter‐row permutation pattern T (i ), prime number p
and associated integer v. Additionally the intra‐row permutation pattern S ( j ) is
also computed in the pre‐computation phase and placed in a RAM. For finding the
least prime number sequence q, we focused on finding q mod ( p  1) instead of
finding q only. This gives the befit of computing the RAM address recursively and
avoiding computation of complex modulo function. This idea was introduced in
[36] and later on [38] also used this. For computing q mod ( p  1), the following
observations were made during the simulations.
 About half of the q(i) patterns are same
 Others have only 1 difference in the sequence
 Only one pattern has 2 differences

4.4 Pre‐Computation of Parameters and Harware Multiplexing
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Input K

Find R

Find P and v

Set S(0)=1

Compute
S(j)=(S(j-i)×v) mod (p-1)
INC j and
Ram_Wr_Address
Write Data to RAM

j > p-2

N

Y
Compute C

Set Special Case Flag
if (R×C = K)

Pre-Computation
Completed

Figure 4.2 : Flow graph for pre‐computation phase in WCDMA

We managed all the q values, such that q(i)  2( p  1) for all possible q
sequences. Using the above mentioned observations different q sequences were
divided in to subgroups for different p values, which reduced the total ROM
requirement for these values. Logical functions were also computed to do this but
it is very much tedious to implement those due to their size. The grouped
sequences are placed in a ROM. After getting the p value the subgroup is found
through small logical functions and then ROM location is accessed using the inter‐
row permutation pattern in run time to find the right q sequence. After getting the
value a small hardware, using a subtraction, is used to get the required q mod ( p  1)
value. This hardware is multiplexed with the other functions such that it can be
used in pre‐computation phase to compute the intra‐row permutation sequence
S ( j ) as well.
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Figure 4.3 : Hardware multiplexing of multiplication, addition and compare

The parameters p and v are stored in a combined fashion in a lookup table. The
lookup table is addressed via a counter generated by the controller. With each
increment in the counter, the condition ( P  R  K  R) is checked to find the
appropriate value of p and v. When the condition is satisfied, increment in counter
is stopped and loop exits. Once p is found, C can have only three values i.e. p  1, p
or p  1. Hence C is found in at most three clock cycles after finding p . In case
C  p  1, the condition R  C  K is checked and appropriate flag for special case is
also set to be used as an exceptional case. For computation of p and C , the
multiplication, addition and comparison are needed. These blocks are shown in
Figure 4.3. These blocks are multiplexed to serve in pre‐computation phase as
well as in run time.
The computation of intra‐row permutation pattern also need modulo
computation. Here, the modulo function is computed iteratively using the
Interleaved Modulo Multiplication Algorithm [43]. The required modulo function
is  S ( j  i)  v  mod P, so looking at v, which is 5bits, maximum of 5 iterations are
required to compute one modulo multiplication. The algorithm to compute the
Interleaved Modulo Multiplications is shown in Figure 4.4. Three adders are
required to compute the S ( j ) values. This can further be multiplexed and one

4.5 3GPP‐LTE Simplifications and Hardware
H = 2×H

H = 0; i = k-1

H >= P Y
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Y

H = H + S(j-1)
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H=H-P

N

4

i=i-1
Y

i<0

N

FINISH

Figure 4.4 : Flow graph for interleaved modulo multiplication algorithm

adder may be used but as all these three adders are also being used by our design
in run time, so no need to further multiplex in pre‐computation phase.
The hardware for the computation of S ( j ) is shown in Figure 4.5. Hardware
multiplexing is done in such a way that the first adder is also used to compute
q mod ( p  1), and the other two adders are used in run time to compute the RAM
address recursively. During the pre‐computation phase the RAM write address is
linear, and it is generated by the controller. The output Modulo Out is used as the
data out for RAM during pre‐computation phase, whereas it serves as the RAM
read address during run time. After computing the S ( j ) values, these are stored in
a RAM of size 256  8bit . The usage of this RAM depends on parameter p and it will
be filled up to p  2 locations starting from zero. The requirement of 5 iterations
may further be reduced in certain cases as v can have value 2, 3, 5, 6, 7 or 19 only.
For the case v  19, we need 5 iterations, for v  5, 6 and 7 we need 3 iterations
whereas the number of required iterations for v  2 and 3 is 2. This feature is used
to reduce the overall clock cycles required for pre‐computation of S ( j ).

4.5 3GPP‐LTE Simplifications and Hardware
Reference to 3GPP‐LTE standard the internal interleaver for turbo code is
specified by the following quadratic permutation polynomial:
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Figure 4.5 : Hardware for modulo computation block

 ( x)   f1  x  f 2  x 2  mod K

(4.1)

Here x  0,1, 2.......( K  1), and K is the interleaver block size. The permutation
polynomial mentioned in above expression provides deterministic interleaver for
different block sizes and appropriate values of f1 and f 2. The values of f1 and f 2 for
different block sizes are mentioned in the 3GPP‐LTE standard [11]. The quadratic
permutation polynomial interleavers are introduced in [12]. They have very
compact representation methodology and also inhibit a structure that allows an
easy analysis for its properties.
If we try to implement the permutation polynomial (4.1) directly, then it
seems to be hardware in‐efficient due to couple of multiplications and a complex
modulo function. Beside this challenge there is a bit growth problem as well
appearing with the term ( f1  x  f 2  x 2). To overcome this situation some
algorithmic level simplifications proposed in [42] are used. The permutation
polynomial (4.1) can be re‐written as follows:
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Figure 4.6 : Hardware required for 3GPP LTE interleaver design





f ( x  1)  f1  ( x  1)  f 2  ( x  1) 2 mod K

f ( x  1)   f ( x)   f1  f 2  2  f 2  x   mod K
f ( x  1)   f ( x)  g ( x)  mod K

(4.2)

Here g(x) can again be computed recursively by using the following
simplifications.
g ( x  1)    f1  f 2  2  f 2 ( x  1)   mod K
g ( x  1)   g ( x)  2  f 2  mod K

(4.3)

These algebraic simplifications make the computation of quadratic
permutation polynomial (4.1) very much hardware efficient. From the hardware
perspective two terms g (0) and f 2 are needed to start computation. Using the
values of f1 and f 2 given in 3GPP‐LTE standard we can find g (0) for all block sizes.
The terms g (0) and f 2 are utilized through a lookup table. Using the simplifications
mentioned in equations (4.2) and (4.3) the terms f ( x  1) and g ( x  1) can be
computed recursively by just using the adders and comparison. The hardware
constructed to compute the interleaved address (i _ addr ) is shown in Figure 4.6.
The computation of interleaving address is done every clock cycle and there is no
latency for this case.
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Figure 4.7 : Controller for WCDMA and LTE hardware interleaver

4.6 Control FSM
The controller mainly works for the pre‐computation phase of 3GPP‐WCDMA. It
configures different functions like multiply, add, compare and modulo
computation hardware to find all the vital parameters R , C , p , v and S ( j ). The state
diagram of the controller for our design is shown in Figure 4.7. For 3GPP‐LTE
standard, the controller checks the mode and directly jumps in to the ‘RUN ’ state.
When the controller is in the run mode, the new frame and the new pre‐
computation can always be initiated by just changing the block size parameter K
and providing the start signal.

4.7 Hardware for Combined Address Generation
After completing the pre‐computation phase or looking at the input mode (i.e.
WCDMA/LTE), the controller is set in ‘RUN ’ state and the hardware is configured
to perform run time computations for the generation of the interleaved addresses.
The flow graph for the run time operations in 3GPP‐LTE and 3GPP‐WCDMA are
shown in Figure 4.8(a) and (b) respectively. Figure 4.8(c) shows the flow graph
illustrating the sharing of both the standards to achieve the reusable hardware
architecture.
For 3GPP‐WCDMA hardware interleaver the RAM address is mainly computed
using the hardware shown in Figure 4.5. The recursive function used to compute
the RAM address and multiply‐add function to compute the final interleaved
address are as follows:

4.7 Hardware for Combined Address Generation
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Figure 4.8 : Flow graph for (a) Interleaver address computation in LTE,
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Ram _ Adr (i, j )   Ram _ Adr (i, j  1)  Qmod (i )  mod ( p  1)

(4.4)

It can be seen that computing the RAM address using Qmod  q mod ( p  1) instead
of q helps to avoid the full computation of modulo multiplication. After computing
the RAM Address, the final interleaved address is computed by the following
multiply‐add function:
i _ addr   C  Row _ Perm   U (i, j )

(4.5)

where U (i, j ) is the intra row permutation coming from RAM. The hardware used
in pre‐computation, as shown in Figure 4.3 is used again here to compute the final
interleaved address in run time.
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P_count
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The final interleaved address is tagged valid or invalid using the comparator.
This is called pruning of the interleaver and is needed for the case when
interleaver block size is not exactly equal to R  C . The hardware components in
the design are used efficiently such that the same hardware used for pre‐
computation phase is also used for the run time computations. There exist some
exceptions as well in the WCDMA algorithm which are listed below:
If  C  p 

: U i , p -1  0;

If  C  p  1 : U i , p -1  0; U i , p  p;
and if  K  R x C  then exchange U ( R-1,0) with U ( R-1, p )

Some flags related to first and last row and column are generated from row
and column counters. Using these flags along with a couple of multiplexers a very
small logic is needed to serve the purpose of exception handling.
For the computation of the interleaver address for 3GPP‐LTE systems, the
same hardware structure is used after getting the mode input as LTE (1' b0). The
controller jumps in to ‘RUN ’ state directly, and with a small difference of
configuration vectors the same hardware is mapped to the hardware shown in
Figure 4.6 for computation of interleaver address for LTE. The complete
hardware blocks to compute the interleaved address in a multiplexed way for
3GPP‐WCDMA and 3GPP‐LTE systems are shown in Figure 4.9. It can be seen that
all the vital computing parts are being shared by the two standards which
provides an illustration of the hardware re‐use to get the low cost solution for
multiple applications.

4.8 Implementation Results
The RTL code for the hardware blocks is written in Verilog and the correctness of
the design is checked by comparing the results generated by hardware with those
generated using MATLAB. The number of clock cycles spent for pre‐computation
(verified through simulations) is mentioned in Table 4.1. These cycles mainly
depend on the value of p and v for a particular block size. It can be seen that
maximum pre‐computation cycles are 988 when block size is 3840  p  191, v  19 .
In a later chapter, further work to reduce the overheads will be presented. The
computation of interleaved address during run time is every cycle, except the case
when block size is not exactly equal to R  C . In this case the interleaved address is
computed at most every two clock cycles, however on the average the interleaved
address is computed almost every clock cycle as shown in Table 4.1.
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Table 4.1 : Pre‐computation & clock cycle comparison for differrnt block sizes
Standard

Block Size

Pre‐Computation
Cycles

Run Time
Cycles

Average
Bit/Cycle
1

3GPP‐LTE

K

0

K

3GPP‐WCDMA

40

15

40

1

41

23

50

0.8
0.943

500

117

530

3840

988

3840

1

3841

615

3860

0.995

5040

802

5040

1

5114

563

5120

0.9988

Table 4.2 : HW usage comparison for different addressing circuits
Sr. No Implementation

Standard Support

Size

1

ROM (all patterns)

‐‐‐

> 100 Mbit

2

RAM (big off‐chip Mem. required)

‐‐‐

~ 80 Kbit

3

Design – 1 [36]

2

32K gates

4

Design – 2 [37]

1

30K gates

5

Design – 3 [38]

1

4K gates

6

This Work (WCDMA onlly)

1

2.2K gates + 2Kbit RAM

7

This Work (WCDMA Excluding Pre‐
Computation)

1

1.5K gates + 2Kbit RAM

8

This Work (WCDMA + LTE)

2

3.1K gates + 2Kbit RAM

The design is synthesized after setting constraint as area using 90nm standard
CMOS technology. Excluding the 256  8bit RAM, the total hardware consumed by
the presented design is 3.1 K gates. For WCDMA only, this cost reduces to
2.2 K gates . The design is highly optimized for low cost and at the same time it can
provide support for two standards which is not provided in reference designs
[37], [38]. As a result, comparing with the reference designs (Table 4.2), the
design presented here is good in terms of multiple standard support as well as
hardware efficiency. This work has been an important milestone towards our
principle goal of architecture exploration for multiple radio communication
standard support.

5Channel Interleaving–Combining

Block & Convolutional Interleavers
5
5.1 Introduction

A

IMING TO LOW‐COST universal broadband access, integration of DVB
satellite TV and WiMAX has been the recent trend [44][45][46] and
considered to be promising opportunity for existing network operators to
enhance their services. Therefore designing the re‐configurable subsystems
which can support WiMAX and DVB is of significance. This chapter covers a
flexible and low cost hardware interleaver architecture for the block interleaver
used for channel interleaving in WiMAX‐IEEE 802.16e [15] and the convolutional
interleaver as specified in DVB‐ETSI EN 300‐744 [47]. As a bi‐product, the same
hardware can also be used to implement the block interleaver for duo‐binary
turbo codes adopted in WiMAX. The main contribution here is threefold: 1)
Mapping of vital types of interleavers including convolutional interleaver on to a
single architecture with flexibility to change interleaver size; 2) Hardware
complexity for channel interleaving in WiMAX is reduced by using 2‐D realization
of the interleaver functions; and 3) Silicon cost overheads reduced by avoiding
the use of small memories. The reduced complexity strongly motivates to
compute the permutation patterns on‐the‐fly. System level overview for WiMAX is
shown in Figure 5.1(a) and for DVB is shown in Figure 5.1(b). WiMAX uses the
block interleaver for channel interleaving and duo‐binary turbo code interleaving.
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Figure 5.1 : Overview of encoding in (a) WiMAX channel, (b) DVB channel

In block interleavers, the data is written sequentially in a memory and read in a
random order after applying certain permutations. However, considering the
block interleaver as a row‐column matrix, data is written row‐wise in a memory
configured as a row‐column matrix and then read column‐wise after applying
certain intra‐row and inter‐row permutations. On the other hand, the
convolutional interleavers use multiple first‐in‐first‐out (FIFO) cells with different
widths and depths to disperse adjacent information. In addition to different
structures of block interleaving and convolutional interleaving, they also impose
different latency measures. The structural mismatches between different types of
interleavers make it hard to implement them on a single architecture.
Recently [51][52] has proposed an architecture to implement the de‐
interleaver for WiMAX and DVB in a single chip using 0.6 mm2 and 0.484 mm2
area respectively. A fast interleaver design covering 802.16 and 802.11 has been
proposed in [53] with some extra hardware cost. An FPGA implementation of DVB
interleaver is described in [54] with emphasis on minimizing memory utilization.
The architecture given in [51][52] and [54] use six small memories each having
size of 255 byte or less, which turns out to be hardware inefficient due to
significant overheads of small memories. Some commercial implementations for
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interleaver/de‐interleavers are also available from major FPGA vendors like
Xilinx, Altera and Lattice Semiconductor. The architecture insights for these
implementations are not disclosed and they are provided as IP Blocks. However,
the available literature [66]–[68] explains the memory configuration,
performance and area utilization in terms of logic elements (LEs) or lookup‐tables
(LUTs). Our proposed architecture uses two single port memories of size 512
bytes and 1024 bytes, thus minimizing the overheads due to small memories. In
order to achieve the low cost solution, it utilizes the hardware re‐use for different
types of interleavers to compute the interleaved addresses for writing/reading
the data to/from memory. Low cost solution is also supported by realizing the
one‐dimensional permutation functions provided for WiMAX channel interleaver
in to 2‐dimentional functions, where it is easy to realize the interleaver as a row‐
column matrix.

5.2 WiMAX Channel Interleaver
WiMAX uses Read‐Solomon and convolutional encoding followed by an
interleaver as shown in Figure 5.1(a) to detect and correct errors to improve the
performance of the communication system. Different interleaving patterns apply
for different modulation schemes BPSK/QPSK, 16‐QAM and 64‐QAM. The channel
interleaving in WiMAX is based on a block interleaver, which is expressed in the
form of a set of two equations for two steps of permutations. The interleaver
specified in WLAN, 802.11a/b/g [48] also utilized same type of permutation
steps; therefore the proposed work can also cover WLAN by default. The first step
ensures that adjacent coded bits are mapped on to non‐adjacent subcarriers,
while the second step ensures that adjacent coded bits are mapped alternately on
to less or more significant bits of constellation, thus avoiding long runs of lowly
reliable bits. The first permutation mk for index k is defined by:
 N cbps 
k 
mk  
 k % d    
 d 
d 

(5.1)

Here N cbps is the block size corresponding to number of coded bits per allocated
sub‐channels per OFDM and typical value for d used in WiMAX is 12 and 16. The
operator % is defined as the modulo function, computing the remainder, and the
operator x is the floor function i.e. rounding towards zero. The second
permutation jk for index k is given by:
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mk  

m  
jk  s   k     mk  N cbps   d 
 % s 


 s  
 N cbps  


(5.2)

The parameter s is defined as s  ceil  N cpc / 2 , where N cpc is number of coded
bits per sub‐carrier, i.e., 1, 2, 4 or 6 for BPSK, QPSK, 16‐QAM or 64‐QAM
respectively and ceil operation is the rounding towards infinity. The de‐
interleaver, which performs the inverse operation, is also defined by two
permutations. Let n be the index of received bits within the received block of N cbps
bits. The first permutation mn for index n is defined by:

n 

n 
mn  s       n   d 
%s




 s   
 N cbps  


(5.3)

The second permutation kn for index n is given by:

mn  

kn  d  mn    N cbps  1   d 
 
 N cbps  


(5.4)

The range of n and k for eq. (5.1) – (5.4) is defined as 0, 1, 2, . . . .( N cpbs  1). If we
try to implement the two steps of permutations by direct computation, they are
found to be hardware inefficient. This is due to the presence of complex functions
like floor function and modulo function.
The alternate is to consider the two steps as one step and find the correlation
between input and output, which should be hardware efficient. We present here
the idea of realizing the one dimensional equations in to a joint 2‐dimensional
expression. It is not necessary to transform both set of equations to 2‐D space and
implement separately, as they are inverse of each other. Thus only one set of
equations can be transformed for efficient hardware implementation and same
can be used for the other by just swapping the order of read and write of data in
to memory. The following sub‐sections present the transformation steps for all
kinds of modulation schemes used in WiMAX.

BPSK / QPSK
Due to ceil operation the parameter s is 1 for both BPSK and QPSK. Defining
N  N cbps eq. (5.3) simplifies to mn  n , and therefore eq. (5.4) becomes:

d n
kn  d  n    N  1  

 N  
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N d n d n


kn  d   n   
d  N    N 

kn  d   n   n

where

n  n 

N
d

(5.5)

d n
d n   n 
and  n  
 
 N 
 N   N / d 

Due to the presence of floor function, it is difficult to work out a complete
algebraic solution for these equations, however looking at the behavior of
different terms and verifying for all possible block sizes, we try to re‐structure the
equations. MATLAB is used for the verification of new structures. For a simple
illustration, an example case of BPSK with 2 sub channels and d  16, N  32, is
taken and behavior of  n is analyzed against the index n.
n
 n  n  2   

2

n  0  n  0  n   0 % 2

5

n  1   n  1   n  1% 2 
n  3  n  0  n   2 % 2

..........................
n  n  n  1  n   n % 2

After checking all cases for BPSK and QPSK (i.e. sub‐channels 1,2,4,8,16),  n
can be generalized as:
 n   n %


N

d

Thus for BPSK or QPSK case, eq. (5.5) can now be written as :
N
d n
kn  d   n %   
d   N 


(5.6)

Introducing 2 dimensions i and j (i.e. a two dimensional array), for which j
increments when i expires, the ranges for i and j can easily be selected as
mentioned below:
N
N
i  0,1,......   1 which satisfies against ' n ' if i   n % 
d
d



(5.7)
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n 
j  0,1,.......(d  1) with behavior against ' n ' j  
 N / d 

(5.8)

The interleaver can now be realized as a 2D row‐column matrix with size i  j .
Total number of columns is d , defined by the limit on j and total number of rows
is N / d . Eq. (5.6) can be written in the form:
kn  ki , j  d  i  j

(5.9)

Here i and j are row and column counters respectively but at the same time,
they also provide the inter‐row and inter‐column permutations. The case of BPSK
and QPSK is the simplest one as it does not carry any specific inter‐row or inter‐
column permutation pattern due to the parameter s  1. That is why we end up
with a relatively simple hardware needing just one addition and a multiplication
as shown in Figure 5.2(a), but it provides the basis for analysis for 16‐QAM and
64‐QAM which are more complicated.

16‐QAM
The parameter s is 2 for 16‐QAM therefore eq. (5.3) and eq. (5.4) can be
written as:

n 
d n
mn  2       n  
 % 2
2 
 N  

N

kn  d   mn 
d


 d  mn    d  mn 


 N    N 

(5.10)

(5.11)

Two terms can again be defined as  n and  n .
 n  mn 

Therefore

N
d

 d  mn 
 d .mn 
and  n  


 N 
 N 

(5.12)

kn  d   n   n

After verifying for all the range for WiMAX, the parameter  n can be written as:
d .mn   d .n   n 
 n  


 j
 N   N   N / d 

(5.13)

However, it does not mean that mn is equal to n all the time. This is valid only
due to the presence of floor function around it. Using definitions in eq. (5.10) and
eq. (5.13),  n can be re‐written as:
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 N d n
d n
n 
 n  2       n  
 % 2  d  
2 
 N  
 N 


(5.14)

Now we try to re‐arrange this equation to find some new structure which is
similar to eq. (5.9). For illustration purposes some steps for the 16‐QAM example
case with d  16 and N  64 are given below:
n0
n 1





  n  0   n  0 1   0 % 2    (0  1) 1   0 % 2    (0  1)  0 % 2   0 % 2 





  n  1   n  1 1   0 % 2    (1  1) 1  1% 2    (1  1) 1% 2   0 % 2 

















n2

  n  2   n  2 1   0 % 2    (2  1) 1   2 % 2    (2  1)  2 % 2   0 % 2 

n3

  n  3   n  3 1   0 % 2    (3  1) 1   3% 2    (3  1)  3% 2   0 % 2 

n4

  n  1   n  0 1  1% 2    (0  1) 1   0 % 2    (0  1)  0 % 2  1% 2 

n5

  n  1   n  1 1  1% 2    (1  1) 1  1% 2    (1  1) 1% 2  1% 2 
..................................

 n  ri , j  1   j % 2   i   j % 2    (i  1) 1   i % 2     i  1  i % 2 

(5.15)

where i and j are defined with ranges as mentioned in eq. (5.7) and eq. (5.8),
N
n 
i   n %  and j  
d

 N / d 

Verifying for all the cases in 16‐QAM, we reach to a new structure for  n as
given in eq. (5.15). This structure is not as simple as that of BPSK/QPSK case. The
reason is the presence of permutation pattern in 16‐QAM case. Considering the 2
dimensions i and j , the 2D transformation of interleaver for 16‐QAM can be
described as:
kn  ki , j  d  ri , j  j

(5.16)

The parameter ri , j provides an intra‐row permutation pattern sequence for
selective columns, such that a permutation is applied for all alternate columns
 2 y  1th and no permutation is applied for each 2 y th columns, where
y  1, 2, d / 2. Considering total number of rows as R , the required inter‐row
permutation for row number i(0,1, 2 R  1) is i  1 and i  1 for each 2i th and
 2i  1th row respectively. Looking at eq. (5.16), the generic structure for 16‐QAM

is the same as that of eq. (5.9) except the additional complexity for selective row
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Figure 5.2 : HW realization for channel interleaving in WiMAX (a) BPSK‐QPSK,
(b) 16‐QAM, (c) 64‐QAM

permutation. The structure of eq. (5.16) is easy to implement with a row and
column counter i and j . The terms with modulo function can be controlled by the
LSB of corresponding variable and the rest can be managed by a lookup table
(LUT) or an adder. As number of rows in the block can be many (up to 96 for
WiMAX) thus use of LUT is not efficient here. Instead we can use a 7 bit adder,
which can also give the benefit of generalizing the implementation. The hardware
realization for interleaver address generation for 16‐QAM in WiMAX is shown in
Figure 5.2(b).

64‐QAM
As number of coded bits per sub‐carrier are 6 for 64‐QAM transmission, thus
using the parameter s  3, eq. (5.3) is written as:

n 
d n
mn  3       n  
 % 3

3 
 N 


(5.17)

Defining the two terms  n and  n as given in eq. (5.12) and eq. (5.13) we can
write expression for  n for 64‐QAM as:
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Figure 5.3 : Examples of data interleaving for (a) 16‐QAM, N=64,
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 N d n
n 
d n
 n  3       n  
  % 3   

3 

 N 

(5.18)

d  N 



Again applying the same re‐structuring exercise as we did for 16‐QAM case,
we reach to an even more complicated 2D‐structure for  n. Due to increased
complexity for permutation patterns for 64‐QAM the intermediate steps carry
much longer terms, thus we directly present the final structure for  n.
j '  j ' 1 

 n  ri , j   1  j '  
i
2








  j '  j ' 1    i  2  1  i '  


i '  i ' 1 
i '(i ' 1)  
  i  1 i '


2 
2  

(5.19)

 j '  j ' 1 
  i  2  i ' i '  i ' 1   i  1 1  i '  i '  i ' 1 
2





Here i and j are row and column count respectively, with the ranges
mentioned in eq. (5.7) and eq.(5.8). The new parameters i ' and j ' are defined as
below:
i '   i  1 % 3 and j '  j % 3

The term  n for 64‐QAM provides the selective inter‐row permutation for
every  3 j  1 and  3 j  2  column. The permutation for all these columns is
th

th

within 3 rows and afterwards it is repeated. Considering total number of rows as
th
R , the inter‐row permutation in  3 j  1
columns for row number
i (0,1, 2  R  1) is i  1, i  1, i  2 for 3i th,  3i  1 and  3i  2  row respectively. The
th

th

inter‐row permutation for  3 j  2  columns is i  2, i  1 and i  1 for 3i th,  3i  1 and
th

th

 3i  2 th row respectively. Examples of address permutations for 16‐QAM and 64‐
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Figure 5.4 : CTC encoder with interleaver

QAM with small block sizes are shown in Figure 5.3, which also correspond to the
permutation patterns described here.
Combining the interleaver structure for all the cases, the 2D single step generic
interleaver function ki , j can be described as:
ki , j  d  ri , j  j

(5.20)

where ri , j  i for BPSK/QPSK and it is defined by eq. (5.15) and eq. (5.19) for 16‐
QAM and 64‐QAM respectively. Although eq. (5.19) looks very long and
complicated, but eventually we get hardware efficient solution by utilizing the
multiplexer formulation presented in section 3.6. Additionally we stick to the
generic interleaver hardware for all types of modulation schemes. The
implementation of modulo terms j %3 and  i  1 %3 and some other terms inside
braces are easier to generate through a very small lookup table. Other
permutation values with addition and subtraction can be implemented with the
help of a multiplexer and an adder. The hardware realization for 64‐QAM
interleaver is shown in Figure 5.2(c).

5.3 Interleaver for Duo‐Binary Turbo Codes
The double binary turbo codes (convolutional turbo codes, CTC) have received a
great attention, due to many advantages like performance, over the classical
single‐binary turbo codes [55]. WiMAX standard has adopted duo‐binary turbo
codes as an error correction system and the interleaver associated with it is of
type ARP interleaver. Figure 5.4 shows the block diagram for the duo‐binary
encoder including an interleaver. In CTC the information is treated as pair of bits
and the two output parts, systematic output and parity output are almost un‐
correlated due to the presence of interleaver. The interleaver for CTC is a two step
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interleaver and is defined for a particular block size N . Parameters for block size,
modulation scheme and coding rate are provided in WiMAX standard [15], and
are designated as P0 , P1 , P2 and P3 . Two steps of interleaving are described below:
Step 1:
Let the incoming sequence be

5

u0   A0 , B0  ,  A1 , B1  ,  A2 , B2  ,....  AN 1 , BN 1   ,
for i  0.....N  1,

if  i %2   1 then  Ai , Bi    Bi , Ai .
The new sequence is
u1   A0 , B0  ,  B1 , A1  ,  A3 , B3  ,....  BN 1 , AN 1  

Step 2:
The function P  j  provides the address of the couple from the sequence u1
that shall be mapped on to address j of the interleaved sequence. P  j  is
defined by the set of four expressions with a switch selection as follows:
for j  0.......N  1,
switch  j % 4 :
case 0: P  j    P0 . j  1 % N



N

 P1  % N
2





N

 P3  % N
2


case 1: P  j    P0 . j  1 

case 2: P  j    P0 . j  1  P2  % N
case 3: P  j    P0 . j  1 

The four equations given in step 2 can be written in a combined form as:
P( j )   P0 . j  Q j  % N

(5.21)
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where

Let

1
1  N / 2  P1
Qj  
1  P2

1  N / 2  P3

; if ( j %4  0)
; if ( j %4  1)
; if ( j %4  2)
; if ( j %4  3)

 j  P0 . j % N   0  0

Then recursively  j can be computed as  j 1    j  P0  % N . Now if we know  j
by recursive computation, P( j ) can be computed from the following equation:
P( j )    j  Q j  % N

(5.22)

By looking at the range of parameters  j and Q j , their sum cannot be larger
than 2N . Thus P( j ) can be computed by using addition and subtraction with
compare and select logic, as shown in Figure 5.5 where the values for Q j are
provided through a lookup table. Similar kind of hardware is used in the recent
work [56] and [57] to implement the interleaver for complete CTC decoder
design. Our objective here is to integrate this hardware with other interleaver
structures in a multiplexed way to achieve a flexible and reconfigurable
interleaver which can completely support the WiMAX standard.

5.4 Convolutional Interleaver for DVB
The convolutional interleaver used in DVB is based on the Forney approach [8]
which is compatible with Ramsey type III approach [7]. In order to distribute
burst errors, which are not corrected by Viterbi decoder in the receiver, a
convolutional interleaver is used in the transmitter, between RS encoding and
convolutional encoding as shown in Figure 5.1(b). Thus a de‐interleaver has to be
incorporated in the receiver before the RS‐decoder, to be able to decode the
packets. The convolutional interleaver for DVB consists of I  12 branches and
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each branch j is composed of first‐in‐first‐out (FIFO) shift registers with depth
j  M , where M  17 for DVB. The packet of 204 bytes consisting of one sync byte
 0  47 or 0  B8 is entered in to the interleaver in a periodic way. For
synchronization purpose the sync bytes are always routed to branch0 of the
interleaver as shown in Figure 5.6.
The convolutional interleaving provides half the latency as compared to block
interleaving and also consumes less memory size. Recently convolutional
interleavers have been analyzed to work with Turbo Codes [16][17][58][59],
which make them more versatile, thus general and re‐configurable convolutional
interleaver architecture can be of significance. The improvement in performance
of turbo codes using convolutional interleavers provides the motivation to
integrate the functionality of convolutional interleaver with block interleavers,
and this integration increases the flexibility for working with turbo codes. This
section presents the hardware implementation of convolutional interleaver which
will be integrated with block interleavers in next section.
Due to large consumption of silicon area, the implementation of the
convolutional interleaver or de‐interleaver using first‐in‐first‐out (FIFO) register
cells would be hardware inefficient. To achieve a hardware efficient solution, RAM
based implementation is proposed. The memory partitioning is made in such a
way that by applying appropriate read/write addresses in a cyclic way, it exhibits
the branch behavior as required by the convolutional interleaver. RAM write and
read addresses are generated by the hardware shown in Figure 5.7.
The hardware components used here are almost the same as used by
interleaver design for WiMAX, thus providing the basis for multiplexing the
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hardware blocks for re‐use. The main difference is the use of 11 registers to keep
track of next write addresses for each branch, which is the idea of using cyclic
pointers instead of using FIFO shift registers. For each branch the corresponding
write address is provided by the concerned pointer register and next write
address (which is also called current read address) is computed by using an
addition and a comparison with the branch boundaries. The branch boundaries
are computed on the fly using an adder and a multiplier in connection with a
branch counter. For implementing convolutional de‐interleaver same hardware is
used by implementing the branch counter in reverse order (decrementing by 1).
In this way same branch boundaries are used, and the only difference is that the
sync byte in the data is now synchronized with the largest branch size as shown
in Figure 5.6. Keeping the same branch boundaries for de‐interleaver, the width of
pointer register becomes fixed. This gives an additional benefit that the width of
pointer registers may be optimized efficiently, i.e. instead of using all pointer
register of width 11 bit we can use smaller width for the lower branches and
larger width for the upper branches.

5.5 Complete Hardware
Figure 5.8 presents the flow graphs for the computation of interleaved addresses
for memory read and write for the interleaver types covered in previous sections.
The combined flow graph illustrating flow sharing between different
implementations is presented in Figure 5.9. In order to fulfill the shared flow, in a
multiplexed way, the complete hardware for the data interleaving or de‐
interleaving for multiple standards is divided in to sub‐blocks like control FSM
block, address generation block and memory organization block. These blocks are
briefly described in the following sub‐sections.

5.5.1

Control FSM

An eight state control FSM shown in Figure 5.10 is used to synchronize the flow
for address computation. The control FSM serves different initialization
requirements for different standards at startup. In the initialization phase for
WiMAX, the controller computes the number of rows for a particular block size in
state S1, while for DVB the pointer registers are initialized to their respective
starting values in state S5. States S2 – S4 are shared for channel interleaving and
duo‐binary turbo code interleaving, whereas state S2 also serves for
synchronization with the external world. After initialization, the FSM keeps track
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Figure 5.8 : Flow graph for (a) Channel interleaving in WiMAX, (b) CTC
interleaving, (c) Read/write address computation for DVB

of block size by employing row and column count, thus providing the block
synchronization required for each standard. State S6 and S7 are used for sync
detection in case of DVB interleaver. Once sync pattern is detected, state S4 is
again used for branch counting and branch synchronization.

5.5.2

Address Computation Circuitry

The address computation is achieved for different standards by multiplexing the
hardware covered in earlier sections. Some additional multiplexers and glue logic
is used to support the re‐configurability for different standards and different
modulation schemes. The hardware multiplexed circuit for combined address
computation is shown in Figure 5.11(a). Here, the multiplier can further be
optimized to some additions, but it is kept there to make the architecture as a
general design for any branch size and any number of columns in the block
interleaver. The address computation circuitry also involves a lookup table
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implementing the decoding logic for operand selection, and a register file
consisting of 12 pointer registers.
The pointer registers are mainly used for DVB, thus not being shared with
other types of implementations. The computation intensive blocks in the address
computation circuitry are 4 adders/subtractors, a multiplier and a comparator.
Except one subtractor which is only used for CTC interleaver, all the rest of the
blocks are being shared by different interleaver implementations. This provides a
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highly multiplexed architecture with good hardware utilization for different
interleaver implementations.

5.5.3

Memory Organization

The interleaved address for block interleaver and read/write address for
convolutional interleaver computed by the address generation circuitry are
combined according to the configuration input for specific standard to make the
final read/write address for the memory. The total data memory size required is
1536 byte. This limit is set by the maximum block size of 1536 bytes for WiMAX,
i.e. 64‐QAM and 16 sub‐channels. If we have the luxury to use dual port memory
which can read and write in a single clock cycle, then we can use one big memory
of 1536 bytes, but keeping in view hardware in‐efficiency for the implementation
of dual port memory, and to make the memory size raise to the power 2, we split
the memory in to two with size 512 bytes and 1024 bytes.
Figure 5.11(b) shows the memory organization with address selection logic.
By applying the delay line of 6 clock cycles in the path of read address and control
signal for the selection of the output data, we make it possible that data write and
read should not be performed for the same memory in a single clock cycle. This
provided the basis to use relatively bigger memories for DVB interleaver and thus
the hardware cost overheads associated with use of small memories are also
avoided.
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Figure 5.12 : Memory utilization for DVB (a) Generalized structure,
(b) Structure proposed in [54], (c) Our proposed structure

The memory utilization for DVB in comparison with use of small memories is
shown in Figure 5.12. The memory with size of 512 bytes as shown in Figure
5.12(c) can be reduced to 256 bytes if proposed architecture is only intended to
be used for DVB or the targeted block size for WiMAX is only up to 1280.

5.6 Implementation Results
The hardware shown in Figure 5.11 provides the complete re‐configurable
hardware interleaver design for multiple standards. The RTL code for this
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Table 5.1 : HW usage comparison for interleaver implementation

No.

Implementation

Data Memory
Structure

Total
Memory Size

Total Size

Operating
Frequency

1.

RAM for WiMAX
(big off‐chip Mem.
required)

16.9K bit for
addressing table
+ 12.2K bit for Data

28.5 Kbit

‐‐‐

‐‐‐

2.

RAM for DVB
(General Structure)
Extra Sync. Circuitry
Needed

32 x 8b x 1
64 x 8b x 2
128 x 8b x 4
256 x 8b x 4

13.25 Kbit

‐‐‐

‐‐‐

3.

Xilinx Virtex‐5 [66]

Block RAM
2048 x 9b x 1

18 Kbit

262/360 MHz
210 LUTs
Speed Grade ‐1/‐
+ memory
3

4.

Altera FLEX‐10KE [67]

8 Embedded Array
Blocks
each 2048 bits

16 Kbits

392 LEs
+ memory

120 MHz

5.

Lattice ispXPGA [68]

8 Block RAMs
512 x 9b x 8

36 Kbits

284 LUTs
+ memory

132 MHz

6.

Ref. Design [51]

256 x 8b x 6

12 Kbit

0.60 mm2

100 MHz

7.

Ref. Design [52]

256 x 8b x 6

12 Kbit

0.484 mm2

150 MHz

8.

Ref. Design [53]

12 x 24b x 6
108 x 36b x 8

32 Kbit

0.72 mm2

200 MHz

9.

Ref. Design [54]

128 x 8b x 2
256 x 8b x 4

10 Kbit

‐‐‐

‐‐‐

10.

Our Design

512 x 8b x 1
1024 x 8b x 1

12 Kbit

0.18 mm2

140 MHz

hardware is written in Verilog HDL and the correctness of the design is verified by
two approaches. First by comparing the data from hardware with that of the
interleaved data generated through MATLAB and then by checking the data in
order, by cascading two hardware blocks, first configured as interleaver and
second configured as de‐interleaver. After validating the correctness of the
design, it was synthesized for 0.12µm standard CMOS technology and then layout
was generated using SoC Encounter. Core size of the proposed architecture is
0.18mm 2 which is lower than the reference designs as shown in Table 5.1. As
depicted in Figure 5.13, the gain in terms of silicon cost is achieved when; 1) we
apply on‐the‐fly address generation, 2) data memory is shared, and 3) address
generation circuitry is shared among WiMAX and DVB.
Although direct comparison of area with commercially available FPGA
implementations [66]–[68] is not possible, but looking at the memory
requirements our design remains efficient. The available literature reveals that
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Figure 5.13 : Cost comparison for hardware multiplexing
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Figure 5.14 : Layout snapshot of proposed interleaver architecture

these commercial implementations use dual port memory support from block
RAMs available on targeted FPGA platforms, which is not a good choice for chip
implementations. Further, it also reveals that they do not compute the row or
column permutations on the fly; instead they take row or column permutation
tables in the form of a configuration file as input and use them to generate the
final interleaved address. In this way, the complexity for on‐the‐fly computation
of permutation patterns is avoided, but it requires extra memory to store the
permutation patterns.
Chip core layout for the proposed architecture is shown in Figure 5.14. The
design can run up to 140 MHz without any pipelining and consumes 3.5mW
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power in total. Introducing pipeline stages, it can further enhance the
performance at the cost of more silicon and more power. The interleaved data
from block interleaver for WiMAX or WLAN is provided in every clock cycle.
The proposed architecture provides a generalized platform to map different
block interleavers with different block sizes and also to map different
convolutional interleavers having up to 12 branches and requiring a total memory
less than or equal to 1536 bytes. Performance, low silicon cost and re‐
configurability for multiple standards make this architecture a suitable candidate
to be adapted in many multimode communication systems.

6Multimode Interleaving
6.1 Background

I

N CONTINUATION to the hardware re‐use for wide range of applications/
standards, this chapter combines multiple channel interleavers and turbo code
interleavers to a single architecture. A variety of interleaver implementations
with different structural properties have been addressed in the literature. The
main area of focus has been low cost and high throughput. Most of the work
covers a single or a couple of interleaver implementations which is not sufficient
for a true multimode operation. The design of interleaver architecture for turbo
code internal interleaver has been addressed in [36] − [40]. Some of these designs
have provided very low cost solutions. A later work [33] provides a good unified
design for different standards; however, it covers only the turbo code interleavers
and do not meet the complete baseband processing requirements demanding an
all‐in‐one solution. Work in [54], [69]−[71] covers the DVB related interleaver
implementations only. The literature [32], [51]−[53], [72] focus on more than one
interleaver implementations with re‐configurability for multiple variants of
wireless LAN and DVB. High throughput interleaver architectures for emerging
wireless communications based on MIMO‐OFDM techniques have been addressed
in [32] and [53]. These techniques need multiple‐stream processing in parallel,
thus requiring parallel address generation and parallel memory architecture.
Other than these published articles the commercial solutions [66]‐[68] for general
purpose interleaver implementation also exist but the drawback is that they take
row or column permutation tables in the form of a configuration file as input and
89
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Data
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Stream -1
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Figure 6.1 : 3D view of interleaver configuration for a multi‐stream
communication system

use them to generate the final interleaved address. In this way, the complexity for
on‐the‐fly computation of permutation patterns is avoided, but it requires extra
memory to store the permutation patterns. Further, they cannot meet the fast
switchability requirement for a multimode environment.
A summary of targeted interleaver implementations which are being widely
used is provided in Table 6.1. The same table and the discussion for the
challenges associated with the broad range of coverage have already been
introduced in Chapter 1. Looking in to the range of interleavers and parallelism
requirement for the multi‐stream processing, the interleaver configuration is
required to be a 3D array as shown in Figure 6.1. Each memory in the
configuration refers to a 2D address space (referring to row‐column interleaver
operations), and each memory requires almost independent address generation
circuitry, thus sharing the computational parts is of significance. The address
generation and memory requirements for different interleaver implementations
are very wide, due to different sizes, width, memory banks and ports. The
memory organization and address computation will be explained in detail in the
next sections.

6.2

Shared Data Flow

Exploring the similarities between different interleaving algorithms a data flow in
general is shown in Figure 6.2. The data flow is shared by different interleaver
types summarized in Table 6.1. Many of the interleaver algorithms in different
standards e.g. WCDMA, WiMAX, DVB etc. need some pre‐processing before the
actual interleaving process. Therefore, the whole data flow has been divided in to
two phases; the pre‐computation phase and the execution phase, as shown in
Figure 6.2(a) and (b).
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Table 6.1 : List of interleaver algorithms and permutations in different standards
Standard

Interleaver
Type

HSPA+

BTC

Algorithm / Permutation Methodology

Multi-Step computation including intra-row permutation computation

S  j    v  S  j  1  % p ; r  i   T  q(i ) ;

U  i, j   S

  j  r  i   %( p  1) ; qmod  i   r  i  %( p  1);

RA  i, j    RA  i, j  1  qmod  i  %  p  1;
I i , j  C  r  i   U (i, j )

Ist, 2nd, and
HS-DSCH int.

Standard block interleaving with different column permutations.

 k 



  k    P    C   k % R   % K
R









LTE

QPP for BTC

I ( x )  f1 . x  f 2 . x % N

Sub-Blk. int.

Standard block interleaving with given column permutations.

WiMAX

Channel
interleaver

Two step permutation M k  

CTC
interleaver

2

N
k 
   k %d     ; and
d
d 

Mk 
Mk  

Jk  s  
    M k  N – d  N   %s 
s

 



I ( x %40)   P0 . x  1 % N ; I ( x %41)   P0 . x  1  N2  P1 % N ;

I ( x %42)   P0 .x  1  P1 % N ;I ( x %43)   P0 . x  1  N2  P3 % N
N
k 
   k %d     ; and
d
d 


M

M





J k  s   k     M k  N – d  k   %s 
N 
 s  



WLAN

Channel
interleaver

Two step permutation M k  

802.11n

Ch. Interleaver
with Frequency
Rotation

Two step permutation as above, with extra frequency interleaving i.e.

Outer Conv.
interleaver

Permutation defined by depth of first FIFO branch (M) and number of
total branches.

Inner bit
interleaver

Six parallel interleavers with different cyclic shift
H e  w    w    %126 ; where   0, 63,105, 42, 21 and 84

Inner symbol
interleaver

yH ( q )  xq for even symbols; yq  xH ( q ) for odd symbols;

DVB-H




 i  1 
Rk   J k     iss  1  2  %3  3  ss    N ROT  N BPSC  % N
3






where H  q    i %2   2 N r 1 

Nr 2

 Ri  j   2 j ;
j 0

Rc ( j )   Rc ( j  1)  Inc( j ) % 32 ; and
I (i, j )  Tbas ( j ) M1 (i  1, j ) % CT

DVB-SH

BTC

General
Purpose
Use

Row and/or Col. Standard block interleaver with or without row or/and column
Perm. Given
permutation.
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Figure 6.2 : Data flow graph for (a) Pre‐computation phase, (b) Execution phase

There are many minor differences in both the phases when we consider
different type of interleavers. One of the main differences is the different types of
interleavers i.e. block interleaver or convolutional interleaver. Other than the
differences in address calculation for the two categories, a major difference is the
memory access mechanism. In case of block interleavers, the memory read and
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Figure 6.3 : Top level architecture

write is explicit, but the convolutional interleavers need to write and read at the
same time. This demands a dual port memory; however, it is handled by dividing
the memories and introducing a delay in the read path.

6.3 Multimode Interleaver Architecture
The possibility to share the data flow among different interleaver types provides
the basis to multiplex the hardware components and combine the functionality of
multiple types of interleavers. Exploring the hardware requirement (Table 6.2),
the top level architecture for the multimode interleaver is given in Figure 6.3. The
hardware partitioning is done in such a way that all computation intensive
components are included in the address generation block. The other partitioned
blocks are register file, control‐FSM and memory organization block. These blocks
are briefly described in the following sub‐sections.

6.3.1

Address Generation (ADG) Circuitry

Address generation is the main concern for any kind of interleaving. By going
through all the interleaver implementations given in Table 6.1, different hardware
requirements for computing elements and memory are summarized in Table 6.2.
Looking at the modulo computation requirements, the use of adder appears to be
the common computing element for all kinds of implementations. Further
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Table 6.2 : Architecture exploration for different standards
Block
Size

Adder Multiplier HW LUT

Configurable Memory Size
LUT / Reg
(SB: Soft Bits)

Standard

Interleaver Type

HSPA+

Prime interleaver
for BTC

5114

7

1

20 x 5b 20 x 8b
440 x 7b 256 x 8b
52 x 14b

2x5114 x SB

Ist, 2nd and HS‐
DSCH Interleaving

5114

2

1

15 x 3b
32 x 5b

‐‐

5114 x SB

QPP interleaver for 6144
BTC

5

‐‐

188 x
19b

2 x 13b

2x 6144 x SB

Sub‐Block

6144

2

1

32 x 5b

‐‐

6144 x SB

Channel
interleaver

1536

5

1

15x4b

2 x 2b
1 x 11b

1536 x SB

Block interleaver
b/w RS and CC

2550

2

1

‐‐

‐‐

2550 x 8b

CTC interleaver

2400

4

‐‐

32 x 27b 1 x 12b

4x2400 x SB

288

5

1

15 x 4b

2 x 2b
1 x 9b

288 x SB

3GPP‐LTE

WiMAX
(802.16e)

WLAN(802. Channel
11 a/b/g)
interleaver
802.11n
Enhanced
WLAN

Channel
2592
interleaver with
frequency rotation

9

1

30 x 4b
24 x 9b

2 x 2b
2 x 10b

4 x 648 x SB

DVB
ETSI EN
300‐744

Outer conv.
interleaver

1122

4

1

‐‐

11 x 11b

357 x 8b
765 x 8b

Inner bit
interleaver

126

8

‐‐

‐‐

21 x 1b
126 x 1b

2 x 126 x 1b
2 x 126 x 2b

Inner symbol
interleaver

6048

1

‐‐

30 x 1b

‐‐

6048 x 6b

Row or/and
Column perm.
given as a table

4096

2

1

‐‐

256 x 8b
64 x 6b

4096 x SB

General
purpose
use

observation reveals that adder is mostly followed by a selection logic. Therefore, a
common computing cell named Acc_Sel , as shown in Figure 6.5, is used to cover all
the cases. Table 6.2 shows that the computational part of the reconfigurable
implementation can be restricted to have 8 additions, 1 multiplication and a
comparator. Unified address generation for different standards is achieved by
multiplexing the computationally intensive blocks mentioned in Table 6.2.
The address generation hardware is shown in detail in Figure 6.4. It is
surrounded by other blocks like control FSM, register file and some lookup tables.
It utilizes 8 Acc_Sel units with a multiplier and a comparator. The re‐
configurability is mainly achieved through changing the behavior of Acc_Sel and
appropriate multiplexer selection. The control signals Add _ Sub, Ext _ Ctrl _ En and
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Figure 6.4 : Address generation schematic in detail

Sel _ Ctrl are used to define the behavior of Acc_Sel block. Using these signals in an

appropriate way, this block can be configured as an adder, a subtractor, a modulo
operation with MSB of the output as the select line, or just a bypass. All these re‐
configurability features make it a very useful common computing element. The
address generation block takes the configuration vector and configures itself with
the help of a decoder block and part of the LUT. The configuration vector is 32 bit
wide, which defines block size, interleaver depth, interleaving modes and
modulation schemes.
The ADG block generates the interleaved address based on all the
permutations involved in implementing a block interleaver, whereas, it generates
memory read and write addresses concurrently while implementing a
convolutional interleaver. The role of ADG block to be used as an interleaver or
de‐interleaver is mainly controlled by the controller after employing an
addressing combination (permuted or sequential addressing) for writes and
reads from the memory.
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Figure 6.5 : An accumulation and selection cell (acc_sel)

6.3.2

Control FSM

Two modes of operation for the hardware are defined as pre‐computation mode
and execution mode. In order to handle the sequence of operations in the two
modes a multi‐state control FSM is used. The flow graph of the control is shown in
Figure 6.6. During pre‐computation phase, the FSM may perform two main
functions: 1) Computation of necessary parameters required for interleaver
address computation and 2) initialization of registers to become ready for
execution phase. Other than IDLE state, 5 states (S1~S4, S8) are assigned for pre‐
computation. The common parameter to be computed in the pre‐computation
phase is number of rows or columns, however, some specific parameters like
prime number p , and intra‐row permutation sequence S ( j ) in WCDMA turbo code
interleaver are also found during this phase. The interleaver functions, where pre‐
computation is not needed, the pre‐computation or initialization steps are
bypassed and control FSM directly jumps to the execution phase. The extra cycle
cost associated with the pre‐computation has been investigated for the current
implementation and the results are presented in a later section. In the execution
phase, the control FSM helps in sequencing the loading of data frames in to
memory or reading data frames from memory. In total 4 states (S5~S7, S9) are
assigned for execution phase. S9 is used for convolutional interleaver case only,
whereas states S5~S7 are reused for all types of interleavers. During the
execution phase the control FSM also keeps track of block size by employing row
and column counter, thus providing the block synchronization required for each
type of interleaver implementation.

6.3.3

Memory Organization

Memory requirements for different types of interleaver implementations are very
much different as listed in Table 6.2. Also, soft bit processing in the decoder
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Figure 6.6 : FSM state graph

implies different requirements of bit width for different conditions and decoding
architectures. The maximum width requirement is 6 bit for symbol interleaving
and 8 bit for part of the memory in WCDMA. Multi‐stream transmission requires
multiple banks of memories in parallel. The size of the memory is taken as
2x6144xSB, which is due to the large block size requirements for 3GPP‐LTE,
3GPP‐WCDMA and DVB.
Memory partitioning is mainly motivated by the high throughput
requirements from the multi‐stream system e.g. 802.11n. Four memory banks in
parallel are required for 802.11n, which also appears to be a good choice to meet
other requirements as well. Parallel memory banks can also be used in series to
form a larger memory. Partial parallelism can also be used where larger memory
width is needed. Another benefit of using multiple memory banks is to avoid the
use of dual port RAM, which is not silicon efficient. Thus all the memories in the
design are single port memories. The interleaved addresses for block and
convolution interleavers, computed by address generation block, are combined
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Figure 6.7 : Memory address selection and data handle

according to the configuration requirement to make the final memory address.
Figure 6.7 shows the memory organization with address selection logic.
Particularly for convolutional interleaving, a small delay line with depth of 6 is
used in the path of read addresses and control signals. It helps to avoid the data
write and read for the same memory in a single clock cycle.

6.4 Algorithmic Transformation for Efficient Mapping
The main objective is to use single architecture for interleaver implementation
with maximum hardware sharing among different algorithms. The versatility of
interleaving algorithms makes it an in‐efficient implementation when original
algorithms are directly mapped to some architecture. On the other hand some
transformations based on modular algebra can be applied to the original
algorithms to make them look alike and then hardware sharing among different
implementations can be efficient. The following sub‐sections present some
transformation examples for selected algorithms e.g. channel interleaving for
WiMAX and WLAN including 802.11n with frequency rotation, bit and symbol
interleaver in DVB. Detailed explanations for turbo code block interleaving in LTE,
WiMAX, WCDMA/HSPA and convolutional interleaving have already been
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provided in prior chapters, therefore, they will not be repeated here; however, the
architecture here includes support for all of them.

6.4.1

Channel Interleaving in WiMAX and WLAN

The channel interleaving in 802.11a/b/g (WLAN) and 802.16e (WiMAX) is of the
same type except the different block sizes. Two sets of equations have been
defined for interleaver and de‐interleaver, which are inverse to each other.
Therefore implementation of any one set of equations can be sufficient. The
functionality of the other will then be implemented by swapping the read and
write sequences. The two steps of permutations with index k for interleaver data
are expressed by the following equations:
N
k 
M k      k %d    
d
d 

(6.1)


M 
M  

J k  s   k     M k  N – d  k   %s 
N 
 s  



(6.2)

Here N is the block size corresponding to the number of coded bits per
allocated sub‐channels and the parameter s is defined as s  max{1, N BPSC / 2},
where N BPSC is the number of coded bits per sub‐carrier (i.e. 1, 2, 4 or 6 for BPSK,
QPSK, 16‐QAM or 64‐QAM respectively). The operator % is the modulo function,
computing the remainder and the operator  x  is the floor function, i.e., rounding
x towards zero. The range of n and k is defined as 0,1, 2,.....  N  1 . Similarly the two

steps of permutations for index n are given by:

n 
 n 
mn  s       n   d    % s 
 s  
 N 


(6.3)


 m 
kn  d  mn    N  1   d  n  
 N 


(6.4)

The simplification and implementation of equation set (6.3) and (6.4) is
already covered in previous chapter. Here the first set of equations i.e. (6.1) and
(6.2) will be taken for further simplifications. The direct implementation of the
above mentioned equations is very much hardware in‐efficient and also the
mapping on to the proposed unified interleaver architecture is not possible.
Therefore, realization of two 1‐D equations in to 2‐D space and computation of
interleaved address in a recursive way is adopted to reduce the hardware
complexity as explained in the following sub‐sections.

6

100

Chapter 6: Multimode Interleaving

BPSK – QPSK
As N BPSC is 1 and 2 for BPSK and QPSK, respectively, thus s  1 for both the
cases and (6.2) simplifies to the following form:
N
k 
J k      k %d    
d
d 

(6.5)

Considering the interleaver as a block interleaver, the parameter d is usually
considered as total number of columns N COL, and parameter N / d is taken as total
number of rows N ROW , but the column and row definitions are swapped hereafter.
The parameter d is taken as total number of rows and parameter N / d is taken as
total number of columns. The functionality still remains the same, with the benefit
that it ends up with the recursive expression for all the modulation schemes.
According to new definitions, the term  k %d  provides the behavior of row
counter and the term  k / d  provides the behavior of column counter. Thus
introducing two new variables i and j as two dimensions, such that j increments
when i expires, the ranges for i and j are mentioned below:



i  0,1,  d  1 and j  0,1,  N

d



1

(6.6)

which satisfies against k when i   k %d  and j   k / d . Defining total number of
columns as C  N / d , (6.5) can be written as:
Ji, j  C  i  j

(6.7)

The recursive form after handling the exception against i  0 can be written as:
j
Ji, j  
 J (i 1), j  C

if (i  0)
otherwise

(6.8)

By defining row counter i as Rc and column counter j as Cc, the hardware for
(6.8) is shown in Figure 6.8(a). The case of BPSK and QPSK do not carry any
specific inter‐row or inter‐column permutation pattern, thus it ends up with a
relatively simple hardware.

16–QAM
16‐QAM scheme has 4 coded bits per sub‐carrier, thus parameter s is 2 and
(6.2) becomes:

M  
d  Mk  
Jk  2   k     M k  N  
 %2 

 2  
 N 


(6.9)
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Like BPSK/QPSK case, algebraic only steps cannot be used here to proceed due
to the presence of floor and modulo functions. Instead, all the possible block sizes
for 16‐QAM are analyzed to restructure the above equation. Decomposition of the
permutation function to reach to a new structure has been demonstrated in
section 5.2. In a similar way the following structure in (6.10) appears to be
equivalent to (6.9) and at the same time resembles the structure of (6.5), thus it is
a good candidate for efficient hardware multiplexing.
N
k 
J k      k % d      rk2
d
d 

(6.10)

The extra term rk2 is defined by the following expression:
 k 

 k 

rk2  1   k %2     k %2   1     %2      k %2   1   k %2      %2 

 d 

 d 

(6.11)

This term appears due to the reason that the interleaver for 16‐QAM carries
specific permutation patterns, which makes the structure more complicated.
Considering the 2‐dimensions i and j having range as mentioned in (6.6), the
behavior of the term k %2 is the same as that of i%2, when i is the row counter.
Thus (6.10) can be written in 2‐D representation as follows:
 j
Ji, j  
2
 J (i 1), j  C  ri , j

where

if (i  0)
otherwise

ri2,j  1   i %2     i %2   1   j %2    i %2   1   i %2     j %2

(6.12)

(6.13)

The expression can be simplified further to a smaller expression but it is easy
to realize the hardware from its current form. The modulo terms can be
implemented by using the LSB of row counter Rc and column counter Cc, and the
required sequence can be generated with the help of an XOR gate and an adder as
shown in Figure 6.8(b).

64–QAM
The parameter s is 3 for 64‐QAM, thus (6.2) becomes:

d  Mk 
M  
J k  3   k     M k  N  
  % 3 

 3  
 N 


(6.14)

The presence of modulo function x%3 makes it much harder to reach some
valid mathematical expression algebraically. Different structures for all possible
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Figure 6.8 : Interleaver address generation for: (a) BPSK–QPSK, (b) 16‐QAM,
(c) Combined for all modulation schemes

block sizes for 64‐QAM are analyzed and the de‐composed structure similar to
(6.8) and (6.12) and equivalent to (6.14) is given below:
 j
Ji, j  
3
 J (i 1), j  C  ri , j

if (i  0)
(6.15)

otherwise

where i and j represent two dimensions and their range is given by (6.6). Defining
i '   i%3 and j '   j %3 , the additional term ri3,j is given as:

j '  j ' 1   
i '  i ' 1   i '  i ' 1  
ri3,j   1  j ' 
  2  1  i ' 
   i '

2
2  
2  

  





  j ' j '  j ' 1   2  i ' i '  i ' 1    1  i '  i '  i ' 1 

(6.16)

 j '  j ' 1    i '  i ' 1   i '  i ' 1  

  2 
  1 

2
2  

   2  

The term ri3,j provides the inter‐row and inter‐column permutation for s  3
against row counter i and column counter j . The expression for ri3,j looks very long
and complicated but eventually, it gives a hardware efficient solution as the terms
inside curly braces are easier to generate through a very small lookup table. The
outer terms define a multiplexer using the small scale formulation for
multiplexers as presented in section 3.6. The generic form for (6.8), (6.12) and
(6.15) to compute the interleaved address I i , j can be written as:
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Figure 6.9 : Use of interleaver in multiple spatial streams (802.11n)

 j
Ii, j  
s
 I (i 1), j  C  ri , j

if (i  0)
otherwise

(6.17)

Here parameter s distinguishes between different modulation schemes. For
BPSK/QPSK ri1, j  0 , and for 16‐QAM and 64‐QAM, ri2,j and ri3,j is given by (6.13) and
(6.16) respectively. The hardware realization supporting all modulation schemes
is shown in Figure 6.8(c). It appears to be a much optimized implementation as it
involves only two additions, some registers and a very small lookup table.

6.4.2

Frequency Interleaving in 802.11n

The transmission in 802.11n can be distributed among four spatial streams as
shown in Figure 6.9. The interleaving requires frequency rotation in the case
when more than one spatial stream is being transmitted. The frequency rotation
is applied to the output of the second permutation J k . The expression for
frequency rotation for spatial stream iss is given below:



 i  1 
Rk   J k     iss  1  2  %3  3  ss    N ROT  N BPSC  %N
3






(6.18)

Here N ROT is the parameter which defines different frequency rotations for 20
MHz and 40 MHz case in 802.11n. The frequency rotation also depends on the
index of the spatial stream iss, thus each spatial stream faces different frequency
rotation. Defining the rotation term as J ROT , i.e.


 i  1 
J ROT     iss  1  2  %3  3  ss    N ROT  N BPSCS 
3





Therefore

Rk   J k  J ROT  % N

(6.19)
(6.20)

The range for the term  J k  J ROT  is not bounded and it can have value greater
than 2N , thus direct implementation cannot be low cost. Analyzing the two terms
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Figure 6.10 : HW for frequency rotation in 802.11n

 Jk %N 

and   J ROT  % N separately, it is observed that the second term provides

the starting point for computing the rotation Rk . As the rotation is fixed for a
specific spatial stream, the starting value rks    J ROT  % N also holds for all run
time computations. Eq. (6.20) in combination with eq. (6.17) can be written as:





J ii,ssj  Rk  J i , j  rks % N

(6.21)

Here J ii,ssj is the joint address after applying both, spatial interleaving and
frequency interleaving against row index i, column index j and spatial stream
index iss. A lookup can be used for the starting values for rks against different
spatial streams. The rks values for all the cases follow the condition  rks  N , which
depicts that the term  J k  rks  cannot be larger than 2N . Therefore, the frequency
rotation can be computed with a very small hardware as shown in Figure 6.10.

6.4.3

Multi‐stream Support in 802.11n

The spatial interleaver address generation block shown in Figure 6.8(c) is
denoted as Basic Block (BB) and the frequency rotation block as shown in Figure
6.10 is denoted as Auxiliary Block (AB). Both these blocks combine to form a
complete address generation circuit for one spatial stream. In order to provide
support for four streams in parallel, one may consider replicating the two blocks
four times. However, an optimized solution would be to use 2 basic blocks and 2
auxiliary blocks, still providing support for 4 spatial streams. The hardware block
diagram to generate the interleaver addresses for multiple streams in parallel is
shown in Figure 6.11. This hardware supports quick configuration changes thus
provides full support to any multi‐tasking environment. If some new combination
of modulation schemes is needed to be implemented, which is not supported
already, the interfacing processor can do task scheduling for different types of
modulation schemes.
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6.4.4

Channel Interleaving in DVB

The two famous variants of digital video broadcast (DVB) are DVB‐T (targeted for
home video with fixed antenna and fixed receiver) and DVB‐H (targeted for
handheld devices with mobile receiver). Two levels of coding i.e. inner coding and
outer coding are applied in the DVB channel. The outer coding involves a
convolutional interleaver whereas the inner coding involves two types of
interleaving i.e. bit interleaving and symbol interleaving. The convolutional
interleaver will not be discussed here as it has already been covered in the
previous chapter.
The symbol interleaving can be done for different configuration modes i.e. 2K‐
Mode or 8K‐Mode. DVB‐H introduces multiprotocol encapsulation encoding
(MPE‐FEC) along with 4K‐Mode in‐depth interleaver in order to improve Carrier‐
to‐Noise ratio and Doppler performance. In addition, 2K mode can also be used
with in‐depth configuration. The implementation of in‐depth interleaver mode is
adopted here, and the other modes being subset of it can be accommodated easily.
The following sub‐sections explain the implementation strategy for the two types
of interleavers used in the inner coding.

6.4.4.1

Bit Interleaver

In DVB, the number of parallel bit interleavers can be 2, 4 or 6 depending on the
type of modulation scheme. Each interleaver has same block size i.e. 126 but has
different permutation sequence. The permutation function H e  w  for each
interleaver for index w is given below:
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Figure 6.12 : (a) Conventional bit interleaving approach, (b) Memory sharing of
I0 bit interleaver with I2 and I4

I0:

I1:
I2:
I3:

H e  w  w

H e  w    w  63 %126

H e  w    w  105  %126
H e  w    w  42  %126

I4:

H e  w    w  21 %126

I5:

H e  w    w  84  %126

By looking at the permutation function H e  w , it is observed that each
interleaver provides a cyclic shift to the input data. The most appropriate
hardware to implement these permutations would be to use the chain of shift
registers with the help of some multiplexers as shown in Figure 6.12(a). The other
approach could be to use six small memories in place of shift registers. In this
case, the address for writing and reading has to be computed using modulo
additions. As four memories are already available in the complete design, the goal
here is to not increase the number of memories and still accommodate this type of
interleaver. The parallel implementation of six bit interleavers is organized in the
way that 4 memories are used for four interleavers I1, I2, I3 and I4, and
interleaver I5 is totally implemented in the register file by configuring it in shift
register mode. In this configuration the shifted output is fed back to the register
file to form a long chain of single bit registers. The first interleaver I0 is partially
implemented in register file (for buffer use only) and partially it is sharing the
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memories with interleavers I2 and I4 as shown in Figure 6.12(b). While
interleaving mode is on, I0 shares memory with I4, whereas, it shares memory
with I2 when de‐interleaving mode is on. This approach reduces the requirement
for buffer size for interleaver I0 to 21 which is easily manageable in the register
file along with I5. The output of all the six interleavers are grouped together to
form multi‐bit symbols. The implementation for bit interleaver specified here
might not be optimal, but the objective to not increase any memory for
supporting this kind of interleaving, is achieved.

6.4.4.2

Symbol Interleaver

DVB standard uses 2k, 4k and 8k modes with different block sizes for versatile
transmission. The block size, also referred as symbol size, is 1512, 3024 and 6048
for 2k, 4k and 8k mode respectively. These blocks are formed using multiple
groups of information from bit interleaver. Despite the given frame sizes, the
interleaver address generation has to be done for 211, 212 and 213 locations and valid
addresses are found through comparison with frame size. Symbol interleaver has
the unique requirement that even‐indexed‐symbols have to be processed in the
way that interleaving permutations are applied while writing the data to memory.
However, in case of odd‐indexed‐symbols, the interleaver permutations are
applied while reading the data from memory. The symbol interleaving algorithm
[47] is given below:
 Let the incoming sequence be  x0 , x1 , x2 , xN 1  for the data block of size
N. Its permutation to the new sequence  y0 , y1 , y2 , yN 1  is defined by:
yH ( q )  xq
yq  xH ( q )

forevensymbolsforq  0,1, 2,  N  1
foroddsymbolsforq  0,1, 2, N  1

 A (N r  1) bit binary word Ri' is defined, with N r  log 2 ( M max ) where M max is
2048, 4096 and 8192 in 2K, 4K and 8K mode respectively. Here Ri' takes the
following values:
Ri'  N r  2 , N r 3 , ,1, 0  0, 0, , 0, 0

i  0,1

Ri'  N r  2 , N r 3 ,,1, 0  0, 0, , 0,1

i2
2  i  M max

Ri'  N r 3 ,,1, 0  Ri'1  N r  2 ,, 2,1

 The MSB for Ri' for different modes is derived as follows:
2 Kmode Ri' 10  Ri'1  0  Ri'1 3

4 Kmode Ri' 11  Ri'1  0  Ri'1  2
8Kmode

Ri' 12  Ri'1  0  Ri'1 1  Ri'1  4  Ri'1  6
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Table 6.3 : Wire permutations in symbol interleaver for DVB
bit position against
Mode
2K
4K
8K

11 10
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7

6
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0
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‐‐
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Figure 6.13 : H(q) address generation in DVB symbol interleaver

 The bit permutations to derive the vector Ri from Ri' for 2K, 4K and 8K
mode are given in Table 6.3.
 The permutation function H (q) is defined by the following algorithm:
q  0;
for  i  0; i  M max ; i  i  1 {
H  q    i %2   2 Nr 1 

Nr 2

 Ri  j   2 j ;
j 0

if  H  q   N  q  q  1;
}

The algorithm appears to be very complex but hardware realization is simple.
It can be implemented with the help of a register configured as a pseudo random
number generator along with some control and compare logic. Valid addresses
defined as H (q) are generated after comparison. As the valid addresses are not
produced every clock cycle, some intermediate buffer is needed to handle the
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smooth entry of the data in to the memory. This buffer can grow quite large in
size. This situation has been avoided by adopting the look‐ahead approach. In this
case two consecutive addresses are computed at the cost of very small logic
overhead, and after comparison one is selected. It guarantees that one valid
address H (q) will be produced in every clock cycle which is possible only due to
the fact that two consecutive valid addresses generated by using the algorithm
given above are separated at most by one invalid address. The hardware for
generating the permutation addresses H (q) is shown in Figure 6.13.

6.4.5

1st, 2nd and HS‐DSCH Interleaving in WCDMA

The interleaving operation used for 1st interleaving, 2nd interleaving and
interleaving for High Speed Downlink Shared Channel (HS‐DSCH) involves block
interleaving with different inter‐column permutations. Number of columns for
these implementations is provided for different cases and maximum number of
columns for any case is 32. However, total number of rows for 1st and 2nd
interleaving has to be found. As there is no row permutation involved thus the
implementation of this kind of block interleaver is much simpler than the internal
interleaver for Turbo codes. With column permutation C  j  against column
number j , and using row counter Rc  i, a multiply and add operation can directly
be used to compute the interleaved address, as given below:
I i , j  C  Rc   C ( j )

(6.22)

In absence of row permutations, use of multiplier can easily be avoided and
only additions can be used to get the result, however, use of a multiplier is helpful
in maintaining the generality of the design.

6.4.6

Interleaving for General Purpose Use

The interleaver core is targeted to be used as an accelerator core with a
programmable processor. Although the main focus is to support the standards
discussed here, however, programmability of the processor may target a different
type of interleaver implementation which is not directly supported by this core.
To make it still usable, support for some indirect implementation of any block
interleaver having row or column permutations is also provided. In this case the
interleaver core is configured to implement general interleaver with external
permutation patterns. The permutation patterns are computed off the chip and
loaded in either of the two or both memories, M2 and M3 during pre‐computation
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Table 6.4 : Pre‐computation cycle cost for different standards
Standard

Worst case pre‐computation cycle cost

802.11 a/b/g – WLAN Channel interleaver

20

802.16e – WiMAX Channel interleaver

98

3GPP‐WCDMA Block turbo code
(Depends on Block size ‘N’)

15 for (N=40)
23 for (N=41)
802 for (N=5040)
563 for (N=5114)

ETSI EN 300‐744 – DVB
(Inner symbol interleaver)

15

802.11n – Extended WLAN

38

General purpose use

Depends on external HW i.e. loading the
permutations

All others

Less than 3

phase. Excluding these two memories, another restriction on maximum block size
(i.e. 4096) will be imposed in this case. This type of approach is adopted by all
commercially available interleaver implementations.
Off chip computation of interleaver permutations and loading them in to
memory can impose more computation and time overheads at the processor side.
Another drawback is that it does not support fast switching between different
interleaver implementations. A real multimode processor may require fast
transition from one standard to another; therefore, it is not a perfect choice for
real multimode environment.

6.5 Implementation Results
The presented re‐configurable hardware interleaver design provides the
complete solution for multimode radio baseband processing. The wide range of
standard support is the key benefit associated with it. The RTL code for the re‐
configurable interleaver design was written in Verilog HDL and the correctness of
the design was verified by testing for maximum possible cases. To target the use
of interleaver core with a multimode baseband processor, one of the important
parameters to be investigated is the pre‐computation cycle cost. A lower pre‐
computation cycle cost is beneficial for fast switching between different
standards. Table 6.4 shows the worst case cycle cost during pre‐computation for
different interleavers. It is observed that the cycle cost in WCDMA is higher for
some block sizes, but still it works fine, as it is less than the frame size and it can
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Figure 6.14 : Layout of proposed multimode interleaver
Table 6.5 : Summary of implementation results
Parameter
Target Technology
Memory Configuration

Value
65 nm
2048 x 6b x4; 1024 x 6b x 4

Total Memory

72 Kbit

Memory Area

97972 µm2

Memory Power Consumption

10.5 mW

Logic Area

28436 µm2

Total Area

0.126 mm2

Clock Rate

166 MHz

Throughput (Max)

664 Mbps

Total Power Consumption

11.7 mW

be easily hidden behind the first SISO decoding by the turbo decoder. The worst
case pre‐computation cycle cost for other interleaver implementations is not very
high. Therefore, the design supports fast switching among different standards and
hence it is very much suitable for a multimode environment.
The multimode interleaver design was implemented in 65nm standard CMOS
technology and it consumes 0.126mm 2 area. The chip layout is shown in Figure
6.14 and the summary of the implementation results is provided in Table 6.5. The
design can run at a frequency of 166 MHz and consumes 11.7mW power in total.
Therefore, having 4 bit parallel processing for four spatial streams (e.g. 802.11n)
maximum throughput can reach up to 664 Mbps. However, this throughput is
limited to 166 Mbps for single stream communication systems. Table 6.6 provides
the comparison of the proposed design to others in terms of standard coverage,
silicon cost and power consumption. The reference implementations have lower
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Table 6.6 : HW comparison with other implementations
Operating
Frequency

Power Memory Total core
(mW) size
size

Implementation Standard Coverage

Tech.

Xilinx [66]
Virtex‐5

General purpose
(commercial use)

FPGA

262/360 MHz
‐‐
Speed Grade1/‐3

18 Kbits 210 LUTs
+ Memory

Altera [67]
FLEX‐10KE

General purpose
(commercial use)

FPGA

120 MHz

‐‐

16 Kbits 392 LEs
+ Memory

Lattice [68]
ispXPGA

General purpose
(commercial use)

FPGA

132 MHz

‐‐

36 Kbits 284 LUTs
+Memory

Shin [36]

WCDMA turbo code;
cdma2000

0.25 µm

‐‐

‐‐

35 Kbits 2.678mm2

Asghar [33]

WCDMA, LTE, WiMAX
65 nm
and DVB‐SH Turbo Code
Interleaver Only

200 MHz

10.04

30 Kbits 0.084mm2

Chang [51]

WiMAX, WLAN, DVB

0.18 µm

100 MHz

‐‐

12 Kbits 0.60 mm2

Chang [52]

WiMAX, WLAN, DVB

0.18 µm

150 MHz

‐‐

12 Kbits 0.484mm2

Wu [53]

WiMAX, WLAN, 802.11n 0.18 µm

200 MHz

‐‐

32 Kbits 0.72 mm2

Asghar [72]

WiMAX, WLAN, DVB

140 MHz

3.5

12 Kbits 0.18 mm2

Asghar [32]

WiMAX, WLAN, 802.11n 65 nm

225 MHz

4

15.6
Kbits

Horvath[69]

DVB bit and symbol
interleaver

0.6 µm

36.57 MHz

300

48 Kbits 69 mm2

Chang [70]

DVB bit and symbol
interleaver

0.35 µm

‐‐

‐‐

52.2
Kbits

This Work

WLAN, WiMAX, DVB,
HSPA+ , LTE, 802.11n
and General purpose
implementation

65 nm

166 MHz

11.7

72 Kbits 0.126mm2

0.12 µm

0.035mm2

2.9 mm2

standard coverage as compared to the proposed design. Though more silicon is
needed for more standard coverage, our solution still provides a good trade‐off
with an acceptable silicon cost and power consumption.
The wide range of standard support and fast switchability at low cost has
made this work pioneer in the domain of multimode interleaving architectures.
According to the database searching in March 2010, it is the first multimode
interleaver supporting wide range of standards on a single architecture.

7Parallel Interleaving for Turbo

Codes
7.1 Introduction

Q

UEST FOR BANDWIDTH has accelerated the competition among wireless
technologies. As a result, new standards are being evolved and existing
standards are enhancing the throughput requirements by issuing new releases.
For example 3GPP‐WCDMA has released a series of specifications from time to
time. The throughput requirement in early release [10] was few Mbps, which now
has enhanced to 14 Mbps in release 5 [73], and 43.2 Mbps in release 8 [74]. The
advancements are mainly based on high speed packet access (HSPA) using more
downlink/uplink channels, and addition of more modulation schemes. Similarly,
3GPP‐LTE has evolved with very high throughput requirements. Different high
throughput targeted standards such as all the releases of UMTS including HSPA
Evolution (HSPA+), 3GPP‐LTE [11], WiMAX [15] and DVB‐SH [75] have adopted
turbo code [34] as the error correction system. The scheme of turbo code adapted
is the parallel concatenated code with two 8‐state constituent encoders and an
internal interleaver. One turbo code internal interleaver is used in the turbo
encoder, while the turbo decoder uses multiple instances of interleaver and de‐
interleaver to decode the received bits iteratively.
Turbo decoding is based on multiple iterations and generally two SISO
decoders are used as shown in Figure 7.1(a) to perform a complete iteration;
113
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Figure 7.1 : (a) Turbo decoder (general scheme), (b) Single SISO scheme

however, a single SISO decoder scheme as shown in Figure 7.1(b) is being widely
used to achieve low silicon cost. In this case, a single SISO decoder plays the role
of two SISO decoders in an alternate sequence, thus two complete processing
cycles are needed to perform a complete iteration. Despite of high throughput
requirements in the emerging standards, the turbo codes in general exhibit higher
latency (further reducing throughput) due to larger block sizes. Multiple
iterations over soft bits are needed to reach a reliable hard decision.
Theoretically, a single SISO running at 300Mhz can give a throughput up to
23Mbps, considering 6 iterations. Therefore higher data rates need parallel SISO
processing in any case. The latency can be further increased if interleaver block
size is varying in each transmission time interval (TTI), and especially when it
needs some pre‐processing while changing the block size. The technique of
parallel turbo decoding is well established to meet the high throughput
requirements [56],[76]–[78], but it also requires implementation of parallel
interleavers.
If there are P parallel SISO processors then P sub‐interleavers have to be
implemented in parallel. Each sub‐interleaver in it will be responsible to generate
N / P interleaver patterns independently, where N is the total block size. The main
schemes of parallel turbo decoding can be applied to different standards without
any modifications; however, interleaving varies among different standards. Many
challenges are involved including unified address generation and conflict
management which restrict the use of same parallel turbo decoding architecture
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Figure 7.2 : A situation of conflict at (T+k)

for multiple standards. This chapter paves special focus on handling these
challenges and presents an implementation of a re‐configurable interleaver
architecture targeting unified parallel turbo decoding. The following sub‐sections
will explain the main challenges and parallel interleaving in HSPA Evolution, DVB‐
SH, 3GPP‐LTE and WiMAX standards. Finally the unified architecture will be
presented which utilizes the hardware components sharing among different
standards.

7.2 Previous Work and Challenges
Looking at the implementation aspects, recursive systematic convolutional
encoders are very simple to implement as compared to SISO decoding in turbo
decoder, but the interleavers usually tend to have same complexity on both sides
because of its variability. The implementation of interleaver on decoder side
becomes more challenging when parallel interleaver implementation is needed in
order to support parallel SISO processing. Other than the architectural complexity
for generation of parallel interleaver addresses, one of the big challenges is to
deal with memory conflicts associated with multiple writes and reads at the same
time. If the generated addresses do map to different memories i.e. one address for
each memory then there is no conflict, but on the other hand if two or more
addresses map to same memory then a situation of conflict occurs (Figure 7.2),
and it needs to be resolved on‐the‐fly.
The percentage of conflicts from the parallel generated addresses is
sometimes very high, and there is no straight forward solution except the use of
multiple memories, which is not cost efficient. Work in [79] − [81] provides good
theoretical back ground and also proposes the generation of conflict free
interleavers but they cannot be directly used for already existing interleaver
algorithm for the standards. The work presented in [5],[36]−[40] covers single
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address generation supporting maximum of two standards, but they do not
support parallel interleaver address generation. A good analysis of memory
conflicts for interleaver in turbo decoder is provided in [82], where main focus is
the extra buffer management for conflicts. Work in [83] provides a good
theoretical background along with an interleaver architecture supporting parallel
turbo decoding. However, it supports only one standard i.e. WiMAX Duo‐Binary
Turbo Decoding. The implementation of a parallel interleaver for a multimode
environment appears to be a bottleneck, which also restricts the use of same
turbo decoding core for multiple standards. This motivates the work on re‐
configurable interleaver architecture to support unified parallel turbo decoding.
At the same time it can help to meet fast time‐to‐market requirements from
industry and customers. This chapter addresses the management of memory
conflicts and proposes some schemes to reduce them with lower silicon cost
overheads. By exploiting the hardware re‐use methodology among different
standards, a unified architecture is presented which is low cost and fully re‐
configurable to generate parallel interleaving patterns on‐the‐fly.

7.3 Parallel Interleaver for HSPA Evolution
As stated before the throughput requirements for WCDMA based systems have
been raised in a series of specifications. The interleaver associated with HSPA+ is
not inherently designed to support parallel SISO processing, but higher
throughput requirements and need to change the block size in each transmission
time interval motivates to have the provision of more than one SISO processing in
parallel. The basic interleaving algorithm for 3GPP‐WCDMA is already explained
in earlier chapters and the complication in the implementation is due to the
presence of complex functions like modulo computation, intra‐row and inter‐row
permutations, multiplications, finding least prime integers, and computing
greatest common divisor. After applying the intra‐row and inter‐row
permutations, a block of random addresses denoted by yk appears as shown
below:
 y1

 y2


 yR


y R 1
y R  2 

y2 R

y (C 1) R 1 

y 2 R  2   y (C 1) R  2  






y3 R
y CR  

y 2 R 1 

The output from the interleaver is the sequence read column‐wise from the
permuted matrix. The output address Yk within the matrix can be expressed as:
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loop i : 1 to C
loop j : 1 to R
Yk  y(i 1) R  j

Generating two addresses Yk1 and Yk2 at the same time will reduce the overall
loop size to half as follows:
C
2
loop j : 1 to R
Yk1  y(i 1) R  j

loop i : 1 to

Yk2  y 2(i 1) R  RC



2


 j


The two addresses generated simultaneously are used to write two data
values in two memory locations. In case of a conflict while writing in to same
memory, it needs to be resolved on‐the‐fly. The following sub‐section provides a
comprehensive analysis to reduce the memory conflicts associated with whole
range of block sizes in HSPA+.

7.3.1

Memory Conflict Analysis

The number of conflicts for HSPA+ interleaver reaches to 50% of the data size as
shown in Figure 7.3. One way to reduce the number of conflicts is to introduce a
misalignment in the generation of two addresses (Figure 7.4). The misalignment
can be achieved by introducing a delay line to one set of addresses and data
values. It introduces latency on one of the two sequences, thus the misalignment
factor (MF) cannot be very large. There are three possible values for R (number of
rows) in the prescribed interleaver i.e. 5, 10 or 20, and good MF must be within
the total number of rows. It is observed that the inter‐row permutation patterns
for R=5 and 10 are supportive to misalignment technique but the permutation
patterns for R=20 are not very much supportive. The best MF found is 3 for R=5
and R=10 and for R=20 it is 5. Using these values of MF the conflicts are reduced
to around 10 % as shown in Figure 7.3. Still the conflict count is high enough that
it cannot be managed without the support of extra memories. Alternately, a large
amount of buffer registers can be used to handle this situation but it involves
higher latency.
Another approach might be to split the memory banks in to relatively smaller
sub‐memories to reduce the number of conflicts. Up to 8 memories are already
required for 8 parallel turbo interleavers in this design, thus we can divide each
memory bank required for HSPA+ in to 3 sub‐memories. By applying this
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Figure 7.3 : Conflict analysis for HSPA+
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Figure 7.4 : Misalignment of address and data to reduce memory conflicts

configuration to the interleaver address generation and data writing, the amount
of conflicts for most of the block sizes reduced to zero (Figure 7.3). There are still
many block sizes facing some conflicts; however, the amount of conflicts is very
small and it can be handled by using buffer registers. The number of FIFO buffers
can be further reduced by applying progressive write during the conflict
occurrences in other memory bank. The total number of FIFO buffers required for
each memory after memory division is plotted in Figure 7.5 with a maximum of
12 FIFO registers required for memory M3.

7.3.2

Pre‐Processing

The pre‐processing to compute the configuration parameters in WCDMA is
already discussed in section 4.4. Here we will focus on reducing the clock cycle
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Figure 7.5 : Final conflict count and FIFO size requirement for
HSPA+ interleaver

overheads associated with pre‐processing. In order to make the interleaver
architecture fully autonomous, the parameters like total number of rows R , total
number of columns C , prime number p , v associated with the block size, array of
greatest common divisor to p named as q(i), inter‐row permutations T (i ), and
intra‐row permutations S ( j ) are required to be computed in hardware. The most
critical parameter, consuming more clock cycles and more hardware, is the intra‐
row permutation pattern S ( j ) as given below:
S ( j )  v  S ( j  1) % p

(7.1)

where, j  1, 2,..... p  2. When computing the function S ( j ) in real time, it exhibits
un‐known clock cycle delay due to the reason that the value S ( j  1) is not known
with each j . Therefore targeting low cost implementation it is computed
beforehand recursively and the results are stored in a small RAM called here
intra‐row permutation RAM (IRP_RAM). One way of computing this parameter is
to use the Interleaved Modulo Multiplication (IMM) Algorithm [43] which
requires more than one clock cycle to compute a value. The hardware to compute
S ( j ) using modulo multiplication algorithm is shown in Figure 7.6(a). Owing to
the maximum size of v, which is 5 bits, this algorithm can take maximum of 5 clock
cycles to compute each S ( j ) recursively.
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Figure 7.6 : Hardware for computing S(j) using (a) Interleaved modulo
multiplication algorithm, (b) Segment based modulo computation

Another approach to compute modulo function is the segment based modulo
computation (SBMC). The idea is to use only addition functions or shift‐left by one
in series followed by a modulo addition. This method might not be hardware
efficient when the multiplication terms are of wide range; however, it is beneficial
if any one of the multiplication term is relatively smaller in range. Here parameter
v is having limited number of values i.e. 2,3,5,6,7 or 19, thus SBMC can be
optimized to achieve low cost solution. The hardware for computing the intra‐row
permutation using SBMC is shown in Figure 7.6(b).
The main advantage of using SBMC scheme over Modulo Multiplication
Algorithm is the single clock cycle execution for finding each new S ( j ), which
gives a big saving of pre‐processing cycle cost over the previous proposed designs
(see Table 7.1). While supporting the generation of two interleaved addresses
every clock cycle, two parallel IRP_RAMs each having size 256 x 8b are required
to store the intra‐row permutation patterns. Keeping in view the hardware in‐
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Table 7.1 : HSPA+ pre‐processing cycle cost comparison (cycles)
Ref. [36]

Ref. [39]
(IMM)

Ref. [38]†

Proposed
(SBMC)

40

317

15

19

11

41

295

23

31

14

5040

3587

802

821

303

5114

3048

563

583

310

Block Size

† Values computed by using the methodology given in [38]

efficiency, only one can be used with size 128x16b and the 16 bit data output is
further divided to be used for two different sections of address generation. The
second address with which the data has to be merged is computed by:
C

jaux   j   % p
2


(7.2)

The parameters j and jaux are compared and smaller one is used to write the
data. The same expression and comparison is used to resolve the data distribution
after reading the data.

7.3.3

HW for Parallel Interleaver in HSPA+

The parallel processing of turbo decoder with parallel SISO blocks requires the
interleaver to generate more than one address in every clock cycle and at the
same time to resolve the memory conflicts. The computation of final interleaved
addresses requires that the intra‐row permutation data must be obtained in a
correct order from IRP_RAM. The data output from the RAM is denoted as U (i, j )
and it is given by:
U (i, j )  S [ j  r (i ) % ( p  1)]

(7.3)

The RAM Address (RA) to RAM i.e. j  r (i)%( p  1) involves modulo function. We
present here three alternates to compute the RAM address. The first method
involves recursive computation of addresses as shown in Figure 7.7. The data is
written in to memory row wise but when reading back column wise, the IRP_RAM
address of the previous column is used to find next address. The recursive
function for this computation is given by:
RA  i, j    RA  i, j  1  qmod  i  %  p  1

(7.4)
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Figure 7.7 : Column by column recursive address computation

The parameter qmod (i ) is computed from the least prime numbers sequence
q(i ) by qmod (i )  q (i )%( p  1). With the condition i.e. q(i )  2( p  1), only a subtraction

can be used to obtain qmod (i ). The computational part associated with recursive
approach is very small and is limited to only few adders, but it needs a circular
buffer of size 20 x 8b (Figure 7.6(a)) to keep the old addresses of whole column.
This approach is low cost and can operate at very high clock rate due to shorter
critical path. Using the same hardware for computing S ( j ) requires five clock
cycles. To reduce it to a single clock cycle we need to use the mix of the recursive
approach and the segment based modulo computation (Figure 7.6(b)). This
approach is not very much hardware efficient, but gives the benefit of reduction of
pre‐processing cycle cost.
The third approach is completely based on segment based modulo
computation and it is a non‐recursive way to compute the address RA. It can be
directly applied to the term j  r (i)%( p  1) to get the address for IRP_RAM. Here we
know that the parameter r (i ) can have only 22 values of prime numbers up to 89,
thus SBMC approach can be used after applying some optimizations. The
hardware required to compute the function j  r (i)%( p  1) using SBMC approach is
shown in Figure 7.8. It needs more additions than the recursive approach;
however, it can directly be used to compute intra‐row permutation patterns in the
pre‐processing phase, thus providing single clock cycle support for computing
each permutation pattern S ( j ). This approach is not good for very high clock
frequency due to longer critical path. Pipelining can improve the performance of
this scheme but at the same time introduces higher control complexity.
The computed address is used to get the correct intra‐row permutation U (i, j )
from the RAM. It also needs to pass through some exception handling logic to
correct itself for special cases associated with C  p, C  p  1 or C  p  1 as given in
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the algorithm. The final interleaved addresses Yi1, j and Yi ,2j can be calculated by
combining the inter‐row permutation with intra‐row permutation as follows:
Yi1, j  C  r (i )  U1 (i, j )

(7.5)

Yi ,2j  C  r (i )  U 2 (i, j )

(7.6)

The complete hardware for the generation of parallel interleaved addresses
and data handling is shown in Figure 7.9. A FIFO buffer of size 12 is needed as
discussed in previous sub‐section to handle the conflicts. The generation of
interleaved addresses during run time is two addresses per clock cycle, except the
case when block size is not exactly equal to R  C . In this case data written in to
RAM is zero padded and data pruning is performed using the comparators.

7.4 Parallel Interleaver for DVB‐SH
With the improvements in DVB‐H, DVB‐SH standard specification provides
satellite services to handheld devices. Along with other improvements, the FEC is
also improved with the inclusion of turbo coding. The interleaving associated with
turbo code is to write whole block of information sequentially in to an array and
reading the information in an order defined by the interleaving algorithm. The
flow for interleaver address computation is shown in Figure 7.10. There are only
two block sizes i.e. N = 1146 and N = 12282, with parameter n having a condition
as the largest value such that N  2n5 . Two lookup tables each having 32 entries,
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Figure 7.9 : HW for parallel interleaver address generation in HSPA+

are also provided to be used in interleaving. The interleaving algorithm can be
described as follows:
 Find the parameter n such that N  2n5 .
 Initialize an (n+5) bit counter (called Z here).
 Find T = Truncate (Z[(n+4):5]+1) to n bits.
 Obtain the table lookup output (L); L = LUT {Z[4:0]}.
 Multiply and truncate to find M = Truncate (T × L) to n bits.
 Find bit reverse BR = BitReverse {Z[4:0]}.
 Find Tentative Address by concatenation TA = {BR, M}.
 Compare the TA and prune out the addresses if TA  N
The latency in turbo coding can be higher due to larger block size of 12282
which demands the provision of parallel SISO processing. The parallel address
generation involves a number of conflicts which need to be resolved on‐the‐fly.
The final architecture proposed here can support up to 8 parallel SISO blocks. The
following sub‐sections provide the detailed conflict analysis and the hardware for
parallel interleaver address generation in DVB‐SH.

7.4.1

Memory Conflict Analysis for DVB‐SH Interleaver

The parallel generated interleaved addresses for DVB‐SH are not conflict free.
Figure 7.11 shows the number of conflicts for the two blocks sizes. Applying the
misalignment method on the address and data streams, it is observed that the
conflict percentage is reduced significantly.
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Figure 7.10 : Interleaver address computation flow for DVB‐SH
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Figure 7.11 : Total conflicts, with and without misalignment (DVB‐SH)

Further analysis of conflicts (N=12282 only) on each memory is provided in
detail in Figure 7.12 and Figure 7.13. By applying the misalignment the amount of
conflicts reduces significantly, but the requirement of FIFO registers for the left
over conflicts increases. The analysis reveals that the distribution of conflicts for a
particular memory over a range of block size becomes irregular with
misalignment which then increases the requirement of FIFO cells. On the other
hand although the number of conflicts are huge but they are uniformly distributed
among different memories and hence it is more hardware efficient to use the
scheme without misalignment.

7.4.2

HW for Parallel Interleaver in DVB‐SH

As there are many invalid addresses computed by the algorithm, so the total
number of clock cycles needed to complete one block is much higher than the
block size. The simulation reveals that the block size N=1146 needs 2045 cycles,
whereas N=12828 needs 16382 cycles to get the valid values equal to block sizes.
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Figure 7.13 : Memory conflicts and FIFO size requirement for DVB‐SH
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Our first goal is to reduce the invalid computations and then the generation of
parallel addresses to be used for enhanced throughput. Instead of considering
long array of information, we consider it as a block of information with total
number of rows R  32 (corresponding to 32 entries in the lookup table) and total
number of columns C  64 and 512 for N=1146 and 12282 respectively. The
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Table 7.2 : Lookup table for basic and parallel address generation in DVB
No
(j)
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

N = 1146
Effective Rc
0
1
2
4
6
8
10
12
14
16
17
18
20
22
24
26
28
30
‐‐
‐‐
‐‐
‐‐
‐‐
‐‐

Tbas
3
27
15
29
1
3
15
17
39
19
27
15
45
33
13
15
17
15
‐‐
‐‐
‐‐
‐‐
‐‐
‐‐

N = 12282
Taux
3
3
7
5
1
3
7
1
7
3
3
7
5
1
5
7
1
7
‐‐
‐‐
‐‐
‐‐
‐‐
‐‐

Inc.
1
1
2
2
2
2
2
2
2
1
1
2
2
2
2
2
2
2
‐‐
‐‐
‐‐
‐‐
‐‐
‐‐

Effective Rc
0
1
2
4
5
6
8
9
10
12
13
14
16
17
18
20
21
22
24
25
26
28
29
30

Tbas
13
335
87
15
1
333
13
1
121
1
175
421
509
215
47
295
229
427
409
387
193
501
313
489

Taux
5
7
7
7
1
5
5
1
1
1
7
5
5
7
7
7
5
6
1
6
1
5
1
1

Inc.
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2

generation of valid addresses within a row appears to be very much systematic
which can be utilized to reduce the number of invalid addresses. Simulation
results have proven that about 14 computations for N=1146 and 8 computations
for N=12282 within a row can be completely discarded. This also reduces the
lookup table requirement to 18 and 24 entries for N=1146 and N=12282
respectively. The new lookup tables (Tbas ) and the corresponding increment step
for row counter are given in Table 7.2. After skipping un‐necessary computations
which appear on regular intervals, we end up with total computations of 1152
and 12288 for N=1146 and 12282 respectively. There are only six extra
computations required to get the whole range of addresses, and at the same time
we get the block sizes which exactly divide by 8.
While working for the parallel address generation, the computation intensive
part is to compute M in the algorithm. Using straight forward method, the
generation of 8 parallel M values requires up to 8 multipliers. We present here a
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Algorithm 7.1: Modified algorithm for parallel address generation in DVB‐SH
Initialization:
1:
2:
3:
4:
5:
6:

if
N  1146
else if N  12282
Rc (0)  0;
loop p :1 to RT
M 1 (0, p )  0
end : loop p

: n  6; RT  18; L  3; CT  64;
: n  9; RT  24; L  6; CT  512;

Execution:
7:
8:
9:
10:
11:
12:
13:
14:
15:
16:
17:

loop i : 1 to CT
loop j : 1 to RT
Rc ( j )   Rc ( j  1)  Inc( j ) %32
M1 (i, j )  Tbas ( j ) M1 (i  1, j ) % CT
I1 (i. j )  M 1 (i, j )
loop m : 2 to 8
M m (i, j )  Taux ( j ) M m 1 (i, j ) % CT

I m (i. j )  M m (i, j )  2n  j( flipped )
end : loop m
end : loop j
end : loop i

modified approach of using recursive computations for the computation of M .
After getting the parameter M for the first SISO, the rest of the M values for
parallel addresses can be computed recursively over the whole column size as
demonstrated in Figure 7.7. The lookup table entries required to produce the
correct M values for parallel addresses at each row instant are named as Taux and
given in the Table 7.2. The modified algorithm supporting the generation of 8
parallel addresses I m is given in Algorithm 7.1 and the hardware for computing
parallel addresses is shown in Figure 7.14.

7.5 Parallel Interleaver for 3GPP‐LTE
As stated before the channel coding in LTE involves Turbo Code with an internal
interleaver based on quadratic permutation polynomial (QPP). QPP interleavers
have very compact representation methodology and also inhibit a structure that
allows the easy analysis for its properties. The internal interleaver for turbo code
is specified by the quadratic permutation polynomial I ( x )   f1  x  f 2  x 2  mod N ,
where x  0,1, 2, ( N  1), and N is the block size. The simplification steps have
already been explained previously, therefore, we will only look on the parallel
address generation aspects.

7.6 Parallel Interleaver for WiMAX
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Figure 7.14 : HW supporting 8 parallel interleaver addresses for DVB‐SH

The interleaver used in LTE is special in the sense that it is conflict free
inherently when parallel interleaving is required, thus providing ease of
implementation for parallel turbo decoding. Generation of parallel interleaver
addresses can be achieved with the replication of add‐subtract hardware required
for basic interleaver function, and getting the support from a LUT providing the
starting values. In this case a total of 32 additions are needed; however, to achieve
a low cost solution we have used here the hardware as shown in Figure 7.15 with
first part being reused by multiple stages. This optimized hardware uses 18
additions in total to generate 8 parallel interleaver addresses, thus saving 14
additions.

7.6 Parallel Interleaver for WiMAX
IEEE‐802.16e standard [15] called WiMAX has adopted convolutional turbo
coding (CTC) in the FEC block, which requires an internal interleaver. The
interleaver address generation function is given by:
I ( x )    x  Qx  %N

(7.7)

where  x can be computed using recursion i.e.  ( x 1)    x  P0  % N by initializing
 0  0 and Qx is:
1
1  N / 2  P1
Qj  
1  P2

1  N / 2  P3

; if ( j %4  0)
; if ( j %4  1)
; if ( j %4  2)
; if ( j %4  3)
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The parameters P0 , P1 , P2 and P3 are defined in the standard for different block
sizes. As range of  x and Qx is less than N , therefore I x can be computed by using
additions only. The maximum block size in the normal transmission scheme (i.e.
non H‐ARQ) is 240, thus in order to achieve sufficient bandwidth, up to 4 parallel
SISO processors are enough. On the other hand H‐ARQ involves bigger block sizes
(max. of 2400) thus up to 8 parallel SISO processors are useful to reduce the
latency and enhance the overall bandwidth. While generating parallel interleaver
addresses, the only case which differs in terms of memory conflict is the block
size N=108 (corresponding to QPSK rate:3/4 or 64‐QAM rate:3/4). All the other
block sizes are supportive to parallelism and are inherently conflict free. The
number of conflicts and optimal size of FIFO registers required to handle the
conflicts are shown in Figure 7.16.
The generation of parallel interleavers other than the basic interleaver can be
done by successive computations based on the result from the predecessor as
given in Algorithm 7.2. The hardware for the generation of up to 8 parallel
interleaved addresses for WiMAX is shown in Figure 7.17. While generating 8
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Algorithm 7.2: Proposed parallel address generation algorithm for WiMAX.
Initialization:

N
No. of SISO
 0 and I (0)  0

1:

N sub _ blk 

2:

init  (0)

Execution:
3:
4:
5:
6:
7:
8:
9:

loop j : 1 to N sub _ blk
 ( j )    ( j 1)  P0  % N

I (1x )    ( j )  Qx  % N
loop m : 2 to 8
I (mx )  I (mx) 1  N sub _ blk % N
end : loop m
end : loop j
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Figure 7.17 : Hardware for parallel interleaving in WiMAX

parallel addresses for the block sizes supported by H‐ARQ, some permutation
among the generated address is required for selected block sizes (i.e. N=480 &
N=960) as shown in Table 7.3. All the other block sizes have the straight one‐to‐
one mapping on different memories.

7.7 Unified Parallel Interleaver Architecture
The interleaver parallelism for individual standards has been explored in earlier
sections and the number of parallel SISO processors to be supported is
summarized in Table 7.4. The main focus of the work has been to adopt a
methodology which results in common computing elements, thus preparing
grounds for efficient hardware multiplexing. As a result we reach to the
conclusion that an accumulation followed by modulo logic (acc_mod) is the
common computing element. Therefore forming a reconfigurable array of
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Table 7.3 : Permutations for correct memory mapping in WiMAX
Parallel Address Generation Sequence

I1

I2

I3

I4

I5

I6

I7

I8

Permutation for N = 480 & N = 960

1

6

3

8

5

2

7

4

Table 7.4 : Interleaver parallelism in different standards
Parameter

HSPA+

DVB‐SH

3GPP‐LTE

WiMAX

Block Size (Max)
Data Rate (Mbps)
Parallel SISO Support

5114
43.2
2

12282
50
2, 4 or 8

6144
100
2, 4 or 8

2400
70
2, 4 or 8

Table 7.5 : FIFO size requirement for different memories
Scheme

Parameter

M1

M2

M2

M4

M5

M6

M7

M8

HSPA+

Conflicts

0

4

39

0

22

17

‐‐

‐‐

FIFO Size

0

4

12

0

1

1

‐‐

‐‐

Conflicts

3072 3072 2304 2304 1344 1344 1344 1344

FIFO Size

2

2

1

1

1

1

1

1

Conflicts

0

0

0

0

0

0

0

0

FIFO Size

0

0

0

0

0

0

0

0

Conflicts

26

26

13

13

‐‐

‐‐

‐‐

‐‐

FIFO Size

4

4

2

2

‐‐

‐‐

‐‐

‐‐

4

4

12

2

1

1

1

1

DVB‐SH
LTE
WiMAX

Final FIFO Size

acc_mod modules for different combinations can serve as a main part in the
complete computing core along with an auxiliary part consisting of a
multiplication and comparator. As a mandatory part for some of the applications,
a circular buffer of size 24 is also needed to be incorporated with acc_mod_array.
The address computation follows the conflict resolution which mainly comprises
of multiplexers and shift registers. The complete hardware block diagram for the
re‐configurable parallel address generation is shown in Figure 7.18.
The second part of the conflict management is to apply FIFO register bank
dedicated for each memory. The size of the FIFO register bank could have been
very large but it is reduced due to the progressive writes during a situation of
conflict in other memories. Covering all the standards, the FIFO size requirement
after applying progressive writes for different memories is given in Table 7.5. The
role of controller is very important to achieve this goal as it checks continuously
the empty slots for the corresponding memory. If some other memory has a
conflict at certain time instant so that the corresponding memory is free, the
controller initiates the left over writes for this memory. The other main tasks
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Figure 7.18 : Unified parallel interleaver architecture

handled by controller are to control the sequence of operations during pre‐
processing and execution phase. The pre‐processing includes computation of
necessary parameters while changing the standard or block size. During the
execution phase, the controller keeps track of block size employing row and
column counters, thus providing block synchronization required for each type of
interleaver implementation.
There are 8 memories (M1–M8) considered as part of interleaver, each having
a size of 1536 x 5b to cover the complete range of block sizes for all standards.
The memory selection is mainly made by using MSB part of the generated address
or through comparison.

7.8 Implementation Results
By exploiting the hardware re‐use for different implementations, the final
architecture shown in Figure 7.18 achieves the objective of being low cost. The
design is specified in Verilog HDL and synthesized using 65nm CMOS technology.
The synthesis results for the two cases i.e. with 6K memory and 12K memory are
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Table 7.6 : Summary of implementation results
Parameter

Value with 6K Mem

Total Area
Total Power Consumption
Memory Configuration
Memory Area
Memory Power
AGU Area
AGU Power
Clock Rate

84330 µm2
123810 µm2
12.04 mW
12.65 mW
768 x 5b x 8
1536 x 5b x 8
66240 µm2 (78.5 %)
105720 µm2 (85.3 %)
11.48 mW (95.3 %)
12.09 mW (95.5 %)
18090 µm2
0.56 mW
200 MHz

M0

Value with 12K Mem

M4
LUT

M1

M2

M3

M5
Acc
Array

Add_Res

FIFO Buf
Control

M6

M7
Circ. Buf

Figure 7.19 : Layout snapshot of proposed unified interleaver

summarized in Table 7.6. The 6K memory size covers all the cases except one i.e.
N=12282 for DVB‐SH. Thus specifically if this block size is required then larger
memory can be used. The chip core layout is shown in Figure 7.19 and it utilizes
0.085mm 2 area in total for 6K memory case. It can operate at a frequency of 200
MHz and consumes 12 mW power in total, where the most of the power utilization
is from memories. The address generation hardware for re‐configurable parallel
interleaver is silicon efficient and low power. Therefore it can be a good choice to
be used for all implementations targeting multimode operations at very high
throughput.

8Parallel Radix‐4 Interleaving and

Integration with Turbo Decoding
8.1 Introduction

L

OOKING AT two levels of SISO processing in turbo decoding i.e.
normal - processing referred to as radix‐2 and, look  ahead  processing referred
to as radix‐4, the radix‐4 scheme is a step ahead towards higher throughput and
lower silicon cost. A single SISO in radix‐2 configuration can achieve a throughput
up to 23Mbps (@300MHz, 6 iterations); whereas it can be enhanced to almost
double with the use of radix‐4 configuration. The basic concept behind radix‐4
computing is to compute two trellis steps in a single cycle as shown in Figure 8.1.

It is the fact that many techniques of parallel turbo decoding are well
established; however, a unified parallel interleaver is the real hurdle as far as
parallel and multi‐standard support of turbo decoder is concerned. This becomes
more challenging if radix‐4 implementation is taken in to account. Many
implementations ([56][78][83][85]) have focused the radix‐4 implementation of
turbo‐decoding; however, they cover only one standard or they take either the
relatively simple interleaver implementation or pure LUT based implementation.
The standards targeted here (HSPA+, 3GPP‐LTE, WiMAX and DVB‐SH) have
different types of algorithms for implementing the interleavers within turbo
coding/de‐coding. This chapter presents the algorithmic modifications to enable
the radix‐4, parallel interleaving for the targeted standards. The methodology in
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Figure 8.1 : Trellis merge for Radix‐4 decoding

general is the same as used in the previous chapter, but it further elaborates the
radix‐4 interleaver algorithmic steps for parallelism and also provides integration
with turbo decoder. Mapping of different algorithms to hardware for parallelism
and then exploiting the hardware multiplexing, a unified architecture for radix‐4
parallel interleaver is presented. The architecture is based on an array of
accumulate‐modulo elements, a couple of multipliers and circular buffers. The
amount of conflict occurrences is reduced by introducing a misalignment between
different addresses and finally they are handled with the help of small FIFO
buffers.

8.2 A Glance at Interleaver Parallelism for Turbo
Codes
If there are P parallel SISO units then P sub‐interleavers have to be implemented
in parallel, and each sub‐interleaver has to generate K / P interleaved patterns
independently. The permuted version of the block interleaver is divided in to
multiple sub‐blocks each having size K / P. The parallel radix‐4 interleaving
scheme requires to combine the parallelism of different sub‐blocks and
generation of addresses in look‐ahead manner. Figure 8.2 demonstrates the steps
of dividing the block and accessing the information in different ways. The data
permutation is shown here as a separate step, as shown in Figure 8.2(a) and
Figure 8.2(b), for illustration purpose. In actual implementation it is taken as a
single step in combination with final data read or write. Figure 8.2(c) and (d)
demonstrate the data reading as required from radix‐2 and radix‐4 schemes. The
challenge of memory conflicts appearing in radix‐2 parallel interleaver
implementation have been discussed in previous chapter. However, the
occurrence of conflicts becomes worst wirh the radix‐4 scheme. The conflict
analysis and the conflict handling are discussed in detail, in the next section.

8.2 A Glance at Interleaver Parallelism for Turbo Codes
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Figure 8.2 : (a) Information write in a R×C interleaver, (b) Permuted version and
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8.3 Interleaver Memory Conflicts Handling
The parallel turbo decoding technique is well established but it increases the
complexity of interleaver design as well. Radix‐4 decoding is based on look‐ahead
approach and it involves more challenges for interleaver design as compared to
normal parallel interleaver. Other than the parallel address generation in look‐
ahead manner, the memory conflicts are the major challenge to be handled on the
fly. Usually the memory conflicts considered for interleaver design consists of two
simultaneous accesses to the same memory, but simulations have shown that
radix‐4 implementation can even face more than 2 simultaneous accesses to the
same memory as shown in Figure 8.3, thus making the implementation harder.
In order to reduce the memory conflicts and especially to avoid the situation of
more than 2 simultaneous accesses to the same memory, we used here the
misalignment technique as shown in Figure 8.4. The different branches of the
interleaver addresses are delayed along with corresponding data values with an
arbitrary value called misalignment factor (MF). As this circular shift scheme

8.3 Interleaver Memory Conflicts Handling
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Figure 8.5 : Conflict analysis for HSPA (a) Even‐odd banking scheme, (b) Normal
addressing, (c) Addressing with circular shift

introduces latency to the completion of each half‐iteration, therefore, it cannot be
very large and also it has to be taken in to account while computing throughput.
The amount of conflicts is different for different implementations. The effect due
to conflicts appears in the form of reduced throughput as the left over conflicts
introduce stall cycles for SISO processing. Therefore it is important to reduce the
total conflicts.
The interleaving algorithms adopted in different standards exhibit different
structural properties and therefore each has different implementation
methodology. The interleaver used in 3GPP‐LTE is based on quadratic
permutation polynomial (QPP) which is considered to be conflict free when
implemented in parallel fashion [12]. It is true when radix‐2 parallel
implementation is considered; however, the radix‐4 implementation faces many
conflicts, when normal address generation in parallel is used. To avoid these
conflicts an even‐odd memory utilization scheme as used in [86] can be utilized.
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The turbo interleaver used in WiMAX standard holds the same explanation as that
of QPP interleaver with one exception. The case for block size K=108,
corresponding to QPSK rate:3/4 or 64‐QAM rate:3/4, do not become conflict free
even with the use of even‐odd banking scheme. To handle this particular case, the
proposed circular shift scheme is used in combination with even‐odd banking
scheme to completely eliminate the conflicts.
The other standards, i.e. DVB‐SH and HSPA+, also exhibit memory conflicts. As
the data rate requirement of DVB‐SH and HSPA+ is less as compared to 3GPP‐LTE
and WiMAX, therefore we can relax the constraints on DVB‐SH and HSPA+ turbo
interleaver to support 2 parallel SISO units instead of 4 SISOs. The turbo
interleaver used in HSPA+ being the worst, as far as memory conflicts are
concerned, has been analyzed and presented here in detail. Using the even‐odd
banking scheme, the amount of conflicts are still very high as shown in Figure
8.5(a). Under normal addressing mode the amount of conflicting instances reduce
by a small amount as shown in Figure 8.5(b), but another challenge arise which is
the occurrence of 3 simultaneous accesses to the same memory. The use of
circular shift scheme helps not only to avoid the occurrence of 3 simultaneous
accesses, but also reduces the amount of total conflicting instances as shown in
Figure 8.5(c). Still the gain due to using circular shift scheme as compared to
even‐odd banking scheme is not significant. Therefore, further analysis on the left
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Figure 8.7 : FIFO sizes with circular shift configuration

over conflicts and the amount of FIFO buffers required for both the schemes is
needed. The FIFO buffer requirement over the whole range of block sizes in the
standard has been presented as follows. When using the even‐odd banking
scheme, the total number of FIFO buffers required for different memories are
plotted in Figure 8.6. Similarly Figure 8.7 shows the total number of FIFO buffers
required for different memories, when using the circular shift scheme. Comparing
the two schemes the FIFO buffer overheads are much less in the circular shift
scheme. Therefore, it has been the choice of our implementation for HSPA+
interleaver.
In the above analysis for the amount of FIFO registers, we further used the
progressive write scheme to reduce the overall overhead due to FIFO buffers. This
scheme puts some extra burden on the controller side or alternately small local
controllers for each memory have to be realized. The controller continuously
checks the empty slots for the corresponding memory. If some other memory has
the conflict at certain time instant so that the corresponding memory is free, the
controller initiates the left over writes for this memory. In this way the
occurrence of conflicts at regular intervals has been very helpful. The biggest FIFO
size requirement appears on HSPA+ interleaver; however, as its throughput
requirement is not very high as compared to others, therefore higher number of
extra cycles can easily be accommodated.
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8.4 Radix‐4, Re‐configurable, Parallel Interleaver
As compared to the single standard implementation of a turbo decoder, a multi‐
standard implementation becomes more challenging mainly due to different
interleaver algorithms. It is a fact that SISO unit complexity remains almost the
same but the interleaver complexity grows largely with inclusion of more
standards in to single architecture. The main challenges involved are the unified
address generation, memory conflict management, and an acceptable silicon cost.
In radix‐4 implementation, the generation of addresses in look‐ahead manner
makes it more challenging. The memory conflict analysis and its handling are
already discussed in the previous section. This section paves special focus on
unified address generation for different standards. The interleaving algorithm in
each of the standard has been modified to generate parallel addresses and then
mapped to the architecture. After applying appropriate hardware multiplexing
among different standards, the top level interleaver architecture supporting
radix‐4, parallel turbo decoding is shown in Figure 8.8. It provides the re‐
configurability feature among different standards i.e. WiMAX, 3GPP‐LTE, DVB‐SH
and HSPA Evolution. It can support 4 parallel, radix‐4 SISO units with generation
of up to 8 parallel addresses. It includes additional FIFO cells as per requirement
from different standards, whereas the data path mainly consists of an array of
accumulate and modulo add logic cells (AM+) and a couple of multiplications. The
storage part includes register files and small RAMs to support the interleaver
address computation. The register files can also be configured to form a circular
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Figure 8.9 : HW for parallel, radix‐4 address generation in HSPA+

shift buffers. The addresses generated from the interleaver hardware are mapped
to data memories associated with different SISO units in turbo decoder. The
following sub‐sections provide details about the interleaver architectures for
different standards. They also present the modified algorithms proposed for
radix‐4 parallel address generation. The hardware mapping of these algorithms
shows that different computing elements can be multiplexed among different
standards to reach to an efficient hardware multiplexing. It is to be noted that
basic algorithm for HSPA+, DVB‐SH, WiMAX and 3GPP‐LTE has already been
given and their hardware for radix‐2 scheme has been elaborated in previous
chapter, therefore, this chapter includes only the radix‐4 related descriptions.

8.4.1

HSPA+ Interleaver for Radix‐4

The interleaver associated with HSPA+ is not inherently designed to support
parallel SISO processing and it suffers from the presence of memory conflicts
while used in a parallel environment. However, higher throughput requirements
appearing in current releases of HSPA+ motivate to have the provision of more
than one SISO processing in parallel. HSPA+ involves a block interleaver of size
R(rows )  C (columns ). Targeting specifically the radix‐4 implementation, Figure 8.9
shows the hardware blocks for HSPA+ radix‐4 address generation in parallel. It
computes four simultaneous addresses but those are mapped to eight memories
after resolving the conflicts. The interleaver needs some pre‐processing to
compute the intra‐row permutation array S ( j ) beforehand using the following
equation.
S ( j )  v  S ( j  1) mod p

(8.1)

Here p is the prime number and v is the primitive root associated with the
block size K [74]. The outcome of pre‐processing (S  array ) has to be placed in a
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RAM, which acts as a LUT in the execution phase. To support radix‐4 scheme two
RAMs are needed of size 256x8b each. However, to support the parallelism in
address generation, we adopted the size of each RAM as 128x16b. During the
execution phase the index to S  array RAM is computed using j  r (i ) mod ( p  1),
where j is the column counter and r (i) is the permutation pattern to be applied on
row counter i. The indices for the two arrays are computed in parallel using two
permutation terms r (i) and r (i  1). The index computation j  r (i ) mod ( p  1) is not
hardware efficient, therefore a recursive approach with modified r (i), named
qmod (i ) is used to get the next address for S  array as mentioned below:
Sidx (i, j )  Sidx (i, j  1)  qmod (i) mod ( p  1)

(8.2)

The modified value qmod (i ) is taken as modulo ( p  1) array q(i), of prime
numbers starting from 7 such that g .c.d  q(i)   1 and qmod (i )  q (i ) mod ( p  1). The
S  array data (16 bit) is used to compute the final interleaved address. Each
S  array data is used to generate addresses for two SISO units. The S  array data is
denoted as U(i, j ) and final interleaver address is computed as follows:
1
 U (i, j ) ; for SISO  1
I1,3 (i, j )  C  r (i )   1LSB
 U MSB (i, j ) ; for SISO  2

(8.3)

2
 U (i, j ) ; for SISO  1
I 2,4 (i, j )  C  r (i  1)   2LSB
 U MSB (i, j ) ; for SISO  2

(8.4)

Here I1 and I 2 correspond to two simultaneous addresses for SISO‐1, whereas I 3
and I 4 correspond to two simultaneous addresses for SISO‐2. The modulo circuit
in Figure 8.9 serves for dual purpose i.e. computing the S  array data in pre‐
processing phase as shown in Figure 8.10, and computing the S  array index in
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the execution phase as shown in Figure 8.11. Listing in Algorithm 8.1 precisely
elaborates the steps to compute the radix‐4, parallel addresses simultaneously.

8.4.2

DVB‐SH Interleaver for Radix‐4

DVB‐SH turbo code interleaver can have two block sizes i.e. K=1146 and 12282.
As stated before, the maximum throughput requirements for DVB‐SH can be met
with two radix‐4, parallel SISO units. Therefore four addresses are needed to be
computed simultaneously. The DVB‐SH interleaver inherently produces large
amount of invalid addresses. We use here the invalid address elimination
technique as used in previous chapter to reduce the generation of invalid
addresses. Similar to radix‐2 case, in our implementation, the block interleaver is
taken as a row‐column matrix with C=64 and 512 for K=1146 and 12282
respectively. The row‐counter (5 bit) can count up to 32 rows but effective
number of rows (R) are 18 and 24 for K=1146 and 12282 respectively. However,
for radix‐4 case the row counter takes larger steps and consequently effective
number of row counts becomes half (due to 2 addresses per row count for each
SISO). The LUT entries used to generate the interleaved addresses are defined as
Tbas and Taux as given in Table 8.1.
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Algorithm 8.1: Radix‐4 parallel address generation algorithm for HSPA+
Pre‐Processing:

Find total rows R agianst the block size K .
for i  0  51
p  [ pvLUT (i )]LSB & v  [ pvLUT (i )]MSB
3:
if ( p  R  K  R )
4:
for ( j  1, 0,  1)
C  P  j;
5:
if ( R  C  K )
break ;
6:
end for
7:
break ;
8:
end if
9:
10: end for
11: init : S (0)  1;
12: for i  1  ( P  1) / 2
S (i )  v  S (i  1) mod P;
13:
14: end for
15: init : S (0)  S  ( P  1) / 2  ;
16: for i  1  ( P  1) / 2
S (i )  v  S (i  1) mod P; & S (i )  v  S (i  1) mod P;
17:
2
18:
S 1Array (i )  S Array
(i )  S (i ), S (i ) ; // Same data to both S‐Arrays
19: end for
1:
2:

Execution:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:

for j  0  (C  1)
for i  0  ( R  1)
r (i )  rLUT (i ) & q(i)  qLUT  r (i)  & qmod (i )  q (i ) mod ( p  1);
 (i, j )  ( j  0) ? 0 : Sidx (i, j 1)  qmod (i ) mod ( p 1)  ;
Sidx
 (i, j )  floor  C / 2  mod ( p  1);
t  Sidx
 (i, j )  (C  p  1) ? t : t  qmod (i ) mod ( p  1)  ;
Sidx
 (i, j ), Sidx
 (i, j ) ;
Sidx (i, j )  min Sidx
 (i, j )  Sidx
 (i, j ) 
if  Sidx
U1A (i, j )  MSB  S 1Array ( Sidx (i, j ))  ;
U1B (i, j )  LSB  S 1Array ( Sidx (i, j ))  ;

else
Swap U1A (i, j ) & U1B (i, j )
end if
32:
33:
Similarly getU1A (i, j ) & U1B (i, j ) using r (i  1) & S A2 rray
Compute 4 addresses simultaneously :
34:
I1 (i, j )  C  r (i )  U1A (i, j )

 for SISO  1
A
I 2 (i, j )  C  r (i  1)  U 2 (i, j ) 

I 3 (i, j )  C  r (i )  U1B (i, j )
 for SISO  2
B
I 4 (i, j )  C  r (i  1)  U 2 (i, j ) 
end for
35:
36: end for
30:
31:
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Table 8.1 : Lookup for radix‐4 parallel interleaver address generation in DVB
K = 1146
#
0
1
2
3
4
5
6
7
8
9
10
11

Rc1‐eff
0
2
6
10
14
17
20
24
28
‐‐
‐‐
‐‐

K = 12282
Tbas
MSB
3
15
1
15
39
27
45
13
17
‐‐
‐‐
‐‐

Rc2‐eff
1
4
8
12
16
18
22
26
30
‐‐
‐‐
‐‐

Taux
MSB
3
7
1
7
7
3
5
5
1
‐‐
‐‐
‐‐

LSB
27
29
3
17
19
15
33
15
15
‐‐
‐‐
‐‐

‘1’

LSB
3
5
3
1
3
7
1
7
7
‐‐
‐‐
‐‐

Rc1‐eff
0
2
5
8
10
13
16
18
21
24
26
29

Rc1‐eff
1
4
6
9
12
14
17
20
22
25
28
30

LSB
335
15
333
1
1
421
215
295
427
387
501
489

Taux
MSB
5
7
1
5
1
7
5
7
5
1
1
1

LSB
7
7
5
1
1
5
7
7
6
6
5
1
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step

‘2’

Circular
buffer

B

LOGIC

Rc1-eff

Tbas
MSB
13
87
1
13
121
175
509
47
229
409
193
313

K

Rc2-eff

MSB

R

<< 6

LUT
(Tbas)

AM+

I1

AM+

I3

MSB
LSB

Circular
buffer

AM+

I2

AM+

I4

<< 3

LUT
(Taux)

<< 6
LSB

<< 3

MSB INV

Bit Reverse

Figure 8.12 : HW for parallel, radix‐4 address generation in DVB‐SH

In the case or radix‐4, the counter is used to address a wider LUT. The size of
LUT is 12x18bit and 12x6bit for Tbas and Taux respectively. The actual value for Taux
is then achieved by applying left shift (L) by 3 for K=1146 and left shift by 6 for
K=12282. To avoid the use of more multipliers as per requirement from the basic
algorithm, recursive computation method is adopted to compute the intermediate
terms M x. It is then directly used to generate the final addresses. Therefore the
requirement of multiplier is completely eliminated. The intermediate terms M x for
different sub‐blocks in the interleaver are computed as follows:






MSB , LSB
MSB , LSB
M 1,3
(i, j )  Tbas
( j ) M 1,3 (i  1, j ) mod C 

, LSB
MSB , LSB
M 2,4
(i, j )  M 1,3 (i, j )  TaMSB
( j )  2 L mod C 
ux




(8.5)

8

148

Chapter 8: Parallel Radix‐4 Interleaving and Integration with Turbo
Algorithm 8.2: Radix‐4 parallel address generation algorithm for DVB‐SH
Initialization:
1:
2:
3:
4:
5:
6:
7:

if
K  1146
: n  6; RT  18; L  3; CT  64;
else if K  12282
: n  9; RT  24; L  6; CT  512;
end if
for p  0  ( RT  1)
M 1 (0, p )  0;
end for
RC1 (0)  0; & RC 2 (0)  1;

Execution:
8:
9:

for i  1   CT 2 N SISO 
for j  0   RT / 2   1





10:

MSB
M 1 (i, 2 j )  Tbas
( j )  M 1 (i  1, 2 j ) mod CT ;

11:

M 1 (i, 2 j  1) 

12:

for k  2  N SISO



LSB
Tbas
(





j )  M 1 (i  1, 2 j  1) mod CT ;



13:

MSB
M k (i, 2 j )  Taux
( j )  M k 1 (i, 2 j ) mod CT ;

14:

LSB
M k (i, 2 j  1)  Taux
( j )  2 L  M k 1 (i, 2 j  1) mod CT ;

15:
16:
17:
18:
19:
20:
21:
22:
23:





end for
for x  1  N SISO
I 2 x 1 (i, 2 j )  M x (i, 2 j )  2n   RC1 ( j )  flipped ;

I 2 x (i, 2 j  1)  M x (i, 2 j  1)  2n   RC 2 ( j ) flipped ;

end for
RC1 ( j  1)  RC 2 ( j )  Step1 ( j );
RC 2 ( j  1)  RC1 ( j  1)  Step2 ( j );
end for
end for

Here i and j loops over the total columns C and effective number of rows R
respectively. The MSB and LSB stand for upper half and lower half parts taken
from the LUTs. The modified algorithm to compute the radix‐4 addresses in
parallel is provided in Algorithm 8.2. The final addresses I1  I 4 are found by just
concatenating the flipped versions of row counter to the values of M x. Figure 8.12
shows the hardware mapping for the generation of four parallel addresses to
support radix‐4, parallel turbo decoding for DVB‐SH.

8.4.3

WiMAX Interleaver for Radix‐4

Using the parameters P0 , P1 , P2 and P3 . as mentioned in [15] the WiMAX turbo code
interleaving function for index x is defined as:
I ( x)   P0  x  Qx  mod K

(8.6)
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Algorithm 8.3: Radix‐4 parallel address generation algorithm for WiMAX
Initialization:
1: K sub _ blk  K / N SISO
2: init :  (0)  0
Execution:
3:
4:
5:





for j  0  K sub _ blk  1

 ( j )   ( j  1)  P0  mod K
I1 ( j )   ( j )  Q j  mod K

for x  2  N SISO
I x ( j )  I x 1 ( j )  K sub _ blk mod K
7:
end for
8:
9: end for
6:





where K is the block size and Qx is defined by:
1
1  K / 2  P

Qx  
1  P
1  K / 2  P

: if ( x%4  0)
: if ( x%4  1)
: if ( x%4  2)
: if ( x%4  3)

The recursive computation of the term  ( x)  P0 . x as  ( x)  { ( x  1)  P0 }mod K
and its use to compute I ( x) makes the overall implementation very low cost. As
the CTC encoding on the transmitter side is based on double binary information,
therefore each address corresponds to two data values [15]. In this way the duo‐
binary turbo code exhibits radix‐4 computation by default. Therefore instead of 8
parallel addresses for 4 SISO units, the interleaver only needs to support 4
parallel addresses. The hardware block diagram to implement the parallel
addressing for WiMAX turbo decoder is shown in Figure 8.13. With the generation
of basic interleaver address in recursive manner, the other parallel addresses can
be obtained by successive computations based on the result from the predecessor
blocks (Algorithm 8.3). The same algorithm can be extended with a very little
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effort to support radix‐8 computations, but at the cost of higher complexity in
SISO unit.

8.4.4

3GPP‐LTE Interleaver for Radix‐4

The QPP interleaver used in 3GPP‐LTE providing deterministic address
generation for two values f1 and f 2 for different block sizes is given by:





I ( x)  f1  x  f 2  x 2 mod K

(8.7)

It can be re‐written for recursive computation as:
I ( x  1)   I ( x)  g ( x)  mod K

(8.8)

where g ( x)   f1  f 2  2  f 2  x  mod K , which can also be computed recursively as
g ( x  1)   g ( x)  2  f 2  mod K . The two recursive terms I ( x  1) and g ( x  1) are easy

to compute using additions and subtractions only. For generating parallel
addresses, part of the basic interleaver (i.e. computation of g ( x)) can be shared
which helps to optimize the design. For radix‐4 computations, the computation of
g ( x) is done in look‐ahead manner as given in Algorithm 8.4. The two values g ( x)
and g ( x  1) can be used to simultaneously generate the other addresses in a
recursive way as shown in Figure 8.14. Due to the recursive nature of
computations, the interleaving patterns in each sub‐block require some starting
point (e.g. S1, S2, and S3). Therefore, for the SISO index m  0,1,....( N SISO  1) and
sub‐block size K sub _ blk  K N SISO , the starting addresses for data index (m  K sub _ blk )
are required to be found. Using eq. (8.7) against the index (m  K sub _ blk ) we get:
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Algorithm 8.4: Radix‐4 parallel address generation algorithm for 3GPP‐LTE
Initialization:
1:
2:
3:
4:
5:
6:

K sub _ blk  K / N SISO
init : g (0)  f1  f 2 ;
init : I1 (0)  0; I 2 (0)  g (0);
for x  2  N SISO
I 2 x 1 (0)  S x 1  S x  2  S x 1 mod K
I 2 x (0)   I 2 x 1 (0)  g (0) mod K
end for

7:
Execution:
8:
9:
10:
11:
12:
13:
14:
15:





for j  1  K sub _ blk 2  1

g (2 j  1)   g (2 j  2)  2 f 2  mod K
g (2 j )   g (2 j  1)  2 f 2  mod K
for x  2  N SISO
I 2 x 1 ( j )   I 2 x 1 ( j  1)  g (2 j  1) mod K
I 2 x ( j )   I 2 x ( j  1)  g (2 j ) mod K
end for
end for





S (m)  f1  m  K sub _ blk  f 2  m  K sub _ blk



2

 mod K

(8.9)

Using the recursive form:





S (m)  S (m  1)  f1  K sub _ blk  (2m  1)  f 2  K sub _ blk



2

 mod K

S (m)   S (m  1)  S (m)  mod K

(8.10)
(8.11)

where S (m)  f1  K sub _ blk  (2m  1)  f 2  ( K sub _ blk ) . The term S (m) is not hardware
2

efficient when computing it on‐the‐fly. If the system level performance allows for
extra cycle cost, it can be computed through multiple recursive computations.
Alternatively a LUT is used to eliminate the extra cycle cost.

8.5 Radix‐4 MAP Decoding Algorithm Revisited
There are two main algorithms used in an iterative way in the SISO decoding.
They are SOVA algorithm (based on maximum likelihood probabilities) and MAP
algorithm (based on a posteriori probabilities). MAP algorithm outperforms SOVA
decoding by 0.5dB or more [87][88], therefore MAP algorithm is used in this
work. The MAP algorithm itself is rather complex [89] due to large number of
multiplications, but thanks to its simplified version log‐MAP algorithm [88] which
significantly reduces the computational complexity. The MAP algorithm works in
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two steps, i.e. forward recursion and backward recursion, to determine the
different set of probabilities named as branch metric and state metric. The
variables computed during these recursions are the branch metric  kj ,m, the state
metrics  km,  km, Log‐Likelihood ratio  (d k ) and the extrinsic soft‐output
information  e s (d k ). The following equations describe the computation of these
variables in Log‐domain.

  km  k1,m  kf(1,1 m)
 e
m
 (d k ) 
 ln m
m 0, m f (0, m )



 k k k 1
 e

m 1, m f (1, m )
k  k  k 1

m 0, m f (0, m )
k  k  k 1

m

(8.12)

m

 km    kb( 1j ,m ) kj,b1( j ,m )  ln  e k 1

b ( j ,m )

j

 kj ,b1( j , m )

j

 km    kf(1j ,m ) kj , f ( j ,m )  ln  e k 1

f ( j ,m )

j

 kj , f ( j , m )

j





 kj ,m  j   aks  iks  p (m, j )  ikp



 e s (d k )  (d k )   aks  iks

(8.13)

(8.14)
(8.15)



(8.16)

where m is the state number, k is the trellis step number, p(m, j ) is the parity
output bit in state m against the input bit j , and d k denotes the decoded
information bit. As the equations (8.12)−(8.16) are still with high complexity,
therefore further simplification is performed using the Jacobean algorithm and
approximation [88].







Max ( x, y )  ln e x  e y  Max( x, y )  ln 1  e

 yx



 Max( x, y )

(8.17)
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Applying these simplifications, the algorithm is named as Max‐log‐MAP and
equations (8.12) − (8.14) can be re‐written as:
m)
 (d k )  Max  km   k1,m   kf(1,
  Max  km   k0,m  kf(0,1 m) 
1
m

(8.18)

m





(8.19)





(8.20)

 km  Max  kb( 1j ,m )   kj,b1( j ,m )
j

 km  Max  kf(1j ,m )   kj , f ( j ,m )
j

Max‐log‐MAP algorithm appears to be the least complex as compared to log‐
MAP algorithm, but the approximations and simplifications can affect the BER
performance to be inferior. However, the degradation is not significant as
compared to the hardware saving [88]; therefore Max‐log‐MAP has been the
choice of many of the recent turbo decoder implementations. The turbo decoding
is prone to higher latency due to larger block sizes and requirement of multiple
iterations to reach to a reliable decision. Many techniques have emerged based on
sliding windowing and super windowing [90] (Figure 8.15) in order to meet the
quest for bandwidth among different standards. As stated before, the throughput
can further be enhanced by adopting radix‐4 computation as used in
[55][56][84][85][86][91], where two trellis steps are computed in a single cycle
as shown in Figure 8.1. This gives rise to the decoding of two source data bits at
the same time. Therefore, the equations used in radix‐2 have to be extended with
more variables. Extrapolating Eq. (8.13), the forward metric  computation can
be made over two trellis steps as:
 km  





b ( j , m ) j ,b ( j , m )
k 2
k 2



j ,b ( j , m )
k 1

  Max 
3

j 0

b ( j ,m )
k 2

  kj ,b1,( kj ,m2)



(8.21)

where  kj ,b1,( kj ,m2) is the joint branch metric over two trellis steps. The backward
metric  also takes the similar form. Decoding two bits at the same time requires
to define the symbol probabilities for symbols ‘00’, ‘01’, ‘10’ and ‘11’ named as a‐
priori probability (APP), and is given by:









 d k (i , j )  Max  km2   kj ,,bk (' j ,m )   km ; i, j  (0,1)
i, j

(8.22)

Using these probabilities the LLR for individual bits can be defined as:

 

 

   Max
   dk (0,0)  ,   dk (0,1) 
m

 

 

   Max
   dk (0,0)  ,   dk (1,0) 
m

 (d k )  Max  d k (1,0) ,  d k (1,1)
m

 (d k 1 )  Max  d k (0,1) ,  d k (1,1)
m

(8.23)
(8.24)
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The duo‐binary turbo decoding in WiMAX is by default radix‐4, but it is
different from binary turbo decoding due to its non‐binary and circular properties
[78][92][93]. The symbol based decoding in duo‐binary turbo codes requires to
compute three symbol LLR values for the symbol set {01, 10, 11} defined as:









(8.25)









(8.26)









(8.27)

 01 (d k )   d k (0,1)   d k (0,0)
10 (d k )   d k (1,0)   d k (0,0)
11 (d k )   d k (1,1)   d k (0,0)

This symbol level extrinsic information requires more memory to exchange it
between different decoder stages. Authors in [94] proposed a very useful
transformation method to extract the bit level extrinsic information from symbol
level extrinsic information. The exchange of bit level extrinsic information among
different SISO blocks provides the basis to avoid the increase in memory. For
further details on the theoretical and derivation aspects of bit level extrinsic
information exchange, the reader can refer to [94].

8.6 Unified Parallel Decoder
To reach to the unified architecture for radix‐4 parallel decoder supporting
multiple standards including 3GPP‐LTE, DVB‐SH, WiMAX, and HSPA+, a common
interleaver has been used which mainly takes care of different memory
addressing variants among different standards. As interleaving is the main topic
of thesis, therefore more attention is given to it, rather than turbo decoding.
However, to keep the architecture low cost on turbo decoding level, some
optimizations have also been considered which mainly deal with reduction of
memory utilization. The following sections present the trade‐ off analysis among
different SISO implementations and provide the overall architecture for unified
parallel turbo decoder.

8.6.1

SISO Decoding Trade‐Off Analysis

Work in [90][95] presents good trade off studies for architectural cost when
parallel turbo decoding is implemented for high speed. In a similar way, we
consider different trade‐off parameters like throughput, latency, area, and power
consumption while comparing multiple implementations based on different
techniques and optimizations. The throughput can be described as:
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K  f clk
 K cycle

 W  Cextra   2  N i

N
 siso


(8.28)

where K is the block size, K cycle is the number of clock cycles needed to get the data
from the buffer memories, N siso is the number of parallel SISO processors, N i is the
number of iterations , W is the sliding window size, and Cextra is the extra cycles
needed for other overheads e.g. control. The latency is described as:
 K cycle

 W  Cextra   2  N i

N

Latency   siso
f clk

(8.29)

The radix‐2 SISO implementation involves  and  ‐calculation in forward
recursion which requires the memories to keep the results to be used in
backward recursion. When implementing super windowing using multiple SISO
blocks, another challenge is the absence of initial values at the border of each
window. A method named Next Iteration Initialization [96] is used to estimate the
initial values using the corresponding state metrics produced at previous
iteration. This requires extra storage of  and  values in the form of first‐in first‐
out (FIFO) blocks between neighboring SISO units. Fortunately the overheads are
not huge as  and  values are only needed to be saved at the beginning and end
of sliding windows and parallel windows.
The radix‐4 implementation is based on look‐ahead transformations as shown
in Figure 8.1, which roughly doubles the throughput. Thus half of the SISO blocks
can achieve the same throughput as compared to radix‐2 implementation. With
the reduction of SISO blocks it also reduces the number of FIFOs for  and  ;
however, the branch metric memory becomes very large as it requires the storage
for many intermediate computation results. An optimization used here is to use a
small buffer memory (having size of W/2) for keeping the intrinsic and a‐priori
information for a short amount of time. In this case the branch metrics are always
computed whenever they are needed, thus the branch metric hardware increases
and it becomes almost double.
The different kinds of implementations discussed above are independently
implemented using 65nm CMOS Technology to get the area and power estimates.
Radix‐2 implementation is realized with 8 parallel SISO blocks whereas radix‐4
implementation is realized with 4 SISO blocks to compare roughly the same
throughput. Taking the sliding window size W  64, N i  6, and K  6144 the
comparison of the three SISO implementations on component level is performed.
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Figure 8.16 : The cost comparison for parallel implementation of SISO blocks

The normalized cost comparison for full parallel implementation is shown in
Figure 8.16, whereas the power distribution among different elements of one
SISO unit is shown in Figure 8.17. The optimized radix‐4 implementation appears
to be the better choice with good trade‐off among throughput, latency, area and
power. The achievable throughput with different SISO configurations is plotted in
Figure 8.18. Looking at the maximum throughput requirement from different
standards, different level of SISO parallelism can be adopted for different
standards to meet the requirements.

8.6.2

Unified Architecture

Radix‐4 computation works on four possible transitions towards each target state
in a trellis. As a result the computational overheads are increased; however, the
benefit is the increased throughput with less number of SISO units and less
memory. Some high‐speed recursion architectures to do the parallel radix‐2 SISO
computations are presented in [90][95]. The same have been extended here to
achieve radix‐4 implementation. The  values to be found for radix‐2 are three,
whereas, radix‐4 might need up to 15 calculations every clock cycle to cover all
the possible state transitions over two trellis steps. However, some of the 
computations can be skipped due to redundancy. The computed branch metric
values are later on used for computing the state metrics and the soft LLRs. For
this purpose the conventional approach is to store all the branch metrics in a
memory. The size of memory grows high with more computations. However we
used here a small buffer (size: W / 2) to store the intrinsic and a‐priori information.
It reduces the requirement of bigger memory; however, the branch metrics are
always computed in all sliding window operations. As a result the hardware
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Figure 8.18 : Throughput for different implementations

required to compute  becomes double, but still it provides a good trade off when
comparing with higher memory cost.
The hardware components to compute the state metric, branch metric and
LLR as mentioned in Section‐8.5 are shown in Figure 8.19. The computation of
state metrics  and  is based on the add‐compare‐select (ACS) logic, and one of
the metric (forward or backward) calculated first need to be stored in a RAM. As
compared to radix‐2 implementation the size of RAM for state metric reduces to
half by default when radix‐4 decoding approach is adopted. The computation of
soft LLRs is simplified by using the transformations from symbol level extrinsic
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Figure 8.19 : HW for calculating (a) Branch metric, (b) State metric, (c) LLR for
binary case only, (d) Configurable LLR for binary and duo‐binary cases

information to bit level extrinsic information [94], which reduces the larger
memory requirement for duo‐binary turbo codes. The use of bit level extrinsic
information exchange (using approximations) as compared to symbol level
extrinsic information exchange does not affect the BER performance of the overall
decoding process [94]. It provides a significant memory saving at the cost of small
hardware.
The top level architecture of the parallel decoder is shown in Figure 8.20. It
utilizes up to 4 SISO units in parallel to achieve the required bandwidth. Two
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Table 8.2 : Turbo decoder specifications
SISO Algorithm

Max‐Log‐MAP

Window Size
No. of Iterations

64
6 (fixed)
Received Inputs:

6 (3.3)

State Metric:

8 (6.2)

Branch Metric:

8 (6.2)

LLR:

6 (4.2)

Quantization

Configuration
Din

Input
Buffer

Output
Buffer

Control

LLR-1

M02

E D

M04

M06
M07

SISO 3

E D

M11
M12

SISO 2

M03

M05

Boundary
Metrics

E D

M10

Boundary
Metrics

M01

LLR-2
SISO 1

M13
M14
M15

Boundary
Metrics

M00

Dout

SISO 4

M16
M17

Unified Interleaver

Figure 8.20 : Architecture of radix‐4, parallel turbo decoder

memory banks each consisting of 8 memories of size 768×6b are used to save the
soft output information in each half‐iteration. The design specifications for the
SISO block are summarized in Table 8.2. The interleaver works in connection with
main control and generates up to 8 interleaved addresses simultaneously to
access the memories.

8.7 Implementation Results
The unified implementation of interleaver enables the multi‐standard support of
the turbo decoder. However, it is important to compare the overheads associated
with unified implementation over an optimized single standard solution. The
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following sub‐sections present the efficiency comparison of interleaver hardware
multiplexing and also the implementation results of turbo decoder in detail.

8.7.1

Efficiency of Unified Interleaver

Figure 8.21 shows a comparison of hardware utilization for the hardware
multiplexed interleaver implementation with the single standard optimized
implementations. The overhead cost might be high if we consider a particular
implementation for a single standard, but it should justify when combining
different implementations. Considering the address generation part only, the
overheads appear to be high especially for WiMAX interleaver where the cost of
hardware multiplexed implementation is more than 4 times higher as that of its
optimized single standard implementation. On the other hand, if we compare the
combined cost of all the single standard implementations, the hardware
multiplexed solution reduces the total cost by 65%, thus showing an efficiency of
35%. The hardware efficiency gets further improved when we consider the
amount of memory being shared among different implementations. Including the
memory cost in the comparison the efficiency of hardware multiplexed
implementation becomes 61%. The overhead cost of hardware multiplexed
implementation as compared to the largest single standard optimized design (i.e.
HSPA+) is 1.62 times when considering only address generation part, and it is just
1.08 times when including the memory sharing as well.

8.7.2

Turbo Decoder Implementation

The hardware blocks for turbo decoder are coded using RTL description in
Verilog HDL. The simulation for BER is carried out using AWGN channel model
over different block sizes for different standards and fixed number of iterations
i.e. 6. The bit error rate (BER) performance for different standards is plotted in
Figure 8.22. The design was synthesized for gate level net‐list using the ST
Microelectronics 65nm CMOS technology and the placement and routing was
done using Cadence SoC Encounter™. Figure 8.23 shows the chip layout of the
proposed unified, radix‐4, parallel turbo decoder. The key parameters of the turbo
decoder core obtained with Design Compiler™ from Synopsys are listed in Table
8.3. With 4‐SISO modules, the design consumes 0.65mm 2 area in total and it can run
at a maximum of 285MHz clock. It consumes 570mW power in total. With 6
iterations, it can support a maximum throughput of 173.3Mbps which leads to an
energy efficiency of 0.55 nJ/bit/iter.
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Figure 8.22 : BER performance for different implementations

In order to benchmark the turbo decoder implementation a comparison to
other leading edge implementations is also provided in Table 8.3 (many of them
are quite recently published). Unfortunately, due to technology mismatch a direct
comparison of area and power efficiency with reported designs is not fare. Hence
an optimistic technology scaling (i.e. Area ~ 1/ s 2, Power ~ 1/ s 3, and Throughput ~ 1/ s )
has been adopted here to enable a fare comparison. Considering different
implementations, the throughput and energy efficiency is greatly affected by the
block size and the amount of memory conflicts. As a result the radix‐4 turbo
decoder implementation for 3GPP‐LTE and WiMAX appear to be more efficient as
compared to HSPA+ and DVB‐SH (Table 8.4).
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Table 8.3 : Comparison of key parameters with leading edge implementations
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Table 8.4 : Throughput summary for different implementations
Standard

Block
Size

SISO

Extra FIFO Cycles

Throughput
(Mbps)

Energy
(nJ/bit/iter)

HSPA+

5114

2

LTE

6144

4

65

49.4

1.67

0

173.3

WiMAX

2400

0.55

4

0

113.1

DVB‐SH

12282

0.84

2

1

51.1

1.63
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Control
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Figure 8.23 : Layout of proposed unified, radix‐4, parallel turbo decoder

The main concern of today’s consumer electronics is the area and power, thus
it is important to compare different implementations for power and area
efficiency. Figure 8.24 shows the comparison of energy consumption and silicon
cost with the reported turbo decoder designs in a graphical way. The work in
[56][85][97] & [98] have really provided some energy efficient solutions, even
better than ours, but looking at the other vital parameters like silicon cost and
throughput our proposed design provides a better trade off. The work in [97]
supports very high throughput of 758Mbps, but it utilizes very high degree of
parallelism (i.e. 64 SISO). The interleaver algorithms and architectures presented
here are flexible enough, and they can be modified easily to support further
parallelism. Therefore, the proposed work can accommodate further higher
bandwidth as well, but at the cost of extra silicon and extra memory. If the
presented work is projected with further parallelism, it can provide an enhanced
throughput of 760Mbps with 32 SISO blocks and working at a lower frequency
(i.e. 252MHz). This type of highly parallel implementation has the drawback that
it splits the size of each memory in the input buffer and extrinsic memory bank in
to very small sizes, which will further increase the overall area due to overheads
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Figure 8.24 : Comparison of energy efficiency & normalized silicon efficiency

associated with smaller memories. The silicon efficiency and the energy efficiency
of the work in [98] is almost the same as ours. The work in [56] & [85] support
lower clock frequency therefore the power consumption is also lower, whereas
both of them utilize higher degree of SISO parallelism as well ([56] uses 10 SISO,
and [85] uses 32 SISO). Other than this trade‐off analysis, the reference designs
support less standard coverage (limited to single or two standards). The design
presented here can support multiple standards with on‐the‐fly reconfiguration
feature; therefore it can be a better candidate for many of the flexible and re‐
configurable applications.
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9Integration with Baseband

Processor
9.1 Introduction to HW Accelerators

G

ENERAL PURPOSE PROCESSORS offer maximum flexibility but at the cost of
lower performance. On the other hand, the high performance application
specific processors cannot completely adopt the general purpose processor flow;
instead they utilize hardware acceleration blocks to achieve the large computing
capacity. Use of the accelerators has been a key to enhance the performance and
still maintain the area and power efficiency, but they do not come free. The
hardware accelerators are usually less flexible (Table 9.1) due to the use of
dedicated hardware, but benefit is that they can perform the hardware intensive
tasks concurrently with the other instruction executions. Acceleration can be
applied on many levels such as instruction level acceleration or function level
acceleration.
The instruction level acceleration usually deals with single arithmetic
operation which is considered to be carrying enough complexity, so that its
implementation through normal instructions may appear as a bottle neck in
achieving higher performance. The function of the accelerator can be based upon
a single instruction or multiple instructions. The hardware for instruction level
acceleration may take the operands/operand‐addresses directly from the
instruction, or it can be configured with some configuration vector.
167
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Table 9.1 : Advantages and disadvantages of HW accelerators
Advantages

Disadvantages

Higher performance
Low power consumption

Less flexible and longer verification time

Less silicon cost

Function level acceleration accommodates a complete function to be
computed, and usually it is considered to be completely independent of the
processor tasks. The function to be accelerated normally requires multiple
instructions to complete the job, if implemented on a general purpose processor.
Therefore all such instructions can go in to the accelerator in a simpler instruction
flow. A function level accelerator can also include a controller based execution,
which is configurable through some configuration registers.
Coding and decoding for error correction are considered to be popular kernel
algorithms in baseband processors. They are heavily iterative and
computationally intensive. As these algorithms are relatively stable therefore
their usual implementation is through HW accelerators. The interleaver
functionality, which is tightly coupled with coding and decoding for error
correction, is also considered to be computationally intensive and bearing
irregularities. The complexity increases significantly when interleaving
algorithms from many standards have to be supported. Therefore, when coding
and decoding for error correction is implemented through accelerators, there is
no reason that interleaver functionality be implemented through normal
instructions in a baseband processor.

9.2 Interleaver Integration with Baseband Processor –
An Overview
The multimode interleaver architecture can perform interleaving or de‐
interleaving for various communication systems. It is targeted to be used as an
accelerator core with a programmable baseband processor. The usage of the
multimode interleaver core completely depends on the capability of the baseband
processor. For lower throughput requirements only a single core can be utilized
with baseband processor and the operations are performed sequentially.
However, as a matter of fact, usual system level implementations require
interleaver at multiple stages. Number of stages can be up to three e.g. WCDMA
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Figure 9.1 : An overview of integration of interleaver core with baseband
processor

(turbo code interleaving, 1st interleaving and 2nd interleaving). A fully parallel
implementation can be realized by using three instances of the proposed
multimode interleaver core, but in order to optimize the hardware cost a wise
usage would be to use two instances hooked up with the main bus of the
processor, as shown in Figure 9.1. In this way the interleaving stages can be
categorized as channel interleaving and coding/decoding interleaving. Further
optimizations can be made in the two cores to fit in the particular requirements
e.g. one interleaver core dedicated for coding/decoding and the second core
dedicated for channel interleaving. By doing so the reduction of silicon cost
associated with address generation is not significant; however, memory sizes can
be optimized as per the targeted implementations.
The input memory working as a buffer can be a part of baseband processor
data memory. By doing so the extra memory inside interleaver core can be
avoided as it might be redundant in many cases. Sometimes it is also possible and
beneficial to implement the permutations while reading the memory. It may still
be supported by the interleaver core by providing the address output for input
memory. This also serves to achieve better synchronization between data read
and the decoder operations.

9.3 Integrating the Interleaver with Senior DSP
Processor
The use of processor (or multi‐processors) as a platform for baseband processing
is getting popular nowadays. One example of a successful story is LeoCore [101]
from Coresonic AB, based on a research in our group, demonstrating live demo for

9
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DVB‐T and WiMAX. The platform processing offers reduced control overheads
with the flexibility feature attained from programmability of the processor, and
performance coming from specialized ASIC/accelerators.

9.3.1

Senior as the Integration Platform Controller

“Senior” is a processor evolved in our group over the time [25]. It is designed
following the ASIP design flow for DSP, and it offers advantages in terms of power
consumption, performance, and flexibility. It is a single instruction issue DSP
processor carrying a good mix of RISC and CISC instructions. Other than general
DSP applications, one of its key features is the extendibility for customized
instructions and to adopt multiple accelerators with specific hardware resources.
This extendibility feature of Senior makes it a candidate to offer platform
processing with the help of other accelerator cores. Recently, it has been planned
to use the “Senior” for the integration platform for Multi‐base Project [102] from
European Commission’s 7th Framework program for research and technological
development (FP7). Similar to LeoCore platform [101] the FEC blocks and the
interleaver core are chosen to be implemented as an accelerator attached to an
on‐chip network.

9.3.2

On Chip Network (OCN)

The interface adopted with integration platform for Multi‐base Project is based on
a platform controller i.e. Senior. It connects the major functional modules to each
other through an on‐chip network (OCN). The interface with OCN is easy to use,
and it imposes little overhead for the modules. The interface is based on a circuit
connected model where the platform controller is responsible for setting up
connections.
Two general approaches for such type of interfacing are the general bus
architecture based on simpler bus arbitration, and the crossbar, where all masters
can read or write the data simultaneously as long as they are accessing different
slaves. The bus arbitration is simple and robust solution, which is easy to verify,
but the total bandwidth is not very high. On the other hand the crossbar gives
high bandwidth, but arbitration is much more complex.
The OCN interface avoids both these general bus architecture approaches, and
offers an alternate based on requirements from baseband processing. In
baseband processing the access patterns are quite different from a general
purpose system. A master access a slave for a relatively long time (thousands of
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Figure 9.2 : An example, OCN configured by the platform controller

clock cycles) before it needs to access another slave. This means that there is no
need for a complex arbiter and that the connections can be setup statically by the
platform controller [103]. This is illustrated in Figure 9.2 based on NOC design
specification in Multi‐base Project [102]. Here the interface through OCN is
mainly based on two communication scenarios; direct module to module
communication mode and memory handover mode where exclusive access to a
memory is handed over via the OCN.

9.3.3

Connection of Interleaver Block

The main strategy for module connection in OCN is based on direct connection, i.e.
the output of one module is connected directly to the input of another module via
the OCN. The interleaver core is also integrated with OCN as a module. In this way
it can serve for maximum data rate for inter‐module data transfer. Modules can be
connected to form a chain where one module will process data and send it to
another module. No memory is required in this case for intermediate storage
except a single pipeline stage register for timing closure purpose. Figure 9.3
shows a simple chain of module connections including the interleaver block in the
middle.
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9.3.3.1

Memory Configuration for Interleaver

The interleaver address generation provides the luxury to use the fixed memory
bank included in the interleaver core or to use some external memory banks. In
later case the interleaver address generation core is responsible to provide both
write and read addresses for that particular memory bank. The memories
connected to the OCN network do not always need address information as these
memories also include their own address generators. However, for more
advanced addressing schemes e.g. calculating FFT or implementing interleaver
using permuted addressing, it is appropriate to send the address signal as well to
the memories through OCN. Still it is possible to use the in‐built address
generators inside the memory blocks, when data read or write is in sequential
order.
When using internal memory bank the overall latency may increase if a single
memory bank is used; however, this extra latency can be avoided by using an
additional memory bank. In this case both the memories are used in a ping‐pong
fashion as shown in Figure 9.4. When one memory is being written by the
external module the second memory is read at the same time by the next module
in chain, and vice versa.

9.3.3.2

Interleaver Configuration for Different Standards

A 32 bit configuration register is responsible to hold the configuration vector, and
it is loaded by the baseband processor or the main controller (Senior in our case).
The detail of all bits in the 32 bit configuration word is provided in Table 9.2.
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Figure 9.4 : Use of double memory to enhance throughput

Table 9.2 : Summary of configuration word (32 bit)
Total Bits

Bit Number

Parameter Name

Description

13

12:0

K

Block Size

1

13

Int_Mode

Interleaver or De‐interleaver

3

16:14

Fn_Mode

Select standard

2

18:17

Sub‐Fn_Mode

Category within standard

6

24:19

Int_Depth

Parameter d, number of rows, or number of columns

2

26:25

Aux_Fn

No of total streams

2

28:27

Mod_Type_1

Modulation type for stream set 1

2

30:29

Mod_Type_2

Modulation type for stream set 2

1

31

Reserved

For future use

Most of the configuration issues in the interleaver are strictly connected to the
pre‐computation phase, as discussed in prior chapters for different scenarios.
Therefore, dynamic re‐configuration cannot be adopted without additional
overheads; instead static re‐configuration is adopted here. It means that the
configuration is always loaded at the beginning of the interleaver process, and it
stays during the whole pre‐computation and execution phase. On the other hand,
the configuration of computing elements inside the interleaver core is dynamic,
and it is controlled by the controller internal to the interleaver core.
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10Conclusion and Future Work
10.1 Conclusions

I

NNOVATIONS in programmable baseband processor architectures provide an
opportunity to support multiple communication standards using a single‐chip.
Still there are other components that have not yet been focused by the single chip
solutions, and they need to be investigated thoroughly. One of the reasons that
these components have not been integrated in to the baseband processors is the
diversity in their implementations. Interleaver implementation is one such
example, and this thesis has contributed towards the convergence of its diverse
algorithms and implementations on to a single architecture, so that it could be a
part of the platform processors.

Memory Partitioning
Combination of a Master controller, SIMD processor, and a Set of Accelerators
is a popular approach to reach power efficient solutions in computation extensive
tasks like baseband processing. The bottleneck associated with this approach is
the memory sub‐systems. Interleaver as a component in baseband processing
chain also holds complexity in its memory sub‐system. The thesis suggests an
efficient memory partitioning for interleaving and the corresponding addressing
schemes targeting multiple standards. The memory sizes are not too small thus
avoiding large overheads associated with the use of small memories.
175
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On‐the‐Fly Address Generation
In the presence of a huge range of different block sizes and different types of
interleaving patterns, on‐the‐fly address generation is considered to be a bonus
feature. Without this feature the memory size can grow tremendously. The main
focus of the thesis has been to generate all kinds of interleaver addresses on‐the‐
fly, thus the memory size remains of the order of the maximum block size. To
reach an efficient on‐the‐fly address generation, the algorithmic transformations
have been applied which have ultimately contributed towards efficient hardware
re‐use among different standards.

Fast Switchability between Standards
In a multi‐tasking environment, a processor might need to do computations
for different standards in consecutive time slots. If some component in the
processor chain lacks to produce the required data stream, the overall latency
may increase. Interleaver is a major contributor towards latency, so it should be
given a special attention. The thesis covers the aspects associated with on‐the‐fly
pre‐processing, which is also an essential part to reach to on‐the‐fly address
generation in many cases. Inclusion of on‐the‐fly pre‐processing has enabled the
interleaver core to be re‐configured from one standard to other in short time.

Parallelism and Higher Bandwidth
Quest for higher bandwidth is accelerating the competition among wireless
technologies and it is becoming necessary to adopt parallel processing approach
as compared to sequential processing. The thesis provides parallelism support for
multi‐stream communication systems such as 802.11n with four spatial streams.
It also provides parallelism for turbo decoding with up to 8 parallel SISO
processing for radix‐2 case and up to 4 parallel SISO processing for radix‐4 case.
The aspects associated with parallelism i.e. parallel address generation using
single architecture and memory conflict handling are addressed in respective
chapters.

Re‐configurability
There is a general trend to replace the hardware based implementation of
communication systems with more flexible and easy to maintain SW applications.
Flexibility can be considered here in terms of programmability (i.e.
programmable processors) or re‐configurability (i.e. flexible ASICs). The solutions
provided in this thesis are not programmable; instead they are re‐configurable.

10.1 Conclusions
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Table 10.1 : Comparison with a programmable solution
Parameter

Programmable
Solution [108]

Re‐configurable
Solution [5] (Our Work)

Total Area

1.67 mm2

0.126 mm2

Memory Size

1.25 Mbit

72 Kbit

(16 times less)

Memory Area

1.09 mm2

0.1 mm2

(11 times less)

Computing Logic Area

0.58 mm2

0.03 mm2

(19 times less)

Power Estimate

‐‐‐

11.7 mW

Throughput

500 MSample/s

664 MSample/s for multi‐stream systems
166 MSample/s for single‐stream systems

Standard Coverage

Not Limited

Limited to current, but can accommodate new
standards with similar properties

(13 times less)

We agree that a programmable solution can provide more versatility as compared
to a re‐configurable solution, but at the cost of more silicon and more power. A
very recent work [108] offers VLIW based programmable solution for flexible
interleaving. Table 10.1 provides a glance at the extra cost associated with a
programmable solution as compared to one of our re‐configurable solution. The
higher cost saving as compared to the programmable solution strongly motivates
to opt for the re‐configurable solution.

Summary of Features and Contributions
The features and contributions from this work can be summarized as below:
 On‐the‐fly address generation
 Includes pre‐processing tasks
 Offers fast switchability among different standards
 Efficient memory partitioning
 Convergence to single architecture
 Offers parallelism for multi‐stream communication systems
 Offers parallelism for turbo decoding
 Re‐configurable to wide range of algorithms
 Better than programmable solution in silicon and power utilization
 Higher throughput
 Lower silicon cost
 Lower power

10
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A Step Ahead
Looking in to one of the main application of the topic i.e. mobile phone, the
dramatic changes in the mobile industry has reduced the lifespan of a mobile
phone to less than two years. With all the achievements and features provided by
this work, the reconfigurable interleaving is a step ahead towards faster time‐to‐
market solutions and rapid prototyping.

10.2 Future Work
Like “space never ends”, research never ends either. In continuation to this work,
further research can be done in the area of physical implementation,
programmability, and improving the memory sub‐system partitioning.

Physical Implementation
A chip tape out, targeting an integration platform for baseband processor, is in
the planning phase at the time of this thesis write up. Including the interleaver
core in the tape out plan will provide further opportunities to validate the
implementation and integration issues. In this connection a fully functional pre‐
implementation on FPGA platform can be beneficial to highlight all the issues.

Efficient Programmable Solution
In general, programmability for unlimited standard support leads towards an
implementation close to a general purpose VLIW processor, and hence it becomes
silicon and power inefficient. However, according to author’s opinion, it is still
possible to reach to a programmable VLIW architecture with reduced silicon cost.
A study on eliminating some possibilities that will never happen to newly evolved
interleavers; can create some room to come up with a programmable yet area and
power efficient solution.

Smart Memory Design for Larger Block Sizes
Working for a re‐configurable solution involves a mix of block sizes. Some
standards specify very large block sizes, which in turn add towards extra
overhead to other standards with smaller block sizes. In order to reach a better
trade off, smart memory design for very large block sizes is a good research topic.
One way to attack this problem is to invent new algorithms supporting smart

10.2 Future Work
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memory design. Other than this, one can also target the existing standards by
performing the algorithmic modifications, but maintain the original functionality
is a major challenge.

Step towards Flexible FEC Core
Finally, as the interleaver is always used in combination with some error
correction system, therefore this work can be a step towards a flexible FEC core,
incorporating multiple FEC algorithms and re‐configurable interleaver on to a
single architecture.
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