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1)

2)
3)
4)

5)

6)

D)

2)
3)

4)

5)
6)

7)

Summary of Upgrades/Fixes from Phase I and Il

The test bench now reads two input files, one for system bit information (ck0.dat) and the

other for parity bit (ck1.dat). The test bench also compares the final output against the given
test vector file (hard_dec _dat).

Add 2 more pipeline stages in structural RTL design.

Add tri-state gates to block the data flow going into the completion stage.

The final output now is read out at double the clock rate to avoid the conflict of sharing the
deinterleaver with SISO2.

The RAM used as buffers in Input_buff now takes only one input address and does an
internal decoding to produce two addresses. This is done just to match the layout
implementation.

Other minor bug fixes.

Summary of Incompleteness

Behavioral RTL design works with any even number of block lengths. Structural RTL
design works only with a block length of 25-2, where B is an integer. So, simulation for test
vector 1024 for structural RTL is not provided.

The speed and area estimation is also done at a block length of 1022.

In my design, the behavioral RTL design is an unpipelined version of the structural RTL
design. Therefore, the output of structural RTL design is a delayed version of the behavioral
one.

However, during the F B state while the completion process is not running, the soft
information output do not exactly match because the implementation of the two designs is
slightly different. The behavioral one holds the completion process by not specifying the
output for this case, so the output is automatically latched. The structural one holds the
completion process by blocking the input of the first completion stage, so the output is held
at some garbage value. The soft information output during this period is not used so it does
not affect the correctness of the calculation in any way. I find no use going back to make the
result of the behavioral design match “exactly” that of the structural one.

I did not break everything down to their lowest level (adder, mux, decoder, ...) in the Verilog
codes because it will be too messy and does not help in visualizing the design. I broke it
down enough to see the architecture of the design. Everything should be synthesizable
except ROMs and RAMs. The speed and area analysis in section 4, however, goes down to
the lowest level.

The speed and area estimation is crude.

The detailed description of the algorithm implemented is not included. The reader is referred
to [5] and any other additional references about Turbo codes.

The explanation about why F&B values can be implemented using on seven bits is not
included.
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Section 1 An Overview of Turbo Decoder

Introduction

Turbo codes are a new class of error correcting codes that have been proved to provide a
considerably better performance than existing traditional coding schemes. Originated in early
90’s, Turbo codes now is a center of many designers and researchers’ attention. The main
application of turbo codes is in the area of communications especially mobile communications.

Three outstanding characteristics of Turbo codes are

1) Use of “soft” information: Starting from detecting the signal from the channel (at
demodulators), a turbo decoder expects soft information about the symbols detected, not hard
decision (1 or 0) as most decoding schemes use. In other words, a Turbo decoder keeps the
statistics or probability information of how much likely a received symbol is close to “0” or “17
and take that information into account in determining a hard decision later. This is a reason why
Turbo codes have a chance to perform better than traditional codes.

2) Iterative processing: Turbo decoding is a scheme that takes soft information
inputs and produce soft information outputs. This operation can be performed repeatedly,
meaning taking the output of previous iteration and feeding it back as input again, until the soft
information outputs converge to good values.

3) Use of interleaver: A characteristic of good error control code is to add
redundant bits to the uncoded sequence such that the coded sequence has information about the
original sequence spread out equally over a long period of coded sequence. Turbo codes have
this property because the coder works on both a normal sequence and an interleaved sequence.
The longer the interleaver, the better protection performance it can achieve.

How do Turbo codes work?

Let’s look at some more details of the operation of Turbo coding and decoding. The
picture in the next page shows a top-level block diagram of a Turbo coder and decoder inside a
transmitter and receiver respectively.

At the coder side,

1) The normal uncoded sequence Enter Encoder 1 while the interleaved uncoded
sequence enters Encoder 2.

2) Both encoders work the same way. It is just a 4-state finite state machine

generating a “parity” bit for each received bit. The state diagram is shown below.

{00) -
0 input

(m(1) 0:(2))

g 0 The two number at each transition
(n il (1, j) means i is the received bit
. and j is the generated parity bit.

(00
m\ 1)
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3) Now we have four sequences, the original sequence (systeml), the parity from the
original sequence (parityl), the interleaved sequence (system2), and the parity form the
interleaved sequence (parity2). We can choose how much information we want to send
depending on how much bandwidth we have and how much reliable we want. The more
information we send, the more protection we have against channel noises. For example, we
could send

a) a sequence of ..., systeml , parityl, system1, parity2, systeml, parityl, ... This is

the most popular choice people use and gives a coding rate of 0.5 (original sequence
rate is 0.5 that of transmitted sequence).

b) asequence of ..., systeml, parityl, parity2, system|1, parityl, parity2, ... This gives a

rate of 1/3.
¢) asequence of ..., system] system1, parityl, systeml, systeml, parityl, ... This gives
a rate of 2/3.

In other words, any rule is possible and, interestingly, the decoder can work with any of
them.

3) The sequence is modulated and transmitted over the channel.

At the decoder,

1) The demodulator receives the signal (analog) and translates it into a sequence of soft
information. Soft information can be represented using a multi-bit digital signal.

2) Now the received sequence has to be demultiplexed to SISO1 and SISO2. SISO is a
soft-input soft-output processing block that systematically tries to find a better estimate of the
soft information of system bits. The detail operation of SISOs is omitted here. SISO1 expects to
work on systeml and parityl bits, while SISO2 expects to work on system2 and parity2.
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Depending on what has been sent, the soft information from the channel gets distributed to the
corresponding SISO. For the bits that have not been sent, the SISO will just take the soft
information of the bits to be zero meaning equally likely between “1” and “0”.

3) First, SISO1 starts working on the sequence and produces a sequence of soft
information output, which will be passed through the interleaver (same as being used at the
transmitter) to SISO2. After SISO1 completes its first iteration, SISO2 starts working the same
way and produces the soft information output, which will be passed through the deinterleaver
back to SISO1.

4) Both SISOs take turn processing the sequence and exchange the soft information until
the soft information sequence converges to acceptable range. The hard decision will then be
made from the final soft information sequence.
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Section 2 Behavioral RTL Design

The Turbo Decoding Algorithm to be Implemented

This project implements the Turbo decoding algorithm as described in class ! which has
the following characteristics:

1. Radix-2 based: has 8 transitions to be determined in each time step

2. Min-sum: approximate the logarithmic term in the soft information calculation to be
Zero.

3. Fixed-interval: each soft information output is produced from the data of the whole
block.

4, Normalization of soft information for input being zero to be zero

The verilog code for this project can work with any even number of the block length and
any number of bit-widths for soft information and F/B matrices. I choose the bit-width for F/B
matrices to be 7. The number of iterations is fixed to be 10.

Variable Mapping between Algorithm Description and Verilog Code

To avoid confusion in reading the code, it is useful to summarize the variables used in the
algorithm description in [5] and the corresponding variables (or arrays) used in the Verilog code.
Note that the M, F, and B matrices, which have two dimensions (time and state), are mapped to
one-dimensional arrays in the verilog code and MATLAB code.

Variable name in Variable name in the code

algorithm description

Name

Channel soft information SI(C(1)=1), S{Cx(2)=1)

(system bit, parity bit)

zf1, zf2 for forward ACS
zbl, zb2 for backward ACS

Transition matrix

M(Sy, O(1), Skt)

Sy = state at time k
Si+1 = state at time k+1
Oy(1) = input at time k

Although there are 8 values of M for each
time step, two of them are always zero and
half of them are always identical to each
other, so we actually need to calculate and
store only 3 values at each time step.

M[k] MO, 1, 1) and M(2,1,0)
M[k+1] : M(1, 0, 3) and M(3,0,2)
M[k+2] : M(1, 1, 2) and M(3,1,3)

Forward ACS matrix, Fr1(Sk), Bu(Sk) F[4*k]  : Fra(8:=0)
Backward ACS matrix F[4¥k+1] : Fia(S=1)
F[4*k+2] H Fk.l(Sk=2)
F[4*k+3] : Fra(8=3)
B[4%]] : Bi(8¢=0)
B[4*j+1] : Bu(S¢=1)
B[4*_]+2] 1 Bp(S¢=1)
B[4*+3] : B(Sy=3)
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Name Variable name in Variable name in the code
algorithm description

Soft information input SI(Bi(1)=1) SIf for forward computation

(also use SI[k] to store received SIf)
SIb for backward computation

(also use SI[j] to store received SIb)

Soft information output SOB(1)=1) SOf for forward computation
SOb for backward computation

Scheduling of Computation at the block level

Each block of the input signals needs to be processed ten times in SISO1 and SISO2.
Due to data dependency, the processing needs to be sequential, that is, SISO1 iteration 1
produces the results for SISO2 iteration 1, SISO2 iteration 1 produces the results for SISO1
iteration 2, and so on. Thus, to gain a major throughput increment through parallelism,
pipelining across blocks of data has to be implemented with the cost of using more hardware
resources and introducing more output delay.

In this project, I use one level of pipelining across blocks by using separate hardware for
SISO1 and SISO2, and process two blocks of data at the same time. This approximately
increases the throughput by a factor of two over the case where single hardware is alternately
used to do SISO1 and SISO2 calculation.

The rough timing diagram below show the input signal and the time it gets processed in
the SISO1 and SISO2 block. “Bi” denotes data block i. During the time data Bl and B2 get
processed in SISO1 and SISO2, B3 and B4 get buffered in the input buffer.

B2 input 133 input B4 input BS input
Bl | B2 | Bl | B2 | B2 Bl | B2 | Bl | B3 | B4
SI501 #1 #1 #2 #2 #3 wen #10 | #10 [ WR #1 #1
SISO?2 Ql B2 | Bl | B2 B2 | Bl | B2 | B2 | B3 | B4
#1 # #2 #2 el # #10 | #10 | WR | #] #1
1}
Processing B1& B2, while buflering next 2 blocks B3 & B4 \
-1

“WR” denotes the period of generating the hard decision output, which happens after 20
SISO iterations. The hard decision generation is actually implemented in the interleaver outside
the SISO1 and SISO2. The WR period written in the diagram is just to help visualizing the
scheduling. Currently the processing of SISO1 and SISO2 is stalled during the WR periods to
simplify the design but further improvement is possible to start processing new two blocks while
generating the hard decision of current blocks.
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Top Level of the Design
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The turbo decoder chip is designed to have 6 main functional blocks. Each block is
described in structural RTL style in separate verilog files and combined structurally in
“Turbo.v”, which described the exact connections and signal names as shown in the figure
above. Please be referred to section 3 of this report for all the verilog files in this design. Before
going into details about the design of each block, here I will explain briefly the function of them.

1) Input buffer (described in Input_buff.v)

The 4-bit input signal, “in”, is assumed to come in sequentially and alternatingly between
the soft information of the system bits and the soft information of the parity bits, that is, SI(C,
(1)=1), SI(C(2)=1), SI(Cy:2(1)=1), SI(Cy..2(2)=1), ... The input buffer samples the input at the positive
edge of clk in signal, the input sample clock. Upon receiving the input, it combines system bit
information and parity bit information to make an 8-bit data and store the data at every other clk_in cycle.
Since the SISOs want to process 2 blocks of data at the same time, the input buffer needs to have 4 blocks
of data buffer. While two blocks are used to buffer new inputs, the other two keep old data for SISO
processing.  Every time new two blocks of data have been received, the input buffer generates the
“ready” pulse to tell the “control” block to start processing the new received data.

The reading process is done asynchronously; it responds directly to the address signals
provided by the SISO’s.  Each data signal (datalF, datalB, data2F, and data2B) is 8-bit
wide, which comprises system bit information in the 4 MSBs and parity bit information in the 4
LSBs.

2) SISO1 and SISO2 (described in SISO1.v and SISO2.v)
A SISO receives its inputs from the input buffer and from the other SISO through the
interleaver/deinterleaver. It, in tern, produces soft information outputs to the other SISO. 1t is
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controlled to start processing in each iteration by the “control” block and each iteration works on
the whole block of data. The detailed operation of SISOs will be explained later.

SISO1 and SISO2 have two slight differences. First, the calculation of the transition
matrix is different and customized for each one of them. Second, SISO2 can be controlled to
avoid subtracting the soft information input from its soft information output. This is particularly
useful for the last iteration of SISO2 computation before making the final hard decision.

3) Interleaver and Deinterleaver (described in Interleave.v and Deinterleave.v)

The design of both is very similar to each other. The interleaver coefficient is stored in a
file named “int6.dat” (or int1024.dat for block length 1024 case) and this acts like a look-up table
to translate a normal address to the interleaved address. The SISOs always provides the
interleaver/deinterleaver with normal addresses. In behavioural RTL design, the interleaver is
implemented by storing data using interleaved addresses and reading it back using normal
addresses, while the deinterleaver stores data using normal addresses and reads bak using
interleaved addresses. So, we need only one coefficient file here for both interleaver and
deinterleaver.

The deinterleaver has a built-in hard-decision function because the hard decision is made
after the final iteration of SISO2 and the sequence has to be deinterleaved back to a normal
sequence. The final hard decision is basically the sign bit of the data stored in the deinterleaver.
The deinterleaver has an internal counter that counts up at double the clock rate. So, the output
is read out as a 1-bit sequence and finished at the middle of the iteration leaving the deinterleaver
available to be written by SISO2 in the second half of the current iteration. A control signal
named “write_out” is also generated during the final output sequcence. Together, they can be
easily used to write to an external buffer (not implemented in this design).

4) Control (described in Control.v)

The central control block is an FSM to generate the control pulses to synchronize the
operation of the input buffer, SISO, SISO2, and hard-decision making function in the
interleaver. It also generates “select” signal to control the input buffer to alternate the two blocks
of input data back and forth for SISO1 and SISO2 at every iteration. Please look at figure 4 of
the simulation results to see the detailed waveform of the control signals.

i ready —
rese
~ A

ONONO

Reach iteration 22

The design of this control block is very simple. It has an internal counter named “iter” to
count the number of iterations. The operation is divided info 3 states
1) Idle: It waits for the ready signal from the input buffer to start processing the next 2
blocks of input.
2) Start: This state lasts for only 1 clock cycle and generates control pulses for SISO1,
SISO2, and deinterleaver based on the current number of iteration.
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Iteration 1: only SISO1 running
Iteration 2 — 20 : SISO1 and SISO2 running,

last iteration processing for 1% block.
Iteration 21: only SISO2 running,

last iteration procesing for 2" block,
the final decision of 1 block generated from deinterleaver
Iteration 22: the final decision of 2™ block generated from deinterleaver

After generating the control pulses for iteration 22 , the controller goes immediately to
Idle state without having to wait for this iteration to complete. Only the interleaver is active in
iteration 22, so SISO1 can start processing the new set of input data during this period. without
interfering with the old results. In summary the time to process two blocks of data is equal to 21
iterations plus two extra clock cycle to let the controller go into interation 21 and back to idle
state.

Note on clock signals

There are two clock signals in this design: “clk_in” is the input sampling clock and “clk”
is the processing clock. To be able to process the input data stream in real-time, the procession
clock rate must be high enough relative to the input clock. That is

Time to process 2 blocks of data < Time to receive new 2 blocks of data
21 iteration time + 2 extra cycles < Time to receive new 2 blocks of data
QIN+2+p)+2)Tex < 4N+ 2) Tagin

fo =Tclk_in > 2UN+2+pl)+2
fclk_in Tk 2(N+2)

where N is the block length (excluding tail bits)
pl is the pipeline overhead cycles. Although there is no pipeline here for
behavioral RTL design, pl = 1 because we lose 1 cycle due to the hand-shake
between SISOs and the main controller.
Teaxand Ty i are clock periods
fux and fuy ;, are clock rates.

For N=6, the ratio is about 5.97 and for N=1024, the ratio is about 5.25.

Scheduling of Computation in SISO

There is a local control block inside each SISO (described in SISO_ctrl.v) which is
composed of an address counter and a state machine. The operation of the state machince is
divided into 3 states.

1) Idle: It waits for a start pulse from the main controller.

2) F B: The SISO calculates M, F, and B matrices using inputs from the input buffer

and soft information input from the interleaver/deinterleaver.
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3) COMP: The SISO continues to calculate M, F, and B matrices and at the same time
does the completion process to produce soft information output along the way.

reset

start

STATE

addr

datalF
datalB

M (forward)
M (backward)

SIf
SIb

done

Pass
start half block
(o)
Pass full block
IDLE [ FB comp | o
[ofefofsfalslef7]
ToToJoleolewleo e o
mleleo|leo|lololo| o
olololeo|w|e|e]|n
mleleoleolololo] o
olojlolo|le|leolelon
nlo|e|mo|lololo
OREOCEECEES) \(4) O ECREU)
GG (N(z) m | o
kon ®|©®|m]
®»|ololo g)tde"‘?l“fd
a apom el
by address i.
[ 1

The rough timing diagram above shows the computation scheduling within one SISO
iteration assuming the block length (including tail bits) is 8. The red bold arrows in the diagram
show the flow of data meaning what calculation takes what input. Vertical arrows mean that
data dependency happens within the same state and computation can be implemented purely in
combinational logic or with sample-level pipelining to increase the throughput. Oblique arrows
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mean that data dependency happens across the state and need internal buffers to store the data
between states. I will use LIFO (Last In First Out) buffers for this purpose.

In state F_B, the SISO only produces Fs and Bs to be used in the next state. In state
COMP, the operation gets very complicated and needs further explanation. There are soft
information outputs to be calculated in the forward and backward operation, which take a lot of
mputs. For example, the forward completion process will produce SOf for time k=4, 5, 6, 7 and
take the following inputs:

- Soft information inputs stored in LIFO from state F_B (backward path)

- Bsstored in LIFO from state F_B (backward path)

- Ms being recalculated in this state (forward path)

- Fs being calculated in this state (forward path)

There are some interesting design decisions having been made here.

1) Ms are calculated twice, once in state F_B and again in state COMP. We could
have used Ms calculated in the forward path of state F B in the backward path of state COMP
but this will require a large buffer. Given that Ms are very easy to calculate and there is no
resource conflict, the cost of recalculating Ms should be less than storing them.

2) Soft information inputs are stored in state F_B to be used in state COMP so that
the interleaver/deinterleaver are read only in state F_B and written in state COMP. This makes
the design of the interleaver/deinterleaver simpler and with less storage required but comes with
a cost of soft information LIFO buffers inside SISOs.

Simulation Results of Behavioral RTL Design

The results in 1) to 10) are from the case where the block length is equal to 6. Two
blocks of input data are generated from MATLAB in section 7 and are put a file named
“vec61.dat” (system bit information) and “vec62.dat” (parity bit information). The input files
are read by the test bench file “Testturbo.v” to be used in the simulation.

At the input buffer
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2) During the first half of the simulation while the input buffer stores the first two blocks of data.
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All the next simulation results are grapped from the second half of the simulation, the processing

period.
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5) The soft information input and output of SISOs during iteration 1-4

stturbo,clk
ntrol.ready
trol.select
start_sisol
.tkane_misol
start_mso?2
.dume_siso?
1,last_iter
1. hard diei
oatrol.iter
_buff, addrl
buff.datalF
buff. datal
bo.IUT . ST1E

bo.DUT.SIB
A(—\mc-rrno‘ —2 bo.IUT.501£

Lo Acieagnch — bo.TUT.S01b |

bo TUT . S12£
bo.DUT. 5120
bo.NUT.502f
bo.IUT.S0ZD

rho .DUT, out
UT.vritsont

olﬂfo»n hang

Cu]c, 4
PSP v T
bot g, ST'V{Q delwa.

‘ A ! i ’./._.f.
| e A —
jE— - - —t _ﬁ pra =i
[ 1 )il 2 I E] T [ 1’5
[] 1[2[3[4[5]6]7] 0 [1[z[3[4[5]6]7 1]2[3[4f5][6]7 i[2[3[4]5[6]7] 0
45] 50 [m[=[06[af[3a[00[1e] 45 [i3[0d[eb[as[42[#2[b3] 50 [2i]en[06]af[3a[00[1e] 45 [13[0d[eb]a5[4%]£2[b3[50
= Wﬁﬁ b [E2[ @] oo 3] 45] i [o0[placlos[mm]so] b3 [ea[er[es]eb[oa] 0@ 1o
Ty \opueck 343 0 [3[a]-e7] 0]
Bk 7 3] 0 IEE
7 [=]4T1] 4\ =~ = SIEIEIR 1 1 =
e I B 2 ) B A £ ) 1 A N 63 KA £
a_A [ 11t I I ) ) 3 L\ B3 ) E ) I
0/ A4 —2_J3[s[7] 0\ [[9[z D
m— 7 M7 AeEE Y 3 TaE 7 T 3)
7 / [ O Y 0 e
7 51507 mpait — \ —\
/ $1- $0,0,4,%,-%,0,0,0§ //‘ \\
SJSO{) Huahon 4 31502 , Uerahion 4 $ 1504, tobiony

S0 = 44,0,0,0,4,451,4 ¥

S0=4 5,40,0,6,% %35

6) The soft information input and output of SISOs during iteration 5-8

stturbo.clk [f7 ] ] |

ntrel, roady

If 1Y LT

[ |

trol.select ||

start_sisol
.doma_sisol
start_siso?
.done_zixoR
1.last_iter
1.bard dici

il

=
1

'_! -
M

ontrol.iter

[ul E_

-

I

7

|

_buff. addrl

[7] @ J1Je[a[a]s][6[7] o [a]e]3]«¢[s[6[7] o [1]2][3]s[s[e]7] 0 [iJeJaJ4]s]&]7] 0

buff, dstaly |[[b3] 50 [21]2[06]df|3a]00]1a] 45 |13]0d]eb]ab |45 £2]b3] 50 |21|2b|06]df]da[00]1e] 45 ]13]0d] eb]ab] 4€]£2]b3] 50_
buff.data1n |[[a5] 1e |00]3a]a£]06] %[ 21]50] b3 [42]4%]e6]eb]0d[13][45] 1o |00]3a]df]06] 26| 21|50 b3 |2 4£]ab|eb]0d[13[45] 1o
bogur.sxtff| 0 [-4[1]0]-3[1] 0 T2[-1]2]4]2] 0 f2J1]2]-1] a 1574]-8]4]1] 0 1
bo.DUT.ST1h ]1]-3 0 [-5[2]4 ] [ -1 ]2 0_ |6 ]-1]-4] 0
bo.DUT. S0LE a ) B B L a1 = a[al0] ) 2 IDRE
bo,0uT. 5010 | 2] 4 a[a[i] | @ TR[2[1] 5 [ -1i]2[] 3 [3]7][0] 4
bo.ur.sxzi|| 0 J1]7[A[4] LR 0 |-1[0]2]4]3] 0 [4[2[4]5]4] G\ | 1 [&]3[a 0 [
bo.UT.51% o [e[1]4] 0 BRI o [i4[s[__ o IBEE -
bo.0uT. 502# || <3 7 T2]1]3] 5 (2[4 ) 3 Tal4]5] 5 1 1
bo.puT. 502 || 0 | 5 ] [2]5[2] i DER N T& [§]-8] = [ [a] o)
rho.DUY. oot / e vee / A
UT writeout gr /
/ / I
cISo Hercim 2 Sisuz,ik'ﬂ-lb 81504, tden 4 Sis0z,

OM\] e owd pwb fon bledk 1 onq ioo'mled. owl 1""}11

The w\m\s ln Llock 1 an lw’f

4 dhe sthan s180.

et secken’s Heanbion Q)

SIS02, ituahay

hen ¢



EES77B Section 2: Behavioral RTL Design Pawawongsak 14

~ 7) The soft information input and output of SISOs during iteration 9-12
stturbo.clk L M , K M P ML LU
otrol.ready
trol.select|| | - B -
start misatf| | B '
.deme_gisol =T 1 1 F_
start_siso2 = | J .
.dome_sisog 1 1 1 i -
1.1ast_iter
Lbard dicif| — —— —————— g S
antrol.iter || 8 9 | 10 | 11 1 12 [13
buff.added (7] 0 J172]3[4[S[6][7] 0 JaJ2[3[4]s[6[7] 0 [iT2[3[a[s][6[7] 6 [1[2[3[4[5][6[7] ©
buff.datal¥ |[[b3] 50 [21]eh[06[df[3a]00[1c] 45 [13[0d[eh[oh]d£[£2[b3] 60 [21[#h]06]dE]3a[00[1c] 45 [13]0d|ch]a6|4%[$2]b3] S0
buff.datals (45| 1e [00[3a[df[06]2b]21]50] b3 [£2[4f[as[eb[0d[13]d5] 1e [o0[32]af[us[mm]21]50] b3 T#2[4i]a6]eb[0d[13[45] 1o
boowr.stf|] 0 [~4[1] 0 [1] 0 [-2[1]4a] 0 [-[z]a]2] 0 [6[4]-8[-4[-1] 0 T
bo.DUT. STIb 0 [31] i SIS 0 [-oT2] 0 [S[0-4] 0
bo.our. 5014 |[[ 1 ] = ] J2[1] 0 [=[5] 5 [E[a[0] ) z [a[i] =2
bo.DUT. 501k (@] 4 BT 4 [3[-2[1] 3 1 7 ] 3 [1]7[0] ¢
voovr.si2e|[ 0 Ji]7]0]a]2] 0 [aJo]a]a[-s] 0 J-3]2[5]6]B 0 [ A [4[3[3[ 0 1
bo.DUT. S12Zh ] 27T 0 T2[4] 0 [a]-5[6] 0 [-2[-3][3] &
bo . DUT. 502§ -1 JoJ-2[2] [ 0] 2 ]‘\ -2 [-1] 4]-5] 5 o | -1‘\
bo. DT 502h 0 [S[1] 3 = ) i Te]&-8 = A o/
vbo.IUT .out —
UT.writeout

P 8) The soft information input and output of SISOs during iteration 13-16
sttvebo.elk || ML R L LI J
ntral. ready
trol.saloct ]
start_wisol || | !
.dona_sisol [I[] 1 1 1 I ) [
wartiso( —( i i 00000
.done_siso2 ||[T] 11 1 1 | g (o
ey S— : — -
ontrol.iter | 12 13 [ 14 T 15 I 16 117

_buff.eddr1 [[[7] 0 J1]2]3]4]5]6]7] 0 [1]2]3]e]5]6]7] 0 [1[2[3]a[5]6]7] o [1[2]3[4][s[6]7[0
vott. dataty |([b3]_50 |21 @[06[a¢|3a]00] 1s] 45 J13[0d[eb[e6]¢£[£2[b3] S0 |21 [m[06af]3a]00]to] 45 [13[0d]cb[aE]4x]£2[b3[ 50
buff.datats ||[45] 1o |00]3a|af|06|2b|21]50] b3 | 18] 4%|ab|ab|0d]13[45] 1o |00]3a[df[06[2n[2i[50] b3 [f2[4f[af[eb[0d[13]45] Lo

bomur.sifll 0 [-4[1] 6 J1] 0 [-2[1T4] o [Az]1]z] 0 [6[a]w[]-1] o ]
bo IUT . ST1b 0 [-1]3] 0 [-4[0]4] 0 [-i[o] 2] =B [5]-1]4] 0
bo.out. 5014 [T 1] 2 ] Je[i] ) © IBEE 5 3o ] ¢ To]1]-2
bo.mur.soth ([ 0] 3 @ o [/ ¢ [3E[=[1] 3 7 ] 3 Ti][7[0] &
bour.sz2t|f O [1]7]0oJ4]2] b [ao]z]4]2] o [-a[-2[5]6[-5] 0 [ -1 [4]3[-3] 0 [
bo.DUT, SI2h 0 T2]4] 0 ) ) pp——y [1]E[6] 0 EEE
bo.mT. 502 |[] a [8]=[2] 1 [0 2] ] - T[4 ]-5] 5 [t ] 1]
bo.DUT. 582 0 T-]1] i IRV 2 [sTs5[-8] -4 \ [ o/
rba . IHIT . out

UT.writeout
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9) The soft information input and output of SISOs during iteration 16-20

stturbo, clk

ntrol.ready
trol.select

start_sisol
.done_sisal
start_sisoZ
.done_sxiso?
1.last iter
1.haed_dici
ontrol.iter
_buff, addrl
buff,datal¥
buff,datais
bo JUT.ST1E
bo,DUT.ST1h
bo.OUT.S01£
bo.DUT.501b
bo.oUT. 5128
bo.DUT.512h
bo.0UT.S02¢
bo.IUT . 502
rbo.JUT.out:
UT.writeout

18 19

[&

[7] o JaJ2]a[4f5]6[7] o JaJeJaJa]s[e[7] o Ja[2[3[a[s[6e][7] 0 1

2]3JaJs5]6]7] 0

b3 S0 Te1[e]06[ef[3a[00[1e] 45 [13[0d[eba6]dE[R]53] 50 [21[@]06]at[3a[08]1e] 45 [33]

0d[eb[ a5 4£[£2]b3[ 50

[45] 1o [00]3a[at[06]2]21[50] b3 |72[ 4] a6]cb]0]13]45] i |00[3a]df|06]2b[21[50] b3 |72 4%]a6]eb]0a]13]45] 1s

B [4[1] 0 J1J ] [-2[1]4] 1] T-121]2] 0

6] a]-8]-4[-1]

0 JEJEN ] T4]oJ4] 0 [-i[o]2] [

5 134]

1] %] Je[i] ) = a[ae] |

IODE

i

T [S[E[a]
A0 1) ¢S]

0] 1 3 EREIN)

E]

[1]7]0] 4

0 Ji]7JoJ4]2 U [-1foT2]4 2] 0

T3Zs 65 0 | -1 [4]3]3]

0 £

0 [efa] 0 [-2[4] 1] [1]-5]8] 0

T-2[-3[ 3]

[1]

jo] 2 | |

]

4

-1 [of-2[2]

-2 [-2fa]-5]

5

3

D [4[1] 4 2 [6]5]-8]

pry

R

1]

r
i

10) The soft information input and output of SISOs during iteration 20-22

stturbo, clk
start_sisol

RE
[

Jdome_sisol
start_sisoZ

;._|_I

[

.done_siso2
I.last_iter
T.hard_dici
mtrol.iter
_buff, addrl
buff,datalF
buff, datalB

-

O

6]7] o JxJ2]3Jef[s[6]7]

00]1e] 45 J13[0d[eb[a6[4f[£2]03]

45

2150 b3 | £2 |4f [ah | eb | 0d]13] 45 ]

b3

bo.DUT, SI1£

(N EAEIEIEIEY

bo.1UT,SI1b

0 [s[-1]-4]

bo.DUT,S01E

4] 0] 2 To]1]

bo.IUT,501b

3 [1]7]0]

EIE3

bo, 00T, 5124

o [ -1 [a]3[-3] L [1]7]oJaf2] o ]

bo.DUT.512b

0 T2[-3] 3] 0 T2]4]0]7]1]

bo.DUT . 502

a]5] 1 [2]-=e]2]

=l

5 [-2]
= )

bo.DUT. 50Zh

[51=]

Tal4l7]

=

sttuxbo.out
bo.writeout
e.commt_out

-4 [-1T3]
e | (

1

./

b e il

YABBE0E0!

1[2[3[4]s[e]

0

La

zf'
‘Fi'hml m\{‘o«} o{j Lo 1 /

:{f,l); )OB

51!

Dal owlpad- of bleake

- {o, |)o?o)o,13
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- The results in 11) to 16) are from the case where the block length is equal to 1024. The first j( X
block of data is from the noisefree case and the second block is from the 1dB-noise case
provided in the class web page.

11) Block length 1024 : At the start of processing, SISO1 takes inputs from the input buffer and
starts processing iteration 1.

wvbmo.alk LM MM ALTLLNLT Iiaiulisiniuiniaiaininintiaiuisisiainiatniatintial:
0.DUT . ready [ |
L
.dome_sisol
start_siso?
.done_siso?
T.last_iter
T.bard_dici
ontrol.iter | ODDODDON | 00000001
_buff, addrl 0 T1T2]3[4]s[s][7][8]9]10]11]12[13]14]15]16[27[18]19]20[21[22]23[24]25]26] 27 28]
buff.datalF ot 44 Jccldc[4d]ccldd]ccldefed] 44 Jed] dd Jdcfcd[dd[dc] cc [44] dc [ed[ccled]ec[de]ec|
buff,datald o 44 [ccldd[cd[cclec[44] 4c [44]cd] cc [4c[ct| d4c [c4[4d[cd[4c|[cd[dc] et | [T
bo.DUT.S5T1£
ba.DUT.S11b
bo.DUT.S01f |
bo.DUT, S501b
bo.DUT. 512§ 0
bo.DUT,5I2h 0
bo.DUT. S02f

-~ bo.DUT.S02b | ) ?

d

12) Block length 1024 : At the middle of iteration 1, SISO1 starts giving out the soft information
outputs

eu= = ey i () o O g g ey O e e g N L e 5 5 5 5y S ]
start_sisol

Jdone_sisol
start_sisoe2
.done_siso2
T.last_iter
1.hard_dici
ontrol.iter 00000001

_buff, addrl |513[514]515[516[517]518]519[520 szllszaisaalsealseslsaslsmlszsismisan[531[532[533!534Isaslsaslmlsaalsasls.mé/'5 k A
buff.datalf | dc] 44 cc] cd | 4d|4c| 44 dc|cc|cd |44 dc|cd|cc]cd] 44 [ed]ec| dc  [44] oo [et Clon Tonvarth,
buff.datals | cc]dc|cd|dc] cc | dc | 44 | c4 | dc |cd| ec |[dd[dc]cdcc[dd]cdfdc]cc]dd]ccf4d

bo.DUT.SI1£ 0
bo.DUT.SI1h 0
bovur.sorf | 2 [ 7 | -8 | 7 [ - T 7 1T -8 ] 7 [ 8 | 7 ] -8 -
bo.pur.soib | v [-8] 7 [-8][ 7] -8 7 T -8 T 7 8 | 7 | -8 J7]-8]7][-8][7]8 ...
bo.DUT.512f 0
bo.DUT.S1Zh \\ 0
bo.DUT . 502£ \\ ¢ -
- bo.DUT . 502h S T ? - !
tlode 4 7'\,&‘9‘?\"0" i: \\____
i’ d 1
So cui;w ok Hhe Lerviond ca.f:.n:llahm \\_50 ot put al W bk piong -
shad o Y i Cloven Yo tha ol slaat ot Yo micldle o dhe begi“:.?

CL(T—fJ"fJS‘(’)‘DIC)--' :’025) (L(: 5‘-3)5’9_)5’})_“)0>
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13) Block length 1024 : At the end of iteration 1 and start of iteration 2. SISO1 starts working
on data block 2, and SIO2 starts for block 1.

stturbo.clk
start_sisol
.done_sisol
start_siso?2
.done_siso?
T.last_iter
T.hard _dici
ontrol,.iter
_buff, addrl
buff.datalF
buff,datals
bo.DUT.SI1f
bo.DUT.ST1b
bo.DUT . S01£
bo.DUT.S501b
bo.DUT.ST2£
bo .DUT.S12h

bo.DUT.S02f |

bo .DUT.502b

o R O I O T O | 8 [ 12 i R VY R S I
1
1
=
1 | 2
[1018{1019]1020{1021[1022[1023[1024[1025[1026] 0 [ 1 [ 2 [ 3[4 [ 5 [6 [7 [ 8 [ s [10[11 1213
d4c |44 [dc[cc|cd |44 [cc[dd | (53] aD[40[44][B8c[33][ 00| 7b[c7 | 03[ 4b [ a7 [ 46] 53
cd[dc[cc[#4]cc[dd [dccc[da ] [71]eB[de[b7[0d[£9[ 7330 7e [ 06 [ b7 [ bec [ Ob | 50
0
[ 0
——t T 8 |7 ]-8Y :
7] 8] 7]-8]7]8] 7 ]-8] = 7
e o —— [ 7]8]7]8] 7 =3 7
0 ?j—?\‘_lﬂ*ﬂ?l*]?l-ﬂ 7| -8
i bl ey R —
e —

14) Block length 1024 : At the middle of iteration 2. Both SISOs start giving soft information

outputs.
sttwbo.clk |[ ] [ T [T B wlmNg Ii A il
start_sisol
.dene_sisal
start_siso2
.dene_siso2
T.last_iter
T.hard_dici
ontrol.iter 2
_buff.addrl |[505]506]507]508] 509]510] S11]512]513]514] 515] 516] 517 518] 519] 520] 521522 ] 523] 524 [ 525 526 [ 527] 528]529]
buff.dataly |[0B [ 78 [ 06| da | 0a |90 7b [ 30 [ad [14 b0 [a0 [B2 1759 [03 [ 68 [fc [ b0 [ 60 [7£[e0 [ Oc [ ed [ 7£ ]
buff.datalB {[03 [ 59 [17 61 [a0 [ b0 [ 14 [ad [38 [ 7b [ 90 [0a[da [06 [ 78 [ 0B [b3 [42 ] al [bf [da[39] al [cc]8b]
bo.DUT . 5T1£ 0
bo.DUT. ST1b 0
bo.DUT.SOL£ 7 1—813[-11-1[—81311[4]7[-31-—?]_6[?[—6[-31—5[3
bo.DUT.S01h 7 [8]3]3][3]7[afJ-3[2[-7]s5[3[s[-4]1]
booursi2f [ 7] -8 | 7 [ -8 [ 7 | 0
bo.DUT.SIZh | -8 | 7 [ -8 L T I [1]
bo.DUT. 502§ 2 — 193] =% ] 7 | 8 J7] ® [7] . ]}
bo.DUT, 502 ? - (2] 8 | 7 [ -8 J7] -8 T 7 = I

1

§

mmpad o
S1809

sl pakol

block 2 ,
iteration 4
o siol

outpat ok

laloc\(i)
e nn Yoo 2
ot Siso g
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15) Block length 1024 : At the end of iteration 20, SISO2 has just finished processing its last
iteration for data block 1 and the deinterleaver starts giving out the final output. Note that the
final output is sent out at at double the clock rate.

stturbo.clk || | ‘ = = S
start_sisol "—'—‘ - B }
.done_sisol [ L
start_siso2 |
.done_siza2 1
T.last_iter 1
T.hard_dici I
ontrol.iter 20 | 21
_buff. addrl || [1022]1023[1024[1025[1026] 0
buff.datalf || | b7 [ de [ eB [ 71 [ 53 | 44
buff.datalb|{ [ 44 [48 [ d0 [ 53 0d | E 44
bo.DUT. ST1£ 0
bo,DUT.SI1h
bo.II!T.SGHITI -8 [ 7]-8] 7
bo.DUT. S01h i;l 8] 7 [-8] 7
bo.DUT.SI2£ 0 [7][3]J7][s8][e][a[3]7][s8]7]6]7[]2]6] o J7]3
bo.wr.sm:% 0 [7[1]7]-s5]-6]-2[0]5]7] -1 J7]-7]-3]1
bo.put.s02f (1 | 7 | -8 | o_fo Produes Bleel oubpal 7
bo.por.so2b|l 7 [ B[ 7 [ -8/~ — 7
ST Y | — ) M B By A I 1 J L L LI
bo.writeout |} /I
0 A £ £ E1 0 B 3 £ 2 ) £ 6 D T ) D D D P P e S T e T e EE L ESEC 1

pf‘hal ov\.i'fzu\}' {n !.:;,oc:}ci (ﬂo;ﬁf PeT] CDV}&)

16) Block length 1024 : At the middle of iteration 20, the deinterleaver has just finished giving
out the final output for block 1.

stteabo.clk | 1L LT
start_sisol
.done_sisol
start_siso?2
.dome_siso?
T.last_iter
T.hard_dici
ontrol.iter
_buff.addrl
buff, datalF
buff. datals
bo.IUT.SI1£
bo.DUT.ST1h
bo.DUT. S01£
bo.DUT.S01b
bour.si2e| 8 | 7 |4]7] 7 |7]-8]-6[-1[3] -2 [ 7 [-8[o[5] 7 [-s[-2[-8[s5] -8 [-1[1]-8

bo.ouT.ST2b |[-8] 1 ]-1] -8 |5]-8]-2]-8] 7 |[-5]0]-8] 7 | -2 [3[al-a[-08]7[ -7 J7]4] 7 [ 5

bo.uT. S02 7 Tll8] 7 [S[ela[s] = [3]s o pe of
bo.DUT. 5020 7 =6 [e[2[6]-0]7]-0[5[4]s] 7 & wlock2,

atturho. out 1 (frehen Jo
bo.writeout | ot S(sa2
e.comt_out] | HENNESNESENERENNENRINNNNRENANI 0

<ljvlie||el |2l 2] =B
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17) Block length 1024 : At the end of iteration 21, SISO2 has just finished processing its last
iteration for data block 2 and the deinterleaver starts giving out the final output for block 2.

stburbo.clk
start_sisol
.done_sisol
start_siso?
.done_sizol [ 1
T.last_iter
T.hard_dici 1

antrol.itex 21 | 22 | 0
_buff. addrl 0
buff,datalF 44 |

buff,dataln 44 1

bo.DUT.ST1€
bo.DUT.SI1b
bo.DUT.S01£
bo,.DUT.501b
bo.DUT. ST2£
bo.DUT.SIZh
bo . DUT . S02£
bo.IUT, 502b 7

stturbo. out A 1 Jure s 711 LT
bo.vriteout /]

]_ 0 1[2]3[4]s[6]7]0]9 [10[11[12]13[14]15[16]17]16{19]20{21[22{23]24

S8

~liNIe||e

1
=4
1
W

S~

0
=1

&
b ag ]|~
m=lialie

s e o B
|
(=

W | = b —

1
U]

b — —{ —

~3|| ]|
|||l f e
| O | -
|

~

waf | =] e

b }—4 b—f 3o

L}
w

- -
S | -

! .\
18) Compilation report Final onfpul fn blocle2  (C1-de voise cost )

Compiling source file "Testturbo.v"

Compiling included source file "Turbo.v"
Compiling included source file "SISOl.v"
Continuing compilation of source file "Turbo.v"
Compiling included source file "SISO2.v"
Continuing compilation of source file "Turbo.v"
Compiling included source file "Control.v"
Continuing compilation of source file "Turbo.v"
Compiling included scurce file "Input buff.v"
Continuing compilation of source file "Turbo.v"
Compiling included source file "Interleave.v"
Continuing compilation of source file "Turbo.v"
Compiling included source file "Deinterleave.v"”
Continuing compilation of source file "Turbo.v"
Continuing compilation of source file "Testturbo.v"
Highest level modules:

Testturbo

Block 0 : Start checking final decisions
Block 0 : Complete with #errors = 0.
Block 1 : Start checking final decisions
Error at time k = 71, Simulation output = 0
Error at time k = 173, Simulation output = 0
Error at time k = 427, Simulation output = 0
Error at time k 597, Simulation output = 0
Error at time k = 643, Simulation output = 0
Error at time k 655, Simulation output = 0
Error at time k 706, Simulation output = 0
Error at time k = 780, Simulation output = 0
Error at time k = 1000, Simulation output = 0
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Block 1 : Complete with fferrors = 9.,

L28 "Testturbo.v": $finish at simulation time 700100
0 simulation events (use +profile or +listcounts option to count)
CPU time: 3.5 secs to compile + 0.8 secs to link + 285.2 secs in simulation

The are 9 samples of the simulation result of block 2 (1db-noise case) that do not match
the given test vector. For all mismatched points, the simulation gives 0 while the test vector
gives 1. I have done my own Matlab simulation and had the same results as this Verilog
simulation, so I think it is the given test vector that is wrong. (My Matlab code uses full

precision for F and B matrix calculation so this also proves that a wordlength of 7 for storing Fs
and Bs is enough.)
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o Section 3 Structural RTL Design
SISO Data Path
1 I 1 vidie2 1 1 1
! ! ! “T | son] : !
: : ' - - :
1 | FO MOf| addr1]0] 1
i i
: : Sa s F_cal : ol ME [
g F2 p | datatF
o] Comp 22| comp [T 1 (AcS)  |atpuze —
g i
o il sum CSf lep|  Af |
SOf 1p i S 1
) “I| Compt (compare (add) L i | si
i /select) yOf 3; ! !
4 | < 1 1
™ 1 > yif I I
: last_iter_ff ] : > yof : i il - : wn(eﬁ‘ l'
| : yaf ‘551 Z:oj T i
i i ¢ B Uro] LIFO B ! Slb_LIFO !
Forward Path : 5 TIFo B3 | |
’ | ; | - | :
1| | ll - : wri(e?‘ l :
L L Slbi
i i ] LIFO _SIb (€
: | : : ] — 4 |
writeS, addr5 to 1: II i E } write1 | :
Interleaver/Deinterleaver | [ I : —: >
> TR : : : : | addr to Input_buff
doneb to Control | | I write2 | | 1
= : : : : s!arlZi ! :
- | : ' ' . :
! ! BO 0b addr1{0] !
| i e e ] Bcal [{The Mb [
i x1f B2 o datalB
nE ——
| oehpry COMP 2 Comp P WS (ACS) S
ai Sum _CSf & _Ab
SOb 1p Otel 1
¢ Compb (compare (add) E E
& | /select) PR aE ! !
| 1 e : ! |
! last_iter_fF| : < y2f =: . E E
| | 1 L|
| | < y3f iF1_LIFO I I
5 tro] LIFO_F i
Backward Path || % FATIFD - | :
: | | : [0 :
: : : wntez| -, :
| i ; LIFO_SIf [
: | : | | x |
: | i : L el |
| | I | | |
stage 5 ! stage 4 ! stage 3 : stage 2/2 : stage 2/1 ! stage 1 !

(Blue vertical lines denote pipeline registers. Red denotes control signals.)
(write = 1 during state COMP)



EE577B Section 3: Structural RTL Design Pawawongsak 22

Explanation of SISO Design

1) The SISO block is subdivided into 6 stages of calculation which will introduce a input-
to-output delay of 5 clock cycles. There is no delay between stage 2/1 and 2/2 although there are
registers for storing Fs and Bs. This is because we use the initial values of Fs and Bs (0, Inf, Inf,
Inf) for the first step in the completion process. These initial values can be made available
immediately at the same time when Ms are ready from stage 1, so we save on using pipeline
registers for Ms and F_LIFO between stage 2/1 and 2/2, and also save 1 delay cycle.

The blue vertical lines denote pipeline registers which are actually implemented
implicitly inside the blocks generating the output signals. (The blocks produce output in an
always process sensitive only to the clock signal). The registers inside LIFO buffers are not
counted as pipeline registers.

2) The ACS processing inside F_cal and B_cal is known to be unpipelinable due to the
feed back of Fs and Bs inside this block. The number of pipeline stages as well as the amount of
processing in each stage are designed such that the delay in each stage is approximately balanced
and less than that of F cal and B cal block. This means the maximum clock frequncy will be
limited by F_cal and B_cal. The details of each block can be found in Verilog codes in section 6
and will be discussed later in this section for estimating area and speed.

3) The local controller in SISOs is the same as the case of behavioral RTL design. The
control signals either from the SISO controller (i.e. write and addr) or from the main controller
(i.e. start) are delayed by going through serial registers. The delayed control signals are used in
the pipelined data path with the amount of delay corresponding the the pipeline stage.

For example, “write” is generated from the local controller, passing through a register
and becoming “writel” to control components in stage 1. “writel” passes another register and
becomes “write2” to control components in stage 2, and so on as needed. By using pipelined
control signals, we simplify the controller design at a cost of using more pipeline registers.

4) LSB of addr signals from the counter, addr[0],is used to differentiate between odd and
even time steps in M calculation.

5) The thin block right before the completion process (Comp_A block) is a tri-state gate
and controlled by “write2” signal. They block the signal during the first half of each iteration
(F B state), where completion calculation is not needed. They do not contribute to the
calculation of output signal and do not affect the correctness of the output, but are provided just
to save energy in real implementation.

Interleaver

The interleaver is implemented by using a 2-port-read RAM and an address-translation
ROM. SISO1 writes to interleaver by supplying address addr_w, and data SOf and SOb. These
forward and backward data (SOf and SOb) are written together through an 8-bit write port and
go into two adjacent locations addressed by addra. The reading process, however, happens in an
interleaved order (can be thought of as a random order) and need two address ports and two data
read ports for this purpose. SISO2, who wants to read the data, supplies the interleaver with
address addr and this gets translated by addr ROM to be two addresses pointed to the needed
locations in the RAM.



EE577B Section 3: Structural RTL Design Pawawongsak 23

1 8bit port write
2 4bit port read

¢S outa < sof
¢Sk ombdata_RAM o ¢ | sob

r‘ addra addrb

out

addr ROM ['"

read

addr

addr_w addr

The trick to enable us to use only 1-port-write RAM instead of 2-port-write, which will
save us 2 extra bit lines later, is how to pre-manipulate the coefficients stored in addr ROM so
that it will point to the correct locations during the read process. Let’s look at an example of
block length N=6 and interleaver coefficeint {3, 2, 5, 0, 4, 1}. In my design, I need to store the 2
dummy tail bits also and this make the block length virtually 8 and the coefficients {3, 2, 5, 0, 4,
1, 6, 7). Consider the fact that a pair of data will be written at the same time in order {0,7},
{1,6}, {2,5}, and {3,4}, if I use an 8-bit write port, two data in a pair have to be combined and
written to adjacent locations. Thus, the stored data will be in order {0, 7, 1, 6, 2, 5, 3, 4}.

The original coefficients {3, 2, 5, 0, 4, 1, 6, 7} is meant to be used with a normal
sequence of stored data {0, 1,2, 3,4, 5, 6, 7}. Now that we have stored the data in a non-normal
sequence, that is {0, 7, 1, 6, 2, 5, 3, 4}, we will have to derive a new set of coefficients to retrive
the data.

Let D=1{0,7,1,6,2,5,3,4} and lu= {3,2,5,0,4, 1,6, 7}. The new coefficient, Iy,
will be

Lew(1) = k where D(k) = Lya(;)

For example, I.w(0) = 6 because D(6) = 3 = I,4(0). Following this equation, we will get
Liew=1{6,4,5,0,7,2,3,1}.

We have avoided using a two-port write RAM by noticing the writing pattern. Similarly,
we can also avoid using a two-port-read addr ROM by noticing the fact that the soft information
is always read in pairs of order {0,7}, {1,6}, {2,5}, and {3.4}. So, we can store the coefficients
for k={0,7} together as a 6-bit coefficient and so on. Thus, the stored coefficients will be
{(6,1), (4.3), (5.2). (0,7} = {110001, 100011, 101010, 000111}. I have written a Matlab
program, gencoeff.m in section 7, to calculate these new coefficeints for any even number of
block length.
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Deinterleaver

The deinterleaver is designed the same way as the interleaver except that there are some
added components to accommodate reading out the final decision output. The final decision is
basically the sign bit (MSB) of the stored information. We just have to read it out in a
deinterleaved order. A counter is used to generate a normal sequence and a special multiplexer
is used at the output to select the output. The first half of the output will come from SIf port and
the later from SIb port. A special control signal named “writeout™, which is active during the
final output period, is generated from the control pulse, hard_dici, from the main controller.

1 Bbit port write
2 4bit port read
g Out [
ok < SIf | outa in"_4_1__§£1L
< mux Slb outbdata—m \M | | sob
— e
ot '
(hard 7.3 =) addra addrb
dicision)

writeout

1 port

addr ROM

read

addr

addr_w

Out

counter

"mm
addr |
|
1

c—————

reset |~

Input Buffer

We need 4 blocks of input buffers to be able to process the signal in real-time, each block
with a size of (N+2) x 8 bit. While two buffers are used to keep the incoming data, the other two
will provide the old received data to SISOs. They have to switch roles at every two blocks of
data. A 4-bit input register is used to combine system bit and parity bit information into an 8-bit
data word.

The address counter is used to generate the write address, addr_w, and control signal,
bank[1:0], to select which bank is being read or written. bank[1:0] are just the two MSBs from
the counter. The mux42 and demux42 are special multiplexers used to multiplex data and
address bus.
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1 8bit port write 4
2 8bit port read
Sif outa )
- < s |ouy BUFfeTO g / DFF 4—7L .
| 8 4
7 addra
winie2
out
"t > Sif outa i
in n
) < Slb outh Bufferl e—=——
datatF o | |
| out0 —
data1B | | 5 addra
4-————-——-—-..‘_1
mux42 Viied / A
‘,‘”-. outl
data2F < :
| in0 ‘_ addri
data2B & - ; out1 from SISO1
N e Sif outa )
in2 L ob | owp BUffEr2  Ne——
demux42
7 addra
) addr2
i from SISO1
out2
bank1 in3 & SIf outa ffer3 .
selact in,
. sb | ou Buffer e
2 addra
__}wme{]
bank[1:0 wirltel
i decoderd ;?wme? (i
< write3 n
g writed
2MBBs e select (from SISO control)
Addr ‘ / out
counter I addr_w _—
the rest LSBs
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P The timing of the control signals and the operations happenning are as follows:
bank] Select Operations
0 0 Buffer0 is read to SISO1

Bufferl is read to SISO2
Buffer2 or Buffer3 is written, selected by bank0

Buffer0 read to SISO2
Bufferl read to SISO1
Buffer2 or Buffer3 is written, selected by bank0

Buffer2 read to SISO1
Buffer3 read to SISO2
Buffer0 or Buffer] is written, selected by bank0

Buffer2 read to SISO2
Buffer3 read to SISO1
Buffer0 or Buffer] is written, selected by bank0
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Simulation Results

The result are for the case where the block length is equal to 6. The results at the input
buffer and main controller are the same as the behavioral RTL case (figure 1 to 4 in Behavioral
RTL simulation results).

o Sient’
&‘&J‘“a’l : JE,.'[Q\*_L‘-

1) Simulation|results for the whole simulation time. / fﬂ"ﬂ‘”"'ﬁ
0.IUT.start z

b{ aged o

il 1 u apJ< 39?
' I
|
1

start_sisol K%

start_siso? 59

-done_siso? RER
T.last iter S0
T.hard_dici
antrol.iter | °
_buff.addrl || 7| |
buff, datal¥
buff.datalB
bo.DUT.SI1£
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bo.DUT.S01b f
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2) The soft information mput and output of SISOs during iteration 1-3 M % 9:—:
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—y i
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.done_siso?2
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3) The soft information input and output of SISOs during iteration 4-6

stturbo.clk LI L] L d ML
start_sisol 1 1 M
.done_sisol I 1 T
start_sisol [ [ [T
.done_gizo2 1 g I
T.last_iter
T.hard dici
ontrol.itec|| 3 | [ | 5 | 6 | %
_buff, addrl 0 [1[2][3[4[5][6]7] 0 [1[2]3]4[5]6]7] o0 J1[2]3]4]5][6]7] 0
buff.datal? || 50 | 45 [13[0d[eblas[af[£2]b3] 45 [ 50 [21]2bjos[as[3ajo0fle] 50 [ 45 [13[pd[eblas[4f[f2]h3] 45 [ 50
buff.datalB || 1e | b3 [f2[4f[ableb[0d[13[d5] b3 [ 1e [00[2a[dff0s[Zb[21]50] 1e [ b3 [f2[dflableb[0d[13[d5] B3 [ 1e
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bo.DUT.511h 0 o o |3 0 | £ N Y — T [-5[2] o [-5]2] 0
bo.DuT.S01£ |[3] 2] 1] 7 Bl = ] 7 3 2 o 7 T a]1]5]7
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bo.0UT, 5025 || 0]-8]2] 7 [ 0 3 7 Tz[52] 4] 7 0[-11]2]7
=
4) The soft information input and output of SISOs during iteration 7-9
stturbo. Xk LML LML AL AL e e e L LA L A LU UL U
start_sisol 1 [
.done_sisol 1 1 1
start_siso? 1 1 I
.done_siso? 1 1 1
T.last_iter
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5) The soft information input and output of SISOs during iteration 17-29
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6) The soft information input and output of SISOs during iteration 20-22 sleat $ locle. 34
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Section 4 Timing and Area Estimation

Layout and Color Plan

» Standard cell height =40 A

= Routing space between cell rows =24 A (three 4-bit-wide horizontal channels) or 17 A (two
4-bit-wide horizontal channels)

= Routing within standard cells : metall, poly, and metal2 (if really neccesary)

= Routing within blocks : metall for horizontal and metal2 for vertical / .,-'Q‘:l‘” 5 oy, S

* Global routing : metal3, metal4

Layout of Basic Blocks (grid =21) ///Celsf /]

g_p c—'_z_:’_. ‘-g' -

2-port RAM 1 bit cell
size = 34 x 56
delay 0.8 ns (when output goes low.)

30.00 70,00
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ROM 2-bit cell

: L s
size =20 x 26 bite 7

xnd [yt - .

=
Lot Lot

ld_q \\ -1_5: _ '/l’xmi‘ﬂ,o\ Cxichy
{1 0" dodar

NO J‘f%\a\s]{,\
‘CC/\_ » i h

DFF size 80 x40
Worst-case clk-to-q delay t,=0.26 ns
Worst-case setup time t;=0.18 ns
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- Mux2 size 54 x 40
: worst-case delay tpass = 0.03 ns
sel-to-out delay = 0.25 ns

1-bit Full Adder

A half adder is simply an XOR gate (for sum) and an AND gate (for carry). Two half
adder and an OR gate can form a 1-bit full adder as in the picture. The path for generating the
carry can be transformed to use 3 2-input NAND gates. The XOR gate is built based on pass
transistors, which uses only 6 transistors but has a poor driving capability. To increase its
driving capability, the second XOR gate is changed to be an inverted XOR gate plus an invertor,

which acts as an output buffer.

A Ng
o Sl S e [ C DD
—_— ] =

Ci.,

HA = half addin | o D ‘DD_ -y
owl,

size (126 x 104)
~ worst case delay = 1.1 ns (approx.)
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NAND E uses bigger
transistors to increase its
output driving capability.

XOR B is implemented
with an inverted XOR +
an invertor as an output
buffer.




EES77B Section 4: Timing and Area Estimation Pawawongsak 34

nand2 (30 x 40) xor2 (52x40) xor2b (52x40)

SISO stage 2: F & B Calculation (F_cal and B_cal)

Compared to other SISO stages as we will see from their schematic later, this stage
obviously has the maximum calculation path. Assuming that the delay in the input buffer stage

is also less than this stage, we can find the maximum running freqency by determining the delay
of this path.

I

MUx2_ |\ Ao
ATTE /P
CtP_c»JL
Cslant )

Sigp it
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- 1- Bit ACS unit + register size =512 x 128
_ Sign bit inverted buffer,
left floating, used only at
the MSB unit.
(pmos 16x2, nmos 8x2)
Cin0 Cinl _ Cin2 v sel clk clear

Ml
MO

/ { C(:iutO

3 available routing channels. Inventer here to do Dummy feedback path.

One is already used in ACS; the complement for for timing testing. In real

other two are for feedback subtraction implementation the feedback

paths. would come from some other
F calcalation block.

Clk-to-co2 delay = 4.5 ns (approx.)
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7-bit ACS + register block

896

\4

512

. eaddl i

;';;add1_1_

ST o o b RN |
_0 | addi_1

o add1_1 I

|2

0| add1_1

0 |add1_1 [

0 Jeddl1 ] addlA d

The worst case delay is composed of

a)
b)
c)
d)
e)

Tdﬂ',q + Tdff,s
wire delay from output feedback to input + delay due to load seen by this node
prop delay from input of add1 0 to carry-out of add1_2 for the LSB unit
prop delay from carry-out of add1_2 of the LSB unit to output of add1_2 of the MSB unit.

wire delay of the mux2_0 select signal from the MSB to LSB unit + delay due to load seen
by this node

Connect the sign bit to the inverted
buffer and the mux select line.
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f) prop delay through mux2 0 and mux2 1

It turns out the wire delays are very small compared to other parts so they are nelegible. a), ¢), d)
and f) can be measured from simulations of the one-bit circuit and the results are as follows:

* clk-to-cout2 delay = 4.5 ns. This value already includes Tgq + ) + b)

= cin-to-cout delay = 1.3ns, so d)=12nsx6=7.8 ns

= f)is very small about, 0.1 ns

B Tais = 0.18 ns from previous DFF simulation

We need one more delay in ) due to loading on the Mux2 0 select line

The driving inverter has pmos sized 16x2 and nmos sized 8x2. Each driven mux is seen with 4
input transistors, 2 pmos sized 8x2 and 2 nmos sized 8x2. Since R(pmos) = 2 R(nmos) and
width(pmos) = 2width(nmos), the rise time and fall time is balanced and can be calculated as
shown below.

R(pmos) = Romos,square X L/W = 30 x 2/16 = 3.75 kQ
Given that the unit length capacitance of p-diff, n-diff, and poly are equal = 2pF/um,
C(load) =C _diff + C_gate (of next stage)

= (16+8)x0.15x2 + ((8+4)x2x7)x0.15 x2

= 57.6 fF

So, delay time = RC ~ 0.22 ns

So, the total delay is 4.5+ 7.8+ 0.1 + 0.18+ 0.22=12.8 ns
and the maximum clock frequency = 1/delay = 78.1 MHz

Throughput

Recalling from section 2 regarding the clock frequencies, we have
QRIN+2+ph)+2)Tex < 4N+ 2) T in

where N is the block length (excluding tail bits)
pl is the pipeline overhead cycles. For structural RTL here, pl =5 cycles.
Teaxand Tex in are processing clock period and input clock period.

Suppose we can select the clock frequencies such that they approximately equalize this
equation, we can say that the time to process 2 blocks of data is (21(N + 2 + pl) + 2) Te. This
is, in other words, the processing time to produce 2N bits of final ouput.

So, the through put is

2N
Throughput = bits/sec
QIN+2+p)+2)T,,
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2N- fv:ll»: .
Throughput = bits/sec

UN+2+p)+2)

Substitute, N=1022, pl=5, we have Throughput = 0.0946f., bit/sec (at output)

Substitue f;, = 78.1 MHz, we get a throught of 7.39 Mbits/sec

Area needed for F & B Calculation

We need four blocks of 7-bit ACS for F calculation and another four for B calculation.
Tile the blocks vertically with 4-A gaps. Each block will take 512x900 and F-cal takes 512x3600

Need 1 block for F-cal and another for B_cal, so the area needed is

2> 512x3600 | x2

Note: For all the SISO components, [ am estimating the area used by only one SISO.
The area for two SISOs, which will be used in the final area estimation, will just be doubled.
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SISO stage 1: M Calculation (Mfand Mb)

—
1 bit unit
mux adder 0 adder 1 reg
54 126 126 50
<4— 356 4
Need 5 units to form a 5-bit block => 356 x 640

Reg was designed with size 80x40.
Assume there is an aquivalent
version of size 50x128.

?

128 2 rows of cells
¢ + routing channels

Need 3 blocks for Mf calculation and another 3 blocks for Mb. So, the area is

= | 356x 1920

X2
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SISO stage 3: Completion Add Calculation (Comp_A)

( < |o34« &V'(‘MLQA

‘o 7 biks )
1 bit unit T
adder 0 Adder 1 reg 12
126 126 50

Y Y ———P

Need 7 units to form a 7-bit block =2 302 x896

Need 8 blocks in the forward calculation "2 | 302 x 3600 X2

And another 8 blocks in for backward = | 302 x 3600 X2
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SISO stage 4: Completion Compare-Select Calculation (Comp_CS)

?fO B } +
)0 %Twﬂ”' Los] o=ty

s it oy I

7o 4 ~2
\ Y —
Xz 2(9 >Rz A

— o \\)“f‘ Aoy T
- g3 A0 an ,@H

KOS~ 5 A,

x2 =t 'j“ @j
= —_— Ar\ (3
e A 3 "

1 bit adder + inv +gap = 140 x128 =» form a 7 bit block of size 140 x 896

< 520 >
<+ 140

50 50

P
adder0 adder0 adder0

896 & inv & inv & inv reg|
B-si
buff
~] 900 50 routing
50 NANDs

adder0 adder0 adder0
896 & inv & inv & inv

Need 2 blocks for forward calculation and another two for backward one.

= | 520 x 1900 X4
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SISO stage 5: Completion Final Summation (Sum_comp)

SO_\'&mpgﬂ a \H- S—

TELB

;;‘5 SO (7 bik)

—

4 4 D
SO(Hbits)ye b0 ¢ | [—ey==> SO(4 biks)

1-bit unit for combined stage 5&6
Need 7-bit block =» 500 x 896

Need 1 block for forward calculation
adder 0 adder 1 reg | clip 128 and another for backward

140 140 50 170 ¢ = | 500 x 896 X2

<+ 500 ——»
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LIFO Buffers
. i ﬂ z} 1] yo—— Ll\ e ma——
- [ d ‘t:%céd 4 o e cﬁ—:ﬂ%
> [ | [
nite !
Datj flow
el
54 80 +
T | T 16 cells
MUX DFF 61 ¢
1-bit unit
: 22 routing ¢
Vv
had 4—— 32cells —P

For LIFO_SIf and LIFO_SIb, we need 4-bit LIFO cells (1 cell = 134 x 256)
=> need 512 cells x 2, and arrange them in blocks of 32 cells x 16 cells

=2 | 4288x4096 | X2

For LIFO_F and LIFO_B, we need 7-bit LIFO cells (1 cell = 134 x 448)
=>» need 512 cells x 4 x 2, and arrange them in blocks of 32 cells x 16 cells

=2 | 4288x 7168 | X4x2

SISO Controller

The SISO controller is composed of
1) a 10-bit counter
2) 3-state FSM with 3 output signals

Therefore, it is very small and negligible in the estimation.
(Assume it can be put in some empty hole in SISO.)
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Input Buffers

The control components are very small and assumed to reside in some small empty hole.
The main components are four 2-port-read (1-port-write) RAMs of size 1024 x 8 bits. Recall
from earlier in this section that a 2-port RAM cell takes 34 x 56. The RAM is arranged as shown
below.

Bit line prechar ge 170
€4— 16x8cells 4
6
Address &
(bit5 ... 0) | Addr 64
decoder RAM Cell sells 3584
area
~4000
: X
Address % Input/?;ta;{t] MUX 340
(bit9 ... 6) 4
4
data
% A e AR} w——p Need | 4700 x 4000 |X 4
44— 4700 ——M8M8»

Address decoder

Although this is 2-port read, the address decoders can be combined together to generate
both word 0 & word1 line. This is because the data read will always be in pairs of address (1,
N-1), (2, N-2), (3, N-3), ... , and N-i is just a complement of i.

[/ Linen 1z a’i"‘u
— 0
, s [ O 207/:1. ;g) . 00 oo
23
] ‘ p ﬁiaﬁg
Bk . l:L; 00 wevdi
_ > |—K
I A A\.‘J’\I F J
D’ b El ) ' 3 ordo
Ae s 3F werdg
- - o ‘-c;Z o e . ; 'k
ﬂb A! A\AGAO j&lézéz‘ﬁ l:_, pIrive



EE577B Section 4: Timing and Area Estimation Pawawongsak 45

Interleaver/Deinterleaver

Again, neglecting small control components, we treat the area estimation of the
interleaver and deiterleaver the same. Each is composed of
1) 10 bit x 1024 address ROM, 2 cells for 20 x 26
2) 4 bit x 1024 2-port-read RAM, 1 cell for 34 x 56

Bit-line precharge 70 A
44— 16x10cells f’
Addr 64 ~2070
decoder ROM Cell cells 1664
ROM area {
Output MUX 340
v
< 300 pg— 1600 —p v
44— 1990 ——p
Bit-line precharge 70
4¢— 16x4cells ﬁ’
Addr 64 ~4000
RAM decoder RAM Cell calls 3585
/ area ¢ &
Input/Output MUX 340
Need 2 sets of v
decoder here for2 ¢ 70 pe—— 2176 —> v

independent reads. @~ €¢——— 22870 ————p

Therefore, need 1900 x 2070 | X2

and 2870 x 4000 | X2
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Main Controller

The main controller is a 3-state FSM with 5 outputs and 3 inputs. Similar to the SISO
controller, this is very small and negligible.
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Putting Together: Floor Plan and Total Chip Area

SISO Area Estimation
Space for routing signals
Between block
i 356 512 302 302 512 { 500 &
Sum_comp
8 Comp_ Al |co . by
S ME || Feal | Fornd] G| | eS| Ll
i Forward
9 g 4000  calculation
control
8000 v
Same as above Rackwaid
(Use B_cal instead of F_cal) Calculati
alculation
v
< 3300 >

Approximately, a SISO takes 3300 x 8000 A’
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< 7168 —P

The total chip area (excluding pads) is

= 30,000 x 25,500 A*

=30,000 x 25,500 (0.15 um)>

=45 x 3.825 (mm)*

4— 7168 —P||[4¢— 7168 —P{|[€¢— 7168
LIFO_F LIFO B LIFO F LIFO B
SISO1 SISO1 SISO2 SISO2
T
&1 b
~— CO
- co
-
' [}
& — ou0 —| [0 [« 200 [& g5 —rle—azms—IT RAM | ROM
; g LIFO LIFO 2 Interléaaver
‘ g sIf S ||F
g Input | | sisol siso1 [N ;
% Buffer SISO SISO2 A T !
? & LIFO LIFO 281 Disimc}*lca'\'cr—-
g SIf Slb ;
v | siso2 | siso2 L —
< ~30000 >

17152

—»><4

8192

~25500
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Section 5 Verilog Codes for Behavioral RTL,

1) Testturbo.v

module Testturbo:
parametsr width=4:

//parameter

i result_file="hard decé.dat”;

parameter N=1024, input filel="gk0.dat”, dinput fileZ="ckl.dac",
result_file="hard dec.dat™:

reg clk, eclk in, veset, start:

reg [width-1:0] in;:

wire out, writecut;

regq [width-1:0]

N=6; input_ Filel="vectl.dat", input File2="veodZ.dat”
*.

z1[0:2*N+3], z2[072 H+3],

reg regult{0:2*M-1]:

integer k, err, bi
Turbo DUT (in, resst, olk, <lE

initial
begin
Sshm_open("behav., shn') ;
Sshim_probe ("AS"):
#6500 Sshm_close():
#100 sfinishz
end

initial

begin
Sreadmemb (input filel, =z
$readmemb (input fi1leZ, =zZ)
Sreadmemb (result fils, res

= 02
cly_in= 0:
reget = 03
start = 0;

.
—
-~
o
Il
11}
il
i
r

I
[
-2

#100 reset = 0;
start = 1:

#100 starct = 0;

for (k=D; k<2*N+4:; k=k+1)
began

in = z1[k]:

#100;

in = z2[(k];

#100;
end

end
f/ Compare the final decision
always @ (posedges writeout)

begin
#37

_in, start, out, writeout):

output against the cutput vector file
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Sdlsplay (n \J'I"):' .
$diszplay ("Block %d : Start shecking final decizions™, bj;

err = 0;
for (k=0; k<N; k=ktl)
begin
1if ( cut != result[b¥N+k] |
begin

Sdisplay ("Error at btime k = %d", k);
err = err + 12

end
#5;

end

Sdisplay (“"Error at time k = %d, Simylation sutput = 3d", k, out):

b=5+ 1; /7 B o1s block coutiter, err ig error counter
and
always
begin

A6 ¢clk = ~elks
end
always
begin

#50 clk in = ~¢lk_in?
end
andmodule
2) turbo.v

module Turbo({in; reset, clk, ¢lk in, start; out, writeout);
parameter width=4;
J{paramater N=G, addi bit=3, int File="intG.dat", deint_file="intd.dat™;
parameter N=1024; addr_bit=11, int_file="intlD24.dat", deint_file="intl024.dat";
input resg=t, clk, clk in, start:
input [width-1:0] ing
autput out, weiteout:
wire ready, last_iter, szslect, start _sisol, start _sisoZ, done sisci,

hard dici, writel, writeZ;
wive [2*width-1:0] datalF, datalB, datalF, d3ta2B;
wire {addr_bit-1:0] addrl, addrd, addr_wl, addr_w2:
wite [width-1:0] $I1f, SIlb,; SIZ2f, S5I2b, SOYTE, S01b, SO2f, SO02b:

Input buff alnput buff (olk in, reszet, =tart, in, select, addrl, addrZ,
datalf, datalB, data2fF, data2B, ready):?
defparam alnput _buff.N=N, ainput_buff.addr bit=addr_kit:

SIS0l aSIS01 (clk, reset, start _sisal, datalF, datalB; ST1f, S5Ilh, addel, addc_wl, SOIf,
S01k, done_sisol, writel)s
defparam asIsOl.N=N, aSIS01,addr bit=addr bit:

8IS02 aSI1sS02 {clk; reset, start sisoZ, data2fF(width-1:0], data2B[width-1:0], S12f, Si2b,
addr2, addr w2, S0Zf, $02b, done_sisc2, writeZ, last iter):
defparam aSIS02.N=N, aSIS0Z.zddr bit=addr bit;

Interleave alntevleave (clk, ceset, writel, addrl, addy wl, S01£, S01b, SI2f, SIZkj:
defparam alnterleave.N=N, alntetleave.addr bkit=adde_bit, alnterleave.coef file=int_file:

Deinterleave aDeinterleave (clk, veset, writeZ, addrl, addr_ w2, SO0Zf, S02Zb, S11f, 5Ilb,
hard diei, out, writeout):
defparam aDeinterleave,N=N, aDeinterleave.addr bic=addr big,
aDeinterleave.coef file=dernt file;

Contrel aControl (clk, resst, ready, dene_zisol, done_siszoZ; start_sisol, start siscz,
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hard dieci, last xter,

endmodule

3) Control.v

module Comtrol (clk; reset, ready, done sisol, done_sisoZ, start_sisol, start_sisoZ,

hard dici, last iter, =

slect) s

input clk, reset, ready, done_Fisol, done_sisei;
output start_siscol, start siso?;, havd divi, last_iter, select:
raqg start_sisol, start sisol; hard diei, last_iter; select:
integeay iter:
parameter IDLE = 0,

START =1,

RUN = 23

reg [1:0] STATE, MEXT_STATE:

always B (STATE or ready or done sisol or done sisol)

fa2ain
czze (STATE)
IDLE:
if (ready) WNEXT STATE <= START:
2lae NEXT STATE <= IDLE:
START:
NEXRT_STATE <= RUN:
RLIN:
1f (iter==22)
NEXT_STATE <= IDLE:
elge if (done_gisol || done _sisol)
NEAXT_STATE <= START;
andecase
end

always @ (STATE)

bagin
start_sisol
start sisol
hacd_dawi =
last_iter

0 /ldefault outpu

= = T A |
a

1

START:
begin
case (1tar)
0: s=starck sisel = 1;

1%: beadin
start_sisel = 1;

start_sisol = 1;
last iter = 1;
=nd
20: begin

start_sisol = O:
start sisol
hard_dici = 15

il
ey
.

t values
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last_iter = 1

end
21z hard_diei = 1:
default
begin
start _sisel = L;
start _sisoZ = Li
ancl
endcass
select = -gzelect:
iter <= iter + 1:
end
endease

end

alwayz @ (posedge olk or posedge raset)

if (reset)

STATE <= IDLE:

elze

STATE <= NEXT_STATE:

sndmodule

4) Input_buffiv

module Input buff

parametel

input
input [width-1:0]
input [adde bit=1:

adtput [Z2*width-1:0

autput

reg [addr bit-1:0]
reg [2Ywadtl-1:0]
req

rag [width=1:4]
req [2*width-1:0]
integer

patameter LE

tiy by
[ ]

reg [1:0] STATE;
always @ (posedas
begin
if (reset)
Iegin
STATE <=
count <=
=nd
else
caze (STATE)
IDLE:
begin

count

if

end
1z

L1y

if

0]

]

o

[SUR i ]
~

N

{zlk, reset, start, 1n, =melect, addri,
datal¥, datall,datazZfF, dataZB, ready):

width=4, N=9, addr_bit=3:

clk, reget, =ztavt, seleot:

ina

addel, addrli

cdatalF, datalB, datalF, data2b:
ready:

back addrl, back addeZ;

datalF, datalB, data2F, dataZs:
ready; buffer ready:

temp;

M1[0: 2% {N+2) =1, M2[0:2% (N+2) =11 ¢
county

clk or posedge reset)

IDLE;

0z

[start)
elue STATE <=

<= D;
STATE <= &1:

(Count==4*1+7)

addr2,



EES77B Section 5: Verilog Codes for Behavioral RTL

Pawawongsak 53

begin )
STATE <= 52;
count <= 0;

end
else
begin
STATE <= §1;
count <= count + 1:
end
52:
af (count==4+vN+7)
beyin
STATE <= §1;
count == 07
end
else
begin
STATE <= S2;
count <= count + 1:
end
endcase

end
[/ Write process synchronouz to clk

always @ (posedge clk or STATE)
begin

begin
1E (huffer veady == 1)
if (count==0) ready = 1;
else ready = 0;
elae
ready = 0:

1f (count[0] == 0)
temp = in:
alse
Mif[ {eount-1)/2] = [(temp, in):
=nd

L
(]

beagin
1f {(count==0) ready = 1;
elge ready = O
buffer ready = 1;

L E

[

count{0] ==.0)
efip = And

in

{
t
las
M2T {count-1) /2] = [temp, inj:
end
endoase
end

// Read process asynchronous te clk

alway= B (addrl or addr2 or STATE or select)
began
cass (STATE)
IDLE:
pegin
datalF = 8'hz;

/7 2ave input into M1

ff mave input into M2
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datalE = §'hz:
datalF = 8"'hz:
dataZe = 8" hz:

end

51

bagin
back_addrl = (N+1)-addrl:
back _addr2 = (N+l}-addrz;
datalF = MZ[ (N+2) *sslect + addrll:
datalB = MIA[ (N+Z) *select + kack addrl]:
dataF = HM2[ (N+2)* (lselect) + adde2]:
datazB = M2 (N+2)* (lzelact) + back_addrz]:

end ’

821

egin
hack_addrl = (N+1)~-addrk;
back addr2 = (N+1)-addr2:
datalF = M1[ (N+2)*select + addrilj:
datalB = M1[ (N+Z) *select + back addrl]:
datalF = M1[ (N+2)* (!zelact) + addr]:
datalB = M1[(M42)* (l=elsct) + hack_addrl]:

end

endcase
end
endmodule

5) SISO1.v

module SISO1 (clk, reset, start, datalF, datalB, SIf, 35Ib, addr, addr_w,
wrrte):

pacametsr widthiz=4, widths=4, widthi=T7:

parameter N=6, addr bit=3;

parameter Init = 9, Ipnf = 31:

parameter sy = widthf - widthz:

parameter maxs=7, mins=-8;

input clk, start, regat;

input (2*widthz=1:0] datalF, datale:
input [widths=1:0] SIif, Slhb:
output [widths-1:0] S0f, S0b;
Subput done, write;
output [addr bit-1:0] addr, addr w:

req {widths-1:0] Sof, SOb:
rag [widthf-1:0] S0f temp, S0b_temps
redq done, weite;

req [addr_bic-1:0] adde, addr wi

req [widths-1:0] SI[0:N+1] s
req [widthz-1:0] z£l, zf2, zbil, zb2:
ragq [widthf-1:0] MID:39 (N+2)=1])3
req [widthf-1:0] FlO:4% (N+3)-1]1, BIOz4* (N+3)-1]:
integer . k:
parametsr 1DLE = 0,
F B = 1,
COMP = 23

reg [1:0] STATE:?

SOF,

S0k, done,

always @ ({addr) //adde and addr w ate the zame for ‘behav RTL

addr_w = addr;

always @ (datalF or datalk)
begin
zfl = datalF{Z*widthz-1:widthz])s
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zf2
zbl
zb2

[ T

=nd

always 8
begin
if {reser)
STATE <= IDLE;

=lse
cage [STATE)
IDLE:
if (start)
elss
¥_B:
if (k==N/2)
elze
COMP:
1if (k==N+1)
elas
endcase
end

always B (posedgs clk)
begin

caze (STATE]

datall[widthz-1:0]:
datalB[2 widbhz-liwidthz):
datalB[widthz-1:0) s

(posedge clk or pogedyge reget)

STATE == COMP:

STATE <=

STATE <= F_B;

IDLE:

STATE <= COMP:

IDLE:
beygin
k=0 3 = N+1l:
F{0] = Init;
F[1) = Infs F[Z2] = Inf: F(3) = Ini;
Bld*(1+1)] = Init:
B4+ (3+1)+1] = Infy
B[4*(j+1)+2] = Ini:
B4+ (j+1)+3] = Inf:
addr = 0:
done = 0;
write = 0y
end
F_B:
begin
done = 0;
write = 0;
if (kf0] == 0) /4 K even and J ocdd
bagin .
M[3*k] = gignext(SIf) + signext(zfl) + signext(zi2):
M[3*k+1] = saanexc(z£d)s
M[3*k+Z] = signext(SIf) + signext(z£Ll);
M{373] = gignext(SIh) + siagnext(zikl)s
M[3*3+1] = 0:
M[3*9+2] = signext(Sih) # signextizbl):
end
else
hegin
M[3*k] = gagnext(SIE) + signext(zfl):
M[3*k+1] = O;
M[3*k+2] = sighext(SIT) + signe=tizfl);
M[3*5] = zignext (SIh) % signexc(zbl) + signext(zbZ);
M[3*3+1] = =mignextizh2):
M[3*3+2] = signext(SIb) + signext(zbl):
end

Fl4* (k+1)]

= min2{F[4*k].,

Fld* k2] + M[3*k] )
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Fl4*(k+1)+1]
Fl4* (k+1)+2]
Fl4* (k+1)+3]

min2 (Fl4*k] + M[32k]), Fl4*k+2]):
min2 (F{4*k+1] + M[3*k+2], Fl4*k+3) + M[37k+2]1):
minZ (Fld*k+l] + M3 R+1], Fl4*k+3] + M[3%k+2] )4

[} I'

Bi4*7] = min2 (B{47 (1+1)1, BLA* (3410411 4 M[3*3]):
Bl4*3+1] = min2 (B4~ (3413431 + MI3*j3+1], BL4* (3+1)42] + MI3*3+2]}:
B[4*7+2] = min2 (B[4*(3+1)#1], Bl4* (3#1)] + M[3*3])s
Bl4*3+3] = min2 (B4* (3+1)3+2) + M[3*3+1), BO4* (3+1)43] + M[3*3+2]):
S1[k]l = SIf;
SI[3] = Sib:;
k<=k +1;
Ji &= § = 2
addr <= k + 1;
and
COMP:
begin
if (k==N)
done = 1;
zlse
done = 0;
write = 12
FAY (k41)] minZ (F[47k]; F{4*¥k+2] + M[3*¥]):
Fld* (k+1)+1] min2 (F{4*k] + M[3*K], Fld44k+2]):

F49 (k+1)42]
FI4*(k+1)+3]

(L R

minZ (F{4%k+1] + MIZ*k+2], Fl4*k+3] + MI3*k+1]):
minZ (Fldtk+1] + M[3*k+1], Fl42k+31 + M[3*k+2]):

Bl4*7] = min2 (B{4*{3+1) 1, Bl4# (F41) +1] 4 M[3*j1)+
BI4‘3+1] = minZ (Bl4* (3+1)+3] + M[3%5+41], B{4* (§+1)+2] + MI3*j+2])
Bl4*1+2] = minZ (B[4 (9+1)+1], B42 (§+1)] + M[3=3])+
Bl4*3943] = minZ(Bl4* (341421 + MI3*331], Bl4* (3+1)+3]) + M[3*33Z]);

SOf_temp = aind (Fi4*k] + HM[3*k] # Bl4* (k+1)41},
Fiddk+1] + M[37k+2] + B4 (k+1)+2],
Fl4vk42] + M[30k] + B4 (k+1) I
Fl4*k+3] + M[3*k+2] + Bl4* (k+1)+3])
= mind (F4*k] # B[4+ (k+1)].,
Fldtk+l] + M[3*k+1] + B[4* (k+1)43];
Fid*k+2] + BI4*¥ (kel)+1],
Fla*k+3] + M[3*k+1] + B[4* (k+1)+2]) - signext (SI(k]):

SOb_temp = mind (F{4%3] + M[3*%3] + Bl4* (j+1)+1],
FI4Y341] + MI3%3#2] + BL4* (3+1)#2]).
F{a*742] + M[3%3] + B{4* (+1) ],
FL4¥3+3] + M[3*3+2] + B{47()+11+3])
- mind (E[d*9] 4 B[4* {3+1)].,
Fl429+1] + M[3%3+1] + Bl4* (3#1)+3],
Fl4*3+2] + Bl4* (341)+1] .
Fl4*9+3] + M[3*3+1]) + Bl4¥(§+1)+2]) - signext(81{3]1):

/# clipping output to 4 bits

if (&SCf temp[wadthf-1twidthf-widths) || ~I150f_temp[widEhi-1swidchf-wadths])
50f = SOf_temp[widths-1:0]:

else if (SOf temp(widchf-1])
S0f = mina;

elge
S0f = maus:

if (&50b_temp[widthf-1:widthf-widths] |1 ~1850b_temp[widthf-l:widthi-widths])
SD = SOb_temp[widths-T1:0];
elze 2f (S0b temp[widchE-1])
SOk = ming;
else

50k = mazs:
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endcase
and
function [widthf-~1:0] minz;

input [widthf-1:0] a, h:
req Twidthi-1:0) diff;

begin

diff = a-b:

min2 = ¢dafflwidthi-11 2 2 : b3
end

endfunction
function [widthf-1:0] mind;
input [wadthi-1:0] a, b, ¢, i
mind = min2imin2(a,b), minZ(c,d)):
endfunction

function [widthf-1:0] signsat:
input [widthz-1:0] a:

signext = ({gk{alwidchz-1]}), a}:
endfunction

ancdmedule

6) SISO2.v

module SIS0D2 {clk, reset, start, datalF, datalpB, SIf, §Tk, addr, addr_w,

write, dast_iter):

parameter widthz=4, widths=4, widthf=7;
paramster N=@, addr_bit=3:

parameter Init = 0, Inf = 3L:

paramafer #b = widthf - widthz:
parameter maxs=T, mins=-%;

ipput clk, start, reser, last iver;
3 /4 take only parcity bits from channsl input (4 bits)

re
input [widthz-1:0] datalF, datalB
input [width=-1:0] SIE, sSibi
output [widths-1:0] S0Of, 50b:
output dune, write;
output [addr bir-1:0] addr, addr_wi

reg [widths-1:0] SOf, S50be
reg [widthf-1:0] SOf_temp, S0b_temp: .
reg done, write, last iter fi;

veg [addr_bit-1:0] addr, adde w;

reg [widths-1:0] ST {DxN+1]2
req [widthz-1:0] zfl, =F2, zbl, zb2:
req [widthf=1:0] MI0s3* (Mw2) =1]:
req [widthi-1:0] FlO:4* (N+3)-1], B{O:4*(N+3)-1]);
integser 3. ki
paramstey IDLE =0,
F B =3
COMP = 23

req [1:0] STATE;

S0b, done,
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_ same as SISOL.v ..
always & (pozedge c¢lk)

begin

case (STATE)

IDLE:
begin
k= 0 j = N+l;
F[O] = Init:
F[1] = Inf; F[2] = Inf: F[3] = Inf:
Bl[4*{3+1)] = Inik:
Bl4*{5+1)+1] = Inf:
Bl4*(j+1)+2] = Inf;
Bl4* (3+1)+3] = Inf:
addr = 0;
dane = 0;
write = 07
if (last_iter)
last iter ff <= 1:
else
last iter Ff <= 0:
end
F_B:
begin
done = 0;
write = D;
if (k[0] == 0) /7 % aven and j odd
beain
M[3*Kk] = gignest (S1f);
M[3*k3l] = Dy
M[3*k+2] = zignext(SIf):
r. HI3*3] = gighext (§Ib) + signext(zhZ):
M[3¥3+1] = signext(zhd);
M[3*j+2] = signexc(SIh):
end
else
begin
M[3*k] = gagnext (SIf) + =zignexzt(zfz2):

M[3*k+1l] = signextizL);
M{3*k+2] = signext{SI1f);

M[3+73] = zignext{SIh):
M[3*3+1] = 0z
M[3*9+2] = signext(SIh);

end
Fl4* (k41)] min2 (F[4*k]. Fla=k+2] + M[3*k]l):
Fl4® (k+1)+1] minZ (F{4¥k] + M{3*k], Fl4*k+2] )z

Fld* (k1) +2] mind (Fl43k+1] + M3 k2], Fl4¥k+3] + M[3%k4+1])

noa ion

FL4* (k+1)+3) min2 (F{4*k+1] + M[3k+1], Fidvk+3] + M[3*k+2]):
Bl4*3] = minZ(B[4* (§+1) ], Bl4A*(3+1)+1]) 4 M[3*31)+
Bi4*5+1] = min2(B[4* (F+1)+3] + M[3*3+1], B4+ (3+11+2] & M[3I*J%2])s
Bla*3#2] = mn2{BL4* (J+1)+1], BI4*(+1)] + M[3*]1):
Bl4*543] = min2(Bl4* (§+1)42] 4 M[3*3#1], Bl4*(3+1)+3] + M[3*9+2])) 2
if {last_iter ff)
begin
ST (k] = D;
SI[3] = 0¢
anel
else
Bedin
SI{k] = SIf:
S1[3j] = ‘Sib:
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i&= 14 =13
addr <= k 4+ 1;
2nd

COMP:

. same as SISol.v .,

endmodule

7) Interleave.v

mocdule Interleave (eclk, reset, write, addr,

parameter width=4, adde_bit=3, =6, coef
input clk, reset, write:

input [addr bit-1:0] addr, addr wr

input [width=1:0] S0f, SOk

cutput [wideh=1:0] 5If, SIks

reg [width-1:0] SIf; SIb:
reg [addr_bit-1:01 PB[0:N-11:
reqg [width-1:0] M{OsN=-1]:
reg [addz_bit-1:0] cum_ader;
integer iz
ipitial
begin

Sreadmemt (co=f _file, P)s
end

// read process asynchronocus to olk
always @ (addr or write)

begin
if (~write)
pegin
if (addr >= N)
SIf = 07
zlze
EIf = M[P[addr]]:
1f (N+l-addr == N)
SIb = 07
else
STk = M[P[N+1-addr]]):
znd
elze
begin
3If = 032
Sib = 0;
end
encd

/f write progess synchronous to clk
always @ (posedge clk or posedas reset)
begin
1f (reset)
for (1=0; z<=N+lp 1=1+1)

M[i]l = O:
elses if (write)
beas
else
dum_azddr = addr w - 1s
M{dum_addr] = SOf:

MW+ 1-dum_addr] = S0b:

file="interleave.dat";

Ly}
(v)
o

an
if {addr_w == 0)) /7 change addr_w to dum_adedr
dum_addr = N+1: / data delay in behavioural
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end
end

endmodule

8) Deinterleave.v

mochule Deintesrleave

parameter

input

input [addr_bit-1:0
input [width-1:0]
output [width-T1:0]
output

req [width-1:1]
reg [addr bit-1:0]
reg [width-1:0]
reg [addr bit=1:0]

(clk, resst, write, addr, addr_w, S0f, Soh, SIf,
writecut):

5Ib, hard _dici,; out,

width=4, addr bit=3, N=5, coef file="interleave.dat":

clk, ‘write, reset, hard dici:
1 adde, addr_w:

SOf, Sob:

SIE, Sk

UL, writeout;

SIf, Sib:
PO:N-1]3
MID:N=1], wout temp:
dum_addr;:

reg aut, writeout:
integer count_out, i:
initial
bagin

Sreadmemb {coef file, P):
end

alwayz B (posedgs clk or negedges clk)

begin
if (hard diei || writeout)

begin
out_temp = M{count out]:
aut = out temp[width-1]:
writeout = 1y
eount_out = count_out + 1;

2nd

1if (count cut==N+1)
begin
count_out =0;
writsout = 07
out = 03
e

end

// read process asynchrondus to clk
always & (addr or write)

beygin
if (~write && -~hard dici)
hedgin
if {addr »= W)
5If = 0:
elge
SIf = Mladdr]:

if (N4+i-addr = N)
Sib = 02
glse )
3Ib = M[N+¥l-addr]l:
end
else
bagin
S1f = 0;
5Ib 0;
and

i
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end

// write process synchropous to clk
always B (posedae clk or possdjgs raset)
begin
if (reset)
begin
for (1=0; i<=N+1; 1=1+1)
MIi] = 0;
out = 0;
writeout =07
count_out = 07

end
slse if (writs)
begin
if (addr_w == 0) // wchange addr to dum_addr to account for
dum_addr = N+1: // data delay in behavioural RTL.
elsa

dum addr = addr w - 1;
M[E[dum_addr]] = 20f;
MIE[N+1-dum_addr]] = S6b;

end
end
endmodule

9) vec61.dat vec62.dat
f¢ Tast wvector SI(Ckl=1l) for blook length = & /i Test vegtor SI(Ckl=2) for Block léngth = &
/t block 1 =>5, 2, 2, 0, =3; 3, 0, 1 41 Bleck 1 == 0, 1, -5; 6 -1; =6, 0, =2
// block 2 =4, 1, 0, -2, -6, 4, =1, -B /i blogk 2 => &, 3; =3, =5 &; =1, 2; 3

0101 0000

on1o 0001

co10 1611

ooge 0110

1101 1111

0011 1010

0000 0000

onol 1110

9100 0101

a001 001l

a0o0n 1101

1110 1011

1910 0110

0100 1111

1111 0010

1011 0011
10) int6.dat

011

o010

101

000

100

001
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Section 6 Verilog Codes for Structural RTL,

1) Testturbo.v, Turbo.v, and Control.v

2)

These modules are the same as the behavioral RTL design.

Input_buff.v

module Input buff (clk, reset, start; in, select; addrl, adde2,

datalF, datalB,datalF, dataZB, veady):

parametay width=4, N=6, addr bit=3;
input cll, reset, start, =elect;
input [width-1:0] ing

input [addr bit-1:0] addrl, addel;
output [2*width-1:0] datalF, datalB, dats2F, data2b;

output readys:
raq ekl
wire Eun:
wire [1:0] kank:

wite [addr_bit-1:0] addr w, addrfl, addefl; addefl, addii3;

wire [addr bit-1:0] addr demuz0, addr_demuxl, addr demun?, addr demux3:

wire [2*wicith-1:0] cutfl, oubfl, outf2, outf3, outhd, ocutbl,

wire [3:0] writes;

wire [width-1:0] buff _ins

always @ (pozedge clk) /7 devide cik freg by half
begin

if (start)
clkl <= 1:
slzs
cikl <= -~clkl;
2nd

OFF ip FF (=clkI, in, buff_in):
defparam in FF.width=width;

Input_ctrl alpput_ ctrl (olkl, reset, start, ({(kank[0].addr_w),

Addr_eat ahddr_ent (zlkl, ~vun, (kank, addr w)):
defparam aaddr_catb.addr_bit=addr_bit+2:

decoderd w_decoder (bank, write);

muxd2 data_muz ({bank[l],sslect), [(outfl,outhl), (outfl,outkl};

[datalF,datalB), {dataF,data2B}):?
defparam data_mux.width=4*width;

demuxd2 adde demux ({bank[1],s=lect] , addrl, addrz, addr_demuxd,

addr _demu=3) ;
defparam addr_demux.width=addr_bits:

RAM in bufferl (elkl, resst, write[2], addrfO, [buff_in,in).
defparam bufferf.width=8, bufferl,addr_bit=addr_bit:

RAM in  bufferl (elkl, reset, weits[3], addefl, {buff in,in},
defparam hufferl.width=8, buffeérl.addr_bit=addr_bit:

BAM in buffer? (clkl, reset, write[0], addrf2, {(buff_in.in},
defparam bufferl.width=%, bufferZ.addr bit=addr_hit;

RAM in  buffer3 (clkl, rsset, write([l], addrfd;, (buff in,in),
defparan huffsr3.width=8, hufferZ,acdr hit=addr big;

puxZ amux0 (write(2], addr demuznt, addi_w, acdrit);

defparam amuzd.width=addr bit;

outhz,

outh3;

run; e=ady);

outfl,

outfl,

outf2,

outf3;

[outf2,outbl},

outhl) ;

outbl)

outh2);

outh3):

foutf2, outh3},

addr_demuxl, addr _demuzZ,
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muzZ amuzl (write[3], sddr demuzl,
amuxl.width=addr bit;

defpavam

muxZ amuzZ (write[0], addr denuxz,
amuz2.width=addr_bit;

defparam

muz2 amuxd (write[1], addr_demux3,

addr w,

addr_w, addrfz):

addr_w, addrf3);

defparam anux3.width=addr_bit:

endmoduls

3) SISO1.v

module SISO1 (olk, r
writst

parameter

parameter

input

input [Zrwidth=1:0]
input [width-1:0]
output [width-1:0]
output

cutput, [adde bit-1:0] addr,

wire
wire

[2*widih-1:0]

wire [width-1:0]
wire
wire
wire
wire
wire
wire

[width+T:0]
[width+1:0]
[widthf-1:9]
[widthf-1:0]
[widthf-1:0]
[widthf-1:0]
wire [widthf-1:0]
wire
wire

[widthf-1:0]
[acdr_bit-1:0]

esat, start, datalF, cdatalk, &If,
]

width=4, widthf=7;
N=6, addr bit=3:

ole, =tart, reset;
datallF, datalB;
SIE, SIhk:

S0F, SOh:

done%, writeb:
addr_w;

datalFl, dztalBl;
dane, daonsl,
startl, start;

SIk; addr; addr w, SO0L, S0b; doneb;

done2, doneld; daned, write, writel, write2, writeld, writed,

$1f1, STbl, SIf muz, SIb muz, SIf LIF0, SIb LIFO, $1f LIFGZ, SIib_LIFOZ,

SIf LIFO3, SIb _LIFO3, SIf LIF0d, SIb LIFO4;
MOf, MIE, M2f{, MOL, Mib, M2b;

MOfy, M1Eg, MZEg, MObg, Mlbg, M2hg:

#0, 21, F2; F3; BD. Bl, RZ, B3}

F0g, Flg, F2g, F3g; BOg, Bly, B2g, B3g;

FO_LIFO, F1_LIFO, F2_LIFU, F3_LIFO, BO_LIFO, Bl_LIFO,

B2_LIFO, B3 LIFO;

FO_LIFOg, F1_LIFOg, F2 LIFQy, F3_LIFDg, BO_LIFOg, B1_LIFOg, B2 LIFOg,

B3 _LIFOg:
#0f; =1f, =23f, =x3f, y0i, y1f, y2Zi, y3L,
yzh, ¥3b;

x0b, ®lb, =2h,

¥3b, vOb, vib,

S50_templf, SO _templf, SO_templh, SO_templb, SOf in, SOb_in:

addrl, addr2, addri;

addc3,

SIS0, ctrl $150_ctrll (clk, reset, start, done, write, addi):
defparam $190 ctrll.addr bit=adde_bit, SISO ctrll.n=N:

M_SIS01 M_SISOf (<cik, «datalFl, SIf mux, addri(0], MOE, MIE, MEL):

M_ST1201 M_SISOb (elk, datalBl, SIb mux, -addrl[6], MOb, Mlb, M2b};

F cal F calf (clk,

B _cal B_cally (clk,

Hiz aate Hiz gatef

startl,
start?, MOk, Mlb, M2b, BO,

(writeZ,

MOE, M1f, M2f, FO, Fl1l, F2, F3);

Bl, BZ, B3):

(MOf, MIf, M2f, FO, F1, F2; ¥3, BO LIFO,
(M0fg, M1fae, M2fy, FOy, Fla, F2Zg, F3g, BO_LIFOg,

Bl_LIF(, BZ LIFO, B3_LIFQ),
Bl_LIFOg, B2 LIFOg, B3_LiFOa)):

defparam Hiz gateE. width = 74;
Hiz gate Hiz gateb (write2, (MOk, Mlb, Mzk, FO_LIFo, Fl_LIFQ, F2 LIFO, F3_LIFO, B0, B1, BZ, B3],

defparam Hiz gatels.

{MObg, Mlhg, MZba, ¥0_LIFOg, Fl _LIFOg, F2_LIFGq,

width = 74;

F3_LIFOg, BOg, Elg, B2g, B3g)):

Comp_& Comp_Af (clk, MOfg, Mlfg, M2fq, FOg, Flg, F2q, F3g, B0 LIFOgq, B1_LIFQg, B2 _LIFOy, B3 LIFOq,

w0,

R1L, =2f, =3E, y0f, vy1f, y2f, y3f):

Comp A Comp Ab (clk, MObg, Mlbg, M2bg, FO LIFCg, Fl_LIFog, FZ_LIFDq, ¥3_LIFQy, BOg, Bly, B2g, B3u,

=0h,

Comp €5 Comp_CSE (¢lk, z0f, =1£, =Z

2lb, =2k, =3k, yOb, ylb, yiin yib):

£, =3f, y0E, yl1E, v2f, y3£, SO templf, S50 _templf):
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Comp_CS Conmp_CSb (elk, =0k, =1k, =2b, =3k, y0b, ¥1b, y2b, y3b, SO _templb, SO_templis):

Sum_comp Sum_compf (clk, SO

templif, S0 tempOf, $Ib LIFO4, 1'kO, 2of_in);
Sum_cemp Sum_compk (clk, SO _templbk, S0 _tempb, SIf LIFO4, 1'h0, SOk ia):
Clip ClipfE (SOf_in, SOT):

Clip Clapk (SCb an, S0b)2

muik2 mux ST {writel, SIf1, STk _LIFO, SIf mux);

mux? muz STh (writel, SIkl, SIf LIFG, SIb muxii

LIFO LIFO_F (elk, {F0, F1, F2, F3), {F0_LIFD, Fl_LITO, F2_LIFG, F3_LIFO), writel);
defparan LIFO_F.width=widthf*4, LIFO_F.size=N/2+1;

LIFO LIFO B (clk, {BO, B1, BZ, B3), (B0 LIFO, Bl _LIFO, B2 _LIFO, B3 LIFO), writeZ):
defparam LIFO_B,width=widthf*d4, LIFO B.size=N/I2+1:

LIFO LIFO_SIE (cilk, SIfl, SIf_LIFS, writel):
defparam LIFO_SIf.width=width, LIFO SIf.size=N/2+1:

LIFO LIFO SIb (clk, SIbl, S5Ibk LIFQ, writel):
defparam LIFO SIb.width=width, LIFO SIb.size=N/2+1:
DFF DEF_STf LIFO (clk, SIf LIFQ, SIf LIFO2)i
defparam DFF_SIf LIFO.width=widths

DFF DFF_S1b_LLIFO (clk, STh_LIF0, SIb_LIFOZ2):
defparam DFF_STh_LIFO.width=width:s

DFF DFF_SIf LIFOZ (slk, SIf LIFO2, SI£_LIFQ3):
defparam DFF_SIf LIFO2.width=widths

DFF DFF_SIb_LIFO2 (clk, SIb LIFO2, STk _LIFO3):
defparam DFF_S5Ib_LIFOZ.width=widths

DFF DFF_SIf LIFP03 (clk, SIE_LIFQ3, SIE LIFO4);
defparam DFF_STf LIFO3.widih=width;

DFF DFF_SIb LIFO3 (clk, S$Ib LIFO3, SIb_LIFO4):
defparam DFF_SIk LIFO3.width=width;

DFF DFF_datalF (clk; datalF, datziFl):
defpzram DFF_datalF.width=2*width;

DFF DFF_datalB (clk, datals, datalBl):
defparam DFF _datalB.width=2Z width:

DFF DFF_SIE (elk, SIf, 5Ifl)
defparam DFF_SIf.width=width

DFF DFF_SIb (clk, SIb; SIblje
defparam DFF_SIkb.width=width:

DFF DFF_write {clk, write, wyritgel):
defparam DFF write.width=1;

DFF DFF writel (clk, writel, writeZ):
defparam DFF_writel.width=1;

DFF DFF_writeZ (clk, writel, writed):
defparam BFF writel.width=13

DFF DFF writed (clk, write3, writed):
defparam DFF_writel.width=1;

OFF DFF_writed (clk, writed, writed):
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defparam DFF_writed.width=1:

DFF DFF_start (clk, start, =tartl):
defparam DFF_start.widch=1;

DFF DEF startl (eclk, startl; startl)i
defparam DFF_startl.width=1;

DFF DFF_dons (clk, done, donel):
defparam DFF_dene.width=1:

DFF DFF_donel (clk, denel; wdonel):
defparam DFF donsl.width=1;

DFF DFF_dane2 (clk, donz2, doned)s
defparam DFF_doneZ.width=1;

DFF DFF_done3 (clk, doned, doned);
defparam DFF _done3.width=1:

DFF DFF_doned (cllk, doned, dones);
defparam DFF_doned.width=1;

DFF' DFF _addr (clk, adde, addel):
defparam DFF_addr.width=addy _bit;

DFF DFF_addrl (clk; addrl, addrl):
defparam DFF_addrl.width=addr bat:

DFF DFF_addr2 (elk, addr2, adde3)q
defparam OFF_addc2.width=addr bit:

DFF DFF addr3 (clk, addc3, addrd):
defparam DFF_addr3.width=addr_hit:

DFY DFF_addrd (elk, addrd, addr w);
defparam OFF_addrd.width=addr_ bit;

endmoduls

4) SISO2.v

modules SIS02 (elk, reset, start, datalF, datalB, SIf, SIb, adde, addr w, S50f, SOb, doneb, writss,
last_iter):

parameter width=4; widthf=7;

paramstar N=G,; addr_bit=3;

input clk, start, reset, last iter;

input [width-1:0] datalF, datalB: //Input for SESOL in anly the parity portion (4 bits)

input [width-1:0] SIE, SIb:

output [width-1:0] SOf, S0b:

output danet, writeS;

output [addr _bit-1:0] addr, adde_w:

wire [width-1:0] datali'l, datalBl;

wire done, donel, done2, dope3, doned, write, weitel, write2, write3, writed, startl,
startz, last_iter f£f;

wive [width-1:0] SIfl, SIbl, SIf_mux, SIb mux, SIf LIFO, SIb LIFO, SIf_LIFOZ, SIb_LIFOZ,
SIf_LIFO3, S8Ib_LIFO3, SIf_LIFG4, SIb _LIFO4; -

wire [width+1:0] MOf, M1E, M2f, MOb, Mlb, M2b:

wire [width+1:0] M0fa, M1fg, M2fg, MObg, Mlbu, MZbg:

wire [widthf-1:0] EQ, Fl, F2, F3, B0, Bl, B2, B3r

wire [widthi-1:0] F0g, Flg, F2g, F3g, Blg, Blg, BZg, B34;

wire [widthf-1:0) FO_LIF2, Fl_LIF¥O, F2_LIFQ, F3_LIFQ, BO_LIFO, Bl_LIFO, B2_LIFO, B3 _LIFO:

wire [widthf-1:0) FO_LIFOg, Fi_LIFOg, ¥2_LIFDg, F3_LIFOg, BO_LIFOg, B1_LIFOg, BZ LIFOg, B3 _LIFOqg:

wite [widthf-1:0] =0f, =lf, w2f, =3f, y0f, yif, yif, y3f, =0k, =ib, xZb, u3b, yOb, ylb, yib, y3b:

wire [widthf-1:0] $0_templf, SO _templf, S0 _templib, S50_templb, SOf in, SOb ing

wire (addr_bic-1:0] addrl, sddr2, addr3, added:
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Last_iter ff Last iter ffl (clk, start, last_iter, last iter £f):

§I80 ctrl SISO _otrll (clk, resget, start, done, write, addr):
defparam SIS0 _ctrll.addr bit=addr_bit, SISO _ctril.N=N:

M SIS02 M_SISof (clk, datalfl, SIE mux, addrllD], MOE, M1f, M2f):

M _SIS02 M_SISOk (clk, datalBl, SIhb mux, ~addrl[0], MOb, Mlk, MZb):

. Same as SISOol.v .

Sum_cemp Sum_compf (¢lk, S50 _templf, S0 temp0f, $I1b_LIF04, last itexr £f, SOf in);

Sum comp Sum_comph (slk, S0 _templiz, SO _tampOb, S1f LIFQO4, last iter ££, SOb inj:

. Same as SISOLl.v ..
(The diffsrences betwsan $IS0I.v and SIS0Z.v are shown in pold letters.)

endmodule;

5) Interleave.v

nodule Interleave (clk, reset, write, addr, addr_w, S€f, 20k, SIf, S$Th):

paramster width=4, addr_bat=3, N=6, coef_file="int_romé.dat™:
input clk, reset, writs;

input [addr_bit-1:0] addr, addr_wz

input fwidth-1:0]1 SOE; ‘SOb:

output [width-1:0] SIf, 'sib:

vire [addc bit-1:0] adde f, adde f rom, addr_b_rom:

RAMZr dava RAM (clk, reset; write, addc T, addr_b_rom, [(SOf,; 50b], STf; SIb):
defparam data RAM,width=width, data RAM.addr_bit=addr _bit:

ROM addr_ROM (addr[addr_bit-2:0], {addc_f rom, addr b _tom}):

defparam addr ROM.width=2%addr_bit, addr ROM.addt bhit=addr bit-1, addc ROM.datafile=coef file;

mux2 adde_muzb (write, addr f rom, ~addr w, addr £).

defparam addr_muzb.width=addr_bit:

endmodule

6) Deinterleave.v

module Deinterleave (clk, reset, write, addr, addr w, S0f, S0k, SIE, 5Ib, hard dici, out, writeout):

parametar width=4, addr_bit=3, N=§, coef file="deint_ rom&.dac™;
input clk, reset, write, hard dici:

input [adde_bit-1:0] ackde, addr w;

input [width-1:0] S0f, SOk

output [width-1:0] SIE, SIhs

output out, writeout;

reg out, writeout;

wire half;

ey [width=1:0] 51k, SIf;

wire [addy_bit-1:0] addr £, addr f_rom, addc_b_rom:
wire [width-1:0] SIh_ram, SIf_ram;
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wire [addr bit-2:0] count ocut, addr rom:

BAMZr data RAM (clk, reset, write, addr_f, addr_b rom, (S0f, 830k}, SIf ram, SIhb_ram);
defparam data RAM.width=width, data FAM.addr bit=addr bits

ROM addr ROM (addr_rom, {addr £ rom, addr b_rom)):

defparam addr_RoM.width=2%addr_kit, addr_ROM.addr_bit=addr_bit-1, addr_ROM.datafils=coef file;
mux2 addr muxf (write, addr £ rom, -adde w, addr f);

defparam addr musf.width=addr_bit;

mux2 addr_vom_mux (writeout, addrladdr bit-2:0], count_cut, addr_rom):

defparam addr_rom mux,width=addr bit-1;

Out_cat out_counter (elk, ~writeout, half, count_out):
defparam out_counter.addr hit = addr_hit;

// Generate writeout (active during final decision output)
always @ (pogedge clk)
bagin
if (hard dici || weiteout)
writeout <= 1:
else
writeout <= 0;

if (half &8 count out==2 /7 reach the last output position
writeout <= O:
end

/7 Qutput muz
always @ (writeout or SIb_ram ot SIf rvam or half)
if (writeout)
begin
if (kalf)
out = SIb_ram[width-1]:
alse
out = SIE_ram[width-1];

Sih = 02
SIE = 02

end

2lse

begin
out = 0;
SIf = SIf_vam;
31k = Sib _ram;

end

endmodule

v
7) Input_ctrl.dst  (used in Input_buff.v)

module Input_ctrl (elk, reset, start, count, run, readyl}:
parameter addr_bit=3, N=6:

input clk, start, reset:
input [addr bit:0]  count:
autput cun, readys
req run, veady, buffer ready:
parameter IDLE = 0O,
51 = Iy
52 = 2;

reg [1:0] STATE, NEXT STATE:

always @ (posedge clk or posedge reset)
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if (re=set)
STATE <= IDLE:
zlse
ETATE <= WEXT_STATE:

alway=s @ (STATE or start or count)
begin
cass (STATE)
IDLE:
if (start) NEXT_STATE <= §
else NEKT_STATE <= I

ks
DLE;

7]
—

if (count==2*N+3)
NEXT STATE <= SZ»
else B
NEXT STATE <= §l:

if (Count==2#%N+3)
NEXT STATE <= §1;
elze
NEXT STATE <= S

ok

14N )
e

always @ (STATE or count)
Begin
case (STATE)
IDLE:
begin
run = 0;
ready = 0:
buffer ready = 0;
end

51
begin
run = 1z
if (buffer ready == 1)
if (count==0) rzzdy = 17
elze ready = 07
=lse
ready = 07
end

v
53]

begin
run = 17
if (count==0) ready = 1:
glee ready = 0z
buffer_ ready = 1i
end
endcase
endl

endmedule

/fidentify whether it iz

8) Addr_cnt.v (used in Input_buff.v and Deinterleaver.v)

module Addr_cnt (clk, clear, addr):
parameter addr_bit=3;
ipput clk, clear;

output [addr Bit-1:0) addr:
reg [addr_bit-1:0] addr:

from IDLE or S2
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//syne clear

always @ (posedge clk)
begin
if [(eclear)
addr <= 0;
elge
addr <= addr + 1:
end
endmodule

9) RAM_in.v

(used in Input _bufl.v)

module RAM_in (¢lk, reset, write, addra, in, outa, outb):
parameter width=4, addr bit=3;

parameter size=l<<addr bit;

parameter MW=&;

input clk, reset, write;

input [addr bit-1:0] addras

input Twidth-1:0] inz

output [width-1:0] auta, outh;

reg [width-1:0] outa, ouths

reg [addr bit-1:0] addri;

reg [width-1:0] M[D:saze-1]):

integer iz

// wreate bachward addr (addrb) from received forward address

alwayz B (addra)
addriy = ~addra:

// write process sync
// im 1 pert, 8 bits

to clk 3nd usss addra, write I adja

always @ (posedgs =lk or posedge reset)
if (re==t)
for (i=0: i<size:s i=i+1)
M{i] = 0;
glse if (write)
M[addral = in:

// read process async, 2 port 4 bits each,
always @ (addra or addrb or write)
if [(~write)

pointecd

begin
outa = M[addra] :
outh = M{addrb]:
end
endrodule

12) decoded.v (used in Input_buff.v)

medule decoderd (in, out);
input [1:0] ing
output [3:0] outs
teg [3:0] out;
always @ (an)
case (in)
0: out = 4"h000D1:
1y out = 4"bO0O10D;
2:r out = 47h0l00;
3: out = 4"b1000;
endoass

endmociule

{addra)

cent locations at a time

by addra and addeb
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module muxdl (zel,
parameter width=4:

input [1:0]

input [width=1:0]
output [width-1:0]
reg [width-1:0]

13) mux42.v (used in Input buff.v)

inO, ii’ll,, 31’12, ir|3,

zel;

in0, 1nl, in2,
cutl, aoutl:
cut, autl;

always 2 (sel or ind or inl or in2

case [(sel)

0: begin
outl =
outl =

and

1: begin
outh =
outl =

anc

s begin
outlh =
outl =

and

3: begin
outd =
outl =

ned

apcdease
endmoduls

module demundZ (sel
parameter  width=4:

input [1:0]

input [width-1:0]
output [width-1:0]
reg [width-1:0]

always @ (=&l or in
case (=zel)
0: begin
cutd =
outl =
outd =
out3d =

in0:
inl;

inl:
inG;

inZ;
in3;

in3;
inZ;

, ind, inl, outd,

sal}

ind, 1inls

cutl, owutl, outZ,

T3

or 1n3)

14) demux42.v (used in Input_buff.v)

outd, outl, out2, outld

0 or ini)

inf;
inls:
[width{1"hz})};
[wadth {1%hz) s

outl = inl:
outl = in0;
outZ = [wideh({1'hz))z
outd = (width(1'hz}):
end
Z: b=gin
outl = twidthil hz)):
outZ = {width{1l'h=z)}z
outZ = inD;
osutd = inl:
end
31 begin
outl = {width{1'hz]):

Pawawongsak 70

outl,

aukl, outd,
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out?
outZ
outl
end
endcase
andmodule

Wt

{width{I*hz}]:
inl;
in0;

15) mux2.v (used in many files)

module muxd (sel, inQ, anl, oui):
parameter width=4;
input s=lr
input [width-1:0] inl; 1inl:
output [width-1:0) aut;
reg [width-1:0] out;
always € (gel or inQ or 1inil)
if (sel)
out = inl;
else
out = in0;

endmodule

16) DFF.v (used in many files)

module DFF (clk,
parameter

input

input [width-1:0]
output [width-1:0)
reg [width-1:0]

always ©
begin

Out == inJd
and

endmodule

in,

out) 2
width=4;

clk:
ing
out;

outz?

(posedge olk)

17) SISO _ctrl.v (used in SISO1.v and SISO2.v)

module SISO _ctrl (clk,

parameter

input
output
wige

reset, start, done,

N=6, addr bit=3;
clk, start,

done,; write:
reset_cnt}

regety

output [addr bit-1:0] addr;

S¥80_ctel _den

Bddr_cont

Endmodule

18) SISO _ctrl_gen.v

module SIS0 _otrl _gen (clk,

parameter

input

ctrl_genl (&lk,

Addr cntl

reset, start, done,

(clk, reset cnt, addr):

(used in SISO _ctrl.v)

reset, start, domne, write,

N=6, addr bit=3:
cli,

gtart,

reget;

input (addr bit-1:0] addes;

autput

deon=, wecite,

resel cnt;

write,

write, addg)s

reset_ont,

resst eont,

addre);

addr) ;
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reg done, write, reset _chty
parameter IDLE =0,

F_B =1,

COMP = Zi

reg [1:0] STATE, NEAT STATE:

always @ (pogedge clk or possdyge resst)
1f (reset)
STATE <= IDLE;
else
STATE <= NEXT_STATE:

always @ (STATE otf start or addr)
pegin

NEXT_ STATE <= IDLE: /idefault for ungpecified conditions

c3se (STATE)
IDLE:
if (stakt) MNEXT_STATE <= F_B;
elze NEXT STATE <= IDLE:

F Bi
if (addr==N/2) NEXT_STATE <= COME:
else NEXT STATE <= F_B:
COMP:
if (addr==N+1) WNEXT_ STATE <= IDLE:
else HEXT_STATE <= COHE:
endcase
end

always @ (STATE or addr)
begin

done = 0; /7 default for unspecified conditions
write = 0;
reset _cnt = 0;

regset_eont = 1:

COMP :

begin
wrike = 1:
if (addr==N)

done = 1:
elae
done = 03
end
eridcase
and
endmodule

19) ML_SISOLv (used in SISO1.v)
modules M_SIS01 (clk, data, SI; k, MO, M1, M2Z):
parametsr width=4;

input clk; ks
input [2%width=1:0] datas



EE577B Section 6: Verilog Codes for Structural RTL Pawawongsak 73

input [width=-1:0] 51;
r output [width+1:0) MO, M1, M2;
reg [width+1:0] MO, M1, M2:
reqg [width-1:0) zl, zZi
always @ (posedge olk) .
begin
z1 = data|2*width-1:width]:

if (k == 0) // k oeven
22 = datalwidrh-1:0]1;
zlse
zZ2 = O
MO = signext (SI) + signext(zl) + signext(z2):
M1l = signext(zZ);
M2 = signext(S1) % signezt(zl):
and
function [width+1:0] sianext: // extend 2 bitz of =1gn

input [width-1:0]1 a;
signext = {{2{afwidth-1]}), a)r
gndfunction

endrodule

20) M_SISO2.v (used in SISO2.v)

module M_SISOZ (clk, data2, SI, k, MO, M1, MZ):

( parameter width=4z:

input elk; ki
input [width-1:0] dataZ: //only 4 LSBs of data; S1S502 doesn't use system hit info (zl1)
input [widrh-1:0] 812

dutput [width+1:0] MO, M1, M2:

reg [width+1:0] MO, ‘Mt; H2:
req [width-1:0] z23
glways & (peosedge 2lk)
kegin
if (k= 1) !/ Kk odd
z2 = datal;
elge
z2 = 0;
MO = signext (5I) + sidnext(zZ):
Ml = signext(z2):
M2 = zigpext(SI):
end
function [width+1:0] signext: // erxtend Z bits of sign

input [width-1:0] a;
gignert = {{2{alwidth-1]1%, aji
endfunction

encdmaodule

r 21) F_cal.v (used in SISO1.v and SISO2.v)
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module F_ezl (elk, clear, MO, M1, M2, FO, F1, F2, F3):

parameter width=4, widthf=7;
parameter init = 0, Inf = 31;
input clk, clear;

ipput [width+1:0) M0, M, M2:
output [widthf-1:0] FO, F1l, F2, F3:

reg [widthf-1:0] Fd, Fl, Fz, F3;
always B (posedge clk)
begin
if (clear)
begin
FO <= Inat;
Fl <= Inf:
F2 <= Inf:
F3 <= Ing;
and
wlse
begin
FO <= min2(F0, F2 + signe=t(M0));
Fl <= minZ(F0Q + signext(MD),; F2)2
F2 <= minZ(Fl1 4 signert(M2), F3 + signext(Ml)):
F3 <= min2(F1 + signext(M1), F3 + signext(MZ)):
end
end
function [widthf-1:0] min2;:
ipput [widthf-1:0] =, bs
re [widthE-1:0] dyff;
begin
diff = a-h;
minZ2 = difflwidthf-=1) * a : b;
=nd
endfuncticon
function [width+2:0] signext: Jfextend 1 bit of sign

input [width+1:0] a:z
zignext = {{a[width+1l]l}, a}:
endfunction

endmociyle

22) B_cal.v (used in SISOL.v and SISO2.v)

module B_cal (clk, &lear, MO0, M1, MZ, BO; BI, BL, B3):

parametar width=4, widchf=7;
parametar Init =0, Inf = 31:
input cll, clear:
input [width+1:0] MO, W1, MZ;
output [width£-=1:0] BO, El, B2, B3:
reg [widthf-1:0] BR, Bl, B2, B3:
always @ (posedge clk)
begin
if f(clear)
begin

B0 <= Init:

Bl <= Inf:

BZ <= Inf:

B3 <= Inf:
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enc
zlse

begin
BO <= min2(E0,
Bl <= min2 (B2 % =signexti(Ml),
B2 «= min2 (Bl '
B3 <= minZ(BZ + signext(Ml),

and

and
function [widthf-1:0] minp2:
inpit [widthf-1:0] a, i
req [widthf-1:0] diff;
egin
diff = a-h:
min2 = diff{widthf-1] 2 a : h:
=nd
endfunction

funetion [width+2:0] =signext:
input [width+1:0] a;

signext = {{alwidth+1l}, a):
endfunction

endmoduls

W mm
[N SR S e

2rgnext(M0) )
zignexi (M2Z) );
signext(M0) s
signezt (M2) )

I

/fextend 1 bit of sign

23) Comp_A.v (used in SISO1.v and SISO2.v)

module Comp_ A (clk, MO, M1, M2, ¥O, Fl, ¥2, F3, BO, EL,

parameter

input elk:

input [width+1:0] MO, M1, M2:
input [widthf-1:01 Fo, Fl, F2; F3,
output [(widthf-1:0] =0, =1, =2, =3,

reg [widthi-1:0] =0, ®1, =®2, =3,

always @ (posedge clk)
begin

/f output to be compaced to gznerate

®0 = FO # ‘signsxt(M0) + Bly
¥l = Fl1 + signext(M2) + Bz:
®Z = F2 # zignext(MO0) + BO;
#3 = F3 + signext(MZ) + BZ:

A/ output to be compared to genscate

y0 = FO + BO:

¥l = Fl #+ gignext(M1l) + B3s

¥Z = F2 # Bl:

¥3 = F3 # signext(M1l) + B2:
end

function (width+2:0)] sigrexzt:
input [width+1:0) a;

signext = [{a[width+1]}, a}:
endfuncrion

endmodule

width=4, widthf=7;

¥0, yl;

B1, B2, B3:

Yf-'; ')rlf Vi, 1]'.3;

SO _tesipl (SO(uk=1))

S0_tampl (80 (uk=0))

Jlentend 1 bit of sign

B3, =0, =wl, =2, =3, v0, ¥i, v2, ¥3):
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module Comp C8 (clk;

paramster

input
input [widthf-1:0]

output [widthf-1:0)

req Twidthf-1:0]

24) Comp_CS.v (used in SISO1.v and SISO2.v)

20, =, =2, %3, yB. v, ¥, ¥3, S0 _templ, S0_templd);:

width=4, widthf=7;

a

l\hf
®D; #1, ®Z, ®3, y0, vi, ¥2, ¥3:
S0 _templ, SO templ:

30 _templ, SO templ:

always @ (posedgs clk)

begin

SO _templ = mind (%0, =1, =Z; ®r3I):

SO _templ = mind (y0, vi, ¥2, y3)s

and

function [widthf-1:0] mind:

input [widthf-1:0]
ren [widthf-1:0]
reg

begin

ab=a-hbi
d.ci=a =0}
ad = a - d;
b e=b~6;
b d=h - d:
c d=c¢c - di
amn =

bmin =

cmin =

if (amin)

mind = a;
elge Lf (bmin)

mind = b
else if (cmdn)
ming = C;
el=ze
) mind = d;
end
endfunction
andmedule

medule Sum comp (<lk, S0 templ, SO tempd, SI

parameter

input [widthi-1:0]
input [width-1:0]
input

output [widthf-1:0]

req [widthf-1:0]
reg [widthf-1:01

always @ (posedge
begin

a bifwidthf-1] & a_
~a_blwidthf-1] & b_clwidthf-1] & b djwidthf-1]:
~a clwidthi-1] § ~k_

a, b, o, i
ab;, ac, ad, b, b d, c_d:
amin, bmin, cming

o[widthf-1] & a d[widthf-17:

elwidthi-1] &8 ¢ d[widthf-1]:

25) Sum_comp.v (used in SISOL.v and SISO2.v)

width=4, widthf=7:

S0 _templ; SO_templ:
SI:

1k, last itesri

.

U7

l__p“] [ I 4

LT
(= ]

clk)
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if (last iter)
S1_tamp = 0
else
81 temp = signext(51);:

S0= 5 templ - S0 tempd - SI_temp:

nd

function [widthf-1:0] signext; f/ extend I bats of sign
input [width-1:0] z;

gignext = [(3{a{width-17)]), &)
endfunction

endmodule

26) Clip.v (used in SISOI1.v and SISO2.v)
module Clip (S0_in, 50 _out):
parameter width=4, widthi=T;

input [widthf-1:0] S0_ind
output [width-1:0] SO out:

reg [width-1:0] 50 out;

always @ {(80_in)

begin

S0_infwidthf-T:widthf-width] || ~|S0_in[widthf-T:widthf-widthl)
30 out = 50 in[width-1:0];

slse if (SO _in[widthf-1])

50_out = -8;
alze
50 _out = 7;
end
endmoduls

27) LIFO.v (used in SISO1.v and SISO2.v)

module LIFO (elk, in, out, bead);

parameter width=4, size=4:
input clk; read;
input [width=1:0] ing

autput [wicth-1:0] Qut:

reg (width-1:0] out:
req {width-1:0] men [size-1:0]:
integer 12

always B (posedgs clk)
begin
if (read)
bagin
mem[2ize-1] <= mem[0];
for (i=0:; i<size-1: 1=141)
mem(i1] <= mem[i+l1];

mem[0] <= in:
for (i=1: i<sizei i=i+41)
mem{i] <= mem[i-1]:
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end
and

always @ (mem[0])
out = mem[0]:

encdmodule

28) Last _iter ff.v (used in Deinterleaver.v)

module Last iter ff (clk, start,
input clk, start, last_iter;
output out;

rag cut;

slways & (posedye clk)
if (start)
out <= last iter;

sndmodules

laszt_iter, out);

29) RAM2r.v (used in Interleaver.v and Deinterleaver.v)

module RAMZr (elk, reset, writes, addra, addreb; in, outa, ocuth)s
parameter width=4, addr_ bit=3;

parameter sizes=l<<addr bit;

paramster N=9;

input zlk, reset, weites

input [addr bit-1:0] addra, addrbs

input [Z*width-1:0] in; )

output [width-1:0) outa, ouchs:

req [width-1:0] outa, outh?

reg [width-1:0] M{Dssize-1]2

integey 1

/{ write procesg sync to clk and uses addra, write 2 adjacent locations

/7 in 1 port, 8 bits
always @ {(posedge clk or posedge rezet)
if (ceset)

Force tall bat locations

for (i=0; i<gize; i=i+1)
MIi] = D;
elge if [(write)
beain
M{2*addra] = in[width-1:0)z
if (addra <= 1)
M[2*addra+l] = 0; ¥/
zlze
M[Z2vaddra+l] = in[2*width-l:width];
end

/{ read precess async, 2
always @ (addra or
if (~write)
begin
outa = H{addral:
outh = M{addrb]:

acdelh or wrkite)

endmodul e

30) ROM.v (used in Deinterleaver.v)

module ROM (addr,
parameter
paramster

out)+

2ize =

locaddr bav:

port 4 jmtz each

width=4, addr bit=2, datafile="file.dat™;

at a time

to be

sy
Lelu
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input [addy bit-1:0] addr:
output [width-1:0] outs

reqg [width-1:0] aut:
req [width-1:0] M[D:=z1ze-1];
initia

Sreadmemb (datatile, M):

always @ (addr)
out = M[addr]:

endmodule

31) Out_cnt.v (used in Interleaver.v and Deinterleaver.v)

module Cut ent (zlk, clear, half, oug);

patametet adde_lbit=3;
input clk, cl=ar;
output half;
output [addr bit-2:0]  outs
reg [addr bit-1:0] adde:
reg [addr_bit-2:0] out:
req half:
always @ (pozedge clk)
begin

if {elear) /l=zyne clear

addr <= 0:
slse

addr <= addr + 1;
end

always @ (addr)
bagin
half = addradde_bit-1];
if (half)
out = ~addraddr_bit-2:0);
else
out = addrladdr bit-2:0]:

end
endmodules
32) vec6l.dat vec62.dat
// Tesat vector 8I(Ckl=1) for block length = & // Test vector SI(Ckl=2) for block length = 6
/¢ blogk 1 =5, 2, 2, 0, -3, 3, 0, 1 /! bleck 1 =>0, 1, -5 & -1, -6, 0, -2
f4 block 2 =>4, 1, 0, -2, -6, 4, -1, -5 /¢ block 2 => .8, 3, =3, =b, &6, =1y 2; 3
0101 Q000
0G1i0 0601
aglo 1011
ooDo 0110
110 1311
onii 110
00no 0oon
aon1 1110
Q100 Diot
0001 0011
pono 1101
1110 1011
1010 0110
0100 1111
pip ] 0010

1011 0011
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33) Int_rom.dat (block length = 6)

110001
100011
101010

33) Deint_rom.dat (block length = 6)

110001
101011
G10100
000111
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Section 7 Matlab Codes for Test Vector Generation
% MATLAB Code for Turbo Decoder

% M(k,1)

= M(0,0,0) = M(2,0,1)
T M(k,2) = M(0,1,1) = M(2,1,0)
P M(k,3) = M(1,0,3) = M(3,0,2
5 M(k,4) = M(1,1,2) = M(3,1,3)
%
% Note on array indexes:
i MATLAB supports only indexes from 1, 2, 3, ... So, I define two
% variable to account for the idexzes of M, F, and B.
4 k is the base time index
% kk = k+l is the time index for M and B

% kf = k+2 is the time index for F
% Using kk and kf, we can specify M, F, and B the same way as described
%2 in the Turbo Decoder algorithm.

clear
Init=0; Inf=31;

% Data for block length 1024 (read from test vector files)
N=1024;

load ck0.dat; load ckl.dat;

load interleaver.dat;

z1l = bin2sign(ck0,4); z2 = bin2sign(ckl,4);

Interleave = bin2dec(interleaver,10);

% Data for block length &
tN=6;

v2l=[52 20 -3 3 01); =z2=[01 -56 -1 =60 -2]: ibleck 1

4zl = [4 1 0 -2 -6 4 -1 -5]; z2 = [53 -3 -56-12 3); tblock 2
“Interleave=[3, 2, &, 0, 4, 1];

Interleave = Interleave + 1; t Add +1 offset to make non-zero indexes
Deinterleave (Interleave) = 1:N;

SIl=zeros(1l,N+2);
§I2=zeros(1,N+2);
No_of iter = 10;

for i = 1:No_of iter; (Main Loop)
8IS0l Transition Matrix
for k=0:N+1
kk=k+1;
if rem(k,2) == 0 tk even
M(kk,1) = 0;
M(kk,2) = SI1l(kk) + zl(kk) + z2(kk);
M(kk,3) = z2(kk);
M(kk,4) = SI1l(kk) + zl(kk):
else %k odd
M(kk,1) = 0;
M(kk,2) = SI1l(kk) + zl(kk):
M(kk,3) = 0;
M(kk,4) = SIl(kk) + zl(kk);
end
end

+SISC]l Forward & Backward ACS
F(l,:) = [Init Inf Inf Inf];
for k=0:N+1

kk=k+1;

kf=k+2;

F(kf,1) = min( F(k£f-1,1)+M(kk,1), F(kf-1,3)+M(kk,2));

F{kf,2) = min( F(kf-1,1)+M(kk,2), F(kf-1,3)+M(kk,1))};

F(kf,3) = min( F(kf-1,2)+M(kk,4), F(kf-1,4)+M(kk,3)):

F(kf,4) = min({ F(k£f-1,2)+M(kk,3), F(kf-1,4)+M(kk,4));
end

B(N+3,:) = [Init Inf Inf Inf];
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for k=N+1l:-1:0

kk=k+1;

B(kk,1) = min( B(kk+1l,1)+M(kk,1), B(kk+1l,2)+M(kk,2));

B(kk,2) = min( B(kk+1l,4)+M(kk,3), B(kk+l,3)+M(kk, 4)):

B(kk,3) = min( B(kk+1l,2)+M(kk,1), B(kk+1,1)+M(kk,2));

B(kk,4) = min( B(kk+1l,3)+M(kk,3), B{kk+1,4)+M{kk,4)):
end

481501 Completion
for k=0:N+1
kk=k+1;
kf=k+2;
501(kk) = min([F(kf-1,1) + M(kk,2) + B(kk+l,2), ...
F(kf-1,2) + M(kk,4) + B{kk+1,3), ...
F(kf-1,3) + M{kk,2) + B(kk+1l,1), ...
F(kf-1,4) + M(kk,4) + B(kk+1,4)]) ...
- min([F(kf-1,1) + M(kk,1) + B(kk+l,1),
F(kf-1,2) + M(kk,3) + B(kk+1,4),
F(k£f-1,3) 4+ M(kk,1) + B(kk+1,2), ...
F(kf-1,4) + M(kk,3) + B(kk+1,3)]1) - SI1l(kk);
end

Tclipping seft information cutput
S01 = (S0l<=maxs).*S01l + (SOl>maxs)*maxs;
801 = (SOl>=mins).*S0l + (SOl<mins)*mins;

fInterleave S$I1 for SISO2
SI2 = SO0l(Interleave);
812 = [sI2, 0, 0]

tSIS02 Transition Matrix

for k=0:N+1
kk=k+1;
if rem(k,2) == 0 %k even
M(kk,1) = 0;
M(kk,2) = SI2(kk):
M(kk,3) = 0;
M{kk,4) = SI2(kk);
else ik odd
M(kk,1) = 0;
M(kk,2) = SI2(kk) + z2(kk);:
M(kk,3) = z2(kk):
M(kk,4) = SI2(kk);
end
end

£SIS0O2 Forward & Backward ACS

F(1,:) = [Init Inf Inf Inf];
for k=0:N+1
kk=k+1;
kf=k+2;
F(kf,1) = min{ F(kf-1,1)+M(kk,1), F(k£f-1,3)+M(kk,2));
F(kf,2) = min( F(kf-1,1)+M(kk,2), F(kf-1,3)+M(kk,1));
F(k£,3) = min( F(k£f-1,2)+M(kk,4), F(kf-1,4)+M(kk,3)):
F(kf,4) = min( F(kf-1,2)+M(kk,3), F(kf-1,4)+M(kk,4)}));
end

B(N+3,:) = [Init Inf Inf Inf]:
for k=N+1:-1:0

kk=k+1;
B(kk, 1) min( B(kk+1l,1)+M(kk,1), B(kk+l,2)+M(kk,2)):
B({kk, 2) min( B(kk+l,4)+M(kk,3), B(kk+l,3)+M(kk,4));

B(kk,3) = min( B(kk+1l,2)+M(kk,1), B(kk+1l,1)+M(kk,2))};
B(kk,4) = min( B(kk+l,3)+M(kk,3), B(kk+1l,4)+M(kk,4));
end

%8I502 Completion
for k=0:N+1
kk=k+1;
kf=k+2;
802 (kk) = min([F(k£f-1,1) + M(kk,2) + B(kk+1,2), ...
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- min((F(kf-1,1) + M(kk,1) + B(kk+l,1),
F(kf-1,2) + M(kk,3) + B(kk+l,4),
F(kf-1,3) + M(kk,1) + B(kk+l,2),

F(kf-1,2)
F(kf-1, 3)

+ M(kk, 4)

+ B(kk+l,3),
+ M(kk,2) + B(kk+l,1),

F(kf-1,4) + M(kk,4) + B(kk+1l,4)]) ...

F(kf-1.4) + M(kk,3) + B(kk+l,3)]) - SI2(kk):

if i == No_of iter
S02 (kk) + SI2(kk):

S02(kk) =
end
end

tclipping soft information output

502 = (S02<=maxs).*S02 + (SO02>maxs)*maxs;
502 = (S02>=mins).*S02 + (S02<mins)*mins;

% print out soft information input and output for each iteration
fprintf{'\nInteration #%d\n',i);

SI1

S01

s12

s02
sDeinterleave S

sIl = [sI1, O,

end i

iz

for SIS01
SI1 = S02(Deinterleave);
0];

%Final Hard Decision
SIout = SI1(1:N)

out = SIout < 0

Results of Block 1

Interation #1

SIl1 = 0
S0l = 4
512 = 0
502 = 3

Interation #2
SI1 =
SOl
SI2
502

o

1]
I

WO

Interation #3
SI1 -4

sol = 4
siz = -1
so2 = 2

Interation #4

SI1 = 0
$01 = 3
SI2 = -1
502 = 0
Interation #5
8I1 = -4
sol = 4
812 = -1
so2 = 2

Interation #6

811l = =1,
S0l = 3
512 = -1

B0 oo

=

=2
=1

O oK

2
-2
-1

|
O Wk OO0

= NO o

o Boo

A PO W

=1
-3

-3

( End Moin Loo(’)

Lo = w o s o

N =N Oo

L= S

=

-2

R ooo & O N O W oNOo SO - o

NOoO-Oo

o oo

= oo Wwooo w oo w o oo

O oo

MO
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s02 = 0 0 -1 -4 1 i -1 -1
Interation #7

SI1 = -4 1 0 0 1 -1 4] 0
301 = 4 0 0 =1 =2 2 1 0
812 = -1 0 2 4 -2 0 0 0
502 = 2 1 =1 -1 0 2 2 -2
Interation #8

81l = -1 2 rl 2 0 =1 0 0
S0l = 3 -2 -1 =1 -3 4 0 2
sSI2 = -1 -1 4 3 -3 -2 0 0
s02 = 0 0 =1 -4 1 1 -1 -1
Interation #9

SIl = -4 1 0 0 1 -1 0 0
S0l = 4 0 0 -1 =2 2 1 0
512 = -1 0 2 4 -2 0 0 0
sS02 = 2 1 =1 =1 o] 2 2 -2
Interation #10

SI1 = -1 2 1 2 0 -1 0 0
S0l = 3 -2 -1 =1 =3 4 0 2
SI2 = =1 -1 4 3 -3 -2 0 0
502 = -1 -1 3 -1 -2 =1 =1 =1
SIout =1 =1 =3 =5

out 1 1 1 1

Results of Block 2

Interation #1

SIl = 0 0 0 0 0 0 0 0
501 = 7 3 3 -3 -6 5 -5 -5
SI2 = -3 3 5 7 -6 3 0 0
s02 = -2 -8 0 3 -3 4 -6 7
Interation #2

5I1 = 3 q -8 -2 -3 0 0 0
S01 = 4 -2 7 1 1 -1 -1 -1
s12 = z] 7 -1 4 1 -2 0 0
S02 = 4 2 -5 2 2 =1 3 5
Interation #3

SI1 = 2 =1 2 4 2 -5 0 0
s01 = 5 1 -2 -4 -4 4 1 -5
812 = -4 -2 4 5 -4 1 0 0
502 = -4 -8 5 5 =1 4 -5 5
Interation #4

8I1 = 5 4 -8 -4 -1 & 0 0
501 = 4 0 7 1 2 0 1 -2
512 = X 7 0 4 2 0 0 0
802 = 4 1 -4 0 0 =2 2 4
Interation #5

SI1 = 0 -2 1 4 0 -4 0 0
501 = 3 1 -2 -3 -5 5 -1 -5
512 = -3 =2 5 6 -5 1 0 0
502 = -4 -8 5 & -1 4 -5 5
Interation #6

SI1 = & 4 -8 -4 -1 5 0 0
501 = 4 0 i 1 2 0 1 -2
512 = 1 7 0 4 2 0 0 0
502 = 4 pij =4 0 0 -2 2 4
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Interation #7

SIl1 = 0 ~2 1 4 0 -4 0 0
S0l = 6 1 -2 -3 -5 5 =1 -5
sI2 = =3 -2 5 & -5 1 0 0
sS02 = -4 -8 5 6 =1 4 =5 <]
Interation #8

SIl = 6 4 -8 -4 -1 5 0 0
sol = 4 0 7 1 2 0 1 -2
SI12 = 1 7T 0 4 2 0 0 0
502 = 4 1 -4 (0] 0 =2 2 4
Interation #9

SI1 = 0 -2 1 4 0 -4 0 0
S0l = 6 il -2 -3 -5 5 =1 -5
S12 = =3 =2 5 6 -5 1 0 0
502 = -4 -8 5 & -1 4 =5 5
Interation #10

8Il1 = 6 4 -8 -4 -1 5 0 0
sol = 4 0 7 i 2 0 1 -2
sI2 = 1 | 0 4 2 0 0 0
802 = 5 7 -4 4 2 -2 2 4
SIout = 4 =2 7 5 2 -4

out = 0 i 0 v] 0 1

gencoeff.m to calculate the interleaver coefficient to be saved in ROM for stuctural RTL

N=6; addr bit=3; interleave = [3 2 50 4 1]:
iN=1024; addr_bit=11; load interleaver.dat; interleave=bin2dec (interleaver',10);
output_file='int_romé.dat'

N=N+2;
interleave = interleave + 1; toffset by 1
interleave = [interleave, N-1, NJ]; tadd 2 coeff for tail bits

forw = zeros(1l,N);
forw(l:2:N) = 1:N/2; Eforw = [1 0.2 030 4

back = zeros(l,N);
back(2:2:N) = N:=-1:N/2+1; %back

[0N O N-1 0 8N-20 ...]

for i = 1:N
coeff(i) = find(interleave(i) == forw back);
end

coeff = coeff - 1; ¢ take off offset 1

% combine coefficients in pairs and write to output file
fid = fopen(output file, 'w');
for i = 1:2:N
fprintf(fid, '$s%s\n', dec2bin(coeff(forw back(i)),addr_bit), dec2bin{coeff (forw back
(i+1)),addr_bit));
end
fclose(£fid);

% function dec2bin.m to translate decimal to binary (B bits)
function out = decZbin(in, B)
out = 0;
for i = 0:B-1
bit = rem(in, 2);
out = out*10 + bit;
in = in = bit;
in = in / 2;
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% function dec2bin.m to translate binary (B bits) to decimal
function out = bin2dec(in, B)
out = 0;
for i = 0:B-1
= rem(in, 10);

out = out + bit*2"i;
in = in - bit;
= in / 10;

-
o]
|

% function dec2bin.m to translate 2's complement (B bits) to decimal
function out = binZsign(in, B)
out = 0;
for i = 0:B-2
bit = rem(in, 10);
out = out + bit*(2-i);
in in - bit;
in in / 10:
end

bit = rem(in, 10);
out = out - bit*(2~(i+1)):
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Reducing Power Consumption of Turbo Decoder 14)
Introduction

One of the disadvantages of Turbo codes is its complexity in the decoding scheme. The
SISO algorithm of a Turbo decoder is known to be twice as complex as a classical Viterbi
decoder. Furthermore, a Turbo decoder requires many iterations to achieve a good performance.
The huge amount of processing in turbo decoding has a major impact on power consumption
especially in mobile applications. Therefore, people have tried to find ways to reduce the power
consumption without sacrifying the performance. Leung et. al. [4] has proposed a method using
adaptwe 1terat10n with variable supply voltage, which will be summarized in this report.

Adaptive Iteration Decoding Algorithm

The idea is that the number of iteration required to achieve a good _peﬂ)_rwd
depend on SNR of the received signal. Since SNR is unknown and changing, a fixed number of
iteration mlght be doing too much or too little for a particular situation. Therefore, we would
like to adaptively determine the condmon of the sngnal and stop the SISO iteration accordmgly

checking) in each block of data and perform a CRC check after every 1terat10n of SISOs. If the
sequence pass the CRC check, the Turbo decoding then stops at this iteration. Since the CRC
check requires very little processing power, the overhead is trivial.

Power Reduction Scheme for Adaptive Iteration

If the required iteration were fewer, that would mean we could run the Turbo decoding
slower and use a lower supply voltage to further reduce the power consumption. Basically, we
want to make the supply voltage changing adaptively according to the signal condition.
However, we need to know the required iteration for each data frame ahead of the start of
processing. Using CRC would not work for this problem although we may use the number of
iteration of a previous frame to help judging the condition of the current frame, given that the
signal condition is not changing too rapidly.

Another scheme is called “as slow as possible™ assignment, which combines with CRC
check to stop processing a frame as described above. Given that there are input buffers for some
frames, if we can finish processing a current frame earlier (determined by CRC), we will have
more time to process the next time before the deadline of the next frame comes. Thus, the
scheme is very simple, that is, process a frame at as slow a speed as possible. In this sense, we
know ahead of each frame what speed to use and, thus, use a supply voltage accordingly.

SNR-Assisted Voltage Assignment Algorithm

The simple as-slow-as possible algorithm alone will not wok efficiently given a stream of
input data. The reason is if we process a current frame as slow as possible, it is likely that we
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have to speed up on the next frame. A better algorithm would have to really estimate the SNR of

the signal to predict the number of iterations better.
Estimation of SNR is very possible. In many mobile systems, estimate of SNR is already
available for other purposes and we can take advantage of that available measurement to assist

the as-slow-as-possible algorithm.



EE577B Section 8: Selected Topic on Turbo Codes Pawawongsak 89

Post-Desion Notes

The purpose of this project is to learn about VLSI design. Lots of thanks and credits
should be given to the instructors of the class, Prof. Peter A. Beerel and Prof. Keith M. Chugg,
who have made the project practical and exciting. The turbo decoder is certainly one of the hot
chips people in the industry are designing right now.

There are many design issues that I have learned and would like to discuss some of them
here.

1) Simpler is better. If we could make algorithms simpler, we would be able to use fewer
resources and sometimes make the hardware faster. There are many examples of simplifications
in the project. First, normalization of the algorithm tremendously make the algorithm simpler
(please be referred to [5]). Second, by recognizing redundancies and zeros in the transition
matrix, we can calculate and store only three values of the transition matrix instead of eight for
each time step. (I did not show the derivation of this but one can easily derive it from the
original algorithm description to arrive at the same equation I have in the code.) Third, in the
implementation, the controllers have been made simple by dividing the controlling job into two
parts: the main controller and the local SISO controller. Each controller has its own local
counter.

2) The memory components occupy the majority area of the chip. In this project, about
90% of the chip area is occupied by ROMs, RAMs, and flip-flops. Any efforts that try to reduce
the memory usage would tremendously reduce the chip area. For example, by scheduling the
completion process to start after the F&B matrices have been calculated halfway, we can cut the
storage area for F&B matrices in half. In this project, LIFOs are used to store F&B matrices to
minimize delay in retrieving the data. However, considering that they take up about 65% of the
chip area, one could better off implement them with registered RAMSs, which are much more
area-efficient.

3) In this project, the full adders are implemented using half adders and pass transistors
for simplicity and area efficiency. It turns out this is not a good decision. Pass-transistor circuits
have poor driving capability and are not good for cascading. So, the adder is slow and could
possibly fail to work (I did not test all the possible inputs). Considering that computation
components take relatively very small area in the chip but their speed, especially in the critical
path, would directly improve the speed of the chip, one could have designed them better with as-
fast-as-possible circuits.

Due to limitation in time and experience, I apologize for any incompleteness and mistake
in this report. Should the reader need the source codes or any more information, please contact
me at pornchai@ieee.org,
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