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Abstract

Because of wireless environment where multipath maybe
significant, Orthogonal Frequency Division Multiplexing (OFDM),
a special form of multicarrier modulation (MCM), where a single
data stream is transmitted over a number of lower rate
subcarriers has recently received considerable attention for its
robustness to multipath selective fading and high bandwidth
efficiency. It can be seen as either a modulation technique or a

multiplexing technique.

The main work of my graduate design is to implement baseband
data processing section on FPGA of an OFDM-based
communication system. It contains Reed-Solomon channel
coding (FEC), interleaver, constellation, FFT and Prefix Cyclic

parts.

In addition, | also pay much attention to other aspects during the
design. That is, the study of OFDM, IEEE 802.11a Standard, a
demo model of OFDM based on Simulink, devices and IP

Megacore of ALTERA corp., which are detailed in my paper.

Key words: OFDM, FPGA, ALTERA
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4.7 Quad Output[1]
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FFT ENGINE
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4.8 Single Output[1]

Quad Output Single Output FFT

4.3.6
““Implementation Option~~
/
/ FFT MegaCore v2.2.0
[2] Cyclone 11 FPGA /
DSP Block
LE
4.3.7 RAM
RAM ALTERA FPGA

M-RAM M4K M512 RAM
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RAM LE

4.4 FFT MegaCore

FFT FFT
Core

clk reset FFT MegaCore

4.5
ALTERA Atlantic

[3]

Master_sink_dav
Master_sink_dav “<17” IP

Master_sink_dav “€1””
Master_sink_sop 64 FFT
64 master_sink_sop
ccq=s
Inv_I FFT IFFT 0 1
FFT  IFFT
master_sink_sop FFT
FFT IFFT

Master_source_ena master_source_sop

master_source_eop master_source_sop
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master_source_eop
master_source_ena ““17”
Master_sink_ena
master_sink_ena ““17”
<<g=>
Master_source_dav
FFT ““07”
Streaming IFFT
master_sink _dav master_source_dav
master_sink_ena “€1””

master_sink_sop

4.5 FFT
FFT MegaCore
FFT
FFT MegaCore
FFT
110 90 65 7 110
10
9 6 O < 107’

FFT
“O”

“l”

inv_lI

“11,

FFT

11

FFT MegaCore
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FFT MegaCore

ALTERA

IFFT

ki

[4]

xt X0 =1FFT{xh

= —*IFFTa(x)

-

'

= — Wit ]2

|-

where:

x0=Input data to IFFT

X0 = Qutput data from IFFT

N = Mumber of points

dofal = Altera IFFT MegaCore output data &
Altera FFT MegaCore input data

datod = Altera FFT MegaCore output data

expl = Altera IFFT MegaCore output exponent

expt = Altera FFT MegaCore output exponent

IFFTa = Altera IFFT

FFTa = Altera FFT

4.9
IFFT N
N 1/N
4.6 FFT MegaCore MATLAB

FFT MegaCore
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MATLAB
IP Core FPGA

““name_model.m”>> MATLAB name FFT

.m MATLAB

% function[y, exp_out] = name_model(x,N,INVERSE)

X N FFT INVERSE <17~ IFFT
““0”” FFT y exp_out X
y exp_out
MATLAB FFT
MATLAB
test.m
% FFT MegaCore
clc;
clear;
% 64 1 100 a,b

a = rand(1, 64);
a=a™* 100;

a = int8(a); %
b = rand(1, 64);
b=Db* 100;
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b = int8(b); %

%

X = double(complex(a,b));

% FFT+IFFT
[y, expl] = name_model(x, 64, 0);
[z, exp2] = name_model(y, 64, 1);

%

expl = expl(1,1);

exp2 = exp2(1,1);

exp = 2.~ (abs(expl+exp2)-6);

Z=12z%*exp;

%

result = [x; z]

MATLAB
FFT+IFFT
16bits
FFT IFFT OFDM

IFFT+FFT
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4.7

ALTERA  FFT MegaCore

FFT OFDM
FFT MegaCore
OFDM

[1] User Guide, “FFT MegaCore Function User Guide”, ALTERA
corp., 2005.

[2] Errata Sheet, “FFT MegaCore Function”, ALTERA corp.,
2006.

[3] Functional Specification 13, “Atlantic Interface”, v3.0,
ALTERA corp., 2002.

[4] Application Note 404, “FFT/IFFT Block Floating Point
Scaling”, v1.0, ALTERA corp., 2005.
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OFDM

OFDM
VHDL
18
FFT
802.11a OFDM
OFDM
OFDM
5.1
FPGA
5.1.1 IP
FPGA IP

IP Intellectual Property
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IP

OFDM
IP Reed-Solomen FET/IEFT
ALTERA MegaCore IP

IP
FFT IP FFT HDL
FFT
IP
ALTERA ALTERA
MegaCore FFT/IFFT $7995 R-Sencoder $1995

R-S decoder $7995 Serial Low-speed Viterbi Decoder $9995
FIR compiler $2995 NCO compiler $2495

IP IP
IP IP
IP
51.2
FPGA

FPGA 9000 LE
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8000 LE

FPGA 10000 LE A
1000 LE
B 8500 LE
LE
20000 LE
ALTERA  FPGA
1000 3000 5000 8000 10000
LE FPGA
8500 LE FPGA
HDL
100 LE
LE
5.1.3 HDL
FPGA HDL

HDL
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== File: interleaver.

-— ¥Wersion: v1.0
== Author: olivercamel
Date: 4,16.2008
== Descriptiont
& vhdl programmée is toe genar:
cder/decoder te mitigats the
Actually, interleaver is a simp.
datas cutside following specifi
== project are comprised by & word:s
And then, the input =aquence ig
== mbwh, sbws. Tk

out put Seguence

== A5WE, W B

library ioae;
uge ieee.std_logic 1164.all:
uze iess.ztd logic arith.all:

antibv Thtearlaaver 1=

5.1

OFDM

FFT
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PLLISHIEE
SRR

5.2

IP
NCO
FEC
Viterbi
802.11a
R-S
MegaCore
I Q

VHDL

FIR

Viterbi
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1P
ALTERA
[1]

5.2.2
[ anana
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5.3
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5.3

5.3.1
ALTERA 1P Atlantic
[2]
Atlantic Interface

master slave

sink
source
source_ena sink_ena
Source_ena “<1””
<cg>>
Sink_ena “€1””
<<g>>

source_ena
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sink_ena
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5.3.2

OFDM

source_Ssop source_eop

OFDM
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FIFO
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FIFO

64

64

5.3.3R-S

Reed-Solomon

R-S

t/2

64

R-S
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[3]

OFDM R-S
ALTERA MegaCore 6 word word
4 bit 6 word 2 4
wiard Symbol
~ i )
dpitper —L.g010 o110 ioin 0011 0111 1011
word
| | [l : I
. i Check symbols, added by
Information symbols, which X /
contain the original data. if:::fp;;gfiﬁf;m
communications channel
55 R-S [3]
OFDM
R-S MegaCore
5.3.4 R-S encoder
R-S encoder 36 word
5.3.5
R-S
RAM RAM
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(symbol)6  word word  4bit
RAM 36*4bit RAM
slwl si1w2 siw3 s1w4 silwb5 slw6 s2wl s2w?2

s6w5 s6w6 slwl s2wl s3wl s4wl s5wl
sébwl slw2 s2w?2 s5w6 s6w6
Block Intarleaver Aead Cycla Block Inferleaver Write Cycla
- 5 REEARRARA]

_—' _‘—' _‘—' -—' :"' TEI ot

() ) )
|
|
|
|
|
|

5.6 [4]
6*6

5.3.6
36 words 64 IFFT
28 0 64
OFDM
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5.3.7

OFDM
FFT
OFDM QPSK 8PSK 16QAM 64QAM
16QAM
16 QPSK  8PSK 64QAM
word 4  bit
16 16 96 32 -33
16QAM
imag
: y gE': : . 0000 -= -96+96i
0001 -= -32+96i
N e " 0010 -= 32496i
-9 =37 = T S |
2
' 1110 -> 32-96i
& Toe] " o 1111 == 96-96i
Constellation mapper
16 EAM
5.7 16QAM
““0001~> -33+96i
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4bit 10bit

10bit FFT
4bit
5.3.8 IFFT FFT
FFT OFDM
FFT
5.3.9
OFDM
64 16
16 64
16
FFT
5.3.10
FFT Scaler FFT+IFFT
8
Zero Remover R-S
28
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53.11 VHDL
VHDL
VHDL

http://www.olivercamel.com

olivercamel@gmail.com
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EP1C12Q240C8 16M 4bits

5.5

OFDM
Viterbi A/D D/A
FIR

[1] White Paper, “Implementing OFDM Using Altera
Intellectual Property”, v1.0, ALTERA corp., 2001.

[2] Functional Specification 13, “Atlantic Interface”, v3.0,
ALTERA corp., 2002.

[3] User Guide, “Reed-Solomon Complier User Guide”, v4.0.1,
ALTERA corp., 2005.
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[4] User Guide, “Symbol Interleaver/Deinterleaver MegaCore

Function User Guide”, v1.3, ALTERA corp., 2002.
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VHDL

http://www.olivercamel.com

-- File: Interleaver.vhd

-- Version: v1.1

-- Author: olivercamel

-- Date: 4.16.2006

-- Description:

-- This vhdl programme is to generate a Interleaver which works together with R-S

-- encoder/decoder to mitigate the effects of noise in communications system.

-- Actually, interleaver is a simple RAM controller that writes datas into or reads

-- datas outside following specific orders. For example, symbols we used in this

-- project are comprised by 6 words. Throughput of the interleaver is 6 symbols.

-- And then, the input sequence is s1w1,s1w2,s1w3,s1w4,s1w5,51w6,52w1,s2w2,...,

-- s6w5,s6w6. The output sequence is slwl,s2w1,s3wl,s4wl,sbwl,s6wl,s1w2,s2w2,...,
-- s5w6,wbw6. A 4bit * 64words RAM named ram_Interleaver is required in the codes.
-- Revision History:

--v1.1, 4.27.2006, deassert sink_ena earlier to avoid a control bug.

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

entity Interleaver is

port

(
-- clock input
clk: in std_logic;
-- asynchroism clear input
aclr: in std_logic;
-- 4bit width Data ports
inputData: in std_logic_vector (3 downto 0);
outputData: out std_logic_vector (3 downto 0);
-- simple ALTERA Atlantic interface ports
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sink_val: in std_logic;
sink_sop: in std_logic;
sink_eop: in std_logic;
sink_ena: out std_logic;
source_val: out std_logic;
source_sop: out std_logic;
source_eop: out std_logic;
source_ena: in std_logic
)i

end Interleaver;

architecture structure of Interleaver is

-- component declaration
-- generate by ALTERA ip toolbench
-- name: ram_Interleaver
-- size: 4bit * 64words
component ram_Interleaver
PORT
(
aclr: IN STD_LOGIC;
clock: IN STD_LOGIC;
data: IN STD_LOGIC_VECTOR (3 DOWNTO 0);
rdaddress: IN STD_LOGIC_VECTOR (5 DOWNTO 0);
rden: IN STD_LOGIC;
wraddress: IN STD_LOGIC_VECTOR (5 DOWNTO 0);
wren: IN STD_LOGIC;
g: OUT STD_LOGIC_VECTOR (3 DOWNTO 0)
)i

end component;

-- signals those connect to RAM

signal clk_ram: std_logic;

signal aclr_ram: std_logic;

signal inputData_ram: std_logic_vector (3 downto 0);
signal outputData_ram: std_logic_vector (3 downto 0);
signal readEnable_ram: std_logic;

71



signal writeEnable_ram: std_logic;
signal readAddress_ram: std_logic_vector (5 downto 0);
signal writeAddress_ram: std_logic_vector (5 downto 0);

-- signals those used to Atlantic interface outputs
signal interval_source_val: std_logic;

signal interval_source_sop: std_logic;

signal interval_source_eop: std_logic;

signal interval_sink_ena: std_logic;

-- flag signal indicates status: '1' input process, '0' output process’
signal inoutFlag: std_logic;

-- write address

signal wrAddNum: integer range 0 to 36;
-- read address

signal rdAddNum: integer range 0 to 36;
-- write enable

signal writeEnable: std_logic;

-- read enable

signal readEnable: std_logic;

-- delayd signals

-- sink_eop delay

signal sink_eop_d: std_logic;

-- readEnable delay

signal readEnable_dO0: std_logic;

signal readEnable_d1: std_logic;

-- interval_source sop and eop delay or acceleration
signal interval_source_sop_d0: std_logic;
signal interval_source_sop_d1: std_logic;
signal interval_source_eop_a: std_logic;
signal interval_source_eop_d0: std_logic;
signal interval_source_eop_d1: std_logic;
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-- partl: ram connections
-- ram ports map
ul: ram_lInterleaver port map

(
clock => clk_ram, aclr => aclr_ram,
data => inputData_ram, q => outputData_ram,
rdaddress => readAddress_ram, wraddress => writeAddress_ram,
rden => readEnable_ram, wren => writeEnable_ram
)i

-- integer converts to std_logic_vector
readAddress_ram <= conv_std_logic_vector(rdAddNum,6);
writeAddress_ram <= conv_std_logic_vector(wrAddNum,6);

-- readEnable delay
process(clk,readEnable)
begin
if falling_edge(clk) then
readEnable_d0 <= readEnable;
readEnable_d1 <= readEnable_dO;
end if;
end process;

writeEnable_ram <= writeEnable;
readEnable_ram <= readEnable_do0;

clk_ram <= clk;
aclr_ram <= aclr;

inputData_ram <= inputData;

-- outputs data at clk's falling edge
process(aclr,clk,outputData_ram)
begin
if aclr ='1' then
outputData <= "0000";
else
if falling_edge(clk) then -- using falling edge
outputData <= outputData_ram;
end if;
end if;
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end process;

-- part2: generate Flag signal inoutFlag

-- delay input signal sink_eop
process(clk,sink_eop)
begin
if rising_edge(clk) then
sink_eop_d <=sink_eop;
end if;
end process;

-- control inoutFlag
process(clk,aclr,sink_eop_d,interval_source_eop_a)
begin
if aclr ='1' then
inoutFlag <="1"
else
if rising_edge(clk) then
if inoutFlag ='1' then
if sink_eop_d ="1"then
inoutFlag <="'0";
end if;
else
if interval_source_eop_a ="'1"then
inoutFlag <="'1"
end if;
end if;
end if;
end if;
end process;

-- part3: generate read/write Enable/Address

-- generate writeEnable
process(aclr,inoutFlag,sink_val)
begin

if aclr ='1' then
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writeEnable <="'0";
else
if inoutFlag = '1' then
writeEnable <= sink_val;
else
writeEnable <="0";
end if;
end if;
end process;

-- generate readEnable
process(clk,aclr,inoutFlag,source_ena)
begin
if aclr ='1' then
readEnable <="'0";

else
if falling_edge(clk) then -- using falling edge
if (inoutFlag = '0") and (source_ena = '1") then
readEnable <=1
else
readEnable <="'0";
end if;
end if;
end if;

end process;

-- write address
process(clk,aclr,writeEnable,sink_sop,sink_eop)
begin
if aclr = '1' then
wrAddNum <= 1;
else
if falling_edge(clk) then -- using falling edge
if writeEnable = '1' then
if wrAddNum = 36 then
wrAddNum <=1,
else
wrAddNum <= wrAddNum + 1;
end if;
end if;
if sink_sop ="'1"' then
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wrAddNum <= 2;
elsif sink_eop ='1"' then
wrAddNum <= 1;
end if;
end if;
end if;
end process;

-- read address
process(clk,aclr,source_ena,interval_sink_ena)
begin
if aclr = '1' then
rdAddNum <= 0;
else
if falling_edge(clk) then -- using falling edge
if readEnable = '1' then
if rdAddNum = 0 then
rdAddNum <= 1;
elsif rdAddNum = 31 then
rdAddNum <= 2;
elsif rdAddNum = 32 then
rdAddNum <= 3;
elsif rdAddNum = 33 then
rdAddNum <= 4;
elsif rdAddNum = 34 then
rdAddNum <= 5;
elsif rdAddNum = 35 then
rdAddNum <= 6;
else
rdAddNum <= rdAddNum + 6;
end if;
end if;
if rdAddNum = 36 then
rdAddNum <= 0;
end if;
end if;
end if;
end process;

-- part4: Atlantic interface signals
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-- source sop eop is controlled by rdAddNum
-- generate interval_source_eop_a at the same time
process(rdAddNum)
begin
case rdAddNum is
when 36 =>
interval_source_eop <="1";
interval_source_sop <="'0";
interval_source_eop_a <="0";
when 1 =>
interval_source_sop <="1";
interval_source_eop <='0";
interval_source_eop_a <="'0";
when 30 =>
interval_source_sop <="'0"
interval_source_eop <="0";
interval_source_eop_a<="'1"
when others =>
interval_source_sop <="'0";
interval_source_eop <="0";
interval_source_eop_a <="'0";
end case;
end process;

-- source_sop source_eop delay and output
process(clk,interval_source_sop)
begin
if rising_edge(clk) then
interval_source_sop_dO <= interval_source_sop;
interval_source_sop_d1 <= interval_source_sop_d0;
end if;
end process;

process(clk,interval_source_eop)
begin
if rising_edge(clk) then
interval_source_eop_d0 <= interval_source_eop;
interval_source_eop_d1 <= interval_source_eop_d0;
end if;
end process;
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process(clk,interval_source_sop_d1,interval_source _eop_d1)
begin
if falling_edge(clk) then -- using falling edge
source_sop <= interval_source_sop_d1;
source_eop <= interval_source_eop_d1;
end if;
end process;

-- generate sink_ena
process(clk,aclr,wrAddNum,rdAddNum)
begin
if aclr ='1' then
interval_sink_ena <="1";
else
if rising_edge(clk) then
if wrAddNum = 35 then -- edited in v1.1 deassert sink_ena earlier
interval_sink_ena <="0";
elsif rdAddNum = 36 then
interval_sink_ena <="1";
end if;
end if;
end if;
end process;

sink_ena <= interval_sink_ena;

-- generate source_val
process(clk,readEnable_d1)
begin
if falling_edge(clk) then -- using falling edge
interval_source_val <= readEnable_d1;
end if;
end process;

source_val <= interval_source_val;

end structure;
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samiper with the pulses of the reccived analog wiive-
Foarym i B as g recovery,
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Form timing rocovery but alws detection of the trans-
mitted message, which involves such tasks s
equalizgagion and error-control decoding. In dolng so it
man comenad with ot only wncerrsinmy in the |'u1|||'|“
of the pules bt aluo with addivive noise and merym-
bl lnterferense (151}, In principle, one could formmn
late the problem of jeintly determining the
messimuam-lkeliboosd estimares of the |:i|||.i||pg affeern amil
the mesage bits, The sobitbon o this problom would
naturally perform the tasks of tming recovery, exual-

Decoding ==

-;ﬂn—-hm#

!

PN el B ¥ meth i) sl

el iurartion avd wath (b} Aetbo equuifalon. ensior fmmm]
recrwery with (i) sepanate Sming trooven and equalination aad
fel} ot Biming recovery amd egualizabion

L:) |EEE SIGRAL FEOCESHING MACATING

sration, and decoding jeintly Unfortunately, the oom-
plexiry would be probibinve. Tnvead, & conventioml
rocaver performa those asks soparanchy aml soquontial-
Iy, as iBustrated i1 Figore 1a) Specifically, 4 conven
tional timing redovery scheme ignores error-control
cending, assuming aresd that the manumitted bl
are msitsially independent,

Thee comventonal SE{AATAThO aﬁw-rh ol Fi“u.n;' Lis)
works reasomabily well at @ high SR bt not at the low
SN Rs l.l.l"'lp!!flﬂl 1!:,' cai.urin-wqm'hillg leeragively
devodable codes. As an extrane example 1], & recent
rae-| 31 code designed for a deep-space application
will operate reliably when the SN b lows than —15 B
Ar rhais o SMR, 2 'rimmg_ recovery scheme thas ir,ru'nn:-
the code nill likely fail, In this article, we describe an
iterative myethid for ety performing the maks of tim
b reconery and error-contiol decoding with comples-
irgI comparable to 3 comventional receiver,

Perhaps the firg ierstive timdng recovery micthisd s
due 1w Georghiades and '-ll:.'ntur. whie applied the
eypctatinn -makimization (EM) algorithm for the coe
of oonarant offier with an ideal, uneoded system |2
Since then there have boon muny exterislons fo weount
for 150, nme-varying offsers, and error-conmoed :mii.nr.
1L LAHS] Thare are aban close ties betwedn timing
reconvery anl camer vecovery, and se the recent wark
o g erative concopts B0 oatmate carmer phase i
rclovam [ 1], [#]=[%]

Lnn ehis artiche, we prescrit sonme cmerging erative
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che of this tsoe [10], lresd, we Focus on pwo meth
wds that extond turbss equalization o include timing
recovery eradoms. The e wich metlasd b schemani-
cally depicred in Figure Lic), where a niming reconery
st has been added o cach iterarion of a mitbo equsl
izer. The sccond methosd |depicred in Figure 1{d}]
merges the tming recovery unb and the sofi-oarpur
equalizer into o single wmit that perfornm joine tfiming
pecinery and sofioutput equalieation b s manner slod
lar tothe BOTH [ 11 ] or Basim-Welch algorithm [ 12]

Classical Timing Recovery

lia thais secaiom we prosett & briet overview of the mis
widely used methaodd for timing recovery; namely, a
dewision-direcied, phase-locked g,

A digital trapsmitter conveys information by modu-
Lt che amplinades of a sequence of pulses. In theory,
these pulses are transmitted at 4 fised rae—the band
rrte 1/ T—thar s koo b the receiver. la praceive,

LRbLIAEY T
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hewever, the band rate may vary sbowly with time, or
the channel may introduce jireer becanse of Duppler
effects o other nonddeslition. Moneover, manufactring
Imaperfections may cause the transmister 1l receiver
clock frequencios o differ by & fractiom of a perdent
The reality is thay the recciver never knows the precise
arrival tises oof the pulses.

We consider the following smple model for the
received waseform rieh

it =3 aph (£ — kT~ ta) + wit), il
i

where ap € [£1] is the bl binary swmbaol (or aspli-
rade}, bir} bs she received pubse shape, T bs the sgnal-
g interval anvicipated by the recciver, and aie) is
alddirive Cuussisn e, The uncertainmy b the |i||1|'|n|,-.
b vaptiared by the offsct paramcter ty, defined o the
difference between the acmal and c:.pqrmd arrival tieme
of the kth pulse. For cxample, when the transumitter
amil receiver clisck frequencles differ, vy incneases |mears-
Iy with time

Dlur pestricniomn T ll-'n.lur!I alphabets is wfficient 1o
wapniire the gia of the thmdng recovery problem. Only
e pacsdificanom are noecded o hansllc Htﬂ?ﬂ'll‘i‘d’l’{
womples alpluabers

The optimal sampling times are [T + 5], The job
ol a tming recovery scheme s to oaimare the taling
offsgts before |.1|1'||1li.||g. Nm;tr all existing viming
recon'ery schemes are baved oni g plse -focked foop
(PLLY, which i cau'l'_r elescribeed in terms of the follows-
g ey definitims

Ler 7y denete the recemvers extimuate of 1
Lt oy = 15 = f5 denote the residual ervor in this
estimare.

Len &y denate the receiver’s catiiate of ey

A siond arder FLL estimares 1 according 1o the
Fecursbing

i
B = f b i + 8300 LE]]
rmdl

where o and f§ anc the propormonad

oxtimiate were somchow' known to be preciscly acca-
rae, then e peceiver could cancel the ramaining redd

wal timing crror in only one step by choosing
Fiug = B4y, In pracice, hanvever, &5 i 2 very msy
ostimate of fp — £, and by astenvaring & by a factor
w e 1, the PLL essenmially low-pass filiers the noise,
The downside of this attenination s that i will ake
more than one sep 1o cormect for the residusl ernor,
which implics that the PLL will be less agile when
eracking 4 timevarnng offier. Tn pracrice, e step size
w i il 10 s chosen to trade off the opponing goals of
robsisnress 1o pedse and J}ﬁliq'. A nomzero value of §
talies dnbo accoiint lomg-term tronds i r, Eving @ sec-
ol -order PLL the abdliny 1o track a frequency offser
with #oro average stcady-state ermor,

Thee device that gemerates &5 Is calbed a timing-esror
detector { TELY, and fov ctfectnenon i key b the over-
all 'urli'brm.mcc. A pqlu!lq' chedge B the Mueller and
Mislher { M&M | TED [13]

= Pty — Fi A 3

where rpo= rET & f50. This TELD b most scourate
when there is o IS[, sov char T & O for nonecro
inegers b Together, (2) and (33 define the conven
whcanal ch 1o :Inl.i.lly; FECOWErT.

The M&EM TED of (3] requires knowlesdge of the
wransmireed symbals fimg |, which is generally available o
the reverier oily durking an siitial san-opor training
phase. In prtﬂicr. a receiver withom |:.:|r|in3 will
implerent tmilng recovery in decivkon slirected mode
b :rr:plll.'iny; lag) i {3) by renmative decisione. The
decivion device that generares these decishons will
mvarfably fneroduce & processing delay, which we
denote by o, Thicrefore, as shivam in Figure 2, o deci-
mon-dirested PLL B doven s [d_g) distesd of [ag].
The perfommuance of a decision-dircered MLL depends
critieally on rwo parameton: 1) relabaliey of the do-
st amil 2} processing delay o of the decisken device.
Thers is a fundamental rradentl berween these two
parameters, sinee reliability can generally be indreased
ar thve eapense of procending delay, The impormance of

and ineegral step shees, respecrively,
I othser wasnds, tle otfect estimate is
found by acoumulaing the aurpar
o a loop filter with transfor function
w4 ==Y and inpur . A
bliwk diagram of the FLL is shonim
in Fijgisre 2.

The PLL recumion (2} can bhe
mstivared heurbtically sy fallows
Comsader the case when # s 2o, D
ahich cane (2] resluces 1o 3 firs-

o)

&lety

order PLL. As time &, the rocciver
ks s currenn esaimare Ty, ol i
alws has acoess tooan Ssrimate @ of
the peskdual error my = . 1 this

BANLIARY

& 2 The todinal approodh ta lming recovery a baved on o decron-divooied PLL DEC
gy for deouinn device, shose processing dedoy @ o, do prociice, the shaded biock i
inplemenind by pavuing the loop fller outpo? Bvough & snliage cantmilied oaofialon
CEL Herr we model the VCO a3 @ smple inlegrmker,

AEEL SPCNAL PROCLASING MALAZING W
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deep-space

15dB

Georghiades

[2] ISI

[1], [3]1-[5]

[8]
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[10] Turbo

Turbo
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r(t)

r(t) =Y aph (r — kT — w) + n(2), (1)
E
ap € {£1} k bir)
T n(t)
Tk k
Tk
{kT+ %}
Ty T
£y = Tl':‘-fj'
£p €k
T
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E
(778 ='C.'.§-+L7t'£ﬁj-+|l:i'z€ﬁj. i2)
=0

o+ p‘_.f'[.l -z

£y Tp - Ty £p
"f.'j'+1 = T.,;- + Eﬁ,;-
€k Tk - Th a<l1
d
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