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METHOD AND APPARATUS FOR CODING BITS 
OF DATA IN PARALLEL 

CLAIM OF PRIORITY UNDER 35 U.S.C. §120 

[0001] The present application for patent is a Continuation 
and claims priority to patent application Ser. No. 09/957, 
820, entitled “METHOD AND APPARATUS FOR COD 
ING BITS OF DATA IN PARALLEL,” ?led Sep. 20, 2001, 
noW alloWed, and assigned to the assignee hereof and hereby 
expressly incorporated by reference herein. 

BACKGROUND 

[0002] 1. Field 

[0003] The present invention relates to data communica 
tions. More particularly, the present invention relates to 
coding multiple bits of data in parallel (e.g., using a mul 
tiple-port memory) to signi?cantly reduce delays associated 
With coding. 

[0004] 2. Background 

[0005] In a typical digital communications system, data is 
processed, modulated, and conditioned at a transmitter unit 
to generate a modulated signal that is then transmitted to one 
or more receiver units. The data processing may include, for 
example, formatting the data into a particular frame format, 
coding the formatted data With a particular coding scheme to 
provide error detection and/or correction at the receiver 
units, channeliZing (i.e., covering) the coded data, and 
spreading the channeliZed data over the system bandWidth. 
The data processing is typically de?ned by the system or 
standard being implemented. 

[0006] At the receiver unit, the transmitted signal is 
received, conditioned, demodulated, and digitally processed 
to recover the transmitted data. The processing at the 
receiver unit is complementary to that performed at the 
transmitter unit and may include, for example, despreading 
the received samples, decovering the despread samples, and 
decoding the decovered symbols to recover the transmitted 
data. 

[0007] The ability to correct transmission errors enhances 
the reliability of a data transmission. Many digital commu 
nications systems employ a convolutional code or a Turbo 
code to provide error correction capability at the receiver 
units. Convolutional codes operate on serial data, one or a 
feW bits at a time. There are a variety of useful convolutional 
codes, and a variety of algorithms for decoding the received 
coded information sequences to recover the original data. 
Turbo coding speci?cally is a parallel-concatenated convo 
lutional coding scheme. A concatenated code is a cascaded 
combination of tWo or more codes and is used to provide 
additional error correction capabilities. For a concatenated 
code, the code bits betWeen the coding stages may be 
interleaved (i.e., reordered) to provide temporal diversity, 
Which can further improve performance. An entire packet or 
frame of code bits is typically stored before the reordering 
is performed. The reordered code bits are then serially 
retrieved and coded by the next coding stage. 

[0008] Conventionally, convolutional and Turbo coding 
are performed serially on an input bit stream. For each clock 
cycle, one data bit is provided to the encoder, and tWo or 
more code bits are generated depending on the code rate of 
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the encoder. Some of the code bits may then be punctured 
(i.e., deleted) to obtain code bits at other code rates. 

[0009] Digital multiple access communications systems 
typically transmit data in packets or frames to alloW for 
ef?cient sharing of system resources among active users. For 
services that cannot tolerate long delays (e.g., voice, video), 
the packets are selected to be short in duration (e.g., 10 
msec), and the codes are accordingly selected to have shorter 
processing delays. HoWever, for improved coding ef?ciency, 
it is desirable to process and code larger siZed packets, Which 
can result in longer processing delays using the conventional 
technique that serially codes data. The long processing 
delays may adversely impact the performance of the com 
munications system. For example, a particular user or data 
rate may be selected for a particular data transmission based 
on the conditions of the communications link. If the pro 
cessing delays are excessively long, the link conditions may 
have changed by the time of the data transmission, and 
performance may be compromised or adversely affected. 

[0010] As can be seen, techniques that can be used to 
ef?ciently code data With shorter processing delays are 
highly desirable. 

SUMMARY 

[0011] According to one aspect, encoders are capable of 
coding multiple bits in parallel to greatly shorten the coding 
time. TWo or more encoders can be serially concatenated to 
form a concatenated encoder, such as a Turbo encoder 
commonly used in CDMA communications systems. By 
coding M bits in parallel With a ?rst (outer) encoder and N 
bits in parallel With a second (inner) encoder, the overall 
coding delays for the concatenated encoder can be signi? 
cantly reduced. An interleaver typically couples betWeen the 
?rst and second encoders and supports parallel coding With 
its ability to receive multiple code bits for a Write operation 
and provide multiple code bits for a read operation. 

[0012] One embodiment provides a concatenated encoder 
for coding multiple data bits in parallel. The concatenated 
encoder includes a ?rst (outer) encoder, a memory, and a 
second (inner) encoder coupled in cascade. The ?rst encoder 
receives and codes M data bits in parallel in accordance With 
a ?rst coding scheme to generate MR code bits, Where R is 
related to the code rate of the outer encoder (e.g., R=2 for a 
rate 1/2 encoder). The memory receives and stores the 
unpunctured (i.e., non-deleted) MR code bits from the ?rst 
encoder. The second encoder receives and codes N code bits 
in parallel in accordance With a second coding scheme to 
generate coded data comprising NR code bits, When R is 
related to the code rate of the inner encoder (e.g., R=2 for a 
rate 1/2 encoder). M and N can be any values. For example, 
M can be eight or more, and N can be four or more. 

[0013] Each of the ?rst and second encoders can be a 
convolutional encoder that implements a particular polyno 
mial generator matrix (e.g., a rate 1/2 convolutional code). 
Each encoder can also be implemented With one or more 
look-up tables, a state machine, or some other design. To 
reduce memory requirements, the coding can be performed 
and completed by both encoders for a particular packet 
before coding is initiated on another packet. To reduce 
processing delays, the ?rst encoder can code one packet 
While the second encoder codes another packet (i.e., pipe 
lined coding). 
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[0014] The memory can be implemented With a multi-port 
memory having P ports (P>1), a single memory unit, or 
multiple memory units. The memory can be designed to 
store W Words in parallel for a Write operation and provide 
R Words in parallel for a read operation, With each Word 
including a particular number of code bits (e.g., eight). The 
memory can be operated to provide interleaving of code bits 
stored Within the memory. For example, W Words can be 
stored to sequential roWs in the memory With a Write 
operation and R Words can be retrieved from permutated 
roWs in the memory With a read operation. 

[0015] The concatenated encoder can further include a set 
of N multiplexers used to provide N code bits in parallel to 
the second encoder. Each multiplexer receives a respective 
Word from the memory, selects one of the code bits in the 
received Word, and provides the selected bit to the second 
encoder. 

[0016] Another embodiment provides a convolutional 
encoder for coding multiple data bits in parallel. The con 
volutional encoder includes a state machine coupled to an 
output generator. The state machine receives M data bits in 
parallel and provides a set of values indicative of the next 
state of the state machine. The next state is a function of the 
M data bits and the current state of the state machine. The 
output generator also receives the M data bits and the current 
state and generates MR code bits in response thereto. M and 
MR can be any number greater than one (e.g., M28, 

MRZI6). 
[0017] The state machine typically implements a particu 
lar polynomial generator matrix and can be implemented 
With a set of logic elements (e.g., gates) coupled to a set of 
registers. Each logic element couples to selected ones of the 
M data bits and the current state values to implement a 
particular logic function for one bit of the state machine. The 
registers store output values from the logic elements and the 
register outputs comprise the current state of the state 
machine. 

[0018] To code packets of data, the output generator may 
include ?rst and second output generators. The ?rst output 
generator receives the M data bits and the current state and 
generates MR code bits in response thereto for a ?rst coding 
phase (e.g., data). The second output generator also receives 
the M data bits and the current state and generates MR code 
bits in response thereto for a second coding phase (e.g., 
code-tail). The code bits from either the ?rst or second 
output generator are selected, depending on the coding 
phase being executed. The state machine is typically set to 
a knoWn state (e.g., all Zeros) in the second coding phase. 

[0019] Yet another embodiment provides a data encoder 
for coding multiple bits in parallel. The data encoder 
includes an input interface, a multi-bit encoder, a memory, 
and an output interface. The input interface receives M data 
bits and provides the received bits to the multi-bit encoder. 
The multi-bit encoder can be selected to receive and code the 
M data bits in parallel to generate MR code bits, or to receive 
and code N code bits in parallel to generate NR code bits. 
The memory stores unpunctured bits of the MR code bits 
from the multi-bit encoder and, When directed, provide N 
code bits to the multi-bit encoder. The output interface 
receives the NR code bits from the multi-bit encoder and 
provides unpunctured bits of the NR code bits as coded data. 
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The data encoder typically further includes an address 
generator that generates addresses for Write and read opera 
tions for the memory. 

[0020] Still another embodiment provides a transmitter 
unit for use in a communications system (e.g., a CDMA 
system). The transmitter unit includes an encoder, a modu 
lator, and a transmitter coupled in cascade. The encoder 
receives and codes M data bits in parallel in accordance With 
a ?rst coding scheme to generate MR code bits, stores 
unpunctured ones of the MR code bits, interleaves code bits 
for a particular packet, receives and codes N code bits in 
parallel in accordance With a second coding scheme to 
generate NR code bits, and provides unpunctured ones of the 
NR code bits as coded data. The modulator receives and 
modulates the coded data With a particular modulation 
scheme to generate modulated data. And the transmitter 
receives and processes the modulated data to generate a 
modulated signal suitable for transmission. The encoder can 
be designed to implement a Turbo code or a concatenated 
code. 

[0021] Another embodiment provides a method for per 
forming concatenated coding of multiple data bits in paral 
lel. In accordance With the method, M data bits are received 
and coded in parallel in accordance With a ?rst coding 
scheme to generate MR code bits. Zero or more of the MR 
code bits may be punctured With a particular puncturing 
scheme, and the unpunctured code bits are stored to a 
memory. At the appropriate time, N code bits are retrieved 
from the memory and coded in parallel in accordance With 
a second coding scheme to generate coded data. For ef? 
ciency and reduced delays, W Words of unpunctured code 
bits may be Written concurrently to W ports of the memory, 
and R Words of code bits may be read concurrently from R 
ports of the memory. To provide interleaving, W Words can 
be stored to sequential roWs in the memory With a Write 
operation and R Words can be retrieved from permutated 
roWs in the memory With a read operation. 

[0022] Other aspects and embodiments of the invention 
are described beloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0023] The features, nature, and advantages of the present 
invention Will become more apparent from the detailed 
description set forth beloW When taken in conjunction With 
the draWings in Which like reference characters identify 
correspondingly throughout and Wherein: 

[0024] 
system; 

[0025] FIG. 2 is a block diagram of an encoder that can be 
designed to implement some embodiments of the present 
invention; 

[0026] FIG. 3 is a diagram of a concatenated encoder 
Which implements a particular set of polynomial generator 
matrices according to one embodiment; 

[0027] FIG. 4 is a block diagram of a convolutional 
encoder for coding multiple data bits in parallel according to 
one embodiment; 

[0028] FIGS. 5A and 5B are schematic diagrams of a 
convolutional encoder Which implements a speci?c polyno 

FIG. 1 is a block diagram of a communications 
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mial generator matrix and for coding eight data bits in 
parallel according to various embodiments; 

[0029] FIG. 6 is a schematic diagram of one embodiment 
of a convolutional encoder that implements another speci?c 
polynomial generator matriX and can code four code bits in 
parallel; 

[0030] 
[0031] FIGS. 7B and 7C are diagrams of an interface 
betWeen an outer convolutional encoder and an interleaver 
Without and With puncturing, respectively, according to 
various embodiments; 

[0032] FIG. 8 is a block diagram of an encoder according 
to one embodiment; and 

[0033] FIG. 9 is a How diagram of a method for perform 
ing concatenated coding of multiple data bits in parallel 
according to one embodiment. 

FIG. 7A is a diagram of an interleaver; 

DETAILED DESCRIPTION 

[0034] FIG. 1 is a simpli?ed block diagram of an embodi 
ment of a communications system 100 in Which various 
aspects of the present invention may be implemented. At a 
transmitter unit 110, traf?c data is sent, typically in packets 
or frames, from a data source 112 to an encoder 114 that 
formats and codes the data using a particular coding scheme. 
Encoder 114 typically further performs interleaving (i.e., 
reordering) of the code bits. A modulator (MOD) 116 then 
receives, channeliZes (i.e., covers), and spreads the coded 
data to generate symbols that are then converted to one or 
more analog signals. The analog signals are ?ltered, 
(quadrature) modulated, ampli?ed, and upconverted by a 
transmitter (TMTR) 118 to generate a modulated signal, 
Which is then transmitted via an antenna 120 to one or more 
receiver units. 

[0035] At a receiver unit 130, the transmitted signal is 
received by an antenna 132 and provided to a receiver 
(RCVR) 134. Within receiver 134, the received signal is 
ampli?ed, ?ltered, doWnconverted, quadrature demodu 
lated, and digitiZed to provide samples. The samples are 
despread, decovered, and demodulated by a demodulator 
(DEMOD) 136 to generate demodulated symbols. Adecoder 
138 then decodes the demodulated symbols and (possibly) 
reorders the decoded data to recover the transmitted data. 
The processing performed by demodulator 136 and decoder 
138 is complementary to the processing performed at trans 
mitter unit 110. The recovered data is then provided to a data 
sink 140. 

[0036] The signal processing described above supports 
transmissions of voice, video, packet data, messaging, and 
other types of communication in one direction. A bi-direc 
tional communications system supports tWo-Way data trans 
mission. HoWever, the signal processing for the other direc 
tion is not shoWn in FIG. 1 for simplicity. 

[0037] Communications system 100 can be a Code Divi 
sion-Multiple Access (CDMA) system, a Time Division 
Multiple Access (TDMA) communications system (e.g., a 
GSM system), a Frequency Division-Multiple Access 
(FDMA) communications system, or other multiple access 
communications system that supports voice and data com 
munication betWeen users over a terrestrial link. 
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[0038] The use of CDMA techniques in a multiple access 
communications system is disclosed in US. Pat. No. 4,901, 
307, entitled “SPREAD SPECTRUM MULTIPLE ACCESS 
COMMUNICATION SYSTEM USING SATELLITE OR 
TERRESTRIAL REPEATERS,” and US. Pat. No. 5,103, 
459, entitled “SYSTEM AND METHOD FOR GENERAT 
ING WAVEFORMS IN A CDMA CELLULAR TELE 
PHONE SYSTEM.” Another speci?c CDMA system is 
disclosed in US. patent application Ser. No. 08/963,386, 
entitled “METHOD AND APPARATUS FOR HIGH RATE 
PACKET DATA TRANSMISSION,” ?led Nov. 3, 1997 
(hereinafter referred to as the HDR system), now US. Pat. 
No. 6,574,211, issued on Jun. 3, 2003 to Padovani et. al. 
These patents and patent application are assigned to the 
assignee of the present invention and incorporated herein by 
reference. 

[0039] CDMA systems are typically designed to conform 
to one or more standards such as the “TIA/EIA/IS-95-A 
Mobile Station-Base Station Compatibility Standard for 
Dual-Mode Wideband Spread Spectrum Cellular System” 
(hereinafter referred to as the IS-95-A standard), the “TIA/ 
EIA/IS-98 Recommended Minimum Standard for Dual 
Mode Wideband Spread Spectrum Cellular Mobile Station” 
(hereinafter referred to as the IS-98 standard), the standard 
offered by a consortium named “3rd Generation Partnership 
Project” (3GPP) and embodied in a set of documents includ 
ing Document Nos. 3G TS 25.211, 3G TS 25.212, 3G TS 
25.213, and 3G TS 25.214 (hereinafter referred to as the 
W-CDMA standard), and the “TR-45 .5 Physical Layer Stan 
dard for cdma2000 Spread Spectrum Systems” (hereinafter 
referred to as the CDMA-2000 standard). NeW CDMA 
standards are continually proposed and adopted for use. 
These CDMA standards are incorporated herein by refer 
ence. 

[0040] FIG. 2 is a block diagram of an encoder 200 that 
can be designed to implement some embodiments of the 
present invention. Encoder 200 may be used for encoder 114 
in FIG. 1. In this embodiment, encoder 200 implements a 
concatenated code and includes an outer convolutional 
encoder 212, an interleaver 214, and an inner convolutional 
encoder 216 coupled in cascade. Outer convolutional 
encoder 212 provided to interleaver 214 for storage. Once an 
entire packet of code bits has been stored in interleaver 214, 
the code bits are retrieved and provided to inner convolu 
tional encoder 216. To achieve the interleaving, the code bits 
are read out in an order that is different from the order in 
Which the bits are Written to interleaver 214. Outer convo 
lutional encoder 212 receives and convolutionally codes the 
code bits to generate coded data, Which is then provided to 
the subsequent processing stage. 

[0041] Aconventional convolutional encoder receives and 
codes data serially, one bit at a time (i.e., per clock cycle). 
For communications systems that transmit data in large 
packets, the serial coding of data can result in long process 
ing delays. Moreover, for a concatenated coder made up of 
multiple convolutional encoders coupled in cascade, the 
processing delays can be excessively long, especially if the 
outer and inner convolutional encoders both code bits seri 
ally. 

[0042] In one aspect, a convolutional encoder is capable of 
receiving and coding multiple (M) bits in parallel. This 
capability alloWs the convolutional encoder to code a packet 
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of data in approximately (1/M)th the amount of time 
required by a conventional convolutional encoder. The ben 
e?ts are more pronounced for a concatenated coder (e.g., a 
Turbo coder) When each of the individual convolutional 
encoders processes bits in parallel. 

[0043] According to another aspect, an interleaver is 
capable of storing and providing multiple bits of data in 
parallel. The interleaver may be implemented using, for 
example, a multi-port memory. When used in combination 
With the convolutional encoders described herein, the inter 
leaver can further reduce the processing delays since data 
can be Written to, and read from the interleaver in a fraction 
of the time. 

[0044] For clarity, an exemplary embodiment is noW 
described for an encoder used for a doWnlink data transmis 
sion in the communications system described in the afore 
mentioned U.S. patent application Ser. No. 08/963,386 (i.e., 
the HDR system). The HDR system employs a concatenated 
code comprised of an outer convolutional code, interleaving, 
and an inner convolutional code. The HDR system also 
de?nes tWo packet formats having the properties listed in 
Table 1. 

TABLE 1 

Packet Packet 
Parameters Format 1 Format 2 Units 

Total bits/packet 1024 2048 bits 
Outer convolutional 
encoder 

Input data bits/packet 1018 2042 bits 
Code-tail bits/packet 4 4 bits 
Outer code rate 1/2 2/3 
Outer code puncture pattern (1111) (1011) 
Output code bits/packet 2044 3069 bits 
Interleaver depth 2048 3072 bits 
Inner convolutional encoder 

Input code bits/packet 2044 3069 bits 
Code-tail bits/packet 4 3 bits 
Inner code rate 1/2 3/4 
Inner code puncture pattern (111111) (111001) 
Output code bits/packet 4096 4096 bits 
Overall code rate 1/4 1/2 

[0045] In the HDR system, the outer convolutional 
encoder implements a rate 1/2 convolutional code de?ned by 
the folloWing polynomial generator matrix: 

[0046] The inner convolutional encoder in the HDR sys 
tem implements a rate 1/2 convolutional code de?ned by the 
folloWing polynomial generator matrix: 

G106) = [1, 

[0047] FIG. 3 is a diagram of an encoder 300 that imple 
ments the outer and inner convolutional codes de?ned by 
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equations (1) and The data bits u are provided to an outer 
convolutional encoder 310 that implements equation (1) and 
generates tWo outputs y0a and yob. Within encoder 310, the 
data bits u are provided to a summer 312 that further couples 
in cascade With registers 314a through 314d (Which are used 
to implement a set of delays). The outputs from summer 312 
and registers 314A, 314B, and 314D are summed by sum 
mers 316A, 316B, and 316C to implement the numerator of 
the second element in the polynomial generator matrix 
expressed in equation The outputs from registers 314C 
and 314D are summed by a summer 318 and provided to 
summer 312 to implement the denominator of the second 
element in equation The input data bits u are provided 
as the ?rst output yOa and the output from summer 316C 
comprises the second output yob. 

[0048] The code bits in the outputs y0a and yOb of outer 
convolutional encoder 310 may be punctured (not shoWn in 
FIG. 3 for simplicity). The unpunctured code bits are then 
provided to interleaver 330 and reordered. The reordered 
code bits v are then provided to an inner convolutional 
encoder 340 that implements equation (2) and generates tWo 
outputs yia and yib. Within encoder 340, the code bits v are 
provided a summer 342 that couples in cascade With regis 
ters 344A and 344B. The outputs from summer 342 and 
registers 344A and 344B are summed by summers 346A and 
346B to implement the numerator of the second element in 

the polynomial generator matrix expressed in equation The output from register 344A is provided to summer 342 to 

implement the denominator of the second element in equa 
tion The input code bits v are provided as the ?rst output 
yia and the output from summer 346B comprises the second 
output yib. 

[0049] Conventionally, the data bits u are provided serially 
to encoder 310 and the code bits v are also provided serially 
to encoder 340. For each input data bit, outer convolutional 
encoder 310 generates tWo code bits. Interleaver 330 
receives and stores the code bits, and provides the code bits 
serially to inner convolutional encoder 340. The coding of 
the bits in a serial manner results in long processing delays. 

[0050] The convolutional encoder of one embodiment is 
capable of coding multiple bits in parallel to signi?cantly 
shorten the coding delays. For each clock cycle, multiple 
(e.g., M) data bits can be received and coded to generate 
multiple code bits. For a rate 1/2 encoder, 2M code bits are 
generated for the M data bits. M can be selected to be any 
number such as, for example, 4, 8, 16, 32, and so on. Various 
alternate embodiments of such a convolutional encoder are 
described beloW. 

[0051] Many digital communications systems, such as the 
High Data Rate (HDR) system, transmit data in packets. The 
number of bits in a packet (i.e., the packet siZe) is selected 
based on a number of criteria such as, for example, the data 
rate, the amount of data to transmit, the processing delays 
requirements, and so on. To alloW the decoder at the receiver 
unit to start at a knoWn state at the beginning of each packet, 
Which shortens the decoding time and improves perfor 
mance, the encoder is initialiZed to a knoWn state (e.g., all 
Zeros) at the start of each packet. The initialiZation is 
achieved by inserting a set of code tail bits at the end of the 
preceding packet. The code-tail bits are selected such that 
the encoder is set to the knoWn state. 

[0052] In one embodiment, the convolutional encoder of 
the exemplary embodiment is implemented With a look-up 
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table. Referring to FIG. 3, outer convolutional encoder 310 
may be viewed as a state machine With a 4-bit state de?ned 
by the outputs of registers 314A through 314D. To generate 
the contents of the look-up table, the M input data bits at 
time index n can be represented by a vector Un, the 2M code 
bits can be represented by a vector Yn, and the current 
encoder state can be represented by a vector Xn. The next 
state Xn+1 for the encoder and the encoder output vector Yn 
can be expressed as: 

[0053] Each of equations (3) and (4) provides one equa 
tion to use When the input is data and another equation to use 
When the encoder input includes code-tail bits. 

[0054] Equations (3) and (4) can be computed for all 
possible combinations of input data bits and encoder states. 
For example, for equation (4), the output code bits can be 
computed for the input vector Un=0 . . . 00 and an encoder 

state of Xn=0 . . . 00, an input vector Un=0 . . . 01 and the 

encoder state of Xn=0 . . . 00, and so on, and an input vector 

Un=1 . . . 11 and the encoder state of Xn=0 . . . 00. The output 

code bits can then be computed for all possible combination 
of the input vector Un and an encoder state of Xn=0 . . . 01. 
The process then continues until all combinations of input 
vector and encoder state are computed. Equation (3) can also 
be computed in a similar manner. 

[0055] The results from the computations for equations (3) 
and (4) can be stored to a memory that implements a look-up 
table. The required memory siZe is dependent on the number 
of data bits to be coded in parallel and the particular 
polynomial generator matrix being implemented. For 
example, if eight data bits are to be coded in parallel With the 
convolutional code expressed in equation (1), a memory 
having a siZe of 12 address bits and 20 data bits (i.e., 
4096><20) can be used. The 12-bit address is composed of 8 
input data bits and 4 bits for the current encoder state. The 
20-bit output includes 16 code bits and 4 bits for the next 
encoder state. 

[0056] Once the memory has been properly de?ned, the 
input data vector Un and the current encoder state Xn can be 
provided to the address input of the memory, Which then 
provides the output vector Yn and the next encoder state 
Xn+1. The next encoder state Xn+1 is appropriately stored for 
use With the next input data vector Un+1. 

[0057] In another embodiment, the convolutional encoder 
is implemented With a state machine. The encoder state and 

output can be expressed as shoWn in equations (3) and Each of equations (3) and (4) can be recursively solved, and 

the resulting equations are then implemented in hardWare, 
softWare, or a combination thereof. The recursive equations 
for the encoder may be solved as folloWs. Let XnT=[x4 x3 x2 
x1] denotes the transposed state vector and uO denotes the 
input data bit at time index 0. The next state and output of 
the encoder can then be expressed as: 
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[0058] Where A, B, C, and D are scalar, vectors, and matrix 
that are dependent on the particular polynomial generator 
matrix being implemented. The encoder state equation (5) 
can be recursively solved as folloWs: 

[0059] The encoder output equation (6) can also be recur 
sively solved in similar manner. 

[0060] Equations (5) and (6) are used to code one data bit 
u at a time. A similar set of equations can be derived for 
coding M data bits in parallel. For example, for coding 8 
data bits in parallel (i.e., M=8), the transpose of the input 
data vector at time index n can be de?ned as UnT=[un7 un6 
un5 un4 un3 un2 un1 uno] and the transpose of the output code 
vector can be de?ned as YnT=[yn7 yn6 yn5 yn4 yn3 yn2 yn1 yno]. 
Using the de?ned vector notations for Un and Yn, equations 
(5) and (6) can be expressed as: 

Yn=HXn+1Un. Eq (8) 
[0061] Where F, G, H, and I are vectors and matrices that 
are dependent on the particular polynomial generator matrix 
being implemented, the current encoder state Xn, and the 
input data vector Un. Equation (7) is used to generate the 
next encoder state Xn+1 after M data bits have been coded, 
and equation (8) is used to generate the encoder outputs Yn 
for the input vector Un. 

[0062] To determine F, G, H, and I in equations (7) and (8), 
equations (5) and (6) can be solved recursively using various 
techniques and the results from the recursive computations 
can be used to implement equations (7) and For 
example, a table can be used to tabulate the state and outputs 
of the encoder for each input data bit. The entries in the table 
can then be used to implement equations (7) and (8), as 
described beloW. 

[0063] Table 2 shoWs the encoder states and outputs after 
eight input data bits uO through u7 have been serially pro 
vided to convolutional encoder 310 in FIG. 3, Which imple 
ments equation As shoWn in FIG. 3, registers 314A 
through 314D initially store the values of x1, x2, x3, and x4, 
respectively. On the ?rst clock cycle, the ?rst data bit uO is 
provided to encoder 310, and the output of summer 312 is 
computed as x4+x3+uo, Which is stored in the second roW, 
second column in Talbe 2. The encoder outputs are com 
puted as y,O=uO and ybo=(x4+x3+uo)+x4+x2+x1=x3+x2+x1+ 
uO. (Each summer 316 performs modulo-2 addition.) On the 
next clock cycle, the values from summer 312 and registers 
314A through 314C are shifted into registers 314A through 
314D, respectively. The next data bit 111 is provided to the 
encoder, and the output of summer 312 is computed as 
x3+x2+u1, Which is stored in the third roW, second column in 
Table 2. The encoder outputs are computed as yal=u1 and 
yb2=(x3+x2+u1)+x3+x1+(x4+x3+u0)=x4+x3+x2+x1+uO+u1. 
The processing continues until the eighth data bit u7 is 
received and processed. 
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[0064] The encoder output vector: 

[0066] corresponds to the input vector U=[u7 u6 u5 u4 u3 U2 
u1 uO] and is generated based on the entries in the last 
column in Table 2. The encoder state Xn+1 after the eighth 
data bit u7 has been coded is generated based on the entries 
in the last roW in Table 2. As shoWn in Table 2, the encoder 
output vector Yb and the neXt encoder state Xn+1 are each a 
function of the current encoder state Xn=[X4 X3 X2 X1] and the 
input vector U. For the data phase, the encoder output vector 
Ya, is simply a function of the input vector U (i.e., Ya=U). 
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serially provided to convolutional encoder 310 in FIG. 3. 
Again, registers 314A through 314D initially store the 
values of X1, X2, X3, and X4, respectively. On the ?rst tWo 
clock cycles, the tWo data bits, uO and ul, are serially 
provided to the encoder. The encoder states X1 through X4 
and the encoder outputs yo and yd are computed in similar 
manner as described above. Thus, the second and third roWs 
of Table 3 are identical to the second and third roWs of Table 
2. On the third clock cycle, the ?rst code-tail bit having a 
value of X2+X1 is provided to the encoder. The value of the 
code-tail bit is selected such that the output of summer 312 
is equal to Zero, Which is used to ?ush out the convolutional 

[0067] Referring back to Table 1, the outer convolutional 
encoder in the HDR system receives 1018 data bits and four 
code-tail bits for each packet in packet format 1. If eight bits 
are coded in parallel, 128 clock cycles are used to code one 
packet of data. The ?rst 127 clock cycles are used to code 
1016 data bits (i.e., 127><8=1016), and the 128th clock cycle 
is used to code the remaining tWo data bits and four code-tail 
bits. The ?rst 127 clock cycles are referred to as the “data 
phase,” and the last clock cycle is referred to as the “code 
tail phase.” 

[0068] The outer convolutional encoder receives 2042 
data bits and four code-tail bits for each packet in packet 
format 2. If eight bits are coded in parallel, 256 clock cycles 

encoder. The encoder outputs are computed as yc2=X2+X1 
and yd2=X4+uO+u1. On the neXt clock cycle, the values from 
summer 312 and registers 314A through 314C are shifted 
into registers 314A through 314D, respectively. The second 
code-tail bit is selected to be X4+X3+X1+ll0, again to set the 
output of summer 312 to Zero and ?ush out the encoder. The 
processing continues, With the last tWo bits provided to the 
encoder having values of Zero. 

[0070] As shoWn in Table 3, the encoder outputs YC and Yd 
are both functions of the input vector U and the current 
encoder state Xn. For the code-tail phase, the neXt encoder 
state Xn+1 is set to a knoWn state of all Zeros (i.e., X8=[0 0 
0 0]. 

cycles are used to code 2040 data bits (i.e., 255><8=2040), 
and the 256th clock cycle is used to code the remaining tWo 
data bits and four code-tail bits. The ?rst 255 clock cycles 
are referred to as the data phase, and the last clock cycle is 
referred to as the code-tail phase. 

[0069] Table 3 shoWs the encoder states and outputs after 
tWo data bits uO and 111 and four code-tail bits have been 

convolutional encoder 400 that can code multiple input data 
bits in parallel. Convolutional encoder 400 can be used to 
implement the data and code-tail phases (e.g., as de?ned in 
Tables 2 and 3, respectively). The encoder architecture 
shoWn in FIG. 4 can be used to implement, for eXample, 
outer convolutional encoder 310 or inner convolutional 

encoder 340 in FIG. 3. 



US 2004/0139383 A1 

[0072] Within convolutional encoder 400, the input data 
bits are provided in parallel as a data vector U to an encoder 
state machine 410, a data phase output generator 420, and a 
code-tail phase output generator 430. Encoder state machine 
410 also receives the current encoder state X and determines 
the neW encoder state based on the received inputs vector U 
and the current encoder state X. Encoder state machine 410 
can implement, for example, the last roW in Table 2. 

[0073] Data phase output generator 420 and code-tail 
phase output generator 430 also receive the current encoder 
state X and determine the encoder outputs for the data phase 
and the code-tail phase, respectively, based on the received 
inputs X and U. Data phase output generator 420 can 
implement, for example, the last tWo columns in Table 2, and 
code-tail output generator 430 can implement, for example, 
the last tWo columns in Table 3. The ?rst and second outputs, 
Y8 and Yb, from data phase output generator 420 are 
provided to multiplexers (MUXes) 440A and 440B, respec 
tively. Similarly, the ?rst and second outputs, YC and Yd, 
from code-tail phase output generator 430 are provided to 
multiplexers 440A and 440B, respectively. Multiplexers 
440A and 440B provide the outputs Y2] and Yb, respectively, 
from data phase output generator 420 When operating in the 
data phase and the outputs YC and Yd, respectively, from 
code-tail phase output generator 430 When operating in the 
code-tail phase. 

[0074] To implement a convolutional encoder that con 
tinuously codes input data bits as they are received, Without 
having to reset the encoder state at the start of each packet, 
only encoder state machine 410 and data phase output 
generator 420 are needed. For communications systems 
(e.g., the HDR system) in Which data is sent in packets and 
code-tail bits are used to reset the convolutional encoder to 
a knoWn state at the start of each packet, code-tail phase 
output generator 430 and multiplexers 440A and 440B are 
used to provide the required encoder outputs. 

[0075] The design of encoder state machine 410 and data 
phase output generator 420 is dependent on the particular 
polynomial generator matrix to be implemented and the 
number of data bits to be coded in parallel. The design of 
code-tail phase output generator 430 is dependent on the 
polynomial generator matrix, the number of data bits to be 
coded in parallel, and the particular frame format (i.e., the 
number of data and code-tail bits to be coded in the code-tail 
phase). A speci?c design of convolutional encoder 400 is 
noW described beloW. 

[0076] FIG. 5A is a schematic diagram of a speci?c 
embodiment of a convolutional encoder 500 that can code 
eight input data bits in parallel and implements the polyno 
mial generator matrix expressed in equation Convolu 
tional encoder 500 includes an encoder state machine 510 
that implements the state machine de?ned in Table 2 and a 
data phase output generator 520 that generates the encoder 
outputs de?ned in Table 2. Encoder state machine 510 and 
data phase output generator 520 correspond to encoder state 
machine 410 and data phase output generator 420, respec 
tively, in FIG. 4. In this embodiment, encoder state machine 
510 is implemented With AND gates 512A through 512D 
and registers 514A through 514D, and data phase output 
generator 520 is implemented With AND gates 522A through 
522H. 

[0077] As shoWn in FIG. 5A, the eight input data bits, uO 
through u7, are provided in parallel to the inputs to encoder 
state machine 510 and data phase output generator 520, each 
of Which also receives the current encoder state de?ned by 
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x1 through x4. Each AND gate 512 Within encoder state 
machine 510 selectively couples to the inputs uO-u7 and 
x1-x4, as de?ned by the last roW in Table 2. For example, 
AND gate 512A couples to the inputs x3, x2, x1, ul, u3, u4, 
and u7, as de?ned by the entry in the last roW, third column 
(x1) in Table 2. The outputs of AND gates 512A through 
512D couple to the inputs of registers 514A through 514D, 
respectively. The outputs of registers 514A through 514D 
comprise the state machine outputs x1 through x4, respec 
tively. 

[0078] Similarly, each AND gate 522 Within data phase 
output generator 520 selectively couples to the inputs uO-u7 
and x1-x4, as de?ned by the last column in Table 2. For 
example, AND gate 522A couples to the inputs x3, x2, x1, 
and uO, as de?ned by the entry in the second roW, last column 
(ybo) in Table 2. The inputs uO through u7 comprise the 
encoder outputs ya0 through ya7, respectively (not shoWn in 
FIG. 5A for simplicity), and the outputs of AN D gates 522A 
through 522H comprise the encoder outputs yb0 through yb7, 
respectively. 

[0079] FIG. 5B is a schematic diagram of a speci?c 
embodiment of a code-tail phase output generator 530 and 
multiplexers 540A and 540B that implement the code-tail 
phase of the polynomial generator matrix expressed in 
equation (1) and for packet formats 1 and 2 shoWn in Table 
1. Code-tail phase output generator 530 and multiplexers 
540A and 540B correspond to code-tail phase output gen 
erator 430 and multiplexers 440A and 440B, respectively, in 
FIG. 4. In this embodiment, code-tail phase output genera 
tor 530 is implemented With AND gates 532A through 532] 
and generates the encoder outputs YC and Yd for the code-tail 
phase de?ned in Table 3. Multiplexer 540a is implemented 
With 2x1 multiplexers 542A through 542F and provides the 
?rst encoder output Yoa. Similarly, multiplexer 540B is 
implemented With 2x1 multiplexers 544A through 544H and 
provides the second encoder output Yob. 

[0080] Encoder state machine 510, data phase output 
generator 520, code-tail phase output generator 530, and 
multiplexers 540A and 540B in FIGS. 5A and 5B form a 
speci?c implementation of convolutional encoder 400. This 
speci?c implementation is used to implement the polyno 
mial generator matrix expressed in equation (1) and for the 
packet formats described in Table 1. For packet format 1, 
1018 data bits are provided to convolutional encoder 500 
over 128 clock cycles. For each of the ?rst 127 clock cycles, 
eight data bits are provided to encoder 500, and multiplexers 
540A and 540B are selected to provide the outputs Y2] and Yb 
from data phase output generator 520. On the 128th clock 
cycle, the remaining tWo data bits, four code-tail bits, and 
tWo Zeros are provided to encoder 500. Registers 514A 
through 514D are reset to Zero (synchronously), and multi 
plexers 540A and 540B are selected to provide the outputs 
YC and Yd from code-tail phase output generator 530. For 
packet format 2, 2042 data bits are provided to convolutional 
encoder 500 over 256 clock cycles. For each of the ?rst 255 
clock cycles, corresponding to the data phase, eight data bits 
are coded in parallel and multiplexers 540A and 540B 
provide the outputs Y2] and Yb, respectively. On the 256th 
clock cycle, corresponding to the code-tail phase, tWo data 
bits, four code-tail bits, and tWo Zeros are coded in parallel 
and multiplexers 540A and 540B provide the outputs YC and 
Yd, respectively. 

[0081] The speci?c implementation shoWn in FIGS. 5A 
and 5B is described to provide a clearer understanding. It 
Will be noted that different implementations can also be 
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contemplated and are Within the scope of the present inven 
tion. Moreover, a different design is typically used for a 
different polynomial generator matrix, a different number of 
input data bits, or different packet formats. 

[0082] In similar manner, another convolutional encoder 
can be designed to implement the polynomial generator 
matrix expressed in equation In an embodiment, the 
convolutional encoder is designed to receive and code four 
code bits in parallel. Equations (5) and (6) for the next 
encoder state and outputs, respectively, can be recursively 
solved in the manner described above. 

[0083] Table 4 shoWs the encoder states and outputs after 
four input code bits vO through v3 have been serially pro 
vided to convolutional encoder 340 in FIG. 3. Registers 
344A and 344B initially store the values of x1 and x2, 
respectively. On the ?rst clock cycle, the ?rst code bit V0 is 
provided to encoder 340, and the output of summer 342 is 
computed as x1+v0, Which is stored in the second roW, 
second column in Table. The encoder outputs are computed 
as yeo=vO and ym=(x1+vO)+x2+x1=x2+vO. On the next clock 
cycle, the values from summer 312 and register 344A are 
shifted into registers 344A and 344B, respectively. The next 
code bit v1 is provided to encoder 340, and the output of 
summer 342 is computed as x1+vO+v1, Which is stored in the 
third roW, second column. The outputs are computed as 
ye1=v1 and yfl=(x1+vO+v1)+(x1+vO)+x1=x1+v1. The process 
ing continues until the fourth code bit v3 is received and 
processed. 
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bit value is selected such that the output of summer 342 is 
equal to Zero. The encoder outputs are computed as ygo=x1 
and yhO=x2+x1. The processing continues in similar manner 
for the remaining three code-tail bits. 

TABLE 5 

V 1 X1 X2 Yg yh 

x1 0 x1 x2 x1 x2 + x1 
0 O 0 x1 0 x1 
0 O O O O O 
O O O O O O 

O O 

[0087] Table 6 shoWs the states and outputs of the inner 
convolutional encoder for the code-tail phase for packet 
format 2. On the ?rst clock cycle, the last code bit V0 is 
provided to the encoder, and the encoder states x1 and x2 and 
outputs yi0 and yjO are computed in similar manner as 
described above. The second roW of Table 6 is thus identical 
to the second roW of Table 4. On the second clock cycle, the 
?rst code-tail bit having a value of x1+vO is provided to the 
encoder. The code-tail bit value is selected such that the 
output of summer 342 is equal to Zero. The encoder outputs 
are computed as yi1=x1+vO and yi1=v0. The processing 
continues in similar manner for the remaining code-tail bits. 

[0084] The encoder output vector Yf is generated based on TABLE 6 
the entries in the last column in Table 4. The encoder state V 1 X1 X2 yi yj 
Xn+1 after the fourth code bit v3 has been coded is generated 
based on the entries in the last roW in Table. As shoWn in "0 X1 + "0 X1 X2 "0 X2 + "0 

Table 4, the encoder output vector Yf and the next encoder g1 + V” 8 g1 + V” i1 + V g1 + V” :0 + V 
state Xn+1 are each a function of the current encoder state 0 O O O1 0 O O1 0 
Xn=[x2 x1] and the input vector V. For the data phase, the 0 0 
encoder output vector Ye is simply a function of the input 
vector V. 

TABLE 4 

V 1 X1 X2 ye yr 

V0 X1 + V0 X1 X2 V0 X2 + V0 
V1 X1 + V0 + V1 X1 + V0 X1 V1 X1 + V1 

V2 X1+VD+V1+V2 X3+X2+1l1 X1+VD V2 Xl+VD+V2 
V3 X1+V0+V1+V2+V3 X1+V0+V1+V2 X3+X2+1l1 V3 Xl+VD+V1+V3 

[0085] Referring back to Table 1, the inner convolutional 
encoder in the HDR system receives 2044 code bits and four 
code-tail bits for each packet in packet format 1. If four bits 
are coded in parallel, 512 clock cycles are used to code one 
packet. The ?rst 511 clock cycles are used to code 2044 code 
bits (i.e., 511><4=2044), and the 512th clock cycle is used to 
code the four code-tail bits. The convolutional encoder 
receives 3079 code bits and three code-tail bits for each 
packet in packet format 2. If four bits are coded in parallel, 
768 clock cycles are used to code one packet of data. The 
?rst 767 clock cycles are used to code 3068 code bits (i.e., 
767><4=3068), and the 768th clock cycle is used to code the 
last code bit and three code-tail bits. 

[0086] Table 5 shoWs the states and outputs of the inner 
convolutional encoder for the code-tail phase for packet 
format 1. On the ?rst clock cycle, the ?rst code-tail bit of 
having a value of x1 is provided to the encoder. The code-tail 

[0088] FIG. 6 is a schematic diagram of a speci?c 
embodiment of a convolutional encoder 600 that can code 
four input code bits in parallel and implements the polyno 
mial generator matrix expressed in equation Convolu 
tional encoder 600 includes an encoder state machine 610 
that implements the state machine de?ned by Table, an 
output generator 620 that generates the encoder outputs 
de?ned in Tables 4 through 6, and multiplexers 640A and 
640B that provide the proper encoder outputs for the data 
and code-tail phases for packet formats 1 and 2. 

[0089] As shoWn in FIG. 6, four input code bits, vO 
through v3, are provided in parallel to the inputs of encoder 
state machine 610 and output generator 620, each of Which 
also receives the current encoder state de?ned as Xn=[x2 x1]. 
Each AND gate 612 Within encoder state machine 610 
selectively couples to the inputs vO-v3 and x1-x2, as de?ned 










