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7) ABSTRACT

A method and apparatus for computing soft decision input
metrics to a turbo decoder includes circuits associated with
eight-ary phase shift keyed (8PSK) modulation and sixteen-
ary quadrature amplitude modulation (16QAM). In both
implementations log-likelihood ratio (LLR) metrics on code
symbols are estimated as products of various constant values
and various combinations of the in-phase and quadrature
components of a demodulated soft decision. In the imple-
mentation associated with the 16QAM modulation scheme,
an estimate of the carrier-signal-to-interference (C/I) ratio is
also used to estimate some of the LLR metrics. Estimates of
the LLR metrics may also be obtained in association with
generalized square QAM and M-ary PSK modulation
schemes including, e.g., 64QAM, 256QAM, and 16PSK.
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METHOD AND APPARATUS FOR
COMPUTING SOFT DECISION INPUT
METRICS TO A TURBO DECODER

CROSS-REFERENCE TO RELATED
APPLICATION

This application is a continuation-in-part of U.S. appli-
cation Ser. No. 09/454,177, filed Dec. 2, 1999 now aban-
doned.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention pertains generally to the field of
communications, and more particularly to computation of
soft decision input metrics for turbo decoders.

II. Background

Transmission of digital data is inherently prone to
interference, which may introduce errors into the transmitted

10

2

individual bits of a given codeword are separated from each
other and transmitted at different times. Consequently, indi-
vidual bits of a given code experience independent fading
such that the bits affected by an error burst belong to
different codewords. At the receiver, the received samples
are deinterleaved prior to decoding. Hence, the effect of the
error burst is spread over the message so that it is possible
to recover the data with the original error-correcting code.
The performance of turbo codes depends on the length and
structure of the code interleavers used. Various types of
interleavers are known in the art including, e.g., diagonal
interleavers, convolutional interleavers, block interleavers,
interblock interleavers, and pseudo-random interleavers.
Good turbo code performance can be achieved by using
interleavers having pseudo-random structures.

Turbo coding represents an important advancement in the
area of forward error correction (FEC). There are many
variants of turbo coding, but most types of turbo coding use
multiple encoding steps separated by interleaving steps
combined with the use of iterative decoding. This combi-

data. Error detection schemes have been suggested to deter- 20 - - - . -
. . . nation provides previously unattainable performance with
mine as reliably as possible whether errors have been . . . L
. . . AN respect to noise tolerance in a communications system.
introduced into the transmitted data. For example, it is . . S
. . Namely, turbo coding allows reliable communications at
common to transmit data in packets and add to each packet - - .
. lower energy-per-bit per noise power spectral density (E,/
a cyclic redundancy check (CRC) field, for example of a N th - - . isting F
. . . . s Np) than was previously possible using the existing forward
length of sixteen bits, which carries a checksum of the data - .
. . . error correction techniques.
of the packet. When a receiver receives the data, the receiver . .
. For multiple-component codes such as turbo codes, opti-
calculates the same checksum on the received data and N .

- S - mal decoding is often a very complex task, and may require
verifies whether the result of the calculation is identical to 1 ods of i : 1 lable f i
the checksum in the CRC field. arge periods of time not usually available for on-line

When the transmitted data is not used in real time, it may decoding. The task may, in fact, be almost impossible,
b el.lbl . ret ission of d i b Y requiring theoretical completion times on the order of the
© possible (;)treq;liis f[ ransrmsswlfll 0 Tﬁronteous ata when age of the universe. Iterative decoding techniques have been
GH?S arz de ecle ! owcvljr, when the rgnsmlﬁlon 15 developed to overcome this problem. Rather than determin-
peidiogncl ml re}elt tume, Sufl las, ig" 1 \{31{:6 ca fs over ing immediately whether received bits are zero or one, the
traH tional telephones OFb(ie ular phones, video CONICIeNce - receiver assigns each bit a value on a multilevel scale
calls, etc., 1‘[4 Is not possible to request. retransmission. representative of the probability that the bit is one. A

Convolutional codes have been introduced to allow common scale, referred to as log-likelihood ratio (LLR)
receivers of digital data to correctly determine the transmit- probabilities, represents cach bit by an integer in some
ted data even when errors may have occurred during trans- range, c.g., {-32,31}. A value of 31 signifies that the
mission. The convolutional codes introduce redundancy into - transmitted bit was a zero with very high probability, and a
the transmitted data and pack the transmitted data into value of —32 signifies that the transmitted bit was a one, with
packets in which the value of each bit is dependent on earlier very high probability. A value of zero indicates that the
bits in the sequence. Thus, when errors occur, the receiver logical bit value is indeterminate.
can still deduce the original data by tracing back possible Data represented on the multilevel scale is referred to as
sequences 1n t?lc received data. .. 45 “softdata,” and iterative decoding is usually soft-in/soft-out,

To further Improve the perfc')rmance'of a transmission i.e., the decoding process receives a sequence of inputs
chfannel, some coding sche‘me.s include mterleayers, Wf}lch corresponding to probabilities for the bit values and provides
mix up the order of the bits in the packet during coding. as output corrected probabilities, taking into account con-
Thus, when interference destroys some adjacent bits during straints of the code. Generally, a decoder that performs
transmission, l‘he effect of the interference 1s.spread outover s jterative decoding uses soft data from former iterations to
the entire or1g1na1 packet and can more readily be overcome decode the soft data read by the receiver. During iterative
by the decoding process. Other improvements may include decoding of multiple-component codes, the decoder uses
multiple-component codes that encode the packet more than results from decoding of one code to improve the decoding
once, in parallel or in series. For example, it is known in the of the second code. When parallel encoders are used, as in
art to employ an error correction method that uses at least 55 turbo coding, two corresponding decoders may conveniently
two convolutional coders in parallel. S}ICh parallel encoding be used in parallel for this purpose. Such iterative decoding
is commonly referred to as turbo coding. is carried out for a plurality of iterations until it is believed

Turbo codes are serial or parallel concatenations of two or that the soft data closely represents the transmitted data.
more constituent coders separated by one or more code Those bits that have a probability indicating that they are
interleavers. Turbo codes are often decoded with a relatively 6y closer to one (for example, values between 0 and 31 on the
efficient iterative algorithm to achieve low error rates at scale described above) are assigned binary zero, and the
signal-to-noise ratios (SNRs) approaching the Shannon remaining values are assigned binary one.
limit. The interleavers and deinterleavers are inserted An LLR is thus a probability metric used by a turbo
between the component code encoders and decoders, respec- decoder to determine whether a given symbol was transmit-
tively. 65 ted given a particular received symbol. To compute the LLR,

As discussed above, the interleaver in a turbo coder
spreads the codewords output from an encoder so that

an accurate estimate of the SNR and the channel coefficient
(a complex scale factor applied to the transmitted signal by

IPR2024-00314
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the channel) are required. Accurate LLR values are particu-
larly important in turbo decoding applications in which the
LLR inputs are typically subjected to nonlinear operations
that can amplify inaccuracies in the LLR values and result

4

complex-valued modulation symbol soft decision to obtain
log-likelihood ratio metrics for remaining code symbols of
the modulation symbol.

In another aspect of the invention, a receiver configured

in unacceptable decoder performance. 5 to approximate log-likelihood ratio metrics for a plurality of
It is computationally intensive to compute LLR metrics turbo encoded symbols, the plurality of turbo encoded
for dense signal constellations with the high degree of symbol having been modulated with square quadrature
accuracy required. Either an elaborate computation scheme amplitude modulation signal constellations having gray
code labeling, is provided. The receiver advantageously
must be employed or a complex decoder structure must be elud h tracti lox-valued modulati
used. Turbo coders are already significantly more complex 10 Inetudes means for extracing a complex-va ucd moduiation
. . o symbol soft decision on a received modulation symbol, the
to implement than are COI]VOhlthIla.l chers. Hence, it is has modulation symbol being associated with a plurality of turbo
proven to be advantage0u§ to maintain thp turbo.decoc.ier encoded symbols, the complex-valued modulation symbol
structure at the cost of using a cornpu}at}onally intensive soft decision having an in-phase component and a quadra-
LLR calculation technique. However, it is undesirable to ture component; means for scaling the complex-valued
employ a computationally complex LLR calculation algo- 15 modulation symbol soft decision to obtain a log-likelihood
rithm because of the associated drain on processor and ratio metric for a most-significant code symbol of the
memory resources. Moreover, for certain modulation modulation symbol; and means for applying a linear com-
schemes such as eight-ary phase shift keying (8PSK) and bination of a triangle function and a ramp function to the
sixteen-ary quadrature amplitude modulation (16QAM) it is complex-valued modulation symbol soft decision to obtain
exceptionally difficult to compute the LLR metrics. It would 20 log-likelihood ratio metrics for remaining code symbols of
be desirable to provide a simplified method for deriving the ~ the modulation symbol.
LLR metrics based upon estimation rather than direct com- In another aspect of the invention, a receiver configured
putation. Thus, there is a need for a simplified technique for to approximate log-likelihood ratio metrics for a plurality of
computing the soft-decision input metrics to a turbo decoder ~ turbo encoded symbols, the plurality of turbo encoded
without degrading the performance of the decoder. 25 symbol having been modulated with square quadrature
amplitude modulation signal constellations having gray
SUMMARY OF THE INVENTION code labeling, is provided. The receiver advantageously
The present invention is directed to a simplified technique ~ includes a processor; and a processor-readable storage
for computing the soft-decision input metrics to a turbo medium coupled to the processor and containing a set of
decoder without degrading the performance of the decoder. 3p instructions executable by the processor to extract a
Accordingly, in one aspect of the invention, a method of complex-valued modulation symbol soft decision on a
approximating log-likelihood ratio metrics for a plurality of ~ received modulation symbol, the modulation symbol being
turbo encoded symbols, the plurality of turbo encoded associated with a plurality of turbo encoded symbols, the
symbol having been modulated with square quadrature complex-valued modulation symbol soft decision having an
amplitude modulation signal constellations having gray 35 in-phase component and a quadrature component, scale the
code labeling, is provided. The method advantageously complex-valued modulation symbol soft decision to obtain
includes the steps of extracting a complex-valued modula- a log-likelihood ratio metric for a most-significant code
tion symbol soft decision on a modulation symbol, the symbol of the modulation symbol, and apply a linear com-
modulation symbol being associated with a plurality of turbo bination of a triangle function and a ramp function to the
encoded symbols, the complex-valued modulation symbol 4y complex-valued modulation symbol soft decision to obtain
soft decision having an in-phase component and a quadra- log-likelihood ratio metrics for remaining code symbols of
ture component; scaling the complex-valued modulation the modulation symbol.
symbol soft decision to obtain a log-likelihood ratio metric In another aspect of the invention, a method of approxi-
for a most-significant code symbol of the modulation sym- mating log-likelihood ratio metrics for a plurality of turbo
bol; and applying a linear combination of a triangle function 45 encoded symbols, the plurality of turbo encoded symbol
and a ramp function to the complex-valued modulation having been modulated with M-ary phase shift keyed signal
symbol soft decision to obtain log-likelihood ratio metrics constellations having gray code labeling, is provided. The
for remaining code symbols of the modulation symbol. method advantageously includes the steps of extracting a
In another aspect of the invention, a receiver configured complex-valued modulation symbol soft decision on a
to approximate log-likelihood ratio metrics for a plurality of so modulation symbol, the modulation symbol being associated
turbo encoded symbols, the plurality of turbo encoded ~ With a plurality of turbo encoded symbols, the complex-
symbol having been modulated with square quadrature valued modulation symbol soft decision having an in-phase
amplitude modulation signal constellations having gray component and a quadrature component; scaling the quadra-
code labeling, is provided. The receiver advantageously ture component to obtain a log-likelihood ratio metric for a
includes a demodulator configured to extract a complex- 55 most-significant code symbol of the modulation symbol;
valued modulation symbol soft decision on a received scaling the in-phase component to obtain a log-likelihood
modulation symbol, the modulation symbol being associated ratio metric for a second-most-significant code symbol of
with a plurality of turbo encoded symbols, the complex- the modulation symbol; and applying a product of a first
valued modulation symbol soft decision having an in-phase number and a second number to the complex-valued modu-
component and a quadrature component; and a log- 60 lation symbol soft decision to obtain log-likelihood ratio
likelihood ratio computation module coupled to the metrics for remaining code symbols of the modulation
demodulator and configured to receive the complex-valued symbol, the first number being dependent on a magnitude of
modulation symbol soft decision from the demodulator, the complex-valued modulation symbol soft decision, and
scale the complex-valued modulation symbol soft decision the second number being dependent on a phase of the
to obtain a log-likelihood ratio metric for a most-significant 65 complex-valued modulation symbol soft decision.

code symbol of the modulation symbol, and apply a linear
combination of a triangle function and a ramp function to the

In another aspect of the invention, a receiver configured
to approximate log-likelihood ratio metrics for a plurality of
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turbo encoded symbols, the plurality of turbo encoded
symbol having been modulated with M-ary phase shift
keyed signal constellations having gray code labeling, is
provided. The receiver advantageously includes a demodu-
lator configured to extract a complex-valued modulation
symbol soft decision on a received modulation symbol, the
modulation symbol being associated with a plurality of turbo
encoded symbols, the complex-valued modulation symbol
soft decision having an in-phase component and a quadra-
ture component; and a log-likelihood ratio computation
module coupled to the demodulator and configured to
receive the complex-valued modulation symbol soft deci-
sion from the demodulator, scale the quadrature component
to obtain a log-likelihood ratio metric for a most-significant
code symbol of the modulation symbol, scale the in-phase
component to obtain a log-likelihood ratio metric for a
second-most-significant code symbol of the modulation
symbol, and apply a product of a first number and a second
number to the complex-valued modulation symbol soft
decision to obtain log-likelihood ratio metrics for remaining
code symbols of the modulation symbol, the first number
being dependent on a magnitude of the complex-valued
modulation symbol soft decision, and the second number
being dependent on a phase of the complex-valued modu-
lation symbol soft decision.

In another aspect of the invention, a receiver configured
to approximate log-likelihood ratio metrics for a plurality of
turbo encoded symbols, the plurality of turbo encoded
symbol having been modulated with M-ary phase shift
keyed signal constellations having gray code labeling, is
provided. The receiver advantageously includes means for
extracting a complex-valued modulation symbol soft deci-
sion on a received modulation symbol, the modulation
symbol being associated with a plurality of turbo encoded
symbols, the complex-valued modulation symbol soft deci-
sion having an in-phase component and a quadrature com-
ponent; means for scaling the quadrature component to
obtain a log-likelihood ratio metric for a most-significant
code symbol of the modulation symbol; means for scaling
the in-phase component to obtain a log-likelihood ratio
metric for a second-most-significant code symbol of the
modulation symbol; and means for applying a product of a
first number and a second number to the complex-valued
modulation symbol soft decision to obtain log-likelihood
ratio metrics for remaining code symbols of the modulation
symbol, the first number being dependent on a magnitude of
the complex-valued modulation symbol soft decision, and
the second number being dependent on a phase of the
complex-valued modulation symbol soft decision.

In another aspect of the invention, a receiver configured
to approximate log-likelihood ratio metrics for a plurality of
turbo encoded symbols, the plurality of turbo encoded
symbol having been modulated with M-ary phase shift
keyed signal constellations having gray code labeling, is
provided. The receiver advantageously includes a processor;
and a processor-readable storage medium coupled to the
processor and containing a set of instructions executable by
the processor to extract a complex-valued modulation sym-
bol soft decision on a received modulation symbol, the
modulation symbol being associated with a plurality of turbo
encoded symbols, the complex-valued modulation symbol
soft decision having an in-phase component and a quadra-
ture component, scale the quadrature component to obtain a
log-likelihood ratio metric for a most-significant code sym-
bol of the modulation symbol, scale the in-phase component
to obtain a log-likelihood ratio metric for a second-most-
significant code symbol of the modulation symbol, and
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apply a product of a first number and a second number to the
complex-valued modulation symbol soft decision to obtain
log-likelihood ratio metrics for remaining code symbols of
the modulation symbol, the first number being dependent on
a magnitude of the complex-valued modulation symbol soft
decision, and the second number being dependent on a phase
of the complex-valued modulation symbol soft decision.

In another aspect of the invention, a device for estimating
log-likelihood ratio (LLR) decoder metrics from a soft
decision having an in-phase component and a quadrature
component, the soft decision having been demodulated in
accordance with eight-ary phase shift keyed (8PSK) signal
constellations having gray code labeling, is provided. The
device advantageously includes a first multiplier configured
to multiply the in-phase component by a first constant value
to generate a first LLR metric; a second multiplier config-
ured to multiply the quadrature component by the first
constant value to generate a second LLR metric; and a
module configured to subtract an absolute value of the
quadrature component from an absolute value of the
in-phase component to (1) produce a difference value, (2)
add the absolute value of the in-phase component to the
absolute value of the quadrature component to produce a
sum value, (3) divide a second constant value by a square
root of a sum of a square of the in-phase component and a
square of the quadrature component to produce a quotient
value, and (4) multiply the difference value, the sum value,
and the quotient value to generate a third LLR metric.

In another aspect of the invention, a method of estimating
log-likelihood (LLR) decoder metrics from a soft decision
having an in-phase component and a quadrature component,
the soft decision having been demodulated in accordance
with eight-ary phase shift keyed (8PSK) signal constella-
tions having gray code labeling, is provided. The method
advantageously includes the steps of multiplying the
in-phase component by a first constant value to obtain a first
LLR metric; multiplying the quadrature component by the
first constant value to obtain a second LLR metric; multi-
plying a subtraction value equal to a difference between an
absolute value of the in-phase component and an absolute
value of the quadrature component by an addition value
equal to a sum of the absolute value of the in-phase
component and the absolute value of the quadrature com-
ponent to obtain an intermediate value; and multiplying the
intermediate value by a division value equal to a quotient of
a second constant value and a square root of a sum of a
square of the in-phase component and a square of the
quadrature component to obtain a third LLR metric.

In another aspect of the invention, a device for estimating
log-likelihood (LLR) decoder metrics from a soft decision
having an in-phase component and a quadrature component,
the soft decision having been demodulated in accordance
with eight-ary phase shift keyed (8PSK) signal constella-
tions having gray code labeling, is provided. The device
advantageously includes means for multiplying the in-phase
component by a first constant value to obtain a first LLR
metric; means for multiplying the quadrature component by
the first constant value to obtain a second LLR metric;
means for multiplying a subtraction value equal to a differ-
ence between an absolute value of the in-phase component
and an absolute value of the quadrature component by an
addition value equal to a sum of the absolute value of the
in-phase component and the absolute value of the quadrature
component to obtain an intermediate value; and means for
multiplying the intermediate value by a division value equal
to a quotient of a second constant value and a square root of
a sum of a square of the in-phase component and a square
of the quadrature component to obtain a third LLR metric.
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In another aspect of the invention, a device for estimating
log-likelihood (LLR) decoder metrics from a soft decision
having an in-phase component and a quadrature component,
the soft decision having been demodulated in accordance
with eight-ary phase shift keyed (8PSK) signal constella-

8

carrier-signal-to-interference (C/I) ratio and a second con-
stant value from an absolute value of the second LLR metric
to obtain a third LLR metric; and means for subtracting the
product of the C/I ratio and the second constant value from

5 an absolute value of the first LLR metric to obtain a fourth
tions having gray code labeling, is provided. The device LLR metric.
advantageously includes a processor; and a memory element In another aspect of the i G device £ (imat
coupled to the processor and containing a set of instructions 1 nn another aspect Of the mvention, a cevice for estimating
. . og-likelihood (LLR) decoder metrics from a soft decision
executable by the processor to multiply the in-phase com- having an in-phase component and a quadrature component
ponent by a first constant value to obtain a first LLR metric, the sogft deciSion haVinp been demo((liulated in accé)rdance,
multiply the quadrature component by the first constant with sixicen-ar ue%drature amplitude modulation
value to obtain a second LLR metric, multiply a subtraction . vy 4 . 'mp L
. (16QAM) signal constellations having gray code labeling, is
value equal to a difference between an absolute value of the rovided. The device advantaseously mcludes a processor:
in-phase component and an absolute value of the quadrature p d ) 1 lg d };1 P d ?
component by an addition value equal to a sum of the and a memory clement coupled to the processor and con-
. taining a set of instructions executable by the processor to
absolute value of the in-phase component and the absolute multinly the in-phase component by a first constant value to
value of the quadrature component to obtain an intermediate obtairrl) Z first LER me tricpmultipl}sfl the quadrature compo-
value, and multiply the intermediate value by a division nent by the first constan; value 1o obtain a second LIR
value equal 1o a quotient of a second constant value and a metricysubtract a product of a carrier-signal-to-interference
sqléarc root of ef‘ tsllll m ofs s?uare of the in-f)tklasebfqmpotlllfn; 20 (C r’atio and a I;econd constant value from an absolute
and a square of the quadrature component to obtain a thir . . . .
o seeond L metie oshin B L1 K

In another aspect of the invention, a device for estimating constant value frorlzl an absolute value of the first LLR metric
log-likelihood ratio (LLR) decoder metrics from a soft to obtain a fourth LLR metric.
decision having an in-phase component and a quadrature o5
component, the soft decision having been demodulated in BRIEF DESCRIPTION OF THE DRAWINGS
accordance with sixteen-ary quadrature amplitude modula-
tion (1GQAM) signa] constellations havjng gray code FIG. 1 is a block diagram of a code division multiplexing
labeling, is provided. The device advantageously includes a ~ (CDM) transmitter.
first multiplier configured to multiply the in-phase compo- 33 FIG. 2 is a block diagram of a CDM receiver.
nent by a first constant value to generate a first LLR metric; FIG. 3 is a block diagram of a time division multiplexing
a second multiplier configured to multiply the quadrature (TDM) transmitter.
component by the first constant value to generate a second . . .

LLRpmetriC; }a/ first module configured to %ubtract a product FIG. 4 1.5 @ block dl?lgram of a T]?M .recelvcr. .

of a carrier-signal-to-interference (C/I) ratio and a second 35  F1G- 5 is a block diagram of a circuit for computing a
constant value from an absolute value of the second LLR carrier signal-to-interference ratio (CN) that may be used
metric to generate a third LLR metric; and a second module with a forward link and the receivers of FIG. 2 or FIG. 4.
configured to subtract the product of the C/I ratio and the FIG. 6 is a block diagram of an LLR estimation circuit
second constant value from an absolute value of the first that may be used in the circuit of FIG. 5§ in connection with
LLR metric to generate a fourth LLR metric. 40 an 8PSK modulation scheme.

In another aspect of the invention, a method of estimating FIG. 7 is a block diagram of an LLR estimation circuit
log-likelihood (LLR) decoder metrics from a soft decision that may be used in the circuit of FIG. 5 in connection with
having an in-phase component and a quadrature component, a 16QAM modulation scheme.
the soft decision having been demodulated in accordance FIG. 8 is a block diagram of a communication system
with sixteen-ary quadrature amplitude modulation 45 model.

(16QAM) signal constellations having gray code labeling, is FIG. 9 is a diagram of a 4QAM (QPSK) signal constel-
provided. The method advantageously includes the steps of lation mapping with gray code labeling.

multiplying the in-phase component by a first constant value . . . .

to obtain a first LLR metric; multiplying the quadrature FIQ' . sa diagram of a .16QAM signal constellation
component by the first constant value to obtain a second so TAPPIRS with gray code labeling.

LLR metric; subtracting a product of a carrier-signal-to- FIG. 11 is a diagram of a 64QAM signal constellation
interference (C/I) ratio and a second constant value from an mapping with gray code labeling.

absolute value of the second LLR metric to obtain a third FIG. 12 is a diagram of an 8PSK signal constellation
LLR metric; and subtracting the product of the C/I ratio and mapping with gray code labeling.

the second constant value from an absolute value of the first 55 FIG. 13 is a diagram of a 16PSK signal constellation
LLR metric to obtain a fourth LLR metric. mapping with gray code labeling.

In another aspect of the invention, a device for estimating FIG. 14 is a graph of 16QAM code symbol LLRs versus
log-likelihood (LLR) decoder metrics from a soft decision modulation symbol metric.
having an in-phase component and a quadrature component, .
the soft decision having been demodulated in accordance 60 FIG. 1.5 is a graph of 6.4QAM code symbol LLRs versus
with sixteen-ary quadrature amplitude modulation modulal10g symbol metric.

(16QAM) signal constellations having gray code labeling, is FIG. 16 is a graph of 256QAM code symbol LLRs versus
provided. The device advantageously includes means for modulation symbol metric.
multiplying the in-phase component by a first constant value FIG. 17 is a graph of 8PSK code symbol LLRs versus
to obtain a first LLR metric; means for multiplying the 65 modulation symbol metric.

quadrature component by the first constant value to obtain a
second LLR metric; means for subtracting a product of a

FIG. 18 is a graph of 16PSK code symbol LLRs versus
modulation symbol metric.
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DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

In FIG. 1 a code division multiplexing (CDM) transmitter
10 constructed in accordance with one embodiment is

10

quently modulated and converted to radio frequency by the
modulator 32 in preparation for transmission over a channel
via the antenna 34.

The resulting signal transmitted via the antenna 34 is

shown. For clarity, various details of the transmitter have a;lvanlflgeously a composile §1gna1 having a data signal, a
b . . L A pilot signal, and a control signal. Once broadcast over a
een omitted from the drawings such as timing circuitry, L ; . .
filters. and amplifiers. The omitted circuitry is easil ’ channel, the composite signal will experience multi-path
, p . y i ily con . - .
. - . 1 fading and channel interference that must be efficiently
structed and implemented by those having ordinary skill in .
the art. detected and compensated for by the receiver system that
X . . 10 receives the transmitted signal.

The {ransmitter 10 includes a computer 12 that includes Those skilled in the art will appreciate that the Walsh
transmitter spftware executed via a baseband processor (oot functions provided by the first Walsh function generator 22
shown) within the computer 1.2‘ Th? computer 12 is coupled and the second Walsh function generator 28 may be replaced
to a turbo encoder 14 and a time division combiner 16. The . Lo

. . . by PN function generators or a combination of Walsh
Furbo encoder is cqupled oa cha.nnel'myerleaver 18, which 5 function generators and PN function generators. In addition,
15 cou.pled (0 a first 1put of a first multiplier 20.Aﬁrst Walsh the transmitter 10 may be implemented in a base station
funct.lor.l generator 22 is coupled to a seco.nd. nput pfthe first and/or a mobile station of a cellular or PCS communication
multiplier 20. An output of the first multiplier 20 is coupled svstem
to a first input of a combiner 24. yI tt; ¢ detailed descrintion. the t onalt
. L . . n the present detailed description, the terms signal-to-

An output of the time d1v151qn f:ornblner 16 is Coypled 1020 interference and signal-to-noise are equivalent terms.

a first input of a second multiplier 26, a second input of In FIG. 2 2 CDM receiver 40 constructed in accordance
which is coupled to a second Walsh function generator 28. ith ) bodi b b 4 with the CDM
An output of the second multiplier 26 is coupled to a second with one embodiment that may be used with the

input of the combiner 24. An output of the combiner 24 is transmitter 10 of FIG. 1 is shown. The transmitter 40
coupled to a quadrature pseudo noise sequence (PN) 25 includes a receiver antenna 42 that is coupled to a demodu-
spreader 30. An output of the PN spreader is input o a lator circuit 44. The demodulator circuit 44 is coupled to an
modulator 32 that is coupled to an antenna 34. automatic gain control (AGC) circuit 46 that is coupled to an

L i onal tainine dat b ice dat analog-to-digital converter (ADC) 48. An output of the ADC

1 operalion, signals contaimng data such as voice dala or 48 is coupled to an input of a first receiver multiplier 50. The
other file data are delivered from the computer 12 to the 5, output of the ADC 48, which represents digital samples, is
11.1rb0 encoder 14. The Iurbo' encoder 14 encodes the data also provided as input to a carrier-signal-to-interference
signal. The turbo encoder 14 is a standard turbo encoder and ratio (C/I) estimation and log-likelihood ratio (LLR) com-
operates in accordance with turbo encoding principles and . - . . :
nfethods well known in the art. In a particulgarp emb(l))diment putation c1r.cu1t, as described " detail be.loyv. .

. . i Another input of the first receiver multiplier 50 is coupled
the turbo encoder 14 is a serial concatenated turbo encoder
. . . R 35 to an output of a PN sequence generator 52. An output of the
in which an interleaver (not shown) is disposed between first , ltinlier 50 i led. i llel. to input
inner and outer constituent, convolutional encoders (also not Ist recerver muilipfier 5% 1s coupied, In para lel, fo mnputs
. - of a second receiver multiplier 54 and a third receiver
shown). In an alternate embodiment, the turbo encoder 14 is L - .

a parallel concatenated turbo encoder designed in accor- multiplier 56. A first receiver Walsh generator circuit 58 and
d . L - a second receiver Walsh generator circuit 60 also provide
ance with principles that are well known in the relevant art. . - S .

. 4p input to the second receiver multiplier 54 and the third
. The epcoded data signal output frpm the turbo enpoder 14 receiver multiplier 56, respectively. Outputs of the second
1 l.hen interleaved by the channel lnler.leaver 18 in prepa- receiver multiplier 54 and the third receiver multiplier 56 are
ration for Walsh encoding, p§eud0—n015e (PN) spre.adlng, coupled to inputs of a first accumulator 62 and a second
and modulation. The channel interleaver 18 may be imple- accumulator 64, respectively. An output of the first accu-
mented via a conventional interleaver such as a block 45 mulator 62 is coupled to a sample separator and despreader
interleaver. ) ‘ ' that provides output to a C/I estimation circuit and a LLR

The computer 12 also provides a predetermined pilot computation circuit, as described in detail below.

signal, which in the present specific embodiment is a con- In operation, a signal transmitted over a channel such as
stant equivalent to 1, to the time division combiner 16 with the RF signal transmitted by the transmitter 10 of FIG. 1 is
a control signal. The control signal contains rate-control or 3, received by the antenna 42 of the receiver 40. The received
power-control information for delivery to a corresponding RF signal is converted to an intermediate frequency signal
receiver (as described in detail below) to facilitate power  anq subsequently converted to a baseband signal via the
and/or code-rate control to maximize communications sys- demodulator 44. The gain of the baseband signal is adjusted
tem efficiency and throughput. via the AGC circuitry 46 and is subsequently converted to a

The time division combiner 16 mixes the control signal ss5 digital signal via the ADC 48. Subsequently, the baseband
with the pilot signal in accordance with conventional time signals are multiplied by a PN sequence that is related to the
division combining methods. The combined signal is input PN sequence employed in the PN spreader 30 of FIG. 1 via
to the second multiplier 26, where it is multiplied by a the PN sequence generator 52 and the first receiver multi-
predetermined Walsh function provided via the second plier 50. In the present specific embodiment, the PN
Walsh function generator 28. Similarly, the interleaved data 4y sequence and its inverse are the same because with binary
signal output from the channel interleaver 18 is provided to operations (in GF2) the inverse of 1 is 1 and the inverse of
the first multiplier 20 where it is multiplied by another 0is 0.
prede.termmed Walsh function provided by the first Walsh Subsequently, the first receiver multiplier 50 outputs a
function generator 22. partially despread signal, which is split onto two separate

The resulting Walsh codes output from the first multiplier 65 paths. On one path, the second receiver multiplier 54 mul-

20 and the second multiplier 26 are combined via the
combiner 24, spread via the PN spreader 30, and subse-

tiplies the partially spread sequence by a Walsh function
provided by the first receiver Walsh function generator 58.
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The provided Walsh function is related to the Walsh function
provided by the first Walsh function generator 22 of FIG. 1.
The resulting despread signal samples are input to the first
accumulator 62, where they are accumulated over a prede-

12
134 is coupled to an output of the pilot energy calculation
circuit 138. The pilot filter 128 provides input to the pilot
energy calculation circuit 138.

An output of the subtractor 132 is coupled to the LUT

termined number of samples. The accumulated despread 5 140. An output of the LUT 140 is coupled, in parallel, to a
data samples are provided to the sample separator 66. The  first input of the second multiplier 142 and a first input of a
sample separator 66 outputs a pilot signal and a control third multiplier 146 in the path weighting and combining
signal extracted from the despread signal to a C/I estimation  circuit 158. A second input of the second multiplier 142 is
circuit and LLR circuit, as described in detail below. coupled to the output of the first multiplier 134. An output
Similarly, despread signal samples output from the third 10 of the second multiplier 142 is coupled to the C/I accumu-
receiver multiplier 56 are accumulated by the second accu- lator circuit 144, the output of which provides input to the
mulator 64, which outputs a data signal comprising data LLR circuit 96.
signal samples to the C/I estimation circuit and LLR circuit, The path weighting and combining circuit 158 includes a
as described in detail below. second constant generation circuit 150, a fourth multiplier
In FIG. 3 a time division multiplexing (TDM) transmitter 15 148, the third multiplier 146, the constant divider circuit
70 constructed in accordance with one embodiment is 130, a complex conjugate circuit 152, a fifth multiplier 154,
shown. The TDM transmitter 70 is advantageously similar to and a path accumulator circuit 156. In the path weighting
the CDM transmitter 10 of FIG. 1 with the exception that the and combining circuit 158, a first terminal of the fourth
time division combiner 16, the multipliers 20, 26, the Walsh multiplier 148 is coupled to the output of the pilot filter 128,
function generators 22, 28, and the adder 24 of FIG. 1 are 20 which is also coupled to an input of the pilot energy
replaced by the time division combiner 72. calculation circuit 138 in the C/I estimation circuit 120. A
In FIG. 4 a TDM receiver 80 constructed in accordance second terminal of the fourth multiplier 148 is coupled to the
with one embodiment is shown. The TDM receiver 80 is  second constant generation circuit 150. An output of the
advantageously similar to the CDM receiver 40 of FIG. 2 fourth multiplier 148 is coupled to a second input of the third
with the exception that the multipliers 54, 56, the Walsh ~ multiplier 146. The output of the third multiplier 146 pro-
function generators 58, 60, the accumulators 62, 64, and the vides input to the complex conjugate circuit 152. The output
sample separator 66 of FIG. 2 are replaced by the accumu- of the complex conjugate circuit 152 is coupled to a first
lator 82 and the TDM sample separator 84. The accumulator input of the fifth multiplier 154. An output of the constant
82 receives digital spread samples from the multiplier 50, , divider circuit 130 is coupled to a second input of the fifth
accumulates the samples, and subsequently provides the multiplier 154. An output of the fifth multiplier 154 is
accumulated samples to the TDM sample separator 84. The coupled to an input of the path accumulator circuit 156. The
TDM Sample separator 84 extracts data Samplesj pﬂo[ output of the path accumulator circuit 156 is couplcd to a
samples, and control samples from the accumulated and ~ second input of the LLR circuit 96. The output of the LLR
despread digital signal. The data samples, pilot samples, 35 circuit is coupled to an input of a decoder (not shown).
control samples, and the digital samples output from the In operation, the PN despreader 122 receives the I and Q
ADC 48 are provided to a C/I estimation and LLR circuit, signals and despreads L fingers, i.e., L individual paths (1).
as described in detail below. The PN despreader 122 despreads the I and Q signals using
In FIG. 5 a C/I estimation circuit 120 constructed in  an inverse of the PN sequence used to spread the I and Q
accordance with one embodiment is shown. The C/I esti- 4, signals before transmission over the channel. The construc-
mation circuit 120 is advantageously adapted for use with a ~ tion and operation of the PN despreader 122 is well known
forward link and the receivers of FIG. 2 or FIG. 4. The C/I in the art.
estimation circuit 120 includes a PN despreader 122 that Despread signals are output from the PN dcsprcadcr 122
may replace the multiplier 50, the PN sequence generator and input to the M-ary Walsh decover circuit 124 and the ID
52, and the accumulator 82 of the receiver 80 of FIG. 4. An 45 computation circuit 126. The I, computation circuit 126
M-ary Walsh decover circuit 124 may replace the TDM computes the total received energy (I,) per chip, which
sample separator 84 of FIG. 4. includes both a desired signal component and an interfer-
The C/I estimation circuit 120 includes the PN despreader ence and noise component. The I, computation circuit
122, an M-ary Walsh decover circuit 124, a total received provides an estimate () of I, in accordance with the
signal energy (I.) computation circuit 126, a first constant 5o following equation:
circuit 136, a pilot filter 128, a subtractor 132, a first
multiplier 134, a pilot energy calculation circuit 138, a X [1]
look-up table (LUT) 140, a second multiplier 142, and a C/I lo = NZ lof?
accumulation circuit 144. In the C/I estimation circuit 120, =t
the PN despreader 122 receives digital in-phase (I) and ss
quadrature (Q) signals output from the ADC 48 of FIG. 4. in which N is the number of chips per pilot burst, and is 64
The PN despreader 122 provides input, in parallel, to the in the present specific embodiment, and ¢ represents the
M-ary Walsh decover circuit 124 and the I, computation received despread signal output from the PN despreader
circuit 126. The M-ary Walsh decover circuit 124 provides 122.
input to the pilot filter 128 and to a constant divider circuit 69 Those skilled in the art would appreciate that I, may, in
130 in a path weighting and combining circuit 158. the alternative, be computed before despreading by the PN
The output of the energy computation circuit 126 is despreader 122. For example, the I, computation circuit 126
coupled to a positive terminal of the subtractor circuit 132. may receive direct input from the I and Q signals received
A negative terminal of the subtractor circuit 132 is coupled from the ADC 48 of FIGS. 2 and 4 instead of input provided
to an output terminal of a first multiplier 134. A first input 65 by the PN despreader 122, in which case an equivalent

of the first multiplier 134 is coupled to an output of the first
constant circuit 136. A second input of the first multiplier

estimate of I, will be provided at the output of the I,
computation circuit 126.
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The M-ary Walsh decover circuit 124 decovers orthogo-
nal data signals, called data channels, and pilot signals,
called the pilot channel, in accordance with methods known
in the art. In the present specific embodiment, the orthogonal

14

7 1s)
()5

data signals correspond to one data channel s that is repre- 5
sented by the following equation: The accurate C/I value is then accumulated over L paths in
the received signal via the C/I accumulator circuit 144. The
=M, <X, [2] accumulated C/I values are then provided to the LLR circuit
96 and to a rate/power request generation circuit (not
in which M is the number of chips per Walsh st);mbol £ -1 10 shown), the construlz:tion of v(ihich i% known in the art.(
the modulation symbol energy of the 1 mulllpath In the path weighting and combining circuit 158, the
component, (,31 is the .phase of the data channel s, and X, is fourth multiplier 148 multiplies the filtered pilot signal p by
the information-bearing comp.onent (,)f the data channel S a constant k provided by the second constant generation
The C.lecoYered C!ala channel is provided to a.d'ecode.r (a's circuit 150. The constant k is computed in accordance with
described in detail below) and to the constant divider circuit | o followin tion:
L L. A g equation:
130 of the path weighting and combining circuit 158.

It should be understood that while the embodiments 6]
described herein are adapted for use with signals comprising we L \/E .
various Walsh codes, the embodiments are easily adaptable MYy E,
for use with other types of codes by those ordinarily skilled 20
in the art. . . . . . .

The pilot channel is input to the pilot filter 128. The pilot in which E, is the modqlatlon symbol energy, E, is the pilot
filter 128 is an averaging filter that acts as a lowpass filter. symbol cnerey, and Mis the numbef of Walsh sym‘t.)ols per

. raging - Vb i hip as mentioned above. The ratio of E, to E, is often
which removes higher frequency noise and interference f{ P be d ined for both r Plink and
components from the pilot channel. The output of the pilot nown of can be .et‘ermlne or both reverse-link an
filter 128 p is represented by the following equation: 2 forward-link transmissions. .

’ The output of the fourth multiplier 148 provides an
P=MV§,[ & 131 estima?c of theA channel coefficient ¢ described by the
following equation:
in which M is the number of ChlpS per Walsh symbol, E /18 o
the pilot chip energy of the 17 multipath component, and g, 3 a=VE, /€%, ]
is the phase of the filtered pilot channel p. . in Wthh E, ,is an estimate of the modulation symbol energy

An estimate of the energy of the filtered pilot channel p is of the 1% multlpath component, and 6, is an estimate of the
@mputed via the pilot energy calqulatmn circuit 138, wh}ch phase of the pilot signal.
is a square of the complex amplitude of the filtered pilot The channel estimate is then multiplied by the reciprocal
channel p represented by equation (3). The square of the ** (¢ pe interference energy N, associated with the 17 mul-
complex amplitude of the filtered pilot channel p is multi- tipath component by the third multiplier 146. The interfer-
plied by a predetermined scale factor ¢ described by the ence energy N, ; includes both interference and noise com-
following equation: ponents. The complex conjugate circuit 152 then computes

40 the conjugate of the output of the third multiplier 146, which
_ L I ] represents maximal ratio path combining weights. The
M*E,’ maximal ratio path combining weights are then multiplied
by the corresponding data symbol output from the divider
in which I, is the received energy of the desired signal, i.c., circuit 130 via the fifth mu.ltiplier 154‘ The data symbol d is
is equivalent to I, less noise and interference components. 45 represented by the following equation:
E, is the pilot chip energy. The scale factor ¢ is a known VE,_ iy, 8]
forward link constant in many wireless communications ’
systems. in which the variables are as given for equation (2).

The scale factor c¢ is multiplied by the energy of the The output of the fifth multiplier 154 represents optimally
filtered pilot signal p via the first multiplier 134 to yield an 50 weighted data signals that are then accumulated over the L
accurate estimate ionz of the energy of the received desired paths that comprise the signals via the path combiner circuit
signal (Io less noise and interference components) associ- 156. The resulting optimally combined data signals are
ated with the 17 multipath component of the received I and provided to the LLR circuit 96, which facilitates the calcu-
Q signals. lation of optimal soft decoder inputs to a decoder (as

The accurate estimate Tgr), is subtracted from the estimate 55 described in detail below).
of I, via the subtractor 132 to yield an accurate measurement The soft decisions on the modulation symbols resulting
of the interference energy (N,;) associated with the 1% from the path combining and repeat combining may be
multipath component. N, ; is then provided to the LUT 140, denoted (Y,,Y,,), with Y, denoting the in-phase soft decision
which outputs the reciprocal of N, ; to the third multiplier and Y, denoting the quadrature soft decision. The soft
146 in the path weighting and combining circuit 158 and to 60 decisions (YY) are transformed into LLRs on the code
the first input of the second multiplier 142. The second input symbols by the LLR circuit 96. The LLRs constitute the
of the second multiplier 142 is coupled to the output of the soft-decision input to the turbo decoder (not shown). As
first multiplier 134, which provides ior,, at the second input those of skill in the art would understand, the manner in
terminal of the second multiplier 142. The second multiplier which the soft decisions (Y;Y,) on the modulation symbols
142 outputs an accurate estimate of the C/I, (the C/I asso- 65 are transformed into LLR metrics on the underlying code

ciated with the 17 multipath component) in accordance with
the following equation:

symbols, and accordingly, the construction of the LLR
circuit 96, is dictated by the modulation scheme employed.
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Those skilled in the art would understand that computa-
tion of LLR metrics in a Quadrature Phase Shift Keyed
(QPSK) modulation scheme is relatively. straightforward by
comparison to such computations for modulation schemes
such as eight-ary phase shift keying (8PSK) and sixteen-ary
quadrature amplitude modulation (16QAM). In a QPSK
modulation scheme, each complex modulation symbol (Y,,
Y,) conveys information about two code symbols, ¢, and c,.
In fact, the in-phase component Y, carries all the information
about the code symbol C,, while the quadrature component
Y, carries all the information about the remaining codeword
C,. If (Y,,Y) is normalized in such a way that its mean
amplitude is equal to the C/I ratio, the modulation soft
decisions Y, and Y, may be transformed into LLR metrics
on the code symbols C, and C; in accordance with the
following equations:

LLR(co)=2V2Y, [9]

and

LLR(c)=2V2Y, [10]
Exemplary circuits for computation of LLR metrics in
connection with a QPSK modulation scheme are described
in U.S. application Ser. No. 09/311,793, filed May 13, 1999,
entitled SYSTEM AND METHOD FOR PERFORMING
ACCURATE DEMODULATION OF TURBO-ENCODED
SIGNALS VIA PILOT ASSISTED COHERENT
DEMODULATION, and U.S. application Ser. No. 09/310,
053, filed May 11, 1999, entitled SYSTEM AND METHOD
FOR PROVIDING AN ACCURATE ESTIMATION OF
RECEIVED SIGNAL INTERFERENCE FOR USE IN
WIRELESS COMMUNICATIONS SYSTEMS, both of
which are assigned to the assignee of the present invention
and fully incorporated herein by reference.

If an 8PSK modulation scheme is employed, computing
the LLR metrics becomes much more difficult. In accor-
dance with one embodiment, the LLR metrics used in
connection with an 8PSK modulation scheme with gray
code labeling are advantageously estimated. As described
above, (Y,,Y,,) is normalized in such a way that its mean
amplitude is equal to the C/I ratio. Because the modulation
scheme is 8PSK, each complex modulation symbol (Y,,Y,,)
conveys information about three code symbols, c,, ¢, and
¢, The first code symbol, c,, is the most-significant symbol
of a received, 8PSK-modulated codeword conveying infor-
mation regarding a transmitted bit. The third code symbol,
Co, 1s the least-significant symbol of the received, 8PSK-
modulated codeword. Simplified estimates of the LLR met-
rics on the code symbols c,, c;, and ¢, are advantageously
obtained from the modulation symbol soft decisions (Y /Y ;)
in accordance with the following equations:

1.0824
LLR(co) = (IY1] = [YoD(I¥i] + 1Yol >
Y,

YP+13

(1]

LLR(c))=2.6131Y, [12]

and

LLR(c,)=2.6131Y,, [13]

In accordance with one embodiment, as shown in FIG. 6,
an LLR estimation circuit 200 may be used in place of the
LLR circuit 96 in FIG. 5 to provide a simplified estimate of
the LLR metrics in connection with an 8PSK modulation
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scheme with gray code labeling. The LLR estimation circuit
200 includes first, second, third, and fourth multipliers 202,
204, 206, 208, an absolute value circuit 210, a squaring
circuit 212, first and second adders 214, 216, a subtractor
218, and an LUT 220. The absolute value circuit 210 is
coupled to the squaring circuit 212, the second adder 216,
and the subtractor 218. The squaring circuit 212 is coupled
to the first adder 214. The first adder 214 is coupled to the
LUT 220, which is coupled to the third multiplier 206. The
third multiplier 206 is coupled to the fourth multiplier 208.
The second adder 216 is coupled to the third multiplier 206,
and the subtractor 218 is coupled to the fourth multiplier
208.

In operation, the in-phase component, Y,, of a demodu-
lated soft decision is provided to the first multiplier 202. A
constant digital value of 2.6131 is also provided to the first
multiplier 202. The first multiplier 202 multiplies the
in-phase component Y, with the digital value 2.6131, gen-
erating an LLR metric, LLR(c,), on the code symbol c,.
Those skilled in the art would appreciate that the digital
value need not be restricted to precisely 2.6131. Other
values could be employed to yield a less accurate estimation
of the LLR metric LLR(c,).

The quadrature component, Y, of the demodulated soft
decision is provided to the second multiplier 204. The
constant digital value of 2.6131 is also provided to the
second multiplier 204. The second multiplier 204 multiplies
the quadrature component Y, with the digital value 2.6131,
generating an LLR metric, LLR(c,), on the code symbol c,.
Those skilled in the art would appreciate that the digital
value need not be restricted to precisely 2.6131. Other
values could be employed to yield a less accurate estimation
of the LLR metric LLR(c,).

The in-phase and quadrature components, Y, and Y,,, are
also provided to the absolute value circuit 210, which
generates the absolute values, [Y,] and |Y|, of the compo-
nents. The absolute values [Y,|, [Y| are provided to the
squaring circuit 212, which squares the provided values,
generating squared values Y,* and YQZ. The absolute value
circuit 210 and the squaring circuit 212 may be implemented
with hardware circuits whose construction would be under-
stood by those of skill in the art. The absolute value circuit
210 and the squaring circuit 212 may also be implemented
with a conventional processor or DSP executing a stored set
of software or firmware instructions. Or a combination of
both implementations may be employed. The squared value
Y Z is provided to the first adder 214. The squared value YQ2
is also provided to the first adder 214. The first adder 214
adds the squared values and provides the sum, (Y,*+Y %), to
the LUT 220.

The LUT 220 is advantageously ROM memory config-
ured to store the quotient of 1.0824 and the square root of a
value, for a predefined range of values. In the alternative, the
LUT 220 could be implemented as any conventional form of
nonvolatile storage medium. A conventional processor or
DSP (not shown) may be used to access the LUT 220 and/or
to perform the operations carried out by the other circuits of
the LLR estimation circuit 200. Those of skill would appre-
ciate that numbers other than 1.0824 could be used, with the
result being a less accurate estimation of the LLR metric.
For example, in a particular embodiment, the LUT 220
stores the quotient of 1 and the square root of a value, for a
predefined range of values.
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The LUT 220 generates the quotient of 1.0824 and the
square root of the sum of the squared components Y,” and
YQ2, and provides the quotient,

1.0824

‘/Y,+Yé’

to the third multiplier 206. The absolute values of the
components, [Y,] and [Y ], are also provided by the absolute
value circuit 210 to the second adder 216. The second adder
216 adds the absolute values |Y,], [Y| and provides the sum,
[Y+Y,), to the third multiplier 206. The third multiplier
206 multiplies the sum [Y,|+[Y| with the quotient

1.0824

JY,+YZ,’

and provides the resultant product to the fourth multiplier
208.

The absolute values of the components, [Y,| and [Y |, are
also provided by the absolute value circuit 210 to the
subtractor 218. The subtractor 218 subtracts the absolute
value of the quadrature component, [Y,| from the absolute
value of the in-phase component, |Y], and provides the
difference, Y |-|Y |, to the fourth multiplier 208. The fourth
multiplier 208 multiplies the difference [Y,|-[Y,| with the
product provided by the third multiplier 206, generating an
LLR metric, LLR(c,), on the code symbol c,.

If a 16QAM modulation scheme is employed, computing
the LLR metrics is also much more difficult than doing so for
a QPSK modulation scheme. In accordance with one
embodiment, the LLR metrics used in connection with a
16QAM modulation scheme with gray code labeling are
advantageously estimated. As described above, (YY) is
normalized in such a way that its mean amplitude is equal to
the C/I ratio. Because the modulation scheme is 16QAM,
each complex modulation symbol (YY) conveys infor-
mation about four code symbols, c;, c,, ¢,, and c,. The first
code symbol, c;, is the most-significant symbol of a
received, 16QAM-modulated codeword conveying informa-
tion regarding a transmitted bit. The fourth code symbol, c,,
is the least-significant symbol of the received, 16QAM-
modulated codeword. The in-phase component Y, carries all
the information about the pair of code symbols ¢, and c,,
while the quadrature component Y, carries all the informa-
tion about the remaining code symbols c; and c,. Simplified
estimates of the LLR metrics on the code symbols c,, ¢,, and
¢, are advantageously obtained from the modulation symbol
soft decisions (Y,,Y,) in accordance with the following
equations:

c [14]
LLR(co) = 1.2649)Y;| — 0.8(7]
28—0.8(?) [15]
LLR(c1) = 12649, 1+ ——
L)
LLR(cy) = 1.2649Y| - 0.8(%‘] tie]

and
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-continued
2@—0.8(%) } [17]

LLR(c3) = 1.2649%| 1 + =
L+ e(7)

Equations (15) and (17) may advantageously be simplified
by replacing the bracketed term in the equations with the
value 1, yielding the following equations for LLR(c,) and
LLR(c;,):

LLR(c,)~1.2649Y, [18]

and

LLR(c;)~1.2649Y,, [19]

In accordance with one embodiment, as shown in FIG. 7,
an LLR estimation circuit 300 may be used in place of the
LLR circuit 96 in FIG. 5 to provide a simplified estimate of
the LLR metrics in connection with a 16QAM modulation
scheme with gray code labeling. The LLR estimation circuit
300 includes first, second, and third multipliers 302, 304,
306, first and second absolute value circuits 308, 310, and
first and second subtractors 312, 314. The first multiplier 302
is coupled to the second absolute value circuit 310. The
second multiplier 304 is coupled to the first absolute value
circuit 308. The first absolute value circuit 308 is coupled to
the first subtractor 312. The first subtractor 312 is also
coupled to the third multiplier 306. The second absolute
value circuit is coupled to the second subtractor 314. The
second subtractor 314 is also coupled to the third multiplier
306.

In operation, the in-phase component, Y,, of a demodu-
lated soft decision is provided to the first multiplier 302. A
constant digital value of 1.2649 is also provided to the first
multiplier 302. The first multiplier 302 multiplies the
in-phase component Y, with the digital value 1.2649, gen-
erating an LLR metric, LLR(c,), on the code symbol c;.
Those skilled in the art would appreciate that the digital
value need not be restricted to precisely 1.2649. Other
values could be employed to yield other estimations of the
LLR metric LLR(c,).

The quadrature component, Y, of the demodulated soft
decision is provided to the second multiplier 304. The
constant digital value of 1.2649 is also provided to the
second multiplier 304. The second multiplier 304 multiplies
the quadrature component Y, with the digital value 1.2649,
generating an LLR metric, LLR(c5), on the code symbol c.
Those skilled in the art would appreciate that the digital
value need not be restricted to precisely 1.2649. Other
values could be employed to yield other estimations of the
LLR metric LLR(c;).

The product output by the first multiplier 302 (i.e., the
LLR metric LLR(c,)) is provided to the second absolute
value circuit 310. The product output by the second multi-
plier 304 (i.c., the LLR metric LLR(c5)) is provided to the
first absolute value circuit 308. The first absolute value
circuit 308 generates the absolute value of the product
output by the second multiplier 304, and provides the
absolute value to the first subtractor 312. The second abso-
lute value circuit 310 generates the absolute value of the
product output by the first multiplier 302, and provides the
absolute value to the second subtractor 314. The first and
second absolute value circuits 308, 310 may be implemented
with hardware circuits whose construction would be under-
stood by those of skill in the art. The absolute value circuits
308, 310 may also be implemented with a conventional
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processor or DSP executing a stored set of software or
firmware instructions. Or a combination of both implemen-
tations may be employed.

An estimate of the C/I ratio is provided to the third

20

3 1
i j ={(2" =1 -20A, 2" -1 -2/)A} where A = m(i]

multiplier 306. A constant digital value of 0.8 is also 5 . .
provided to the third multiplier 306. The third multiplier 306~ Lhe above definition ensures that the average energy (i.c.,
multiplies the C/I value with the digital value 0.8, and the squ.ared Euclidean norm) of the signal constellation is
. normalized to 1. Table 1, below, shows the value of the
provides the resultant product to the first and second sub- normalizing parameter A for various square QAM constel-
tractor circuits 312, 314. Those skilled in the art would 10 lations ep !
appreciate that the digital value need not be restricted to ’
precisely 08 Ot.her values could be employed to yield less TABLE 1
accurate estimations of the LLR metrics.
The first subtractor 312 subtracts the product output by Energy normalization for various square QAM constellations
the third multiplier 306 from the absolute value provided by 15 M Constellation A
the first absolute value circuit 308, generating an LLR
metric, LLR(c,), on the code symbol c,. The second sub- 1 4QAM (QPSK) 1
tractor 314 subtracts the product output by the third multi- V2
plier 306 from the absolute value provided by the second s 16-0AM .
absolute value circuit 310, generating an LLR metric, LLR 20 —
(co), on the code symbol c,. Vio
Reliable communication at high spectral efficiency is 3 64-QAM 1
achieved with the use of multi-level modulation schemes Vaz
(such as QAM or MPSK) together with powerful coding
techniques (such as turbo codes). The turbo decoding algo- 4 256-QAM 1
rithm uses soft decision estimates of the encoder output in V10
order to recover the encoded data. Most implementations of
turbo decoders use the LLR on the binary symbols at the
encoder output as their soft decision inpu)t/‘ gxcept for the 30 Each signal point is labeled with a bir}ary stri.ng that denotes
. . a block of code symbol values associated with the modula-
simplest modulation schemes, such as BPSK or QPSK, the . . . .
. L tion symbol. In a particular embodiment, gray code mapping
extraction of LLRs from the demodulator soft decisions is a . . . X
. . is used to associate the modulation symbols with blocks of
cqmputat1ona11¥ comple)f tas}(. Therefore, mn accgrdance code symbols. Gray code mapping is well known to those of
with one en?bodlment, a snn.phﬁed procedure is provided .for skill in the art. It should be understood that other forms of
the approx1ma1§ .computallon of LLRs from rr}odulatlon 35 mapping may be employed. In accordance with the gray
symbol soft decisions for square QAM constellations (such code mapping, the label of the (i,j)” point on the constel-
as, e.g., 16QAM, 64QAM, and 256QAM) and MPSK con- lation is given by
stellations (such as, e.g., 8PSK and 16PSK).
In a typical communication system 400, as illustrated in W Ligboms bamdboose - Brsabriabobisbinobyos: - - babibos
FIG. 8, binary data d,, to be transmitted is encoded with a where
turbo code by a turbo encoder 402, which generates a
sequence of binary symbols b, often referred to as code b=0,1;
symbols. Several code symbols are blocked together and
mapped to a point on a signal constellation by a signal 45 S md . )
mapping module 404, thereby generating a sequence X,, of Z by - 2% = gray(i), Z binsic 2" = gray(j).
complex-valued, modulation symbols. This sequence is k=0 k=0
applied to a modulator 406, which generates a continuous-
time waveform, which is transmitted over a channel 408. The function gray(i) represents the well known gray-code
At a receiver (not shown), a demodulator 410 uses the 5, mapping, with gray(0)=0, gray(1)=1, gray(2)=(11),=3, gray
output to generate a sequence of complex-valued soft deci- (3)=(10),=2, gray(4)=(110),=06, etc. More formally, the gray
sions y,. Each soft decision represents an estimate of a code mapping may defined as follows:
modulation symbol that was transmitted over the channel . . ey on
408. This estimate is used by an LLR computation module gray(0)=0, gray(L)=1, gray()=2"gray(2"-1-k), for 2" <k<2
412 to extract the LLR of the code symbols associated with 55 The values b, (i,)=0,1 are used to denote the k™ component
the given modulation symbols. A turbo decoder 414 uses the of the label 1, .
sequence of code symbol LLRs to decode the binary data The above-described signal constellation for m=1 is
that was originally transmitted. depicted in FIG. 9. The above-described signal constellation
In one embodiment a square QAM signal constellation for m=2 is depicted in FIG. 10. The above-described signal
and a rule for assigning a block of binary (code) symbols to 60 constellation for m=3 is depicted in FIG. 11.
each point on a signal constellation are defined. The square In one embodiment a Multiple Phase Shift Keying
QAM constellation with index m is defined to be a signal (MPSK) signal constellation and a rule for assigning a block
constellation with 4™ points, which may be regarded as the of binary (code) symbols to each point on the signal con-
cartesian product of two pulse amplitude modulated (PAM) stellation are defined. An MPSK constellation with index m
constellations with 2™ points. Each signal point is denoted 65 (also commonly referred to as a 2”"-PSK constellation) is

by its index (i,j), where 0=1,j<2™. The position of the (i,j)*
point on the signal constellation is given by

defined to be a signal constellation with 2™ points located on
the unit circle. Each signal point is denoted by its index i,
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where 0=i<2™. The position of the i point on the signal
constellation is given by

ci = [cos{ 7((221': 1)}, sin{”(zé: 1)}]

(2i+1)

= T

Each signal point is labeled with a binary string that denotes
a block of code symbol values associated with the modula-
tion symbol. In a particular embodiment, gray code mapping
is used to associate the modulation symbols with blocks of
code symbols. It should be understood that other forms of
mapping may be substituted for gray code mapping. In
accordance with gray code mapping, the label of the i” point
on the constellation is given by

1=bp 1D b 3. - - bybybo,

where

b,=0,1;

-1

3

by -2¢ = gray(i).

-~
i
1)

For m=1, the 2™-PSK constellation is the well known BPSK
signal set. For m=2, the 2"-PSK constellation coincides
with the 4QAM constellation shown in FIG. 9, and is more
commonly known as a QPSK constellation. The 2”-PSK
signal constellation for m=3 is depicted in FIG. 12. The
2™-PSK signal constellation for m=4 is depicted in FIG. 13.

In one embodiment binary data at the input of a trans-
mitter is encoded and mapped to points on a signal constel-
lation. Hence, the signal at the channel input may advanta-
geously be modeled by a sequence of modulation symbols
X=X;X,X5. . . drawn from a normalized square QAM con-
stellation. The channel output is given by a sequence
Y=Y1¥2¥s- - -, with

Pu=VE O, AW,

where E,, represents the average modulation signal energy at
the receiver, determined by the channel gain over the n™
symbol duration; 6,, represents the phase shift introduced by
the channel over the n”* symbol duration; and W,, represents
the complex-valued additive Gaussian noise (and pseudo-
random (PN) interference) introduced by the channel, other
users, multi-path signals, etc., with zero mean and variance
E[[w,[*|=N,,.

It is assumed that the receiver has the knowledge of the
complex channel gain P,=vVE.¢/** and the noise variance
N, ., both of which may be estimated by transmitting a pilot
signal along with data. The receiver computes the maximal
ratio dot product to generate the decision variable

w Py En VE, _
Zn:y Z = Xp + ey,
Nin Nip Nin

The above equation yields the following equation:

En

>
Nep

En

ElZo %)=
n

Xy VarlZy | x,] =
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-continued
E[Z, |5, _ By 2
SNRIZ, R
[Z | %] Varizi 5] = Nor %l
Stated another way,
SNRIZ, | %]  E[Z,|x E
[ n2| n] _ ElZa | %] —Variz, %] = 2
[, X Nin

If several independent copies of the channel output are
available at the receiver (i.e., through temporal (repetition),
spatial (antenna), or frequency (multi-path) diversity), the
individual maximal ratio dot products may be summed
together to obtain the decision variable that maximizes the
detection signal-to-noise ratio (SNR). The maximum pos-
sible detection SNR for a diversity receiver is the sum of the
SNRs associated with the individual maximal ratio dot
products:

L
Yt Py
Z, = YA _
" ; ™ Z N!,n,l

L
=1
Ent _ g
Ning

SNRIZy | %a) _ ElZ | %a]

%12

M=

=VarlZ, | x,] =

1

The decision variable Z, may be regarded as the soft
decision estimate of x,, generated by the demodulator.

In one embodiment LLR computation for square QAM
constellations is performed. Each modulation symbol rep-
resents a particular string of code symbol values, defined by
its labeling. Assuming that all modulation symbols are
equally likely, the LLR associated with a given code symbol
b,, where 0=k<2m, is given by

Pr(x, =c; j| Z,)

Pr(by =0|Zy) i jiby G j1=0
LLR(by) = ln[ " } =
Priby =112, Prix, =c; ;| Z,)
i, jiby (i j)=1
> Prizdm=cp
i jiby (1, J)=0
= In|
X PrZx=cip)
i jiby =1
|2 =Sei j )
e 3 eznc;!ﬁz;‘c,-'jfs\c,-_j\
i, jiby (i,j)=0 by (i))=0
= In| 5 1 <
[Z=Sei 51 B e, j-Slei jl
e S
i, jiby(i)=1
iy jiby =L

Adantageously, certain simplifications result from the prod-
uct symmetry of the square QAM signal constellation and
the gray code labeling function. In particular, it should be
noted that the position C,; of the (i,j)” point may be written
as ¢; =0, +oy, where o,=(2"-1-2i) A. Also, the value of a
code symbol b, (i,j) depends only on i if k<m, and only on
j otherwise. Hence, the above expression may be simplified
as follows:
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RelZy]-52;)%

e s ] RelZp] a;—Sla;|?
b (=0
LLR(by) = In| =In|

e s

by (=0

eRelZyl-6i—Sla; 12

by (i=1
izby (=1

= LLR; (Re[Z,]), O<k<m

(n(z,]-Sa)?

e s >, Amiztaj-slaf*

Jibg(7)=0 b (=0

LLR(by) = 1n| = In|

eZI.m[Zn]-aij‘ajlz

Jiby ()=1

Jiby (=1

= LLR_n(Im[Z,]), m<k<2m

In view of the above symmetry, it is sufficient to address the
problem of computing the LLRs for code symbols b,, with
0=k<m. For the 4QAM (QPSK) constellation, the compu-
tation simplifies to the well known expressions

LLR(by)=4-Re[Z,]-0,,=2VZ-Re[Z,], LLR(b,)=4Tm[Z,]'b,=2
V2-Im[Z,].

In FIGS. 14, 15, and 16 graphs of the LLRs associated with
various code symbols are plotted for, respectively, 16QAM,
64QAM, and 256QAM constellations with gray code label-
ing at reasonable operating SNRs, as understood by those
skilled in the art.

In one embodiment LLR computation for 2”-PSK con-
stellations is performed. Each modulation symbol represents
a particular string of code symbol values, defined by its
labeling. Assuming that all modulation symbols are equally
likely, the LLR associated with a given code symbol b,,
where 0=k<m, is given by

Pr(x, =c;|Z,)
iby (D=0

% Prixn,=cilZy)
iz (=1

LR = ln[ Pr(by =0 z,l)}

Priby = 112,

> PrZdm=c)
ity (=0

Y PriZlx=c)
izby (0)=1

s el ZeiSlei P

Bby (D=0 by (=0

Zu-Sei2 |~ Tl 750 =Slei 2
e s

oy ity (i)=1
by ()=
T
B (=0
D e
it (D=1

The final simplification in the above equations results from
the fact that |c|*=1 for any point on the MPSK constellation.
As a result, the code symbol LLRs do not depend on the
normalized SNR S. If the modulation symbol soft decisions
are expressed in the polar form Z,=R,e™®", the above equa-
tions may be rewritten as follows:
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i+ T 2Rneos(tn g 2i1)
S by ()=0 L

LLR = In| = In|
() 5 &ZnC TG

ity (=0

T
I ezxncos(snfzfﬁum))
izby (i)=

k@ iy =1

x if x>0
ramp(x) =

0 otherwise.

FIGS. 17 and 18 depict the code symbol LLRs for 8PSK and
16PSK constellations, respectively. In the graphs of FIGS.
17 and 18, the magnitude of the soft decision is held
constant, and the angle is varied from O to 360 degrees.

In one embodiment a piece-wise linear approximation for
the LLR associated with each code symbol is performed for
a square QAM constellation. From FIGS. 14-16 it may be
seen that for any 4”-QAM constellation with m>0, the
function LLR,,_,(x) is an odd function of x, and may be
approximated by a straight line whose slope coincides with
the slope of LLR,,_,(x) at x=0. Accordingly,

d
LLR, ((x) ~ [ELLR,,,,I(,V)| _O] X

It may be seen that

-l N
ae=5
d par
—LIR, (x)| =4—"—
dx =0 om=l_y
&SaF
=0
om-1y
@ —1- Zi)E—S(z”’—l—ziﬂAz
i=0
=4A p—
Z e-S@n-1-2i252
=0
2mlg
Z Qi+ l)efs(zzu)ZAz
—4A =0 ~4A for large S.

am=1_1

Z - S2it1202

i=0

The following equation may be obtained by substituting
specific values of m:

d .
LR | =dA= W2 ifm=1 (4- QAM[QPSK)
x=0

14388 4 143008 4

Trews? Vo 1+e%% o

if m=2 (16 - QAM)

_gsa? o4sA2 | - _d4gsAZ
143 507 4 5724547 1 771852 4
1+ e S02 4 o252 4 482 \[75

if m =3 (64 - QAM)

=4A

143678 4 52587 | 748507 | ggtosn?

=4A
1 + @-8502 4 p—24SA2 | o—485A2 | o-80SA2

4
~ if m =4 (256 — QAM).

V170

Approximations for LLR,(x), where k<m-1, are advan-
tageously provided. For 0=k<m-1, LLR,(X) is an even
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function of x, and LLR(x)~0 when x=2*' SA. LLR(x)
may be approximated by triangle functions for small values
of x, and by straight lines for large values of x.

om-2—k )

> (-1)"m‘ang(% —25) n

i=0

LLR, (x) ~ LLR (0)-

1yt ramp( [x|

—1—k
2k+ISA_2m +1) ’

1-|x if |x] <1

where triang(x) E{

0 otherwise, and

It is helpful to separate the two cases k=m-2 and k<m-2.
For k=m-2, the above expression simplifies to

LLRy»(x) = LLR, (0)- [lﬁang(%) - ramp(% - 1)]

:LLR,((O)-[l—%]

and for k<m-2, the above expression simplifies to
LLR,(x) ~ LLR (0)-

m=2-k_y
x|

; (—1)%@2(% ) romp{ s 27 41

It is thus sufficient to compute LLR(0) for each k,m such
that 0=k<m-1. The case k=m-2 may advantageously be
treated separately:

=2y

o=l
Z e’s"tz}—ln[ Z e’s"iz}

= o2

LLRy2(X)|=0 = In

2y

Z e—S(2£+U2A2}<O

i=0

e 1 2,2
= In| Z ST 21 A% |

i=0

For k<m-2, the following equations hold:

@+ -1 ) (+1y2k -1 )
LLR Mo =10 > > e -l %
Ostcm=1k gk ost<2m=1Iok ook
19%4=0,3 19%4=1,2
2k »
—nl oS 2in1) a2

oztcam-l—k =0
19%4=0,3

k-1
In| Z Z S a2 |
osteym-l-k =0

1%4=1,2

26

If the above results are specialized to m=2, 3 and 4,

LLR,, (%), = —8A%S = —0.85 for m =2 (16 — QAM)

S 14887 1+ e’('lil)s
= —In| = —In|
el s

-, 2 . 2 12 24
£-2M2S | p-48A2S -3 4 o3

for m =3 (64 — QAM)

2 2 2
. | 4 @ 80%S 4 p-2ANTS | -48A%S }

|
10 £-80A2S | p—120A2S | ,—168A2S | p—224A2S

= —In|

1+e ) 4 o ()5 4 (85
[(%)s + e’[%)s

for m =4 (256 — QAM)

2 2
rel®h 4 o (F)S

15
LLR, ()| ) 1+ e"'BAzS l+e (%'JS
m-3X)|x=0 = —I1| ==
20 0 -8AZS | p-24A2S o ()5 4 o (s
for m =3 (64 - QAM)
14+ e $8%S 4 p16882s | —224a2s
= e MA2S | p48A2S 4 o-80AZS | o—120A25
25 L+ o655 1 (85 4 o (3)s
e 4 @S 1 (S 4 1S
for m =4 (256 — QAM)
30
Lk - 14 o882 | ,-80a2s | -224A25
4o = ~In o828 | p24A2S 4 o—120A2S | o-168A2S
Lire 85 4 (1) 4 o (5008
35 =
e 4 o @3 4 o (905 4 o (55)S
for m =4 (256 — QAM)
40
For large values of the normalized SNR S, the above
expressions may be approximated as follows:
45 LLRy 2(X)|,o = —8A25 = —0.85  for m =2 (16 — QAM)
e (12
~ 24A°S = ﬁS for m =3 (64— QAM)
) 8
~80A*S=| =[S form=4 (256 - QAM)
50 17
s 4
LLR,,_3(x)|_o ~ 8A2S = (ﬁ]s for m =3 (64 — QAM)
e (12
~ 24425 = (—]s for m =4 (256 — QAM)
85
55
2 4
LLR,,_4(x)|—o ~ 8A%S = (gls for m =4 (256 — QAM).
60

In one embodiment a trigonometric approximation for the

LLR associated with each code symbol is performed for an

MPSK constellation. From FIGS. 17 and 18, it may be seen

5 that LLR,(z) may be approximated by the sine function for

k=m-1, and by the cosine function of the appropriate
frequency for k<m-1. More precisely,
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28

-continued
_ ; 3
LLR,_1(Z) = LLR, (X + jY) . . N z[cos(g)_cos( : ]]R for m=73 (8- PSK)
= LLRy1(R&’) ~ LLRyy1 (jR)sind = % Y. , s s
s 2Reol{g) 4 p2Reos(T) 4 p2Reos(Tg) 4 p2Reos( )
ForO<k<m-1, =1In| B 7 1L
B2Rccs( 1%) n eZchs(—l%] i BZRCO;(]E] n ezkccs(—léﬂ)
LLRy(2) = LLR(X + j¥) = LLR.(Re") ~ LR, (R)cos[(m ~ 1 ~ k)¢] ~ Z[Cos( i )—Cos(s )]R for m =4 (16 — PSK)
LLR(R) 1 16 16
== R cos[(m—1—-k)f] . -
R 10 o2Reo(§) | p2reod BF)
LLR.(R) Re[(X + jYy"174] LLR, 3(R) =1n — =
= — 2Rl . 2o )
Vx2+72)
ks 3
zZ[cos(S)—cos( 3 ]]R for m =3 (8 — PSK)
In particular, setting k=m-2 and k=m-3 yields, respectively 15 2Rl ) . p2Roos30) | koo FX) | okeos )
=In|
LR A(R) lelkcos(ﬁj +82Rcos(z%] +£2Rcos(l )4 ZRcos[W)
LLRy5(2) » = =X .
and zZ[cos I —cos( ]R for m =4 (16 — PSK)
20 el 15) 2Rccs(r— oRReos (32) | 2Reos( 33X
LLR,,3(R) 5 LLR,3(R)  X*-Y? d 16 {16) 4 ool
LLRn S Ref(x + jr) = — L 2 2 LLRy4(R) = In _ ” _
@)= R2 el(X + 1) = R VXZi12 eZRcus(—rﬁJ ‘e 2Reos (%) +£2Rcm(1—116—) +e2Rcas[1—l36—)
2[cos(16)—cos(?6]]R for m =4 (16 — PSK)
It is necessary simply to evaluate LLR,,_;(j R) and LLR,(R) .
for k«m-1. It may be shown that
Thus, a novel and improved method and apparatus for
2 computing soft decision input metrics to a turbo decoder has
Z 2R gm2i+D) been described. Those of skill in the art would understand
= that the various illustrative logical blocks, modules, circuits
LLRy i (jR) = LLRy (R)=Tn| —— | - ; : P >
1UR) 2B 2y 39 and algorithm steps described in connection with the
Z &7 2Rein(gin i) embodiments disclosed herein may be implemented as elec-
i=0 tronic hardware, computer software, or combinations of
both. The various illustrative components, blocks, modules,
circuits, and steps have been described generally in terms of
For k<m-2, 35 their functionality. Whether the functionality is implemented
as hardware or software depends upon the particular appli-
ool (1264120 cation and design constraints imposed on the overall system.
LLR,(R) = Z Z anl - Skilled artisans recognize the interchangeability of hardware
ostcpm-lok, =0 and software under these circumstances, and how best to
(=03 40 implement the described functionality for each particular
2k e T (kg application. As examples, the various illustrative logical
In) HReolm(127+2ix1) blocks, modules, circuits, and algorithm steps described in
ost<am-lok, i=0 connection with the embodiments disclosed herein may be
fea=12 implemented or performed with a digital signal processor
45 (DSP), an application specific integrated circuit (ASIC), a
. field programmable gate array (FPGA) or other program-
The above results may be specialized to m=2,3, and 4, to progr . & v ( )- . brog
X X . : mable logic device, discrete gate or transistor logic, discrete
yield the following sets of equations, respectively: hardware components such as, e.g., registers and FIFO, a
“ processor executing a set of firmware instructions, any
2Reoy 5 .
LLRy1(jR) = LLRy_»(R) = In| QZR_Z” 50 conventional prograrqma!ale software module and a
o 2fsin(3) processor, or any combination thereof. The processor may
Vi advantageously be a microprocessor, but in the alternative,
=2V2 R form =2 (QPSK) the processor may be any conventional processor, controller,
(2Reos(§) 4. g2Reos() microcontroller, or state machine. The software module
=In) —orenl) . 2eon) 55 could reside in RAM memory, flash memory, ROM memory,
e §+e § EPROM memory, EEPROM memory, registers, hard disk, a
LA removable disk, a CD-ROM, or any other form of storage
=~ 2[cos (3 ) +sin(g)|R for m =3 (8- PSK) - > g -
[ (8) (8)] medium known in the art. Those of skill would further
p2Reo(fy) , 2Reos(T5) | J2Reos(5) | p2Reoo15) appreciate that the data, instructions, commands,
=In) ), o), arn ) , g 60 information, signals, bits, symbols, and chips that may be
16 160+ 7RIS 16 referenced throughout the above description are advanta-
. Z[COS( ) +sm( JIR for m=4 (16— PSK) geously represer}ted by voltages, currents, el.eclromagnetic
16 16 waves, magnetic fields or particles, optical fields or
2Reos() . 2Reod ) particles, or any combination thereof.
LLR, 3(R) =1 o) areeE) 65  Preferred embodiments of the present invention have thus
2R3, Roo3E

been shown and described. It would be apparent to one of
ordinary skill in the art, however, that numerous alterations
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may be made to the embodiments herein disclosed without
departing from the spirit or scope of the invention.
Therefore, the present invention is not to be limited except
in accordance with the following claims.

30

metric for a most-significant turbo encoded symbol of
the modulation symbol, and apply a linear combination
of a triangle function and a ramp function to the
complex-valued modulation symbol soft decision to

What is claimed is: 5 obtain log-likelihood ratio metrics for remaining turbo

1. A method of approximating log-likelihood ratio metrics encoded symbols of .the modulatl.on symbol. o
for a plurality of turbo encoded symbols, the plurality of 7. The receiver of claim 6, wherein the log-likelihood
turbo encoded symbols having been modulated with square ratio computation modulfz is further conﬁgurs:c} to scalt? Fhe
quadrature amplitude modulation signal constellations hav- @mplex-valuqd modulation symbol soft dec1s‘1on by divid-
. . - . ing the plurality of turbo encoded symbols into first and
ing gray code labeling, the method comprising the steps of: 10 . . .

; ) second equally sized groups, scaling the in-phase compo-
extracting a complex-valued modulation symbol soft nents of the first group, and scaling the quadrature compo-
decision on a modulation symbol, the modulation sym- nents of the second group.
bol being associated with a plurality of turbo encoded 8. The receiver of claim 7, wherein the log-likelihood
symbols, the complex-valued modulation symbol soft ratio computation module is further configured to apply the
decision having an in-phase component and a quadra- 15 linear combination of the triangle function and the ramp
ture component; function to the complex-valued modulation symbol soft
scaling the complex-valued modulation symbol soft deci- decision by applying the linear combination of the triangle
sion to obtain a log-likelihood ratio metric for a most- function and the ramp func’Flon fo the 1n-phase. components
significant turbo encoded symbol of the modulation of the first group, and applying the linear combination of the
symbol; and 20 triangle function and the ramp function to the quadrature
7 L . . components of the second group.
applying a llngar combination of a triangle functlpn and a 9. The receiver of claim 6, wherein the log-likelihood
ramp function to the complex-valued modulation sym-  ratio computation module is further configured to apply the
bol soft decision to obtain log-likelihood ratio metrics linear combination of the triangle function and the ramp
for remaining turbo encoded symbols of the modulation 5 function to the complex-valued modulation symbol soft
symbol. decision by dividing the plurality of turbo encoded symbols

2. The method of claim 1, wherein the scaling step into first and second equally sized groups, applying the
comprises the steps of dividing the plurality of turbo linear combination of the triangle function and the ramp
encoded symbols into first and second equally sized groups, function to the in-phase components of the first group, and
scaling the in-phase components of the first group, and 30 applying the linear combination of the triangle function and
scaling the quadrature components of the second group. the ramp function to the quadrature components of the

3. The method of claim 2, wherein the applying step second group.
comprises the steps of applying the linear combination of the 10. The receiver of claim 9, wherein the log-likelihood
triangle function and the ramp function to the in-phase ratio computation module is further configured to scale the
components of the first group, and applying the linear complex-valued modulation symbol soft decision by scaling
combination of the triangle function and the ramp function the in-phase components of the first group, and scaling the
to the quadrature components of the second group. quadrature components of the second group.

4. The method of claim 1, wherein the applying step 11. A receiver configured to approximate log-likelihood
comprises the steps of dividing the plurality of turbo ratio metrics for a plurality of turbo encoded symbols, the
encoded symbols into first and second equaHy sized groups, 40 plurality of turbo encoded symbols having been modulated
applying the linear combination of the triangle function and =~ Wwith square quadrature amplitude modulation signal con-
the ramp function to the in-phase components of the first stellations having gray code labeling, the receiver compris-
group, and applying the linear combination of the triangle ing:
function and the ramp function to the quadrature compo- means for extracting a complex-valued modulation sym-
nents of the second group. 45 bol soft decision on a received modulation symbol, the

5. The method of claim 4, wherein the scaling step modulation symbol being associated with a plurality of
comprises the steps of scaling the in-phase components of turbo encoded symbols, the complex-valued modula-
the first group, and scaling the quadrature components of the tion symbol soft decision having an in-phase compo-
second group. nent and a quadrature component;

6. A receiver configured to approximate log-likelihood 50 means for scaling the complex-valued modulation symbol
ratio metrics for a plurality of turbo encoded symbols, the soft decision to obtain a log-likelihood ratio metric for
plurality of turbo encoded symbols having been modulated a most-significant turbo encoded symbol of the modu-
with square quadrature amplitude modulation signal con- lation symbol; and
§tellations having gray code labeling, the receiver compris- means for applying a linear combination of a triangle
ng: 55 function and a ramp function to the complex-valued

a demodulator configured to extract a complex-valued modulation symbol soft decision to obtain log-

modulation symbol soft decision on a received modu- likelihood ratio metrics for remaining turbo encoded
lation symbol, the modulation symbol being associated symbols of the modulation symbol.

with a plurality of turbo encoded symbols, the 12. A receiver configured to approximate log-likelihood
complex-valued modulation symbol soft decision hav- ¢, ratio metrics for a plurality of turbo encoded symbols, the
ing an in-phase component and a quadrature compo- plurality of turbo encoded symbols having been modulated
nent; and with square quadrature amplitude modulation signal con-

a log-likelihood ratio computation module coupled to the stellations having gray code labeling, the receiver compris-

demodulator and configured to receive the complex- ng:
valued modulation symbol soft decision from the 65  a processor; and

demodulator, scale the complex-valued modulation
symbol soft decision to obtain a log-likelihood ratio

a processor-readable storage medium coupled to the pro-
cessor and containing a set of instructions executable
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by the processor to extract a complex-valued modula-
tion symbol soft decision on a received modulation
symbol, the modulation symbol being associated with
a plurality of turbo encoded symbols, the complex-
valued modulation symbol soft decision having an 3
in-phase component and a quadrature component, scale
the complex-value modulation symbol soft decision to
obtain a log-likelihood ratio metric for a most-
significant turbo encoded symbol of the modulation

32

function to the complex-valued modulation symbol soft
decision by applying the linear combination of the triangle
function and the ramp function to the in-phase components
of the first group, and applying the linear combination of the
triangle function and the ramp function to the quadrature
components of the second group.

15. The receiver of claim 12, wherein the set of instruc-
tions is further executable by the processor to apply the
linear combination of the triangle function and the ramp

symbol, and apply a linear combination of a triangle 10 function to the complex-valued modulation symbol soft
function and a ramp function to the complex-valued decision by dividing the plurality of turbo encoded symbols
modulation symbol soft decision to obtain log- into first and second equally sized groups, applying the
likelihood ratio metrics for remaining turbo encoded linear combination of the triangle function and the ramp
symbols of the modulation symbol. function to the in-phase components of the first group, and
13. The receiver of claim 12, wherein the set of instruc- 15 applying the linear combination of the triangle function and
tions is further executable by the processor to scale the the ramp function to the quadrature components of the
complex-valued modulation symbol soft decision by divid- second group.
ing the plurality of turbo encoded symbols into first and 16. The receiver of claim 15, wherein the set of instruc-
second equally sized groups, scaling the in-phase compo- tions is further executable by the processor to scale the
nents of the first group, and scaling the quadrature compo- 20 complex-valued modulation symbol soft decision by scaling
nents of the second group. the in-phase components of the first group, and scaling the
14. The receiver of claim 13, wherein the set of instruc- quadrature components of the second group.
tions is further executable by the processor to apply the
linear combination of the triangle function and the ramp ® ok % % %
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. :6,594,318 Bl Page 1l of 3
DATED : July 15, 2003
INVENTORC(S) : Nagabhushana Sindhushayana

It is certified that error appears in the above-identified patent and that said Letters Patent is
hereby corrected as shown below:

Drawings,
The sheets consisting of figure 2 and figure 5 should be deleted to appear as per attached

sheets.

Column 2
Line 60, replace “one” with -- zero --.

Column 3
Lines 34 and 52, replace “symbol” with -- symbols --.

Column 10
Line 23, replace “transmitter” (first occurrence) with -- receiver --.

Column 17
Line 53, after “symbols™ insert -- cs, --.

Signed and Sealed this

Sixth Day of June, 2006

o W D

JON W.DUDAS
Director of the United States Patent and Trademark Office
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