SOFT SYMBOL DECODING ° - This invention relates generally to the field of
digital receivers and particularly to such receivers using soft
synbol decoding. | Background of the Invention 5 _
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digital transmission systems have been developed and it is believed that ultimately a
substantial majority of wireless telecommunications will utilize digital transmission
15 systems. Digital systems transmit information as either 0s or 1s. Accurate
information transmission depends upon being able to reliably detect transmitted 1s
as 1s and Os as 0s. Accurate detection is not always a simple matter because of
factors such as low received signal power and multiple transmission paths caused by
reflecting objects between the transmitter and receiver. Error correction techniques
20 have been developed to increase the accuracy of digital communications systems.

Several techniques that have been developed or utilized to improve the
accuracy of the communications system will be briefly described. For example, the
information may be convolutionally encoded; this technique reduces the effects of
burst channel noise by interleaving the bits of the data stream, that is, the transmitted

25 information. Accuracy of transmission is further improved by the inclusion in the bit
stream of redundant bits which are used for error correction in the decoding process.
An exemplary error correction scheme uses the Viterbi algorithm; use of the Viterbi
algorithm is not limited to convolutional codes. See, Mobile Radio
Communications, R. Steele, ed., Chapter 4 Channel Coding by Wong and Hanzo for
30 an exposition of convolutional encoding and the Viterbi algorithm.

The Viterbi algorithm is a maximum likelihood decoding scheme that
provides forward error correction. Each state is represented by a plurality of bits; the
number of possible immediately preceding and following states is limited. The
permitted transitions from one state to another state are defined as a branch, and a

35 sequence of interconnected branches is called a path. As mentioned, some
transitions are not permitted; when the paths resulting from the non-permitted
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symbol decoding yields more accurate decoding than does hard symbol decoding.
A method for soft trellis decoding is described in Unites States Patent
15 5,144,644 issued on September 1, 1992 to Borth. The method described generates
decisions that are based upon other decision making. The degree of confidence in a
particular decision is given a relative merit which is related to the difference between
the hard and soft symbol values. A transmission system using soft symbol decoding
is described in Unites States Patent 4,493,082 issued on January 8, 1985 to
20 Cumberton et al (Cumberton). Cumberton converts five bit words into six bit words
by changing the least significant bit of the five bit word into the two least significant
bits of the six bit word. These bits are convolutionally encoded and soft decision
decoding is used to decide which set of bits was most likely sent.
Summary of the Invention
25 In accordance with the present invention, a soft symbol for use in a
decoding process is generated from a binary representation of a branch metric.
When a hard decision bit is a zero, a preselected number of bits of a binary
representation of the branch metric are concatenated with a hard decision bit to form
the soft symbol. When the hard decision bit is a one, the ones complement of the
30 preselected number of bits of the binary representation of the branch metric are
concatenated with the hard decision bit to form the soft symbol. The concatenation
function can be achieved using an exclusive OR function with the preselected bits of
the binary representation of the branch metric and the hard decision bit to form the
soft symbol. The hard decision bit may be selectable from more than one source.




5 -' generating a hard decision bit associated with a state;
concatenating a preselected nunber of said bits of a binary representation
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of , g or a total of 148 bits per frame. The training bits are
known. The starting and ending bits are known and typically are zeroes. Other
numbers and distribution of bits are possible depending on the implementation.
20 In decoding data using the Viterbi process from a series of binary data
received at a decoder, the decoder generates the sequence of data most likely
transmitted. The decoder considers all possible state combinations and produces
estimates of signals for all possible state transitions, then compares the estimates
with received data to determine what was the most likely transmitted bit sequence.
25 The initial state of the encoder is known so, therefore, the decoder has a starting
point. The end state of the encoder is also known, so the decoder also has a
predetermined ending point. The decoder determines the most likely sequence of
state transitions for the received series of binary data. Each such state represents a
symbol instant. At each symbol instant, there are a number of states that range from
30 0 upto2°~1-1 where C is the constraint length. A typical range for C would be from
2to0 7. These 2C~1 states will be referred to as individual states. A limited number
of transitions are possible. At each symbol instant, the accumulated cost is calculated
for each of the possible transitions. The path having an extremum (i.e., minimum or
maximum) cost may thereby be determined.



the binary representation of the branch netric, a second input to receive
the hard decision bit, and an output, the output of the plurality of
excl usive OR gates 35 collectively providing the | east significant bits
of a soft synbol; and means, for providing the hard decision
bit as the nost significant bit of the soft synbol .
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second i nput doghdafii 1 Fnade of the various potential accumulated cost sums. An extremum
branch metric is selected as the next state accumulated cost. In one embodiment of
the invention the lesser of the cost sums is selected as the next state accumulated
cost. (For certain branch metric calculations, the greater of the cost sums might be
15 selected.) The transition corresponding to the lesser sum is the more likely transition
from the two possible originating individual states to the given next individual state.
The originating individual state of the more likely transition is stored as the
surviving origin of a branch to the given next individual state. The lesser sum is the
accumulated cost of the next individual state and replaces the accumulated cost for
20 that individual state stored in traceback RAM 23. This represents the surviving
branch to the next individual state, as is known in the art. This process is repeated
for each of the next individual states and repeated also for each symbol instant until
all of the symbols in a burst of bits are decoded.
FIG. 2 is a schematic diagram of a portion of receiver 14 showinga
25 digital signal processor (DSP) 11 having embedded error-correcting co-processor
(ECCP) 13 and a DSP core 32. DSP core 32 sets the operational parameters of the
ECCP 13, such as constraint length, and branch metric type, (Euclidean or
Manhattan). Core 32 also initiates the Viterbi decoding function of ECCP 13.
Within ECCP 13 is update unit 17, traceback unit 19, and branch metric
30 unit 15. Update unit 17 performs the add-compare-select operations of the Viterbi
process. At every symbol instant there are 2€ state transitions of which 2~ ! state
transitions survive. The update unit performs the add-compare-select operation and
updates 2! accumulated cost states in RAM 23. The update unit stores the
accumulated cost of each path at whatever symbol instant is under analysis.
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ECCP 13 may be employed to deconvolve signals which have been
encoded by a convolutional encoder. In addition, ECCP 13 may be employed to
provide maximum likelihood sequence estimation (MLSE) equalization.
15 In certain applications, ECCP 13 may be required to perform an MLSE
process. (In other applications, the ECCP 13 may be required to perform a
convolutional decoding as discussed below.) In wide-band width, low data rate
applications, additive white gaussian noise (AWGN) is the principal channel
impairment and a Euclidean branch metric provided by equation (1) is appropriate
20 for MLSE operation. An Euclidean metric appropriate for MLSE processes is given
by

BM = (Z;—Ej)?+(Zg—Eqg)? ¢y

where

' BM = branch metric
25 Z1 = received in-phase signal component
Zq = received quadrature signal component
E; = estimated received in-phase component for each state transition
E o = estimated received quadrature component for each state transition

Consequently, DSP core 32 selects MLSE operation metric unit 25 with an
30 embedded Euclidean branch metric unit. Metric unit 25 performs Euclidean metric
calculations on incoming signals as part of an MLSE process.
By contrast, when convolutional decoding is to be performed, either an
Euclidean or a Manhattan metric may be appropriate. For example, convolutional
decoding over a gaussian channel may require a Euclidean distance measure for rate
35 1/1 or 1/2 encoding. By contrast, convolutional decoding preceded by MLSE or
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where

BM = branch metric
S =received first signal component
15 S = received second signal component
Eo, E1 = corresponding estimated signal component associated with each
state transition _
By contrast, a Manhattan branch metric is provided by equation 4:

m
BM= Y |S;~E;| )]
i=1

20 for m=1,2,3,4,5, 6 depending upon code rate which is 1/m
where

BM = branch metric
S; =i received signal
E; =i estimated signal

25 (Note: higher values of m are also permissible). Consequently, when convolutional
decoding requiring an Euclidean distance measure is required, metric unit 27
calculates Euclidean metrics. However, should convolutional decoding utilizing a
Manhattan metric be required, operation of metric unit 29 is invoked by DSP core 32
to perform the required metric operation. Whichever metric unit 25, 27 or 29 is

30 selected, it calculates the appropriate metric for each incoming signal. Whichever of
the three metric units, 25, 27 or 29, is utilized, the output is provided to multiplexer
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possi bl e previous | ndﬂ/l dual states fromwhich a transition to it can

originatejoS E@k)= EIﬁnk)ﬂEQIh &ych nmetric is calculated at each gmrbol .
i nstant for ea}wgg(posm transition fromall possible individual
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n= symbol instant

k=0..26"1 —1 = all states taking part in Viterbi state transition
C = constraint length
15 All possible states, k=0 to k=2%"1 -1, taking part in the Viterbi state transition are
convolved with the estimated channel impulse response, H(n), which is provided by

equation 6. .
H(n) = [h(n), h(n-1), h(n-2) ... h(n-C+1)]T ©)
where H(n) = estimated channel impulse response
20 h(n) =n' channel tap

C = constraint length
Each in-phase and quadrature phase part of the channel tap, h(n) = hI(n) + jhQ(n),
may be an 8 bit twos complement number (although other representations are
acceptable). To simplify data handling, the channel estimates may be normalized
25 prior to loading into ECCP 15 such that the worst case summation of the hI(n) or
hQ(n) are confined to be a 10 bit two’s complement number (although other
representations are possible). In addition, the in-phase and quadrature phase parts of
the received complex signal, Z(n) = ZI(n) + jZQ(n) are also confined in a similar
manner to be a 10 bit twos cbmplement number. The Euclidean branch metric
30 associated with each of the 2€ state transitions, originally expressed as equation 1,
may be rewritten as:

BM(n.k) = XI(n,k)? + XQ(nk)? Q)
where XI(n,k) = abs {ZI(n) - El(n,k)}

XQ(n,k) = abs {ZQ(n) - EQ(n,k)}
35 where X1, and XQ have an upper saturation limit of OxFF (=255¢)
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20 limited to a 16 bit branch metric, employing the most significant bits to generate a
soft symbol, or generating a soft symbol from seven bits.

In the exemplary embodiment, either the most significant bit of the next
state, or the least significant bit of the present state may be used in generating a soft
symbol as shown in Figure 3. The most significant bit of the next state and the least

25 significant bit of the present state are provided as inputs to multiplexer 104.
Multiplexer 104 is responsive to select input 106 to selectively pass one of the
signals appearing at the input to its output 108. The output 108 of multiplexer 104
provides a first input to each of exclusive OR (XOR) gates 110 through 122. The
output 108 can alternatively be used as a hard decision. While exclusive OR gates

30 are shown in the exemplary embodiment, it is recognized that combinatorial logic
could provide the same function. The second input to each of XOR gates 110
through 122 is provided by a preselected number of the most significant bits of
branch metric 100. In the exemplary embodiment shown in Figure 3, the preselected
number of bits is seven, and the preselected bits are the most significant bits, though

35 the invention is not limited thereto. The most significant bit of branch metric 100
provides the second input to XOR 122. The least significant of the preselected




-5 -. Traceback unit 19 selects a pat h having the snall est

path netric anong 2[err] survivor paths at every synbol instant. The
last bit of the path corresponding to the maxi mum | i kel i hood sequence
i-s delivered to the decoder output. The _ggpth of this last bit is

programmabl e at the synbol rate. If the end state is known, the 5

traceback decoding may be forced in the direction of the correct path by
writing the numbgeef mest significantbits ofiranch metric H0fpeyddes; thesscond glpél? ©

Branch met ri XoRith0.1Buest 108 HopSmultile@RT04 fcoRGAeralst @ the nlo3EsiBAiEOR

B oposed by Dit Of i Blaaigof Saioh 1 The 4ecpy %&%ﬁw”ﬁé%éﬁy?&vﬁip%&ng
i ndi vi dual brigpedie oatput BEXOR 122.€The Iast Mightficant sieelsber symbiol 202 isithé i ze

branch netgtic unit capabl e of perform ng the Viterbi process
utilizing 3&“&9;@%@?“ cs. ECCP 13 may be enployed to

deconvol ve signal s whOpératiaw ef theeircuit of Eigared®andgonversiomof|a branchametsicdoder .
Dot L1 ey o s SR i loa i M GHSE IR P
apﬁgir c:t i ;)Inz ,comal? beimfohningesqftisymbot wg;iave arangerthanestends fropy ocess. (I n
gf) nvol u 'I[D P on aﬁ%g eco izn(g lm% % glslsriggzgﬁo?fwjyé f‘ﬁ%"gg&ggﬂdﬂ lgtz ﬁ?prfsg\?vuggdt a
rate 30 plai zeza PRANHU0QA 2 9 todthe hpst zerogio dil Akl ko122 1) ptheorsteagggero. -
princi pal charaghnge of soft symbol 102 representing a one extends from 10000000, (128 19),
the worst case one, to 11111111, (2559), the best case one.
Output 108 determines whether a soft symbol represents a soft zero or a
soft one. The hard decision bit positions the soft symbol on the appropriate side of
15 the transition from a zero to one. The boundary between a zero and a one is
determined by the most significant bit of the soft symbol.
When output 108 is a zero, the output of each XOR 110 through 122 is
the same as the bit of branch metric 100 received at the second input of each
exclusive or gate. In this manner, soft symbol 102 is constructed with output 108 as
20 the most significant bit, concatenated with the preselected number of most significant
bits of branch metric 100, here seven. |
When output 108 is a one, the output of each XOR 110 through 122 is
the ones complement of the bit of branch metric 100 received at the second input of
each exclusive or gate. In this manner, soft symbol 102 is constructed with output
25 108 as the most significant bit, concatenated with ones complement of the most
significant bits of branch metric 100. The ones complement reflects the confidence
level information across the line of demarcation between a zero and a one.
A soft symbol generated in accordance with the present invention does
not include any negative numbers in the range of soft symbol zeros and ones and
30 therefore does not require any twos complement binary representations. Soft
symbols generated in accordance with the present invention can be used in
subsequent signal processing to obtain higher performance. Soft decision decoding
improves the coding gain of the overall system in which soft symbol decoding is
employed.



i hpai rivent and a Euclidean branch netric provided by equation (1) is
appropriate 20 for MSE operation. An Euclidean netric appropriate for

M.SE processes is given by BM = .
(Z[err]-E[err])[err]+(Z[err]-Elerr])[errlyo. - (1)
wher e BM = branch netric 25 Z[err] = received in-phase
sk.gnal conponent . Zlerr] = received quadrature signal conponent
E[err] = estinated reé[?fi\}'é‘ﬂmpﬂ£l bﬁ%@];@c%fhbb%ﬂtmpommmﬁen aysterhs amdbsi ti on

Comsenuant 1y o STPoyick megluied clieubATBANA 1 HorARf, Sha e | os] L o
nsequent |y, oper at,i 6 i C.uni Wi
enbqued Eu%:ll i dealrl{ﬁgétg)r? g %yﬁnéjpr? ﬁ'@‘?ﬁﬁvﬂlil’m%ﬂw ¢ the advantage ofsedugedwomplesityean
e rass, o oo sge vl 2Softsfibol if fockhop WRGCS S
Eﬁcl i dean or a P/gérﬁﬂg?ft{arﬁiﬁprg?p?llgt%ggﬂggwgsp‘ﬁﬂw?mﬁ?‘é&%ﬁﬁ%xa’npl e,

corvol Gti onal de¥eulerthe dinstrativeambodimentifahe iivesiion KRHSE béer? EUC! | dean

di stance neasiesdibedras Atinolbider@lind/ i.ng. By cqntrast,

di stance neasiseied! ngﬁ:%o?pgr e.ced%ﬁlégﬂ%%g%ggﬂﬂég in the art would recognize the
enhanced computational efficiency available by utilizing pipelining in the design.
Pipelining is achieved by initiating computation with a new data set before

10 completing computations with a previous set of data. The more latches used in

pipelining, the greater the depth of pipelining. Pipelining causes an initial latency in
computation time required to fill the pipeline, but maximizes usage of resources such
as adders and subtractors.




-6 -, ot her linear/non-linear equalization may require a Manhattan

di stance neasure for code rates 1/1 to 1/6. For convol utional—decodi
\é\/l th a 1/;L code rate, an Euclidean metric given by \e/(c)|uat i on2 mslycgcejI "
appropri ate: BM = (So-Eo)[err]

(2) 5 where BM = branch nkttic \\“\m““\H“““lmu“\ecel ved
si gnal conponent E[err] = estimated signral cconpdhert *

g;)\r/eﬁogvol ut 'C:mﬂis: gecodi ng with a 1/2 code rate, an Euclidean netric 10
y equation i e _ . )
(Slerr]-Eerr])[err ]ﬂ?é[ng%)?f@{ ée?lﬁaﬁlg rarsfﬁ symbol foPsein decoding a received 3
wher e digital sigiiVintolbita that aresones and zeroes, the soft symbpo] peing generatd fropy ¢
E' gnal co ”poﬁﬁ%ﬁf J‘ﬁinag regreaé{tﬁﬁdd of a Brafidi Meics fiesthéd MORIinRah® stepsof
[err], Efer = correspondl hg estlmatgd si gnhal, ¢ Qnen | W th
each 5  generatingsa bard dapision bif{e-g., 108) associated wi r%" cwm hat t an
Frani:h metri gy s provided by equation 4: BME [err] [err] Si-Ei
err
concatenating (e.g., 110, 112, 114, 116, 118, 120, 122) a preselected
number of said bits of a binary representation of the branch metric (e.g., 100) with
the hard decision bit (e.g., 108) to form the soft symbol (e.g., 102) when the hard
10 decision bit (e.g., 108) is a first value; and
concatenating (e.g., 110, 112, 114, 116, 118, 120, 122) the ones
complement of a preselected number of bits of a binary representation of the branch
metric (e.g., 100) with the hard decision bit {e.g., 108) to form the soft symbol (e.g.,
102) when the hard decision bit (e.g., 108) is not the first value.

15 2. A method as recited in claim 1, wherein the step of concatenating a
preselected number of said bits of a binary representation of the branch metric with
the hard decision bit to form the soft symbol when the hard decision bit is a first
value, is further CHARACTERIZED BY

selecting the preselected number of bits as the most significant bits of
20 the binary representation of the branch metric (e.g., 100).

3. A method of generating a soft symbol for use in decoding a received
digital signal into bits that are ones and zeroes, the soft symbol being generated from
bits of a binary representation of a branch metric, the method including the steps of
generating a hard decision bit (e.g., 108) associated with a state, CHARACTERIZED

25 BY -

concatenating (e.g., 110, 112, 114, 116, 118, 120, 122) the ones

complement of a preselected number of bits of a binary representation of the branch
metric (e.g., 100) with the hard decision bit (e.g., 108) to form the soft symbol (e.g.,
102) when the hard decision bit is a one; and

30 concatenating (e.g., 110, 112, 114, 116, 118, 120, 122) a preselected
number of bits of a binary representation of the branch metric (e.g., 100) with a hard
decision bit (e.g., 108) to form the soft symbol (e.g., 102) when the hard decision bit
is not one. : - |

-

e




20 form=1, 2, 3, 4, 5, 6 depending upon code rate wni ch ib T

wher e BM = branch netric recei ved
si gnal E[erre] = i[err] estimted si gnal "(i! ullmﬁm
vdl ues of mare al so perm ssible). Consegyently, when c

decodi ng requiring an Euclidean di stance Tfeasure i s required, rretrl c uni t
27 cal cul ates Euclidean netrics. However, should convol utional decoding
utilizing a Nhnh&t-t&meth!dasa'euednnqlalmdcbr 3o pderein the stelp ofeonéatenating 29

Ui chever - ot Pr one iripjgihent of d fs RRtcldybhf of BRGS £l bbics @RI O™
appropri at e ribe branch sneteig with ahasd degisien Qﬂé@ fOI'Wﬁhé el symbel when the bardhr ee
netric units, detisior’it & a b, firthet CHARACTERIZEDWBPUL is provided tO

mul ti pl exer,

and then used in the éﬁlﬂcwﬁpg’sﬁ]&?‘ﬁ@f‘“@ﬁ%‘r%@lﬁﬁs}S‘Eerm8$tr§b%!‘1§ﬁ?nﬁb%‘t’% uni t0

17. Addi t the bixiaryrreprésentation of the branch enadtioyegl, 200). ot her netrics such as
_ Hamm ng may be perforned by any of the netric units.

[llustratively, the branch netric unit 15 perforns full precision real and
S. A circuit for generating a binary soft symbol for use in a decoding

received digital signal into bits that are ones and zeroes, the circuit including means
(e.g., 104) for receiving a hard decision bit (e.g., 108), the hard decision bit (e.g.,

10 108) associated with a state and means for storing a binary representation of a branch
metric associated with the state, CHARACTERIZED BY

a plurality of exclusive OR gates (e.g., 110, 112, 114, 116, 118, 120,

122) corresponding in number to a predetermined number of bits of the binary
representation of the branch metric associated with the state, each of the plurality of

15 exclusive OR gates having-a first input to receive a bit of the binary representation of
the branch metric (e.g., 100), a second input to receive the hard decision bit (e.g.,
108), and an output, the output of the plurality of exclusive OR gates (e.g., 110, 112,
114, 116, 118, 120, 122)' collectively providing the least significant bits of a soft
symbol (e.g., 102); and

20 means for providing the hard decision bit (e.g., 108) as the most
significant bit of the soft symbol (e.g., 102), whereby a preselected number of bits of
the binary representation of the branch metric are exclusively ORed with the hard
decision bit to generate a soft symbol from a branch metric.

6. A circuit as recited in claim 5 further CHARACTERIZED BY the
25 means for receiving a hard decision bit is a multiplexer (e.g., 104), the multiplexer
(e.g., 104) capable of selecting a hard decision bit from one of at least two sources.

7. Areceiver (e.g., 10) for decoding a sequence of received symbols into
bits that are ones and zeroes using soft symbol decoding, including means (e.g., 14)
for receiving a sequence of symbols transmitted over a transmission channel, means
30 (e.g., 15) responsive to the means for receiving (e.g., 14) for calculating a branch
metric (e.g., 100) for a possible transition from an individual state at one symbol
instant to an individual state at a next symbol instant, the branch metric (e.g., 100)
having a binary representation, and means (e.g., 104) for receiving a hard decision

" \‘iﬁi\“ ] j}




5 corrpl ex arithmetic for conputing 16 bit branch metrics requi red for M.SE
equal i zati on and/ or convol utional decoding. M.SE branchU ”lmmn”mﬁﬂ
gener at es an estimated received conphgx signal for mint

n. The recei ved conpl ex signal may be represent ed by in- pifas® ahd *
uadrature c one |n| ted i.n equation 5: E(nk) =
qu (n, k) +j EQ(Iﬁk eg,P(SS% associate Q one of said symbol instants g;{ARA(, RIZED BY

n= synbol |Instant a lurahtyofdkchﬁweOR[gﬁﬁe&keg 116 lélb 1H4, 61t16811tsammg part

;ags\sfl E)Ieeb!stlai@ée &E@%ﬁﬂgﬁgf@mqeﬂolap{egﬁmmﬁ nSt rﬁtgts\;q 'B'i“a'é't ate

transition amepresentatiamofithe dcanchtaettio ée. gsuommmmmlme figitisgmbolesponse,

) ) i g f(@m@;rg{cﬁd(fi‘{h?gl:ahty%%%lh&%% gates (e.g., 1107112, 113 1, 1%,“W'3er .

H(n) = esti nkd0:d22)having a firsp inpsit to recgive g ditasf the binary representation of the

h(n) = n[errg

Conat rai nt | SRAGHBRc, b 8fkond inpytto sceivy e idechiontis - 08 3

channel tap,OMP%ﬂEWFMmeQﬂWOfGXCW B%@OHGQUV& wlqﬂtherent

nunber (altrlemgl fitaht Bi Kl¥e.8/ cceptable). To sinplify
gl eP6O5 ST Syrh 5(e§ ‘102) and*

data handl.i ng, the channel estl te normal i zed 25 prior to | oading
into E 015 such t hZeapsfo ehal&ﬁmsm%(eshmmmemst hQ(n)
are confi nedslgxﬁﬁém bitof the soft sﬁnlsolq'@ 1162); hePdbytesof{ snt nefabyr '
representati NS 4 Cﬁlem Jg&f%, 5&?@{ the in- phase and quadrature
phase parts P naI Z(n) Zl(n) +jJZQn) are
al so confi ned in a simlar rranner to be a 10 bit tvvos corrpl enent

L

nunber. The Eucli de Lhe 2lerr]
state transitions, of |]g}%§ﬂ}’ gggg @%@%‘&@%ﬁa?‘ﬁw m Ry'[‘ ﬁ
rewitten asthe predetermmed number its are selected as the most slgmﬁcant bits of the

15 binary representation of the branch metric (e.g., 100).

9. A receiver as recited in claim 5 or 7, wherein the predetermined
number of bits of the binary representation of the branch metric (e.g., 100) used in
generating the soft symbol (e.g., 102) is one less than the number of bits in the soft
symbol (e.g., 102). |

20 10. A receiver as recited in claim 9, further CHARACTERIZED BY the
predetermined number of bits is seven.

11. A receiver as recited in claim 10, further CHARACTERIZED BY the
means for receiving a hard decision bit is a multiplexer (e.g., 104), the multiplexer S
(e.g., 104) capable of selecting a hard decision bit (e.g., 108) from one of at least two
25 sources. :

Sheet Has Been Replaced
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BMn,k) = XI(n,k)[err] + XQn,k)[err] \

g(&n k) = abs {ZQ(n) - EQnk)} 3\£/nere le‘r&bge:X?bs {ﬁ,mm#ﬁ' hm

saturatlon limt of OxFF (= 255[err])
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gonverted into a binary soft synmbol. Figure 3 shows a circuit to convert a
mul tiple bit branch netric directly into a soft synbol. Branch netric
100 is a nultiple bit word. In the exenplary enbodi ment branch netric
100 has 16 bits of which the seven-mst significant bits used to
generate a soft synbol 102. The invention is not 20 Ilimted to a 16 bit
branch netric, enploying the to generate a sof t
synbol, or generating a soft syﬁg‘ﬁhﬁﬁgﬂ’mﬂ In

t he exenpl ar&kﬁ.ﬂﬂ!dl ment, either the nost signifi cant bit of the next
state, or the |east be use
generating sof t Thgﬂlﬁ'dﬁﬁ%iﬁse&’h%of\?myxlhﬁaﬁfure d%%:ﬁ%lﬁ%ﬁ@(%é:e g"éidnt
bit of the %EQ!P _ rmésq-m onf &:branch metgm Wmhasdﬂemsmnmmpaesmmt
state ar eSprmesbmtmnumMa‘Ui@ offd by ?éiﬁ‘éseﬁﬁﬁon ofthe Mcil'rﬁélﬁégfe 104 is

responsive. t ect to. s |ectively signal s
appearing at %p?éemwntg W& @ﬁ]’?‘ﬁﬁ f@@mﬂ'@se tSWOIlOWh@!ﬂmhatd pl exer 104
provi des a fdecisionibipista eme, thecdnes tomplement yPtheIprdsiietled iader étﬂﬂtst&frtl\ﬁgh 122.

el us ve°%é%§§%% R0 Tl PR i Rophlepate th e ecd degisan bit

recogni zed tt® I‘m:mmhob.l Th@gmmatenaﬂomﬁmbﬂmpczmh&hthidved asiAg ahunct i on.

Z?EsZféﬁt“ﬂd"’ﬁun%‘é’?q%‘?“ﬁﬁ%ﬁ?‘m‘i‘@“?@.%%ﬁtbﬂs.°%f RS i =2 °

In the exemb¥3ich metHs @andtha hard dagision bFﬁtglfom the softesymbet eThechard decisionnunber
of bits is vty bessledthisle Frons flops itaf 0& e the nost significant bits,
t hough 35 the inventionis not imte ereto. The nost significant bit

of branch netric 100 provi des the second input to XOR 122. The | east
significant of the presel ected

FIG. 1



- 9- nunber of nost significant bits of branch netric 100 provides the

second input to XOR 110. CQutput 108 fromnultiplexer 104 is

concat enated as the nost significant bit of the binary soft synbol 102.

The second nost significant bit of soft izg‘ool 102 is the output of XOR
ol

122. The least significant bit of soft s 102 is th out put of XOR
110. Qperation of the circuit of Fi gureS% and conversion
of a branch netric to a binary soft synbol is furth deFstood in
conjunction with Figure 4—The __ _concate Dbits formng soff_synbol
102 have a range that extends from 00000000[ err] (O[efr]) to :
111111112 err] (255 [err]). €] range of soft gynbol 102 representi'ng 10 a
zero 00000000[ err] (Oﬁar]r]), t he best zero, to 011111112 X127 [err']), t he
wor st case zero. TQ(} r oft synbol {102 represe@Eing a dne
extends from 10000000[ enr ]

the worst ¢SéSgne, td 11111111
[err] (255[err]), the bgst|Ss Og5my 108 deterni nes
whet her a soft synbol regpries =

oft zero ¢r a of ne. THe hard
decision bit positions the | on the appropriate| side of 115 the

transition froma zero o0 one.| The bundary between a[Zefxanpd a (1ne IS
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| evel information across the |line of demarcation between a zero and a one.
A soft synbol generated in accordance with the present invention does

not include any negative nunbers in the range of soft synbol zeros and ones
and 30 therefore does not require any twos conpl enent binary

representations. Soft synbol s gene27gfd I n accordance with the present
i.nvention C?Pgﬁﬁgus in subsequent/si gnal processing to obtain higher
per f or mance: * déei si on decodi ng .inmproves the coding gain of the
overall systemin which soft synmbol decoding is enpl oyed.
-11- dains 1. A nethod of generating a soft
synbol for |Juse in decoding a received
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digital signal into bits that are ones and zeroes, the 'soft synbol being

generated from bits of a binary representation of a branch netric, the
net hod conprising the steps 5 of: generating a hard
decision bit associated with a state; concatenating a
presel ected nunber of said bits of a bi é{r@/ representation of the
hranch netric with the hard decision bit to formthe soft synbol when
t he hard dq‘ﬂﬁ@)n t is a first value; and 10 concat enati ng

t he ones conpl enent” of a presel ect ed MSBrﬁSeN[XDGLA?@ d bi 4sg OFbFW$mary

representation of the branch netric with the deci syon m t he
soft synbol when the hard decision bit is no flrstivalue~10§ :

ing a
n of the branch

2. A nethad as tped in claiml, whereil(4

pr esel ectwd nun‘ggﬂsg’$ said bits of a binary rep

metric wijt t he har cision bit to formt pft sy t he hard
deci si on &Tbi s afirs val ue furt her com:)r‘l:og:? t he s%ﬁ&%‘b’q
selectin | i t 4 stgnitrcant pr™s of

of gener at ||ng also sy Tbol for use in decodi ng ar i dj_sgltal
signal intg bjt t1at afe lones _and zeroes, the soft|synpgl -gfnrer at ed
from bijt s| of abinay representatlon of a branc id1 mﬂ’mod.
conpri sing thTe t eps generating a hard leci si on hssogi at ed
with a stafe; concatenating the on of &
preselected fjirgt hugbet—ofbits 25 of a bipary repfesepyati P the
branch netgicf wijthl the hard decision bit to formthe lgtsmbo when
t he hard d(LCISI on pitf is a one; and CQR ihg a
presel ecte@l slecond) ngnber of bits of a bi nary rppregenta .on} of the
branch netfid with a fTard—decrsrombrt—to—formthe Lfﬁ-Hi when t he
hard deci sfon bt s not one. 114
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-1p3 : 4. A nmethod as recited in claim3, wherein the

step of concatenating the ones conpl ement of a presel ected nunber of
bits of a binary representation of the branch netric with a hard .
decision bit to formthe soft synbol wher2A+e hard decision bit is a
one further conprises the step of 5 sel ecting the

presel ect ed nunb](caﬂ’hﬁ ini i&oﬁhné?ﬂuﬁhioﬁtﬁrs‘tl apedti sroihe ﬁ#énﬁoﬁftg?rfclalﬁﬁkﬁo&hnfr y
tat [l .

generati ng *“g@‘@a‘% , S oF Siapbol fog vsp in decedig ageseived ciediel pigaal into

di gital sigbits thahtaze ioness andhzeross,cthorsoft symboid:engsyﬂei’ﬂectfmm;lb%ts g;ﬁ;gmg

Teans. for T RpRioR of #bakR Thethic B nlothdd s O;l}gg:ﬁé s®efRE’

10 with a
represerftation ofg%FeM&hW@F?@OEMFWW@a&WQh t he state

a plurality of exedneatestingRa @Qése&cﬁdrﬂlﬂﬂiéﬁ'w'slﬂ bils ' hﬂﬁar%on ‘}e{)lhesenbtatlon of
et ric 15 SR ety Bif g nard declobl Hie o s B enth sympolmhen dhe.dhnk R
gat es havi rdgcision bit is a first value; and

concatenating the ones complement of a preselected number of said bits of a

10 binary representation of the branch metric with the hard decision bit to form the soft
symbol when the hard decision bit is not the first value.

In accordance with a second aspect of the present invention there is disclosed a
method of generating a soft symbol for use in decoding a received digital signal into
blts that are ones and zeroes, the soft symbol being generated from bits of a binary

15 representatxon of a branch metric, the method comprising the steps of:

generating a hard decision bit associated with a state;

- concatenating the ones complement of a preselected first number of bits of a
binary representation of the branch metric with the hard decision bit to form the soft
symbol when the hard decision bit is a one; and

20 concatenating a preselected second number of bits of a binary representation of
the branch metric with a hard decision bit to form the soft symbol when the hard
decision bit is not one.

In accordance with a third aspect of the present invention there is disclosed a
circuit for generating a binary soft symbol for use in decoding a received digital signal

25  into bits that are ones and zeroes, the circuit comprising:

means for receiving a hard decision bit, the hard decision bit associated with a
state; :
means for storing a binary representation of a brach metric associated with the
state; o .
30 a plurality of exclusive OR gates corresponding in number to predetermined

number of bits of the binary representation of the branch metric associated with the

state, each of the plurality of exclusive OR gates having a first input to receive a bit of

the binary representation of the branch metric, a second input to receive the hard

decision bit, and an output, the output of the plurality of exclusive OR gates
35  collectively providing the least significant bits of a soft symbol; and

means for providing the hard decision bit as the most significant bit of the soft
symbol.
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igput to receive a bit of the binary_representation of the branch netric,
second i nput to receive the hard decision bit, and an output, the

out put of the plurality of exclusive

OR gates collectively providing

a

the |l east significant bits of a soft synbol ; and means for

provi ding the hard deC|5|on bi t he nns& nificant  bif of he soft
E'”W]@

synbol .

predeterm n@delemrdeeéd

In accord agce )aut&llar ?q?t mveption;

of the blna of t nch metric.
Acircuit a a‘*@F%‘PW W%és?gan the predeterm ned nunber of 25
bits of the bi narmemsprres;mnsmﬂomhofmcm for agediving: forcregeiving A panence: ohg

the soft

synbol . °

smbﬂyﬂ%snblﬁe@66%]§ﬁ§ns§xﬁ§§?oﬂ%nﬁélnber of bits in the soft

clircuit as recij m7, . wherein

of eecehfe&@ymﬁolainﬁahﬂtsrmatare loges :incbzarbesbi ts
7.

cl
pr edet er ni ned nuneéansgEesponsivep the meang 9’éFP°°1"mg 110 calcﬁalatmg a bganch metric E‘P’c as

recited in &béés'iﬂlé u‘&ﬁﬁﬁ@h mrothn mﬂaudl@tawm

is a nultlplexer

zer oes %Josi nﬁnséBIsE synbol decodi ng, conpri sing:

15

20

25

30

35

a plurality of exclusive OR gates corresponding in number to a predetermined
number of bits of the binary representation of the branch metric associated with the
next symbol instant, each of the plurality of exclusive OR gates having a first input to
receive a bit of the binary representation of the branch metric, a second input to receive
the'hard decision bit, and an output, the output of the plurality of exclusive OR gates

collectively providing the least significant bits of a soft symbol; and

. means for providing the hard decision bit as the most significant bit of the soft
symbol, whereby a soft symbol is generated from a branch metric for use in the
decoding.

~ In accordance with a fifth aspect of the present invention there is disclosed a
circuit for generating a binary soft symbol for use in decoding a received digital signal
into bits that are ones and zeroes, the circuit comprising:

circuitry for receiving a hard decision bit, the hard decision bit associated with

a state;

a register for storing a binary representation of a branch metric associated with
the state; |

a plurality of logic circuits corresponding in number to a predetermined
number of bits of the binary representation of the branch metric associated with the
state, each of the plurality of logic circuits having a first input to receive a bit of the
binary representation of the branch metric, a second input to receive the hard decision
bit, and an output, the output of the plurality of logic circuits collectively providing the
least significant bits of a soft symbol; and

circuitry for providing the hard decision bit as the most significant bit of the
soft symbol.
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means,” ‘responsive to the neans for receiving, for receiving a sequence

ofe synbol s transnitted over a transni ssion channel; : nmeans
resopnsive to the neans for receiving for cal cul ati ng a branch metric
for a possible transition froman individual state at o | NSt to
an 5 individual state at a next synbol instant, the erMﬂHﬁFﬁUHﬂﬂﬂiﬁ;g a
bi nary representation; -11 -. Means for i S
decision bit associated with one of said - synbol instants;

a plurality of exclusive OR gates corresponding in nunber to a 10
predeterm ned nunber of bits of the binary representation of the branch

metric associated with the next symbol instant, each of the plurality
of exclusive OR gates having a first input to receive a bit of the

bi nary representation of the branch netric, a second input to receive
the hard decision bit, and an output, the output of the plurality of
exclusive OR gates collectively providing the least significant bits of a
15 soft synbol; and means for providing the hard

deci sion bit @ﬁmgshe nost  si gnlflcant bit of the soft synbol, whereby a

soft synbol IS gener d fro branch netri use the decodi ng.
11. A receiver as re I?E T&gpm@g%&mp@ﬁg Hb‘gepgﬁhﬂgﬁéﬁf:eh‘(?ﬂber 20

of bits are oiigiealtsipthabintd bies thmtsdre shegruntiizeroes, the Soft S}fmhd]lbelhg' getistated from
representati I I ver as
recited in clcﬂf';tlsq’ff fyﬁﬁ\ﬂn iy s%ﬁ@ﬂé@ Birsr%é{ather [rﬁegécd n%th?d compﬁ%%n}g @elsgﬁ%f t he

bi nary repﬁesﬂfht ation of the branch netric used in generating the soft

synbol 15 one 1ess ¢ hdhekdihg ¥ EbA tectioR bitsdokislehu®Pd kyly 10! 25

13. A recei ver as recited in,claim1l erel n _the predeterm ned nunber
concatenating a preselected number of said bits of a binary

representauon of the branch metric with the hard decision bit to form the soft symbol
when the hard decision bit is a first value; and
10 concatenating the ones complement of a preselected number of said bits
of a binary representation of the branch metric with the hard decision bit to form the
soft symbol when the hard decision bit is not the first value.
2. A method as recited in claim 1, wherein the step of concatenating a
preselected number of said bits of a binary representation of the branch metric with
15 the hard decision bit to form the soft symbol when the hard decision bit is a first
value further comprises the step of:
selecting the preselected number of bits as the most significant bits of
the binary representation of the branch metric.
3. A method of generating a soft symbol for use in decoding a received
20 digital signal into bits that are ones and zeroes, the soft symbol being generated from
bits of a binary representation of a branch metric, the method comprising the steps
of:

generating a hard decision bit associated with a state;
concatenating the ones complement of a preselected first number of bits
25 of a binary representation of the branch metric with the hard decision bit to form the
soft symbol when the hard decision bit is a one; and
concatenating a preselected second number of bits of a binary
representation of the branch metric with a hard decision bit to form the soft symbol
when the hard decision bit is not one. |
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of~bitg s seven. 14. A receiver as recited in claim1l0;
wherein the means for receiving a hard decision bit 1s a multiprexer,

the mul ti pl exer capabl e of selecting a hard deci s | one of
at | east two sources. 30 15. A nethod as H% l ﬂﬁ ﬂ"Ll
wherein the step of concatenating the ones conpl emenle Ol “cy ysect ed

nunber of said bits of a bi nary_represeh‘t‘é‘tzi'c‘)n of the branch netric
with the hard decision bit to formthe soft synbol when the hard
decision bit is not the first value, further conprises the step of:

-14 - sel ecting the presel ected nunber of bits_ as the
nost significant bits of - the binary representation of the branch
metric. 4. Alfiethdd aetdeitdd fisclaine B wherein thel steprofTonedtenating théne

D e et e ik cABent o oy Bleidbd b b5 B0 o D o
in claim 3, whsanshmetrie witheskard decision bitde feranthe soft symbalwhenithe bard t he
presel ect ed S%Qi@ﬂ)ﬁm%ron_@ffuﬂﬁiér%oﬁ:?ﬁséshﬁe SEpee bits. | 18. A
clreurt forggenerating g, ing the prosolcctd Mumber of bits a6 the Most signiBeAnt Bits of

the binary representation of the branch metric.

5. A circuit for generating a binar'y'soft symbol for use in a decoding a

received digital signal into bits that are ones and zeroes, the circuit comprising: |
means for receiving a hard decision bit, the hard decision bit associated
10 with a state;
" means for storing a binary representation of a branch metric associated
with the state;
a plurality of exclusive OR gates corresponding in number to
predetermined number of bits of the binary representation of the branch metric
15 associated with the state, each of the plurality of exclusive OR gates having a first
input to receive a bit of the binary representation of the branch metric, a second input
to receive the hard decision bit, and an output, the output of the plurality of exclusive
OR gates collectively providing the least significant bits of a soft symbol; and
means for providing the hard decision bit as the most significant bit of
20 the soft symbol. :

6. A circuit as recited in claim 5, wherein the predetermined number of
bits are selected as the most significant bits of the binary representation of the branch
metric. '

7. A circuit as recited in claim 5, wherein the predetermined number of

25 bits of the binary representation of the branch metric used in generating the soft
symbol is one less than the number of bits in the soft symbol.

8. A circuit as recited in claim 7, wherein the predetermined number of
bits is seven.

9. A circuit as recited in claim 5 wherein the means for receiving a hard

30 decision bitis a multiplexer, the multiplexer capable of selecting a hard decision bit
from one of at least two sources.

10. A receiver for decoding a sequence of received symbols into bits that
are ones and zeroes using soft symbol decoding, comprising:
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recei véd.digital signal-into bits that are ones and zeroes, the circuit

conpri si ng: circuitry for receiving a hard deci sion bit,
the hard decision bit 10 associated with a state; ———a-register—for -
storing a binary representation of a branch netric associated with

the state; a plurality-ofg Logic cir [l ﬁﬂﬂgﬂm ng in
nunber to a predeterm ned nunber of bits of theﬂ“‘“ﬂ“ ﬂ“l ation
of the branch netric associated with the 15 state, eath of ‘thd pI urality of
logic circuits having a first input to receive a bit of the bi nary
representation of the branch netric, a second input Ito rece| ?/e t he hard t
decision bit, and an qu the o ut of Lyraljt ogic circuits
col l ectively pr oJP%q%ﬁ’gfefwgs‘Ivgg%&eé?ifﬂF %9’65 ivipg.fQr léimg&fsﬁqmol

and of symbols transmiited gver artransmissidnrohaddet; hard deci sion bit as t he

t [ i fi t bit rcuit
g‘sjsrez: ?211 :ﬁagl ai Im 1 a\?\xﬁrésﬂﬁns‘iﬂ{}e C%’?%gllkstfprrefcglvmigefg ﬁ’?‘ﬂﬁné bran";hnard
deci si on bit Mmstrc fonpPopsible sransition frem an ipdividvel staleabore symbod instant topre. har d
deci si on bi§ irdvited Staes at%tnéxﬁs:ﬁﬁbdlmta%ﬁ%fsfanch metric having a Pm?ﬂo A

east one e plu

circuit as recited |n claim 18 'wherei n at allty 25 of
| ogi ¢ circui t EPESEMAUAR:| ysive OR gate. . A
nmet hod of generating anean$ forvgcedvihg & harddegision bi@fdéﬁblﬂéd%&)%@bf@ﬂd

symbol instants;

a plurality of excluswe OR gates coxrespondmg in number to a

10 predetermined number of bits of the binary representation of the branch metric

| assoclated with the next symbol instant, each of the plurality of exclusive OR gates
havmg a first input to receive a bit of the binary representation of the branch metric,
a second input to receive the hard decision bit, and an output, the output of the
plurality of exclusive OR gates collectively providing the least significant bits of a

15 soft symbol; and |

means for providing the hard decision bit as the most significant bit of
the soft symbol, whereby a soft symbol is generated from a branch metric for use in
the decoding.

11. A receiver as recited in Claim 10, wherein the predetermined number

20 of bits are selected as the most significant bits of the binary representation of the
branch metric. .

12. A receiver as recited in claim 10, wherein the predetermined number
of bits of the binary representation of the branch metric used in generating the soft
symbol is one less than the number of bits in the soft symbol.

25 13. A receiver as recited in claim 12, wherein the predetermined number
of bits is seven.

14. A receiver as recited in claim 10, wherein the means for receiving a
hard decision bit is a multiplexer, the multiplexer capable of selecting a hard
decision bit from one of at least two sources.

30 15. A method as recited in claim 1, wherein the step of concatenating the
ones complement of a preselected number of said bits of a binary representation of
the branch metric with the hard decision bit to form the soft symbol when the hard
decision bit is not the first value, further comprises the step of:
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di,giia{'l' ~signal into bits that are ones and zeroes, the soft synbol being

generated from bits of a binary representation of a branch netric, the
met hod being substantially as described with reference to the '
acconpanyi ng draw ngs. 5 13. - A circui t—f—gf—&gﬁeﬁlatﬁﬁg—al—

bi nary soft synbol for use in a decodi ng B - receiive i gita na
into bits that are ones and zeroes, said circuit bei ngummmﬂmllﬁm ““l

as described with reference to the acconpanyi ng drawn 14.

A receiver for decoding a sequence of received synbol s ‘ntd bits tRat”
are ones and zeroes using soft symbol decoding, said receiver being

' 10 described with reference to the acconpanyi ng draw ngs.
substantially as ectgng tﬁe preselected number of bits as the most sg?uﬁc%nt l%ts of

the binary representation of the branch metric.

16. A inethod as recited in claim 3, wherein the preselected first number
of bits and the preselected second number of bits are the same number of bits.

5 17. A method as recited in claim 3, wherein the preselected first number
of bits and the preselected second number of bits are the same bits.

18. A circuit for generating a binary soft symbol for use in a decoding a
received digital signal into bits that are ones and zeroes, the circuit comprising:

circuitry for receiving a hard decision bit, the hard decision bit
10 associated with a state;
a register for storing a binary representation of a branch metnc
assoc1ated with the state;
a plurality of logic circuits corresponding in number to a predetermined
number of bits of the binary representation of the branch metric associated with the
15 state, each of the plurality of logic circuits having a first input to receive a bit of the
binary representation of the branch metric, a second input to receive the hard
decision bit, and an output, the output of the plurality of logic circuits collectively
providing the least significant bits of a soft symbol; and
circuitry for prov1dmg the hard decision bit as the most significant bit of
20 the soft symbol.

19. A circuit as recited in claim 18, wherein the circuitry for receiving a
hard decision bit is a multiplexer, the multiplexer capable of selecting a hard
decision bit from one of at least two sources.

20. A circuit as recited in claim 18 wherein at least one of the plurality

25 of logic circuits is an exclusive OR gate.




