REPLACED SHEETS ~ SG WD 46/ OREBLACED SHEETS US9SGL240
Met hod for W&tl ng Diditally Mdul ated Data Signals Fi el d of
tBe | nventi FhPessriationriPaget ent TBIPEERT ates) to rRffBSSEWvers
i nt ended for receiving. L lamegl |:pagetialat wpagedy@al.s;, and nore
particularly to a nmethod fdim geRd atd oI 8B pagéteceding a digitally
nodul at ed data signal . - ack&rggg% of,t—hepaP eAt i pn

. . n
Di gi tal nodul ati on net hods ,Eﬂ,é\Pg@g‘ pUrp@g?JdnaSE' Wooﬁg?aét'l'bh met hods i n which
t he signal phase angle carrTes the argrtar_tnfornmation and the signal

The. i nf or mat i on i s Nahp clpropeandulitign,dasealiy Rediaced DafE STgMIS,Vor i

-

met hods. Even using pure phase nodul ation met hods, when a si gnal
passes through a channel suffering frominpairnments such "~ as echoes or
ti me di spersi ongjeldef thedfiventidnsi gnal wi Il have anplitude variations that

depend on the underlﬁilng I nformation bits. Special detection nmethods which
have good per f bherpresentdnvention selates ite sadio, recgivers intandedrforareceivingake use

nf or mat  on 1< SREPEpodlie Marplsd 70 oibER pbidirifSh o el o Ui ing or
necessary a§ thdecodingiavdigitilly moduldfedidae sigmili rary - ~anpl i tude change
between transmtter and receiver over the arbitrary propagation

n \
Digital modulation methods include pure phase modulation methods in which
~ the signal phase angle carries the digital information and the signal amplitude is not
significant, amplitude modulation methods in which the information is carried by
10  varying amplitude levels, and hybrid methods. Even using pure phase modulation
methods, when a signal passes through a channel suffering from impairments such .
as echoes or time dispersion, the received signal will have amplitude variations that
dépend on the underlying information bits. Special detection methods which have |
good performance characteristics in these circumstances make use of the information
15  in the signal amplitude variaﬁons._ Whenever information is carried by amplitude
variations, some scaling is necessary at the receiver to remove the arbitrary
amplitude change between transmitter and receiver over the arbitrary propagation
path. This scaling is effected by automatic gain control (AGC) in the receiver. A
dilemma arises in deciding whether an AGC system should adapt rapidly or slole
20 ' to perceived changes in the recéived signal; if too fast, the information-carrying
amplitude variations may be paﬁly removed; if too slow, the receiver will fail to
adapt to changing propagation path variations, due, for example, to a mobile |
‘receiver changing position. ' '
The archetypal AGC system which has been used for approximately 60 years
25  in analog, AM receivers is based on the information modulation usually swinging
the amplitude of the transmitted signal equally above and below a mean value. By
detecting the mean value of the received signal with the aid of a moving average

calculation, i.e., a low-pass filter, it can be decided if the mean received signal
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With the development 6f radar, it was é,pparent that known AGC methods ‘

10 were unworkable, since it was impossible to predict the strength of an echo return

from a target in advance in order to decide the appropriate receiver gain. Instéad, a
type of receiver and detector known as a logarithmic amplifier was devised. This
-type of receiver consists of a chain of progressively saturating (limiting) amplifier
and detector stages, wherein the detector outputs are summed. Weak signals are

15  only able to operate the detectbr at the end of the amplifying chain. As the signal
level increases, this last amplifier and detector saturates, while the preceding stage
begins to contribute to the output, and so forth. . Thus, the devxce gives a unit
increment in the summed detector output signal every time the input signal increases
by a factor equal to the amplification per stage, hence the logarithmic characteristic.

20  Such a receiver thus circumvents the need to employ AGC in order to function over
a wide dynamic range of signal inputs.

Another distinct AGC principle used in frequency-hopping receivers is
known as memory AGC. When a receiver cycles systematically or pseudorandomly
among a number of frequency channels under control of a frequency-hop processor,

25  different propagation losses on different frequencies can require that the gain be
controlled accbrding to the frequency selected. This may be done by use of
digitally gain-programmed amplifier stages, wherein the gain setting for each
selected frequency is recalled from a memory. After receiving a "hop" or burst of
a signal on a selected frequency, the gain setting is updated and written back to the

30  memory against that frequency so that the updated value will be used next time.
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processing. In the conventional approach, AGC was required to hold the signal
15  level at the point of digitizing within the optimum part of the dynamic range of the
Analog to Digital convertor. '

In the method described in the aforementioned patent; Cartesian
representation was not used, but rather a polar representation in which the logarithm
of the signal amplitude was determined by digitizing the detector output of a radar-

20  type logarithmic receiver, simultaneously with digitizing the saturated output of the
final amplifier stage to obtain a phase related value. In this way it was possibly to
digitize a radio signal preserving its full, vector nature before determining an AGC
scaling. The scaling to use for best demodulating a signal containing information in
its amplitude variations can then be determined by post-processing in a numerical

25  signal processor. ' |

An issue closely related to AGC in receivers is automatic frequency control
(AFC). The phrpose of AFC.is to remove frequency errors associated with
transmitter or receiver frequency inéccqracies or Doppler shift due to relative
movement which otherwise would hinder the extraction of information carried by

30 frequency or phase modulation. A similar dilemma exists in the design of AFC
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eorrespondmg to different postulated transmitted data patterns, and making decisions
about which AGC parameters to.retain and update__or discard in parallel with
deciding the data patterns most likely to have been transmitted.
According to one embodiment of the present invention, a method for
15  decoding or demodulating received digital data modulated signals is disclosed.
| First, the received signals are converted from analog to digital to obtain numerical
signal samples. The numerical signal samples are then compared with sample
values expected for each of a number of possible symbol sequences using a scaling
factor associated with each of the symbol sequences in order to determine a
20  mismatch .value for each sequence. The mismatch values are then logically self-
consistent. Then, the lowest cumulative mismatch value is chosen from among all
~ the foregomg sequences that can logically precede a new sequence to be
accumulated with the mismatch value from the new sequence, wherein the selected
‘mismatch identifies a best predecessor sequence. The scaling factor associated with
25  the best predecessor is then chosen and the scaling factor is updated to obtain the
scaling factor to be associated with the new sequence.




scaling The scaling to use for best denodul ating a signal containing

i nformati onydleggees | tS anplitude variations can then be detm%giﬂg
pest-processing I n a nunerical 25 signal processor. n

i ssue closely related to AGC in receivers is automatic frequency contro
(AFC). The purpose of AFC is to renove frequency errors associated with
transmtter or.receiver frequency inaccuracies or Doppler shift due to
rel ative novenment whi ch ot herw se woul d hinder the extraction of

information carried by 30 frequency or phaSe nodul ation. A simlar

dil emma exists jn. WO 96/ 08905

PCT/ US95/ 12409 &0 -4-

systems as in the defidd afd ofier é}ﬁfﬁ e a@ﬂlﬂ%%s b b i ons
caused by the urf%own undg yi ngﬁ(lin or |on gg{‘@hﬁ i 8k
det ermi ned f rorrendﬂy apiparent to one of ordinary skill incthe atti foom thbﬁ)lld?ﬂtlgmrittdn.

5,136,616 descr es a met hod where several ,postul ates of an AFC
control val ue m% Pﬁc@ﬂ%?&mmegmmﬂ%rlgﬁéﬁi ng postul ates of
t he data noglul atlon i’H'E'IQ? 'l 6lto l&ggg he AFC
val ues being retai ne at edao)rGL scar ?Eﬁﬁogng \f\nf%b %}ﬁ‘ﬁboﬁ

whi ch of the awmrdu@eﬁtﬂapmseﬁqnwm are nost likely to be correct.
Figure 2 illustrates an MLSE demodulator using logpolar arithmetic

according to one embodiment of the present invention;
Figure 3 illustrates a logpolar metric computer according to one embodiment
10 of the present invention; '
" Figure 4 illustrates another logpolar metric computer accordmg to another
- embodiment of the present invention;
| Figure 5 illustrates an MLSE decoder having simultaneously per-state AFC
and AGC accbrding to one embodiment of the present invention; and
15 Figure 6 illustrates a logpolar metric computer. for combined AFC and AGC
according to one embodiment of the present invention.

The present invention is primarily intended for use in cellular communication

systems, although it will be understood by those skilled in the art that the present
20  invention can be used in other ‘various communication applications.

The present invention relates to receivers for receiving digitally modulated
signals in which data symbols are carried by corresponding transmitted signal
v‘vaveforms, and in which, owing to either deliberate filtering at the transmitter for
the purposes of limiting the transmitted spectrum, deliberate filtering in the receiver

25  for the purposes of eliminating interfering signals, or accidental corruptidn in the

| transmission path by echoes from reflecting objects, the received waveform can
suffer from intersymbol interference (ISI) such that received samples depend not

just ona single transmitted data symbol but on several neighboring symbols. In
other words, the transmission channel results in symbols being smeared into each
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10 A known methdd of demodulating signals suffering from these effects ™
employs a model of the total transmission path between the modulating data source ' - -
and the demodulator. The model is used to predict both the phase and amplitude,
i.e., the complex vector value, of the received signal -sampl'es for all possible data
symbol sequences. Thé predictions are then compared with-the actual received |
15 _signal samples and a decision is made as to which postulated data symbol sequence
- gives the best match. i
The number of possible data sequences that need be cons1dered is finite. Ifa -
given symbol suffers from ISI only from the immediately surrounding symbols then
it suffices to consider only all possible s_ymbql—triplés in predicting a received signal
20 sample. Using binary symbols, thefe would thus be only 8 possible combinationsto ~ ~ -
consider. Using quaternary modulation, there would be 64 posslble combinations to
consider.
| | A decision for a symbol-tnple has to be cons1stent thh the symbol-tnples it
overlaps thh For example, the binary tnple 110 can only logically be decided to
25  -be the best if the previous triple was decided to be 011 or 111 and the nextis .-
decided to be 100 or 101, because the three triples overlap as-shown below:

previous Oll or H 111 or 01N
current - 110 110 110 110
next - - 101 101 or - 100 100

30 Of the 8x8x8 = 512 possible decisions that could be taken for three consecutive
triples independently, only 2x8x2 = 32 are logically consistent. : e
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wavef orm can s that only 4 values have to be stored for the case where signal samples depend on

3 bits. In general, a Viterbi algorithm maintains MM candidate symbol sequences,
called “states”, where M is the number of different symbol values in the alphabet
15  and N is the number of symbols on which each signal sample depends.

A diagrammatic representation of a 16-state MLSE demodulator for binary
symbols according to the invention is shown in Figure 1. A number of electronic
storage elements are arranged in groups called states, the number of states being
2D where n is the number of consecutive data symbols on which each signal

20  sample depends. This is also termed the i'mpulse response length of the channel.
The storage for each state holds three different types of information, the so-called
bit-histbry associated with each state, the path metric associated with each state, and
an AGC or scaling parameter associated with each state. It is not necessary to store
the (n-1)-bit state number explicitly, because it is implicit in the position of the data

25 - within the storage memory. | |

An important part of the MLSE decoder is a model of the channel and
appropriate parts of the transmitter modulation process, which are used to predict
‘what signal sample values should be received for a given symbol sequence
transmitted. Often the modulation process is linear, and it and the channel can be

30  represented by the linear combination: '
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Wi th the aeratregplas @ntoggls during the transmission. However, it is poss1ble that the
- signal level will drift between these intervals such that the predictions will begin to
10  differ in amplitude from the received samples.

In the 16-state example of Figure 1, the channel model predlcts received I ,Q
values to be dependent on 5 consecutive symbols, the four implicit in the state
number and one new symbol, which can be a 1 or a 0, which is not yet determined.
The predicted values are compared with the received values and the sum-square

15  difference is computed as
ap-Iny? + (Qp-Qr)°
where suffix p represents the predicted value and r represents the received value.
This sumsquare mismatch is added to the cumulative mismatch stored against that
state and compared with a value computed similarly from the state number differing
20  in the most significant bit position only. This is the bit that is about to move
leftwards one place and out of the five-bit window that affects the I,Q values.

. When state numbers Oabc and labc left-shift in a new bit ’d’ they both generate new
state number abcd and it has to be decided which of the two original states’
cumulative path metrics plus a new sumsquare mismatch shall become the

25  cumulative path metric for the new state number abcd. The decision is made as a
result of the comparison mentioned above and the predecessor state chosen is that
which gives the lower path metric. In addition to the new path metric being derived
from a selected predecessor state, the bit-history to the left of the state number (i.e.,
older. bits than those of the state number) are also copied from the selected

30  predecessor state to the new state. This ensures that the bit sequence stored against
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A sequential maxi num |ikelihood sequence esti mation al al gorith comon
The term 00000 is thus applied to the channel model to obtam the 1,Q values
that would be expected to be received given that 00000 was transmitted. The actual
_10 1,Q values received are eompared- with the values calculated above and the
sumsquare mismatch is computed. The sumsquare mismatch is added to the path
metric for state 0000, to get one of the two candidate values for the path metric for
the new 0000 state. --
The above-described 6perati,on is repeated now using state 1000, with the
15  postulate of 2 new 0 to obtain the second candidate value for the new path metric.
The two candidate path metrics are then compared and the lower path metric is
selected. The bit history from the selected predecessor state, i.e., 0000 or 1000
then becomes the bit history for the new 0000 state. In addition, the symbol history
- is left shifted one place and the most significant bit of the predecessor state is
20  shifted into the first position.
The whole process is repeated with the postulate that the new bit is a 1. This
results in a new state 0001 which also had the possible predecessors 0000 and 1000.
The whole process is repeated for every pair of predecessors such as 0001
- and 1001 (resulting in new states 0010 and 0011), 0010 and 1010 (resulting in new
25 states 0100 and 0101), 0011 and 1011 (resulting in new states 0110 and 0111), etc.
- At the end of one such above iteration, a received 1,Q sample has been
- processed and one extra bit has been demodulated. Because of the way bit histories
- overwrite other bit histories when one of a pair of states is selected to survive, the
older bits in the bit history memories tend to converge on one bit. If the oldest bit

30  in all bit histories agree, there is clearly no further émbiguity and it may be



known as a Viterbi algorithm may be enployed to determ ne the best, ‘
| ogi calyy osmgops CONSi stent sequence of synbols with thepabpyss traints.
It may be seen fromthe above that, in the binary case, there are )
only two all owed predecessor triples for 5 each possible new triple. The"
Viterbi algorithmworks by keeping scores, called path netrics, for
each of the eight possible synbol triples, representing the ,
accurmul ated m smatch to date between sigpal sanples predicted and signa
sanpl es recei ved. When a new prétifction is conpared with a new

ot e por Beed S Betheldeiiohy BReoe tho S racocony . 1 4551
becom ng t y i - ' a 3 nbol
sequences. B%g&%&g@%@sﬁ}gﬁﬂgg? mrr@? i%targgle\ri%sﬁgférﬁ ‘r’nﬁifag t eurgrmeéo(s)?/rput ed

so that onkslect asa final decisiontthe bldest: bit fnint the stdte haviag thehlowestséugmilativeanpl es
depend on . .3 bLts.. | neral . a Viterhi algorithmpaintain err|
candi dat e %Id‘m;}%g&&dg& blw?’%ﬁ%ﬁ‘hﬂsf 5 LIOWEYED O riaitef'@vﬁ%nber
of di ffger egg; rigin thi %éiﬁ&*i&t})o?ﬁe' rs fofRind d Bn isf froagr  of
synbolfg one{(/\l/ﬁtlsc ;‘chs}]iﬁii gnatlheggsrrp e depends. nEd Eeﬂzxsgi agrammatic

r epr esent awhich the history-oft anycstate 88n tie traced backe for binary symbol s
according to the,inyention.is. shown in Figure 1.. A nuaber. of el ectronic
storage el ement ihﬁﬁéo‘éﬁ?lﬁﬂﬂg'ﬂ'm Y s P%?Qeaﬁiﬁgfm"meﬁeof st at es
bei ng chahinbEmodd! totprédict recéived B, Qviltiéyr are fstill ali¢.c WISy Patéat Nogy nbol s on
whi ch each _si gnal 20 sanpl e depends. This is also terned the inpulse

response | 8x@0ip16randrH 093,848 propose correcting the predisted o received yalyesfaro| ds (

associlSt calliftt e Sghainasd YBHHE sk touhlh, SEE acHiterted wollt IS 7Y . ang
an AGC or givetgente Bfpridiciel valaesofromtreceived Valeesowitls caisequent disfurietibnnecessary
to store the (n-1)-bit state nunber explicitly, because it is

inplicit i#nthepatents,ia rorrpetionayaluewas proposadnto hecstared ip gueny-stae, .

An inporta ‘ﬂse@ all,\gl@‘ﬁ. p&%}g 1 fbt&i)&eﬁecéi E&n%]a

appropri at giﬁ%%émo % t an?ﬂﬂ e(r%ﬁefrgl}g at1on prg%%g’ggg I C éir%gqﬂsed to
predi ct each othert toscogrest forsphaseodrift! Uasaddition| thelphase carrection fvalues wgre en
synbol, _sequence ansmjted. Oten the nodul ation,prqocess,is |inear,

~and i tlsandm@nm&}'t ‘Geh dine a sample A% Rcasseds e 2, difsetipn Y @8t i on:
amount that make the predictions agree better with received samples. A separate
phase correction value is needed for each state because only one state holds the true
postulate of the received data sequence, the other being in error, but as yet
sufficient information to tell which is the true postulate had not been processed. A

20  phase value can thus only be updated on the assumption that the bit sequence
postulate in its associated state number is true. When one of a pair of states is

selected as the preferred predecessor of a new state, the associated phasé correction
value is also selected to be the phase correction value for the new state, and is
updated. In this way, the phase correction value associated with the state that holds

25  the true sequence will have been computed and updated using the true bit sequence.

| For all states, the associated phase correction value will have been produced by

updates using the bit values in the associated history on the assumption that they are
correct. Each phase correction value is by this means kept consistent with other
elements stored against its associated state in that they are all based on the same

30  assumption that the associated bit sequence is true.
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Rgi) = Co.S(i) + Ad.S(i-1) + C2.S(i-2) ..... +C(n-2). S(i-n+2) wher e
Co,d,C...C(n-2) are n-2 conplex coefficients and S(i), S(i-1), etc., are
n- 2 successively transmtted bits of value +1 or -1. R(i) is the
predi cted, conpl ex recei ved sanpl e value for that conbination of
bits. The coefficients Co ..... C(n-2) 5 _ @are general ly established by
'sending a training pattern of data synbols Known a- priori to the

.receiver. This sync e £ aini.n terpn establi th | ex.
coefficients need'edhggg ngeghmﬁgifm%gf"ﬂgfpﬁ lng lﬁifgﬁ&&ﬁﬁ?ﬁﬁggmed
‘transm ssion . signal fof afdplifude \drify. Aﬁ\t'@meltﬁctdﬂrd»mliﬁgeﬁcto%ﬂsmo?éd inst each

However, it is possible that the %nal |l evel will drift between

these i nt erval StatgasrshowatintHigurgrle dThe Mifé aqton isnsed to scglel the reggivedesignal or

o Fi gure 1 1 RIS Fhes efE WiniArison so has the sl i Tediipd) ThE RGTT ©

dependent” 6n Sfactors areipdatedsduting! this process G/ direption and by ah mcunttiat will
nunber and one new synbol, which can be a 1 or a 0, V\/mch I's,_not yet

determned.  reducerfiie misaiatch still fusther s This-prosess avillnop be deseaibed d

-val dth
\(/?p?lef)gm (Qﬁ_al)mszfs%ﬂn;gﬁgx{ QE'Q ﬁe%rtggie{%?é&ﬁﬁg%&ueal %‘ch\?aﬁqﬂaemand

r represents tmismacleisred val ue.

(Ip-a-Ir)* + (Qp-a-Qr)? : eeresecanrecsenas ()
10 By differentiating with respect to "a" and equating to zero, the optimum
value of "a" is: '
a= Irfp+OrQp | e )
Irlr+QrQr :

If the signal and predictions are expressed in polar form (Rr,Ar) (Rp,Ap) the
15  expression for "a" becomes:

a = Rr cos(Ar-Ap) or LOG(a) = LOG(Rr)- LOG(Rp) + LOGCOS(Ar-Ap)
Rp

which well suits the use of logpolar signal processing.
When the scalmg factor “a® is applied to the predicted values, the square
20  mismatch is:

(ra-Ipf + Qra-Qp) e, 3)
By differentiating with respect to "a" and equating to zero, the optimum value of
"a" becomes:
a= Irip+0rOp | C eereereeeaen ()
25 . Iplp+QpQp :

If the signal and predictions are expressed in polar form (Rr,Ar) (Rp,Ap) the
expression for "a" becomes:

a= Rp cos(Ar-Ap) or LOG(a) = LOG(Rp)- LOG(Rr) + LOGCOS(Ar-Ap)
Rr

- 30 which well suits the use of logpolar signal processing. _
There are advantages and disadvantages for both these methods however.



This sumsquare nmismatch is added to the cunulative mismatch stored against *
t hat e and conpared with a val ue conputed sim fr t he
state nu%M#fferl ng 20 in the nmost significant bit %%@bg? nly. This

is the bit that is about to nove | eftwar ds one place and out of the
five-bit window that affects the I, Q val ues. . When state nunbers Qabc
and labc left-shift in a new bit 'd they both generate new state

nunber abcd and it has to be decided which of the two original states'
cunul ative path netrics plus a new suwsl(?fuare m smatch shall beconme the 25
cunul ative path nmetric for the new state nunber abcd. The decision is nade

as a e disadvaptage of therfirst methad isdhatithmdepominater ket QrQr gancbesomes or

oty o e r A BT Mo B £
state, t hednhadvahm?é ﬂfatuﬂﬁn&li&s&ﬂilﬁadﬁ‘s theesigrialy’ dr, Q¢ viaRies (afre increased by ol der

bits than those of the state nunber) are also copied fromthe sel ected 30

pr edecessothe$ealing fagtor, 0 thatthenoisier signal canteibytes jushas much egiphasis i, the

st oredgag
DT/ USS5] il?ﬁtgg:s as bef&ﬁ@ B 3 %Yter hand, the second method reduces the metric o

the state contributionsfram tfadedt sections gfcthé sigaal; ibut possiblylbyp ¢eo nuich tsb ¢hat tthe e,

o e oo 9 R PR 0
labc together vrfidtefoh€ a S"BC xn%ﬂcﬁ'bbﬂﬂs:ﬁﬂal‘ih&??%i&k on values": Wﬁs for

all 16 states are conpute hi's neans at conple tes one
iteration Qpposmdue@onsuﬁmoposedmmdul ate one signal sanple. _ ‘
10 @a-Ir - Ip/a)® + (a-Qr - Qp/a)® C veereseesennens )

When this is differentiated with respect to "a" and equated to zero, the
optimum value of "a" becomes:

a* = (I? + Q) / (Ip* + Qp? = Rr?/ Rp?

or LOG(a) = [ LOG(Rr) - LOG(Rp) }/2 eeeeereeetenene C)
15 If the mismatch expression (5) i is expressed in polar coordmates the equation
becomes: .
a2 RP + Rp? /a? - 2-Rp-Rr-COS(AT-AD) ~ .ccoevmcnsennene. ')

‘The first term is the same for all state numbers and therefore does not affect
the selection of the optimum predecessor states, so the term can be omitted from the
20 metric calculations. It can be desirable, however, to accumulate this termina
separate bin for the purposes of constructing the true, final metric value at the end
of a series of processing cycles. |
| The second term can be calculated, given LOG(a) and the predlctlons in
logpolar form as _-
25 : ~ ANTILOG{ 2[LOG(Rp)- LOG(a)]} T reeesseesesseseens (8)
The ANTILOG function can be implemented in a practical machine by
" means of a look-up table in read-only memory.
" The final term can be calculated as .
ANTILOG{ LOG(Rp) + LOG(Rr) + LOG2COS(Ar-Ap) } ........ ©)



The process described above will now be described in a step-by-step manner.
For the firwiogo8905 nunbered 0000, it is postulated that thedigusdaiibaohs
akso a 0. The term 00000 is thus applied to the channel nodel to
obtain the I, Q val ues t hat woul d be expected to be received given

t hat 00000 was transmtted. The actual 10 |, Q val ues received are
conpared with the val ues cal cul ated above and the sunsquare m smatch
i s conmputed. The sunsquare msmatch is addgfb_to the path metric for
state 0000, to get one of the two candi date values for the path nmetric for

t he new 0000 state. . e L6 ! ' ration s repeated
now usi ng state 100(-)(','.l evt\'ﬂu%%m{l r}éOCE%Cagpcg@%EﬁoglIeeﬁriq%@gﬁ&ﬁggg@o%m QbiF ?ﬁe
second candi daprecomputedivalues lof thieclygRhthin 6 twité the cosine oftthe hglecandi dat e
path nmetrics are then conpared, and the | ower path netric is sel ect ed.

The bit history frofheha" yﬂ"ﬁ&@@'hﬂm&ﬁghm&smmmusm,mt 1000
th b t kol g %éﬁ : . g t
sy(rartr;ol eﬁfgirymﬁwﬂ left %ﬁ?’?ﬁ teilg %ﬁ\?%&%ﬁéﬁﬁﬁ@ﬂﬁ%&%@%@i @Z‘mlf bi t
of the predeceinstantanconsovalues2ie substitted: fromnéxpréssionf (6) irito eRpreksiom (7) it will
The whol e procgss i epegted with the postulate that the new bit is a 1.
Thi s " o ¢ fund;that 723 caeels puty 58 HOLAGEHfa8108 is meeded. Vil it iscan

d 0 . . . J f
very pair of Erauanf b sling in general ., to Sbfind M ufipfihBE FAral RERRSWE O

every pair of predecessors i ng 1N new
states 0010 anperforbgnce (On6t asrgvod At Gvhenas shoothesl value of " £5is used steadBFOO0 and
0101), 0011 angd égééﬁéf{ es Iti.ngei n new states 10 and 0111), etc.

At the end of BW S YN 1p Comppiing, expressii{Aed |, Q sanpl e has been

processed 1gnd one eByd@nblid M%u%ﬁpﬁmwmww e ﬁ@%@'ﬁh&p@kﬁygﬁé‘ﬁks

hi stories overiwite other bit histories when o a palr
i s sel ected toandthei updatedivalue as a(kmiHdby atsuitable mpddtinglequatiorsberomesenor i es

saree. there i o clearly AT RekaDet Gar Ak ¢ mmy be
~ where "a" is the value calculated by means of equation (6) and 2™ is chosen to
simplify division to a right shift of "m" places. The value of "m" determines how
15  fast the demodulator adapts to changes in signal amplitude. In the case where
logpe#dr calculations are employed, it is appropriate to hold the value of LOG(a)
needed by equation (8).
| By denoting the current logarithm of "a” in state "k" as La(k,n) and by
denoting the next value as La(k,n+1), a suitable updating equation becomes:

20 . Lak,n+]) = La(k,n) + (LOG(a) - La(k,n))/2™
By substituting for LOG(a) from (6) the equation becomes:
La(k,n+1) = La(k,n) + (LOG(Rr)/2 - LOG(Rp)/2 - La(k,n))/2™ .......... (10)

This equation can be implemented in digital logic using fixed point

arithmetic with only additions, subtractions and shifts.

25 : For the embodiment where logpolar signal processing is chosen, Figure 2

~ shows the structure of a demodulator when the logpolar prediction values

Lp=LOG(Rp) and Ap and the logarithmic AGC values La(k) are distributed to their
associated states. The example values shown for the logarithm of the predicted
amplitude LOG(Rp) for each state assume an 8-bit integer representation of the

30  natural logarithm of Rp in the format xxxx.xxxx, while the phase angle values Ap
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PCT/ Usgﬁ/fs% . o , ~ pcrnUsesinzdes 10-
"extracted as the final decision, shortening the bit histories by one bit.
If this does not occur before the available bit-history storage is
full, the usual procedure is to sel ect as a final decision the ol dest
bit fromthe.state having the | owest cumul ative metric, discarding
the ol dest bits fromthe other states. wever, other alternatives 5

- exi st such as storing in the history nehories pointers formng a |inked

The. above. aseidaif stee Lle S f ety i Bt D38 87 6o 1 o (e

channel o R6% OF Ble AGESUAES 1LOG()S URSsaftietasSfor lOG@EP)d. U. S. Patent
Nos. , 136, 616 and 5, 093, 848 propose correctl(r;g the predicted or
recei ved val uesTheopémtion of et dest rswith she structure ofi Figure Zewillinowibeon,

Fecei ved varBech i el o Fewp Jr b ¥R i the Rl piRUARR S 120

“corr eclsi ONyYiakd'EOGRRpRAPIAVE dirkatlyeeh leatablishied for all possilile &-bit sequencBsese wer e
used to angul arly ro?ate the predicted or received |, Q values relative to
each ot her by foxexample tieptransmissionyof; 2 knowm, demedulator trainigg PMIEIR- correcti on

val ues, vere, 10 o PRSE Sak 03B IR RBI Wbt B g RN £0168 AhdF 6o
better wi t predictionwatues LOGERD), Ap arerselested for the casé) aewbits0randtapplied/ td ue i s
Of the r octieeEPelar melE-RERREET PRE BIaPe AGIJaiR LOGE) gy thas s © (.
out L ETY OB P gt wiflsote g, v postul ate had not beer
that the bit seqhemssric com?umsomphtdsrthe swn aquare imismatch twitle thewaidof | s
true. Wen orions (9, 1) and’) 2nd ANTILDG and LOG2COS look-up tables. The
mismatch is added to the path metric for state 0000, to get one of the two candidate
values fbr the path metric for the new 0000 state. ‘The metric computer 20 also
15  produces an updated-;candidaté AGC value using equation (10), for example.
The above operations are repeated using state 1000, with the postulate of a
new 0 to obtain the second candidate value for the new path metric and a second
‘candidate value for the updated AGC value. . |
The two candidate path metrics are then compared and the lower pat metric
20 s selected. The bit history and updated AGC value from the selected predecessor
state (0000 or 1000) then become the bit history and AGC value for the new 0000
state. In addition, the bit history i§ left shifted one place and the most significant
bit of the predecessor state is shifted into the first position. N
The whole process is repeated with the postulate that the new bit is a 1. This
25  results in .a new state 0001 which also had the possible predecessors 0000 and 1000.
The process is then repeated for every pair of predecessors such as 0001 and
1001 (resulting in new. states 0010 and 0011), 0010 and 1010 (resulting in new

states 0100 and 0101), 0011 and 1011 (resulting in new states 0110'and 0111), etc.




sél ected as the preferred predecess'or of a new state, the associ ated phase

correction , %E%ml ue is also selected to be the phase corrq,gl.' e
for the newwgta e, and is updated. In this way, the phase}ﬁc%g?#%h#i on

val ue associated with the state that holds 25 the true sequence will have
been conputed and updated using the true bit sequence. For all

states, the associ ated phase correction value wll have been produced by
updates using the bit values in the associated history on the assunption
that they are- correct. Each phase cor¥action val ue is by this neans

kept consistent w th other . elepents stored against its associated
state in that they rimplementations, of e Welkic computer are, Alsp iPossiblg sing e

associ at ed bi t caOREGSNECQ) fephdsefitation withIbkptiA 8 %Catesian conversion beir!gl 1

PCT/ US95/ 12409
| n the present perfioraved ynlook-upi tablesr t echnique is used to'correct the

factor s stored agWtEcoBBgRations of Ge Meie CORRYERare AN BessDia isig,lghear
oty Lo xR g € S oot i g VP PR,
are updat ed duiristegd offiLOGHahcanisdirectly upiated instead afdipdating LOGE¢a)t By idenotingl |
educe e S el Yabe s Il oA SRt b 05 Coocribed
values Ir,Q, the squareRa(n+l) STRa@ $( Rg’. /Rr -Ra(n) )/ 2=

which is implemented by calculating Rp® /Rr logarithmically.

10 An issue in the design of metric computers of the above type is the dynamic
range of the square mismatch values and path metrics, and the consequent
wordlengths necessary in the arithmetic. This problem can be avoided by either of
two means. The use of logarithmic arithmetic for the metric values also, or the
prescaling of the entire sample block received between demodulator training patterns

15  to a maximum amplitude of unity. The latter-method'iS somewhat simpler so it is a |
preferred implementatibn. The block scaling method operates as follows.

The receiver assembles a block of received complex samples, which may
conveniently have been digitized by the logpolar method. This has the advantage
that the sample amplitudes are available in logarithmic form, so that scaling to the

20  largest amplitude simply requires finding the largest logamplitude and then
subtracting it from the other logamplitudes in the block. The largest amplitude Rr
is then equal to 1. Preferably using known data symbols contained within the

- assembled block, the receiver then proceeds to determine the predicted logamplitude
and phase values LOG(RP) and Ap for each possible symbol sequence within the

25  finite channel impulse response length. These values of Rp will be on the same
order as Rr at least in the vicinity of the known training symbols used to compute
them and in the vicinity of but less than unity. Therefore, the initial value of "a" is

~ unity and LOG(a) is initially zero, Rp-Rp/a being also on the order of unity. The
term 2Rr-Rp-cos(Ar-Ap) will be on the order of 2, so that the square mismatch

30  will be in the vicinity of -1 for a good match and +3 for a bad match. This is due
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zero, the optinmum val ue of "a" is:

.......... (2) ' Irlir+Q Q If the signal and
predi ctions are expressed in polar form (Rr,Ar) (Rp,Ap) the 15 expression
for "a" becones: a = Rr cos(Ar-Ap) or LOHa) = LOXRr)-
LOG Rp) + LOGCOS( Ar - Ap) Rp which well suits the

use of | ogpol ar signal processing. -16- When the scaling factor "a"
IS lied t h i | . i i s
5 20P e eatondof s ppicbescary terin (aRS? BEA 1R Betric, WHHWo(H Have
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suits the use of |ogpolar signal processing. There are
advant ages fromjallithexmetrieSages for both these nethods however. WD
96/ 08905

PCT/ US95/ 12409 Thus, by the technjques__of block scaling and one of the above techniques to
limit metric growth, the dynamic range or wordlength needed for metric
calculations can be contained to practical values such as 16 bits or less..

10  Furthermore, by using adaptive scaling with a scaling factor separately adapted for
each Viterbi state in the demodulator, the demodulator can be rendered insensitive
to changes in received signal strength between the occasions on which it performs
block scaling or recomputation of the prediction values. -

In addition, the present invention can conveniently incorporate the automatic

15  frequency control method disclosed in U.S. Patent Nos. 5,136,616 and 5,093,848 to
obtain a demodulator that tracks both phase and amplitude changes over the block of
signal samples processed. The structure of an MLSE decoder having
simultaneously per-state AFC and AGC is shown in Figure 5.

The stored AGC values (La=LOG(a)) have now been paired with associated

20  phase correction or AFC values (Phi). The AGC values are used in the metric
computer as previously described while the Phi values are used in modulo 2Pi
addition with the received phase values Ar to correct them for progressive drift
prior to comparison with predicted phase values Ap. The AFC (Phi) values are
updated by rotating them in the direction that would make the received Ar values

25  agree more closely with the predicted Ap values. In the same way that two
candidate updated AGC values are produced for each new state, two updated AFC
values are produced and that selected to survive in the new state coi‘responds to the
predecessor state selected to give the lowest metric. In many app_lications, a very
simple method of updating the Phi values can suffice. If the value of Ar+Phi-Ap is

30 positive, i.e., 1 to 63 if 7-bit phase values are used, then Phi is reduced by 1 least
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Irlr+Q Q C%W zero because Ir and Qr are subj em pver
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fades, the signals' Ir,Q values are increased by . t he scaling
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5 netrics as.before. On the other hand, the second nethod reduces the
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by too nuch so that the faded si gnal not properly decoded even if
its signal refore, a netric
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Egggfsgzgl(f Kgl iftern, embedded jn the slghal SESHRAY bl Thiins 3P 2 Chafifts GG RAESH pfoct&!
‘e.g. correlation thh the known pattern. The prediction values unmodified by
scaling are initially the best possible values to use, if demodulation progresses

- starting with data near the syncword. Due to potential drift in amplitude and phase
away from the syncword however, the scaling and phase shall be updawd as
15  demodulation progresses ‘by means of the present invention. '

The metric implemented is that described by equation 7, with the first term
omitted, as it does not depend on the symbol decisions. The second term (Rp/a)® is
calculated using values of Log(Rp) and Log (a) where "a" is the scaling factor. The
initial value of Log(a) is set equal to zero (a=1). A subtractor 100 subtracts the

20 Log of "a" from the Log of Rp to obtain the Log of Rp/a. A one bit left shift in a
- shifter 104 doubles the value to the Log of the square. An antilog ROM 108
computes the 'expohential of the resulhni to obtain the value of the square.

1In parallel, the last term of equation (7) is computed. A subtractor 102
calculates the phase difference between the phase prediction Ap and the received

25  phase Ar, and also adds a phase tracking term Phi, which is initially zero. A ROM
106 contains a lookup table for the Log of twice the cosine of this angular
difference. An adder 101 adds the Logs of Rp and Rr and an adder 105 adds their
sum to the LOG2COS result stored in ROM 106 to obtain the logarithm of -
2RpRr.Cos(Ar-Ap+Phi). An antilog ROM: 109, which-as will be appreciated by

30  those of average skill in the art can be physically the same as the ROM 108 used on



| ogpol ar formas 25 ANTI LOE 2[ LOX Rp)-LOH a) }

(8) The ANTILOG function can be inpl enented,) tical

machi ne %96/089»5 means of a |ook-up table in read-only ngﬁg’pwﬁ%

The final termcan be cal cul ated as ANTI LOG LOGE Rp) +°
LOQ Rr) + LORCOS(Ar-Ap) ....(9) WD 96/ 08905
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The function LOG2COS can al so be |nplen§nted as a | ook-up table of
preconputed val ues of the Iogarlthn1of W ce the cosine of the angle.
The "a" val ye given by expression (6) .is an |ns}antaneous val ue, but

i nst ant andbtime,shared bagis 15 {hen psed tg.abyain the yalug of thederm. g, term rF§ expressi on

b cosi oreiPyRe ViR BblCRe MOV D dofi od RIS RRABMAY (D), " ©

factor i s meteidased W\tHeeVitérbspmcessmf Fxgure S.alThe mcaihg\nmmeo[.eg(a) ambthen
general, i '

, 1.e. . to define an |itude- riant netric, the
perfornan&g’afesdﬁﬁ'tm&?eﬁwﬂna?%é ‘gﬁﬁ@ahed value of "a" is used instead"

f t B
Genot ihg t he. cumRARKE iy 46 Spdafed R HBBORYRNSPA! Btrscllr 1 forms, | )
and the unﬂaﬂd'f’erewdethetucxﬂm Log df)Rp and thet bog of Rp givingrthecdopgnof Rp/Rrecones:

a( k n+) :ThegI Lht-sh ﬁlex 1031(3‘1\,{}%3 the éa E‘trexlenoe by two to obtain the log of the square
root of Rp/Rr, as suggested by equation (6). Then Log(a) is updated towards this
_ value by computing the difference between Log(a) and the target value in a : ' ‘

10  subtractor 110, right shifting the result m-places in a right shifter 111 to obtain a -
fraction 1/2" of the difference, then moving Log(a) towards the square root of
Rp/Rr by adding the fraction to Log(a) in an adder 114. The updated value is only
one of the candidate new values that have yet to be chosen to become the updated
value 6f Log(a) for a particular Viterbi state. The Viterbi algorithm depicted in

15  Figure 5 chooses the best predecessor state for each new state to be that which
results in the lower cumulative metric for the new state. The updated value of
Log(a) computed for the selected predecessor state, i.e., the value computed using
predictions Log(Rp), Ap from the selected state, is the value that is written into the _
La memory of the new state.

20 The phasé tracking value Phi is also updated in a direction to close the gap
between predicted phases Ap and received phases Ar. The gap is determined by the
modulo-2Pi adder/subtractor 102, which comprises correcting the prediction by
adding the current value of Phi. If the result is positive, i.e., an angle between 0
and +180 degrees, the Phi value is too large. On the other hand if the result is

25 = negative, the Phi value should be increased. These changes to Phi are made by an
increment/decrement unit 113. The result is one candidate for the updated Phi -
value, and the candidate which will be chosen to become the updated Phi value for
the new state is selected at the same time as the Log(a) candidate is chosen. The
Phi and La values are in other words selected from the same iteration of the

30  computer, being the iteration that produced the lowest cumulative metric for the



vf’/nere "a" is the value cal cul ated by nmeans of equation (6) and 2[err] is
chosen to wooensdés Pl ify division to a right shift of "nt' plgchgseshBfeval ue
of "n determ nes how 15 fast the denodul ator adapts to changes’s?in si gnal
anplitude. In the case where | ogpol ar cal cul ati ons are enpl oyed, it

I s-appropriate to hold the value of LOZ a) needed by equation (8).

By denoting the current logarithmof "a" in state "k" as La(k,n) and by

denoting the next value as La(k,n+l), a suiftable updating equati on becones:
20 La(k, n+l) = La(k,n) +'h ‘03 a) - La(kn))/2[err]

By substituting for L fro 6) the equation beco

. e pleseatinysit

Caginel) = L e Gy . snz%@eﬁmﬁ?ﬂ%\;ﬁgw AGC
ﬁ?fgﬁﬂg BesCs ng,d;ll in

fixed point and lmarit mtlgﬂ%&t%ﬁﬂ%&aﬁfﬁgns, gu trggﬁeons aggﬂé#iéftg.

25 Hinally selected by the Miterti algorithmas| the demgdulated ootpasi ng i s chosen,

Fi 2 h t he st t f d | gt when t.he.l I

br odi ot on val uss. he aboys SpsSFpRhY aBieriber, S TH-Grfer Prage FRERE Ao Send o

La(k) are gli stgrddtyjifase trackifgidops can alsé bemplofd Bipbeide gldtertoRiace ofal ues

shown for the |ogarithmof the predicted anpl i tude LOH for each
state assune &requensyternron @gds disclosedsinrd &. iRatendNosh§,136,616aad 5,993,B48ar i t hm

(9)2 / oRgglog the for Aty $A e )éi%fécia%i l;yethtogee of glad?r?ar? Qﬁllleinvtﬁia 'ﬂﬁsthgtothe prese)ﬁo
PCT/ US95/ 12409nvention can be embodied in other specific forms without departing from #fe spirit
for essential character thereof. The presently disclosed embodiments are therefore
10  considered in all respects to be illustrative and not restrictive. The scope of the
invention is indicated by the appended claims rather than the foregoing descript'ion,'
and all changes which come within the meaning and.range of equivalents thereof are
intended to be embraced therein.



assunme that the range 0 to 2Pi is represented-by integer val ues 0 to 127.
The wo b&gegsent ati on of the AGC values LOFa) is the ﬁﬁﬁﬁ

LOE Rp) . The operation of the denodul ator wit e structure
of Figure 2 wll now be described with reference to Figure 3. It is
assuned that th il§fion 5 val ues LOX Rp), Ap have al ready
been establ.i shealnmﬂmumnn‘“mt 5-bit sequences by for exanple the
transm ssion of & kifowh d&nodul*at or traé&_i ng pattern. For the
first state (0000), it is postulated th&t the new bit is a 0 and a pair of

pred| ctlonﬁ&gggé OX(Rp), Ap are selected far the case newbit=0 and applied-:
I

ar netric conputer along with the AGC value LOE a) from
that state and. 10. the received |ogpol ar signal values LOG Rr), Ar.
The nmetric conputer 20 calculates the sumsquare msmatch with the aid of

equations (7), (I8) arAl njethodafes demmiulating ordecodingogceiveskdigitat ddsa es. The
m smatch is_a t.o_t.he path.ne aor,. state 0000, to get one of the two
candi dat e o‘{j?ﬁﬁﬁgﬁls’f%ﬁm’ﬁ@gp%ﬁ%toﬁ c for the new 0000 state. The
netric conputer 20 alcpfiverting ﬂi&ﬁdmaﬁslgﬂawm arhleg bl dignhrto Bl al ue using

equation (10), for exanple. The above operations are repeated
usi ng < at aumgical signah samplegiost ul ate of a ‘new 0 to obtain the second

candi date value for t dj e.val ue
for the updated AGC \?gﬁ'ggﬁx\é %Bmuﬂﬁhw g‘ﬁ?sﬁ\g‘ W@'*&‘%” ﬁ%‘#&%@s are
t hen conpaifetethdftavurhiberaf possibletlymbel séquendes using acscaling ﬁhﬁbrlussoctutat ory
and updated AGC val ue, fromthe sel ected predecessor state (0000 or

1000) thenmﬂb%qwgdmmeﬁaomtvaemma missnatelvajue dor each (
state. %wn the bit history is left shifted one place and the nost
S|gn|f|cant > bit of the predeécessor state is shifted into the first

posi tikh. - accubinslatiigoiaid prismatels values foreadlt consevutive syrabelost ul at e
that the new bit is a 1. Thlgr results in a new state 0001 whi ch al so
had t he po&%@%ﬁ%ﬁé@%‘@l W&O@“&‘ﬁ@“ 000 The process is

then repeated for evehyo e%w@it%‘d ﬁgﬁg v?ﬁ'fo (re@%ﬁ L 1001

(resulting in new states 10 and 001 an new
st at es 0100oregoing seédyencexOthat eamlogmany preeedd 4 new sequencevtcs beaecunfidated and
0111), etc with the mismatch value from said new sequence, wherein said chosen mismatch
15  value identifies a best predecessor sequence; and
choosing the §ca1ing factor associated with said best predecessor and
updating the scaling factor to obtain the scaling factor to be associated with said

new sequence.

2. A method for demodulating or decoding a received digital data
20  modulated signal, comprising the steps of:
converting said data modulated signal from analog to digital to obtain
numerical signal samples; | _
collecting a number of said numerical signal samples in a digital
memory to obtain a sample block for processing;
25 determining which sample has a largest amplitude in said sample
block and scaling all sample amplitudes to said largest amplitude;
comparing said scaled signal samples with sample values expected for
each of a number of possible symbol sequences using separate scaling factors
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& her inpl ﬁnﬁmsa ons of the netric conputer~are al so possi bll,e us’us’:]’g“’

Cartesi an (I, Q—representation with | ogpolar to Cartesian conversion being

performed by | ook- O her conflguratlons of the
metric conputer mﬂ E‘&EH@! using logpolar 5 arithnetic, Figure 4
shows aconfigur t*e value (Rp/a)[err] is stored

i nstead of LOGa), and directly updated i “ead ofl-updating LOZ a). By

denotin _ the stored val ,, & suitaple equat,on
becorrles:g  associated with each oyﬂﬁ?ﬂ‘m%“ .seg;al#pﬁsmqr gﬁ{%fﬁqﬁf%rﬁgmémsc hy
2[ err] 8?8* &dh@h@éﬁ%@'tm by cal culating Rp[err] /Rr

| ogarithm cally 'An"I ssue in the design of netric conputers of
t he above type i s the dyetermining from ammcmfsectﬂhwesgmbobseqummmtm ues and

path netrics,  and the consequen ecessar

arithmetic. ngé“&%%lfmeaﬂﬂﬁo@awmcbém@e &"feg‘s flative mis W Wbﬂﬁs The
use of |ogari wisptingaid faRAS g:& B&otiRi forCh ddfiﬁr&!e%d si¥nal Qﬁ.gnmde
prescaling of the entlre sanpl e bl ock received Dbetween denDdu ator training
patterns 15 over saidrsampieblookpl i t ude of unity. The latter method is

somewhat sinpler so it is a preferred inplenmentation. The bl ock
scal ing nmet hod operates as foll ows. The receiver assenbles a

bllock of received gonpl eXpiefied! 18F deMBdGIRLIREYr decoding a digital data modulated
signal, comprising the steps of: |
converting a signal propoi'tional to the logarithm of an instantaneous
10  amplitude of said data modulated signal to obtain logamplitude samples and
simultaneously determining numerical values related to an instantaneous phase of
said data modulated signal;
associating said logamplitude samples with said phase-related samples
to obtain logpolar samples; |
15 collecting a number of said logpolar Sample pairs in a digital memory
to obtain a logpblar block for processing;
determining which sample in said block has a largest logamplitude
and subtracting said largest logamplitude from all the logamplitude values in said
logpolar block to obtain a block of scaled logpolar values; and
20 comparing said scaled logpolar values with values expected for each
~ofa number of possible symbol sequences using scaling factors associated with
each of said symbol sequences in order to determine the sequence that best matches
said data modulated signal. '

4. A method for demodulating or decoding received digital data
25  modulated signals, comprising the steps of:
converting the received Signals to obtain numerical signal samples;
comparing said numerical signal samples with sample values expected

for each of a number of possible symbol sequernices using an amplitude scaling

This Sheet Has Been Re[ilaced




conveniently have been digitized by the | ogpol-ar nethod. This has the
advant agewo 96/0890st hat the sanpl e anplitudes are avail abl e ipgrhfR@siishdm C
form so that scaling to the 20 | argest anplitude sinply requires finding
the | ar gest Ioganapt—r—t—uele—aﬁd—t-heﬁ— subtracting it fromthe other

| oganplitudes in the bl ock. argest anplitude Rr I's then equal to
1. Preferably us HH nbol s contained within the assenbl ed
bl ock, the recel to det@rnmne the predicted | oganplitude

and phase val ues LOG( RP and Ap for each possr bl e syrrbol sequence within

t he 25 | aatn@‘ﬁke Qﬂﬁ’f will be
on t he sarre aor er as ' egs a he VI Cl n|ty 6] s%hxems

training syirbodder ttsdetemmearrmstmtch value fohemlesequmet he vicinity of but |ess

than unity. Theref ore the initi val u ! unity and LOE a)
is initiall y zero, sﬁ@'& afg}!glé,cog,qecrepﬁetgymbph

term 2Rr. etfc?.? order of 2, so that the square
m smatch 30 . ng'ta’?@iotg#ahgls??—&ﬂ{?s; -1 for a good mat ch and +3 for a

bad matS8h. This is duehoosing mﬂ@ﬁsﬂaﬂﬁﬂanve mismatch value from among all
PCT/ US95/ 12409 6-
to onission %%%%ﬁ%@é&%@!@?ﬂwmemﬂt W@&rﬂ&#"ﬁ’ﬂm“\ﬁﬁﬁch woul d

have WHATRO Tl ffateh PAIBE FoNF s4if hidl! seliiidnee @eﬁac@taéntfgmg abbg Metrics
tend therefore, to gr ow negatlvely, but’ t I s _can be evented by a
variety of pmdeqeemmwace,mh as: adding 1 at each iteration;
subtracting the | owest o%smitthe[] gx% 1tude mtgrtJacCtoval Shgsé%g}recnon factor ‘

10 associated with said best predecessor and updating the selected factors to obtain the
amplitude scaling factor and phase correction factor to be associated with said new
sequence.

5. A method for demodulatmg or decoding a recelved digital data
modulated signal, comprising the steps of:
15 converting said data modulated signal to obtain numerical signal
samples; . _ |
collecting a number of saxd numerical signal samples in a digital
memory to obtam a sample block for processing;
determining which sample has a largest amplitude in said sample
20 .block and scaling all sample amplitudes to said largest amplitude,
comparing said scaled signal samples with sample values expected for
each of a number of possible symbol sequences using separate amplitude scaling
factors and phase correction factors associated with each of said symbol sequénces
in order to determine a mismatch value for each sequence; and
25 determining from among consecutive symbol sequences that are
loglcally self consistent that which has the lowest cumulative mtsmatch while
adapting said amplitude scaling and phase correction factors to account for changes

in received signal amplitude and phése over said sample block.
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5 the rest at each iteration; or, subtracting a nmetric only when it

exhi bi ts uRpebébsIeks fromall the netrics. %[ #,he
t echni ques of block scaling and one of the above techniques I m

metric growmh, t —wor dl engt h needed for netric

cal cul ati ons can be on actical values such as 16 bits or |ess.
10 Furt her nor e, m Hm ﬂ um scaling with a scaling factor '
separat el y adapt ed i terbi ia_at e in the denodul ator, the

dempdul at or can be rendered |nsenS|t|ve to changes in received signal

strength between t occas h, i.t erfo ock scaling or
reconputati on of the pr “&@%P‘\imula‘m decodmgaf‘!ﬂ“&ﬁ@?‘%l"@ﬂﬂ“

present i nventsignal, C@mp}gmgeﬂhée&bgbfl ncorporate the automatic 15 frequency
control nethod disclosed in U S. Patent Nos. 5,136,616 and 5,093,848 to

obtai n a denpdul at or t h&onvertinga Sl!gnahpmpanmmhtbalqganthmmmamﬁamas t he

naving sﬂﬂ%‘ﬁiﬁ'%&%'%ﬁ%gfod@f%ie 1 Bl ioenblinge. i %@.32"8"”

The stored AGSimultanesusly dete niiRérieal VA RIatRP D B ind
phase correctlon or AF vaI ues Phi). The AGC val ues are use |n t rretrl C
conputer as p whil e the Phi values are used in m)dul o]

or 0gr essi VZ“’SH}?“ “thé&%’aﬁﬁﬁ%ﬁqﬁsﬁjﬁﬁ%ﬂgé‘ﬁ &, s e aed Sps o

The AFC (Phi) toabtaiislogpelar samplesipdat ed by rotating themin the direction
t hat woul d nake the recei ﬁed Ar val ues 25 agree nore closely with the

predicted Ap val ues. | n°P geting Aonuipberiaof said; ggpolar samplesini aidigitalimemoryi torGC

val ues arg pr Qeusf4 l‘? IP%& two updated. AFC val ues are
produced and t hat to survive the new st-ate corresponds to the

predecessor state sel ectdettrmmmg wmdhi‘sanipwmmmblobk(has nargestlogdinplitidd;i ons,
a very si npl e nmet hod of, updating-the Phi values can suffrce. If the

val ue of Ar+Phi-Ap is 3§ubtrictiag tsaldelaraeslelogamplitsd%ﬁom all thej logamplitude yalues
are used, thefn B4 16gpol&Bi6dtodbtdin' 2Bk of scaled logpolar values; and

comparing said scaled logpolar values with values expected for each
15 of a number of possible symbol sequences using amplitude scaling and phase
correction factors associated with each of said symbol sequences in order to
determine the sequence that best matches said data modulated signal.

7. A method according to claim 1, wherein said data modulation is
performed using Phase Shift Keying.

20 8. A method according to claim 1, wherein said data modulation is
performed using Quadrature Phase Shift Keying. '

9. A method according to claim 1, wherein said data modulation is
performed using Offset Quadrature Phase Shift Keying.

10. A method according to claim 1, wherein said data modulation is
25  performed using Minimum Shift Frequency Modulation.
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significa%' |ft’andif Ar+Phi - Ap is negative, i.e., 64 to 127 if 7-bit
phase val ues are used, then Phi is increased by 1 |east significant

bit. e of a metric conputer that al so enbodies
si mul .t aneous |M“|(ﬂ“ﬂ“mmm“[; and phase tracking AFCis illustrated in
Figure 6. Received kogpolsar *data 5 Lﬁg(Rr), Ar are digitized and stored
-in a nmenory corresponding to one signal“™ segnent (e.g. TDMA burst).

The | t valye of log(R) in the data bl ock.can det.er mi ned
out si de the comblnt or AcRAPPGapeSIng fa cER | MBEEH i A modatoRIS Ol rr)
val ues, th@%ﬂ%ﬁ@%s&ﬁﬁ-ﬁlﬁ%iﬁmh{ ShifEFfequéhcy Modultiore of unity. The

prediction v S 0 Igure 5 are then conputed with the aid of a known
syncword 10 - pattern enbedded in the signal segnent by neans of a channel

bredi ot on val ulZ unfiolihed syt 6 o E, wherdin o8 AP HodBRKRRST "°
possi bl e Vﬁérﬁﬁ&eh%sﬂm%%uitf-l&él@ﬁpﬁtﬁ&%ﬁhﬁﬁcgmey modulatishar ting wi th data

near the syncword. Due to potential in anmplitude and phase away
fromthe syncword however, the scaling and phase shall be updated as 15

o r oSt onon T B hathbd FE&Hing g clffmbl, Sifidin' SiC 0y Mhduation s T
on tted, a?ﬁénﬂ%idmuﬁﬁmﬂgﬁmﬁdﬁﬁe AynplitkdecdModalatiors.  The second term
i's

(Rp/a)[err cal cul ated using val ues of Log(Rp) and Log (a) where
"a" is the scaling factor. The initial value of Log(a) is set equal

to zero (a= 1). sult § A t ﬁ%emﬁ : 1aRon id OM t he Log
of Rp to obtai nl@he Bo@ggl%’aﬂg}%&ng%gtﬁg if’ ‘f’e t gﬁ}dfé&?r?ggmaﬁmu
' performed using Impulse-excited, Quadrature Amplitude Modulation. :

15. A method according to claim 1, wherein said data modulation is
10  performed using Pi/4 -rotated Quadrature Phase Shift Keying.

16. A method according to claim 1, wherein said Analog-to Digital

conversion generates complex number pairs consisting of a real and imaginary part.

17. A method according to claim 1, wherein said Analog-to Digital
conversion generates complex number pairs in polar format having a first number
15  representative of the instantaneous signal amplitude and a second number
representative of the signals’ instantaneous phase. |

18. A method according to claim 17, wherein said first number is
approximately proportional to the logarithm of the signal amplitude.

19. A method according to claim 1, wherein said comparison involves
20  calculating the difference of the compared values and squaring it to obtain said

mismatch value.
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sfi fter 104 doubl es the value to the Log of the square. An antilog ROM 108
conput.es t heyeevdraoesnti al of the resultant to obtain the val Uecaiydobf2400
sguare. - In parallel, the last termof equation (7) is
conputed. A subtractor 102 — —carcul ates the phase difference between

t he phase predictio I ved 25 phase Ar, and al so adds a
phase tracking- tern'ﬂlmmmﬂu [',Hﬂm' tially zero. A RO\/I 106 contai ns
a |l ookup table for the Lodg o t he cosjxne of this angular -

difference. An adder 101 adds.the Logs of Kp and Rr and an adder 105 adds

'Itggia;ithm ofsumto Z%er_%'g’% uI.t Okﬁda%t WBOM to Obialn tg‘éesvmu

be appreci at edcdlyuldfing tﬁermﬁereﬁée ame&eﬂ \%hkldf thé‘cé:ﬁﬁaréd wgwmhpuﬁfmﬁe&ﬁéé y
‘the sane as the ROM 108 used on 96/ 08905

PCT/ US95/ 124090f the imaginary parts of the compared values and addmg the squares of sais -
‘a tinme shared Eﬁlﬁp the value of the term This
‘termis aﬂ%ré}e%ed romi itﬁe va uee ré(;mthe ROM 108 to obtain the

‘quadratic m smatch metric used in the Viterbi process of Figure 5.
"The scali ng val ue Lg?(a) and the phase drift conpensation PH are
‘then updat &d. mmgdmrdmg to glaim 1,owheseintsald eopmpagiseq gempares

(15, oo g Boroms i b Yo 1, L0 o o
divides the difference by two to obtain the log of the square
22. A method according to claim 1, wherein said comparison compares
complex numbers expressed in polar or logpolar form by computing the squared,
scaled radius of one number minus twice the product of the radii of the compared
10 numbers times the cosine of the corrected phase difference between the compared |

numbers.

23. A method according to claim 1, wherein said accumulation of
mismatch over self-consistent symbol sequences is performed using the Viterbi
algorithm.

15 24. A method according to claim 1, wherein said separaie amplitude
scaling factors are adapted after processing each one or more signal samples by
modifying them in the direction that would result in a closer comparison and thus
lower mismatch between the compared values.

25. A method according to claim 3, wherein said phase-related sapmles

20  comprise a first part related to the cosine of the phase and a second part related to
the sine of the phase. | '

This Sheet Has Been Rep

T




Yoot of Rp/Rr as suggested by equatlon (6). Then Log(a) is updated towards
this woakgpeby conputing the di fférence between Log(a)p sés7R4deRr get
yalue in a 10 subtractor 110, rlght shifting the result mplaces in a
‘right shifter 111 to obtain a fract%gn 1/2[err] of the difference,

t hen novi ng Log(a) towards the square roo Rp/ Rr by adding. the
fraction to Log(a) in an adder 114. ThFj)lﬂztﬁd value is only one of
t he candi date new val ues that have yet hosen to becone the updated
val ue of Log(a) for a particular Viterbi state. The Viterbi algorithm
depicted in 15 Figure 5 chooses the best predecessor state for each new
state to be whi ¢ Its the | ower cunul ative netric for the
new st at e. ég& dat eng&IWe o&lfét #A? (a) conmputed for the selected

pr edecessor .e., thev WE ¢ ed usi ng predictions

Log(Rp), re et ad st gt e, h | | Lnto the
La mmryﬁﬁf51ﬁu ﬁ?w g1§i(goé20 ﬁq eli' acki ng val ue Phij is
al so updat|gq dinee se predi ct ed |[phases
Ap and recgiF\'/«agiI h’ se*@r > { The 8:98 Aﬁg N U‘f‘.’gﬂQE nodul o-2Pi
adder/ subtjr.q 1142, e predi ction by
addi ng t hg 12@‘ P:Q]]‘ vctpzﬁ gp’l& result is positive, i.e., anlangle
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Z10- new state. In this way, the present -i nventi on guarantees t hat
the updat iwg 96r08966C and phase tracking val ues takes pbéﬁ%s%?ﬂz% t he
dest synbol sequence that will be finally selected by the Viterhbi

al gorithm as the denodul at ed out put. 2/5 The above description
‘describes a first-order phase tracking | oop. Second 5 order phase
tracking | oops can al so be enpl oyed to_provi de greater tol erance of
frequency error, as is disclosed in U.Fﬂ te Nos. 5,136,616 and
5,093, 848. It will be apprecrdted by those of ordinary skill
in the art that the present I nvention can be enbodi ed in ot her
specific forns without departing fromthe spirit for essenti al
character ths¥MBot. THS(Ppkserkp y LO66@) MEKRIC enbodi ments are therefore 10
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determ ning which sanple has a |largest anplitude in said sanple block -

and scaling all sanple anplitudes to saig/kargest anplitude;

conparing said scal ed signal sanples with sanple val ues expected for

each of a nunber of possible synbol sequences using separate scaling
factors 5 associated with each gi-'s id5ynbol sequences in order to
determ ne a m smat ch val ue fdr |eée’h equence; and

determ ning from anong consecutive synbol sequences that are logically
self consistent that which has the | owest cunulative m smatch while

adapti ng SYNBOL sbOGdRpTal Apg flagtPHl METRICaccount for changes in received
si gnal anpl i BItRYover{ 0101 Gaid sanple bl ock. MISMATCH FOR (00 A
met hod accofdinp, tq claim 1, wherein ngdul &tion of [The + NEWBITecei ved
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&15 5. A nmet hod according to claim1l, wherein nodul ation of the
recei ved swOm6epn890ss perfornmed using Ofset Quadrature PhasepSlvukésiéqg ng.

;6. A met hod according to claim1, wherein nodul ati on of the
recei ved signals is performed. using M nimys Shift Frequency Mdul ation.
7. A nmet hod according to claim21 wherein nodul ati on of the 20
received signals is perforned using Gaussian-filtered M ninum Shift
Frequency Modul ati on. , REPLACEMENT SHEET "D
96/ 08905 _ :
PCT/ US95/ 12409 -22-
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_ _ Arferted tof
received.signals is performed using Miulti-level anplitude, phase or '

frequency . nodul ati on. 9. A Pethod according to
clai m 1, whed s aid data nodulation is 5 perfor '

MUl ti - | evdeép%ﬁ%%rogture Anpl i t ude Nbdul ati on. BRYUS89%2409 et hod
according to claim1, wherein nodul ati on of the recei ved signals

I s perforned using | npul se-excited, Quadrature Anplitude

Mbdul ati on. _ 11. A net B¥H according to claim 1, wherein
nodul ati on of the 10 received signals is performed using Pi/4 -rotated
Quadr ature Phase Shift Keyi ng. 12. A et hod
accordi ng to cl gggcLANperei n said nunerical signal sanpl es
conprise conpl ex nunber pairs consisting of a real and inmagi nary _

part. 15 13. A nmet hod according to claim1l, wherein said

: , . . ; ol ar
Format having a 17t n B tof dersolilitgas Grkdes TSS i fisal not ant ncous
signal anplitudgcaifted ﬁ%ﬁ&n’ gorh the stepsof: ' €presentative of the
signal s' instantaneous phase. bk‘i@iﬁ‘é P

obtaining numerical signal samples from said received signals;

5 comparing said numerical signal samples with sample values expected for
each of a number of possible symbol sequences using a scaling factor
associated with each of said symbol sequences in order to determine a
mismatch value for each sequence;

accumulating said mismatch values for all consecutive symbol sequences
10 that are logically self-consistent;
choosing the lowest cumulative mismatch value from among all
foregoing sequences that can logically precede a new sequence to be
accumulated with the mismatch value from said new sequence, wherein said
chosen mismatch value identifies a best predecessor sequence; and
15 choosing the scaling factor aésociated with said best predecessor
sequence and updating the scaling factor to obtain the scaling factor to be

associated with said new sequence.

2. A method for demodulating or decoding a received digital
modulated signal, comprising the steps of:
20 obtaining numerical signal samples from said receive signals;
collecting a number of said numerical signal samples in a digital memory

to obtain a sample block for processing;
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14. A method according to claim 13, wherein said first nunmber is 20
approxj frately proportional to the logarithmof the signal anplitude.

WO 96/ 0
PCT/ usggﬁ%’z%‘b”“ ' PCT/US95/12499

15. A nmet hod according to cl'aim 13, wherein said conparison

I nvol ves cal culating the difference of the conpared val ues and squaring it
to obtain said msmatch val ue. -21- 16. A et hod
according to claim1l, wherein said conparison involves 5 cal cul ating

the difference of the real parts of the conpared val ues and the

difference of (he dofEaiidiag WM shipRihak ASageiBRpAidh 48 saiplc Bty ¢ he
squares of said differences to obtain said m smatch val ue

17. A net hodnchsnaﬁngih}hgamﬂe@nmiimdts tordaixt kargcsmnphtud;a;rpar i son
conpares conpl ex nc%rxlnb ea{q%g sad scaﬁede sxgna? sgmpla 8P v ures fe)%ergted for

each of a number of possible symbol sequences using separate scaling factors

5  associated with each of said symbol sequences in order to determine a
mismatch value for each sequence; and
determining from among consecutive symbol sequences that are logically
self consistent that which has the lowest cumulative mismatch while adapting
said scaling factors to account for changes in received signal amplitude over

10  said sample block.

3. A method according to claim 1, wherein modulation of the

received signals is performed using Phase Shift Keying.

4, A method according to claim 1, wherein said data modulation of
the received signals is performed using Quadrature Phase Shift Keying.

15 5. A method according to claim 1, wherein modulation of the
received signals is performed using Offset Quadrature Phase Shift Keying.

6. A method according to claim 1, wherein modulation of the
received signals is performed using Minimum Shift Frequency Modulation.

7. A method according to claim 1 wherein modulation of the
20  received signals is performed using Gaussian-filtered Minimum Shift
Frequency Modulation.
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10 18. A nmet hod according to claim1l, wherein said conparison
conmpares conpl ex nunbers expressed in polar or |ogpolar formby conputing

t he sq@qﬁa(i)G/@@gFed radi us of one nunber mnus tw ce tp&gﬁrj%f’%”o f the
15

radii t he conpared nunbers tinmes the cosine rected
phase difference bet ween the conpared nunbers. 19.
A nethod according to claim1, wherein said accunul ati on of

m smat ch over sel f-consistent synbol secdfences is performed using the

Vi t er bi : al gorithm 20. A nethod according to
claim1l1, wherein said scaling factors are adapted after

processing each org or Apdethod @oadirEabRlas 1D wheRii mytalgtiéhenthe 20 in the
direction that would result in a closer conparison and thus | ower

m smat ch bet wetasetvad sigolp 4p perfermedaising Multi-level amplitude, phase or frequeRgy| ACEVENT

SHEET WO 96/
PCT/ US95/ 12409’“"‘1818&%8‘?' |

9. A method according to claim 1, wherein said data modulation is

5  performed using Multi-level Quadrature Amplitude Modulation.

10. A method according to claim 1, wherein modulation of the
received signals is performed using Impulse-excited, Quadrature Amplitude
Modulation..

11. A method according to claim 1, wherein modulation of the
10  received signals is performed using Pi/4 -rotated Quadrature Phase Shift
Keying.

- 12. A method according to claim 1, wherein said numerical signal
samples comprise complex number pairs consisting of a real and imaginary
part.

15 13. A method according to claim 1, wherein said numerical signal
samples comprise complex number pairs in polar format having a first number
representative of the instantaneous signal amplitude and a second number

representative of the signals' instantaneous phase.

14. A method according to claim 13, wherein said first number is
20  approximately proportional to the logarithm of the signal amplitude.
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- 24- 11. A nmet hod according to claim1 wherein said data

nodul ation is performed using Gaussian-filtered M nimum Shift

Fr equercy,/ .on. . 12. A nmet hod acc ' im1,
wher ei nc‘?g\/gg/ggﬁ# nmodul ation is performed using WPE@%&&
anplitude, phase or frequency nodul ation. 5 13 A net hod
according to claiml1l, wherein said data nodulation is per formed using
Mul ti-level Quadrature Anmplitude Modul at-23n.. 14. A net hod
according to claim1, wherein said data nodul ation is performed using
| mpul se-excited, Quadrature Anplitude Mdul ati on. 15. A

met hod according {9 cl ahfhdihodB&ofdiRe &AAISRTH. SVHERIN LAY | | 0 perforned
using Pi/4 -rotated Quadrat u(r)e PhaéggShi ft Ke’yl( ng. b&?npér?soﬁ 16. A

met hod accor di ngvdlvescakiutatibg thehdifferencesaf the dormpargd valuéd ayidisghiaring it to

conver si on gener?atles. on'gl ex nulnber pairs consisting of a real and

i magi nary par t .obtain said mismatch valye. A met hod according to claim1, wherein
said Anal og-to Digital conversi on generates conplex nunmber pairs in
pol ar format having a first nunber 15 representative of the instantaneous
signal anplitude #d a fAauethdd acnobding to claim 1, wherein said comparison involves

5 calculating the difference of the real parts of the compared values and the
difference of the imaginary parts of the compared values and adding the

squares of said differences to obtain said mismatch value.

17. A method according to claim 1, wherein said comparison

compares complex numbers expressed in polar or logpolar form.

10 18. A method according to claim 1, wherein said comparison
compares complex numbers expressed in polar or logpolar form by computing
the squared, scaled radius of one number minus twice the product of the radii
of the compared numbers times the cosine of the corrected phase difference

between the compared numbers.

15 19. A method according to claim 1, wherein said accumulation of

mismatch over self-consistent symbol sequences is performed using the Viterbi
algorithm.

20. A method according to claim 1, wherein said scaling factors are
adapted after processing each one or more signal samples by modifying them
20  in the direction that would result in a closer comparison and thus lower

mismatch between the compared values.
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(57) Abstract

Amethodfordemodulahngordecodmgadigmllymod-
ulated data signal is disclosed wherein AGC parameters are re-
tained and updated or discarded in parallel with deciding the data
patterns most likely to have been transmitted. First, the received
signals are converted from analog to digital to obtain aumerical
signal samples. The numerical signal samples are then compared
with sample values expected for each of a number of possible
symbol sequences using a scaling factor associated with each of
the symbol sequences in order to determine a mismatch value
for each sequence. The mismatch values are then logically self- -
consistent. Then, the lowest cumulative mismatch value is chosen

from among all the foregoing sequences that can logically precede
a new sequence to be accumulated with the mismatch value from

the new sequence, wherein the selected mismatch identifies abest

predecessor sequence. The scaling factor associated with the best
predecessor is then chosen and the scaling factor is updated to
oblamthescalmgfactortobeassocmwdmththenewsequence
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conpl ex nunbers expressed in polar or |ogpolar form e 2. A<

met hod according to claim 1, wherein said conpari son conpares conpl ex
“nunbers expressed in polar or |ogpolar formby conputing the squared,

scal ed radi us of one nunber mnus twi ce the product of the radii of the
conpared 10 numbers times the cosine of the corrected phase difference

bet.ween the conpared nunbers. 23. A net hod accordlng
to claim1, wherein said accunul ati on of m smat ch over.

sel f-consi stent synbol sequences is perforned using the Viterb

al gorithm 15 - 24, A met hod according to claim1, wherein said
separate anplitude scaling factors are adapted after processing each
one or nore signal sanples by nodi fying themin the direction that
woul d result in a closer conparlson and t hus | ower m smat ch bet ween

t he conpared val ues. 25. A met hod according to claim3,
wherein said phase-rel ated sapni es 20 conprise a first part related to
the cosine of the phase and a second part related to the sine of the
phase.
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