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AMPLI TUDE PHASE 5 KEYED DI G TAL COVMUNI CATI ON SYSTEMS The present 1 AUG 2001
i nvention relates to anplitude phased keyed conmuni cati ons syst en%, QM
nore particularly to an inproved anplitude phased keyed digital symbol 10

digital synbol recovery is perforned by anal og threshol d process N

recovery circuit for use in an anplitutle phased keyed di gi
- conmuni cations system In conventional conmunication syst emm“mmmwm ”U lﬂ

(

and Q baseband signals. Any signal can be deconposed into orth g8nal

signals conprising in-phase (I) and quadrature (Q 15 signals. I n anplitude
phase keyed (APK) comruni cations signals, the transmtted synbol s are
typically recovered via sumand dlfference circuits operating, on the

orthogonaADﬂ%@ AdeBXNIBOLy RE &:B?MBL de of each
ob the signalKEYED BIGETALCOMMUYNICATION S MSide phase keyed synbol s
can be recovered. However, conventional conmunication systens are not
expandabl e nor programmabl e. 20 Conventional conmuni cation systens
typically do not process a very wde variety of signal constel]ations and

cannot be pr ogIBWGS% 191’%’@%@%% 3¢ praplitids, phased keyeds comaiupicationsy a
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conpl ex and costly to inplenent. Carrier lock status is conventionally
I npl emented using a conplex circuit configuration, and is also relatively
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performed by analog threshold processing of I and Q baseband signals. Any signal can

be decomposed into orthogonal signals comprising in-phase (I) and quadrature (Q)
15 signals. In amplitude phase keyed (APK) communications signals, the transmitted
symbols are typically recovered via sum and difference circuits operating, on the
orthogonal signals at baseband. With the knowledge of the amplitude of each of the
signals at the correct sample times, amplitude phase keyed symbols can be recovered.
However, conventional communication systems are not expandable nor programmable.
20 Conventional communication systems typically do not process a very wide variety of
signal constellations and cannot be programmed to process new signal constellations

using only a meniory upload sequence.

False lock detection is conventionally done by monitoring the bit error rate of
25 the system. which typically involves the use of added circuitry. Therefore, false lock
detection is relatively complex and costly to implement. Carrier lock status is

conventionally implemented using a complex circuit configuration, and is also relatively
costly to implement.

30 The present invention seeks to provide for an amplitude phased keyed digital
communications system having an improved digital symbol recovery circuit. The
present invention may permit the provision of an amplitude phased keyed digital

communications system having an improved digital symbol recovery circuit that is
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commuri cations system having an inproved digital synbol recovery circuit.
The present invention may pernit the provision of an anplitude ph§§%ﬁ67M7
keyed digital conmunications system having an inproved digital syhbo )
recovery circuit that is in~~nui~~nmu *GO (J 2* Z 1 AUG 2002 2 progranmabl e.
and expandabl e and that provides a nmeans for cost-effectively inplenenting
carrier tracking and recovery and fal se, | ock detection, automatic gain
~-control and that is capable of processihng a wide variety of signal

constel | at | ' nl nor vy, upl oad uence to adapt .to.the new
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addr esses corresponding to the in-phase and quadrature output signals

received thereby and a quadrature denodul ator coupled to the digital
synmbol recover yAgtordingttofthe inventom theraip providad eatigithl symbol resevery animtuitor

tputti A d anmplitud h d .k d nbol onding to the
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di gital conmmunications systenms and to the processing of anplitude phase

keyed synb&lusality of ¢ight bitewordy eemprising degadgd symbolcwstsrfehe rectived athplitudee
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(APK) signals. The digital synbol recovery circuit may store a plurality af
ei ght and a quadrature demodulator coupled to the digital symbol recovery circuit for

processing the decoded symbol sets and for outputting recovered amplitude phased

keyed symbols corresponding to the received amplitude phased keyed signals in
15 response thereto.

The present invention permits improvements to amplitude phased keyed (APK)
digital communications systems and to the processing of amplitude phase keyed symbols
transmitted over radio frequency channels. The adaptive baseband equalizer can be

20 arranged to receive amplitude phased keyed signals and provide outputs in-phase (I) and

J quadrature (Q) digital amplitude values corresponding to the received amplitude-phased
- keyed (APK) signals. The digital symbol recovery circuit may store a plurality of eight

bit words comprising decoded symbol sets of the received amplitude phased keyed

signals, and output the decoded symbol sets in response to addresses corresponding to

25 the I and Q output signals. The quadrature demodulator processes the received passband
symbols and output digital words representing recovered APK I and Q baseband signals

corresponding to the received amplitude phased keyed symbols in the radio frequency
(RF) channel. : : N

30 The I and Q signals may be sampled at the symbol centers and then quantized.
The digital amplitudes of the I and Q signals are input to a digital symbol recovery -
circuit. The digital symbol recovery circuit is programmable and adaptable to channel



bit words conprising decoded symbol sets of the received anplitude phased
keyed signals, and output the decoded synbol sets in response to pHAUERES
corresponding to 25 the | and Q out put signals. The quadrature denodul at or
processes the received passband synbols and out put digital words
representing recovered APK | and Q baseband signals corresponding to the
recei ved anplitude phased keyed synbols,in the radio frequency (RF)
channel . 30 The I and Q signals nay be ganpled at the synbol centers and
then quanti The di gital u he.l and Q signals are input to
a digital Vﬁgg?nsr QLo prggrp.gﬁ}ab 2\4%8“"8[ CIonsIegings that Qpiigpge symbeli ¢ i s
progr ammebk@okey AdaRindRlL thilerrdtaanre! 2 1 AUG 2002 3 distortions, providing
programmabl e adapt abl e deci sion regions that optim ze synbol recovery and
mnimze bit error rates. The digital symbol recovery circuit processes
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recovery circuit nmay b 0 process any_o
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channel.

15 A refinement of the present invention is that, for each symbol received, the
digital symbol recovery circuit outputs a I-bit quantized (bang-bang) phase error bit to
a quadrature demodulator indicating whether the phase of the received signal is ahead
of or lagging the estimated phase. This programmable capability drives a bang-bang
phase lock loop in the quadrature demodulator to provide coherent carrier tracking and

20 recovery. The circuit processes muitiple amplitude signals as well as constant envelope
P signals.

Because the present invention is programmable, AGC false-lock signals may be
provided as output sighals therefrom by means of a simple and highly accurate
25 implementation of the digital symbol recovery circuit. False lock detection is

conventionally done by monitoring the bit error rate of the communication system.

Another refinement of the present invention is that, if the bang-bang phase lock N

loop is in false lock, the bang-bang phase bit for certain predeterminable points in the

30 constellation will be predominantly 0’s or I’s. False lock detection in conjunction with
digital symbol recovery provided by the present circuit provides the programmable *

capability to monitor any selected constellation points and use the bang-bang phase bit



phase''l ock -l oop in the quadrature denodul ator to provi de coherent izr | el
tracki ng -and 20 recovery. The circuit processes nultiple anplitude: 'éﬂ&i@?
as well as constant envel ope signals. Because the present invention is
programmabl e, AGC fal se-lock signals may be provided as output signals
therefrom by neans of a sinple and highly accurate 25 inplenentation of the
digital synmbol recovery circuit. False Jock detection is conventionally
done by nonitoring the bit error rate of the conmuni cati on system Anot her
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use with an anplitude phased 15 keyed digital communi-cations system 20 -
Figure 1 illustrates an amplitude phased keyed digital symbol recovery circuit
constructed in accordance with the present invention for use with an amplitude phased

15 keyed digital communications system,

Figure 2 illustrates a 16 QAM symbol map that may be employed in the digital
symbol recovery circuit of Figure I,

20 Figure 3 illustrates a carrier tracking bang-bang servo map that may be
- employed in the digital symbol recovery circuit of Figure 1,

Figure 4 illustrates a 16 QAM automatic gain control map that may be employed
in the digital symbol recovery circuit of Figure 1, and

25
Figure 5 illustrates a false lock detection map that may be employed in the
digital symbol recovery circuit of Figure 1.
Figure 1 illustrates an amplitude phased keyed digital symbol recovery circuit
30 10 in accordance with the principles of the present invention employed with an

amplitude phased keyed digital communications system 20. Figure 2 illustrates a 16
QAM symbol map 21 employed in the digital symbol recovery circuit 10 of Figure 1.



125 Figure 2 illustrates a 16 QAM synbol map that may be enpl oyed 'Zn tulae
digital - synbol recovery circuit of Figure 1, Figure 3 illustrates 1 AUG 2002
cariier tracking bang-bang servo map that may be enployed in the digital
synbol recovery circuit of Figure 1, Figure 4 illustrates a 16 QAM
automatic gain control map that may be enployed in the digital synbol
“recovery circuit of Figure 1, and Fi gurg 5illustrates a false | ock
detection nmap that nay be enployed in tHe digital synbol recovery circuit

of Figure % Fi %u,re 1 illustrates an anplitude phased keyed digital synbol
recovery citt@life 1lugraigs 5 sarHer Backing: bangrhang spevopname? GI‘@IOYGﬂ in Hhe digisalent
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digital synHbstrates gvalss legk defeetionomap 24 eypleved, inFthg digital symbeb recovery a 16

QAM: aut omat J; ' rol map 23 enployed in the digital synbol recovery
Ci 'rvguit 10 éé[%ugﬁg&feﬁ%r—lrgure 5 illustrates a false | ock detection map 24
enpl oyed,in the digital synmbol recovery 5 circuit 10 of Figure 1. A
portion of the anplitude phased keyed digital communications system 20 is
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detector 32 conprising a bang-bang phase |ock |oop 33, a synbol clock
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loop 33, a symbol clock recovery circuit 34, I and Q sampler and quantizer circuits

35a, 35b, and an IF gain control circuit 36. The IF gain control circuit 36 has a

reference voltage applied thereto and a bang-bang phase bit 16 derived from the digital
15 symbol recovery circuit 10.

The digital symbol recovery circuit 10 is a programmable (memory uploadable)

circuit 10 that makes symbol decisions in the 1-Q plane for received signals containing

a wide class of amplitude phase keyed (APK) modulations. The architecture of the

20 digital symbol recovery circuit 10 comprises a large addressable random access memory
- 10a (RAM look-up table 10a) whose memory contents are addressed by 8 bit quantized

I and Q digital amplitude values 13a of received amplitude phased keyed signals 13 or
symbols 13.

25 In a reduced to practice embodiment of the present invention, the addressable

memory 10a has 256 x 256 (64K) locations (illustrated in Figure 2). Each memory

location stores an 8 bit word 25 that contains the decoded symbol "n-tuple" 14

corresponding to the received amplitude phased keyed signals 13. : )
30 By way of example, in the case of a 16-ary (i.e. 16 QAM) signal 13, four bits
(4-tuples) define each of 16 possible amplitude phased keyed (APK) symbol states. In

this case, four bits are read out from the digital symbol recovery circuit 10 (memory



reference voltage applied thereto and a bang-bang phase bit 16 derived from
the digital 15 synmbol recovery circuit 10. The digital symbol recovery
circuit 10 is a progranmabl e (memory upl oadabl e) circuit 10 that? Ard§3002
synbol decisions in the 1-Q plane for received signals containing a w de

cl ass of anplitude phase keyed (APK) nodul ati ons. The drchitecture of the
20 digital synbol recovery circuit 10 cgonprises a |arge addressabl e random
access nmenory 10a (RAM | ook-up table 1éa) whose nenory contents are
addressed by 8 bit quantized | and Qdigital anplitude values 13a of
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15 or automated phase control bit 15 (APC-bit) shown in Figures 1 and 3. An

additional bit determines whether of the amplitude of the received symbol 13 is greater
or smaller than the ideal amplitude of the symbol 13. This is an automatic gain control
15 bit 16 (AGC-bit) shown in Figure 4. For each symbol decision region shown in the
false lock detection map 24 shown in Figure 5, an additional bit is designated as a
"false lock detect" indicator bit 17. The false lock detect bit 17 shown in Figure 5

facilitates suppression of false lock modes that are encountered in the bang-bang phase
tracking system.
20

- Since the 256 x 256 memory locations of the random access memory are
- programmable (memory uploadable), decision regions for the recovered symbolsz 13
niay be arbitrarily changed. The decision regions may be redefined for other APK

symbol structures such as 8 PSK. 12, 4 APK, 64 QAM or many others. Additionally,

25 for any given symbol structure, the decision regions in the memory 10a of the digital
symbol recovery circuit 10 may be optimized to provide a minimum probability of
symbol decision error, by statistically analyzing the received sampies in 1-Q space, and

thereby adapting system 20 for near optimum performance in a particular distorting f
channel environment.
30

By way of example, for a 16-ary APK waveform, the digital symbol recovery  *

circuit 10 receives digital I and Q amplitude values 13a from an adaptive baseband



10 phase state shown in Figure 3. This datumfacilitates "bang-bang" phase
| ock 'l oop tracking of the conplex APK received sequence and conprises the
bang- bang phase bit 15 or automated phase control bit 15 (APC%bit?]$bbwm2in
Figures 1 and 3. An additional bit determ nes whether of the anplitude of
the received synbol 13 is greater or smaller than the ideal anplitude of
the synbol 13. This is an automatic gaiz control 15 bit 16 (AGC-bit) shown
-in Figure 4. For each synbol decision region shown in the false |ock
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expanded t dl) and quadrature (Q) signals 13a. For amplitude phase keyed communications (APK)

C
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signals, using knowledge of the amplitude of each of the signals 13a at the correct
sample times, amplitude phase keyed symbols 13 are recovered. In the present system
15 20, the I and Q signals 13 are digitally sampled at centers of the symbol 13a by I and
Q sampler and quantizer circuits 35a, 35b, and the digital amplitudes of the I and Q
symbols 13 are input to the digital symbol recovery circuit 10. For each received
symbol 13, the digital symbol recovery circuit 10 outputs the AGC bit 16 to the
quadrature demodulator 12 indicating whether the amplitude of the received signal 13
20 was above or below an ideal amplitude. This programmable capability drives an AGC
- bang-bang circuit (not shown) in the quadrature demodulator 12 to provide highly
. accurate gain control. The bang-bang bit stream (bits 14-18) is low pass filtered in the
quadrature demodulator 12 and the bang-bang AGC loop is closed.
25 An additional bit (the false lock bit 17) in each memory location is coded with
a "0’ ora " 1" depending on whether that point in the constellation is to be used as a
false lock detection point. Figure 3 shows the bang-bang carrier tracking map 22.
Figure 4 shows the AGC map,23. Figure 5 shows the false lock detect map 24. For all R
points designated as "false lock detection points”, the bang-bang phase bits 15 are
30 monitored to determine if there is a predominance of 0’s or I’s. If a programmable ratio
of 0’s or I’s is exceeded, the bang-bang phase locked loop is driven with either 0’s or  *

I’s by a programmable distance to approach the correct lock position. If another false



| arger words for nore conplex constellations. In the 16-ary APK e g E
the first 5 four bits define a 4-tuple 14 for the decoded synbol 1 AphilWl
is only in the instance of 16-ary APK waveforms. For 8-ary APK, 3 bits
represent the decoded synbol. for 64-ary, 6 bits represent the decoded
synbol. The fifth bit is the bang-bang8phase error bit 15 or carrier
tracking bit 15. The sixth bit is the bang-bang AGC error bit 16. The
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denodul ator 12 to provide highly accurate gain control. The bang-bang bit
stream (bits 14-18) is low pass filtered in the quadrature denodul ator 12
and t he bang-bang AGC | oop is closed. 25 An additional bit (the false | ock
bit 17) in each nenory location is coded with a "0'" or a " |I" dependi ng &n
" whet her that point in the constellation is to be used as a false |ock
detection point. Figure 3 shows the bang-bang carrier tracking map 22.
Figure 4 shows the AGC map, 23. Figure 5 shows the false | ock detect map 24.
For all points designated as "fal se | ock detection points”, the bang-bang
phase bits 15 are 30 nonitored to determne if there is a predom nance of
O's or I's. If a progranmable ratio of 0's or |'s is exceeded, the
bang- bang phase | ocked loop is driven with either 0's or |'s by a
programuabl e di stance to approach the correct |ock position. |If another
fal se




21 AUG 2001 8 5 lock condition is encountered, the process in repeated
until correct lock is achieved. Thus there has been described a nevy &G 2007
i nproved anplitude phased keyed digital comunications system conpri sing
an inproved digital synmbol recovery circuit. It is to be understood that

t he above-descri bed enbodiment is nere9y illustrative of some of the many
speci fic enbodi nents that represent applications of the principles of the
present iQLAIMSn. Clearly, nunmerous and ot her arrangenents can be readily
devised by those skilled in the art w thout departing fromthe scope of
the invention. s 21 AUG 2002 9 CLAIMS: 1. A digital synbol recovery circuit

br ogr anmabl ¢ abra LGB SRR sV SRLETION 60 8 Sblal UhpfiBIRELE B

adaptive haeRb@ncompridhg 7 progtakimable hddressableGartiont wcééslxﬁé&n&? (25)Hduphett wor ds
conpri sing decoded synbol sets of the received angﬂltude ased keyed
P

sPgnal s, @nthe pdaptiveithaseband gqurizendébuder sipnpgla phirality nofr eigho hiseworsls

B e AP 08 s 4 A A PP B

synbol refp\witputing sl decodd) synitiol BE8 AR T8ipdesd focadlessesiosbriddpsndiiioto gt s and
for outputting recovered anplitude phased keyed symbols corresponding to

the recei meehaa‘ﬁﬁml ﬂuﬁkatﬁrﬁa@@mtk%gt@& erejed Qnerqbwa@grﬂom@lrmrd@wdumom

circuit onmr. tude
phased ke@gﬁ gﬁg tb%g rgmﬁ@lﬁfe%b?er&gﬁ%cﬁ{rggﬁgggﬁ P 'Lfﬁmgotgg c@?@‘le

angpl | tUdesﬁﬁlﬁ(ﬂe%eﬁk5 ahcye& ( igy Mirebvert@t eaplikde phaee Reyeddisymbefs each
word are read out fromthe | gital symbol recovery circuit (10) and a

synbol deeprsespAndiag i dhe regeived amplityde phased |k9y¢¢eagmis &0 respense thevetoei n one
bit of each word conprises a

-

2. A circuit as claimed in claim 1, wherein the signal comprises an amplitude
phased keyed signal, and wherein K bits define each of 2* possible amplitude phased
15 keyed (APK) symbol states, and wherein K bits of each word are read out from the

digital symbol recovery circuit (10) and a symbol decision is made.

3. A circuit as claimed in claim 1, wherein one bit of each word comprises a
bang-bang phase bit.
20 _
4. A circuit as claimed in claim 1, wherein one bit of each bit word comprises

a bang-bang automatic gain control bit.

5. A circuit as claimed in claim 1, wherein one bit of each word comprises a
25 false lock detect bit.

6. A circuit as claimed in claim 5, wherein one of the false lock detect bit is
coded with a "0" ora " 1" depending on whether that point is to be used as a false lock R
detection point, and for all points designated as false lock detection points, the
30 bang-bang phase bits are monitored to determine if there is a predominance of 0’s or
I’s, and if a programmable ratio of 0’s or 1’s is exceeded, the phase locked loop is

driven with 0’s or 1’s to approach a correct lock position.



bang- bang phase bit. 20 4. Acircuit as clained in claim1, wherein one bit
of each bit word conprises a bang-bang automatic gain control bitg_]IAlﬁ;.m@
circuit as claimed in claim1, wherein one bit of each word conprises a 25
false lock detect bit. 6. A circuit as clained in claimb5, wherein one of
"the false lock detect bit is coded with a "0" or a " 1 " depending on
whet her that point is to be used as a fglse |lock detection point, and for
all points designated as fal se | ock det1 ction points, the 30 bang-bang
phase bits are nonitored to determne if there is a predom nance of 0's or
1's, and if a programmable ratio of 0's or 1's is exceeded, the phase
| ocked | oop is 7dpp A : ' Boil : C ition.
i 21 AUG 2002 10 ¢ln %gp%mn%?ip?ﬁ%e%gﬁgsﬁgl?gy%gﬂgl gl tgﬁsﬁg%&}uﬁnﬂ%&ﬂa@?‘s@%%yst em
conpri si ngadaptive bagsbandeequakizevAht) fequedeivimy arfiplithdé phasedeged siggala ) ahdde
phase keyed signals (1 and, fo rovj di ng i n-phase and quadrature digital
anpl i t ude g%ﬂ Efgglad&% ﬁéﬁéﬁ&%@%@fﬁ@% d@“ﬁbg@pl}@ée NHPIES CQERESHOMEE Reifie d
signal s as t 2S¢ e o S Jo0el Jdi i.gi synbol
eanvery olranelt yEpRA, Ptk Sendty s URDET il UMbl Hhefbon
including a digital symbol recovery circuit (10) as claimed in any one of claims 1 to 6.




