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Abstra ct --  A 4-/16- /64-/256-Q AM demodul ator LSI with an all-di gital
carrie r-recovery  loop includ ing a novel phase detect or and a fracti onally-/
symbol -spaced equali zer is descri bed. The phase detect or, decidi ng the
transm itted symbol  from receiv ed signal  power,  detect s the phase error up
to +/-45 degree s and enable s the loop to intern ally elimin ate the +/-80 KHz
carrie r-frequenc y offset .  The fracti onally-spa ced equali zer is implem ented at
the same clock rate as the symbol -spaced equali zer by only increa sing the
select ors and flip-f lops, though the former  theore tically requir es a two times
faster  operat ion than the latter .  An LSI operating  at a symbol  rate up to 8
MBaud is succes sfully implem ented.

1.  Introd uction
Digita l cable servic es such as intera ctive TV and modem system s are now ready for launch .

The quadra ture amplit ude modula tion (QAM) techni que is a establ ished modula tion scheme 
for these servic es becaus e of its high bandwi dth effici ency [1]. QAM demodu lator LSIs are
desire d so as to realiz e low-co st cable system s [2-4].  For robust cable system s, the follow ing
two QAM demodu lator LSI functi ons must be improv ed. One is to elimin ate the carrie r-
freque ncy offset  mainly  due to the inaccu racy of analog  front- end circui ts such as a tuner.  The
other is to equali ze multi- path distor tion caused by reflec tions in the cable channe l.

This paper presen ts a 4-/16- /64-/256-Q AM demodu lator LSI with an all-di gital carrie r-
recove ry loop includ ing a novel phase detect or and a fracti onally(T/2 )-/symbol( T)-spaced
equali zer. The LSI elimin ates a carrie r-frequ ency offset  up to +/-80 KHz in an 8-MHz
bandwi dth, while conven tional LSIs empiri cally elimin ate an offset  less than +/-10 KHz. The
advanc e lies in a newly- developed phase detect or which detect s phase errors  up to +/-45
degree s. The T/2-sp aced mode is suppor ted in the LSI as well as the conven tional T-spac ed
mode, withou t increa sing the clock rate. The T/2-sp aced mode operat ion is achiev ed by
adding  select ors and negati ve edge trigge red flip-f lops to the T-spac ed circui try. The two
modes are contro lled via a serial -bus interf ace. A softwa re verifi cation strate gy result s in a
very high degree  of design  certai nty, so that the comple te functi onality of the LSI can be
guaran teed.

2.  System  Descri ption
Figure  1 shows a block diagra m of the QAM demodu lator LSI.  The chip has two carrie r-



recove ry circui ts and a decisi on-feedbac k equali zer (DFE).  The auto freque ncy contro l (AFC)
loop and the auto phase contro l (APC) loop constr uct the outer and inner carrie r-recovery 
circui ts respec tively. The AFC loop-f ilter output is fed back to the analog  tuner to coarse ly
elimin ate the carrie r-frequenc y offset .  The intern ally-close d APC loop remove s the remain ing
freque ncy offset  and phase jitter .

3.  Wideba nd Carrie r Recove ry
As the AFC loop does not finely  elimin ate the carrier -frequency  offset ,  the APC loop has

an import ant role in carrie r recove ry. The novel phase detect or, which detect s a phase error up
to +/-45 degree s, is the key compon ent of the APC loop.

A block diagra m of the phase detect or is shown in Figure  2. First,  transm itted symbol s
having  simila r power to the receiv ed signal  (Xi, Xq) are predic ted. Maxima lly four symbol s
(S1 to S4) are predic ted for every receiv ed signal  in the case of the 256 QAM. Then tangen ts
of the phase error theta betwee n the receiv ed signal and the predic ted symbol s are calcul ated
(E1 to E4). The absolu te values  of the tangen ts are limite d to less than 1. Thus, the detect able
range of theta is bounde d to +/-45 degree s. Each calcul ated error is assign ed to one of 16
region s. A phase error is detect ed when the same region  is assign ed by four consec utively
receiv ed signal s.

In conven tional phase detect ion the transm itted symbol  is determ ined as that neares t to the
receiv ed signal ,  as shown in Figure  3a. Thus, the detect able phase- error range depend s on the
QAM level.  The range is as small as 7.7 degree s for 64 QAM or 3.4 degree s for 256 QAM.
The propos ed phase detect or does not depend  on the QAM level,  becaus e it uses the receiv ed
signal  power as shown Figure  3b.

The detect able phase range decisi vely influe nces the APC-lo op perfor mance. The bounda ry
of the pull-i n range of the presen t APC loop is up to +/-80 KHz, while it is empiri cally less
than +/-10 KHz using conven tional circui ts.

4.  Dual Equali zing Mode
The DFE has 8 feedfo rward taps and 16 feedba ck taps, where T/2-sp aced mode is applie d

to the feedfo rward taps. The T/2-sp aced equali zer perfor ms better  than the T-spac ed one
becaus e of its wide bandwi dth [5]. Some previo us equali zer LSIs [3,4],  howeve r,  do not
suppor t T/2-sp aced mode because the mode theore tically requir es circui ts operat ing twice as
fast as those of the T-spac ed mode.

Figure  4 shows a block diagra m of the presen t equali zer. In T/2-sp aced mode, every other
input data are loaded  to the even-t ap circui t at the positi ve clock edge. The remain ing data is
loaded  to the odd-ta p circui t at the negati ve clock edge. Each circui t acquir es the data at half
the rate of the input data, theref ore the T/2-sp aced mode equali zer operat es at the same clock
rate as the T-spac ed mode equali zer. The two modes are contro lled via a serial -bus interf ace.

5.   Result s
A Signal  Proces sing Worksy stem (SPW;T M) hardwa re design  model was used to verify 

the LSI functi ons. The pull-i n time of the APC loop is shown Figure  5. In the cases of 10
KHz and 80 KHz the carrie r-frequenc y offset  errors  are elimin ated in 7 msec and 64 msec
respec tively. Figure  6 shows the I-phas e output  signal ,  Q-phas e output  signal ,  and APC
loop-f ilter output .  A breadb oard was fabric ated based on the hardwa re design  model and its
real time functi on was succes sfully confir med.



 Figure  7 shows a layout  of the QAM demodu lator LSI. The chip integr ates 880,00 0
transi stors in a die size of (12.87  mm*12.49 mm) using 0.5 micron  CMOS 3-meta l
techno logy. The supply  voltag e is 3.3V. The LSI is packed  in a 128-pi n QFP.

6.  Conclu s ions
A multi- level QAM demodu lator LSI with wideba nd carrie r recove ry and dual equali zing

mode was presen ted. The chip has a novel phase detect or circui t that uses the receiv ed signal 
power.  The signal  which has a +/-80 KHz carrier-f requency offset  is fully recove red in 64
msec. The T/2-sp aced mode is suppor ted in the LSI as well as the conven tional T-spac ed
mode withou t increa sing the clock rate. The T/2-sp aced equali zing mode is achiev ed by
adding  select ors and negati ve edge trigger ed flip-f lops to the T-spac ed circui try. The
techni ques of the QAM demodu lator LSI presen ted will decrea se the cost of digita l
transm ission system s.
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Figure 1.  Block diagram of QAM Demodulator LSI.
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Figure 7.  Layout of the QAM Demodulator LSI.Figure 6.  Simulated Waveform of APC Loop
(64 QAM, Carrier-Frequency Offset = 80 KHz).
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Figure 3.  Comparison of Phase Detection (16 QAM). 

Figure 4.  Block diagram of Present Equalizer.
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Figure 2.  Block diagram of 
                 Present Phase Detector.
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Figure 5.  Pull-in Time of the APC Loop (64 QAM).
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