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Abstract - This paper presents a eyetem for adaptive
carrler phage tracking which ie a part of the recelver
for QAM modeme' signale. The baesic module of thie eyetem
iz deciclon-directed gecond-order phase locked loop whoze
primary tagk ls to compensate phase and frequency offset
of the =ignal after eagualization. Bezides this, thea
gyetem includes the adaptive phasge Jitter predictor whieh
iz essential for high-efficlent performance in high-epeed
data tranemieeion. The predictor updating i realized
with the BLOCK LMS algorithm. This algorithm resches the
game performance ag the standard LHS, but is B=uch more
convenient for DSP implementation because It coneumee &

chorter procesging time.
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1. INTRODUCTION

Quadrature amplitude modulatlion (QAM) modem eignals for high epeed
data trancmisslon syctems over voiceband telephone channels shov
increaced zmensitivity to the phaze jitter; with enlargement of the
eystem efficlency number bit/e/Hz the error rate caused by phage
jitter becomee higher. That wasz the roason why the wall known
decieion-directed phace locked leoop, whlch ig a component of the
adaptive pascband egualizer (1], had to be subgtituted by m high-
pecformance adaptive eystem for phase Jitter =supproesion. Tha
adaptive predictor for the phase Jjitter +tracking, patented by
Gitlin (2}, hag provided good idear for building cacrier cecovery
Eystems that combine the desired convergence stability of the
cecond-order declelon phase locked loop (PLL) and the phase jliter
eupprecsion capablility of the adaptive predictor. The cascade
combination of these two modulee has originally improved by Geoch
(3] whe has designed the adaptive phaze locked leop (APLL).
Additionally, it is important to note a esimilar molution where the
bank of adaptive Infinite lmpulse responsge filterse (4] is used
ingstead of adaptive finite impulse response filter [2].

In this paper we present one melution of the adaptive phace locked
loop. The complexity implementation problem of the APLL is polnted
oul because of a large number of taps of the adaptive predicter we
need for the phace jitter efficient suppressicon. MNamely, gminula-
tions and experlimental measurements [5), (6) have shown that the
APLL has much more difficultics for low fraquenclez phage jitter.
Farticular problems come from phase jitter components at the ring-
ing frequancy (28 Hz in USA, 25 Hz in Yugoslavia). This problem
can be golved using the BLOCK LMS algorithm [6), [7) which ig more
practical for DSP implementation than the standard LMS algeriths
(8). In thie paper we shown just & part of regsults for 1280AM and
320A4 systems (CCITT V.33 and V.32) that illustrate performances
of the BLOCK LMS phaze lockod loop.

In Section 2. we deccribed a model of the signal at the input of
the carrler recovery eyetem. A raview of +the PLL, adaptive
predictor and APLL ie given in Section 3. The BLOCK LMS algorithm
ie introduced in gection 4. and resulte are provided Ln Section 5.
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2. SIGHAL AT THE INPUT OF THE CARRIER RECOVERY SYSTEM

Tha block diagram of the adaptive receiver for QAM eignals ig
ehown in Fig. 1. It ieg aesumed that tranemiesion ie ideal except
for the phage impalrments of the carrier at the output of the
equalizer. 80, taking thie model, the eignal at the input of tha
demodulator ie gliven with

Yi{n} = D{n) Exp[j!thT + gin))l + 7in) (1}

vhare D({n) 1g the two dimensional eymhol tranemitted in t=nT, .
ie the known carrier frequency, T ig the gymbol interval, «(n) is
the uncompensated carrier phase and nin) ig the additive white
Gaugslan nolse. _

The tranemission system, ag 1t ie known, introduces different
types of phace degradation and the convenient model of the carrier

phase i [1]
eln) = pa + AnT + p{n) (2)

where the constant phaee offget Lz g the conetant freguency

¥
offeet ie A and the phase jitter ie p?n}. Generally, the phage
jitter ig a random ®ignal but, taking Inte account the fact that
the moet typlcal sources of the phase jitter are the powar line
harmonice and/for ringling frequenciee, tha phaese jltter signal can
be defined with

5

pin) = £ A, sin(2nf nT) (3)
pe. :

wheres Ajand uj&fﬂ amplitude and fregquency of the phase Jjitter,

respectively.

3. DESCRIFPTICH OF THE CARRIER RECOVERY SYSTEM
3.1 Conventional PLL

The PLL ir derived from the firet-order declieion-directed phasa
lock loop orliginally designed by Falconer [1]. The block diagram
of the FLL and itz linear model are eghown In Fig. 2. The PLL

includee the angular error calculator, phaee loop filter and
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numerically controlled oscillator. The angular error ie
an angular offset of a complex Eymbol after demodulation with
regpoct to the tranemitted symbol and it ig determined with

1

-
v = Im.(zhf Bl Im (2D ) (4)

o,
where Im and * denote the imaginary part of ite argument and
conjugate-complex value, respactively.

The linear model ia valid for emall valuee of the phage error Eo
we can use approximation Einfp{h}-a{n}J#ﬂ{n}=p{n}~${nj+$[n], where
&{n) le nolze after demodulation. In thie case the transfer

function of PLL i=

Flz) z7'H ()
H.L{z} = elz) " (5)

1+ 27 (z)
P

whera w»{z) and Q{z] are the € traneformations of w=(n) and ?tn}p
regpectively. The tranefer function of the phage loop filter iE

(a +2,) - a 27t
H (2) = St (6}

| e T

where coefficlents a_ and a, datarmine ite passhand.

The eelectlon of the values of PLL coefficlente i basically the
problem of finding & compromiege between the wide-band filter
appropriate for phase Jjitter tracking and the narrow-band filter
dagired for better nolee rejection. Fig. 3. shovwe paveral plote of
the magnitude of H'L uping different valuves for coefficlients a
and a,- Theee valuee are optimized to reach the fartest convergen-
ce time of phasge error for & given nolse bandwidth ([6]. The
theoretical analyeer and practical reeultes eshow that the PLL
attaine stable convergence for phase and fr;quancy offgete. On the
other wiﬁﬂ the epectral content of the phage jitter ie variable Eo
wva muet uee the carrier recovery EyeEtem with adaptive psrametarse

and which will minimize noizge effecte at the loop output.

3.2. Phase jitter predictor and APLL

The phase jitter predictor and ite realization are ghown in Filg.
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4. The phaege eetimate ig given as a welghted sum of previous
valuee of the phacge

5 H-1
g(n) = T g gin-1) (7)
i=o "
whera W 1=0,...N-1, are adaptive coefficlients
The predictor ig a finite impulee responee filter whose tranefer
function is
-1 -z g =N

Giz) = gﬂ + g =z + gz ¥ ssat qu

. 2 (e)

Ae we can eee in Fig.d4., the gum of phasge error w{nj:p{n]-gfn]+
+#(n) and phase esgtimate ﬁ{n: ie applied at the input of the pred-
ictor inetead of signal e(n). Namely, this signal is vnknown for a
receiver and 1t 1e approximated with noisy phage ectimate
gin)+f(n}.
The efficlency of the phase 3Jitter suppression depende on ite
severity and on the length of adaptive predictor. ngerally, a
longer predictor will provide a better eynthesis of the phase
jitter elgnal. In the case when there 1s no. phage jJjitter the
predictor coefficlente will fluctuate arcound zrero wvalues g0 we
ehould not expect & nolse enhancement.
This adaptive predictor, ae we noted abave, ie ueed in combination
with the conventional PLL for degigning a high-performance esystem
for carrier phaee tracking. The etraightforward connection éf the
PLL (Fig.2a) and the adaptive predictor (Fig.d4b) in series is not
practical because a redundant function will appear (=licing,
angular error calculation, multiplication). The golution introduc-
ed by Gooch [3] overcomes the mentioned problem: the adaptive
phage lock loop which approximates geries of the PLL and the
derired predictor (Fig.da). The APLL is shown lﬁ Fig. bE.
Tha phaee error tranefer function of the APLL ie given with

#lz) - 8(z) (L = 2T

i
H¢rfz? B e—— = [1 = 277G({2]] — - -3
plz) 1 4+ {a‘+az]z - aiz

whara the first term in square brackete 1&g the ercor tranefer
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function of the adaptive predictor and the eecond term ie & corre-
eponding function of the PLL. In function (9) it is important to
note that the polee of the PLL are not changed with adding of the
adaptive predictor. Thie indicates that the APLL maintaine
the convetgence stabllity obtalned the PLL.

4. BLOCK LMS ALGORITHM

The predictor adaptatioen can be done, &as we eald, using the
etandard LMS algorithm. However, taking into account the fact that
better phare jitter ruppressieon regquireg a great number of coffi-
clentsg, it ig eclear that the complexity problem will appear. Az a
measure of a gufficlient predictor length, it ie practical to use
the relation stating the predictor should epan at least 1/2 of the

period of incoming eEinusold [4]1, i.e.
H =5k nf2ﬂfj T | S S e AR (1@)

The above relation showe that fqr the phage jitter at lover freg-
venciee the length of the predictor must be longer. For - instance,
tor sinusocides 2@, 50 or 3@0 Hz and baud rate 2488 the predictor
lengthe should be 68, 24 and 4, respectively.

The described preblem can be mitigated by applying the BLOCK LMS

algorithm which 1g lesr complex for the DSP implementation +than
the LMS algorithm. The ELOCK LMS algorithm i given with

s -9
g'(n+L) = g'(n) + A /L E w(n-m+1) $(n-m-1), 1=0,...N-1 (11

m=q

where (, 1 adaptation constant and L is block length.

The block length L determines the adaptation period for each coe-=
fficlent and, at the game time, it ie the length of a data block
which we uge for gradient estimation. Az we can Eee from (11), for

L=1 the BLOCK LMSE becomee the etandard LMS algocithm
g'(n+1) = g'(n) + f, win) #{n-i-1), 1=8,...N-1 {12}

The analytical and eimulation results [61,[7] have shown the BLOCK

LHS algorithm can reach the same convergence characterietice ae
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the LMS Iif the follovwing relation iz valid

fom . (13)

4.1 Algorithm for APLL

The complete algorithm for the APLL ie given with (14)

a) win) = Im{Z(n) D{ﬂ}.JIE[ID{ndz! PHASE ERROR
b} a{n] = étn-l} + azEwth + E;{n-ljl PLL
£,n) = £ (n-1)+ 8(n) + & typ{n) + P (n-1)3

c) BLOCK LMS ALGORITHM
i i e
g (n+L) = (ls+y)g{n) + f,/L L win-m+l) ¢(n-m-L), 1=@...N-1

m=1

d) S8hifting the delay line of predictor

e) $,(n) = w(n) + B (n-1) MEW INEUT DATA
H-1 |

£) @,(n) 2 Lg(n) § (n-1) PREDICTOR OUTPRUT
i=o

g} $in) = P (n) + $_(n) APLL OUTPUT

The eymbol E in (14 a) denctes encemble averaging.

It ig important to note that nermalization 1;|D{n]]= in (4) LE
replaced by 1;EE|D{nJ|1J in {(l4a). The rimulatione have shown that
the last method of normalization is more convenient because the
variance of the phage aerror i gmaller. In.addition, in (l4c) we
introduced a Emall poasitive consztant . Thig ie the “"leakage™ (9]
parameter Iimportant for stable convergence of the digital imple-
mentation, for the game reaszon as  for fractionally sepaced

equalizers.
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4.2 Implementation complexity

The BLOCH LMS algorithm ie guitable for mignal procesgore impla-
mentations because their architectures provide efficient maultipli-
cation with accumulation. Herein we examine +the implementation
With proceseocr THE320C25 which we used for modem V.32 [1@81. He
coneldered program modules for both algorithms and found the rela-

tioneg for the number of instruction cycles

for LMS: 12 + 3H
for BLOH LME: 23 + M {15}

where for the BLOCK LMS algorithm we set L=H.

5. TESTING RESULTS AND CONCLUSIONS

Herein we present testing results whieh illustrate the efficlency
of the APLL with respect to sinuszeidal phaze jitter. The egimula-
tione were carried out for 1280AM eyetem where we had the T/2
passband equalizer with 48 coefficiente. Fig. & ehowe the phase
error convergence for the APLL with the PLL bandwith 2@ Hz and the
adaptive predictor with MN=64 coefficients. The flat channel intro-
duced the phage jitter at the freguency of 28 Hz and the amplitude
of 1@ deg. The adaptation conctante were Eelected to satinry. the
relation (13}, ﬁh=2'°, ﬁ;=2_L and L=32. It i important to ' point
cut that the train seguence war in accordance with CCITT V.33 and
that we used the follewling timing for different modules of the
equalizer:

1. Segment "A,B,A,;++.B" = the PLL was turned on

2. Training eegment - equalizer updating

3. Predictor uvupdating started 250 T after turning the egualizer on.
In Fig. 6 ve can see that the BLOCK LMZ algorithm ehowe tha Eamo
convergence of the phase error sg the standard LMS,

Tha efficiency of the APLL in the caze of multi-harmonice phace
Jitter im illumtrated in Fig. 7. Thie plet showe the eignal conet-
allation of the 128Q0AM eignal at thea output of the T/2 equalizer.
The eignal wae sampled at the period of 17808 eymbol intervale
imrodiately after training. In this case the gignal-nolse ratlo
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wag 35 dB and the phaee jitter freguencies and amplitudes were
flzﬁﬂ, fzzlﬂﬂ'r f"—‘lEﬂ, f4‘—'3ﬂa Hz and ltzﬂ, .ﬁ.zzﬁ, .ﬁa:d, 14:2 deg.

The described APLL is alego uesed in modem V.32 whiech e implemen=
ted on THS328C25. Herelin we gelect zome experimental resulte obta-

ined under the following conditione: flat channel, =ignal level
R”=-ZB dBm, phage jitter 68 Hzr and rate 5690 bit/e. Flg. 8. showe
the error rate for different amplitudes of the phaege jitter.
Firet, we turned off the adaptive predictor 8o the carrier
raecovery system wae reduced to the conventional PLL. The giwven
rerulte indicate the high level of the residual pharge jitter and
baecauge of that increased error rate. Aleo, it ie clear that PLL
ie not appropriate for the 32Q0AM =yztem. After that we repeated
the messurements for the APLL (predictor turned on) and obtained

very close resulte independent of amplitude of the phase jiltter.
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Fig. 5. Adaptive phasas
locked loop (AFLL)
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