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Abstract: A high-speed equalizer based on a new algorithm:stop-and-go-DD-LMS CMA (SGLMS-CMA) for quadrature
amplitude modulation (QAM) signals is presented. It integrates conventional constant modulus algorithm (CMA) and deci-

sion-direct least-mean-square (DD-LMS) under stop-and-go principle. Matlab simulations indicate that, compared with

conventional CMA, the new algorithm performs five times faster in convergence speed, 3~5dB improved in rudimental

mean square error (MSE), 82% decreased in operation complexity and can correct a final phase ambiguity. As to the
equalizer block in the system,synthesis results show that the SGLMS-CMA + DD-LMS equalizer’s hardware consumption
is only 5% greater than the CMA + DD-LMS equalizer’s. Finally by using SMIC 0. 18um library to synthesis, the new e-

qualizer is embedded into QAM demodulation chip,and test results show that the new equalizer acts better.

Key words: CMA; DD-LMS; equalizer; convergence speed; phase ambiguity

EEACC: 1265A; 1270F; 6140
CLC number; TN402

PACC: 0650
Document code: A

1 Introduction

In order to remove inter-symbol interference
(ISI) caused by multi-paths in band-limited time dis-
persive channels,an adaptive equalizer is widely used
in communication systems. The algorithms used by
equalizers can be sorted by working mode into two
kinds: blind and non-blind. CMA is most popular in
blind equalizers. It has no need for training sequence,
no sensitivity to frequency ambiguity and phase ambi-
guity.and is easy to implement. But it is slow to be
convergent, only has effect on symbols’ amplitude
and holds a rudimental phase offset. When CMA is
convergent, the rudimental MSE is comparatively
great. DD-LMS algorithm belongs to non-blind algo-
rithms. It has effect on symbols’
phase.small rudimental MSE,and it is sure to be con-
vergent with the steady channel. As its MSE is de-
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pendent tightly on decision values, DD-LMS should be
used on condition that the decision values are basical-
ly right. Stop-and-go algorithm was proposed by Pic-
chi and Prat in 1987""'. Its basic principle is to stop
updating adaptive taps while the reliability of decision
output is not high enough. This algorithm is simply to
implement, fast to be convergent with small rudimen-
tal MSE,but an uncertain parameter § exits in its cost
function, which is fixed by experiment, and difficult
to obtain optimal value. This limits stop-and-go algo-
rithm’s application.

According to the characteristics of the algorithms
above,the equalizer use CMA and DD-LMS with deci-
sion feedback equalization (DFE) structure in high-
capable QAM receiver,as shown in Fig. 1. It is called
CMA + DD-LMS equalizer, which can receive data
with low error-rate combining carrier-phase recovery
(CPR) loop.
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Fig.1 Structure of the DFE equalizer
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DFE structure is infinite impulse response (IIR)
filter in nature, including feedback forward filter
(FFF) and feedback backward filter (FBF).FFF can
counteract forward interferes, and FBF is used to
wipe off the ISI of the former detected symbols™’ . At
the beginning, equalizer uses a large step-size to con-
verge the symbol amplitude in CMA stage. And when
eye-pattern is almost open and CPR loop removes fre-
quency ambiguity and phase ambiguity, it switches to
DD-LMS stage. DD-LMS firstly uses an initial step
(usually large) to continue iterative operation. When
the MSE reaches to the critical value that is set,equal-
izer is thought to be convergent and gradually decrea-
ses the step to the final step until it converges complete-
ly. The description of DFE structure is in Ref.[3].

For the slow convergence speed of conventional
CMA, especially in DFE structure, CMA’ s conver-
gence almost costs 80% of the time of the whole equa-
lization process, and the disadvantage of leaving a
phase offset increases the complexity of CPR’s design
and generates the need of derotator'*’,recently many
academicians dedicate to Modified CMA (MCMA).
Reference [ 5] proposed to use CMA in the real part
and imagine part of QAM signals, respectively,which
can correct phase ambiguity and increase little hard-
ware resource while convergence speed is not im-
proved much; Reference [ 6] followed the separate
method in Ref.[5] and proposed a new cost function
fit for the square constellation, it can also correct
phase ambiguity and improve rudimental MSE obvi-
ously; Reference [7] detruded the conclusion that on-
ly one part of real and imagine needs to be in equali-
zation with independently and identically distributed
(i.1.d) channels, which reduces 50% of operation
complexity,but only fits to square constellation; CMA
+ AMA ( Alphabet-Matched Algorithm) was pro-
posed in Ref.[8],that is,in blind stage using CMA to
initialize AMA, and this improves convergence speed
apparently, but it is too complex to implement and
cannot correct phase ambiguity. Those several algo-
rithms above improve convergence speed no faster
than 40% of the conventional CMA. In this paper,we
propose a new MCMA named SGLMS-CMA using
DFE structure, which modifies the cost function to in-
clude phase information,so it can correct phase ambi-
guity while convergence speed is five times faster and
rudimental MSE 3~5dB lower than the conventional
CMA.

2 CMA and DD-LMS

CMA is proposed by Godard™ in 1980, and its
cost function is:

J. = ELAY, [ = Réwa)" ] (D
where Réya = EL I |*]/EL|I|*], I, represents the i-
deal constellation points.and E[ . ] denotes the expec-
ted value'™'.
The weight updating function is given by
C,., =C, - /len,CMAX/i
=C, —uY,(|Y,]" - Reu) X, (2)
where C, is the weight of equalizer taps at time n,u
is called the step-size of the equalizer,e, cuais the er-
ror function, X, is the input of equalizer at time n,
and X " is the complex conjugate form of the received
data vector at time n.Assumed the taps’ length is L,
the equalizer output is:

L-1
Yn = ch.ixnfi (3)
i=0

Réuais different for each QAM mode and signal
power,and when the minimum distance of constella-
tion points is 0. 125 for 64QAM, Réya = 0. 22656.

DD-LMS is used widely for its facility, and its
cost function is given by

Jo = E( T, = Y, " €]
where I, , is the transmitted symbol corresponding
to the current output of equalizer, and A is the sum
delay of the transmitter delay, channel delay, other
modules before equalizer and equalizer self delay. Its
cost function is given by

Coog = Cup t /xerLLMsX;

=Cu,i+tp(D, - Y X, 3
Ciip = Cup + ,uen,LMSDr:

=C,p +tp(D, - YD, (6)

where D, is the output of equalizer slicer at time n,
L and C,; are the forward taps’ length and weight
at time n, respectively, while L, and C,, are the
backward taps’ length and weight at time n, respec-
tively. The output is:

Le-1 1

Y, = EC”_{.I'X”—I' + 2 ChwiDyi (7
i=0 i=-Ly

3 SGLMS-CMA

The cost function of the conventional CMA only
includes amplitude information, which makes it have
no effect on phase. We can improve it as follows:

Jo = ELAY, [P = Rew)® +[1n = Y, [7] (8

The above function transforms from one-stage
convergence to two-stage convergence, including
double-amplitude equalization and single-phase equal-
ization. Assumed that in CMA stage the values output
by slicer are basically right, Eq. (8) alters into
Eq. (9.

J. = EL(Y,]” = Rewa)* +ID, = Y, I”] (D

The mesh plots of Eqs. (9) and (1) are shown in
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Fig.2 Mesh plots of cost function (a) Conventional CMA;

(b) SGLMS-CMA

Fig. 2,from which we can see the meshes of the two
algorithms’ cost functions are very close, confirming
that CMA reacts as a dominant part in SGLMS-CMA.
According to the Orthogonality principle, when the
taps’ length tends to infinitude and E[e,X " ]=0,the
equalization is convergent to the optimal point global-
ly. At that point MSE is the least,accordingly V J, =
0.

Using stochastic gradient algorithm, the weight
updating function is given by

Cn+l = Cn _%/lv*]n

_ 1 23,

BT

— _L 23-’11 *

=G gm Iy, X

:Cn _#XZI:(|YH‘2_R%ZMA)YH_(Dn_Yn)]X;

1o
We can see that the error function includes e, cua
of Eq.(2),and some part like e, 1us of Eq. (6). Get-
ting rid of the coefficient 2 by including its effect on

the step-size,Eq. (10) alters into Eq. (11).

C.oo =C, - /l(‘ Y, ‘2 - %‘MA) Y. X, +
uw(D, — Y DX,

=C, - #CMAelLCMAXr: + #Lmsen,LMSer 1D
Because of the dissimilar implement targets of
CMA and DD-LMS, Equation (11) uses different

steps separately to enhance the new algorithm’s adap-
tive ability. In order to ensure the values output by sli-
cer are basically right in CMA stage, CMA’s power
constant R¥y, is used. According to the stop-and-go
principle, when the decision is dependable, DD-LMS
participates into the updating of weights,otherwise it
does not. So the final weight updating function of
SGLMS-CMA is given by
Coie = Cox — /ICMAen;‘,MAX: +

ntULMSeniLMSX: (12)
Criiin = Cup — /lCMAeJLCMAX: +
fn/lLMSeniLMSD: (13)
where™"”
1, ifsgn(|Y,|* —=|D,|") =
/o= sgn(|Y,|* = Réwa) b

0, ifsgn(|Y,[” =|D,|") #

sgn(|Y,|* = Réwn)

SGLMS-CMA combines conventional CMA and
DD-LMS under stop-and-go principle, and its weight
updating function includes CMA part and DD-LMS
part. The phase information is added into the upda-
ting function on condition that the direction of DD-
LMS convergence is basically right, which avoids er-
ror spreading and result converging to the local opti-
mal point effectively, and double convergent effect
would enhance the convergent speed markedly.

4 Simulation results and VLSI imple-
ment

In order to verify our proposed algorithm
SGLMS-CMA ., we built a transmitting and receiving
system of QAM signal on the platform of Simulink in
Matlab,and simulated in every QAM mode. By way of
observing the performance variety, we compare the
results of SGLMS-CMA and conventional CMA. This
paper only discusses 64QAM.

The lengths of FFF and FBF in this equalizer are
7 and 15, respectively. At first we set the weight of
FFF’s center tap 1+ 0i,while others 0+ 0i. The origi-
nal data firstly is modulated by 64QAM, of which the
minimum distance is 0. 125, then gets across the Addi-
tive White Gaussion Noise (AWGN) channel with
Signal to Noise Ratio (SNR) 33dB, lastly passes the
channel with ISI,and enters into equalizer. The chan-
nel used is given by & =[1,0.5,0.25,0.125,0. 0625,
0.03125,0. 03125], which is the approximate channel
model of ETS300473 standard constituted by Europe-
an Broadcast Union. The step-size of CMA is 27% ,and
the initial step-size of DD-LMS is 27 °. When the MSE
of 100 symbol cycles is accumulated, it is compared
with the critical MSE that is set,and when the equal-
izer arrives to the final convergence in CMA stage,
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The constellation figures of the equalizer data are
shown in Fig. 3 (without frequency ambiguity and
phase ambiguity) .

The performance standards for the equalization
algorithm are rudimental MSE, convergence speed
and operation complexity.etc?' .

The MSE curves of CMA and SGLMS-CMA are
shown in Fig. 4. When the equalizer is convergent in
CMA stage, the rudimental MSE of SGLMS-CMA is
about 3~5dB improved than conventional CMA.

The comparison result about convergence speed is
shown in Fig. 5, and axis Y represents the iterations
every time. They are initialized again and again after
being convergent. In the same time, the conventional
CMA converges for 64 times corresponding to about
50000 iterations in every convergence, while the
SGLMS-CMA for 360 times corresponding to 8000 it-
erations. So the later one’s convergence speed is five
times faster and is much more steady-going than the
former one.

For operation complexity, since the step-size’s
multiplication is usually implemented by shift,accord-
ing to the above result, conventional CMA needs 880
X 10* times of multiplication and 440 X 10* times of
addition, while SGLMS-CMA only needs 145. 6 X 10*
times of multiplication and 92 X 10* times of addition

from initiation to convergence. If we only consider
the times of multiplication and addition, SGLMS-
CMA reduces 82% operations of conventional CMA.
In addition,SGLMS-CMA can correct phase ambigui-
ty,as shown in Fig. 6. The result of correction is the
same as analysis in Ref.[4] in detail.

The new equalizer proposed is improved from the
conventional high-capable equalizer, so it uses DFE
construct. It adopts SGLMS-CMA to replace CMA,
while the control policy is the same as before. Firstly
it uses SGLMS-CMA to converge the symbol ampli-
tude and correct phase ambiguity,and when the MSE
reduces to the critical value that is set, the equalizer
would transform to DD-LMS to converge completely.
We do not propose the equalizer that merely use
SGLMS-CMA, for the rudimental MSE would reduce
some in DD-LMS stage.

The new equalizer is described by verilog, and
synthesized by SMIC 0.18um library, as shown in
Fig. 7. The reports of Design Compiler shows that,the
resource consumption of the new SGLMS-CMA + DD-
LMS equalizer is 5% more than that of the conven-
tional equalizer using CMA + DD-LMS. But as
SGLMS-CMA can correct phase ambiguity, which
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The new
equalizer

Fig.8 Layout of the new DVB-C demodulation chip

makes the system save the derotator of CPR,the re-
source consumption of the new demodulation system
is almost equal to that using conventional equalizer.
Considering the high request of the application, we
embed the new equalizer in the DVB-C (Digital Vide-
o Broadcasting for Cable systems) demodulation chip,
as shown in Fig. 8. Tests show that it can receive the
transport stream clearly,as shown in Fig. 9.

Table 1 gives a comparison between the DVB-C
chip with new equalizer and that with conventional
equalizer on condition of 64QAM mode and 355MHz
carrier. Lock time of the chip with new equalizer is
reduced to 15% of the origin one with conventional
equalizer, while hardware resource is some decreased
and other performance is little affected. The lock
speed now is more than five times faster,since CPR,
STL (symbol timing loop) and equalizer compose a

5 LllS
~"“Demodulation chip

|

Fig.9 Test platform of the chip
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Table 1 Performance comparison hardware resource. By using SMIC 0. 18,m library to
DVB-C chip With new With conventional synthesis, the new equalizer is embedded in the DVB-
cqualizer equalizer C demodulation chip, and test results show that the
Process/ 0.18 0.18 . . o .
rocess/ym chip’s lock speed is more than fix time faster,and it
Die size/mm? 2.72 X 2.72 2.73 X 2.72 .
can receive the transport stream clearly. Thus, the
Gate cost! 138,803 143,360 ) ] ] )
Lowest C/N ratio o1 2 91,6 proposed equalizer is suitable for the high perform-
Lowest signal level o " ance occasion with DFE structure.
input/(dB . ‘uV)
Highest signal level References
) 105 102
input/(dB « nV) o ) i o ) )
Lock time/ 2.2 12,8 [17] Picchi G,Prati G.Blind equalization and carrier recovery using a
ok t .
ock e/ ms "stop-and-go" decision-directed algorithm. IEEE Trans Commun.

Note 1:This number is not including SRAMs’ cost that has no rela-
tion with equalizer.
Note 2:C/N ratio means Carry/Noise ratio.

whole loop and affect each other in the demodulation
system. The improvement of equalizer would enhance
the whole system’s performance obviously.

5 Conclusion

In this paper,we propose a high-speed equalizer
based on a new MCMA named SGLMS-CMA by com-
bining conventional CMA and DD-LMS under stop-
and-go principle. Matlab simulations indicated that,
compared with conventional CMA . the new algorithm
performs five times faster and rudimental MSE 3 ~
5dB lower, corrects a final phase ambiguity and de-
creases 82% of operation complexity. As to hardware
consumption, synthesis results show that SGLMS-
CMA + DD-LMS equalizer only increases 5% hard-
ware consumption than CMA + DD-LMS equalizer,
but SGLMS-CMA equalizer makes the whole system
spare the derotator. That is,the new chip saves some

1987,35(9) . 877

[27] Proakis J G. Digital communications. 4th ed. Beijing:Publishing
House of Electronics Industry,2006:9

[3] Williamson D,Kennedy R A, Pulford G W. Block decision feed-
back equalization. IEEE Trans Commun,1992,40(2) .255

[4] YuanJ T,Tsai K D.Analysis of the multimodulus blind equaliza-
tion algorithm in QAM communication systems. IEEE Trans Com-
mun,2005,53(9) :1427

[ 5] Oh K N,Chin Y O.Modified constant modulus algorithm: blind e-
qualization and carrier phase recovery algorithm. IEEE Interna-
tional Conference on Communications,1995,1(18~22) :498

[ 6] Thakallapalli S R,Nelaiuiy S R,Rao S S. A new error function for
fast phase recovery of QAM signals in CMA blind equalizers.
IEEE Workshop on Statistical Signal Processing,2003:70

[ 7] Zhang Z,Takaya K,Dodds D E. A cost function for simultaneous
blind equalization and phase recovery of QAM signals. IEEE Elec-
trical and Computer Engineering,2005:2093

[ 8] Beasley A. Cole-Rhodes A. A blind decision feedback equalizer
for QAM signals based on the constant modulus algorithm. IEEE
Military Communications Conference,2006:302513

[ 9] Godard D N. Self-recovering equalization and carrier tracking in
two-dimensional data communication system. IEEE Trans Com-
mun,1980,28(11) ;1867

[10] Tao Yu, Wang Cong. An implement of equalizer in DVB-C re-
ceiver. China Digital Cable TV,2005,(22):2174(in Chinese) [}
5, EIE. DVB-C Sl fL b S iy i — Fpse gl o7 . A Lkl
2005,(22):2174]

— MM AT QAM F SR B & a8

K ¥ FHEA
IR RIA 2 B 5 A MOt B 5 TR ARG ¢

210096)

WE. BRI T R TR : SGLMS-CMA (15 3 QAM # 4 #% . SGLMS-CMA % %: 7£ stop-and-go JEFI48 5 F 454 7 £ CMA
3 DD-LMS B i . MATLAB fjj E R, 54 CMA Sy M L, B BV 3 A W SIGE B 5 /% Fl sk MSE 3% 3~5dB.iz &
FREEWR AT 82% , 1] 2 IE 5% B8 AR B9 4. 25 A 45 SRR W R I SGLMS-CMA + DD-LMS [ #i T 3 fi5 2% 5 CMA + DD-LMS ¥4 25 t
LU 22 G e A 2 e 1 B 1 T4 RGN 5% . 5 ] SMIC 0. 18pum T 25 JE % 3 B4 45 2647 454 OF EL#R A 3 QAM i I8 505 14 o

HEAT U - doe 2 I 25 2R 3R B T % 147 s A B U0

X : CMA; DD-LMS ; Hfide: WSk 5k B A O
EEACC: 1265A; 1270F; 6140 PACC: 0650
FESES: TN402 XERARIRED: A XERS:

x YLIR AR BHBOC T H ¥ B (HE S . BE2004004)
T {5 E# . Email : leoxiang_1982@ yahoo. com. cn
2008-04-23 it 5] ,2008-08-06 % fiy

0253-4177(2008)12-2353-06

©2008 EAETHE



