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ABSTRACT

The two most important constant modulus criteria are studied and
compared, exploiting recently obtained results. A theoretical
analysis of the performance is provided and excess output MSE
figures are derived. The answer to the title question is found to
depend on the output error power. In applications where the lower
bound for the output signal-to-noise ratio is small, typically less
than 8 dB, the CM(2,2) criterion can be employed. Otherwise, the
CM(1,2) criterion is preferable. This result can be of great help to
system designers, to select the constant modulus criterion that best
suits their application and their performance objectives.

I-INTRODUCTION

Constant modulus algorithms can be used in adaptive filtering for
channel equalization, interference cancellation or source
separation, in applications like data communications, frequency
modulation broadcasting or radar. Two criteria are realistic for
implementation in systems, they are denoted by CM(1,2) and
CM(2,2) and they are associated with the following cost functions

Jemn = El(L=]y, )2] (D
and Jewn = EI(1=]y, 2)2] 2

where y, denotes the complex-valued filter output.

The theoretical analysis of the performance of adaptive filters
based on these criteria is difficult, due to the modulus operation
involved. Most of the work on this topic has been carried out with
the CM(2,2) criterion, whose cost function admits a fourth order
series development and can exploit appropriate statistical tools,
like the kurtosis [1].

In contrast, no such possibility exists for the CM(1,2) criterion,
which has received little attention, in spite of its attractiveness for
implementation as pointed out in [2]. The corresponding
coefficient updating equation for the adaptive filter is

Hn+l=Hn+6(yn/yn_yn)Xn* (3)

with H , the coefficient vector and X n the complex conjugate

of the input data vector. This is just like the equation of the LMS
algorithm with step size 3, except that the reference sequence is

Y|V
and an RLS-like algorithm can be used to accelerate the
convergence and improve performance.

The purpose of the present paper is to exploit a set of critical
recent results to refine existing estimations, assess the
performance of the CM(1,2) criterion and provide a comparison of
the two constant modulus criteria. The first of these recent results
concerns the collinearity property : the optimal coefficient vector

. There is no high order term in the updating equation
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obtained with the CM(2,2) criterion is almost collinear with the
vector obtained with the minimum mean square error (MMSE)
criterion, when the output error power is small [3]. Next, an
upper general bound was derived for the excess output error
[4]. Then, a simple and efficient approximation of the CM(2,2)
cost function, which paved the way for an accurate estimation
of the excess MSE, was introduced [5]. Finally, a link was
established between the two criteria [6].

The paper is organized as follows. The Suyama-Attux
approximation of the CM(2,2) cost function is recalled in
section 2 and an extension is derived in section 3. In section 4,
the connection with the CM(1,2) cost function is developed
and performance estimations are derived. Simulation results
are given in section 5. In the final discussion, the application
areas of the two criteria are explicited and commented upon.

2-THE SUYAMA-ATTUX APPROXIMATION

The reasoning is as follows. Since the filter coefficient vectors
obtained with the MMSE and CM(2,2) criteria are nearly
collinear when the output error is small, since the excess MSE
is bounded by the square of the output error, which means that
it is very small in this case, then the CM(2,2) cost function can

be expressed accurately in terms of J the cost function

MMSE °
associated with the MMSE criterion. However, there is a
fundamental difference between the two cost functions, namely

J cMm 22 18 insensitive to the sign of the coefficient vector. Thus,

the correct approximation is the product

JCM22 = KJMMSE(H)JMMSE (_H) =KP “4)

with K a scalar to be determined. It is the starting point to
derive the relationship between the coefficient vectors.
In order to express the MMSE solution, the reference signal

samples S, are assumed to have a constant and unit modulus

and the output error is defined by

j— —_ t
e, =s,—y,=s,—H'X, 3)
with H the filter coefficient vector. The cost function is
2 2
Jmse = Elle,| 1=El|s, —y,| ] (©)

Now, the CM(2,2) cost function also must be expressed in
terms of the output error. Consider the quantity

A=(s, =y, =y, +y,)06,+y,) O
where y: is the complex conjugate of Yy, . To show the

relationship with CM(2,2), it can also be written as
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2 ® ® 2
A:(1_|yl'l ) _(Sl'lyl'l_sl'lyl'l) (8)
Returning to equation (7) and using definition (5) for the output
error sequence, the quantity A is expressed by

A=4|ek|2 —4|ek|2Real{sk_deZ }+|ek|4 9)

Then, the following series development is obtained for the cost
function

Jewn = n€n }I +
(10)
E[ el’l n l’l ) h
As concerns the product P in (4), it takes the form
(1D
and, invoking the constant modulus property of s,
2 2
P=4E[le,|" 1+ (Elle,| D’
12)

- 4E[|e | ]E[Real{sn \ }]
Finally, the relation between the two cost functions is
1
Joun = EJMMSE (H)J yyse CH) +
Real{sn ; }] (13)

1’

e H—4E[e

l'l

n n) }]__(E[

Now, in the next section it is shown that the term

l'l

E[Real{s e }] is a second order term. Thus, in the

n-n

above expression of Jy,,, all the terms are 4" order

terms with respect to the error sequence e, , except the first

one and a first order approximation is
1
Jeun = EJMMSE (H)J yyyse (—H) (14)

In order to obtain the optimal coefficient vector, a derivation
operation is carried out. To that purpose, the cost function (6) is

e, 2,WhiCh yields (15)
Jyuse(H)=1+H'R . H-H"'P . -H'P..
=E[X,X,] and P . = E[s,X,]

with R,

Next , the gradient of the MMSE cost function is
Grad[J s (H)1=2(Rex H=P ) (16)

After substitution of (15) into (14), derivation and some

algebraic manipulations, it appears that the MMSE and

CM(2,2) coefficient vectors are collinear and related by
2Real {H L }

CM 22
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Now, the ratio a = H ,,, / H ;5 can be expressed
in terms of the output mean square error denoted E,

— R _ *t
E, =1-H s Ryux H s =1~ HMMSE X
Substituting equation (18) into equation (17) leads to
_ 2d[1-E,)
1+a*[1-E,]
Hence, the first order
proportionality factor
a=H,y ! Hyyy ~1-E, 12 (20)
Thus, the MMSE and CM(2,2) coefficient vectors are
collinear and close when the MMSE output error is small
and the first order approximation (14) is valid. As

concerns the CM (2,2) output error power, it is given by
the classical expression

(18)

19)

approximation of the

E =E +
cM22 21
(HCM 2~ MMSE IR yux (H ey 0y = H )
Then, using (20) and (18),
Ecyyn =E,+(1-a)’(1-E)) (22)
and the approximation with two terms is
Eqyn =E,+E; 14 (23)

This estimation is well below the general bound given in

[4], which is approximately Eg .

3 - REFINING THE ESTIMATIONS

In order to obtain higher order terms in the above
approximations, the fourth order terms in equation (13)
have to be included in the estimation procedure and they

2
have to be related to (E [|en| 1)* in the vicinity of the
optimum To begin with, the statistics of the variable

—Snen have to be analysed and the mean is

= Elu, ]—E[snen]—l Els, X "H'] 24)
Next, invoking the collinearity in the vicinity of the

optimum, that is taking H = aH ,,,,.. , we obtain
= E[s,(s, - y)]1=1-a(l- E,)

m, =E,+(1-a)1-E,)
Comparing (22) and (25), it is observed that, as long as

(25)

the ratio @is smaller than unity, m, is greater than the

output error power E,,,, and the difference is

=a(l-a)(1-E,) 26)

m, —
The real and imaginary parts of ez are uncorrelated,
zero-mean variables and they have the same power. It is



worth pointing out that #1, is real and the rotation of e:

performed by s, has introduced a small bias on the real

part. Considering that the optimum is close to the first order
approximation, the following approximation is made

E[Real{(s,e}) ]I = Elle,|' 13/2 @7)

A similar approach can be taken to study the other fourth
order terms in the expression (13) of the CM(2,2) cost
function. Finally, summing up all the terms, the following
global approximation is obtained

1
= E‘]MMSE (H)J yypse (—H) + 3(E[

ei’l

)% 28)

Now, using equation (12) and the product P , the symmetrical
second order approximation of the cost function is
Jowm == P+ P’ 29)
2 16
The second order term in the above expression generates
additional terms in the expression of the coefficient vector ratio,
which is, after a number of simplifications

Jeun €,

Lo Hous _ 2d1-E,]+6E,
H e 1+a’[1-E ]+6E,

The second order approximation is

1 7 ., 1 7
a=1-—F +—E; =1-—E [1-—E 3D
2 0 8 0 2 O[ 4 O]

(30)

The corresponding output error power is obtained by substituting
(31) into (22) which yields

I .. 9
E o zEO+ZEO[1—§EO] (32)

Since the excess mean square error in (32) cannot take on negative
values, it is clear that this second order approximation can only be
valid for Ep<2/9.

4 - STUDY OF THE CM(1,2) CRITERION

The cost function (1) can be related to the cost function of the
CM(2,2) criterion, using the expression

A=y,

J =FEk— (33)
CM 12 [ (1+ yn )2 ]
which leads to (34)
1 1
Jewn :Z‘]CMZZ +E[(1-]y, )3]_ZE[(1_ Yn )4]

Obviously, no series development with a finite number of terms
can be found for this function. However, a fourth order

V)

approximation can be readily obtained since the term (1 —

is linked to the error sequence, through

1- |yn| ~ Real{s:en } 35)
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Therefore, the last term in the right-hand side of equation (34)
is a fourth order term while the middle term reflects the
difference between the coefficient vectors corresponding to the
two criteria. In order to assess that difference, an analysis of the
output error signal is performed.

The derivation of the cost function J cum 12 With respect to the

filter coefficient vector leads to the equation that defines the
filter coefficient vector

El1/)y,|-1)y, X ]=0 (36)
Therefore, the coefficient vector H cmi2 18 such that :
Y

Ryix H ey =E[ynX:]=E[ X;] (37

n

Derivation of equation (2) leads to a similar equation for the
CM(2,2) criterion

® 2 ®
R Hcyy =Ely, X, 1= E[ v X1 68

Y

For the sake of completion, the same presentation for the
MMSE criterion is

Ryiy H s :ElynX;J:ElsnX;;J (39
Now, the equalizer output Y, can be related to the reference

signal §, by y, =s, (+r)e’" (40)

where 7, and 6,, are the deviations in amplitude and phase

respectively. If the adaptive filter performs well, the output
error is small and a first order approximation can be made

y, =s, +(r, +j0)s, A

and the MMSE condition (39) takes the form
El(r,+j0,)s, X, 1=0 42)

Introducing the approximation (41) into equation (38) leads to
the following condition for the CM(2,2) criterion

Ely x'|=E|l0+3r, +j6 )5, x| @3

Similarly, for the CM (1,2) criterion, using (37)
Ely, x; = El1+ jo,)s, X, | @
The magnitude deviation 7, is not involved in (44) while it

comes with the factor 3 in (43). Therefore, the CM(1,2)
equalizer coefficient vector is closer to the MMSE vector than

the CM (2,2) vector. Now, if the MMSE Eo is small, the 3

equalizers produce nearly the same output Y, and the variables

r, and 0 , can be considered to be the same. Then,
substituting (42) into (43) leads to
RyixHyy = Ry H o +2ElrnSan;J (45)

and, exploiting the results obtained in the previous section and
introducing equation (20), the deviation term is approximated



« 1
2E[rnsan]z_EEORX*XHMMSE (46)
Next, turning to the CM(1,2) criterion and combining expressions
(44), (42) and (46) leads to the following relation between the
coefficient vectors

Hyp = Hypy 1+ E, 4] @7)
Accordingly, the output MSE is approximated by
E.y, = E,+E; /16 (48)

Clearly, the CM(1,2) equalizer comes very close to the MMSE
solution when the output error power is small. The validity
domain of the above estimations can be assessed by analysing the
fourth order term in (34), which is subtracted from the fourth order
terms contained in expression (13). Clearly, the validity domain
of estimations (48) and (47) is likely to be large and this is
confirmed by simulations.

S - SIMULATION RESULTS

An equalizer is considered with QPSK uncorrelated and unit
power symbols. The channel transfer function is

C(Z)=1+0.1c,e’™*z" (49)
The equalizer output MSE is varied by changing the value of the
real scalar C; The excess MSE values obtained for the CM(2,2)

criterion with a gradient algorithm are shown in fig.1. The
equalizer has N=3 coefficients and the MMSE solution is
computed from theory, according to the definitions, with no delay
on the reference sequence. The general bound is represented in the

figure. For ¢, =9 the output MMSE is E, = 0.177, which is
smaller than the validity limit 2/9 = 0.222 in equation (32). In
contrast, for ¢;=9.5, E;=0.213 and it is close to the limit. The

results obtained with CM(1,2) are shown in fig.2. The estimation
remains accurate for large values of the MMSE output error
power, as predicted.

6 — CONCLUSION

For small values of the mean square output error, the filter
coefficient vectors associated with the MMSE, CM(2,2) and
CM(1,2) criteria are nearly collinear. With respect to MMSE, the
proportionality factor is less than one for CM(2,2) and greater
than one for CM(1,2).

Considering (32) and (48), it appears that the excess MSE values
obtained with the two criteria are equal if E, = 1/6 which
corresponds to an output SNR close to 8 dB. This can serve as a
delimitation for the application areas of the two criteria. In
applications like QPSK data transmission, the lower bound for the
SNR at the output of the equalizer is generally taken greater than
10 dB, to achieve a bit error rate smaller than 10 and then,
criterion CM(1,2) can be recommended. The same applies to
frequency modulation with the threshold effect.

From a research perspective, the above results illustrate the
potential of the CM(1,2) criterion for blind adaptive filtering and
more effort should devoted to study further the properties of this
criterion and related algorithms.
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Fig.2. Excess MSE for the CM(1,2) criterion
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