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HYBRID MODULUS BLIND EQUALIZATION FOR QUADRATURE
AMPLITUDE MODULATION (QAM) RECEIVERS

FIELD OF THE TECHNOLOGY

[0001] At least some embodiments of the invention relate to blind equalizer in
general and, particularly but not exclusively to blind equalizer for Quadrature

Amplitude Modulation (QAM) receivers.

BACKGROUND
[0002] Quadrature Amplitude Modulation (QAM) can be used to represent
data by changing, or modulating, the amplitude of two carrier waves, which are
out of phase with each other by 90 degrees and are thus called quadrature carriers.
The quadrature carriers can be modulated in amplitude to represent digital
symbols being transmitted. When the amplitude of modulation in the two
quadrature carriers for a symbol is represented along the real and imaginary axes
in a complex plane, the symbol can be represented as a point in the complex plane.
A set of symbols used in a QAM scheme can be collective called a constellation.

A constellation diagram shows the set of symbols in the complex plane.

[0003] A rectangular QAM constellation includes a set of symbols arranged
on arectangular grid. Rectangular QAM constellations may not be optimal in that

the points in the constellation do not maximally space from each other. None
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rectangular QAM constellations may also be used to improve separation, but they

are harder to modulate and demodulate than rectangular QAM constellations.

[0004] As the bandwidth demand increases, higher and higher QAM sizes
have been adopted in many latest applications, such as DVB-C receiver and cable
modem. The specifications for such applications include the ability to handle
severe channel conditions such as low signél to noise ratio (SNR) or large echoes.
To mitigate such impairments on the channel and to correctly recover the

transmitted signal, various channel equalization technologies are employed.

[0005] Signals transmitted through a transmission channel suffer from
non-ideal channel characteristics such as Additive White Gaussian Noise
(AWGN), Inter Symbol Interference (ISI), fading, and phase distortion, etc. The
transmitted signals can be distorted by the channel characteristics, which is

typically unknown.

[0006] Equalization is a technique used to reduce distortion and compensate
for signal loss (attenuation). Typically, an equalizer uses an adjustable filter
which is adjusted to compensate the unknown channel characteristics. Blind
equalization is a type of technology, which does not use any training sequence and
thus reduces the system overhead. Blind equalization has been widely used to
adapt the receiver to the channel conditions. Many blind equalization algorithms

have been developed.
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[0007] C.R. Johnson, et al., described a Constant Modulus Algorithm (CMA)

in "Blind Equalization using the constant modulus criterion: a review, Proc. of
IEEE, Vol. 86, Oct. 1998. See also "Self-Recovering Equalization and Carrier
Tracking in Two-Dimg:nsional Data Communication Systems by Dominique N.
Godard in IEEE Trans. Communications, vol. COM-28, pp. 1867 - 1875,
November 1980.

[0008] Constant Modulus Algorithm (CMA) is a simple and effective way to
achieve channel equalization. A Constant Modulus Algorithm minimizes an error
function for equalization. The error function is based on the difference between
the equalizer output and a constant constellation radius:

[0009] [y K]

[0010] where y is the equalizer output; K a constant; and p and q are typically

integers.

[0011]  Figure 1 shows a block diagram of a conventional CMA-based blind
equalizer. In Figure 1, the adjustable filter (101) has a number of coefficients, also
referred as tap weights, which determine the transfer function of the equalizer.
The input signal to the adjustable filter (101) may be distorted due to the unknown
channel characteristics. The adaptation engine (109) adjusts the tap weights
according to the error generator (105) to reduce the error between the output of the
adjustable filter (101) and the constant modulus (107). The decision engine (103)
identifies the symbol being transmitted from the output of the adjustable filter (101)

to generate the decision output (103). The tap weights are continuously adjusted
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by the adaptation engine (109) to reduce the error until the equalizer converges.

[0012] A CMA equalizer has a large convergence range. However, since a
CMA equalizer uses only one modulus, a large amount of residual mean square
error (MSE) may exist after convergence, due to adaptation noise. The residual

error may cause decision errors for high order QAM signals.

[0013] The conventional CMA was modified to develop improved algorithms,
such as a Sato algorithm (see, e.g., M. Goursat, et al., in "Blind Equalizers, IEEE
Trans. of Communications, Vol. COM-28, Aug 1984) and a "stop-and-go"
decision-directed algorithm (see, e.g., G. Picchi, et al, in "Blind equalization and
carrier recovery using a 'stop-and-go' decision-directed algorithm, IEEE Trans. Of

Communications, Vol. COM-35, in September 1987).

[0014] M.J. Ready and R.P. Gooch describes a multi-modulus algorithm in
"blind equalization based on radius directed adaptation, Proc. 1990 IEEE Int.
Conf. Acoust., Speech, Signal Processing, Albuquerque, NM, PP 1699-1702,
1990, in which radius directed adaptation is based on the known modulus of the
constellation symbol radii. The error function is based on the difference between
the equalizer output and the nearest constellation radius:

[0015]  [lyl’ Kq*

[0016] where y is the equalizer output; K4 is the radii of the nearest
constellation symbol for the equalizer output y; and common values for (p, q) are

(1, 1), (1,2), (2, 1), (2, 2), etc.
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SUMMARY OF THE DESCRIPTION

[0017] Methods and apparatuses for blind equalizers with a hybrid adaptation
error are described herein. Some embodiments of the invention are summarized in

this section.

[0018] One embodiment of the present invention includes a Quadrature
Amplitude Modulation (QAM) signal receiver that includes a filter to reduce error
in equalization, the filter to output a QAM signal; a decision engine coupled to the
filter to determine a symbol based on the QAM signal; a first error generator
coupled to the filter to compute a first error signal based on the QAM signal and a
constant; a second error generator coupled to the filter and the decision engine to
compute a second error signal based on the QAM signal and the determined
symbol; an error cmﬁbinator coupled to the first and second error generators to
generate a combined error signal from the first and second error signals; and an
adaptation engine coupled with the error combinator and the filter to reduce a

equalization error according to the combined error signal.
[0019] In one embodiment of the invention, the first error generator includes a

constant modulus algorithm (CMA) error generator.

[0020] In one embodiment of the invention, the second error generator

includes a decision modulus algorithm (DMA) error generator. The error
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combinator combines the first and second error signals according to a difference

between the QAM signal and the determined symbol.

[0021] In one embodiment of the invention, the error combinator applies a
first weight on the first error signal and a second weight on the second error signal
to generate the combined error signal; and the first and second weights are
determined based on the difference between the QAM signal and the determined

symbol.

[0022] In one embodiment of the invention, the first weight decreases relative
to the second weight to zero as the difference between the QAM signal and the
determined symbol decreases; and the second weight decreases relative to the first
weight to zero as the difference between the QAM signal and the determined

symbol increases to above a threshold.

[0023] One embodiment of the invention includes a method that includes
receiving a Quadrature Amplitude Modulation (QAM) signal (e.g., in a decision
engine); determining a symbol corresponding to the received QAM signal (e.g.,
received in the decision engine); computing a first error in equalization based on a
constant modulus and a second error in equalization based on the determined
symbol; and adjusting a filter to reduce error in equalization according to the first

error and the second error.

[0024] In one embodiment of the invention, the first error is based on a

constant modulus algorithm (CMA) error.
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[0025] In one embodiment of the invention, the second error is based on a
difference between the modulus of the determined symbol and the modulus of the

received QAM signal.

[0026] In one embodiment of the invention, the step of adjusting the filter

includes combining the first error and the second error to adjust the filter.

[0027] In one embodiment of the invention, the step of combining the first
error and the second error includes weighting the first error against the second
error according to a difference between the determined symbol and the received

QAM signal.

[0028] In one embodiment of the invention, a weight for the first error
decreases relative to a weight for the second error when the difference between the

determined symbol and the received QAM signal decreases.

[0029] In one embodiment of the invention, the said combining the first error
and the second error includes determining a weighted average of the first error and
the second error according to a difference between the determined symbol and the

received QAM signal.

[0030] In one embodiment of the invention, a weight for the first error
decreases to zero when the difference between the determined symbol and the

received QAM signal decreases to below a threshold.
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[0031] In one embodiment of the invention, the weight for the second error
decreases to zero when the difference between the determined symbol and the

received QAM signal increases to above a threshold.

[0032] One embodiment of the invention includes a circuit including means
for receiving a Quadrature Amplitude Modulation (QAM) signal; means for
determining a symbol corresponding to the received QAM signal; means for
computing a first error in equalization based on a constant modulus and a second
error in equalization based on the determined symbol; and means for adjusting a
filter to reduce error in equalization according to the first error and the second

€ITor.

[0033] In one embodiment of the invention, the first error is based on a
constant modulus algorithm (CMA) error.; and the second error is based on a
difference between the modulus of the determined symbol and the modulus of the

received QAM signal.

[0034] In one embodiment of the invention, the means for adjusting the filter
includes means for weighting the first error against the second error according to

an confidence level in the determined symbol.

[0035] In one embodiment of the invention, a weight for the first error
decreases relative to a weight for the second error when the confidence level

increases.
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[0036] In one embodiment of the invention, the weight for the first error
decreases to zero when the confidence level increases to above a first threshold;
and the weight for the second error decreases to zero when the confidence level

decreases to below a second threshold.

[0037] Other features of the present invention will be apparent from the

accompanying drawings and from the detailed description which follows.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0038] The present invention is illustrated by way of example and not
limitation in the ﬁgurés of the accompanying drawings in which like references

indicate similar elements.

[0039] Figure 1 shows a block diagram of a conventional receiver with a

Constant Modulus Algorithm (CMA) based blind equalizer.

[0040] Figure 2 shows a block diagram of a Quadrature Amplitude

Modulation (QAM) receiver according to one embodiment of the invention.

[0041] Figures 3 - 4 shows example block diagrams of blind equalizers

according to embodiments of the invention.

[0042] Figure 5 shows example weight functions according to an embodiment

of the invention.

[0043] Figure 6 shows a flow diagram of a process in a blind equalizer

according to one embodiment of the invention.

10
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DETAILED DESCRIPTION OF THE INVENTION

[0044] The following description and drawings are illustrative of the invention
and are not to be construed as limiting the invention. Numerous specific details
are described to provide a thorough understanding of the present invention.
However, in certain instances, well-known or conventional details are not
described in order to avoid obscuring the. description of the present invention.
References to one or an embodiment in the present disclosure are not necessarily

references to the same embodiment; and, such references mean at least one.

[0045] One embodiment of the present invention provides a hybrid modulus
blind equalization algorithm with small residual mean square error and large

convergence range (e.g., for high order QAM constellations).

[0046] An equalization algorithm that determines the error function using the
output of the QAM decision engine can be called a Decision Modulus Algorithm
(DMA). For example, a DMA error generatorAmay compute the error using the
modulus of the input of the QAM decision éngine and the modulus of the output of

the QAM decision engine.
[0047] Upon convergence, a DMA may achieve zero residual error. However,

the convergence range of the DMA can be fairly limited, especially when the

QAM size increases.

11
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[0048] One embodiment of the invention provides a hybrid scheme which has
the advantage of a large convergence range and the advantage of zero residual

CITOT Upon convergence.

[0049] One embodiment of the invention includes a hybrid modulus algorithm
for blind equalization; which uses an adaptation error signal generated by a
combination of a CMA (Constant Modulus Algorithm) error and a DMA
(Decision Modulus Algorithm) error. The hybrid modulus algorithm has a
reduced residual mean square error (MSE) after convergence, while having the
same acquisition ability as a CMA-based blind equalizer. The hybrid modulus
algorithm can be used for digital QAM (Quadrature Amplitude Modulation) signal

constellations, especially for high constellation sizes.

[0050] In one embodiment of the invention, a decision modulus algorithm
(DMA) is used together with a constant modulus algorithm (CMA); the adaptation
error signal is calculated based on both the DMA error and the CMA error; and a
weight controller is used to automatically adjust the ratio of the two errors
according to the confidence level. The adaptive weight controller determines how
the hybrid error signal is composed by the CMA error and the DMA error. By
adaptively introducing the decision information during the process of convergence,
the hybrid error signal for adaptation automatically contains more CMA error
(non-decision component) when in the capture phase and more DMA error
(decision component) when the equalizer is about to converge. Therefore the
adaptation is improved in terms of residual error while keeps the range of

convergence as large as the CMA.

12
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[0051] Figure 2 shows a block diagram of a Quadrature Amplitude

Modulation (QAM) receiver according to one embodiment of the invention.

[0052] In Figure 2, the input signal to the equalizer is corrected using the
adjustable filter (201). The output of the adjustable filter (201) is used by the

decision engine (203) as an input QAM signal to determine the decision output.

[0053] In Figure 2, one error generator (205) is based on a constant modulus
(211); and another error generator (207) is based on the decision output. The error
signals from the error generators (205 and 207) are combined to drive the
adaptation engine (209), which adjusts the adjustable filter (201) to reduce

equalization error.

[0054] The constant modulus based error generator (205) can be designed
according to a CMA, which compares the output of the adjustable filter with a
pre-calculated constant modulus to generate an error signal. If the error signal
from the error generator (205) were used to drive the adaptation engine (209)
alone, the equalizer would have a large convergence range and a large residual

MSE after convergence.

[0055] The decision based error generator (207) compares the output of the
adjustable filter with a decision output to generate an error signal. If the error
signal from the error generator (207) were used to drive the adaptation engine (209)

alone, the equalizer would have a small convergence range and a small residual

13
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MSE after convergence.

[0056] In one embodiment of the invention, an error combinator (213) is used
to combine the error signals from both the error generators (205 and 207) to drive
the adaptation engine (209). The error signal generated from the decision based
error generator (207) is used for small residual MSE after convergence; and the
error signal generated from the constant modulus based error generator (205) is

used for large convergence range.

[0057] ~ In one embodiment of the invention, the error combinator (213) mixes
the error ‘signals for the error generators (205 and 207) according to the confidence
level in the decision output of the decision engine. The confidence level may be
determined based on the difference between the input and output of the decision
engine (203). When the confidence level increase, more error signals from the
decision based error generator (207) is used to drive the adaptation engine (209)
than the error signals from the constant modulus based error generator (211).
When the confidence level decreases, more error signals from the constant
modulus based error generator (211) is used to drive the adaptation engine (209)
than the error signals from the decision based error generator (207).

[0058] Thus, in the capture phase, more CMA error component is in the output
of the error combinator (213) to ensure a large convergence range. In the tracking
phase, more DMA error component is in the output of the error combinator (213)
so that a smaller residual MSE can be achieved. Thus, the overall performance of

the equalizer is improved.

14
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[0059] The proposed scheme uses an adaptation error signal generated by a
mixture of the CMA error and the DMA error. A weight controller automatically
determines the weights of the two errors according to their respective confidence

levels.

[0060] Figures 3 - 4 shows example block diagrams of blind equalizers

according to embodiments of the invention.

[0061] In Figure 3, the error signals from the error generators (305 and 307)
are weighted using adjustable scalers (313 and 315) and summed using an adder
(319). The output of the adder (319) drives the adaptation engine (309) to adjust

the filter (301) to reduce the equalization error.

[0062] In Figure 3, the weight controller (317) determines weights for error
signals from the error generator (305 and 307) according to a confidence level
indicator computed based on the input to and output from the decision engine
(303). When the input to and output from the decision engine (303) are close to
each other, the confidence level is high; the weight for the error determined based
on the decision output is higher than the weight for the error determined based on
the constant modulus (311). When the input to and output from the decision
engine (303) are not close to each other, the confidence level is low; the weight for
the error determined based on the decision output is lower than the weight for the

error determined based on the constant modulus (311).

[0063] In Figure 4, a modulus square unit (413) computes the modulus square

15
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of the output of the adjustable filter (401); and a modulus square unit (407)

computes the modulus square of the output of the decision engine (403).

[0064] A subtractor (405) computes the difference between the constant 411)
and the modulus square of the output of the adjustable filter (401), to provide an
error signal of a CMA type. A subtractor (419) computes the difference between
the modulus square of the output of the adjustable filter (401) and the modulus

square of the output of the decision engine (403), to provide an error signal of a

DMA type.

[0065] The error signals generated from the subtractors (405) and (419) are
weighted by scalers (421 and 423) and summed by the adder (425) to generate a
combined error signal to drive the adaptation engine (409), which adjusts the filter

(401) to reduce equalization error.

[0066] In Figure 4, a subtractor (417) determines the difference between the
input and output of the decision engine (403). The difference is used to determine
a confidence level (415) in the output of the decision engine (403). When the
confidence level (415) increases, the weight for the DMA type of error increases.
The confidence level is subtracted from a constant (429) by a subtractor (427) to
generate the weight for the CMA type of error. Thus, the confidence level (415)
controls the scalers (421 and 423) to combine the CMA and DMA types of errors.

[0067] Figure 5 shows example weight functions according to an embodiment

16
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of the invention. In Figure 5, the weight functions (501 and 503) are computed
based on the difference (d) between the input and output of the decision engine.
The function F(|d) may be a non-linear function or a linear function. The

difference (d) indicates a level of confidence in the output of the decision engine.

[0068] In Figure 5, when the modulus of the difference decreases, the weight
function (503) for the error signal of a DMA type increases, while the weight
function (501) for the error signal of a CMA type decreases. When the difference
approaches a lower threshold T, the weight function (501) for the CMA error
signal approaches zero. Thus, upon convergence the MSE of the equalizer is

determined by the DMA type of error signal.

[0069] In Figure 5, when the modulus of the difference increases, the weight
function (503) for the error signal of a DMA type decreases, while the weight
function (501) for the error signal of a CMA type increases. Thus, during the
capture phase, in which the modulus of the difference between the input and
output of the decision engine is large, the combined error is dominated by the
CMA error signal, which allows the equalizer to converge in a large range in a way

similar to a CMA equalizer.

[0070] In Figure 5, after the modulus of the difference between the input and
output of the decision gngine increases beyond an upper threshold value T; (e.g.,
1.0), the weight function (503) for the DMA error reaches zero. Thus, when the
modulus of the difference is larger than the upper threshold value, the DMA error

does not drive the adaptation; and the adaptation is based on the CMA error.

17
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[0071] Figure 6 shows a flow diagram of a process in a blind equalizer
according to one embodiment of the invention. A Quadrature Amplitude
Modulation (QAM) signal is received (601) to determine (603) a symbol
corresponding to the received QAM signal. A first error in equalization is
computed (605) based on a constant modulus and a second error in equalization
based on the determined symbol. A filter is adjusted (607) to reduce error in
equalization according to the first error and the second error. The process can be
performed in an iterative way. The filter can be adjusted to generate the
subsequent QAM that is received (e.g., in the decision engine) and used to

determine the subsequent symbol.

[0072] In one embbdiment, when the difference between the received QAM
signal and the determined symbol is small, the filter is adjusted according to the
second, symbol-based error more than the first, constant modulus-based error.
When the difference between the received QAM signal and the determined
symbol is large, the filter is adjusted according to the first, constant modulus-based

error more than the second, symbol-based error.

[0073] In the foregoing specification, the invention has been described with
reference to specific exemplary embodiments thereof. It will be evident that
various modifications may be made thereto without departing from the broader
spirit and scope of the invention as set forth in the following claims. The
specification and drawings are, accordingly, to be regarded in an illustrative sense

rather than a restrictive sense.

18
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CLAIMS

‘What is claimed is:

1. A Quadrature Amplitude Modulation (QAM) signal receiver, comprising:
a filter to reduce error in equalization, the filter to output a QAM signal;
a decision engine coupled to the filter to determine a symbol based on the

QAM signal;

a first error generator coupled to the filter to compute a first error signal
based on the QAM signal and a constant;

a second error generator coupled to the filter and the decision engine to
compute a second error signal based on the QAM signal and the
determined symbol;

an error combinator coupled to the first and second error generators to
generate a combined error signal from the first and second error
signals; and

an adaptation engine coupled with the error combinator and the filter to

reduce a equalization error according to the combined error signal.

19
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2. The receiver of claim 1, wherein the first error generator comprises a constant

modulus algorithm (CMA) error generator.

3. The receiver of claim 2, wherein the second error generator comprises a

decision modulus algorithm (DMA) error generator.

4, The receiver of claim 1, wherein the error combinator combines the first and
second error signals according to a difference between the QAM signal and

the determined symbol.

5. The receiver of claim 4, wherein the error combinator applies a first weight on
the first error signal and a second weight on the second error signal to generate
the combined error signal; and the first and second weights are determined

based on the difference between the QAM signal and the determined symbol.

6. The receiver of claim 5, wherein the first weight decreases relative to the
second weight to zero as the difference between the QAM signal and the
determined symbol decreases; and the second weight decreases relative to the
first weight to zero as the difference between the QAM signal and the

determined symbol increases to above a threshold.

7. A method, comprising:

20
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10.

11.

receiving a Quadrature Amplitude Modulation (QAM) signal;

determining a symbol corresponding to the received QAM signal;

computing a first error in equalization based on a constant modulus and a
second error in equalization based on the determined symbol; and -

adjusting a filter to reduce error in equalization according to the first error and

the second error.

The method of claim 7, wherein the first error is based on a constant modulus

algorithm (CMA) error.

The method of claim 8, wherein the second error is based on a difference

between the determined symbol and the received QAM signal.

The method of claim 7, wherein said adjusting the filter comprises:

combining the first error and the second error to adjust the filter.

The method of claim 10, wherein said combining the first error and the second
error comprises: -
weighting the first error against the second error according to a difference

between the determined symbol and the received QAM signal.

21
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12.

13.

14.

15.

16.

The method of claim 11, wherein a weight for the first error decreases relative
to a weight for the second error when the difference between the determined

symbol and the received QAM signal decreases.

The method of claim 10, wherein said combining the first error and the second

€ITOr comprises:

determining a weighted average of the first error and the second error
according to a difference between the determined symbol and the

received QAM signal.

The method of claim 13, wherein a weight for the first error decreases to zero
when the difference between the determined symbol and the received QAM

signal decreases to below a threshold.

The method of claim 14, wherein the weight for the second error decreases to
zero when the difference between the determined symbol and the received

QAM signal increases to above a threshold.
A circuit, comprising:

means for receiving a Quadrature Amplitude Modulation (QAM) signal;

means for determining a symbol corresponding to the received QAM signal;

22
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17.

18.

19.

20.

means for computing a first error in equalization based on a constant modulus
and a second error in equalization based on the determined symbol;
and

means for adjusting a filter to reduce error in equalization according to the first
error and the second error.

The circuit of claim 16, wherein the first error is based on a constant modulus

algorithm (CMA) error; and the second error is based on a difference between

a modulus of the determined symbol and a modulus of the received QAM

signal

The circuit of claim 16, wherein said means for adjusting the filter comprises:
means for weighting the first error against the second error according to a

confidence level in the determined symbol.

The circuit of claim 18, wherein a weight for the first error decreases relative

to a weight for the second error when the confidence level increases.

The circuit of claim 19, wherein the weight for the first error decreases to zero
when the confidence level increases to above a first threshold; and the weight
for the second error decreases to zero when the confidence level decreases to

below a second threshold.
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