Chapter 2

Previous Methods for Time

Domain Equalizer Design

Communication subsystems should ideally be designed to enable the over-
all system to achieve data rates that are as close as possible to the channel
capacity. In the design of time domain equalizers['optimizing objective func-
tions such as the mean squared error (MSE) or shortening signal-to-noise ratio
(SSNR) might increase channel capacity. However['as explained in this chap-
terl" it is possible that a TEQ with wrse MSE or SSNR can give better channel
capacity than a system with better MSE or SSNR. Among the many TEQ de-
sign methods availablel” hoveverl" only one method — maxinum geometric SNR
(MGSNR) — attempts to maximize channel capacity directly. The MGSNR
method has limited success due to inappropriate assumptions and inaccurate

approximations.
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2.1 Introduction

Time domain equalizer design methods can be categorized into three major
approaches: minimizing Mean Squared Error (MSE)I'maximizing Shortening
SNR (SSNR)I" and maximizing hannel capacity. The Minimum MSE (MMSE)
approach is the first application of channel shortening to multicarrier systems
[9]. Adaptive MMSE design methods [10I'11] are commonly used in practi-
cal systems. Maximizing SSNR is equivalent to minimize the energy of the
component of the channel impulse response that cause ISI [12I" 13" 14]Melsal’
Younce and Rohrs introduced this approach and the optimal solution. Neither
the MMSE nor the Maximum SSNR (MSSNR) methods attempt to maximize
channel capacity directly. Al-Dhahir and Cioffi [15" 16] propose the Maxinum
Geometric SNR (MGSNR) method to shorten the channel impulse response
while maximizing an approximation to the channel capacity.

This chapter summarizes research in the three major approaches to time
domain equalizer design. Section 2.2 summarizes MMSE design methods. Sec-
tion 2.3 derives the MSSNR TEQ design methods and presents two suboptimal
divide-and-conquer TEQ design methods. Section 2.4 defines channel capacity
for DMT systems and summarizes the MGSNR design method. Section 2.5

concludes this chapter.

2.2 Minimum Mean Squared Error (MMSE)
Design

Falconer and Magee [17] introduce the MMSE design method to shorten a

channel impulse response for maximum likelihood (ML) receivers. Their goal
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Figure 2.1: Block diagram of the minimum mean-squared error (MMSE) equalizer.
The equalizer is an FIR filter with impulse response w. The bottom path does not
physically exist, but is part of the design method.

is to design a prefilter to the Viterbi algorithmI’ whi is one of the most pop-
ular solutions for maximum likelihood data sequence estimation. The prefilter
shortens the channel impulse responsel” whith dramatically reduces the compu-
tational complexity of the Viterbi algorithm. The Viterbi algorithm requires
a number of computations that is exponential in the length of the channel
impulse response [18].

Chow and Cioffi [9] are the first to apply channel shortening equalization
to multicarrier modulation. They use the MMSE design method to shorten
a given channel to the length of the cyclic prefix. Compared to Falconer and
Magee’s approachl'they use a training sequence instead of decision directed
equalization['and apply a unit-tap constraint (UTC) instead of a unit-energy
constraint (UEC) to prevent an all-zero trivial solution for the equalizer taps
during minimization.

The idea behind the MMSE TEQ design method may be explained by
Fig. 2.1. The structure consists of an FIR equalizer in cascade with the channel
and a parallel branch that consists of a delay and an FIR filter with a target
impulse response (TIR). The goal in the MMSE design of the vector of TEQ

taps w is to minimize the mean square of the error between the output of the
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equalizer and the output of the TIR. Assume that the error is zero for any
given input signal. That means the impulse response of both branches are
equal. In other wordsI" the equalized hannel impulse response (upper branch)
would be equal to a delayed version of the TIR. Setting the number of taps of
the TIR to a desired length forces the equalizer channel impulse response to
have the same length.

Al-Dhahir and Cioffi [19] generalize the idea of [9] and [17]. They show
that a unit-energy constraint on the target impulse response gives a lower
mean squared error than a unit-tap constraint on the target impulse response.
I use their derivations to introduce the MMSE design method below.

Assuming an oversampling factor of S at the receiverI'the L-tap FIR
channel output over a block of N,, symbols (each consisting of S samples) can

be written as

Yk+Noy—1 hg --- hy 0O --- 0 ThtNo—1 Nkt Ny —1
Yk+Ny,—2 o 0 hy --- hy O --- Tk4+Ny—2 n Nkg4+N,—2
Yk 0 - 0 hy -+ hp || Tk-r | | Mk-r |

(2.1)
where
Yko Tko Nko
Y = y T = y N = (22)
Yks Tks Ngs

Writing (2.1) in a more compact formI’
yvr = Hx; +ny (2.3)
Again the objective is to minimize the MSE which is given as
MSE = £{e2} = b’ Ryxb — b’ Ryyw — W Ry b + w R w (2.4)
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where Ryx = E{x3x} TR,y = E{x1yL T Ryx = E{yex} T Ryy = E{yry} }.
Taking the gradient with respect to w and setting it to zero yields

b'R,, = w Ry, (2.5)
By substituting (2.5) into (2.4)I'
MSE = b" [Ryy — RuyRyyRyx| b = b"Ryyb (2.6)

Define
T

S = [ Ow+nxa Tuinyxws) Owsnyx(Ny+L—a—v-1) (2.7)

where 0,,y, is a m x n matrix of zerosI'l, y,, is an n x n identity matrixI" and

v + 1 is the number of elements in b. By defining

Ra = S"Ry,S (2.8)
the MSE can be written as

MSE = b’Rab (2.9)

To obtain the unit-tap constraint solutionl’ Al-Dhahir and Cioffi [19]

define e; as the i unit vector and form the Lagrangian
LT, \) = b"Rab + A(bTe; — 1) (2.10)

Taking the gradient with respect to b and setting it to zero

aLUTC’
=2Rab + \e; = 2.11
b AD+ Ae 0 ( )
which has the solution
Rglei
RA (Za 2)
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where i € [0,7] and R3'(4,4) is the i" element in the diagonal of the matrix

R'. The solution for b given by (2.12) yields an MSE of

1
R'(i.d) (2:19)
The value of 7 that minimizes the MSE can be found from
o = arg max {Rx"(7,4)} (2.14)
and the optimal b is given as
R.'e;
b A iy (2.15)

t— 4 _1/,- -

" R (lopts o)
and w,,, can be obtained from (2.5) by using b = b.
If the unit-energy constraint on b were used instead of the unit-tap

constraintI'then the Lagrangian would become
LVEC = b"Rab + A(b'b — 1) (2.16)
After setting the gradient of (2.16) with respect to b to zerol’
Rab = )\b (2.17)

which shows that b is an eigenvector of Ra. Since MSE = b’Rab = b’ \b =
AI'b should be chosen as the eigenvector corresponding to the minimum eigen-

value of Ra to minimize the MSE. ThusI'
bopt = eigenvector of Ra corresponding to the minimum eigenvalue (2.18)

Fig. 2.2 shows a TIR and SIR. The MMSE design method formulates the
square of the difference between the TIR and SIR as the error and minimizes

it. The method minimizes the difference between the TIR and SIR both inside
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Figure 2.2: A target impulse response (TIR) and shortened impulse response
(SIR).

and outside the target window. In factI'the difference between the TIR and
SIR inside the target window does not cause ISI. Both the TIR and SIR inside
the target window have higher amplitudesI” whihh means that difference inside
the target window might contribute more to the MSE than the difference
outside.

The MMSE design method maximizes the SNR at the TEQ output.
The equalizer frequency responsel thereforel'tends to be a narrow bandpass
filter placed at a center frequencyl” whih has high SNR. The equalizer increases
the output SNR by filtering out the low SNR regions of the channel frequency
response. Webster and Roberts [20] mention this problem and suggest to
exclude the channel noise from the design procedure. This would ensure that
only the ISI is minimized instead of the combination of noise and ISI. Howeverl’

they do not give an algorithm to accomplish this task.
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Since the MMSE method in general cannot force the error to become
exactly zerol'some residual ISI will remain. To maximize channel capacityl’
the residual ISI should be placed in frequency bands with high channel noise.
This ensures that the residual ISI would be small compared to the noise and
the effect on the SNR would be negligible. The MMSE design method does
not have a mechanism to shape the residual ISI in frequency. Thereforel'it is
not optimal in the sense of maximizing channel capacity.

Wang and Adali [21T°22I'231'24] propose to weight the error in the fre-
quency domain. They use the weighting function to prevent the optimization
of unused subchannels by setting the weight to zero. They do not propose a
way to calculate weights so that the residual ISI is shaped to increase chan-
nel capacity. Wangl'Lul'and Antoniou [25] propose a new constraint for the
MMSE design method. Instead of constraining the total energy of the TIRI'
they constrain the energy of the TIR only in the used subchannels to unity.
Their method still minimizes an MSE measure which is not directly related to
channel capacity.

Kerckhove and Spruyt [26] add the gain of the TIR in the unused fre-
quency bands to the error term. By minimizing the errorl'the TIR energy
in unused bands is also minimized. Ackerl’ LeusI'MoonenI’ Wiell'and Pollet
[27728] map the TEQ to the frequency domain equalizer. They remove the
TEQ from the system and instead add more taps to the frequency domain
equalizer. Having an equalizer for each tone makes it is possible to optimize
the IST location in frequency.

The unit-energy constrained MMSE solution requires an eigenvalue de-
composition and the unit-tap constrained solution has an additional search

direction for the optimal index. Decreasing the computational complexity of
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MMSE design methods is an active area of research. Falconer and Magee
[17] along with the original MMSE design method propose an adaptive algo-
rithm to calculate the TIR and TEQ. The algorithm is based on the least mean
squared (LMS) algorithm. The TIR and the TEQ are separately adapted with
standard LMS with an addition to satisfy the unit-energy constraint. After
every iterationI' theTIR is normalized so that its energy is equal to one.

ChowI" Cioffil’ and Bingham [10I" 11] propose a differemterative method
to calculate the MMSE TIR and TEQ. They propose two methods to update
the TIR and TEQ: frequency domain LMS and frequency domain division. To
ensure that the updated TIR and TEQ have the desired lengths['they trans-
form the TIR back to time domain and window it. The combination of these
methods generates four different MMSE design algorithms. Slow convergence
is a major problem with all four methods.

Strait [29] combines the two separate LMS algorithms into a single
LMS by forming a new vector with the TEQ and TIR coefficients. Slow
convergence is again a major problem. To solve this problemI" Strait transforms
the input signal by using a unitary transform. He shows that transform domain
adaptation converges faster but requires higher computational complexity per
iteration.

Nafie and Gatherer [30] compute the minimum eigenvalue by using the
iterative power method [31]. They also propose to use the LU decomposition
and run a pair of iterations that are more stable and faster to implement. In
the same paper['they also propose an off-line LMS algorithm. Assuming that
they have an estimate of the channel impulse responsel’'they use the estimate
as the input vector to the TEQ. The TIR is the desired response and the error

is the difference between the TIR and the output of the equalizer.
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Lashkarian and Kiaei [32] propose an iterative algorithm to solve the
MMSE design problem. It is based on the asymptotic equivalence of Toeplitz
and circulant matrices to estimate the Hessian of a quadratic form. The
proposed algorithm is computationally less complex than the iterative power
method and may be parallelized for efficient implementation in hardware.

Another drawback of the MMSE design method is the deep notches in
the frequency response of the designed TEQ. The subchannels in which a notch
appears cannot used for data transmission because the gain in the subchannel
is too small. Farhang-Boroujeny and Ding [33[" 34] propose an eigen-approah
based sub-optimum solution to overcome the this problem. Instead of using
only the eigenvector of the minimum eigenvalue as derived in (2.18)I" theyuse
a weighted sum of all eigenvectors as the TEQ. This solution gives higher MSE
but equal bit rate to the original MMSE method.

2.3 Maximum Shortening SNR Design

Seeing the TEQ design problem as a channel shortening problem rather than
a equalization problemI’ Melsal' Youncel' and Rohrs [12] propose a different
solution. The goal is to find a TEQ that minimizes the energy of the SIR
outside the target window['while keeping the energy inside constant. They
have a reasonable assumption that the channel impulse response is known. In
DMT applications such as ADSLI'the channel FFT coefficients are estimated
for bit loading [8]. The channel impulse response can be estimated from the
FFT coefficients.

The samples of the SIR inside the target window can be written in
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matrix form as

havi ha

hats  hat

hwin =

| hatv+r hagy

and the samples outside the target window as

ho 0
hq ho
ha ha-1
hA v+2 hA v+1
hwa” _ +v+ +v+
hi—1 hr—>
0 hi_1
0 0

hA—Nw+2 Wo
hA—Nw+3 w1
hA-Ny+v+2 1 | WNy—1 |
0
0
ha-N,+1 Wo
hA—Nw+V+3 w1
hr—Nw+1 | WN,—1
hL—Nw+2
hi—

The energy inside and outside the target window is

hT

wWin

hT hwall =

wall

hwin =

The problem is formulated as

w! HL

win

TqT T
w H,  ,Hyuw=w" Aw

H,;,,w = w. Bw

minw! Aw s.t. w.Bw =1

w

This is equivalent to maximizing the SSNR defined as

SSNR =

w! ' Bw
wl Aw
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The solution is

Wopt = (VB) ' Drnin (2.22)

where v/B is the Cholesky decomposition of B and p,,;, is the eigenvector

corresponding to the minimum eigenvalue of a composite matrix
(VB) 'A(VBT) !

The matrix B has to be positive definite in order to have a Cholesky
decomposition. It is also assumed that B is invertible which is true only if
N, < v. The solution when B is singular is more complicated [12]. Yin and
Yue [35] maximize wI Aw while constraining w’Bw = 1. In this casel' A
needs to be positive definite and invertiblel’ which is true for most physical
channels.

The MSSNR method minimizes the part of the SIR that causes ISI. If
the energy outside the target window were zerol'then the channel would be
perfectly shortened and ISI would be totally eliminated. The solution which
gives zero energy outside the target window is optimum also in the sense of
maximum channel capacity since this is the case where ISI is totally canceled.
In practicel” haveverl' this optimum solution cannot be achieved. For this casel’
the MSSNR solution is not guaranteed to yield maximum channel capacity
solution. The reason is similar to that of the MMSE design method; i.e.I'the
residual ISI power cannot be placed in high noise regions in the frequency
domain. The method only minimizes the energy outside the target window
and does not care where the residual ISI lies in frequency.

Wangl' Adalil’ Liul™ and Vlajnic [36] not only minimize the energy outside
the target window but also add another term to be minimized. This term is a

frequency weighted energy of the equalizer. Using the weighting functionI it is
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possible to shape the equalizer frequency response. This is useful to prevent
large equalizer gains in unused subchannels. Howeverl'it does not optimize
the residual ISI.

A second problem with the MSSNR design approach is the computation
complexity due to the eigenvalue and Cholesky decompositions. Chiul Tsail’
Liaul'and Troulis [37] propose an inverse power method. This method needs
neither Cholesky decomposition nor matrix inversion. It directly iterates on
two matrices to obtain the optimal TEQ in the sense of MSSNR.

The divide-and-conquer design method [38] is a faster implementation of
the MSSNR method [12]. The idea is to divide the equalizer design problem
into smaller problems that are easier to solve and then combine the results
together. An FIR filter of length N can be represented as a convolution of
N — 1 two-tap filters. In this TEQ design methodI' the equalizer is divided
into a number of two-tap equalizers. Each two-tap equalizer has only one
unknown tap since the first tap is set to one. This can be considered as a
unit-tap constraint that is similar to that used in the MMSE design approach.
Designing an N, -tap filter requires the design of N,,—1 two-tap filters. For the
i'" two-tap filter'the method optimizes the two-tap filter w;I'and convolves
the optimized filter with the current channel impulse response to obtain the
new channel impulse response to be used at stage i+ 1. Once the N, — 1 two-
tap filters have been computedI'they are convolved together to form one N,-
tap equalizer. Two different versions of the divide-and-conquer (DC) design

method are DC TEQ Minimization and DC TE(Q Cancellation.
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2.3.1 Divide-and-Conquer TEQ Minimization Design

Each TEQ stage in DC TEQ Minimization maximizes the SSNR defined in
(2.21) or equivalently minimizes the inverse of it with a two-tap filter defined

as

w; = [1, gi|" (2.23)

Since w; consists of two tapsl'the matrices A; and B; are 2 x 2 Toeplitz

matrices. For the i*" filter' theSSNR becomes

[ . aj; Qg 1
gi
W?Aiwi _ Q2; Q3 Gi _ + 2a0,;9; + (Zg’ig? (2.24)
w!Bw; bri by 1 b+ 2b2,9; + bs g7
[ I g } b b
2,i 03 gi

The matrices A; and B; are also indexed with ¢ because at every iterationl’
a new channel impulse response is calculated which changes A; and B;. The
denominator in (2.24) does not become zero for any g; [38].

The optimal g; is calculated by differentiating (2.24) with respect to g;
and setting the result to zero. The solutions are

_(a?),z'bl,z' - a1,ib3,i) +¢

2(@3,2'[)2,2' - a2,ib3,i)

9i = (2.25)

where

C; = \/(a3,ib1,i - al,ib3,i)2 - 4(a3,z’b2,z’ - a2,ib3,z‘)(a2,ib1,i - a1,i52,z‘)

From (2.25) the best solution for g; with respect to (2.24) is chosen. The

solution is always real-valued [38].
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2.3.2 Divide-and-Conquer TEQ Cancellation Design

The DC TEQ Cancellation method avoids the computationally expensive cal-
culation of A; and B, at every stage. Instead of maximizing the SSNR onlyl’
the energy outside the target window is minimized. Since unit-tap constraints
are used for each two-tap filter['constraining the energy of the SIR inside the
target window is not necessary. The following derivation is one of the contri-
butions of this thesis.

Define h; as the new channel impulse response and h¥¥! as the new
hvall at stage iI'so that hgy is the channel impulse response and h; is the
convolution of h;_; with w;. Note that the length of h; increases with ¢ due

to the convolution. At stage I’

[ hisi(1) 0
hi1(2) hi1(1)
wall 1
™ = 1 hi_i(A) hii (A —1) (2.26)
9i
hi 1(A4+v+2) hi 1(A+v+1)
| i1 (Lny_y) hia(Ln, —1) |
By (1) 40 ]
hi—1(2) + hz—l(l) qg
b = | b (A) +hii(A-1)g (2.27)
hioi(A+v+2)+hi1(A+v+1)g
L hi*I(LhFl) + hi*I(Lhi—l - 1) g |
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where Lj, , is the length of h; ;. The energy to be minimized is
Wyt By = ST (hy oy (k) + gi b1 (k — 1))2, (2.28)
kesS

where

S={12,....,.A)\A+v+2,....L,,_,}

The minimum of (2.28) can again be found by taking the derivative with

respect to ¢g; and setting it to zero. The solution is

S b (k= 1)y (k)
e > hi(k—1) (2:29)

kes

The TEQ is calculated by convolving N,, — 1 two-tap filters. This DC design

method does not use any matrix decompositions or matrix inversions; hencel
it is suitable for real-time implementation. Although it is efficient in terms of

computation complexityl it retains all of the dravbacks of the MSSNR method.

2.4 Maximum Geometric SNR Design

In a communication systemI the ultimate goal is to reat optimum channel ca-
pacity. Al-Dhahir and Cioffi [15] introduced the idea of a TEQ design method
to optimize channel capacity. Section 2.4.1 gives the channel capacity for
multicarrier channels. Section 2.4.2 introduces the maximum geometric SNR,

method.

2.4.1 Multicarrier Channel Capacity

If the number of subchannels N/2 + 1 (i.e. N/2 — 1 two-dimensional and

two one-dimensional) is largel” then it is reasonable to assume that the dannel
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noise power spectrum in the subchannels are flat. In this case eah subchannel
can be modeled as an independent AWGN channel. The achievable capacity
of a multicarrier channel can be written as the sum of the capacities of AWGN

channels
SNRMIB
(1 +_____l____

bpur = Z log, T

) bits/symbol (2.30)
i€S

where i is the subchannel index & is the set of the indices of the used N
subchannels out of the N/2 + 1 subchannels SNR"” is the matched filter
bound of the SNR in the i subchannel as defined below in (2.31) and T is
the SNR gap for achieving Shannon channel capacity and is assumed to be
constant over all subchannels. The SNR gap is a function of several factors
including the modulation method allowable probability of error P, coding
gain v.¢¢ and desired system margin 7y,.

The system margin accounts for modeling error and is generally 6 dB
in ADSL systems [1]. If one needs a channel with an SNR of z dB to transmit
a certain amount of bits at the rate of the theoretical bound then in practice
an SNR of x + 6 dB is actually used. The system margin of 6 dB ensures that

with the unaccounted errors the desired bit rate can be supported.

The SNR gap can be approximated in the case of QAM as [39]

m }% ?
R TACEY)
SW%ff 2

Assuming that the input signal and noise are wide sense stationary the SNR

in the i subchannel can be defined as

S&J|£ﬂ|2

SNRMFB —
' Sﬁﬂ

(2.31)

where S, ; and S, ; are the transmitted signal and channel noise power respec-

tively andH; is the gain of the channel spectrum in the i subchannel. Here
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the assumption is that the subchannels are narrow enough so that the channel
frequency response and transmitted signal power spectrum can be considered
constant in each subchannel. The definition in (2.31) does not include the
effect of ISI and any equalizers. It is the maximum achievable SNR or the
matched filter bound (MFB). If the channel causes ISI or an equalizer has
been used then the definition has to be modified.

2.4.2 The maximum geometric SNR method

The maximum geometric SNR (MGSNR) method maximizes a channel capac-

ity cost function that is based on a geometric SNR definition as

GSNR =T ([H (1 + SN?’EQN I/N — 1) (2.32)

1ES

which is related to channel capacity. By using (2.32) v rewrite (2.30) as

GSNR

bomt = N log, (1 + ) bits/symbol

This means that all of the subchannels act together like N AWGN channels
with each channel having an SNR equal to the GSNR. Therefore maximizing
the GSNR is equivalent to maximizing the channel capacity. In (2.32) the
subchannel SNR in (2.31) is modified to include the effect of the equalizer [15]

Sm,z' |Bz |2

QNRF@Q — il
' Sn,i| Wil?

(2.33)

where S, ; is signal power S, ; is the noise power andB; and W; are the gains
of b and w in the i"® subchannel respectively. This definition is discussed in

detail later in this section.
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The derivation [15] proceeds with the following approximation of the

GSNRI whid is obtained by ignoring the +1 and —1 terms in (2.32):

1/N
GSNR ~ [H SNRiEQ] (2.34)

i€s
This approximation is valid if the SNR in each subchannel is larger than onel” so
that the “1” terms can be ignored. This assumption may be reasonable only if
bandwidth optimization is used. That isI" the dannels without sufficient SNR,
to carry bits are not used [40]. In this casel” the problem of maximizing (2.34)
can be converted to the maximization of
L(b) = %iezsln B, (2.35)
which can be obtained by substituting (2.33) into (2.34) and taking the natural
logarithmI" based on the assumption thatb and w do not depend on each other.

B; is the i FFT coefficient of b defined as
N-1 o
Bi == Z bke_JW]’”
k=0

The assumption that b and w do not depend on each other is not accurate
because once b,y is calculated by maximizing (2.35)'the optimum (in the

MMSE sense) TIR w,,; is found using

T _wWT
Wopt - bopt

R,,R,) (2.36)
where R;, and R, are the channel input-output cross-correlation and channel
output autocorrelation matricesl” respectiely. This choice of TEQ taps ensures
that the MSE is minimum for the given TIR [15].

When maximizing (2.35)["a unit-energy constraint is placed on b to

prevent an infinite gain in the TEQ. This constraint maximizes the cost func-

tion for |B;|> = 1 Vil'which implies a zero forcing equalization of the channel.
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The goal is not to equalize the channel fully since in fact one of the primary
reasons for the application of multicarrier modulation is to avoid full equaliza-
tion because it requires high-order equalizers. Furthermorel'full equalization
with a short equalizerl as is ypical for TEQsI" wuld cause large MSE. There-
forel'an additional constraint is required to keep the MSE below a threshold
MSE, ... This threshold has to be tuned if the channell'noise levell'or signal
power changes. Setting the threshold to the correct value for a given channel is
crucial for good performance [37]. Including the above constraintsI" Al-Dhahir

and Cioffi state the optimum TIR problem as

mngm |B;)? s.t. ||b]|*> = 1 and b’ Rab < MSE a4 (2.37)
€S
where
. | Oax@+
Ra = [0p+1)xa L1 Ow+1)xp] (S—INw+L1 + HTRm}LH> L1
Opx(+1)

Here'P = N, + L — A — v — 2I'0,,,%,, is an m X n matrix of zerosI'l,, is the
m X m identity matrixI'.S, is the average energy of the input symbolsI'R,,,
is the N, x N, noise correlation matrixI'and H is the N, x (N, + L — 1)
channel convolution matrix. This nonlinear constrained optimization problem
does not have a closed-form solution [15]T'but it may be solved by numerical
methods [41].

The MGSNR TEQ design method is based on the maximization of
the approximate GSNR. Due to several inaccurate approximationsl'it is not
optimum in the sense of maximizing channel capacity. The most important
approximation is in the definition of the subchannel SNRI'SNR;“Tin (2.33).

This definition includes the equalizer effect but not the ISI effect even though
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the objective of the TEQ is to minimize ISI. A later modification [40] includes

an ISI term:

S| Bil®
Sei|Bi — WiH;|> + Sy, | W;|?
HoweverI" this modified definition is only used to evaluate the performance
of the MGSNR TEQ methodI['which is still based on the definition given in
(2.33).
The modified definition in (2.38) represents ISI in the i** subchannel

SNR;{*! =

(2.38)

as Sy ;|B; — H;W;|*. Assume that the SIR fits perfectly in the target window
and there is no energy outside this window. HoweverI" the SIR differs from the
TIR inside the window. Although there is no ISI in the systemI'the definition
measures the difference as I[SI. Thereforel" this definition is only accurate if the
difference between the SIR and TIR is small so that its contribution to ISI is
negligible. Furthermorel'both the subchannel SNR definition without an ISI
term SNRP? in (2.33) and the one with an ISI term SNRZS7 in (2.38) are only
useful if the structure in Fig. 2.1 is used. In generall’a TIR is not available.
ThenI'these definitions are not suitable and a new definition is necessary.

In summary the drawbacks of the MGSNR TEQ method are that

e its derivation is based on a subchannel SNR definition SNRZ€ that does
not include the effect of ISI;

e it depends on the parameter MSE,, ., which has to be tuned for different

channels;
e its objective function (2.37) assumes that b and w are independent;
e it requires a constrained nonlinear optimization method; and

e it assumes that the SNR in each subchannel is much greater than one.
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Considerable effort has been spent to overcome the last issue. Lashkar-
ian and Kiaei [42] propose a projection onto convex sets method to solve the
constrained nonlinear optimization problem iteratively with lower computa-
tional complexity. Milisavljevié¢ and Verriest [43] propose simulated annealing
and genetic algorithms to solve the nonlinear optimization problemI' which

have high complexity.

2.5 Conclusion

This chapter summarizes several approaches to design DMT TEQs. Table 2.1
summarizes the advantages and disadvantages of all the methods mentioned
in this chapter. As shown in Table 2.1 MMSE and MGSNR methods have
more disadvantages compared to MSSNR methods. The only method with no
disadvantage is the DC TEQ Cancellation method of Section 2.3.2. Howeverl’
none of the MMSE and MSSNR methods optimize channel capacity and the
MGSNR methods optimize only an approximation to the channel capacity.
Maximizing channel capacity is the primary goal in designing a TEQ.
Howeverl'only the MGSNR method in Section 2.4 attempts to optimize the
channel capacity. As discussed in that sectionl’the MGSNR method is not
optimum in the sense of maximizing channel capacity due to many inaccurate
approximations and assumptions. A design method that is not only computa-
tionally efficient enough for cost-effective real-time implementations but also
truly maximizes the channel capacity is not available. My goal in this disserta-
tion is to write the channel capacity as a function of TEQ taps with minimal
assumptions and approximations. By maximizing this function the optimal

TEQ coefficients can be calculated.
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Advantages Disadvantages

1. Adaptive or iterative 1. Deep notches in frequency
2. Off-line (initialization) 2. SIR-TIR difference inside window
3. Maximizes channel capacity 3. Slow or uncertain convergence
4. Minimizes directly ISI causing tail | 4. Requires eigendecomposition
5. Frequency weighting 5. Requires nonlinear optimization
6. Optimize subchannels 6. Narrowband frequency response
7. Numerical instabilities possible
Advantages Disadvantages
1]2] 3 J4]5]6]1]2]3]4]5]6]7
MMSE methods
Chow et al. [9] J NV NV
Chow et al. [10, 11] J JIiviy NV
Al-Dhahir et al. [19] J NV J NV
Kerckhove et al. [26] J J NV J v |V
Nafie et al. [30] NV J J
Strait [29] J NV J
Wang et al. [21, 22] J J NV J NV
Lashkarian et al. [32] NA RV NERV N N
Acker et al. [27, 28] v |V NERV; N
Boroujeny et al. [33] N N N N,
Wang et al. [25] J J J N

MSSNR methods

Melsa et al.[12] N J v v
Yin et al. [35] J J v vV
Chiu et al. [37] NV J J
Wang et al. [36] J N v v
Lu et al. [38] NARV N
MGSNR methods
Al-Dhahir et al. [15] v/ JIvlv VIV
Lashkarian et al. [42] | /| /| /f VARV v V1V
Milisavljevic et al. [43] | /| | /f J v N

T Maximizes an approximate GSNR not the true channel capacity.

Table 2.1: Advantage/disadvantages of TEQ design methods mentioned in
this chapter.
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