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Abstract | We explore the shortening of multiple
channels arising from either over-sampling or from us-
ing multiple antennas between a single transmitter and
receiver. Using terminology we develop, we give new
necessary and suzxcient conditions for perfect channel
shortening (PCS). In an example, the perfect chan-
nel shortener's robustness against wide-band noise,
narrow-band interferers, and received signal SNR mis-
measurement is compared to that of an imperfect chan-
nel shortener. The work concludes with a list of possi-
ble extensions of the results and future work.

I. Introduction

In this paper we discuss multi-channel shortening. Speci cally,
we are interested in a multi-channel model which can arise from
either using multiple antennas or by over-sampling between one
transmitter and one receiver. We give conditions under which
perfect channel shortening is possible. We focus on the maxi-
mum shortening SNR (MSSNR) solution of [1], which is equiv-
alent to the minimum mean squared error (MMSE) solution
of [2] when the source sequence is white and in the absence
of noise. Neither of these papers explicitly considers the over-
sampled case, although [1] formulates the MSSNR problem for
simultaneously shortening multiple channels in a MISO setting.
No conditions for a perfect solution were given.
Fractionally-spaced channel shortening was considered in [4],
[5]. Therein, the authors rst assumed that the MMSE tar-
get impulse response (TIR) was set to a known vector. Then
suzxcient conditions were derived for perfectly achieving this
known impulse response. These conditions are essentially the
samg, as the conditigns for perfect equalization. If the chan-

nels hi®:1. p- P have at most® common roots and these

roots are included in the TIR, then there exists a non-trivial
exact solution to the channel shortening problem (with a min-
imum length constraint on the TEQs). A proof and further
results will be given in [6] and [7].

Miyajima and Ding have also considered fractionally-spaced
channel shortening in [8], [9]. They state that if a given channel
shortener satis es a particular set of conditions, then it perfectly
shortens the channel. However, they do not give sutcient con-
ditions for the existence of a perfect channel shortener in terms
of requirements on the length or zeros of the channel and short-
ener.
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Figure 1: The system model.

Schemes for MIMO channel shortening have been proposed
in [1], [10] { [15]. However, these papers primarily focus on
proposing designs and quantifying their performance.

In this paper, we build a set of terminology for channel short-
ening, recast and prove sutcient conditions similar to those in
[3, 4, 6, 7], and develop and prove novel necessary conditions
for various types of perfect channel shortening. In Section Il we
introduce the model for the system and the notation we will use.
Section Il develops the de nitions of various types of perfect
channel shortening and gives examples of channels that moti-
vate the de nitions we have chosen. Section IV then takes the
new terminology and uses it to provide necessary and suzcient
conditions for the di®erent types of perfect channel shortening.
In many cases, the set of perfect channel shorteners will be a
large space of possible choices. Section V helps choose which
perfect channel shortener to use by investigating each perfect
channel shortener's robustness to interference. We also con-
sider the possibility of relaxing the perfect channel shortening
requirement in order to obtain a higher SINR (similar to [1]).
Section VI concludes the work by giving an example of two dif-
ferent channel shortening designs, both considering the e®ect of
a narrowband interferer and noise. We see that both the re-
laxed and perfect designs have very similar performances, and
we compare their ability to notch out the narrowband interferer
as it varies in frequency.

Il. System Model and Notation

We wish to study the system shown in Fig. 1. This model
can arise in practice either by sampling a single bandlimited
continuous time channel at P times the baud rate, or by using
P receive antennas. sy is a series of transmitted data sym-
bols. The P received signals, rﬁ');
ated by passing the original source sequence throughP dif-
ferent noisy linear time invariant channels. The ith chan-

nel has an impulse responseh(k') of length L, + 1 (that is,



hi" =0 8k 2fi1 ;:::;j 1g[f Ln +1;:::;1g ) and noise se-
quencen(k'). For any number of reasons, we may wish to shorten
the overall e®ective impulse response betweersy and yx to have
non-zero taps only within a window of length © + 1 [1],[11]. To

do this, we use a bank of linear Tters called channel shorteners,
the ith channel shortener having an impulse responsewﬁ') and
length Ly + 1. Denote the pth sub-channel's z-transform as

h(p)(Z) - X hi(p)zi i
i=0

and the pth sub-channel's channel shortener's z-transform as
w(P (z) in the same manner.

X N
W(p)(Z) - Wi(p)Z' i
i=0

We assume that the channel length L, has been chosen such
that at least one of the sub-channels does not have zero as its
“rst or last element. This avoids common sub-channels roots at
zero or in nity. De ne the pth channel's convolution matrix of
size Ln+ Lw +1) £ (Lw +1)

1y

: :

and dene the pth channel's shortener to be w, =
T
ng) ; wgp) vl . By concatenating the channel convolu-
tion matrices to form H = (HijH2j¢¢dHp), and con&eltenating
| . . .

the channel shorteners to formw = w7 jw2j:::jwys , we can
write the vector overall combined impulse response between s
and yx as

h ¢ee h®
Hp = N
h ¢ h®

c = Hw

Denote Hyai (¢ ;°) to be the matrix remaining after removing

the ¢th to the ¢ + °th rows from H, and denote H yin (¢ ;°)
to be the ¢th to the ¢ + °th rows of H. These matrices will
be useful in our de nition of channel shortening terminology.

I1l. Terminology

One can speak of shortening channels to di®erent lengths, the
ability to shortening them at many or a few delays, and the
ability to obtain many or only a few impulse responses within
the window. In order to discuss these di®erent topics in a precise
manner, we now introduce some mathematical terminology to
name each of these di®erent types of channel shortening.

De nition 111.1 (

°-PCS) w is a perfect channel shortener of

°g for a channel h if Hw 6 0 and H wai (¢ ;°)w = 0.

De nition 111.2 (Strong °-PCS Property) A channel h
has the strong °-PCS property if for every delay ¢ 2
fO;1;:::;Ln + Lw i °g there exists aw which is a °-PCS.

De nition 111.3 (Weak °-PCS Property) A channel h
has the weak®-PCS property if there exists at least one delay
¢ 2f0;1;:::;Ln+ Lwj ©g for which there is a °-PCS.

De nition 1.4 (M-°exible °-PCS Property) A channel
h has the M-°exible °-PCS Property if there exist M linearly
independent vectors c1;c2;¢ ¢ ¢cy each in REh*Ew*l and M
linearly independent vectors wi;wz;¢¢¢wy each in Rbw*
such that every °-PCS, w, has a shortened channel,Hw , that
is a linear combination of c;;c2;¢ ¢ ¢cy , and every linear com-
bination of w;'s is a °-PCS.

Furthermore, we say a channel has thein°exible
erty or the °exible °-PCS property
M equal to 1 or °© + 1 respectively.

In order to highlight the importance of the terminology, we
give two examples of low order channels that di®erentiate be-
tween the properties. In both examples P = 2.

°-PCS prop-
if it is M-°exible with

Example 1 The two sub-channelsh® (z) = z12+2zi 1 +3
and h® (z) =4z 2+52z ' +6 have the strong °exible °-PCS
for both© =0 and® =1 for Ly = 2. As we shall see later in
Section 1V, this is because h®¥ (z) and h® (z) share no common
roots.

Example 2 The two sub-channelsh® (z) = zi 8(z i 1)(z i
2)(zi 3)(zi 4)(zj 5)(zi 6) and h® (z) = z' 2(zj 1)(zj 7) share
a common root at z = 1. They do not have any0-PCS properties
for any Ly,. They have the strong in°exible 1-PCS property for
Lw = 4 for reasons we will see in Section IV. They only have
the weak in°exible 2-PCS property for Ly =2 because they are
shortenable for ¢ =0 but are not shortenable for ¢ =5 .

IV. Conditions
Now that we have de ned and claried our terminology, we
are ready to provide novel necessary conditions and suzcient
conditions for strong M-°exible °-PCS. We begin with some
novel necessary conditions.

Theorem IV.1 (Necessary Conditions) Let the sub-
channels hP (z) share* roots®. Then necessary conditions for
h to have the Strong andM -°exible °-PCS property are

2 M. 9 1+1

2 0 1

5

2 PLw+ P, Lh+Lwi 2242M+1 1

Proof: First of all, note that common sub-channel roots must
be included in the shortened channel. This is because
h®(z)=0 8p ) h® (zo)w® (z0) =0 8w (z)

p=1

This implies that M - °j * +1, because in a window of length
° +1 we can have at most ° + 1 degrees of freedom. Factor out
the * common roots from each of the P sub-channels,h(® (z) to
form A®) (z). Thus, we now have a problem where the shortened
channel can be written as

o(2) = e(2)* (2)

where * (z) includes only the common sub-channel roots, and
we must design

*
&z) = AP@)w(z)

p=1

@

1These common sub-channel roots are neither at zero or innity
otherwise we would have zero coezxcients at the beginning or en d
of every channel, which would violate the minimality of the ¢ hannel
representation we choose.



The second condition comes from this equation. Since we need
to shorten the channel, we can not have® <1t .

Note that we must choose ¢(z) to be length M, and due to
the need to get all of the di®erent delays, this implies we need at
leastLp+Lywi 22+2M + 1 1di®erent linearly independent c's.
To see this, note that there are L, + Ly +1 | © di®erent values
of ¢, each of which corresponding to a di®erent window within
which the channel must be shortened. The minimal length we
could possibly shorten the channel to and still have M -°exibility
is M + 1. Even if we could perfectly shorten the channel to
the minimal length possible, we would still need Ly + Ly +
li°j C+1j M+1)=Lh+Lyij 20+ M+ 1 di®erent
locations of this smaller M +1 length window to satisfy °-PCS at
Lh+Lyw+1j © di®erent values of ¢. Since we neededM di®erent
linearly independent c's for the rst window, and we already
included one of them as the rst M + 1 window positioning,
we need a minimum of L, + Ly § 22+ M+ 1 +(Mj 1) =
Lh+Lyij 20+2M + 1 1 di®erent linearly independent c's.
To do this, the rank of the matrix R, formed as H was formed
by replacing h{® with A", must satisfy

rank(R), Ln+Lwj 2+2M +1j 1 2)

The rank of A is less than or equal to the minimum of its two
dimensions

rank(A) - min(Lni * + Lw +1;PLy + P) (3)
Combining (2) and (3) we have
min(Lpj *+Lyw+1;PLy+P), Ln+Lyj 22+42M+1; 1
which implies

PLu+ P, Lh+Lwi 22+2M+1; 1
which is the third necessary condition. |

Theorem V.2 (Suzcient Conditions) As before, let the
sub-channelsh(® (z) share ! (non-zero) roots. Suxcient con-

ditions for h to have the Strong andM -°exible °-PCS property
are

2 M=o i 1 4+1
2 0 1
2 PLy+P, Ln+Ly+1;1?
Proof: Assume that the three conditions hold. Factor out the

1 common sub-channel roots from each of the hP)(z) to form

will be included in the shortened channel. Now our shortened
channel is of the form (1) where none of the sub-channelsfi(® (2)
have any common zeros and the order of the sub-channels
Ch = Lnij * satises PLy + P, [+ Ly +1. With (1),
these two conditions satisfy the requirements for Strong Perfect
Equalization [16], which, due to linearity, implies that we can
form any €(z) we choose up to lengthLy j * + Lw +1. Thus,
our combined response is any channel of the form

o(2) = e(2)* (2)

Where 1 (z) is the product of common sub-channel zeros of the
original channel and €(z) is an arbitrary “Tter. In order to per-
fectly shorten the channel to length ° + 1 we choose &z) of
length (', = ©j * +1. Thisimpliesthat M =°; 1 +1. W
Here are some remarks about these two sets of conditions

Remark 1 The necessary conditions and suxcient conditions
we have provided collapse into the conditions for strong perfect
equalization when® =0 and! =0.

Remark 2 When we chooseM to be its maximum possible
value, the necessary conditions are the same as the suzcient
conditions. Thus, given that M = ° j 1 + 1, the suzcient
conditions given are actually both necessary and suzcient.

Remark 3 (The Space of ©°-PCSs) Note that for a channel
that has the M-°exible °-PCS property, the space, N, of all
9_-PCSs is not a vector space. We can express t as N =
Null(H war ) \ null(H)®, and our de nition of the M-°exible °-
PCS property allows us to write it in a new way:

N =aw;+¢¢¢aywu + 1vi+ ¢CC& vk

(4)
Where:

to in the de nition of the M-°exible °-PCS property.

Note that the new suzcient conditions are di®erent from those
in [4] and [6] because the restrictions we give on the channel
shortener's length are looser (Lw may be smaller).

V. Robustness to Interference
In the previous sections we have considered the interference fee
model in which n, = 0 8k;i. The M-°exible °-PCS conditions
we gave allow us to choose almost any point withina M + K di-
mensional space (i.e. any pointin N from (4)) to be our channel
shortener and still have perfect channel shortening. But which
of these possible shortened channels should we choose? One
possible answer to this problem is to allow the channel model
to include noise and other interferences, and then choose the
perfect channel shortener that is most robust to the interfer-
ence. A natural robustness criterion is the average signal to
interference and noise ratio

)

SINR = EU—S”~
El~2]+ EliA}%]
where s; ~, and A are the independent and uncorrelated signal,
noise, and other interference components of the output of the
channel shortener, y, respectively. To be specic, consider a
model for the interference in the ith channel

n(ki) - »‘(<i) + Alii)
Then, the wideband noise component ofy is the response of the
channel shortener to the wideband noise
i X Kw

~« =
i=1 1=0

A (i) (1)
ki 1 Wi

and the other interference component of y is the response of the
channel shortener to the other interference

i=1 1=0




Thus,
. "
X iy o X gy i
LW ki +Ws (5)
i=1 1=0 j=1 +=0

El~j*] = E

Where ‘ﬂ((ii)l and W,“) denote the complex conjugate of f(ii)l and
wl(') respectively. Remembering the way that we built w, we
can note that the (i 1)(Ln +1)+ Ithentryinitis w’. So (5)
can be rewritten as a quadratic form in w.

Efi~j’l= w"R-w
where the (i;j )th element of R- is

1 (bi=(LwtD) ©) - (bj= (Lw+1) )
R[] = T e bie (L 1) ¢ Ki j+ b= (L +1) ¢

A parallel development for A gives
E[iAj% = w" Raw
where the (i;j )th element of Rj is

Abi=(Lw +1) <)

A (bj= (Lw +1) c)
ki i+ bi=(Ly +1) cA i

Rali;j1= Kij+bj=(Lw+l) c

We wish to choose the perfect channel shortener which max-
imizes the SINR.

T T T
W' Hyin Hwin W

Wopt = arg max 6
op 9ma WTRiwW+ WTR,w ©)
Forming the matrix A = (W1;W2;:::;Wwm ;V1;iii;Vk ), We can

write our set of perfect channel shorteners as Ab, for some
vector b 2 RM*K | where the only restriction is that at least
one of the rst M elements of b must be non-zero. This allows
us to rewrite the optimization problem, (6), as

Wopt = Ab opt
where

bTATHL, Huwin Ab
bT (ATR-A + ATRzA)D

Bopt = arg min (1)
This is the generalized Raleigh quotient problem, whose solution
involves the generalized eigenvector problem [17]

ATHun Hwin Abi = ((ATRIA + ATR,A)D;

where we seek the eigenvectob; associated with the maximum
eigenvalue, , max . Note that we have taken the cavalier attitude
that we will ignore the restriction on b while performing the
maximization. We will merely check that the maximum, b,
of the generalized eigenvalue problem is nonzero in one of its
rst M components. |If it is not, we would have to resort to
constrained optimization methods.

In some situations we may wish to relax the requirement that
the channel be perfectly shortened in favor of a better SINR. In
this case, in the spirit of the MSSNR design [1], we include in
the SINR the out-of-window energy from the shortened channel,
and optimize the ratio

T T
W' Hyin Hwin W

wT (HvTvaII Hwai + Ri + Rp)w

SINR =

®)
which, as before, leads to the generalized eigenvector problem
p !

Huin Hwin Vi = i Huai Hwar + Ri + Rn v

5

and we choosew = vi, where ,; is the maximum eigenvalue.
Note that w need not be in N here.
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Figure 2: Comparative performance of the two schemes as
the frequency of the narrow-band interferer is varied when
h® (z) :pz2 +2z+3and h®(z2) =722+2z+1, ¥ =1,
andg= 2.

VI. Robustness to Interference: An Example

We now consider a simple example including two types of inter-
ference: wide-band noise and a narrow-band interferer. In the
case of the wide-band noise,R, = %21, where | is the identity

matrix with all zero elements except for ones along the along the
main diagonal [17]. When there is also a narrow-band interferer,
one would expect that the channel shortener can stay a perfect
channel shortener, but incorporate a notch into its response in
order to block out the interferer. We consider a system in which

the multi-channel model arises due to over-sampling the received
signal by P = 2. A narrow-band interferer of the form gcos(- t)
in the original continuous time channel gives the multi-channel

interferers Al = gcos( (i | 1+ kP))where! = ~T= and Ts is
the transmitted symbol period. This yields the average matrix
R i whose elements are

2

g
2
As suspected, the simulations showed that the channel short-
ener's response attempted to notch out the narrow-band inter-
ferer for both schemes. Figures 2 and 3 compare the depth of
this notch (the channel shorteners were normalized to have unit
L, norm) for the schemes (7) and (8).

Another interesting aspect of the two designs is their robust-
ness to inaccuracies in the measurement of the wide-band noise
variance ¥¢. We created Fig. 4 by removing the narrow-band
interferer from the model, xing the wide-band noise at 10 dB
SNR and varying the mis-measured SNR from 5 dB to 15 dB.
It appears that, while the °-PCS is more robust against inaccu-
rate SNR measurements than the imperfect channel shortener,
both designs do not degrade in performance heavily with this
impairment.

Rali;j1= S-cos (2(ii j)ibi=(Lw +1)c+ bj=(Lw +1)c))

VII. Conclusion

In this work we provided novel terminology and novel necessary
conditions and recast sutcient conditions for perfect channel



Depth of the Notch for the Two Designs fect channel shorteners to interference resulting from cross-talk
‘ ‘ ‘ ‘ or investigate a truly MIMO channel model.

Acknowledgments
The authors wish to thank Dr. D. Pal of Conexant, Dr. G.
lyengar of Columbia University, and Dr. J. Ciot+ of Stanford
University for providing us with [6] and [7]. We also would like
to thank Dr. T. Miyajima of Ibaraki University and Dr. Z.
: ; : Ding of U.C. Davis for providing us with [9].

AN
o

HOP (@8)

I I I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

50 I I I

Normalized Frequency
SINR References
[1] P. J. W. Melsa, R. C. Younce, and C. E. Rohrs, \Impulse Re-
sponse Shortening for Discrete Multitone Transceivers," IEEE

Trans. on Comm. , vol. 44, pp. 1662{1672, Dec. 1996.

[2] D. D. Falconer and F. R. Magee, \Adaptive Channel Memory
Truncation for Maximum Likelihood Sequence Estimation," Bell
Sys. Tech. Journal , pp. 1541{1562, Nov. 1973.

[3] S. Barbarossa, G. Scutari, and A. Swami, \MUI-free CDMA Sy  s-

) ) ) ) ) ) tems Incorporating Space-Time Coding and Channel Shorteni ng,"

0 005 01 015 02 025 03 035 04 045 05 in Proc. IEEE Int. Conf. on Acoustics, Speech, and Signal Pro-

Normalized Frequency cessing, May 2002, vol. 3, pp. 2213{2216.

[4] D. Pal, G. N. lyengar, and J. M. Ciox, \A New Method of
Figure 3: Comparative performance of the two schemes as ~ Channel Shortening With Applications to Discrete Multi Ton e
the frequency of the narrow-band interferer is varied when (DMT) Systems,” in  Proc. IEEE Int. Conf. on Comm. , June
h(z) =,z +2z+3 and @ (z2) =722 +2z+1, ¥ = 11, 1998, vol. 2, pp. 763{768. o
and g= p 5 [5] D. Pal, \Poly-Path Time Domain Equalization," US patent no.
' 6,353,629, Mar. 2002.
[6] D. Pal, G. N. lyengar, and J. M. Ciotx, \A New Method of
Robustness to Mismatched SNRs Channel Shortening With Applications to Discrete Multi Ton e
104 w w w w w (DMT) Systems. Part |: Theory," submitted to IEEE Trans. on
—— not PCS
1035 ] [7] D. Pal, G. N. lyengar, and J. M. Ciox, \A New Method of
Channel Shortening With Applications to Discrete Multi Ton e
(DMT) Systems. Part Il: Training," submitted to IEEE Trans.
103F e oo b on Comm.
o 6““9\@ [8] T. Miyajima and Z. Ding, \Multicarrier Channel Shortenin g
10251 o Based on Second-Order Output Statistics," in  Proc. IEEE Work-
/ shop on Signal Proc. Advances in Wireless Comm. , Rome, ltaly,
June 2003.
0.2 / 1 [9] T. Miyajima and Z. Ding, \Second-Order Statistical Appro  aches
P to Channel Shortening in Multicarrier Systems,” to appear i n
/ IEEE Trans. on Signal Processing , 2004.

/ [10] M. Milosevic, L. F. C. Pessoa, and B. L. Evans, \Simultane -

ous Multichannel Time Domain Equalizer Design Based On The

101y 1 Maximum Composite Shortening SNR," in  Proc. IEEE Asilomar

Conf., Paci ¢ Grove, CA, Nov. 2002, vol. 2, pp. 1895{1899.

1005 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ [11] N. Al-Dhahir, \FIR Channel-Shortening Equalizers for MIMO
5

-4 -3 -2 -1 0 1 2 3 4 5 "
Error in input SNR Measurement (dB) ISI Channels,” IEEE Trans. on Comm. , vol. 49, no. 2, pp. 213{
218, Feb. 2001.

. . . [12] W. Younis and N. Al-Dhahir, \Joint Preltering and
F'gure 4: Pe':formance of the two schemes when the noise” "\ sg Equalization of Space-Time Coded Transmissions Over
is measured mcorrectly. Frequency-Selective Channels," |EEE Trans. on Vehicular Tech.

vol. 51, pp. 144{154, Jan. 2002.

[13] A. Tkacenko and P. P. Vaidyanathan, \EigenTter Design o f
MIMO Equalizers for Channel Shortening,” in  Proc. IEEE Int.
Conf. on Acoustics, Speech, and Signal Processing , Orlando, FL,

ISINRJ? (dB)

35 I I I

SNR of Output (dB)

10.15

shortening arising in a communications system exploiting mul-

tiple receive antennas or over-sampling. Any number of possible May 2002, vol. 3, pp. 2361{2364.
extensions to this \(vork exist. Over time, quite a few schemes [14] A. Stamoulis, S. N. Diggavi, and N. Al-Dhahir, \Interca  rrier In-
for channel shortening have been proposed, and one could check terference in MIMO OFDM,"  IEEE Trans. on Signal Processing ,

whether these schemes converge to PCSs under ideal noiseless  vol. 50, no. 10, pp. 2451{2464, Oct. 2002.
conditions. Also, it would be interesting to investigate whether  [15] R. K. Martin, J. M. Walsh, and C. R. Johnson, Jr., \Low Com -

or not standard databases of channels, such as the CSA-loops plexity MIMO Blind, Adaptive Channel Shortening," Submitte d
for DMT systems satisfy the necessary and suzcient conditions to IEEE Trans. on Signal Processing , Oct. 3, 2003.

for perfect channel shortening. Speci cally, if these fractionally ~ [16] C. R. Johnson, Jr., et. al., \The Core of FSE-CMA Behavior
spaced channel models have sub-channels with nearly common ~ Theory," in  Unsupervised Adaptive Filtering, vol. II: Blind De-
roots, then over-sampling is not likely to provide the receiver convolution , Simon Haykin, editor, pp. 13-112, Wiley, 2000.

a signicant improvement in its ability to shorten the chan- [17]PG' Strlang,N LinYeark A&%"ES%”" its Applications ,  Academic
nel. Furthermore one could investigate the robustness of per- ress, inc., Mew vork, Y, ’



