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Abstract: In block transmission systems such as or-
thogonal frequency division multiplexing (OFDM), when
there are multipaths with delays exceeding cyclic prefix
(CP) length, performance degrades due to inter-block in-
terference (IBI). Channel shortening is a promising tech-
nique for reducing the effect of IBI. Most channel short-
ening methods presented before can be applied only to
single-user communications. In this paper, we propose to
apply a channel shortening method, which exploits the
second order statistics (SOS) of the received signals, to
multiuser communications. Computer simulation results
are presented to show that the SOS method is superior to
a conventional method in asynchronous multiuser com-
munications.

1. Introduction

In recent years, high-speed wireless communication
technologies based on block transmission have been stud-
ied actively. In block transmission systems, cyclic pre-
fix (CP) is inserted between transmitted blocks to pre-
vent inter-block interference (IBI). However, the insert
of a long CP reduces spectral efficiency. When there are
multipaths with delays exceeding CP length, residual IBI
severely degrades the system performance.

To overcome this disadvantage, there are several ap-
proaches. Examples include interference cancelation[1],
and an adaptive array antenna[2]. We focus on channel
shortening methods|[3]. Channel shortening methods try
to shorten the impulse response of the effective channel,
which is a convolution of a physical channel and linear
equalizer referred to as time-domain equalizer (TEQ), to
within the CP length.

There have been many studies on channel shortening.
In most of these studies, however, single-user commu-
nication systems are considered[3]. Recently, multiuser
communication systems, such as multiuser multiple in-
put multiple output (MU-MIMO) and orthogonal fre-
quency division multiple access (OFDMA), are attract-
ing attention. They can use limited frequency resources
effectively and offer high transmission rate. To the best
of our knowledge, there is only a channel shortening
method[4] that can be applied to multiuser communi-
cations. In [4], all the users are assumed to be synchro-
nized, i.e., downlink. When the transmission timing of
each user differs from each other, i.e., uplink, this method
cannot be applied.

In this paper, we consider the application of a chan-

nel shortening method [5], which is originally developed
for single-user communications, to asynchronous (up-
link) multiuser communications. The method exploits
only the second-order statistics (SOS) of the received
signal and does not need the training sequences which
waste bandwidth. The most remarkable feature of this
method is that it does not need symbol synchronization.
This motivates us to apply the SOS method to asyn-
chronous multiuser communications. We evaluate the
performance of the SOS method in asynchronous mul-
tiuser communication systems by computer simulation.

2. Problem formulation

2.1 Communication model

wik]

k] W
user #1 ul r[k]
ey {7 — &
channel : | TEQ _y/f
4 H Vjik g
user #J
UG S

Figure 1. Multiuser communication system using time-
domain equalizer.

Figure 1 shows a multiuser system using a TEQ where
there are J users. The jth user transmits an OFDM sig-
nal u;  at arbitrary timing 7;. A transmitted signal u;
is obtained by applying the inverse fast Fourier trans-
form (IFFT) to a data block and inserting CP of length
P between the resulting blocks. The transmitted signals
are assumed to be uncorrelated with each other. Assume
that each user uses all subcarriers. A physical channel
from a transmitter to a receive antenna can be modeled
as an FIR filter whose impulse response length is M + 1.
The received signal at S antennae can be written as

J
rp = [ rsR]t =D Fry Wi (1)
j=1

where (-)T represents the transpose of a matrix. The
input to a TEQ of length L can be described in a matrix
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form as

rp_r41

where ulk] = [u1 k7, Ugk—r, UL (L M)—ry+1 "
UJk—(L+M)—7,+1), W[k] is a noise vector, and H €

CLSX(LAM)J can be written as

H[0] H[M] o0 0

H=| 7 |
o ... 0 H[ H[M]
H[i| = [ hyfi hy[i] ], (4)
hli] = [ hyali) hyslil " (5)

The output of the TEQ is given by
yr = g"r[k] = c"ulk] + g wlk] (6)

where g is a parameter vector of the TEQ, the effective
channels is ¢ = H g € C(E+M)Ix1 and ()" represents
the Hermitian transpose of a matrix. The TEQ output
can be rewritten as

J
Z g Hu;[k] + g" wlk]

Y =
J J .
= Y gHp up,lkl+ Y gHyju k] + g wik]
j ]
h;[0] h;j[M] 0
where H; = .. .. , Uy [k] =
0  h;[0] h;[M]

[Wjk—r; - W ke (L4 M)+1-7;) " » Hp j consists of the first
P columns of Hj, Hj ; is its remaining part, up ;[k] is
the first P element of u;[k] and uy ;[k] is its remaining
part. In the above equation, the first term is the desired
component and the second term contains the IBI and
multiple access interference.

The problem is to find g such that the impulse re-
sponse of all effective channels ¢, which are composed of
physical channels and a TEQ), is shortened.

2.2 FRODO

Forced redundancy with optional data omission
(FRODO) is a channel shortening method for multiuser
communications [4]. FRODO tries to restore the CP
property at the output of TEQ. The cost function to be
minimized is

J(g) = Ellyps+1 — yo-1]?]- (7)

In the case of synchronous systems, FRODO can shorten
the effective channels, because ypy1 and yg—_; contain

the CP part of all users. However, in the asynchronous
systems, FRODO may fail to shorter all the channels
since they contain the CP part of only synchronized
users.

3. Multiuser channel shortening
3.1 SOS approach

In [5], a single-user channel shortening method which
exploits the second- order statistics of the received sig-
nals was proposed. The SOS method does not need sym-
bol synchronization at the receiver, so that it can be ex-
pected to be successfully applied to asynchronous mul-
tiuser communications. In this section, we extend the
method in [5] to multiuser communications.

Since the transmitted signals are uncorrelated with
each other, the correlation matrix of the transmitted sig-
nal vector E[u[k]u?[k + v + 1]] becomes (JT)"*! where

0 I 0

L T (8)
: " |
O --- -+ 0

v + 1 is the length which the effective channel impulse
response is shortened to. In the absence of the noise, the
correlation matrix of the received signal vector becomes

R, 1 = E[r[k]rf [k + v +1]) = ZHIT)HHA. (9)

If we find the parameter vector of TEQ g from the null-
space of R, 1, then we have
HJ")""'HYg =0, (10)
If H has full column rank, (10) can be rewritten as
ATy +HAg = 0 (11)
and thus,
T=o.

(JT)VJrlci [CVJ+1"'C(L+M)J_1O"’O] (12)

This implies that the length of each channel impulse re-
sponse is shortened to within v + 1.

3.2 Algorithm

The algorithm is summarized as follows:

step 1 Obtain the time average estimate of R, 1
over B blocks as

B

- 1

Ry =% > rlklrlk+ v +1].
k=1

step 2 Compute the singular value decomposition of

R, as
RV-H = QXQ,.
step 3 Set the last column of Qs to the parameter
vector g.
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4. Simulation results

To evaluate the performance of the SOS method,
we carried out computer simulation. Unless otherwise
stated, the following parameters are used: the number
of blocks B=1000, the number of users J=2, the size
of FF'T N=64, the CP length P=4, the length of win-
dow v+ 1=4, and the length of channel impulse response
M+1=9. The received signal-to-noise ratio (SNR) is de-
fined as

Bll[£xalP] _ ok S0, |l i)

SNR = =

Ellwall] o2 (13)

Signal-to-interference-and-noise power ratio (SINR) is
used as a performance measure. SINR for the jth user
defined as

E[g"Hp jup ;[k]|*]
El|g!H; jup ;[k]|?] + Ellgwl[k]|?]
2 112
__ clenlP »
o?llcr |2 + o2lgl|

SINR; =

where cp ; is the first v elements of c; = Hfg which is
effective channel impulse response of jth user, and cj ;
is its remaining part.

The performance of FRODO is also evaluated. In
FRODO, the receiver is assumed to be synchronous to
the first user.

Figure 2 shows an example of original channel impulse
responses and effective channel impulse response ob-
tained by the SOS method and FRODO, when transmis-
sion timing of first user and second user is synchronous
(r = 7 — 71 = 0). Both SOS method and FRODO
shorten the channel response. Figure 3 shows an exam-
ple of original channels and effective channel obtained
by channel shortening methods in the asynchronous case
(r = 4). Although both methods can shorten the chan-
nel of the first user, the effective channel of the second
user obtained by FRODO disappears.

Figure 4 compares the SINR performance of the SOS
method and FRODO when the difference of transmit
timing varies. The SINR of FRODO depends strongly
on the timing difference. On the other hand, the SINR
of the SOS method remains high irrespective of the tim-
ing difference. This result supports the effectiveness of
the SOS method in asynchronous multiuser communica-
tion systems.

In Figs. 5 and 6, the SINR performances of the second
user are shown when SNR varies in the asynchronous
case (1 = 4). The SINR of the SOS method improves
as SNR increases. On the other hand, the second user’s
SINR of FRODO is extremely low.

Figure 7 shows the SINR performance as a function
of the number of blocks. SINR converges within about
1000 blocks.

Figure 8 shows the SINR for various number of users.
The SOS method can be applied to systems with more
than two users.
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Figure 2. Magnitude of impulse response of original chan-
nels and effective channels obtained by SOS method
and FRODO in synchronous case (7 = 0).
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Figure 3. Magnitude of impulse response of original chan-
nels and effective channels obtained by SOS method
and FRODO in asynchronous case (1 = 4).

5. Conclusion

In this paper, we proposed to extend a channel short-
ening method proposed in [5] to asynchronous multiuser
communications, and showed its effectiveness by com-
puter simulation. It should be noted that the output of
TEQ still contains the multiple access interference and
thus signal separation is needed to demodulate the data.
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