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Abstract—In this letter, we study spatial Tomlinson-Harashi-
ma precoding (STHP) from an information theoretic point of
view encompassing both the single and the multiuser scenarios.
Since the performance of any communications precoding scheme
relies on the quality of the channel state information (CSI) that is
made available at the transmitter side, in this work we focus our
attention on the analysis of the robustness of STHP in terms of
rate loss when the CSI is imperfect. Precisely, we present a robust
design of the set of moduli used in STHP and, consequently, of the
corresponding power allocation, that maximizes the achievable
rates for the worst-case errors in the CSI in the small errors
regime.

Index Terms— MIMO robust designs, Tomlinson-Harashima
precoding, multiuser communication, MIMO channels, decision-
feedback equalization.

I. INTRODUCTION

HE pioneering work by Costa in 1983 [1] and recent

theoretical results describing the sum-capacity when us-
ing multiple antennas to communicate with multiple users
in a known rich scattering channel [2]-[6], have motivated
a significant research on multi-input multi-output (MIMO)
downlink transmit strategies. One of such downlink strategies
[7], [8] was the extension of the non-linear precoding scheme
for temporal intersymbol interference mitigation proposed by
Tomlinson [9] and Harashima [10], into spatial interference
equalization for MIMO systems, leading to the so-called
spatial Tomlinson-Harashima precoding (STHP) scheme. The
main idea behind STHP is to pre-subtract the interference that
is produced by the presence of the MIMO channel before
the signal is actually transmitted, which turns out to be
computationally very simple to implement.
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In addition to STHP, other downlink precoding strategies
have been proposed, such as the transmission architecture for
the MIMO broadcast channel developed in [11], [12], where
a transmission scheme based on a regularized inversion of the
channel combined with a vector perturbation was developed
and analyzed. A similar scheme as in [11] was proposed in
[13], where optimality was sacrificed to reduce the compu-
tational load by utilizing Babai’s closest-point approximate
solution. Other downlink schemes include the STHP optimized
with respect to the sum of mean square errors as given in [14],
or the non-linear precoding scheme with vector perturbation
described in [15] which shows the best performance among
all the cited schemes.

A commonality among all these schemes is that, since the
precoder has to be matched to the channel, some degree of
channel state information (CSI) has to be made available at
the transmitter. In realistic scenarios, this CSI is imperfect,
due to errors in the estimation of the channel or due to the
presence of a noisy feedback channel, implying a performance
degradation of the system. The effects of imperfect CSI for
STHP in a single user scenario, in terms of signal-to-noise
ratio (SNR) loss, were studied in [16]. The authors in [17]
proposed a robust design of the transceiver matrices in STHP
in a multiuser broadcast scenario taking a Bayesian modeling
of the errors in the CSI and looking for the minimization of
the sum of the MSE for all the users. An additional zero-
forcing constraint but keeping the same design objective and
error modeling was given in [18].

In this letter, we address the problem of evaluating the
rate loss of STHP due to small errors in the available CSI
both for the single and multiuser cases from an information
theoretic point of view. We present a maximin robust design
of the set of moduli used in STHP and, consequently, of the
corresponding power allocation among the transmitted data
streams, that maximizes the worst-case achievable rates. The
choice of analyzing the STHP scheme is due to the fact
that it is a widely accepted transmission architecture which
can be implemented in real systems because it requires a
small amount of computational effort and also for reasons of
simplicity of analysis.

II. SYSTEM MODEL

We consider the downlink of a flat fading wireless commu-
nications system with nr transmitters at the base station (BS)
and np receivers. This gives rise to a MIMO channel, which is
represented by the matrix H € C"E*"T_ The received signal
vector, y € C"E, is y = Hx + n, where x € C"7 is the
transmitted vector and n € C"Z is the noise vector, whose
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Fig. 1. Single user communication scheme with Spatial Tomlinson-Harashi-

ma Precoding.

entries are considered to be i.i.d. circularly symmetric complex
Gaussian random variables with zero mean and variance 2.
In the single user case, see Fig. 1, the k-th element of the
received vector, yg, represents the received signal at the k-
th antenna of that single user, and in the multiuser case, see
Fig. 2, y;, stands for the received signal by the single antenna
of k-th user.

The input of the STHP is a vector, s € C™S, whose entries
are the ng data symbols that are to be transmitted, s, k =
1,...,ng. The output of the precoder, p € C™9, is obtained
from these data symbols in a similar way to the recursive
causal spatial relation described in [7], [8], as

k=1
pr = My, {Sk - Zl:l bkzpz} , fork=1,....,n5. (1)

In (1), by are a set of coefficients to be determined, and My, [z]
represents a complex modulo reduction of z € C into the
complex square region Dy = [—tk, tx) X [—jtk,]jtr), which
is used to limit the dynamic range of the output signal to
overcome the problem of the increase of the transmitted power
in precoding schemes where the channel response is inverted.
Notice that a difference between (1) and the scheme in [7]
(and other previous works) is that our scheme allows different
moduli, ¢, for each component of the precoder output p, in a
similar way as the inflated lattice concept introduced in [19]
and [20]. As it will be shown later, this enables rate adaptation
per stream, in an analogous way as in [8], in which the rate
per stream was proposed to be adapted by the use of discrete
constellations with variable number of points. As an additional
contribution, in the following section we robustly design the
set of moduli against CSI imperfections.

A more compact notation can be used for the output of
the precoder in (1) by arranging the coefficients by; into the
elements below the diagonal of a lower triangular matrix B €
C"s*™s with ones in the main diagonal as [B|x; = by, k > [.
The output of the precoder is then p = B™!(s+a), where the
elements of vector a, ap = 2tpuy + j2txvE, with ug, vi, € Z,
must be chosen so that the elements of p lie inside the modulo
region defined by vector t = [t ---t,4]7, i.e., px € Dy.

In the following, we will focus on the single user case,
i.e., the different receivers are allowed to cooperate by jointly
processing the received data (coupled receivers). The multi-
user case, where the receiving antennas belong to different
users and therefore only individual processing of the received
symbols is possible (decoupled receivers), will be considered
in Section IV.

For the case where the receivers are coupled (see Fig. 1),
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the transmitted signal vector, x., is
x.=p=B (s +a). 2)

From dimensional analysis, last equation implies that the
number of transmit antennas has to be equal to or higher
than the number of transmitted signals, i.e., np > ng. If
the number of antennas is higher than ng then, a subset
of ng antennas is selected, where the selection is made
according to an achievable rates maximization criterion as it
is commented later. Moreover, since the single user has to
recover all the ng transmitted symbols, its mobile terminal
has to be equipped with ng > ng antennas. Let us assume
that the selected antennas are numbered from 1 to ng, then,
the transmitted power for the coupled case, Pr, is calculated
as P& = E xMx. = %, P, where P; is the power
transmitted through k-th antenna. The power Py is related
with the modulus t;, as P, = E [xx] o = 2t2 /3, which
results from assuming that the statistical distribution of sj, is
uniform in Dy, which is the one that maximizes the rate (see
[21] and [22] for a detailed proof).

The transceiver design consists in specifying the set of
moduli {¢;} and the matrices B, G, and F, as depicted in
Fig. 1, which were found in [8] for a zero-forcing criterion.
Here we recall their results: from the gl-factorization H =
FHS, where F is unitary and S is lower triangular, we get

G = diag({s;;'}),
B = GS, 3)
gii = [Glii = s,
With these definitions, we reproduce in (4) the estimate, r €
C"s, of the data symbols, s.

r = M [GFy] = M, [GFHx, + GFn] =
= M; [Bx.+ GFn] = My [s+ GFn]. (4)

Notice that M;[z] performs a modulo-t; operation for each
element z;. We define a new noise vector n = Fn, which has
the same statistical behavior as n. In addition, since G is a
diagonal matrix, r can be expressed in the form of ng parallel
data streams as

k=1,...,ng. 5)

This model of parallel data streams clarifies the purpose of
utilizing a precoder to presubtract the intersymbol interference
that is caused by the channel matrix: we obtain ng parallel
(or independent) data streams between the transmitter and the
receiver. Note that the quality of the data streams is dictated by
the components of the diagonal of the lower triangular matrix
S, which fulfill that s;; # 0, Vi, as [[si; = det(SHS) =
det(HFH), and H, which is assumed to be full rank, is
redefined as a matrix containing the ng columns of the original
channel matrix corresponding to the selected antennas.

T = My, [sk + greTir],

III. ROBUST DESIGN WITH IMPERFECT CSI IN THE
SINGLE USER CASE (COUPLED CASE)

In this section we consider the practical scenario where the
CSI at the transmitter side is imperfect and, hence, there is a
mismatch between the ideal transmitter design, as given by B,
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Fig. 2. Multiuser communication scheme with Spatial Tomlinson-Harashima
Precoding.

and the actual transmitter which we shall denote by ]§, which
is the erroneous version of its ideal counterpart. Precisely, the
main contribution of this section is that we obtain a robust
design, whose objective is the maximization of the sum rate
taking into account explicitly the presence of errors in the
CSI. Since we are interested in high data rate transmission,
the following analysis is done assuming that the SNR is high
(for practical purposes this implies that it has to be greater
than 10 dB) and that the error in the precoding matrix B is
kept small.

We consider that the receiver feeds back the elements below
the main diagonal of the matrix B to the transmitter (note
that feeding back these elements requires a lower amount
of feedback than transmitting the whole channel matrix H
from the receiver to the transmitter). If some kind of error is
considered in the feedback link or in the channel estimation,
the transmitter will work with an erroneous precoding matrix,
B = B+Apg with Ag being a strictly lower triangular matrix.
In this case, using the notation in (2), the transmitted signal,
X. B becomes

X. 58 =B !(s+ag)=(B+Ag) '(s+ag). (6
Notice that ag in (6) must now be chosen so that x_g lies
inside the modulo region defined by vector t. In addition, it is
important to state that, in general, ag # a, where a is defined
as in (2). However, if the variance of the elements of the
error matrix Ag is kept small it can be assumed that (Asl):
a = ag (see Section V for a validity evaluation). Under (As1),
substituting (6) in (4) and using the matrix inversion lemma,
B+Ap) '=B ' -B1{(AgB ! +1,,) 'AgB!, the
received signal can be expressed as rg = M[s+ (ApB™! +
I,,) 'AgB~!(s + a) + GnJ. Notice that B~!(s + a) =
X., i.e. we can reduce B~!(s + a) to x., which would be
the transmitted signal in the coupled case if no errors were
present in B matrix, and whose components are bounded in
[~tk,tk) X [=jtk,jtx). Defining L = (AgB~ ! +1,,) 'Ap
the received signal reads

rg = Mg[s + Lx. + G, @)

where L is a strictly lower triangular matrix.! Attention must
be paid to the fact that if the elements of Apg are sufficiently
small, the first order approximation of L = Ap + o(Ap),
becomes valid.

Once we have obtained an expression for the input-output
relation in the presence of feedback or estimation errors we

"Notice that the inverse of a triangular matrix is also triangular. Addition-
ally, the product of a lower triangular matrix and a strictly lower triangular
matrix is a strictly lower triangular matrix.
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can proceed to maximize the mutual information between s
and rg with respect to the set of moduli {t;}. As it was
described in Section II, the power transmitted through k-th
selected antenna, Py, is controlled by the modulo ¢; by the
relation P, = 2t2 /3. In [21], the design of {t;} in the perfect
CSI case was addressed and we found that performing antenna
selection and choosing all the {t;} to be equal (uniform power
allocation) is a quasi-optimal solution in terms of achievable
rates. Note that the optimal set of selected antennas in the
imperfect CSI case need not be the same as in the perfect
CSI case, but, in practice, it can be checked that the two sets
coincide (at least with the small errors assumption). From now
on, the antennas of the active set are numbered from 1 to ng,
ie. Pi,...,P,s >0, Pog41,..., P, = 0. In the following,
the set of moduli {1} (or, equivalently, the power distribution)
will be adapted to maximize the worst-case achievable rates
when feedback errors are present, giving thus rise to a robust
design. It will be shown that in the robust case the optimal
moduli are not equal.

The first order approximation in Ag of the received signal
vector is (As2): rg ~ M¢[s+Apx.+Gn]. If Apx, is treated
as an unknown interference, the mutual information between
k-th element of data vector, si, and the corresponding element
of received signal, 7 = [rg]x. is

I(Sk; Tk) = log(GPk) —h (Mtk [gkkﬁk + Zj<k 51“'5!7]}) R
(3)

where 0; = [AB]r; and h(-) denotes differential entropy,
analogously as in [21]. Note that, as z = [X.]x is the output
of the precoder, it is uniformly distributed in Dj, with variance
Py.

Let us define the random variable z;, = gkkﬁk+2j<k Ok;T;
with power E{|2x [} = ¢3,,0° + 3=, . |0k;|* P;. It can be de-
duced from [23, chapters 6 and 8] that z, can be approximately
modeled as a complex Gaussian random variable as long as
(As3): max; |0x;|?P; < g3,0°/3. Under (As3), we found in
[21] that the mutual information expression (8) is very well
approximated by

6P
Te(giro® + 2,21 10k 2 Py) )
)

(Asd) : I(sp;rp) ~ log™ (

where log™ (z) = max(log(x), 0). The achievable rates for the
STHP structure will then be the sum of the mutual information
of each active stream, > 2, I(sg;7%).

In order to describe the noise worst-case scenario we
consider that the squared moduli of the components of the
error matrix Ag are bounded, i.e. [§x;|*> < ;. In addition,
for the sake of simplicity we assume that oy; = o, VK, j.
Notice that, since we are interested in the worst-case, no
generality is lost with last restriction, because, in case that the
values of ay; were different for some k, j, it would suffice to
let o = maxy ; o

From all the considerations above, the power distribution
that maximizes the worst-case achievable rates when the CSI
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is imperfect is the solution to the following maximin problem:

ns
> I(skirn),

Crob,c _ .
THP — max min

Py {6 1 —
S.t. |5ij|2 < a, Vi,7j,
ng
> P.=Pr.
k=1

The solution to the minimization part is trivial, since each
term I(sy;7y) is a decreasing function of |d;;|> and each
|6;5]% is upper bounded independently of the others. Thus, the
minimum will be attained when |8;;|> = «, Vi, j. The resulting
maximization problem is a standard constrained optimization
problem, and can be solved with the use of the Lagrange
method. The Lagrange function is, up to a constant,

P
LAREN Zlog <g o2 —|—Oék2j<k Pj) i

k=1
+A <2Pk—PT>. (10)

k=1
Now, the optimal power allocation should satisfy
OL{Pi}; A) OL{ P} A)
et L2 R AA7A | d ———~7= Vk, (11
0P, o B O k(D

with the additional constraint that { P} is non-negative Vk.
With some basic manipulations from (10) and (11) a recursive
relation of the type Pog—r = f(Png—k+t1,--., FPng) for k =
1,...,ng—1 between the assigned power to each antenna can
be found as

Wng—k+1+Q (PT - Zj>ns—k PJ)

Wng—k+1 + « (PT - Zj>ns—k+1 PJ)
(12)

where w; = g%0? and k = ng — 1. Notice that the
second factor in last equation is always lower than unity, which
implies necessarily that P, < P, < ... < P11 < P,
which is a reasonable solution since power interference is
progressive in the sense that Py interferes with streams from
k+1 to ng, but not with streams from 1 to k— 1, see (9). The
set of equations in (12) together with Z;@Sl Py, = Pr can be
solved numerically obtaining the robust power allocation or
set of moduli.

P’I’Lsfk = P’I’LS*k}Jrl

IV. ROBUST DESIGN WITH IMPERFECT CSI IN THE
MULTIUSER CASE (DECOUPLED CASE)

In the multiuser scenario (see Fig. 2), since the receivers
may be located at geographically separated places, only indi-
vidual processing of each element of the received signal vector
is permitted. In [8], it was found that the design, for a zero-
forcing criterion, of the matrices B, F, and G is based on the
lg-factorization of the channel matrix H. The design is given
by

H = SF¥,
G =di 1

iag({s;; 1), (13)
B = GS,

Gii = [G]u = S;; 1

2399

where S is a lower triangular matrix and F is unitary.

In the decoupled case, two precoding matrices are necessary
at the transmitter side: B and F', which cannot be calculated
at the receivers side because each receiver only knows one of
the rows of the full matrix H. Consequently, we assume that
the transmitter is informed, e.g., through a feedback link or
by direct estimation, with an erroneous channel matrix H =
H+ Ay, and that based upon that estimate, the transmitter
calculates B and F following (13). Furthermore, we consider
that the entries of Ay are i.i.d. circularly symmetric complex
Gaussian random variables. The error present in the estimate
H propagates to the estimates B and F as B = B + Ap,
and F = F 4+ Ap. This error propagation has been recently
studied in [24] to characterize the BER in STHP systems.
Fortunately, the explicit expressions for Ag and Ap are
not needed here, because the authors of [24] also obtained
a very simple expression for the estimate of the data symbols
vector in the multiuser case when B and F are utilized in the
transmitter design:

r=M[s+&(s)+ Gn]. (14)

In last equation, £(s) is a random vector that represents
the effects of having imperfect versions of B and F at the
transmitter side, and is independent of n but depends on
the transmitted symbols sequence. In [24], the authors also
found that, when the entries of Ay are i.i.d. Gaussian random
variables, £ is distributed as a zero mean circularly symmetric
complex Gaussian random vector with E€€7 = =. An explicit
expression for the calculation of = is given in [24] and is not
reproduced here for the sake of space. We simply need to know
that = can be calculated for the worst possible sequence of
transmitted symbols as a function of H and the power of the
entries of Ag. Notice that, in this case, the structure of the
interference is not progressive, as it was found to be in the
coupled case (7). This is due to the fact that, in the decoupled
case, the output of the precoder pg is multiplied by the matrix
F which is unitary and consequently distributes uniformly the
interference that is present in pg among all the components
of the transmitted signal x4 = l?‘pﬁ.

In general, the matrix E is not diagonal, which implies that
the entries of the interference term £ in (14) can be correlated.
However, since the receivers can not cooperate, no advantage
can be taken from the correlation of the interference term in
the decoding process, and thus we only need to consider the
diagonal entries of &, which represent the interference power
seen by each user.

From what has been said above, the entries of the inter-
ference term & can be accurately modeled as an additional
source of Gaussian noise independent of Gn, and whose
power is given by the diagonal elements of the matrix =.
Consequently, since the sum of two independent Gaussian
variables is another Gaussian variable whose power is given
by the sum of the individual powers, the two noise terms can
be easily grouped into a single noise term, i.e. & + grini ~
CN(0, g3,.0% + [E],,). Now, the received vector in (14) can
thus be equivalently expressed as

r= M [s+Dv]|, or rp, = M, [si + dxvi], VE,
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Fig. 3. Validation of the approximations done in the analysis. For a given

channel realization, we have computed the ratio where the approximations
done in Section III were valid as a function of the o parameter. Similar
results have been obtained for other realizations of the channel matrix.

where D is a diagonal matrix, with [D]2, = d2, = g7, 0% +

[E],..» and where v ~ CN(0,1,,).
We can now express the robust achievable rates for the
decoupled case as the solution to

ns
= max

P 3108 (67— h (M iz duaril).

ns
S.t. Zpk = Pr.
k=1

rob,d
THP

5)

However, one readily sees that the problem in (15) is the
same that was solved in [21], but with a set of noise powers
according to d3, = g7, 02+ [E],,. Consequently, the problem
can be solved quasi-optimally by selecting an active set of
streams (users) and performing uniform power allocation
among them (which is equivalent to saying that ¢, has a
constant value for all users in the active set). Note that, in
the imperfect CSI case, the robust set of active users does not
have to be the same as in the perfect CSI case. This is due
to the fact that, when the CSI is imperfect, the ordering of
the new set of noise powers d2, may be different than the
set g7, 02. Consequently, the algorithm may deactivate a user
whose channel was good with perfect CSI, but whose channel
quality has decreased significantly due to the presence of the
term [Z],, .

V. SIMULATIONS AND CONCLUSION

To give graphical representations of our results, we have
considered a flat-fading 3 x 3 MIMO channel matrix, with
i.i.d. complex Gaussian entries. The working mean SNR is
Pr/o? =15 dB.

On the one hand, for the single user case, as the robust
capacity analysis has been done using numerous approxi-
mations (Asl), (As2), (As3), and (As4), before presenting
the simulations results, the validity of the approximations is
shown in Fig. 3 by plotting the fraction of realizations with
respect to the noise in which the approximations are valid.

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 6, NO. 7, JULY 2007

Rate loss as a function of o

N N
i o

N
[N

Mutual Information (nats s Hz'1)
&~

b
o

6.4 —— Robust Power Allocation
— - Uniform Power Allocation with Antenna Selection (Non-Robust)
T T T T T {
-34 -32 -30 -28 -26 -24 -22 -20
o (dB)

Fig. 4. Capacity for different power allocation strategies as a function of «
for the single user scenario for three realizations of the channel matrix.

Precisely, (As4) is considered to hold true when the relative
difference between the approximation (9) and the actual value
(8), calculated numerically, is lower than 103, Tt can be seen
that, for the particular values of the simulation parameters
taken in this section, the capacity analysis is valid for values
of o up to —21 dB. For values of a higher than —21 dB our
analysis is not valid. However, from the slope of the robust
achievable rates curves at « = —21 dB in Fig. 4, the rates
that can be achieved for & > —21 dB seem to decrease
fast, so even with a robust technique it would be difficult to
cope with the problems associated with having an imperfect
feedback link. Notice that the validity of (As 2) has not been
plotted as the differences between L and Ap have always
been found negligible. In Fig. 4, we have plotted the maximum
achievable rates for the robust power allocation strategy and
also for the non-robust uniform power allocation with antenna
selection scheme described in [21] for different realizations of
the MIMO channel. In Fig. 5 we have plotted the fraction of
the total power that is transmitted through each one of the
antennas, which is related to the set of moduli used in STHP,
for a particular realization of the channel. It can be seen that,
as « gets close to -21 dB, the robust power allocation differs
substantially from the uniform power allocation.

On the other hand, in the multiuser case, similar simulations
have been conducted but in this case the parameter a repre-
sents the noise power of each component of the estimation
error in the channel matrix H = H+ Ag, i.e., E|[[Anl;;|? =
o. For each channel realization the worst-case matrix = has
been computed following [24] and then a set of active users
has been selected according to the set of noise powers given by
d2,. = gi,,0° +[E],,- The resulting maximum achievable sum
rate has been plotted in Fig. 6 for various channel realizations.
In addition, since in the multiuser case we are not so strongly
conditioned on the validity of the approximations done in
the single user case, we can extend the domain of a. As
the value of o increases the maximum achievable sum rate
decreases very rapidly, which implies that, as the estimation
noise increases, even the robust technique is not able to cope
with the presence of errors in the feedback link. Note that this
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Fig. 5. Graphical representation of the robust power allocation with respect
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conclusion, also valid for the single user case, is not surprising
since the robust design presented in this paper has been derived
assuming small errors and, therefore, the degradation can be
quite high when this assumption does not hold.

To conclude we would like to remark that in this paper we
have analyzed some issues concerning the achievable rates of
the STHP scheme in the presence of errors in the CSI. Initially,
we have added degrees of freedom in the design of the
STHP by allowing different modulo operations at the output
of the precoder. Next, we have found two robust strategies
for the design of the set of moduli or, equivalently, of the
power allocation, for the single and multiuser scenarios, that
maximize the mutual information when the available CSI at
the transmitter side is not perfect.

Finally, we wish to highlight that the proposed algorithm
could work in a realistic deployment since the presence of
errors in the feedback link has been taken into account in the
design process.

(1]
(2]

(3]

(4]

(51

(6]

(71

(8]

[91

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

2401

REFERENCES

M. Costa, “Writing on dirty paper,” IEEE Trans. Inf. Theory, vol. 29,
no. 5, pp. 439441, May 1983.

G. Caire and S. Shamai, “On the achievable throughput of a multi-
antenna Gaussian broadcast channel,” IEEE Trans. Inf. Theory, vol. 43,
pp. 1691-1706, July 2003.

P. Viswanath and D. Tse, “Sum capacity of the vector Gaussian broad-
cast channel and uplink-downlink duality,” IEEE Trans. Inf. Theory,
vol. 49, pp. 1912-1921, Aug. 2003.

W. Yu and J. Cioffi, “Sum capacity of Gaussian vector broadcast
channels,” IEEE Trans. Inf. Theory, vol. 50, no. 9, pp. 1875-1892, Sept.
2004.

S. Vishwanath, N. Jindal, and A. Goldsmith, “Duality, achievable rates
and sum capacity of Gaussian MIMO broadcast channels,” IEEE Trans.
Inf. Theory, vol. 49, pp. 2658-2668, Aug. 2003.

H. Weingarten, Y. Steinberg, and S. Shamai, “The capacity region of
the Gaussian multiple-input multiple-output broadcast channel,” /IEEE
Trans. Inf. Theory, vol. 52, no. 9, pp. 3936-3964, Sept. 2006.

R. Fischer, C. Windpassinger, A. Lampe, and J. Huber, “Space-time
transmission using Tomlinson-Harashima precoding,” in Proc. 4th ITG
Conference on Source and Channel Coding, Jan. 2002.

C. Windpassinger, R. Fischer, T. Vencel, and J. Huber, ‘“Precoding
in multiantenna and multiuser communications,” IEEE Trans. Wireless
Commun., vol. 3, no. 4, pp. 1305-1316, July 2004.

M. Tomlinson, “New automatic equalizer employing modulo arith-
metic,” Electron. Lett., vol. 7, no. 2, Mar. 1971.

H. Miyakawa and H. Harashima, “Information transmission rate in
matched transmission systems with peak transmitting power limitation,”
Nat. Conf. Rec., Inst. Electron., Inform., Commun. Eng. of Japan, vol. 7,
no. 2, pp. 138-139, Aug. 1972.

C. Peel, B. Hochwald, and A. Swindlehurst, “A vector-perturbation
technique for near-capacity multiantenna multiuser communication-part
I: channel inversion and regularization,” IEEE Trans. Commun., vol. 53,
no. 1, Jan. 2005.

——, “A vector-perturbation technique for near-capacity multiantenna
multiuser communication-part II: perturbation,” IEEE Trans. Commun.,
vol. 53, no. 3, pp. 537-544, Mar. 2005.

C. Windpassinger, R. Fischer, and J. Huber, ‘Lattice-reduction-aided
broadcast precoding,” IEEE Trans. Commun., vol. 52, no. 12, pp. 2057—
2060, Dec. 2004.

M. Joham, J. Brehmer, and W. Utschick, “MMSE approaches to
multiuser spatio-temporal Tomlinson-Harashima precoding,” in Proc.
ITG Conf. on Source and Channel Coding, Erlangen (Germany), Jan.
2004, pp. 387-394.

D. Schmidt, M. Joham, and W. Utschick, “Minimum mean square error
vector precoding,” in Proc. IEEE Intl. Symposium on Personal, Indoor
and Mobile Radio Communications (PIMRC’05), Berlin (Germany),
Sept. 2005.

R. Fischer, C. Windpassinger, A. Lampe, and J. Huber, “Tomlinson-
Harashima precoding in space-time transmission for low-rate backward
channel,” in Proc. IEEE Intl. Zurich Seminar on Broadband Comm. (I1ZS
’02), Feb. 2002.

F. Dietrich, P. Breun, and W. Utschick, “Tomlinson-Harashima pre-
coding: a continuous transition from complete to statistical channel
knowledge,” in Proc. IEEE Global Telecommunications Conference
(Globecom’05), vol. 4, Nov. 2005, pp. 2379-2384.

R. Hunger, F. Dietrich, M. Joham, and W. Utschick, “Robust transmit
zero-forcing filters,” in Proc. ITG Workshop on Smart Antennas, Munich
(Germany), Mar. 2004.

R. Fischer, “The modulo-lattice channel: the key feature in precoding
schemes,” International J. Electron. and Commun., pp. 244-253, June
2005.

U. Erez, S. Shamai, and R. Zamir, “Capacity and lattice strategies for
canceling known interference,” IEEE Trans. Inf. Theory, vol. 51, no. 11,
pp. 3820-3833, Nov. 2005.

M. Payard, A. Pérez-Neira, and M. Lagunas, “Achievable rates for
generalized spatial Tomlinson-Harashima precoding in MIMO systems,”
in Proc. IEEE Vehic. Tech. Conf. Fall, Sept. 2004.

R. Wesel and J. Cioffi, “Achievable rates for Tomlinson-Harashima
precoding,” IEEE Trans. Inf. Theory, vol. 2, no. 2, pp. 824-831, Mar.
1998.

A. Papoulis, Probability, Random Variables and Stochastic Processes,
3rd ed. McGraw-Hill, 1991.

S. Bahng, J. Liu, A. Hgst-Madsen, and X. Wang, “The effects of
channel estimation on Tomlinson-Harashima precoding in TDD MIMO
systems,” in Proc. IEEE Sig. Proc. Adv. in Wireless Comm. (SPAWC’05),
New York, June 2005.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


