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Abstract

We investigateTomlinson-Harashima precodin@HP) for multiuser systems. Since we aim at simple receivers,

the feedforward and feedback filters are located at the transmitter. The filters are derived baseinm mean

square error(MMSE) criteria, with (zero-forcing THP) and without (Wiener THP) additional constraints. For flat
fading and frequency selective scenarios, we modify the well known linear transmit filter optimizations to yield the
optimizations for the respective THP approaches. The resulting feedback filters directly depend on the feedforward
filters which are computed successively. Inspired by this observation, we include a suboptimum ordering strategy for
spatial THP similar tovertical Bell Laboratories space tim@/-BLAST) at the receiver. Moreover, we incorporate

a suboptimum latency time optimization for temporal THP. Simulation results reveal that THP is particularly
advantageous in conjunction with higher-order modulation schemes and fosigiggl to noise ratia(SNR).

1 Introduction channel due to Doppler (cf. [24]), prediction increases
the applicability of precoding (see [25], [24]). In [26],
Motivated by the need for cheap mobiles with low channel variations are combatted with a robust filter
power consumption, we focus on systems where thedesign. Infrequency division duplexFDD) systems,
complex signal processing is performed athiase sta-  feedback of the channel state information from the
tion (BS) as proposed by Gibbard etal. [1], i. e. receive receivers to the transmitter is necessary.
processing in the uplink and transmit processing in the Most contributions on THP assumed that the feed-
downlink. Similar to the noise enhancement problem forward filter is located at the receiver. This assumption
of linear receive filters (e.g. [2]), linear transmit filters was made, because THP was used to overcome the
(e.g. [3], [4], [B], [6], [71, [8], [9], [10], [11]) suffer error propagation problemof DFE. Obviously, the
from the need of increased transmit power. To over- complexity of the receiver is only reduced slightly
come this problem, THP feeds back alreadynsmitted  in this case, as the feedforward filter still has to be
symbolgo reduce interference at the receiver [12], [13]. optimized and applied by the receiver. If the feedfor-
A similar principle at the receiver is th#ecision feed-  ward filter of THP is deployed at the transmitter, the
back equalizatior(DFE, [14]), where alreadgetected receiver can be simplified dramatically. This setup for

symbolsare fed back to reduce interference. decentralized receivetsas only been considered in [1],
THP was originally proposed to nonlinearly combat [16], [27], [18], [28], [19] and will be used in this paper.
intersymbol interferenc@Sl), since the recursive filter First, we focus on multiuser systems with flat fad-

necessary to equalize an FIR channel linearly caning vector channels (which are equivalent to MIMO
be unstable (see [12], [13], and also [15]). Spatial systems without cooperation of the receiving antenna
equalization of a flat fadingnultiple input multiple  elements) and modify the well known optimizations for
output (MIMO) system with THP was considered by the linear zero-forcing and the linear Wiener transmit
Ginis etal. [16] and Fischer etal. [17]. In [18], Fischer filter to obtain the optimizations for the respective THP
etal. used THP for a DS-CDMA system which was also filters under the assumption of known ordering as we
investigated by Liu etal. [19]. Contrary to the popular have done for DFE in [29]. For both THP filter types,
assumption of full channel knowledge at the transmit- the feedback filter directly depends on the feedforward
ter, Fischer etal. [20] proposed THP based on partialfilter and the channel. Since the columns of the resulting
channel state information (see also [21]). However, we feedforward filters are computed successively by simply
assume perfect instantaneous channel state informatiodropping the respective row in the channel matrix at
at the transmitter which is available time division  each step, we employ a successive algorithm to find
duplex(TDD) systems from the channel estimation dur- the suboptimum ordering. This heuristic approach to
ing the reception in the other link, if the calibration is find the ordering for THP is similar to the V-BLAST
good enough (see e. g. [22]) and the channel coherencerdering for DFE [30]. As our THP filters are based on
time (e.g. [23]) is large enough. As channel estimation an optimization that applies the same scalar weight at
errors can be neglected compared to the variation of theall receivers, our precoding tries to support the different
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users equally in contrast to [31] where Windpassinger 2 System Model

etal. proposed an ordering which leads to maximally .

differepnt receive powers and is advandageous in con-2-l Flat Fading Vector Channels

junction with adaptive modulation. The symbolssi[n],k = 1,..., K, for the K receivers
Second, we investigate THP for frequency selective are stacked in the vector signal

fading channels. Starting from the linear transmit filters, T %

we develop spatio-temporal THP which suppresses the sin] = [si[n],.. sk [n]] " € C

ISI of succeeding symbols linearly, theo-channel and passed through the precoder consisting of the

interference(CCl) with spatial THP, and ISI due to feedforward filterP € CN=*X and the feedback filter

already transmitted symbols with temporal THP. We F ¢ CKX*K (cf. Fig. 1), whereN, denotes the number

apply the ordering algorithm developed for flat fading of antenna elements at the transmitter. For THP, the

channels also to spatio-temporal THP and incorporatemodulo operation for complex is defined as

a latency time optimization (see e.g. [32]) in THP for _
frequency selective channels. M(z) = Re(z) 1y . |Im(z) 1
We explain the system models for flat fading and 2 T 2

frequency selective vector channels in Section 2 and
d|scuss_zero-for(_:|ng e:nd Y‘r’]'e”e; T|;||P t?gdgther;/]vnh thle than or equal to the argument and the constauie-
.respecyve OVdT?t””Q ag(;)rlt_ ms for at ia '”QICT:gr;e S pends on the used modulation alphabet (e.g. [17]), e. g.
in Section 3. After introducing spatio-tempora or as suln] € {exp(um/4) | p € {~3,—1,+1,+3}}, we

frequency selective channels in Section 4, we presentsetT — 24/2 for QPSK. For linear transmit processing,
and analyze the simulation results in Section 5. the modulo operator reduces M(z) = « and the

. feedback filter is inactive, i.elf' = Ox k.
1.1 Notation The precoded signay[n] = Pwv[n] € CN= propa-
Vectors and matrices are denoted by lower case boldgates over thé-th of the K vector channel&;, € C™a,
and capital bold letters, respectively. We U3e], ‘«, and leads together with the complex Gaussian noise
‘®", ()%, ()T, and(e)! for expectation, convolution, n[n] to the received signal, [n]. After forming vector
the Kronecker product, complex conjugation, transpo- signals 3[n],n[n] € CX similar to s[n], the received
sition, and conjugate transposition, respectively. The signals can be concisely expressed as
trace of a matrix is denoted hy(e) and the pseudo in- ~
verse by(e)*. All random processes are assumed to be 8ln] = Hyln] + nln] = HPv[n] +nn], (1)
zero-mean and stationary. The covariance matrix of the where H = [hy, ..., hg]T € CE*Na_ All receivers
vector process[n] is denoted byR, = E[z[n]z"[n]], apply the same scalar weighting~' to correct the
whereas the variance of the scalar procegs| is amplitude of the desired signal which follows from the
denoted bys? = E[|y[n]|?]. The N x M zero matrixis  transmit power constraint. Note that [18], [19] did not
On« . the M -dimensional zero vector B;;, and the make the restriction of identical weighting, but a unitary
N x N identity matrix is1y, whosen-th column ise,,. feedforward filterP was assumed.
Throughout the paper, we utilize the selection matrix  Every receiver must apply a modulo operatidie)
S(g.01,8) = [00rxq, Lar, Onrxn—g] € {0, 1}MXMHN, to remove the effect of the modulo operation at the

The floor operatote | gives the integer number smaller



transmitter. The quantize®(e) maps onto the signal
constellation to generate the symbol estimates. Note
that the chain of modulo operation and quantizer can

be interpreted as a modified quantizer that also maps
onto the signal constellation, whose mapping is based,:ig. 3
on an infinite periodic repetition of the original signal
constellation. Due to the additional neighbours in the
periodic repetition, the error probability is increased. Lagrangian multipliers we easily obtain

Linear Representation of the Precoder

. -1
2.2 Frequency Selective Vector Channels Pl = By HY (HHH)
Due to the frequency selectivity of the channels and fz¢ is chosen to set the transmit power Q.
Q Fig. 3 which depicts a linear representation of the
hin] = th_’q(s[n —qleCM k=1,...,K, precoder used in the original papers [12], [13] suggests
4=0 how we have to modify the optimization in Eqn. (3) to

end up with the optimization for ZF-THP. The auxiliary
signal a[n], whose entries have real and imaginary
parts which are integer multiples of is chosen to get
entries ofv[n] whose real and imaginary parts lie in
the interval[—7/2,47/2). As a[n] is removed by the
modulo operators at the receivers, the desired value for
Additionally to the feedback filtel ¢ CK*¥ for 3[n] is d[n] = s[n] + a[n] instead ofs[n]. Moreover,
spatial THP, the feedback filtdf[n] € CX*X isneces-  we have to take into account thRtcan only feed back
sary for temporal THP. Again, when linear precoding is already precoded entries efln]. Thus, the feedback
utilized, M(z) = z and the feedback filters are inactive, filter F' has to be lower triangular with zero main

with maximum delay?, the feedforward filter also has
to be FIR:

L
P[n] =) Pidn — (] € CNxK,
£=0

i.e. F =0gxx andT[n] = Oxxk. diagonal under the assumption of ordered data streams.
The k-th received signal reads as (see Fig. 2) Thus, we get following optimization for ZF-THP:
Sk[n] = hy, [n] = Pln] * v[n] + ni[n] or {Pzr, Fzr, Bz¢} = argminE[Hd[n] — ﬁ_lg[n]Hﬂ
K {P7Fvﬁ}
suln) = S pF Hywiln] + mifnl, @) 5.4 80l gy, = Aelln, E[llylnl 3] = F, @
=1

F' : lower triangular, zero main diagonal.

where we defined Sinced|n] = v[n] — Fv[n] as can be concluded from

Q Fig. 3, above optimization simplifies to
Hj = Z S(g1+1,Q) @ Py € CHEHDXEFOHL . 22
o {PzF, Fzr, Bz¢} = argmin oy, 3~ (5)
P.F.§
p, = [efP},... el PT]T e CN(L+D and ¢ )

St:HP=3(1x - F), tr (PR,UPH) — Ey, and

vi[n] = [vin], ..., v[n— L —Q|T e CLHR+L,
1[] [1[] 1[ ]] SiFei:0i7'L.:17...,K7
with v;[n] = efwv[n]. Since we assume uncorrelated %

5 9 . :

outputs of the modulo operator at the transmitter, i.e. Where o, = >.;_, o, . We split the constraint on

E[v;[nJoT[n]] = 6[i—j]o21,1041, the transmit power the structure ofF' into K constraints, each for one
v 1

J . . .
L lumn of F'. To this end, we introduced the selection
is simply E 2l = g2 7K 12, colur , _
py [Hy[n]HQ] 0-71 Zz:l ”sz2 matrix Sz — S(O,i,K—i) c {0’ 1}’L><K to cut out the

first ¢ entries of the-th column of F'. Furthermore, we

3 THP for Flat Fading Channels assume that the signals at the output of the modulo
operator at the transmitter are uncorrelated, that is
3.1 Zero-Forcing THP (ZF-THP) R, = E[v[n]v[n]] = diag(agl,...,agK_). Then, the
Linear zero-forcing precoding(TxZF) results from fr?tljlljtyolinergf Ean. (5) can be found with Lagrangian
MSE minimization under the constraint of an unbiased P '
and interference-free estimate ! 5[n]. The TXZF op- K H T H T
timization can be written as (e.g. [8]) Pz =z ) H'S[(SiHH"S]) 'Sieie],
i=1

P, 35} = argminE|||s[n] — 5713[n 2 (3) K

{ “F ZF} {P,3} |:H [ ] [ ]H2:| FZF:Z(ei —HHHS;T(SLHHHS;T)ilszeL)e;T,

.12 8[1]|0) 0, = B[] andE [y []lf}] = F, -

and zr is chosen to fulfill the transmit power con-
where Ei, denotes the available transmit power. With straint. Note thatPzr and F'zr only exist, if Ny > K.



1: K—{1,...,K} 1. forie=1,...,K: .
G—H , 2: viln] — M(sk,[n] + ef 527 £5050n))
4 for ;): K7G+ 1 v[n] = [vi[n],..., vk [n]]T
: — argmi > y[n] = Pofn]
5: k; < argmin || Pey|3
keK
6: p; — Pey, TABLE Il
7 fi—ex, — Hp; ORDEREDSPATIAL THP
KK — K\{k:}
G — (1x — ey, el )G
100 x < U?”Pl”% + ‘73 Zf(:z ||Pz||§
f,: Vmg”/x x] The variance of the other outputs of the modulo opera-
S tor is approximately equal to? = E[|v;[n]|?] = 72/6,
TABLE | i1 =2,..., K, under the assumption of uniformly dis-
FILTER AND ORDERING COMPUTATION FORSPATIAL ZF-THP tributed symbols (see e.g. [17]). When comparing the

Tables | and Il, we see that the columns B are
applied in reverse order of their computation, e.g.
_ the K-th column is computed first, but applied last.
The i-th column of Pz¢ is the i-th column of the  Because this property is in contrast to V-BLAST for

pseudo-inverse ofS;H weighted with fz¢, whereas  prg, we do not term the ordering algorithm V-BLAST
the i-th column of F'z¢ is the respective column of the  for THP Jike in [31].

pseudo-inverse weighted withl and subtracted from )
e;. Since S;H e C*X consists of the first rows 3.2 Wiener THP (WF-THP)

of H, we observe that theth column of Pzr only  1he gptimization of theinear Wiener transmit filter

depends on the first rows of H which suggests to (TXWF, e.g. [8], [9]) is found by dropping the zero-
compute the filtersPz: and Fzr successively. There- forcing constraint in Eqn. (3):

fore, we start withi = K (Hx = H), end withi = 1, )
drop the last row off; to form the new channel matrix ~ { Py, Bjye} = argmin E {Hs[n] — B713[n] ||2}
{P,s

H,;_, after stepi, set thei-th column of Pz equal to (7
the weighted last column of the pseudo inversebf s.t.: E[Ily[n]llg} = Ey,
and compute theé-th column of F'z¢ accordingly. h luti d
Obviously, the order of precoding cannot be noticed whose solution reads as .
by the receivers. Therefore, we can change the ordering Pl = Bie (HHH + EWFlNa) - HY,
to further minimize the cost function. Since the columns
of Pz are orthogonal, we get whereéwr = o7 /Ey and 3ye is necessary to fulfill
52 K ) the transmit power constraimt(PRsPH) = FEy.
02 By = E_nzaﬁk ‘(HiH)JF ek*H ) Similar to ZF-THP, the WF-THP optimization can
ri =y 2 be obtained from the TXWF optimization by replacing

the desired signas[n] by d[n] = v[n] — Fv[n] and
constraining the feedback filtdf to be lower triangular
with zero main diagonal:

Note thatk; is the index of the receiver which is
precoded at theé-th step and the projection matrix

K
IT, = 15 — Z e, e;fj {PWF,FWF,ﬁWF} = argminE{Hs[n]Hg]
j=i+1 {P,F.p
. "\ _ (8)
sets the rows of the channel matrix belonging to S.Li tr (PR”P ) = Ey and
receivers which will be precoded at a later step to SiFe;=0;, i=1,.... K,
zero. As the optimum orderinff;, ..., kx} canonly  \yhere the error signal can be written as
be found by examining allK! possibilities, we use . .
following suboptimum criterion known from V-BLAST g[n] = v[n] — Foln] — 7 HPvln| — 87 nln].
instead of minimizing Eqn. (6): With the Lagrangian multiplier method, the result of
k= argmin H(HiH)+ekH§ ’ above optimization can be found:
ke{l,.. . K}\{kit1,....kK } K
for i = K,...,1. Hence, we minimize the-th Pwr=puwry A7 'H"S] S,ee],
summand for fixedc;+1, ..., kx instead of the whole i=1

sum. The resulting algorithm for joint order and filter
computation is listed as pseudo code in Table I. The
algorithm for ordered spatial THP is found in Table II.
Note that we used?> = E[|si, [n]|?] as variance of  and fSwr is defined bytr(PR,P") = E;. Here, we
the first precoded signal,[n] in line 10 of Table I,  used the abbreviatioAd; = H"STS; H +&wrl v, and
since vy [n] is simply s, [n] (see line 2 in Table Il). the scalawr is againo? /Ey.

K
Fwr=)Y (S;fsi - 1K) HA;'H"%ee?,

i=1



1. K<{1,...,K}
G—H
fori=K,..., 1.
P — (GGM + gwrlg) !
ki < argmin egPek
ke

No gk

p; — GHPeki T[n]

fi— (II; — 1x)Hp;

K — K\{k:}

G — (1x — ey el )G Fig. 4. Linear Representation of the Precoder
x = 23 + 02 S il
B — UEU/X

P — B[py;.. -, PK]

denoted byv. The coefficients of the TXWF filter for
TABLE Il the k-th data streans[n] can be expressed as
FILTER AND ORDERING COMPUTATION FORSPATIAL WF-THP

_ > = o H -1
Pirx = Bwrep H), (HH + EWFlNa(L+1)) ,

We make the same observation as for ZF-THP: the With H = [H 1, ..., H ] € CNaL+DxK(L+Q+1) gng

i-th column of Pwe only depends on the firstrows of ~ éwr = 0,/ Eyr. Note that the TxZF which is the TXWF

H and the respective column dfwe directly follows  after applying the matrix inversion lemma and setting

from the i-th column of Pye. Thus, we can use a & =0only exists, ifNa(L +1) > K(L+Q +1).

similar successive algorithm for WF-THP as for ZF-  Like for flat fading channels, we have to employ the

THP. Plugging the optimunPwe, Fwe, andBwe into  signaldix[n — v] = eld[n — v] (see Fig. 4) as desired

the cost functionv? = E[||e[n]||3] yields: signal instead of[n — 1] to get the THP optimization.
Additionally, we have to constrain the structure of the

o2 ! spatial feedback filte#":
oo Zauk el (1:1 HH"II, +5WF1K) er., P
K
9
©) {Pwr, Fwr, Twr, fwr} = argmin Zaek
where we used thmatrix inversion lemmée. g. [33]), {P.F.T.5} .2 (11)

employed the already defined projection maffily, and St E[||y[n]||§ — E, and
included the ordering indeX;. To avoid the exami-

nation of all K! possibilities for ordering, we make
the heuristic simplification to minimize each summand
separately instead of the whole sum in Eqgn. (9).

The resulting algorithm for joint WF-THP filter and
ordering computation can be found in Table Il which
we obtained by changing the lines 4, 5, 6, and 7 of
Table I. The resulting WF-THP filters are applied in
the same manner as their ZF-THP counterparts. Thus,
Table Il is also valid for WF-THP.

F' : lower triangular, zero main diagonal.

Here,o?, is the variance of the error for theth data
stream which can be expressed as

ex[n] = di[n —v] — 575k [n]

and as can be seen in Fig. 4, the sigidh — v] is

K
v+1vk — € Z (F€i63+1 + TiS(”)) v;[n],
4 Multiuser Space-Time THP i=1

In the followi f the desian i where we collected the coefficients of the temporal
n the following, we focus on the design dfiener ¢ o filterT(n] — ZHQﬂ/T 5[n — 1] for the

spatio—temporal THE(WE-ST—THP) as the design of ith THP streamu;[n] in r=1
the zero-forcing variant is straightforward — only the
constraint for an unbiased and interference-free esti- T
mate 3~'5[n] has to be included. ’

The TXWF for frequency selective channels follows
from a MSE minimization similar to the TXWF for flat
fading channels in Eqgn. (7):

= [Tlei, ey TL+Q7V6'£} S (CKXL+Q_V

and in the optimization of Egn. (11), we utilized the
abbreviationT = [Ty,...,Tk] € CKXKUL+Q=v),
Moreover, we introduced the special selection matrix

K S — Swi1.01Q-vwi1) € {0, 1}L+Q+V><L+Q+1 to
{Pwr, fwe} = argmanE“E [n]] } cut out the lastL + @ — v entries ofv;[n].
P8} = (10) To solve the optimization in Egn. (11) we divide the
s.t. E[Hy[ 1l } = FEy, constraint on the structure @ into K constraints for

the K columns of F' like in the flat fading case (cf.
where we use® = [p,,...,py| € CNll+DxK and  Eqgn. 8). With Lagrangian multipliers we easily find
&k[n] = sk[n — v] — B713k[n]. The latency time is  expressions for the feedback filters as functions of the



('V'),TB(V/),fleZ('V')

. K
1. v argmin dimie; X

K {l... K}

G—HaOY
fori=K,...,1:
5: P — (GHG + EWFIK(L+Q+1))71
6: k; < argmin e](:)’TPe,(CV)
ke
7 pl — el T PGH

Fi— T — 1k) Z;(:1 ejp?ﬁegy)

T, — - e;pl H; ST

K — K\{ki}

v v),T

G — G(k(riq) — e ef)™)
x — o2 3K |Ipill3
B+ v/ Eu/x
fori=0,...,L:

P; = BS(Noi,Na,NaL) P15 - - - PKc]
forz’~: 1,...,.L+Q —v:

T; =[Tiei,..., Tkei]

TABLE IV
FILTER AND ORDERING COMPUTATION FORWIENER ST-THP

feedforward filterspye - - -, Pwr k-

K
Twei=—»_ BurerPur, Hr ST and
k=1
K
Fwr = Z (S;‘rsi - lK) Gurerpwr Hre,ie; .
i k=1

With the projectorS,(C”.)Sé‘jl.)’T which is defined as

oo+ + (HSiekH; - 1) evpieyyy — SIS,

and A; = Y, HySY)SYT T HI + &wel, i),
the feedforward filters can be written as

,T -1 .
P = Burel S S THI AT, i=1,.. . K.

The scalarpwe is defined by the transmit power
constraint, i.eo2 X1 [|pwell3 = Exr.

We conclude from above results that thh feed-
forward filter p-, only depends on the first + 1
columns of Hy,..., H; and the firstv columns of
H;,...,Hg. Moreover,Twr, and also thei-th
column of Fwr only depend om,yg ;. This observation

suggests to compute the filters successively like in the

flat fading case: start with the first+ 1 columns of all
channel matrices to computg,c 5, drop thev + 1-th
column of H; after computingpyr ;, and bas@ye,;
on the remaining columns of the channel matrices.

1. fori=1,..., K:
vin] — M(sg, [n] + eF 3502 £v5[n))
viln] — M(viln] + el 327577 Tjwln — j])
v[n] = [vi[n],..., vk [n]]
yln] = 37 o Pevln — 4]

TABLE V
ORDEREDSPATIO-TEMPORALTHP

5: P—GF
6: k; « argmin ||PTe](€V) IE
ke
7: pl — TP
TABLE VI

FILTER AND ORDERING COMPUTATION FORZF-ST-THP

whereB,E”) = Hz(.”)FIHIEIH,E”)Jré”WFlK(LJrQH) and
el") = e 1011)(k-1)1v11- The k-th block diagonal
entry of the projector

1" = blockdiag (M), )

1) 2

setsthe last. + Q +1 — v or L + Q — v columns of
the respective channel matr#{;, to zero:

K
Hg,/z) = 1L+Q+1 — S(V)’TS(V) 72 6V+1er]£6kj 63+1.
j=i+1
Note that the sum vanishes for= K and therefore,
ng;( = ]—L+Q+1 — S(V)’TS(V).

Instead of the minimization of the MSE in Egn. (12)
which requires the examination ok'!(L + @ + 1)
possible ordering and latency time combinations we
split the problem into two subproblems. First, we
minimize the MSE by choosing the latency time under
the assumption that no spatial THP is applied. Second,
we use the heuristic successive algorithm which we
employed for spatial THP over flat fading channels to
find the ordering. The resulting algorithm for joint order
and filter computation of WF-ST-THP can be found in
Table IV. The ST-THP procedure is outlined in Table V.

Zero-forcing spatio-temporal THEZF-ST-THP) can
be computed with the same algorithm as in Table 1V,
only lines 5, 6, and 7 have to be changed (see Table VI).

5 Simulation Results

We presentuncoded bit error ratio(uncoded BER)
results comparing the linear transmit filters with the

Again, we can change the order of precoding as donegoent MMSE approaches to THP. We use following

for spatial THP, but we also can optimize the latency
time to further minimize the MSE. To this end, we plug

the filters for fixed ordering{k1,...,kx} and fixed
latency timev into the MSEo? = -5 o2

K
o2 =cwe Y e "B el (12)
i=1

(transmit) SNR definition: SNR= 10log,,(Ey/07,).
In all scenarios, we assume that the transmitter has full
channel state information.

5.1 Flat Fading Vector Channels

In Fig. 5, we present results for a system with = 4
antenna elements at the transmitter &ne- 3 receivers
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Fig. 5. QPSK Transmission over Frequency Flat Channels, 3 Users,Fig. 6. QPSK Transmission over Frequency Selective Channels with
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in a spatially uncorrelated flat Rayleigh fading scenario, In Fig. 6, we can observe that the linear TxZF
using QPSK modulation. The results are the mean ofis clearly outperformed by theero-forcing ST-THP
10000 channel realizations arzl) symbol vectors were  (ZF-ST-THP). In contrast to the ZF solutions, in the
transmitted for each realization. We observe that theuncoded BER region betweetd—! and 10~2, the
linear transmit filters outperform their THP counterparts Wiener ST-THP(WF-ST-THP) and the TXWF show
for low SNR values. This behaviour can be explained almost identical performance (difference is less than
by the fact that in THP systems, even though QPSK is 1 dB). For high SNR values, the WF-ST-THP and the
used, the decision depends on phase and amplitude inZF-ST-THP both outperform the TXWF.

formation, due to the modulo operation at the receiver. For the results in Fig. 7, we only changed the

For higher SNR valuespatial THP(S-THP) provides  modulation to 16QAM, leaving all other simulation
superior performance. Th&iener S-THRWF-S-THP)  parameters unchanged. The results highlight the impact
solution performs significantly better than both the of the chosen modulation on the THP systems, which
zero-forcing S-THRZF-S-THP) presented in this paper was already discussed in Subsection 5.1. Clearly, the
and the zero-forcing approach with unitary feedforward higher the order of the modulation alphabet, the better
filter presented by Fischer et al. in [18]. Moreover, the the performance of the THP systems compared to the
ZF-S-THP solution derived from the TXZF optimization linear transmit filters. From Fig. 7, it can be seen that in
leads to better results for high SNR than the unitary ZF- the given scenario, the WF-ST-THP solution provides

S-THP although the unitary ZF-S-THP allows different optimum performance, regardless of the SNR region.
scalar weighting at the receivers and has therefore

potentially more degrees of freedom. We can conclude
that the weighting for unitary ZF-S-THP arising from

the LQ-factorization as proposed in [18] is suboptimum
with respect to overall BER, since we used the same 1g7%L
ordering as for ZF-S-THP.

5.2 Frequency Selective Vector Channels

In Fig. 6, we show results for a system wifki, = 4

antenna elements at the transmitt&r,= 3 receivers,
and QPSK modulation. The frequency selective chan- —o— TXWE
nels have@ + 1 = 6 paths and an exponential power —— TxZF
delay profile. Again, we assume uncorrelated Rayleigh —%— WF-ST-THP
fading. The results are the mean 8600 channel 107 —& ZF-ST-THP
realizations,100 symbol vectors were transmitted per -10 -5

channel realization. The linear transmit filters TXWF

and TxZF are of ordel. = 15, but the order of the  fig 7. 16QAM Transmission over Frequency Selective Channels
feedforward filter ofspatio-temporal THRST-THP) is  with Exponential Power Delay Profile

set toL = 7 taking into account the coefficients of the

THP systems’ feedback filter in order to end up with a  Fig. 8 shows results for a channel of ordgr= 4

fair comparison between the different systems. with a uniform power delay profile. For the linear

uncoded BER
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SNR/dB
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Fig. 8. QPSK Transmission over Frequency Selective Channels with
Uniform Power Delay Profile [18]
. [19]
transmit filters, we sef. = 11, for the feedforward
filters of the THP-systems we chode= 5. It can be 0]

observed that in case of a uniform power delay profile,
the difference between the ZF-ST-THP solution and the
WEF-ST-THP solution is larger than for the exponential
power delay profile. [21]
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