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Abstract — We derive the transmit \.\’iencr filter for
DS-CDMA systems which depends upon thie neise power
af the receivers. We shew that the transmit Wicner ilter
converges to the transmit matched filter and the trans-
mit zero-forcing filter for low and high signal-to-noise-
ratio, respectively. Simulation results show the superi-
ority of the transmit Wiener filter compared to the ether
two transmit filters. Mereover, we observe that the ap-
plication of the three transmit filters ang the respective
receive fitters lead to similar results,

1 INTRODUCTION

Since the transmissions in the uplink and the downlink
of a time division doplex (TDI) system reside in the same
frequency hand. the channcl parameters of the uplink are
alse valid for the downlink, if the transmuter and the re-
ceiver are calibrated correctly [1] and the coference time
[2] of the channel is large cnough. Therefore, it is pos-
sible to design transmit filters which are applicd prior w0
transinission to equalize the detection signal ar the output
of the ¢ priori known receive filier [3, 45, This precod-
ing or pre-equalization technigue has the advantage (o re-
duce the complexity of the recciver dramatically. because
it is not necessary to adapt the receive filter to the instan-
taneous channel properlics. As the mobile stations (MSs)
n a cellular direcr seguence code divison multiple decess
(DS-COMA) systent have to be low cost, transmit process-
ing is especially attractive for the downlink, since the base
station (BS) is the transmitter. Moreover. multiple antennas
deployed at the BS can be exploited very easily to imprave
the transmission n the downlink, when fransmit processing
is employed. Note that we only examine Niear transmit
processing in this article to end up with MSs which are as
simple as possible.

‘The most intuitive approach for transmit processmg is
completely eliminate the ingracell interference at the receive
filter ouiput. since the BS has no influence on the neise re-
ceived by the MSs. The resulting traasmit zevo-forcing filter
(TxZF, e.g [4, 5. 6. 7, 8. 9. 10]) exhibits an extraordinary
performance for bigh sighal-to-noise-ratio (SNR) similar to
the receive zero-forcing filter (RxZF).

The receive marched filter (RAMF) munximizes the ratio
of the power of the desired signal to the noise power lead-
g to an oplimum behaviour for low SNR. Accordingly.
the transmit matched filter (TXMFY ov prevake [3. 11, 12]
maximizes the power of the desired part of the received sig-
nal 113] and 18 therefore eptinum. when the power of the
noise at the receiver is larpe. Simifar to the respective re-
ceive filters, the TXZF outperforms the TxME for high SNR.
wiereas the TxMIE iy superior for low SNR [13].
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The yeceive Wiener filter (RxWF) which minimizes the
mean square error {MSE) und finds a trade-off between the
signal power maximization of the RxMF and the interfer-
ence suppression of the RxZF is weli researched and under-
stood. The RxWF converges to the ReMF for low SNR and
to the RxZF for high SNR. However. a similar transmit fil-
ter, namely the transimit Wiener fifrer (TxWF), is missing.
in a recent report [14], we showed that the TxWF cun be
found by minimizing a modified MSE.

In this paper, we derive the TXWF for the downlink of
DS-CBMA systems. To this end, we briefly explain the
system mndel in Section H and recall the optimizations io
obtain the TxMEFE and the FxZF in the Scetions {1 and IV,
respectively. After discussing previous atiempts to lind the
TXWF in Section V, we present the TxWTF in Section VL
The simulation results in Section VI show the exceptional
pesformance of the TxWF.

. SYSTEM MODEL

In a conventionat DS-CHDMA system, the m-th symbol
.s-&_m'} of user k is spread with the spreading code diind of
length x; and one slot consists of N, = x4, chips, where
M;, denotes the number of symbols of the k-th user per siot.
The spreading operation is a priori known to the receiver in
the case of receive processing. Accordingly, we assumc that
the receive filter applied to the reccived signal for transmit
processing is ¢ priord known to the ransmitter. To end up
with the simplest receiver for DS-CDMA we use 4 correla-
tar as receive filter and obtain for the estimate of the m-i
syinbol of user &

Xpoe L
:-?g”) = Z dylnjarixpn +n), m=0,... M, -1

1=t

The recetved signal 2;,in} is the ootput of the FIR chanoel
io the /i-th MS periurhed by the complex Gaussian noise
i [n):

oy
agp[nf = Z hi e = gb + gl

g0

where (2, and ()" denote the maximum delay and trans-
pose, respectively. Note that the BS is equipped with N,
antenna clements. Therefore, the channel coeflicients by, o
and the transmitted signal yin} are N,-dimensional vectors.
To geta compact formulation we put the estimated symbois
39 e neise nxn). and the ransmitted signal yind for
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Figure 1: Multi-User Downlink Transmit Processing

one slot into the vectors:
. ) 41T
b= [0, e o,
adl], e[ = 1]

. - AT
v = [y ol N - 1] e OB

1S
i T N,
e, and

2
I

respectively. With the Hermitian operator ()7 the esti-
mated symbols of MS & for one slot can be written as

5 = DY Hy + Din,, 0

where we introduced the block Toeplitz channel matrix

Qr
s N NN
Hip=) T4 @hi,eClerh

=N

with the Kronecker product “¢” and the nifpotent shift ma-
rix
0k, O

Ty =
_\ [1;\'~~-1 O

} e BY'N 1% =14,
Hete, Oy, 1, and T denote the ¥ x 1 zero vec-
tor, the N x & identity matrix, and the g-th power of
T .respectively, The block Toeplitz modutator matrix can
be expressed as

Dy =15, @dy € R My

by using di = [di|V], -. ., deixn — 1;T The ransmitted
signal y results from the suration of the signals gy, dedi-
cated to the i MSs transformed by the respective transmit
filters Py € TNe™e=Mx 45 depicted in Figure 1:

where we defined:

H={H  H eCmy
D = blockdiag (D5, ..., Dy € ©F YoM ang

T T1T . ~KN,
7?=[”h,--w711;_i L

Furthermore, we presume that the matrix DRH is wide
and has full rank, i.e. rank{DRH) = M, to be able
to design also transmit filters with zero-forcing constraints.
Note that the symbols & and the noise 1 are uncorrelated:

B [WSH} = Cxen, x Al (4)

where “‘Eile]” and O x & denote the expectation operator
and the M x N zero matrix, respectively.

1II. TRANSMIT MATCHED FILTER

The TxMF Py maximizes the desired signal portion
in the estimate & due to 5 and uses the available transmit
power Ey [13]. Thus, we get:

Py = n.rgm}gxp(P) st B[ Psl3} = e (D)

By introducing the covatiance matrix R, = E[SSHE of
the symbols for ali MSs and due to Equations (3) and (4)
the objective function reads us

o(P) = Re (L[SHSD = Re ((,r (DHHPRS)) :
The resulting TxMF can be written as [£3, 3]

Pus = uwHED ¢ X Me yng 6)
J

Py = /___L“—_.»

K Oy = ¢ — H el .

Y= ZP&sk - Ps, @ \ o (H"DR,D"H)
k=1

where 5y, is defined equally as &;. The transmit filters P},
and the symbols & are collected in:

g TN Mt g

§= [s{,. .. ,S'H @ Mo

respectively. Here, My = Zf; 1 My denotes the num-
ber of symbeols of all K users per slot. When we put {he
estimated symbols 5x in a vector & similar to s, the whole
transmission can be expressed as (ef. Figure 2)

3= DV HPs+ Dy e OMor, &b

IV. TRANSMIT ZERO-FORCING FILTER

Usually, the TXZF is found by minimizing the MSE [5, 6,
7] or by minimizing the transmit power under a zero-forcing
constraint [ 8, 9, 10]. Since the transmit power is constrained
10 E;, the heuristic approach to meet this requirement is 10
scale the resulting filter {e. g. [10]). We follow a different
strategy which is similar to the one used in [6], has been
discussed in [ 10}, and will be clear with the Appendix:

. . 2
(P Bl = are F; 7
i47zr Bl = dlél_gfgﬂ {7}

s.t: DYHP = jla, and E[|Ps|?] = £
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Figure 2: Downlink Transmit Processing

The first consteaint is the zero-forcing condition to sup-
press the interference and the second constraint defines the
available transmit power £, Note that the gain of the chain
of ransmit filter P, channels H ., and correlators D}j is
4 > 6. Consequently, the TxZF maximizes the gain 3 of
the whote transmission. The solution of the optimization in
Equation {7) is the TXZF for the k-th user [14, 4]:

-1 RV
Py =8 HYD (D” HHHD) & R M g
Ey
By = | ————. %)

w ((D"HHED) " R,)

V. PREVIGUS ATTEMPTS TO OBTAIN THE TXWF

The TxZF is outperfonmed by (he TXMF for low transmit
power I, whereas the TxMF is interference limited (e g.
{9, 13]). Thus, both filters cannot be optimum for all values
of Fy. For receive processing, the RxWF outpertorms the
RxZF and the RxMF and is found by mirimizing the MSE.
We can do the same 1o find the according transmit filter:

Py = arg n}iﬂ EMS - ‘:?ﬂ'i

However, the above optimization leads w the TxZF in
Equation {8) with Jz = | as has been demonstrated in
[5, 6, 7, 14]. Voitic et.al. [5] proposed to minimize the
MSE together with a constraint for the transmit power and
claimed that the resulting transmit filier outperforms the
TxZF, but they also stated that the resulting optimization
can onfy be solved numerically. Noll Barreto et al. [10]
modificd the transnit power constraint to be an inequality;

Pur = argn};u E[jje — s!l; 5.0 b“EPshj] < B

The above optimization has also no closed form solution
[ 1. but an expression depending on the Lagrangian factor
A 2 0 can be obtained:

- -
Py = (H“ DDYH 4 /\1%&,) HYD.

If the transmit power £y is large, the constramt is inac-
tive (A = ) and the resulting transmit filter is equal to the
TxZF in Equation (8} with 3z = 1. On the other hand. Ads
large for low transmit power [5; and the transimit filter has
the structure of the TxMF in Equation (6). Besides the lack
of & closed form solution, the transmit filter Puwy: suffers
from a disadvantage: the transmit filter is independent from
the noise power at the receivers, Assumne a scenario with a
transinit power K large enougl to enable a TxZF-like Py
(A = ) and high noise power at the receivers. Hence, the
transmit filter uses the transmit power to suppress the inter-
ference, although signal power maximization as pertormed
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by the TxMF is better due to the high noise power, Nol] Bar-
reto et, al. [10] also reported the suboptimality of the above
transmit filter and showed that it is even outperformed by
the TxZF of Equation (8) in some scenarios.

V1. TRANSMIT WIENER FILTER

The key to find the TxWF iy to atlow the transmit filter
o generate a receive signul 8 whose amphitude s different
from the one of the original desired signal s. This property
is i accordance with the behaviour of the TxMF and the
TxZF. To consider the gain 3 of the transmit fifter we have
to madify the MSE [14]:

(P, 3) =L[

Js - A7 5]3)- )

The TxWF minimizes the above modified MSE and uses
the available transmit power £

[Py, Hwel = él[‘g];glil}E(P.ﬁ) (10)
: B

With the Lagrangian factor A € B we fonn the Lagrangian
function

L(P.3,)) =c(P,8)— M (PR, P) - E,),

whose derivations with respect to P, 3, and A tmust vanish.
From the first condition follaws:

-l
Py =3() (T +&1,) T 0

whete we replaced — A5 by & & Rand DY H by T, Due
to the constraint of Equation (10) the weight /3 only depends
upon &

B
tr ((THT e Elech)""-’ TR, T) .

ey =

Therefore, the original constrained optimization with re-
spect to P and 3 in Equation (10) can be reduced to follow-
ing unconstrained optimization with respect to £, since we
fulfilf the constraint with the choice of 3.

¢ = argmine(P(9). H(€)- (12)

The optimum £’ can be found by setting the derivation of
=(£) with respect to £ to zero and can be written as [14]

¢ = tr (DY R, D)
™ - E‘t k)

where R, = E [’rmH} denotes the noise covariance matvix.
Since we have solved the optimization in Equation (12),
we have obrained a closed form solution for Equation (10)
which is the TkWF Puye ¢ CVa % Mo,

Puwr = JwrP and  SBur = with

\ e (ﬁRJﬁH)
b= (H”DD“H + M,R—”D—)

Lty

\ -1
11\-1‘.\;\,) HYD.

(13}
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We note that Karimi et. al. presented a similar resultin [ 7],
but they gave no optimization nor motivation for their Lrans-
mit filter. The scalar £ = tr{ D" R, D}/ E, depends upon
the noise powers at the ouipats of the receive filters. Con-
seqguently, the optinm TxWF can only be designed, if the
noise powers are estimated at the MSs and fed back from
the MSs to the BS. However, the simulation results in Sec-
tion VII show that a suboptimum TxWE without feedback
from the MSs to the BS outperforms the TxZ)F (ef. Fig-
ure 4).

1f the receive notse power is small compared 1o the trans-
mit power (€ — 0, the weighted identity matrix in P
vanishes and the TxWTF comverges to the TxZF in Equa-
tion (8) as can be secn afler application of the matx in-
version lemma (c.g. [15]}. On the other hand, the TXWI
approaches the TxMF in Eguation (6), when the transmit
power is smail compared to the receive noise (€ > nol
This behaviour of the wansmit filters is in full accordance
with ihe properties of the respective receive filters, The
TxWF can be deeper understood. when we examine the op-
timum weight 3y of the optinnization i Equation (13) in
ters of the singular values v € B> b= 1,.. ., M, of
the matrix DY T

ey =

where we assumed that R, = o1, for simplicity.
It is casy to see that Hwr becomes larger as £ increases.
We can follow that fzr = A€ -+ 0) is smaller than
Bar = Bar (&' =+ o) and the TAWF uses the optimum Jwr
which lies between the two extreme values For and e de-
pending on the noise powers at the MSs. Thus, the TXWF
finds the optimum trade-otf between interference cancella-
tien {TxZF) and signal power maximization (TxMF).

VIE SIMULATION RESULTS

We applied the transmit filters 1o the dowalink of a
[DS-CDMA system with orthogonal spreading codes and
K = 4 MSs The maximum delay of the channels is
Q) = 5,k = 1,....K. and the powers of the chun-
nel coefficients are Ef|[hu {3} = Mk = 1, .., K and
g = 0.....Ch, where N, antenna elements are deployed
at the BS. One TDD slot consists of N = 128chips
angl with a spreading fuctor i = 4,h = 1.... K, the
number of QPSK symbols si,™ per slot of user & equals
My = 32,k = 1,..., /. The presented results are the
mean of 10000 channel realizations and we assumed that
the BS perfecily knows the instantancous channel impulse
respOnses.

In Figure 3, we compare the uncoded bir error ratio (raw
BER) of the different linear transmii filters versus the SNR
for &, = | antenna element, We ebserve thal the TxWFE
equals to the TxMF for low SNR and outperformis the other
transmit fillers, namely the TxMF and the TxZF. The poor
performance of the TxZF is duce to the lack of degrees of
freedein avallable to maximize the gatn Fzp. Therefore, we
cannot see the convergence of the TXWT to the TxZF for
high SNR in Figure 3.

The influence of the weight £ on the performance of the
TxWF (cf. Equation 1) for N, = 1 antenna element 1§
studied in Figure 4, Obviously. a wrong weight & leads te
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Figure 3: Transmit processing for N, = 1 anfenna
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Figure 4: Wrong scalar &, for TxWF

a degradation of the resulting TxWF. However, the TxZF is
always worse than the TXWTFs with wrong &, and the result
of the suboptimum TxWF with wrong &p ts equal to the
performance of the optimum TxWF, when £y = £ /Ny as
can be seen in Figure 4. Therefore, it is advantageous 1o
utilize a TxWF with @ priow fixed &y instead of a TxZF, if
the noise power received by the MSs is not available at the
8s.

Figure 5 shows the raw BER for a system with N, =
2 antenna elements at the BS, whose signal processing is
performed at the BS, i.e. transmit filters are applied in the
downlink and receive filters are used in the uplink. We can
see that the transmit filters lead to very similar resulis as the
respective receive filters. Again. we observe that the TxWF
converges to the TxMF for low SNR. Moreover, Figure 5
shows the vonvergence of the TxWF so the TxZF for high
SNR. As a svstem with N, = 2 antenna elements has many
degrees of freedom, the TxZF is very clese to the TXWF.

VIl CONCLUSIONS

We have presented the TxWF for DS-CDMA systems
which shows the same dependence upon the SNR as the
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Figure 5: Receive and transmit processing for NV, = 2
antenna clements

RxWF. Simulation results revealed the advantages of the
TxWF compared to the other transinit filters. We observed
that g suboptimum TxWF which does not need feedback
from the MSs is more reliable than the TxZF. Moreover.
fransmit processing leads to similar results as receive pro-
cessing.

IX. APPENDIX

The RxZF minimizes the MSE as the RxWF. but also ful-
hills a zere-forcing constraint [16]. Accordingly, the TxXZF
minimizes the modified MSE with o transmit power con-
straint like the TxWE. but also meets a zero-forcing con-
straing [14]:

[P, 8pri = zmx'gr}r))it}f(P.;.i) : (14}

s D"HP = A1a, and E[|Ps|]} = L.

To see that the eptimization in Eqguation (7} is equivalent to
the above optimization we plug the first constraint into the
definition of the modified MSE in Equation (9) and utilize
Equation {3

en(P.8) = E[Hﬁ—nD},UHj_

Since the scalar ir{ D® R,, D) is independent from I and
3, minimizing 2, (P, 3) is equivalent o minimizing 372
as in Eguation (7).
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