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ABSTRACT

We present space-time transmit filters for FDD DS-CDMA
systems based on partial channel state information, i. e. we
do not take into account the channel coefficients. Although
the FDD transmit zero-forcing filter seems to be the most in~
tuitive approach, we focus on the FDD transmit matched filter
and the FDD transmit Wiener filter. Similarly to the respec-
tive receive filters and TDD transmit filters, the FDD matched
Jilter maximizes the desired signal portion at the receiver and
is optimum for low signal-to-noise-ratio scenarios, whereas
the FDD transmit Wiener filter takes into account the noise
power at the receiver and is therefore able to find an opti-
mum trade-off between signal maximization and interference
suppression. Additionally, we show that the FDD transmit
matched filter is a type of Eigenbeamforming. The simula-
tion results veveal the excellent performance of the twe FDD
transmit filters. The FDD transmit Wiener filter even out-
performs the TDD transmit matched filter for high signal-
to-noise-ratio which is based on the instantaneous channel
properties.

I INTRODUCTION

The conventional approach to deal with the distortion
caused by the channel is receive processing, where a receive
filter is adapted to the properties of the channeli and the a pri-
ori known modulation operation performed at the transmitter.

If the receive filter has to remove intracell interference, the

resulting receiver is very complex. Thus, receive processing
is especially disadvantageous for the downlink, since the mo-
bile stations (MSs) have to be low cost and simple as possi-
ble. In time division duplex (TDD) systems, the base station
{BS) can estimate the instantaneous channel impulse response
during the reception in the uplink and is able to design trans-
mit filters which suppress the interference at the receiver (c. g.
[1]), maximize the received signal portion due to the desired
signal (e. g. [2, 3]), or find a trade-off between interference
suppression and signal maximization [4, 5]. However, the in-
stantaneous downlink channel state information is not avail-
able at the BS in frequency division duplex (FDD) systems,
but the Jong-term channel properties (path delays, directions
of departure, and variances of the channel coefficients) are in-
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dependent from frequency (e. g. [6]) and can therefore be es-
timated during the reception in the uplink to be able to design
FDD transmit filters for the downlink. Note that the spatial
signature can be easily transformed from uplink to downlink
frequency without estimating the direction of departure [7].
Montalbano et al. [8] presented an FIR transmit filter for FDD
direct sequence code division multiple access (DS-CDMA})
systems which removes the intracell interference under the
assumption of rake receivers at the MSs and by exploiting the
long-term channel properties. In [9], Forster etal. developed
a similar transmit filter for GSM in frequency domain.

We derive space-time FDD transmit filters for the downlink
of DS-CDMA systems based on long-term channel proper-
ties which maximize the desired signal portion at the receiver
or minimize the modified mean square error (MSE). In Sec-
tion II, we explain the system model based on Jong-term chan-
nel parameters which is crucial for FDD and is the main dif-
ference to TDD) or short-term transmit processing. We review
the FDD transmit zero-forcing filter (TxZF) in Section I to
understand the derivation of the FDD fransmit matched fil-
ter (TxMF) and the FDD transmit Wiener filter (TXWTF) in
Section IV and V, respectively. In Section VI, we present
the simulation results which show the superiority of the FDD
TxMF and FDD TxWF compared to the FDD TxZF.

IT SYSTEM MODEL
A Based on All Channel Parameters

The output signal of the rake demodulator for the m-th
symbol of MS k can be expressed as

xk—1 Fi

M=% S hp ™ mlakin + mxe Foegl, (1)
n=0 f=1

where (e)*, xx, Fk, and dim) [r] denote complex conju-
gate, the spreading factor, the number of rake fingers, and
the spreading code of the m-th symbol for MS & which is
composed of the orthogonal variable spreading factor short
code ox(n] of length ¥, and the BS-specific pseudo-noise
long code gn}, i. e. df:")[n] = gln+mxy)ox[n], respectively,
One slot consists of M symbols for MS & and N, = x. Mi
chips. With the Rayleigh fading path coefficient h g, the path
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delay vy, q, and the steering vector ay , € C™ of the g-th path
connecting the BS and MS & in the downlink the receive sig-
nal can be written as

Qx

n] = Z R g@p YR — Vi ) + (0] (2)
q=1

Here, (»)T, @4, and nx[n] denote transposition, the number
of paths, and the additive noise of MS k, respectively. Since
N, antenna elements are deployed at the BS, the transmit sig-
nal yin] is an N,-dimensional complex vector.

B Based on Long-Term Channel Parameters

The short-term channel parameters &y o are not available
at the base station in FDD systems, since the channel coef.
ficients Ay o strongly depend on frequency [6] and vary fast.
On the other hand, the long-term channel parameters, 1. e. di-
rections of departure (to compute the steering vectors ax g),
delays vk g, and path powers Uh;. , are independent from fre-
quency [6] and stay constant over a relatively long time period
compared to the time of one slot, because the geometrical
properties of the channel change slowly. To separate short-
term and long-term channel properties we plug Equation (2)
into (1) and get:

Fi Q
RS D)LY Z B, iy -
f=1g=1

Note that s,c j o is the portion of the estimate & ‘(m) which
propagated over the g-th path and the f-th rake ﬁnger, where
we dropped the channel coefficient f; , and the rake finger
weight b .-

Xk—1
= Y d™ nfaf jyin + mxe + ves — Vgl

n=0

(m)
ke

The base station can compute the signal sg’}) o but is not able
to compute the rake output (™), Thus, the base station has

to consider each summand Ay, fhmsf:"}),q separately. The key
idea of FDD transmit processing is to optimize

s _ ) { v2ai,, g=J

Skt = Pkt Thi ;Th g otherwise

3)

instead of the rake output signal s("‘) As s(’") is indepen-
dent from the channet C(Jefﬁ(:lel‘lts hy g, it only depends on
long-term channel properties, but has the same power as the

summand h;,fhk,qs}:"}),q:

2 2
s ] = B[ sl |

since E(lkxq[*] = o, , Elhk bl ] = 0,f # ¢, and Efs]
denotes expectation. When we include

xx—1

=, 3 & [njnln + v g,

n=0

”§c f) = Ohy ,WJ(G i

whose power equals the power of the noise portion hj, f’h(e f)

of the f-th rake finger, we can define following signal

W)y = S0 T (@)
which has the same power as the f-th rake finger’s output
due to the g-th path and whose desired value is
u) _{sﬂ“’ ¢=f ®

k. ta 0 otherwise.

Thus, we try to suppress the portions of § “( ™) which are su-
perpased incoherently (g # f), whereas we attempt to set the
portions which are added up coherently to the value of the de-
sired symbol sf:") . To end up with a compact formulation we
collect the desired symbols of MS % in

8k = [sg}),...,

and put the rake finger signals into the Fj Q) M} vector

T
s,&M“_”] € M«

= =T ~T T ~T T
U = [“k,l,lv--’“k,&,ls"k,l,zv-w“k,Fk.Qk] )

where & 1, € CM* is defined similar to s;. With the trans-
mit signal and the receive noise

y = [¥70)....
= [0l ..

1} e €™ and
c CNt+lel’

1yT[Nc -
777klNc + Vinax — 1]]T

respectively, the long-term equivalents of the rake finger sig-
nals of MS & read as

iy = Xy + Vity, ©)
where we introduced

Vi, = Fy{vec(diag (19.)) @ 1N, tvm) »
Fy = (1Fka @ Dg) (1Qk @ Tk) T

X, = {diag (vec (Zr.x0.)) ® ia,) FrHy, and
Vmax = X Vi f.q.

Hete, 1y, vec (8), '®’, and () denote the M x M iden-
tity matrix, vectorization by stacking the columns, the Kro-
necker product, and conjugate transpose, respectively. Note
that vec (diag (1¢,)) is the all ones vector of length Q. The
N x My, block Toeplitz modulator matrix

Dy = diag (g[0],.. ., g[Ne — 1]) (1ar, ©® 0k)

includes the short code o = [ox[0},...,oxlxx — 1}}T. We
put the long-term equivalents of the rake fingers into

Ty = sy A T
k= |The 10y 1 Newimas)?* 1G'hp¢,pk (Vg 7y, Ve Vo)
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with the selection matrix

SNy = [Onxr, 1n, 00 n_p) € RMXMEN

and the M % N zero matrix Oas« n. The long-term equivalent
of the channel is simply
T T 1T
H, = [Hk,l, . ka,Q,,]

— T T
Hy,, = Jh"-qs(uk,qleUm) ® Ai,q

with

and Epgx v is a M x N matrix with +/2 on the main diagonal
and the other elements are set to 1 to fulfill Equation (3). If
we define u,, similar to %, the desired rake finger signals (cf.
Equation 5) can be expressed as

ug = Wisy € CFkaMk, {7

where ¥, = vec (S0, 5,,Qu—Fi)) ® 1n,. We put the sym-
bols, rake finger signals, and noise of all K users into

s=[sT,...,8%]" e CM=,
[af,....a4%]" € CP, and

i =
7= {17 ] € CHWetrns),

respectively, to get an expression for all rake finger signals
based on long-term channel parameters:

t=Xy+Vy and u=PseCh, 8)

where we defined w similar to &. The number of symbols
and rake finger signals for all K MSs can be written as

X K
My = Z M; and Fi = ZFkaMk,
k=1 k=1

respectively. To complete Equation (8) we have to define

V = blockdiag (V 1, ...,V k) € CRaxK{Netvau)

X = [XT,...,X}]T € CFRaxMN.  anq
¥ = blockdiag (¥4, ..., Pk) € R Ma,

The aim of linear transmit processing is to find the transmit
filter P whose output is the transmit signal

y = Ps. )]

When we plug above equation into Equation (8), the resulting
long-term equivalents of the rake finger signals read as

i=XPs+ V. (10)

Equation (10) is used by the base station to optimize the rake
demodulator outputs (cf. Equation 1).

III FDD TRANSMIT ZERO-FORCING FILTER

Similar to the TDD TxZF the FDD TxZF removes all in-
terference. Hence, the TxZF sets the noise-free portion X Ps
of @ in Equation (10) to 5% s, where 8 € R is the gain of
the filter chains of transmiit filter, channels, and receive filters.
Additionally, the TxZF uses the available transmit power Fy
and maximizes the gain 3 [4]:

[ Pzz, Brx] =3-1'gl};fgﬁ_2 (tn)
s.0:XP=p¥ and E[upsug] = E,.

With the covariance matrix of the symbols R, = E[ss"] the
resuiting FDD TxZF can be written as

-1
Py = B XH (xx“) W ¢ CMNexMe gpng

E‘r .
tr ((xx“) ~ R, \PT)

Bz =

(12)

IV  FDD TrRANSMIT MATCHED FILTER

The FDD TxMF maximizes the desired signal portion in
the rake finger signals (cf. Equations 8 and 10), uses the avail-
able transmit power Fy;, and neglects the interference as the
TDD TxMF [3]:

Py = argmaxRe (E [(q:s)“ u]) (13)
5.t E[npsng] = Ey.

The solution of the above optimization is the FDD TxMF:
Pwr = A XB® € CNNexMa gpg 14

&,
P = \Er (x“w;zs\IvTx)'

Note that the symbols for MS k are transformed by the TxMF
based only on the properties of the k-th channel:

K K
Uy =B 3_ Ywr = O 3 X3 Wisy.
k=1 k=1 .
With some equalities from linear algebi'a (e. g. [10]) we yield
for the portion of MS k:

Fi
Ywrk = 9 V203, , (v, ® ot ;) Di.
f=1
Above result shows that the FDD TxMF spreads the symbols
with D and then performs a type of Eigenbeamforming (cf.
[11]), i. e. the FDD TxMF is a spatial filter based on the eigen-
vector ay, 5 of the spatial covariance matrix for the respective
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channel tap. An alternative interpretation of the FDD TxMF
follows from

B, Q=
E [Z poa PRt 2, PeaOE Ol — Ve ”k,f]] =

N 2 p
= Zle ahklfak,fﬁ[nl.

Hence, the FDD TxMF matches the Jong-term average of the
channel and the rake demodulator.

V  FDD TransmiT WIENER FILTER

In a recent report [4] (see also [5]), we presented the TDD
TxWF which minimizes the modified MSE. We allow the
FDD TxWF to have a gain 3 similar to the FDD TxZF and
get for the modified MSE

(P, f) = E[uu - ﬁ—lﬁ”j] .

The FDD TxWF minimizes above modified MSE and uses
the available transmit power Ey:

[Pwr, Owr| = arg lgigs(P, B), 15)
st E[npsug] = Ep.

After forming the Lagrangian function and setting its deriva-
tive with respect to P to zero, we obtain

P(E) =€) (X"X +€1xw) X"¥ and
By
br ((X“X +E'1N.N,)—2XH‘I!R3‘I'TX)

B =

Since the choice of 3{£") guarantees the constraint of Equa-
tion (15), we only have to minimize the modified MSE with
respectto £’ € R:

§ =arg min e(P(£), B(E))-

The minimizer can be found by setting the derivative of the
medified MSE with respect to £ to zero and reads as

o (VR.,V“) K (VkRmc V?)
&= Fu = E, ’

where R, = Ejnn"] and R,, = Efn,nH] denote the noise
covariance matrices for all K MSs and MS £, respectively.
Therefore, we have found the FDD TxWF

Ex w
tr (PRE p“)

Pyr=0wP and Bwr= ith

~1

tr(VR"VH)u,M) ;X“w. (16)

P- | xH
(x+ =

Note that Pwr depends upen tr(VF R, V) which is the
long-term average of the noise powers observed at the K
rake filter outputs and cannot be estimated by the transmit-
ting BS. Consequently, the optimum FDD TxWF can only
be designed, when the MSs feedback the noise powers to the
BS. However, as we can expect that the long-term properties
change very slowly, the noise powers will also be valid over
a long time period and the necessary feedback rate is small.
We observe that the FDD TxWF in Equation (16) is an FDD
TxMF X B followed by a transformation which converges
to a weighted identity matrix for high receive noise and acts
as an interference canceller for vanishing receive noise. Thus,
the FDD TxWF reduces to the FDD TxMF for low sigral-to-
noise-ratio (SNR), whereas it behaves like the FDD TxZF for
high SNR.

VI SIMULATION RESULTS

We compared the FDD transmit filters by applying them
to the downlink of a CDMA system with N; = 64 chips in
one slot. All X = 4 MSs have one antenna element and
use scrambled orthogonal spreading codes of length xj, = 4.
Therefore, each MS receives 16 symbols per slot. The BS is
equipped with a uniform linear array consisting of N, = 4 an-
tenna elements. The channels connecting the BS and the MSs
have a maximum delay v, = 5 chips and the number of rake
fingers is egual to the number of paths, i.e. Fy, = ¢. The
presented results are the average of 100 Jong-term channel
realizations (steering vectors, path delays, powers of paths),
where we simulated 100 short-ferm channel realizations (path
coefficients) per long-term channel realization.

— NoTransmltProoessmg .
- TxMF (FDD) . AL 4
-6 TxZF (FDD) : :
(o PL DWE(FDD) :
-5 -10. -5 0 15 20
E/N, ingB

Figure 1: FDD transmit filters for @ = 2 paths

Figure 1 and 2 show the uncoded bit error ratio (BER) ver-
sus the ratio of transmit power per symbol and receive noise
power per chip (SNR) for the three FDD transmit filters, when
the channels have (), = 2 and Q)x = 3 paths, respectively. As
expected the FDD TxMF outperforms the FDD TxZF for low

SNR, but saturates for high SNR, since it neglects interfer-
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ence. The FDD TxZF benefits from the interference suppres-
sion for high SNR (cf. Figure 2). However, the interference
suppression leads to a low gain #z¢ and the TxZF is bad for
low SNR or is even unable to reach the performance of the
other transmit filters for the simulated SNR values (cf. Fig-
ure 1). The FDD TxWF finds the optimum trade-off between
signal power maximization and interference suppression. We
can observe m both figures that the FDD TxWF converges
to the FDD TxMF for low SNR and to the FDD TxZF for
high SNR (cf. Figure 2). We also included the resuits for a

raw BER
3

-9~ TxMF (FDD)
—o- TXZF (FDD)
o= DWF(FDD)

10—15 -1 -5

1 0
ESIND in SB I 52

Figure 2: FDD transmit filters for ), = 3 paths

system without ransmit processing and one transmit antenna
element. As this system is even outperformed by the interfer-
ence limited TXMF although it uses the same transmit power
we can follow that exploiting the long-term channel proper-
ties for the design of space-time FDD transmit filters is always
advantageous.

The FDD transmit filters are compared with the TDD trans-
mit filters for @ = 2 paths in Figure 3, where we can see the
impact of utilizing only long-term instead of shori-term chan-
nel properties to design the transmit filter. As TDD transmit
filters are based on the short-term properties of the channel,
TDD transmit filters are able to exploit the diversity of the
channel, whereas the FDD transmit filters cannot fuily utilize
the diversity offered by the channel and are worse than the
respective TDD transmit filters which exhibit steeper curves.
However, the FDD TxWF outperforms the TDD TxMF for
high SNR which is interference limited, because FDD TxWF
leads to interference suppression although it is based on par-
tial channel state information.
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