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ABSTRACT A general precondition of the above mentioned tech-
o ] _niques is the fullchannel state informatiofCSI) at the
We make two contributions to the field of FDD transmit 4nsmitter. This assumption is usually non-critical in TDD

processing for multi-user MISO systems: first the con- gystems, where downlink CSI can be obtained from uplink
cept of covariance based linear precoding is extended ©Opeasurements, i.e. via the pilot information transmitted by
spatio-temporal channels with full rank covariance matri- the mobile station{MS). If up- and downlink are separated

ces. Within, the variance true approximation of all signal ; the frequency domain though (FDD), the correspond-
com.ponents allows the formglation of the receive signal ex- ing channels no longer share the favorable property of full
clusively basing upon covariance knowledge and thus thergciprocity with respect to the complex fading coefficients.

derivation of optimal linear precoding solutions. Second, s fyll transmitter side CSI only can be obtained through
the derived chip level signal model demonstrates, that thee feedback of the complete channel information from the
spatial transmit processing on the pilot channel has pivotal j,opile units which in the regarded standards (e.g. HSDPA
influence on the performance of precoding approaches for1g)) is not considered. The design of linear precoding fil-

data channels in general. Through the consideration of theig,s therefore must be based on partial CSI. In opposite to
receive filter in the mobile devices, the effects of transmitter 1,4 complex channel coefficients, a set of longterm param-
side processing on pilot channels can be included into thegiers including the angle of departure of all paths, the path
optimization of precoders for de_lta channels yielding drastic delays, and the average path gains are almost independent of
perfor_mance enhancements with respect to state of the arfne carrier frequency [11]. Thus these parameters are recip-
techniques. rocal even in FDD systems and can be obtained from uplink
measurements. While the path delays can be adopted di-
1. INTRODUCTION rectly, th'e path covariance matrices that are characterizing
the spatial channels and the mean path powers can be ob-

For broadcast channels, see e.g. [1], receive processing ha€ined through a conversion of uplink measurements [12]-
proven clearly suboptimum due to the lack of cooperation [17]- This partial reciprocity of FDD channels can serve as
among the receive terminals. In the case of cooperative? Pasis for the design of linear precoding techniques.
transmitters, precoding can be employed to jointly trans-  Thus we investigate a system with partial CSI at the
form the different users’ data signals prior to transmission. transmitter andnaximum ratio combiningVIRC) rake re-
This way, the channels act as equalizers of the precodingceivers at the mobile units, which adapt to the channel via
filters, rendering complex receiver structures dispensable. measurements on a pilot channel. The linear precoding thus
In complete analogy to spatio-temporal receive processing,has to adapt to the resulting combination of channel and
linear precoding methods for multi-user MISO systems can receive filter. For such a system [18] introduced a TxZF
be classified into three categories: Approaches that aimand [19] investigated the design of GSM filters in the fre-
at the maximization of the desired signal power at the re- quency domain under comparable circumstances. The fol-
ceiver, in the sequel callecansmit matched filter6TxMF) lowing sections extend the theory introduced in [20] or [21]
as introduced in e.g. [2] or [3], interference suppression to channels with full rank covariance matrices and gives
schemes calledransmit zero forcingtechniques (TxZF)  solutions for the TxMF, the TxZF and the TxXWF. To this
[4, 5, 6] and theransmit Wiener filte(TXWF) [7, 8, 9], that end Section 2 derives an analytical expression for the chip
trades the objectives of TXMF and TxZF in avean square  level representation of the rake filter output signal of the
error (MSE) optimal sense. Note, that the following inves- system depicted in Fig. 1. Introducing variance true ap-
tigations will spare nonlinear precoding techniques such asproximations for all signal components Section 3 prepares
Tomlinson Harashima precodinfattice basis reductiomr the derivation of the mentioned linear filters for the system
vector precoding with partial CSl at the transmitter in Section 4 where the dif-



ferent linear filters are derived through the closed analytical ducing the complex scalar fast fading coefficients,¢:
optimization of the corresponding objective functions. As

the rake receiving mobile station will adapt its filter coef- @ Na N
ficients to the performed channel estimation, the precoding ~ hx[n] = Phyq,CUk,qcO[n—q] € CM (3)
solution through the consideration of the receive filter will q=0¢=1

inherently depend upon the spatial processing of the pilot . _ _
channel. Therefore, Section 5 investigates three prominent NOte, that the varance of the randzom variaple, ¢ is
examples of pilot transmission schemes in multi-user MISO 9Ven by Eq. (2) asri , - = B|px,q.c[?] = Arq.c which
systems with special focus on tikemmon pilot channels later will aIIQW 'ghe variance trug gpprox'lmatmn in Sectpn
(CPICH) introduced in [22]. Finally evaluations demon- 3. In combination with 'the additive Whlt_e Ggus&an noise
strate the significant performance enhancement obtained byl ] ~ Nc(0,07) the signal at the receiver inpiitreads
full rank processing and provides comparisons of different @S (¢f. Fig. 1:

spatial pilot channels.

Q Na
veln] = prgcuf g cmn — gl + k0], (4)
2. SIGNAL MODEL q=0¢=1
Q Na K L
With v, L, @, F denoting the spreading factor, the orders = Z Zpk,q,cu;f,q,c Z Zpi,lsi[n — =g +m[nl].
of the precoding filters, the channels, and the rake receivers  ¢=0¢=1 i=11=0

respectively, this section establishes a signal modéfier]

in the &’ user CDMA system withV, transmit antennas as The receiver structure consists of two stages. Before the
correlation with the spreading codg[n], that can be mod-

eled by a convolution with

s1[n] @1 [n] x[n)

— | p, ] hT[n)] >? il |l 1
Y
&I b ol = 3 cililoln + . )
. Nk [n] . 7=0
sk[n] KL [1] ‘,i\ the mobile station performs an MRC receiving, i.e. a
Pl 2Tl T el <M ekl matched filtering on the effective scalar pilot channel. As-
suming pure spatial processing with of the pilot channel,
Fig. 1. Block diagram of a MU MISO system the coefficients of this scalar channel substitute always can

o _ 3 be described a5 0%, vk, 1.¢pk.q.c Tr ¢ = 0,....Q, where
Sf\‘?mhed in Fig. 1. Witlp,[n] = 3520 ppidln — 1 € o = bluy, ¢ is the inner product of the channel eigen-
€« describing the vector valued impulse response of the component and the vectéy. used for pilot beamforming.
precoding filter of uset;, the transmit signak(n] results  The impulse response of ti¢h user’s rake receiver there-

as: fore reads as:
L F  Nj
2l =3 > pusin—l 1) a1 =323 v pepipedln + £).
i=1 1=0 T=0e=1

Without loss of generality, let all users facg+ 1 tem- The overall signal model thus inherently depends on the

poral paths, each characterized by a complex vector valuetheamforming of the pilot channels as Eq. (6) demonstrates:
channel coefficient, ,, whose components are complex

Gaussian distributed. The extremely large number of phe- x—1 F N, Q N,
nomena influencingy , motivates the stochastic modeling  5.[n] => " ci[j1 D> > Vi rephre D D Practigc
of the channel coefficients. The eigenbasis of the covariance ) f=0é=1 ’ Ca=0c=1

matrix Ry, , of the gth channel path of the uséris given

K L
as: DD pusiln—l—q+f+]]
N i=1 =0
- -1 F N
R :E[h,hH}: Meactingcull (2 S L, ‘
k,q k,qTk,q szl k,q,¢Wk,q,d Uk q,¢ ( ) + Ck[]] Zzyk,f,ﬁpk,f,fnk[n + f Jrj]'
j=0 f=0¢=1
With this eigenbasis, the channel vecthys,, can be writ- (6)

ten as linear combinations of the eigenvectags, ¢ intro-



3. COVARIANCE BASED DESIGN MODEL 20,37%4. In order to simplify the upcoming notation, we in-
troduce the variable
Enabling the derivation of optimum precoding solutions
via the optimization of objective functions like the mean o { 20k gel? forqg=fAE=g,
squared error, this section formulates a signal model that vk .6 else
describes the decision signal and its components indepen- o )
dent of the fading coefficients, , ¢ in contrast to Eq. (6). ~ Withinwe leave the indices £, ¢, £ of « to the surrounding
Recalling from Egs. (2) and (3) that the channel covariance context. With this substitution the above expectation reads:

matrix provides knowledge about the path powe,§§h<, )

the objective is to formulate variance true approximations Na Na

. . . . 2 * _ 2 2
for the noise free signal componesis, ¢, ¢, i.e. the signal E|[pk,q.cl E Ve f.€Pk,fe| | = E KOk,q,¢Ok, 1,6
that traveled over théth eigencomponent of thgh chan- &=1 &=1

nel path and over th¢th rake finger to the user. With
this heuristic of a variance true approximation, the follow- which allows to formulate the power of all relevant compo-
ing paragraphs derive a power equivalent signal model inde-nents based on covariance knowledge and thus is indepen-
pendent of the realization of the unknown random variablesdent of p;, 4 . With this derivation we can write a longterm
Pk,q,C- signal model for the noise free componegy, ¢ r[n], that

With the above heuristic, the equivalent longterm sig- traveled over théth eigenspace of thgh channel path and
nal model originates from the second order moments of all the fth rake receiver coefficient as:
relevant noise free signal componesjs, ¢, s[n]. By rear-
ranging the noise free part of (6) these signal components x—1

Na

i z * [ V;; )
are obtained as Srac.sln] = cklj] racl : §| DRG0k 1.6 it
— 0 -
x-1 Na K L =0 i £=1
Skacs ) =D Y > cililvi perhre , )
j=0 ¢=1i=1 I=0 X lezpi,lsi[n*l*querj]-
i=1 =0

X pk7q7cu;cf,q,gpi,13i n—1—q+f+3]
Comparing the variances of this longterm model with the
Aiming for a variance true bupy , . independent repre-  expression derived above easily proves the variance truth of
sentation of these components we investigate the expectethe proposed model, i.e. both signal components have equal

value of|5 ¢.¢,f[n]|* with respect tqy 4 ¢ that is: power. Preparing the derivation of linear precoding solu-
tions in the upcoming section, the stacking of all relevant
Na 2 samples of;[n] allows [23, 24] to write the linear model in
E(8k.q.crn?] =B |lpracl® | D Vi repire vector matrix notation as:
¢=1 X
x-1 K L 2 Skac.r Ml =Y P Xkgc.rsiln] + s @)
X chl*c[j]u;cr,q,cpi,lsi[n*l*querj] : =t
j=0 i=1 [=0

Within, p, is obtained by stacking the + 1 filter vectors
p,,- Note, that the matrixXy , ¢,y depends on longterm

As the second term in the above equation already is inde arameters only and thus is known to the transmitter even
pendent ofy 4 ¢, the derivation of covariance based design P y

model can focus on the first term which can be written as: in FDD systems.

2

) Na . 4. FULL RANK COVARIANCE BASED LINEAR
E|lokacl® D vhserisel | = PRECODING
e=1
Na With the above formulated longterm signal model and
20k q.cP0h g + 20 Ohgclvrrel?or s a=1, the optimization driven derivation of linear precoders [9],
= e means are available to express the three linear precoding fil-
Zévzal Tr acVhrePo% s else. ters TXMF, TxZF, and TXWF based upon covariance knowl-

edge. To this end the following paragraphs derive the
Note, thatpy ¢, andpy re, for ¢ # f or & # & are corresponding optimization problems and their solutions.
stochastically independent and that the fourth order momentwithin, the optimization techniques developed for linear
of a complex Gaussian variable is given E{/|pk7q7<|ﬂ = precoding with full CSI [9] can be adopted directly.



4.1. Transmit Matched Filter (TXMF) Note, that the optimization in (8) inherently results in a
Aimi tth imizati f the desired sianal t spatial filter, i.e. the covariance based TxMF does not em-
Iming at thé maximization of INe desired signal power a ploy temporal filter components. As the MRC receive filter

;hﬁ ra.ke OUttF’Ut.’ thtg TXM'EI'S d.efmed as the solution to the already maximizes the desired signal power over the tempo-
oliowing optimization probiem. ral domain, the precoding scheme can contribute to this goal
only through spatial processing. Covariance based TxMF

PME15 - - - 5P = . :
{Pur F. i} thus is beamforming.

argmax i Re {E [wLm]’Hé‘k [Xm]} }

Pi;--P _ A . .
;k‘l 4.2. Transmit Zero Forcing Filter (TxZF)
2 2 .. . .
S.t. ZUsHPkHz = Ey, (8) Aiming at the complete suppression of interference, the
k=1 TXZF precoder results from a constrained optimization

where we define the power of the desired signal componentlroblem, where signal components from other usemsli-
as the cross correlation of the signal components at the rePle access interferenc#Al) as well as signal components

ceiver output and the desired signal componem]c ; at caused by other symbolmfer symbpl_interferenceSI) are
symbol numbern: 5 demanded to be zero. The remaining degrees of freedom

are employed to minimize the attenuatién?:

U}[m] { WkeQeCSk[Xm] q= f (9) ) 5
k:0:6.f 0 q# f, {sz,p - -7pz|:,K} = {argmln} B~ (11)
Pi;--PK
The more convenient notation in (8) can be obtained when )
. (m] _ ® . m) st P Xngca = Bhace,,
defining the vectorsv; ™ and sy [xm| by stackingw,’; . , T T _
andsg.g.c.r[xm] for ¢,¢, f = {0,1,0},... ,{Q, Na F}. P Xiqcy=0"forq# fori#k
Note, how the factorsy, , = \/ZNa ko? o2 _in- and ZK 2|Ip,|12 = B
) _ k,q,¢ - ¢=1"%%,q,¢k,q.¢ w1 75 Pgll2 = Lo
clude the influence of the pilot beamforming through
Moreover with M = 2| EE@EEL | 4 1 Jet e, be the For a more convenient representation of the following op-

%th column ofl ;, i.e. the vector that selects the chip of timization, the first two constraints can be written in vector
interest from the impulse response of the complete systemmatrix notation as:
of precoder, channel, rake, and code correlation. With these
notational conventions and the expressiondgy, ¢, [xm] pr X = by,
in (7) the Lagrangian function can be written as:
where the vectob, and the matrixX are obtained by

L(plv"'apkﬂ)‘) = StaCking
K Q Na
ZRG Ufp;g Z Th,q,¢ X k,q,¢,q€p b _ { Ti,q.¢ fori =kandg=f
k=1 4=0¢=1 646, f 0 else
K
- <Z olpipy — Etr> : andX , ¢ s horizontally, so that the right hand side yields
k=1 the desired values of the corresponding left hand side coef-

ficients. Note, that the order within is not critical, as long
as the stacking is consistent amd@ and X. For a spe-
cific stacking order we refer to [24, 21] where the TXZF was
derived for rank-1 channels. Including the so transformed
constraint into the objective function via Lagrangian multi-

The solution to the optimization therefrom directly re-
sults through complex valued derivatives with respect to
pi,...,DP; and X, Solving the equation system resulting
from setting the obtained derivatives to zero yields:

Q Na pliers yields:
Purk =BME Y Y Thac X g€ (10)
q=0¢&=1 L(P1,~-~,Pk,5,)\1,-~-,)\K7>\0):
3 ( Ly 2 < T T
MF = e i A B37° —Re (p>X—ﬁb>/\k
doi—1 Uge;Tt >0 Zg=1 kaiaEX;cF,i,é,i e ;; * *
3 K
— Ao (Z OIPE Py — Etr>
F Na * s )
T ijo Z(:l kaqink,j,c,jeu> k=1



whose derivatives must vanish. The TxZF precoder thus Within it has proven convenient to introduce the factor:
finally results as:

K F  Na
Prrr = X Ty, (12) 7= Z(Q +1) Z Z Vet e
T k=1 f=0¢&=1
tr
BzF = \/ZK 2T X X Th, (13) that v_veights the influencg of noise versus interference sup-
k=1%s"k pression for the MSE optimal trade-off mentioned above.

where ()T denotes the Moore-Penrose pseudo inverse.
Through the inversion of the Gramian & within the 5. INFLUENCE OF THE USED PILOT CHANNELS
pseudo inverse expression, ill conditioned scenarios might

cause extremely large denominators and thus very small val-Given the projection of the channel impulse response onto
ues forGze. The signal thus is received free of interference the span of the beamforming vectby used on the pilot
but with extremely low power making it very sensitive to- channel, the rake receivers adapt their coefficients to match
wards noise adulterations in some settings. Neverthelessthe resulting scalar channel substitute

even partial CSl at the transmitter allows for interference o N

suppression as the plots in section 6 confirm.
PP P bihiln] = 0 prigcbi g ¢Sl — g
q=0¢=1
4.3. Transmit Wiener Filter (TXWF) 0 N,
With the formulation of thenean squared errgfMSE), the =3 Pracviacdn— gl
TXWF optimizes a global cost function, that inherently al- 9=0 (=1

lows to trade the heuristics of noise and interference sup- As both components ofy , ¢, i.e. the pilot beamform-
preSSion Optlmally Thus the Optimization (14) minimizes |ng Vectorbk and the channel eigencompoanﬂc are

the modified mean squared error through: known to the BS, the factons, , - can be included in the
adaptation of the linear precoders. On the background of
high speed downlink packet acc€stSDPA) the following
paragraphs derive the resulting rake adulteratigns; for

{pWF,h . 7pWF,K} =

K
| 7 bl
{slrgfﬁﬁ};Eka B 8kbem] 2 (14) three specific spatial pilot channels:

x 1) The primary CPICH [22] transmits a single pilot se-
st Zasz 12 = E quence from one reference antenna only. Without loss of
o s 1Ek 12 i generality we define the first array element as reference and

h h | I ¢ led . ; ved obtain the corresponding beamforming vedipr= b =
where the scalas allows for a scaled version of receive [1,0,....0T € {0,1} and the factors;, ,. as the first

signals, paying tribute to the transmit power constraint, lin- element ofuy, . ¢
ear precoding solutions face. With the covariance based sig- ol
nal model from (7) the MSE Vk,g,¢ = [uk’qﬂc]u) . (18)

k=1

2) The secondary CPICH [22] employs the attainable array
gain to formNy, different CPICHs. ThéV, pilot sequences
thus are transmitted via a grid dfy, equidistant beams
with the Weightsb(i) = [1,exp(=jui),-..,exp(—j(Na —

2
e(pyy-- -, Pr,0) = E[ngcm] - B_lék[xm]HJ , (15)

can be expressed in terms ®f , ¢ instead ofpy 4, and
thus be included in the Lagrangian objective function:

Dwi)]*,i=1,..., Ny, from which each user picks the ad-
L(py, ..., P, B) = equate* resulting in
K .
— T
e(pry-Pr, B) — A (Z o2 PLPL — Eu) , (16) Vg = b g g . (19)
k=1 Note, that the beamforming gain here compensates for the

from which theKarush-Kuhn-TuckefKKT) conditions can loss due to splitting the pilot power to multiple pilot chan-
be computed. After a rather tedious derivation the TXWF nels. The estimation quality thus remains comparable.

solution can be obtained: 3) Reference to the above schemes shall be the channel
5 \ -1 estimation on the dominant eigencomponent of the channel,
Pwex = Owre | XX T + JI ) xtp,, (17)  i-e.by = uj . which due to the orthonormal nature of the
Ey eigenbasis yields:
_ Ey 1 for (=1,
Pk = Vka,¢ = { 0 else (20)

) .
K o2f X" (X*XT + 7;—1) X*by,



6. EVALUATIONS CPICH grid of beam(GOB). The drastic performance en-
hancements can be traced to three core phenomena: Due
This section analyzes the presented linear precoding techto the derived covariance based signal model, linear pre-
niques with respect to the mean uncodsterror ratio coding is no longer restricted to the spatial sampling of the
(BER) in an HSDPA-like setting with spreading factpr= GOB. Thus, the full antenna gain of the array can be recov-
16 and4 present users. The path powefs, - are assumed  ered, yielding an enhancement of abdi in this scenario.
to be constant withk and exponentially decreasing with  Moreover, the formulation of the optimization objectives for
3 dBin ¢. Modeling the spatial setting by an angular spread full rank covariance matrices enables the different schemes
around the direction of departure with Laplacian distribu- to serve the user through all subspaces resulting in a lower
tion of 2° standard deviation defines the relationogf, saturation level for the TXMF. Finally, the interference sup-
in the different eigensubspaces B, ,,. Table 1 gives an  pression potential of the TxZF and the TXWF completely
overview of the numerical setting. Note, that the fixed spa- overcome the saturation as seen compared with the other
schemes. Of course, the TXWF outperforms all other linear

| Parameter |[Fig3|] Fig2 | approaches by inherently optimizing the trade-off between
Tx Filter Order | L 4 0 TXMF and TxZF.
Channel Order | @ 3 2
Rx Filter Order | £ 3 > A second simulation now evaluates the influence differ-
Spreading Factof 16 16 entpilot channelgPICH) have on the performance. Note,
User Number | & 4 4 that all schemes result in comparable SNRs for the channel
ZTx Antennas | N, 4 4 estimator, for which only the systematic estimation error
L Rx Antennas | — 1 1 Vr,q,c IS taken into consideration. With this precondition,
DOD — [ [7.5°,15°,22.5°,30°] Fig. 3 compares three different pilot beamforming schemes:
Angular Spread| — | 2° | 2°
Table 1. AU AR N S
tial setting within is set to a S-CPICH worst case, demon- \"?\3

strating the ability of the introduced schemes to include the 15|
pilot beamforming even in scenarios where it differs signif-

icantly from the optimal spatio-temporal transmit process-
ing. The channel is modeled as block Rayleigh fading and

-2

thus remains constant for the length of one slot, 2860 x 10
chips. o
10° @ <

TXMF 1073}

P-CPICH, Full Rank TXWF
S-CPICH, Full Rank TXWF

== Dedicated PICH, Full Rank TxXWF
P-CPICH, Rank-1 TXWF

4 S-CPICH, Rank-1 TxWF

10 ) ! . ) .

-20 -15 -10 -5 0 5 10 15 20

EC / N0

BER

Fig. 3. Comparison of Single and Full Rank Processing

The dedicated PICH that transmits the pilot sequence over
the eigenvector corresponding to the largest eigenvalue, the
primary CPICH(P-CPICH) which radiates a single pilot se-
quence from one antenna only, and the S-CPICH employ-
ing a grid of4 beams. Note, that the dedicated PICH here
only serves as a reference as it does not qualify as a com-

Fig. 2. Comparison of different S-CPICH schemes mon PICH. Still, full rank covariance based precoding al-

lows to perform very close to this optimum case even with

Fig. 2 now compares the proposed linear precoding S-CPICH information. The result also underlines the sig-

techniques with the state of the art approach of using the S-nificance of full rank processing.




With the presented variance true approximation of the signal
model, the covariance based optimization of the three linear

7. CONCLUSION

(14]

objectives was enabled. Due to the stringent derivation, the [15]

resulting linear precoders inherently adapt to the used pilot
channel and allows optimal spatio-temporal transmit pro-

cessing even in scenarios, where the transmitter has only[16]

partial and the receiver has only scalar knowledge about the

channel.
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