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ABSTRACT on the assumption that instantaneous CSI is available at the trans-
g;itter. However, instantaneous CSI can be difficult to acquire in

constraints under the assumption that the transmitter has long-ter aCt'Ce(I:I é:lases.d Int frgqufer&c;t; d'\é'?'on dtlrJ]pIexmg iysttﬁmts)’ '”Stat”tt?'
covariance based channel state information (CSl). Beamformers afieous neeas 1o be ted back from the users 1o the base station

designed to maximize the minimum average signa|-to-interferencef_eSU|ting in a prohibitive signaling overhead especially in fast fading

plus-noise ratio (SINR) of users subject to a total transmit powe?Cenarlos [, 4]. Since the long-term covariance based CSI changes

constraint and additional shaping constraints. We combine beanft & ;ignificantly lower rate as compgred to. the instantaneous CSl,
forming with full-rate quasi-orthogonal space time block codingonly infrequent feedback from users is required. Therefore, siee u

(QOSTBC) to increase the number of beamforming weight vec-Of covarignce based CSlis more practicgl_generally_.

tors and associated degrees of freedom much beyond the limits N thiS paper, we propose a non-trivial extension of the gen-
achieved by the Alamouti code in the beamformer design. The usgr@l rank beamforming approach proposed in [15] to the case when
of QOSTBC destroys the full-orthogonality structure of the corre-long-term covariance based CSl is available at the transmitter. In this
sponding equivalent channel matrix such that generally maximum'Ork, we consider the problem of maximizing the minimum SINR
likelihood (ML) pairwise decoding has to be applied for optimal @M°Ng e_ll] users Wh_lle satlsfyln'g the total transmit power constraint
decoding. As an alternative to the pairwise decoding, we propose%d additional shaping constraints. The key problem associated with

simple phase rotation scheme on beamformers at the transmitter sifig 9eneral rank beamforming approach in [15], when it is applied

that enables simplified symbol-wise decoding. The original beam!" the case of covariance based CSI, is that due to the absence of

forming problem is transformed to a semidefinite programmingnStantaneous CSl at the transmitter, the orthogonality of the code
(SDP) problem which can be solved optimally for a massive numbefatrix of the equivalent channel can no longer be guaranteed and
of shaping constraints. Simulation results demonstrate a significafffus inter-symbol interference is present which leads to performance
performance improvement over the existing approaches. degradation. To address this issue, a new general rank beamform-

Index Terms— Downlink beamforming, general rank beam- ing a_pproach is developed'ir! this Work_ to solve the d_ownlink beam-
forming, shaping constraints, semidefinite r’elaxation (SDR) quasif-Ormlng problem by combining downlink beamforming Wlth.fu"-
orthogo’nal space time block ’coding (QOSTEC) ' rate QOS'I_'BC. Ins_teaq of the real-valued QSTBC emplo_yed in [15],
' QOSTBC is used in this work because the inter-symbol interference
1. INTRODUCTION in QOSTBC induced by the orthogonality loss of the coding matrix
can be much smaller than that in the real-valued OSTBC. A new
Multiuser downlink beamforming has been extensively studied dughase rotation procedure on beamformers associated with QOSTBC
to its potential for improving the spectral efficiency [1-3]. There arejs designed to ensure that the average inter-symbol interference is
typically two quality-of-service based downlink beamforming prob- eliminated and correspondingly a simple symbol-wise decoder is
lem formulations [4, 5]: the problem of minimizing the total transmit developed for QOSTBC. In our proposed QOSTBC based general
power subject to SINR constraints, and the problem of maximizingank beamforming approach, the original beamforming problem is
the minimum SINR of all users subject to a total transmit power contransformed to a convex optimization problem using semidefinite re-
straint. Besides the SINR and power constraints, additional shapingxation (SDR) which can be solved efficiently. The SDR solution
constraints are considered in certain practical applications, e.g., #¥fter the rank reduction procedure is optimal for the original prob-
limit the interference power or guarantee the charging power [6-10Jem if all SDR solution matrices do not exhibit a rank larger than
The rank-one beamforming problem of minimizing the total eight which can be guaranteed if the number of additional shaping
transmit power subject to SINR constraints and additional shapingonstraint does not exce&é, c.f. [15].
constraints has been investigated in [11-14]. As a massive number
of constraints is incorporated, the degrees of freedom in the rank- 2. RANK-ONE BEAMFORMING
one beamformer design can be rather deficient which may cause the . L
optimization problem either to be infeasible or be difficult to solve €t US consider a cellular communication system where a base
optimally. To increase the degrees of freedom in the beamformeit@tion equipped with an antenna array /§f elements simulta-

design, a general rank beamforming approach is proposed in [1 ously communicates independent information symbols\Vfo
which combines beamforming with full-rate high dimensional real-SIngle-antenna receivers. We assume that the channels are random,

valued orthogonal space time block coding (OSTBC) which Outper5:ovariance based CSl is available at the transmitter and individual

forms the conventional rank-one and rank-two approaches [16_23instantaneous CSl is available at each receiver. The information

The general rank beamforming approach in [15] is designed baseyMPO! intended for the-th receiver is denossd as with zero

mean and unit variance. Then, the signfis};Z, are steered to

This work is supported in part by the Seventh Framework Prografor  different receivers in a spatially separated way using the respective
Research of the European Commission under grant number: ADBB47. N x 1 beamforming vectoréw; } 2, . The received signal at thieth
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receiver is then given by [1] only covariance based CSl is assumed to be available at the trans-

. M . mitter. Meanwhile, the SINR expression for the real-valued OSTBC
yi = s;w; h;(t) + Z Sm Wi hi(t) +ns (1)  case can be difficult to obtain. In this paper, we apply QOSTBC and
m=1,m#i a new phase rotation procedure is designed to eliminate the average

inter-symbol interference such that symbol-by-symbol decoding ca

whereh; (t) andn; are theN x 1 time-varying channel vector and .
be used at the receivers.

complex circularly white Gaussian noise with the variangef the
i-th receiver, respectively, arfe) ¥ denotes the Hermitian transpose. 3-1. Full-rate QOSTBC

Based on (1), the long-term average SINR atithie receiver in the  Full-rate orthogonal codes with complex symbol constellations in its
conventional rank-one beamforming approach is derived as code matrix are impossible to be obtained for systems with more

WHR w. than two transmit antennas. To design full-rate codes, QOSTBC is
SINRei({wm}M_1) £ TR (2)  proposed in which the strict requirement of full orthogonality of
Z WHR; Wy, + 02 the code matrix is slightly relaxed [26]. Correspondingly, the sim-
m=1,m#i ) ple symbol-by-symbol decoding property is lost. However, pairs of

symbols can optimally be decoded independentlylferd and8 x 8
o in the QOSTBC [27]. One example of tHex 4 QOSTBC matrix is
base station equaly_ wi’w;. Then, the problem of finding the as follows

whereR; = E{h;(t)h7 (¢)} [3]. The total transmit power at the

i=1
weight vectors that maximize the minimum average SINR of all _S;* zf _5;* z‘i
users subject to the total transmit power constr&nt,. and ad- X([s1,52,53,54]7) & 2oL ca 7 4)
" R . —S3 Sq 51 —S82
ditional shaping constraints can be formulated as o R -
X —84  —S83 S2 S1
pohax bost SINRei({Wm}mo1) 2 t,¥i=1,...,M (38) 32 Equivalent System Model
o v Denotes; = [si1,...,six]” astheK x 1 complex symbol vector
ZWHW‘ <P.. (3b) for thei-th user withK' < NV andK € {4, 8} in accordance with the
rer dimension of QOSTBC matrices. Instead of weighting each symbol
o by a beamforming vector as in (1), a QOSTBC maftits; ) is trans-
Z Wi AW B, Vi=1,... L 3c) mitted for each user py using’ beamformers of lengthV, denoted
m=1 asw;1, ..., W;x. In this case, each of th& beams can be regarded

as a virtual antenna from which QOSTBC is transmitted. In our sce-
whereL additional shaping constraints are formulated in (3c) for ap-nario, we consider a block fading channel model where the channels
propriately choseN x N Hermitian and possibly indefinite matri- remain constant ovek time slots. The received signal at thei-th
cesA;,, with corresponding thresholds, and>; denotes a signin  user in thek-th time slot is given by

the set{ >, <, =}. The additional shaping constraints in (3c) can be M K
constructed for different applications, e.g., to describe interferenc ik = D > [X(sm) e Wi hi (1) + mik (5)
suppression towards concurrent co-channel users in coexisting hie m=1k'=1

archical networks [6, 7], or to formulate the charging power guar-
antees at the harvesting nodes in energy harvesting networks [8—1
Problem (3) is a non-convex quadratically constrained quadratic pro;

heren;;. is the noise of the-th user in thek-th time slot. The
ceived signal vectar; 2[yi1, . . ., yix|” atthei-th user within the
ansmission period ok time slots can be written in matrix form as

gramming problem and can be approximated by a SDP problem us- M
ing the SDR technique [24, 25]. yi = X(SI)Wth(t) + Z X(Sm)thi (t) + n; (6)
3. GENERAL RANK BEAMFORMING m=1,m#i
whereW; £ [wi,...,wW;x] is the beamforming matrix, and the

The central idea of combining downlink beamforming with QOSTBC . A T
in this work follows the general framework of [15-23] in which N°!S€ vectom;=[niy, ..., nix]" . The above system model can be
beamformers are designed by combining beamforming with OS[eformuIated in the following equwale~nt form [26]

TBC. By combining beamforming with e.g., Alamouti coding, each ¥i = X(W/h(t))s; +1; + fis (7)
user is simultaneously served with two Alamouti coded symboI§Nhere pe
from two beamformers over two time slot, as described below. The
so-called, rank-two beamforming approaches introduced in [16-2

(WHh,(t)) denotes the quasi-orthogonal equivalent chan-
el matrix and

~ T
can be applied in various beamforming applications to double the Vi = [yas v, —vik] ®)
degrees of freedom in the beamformer design. However, the draw- - M
back of Alamouti-based rank-two beamforming is that an optimal i = Z X(WHhi(t) sm, 9
solution can only be obtained if all ranks of the SDR solution are no m=1,m#i

greater than two. When applying genefal 2) rank beamforming A 2 [ni1, —niz _n_K]T (10)
using real-valued OSTBC to further increase the degrees of freedom ‘ v s ARl

in the beamformer design as proposed in [15], the effective chann&@mploying the4 x 4 QOSTBC matrix in (4) and multiplying
vectors have to be adjusted to real-valued vectors by specific phase” (W{h; (1))

on both sides of (7), we have
rotations on beamformers to ensure that the corresponding codingW: 2i ()3 0

matrix becomes orthogonal such that symbol-by-symbol decoding 5 2 1 X (WHR, ()5

can be performed. The phase rotation procedure in real-valued OS- ‘ IWEHR; ()] v ‘

TBC is based on instantaneous CSI available at the transmitter, thus 1 i H -

it cannot be applied in the problem considered in this paper since = Gisi+ m* (Wi'hy)(is +1:)  (11)
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where Based on (11), the covariance matrix of the noisg;iis given by

L0 =g 0 c™e 1l (Wi, () E{f&" )X (W (¢
X WIh)X(Wih) o 1 0 g 12) C - winpt (Wi @)B{RATX(WTh(t)
WO e 0 Lop e o0
—qi = 51K
g W h;(t)1I5

g 2 QIm{Wghi(t)hi(t)HWififwghi(f)hfl(t)wﬂ}j (13) The average noise power of ti¢h user in thek-th time slot can be
’ W hi(1)]13 ’ expressed as

2

(N) i
Im{-} denotgs the imaginary part of a compl_ex scalarjand_ /—1. [CiVlk = 7ﬁ(w,{fmwi) :
We observe in (12) thaf; and—g; represent inter-symbol interfer- ) )
ence terms foé;. Due to the quasi-orthogonal property of the equiv- Then, the average post detection SINR corresponding to sysabol

alent channel matrix as in (12), pairwise ML detection is the opti-in the proposed general rank beamforming approach is given by

(21)

mum detection for information symbols transmitted with QOSTBC, SINRi(sik) 2 E{sirsi,}

however, it is associated with a decoding complexity increase as ’ 1Gi1> E{siwr st} + [CVr + [CNV )1
compared to symbol-wise decoding [26]. To enhance the character- Te(WHR, W,

istics of the equivalent MIMO channel in (7) and reduce the decod- = HWIRW) , (22)
ing complexity by enabling simple symbol-by-symbol detection, we f: Te(WER;W,,,) + 02

design the beamforming matricé; such that the quasi-orthogonal m=1,m#i ‘

equivalent channel matrix is further orthogonalized. The orthogonal-

ization of (12) requires knowledge of instantaneous CSI,higz), ~ Wherek’ is the index number of the entry or —g; in the k-th row
which is not known at the transmitter. Therefore, here we considePf G in (12). Note that the designed average orthogonality prop-
the average inter-symbol interference power defined as erty rest_JItlng from (15) is _used in d_erlvmg SINR(sit,)- S!nce_the
expression of SINR; (six) in (22) is independent of the time index
2Im{wRiwis—wiRiwi} . k, the average post detection SINR for theh user is identical for

G 2 1
g: = Elg:} = Tr(WHR, W) (14) all symbols in the QOSTBC block. The total transmit power in each
M
In order to achieve the best decoding performance, the average intdfme slot equaIstl Tr(W;W,") which can be computed in a sim-
symbol interference i8; should be adjusted to null, i.e., ilar way as in [15]. With multiple beamformers designed for each
13> = 0. (15) user, the additional shaping constraints in (3c) can be expressed as
M
H _
For a given beamformew; £ [Wi*u A wa], a sufficient but Z Tr(AmWn W) Brb, VI =1,..., L. (23)
not necessary condition for satisfying (15) is m=1
o 4. BEAMFORMER OPTIMIZATION
Im{w}i"R;wjs} =0
H (16) L A -
Im{wj;' Rywj,} = 0. The optimization problem of maximizing the minimum average

SINR in (22) of all users subject to the power constraint and addi-
To satisfy (16), phase rotation can be performed on beamfd¥iier  tional shaping constraints can be formulated as

in various ways, e.g., HR W.
Ik D (Z( *HR * )) ma}e{( ts.t IY; TI'(WZ R’LWL) ZtyVl:L sy M (24a)
R el an VIR T(WERW,. 407
wis = wihexp(j4(wiz' Riwjy)) m=1,m#i
M
where/(-) denotes the argument ofa cqmplex scalar._ ) Z Tr(W, W) < Prax (24b)
Based on (11), the covariance matrix of the received multiuser =
interference contained & is given by M
~~ H _
Wi hs(8)]]3 m=1
1 M W n " To solve problem (24), let us employ the SDR approach and define
= m[ > X (Wh(0)X(Wahi(t) X X, 2W,WH. By substitutingX; and omitting the rank constraints
P2 et rankX;) < K, a relaxed optimization problem is obtained as
XHEWHR, ()X (WHh; ()] 18 R
( ©)x( )] (18) max ¢ st — Tr(XR0) >t,Vi=1,..., M (25a)
XM ¢
Note thatCE') exhibits the same sparsity structure@s in (12). B > ﬂ(XmRi)sz
Furthermore, it can be shown that as the number of users increases m=1,mgd
CE') converges to a scaled identity matrix, i.e., the interference co- M
variance matrix becomes spatially white. Applying Lemma 1 in [15], D Tr(Xi) < Puax (25h)
the average multiuser interference power of #tke user in thek-th i=1
time slot can be expressed as M
. v Z Tr(Apn X )by, Vi=1,..., L (25¢)
COpe 2 ——— T(WER,W,,). (19 m=1
[C7 T Tr(WHR,W,) mz;g,ﬁi ( ). a9) X;=0Vi=1,...,M (25d)
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which can be solved efficiently by performing a one-dimensional 6
bisection search overas in [5] using convex optimization solvers
such as CVX [28]. DenotéX:}, as an optimal solution to prob-
lem (25). Then we can apply the rank reduction algorithm in [15]
with the input{X;}, to reduce the rank of the optimal solution.
If the updated{X;}}, after the rank reduction procedure satisfies
4< max rank(X;)<8, we choosek=8; if max rank(X;)<4,
1<i<M 1<i<M

Worst SINR

[| —&— Proposed approach
——8— Rank-one approach

we choose=4. Note that if11<n‘i>]<” rank (X} )<2, the proposed ap- 11—« Rank-two approach )
53

proach is equivalent to the rank-one or rank-two approaches. Tr o i b i b
corresponding beamforming matrices are calculated by eigenvalt 0 1 4 5
decomposition of X}, followed by the proposed phase rotation
procedure as defined in (17). In the case tlrla@%u rank(X})>8,

2 3
og (degree)
Fig. 1: Worst SINR versus varying spread angles

- A i g isplayed. In the legend of Fig. 2, ‘GR’ refers to the general rank ap-
tain a suboptimal solution to problem (24). Similar as the gener roach; ‘gs’ and 'rl refer to the use of QOSTBC and real-valued OS-

rank beamforming approach in [15], each user is served with up t C respectively: ‘PCR’ refers to the phase rotation wheris an-
eight beamformers in the proposed general rank beamforming, anc}3 ! P y: p B P

a maximum number of9 additional shaping constraints can be ac- proximated by its principal componehﬁ’” and the phases of beam-

we choosek =8 and a randomization procedure can be used to ot;E

commodated for which an optimal solution can be obtained. formers are rotated to fulfiltm{W/"h{"}=0 Vi as in [15]; ‘PR’
‘RR’ and ‘AR’ refer to the proposed phase rotation in (17), random
5. SIMULATIONS phase rotation, and the phase rotation of using instantaneous CSI

which is an ideal case, respectively; ‘SW’ and ‘ML’ refer to symbol-
In the simulation, we consider the downlink beamformer design thaf/ise and ML decoder, respectively. As shown in Fig. 2, QOSTBC
limits the interference to co-channel users which is similar to ExamPased beamforming approaches achieve much better performance
ple 2 in Sec. VI in [15]. The base station is equipped with a uniformthan real-valued OSTBC based beamforming approaches. ‘GR (gs
linear array ofV'=15 antennas spaced half a wavelength apart. Ther&R ML)" achieves only slightly worse performance than ‘GR (gs
are three downlink users locateddat—7°, 6,=10° andfs=27° rel- AR SW)’ which serves as the unachievable lower bqund, and is bet-
ative to the array broadside. The downlink users are assumed to &' than all other approaches. ‘GR (qs PR SW)’ achieves better per-
surrounded by a large number of local scatterers correspondimg to 4&0rmance than all other symbol-wise decoders.
angular spread afy, as seen from the base station. The channel co
variance matriceR,; are calculated in the same way as in [2]. More- 08 : :
over, there are 19 co-channel users connected to a neighboriag b 2 = =
station which are located at ... .19 = [—89.375°, —80°, —70.625°, 0.7 ——GR (as PCR SW)

,,,,,

( =
o o o o o o o —6— GR (gs PCR ML)
—61.25°, —51.875°, —42.5°, —33.125°, —30°, —23.75°, —15°, OR (0e PR W)
2°,18°, 36°, 43.75°, 49°, 53.125°, 62.5°, 71.875°, 81.25°]. The 081 o GR(gsPRML) 1
interference power at the directign in each time slotf(u;) = —+—GR (asRRSW)
3 051 & GR(gs RR ML)
> Tr(h,, b X,,) is upper bounded by, = 0.5, andh,, is ( /
(
(
(

—>— GR (gs AR SW)
m=1

0.4 —+— GR (11 PCR SW) -
the channel vector corresponding . In addition to these con- —6— GR (1l PCR ML) -
straints, the interference power @t is ensured to obtain a local 03f| — GR(IRRSW) -
minimum value by adding interference derivative constraints, i.e. O GRERRML) —

3 2 L| —&— Rank-one _—
—ea < M < ¢, and “LEL > 0 V1 where the threshold is set —4— Rank-two
) i -

Worst-user SER

5 a2 . L
to e, = 107°, and 0 and %(!;l) are computed in the same 01p
: -

way as in Example 2 in Sec. VI in [15]. We assumg=0.1 Vi 0
andPax=1. The results are averaged over 100 independent Monte
Carlo runs in which all angles of departures are subject to variations ) )
defined in the same way as in Example 1 in Sec. VI in [15]. In Fig. 2: Worst-user SER versus varying spread angles
each run, 200 instantaneous channel realizations are generated for
each downlink user obeying the distribution correspondin@Rto
and 100 symbols are transmitted within each instantaneous channel
realization. The number of randomization samples in each run is s?t
to 100 for all approaches if necessary and QPSK modulation is useEﬂ
In this example, we compare the proposed approach with th
existing ones. The code dimensiéh in the proposed approach is
chosen ag{ =4 Since2<1$i’§w rank(X;)<4. In Fig. 1, the worst

2 3
og (degree)

6. CONCLUSION

this paper, we propose a general rank beamforming approach fo
e multiuser downlink beamforming problem with additional shap-
g constraints exploiting covariance based CSI at the transmitter.
The proposed general rank beamforming approach increases-the d
<i< grees of freedom in the beamformer design by using QOSTBC. Be-
SINR for different spread angles is displayed. As shown in Fig. 1sides the pairwise decoding for QOSTBC, a phase rotation proce-
the proposed approach achieves much higher SINR than that of thiire on beamformers is proposed to enable simplified symbol-wise
rank-one and rank-two approaches which is zero for all spread amecoding. The proposed general rank beamforming approach sig-
gles which can be understood as infeasible in practice. In Fig. Zjificantly outperforms the conventional rank-one and rank-two ap-
the worst-user symbol-error-rate (SER) for different spreadesrig ~ proaches and real-valued OSTBC based general rank approach.
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