-

View metadata, citation and similar papers at core.ac.uk brought to you by i CORE

provided by Explore Bristol Research

-% University of
OPEN (o) ACCESS BRISTOL

Patcharamaneepakorn, P., Doufexi, A., & Armour, S. M. D. (2013).
Equivalent expressions and performance analysis of SLNR precoding
schemes. a generalisation to multi-antenna receivers. |IEEE Communications
Letters, 17(6), 1196-1199. 10.1109/LCOMM.2013.050313.130549

Link to published version (if available):
10.1109/LCOMM.2013.050313.130549

Link to publication record in Explore Bristol Research
PDF-document

University of Bristol - Explore Bristol Research
General rights

This document is made available in accordance with publisher policies. Please cite only the published
version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/pure/about/ebr-terms.html

Take down policy

Explore Bristol Research isadigital archive and the intention is that deposited content should not be
removed. However, if you believe that this version of the work breaches copyright law please contact
open-access@bristol.ac.uk and include the following information in your message:

* Your contact details
* Bibliographic details for the item, including a URL
» An outline of the nature of the complaint

On receipt of your message the Open Access Team will immediately investigate your claim, make an
initial judgement of the validity of the claim and, where appropriate, withdraw the item in question
from public view.


https://core.ac.uk/display/29026762?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1109/LCOMM.2013.050313.130549
http://research-information.bristol.ac.uk/en/publications/equivalent-expressions-and-performance-analysis-of-slnr-precoding-schemes-a-generalisation-to-multiantenna-receivers(6f0800c1-a9f1-4bfa-b9b5-c8b9c123feac).html
http://research-information.bristol.ac.uk/en/publications/equivalent-expressions-and-performance-analysis-of-slnr-precoding-schemes-a-generalisation-to-multiantenna-receivers(6f0800c1-a9f1-4bfa-b9b5-c8b9c123feac).html

IEEE COMMUNICATIONS LETTERS, ACCEPTED FOR PUBLICATION 1

Equivalent Expressions and Performance Analysis of SLNR Emego
Schemes: A Generalisation to Multi-antenna Receivers

Piya Patcharamaneepakorn, Angela Douféi@mber, IEEE, and Simon Armour

Abstract—In this letter, equivalent expressions of transmit 1. SYSTEM MODEL AND SLNR PRECODING SCHEMES

precoding solutions based on the maximum signal-to-leakage- . . . . .
plus-noise ratio (SLNR) are derived for multiuser MIMO systems Consider a single-cell single-carrier downlink MU-MIMO

with multi-antenna receivers. The performance of the SLNR System with M/ transmit antennas at the base station (BS)
precoding scheme is also analysed based on this equivalent form.and K users, each withV, receive antennas. Each uges
Further, it is shown that the SLNR scheme can be viewed as a channel matrixH;, € CV**™  assumed to have independent

generalised channel regularisation technique and the conditions and identically distributed (i.i.d.) entries, is known hetBS.

for an equivalence between the SLNR, the Regularised Block : . o .
Diagonalisation (RBD) and the Generalised MMSE Channel Each userk transmitsBy, < ry = rank(Hy) = min(N, M)

Inversion (GMI method 2) schemes are given. Consequently, the data streams. The transmitted signal at the BS is expressed a
performance analysis in this letter can be extended to the RBD x = WAs = >, W Ays;,. The vectors = [s],sT, ..., sk]T
and GMI schemes. This generalises the equivalence between thejenotes the overall data vector, whese < CB* and
SLNR and MMSE schemes and its useful implications, from the E{ssf} = 1. W = [W1, W, ..., Wg] is the transmit pre-

case of single-antenna to multi-antenna receivers. . . .
9 coding matrix, wheréW, € CM*Bx_ A is the power normal-

Index Terms—Multiuser MIMO, linear precoding, SLNR,  jsation matrix defined bA = blkdiag{A1, A, ..., Ax} with
RBD, GMI, equivalent forms, performance analysis Ay = diag(ay) anday, = (ap1, ar, ~-~7akBk)T € RBx. such
that the total transmission powér, Tr(W A, AHFWH) =
> P, = P. The additive Gaussian noise vector for each

serk, denoted as,, has zero mean and covariance matrix
n;nf’} = 0?1y, . The userk’s received signal is given by

I. INTRODUCTION

N multiuser multiple-input multiple-output (MU-MIMO)
systems, linear precoding schemes are often considered
practical implementations as they offer near-optimal qrerf
mance with relatively low computational complexity. Limea yvie = H,W,A.s, + Hy ZWjAJSj +ny. (1)
precoding techniques, such as Zero-Forcing (ZF) [1] and ik
Minimum Mean Square Er.ror (.MMSE) [1], 2] are initially At user k, the receive processing can be decomposed as
developed for systems with single-antenna receivers. Th =

are later extended to the case of multi-antenna receivers, — DG whereGy, € CP s the receive filter nor-
- . H By X By
e.g. ZF is developed into Block Diagonalisation (BD) [3 alised such that each row has unity norm &nde R

precoding, and MMSE is extended to Regularised Blocﬁ"jld"’jlgonaI matrix, wherein the diagonal entries rep

Diagonalisation (RBD) [4] and Generalised MMSE Channé\.ormS of the associated rows Gi;. Denoting the received

Inversion (GMI) [5] schemes. A precoding scheme based 8}9.”"’" atdtr(;e output of Ehe receéve f||_ter &8 = Giyy, the
the maximum signal-to-leakage-plus-noise ratio (SLNR) [Gesnmate ata sequencg, can be written as

is another attractive technique which provides an alta@at St = Gryr = Diyx. (2)
approach to the signal-to-interference-plus-noise r8IdR)

maximisation problem and supports systems with both singla& The SLNR Precoding Scheme

antenna and multi-antenna receivers. For the SLNR scheme [6], the power normalisation is

In this letter, equivalent solutions of the SLNR-basegSually assumed such that ('WHWk) — B, and A, —
precoding scheme with multi-antenna receivers are deriv;?},% k
dB,

and are shown to be a generalised form of the regularisgds; Lz~ Here, the SLNR maximisation criterion leads to the
channel inversion, with regularisation factors for eaclerusfollowing optimisation problem:

inversely proportional to thellr. average S|gn§I—to-n0|aaos opt Tr [WEH{{H;CW,J

(SNR) per data stream. Conditions for the equivalence mtwe W, = argmax —— (3)
the SLNR, RBD and GMI-2 are also presented. Moreover, Wr Tr [WE (HkHHk +akIM) Wk}

the performance of the SLNR scheme is analysed and can St Tr(W]IC-IWk) — B,

be extended to the RBD and GMI-2 schemes, due to their

equivalence. This generalises the equivalence between Wigh oy, = N},i"i andH, = HY . HI HI . HIL
SLNR and MMSE schemes proven in [7], [8] and establishghe solution to (3) can be given by [6]

the extension of its implications from the case of single-

antenna to multi-antenna receivers. Wy = e T [I,; 00— By)x B, | (4)

Manuscript received March 12, 2013. The associate editordtuating the where the columns of), € CMxM defines the generalised
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Since the solution of the SLNR design only involves the
G, =¥, W/HI (5) first By, columns ofQy, the solution (4) can be rewritten as

b n in (8). In addition, from (7), it can be shown thaf, =
where¥,, € R”+**"* is a diagonal matrix chosen to normalises -+ &—-1  (aH& )—%  HrTH v &1
each row to unity norm, is deployed as the receive filter [6]. ¥ H U, " = (S"f Si + arlu fo Hy UgS, . It
follows that (9) is obtained by substituting, into (8).

I1l. EQUIVALENT EXPRESSIONS OFSLNR-BASED Furthermore, by considering submatrices of (7) and right

SOLUTIONS WITH MULTI-ANTENNA RECEIVERS multiplication with Vi, i.e. HyP,Vy = —-H, Wy = UySy,
the receive matched filter can be obtained W§H;! =
) o pSEUH . Accordingly, the (row) normalised matched filter
H; =U,S, VY, (6) can be expressed as (10). [ ]

1
2

Lemma 1: Define the following SVD operations

= U,S, VY (7) A Equivalence between SLNR, RBD and GMI-2 schemes

As clearly seen from (8), (10), the SLNR precoding scheme

where Uy, Vy, Uy, and V;, are unitary matricesS; and th mult . ; o
S, are (3., N;) x M and Ny, x M (respectively) diagonal with mu y-ante'nna receivers can be viewed as a 'regu.arlsed
’ a7k hannel inversion technique, similar to RBD [4], with diffe

matrices, with assumption that the singular values on the : o o
X . = . . . “ences in regularisation and power-normalisation paraisete
diagonal entries ofS, are sorted in decreasing order, i.e

61 > s > oo > s > 0 rp — rank(H). Let This confo_rms to the previous observat.|ons in [7], [8] foe th
< : N o . case of single-antenna receivers. Notice that, Agr = 1,

S = diag(s1,---,5p,) and Uy, V; denote_submatrices . " o ding" and decoding matrices in (9) and (10) can
containing By, (B < r) leading columns ofU, and Vi b 9 9

respectively, the solution (4) can be rewritten as: be reduced to the solution given in [8]. Analogously, an
P Y. ’ equivalence between SLNR and RBD schemes with multi-

antenna receivers can also be established as given in the
: following theorem (only the proof outline is provided due to
_ T H T ppHYT &—1 the limited space).
Pk (Hk Hi +akIM> Hi UsSy © Theorem 1: The precoding and decoding matrices of the
In addition, the normalised matched filter in (5) can b8LNR precoding scheme [6], obtained by (4) and (5) respec-
expressed as tively, are equivalent to those of RBD [4] and GMI-2 (GMI
G = {ij, (10) method 2) [5] schemes under the assumption of the same
regularisation parameter and power normalisation pragedu
Proof: From the definition of generalised eigenspaces, Proof: This theorem follows by applying [STheorem 1-

H, V), (SkHék + akIM)

W, = o Vi (ngk + akIM) SV, (8)

there exists an invertible matrix; € CM>*™ such that 3] with the assumption of equal regularisation parametass,
Herll _A a; = -+ = ag = «, and the same power normalisation, i.e.
T Hy BTy, = Ay a1 p1 = --- = px = pto the equivalent expressions of precoding
TH (f{{fﬁk + akIM) T =Ly (12) and decoding matrices in (9) and (10). ]

. For N, < M, the above assumptions can be met, for
where Ay = diag(Ak1,- - Akar) With Ay > Ao > instance, by imposing equal power allocation (EPA) and
Ak > 0 @nd A 41 = - = A = 0. Using the SVD i fy)l-eijgenmode transmission constraints, i.e. choosig=
(6), (12) can be expressed as VP Iy, with By = Ny and P, = P/(3, Ni). This is

Hxr (GHG S Hm analogous to [8] for the case of single-antenna receivers.

T Vi (Sk Sk+ akIM) Vi T = Tar. 1(13) Note that the equivalence between the SLNR and RBD
It follows from (13) thatTy, = V', (SkHSk i OlkIJw)_§ Qs schemes has also been .qbserved in [9] whgreby thg equiva-
MM _ ) _ lence has only been verified for the precoding matrices, by

where Q€ CU*" is a unitary matrix. LetPr = pack substitution of the RBD solution [e.g. in a form of

Vi (SESy + aply *, Qi can be determined by substi-(8)] into the SLNR precoding design criteria (11) and (12).
tuting T}, into (11)."Hence, (11) can be rewritten as The equivalence of decoding matrices, e.g. (5) and (10), has
~ _ not been provided in [9]. This paper, on the other hand,

Q/ (PkHHkHHkPk) Qr = Ag. (14) obtains the equivalent expressions of the SLNR solutiohs (8

) _ (10) by direct derivation of (11) and (12) and establishes th
Itcan be cle:\aljly Zeenfrom (14) that the unitary ma@X o4 ,jivalence of the decoding matrices in addition to thahef t

of Q, contain eigenvectors associated to’ eigenvalues sorfi@Crithms and analysis among these schemes. For instance,
in decreasing order. Specifically, considering the SVD i ("€ matched filter given by (5) can be used instead of (10)

it can be chosen such th@, — V. It also follows that in RBD and GMI-2 schemes for reduced complexity. Existing
Ay = SHSy. Thus, T can be expressed as

power allocation algorithms in RBD [4] can also be applied to

. SLNR and GMI-2 schemes. Further, the performance analysis

T, = Vi (gggk n akIM)j V.. (15) given in the following can be extended to the RBD as well as
the GMI-2 schemes.



PATCHARAMANEEPAKORN et al.: EQUIVALENT EXPRESSIONS AND PERFORMANCE ANALYSIS OF SLNR PREDING SCHEMES 3

IV. PERFORMANCEANALYSIS OF THESLNR SCHEME ‘}’,%Wf’w,C = Wi (Z#k HIH; + %‘EIM W, which
A. SLNR analysis when Z,# N; <M can be shown to be generally tight when the interference
’ pePower is relatively small compared to the noise power, ite. a
decomposed into two orthogonal subspaces, i.e. the asymptotic low and high SNE regimes)sing the above
1 approximation, the SINR of thé” stream of usek can be

Wi = v {Pl Hy/ +akP;"{/kaH} US.!  (16) written as
k

For Z#k N; < M, the precoding matrix in (9) can

[GyH, W, WIHI Gl
(G ()0 HAW, WIH] + INk) G/]
[WHHHHkaWHHHHka]ii
H (I:IkI:IkH + oz;.J)i1 (I:I;.CI:I,CH)i1 H,H}' leads to signal " [WHHHWH (HHH * IM) WkaWkLz
leakage in the column space Hi,, i.e. inter-user interference. = N (20)
v, is the power normalisation parameter. The mter—useHnterhere the equality(a) follows from (11) and (12). Hence,

//
ferencte is well-controlled akah — 0 athigh SNT Hon‘lb the SINR can be approximated by the corresponding eigen-
ever, it remains necessary to ¢ oose an appropriate nurhber 9 . \ote that (20) can be expressed as (18). By us-
data streams to avoid a convergence to zero effective gain.

) eig{AB} = eig{BA 18) can be rewritten as
some data streams as suggested in the following theorem. . |g{ - } _ 94 ,} (18) wrl
Theorem 2: For 3., N; < M, a sufficient condition of €ig, (HHHk + kI]V[) } (19) follows after ap-
the number of data streams that ensures non-zero effeciif@ing a few matrix operations. n

gains at high SNR can be given by Although the approximation in Theorem 3 could not guar-
By < min{M — ZNj,Nk}- 17) antee the tightness at moelerat_e S_NRS,_ it greatly simplifies

prril the SINR analysis and provides insights into the perforraanc

with respect to the BD scheme as given below. Moreover,

//
Proof: At high SNR, Py — 0, the precoding design (o sonaple accuracy can generally be observed by simulatio
converges to the BD solut|on *and leakage power converges,:onowIng [10], the SINR of BD can be expressed as
to zero. The effective channel of useris thus interference- D — zelgL (B,}. Comparing to (19), it follows from [11,

free and has rank = rankK H, W) — rank H PL HZ
HH: W) WHL )= 431 thatySEVR ~ ASLNR > 4BD 4 Ay (B A,), with
’ ’ k

min{M >, N;, Ni;}. Multiplexing excessive data streams di b
over this number mvolves choosing columnstf in the null the smallest eigenvalue cf; A, denoted astk(cT%Ak) =

space OfHkPLkH,?, potentially leading to zero-gain at highe|g {Hka (Si n nkI )*1 VHHH}_ V, and S, are

SNR. Thus, it suffices to ensure non-zero effective gain for

each data stream if (17) is satisfied. m the submatrices, corresponding to ti# non-zero singu-
Note that substreams with effective gains converging to zdr values, of V;, and S, respectively. It follows that

account for irreducible BER and zero throughput at high SNRx, (£ Ak 20 (P A, is non-negative definite Hermitian).

This results in an error floor of the average BER. The sur]:urther Ay, is a non decreasing function &; it Converges

rate, however, still grows with SNR with a change of SIOp"E‘oA ( s Ay = eigy, {Hka QVHHH} as

I.e. multiplexing gain reduces as substreams with zero-gai This |nd|cates the superiority of the SLNR scheme over BD.
Ior_ll_%er contél.blé[e to;he sum throu%hqu. th diti .Following [8], for Rayleigh fading channels, it can be shown
corem 3. Lonsider a case Wwherein e Condilions W4t the sum-rate of the SLNR scheme converges to that of

er]]goren;vs 1_a]|;|/? 2_te;]revsagsf|ed "'Aj"i; VN IJX?’ Jf’ﬁefsm}’z BD at high SNR, while there remains a non-vanishing gap of
Z’? W with N <3741 < BER performance as also shown in Section V.
of the i** stream of usek can be approxmated by

~ ~ 2 71
,ySfNR ~ eig, { (HkHHk + (;“IM> HkHHk} (18)

- ~ o~ -1 . SLNR __
where Py Hjf = [I—H}f (HkaH) Hk] HI is an ki =

%

orthogonal projection oHY into the null space oH,, i.e.
aligned with the BD solution, while the other p&?ﬁ[/ka =

%

— OQ.

B. SLNR analysis when Z#k N; >M

Fory ., N; > M, i.e. H'H,, is full rank, leakage power
P from userk to userj generally increaseslwitﬁs at high SNR,
= —eig {B,+ A 19 i M
52610 {Br + A} (19) as ||H,W,AL|2 « PJH, (HkHHk) HIT,SY%. In
. R . general, this suggests a limit of performance in the high SNR
with By, = H, [IM - Hj (Hka> Hk} H,” and A, = regime. However, from (7), the singular vector®{V )
~ ~ o~ —1
eig,{-} denoting thei*" largest elgenvalue of the argument.
Proof: Analogous to [8], it could be argued
that the interference-plus-noise covariance matrix c&fd Wi HJ'H; Wy are presumably small compared f’ﬁ“m it fol-
be estimated by a IeQakage plus-noise matrix, that IQWS thaty",, Hy W, WHIH[ + P—INk ~ 3 WHHIH; W), +
i kW, WHH + 20y, =~ 3, WIHIH; W, + —INk ~ 3 WEHEH; W), + I WHWk

—17
H | o% H
(HkH + 51y ) ] H,H}', and  11his can be shown by first noticing th@@WHWk converges thNk
at low and high SNR. Further, for i.i.d. channe||H; W WHHH||F
E|H;WWIH! || = B|W[/HIH;W||p. SlncerW WHH[!
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Fig. 1. Average BER (QPSK), with configuratio x [Ny (By) x K]. Fig. 2. Average sum rate, with configuratidd x [Ny (Bj) x K].

are chosen in the directions which have direct and inverae analysed in Section IV-B. The approximation of sum-rate
relationships with the singular values Hf, and those oHj, given in Theorem 3 is also provided in Fig. 2. Notice that
respectively. Severe interference can thus be alleviateehw the approximation is generally tight for the whole SNR range
M is large (high degree of freedom for transmit beamfornwhen" ., N; < M (Scn-1), whereas it is slightly loose for
ing design) andB;, is small (only using data streams withhigh SNR whenz » N; > M (Scn-5) as the assumption of
reasonably good designs, i.e. large singular values). small mterference |s no longer accurate.

Additionally, with a specific case d = 2, it can be shown  In conclusion, this letter derived equivalent expressiofs
that the interference issue at high SNR can be completeyNR-based precoding solutions and established the equiv-

avoided as elaborated in the following theorem. alence between the SLNR, RBD, and GMI-2 precoding
Theorem4: For K = 2 and N, > M, a necessary schemes. With this equivalent form, the performance of the
condition for the convergence of inter-user interfererceero  SLNR scheme has been analysed. These analytic results can
at high SNR is given by be extended to the other schemes due to their equivalence.
This generalises [8] and its useful implications from theeca
> Bp<M. (21)  of single-antenna to multi-antenna receivers.
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