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MU-MIMO in 4G systems

Jonathan Duplicy, Biljana Badic, RajaRajan Balraj, Rizv@amaffar, Feter Honath, Florian Kaltenberger,
Raymond Knopp, Istan Z. Kowacs, Hung T. Nguyen, Deepaknath Tandur and Guillaume Vivier

Abstract—This article first presents an overview of the dif- Evolution and LTE-Advanced). Among these various tech-
ferent MU-MIMO schemes included / being studied in 3GPP niques, two promising ones are currently investigated lgy th
standardization; from LTE to LTE-Advanced. Various receiver EU FP7 project SAMURAI (Spectrum Aggregation and Multi-

architectures are then studied and their performance assessed . . .
through link-level simulations. Appealing performance increase User MIMO: ReAl-World Impact), namely carrier aggregation

offered by interference aware receiver is notably emphasized. and Multi-User MIMO (MU-MIMO).
Furthermore, system level simulations for LTE Release 8 are  In this article, the SAMURAI consortium presents first
provided. Interestingly, it is shown that MU-MIMO only offers  (Section Il) a critical overview of the different MU-MIMO
marginal performance gains with respect to single-user MIMO.  g-pemes included / being studied in 3GPP releases; from LTE
This arises from the Ilmltt_ad MU-MIMO features included in Release 8 to Release 10 (LTE-Advanced). In addition, we
Release 8 and calls for improved schemes for the upcoming . - : v
releases. propose a new scheduling algorithm based on the geometrical
alignment of interference at the base station which reéegat
the effective interference seen by each user equipment. (UE)
In Section I, receiver design is addressed. Several re-
. INTRODUCTION ceiver structures are analyzed and their performance ceupa
Thanks to the success of smarthpones and mobile-regiiynong others, an interference aware receiver showing &ppea
portables, such as laptops or tablets mobile data traffic Hag performance gains is studied.
recently experienced an exponential growth [1]. The demandFinally, system level simulations are provided in Section
for mobile data services has increased by an average I'¢f Gains offered by MU-MIMO schemes with respect to SU-
160% in the year 2009 alone and some mobile carriers haw#MO schemes in LTE Release 8 are notably emphasized.
experienced even more aggressive growth numbers. Acgprdin Regarding notations, we will use lowercase or uppercase
to a recent forecast, the global mobile data traffic is exgmectletters for scalars, lowercase boldface letters for vectord
to continue to double every year through 2014, leading touppercase boldface letters for matrices. Furthermpre|-||
global compound annual growth rate of 108% [2]. and ||-||  indicate the norm of scalar, vector and Frobenius
These large capacity demands can be met only by higligrm of a matrix while(.)”, (.)* and (.)! stand for the
efficient and optimized mobile network infrastructureyri-  transpose, conjugate and conjugate transpose, respgctive
icant improvements are expected with the ongoing roll-dut o
OFDMA (Orthogonal Frequency Division Multiple Access)
-based networks: WIMAX and LTE. These two standards, . )
although do not fulfill the requirements, are the first steps t~ Theoretical foundations of MU-MIMO
wards the 4G definition given by ITU (International Telecom- Spatial dimension surfacing from the usage of multiple
munications Union) and targeting data rates of 100Mbpsitennas promises improved reliability, higher spectft e
in high mobility applications and 1Gbps for low mobilityciency and spatial separation of users. This spatial difoefis
applications such as nomadic / local wireless access. particularly beneficial for precoding in the downlink of rtiul
To meet these needs, advanced features are investigatedufar (MU) cellular system, where spatial resources can &g us
inclusion in the future releases of these standards (WiMAD transmit data to multiple users simultaneously. The MIMO
Jonathan Duplicy (contact author) and Deepaknath Tander veith trgnsmlssmn techniques are mfcegral parts of the LTE and
Agilent Technologies Laboratories, Wingepark 51, 3110sRlaiar, Belgium; WiMAX standards. A good overview of the MIMO techniques
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II. OVERVIEW OF MU-MIMO IN 3GPPSTANDARDS
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corresponding receiver structures have been proposecein tlumber of transmit antenna ports and they provide precoding
literature in order to achieve promising MU-MIMO gains, .e.gsupport for simultaneous transmission of variable numbier o
[71, [8], [9], [10], [11]. layers (data stream) to the same target UE [3], [4], [5], [6],
Optimal precoding in MU-MIMO Gaussian broadcast charfi2].
nel involves a theoretical pre-interference subtractiecht The precoding is applied to the data transmission to a
nigue known as dirty paper coding (DPC) [9] combined witkarget UE based on the channel feedback received from that
an implicit user scheduling and power loading algorithmJE, including a channel rank indicator (RI), channel qyalit
Linear precoding techniques as channel inversion (Cl) [1Djdicator (CQI) and precoding matrix indicator (PMI). The
and regularized channel inversion (RCI) [11] cancel the iRl indicates the estimated number of simultaneous layers
terference in the former case while attenuate it in the dattehich can be received by the UE. One or more layers can
case. These precoding strategies strive to transform tes-cr be mapped to the sammdeword and are jointly encoded
coupled channels into parallel noninteracting channedseth for transmission to the same target UE. The RI is estimated
fore transforming MU downlink into parallel single-usetJs at the UE as a wideband measure i.e., the same channel
systems. However they do not exploiting the knowledge o@nk is assumed on all allocated resources. The CQI is an
the interference structure to mitigate its effects. Thimséan is index in the modulation coding scheme (MCS) and transport
evident as these precoding strategies are based on thei@auddock size (TBS) index table (32 different entries). The PMI
assumption for interference which encompasses no steictig an index in the codebooks defined for a given number
to be manipulated. However in the real world, inputs must e transmit antenna ports (1, 2, 4 in LTE and up to 8 for
drawn from discrete constellations which have structunes t LTE-Advanced). The CQI information is always derived
can be exploited in the detection process. under the assumption that the selected PMI will be applied
For practical purposes, the found theoretical solutionehato the next scheduled transmission. A more detailed arglysi
to be further adapted to the requirements and restrictionsad the LTE MU-MIMO precoding mechanisms and codebook
standardized air-interfaces. The following sections samime use is presented in Section II-C2.
some of the critical physical layer design aspects.
4) Sgnalling and terminal feedback: The physical layer
B. Overview of 3GPP LTE PHY MIMO prqcedures defineq for LTE Rele{:\sg 8 support variou.s mech-
anisms of controlling the transmission parameters witth bot
1) Reference signals: The downlink transmission schemesigher layer and lower layer signaling [12], [13]. The time-
are supported at physical layer by a set of downlink refezengequency granularity of the feedback to be sent by the UE is
signals. These reference signals can be either UE specificcohfigured by the network via the downlink signaling channel
cell specific. The latter are referred to as common referenggd scheduling grants. Certain restrictions apply mainky
signals (CRS) while the former are referred to as dedicatggjuirement of minimizing the downlink and uplink signajin
(demodulation) reference signals (DRS or DM-RS). The CRsyerheads and in practice this means that each of the defined
are not precoded signals and are used by the UE for chanfighsmission modes supports a certain limited set of physical
estimation, while the DM-RS are precoded and used fRfyer transmission schemes and feedback schemes.
demodulation purposes on the scheduled physical resourceshere are two main categories of CQI / PMI feedback mech-
blocks (PRB). The 3GPP standard define the transmissiongfisms defined in the time-domain: periodic and aperiodie. T
one time-frequency pattern for CRS and DM-RS assigned f9 is always a frequency non-selective type feedback and is
one real or virtualntenna port. associated with the corresponding CQI / PMI feedback. The
supported time-frequency CQI / PMI feedback granularities
2) Transmission modes: The defined SIMO and MIMO determine the overall feedback amount, and the supported
transmission schemes are categorized in seveaadmission configurations depend on the physical uplink channel etliz
modes. The definition of each transmission mode includeghe aperiodic feedback - frequency selective - is suppated
the required configuration information in the commofhe uplink shared channel and is available only when the UE
downlink signaling channel and information on how the usgfas downlink / uplink transmission scheduled while for the
terminal should search for this configuration message [lﬂeriodic feedback - frequency non / selective - both uplink

This mechanism is part of the general downlink signalingontrol and shared channels can be used [12].
framework designed to allow a flexible time-frequency

resource allocation separately to each UE based on the . )

available system resources and the reported or measured?oWnlink MU-MIMO in LTE

channel conditions. The transmission mode for each UE isl) LTE Release 8: The first release of LTE (Release 8)

configured semi-statically via higher layer signaling, iler was aimed at defining the new OFDMA based air-interface and

to avoid excessive downlink signaling. introduced advanced single-user MIMO transmission sckeme
which were evaluated to be sufficient to meet the set per-

3) Precoding: A major pre-requisite for SU- and MU- formance targets [3], [4], [5], [6], [14]. Transmission fno

MIMO transmission schemes is the use of precoding meahp to four antenna ports is supported. The spatial multiplex

anisms at the transmit side. In 3GPP LTE / LTE-Advancedg or diversity MIMO transmission schemes, i.e. including

different codebooks have been defined depending on tki&-MIMO, use only the non-precoded CRS while the pre-
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TABLE | . . . .
CQI AND PMI FEEDBACK TYPES FORTRANSMISSION MODES IN LTE aware receiver which not only reduces one complex dimension

of the system but also exploits the interference structutae
detection process.

Mode CQl type PMI type . . .

Aperiodic Higher-layer configured, Set of sub-bands: — SrigMI _ For the case of eNB with two.a'mtennas (baseline configura-
Subband and Wideband CQI per codeword tion of LTE), the standard specifies the use of four precoders

Periodic S\Nidf_etia;_g CQl _folr éi(rgstfcodeword Single PMI - pased on two bits feedback from the UEs which are given

patial differential | foRI > 1 T .

Periodic UE selected subbands: Single PMI _as 1 4 whe_req < _[il’ +j]. The number of pr_ecoders
Full CQI for first codeword increases to sixteen in the case of four transmit antennas
Spatial differential CQI foRI > 1 however in this section we restrict to the case of two trahsmi

antennas. System equation for LTE mode 5 atktftle resource
element (RE) for single antenna UEs is given as

coded DRS can support single-user single-layer beam-fgymi t t
schemes. Yk =Ny P11k + 0] Po 2k + 21k

In LTE Release 8 there is only one transmission mod,ehereym is the received symbol at UE-1 and ;. is zero
defined which allows for MU-MIMO scheme to be usedmean circularly symmetric complex white Gaussian noise of
the transmission mode 5 (TM5). When configured in TM5, varianceNy. z1 5, andx» ; are the complex symbols for UE-
the UE assumes that the eNB transmission on the downlinkand UE-2 respectivelya! , = [h}; h3,] symbolizes the
shared channel is performed with a single layer (streandpatially uncorrelated flat Rayleigh fading MISO channehir
Furthermore, the downlink control information includes-bil eNB to UE-1 at thek-th RE. Since the processing at UE is
power offset information, indicating whether a 3 dB transmhssumed to be performed on a RE basis for each received
power reduction should be assumed or not. OFDM symbol, the dependency on RE index can be ignored

In terms of terminal feedback and CQI / PMI reportindor notational convenience.
modes, the LTE MU-MIMO transmission mode 5 can use Our proposed precoding strategy involves computation of
both aperiodic and periodic feedback types, see Table I. Whew complexity matched filter (MF) precoder at UEs. As the
aperiodic reporting is configured then the wideband CQI amfécision to schedule a UE in SU-MIMO, MU-MIMO or trans-
higher layer selected subband CQI in combination with @it diversity mode will be made by eNB, so each UE would
single PMI is supported. The full CQIs are reported for eadaedback the precoder which maximizes its received signal
codeword. When periodic reporting is configured then eithetrength. Therefore, in accordance with the low resolution
wideband CQI or UE selected subband CQI in combinatiaiTE precoders, the UEs compute quantized versions of their
with a single PMl is supported. The full CQIl is reported foe threspective MF precoders i.e. UE first measures its channel
first codeword only and differential CQI is used for the setorh! = [, k3] from eNB and consequently computes the
codeword when the reportelll > 1. Single (or wideband) MF precoderi.efhi; hoi]” (the normalized version involves
PMI means that the reported PMI corresponds to, and assurgesiivision by ||h;||). As LTE precoders are characterized
transmission on, all selected subbands reported for th¢sFQby unit coefficients as their first entry, UE normalizes first

and RI. coefficient of the MF precoder, i.e.

This is a rather minimal MU-MIMO transmission scheme b L 1
and relies heavily on the accuracy of the Rl / CQI / PMI Prp=—1 [ 1 } = [ . 9 ] (1)
feedback which was optimized for SU-MIMO transmission |haa | L e hithar/ b
schemes. Inevitably this limits the achievable MU-MIMGSecond coefficient indicates the phase between two channel
performance. coefficients. Now based on the minimum distance between

P, and LTE precoders, one of the four precoders is selected

2) Sgnal Model: The precoders defined in LTE [15] areby the UE and the index of that precoder is fed back to eNB.
low resolution and are based on the principle of equal galiet that precoder bp, = [1 q]T, q € [£1, £j]. From the
transmission (EGT). The efficient employment of these prgeometrical perspective, this precoder once employed by th
coders for MU-MIMO mode is not yet fully understood.eNB would alignh3, with 23, in the complex plane so as to
This has led to the common perception that MU-MIMO isnaximize the received signal power i|&;, + gh3;|* subject
not workable in LTE [16] (page 244). It was shown in [7}o the constraint that the precoder allows rotationdf by
that MU-MIMO mode performs better than SU-MIMO mode)°, £90° or 180°. Therefore this precoding ensures thdt
when spatial correlation is assumed at the transmit side. dnd 3, lie in the same quadrant as shown in Fig. 1(b). eNB
this section, we investigate the effectiveness of these lamay employ the requested precoders if it decides to serve the
resolution precoders for MU-MIMO mode in LTE and propos&JE in SU-MIMO mode (transmission mode 6).
a geometric scheduling algorithm which outperforms MIMO
and transmit diversity schemes. This algorithm is basechent 3) Optimal Precoding Srategy: In MU-MIMO mode, eNB
geometrical alignment of interference at eNB which relegatcan serve two UEs on the same time-frequency resources.
the effective interference seen by each UE. The residi&k assume a densely populated cell where eNB has the
interference is still significant and can be exploited in theequested precoders of most of the UEs in the cell. Here we
detection process. To this end, we propose the employmenbpose a scheduling algorithm for MU-MIMO mode where
of a matched filter (MF) based low complexity interferenceNB selects the second UE in each group of allocatable RBs
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i

. 4 UEs rank-1 (orthogonal) or up to 2 UEs rank-2 (non-
NodeB ST }—. UE orthogonal). However, the antenna port and scrambling code
e allocations are wideband, so it is not always possible tamens
h orthogonality even when only 2 users are multiplexed in MU-
MIMO mode. Furthermore, the only fall-back transmission
mode which is supported, without mode re-configuration, is
the transmit diversity. A fully adaptive SU / MU-MIMO
transmission mode is not supported in LTE Release 9 but is
expected to be introduced in Release 10 as described in the
next section.

(b) ()

Fig. 1. (a) shows the original channel from eNB to UE while ¢hpws the
effective channel of desired signal while (c) shows theatffe channel of

interference of UE. E. LTE-Advanced
The specifications of LTE have been extended for LTE-
Advanced [17]. Although the specifications are not yet final-
whose requested precodgs is 180° out of phase from the ized several details are already in place.
precodem, of the first UE to be served on the same RBs i.e. Configurations with up to 8x8 MIMO antenna are to be

L 1 1 supported and new reference signals have been introduced to
— 1
the p.)recod.er matrix is .g|ve-n B=7 q —q } So the support both demodulation of the downlink shared channel
received signal by UB-is given as (DM-RS) and channel state information estimation (CSI-RS)

1 1 Hence, a special attention has been given to the signaling
n="7 (h11 +qhyy) x1 + 7i (h11 —qhs ) x2+ 21 (2)  needed for more advanced SU / MU-MIMO schemes. A new
_ transmission mode has been defined which now includes both
where selection of the precoder for each UE W0U|2d €nsu&y) and MU-MIMO transmission capabilities without the need
maximization of its desired signal strength i.’dﬂ]{pll for for the UEs to be re-configured via higher layer signalingmvhe
. N ] _ switching between SU and MU transmission / reception on
the first UE and‘thz‘ for the second UE while selectionihe shared data channel [18]. This is thansmission mode 9
of the UE pairs with out of phase precoders would ensugmo).
minimization of interference strength seen by each UE i.e.Consequently the set of precoding codebooks has been also
t‘ipz‘ for the first UE and‘h;pl‘ for the second UE. extended for LTE-Advanced [19]. For configuration with 2
ote that this maximization and minimization is subjecttte t and 4 transmit antenna the LTE-Advanced codebook is the
constraint of the utilization of low resolution LTE precage Same as the corresponding LTE codebooks. For configurations
This scheduling strategy would ensure that the UEs seleciih 8 transmit antenna a dual-codebook approach is used.
to be served in MU-MIMO mode on same time-frequencyhe precoding to be used in the dual-codebook approach is
resources have good channel separation. obtained via multiplication of two precoding matricé®;
Though this precoding and scheduling strategy would ef0d W2, where W, is block diagonal matrix matching the
sure minimization of interference under the constraintoof | SPatial covariance matrix of dual-polarized antenna sefup
resolution LTE precoders, the residual interference wetilt W2 is the antenna selection and co-phasing matrix. This
be significant. The employment of single-user receivershiey tconfiguration provides good performance in both high and low
UEs thereby assuming residual interference to be GaussRitial correlation channels. Thi, are obtained from the co-
would be highly suboptimal. In the sequel of the article, wéfficients of a Digital Fourier Transform (DFT) correspamgi
will deliberate on a low complexity interference aware feee for different transmission ranks, see Table I, with detail
which on one hand reduces one complex dimension of tHe).

system while on the other, exploits interference structare ~Backwards compatibility for Release 8 and 9 UEs has been
the detection of desired stream. targeted. This means that many of the LTE-Advanced features

and associated signaling is not visible for the Release 8and
UEs and the transmission schemes defined for LTE are fully
D. LTE Release 9 supported.

In the second release of LTE (Release 9) new supportThe UE feedback definition has been also extended in LTE-
has been added for the transmission modes utilizing virtuativanced to account for the dual-codebook structure. When
antenna ports with precoded UE-specific reference signadperating in a cell with 8 transmit antenna configuration the
The DRS has been extended to two additional antenna potfBE-Advanced UEs are required to include in the feedback
Code division multiplexing (CDM) is used to orthogonalizenformation the PMI corresponding to botl; and Ws.
the transmission on the two new virtual antenna ports, whiWhen only 2 or 4 transmit antenna are configured / used at
non-orthogonal scrambling codes are introduced to supptte eNB the feedback includes only the PMI fdr, and
dual-layer transmission on each of the antenna ports. Thie W, is the identity matrix. Furthermore, the aperiodic
new dual-layer transmission mode is targeted for beamfagmiCQI / PMI reporting schemes defined for LTE have been
schemes and supports MU-MIMO transmission for up textended to support the dual-codebook [20]. The PMI for
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TABLE I TABLE Il
CODEBOOK DESIGN INLTE-ADVANCED FOR 8 TRANSMIT ANTENNA BASIC LTE PARAMETERS USED IN THE SIMULATIONS
TxRank _ Beams Wi Wa Parameters Setting
Rank 1-2 32 16 (per rank) 16 (per rank)
Rank 3-4 16 4 (per rank) 16 (rank 3), 8 (rank 4)
Rank 5-7 1 4 1 (per rank) Test Scenario 3GPP Macro cell case 1, 19 sites, 57 cells
Rank 8 1 1 1 (per rank) with 3 center cells simulated
Number of UEs 20 UEs per cell and all 20 UEs are semi-

statically allocated in MU-MIMO mode

W, is always reported as a wideband PMI corresponding to ‘3’:;%” MU-MIMO  transmission isconfig-

the entire system bandwidth. The aperiodic feedback modesarrier frequency and 10 MHz bandwidth centered at 2 GHz
include the configurations with: wideband CQI - subbandsimulated bandwith

PMI W, wideband + 'M-preferred’ CQI - wideband + 'M Packet scheduling Proportional fair in both time and fregyen
2 B R B domain
preferred’ PMIT/,, and subband CQI - wideband PNY;. 1st BLER target 10% _
At this stage not all LTE-Advanced MIMO specifications Tx and Rx 2x2 and 4x2 MIMO with SU and MU

configured transmission scheme

have been finalized and there are still several open aspects , i elation Uncorrelated with A Tx antennas separa-

be addressed. Proposals to improve the CQI / PMI feedback tion and15° azimuth spread

also for 2 and 4 transmit antenna configurations, targetitly b Sorrelaé%d with Ot-r5‘k Tx agtennas separa-
. ion and8? azimuth sprea

MU'MIMO. apd SU-MIMO improvement, are yet_ to be: an— MU-MIMO precoding Unitary precoder as used in SU-MIMO LTE

sidered. Similar to the LTE Release 8 and 9 design pringiples Release 8

these further improvements have to take the performance VMU]MLMO hCQ{\loBffset -3 dB (ideal IC RX), -4.7 dB (non-IC RX)
signaling overhead tradeoff into account even when uijzi fﬂ‘?ﬁiﬁurﬁt;ugp%ned data 64 kbps

the new transmission mode introduced in LTE-Advanced. Theate in MU-MIMO mode

natural extensions of the RI / CQI / PMI feedback periodicTmin

and aperiodic reporting schemes already defined in LTE is tg= MY Receiver type LMMSE, IRC and MaxLogMAP

. ! . ) eedback type Wideband Feedback (One PMI for the
be further investigated in this context. whole bandwidth)
Feedback delay 0 TTl and 8 TTI delay
Channel models urban micro channel model (uncorrelated)

I1l. A DVANCED RECEIVER DESIGN
A. Performance / complexity trade-offs at the UE

This section highlights performance of various receivers f
MU-MIMO transmission in LTE systems. Main challenges for
a MU-MIMO receiver implementation include fast channer® considerably less complex than ML but these detectors
estimation and equalisation, reliable multi-user intefiee Can suffer a significant performance loss in fading channels
cancellation, and complexity issues. The detection methl Particular in correlated channels [23]. Another detauti
implemented plays a significant role in resulting perforoean Method for robust LTE DL is low-complexity interference
of MU-MIMO systems and the main problem leading t&ware receiver studied in [24], [25] and references therein
the notion of infeasibility of MU-MIMO mode in LTE is These algorithms are as such readily applicable to LTE Sys-
the receiver structure employed by the UE being unawai@ms-
of the interference created by the signal for the other UE.A brief performance comparison is given for interference re
Although the scheduling algorithm proposed in Sectici¢ction combiner (IRC) studied in [25], novel low-complgxi
II-C3 minimizes the interference based on the geometricdal stream max log MAP detector (MaxLog MAP) from
alignment of the channels and the precoders, the resid(24], and low-complexity, single-user, linear MMSE detect
interference is still significant. Gaussian assumptionhi$ t The effect of feedback delay, channel estimation and dpatia
significant interference and the subsequent employment asirelation has been considered in the investigation. The
conventional single-user detectors in this scenario wdigd downlink MU-MIMO LTE system investigated is described

highly sub-optimal thereby leading to significant degramat in Section II-C. For the link level evaluation, the paramste
in the performance. defined in Tab. Il have been assumed. Due to the straightfor-

ward implementation Least-Squares (LS) channel estimatio
1) Performance and Complexity Sudy: Maximum likeli- technique has been applied in investigation.

hood (ML) detection is optimal but exponentially complex as The results are shown in Fig. 2 - Fig. 4. Block error rate
the number of antennas or the size of transmission alphafBLER) is presented as a function of the average SNR in
increases. In the descending order of complexity, a numh#. For comparison, LTE Transmission Mode 4, SU-MIMO
of suboptimal methods range from the successive interferemwith the ratio of PDSCH (Physical Downlink Shared Channel)
cancelation (SIC) to the simple linear detectors. NondineEPRE (Energy Per Resource Element) to cell-specific RS
algorithms, such as decision feedback based [21] or trdePRE of —3dB is shown as a reference scenario.
based detectors [22], perform near the optimal, but still &g. 2 illustrates the performance of all considered detsct
the expense of a high complexity. Linear detectors, e.g@-zefor QPSK 1/3, 16QAM 1/3 and 64QAM 3/4 in uncorre-
forcing (ZF) or minimum mean square error (MMSE) criterialated channels. As expected, the performance of the linear

and urban macro (correlated)
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estimator, higher number of RX antennas, UE velocity) is
necessary in order to make a conclusion on the trade-offs
among the selected algorithms.

B. Robust design

1) Receiver structure: Here we consider the exploitation
of residual interference in the detection process rathan th
its Gaussian assumption and subsequent absorption in the
noise. To this end, we recommend the employment of an
earlier proposed low complexity interference aware remeiv
[24] [26] which not only reduces one complex dimension of
the system but also exploits the interference structurénén t
detection process. Note that this interference aware vexcei
is independent of the dimensionality of the system and the
fundamental result of the reduction of one complex dimemsio

holds true for all dimensions. Its application to even Agl
Fig. 3. BLER vs SNR[B] performance of MU-MIMO receivers fQAM antenna UEs_underImes its significance as these UEs do not
modulation, urban micro, 30km/h, LS- channel estimation andifaek delay. P0Ssess spatial degrees of freedom to cancel or attenuate th

interferece via zero forcing (ZF) or MMSE filters. This low

complexity receiver being based on the MF outputs and devoid

o _ _ of any division operation is suitable for implementatiorttie
MMSE detector degrades with increasing modulation orde¥isting hardware [27].

For QPSK, IRC outperforms the MaxLog MAP detector. However the prerequisites of this interference aware MF-
However, for 64QAM MaxLog MAP significantly outperformspased receiver are the knowledge of interference chanmiel an
IRC by almost5dB at10~* BLER. This can be explained by jts constellation. Though the proposed scheduling styateg
the fact that MaxLog MAP detectors exploits not only th@naples the UE to find the effective interference channel
interference structure but also performs joint detecti®ft @& (product of interference precoder and own channel) but the
aware of the modulation from the interfering user. information regarding the interfering constellation isll st
The joint effect of feedback delay and channel correlatiasluded due to the reason that downlink control information
is illustrated for 16QAM and interference-aware deteciars (DCI) formats in LTE [28] do not allow the transmission
Fig. 3 and Fig. 4. In uncorrelated channels (Fig. 3), the feegf this information to the UE. The question is how much
back delay results in up t2dB loss atl0~* BLER. However, sensitive this interference aware receiver structure is to
in the case of high channel correlation, the correspondifige knowledge of interfering constellation. To this end, we
performance is reduced by up &@B at 10~> BLER for propose a MF-based blind receiver in Appendix which is
feedback delay of 8 TTI's as shown in Fig. 4. unaware of the knowledge of the constellation of interfeesn
The results show that interference aware receivers are good
candidates for the practical implementation in 4G systems.2) Link Level Smulation Results. We now look at the
However, there are still certain limitations and an ovepali- above-described algorithm for MU-MIMO mode in LTE Re-
formance and complexity evaluation (more advanced chantedse 8 and analyze the sensitivity of this algorithm to the
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knowledge of the interference constellation. For simalai 0 4bpS/Hf

we consider the downlink of 3GPP LTE (BICM OFDM
transmission) with eNB equipped with two antennas usin
rated /3 LTE turbo codé [28] with rate matching algorithm. =
As a reference we consider fallback transmit diversity (LTE
transmission mode 2 - Alamouti code) and closed loop SU
MIMO schemes (LTE transmission mode 6) and compat
them with the MU-MIMO mode (LTE transmission mode
5) employing LTE low resolution precoders. We conside
ideal OFDM system (no ISI) and analyze the system in th ;53|
frequency domain where the channel hiasGaussian matrix
entries with unit variance and is independently generated f
each channel use. We assume no power control in MU-MIMi 574
mode so two UEs have equal power distribution. For th i i i : : i i :
receiver structures, we consider both single-user receind L lOSNRll oo
the low complexity MF based interference aware receiver. It
is assumed that the UE knows its own channel from eNBig. 5. Downlink fast fading channel with eNB with 2 antenreas! 2 dual
so in MU-MIMO mode UE can find the effective channepntenna UEs. 3GPP LTE ra1§§3 turbo co‘de‘is used with differgnt puncturing
of interference based on the fact that eNB schedules sec r;nrséci'i\\'gr'jvmg tsrﬁnlsr?;'ltcggss:ﬁgigdlﬁaetf rselcoevivvggmplemwference
UE on the same RE which has request&d° out of phase
precoder.

To be fair from the system level perspective, we consider the
case when the sum rates are equated for different transmissi
modes as shown in Fig. 5. In single-user modes, QAM 6¢ 1
(with rate 2/3) is served to one UE in one resource blocks
(RB) while another UE is served with the same constellatior
in another RB so the sum rate is 4 bps/Hz. On the other hant 107
QAM16 (with rate1/2) is served to two UEs in MU-MIMO
mode in both of theses two RBs so the sum rate is again
bps/Hz. These results amply manifest the possible gains ¢
MU-MIMO modes in LTE when low complexity interference
aware receivers are employed by the UEs alongwith the prc 107k
posed scheduling strategy at the eNB. The low resolution LTE
precoders being unable to completely cancel the interferen
underline the significance of interference aware receigers D
as to exploit the structure of residual interference. Singl
user detection which is based on the unrealistic assumption |_,_r..tzmw}_x_‘;;fjffg;‘;‘;fj ﬁj;ff,‘,ff;j“ﬁf%%‘;:;fj’;?“ff
of Gaussianity for residual interference is highly subiopi - B EE—

in this scenario. Fig. 6. Three sets of simulations are shown. QPSK-QPSK iteficthat
1 andzo both are QPSK. ’Interference Actual’ implies the case once UE

In Fig. 6, we look at the ser!sitivity_of the algorithm to, | = "2 = iation of interferences.
the knowledge of the constellation of interference for MU-
MIMO mode in LTE. The simulation settings are the same
except that we additionally consider the case when UE has
no knowledge of the constellation of interference and it
subsequently employs the blind receiver which assumes the
unknown interference to be from QAM16. For Comparisoﬁontl’m information bits dedicated for this modulation ajel
purposes, we also consider the cases once UE assumesmiay not be desirable as it will increase the downlink ovedhea
unknown interference to be from QPSK and QAM 64. Thand not comparable with the current standardization. Bygloi
results show that there is negligible degradation in the p& smart scheduling, it is possible to indicate what type ofimo
formance of the proposed algorithm once the blind receivelation is used for the paired UEs without having dedicated
is employed by the UE, i.e. assuming interference to be fropverhead bits for this purpose. The UEs are always informed
QAM16 however there is significant degradation in some cas&bich MCS will be applied to the next transmitted data packet
if the unknown interference is assumed to be QPSK. In the pairing and selection process we can then select og for

It has been shown that one can obtain the best performaffé@ secondary UEs to have the same modulation as the primary

if the modulation of the paired UEs is known. AdditionaPne. To see how often we can actually perform the scheduling
of the UE pair having the same modulation, the statistic of

1The LTE turbo decoder design was performed using the coded latamtu the SCh_edUIEd MU'MlMO U_ES pair with their corresponding
library www.iterativesolutions.com MCSs is presented in Section IV-B.

—¥— Mode 5 - IA
= ¥ - Mode 5-SU
—S— Mode 4

—¥— Mode 6
—+— Mode 2

QPSK-QPSK

BLER ofx1
g

QAM16-QAM16 -
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IV. SYSTEM LEVEL PERFORMANCE control signaling of MU-MIMO parameters is the downlink
A. Channel modeling control information (DCI) format 1D. With this 1D DCI

. . format, the UEs assume that an eNB transmission on the
Due to its key role in system performance, the propagati )
SCH would be performed on one layer [12]. There is
channel needs to be accurately modeled. Proper correlation o . o .
. . " an one additional bit to indicate the power sharing / offset
modeling notably is critical for MU-MIMO performance as- . o
and therefore imply the transmission mode of the UEs
sessment. The most advanced models proposed so far are .
. e.g. SU-MIMO mode or MU-MIMO mode. Due to this
geometry-based stochastic channel models (GSCMs), i e . .
. pecification, the UE scheduled in the SU-MIMO will not
the WINNER 1l model [29]. These models explicitly mode . . ) .
. : use the rank adaptation and only be transmitted in the single
the geometry of the scenario by choosing random scatterer
) . o L sfream mode.
locations according to some pre-specified distribution an
might incorporate large-scale fading effects into the cledn
realizations. When considering a complex scenario, the feode

inherently take antenna patterns, relative transmitteeiver C. Performance of LTE Release 8 MU-MIMO

Iocat.ions,bangles etlc. intod accoctjmt. Hednge, the c.orreierl]t.io Early evaluations for the LTE 2x2 MU-MIMO schemes
matrices become truly UE-dependent and time-varying whi ploying various practical precoding approaches (uitar

is in accordar]ce with measuremgnt results. In addition, t?@ro—forcing) and receiver type have disclosed gains oler S
WINNER II might account for a'dlstance-dependent correlq\mMO of up to 20 % only in scenarios with high transmit
t'f)n between _the Iarge-scale_ fading parameters ex_pedelmyce correlation [7]. The precoder granularity was shown to have
different terminals situated in the same geographical.area impact mostly for low-medium transmit correlation scenari

These conclusions have been later confirmed in general by
B. Spatial MU - Packet Scheduler (MU-PS) in LTE Release 8 more extensive investigations, in e.g. [3], [5], [6].

The packet scheduler for SU-MIMO transmission is often To give an idea on the performance of LTE Release 8 MU-
carried out in two phases: time domain packet schedulMO system here we provide the system level results of
(TDPS) and frequency domain packet scheduler (FDPS). 2x2 and 4x2 MU-MIMO configurations. The performances
overview of this TD-FD PS framework in downlink LTE of corresponding SU-MIMO systems are also illustrated as a
system can be found e.g. in [30], [31]. When MU-MIMQObaseline. To comply with the Release 8 specification, the CQI
transmission scheme is configured, the UE can be scheduld®MI feedback scheme with per subband CQI and wideband
in SU-MIMO (Rank 1) mode or MU-MIMO mode dependingPMI as reported from the UEs was selected [12]. To make a
on whether the set multi-user UE pairing condition(s) is méair comparison, this feedback scheme was applied for both
or not. For the pairing purpose, the UEs are classified intee SU-MIMO and MU-MIMO transmission configurations.
primary UEs and candidate UEs [7]. To comply as muchhe major input parameters for the simulations are shown in
as possible with the SU-MIMO mode, the primary UEs ar&able lIl.
defined as the UEs scheduled for transmission using the samgigures 7 and 8 illustrate the distribution of the user
SU-MIMO PS mechanism. The MU-candidate UEs are dfhroughput and the cell average throughput for 2x2 and 4x2
UEs with the first transmission (1st Tx). This means UEs witMIMO with SU and MU transmission configuration. It is
retransmission (2nd Tx) will not be selected as the caneidatbserved that with a higher Tx correlation the performance
UEs. For each PRB, from the list of MU-candidates UE wef both SU-MIMO and MU-MIMO are better as compared
try to find the best UE to pair with the primary UE. Thewith the low Tx correlation scenario. This behavior can be
criterion for selection is that the candidate UE should hawxplained by the use of wideband PMI. In the uncorrelated Tx
an assigned precoder orthogonal to that of the primary UEgitennas scenario, using wideband PMI is not optimum as the
This condition is applied to make sure that the UEs wouli@ding channel varies quite a lot within the transmissiondsa
not cause too much MUI to each other. To avoid schedulingdth used. This leads to a degradation in the performance.
the UEs at the cell-edge into MU-MIMO mode, the predicte®n the contrary, when the Tx antennas are correlated, aesingl
throughput of both the primary UE and the candidate UEs wideband PMI represents the optimal precoder for the whole
the considered PRB should be larger than a thresfiplg,. transmission bandwidth. In this case, using either widdban
The third requirement is that the candidate UE together wiPMI or subband PMI will not change the performance picture.
the primary UE should have the sum PF (Proportional Fair) From the cumulative distribution function of the user
metrics in MU mode larger than that of the primary in SWhroughput, it is observed that the 95%-ile (peak) userutine
mode. Normally we have a list of candidate UEs those meatit of the MU-MIMO system is lower than that of the SU-
these requirements. From this list, the candidate UE that haMIMO system. At the 5%-ile (cell-edge) user throughput eher
the highest PF metric in MU mode will be finally paired withis no difference in the performance of MU-MIMO system and
the primary UEs and set to MU transmission mode. If norgU-MIMO system. It is expected as in the MU-MIMO PS we
of the candidate UE meets the first three requirements, ting not to schedule cell-edge UEs in MU-MIMO mode Section
primary UE will transmit in SU mode as normal. IV-B.

According to LTE Release 8 specification, the UEs are For both 2x2 MIMO and 4x2 MIMO settings and in
assumed to be semi-statically allocated into MU-MIMoth uncorrelated and correlated Tx antennas scenaritis, wi
mode. In the MU-MIMO mode (Mode 5 [12]), the currentfull multi-user interference, the MU-MIMO system performs
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Fig. 7. Distribution of the user throughput and the averagjetbroughput Fig. 9. Distribution of the combination of the modulation arddserved at
for 2x2 MIMO setting. scheduled MU UEs.

1r 4X2M1Mo QAM. In max 20% of the cases, the modulation order of
08k e U Oneorr the paired MU UEs is (6-2,2-6) 64QAM-QPSK. Therefore,
o6k R’ A S R MU Uncorr without significantly reducing the number of MU UEs, we can
D ‘ —*—MuUncorrNoMUI|  safely avoid scheduling the candidate UE which togethen wit

o4 X su cor the primary UE having this combination of the modulation
0.2k 2 == MU Corr

—#— MU Corr No MUI order .

Commulative distribution

O

05 1 s 2 25 Based on these observations, we further assume a perfect
User throughput [Mbps] interference canceling algorithm as upper bound for the-pra
tical performance of the blind receiver structure as pregos
in Appendix. Figures 7 and 8 show the system level results
obtained under these receiver assumptions. In uncordelate
scenario, even with perfect multi user interference caaticed,
the performance of MU-MIMO system is inferior to that of
the SU-MIMO system. This indicates that one should not use
su MU MUnoMUl  SU MU MU no MUI MU-MIMO in a uncorrelated Tx scenario. In a correlated Tx
scenario, 2x2 MU-MIMO system and 4x2 MU-MIMO system
obtain a gain in the average cell throughput of 3% and 11%
respectively.

The CQI / PMI feedback scheme used for the results
presented in Figures 7 and 8 was limited to the specifications
worse than the SU-MIMO system with respect to the avera E LTE Releas_:e 8. More features are _now |nves_:t|gated
cell throughput. Changing the Tx antenna correlation con nq_proposed n LTE-Advanced stanqarqhzatmn, Wh'Ch. can
tion, from uncorrelated to correlated there is an improveme acilitate the c_)ptlmal MU-MIMO transm|SS|0n.an_d reception
in the average cell throughput of MU-MIMO system bu{ThE next sgctlo(rj\ explores some of the potential improvesent
the enhancement is marginal. The loss in the average caIPe Introduced.
throughput for 2x2 MU-MIMO system and 4x2 MU-MIMO
system as compared with the corresponding SU-MIMO system
is -7% and -6% respectively. D. LTE-Advanced enhancements

For Release 8 UE it is possible to implement a blind
receiver structure as proposed in Appendix. Fig. 6 shows tha
our proposed blind receiver can work well for all combina- Specific CQI and PMI: Using the SU-MIMO codebook
tions of the modulation order of the MU-MIMO UE pairsfor MU-MIMO transmission may not fully utilize the multi-
except the 64QAM-QPSK combination. In Fig. 9 we showser diversity. This is because the SU-MIMO codebook are
the statistics of the scheduled MU-MIMO UEs pair withdesigned to optimize the performance of a single-user while
their corresponding modulation order. It can be seen that tie additional degree of freedom in the spatial domain one
to 40% of the scheduled MU-MIMO pairs have the samean obtain in the MU-MIMO transmission is not fully taken
modulation order (2-2) QPSK, (4-4) 16 QAM and (6-6) 64nto consideration. Therefore it could be beneficial if thées

T T
I Uncorr Tx
| | [ corr Tx

101

Avg cell throughput [Mbps]

Fig. 8. Distribution of the user throughput and the averagjétbroughput
for 4x2 MIMO setting.
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a separated codebook designed specifically for MU-MIMO MU-MIMO scheduling is dependent very much on how
transmission mode. The multi-granular precoder is expectmuch information on the channel can be feedback by the UEs
to boost the performance of MU-MIMO system performanc® the serving eNB. There is therefore trade off in the perfor
as described in [32], [33], [34]. Of course this could raisenance improvement and the feedback overhead. Currently in
the concern on the increase feedback overhead once Lak Release 8 the UEs are semi-statically allocated to MU-
additional MU-MIMO precoder need to be feedback be th&IMO mode. It means, the UE can not switch from MU-
UE in parallel with the normal SU-MIMO precoder. AnotheMIMO transmission configuration to SU-MIMO (Rarnk 1)
proposed solution is to report the CQI / PMI separatelyansmission configuration between subframe. As mentioned
for SU-MIMO and MU-MIMO transmission [35], [36]. In in Section IV-B, together with the specified DCI format these
additional to the normal SU CQI / PMI feedback, UE capableiles limit the UE comparability in using rank adaptationemh

of receiving MU-MIMO reception could report an additionalt is not scheduled in MU-MIMO mode. This issue is expected
best companion UE PMI and the expected CQI with th&b be solved in LTE-Advanced when a additional transmission
setting. To reduce the feedback overhead, only the differermode, Mode 9 and new DCI format is introduced. This mode
(delta) between the MU-CQI and SU-CQI is feedback asould allow for a dynamic switching between SU-MIMO and
extra information. These schemes allow for a dynamMU-MIMO and support a SU-MIMO up to rank 8 [18].
switching between SU and MU mode. One of the drawbacks

of these types of proposals is that more feedback overhead V. CONCLUSIONS

is introduced. Moreover, if the paired UEs are restricted 10 This article first provides a detailed overview of the MU-

have the same precoding as the best companion preco O schemes encountered in 3GPP standardization: from
then the number of potential UEs available for pairing at the  hioie mode in LTE Release 8 to more advanced possibil-
eNB will be very limited. This cquld significantly reduceities offered by LTE-Advanced. Moreover, a new scheduling
the number of UEs scheduled in MU-MIMO mode an((izllgorithm based on the geometrical alignment of interfeeen

thereby prohibit cgll .Ievel the performance gain from usingt the base station is proposed. This algorithm relegates th
MU-MIMO transmission. effective interference seen by each user equipment.

Various receiver structures are then studied. Their perfor

. Link adapFation and scheduling: Although the outt_ar loop mance is assessed in different scenarios thanks to link leve
link adaptation (OLLA) [37], [38] can help to adjust the

. d MCS for S 0 and ¢ simulations. Besides classical schemes, an interferemaeca
estimated M or SU-MIMO and compensate for systemg o showing appealing performance gains is studied.

at?c CQIhesk,)timation ehrrors, for MS'MIMO in particular,dthﬁ System level simulations for LTE Release 8 are presented
mismatch between the e?“”‘_a‘?_ MU-MIMO CQI and t &ind analyzed. It is notably highlighted that both for SU-MOM
true channell CQI could still significantly degrade the spst 4 MU-MIMO scenarios better performance is obtained

performance. For (—i:j(almptlje the mismatch in the es.t.'matﬁ'pscenarios with higher Tx correlation than scenarios with
MU-MIMO CQI could lead to a wrong MU-MIMO pairing o\, 1+ correlation. Interestingly, it is also shown that in

dec?sion as well as incorrect assignment of the modulatimh qearms of average cell throughput, MU-MIMO offers superior
coding scheme (MSC). However, as the UE has no knOWIedggrformance with respect to SU-MIMO only in correlated

of Fhe other UE it will be pair_ed Wit.h' it is a challenge 105,05 Furthermore, this gain is shown to be margirés T
estimate the MU-MIMO CQI with a h'gh dggree of accuracydisappointing result originates from the limited MU-MIMO
Curr(_antly the.most go:pmonhway oflest|mat|ng the MU-MIMQqtres included in Release 8. Hence, proposals condidere
CQl is to estimate it rom the single stream _SU'MlMO Can LTE-Advanced standardization to better exploit the MU-
reported by the UE with some offset. Particularly for 2X%/IIMO potential are thus discussed. They consist in MU

MU-MIMO, _the offset is around 4.7 dB to account for the, o e CQI and PMI as well as enhanced link adaptation
power sharing of the two UEs scheduled on the same P% d scheduling

and the MU interference. The offset value should be diffidyen
set for different transmission schemes e.g. orthogondamni
precoder or ZF. This is because the unitary precoder is
already normalized so that it has norm one. The differenceThe research work leading to this article has been par-
between the SU-MIMO and MU-MIMO comes mainly fromtially funded by the European Commission under FP7
the transmission power to the UE in each mode and the MBAMURAI project. Further details can be found in
interference. Meanwhile for ZF, the mismatch between tHBtP://www.ict-samurai.eu/.
estimates of MU-MIMO CQI also comes from another fact
that the precoder used in the estimation of the SU-MIMO
CQI at the UE side is totally different from the actually used
transmit ZF precoder at the eNB side.

With the introduction of the DM-RS in LTE-Advanced,
as the multi-user precoded signals can be estimated at the
UE it is possible to implement a more performing LMMSE
receiver with a better multi-user interference covariamegrix
estimation.

ACKNOWLEDGMENTS



SUBMISSION TO EURASIP JOURNAL ON WIRELESS COMMUNICATIONS AND NET®RKING, MU-MIMO SPECIAL ISSUE, NOV. 2010.

APPENDIX

We propose a blind receiver where UE does not know the

interfering constellation. The max log MAP bit metric fort bi[1

b of x1 is given as [39]

i . 2
Ai(yi,b)~  min |yi—hipyzi—hipza|,  (3)

T1EX] 5, T2EX2

where Xli,b denotes the subset of the signal set € x;
whose labels have the valbec {0,1} in the position:. We
now expand the bit metric which can be rewritten as

i 2 *
Ai (y1,0) = {|h{p1x1| = 2(yr.Mmr1) R

min
TIEX] , T2EX2

2 2
[N 23— 2l [, + [ py[* 3 —2 [ |x2,f|} ,
(4)

wherey, pr = 1 (hJ{p1> andys yr = Y1 hIp2 are
the outputs of MF. Note that subscrigtg, and(.), indicate

real and imaginary parts respectvely. We have introduced tyg;

more notations which are given as

Yo = P12,RT1,R + P12,1T1,1] — Y2,MF,R
Vp = P12,RT1,1 — P12,IT1,R — Y2,MF,I,
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