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ABSTRACT

This paper investigates various MIMO detection method8PP
LTE open-loop downlink multi-antenna transmission. Térge
VLSI implementation, these detection methods are evaduaith
respect to complexity and detection performance. A réalB&PP
LTE simulation chain is developed for the evaluation. Theule
shows that with the aid of Hybrid Automatic Repeat reQuest (H
ARQ), a recently proposed reduced complexity close-ML dete
tor called MFCSO achieves a good tradeoff between achievabl
throughput and complexity. An adaptive transmission aridai®n
scheme is also proposed based on user scenarios.

1. INTRODUCTION

Multi-antenna or multi-input and multi-output (MIMO) tecblo-
gies have been widely adopted by latest wireless standa@BP
Long-Term Evolution (LTE) is the 4th generation radio asdesh-
nology which incorporates Orthogonal Frequency Divisioult¥

ple Access (OFDMA) as the multiple access scheme in dow.nlinkt

MIMO technologies are also mandatory in LTE to achieve thE LT
bit-rate targets (e.g 100 Mbit/s peak data rate for dowplifs part
of the receiver chain depicted in Fig. 1, MIMO symbol deteitis

a significant challenge for VLS| implementation.
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Figure 1: Baseband Chain of a 3GPP LTE Receiver

Various MIMO detection methods and their respective imple-
mentations have been proposed in literature such as [1],[32]
and [5]. However, none of them has taken the system specific fe
tures of LTE (e.g. OFDMA and H-ARQ) into consideration and ar
mostly based on very simple channel models (e.g. AWGN). i1 th

this paper. Sec. 5 presents the simulation performance end6S
addresses the complexity issues. An adaptive transmissidrle-
tection scheme is proposed in Sec. 7. Finally, Sec. 8 coasltlte
paper.

2. MULTI-ANTENNA TRANSMISSION IN LTE

As defined in 3GPP LTE standard [8], the procedure to map modu-
lated symbols to different antennas is called antenna mgppiich
in general supports up to two code streams and four transgiéh-
tennas. As depicted in Fig. 2, antenna mapping consistsowopants
namely layer mapping and precoding. The former multiplekes
modulated symbols belonging to one or two codewords intedif
ent number of layers (or codeblocks) to transmit. The ladad$
symbols from each layer and jointly process these symbdisia
or frequency domain before mapping them to different argenn
In this paper, a configuration with only two transmitting emtas
and two receiving antennas is considered. In orthogonquéecy
multiplexing access (OFDMA) systems such as LTE, the génera
ransmission model of each subcarrier is
r=Hs+n 1)

whereH is the frequency domain channel matrixandr are in
respect the transmitted and received symbol vector.
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Figure 2: Downlink Multi-antenna Transmission Schemes

2.1 Spatial Multiplexing

paper, with the aid of a more realistic LTE simulation chamia gpatial multiplexing (SM) is a MIMO technique aimed at maxi-
3GPP SCME channel model, several MIMO detection algorlthm%izing the data throughput by exploiting the degrees ofdoee in

are applied to LTE system and with their performance quatintély
evaluated. Second, although the MFCSO detection algonittumn
posed by the authors in [5] has a very low detection complexit
under random AWGN channels, it requires relatively strohane
nel coding to maintain a close-ML performance in frame-eratio
[5]- In this paper, its performance with the aid of H-ARQ is in
vestigated. Based on the performance and complexity daabis
adaptive transmission and detection mechanism is propmsétk
authors for different user scenarios.

The remainder of the paper is organized as follows. In Sec. 2,

MIMO schemes in 3GPP LTE are presented in brief. Sec. 3 intro
duces several MIMO detection algorithms evaluated in thisep.
Sec. 4 briefly describe the simulation chain and its configuman

© EURASIP, 2009

MIMO channels. Since the multiplexing gain is only avaikafibr
high SNR region, spatial multiplexing is usually used whéghh
SNR is available. As depicted in Fig. 2(a), fox2 SM in LTE,
there are two codewords, with the first codeword is mappetdo t
first layer and the second codeword mapped to the secondnin ge
eral, the degree of freedom (multiplexing gain) is detesdify
min(nt, ne) which is the rank of the channel matrix

[ R

In caseH is badly conditioned (e.g. when line-of-sight occurs); lin
ear detection based on the pseudo-inversidd of (6) will perform

h1o
hoo

h11
ho1

@)
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poorly. In other words, the gain of spatial multiplexing tidade- sequential procedure which is difficult to parallelize. 2j, [a fixed-
pends on the multipath fading. To allow close-loop beamfogm  throughput sphere detector was proposed with fixed-coritplanrd
based on codebook, a pre-coding matixcan be multiplied with  parallelism for hard-decision. A method namely layeredhagb-
the layer mapped symbols at the transmitter side. For downiV nal lattice detector (LORD) is presented in [4] to compute sbft-
is usually computed at the basestation based on the codelmubk decision. Similarly, the FCSO detector [3] which computefi-s

UE feedback. output, achieves close-ML detection performance via fefiymer-
ating only one transmitted symbol and applying decisionltieek
2.2 Space-Frequency Block Coding equalization (DFE) to the rest of the symbols. However, e

plexity of both FCSO and LORD will increase substantiallytias

Similar to Space-Time Block Coding (STBC), Space-Frequenc constellation grows (e.g. from 16-QAM to 64-QAM).

Block Coding (SFBC) [8] is a technique to transmit data foaigun-
teed diversity with a low complexity symbol detector on teegiver . .
side. Alamouti matrix [6] based orthogonal STBC has beerelyid 3-3 Modified FCSO Detection

adopted _in latest wireless st_andar_ds fo_r the reason theattieionly  |n [5], a reduced complexity variant of FCSO [3] for high-erd
full-rate linear STBC code with a diversity gain of 2. In otheords,  modulation schemes is proposed called MFCSO for Modified
the SFBC considered in this paper is an Alamouti schemesaicesp  FCSO. This section essentially repeats the algorithm ihear
and frequency domain. This assumes the channels of neighbor given in [5]. The approximation in MFCSO consists of only par
subcarriers are identical, so that when a single codeworthfgped  tially enumerating the symbols selected for exact marigiatibn.

to several neighboring subcarriers, frequency diversitgchieved.  Taking a 2x 2 MIMO system as an example, considering each

The basic 4 2 space-frequency channel matrix is defined as complex-valued symbol as one layer, only one of them is ex-
actly marginalized with the other approximately marginedl (us-
hiz  —hg2 ing DFE hard-decision). The channel rate processing of MBCS
H= hi2  —hgp @) involves the QR decomposition (QRD) of twox2 channel matri-
o hg ces which ardl; = Hin (2) and
2 iy
h h
3. MIMO DETECTION ALGORITHMS H; = { hoe o } @

For MIMO systems, a major challenge is the symbol detection a
the receiver. As channel coding (e.g. Turbo) is used, satfird, in -~ The QRD generates an upper triangular ma®jiand a unitary ma-
effect the log-likelihood ratio (LLR), must be computed. dftaum  trix Q so that
Likelihood (ML) detection which is the optimum detector qomtes
H;=QiR1 H2=Q2R2 (8)

—Lyr— 2
ZS:bi(s):leXp( ngr HSH )) )

Slightly different from the MFCSO presented in [5], the aete
Ssh(s—08XP— &I — Hs[?) ghtly P 5l

tion procedure for X 2 SM is in the following

1. Linear detection in (6) or (5) is carried out to estimate 2ix 1
initial symbol vector

umn—mg(

Here ‘s: bi(s) = B” means alls for which theith bit of s is equal

to B. Computing (4) requires enumeration of the entire set of pos
sible transmitted vectors. The complexity of doing this ssially ~ . 5
not affordable for implementation in practice. HowevercsiML Snit = min_[[Hys—rf| )
provides the best theoretical performance, it is commosgdias a S X

benchmark when comparing other algorithms. Heresis the transmitted symbol vector, within whicd, is the

: : Kth symbol.
3.1 Linear Detection o ) . )
. ) ) o 2. For eachinitially estimated symbsl;{ x, k € {1, 2}, a candidate
Linear detection schemes such as Zero-Forcing (ZF) andnhdimi set.% is created.Z containsN lattice points close tgi k. In

Mean-Square-Error (MMSE) have very low complexity. Theyonl. this paper, it is decided that = 16 for 64-QAM andN = 9 for
difference between ZF and LMMSE is the later one takes thgenoi 16-QAM.

2 . . . .
powerg“ into consideration while the former does not. The ZF and ; ; )
LMMSE detection is defined in the following 3. I:F)||£s|,5t32 is chosen as the top-layer symbol. In order to perform

=_ OoH
ZF 1 §F = (HHH)leHr (5) r=Qyr (10)

needs to be computed. The same operation is needed once again

MMSE : §umse = (HHH+ 021)*1HH|, (6) whens; is chosen a§ the t(?p layer Iat.er. .
4. For then'" constellation poinfy, € %%, its effect orry will have

The equation shows that matrix inversion is involved in tbésd- to be canceled out.

tion. The low complexity of linear detection makes themaattive

for VLSI implementation, though they have relatively poarfor- JUNY
mance especially when the channel is slow-fading [3]. Fately, f="r—-Ri(12)n (11)
the “frequency hopping” of multiple users in OFDMA creatdast ) . .

fading channel for each individual user, which will to sonxéeat Based orln, the partial Euclidean distance

improve the performance of linear detection.

_ _ _ &n = |R1(2.2)0n 2| (12)
3.2 Fixed-Complexity Soft-Output (FCSO) Detection
As a tradeoff between performance and complexity, spheredie computed for the top-layer.
ing such as [1] have been proposed to reach close-ML perfwena 5. DFE is applied to detect the other layer. Using back-stuthisin
with lower complexity than ML. However, the complexity oftere [7], & can be estimated from
decoding grows exponentially with the number of transmiéanas
and polynomially in the size of the signal constellation. rslan- § = arg min||R1(1,1)% *F1|\2 (13)
portantly, the tree search used in sphere decoding is iciptana $e?
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6. The estimated; together withs; = ¢, form a complete possible The result shows us that even with a sub-optimal detectorcfwh
transmitted symbol vectas, based on which, an accumulated also implies much lower complexity), a throughput that zsel to

full Euclidean distance the one achievable by ML detectors can be reached when H-ARQ
is presented.
O =+ ||R1(1,1)8 — 12 (14) Simulation result of CQI=9 are depicted in Fig. 6, 7 and 8.
The result shows that 16-QAM only requires moderate SNR kwhic
can be computed. will be available in most part of the cell range. It also shadtet

7. Intotal, there will beN differentd, computed whes; is chosen  MFCSO (N = 9) achieve the same performance as FCSO and ML
as the top layer. Thes is chosen as the top-layer symbol as detectors. It has a throughput that up to 68% higher than ttiee o
well. Based orQz, R andsit 1, the same procedure needs to achieved by MMSE.
be done once again to computed anotlatifferent d,. Hence
for the 2x 2 system, Rl different &, values need to be com-
puted. They are used to update the LLR values in the end [5]. 10° @ 7 —s—g—

4. 3GPP LTE SIMULATION CHAIN

In order to carry out both fast prototyping and verificatidrtioe 107
3GPP LTE modems, a complete physical layer behavior modkl an
simulation chain has been developed in Matlab and C. In combi

nation to an LTE signal generator, it allows both quantitaper- & 02l

formance evaluation and conformance test of the chip. Thelai = —<— coded (MMSE)

tion chain includes a transmitter conforming to 3GPP tecdirgpec —— uncoded (MMSE)

[8][9] and [10], and a receiver which supports timing/freqay iﬁ‘;‘;iﬂéﬁ"ﬁfggo)

synchronization, channel estimation, subcarrier denmappiate- 10°H 6 coded (FCSO)

matching, turbo decoding and Cyclic Redundancy Check (CRC) —6— uncoded (FCSO)

H-ARQ based on chase combining (CC) is included with up teethr = coded (ML)

times retransmission allowed. The 3GPP SCME model [11]églus e o o

as the channel model. In the simulation done for this paf@¥05 s 20 22 24 26 28 30 2

subframes are simulated. Bottkx2 SM and 2< 2 SFBC are chosen SNR [dB]

as the MIMO configuration. No close-loop precoding is asslime

this paper. Throughput is calculated based on the methd®in [ Figure 3: Frame-Error-Ratio (22 SM, CQI=15)
Channel Quality Indicator (CQI) 9,15
Modulation | 16-QAM/64-QAM , LTE BLER
System bandwidth 5MHz 10 i ! ‘ ‘ T oot
Num of UE 1 : 7 | —%— MMSE (istret)
—»— MFCSO
Num of BS 1 . —%— MFCSO (1st retr) ¥
Channel model Urban Micro 107D —e—Fcso
UE Speed 3km/h —6— FCSO (1st retr)
- = —8— ML
Channel estimation Ideal E— ML (Lstret)
H-ARQ Chase Combining &
Turbo iterations 8 Z

Table 1: Simulation Parameters

CQI | Modulation | Code rate
9

oo | 9% NN N
15 64-QAM 0.926 SNR
Table 2: CQI parameters in simulation [10] Figure 4: BLock-Error-Ratio (2 2 SM, CQI=15), red curves are

the BLER of the 1st retransmission of H-ARQ

5. PERFORMANCE ANALYSIS )

Fig. 10 and 9 show the BLER and throughput of 2 SFBC
Fig. 3, 4 and 5 show that in order to support CQI=15, relaivel with two different CQI values (9 and 15). The simulation skdhat
high SNR is required, which means the UE has to be close to$he B SFBC reaches FER=0.01 at much lower SNR than SM as depicted
Meanwhile, for 2< 2 SM, FCSO achieves ML performance which is in Tab. 3, though the throughput is half.
7 dB better than MFCSO when reaching FER.01 in Fig. 3 when
the weakest code is used926). MFCSO is around 10 dB better
than MMSE to reach FER 0.01 in the same criteria. Note that in
wireless systems, compared to BER or FER, throughput is & mor
important performance factor (if not latency) which hadireffect
on the user experience. Fig. 5 shows that the gain in thraughp
brought by MFCSO against MMSE is significant (up to 12Mbits/s
or 55% higher than the one achieved by MMSE). In comparisan, t
throughput gain brought by FCSO against MFCSO is much smalle  Fig. 11 depicts the achievable throughput using two-ledapa
(up to 2.5Mbits/s, or 7% higher than that achieved by MFCSO)tive modulation and coding (AMC). The result shows that when
The much smaller gap in throughput in comparison to that ® FE SNR is worse than 10 dB, SFBC achieves both higher throughput
mainly owes to the H-ARQ retransmission with chase combinin and lower BLER than SM even if ML detector is used.

CQl | SFBC (MMSE) | SM (MFCSO) | SM (MMSE)
9 10 dB 17dB 24 0B
15 24 0B 3608 N/A

Table 3: Minimum SNR to reach FER=0.01
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6. IMPLEMENTATION CONSIDERATIONS . . ) . )
in [13] that the inversion of small matrices can be done usiRg

In LTE [8], taking a 5 MHz bandwidth LTE system as an example,rect inversion which supplies sufficient precision for mosthe
up to 7 OFDM symbols need to be processed within one slot (0.ghannels. The FCSO and MFCSO detector involves the seaich of
ms) which contain 1900 data subcarriers. This means th wié number of trellis nodes as depicted in Tab. 4. The FCSO detect
be no more than.@6usto finish the detection of each subcarrier in always visits the complete constellation (e.g. 16 for 16MQaNd
average. Therefore, proper detection methods have to sectio 64 for 64-QAM) while MFCSO only visits a subset of it (e.g. 9 fo
order to maximize the data rate at reasonable implementetist. 16-QAM and 16 for 64-QAM). Note that MFCSO requires MMSE

As depicted in Eq. (6), for 2 2 SM, the MMSE detector needs detection to compute the inital estimate (9) which is anaegtrst
to compute the inverse of ax22 matrix. It has been presented compared to FCSO.
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Figure 11: Coded Throughput with 2-level AMC (CQI 15 and 9)

20 25 30 35

MMSE MFCSO | FCSO | ML

Num nodes | 16-QAM 1 18 32 256
64-QAM 1 32 128 4096

Area Estimate (mn?) | 64-QAM 0.08 0.2 0.6 20

Table 4: Complexity Analysis for ASIC Implementation (65 )hm

In practice, the hardware is usually implemented takindg bos
cost and performance issues into consideration. Basedearoth-
plexity analysis in Tab. 4 and the performance analysis in Sg
MFCSO falls into the favor of the authors to be chosen as the ta
get algorithm for ASIC implementation. Using ST 65nm CMOS
process, while meeting theZ®us constraint, the implemented de-
tector supporting both MMSE and MFCSO fox2 SM and up to
64-QAM modulation occupies less thar2d mn?.

7. ADAPTIVE TRANSMISSION AND DETECTION

As depicted in Tab. 4, a detector supporting MFCSO/MMSE con-
sumes 2.5 times the area of the one only supporting MMSE. élenc(5]

the former one is assumed to target high-end users willingato
more in area and power for performance (e.g. laptops). TheSEM
single-mode detector is in favor of low-end users for cotivitg
with minimum cost (e.g. smartphones). Note that the usezscar
about latency as well as throughput, and latency is partrdened

by the number of retransmissions. Hence it is also import@ant
keep the retransmissions to a minimum (which requires IoR)-E
Fig. 11 shows that with AMC, SM using MFCSO detector always
brings higher throughput when SNR is greater than 10 dB. Btir b
types of users, when SNR is worse than 10 dB (a in Fig. 11), SFB
is preferred instead of SM. For low-end users, SM can be usetw
SNR> 25 dB while SFBC is still preferable (due to the low FER
thus fewer retransmissions resulting in low latency) usecf10

to 25 dB. For high-end users, SM is preferred when SNR is at lea

higher than 10 dB. On the other hand, the MMSE-mode will con-

sume substantiately lower power than the MFSCO-mode, tite hi
end users might only want to switch to MFCSO-mode when tteere i
enough battery power and high SNR (exg25dB). When SNR is
very low, SFBC is also preferred due to its robustness (aktep

in Fig. 11). The SNR ranges suggested for the mode-switatiing
two types of detector hardware are shown in Tab. 5. The adapti
scheme brings power efficiency and can supply best-effafope
mance in an economic way.

SNR range SFBC SM
High-end Detector (MFCSO/MMSE) | —2dB— 10dB | >10dB
Low-end Detector (MMSE only) —2dB—26dB | >26dB

Table 5: Adaptive Transmission and Detection

&

8. CONCLUSION

In this paper, the result shows that MFCSO [5] detector aelsie
close-ML throughput in LTE, even with a relatively weak cheh
code and with high order modulation (e.g. CQI=15). Furttemenm
since the algorithm has sufficiently low complexity [5], & ¢ho-
sen over FCSO [3] and other close-ML detection schemes f@IVL
implementation. Based on the adaptive scheme proposeciry Se
a good performance and cost tradeoff can be achieved. Thk res
also emphasizes the need of a configurable detector to etiable
adaptive scheme in real-time.
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