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Executive Summay

This deliveable is the third and lastboutthe performance evaluation of ndrinary LDPC codes on
WIMAX, LTE and WINNER platforms. In the first deliverab{®2.2.1), were specifiedhe mapping and
demapping strategies for SISO links non-binary cales, and evaluated their performance dvaussian
and Rayleigichannels. Next, in the second deliverable of this s@Di2g<2.2), we studiedhe impairments

of a power amplifier and the mobility effects in a SISO link. The distortion on the power amyfifge
evaluated in function of its input back afhereas the mobility was analyzed in temfishe Inter Grrier
Interference (ICl) Theseimpairments degradseverely the performance of the link layer, although in
both scenarios nehinary coas obtainedetter resultshan thebinary codes usedf WIMAX, LTE and
WINNER.

Unlike inthe previougeleasesin this lastreleaseve pr opose ways of wusing the de
combat the impairments of the link layer. Moreover, we extend the studypgimgaand demapping for

SISO caseén previousreleasedo the MIMO casein this releaseand how we can implement them in an

efficient way. Additionally, the performance of NEDPC in case of multiple antenna transmissisn

extensively investigated for ddrent scenarios considering different sptioe codes, different MIMO

detectors (linear and ndimear) and spectral efficiencies from 2bits/s/Hz to 6bits/s/Hz.

In order to design optimum receiveisis necessary to model the statistics of the cHafinés study was
initially started on deliverable D5.@nd has continued in D2.2.3 with the introduction of-olassical
correlation models for Doppler spread. These models have been used to desighiem@bilter assisted
by the soft informatioprovided bythe decoder

The use ofhedecoded mformation has been one of the main goals of this deliverable. Such information

is twofold: A Posteriori Probabilities (APP) of the constellion symbols andSsyndrome.The former is

useful to obtain soft dgtations of the modulated data that has been transmitted. As a result it opens the
possibility of applying such information to channel estimation or turbo detecti@first casewe appy

the sof estimatesn SISO and MIMO linksGiven that the transttéd signals interfereach otheat the
receiver,t is necessary to apply an interference canceller to separate them. The obtained results show that
the performance of the turbo detector using-horary codes has a better performance than its equivalent
system with binary codes.

Soft information allowsus toimplement iterative structures of channel estimation or turbo detection.
Nevertheless, iterative solutions need some criteria to redugeisssindoad. In this sensehe use of

the syndrome Hps to lower the number of iterations Note that if the syndrome indicates that all
codewords have been decoded successthin itis not necessary to continue with the iterative process.
The results show that this criteria is very useful in ades with mediunto high SNRs sincein these
caseswe can recovethe encoded data in one or two iterations with a low word error probabitigy
reduction of the load is not the uniquewof using the syndrome but alas a channel selectdfhe
resuts show that thisstrategycan help tamprove the channel estimation process.
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1. Introduction

The main pecudirity of the channel coding techniques employedhim DaVinci project is the usef
LDPC codes based on qorder Galois field GF{). As a consequence, unlike bindrpPC-coded
systems, the nobinary (NB}LDPC encoded systems considered within the ptajegst deal withg
different levels, also considering the soft information based on this number of levels. This bears a high
potential in terms of system performance compared to other systems based on binary encoding.

The scope of this document is thusineestigate the impact of the soft information provided by the NB
LDPC codes in terms of system performance, exploiting a number of different solutions. The first
investigated approacldescribed in Chapters 2 and 3, evalualidéferert mapping schemesonsidering

both single antenn@Chapter 2)and multiple antenna transmissi@@hapter 3) These studies depart from

the initial DAVINCI proposed GF to QAM symbol mapping and evaluate the impact of other possible
mapping both in the performance and the caxity required at the receiver. As a result, the
performance of NBLDPC codes is then evaluated in multiple antenna transmission scenarios for different
SpaceTime encoding schemes (e.g. Alamouti and Spatial Multiplexing), receiver types (e.g. MMSE and
ML) and compared to traditional binary transmission using State of Art Turbo Codes for channel coding.

In Chapter 3, the performance of MIMO schemesdares not consideany interference canceller at the

receiver sideOn the contrary, Chapter 4 introdu@e®r i nt er f erence cancTHibl er in t
approach is particularly desirable in a context in which the spectral efficiency is one of the key issues of

the system requirements. In such a scenario, a MIMO detector with successive intedaneetiation is

considered, in which the@osteriori probabilities are fed back to the channel decoder.

Another possible way to improve the system performance by exploitingateatiaity of NB-LDPC

coding techniquein terms of WER performands to resort toan iterative channel estimatidrased on
thesoft information produced at the output of the channel decoder to mitigate the distortions introduce by
the wireless channel selectivity, both in the time and in the frequency doferalgorithms ugkto
implement this turberiented channel estimation scheme have been derived iagk€5.2 [D5.52]. In

this document, Chapter évaluates the impact of channel correlation models in the time domain on the
performancef iterative channel estimatiorlhe main goal of this study ie identify suitable models for

the time evolution of the wireless channel, and to provide a gooddfatetween system performance

and receiver complexity.

Chapter 6uses iterative channel estimation for SISO and MIM&ems without resorting to amyatrix
inversion as in Chapterdnd with tracking capabilities. These tracking capabilities allet exploit the
time correlation of the channel and haseenimplemented by means of a Kalman filter. T¢teannel
estimato uses two types ofinformation from the decoder. The a posteriori probabilities of the
constellation symbols and the syndrome. The a post@robiabilities allowusto build soft estimats of

the transmitted dat whichareused to estimate channeht data subcarrierfn this way it is linkedhe
channel estimation process with the decoding oneatite receivers neegome criteria to reduce its
number of iterations. We have used the syndrome, since if all codewords have been decoded correctly
then it is not necessary to continue with the iterative channel estimation process.

In addition, if we assume that the channel is constant for a number of OFDM sythkalsve can use
the syndrome as a channel selechifferent solutions for averaging éhchannel estimation have been
proposed according to scenarios with Gaussian or impulsive noise.

This deliverable has been divided in the following sections. First it is presenteeMth@apping schemes

for SISO links. Next, we show new soft schemesMarand MMSE detection without any interference
canceller at the MIMO receiver. Chapter 4 compares the performance of a MIMO interference canceller
when the coding schemes are based on binary andbinary codes. After that, watroduces more

forms to nodel the frequency correlation of a mobile channel amdthiem to design a soft 2D Wi&n

filter in SISO links. On the other hand, chapteh®wsSISO and MIMO channel estimators that use the
syndrome and the a posteriori probabilities of the constallatymbols.Finally, the conclusions of this
deliverable are summarized.
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2. Further studies on the GF symbol to QAM symbol mapping in case
of single antenna transmission

In this section, we investigate the different options available to perform theimgaqf the GF symbols to

the M-QAM symbols from both performance and complexity point of view. This topic was first
introduced for single input single output duripgevious deliverabl¢DAV -D221] and [DAV -D521] by
providing a mapping scheme which involved the minimum complexity at the receiver side. This
deliverable then explores new mapping schemes by introducing an inner bit interleaver block before the
QAM mapping which allows (as shown later) to improve th&fgsmance with minimum complexity
increase.

2.1 Generic Galois Field to QAM symbol mapping

A general schematic of a transmitter using-NBPC FECis depicted irFigure 2-1. The first block in the
transmitter is in chge of mapping a block oKxlog,(q) information bits taken from the binary
information streamu into K symbolstaking values ina Galois Field (GF) of ordeq. The uncoded

messagevi Fy is then fed into the B- LDPC encoder whictoutpus a codewordci F;'. The GF

symbols may then be interleaved if necessary as depicted in Riguilethe NB-LDPC is sensible to
correlated errors within the codeword. Note that the interlealeingth of this interleaver is one FEC
block.

The binary image of the encodedGF symbolsare next usedfor mapping ontdM-QAM constellation
symbols. For an encoded message=(c,,c;, € w15 the numberP of M-QAM constellationsymbols
requiredis
N3 |
p= 1N 106 (q) (2.1)
log,(M)

with P is an integeandM is the QAM constellatiosize

Since the information contained into each GF symbol is equivalent i(g)dgts, themaximumnumber
of QAM symbols thatmay cary the bits of onésF symbol igherefore equal ttog,(q). The mapping can
be simplified assuming that, coded GF symbslare mapped onto, QAM symbok, wheremyO | aly
andm,O | #qy The mapping between the elements iand the elements ix canthenbe expressed as
follows

A (2.2)
where in order to have a bijective mapping between the ¢ty Isoth nesto have the same cardinality.

It is noteworthy that a binary block interleaver is inserted beford/H@AM mapper. This interleaver

can be used to apply different GF to QAM symbol mappings but also to achieve some diversity for each
GF synbol. The depth of this binary block interleaver has a direct impact on the receiver complexity
since allm, QAM symbok need to be jointly processed in order to decode the correspandémgoded

GF symbas.

After the M-QAM mapperand prior to the transigssion of the symbolsicrossthe channel, a symbol
interleaver can be applied in order to randomize the channel errors across the whole cddentioed.
words, the symbol interleaver takes the interleaves the QAM symbols generated by different FEC block

and interleaves them so that achievable time and/or frequency diversity is incAgabedreceiver side,
this interleaving can be easilyverted without incurred complexity

d
Source binary NBLDPC GF bin. Binary M-QAM Symbol
stream mappmg coder mterleav image interleaver mapper interleav.
Rx binary NBLDPC GF de- . Symbol
stream demap decoder interleav. ‘ L Soft demapper (GF symbol wise) y deinterl. r

Figure 2-17 Transceiver schematic based on Nehinary LDPC.

At the receiver side, a first key operatienthe demapping of the receivdQAM symbols and the
computation of the LLR vectois,= (Lno, Ln1, E.q.1) associated with the encoded GF syrsbBlach
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componentof L represents the-posterioriprobability (APP) for each of the possible trantsed GF
symbols. The lodikelihood ratio for eachomponents given by
Pad, =a I -
Ly =i B =Y i {od.m -} (23)
: Pgd, =aoly g ki{01..4

where {U} are the Galois fieldymbols

After somesimplificationsof the LLR expressiofDAV -D2.2.1] we can get to the following expression
Ln,k =an 'bnl (24)

with

2y - hx(d)f

é- é m-1
Bk :Inza expg- a N (2.5)
¢ i=0 0

e sHeHell

where D, ={d:d, = 4 is the set of all code symbol vectas (d,,...,d,, ;) with the n-th binary
image fixed toa, .The cardinality of the set for the first summatie |an| =qmt.

The parametel, in (2.4) is equivalent to a normalization term that canskeequal to the minimunay,
such thathe smallest LLR value is equal to zero.

As shown above, the complexity requirecbtitain each LLR value igrimarily a function ofm;. More in
detail, the complexity order i®(myxq™™), which meansthat the sofdemappingmay becomejuite
computational demanding for high valueswf

The LLR values are then deinterleaved in cases@hbol interleaving is used. The deinterleaved LLR
values are then fed into the DAVINCI NEDPC decoder to recover the GF symbols transmitted at the
source. The output of the NBDPC encoder is finally converted to the binary domain in order to recover
the binary information transmitted at the source.

2.2 DAVINCI m; GF symbols tom, QAM symbols mapping

In [DAV-D2.2.1],a default scheme fomappingthe GF symbolento QAM symbols was proposed. ish
defaultmappingtargetedthe lowest possible complexitt thereceiver sideFor that reason, the lowest
possiblem, value was choseasdepicted in Tabl@-1. An equivalent complexity is also shown reflecting
the number of operations required to obtain the LLR emlior each GF symbol. Note that this value is
obtained as a function of the numbeddf-f) operations required.

Table 2-1. DAVINCI GF to QAM symbols mapping scheme

Constellat my m, Equivalent Complexiy qms Ll
on m
QPSK m=1 m=3 192
16-QAM m=2 m=3 6144
64-QAM m=1 m=1 64

As shown in the table above, QPSK and@4M constellations result in a low complexity whereas for
the constellation of 2AM requires an order of tens maremplexity compared to QPSK and-@AM.

2.3 Extended DAVINCI m; GF symbols tom; QAM symbols mapping

Here we relax the complexity constraint for the selection of the mapping scheme, and investigate the
potential improvement that can be achieved by differeaagping schemes.

As previously shown (with XQAM), when m=2 the complexity becomes pretty high compared to
m;=1. We thus restrict our investigation of the mapping schemes targaly andm,=2. The table below
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shows different possible combinations oé ttaluesm, and m, assuming a GF orde=64 andM-QAM
modulations witiVi={4,16,64}.

Table 2-2. Extended list of GF to MMQAM symbols mapping values

Constellation m; m, Equivalent Complexity GF to QAM interleaing sequence
m;=1 m;=3 192 (1)
QPSK m=2 m,=6 12288 (2,3)
16:QAM m;=2 m,=3 6144 (2,3,4,5,6)
m;=1 my=1 64 (1)
64QAM m;=2 my=2 2048 (2,3,4,5,6,4,8,)

Thus, in addition to the DAVINCI mapping where the GF symbol is transmitted into consecutive QAM
symbols, an additional interleaving of the GF symbol bitséerted before the QAM mappings a
result of this interleaving the bits corresponding to a single GF symbol may be spreachacpassl
symbols. In order not to waste the channel bandwidtfGF symbols are multiplexed into the QAM
symbols.

Table 2-3 gives different potential interleaving sequences for both cases of1 andm, = 2. Not all
possible sequences are considered, but at least those considered covéargesaymber of cases due to
the symmetry and to the fact that different labelings of the GF symbol do not impact the perfdiraance
all bits in the binary image contain the same amount of informa@sn} was shown in [DAD5.1.1].

Table 2-3. GF to QAM symbol interleaving sequences

m; | GF to QAM interleaving sequence| Sequence index
1 | [aaazasa

[a0 &1 @ 83 &4 8s bo 1 b s ba b
[a0 bo & by 8 by 85 s &y by 8 by
[a0 @by by & 8 b2 I3 84 3 bs bs]
2 | [aohobs & & by bs asas babsa
[20 & 3 by by by @ & 86 bs ba b
[bo & 8 35 & 8 3 1 b, b3 by b
[bo b1 & 8 24 8 8 31 b, o3 b4 5]

O|N[(O|O| B [(W[IN|F-

The list of interleaving sequences considered for eachteltation is indicated into the last column of
Table2-2 where the sequence marked in bold is the one equivalent to the default DAVINCI mapping. It is
important to note that some sequences imply that the GF symigoksvanly spread across the QAM
symbols (all QAM symbols carry same amount of information from each GF symbol) whereas other
imply an unbalanced spreading (the corresponding sequences are matked Eable2-2). An example

of the unbalanced case is the one obtained with the default DAVINCI mapping @ANG(sequence 2

Finally, the bit labeling schemes used in case of QPSKQAK! and 64QAM are illustrated irFigure
2-2 andFigure 2-3. As shown in thee figures, for all constellations the first lg@V)/2 bits are mapped
into the inphase component (real plane) while the secongM)¢2 bits are mapped into the quadrature
component (imaginary plane).

A
0010 -—- 0011 ;- 0001 —- 0000
| I @ | |
| | | |
| | | |
| | | |
| | | |
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| | | |
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1 L 1 1 [y
95 31) 31| ET
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1110 -— 1111 =;7- 1101 ~—- 1100
I 1 I I
| | ° | |
| | | |
QPSK bit labelling | | | |
1010 -—' 1011 7;f- 1001 *—- 1000
£

16QAM bit labelling

Figure 2-2. QPSK and 16QAM bit labelling.
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Figure 2-3. 64-QAM bit labell ing.

2.4 Numerical results

In this section we evaluate the error performance (frame error rate and bit error rate) for the different
interleaving sequences presented previously. The decoder used is the one defined in WP6 and
summarized in the following table.

Table 2-4. NB-LDPC coding and decoding parameters.

Parameter \Value

Code rate 1/2, 5/6

Galois Field Sizeq 64

Code word lengthiNge 96, 384

Number of decoding iterations 30

Decoder type EMS with L-bubble check
LLR vector size per received GF symbol,AL|16

Number of sorting operations 18

Decoder Offset 1.0

LLR Expression Max-Log-Map

2.4.1 Additive White Gaussian Noise (AWGN) channel

From Figure 2-4 to Figure 2-6 show the BER and FER performance of QP$BQAM and 64-QAM
using acodeword length equal to N=96 (in Galois Field symbols) and code rates 1/2 and 5/6 when the
channel is AWGN. The DAVINCI mapping is represenbgdhe blue filled marker.

The conclusions obtained in case of QPSK modulation is that DAVINCI mapping scheme is already
optimum. This can be explained by the fact that all bits corresponding to the binary image of the GF
symbol see an equivalent binag&WVGN channel independently of the interleaving sequence.
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In the 16QAM case, we observe that the interleaving sequence #4 gives the best performance by
achieving a higher diversity ordaompared to the default DAVINCI mapping. This can be justified by

the fact that when sequence #4 is used, the binary image of the GF symbol is evenly spread over the
QAM symbols therefore maximizing the diversity given to each GF symbol.

For the 64QAM, the best performance is achieved with sequences #1, #2 and #isd\@tice that the

results obtained indicate that the best performance is obtained when the binary image of the GF symbol is
transmitted over uncorrelated channel coefficients, but interestingly when the GF symbols belonging to
the same codeword are alsighly uncorrelated.

As a result, we conclude that the binary image of the GF symbol should be transmitted by the maximum
number of QAM symbols while the number of GF symbols sharing the sapieag®e or quadrature
component should be kept as low as fiss(i.e. preferably one GF symbol per component). If this
principles are followed, a gain of up to 0.3 dB is achieved in case of code rate 1/2 at RER=tl@he

worst interleaving sequence.

Regarding the impact of the coding rate, we notice the¢d@ode rates are more sensitive to the different
interleaving sequences, which confirm the fact that lower code rates are able to recover better the
diversity within the codeword. So, higher gains are expected if lower coding rates are used in
combinatiam with the GF to QAM mapping scheme proposed here. Additionally, we notice that iof case
code rate 5/6 ané4-QAM modulationa significant gap is observed for worst sequences #4 and #5 which
carry information from different GF symbols in the sameplm® and quadrature components (i.e.
correlation between GF symbols is increased).

1 We define the diversity ordesdhe slope of the codeword error rate (or bit error rate) as a function of the signal to
noise ratio. Nevertheless, it is also possible to obtain a measure of the achievable diversity order as the number of
channel coefficients affecting each LLR valugferred as the LLR diversity order. For the DAVINCI mapping we
note then that the LLR diversity order is 3, 1.5 and 1 for QPSK, 16QAM and 64QAM respectively.
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o QPSK, N=96, code rate 1/2, AWGN o QPSK, N=96, code rate 5/6, AWGN
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Figure 2-4. FER and BER for QPSK, N=96, code rate 1/2 and 5/6.
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Figure 2-5. FER and BER for 16-:QAM, N=96, code rate 1/2 and 5/6.
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o 64QAM, N=96, code rate 1/2, AWGN

10 =

FER (solid line) / BER (dashed line)

| —@— 640AM -
| —a— 64QAM -
H —E— 64QAM -
104l —9 64QAM -
| —— 64QAM -
| —t— 64QAM -
| —+— 640AM -
—— 64QAM -

seq.1l
seq.2
seq.3
seq.4
seq.5
seq.6
seq.7
seq.8

9.5 10 105

11

SNR (dB)

115 12

10°

10

10°

107

10"

64QAM, N=96, code rate 5/6, AWGN

165 17 175 18 185 19

SNR (dB)

Figure 2-6. FER and BER for 64-QAM, N=96, code rate 1/2 and 5/6.

2.4.2 Multipath channel

In this sectionwe evaluate the impact of the GF symbol to IQ syimhapping when the channel is
modeled as i.i.d. Rayleigh. Compared to the AWGN channel, here thbase and quadrature
components of the same QAM symbol are also correl&igdre 2-7 to Figure 2-9 show the BER and
FER performance of QPSKE-QAM and64-QAM using the codeword lengths of N=96 and N=384 GF

symbols and code rate 1/2.

o QPSK, N=96, code rate 1/2, Rayleigh
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—H— QPSK -seq.3
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10*
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Figure 2-7. FER and BER for QPSK, N=96 (left) and N=384 (right), code rate 1/2.
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o QPSK, N=384, code rate 1/2, Rayleigh
10

10"

10°

10°

10*

For the shortest codeword lendti96, we observe that in case of QPSK the differences in performance
are negligible (<0.1dB) but for higher constellations (A8QAM and 64-QAM) gapsof higher than
0.5dB can be observed at FERZ10
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When the codeword length is increased to N=384ptitained resultsloes ot vary while the gain that

we havefrom the proposed mapping schemes is slightly improved (e.g. >0.5dB at FERI® the

higher diversity (i.e. noticeable in the slope of the bit error rate as a function of the SNR) achieved with
the larger codeword length. This effect can be clearly appreciatééime 2-9 in case of64-QAM
modulation, indicating that higher gains should be expected at lower FER ratios.

From these results, we can conclude that performance is improved when the binary image of each GF
symbol is transmitted over different -RJAM symbols leading to higher iiGF symbol diversity.
However, the performance is degraded when the correlation of the GF symbols is increased (reducing
inter-symbol diversity).

o 16QAM, N=96, code rate 1/2, Rayleigh o16QAM, N=384, code rate 1/2, Rayleigh
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10°
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—— 16QAM - seq.6 » \
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Figure 2-8. FER and BER for 16-QAM, N=96 (left) and N=38&} (right), code rate 1/2.
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Figure 2-9. FER and BER for 64-QAM, N=96 (left) and N=384 (right), code rate 1/2.
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2.5 Conclusion

In this section we investigated the effects of different GF to QAM symbol mappirterees and
proposed an optimum mapping strategy which gives the best performance in terms of error rate as a
function of the allowed complexity at the receiver side (determined bmntiparameter). We conclude

that the best performance is obtained whenGlF symbols are transmitted through the maximum number

of in-phase and quadrature components (highest@&aymbol diversity) while at the same time the GF
symbols are maximally uncorrelated (i.e. highest #@&Er symbol diversity). Good practice tohéeve

this is:

i) first avoid multiplexing different GF symbols into the same | or Q component of the QAM
symbol
i) second transmit the GF symbols into the largest possible number of | and Q components of the

QAM symbols that are most likely to experience inglegent channel fading . This second
condition has a direct impact on the complexity incurred at the receiver side and therefore it
should be bounded by the receiver allowed complexity.

It is worth mentioning that significant differences in the codewordreate and bit error rate have been
obtained for the GF symbols to QAM symbols mapping schemes evaluated. Actually, the difference
between the optimum mapping and a random selection can be higher than 0.5 dB at RER30&ase

of multipath channel.

Finally, and related to previous DAVINCI mapping scheme, we have identified a new mapping scheme
for the 16QAM case which brings a 0.2 dB gain for almost the same complexity as the initial mapping.
Similarly, a new mapping scheme is also identified f8«QBAM in case ofny=2 which, requiring a
complexity in the range of the ABAM case, brings also an extra 0.2 dB gain. Extrapolating these values,
higher gains are then expected for those cases whegeat the expense of a higher complexity.
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3. NB-LDPC performance evaluation in case of multiple antenna
transmission

In this section, the performance of NBDPC FEC coding is evaluated in case of multiple antenna
transmission. In order to evaluate the benefits of INIBPC, its gerformance is compared to the SoA FEC
scheme Convolutional Turbo Code (CTC). The comparison is carried for different spectral efficiencies,
spacetime coding schemes as well as receiver implementations (i.e. linear atideadetectors).

3.1 MIMO System description

In this section westudy the combination of DAVINCI NBDPC encoder together with MIMO encoder

from both the performance and complexity perspectives. Figidrbelow depictsthe system modédbr

thefirst analyzed receivansed in our studyin addition, we compare the performance of the-INB°C

FEC scheme with one of the best performing binary FEC schemes based on Turbo Coding, i.e. the
Convolutional Turbo Code in IEEE 802.16e/m (which is esseptiaél DueBinary Turbo Code initially
proposed in th&/INNER project). For the simulations based on the binary FEC scheme, the transmission
chain is modified as indicated by the blue mask below, while for thebimamy (DaVinci) chain, the
elements are gicitly indicated. ThereforeFigure 3-1 illustrates which part of the chain needs to be
modified whether we would like to use a binary or a-borary FEC scheme.

Binary Encoder + Bit Interleaver

Bits TO GF64 - . .
BIT Info L DaVinci GF Symbol Binary Image | | Modulation QAM Symbol MIMO
Generator ™ CS;/rT/Z?::r ENCODER Interleaver of GF64 ™ Mapper Interleaver Encoder
GF64 symbols . .
. [ | Ny DaVinci GF Symbol | | QAM Symbol MIMO Linear MIMO
Sink ] C.g(r?vz:}lir DECODER De-Interleaver [* | Soft Demapper De-Interleaver Equalizer Channel

Binary Decoder + Bit De-Interleaver

Figure 3-1. System model of DAVINCI NB-LDPC with first MIMO Receiver.

The Bit Info Generatorfeedsthe informationbit stream to theBits To GF64 symbols Convertavhich
maps the stream afiformationbits into a streamfosymbolsin a Galois Fieldof orderq = 64 (GF64).
Thus each set of 6 consecutive bits mags one GF64 symbol:

by,by,....bs Y- a, 3.1

Then, a set oK GF64 symbols is fed to theaVinci Encoder which outputsa codeword oN GF64
symbols,thusresultingin a code rateR=K/N. Then, theGF Symbol Interleaveperforms an interleaving
operation at GF symbol level.

The Binary Image of GF64rovides theModulation Mappewith the binary images of the ced GF64
symbolé€. The Modulation Mappermapsm, GF64 symbolsonto m, QAM constellationsymbols as
described in [DABD2.2.1] The QAM Symbol Interleaveperforms an interleaving operation on the
stream of QAM symbols.

The MIMO Encoderencodesthe stream ©QAM constellationsymbols into MIMO codewordsThis
encoder will dictate howthe QAM symbols ardransmitted over the wholIMO codeword.

Figure 3-2 shows the different mapping steps that are requirddatsmit the GF symbols through the
MIMO channel. As indicated in the figure and depending on the QAM constellation size and MIMO
scheme used, it may happen that one GF symbol is transmitted into more than one MIMO cobesvord.

2|n case of binary FEC encoding, the casdgitie To GF64 symbols ConvertebaVinci Encoder Binary Image of
GF64can be substituted with the binary encoder, as shown al&g.ig-1.
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case presented in the figuexemplifies the transmission of GF64 symbols wQ&8Kis selected and
the MIMO codeword is formed by two QAM symbols per block.

b > ¢ —» S
% I "g“___ Y .
k=) C-"] Sy E==
-T——F--}-ot- (o4
[GF symbol]_ - [ bits ] - [_IQ symbol]___[MIMO CW]
Binary 1Q MIMO
image mapping Encoding

Figure 3-2. Mismatch between GF64 symbols, ndulation symbols and MIMO codewords

At the receiver side, theascadeMIMO Linear Equalizeii QAM Symbol Dénterleaver- Soft Demapper
computesthe A-Posteriori Probability (i.eLLR values per GF symbofpr each of the transmitted GF
symbols. The LLR information is then passed to th&sF Symbol Denterleaver and later toFEC
Decoder which provides the hard decided GF64 symbols. At lastGiR@4 symbols to Bits Converter
demaps the hard decided GF64 symbols intw tteerespondent binary images.

When the second receiver is used, the system modéyofe3-1 must be modified as follows

Binary Encoder + Bit Interleaver

Bits TO GF64 N . .
BITInfo | | DaVinci GF Symbol Binary Image | | Modulation MIMO MIMO CW
Generator ™ symbols ENCODER Interleaver of GF64 ] Mapper Encoder Interleaver
Converter
GF64 symbols -
' || ; DaVvinci GF Symbol || . . MIMO CW MIMO
Sink 7 ngvaelrttser DECODER De-Interleaver [* || SOft Maximum Likelihood Demapper De-Interleaver Channel

Binary Decoder + Bit De-Interleaver

Figure 3-3. System model of DAVINCI NB-LD PC with secondMIMO Receiver.

Here we can observe that tAM Symbol Interleaveshown in Figure3-1 is now substituted by the
MIMO CW/nterleaver which performs an interleaving operation at MIMO codewovelleActually this
interleaver is not implemented as we assume an uncorrelatedtspadeIMO channel fading. This
means that for this specific case the MIMO codewords are ideally uncorrelated. However, this interleaver
could improve the performance inseaof correlated channels. Moreover, the combination MIMO Linear
Equalizer + Soft Demapper is now substituted by3b# ML Receiveralso called Joint Detector.

3.2 MIMO Encoder

As mentioned in the previous section this block is responsibécoding andhe modulation symbols
onto MIMO codewords. In our study we considerréference MIMO schense i.e. Alamoutiand
Uncoded Spatial Multigxing, optimized for two transméntennas. Fothe sake ofconveniencewe
present belowthe general framework of Liae Dispersion Codes (LDC), aescriled in [HHO1]. A
lineardispersion codewordan be writteras follows
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Q
S=4 (a, &\, +b,®B,) (32)
q=1

Where s, =a, + j (b, are the modulation symto whereasA, and B, are fixed matrices that

characterize each LDC. Specificallg, Bq areT x N; matrices, wherd is the number of channel uses,
N; is the number of transmit antennas &ds the number of complex symbols transmitthding one
MIMO codeword.

For Alamouti 2x2, theorrespondinglispersion matricesan be found as

¢l Og éd Og O -lg O 1g

For Uncoded Spatial Multiplexinghe followingdispersion matricespply:

A;=B;=[1 0],A,=B,=[01]] (34)

3.3 MIMO Receivers

In this section we describe the techniqused toextractthe soft information from the received signal.
Two different approachesre consideredhe first approachis represented by tHmear equalizers (Zero
Forcing, MMSE) in combination with a Soft Demappemile the secondapproach corresponds the
maximumlikelihood (ML) soft decoder.

Before moving to the exact demapping expression, we develop further our system model, inbkiding
channel effects leading to the following signal model at the receiver side

v= 5 @How (35)
t

whereH is the NxNr channel matrixE; is the total transmit poweji.e. includes all the antennaaihd
W is aT x Ng matrix where all its elements are compleduedGaussian distributedith zero mean and
N, standard deviation. The Signal to Noise Ratio (SNR) parameter is then given by

Following the notation ofHHO1], the received signal can be expressed as follows:

_[E 2 . L
Y = Wé(anpJ ‘@BQHQN 3.7)
t =1
Then, we can highlight the real and imaginary components bfreatrix as given hereafter:

Q
Y+ 9 J% al@, (AgOi Ay 104B B PH: $HO WO W

(3.8)
Moreover, we denote the columns¥of,Y,Hgr,H;,Wgr,W, asyr nVin,hrnhinWsnW, and define
_éiARq Aqu?’ B _e' Big 'BR.qg a-ang
- b By~ & bllg=6g U
o Arall Bra " Bigp én nl (3.9)
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wheren ranges within 1,.Ng (number of receive antennas). Finally, we rewf&®) into its equivalent
realvalued vectorized version as follows

CYr1 9 a, 9 W&
é U a e
eyl,l u E a0, We.
y=€. /= HHe ou & s W, (3.10)
é Uy N, g e
Yrn U &g U Wey
e u e, u e
@yI,Nr u Q g VVI@"r

wherey has dimensions equal BNzTx1. H is the equivalen2NgTx2Q reatvalues channel matrix and
it is given by:

> 4

e u
H=¢.. .. . .. U (3.1

. "

u

3.3.1 MIMO Linear Soft Demapper

In this section we present the first receigpproach witlthe cascade dflIMO Linear Equalizetand Soft
Demapper

3.3.1.1 MIMO Linear Equalization

MIMO linear decoders (Zerborcing, MMSE) represent interesting solusdor their simplicity. The

MIMO decoder performs simply a multiplication by a matrix in order to extract transrodtesiellation
symbols from the received signal. Furthermore, one additional benefit of these Linear Equalizers is that
their output is a singletream, as if it has passed through an equivalent SISO channel. Therefore, soft

demappers, previously defined demappers for SISO can be usethiwiihchanges. So the received
signal isfirst equalizedbtaining

EEG O Ms G w, (3.12)

whereM is a2Qx2Q matrix which becomes an eye matrix in case of orthogonal spaeeblock codes.
Two possible equalizations matricE€smight be used depending ¢he optimization parameter, Least
Squares (a.k.a. Zefeorcing) and Minimum Mean Square Error (MMSE). The exact expressions for the
equalizing matrices are as follows:

G, = % B H951 HT ( (3.13)

o -l
. (0]

Gypee = /% %&‘HT HO 1+ g HT (314
t C -

The output of the MIMO Linear Equalizer is then tegick jointy with two additional parameters which
reflect the equivalent SISO channel and equivalent noise. These aspectaibee delow

3.3.1.2 Soft Demapper

The Soft Demappeis used in combinatiowith linear receivers and its role is the computatiornthef
LLRs. As mentioned in the previous section the input of $indt Demappeis represented b{3.12).
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According to DAV-D2.2.1], for each GF{) symbol bni F,, a vector ofq APP values has to be
computed, and each value is defined as

P[b =4y |§

L, (315
* P, =a, |8

whereni {01,....m}, ki 0,..,g- 1, {a,} are theGalois field symbols, i.eF, ={@,,a;,....aq.1} -

Assuming all the code symbols to be equiprobable and the channel memoryless, we can rewrite the
previous expression as:

s nk_l =
a O p&lb)
bi BX i=0

e N -
a O p(&1b)

bi B i=0

Lo =In (3.16)

whereb = (b,...,b,, ;) is the code symbol vectoB¥ ={b:b, =a,} is the set of all code symbol

vectors where the-th component equal t@, .

In an uncorrelated Rayleigh MIMO channel, the output of the linear equalizer is gi@B) and its
pdf can be expressed by

or 1 2 1 ARe{E} b(2v+l) Rb{$(k ) (lJ_m{ }SE b2v+2)|m{ @k) )2 E

p(El $ ) _N é W% 12v+1) ) (?V 2) ¢
e Q =

(3.17)

wherev=1,..Q (for each MIMO codeword) is the index of the possible Giymbol The coefficient/
is computed according to

ESINR,.,,
r

/2P) = (3.18)

where for each codeworg@=1,2 Specifically,/ takes into account the effects of th@ matrix on the

noise realizations received by each antenna. These coefficients might be constant if the channel is also
constant during th& channel use€SINRIs the Equivalent Signal to Noise+Interference Ratio and it is
definedas[HLO5]:

dianCDT]pr

ESINR,., = (319

dlaq BT QB +1 o Qe ]ZV+p

where D=diadG 1] and | (=G - D.

The coefficients®*P) keep trace of the amplification that can be introduced by xé&rion the
transmitted information signal at each receive antennafloese coefficients are defined

b(2V+ P = M 2v+p,2v+p (320)
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whereM is the matrix introduced iEquation(3.12) and links decoded symbols to transmitted symbols.
We can observe thahe differences between the soft demapper for SISODAV[-D2.2.1] and this
demappefor MIMO arereflected through the coefficients, b .

Now substituting(3.17) within (3.16) we obtain:

e 1;(Re{§} b Re{ ') [m{ 3E £ =Im( &) 9
expt
2, p@ o c g_:‘ / @) 20 ) §
L, =In € iy
¢ 1 aE(Re{E} b2 ®e{ ) ) (|m{ 5E £ PIm{ Qé“) g
e >-
> 39 ng No o % /(2v+l) /(Zv ?) O
é ¢ -
(3.21)

The description above is geral for each order of Galois field, although we focus in this study on the
GF64 case, wherg=64.

3.3.1.2.1 QPSK

In this case the computation of LLRs is relatively simgpilece 3 QPSK symbols map onto 1 GF64
symbol. The LLRs for each received GF64 symbols are:

Qi 8/<zv+1) aRe{&} - 6 (Re{sM}) 2 + /(Z%Q) GIm{ & - 5@ Amf sVY) 2’é’ (322

where all the parameters were introduced previously.

3.3.1.2.2 16:QAM

Here the computation of the LLRs is slightly different because of the mismatch between an integer
number ofl6:QAM symbds and one GF64 symbol. Here we need to compute one distance between the
received signal and each possible configuration of two GF64 symbols (equal t@&i@éd/ symbols),

which means4°=4096 combinations, and then exploit these distances in ordertsno®4 LLRs for

both GF64 transmitted symbols. For this reason St Demappefor 166QAM has an increasing
complexity compared to the one for QPSK and the ones4e@AM. For the LLRs computatiorwe
assume the Malog-MAP approximation. We select thégoproximatiorthanks toits reduced complexity
compared with the Loyl AP approach. The distances can be computed according to

D, =- +
Dy N,

3 o
@ g v QRe(§) - ) Rl ) * +— - Qm{ £ - 52 O s B

Ly

(323

Wherekzl,..,4096,§(k) is the16-QAM mapping of tha-th part of thek-th configuration, with length of

two GF64 symbolsEquation(3.23) is the MIMO version of the LLR computation, presentedDAV -
D2.2.1] for the SISO case. Them case of th maxlog-MAP approachthe distancesre comparedh
order to obtain théinal LLR value asgivenbelow

Lo =max{D,} (3.24)
J B

Here ni {03} is the GF64 symbol indeB,'f, in analogy with SISO case, is theh set of possible
configurations (two GF64 symbols long) for thth GF64 symbol.
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3.3.1.2.3 64-QAM

Here the computation of the LLRs is simplifidthnks tathe perfect matching between one GF64 symbol
and a64-QAM symbol.So the LLRs for each received signal can be computed according to:

1 .. 1 . - .. 1 . - ..
L =- N_Oq-)/(le)QRe{g' b GRe{sVy) 2 + @) QAm{ §- 62 (s ?] (325
where all the coefficients follow the definitions specifaabve

3.3.1.3 Relation of the NonBinary Linear Soft Demapper and its binary counter-part

Thanks to the general description of the Soft Demapper introdud¢Bd\i-D2.2.1]and followed in the
previous section, the Soft Demapper for binary FECs can be easily derived@3fijnconsdering the
binary case as a particular case of Galois field witB. Specifically, if we exploit the makog-MAP
approximation even for the binary case, tB21) becomes

L, = W(Yk)' mg((Yk) (3.26)
bi B bi B
where
y oo 3(Reff}- 6™ Re(s"})” [m{ 3E £ Im{ OF )’
k — N_Oé? / (D) ' [ (327)

And k runs from 1 to 2™ and B', By are the set of configurations where thth bit is equal to 1 and
0 respectively.

3.3.2 MIMO ML Soft Receiver

In this section we present the second receiver, i.e. the ML approach used to extract information from the
received signal. For uncoded systems (without channel coding) the ML decoder achieves the best
performance foiorthogonal and noeorthogonal codesBut this is paid with a significant complexity of

the decoder which implemenrds exhaustive search amast@ll the possible symbols ahown hereafter:

[E o
e o

t

2

&=argmin O (3.28)

ERS]

Being S a particular symbol of the constellatiof for a particular modulation. Ais ML detector
performs hard decisions and is not sufiedthe case of sofdecoders. On the other hamee observethat
the distances in the ML expressiparfectlymatch what is required fahe LLR computationThus, it is
natural toextend the LLR computatioto jointly cover the MIMO decodingWe refer to this as the Joint
Detector wich details are provided below

First of all it is important to notice that there is a mismatch between GF64 symizolIMO codeword.
The following figure shows this mismatch

Page?23(72)



DAVINCI D2.2.3v1.0

Received MIMO CWs

|
GF64 dym #1l

B——--

GF6Y sym #2

Figure 3-4. Mismatch betweenGF64 symbols and MIMO codewords for the LLRs computation

The figure above, which is specific for QPSK modulation 8itMO schemewith Q=2, illustrates

clearly that once received the first two MIMO CWsje can compute the LLRs relatedlypno GF
symbol#1. This is since two MIMO codewords transpandre information than a single GF64 symbol.

For the above case, 8 bits are carried into the two MIMO codewords, whereas one GF symbol has 6 bits.
So for the computation of the LLRs of GF symbol #1, there ésirie cover all possible combinations of

the 2 bits associated with GF symbol #2 but carried in th1BMO codeword. The same applies to GF
symbol #2. In the following we present a procedure which better describes this issue.

First we need to separdtee LLR computation into two subperations:

1 Distances Computation
1 LLR extraction

During the first operation, the Joint Detector computes the distances between the received MIMO
codeword and each possible configuration of the same length, experidmeisgne channel realization
as the received MIMO codeword. These distances can be computed according to

D, = Nio yC")\/% H §T# (3.29

(m)

wherey is the received MIMO codewordy'” is them-th configuration of the same length of a MIMO

codeword,m runs within 0,...,29 - 1 and H is the channel realization experienced by the received
MIMO codeword. The following table collects the number of distanger MIMO codeword to compute

for each analyzed configuration. It is interesting to observe that for thimparation there is no
difference in terms of complexity between the DaVinci chain and the binary chain. So data in the table is
valid for both dains.
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Table 3.1. Complexities for Distances Computation sutpperation.

Const. l\él-:}g% LenytLh(Ig bits) Dll\jtli/ln(geg
cW
QPSK M=4 Aba;h)zz 4 16
QPsK M=4 | Golden 8 256
et | e 8 256
1%(31? Ggoltgjin 16 65536
Gﬁ’ﬂfé\ﬁ” AlBaS?GZ 12 4096
Woet | ‘code. 2 o

It is important to notice that at this stage we are not concerned of the GF symbols. In fechaediing
the DaVinci codes in the same way as the binary codes. This allow us to keep constant the complexity
between the two different chains.

Next, the LLR extraction subperation is different for the DaVinci chain and for the binary chain, so
first we discuss the implementation for the DaVinci case and then we compare it with the binary one.

For DaVinci case, we need to introduce an important parametemgi.¢hat represents the number of
MIMO codewords in which a GF symbol is encapsulateds parameter is important because it specifies

the dimension of the memory where we need to store the computed distances necessary for the LLRs
extraction for each received GF symbol. This parameter can change within the same configuration. For
example cosider the 18QAM with Q=2: the first GF symbol is all encapsulated within the first MIMO
codeword, whereas the second GF symbol is divided among the first and the second MIMO codeword. So
in this case the paramet®g changes its value from 1 to 2. Théldaing figure illustrates this.

2)

m;

Soft:
Demapping

Figure 3-5. Mismatch between GF64 symbols and MIMO codewords fot 6-QAM, Q=2 case.

In Figure 3-5, the gren stream is the one of received MIMO codewords, and below we can see where
each GF symbol is encapsulated. Specificaﬂﬁ) is the value of this parameter for the first received GF

symbol (it is equal to 1), Whilslréz) is the value of the same parameter for the second received GF
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symbol (it is equal to 2). The following table summarizes the valuesnofor each analyzed
configuration:

Table 3.2. Complexities for DistancesComputation sub-operation

MIMO
Const. STBC m,
Ala2x2
QPSKM=4 USM 2
Golden
QPSKM=4 Code 1-2
16:QAM Ala2x2 1.2
M=16 USM
16-:QAM Golden 1.2
M=16 Code
64-QAM Ala2x2 1
M=64 USM
64-QAM Golden 1
M=64 Code

So for each received GF syoilwe need to store and explait, @Y distances in order to extract the 64

LLRs. Furthermore, we need also a binary mask, which contains all the binary configuration with length
equal to a MIMO codeword in order to guide us to exploredistances efficiently. During the LLR
extraction, for each GF64 value, we exploit its binary image in order to obtain a starting point index
within the distances table. As previously mentioned, it can happen that we need two tabjés €idjunal

to 2): in this case we also need two starting point indexes. We refer to this index (or indexéshés$,t

where necessary). It is important to observe that not only the binary image of the GF value is important in
order to obtainit (and ) but also its psition within one (or two) MIMO codeword. Oncg(and t) are
computed, the Joint Detector performs the exhaustive search among the distances, which corresponds to
the binary configurations that show the binary image of the analyzed GF value in the dessiéon

(within the MIMO CW). Denoting/ the bits of the analyzed GF symbol at the end of the first MIMO CW
andu the bits at the beginning of the second MIMDWV (the case where all the GF symbol is within a
MIMO CW is simply a particular case), we cdefine:

£ =2

The meaning of these new parameters can be easily understood observing the following figure.
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<«— logy(q) ~—»
v u

B B EEE— B B EEE—
Qxlogy(M) Qxlogy(M)
Figure 3-6. Exploration of the computed distances in order to extract LLRs.

The parameterg,,f, help to scan the tables of distances considering only the configurations which

present the GF value in the desired position and all thelp@sonfigurations of redundant bits. These
distances can be exploited according to -M@P or maxlog-MAP. We adopt the mabog-MAP
approximation, but this procedure can be easily adapted to théVIA®gcomputation. So the LLR
extraction can be generadid as follows:

[

Ly =maxt- D70+, @) + D7 (00 + 1)l (331
| 0

<o

wherek is the index of the LLR and runs within 0,..,6@',‘),t§k) show their relation withk index,

D%, 0? are the first and the seabulistances table respectively for the current received GF symbol,

scans the first table of distances and runs wimm,ZQ“bgz(M)"’

and runs withinl,...,/ ,.

, I scans the second table of distances

3.3.2.1 Binary Comparison for Joint Detector
For the binary chain the LLR extraction is different. In fact we can use each MIMO codeword in order to
extract QUbg,(M) LLRs, without any correlation among different MIMO codewords. This has an

impact on the complexity as we will see the following. The LLR extraction lsad on the table
computed in(3.29) is performed as follows:

L(n) = max{D} - max{D} (332
Bo

where Bc(,i) is the set of configation which shows a 0 &tth bit, whilst Bl(i) is the set of configuration
which shows a 1 atth bit.

We conclude this section with a comparison of complexities between DaVinci case and binary case for
the LLR extraction suoperation.In order to perform a fair comparison between DaVinci and binary
cases, it is necessary to compare blocks of information with the same length. At the same time we need to
consider that the block length for DaVinci case is conditioned by the mismatchebaW#i®O codeword
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length and GF symbol length. The solution, we identified, is to consider a block of MIMO codewords
which encapsulate an integer number of GF symbols.

Specifically, we measure the complexity of the LLR extraction as the humber of opetatbnve need

to perform on the block of information in order to extract all the A Posteriori Probability information.
Remind that we are assuming the r@g-MAP approximation, so this means that the operations that we
consider are comparisons for thendmy case as shown {{3.32), whereas comparisons and sums for
DaVinci case as shown {8.31).

The following table reports the results we obtained in terms of complexity.

Table 3.3. Complexity summary for GF64 case

ComparisondBit ComparisongdBit SumdBit
Const. MIMO ST BC (Binary case) (DaVinci) (DaVinci)
QPSK M=4| Ala2x2 USM 16 43 43
QPSK M=4 | Golden Code 256 5483 5462
16QAM | Ala2x2 UsMm 256 5483 5462
M=16
138@/' Golden Code 65536 2.79633*E6 2.7962*E6
64-QAM
M=64 Ala2x2 USM 4096 683 0
64'\;'(33:\/' Golden Code 1.67772*E7 2.7962*E6 0

It is interesting to observe that the complexity of the DaVinci case is strongbteaffby the mismatch
between GF symbol length and MIMO CWs length. Where this mismatch does not exist, as highlighted in
the last two rows of the table (63AM case), the complexity of the DaVinci Joint Detector keeps lower
than binary case. In the 63AM cases we need also to notice that no sums have to be performed: this is

because all the GF symbols are included within a MIMO CW gis always equal to 1.

3.4 Numerical results

In this section we show the results in terms of Codevienrdr Rate (CWER) that we obtain for the
different simulated scenarios. The specific parameters used during the simalatiamdicated from
Tables3.4 to 3.6. Notice that forall the scenarios described below, the channel coefficients are obtained
from i.i.d. Rayleigh distribution while the antennas are considered perfectly uncorrelated. The Space
Time Block codes used correspond to Uncoded Spatial Multiplexing (USM) and @tiaf8t50 is only
included for reference purposes). The number of QAM symbols encapsulated into one MIMO codeword
is then fixed and equal Q=2 as showrin Figure 3-7. Additionally, we also observe that in caske

QPSK modulation, 2GF symbols are encapsulated into 3 MIMO codewords6QAM the mapping is

of 4 GF symbols into 3 MIMO codewords, and for 64QAM the mapping is of 2 GF symbols into 1
MIMO codeword.
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Figure 3-7. Mapping of GF symbols into QAM symbols and MIMO codewords.

Table 3.4. NB-LDPC coding and decoder parameters

Parameter Value

Code Rate 1/2, 5/6

Galois Field orderg 64

Codeword lengthN ¢ 96, 384

Number of decoding iterations 30

Decoder Type EMS with L-bubble check

LLR vector size per received GF symb®, .. 16

Number of sorting operations 18

Decoder Offset 1.0

Demapping Aproximation Max-Log-Map (L6-QAM)
Log-Map (QPSK 64-QAM)

MIMO Schemes Alamouti, Uncoded SM

Table 3.5. CTC coding and decoder parameters

Parameter Value

Code Rate 1/2, 5/6

Codeword length (bit)N,;, 576, 2304

Code Type Double binary Circular Recursiv
Systematic Convolutional (CRSC)

Number of decoding iterations 8

Decoder Offset 0.7

Demapping Approximation Max-Log-Map

MIMO Schemes Alamouti, Uncoded SM

Table 3.6. Common Parameters
Parameter Value
QAM mapping QPSK, 16QAM and 64QAMwith Gray mapping)
Number of transmit antennas| 2
Number of receive antennas | 2
(for SISO only 1 antenna is considered at the receiver)
Channel coefficiats i.i.d. Rayleigh distributed
SpaceTime encoding Alamouti (2x2), Uncoded SM2x2)

Page?29(72)



DAVINCI D2.2.3v1.0

3.4.1 Performance comparison for 2 bit/s/Hz

First, we present the comparison of the two FEC schemed INEC and CTC), for different MIMO
configurations (USM, Alamouti, SISOat a fixed spectral efficiency of 4 bits/s/Hz. This spectral
efficiency is achieved using a constellation order providing 4 bit per channel use (4bpcu) and having a
FEC coding rate equal to 1/2. Two codeword lengthslgE576 and 2304bits are used tdrga better
understanding about the impact of multiple antenna transmission over the two FEC schemes.
Furthermore, three different MIMO configurations are evaluated to gain a better understanding of the
diversity-vs.-spatial multiplexing tradeoff when coimned with powerful FEC schemes.

The first configuration for this scenario is based on QPSK modulation, with Uncoded Spatial
Multiplexing (USM) as MIMO scheme. The receiver used is the combination of the a Linear Equalizer
based on the MMSE criterion arttktSoft Demapper described in Sect®d.1.2

The secondconfiguration is based on the same combination of modulation and MIMO scheme but the
more complex noflinear receiver providing the Maximum Likelihood detection desctiin Section
3.3.2

The third configuration is based on 16QAM and Alamouti (2x2), detected by the cascade of Linear
Equalizer (ZF) and Soft demapper. All the configurations above were simulated with both DaVinci NB
LDPC FEC sheme and the CTC FEC scheme.

In all the figures with spectral efficiency of 4 bpcu we also included the SISO curves (DaVinci and CTC)
with the same spectral efficiency (i.e. 16QAM is used). This was done in order to have a benchmark that
permit us to uderstand how the gain between DaVinci and CTC changes from SISO to MIMO for all the
different configurations and scenarios.

The performance of the two FEC schemes{NBPC and CTC) with the different MIMO configurations
reported before is depicténl Figure 3-8 andFigure 3-9 for Ny,;;=576 and\,;,=2304respectively.

From these simulations, we observe that using the first configuration described above (i.e USM wit
MMSE-based soft detector) and independently of the codeword lengths, (576 and\,;,=2304), the
performance of both FEC coding schemes is very similar, noticing a small increase in the diversity order
for the NBLDPC case. Under this configuratiotiie benefit of using NBDPC instead of CTC is only

about a few tenths of dB for low CWER ratios (CWERZJL0

Differently, for the second and third configurations (USM with ML soft detector and Alamouti with ZF
equalizer), the gain obtained with NBDPC becomes quite significant (up to 0.7dB for USM with ML
detection). Also quite interesting, we notice that the gain measured between both FEC schemes is
independent of the codeword length, showing that the benefit of usingDVE spans from medium to

long codewords (further simulations are required for shorter codewords before assessing that case too).

In addition, we can also observe that no matter which Spawe encoding scheme used (Alamouti or
SM), the diversity order achieved by the NBPC alwaysoutperforms the one from CTC no matter
what is the detector used (assuming both FEC schemes use the same kind of deteitterinore, we
compare the performance of Alamouti with ZF (intrinsic MIMO diversity orde¥®N,=4) vs. SM with
MMSE (intrinsic MIMO diversity order equal to 1), we can also conclude thatLtN®C is able to
exploit better this higher intrinsic diversity providing an SNR gain around 0.3dB for the Alamouti case.
Similarly, if we compare the performance of USM with ML (intrinsic déiy order equal tdN,=2) and

USM with MMSE, we obtain the previously mentioned SNR gain of 0.7dB which takes into account the
better use of the intrinsic MIMO diversity as well as some additional gain due to reduction of the spatial
inter-stream interfeznce.

Actually, from the different performances observed as a function of the detector we realize that
interference cancellation techniques may have a higher benefit if used WittbR8 than with CTC

since the gap between ML detector and MMSE detectaroisnd 2dB for NBLDPC and around 1.5dB.

This fact is also confirmed from the results obtained in Sedti8of this document where it is observed

that NB-LDPC may obtain a higher gain than the turbo code used for the compavtsem interference
cancellation techniques are used (notice that to appreciate this benefit we need to look at C)NER<10
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Figure 3-9. Performance of 4 bpcu,N;, =2304, R=1/2scenario

3.4.2 Performance comparison for 3.33 bit/s/Hz

For this second stegp, the spectral efficiency considered is 3.33 bits/s/Hz obtained whemg usi
constellations equivalent to 4 bpcu (according to the MIMO scheme selected) and a coding rate equal to
5/6. In this second sefp, the previously choses codeword lengths (bits)s are also considered.

As in the previous saip, the performance obtainedth thee configurations given by USM with MMSE,
USM with ML and Alamouti with ZF is depicted in Riges 3-10 and 3-11 for codeword lengths

Npi, =576 and N, =2304 respectively. At a first glance, we observe that the diversity order
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achieved by the FEC scheme is lower than in the 1/2 case as naturally expected. Analogously, the
diversity order is also increased for the highedesgord length.

Afterwards, and comparing the performance of-NBPC vs. CTC, we can appreciate that as the coding
rate is increased, the gain obtained from usinglN®C is slightly increased. This becomes very
plausible in case of SM with MMSE receiwehich for code rate 1/2 gave very similar performance for
both FEC schemes, however for code rate 5/6 the gain obtained wittDRB is around 0.5dB. This
result can be easily explained from the fact that the CTC simulated uses puncturing to achiegyresthe hi
coding rates (mother code is 1/3), while for the-NBPC a different parity check matrix is defined for
each code rate.

More interestingly, if we look at the slope of the curve for Alamouti with ZF (using 16QAM to achieve
the 4bpcu) is now higher thahe slope of the curve for USM with soft ML (using QPSK). These effects,
that were previously masked in case of code rate 1/2 due to the higher diversity achieved by the FEC
scheme, shows us that the worth of spatial diversity increases as the FEC redeling increased.
Actually, we notice that for the CTC FEC scheme, Alamouti with ZF may even outperform USM with
ML for the very low codeword error rates, and for NBPC the gap between Alamouti with ZF and

USM with SM has been significantly reduced.tide that this observation goes quite in opposition to the
traditional assumptions that for higher rates, USM performs better than Alamouti. It is here shown that
when FEC is taken into account, fixing other parameters as the coding rate, codewordetengied

also carefully selection.

In a more analytical approach, we can stat that the reasons behind the better performance of Alamouti
compared to USM can be attributed to the following:

1 For the mapping between GF symbols to QAM symbols (and to MIbt2words) in case
of 16QAM, we can obtain an rough equivalent LLR diversity order of 6 (2 GF symbols
encapsulated into a single MIMO codeword each with MIMO diversity equal to 4, plus 2
GF symbols each transmitted through two MIMO codewords each withsdivequal 4),
while for the USM with QPSK the equivalent LLR diversity order is equal to 4 (2 GF
symbols each transmitted into 2 MIMO codewords each with diversity of 2).

Similarly, we could simply argue that the intrinsic MIMO diversity in case of Alatinis equal to 4
whereas for USM is equal to 2 (following the traditional analysis of spatial diversity vs spatial
multiplexing trade off). However, we would like to put emphasis on the first analysis since this simple
measure of the LLR diversity ordgive us a good insight into the diversity that the FEC will be able to
achieve, also pointing out that the mapping of the GF symbol into the MIMO codeword plays also an
important roles since it affects to the diversity that can be achieved by the FEGrdédud aspect
which was first discussed in Chapt&rcomes again in the context of MIMO leading to very similar
conclusions as those raised in the SISO context.

In addition, comparing the performance of thetup (using the coding rate 5/6) and the-getin the

previous section (using the code rate 1/2), we can also conclude that the penalty of using a linear receiver
in combination with USM becomes more significant as the coding rate is increased (gapthetween

ML detector and MMSEbased detector increases from 2dB to 4dB in case efDIBC).

Finally, we conclude that for high coding rates, it is absolutely indispensable to use techniques that
increase the spatial diversity, either because iti®duced at the transmitter side by using sgaue

codes that maximize diversity or because the implemented detector is able to extract all the diversity in
the received signal. It would then be very interesting to conduct similar simulations witlsdicetime

codes providing different spatial multiplexispatial diversity tradeoff (e.g. using the Golden Code) so
that we can have a better understanding of which codes performs better as a function of the code rate.
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Figure 3-10. Performance of 4 bpcu,N;,, =576, R=5/6 scenario
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Figure 3-11. Performance of 4 bpcu,N;, =2304, R=5/6 scenario

3.4.3 Performance comparison for 6 bit/s/Hz

Our last seup looks at the cases requiring very high spectral efficiency, so we fixed the spectral
efficiency of 6 bits/s/Hz for the different configurations. The code rate considered is 1/2 and we run the

simulations for the codeword lengths b, =576 and N, = 2304.

The configurations we investigate are USM with 64QAM (providing 12bpcu) using the MMS&d
linear detector as well as the soft ML detector. As in the previougpsethoth NBLDPC and CTC are

compared in tersiof CWER performance which is shownFigure 3-12.
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First observation from this sep is that we observe very small gain from the ML to the MMSE detector,
which despite achieving a lower diversity erdthe gap between both in terms of SNR is below 0.5dB for
both NB-.LDPC and CTC. Again, using the LLR diversity measure (each GF symbol is encapsulated into
a single QAM symbol and transmitted into a single MIMO codeword), we observe that in case of 64QAM
and USM. the equivalent LLR diversity order is equal to one for the linear receiver and two for the ML
receiver. Nevertheless, and due to the strong FEC applied (with code rate 1/2) this difference between the
diversity order does not produce significalifferences at CWER~10(the gain from using ML is only

0.5dB as indicated before).

Finally, comparing both NB.DPC and CTC, the gain of NBDPC ranges from 0:8.7dB for the ML
receiver to 0.8LdB in case of linear MMSE receiver. Furthermore, if weklabthe performance of USM

with MMSE in case of 2bits/s/Hz and 6 bits/s/Hz (each using QPSK and 64QAM respectively), we realize
that the gap between NBDPC and CTC is also increased for the higher spectral efficiency case.

12 Bpcu - R=1/2 - Nbin=576
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Figure 3-12. Performance of 12 bpcu,N,;, =576, R=1/2 scenario
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Figure 3-13. Performance of 12 bpcu,N;, =2304, R=1/2 scenario

3.5 Conclusions

As a summary, we cafude that the gain obtained from NBOPC compared to the SoA FEC scheme
CTC is increased when moving from SISO to MIMO, specially when high spectral efficiency is required
from the system (either by using higher coding rates, either because higherlatiostate selected).
Additionally, we conclude also that NBDPC provides better performance than CTC for all the
configurations studied independently of the detector applied (linear or non linear). The gain ranges from
0.5dB to 1dB, which is then consigel as a significant performance improvement due to the already
outstanding performance of CTC.
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4. MIMO Turbo Detection in LTE

4.1 Introduction

In the previous section we analyzed several MIMO schemes without interference canceller. On the
contrary in this section we will show the performance of MIMO Spatial Multiplexing with an interference
canceller controlled by soft informatioAG wireless systemas LTE demand an increase spectral
efficiency at a very loveost and power consumptiolm this context, MIMO wirelessystens adopting

spatial multiplexing offer a way of increasitige spectral difciency of the system. In order to fully
exploit this capacity non linear MIMO detectors suchSagcessive Interference Cancellation MIMO
detecbrs are requiredThe gain provided by these kind of detectors is fully exploited when combined
with the FEC decoding. This section presents a turbo MIMO detector which estimates and cancels the
multi-antenna stream interference by using thmosteriori pobabilities provided by the FEC decoder.

The performance gain of NBDPC compared to CTC for MIMO turbo detection is evaluated.

4.2 MIMO turbo detection

A 2x2 MIMO SDM system will be consideredrigure 4-1 shows a block diagram of éhoperations
performed by the MIMO detector in combination with the FEC decoder.

_ N Layer 1
e Antennat MMSE » DEMAP * FEC |— Information
Rx Antenna2 ———» |Stenglayer bits
oI
e 1Tx 2RxX Soft Map Coded symbol
probabilities
-— Layer 2
m"fﬁE » DEMAP FEC |— Information
— eak layer bits

Figure 4-1. MIMO turbo detector

For the different receiver antenna OFDM symbol blocks the proposed detector performsothimdol
operations over each carriers:

1 Computation of the MMSE equalizer coefficient matfxas
G=(,&2+H" M) A" (4-1)

wheresf is the noise variancat the receiver] , is an identity matrix of size 2 anHl is a 2x2
matrix containing the frequency domain MIMO channel coefficients.

f  Estimation of the symbol error variance after MMSE estimatigras follows :

si=Diag{ § 6 GO I, 2 RG & GO& H+ &b (4-2)

where Diag{.} and R{} represents the diagonal and real part respectively.

f Selectio of the strongest transmitted MIMO Laykt_, as
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Kney = Arg Mavs ¢ k | (4-3)

1 MMSE estimation for the strongest MIMO layer as

&Kol = G kol @ (4-4)

where y is a vector containing the received frequency domain raatitnna symbols.

1 After demapping and FEC decoding, the interferegcereated by thekmax MIMO layer will
be computed as

c=H [:' kmax] @. Q[n] Cp[n] (4'5)

where g is a vectorcontaining the different QAM constellation symbols aRdis a vector
containing the a posteriori probabilities of the symEﬂnax] that the FEC decoder provides .

1 Interference removal and MMSE estimation of theakest MIMO layer as

k=GO 9 (4-6)

where k ;. = arg rrk1ins§ k] and G,,;, now corresponds to the MMSE equalizer coefficients
takeninto account the interference removal.

G=(sZ+Hl H_ ) N (4-7)

min min

with H_,, =H[., K

min]-

1 Finally the Iayerkrni information bits are provided after FEC decoding.

n

4.3 Numerical Results and Conclusions.

The performance gain provided by the proposed MIMO turbo detector when compared with linear
MMSE detector is shown iRigure4-2 andFigure4-3. For both detectors, DaVinci NBDPC and CTC
performances are provided for coding rates 1/2 and 2/3. For the 1/2 case a coding lépgtR304 has
be chosen while for the 2/3 cagsg= 384. A two transmission layer 2x2 MIMO system is assumed. The
modulation scheme is 68AM. An LTE 20 MHz transmision bandwidth is assumed. The number of
carriers is 2048. Perfect CSI and synchronization are assumed. The propagation channel corresponds to
the suburban macro case described inZH99€]. The separation between the antenna elements are 5 and
0.5 lambdafor the base station and mobile terminal respectively. The carrier frequency is 2I'teHz.
parameters fothe FECdecoder are listed ofable4.1.

Table 4.1. NB-LDPC coding and decoder parameters

Parameter Value

Code Rate Y%,2/3

Galois Field orderg 64

Codeword lengthN ¢ 96, 384

Number of decoding iterations 30

Decoder Type EMS with L-bubble check
LLR vector size per received GF symbdl,,,., 16

Number of sorting operations 18

Decoder Offset 1.0

Demapping Approximation Log-Map (64QAM)
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Figure 4-2. Coding Rate 1/2k;, = 2304

Figure 4-3. Coding Rate 2/3k;, = 384

For both coding rates, 1/2 and 2/3, DaVinci-NBPC shows a better performance than the LTE CTC.
The performance gain provided by the proposed MIMO turbo decoder shows to be the same for coding
rate 1/2 while a higer performance gain is observed for coding rate 2/3.
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