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Executive Summary  

 

This deliverable is the third and last about the performance evaluation of non-binary LDPC codes on 

WIMAX, LTE and WINNER platforms. In the first deliverable (D2.2.1), were specified the mapping and 

demapping strategies for SISO links for non-binary codes, and evaluated their performance over Gaussian 

and Rayleigh channels. Next, in the second deliverable of this series (D2.2.2), we studied the impairments 

of a power amplifier and the mobility effects in a SISO link. The distortion on the power amplifier was 

evaluated in function of its input back off whereas the mobility was analyzed in terms of the Inter Carrier 

Interference (ICI). These impairments degrade severely the performance of the link layer, although in 

both scenarios non-binary codes obtained better results than the binary codes used of WIMAX, LTE and 

WINNER.  

 

Unlike in the previous releases, in this last release we propose ways of using the decoderôs information to 

combat the impairments of the link layer. Moreover, we extend the study of mapping and demapping for 

SISO case in previous releases to the MIMO case in this release and how we can implement them in an 

efficient way. Additionally, the performance of NB-LDPC in case of multiple antenna transmission is 

extensively investigated for different scenarios considering different space-time codes, different MIMO 

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

 

In order to design optimum receivers, it is necessary to model the statistics of the channel. This study was 

initially started on deliverable D5.2 and has continued in D2.2.3 with the introduction of non-classical 

correlation models for Doppler spread. These models have been used to design a 2D Wiener filter assisted 

by the soft information provided by the decoder.  

 

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

is twofold: A Posteriori Probabilities (APP) of the constellation symbols and Syndrome. The former is 

useful to obtain soft estimations of the modulated data that has been transmitted. As a result it opens the 

possibility of applying such information to channel estimation or turbo detection. In a first case we apply 

the soft estimates in SISO and MIMO links. Given that the transmitted signals interfere each other at the 

receiver, it is necessary to apply an interference canceller to separate them. The obtained results show that 

the performance of the turbo detector using non-binary codes has a better performance than its equivalent 

system with binary codes.  

 

Soft information allows us to implement iterative structures of channel estimation or turbo detection. 

Nevertheless, iterative solutions need some criteria to reduce its processing load. In this sense the use of 

the syndrome helps to lower the number of iterations. Note that, if the syndrome indicates that all 

codewords have been decoded successfully, then it is not necessary to continue with the iterative process. 

The results show that this criteria is very useful in scenarios with medium to high SNRs since in these 

cases we can recover the encoded data in one or two  iterations with a low word error probability. The 

reduction of the load is not the unique way of using the syndrome but also as a channel selector. The 

results show that this strategy can help to improve the channel estimation process.  
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Mathematical Symbols and Notation  

qF  Galois field of order q , equivalent to the notation GF(q) 

,jn kh  channel between the j-th receiver antenna and the n-th transmitter antenna at the k-th subcarrier. 

K message length in GF(q) symbols 

bin ldK K q=  message length in bits 

2ld logx x=  base-2 logarithm (ñlogarithmus dualisò) 

N codeword length in GF(q) symbols 

q order of the Galois field, here 64q=  

1R  number of bits per QAM symbol, ñmodulation rateò 

2R  code rate of the non-binary LDPC code 

ks  modulated symbol sent by the k-th subcarrier. 

ky  received signal the k-th subcarrier.  

kw  noise at the k-th subcarrier. 
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1. Introduction  

The main peculiarity of the channel coding techniques employed in the DaVinci project is the use of 

LDPC codes based on a q-order Galois field GF(q). As a consequence, unlike binary-LDPC-coded 

systems, the non binary (NB)-LDPC encoded systems considered within the project must deal with q 

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 thus to investigate 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 approach, described in Chapters 2 and 3, evaluates different mapping schemes considering 

both single antenna (Chapter 2) and multiple antenna transmission (Chapter 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 complexity required at the receiver. As a result, the 

performance of NB-LDPC codes is then evaluated in multiple antenna transmission scenarios for different 

Space-Time 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 schemes are does not consider any interference canceller at the 

receiver side. On the contrary, Chapter 4 introduces an interference canceller in the receiverôs chain. This 

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 interference cancellation is 

considered, in which the a-posteriori probabilities are fed back to the channel decoder. 

 

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

coding techniques in terms of WER performance is to resort to an iterative channel estimation based on 

the soft 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 domain. The algorithms used to 

implement this turbo-oriented channel estimation scheme have been derived in the task T5.2 [D5.5.2]. In 

this document, Chapter 5 evaluates the impact of channel correlation models in the time domain on the 

performance of iterative channel estimation.  The main goal of this study is to identify suitable models for 

the time evolution of the wireless channel, and to provide a good trade-off between system performance 

and receiver complexity. 

 

Chapter 6 uses iterative channel estimation for SISO and MIMO systems without resorting to any matrix 

inversion as in Chapter 5 and with tracking capabilities. These tracking capabilities allow us to exploit the 

time correlation of the channel and have been implemented by means of a Kalman filter. The channel 

estimator uses two types of information from the decoder. The a posteriori probabilities of the 

constellation symbols and the syndrome. The a posteriori probabilities allow us to build soft estimates of 

the transmitted data, which are used to estimate the channel at data subcarriers. In this way it is linked the 

channel estimation process with the decoding one. Iterative receivers need some 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 symbols, then we can use 

the syndrome as a channel selector. Different solutions for averaging the channel estimation have been 

proposed according to scenarios with Gaussian or impulsive noise.  

 

This deliverable has been divided in the following sections. First it is presented the new mapping schemes 

for SISO links. Next, we show new soft schemes for ML and 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 and non-binary codes.  After that, we introduces more 

forms to model the frequency correlation of a mobile channel and use them to design a soft 2D Wiener 

filter in SISO links. On the other hand,  chapter 6 shows SISO and MIMO channel estimators that use the 

syndrome and the a posteriori probabilities of the constellation symbols. 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 the mapping of 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 during previous deliverable [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 the performance with minimum complexity 

increase. 

 

2.1 Generic Galois Field to QAM symbol mapping 

A general schematic of a transmitter using NB-LDPC FEC is depicted in Figure 2-1. The first block in the 

transmitter is in charge of mapping a block of K×log2(q) information bits taken from the binary 

information stream u into K symbols taking values in a Galois Field (GF) of order q. The uncoded 

message K
qFÍv

 
is then fed into the NB- LDPC encoder which outputs a codeword N

qFÍc . The GF 

symbols may then be interleaved if necessary as depicted in Figure 2-1 if the NB-LDPC is sensible to 

correlated errors within the codeword. Note that the interleaving length of this interleaver is one FEC 

block. 

 

The binary images of the encoded GF symbols are next used for mapping onto M-QAM constellation 

symbols. For an encoded message c=(c0,c1,é,cN-1), the number P of M-QAM constellation symbols 

required is 

 
()

( )
2

2

log

log

N q
P

M

³
=  (2.1) 

with P is an integer and M is the QAM constellation size. 

 

Since the information contained into each GF symbol is equivalent to log2(q) bits, the maximum number 

of QAM symbols that may carry the bits of one GF symbol is therefore equal to log2(q). The mapping can 

be simplified assuming that m1 coded GF symbols are mapped onto m2 QAM symbols, where m1Òlog2(q) 

and m2Òlog2(q). The mapping between the elements in c and the elements in x can then be expressed as 

follows 

 1 2: m m
q qF Am ­  (2.2) 

 

where in order to have a bijective mapping between the two sets, both need to have the same cardinality. 

 

It is noteworthy that a binary block interleaver is inserted before the M-QAM mapper. This interleaver 

can be used to apply different GF to QAM symbol mappings but also to achieve some diversity for each 

GF symbol. The depth of this binary block interleaver has a direct impact on the receiver complexity 

since all m2 QAM symbols need to be jointly processed in order to decode the corresponding m1 encoded 

GF symbols. 

 

After the M-QAM mapper and prior to the transmission of the symbols across the channel, a symbol 

interleaver can be applied in order to randomize the channel errors across the whole codeword. In other 

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 increased. At the receiver side, 

this interleaving can be easily inverted without incurred complexity. 
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Figure 2-1 ï Transceiver schematic based on Non-binary LDPC.  

At the receiver side, a first key operation is the demapping of the received M-QAM symbols and the 

computation of the LLR vectors Ln= (Ln,0, Ln,1, é, Ln,q-1) associated with the encoded GF symbols. Each 
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component of L  represents the a-posteriori-probability (APP) for each of the possible transmitted GF 

symbols. The log-likelihood ratio for each component is given by 

 
{ }
{ }

1
,

0

0,1,..., 1
ln ,

0,1,...,

n k

n k

n

P d n m
L

k qP d

a

a

è ø= Í -ê ú=
Íè ø=ê ú

y

y
 (2.3) 

 

where {Ŭk} are the Galois field symbols. 

 

After some simplifications of the LLR expression [DAV -D2.2.1], we can get to the following expression: 

 , , ,n k n k nL a b= -  (2.4) 
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where { }:k

n n kd= =adD  is the set of all code symbol vectors 
10 1( , , )md d -=d  with the n-th binary 

image fixed to ka .The cardinality of the set for the first summation is 1 1mk

nD q
-

= . 

 

The parameter bn in (2.4) is equivalent to a normalization term that can be set equal to the minimum an,k 

such that the smallest LLR value is equal to zero.  

 

 

As shown above, the complexity required to obtain each LLR value is primarily a function of m1. More in 

detail, the complexity order is O(m2×q
m1-1

), which means that the soft-demapping may become quite 

computational demanding for high values of m1. 

 

The LLR values are then deinterleaved in case GF symbol interleaving is used. The deinterleaved LLR 

values are then fed into the DAVINCI NB-LDPC decoder to recover the GF symbols transmitted at the 

source. The output of the NB-LDPC encoder is finally converted to the binary domain  in order to recover 

the binary information transmitted at the source. 

 

2.2 DAVINCI m1 GF symbols to m2 QAM symbols mapping 

In [DAV-D2.2.1], a default scheme for mapping the GF symbols onto QAM symbols was proposed. This 

default mapping targeted the lowest possible complexity at the receiver side. For that reason, the lowest 

possible m1 value was chosen as depicted in Table 2-1. An equivalent complexity is also shown reflecting 

the number of operations required to obtain the LLR values for each GF symbol. Note that this value is 

obtained as a function of the number of d (|·|
2
) operations required. 

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

Constellati

on 
m1 m2 Equivalent Complexity   

1 2

1

m m
q

m
³  

QPSK m1=1 m2=3 192 

16-QAM m1=2 m2=3 6144 

64-QAM m1=1 m2=1 64 

 

As shown in the table above, QPSK and 64-QAM constellations result in a low complexity whereas  for 

the constellation of 16-QAM requires an order of tens more complexity compared to QPSK and 64-QAM. 
 

2.3 Extended DAVINCI  m1 GF symbols to m2 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 different mapping schemes. 

 

As previously shown (with 16-QAM), when m1=2 the complexity becomes pretty high  compared to 

m1=1. We thus restrict our investigation of the mapping schemes to only m1=1 and m1=2. The table below 
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shows different possible combinations of the values m1 and m2 assuming a GF order q=64 and M-QAM 

modulations with M={4,16,64}. 

 

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

Constellation m1 m2 Equivalent Complexity GF to QAM interleaving sequence 

QPSK 
m1=1 m2=3 192 (1) 

m1=2 m2=6 12288 (2,3) 

16-QAM  m1=2 m2=3 6144 (2u,3,4,5,6u) 

64-QAM  
m1=1 m2=1 64 (1) 

m1=2 m2=2 2048 (2,3,4,5,6,7u,8u) 

 

Thus, in addition to the DAVINCI mapping where the GF symbol is transmitted into consecutive QAM 

symbols, an additional interleaving of the GF symbol bits is inserted before the QAM mapping. As a 

result of this interleaving the bits corresponding to a single GF symbol may be spread across m2 QAM 

symbols. In order not to waste the channel bandwidth, m1 GF symbols are multiplexed into the m2 QAM 

symbols. 

 

Table 2-3 gives different potential interleaving sequences for both cases of m1 = 1 and m1 = 2. Not all 

possible sequences are considered, but at least those considered cover a very large number of cases due to 

the symmetry and to the fact that different labelings of the GF symbol do not impact the performance (i.e. 

all bits in the binary image contain the same amount of information), as it was shown in [DAV-D5.1.1]. 

Table 2-3. GF to QAM symbol interleaving sequences 

m1 GF to QAM interleaving sequence Sequence index 

1 [a0 a1 a2 a3 a4 a5] 1 

2 

[a0 a1 a2 a3 a4 a5 b0 b1 b2 b3 b4 b5] 2 

[a0 b0 a1 b1 a2 b2 a3 b3 a4 b4 a5 b5] 3 

[a0 a1 b0 b1 a2 a3 b2 b3 a4 a5 b4 b5] 4 

[a0 b0 b1 a1 a2 b2 b3 a3 a4 b4 b5 a5] 5 

[a0 a1 a2 b0 b1 b2 a3 a4 a5 b3 b4 b5] 6 

[b0 a1 a2 a3 a4 a5 a0 b1 b2 b3 b4 b5] 7 

[b0 b1 a2 a3 a4 a5 a0 a1 b2 b3 b4 b5] 8 

 

The list of interleaving sequences considered for each constellation is indicated into the last column of 

Table 2-2 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 symbols are evenly 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 marked as Xu in Table 2-2). An example 

of the unbalanced case is the one obtained with the default DAVINCI mapping for 16-QAM (sequence 2). 

 

Finally, the bit labeling schemes used in case of QPSK, 16-QAM and 64-QAM are illustrated in Figure 

2-2 and Figure 2-3. As shown in these figures, for all constellations the first log2(M)/2 bits are mapped 

into the in-phase component (real plane) while the second log2(M)/2 bits are mapped into the quadrature 

component (imaginary plane). 
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Figure 2-2. QPSK and 16-QAM 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 Size, q 64 

Code word length, NGF 96, 384 

Number of decoding iterations 30 

Decoder type EMS with L-bubble check 

LLR vector size per received GF symbol, NbMax 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 QPSK, 16-QAM and 64-QAM 

using a codeword 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 represented by the 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 binary AWGN channel independently of the interleaving sequence.  
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In the 16-QAM case, we observe that the interleaving sequence #4 gives the best performance by 

achieving a higher diversity order 
1
compared 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 64-QAM, the best performance is achieved with sequences #1, #2 and #6. We also notice 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 also highly 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 same in-phase or quadrature 

component should be kept as low as possible (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 FER=10
-3
 w.r.t. the 

worst interleaving sequence. 

 

Regarding the impact of the coding rate, we notice that lower code 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 

combination with the GF to QAM mapping scheme proposed here. Additionally, we notice that in case of 

code rate 5/6 and 64-QAM modulation a significant gap is observed for worst sequences #4 and #5 which 

carry information from different GF symbols in the same in-phase and quadrature components (i.e. 

correlation between GF symbols is increased). 

 

                                                           

 

 
1 We define the diversity order as the 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 value, referred 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. 



DAVINCI   D2.2.3 v 1.0 

 

 Page 13 (72) 

0.5 1 1.5 2 2.5 3
10

-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

SNR (dB)

F
E

R
 (

s
o
lid

 l
in

e
) 

/ 
B

E
R

 (
d
a
s
h
e
d
 l
in

e
)

QPSK, N=96, code rate 1/2, AWGN

 

 

QPSK - seq.1

QPSK - seq.2

QPSK - seq.3

4 4.5 5 5.5 6 6.5
10

-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

QPSK, N=96, code rate 5/6, AWGN

 
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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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 section we evaluate the impact of the GF symbol to IQ symbol mapping when the channel is 

modeled as i.i.d. Rayleigh. Compared to the AWGN channel, here the in-phase and quadrature 

components of the same QAM symbol are also correlated. Figure 2-7 to Figure 2-9 show the BER and 

FER performance of QPSK, 16-QAM and 64-QAM using the codeword lengths of N=96 and N=384 GF 

symbols and code rate 1/2.   
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Figure 2-7. FER and BER for QPSK, N=96 (left) and N=384 (right), code rate 1/2. 

 

For the shortest codeword length N=96, we observe that in case of QPSK the differences in performance 

are negligible (<0.1dB) but for higher constellations (e.g. 16-QAM and 64-QAM) gaps of higher than 

0.5dB can be observed at FER=10
-3
. 
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When the codeword length is increased to N=384, the obtained results does not vary while the gain that 

we have from the proposed mapping schemes is slightly improved (e.g. >0.5dB at FER=10
-3
) due 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 appreciated in Figure 2-9 in case of 64-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 M-QAM symbols leading to higher intra-GF symbol diversity. 

However, the performance is degraded when the correlation of the GF symbols is increased (reducing 

inter-symbol diversity).  
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Figure 2-8. FER and BER for 16-QAM, N=96 (left) and N=384 (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 mapping schemes 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 by the m1 parameter).  We conclude 

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

of in-phase and quadrature components (highest intra-GF symbol diversity) while at the same time the GF 

symbols are maximally uncorrelated (i.e. highest inter-GF symbol diversity). Good practice to achieve 

this is: 

i) first avoid multiplexing different GF symbols into the same I or Q component of the QAM 

symbol  

ii)  second transmit the GF symbols into the largest possible number of I and Q components of the 

QAM symbols that are most likely to experience independent 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 codeword error rate 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 FER=10
-3 

and in case 

of multipath channel. 

 

Finally, and related to previous DAVINCI mapping scheme, we have identified a new mapping scheme 

for the 16-QAM 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 for 64-QAM in case of m1=2 which, requiring a 

complexity in the range of the 16-QAM case, brings also an extra 0.2 dB gain. Extrapolating these values, 

higher gains are then expected for those cases where m1>2 at 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 NB-LDPC FEC coding is evaluated in case of multiple antenna 

transmission. In order to evaluate the benefits of NB-LDPC, its performance is compared to the SoA FEC 

scheme Convolutional Turbo Code (CTC). The comparison is carried for different spectral efficiencies, 

space-time coding schemes as well as receiver implementations (i.e. linear and non-linear detectors). 

 

3.1 MIMO System description 

In this section we study the combination of DAVINCI NB-LDPC encoder together with MIMO encoder 

from both the performance and complexity perspectives. Figure 3-1 below depicts the system model for 

the first analyzed receiver used in our study. In addition, we compare the performance of the NB-LDPC 

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 essentially the Duo-Binary Turbo Code initially 

proposed in the WINNER project). For the simulations based on the binary FEC scheme, the transmission 

chain is modified as indicated by the blue mask below, while for the non-binary (DaVinci) chain, the 

elements are explicitly indicated. Therefore, Figure 3-1 illustrates which part of the chain needs to be 

modified whether we would like to use a binary or a non-binary FEC scheme. 
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Figure 3-1. System model of DAVINCI NB-LDPC with first MIMO Receiver. 

 

The Bit Info Generator feeds the information bit stream to the Bits To GF64 symbols Converter, which 

maps the stream of information bits into a stream of symbols in a Galois Field of order q = 64 (GF64). 

Thus, each set of 6 consecutive bits maps into one GF64 symbol: 

 

    ,...,, 510 kbbb a½­½  (3.1) 

   

Then, a set of K GF64 symbols is fed to the DaVinci Encoder, which outputs a codeword of N GF64 

symbols, thus resulting in a code rate R=K/N. Then, the GF Symbol Interleaver performs an interleaving 

operation at GF symbol level. 

 

The Binary Image of GF64 provides the Modulation Mapper with the binary images of the coded GF64 

symbols
2
. The Modulation Mapper maps m1 GF64 symbols onto m2 QAM constellation symbols as 

described in [DAD-D2.2.1].  The QAM Symbol Interleaver performs an interleaving operation on the 

stream of QAM symbols. 

 

The MIMO Encoder encodes the stream of QAM constellation symbols into MIMO codewords. This 

encoder will dictate how the QAM symbols are transmitted over the whole MIMO codeword.  

 

Figure 3-2 shows the different mapping steps that are required to transmit 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 codeword. The 

                                                           

 

 
2 In case of binary FEC encoding, the cascade Bits To GF64 symbols Converter - DaVinci Encoder - Binary Image of 

GF64 can be substituted with the binary encoder, as shown also in Fig. 3-1. 
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case presented in the figure exemplifies the transmission of GF64 symbols when QPSK is selected and 

the MIMO codeword is formed by two QAM symbols per block. 
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Figure 3-2. Mismatch between GF64 symbols, modulation symbols and MIMO codewords. 

 

 

At the receiver side, the cascade MIMO Linear Equalizer ï QAM Symbol De-Interleaver - Soft Demapper 

computes the A-Posteriori Probability (i.e. LLR values per GF symbol) for each of the transmitted GF 

symbols. The LLR information is then passed to the GF Symbol De-Interleaver and later to FEC 

Decoder, which provides the hard decided GF64 symbols. At last, the GF64 symbols to Bits Converter 

demaps the hard decided GF64 symbols into their correspondent binary images. 

 

When the second receiver is used, the system model of Figure 3-1 must be modified as follows 
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Figure 3-3. System model of DAVINCI NB-LDPC with second MIMO Receiver. 

 

Here we can observe that the QAM Symbol Interleaver shown in Figure 3-1 is now substituted by the 

MIMO CW Interleaver, which performs an interleaving operation at MIMO codeword level. Actually this 

interleaver is not implemented as we assume an uncorrelated space-time MIMO channel fading. This 

means that for this specific case the MIMO codewords are ideally uncorrelated. However, this interleaver 

could improve the performance in case of correlated channels. Moreover, the combination MIMO Linear 

Equalizer + Soft Demapper is now substituted by the Soft ML Receiver, also called Joint Detector.  

 

3.2 MIMO Encoder  

As mentioned in the previous section this block is responsible of encoding and the modulation symbols 

onto MIMO codewords. In our study we consider 2 reference MIMO schemes, i.e. Alamouti and 

Uncoded Spatial Multiplexing, optimized for two transmit antennas. For the sake of convenience, we 

present below the general framework of Linear Dispersion Codes (LDC), as described in [HH01]. A 

linear-dispersion codeword can be written as follows: 
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Where qqq js ba Ö+=  are the modulation symbols whereas Aq and Bq are fixed matrices that 

characterize each LDC. Specifically, Aq, Bq are T × Nt matrices, where T is the number of channel uses, 

Nt is the number of transmit antennas and Q is the number of complex symbols transmitted during one 

MIMO codeword. 

 

For Alamouti 2x2, the corresponding dispersion matrices can be found as: 
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For Uncoded Spatial Multiplexing, the following dispersion matrices apply: 

 

 ]1  0[ ],0   1[ ==== 2211 BABA  (3.4) 

 

  

3.3 MIMO Receivers 

In this section we describe the techniques used to extract the soft information from the received signal. 

Two different approaches are considered: the first  approach is represented by the linear equalizers (Zero-

Forcing, MMSE) in combination with a Soft Demapper; while the second approach corresponds to the 

maximum-likelihood (ML) soft decoder. 

 

Before moving to the exact demapping expression, we develop further our system model, including the 

channel effects leading to the following signal model at the receiver side: 

 

 
t

t

E

N
= Ö Ö +Y S H W  (3.5) 

 

where H is the Nt×NR channel matrix, Et is the total transmit power (i.e. includes all the antennas) and  

W is a T × NR matrix where all its elements are complex-valued Gaussian distributed with zero mean and 

No standard deviation. The Signal to Noise Ratio (SNR) parameter is then given by  

 

 
0/tE Nr= . (3.6) 

 

Following the notation of [HH01], the received signal can be expressed as follows: 
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Then, we can highlight the real and imaginary components of each matrix as given hereafter: 

1

[ ( ) ( )] ( ) ( )
Q

t
q q

qt

E
j j j j j j

N
a b

=

+ Ö = Ö Ö + Ö + Ö Ö + Ö Ö + Ö + + ÖäR I R,q I,q R,q I,q R I R I
Y Y A A B B H H W W

 

  

  (3.8) 

 

Moreover, we denote the columns of YR,YI,HR,HI,WR,WI  as yR,n,yI,n,hR,n,hI,n,wR,n,wI,n  and define 
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where n ranges within 1,...,NR (number of receive antennas). Finally, we rewrite (3.5) into its equivalent 

real-valued vectorized version as follows 
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where y  has dimensions equal to 2NRT×1. H  is the equivalent 2NRT×2Q real-values channel matrix and 

it is given by: 
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3.3.1 MIMO Linear Soft Demapper 

In this section we present the first receiver approach with the cascade of MIMO Linear Equalizer and Soft 

Demapper. 

 

3.3.1.1 MIMO Linear Equalization  

MIMO linear decoders (Zero-Forcing, MMSE) represent interesting solutions for their simplicity. The 

MIMO decoder performs simply a multiplication by a matrix in order to extract transmitted constellation 

symbols from the received signal. Furthermore, one additional benefit of these Linear Equalizers is that 

their output is a single stream, as if it has passed through an equivalent SISO channel. Therefore, soft 

demappers, previously defined demappers for SISO can be used with minor changes. So the received 

signal is first equalized obtaining: 

 

 Ĕ= Ö = Ö + Ös G y M s  G w , (3.12) 

 

where M  is a 2Q×2Q  matrix which becomes an eye matrix in case of orthogonal space-time block codes. 

Two possible equalizations matrices G might be used depending on the optimization parameter, Least 

Squares (a.k.a. Zero-Forcing) and Minimum Mean Square Error (MMSE). The exact expressions for the 

equalizing matrices are as follows: 
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The output of the MIMO Linear Equalizer is then fed back jointly with two additional parameters which 

reflect the equivalent SISO channel and equivalent noise. These aspects are detailed below. 

 

3.3.1.2 Soft Demapper 

The Soft Demapper is used in combination with linear receivers and its role is the computation of the 

LLRs. As mentioned in the previous section the input of the Soft Demapper is represented by (3.12). 
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According to [DAV-D2.2.1], for each GF(q) symbol qn Fb Í , a vector of q APP values has to be 

computed, and each value is defined as 
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where },...,1,0{ 1mnÍ , 1,...,0 -Í qk , { ka } are the Galois field symbols, i.e. },...,,{ 110 -= qqF aaa . 

Assuming all the code symbols to be equiprobable and the channel memoryless, we can rewrite the 

previous expression as: 
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where ),...,( 10 1-
= mbbb  is the code symbol vector, }:{ kn

k
n bB a==b   is the set of all code symbol 

vectors where the n-th component equal to ka . 

 

In an uncorrelated Rayleigh MIMO channel, the output of the linear equalizer is given by (3.12) and its 

pdf can be expressed by 
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where v=1,..,Q (for each MIMO codeword), k is the index of the possible GF symbol. The coefficient l 

is computed  according to  
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where for each codeword, p=1,2. Specifically, l takes into account the effects of the G  matrix on the 

noise realizations received by each antenna. These coefficients might be constant if the channel is also 

constant during the T channel uses. ESINR is the Equivalent Signal to Noise+Interference Ratio and it is 

defined as [HL05]: 
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where ][ HÖ= GD diag  and =selfI DG -ÖH .  

 

The coefficients 
)2( pv+b  keep trace of the amplification that can be introduced by matrix G  on the 

transmitted information signal at each receive antenna port. These coefficients are defined as 
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where M is the matrix introduced in Equation (3.12) and links decoded symbols to transmitted symbols. 

We can observe that the differences between the soft demapper for SISO in [DAV-D2.2.1] and this 

demapper for MIMO are reflected through the coefficients bl, .  

 

Now substituting  (3.17)  within (3.16) we obtain: 
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  (3.21)  

 

The description above is general for each order of Galois field, although we focus in this study on the 

GF64 case, where q=64. 

 

3.3.1.2.1 QPSK 

In this case the computation of LLRs is relatively simple since 3 QPSK symbols map onto 1 GF64 

symbol. The LLRs for each received GF64 symbols are: 
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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 of 16-QAM symbols and one GF64 symbol. Here we need to compute one distance between the 

received signal and each possible configuration of two GF64 symbols (equal to three 16-QAM symbols), 

which means 64
2
=4096 combinations, and then exploit these distances in order to obtain 64 LLRs for 

both GF64 transmitted symbols. For this reason the Soft Demapper for 16-QAM has an increasing 

complexity compared to the one for QPSK and the one for 64-QAM. For the LLRs computation, we 

assume the Max-log-MAP approximation. We select this approximation thanks to its reduced complexity 

compared with the Log-MAP approach. The distances can be computed according to 
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 (3.23) 

 

where k=1,..,4096, 
)(k

is  is the 16-QAM mapping of the i-th part of the k-th configuration, with length of 

two GF64 symbols. Equation (3.23) is the MIMO version of the LLR computation, presented in [DAV -

D2.2.1] for the SISO case. Then, in case of the max-log-MAP approach, the distances are compared in 

order to obtain the final LLR value, as given below: 
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s

 (3.24) 

 

Here }1,0{Ín  is the GF64 symbol index,
k
nB , in analogy with SISO case, is the k-th set of possible 

configurations (two GF64 symbols long) for the n-th GF64 symbol.  
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3.3.1.2.3 64-QAM 

Here the computation of the LLRs is simplified thanks to the perfect matching between one GF64 symbol 

and a 64-QAM symbol. So the LLRs for each received signal can be computed according to: 

 

 ]})Im{}Ĕ(Im{
1

})Re{}Ĕ(Re{
1

[
1 2)()22(

)22(

2)()12(

)12(
0

kv

v

kv

vk ssss
N

L Ö-Ö+Ö-ÖÖ-= +

+

+

+
b

l
b

l
 (3.25) 

 

where all the coefficients follow the definitions specified above. 

 

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

Thanks to the general description of the Soft Demapper introduced in [DAV -D2.2.1] and followed in the 

previous section, the Soft Demapper for binary FECs can be easily derived from (3.21) considering the 

binary case as a particular case of Galois field with q=2. Specifically, if we exploit the max-Log-MAP 

approximation even for the binary case, the (3.21) becomes 
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where  
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And k runs from 1 to 2
log2(M)

 and 
nB1 ,

nB0  are the set of configurations where the n-th 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 for orthogonal and non-orthogonal codes. But this is paid with a significant complexity of 

the decoder which implements an exhaustive search amongst all the possible symbols as shown hereafter: 
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Being s a particular symbol of the constellation Sfor a particular modulation. This ML detector 

performs hard decisions and is not suited for the case of soft-decoders. On the other hand, we observe that  

the distances in the ML expression perfectly match what is required for the LLR computation. Thus, it is 

natural to extend the LLR computation to jointly cover the MIMO decoding. We refer to this as the Joint 

Detector which details are provided below. 

 

First of all it is important to notice that there is a mismatch between GF64 symbols in a MIMO codeword. 

The following figure shows this mismatch: 
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Received MIMO CWs

GF64 sym #1

GF64 sym #2

 

Figure 3-4. Mismatch between GF64 symbols and MIMO codewords for the LLRs computation. 

 

The figure above, which is specific for QPSK modulation and MIMO scheme with Q=2, illustrates 

clearly that, once received the first two MIMO CWs, we can compute the LLRs related only to GF 

symbol #1. This is since two MIMO codewords transport more 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 is need to cover all possible combinations of 

the 2 bits associated with GF symbol #2 but carried in the 2
nd

 MIMO codeword. The same applies to GF 

symbol #2. In the following we present a procedure which better describes this issue.  

 

First we need to separate the LLR computation into two sub-operations:  

 

¶ Distances Computation 

¶ 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, experiencing the same channel realization 

as the received MIMO codeword. These distances can be computed according to 
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where y  is the received MIMO codeword, 
(m)

s  is the m-th configuration of the same length of a MIMO 

codeword, m runs within 12,...,0 -g  and H  is the channel realization experienced by the received 

MIMO codeword. The following table collects the number of distances per MIMO codeword to compute 

for each analyzed configuration. It is interesting to observe that for this sub-operation 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 chains. 
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                   Table 3.1. Complexities for Distances Computation sub-operation. 

Const. 
MIMO 

STBC 

MIMO 

Length(g bits) 

Distances/ 

MIMO 

CW 

QPSK M=4 
Ala2x2 

USM 
4 16 

QPSK M=4 
Golden 

Code 
8 256 

16-QAM 

M=16 

Ala2x2 

USM 
8 256 

16-QAM 

M=16 

Golden 

Code 
16 65536 

64-QAM 

M=64 

Ala2x2 

USM 
12 4096 

64-QAM 

M=64 

Golden 

Code 
24 64^4 

 

 

It is important to notice that at this stage we are not concerned of the GF symbols. In fact we are handling 

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 sub-operation 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 parameter, i.e. m3  that represents the number of 

MIMO codewords in which a GF symbol is encapsulated. This 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 consider the 16-QAM 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 parameter m3  changes its value from 1 to 2. The following figure illustrates this. 
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Figure 3-5. Mismatch between GF64 symbols and MIMO codewords for 16-QAM, Q=2 case. 

 

 

In Figure 3-5, the green stream is the one of received MIMO codewords, and below we can see where 

each GF symbol is encapsulated. Specifically, 
)1(

3m  is the value of this parameter for the first received GF 

symbol (it is equal to 1), whilst 
)2(

3m 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 values of m3 for each analyzed 

configuration: 

Table 3.2. Complexities for Distances Computation sub-operation 

Const. 
MIMO 

STBC 3m  

QPSK M=4 
Ala2x2 

USM 
2 

QPSK M=4 
Golden 

Code 
1-2 

16-QAM 

M=16 

Ala2x2 

USM 
1-2 

16-QAM 

M=16 

Golden 

Code 
1-2 

64-QAM 

M=64 

Ala2x2 

USM 
1 

64-QAM 

M=64 

Golden 

Code 
1 

 

So for each received GF symbol we need to store and exploit 
g23Öm  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 explore the distances 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 tables (if m3 is equal 

to 2): in this case we also need two starting point indexes. We refer to this index (or indexes) as t1 (and t2, 

where necessary). It is important to observe that not only the binary image of the GF value is important in 

order to obtain t1  (and t2) but also its position within one (or two) MIMO codeword. Once t1 (and t2) 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 desired  position 

(within the MIMO CW). Denoting v the bits of the analyzed GF symbol at the end of the first MIMO CW 

and u the bits at the beginning of the second MIMO CW (the case where all the GF symbol is within a 

MIMO CW is simply a particular case), we can define: 
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The meaning of these new parameters can be easily understood observing the following figure.  
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Figure 3-6. Exploration of the computed distances in order to extract LLRs. 

 

The parameters 21,ff  help to scan the tables of distances considering only the configurations which 

present the GF value in the desired position and all the possible configurations of redundant bits. These 

distances can be exploited according to Log-MAP or max-log-MAP. We adopt the max-log-MAP 

approximation, but this procedure can be easily adapted to the Log-MAP computation. So the LLR 

extraction can be generalized as follows: 
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where k is the index of the LLR and runs within 0,..,63, 
)(

2
)(

1 , kk tt  show their relation with k index, 

)2()1( ,DD are the first and the second distances table respectively for the current received GF symbol, w 

scans the first table of distances and runs within 
vMQ -Ö )(2log2,...,1 , r scans the second table of distances 

and runs within 2,...,1 j .  

  

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 )(log2 MQÖ  LLRs, without any correlation among different MIMO codewords. This has an 

impact on the complexity as we will see in the following. The LLR extraction based on the table 

computed in  (3.29) is performed as follows: 

 

 {} {}D-D=
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ibL  (3.32) 

 

where 
)(

0
iB  is the set of configuration which shows a 0 at i-th bit, whilst 

)(
1

iB  is the set of configuration 

which shows a 1 at i-th bit. 

 

We conclude this section with a comparison of complexities between DaVinci case and binary case for 

the LLR extraction sub-operation. 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 mismatch between MIMO 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 number of operations that we need 

to perform on the block of information in order to extract all the A Posteriori Probability information. 

Remind that we are assuming the max-log-MAP approximation, so this means that the operations that we 

consider are comparisons for the binary case as shown in (3.32), whereas comparisons and sums for 

DaVinci case as shown in (3.31). 

 

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

Table 3.3. Complexity summary for GF64 case. 

Const. MIMO ST BC 
Comparisons/Bit  

(Binary case) 

Comparisons/Bit  

(DaVinci) 

Sums/Bit  

(DaVinci) 

QPSK M=4 Ala2x2 USM 16 43 43 

QPSK M=4 Golden Code 256 5483 5462 

16-QAM 

M=16 
Ala2x2 USM 256 5483 5462 

16-QAM 

M=16 
Golden Code 65536 2.79633*E6 2.7962*E6 

64-QAM 

M=64 
Ala2x2 USM 4096 683 0 

64-QAM 

M=64 
Golden Code 1.67772*E7 2.7962*E6 0 

 

 

It is interesting to observe that the complexity of the DaVinci case is strongly affected by 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 (64-QAM case), the complexity of the DaVinci Joint Detector keeps lower 

than binary case. In the 64-QAM 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, i.e. 3m  is always equal to 1. 

 

3.4 Numerical results 

In this section we show the results in terms of Codeword Error Rate (CWER) that we obtain for the 

different simulated scenarios. The specific parameters used during the simulation are indicated from 

Tables 3.4 to 3.6. Notice that for all 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 Alamouti (SISO is only 

included for reference purposes). The number of QAM symbols encapsulated into one MIMO codeword 

is then fixed and equal to Q=2 as shown in Figure 3-7. Additionally, we also observe that in case of 

QPSK modulation, 2GF symbols are encapsulated into 3 MIMO codewords, for 16QAM 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 order, q 64 

Codeword length, GFN  96, 384 

Number of decoding iterations 30 

Decoder Type EMS with L-bubble check 

LLR vector size per received GF symbol, bMaxN  16 

Number of sorting operations 18 

Decoder Offset 1.0 

Demapping Approximation Max-Log-Map (16-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), binN  576, 2304 

Code Type Double binary Circular Recursive 

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 64QAM (with Gray mapping) 

Number of transmit antennas 2 

Number of receive antennas 2  

(for SISO only 1 antenna is considered at the receiver) 

Channel coefficients i.i.d. Rayleigh distributed 

Space-Time encoding Alamouti (2x2), Uncoded SM (2x2) 
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3.4.1 Performance comparison for 2 bit/s/Hz 

First, we present the comparison of the two FEC schemes (NB-LDPC and CTC), for different MIMO 

configurations (USM, Alamouti, SISO) at 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 lengths of Nbin=576 and 2304bits are used to gain a 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 combined 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 and the Soft Demapper described in Section 3.3.1.2. 

 

The second configuration is based on the same combination of modulation and MIMO scheme but the 

more complex non-linear receiver providing the Maximum Likelihood detection described in 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 scheme 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 understand 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 (NB-LDPC and CTC) with the different MIMO configurations 

reported before is depicted in Figure 3-8 and Figure 3-9 for Nbin=576 and Nbin=2304 respectively. 

 

From these simulations, we observe that using the first configuration described above (i.e USM with 

MMSE-based soft detector) and independently of the codeword lengths (i.e. Nbin=576 and Nbin=2304), the 

performance of both FEC coding schemes is very similar, noticing a small increase in the diversity order 

for the NB-LDPC case. Under this configuration, the benefit of using NB-LDPC instead of CTC is only 

about a few tenths of dB for low CWER ratios (CWER<10
-3
).  

 

Differently, for the second and third configurations (USM with ML soft detector and Alamouti with ZF 

equalizer), the gain obtained with NB-LDPC 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 using NB-LDPC 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 Space-Time encoding scheme used (Alamouti or 

SM), the diversity order achieved by the NB-LDPC always outperforms the one from CTC no matter 

what is the detector used (assuming both FEC schemes use the same kind of detector). Furthermore, we 

compare the performance of Alamouti with ZF (intrinsic MIMO diversity order of Nt³Nr=4) vs. SM with 

MMSE (intrinsic MIMO diversity order equal to 1), we can also conclude that NB-LDPC 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 diversity order equal to Nr=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 interference. 

 

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 with NB-LDPC than with CTC 

since the gap between ML detector and MMSE detector is around 2dB for NB-LDPC and around 1.5dB. 

This fact is also confirmed from the results obtained in Section 4.3 of this document where it is observed 

that NB-LDPC may obtain a higher gain than the turbo code used for the comparison, when interference 

cancellation techniques are used (notice that to appreciate this benefit we need to look at CWER<10
-3
).  
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Figure 3-8. Performance of 4 bpcu, 576Nbin = , R=1/2 scenario 
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Figure 3-9. Performance of 4 bpcu, 2304Nbin = , R=1/2 scenario  

 

3.4.2 Performance comparison for 3.33 bit/s/Hz 

For this second step-up, the spectral efficiency considered is 3.33 bits/s/Hz obtained when using 

constellations equivalent to 4 bpcu (according to the MIMO scheme selected) and a coding rate equal to 

5/6. In this second set-up, the previously choses codeword lengths (bits)s are also considered.  

 

As in the previous set-up, the performance obtained with thee configurations given by USM with MMSE, 

USM with ML and Alamouti with ZF is depicted in Figures 3-10 and 3-11 for codeword lengths 

576=binN   and 2304=binN  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 higher codeword length.  

 

Afterwards, and comparing the performance of NB-LDPC vs. CTC, we can appreciate that as the coding 

rate is increased, the gain obtained from using NB-LDPC is slightly increased. This becomes very 

plausible in case of SM with MMSE receiver which for code rate 1/2 gave very similar performance for 

both FEC schemes, however for code rate 5/6 the gain obtained with NB-LDPC is around 0.5dB. This 

result can be easily explained from the fact that the CTC simulated uses puncturing to achieve the higher 

coding rates (mother code is 1/3), while for the NB-LDPC 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 than the 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 coding rate is 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 NB-LDPC the gap between Alamouti with ZF and 

USM with SM has been significantly reduced. Notice 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, codeword length, etc. need 

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: 

 

¶ For the mapping between GF symbols to QAM symbols (and to MIMO codewords) 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 with diversity equal 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 Alamouti is 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 order give 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 FEC decoder. This aspect 

which was first discussed in Chapter 2, comes again in the context of MIMO leading to very similar 

conclusions as those raised in the SISO context. 

 

In addition, comparing the performance of this set-up (using the coding rate 5/6) and the set-up in 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 (i.e. the gap between 

ML detector and MMSE-based detector increases from 2dB to 4dB in case of NB-LDPC).  

 

Finally, we conclude that for high coding rates, it is absolutely indispensable to use techniques that 

increase the spatial diversity, either because it is introduced at the transmitter side by using space-time 

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 with other space-time 

codes providing different spatial multiplexing-spatial 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, 576Nbin = , R=5/6 scenario 
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Figure 3-11. Performance of 4 bpcu, 2304Nbin = , R=5/6 scenario 

 

3.4.3 Performance comparison for 6 bit/s/Hz 

Our last set-up 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 of 576=binN and 2304=binN .  

 

The configurations we investigate are USM with 64QAM (providing 12bpcu) using the MMSE-based 

linear detector as well as the soft ML detector. As in the previous set-ups, both NB-LDPC and CTC are 

compared in terms of CWER performance which is shown in Figure 3-12.  
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First observation from this set-up is that we observe very small gain from the ML to the MMSE detector, 

which despite achieving a lower diversity order, the 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 significant differences at CWER~10
-3
 (the gain from using ML is only 

0.5dB as indicated before).  

 

Finally, comparing both NB-LDPC and CTC, the gain of NB-LDPC ranges from 0.5-0.7dB for the ML 

receiver to 0.5-1dB in case of linear MMSE receiver. Furthermore, if we look at the 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 NB-LDPC and CTC is also increased for the higher spectral efficiency case. 
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Figure 3-12. Performance of 12 bpcu, 576Nbin = , R=1/2 scenario 
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Figure 3-13. Performance of 12 bpcu, 2304Nbin = , R=1/2 scenario 

 

3.5 Conclusions. 

As a summary, we conclude that the gain obtained from NB-LDPC 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 higher constellation are selected). 

Additionally, we conclude also that NB-LDPC 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 considered as a significant performance improvement due to the already 

outstanding performance of CTC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



DAVINCI   D2.2.3 v 1.0 

 

 Page 36 (72) 

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 information. 4G wireless systems as LTE demand an increase in spectral 

efficiency at a very low cost and power consumption. In this context, MIMO wireless systems adopting 

spatial multiplexing offer a way of increasing the spectral efficiency of the system. In order to fully 

exploit this capacity non linear MIMO detectors such as Successive Interference Cancellation MIMO 

detectors are required. The 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 the a-posteriori probabilities provided by the FEC decoder. 

The performance gain of NB-LDPC compared to CTC for MIMO turbo detection is evaluated. 

4.2 MIMO turbo detection  

A 2x2 MIMO SDM system will be considered. Figure 4-1 shows a block diagram of the operations 

performed by the MIMO detector in combination with the FEC decoder. 

 

 

Figure 4-1. MIMO turbo detector  

For the different receiver antenna OFDM symbol blocks the proposed detector performs the following 

operations over each carriers: 

 

¶ Computation of the MMSE equalizer coefficient matrix G as 

 

HH

n HHHIG ÖÖ+Ö= -12

2 )( s        (4-1) 

where 
2

ns  is the noise variance at the receiver, 2I  is an identity matrix of size 2 and H is a 2x2 

matrix containing the frequency domain MIMO channel coefficients. 

 

¶ Estimation of the symbol error variance after MMSE estimation 
2

Ĕss  as follows : 

 

          { }{ }2 2

Ĕ 2 2H H H

s nDiag G G I R G H G H H Gs s= Ö Ö + - Ö Ö + Ö Ö Ö                          (4-2) 

 

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

 

¶ Selection of the strongest transmitted MIMO Layer maxk  as 
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                2

Ĕmax argmax [ ]s
k

k ks=                            (4-3) 

¶ MMSE estimation for the strongest MIMO layer as 

 

         
max max

Ĕ[ ] [ ,:]s k G k y= Ö                    (4-4) 

where y  is a vector containing the received frequency domain multi-antenna symbols. 

 

¶ After demapping and FEC decoding, the interference c created by the 
maxk  MIMO layer will 

be computed as 

ä ÖÖ=
n

nPnkH ][][][:, max gc                                                 (4-5) 

where g is a vector containing the different QAM constellation symbols and P  is a vector 

containing the a posteriori probabilities of the symbol 
max

Ĕ[ ]s k  that the FEC decoder  provides  . 

 

¶ Interference removal and MMSE estimation of the weakest MIMO layer as 

 

                           min
Ĕ[ ] ( )s k G y c= Ö -         (4-6)

      

where 2

Ĕmin argmin [ ]s
k

k ks=  and minG  now corresponds to the MMSE equalizer coefficients 

taken into account the interference removal. 

HH

n HHHG min

1

minmin

2 )( ÖÖ+= -s    (4-7) 

with ][:, minmin kHH = . 

 

¶ Finally the layer mink  information bits are provided after FEC decoding. 

 

4.3 Numerical Results and Conclusions. 

The performance gain provided by the proposed MIMO turbo detector when compared with linear 

MMSE detector is shown in Figure 4-2 and Figure 4-3. For both detectors, DaVinci NB-LDPC and CTC 

performances are provided for coding rates 1/2 and 2/3. For the 1/2 case a coding length of kbin=2304 has 

be chosen while for the 2/3 case kbin= 384. A two transmission layer 2x2 MIMO system is assumed. The 

modulation scheme is 64-QAM. An LTE 20 MHz transmission 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 in [TR25996]. The separation between the antenna elements are 5 and 

0.5 lambda for the base station and mobile terminal respectively. The carrier frequency is 2 GHz. The 

parameters for the  FEC decoder are listed on Table 4.1. 

Table 4.1. NB-LDPC coding and decoder parameters 

Parameter Value 

Code Rate ½,2/3 

Galois Field order, q 64 

Codeword length, GFN  96, 384 

Number of decoding iterations 30 

Decoder Type EMS with L-bubble check 

LLR vector size per received GF symbol, bMaxN  16 

Number of sorting operations 18 

Decoder Offset 1.0 

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

 

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

 

For both coding rates, 1/2 and 2/3, DaVinci NB-LDPC 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 higher performance gain is observed for coding rate 2/3. 




































































