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Abstract— We consider an EXIT chart analysis of turbo-
coded chaos multiple-input multiple-output (C-MIMO) scheme.
C-MIMO is a transmission scheme having both physical layer
security and channel coding gain, and further coding gain can be
obtained by applying a turbo principle. Through numerical results
of EXIT chart analysis and bit error rate (BER) performance, we
show that the output mutual information is continuously
increased to (1, 1) point in C-MIMO, and that C-MIMO is
suitable for iterative decoding. The consistency of the results
between EXIT chart and BER performance is also illustrated.

1. Introduction

Recently, Internet of things (IoT) is becoming widely used,
and communication devices associated with human and machines
are spatially distributed as a part of social systems. Those devices
communicate each other, and the wireless traffic is rapidly
growing [1]. On this background, it is important to ensure high-
quality and secure transmission in wireless communications. We
proposed a chaos multiple-input multiple-output (C-MIMO)
scheme to realize this requirement [2]. C-MIMO is a
transmission scheme having both physical layer security and
channel coding gain, and a turbo-coded transmission is also
available by introducing a log-likelihood ratio (LLR), which
enables larger coding gain in C-MIMO [3]. Then, it is important
to analyze the convergence characteristic of turbo-coded C-
MIMO. Here, it is well-known that the convergence
characteristics of turbo decoding can be analyzed by EXIT chart
[4]. In the EXIT chart, the input-output mutual information of
two element decoders is plotted in a same plane in pairs, and the
increase of mutual information obtained by iterative decoding
can be confirmed on the trajectory of two EXIT curves.

Therefore, in this paper, we analyze the performance of turbo-
coded C-MIMO by using EXIT chart. As a result, it is found that
the output mutual information is continuously increased in C-
MIMO because of rate-1 channel coding property, and that C-
MIMO is suitable for iterative decoding. In addition, it is shown
that the bit error rate (BER) characteristics of turbo-coded C-
MIMO basically coincide the results of EXIT chart analysis.

2. LLR-based chaos MIMO transmission scheme
Figures 1 and 2 show the transmitter and the receiver of C-
MIMO transmission scheme, respectively [3]. In the transmitter,
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Fig. 2. Turbo-coded chaos MIMO decoder.

data are encoded by the outer channel encoder. After interleaving,
the encoded sequence is chaos modulated as the inner encoder
and transmitted by the MIMO multiplexing transmission. In the
receiver, the joint MIMO detection and chaos demodulation is
conducted by MLSE, and the decoder LLR is obtained. After it is
deinterleaved, this LLR is handed to the maximum a posteriori
probability (MAP) decoder of the outer code. The output LLR is
again fed back to the chaos demodulator via the interleaver, and
iterative decoding is conducted.

In the transmitter of Fig. 1, a K-bit transmit sequence
u={ug, -, ug_1}, u; €{0,1} is encoded, and we obtain an N-
(>K) bit sequence u'={u'y,---,u'y_; }, u'; € {0,1} . Next, u' is
is interleaved to the sequence b={by,":-,by_;} . Then, b is

divided per N:B bit, and is block modulated with block length B
by the C-MIMO scheme with a 1-bit/symbol/antenna
transmission efficiency, where N is the number of transmit
antennas. Using this block modulation, the C-MIMO scheme can
realize channel-coding gain without decreasing the rate efficiency.

Let b, ={by0,-*sbp N, 5-1} = {bun, B> > Bns1yn,8-1} as the n-th
transmit  bit sequence of the n-th C-MIMO block
(0<n<(N/N,B)-1).b, is chaos modulated and the complex
symbol sequence s, ={s, g,"*,, x,5-1} is obtained. Then, s, is
transmitted by the MIMO multiplexing transmission scheme B
times for every N; symbols. The MIMO transmit vector s, (k) at
time k (0 <k < B—1)is described by

8, (k) = {s10k),-++,sN, (k)3 = Sy, ""’Sn,(k+l)Nl—I}T’
where si,(k) is the transmit symbol from the i-th antenna
(1<i, <N;) at time k, and T denotes the transpose. Then, one
transmit block is described by

S0 =[5,(0)-.5,(B-1D)]
The MIMO channel is assumed to be an i.i.d. flat Rayleigh fading
channel in terms of the symbol and antenna. When hi,.it (k) is the

channel component between the i-th transmit and i-th receive
antennas at time £, the channel matrix is given by

Iy (k) Iy, (k)
H, (k)= : ,
hy 1(k) hy, w, (k)
where N is the number of receive antennas. Then, the receive

MIMO vector r,, (k) = {rl(k),--,7N,.(k) }T at time & becomes
r,(k)=H,(k)s,(k)+n,(k),

where nn(k):{nl(k),---,nN,(k)}T is a zero-mean Gaussian

noise vector with the same variance. The receive block
then becomes

Ry, =[r,(0),-,1,(B-1)]

2.1 Framework of chaos modulation
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The framework of 1-bit/symbol/antenna chaos modulation
generating S, from b, is described in [3], and to enhance the

channel coding gain, the adaptive chaos iteration scheme [5] is
applied. The details are omitted here due to space limitation.

2. 2 Iterative decoding using sequential LLR

We perform the joint MIMO detection and chaos
demodulation in the demodulator of the receiver. Because the
chaos modulation is a non-systematic nonlinear modulation and
the signal constellation is not fixed, bit LLR cannot be calculated
in the usual manner. Therefore, we calculate a single likelihood
ratio for every C-MIMO transmission block, and the absolute
value of the likelihood ratio is used as bit LLRs in that block. In
addition, taking advantage of the fact that the chaos modulation
structure is the same as that of the multipath channel, the
extrinsic LLR is calculated in the same manner as the minimum
mean square error (MMSE) filter of turbo equalization [6]. The
assumption is made that the squared Euclidean distance between
the received and estimated sequences outputted at the chaos
demodulator is a Gaussian distribution.

In the receiver of Fig. 2, the demodulated bit LLR of C-

MIMO is calculated for the receive block, Rp , . First, the
demodulation result is obtained by MLSE as
By = tby0e by st}
Bl R NBL o o
= argmin r, (k)—-H, (k)s, (k)| - —L,(b,;)
b,,lte ;203 " ; 2 ’
where 1, (5,,) (0<n<(N/NB)-1, 0<i<N,B-1) is the a

priori LLR handed by the latter MAP decoder, and is zero at the

2

first iteration, o, is the noise variance, and [te is the chaos

iteration number [3]. The right hand side of (1) can be used as the
metric of maximum likelihood detection in MIMO [7 (19), 8].

Then, the metrics of (1) for z;w. =0 and 1 at time { are calculated

and the extrinsic bit LLR of z;w. is obtained by the difference
between them as follows [7 (5), 8 (18)].

B-1
r . 1
L), - m{; e OR RGO §

B-1 1
- 2:1[131 kzz‘; o 3 T,
In the calculation of (2), the symbol-by-symbol MAP algorithm
can be applied for each i when the modulation is linear, and then,

for b n

However, because C-MIMO is a nonlinear nonsystematic
convolutional modulation, the modulated signal at time i changes
also according to bit sequence other than i. Then, the number of

N,B-1

NB1 .
- Z EL“ (bn,j)} (2)

e J=0

N,B-1 1 .
- 2 S L)

e J=0

(B, (0|

the number of sequence search in (2) becomes oNB

sequence search to calculate LLRs of b, becomes NIB-ZN’B ,

which is highly complex. Therefore, to reduce the complexity to
calculate the LLR in C-MIMO, we assume that the sequence
likelihood of MLSE result is almost the same as each bit
likelihood of MLSE result. Then, the bit LLRs are derived with

2VB  searches. The summation of the squared Euclidean
distance of the MLSE result is defined by

- B-1 R N,B-1 | L 3)
i ‘zz 2"r 0 =H,®s, O = > LB,
k=0 Ite =0 ';n

and the second best result is defined as

Y o &N (4)
d} = mi — —H,, (k)s, (k - =L,
=il D 2008, () 2 ket
Then, the extrinsic LLR of the C-MIMO demodulator is derived
by
; 1), 0<i<N,B-1, 5
Le(bn ,]1 (d2 —d Xzb 1) ' (5)

where the absolute value is the same as in the block and the sign
corresponds to each bit. Because the bit LLR of (5) is derived by
the difference between the best and the second best demodulated
results of sequences (3) and (4), hereafter, we refer to it as the
sequential LLR. Furthermore, it is assumed that the sequential
LLR is not correlated to the a priori bit LLR f, (13”".) because the
modulated signal is a non-systematic random Gaussian. Then, the
LLR in (5) is used not as a posteriori LLR but as an extrinsic
LLR [6]. After the extrinsic LLRs of all blocks are calculated and
deinterleaved, we obtain the a priori LLR £, (%) (0<i<N-1)
for the MAP decoder. In the MAP decoder, the posteriori LLR is
calculated using the Bahl, Cocke, Jelinek, and Raviv (BCJR)
algorithm and the extrinsic LLR Z,(%;) is obtained. Then, after

interleaving, the a priori L,(5,,) is again inputted to the C-MIMO
demodulator, and Egs. (1) to (4) are iterated. This turbo iteration
is repeated and the decoded bit = {#y,-+,tix_;} is determined
by the posteriori LLR of the MAP decoder.

3. EXIT chart analysis

EXIT chart analysis [4] is a visualization scheme of
convergence characteristics on turbo codes. In the EXIT chart,
the input-output mutual information of two element decoders is
plotted in a same plane in pairs, and the increase of mutual
information obtained by iterative decoding can be confirmed by
the trajectory of two EXIT curves. The mutual information is
calculated by LLR of transmitted bits and has the value between
0 and 1. Here, we assume that the extrinsic LLR LE(A )of C-
MIMO decoder and the extrinsic LLR £,(,) of outer ‘hannel
decoder satisfy the consistency condition as follows.

L6, )= w2t ~1)+v

1(5)= o 1)+
Here, v is a Gaussian noise element with yen(0,62) and
u=c2f2 . Then, the standard deviation o, and the mutual
information /, can be calculated each other by J-function and its

approximate expression as follows.
1

1 INEA
=) = =g 111 ©)
2 X =
ZI Pe(] X = )logy Ll IX=D 4 (7)
! S pElix=x)
x'=0,1
Here, H,=03073 , H,=08935 , H;=1.1064 , and

p.(§| X =x) is the conditional probability density function of
extrinsic LLR when the received bit is x=0,1 . Hence, the
standard deviation o, is obtained for one mutual information
Ia _cvvo by (6) and a prior LLR L,(b,,) is calculated using

. These L, (b,,,) is then entered into C-MIMO decoder with
recelved symbols and the extrinsic LLR Z, (bu) is obtained.
Calculating the probability density function of this Z.(b,;) the
mutual information /, cpmo 1S obtained by (7). In the same
way, for the outer channel decoder, using one mutual information
1, cc (channel coding: CC), the standard deviation o, is
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Table 1 Simulation conditions.
C-MIMO

Modulation Chaos-based Gaussian, 1 bit/symbol
Num. of antennas N=N,=2
MIMO block length B=2,4, B =28 with M-arighrithm
Chaos Bernoulli shift map
Num. of chaos processing fte=19, M =2
Initial chaos Perfect
synchronization
Channel Symbol-i.i.d. 1-path Rayleigh fading
Receive channel state inf. Perfect
(CSIR)

MIMO detection & decode

Soft-MLSE + BCIR

Recursive-systematic convolutional (RSC) code,
rate 1/2, N=2000, constraint 3

Low-density parity check (LDPC) code,

rate 0.902, N=930, K=839

Outer channel code

BER Interleaver S-random
simulatio| Max. num. of turbo

: . 20
n iteration

obtained. A prior LLR £, () is calculated and handed to the
channel decoder. Using the output of the decoder, the extrinsic
LLR £,(%) is calculated, and I, cc is obtained by the
probability density function of L, (%) and (7).

The EXIT chart is drawn by the curves of
Ia CMIMO_[E CMIMO and Ia cc _[E CC » in which the axes
of 1, cvimo and I, ¢c are overlapped as well as the axes of
1, cvimo and 1, cc. When there is no intersection between
two curves, the mutual information converges at (1, 1) point,
which means the correct transmission bits u are obtained by the
iterative decoding between C-MIMO decoder and outer channel
decoder. If the intersection exists, better bit error rate is obtained
when the coordinate of intersection is at right-upper region, close
to (1,1).

4. Numerical results

The performance of C-MIMO scheme is evaluated by
computer simulations using the parameters in Table 1. The outer
code is the convolutional code and low-density parity check
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Fig. 3. Input-output characteristics of mutual information in C-MIMO
without outer channel codes; (a) E,/Ny =4 dB, (b) Ey/Ny =8 dB.

(LDPC) code. The number of MIMO antennas is N,= N,= 2, and
the C-MIMO block length is B = 2 to 8. The base iteration
number of chaos is set to /o = 19, and is determined by
performing a numerical search, but this number does not affect
the BER performance, and the adaptive chaos processing scheme
with M =2 is used [5]. The maximum number of turbo iterations
is 20.

Fig. 3 shows the input-output characteristics of mutual
information in C-MIMO without outer channel codes. It is shown
that the output mutual information /, is increasing for the input

mutual information 7/, in all schemes. Compared with BPSK-
MIMO-MLD scheme, the output /, is rapidly increasing with
higher input 7/, in C-MIMO because of the channel coding
property, and /, reaches (1, 1) point. Furthermore, when B = 8
with applying M-algorithm (its complexity is equivalent to B = 5)
[9], the higher 7, is obtained in whole. Thus, it is expected in C-

MIMO that a larger coding gain is obtained when an outer
channel code is concatenated and the iterative decoding is
conducted.
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Fig. 4. BER performance of C-MIMO for various number of turbo

iterations.
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Next, the BER versus the average E,/N, with the parameter of
he maximum turbo iteration number is calculated. Hereafter, the
block length of B =4 is used. The result in Fig. 4 shows that the
turbo principle works in C-MIMO scheme, and the BER is
improved according to the iteration number. In particular, the first
iteration significantly improves the performance as a normal
turbo decoding. However, the BER then converges because the
block length of C-MIMO is short, and it becomes almost fixed at
10 iterations. Fig. 5 shows the EXIT chart of this scheme and the
result supports the BER improvement in Fig. 4. In the first
iteration, the great increase of mutual information is obtained, and
after E,/N, = 5 dB, the mutual information of 1 is obtained after
iteration.

Then, the BER performance with a maximum iteration number
of 20 is compared to that of conventional schemes at the same
rate efficiency. The hard Viterbi decoding concatenated from
MIMO-MLD and the soft decoding using a joint trellis diagram
for MIMO detection and an outer convolutional code are
considered as the conventional schemes. The transmission
efficiency for all schemes is 1/2 bit/symbol. Fig. 6 shows the
results obtained. In the conventional scheme, the joint soft Viterbi
decoding of the MIMO and convolutional code becomes MLSE
and optimal. In C-MIMO, we show that the BER is degraded at
the low E»/Ny region, and is rapidly improved because of the
turbo principle. After E, /N, >4 dB, which is different from the

normal turbo equalization, the BER does not converge to MIMO-
MLSE or improve because of the channel coding effect of C-
MIMO. In addition, because C-MIMO has the property of
encryption, we realized a LLR-based channel decoding scheme
with physical layer security. In Fig. 6, the BER of C-MIMO at the
eavesdropper that has a difference of 10-3 Euclidean distances in
the initial key symbol is almost 0.5, which indicates that the
common key-based secure communication has been realized. It is
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Ia_MIMO =le_LDPC

Fig. 7. EXIT chart comparison of proposed C-MIMO and MIMO with

outer LDPC codes at Eb/NO = 8 dB.
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Fig. 8. BER performance versus average E,/Ny when outer LDPC codes

are concatenated at rate 0.9.

described in [10] that the secrecy capacity is equivalently
calculated by the bit error rate.

The case of LDPC concatenation is also considered. The
configuration of outer LDPC codes are listed in Table 1, and the
results are shown in Figs. 7 and 8. In Fig. 7, the EXIT chart at
Ew/No= 8 dB is plotted, where the raw BER performance of C-
MIMO will be slightly better than that of MIMO. The result of
Fig. 7 shows that the better BER is expected after decoding
iteration in C-MIMO because the eye pattern between the inner
(C-)MIMO and the outer LDPC code is wider in C-MIMO. From
Fig. 8, it is shown that the BER performances reflect the EXIT
chart analyses.

5. Conclusions

We considered an EXIT chart analysis of turbo-coded C-
MIMO introducing LLR and iterative soft-valued decoding, and
compared its results with the BER performances through
numerical simulations. As a result, it is shown that the mutual
information of C-MIMO reaches (1, 1) point, that means the
turbo-coded C-MIMO will have better BER performance with an
out channel code concatenation on proper configurations.

In future studies, a turbo code design of C-MIMO having
better performance at lower E,/N, region will be considered using
EXIT chart analysis.
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