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Abstract: We investigate the multi-layer superimposed transmission for optical wireless
scattering communication where the symbol boundaries on different signal layers are not
necessarily aligned in the time domain. We characterize the multi-layer transmission based
on a hidden markov model, and propose approaches on the channel estimation as well
as joint symbol detection and decoding. Finally, both simulations and experiments are con-
ducted to evaluate the performance of the proposed approaches, and validate the feasibility
of the proposed transmission and signal detection approaches.

Index Terms: NLOS scattering communication, superimposed transmission, hidden markov
model, joint detection and decoding.

1. Introduction

Optical wireless communication can serve as an effective supplement of conventional radio-
frequency (RF) communication, due to its potential large bandwidth and capacity [2]. It can be
widely deployed in long range free-space communication, network communication, and device
to device communication [3]. Furthermore, it can satisfy the RF silence requirements in many
scenarios, for example the special areas in hospitals or battlefield, since it cause absolutely no
electromagnetic radiation or electromagnetic interference. In some scenarios, the line of sight links
are difficult to guarantee due to obstacles or the user mobility. Non-line of sight (NLOS) Ultra-violet
(UV) scattering communication can be overcome this limitation, and it is more promising for out-
door communication under strong solar background because of negligible solar radiation in the UV
spectrum [4].

Due to the extremely large path loss of NLOS channel link which has been studied by theoret-
ical analysis [5], numerical simulation [6] and real experiments [7], [8], the technique of photon-
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Fig. 1. lllustration for 3-layer superimposed transmission.

counting [9] has been widely applied to the receiver-side detection. Discrete Poisson channel model
is both valid and precise enough for NLOS scattering communication based on photon-counting de-
tection, which makes it feasible to theoretically investigate the receiver-side signal processing [10],
[11]; and its preciseness has been verified by the experiments in [12], [13] as well as the realization
of FPGA-based real-time scattering communication systems in [14].

The capacity of point-to-point continuous-time Poisson channel has been investigated in [15],
[16], and the capacity of discrete-time Poisson channel has been derived in [17], [18]. Based on the
Poisson channel model, several types of channel model such as Poisson fading, MIMO, interfering,
broadcast, and multiple access channels have been studied in [19]-[23] and [24]-[26], respectively,
in recent years. Other existing works on NLOS UV scattering communication based on the Poisson
and extended channel model are the channel link gain with impulse response [27], [28], channel
estimation with inter-symbol interference [29], signal detection with receiver diversity [30], and relay
protocol [31].

In this work, we characterize multi-layer superimposed transmission in discrete Poisson channel,
where the transmitted symbols in various layers are superimposed, and the symbol boundaries on
different signal layers are not necessarily aligned. The proposed scenario can be characterized by
hidden markov model (HMM) [32], [33]. For receiver-side signal processing, we propose channel
estimation based on expectation-maximization (EM) algorithm [34], [35], and adopt Viterbi [36] and
Bahl-Cocke-Jelinek-Raviv (BCJR) [37] algorithms for symbol detection. Furthermore, we propose
iterative algorithm for maximum-likelihood/maximum a posteriori probability (ML/MAP) joint decod-
ing [38], [39]. Finally, we conduct offline experiments to evaluate the performance of the proposed
approaches. It is seen that based on the experimental measurements, the proposed approaches
perform close to the simulation results with identical channel parameters.

The remainder of the paper is organized as follows. In Section 2, we characterize the super-
imposed NLOS scattering communication using HMM. In Section 3, we propose the EM-based
channel estimation as well as joint symbol detection and decoding. Numerical and experimental
results are given in Sections 4 and 5, respectively. Finally, we conclude this paper in Section 6.

2. System Model

We consider multi-layer superposition of NLOS optical wireless scattering communication. Different
signal layers are superimposed at the transmitter, and jointly decoded at the receiver.

2.1 Superimposed Transmission Based on Discrete Poisson Asynchronous Channel

In this work, we consider a short range NLOS scattering communication system with on-off key
(OOK) modulation, where the symbol rate is up to 1 Mbps, and the inter-symbol interference can
be negligible. The overall transmission signal can be split into multiple signal layers which are
superimposed possibly in an asynchronous manner, i.e., the symbols in different layers are not
necessarily aligned. As shown in Fig. 1, the overall transmission can be split into L signal layers,
denoted as layer 1,2, ..., L. Let M denote the number of transmitted symbols in each single layer;
Ts denote the symbol duration; and p1, po, ..., p. denote the normalized relative delay in terms of T
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(Z,-L=1 pi = 1), where p; denotes the normalized delay between layer i and layeri + 1,for1 <i <L
(here layer L + 1 is equivalent to Layer 1).

In order to characterize the symbol duration offset in different signal layers, we divide the symbols
in different signal layers into chips subjected to symbol boundaries, where the symbol detection is
performed based on the received signal in each chip. The symbol misalignment and relative delay
are illustrated in Fig. 1, where T denotes the number of overall chipsand T = ML +L — 1.

Due to the weak received signal intensity of NLOS scattering communications, the received
signal can be characterized by discrete photoelectrons, and can be described by the discrete
Poisson channel model. Specifically, the number of detected photoelectrons within one symbol
duration in the receiver-side satisfies the following Poisson distribution,

n

P(N =njx) = %e’*, (1)

where A denotes the mean photon-number in each symbol duration determined by the transmission
power P in the transmitter-side by A = ”—PV; n, h, vand ¢ denote the quantum efficiency of the receiver-

side detector including optical filter and photon detector, Planck’s constant, the frequency of the
optical field, and the path loss, respectively.

More specifically, let 11, A2, ..., A, denote the mean one-symbol-duration photon-number, and
24,20, ...,2 denote the transmitted binary symbols in layers 1,2, ..., L, respectively, where z; =
[Zi1.Zi2, ..., ziy] € {0, 1}"; z ,, demotes the m-th symbol in layer i for 1 <i<L and1<m <M;

and the transmitted symbols are independent of each other. The number of detected photoelectrons
Nt in the t-th chip for 1 <t < T satisfies the following Poisson distribution,

n
P(Ni=n) = %()&0 + ATS)) g o tATS) )

where A = [y, A2, ..., Am]"; Tt = P(—1 mod My+1; St = (21,11, 23,211, ...,ZL,[Y—LL7+1-|]T; Zio=0,zy1 =
0for1 <i<L;and A denotes the mean photon-number of background radiation photoelectrons
in one symbol duration.

Proof: Please refer to Appendix 7.1. |

2.2 Hidden Markov Model for Asynchronous Signal Superposition

Due to the overlap of different layers, the numbers of detected photoelectrons in adjacent chips are
correlated with each other. In the t-th chip, N; depends on S;, which depends on S;_1. Consequently,
we can adopt HMM to characterize the signal model in the chip level.

We denote S1,S5,...,S7 and N7 =[N, N»o,...,N7] € Nt as the state and observation se-
quences of the HMM, respectively, where S; € %%, and %" denotes the state space of the t-th
chip given by

L
@L={Zeiei|9ie{o,1},1sisL}, (3)
i=1

where e; denotes the i-th column of L x L identity matrix.

An HMM is determined by parameters (1, A, B;), where x1, A; and B; denote the initial distribu-
tion, state transition matrix and observation emission matrix, respectively. Note that the initial state
depends on the first symbol in the first layer, thus 4 is given by

n1={q1,1—q1,0,0,...,0}, (4)

where q; = P(z;; = 1) denotes the prior possibility of transmitted symbols in signal layer i, which
remains invariant in single layer due to the assumption that different types of transmission are
allocated to different signal layers.
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Fig. 2. Configuration of multi-layer communication system.

The state transition matrix is given by A; = [a,‘,-,,-|s,,,- e A, Siy1) € %’L] for1 <t < T, where each
element a;; ; is given by

aiij=P(Sts1 = 841,181 = 8)

=g (1 =g [ ] (s1y0 €) © (8- &), (5)
r#k
and k= (tmod L)+ 1; s, S41; € A take values among all possible choices of S; and Sy, 1, re-
spectively; moreover, © indicates binary logical XNOR; and A; is cyclical of period L.
Proof: Please refer to Appendix 7.2. [ |
The observation emission matrix is given by B; = [bt,,-,,,+1|s¢,,' e #,ne N], where based on
Equation (2) each element by ,.1 is given by

biny1r =P(Ny = n|S; = &)
TP —7t(Ao+As ;)
= m()ho +4s,)€ il (6)

where Ag, = ATs,,,- denotes the mean photon-number of state s; .

2.3 System Configuration

We consider the whole system illustrated in Fig. 2. In the transmitter side, multiple data sources with
potentially different prior probabilities are allocated to multiple signal layers; while in the receiver
side, the digital signal processing consists of synchronization, channel estimation, symbol detection
and joint decoding of error correction code. Based on the (4, A;, B;) HMM, we focus on the the last
three modules of signal processing since the synchronization can be implemented by conventional
approaches, e.g. [14].

3. Channel Estimation and Symbol Detection

We present the receiver-side signal processing including channel estimation, symbol detection as
well as joint detection and decoding.

3.1 Channel Estimation Algorithm

The channel estimation is adopted to estimate B;, which is equivalent to the estimation of ii.
for s € 4. The maximum likelihood estimation can be obtained via inserting pilot sequences in
all signal layers, however, the overhead will be non-negligible. In this work, the channel estima-
tion can be performed based on pilot sequences on certain signal layers but not necessarily on
all, which is called partial pilot-based channel estimation, as illustrated in Fig. 3. Without loss of
generality, we assume to transmit pilot sequences Z° = [Z}, z}, . ..,z‘L’p] in L, layers, where 2/
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Frame in layer 1
- Frame in layer 2 |

Fig. 3. lllustration of partial pilot-based channel estimation for L =2, L, =1.

denotes the pilot sequence in layer j for 1 <i<L, and 0 <L, <L. Let §{,85,..., S’}p denote
the state sequence for channel estimation, where T, denotes the number of chips. We have that
St =[2 . i ""z[L)p.r’%w’ 2, 41,r607, -+ 2, peeny]T, @and A s estimated based on EM algorithm. Let
NP = [Np, ,...,N‘}p] denote the number of received photoelectrons in each chip for channel
estimation, where N” is the observation sequence of 8 for 1 <t < Tp. The estimation for Ais
processed by V iterations, and in each iteration the updating rule is provided as follows.

E-step: In the vth iteration, based on the estimate result AS" "in the (v — 1)th iteration, the a
posterior probability of 8f is given by

P(N?, S} = s|rs =iy ")

QU(S] = 5) =P(S) =sIN", 15 = 1{") = =)
’ Ygezis PIN?, 80 =slhg = A4")
L .
where "\t = {377, zﬁ[#]e, + Z,-L:L,,+1 oie 16 €{0,1},L,+1<i<L} and
(‘Ef}\»(v_”)N[
P(Np S? = §|is = X(Vq)) = —s e*ffi(s/'vq) (8)
’ s N7 '

M-step: Given a posterior probability Q (S} = s)) for the vth iteration, the ML-estimation for
A(TV) = (i¥|s € #-\L+} is given by
;
50) — 2 QW(S = s)NY

) 9
§ ZTP Q(v) sP — s)t )

where the preset initial A must satisfy (i( )\,(0))()\.51 Ls) > 0fori#jand ig # As.
Proof: Please refer to Appendix 7.3. |
Since the dimension of matrix B, is always | %" | for 1 <t < T, the complexity of estimation grows
exponentially with L.

3.2 HMM-Based Symbol Detection
The symbol detection aims to detect state sequence St according to the observation sequence
Nr and (4, A, By) of HMM. The trellis diagram for HMM is adopted to find the optimal state
transition path maximizing the likelihood function or a posteriori probability. Fig. 4 illustrates the
trellis diagram for L = 3, where each state S; is expressed as {zk,[#1|1 <k<L}, and each
branch between adjacent states corresponds to a non-zero element of A;. We adopt Viterbi and
Bahl-Cocke-Jelinek-Raviv (BCJR) algorithms to maximize the likelihood function P(N 7|Sq, ..., S7)
and a posteriori probability P(zi|N7) for1 <k <L and 1 <i < M, respectively, and minimizes the
error rate of sequence and symbol detection, respectively.

For Viterbi algorithm, we maximize the log-likelihood function of state sequence summarized as
follows

.
8;...,8; = argmaxlogP(N7|Ss, ..., St) = arg max ZN,Iog Tihs, — Tths,, (10)
Sie Bt -
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Fig. 4. The trellis diagram for L = 3.

where ig, for §; € 2" can be obtained from channel estimation.
Letting £L(N{|S;) = Ntlog tirs, — tirs,, we have that L(N|S;) = L(N¢|Si) + L(N—1]Si—1) for2 <t <
T. Thus dynamic programming is adopted with the following updated equation

max L(N 14118t St+1,)) = L(Nt111St+1,)) + ;"5;% {L(N,|S’*1, St} (11)
it

which is initialized by £(N 1|S1) = L(N1]S1) ~ Nylog t1(ro + As,) — T1(Xo + As,). The detected sym-
bol sequence can be retrieved via tracing back the optimal path.

For BCJR Algorithm, we maximize the posterior probability for each symbol z; for1 < k <L and
1 <i<M as follows

2;j = argmaxlog P(z,;|N 1) = argmaxlog P(S;,IN 1) ~ argmaxlog P(S,,,, N ), (12)

where S, = {Silt=( —1)L +k, (i = 1)L +k+1,...,iL +k—1}.
To obtain P(S,,, N 1), we define the following probability functions
(X;(S) = P(St =8, N[),
Bi(s) = P(N (41,715t = 9),
(v, 8) = P(Ny, St = s§|S1-1 = v), (13)

where N, = {N|a < t < b}. Note that we have

iL+k—2
P (S5, = $kis N7) = (i—1)e +k(Si—1)L +K) BiL +k—1(SiL +4-1) H vt (S, St+1) s (14)
t=(i—1)L +k

where $;; ={s|(i—1)L +k<t<il +k—1}. Furthermore, we have that yi(s_1; 8 n) =
a1, jbtjns1 for 81, 8 € 2" and n € N. Then, the calculations of «(s;) and f(s;) are conducted
according to the following recursive equations

ai(s) = Z a-1(8-1)71(S-1. &),

St—1 cBL

Bi(st) = Z Bri1(8t1)vee1(8 Sti1). (15)

S1€Bt

The initial values are a1(81;) = m1(81./)bi.1.n, 11 for 81; € A~ and Br(sr) = mr(sr) for sy € -, where
71 is given by Equation (4); and m;(si11.;)) = P(St+1 = St11./) can be obtained by the following recursive
equation,

m(S) = Y armi1(s). (16)
Sr_/'GBBL
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3.3 Joint Detection and Decoding

We adopt joint detection and decoding based on turbo processing. For ML and MAP decoding, the
log-likelihood ratio (L L R) and log-aposterior ratio (L AR) are adopted as the input soft information
to the soft channel decoder, respectively. Let L L R and LARY V) denote the log-likelihood ratio and
log-aposterior-ratio of z;; after the v-th iteration, respectlvely Typlcally each iteration of the turbo
processing consists of one ML/MAP symbol detection operation followed by V channel decoding
iterations.

For the ML-decoding, the initial LLR values are obtained by Viterbi algorithm as
follows,

iL +k—1

P(N¢|zx; = 1
2 'ng(/vtlz—k'lo)’ (17)
ik EPNdzei=0)

P(Nrlzxi=1)

LLRO —jog — 0 — 7
=109 P(Nrlzc; = 0)

and the L L R of the i-th transmitted symbol in layer k in the v-th iteration is calculated by

P By P(N(S = )

P(Ntlzxi=1)
LLRY =log —— L — 1 = lo ,
= 9B (N 7|z, = 0) t—(/;):L » ? Ez =P (N:|S: = )

(18)

where the expectation £, ,_g[e] for 6 € {0, 1} is calculated based on a posterior probabilities by the
(v — 1)th iteration of channels in £\ k as follow,

Z r/+1 Z t—jt1
Eses, o[o1= > I P(V ; ( iy = 0|N,) P, (z”w] - 1|N,) [  (19)
§€Sy =0 jEL\K

and S0 = (slef - s =06|(i — 1)L +k<t<ilL +k-1}; 2 gy = = ¢/ - &; and the a posterior prob-
ability of z Zj regen after the (v — 1)-th iteration is given by

1

Py_1y(Z; jp1y = O0INy) =1 =Py (Z; ey = 1INy . (20)
(J,FL1 ) (/’fL1 ) 1+exp(q‘LLF|' r/+1]>
For MAP-decoding, the initial L AR is determined by BLJR detection as follows
P(z¢j =1|N7)
LARY =log ————— = 21
=109 P(zx; =O0|N7)’ @)
and the L AR of symbol z,; from the v-th iteration is given by
By-t) (2,20, = 1IN7) P (N7lz =1) Pz = 1)
LARY) =log ! —log— 1= L4 jog R Z 0
o Py—1) ( ety = O|N ) P (Nlz; = 0) P(z; = 0)
= LLRY ™" +log qq (22)

where L L FI(V ) is computed according to Equations (18) and (19). Furthermore, the a posterior
probability of MAP- -decoding is given by

]
1+ exp (L A RJ{”{‘,% ])

Pl (2,1, = OING) =1 = Py (2 = TING) = (23)

The calculation of Equations (10), (12) and (19) depends on the enumeration of - and1 <t < T,
hence, the complexity of joint detection and decoding grows exponentially with L, and linearly
with T.
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Fig. 5. The symbol error rate of joint detection.
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Fig. 6. The bit error rate of joint detection and decoding with (12620, 6310) LDPC code.
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Fig. 7. Diagram of the experimental superimposed communication system.

4. Simulation of Joint Detection and Decoding

We assume that 1o = 0.01 and A; = A, for 1 < i < L, and simulate that around 107 symbols are
transmitted under 1 Mbps in our computers. The average symbol error rates for L =2 and L =3
of joint detection versus A, are illustrated in Figures 5(a) and 5(b), respectively. Furthermore, we
adopt a (12620, 6310) LDPC code for each signal layer, where the parity check matrix construction
and low-complexity message pass decoding follow [40], [41] and [42]. We simulate that around 103
frames are transmitted under 1 Mbps and each frame consists of 12620 bits. The average bit error
rates for L =2 and L = 3 by joint detection and decoding versus 1., are shown in Figures 6(a)
and 6(b), respectively.
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TABLE 1
Specification of Device for Experiment

Model TO-3zz PO#2036

Wavelength 280nm

UV LED DC current 36mA

DC voltage 11.818V

Optical filter Peak transmi§sion 28.2%

Aperture size ®31.5mm x28.3mm

Model R7154
PMT Spectral response 160nm ~ 320nm
Dark counts < 10 per second

Detection bandwidth > 200MHz

According to Figures 6(a) and 6(b), the bit error rate of LDPC decoding reaches 10—, which
can meet the need of most practical systems. Besides, for L =2, p = 0 has the highest error rate
and p = 0.5 has the lowest error rate for both detection and decoding. The reason is the minimum
achievable rate for p = 0 and the maximum achievable rate for p = 0.5, according to [1] and Fig. 11
in Appendix 7.4. Moreover, for two-layer transmission, in order to maintain the bit error rate lower
than 1075, the receiver-side 1,,. should be larger than 15, meanwhile the relative delay should be
in the range of 0.2 < p < 0.7; for three-layer transmission, to maintain the bit error rate lower than
1078, the receiver-side A,,, must be larger than 30, and the relative delays of two of the signal layers
should be in the range of 0.33 < py < 0.66 and 0.25 < po, < 0.75.

5. Experimental Results for 2-Layer-Superimposed Transmission

We conduct offline experiments on the 2-layer-superposition transmission for optical wireless scat-
tering communication to experimentally evaluate the proposed joint detection and decoding. At
the transmitter side, a waveform generator is adopted to produce OOK signals. A Bias-Tee is
employed to combine the AC and DC signals to drive the UV LED. At the receiver side, a pho-
tomultiplier tube (PMT) is employed as the photon-detector, which is integrated with an optical
filter in a sealed box. The UV signal of wavelength around 280nm can be detected, while the
background radiation of other wavelengths is blocked. The PMT output signal is attenuated by
an attenuator, amplified by an amplifier, and then filtered by a low-pass filter, which is then sam-
pled by the oscilloscope. Finally, the photon counting processing, HMM-based MAP joint detection
and decoding are realized in the received-side personal computer (PC) based on the sampled
waveforms from the oscilloscope. Table 1 shows the specification of experimental equipment, and
Figures 7, 8(a) and 8(b) illustrate the entire experimental block diagram and the test bed realizations,
respectively.

In the experiment, the background radiation intensity is around 150 photoelectrons per second
in the indoor environment (Lo &~ 1.5 x 107%). The OOK data rate is 1 Mbps, and the data length is
12620 bits per block with totally 1000 blocks (1.262 x 107 random bits). We control the transmitted
signal power such that the mean number of detected photons falls into the regime of interest given
by the simulation results. Furthermore, we adopt the following parameters for two signal layers:
symbol duration T = 1 us; p = 0.5; uniform power to the 2 signal layers (A1 = A2 = Aa.¢); the same
parity check matrix construction and decoding algorithm of LDPC codes as those in simulation; and
the uniform prior probabilities for 0 — 1 symbols.

We experimentally evaluate channel estimation for L = 2, py = 0.5, where we exploit a 255-bit m
sequence as a pilot sequence z° in the head of each frame (The ratio between pilot sequences and
frame length is around 0.02). For L, = 1, z{ = z°; and for L, = 2, 2 = z) = z°. The performance
of channel estimation versus the number of iterations is illustrated in Fig. 9(a), where the result of
L, =2 is from the ML estimation. It is implied that real time estimation for both L, = 0 and 1 can
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(a) Demonstration of the transmitter-side test bed. (b) Demonstration of the receiver-side test bed.

Fig. 8. Demonstration of the transmitter-side and receiver-side test beds.
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Fig. 9. Convergence of channel estimation from both experiments and simulations.
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Fig. 10. The average bit error rate of 2-layer superimposed communication from simulation and experi-
mental measurements.

converge to the ML solution; and assisted by the pilot sequence, the convergency of L , = 1 is faster
than L, = 0. Furthermore, higher 15 with large receiver-side SNR can lead to faster convergence,
which is close to the simulation result on the channel estimation with the same system parameters,
as shown in Fig. 9(b).

Moreover, the MAP detection with and without LDPC code (denoted as EXP) is evaluated in
Fig. 10, where the simulation results with the same channel parameters (denoted as SL) is plotted
for comparison. It is seen that the experimental results on the channel estimation, symbol detection
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and joint detection/decoding are close to the simulation results, which illustrates the feasibility of the
proposed channel estimation and signal detection approaches in real communication scenarios.
Furthermore, according to [1], we calculate the the achievable transmission rate and plot the
Shannon limit of p = 0.1 to 0.5 in Fig. 10 for comparison. Large gap can be observed for p = 0.1 to
0.3 since the codes are not optimized for the multi-layer Poisson channel. The validity of proposed
algorithms of joint detection and decoding can be proved by the cases of p = 0.4 and 0.5, where
around 2.34 dB gap to the Shannon limit is observed, and the gaps to the Shannon limits can be
further reduced via codes optimization.

6. Conclusion

We have proposed multi-layer transmission for optical wireless scattering communication based
on HMM, and investigate the receiver-side signal processing including EM-based estimation as
well as joint detection and decoding. The performance of the proposed approaches are verified by
numerical results. Moreover, for two- and three-layer transmission, both simulation and experimental
results are employed to validate the feasibility of the proposed algorithms.

Appendix
7.1 Proof of the Distribution of One-Chip-duration Photon-Number

According to the discrete Poisson Channel, given the m-th transmitted symbol z; ,, in layer i and the
mean one-symbol-duration photon-number A; for 1 < i < L, the number of detected photoelectrons
n within one symbol duration in layer i satisfies the following Poisson distribution,

()\'0 + Zi"m)\'i)n ef()LO‘i’Zi,m)\i)-

IP)(n|zi,m) = nl

(24)

Since the channel has been split into L layers, the overall one-symbol-duration photon-number
equals the summation of that of each layer. Considering that the mean one-chip-duration photon-
number is 7; times that of each symbol, the number of detected photoelectrons N; in the t-th chip
satisfies the following Poisson distribution,

L n
[zi(ho + iy Xiki)] ottt xih)

P(N,:n|x1,x2,...,xL): nl (25)
where x4, X2, ..., X, denotes the transmitted symbol in the t-th chip from layers 1,2, ..., L, respec-
tively.

Due to the relationship between t (the subscript of t;) and m (the second subscript of z; ,) for 1 <
i < L, the transmitted symbols in the t-th chip from layers 1,2, ..., L are 24,1415 Zp,pi s+ 0 2 ik,

respectively, and Equation (25) is equivalent to Equation (2).

7.2 Proof of State Transition Matrix

Note that [HAE1] = (=K1 41 for k= (tmod L)+ 1, and [HFH] = [ for r # k, the
rth element of S; = [zy 1. 25 1y, .o 2 peweny]” @nd Sevy = [24 11y, Zo 110 2 pecseg]” must
satisfy Z; persty = Zp periy for r # k. Consequently, The state transition probability P (S 1 =
Si+1,j18t = 81) = 0, if Z, (o1 # 2, reiray; @Nd P(St41 = §144,|8t = 811) = P (2 freicker |2 1ok y). Fur-

thermore, 7, (w1, is independent of z, ;wi;, hence we have that P(z; e[ pikay) =

t1—k+1 1—2z

V4
qkk,[fwu — o) I Since Zj iy = Si-efor1<i<lL, Z; sy # Z; paniny IS €quivalent
with (i1 €) © (8, - &) =0, and P(Siy1 = §41,1S; = §,) can be simplified into Equation (5).
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Fig. 11. The achievable rate of 2-layer transmission.

7.3 Derivation of A" in the M-Step of Channel Estimation
The likelihood function is given by

L(NP|rs = 1)) Zlog > P(NP.S] =srs = 1Y)

=1 secB-\Lp
P(N?, S} = s|1g = 4Y)
V) s Yt d Si S
>Z > QYS! =s)log TGS . (26)
t=1 sezt\Llr

Letting ZV(NP |55 = 4%) denote the last term of above inequality, we have that

VNP g = AY)) ~ Z > aY%s (NP log iy — log Nf! — rt)A»(;)) (27)

t=1 sept\Lp

Hence, the partial derivative of likelihood function is given by

.
d . : N?
WNP =njag =5 =" QYS! =) == — ). (28)
8)»5,-:-/) Si s ; t d ),\\(SIV)

Letting W:/:(Np =Ny = )l(s/v)) = 0, we have that

b QWS = s)N?
Y, Q08 =s8)x

1Y) = argmax LY(NP = njig = 1Y) = (29)

7.4 The Achievable Rate of 2-Layer Transmission for 0 < p < 0.5 Versus
Frame Length

According to [1], the numerical results of achievable rate is given in Fig. 11, which implies that the
achievable rate attains minimum for p = 0, only 1.25 bit per symbol; and reaches maximum for
o = 0.5, up to 1.75 bit per symbol, which can justify the tendency of simulated symbol/bit error rate
as p change from 0 to 0.5.
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