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Abstract—In this paper a proposal to improve the reliability
of a downlink multiuser (MU) MIMO transmission scheme
is investigated with the use of a new approach in orthogonal
space-time block codes (OSTBC) and network coding with a
superposition modulated system and side information. With
the new encoded OSTBC approach, diversity is offered where
each user receives all other users’ symbols, which allows the
recovery of symbols in several ways. In addition, multiple
users can be accommodated with the same resource, which is
quite useful in a wireless system where resources are always
restricted. By employing superposition modulation, the side
information needed for error recovery can be transmitted over
the same resource used for the normal information frame. In
addition, the proposed system exploits diversity through a novel
technique of sub-constellation alignment-based signal combining
for efficient side information dissemination. A detailed analysis
of the new OSTBC approach is carried out. It is shown that
the performance of the MU-MIMO system can be improved
significantly in terms of block and frame error rates (BLER,
FER) considered as reliability measures. By accommodating a
reasonable number of multiple users, high reliability is achieved
at the expense of the rate. To compensate for the low rate,
conventional OSTBC can be considered and simulation results
are shown, where, as a penalty to pay, multiple orthogonal
resources are required.

Index Terms - OSTBC; diversity; superposition modulation;
network coding; high reliability; receiver combining; downlink;
MU-MIMO.

I. INTRODUCTION

In a significant departure from LTE based 4G existing
systems, the future communication networks will proliferate
into many areas each with completely different set of require-
ments. While broadband is the mainstay initially resulting
in enhanced mobile broadband (eMMB) category, pervasive
nature of internet of things, sensors and machine type devices
bring new challenges in the required quality of service (QoS)
metrics. To handle this flood in data traffic and to improve
system performance in various aspects, significant research
endeavors have been concentrated towards advancement of 5G
communication systems [1]].

With the advent of 5G, there has been considerable effort in
communications with higher reliability. If one is to consider
control applications in an industry setting and to be able to
replace wires, a credible demonstration of achieved reliability
through wireless is extremely important. One can easily think

of factories of future (FoF), autonomous vehicles (AVs), surg-
eries with robotic equipment controlled from a distant place
and so on. All these depend critically on the reliability of the
link and its performance. In general one would immediately
think of applying different methods of diversity techniques as
discussed in [2] where the best method to guarantee a higher
state of transmission reliability is through diversity. Various
methodologies for accomplishing high reliability in a wireless
system are compared there.

In this paper|'|, we investigate |*| the use of side information
(SI) assisted error recovery strategy like network coding.
This is first examined in [3]] where it is proved that it is
possible to tackle interference and obtain more reliable
communication over a network. This is with novel techniques
adapted for mitigating wireless interference to achieve that
objective through network coding. As mentioned in [4], a
significant downside in the usage of network coding is the
utilization of additional physical resources to provide SI
dissemination. To circumvent this issue we also investigate
the application of superposition modulation [5] to guarantee
the SI dissemination and to keep the network away from the
overall spectral efficiency deterioration. The early work by
Alamouti [6] considered the application of OSTBC to improve
the diversity of wireless communication system. Later on,
authors in [7] investigated extended forms of OSTBC where
the transmission scheme found by Alamouti is generalized
to an arbitrary number of transmit antennas. Due to the
special structure of orthogonal designs, these codes are able
to accomplish full diversity and have a straightforward linear
maximum-likelihood decoding algorithm at the receiver. In
[8]], the performance of the OSTBCs in [7] is evaluated. The
models of OSTBCs are presented with suitable encoding
and decoding algorithms. The authors in [9] considered a
systematic design to create high-rate OSTBCs from complex
orthogonal designs for any number of transmit antennas
where those have the best known rates. A similar orthogonal
design for eight transmit antennas is presented in [[10].

Motivated by the aforementioned issues, the purpose behind
this paper is to improve and evaluate the reliability perfor-
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mance of a MU-MIMO downlink transmission scheme. In
contrast to previous work, our research objective is to combine
side information (SI) with superposition modulation and the
proposed new encoded OSTBC approach, where multiple
users share the same resource. In addition to the diversity
offered by OSTBC, the proposed design also exploits diversity
through a novel strategy of constellation alignment based
signal combining to enhance reliability of the SI transmission.

The reminder of the paper is organized as follows. First, in
Section [[I} the general system model is described as illustrated
in Fig[I]} In Section [II] details of the transmitter and receiver
processing are given. In Section [[V] simulation results are
provided and discussed. Finally, in Section [V] our conclusion
and comments are presented.

II. SYSTEM MODEL

We consider a downlink MU-MIMO wireless system model
as shown in Fig. [I] where a transmitter (Base Station, BS)
equipped with N transmit antennas attempts to send K
equal size frames {p1,ps, ..., pi } to single-antenna receivers
(User Equipment, UE). The set of UEs is denoted as k =
{1,2,...,K}.
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Fig. 1. Basic system model.

III. HIGHLY-RELIABLE XOR-ASSISTED TRANSMISSION
WITH NEW ENCODED OSTBC APPROACH

A. Transmitter Processing

Following a similar side information (SI)-assisted error
recovery technique considered in [4]], the same network coding
(NC) methodology used for a pair of users (UFEi,UFs)
is adapted for each two successive users in our proposed
downlink MU-MIMO wireless system model. Similarly, the SI
is disseminated through the use of superposition modulation
to avoid the use of any extra physical resources and thus, the
overall spectral efficiency is not decreased.
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Fig. 2. Transmitter architecture.

Fig. 2] shows the basic transmitter processing for transmit-
ting a number of K equal size frames {pi,p2, ..., px } to a set
of K UEs. K, which represents the number of UEs supported
by the system and equivalently the number of frames, is
defined according to the new encoded OSTBC approach code
which is basically related to the number of transmit antennas
(N) at the BS. The number of UEs is strictly considered to
be an even number. The restriction ensures the deployment of
the side information frames pg;_; ;41, which are the bit-level
XOR-ed of the two successive main user information frames
p; and p;41, where 7 is odd and 7 € {1,3,..., K — 1}.

First, the frames p;, p;11 and psr—iiy1 = Pi D Pit1
are encoded independently by rate-R convolutional encoder
to produce the coded bit sequences c;, c;+1 and csr—; i+1,
where i is odd and i € {1,3,..., K — 1}. Then, the generated
code streams are fed into the symbol mapper to produce
the transmit symbols for the K set of users. Superposition
modulation is employed in such a way that each three coded bit
sequences c¢;, ¢;+1 and csr—; ;+1 are mapped to two composite
constellation symbol sequences s; and s;41, ¢ is odd and
i€{1,3,..., K —1} using only one physical resource R since
a new OSTBC encoder approach is considered in the next
processing stage.

B. Superposition Modulation and Constellation Design

Following a similar procedure as gievn in [4], [11], a super-
position constellation can be obtained by suitably combining
two uniform-QAM constellations.

si =V1—ar ++Vazy, i€{1,2,..,K}, (1)

where x; and x5 are the constituent complex symbols, for
example, m-QAM and the parameter 0 <a< 1 is the power
split between the two constellations. With the determination
of a and the component (primary) modulations, the composite
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Fig. 3. Composite constellation with gray mapping o = 0.05.

constellation is formed. Fig. 3| demonstrates a non-uniform
composite constellation generated by the superimposition of
two 4-QAM constellations with power split @ = 0.05.
The superposition modulation is implemented such that, the
number of mEMSB) bits from ¢; or c¢;4; is gathered with
a number of mgLSB) bits from cgr—;4+1, ¢ is odd and
1€{1,3,..., K—1} to build a complex symbol. The resulting
. . . (MSB) (LSB)
composite constellation has a size of M = 2(me" " +me7)
where the most significant bits (MSBs) and the least significant
bits (LSBs) of each symbol are represented by the mﬁMSB)
(LSB) ;
and me , respectively. For our proposed system model
two lower order 4-QAM constellations are adopted such that
(MSB) _ _(LSB) _ L . .

me = M = 2, resulting in 16 points composite
constellations. In this case, the quadrant of the transmitted
symbol is specified by the bits from ¢; or ¢;4;, while the
bits from cgr—; 41 decide the correct area of the transmitted
symbol in the quadrant.

C. MU-MIMO New Encoded OSTBC Approach

A systematic design method to generate high rate complex
orthogonal space-time block codes (STBCs) for any number
of transmit antennas as presented in [9]] is used for our system
model, however, with a new approach.

The proposed STBC is described with a Px/V transmission
matrix G, the entries of the matrix G are linear combi-
nations of the precise users symbols {s1, sa, ..., Sk } and their
conjugates, where P refers to the block length of the matrix, N
and K represent the number of transmit antennas and number
of users, respectively. In this work, we consider G2 and G4
which represent codes that utilize two and four transmitting
antennas, respectively. According to the systematic design
algorithm to generate high rate complex orthogonal STBCs

for any number of transmit antennas, G and G4 are given by

S1 S92
G2 = * * | 9 (2)
—S2 5
S1 So S3 0
—s5 87 0 s
—s3 0 s] s:
G — 0 —s3 s5 s 3)
4 0 —S84 —S85 81
S4 0 —8¢ S2
S5 S6 0 S3
* * *
|—S¢ S5 —s3 0]

As stated earlier, our transmission model uses a super-
position modulation with a total of M = 2° composite
constellation elements. In one time slot, b specific user bits
reach the encoder and the appropriate constellation signal
corresponding to that user is picked, by setting s; as the
constellation symbol selected for specific bits of user k, ¢ = k
and ¢ € {1,2,..., K}, a matrix Gy is realized with entries as
linear combinations of {si, sa,..., Sk} and their conjugates.
Here K is the number of users that can be supported by the
MU-MIMO system for a chosen number of transmit antennas
N, which can be defined also by how many different entries s;
are generated in the matrix G . For G5 and G4, the proposed
system accommodates K = 2 and K = 6 users, respectively.

As P time slots are used to transmit one symbol for each
user, the rate of the code is 1/ P, resulting in 1/2 and 1/8 code
rates for G2 and G4, respectively. One can notice that the rates
are low when compared to the use of conventional OSTBC,
where the rates can be defined as 1 and 3/4 for G5 and Gy,
respectively. Basically, the orthogonality of the columns of
G for this specific MU-MIMO OSTBC approach allows the
application of a simple linear decoding scheme at the receiver
and also the use of only one common physical resource R for
all users.

D. Decoding Algorithm and Sub-Constellation Alignment for
Signal Combining

A sub-constellation alignment approach is presented and
investigated in [4] for joining of LSBs of the received symbols
to guarantee proper delivery of SI. The sub-constellation
alignment for signal combining procedure is modified for the
new MU-MIMO encoded OSTBC system model considered
in this work. Fig. ] demonstrates the general construction of
the receiver.

As shown earlier, for N = 2 transmitting antennas, a G4
matrix is generated as in . In this case, K = 2 single-
antenna UEs are served, the received signals are given by,

Y = h1ks1+ hagse +n),  at time one,

yr = —hy ;s5 + ho st +ni, attime two, k € {1,2}.
“4)
The coefficient ; j is the channel from transmit antenna one
to receive antenna of user k and hsy is the channel from
transmit antenna two to receive antenna of user k. nj and
ny are AWGN of receiver £ with zero mean and variance
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Fig. 4. Receiver architecture.

Ny at time one and two, respectively. The OSTBC combining
scheme builds the following two signals at the level of each
user k.

3

— lh* 2*h
Z’;k 1,6 T Y hak, (5)

WS = vethak, ke {1,2}.

Similarly, the combining scheme for the MU-MIMO new
encoded OSTBC approach can be generalized for any number
of transmitting antennas N, in this case, K users are con-
sidered. Thus according to the OSTBC combining scheme
signals {3%, 8k ... s} are built at the level of each receiver
k, ke{l,2,.. K}

As expressed before, the data corresponding to frames
{p1,p2,...,pK } is transmitted utilizing MSBs of the trans-
mitted composite constellation symbols. In this manner, it is
less likely to make a mistake in decoding the main infor-
mation frames {p1,pe,...,px} than ps;_; 41, ¢ is odd and
i € {1,3,..., K — 1} which depend on a transmission with
smaller Euclidean distance. Nevertheless, since the equivalent
csy 1s transmitted within the composite symbols of every two
successive users (k,k+1), kis odd and k € {1,3,..., K — 1},
These can be joined to compensate the loss for being sent with
a smaller euclidean distance.

After building {3%, 3%, ..., 8% } signals at the level of each
user k, our main issue is the combining technique. However,
since the MSBs of the successive transmitted composite sym-
bols s; and s;41, ¢ is odd and ¢ € {1,3,...., K — 1} are
not the same, an immediate combining is not conceivable.
Thu to address this issue, before the combining procedure,
an arrangement or phase alignment should be performed. The
alignment mechanism should be performed on the OSTBC
combined symbols {3¥, 35 ... 5%} built at the level of each
receiver k as

Sgn(Re(s®) 11 Sgn(Re(sl, ) Re(3h) + 9

j:1}g¢k
Sgn(Im(s7)) 11_[# Sgn(Im(3].,))Im(3f),
J=57
i for ¢ odd,
Si = K )
Sgn(Re(57)) }_[#k Sgn(Re(3]_,))Re(s}) + S
J=4J
K .
Sgn(Im(57)) 11_[# Sgn(Im(s]_,)Im(3),
J=17

for 7 even,

(6)
where i € {1,2,...,K} and k € {1,2,...K}. § = /-1,
Sgn(x), Re(x) and I'm(x) represent sign, real and imaginary
functions, respectively.

After the sub-constellation alignment, the combined signals
S¥ Comp €an be computed as,

K
sF+ > smy,foriodd.

k _ m=1m+#k
Si,Comb - K (7)

S+Y
m=1,m#k
where i € {1,2,...,K} and k € {1,2,..., K }.

We provide the decoding formula for each symbol for the
general case of N transmit antennas and K users where the
maximum likelihood detection has to minimizing the decision
statistic,

K N
|si'€,Comb_sj‘2+(_1+ Z Z|hn,m‘2)|3j|2 (8)

m=1n=1

—m .
5", for 7 even.

over all possible values of constellation symbols s; for de-
coding sﬁcomb, where hy, ,, is the channel from transmit
antenna n to receive antenna of user m, ¢ € {1,2,..., K}
and k € {1,2,...,K}.

E. Sl-assisted Decoding Strategy

As a consequence of the new MU-MIMO encoded OSTBC
approach, U E, not only receives its own symbol but all other
users transmitted symbols, the offered diversity allows the
recovery of a specific user frame in different ways. If K
users are considered, for each UFy, k € {1,2,..., K}, we
provide 2K different ways to recover the user specific frame
p;. As an example, for N = 2 transmit antennas, this implies
K = 2 users in the downlink. First, U E; attempts to decode
c1 and in case of a decoding error, U E; sets out on decoding
c2 and csr—1,2. On the off chance that decoding of both ¢
and cgr—1,2 is effective, UE; obtains p; from successfully
decoded py and psy—1,2. However, if there is an error in the
decoding of both ¢y and cgr_12, UE; has two additional
chances to decode p; since U Es receives a second version of
the transmitted frames. Now, the focus is to decode ¢; received
by the second user. In the event of a decoding error, the last
option for the first user is to decode ¢y and cgr—1 2, with the
condition that decoding of both is successful, U E; recovers



p1, however, if either of the two is decoded erroneously, U Ey
considers the frame p; as lost.

Let us consider the same example, where the BS is equipped
with two transmit antennas and two users are considered. Let
Pk € {1,2} and i € {1,2,S1 — 1,2}, indicates the
probability of error in decoding frame p; of user k. Pc(,lz)vc
signifies the probability of correct recovery of p; and can be
just expressed as

P = 1— P9+ (1= PO (1 - PLST12)

PO (- PO (1 - P P
FPO (=P (1P P (1-PD) (1P ),

)

€))

for i,j € {1,2},i # j. In Q). Pe(zlz and Pe(Jk) are assumed

to be mutually exclusive from Pe(iI_M). Consequently the

probability of error of p; is denoted as Pe(fj)vc, which is
.7-76(7])\,C = P( I)VC, is given by
Plve =P = (L= P2 (1= PETH)
_ ( _ P(J))(l _ P(SI*IQ))P(E)
€,
~-ED =P PSR 0-R L

In general, this can be seen as a Markov chain with memory,
or a Markov chain of order 2K. As stated previously, 2K
represents the number of chances provided to recover the user
specific frame. Thus, equations (9) and (I0) can be rewritten
in the same manner with the possibility to consider the general
model with N transmit antennas and K users.

IV. SIMULATION RESULTS

In the following, we provide simulation results in order to
validate the error performance improvement for two different
MU-MIMO transmission scenarios. In the first scenario we
consider two transmit antennas at the base station, Go is
considered for the new encoded OSTBC approach with rate
1/2 and two users can be accommodated by the system.
Whereas in the second scenario, four transmit antennas are
utilized at the base station, which involves the use of G4 for
the new encoded OSTBC approach with rate 1/8, and six users
are considered. We assume that the same amount of energy
is shared by the transmitting antennas to guarantee that the
same aggregate power is utilized in both scenarios, where the
symbol energy £, = 3 L and F, 4 are the average energies of
the composite constellation for the first and second scenarios,
separately.

A rate-1/3 convolutional encoder, [133,171, 165]s with con-
straint length 6 is employed along with su (perposmon modu-
lation with the choice of mC = 2 which
results in a 16 point gray mapping composne constellation
that is composed of two lower order 4-QAM constellations,
the power parameter « is chosen to be 0.05 and 0.10. The
block length is set to 100 bits and the channels involved are
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modeled by independent Rayleigh fading CA/(0, 1). The soft-
decision Viterbi decoding is carried out at the receiver side.

In all the figures provided in this section, the legend entries
P; nc and P; refer to the error performance of frame p; of any
user k, where ¢ € {1,2,..., K'} and similarly k € {1,2,..., K},
with and without the Sl-assisted decoding strategy (detailed
for the case of first scenario in subsection [[TI-E)), respectively.
For the evaluation of “LSB signal combined” the perfor-
mance of Pg; for any arbitrary pgr_; 41, ¢ is odd and
1 €{1,3,..., K — 1}, is considered as well, while the legend
section “LowerBound” illustrates the anticipated lower bound
(as given by (I0) for the case of the first scenario) as a
reference for comparison.

Fig. ] and Fig. [ demonstrate the block error rate (BLER)
performance over ]]3— corresponding to the first scenario
(N=2and K =2) for two different estimations of a = 0.05
and a = 0.10, respectively. To verify the performance gains
promised by the proposed new encoded OSTBC approach for
a MU-MIMO scenario and appropriate combining of received
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signals for error recovery, one can refer to [4]]; hence a
significant achieved performance gain can be clearly seen. This
is due to the additional diversity offered by the new encoded
OSTBC approach, where each user is receiving all other users
symbols. On one hand, this fact will enhance the alignment
mechanism for signal combining which now exploits the all
other users channels and, on the other hand, several chances
for the recovery of frame p; of user k are offered, 2K (= 4)
alternative ways; hence reliability is strongly supported.

Fig. [6] shows the impact of of picking «, the figure affirms
the significant Pg; gain by the proposed signal combining, that
even outperforms the performance of P; at higher F4/Nj for
a = 0.10. However, a should be picked in such a way to help
a moderately comparable performance for p; and psr—; it1
transmission. A poorly chosen value of a would sway the
power to one of the constitute constellations that leads to a
degradation of the overall performance.

Fig. [7] and Fig. [§] show the block error rate (BLER)

performance over N corresponding to the second scenario
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Fig. 10. BLER performance for the case of two transmitting antennas with
conventional encoded OSTBC and o = 0.10.

(N = 4 and K = 6) for two different values of o = 0.05
and o = 0.10, respectively. We observe that the performance
is significantly improved when compared to the first scenario.
Despite the fact that the rate of the new encoded OSTBC
code is brought down to 1/8, more users are supported
by the system which strengthens the LSB signal combining
and provides 2K (= 12) alternative attempts for user frame
recovery.

As a global evaluation for the proposed system, multiple
users can be accommodated by sharing just a single resource;
furthermore, as more users are added, a higher reliability is
promised. Apart from that, one can consider the fact of low-
ering the transmission rate where latency comes into account.
To compensate for the low rates, simulation is conducted for
both scenarios where conventional OSTBC is used with rates
1 and 3/4 for G2 and G4, respectively. As a penalty to pay,
K orthogonal resources are needed for K users.

Fig. 0] and Fig. [I0] present the block error rate (BLER)
performance over Z£= for the situation where N = 2, K = 2

N,
and conventional O§TBC is used for two different values of




a = 0.05 and o = 0.10, respectively. Comparing Fig. ] and
Fig. [I0] with Fig. [5] and Fig. [6| we notice the performance
gain accomplished by P; and Ps; when conventional OSTBC
is used. In Fig.[9and Fig. 0} the performance effect of P; y¢
is apparent at a considerably higher F,/N, range. However,
the performance achieved is less compared with results shown
in Fig. [5] and Fig. [6| where the new encoded OSTBC approach
is considered. This can be justified by the fact that the diversity
offered by the new encoded OSTBC (a user not only receives
its own symbol but all other users transmitted symbols) no
longer exists, by utilizing the classical OSTBC every user is
just receiving its own symbol. Thus, the alignment mechanism
and symbol combining is valid only between two successive
users, or in other words, the alternative attempts given by the
Sl-assisted decoding strategy do not rely upon the number
of users K, only two different ways for frame recovery are
possible regardless of the number of users in the system.
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Fig. [I1] and Fig. [12] illustrate the block error rate (BLER)

performance over ﬁz for the situation where N =4, K =6
and conventional OSTBC is used for two different values of
o = 0.05 and o = 0.10, respectively. The results provided
demonstrate that significant gains can be achieved compared
with results shown in Fig. 0] and Fig. [I0] This is mainly due
to the conventional OSTBC when increasing the number of
transmit antennas.

V. CONCLUSION

In this work a downlink MU-MIMO scheme to achieve
highly reliable transmission is investigated with the use of
a new encoded OSTBC approach and superposition modu-
lation. Furthermore, a constructive combining of LSB’s of
the received symbols through sub-constellation alignment is
employed. The block error rate (BLER) simulation results
show the significant performance gain obtained by the pro-
posed system. Enhanced reliability is seen with an increased
number of users at the expense of lowering the rate. Another
advantage offered by the new encoded OSTBC approach is
that multiple users can be accommodated by sharing only
a single resource. Due to the higher expected latency with
the number of users, simulation results are also shown when
conventional OSTBC is utilized where high rate codes are
incorporated. A significantly higher reliability is realized at
the expense of employing as much as orthogonal resources as
the number of users considered. Simulation results also show
that the reliability can be further improved in this case by
increasing the number of transmit antennas at the base station.
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